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PREPACE

A handbook forms an important and essential item in the

personal library of students end teachers. The need of 4 hand=-

book can only be compared to that of a slide rule. With the

tremendous explosion in scientific knowledge in recent years,

information in textbooks and journals is continually being

transferred to handbooks and handbooks are getting bigger by

the hour. Im the present work, we have tried to present a new

kind of handbook = one which is not merely a sourcebook of

properties of substances, reference data and mathematical

tables, but also serves as an instructional tool. For this

purpose a considerable portion of this handbook is devoted to

basic concepts, precise definitions, glossary of terms etc.,

chosen from the classical and modem aspects of physics and

chemistry. With the enthusiasm evinced all over the world for

newer and better approaches to science education and education-

#2] material, we have compiled this handbook with the hope that

it would serve the changing needs of modem university curri-

cula in physics and chemistry. It is expected that the material

on mathematics in this handbook should satisfy the normal needs

of most science students including undergraduate mathematics

majors. We shall feel more than rewarded if this work is found

useful by our colleagues and students.

In editing this handbook, we felt it important to limit
the size so that the price is within the reach of most students

and the work is still comprehensive(!). In compiling this work
we have made use of several handbooks, compilations and texts

end have exercised our best judgment in the choice of material;
we beg to be excused for errors in judgment and ommissions which

are likely to be present in this handbook.

We are thankful to the Science Liason Staff of the U.S.
National Science Foundation, in particular to Dr. G.L. Hiebert,
to the Education Division of the U.S.A.I.D., in particular to
Dr. J. Hubbard, and to the organizers of the Summer Institutes
for Science Teachers for their encouragement md Support. We
like to express our gratitude to Professor P.K. Kelkar, the
Director, Professor M.S. Muthana, the Deputy Director, and
Professor R.L. Halfman, Leader of the Kanpur Indo-American
Programme, for their interest and encouragement.

Our thanks are due to Mr. S.K. Agrawal, Mr. B.S. Pandey
and Mr. R.D. Tripathi for their assistance in typing the manus-
cript and Mr. D.S. Panesar for the preparation of the drawinzs,
Our thanks are also due to Dr. H. Yussouff, Mr. K. Patnaik and
Mrs. Indumati Rao for their help in the preparation of the
manusc ript.

IJTKanpur
THE EDITORS

May 1967
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Algebra

I MATHEMATICS

Mathematical Formulae, Functions and Tables
a

1.1 algebra

* The fundamental laws of alzebra.

(a) Commutative law of addition: a+b = b+a.

(b) Commutative law of multiplication: ab = ba.

(c) Associative law of addition: a+(b+c) = (a+b)+c.

(4) Associative law of multiplication: a(be) = (ab)ec.

(e) Distributive law: a(btc) = abtac.

(f) Laws of exponents:

a*, ay = art) (ab)~ = a* ° b~ .

(aXjX 2a, a' = a.

x

aL = ar ’ a® = 1.
a

x/y -x_ 1a = yfa* ; a=, if a # 0.

Factors and Expansions

(arb)* = a“+2ab+b*,

(atb)° = a°+3a bs 3ab-+b>

(atv)? = of eda ben b-+4ab +b".

a" "a aol b+(2) amen. oA =)(a+b)?

z anenat pelt) 28-247, |
2!

n=-r b

-o (z) @
n !Here the Binomial co-efficient (2) means ns

r! (n-r)!

and r!=([r = r(r-1)(m2) .... 2.1 is called "factorial r'
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a’- b° = (a+b) (a-b).

a+ b> = (a¢b)(a°-ab+b*),

at py” . (a-b)(a2~ 4a 7b. .4bO!),

at. po = (arb) (a gna et), for n even.

amy p" = (arb) (a gna eb t'), for n odd.

a’s ab “+b? = (a°+ab+b-) (a--ab+b-).

(arb+o+d...)” =>, ns aly 2673qT4 14...
Y,$PjiTes oes

all ry V2e"3

Br, =n

Ratio and Proportions

Ifa_c atb c+d

prog, thn aS,

a-b ced, abd

b a a+b 8 c+d

If 8 = £ ==: =a ’ eee k, then

ewe Stet | PATA CHTOt oo
bed+f+..0. pb+qd+rf+....

Sums of numbers

>) (n) = 14243+ .. +n

ST (n?) = 1742743%4..
Si (a3) = 134253?

> (n*) = 14044344..

+2°+3°+..

So (n®) = 194274354...

_ n(n+1 )
~ 2

an’ = n(n+1 inet) .

2 2
+n? _2 ie) °

4 n n
+n os 5 + a+ 37 30°

3+1 8
s. n 1/s 8-1

ent = Saat toe 3G) Bn
- i(3)8,0° + z (5)B,0° 7+. oeee

Where B, 1Ba9-- are Bemoulli's numbers,(*) are the

Binomial co-efficients. The series ends with the
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term inn if s is even, and with the term in n° if s is odd.
The first few Bernoulli's numbers are

BG) Bg = F750 *

B= 35° a

B= 45» By = “i6 »

B30 By = Ee
By -2; ’ Bio * SD

* Algebraic Series

Arithmetical progressions: If s is the sun,

a the first tern, 6 the common difference,

@ the last term and n the number of terms

S = a+ (asd) + (a+28)+ ... + (a+(n-1)§ J

@n at (n-1)8

S = 5 [2a(n-1)5 ] = 5 (a+ 2 ) °

Geometrical progressions :-

n

S = a+aprap’+... sap?! = ar .

If p¢1 and n=oo, then S ae .

Harmonical progressions: a, b, c, d, ... form an

harmonical progression if the reciprocals ji 1

form an arithmetical progression. a'’b’

* Laws of Logarithms

If M, N, b are positive numbers and b # 1, then Cn, m(orlog, Mu)
called the logarithm of M to the base b is defined as the

numbers C, such that b= M.

1
4 greeajo

Cnww = ny, M+ Cn, w, Une = lou - Cn, ¥,

On wP = Pe en M, en, g/t = : tn, M 9

en, 2 = - (ou, end = 1 ’ Qn, 1=0 °

Change of base.
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en M

nb °

The two basis commonly used are b = 10 (common logarithms)
and b = e = 2.71828-°* (Natural or Napierian logarithms).
In natural logarithms the base is not usually indicated.

On M = Un M. Unc =

Complex numbers

A complex number is of the form a+ib where a and b

are real and i = y-1.

4° = -1, 4? =z -i, i‘ = 1.

‘If atib = c +id, then aec and bed.

(atib) + (c+id) = (atc)+i (b+a) .

(atib) (c+id) = (ac-bd) + i(ad+be).

a+ib = a+ib) (c-id - ac+bd +t be-ad

ce+id c+id )(c-id 2 .2 2 2°
ec +a c +d

a-ib is called the complex conjugate of a+ib, and vice

versa.

Algebraic Fquations

Quadratic equation: ax -+bxec = Q-
-b+ b°-4ac

2a
The roots are Xx

If a, b and c are real, and then if b--4ac is positive,
the roots are real and unequal;

if b--4ac is zero, the roots are real and equal;

if b7~4ac is negative, the roots are complex and unequal
(complex conjugate of each other).

Cubie equation: 2+ ant 48,248, = Q.
1 1 2 1 1 3

let d= 374, -97% 1 RZ (a,a,-3a,)- 57 8D 1

and let s = qa? + x?

If sy70O, One real root and a pair of complex conjugate roots.

gs = 0, all roots real and at least two are equal.

820, all roots real.
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let 8, = rm re], s, = [ve]
Then the roots are

a

zy = -5 (s,+0,) - = + 3 (s,-8,)

-s (o,+8,)-= - 3 (s,-8,).

* Special series and formulae:

Binomial series for x2 1

(tx)? = tenx + Binet) , 2 + nar n2) YP,

(1x) = 1 cnx Batt) |? _ Hint ins2) 5, coos

(14x)7! e1ox +x? x +X 12, sees
-2 5(1tx)* = 1 < 2x + 3x" > 4x°+ 5x! z Ox"+..--

Exponential Series

1 1 1 1\n
esl+artortsrt: es lim (14) = 2.71828 ..

2 3 n~» ©
x x\n

@ = lex, + $1 + ses = lim (14)

2 n->

Xe i 4exinas &ine)

Togarithmic seriea:

2 4

x—1 1 x-1\2 1 (221 1
Xa > + — =In 5 Ye F (Fe we. (x 9)

In x= (x-1) -3 (x1)"* 5 (x-1)° tase (2) x30)

Inx= a=t 1(xty, 4 1 (x=1)” + vee] (x > 0)
If a and b are much smaller than unity, then

nH
(1+ a) 214+ ma,

(14 a)” (14 d)TM 14 maa nd.

If n is nearly equal tor ,

Jm =
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2 3
If y = a,x+a,x +a,% + coccs

2
then x= A,tAgyt+Agy + cee

(a, # 0)

1 1 2
where Ama, »A,=- = » Aas (2a, - a,25)>

A,
1

1 2 3
- 1 (5a,8,8, aa, - 585),

21 2 2.2 4 3
A, = 79 (6a, aa, +3818, +14a,-a)8,-218,8585) etc.

1

~_ (

\— vwij—
+

{— Wi]-_ + +

nN
NO

wa

oh {

nm {=N+

+
N wi fsw fa

WN > an

* Determinants

A determinant of the n-th omer,

is written

O44

804
De

a3

ant

w fo

N
+

TM

nm
+ ~ |=

NO
+ w |=N+

+

NM
+

+1

» |1.)

nN
+

ee 8 a

B43 eve

63 eee

as eee

"3

with n? elements

[445]

(1,j = 1,2,3, .-n)

A determinant is not changed in value by writing rows for

colums and columns for rows.

If two columns (or rows) of a determinant are interchanged,
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the resulting determinant is unchanged in value but is of the

opposite sign.

A determinant vanishes if it has two equal colums (or rows).

If each element of a row (or colum) is multiplied by the same
factor the determinant itself is multiplied by that factor.

The determinant is not changed in value if to each element

of a row (or colum) is added the corresponding element in

another row (or column) multiplied by a common factor.

If each element of the 1-th row (or colum) consists of the
sum of two or more terms the determinant splits up into® the

sum of two or more determinants having for elements of the

1-th row (or colum) the separate terms of thel-' row(or
colum) of the given determinant.

If corresponding elements of two rows or columns of a deter

minant have a constant ratio the determinant vanishes.

If the ratio of the differences of corresponding elements in

the pth and qth rowe (or colums) to the differences of corres-

ponding elements in the rth and sth rows (or colums) be constant
the determinant vanishes.

If p rows (or colums) of a determinant whose elements are
rational integral function of x become equal or proportional

when x = h, the determinant is divisible by (x - h)P-1,

The co-factor A;; of the element a.. is defined to be

the product of (-1)**J py the determinant obtained from D by
deleting the i-th row and the jeth colum.

D=a + eee14 Ay, + a4 Ao + an Ans

a

2 ay, Ay, (Here j can be any number
= * _ between 1 and n).

fhe determinants of second and third orders are:

TM 844 8990 ~ F109 994,
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11 12 13

a a a

21 22, 23 | 844 B00 853 * B42 25 O31*BazB2r%s2

"31 832933 B45 80 Mey ~ 842 824 953781 1%23%32"

The solution of the system of equations

a xX, + 4 x, + eee x «x C4,5 n 4” i = 1, 2,350.5 0M
i1 12 “2

ie unique if D # O, the solution is given by the equations

Dx, = 0, 9 Dx, = Co» eoce 9 Dx, = C,

where Cy is what D becomes when the elements of ita k -th

colum are replaced by Cyr Cor oe c. respectively.

* Stirling's Formla

Por large value of ny,

t — eerate) "<n <Venn(®) [1 +saq} >

where T = 3.14159 ee ’ @ 2.71828 eee

Inn! = (n+5) nn-n ine + inV2r.

1.2 Priggnometric and Mensuration fommulse

* YPefinition

If © is the angle subtended by a line whose end point

is P (x, y), with the x aris (see Fig.) , then

Y
T | I

Pe)
ry

y

i 6
X 0 x > X

H Vv

/
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sine 0 = sin 6 ai .

cosine 8 . cos == :

tangent 9 = tag «=«Z .

cotangent Q@= ctnO = ne -2

secant 6 = «= secQ «= = = = .

cosecant 0 = esc 6 = — -< ,

The angle © is positive if it is measured counter clockwise
or negative, if clockwise.

+ Signe of Functions



10 Trigonometry and Mensuration

* Punctions of 0°, 30°, 45°, 60°, 90°, 180°, 270°, 360°

fable

0° | 30° | 45° | 60°; 90° 180° 270° | 360°

1 1 |
fin | O| > 4} 1 0 -1 | 0

2 |b 2 =

i -cos 1 2 Ve 3 0 1 0 1

1

0 1 0 00 0tan VE e Oo

etm | 0 IVS | 1 le | 0 oO 0 00

sec 1 vr v2 2 00 ~1 60 1

2
= 1 -1ese 00 2 y2 V5 00 60

Punctions of Angles in any Quadrant in terms of Angles in First

Quadrant.

Table

-§ 90°+@| 180°+8| 270°+6} n(360°)+ 6

sin -Sin@| +cosO} +8in4 -cos@ | +sin@

cos +c080| +8in®! -cos@ +sino | +cos8

* tan -tano| +ctne| +tand +otne | +tand

‘cta —cote| +tanea| +cotd +tane | +ctn8

Bec +sec®| +cscO}| -sec6 | +e8cd |] +8ec0

cac —Geco| +8ecO| +escO | -secO | +cscO

n= any integer .

* Pundamental Identities

rind + cos} z 1, 14tand = Sec ’ 140 tn} = 0805

sin (+ B) = Sind aosp+ Cosd sing »
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cos (% +) = gosh. cos BF sing. sin Bs
tano+ tan

tan (%+8B) = 1¢ tan tan A;

sin 2%= 2 sind. cose,

cos 20 = cos "oC sino =2 cos se -1 = 1-2 sin'x<.,

sin 3¢= 3 sin&= 4 sin,

cos 30= 4 cos x - 5 cost,

sin no= 2 sin (n-1)0¢. coso= sin (n-2)0,

eos n&= 2 gos (n-1)ol. cosX = cos (n-2)0,

sint+ sinf= 2 sin & (+3) . cos = (x-f),

sinX— sinp= 2 cos A (+P). sin (oc -/3),

cos &+ cos p= 2 sos , («+ B). cos > (%-),

cos X= cos($ = -23in * (<+6). gin (c-(),

sin0of. ein(}= : cos (x-~) - : cos (+0),

cos O. cosh = ‘ 60s (=f) + cos (c+B),

sin X( cos B= i sin (o(+ e) + 5 sin (oC - 4).

* Inverse Trigonometric Functions

definitionse- if x = sin y, then the solution

= «1

is y = (-1)" sin’ x+ nn, - 4 ¢sin x gs.

n= 0, 1, eee

When n = 0, y = sin “, = principal value of the

angle whose sin is x.

#* Relation among Inverse fimctions

ein x = eos A/1-x" tan == »
Ai=3

cos x = sin) «x? = tan = e
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tan " = gin var cos Tor

-1 1 -1
sec X= Cos” ‘l, esc x= sin -,

-1 ~

etn x= ten” 2

* Hyperbolic Functions

Definitions: sinh = (e*-e *) ,

cosh = (e~+e *) ?
xX —-% sinh x

xX -x cosh x
@e +8

esch X* "sinh x ’ cosh x’ tanh x °

If x = sinh y, then y is the inverse hyperbolic

sine of x, i.e. y= ginh” x or are sinh x.

sinh” > = In (x+Vx+1), cosh” x = In (x+ yx" ~ 1)
x+1
Xx-1. 9

14x1x ) , eth” 'x = 5 In(=>tanh” 'y => + in(+22

Fundamental Identities

coahx - ainhx = 1,

sech“x + tanh“x zs 1,

osch’x - etnh@x az =1,-

sinh (x+y) = sinh x. cosh y + cosh x. sinh y,

ooeh (xy) =x cosh x . cosh y + sinh x. sinh y,

tanh x + tanh y

1+ tanh x. tanh y
tanh (xy) =

sinh 2x = 2sinh x . cosh x.

cosh 2x = cosh’x + sinh“x,

2einh@ $ = cosh x - 1,

2cosh” z= cosh x + 1.

sinh x + sinh y = 2sinh > 1 (xey) . cosh ; (x-y),
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sinh x - sinh y = 2cosh > (x+y) . eink > (xey) ,

cosh x + cosh y = 2eosh > (x+y) « cosh > (x-y) ;

cosh x - cosh y = 2einh 5 (x+y) . sinh 5 (x-y) .

* Connection between Hyperbolic and Circular Functions.

2isin x = etx ~ 7% ;

2cos xz e+ . i=fY-1.

sinx= - isinhix , cos x= coshix,

tan x = ~ itanh ix,

gin ix = igsinh x, cos ix = cosh x, tan ix = itanh x.

sini (x+iy) = sinh x . cos y + icosh x. sin y,

cosh (xtiy) = cosh x . cos y + isinh x . sin y,

(ecs@+ isine )” = cosne + isin ne , for all n.

(cos amy isin 2m) =1 ,k«=#0O0, 1, .-- n=l.

x+iy = re? » Where r= + Vx74y° » = tanTM' x,
x

log (x+iy) =5 in (x74y7) + itanTM z .

* Trigonometric series

3 5 T
x x x

pin een oy 51 Te ’

cop x21 -F +E Pa... ’
2: 4:5 #63

3 5 7 2

ez x 2x7 17x 2,0
tan xe x+y tet aig t oe 2x4 ’

3 5 7
“1 EL 1 3 153 X, e Y?

sin X=X+E+5°G5+2 G6 Tt 7x gl,

~1tee -teede dale. x7 Q1,

ri, 1 2
= -_—- = —— = = + 2 one x > 1

eo * 3x 5x? ’ }

3 9 7
; x x x

sinh x= X45, +5, + 7; + +
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xX xt xf
Cosh xe l+3r+ Tr t+ert ce

toh xe Ee EME, ’

ommee x LE 13 FIGS we, ,xct,

Binh” x = In?x +4 sz-eeety yok 1 6..,x>1,

cosh” x= Indy - + 2-131, ~ Foe Dg ey

tans xa x+d+2 +2 ccee , x <1.

Triangles, Polygons etc.

A denotes area and V denotes volume

frianzle: A= ; bh = / s(s-a)(s-b)(s-c) > bs dase

h = height, a & ¢ are other two sides and

8 <3 (atb+c) .

Rectangle: A= ab , a and b are the lengths of the sides.

Parallelogram: A= ah = absinO , a and b are the

sides, h is the altitude and 6 is

the angle between the sides.

1

Trapezoid (four sides, two parallel) : A= 34 (a+b)

a, b are the parallel sides and

h the altitude.

Regular polygon of n sides, each of lengtn a:
SR

2 11 g0°
As 702 cot — (Radius of inscribed

oO

circle = 2 cot 82 | ana that of
2 n

o

circumscribed circle is 3 cao oe .

Circle: ¢ = circumference; R = radius

D = diameter; L = length of arc subtended by 0;

1 = choré subtended by arc L , h = rise;
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© = central angle in radians.

(180° «= mradians).

~1C = 2nR = 71D; L = RO = 2° = deos < ;

(d * R-h)

1= R--a? = OR sin 2 2aten 2 ;

1 Vane? 9135 uot &de> 4R -] = ReosZ 25 l cots

Gata = 2cos”. oe 2 tan”! 5,

m 2 sin” = ;

Acirele * mR = 4 D*, ‘sector ~ 2 RL = 3 RO 5

Asegment” “sectur “triangle = RB (0 -siné)
= R’cosTM'( En) - (R-h) WoRh - hi.

The radii of the circles inscribed in and circumscribed

about a triangle (of sides a, b, c) respectively are

r aple=alls-b (ens)
8

abe

4V's(s~a) (s-b) (s-c)

Ellipse: A sTrab, a, b are lengths of semi-major

TM and semi-minor axes respectively.

R=

Perimeter a 4a E(k, 1/2)

where k = /1- . and E (x 7/2) is the elliptic
a

integral of second kind.

Cube: A= 6a" = Total surface area

Vs a’

d = diagonal = a¥3 , a= length of the side.
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I.3

Analytic Geometry

* Rectangular Parallelopiped:

As Total surface area = 2(ab+be+ca)

V= abe

diagonal = y a-+b-+0- » 4,b,c are the lengths of
the sides.

a

* Prism or Cylinder:

V = (area of base) . (altitude)

Lateral area = (perimeter of right section) . (lateral edze).

* Pyramid or Cone:

Vv -3 (area of base) . (altitude)
‘

Lateral area of regular pyramid = > (perimeter of base).

(slant height).

* Sphere:

41 3
=3 FR >

A= 4nRe » R= Radius .

v

Analytic Geometry and vectors Y

* Cartesian co-ordinétes

‘ny voint P(x,y) is specified +
by x (abscissa) and y (ordinate) y
mexsured from the origin 0.

x is positive to the right and x’ L—_» x
nesative to the left of the O
y'y-axis, and y is positive

above and negative below the

x'x-axis.

* Polar coordinates:
Ee

Any point P(r,@) is specified by the distance r(radius vector)
from the origin 0 (Pole) and @(Vectorial angle) measured from
the reference line OX, © is positive if mexsured counterclockwise,
and negative if measured clockwise.
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* Relations between the two systems:

2.2
x= rcos6 ,» rx«zYyx+y

y= rsinO , Q= tan 2

* Transformation of co-ordinates: (Rectangular systems ).

(4) old axis parallel to new axes.

The co-ordinates of new origin in terms of old

system are (h,k)

x= x'th ,

y = y'+k ®

(ii) the new system (x'y') which is rotated through
an angle 6 about the origin from the old system

(x,y)

x=x' Cos6- y' sinO ,

y=x' SinO@+ y' cos .

* Points and Slopes:

If P(x,y,) and Q(x,y,) are two points, and Ais the

angle measured counter—-clockwise from OX to PQ, then

the distance between P&Q Y
e

2 RQ = U(x,-x,)*+(yo-94)" a

and tande] m = 72771

%o~%y & —> x

The angle 8 between two straight

lines whose slopes are n, and nm,

respectively is given by

6 = tanTM' me
1+m jm, °

So two lines are lr to each other if

na, = -1, and parallel if nm, = m,.

* Straight line: The equation of a straight line can be
written in the following forms.
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TY pren

(a)y=mre+ec-: ZO
(m = tan6= slope ;

c = intercept on the A c
y axis.) 0 x

(bo) y-y, = m(x-x,) - (m = slope and
the st. line

passes through

a given point).

(c) y-¥1 3 3=InYo
mx."*x - [ line passes through two-given points

1 *%2 (x,y,) and (x,y5)] .

(a) = +t = 1 - (a, b are the intercepts on x and y axes,
respectively) -

(e) xCosd+ ySind= p.( p is distance from the origin to the line,
dis the angle that the normal makes with

x-axis) °

(f) Ax +By +C = O ~- (General form from which all other forms
can be vbtained }

* Cirele:- General equation to a circle of radius r

——— with its centre at (a,b) is

(x-a)+ (y-b)* = r°

for centre at the origin the equation becames

x? + y< = r°

* Conie:- ‘The locus of a point P which moves so that its

——— = distance from a fixed point F (focus) bears a
constant ratio e (eccentricity) to its distance
from a fixed straight line (directrix) is a conic.

Ya

The focus is at the origin PA
x + a@ = distance from the a t

point P(x,y) to L\t/ y
the directrix. . \

. Ve\. ,

rs distance of P(x,y) from N oO; *
the origin. NX

r de ; Pp
Then e x +d * a or Tre T-ec os cf Fd

dAirectriw



* Parabola:

* Ellipse:

* Hyperbola:

Analytic Geometry

(i) (y=1)* = 4a(x-h), the
vertex V is at (h,k)

and axis parallel to

OX (Fig) distance from

the vertex to focus =

VF = a,distance from the

vertex to directrix = a

Laturs rectum = PQ = 4a.

The conic is a parabola ifee 1.

rY “a

19

"TON
—» X

(ii) (x-n)? = 4a (y-k), vertex at (h,k) and axis
parallel to OY.

2 2

(1) (xch) + Ayo) = 1, the
a b

centre is at (h,k) and

major axis {! OX (Fig)
Length of the semi major axis

Length of the semi minor axis

Eccentricity = e =

a

a -b

The conic is an ellipse of e¢1.

=a AF
=b 0

Distancefrom centre to either focus =

Distance from centre to either directrix=—

2

Latus ructum = PQ =2 e

ae

7? 4 PF = 2a where P is any point on the ellipse.
2 2

(44) Aye) + {xch) = 1, centre at (h,k), major
a b axis || OY.

nY
TMTM

7

The conic is a hyperbola if e>1.
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2 2

transverse axis parallel to OX

(Fig)

Slopes of the asymptotes = +b/a

Traneverse axis = 2a

Conjugate axis = 2b

Distance from centre to either focus = yar+b"

Distance from cae directrix = =

Eccentricity = e = ao+b
a

Difference of distances of any point on hyperbola from

the foci = 2a

Latus ructum = RL = 2v7/a
* Vectors:

A physical quantity possessing both magnitude and

direction is called a vector. If @ x? ey? e..

represent three vectors of unit magnitude along the
three mutually perpendicular axes OX, OY, 0Z, respectively,

then any vector A in space can be written as

—?> aA a a

Azse A +e A +e A
x x yy- 2 8&8

Where AL AY and A, are the magnitudes of the projections

of A along the three axes respectively. The magnitude of

ie [A] = & +Ag + and direction Cosints of A

are such that Cosd : Cosp : cos Yu AthysAz.

* Vector Algebra:

(a) Commtative ‘law of addition: A+B = BA.

(b) Associative law of addition: A+(B+C) = (A+B)+C .

(c) multiplication of a vector by a scaler : Bech.

where C, is a scaler and the magnitude | of B isc

times as that of A. The direction of 3B is same
or opposite to that of A depending on whether
C is + ve or —- ve ,

(4) Scaler product of two vectors A and B is defined as
-> —_ > ~~» —-

(1) A. Be#/Aj/B] cosO=8B.

Where, © = angle between AGB.

(12) A. Be A Bet AB + AB,

>t
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(444) AW A = fal?
(iv) A. (B+ G) eA. B+ Ad
(v) e. . e a a a

e .e me .e70.

(vi) e é ee = @ .e zi.

y y & 2° x

ey * * *y y £ 2

(e) Vector product of two vectors A and B is defined
as

(4) Ax B= /A/ [Bi sinO a , where O= angle between

A and B and & is the uit vectorir to the plane

containing A and B in the sense of advance of a

right-handed screw rotated from ‘A to B-

(44) AXBe fe ec @
x ‘y

A, by Ag =-BXA.

B, —E

(iii) AX A=O

(iv) Ax (B+ 6) = AXB+Axc.

(v) Ax (BxXG) =B (A.C) - G(A.B)

(vi) A.(B XC) = B.(¢ x A) = C.(A xB).

This is the volume of a parallelopiped whose

edges are A, B, 6.

(vii) eX e, = ey, e, Xe, = es e Xe ze

(viii) e, Xe, se Xe, = 3 Xe = 0.

* Vector Calculus:

~ dA, adké dA,
gag *, 5 45(i) ae eae t ey det ee “ae
a dA >

(41) at (43) - B, &

4 G43).4%.3.1.8(441) at (AB) a. Bt awa.

8 Gym. yZ,i,e(iv) aq (AX B) eax B+ Xa:

a > aA(v) at (ek) = $ TAs Ct (c = scaler)

06 . a6 a(vi) maéevé_ 6-6 —+e 2b Le vector



22 Vectors

~ +e aA, QA A
(vii) div Aw V.A a tstt+ se =z a scaler

(vidi) Curl A= VXA=/ e, ey es

2 2 2

ox oy 22 = a vector

A A A
x y 2

* Some Important Relations of Vector Analysis:

(4) div Curl A= V.(9X A) = 0. ,

(44) div grad @ = V. (Vg) = vo = os es eee
ox dy as

(441) Curl grad @ = Vx(V) = 0.

(iv) Curl Curl A = VX (9XA) = (FA) - 7 a
= grad div A - dei” A.

Theorems on Vector Analysis:

* Gauss Theorem: The volume integral of the divergenence of

a vector field A is taken over any volume V is equal to
the surface integral of A taken over the closed surface

surrounding the volume i.e.

[(#a)e = fi * da
V $

* Green's Theorem:

If Ae uy, then the Gauss theorem

becomes

Vv

* Stokes Theorem: The surface integral of the Curl of a

vector field A taken over any surface S is equal to

the line integral of XZ around the peripheri of ZK ice.

(u vw -wW viu)av = [ows -~wVu). ds
$

Qi. di « {ox . de
$* v7 in different co-ordinates:

0? 22 22
(1) Cartesian , v = axe * dy2 * B22
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2 2
2 12 > 1. 2 Q

(41) Cylindrical, 7 = = DE (r 57) + <2 avy + 2

(414) Spherical Polar

2
2 1 9,22 1 o 2. 1 d

V re or | or + sing ny: 28 size ag?

I.4 Complex Variables.

* Analytic Functions:- A function f(z) of the complex variable
Zz = x+ly is called analytic in a region R if it possesses

& continuous derivative throughout the region R. If f(s) =
u(x,y)+ iv(x,y) then, the conditim for analyticity are

du = ov a ov du (1)
an

ox oY ox oy

which are also called the Cauchey - Rieménn equations.

* Cauchy Integral Theorem:- If f(z) is analytic function within
and a SToret contour C, then

bss) dz = O (2)

* Singularities:- Suppose a function f(z) is malytic throughout

a siosed region R, except possibly at a finite number of
exceptional points, those points are called the singular

points or singularities of the function. If there are no

singularities within the domain R, the function is said to be

reguler in the domain. If a circle can be drawn about the

sir.zular point as centre, so as to enclose no other singula-

rity of the function, the singularity is said to be isolated.

One type of singularity is known as a branch point. A

point s =d& is a branch point of f(z) if f(z) fails to
return to its original value when z moves around of in a circle of

arbitrary small (non zero) radius. For example, the function
f(z) = zie where s =p¢é*has two values namely

f,(s) = pe (con $4 i ein 2 ) (3)

tp(a) = p® cos (S24) + 1 sin (C82) = -£ (3)
Another type of singularity is know as a pole. Let f(s)

be analytic throughout a region R, except at a single pointo inside
the region and let

a a

f(s) " (aa)m* Teg) + oe vel + O(s) (4)

where a #0 and $(s) ie analytic within R.
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Then f(s) is said to have a pole of order m at o& . The tems
containing negative powers of (s -d) are in the aggregate called
the principal part of f(z) near &. If 4 is a pole of omer a,

a
then it (s-a f(s) = a.

* fhe theorem of Residues:—

Consider a function f(s) which has a pole of order m
at seo, then using equation (2)

bpt(s)as = oS, +o «.fftay + ia)as (S)

the last term is sero by Cauchy Integral formla (3)
and putting s -d= Pe", we have

f(s)dz = 2ri a, wee (6)

So the integral depends on the co-efficient of (z-a)7!
in the principal part and this co-efficient is called

the residue of the function at the pole.

* Evaluation of some Integrals :-

(1) Very often we come across integrale of the fora

Where f(s) is analytic within the closed contour and s(s)
is a polynomial in s. In this case 1/S(z) is written in
terme of its partial fractions and integration is carried

out term by term. For example if s(z) = (s~a)(2-b), then

f(z

I s-a )(z—b
1 1 1dz = ab t(s)[ ~ Fob ds

= =) Res = ae [ t(a) - t(b)|
+o

(44) 2 - [P(x) et** ax = | P(s) e** dz = + 2ni Py Res.
-0 e

Where 7, Rea means the sum of the residues of P(s)e ="
at all ite poles enclosed by the contour C and the sign

is + if the contour is described in the counterclockwise

direction and minus if clockwise direction. For example
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+00

@ixt _at

I = Sry a= 5e if (t> 0)

-O 7T at
=3° if (t<0)

where the poles lie at + ia and if t>0O the contour is

completed in counter clockwise direction.

I.5 Svecial Punctions

* Bessel Functions:

Bessel function of order n of first kind is given by

Oo s n+28

= 2D ites (2
s=0

28-n

and J ni*) = oc 3)

where /7(n+s) = (nes)!

Integral representations for J, (x)
-n5, (x) = i or a(x coseene) 4

im” ( 4xcos 6== fe coané dé
w 0

J, (x) = i fece (n® -xsing) ae
To

where n is any integer positive or negative.

Tne differential equation satisfied by J. (x) is

oo. xt, (x?on® jy = 0.

The generating fmction for d(x) is given by

x 1
-_= “o

F(h,x) = a n? = 2 nh" (x) J)
"

Some important Relations of Bessel functions

(4) J,(-x) = (-1)" 3, (x)

(11) = Ry; n(x) = J _4(x) + Jet

(444) So (2? ayx))= 2 ay (z)

(iv) $s, (x)) eax d(x).

(x)
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(v) cos (xsin@) = J, (x) + 2d, (x) c0826+2J , (x) cos4@ +...

sin (xsiné) = af J (x)sing+ J (x)ein3é+J, (x) sin5é+...]

2 n_m(vi) J, (x) ny 2 cos (xe 7-3):
x

* Legendre Functions or polynomials

Definition

(a) Series expansion

r (2n-2r)! n-2r
P, (x) =): (-1) ri(ner)!(n-2r)!

r=0

where N = 3 for n s.even and N = (n-1)/2 for n odd

(b) Rodrigues' formila for P(x) is

1 a" 2. yn
P(x) sm Oe, (x'-1)"

2ni dx

(c) Associated Legendre Polynomials

Pe (x) = (tax)? £ vw

The differential equatim satisfied by P(x) is

2

(1-x*) “3 ~ 2x(m1) a + (n-m)(n+me1)y 2 0.
x

Yor m= 0, the resulting equation is Legendre's differential

equation.

The generating function F(h,x) for Legendre polynomials is

00
1 n

Why) y 1-2hx+h ae Pa)
(a4) Some values of P(x) and F(x)

1 2Po (x)= 1, P(x) = (35x*~30x"s3)

P,(x) =x P.(x) = 4 (63x°-T0x"+15x) ,
4

1.2Po (x)= (3x71), Pe(x) = +e (231x°-315x*+105x"-5),
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P, (x) =5 (5x°~3x) ,
; 2,\3/2

Pa (x) - (122) 1/2 , P3 (x) = 15 (1-x*) ,

Pp (x) 23(tox2)/2x , Py (x) =3 (1222) 1/2 (933-32),

po(x) = 3 (tex) » p(x) = (t-x°)(7x"-1) ,

P, (x) -3 (1x2) 72 (542-1), Pi (x) = 105 (1-x2)7/2 ,

25 (x) = 15 (1-x7)x , Py (x) = 105 (1-x7)?

(e) Properties

Orthowonality of P(x) and B(x)

+1

2P (x) P (x) dx = soe Sno » N= 0, 1, 2 ooo.
-1

+1

m 2 +m)!| PB (x) Pi (x) ax = ont . eemth fn 9 n=0, 1, 2; eee

-1

Further,

n

Pi(-x) = (-1)" B(x) , P(x) = P._4(x) .

Pax) = (-1)7TM Mx), (x) = a(x) .

* Elliptic Integrals 9

Definition

P(k,p) = — 2. =, elliptic integral of the
first kind .

B(k »p) =| ae 1-k*sin® elliptic integral of the second
oO kind

=W/2, gives the "complete" elliptic integrals.

F(k, 7/2) = K(k) , E(k, 1/2) = E(k)
Some Properties of E and F

F(-p)=-F (P), E(-p) =- 5 (P)

P (nv +9) = 2nK + P (P)

E(n +9) = E+E (P) -
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1.6 wwstatistios.

* Probability

let p be the probability of occurence of an event E ina single
trial (such as the occurence of the head in the tossing of a coin’,
and q = (1—p) be that of the non-occurence of that event ina single
trial. Then the probability P(r) that E will occur exactly r times
in n trials is (2) prqn-r, This is called the binomial distribution
function, Yor the binomial distribution the mean number of
favourable events is

n

a = ya r P(r ) = np
r=o

The standard deviation is given by

2 2 to - [>t ee 0?] = pan
r=0

n is large, Stirling's formula can be used for the factorials &!
( . ) to give us (with a substitution p=-=.),

at
ae

P(r ) =

Thies is called the Poisson distribution. The mean of r is ‘a' in this

distribution. The standard deviation ov= Va.

If r and a are also large, P(r) becomes highly peaked in the
neighbourhood of r =a, ani using Stirling‘s formula for r! we get

(after some manipulations),

2
-1 a 2P(r)= = en — . = ira Fee

“This is called the normal or Gaussian distribution. For normal distri-

bution, averages of functions of r are obtained by integration rather

than by summation. For instance, the probability that r will be bet-

ween r, and ro is

P Sr plydy, where p(t) = om e7(t-e Yeo?
x

ais the meanam ¢ is the _ztandard ode aa whe x the distribution.> ~~

terme of a variable x = =, Si? Ps oP) = Te

(oalled the normal function). ‘The modulus of precision is fe =r -
0-707! . athe mean absolute error (m.a.e.) = mean deviation(MD) «=
T

oV2/ = 0.999¢. The probable error (p.e.) = semi - inter -
quartile range = 0.6745¢°= 0.8453 MD. ‘The variance =q2_ ane mean
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values of -e functions of r can be obtained by using the formula

f= fi f(r )P(r Mr’ = fr F(x ) (x ) dx (using the transformation
X= at )- X9

Often one needs incomplete integrals over (x), of the ferm 5 xP(x) t
D(x) dx. For instance, the sum of those terms of (p+q)" = £3 Pp q®

(with p +q = 1) in which t ramges froma to b, a and b being integers,
is (if n is large enough) approximtely

fe oe ‘[z2 pe. (45 - Sg] |
where x, = (a -#-m)/o, x, = (o+#-m)/o, 5 Yams and 0%)

is the k-th derivative of * p(x). Tables of (x) are given later.

* Probable Error

The errors ina series of observations generally satisfy a Gaussian

diatribution about the mean value. The following results can be establi-

shed from this presumption. The probable error € of a single observation

in a serjes of n measu ements by» ty" “tis the arithmatic mean of which

is m = “a 3 tas is

€ = 0.6745 o = ae (m-t, ye + (m-t, ae . ..+(m-t,,

a is the standard deviation. The standard deviation Sm ofthe arithmetic
manmis mz /n. MThe probable error E of the arithmetic mean is

a a Yor ye + (m-t, ye + soot (m-t,, *,

Approximate values of € (a Ya(et) are
Es 0.8453 D E« 0.8453 D

Vn(n-1) ufmt

D=(mt,| + [m-to] +... + {m-t,]

E = 0.6745 g-

where

1 1 6745 ~6745 -8453 Or |
n Vs —_— — ee —== TM q

V/n V/nin—1) Wnt Van—1) aVn-1) Vata—-

2 .707 107 .707 107 .6745 .4769 .4227 5978

3 “800 000 "288 678 “3e94 Tea? “1200 “3440
Factors for Computing ° " " " " "

8 447 214 .223 607 .3372 . 1508 .0845 . 1890

§ 307 304 184 303 ee Oat “0093 “1308
Probable Errors 8 7353 553 2133 631 12549 ‘0901 °0399 21130

9 °333 333 1117 851 :2385 10795 :0332 "0996

10 .316 228 .108 409 2248 .0711 .0282 .0891
"1 1301 511 7095 346 72133 0643 70243 . 0808
12 ‘288 678 "087 039 :2034 0587 :0212 0736
13 :277 350 "080 064 °1947 "0540 .0188 .0677
14 267 261 1074 125 °1871 - 0500 :0167 :0627

15 .258 199 .069 007 .1803 .0465 .0181 0se3
18 :250 000 1084 550 1742 :0435 [0136 :
17 634 1686 :0409 .0124 .0513
18 235 702 .087 166 . 1636 .0386 .0114 0483
19 .084 074 > 1590 .0368 10108 .0487

20 .223 607 .081 299 .1847 .0346 .0097 0434 |
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#* Least Squares

The normal equations for finding coefficients, a o? Syreeer Bas in

fitting a curve of the form y =a, + a,X + oo. + a x” to data (X,» Y i»
1 =1, oe, n, (n> m), are m + 1 in number as follows:

_ 2
=Y, Sant a, 2X, + a, 2X, +o ta mae 4TMs '

+_ 2 3 m
= X,Y, - anak, + a, =X, + a, Zk, + ..e ta m4 9

a - m. mt1 m+2
2X, Y, = age, + a, 2X,

Deviation from fitted curve, d, =Y, - (a, + aX, + oo. + aX, my ,

For 2 = abTM, use/y = log z, a= log a, a, = log b.

For 2 = at’, use/y = log 2, as log a, ay =p, x = log t.

2m
+ a, 2X, + wor ta me ty

Sy standard error of estimate, = root-mean=squere of the

y-deviations about a fitted curve =) af/n,where> ao= P=) Y3-(ag> Yetay >) XqYytoe.).

* "t" test of significance between two sanvle means (x (x, and Xo).

Paired variates: t = d =s with N - 1 degrees of freedom

N(N = 1)

where d = Xx) - Xo» dy =%17 Xo,» a a 9 ete. and X = sample size.

Unpaired variates: = & =
| ~§ Begs 2 (i, * =3)° +4)Ny . No - 2

with Ny + No ~- 2 degrees of freedom where Ny = size of sample 1 and

XN, = size of sample 2
~,

“* PF test for equality of variances
o42

Toe
F=

' where Gd: 1° = variance of sample with size Ny and Ta2 = variance of
sample with size No with Ny ~ 1 = deprees of freedom for nuwmberator

No - 1 = degrees of freedom for denominator.
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I<7 Computational Methods

* WNumerical Integration b

Evaluation of an integral of the form I = fa y(x dx can be done
numerically to a fair degree of accuracy by dividing the interval from
a to b into n equal segments each of length h and using any of the

formulae.

I, * nla, + Yn) +¥, + Yo toe + ¥, | (Trapezoidal rule )

Lb zh [0.4(y, + Yn) + 1.1(y sty} Ys + Ys + coe + coe + ¥n-2|

(Durand's rule )

htg =F [ a, + 9,) + 409, + ¥5¢ o0-¥qe)

+ 2(y, 47, + oor + Yo) (n even, Simpsons rule ).

Y, 18 the value of y at the point separating the l1-th segment from

the (1 + 1)-th segment. In general Simpson's rule gives the best
results, and the accuracy increases with decrease in the value of h.

* WNumerical Solution of Ordinary Differential Equations

Por ordinary differential equations of first order, of the form

y' = f(x,y), the simplest way of obtaining the solution is to start
from the initial value y. at x = Xo9 divide the range of values of x

(in which the form of the solution is desired) into a large mumber of
equal segments each of width h, ami obtain the sequence of points on

the graph of y versus x by successive use of the formula

= 8

Yn41 wn +h Vn

The accuracy of the method improves with decrease inh. A better

procedure is to start with

2

ysnyo t+ba(yteyt) - 2 (y,"- x,"
where the second dervative can be obtained by differentiating the

original equation and using the numerical values of x, y and y’ in

the resulting expression. One first evaluates y, = y, +y'h and uses

this to evaluate y! and y", These values when substituted in the
above equation give the next value of y; whicn can be used again in

the same way to obtain a still better value of 4° Usually a couple

of iterations suffice to give a reasonably good value of ¥y° Then

one proceeds to the next point and gets a good value of Yo following

the same iterative method with Yo and ¥y° Following thie up one can

get the complete curve.

For a second order differential equation of the form y" «f(x,y,y')
with the initial values Yo and Yo given, one can proceed aa in the

above case first to obtain y'(x) as a function of x, am then another

repetition of the above process leads to y(x) as a functionof x. For
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other boundary conditions and other forms of second order equations the

procedure is more involved.

Solution of Transcendental Equations

franeceniental equations of the form f(x) =o where f(x) is not
an algebraic function of x, but involves functions such as logarithmic,

exponential, trigonometric, hyperbolic functions etc. can be solved

numerically by an iteration method (Newton's method). Suppose x is the
initial estimate of the root (based on guess work or drawing a graph of
of the function), a better approximation to the root in given by

x, =x, - £G)/t'(x,)

Similarly a still better approximtion is

X= xX, - f(x, )A'(x,),

and in general,

X, "X17 FG, Ale)
This method works for ordinary equations also.

The few topics and methods discussed above are for ordimry

computations not requiring great accuracy. More extanstive computational

techniques are given in Handbook of Mathematical Functions ~ M. Abramowitz

and'L.A. Stegun (U.S. National Bureau of Standards).

A Note on Computers

Most of the numerical computations a student requires in the

course of his studies oan be handled through the use of slide rules and

desk calculators. More elaborate and longer computations are best tack-

led using an electronic digital computer.

An electronic digital computer has a memory section, an arith-~

metic section and a logic section. Hence it can remember numbers, per-

form arithmetic operations and take decisions involving the use of logic

In effect it behaves as an individual who needs instructions for what

it should do with the numbers it deals with. Such instructions are

provided through a "programme", and the computer performs elaborate

“sequential calculations following the instructions in the programm.

The machine is versatile enough to process information, besides perform

ing operations with mumbers. In order to solve a computational problem

by an electronic computer, the problem has to be progranmed in a language

that the computer understands. A commonly used programme language is

PORTRAN, which is accepted by all IBM computers, and with slight modi-

- fications by other computers. Details of programming procedures can be

obtained from the staff of the various computer centers in the country.

A small computer (such as IBM1620) can perform mre than 1000

additions and 100 mitiplications of 8 digit decimal numbers per secom,

amd hasistorage capacity in the memory part of between 20000 to 40000

digits. A large computer (such as IBM~7090, IBM-7044, or CDO-3600) can

be 500 times faster in operation, and has storage capacities of the

order of 40000 words (each word=9 digits). ‘This indicates the scale
of performance df a modern electronic computer.
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Computational Methods

Some of the Computer Centers in India

Tata Inetitute of Fundamental Research, Colaba,
Bombay

Physical Research Iaboratory, Ahmedabad

Indian Institute of Technology, Kanpur

University of Delhi, Delhi

Planning Commission, Delhi

Indian Agricultural Research Institute, Delhi

Indian Institute of Technology, Delhi

Structural Engineering Research Institute, Roorkee

Indian Statistical Institute, Calcutta

Ind ian Institute of Technology, Kharagpur

Union Carbide (India) Co., Calcutta

Engineering College, Guindy, Madras

Hindustan Aeronautics Ltd., Bangalore

Computer Models

CDC-3600

IBM=-1620

TEM-7044

TBM 1620

IBM~1620

TBM~ 1620

IBM~1620

ICT~1609

IBM=1620

IBM-1620

IBM-1620

ITBM= 1401

IBM~1620

ELLIO?

33



Differentials

I.8 Calculus and intesral Tables

(i) Differentials

d(au) = a du
a(u + v - w) = du + dv = aw
d(uv) =u dv + v du

u, _vdueu dv
a(¥) = Vans u av

v

d(uTM) = nuTM~tau

d(u’) vu"+ au + uY (log, u) dv

d(e“) = e@ au

a(e®4) = aeTM au

d(a“) = a’ (log, a) du

d(log, u) uta

d(log, u) um (Log, e) du

cosh? u = (u2-1) 7? dua(uY) = uw4(1 + log.u) du d
e -1 2\—1d tanh"u = (leu°)7TM~ du

d sin u = cos u du 4 cothTM*u = -(u%-2)"+ au
d cos u = = sin u du d sech ty = au7+(1-u7) du -

d tan u = sec2 ¥ du -] =; 2 .\=%
d cot u = = cse* wu du d@ esch “u = =u ~(u%+1)7¥ du
d sec u = tan u sec u du
d.csec us - cot u,. csc u du
d sinwl u = (1 - u2)-% du

ad cost uz- (] - u’)" du
=~] 2\—1

ad tan ~ u = (1 + u%) du

d cot72 use- (1+ u2)74 du
d sect u = unm*(u2 - 1)7# du
d esc“tu = - u(u2 - 1)? du
d sinh u = cosh u du

d cosh u = sinh u du

ad tanh u = sech* u du
d coth u = ~ esch- u du
d sech u = =~ sech u tanh u du

d csch u = = csch uw coth wu du
=-1 2 esd sinhTMTM u = (u~ + 1)7* au
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(11) Indefinite Interrals
eee

n+l

1. [ (ax + v)Pax = SESH ,~ne#-l,

20 a = < log (ax + b).

. (Ss = = [ & (ax + b)* = 2b (ax + b) + b* log(axtb) ].
a

3

4. x (ax + b)TM ax = EH [ x M( ax¢b) Ot

mb [x m=1(ax+b)TM dx],

= aor [x1 ( arsd)” + nb j xTM( axeb) Pt ax j,
m>70, m+n+i1 #4 0.

Oe ax 1 x( Taxtb) = D1 axeb °
f dx

6. j Hraetby2 © ~ Tr <(axtb) *

Te | frre ax = gh (ax +0)*/? ,

8. [ 8 ycaxrey dx = Soy {uP(u? - b)"au, u = axth.
a

9. fee we = 2 fETe+» fe,
x y ax+D

10, ox = 2 Yaxt+ .

{axtd a

n 2 4\n12. f xox . ow Jos -b)TM du, u = Yaxtb
fax + dD gitt

rd

fas 1 faxtb- y/o
12. ee le LOL for b > O.

j =x fax+b bd Yax+b +/D ,
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13.| dx, 2 tan /Oxth og cc || y~5 -b ’

m+n=-214, \ dx =.— [oes du, u = axth .
x

n tn15. { (axtb)t B ax = Slanted
a(2+ n)

+ 3 4+n. 2+n

16. [ xCaxeo dx = 5 Semte) Bhezerb) 2 1

te | p= 3/2 27 t[—
x(ax+b)2 x( ax+b on ( ax+b)3

xMax ox 2mb x-1 ayse, {ax Cae - TanrIJa |
ax - 2 Yax+b . Jen=-3)a dx1 { x” /axtb (n-1)b xno tant { x “Vash

20." | (ext)? arn a { (axed) 2 axep | ext) * a,

21. dx _ 1 cx +a| raSirom - bo ad 1° axa ps bo - ad 0.
| n m 1 n+1 m226 J axe (cx+d)TM dx = Tamiya [ (ax+b) (ox+d)

- m( bead) J Coxso)® (ox+a) 2-2 dx |.
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256 dx . @l 1

| (ax+b)TM(ox+a)TM (m-LY The=ad) L (ax+b)TM~"(ex+a) el
- dx |+a(m+n=2) | (axeb)"(exsayel »m>il, n>;

beead # 0

24. _(ax+b)TM dx = 1 [ (ax+b)2+1
~ ~— (nT) Tbe=ad) +

(ox+a)TM ( ex+a) 2-2

(aon-a)a | Lex ex) ,

-l] +b) +b n=1= Taen=tyo L past +n (bead) | soune dx].

(4256 i dx «= = (3ad-2be+acx) Vaxtb
3aVax+b

- ax+ - 2fax+b _ 2 Vad-be -1266 {x + dx = Cc C Yad=be tan ad=bo ”
cp, 0, ad > be

2 Vaxt 1 Vbo-ad
+? C x

Cc

GS eg 107% be > ad.log

g “1 Yolaxtb, co >0,ad >be.—————_ tan
dx _c[= Yax +b Ye Vad-be ad - be ”27.

28. | dx
(cx+d) Vax+b

1 YoCaxtb) - Ybo-ad—— log c70, be>D ad.
Yo Ybo=ad YoCaxtb) + Vocead
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296 j dx = . tan7+ x 9 Or -=- < etn x e
p* +x? P P

ax 1 +X L mlx .30. \ 5 Be log BEE, or F tannTM F

31. {2 -=it— tan} (xf); ay, c>0-

326 ax = i log xYa - J-b— 5 apd, v0ZO0.
ax*+b 2 Y=-ab xVa+V <b

1 Yb + x J—a ;
= log > a 20, b?O.

2V—ab yo - x =a ,

ax 1 . x
334 |-——, = _—_—

(ax?+b)" = 2(n-1)b— (ax®+b) "7+

ann} ox n a positive
2(n=1)b (ax? +b)" “1 ’ integer, nyl-»

2 n+l

34. Jeorone 35 Sex) » nf al.

356 1 2
. = 35 log (ax“+b) -

ax ab a

36.
1\Sar 24>) ax*+b

a1 =2|S Ox eT kf Em gg 1.
ax*+b a(n-1) ax® + b

38. = - aCat ae 2(n-1)a (ax®+b)2-}
-—1_ | dx

2(n-1)a (ax* n=1ax*+b)°~
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ax . 2 ax 2a [& .
x? (ax?+b)TM D x? (ax®4b)2-2 D (ax?+b)"

40. | yx? + p? ax = 4 [ x pfx? + p? + p? log (x+ x®+ p*) ].

416 \ ve ~ x* dx = 4 | x¥p? - x? + p? sinTM+ (—- ) ]-

39 «

42. dx = log (x + Vx? + pe).
V2 + p*

43. —~K_ = sintt (%) or - cost (#).,
3 3 Dp Pp

¥p o~ X

44, [Yor dx 3 ax® + b + 2— log (xVat Vax? +b ’
ava Qa>o

= 3 Vax? ab * or sin7! (x =)» ao.
2 -2

45, dx .1ij

| Va og (x Ya + Yas? 4b), a >? O.
= = sin72 (x |=) 9 : <0.

46. [. Jax?+b ax = = (ax® +b)3/2 .
47. fe | ax?+b dx = 5 (ax? +p) 3/2 ~ ae Jax" +b

vb?

on aya? log (x Ya + J ax?+b), a>0.

= a (ax*+p) 7/2 — a ax® +h
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49.

50.

5l.

526

53.

546

Indefinite Integrals

b? -1 =a,
- sin (x +) a < 0.

Bay -2 ,

x dx = 2 Y ax? + dD e
ax” +b

{ Yaris lax?+b + Yb log Vax sb-¥6 c > 0.
Yax240 - Y=b tan Yax*sb bp <0.

- coca [a ax*+b dx, n>0.
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556 Yax*+b = . (ax*+b)3/2 _ conte ( ax? +bJ > b(n=1)x" (n-1)b J x" ot
n>il.

564 | _dx sr Vaxteb (mea | ge
x Vaxtep P(n-l)x 2 (mel)d ] re? VaR

n?il.

2576 | coxtean” dx = 5 (2ax*+5b) Pax®+b
2

+ 2 log (x¥a + ) ax® +b » a>d.
8fa

= § (2ax"+5b) Yax*+d

+ = sin7} (x J), ado.

2 1 25B. { cara” xv ax = xt (ax®4b)?/ +
n+4

ot Je Vax?+b ax,

59. doc =
(ax®+b) 2/2

clax’+ pb

60. | dx - 2 _o% _a8|[xa ,
(axtpy® = © (agMygyM2 ~ B ) (oye

Sl. | dx = —, log Vax"+b- Yo C ’ b < 0 7
x) ax"+p nYc VaxTM4b +¥o
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- 2 — seo EE, odo.

62, [eretare = = [ Baxep)
- (mmnp+n) J xenel o5y) Pax Je

63. xidx i xx _ b {x ax

(axtep)P 8 (axTMen)PrL 8 J (axe)?

64. & axa—OX = =—lelC kl Kg, HX
"(ax +p)? b x2 axMp) Prt b xD ax tb)?

2
65. ax wn aoe ee Log 2axt) ~] bd" =4ac 9 b* > 4aceax*+bx+0 Yb2~420 2ax+b + popes

ax 2 ~] 2ax+b 2
66. ——es ene ~TaN ——— b® < dae :| ax® +bx +c ¥4ac—ba Beabe ;

_ 2 b* —_ 4

= =" BDaxtb ? = ac

67 . | dx = 2ax+b
‘J (ax®+bx+0)2t+ n(4ac-b? ) (ax*+bx+0)”

+ 2(2n-l)a ax

n(4ac=b*) (ax*+bx+c)

6. | Sige. SO Lg [xox bp [xt
ax*® +bx+0 (n-1)a & ax*+px+e = | ax®+px+0
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69 x ax - _ xt
(ax*+bx+e)2tt a( 2n-m+1) (ax*+bx+c)”

~2ay

(nem+1) givlax _ _(m-1) g x"
(2nem+1) ? (ax? +bxec) tt (2n-m+1 ) (ax? +ox+e) tt

70. ax _. 1
x" (ax? +bx+0) "tt (m=1)e xl ox? epxte)”

=«(ntme-1) ob ax
Cc mal 2 n+l

me-=1 x (ax*+bx+c )

(2ntm-1) 2 ax
c _mM=2 2 nei °

m=1 x “(ax*+bx+c)

71. 9X log (2ax+b+2 Y a(ax?+bx+c)), a?O.
Vax? +bx+c Ya

Y-a Vb?.4ac ,

n nel

126 = ae = ¥ ax?+bx+0
Vax +bxX+C an

2n-1 xia _ oe jx
an => +DX+C

2

13.6 ) ax? +bx+c dx = 2axth Fax? sbxec + = dx

y =

da Ba Yax?+bx+e

ax - - Vax? +ox+0
Ne

xo er e(n=1)x
. atecu) [ dx

+ ee > c(n-1) x Vax* soxec

14.
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2¥c

- L. rog (Laxbzeoste , 2 ), ec >O0,
Yo Yc

-l1 bx+2c

¥=c xV¥b*—4ac

ax - 2( 2ax+b) , v® ££ 4ac.

( ax*+bx+c) 3/ 2 (b*—4ac ¥ ax*+bx+c

1= on b? = 4aC.
2 Ya®(x+b/2a)® ”

| Yom dx = #[ (x-p) Vepx-x? + p® sin7 (=) ).

9X

\ Vax+b Sox+d Y=ac

—oX cos72 (=).

/ 2px=x*

= 2 tan" ~c(axtb)

a(cx+d)

Or 2 t anh~+ ~cfaxrb) axtb e
ac a(cx+d)

. | vax Yoxt+d dx = 2acx+bc+ad ax+D - ¥CX+

. Cx+d{ ax+D dx

ac

ad=be)# ax+ fad=be) .ae ‘ Yox+d
ax+b Yox+d , (ad—be) dx .

a 2a Yaxt+b Yoxtd
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Kk Trigonometric Expressions

82. fein ax ax = - = cos ax
n » nel _ _83. [sin ax ax ~ - Sint az cos ox, mL git ay ay ,

n positive integer

84. f|_dx _ 1 ax ii -— q log tan =5 = = log (esc ax-ctn ax).

Bb dx 1 cosax n=2 ax -
= - gp sw + posJ sin"ax a\n~ sin” “ay n= { sinTM@“ay ’

n integer > 1.

ax 1 Tt ax86. = - = tan ( _ de\z sinax + 2 a4 3

87. dx 2 =1 b= Tt ax= - tan [ tan ( ad ) Jjs sinax ayb"=c b+o Uae
b? > ¢?

88. { ax - . 1 log ste sinax+} o?=b? cosax ,
b+ce sinax avo? =p? b+c sinax

c* > b”

89. sinax sinbx = sin(a-b)x _ sin(arb)x » a f£v?.
2(a=b) 2(a+b)

90. | fivains dx = + 2 (sin $ - cos 5) ’
Use + sign when (8k-1) 5x $ (8k+3) 5

Otherwise - sign, k an integer.

ji. {ws ~ sinx dx = + 2 (sin 3 + cos ® ),
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Use + sign when (8k - 3) 3¢x < (8k+1) 3

Otherwise - sign, kK an integer.

sin axer92. Joos ax ax =
n=l

936 fc cosTMax dx = S08 ax sinax , a dx ,
na

we [%

956 = —t Sinan. p- | 5
ony a (n-1) cos" tax nol

n integer > 1.

n positive integer .

= - log tan (SS +7) = < log (tanax + secax).

ax 1 ax96. | = a tan ~S e
l+cosax

97-6 — ax
lecosax

Yo? 2 inax98. dx - L tan“? ( b*=c Sines} b?> o?
b+e cosax ab? -c? c+b cosax

. 2 12996 — ax 1 tanh7+ ; Ye?=v? sinax ], c® >pb?®.
’ : b+e cosx afo?—b* c+b cosax

100. J cos ax cos bx = sin(a-b)x , sin(atb)x | a® £®,
2 (a-b) 2 (atb)

101.- | fircox dx = + 272 sin 3 ‘

Use + sign when (4k-1) n Cx < (4k +1) x,

1 ax
= - 5 ctn Be

Otherwise = sign, k an integer.

x
102, Viecosx ax = 72V2cos %.

Use - sign when 4nk Cx < (4k+2) 2Otherwise + sign ( ) ,
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103. jes — log (b+c sinax).
b+e sin ax ae

104. Sinax ox _ _ <— log (b+c cos ax).
D+e cosax

105. ax = i [ Logtans (ax+tan71 %) ].
b sinax+c cos ax ay b*+c

106. dx = 2 sin! y
b+e cosax +d sinax ab? ~c?~a*

2u=[2 24+d°+b(c cos ax +a sin ax) , bv? fo? +a?,

Vo%+42 (b+c cos ax+ d sin =
-m<ax < 1

107. { dx =i [ be(c+d)cos ax+(c-d)sin ax
b+e cos ax+d sin ax b+(c-d)cos ax +(c+d)sin ax-

b® = ¢7+q?

108. sin? ax dx 1 -1 y b X| siatex ga = => tan pee tan ax) - <
b+e cos” ax

+09 6 Sin ax cos ax dx = ot log (b cos® ax+c sin” ax),
b cos*ax +c sin® ax 2a(c=b)

110. dx ._ i log OB coOs axt+e sin ax .

b* cos* axec* sin? ax 2abe b cos axec sin ax

Lil 1 =~] ctan ax
° = =— ian” (—“}TM)..Is cos*ax+c” sin?ax abe112. ae ax cos ex dx= Se 8k COs ax

a({ m+n)

+ a Fou ax cos” ax dx, my n>0.
m+1 n- Sin ax cos ax , Bod fost ax cos” “ax ax,
a(m+n) m+n m, n> 0.

113. sinTMax sinttl.. m=n+2 sinMax
cos ax a(n=-1)cos"” ax (n-1) ax

», nO, ne 1.
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n n+l114. jog 8X ay = cos ax — men=2 cos ak ay
sin"ax a(m=-1) sin Tox (m=-1) sin “ax

mn,>0O; mpl.

115. dx i
sinTMax cosTMax a(n-1) sinTM- ~Loe cos 7+ax

y mtnn2 | _ax .
n=1 sin"ax cos"TM~“ax

1. + monet ax
~ ~~. J. M=o nm _'a(m=1) sin" tax cos” tax m-1 J sinTM-“ax cos"ax

116. tan ax ax = - @ doe cos ax

117. [tanTMax dx = =o tanTM~+ax - {ven eax dx,
n integer 7 l.

118. fotn x dx = log sin x

119. fotnTMax dx = = 1 tnTM lax - Jorn“? ax dx,
a(n-1) —

n integer? l.

120. \ dx - i { bx+ = log (b cos ax+c sin ax)].
b+e tan ax b* +07

121. {—*=— = a = log (b sinax +c cos ax)].
b+te ctn ax b*+¢7

122. { ax = —t_ sin bee sin ax), b positive,
foro tentax Vie vo.

ol123. [sec ax ax = log tan ( 5 + q )e

124. . { secMax dx —i_. Bin ax | n=-2 n=?
sec ax dx

a(n—1) cos" tax n-1 ,Qn,
n integer Dl.

125. {ose ax dx = ~ log tan = e

126. fesctax ax = - + or + Bo2 | csc®7ax ax,
a(n-1) sin “ax nel

n integer >1.
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oir127. fran ax seo ax dx = sec axe

128, Jotn ucse udu = = cse u, where it is any function
of x.

2129. { oso ax ox = = “ log ctn ax.
ctn ax

130. [x sin ax dx = -~2x" cos ax + Bf?) cos ax dx.
3 5131. {ejnex ax = ax - Jae, few.

323! 5.5!

132. f smear -- 1 Sin ax, a cos ax a,
x (m-1) 2 =t * (meayJ 2

1336 fz cos ax dx = <x” sin ax = a {2 sin ax dx,
n positive -

134. f cose ax = log ax - (ax)*, (ax)*
~ 0080 e

x 2,2! 4,4!

135. cos ax L COs ax a sin ax
———— dy = = os AXe

x" (m-1) x (m-1) J x22

% Exponential and Logarithmic Expressions

136. ‘Co dx «= < @tX «

a log b

n_ax _ Lt -138, fx e ax = a x etx - = fz 1,ax dx, n positive.

te eee ax = log (b+ c e~) J.
bee eTM a

40. ax - — tant (ear), b and c positive.
ax ax ay bc
b e+ ce.
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ax gtx
141. e- sin bx dx = —=——— (a sin bx - b cos bx).

2.42
a+b

ax Qt
142. e~ cos bx dx = (a cos bx + b sin bx).

a? +b?

143. J =e in ox ax = gf e% oin ox ax

xetX oak
= (a sin bx = b cos bx) = [(a®-b?) sin bx

2442 2.,2\%

- 2ab cos bx}j-

144, {em sin” bx ax = e sint=t bx(a sin bx -nb cos bx)
a® + n*p?

2+ ~n(n=1)b" fom sinTM72 bx ax.
a? +n? p?

145. {08 ax dx = x log’ax = x.
_ yntl lo .146. {= log ax dx = [ sr - pe) n £ -1

147. Bice ax)” dx x (log ax)" =n ln ax) not dx, nm pos.
n+1

148. {x (log ax)TM dx = Ir (log ax)"- —T [ Pace ax) tax

149. \ ee = log (log ax).

150, | —=— - - 1x(log ax) (n-1)(log ax)*~

n n+l
151. —xX_ ox —% + Bel x ax

(og ax)TM (m-1)(log ax)¥-+ m-1 J (log ax)onL? Fl.
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n ydx 1 ed152. SA (gu y = (n+l) log ax -{= ax antl J ,
n
ax 1153. x = = [log J log ax/ + (n+l) log axfe ax git | | ;

+ (n+1)*(log ax)? , intl)? Gog ax)?, we ds
Coe ! 303 !

2
14. ( 2 = + [ log [10g ax] + log ax + (toe am)", |, y,

log ax 222!

155. { oan (log ax) dx = 3 [ sin (log ax) = cos(log ax)].

156. Joos (log ax) dx = 3 [ sin (log ax) + cos(log ax)].
ax

157.6 fe 10g vx ax = eX 10g vx - 2 [2 ax.oir

* Inverse Trigononetric Functions

158. fein ax ax = x (sin7) ax) + < Ji-a°x?
n . =] xatl -1 a xotla,159. fx sin ~ ax dx = TL sin ~ ax - mT Vina? x? 9

nf#-1,

=1 3

160 ath es teers ABE bbe (eo?
1.35.5 Ta oes a®x® 21.

+ Dae677 (OH) tee Fae S
161, { esx? ax L , =] 1+ fi-a?x*2 dx x sin ax - a log ax

x cos” ax - < Via? x?

xt -1 a ( gitlay
COS ax + Say

n+1 T+ Yi-a?x* ,
nfel-

162, | cos~tax ax

163. [2 cos"! ax ax =
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164.

165.

166.

167.

168.

169.

170.

171.

172.

173

174.6

175.

Indefinite Integrals

-1

{ 20¢ SB ax = § log [ax] - ax - gigcy (ax)?
Brpteg( ax)? - pte (ax)? - ..,

a®x* ¢ 1,

-1 y| 2088 ax = -= cos"tax + a log | At ticatxt | |
x?

[tan ax dx = x tan +
yotl

(2° tanTM ax dx = — tanTM ax - 8% |

ax = = log anna

1+ ee: ei
l+a® x"),

a*x*

-1{i= az oe 2 tan“Max - 8 1og (= > tan
x*

[em ax dx = x ctnTM| ax + $5 log (1+ a*x*),

Ti+

+1 n+1x” ctnTM tax ax = x etn71 ax + ar SF dx n -l,.J 1+a°x , ,
-1[ctnar a = - £ otntax + $ log ( MAE) ,

x? x a*x

{reo ax dx = x secTM+ ax - < log (ax+ Ja?x?-1).
+1|= sec"tax ax = x sec ax + L, | 2a » nf ml,

Use + sign when 5 <sec+ axin ,

- sign when 0 * coco! axe } Be
feact ax dx = x ese! ax + z log (ax + Ja?x*_1),

+1x ~1 1 f xx
=l,

n+1 eno are n+l Jatx?—1 ee ‘.
Use + sign when 0 < csacTM* ax < 5 ’

{x cacTM! ax dx =

- sign when % Lease) ax < 0.
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(111) Definite Integrals

0o

176. a dx = x ifa >0

(25 2° ,
= O, ifas= 0,

=-%, ifaZo.

0 ; nel
wt. fx oF axr= — [ log, (2/z)] ax = (a).

6

F(nt1) =n. f'(n) , if n>o. r(2) =#=fl) =1

C(t) = Ye

(ntl) = n!, if n is an integer.

Pn) =f (n-1).

Z(1) = = 0.5772157 «06 2(Y) = D. (Log, r(y)].
00

"78. {= 2, Ala = P(n), 2>0.
6 6o

4 - (m) (1)

0o (1+x)2*? f (m+n)

~1180. {2s = Ru, od¢ndl
0 1+x sin nt

nfa. 1/2 n

181. [ ein dx = Joos dx = £¢ Yx Ps +t) , If n>-l.
o o [? (3 +1)

= ss eclnol) , 3s if n is even integer
204.6 ..(n)

224.6 ..(n=-1) , if n is odd integer.
oo LeDdeDelee n

182 sin@x ax Tt
e ° xt % e
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184.

0

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Definite Integrals

oo

| siz cos ox 4, = 0,ifad-l, Or adil;
x

= 7 ifae el, Ora=1l;

= §, if -l1 < adil.
1

[ein®ax ax = J cos? ax ax = 5
Oo“ Wa ° 1
fein ax. cos ax dx = |sin ax cos ax dx = 0.

O° a OY

fein ax. sin bx dx = fcos ax. cos bx dx = 0, afb:

fein ax. cos bx dx = 2a if a-b is odd,
2 p*

0 a

= O, if a-b is even.
oo

f stm ax ein os ax_sin bX ax = % na, if a <b.
°o” & x @

foos(x*) ax =\sin(x?) dx = + (> .
° ,@ 22 °
fo ax = x = ('(#), if a>o.

o/ «9 2a

Se eax = a, = aL if n is a positive
00 integer, a>0O.

en ~ax* —_ 16305 e-(2n-1) x; x e ax = pnt aD } a °

oo

-ax 1 z[rx e ax = ot Jz °
0

ax

fe dx = - e
o’ Vz

00

J e(-x*-a7/ x*) ax = + e728 ¥x , ifa>oO.
o¢ 9

fe" cos bx ax = » ifa>o.
° a*+ b



198.

199.6

200.

201.

202.

2036

204.

205.

206 6

207.

208,

209.

210.

211.

212.

213.

214.
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oo

[on®* ein ux ax - —o. | if a>o.
a® +b?

~2xX .

gu sin X ax = ctnt a, ar>QdO.
so“ o &

2_2 -v?/ 4a?fens x cos bx dx = Wes , if a>Oo.
1 2a

J(r08 x)" dx = (-1)".n!, n positive integer.

4 2
Lo = wv38 ax = - ““O e

Leg — = - x?
[> e

2
og x Ttf aof i-x

4

tog x dx = - & log 2.
fi-x? 2

Oo"
1+x ax n*Joe (Teds = F-

° 1
x 2

1 Tt
log ( =) ax = .J e*.1 tr

Vx.

a ne x{[dx = [eee KX dx = -y = -0.5772157..6
¥/2

* (08 sin x dx = free cos x dX = - 3 1og,2-
o/ wT

2

x log sinxdx = -« log, 2.

0 4 +
1 Tt(log =) ax = ye e

0 4

> (log l)-# dx = Yx.
4

x" log( + )” ax = (nt) ifm+i1>0, ntl >0O,D x (m+1)2+L ’
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215.

216.

217.

218.

2196 J ax = cos
0 atb cos x Va? —b*

cos ax dx _ -a220. J : = Se
0 a

2

221.

222.

2236

224.

225.

226.

227.6

Definite Integrals

7

2 2

free (atbd cos x) dx = £ log (S18 a amd.

6

{ ax = t
jp? atb cos x a*—p?

n/2

{ dx

a* cos*x+b* sin*x
0

J

1/2

(a* cos*x +b? sin*x)*
n
(a-b cos x) ax = 0

a*e2ab cos x+b*

w

f 208 (1+sin a@ cos x) dx = fa.
cos x

a a
xX =—x ax = log 1+b .

0 log x l+a

7

» if a >b >O.

a, a>b.

if a?0Q;

ifa <Q,
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4
2 \

228, tx ax =z EF YS,° q
1+x

4
229, | rede - L-Ly,L_o Ly, #,

0 127 28 38 4* 12

=xU 2 3 4230. fs du = ¥+ log x- x + 3 55,- Foy, + Pay -

where y = Lim (lib + + 00. +E - log t)

4 = 0.5772157 ee 9 0 x x x OO.

231 COS XU 4g, l x* x4 x°
° u = Y + 408 X- Bra: + FTE Bre t eee

+00

where Y = 0.5772157 eoo 9g O<x <€ CO -

gx e7xU2526 [ae du v8 Ge SB + sir 3 » OL xLam
2536 — du = x= Sor + ghey - Roy toe OL Re °

0 ne
234. 4

Si = RL 1s (a)? wt +(Fef)
ro + ( ggeg * xf + oo. J, if *® LZ il.

255. lr sin*x dx = 5 [ 1-(4)? x? = ( 54 ) ‘x
00 - ney Bo een.

236. e 8 gosh bx dx = —& » ard, a® x vr? ,
0 a®—p*

60

2576 fem sinh bx dx = a a>o, a® #£ »p?,
a* ab*

oo

2ab238, {x e8* sinbx dx = a>od.
° (a®+b*) 2 ,
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~~

2 2

2396 [x e * cos bx dx = at -b* . 9 a >0.
0” (a* + b*)

2 12

240. {x e- cin bx dx = BL), a> 0,
D (a*+b?)

00

2 2

241. {x e~** cos bx dx = 2a(a"=3b") » avd.
O°” (a? + b*)

2 2

242. (x e ** sin bx dx = otab ja abo) » apd.
0” 60 (a*+b* )

4 4

243. (x? e~"* cos bx dx = Sta ~Ga" bse ., a >? 0.
0” 09 (a*+b*)

244 fx e-®% sin bx dx = int [(acdb)TM**-(asap)**1 | a > 0.
° 2 2\n+l

o o 2(a* + b )

n+l n+1

245. fz e cos bx dx = nt | (anid) -+(atib) | a>O-
0” 2(a*+b*)

246. { e* log x ax = - Y = - 0.5772157 eee 0
° 00

247. ix pi = 2) eX ax = y = 0.572157 2
6 1 -e

00

248. jz (pee - e+) ax = Y = 0.5772157 oes
e 0 4

/-X -1/x

ane { (tne ae) ax = y = 065772157 «0s o.



Important Constants

I.9 Miscellaneous Mathematical Tables

(4) Important Constants

N Log N N Log N

W m= 3.14159265 0.4971499 2 = 9.86960440 0.9942997

1
27 = 6.28318531 0.7981799 7 0.10132118 9.0057003—10

1
Tv
— = 1,57079633 0.1961199 —7= = 0.56418958 9.7514251-10

2 Vr

* 1.04719755 0.0200286 3
3. ° = = 0.97720502 9.9899857-10

4
377 4.18879020 0.6220886 4

\* = 1.12837917 0.0524551
2 m 0.78539816 9.8950899-—10

3/_ = . 1 ex w/t 1.46459189 0.1657166

=" 0. 52359878 9.7189986-10

= = 0.68278406 9.8342834-10
7 TM 0.31830989 9.5028501-10 Vv T
1 x? =z 2.14502940 0.3314332

—- = 0. 15915494 9.2018201-10

2m 3/3.
3 — = §.62035049 9.7926371-10
x7 0.95492966 9.9799714-—10 47

4 3/77 1.27323954 0.1049101 ‘| . = 0.80599598 9.9063329-10

e = Napierian Base = 2.71828183 0.43429448
M = logio e =z 0.43429448 9.63778431—10
1+ M = log, 10 == 2.30258509 0.36221569

180 + x = degreos in 1 radian zz §7.2957795 1.75812263

w + 180 = radians in 1° = 0.01745329 8.24187737—10
wx + 10800 = radians in 1’ = 0.0002908882 6.46372612—10
x + 648000 = radians in 1”

sin 1”
tan 1”

= 0.000004848136811095

= 0.00009484813681 1076
= 0.000004848136811152

4.68557487—10

4.68557487-—10

4.68557487—10

centimeters in 1 ft. (U.S.) = 30.48006096 (legal) 1.4840158
feet in 1 cm. = 0.03280833 8.5159842—10
inches in 1 m. = 39.37 (exact legal value) 1.5951654

Pfogran in I kg. = 2.204622341 0.3433342
il ams in 1 Ib. = 0.4535924277 9.6566660—10

cu. oer in 1 (U. S.) gallon a 231 (exact legal value) 2.3636120
g (average value) = 32.16 ft./sec./sec. 1.5073
g (legal) = 980.665 cm./sec.¢ 2.9915207

weight of 1 cu. ft. of water =z 62.425 lb. (max. density) 1.7953586
weight of 1 cu. ft. of air = 0.0807 Ib. (at 32° F.) 8.907 —10

ft. lb. per sec. in 1 H. P. = 550 (exact legal value) 2.7403627
kg. m. per sec. in 1 H. P. = 76.0404 1.8310445
watts ‘in 1H. P. (legal) = 745.70 2.8725649

W = 3.14159 26535 89793 23846

e = 2.71828 18284 59045 23536
M = 0.43429 44819 03251 82765

1 + M = 2.30258 60929 94045 68402

logio 7 = 3.49714 98726 94133 85435
logio M = 9.63778 43113 00536 78912

59
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(11) Squares, Cubes, Square Roots and Cube Roots etc.

ny n*, te n?, aa etc.

Roote of numbers other than those given directly may be found by the following rela-
- fa, 1 1 1

tions: V 100n = 10V n; V 1000n = 10°V 10n; Yio" * 10 V 100; Vin" TM 10V a;
f a 1
0" Too V 10n; Vv 1000n = 10 ni: Vv 10,000n = 10°V 10n; Vv 100,000n =

$ 3 3/7

10V 1000; Va" TM ov 100n; NV i00" = 0V 10n; \V i00" - is Yn

V 100 v 10n

S$ SESS SS82S Sess

n? n?

1 1. 3.162 278 1 1. 2.154 435 4,641 589

4 1.414 214] 4.472 136 8 1.259 921 | 2.714 418 5.848 035
9 1.732 O51 [ 5 477 226 27 1.442 250 | 3.107 233 6.694 330
16 2.000 6.324 555 64 1.587 401 | 3.419 952 7.368 063

25 2 236 068| 7.071 068 125 1.709 976 | 3.684 031 7 937 005

36 2.449 490 | 7.745 967 216 1.817 121 | 3.914 868 8 434 327

49 2.645 751] 8.366 600 343 1.912 931 | 4.121 285 8.879 040
64 2.828 427] 8.944 272 512 2.000 000 | 4.308 869 9.283 178
81 3. 9 486 833 729 2.080 084 | 4.481 405 9.654 804

100 3.162 278] 10 00000 1 000 2.154 435 | 4 641 589 | 10.00000
121 3.316 625 | 10.48809 1 331 2.223 980 | 4.791 420 | 10.32280
144 3.464 102} 10.95445 1 728 2.289 428 | 4.932 424 | 10.62659

169 3 605 551 40175 2 197 2.351 335 | 5.065 797 | 10.91393
196 3.741 657 . 83216 2 744 2.410 142 | 5.192 494 | 11.18689

225 3.872 983 | 12.24745 3 375 2.466 212 | 5.313 293 | 11.44714
256 4.000 000 | 12.64911 4 096 2.519 842 | 5.428 835 | 11.69607
289 4 123 106] 13.03840 4913 2.571 282 | 5.539 658 | 11 93483

324 4.242 641] 13.41641 5 832 2.620 741 | 5.646 216 | 12.16440
361 4.358 899 | 13.78405 6 859 2.668 402 | 5.748 897 | 12.38562

400 4.472 136] 14.14214 8 000 2.714 418 | 5.848 035 | 12,59921
441 4 582 576] 14.49138 9 261 2.758 924 | 5 943 922 | 12 80579
484 4.690 416} 14 832 10 648 2.802 039 | 6.036 811 | 13.00591
529 4.795 832] 15.16575 12 167 2.843 867 | 0.126 926 | 13.20006

576 4.898 979 | 15.49193 13 824 2.884 499 | 6.214 465 | 13.38866

625 5.000 000 | 15.81139 15 625 2.924 018 | 6.299 605 | 13.57209
676 5.099 020 | 16.12452 17 576 2.962 496 | 6.382 504 | 13.75069
729 5.196 152] 16.43168 19 683 3.000 6.463 304 | 13.92477
784 5.291 503 | 16 73320 21 952 3.036 589 | 6.542 133 | 14.09460
841 5.385 165 | 17.02939 24 389 3.072 317 | 6.619 106 | 14.26043

900 6.477 226 | 17.32051 7 000 3.107 233 | 6.694 330 | 14.42250
961 5.567 764} 17.60682 29 791 3.141 381 | 6.767 899 | 14.58100

1 024 §.656 854 | 17.88854 32 768 3.174 802 | 6.839 904 | 14.73613
1 089 5.744 563 | 18.16590 35 937 3.207 534 | 6.910 423 | 14.8
1 156 5.830 952 | 18.43909 39 304 3.239 612 | 6.979 532 | 15.03695

1 225 5.916 080] 18.70829 42 875 3.271 066 | 7.047 2 315. 18294

1 296 6.000 000 | 18.97367 46 656 3.301 927 | 7.113 787 | 15.32619
1 369 6.082 763 | 19.23538 50 653 3.332 222 | 7.179 054 | 15.
1 444 6.164 414] 19.49359 54 872 3.361 975 | 7.243 156 | 15.60401
1 621 6.244 998 | 19.74842 59 319 3.391 211 | 7.306 144 | 15.74061

1 600 6.324 555 | 20. 64 000 3.419 952 | 7.368 063 | 15.87401
1 681 6.403 124 | 20.24846 68 921 3.448 217 | 7.428 959 | 16.00521

1 764 6.480 741 | 20.49390 74 088 3.476 027 | 7.488 872 | 16.13429
1 849 6.557 439 | 20.73644 79 507 3.503 398 | 7.547 842 | 16.26133
1 936 6.633 250 | 20.97618 85 184 3.530 348 | 7.605 905 | 16.38643

2 025 6.708 204 | 21.21320 91 125 3.556 893 | 7.663 09 16.

2 116 6.782 330 44761 97 336 3.583 048 | 7.719 443 | 16.63103
2200 | 6.855 655 67948 103 823 3.408 826 | 7.774 980 | 16.75069
2304 | 6.928 203 110 592 3.634 241 | 7.820 735 | 16.86865
2 401 7. 22.1354 117 649 3.659 306 | 7.883 735 | 16.98499

2 500 7.071 068 | 22. 36068 125 000 3.684 031 | 7.937 005 | 17.09076
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Vn Vn v 10nn? n?

2 500 7.071 068] 22.36068 125 000 3.684 031 7.937 005} 17.09976

2 601 7.141 428) 22.58318 132 651 3.708 430 | 7.989 570] 17.21301
2 704 7.211 103} 22.80351 140 608 3.732 511 8.041 452] 17.32478
2 809 7.280 110] 23.02173 148 877 3.756 286 8.092 672 | 17.43513
2 916 7.348 469] 23.23790 157 464 3.779 763 8.143 253] 17.54411

3 025 7.416 198] 23.45208 166 375 3.802 952 8.193 213] 17.65174
3 136 7.483 315} 23.66432 175 616 3.825 862 8.242 571] 17.75808
3 249 7.549 834] 23.87467 185 193 3.848 501 8.291 344] 17.86316
3 364 7.615 773} 24.08319 195 112 3.870 877 8.339 551] 17.96702
3 481 7.681 146] 24.28992 205 379 3.892 996 8.387 207 | 18.06969

3 600 7.745 967] 24.49490 216 000 3.914 868 8.434 327} 18.17121
3 721 7.810 250] 24.69818 226 981 3.936 497 8.480 926] 18.27160
3 844 7.874 008] 24.89980 238 328 3.957 892 8.527 019] 18.37091
3 969 7.937 254] 25.09980 250 047 3.979 057 8.572 619] 18.46915
4 096 8.000 000] 25.29822 262 144 4.000 000 8.617 739 | 18.56636

4 225 8.062 258} 25.49510 274 625 4.020 726 8.662 391} 18.66256
4 356 8.124 038] 25.6°047 287 496 4.041 240 8.706 588] 18.75777
4 489 8.185 353] 25.85436 300 763 4.061 548 8.750 340] 18.85204
4 624 8.246 211] 26.07681 314 432 4.081 655 8.793 659] 18.94536
4 761 8.306 624] 26.26785 328 509 4.101 566 8.836 556| 19.03778

4 900 8.366 600] 26.45751 343 000 4.121 285 8.879 040] 19.12931
5 041 8.426 150] 26.64583 357 911 4.140 818 8.921121] 19.21997
5 184 8.485 281] 26.83282 373 248 4.160 168 8.962 809{| 19.30979
§ 329 8.544 004} 27.01851 389 017 4.179 339 9.004 113] 19.39877
5 476 8.602 325| 27.20294 405 224 4.198 336 9.045 042] 19.48695

5 625 8.660 254] 27.38613 421 875 4.217 163 9.085 603 | 19.57434
5 776 8.717 798] 27.56810 438 976 4.235 824 9.125 805| 19.66095
5 929 8.774 964] 27.74887 456 533 4.254 321 9.165 656] 19.74681
6 084 8.831 761] 27.92848 474 552 4.272 659 9.205 164] 19.83192
6 241 8.888 194} 28.10694 493 039 4.290 840 | 9.244 335] 19.91632

6 400 8.944 272| 28.28427 512 000 4.308 869 9.283 178 | 20.00000
6 561 9.000 000} 28.46050 531 441 4.326 749 9.321 698] 20.08299
6 724 9.055 385| 28.63564 651 368 4.344 481 9.359 902] 20.1€530
6 889 9.110 434] 28.80972 571 787 4.362 071 9.397 796} 20.24694
7 056 9.165 151] 28.982795 592 704 4.379 519 9.435 388 | 20 32793

7 225 9.219 544] 29.15476 614 125 4.396 830 | 9.472 682] 20.40828
7 396 9.273 618] 29.32576 636 056 4.414 005 9.509 685] 20.48800
7 569 9.327 379| 29.49576 658 503 4.431 048 | 9.546 403] 20.56710
7 744 9.380 832| 29.66479 681 472 4.447 960 | 9.582 840}; 20.64560
7 921 9.433 981] 20.83287 704 969 4.464 745 9.619 002| 20.72351

8 100 9.486 833] 30.00000 729 000 4.481 405 | 9.654 894] 20.80084
8 281 9.539 392] 30.16621 753 571 4.497 941 9.690 521] 20.87759
8 464 9.591 663] 30.33150 778 688 4.514 357 9.725 888 | 20.95379
8 649 9.643 651] 30.49590 804 357 4.530 655 | 9.761 000} 21.02044
8 836 9.695 360] 30.65942 830 584 4.546 836 9.795 861] 21.10454

9 025 9.746 794] 30.82207 857 375 4.562 903 9.830 476] 21.17912
9 216 9.797 959| 30.98387 884 736 4.578 857 | 9.864 848] 21.25317
9 409 9.848 858} 31.14482 912 673 4.594 701 9.898 983] 21.32671
9 604 9.899 495} 31.30495 941 192 4.610 436 | 9.932 884] 21.39975
9 801 9.949 874] 31.46427 970 299 4.626 065 | 9.966 555] 21.47229

10 000 | 10.00000 31.62278 1 000 000 4.641 589 | 10.00000 21.54435



Ny n’, qn, n°, ara etc.62

| 3 3 3
n | nt? Va V 10n n3 Vn 10n V/ 100

100| 10000 | 10.00000 | 31.62278 | 1000000 | 4.641.589 | 10.00000 | 21.54435
101| 10201 | 10.04988 | 31.78050 | 1030301 | 4.657010] 10.03322 | 21.61592
102| 10404 | 10.09950 | 31.93744 | 1061208 | 4.672 329 | 10.06623 | 21.68703
103! 10609 | 10.14889 | 32.09361 | 1092727 | 4.687 548 | 10.09902 | 21.75767
i04| 10816 | 10.19804 | 32.24903 | 1124864 | 4.702669 | 10.13159 | 21.82786

108| 11025 | 10.24695 | 32.40370 | 1157625 | 4.717694 | 10.16396 | 21.89760
108 | 11236 | 10.29563 | 32.55764 | 1191016 | 4.732623 | 10.19613 | 21.96689
107! 11449 | 10.34408 | 32.72085 | 1225043 | 4.747 459 | 10.22809 | 22103575
108} 11664 | 10.39230 | 32.86335 | 1259712 | 4.762 203 | 10.25986 | 22.10419
109! 11881 | 10.44031 | 33.01515 | 1295029 | 4.776856 | 10.29142 | 22.17220

110! 12100 | 10.48809 | 33.16625 | 1331000 | 4.791 420 | 10.32280 | 22.23980
i11| 12321 | 10'53565 | 3331666 | 1367631 | 4.805 896 | 10.35399 | 22.30699
112| 12544 | 1058301 | 33.46640 | 1404928 | 4.820285 | 10.38499 | 22.37378
113] 12769 | 10.63015 | 33.61547 | 1442897 | 4.834588 | 10.41580 | 22.44017
114! 12996 | 10.67708 | 33.76389 | 1481544 | 4.848808 | 10.44644 | 22:50617

115! 13225 | 10.72381 | 33.91165 | 1520875 | 4.862944 | 10.47690 | 22.57179
116| 13456 | 10.77033 | 34.05877 | 1560896 | 4.876999 | 10.50718 | 22.63702
117| 13689 | 10.81665 | 34.20326 | 1601613 | 4.890973 | 10.53728 | 22.70189
118| 13924 | 10.86278 | 34.35113 | 1643032 | 4.904868 | 10.56722 | 22.76638
119! 14161 | 1090871 | 34.49638 | 1685159 | 4.918685 | 10.59699 | 22.83051

120| 14400 | 10.95445 | 34.64102 | 1728000 | 4.932424! 10.62659 | 22.89428
121| 14641 | 11.00000 | 34.78505 | 1771561 | 4.946087 | 10.65602 | 22.95770
192| 14884 | 11.04536 | 34.92850 | 1815848 | 4.959676 | 10.68530 | 23.02078
123| 15129 | 11.09054 | 35 07136 | 1860867 | 4.973190 | 10.71441 | 23.08350
1241 15376 | 11.13553 | 35 21363 | 1906624 | 4.986631 | 10.74337 | 23.14589

125| 15625 | 11.18034 | 35.35534 | 1953125 | 5.000000 | 10.77217 | 23.20794
126| 15876 | 11.22497 | 35.49648 | 2000376 | 5.013 298 | 10.80082 | 23.26967
127! 16129 | 11.26943 | 35.63706 | 2048383 | 5.026 526] 10.82932 | 23.33107
128| 16384 | 11.31371 | 35.77709 | 2097152 | 5.039 684 | 10.83767 | 23.39214
129| 16641 | 11.35782 | 35.91657 | 2146689 | 5.052774 | 10.88587 | 23.452090

120| 16900 | 11.40175 | 36.05551 | 2197000 | 5.065797 | 10.91393 | 23.51335
131{ 17161 | 11.44532 | 3619392 | 2248091 | 5.078753 | 10.94184 | 23.57348
132| 12424 | 11.48913 | 36.33180 | 2299968 | 5.091 643 | 10.96961 | 23 63332
133| 17689 | 11.53256 | 36.46917 | 2352637 | 5.104469 | 10.99724 | 23.69285
i34| 17936 | 11.57584 | 36.60601 | 2406104 | 5.117230 | 11.02474 | 23.75208

125} 18225 | 11.61895 | 36.74235 | 2460375 | 5.129928 11.05209 | 23 81102
136| 18496 | 11.66190 | 36.87818 | 2515456 | 5.142563 | 11.07932 | 23.86966
337| 18769 | 11.70470 | 37.01351 | 2571353 | 5.155 137 | 11.10641 | 23.92803
138| 19044 | 11.74734 | 37.14835 | 2628072 | 5.167649 | 11.13336 | 23 98610
139} 19321 | 11.78983 | 37.28270 | 2685619 | 5.180 101 | 11.16019 | 24.04390

146{ 19600 | 11.83216 | 37.41637 | 2744000 | 5.192494 | 11.18689 | 24.10142
141| 19881 | 11.87434 | 3754997 | 2803221 | 5.204828 | 11.21346 | 24.15867
142| 20164 | 11.91638 | 37.68289 | 2863288 | 5.217103 | 11.23991 | 2421565
143] 20449 | 1195826 | 3781534 | 2924207 | 5.229322 | 11.26623 | 24.27236
144| 20736 | 12.000 3794733 | 2985984 | 5.241483 | 11.29243 | 24.32881

145| 21025 | 12.04159 | 38.07887 | 3048625 | 5.253588 | 11.31851 | 24.38499
1461 21316 | 12.08305 | 38.20905 | 3112136 | 5.265637 | 11.34447 | 24144002
1471 21609 | 1212436 | 38.34058 | 3176523 | 5.277632 | 11.37031 | 24.49660
148| 21904 | 12.16553 | 38147077 | 3241 792 | 5.289572 | 11.30604 | 24.55202
149| 22201 | 12.20656 | 38.60062 | 3307949 | 5.301459 | 11.42165 | 24.60719

180} 22500 | 12.24743 | 38.72983 | 3375000 | 5.313 203 | 11.44714 | 24.66212



Ny n*, An, n’, 3in etc. 63

V 10n Vn v 10nn? ni

22 500 12.24745 | 38.72983 3 375 000 5.313 293 11.44714 24 .66212
22 801 12. 28821 38. 85872 3 442 951 5.325 074 11.47252 24.71680
23 104 12 .32883 38.98718 3 511 808 5.336 803 11.49779 24.77125
23 409 12 . 36932 39.11521 3 581 577 5.348 481 11.52295 24 .82545
23 716 12. 40967 39 . 24283 3 652 264 5.360 108 11.54800 24.87942

24 025 12.44990 | 39.37004 3 723 875 5.371 685 11.57295 24 .93315
24 336 12.49000 39, 49684 3 796 416 §.383 213 11.59778 24 . 98666
24 649 12 .52996 39 .62323 3 869 893 5.394 691 11.62251 25 .03994

24 964 12.56981 39.74921 3 944 312 5.406 120 11.64713 25.09299

25 281 12 .60952 39 .87480 4 019 679 5.417 502 11.67165 25.14581

25 600 12 64911 40.00000 4 096 000 5.428 835 11.69607 25.19842

25 921 12.68858 40.12481 4173 281 5.440 122 11.72039 25.25081
26 244 12.72792 40 . 24922 4 251 528 5.451 362 11.74460 25.30298

26 569 12.76715 40 .37326 4 330 747 5.462 556 11.76872 25 .35494

26 896 12.80625 | 40.49691 4 410 944 5.473 704 11.79274 25 .40668

27 225 12 84523 40 .62019 4 492 125 5.484 807 11.81666 25 .45822
27 556 12 88410 40.74310 4 574 296 5.495 865 11.84048 25.50954

27 889 12 .92285 40 .86563 4 657 463 5.506 878 11.86421 25. 56067
28 224 12.96148 | 40.98780 4 741 632 5.517 848 11.88784 25.61158
28 561 13 .00000 41.10961 4 826 809 5.528 775 11.91138 25 .66230

28 900 13 .03840 41.23106 4 913 000 5.539 €58 11 .93483 25.71282
29 241 13 .07670 41.35215 § 000 211 5 550 499 11.95819 25.76313
29 584 13.11488 | 41.4728 5 088 448 5.561 298 11.98145 25.81326
29 929 13.15295 41 .59327 5 177 717 5.572 055 12.00463 25. 86319
30 276 13.19091 41.71331 5 268 024 5.582 770 12.02771 25.91292

30 625 13 .22876 41 .83300 5 359 375 5.593 445 12 .05071 25 .96247
30 976 13.26650 | 41.95235 5 451 776 5.604 079 12 .07362 26.01183
31 329 13.30413 42 .07137 5 545 233 5.614 672 12.09645 26.06100
31 684 13 34166 42.19005 5 639 752 5.625 226 12.11918 26.10999
32 041 13.37909 42 . 30839 5 735 339 5.635 741 12.14184 26. 15879

32 400 13.41641 42 .42641 5 832 000 5.646 216 12. 16440 2.20741
32 761 13 .45362 42 .54409 5 929 741 5.656 653 12. 18689 26 . 25586
33 124 13 .49074 42 .66146 6 028 568 5.667 O51 12.20929 26 .30412
33 489 13 52775 42 .77850 6 128 487 5.677 411 12,.23161 26 .35221
33 856 13. 56466 42 .89522 6 229 504 5.687 734 12.25385 26. 40012

34 225 13 .60147 43 .01163 6 331 625 5.698 019 12.27601 26. 44786
34 596 13.63818 43 .12772 6 434 856 5.708 267 12.29809 26 .49543
34 969 13.67479 43 .24350 6 539 203 5.718 479 12 .32009 26. 54283
35 344 13.71131 43 .35897 6 644 672 5.728 654 12.34201 | 26. 59006
35 721 13.74773 43 .47413 6 751 269 5.738 794 12 .36386 26 .63712

36 100 13 .78405 43 . 58899 6 859 000 5.748 897 12.38562 26 .68402
36 481 13 .82027 43 .70355 6 967 871 5.758 965 12 .40731 26.73075
36 864 13. 85641 43 .81780 7 077 888 5.768 998 12 .42893 26 ..77732
37 249 13. 89244 43 .93177 7 189 057 5.778 997 12 .45047 26 . 82373
37 636 13 .92839 44 .04543 7 301 384 5.788 960 12.47194 26 . 86997

38 025 13 .96424 44.15880 7 414 875 5.798 890 12 .49333 26 .91606
8 416 14.00000 44 .27189 7 529 536 5.808 786 12.51465 26 .96199
38 809 14.03567 | 44.38468 7 645 373 5.818 648 12.53590 27 .00777
39 204 14.07125 | 44.49719 7 762 392 5.828 477 12. 48707 27 .05339
39 601 14.10674 | 44.60942 7 880 599 5.838 272 12.57818 27 .09886

40 000 14.14214 44 .72136 8 000 000 5.848 035 12.59921 27 .14418



Ny n’, An, n’, Tn etc.64

3 3 3

n nt Vn V 10n nt Vn Vion | V 1000

200) 40000 | 14.14214| 44.72136 | 8000000 | 5.848035 | 12.59921 | 27.14418
2011 40401 | 14.17745 | 44183302 | 8 120601 | 5.857 766 | 12162017 | 27.18934
202| 40804 | 14.21267 | 44.94441 | 8 242408 | 5.867 464 | 12164107 | 27.23436

203| 41209 | 14.24781 | 45.05552 | 8365 427 | 5.877131 | 12.66189 | 27.27922
204| 41616 | 14.28286 | 45.16636 | 8 489 664 | 5.886 765 | 1268265 | 27.32304

205! 42025 | 14.31782 | 45.27603 | 8615125 | 5.896 369 | 12.70334 | 27.36852

206| 42436 | 14.35270 | 45.38722 | 8741816 | 5.905 941 | 12172306 | 27141295

207| 42849 | 14.38749 | 45.49725 | 8869 743 | 5.915 482 | 12174452 | 27.45723

208} 43 264 | 14.42221 | 45.60702 | 8998912 | 5.924992 | 12.76501 | 27.50138

2091 43681 | 14.45683 | 45.71652 | 9 129329 | 5.934472 | 12.78543 | 27.54538

210| 44100 | 14.49138 | 45.82576 | 9 261 000 | 5.943 922 | 12.80579 | 27.58924

211| 44521 | 14 52584 | 45.93474 | 9393931 | 5.953 342 | 12.82609 | 27.63296

2121 44944 | 14 56022 | 46.04346 | 9 528 128 | 5.962 732 | 12.84632 | 27167655
213| 45369 | 14.59452 | 46.15192 | 9663 597 | 5.972093 | 12.86648 | 27.72
2141 45796 | 14.62874 | 46.26013 | 9800344 | 5.981 424 | 12.88659 | 27.76331

215| 46225 | 14.66288 | 46.36809 | 9938375 | 5.990726 | 12.90663 | 27.80649

216| 46636 | 14.69694 | 46.47580 | 10077 696 | 6.000 000 | 1292661 | 27.84083

217| 47089 | 14.73092 | 46158326 | 10218313 | 6.009 245 | 12194653 | 27 s9244
218| 47524 | 14.76482 | 46.69047 | 10360 232 | 6.018462 | 12.96638 | 27.93522
219| 47961 | 14.79865 | 46.79744 | 10 503 459 | 6.027.650 | 12.98618 | 27.97787

220} 48400 | 14.83240 | 46.90416 | 10648000 | 6.036 811 | 13.00591 | 28.02039

221) 48841 | 14.86607 | 47.01064 | 10793 861 | 6.045 944 | 13102559 | 28.06278

292} 49284 | 14.89966 | 47.11688 | 10941048 | 6.055049 | 13.04521 | 28110505
2231 49729 | 14.93318 | 4722288 | 11089 567 | 6.064 127 | 13.06477 | 28 14718
224| 50176 | 14.96663 | 47.32864 | 11 239 424 | 6.073 178 | 13.08427 | 28.18919

2251 50625 | 15.00000 | 47.43416 | 11390625 | 6.082202 | 13.10371 | 28 23108

226) 51076 | 15.03330 | 47.53946 | 11543 176 | 6.091 199 | 13.12309 | 28.27284
2971 51529 | 15 06652 | 47.64452 | 11697083 | 6.100170 | 13.14242 | 2831448
298) 51984 | 15.09967 | 47.74935 | 11852352 | 6.109115 | 13.16169 | 28 35600
2991 52441 | 15.13275 | 47.85394 | 12008989 | 6.118033 | 13.18090 | 28.39739

239| 52900 | 15.16575 | 47.95832 | 12 167 000 | 6 126926 | 13.20006 | 28.43867
9311 53361 | 15.19868 | 4806246 | 12326391 | 6.135 792 | 13.21916 | 28 47983
232| $3 824 | 15.23155 | 48 16638 | 12 487 168 | 6.144.634 | 13 23821 | 28.52086
2331 54289 | 15.26434 | 48.27007 | 12649 337 | 6.153 449 | 13 25721 | 28 56178

2341 54756 | 15.29706 | 48.37355 | 12812904 | 6.162 240 | 13.27614 | 28.60259

235| 55225 | 15.3z971 | 48.47680 | 12977875 | 6.171.006 | 13.2003 | 28 64327
2361 55696 | 15.36229 | 4857983 | 13 144 256 | 6.179 747 | 1331386 | 28.68384
237| 56169 | 15.39480 | 48.68265 | 13312 053 | 6.188 463 | 13.33264 | 28 72439
2381 56644 | 15.42725 | 48.78524 | 13 48) 272 | 6.197 154 | 1335136 | 28.76464

239| -57 121 | 15.45962 | 48.88763 | 13651919 | 6.205 822 | 13:37004 | 28.80487

2401 57.600 | 15.49193 | 48.98979 | 13 824 000 | 6.214 465 | 13 38866 | 28.84499
b41} 58081 | 15.52417 | 49.09175 | 13 997 521 | 6.223 084 | 13.40723 | 28.88500
242| 58564 | 15.55635 | 49.19350 | 14 172 488 | 6.231 680 | 13.42575 | 28.92489
243] 59049 | 15.58846 | 49.29503 | 14348907 | 6.240 251 | 13.44421 | 28.96468
244] 50536 | 15.62050| 49.39636 | 14 526 784 | 6.248 800 | 13.46263 | 29.00436

245) 60025 | 15.65248 | 49 49747 | 14706 125 | 6.257325 | 13.48100 | 29.04303

2461 60516 | 15.68439 | 409.59839 | 14 886 936 | 6.265 827 | 13.49931 | 29.08339

2471 61009 | 15.71623 | 49.69909 | 15 069 223 | 6.274305 | 13.51758 | 29112275
248| 61504 | 15.74802 | 49.79960 | 15 252 992 | 6.282 761 | 13.53580 | 29.1619
249| 62001 | 15.77973 | 49.89090 | 15 438 249 | 6.291 195 | 13.65397 | 29.20114

250) 62500 | 15.81139 | 50.00000 | 15625000 | 6.299 605 | 13.57209 | 29.24018



Ny n°, An, n’, Irn etc. 65

V 10n
\/

ni ni 10n

62 500 15.81139 50.00000 15 625 000 6.299 605 13 .57209 29 .24018
63 001 15 .84298 5@.09990 15 813 251 6.307 994 13 .59016 29.27911
63 504 15.87451 50. 19960 16 003 008 6 316 360 13 .60818 29 .31794
64 009 15 .90597 50.29911 16 194 277 6.324 704 13 62616 29 . 35667
64 516 15.93738 50.39841 16 387 064 6.333 026 13 ..64409 29 . 39530

65 025 15.96872 50. 49752 16 581 375 6.341 326 13 .66197 29 . 43383
65 536 16.00000 50.59644 16 777 216 6.349 604 13 67981 29 .47225
66 049 16 .03122 50.69517 16 974 593 6.357 861 13 69760 29 .51058
66 564 16.06238 50.79370 17 173 512 6.366 097 13.71534 29 . 54880
67 081 16.09348 50.89204 17 373 979 6.374 311 13 .73304 29 . 58693

67 600 1@ 12452 50.99020 17 576 000 6.382 504 13 75069 29 .62496
68 121 16.35549 51.08816 17 779 58) 6.390 677 13.76830 29 .66289
68 644 16.18641 §1.18594 17 984 728 6.398 828 13. 78586 29 .70073
69 169 16 21727 §1.28353 18 191 447 6.406 959 13 . 80337 29 .73847
69 696 16. 24808 51.38093 18 399 744 6.415 069 13 .82085 29 .77611

70 225 16 27882 51.47815 18 609 625 6.423 158 13. 83828 29 ..81366
70 756 16 30951 51.57519 18 821 096 6.431 228 13 .85566 29 .85111
71 289 16 34013 51.67204 19 034 163 6.439 277 13 .87300 29 . 88847
71 824 |°16.37071 51.76872 19 248 832 6.447 306 13 .89030 29 .92574
72 361 16.40122 51 .86521 19 465 109 6.455 315 13 .90755 29 . 96292

72 900 16.43168 51.96152 19 683 000 6.463 304 13 .92477 30.
73 441 16. 46208 52 05766 19 902 511 6.471 274 13 .94194 30 .03699
73 984 16 .49242 52 .15362 20 123 648 6.479 224 13 .95906 30 .07389
74 529 16 .52271 52 .24940 20 346 417 6.487 154 13.97615 30.11070
75 076 16.55295 §2.34501 20 570 824 6.495 065 13.99319 30. 14742

75 625 16. 58312 52 .44044 20 796 875 6.502 957 14.01020 30. 18405
76 176 16.61325 52.53570 21 024 576 6.510 830 14.02716 30. 22060
76 729 16 . 64332 52 .63079 21 253 933 6.518 684 14.04408 30 .25705
77 284 16 .67333 §2.72571 21 484 952 6.526 519 14.06096 30 . 29342
77 841 16.70329 52.82045 21 717 639 6.534 335 14.07780 30 .32970

783 400 16.73320 52 .91503 21 952 000 6.542 133 14.09460 30. 36589
78 961 16.76305 53 .00943 22 188 041 6.549 912 14.11136 30. 40200
79 524 16.79286 53 . 10367 22 425 768 6.557 672 14.12808 30. 43802
80 089 16. 82260 53 .19774 22 665 187 6.565 414 14.14476 30 .47395
80 656 16.85230 53 .29165 22 906 304 6.573 138 14.16140 30. 50981

81 225 16.88194 53 .38539 23 149 125 6.580 844 14.17800 30. 54557
81 796 16.91153 53 . 47897 23 393 656 6.588 532 14.19456 30.58126
82 369 16.94107 53 .57238 23 639 903 6.596 202 14.21109 30.61686
82 944 16.97056 53 ..66563 23 887 872 6.603 854 14.22757 30.65238
83 521 17.00000 53 .75872 24 137 569 6.611 489 14.24402 30.68781

84 100 17 .02939 53 .85165 24 389 000 6.619 106 14.26043 30.72317
84 681 17 .05872 53 .94442 24 642 171 6.626 705 14.27680 30.75844
85 264 17 .08801 54 .03702 24 897 088 6.634 287 14.29314 30. 79363
85 849 17.11724 54.12947 25 153 757 6.641 852 14.30944 30. 82875
86 436 17.14643 54.22177 25 412 184 6.649 400 14.32570 30. 86378

87 025 17.17556 54.31390 25 672 375 6.656 930 14.34192 90. 89873
$7 616 17. 20465 54.40588 25 934 336 6.664 444 14.35811 30 .93361
88 209 17 .23369 54.49771 26 198 073 6.671 940 14.37426 30 . 96840
88 804 17 .26268 54. 58938 26 463 592 6.679 420 14.39037 31.00812
89 401 17 .29162 54 .68089 26 730 899 6.686 883 14.40645 31.03776

90 000 17.32051 54.77226 27 000 000 6.694 330 14.42250 31 .07233



2
66 Ty n, 4n, n°, 3) nm ete.

3 3 3n n? Vn V 10n nt Vn Vion | V 100n

soe 90 000 | 17.3251 | 54.7226 | 27 000 000 | 6.694 330 14.4250 | 31.07233
301| 90601 | 17.34935 | 54.86347 | 27 270901 | 6.701 759 | 14.43850 | 31.10681
302| 91204 | 17.37818 | £4 anaes | oy 643 008 | Oivep ee | 14743890 | 31-10681

303| 91809 | 17.40690 | 55.04544 | 27818 127 | 6.716570 | 14147041 | 31°17556
3041 92416 | 17.43560 | 55.13620 | 28 004 464 | 6.723 951 | 14.48631 | 31. 20982

305| 93025 | 17.46425 | 55.22681 | 28372625 | 6.731315 | 14.50218 | 81.24400
306| 93 636 | 17.49286 | 55.31727 | 28 652 616 | 6.738 664 | 14.51801 | 3127811
307| 94249 | 17.52142 | 55.40758 | 28934 443 | 6.745997 | 14153381 | 3131214

308| 94 864 | 17.54993 | 55.49775 | 29 218112 | 6.753 313 | 14.54957 | 31.34610
309| 95 481 | 17.57840 | 55.58777 | 29503 629 | 6.760614 | 14156530 | 31.37999

31e| 96 100 | 17.60682 | 55.67764 | 29 791 000 | 6.767 899 | 14.58100 | 31.41381
311| 96721 | 17.63519 | 55.76737 | 30 080 231 | 6.775 169 | 14.59666 | 31.44755

312| 97344 | 17.66352 | 55.85696 | 30371328 | 6.782 423 | 1461229 | 31.48122
313| 97969 | 17.69181 | 53.94640 | 30 664 297 | 6.789 661 | 14.62788 | 3151482
314| 98596 | 17.72005 | 56.03570 | 30959 144 | 6.796 884 | 14164344 | 3154834

315) 99225 | 17.74824| 56.12486 | 31 255.875 | 6.804002 | 14.65897 | 31.58180

316| 99.856 | 17.77639 | 56.21388 | 31554 496 | 6.811 285 | 14.67447 | 3161518
317| 100 489 | 17.80449 | 56.30275 | 31855013 | 6.818462 | 1468993 | 31.64850
318] 101 124 | 17.83255 | 56.39149 | 32 157 432 | 6.825 624 | 14:70536 | 31.68174
319} 101 761 | 17.86057 | 56.48008 | 32 461759 | 6.832771 | 14.72076 | 31.71492

32e| 102 400 | 17. 56.56854 | 32768000 | 6.839904 | 14.73613 | 31.74802
3211 103 041 | 17.91647 | 56.65686 | 33.076 161 | 6.847 021 | 14.75146 | 31.78106

3221 103 684 | 17.94436 | 56.74504 | 33 386 248 | 618541241 1476676 | 31.81403
3231 104329 | 17.97220 | 56.83309 | 33 698 267 | 6.861 212 | 14.78203 | 31.8469
324| 104976 | 18.00000 | 56.92100 | 34012 224 | 6.868285 | 14.79727 | 31.87976

3251 105 625 | 18.02776 | 57.00877 | 34328125 | 6.875344 | 14.81248 | 31.91252
3261 106 276 | 18.05547 | 57.09641 | 34645976 | 6.882380 | 14 .82766 | 31.94522
327| 106 929 | 18.08314 | 57.18391 | 34965 783 | 6.889 419 | 14.84280 | 31.97785
328| 107584 | 18.11077 | 57.27128 | 35 287 552 | 6.806 434 | 14.85792 | 32101041
329 108 241 | 18.13836 | 57.35852 | 35611289 | 6.903 436 | 14.87300 | 32104291

33e| 108900 | 18.16590 | 57.44563 | 35937000 | 6.910423 | 14.88806 | 32.07534
331} lop 561 | 18.19341 | 5753260 | 36 264 691 | 6.017 396 | 14.90308 | 32.19771
3321 110 224 | 18.22087 | 57161944 | 36 594 368 | 6.924 356 | 14.91807 | 32 14001
3331 110 889 | 1824829 | 57.70615 | 36 926 037 | 6.931301 | 14.93303 | 32.17225
3341 111656 | 18.27567 | 57.79273 | 37 259 704 | 6.938 232 | 14.94797 | 32120442

835) 112 225 | 18.30301 | 57.87918 | 37 595 375 | 6.945150 | 14.96287 | 32.23653
336| 112 896 | 1833030 | 57.96551 | 37 933 056 | 6.952 053 | 14.97774 | 32.26857

3371 113 669 | 18.35756 | 58.05170 | 38 272 753 | 6.958943 | 1499259 | 32.30085
338 | 114 244 | 18.38478 | 58.13777 | 38614 472 | 6.965 820 | 15.00740 | 3233247

9| 114921 | 18.41195 | 58.22371 | 38958 219 | 6.972683 | 15.02219 | 32.36433

a40| 115.600 | 18.43909 | 58.30952 | 39 304000 | 6.979 532 | 15.03605 | 32.39612
341| 116 281 | 18.46619 | 58.39521 | 29 651 821 | 6.986 368 | 1505167 | 32.42785
3421 116964 | 18.49324 | 58.48077 | 40 001 688 | 6.993 191 | 15.06637 | 32.45952
343! 117 649 | 18.52026 | 58.56620 | 40353 607 | 7.000000 | 15.08104 | 32.49112
$441 118336 | 18.54724 | 58.65151 | 40707 584 | 7.006 796 | 15.09568 | 32.52267

345| 119 025 | 18.57418| 58.73670 | 41 063 625 | 7.013 579 | 15.11030 | 32.55415
3461 119716 | 18.60108 | 58.82176 | 41421 736 | 7.020349 | 15.12488 | 32158557
347| 120 409 | 18.62794 | 58.90671 | 41781923 | 7.027106 | 15.13944 | 32.61694
348| 121104 | 18.65476 | 58.99152 | 42 144192 | 7033 850 | 15.15307 | 32.64824
349! 121 801 | 18.68154 | 69.07622 | 42508 549 | 7.040 581 | 15.16847 | 32.67948

250 18.70829 | 59.16080 | 42875 000 | 7.047209 | 15.18204 | 32.71066
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350; 122 500 | 18.70829 | 59. 16080 42 875 000 | 7.047 299 15.18294 32 .71066
351} 123 201 | 18.73499 59. 24525 43 243 551 7.054 004 15.19739 32.74179
3521 123 904 | 18.76166 59 .32959 43 614 208 7.060 697 15.21181 32 77285
353| 124 60S / 18.78829 59. 41380 43 986 977 7.067 377 15.22620 32.803
3541 125 316 | 18.81489 59 .49790 44 361 864 | 7.074 044 15 , 24057 32 . 83480

355] 126 025 | 18.84144 59. 58188 44 738 875 7.080 699 15.25490 32 . 86569
356] 126 736 | 18.86796 59 .66574 45 118 016 7.087 341 15.26921 32 .89652
357{| 127 449 | 18.89444 | 59.74948 45 499 293 7.093 971 15.28350 32 .92730
358] 128 164 | 18.92089 59. 83310 45 882 712 7.100 588 15.29775 32 .95801
359} 128-881 | 18.94730 | 59.91661 46 268 279 | 7.107 194 15.31198 32 . 98867

360} 129 600 | 18.97367 60 . 00000 46 656 000 | 7.113 787 15 .32619 33 .01927
361 | 130 321 | 19.0000 60 .08328 47 045 881 7.120 367 15. 34037 33 04982
862] 131 044 | 19.N2630 | 60. 16644 47 437 928 | 7.126 936 15 .35452 33 .0803 1
363 {| 131 769 | 19.05256 |] 60.24948 47 832 147 | 7.133 492 15.36864 33.11074
364] i32 496 | 19.07878 | 60.33241 48 228 544 7.140 037 15 .38274 33 .14112

3t5] 133 226 | 19.10497 | 60.41:523 48 627 125 7.146 569 15 .39682 33 .17144
366] 133 956 {| 19.13113 60. 49793 49 027 896 | 7.153 090 15 .41087 33 .20170
367) 134 689 | 19.15724 ] 60.58052 49 430 863 | 7.159 599 15. 42489 33 .23191
368} 135 424 | 19.18333 60 .66300 49 836 032 7.166 096 15. 43889 33 . 26207
369! 136 161i | 19.20937 60. 74537 50 243 409 | 7.172 581 15. 45286 33 . 29217

378} 136 900 | 19.23538 | 60.82763 50 653 000 7.179 054 15.46680 83 . 32222
371] 137 641 | 19.26136 | 60.90977 51 964 811 7.18* 516 15. 48073 33 35221
e721] 135 384 , 19.28730 60 .99180 51 478 848 | 7.191 966 15.49462 33 .38215
8,3] 139 129 | 19.31321 61 .07373 51 895 117 7.198 405 15. 50849 33 .41204
574] 139 876 | 19.33908 61.15554 52 313 624 7.204 832 15. 52234 33. 44187

375| 140 625 | 19.36492 | 61.23724 52 734 375 | 7.211 248 15, 53616 33 .47165
3761 141 376 | 19.39072 61.31884 53 157 376 7.217 652 15. 54996 33 ..50137
377] 142 129 | 19 41649 61 .40033 53 582 633 | 7.224 045 15. 56373 33 .53105

378] 142 854 } 15.44222 61.48170 54 010 152 7.230 427 15.57748 33 . 56067
379} 143 641 | 19.46792 61.56298 54 439 939 | 7.236 797 15.59121 33. 59024

380, 144 400 | 19.49359 | 61.64414 54 872 000 | 7.243 156 15.60491 33 .61975
381] 145 161 | 19.51922 61 .72520 55 306 341 7.249 505 15.61858 33 .64922
382] 145 924 | 19.54482 61.80615 55 742 968 7.255 842 15.63224 33 .67863

383! 146 689 | 19.57039 61. 88699 56 181 887 7,262 167 15.64587 33 .70800
384] 147 456 | 19.59592 61.96773 56 623 104 | 7.268 482 15.65947 33 .73731

385] 148 225 | 19.62142 62 .04837 57 066 625 7.274 786 15.67305 33 .78657
386] 148 996 | 19 64688 62.12890 57 512 456 7.281 079 15. 68661 33 79578

387] 149 769 | 19.67232 62. 20932 57 960 603 7.287 362 15.70014 33 82494

388] 150 544 | 19.69772 | 62.28965 58 411 072 | 7.293 633 | 15.71366 33 . 85405

389] 151 321 | 19.72308 | 62.36986 58 863 869 | 7.299 894 15.72714 33 . 88310

390; 152 100 | 19.74842 62 .44998 59 319 000 7.306 144 15.74061 83 .91211
891] 152 881 | 19.77372 62 . 52999 59 776 471 7.312 383 15.75405 33 .94107

392] 153 664 | 19.79899 62 .60990 60 236 288 | 7.318 611 15.76747 33 . 96999
893 | 154 449 | 19.82422 | 62.68971 60 698 457 | 7.324 829 15. 78087 33 99885
394] 155 236 | 19.84943 | 62.76942 61 162 984 | 7.331 037 15.79424 34 .02766

395] 153025 | 19.87461 62. 84903 61 629 875 7.337 234 15.80759 34 .05642

396] 156 816 | 19.89975 | 62.92853 62 099 136 | 7.343 420 15. 82092 34 .08514
397{| 157 609 | 19.92486 | 63.00794 62 570 773 | 7.349 597 15. 83423 34.1138}
398] 158 404 | 19.94094 | 63.08724 63 044 792 | 7.350 762 15. 84751 34. 14242
3899 | 159 201 | 19.97498 | 63.16645 63 521 199 | 7.361 918 15 .86077 34.17100

400/ 160 000 | 20.00000 | 63.24555 64 000 000 | 7.368 063 15.87401 34,19952
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400} 160 20. 63.24555 | 64000 000 | 7.368 063 | 15.87401 34.19952
401} 160 801 | 20.02498 | 63.32456 | 64 481 201 | 7.374198 | 15.88723 34 22799
402] 161 604 | 20.04994 |] 63.40347 | 64 964 808 | 7.380323 | 15.90042 34. 25642
403| 162 409 | 20.07486 | 63.48228 | 65 450 827 | 7.386 437 | 15.91360 | 34.28480
404] 163 216 | 20.09975 | 63.56099 | 65 939 264 | 7.392 542 | 15.92675 | 34.31314

405} 164 025 | 20.12461 | 63.63961 | 66 430125 | 7.398 636 | 15.93988 | 34.34143
406] 164 836 | 20.14944 | 63.71813 | 66 923 416 | 7.404 721 | 15.95299 34 .36967
407] 165 649 | 20.17424 1 63.79655 | 67 419 143 | 7.410795 | 15.96607 34 .39786
408| 166 464 | 20.19901 | 63.87488 | 67 917 312 | 7.416 860 | 15.97914 34 .42601
409} 167 281 | 20.22375 95311 | 68 417 929 | 7.422914] 15.99218 | 34.45412

410] 168 100 | 20.24846 | 64.03124 | 68921 000 | 7.428959 | 16.00521 34. 48217
411] 168921 | 20.27313 | 64.10928 | 69 426 531 | 7.434994] 16.01821 34.51018
412] 169 744 | 20.29778 | 64.18723 | 69 934 528 | 7.441019 | 16.03119 34.53815
413} 170 569 | 20.32240 | 64.26508 | 70 444997 | 7.447034 1 16.04415 34. 56607
414] 171 396 | 20.34699 | 64.34283 | 70957 944 | 7.453 040 | 16.05709 34.59395

415] 172 225 | 20.37155 | 64.42049 | 71 473 375 | 7.459036 | 16.07001 34.62178
416/ 173 056 | 20.39608 | 64.49806 | 71 991 296 | 7.465 022 | 16.08290 | 34. 64956
417] 173 889 | 20.42058 | 64.57554 | 72511713 | 7.470999 | 16.09578 | 34.67731
418] 174 724 | 20.44505 | 64.65292 | 73 034 632 | 7.476966] 16.10864 | 34.70500

419} 175 561 | 20.46949 | 64.73021 | 73 560059 | 7.482924 | 16.12147 34.73266

4201 176 400 | 20.49390 | 64.80741 | 74088 000 | 7.488872 | 16.13429 34.76027
421} 177 241 | 20.51828 | 64.88451 | 74618 461 | 7.494811 | 16.14708 | 34.78783
422] 178 084 | 20.54264 | 64.96153 | 75 151 448 | 7.500 741 | 16.15986 34.81535
423] 178929 | 20.56696 | 65.03845 | 75 686 967 | 7.506661 | 16.17261 34.84283
424] 179 776 | 20.59126 | 65.11528 | 76 225 024 | 7.512572 | 16.18534 | 34.87027

425] 180 625 | 20.61553 | 65.19202 | 76 765 625 | 7.518 473 | 16.19806 34.89766
426] 181 476 | 20.63977 | 65.26868 | 77 308776 | 7.524 365 | 16.21075 34.92501
427| 182 329 | 20.66398 | 65.34524 | 77 854 483 | 7.530 248 | 16.22343 34 .95232
428] 183 184 | 20.68816 | 65.42171 | 78 402 752 | 7.536122 | 16.23608 | 34.97958
429] 184 041 | 20.71232 | 65.49809 | 78953 589 | 7.541987 | 16.24872 35. 00680

430} 184900 | 20.73644 | 65.57439 | 79 507 OOC | 7.547 842 | 16.26133 35.03398
431} 185 761 | 20.76054 | 65.65059 | 80 062 991 | 7.553 689 | 16.27393 35 .06112

4321 186 624 | 20.78461 | 65.72671 | 80621 568 | 7.559 526 | 16.28651 35.08821
433 187 489 | 20.80865 | 65.80274 | 81 182 737 | 7.565 355 | 16.29906 | 35.11527
434] 188 356 | 20.83267 | 65.87868 | 81 746 504 | 7.571174 | 16.31160 | 35.14228

435] 189 225 | 20.85665 | 65.95453 | 82 312 875 | 7.576985 | 16.32412 35. 16925
436] 190 096 | 20.88061 | 66.03030 | 82 881 856 | 7.582 787 | i6.33662 35.19618
437| 190 969 | 20.90454 | 66.10598 | 83 453 453 | 7.588579 | 16.34910 | 35.22307
438} 191 844 | 20.92845 | 66.18157 | 84 027 672 | 7.594 363 | 16.36156 | 35.24991
439} 192 721 | 20.95233 | 66.25708 | 84 604519 | 7.600139 | 16.37400 | 35.27672

440, 193 600 | 20.97618 | 66.33250 | 85 184000 | 7.605905 | 16.38643 35.30348
441/ 194 481 | 21.00000 | 66.40783 | 85 766 121 | 7.611.663 | 16.39883 35 .33021
4421) 195 364 | 21.02380 |] 66.48308 | 86 350 888 | 7.617 412 | 16.41122 35 .35689
443/ 196 249 | 21.04757 | 66.55825 | 86 938 307 | 7.623 152 | 16.42358 | 35.38354
444] 197 136 | 21.07131 | 66.63332 | 87 528 384 | 7.628 884 | 16.43593 | 35.41014

445} 198 025 | 21.09502 | 66.70832 | 88 121125 | 7.634607] 16.44826 | 35.43671
446] 198916 | 21.11871 | 66.78323 | 88 716 536 | 7.640 321 | 16.46057 35 . 46323
4471) 199 809 | 21.14237 | 66.85806 | 89 314 623 | 7.646 027 1 16.47287 35.48971

448] 200 704 1.16601 | 66.93280 | 89 915 392 | 7.651 725 1 16.48514 | 35.51616
449} 201 601 | 21.18962 | 67.00746 | 90 518 849 | 7.657 414] 16.49740 | 35.54257

450@| 202 500 | 21.21320 | 67.08204 | 91125 000 | 7.663 004 | 16.50064 | 35.56893
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202 500 | 21.21320] 67.08204 | 91 125 000] 7.663 004 | 16.50964 | 35.56893
203 401 | 21.23676 | 67.15653 | 91733 851] 7.668 766 | 16152186 | 35.59526
204 304 | 21.26029 | 6723095 | 92345 408| 7.674 430 | 16.53406 | 3562155
905 209 | 21.28380 | 67.30527 | 92 959 677| 7.680 086 | 16154624 | 35.64780
206 116 | 21.30728 | 67.37952 | 93.576 664] 7.685 733 | 16.55841 | 35.67401

207 025 | 21.33073 | 67.45369 | 941963751 7.691 372 | 16.57056 | 35.70018
207 936 | 21.35416 | 67.52777 | 94818 816| 7.697 002 | 16.58269 | 35.72632
208 849 | 21.37756 | 67.60178 | 95 443 993| 7.702 625 | 1659480 | 3575242
209 764 21.40093 67 .67570 96 071 912 | 7.708 239 16.60690 35.77848
210 681 21.42429 67 .74954 96 702 579 | 7.713 845 16.61897 35.80450

211 600 | 21.44761 | 67.82330 | 97336000] 7.719 443 | 16.63103 | 35.83048
212 621 | 21.47091 | 67.89698 | 97972 181| 7.725032] 16.64308 | 3585642
213 444 | 21.49419 | 67.97058 | 98611 128] 7.730614 | 16.65510 | 35.88233
214 369 | 21.51743 | 68.04410 | 99 252 847| 7.736188 | 16.66711 | 35.90820
215 296 | 21 68.11755 | 99 807 344] 7.741753 | 16.67910 | 35.93404

216 225 | 21.56386 | 68.19091 | 100 544 625| 7.747311 | 16.69108 | 35.95983
217 156 | 21.58703 | 68.26419 | 101 194 696] 7.752 861 | 16.70303 | 35.98559
218 089 | 21.61018 | 68.33740 | 101 847 563 | 7.758 402 | 16.71497 | 36.01131
219 024 | 21.63331 | 68.41053 | 102 503 232] 7.763 936 | 16.72689 | 36.03700
219 961 | 21.65641 | 68.48357 | -03 161 709] 7.769 462 | 16.73880 | 36.06265

220 900 | 21.67948 | 68.55655 | 103 823 000] 7.774980 | 16.75069 | 36.08826
221 841 | 21.70253 | 68.62944 | 104 487 111| 7.780 490 | 16.76256 | 36.11384
222 784 | 21.72556 ; 68.70226 | 105 154048] 7.785993 | 16.77441 | 36.13938
223 729 | 21.74856 | 68.77500 | 105 823 817] 7.791 488 | 16.78625 | 36.16488
224 676 | 21.77154 | 68.84766 | 106 496 424] 7.796975 | 16.79807 | 36.19035

225 625 | 21.79449 | 68.92024 | 107 171 875] 7.802 454 | 16.80988 | 36.21578
226 576 | 21.81742 | 68.99275 | 107 850 176| 7.807925 | 16.82167 | 36.24118
227 529 | 21.84033 | 6906519 | 108 531 333] 7.813389 | 16.83344 | 3626654
228 484 | 21.86321 | 69.13754 | 109 215 352] 7.818846 | 16.84519 | 3629187
229 441 | 21.88607 | 69.20983 | 109 902 239 | 7.824 294 | 16.85693 | 36.31716

230 400 | 21.90890 | 69.28203 | 110 592 000] 7.829 735 | 16.86865 | 36.34241
231 361 | 21.93171 | 69.35416 | 111 284 641! 7.835 169 | 16188036 | 36.36763
232 324 | 2195450 | 69142622 | 111 980 168] 7.840595 | 16.89205 | 36.39282
933 289 | 21.97726 | 69.49820 | 112 678 587| 7.846013 | 16.90372 | 36.41797
234 256 | 22. 6957011 | 113 379 904| 7.851 424 | 16.91538 | 36.44308

235 2295 | 22.02272 | 69.64194 | 114.084 125| 7.856.828] 16.92702 | 36.46817
236 196 | 22.04541 | 69.71370 | 114 791 256] 7.862 224] 16.93865 | 36.49321
237 169 | 22.06808 | 69.78539 | 115 501 303] 7.867 613 | 16.95026 | 36.51822
238 144 | 22.09072 | 69.85700 | 116 214 272| 7.872994 | 16.96185 | 36.54320
239 121 | 22.11334 | 69.92853 | 116930 169| 7.878368 | 16.97343 | 36.56815

240 100 | 22.13594 | 70.00 117 649 000 | 7.883 735 | 16.98499 | 36.59306
241 081 | 22.15852 | 70.07139 | 118370771 | 7.889 095 | 16.99654 | 36161793
242 064 | 22.18107 | 70.14271 | 119 095 488| 7.894 447 | 17.00807 | 36164278
243 049 | 2220360 | 70.21396 | 119 823 157| 7.899 792 | 17.01959 | 36.66758
244 036 | 22.22611 | 70.28513 | 120 553 784| 7.905 129 | 17.03108 | 3669236

245 025 | 22.24860 | 70.35624 | 121 287 375| 7.910460 | 17.04257 | 36.71710
246 016 | 2227106 ‘42727 | 122 023 936] 7.915 783 | 17.05404 | 36.7418"
247 009 | 22.29350 | 70.49823 | 122 763 473 | 7.921099 | 17106549 | 36.76649
248 004 | 22.31591 | 70.56912 | 123 505 992| 7.926 408 | 17.07693 | 36.79113
249 001 | 22.33831 | 70.63993 | 124 251 499| 7.931710 | 17.08835 | 36.81574

250 000 | 22.36068 | 70.71068 | 125 000 000] 7.937005 | 17.09976 | 36.84031
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(441) a.

Degrees, Minutes, Seconds ~- Radians

Degrees, Minutes, and Seconds to Radians

Units in degrees, Degrees to Minutes to Seconds to
seconds Radians Radians Radians

10 0.174 5329 0.002 9089 0.000 0485

20 0.349 0659 0.005 8178 0.000 0970

30 0.523 5988 0.008 7266 0.000 1454

40 0.698 1317 0.011 6355 0.000 1939
50 0.872 6646 0.014 5444 0.000 2424
60 1.047 1976 0.017 4533 0.000 2909

70 1.221 7305 (0.020 3622) (0.000 3394)

80 1.396 2634 (0.023 2711) (0.000 3879)

90 1.570 7963 (0.026 1800) (0.000 4364)

100 1.745 3293 | ........... athe eee eee
200 3.490 6585 | 1... eee Pee eee eee

300° 5.235 9878 | ww. eet fl ce ee ee

where n = Il, 2, 3, 4, etc. n(100) = n(1.745 3293)

(1411) b. Radians to Degrees, Minutes and Seconds

Radians 1.0 0.1 0.01 0.001 0.0001

CO 00 AIO Oui GO bo
57° 17! 44.8”
114° 35’ 29.6”

171° 53’ 14.4”
929° 10’ 59.2"
286° 28’ 44.0"
343° 46’ 28.8”
401° 04’ 13.6’4.40° 06’ 25.4”

5° 43’ 46.5”
11° 27’ 33.0”

17° 11’ 19.4”
22° 55’ 05.9"
28° 38’ 52.4”
34° 22’ 38.9”

0° 34’ 22.6”

1° 08’ 45.3”

1° 43’ 07.9”
2° 17’ 30.6”
2° 51’ 53. 2/1
3° 26’ 15.9’

4° 00’ 38.5”

0° 03’ 26.37’
0° 06’ 52.5”

0° 10’ 18.8”
0° 13’ 45.1"
0° 17’ 11.3”

0° 20’ 37.6”

0° 24’ 03.9”

0° 00’ 20.6”

0° 00’ 41.3”

0° 01’ 01.9”
0° 01’ 22.5”
0° Ol’ 43.1/’

0° 02’ 03.8”

0° 02’ 24.4”
458° 21’ 58.4'45° 50’ 11.8'74° 35’ 01.2'0° 27’ 30.1/0° 02' 45.0”
515° 39’ 43.3” 51° 33’ 58.3" 5° 09’ 23.8" 0° 30’ 56.4” 0° 03’ 05.6”



Natural Trigonometric Punctions

(iv) Natural Trigonometric Functions

For degrees shown in the left hand column use the column headings at the

top. For degrees shown in the right hand column use the column headings

at the bottom.

Deg. Rad Sin Cos Tan Ctno Sec Cac

0 0. 0.0000 1.0000 0.0000 -_.-_._-_. 1.0900 —___.-. 1.5708 90
1 0.0175 0.0175 0.9998 0.0175 7. 1.0902 57.299 1.5533 89
2 0.0349 0.0349 0.9994 0.0349 28.636 -0006 8.6 1.5359 88
3 0.0524 0.0523 0.9986 0.0524 19.081 1.0014 19.107 1.5184 87
4 069 0.0698 0.9976 0.0699 14.301 1.0024 14.336 1.8010 86

§ 0.0873 0.0872 0.9962 0.0875 11.430 1.0038 11.474 1.4835 85
6 0.1047 1045 0.9945 0.1051 9.5144 1.0055 9.5668 1.4661 84
7 0.1222 0.1219 0.9925 0.1228 8.1443 1.0075 8.2055 1.4486 83
8 0.1396 0.1392 0.9903 0.1405 7.1154 1.0098 7.1853 1.4312 82
9 0.1571 0.1564 0.9877 0.1584 6.3138 1.0125 6.3925 1.4137 81

10 0.1745 0.1736 0.9848 0.1763 5.6713 1.0154 5.7588 1.3963 80
17 0.1920 0.1908 0.9816 0.1944 . 1446 1.0187 §.2408 1.3788 79
1Z 0.2094 0.2079 0.9781 0.2126 4.7046 1.0223 4.8097 1.3614 78
13 C.2269 0.2250 -9744 0.2309 4.3315 1.0263 4.4454 1.3439 77
14 0.2443 0.2419 0.9703 0.2493 4.0108 1.0306 4.1336 1.3265 76

18 0.2618 0.2588 0.9659 0.2679 3.7321 1.0353 3.8637 1. 75
16 0.2793 0.2756 0.9613 0.2867 3.4874 1.0403 3.6280 1.2915 74
17 . 0.2924 0.9563 0.3057 3.2709 1.0457 3.4203 1.2741 73
18 0.3142 0.3090 0.9511 0.3249 3.0777 41.0515 3.2361 1.2566 72
19 0.3316 0.3256 0.9455 -3443 Ss 2. 2 1.0576 3.0716 1.2392 71

<0 0.3491 0.3420 0.9397 0.3640 2.7475 1.0642 2.9238 1.2217 70
21 0.3665 0.3584 0.9336 0.3839 2.6051 1.0711 2.7904 1.2043 69
22 0.3840 0.3746 9272 -4040 2.4751 1.0785 2.6695 1.1868 68
23 0.4014 0.3907 0.9205 0.4245 2.3559 1.0864 2.5593 1.1694 67
24 0.4189 0.4067 0.9135 0.4452 2.2460 1.0946 2.4586 1.1519 66

25 0.4363 0.4226 0.9063 0.4663 2.1445 1.1034 2.3662 1.1345 65
0.4538 0.4384 0.8988 0.4877 2.0503 1.1126 2.2812 1.1170 64

27 0.4712 0.4540 0.8910 0.5095 1.9626 1.1223 2.2027 1.0996 63
28 0.4887 0.4695 0.8829 0.5317 1.8807 1.1326 2.1301 1.0821 62
29 0.8061 0.4848 0.8746 0.5543 1.8040 1.1434 2.0627 1.0647 61

30 0.5236 0. 0.8660 0.5774 1.7321 1.1547 2.0000 1.0472 60
31 - 5411 0.5150 0.8572 -6009 1.6643 1.1666 1.9416 1.0297 59
32 0.5585 0.5299 0.8480 0.6249 1.6003 1.1792 1.8871 1.0123 58
33 0.5760 0.5446 0.8387 0.6494 I. 5399 1.1924 1.8361 0.9948 §7
34 0.5934 0.5592 0.8290 0.6745 1.4826 1.2062 1.7883 0.9774 56

35 0.6109 0.5736 0.8192 0.7002 1.4281 1.2208 1.7434 0.9599 55
36 0.6283 0.5878 0.8090 0.7265 1.3764 1.2361 1.7013 0.9425 54
37 0.6458 0.6018 0.7986 0.7536 1.3270 1.2521 1.6616 0.9250 53
38 0.6632 0.6157 0.7880 0.7813 1.2799 1.2690 1.6243 0.9076 §2
39 0.6807 6293 0.7771 . 1.2349 1.2868 1.5890 0.8901 81

40 0.6981 0.6428 0.7660 0.8391 1.1918 1.3054 1.5557 0.8727 50
41 71 - 6561 0.7547 0.8693 1.1 1.3250 1.5243 0.8552 49
42 0.7330 0.6691 0.7431 9004 1.1106 1.3456 1.4945 . 8378 48
43 0.7505 «6820 0.7314 0.9325 1.0724 1.3673 1.4663 -8203 47
44 0.7679 0.6947 7193 .9687 1.0355 1.3 1.4396 0.8029 46

45 0.7854 0.7071 0.7071 14.0000 1.0000 1.4142 1.4142 0.7854 45

Cos Sin Ctn Tan Cac Sec Rad Deg



Exponential and Hyperbolic Functions

(v) Exponential and rbolic Functions
Values and Common logarithms

| a
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ex e-* Sinh x Cosh x Tanh x

Value Log;o Value Value Logi9 Value L0g;9 Value

- 0000 - 00000 1.00000 - 0000 —oo 1.0000 -00000 -00000
-0101 - 00434 0.99005 -0100 3.00001 1.0001 - 00002 01000
-0202 - 00869 - 98020 0200 3.30106 1.0002 «00009 -02000
-0305 -01303 - 97045 0300 3.47719 1.0005 - 00020 .02999
-0408 .01737 -96079 -0400 4.60218 1.0008 - 00035 -03998

0513 -02171 95123 -0500 3.69915 1.0013 -00054 04996
0618 - 02606 ~94176 -0600 2.77841 1.0018 -00078 -05993
SRhon ° ©>© e ©wNWw© 0701 3.84545 1.0025 .00106 -06989

“O80 2.90355 1.0032 -00139 -079833
-0942 -03909 .91393 -0901 3.95483 1.0041 00176 -08976

0

0

0

0
0

0

0

0

0
0

1052 04343 90484 6

0
0
0

0

0

0
0
0

° -1002 7.00072 1.0050 00217 - 09967
- 1163 04777 - 89583 -1102 1.04227 1.0061 - 00262 . 10956
~1275 -05212 - 88692 1203. 7.08022 1.0072 -00312 © 11943
- 1388 - 05646 - 87809 1304 1.11517 1.0085 - 00366 2 12927
- 1503 - 06080 - 86936 -1405 1.14755 1.0098 -00424 «13909

-1618 -06514 - 86071 -1506 1.17772 1.0113 - 00487 - 14889
1735 -06949 85214 1607. 1.20597 1.0128 .00554 - 15865
- 1853 -07383 - 84366 - 1708 ~ 23254 1.0145 .00625 - 16838
-1972 -07817 - 83527 -1810 1.25762 1.0162 -00700 - 17808
. 2092 -08252 - 82696 1911 1.28136 1.0181 00779 -18775

2214 «08686 -81873 0.2013 7.30392 1.0201 .00863 - 19738
~ 2337 -09120 -81058 0.2115 1.32541 1.0221 .00951 - 20697
- 2461 -09554 - 80252 0.2218 1.34592 1.0243 -91043 -21652
- 2586 -09989 - 79453 0.2320 1.36555 1.0266 .01139 - 22603

- 10423 - 78663 0.2423 1.38437 1.0289 -01239 - 23550

- 2840 - 10857 - 77880 0.2526 1.40245
- 2969 «11292 ~ 77105 0.2629 1.41986
~3109 ~ 11726 - 76338 0.2733
- 3231 - 12160 - 75578 0.2837

- 3364 «12595 « 74826 0.2941

3499 «13029 - 74082 0.3045
3634 - 13463 «73345 0.3150

«13897 - 72615 0.3255
3910 - 14332 - 71892 0.3360
4049 - 14766 271177 0.3466

1

1

7 1 ° e
i. 45282 ' -0395 .01681 27291

T 1
T
1
T
T

4191 «15200 «70469 0.3572 i

T
T
T

T
T
1
T.

>ooWwoHnN

ee @8 >» @Ww~]~“ = or _3 ~~ ©oO —_ ma oOnr —_ oJ °°3ao=

53981 1.0584 .02463 32748

-02607 - 33638
02755 - 34521

- 57807 1.0692 02907 ~ 35399

1.0731 -93063 - 36271
- 60202 1.0770 -03222 » 37136

0811 -03385 ~37995

aoaonNwo=) a oa -_ wo
- 4333 - 15635 -69768 0.3678

- 4477 - 16069 -69073 0.3785

- 4623 » 16503 - 68386 0.3892

4770 - 16937 -67706 0.4000
SUS own=O Ont

-_ oon

e mh, ech eo wel eh onl, ond eek ond ok od ed ok nk oh ge ed end ooh oh oh od wad enh anh aed ond ak ook ah oh oh anh nk enh ath anh exh exh anh ond wh exh anh och enh od e e 9~“ a N

e&2

-4918 © 17372 67032 0.4108
- 5068 - 17806 -66365 0.4216

1

1

5220 - 18240 65705 0.4325 1
- 5373 - 18675 -65051 0.4434 1
«5527 «19109 -64404 0.4543 1.65738 1.0984 -04075 «41364

- 5683 - 19543 -63763 0.4653 1.66777 \ - 1030 -04256 «42190

1

1
1

1

a paar GW&

«19978 63128 0.4764 1.67797 -1077 04441 «43008

- 6000 «20412 - 62500 0.4875 {1.68797 1125 -04630 «43820
1.6161 - 20846 -61878 0.4986 1.69779 «1174 -04822 «44624
1.6323 «21280 » 61263 0.5098 7.70744 -1225 -05018 - 45422

1.6487 021715 60653 0.5211 1.71692 - 1276 - 05217 ~ 46212

=i, ee,



Exponential and Hyperbolic Punctions* 73

x ex e7* Sinh x Cosh x Tanh x
Value Logio Value Value Logi Value Log; Value

0.50 | 1.6487 -21715 .60653 0.5211 1.71692 1.1276 05217 .46212
0.51 | 1.6653 .22149 .60050 0.5324 1.72624 1.1329 .05419 . 46995
0.52 1.6820 22583 . 59452 0.5438 T.73540 1.1383 -05625 47770
0.53 1.6989 .23018 - 58860 0.5552 1.74442 1.1438 -05834 - 48538
0.54 1.7160 23452 - 58275 0. 5666 1.75330 1.1494 -06046 ~ 49299

0.55 | 1.7333 - 23886 .57695 0.5782 1.76204 1.1551 -06262 . 50052
0.56 | 1.7507 . 24320 57121 0.5897 7.77065 1.1609 .06481 .50798
0.57 1.7683 - 24755 - 56553 0.6014 1.77914 1.1669 -06703 - 51536
0.58 1.7860 - 25189 - 55990 0.6131 1.78751 1.1730 -06929 - 52267
0.59 | 1.8040 - 25623 . 55433 0.6248 1.79576 1.1792 .07157 . 52990

0.60 | 1.8221 - 26058 .54881 0.6367 1.80390 1.1855 .07389 .53705
0.61 1.8404 - 26492 - 54335 0.6485 7.81194 1.1919 .07624 - 54413
0.62 1.8589 - 26926 - 53794 0.6605 1.81987 1.1984 07861 ~55113
0.63 | 1.8776 . 27361 . 53259 0.6725 1.82770 1.2051 .08102 ~55805
0.64 | 1.8965 -27795 . 52729 0.6846 7.83543 1.2119 .08346 . 56490

0.65 | 1.9155 - 28229 52205 0.6967 1.84308 1.2188 .08593 57167
0.66 1.9348 - 28664 - 51685 0.7090 1.85063 1.2258 -08843 57836
0.67 1.9542 . 29098 ~51171 0.7213 T.85809 1.2330 -09095 58498
0.68 | 1.9739 - 29532 . 50662 0.7336 1.86548 1.2402 .09351 59152
0.69 | 1.9937 . 29966 .50158 0.7461 1.87278 1.2476 .09609 .59798

0.70 2.0138 - 30401 - 49659 0.7586 T.88000 1.2552 -09870 - 60437
0.71 2.0340 - 30835 - 49164 0.7712 1.88715 1.2628 . 10134 -61068
6.72 | 2.0544 .31269 . 48675 0.7838 1.89423 1.2706 .10401 61691
N.73.| 2.0751 .31703 .48191 0.7966 1.90123 1.2785 . 10670 .62307
0.74 | 2.0959 .32138 .47711 0.8094 1.90817 1.2865 .10942 .62915

0.75 2.1170 ~ 32572 - 47237 0.8223 T.91504 1.2947 11216 -63515
0.76 2.1383 - 33006 - 46767 0.8353 T.92185 1.3030 11493 -64108
0.77 | 2.1598 .33441 . 46301 0.8484 7.92859 1.3114 .11773 -64693
0.78 | 2.1815 - 33875 .45841 0.8615 7.93527 1.3199 .12055 .65271
0.79 | 2.2034 -34309 .45384 0.8748 1.94190 1.3286 . 12340 . 1

0.80 2.2255 34744 - 44933 0.8881 T.94846 1.3374 - 12627 - 66404
0.81 | 2.2479 .35178 . 44486 0.9015 7.95498 1.3464 .12917 .66959
0.82 | 2.2705 .35612 . 44043 0.9150 1.96144 1.3555 . 13209 .67507
0.83 | 2.2933 . 36046 . 43605 0.9286 1.96784 1.3647 . 13503 .68048
0.84 | 2.3164 .36481 .43171 0.9423 1.97420 1.3740 . 13800 .68581

0.85 | 2.3396 .36915 42741 0.9561 1.98051 1.3835 . 14099 .69107
0.86 | 2.3632 .37349 .42316 0.9700 1.98677 1.3932 . 14400 .69626
0.87 | 2.3869 .37784 .41895 0.9840 7.99299 1.4029 . 14704 .70137
0.88 2.4109 - 38218 - 41478 0.9981 7.99916 1.4128 . 15009 . 70642
0.89 2.4351 » 38652 - 41066 1.0122 0.00528 1.4229 15317 .71139

0.90 | 2.4596 - 39087 .40657 1.0265 0.01137 1.4331 . 15627 71630
0.91 | 2.4843 .39521 . 40252 1.0409 01741 1.4434 . 15939 .72113
0.92 | 2.5093 .39955 .39852 1.0554 .02341 1.4539 .16254 . 72590
0.93 2.5345 - 40389 » 39455 1.0700 02937 1.4645 - 16570 . 73059
0.94 . - 40824 39063 1.0847 -03530 1.4753 - 16888 . 73522

0.95 | 2.5857 .41258 .38674 1.0995 04119 1.4862 .17208 .73978
0.96 | 2.6117 .41692 -38289 1.1144 .04704 1.4973 .17531 . 74428
0.97 | 2.6379 «42127 - 37908 1.1294 -05286 1.5085 17855 - 74870
0.98 | 2.6645 - 42561 37531 1.1446 -05864 1.5199 - 18181 - 75307
0.99 2.6912 - 42995 3/168 1.1598 -06439 1.5314 - 18509 - 7§736

1.00 | 2.7183 .43429 .36788 1.1752 .07011 1.5431 . 18839 - 76159



Exponential and Hyperbolic Functions
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ex Sinh x Cosh x Tanh x

Log;o Value Value Logio Value Log;0 Value

» 43429 - 36788 1.1752 -07011 1.5431 - 18839 - 76159
» 43864 » 36422 1.1907 - 07580 1.5549 - 19171 - 76576

3 1.5669 - 19504 - 76987
- 2220 -08708 1.5790 - 19839 - 77391
- 2379 - 09268 1.5913 - 20176 . 77789«45167 - 35345

«45601 «34994

- 3025 -11479 1.6421 21541 - 79320
«47338 «33622 -6552 - 21886 - 796881

«47772 «33287 - 3356 - 12569 1.6685 - 22233 - 80050
- 48207 - 32956 1.6820 - 22582 - 80406
- 48641 - 32628 1.3593 - 13649 1.6956 - 22931 - 80757
- 49075 » 32303 1.3863 - 14186 1.7093 - 23283 81102
«49510 31982 - 7233 - 23636 814411 1

49944 31664 1 1.7374 - 23990 81775
- 50378 031349 1.4382 » 15783 1.7517 - 24346 - 82104
- 50812 - 31037 1.4558 - 16311 1.7662 - 24703 - 82427
«51247 - 30728 1.4735 - 16836 1.7808 «25062 » 82745
- 51681 - 30422 1 1.7957 - 25422 - 83058

152115 «30119 1.5095 - 17882 -8107 25784 - 83365
- 52550 - 29820 1.5276 - 18402 1.8258 26146 - 83668
- 52984 » 29523 - 5460 - 18920 1.8412 - 26510 - 83965
- 53418 » 29229 - 5645 » 19437 1.8568 - 26876 - 84258
- 53853 - 28938 - 5831 - 19951 1.8725 - 27242 - 84546

- 54287 - 28650 -6019 - 20464 1.8884 -27610 - 84828
- 54721 - 28365 -6209 - 20975 1.9045 27979 85106
~ 55155 - 28083 - 6400 ~ 21485 1.9208 «28349 - 85380
«56590 - 27804 -6593 ~21993 1.9373 - 28721 - 85648
56024 027527 -6788 » 22499 1.9540 - 29093 - 85913

1

1

1

1

1

1

1
1

- 56458 - 27253 1.6984 «23004 1.9709 » 29467 -86172
- 56893 - 26982 1.7182 » 23507 1.9880 - 29842 - 86428
57327 - 26714 1.7381 - 24009 2.0053 - 30217 - 86678
- 57761 - 26448 1.7583 - 24509 2.0228 - 30594 - 86925
- 58195 - 26185 1.7786 - 25008 2.0404 - 30972 87167

1
1

1

1

1

1
1
1

1

1

- 58630 - 25924 7991 » 25505 2.0583 - 31352 - 87405
- 59064 - 25666 -8198 - 26002 2.0764 - 31732 -87639
- 59498 25411 - 8406 - 26496 2.0947 -32113 - 87869
- 59933 - 25158 ° 5
- 60367 - 24908 - 8829 - 27482 2.1320 - 32878 - 88317

- 9043 + 27974 2.1509 - 33262 - 88535
«9259 - 28464 2.1700 - 33647 - 88749

- 88960

- 9697 - 29440 2.2090 - 34420 -89167

-9919 » 29926 2.2288 «34807 «89370

e62973 «23457 2.0143 - 30412 2.2488 - 35196 - 89569
«63407 ° 23224 2.0369 - 30896 2.2691 - 35585 -89765

22993 2.2896 - 89958

-64276 » 22764 2.0827 - 31862 2.3103 - 36367 -90147
-64710 » 22637 2.1059 «32343 2.3312 - 36759 - 90332

65144 - 22313 2.1293 - 32823 2.3524 - 37161 -90515
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x ex ew Sinh x Cosh x Tanh x

Value Logio Value Value Log. 10 Value Log, 0 Value

1.50 | 4.4817 -65144 - 22313 2.1293 - 32823 2.3524 37151 -90515
1.51 | 4.5267 -65578 - 22091 2.1529 - 33303 2.3738 ~ 37545 - 90694

1.52 4.5722 -66013 21871 2.1768 33781 2.3955 37939 90870

1.53 4.6182 -66447 21654 2.2008 - 34258 2.4174 - 38334 -91042
1.541 4.6646 -66881 - 21438 2.2251 34735 2.4395 . 38730 .91212

1.55 | 4.7115 -67316 » 21225 2.2496 ~35211 2.4619 .39126 -91379
1.56 4.7588 -67750 -21014 2.2743 - 35686 2.4845 39524 91542
1.57 4.8066 -68184 - 20805 2.2993 36160 2.5073 - 39921 91703
1.58 | 4.8550 -68619 . 20598 2.3245 - 36633 2.5305 - 40320 -91860

1.59 4.9037 -69053 20393 2.3499 37105 2.5538 40719 -92015

1.60 4.9530 69487 - 20190 2.3756 037577 2.5775 41119 92167
1.61 .0028 69921 19989 2.4015 - 38048 2.6013 41520 -92316
1.62 §.0531 . 70356 - 19790 2.4276 - 38518 2.6255 » 41921 92462
1.63 | 5.1039 - 70790 «19593 2.4540 - 38987 2.6499 42323 . 92606
1.64] 5.1652 71224 . 19398 2.4806 .39456 2.6746 » 42725 -92747

1.65 5.2070 «71659 - 19205 2.5075 39923 2.6995 «43129 92886

1.66 5.2593 - 72093 19014 2.5346 - 40391 2.7247 » 43532 93022

1.67 §.3122 72527 - 18825 2.5620 » 40857 2.7502 43937 93155

1.68 5.3656 72961 - 18637 2.5896 41323 2.7760 44341 93286
1.69 5.4195 73396 - 18452 2.6175 41788 2.8020 44747 -93415

1.70 5.4739 . 73830 - 18268 2.6456 42253 2.8283 45153 93541

1.71 | 5.5290 74264 - 18087 2.6740 42717 2.8549 - 45559 .93665
1.72 | 5.5845 - 74699 - 17907 2.7027 - 43180 2.8818 . 45966 .93786
1.73 | 5.6407 .75133 .17728 2.7317 - 43643 2.9090 46374 -93906

1.74 5.6973 75567 17852 2.7609 44105 2.9364 - 46782 -94023

1.75 5.7546 - 76002 17377 2.7904 - 44567 2.9642 47191 94138
1.76 | 5.8124 76436 - 17204 2.8202 - 45028 2.9922 - 47600 .942
1.77 5.8709 - 76870 - 17033 2.8503 45488 3.0206 - 48009 94361

1.78 | 5.9299 - 77304 . 16864 2.8806 . 45948 3.0492 -48419 .94470

1.79 5.9895 77739 - 16696 2.9112 - 46408 3.0782 - 48830 94576

1.80 | 6.0496 -78173 - 16530 2.9422 - 46867 3.1075 » 49241 -94681
1.81 -1104 .- 78607 - 16365 2.9734 47325 3.1371 . 49652 .94783
1.82 | 6.1719 -79042 - 16203 3.0049 47783 . 1669 . 50064 -94884

1.83 | 6.2339 .79476 - 16041 3.0367 -48241 3.1972 . 50476 -94983
1.84 6.2965 79910 - 15882 3.0689 - 48698 3.2277 - 50889 - 95080

1.88 6.3598 -80344 - 15724 3.1013 49154 3.2585 -51302 -95175
1.86 | 6.4237 .80779 . 15567 3.1340 .49610 3.2897 .51716 . 95268

1.87 6.4883 -81213 - 15412 3.1671 - 50066 3.3212 - 52130 - 95359
1.88 6.5535 81647 - 15259 3. 2005 50521 3.3530 .§2544 - 95449

1.89 6.6194 82082 - 15107 3.2341 - 50976 3.3852 - 52959 -95537

1.90 | 6.6859 - 82516 . 14957 3.2682 - 51430 3.4177 . 53374 . 95624
1.91 | 6.7531 -82950 - 14808 3.3025 - 51884 3.4506 . 53789 .95709
1.92 | 6.8210 - 83385 . 14661 3.3372 - 52338 3.4838 - 54205 -95792
1.93 6.8895 -83819 14515 3722 52791 3.5173 - 54621 95873
1.94 6.9 - 84253 - 14370 3.4075 - 53244 3.5512 - 55038 -96953

1.95 7.0287 -84687 » 14227 3.4432 - 53696 3.5855 - §5455 - 96032
1.96 7.0993 -85122 - 14086 3.4792 54148 3.6201 - 55872 -96109
1.97 7.1707 - 85556 13946 - 51 - 54600 3.6551 56290 96185
1.98 - 2427 85990 - 13807 3.6523 55051 6904 -56707 96259
1.99 ° - 86426 13670 e - 55602 3.7261 - 57126 96331

2.00 7.3891 -86859 - 13534 3.6269 - 56963 3.7622 57544 . 96403



76 Elliptic Integrals

(vi) Complete Elliptic Integrals for Different Values of Kk

wt

K -(- ax /a/ 1-7 pin-x 3 E = f fre ein*x dx
}

sin—'k K E sin 'k K E sin—'k K

0° 1.5708 1.5708 1.9356 1.3055 81°.0 3.2553
1 1.5709 1.5707 1.9539 1.2963 81.2 3.2771
2 1.5713 1.5703 1.9729 1.2870 81.4 3.2995
3 1.5719 1.5697 1.9927 1.2776 81.6 3.3223
4 1.5727 1.5689 2.0133 1.2681 81.8 3.3458

5 1.5738 1.5678 2.0347 1.2587 82.0 3.3699
6 1.5751 1.5665 2.0571 1.2492 82.2 3.3946
7 1.5767 1.5649 2.0804 1.2397 82.4 3.4199
3 1.5785 1.5632 2.1047 1.2301 82.6 3.4460
9 1.5805 1.5611 2.1300 1.2206 82.8 3.4728

10 1.5828 1.5589 2.1565 1.2111 83.0 3.5004
11 1.5854 1.5564 2.1842 1.2015 83.2 3.5288
12 1.5882 1.5537 2.2132 1.1920 83.4 3.5581
13 1.5913 4.5507 2.2435 1.1826 83.6 3.5884
14 1.5946 1.5476 2.2754 1.1732 83.8 3.6196

15 1.5981 1.5442 2.3088 1.1638 84.0 3.6519
16 1.6020 1.5405 2.3261 1.1592 84.2 3.6852
17 1.6061 1.5367 2.3439 1.1545 84.4 3.7198
18 1.6105 1.5326 2.3622 1.1499 84.6 3.7557
19 1.6151 1.5283 2.3809 1.1453 84.8 3.7930

20 1.6206 1.5238 2.4001 1.1408 85.0 3.8317
21 1.6252 1.5191 2.4198 1.1362 85.2 3.8721
22 1.6307 1.5141 2.4401 1.1317 85.4 3.9142
23 1.6365 1.5090 2,4610 1.1272 85.6 3.9583
24 1.6426 1.5037 2.4825 1.1228 85.8 4.0044

25 1.6490 1.4981 2.5046 1.1184 86.0 4.0528
26 1.6557 1.4924 2.5273 1.1140 86.2 4.1037
27 * 1.6627 1.4864 2.5507 1.1096 86.4 4.1574
28 1.6701 1.4803 2.5749 1.1053 86.6 4.2142
29 wl 6777 1.4740 2.5998 1.1011 86.8 4.2744

30 1.6858 1.4675 2.6256 1.0968 87.0 4.3387
31 1.6941 1.4608 2.6521 1.0927 87.2 4.4073
32 1.7028 1.4539 2.6796 1.0885 87.4 4.4811
33 1.7119 1.4469 2.7081 1.0844 87.6 4.5609
34 1.7214 1.4397 2.7375 1.0804 87.8 4.6477

35 - 1.7312 1.4323 2.7681 1.0764 88.0 4.7427
36 . 1.7415 1.4248 2.7998 1.0725 88.2 4.8478
37 1.7522 1.4171 2.8327 1.0686 88.4 4.9654
38 1.7633 1.4092 2.8669 1.0648 88.6 5.0988
39 1.7748 1.4013 2.9026 1.0611 88.8 §.2527

40 1.7868 1.3931 2.9397 1.0574 89.0 5.4349
41 1.7992 1.3849 2.9786 1.0538 89.1 5.
42 1.8122 1.3765 3.0192 4.0502 89.2 5.6579
43 1.8256 1.3680 3.0617 1.0468 89.3 5.7914
44 1.8396 1.3594 5 3.1064 1.0434 89.4 5.9455

45 1.8541 1.3506 80.0 3.1534 1.0401 89.5 6.1278
46 1.8691 1.3418 80.2 3.1729 1.0388 89.6 3509
47 1.8848 1.3329 80.4 3.1928 1.0375 89.7 6.6385
48 1.9011 1.3238 80.6 3.2132 1.0363 89.8 7.0440
49 1.9180 1.3147 80.8 . 2340 1.0350 89.9 7.7371 B58 22583
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Bessel Functions J, (x) and J, (x)

’

4 x \6
(2) ()

Jo(x)e1- Gh +—2. - 2 be.
° 2 1* 2° 1°27 32

(E)> =)
I(x) == 55 (x) = F- = +2 ee...

1°.2 1°.2 23

(-1 nt?

ce 0 Kin ek)
Jo (x) = Osx = 2.405, 5.520, 8.654, 11.792, 14.931, 18, O71,

21,212, 24.352.

J,(x) = O:x = 3.832, 7.016, 10.173, 13.324, 16.471, 19.616

(n = 0, T, 2; 3, ene)I(x)

£ Jo(z) J (2) z Jo(x) Ji(x) z Jo(z) Ji(x)

0.6 1 0000 . 0000 5.0 — 1776 — 3276 10.0 — .2459 .0435
01 .9975 0499 5.1 — 1443 -- 3371 10 1 — 2490 0184
02 . 9900 0vo5 52 — 1103 — 3132 10 2 — 2496 — 0066
03 .9776 . 1483 53 — 0758 —.3460 10 3 — 2477 — 0313
0 4 . 9604 . 1960 5.4 —.0412 —.3453 10 4 —.2434 — 0555

0.5 .9385 . 2423 5.5 —.0068 —.31414 10.5 — 2366 — 0789
06 £9120 . 2867 5 6 £0270 — 3343 10 6 — 2276 —,1012
a7 S812 .3290 57 .0599 — 3241 10 7 —.2164 —.1224
08 84633 3688 58 0917 — 3110 10 8 — 2032 ~— 1422
09 8075 4050 59 1220 — 2951 10 9 —.1881 —.1603

1.0 7652 .4401 6.0 1506 —.2767 11.0 ~ 1712 — 1768
11 7196 .4709 6.1 1773. — 2559 111 ~—.1528 — 1913
12 6711 4983 62 2017. — 2329 11 2 ~— 13830 — 2089
1.3 6201 §220 6 3 2238) —.2081 11 3 — 12! — 2143
14 5669 5419 64 2433 ~ 1816 11 4 — 0902 — 2225

1.5 5118 5579 6.5 .2601 —.1538 11.5 — 0677 —.2284
16 4554 5699 6 6 .2740 —.1250 11 6 — 0446 — 2320
17 3080 .5778 67 2851 — 0953 117 0213) — 2333
18 3400 . 5815 6 8 2931 — 0652 118 0020 — 2323
19 2818 . 5812 6 9 2081 —,0349 119 0250 — 2290

2.0 2239 .5767 7.0 3001 —.0047 12.0 .04177) — 2234
21 1666 . 5683 7.1 2991 .0252 12 1 .0607 —.2157
22 1104 . 5560 7.2 2951 .0543 12 2 .0908 —.2060
23 0555 . 5399 7.3 2882 0826 12 3 1108 —.1943
24 0025 .6202 7.4 2786 . 1096 12 4 .1296 —.1807

2.5 — .0484 .4971 7.5 2663 .1352 12.5 1469 —.1655
26 — 0968 . 4708 7.68 2516 .1592 12 6 1626 — 1487
2.7 —.1424 4416 7.7 2346 . 1813 127 1766 — 1307
2.8 — _1850 . 4097 7.8 2154 .2014 122.8 1887 — 1114
2.9 — 2243 .3754 7.9 1944 .2192 129 1988 — Q012

3.0 — 2601 .3391 8.0 1717 . 23468 13,0 2069 — 0703
3.1 — 2921 3 8.1 1475 2476 13 1 2129 —.0489
32 — 3202 2613 8.2 1222 . 2580 13 2 2167) ~—.0271
33 — .3443 2207 8.3 0960 2657 13 3 2183 — 0052
3.4 — ,3643 1792 8.4 0692 2708 13 4 2177 .0166

3.5 — 3801 .1374 8.5 0419 .2731 13.5 2150 .0380
36 — ,3918 .0955 8 6 0146 . 2728 13 6 2101 . 0590
37 — 3992 .0538 87 0125 - 2697 13.7 2032 0791
38 — .4026 .0128 88 — .0392 . 2641 13.8 .1943 . 0984
3.9 —.4018 —-.0272 8.9 — .0653 2559 13.9 . 1836 .1165

4.0 —.3971 —.0660 9.0 — .0903 . 2453 14.0 1711 .1334
41 —.3887 ~~. 1033 91 — 1142 2324 14,1 1570 14.
42 — 3766 — 13 9.2 — 1367 .2174 14 2 1414 . 1626
4.3 —.3610 —.1719 9 8 — .1577 . 2004 14.3 1245 .1747
44 — 3423 — 2028 9 4 — .1768 .1816 14.4 1065 . 1850

4.5 —.3205 ~—.2311 9.5 — .1939 613 14.5 0875 1934
486 —.2061 —.2566 9.6 —.2000 1395 14 6 0679 1999
47 —.2698 —.2701 9.7 — ,2218 14.7 76 . 2043
48 — 2404 —.2085 9.8 — .2323 0928 14 8 0271 . 2066
49 —,2007 —.314 9.9 — .2403 14.9 4 . 2069
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(viii) Probability Functions
x

$(140C) = \ oe) ax = Area under tx) from - 0 to x,

e = Normal function

0

x

1a= {bee p (x) = dat

6?) (x? ~ 1)O&) = Second derivative of P(x).

> (yy = (X - x?) D(x) = Third derivative of Pix).

oa) = (x* - ex* + 3) Dix) = Fourth derivative of D(x).

x [8 +a) (x) O2(x) OO(x) SO(n)! x [FU +a) Ox) B2(x) H(x) (x)

0.00 | .5000 .3989 —.3989 .0000 1.1968/| 0.50 | .6915 .3521 —.2641 - 4841 $501
0.01 | .5040 .3989 --.3989 .0120 1.1965]| 0.51 | .6950 .3503 —.2592 .4895 .5279
0.02 5080 .3989 — .3987 -0239 1.1956]| 0.52 | .6985 .3485 — .2543 4947 . 5056
0.03 | .6120 .3988 —.3984 .0359 1.1941|/ 0.53 | .7019 .3467 —.2493 .4996 .4831
0.04] .8160 .3986 —.3980 .0478 1.1920]] 0.54 | .7054 .3448 —.2443 .5043 .4605

0.05 | .6199 .3984 —.3975 .0597 1.1894/) 0.55 | .7088 .3429 —.2392 .5088 .4378
0.06 | .6239 .3982 —.3 0716 1.1861]; 0.56 |] .7123 .3410 —.2341 8131 4150
0.07 | .5279 . —.3 0834 1.1822]| 0.57 |] .7157 .3391 —.2289 .5171 3921
0.08 | .6319 .3977 —.3951 0952 1.1778]! 0.58} .7190 .3372 —.2238 .6209 .3691
0.09 | .6359 .3973 — .3941 1070 1.17271] 0.59 | .7224 .3362 —.2185 .5245 .3461

0.10 | .8398 .3970 —.3930 .1187 1.1671|| 0.60 | .7257 .3332 ~—.2133 .5278 .3231
0.11 | .8438 .3965 —.3917 .1303 1.1609]} 0.61 | .7291 .3312 —.2080 .5309 .3000
0.12 | .8478 .3961 —.3904 .1419 1.15411} 0.62 | .7324 .3292 —.2027 .5338 .2770
0.13 | .6517 .3956 —.3889 .1534 1.1468]| 0.63 | .7357 .3271 ~—.1973 .6365 .2539
0.14 | .6567 .3951 —.3873 .1648 1.1389/] 0.64 | .7389 .3261 —.1919 .8389 .2309

0.15 | .8596 .3945 —.3886 .1762 1.1304]/ 0.65 | .7422 .3230 ~—-.1865 .5411 2078
. .3939 —.3838 .1874 1.12141] 0.66 | .7454 .3209 —.1811 .5431 .1849

0.1 -8675 .3932 —.3819 .1 1.1118]] 0.67 | .7486 .3187 —.1757 .5448 .1620
0.18 | .8714 .3925 ~.3798 .2097 1.1017/| 0.68 | .7517 .3166 —.1702 . ~ 1391
0.19 | .6753 .3918 —.3777 . 1.0911|| 0.69 | .7549 .3144 —.1647 .5476 .1164

0.20 | .5793 .3910 —.3754 .2315 1.0799)) 0.70 3123 —.1593. 0937
0.21 . —.3730 .2422 1.0682)} 0.71 | .7611 .3101 —.1538 .5495 .0712
0. .8871 .3894 —.3706 .2529 1.0560|| 0.72 | .7642 .3079 —.1483 .5501 .0487
0.23 -6910 — . - 2634 1.0434 0.73 7673 ° — .1428 ~ $504 -0265
~0.24 | . .3876 —.3653 .2737 1.0302|| 0.74 | .7704 .3034 —.1373 .53506 .0043

0.25 | .5987 .3867 —.3625 .2840 1.0165] 0.75 | .7734 .3011 —.1318 .5505 —.0176
0.26 | .6026 .3857 —.3596 .2941 1.0024/) 0.76 | .7764 .2989 —.1262 .5502 —.0394
0.27 -6064 -3847 — .3566 e 0.9878 0.77 7794 o —.1207 ~5497 — .0611
0. 6103 .3836 —.3535 .3138 0.9727]/ 0.78 | .7823 .2943 —.1153 .5490 —.08
0. -6141 -3826 — .3504 . 0.9572 0.79 7852 2920 —.1098 - 5481 ~ .1037

0.30 | .6179 .3814 —.3471 0.9413]| 0.80 | .7881 .2897 —.1043 .5469 —.1247
0.31 | .6217 .3802 —.3437 .34 0.9260}| 0.81 | .7910 .2874 —.0988 .5456 —.1455

» 6256 3790 ~ .3402 23515 0.9082 0.82 7939 2850 — .0334 5440 —.1660
q 0.33 6293 23778 — .3367 3608 0.8910 0.83 e 7 2827 — .0880 5423 —.1862
0.4 6331 3765 “=e 23693 0.8735 0.84 e 5 e — .0825 -§403 —TM~e 3

0.35 -6368 3752 re} oat79 0.8556 0.85 e - 2780 — .0771 5381 —e
0.3% -6406 037. — se - 3864 0.8373 0.86 8051 2766 —~.0718 5358 —_ 2455
0.37 6443 23728 — .3216 3947 0.8186 0.87 8078 e273 —“" 8332 — .2646
0.38 | .6480 .3712 —.31 4028 0.7996]| 0.88 | .8106 .2709 —.0611 .6305 —.2835
0.39 6517 3697 —.31 24107 0.7803 0.89 8133 2685 ~~. 5276 —-.40

0.40 6554 3683 —e 4184 0.7607 0.90 -8169 - 2661 — 0506 5245 ~~ .3203
0.41 | .6891 .3668 ~—.3059 .4269 0.7408/| 0.91 8186 .2637 —.0453 .5212 ~.3383
0.42 | .6628 .3653 —.3008 .4332 0. 0.92 | .8212 .2613 —.0401 .5177 —.3569
0.43 . 3637 — .2965 e 0.7001 0.93 e ° — e ~5140 — .3731
0.44 6700 3621 — .2920 ~4472 0.86793 0.94 . 2565 —~e ~6102 —TMe

0.45 | .6736 .3605 —.2876 .4839 0.6583|| 0.95 | .6289 .2641 —.0248 .5062 —.
0. . -39589 -.26830 . 0.6371|]| 0.96 | .8315 .2616 —.0197 .8021 ~—.4228
0.47 | .6808 .3672 —.2783 .4666 0.61 0.97 | .8340 .2492 —.0147 .4978 —.4387
0.48 e 3585 — 2736 4727 0. 0.98 .8365 2468 — se) 4933 — .4541
C.48 6879 . —~ .2689 - 4785 0.5721 0.99 -8389 2444 ~— s 4887 —~ .4692
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n
n n-t +t

The cum of thoee terns of (p+ayae 2. (4) P a, ptqanl,
t

in which t ranges froma to b, inclusive, a ami b being integers, (ast Sb),
is (if n ie large enough) approximately

x
2

6oe grey |
1

Xp

{gwen (S32G%W+
x

where x, = (8 - #- m/e, Xp = (b +4-m)/o,o=V nm.

x |#2+a) Ox) &%2(x) &(x) x [§1+a) (x) S2(x) P(x) H4(x)

1.00 | .8413 .2420 .0000 .4839 1.50 | .9332 .1295 .1619 .1457 —.7
1.01 | .8438 .2396 .0048 .4790 1.51 | .9345 .1276 .1633 .1387 —.6994
1.02 | .8461 .2371 .0096 .4740 1.52 | .9357 .1257 .1647 = .1317 ~.6942
1.03 | .8485 .2347 .0143 .4688 1.53 | .9370 .1238 .1660 .1248 —.6888
1.04 8508 2323 0190 - 4635 1.84 9382 1219 » 1672 1180 — .6831

1.05 8531 1.658 .9394 200 683 O19 — .6772
1.06 | .8554 1.56 | .9406 .1182 1694 .1044 —.6710
1.07 | .8577 1.57 | .9418 .1163 .1704 .0977 —.66
1.08 1.58 | .9429 .1145 .1714 .0911 —.658
1.09 1.89 944] 1127 1722 .0846 — .6511

1.10 1.60 | .9452 .1109 .1730 .0781 —.6441
1.11 1.61 | .9463 .1092 .1738 0717 —.
1.12 1.62 | .9474 .1074 .1745 .0654 —.0293
1.13 1.63]. - 1057 1751 = .0591 — .6216
1.14 1.64 | .9495 .1040 .1757 .0529 —.6138

1.15 1.65 | .9505 .1023 1762 =.0468 — .6057
1.16 1.66 | .9515 .1006 1766 =..0408 —.5975

1.17 1.67 9525 .0989 1776 ~0349 —.5891
1.18 1.68 -9635 0973 1773 “—~s 06
1.19 1.69 | .95456 .0957 .1776 .0233 —.5720

1.20 1.70 | .9554 .0940 .1778 .0176 —.6632
1.21 1.71 | .9564 .0925 .1779 .0120 —.5542
1.22 1.72 9573 0909 .1780 e — .5452
1.23 1.73 9582 ° 3 » 1780 0011 — .6360
1.24 1.74 9691 0878 . 1780 ~— .0042 — .§6267

1.28 1.75 -9599 .0863 .1780 —TMe —- ,6173
1.26 1.76 9608 0848 1778 — .0146 — 80
1.27 1.77 | .9616 .0833 .1777 —.0196 —.4983

1.29, 1.79 - 9633 .0804 1772 —p, — 4789

1.30 1.80 | .9641 .0790 .1769 —.0341 —.4692
1.31 1.81 | .9649 .0775 .1765 —. - .4693
1.32 1.82 | .9656 .0761 .1761 —.0433 —.4494
1.33 1.83 - 9664 0748 1756 — .0477 — ,4395

1.38 1.85 -9678 0721 1746 —~ .0563 — .4195
1.36 1.86 | .9686 .0707 .1740 ~-.0605 -—.

1.37 1.87 | .9693 .0694 .1734 —.9645 —.3995
1.38 1.88 9699 0681 1727 — .0685 — .3894
1.39 1.89 | .9706 .0669 .1720 —.0723 —.37

1.40 1.90 | .9713 .0656 .1713 ~—.0761 —.3693
1.41 1.91 | .9719 .0644 .1706 —.0797 —.3592
1.42 1.92 | .9726 .0632 .1697 —.0832 —.3492
1.43 1.93 | .9732 .0620 .1688 ~.0867 —.3392
1.44 1.94 9738 0608 . 1679 ~ .0900 — .3292

1.48 1.95 9744 -0596 » 1670 ~ .0933 — .3192
1.46 1.96 .9780 0584 . 1661 — .0064 ~ 3093
1,47 1.97 | .9756 .0573 .1651 —.0994 —.2994
1 48 1 .98 0761 -0562 1641 = 1024 —_ 2895
1.49 1.99 | .9767_ .0861 .1630 —.1052 —.2797



80 Probability Functions

The sum of the first (t + 1) terms of

n
~t

(peaks 2) (3) ph * a’, p+a = 1, 18 approximately,
t #0

@®

LB wae 2 FO) a - HOM).
where x = (s - 4 - np)/¢, 8 = n -t. The sum of the last (s + 1)
terms is approximately

oD

J $ @)&- a2 $?),) S-2)6%e),
where x = (t -%-m)/o, t=n-s8, go =Nnp.

x [kU+a) ®) 22x) €4(x) (x) x [8 +a) OCs) BA(x) SO(x) HO(x)

2.00 | .9772 .0540 -1620 — .1080 — .2700}| 2.50 | .9938 .0175 .0920 — .1424 08
2.01 | .9778 .0529 ~1609 —.1106 — .2603}) 2.51 | .99 0171 .0906 — .1416 0836
2.02 | .9783 .0519 1598 —.1132 —.2506]) 2.52 | .9941 .0167 .0892 —.1408 .0871
2.03 | .9788 .0508 .1586 — .1157 — .2411]] 2.53 | .9943 .0163 .0878 —.1399 0905
2.04 | .9793 .0498 .1575 —.1180 —.2316)| 2.54 | .9945 .0158 -0864 — .1389 .0937

2.06 |} .9798 38 1563 —.1203 —.2222)| 2.55 | .99 0154 .0850 —.1380 .0968
2.06 | .9803 .0472 1550 —.1225 —.2129]| 2.56 9948 .0151 -0336 —.1370 20998

2.07 | .9808 .04638 1638 —.1245 —.2036!| 2.57 | .9949 .0147 .0823 — .1360 .1027
2.08 | .9812 .0459 .1526 —.1265 —.1945/| 2.58 | .9951 0143 -0809 —.1350 .1054
2.09 | .9817 .0449 .1513 —.1284 el 2.59 | .9952 .0139 .0796 —.1339 - 1080

2.10 | .9821 0440 1500 ~.1302 —.1765!| 2.60 136 0782 ~— .1328 1105
2.11 - 9826 0431 -1487 —.1320 —.1676\) 2.61 9955 .0132 0769 — .1317 21129
2.12 9830 .0422 1474 —.1336 —.1 | 2.62 9956 .0129 0756 —.1305 1152
2.13 9834 .0413 .1460 —.1351 —.1502|} 2.63 9957 + .0126 0743 —.1294 1173

2.14} .9838 .0404 1446 —.1366 —.1416!] 2.64 9959 .0122 .0730 ~— .1282 1194

2.15 | .9842 .0395 -1433 — 80 —~ .1332| 2.65 9960 .0119 0717 —.1270 1213
2.16). 0387 21419 ~.1393 ~.1249'| 2.66 9961 0116 0705 ~—.1258 1231
2.17 } .9850 .0379 -1405 ~ .1405 — .1167| 2.67 9962 0113 2 —.1245 1248

q 2.18 -9854 = .0371 1391 ~—.1416 ~—.1086:! 2.68 9963 .0110 0680 — .1233 1264
2.19 | .9857 .0363 1377 ~— .1426 —.100 | 2.69 9964 .0107 -0668 — .1220 -1279

2.20} .9861 .0355 .1362 —.1436 ~.09 2.70 9965 .0104 0656 — .1207 1293
#.21 ] .9864 .0347 .1348 — .1445 — 0850| 2.71 9966 .0101 .0644 — .1194 1
2.22 | .9868 .0339 1333 —.1453 ~— .0774|| 2.72 9967 .0099 0632 —.1181 1317
2.23 | .9871 .0332 .1319 —.1460 —.0700]| 2.73 9968 .0096 -0620 — .1168 1328
2.24 | .9875 .0325 .1304 —.1467 ~— .0626)} 2.74 9969 .0093 -0608 —.1154 . 1338

2.25 | .9878 .0317 1289 —.1473 —.0554!| 2.75 | .9970 .0091 .0597 —.1141 1347
2.26 | .9881 .0310 .1275 —.1478 —.0484]| 2.76 9971 0088 .0585 —.1127 ~1356
2.27]. 0303 12 —.1483 —.0414]| 2.77 9972 .0086 -0574 —.1114 1363
2.28 |} .9887 .0297 ~1245 —.1486 — .0346)} 2.78 9973 .0084 .0563 —.1100 136

2.29 | .9890 .0290 1230 —.1490 —.0279)| 2.79 | .9974 .0081 -0552 —.1087 21375

2.30 ; .9893 .0283 1215 —.1492 —.0214}| 2.80 9974 .0079 .0541 —.1073 1373
2.31). 0277 -1200 — .1494 —.0150)} 2.81 9975 .0077 0631 —.1059 .1353
2.32 |} .9898 .0270 .1185 —.1495 — .0088)| 2.82 9976 .O078 .0520 —.1045 .1386
2.33 |. 0264 .1170 — — .0027!| 2.83 9977 .0073 .0510 —.1031 1389
2.34). -0258 -1155 — .1496 -0033)} 2.84 | .9977 .0071 -0500 — .1017 1390

2.35 | .9906 .0252 1141 —.149 .0092||; 2.85 | .9978 .0069 .0490 —.1003 «1391
2.36 | .9909 .0246 ot — 1494 .0149|| 2.86 9979 .0067 .0480 — 90 1391
2.37 | .9911 .0241 01141 —.1492 .0204|| 2.87 9979 .09065 .0470 ~ .0976 1391
2,38 | .9913 .0235 .1096 —.1490 .0258]| 2.88 | .9980 .0063 .0460 —.0962 .1389
2.39) .9916 . -1081 — .1487 03111} 2.89 | .99 0061 .0451 — .0948 1388

2.40 | .9918 .0224 -1066 -—- .1483 .0362|| 2.90 | .9981 .0060 . 1 —.0934 -1385
2.41 | .9920 .0219 -1051 —.1480 -0412|| 2.91 | .9982 .0058 -0432 —.0920 .1382
2.42 | .9922 .0213 .1036 —.1475 .0461|| 2.92] .9982 .0056 .0423 —. 1378
2.43] .9925 .0208 .1022 —.1470 .0508]| 2.93} .9983 .0065 .0414 —.0893 .1374
2.44 | .9927. .0203 .1007 —.1465 .0554// 2.94 .9984 .0063 .0405 —.08 - 1369

2.45). -0198 -0992 —.1 -9598]| 2.95 | .99 0051 .0396 —. § .1364
2.46 | .9931 0194 .0978 —.1453 -0641|| 2.96 | .9985 .0050 03: —. 1358
2.47 | .9932 .0189 .0963 — .1446 -9683)} 2.97 | .9985 .0048 ’ 9 —.0 21362
2.48 | .99. 0184 .0949 — .1439 "07231 2.98 | .9986 .0047 .0371 —.0625 .1345
2.49 | .9936 .0180 .0935 —.1432 .0762|| 2.99 | .9986 .0046 .0363 ~.0811 «1337



Probability Punctions

PROBABILITY FUNCTIONS

x [0+a) Ox) 2x) HD(x) KO(x) x |l+aq) O(x) B2(x) BMY(x) KO)

3.00 | .9987 .0044 .0355 —.0798 .1330/| 3.50 | .9998 .0009 .0098 —.0283 .0694
3.01 | .9987 .0043 .0347 —.0785 .1321|| 3.51 | .9998 .0008 .0095 —.0276 .0681

3.03 | .9988 .0040 .0331 —.0758 .1304/| 3.53 | .9998 .0008 .0090 —.0262 .0656
3.04! .9988 .0039 .0324 —.0745 .1294); 3.54 .9998 .0008 .0087 —.0256 .0643

3.05 | .9989 .0038 .0316 —.0732 .1285|| 3.55 | .9998 .0007 .0085 —.0249 .0631
3.06 9989 .0037 .0309 —.0720 .1275)| 3.56 9998 .0007 .0082 —.0243 .0618
3.07 | .9989 .0036 .0302 — .0707 .1264|| 3.57 | .9998 .0007 .0080 — .0237
3.08 | .9990 .0035 .0295 —.0694 .1254)| 3.58 | .9998 .0007 .0078 —.0231 0594
3.09 | .9990 .0034 .0288 —.0682 .1243/| 3.59 9998 .0006 .0075 —.0225 0582

3.10 | .9990 .0033 .0281 —.0669 .1231|| 3.60 9998 .0006 .0073 —.0219 0570
3.11 | .9991 .0032 0275 — .0657 .1220}| 3.61 | .9998 .0006 .0071 — .0214 0559

3.12 1 .0031 ‘ .0268 —.0645 .1208]| 3.62 | .9999 .0006 .0069 —.0208 0547
3.13 | .9991 .0030 .0262 —.0633 .1196/) 3.63 | .9999 .0005 .0067 —.0203 .0536
3. 9992 0029 0256 — .0621 -1184|| 3.64 9999 5 .0065 —.0198 0524

3. 9992 .0028 .0249 —.0609 .1171|} 3.65 9999 .0005 .0063 —.0192 .0513
3. .9992 .0027 .0243 —.0598 .1159)| 3.66 | .9999 .0005 .0061 —.0187 -0502
3. -9992 .0026 —.0586 .1146)| 3.67 | .9999 .0005 .0059 —.0182 .0492
3. .9993 .0025 .0232 —.0575 1133/| 3.68 | .9999 .0005 .0057 —.0177 .0481

3. -9993 .0025 .0226 —.0564 .1120)| 3.69 9999 .0004 0056 —.0173 .0470

3. .9993 .0024 .0220 —.0552 .1107// 3.70 | .9999 .0004 .0054 —.0168 .0460
3. -9993 .0023 .0215 —.0541 - 1093)! 3.71 9999 -0052 —.0164 0450
3. 9994 .0022 0210 —.0531 .1080)|} 3.72 | .9999 .0004 .0051 —.0159 0440

3.23 | .9994 .0022 .0204 —.0520 .1066/] 3.73 | .9999 .0004 .0049 —.0155 .0430

3.24 | .9994 .0021 .0199 —.0509 .1053]) 3.74] .9999 .0004 .0048 —.0150 20

-9994 .0020 .0194 —.0499 .1039)} 3.75 9999 .0004 .0046 —.0146 0410
. 4 .0020 .0189 —.0488 .1025]| 3.76 | .9999 .0003 .0045 —.0142 0401
9995 .0019 .0184 —.0478 .1011]| 3.77 9999 .0003 .0043 — .0138 0392
.9995 .0018 .0180 —.0468 .0997)/ 3.78 9999 .0003 .0042 —.0134 0382

9995 .0018 .0175 —.0458 .0983)} 3.79 9999 .0003 .0041 — .0131 0373

-9995 .0017 .0170 — .0449 .0969|| 3.80 9999 .0003 .0039 — .0127 0365
-0017 -0166 — .0439 .0955|; 3.81 | .9999 .0 .0038 — .0123 -0356

9995 .0016 .0162 — .0429 .0941|| 3.82 0003 -0037 —.0120 0347

9996 .0016 .0157 —.0420 .0927)|| 3.83 9999 .0003 .0036 —.0116 0339

-9996 .0015 0153 —.0411 .0913)| 3.84 9999 .0003 .0034 —.0113 .0331

. 9996 .0015 .0149 —.0402 .0899); 3.85 9999 .0002 .0033 —.0110 .0323

. 96 .0014 0145 —.0393 .0885)| 3.86 9999 .0002 .0032 —.0107 .0315

. 9996 .0014 .0141 —.0384 .08711) 3.87 9999 .0002 .0031 —.0104 0307
3.38 9996 .001 .0138 —.0376 .0857|/ 3.88 9999 .0002 .0030 —.0100 .0299
3.39 | .9997 .0013. .0134 —.0367 .0843|| 3.89 | .9999 .0002 .0029 —.0098

3.40 | .9997 .0012 0130 — .0359 .0829}| 3.90 }1.0000 .0002 .0028 —.0095 .0284
3.41 | .9997 .0012 0127 —.0350 -0815}| 3.91 {1.0000 .0002 -0027 — .0092 7
3.42 | .9997 .0012 .0123 — .0342 0801|| 3.92 |1.0000 .0002 .0026 — .0089 -0270
3.43 | .9997 .0011 0120 — .0334 0788|| 3.93 |1.0000 .0002 .0026 —.0086 0263
3.44 | .9997 .0011 .0116 —.0327 0774|| 3.94 11.0000 .0002 .0025 —.0084 0256

3.45 | .9997. .0010 .0113 ~.0319 .0761]| 3.95 {1.0000 .0002 .0024 — .0081 0250
3.46 | .9997 .0010 .0110 —.0311 -0747|| 3.96 |1.0000 .0002 0023 —.0079 0243
3.47 9997 .0010 .0107 —.0304 .0734|| 3.97 |1.0000 .0002 0022 —.0076 .0237

3.48 | .9997 .0009 .0104 —.0297 .0721|} 3.98 {1.0000 1 .0022 —.0074

3.49 | .9998 .0009 .0101 — 0 .0707I| 3.99 11.0000 .0001 .0021 —.0072 .0224

4.00 {1.0000 .0001 0020 — .0070 0218|| 4.50 11.0000 .0000 .0003 —.0012 .0047
4.05 11.0000 .0001 .0017 — .0059 0190!| 4.55 {1.0000 .0000 .0003 —.0010 .0039
4.10 11.0000 .0001 .0014 —.0051 0165}! 4.60 {1.0V00 .0000 .0002 —.0009 0033
4.15 |1.0000 .0001 0012 —.0043 .0143]| 4.65 }1.0000 .0000 .0002 —.0007 0027

4.20 {1.0000 .0001 .0010 —.0036 .0123}]| 4.70 {1.0000 . 0001 — .0006 0023

4.25 11.0000 .0000 0008 — .0031 .0105]/ 4.75 {1.0000 .0000 .0001 —.0005 .0019
4.30 |1.0000 .0000 .0007 —.0026 .0090)| 4.80 {1.0 -0000 0001 —.0004 .0016
4.35 11.0000 .0000 0006 —.0022 .0077)| 4.85 {1.0000 .0000 0001 —.0003 .0013
4.40 11.0000 .0000 .0005 — .0018 .0065]} 4.90 {1.0000 .0000 1 —.0003 .0011

4.45 11.0000 .0000 0004 —.0015 .0055]| 4.95 11.0000 .0000 0000 —.0002 .0009
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II BASIC CONCEPTS OF GENERAL PHYSICS AND CHEMISTRY

II.1, Units, Dimensions and Conversion Pactors

* Standards and Units

Length (1), Mass (m) and time (t) are the three fundamental
‘quantities used to express other physical quantities. Standards
for their measurement are fixed by convention and units of their

measurement are chosen by convenience with reference to the

standards.

# fable of commonly used systems of units and standards

Length Mass Time

Standard | Unit | Standard Unit |Standard Unit

PPS system Yard Foot Pound Pound |Mean Solar | Second=

=1/3(Yard Day (Time | 1/86400
between two

transits of

sun averaged

over a year)

CGS systen Metre com. |Kilogram| grem j|Mean Solar {Second

21/100 (metre =1/1000 Day
(kilogram)

MKS system Metre Metre | Kilogram Kilogram|Mean Solar |Second

Day

* Conversion Factors

(a) Length

2 6Centimeter 10° ~|0.3937 |3.28x1072 I6.214x107

1 39370 |3281 14

. 12 1 °

1 1609 1.609 |6.

Some other useful units of length are -

1 angstrom (A) = 10 .. meter 1 light ~ year1 X-unit = 1045 meter a - 3.46x10"° neters
1 Pernt ws 10 6 meter

1 Micron = 109 meter

1 Millimieron = = 10 meter
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* Derived Units

Units of physical quantities which are expressible in terms of

mass, length md time in suitable combinations, ne called derived

units. An example is newton, (mKg x Meter/Sec » the unit of force
in M.K.S. system.

* Dimensions

The exact combination of 1, Band t that occurs in a physical

quantity is called the Dimensjon of that quantity. Por example,
velocity has dimension (1 t ~'). Pure numbers, logarithms,

trigonometric and exponential functions, ratios of physical
quentities (of the same dimensions) etc. are said to be dimension-
less.

All equations relating various physical quantities must be

dimensionally consistent, i.e., the dimensiomsof physical quan-

tities on both sides of the equality sign mst match.

II.2 Mechanics

Mechanics is the study of the motion of material bodies. A suitable

co-ordinate system for specifying positions and a reference event for

setting the origin of the time scale are needed for this study.

* Kinematics

The velocity (“Vv ) which is the rate of change of position (¥ )
and the acceleration (@) which is the rate of chmge of V¥ with
respect to time are given by the following expressions for different

co-ordinate systems,

a. ¢ ay, 7 dz cartesianast Jag tk ge — (carte
a de, 4 Oi. ds0, Get eon 84+ 6, & (cyiinarical)

A

i

ay al

- d ~ de a +65r at + ®% r sino tt (spherical polar)

2

3 ie

2 2
& dx dv a a4
tet ate +k (cartesian)

dt*

d2r
2 2ts _ (88 J A [ a“O , oar dO T,% a*z

°, dt2 (“iy + a) r ate +2 dt dt t os ate (cylindrical)
oe do,2 2 é ag 9a= e,. i - (48) - x sin’e (A)*h 6, ect es te

2- r sin®@ cos@ ah] + Saf sin 8 at +2r cose Se a?
at

+ 2 sin@ = a6. (spherical polar)

t»>
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Motion with Uniforms Velocity (¥)
—>

2. + ct

ion with form Acceleration (€@) a
a>

=aE+yt+Lat® 5 v= vj+at
2 vis 280 (¥-%)

Pp =m¥, (m is the mass).

Newton's Laws of Motion

(1) Every body continues in a state of rest or of uniform motion

in a straight line unless it is compelled to change that state by

forces impressed upon it.

(2) The rate of change of momentum is proportional to the im-
pressed force and is in the direction in which the force acts.

(3) o every action, there is always opposed an equal reaction.

Inertial Frame

The frame of reference in which Newton's first law is valid is

called an Inertial frame.

Force

From Newton's second law, the force is given by,

ttF = ab = TM dz = so” on (Equation of motion)

Unit of force in MKS system is a newton, the force which acting on

one kilogram produces an acceleration of one meter per sec’. In
CGS system it is a dyne, which is the force acting on one gram

produces acceleration of 1 cm/sec?.

Taw of Conservation of Momentum

If there is no applied force, the momentum of a particle remains
constant.

Work Done by a Force

Work done on a particle by the action of a force which moves it
‘from 7, to 1%, is VY Ly

1 2? W = [ fad?

é
* Kinetic Energy

L

E = inv
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2It follows from the equation of motion that, W = 4 m(v5-v, )=E,-E,
Thus, work done = change in kinetic energy. The MKS unit of work
or energy is a joule which is the work done by a force of one Newton

to produce a displacement of one meter. The CGS mit is an erg =
107" joule.

* Conservative force md potential

If the force t is such that

Curl F= VxF=0

then the force is said to be conservative and it can be derived from
a potential energy function V(* ) through the relation,

P=-graa V(T)=- Vv(7).

* Law of Conservation of Mechanical Energy

Total Energy = E=% m v + V(r ) = constant (conservative forces).

* Condition for Equilibrium for a Particle

The vector sum of the forces applied to a particle must be zero
to produce equilibrium which at a particular position is stable, un-
stable or neutral depending upon whether the potential is a minimum,
maximum or stationary respectively .

* Circular Motion of a Particle

If the particle is moving with unifom speed 1 along a circle
of radius R, the centripetal acceleration experienced by it is

2

a = Vv
R R

corresponding to a centripetal force

> av
R R

Centrifugal force is the reaction to this force and is experienced
by the agency responsible for the circular motion.

Angular velocity w about the centre of the circle is defined
through the relation

—p

7 =oxR (Vis the instantaneous vector
velocity of the particle)
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Por uniform motion on the circle, the angular velocity is given by

Ww
aw = R

Simple Harmonic Motion

When a particle is in uniform circular motion, the projection of

this motion on a line in the plane of the circle is called simple

harmonic motion. The displacement on the line as a function of time

is given by,

x= Reos (wt + )

2K= R cos Qeyt ? ) = Ros ( - t +9)

1
R amplitude, -‘y = frequency, T = time period = > ° If the force on

a@ particle is of the form

> >

Fe-kTt

the motion will be simple harmonic, with the frequency

= + f[k
2n Nm ~

Centre of Mass

_—>y

For a system of N particles of masses m, at positions Ts, j=1,
23-,N, the position of the centre of mass‘is

N —
—) e “yw * 2R = Zija) i %

; 24’ “M4

a=!

-For a continuous distribution of matter with total mass M

aly

R= = S tam - ae [ PtP 24% ( @ (#)=density)

Two masses n, and m, separated by a distance d have their centre

of mass at a distance d, from m, such that

a
a 4+,

Angular Momentum

_. The engular momentum of 4 particle of mass m
Vy at the position v5 about the origin is 4

a

moving with velocity

—_~ _y

L, — ‘7 K TM, Vy
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The total angular momentum of an assembly of N particles about
the origin is

N—> _N - »
= > L, = > a, (%, xa¥,/at)

j=1 j=

* Rigid Body

An assembly of particles oconsitute a rigid body if the distance
between any pair of them remains fixed.

* Moment of Inertia

If a rigid body rotates about an aixs with angular velocity then
lp lc

{_ = W

where 1 is called moment of inertial tensor. Componentwise the
above equation becomes

L -t [uJ -4 1-4], |

rif-ul rw, l, ol

+ ® |“. | “W, I, +W, Ll

Ixx1 yy and Iz, are called the moments of inertia of the body

about x, y and 2 axes respectively and Ixy, lyg, Izy, etc. are called

the products of inertia.

If the coordinate system is so chosen that the products of

inertia wanish, the x, y and z axes are called the prinoipal

axes, and the corresponding moments of inertia are called principal

moments of inertia.



90 Mechanics

Principal moments of inertia of common objects

Ob ject Axis Moment of Inertia

Rod Normal to length at centre mn f

Normal to length at one

end n & 3 3

Rectangular Through center, parallel to 2
Sheet, sides aj b m a’ /12
and b

Through centre normal to 2 2

the plane mas+ b

12

Circular Sheet| Normal to the plane through 9

radius r the center mr /2

Along any diameter m r°/4

Circular ring | Normal to the plame through n(x; + r5)/2
radii ty» and | the center

2 Any diameter m(r} + 15)/4

Sphere of Any diameter 2 mr*

Tadius r 5

Right circular} Transverse diameter mn r gy
cylinder of 4 12

radius r and

length }

* Parallel-axis theorem

If the moment of inertia of an object of mass M about an axis ‘s

"I, then its moment of inertia about another axis parallel to the

. previous one and at a distance R is given by

a

I = I+ MR

* Perpendicular-axis theorem

In a plane laminar object of negligible thickness the moment of

inertia at-ut an axis normal to the plane equals the sum of the

moments of 1: 2rtia about two mutually perpendicular axes which are

in the plane of the object and which intersect at the point of

intersection of the original axis and the plane of the lamina.

* Rotational Kinetic energy

>

K. B= tad e L
—_
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When the axis of rotation coincides with one of the principal axes,

* Torque

K.E. = $ Iw" (I the moment of inertia
about that axis)

For rotational motion, the role of force is played by Torque, which

is defined as
T

> —_>

-7TXxF

The equation of motion of a rigid body about a fixed origin becomes

= —_

472%
dt

> —>

and the expression for infinitesimal work is dWeT. co at.

* Blastic constants

The various moduli of elasticity are defined as the ratio of

stress to the appropriate strain.Stress is force per unit area.

Strain is deformation expressed in a dimensionless manner, as

defined below.

Young's modulus

Shear modulus

(Rigidity Modulus)

Bulk Modulus

Tensile Stress

E or Y = Tinear Strain

Tensile stress is tensile force per unit

cross sectional areas linear strain is the

change in length per unit length.

- Shearing stress

Gor (“= Sear Strain
Shear strain is the difference between the

displacements of two parallel planes in the

medium divided by the perpendicular distance

between them.

xr = Compressional Stress

Volume strain

Compressional stress is pressure and volume strain

is change of volume per unit volume, i.e., the

negative of the change of density divided by the

mean density.

The following relations hold among the moduli in an isotropic

Y= 38 (1-20) = 2aCIi+e)

Y= TEA.
A+3E

medium:
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Here g- is called Poisson's ratio ,

Elastic limit is the stress beyond which strain is no longer

proportional to stress. Breaking stress is the stress at which

the sample will break.

Por table of elastic moduli see page 171

Friction

The coefficient of static friction is defined as

f - magnitude of maximum frictional force

4
magnitude of normal thrust

The coefficient of kinetic or sliding friction t is the same
ratio after motion is established. In general 4 <f for the
same surface. f, does not depend on the surface area of

contact.

Miscellaneous Astronomical Constants

Mean solar day = 86,400 sec = 1.0027379 side--real day

Sidereal day 86 164.09054 mean solar sec.

23 hr 56 min 4.09054 sec. mean solar

time

Mass of the earth 5975x1050 kg.
Mass of the sun = 1.987x10;, kg.

Mass of the moon = 7.343x10~ ke.

Mean distance of the moon

from earth = 384,400 km.

Earth's orbital velocity « 18.5 miles/see 9 2
Gravitational constant G = 6.670x1078 dyne cm“/gram
Acceleration of gravity g 2

at equator = 978.0495 ,em/Sec
Sun's radius = 6.965x10 cm.

Sun's mean density = 1.41 cm;

Barth's mean density = 5.52 gm/om
‘Escape velocity from earch «= 11.3 km/sec.

II.3 Acoustics

Acoustics deals with the study of sound waves, their production,

transmission and effects.

* Velocity of sound waves

Sound waves are longitudinal and transverse elastic waves

propagated through matoer in all its forms with various degrees
of effectiveness. In fluids they are longitudinal and the wave
velocity is related to the adiabatic bulk modulus K and density P

v5
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It depends upon temperature and usually decreases with rise in

temperature.

* The wave equation

2 o%
- 1 94

Vu= w2 3?
where (4 is the departure from equilibrium of a local condition in

the medium such as density, pressure, displacement etc.

* Sinusoidal wave

A sinusoidal (pure) sound wave is described by

U (x, t) = Uf, Sin (wt - kx)

x
= U, Sin 27 (wt -<)

= Uy sin = (wt - x), ete.

Wave length IN and frequency )) are related by the equation

w= AD.

* Vibrating String

If a miform string (or wire) of density P per unit length is
under a tension T, then the velocity of transverse waves on it is

given by,

} P

If the total length is @ and it is fixed at both the ends, it can
vibrate in several modes.

The frequencies of the various modes are given by

~ 77 — 2/7 3 nn & 1,2,3..m= aU ae I _
The wave lengths of the various modes are given by

A= = 4 ; n= 1,2,3,
n », ”

These modes correspond to standing waves on the string, i.e. super-
position of forward and backward travelling waves, and can be
represented by

U, (2.4) = Us Cos(2nye). Cos (57 x).
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* Velocity of Sound in Different Media:

Medium in see at 0°C Medium in sec at 0°C

1.4 Fresh 1

water 23

Steam (100°C 6420(Longi-

Nt

* Beats

The waxing end waning of sound due to superposition of two sound
waves of equal amplitides but slightly different frequencies () and as)
is know as beats. The number (n) of beats per second is

n= 2A)

* Dopnler Effect

When the source emitting sound waves and the observer are in

reletive motion (relative speed Us , medium stationary) the
observed frequencyyis different from the frequency » emitted
by the source. This is known as Doppler effect. Let UW be

the speed of sound in the stationary medium. Then,

y=’ y (Zt) (observer moving toward the source)
YY

y= py (4-%) (observer moving away from the source)
Uo

y= y (3) (Source moving toward the observer)
U- Bo

; —.. | (Source moving away from the observer)
Va yp De

If Us and @, are the speeds of observer and source respectively with

respect to the stationary medium, then

y’ = JU (=+% BL, (Source and observer moving toward each other)

y = (2-3 o+ Ds (Source md observer moving away from each other)
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II.4 Heat

Heat is the merry associated with random motion of atoms and

molecules in @ substance. Dissipation of other forms of energy

(mechanical, electrical etc) results in the appearance of heat in
the systen.

%

*

Calorie

The unit of heat is

1 Calorie = 4.186 Joule = 4.186x10" ergs

Temperature

Temperature is an index of the thermal state of a body (see also
the thermodynamic definition) and it is measured by a thermometer.
Celsius (International Scale) (°C), Fahrenheit (°F) and Kelvin
(Absolute thermodynamic scale) (0x) are the three commonly used
scales of temperature.

Conversion Equations

7°C =3 (nop ~ 32)

T°K = T°C + 275.16

Ideal Gas Temperature

This is measured by a constant volume gas thermometer and is

defined by

T = 273.16°K lim (E ) P, is the pressure at the triple
Po point of water and P is the measure

at the temperature to be measured.
Pp >O The limit signifies that a gas becomes
0 ideal at shingly small pressure.

The ideal gas scale and the Kelvin thermodynamic scale are

identical in the range of temperatures in which a gas themometer

is used.

Thermal Expansion

Rise of temperature of a substance leads to change in its size,

usually an increase. This is called thermal expansion.

Coefficient of Linear Expansion

_ 1 A@
~ 2 AT

where A@ is the chanre in length @ due toa change AT in

temperature
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* Coefficients of Areal expansion i and Yolume Bxpansion 7”

1 AA i AV
so a SS = —_— — .B A AT 2X > t V OT 3K

The coefficient X , PB and Y are slowly varying functions of
temperature, and are usually evaluated at room temperatures.

* Heat Capacity

Cy “a » Where temperature rises by AT when heat AQ is
supplied.

+ Specific Heat

C

6, = = where m is the mass of the body.

Heat that must be given to a body to raise its temperature from Ty»

to T, is 72

Q = m{ dr
A

2

Usually the specific heat G, depends upon temperature.

* Thermal Conduction

When two parts of a body are at different temperatures there is a

flow of heat from the hot to the cold region in the body. The heat

flow per second across an imaginary surface of area A is given by

at
Q = -KA ax

where at is the temperature gradient across the surface; and the
constant K is called the thermal conductivity of the substance.

The unit of K is kilocalories per sec per meter per °C.

II.5 Electricity and Magnetism

Laws of Blectrostatics

nf Like charges repel and unlike charges attract each other.
(11) Coulomb's law: The force between two charges q, and q, which

are separated by the distance r satisfies the relation:

9445

i
r

Y depends upon the medium and the system of unita.

(144) In a closed system, the total charge is conserved.

* Unit of Charge

The unit of charge is a coulomb. It is that charge which when
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carried by each of two bodies placed at a distance_, r meters apart

in vacuum produces a mutual repulsion of 8.9874 r x10’ newtons. —

4 -
In the MKS system y= AN € in vacuum where € = 8.85415x10 12

coul*/ nt-meter<

In the CGS system Y= 1 in vacuum.

* Conductors and Insulators

Substances (like metals and alloys) in which electric charges
can move around freely from one point to another are called conduct-

ors. Insulators are those in which tnis does not happen - glass,

rubber and plastics etc. are examples of insulators.

* Electric Current

Where charges flow in a conductor, an electric current is said

to exist in it. The MKS unit of current is an ampere. It is that

current which when carried by each of two long parallel wires placed

one meter apart produces @ mutual attraction per unit length of

2x107! newton/meter (operational definition). This corresponds to
a flow of one coulomb of charge ner second across the cross section

of each of the two wires.

* Electric Field

The field of force surrounding a charge cr distribution of charges

is called_the electric field. The electric field strength 5( Y ) at
a point Y is defined through the rel stim

> » >?

, r(y¥ ) = qe(7 )
where F(Y) is the force experienced by a test charge q placed at
that point.

—> ——»

The relationship between electric field E( ¥) and the charge
density P(7y'), is

0& t Oly , Obe_ P
ox sy az &

= 47 (CGS system)

V. E = (MKS system)

* Electrostatic Potential

Electrostatic potential (7 ) is defined by

> Oo a o¢ s o¢ A
Bee (rit sese Sk)

(¥) is related to (7) through
vd, x op ft a
mt? det age = VP RWS

(Poisson's equation in MKS system of units)
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In charge-free space

2

V dp = O (Laplace's equation )

* Blectric field and potential for certain charge distri butions

(MKS system )

Nature of charge distribution E(?) d (¥)

1. Point Charge | —_t —_i__
ree 4 ané&r "| 4@n6r

2. Line charge along z axia, n a n inr

charge per unit length 7 an er r 27v €,

3. Surface charge in xy plane, Oo” A Oo”
e - Zwith charge density o 2 €, Zz > E

4. Sphere of radius as Crp Qx2

charge density P 3€ Crs r¢a ~ 66,

ara 3

Ser ort ® 36r
5. Solid cylimer of radius Ors Ore

a, charge density P 26, er» Ta ~ 4

—-@,,rdéa } 0 a? inr
r’ -

2@r | 2G

Tne same as at

6. Inside a charged cami uctar zero the surface

7. A positive charge e ani 2ed cos9 A ed cos8@

an equal negative charge ee er :

-e separated by a amall d sin@ ”

distance d along z axis + <o_ Se eg
at the origin (dipole).

* sPotential Difference

Potential difference between two points in an electrical circutlt

is defined as the work dame per unit charge in taking a test charge
throwh the circuit between these two points. It is measured in

volts (=joule/coulomb).

* Ohm's Law

If a current I flows in a conduwtordue to application of a valtage

V then, I == (Ohm's law).

R is called the resistance of tim cmductor.

The unit of R is ohm (volt/ampere ). G = 7 is called the caductance
of the coniucta@.

* Joule's lew

The heat produced per second due to the passage of an electric current
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through a conductor is

H ~ RI’ = v’ /R

Conductivity Tensor

i

In terms of current density J(*) in a medium and the electric
field E(Y¥ ), the general relationship equivalent to Ohm's Law is

> _, p> we

iv) =O R(7)

where © }¥# is called the conductivity tensor.

Resistances Connected in Series

R= Ry + Ry + seceeee + KR (n resistors in series).

Resistances Connected in Parallel

toi, 44 +2
R R, R, R,

Capacitance

When a body acquires charge, its electrostatic potential changes.

The relationship between the potential V and charge Q is given by,

Q
CH¥y

where C is called the capacitance (or capacity) of the body. Usual

capacitors are parallel plate condensers, electrolytic condensers

etc.

Unit of capacity is a Farad (=coulomb/volt)

Capacitors Gonnected in Series

+ 22
2 C,

Capacitors Connected in Parallel

+

1aja alaaj— fl

C=C, +C, + coon tC

Dielectric Constant

The introduction of an insulating medium between two bodies fo m-

ing a capacitor increases the capacity by a factor K, called the

dielectric constant of the insulator (alao called dielectric medium).
Capacitance of a parallel nlate condenser with the

K - medium between the plates

Capacitance in vacuum

The electric field strength (and also the potential) due to a

point charge q in a dielectric medium is different from that in
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vacuum and is given by

—_ , Ve

E(+) = 4ne.k 7" t

Dielectric constants of insulators

ya

Insulator K Insulator K

Vacuum 1.00000 Polyethelene 2.3

Air (Dry) 1.00054 Polystyrene 2.6
Water (pure) 78.0 Teflon 2.1
Mica 5.4 Neoprene 6.9

Amber 2.7 Paper 3.5

Fused Quartz 3.8 Titanium Dioxide | 100.0

* Energy stored in a capacitor

Electrical energy stored in a capacitor is

2
1 Q 1 2

BT oz

* Table of capacity of s-me capacitors (MKS system).

Description C

Sphere of radius a 47T€, X Ka

Circular Disc of radius a | 8 &, * Ka

Two spheres of radius a 4n€.xKa In 2

in contact

Parallel plate capacitor Ea/a
(plates of area A each
placed at a distance d

apart

Two coaxial cylinders of 2M Ey Oto b )
length 1 and radius a and

b ( b>a )

Concentric spherical shell| 4 m€, ab_

(Radii a and b, a < b) a-b

* Field of mametic induction (Magnetic field)

A field of magnetic induction (magnetic field) of strenrth B(*)
is said to be present at T if a charge q moving with velocity
experiences a sidewise force F( ) at that point at right angles
to w , given by the relation —_—»

FP) 2 y WBF)

* Ampere's law

f 2.21 = Pols for any closed path enclosing current I
* Flux of magnetic induction

The flux of magnetic induction (or magnetic flux) ?, through



Electricity 10]

a surface S is given by

— => >f, - fi - 4S (dS is an element of area),

Faraday's Law of Electromagnetic Induction

When the flux of mametic induction changes through a closed
circuit, EMF is induced in it. The induced EMF € satisfies the

relation

cu - 4%
at

—_

Equivalently, if E is the electric field induced due to the change

of flux, > 7 dd,

G E.dé = — Tie
where the integral is over the closed loop.

Lenz's Iaw

The current due to the induced EMF flows in a direction such that

it opposes the change that produced it. (The minus sign in Faraday's
law arises from this).

Inductance

Tg the current I changes in a circuit, PB changes and hence an
induced EMF (€) appears in the circuit according to the relation

€ 2-21

Lis called the inductance of the circuit and its unit is a henry
(= volt. sec/amp.). The mutual inductance M between twe conductors
1 and 2 is defined through the relation

al
1Es - Ms

* Energy Stored in an Inductor

2
Up = ly

* I-CeR Circuit

*%

If an alternating EMF of the form E=E (sinest) is applied toa
circuit comsisting of a resistance R, cApacitance C and inductance L
in series, the current in the circuit is given by

I = = Sur(cot +h); dan
JR + (To - Ty lw- ty

Cw s SET TEEP gyKirchhoff's Laws R

(1) The algebraic sum of currents flowing into any point in a
network is zero. (2) The algebraic sum of the products of currents
and resistances around any closed path in a network equals the
algebraic sum of the EMPs present in that path.
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* Torent” Force (MKS system)

The force experienced by a charge q moving in a combined electric

field E and magnetic field with a velocity @ is given by

Fe q (E+ vx B)

* Maxwell's Equations (MKS system)
lp

_

Vxrt.- 22
aly

ay -»-

VxH=J + 22

7-D
wee
V-B = O

-_

For isotropic media, Dex éE, B= #H. Here J and f are current
and charge densities respectively.

* Boundary Conditions

If n is unit normal to the boundary between media 1 and 2, then

1, fx (£,-B) = 0e n x 978) =
>

2. ne Do- D,) = fs, Ps equals surface charge density at the

3. fx (H,-#,) = 0 Boundery-
A —> =»

* Energy Density of Electromagnetic Field (MKS system)

*

*

|

Us% (E. D+H. B)

Sealar and Vector Potentials

- Scalar potential is the electrostatic potential defined earlier.

Vector potential is denoted by the symbol ‘KR, They are related to
electric and magnetic field through the equations

_ #¢ly,

wi wy >|—_

Vx

Gauges

A and¢defined above are not Lmiques, I MF) is any, arbitrary
function of pron tee then V =z ik- Xand Pp! =f 2 lead
to the same as Kandd . thie arbitrary parame erX iscalled the gauge * pareneter and a specific choice of X leads to a
specific gauge.
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* Lorentz Gauge

*

A+ Vue?Here is x is chosen such that V-A + VM E <f zo

The {axwell's equations | &ive (in the rentz gauge )

VR-MC Se PS Vp -pe Sa Ce.
Blectromametic Waves

In @ charge free, non-conducting medium,

2 +e
VE = iP € .

=fEVuH f° SEs

These refer to propagating electromaznetic waves whose velocity is
For vacuum this velocity is—2. .c, the speed of light.

oPoynting Vector fe
> +

> 1 (E x B)
ssa

oO

gives the flow of energy per unit time per unit area normal to the
direction of propagation of waves.

Poynting's Theorem

7'S+3U_,
ot”

_ > od ~~

Where the energy density U=% (E .D+H. B)

Magnetic Properties of Matter

Magnetic properties of matter arise from the fact that the constituen
charged particles have orbital and spin angular momenta. The major
contribution comes from orbital motion and spin of the electrons. Both
these motions result in magnetic dipole moments (% which when
placed in a field B experience a torque

—_ —_ —»

and acquires the potential emergy

> +>

us -# eB

The macroscopic magnetism in all ite forms is a purely quantum
effect, requiring use of quantum mechanics for explanation.

Magnetization

The magnetic moment per unit volume (M) is called magnetization.

Paramagnetic Substances

When placed in an inhomogeneous magnetic field, these substances
tend to move toward its stronger regions.
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Paramagnetic Susceptibility

The magnetization (M) in a paramagnetic substance is related to
applied field (#) by the paramagnetic susceptibility X n

7 7

M= XH (Isotropic Medium)

Langevin's Formula for i (Paramagnetism)
wd + AH

Mo= N —

Where N = number of atoms per unit volume,

/* = dipole moment of each atom,

k = Boltzman's constant

and Langevin's function d(x) is given by
1

& (x) = coth x- >

Curie Law

For HAS kT, Langevin's formula leads to

-NMm _f . YeXe RTE CAH

Quantum Mechanical Formula for M(Paramagnetism)

M = NA gd ae )

where“, = Bohr magneton g = Lande' g factor, J is the total
angular momentum quantum number and the Brillouin function

2J+1 1 2S+1 1 xB,(x) == coth 3) - 3ycoth

For x LK 1

Ag?

X _ = Na(s+1) sft

Diamagnetic Substances

When placed in an jnhomogenous magnetic field, these substances
tend to move toward its weaker regions. This effect is present
in 411 substances but it is so weak that it is often masked in
paramagnetic and other substances. Microscopically, this effect

arises due to the orbital motion of the electron.

Langevin-Pauli Formila for Diamagnetic Susceptibility

M = BX
2

N a

X=- Gar 2 7
Where r is the mean square distance of the electron of charge e and
mass m from the nucleus. The summation is over all the electrons.
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Ferromagnetic Materials

In these materials, magnetization is produced by cooperative
action between groups or domains of collectively oriented molecules.
These are characterized by the onset of spontaneous magnetization
(in zero applied field) at temperatures T¢T where T is called
Curie temperature. c c

Weiss Molecular Field

Weiss assumed the existance of an intemal field proportional to
the magnetization in Ferromagetic materials.

Then M pane + ae)

where H, is the applied field and q is a constmt. 2Z(x) is again
the Langevin function.

For T € qT. where T. = “ea one gets a non-vanishing solution for M,

Curie-Weiss Law

If T>T, » the susceptibility in the above case becomes

X _ NA _ &

~ 3k(f-1) ~ TT,

Heisenberg Exchange Coupling

Heisenberg replaces the molecular field assumption by the exchange
coupling between pairs of atoms, a purely quantum mecharical concept.
The problem is solved under approximations to yield

M = gNS M, Bs (x)

Swhere S is the spin, x = ave (H + qM),
22q= ee 2, j = exchange energy, z = no of nearest

B 
neighbors.

Also B, (x) is Brillouin function (see paramagnetism) and
2zjS(S+1) « AN p2tT. - SEd5(S+4) Na Sse) forT >T.

3k TT, ¢c

Curie Temperature of Ferromaynetic Elements (in °c)

Fe, 770; CO, 1131; Ni, 358; Gd, 16; and Dy, -168.

Antiferromagnetic Substances for Antiferramagnetic Susceptibility

In these substances the magnetic ions can be divided into equi-
valent sublattices which become Spontaneously magnetized in an
antiparallel arrangement below some temperature T°

Van-Vleck's Result

2 2 faXx a & NAY 8(S+1) ¢

3k(BP ) ~ (TI)
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I1.6 Optics

The study of the physical phenomena concerning light and the physical

concepts that underlie their interpretation constitute the subject matter of
optics.

* TLaws of Geometrical %ptics

(1) Light travels in straight lines in a homogeneous mediun,

(Law of rectilinear propagation)

(ii) Angle of incidence = Angle of reflection (Law of reflection)

(444) se = n,, (Snell's law)

(iv) The incident, reflected and refracted rays and the norm)

to the surface lie in one plane.

* Refractive Index

The refractive index n 9 of medium 2 with respect to that of medium

1 is the ratio of the veldcity of light in medium 1 to that in medium
2. Generally the medium 1 is assumed to be vacuum and then the ref-

ractive index is denoted by n. It depends upon changes in the medium

due to changes in pressure, temperature etc. and also on the wavelength

(see later) of the light used.

Table of refractive indices (sodium light, temp.=20°C)

Fused Quartz 1.458

High-dispersion 1.520 Solutions 10%| 1.348
crown of 20% | 1.364

Glass / Light flint 1.575 sucrose 40% | 1.400
Heavy flint 1.650 in 60% | 1.442

_ \Heaviest flint 1.890 water 85% | 1.503

Water 1.333 Air (NTP) 1,0002926
Ethyl Alcohol 1.361 Carbon dioxide | 1.00045

(NTP)
* Fermat's Principle

§ {nas = 0
for the actual path traversed by light. ‘Thus the optical pau
(defined as the product of the refractive index and the distance
traveled by light) can be minimum, stationary or maximumand it is

reversible. An equivalent formation is in terms of the time taken

by light to traverse the path. This time should be an extremum.

* Image

‘If a bundle of rays diverging (or appearing to diverge) from a
point S is somehow changed into another bundle of rays which converge

to or diverge from a different point S', then S' is said to be the

image of S. It is real (or virtual) if the rays converge to (or
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diverge from) it.

Optical Svstem

A system of optical accessories like lenses, mirrors, prisms etc.

can form images constitute an optical system.

Axis of an Optical System

This is defined as that line around which the system can be rotated

arbitrarily without altering the object and the image.

Focal Points

Incident rays parallel to the axis converze to (or appear to diverge
from)a point F, called secondary principal focus. Rays diverging from

¥,, the primary focal point on the axis, emerge parallel to the axis.

Conjugate Points

Object and image points ave interchangeable (reversibility of light)

and they are called conjugate points.

Principal Points

These are the conjugate points for which the object size equals

image size (i.e., unit lateral) magnification.

Thin Optical Systems and the Optical Centre

These are the systems for which the principal points coincide and

this point is called the optical centre of the thin system.

Marnifications

Ratio of the sise of the image to that af the object is called

magnification. lateral magnification (m) is the ratio of dimensions
of image and the object measured perpendicular to the axis. Transverse

magnification (/4) is the ratio of the dimensions parallel to the axis

avid angular magnification (VW) is the ratio of amgles subtended by
the image and the object at the optical centre.

Nodal Foints

These are conjugate points of unit angular magnification. They

coincide with the optical centre for thin systems.

Focal Lengths

Distances of the foci from optical centres are called focal lengths.

Gaussian Convention

All distances are measured from the optical centre.

Newtonian Convention

All distances are measured from the focal points.

Sig Convention

In the formulae for conjugate points it is necessary to fix up the
convention for the signs of various distances measured. For example
focal lengths are considered positive for converging system md
negative for diverging system, convex surfaces are taken to have a
positive radius and so on.
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* Paraxial Rays

Optics

Rays which make small angles (uX so that cos uci and sinucw) with
the axis are called paraxial rays.

* Paraxial Ray Theory

The theory of image formatim which treats the paraxial rays as

adequate description is called paraxial ray theory (First orer
theory) °

and sin u% u-= and this is usually used to describe the
aberrations (defects) of the images.

* ‘Dable of relations between conjugate noints for some simple optical

systems (raraxial ray theory).

For the tnrird order theory one mst use cos uZ2 1-

with Yr, and Tr as radii

of curvature
(Note that r#f'!

if the media on

both sides of the

lens are not the

(xx'=ff'! in Newtonian

convention

Description of the optical Focal Conjugate relations | Lateral

svstem length (Gaussian convention) magnifi-
s=object distance, cation

s 'simave distance m |

Plane Mirror os s'=3 1

Plane refracting surface . n', 1

of index n, viewed from 00 sh
a medium of index n'.

Spherical refracting ny! _n-n' nin’ _n-n' n rs

surface (n), viewed from ff' or rs! 7 > We ms!
(n'). Radius of curvature
Tr.

Thin spherical mirror of fat te ivi -- 2 | 3s

radius r "2 s s' r f 8

Th f activ 1 14,17 1 4 1

index f (paced in aie ft =(n-1 \G roe" a s' f | 3!
8

. game).
We

Thick lens of refractive n neat n" nid |/n n' ni-n (first | pos"

index n' with medium of f° fear fies) "gt ©, surface) pts
index n to the left and $41
that of index n" to the where f,, f! are where

[right. ry and ro are focal lengths of jn', n"_ n"-n'(second| (nn)

the two radii of curvature; the first surface 85 85 ry surface] ?* yn |

and 'd' is the distance and fo,f§ are for

between the points where the second surfac

the axis ‘cuts the surfaces| and

n _ n' n' n" n" n n"

tf, ft)’ ty” ty * gs" " ¢ TM gn
(over all)

* Combination of thin lenses

The focal length f of a system having two thin lenses separated
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by a distance d in air is

f,f,

f=>F
ttp-4

* Defects in Optical Systems

If an optical system is constructed by using the results of paraxialray

theory of image formation then it shows many defects out of which the

following ones are important.

(1) Snherie:l Aberration: This arises due to the fact that all rays

from the object point do not focus at a single point and the result is

a@ blurred image.

(2) Coma: Tiis defect gives rise to a comet like appearance for a

object point located off the axis. The comet like image is formed

on @ plane perpendicular to the axis.

(3) Astigmatism: This defect is like coma except that the blurring
of image is prrallel to the axis. An optical system corrected for

spherical aberration and coma shows this effect in a pronounced way.

However all the three defects can be eliminated simultaneously and

then a point object forms a point image.

(4) Curvature of the field: An optical system corrected for the above
three defeccs may form a curved image for a plane extended object

because the image points my not necessarily be in one plane.

(5) Chromatic Aberration: All the above defects may be corrected
for light of a single colour but the optical system still shows the

defects for other colours because the refractive index varies with

colour. This gives rise to chromatic aberrations.

* Wave Optics

Light is a part of the electromagnetic radiation that can be studied

through the use of Maxwell's equations. The study of light waves
(with wavelengths A , frequence Y” and velocity AY ) constitutes
the subject matter of wave optics.

* Annroxinate Ran es of Wavelengths of Virious Radiations

Gamma rays 0.005-0.1, &

X-Rays 0.1-1000 A
Ultraviolet, Vacuum 1700 :

Ultraviolet, far 1700-2200 A

Ultraviolet, near 2200-4000 A

Visible 4000-7500 A ;
Infrared 7500 A= 15¢4 (p2micron)
Far infrared 15 ~ Imm

Microwave 1 mm —- 1C cm

Beyond a wave length 10 cm, the radiationis conventi onally
termed radio waves.

* Javelen, ths

The unit of measurement of A is usually an Angstrom (A)= 107 Som.
For visible licht, A vuries from about 3800 A (violet) to about
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7200 h (red). For a given colour A varies in a certain range.
However for light of some particular colours emitted by certain

Staniard wavelengths

are chosen from among some of these wavelengths.
specific sources,

Table of some standard sources

spectral lines enit

has definite values.

ted by them (Entries
with the wavelengths of

are in Angstroms).

Heliun Sodium | Hydrogen | Mercury galcium Cadmium | Iron
Ionized)

6678.15 6562.82 5790.65 6438.47 | 5269.59

5875 62 5895.92 | 4861.33 5769.59 | 3968.47 | 5085.82 | 4307.91

5047.74 | 5889.95 | 4340.46 | 5460.74 | 3933.67 | 4799.92

5015 .67 4101.74 4916 .04 4678.16
4921.93 4358.35

4713.14 4077.81

4471.48 4046.56

4437 .55

4387 .93

* Fraunhofer Lines

It is a basic law of spectroscopy that substances that emit

certain lines (spetral lines) when excited, can absorb strmegly

these very lines, Thus absorption lines can also serve as standards
for wavelength and Fraunhofer lines are some standard absorption

lines that appear in the spectrum of the sun.

Table of most intense Frauhofer bands and lines (in stroms

a webtemmetes

Design ationt Wavelength(s Designatio Wavelength Designation} Wavel t

A 1594 to 7621 E 5269.541 f 4340.465
(Band )

B 6867 to 6884 b, 5183.618 G 4307 .906
(Band ) Emitted by

c" 6562.816 bs 5172.699 Iron)
yy 6276 to 6287 b, 5168.901

a (Band) b, 5 167.491 g 4226.728
(Emitted by

Tron)

D, 5895 .923 c 4957 .609 h 4.101.735
‘Emitted by Sodium) F 4861.327 H 3968.468

Do" 5889 .953 a 4668. 140 K 3933 .666

Ds S87§ .618 e 4383 .547

* Interference

when waves are sup°-rimposed, they produce the phenomenon of

Interference. Interference of light waves has many interesting applie

cations.
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Since wave propagation is a periodic phenomenon, the mathematical

technique of Fourier Analysis can be used to decompose the wave in

terms of pure sine and cosine waves (plane waves). Therefore it is
adequate to study the interference of two sine (plane) waves.

Interference Between Sine Waves

When two sine waves of same frequency @, travelling with velocity

V from two sources meet at a point which is at distances d, and @

respectively from the two sources, then the resultant anpiitude
S = 8,+8,= A, ein(ce (t-2") +E yf, sinlwr(t - —)€,}= Asin (wt-6)

where €, and € pare phase constants and

2A = At 4A + 2 AA ,cosd2

2

27

The intensity which is proportional to ae varies between
2 2

(A, + A,) and (A,~A,)

Coherent Sources

If the two sources are different or even different parts of an

extended source, then € , and é > vary rapidly by arbitrary amounts

end the time average of His zero. Then the sources are said to be

incoherent and there is no change in the intensity pattern. But if

( €5- €,) is a constant at all times, then the sources and the

Waves are said to be coherent. Such coherent waves are obtained by

the division of a single wave into two parts. This division can be

achieved by (a) division of wave front or (b) division of amplitude.

Interference Pattem

When the waves are coherent, the intensity varies from point to

point because AA is a function of di-d,. If A,=A, then one observes
altemate dark and bright pattems called interference fringes.

Huygen's Principle

This principle states that every point on the wavefront can be

regarded as a centre of new disturbance and therefore a source of

secondary wavelets. These secondary wavelets travelling with equal

velocity are enveloped by a surface identical in its properties with

the original wavefront. This is then the new wavefront. It is a

simple but adequate approximation to the actual problem of light

propagation in the presence of partially obstructing opaque objects.
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* Diffraction

The phenomenon of spreading of light into the region of geometrical

shadow is called diffraction. On the basis of Huygen's principle,

this can be looked upon as due to the interference among the secondary

wavelets. The phenomena of diffraction can be broadly divided into

the following two categories.

* Fraunhofer Diffraction

In this type of diffraction the source of light and the screen

on which the diffractio is observed are effectively at infinite

distance from the aperture causing diffraction. This can be done,

for example by placing the aperture and the screen at the foci of

two converging lenses.

* Fresnel Diffraction

In this case the source and the screen are at finite distances

from the aperture. This is a mathematically complicated problem

to analyse.

* fable of Fraunhofer diffraction in a few cases

Description of arrangement | Descrintion of the diffract-| Result for the

ion pattem Intensity at a

point P on the

screen

Single slit: Width is b. |A central maximum followed | 142 sin? B
oO x

The P on the screen is at|by minima and other maxima

a distance X from the with decreasing intensity. where =7.0 gin @

slit and the joining The pattem is symmetrical

line makes an angleJ-@ at/about the central maximum. | and A, = b
P, with the screen x

Double Slit: Each of widtyThe central maximum and 9

b with @ distance d bet- |neighbouring maxima become | 10 4A2 sink cos?y
ween their centres very intense but narrow. fp

The pattern is again where

‘ symmetrical. wit
y = 58 sin

Diffraction Grating: N Well separated very intense .

‘slits of width b each and jand very narrow lines 2 2
equal separation d. For {dsin@=# mAfor these Toca? sin sin Ny
usual laboratory gratings | lines, m = © or integer sin“y

N ~ 1000: lines/em.
(Note that this reduce
to double slit formul
for N = 2)

* Polarised Light

Light which exhibits different properties in different directions
at right angles to the line of propagation is called polarized light.
Maxwell's equations show that an

wave and when it propagates, the

Born ee nraee wave is a transverse
(¥) at different points are
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parallel among themselves (H is perpendicular to E and both of these
are perpendicular to the direction of propagation). The plane con~
taining & (Z) and the line of propagation is called the plane of
polarization.

Ordinary light, emitted by different atoms, is a mixture of waves
whose planes of polarization are randomly oriented and it is said

to be unpolarized. However on passing this light through anisotropic
media like crystals (calcite for example), the transmitted light gets
plane polarized.

Malus's 1 aw

A second calcite crystal can be placed parallel to the fiwt

crystal which transmits plane polarized light. If the intensity

of the emergent light (x) is studied as a function of the angle of
rotation of the second crystal, then Malus's law is found to hold

good.

I = Im cos"

Polarization by Ordinary Refraction and Brewster's Law

During ordinary refraction, for a specific angle of incidence 6p
(called Brewster's angle) the reflected and refracted rays are at

right angles and if the incident ray is unpolarized the refracted

ray is polarized in the plane of incidence and the reflected light

is polarized perpendicular to this plane. Ifn is the refractive

index, then

tan 8, =n. (Brewster's law).

Light Propagation in Anisotropic Media

Microscopically, reflection, transmission and absorption of light

wave are the results of the scattering of light from elementary

electric dipoles in the medium. In anisotropic media like crystals

(cubic crystals are exceptions), these dipoles are arranged such that
the electrical property of the medium is different in different di-

rections. Thus the dielectric constant and hence the index of re-

fraction are different in different directions. Then

> >

De €E5E

where € is the dielectric tensor. It is always possible to find

three mutually perpendicular axes called principal axes along which

this equation reduces to

Dy = € Ey? Dd, =€oE os Dd = €5E,

E17 €5 and €, are principal dielectric constants and n 4? Mp and n,

€ne corresponding refractive indices corresponding’ to Seloci-
ties Vas Vo and Vz°
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*

Relativity

Optic Axes

If a wave of velocity ¥ travela in an arbitrary direction with

direction cosine (1,, 1,, 1 ), then
y § 2

2 2 £

ae + + —— = O
ur p> U2. ww vs Ll 19+-

and this yields two values of v" showing that the wave breaks up into
two waves traveling with different velocities and remarkably then can

be shown to be polarized at right angles. It also follows from the

above equation that for specific directions the two values of

become the same and these directions are called optic axes. Uniaxial

crystals have one optic axis while Biaxial crystals have two.

Double Refraction
>

Since D and E are not in the same direction in anisotropic media,
the direction of wave propagation Dx His different from that of

energy flow E x H (Poynting vector direction, ray direction). In
an anisotropic medium there will be two different ray directions

and the incident ray breaks up into two rays. This is called double

refraction. One ray follows Snell's law and is called the ordinary ray

while the other one is called extraordinary. The corresponding indices

of refraction are denoted by ny and n,° The two rays coincide along the

optic axes.

Optical Activity

Certain materials such as sugar solutions and quartz (along its

optic axes) have the property of rotating the plane of polarization

while transmitting polarized light through them. This is called

optical activity and has many applications.

Speed of Iignt

The speed of light in vacuum (c) appears as a fundamental constant
in modem physics and according to Einsteinstheory of relativity,
‘no speed can ever exceed c. Some of the more recent measurements of

c (in Km secTM') are given below:
, year Authors Ne thod Yalve of ¢

1954 Rank, Shearer Molecular Spectra 299,789.8 + 3.0

and Wiggins

1957 Bergstrand Geodimeter 299 ,792.9 + 0.16

1958 Froome Mic rowave 299,792.5 + 0.1
interferometer

II.6a Special Theory of Relativity

1. All inertial frames (see Newton's law) are equivalent insofar
as the formulation of physical laws is concerned.

2. Velocity of light in vacuum (c) is the seme in all frames of
reference.

* Lorents Transfamtiao

Let an event occur at time t and position (x,y,z) in an inertial
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frame S ami let an observer in another inertial frame s’ characterize
the sane event by t’ ani (x, y, ¢). If S’ is movingwith unifom
velocity v with respect to S alom the x-direction such that at t=<0

the origins of S and 8’ coincide, then

/

X= ! (x +vt) x 1 (x-vt)
fi- ~ Vi ¥

c @2

/

Jy = y y = y

‘ /

Zz Z / Z2232 2

1 (+ WX ) ’ 1 vxt= + t = (t~ 5 )

ye ne
In the limit of =~0, these transformatim equations go over to the

Galilean Transformation equations

~

x—vt

“os heuer tl etn %&~+t nm <<
* Tr formation of Length, Mass and Time

The length 1, mass m and time interval t measured in S are

related to the corresponding quantities 1’, m; and t measured in
S through the equations

1‘ = 1-5) 1, n= zm ’ t = ‘
c - ri /i- ve

e2 o2

Rest mass (m,) of a particle is the mass measured in the frame of

refereme in which the particle is at rest.

* Addition of Velocities

If an entity is moving with velocity v, w.r.t. S in positive

x-direction, then its velocity vo measured in S will be given by

viv

vey

* Energy Momentum Relation

The energy E and momentum p of a particle of rest mass By is

given by

vo =

Brae" p amie’
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II. 7 Gases, Liquids and Solids

(1) Gases

*

+

Boyle's Law : PV = Constant at Constant T

Charles! Law: V = Constant xT at constant P

Ideal Gas Law: PV = nRT where n = number of

moles and R = gas constant

Gas Constant: R = 6.082054 liter atm/mole deg

82.055 ce atm /mole deg

8.314 joule/mole deg

8.314x10' ergs/mole deg
1.987 cal/mole deg

q e =Dalton's Law: ProtalTM PytPptPr, eooe Where Py?

Pp and Po refer to partial pressures

of components A, B and C.

Avogadro's Principle: Equal volumes of all gases

contain equal number of molecules at

the same P and T.

kT

V of 1 mole of gas at STP = 22.413 liters

PVT Behaviour of Real Gases: PA = ZnRT where

4 is the compressibility factor

Van der Waals Equation of State: (P +0/V") (vV-b) = RT
for one mole

Berthelot Equation of State: (P+A/#V¥~)(V-B)=RT for one mole

Critical constants: The temperature at which the liquid

“Ininiscus disappears (while cooling a gas)
ie the critical temperature Ty The vapour

pressure at to is Poe The volume at tT. and

Po is Ve°
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Rn” v/v, and T, = 1/t,* Reduced Quantities: Ph P/P, : Vv

* yan der Waals constants: t =@ a/27bR ; Po = a/27b"; Vo = 3b

PV /t_ = 3R/8
cc Cc

* Kinetic Theory of Gases: PV = 1/3 (Nme-)

FvineticTM 3/2 opt
Root mean square velocity = °° = (3RT/M) 1/2

Average velocity = c = (apn/rea) /2

* Graham's Law of Effusion: r,/t, = (u/u,)'/?

where r and M stand for the rate of effusion and

molecular mass of the gas. 1 and 2 are two different

gases.

* Mean Free Path: XX = 1/2'/2 nian?

where N' is the number of molecules per cc and 0

is the molecular diameter.

* Viscosity of a Gas: y =zme /2(2)Vene?

i

where No is the number of particles in a given state

* Boltzmann Distribution Law: N, = Ny exp (-E, /«)

and Ny is the number of particles whose energy E,

is above that of the given state. If several states

have the same energy (degeneracy of level E,)>

N, = 8, N, exp (-E, /kT). If N is the total number

of particles,

n/N = g,exp (-E,/ kT) /Sé,exp (-B, /k2)

(41) Liguids

* Viscosity 1 ="Pr't/eV1 where ¢ ig the time
required for Vm1 of liquid to flow

through a capillary tube of length

1 and radius r under an applied pressure

P(Poiseuille equation).

Wh = (t/t) x (€,/@) where and C
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* Surface

* Vavour

(i111) Solids

Solids

are densities of a know and an unlmown liquid and

% and t are the times required for the discharge

of the same volumes of the two liquids through 4

capillary.

7 = A exp (AE/RT)

Tension dw =\dA where dw is the work
dene on the surface in extending its area by aA and

\ is the surface tension. By the capillary rise

method

VY = 1/2 Cghr

where r is the radius of the capillary, h the

capillary rise, @the density of the liquid and
g the acceleration due to gravity

Pressure and Boiling Point:

The pressure of the vapour in quilibrium with a

liquid at a temperature is the vapour pressure.

At the boiling point, the equilibrium vapour

pressure is equal to the extemal pressuré. At

the normal boiling point, the external pressure

is 1 atm.

* Space lattice: A space lattice is an arrangement of points

in space such that the environment about a point is

the same as about every other point.

* Unit Cell : A unit cell is the basic structurel unit that

repeats itself infinitely in three dimensions.

* Simao Crystals may have four kinds of symmetry:

* Miller

1) Rotation axes (ii) Mirror planes (iii) Genter
of inversion and (iv) Rotation-inversion axes.

indices: The intercepts of the plane of a face of

&@ crystal on the three axes may be expressed as

ratios to unit distances a, b, and c along these

axes. The Miller indices are the reciprocals of

the intercepts of the axes in terms of these unit

distances multiplied by a factor to eliminate fractions.
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Intercepts on X, Y and Z axes Miller indices

(1) 2a , b , °/2 (hki)

or2 , 1. , 1/2 1,2,4

(2) a@ » b » ©

or 1 > 1 3 oo 1,1, 0

* The Seven Crystal Systems: ,

System Axes” Angles

Cubic a=bec X= P=Y = 90°

Tetragonal a=b;c Ke= P= = 90°

Orthorhombic asb;ec Ka (=Y = 90°

Monoclinic asbsc K= Y= 90°; (3

Rhombohedral a=zb=c X= (= Y

Hexagonal a=b;c k= P= 90° ;V= 120°

Triclinic a;b5c Ks (57

* The 14 Bravais Lattices:

1. Triclinic 2. Simple monoclinic 3. Side-centered

monoclinic 4. Simple orthorhombic 5. Ind-centered

orthorhombic 6. Face-centered orthorhombic 7. Body-

centered orthorhombic 8. Hexagonal 9. Rhombohedral

10. Simple tetragonal 11. Body-centered tetragonal

12, Simple cubic 13. Body-centered cubic 14. Face-

centered cubic.

(See Figure on tho following page)
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1.Trichinic. 2 Simple Monoclinic. 3 Side-centered

Monoclinic.

4

4. Simple ©.End-centered 6 Face-centered 7 Body-centered

Orthorhombic Orthorhnombic Orthorhombic Orthorhombi

®
.

¢N
’
a

xAT See eee —
?

o”

8 Hexagonal 9.Rhombohedral 10. Simple 11 Body -centered

Tetragonal Tetragonal

|

é

12 Simple T3.Body-centered 14 Face-centered

Cubic Cubic Cubic

* ‘The B equation: n\= 24 Sin@, where n is the
So eE of reflection, A the wavelength of x-rays,
© the angle of reflection and d the distance

between planes.

* Relation between d and lattice parameters:

nook “41° ) VeCubie 4.) = 8 /(

Tetragonal 4,,, = 1 / (n? Ja? +k? Je 41° /o* ) 1/2
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Orthorhombiec 4, = 1/ (22 /azae? e241? /02)/2

Hexagonal 4... = 1/ [4/3e2 (n-+hkek”)+1° /* 7 1/2

For cubic lattices:

a t diag § 4444 a:(1/J2)a : (1//3)a (simple cubic)

200 * 4110 * 4222 a/2: (1//2)a: (1/2 73)a (Bee)

d dog * 44447 a/2 : (1/202)a : (1/43)a (Bec)
200

100

d

* Amplitude of x-rays scattered from the hkl planes of

all the atoms in a unit cell (structure factor):

P(hk1) =) f, exp 27 i(hx/atky/b+1z/c) where

X, y and # are the coordinates of the atom and t, is the
atomic scattering factor

* Point Defects

+-+- + +-+-=- + +-+- +
o @

-+-+- -+-@- -@M-+-

t+-+-+ +--+ + +-+B+

Interstitials Frenkel Schottky

defects defects

Entropy due to n imperfections distributed

among a total of N crystal sites,

S = kin N! / (N-n)!in !

* Band Model

Conductors or metals offer low resistance to the

flow of electrons. The resistivities of metals

are in the range 107" to 10 ohm em at 25°C
and increase with increase in temperature

Insulators have high resistivities in the range

1010 to 10°* ohm cm at room temperature. Semi-
conductors show resistivities in between those of

metals and insulators and the resistivities decrease

with increasing temperatures (proportional to exp( €/c?)
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The schematic bend representation of an insulator,

@ metal, m intrinsic semiconductor and an impurity

semiconductor is shown below:

Conduction

Band
wee

Forbidden —_.

energy gap

Valence Band—-+

Levels

Levels

Insulator Metal lntrinsic Impurity

Semiconductor Semiconductor

In impurity semiconductors (eg. germanium
doped with Group V or III impurities) the

impurity may produce electrons (eg. As, n-
type semiconduction) or positive holes
(eg., In, p-type semiconduction)

* Dislocations: Crystals contain defects similar to rucks

in carpets. These are called dislocations. These

occur when the periodicity in the lattice is in-

terrupted along certain directions.

There can be edge dislocations as well as screw

dislocations. Dislocations provide mechanisms

for many of the processes occuring in the solid state,

particularly the mechanical properties of crystals.

* Ionic crystals’)

The number of ions of opposite charge surrourding

en ion is the coordination number. The radius

ratio is given by cation radius/anion radius.
The cohesive energy of an ionic crystal is given

by : V = (-wue*/a) + A exp (-a/@) where N is
the Avogadro number, A and @ are constants, a is

the equilibrium lattice parameter and M is the

Madelung constant. M “2. = where ryjsare the
1

the distances from the origin to the points
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of a lattice with unit lattice parameter.

* Tonic Radii of pauiing "(in A)

1470.60 Be**0.31 BY°0.20 «0740.15 G= 1.40 ¥F 1.36

wa'0.95 Mg'to.65 a1*°0.50 sit40.4187 1.84 0171.81

KY 1.33. ca**to.99. Se*-0.81 Tat?0.68Se 1.98 Br 1.95

nb'1.48 sx**1.13 ¥*90.93 zx*40.80 Te” 2.21 I” 2.16

Cs1.69 Bat'1.35 La’?1.15 Ce*“1.01

(1) See L. Pauling, The Nature of the Chemical Bond,

Cormmell Univ Press, Ithaca, 1960.

* Heat capacities of Crystals

Einstein model ¢, = 3R(n2/2kT cach hv/2kT)*

Note: esch x = 2/(e*~e ~) and e*= tens (x7/2!) 400

Debye Model hv /kt?

C= 3R(kT/nv)? f e*x*ax/(e%-1)*

where x = hv /xT

At low temperatures, C, = o¢ 1°

* Bom-Haber Cycle

We shall consider the cycle for NaCl

Na’(g) + C1 (g)—_——> Naci(c)

-e| I +e -E, “AH,

Na(g) + C1(g) AH, +1/2D, Na(c)+1/2c1, (g)
where U = the crystal energy, Ai, = standard heat

of formation of NaCl(c), AH, = Heat of sublimation

of Na(c), D, = dissociation energy of C1,(g), I =

ionization potential of Na and BE, = electron affinity

of Cl.
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U = -AH, + AH, + 1/2D +1-8
A

rote 1 AB Ow
Nacl 99 117-26 54 88 181

NaBr 90 117 26 46 80 176

Nal TT 117 926 34 71 166

KCl 104 99 21 54 88 163

RbC1 105 95 20 54 88 159

II.8 Thermodynamics and Thermochemistry

In the most general terms, thermodynamics is a subject

that is concemed with the understanding and interpretation of

the properties of matter that are influenced by temperature

chances. The approach does not take into account the atomic

constitution ofmatter, but attempts to relate observed proper-

ties of matter in terms of the basic laws of thermodynamics.

Thermodynamics does not provide explanations as to why a par-

ticular substance has certain properties or why a chemical

reaction takes -a certain path.

(1) Elementary Principles and Laws

%

*

The Zeroth Law: If three or more bodies are in thermal

contact by means of diathermal walls and are all in

equilibrium, then any two taken separately are in equi-

librium with one another.

The First Law: Energy is conserved if heat is taken

into account. That is, dE =$q - 6W, where
&q is the heat absorbed by a system §W is the work

done by the system and dE is the increment in the

internal energy. ( & denotes inexact differentials).
In a cyclic process, f aE = 0

Heat Content or mthalpy

H= E + PV

* Heat Capaci ties

C= dq, /at x (O5/ 9),

C,= aq /ar = (OH/d7),



Thernodynamics 127

cc, = [P +(d8/dV)q] (2¥/ 32),

(See also Section II.4)

* Joule-Thomson Coefficient

p = (d7/ OP), = -1/c, (dH/d P),,

* For ideal pases

Cc, = R per mole.

2
AE = 5, - £, = Cat

7

To
AH = Hy - Hy = f car

TY

For an isothermal reversible volume change,

q = -W = nRT ln (v,/¥,)

= nRT In (P,/P,)

For an adiabatic expansion,

dw = C dt = - PdV

(t,/7,) = (v/v, where Y= c/c,

and py’ = constant

* Thermochemistry

AH =AE + A(Pv)

For ideal gases

QB #JAE +n Rf

As a consequence of the first law of thermodynamics,

“NE orAdH for any chemical reaction is independent of

the path. This principle is also referred to as the

Law of constant heat summation.
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The standard heat of formation of & compound is the heat

of the reaction by which it is formed from its element
s

(the reactants and products all being in the standard
state at 25°C and 1 atm), ‘The enthalpy of an element

is taken as zero.

Bond energy is the AH or AE required to form

a bond between two atoms.

The effect of temperature on heats of reaction

is given by :

a(AH®) = Ac, at = (AtBCT“+....)d2

AH? = Ale #AT41/2 BEM+ 1/3CT°+ oe

Note that the experimental heat capacity d&ta are

generally represented by a power series:

Cp = arbT+cT@+ enoece

* he Camot Cycle CARNOT CYCLE

Pp h
Heat reservoir

at T, W4
{

Qo Wa |
__W -W ' Wa

32] ENGINE —1+ —$
w -W by W
4 2 1 | 3; !

-q ' t 1 i

1 1 | i |

Heat reservoir i
at T, ;

Vy V4 V2 V3 V

LAE = Qt+W = Got {+H +W,+0_4+Wjt¥otWa+¥, = 0

Efficiency of the engine = -W/4, = (@,+a,)/a,

= (T,-T, )/t,

* he Secend Law of Thermodynamics

All reversible Carnot cycles operating between the same

initial and final temperatures must have the same efficiency.

(or) It is impossible to devise an engine which,working in

a@ cycle, shall produce no effect other than the extraction

of heat from a reservoir and the performance of an equal

amount of mechanical work.
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* Entropy (s)

For a reversible Camot cycle operating between
T, and T,, (a,/T,) + (a,/2,) = 0

(Reversible) ¢ dq/t = 0

ds = dq/t

4fae afte + (as = S,-S,+5,-S, = 0
2

1

For an irreversible process,

$aa/2 <0 and (4,/?,)+(a,/2,) <0:

Entropy change for a reversible process in an

ideal gas: ds = dq/T = (cat/t)+(nRav/V)

AS = 8,-S, = Cin(t,/?, )+nRin (v,/V,)

At constant volume, AS = C. In t,/T,

At constant temperature, AS = nRin v/v,

Entropy change for a change of state:

AS = AH, /T where AH, .. and Te are the

enthalpy and temperature of transformation

(fusion, sublimation or vapourization).

Criterion for equilibrium: In a system,at constant

E and V, S is maximum; at constant S and V, E is a minimum.

Free energy, work function and thermodynamic relations

Az E- TS

F = H - TS = A+PV, where A and F (also designated
by G) are the Helmholtz and Gibbs free energies respectively.

AF &AA + PAY, at constant P

LAF aA +Ankt

LA 2A - TAS, at constant T
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dE = TdS - PAV ; dA = — PAV - SdT

dH = TdS + VdP ; dF = -~ SdT + VdP

(d F/ OP), = V ma ar= f vaP
For an ideal gas, AF = nkT ln P,/?,

(dR/ aT), = -S = (F-H)/?

3d -AH[2 RE )|- >
Pp

(d8/ dP), = - (0 v/o T)p
(Maxwell's. Relation)

( CS/OV)_ = (dP/dT),

At constant P, S$ = fo,ainr + constant ; AS = C dint

C, = T (ds/dT),

c,=1 (ds/dT),

(d8/dV), +P=it(Q P/ OT) ys which

is also called the thermodynamic equation of state.

C-c, = 7 (dP/d7), (0 V/8T)_

* Chemical notential

pe (OP/d ny )y P,n
j

At constant T ‘and P, dF )pangy since

dF = — SdT + VdP + 2M an, - Thus,

n,@ Ms = 0 at constant T and P (Gibbs - Duhem Eqn.)

for a closed phase, > Han, = 0

* Phase rule

f = c-p+2 where f is the degrees of freedom, c the

number of components and p the number of phases.
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* Clausius - Clapeyron equation

ap/at = AH, /T. AY,

Por a liquid-vapour change,

2
dinP/a? = AH, / RI

in P,/P, =[- AH ap/H{1/2,-1/2, )|

Trouton's rule : /A\H 2 22 e@.uevap! boiling
* The Third Law of Thermodynamics

If the entropy of each element in some crystalline state

be taken as zero at absolute zero of temperature, every

substance has a finite positive entropy; but at the absolute

zero of temperature, the entropy may become zero, 2nd does

become so in the case of perfect crystalline substances.

If the entropy of a typical faseous substance, Z is to

be evaluated at 298.15°K the following steps will be

necessary.

(4) Extrapolation from 0-16°K (Debye theory} AS,

(41) Se, dlnT for solid form I of 2 {16°-100°K), AS,

(111) Transition,solid I Solid ITs; AH, /T,. (Ty =100%K)}< 5,

(1v) Scant for solid II (100°-150°K) , As,

(v) Fusion, AH /? (T,=150°K) , £8,

(vi) /C.dint for liquid from 150° to 200°K , AS

fusion’ fusion

6

(vii) Vapourization, AH JT (T=720°X) , AS,

(vidi) / C din? for gas from 220° to 298. 15°K, AS,

$598.15 0 84+ AS2+ AS3+ AS 4+ AS.+ AS e+ AS7+ AS,

* Mtrony 2nd nmbability

S = k ln p + b where p is the probability

AS = 8,-S, = k In p/P,

(See Section II.11)
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(44) Solutions and Phase Equilibria

* Measures of Composition

Mole fraction Xx, =n, /t1 where n, and ny are the number

of moles of A and total number of moles respectively.

Molarity, C, is the number of moles of the solute

in a litre of solution.

Molarity, m, is the number of moles of the solute

in 1000 grams of the solvent.

Weight per cent is the number of grams of the

solute in 100 grams of the solution.

X, = my, / (1000/M, ) + m,

whe re M, is the moleculr weirht of the solvent.

X, = c,/(1000 @ -C,4, )M+C,

where Pis the density of the solution.

~ / :X, 22 C,My /1000 0,
A

For dilute aqueous solutions, Cx CTM1 and a= C A

Pertial mol r quantities

For @ solution containing ny moles of X and ny moles of Y,

v, = (dv/9 "x),?.n,

dV = Van, + Van,

Vn + Vn
x x xy

Ss (98/97. )n,2yn} H.=( dH/dn,)

V

T, Pym, ,

Fy = (Q F/n,)
Ty Pyny

(OP /oP)_ = (QM/OP)q =V,
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(Op/oMp = - 3, + OHO, = G),

* Raoult's Law

Pa = X,Pa where PA is the partial pressure of A above

the solution in which its mole fraction is X, and Pa is

the vepour pressure of the pure liquid A. If B is added

to pure A,

oO - - ~(pe - p,)/PQ = (1-X,) = X,

* Ideal Solutions

~ {19Paha + RE inf + BP In x,

= 6 ° = He
Y= My ¢ Hy = Hy

AS = - REX, ln X,

Henry's Law

Py ak Xy where P. is the partial pressure of solute B.

* Boiling point elevation

AT, = (rr® / AH,) (m/1000) = K,TM>

where T, is the boiling point of the solvent, A\H_

the heat of vapourization per gram, m the molarity and

Kp? the molal boiling point elevation constant.

K,, = 0.514 for water

= 0.1.67 for acetone

= 2.67 for benzene.

* Freezing point depression

2
AT, = (RT. /k,) (m/1000) = Kem

where Zo is the freezing point of the pure solvent,

“AH, the heat of fusion and K, the molal freezing

point depression constant.
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K, = 1.855 for water
f

= 5.12 for benzene

= 40.0 for camphor

* Osmotic pressure

7\=C RT where C is the molarity of the solution

II. 9 Chemical Equilibrium, Electrochemistry and Kinetics

(i) Chenical Squilibrium

* Equilibrium Constant

aA + bH =— cC + dD

Ce) Coy* / (A* BYP =, ey =k
* Free energy

one ee

The standard free energy of formation of a compound

is the free energy of the reaction by which it is formed

from its elements when all the products and reactants

are in the standard states.

Ls F° = F° (Products) - Fo (reactants)

o¥° = - RT ln K,

An
K, = K, (RT)

2
Aue / RT

-AH® /R (1/t,-1/1,)

In Ky = -AH° / RP + A ln T+ BE 4c? .,, 41

dink, /)?

ink, /K,

* PFacacity and activity

For the general case of & component A in a nonideal

solution, dM, = Vv ,aP - § aT

At constant temperature, d Ba = V ,aP

Ms =oyt RE ln fy / t%
°and Pa = fa * BP in ey
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where fA and ff are the fugacities and a,

the activity.

min te mtin? far where

OC= RT/P - ¥

Activity coefficient Y = t/P

cd a,b
Kp = fof) / tifa

Tv Ye] [72% "|

Kp = KY K,

ec da a bd
Ka = 8 9/2) 4% = Ky Ky

Ka = KK, = Kyu Kn

(41) Electrochemistry

* Faraday' s laws

m/M = 1t/ZF where m is the mass of an element of
atomic weight M liberated at an electrode when a current

I is passed through the solution for a time t.

* Conductivity

R = 01/A, where 1 and A stand for the length and crose-
sectional area respectively and R and are the resistance
(in ohms) and resistivity (in ohm cm) respectively. The
conductivity is given by: g-= 1/¢@.

Equivalent conductivity is defined as:

\.= 1000 d-/C' where C' is the number of equivalents
per cc._/\. extrapolated to zero concentration is called
the equivalent conductivity at infinite dilution,..

N=, +h.
For atrong electrolytes, /\= NN xe /2

* Dissociation theory of Arrhenius and the Debye-Huckel
Postulates

The degree of dissociation aA /A,.
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ge i - 1f¥-1 where 1 is the van't Hoff factor and

VU is the number of iong produced,by a solute molecule.

For the reaction, PQ? P+Q, K save /(1-«) 2 Are/A, (A; A).

According to the Debye-Hifcke] theory, in dilute solutions,

strong electrolytes are completely dissociated. The factors

that decrease the conductance at high concentrations are the

interionic attractions (ion atmosphere) and frictional drag.

* ‘Transport numbers
+ . -

tha AL /A,s = N/A,

a= N Ze where N is the number of charge

carriers per unit volume, Ze is the absolute

value of the, charg end M,is mobility of an ion

(given in cm sec volt ). gs Bust A for

each ion in solution.

* Activities

For an electrolyte giving 7/ ions on dissociation,

the fugacity is given by, f=k a’, where a is the
activity (as Vm).

2
QA@wa a = &+

> = =

a= y,3, 3 a = ym

For a general reaction,Ay By V A'+y B,

V=Y+V and & = a a” at

vt y-

Yeh ¥
as JW (nTM n Ys \ Wy

V+ V-\1fy
y" ., / (a, mn )

From freezing point data activity coefficients can be

obtained by the equation ,

nm

Inj), =-3 - { (/n)an, where

j= 1-(A1, /um Ky).
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From aad data of sparingly soluble substances,

Ya = il? /o.

* Tonic Strength

2 2I, = 1/2 9m, 2, ~ (1/ @) 1/2) e255

where Cis the density of the solvent

* Debye-Hiickel theory of activity coefficients

The limiting law is given by

inVe - (C/€r)?/2 (27/1000) 1/2 edt,

where €is the dielectric constant. For aqueous

solutions at 25°C,

log¥, = 0.509122 I,

* Dissociation constants of acids and bases

HA + H,0 = A + OH;

Ra 8x OH, / a, "1,0

=a, a ont /*un ajo (Vet ¥,7)
B+ Oe Ba” + OH
Ky = Boyt aon / Sp

Ray = *w = out Sou”

BA + H,0 —— HA + BOH

The hydrolysis constant is given by

Ry = 8ya "Bon / aR A

Salt of a weak acid and strong base: KX = KK,

Salt of a weak base and strong acid: K, = K /K
b

Salt of a weak base ad weak acid: Ky = KY / KA,
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* pH and pK

pH = = log [uy Jand pK = - log K where K is the
dissociation constant of an acid (K,) or a base (K,)-

* Electrochemical Cells

AF =-n FE where n is the number of faradays

and E is the emf.

AS = nP (38/97),

For a generalized cell reaction,

aA + bB= cC + AD.

AF =AF° + RP ln ages /acap

E = E° - (RP/nP) In aray [aay

(Nernst equation)

Eo = -Are/nP = (RT/nF) In K,

For Pt (H,)/He1(m)/AgC1/ag,

E = E° - (RT/F) ln (ay 8st eet) Mnee1h,

E = £° — (RT/P)1n OF 5¢-

E = E° - (2RT/F) ny, 2

E +(2RT/P) ln m = E? (orna/e)m'/2
1

since Y, = Am e where A is a constant.

For electrode concentration cells,-

EB = (-Rt/F) In po/P, where p, and p,

are the pressures of gas (eg. Pt/H,( p, )/He1(a)/H, ( p,)/Pt)

For the cell M-Hg (a, )/MSO, /M-Hg (a, )

E = (-Rt/2F) In a,/a,

Por cells with liquid junctions as in

Pt/H,/HCL (a, )/Hc1 (a,)/1,/Pt,

E = <0. 11830 t_log [(2,),/(a,)9 | since FP = 0.



*

Chemical Kinetics 139

Standard EMF values amd electrode potentials

The emfs of individual electrodes based on the arbitrary
zero for the emf of the standard hydrogen electrode (hydrogen

pressure of 1 atm and mit H activity in solution) are often

referred to as standard electrode potentials. They are the

emfs of cells containing, on the left, the standard hydrogen

electrode and, on the right, the elcotrode being considered.

‘See Section III for data)

Types of electrodes

Gas electrodes (e.g., Pt/H, (p atm) /HC1(c, )

Oxidation-reduction electrodes (eg., pt/#é*(c,),#*(e,) or

quinone-hydroquinone )

Metal-metal jon electrodes (eg., Ag/Ag’(c))

Amalgam electrodes (eg., Na in Hg at e,/na"(c,))

Metal-insoluble salt electrodes (eg., calomel electrode)

Glass electrode

(i411) Chemical Kinetics

%

*

%

Order of a reaction

abd
wdc, Jat = ke 0,0) eee

atb+d = order of the reaction

The units of rate constants depend on the order.

-1
First order: -dc/dt = k,¢ 3 k,in (time unit)

Second Order: -de/dt = Koes k
t

2

i h order: -de/dt k ot ; k
i

in litre mole” time” '
-1 -

in time (concentration) ' A
i

Rate equations

First order: In a/(a-x) = k,t, where a is the initial
concentration of P and X is the concentration of Q or R in

the reaction P—»>Q+R.

t= half-time = Qn yk,

Second order: For the reaction, TMQ—> R+S
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Potential energy

Chemical Kinetics

fi /(a-vjhn [b(a-x)/a(v-x)] = kt

where a and b are the initial concentrations of P and Q

respectively.

X = 1/k58

Opposing reactions: P<=* Q

dx/dt = k,(a-x)-k_,(b+x),

where k, and Kk; are both first order constants.

In w/w-x = (k,+k_,)t, where

Wwe (k,a-k_,b)/(k,+k_,)-

Effect of temperature on reaction rates

din k/dT = E, /ro?

k = A exp(-E, /RT), where

A is the frequency factor and En is the energy of

activation (Arrhenius equation).

Absolute rate theory

k = (kt/n) exp (- Are* /RT)

= (kt/n) exp (As*TM /R)exp(-Axe* /rr)

Oe
Ea

Activated complex

Reactants

AH of reaction

|
Products

Reaction Coordinate
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II.10 Surface Chemistry and Polymer Chemistry

(1) Surface Chenistry

% Surface concentration: CF = ny /s* (moles per unit area)

Gibbs adsorption isotherm: dV= -C* dpi, where C* is

the concentration of the component adsorbed and Y is the
surface tension.

dYe -RTC*d Ina

For an ideal solution, dY= -RIC*d In Xo (x,is the mole fraction).

c¥ = (-1/RT)(dy /d In x,)

For condensed (monolayer) films, the surface pressure, f, is

given by f = b-adA, where b and a are constants and A is

the surface area.

For adsorption from solution

x/m = ke /® ; where x and m are the masses
of substance adsorbed and of the adsorbent respectively,

c is the concentration of the solution and k is a constant

(Freundlich).

Langmuir isotherm equaticn for ,as adso tion

@/1-0= P/P,, where © is the fraction of sites

covered and P_ is a constant which measures the difficulty

of desorption.

(44) Physical chemistry of Polymers

* Molecular weiht

number average_molecular weight, M, and mass average
molecular weight, Me are given by :

Mo =29M, / das My => mM /d my

Osmotic pressure

In dilute solutions, /c = (rr/a}-se, where C is
the mass concentration.

Licht scattcring

KC/Ry =1/M, + 2BC/M°, where Ry is the
Rayleigh ratio at 90°
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* Ultracentrifue:

M= RT, /p(1-V@) where s is the sedimentation constant, D

is the diffusion coefficient, V is the partial specific volume
is the density of the medium (Svedberg equation).

* Viscosity: [y] = KM” (Staudincer)

* Classes of macromolecules

(a) Addition polymers (eg. polyethylene) and condensation
polymers (ez., nylon). Polymers may be atactic (random)
or isotactic (stereospecific).

(bo) There are many inorz2nic polymers knom (silicones,
metaphosvhate glasses, Sulfur).

(c) Natural: Proteins (fibrous and globular, eg., keratin

and hemorlobin respectively), Nucleic acids (eg., DNA),
polysaccharides (eg., cellulose) and polyisoprene(natural
rubber).

II.11 Statistical Vechanics

* Boltzmann distribution law (see Section II.7)

N,/N = g,exp (-E,/kt)/ 2g, exp (-B,/xT),

whe re By is the degeneracy or statistical weight of the ithlevel.

* Partition function: ‘Sia, exp (-&/kT) = Q

* Intemal enerev : E = xt? (In Q/)T)
-_ 2 2 4: 2
C= (k/t)[ d° in a/D(1/2°) |

T

* $-5, = f (c/r)ar
oO

= E/T +k In Q., atk In Wat o°K)

% =k InQatT=O=k Ing, where

Bo is the statistical weight of the lowest possible energy

state of the system

S, = 0 for crystalline solids (III law)

So due to mixing of random orientations is given by =-RDX, ln Xi

Yor two arrangements,S = RB ln 2 (see Section II.8).
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* Entropy and Probability

S=k lin W

W nN! / 7XN,! (for distinguishable particles, with N
the number in i-th cell of phase space.)

S k(n InN-N) - kK 2N, 1nN,-N, )

S=E /2 +k In glo, where N, is the Avogadro
number and S is the molar entropy.

* Free energy

A = - kf In Q

P= kT (¢ln 0/8 Vn

* Various partition functions

3Q (27 met) 22 v/n (Translation)
tr

= ant I xt /n® (diatomic molecule)
1= Bn (87° ABC) / 20) 3/ 2 ix ®(olyatomic molecule)

1
= exp (-nv/2t)( 1-exp(-hv/ct tor each vibration

“2.6; exp (-E,/k)Oo © © ©
elec

* Equilibrium constant for ideal eas reactions

F° = -RT In K
p

° . FO _ Re

r= Products Freactants

Fo s — RT In (Q°/N,)

* Quantum statistics

Ni = 8, / exp (+06) +1

For Fermi-Dirac cisé, +

For Bose-Einstein case,—-
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III. TABLES OF REFERENCE DATA AND SPECIFIC PROPERTIES

Fixed Points for Thermometer Calibration

Primary and Secondary Fixed Points

(Under a pressure of 1 standard atmosphere except for the triple points)

°I, Cc Pressure correction and

comitions

Equilibrium between liquid oxygen

and ites vapour (Oxygen point

Equilibrium between solid carbon

dioxide and its vapour

Freezing Mercury

Equilibrium between ice and air

gaturated vapour (Ice Point)

Equilibrium between ice, water

and its vapour (Triple Point)

Equilibrium between liquid water

and its vapour

Equilibrium between solid benzoic

acid, ite liquid and vapour

(Triple Point)

Preesing Tin

Freezing lead

~182.970

~78.5

~38.87

+0.01000

100

122 .36

231.9

3273

Equilibrium between liquid Mercury 356.58

and ite vapour

Freezing Zinc

Equilibrium between liquid sulfur

and its vapow

Sulfur Point

Freezing Antimony

Equilibrium between solid silver

and its liquid (Silver Point )

Equilibrium between solid gold
and its liquid (Gold Point)

419.5

444.6000

630.5

960.8

1063.0

Primary fixed point

+ 0.01254 (Pmm - 760) -
0.000006 (Pmm - 760)

+ 0.01595 (Pum - 760) ~
0.000011 (Pum - 760)

Ce ee ee ee ee ee ee ee ee ee)

Fundamental fixed point

Recommended for measure-

ments of the highest

precision

+ 0.03686 (Pum - 760) 5

0.000020 (Pum - 760)

+ 0.07309 (Pum - 760) -

0.000040 (Pmn - 760)"

Primary fixed point

+ 0.09080 (Pum - 760)
- 0.000048 (Pm - 760)*

Primary Point

Primary fixed point
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Freesing Mixtures:

The table below gives the percent of the anhydrons material in the

eutectic mixture with ice. The eutectic temperature is the lowest tempera-

ture which can be obtained from a mixture of the substance with ice. To

obtain the maximum cooling effect, the freezing mixture should be prepared

with ice. Sodium chloride and ice, or calcium chloride and ice, mixtures

are commonly used to attain temperatures of -21.2°C and -55°C respectively.

Formula of 4 Eutectic Formula of 4 Eutectic

Substance Temp, °C |__| Substance Temp, °C

Batl, 22.5 - 7.8 NH, NO, 41.2 -17.35

CuCl, 36 -40 (NH, > SO, 38.3 ~19 05

CuSO, 11.9 - 1.6 NaBr 40.3 -28

FeCl, 33 1 -55 fa,CO, 59 - 2.1

HCl 24.8 ~86 Na OH 19 -28

HNO, 3267 43 NaNO, 37 -18.5

KACO, 39.5 36.5 Na,50, 12.7 - 3.55

KOH 31.5 -65 Na28,0, 30 -11

KNO, 10.9 - 2.9 2001, 51 =62

MgCl, 21.6 33.6 Zn(KO, do 39.4 -29

Mg SO, 19 - 3.9 Zn 80, 27.2 ~ 6.55

RH ,Cl 18.6 ~15.8

Non-Aqueous Baths

Low temperature may be produced by mixtures of various substances

with carbon dioxide snow or by evaporation of low boiling liquids.

Subbtance °C Substance °C

Alcohol ~ carbon dioxide -7T2 Liquid air, boiling point | -190

Aumonia, boiling point -33-4 Nitrogen, boiling point -196

Chloroform-carbon dioxide -77 Oxygen, boiling point -183

Ethyl chloride, boiling 412.5 Sulfur dioxide boiling - 10

point point

Standard Calibration Tables for Thermocouples

The tables given here represent arbritrary reference curves which

show fairly well the relation between emf (in absolute millivolts) and
temperature (in centigrade ) and consequently should be used with an appro-

priate correction curve which must be determined for any individual thermo-

couple by means of a oalibration at three or more fixed temperature points.
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If thie

fixed junction is not at 0°C, but at eome other temperature (near 0°), a
correction should be applied as follows:

emf, corresponding to the temperature of A
Ep +E, where E, is the observed

the fixed junction and E, is the

desired emf corrected for the temperature at which the fixed junction is being

maintained.

561 (1955); Journal Res. National Bureau of Standards 50,229 (1953).
For more details, refer to National Bureau of Standards Circular

COPPER — CONSTANTAN

°C Qo? 10° 20° 30° 40° 50° 60° 70° 80° 90°

~ 190°

~90°

100°

200°

300°

-5.379

-3.062

0.000

4.277

9.288

14.864

=5 205

-2.764

0.389

4.749

9.823

15 447

-5.018

~2.455

0.787

5 227

10.363

16.035

-4.817

-2.135

1.194

5.712

10.909

16.626

—4.603

-1,804

1.610

6.204

11.459

17.222

4.377

-1.463

2.035

6.703

12.015

17.821

4.138

-1.112

2 467

7.208

12.575

18.425

~3.887

-0.751

2.908

7.119

13.2140

19 .032

~32624

-0.380

30357

8.236

13.710

19.642

-3.349

0.000

3.813

8.759

14.285

20.257

CHROWEL - ALUMEL

°C 0° 10° 20° 30° 40° 50° 60° 70° 80° 90°

-190°

~90°

0°

100°

200°

300°

400°

500°

600°

700°

800°

900°

1000°

1100°

1200°

1300°

=5 60

-3.19

0.00

4.10

8.13

12.21

16.40

20.65

24.91

29.14

33030

37.36

41.31

45.16

48 .89

52.46

=5 45

~2 87

0.40

4.51

8.54

12.63

16.82

21.07

25 034

29 56

33071

37.76

41.70

45.54

49.25

52.81

5 24

2 54

0.80

4.92

8.94

13.04

17.24

21.50

25-76

29.97

34212

38.16

42.09

45.92

49.62

53.16

~5.03

~2.20

1.20

5633

934

13.46

17.67

21.92

26.19

30.39

34.53

38.56

42.48

46.29

49.98

53.51

-4.81

-1.86

1.61

5673

9.75

13.88

18.09

22.35

26.61

30.681

3493

38.95

42.87

46.67

50.34

53.85

-4.58

-1.50

2.02

6.13

10.16

14.29

18.51

22.78

27.03

31.23

35 034

39 235

43.25

47.04

50.69

54.20

4.32

1.14

2.43

6.53

10.57

14.71

18.94

23220

27.45

31.65

3579

39.75

43.63

47.41

51.05

54.54

-4.06

-0.77

2.85

6.93

10.98

15.13

19.36

23.63

27.87

32 06

36.15

40.14

44.02

47.78

51.41.

54.88

~-3.78

-0.39

3226

7.33

11939

15.55

19.79

24.06

28.29

32 48

36 55

40.53

44.40

48.15

51.76

-3.49

0.00

3.68

7.13

11.80

15.98

20.22

24.49

28.72

32.89

36 296

40.92

44.78

48.52

52.11

Specific Gravity of Air

Thie table gives the weight in grams (
at 760 mm Hg. Density in grame per millilitre

gravity referred to water at 4°C as unity.

x104) of one millilitre of air

is the same as the specific

fo convert to density referred
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to air at 70°F as unity, divide the value below by 12.00.

Density of Air and Water

t°, 0 sp.cr.x10* || t°, C Sp.Gr. x 10°

~25 14.240 40 11.274
-20 13.957 50 10.924
=10 13.424 60 10.596

0 12.931 80 9.995
+10 12.472 100 9.458
+20 12.046 200 7.457
30 11.647 400 5.248

Absolute density of water

This table gives the weight in grams of a cubic centimeter of water.
Water attains ite maximum density at 3.98°C at which temperature the density
is 0.999973 (c.G.S.)

a

| OP Density | Teor Density —

0 0.999841 12.0 0.999498

1.0 9900 14.0 9244

2.0 9941 16.0 8943

3.0 9965 18.0 8595

4.0 9973 20.0 8203

5.0° 9965 22.0 7770

6.0 9941 24.0 7296

7.0 9902 26.0 6783

8.0 9849 28.0 6232

10.0 9700 30.0 5646

.

Vapour pressures of substances

For most compounds the constants A, B and C in the Antione equation(1)

are given. Yor other compounds, constants B and C in equation (2) are given.

log; >P = A - B/(C + t)

log, ? = -52.23 B/T +

( ¢ = temperature in °C and fT in °K )

ee (1)

eee (2)



Vapour Pressures of Substances 149

Rane Range °C AL _B_ aa

Acetic Acid 0 to 36 7.80307 1651.2 225

Anhydride 36 to 170 7.18807 | 1416.7 | 221

Anhydride 100 to 140 Equation 2 45.585 8.688

Acetone ec ccccccee 7.02447 1161.0 224

Acetonitrile occccccece 7.11988 1314.4 230

Aluminum chloride 70 to 190 Equation 2 115 16.24

Ammonium

bromide 250 to 400 Equation 2 | 90.208 9.9404

chloride 100 to 400 Equation 2 83.486 10.0164

iodide 300 to 400 Equation 2 95.730 10.2700

Aniline cccccccccs 7.24179 1675-3 200

Anisole eccccccece 6.98926 1453.8 200

Anthracens 100 to 160 Equation 2 T2 8.91

Anthraquinone 224 to 286 Equation 2 | 110.05 12.305

Antimony 1070 to 1325 Equation 2 | 189 9.051

Argon =207.62 to ~189.19| Equation 2 7.8145 7.5741

Arsenic 440 to 815 Equation 2 133 10.800

Benzene occ cnccnce 6.90565 1211,033 | 220.790

Bromine eo cececces 6.83298 1133.0 228.3

n-butane eaccccceee 6.83029 945.90 240.00

iso-butane ecccccecce 6.74808 882.80 240.00

Camphor 0 to 180 Equation 2 53.559 8.799

Carbon dioxide eccceccces 8.15406 799 .02 230.0

disulfide -10 to +169 6 85145 1122.50 236 46

monoxide -210 to -165 6.24020 230.274 | 260

tetrachloride oc cccccvee 6.93390 1242.43 230.0

Chlorine ee ecccccee 6.86773 821.107 | 240

Chloroform -30 to +150 6.90328 1163.03 227.4

Cresol(P) oe cecccee 7.00592 1493 .0 160.0

Cyclohexane -50 to +200 6 84498 1203.526 | 222.863

hexene eeecceccce 6.88617 1229 .973 | 224.104

pentane ecccccence 6 88676 1124.162 | 231.361

Decohydro

naphthalene (cis) 15 to 95 7041527 1898.13 | 225.0

95 to 270 7.04387 1668.10 205.0
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Name Range °C A B C

naphthalene TO to 65 7.25013 1807.04 | 226.0

(trans) 85 to 250 6.88657 |1583.28 | 208
Decane 10 to 80 731509 1705.60 212.59

Diethyl ether eccccccccs 6.78574 994.195 | 220.0

Diphenyl Amine 278.to 284 Equation 2 57.35 8.008

Ethyl acetate ~-20 to +150 7.09808 1238.71 217.00

alcohol eccccccces 8.04494 1554.3 222 .65

amine -70 to -20 7.09137 1019.7 225.0

-20 to +90 7.05415 987.31 220.0

bromide =50 to +130 6.89285 1063.8 231.7

chloride -65 to +70 6.80270 949 .62 230

Ethylene

bromide eocvceccen 7206245 1469.70 220.1

chloride eovesccce 7.18431 1358.46 232.2

giycol 25to 112 8.2621 2197.0 212.0

oxide -70 to +100 7.40783 1181.31 250.60

Formic acid oo necvece 6.94459 1295 .26 218.0

Furen -35 to +90 6.97523 1060.851 | 227.740

n.Heptane evcccccece 6.90240 1268.115 | 216.900

n.Hexane eovccvcece 6.87776 1171.530 | 224.366

Hexene ~-1 ececccccce 6.86572 1152 .971 225 .849

Hydra sine -10 to +39 8.262350 1881 .6 238.0

Hydrogen 259.2 to -248 5.92088 11.615 | 276.337

bronide -120 to -87* 8.4622 1112.4 270

-120 to ~60 6.88059 732.68 | 250

eblor ide -127 to ~60 7.06145 710.584 | 255.0

cyanide -85 to -40 1.80196 1425.0 265.0

| fluoride -55 to +105 8.38036 1952.55 335 52

iodide ~97 to ~51 Equation 2 24.16 8.259

-50 to -34 Equation 2 21.58 7-630

peroxide 160 to 90 Equation 2 48.53 8.853

sulfide -110 to -83 Equation 2 20.69 7-880

Iod ine oocsccscce 7 26304 1697.87 204.0

Mercury 100 to 200 7.46905 2771.898| 244.831

200 to 300 7.7524 3003.68 262.482

300 to 400 7.69059 2958 .841/ 258.460
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Name Range °C A B C

Mercury 400 to 800_—|| 7.7531 3068.195 | 273.438

Methyl: acetate we eccevece 7.20211 1232.83 | 228.0

alcohol -20 to +140 | 7.87863 | 1473.11 | 230.0

amine -93 to -45 6.91831 883.054 | 225.112

~45 to +50 6.91205 838.116 | 214.237

benzoate 25 to 100 7.4312 1871.5 213.9

100 to 260 7.07852 1656.25 195.23

chloride -47 to -10 Equation 2 21.988 7.481

cyclohexane 0 to 120 6.82689 1272.864 | 221.630

ethylketone ee ccccccee 6.97421 1209 6 216

Naphthalene wore cccces 6 B45TT 1606 .529 187.227

Nitric oxide =200 to -161 Equation 2 16.423 10.048

~1636T to -148 Equation 2 13.04 8.440

Nitrobenzene 112 to 209 Equation 2 48.955 8.192

methane 47 to 100 Equation 2 36 .914 8.033

Witrogen* =-210 to -180 | 6.86606 308.365 | 273.2

tetroxide -100 to -40 Equation 2 55.16 13.400

-40 to -10 Equation 2 45.44 11.214

-8 to 443.2 | Equation 2 33.43 8. 814

Oxygen =-210 to -160 6.98983 370.757 | 27302

Ozone coccccccce 6.72602 566.95 260.0

n-Pentane eacccccece 6.85221 1064.63 232 .000

iso-Pentane ecccccccce 6.78967 1020.012 | 233.097

Phenol eoncccccce 7613617 1518.1 175.0

Phosgene -68 to +66 6.84297 941.25 230

Phosphorous (white ) 20 to 44.1 | Equation 2 | 63.123 9.6511

Phosphorus (violet ) 380 to 590 Equation 2 | 108.51 11,0842

Pentachlor ide ecoscccsce 9.42740 2422.17 208.0

Phthalic anhydride 160 to 285 Equation 2| 54.92 8.022

Silicon tetrachloride -70 to +5 Equation 2 30.1 7.644

Sodium 180 to 883 Equation 2 | 103.3 72553

Styrene eccccccece 6.92409 1420.0 206

Sulfur

dioxide eocncccces 732716 1022 .80 240.0

trioxide 24 to 48 Equation 2 43.45 10.022

Tetrachloroethylene eo cccccces 7.02003 1415.49 221.0
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Name Range °C A B c

Toluene e@¢008eoeee8e08 6.95464 1344.800 219.482

Water O to 60 8.10765 1750.286 235.0

Xylene (m) occ ccccces 7.00908 1462.266 | 215.105

Xylene (p) ecccceccess | 6099052 1453.430 | 215.307

| Zinc 250 to 419.4 Equation 2} 133 9.200

[Vapour pressure of mercury

Temp °C mn of He Temp °C mn of Hg Temp °C mm of Hg

-30 0.0478 50 0.01267 160 4.189

-20 0.0, 181 60 0.02524 180 8.796

-10 0.0, 606 70 0.04825 200 17.287

0 0.0, 185 80 0.08880 220 32.133

+10 00,490 90 0.1582 240 56 .855

20 0.001201 100 0.2729 300 246.80

30 0.002777 120 0.7457 400 1574.1

40 0.006079 140 1.845 600 22 .87 ata,
Vapour pressure of water

Temp > mm of Hg | Temp °C mm of Hg Temp % mn of Hg

-10 2.149 14.0 11.987 32.0 35 663

0.0 4.5719 18.0 15.477 40.0 55.324

2.0 5.294 20.0 17.535 50.0 92.51

4.0 6.101 22.0 19 .827 60.0 149.38

6.0 { 7.013 24,0 22.3577 70.0 233-7

8.0 . 8.045 26.0 25 209 80.0 355.1

} 10.0 9.209 28.0 | 28.349 90.0 525.76

12.0 | 10.518 I 30.0 31,824 100.0 760.00

Yapour pressure of ice in nim.Hg

$°C__|__mm of Hg tc | mothe || _ +t mm of Hg

-90 0.000070 -40 0.0966 -10 1.950
~» TO 0.00194 ~30 0.2859 -5 3.013

50 0.0296 -20 0.776 0.0 4.579
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Efficiency of drying agents

(Weight of residual water per litre of gas dried at 25°C)

Drying Agent Milligrams of water Drying Agent Milligrams of

Water

P,0 2x10? 50 107

Bao 1x10 caso, 4x 107°
Mg (C10, ), 5x 10" CaCl, (granular )| 0.14 = 0.25
KOH (fused ) 2x 107

Correction of boiling points at various pressures to 760 mm Hg

*fTo correct for small differences in barometric pressure the following for-

mila is employed

a (760 - Pom) oseeee(applicable only to liquids )

where T, = corrected boiling point, T, = observed boiling point, P = atmos-

pheric pressure in millimetre of mercury and C = a constant having the value

0.048 at 121-140°C; 0.051 at 141~-155°C; 0.055 at 156=-220°C; 0.057 at 221-300°%C;

0-064 at 310-325°C,.

“fhe Sydney Young equation is as follows:

Yor Centrigrade scale: G, = 0.00012 (760-P)(273 ‘?
For Fahrenheit scale: Gp = 0.00012 (760-P(460 = ty

in which G, and Gp are, respectively, corrections to be made on the observed

temperatures t, or tes and P is the actual barometric pressure in millinetres

of mercury. -

The Sydney Young equation is applicable only to non-polar substances

with low dielectric constants (e.g.; hydrocarbons). For other types of

compounds @ more exact value oan be obtained by use of the following equations

and constants:

Yor Centrigrade scale: C, = K (760-P 273 + to}
Yor Fahrenheit scale: Cy = K (760-P) (460 + ty

where the value of the constant K ie for: Hydrocarbons = 0.000125; Halogen-

dervatives = 0.000125; Ethers = 0.000125; Aldehydes = 0.000125; Esters =

0.000121; Ketones = 0.000121; Amines = 0.000118; and Alcohols = 0.000100.

The variation of K in the case of acids is very wide.

*Dreisbach method

at/ap = B 2.3062 p (A = logp )*

Thies equation will give an acourate value for dt/dp at any pressure but can

not be used to correct boiling points at various barometric readings to boil-

ing points at 760 mm pressure since the dt/dp value varies with pressure.

Por the values of A and B for a number of organic compounds, see Dreisbach's

P-V=-T REIATIONSHIPS OF ORGANIC COMPOUNDS Published by Handbook Publishers,

Inc. Sandusky, Ohio, U.S.A.
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Linear @xpansion coefficients (Room Temperature )

Substance (per °C) Substance ! (per °C )

Aluminum 23x 10°° Ice 51x 10°76

Brass 19x 10° lead 29 x 107°
Cop 17x 10° Magne sium 26.4.x 10°
Cast iron 8x 10° Nickel 13.1 x 107°
Diamond 1.2.x 10° Palladium 12.4. x 107°

Glase(Ordinary ) 9x 10° Platinum 9.0x 1076
Glase(Pyrex ) 3.2x 107° Silver 19.4 x 10°

Gra phite 0.6 x 10° Steel 11x 10°
Gold 14.2 x 10° Tin 29 x 107°
Hard rubber 80x 10° Zine 16x 10°

Volume expansion coefficients (Room Temperature )

Sub stance {per °C) Substance (per °C )

Acetic Acid 1.071 x 107° Iodine 204 x 107°
Acetone 1.487 x 10° Mercury 0.182 x 10°?

Benzene 1.237 x 10 Nickel 38.2 x 10°
Cadmium 91x 107° Pentane 1.608 x 107?
Carbon tetr- _3 Phenol 1.090 x 10>

chloride 1.236 x 05 Selenium 175 x 107°

Chloroform 1.273 x 5 Tin 68 x 107°

Cobalt 7906 x 10 5 || water 0.207 x 10
Ether 14656 x 10° tine a9 x 1078

Glycerin 0.505 x 10

Thermal conductivity data

metals and alloys ~~ |

ye a eee
18 0.504 Constantin

0.0538 60 Cu + 40 Ni 18 0.05401

0.246 Copper -183 1.111

100 0.2827 Copper 0 0.920

0 0.2041 || COPPer 100 0.92
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Metal or Temp Metal or fenp
Alloy °% » Alloy °C A

Plat inum ~252.8 0.93 Silver 18 1.006

Platinus -183 0.182 99 98%
Platinum 0-200 0.167 Tin 0.1528

Rhod jum 17 0.210 Tungsten 9 0.383

Wood metal 7 0.0319 Zine 18 0.2653

*common solids

3Substance Temp x10 Substance TempoC oc A x10?

Aluminum oxide 46.8 1.62 Graphite Power | 40 2.85

Asbestos board 20 1.78 Sp.G =0.7

Asbestos fabric | 20 0.666 | Gypsum 0 301

Asbestos fiber 0 0.267 Ice — 507

Asbestos paper | 20 0.34 lamp blackpape 345 Sp.Ge0.165 40 0.156

Asphalt 20 1.78
leather, Cowhide | 84 0.42

Brick common 20 1.5
Marble white eee 7.8

Chalk 20 202

-”, e t ecareonimtmnongens w20fBTM ||
< ° Paraffin 0 0.688
1427 20.1

Concrete 20 2.2 Plaster of Paria 20 0.70

Cork 30 0.128 Porcelain 95 2 48
Sp.G=0.204 Potassium 0 16.6
Cotton Sp.G=0.081| 0 0.136 chloride

Diatomaceous vere 20 0.13 Quartz, glass 3032

Farth's crust 20 4.0 Rock salt © 16 067
average Rubber, hard, gray 49 0.55

Ebonite 0 0.378 Rubber, soft,red 49 0.34

Pelt (dark gray) | 40 0.149 Sand, dry 20 0.93

Fire brick 20 1.1 Wax, bees? 20 0.207

Flannel] 50 0.0355 Wood, Pinetito 20 0.834
Flint 20 2.4 face (Sp.G=0.551 )

Glass, Jena 22 2627 Wood, Pine, to | 15 0.361
face (Sp.G=0.546 )

Glass, Soda 20 1.7
Wood, teak,@J to | 15 0.903

Graphite 50 105.5 face (Sp.G=0.604
SpeG = 1.58 Wood, teak L to

0.417
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*Liquid and solutions

Liquid or Temp Liquid or Temp

solution °¢ A_x10° solution — °¢ Ax10°

Acetic acid 25 0.43 Ethyl ether 12 0.303

Acetone 0 0.4228 Glycerol 12 0.670

Ammonia 26% 18 1.09 He ptane 0.337

Aniline 12 0.408 Hexane 0.364

Bensene 12 0.333 Hydrochloric

Calcium chloride 30%/32 1.315 octane 25% - sare
Carbon tetrachloride) 12 0.252 Paraffin oil 17 0.346
Ethyl acetate 12 0.348 Sulfuric acid, 32 16244

Ethyl alcohol 5.2 | 0.487 om ‘0 1.36

*Gases and vapours

Gas or Temp °C A x10? Gas or Temp °C rXx10°

Acetone 0 2.301 Helium 191.7 14,84

Acetone 100 3-96 Helium 0 33.60

Acetylene 0 4.40 Helium 100 39.85

Air 0 5.572 n-He ptane 100 4. 136

Air 100 7.197 Hydrogen 0 39 .60

Ammonia 0 50135 Hydrogen 100 49.94

Argon -182 .6 1.42 Mercury (Vapour }203 1.846
Argon 0 3 88 Me thane 0 7.200

4Argon 100 5.067 Neon ) 10.87

Bensene 0 2.094 Nitrogen -191.4 1.829

Carbond loxide ~78.5 2.546 Nitrogen 0 568

Carbond ioxide 0 30395 Nitrogen 100 7.18

Carbond ioxide 100 5.06 Oxygen ~191.4 1.721

Carboniisulfide | 0 1.615 Oxygen: 0 5.70

(Carbon tetrachlor ids) 46 1.666 Oxygen 100 7.427
Bthyl ether 0 3.101 Water vapour | 46 4.580

tel ium 252.2 5.18 Water vapour | 100 5.510



Critical and van der Waals Constants

Critical constants of gases

Name tor °C Pos atm dos g/cc

Acetic acid 321.6 57.1 0.351

Acetone 235.65 46.6 0.273

Air 140.6 372 0.313

Argon ~122 48.0 0.531

Benzene 289 48.6 0.300

Carbon

dioxide 31.0 72.9 0.468

monoxide -140 34.5 0.301

tetrachloride 283.2 45.0 0.558

Chlorine 144 76.1 0.573

Chloroform 263.4 54 0.50

Cyclo-hexane 280 40.0 0.273

Diethyl ether 194 35 6 0.264

Ethane 32 3 48.2 0.203

Ethyl alcohol 245 63.0 0.276

Helium -267.9 2.26 0.0693

n-He ptane 267.0 27.0 0.235

Hydrogen (normal ) ~239 9 12.80 0.0310

Hydrogen(equilibrium)| -240.2 12.8 0.0308

Hydrogen chloride 51.4 81.5 0.42

sulfide 10C.4 88.9 0.349

Iodine 512 ooee oecce

Mercury 900 180 cocee

Neon -228.7 26.9 0.484

Nitrogen ~147.0 3365 0.311

Oxygen -118.4 50.1 0.41

Sulfur 1040 116 secs

dioxide 157.5 77.8 0.524

water 374.2 218.3 0.32
van der Waals' constants for gases

To use the values of a and b in the table, P mst be in atm., Vin

litres per mole, Tin °K and R=#0.06207 lit atm per mole per degree.
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van der Waals' constants for gases (contd. )

a d

(1itres )° x atm litres
Name __ (mle )* mole

Argon 1.345 0.03219

Carbon dioxide 3.592 0.04267

Carbon monoxide 1.485 0.03985

Carbon tetrachloride 20.39 0.1383

Chlorine 6.493 0.05622

Chloroform 15.17 0.1022

Ethyl ether 17.38 0.1344

Ethylene 4.471 0.05714

He ptane (n ) 31651 0.2654

Hydrogen 0.2444 0.2661

Hydrogen chloride 3.667 0.04081

Mercury 8.093 0.01696

Methane 2.253 0.04278

Neon 0.2107 0.01709

Nitrogen 1.390 0.03913

Oxygen 1.360 0.03183

Water 5.464 0.03049

*Surface Tensions of liquids

The nature of the gas in contact with the liquid is given in paren-

theeis. The temperature (in °C) is indicated by the superscript. Eotvos
constant ( dr/it = K, ) values are also given.

Surface Tension in Dynes per cn. kK,

‘Benzene (vapour ) 31.7. 29.027 eecceee
n-Butyl alcohol (air or 26.2° 24.6°°" 1.91

va pour

Chlorobenzens (air ) 34.41 33.2°°° 2.21

Chlorobenzene (vapour) | 34.8'°° 33.6°°° seeeees

Chloroform (air) 28.5 !0° 27.170" 2.1
Ethyl acetate (air) 26.5° 23.9°0° 2.3

Ethyl acetate (vapour ) 26.90° 24.30" 203
Ethyl alcohol (air ) 24.05°° 22.2T°. 1.0

Ethyl alcohol (vapour ) 22. 75°". 20.14 1.3
Glycerol (air) 6370" 5990°



* Surface tension of water

Viscosity

- Surface tension in Surface tension in
Dynes/cm Dynes/cm

75 6460)? 71.97(25)°
° °

74.2210) 71,18 (20)
° Qe

73.4915) 67.91659)

Viscosity of Substances

Viscosity of liquids is given in millipoises ( 1000, ) at the temperature
(in °C) indicated b
poises/10at where d

the superscript. Value in centipoises = value in milli-

is the density at the temperature.

* Liquids

Name 1000 Name 1000

Acetone 3.311 (20)° Carbon tetrchloride 9.579 (2121°)
° °

2.56120") 7.929 (25+21°)
° °

Aniline 44.67(20 ) Ethyl acetate 4.546 (2° )
° °

29.32 ) 3.66040 )
° °

Benzene 6.47(20°) Ethyl alcohol 11.943 (20°)
° ©5.61 (90°) 8.309 40")
8

n-butyl alcohol 29.48(20°) Methyl acetate 3.880 (20°)
°

17.816 (40°)

* Gases and Vapours (in micropoises )

Name x 10° Name x 10°
Acetone 78,018") Hydrogen 93.1 0°)

94.276 100") ne 939. 7(247-10°)

° ° ) 1 (20°)
180.8 (2° ) Nitrogen(chemical 84 (53.50°)

217.5 (100°) 189.40°°"

28.9°Argon 221,0(23°) Water vapour 100,64 .)
Benzene 75.9 (16-89) 127 100

100.76 7019)

*Aqueous Sucrose solutions (in centipoises)

20 wt

2 652

t°C

10

40 wt

0 T94oO



160 Refractive Index

tC 20 wt & 40 wt % 60 wt %

20 1.960 6.200 56.5

30 1.504 4.382 33.78

40 1.193 3249 21.28

50 0.970 2.497 14.01

*Aqueous Ethyl alcohol solutions (in centipoises )

by wt 10 20 40 60 80 100

by_ vol 12.36 | 24.09 | 45.05 | 65.50 | 83.50 | TOO”

tC

20 1.538 2.183 2 091 2.67 | 2.008 | 1.200

25 1.323 1.815 2235 2.24 | 1-748 | 1.096

30 1.160 1.553 2.02 1.93 | 1.531 | 1.003

40 0.907 1.160 1.462 1.447) 1.203 | 0.834

* Water in centipoises from 0° to 100°

Calculated by the forma:

nz 2.1482 (t - 8.435 + 8078.4 +(t - 8.435 is -120

Liquid standards for refractive index determimtions

nO" p Liquid n’ p Liquid

1.3289 Methyl alcohol 1.4663 Cyclohexanol

1.3330 water 1.4950 Toluene

1.3585 Acetone 1.5005 Benzene

1.3725 Ethyl acetate 1.5165 Aniaole

1.3875 n-He ptane 1.5246 Chlorobenzene

1.3986 n-Butyl alcohol 1.5300 Methyl iodide

1.4015 n-Butyl chloride 1.5520 Nitrobenzene

1.4221 Dioxan (1,4) 1.5859 Aniline
1.4225 Me thylcyclohexane 1.5960 Bromoform

| 1.4314 Ethyelene glycol 1.6200 Iodobenzene

1.4500 Cyclohexanone 1.7400 Methylene iodide

Values of positive for parame.

Magne tic Susceptibility Data

The following tails give values of specific susceptibility (x) for
various substances in 1x1076 cys units. Relation to volume susceptibility k

is shown by the equation x = k/d, where a is the density of the substance.

"tic substances



“Elements and Inorganic Compounds

Magnetic Susceptibility

Substance Temp Susceptibility Substance Temp Susceptibility

°C 10-© cogs Sc 10" S85

Aluminun 18° 0.65 Manganese 18 99

Aluminum oxide| .... -0.098 Manganese 21 38.4

Ammonia 16 gas -1.1 dioxide
Antimony 18 sol -0.87 Mercury ~80 sol -0.15

Argon 20 gas -0.45 Neodymium 18 36

Arsenio 18 0,31 Moonen cree 3005
Carbon (graphite )20 -3.5 Nickel 18 19

Carbon dioxide | 20 gas ~0.423 bromide
Ceric Oxide | .... 0.39 w darbony! 19 70.481

Corout ide 19 6-1 Nitrogen 20 gas -0.342

Chromium 18 3.6 eee 22 gas | 48-66

Chromic Oxide | 18 25.5 Nitrogen 12 liq ~0.429

Chromium 17 0.51 monoxide

trioxide Oxygen 20 gas 106.2
Cobaltic oxide | ..«. 34.3 Platinum 18 1.10

Copper 18 -0.086 Platinum

Cupric bromide | 31 3.10 tetrachloridie 22 0.0

Cupric Sulfate | .... 8.6 Potassium 18 0.52

oH20 369 Silicon 18 0613
Kiara 16 229 Silver 18 ~0.20

Ferric Chloride| 20 86.2 Silver chlor ide17 70.55

Ferric oxide | 18 20.6 “Y ehomb te) 18 ~0.49

Ferric Sulfate | 25 OT +3 Tatanium cove 0.066
Gadolinium 20 130.1 dioxide

oxide Uranium 18 2.6
Gold 18 0.15 Vanadium 18 1.4
Iron Carbonyl | 19 ~0.40 Vanadium 15 0.85

Tanthanun 15 56 Pentox ide

chlor ide Vanad ium 15 13.9

Lead bromide | 20 -0.28 trioxide
Zine oxide eee -0.362

Zirconium 15 -0.112

dioxide
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*Organic Compounds

Electrode Potentials

Substance Isusce ptibility Substance Susceptibility
10-6 cgs 10-5 cogs.

Acetic acid ~0.526 Cyclohexane -0.810

Acetone ~0.581 Ethyl acetate -0.607 (-6°)

Anthracene ~0. 726 Glycerol -0.538

Benzene ~C.712 (16.8°) Hexane -0.888

Benzoic acid 0.556 Pyridine -0.623

Carbon tetrachloride -0.429 Toluene ~0.729

Chloroform -0.488 Urea =0.560

Standard Electrode Potentials for Aqueous

Solutions at 25°C

[Electrode | Electrode reaction | _(vo1ts)

ACID SOLUTION

Li /Li* Lit lit +e -3.045
K/K+ K = K+ + e- -2 925
Ba /Ba ++ Ba = Batt + 2e* ~2 906
Ca /Cat+ Ca = Catt + 2e> -2 .866
Na Nat Na = Nat + e7 ~2.7142
/ie* Mg = Met+ + 2e- -2 6363

A1/A19* Al = AL3+ + 3e7 -1.662
++ Mn = Mnt*? + 2e~ -1.180

gn/zn** Zn = Zn** + 2e7 -0.7628

Cr /or 3+ Cr = Or3+ + 3e~ 0.744
Fe /Fe ** Fe = Fett + 2e- -0.4402
Ca/cat Cd = Catt + 2e7 -0.4409
Pb/PbS0, /S0,4= Po + S0y= = PRSQ, + 2e° ~0.3588
Po/Pot+ Po = Pbtt + 2e" ~0.126

Pt /Hp/i* Hy = 2H* + 2e" 0.0000
Ag /AgBr /Br~ Ag + Br- = +0.0713
Cu/oucl1 Cl Cu + Cl” = CuCl + em 40.437

Pt/Cu*, Cutt Cut + Cut+ +e +0.153

Ag /AgC1/01> Ag + ClTM = AgCl + em +0.2225
Pt /Hg /tig.C1p/01- 201” + 2Bg = HgoCl., + 2e7 +0.2676
Cu/Cut* Cu = Cutt + 2e- +0.337
Pt/1,/I~ 31 = Ty + 2e +0.536
Pt/Fett, wert Fet+ =Fe3t+ + em +0.771

Ag/agt _ Ag = Agt + em +0.7991
Au/AuCl, , C17 Au + 4Cl~ = AuCl,~ + 3e7 +1,00

Pt/Clp/ 1- 201" = Clo + 2e7 +1 23595
Pt/Wn**, Mn0g Wint+ + 4H[0 = MnO,” BH’ + 5e7 | = +1.51
Pt/P,/F ar = Pi(g) + 2e° +2 .87
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lectrode blectrode_reaction (Volts)
BASIC SOLUTION

rt/S0, » 50," 50, + 20H =SO, + H.0+2e" =0.93
Pt /H,70HTM He + 20R> = 2H,0 + 2e~ ~0.82806
Pt /S8/S* sé = S + 2e7 =0.447
Pt/02/OH- 40HTM = Op + 2H,0 + 4e7 +0.401

Pt /dind, /¥in0, MnO, + 40H = fin0,"42H,0 + 3em +0.588

Blectrical Conductivity of Standard Solutions

The

The concentrations

of Mg 50, are those of maximm comuctivity at 18°C

In the table below, the normal KCl solution was prepared by dissolving

74.59@ of KOl in water and diluting to one litre at 18°C.

vity of such @ solution is 1.0449 at 18°C,

specific gra-

of H,80, and

Conductivity in mhos/centimeter, or ohm=! em!

Tem KCl KCl KCl Ho504 NaCl MgSO,

oa Norml {0.1 0.01 SpeG (ygo)|saturated (490)/SP-0+ (150)
normal normal 1.223 SpeG 1.2014 1.190

0 0.06541 |C.00715 | 0.000776 | 0.5184 0.1345 0.02877

10 0.08319 |0.00933 | 0.001020 | 0.6408 0.17799 0.03963

20 0.10207 {0.01167 | 0.001278 | 0.7645 0.2260 0.05171

30 eoceeee (0.01412 0.001552 0.8860 0.2774 0.06459

Tlonisation Constants of Acids and Bases at 25°C

*Acids

Acid ~log K Acid -log K

Acetic 4.76 Formic 3-75

Adipic 4.43 Pumaric K, 3.03
Aluminum K,4.47

hydrox ide 12.20 Glutaric 4.34

Barbituric 3.98 Glycine 9.78

Benzoic 4.20 Hydrazois 4.59
Bor io 9.24 Hydrocyanic 9.14
Bromoacetic 2.87 Hydrofluoric 3.14
n-Butyric 4.82 Hydrosulfuric(H,S) | K,7.24 K,14.92

Carbonic K6.37 Maleic K42.00
Ko 10.25 6.26

Chloroacetic 2.86 Malic 42240
p-Chlorobenzoic| 3.98 5 «05
Chromic 6.49 Malonic 12085
Cinramic(cis ) 3.88 6.10
Cinnamic (trans) 4.43 Me thox ybenzo ic 4.47
Citric Ky 3.06 Nitrobenzoic 342

4.74 Nitrous 4.47

K35 «40 Oxalic K,1.19

Cyanuric 6.74 R421
Dichloroacetic 1,30 Periodic 1.64
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Koid “log K Acid “log K

Phenol 9.89 Silicic ca 9.7
Phenylacetic 4.31 Succinic K, 4.19
Phosphoric K12.12 K, 5057

K2 7.21 Sulfanilic 3.19
Kz 12.32 Sulfuric K, 0.40

Phosphorous K, 1.80 K, 1.92
Ko 6.15 Sulfurous K, 1-76

Phenol phthalein 9.70 Ky 7.20

o- Phthalic 2.89 Tartaric K, 3.02

5.41 K, 4.54
Picric 0.38 Thiosulfuric 2.00
Propionic 4.87 Trichloroacetic 0.89

Sacchar in 1.60 Uric 3.89

Salicytic 2.97

*Bases

Base ~log K Base ~ log K

Acetanilide 13.39 Hydrazine 5.52

Ammonium Hydraxylamine 7.97

hydroxide ((25°) 4.74 Me thy lamine 3.36
Aniline 9.42 Mor phine 6.13

Bens id ine K, 9.03 Phenylhydraszine (40°) 8.80
K,10.25 Piperidine 2.80

n-But ylanine 3.39 Pyridine 8.85

tert-Butylamine 3-55 Quonol ine 9.20
Diethylamine 2.90 Thiourea 14.96

Enthanolamine 4.56 p-Toluidine 8.70

Ethylamine 3.25 Triethylamine 3.25
Ethylenediamine 4.07 Urea 13.82
Glycine 11.65 Zine hydroxide 4.36

Ionic properties of water

Tem ture, °C

0 10 20 25 30 50 | 100

Specific conductivity

(ohm cm x 10 ) 1.2 | 2.3 | 4.2 5.5 | 70 17 | --

Ionic product

(K, x 1019) 1.14] 2.92 | 6.81 | 10.08 /14.7 | 56 | 513
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Acid-Base Indicators
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Concentration of Colour

Name solution low pH—high pH!

Thymol blue 0.1% in water red-yellow

Methyl yellow 0.1% in 90% alc. red-yellow

Methyl orange 0.1% in water red-yellow

Bromocresol green | 0.1% in water yellow-blue

Methyl red 0.1% in water red-yellow

Bromocresol purple | 0.1% in water yellow-red

Asolitmin(litms) | 0.5% in water red-blue

Bromothymol blue 0.1% in water yellow~blue

Phenol red 0.1% in water yellow-red

Cresol red 0.1% in water ye llow-red

Thymol blue 0.1% in water yellow-blue

Phenol phthalein 0.1% in 70% alc. colourless~

Alizarin yellow 0.1% in water yellow.
lilac

pK, =
pH range | -lo

1.2= 2.8 1.7

2e9- 4.0 —_

Zel= 4.4 3.7

328= 564 4.7

4-4— 6.2 501

5e2= 6.8 6.3

5.0~- 8.0 —

6.0— 7.6 7.0

6.8= 8.4 7.9

7.2- 8.8 8.3

8.0- 9.6 8.9

8.3-10.0 9.6

10,1-12.0 —

Solubility Products at 25°C

Name

aluminium hydroxide

antimony(III) sulphide

arsenic(III) sulphide

barium carbonate

barium sul phate

bismuth sulphide

cadmium hydroxide

cadmium sulphide

calcium carbonate

calcium hydroxide

calcium fluoride

calcium oxalate

calcium sulphate

chromium(II) hydroxide

Formula Solubility Product

A1 (OH) 1x 10792
tSb,8,,

%4As,5, “9

Bac, 5 x 10

Baso 1x 1079
4 -97

Bi,S 1x 10

Cd (OH), 4x 10

cas 8x 107°!

caco, 3x 1077

ca (OH ), 4x 1076

CaP, 3x10"
cac,,0 2x 1077

2°4 6

CaSO, 9x 10

cr (oH), 1x10!
he
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Nane Forma Solubility Product

chromium(III) hydroxide or (OH) 1x 1077"

cobalt(II) hydroxide Co (OH), 6x 10°)?

cobalt(III) hydroxide Co (OH), 3x 107%!
cobalt(II) sulphide Cos 4x 1071(C)

2x 10779 (1)
copper(I) chloride CuCl 2x10.

copper(II) hydroxide cu(oH), 2x 109
copper(I) iodide Cul 1x 107?

copper(II) sulphide Cus 4x 10°78

copper(I) thiocyanate CuscN ca.t x 107'4
iron(II) hydroxide Fe (OH), gx 1076

iron(III) hydroxide Fe (OH), 4x 10749

iron(II) sulphide FeS 5x 1078
lead carbonate PbOO, 6x 107'4

lead chloride PoC, 2x10

lead hydroxide Po (OH), 8 x oe
lead sulphate PbSO, 2x 06

magnesium carbonate MgCO., 3x 10

magnesium hydroxide Mg (OH), 1x 1071!

manganese (II) hydroxide in (OH ), 2x 107)?

mercury(I) chloride Hg Cl, 1x 108

mercury(I) eul phate Hg,80, 7x 107!

mercury(II) sulphide HgS 1x10"

nickel hydroxide ni (0H), 2x 107!

scandium hydroxide Se (OH )s 2x 107°

silver acetate AgCH,COO 3x 1"

silver carbomte Ag,CO, 8x 010

silver chloride AgCl 2x 10

silver chromte Ag,Cr0, 2x 10
silver cyanide AgCN 1x 10 (###)

silver hydroxide AgOH 2x10

Bilver iodide Agl ax 107!!

silver sulphide Ag,S 6x 1077?

silver thiocyanate AgSCN 1x 10°!?

strontium carbormate Srco 1x 10°/°
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Name Forma Solubility Product

tin(II) hydroxide Sn(0H), 8 x 10°29
tin(II) sulphide Sns 1x 10776
titanium(IV) hydroxide 710(0H ), 1x 10729
zinc hydroxide zn(0H), 2x 1097/6

zine sulphide zns 2x 107°4 (L )
3x 10°°*( p)

*4 5b,8; (s ) + 31,0 == Sb (0H), + 3/2 HS (g ) 2x 107!
ue 4 As,8,(s) + 3H,0 = As (OH), + 3/2 H8(g ) 5x 10°!

*e# 2AgCN = Ag’ + Ag(CN); 2x107!

Stepwise stability constants at ~27°C

RK = the equilibrium constant for the reaction

———
M4» th = ML:

log K, log K log K., log Ky log K log Ke

Ammines

wie? 2.8 | 2.2 | 1.6 | 162 | O7 | ~0.01

cut 4.1 3.5 29 2el -0.5
an°* 2.3 | 2.3 | 2.4 | 2.0] __
Ag” 364 3.8 —owwsre eens amano es

Cyanides

Hg** 18.0 | 16.7 | 3.8 | 3.0] __

Fluorides

ai?* 6.1 | 5.0 | 3.9 | 27 | 106 0.5

Chlorides

3+
Fe 1.5 0.7 -1.4 -1 9 —_—

Stability Constants of Complex ions at 25°C

K = the equilibrium constant referred to the reaction as written.

Equilibrium log K

alts 6s == aie. 20

Fe2+ 4 60R- ==> ore(CN) 24
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Equi librium log K

Pe?* + 6CX” ==> Fe (CK), 31

Ye? + 4cl” == wel? “1

cot +60N <== = co(on), 3~ 64

| + 6M; == Col MH, it 5
Co>* + 6M#, <== Co(NH,), o 35
mi’? + 4cN == Ni(ON),2- 31

“som, == M(M, }, 2+ 9
Cue + 4C> = culen), 3. 30
ou + 2 <== cul 11*+ a — cut) e+ 13
a + 4CN" ==> rn(cn), 3. 17
an net +4NH, ==> 2n(MH, ), e+ 9

+ As,8 38) + + ge- = Aes, 1

hes +HY == AABS, 4
Agt + 20H" == = Ag (CN), 21

Agt + 2H, <=> = Ag(MH,),” 7

Agcl(s)+ Cl === Agcl, -5

Agi(s)+I = = gl, 5

Agi(e) +2r == bel -3

ca°* + 4cn- ==> ca (ON), 2- 19

ca?* + = ca? 6
Sn8, (a )+ so- sns,7-

or He (cw) ,°- “1
HgS(a) +S°7 ===> HeS,2- 0.6
gS, + Ht tig (SH) 7.0

PoCl,(s )#cl” —= Pol, ~4
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Dielectric Constant Data

(See aleo Section II.5 for some data)

The values of a or OC may be used for interpolating or for extrapola-

ting over a limited range of temperature by means of the equations:

B.' = E - & (t '=t ) occccsccese(t)

log, 8,' = log, Ey ~X(+ '-t ) oceccesevee(2)

Liquid E a(or &) || Liquid E a (orc )

i) x1 (°%) x 10°

Acetic acid(20°) | 6215 | ccccece Ethylene

Acetone (25°) 20.7 0.205(0C) bromide (25°) 4.78 0-60
Acetonitrile(20°)| 37.5 | 16 diamine(20°) | 14.2 10

Aniline (20°) 6.89 | 0.148(oc) || stveol(25°) 37-7 0.224(d )
Bromine (20° ) 3.09 | 0.7 Formic acid(16°) | 58.5® oesece

Bromoforn(20° ) 4039 | 0.105(0C) amide (20° ) 109 72

Butyl acetate(n) | 5.01 | 1.4 Heptane (n)(20°) | 1.924 0.140
(20°) (n)(25°) | 17.1 | 0.3350) Methanol(25°) =| 32.63 0.264(CC )

@tcohol\n 25 tN FFA Methyl acetate 6.68 202
Carbon disulfide 2.641 | 0.268 (25°)

°e

(20°) Methylenechloride| 9.08 eccvee
Carbon tetrachlo- | 2.238 | 0.200 (20°)

ride (20°) 5
(20°) | 4.006 | 0.160(0) Nitro-methane (30° )35.87 0.189(0C)

cyole-hesa (20°) © “160 benzene (25° ) 34.82 0.225( a)
Cyolo~hexane (20 2-025 | 0- Tetrachloro- 2.30 0.20

hexanol (25°) 15.0 0.4376 (0C) ethylene (25° )

hexanone (20° ) 18.3 eoeevecce Tetrahydrofuran 764 ececces

Decane (n)(20°) 1.991 | 0.130 (25°)
Dimethyloulfoxide | 45 | ....., «. ||Toduene (25°) 20579 | 04243

20 Tributyl Phos- 7.95 2.74(20°)
Q

Dioxane (1,4)(25°)} 2.21 | 0.170 phate (30°)
Ethyl acetate (25°) 6.02 1.5 Water (200° ) 34.59* ecessee

aloohol (25°) |24.3 | C.270( 0)

ether (20°) 4.34 | 0.217( )

* Ew 5321/0 + 233.76 - 0.9297 140.001417 T°; E(25°), 78.54

Index of Refraction Celculations For Organic Liquids

In the Lorentz-Iorenz forma:
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ne -1 x

n° +2

1

a 7*

n is the index of refraction of a liquid at a given temperature, d is the

density of the substance at the same temperature, and k (which is nearly
inde pendent of the temperature) is the constant called the "specific refra-

ction". The product Mx k, where Mis the molecular weight of the substance,

is the "molecular refraction"; this quantity (Mk) is additive and can be cal-
culated for most organic liquid compounds from empirically deduced atomic, and

structural refractive constants.

k (sodium D light)

2.418

1.100

(4) 1.525; (14) 2.2213 (141) 1.643; (iv) 1.64

(v) 7.69 (vi) 7.97 (vii) 7.91 (vidi) 8.11

Hal| (ix) 0.95; (x) 1.1; (xi) 5.967; (xii) 8.865 (xiii) 13.900

nw | 2.451; 3.212; 2.653; 3.594; 3.009; 4.36; 2.48% 2.478; 3.057; 3.79 °°

3.93''30,65'2; 2.2719; 2.7114; 3.77619; 3.90116; 4.1017; 3.4618.

7.5919; 7.4429; 6.7221; 7.3022; 7.5123

wnio;s ;a

In the form of : (i) (OH); (11) C0; (4111) ether OR; (iv) eeter OR (v) SH;
(vi )RSR; frit} RCNS; (viii) RSSR; (ix) One F on carbon; (x) F in polyfluorides;
(xi) Cl; (xii) Br; (xiii) I; (1) aliph.prim.amine; (2) arom.primamine; {3 espe
sec, amine (4) arom.eec.amine (5) aliph.tert.amine (6 )arom.tert.amine; (7 )hydro-
xylaine; (8) hydrogine (9 )aliph.cynide (10) aromatic eynide (11 jalip.oxime
(12) primamide (13) sec.amide (14)tert.amide; (15) imidine (16 )oximido (17)
carbimido; (18) hydrezone; (19) alkyl nitrate; (20) alkyl nitrite (21) nitro-
paraffin; (22) nitroaromtics, (23) nitramine.

9

Crystal structures and unit cell dimensions (in A) of selected solids (25°C)

(All the data are from -NBS Circular 539)

Aluninun cubic (F.C.C.) 4.0494

Aluminum oxide (of ) hexagonal a=z4.7580; co; 12.9910

Ammonium chloride cubic (Pm3m) 3.8756

Calcium carbonate(cal- | hexagonal az4.989; o=17.0620

cattin, fluoride(Fluo- | cubic. (Fm3m) 5 4626
rite )

Carbon (diamond ) cubic. (F.C.C.) 3 05667

Cesium chloride cubic (B.C.C.) 4.1230

Copper cubic (F.C.C.) 3.6150

Iron (of ) cubic (Im3m) 2 8664



Elastiz Moduli 171

Magnesium oxide cubic (F.C.C.) 4.2130

Molybdenum cubic (B.C.C. ) 3.1472

Platinun cubic (Fm3m) 3.9231

Potassium chloride cubic (Fm3m) 5 63470

Silicon dioxide (ec ) Tetragoral a=4.9730; ¢=6.9500

Silver cubic (Pm3m) 4.0862

Sodium chloride cubic (F.C.Cc.) 5.6402

Tung sten cubic (Im3m) 3.1648

Zinc sulfide ( hexagoral >: 3.8200; 26.2600

Elastic Moduli _

Composit ion Young 's Modulus|50isson's |Kigidity Tensile
Material and condition | 10" dyns/em [ratio Modulus breaking

10" dynes/cm | stress
108 dynes/en|

Silver Pure Tel ~ 7.8 0.37 2.6 owe
Platinun Pure 16.67 0.39 6.42 12 = 13
Berylliun Pure 29.4 amen, o_nenane 12 = 15

Molybdenum Pure 34 a 14.7 69

Silicon Pure 11.26 — — —_—

Titanium Pure 11.6 — — 54

Tungsten Pure farawn } 34 — 13.5 80
Gold Pure (annealed )}| 8 0.42 —_— 13.1

Aluminium Pure and

alloyed 6.89 0.33 2465 4.74
Copper (with 0,0016

sulfur ) 12.77 0.364 4.68 35
Brass Var ious

composition |9-1:.7 0.33 325-447 30 = 60

Lead Rolled 1.47-1.67 0.40-0.45| 0.54 1-2

Magne siun Pure 4.48 0.35 1.67 —_
Tin Rolled 3.92-5.39 0.33 1.67 1.45-2.14
Iron Cast (2.5-3.5%

carbon and

other impuri-

ties 8.27=1742 0.17 510-86 155-3923
Steel Carbon(0.8%

other impuri-

ties;drawn) | 19.22 —— 8.11 —_.
Steel Other compo- :

sitions 18-20 0.2~0.3 T=9 30 = 60

Zine Pure 7.8 ~ 10.2 —— 2 .9-3.73 —



Thermochemitzal Data

Thermochemical Data of Selected Elements and Compounds

A\H® = Standard enthalpy of formation, for 1 mole of the substance

in its standard state (stable form at 1 atm) at 298°K from its elements in
their standard states (in Kcal mle~!).

1) APe = Standard Gibbs free energy of formation at 298°K (in Koal
mole }.

S° = the standard entropy (in cal deg” mole”') at 298°K

c°, = the molar heat cajacity at constant pressure (in cal deg”!
-1

mole ) at 298°K.

State: S, Solid; 1, liquid and g, gas.

Formula state _| A4y” MF,” 5° c..

Aluminum s 0 0 6.8 5.8

Al, 0, S( form)| -399.1 -376.8 | 12.2 18.9

aici, Ss -166.2 148.2 | 26.3 21.3

A1, (50, )s S -821,0 -739.0 | 57.2 62.0

ALN Ss =76 65 69.1 5.0 7.7

Antimony

Sb S 0 0 10.5 6.1

Sb, 05 S ~168.4 ~149.0 | 29.4 24.2

Sb, 0, S -215.0 -1681.2 | 29.9 28.1

Sb Cl, g =75 2 -72.3 | 80.8 18.5

S ~91,3 -77.6 | 44.5 25 6

Sb,5, Ss 43.5 42.9 30.3 28.2

Argon

Ar Fs 0 0 37.0 5.0

Arsenic

As s( ) 0 0 8.4 6.0

As, g 3507 2502 69 —

A8,0,(A8,0, ) S -313.9 -275.4 51.2 45.7

As, 0, S ~218.6 -184 6 25.02 27.8

Ast, g 41.0 41.6 53.2 ——

As,S, Ss ~35.0 _—_— — —

Bar ium

Ba s 0 0 16.0 6.3
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Formla State a H,* 4 FP," s° °

Bad S ~133.4 ~126.3 16.8 11.3

BaCl, S ~205.6 -193.8 30.0 18.0

BaCl, +20 S 349 23 -309..7 48.5 3701

Ba SO, S ~350.2 ~323.4 31.6 24.3

Ba CO, S ~291.3 272.2 26.8 20.4

Bismath

Bi S 0 0 13.6 6.1

Bi,0, S ~137.9 -118.7 36.2 27.2

BiCl, g ~64.7 ~62 2 85.3 19.0

S ~90.6 -76 2 45.3 —_

Bi0Cl S -87.3 -77.0 20.6 —

Bi, 8, S -43.8 ~39 4 35.3 30.7

Boron

B S 0 0 1.6 2.9

BLO, S -302.2 -283.0 12.9 14.9

Bromine

Br, 1 0 56.4 17.1

g 7.3 0.7 58.6 8.6

Cadmium

Ca s(x) 0 0 12.3 6.2

cao S -60.9 -53.8 13.1 10.4

CdCl, S ~93.0 ~82.8 31.2 18,3

Cas S =34.5 ~33.6 17.0 13.2

caso, S 221.4 ~195.0 29.4 24.0

Caesium

Ce S 0 0 19.8 74

CaCl S ~103.5 -96.8 23.9 12.6

Calcium

Ca S 0 QO 9.9 6.3

Cad S -151.9 -144.4 9.5 10.2

Cal, S -45.1 -35.8 10.0 —

Ca (OH ), S -235.8 =214.3 18.2 202

CaCl, S -190.0 -179.3 27.2 17.4

caso, S =342 4 ~315.6 25.5 23.8

CaS0,°2 H,0 s ~483.1 ~429 .2 46.4 44.5
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Formule State 4 io OFS 5° Cc.caco, s -288 4 ~269.8 22.2 19.6Calcite

Carbon

C S(graphite) 0 0 154 2.1

S(diamond) 0.5 0.7 0.6 1.4
CO g ~26.4 -32.8 47.3 7.0
co, g& ~94.1 ~94..3 5161 8.9
CH, g -17.9 -12.1 44.5 8.5
C,H, P ~20.2 -7.9 54.8 12.6
CH, g ~24.8 -5.6 64.5 17.6
nC Hy, g ~40.0 0.05 — 92.45
C, H, & 12.50 16.3 52.5 —
C,H g 54.2 50.0 48.0 —
C,H, 1 11.7 29.8 41.3 —
Cyclo-c, H,., 1 -36.7(18°)| 6.8 —— —
Cio Hy Ss 16.0(18°)) 45,2 | oo —
C1, Hy S 27.6(18°)} 64.8 —_——~ ~umnee

HCHO g -27.7 -26.3 52.3 8.4
CH, CHO & ~39.8 -32.0 63.5 —_——
H COOH g ~86.7 ~80.2 60.0 ——
CH,COOH 1 ~104.7 -91,2 34.05 —-
CH,OH 1 ~57.0 -39.7 30.3 —_—-
CH,OCH, & ~44.3 ~27.3 63.7 —_——
CH, COCH, 1 ~59 43 -37.2 — —_—-
CH,CN 1 12.7 24.0 — —-
C<H. COOH Ss ~93.2(18°)| -61.9 — —--
C,H, NH, 1 7.3(18°)| 35.4 —_— —
cc, 1 ~33.3 -16.4 51.2 31.5
cOcl, g ~53.3 -50.3 69.1 14.5
CHCL, 1 -31,5 -1761 48.5 27.8
cs, 1 21.1 15.2 36.1 18,1

Chlorine

Cl, & 0 5303 8.1
Cl 

29.0 25.2 39.5 5 62



Phernosunam: °al Ontea

iornela tbite a He Ar, >" C
Chromium

Cr S 0 0 567 5.6

Cr, 0, S ~269.7 -250.2 19.4 28.4

Cr 05 Ss -138.4 -119.9 17.2 —

Crel, Ss 134.6 -118.0 30.0 21.5

Cobalt

Co S 0 0 Te2 6.1

CoO S 572 ~51.5 12 .6 —

Co,0, S ~216.3 ~188.0 24.5 —

Coll, s -77.8 -67.5 =25.4 18.8

CoCl. *6H,0 S -508.9 — — —

Cos0, Ss -207.5 ~182.1 2761

CoSO, * 7H,0 Ss ~713.8 — —_—— —

Copper

Cu S 0 0 8.0 58

Cu,0 Ss —39.8 34.4 22 44 16.7

Cud Ss 37.1 -30.4 10.2 10.6

CuCl S 32.2 -28.4 21.9 11.6

CuCl, Ss -49 .2 - 39.0 27.0 19.0

CuCl, °2H,0 S ~193.0 — — —

Cu,8 Ss -19.0 -20.6 28.9 18,2

CuS Ss -11.6 ~11.7 15.9 11.4

CuSO, § -184,0 158.2 27.1 24.1

CuSO, +5H,0 s ~544.5 449.3 73.0 67.2

Fluorine

F, g 0 0 48.6 7.5

feranium

Ge S 0 0 10,1 6.2

Ged, amorph.| «128.3 ~114.4 12.5 —.

Gold

Au 0 0 11.4 6.0

Au, 0, 19.3 39.0 30.0 —

AuCl, ~28 .3 -11.6 5544 —

Helium

He & 0 0 30.1 5.0
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Formula State AH,° 4 F,° s° c.°
Hydrogen

H, g 0 0 31.2 6.9

H,0 g -57.8 -54.6 45.1 8.0

1 ~68.3 ~56.7 16.7 18.0

Ho, g ~32 3 ~24.5 54.2 __

HF g ~64 2 -64.7 41.5 6.9

HCl g -22.1 -22.8 44.6 7.0

H Br g ~8.7 =12.7 47.4 7.0

HI & 6.2 0.3 49.3 7.0

H8 & ~4.8 -7.9 49.1 8.1

Iodine

L, S 0 0 27.9 13.1

g 14.9 4.6 62.3 8.8

I & 25.5 16.8 43.2 5.0

Iron

Fe 8 0 0 6.5 6.0

Pe, 0, Slhaema- |~196.5 | -177.1 21.5 25.0

tite)
FeCl, 8 ~81.5 ~T2 2 28.6 18.2

FeCl, s -96.8 -80.6 32.2 22.8

FeS s(x ) 22.7 -23.3 16.1 13.1

FeS., S(Pyri- | -42.5 -39 .8 12.7 14.8

Fes0, ges 220.5 | +194.8 25.7 __

Pe3C S(cemen-| 5.0 3.5 25.7 25.3
tite )

lead

Pb 8 0 0 15.5 6.4

Pb 0 S(red) | -52.4 ~45 2 16.2 11.8

8 (yellow) ~52.1 -45.0 16.6 11.6

Pb 0, 8 ~66.1 -52.3 18.3 15.4

Pb30, S -175.6 | ~147.6 50.5 35.1

Pb Clo 8 85.8 -75.0 32 6 18.4

Pb L, 8 -41.8 -41.5 42.3 19 64

Pb 8 s -22.5 ~22.1 21.8 11.8

FeSO, s -219.5 | ~193.9 35.2 24.9

Po (0, , g -107.3
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Formla state | AHP | AF,® s° % :
Lithium

Li 8 0 0 6.7 5.6

4 3701 29.2 33.1 5.0
Li,0 8 ~142.4 | =133.8 9.1 13.0
Lill 8 30.7 25.2 40.8 Tol
Licl S 9767 ~91.9 13.9 12.0

Li,80, 8 -342.8 | =316.0 29.0 —_

Magnesium

Mg 8 0 0 7.8 5.7
0 8 -143.8 | -136.1 6.4 8.9

Mg (OH), 8 -221.0 | -199,3 1561 18.4
MgCl. S -153.4 | -14126 21.4 17.0
MgCl. °6H.,0 S ~597.4 | =505.6 87.5 75.05
Mg SO, S -305.5 | -280.5 21.9 23.0

Mg CO, S ~266.0 | ~246.0 15.7 18.0

Manganese

Mn S( x) 0 0 7.6 6.3
wn0 S ~92.0 -86 .8 14.4 10.3
MnO, S 124.5 | ~111.4 12.7 12.9
Mn, 0, S -229.4 | -2:9.8 26 4 25.8
Mn,,0, S -331.4 | ~306.0 35.5 33.3

MnP, S -189.0 | -179.0 22.2 16.2

MnCl, S -112.0 | ~102.2 28.0 17.4
MnSO, S -254.2 | -228.5 26.8 23.9

Mercury

Hg 1 Oo 0 18.2 6.6

g 14.5 7.6 41.8 5.0

HgO S(red) | =21.7 ~14.0 16.8 10.9

s(eiten -21.6 ~14.1 17.5 —
HgoClo 8 -63.3 -50.3 46.8 24.3

FeCl, 8 -55.0 -44.0 34.5 18.3

HgS S(red) | 13.9 “11.7 18.6 11.1

S(black] -12.9 “11.1 19.9 11.1

Molybdenum

Yo S 0 0 6.8 5.6
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Forma State A H,° AF, s° c.°
60, 8 -139.5 | -126.9 13.6 __

m0, S 180.3 | =161.9 18.7 17.6

MoS, s -55.5 -53.8 151 15.2

Mo, 33 S -102 .0 ~99.5 28.0 __

Neon

Ne & 0 0 34.9 5.0

Nickel

Ni S 0 0 To2 6.2

Ni0 S -58.4 -51.7 9.2 10.6

NACL, *6H,0 s ~505.8 | -410.5 75.2 ___

Ni80, ¢6H,0 S(olue) | -642.5 | -531.0 7301 82.0

wi(co), g -144.7 | -140.3 96.0 ___

Nitrogen

N, g 0 0 45.8 7.0

NO g 21.6 20.7 50.3 Tol

NO, g 8.1 12.4 57.5 9.1

N,0 & 19.5 24.8 52.6 9.3

K,0, g 2.3 23.5 12.7 18.9

NO, & 36 — — —_—

MH, & ~11.0 -4.0 46.0 8.5

HNO, 1 41.4 | =19.1 37.2 26.3

WH ,C1 s ~75.4 | 48.7 22.6 20.1

(iH, do 80, S =281.9 | -215.2 52 6 446

Oxygen

0, g 0 0 49.0 7.0

| Og g 34.0 39.1 56.8 9.1

Phosphorous

P S(white ) 0 0 10.6 5.5

S(red ) ~4.4 —_— —_—— —_——

g 75 2 66.7 39.0 5.0

P, & 13.1 5.8 66.9 16.0

P40, 9 (P50, ) S -740.0 | =673.6 65.0 491

PH, & 4.1 6.2 50.4 8.1
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Formule state | 4 Me° | A Fe s° Ce
HPO, ~ 306.2 — — —_

P Cl, g ~66.7 | -61.9 74.6 17.2

Fl, & “953 | -77.6 84.3 27.0

POL, g 141.5 | 130.3 77.6 20.2
Platinum

Pt s 0 0 10.0 6.3

Potassium

K 8 0 0 1542 7.0

KOH s -101.8 | — — —

KCl s 104.2 | -97.6 19.8 12,3
KC10, S “93.5 | -69.3 34.2 24.0
Ker S -93.7 | =90.6 23.0 12.8
KI 5 -78.3 | =77.0 24.9 13.2
K,80, S ~342.7 | -314.6 42.0 31.1

KNO, S -117.8 | =94.0 31.8 23.0
K,00; s 273.9 | —— — —
Kuno, S 194.4 | =170.6 41.0 28.5

Silicon

Si S 0 0 4.5 4.7

$10, S(quartz) -205.4 | =142.4 10.0 10.6
Si H, g ~14.8 9.4 48.7 10.2

SiCl, g 145.7 | -136.2 79 2 21.47
SiC 8 ~12.4 | -11.8 3.9 6.4

Silver

Ag S 0 0 10.2 6.2
Ag,0 S -7.3 | 2.6 29,1 1567

AgCl S 30.4 | -26.2 23.0 12.1

Agbr S -23.8 | -22.9 25.6 12.5
Ag I s ~14,9 | -15.8 27.3 13.0

Ag NO, S 329.4 | =-7.7 33.7 22.2

Ag,CO, S -120.9 | -104.5 40.0 26.8

(Sodium
Wa S 0 0 12.2 6.8

Na,0, s 123.0 | -107.0 22 6 —
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| _pormia _| state | O8” | Ay” 3° c,°
NaOH S -102.0| -91.0 15.3 14.3

Na F S ~136.5 | ~129.3 12.3 11.0

NaCl s -98.6 | -92.2 17.4 11.9

Nar S -86.0 | ~82.9 20.0 12.5

Ma I 8 -68.8 | -67.5 21.8 —

Wa,SO, S ~330.9 | -302.8 35.7 30.5

Ma,S0, +1 0H,0 S -1033.5 | -870.9 141.7 140.4

NaNO, S ~111.5 87.5 27.8 22.2

NaXO,, S ~85.9 — — —

Na, PO, s -460.0 — — —

NaCO, s -270.3 | -250.4 32.5 26.4

NaH CO, S -226.5 | -203.6 24.4 20.9

Stront ium

Sr S Oo 0 13.0 6.0

Sr (OH), § ~229.3 — — —

SrCl, S -198.0 | -186.7 28.0 18.9

Sr 80, 8 ~345.3 | -318.9 29.1 —

src, 8 ~291.2 | -271.9 23.2 19.5

Sul phur

8 S(rhombic) 0 0 7.6 504

8 (mono- 0.1 0 7.8 56
clinic

g 52.4 43.6 40.1 5.7

Sp g 24.4 11.9 102.8 —

80, g -71.0 -71.8 59.4 9.5

80, g -94.4 88.5 61.2 12.1

H,S0, 1 ~193.9 — — 32.9

SF, g ~262.0 | -237.0 69.5 —

Pin

Sn S(white 0 0 12.63 663

S(grey) 0.6 1,1 10.7 6.2

Sn0 S ~68.4 -61.5 13.5 10.6

8n0, S -138.7 | -123.9 11.6 12.6

Sn0l, 1 =130.3 | =113.3 61.8 39.5
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| le state | A He? | A Fy° s° Cc.
Titanium

Ti S 0 0 7.2 6.0

T10, 8 (rutile 218.0 -203.8 12.0 13.2
TiC, 1 -191.5 ~175 03 59 .6 37.5

Tungsten

v S 0 0 8.0 6.0

WO, S(yellow /~200.8 ~182.5 19.9 19.65

Uranium

U S 0 0 12.0 6.6

v0, s -270.0 ~257.0 18.6 15.3

UF, g -505.0 ~485.0 90.8 —

Vanad ium

Vv 0 0 7.0 5.8

Vp Og ~290.0 | -271.0 23.6 24.8

V0, S -373.0 ~344.0 31.3 31.0

Zinro

zn S 0 0 9.9 6.0

Zn0 S ~83.2 - 76.0 10.5 9.6

2n(0H), S =153.5 — —- 17.3

Zn0l., 8 ~99 4 -88.3 25.9 18.3

ZnS S(zine | +48.5 -47.4 13.8 10.8
blende ) __ __
S —45.3 —_—

ZnSO, S -233.9 -208.3 29.8 28.0

ZnSO, © 7H,0 8 ~735 01 -611.9 92.4 93.7

Zirconium

ar 0 0 9.2 6.2

zr0,, -258.2 -244.4 12.0 13.4



182
Heats of Combustion

Heats of Combustion of selected organic Compounds

Heats of combustion (~ AH) = the heat evolved per mole of the subs-
tance when combustion takes place at atmspheric pressure, the final pro-

ducts being CO, (g ).

~94.1 K cal and

O(1)and N,(g). The heate of formation of co, (g) =
H,O(1) = -68.3 K cal.

Heat of com- Heat of com=

bustion(at bust ion(at
298°K) in Keal 298°K) in Keal

Name State | mole~! Name State | mle_

Hydrocarbons

Methane g 212.8 Ethanol 1 326.7

Ethane g 372 8 Propanol-1 1 480.5

Pro pane & 530.6 Diethyl ether) 1 652.8

n-butane & 687.7 Ace taldehyde | 1 279.0

ne pentane 1 838.8 Acetone 1 426.8

n-hexane 1 995.0 Formic acid | 1 64.6

Cyclo-Pentane 1 786.5 Acetic acid | 1 209.4

Cyclo-hexane 1 936.9 Oxalic acid |S 58.9

Ethylene & 337.2 Benzaldehyde | 1 841.3

133-butad iene g 607.5 Benzoic acid | S 771 4

Acetylene g 310.6 Glucose S 673.0

Benzene 1 781.0 Phenol Ss 732 .0

Tolunene 1 934.5 Sucrose Ss 1, 348.9

Naphthalene Ss 1,228.2 Nitrogen containing

compounds

Ceygen Conte ining Aniline 811.9
Methanol 1 173.6 Nitrobenzene | 1 739 6

Iatent Heats and Heats of Atomization

Iatent heat of fusion ( AH, ) = J\H for the transition solid —> liquid.

Iatent heat of evaporation ( AK, ) = /\H for the transition liquid——» vapour

latent heat of sublimtion (AH,) = Alg,, tAH, = AH for the transition

solid ———> vapour

Heat of atomization (AH at) = the standard heat of formation of the gaseous
element at 25°.
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Aly, at A He at A Hy at L\ Yat
mp. (K _, bepe (K_, [25°C (Kal lee 04) moieTM!)

Substance cal mole ) cal mole ) | mole~!)

H 0.014 0.108 — 52.1

Li 0.70 35.3 37.9 38.4

B — — 138( AH) | 141

C — — 171.7(AH.)| 17167

N 0,086 0.666 — 112.9

0 0.053 0.81 — 59.2

P 0.19 0.75 — 18.3

Na 0.63 23.7 25.7 26.0

Me 2.1 30.5 33.6 359

Al 2.5 69 .6 — 75.0

Si 12.1 72.5 — 105

P 0.15 3,1 3.4 7502

S 0.29 2.5 —_—— 52.4

C1 C.77 2.44 _— 29.0

K 0.57 18.9 21.0 21.5

Ca 2.2 39 .9 43.41 46.0

Ti 3.7 102.5 — 112.6

v 4.2 109.6 —- 122.8

Cr 3.5 82.9 92.3 95.0

Mn 3.5 52.5 — 66.7

Fe 3.7 83-9 89.4 99.8

Co eT 91.4 ——. 101.6

Ni 4.2 88.9 — 101.3

Cu 3.1 72.8 79.4 81.1

zn 1.76 27.6 29.5 31.2

Ge 7.6 Ps) 84.8 90.0

As 6.6 — 7.7( AH,) | 60.6

Se 1.25 3.3 — 48.4

Br 1.26 3.65 3.8 26.7

Bb 0.53 18.1 20.0 20.5

I 1.88 4.98 5.78 25.5

H,0 1.44 9.82 10.5 —

#0, 2.92 10.3 12.2 —
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Aly, At hie Pe AH at bepe Au, at 25" Al t

| __ Substance (Kk cal mole ')| (K Gal mole~')} (K al mole ') | (K cal mole ~' )
HF 0.94 1.8

H,8 0.59 4.46 _

HCl 0.48 3.86 ___ ___

HBr 0.58 4.21 ___. ___.

HI 0.69 4.72 ___ __.

CoB. 2.35 7.35 8.09 —_

CS, 1.05 6.5 6.65 a

ccl, 0.60 7.28 7.88 ___

BH, 1.35 5.58 ___ __

NaF 8.0 48.1 59.9 ——-

Nacl 6.9 40.7 50.5 ——

Na Br 6.1 38.0 45.5 ———

Na I 5.3 38.1 47.1 _

Mg Cl, 10.3 32.7 46.6 —

SO, 1.77 5.96 —_— —_—

KCl 6.1 39.0 47-2 ——

KBr 7 37.2 46.6 —

KI a 34.7 eee

Iattice Energy and tion Energy for Alkali Halides at 25°

Iattice (crystal )energy = A\H for the formtion of gaseous ions
(infinitely separated) from one mole of compound in the crystalline state.

Hydration energy = /\H for the formation of gaseous ions, (infinitely
seperated) from one mole of compound in aqueous solution at infinite dilution.

lattice Hydration

energy _; energy _,

Salt (Keal mole _) |(Kcal_ mole __)

LiP 244 243

Licl 2@ 211

Libr 191 203

LiI 178 193

mF 215 215

Nadl 184 183

NaBr 175 175

Nal 163 2164

KF 190 194

KOl 167 163

lattice Hydration

energy _, |energy _,

Salt (Keal mole )|(Kcal mole _)

Kr 160 155

KI 149 144

RbF 182 188

RbCl 161 157

RbBr 154 149

RbI 145 138

CaF 172 181

Cell 155 191

CeBr 149 143

Cal 140 132



Heats of formation of Aqueous ions

Heats of Formation of Aqueous Ions 185

AH; = the Standard enthalpy of formation of the aqueous ions at 25°C (Kcal

Ion AW, Ton AH;

ut 0 ca“* ~129.8
oo; -161.6 crot” -206 3
HCO, ~165 2 Oro, ~349 01

NET 31.7 Min? + ~52.3
BO; ~25.4 Fe** ~21.0
80; 49.4 fe°* =1104
OH” 55.0 cut 412.4
r ~78.7 cu** +1544
Nat 5763 an* 36.4
Ng2t ~11004 Br_ -28.9
a>* 125.4 Ag* +25,3
s*- #10.0 r -13.4
so! ~ 216.9 Bat ~128.7
+ ~40.0 po-* +0.4
K* 60.0 _ __

Variation of selected Equilibrium constants with temperature

Equilibr ium
leg K, (at °K)

298 | 40 500 76 OO] 9007 Ti

ig) thy) = 2H1(g ) 2.9) | 2.2 /_} 1.8] 1.6] 1.4

No (g) + 3H (g) => ami, (g ) 508 | 11.0 |} =4.11-6.0 | -7.3

N(g) + 0,(g) => 2n0 (g) ~30.4 |_| — |_+12.3) —_ | 7.4

2N0(g )+0,(g) => 20, (g) 12.3 |—4 4.62 | 0.7} 1.3 | -205

280, (g )40,(g ) => 280, (¢) 2404 |_ 110.4 |) 4.5] 162 | -0.9
20(s)402(g) == 200(g) 48.2 —| 3245 _| 26.1] 22.5 | 20.2

C(a)+0,(g) == 00, (¢) 69.2 |__| 41.2 |__| 29.4) 22.8 | 18.7

caco, (s) ==> ca0(s) + C0, (g) @22.7 | $10.1 -4.8/-1.9 | 0.0
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log (at- °K)

are sieEquilibrium 296] 400 500] 600] 700 1900 TTT00 —
Cu 80,5H,0(8) == CuS0,3H,0(s) + =4.0] 1.0/3.9/5.8/ |_|

2, 0(g )

CuS0,3 H,0(a) => CuSO, *H,0(e) + 4.6] 0.6] 3.6] 5.6) | |

2H,0(g )

CuSO, H,0(a) == CuSO,(8) + H,0(g)| -4.7/-1.4] 0.4] 1.7; — | — | —

Heats of Solution

Values are given in kilocalories per gram mole for the dilution indicated.
Positive values indicate evolution of heat. To convert to BIt multiply by the
factor 3.9685.

Name Dilution in Heat of solution Temp
moles of water °C

Acetic acid 200 + 0.375 18

Aluminum chloride 1250 + 76,845 18

Ammonium chloride 200 - 3.88 18

Barium chloride 400 - 4.93 18

Barium hydroxide ecee + 12.26 18

Calcium chloride 300 + 17.41 18

Calcium chloride 400 - 4.31 19.3

Calcium hydroxide 2500 + 2.79 18

Calcium oxide 2500 + 18.33 18

Copper sulfate 400 + 9.34 18

Hydrobromic acid eves + 20.0 15

Hydrochloric acid coee + 17.4 15

Hydrogen Sulfide coon + 4.56 15

Iron chloride (as) 1100 + 8.7 20

Iron chloride (ic) 1000 + 32.68 18

Iron sulfate (ous) 400 - 4.51 18

Iead acetate 440 + 1.4 16

lead nitrate 400 - 7.61 18

Lithium bromide eee + 11.25 15

Lithium chloride 230 + 8,37 15
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Name Dilution in Heat Temp ¢

Magnesium Chloride 800 + 35.92 18

Magnesium chloride 400 + 2.95 18
Phosphorous Pentoxide 550 + 35.6 15

Potassium chloride 100 - 4.19 21
Potassium dichromte 400 - 16.70 18

Potassium hydroxide 250 + 13.29 18

Potassium nitrate 200 - 8,52 18.

Silver nitrate 200 - 5.44 18

Sodium acetate 200 + 3.87 18

Sodium acetate 400 - 4.81 18

Sodium bicarbonate eee - 4.3 15

Sodium carbonate 400 + 5.64 18

Sodium chloride 100 - 1,18 18
Sodium hydroxide 200 + 9.94 18

Zinc chloride 300 + 15.63 18

Zinc sulfate 400 + 18.43 18

Beate of Neutralization

Enthalpy of neutralisation ( AH) at 25°C for equal volumes of
reactants (each 1 molar )

Reaction AF “4
K cal mle

HCl + Me OH ——y MaCl + H,0 13.84

HNO, + NaQH ——» Fan0,, + H,0 13.76

CH,COOH + MOH ——> CH,COOMa + H,0 13.42

HCl + ii, —> BH Cl 12.76

CH,COOH + KH, —_—_—_> OH,COOMH, 12.04

HCl + NaF ——> HP + NaCl o2 45

HOl + #M,0(Solid) —> 434 M,Cl, + $ HO 17.45

Heat capacity standards

*Water

°C C, at_latm.pres.,cal ba ¢ C, at latm.pres.,cal

0 1.00804 30 0.99866
10 1.00194 50 0.99919

20 0.99947 60 1.00008
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% Cy at latm. pres.,cal O% c, at lat. pres.

80 1.00295 100 1.00763

*Mercury

Liquid _ Va pour

°C C eatd C, Cc, q _

-20 0.033534 0.033534 0.02941 0.02476

0 0.033817 0.033817 0.02920 0.02476

20 0.033240 0.033240 0.02876 0.02476

40 0.033110 0.033110 0.02845 0.02476

80 0.032877 0.032877 0.02789 0.02476

100 0.032776 0.032776 0.02764 0.02476

140 0.032606 0.032606 0.02716 0.02476

*Alumimuim oxide

cK Co Cal °K C p? Cai

20 0.000178 300 0.18615

40 0.001619 500 0.24860

60 0.006517 600 0.26374

100 0.03010 800 0.28207

200 0.11988 1000 0.29241

Kopp‘s rule

Kopp's rule is used only where experimental values Are lacking. It

states that the specific heat of a compound is approximately equal to the

eum of the heat capacities of the constituent elements and that an APPROXI-

MATE value expressed in gram oslories per gram weight is calculated by

assigning the following atomic heat oapacities to the elements:

Yor solids: C, 1.8; H, 2.33 O, 4.0; 8, 5.43 Py 5o4y FP, 5.0 Si, 3.83 B, 2073

all other elements 6.2.

For liquide: C, 2.8; H, 4.83 0, 6.0, 8, 7.4; P, Ted, Fo 7.03 Si, 5.8, By 4.73

all other elements 6-0.

Examples For Bad00,» 6.2 + 1.8 + (3 x 4.0) = 20.0 oal/g. formula weight; or
20.0 /197.37 = 0.1013g cal/g. Found by experiment, 0.0999.
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IV ATOMIC AND MOLECUIAR STRUCTURE AND PROPERTIES

IV.) Quantum Mechanics:

* Postulates a) The state of an atomic or molecular system is described
by the function G(q,, ....4,, t) where J is the state function of the
system. Q, ws q,, are the n-coordinates, the corresponding momenta being
Pr sooo Pre PPX dt is the probability for the system having q values lie
within the volume element d{ at time t; that is q between q, and qa, + dq, etc.
at time t.

fore coe it) P (9... t)acent

Y is also referred to as the wave function.

b) A linear operator o{ can be assigned to every dynamical
variable A.

Example: Var iable Operator

ay multiplication by ay

t multiplication by t

3Py ~in 34, (a, is conjgate to p,)

4 = h/21 where h ie Planck's constant. The linear operators chosen are

Hernitian.( [p*(%¥) aq = SY (oc* o*) ag )

c) The time-dependent equation satisfied by they 's is

H(a, - in%Qa, t) P(q,t) = - 1a ZF (at)

H is the Hamiltonian operator for the system. The above

equation is also referred to as the Schrodinger time-dependent equation.

d) The precise value a of a dynamical variable A for a
system is

AV (a, t) =a Ya, t)

where is the corresponding operator and Y (q, t) is che eigen function
ofol. a is aleo called the expectation value. The energy value E of the
system, in particular, is given by the Hamiltonian operator

HY (a, t) = EV(q, t)
For a stationary state

HY(q) = BY (a)

© (a, tle ya) exp -(*)

e) Ifa state for which the function is ¥ can be represented
as a superposition of say two eigen functions i.e. = c.f, + oof, where c,,
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c, are coefficients and ?, and @, are eigen functions of the operator x
then the expectation value of the operator x is c,* C, 4a, +c,* c, a,. Here
a, and a» are the expectation values of the operator for the eigen funotions
Pi and Pp. separately. In general, if a state function is expanded in terms
of a set of eigen functions with [| = yc, Py then

Celaige> fe EdT LTO
* Uncertainty principle

( yt - ap)Y= - i awl

p end q are conjugate variables (momentum and coordinate; time and erergy).
p and q do not commute. Two orators < and B are said to commte if

a= BX.
* Angular momentum operators

d

MY Se -8 35
M wih(z2-2 x2)
y Ox

oO oOM, =-1% (x a> -Y 55 )

Me = co + M + M.

Conmutation Relations

MyM - MM =i aM,

MM - MOM = 1AM,

Muy - MM, i a

M2M, = MyM = 0

Wy = MM = 0
yy

vu, - = 0

The above relations hold for a single particle as well as a system of particles.

The expressions apply to orbital as well as spin angular momenta. The eigen

functions of the angular momentum operator will be deonoted by Ys’,m

(2 ry" 7 -( with L and m integers or lf integers ).

2we Yom et um? O(h+ 1K Ye a

Me pm = Sm “Fyn =mh Tha
Nik

(Mm. + My Mem = M Yoon = KA [( bom +1) (Ln) | 1p Y¢, m+!

eB ((L( 2+ thm(n + 1) Ye nal
4.
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- 
1/2(Mo - iM) Ny eM yy oA (Leos 1) = ao1)] YD met

1/2
=a I t+m) (2-m+ 1) | Lyme

Com Md Ye, 2) ~ a} acts 1 Yea(eet) | én, m+1
+ Z (f+ ) -a(ae) in | . by’ 0

Cty va \¥,| Yn) Ally (+1 (ns | ee -

- Lae. + 1 )=m(m-1 ]

“An O atm, Ogg
ba, =} . borg

d% 'm'!

where j 1 for r = 8, zero otherwise. The Y p,m 'S here are the sphericalharmonic 8 notions aprear in the solutions of hydrogenic systems.
Te om = [2 1 - tan | (@) exp (im D )

-} p,m (6 ) is the associated Ilegendre polynonial (6606 Tr ); (OSS 27),

*Electron spin angular momentun

The spin angular momentum operator S is similar to M above. Eigenvalue

for s* operator is S(S+1). Two eigenvalues for S, namely eA and -44. The
spin eigen functions are correspondigly ,, and B icew SX = HAMX, 8 Bmp Ap

Six = 3/4 KK 3 SP = 3/4 KB
S, = (5, - is, 8 = (Ss, - 18.)

y

SX= 0 SxX=KP

S.A = AX ; S_ /3 = 0

*Pree particle (Potential V = 0)

2

way oy
2m dx “*«

i - 1/2)if = w(B,) exp [t. (rmm) /
x J

m= mass of particle; EL = energy value; n(z ) = normalization factor. Since
values of x can range from -OOto +0 Values from 0 to +00 are possible,
in other words, a continuous svectrum of energy values is possibile.

*Farticle in a Box

2 “2 2 ‘)
- ua : 0 re) . = 9 + y 5

_ 2m ve) * Oy2 * ~~ “ee at iW 7 Y= Y
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Potential V is sero inside the box while at the boundary and elsewhere
it is infinite, i.e.

V, =O, Oo< x < a3 Vy, = 00 elsewhere

WU» Oc y < dD; vy, = & elsewhere

Vv, =O; Oc 2K C3 VV. =0oQ ~~ elsewhere

8 TT ni neia, b and c are the box rue = abe pein a sin 1— y Sin ~~ Zz:
n,. n n

E=aE + Ey +E. aa ! =5 + 5 + 3 ). Yor a one dimensioml)] box

bea exp = ( 2m a
If V is not infinitely high and not infinitely wide | is not sero

outside the box. There isa finite probability of finding the particle

outside the box. This phenomenon is called tunnelling.

* Rigid Rotator (V = 0)

Two mass points (atoms) separated by a distance R form the rotator.
let the atom coordinates be a, Q it and b, 6 e ¢ respectively with masses
x, and Ml, The moment of inertia I = m,a° + mb?

-ne ff d oY > 2h 1 0 1

21 | sind Sind 5] ) + Sin @ | EY

b= Ban (0) O ($) =¥%, 9164)
pe % p(t+1) fw 0, 1, 2, 3 cece

* Rigid Rotator ina plane (V=0 )

This case is similar to that of the rigid rotator problem above but

here ( ie constant and equal to 90°. (rotator in the xy plane)

-x 42 a = £ v ; = or exp + (img ), (mn0y142,
Mm? 2

Ber?

*Harmonic Oscillator

one _~ dimensional case: (Ves 4 ux? ; k = force constant )

~ rg +> 4 lex? =HS

yi a, “Upmete,
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[ Vf

< = \Bx ; p = ( ke x “1
H, ( E ) is the Hermite polynomial with n = 0, 1, 2 ....

E = (c/n (n 4+ 1/2) = (n + 1/2) hn?
For n= 0 case E = shy (zero-point energy),

Three-dimensional case:

be She A
|(.PyP v/a 7 Peat nyt na!) |

xT YJ

Hy (5) Hng(84) Hal Be)

, &XP- -4( ees +S.

Eo 4 [ (x \* (nat) ( Bs ‘(nyth) + (2 Ay (n, A)
=h|(my tl) Ye + OM +h Uy (math) "2

For the isotropic case k, = Ky =k
Z

E=h (n. +n +n) + 3/2) = (n + 3/2) hy,

Hermite Polynomials

wk ye (at yn exp (4°) ar = (*)

Ho( S$) = WA Ce) =265 %(E) = 4° -2; Ha(€) = By? tees
HACE) = 16 4 ~48 §* + 12; 4(E ) = 32° W160 2 + 120% Yet (¥ ) = ar®
“480 F + 720° ~ 120; 4 715) = 120 5 - 1344 §° + 336 > - seo 3 By eye
256% ° - a5e4 ° + 1saaoe! - 13440 ° + 16805 Jf) = 512% 7 - o216y +
4704S - 80640¢ 4 BL24CE5H)O( &) = 1024 | * -23040 55 + 161280 5° ~
403200 £" + sca4on ¢? ~ 30240,

IV. 2 Atomic Orbitals

* Schrodinrer ecuation for hydrovenic atoms

Jr wiv’ . 2] ¢ =. EY
2eft r
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p = wave function of the electron} B = erergy eigenvalue

In spherical polar co-ord irmtes

P (2,0, 6 )= Re) G (6) B( >)

and the Schrodinger equation for & hydrogenic system can b
e written as

1 a 2
ss (rx? aR),

ar arr’ R r’ sineO
2

+ = 4. ( sind $e ) 2h 2 fe 2° |- 0
rsin[) A

fhe functions R(r), 4 (6 ) and d () are defined in terms of quantum
mumbers n, f and m. The hydrogenic wave functions are therefore written
usually as

* Hydrogenic Wave Punctiona(Y bn?
n «= Principal quantum number; f= Agimuthal quantum number; m = 

Magnetic
quantum number.

Y nda =Ri 9 (r) lpn (8) ® | (>) (polar coordinates Yr, 0,2)
4

3 f ' ~ 4/2 2h+l

page) == (22) (noAn- 1) | J
nf Mao = 2n { (n+ Q): ce x “po

where xX = San ; % = effective nuclear charge (Zs 1 for hydrogen atom).
0

a, aX? (hee yt. (Bohr radius) and ees (x) ig the associated Iaguerre

polynomial of order (204+ 1) and degrees (n+l) = (2 Q+1).

241 n-t-1 2

Lou (x)= > (a1 4 (nn +L)t | xk
«0 Tn -f-1- k)i(20+ 1 +k) kt

[=] gyn) = ae ile i pa (coaQ )
2(f+ |m; )§

where p im (cos 9 ) is the associated Iegendre polynomial of order |m|and
degree f .

O() = (aT y* exp (im )

Tabie of R. 9 (r) Functions (Normalized )x = 22r/(m, )

n 1 Symbol R, (r)

1 | 0 le (2/a, y/2 2 exp (-x/2)
2|o| 2 (2 £2)" (z/a, P? (2 - x) exp (-2/2)

1 2p (2 6)" (Z/a, 3/2 y exp (-x/2)
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Nm WwW A OI
R19 (1S)

—-O \ reo (2S)
Neo\ Sees
O —S

Ro, (2p)

2 2 4 6 8 10 12 14 6
x

22r
Rnj (r) asa function of x= nae

1.0,

0.5F
1S

N
mc

&
c

— 05+ 2s
WN

|

cE

re)

0.5+ 2p

i i l i gg t L 1 fo to

O 2 6 8 10 12 4
x

Electron distribution function 4ttr@ LRa(r)]
as a function of x
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nj} 1 | Syubol R, (x)

3 |o | 3. (9 (3) (t/a, 9 (6 = 6x + x”) exp (-x/2)

5 | 1 3p (9 V6)" (za, 7 (4 - x) x exp (-x/2)

3 | 2 3a (9{50)"" (Z/a, 2 ( 5? exp (-x/)

4 | o 4e (96) ' (z/, >? (24 = 36x + 12x? - x?) exp (~x/2)

ef. | 4 (32175 )"" (2/a, )°/?(20 - 10x + xk exp (-x/2)

st2 | 4 (96[5)"' (2/a, (6 - x) x? exp (-x/2)

4 | 3 4f (96 55)" (2/a, >? 3 exp (-x/2)

5 | o 58 (30015 )"' (2/a, P72 (120 - 20x + 120x2-20K? + x4)
2exp (-x/2)

5 1 5p (150 {30)" (2/a, 9/2 (120 - 90x + 1ex* - x?) x
-exp (-x/2)

5 2 5a (150 [70)"! (Z/a, YP? (42et4x + x”) x exp (-x/2)

5 3 5f (300 [70)' (Z/a, 32 (ax) x? exp(-x/2 )

5 4 5g (900 {70 )(2/a, pie x* exp (-x/2)

Table of [-))_ Functions(Normal ized )

ee = Symbol [2] brn! 6)

0 0 8 12/2

1 0 P, ( {6/2) cos 6

1 141 Pas ( 132) sin @

2 | o a, ( (10/4) ( 3 cos*@ -1)

2 [+ a ( 15/2) sin@ coa

2 | 42 a. ( 15/4) sin*@

3 0 f [(s V14 al (5/3 cos’ - cosd )

3 | +4 f. ( 42/8) 8in O(5 cos“@ -1)

3 | # f., ( {105/4) sin®@ cos 6
3 | 43 £. ( J70/8) sin* @



Atomic Orbitals 197

Table of @(o) Functions (Normalized )

m (op) (imaginary ) $ (ch) (reat)

0 (oT? (reat) (2 rye

1 (an exp (id) my? cos dh

-1 (2 ry? exp (-i¢ ) (2 ryt Sin f

2 (oT exp (4 2 ) (217 )t cos 2¢

~2 (2 rj exp (-i 2¢ ) (277 y3 Sin 2q)

* Altermative expressions for p and d orbitals (see also Table ot (3)
functions)

)} Py = NG P; + vo

L Py . f Py -¥p_,

v2 if?

Va ,2 = Va,

Ys 2 pgaae[Pa ode]

*Energy levels of the hydrogenic atom

The energy values of the free hydrogenic atom depend only on the

principal quantum number n.

oe ttet | pene Of
n 2 hen n® ne H

( B, = energy of the hydrogen atom)

*Expectation values of r” using hydrogenic wave functions

<tada| mn fn n> =<r")

Lr) = nna ; +4 (1 Any
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Shapes ( Boundary surfaces) of atomic orbitals

S Zz

Z 2

x op x
y

y y

Px Py _Pz_

2 y z

QD. QO. be

Cxz y _ Oxy 2 dyz

d,2_y2 d,2



Slater Atomic Orbitals 199

iL

, 2g |i +3 (1 - Lite }-3))

r'\. 2

‘ ) ( n®a,)
<r) = 2°/[n7a,” (2+ 1/2)

ir) « 2 / [ne IAC L+ 122) 2+ 1) |

(rtynd 2*(1- ates) ya's 3/2) (f+ 1)( he 1/2) \t-r)
3n

* Slater Atomic Orbitals

Orbital Function

3/2
16 Vs. = a, exp (-z*r/2 )

28 hos = a rexp (-2*r/2)

2p, Vom = (ey r exp (—Z*r/2) Sing coap

2Py Y apy = (z* pie r exp (-z*r/2) sin@ sind
V 3277

5

(PP oe (-2te/2) con
V 32 TI

«I

Game eR
i? .
ae re exp (-2*r/3) Sin 6 Cos

5.3

3 ens" r* ex (-2*r/3) Sin @ Sin g
"Y (5.3°17)'/ °

»\/2
3P, T'5ps = ee r: =I r exp (-z*r/3) cos @

e if

T/2

Axy Y5a, TM Se 2 r* exp(-Z*r/3 ) gin 0 Sing cosd
te

i. ks 2a 2 r° exp (-z*r/3) Sin Cos§ cos

z* 2 ,ye Yo = ar 2 r° exp (-Z*r/3) Sin @ cos Sing

2Ps Dons =

38 5.

3P, v 3px

He= "
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T/e 2
2 zt 2

3

7/2

3 2 Psa ,2_,2 = re r° exp (- z#r/3) sin? @ (2 cosp-1)
2.3 TT

g* = effective atomic number = Z - S where S is the screening constant.

To obtain the screening constant S use Slater's rules.

* Slater's Rules ‘or S

1, Consider 8 and p orbitals of a given shell as one group amd the d

and f orbitals as 4 separate group.

2. Shells are arranged from inside to outside as follows:

Group 1: 18; Group 2: 26, 2p; Group 3: 38, 3p; Group 4: 3d; Group 5:

4s, 4p; Group 6: 4d3 Group 7: 4f; Group 8: 58, 4p3 Group 9: 5d; Group 1025f
etc.

3, Value of S is the sum of all contributions from electrons in th
e

game shell as well as those within. Contribution from electrons outside a

given shell is zero.

4. S = 0.35 from each electron in the same group. However, S=0.30

yr Group 1.

5. In the case of electrons in 6-p shells (Groups 2, 3, 5, 8 etc.)
S=0.85 from all electrons in the next inner shell. S=1.00 from all electrons

further inside.

6. In the case of electrons ind or f shells (group 4, 6, 9 etc.) S =
1.00 from every electron inside the shell considered.

* Antisymmetry and Pauli Principle

The electron coordinates may be said to consist of space and spin

parts. The total wave function of a system of electrons should be anti-

eymmetric (Pauli Principle ). Thies implies tht if electrons are exchanged,
that ie, if the space and spin coordinates of two electrons are exchanged

the original wave function of the system becomes ~ J after exchange.

#* Slater Determinants and antisymmetry

The wave function of a many-electron system can be written as a

determinant so that if a pair of electrons are exchanged the wave function

of the system changes sign ywing to the property of determinants. Wave
functions thus written in the form of determinants are called Slater de

ter-

minants.

~ Lpoc1) fp (2) cece eneee aig (

V1, 2.68) = A ¥p(") Y (2) seovesces Pb(H)

y(t) (2) seeveees (0)



Correlation Energy 201

Pa, Yb eeeee Wn are wave functions of electrons 1, 2 ....eN.
*Self Consistent Pield and Many-electron Atoms

Due to the electron repulsion term (e-/r ) in the potential for a
many-electron atom exact analytical solutions of the Schrodinger equation

.are not possible. The self-consistent field (S.C.F.) method takes into
account the interaction between electrons in the form of a(spherically)
averaged potential, Thus, in the case of helium, for example, this potential

is e¢ Ye at, due to electron 1 at the site of electron 2. The intro-
r

duction of thie potential modifies the wave function Y « Since the potential
at the site of electron 1 is to be calculated with the modified W 2 function
the two wave functions have to be made self consistent in terms ofthe inter-
electron repulsion potential. The problem for a many-electron atom, in general,
involves the solution of a set of integro-differential equations and the
procedure is termed the S.C.F. procedure. Since the wave function and
consequently the potentials are modified successively to reach a desired
limit of self-consistency the method is called the self-consistent field
procedure or Hartree method after D.R. Hartree who employed the method
successfully for many atoms. The inclusion of exchange integrals in the set
of equations mentioned above was due to V. Fock and S.C.F. method with
exchange interaction included is known as Hartree-Fock method. For details
see D.R. Hartree, "ne Calculation of Atomic Structures," John Wiley, New
York (1957).

The method has also been formiated rnd applied to molecules (see
C.C.J. Raothaan, Rev. Mod. Phye., 23, 69 (1951).

*Correlation Energy? The individual probability functions of the S.C.F.
type discussed above may be used to write a total function. For two
electrons, for example, P(r,, rm) = P(r, )*P(r, ). The function P(r, or, )
inc udes no correlation since P(r;) and P(ro) were obtained by averaging
over ail positions of the other particle. The difference between the
iartre:-Fock SCF energy value and the energy value obtained by exact
solution of the non-relativistic Schrodinger equation is desigmted as the
correlation energy.

* Bibliography (General quantum mechanics and quantum mechanics of atomic
systems ).

1. Boam, "Quantum Theory", Prentice-Hall, New Jersey (1951).
2. Dirac, "Quantum Mechanics", Oxford Univ. Press (1958).

Be Pye ings yee and Kimball, "Quantum Chemistry", John Wiley, New York
1944).

4. Kauzmann, "Quantum Chemistry", Academic Press, New York (1957).
5 Kemble, "The Fundamental Principles of Quantum Mechanics", Dover, New

York (1937),
6. Jandau and Lifshitz, "Quantum Mechanics", Pergamon, Oxford (1958).
7. Pauling and Wilson, "Introduction to Quantum Mechanics", McGraw-Hill,

New York (1935).
6. Pitzer, "Quantum Chemistry", Prentice-Hall, New Jereey (1953).
9. Rojansky, "Introductory Quantum Mechanics", Prentice-Hall (1938),
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10. Schiff, "Quantum Mechanics’, MoGraw-Hill, New York (1955).
11, Slater, "Quantum Theory of Atomic Structure", Vols. I and II, McGraw-

Hill, New York (1960).

# Ground State Electronic Conf tion of Atoms

Atom | Atomic! Electronic Term Atom | Atomic] Electronic Term

no. |Configuration | symbol no. | Configuration symbol

H) 1 |ts ’sup | K | 19 [ar ae 2

He | 2. |18- s, ca | 20 | ar 4s° 1g
0

Li 3 16° 2n' 25 pp Se 21 Ar 3a" Ase 2 Ds jp
1

Be 4 18° 28° 15, Ti 22 Ar 34° Ae” 2,

B | 5 |te° 28! 2p! 2B v | 23 | ar 3a? 4a y
1/2 3

1
Cc 6 15° On ope 3p Cr 24 Ar 3a? 4a Te

0 3

w | 7 [te 28° ap? Ja, » wn | 25 | Ar 34° 40° 5
3

0 8 18° 28° opt 5 Fe 26 Ar 3a° 4s" ">,
2

2 2 5 7,2
P 9 is 28° 2p 2 Co 27 | Ar 3A 4s 4,

Pp
3/2 9/2

Ne | 10 19° 28° 2p° 1 5 Ni 28 34° 40° *y,
0

10 . 1
Mm | 11 Ine 3! 25,4 Gu | 29 ase /25

1

10 2
wg | 12 [ne 30° Ig Zn | 30 sa 4a 's,

0
2 1

Al | 13 [Ne 38° 3p 2B ca | 31 | ar 3a' getap’ 2

1
2 2

Si | 14 Ne 38 3p 3p Ge 32 Ar 341° hen ape 3p
0 0

P [15 |Ne 3a 3p | 4, ; as | 33 | ar 30°? an°ap? ‘ss
3/2

8 | 16 [Ke Se spf [5 se | 34 | Ar 341° ga2aptl 5
2 Po

217 |Ne 38 3p” Pap 35 =| ar 3a'0 4e°4p” Pt
3

18 |Ne 38° 3p 'g, 36 | ar 34!° ge“4p° 1,
0
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Atom | Atomic | Electronic Term Atom | Atomic | Electronic Term

KO. | Configuration | Symbol No. | Configuration | Symbol _

rd| 37 | kr 5a! 2, | | 57 | xe 5a’ 68° 2,
1/2 

3/2
sr | 36 | & 5e- 1 Ce 58 | Xe af’ 5a 6ee | 3S, 

H,

Y 39 aa Sa 2 Pr 59 Xe ar” sa! 6a" 45
3/2 11/2

ar | 40 4a° 58° 3 ma | 60 | xe 42° 5a’ 6e°| 5yy 
L 6

Mm | 41 | kr 4a* 55! 6 || m | 61 | xe art sa’ 6s] 61/2 lg
5 4 5 1.2Mo | 42 4a’ 58 7s llsm | 62 |xe ar’ 5a! 6s Ty

3 4
te | 43 4a? 58° 6. me | 63 | xe 4f° 5a’ 607 en,

5/2 /2
Ru | 44 4a! 58! 5» |lca | 64 | xe af? 5a’ 6e° %

5 
P

1 
1Rh | 45 sa® 55 4. (tm | 65 |xe 42° 5a! 60° 8,

9/2 17/2
ml4a6) |x 4a!° 1, 66 {xe 42? 5a' 6e°| 7

, Kio0

10.1 10.1.247 4a 58 2 67 Xe 4f 5d 6a] 6Ae S31 Kig/2
1ca | 48 4a'° 592 1 we | 68 |xe 4f’' sa’ 6sl 5

Ss, Ls
2In | 49 4a'? 55° 5p! 2p fim | 69 |xe ar!? sa’ 662 4

1f2 17/2
Sn | 50 4a'° 55? 5p? 3, fm | 70 |xe at’? 5a! 65° 7

sb | 51 4a 58° 5p) 4, ime =| 71 xe at!* 5a” 602 25
3/2 3/2

me | 52 4a'° se” spt] 3, ll ne Ke at!” 5a” Ge"! 3,
A 

2

1 | 53 4a'° 58° 5p°| 2, 73 |xe at'* 5a? 6a?) 4,3/2 3/2
xe | 54 4a’? 5—° 5° tg |lw TMm |xe ar'* sat 65° 5p

0 0
Ca | 55 Xe 6a! 25 Re 75 Xe ar'4 5a? 68° 6,

, 1/2 5/2
a [56 | xe 68" $ lfos | 76 xe at" sa® 6e"| 5,

4
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Atom | Atomic | Electronic Tern Atom Atonig Electronic Term
No. Configuration Symbol No. | Configuration | Symbol

wr | 77 |xe 4f'*5a 6x7 ty at | 65 |xe ar'*5aGe6p "3 pb

14..9. 1 9” rn | 86 |xe 4f'*5a!6e6p% 1
Pt Xe 4f ‘5d76s 3 n e SP | 's

Ds °

Au xe af) 45a! Ge! 2 rr | 87.~«|Rn 7s. 25
1/2 1/2

Ag 80 Xe ar tsa! 68? 1, Ra 88 Rn 18 1g
oO 0

Te 81 Xe ar 45a! °6s°6p' 2p Ac 89 Rn 6a Te" 25
1/2 3/2

pr | a2 |xe ar 45a! Gs*6pe 3p th | 90 |Rn 6d° 78° By
oO 2

pis} «83 xe at 45a) Ge“6p° 4 pm | 91 |Rn 64° 78° ty
3/2 3/2

Po 84 Xe at 45a 6576p" 3p U 92 Rn 6a’ Te ay
2 Oo

IV. 3. Atomic Spectra

* Units

Wavelength ( d): Infrared region - unit of is usually
Optical region - unit of ) is usually K ( 14 = 1078 om),

where c is the velocity of light.Frequency ( y’ )s

be (f= 107 om);

Unit is usually
c

cycles per secom. Since y’ is generally a large number one uses ¥ , the value
of frequency in wave numbers. = ) . Unit of 2/ is usually cm-!, i.e. \ in cm.
If measurements are made in air the values can be referred to Cy,., amd d vac.
the values corresponding to propagation in vacuum, as follows:

y's Cair “vac , y = 1 . 1

Nair Avac \ vac. Moir? air
since oo" Mair D air. (nae refractive ‘see f air for that

air

Energy (E):

Ex hy's he Y ; h = Planck's constant = 6.6239 x 10°! erg BEC.

Table of Conversion Factors of Energy Units

Unit cn ‘ergs/molecule cal /mole €.V.

1 on 1 1.9865 x 107'° 2.859 1.2398
1 erg/mlecule|5.0348x 101 1 1.43956 x 10°] 6.2421 x 10°!

1 cal/mle |0.34975 6.9467x 10 4.3361 x 107°
1 ev. 8065.8 1.6020 x 107'? 2.306 x 108 | 4
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* Frequency of Hydrogen Series

y (enTM') = a( + - 1)
TM

(R = Rydberg = 109, 677.581 on)

Lyman Series: (n, = 1; N, = 2) 3, 4 oeeeoes(Par ultraviolet )

Balmer Series: n, = 23 n, = 3, 4, 5 e+see-s(Visible and near u.v.)

Rit z-Faschen Series: a) = 33 a, = 4, 5» 6 oeeeeee( Infrared )

Brackett Series: n, = 4; n= 5, 6y 7 -sveeeee (Infrared )

Pfund Series: ny = 55 n= 6, Ty, 8 covcccvece (Infrared )

* Earlier atomic models

Bohr Model and Atomic Spectra

Bohr condition for the angular momentum of an electron ina circular

orbit around the nucleus.

perp os n%K ’ n= 1, 2, 3 eonevance

n= principal quantum number; m = mss of electron; v = velocity of

electron; r = radius of electron orbit.

Bohr radius, r. .

2 x 2

Y= 2 3 e = electronic charge; Z = atomic number
me Z

°

Por n= 1, r =a, = 0.529 A. (a)

Energy values

ER = 277° e* a°
n he n°

where be 7 with M = mass of nucleus. ( f- = reduced mass).

Spectral frequencies

y (in om) = (E, ~ po) a 2tbeet 2? (+5 -—H) we? -5)
1 M2 ch? m my My

where R = Rydberg = alba Y et Ach? } R= Ro ( eo) R= va.ue of Rydberg
for infinitely heavy nucleus.

Bohr - Sommerfeld Model

According to this model the electron is supposed to move in elliptic

orbits. The linear momentum P,. in the direction of r is quantized.

$e, dr = Nh; ny. = 0, 1, 2 erseneeoene = radial quantum number
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The angular momentum p, is aleo quantized

ab = kKhs k=l, 2, 3 «+... = asimuthel quantum mmber.

Principal quantum number n = kK + 63 n yk. (ic = O not allowed); circular
orbits are obtained when k « n and the ellipticity increases for a given k

ae the difference between n and k increases.

Sommerfeld Relativistic correction for energy of Bohr atom

a(opx)e—2I et. f 2 (1. 3
; ne n2 n k 4n

where of = ate = fine structure constant .

* De Broglie Relations; The wavelength ) associated with a moving particle

having a velocity v is

A= b/(mv) = h/p 3 bh = Planck's constant

* Planck ~ The frequency of a transition between two levels

of energy Ey and E, is B-E
1)---- DE/n

* Perm Symbols: Total orbital and spin angular moment of electrons

in an atom are designated L ani S. In the Russell - Saunders (Is)
coupling to "scheme, L and S are vectorailly coupled" to
yield the resultant J. J values range from +S, to L=-S in the ollow~
ing manner: L+5S,|/L+S- I,|L+S-2|....... [L-S+%, ([L- S| . The
number of such values which J takes is known as multiplicity and the corres-

ponding energy levels constitute a multiplet. The term symbols for a given

electronic configuration indicate the L values by means of term letters S, P,

D, P secoee for L = 0, 1, 2) 3 oeeoe respectively. An example of such a

term symbol is 2p . P indicates that the value of L=1. The left-hand

superscript shows the value of 2S+1, the spin mitiplicity. In the present

example S = ¢ hence 28+1 = 2. S values range from 1 onwards and are called

singlet, doubletetc. The right hand subscript in the term symbol shows the

value of J. In the above example L = 1, S = # hence J = 3/2.

Usually a state with the lowest J value ina given mitiplet corresponds

to the lowest energy. (normal mitiplet). However, in some cases the
situation is reversed and the highest J value corresponds to the lowest

energy. (inverted mitiplet) . In general, for a given set of atomic states

the state with the highest spin miltiplicity and largest L value corresponds

to lowest (ground state) energy. (Hund 's rule)

#* Zeeman and Paschen ~ Back Effects: The application of magnetic field

in atoms gives rise to a eet of new energy levels (magnetic splitting )
characterized by the different values of J. (that is,M values which range as

Jy dal ceceoe -J). One thus obtains a eet of 2J+1 levels for each multiplet,

The interaction between the component electron mgnetic moment along the field

direction ( [4,) and the external mgnetic field H, results in the splitting

which depends on the M value since Us = oak 2 me | M = pu where m = mass of
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electron and p = Bohr mgneton. The J vector is thought of as precessing
around H with a frequency (larmor frequency ) Ww = 2TTY = eH/(2me ). Tran-
sitions between various levels of a pair of miltiplete differing in J value

by 1 are allowed subject to the condition AM = 0, +1. If one is dealing
with spin singlet levels one observes three components (Zeeman components )

one g” and two 1, which are polarized perpendicular and parallel to the field

respectively. This is the normal Zeeman effect. For levels which are not

singlets more than three components are observed (anomalous Zeeman effect )

which can be explained by postulating that = BPM where g is the Iande

g - factor.

ent + {[ilaer) + (set) = tat) ]7 atonry}
If the magnetic field is increased to a high value such that the mgnetic

splitting becomes greater than the splitting between levels of different

J value in the absence of a field (that is, miltiplet separation) then the
anomalous Zeeman effect goes over to the normal type. This effect is known

as the Paschen ~- Back effect.

The Faschen - Back effect can be interpreted in terms of the uncoupling

of L and S vectors.

Stark Effect: The splitting of atomic spectral lines due to an electric

field was originall, discovered by J. Stark and the phenomenon is known as Stark

effect. The total angular momentum vector J is quantized along the electric

field direction. lLIevels with +M and -M quantum numbers have the same energy

‘degenerate ). The mmber of term componente is J+4 if J is half-integral and
J+i if J is integral. In very streng fields L am S may be uncoupled similar

to the magnetic Faschen - Back effect. Th- interactioy in Stark effect is

that of the electric field (FE) with the induced electric dipole ( ) of the

atom.| by = XE, wherg o zz is the polarizability tensor; intergction

term = < bE, z= K oes

*Hyperfine Structure of Atomic Spectral Lines

Under very high resolution multinvlet components my show "splittings"

of the order of a few cm! and thie is called hyperfine structure(h.f.s. ).
These additional lines may be due to close-lying spectral lines of different

isotopes of the atom in question ( isotope effect ) or due to nuclear~electron
interactions. The nuclear h.f.s. can be explained in terms of the magnetic

and electrical properties of the muiclei and the nature of interaction between

electrons and nuclei. Thus, since the probability of finding an s-electron of

an atom at its nucleus is non-zero we have the Fermi-contact interaction. The

nucleus may have, besides a magnetic moment,an electric quadrupole moment if ite

spin angular momentum quantum number I>, p,d,f... electrons my interact

with the nuclear electric quadrupole moment J an# I can be added vectorially
to yield F and the h.f.s. amalyzed in terms of the quantum numbersof F.

* Xeray Spectra: The emission of X-rays (A= 107° to 10 A) from atoms
is due to transitions of electrons from outer orbitals to inner orbitals
from which electrons had been ejected by bombardment of the solid containing
the atoms (targets) with hieh-speed electrons or high energy vhotons.
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Gharacteristic frequencies (in omTM+) of X-ray emission by atoms depend on
2;V 1/2 = a (yb) where a and b are constants (Moseley). The X-ray
emission lines are labelled K,L ... depending on the inner orbital principal

vantym number (n, = 1,2...) and further classified as %4, % ...,
Le Bo eos OC. depending on the quantum numbers of the outer orbitals

concerned with the transitions.

y= a =Y= RZ! 5 7 > |
ny No

R = Rydberg; Z' = (2-8) whereS3 = screening constant. Thus for Kg:

2! = (Zl), nm =1, no = 23 for Ly: 2! = (2-7.4), n, = 2, n, = 3 and go on.
The early investigations of X-ray spectra by Moseley were lageely responsible
for the subsequent development of atomic models.

n=5 O

n=4 N [Mg

Mo |

n=3 OM d
| Lg
Ly | Ly

nee LL
KB | Kg

Kou | KY

n=1 K

Origin of X-ray Spectra
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Atomic Radii of Elements

Element | Atomic} Radius ||/Element| Atomic | Radius |} Element | Atomic | Radius

No. £ No. A No.

H 1 0.37 Co 27 1.16 I 53 1.33

He 2 0.93 Ni 28 1.15 Xe 54 1.90

Li 3 1.25 Cu 29 1.17 Cs 55 2.35

Be 4 0.89 zn 30 1.25 Ba 56 1.98

B 5 0.8 Ga 31 1.25 Ia 57 1.69

C 6 0.77 Ge 32 1.22 Ce 58 1.65

N 7 0.74 As 33 1.21 Pr 59 1.65

0 8 : O.74 Se 34 1.17 Nd 60 1.64

* 9 0.72 Br 35 1.14 Fn 61

Ne 10 1.12 Kr 36 1.69 Sm 62 1.66

Ne 11 1.57 Rb 37 2.16 Eu 63 1.85

Mg 12 1.36 Sr 33 1.91 es 64 1.61

Al 13 1.25 Y 39 1.62 Tb 65 1.59

oi 14 1.17 ar 40 1.45 Dy 66 1.59

P 15 1.10 Nb 41 1.34 Ho 67 1.58

Ss 16 1.04 Mo 42 1.30 Er 68 1.57

Cl 17 0.99 Te 43 1.27 Tm 69 1.56

Ar 18 1.54 Ru 44 1.24 Yb 70 1.70

K 19 2.C3 Rh 45 1.25 lu 71 1.56

Ca 20 1.74 Fa 46 1.28 Hf 72 1.44

Se 21 1.44 Ar 47 1.34 Ta 73 1.34

Ti o2 1,32 Cd 48 1.41 W 14 1.30

v 23 1.22 In 49 1.50 Re 75 1.28

Cr 24 1.18 Sn 50 1.40 Os 76 1.26

Mn 25 1.17 Sb 51 1.41 Ir 77 1.26

Fe | 26 v7 Te | 52 a || Pt 78 1039 |
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Atomio Radii of Elements (oontd,)

Blenent | Atomic| Radius Element | Atomic | Radius ||Element| Atomic | Radius

| Nos | No. ke No. A

Au 7 «| 1.34 Po 84 | 1.53 || ac | 89
tg so | 1444 At 85 Tt | 90 1.65

Tl 81 1.55 Rn 86 Pa 91

Pb 62 | 1.54 Yr 87 U go | «(1442

Bi 83 1.52 Ra 88

First Ionization Potentials (I, ) of Elements

Element | Atomic | I, (e.v.) | [Element | Atomic I, (e.v.) |[Element | Atomic I, (e.v.)
No. NOs No.

H 1 13.6 Mn 25 724 In 49 5.8

He 2 24.6 Fe 26 7.9 Sn 50 Te3

Li 3 5.4 Co 27 709 Sb 51 8.6

Be 4 9.3 Wi 28 7.6 Te 52 9.0

B 5 8.3 Cu 29 7.6 I 53 10.5

C. 6 11.3 zn 30 9.4 Xe 54 12.1

N 7 14.5 Ga 31 6.0 Cs 55 3.9

0 8 13.6 Ge 32 8.1 Ba 56 5.2

F 9 174 Ap 33 9.8 Ia 57 5.6

Ne 10 21.6 Se 34 9.8 Ce 58 6.9

Na 11 5.1 Br 35 11.8 Pr 59 5.8

Me 12 7.6 36 14.0 Nd 60 6.3

Al 13 6.0 Rb 37 4.2 Pn 61 -

Si 14 8.2 sr 38 5.7 Sm 62 5 6

P 15 11.0 Y 39 6.4 Eu 63 5.7

rs 16 10.4 ar 40 6.8 Gd 64 | 6.2

‘Cl 17 13.0 Nb 41 6.9 Tb 65 6.7

Ar 18 15.8 Mo 42 7.1 Dy 66 6.8

K 19 4.3 Te 43 7.3 Ho 67 -

Ca 20 6.1 Ru 44 14 Er 68 -
Se 21 6.5 Rh 45 7.5 Tn 69 -

Ti 22 6.8 Ai 46 8.3 Yb 70 6.2

v 23 6.7 Ag 47 7.6 la Tm =| 5.0
Cr 24 6.8 Cd 48 9.0 Hf Te 7.0
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Element | Atomic | I, (e.v. }}| Rement | Atomic t,(e.v. )[|Element | Atomic I, (e.v.
ho. Mo . | No.

Ta 73 7.9 Hg 80 10.4 Fr 87 -

w 74 8.6 Tl 81 6.1 Ra 88 5.3

Re 75 79 Pb 82 74 Ac 89 6.9

Os 76 8.7 Bi 83 7.3 Th 90 ~

Ir TT 9.0 Po 84 8.4 Pa 91 -

Pt 78 9.0 At 85 - U 92 4.0

Au 79 9.2 Rn 86 10.7
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Ge

* Por I, values see table of first ionization potentials.

Electron Affinities of Some Elements

Electron affinity ( € ) is the energy released by the atom of an
element due to capture of an electron of zero kinetic energy.

Element, | © | Oo | FO} ss} co} mw |] 1
Electron

Affinity 0.747; 1.25 | 1.47 | 3.45 2.07 | 3.61 3.36 3.06
in e.v.

IV.4. Valency and Chemical Bind ing

IV.4.A.Glossary Glossary of a few commonly used terms for discussing valency

and chemical binding are given below.
Alterrant and Non-Alternant’ Hydrocarbons (AH and NAH):

Alternant hydrocarbons (AH) are planar conjugated hydrocarbons

having only even-membered rings. In these systems if one marks altermte

carbon positions by a "star" it is found that each starred atom has only

unstarred carbon atoms as neighbors. If the mumber of starred atoms is equal

to unstarred atoms the system is an even-alternant hydrocarbon. If the

number of starred and unstarred positions differ by one we have an od@

alternant hydrocarbon. In non-alterrant hydrocarbons (NAH) all starred
atoms do not have unstarred atoms as neighbors.

+

%*

Atomic orbitals (AO): Probability distribution for an electron in atoms.
AO's are classified as 8, p, d .... depending on the angular momentum
quantum number 0, 1, 2 .... respectively. These quantum numbera refer to
the angular momentum (units of M ) along a chosen axis.
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Antibonding Molecular Orbital (ABMO): A molecular orbital whose energy

value is higher than the value corresponding to the individual energy values

of the atomic orbitals used in the linear combimtion process,

Bond energy: This refers to the molecular binding ermergy in the case of a

diatomic molecule and ina polyatomic molecule the bond energy of a bond A-B

is the contribution of this bond to the total molecular binding energy.

Bonding Molecular Orbital (BMO): A molecular orbital whose energy value is
lower than the value corresponding to the individual energy values of the

atomic orbitals used in the linear combimtion process.

Bond Order: A number which refers to the nature of a bond as to whether it

is single, double, triple etc. (bond order 1,2,3 etc. respectively). This

number thus refers in wlence bom theory to the number of pirs of electrons

(with opposite spins) involved in a bond. In molecular orbital theory it is
defined as below.

Bond order = 4 Number of electrons Number of electrons

~ in bonding m.o's ~ din antibonding m.o.'s

Born-Oppenheimer approximation: The total wave function of a molecule is

assumed to be separable into electronic and nuclear parts. Ya Y (electronic )
YD (nuclear ) - This assumption can be justified in many cases especially

those where the electronic wave function varies slowly with nuclear co-ordimtes.

However, if the sys'em has degeneracy or near-degeneracy of electronic wave

functions this approximtion may break down.

Charge~Transfer Complexes: These are complexes formed by the interaction

between an electron donor (D) and an electron acceptor (A) as for example,
BY, €— NH. Jodine-benzene is another sv~h case. Mulliken has given a

guantum-mechanical picture of these complexes. According to this if Y (D,A )
is the wave function of the separated D, A systems (no-bond case) and & (DtA-)
is tre wave function for the ionic case involving transfer of the charge then

linear combination of these wave functions yields two wave functions \Y and
.for the charge transfer complex. One of these corresvonds to an energy

value_lower than that of VY (p,A) or Y (D ATM~). The transition between PY ,
and . levels gives rise to a charge-transfer band since charge is trans-

ferred from D to A in this process. Valence bond theory is suitable for weak

complexes while molecular orbital theory is better ior strong complexes.

Configuration Interaction (C.I.): Different electronic configurations of a

system may be described by appropriate linear combimtion of wave functions

( - Due to the presence of the electron repulsion term in the
Hamiltonian H of a many electron system the wave functions ¥,, Vy cevccves
of these various configurations may yield non-zero values for intekrals of

the tyre Y, HY-dtT . Such configurations are then said to interact. A
linear combimation of the wave functions Dy , Ly, ceoeeee yields a lower

energy value (configuration interaction).

Correlation Diagrams: The variation of molecular orbital energies with inter-

nuclear distance in homonuclear and heteronuclear molecules can be represented

schematically by diagrams in which on one side we represent the energy values
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of separated atomic orbitals (r= oO ) and on the other those of the united
atom (r = 0) (united atom is the atom which is isoelectronic with the

molecule in question) with the molecular orbitals in between. Lines are
then drawn to show how the atomic orbitals on linear combimation yield
correspond ing m.o.'s which in turn go over to the wrious united a.o.'s at
rz YY

Coulomb Integral (c{ ): A quantity used in molecular orbital theory. o, =

[Pr H h a where ?, is the atomic orbital on A. In the Huckel molecular
orbital theory H is an effective one-electron Hamiltonian.

Coulomb Repulsion Integral (J):

J. [O0) P a2) Phy Prt) Pp (2) eG aGs v1. 48 the
distance between electrons 1 and 2. In som instances the coulomb integral

(J) is defined as follows.

t= PO) Pye) PO) Pol) ag 06,
where H’ is an interaction Hamiltonian appropriate to the situation. The

symbol Q is also used for this quantity.

Covalent Bond: A bond between two atoms formed by the sharing of a pair of

electrons of opposite spin, each atom contributing one electron of the shared-

pair, The concept was originally introduced by G.N. lewig.

Delocalization energy (D.E.): This is the extra bonding energy that results
in allowing electrons to delocalize ina molecule as compared to the localized

case. The energy of the conventional chemical formula structure is taken

usually 4g reference (localized case ). M.O. Calculations of delocalization
energy (D.E.) provide useful information regarding stability of systems.

Directed Orbitale: These are atomic orbitals which are highly directional

and are oriented so as to yield maximm probability of finding the electron
of thie orbital ina specified direction (usually towards the atomic orbital
of arother atom). Directed orbitals may be pure p, d, f... orbitals or hybrid
orbitals which are formed by linear combination of atomic orbitals on the
given atom.

Dissociation energy (D): Energy required to dissociate a molecule into its
constituent atoms.

Electronegativity (x): A property which serves as a measure of the power of
an atom in a molecule to hold electrons to itself. For a bond A-B formed by

two atomé with electronegativity values X, and Xp, Pauling uses the relation:

%, -%q = pda # (otr-4)n(e-8))] "23
where D(A-B) is the experimental bond energy of A-B. ra(eyren 43 (B-B)| is
the covalent bond energy of A-B. Mulliken defines electronegativity as

4(1 + € ) where I and ¢ are the ionisation potential and electron affinity
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of the atom. The Pauling and Mulliken scales are related approximately.
X(Mulliken)=2.78 X (Pauling).

Equivalent Orbitals: Linear combimtion of orbitals which can be converted
into one another by appropriate symmetry operations of the molecule and
thus showing equivalence. Ina sense, they can be said to be the molecular
counter part of atomic hybrid orbitals.

Exchange Integral (K)s

2

r= ff?) P ,(2) 7 P,2) Pa) eG eG
P10 is the distance between electrons 1 and 2. K is also sometimes defined
as below

K = $0) @ (2) H! @ (2) G0) at, 4%,
where H’ is an interaction Hamiltonian inelud ing e’ fr 2 and nuclear -electron
attraction terms. Some authors use the symbols J and A for this quantity.

Hybridization: The process of making a linear combination of atomic orbitals
on & given atom.

Hydrogen bond: A bond between two atoms of fairly high electronegativity

due to a hydrogen atom in between(hydrogen bridge ). Hydrogen bond energy
values are usually of the order of 6 k.cal/fmole. The bond is represented
as A-H...B. Suc. bonds may occur between atoms on separate molecules

(intermolecular hydrogen bonding) or between atoms in the same molecule
(intramolecular hydrogen bonding). In some crystals hydrogen bonding my be
extensive and of structural importance (ex: ice). Hydrogen bond plays an
extremely important role in the structure am properties of biologically

important molecules (ex: DNA-deoxyr iboruclei acid). Other well-known
examples are (F...6H. ee oF) ion in KHF,, Zo . ~~ HO
and formic acid dimer, -~H

Hyperconjugation: A methyl group attached to a conjugated system exhibits
properties that are analogous to a group having J{[~-electrons and thus

conjugation is extended to the methyl group. This phenomenon has been termed

hy perconjugation (Mulliken ). Any group which hes orbitals having the same
symmetry as the T[ -orbitals can thus exhibit extended conjugation.

Ionic Bond: A bond between two atoms due to electrostatic force arising
out of charges on the atoms. A simple model for such a bond is one where
an atom A parts with its valence electron to another more electronegative

atom to yield AB. The energy of such a bond is calculated from the
Born-Mayer expression 9

E(r) = - = +bexp- (adr)

b and & are empirical constants determined from other experimental data such
&s compressibility. data on the ionic solid. Another expression for the energy
of such a bord is



216 Valency and Chemical Binding

2
+ = } 1

Ea” BE )= €,-1, + r (1-= )

= electron affinity of B; I, = lonization potential of A and n isa

parameter. (value around 9).

Ionic characters ‘Ionic character of a bom A-B is a measure of the extent

to which the bond may be described as a polar bond A* - By, Dipole moments
and electronegativity values as well as many other physical properties of

a bond can be correlated to this quantity.

Ionic-Covalent Resonance: The wave functions of a molecule or bond may be

written as a linear combination of the purely covalent and purely ionic wave

functions. Such a linear combination can yield anenergy value which is

lower than that of either E(cov.) or E(ionic). This feature is termed
ionic-covalent resonance ami is employed in valence bond theory.

Jahn-Teller Effect: If a non-linear molecule possesses an orbitally-dege-

nerate state the system will distort itself 80 as to remove the degeneracy.

Thie is known as Jahn-Teller distortion. This effect is thought to play an

important role in determining the structure of several inorganic complexes.

ICAO-MO: Linear combination of atomic orbitals molecular orbital, that is a

molecular orbital built up by linear combination of a.o.'s.

»2C ; ( Y= ICA0-w; = j-th AO and c,=linear
j 3 ? V3 coefficitnt )

Molecular binding energy: Difference in the energy value of a molecule in

its equilibrium configuration ard with its constituent atoms removed

from one another to infinite distance.

Molecular Orbitalg (M.0.) : Probability distribution for an electron ina
molecule. M.0.'s are classified as 0, 9 , 6 «+++. depending on the
angular momentum quantum number being 0, 1, 2.....-respectively. These

quantum numbers refer to the angular momentum (in units of 41) measured
along the bond axis. M.O's built by linear combination of atomic orbitals

are referred to as ICAO~M.0.'s.

Non-bonding Molecular Orbital (NBMO): A molecular orbital whose energy
value is equal to the energy value of atomic orbitals used in the linear

combination process, (overlap between atomic orbitals is effectively zero ).

One-electron Bond: A bom between two atoms due to the sharing of a single

electron (unlike the more common shared electron pair bonds). The role of
such bonde is emphasized in valence bond theory. Example: H,* as H,* Hp
and Hy H,* .

Overlap integral (s)s Sap ® J, Ps a% where P, and p p are two wave
Tunct ions. This integral provides a measure of the overlap charge clouds

{qjac and {9% ac. If Q, and P p ore the atomic orbitals involved
in the bond A=-B the larger the value of Sap the stronger the bond is. A
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gereralization of this statement in molecules goes under the name of

“oriterion of maximm overlap".

P-jR-P method: Also known as the P-method is an extension the Huckel mole-
cular orbital theory of 7[-electron systems in which electron repulsion terms

are included and self-consistent field proceduresemployed. The method

derives its name from the names of the originators R.Pariser, R.G. Farr

and JA. Pople.

Perfect - Pairing Approximation: If a single structure for a molecular

system is assumed with all atomic orbitals paired off using electrons of

opposite spins such a valence bond structure is said to be a perfectly-

paired structure. The wave function of the molecule may be assumed to be

the one corresponding to this structure alone and this is known as the

perfect-pairing approximation.

Pi-bond (TT ~bond ): A bond between two atoms due to the "side-wise" over-
lapping of T{-orbitals. Unlike the qTM -boni the electron distribution in

this bond is not cylindyically symmetric with respect to the intermuclear

axis.

Resonances A concept used in valence bond theory. The total wave function

of some molecules cannot be adequately represented in the perfect pairing

approximation and it is then necessary to introduce other valence bond wave

functions corresponding to various structures. However, none of these

structures is individually able to explain the properties of the molecular

syetem while a linear combination of all these wave functions is more satis-

factory. The molecule is then said to "resonate" amongst these structures and

the concept is termed resonance. It must be emphasized that the feature is

a@ purely mathematical one and a rental construct.

Resonance Energy: The difference between the observed energy of a molecular

system and the energy corresponding to the most stable valence-bond structure

(perfect-paired structure). Since the experimental data are obtained with
great difficulty several empirical anproaches (like additivity of bond energies
to yield total molecular energy) are employed. In conjugated hydrocarbon
systems heats of hydrogenation are employed to determine empirical resonance

energy values.

Resonance integral (Pf )s Pas z {Q H ? df; used extensively in
Huckel molecular orbital theory and 4 4n this context refers to the
appropriate one-electron Hamiltonian.

Sandwich Compounds: Compounds in which a transition metal bonds symmetrically

to two conjugated hydrocarbon systems; ex. ferrocene (iron bis-cyclopentadienyl ).

Secular determinants The determinant involved in energy calculations using

the linear variational method where the linear coefficients are varied to

minimize energy. For example, a typical 2 x 2 secular determinant appears

as follows:
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12

Hy, ~ FS, Hoo ~ ESg0

Hy, = {? 1 Pi 2, 1; tana Ss {9, ?, d€ etc. In mst atomic and
molecular problems Hay = A 44° E is the energy value which is a root of the

secular determinant. Jon general for a nxn secular determinant n roots are
possible although not all of them my be distinct. If two roots are

identical they are said to be degenerate. The determinant my be also

written as a set of secular equations with the coefficients appearing.

"fau"- bond ( ( -bond): A bond between two atoms with the bonding atomic
orbitals overlapping neither "end-wise" nor "side-wise", the orbitals not

being either directed towards the other nucleus or perpendicular to the

internuclear axis. Such a bond is also called a "bent" bond or a "banana"

bond. The bonding between carbon atoms in cyclopropane is believed to in-

volve such bons.

Three-electron bond: Similar to the one-electron bond in valence bond

theory. An example is Povaaed by He, * involving resonance structures
He,** + He, and He, : "THe,

Three-Center Bond: A “common" bond involving three nuclei. Such a bond has

been postulated for the B,H. atructure with B-H-B present. The orbitals of

the two boron atoms and the hydrogen atom overlap forming dne bonding M.0.,

one antibonding M.O. and one non-bonding M.0. Since two electrons can go

into the bonding M.0. and only one in the non-bomiing M.0. a stable bond

results withalesser number of electrons than in conventional bonds. Such

bonds are postulated in explaining the stability of some electron-deficient

molecules, especially in boron chemistry.

Valence-Bomd Structure: This refers to a particular way of pairing electrons

of various atomic orbitals ina molecule. The wave function corresponding to

this pairing scheme is also sometimes referred to as the valence-bom structure,

since each set of paired orbitals with electrons of opposite spin corresponds

to a bond.
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IV.4.B. Valence Bond Theory

* Valence Bond Function for a Bond Aw~B

G (4-3) = 0,5 + o€ tee

Y cov. “10 Bee) +P, (2) P,(1)|

Foca = 401) P,(2)
a

Fan 7 AMY) Re
P's are atomic orbitals.

* Pauli Exclusion Principle and V.B. Functions

Since the total wave functim has to be antisymmetric a symmetric

, epace function has to be combined with an antisymmetric spin function.

P,(1) Byl2)+ G, (2) D,(1)] goes with the spin function [o<(1)B(2)~a4(2)8.(1)]

whereo((1) refers to the spin function of eleetron 1 in orbital A with

Bos + 1/2. Similarly Rit) P(2)- P.(2) P(1)} goes with the spin functions

Ait oX(2) 5 [X(1 82) +06 (2) BC Jama Br) (2)
Orbital Punction Spin Functions

Bl) Gl2+ F(2) Pal) X(1)/3 (2)-X(2)B(1) Singlet

Gi) Pz (2)- Py (2)P, (1) ol (1 ol ie He) B(2)rat (2) (1) Triplet

* £,1.8.P. (Hieitler-tondon-Slater-Pausing) ‘Rnclion for Polyatomic
Molecules

Consider a polyatomic molecule with ground state as 'S and each
atomic orbital involved in bonding as singly occupied. Neglecting ionic

structures the H.L.S.P. wave function is

f == >. ev)* QQ any Five eo Pl2)------ ? (an) |
2” & [ani an

nanumber of bonds, (/ and /Q are permtation and reversal operators, P and R
are number of permitations and reversals. Permutation is 1f electrons bet-

ween orbitals while reversal chgnges spine o{ and f. ?: is a space orbital for
4 with spin function. while &. is that space orbital with spin function

The total valence bond function ‘of a molecule can be expressed asalinear
combination of the wave functions WY j for the various valence bond etructures.
Pyn= 3. Cj P; . Rumer and ling have outlined methods for obtaining

various matrix elements(Y JME) in order to set up the secular determinant.
For this purpose one sets up 4 Rumer diagram with the orbitals arranged in

a circle end the structures dram indicating which orbitals are paired (line
between orbitals). Structures in which the lines do not cross are called
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canonical structures. (Number of such canonical structures is ond! / [nicne) i]
ere n = number o ds). Coefficients of matrix elements for coulomb

(Q) and exchenge (A) terms are obtained by superposing diagrams correspond-
ing to these structures. (For details see Pauling, J. Chem. Phys. 1, 280
(1953). Generally only single exchange integrals are considered and ionic

structures omitted. Further only near-neighbor exchange interactions are

considered.

* Some V.B. Results:

Hydrogen molecule: The two energy levels are

E,= 28,+ (Q+a)/(148°) s Ep= 28+ (Q-a)/(1-8")

T-electron calculations: (energy values)

Butadiene : Q + /3 A 4 Resonance energy (R.E ) = 0.232 A

Cyclobutadiene:Q + Ay R.E. = 1.0 A

Benzene : Q 3 Q -2 A (degenerate); Qu( 14413) A

R.E. =» 1.1056 A

IV.4.C. Molecular Orbital Theory

* Molecular Orbital Function for a Bond A-B

P.0.7° Ft oP
?. and (P,, are atomic orbitals combining to yield the M.0..C, and

Co are coefficients. For the s* of H, molecule we have C= + C, and

Y, =f ws 2, The M.0. Ps P, has a total angular momentum Value equal to

zero and hence is aU orbital. The other combination q- es is & non-
bonding (orbital, usually designated as c-*. Thus, we have in general,

O,71,6 -.-a8 well as oTM, 17* §*...eto. molecular orbitals. It is customary
to refer to a GQ M.0. formed fromi{sorbitals as gis or 150° and similarly

O 2p or 2pa- and #0 on.

* For homo-nuclear diatomic molecules formed from atoms in the first

row of the Periodic Table the M.0. energy level scheme is schematically

illustrated here. The level notations are also given.
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Mulliken Notation Serial Notation

of 2p uo- 60

__Ty2p_ m2 2p vt any ,2n,

my 2p Tz 2p Wr iny, Itz

O- 2p xOo- 5 o-

_o2s | yor 40-

e o- 2s zZo- 30-
WW 207—913 Kk e

* g and u Classification -

If the molecule has a center of symmetry the

that the wave functim either does not change its sign

the inversion operation. In the Ho molecule, for ex., the M.0. Pp? +

does not change sign on inversion.

A B A

Centre of Symmetry

(o- 1s)

Therefore (1S is of g-type. On the other hand g-P
inversion and hence is of u~type. Tap is of the u-type while 2p is of
g-tyve.

Z axis

tt
(1 2pz)

and u symbols denote

fz) or does » after
i$

B

(o- 1s)
p®

changes sign uvon

Z axis

Centre of Symmetry

(aT 2pz)

* For heteronuclear diatomic molecules g and u classification does

not hold since there ia no center of symmetry. The m.o.'s are generally
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classified following Mulliken notation or the serial notation.

3d

3p uc

3s a
x 2Pp

2PA

2p or 238
PLN

2s

ae
sp

gt
1s

United Atom MO Separ ated Atoms

Molecular orbitals and Correlation Diagram

for heteronuclear diatomic molecules

* Molecular Orbital Punction for a Polyatomic Molecule

Pot re, p,
- where PS are the atomic orbitals and C,'s are coefficients that mininise

4

the energy of the M.0.

* Huickel M.O. Theo

If the P,;'8 are restricted to those atomic orbitals which have

their axis of symaetry not lying in the molecular plane and further if

these atomic orbitals overlap side-wise we have the (M.0.) which corres-
ponds to the Huckel type. Thus for the six 2p. earbon orbitals of bensene

whose axis of symmetry is perpendicular to the molecular plane we may

write Pp = c.f, » The orbitals are shom below:
sf

The coefficients C,'s are to be deter-
+

mined from the energy minimisation

process (Variational Method). In the

Huckel procedure one usually neglectsvd Y the overlap integral and all two elec
*) (\ (.\ 7 tron operators are absorbed into an

equivalent one-electron Hamiltonian.

(\ (*) (*) The secular determinant is a 6 x 6 and
a appears as follow .ojand > are coulomb

and exchange integrals.
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A-B =p

p z m

yoo oO " °

Eoo ot oO DD o aOo; Bo ° “ap 0c 0 O
0

0

0

B o-E

The values for the energy levels are:0{+2/, o(+ 1X4, od, {- Pak - 8 and of. 28,
Since B is a negative quantity 4428 corresponds to the lowest energy M.0.
CB %18K-cal./mole for bensene).

* Huckel Hne Levels in Planar Monooyolic 1]-Conjugated (Carbon

Systems.

----— 0-28 _..-.% -28

t ~---0h - 8 0-8
0; &

“p ---- +8 job +B
L ‘----06+2 B -----+28

Cyclobutadiene. Cyclopentadiene Benzene

The radius of the circle in which the polygon is inscribed with one apex

at the bottom is equivalent to 2 P and encrgy levels are measured off with
this scale. ,

* Buckel Energy Levels for Other Systems

The TJ -electron energy levele of a straight chain conjugated

polyene cmtaining n carbon atoms are given by the expression

ol -28 cos [ aT /(ne1)] with a = 1,2...m, For a ring of n conjugated carbon
atoms the energy values are given by o{-2B 00s (2o1/n) , with b = 1,2...n.

Yor conjugated systems containing carbon atoms as well as cther atoms

(hetero atoms) the Huckel parameterso(and Pare to be chosen carefully.
For hetero atoms the relations of y2X,rh p and 43° kB ¢ ore used where

h end k are parameters. Modifications of the Hiickel theory have been made.

These include the Pariser-Parr-Pople method andW-technique. Some simple
procedures are also available for caloulation of energies. (Dewar's R-S
technique). Yor further details see Streitwieser, "Molecular Orbital Theory
for Organic Chemists", John Wiley, New York, (1961); Roberts, "Notes on
Molecular Orbital Calculations", Benjamin, New York, (1962) and other books
listed in the bibliography at the end of this section.

* Free Blectron Model

For @ linear conjugated polyene (C2xH2x+2) the Tl-electron energy
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k
levels are given by E = 2 5° n?h®/ (ema) (number of TT -electrons is 2k;

n=x1

number of filled levels is k). The energy expression is based on the one~
dimensiona] box-model (box dimension = a). For a circular box model
En ® (2m)~ H2n2p~2 (R = radius of circle; n = O, + Int 25 cece +00). One
can apply the above model to bensene with a value of R = 1.39 K, The eix
TW -electrons are filled in the n = 0, + 1 levels. The free-electron model
provides a simple way of calculating energy differences,E(n;)-E(no)y which

correspond to spectral transition frequencies. For further details see:

Bayliss, J. Chem. Phys.,16, 287 (1948); Kuhn, Helv. Chim. Acta, 31, 144 (1948);
32, 2247 (1949); 4. Elektrochem., 55, 220 (1957); Platt, J. Chem. Phys., 17,
484 (1949); Rudenberg and Parr, J. Chem. Phys., 19, 1268 (1957); Rudenberg and
Schemes Je Chem. Phys.) 21, 1565 (1953); and Simpson, J. Chem. Phys., 16,1124
(1948).

IV.4.D. Ligand Field Theory

The energy levels of an ion subjected to an electrical field are different

from those of the free ion due to Stark effect. Under suitable conditions,

some orbitals of this ion which have the same energy (degeneracy) in the
absence of the electric field may have different energy values in the presence

of the electric field. This "lifting" of degeneracy may take place for an ion

surrounded by other oppositely charged ions as in a crystal. This is known as
crystil-field splitting. The remov 1 of the degeneracy in the case of d- or f-

orbitals is of common interest. The details and extent of splitting depend

on the symmetry ond the strength of the crystalline electric field. Crystal

field theory assumes that the neighboring ions do not overlap with the central

ion under consideration. However, in reality, appreciable overlapping may be

present with the surrounding ligands and the general theory to deal with such

situations is called the licand field theory. The presence of covalent bond-

ing between the ion ani the ligands which may be ions, or molecular dipoles,

or certiin other molecular systems can also be taken into account.

The ions of interest are those of the iron group (3d), palladium group
(4d) rare-earth group (4f), platinum group (5d) and actinide group (6d and 5f).
The valence orbitals are indicated in parenthesis. The theory deals with
three broad categories: a) crystal field V is less than the spin-orbit (1.8)
coupling b) crystal field is of intermediate strength in comparison to spin-
orbit and electron repulsion terms (e /r, ) and c) crystal field strength
is greater than electron repulsion terms. Complexes of rare earths belong to
category a) while complexes of the first transition group and "covalent"
complexes belong to categories b) and c) respectively.

For illustration we consider an jon with a single d electron subjected
to an extemal electric field (crystal field) of octahedral symmetry. The
energy level scheme in the new situation is illustrated here.
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2Ox* y*,d22 (eg) Eleg) =6Dq

q |~—, [ Dq

Free Octahedral
ion field

The dy2_y2 and d,2 orbitals transform as the e g representation and dxy

dxz and dys transform as the tog representation under the point group

Op: The level is said to "split" into eg and tog with t, g as the

lower energy level. The energy values are given in term of the crystal

field parameters D and q. The level separation A between e, and to is

10Dq. If the field has tetrahedral symmetry th eg level has lowe
energy, in other words the situation is just the reverse. These are some

of the elementary results of the theory.

The <i values can be correlated with electronic transitions and the

crystal filed parameters can be obtained from spectroscopic measurements.

Magnetic susceptibility (%) measurements can also be related to the
energy level sepaations. The g-value from electron paramametic reso-

nance (e.p.r.) measurements also serve a similar purpose. The hyperfine
interaction observed sometimes in the e.p.r. spectra can be interpreted
on the basis of the mametic interactions between the nucleus of the
paramagnetic ion of interest as well as nuclei in the neighbouring

ligands. Such results have provided excellent confirmation of the theory.

Bibliography (Iipend Field Theory and Related Topics)

Ballhausen, "Introduction to Ligand Mield Theory", McGraw-Hill,

New York, (1960)
Bethe, "Splitting of Terms in Crystals", Ann. der Physik 3, 133 (1929)

English Translation, Consultants Bureau, New York (1958).
Figgis, "Introduction to Ligand Fields", John Wiley, New Yurk (1966).

Griffiths, "Theory of Tvansition Metal Ions", Cambridge Univ. Preas (1961).
Jorgensen, "Absorption Spectra and Bonding in Complexes", Pergamon,

London (1960). ;
low, "Paramagnetic Resonance in Solids", Suppl. 2, Solid State Physics

(Ede. FP. Seitz and D. Turnbull), Academic Press, New York (1960)
McClure, "Electronic Spectra of Molecules and Ions in Crystals", Solid

State Physics (Eds. F. Seitz and D. Tumbull, 8, 1(1958), Academic
Press, New York.

Oreee 0) Introduction to Transition Metal Chemistry", Methuen, London

1960

Ven Vleck, J. Chem. Phys.,3, 807 (1935)



226 Bond and Molecular Properties

Bibliography (Valency and Chemical Binding)

Cartmell and Fowles, "Valency and Moleouler Structure", Butterworths,

Lendon (1961).

Coulson, "Valence", Oxford Univ. Press. (1961).

Daudel, Lefebvre and Moser "Quantum Chemistry", Interscience, New York (1959)

Byring, Walter and Kimball, "Quantum Chemistry", John Wiley, New York (1944).

Gray, "Electrons and Chemical Binding", Benjamin, New York (1964).

Heitler, "Wave Mechanics", Oxford Univ. Press (1959)

Kausmann, "Quantum Chemistry", Academic Press, New York (1957).

Linnett, "Wave Mechanics and Valency", Methuen, London (1960).

Murrell, Kettle and Tedder, "Valence Theory", John Wiley, New York, (1965)

Parr, “Quantum Theory of Molecular Electronic Structure", Benjamin, New

York (1964).

Pauling, "Nature of the Chemical Bond", Comell Univ. Press, Ithaca (1961).

Syrkin end Dyatkina, "Structure of Molecules and the Chemical Bond",
Dover, New York (1964).

IV.5 Bond and Molecul ar Properties

* Huckel M.0. Delocalisation Energies and Empirical
Resonance Energies of Some Aromatic Hydrocarbons

H.M.0. Empirical Resonance

Delocalization Energy in units of

Hydrocarbon Energy in units k-cal/mole

~ B

Benzene 2.000 36.0
Naphthalene 3.683 61.0
Anthracene 5.514 83.5
Phenanthrene 5.448 91.3
Pyrene 6.506 108.9
Tetracene 6.932 110.0
1,2-Benzanthracene 7.101 111.6

3, 4~Bensphenenthrene 7.187 109.6
Chrysene 7.190 116.5

friphenylene 7275 117.7

Perylene 8.245 126.3

Average value of B = =-16 k. cal/mole

For details conceming M.0. results in several orgenic molecules see:

Coulson and Daudel, "Dictionary of Values of Molecular Constants", Centre de
chimie Theorique de France, Paris (1955),
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Coulson and Streitwieser, "Dictionary of Molecular Orbital Calculations",
Pergamon, (1960)

Streitwieser, "Molecular Orbital Theory for Organic Chemists", John Wiley,
New York (1961).

Streitwieser and Brauman, "Tables of Molecular Orbital Calculations",

Pergamon (1962).

Wheland, "Resonance in Organic Chemistry", John Wiley, New York (1955).

* Average Bond Energies (B.E.) in K cal/mole

Bond Bond Bond B.E. Bond B.E.

H-H 104.2 C=C 146.8 N=N 100 C1-Cl 57.9
H-F 135 0 Cec 200 26 N&aNn 225 8 Br-Br 46 e 1

H-Cl 103.1 C=-0 85.5 N-Cl 48 I~I 36.1

H-Br 87.4 O20 178.0 0-H 110.6 S-S 51

HeI 71.4 C-Cl 78 0-0 33 C1l-F 60.6

H-S 81 C-Br 66 OeO 119.1 BreCl 52.3

C-H 98.8 N-H 93 O-F 44 I-Cl 50.3

c-C 83.2 N-N 38 FoF 37.0 I~-Br 42.5

References: Pauling, "Nature of the Chemical Bond", Comell Univ. Press,

Ithaca (1960).

Cottrell, "The Strengths of Chemical Bonde", Butterworths,

London (1958).

°

* Average Bond Lengths (R) in A

Bond R || Bond | B ff zea | 2B | [Bona R

HH 0.74 C=C 1.20 || C-Br 1.94 || F-F 1.42

He? 0.92 C-N 1.47 |] C=I 2.12 || C1-Cl 1.99
H-31 1.28 Cul 1.29 || C-S 1.81 || BrBr 2.28
H~Br 1.41 CaN 1.16 || N-H 1.00 |] I-1 2.67

H-I 1.60 C-0 1.43 N=N 1.09 |] C-H(methane) | 1.095

C~-H 1.08 C=O 1.22 || 0-H 0.97 || C-H( ethylene) | 1.080
0-C 1.54 C-F 1.38 || SeH 1.33 || C-H(acetylene} 1.065
CxeC 1.34 C-Cl | 1.77 [| On0 1.21

For bibliography on bond lengths see the section on "Shapes of Molecules

and Ions". (See IV.6.B)
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* Covalent Radii of Some Atoms

Atom Single-Bond Radius | Double~Bond Radius | Triple-Bond Radius
6 0 eo

(A) (A) (A)

C 0.772 0.667 0.603

Si 1.17 1.07 1.00
P 1.10 1.00 0.93

8 1.04 0.94 0.87

Cl 0.99 0.89

Ge 1.22 1.12

As 1.21 1.11

Se 1.17 1.07

Br 1.14 1.04

Sn 1.40 1.30
Sb 1.41 1.31

Te 1.37 1.27

I 1.33 1,23

* Pauling Electronegativity Values (Xx)

Atom | H He Ti Be BC N 0 F Ne

xX 2.1 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Atom | Na Al Si s Sl Ar

x 0.9 1.2 1.5 1.8 2.1 2.5 3.0

Atos | K Ca Se TI V Cr Mm Fe Co wi cud

x 0.8 1.0 1.3 1.5 1.6 1.6 1.5 1.8 1.8 1.8 1.9~

1.9 -2.0

Atom Zn Ga Ge As Se Br Kr

Zz 1.6 1.8 1.8 2.0 264 2.8

Atom Rb Sr Y zr Nb Mo Tc Ru Rh Pd

X 0.8 1.0 1.2 1.4 1.6 1.8 1.9 2.2 2.2 2.2

Aton Ag Cd In Sn Sb Te I Xe

xX 1.9 1.7 1.77 31.8 1.9 2.1 25

-1.9

*

Atom Cs Ba La to In Rf Ta WsSORe Os Ir FF

xX 0.7 0.9 1.1~1.2 1.3 1.5 1.7 1.9 2.2 202 202
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Pauling Electronegativity Vatues (X) (contd, ) .

Atom Au Hg Tl Pb Bi Po At Rn

X 2.4 1.9 1.8 168 1.9 2.0 22

Atom Br =ssRa Ac = in

X 0.7 0.9 Ao 1.13 Th 1.33 Paz 1.53 Us 1.73 Np - Iw: 1.3.

(a) Electronegativity values appear to vary with the oxidation number

(see also Gordy and Orville-Thomas, J. Chem. Phys. 24 439 (1956).

* Lanthanide Series; * Actinide Series

Yor further discussion on electronegativity see: Little and Jones,

J. Chem. Edo, 37, 231, (1961); Pauling, "Nature of the Chemical Bond",
Comell Univ. Press, Ithaca ( 1961); Pritchard and Skimmer, Chen.
Reve, 55, 745 (1955).

* Relations Between Bond Order and Bond Distance for Carbon-carbon

Bonds

a) r= r.- [ (ry-14)/ 14+ Kp(1-P))|
oO

re "natural" single - bond distance in A; r,= double~bond
8

Pistance in A; p = bond order; k = a parameter whose value is

1.05 for carbon sp2-sp? hybrids. (See Coulson, Proc. Roy. Soc.
(London), A169, 413 (1959).

b) Y= 1.517 = 0.18p

This relationship is obtained by using appropriate carbon-carbon
distances (A) and a k value of 1.0 in Coulson's equation (see a
above )

(See Coulson and Golebiewski, Proo. Phys. Soc. (London), 78 1310
(1961); Skancke Acta Chem. Scand. 18, 1671 (1964); Cruickshank and
Sparks (Proc. Roy. Soc. (Lond), A258, 270 (1960)) rive

the relation r = 1.567 - 0.267p for benzenoid hyrocarbons

p = Rueckel bond order )

oc) r= r, - 0.71 log p

(Pauling, "Nature of the Chemical Bond", Comell Univ. Press,
Ithaca, 1960).

¢ Schomaker-Stevenson Equation for Bond Distance (J. Amer. Chen.
Soc., 63, 37 (1941); See also Gordy, J. Chem. Phys., 15, 91 (1947) and
Pauling, loc. cit.)

r (A-B) = r+ r +C,B | % - %|
0

ryand Ty are covalent radii of atoms A and Bin A; X, and X, are electro-
negativities of atoms A and B; r(A-B) is the bond distance between A and B
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° 6

in A; C = Schomaker-Stevenson coefficient (in A umits)

# Table of Schomaker-Stevenson Coefficients
——

Description of Bond A-B C (in A

Either A or B or both A and B belong to first 0.08

row in the periodic table

A= Si, Por S and B is an atom whose electro- 0.06

negativity value is greater than A

A = Ge, As or Se and B is an atom whose 0.04

electronegativity value is greater than A

A = Sn, Sb or Te and B is an atom whose 0.02

electronegativity value is greater than A

A = Carbon and B is an atom in the fifth, sixth 0

or seventh group (not in the first row)

* Pauling Electronegativity and Percent Ionic Character of Single Bonds

Percentage Ionic Character (% I.C) = 100 {1- exp -[0.25(x,-r,)7}
Note: This formula is of an approximate nature and is especially not valid

for large X aX" AX values.

AX J0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 069 1.0 161 162 163 164 165 1.6

41.0105 1 2 4 6 9 12 15 19 22 20 30 34 39 43 47

aX 1.7 1.8 1.9 2.0 2.1 202 203 224 2.5 2.6 207 2.8 2.9 3.0

ZI.C4i51 55 59 63 67 70 74 #%76 +479 82 8S 8 88 289

* Hennay-Smyth Expression for % 1.C. (J. Amer. Chem. Soc., 68, 171(1946))

2%1C. = 100. {0.16 \(x,-x,) + 0.035 (x,-x,) }

* Percent Double Bond Character of Bonds (Pauling)

% Double bond character ~ p3 p = [(xg=) / (2,4 2r - s2,)] -100
0

r = observed bond length (A); r, = “pure” single bond distance (4);
0

r= “pure” double bond distance (A).

Example: Graphite r= 1.42 Ay rs (carbon-carbon) = 1,54 Ay Ta (carbon-carbon )
=134h 5 pe 3336
"Pure" single and double bond distances can be obtained from the table of
covalent radii.
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* Dipole Moments

Dipole Moment = charge x distance ; Unit = debye = 107 '85.5.u.(a)
Debye equation for electrical polarisation: Total poplarization = Polariza~

tion due to induced moments + polarization due to permanent moments.

- E-\ M s +B= 4 4 N(d + }*/3hT)

P= molar polarization; €= dielectric constant; M = Mol. wt.3 d = density;

N = Avogadro number; o = polarizability; J: dipole moment; k = Boltzmann
constant. In the above equation (at nol)/ refers to both electronic and
atomic polarizations. The term4ITNM Tis referred to as the orientation

polarization due to the orientation of molecular dipoles in an applied field,

Dipole moments are generally measured from dielectric constant data of vapors

gas phase method) or solutions of polar molecules in non-polar solvents

solution method). It is also possible to obtain dipole moments from die-
lectric constant data of pure polar liquids. However, the equations used

for pure polar liquids are believed to be less reliable. Microwave spectros~

copy provides accurate dipole moment data using Stark effect. Molecular beam

investigations also yield reliable data (Electric resonance method),

Bibliography (dipole momenta)

Debye, "Polar "Molecules", Dover, New York (1928).

LeFevre, "Dipole Moments", Methuen, London (1948).

McClellan, "Table of Experimental Dipole Moments", Yreeman, San tees)

Smith, "Electro Dipole Moments", Butterworths, London (1955).

Smyth, "Dielectric Behaviour and Structure", McGraw-Hill, New York (1955).

* Dipole Moments ( fA) of a few Molecules in Vapor Phase

Molecule (d) || Molecule (a) Molecule (a)

HF 1.91 PP, 1.025 CH, CL 1.86

HCl 1.03 Pel, 0.80 CH, Br 1.79

HBr 0.79 YBr, 0.61 CHI 1.64

HI 0.38 PI, 0 CH, CN 3.94

CN 2.93 AsH, 0.15 CHAN, 1.28

H,0 1.84 ASF, 23815 CHNO, 3.54

2% 2.13 As01, 2.1 CH, OH 1.69

98 0.93 AsBr, 1.7 CH, CHO 2.72

0 0.11 Asl., 0.96 CHF, 1.96

Ss 0.72 SbH, 0.12 CHACl, 1.62

1.44 svc, 3.9 CH, Br, 1.43
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Molecule (a) || Molecule C9) Molecu le (a)

N(CH, )., 0.64 SvBr, 2.8 CHP, 1.64

NF, 0.234 || SbI, 1.58 CHBr, 1.06

NO 0.16 || KP 8.62 cHC1, 1.05

N.0 0.17 |} KCl 10.6 CHF,C1 1.40

0; 0.52 || KBr 10.8 CHC1,F 1.29

FO1 0.88 |} KI 11.05 cF,Cl, 0.51

FBr 1.29 || RbBr 10 CF, Br, 0.66

Brel 0.57 || CaF 7.9 cFC1, 0.45

ICl 0.65 |] CsCl 10.46 cF,Cl 0.46

C1CN 2.80 || CsI 12.1 cB, Br 0.65

SO, 1.61 |} HCHO 2.27 cP,1 0.92

PH 0.55 cH? 1.81 cH, CH, oF 1.92

CH, .CH,.Cl | 2.05 || n-C,HpI 1.97 H, CaCHBr 1.41

CH,-CH,-Br | 2.01 || n-C,HICN | 4.05 H,C=CHI 1.26

CH, -CH, «1 1.87 n-C HNO, 3.58 H,C=CHCN 3.88

CH, .CH,-CN | 4.04 || n-CyH/OH 1.66 H, C=CH.CHO 3.04

CH,.CH,.NO,| 3-58 || n-C,HCHO 2.72 H,CaCH .CH, 0.35

CH, «CH, .NH, 0.99 || iso-C,H Cl 2.15 H,C=CH.CH,C1 2.01

CH,-CH,-OH | 1.67 iso-C,H_Br | 2.19 H.C .HC=CHC1(cis) 1.71

CH, «CH, «CHO 2.73 iso-C,ALNO4 3.37 H,C -HC=CHC1( trans | 1.91

CH, .CH.F, 2.24 || ig0-CsH70H | 1.65 H,C-HC=CHCN (trans) 4.50

CHzsCH.Cl, | 2.07 (CH, ) CCl, 2.25 H,C.HC=CHO(trans)| 3.67

(CH, ),0 1.29 |] n-C,HoCl | 2.11 HC&C.C1 0.44

CH CP, 2.35 n=-C 44g 2.15 H,CaC Br 0

CH, -CPC1 2.14 || n-C,HoT 2.08 H,CaC-CH., 0.20

CH, CCl, 1.78 || n-c glige® =| 4-09 CeHLP 1.57

CHC1,.CCl, | 0.92 || n-C,HLNO, | 3.35 CoH. Cl 1.70

CHP, -CP, 1.54 || n-c gHg0H 1.63 CoH, Br 1.71

CP, .CP,Cl 0.52 || see-C,HCl | 2.12 CoH, CN 4.39

(CH5),00 2 8 1so-C,HOl| 2.04 C,H,.NH, 1.48

n-C HCl 2.10 tert-C, HCl 2.13 C.H.NO, 4.20

n-C3H7Br 2.15 || H,CeCHCl | 1.44 CoH, CH, 0.37
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* Bond Moments and Group Momen te *

Bond (ay) Bond/Group (ay) he a bond. axie

o-8tny 1.53 (1.5) aan 1.57
5-H) 0.7; (0.7) | c-c2‘° 1.69
Na 1.33 (1.3) capri¢) 1.71
P=H 0.4; (0.4) | c-rfe) 1.7

c-n(b) 0.45 C-NO,, 4.23 0°
g-p(b) 143 (2.1) | conn, (©) 1.48 142°
c~c1 (>) 1.5; (2.3) | c-cx(¢) 4.39 0°
o-pr(?) 1.55 (2.2) | c-cx,(°) 0.37 189°
c-r(>) 1.3; (2.0) | c-cr,(c) 2.86 0°
x-0 (0) 0.5; (0.5) | C-OH (0) 1.40 62°
cxo(b) 2.4; (3.1) o-ocH,(*) 1.32 57°
0-08 etoobote 1.03; (1.7) | C-CHO (c) (3.1) 55°
o') (ethers) | 0.83 (1.5)

These values are necessarily of an approximate nature.

(a) Values calculated with C-H’ bond moment of 0.4d; values in parentheses
are those corresponding to C-H bond wsoment of 0.3d.

(bd) Values in aliphatic molecules.

(c) Values in aromatic molecules.

* Polarizabilitys Te (inaueea) » Xf z 1H = polarizability tensor;
induced) = induced electric dipole moment; E’= intensity of electric

field. Polarizability tensor in the general form is as follows.

oO XX cv Lz
1% ay

A = | ely, kyy Xyz
Ary “ay Azz

In the principal axis system

A, O O

Z| O ey ©
Oo O Azz

For free atoms end their ions x ie isotropic. However, for molecules

by anisotropic. We refer to average polarizability as (claxeAypeXnny 73 ot.
NotationL = % ; Oy Mp; KH = Xs,
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oXjis generally along the molecular symmetry axis whileX2 and are
perpendicular to it. For a tetrehedrally symmetric or spherically symmetric
molecule .X4= o/2 =03 =of, For molecules with of> =o/3 , the following

notation is also used: of; =X), sap aol =X) .

The Lorents-Lorens relation is usually employed for obtaining polari-

sability values from molar (atomic) refraction data

n?-1 oM 4 yh = 2-54 10°"
ne2 4 3

n =» refractive index; M = mol. (at.) wt.3 d = density and N = Avogadro
number. The refractive index values are those extrapolated to very large

wave lengths. (For further details refer: Stuart, "Molekulstruktur", Springer
Verlag, Berlin, 1934.)

* Polarizability of Some Atoms (values in units 10° “*e0)

Atom| H He Id Ne ar KX Kr it Xe Ce

of | 0.67 0.20 12 0.40 1.66 34 2.54 4.96 4.15 42

* Polarizability of Some Ions (values in units of 107 ** 90)

Ion |x” 0 ta*®s Be** Oo” sote® sog* oS cl” ot catt se

c& 110.18 0.03 0.008 2.74 0.96 0.19 0.10 8.94 3.60 0.89 0.55 11.4

Ion | Br RbY sr* Tee I ce pa’*

of 5.0 1.50 1.02 16.1 7.60 2.60 1.86

* Molecular Polarisabilities (units: 1072400)

botecule X Xx, Xe Xs

0.79 0.93 0.71 0.71

2.46 - ~ -

2.63 3.13 2.39 2.39
3.61 4.22 3.31 3231
5.44 6.58 4.89 4.89

2.59 3.92 1.92 1.92

1 076 2.38 1 045 1 045

1.60 2.35 1.21 1.21

4.61 6.60 3.62 3.62

1069 2.60 1.625 1.625

2.65 4.10 1.93 1.93
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Molecule co OX 1 a2 X3

80, 3672 5449 2.72 3.49

H,8 3.78 4.04 3.44 4.01

08. 8.74 15.14 5.54 5254

NH, 2.26 2042 2.18 2.18

CH, 2.60 2.60 2.60 2.60

CoH, 4.47 5.48 3.97 3.97

CH, 6.29 5.01 6.93 6.93

H,C=CH,, 4.26 5.61 359 3.59

HCsCH 3033 5.12 2.43 2.43

C,H, (Benzene) 10.32 6.35 12,31 12.31

cH,C1 4.56 5.42 4.14 4.14

CH,C1, 6.48 5.02 8.47 5.96

CHC1,, 8.23 6.68 9.01 9.01

CCl, 10.5 10.5 10.5 10.5

SnCl, 13.77 13.77 13.77 13.77

* Bond Polavizabilities

Bond Polarizability tensor -

Bond axis - x; y and gz axes perpendicular to the bond axia; Longitudinal

polarizability Y xx} Transverse polarizabilities Yyy and YS 23 (unite: 10746

Bond Y xx Y yy" Y a

Cod 0.79 0.58

C~C 1.88 0.02

Co Cy 2.25 0.48

C=C 2.86 1.06

Cac 3.54 1.27

CoN 0.86 -

Cz=N 3.1 1.4

C-0 0.84 ~

CuO 1.99 0.75

C-F 0.96 -

CaS 7.57 2077

C-C1 3.67 2.08

C-Br 5.04 2.88
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Bond Y xx Voy = Vas

GnI 8.09 -

N-H 0.58 0.84
wen 2.43 1.43
8-H 2.30 1.72

An estimate of Y. cx C80 be obtained from the approximate relation

Vix" 1.4Y where Y is the mean polarizability of a bond:

Y= (V+ Voy Ys _/3- values may be obtained from refractivity data

of various molecules. The molecular polarizability is assumed to be 4 sum
of bond oontributions and thus the bond polarizabilities can be obtained.

Yor additional details see Denbigh, Trens. Faraday Soc., 36, 936 (1940).

IV. 6. Molecular Structure

IV.6.A. Directed Hybrid Orbitals

* Some Equivalent Hybrid Orbitals Using s, p and d Orbitals

Digonal (sp)

P, (atgonet) = = P+ Pex

1-2P, (aigonal) = wee Bs

AY
'

|

180 Y
20

“Ka x x
ON

Yo i 4, y,( “fee %

Digonal Hybrid
Trigonal Hybrid

nal (sp*

Y (trigonal) “3 Ps + % Po,

1 1 1¥, (trdgonal) am Q, - zoe + Po,

1 1 1\Y, (trigmal) = gee - E Pp. “Py
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Tetrahedral (sp*)

(tetrahedral) = 3 ?. + is D »

a i. ’ 2. BANE Fr
¥ " ) = + P.- we Pn, 2 Phy 76 Pp

L, ( " )= + 9,- TE Toe - BP ay” zPp,

The four hybrids are directed towards the corners of a regular tetrahederon

from the body center where the nucleus for the atomic orbivals is located.

All the angles between hybrid orbitals equal 1099287

Octahedral (d's

¥ (octahedral) = 7a?.* 3%, 73 d,2

Boos os 40,20, +29
a #9, + = Pow + Pie + +P 2

- 2 1 1

h " = a - 3%, * ri ta,2 * + Fs ey

Boome Ps * 3 Fry * ae Page - t Peay?
- + a i

Boos ys che ~F3Iy * FP ae “Bye?
The six hybrids are directed towards the corners of a regular octahedron with
the nucleus containing the atomic orbitals at the body center.

Square (dsp")

(Square) = ‘a * FP py +4 P cy

yeaa
Eon d= i 5%, “20a

All the four hybrids lie in a plane and are directed towards the four corners
of a square with the nucleus containing the atomic orbitals at the center.
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Shapes of sp and sp2-hybrids.

ORO CIO

HgCl : sp-hybrids on Hg

ORDO
Beclo: sp-hybrid on Be

xX

sp@ - hybrids

/ AA
BF3 : spe- hybrids on B
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p234

(") ae a

CH4 sp2-hybrids on C NH3 sp9 hybrids on N with Acetylene Two!T bonds due to overlap of
a lone-pair of electrons

° { \ . Two one pan 0
oer

Px and py orbitals on C

}
MA!

ey AsI COOK oeH—C—C—H

H \
Hoo sp3- hybrids on O with two lone-

pair orbitals

Ethane sp? hybrids on both carbons

"NG 1 fn\ / a“ KX H H
Ethylene TT- bonding due to overlap of

P orbitals on carbon , theo bonds are

formed by sp2 hybrids on C

Cyclopropane Carbon-Carbon bonds

are bent” bonds or T- bonds
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* Atomic Orbitals Involved in 7 and Tl Bonds for Various Arrangements

Around a Central Atom

Coordi- | Arrangement of 0 ~orbitals |(-Orbitals | Strong [[-bond| Weak Tl-bond

nation orbitals orbitals
number

2 Linear sp,dp pea® -
2 2Angular ( p dp,d, da,de

( ds dp,d Sp»p ,dp

3 Trigonal plane ( sp*,ap’ | pa? a’
( as, a? 2 p*

Unsymmetrical plane dap pa” pd yd
Trigonal pyramid ( 9 - a*y,a° 23

( a°p - sp a°,p°4

4 Tetrahedral ( ap? a? a
( as d p?

Irregular tetrahedron ( asp - a

(ap?,a’p | - 8
Tetragonal plane dsp” yaep- ap -

Tetragonal pyramid a* a app

5 Bipyremid ( asp? a a’
( dsp ad p-

Tetragonal bipyramid ( a“sp* da pa?
a‘y a p?

( a2p3 a sd“
4 2

( dip a ap
Pentagonal pyremid a - sp’, p
Pentagonal plane ap” pa” -

6 Ootahed ron a7 sp? a -
frigonal prism ( atep - p-4

d’p - Ps
Trigonal entiprisn ap? - ed

7 Octahedron (face centered |( dsp? - a2
with central atom at body |( d5sp - p*
center)

Trigonal prism (with extra asap? - aaton at center & one ater? ~ ha
aquare face) a5p - ps
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Atomic Orbitals Involved in Mand Jt Bonds (contd.)

[Goord. [Arrangement of Go - G- Orbitals Strong3!— bond | Weak J€=<bond
No. ~orbitals orbitals orbitals J

8 Dodecahedron aap? a -
‘ Antiprian uP - 8

Face-centered prism dsp p -

(with only two square
faces occupied

For further details refer: Van Vleck and Sheman, Rev. Mod. Phys. 7, 174
(1935); Kimball, J. Chem. Phys. 8, 188 (1940)

IV.6.B. Shapes of Some Molecules and Ions ( See iliustrations on page 243 )

a) Linear: Example: HgCl,3; other examples: OCO, SCS, HCN, _

CligHgCl, HCCH, NCCN, NNO, [z5] ; [x]

b) Bent: Example: H,0; Other examples are listed below:

Molecule Bond Angle (<<) Molecule Bond Angle (x )

ONO 134918" HSH 93°19 /

ONC 125° 080 119°30' |
HOH 104°30' C1scl 100° 18’

0, 116°50. 0C10 116930’

FOF 100° | [oca0] ~ 110930’
C10C1 115° HSeH 91°

6(cH, )0(cH,) 111 ti

c) Pyramidal Example: NH,; Other examples are listed below.

Molecule Bond angle ( ) Molecule Bond angle (cx)

WH, 107° 18’ [so, J 111°
N(CH,). 18N° [c29,} ~ 107°

NF, 102°6’ cir, 89°

PH, 93°18’ ASF, 102°

P(CH,), 100° AsCl, 98° 24’

PRs 104° Sbc 99°30’

PC], 101° SbBr, 96°

PBrs 100° BIC, 100°
PI, 9B° BIBr, 100°
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4) Trigonal-plenar Example: BP, ; other exauples:

f gd
BOly, BBrzs if \y , ar’ Br, FP’ F, [e0,) , [Rosy

e) 'T-shaped': Examples: cl, BrP,

f) Tetrahedral: Example: CH,

Qn - -

Other examples: [Ber] , fa, {ar | sCF,, CC1,, CBr,, ox, fri)
fusca,” » SiH,, SIP, stehyy $iBr,, 81I,, (Fx, ]* [8,0 |" sfaroy

fro] POC], fe ; so) “fe 10,]*" , T1By, , [oro] , Wi(CO),, TCly,

[outcn) a on” (Aso - [se0,]*, ZrCl,, SnCl,, SnBr,,

snI4, fro,)~ » PLC,
2- -

g) Square: Example: XeP,; Other examplest [rs(on,) 4] ’ fare, ’

pg + find» bom»
h) Square pyramid: Example: BrF, 3 Other examples: TP,» fsoef °
1) Trigonal bipyramid: Example: PC1, 3 other examples: PF 5? Ask, SbCl,

1) Qotamedsens Examples SYgi otter exeaplee: fitcng]” » [Pag [roxgTM

fasr,) » SoP,, MoP,, [SbC1,], teP,, Wl, UP.

Several metal complexes with coordination number 6 for the metal

atom exhibit octahedral arrangement.

k) Pentagonal-bi d: Example: IP_; other examples: [2x2] ,
7

- 3.

ey [u0,¥,] 1.
1) Dodecahedral Example: fuo(on) J (The eight CN groups are arranged

around MO as shown in the

agcompanying figure.)
m) Square-antipriematic: Bxample: [rary

u) "Sandwich" structure: Example: (C,H ) Fe (C,H, ) (Ferrocene)

Bibliography: For data on inter-bond distances end angles for various

molecules see:

Robertson, "Orgaic Crystals and Molecular Structure", Cornell Univ.

Press, Ithaca, (1953),
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180°
o—_e—. Cl—Hg—cl /\ FA

H H

(a) Linear (b) Bent

B F——Br—F

F~ “re | | H
F

(d) Trigonal planar (e) T-shaped (f) Tetrahedral

F cl

__~ FoI fF C |
: 4 A
uN iN C |

Cl

(g) Square (h) Square , yramid (i) Trigonal bipyramid

F

F > : N
CN ..-

YIN SINT roarCN
F 1—F > fiDy LRT DT

| : ps4 on tar

NC

(J) Octanedral (k) Pentagonal bipyramid (1) Dodecahedral

(m) Square - antiprismatic (n)"Sandwich’ structure
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Sutton (Editor) "Tables of Inter~atomic Distances", Chem. Soc. Spl.
Publ. (1958); see also "Supplement to Tables of Inter-atomic

Distances (1964),

Wells, "Structural Inorganic Chemistry", Oxford Univ. Press, (1962),

Wheland, "Resonance in Organic Chemistry", John Wiley & Sons Inc.,

(1955).

IV.6.C. Symmetry Point Groups and Character Tables

E = identity operation

C., = rotation about an axis of symmetry through an angle 211 /n.

Co's Cc," = rotation through 180° about the two axes perpendicular to c.

Oy = reflection in a plane of symmetry which contains the principal

axis, i.c. the axis which has the largest n value in c.

Oa * reflection in a plane of symmetry which contains the principal

axis, and which bisects the angle between c,' and Ci"

0}, = reflection in a plme perpendicular to the principal axis.

i = inversion in 4 center of symmetry

S, 2 rotation about an axie by 21 /n followed by reflection in a plane
perpendicular to the axis of rotation.

2 3
(Note: Ty 2JqrTqi C=C we AC, etc.)

A large number of problems in physics and chemistry require the use of
character tables to simplify their solution. Perhaps the most common use is

in finding the number of various irreducible representations. The number of

times (a, an irreducible representation occurs in a reducible represen~
tation is given by the formula

at Gh, XL)
where J, (R) is the character for the operation R in the irreducible repre-
sentation [ i; X(R) the corresponding character in the reducible representa-
tion and h is the order of the roup . The order of the group is easily found

from the tables since > fy (2)] = h. The sum is performed over all the
i

irreducible representatims.

The following character tables give information concemming the irre-
ducible representations of the rotational (R) and translational (1) coordi-
nates in addition to the x, y, z coordinates. ‘This information can be used
in classifying infrared,Raman or electronic transitions also. The symbols
for the various irreducible representations appear in the first colum while
the top left refers to the point group symmetry.

* Character Tables for Some Symmetry Point Groups

1. Cos C, and Cc. (n = 1,2,3,4,5,6) Groups



1. C 9 Cy and C.

Character Tables 245

(n = 1,2,3,455,6) Groups
—_———B.

= T7}
CRC an E h

A! 1 1 Tx, Ty, Bs x, y’; 2°, xy

a" 1 -1 Ts Rey Ry x8, y2

C58, E i

Ag 1 1 Ryy Ry, Rg x’, y» 2°, XY» XZy Ys
Ay 1 =-1 Ts Ty T,

C, E

A

2 B Co

A 1 1 TR, a ae

B 1 =1 Ty Ty? Ry Ry XZ, ys

; 2c, E Cs C; w= exp (2Mi/3)

A 1 1 1 TB, x2 4y2 42°

® 1 Ww w 2 9
E , 2 Ce Ty )(Byy Ry) (x - y°,xy)(xe, yz)

. 3

2

A 1 1 1 1 t» Ry x“sy*, 2°
2B 1 1 =1 ~1 x22 9 xy

1 -1 1 oi

E 1 -1 -j i (T+T,)(R»R,) (xs, ys)

2 4C, E C, c; 2 C5 weexp (2]H/5)

A 1 1 1 1 1 %,, Rg xsy2, 2

} 1 w we w w
E 4 3 2 (T»Ty) (RyRy) (xs, yz)

1 w w w w

{ we w w w 2 2
EM (x“-y“, xy)

1 w w wow
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1. C_, C, and C_ (n= 1,2,3,4,5,6) Groups (contd. )

C6 EB Cg Cy C2 c? ¢2 waexp (2111/6)

A 141 1 1 1 1 7,R x*+ y*, s*

B 1° 1 1 1 1 -1

{ ceo (2.2) (RR) (xa, ya)E! TT Ry» XS, ys
x1 w w w we "7 Y

1 we w 1 we w

Em 4 2 4 2 (x*.y*, xy)
1 Ww Ww 1 wv w

2. Cin = 2, 3, 4) 5, 6) Groups

é

Coy B% =6y Ov
Ay 1 1 1 1 Ts x’, y's =”

Ay 1 1 of -1 R xy

B, 1 ~1 1 =1 Tok xz

By as 1 TyrR, ys

C
3¥v E 2Cz 30,

Ay 1 1 1 t. x*+ y’; 5°
2A, 1 1 -1 R. (x*-y*, xy)

E 2 1 0 (Tz) Ty) (By, Ry) (xs, ys)

Cyy E Co 2c, 26, 20,

Ay 1 1 1 1 1 oon x+y”, 2°

A, 1 1 1 =-1 =~1 R,

By a 1 -1 xray"

By 1 1 =1 =1 xy

E 2 «2 0 0 0 (1,57, )(B ry) (xs, ys)
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2. C._ (n = 2,3,4,5,6) Groups (contd. )

C E 2c
2

5v 5 2; 54,

A, 1 1. 1 1 t. x+y" 9 5°

A, 1 1 1 -1 R :

E, 2 2 cos 72° 2 cos 144° 0 (tt) (BR) (xs, ys)

Bo 2 2 cos 144° 2 cos 72° 0 (x*.y", xs)

A, 1 1 1 1 1 1 t x+y’, a”
Ay 1 1 1 1 | ~ 1 R,

By 1 =1 1 1 ~{ 1

By 1 =1 1 ={ 1 =1

-2 «1 1 O (Tf .,Ff )(R_,R xsE, 2 ( x? y)! x’ y ( . zs)

E, 2 2 -1 -1 0 0 (x*~y" xy)

3. Ch (n = 1,2,3,4,5,6) Groups

Cay = C.

Con E Cy Th, i

2 2Ae 1 1 1 1 Res x‘, Ys8», sy
A, 1 1 =1 =1 t.

B, 1 -1 1 1 Re» Ry x8, YS

Bo 1 1 1 -1 tT» Ty

2 5
Cy «6B Cg Og, 8; 8; w = exp(2 11/3)

Au 1 1 1 x+y’, 5°
A’ 1 1 1 ~1 -1 ~1 T.

2 2
1 w Ww 1 w w 2 2

, , (nut) Gy", a)

1 Ww Ww 1 Ww w
2 2

1 w W -1 -W WwW ' |

" RL »R XS, ys
1 we Ww =1 ow =-W xs

Cane Cy xi 5 Co C, x0h3C, =O, x1
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Ae Sy, (n = 2, 4, 6) Groups
eae

Character Tables

25%

|s E C S s°
4 2 4 4

A 1 1 1 1 R, x+y", 5°

B 1 1 ~1 -1 0

1 -1 i “i Y, (xs, ys)
E | t,t )(R,R )

x 2 21-1 -4 ye TY (x%y*, xy)

5. Dy (n = 25344,5.6) Groups

D,= V E c,(s) c,(y) C,(x)

2 2 2A, 1 1 1 1 X,Y,

By 1 1 ~1 -1 TR xy

B 1 -1 1 =1 T,R xs
2 y’ y
B 1 -1 ~1 1 Ths R,. ys

Ds E 2C., 3c, '

A, 1 1 1 x+y", 2°

A, 1 1 =1 tT R,

E 20-1 0 (ty,T,)(RyyRy) (x8, yz)(x°-y?, xy

D, & GC, 2, 20,' 20,"

A, 1 1 1 1 1 x+y", 8

A, 1 1 | ~1 TR,

Bo 2 -2 0 0 0 — (MysBy)(ResBy) (xs, ys)(x2-y?,xy)
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5+ D, (nm = 2,354,556) Groups (contd, )

2
BE 2c 2De 5 Cs 5C,

Ay 1 4 1 1 x+y , ge

Ay 1 1 1 -1 7, R

E, 2 2 cos 72° 2 cosl44° 0 (2, ,T,)(R sR) (xs, ys)

Eo 2 2 cos 44° = 2: cos: 72° 0 (x“-y", xy)

De E C, 20, 20, 3C,' 3C,"

ee xe4y? , 2°
A, 1 1 1 1 1 o1 tT, R,

B, 1 =1 1 1 1

By 1 «1 1 «1 -1

Ey 2 2 -1 1 0 0 (tT, +T,) (RB) (xe, yz)

9 2 2 -1 =! 0 (x"-y",xy)

6. Dag (n = 2,3) Groups

Oe - Co 2% 2 24

Ay 1 1 1 1 1 x+y" ’ 2°

A, 1 1 1 = -1 R, >

B, 1 1 -1 1 = x -y

By 1 1 lo! 1 T xy

E 2 «2 0 0 0 (ToT, ) (RoR, (xs, ys)

Dsg = 25 x4

Te Dan (n = 2 93242536) Groups

Don ® Dy xi}; Dy, #2, xT 3 D

8. Cubic Groups

= D, xi; De = D, xr, ; Den 2 D, xi

6STM &§ 64 4

| , ot 1 1 1 1 x+y45°
5 1 es

2 1 2 0 0 (25°-x*-y",x°-y")

1 3 -1 1 -1 (R,+Ry»8,)
> 3 ~1 -1 1 (Tots)
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8. Cubio Goups (contd. )

|0 E os IC, 6c, 6C,

A, 1 1 1 1 1 x eye

1 1 1 =1 =1

*2 22 2 2 2
E 2 «1 2 0 0 (22°-x"-y", x-y")

rT, 3 0 -1 1 -1 (ToT oT)

(RysR +R.)
t 3 0 -1 -1 (xy, xs, yz)

a

O, B 8, 30, 66, GC, 1 8, 30, 68, 6g,

Aas 1 1 1 1 1 1 1 1 1 1 x+y 748°

A, 1 1 1 A 7 14 1 1 «1 a1

An, 1 1 1 1 1 =-1 1 -1 «1 «1

A 1 1 1 =1 -1 -1 <1 -1 —-1 1

Pp 2 1 2 0 Oo 2 -!1 2 0 (257-x?-y?,x?-y")
y 2 71 2 0 -2 #1 -2 0 0

TY, 3 © -1 1 -1 3 #0 -1 1 <1 (Ry+R sR)

T, 3 0 -4 = =1 1 3 #O -1 =-1 #1 (xy, xs, yz)

T%, 3 0 -1 1 «1 3 O 1-1 1 (TT 07,)

ou 3 0 -1 <1 1-3 O 1 1 =1

96 Coo and Dig, Groups

Oy E 2p, eee *cO0y

_ 22.2
1 1 1 sees 1 T. xX +y +8

2 1 1 eeoee -1 a

1 2 2 cosp....0 (1,97) 4(R, 8) (xs, ys)(x*ay*, xy)

2 2 2 cop 29,.0

Pooh E 2Co coe Oy i 28 ee 00S,

1g 1 1 eoceeve 1 1 1 eeose 1 x+y"; 3°

2g 1 1 eeoeeee =-1 1 1 ecseeml R.

1 2 2 cos@i..e.. 0 2 -2 cos@. 0 (Ry »R,) (zs, ys)

2g 2 2 cos 2D o00 0 2 2 cos2Q 0 (x2-y2, xy )

du 1 1 eoeses 1 ~1 =-1 cocce wf. tT,
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9. Ceovand Doh Groups (contd. )

Doh E 2C@ eee Oy i aq 70006,

Ao, 1 1 ’ eee =-1 1 =1 ece =~

Bay 2 2cos) eve 0 -2 2cos@ eee 0 (TsT,)

Eo, 2 2costf.. 0 ~2 ~2cos2P... 0

* Some Examples of Molecules Belonging to Various Symmetry Point Groups
Cll , C1

Cc : H,O, H,8, SO CuC
2v 2 2 2 H Ny

Cay 3 NH,» CH,Br, PC1L,

Cl AA

c : On
2h H No1

Dog + H,CaCsCH, (allene)

Ds a : "Staggered" form of ethene

De d : Ferrocene

Ds, : "eclipsed" form of ethane, PC1,-(Trigonal bipyramid)

Den : [auca, ~ = (square )

Den : Ruthenocene: (C,H, )Ru(C,H, )(Pentegonal bipyramid)

Den : Benzene (hexagonal)

T, : methane(tetrahedral)

Oo, : SF, (octahedral)

Coy + 00a» HCl, HgCl, (linear)

6 h t Hos 0,9 CO,» H-CSC-H (linear)
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IV.7. Molecular Spectroscopy

* Introduction: Molecules may absorb energy from electromagnetic

radiation of suitable frequency resulting in electronic excitation (visible

and ultraviolet) or molecular rotational/vibrational excitations (infrared
and microwave). The experimental arrangement for investigating such absorp-
tion phenomena consists of a source of radiation md a monochromator (in the

case of microwaves the sources themselves provide usually monochromatic

radiation) a sample cell containing the molecules under investigation and a
detector to measure the intensity of transmitted radiation. Radiation from

@ source, after being scattered by the sample, can also be examined to yield

information on vibrational and rotatimal energy levels through chmges in

the frequency of the scattered radiation (Raman Effect).Emission spectroscopy

in which the sample serves as the source, although not commonly employed,

is complementary to absorption studies.

Magnetic nuclei as well as unpaired electrons, if present in the

molecular system may give rise to resonant absorption of electromagnetic

radiation when the sample is placed in a magnetic field (nuclear and electron

paramagnetic resonance). The experimental set-up here consists of a source
for monochromatic radiation (generally in the radio frequency region), a
sample holder arrangement such that the sample can be placed in a unifom
magnetic field and simultaneously irradiated with the r.f. radiation and a

detector to measure the resonant power absorption by the sample. Nuclei

with quadruvole moments may be present in molecules and such nuclei in solids

resonantly absorb energy even without the presence of a magnetic field (pure
quadrupole resonance).

5 he wave-length of the radiation absorbed ranges from a few thousand

(10°) cm in the case of u.v. spectroscopy to a few hundredths (107) cm7!
in the case of nuclear-electron paramagnetic and pure quadrupole resonance.

IV.7.A Visible and Ultraviolet Spectroscopy

* General: Transitions between electronic energy levels in molecular
systems are of interest from the point of view of elucidation of their

structure and related properties. Such transitions (y= E,-E,/h) usually

fall in the range 2000 2. go00 i of the electromagnetic spectrum. Since
electronic transitions are very rapid compared with nuclear motions the

former occur generally without changes in intemuclear distance, (Franck-

Condon principle). Under high resolution the vibrational structure in these
transitions can be seen and due to the operation of thy Franck-Condon

principle the vibrational quantum numbers of the two levels between which

electronic transitions take place may differ.

The absorption spectrum is usually studied by monitoring the
intensities of the incident (Ip) and transmitted (I) radiation. If ¢ is the
molar concentration of the absorbing species in a layer of thickness

(path length in oms) according to Beer's law Log I,/Ie€le = A where € is
the absorntivity (molar extinction coefficient) and A is the absorbance.

(1/Ig) 100 48 the percentage transmittance. A correlation can be made
between chemical structure and visible and u.v. spectra with the help of

max and € max values for the various absorption maxima. Quantitative
analysis of a homogeneous mixture containing different absorbing species
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can be also made.

* “Instrumentation

Sources: Tungsten filament lamps (visible), hydrogen discharge
lamps (visible and u.v.),xenon discharge lamps (u.v.), mercury arcs (u.v.

Monochromators: Glass prisms (visible), fused silica or quarts

prisms (visible and u.v.) or reflection gratings.

Detectors: Photocells or photomultipliers and barrier-layer

photovoltaic cells. Photoconductive cells permit operation down to 1
(near infrared). Conventional electronic amplification methods are used
to amplify photo signals. In recording instruments chopping or beam

switching produces periodically varying detector output which is synchronous-
ly detected and recored.

Sample Preparation and Cella: Some of the solvents for the region

include heptane (or any saturated bydrocarbon), ethyl or methyl alcohol,
diethyl ether, dioxane, and water. Cells (cuvettes) are generally of 1cm
thickness and "effective thickness" (optical thickness) is changed by
changing concentration. For visible region cells made of glass and for

u.v. region cells made of quartz are employed. Solid samples can be examined

as thin films (cast or painted or evaporated), KBr pellets or "Nujol" mulls.
Reflectance studies are also made on solids. Weak bands and vibrational

structure studies are best carried out at low temperatures using specially

desinged cells. Some well-known manufacturers of commercial u.v. and visible
spectrometers are: Adam-Hilger Ltd. (U.K.), Beckman Instmments Inc. (U.S.A.)
Carl Zeiss (East Germany), Coleman Instruments (U.S.A.), Applied Physics
Corp. (U.S.A.) and Perkin-Elmer Corpn.( U.S.A.) Since atmospheric oxygen
ueV. adsorption starts ~1 95x sonunasn-Range band system) most spectrometers
are limited to this wave length limit. In order to overcome this problem

the spectrometer system is best evacuated (vacuum u.v. spectroscopy).

* Interpretation of Spectra

Electronic transitions of molecules in the visible and u.v. region

can be classified as follows: g-g*, n-o* , n-TT* and TT -Tl* (usual order of
decreasing energy). o-o7* transitions for most hydrocarbons have A max 192%

In comparison, n-g* transitions occur at longer wavelengths (ex: methyl
aleohol ~ 183 mh, € ax 20) n-TT* and Tl= JT * transitions occur at compara-

tively longer wavelengths.
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schematic energy level diagram showing

various electronic transitions
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Thetr=-11* transitions in conjugated carbon systems are of particular chemical
interest. For simple molecules the M.0. theory provides a convenient method
of studying their electronic energy levels and transitions between these
levels and hence the M.0. method is useful in interpretation of spectra.
The molar extinction coeffient is a measure of the strength of the electric
dipole transition involved. "Oscillator strengths" or f-values can be

obtained from careful studies of the absorption intensities. f= 4.32 x 107?

fe AV ; the integral is of the moler absorptivity as a function of
wavelength which is expressed in cm-!, for symmetric absorption lines

£ ~ 4.60 x 107? C nag ymnere AV, is the band width at half maximm
intensity .

Interpretation of spectra of complex molecules is done on the basis
of functional groups (not in conjunction with other groups) which have
characteristic absorptions in visible and u.v. regions. These groups are
called chromophores. For conjugated groups empirical corrections are used.
max values for extended conjugated systema can be predicted on the basis

of the free-electron model. Hindered rotation in extended con jugated
systems alters the } max V2lues since the TT -electron energy levels are
affected.

Changes in spectra are clearly seen in many cases where protonation
of a functional croup is involved. pH affects the spectrum in such canes.
Solvent effects are useful in identifying the nature of the transitions. ‘fhe
n=TI* solvent effects associated with the interaction of the lone pair
electrons in oxygen-or nitrogen-containing systems in polar solvents is a
case in point. The shiftea of absorption bonds and their intensity changes
are generally described in the literature using the following terminology.
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Bathochromic Shift: A shift of A
red shift); sochromic Shift

255

to longer wave lengths (also called the

A shift of ) max * Shorter wavelengths

(also called the blue shift); Hyperchromic Effect: Increase in intensity of

an absorption band, usually with reference to the value of C 3
max

ochromic Effect: Decrease in intensity of an absorption band usually with

reference to the value of € max”

The D max and € max V2lues of a few chromophores and systems are given

in the accompanying tables.

d max and € max values for Some Functional Groups

A nex (me ) € max Example
\
Day 171 15 5530 ethylene (vapor)

-CaC- 178 10,000 (a)
196 2,100 2-octyne
223 160

Spe 160 20,000
180 10,000 acetaldehyde (vapor)

290 17 acetaldehyde (>)

166 16 ,000 acetone (vapor)
189 900 acetone

279 15

-c0cl 220 100 acetyl chloride”)
~CO,H 208 bY4 acetic acid\¢

~CONH2 178 9,500 acetanide()
220 63 acetamide.)

211 57 acetamide

-CO>R 211 57 ethyl acetate (°)
-NO, 201 5,000 nitromethane ‘©

274 17

-0N0, 270 17 butyl nitrate (©)
=-ONO 220 14,500 butyl nitrate”)

356 87

-NO 300 100 Nitrosobutane ‘!)
. 665 -20

pn 235 100 amines ‘°)
~CaN 167 ? acetonitrile (vapor)

aN, 285 20 azadoacetic ester ¢

=i, ~410 3 diazomethane (vapor)

~N=N- 338 4 azomethane ‘©

(a) in heptane, (b) in hexane, (c) in ethanol, (d) in water, (e) in methanol,

(f) in ether.
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» max and € max Values for Some Conjugated Groups

max Of ) € max Example

| | (a)
O=C-C=0 195 25 glyoxal

280 3

I 463 4

' aC-C=0 218 18,000 crotonaldehyde
320 30

\psc-cx0 214 4,500 lehexyn- 3 one)
“ | 308 20

“pat-£0, 206 13,500 cis-cmtonic acia®)
242 250

-C=C-CO,H 210 6,000 n-butylpropionic acid?)
|Cad—CaN- 219 25,000 Nen-butylerotonaldimine®

\p=c-can 215 680 methacrylonitrile’°
!C=C=NO, 229 9,400 1 nitro-1-propene ?)

235 9,800

“pab-cac- 219 7,600 Vinylacetylene(®)
228 7,800

tioy (a)
YaC—CaCl 217 20,900 Butadiene

(a) Solvent, hexane (b) Solvent, ethanol.

> max and € max Values for Some Monosubstituted Benzenes

+

CoHs-* X mex(m fu) € max

~-H 203.5 7,400
254 204

~CH; 206 .5 7,000
261 225

~C1l 209.5 7,400

263.5 190

-Br 210 7,900

261 192

<I 207 7,000

257° 7000

-OH 210.5 6 ,200
270 1,450

OCH, 217 6,400
269 1,480

| -cn 224 13,000

271 1,000

~COoH 230 11,600
273 970

CO, 224 700

268 550
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aXe

Cons D max(m{-) E nox
=H, 250 8,600

280 1,430

~NHCOCH, 238 10,500

-NO, 268.5 7,800

-COCH, 245.5 9,800

* Solvent-water.
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IV.7B. Infrared Spectroscopy

* General: The feature of characteristic absorption of radiation

by meny molecules in the infrared (IR) region has provided physicists and
chemists with an extremely elegant and powerful tool for the elucidation
of molecular structure. Near infrared, 0.8 to 2. 512, 500 to 4000 cm=1);
Infrared, 2.5 to 15 [a,(4000 to 167 om-'); Par infrared: 15 to 200 [2 (667 to
50 cmTM'),

Vibrational and rotational-vibrational motion of molecules are res-

ponsible for absorption of energy. The rotational-vibrational absorption

bands are usually found in gases. The change ( AJ) in the total quantum
number gives rise to P, Q and R branches (AJ = «1 for P; AJ = 0 for Q;
AJ = +1 for R). Since the rotational frequencies depend on the moments

of inertia of the molecule in question the rotational-vibrational spectra
are of help in the study of molecular structure. In condensed gases,

liquids and solids one generally observes only the vibrational bands in
thie recionr.,

* Diatomic Molecules: The vibrations of a diatomic molecule (only

one degree of vibrational freedom) can be understood in terms of the harm-
nic oscillator model (see sec. IV.1). (V 24k x2 with x = rr, where V

is the potential, ris the intemuclear distance, ro = equilibrium inter

nuclear distance and k = force constant). A better potential function which
can explain the observation of overtones is the Morse function for which

V = heD, 4 1-exp [- B(~r, | *(D, = dissociation energy, p is a constant).

If the Morse function is expanded and cubic and higher order terms neglected
we get /p =[n *p/ (0, he) |£Y, where f= reduced mass.

Empirical relations between intemuclear distance and the force

emstants have been suggested. The most commonly used relation is Badger's

rule k(x, a, 4) = C where k, = force constant r, = equilibrium inter

nuclear distance, dy, is a constant depending on atoms i and j and C is

an empirical constant.

* Polyatomic molecules: For a molecule containing N atoms we have in

general 3N degress of freedom. , For a linear molecule 3N-5 and for a non-

linear molecule 3N~6 of the total 3N degrees of freedom correspond to

vibrational degress of freedom. The vibrational motions need not be only

stretching of bonds. They can be bond bondings as well. If q is the

co-ordinate for the motion and m the dipole moment thenQm/Qq should be
non-zero for infrared activity. The intensity of IR absorption is vro-

2vor tions! to| {b, 2Aq 2,44 | where p { and j» are wave functions for the
two vibrational energy levels between which the transition takes place.

Expzrimental determination of integrated IR band intensities can provide

one with 2 m/dq values which in tum can be correlated to electronic
structure of molecules. The question whether a particular vibrational

transition is allowed or not is determined by molecular symmetry. The

frequency of a given vibration is determined by the masses of nuclei involv-

ed and the nature of the potential function which, of course, is expressed
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in terme of the various force constants. In most cases an empirical corre=-

lation between the frequency and the nature of the vibration mode of a

functional group in the molecule can be given.

* Instrumentation:

Sources: Globar (heated silicon carbide); Nemst glower (molded rod con-
taining a mixture of zirconium oxide, yttrium oxide and erbium oxide heated

electrically around 1500°C); heated nichrome wire, heated alumina tube or
Welshbach mantle (good for ) below 400 cm-!), unable laser sources hold

promise.

Monochromators: Prisms of suitable materials as well as gratings are used.

A combination of prism and grating is also used. Gratings are especially

useful for higher resolution.

Renges of Different Prisms: LiF, 0.6 -6/43 CaF,, 0.2 ~ 8.5/4; NaCl, 2-15 [M3

KBr, 10 - 25 [us TIBr-T1I(KRS-5), 2-40]L3 and Cel, upto~50 [Le

Detectors: Thermocouples and photoconductive cells (PbS, PbTe and semi-
conductor types). Other sensitive detectors include bolometers and pneu-
matio detectors (Golay cells).

Sample Celis and Sample Preparation: Gases can be studied in suitable gas-

cells usually made of glasea with "windows". Cell path lengths vary from

few centimeters to meters. For gases under high pressure metal cells are

used. liquid samples are held between plates of suitable window material

(for ex: NaCl for non-aqueous samples and AgCl for aqueous samples).

Commonly employed liquid film thickness values: 0.025 mm; 0.1 mmy 0.5 mm.

In some cell designs liquid thickness (.ath length) can be adjusted.
Solvents most often are CCl,» cS, or CHC1,- Samples should be dry since

water absorbs strongly ~371C em and ~1630 om”, Solid specimens can be
examined in alkali halide pellets or as a mull. (most commonly in nujol).

Calibration: Spectra can be calibrated using well-known stmdarda.

(CH, » H,0, CO, and NH, }« Polystyrene (3.509 M; 6.238 ft ; 11.035 ja )

is commonly used. Other standards include indene, toluene and some subs-

tituved benzenes.

Near Infrared Region: This region can be studied by many instruments that

are commonly used for u.v. and visible spectroscopic work.

Commercial Instruments: A variety of instruments are commercially available

for infrared spectroscopic work. Some instruments use large prisms or

multi-pass, multi-prism or prism-grating arrangements. Both single beam

and double beam (one beam for reference) versions are available. Most
modem instruments are of the automatic scanning and recording type with

output from the recorder appearing on precalibrated (wave length) charts
in some cases. The beam is chopped or switched between reference and

sample cells in a periodic manner to provide a periodically varying detector

output which is then synchronously detected. Some of the well-knowm

manufacturers of IR spectrometers are - U.S.A: Baird-Atomic Inc., Cambridge,

Mass., Beckmn Instruments Inc., Fullerton, California and Perkin-Elmer Corp.

Norwalk, Conn.3 U.K.: Unicam Instruments Ltd., Cambridge, Grubb-Parsons Ltd.

New Castle-upon Tyne, and Hilger and Watts.; Hast Germany: Carl Zeiss, Jena.
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* Interpretation of IR Spectra: The complete analysis of the IR spectrum

of a complex molecule in terms of its geometry, nuclear masses md molecular

potential function is extremely difficult since the mathematical problem of

calculation of the fundamental modes of vibration is quite involved. (see
books by Herzberg and Wilson et al. referred to in the bibliography at the

end of this section). Although such analyses provide one with a set of valu

able force constants and help classify the vibrational transitions on the

basis of symmetry the more common approach is to empirically correlate the

obaerved features of the IR spectra to functional groups and thus to molecular

structure.

The various absorption bands of functional groups are assigned to the

fundamental modes of vibrations like stretching (symmetric and anti-symmetric)
and bending or deformation (scissoring, wagging, twisting, rocking) vibra-
tions. Others cen be assigned to overtones or combinations (sum and difference)
of fundamentals. If two bonds of same symmetry are located closely within

the molecule coupling effects can be seen in vibrational transitions. for

such situations vibrational assignments may need some corection. Also, in

gome cases coupling between a fundamental vibration and an overtone or combi-

nation whose frequency is near that of the fundamental may take place if the

symmetry character of these vibrations is the same. The intensity of the

overtone or combination band shows anomalous increase or even exhibits a

splitting and the phenomenon is called Fermi Resonance. Relative intensi-

ties of banda are qualitatively noted as S, M, W, etc. to indicate strong,
medium,weak etc. intensities. Dependence of X-H stretching frequency

(x = C, 0, N, F) on hydrogen bonding have been investigated in detail

and it is found that the stretching frequency decreases while the bending

frequency increases with hydrogen bonding. A similar result holds for

CaO frequency in carboxylic acids. If D is substituted for H in the X-H
the stretching frequency is reduced. An approximate expression for the

frequency of such a fragment is ) (om**) = Ce [Au]'”? where [A is
the reduced mass and k is the force constant. Stretching frequency can

be also related to bond order. Thus the frequency is higher for a triple

bond as compared to a double bond and so on. The overtones or combinations

of stretching vibrations due to C-H, 0-H, N-H etc. are observed generally

in the near infra-red region. Hindered rotation in molecules may givé .
rise to interesting temperature and solvent dependence of IR spectra. From

guch studies one can obtain useful information on barrier height to rotation.

The stretching frequencies of polar groupsof molecules in non-polar

solvents depend on the dielectric constant € of the solvent. If24, is the

frequency in vapor phase and JY. in solution,

(%-Ys)/y, = k(€-1)f2€+1)

(Kirkwood-Bauer-Magat equation) where K is a proportionality factor.

The IR spectrum of a molecule oan be said to be ites "fingerprint" since

it ia characteristic of the molecule. In this regard, the IR spectrum in

the region 1300-650 cm~! 48 of importance and is know as the fingerprint
region. The bending frequencies of most bonds as well as stretching fre-

quencies of bonds like C-C, C-N, C-0, C-X (X = halogens) fall in this region.
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Chart of IR characteristic frequencies compiled by N. Colthup has been

extensively referred to in the literature. The characteristic frequencies

of many functional groups are given in the accompanying tables.

* Characteristic IR Frequencies in om” (Correlation Table

C-H Stretchi

paraffins 2850-2965 (ms) aromatics 3000-3100 tv
alkenes 3010-3100(m) aldehydes 2820=2900 ( w

2700-2775 ( w)

C-H Bending

C-H alkane 1340 (w) trans-disubst. 1295-1310 (m)

~-CH,-alkane 1445-1485 (m) alkene 960- 970 (8s)
-CH,~alkane 1430-1470 (m) Gem-disbsti-

, 1370-1380 (s) alkene 1410-1420 (s)
gem-dimethyl 1380-1385 (s) 885-895 (s)

1365-1370 (s) trisubst.alkene 790-840 ts}
t-butyl 1385-1395 (m alkyne 630 (2

1365 (s Benzenes
vinylalkane 1410-1420 (s one adjacent H 380 tY}

985- 995 ts 2 adjacent H 830 fy
905- 915 (a 3 adjacent H 780 iY)

4 adjacent H 750 vcis - disubst. 690 (s)~~ lkene 5 adjacent H 750 (v

C=C _ stretching

alkenes 1620-1670 (m) benzenes 1600 (v)
dienes 1600-1650 (w (skeletal 1580 (v)
alkynes 2100-2260 ty vibrations) 500 ty}
allenes 196001060 (m 1400 (v

C0 stretching

satd. ketones (K) 1705-1725 (s)|| aryl ketones 1680-1700 te}
cyclic 4-K 71780 s)|| diaryl ketones 1660-1670 (s

5-K 1740-1750 8} &% -~diketones 1710-1730 ts
nS 1105-1725 (s/}| 2 -diketones 1540-1640

XX, Prunsat. ke tones ketene 2150 (s)

acyclic 1665-1685 (8)|! sata. aldehydes 1720-1740 (s)
S-mem.Cyclic § 1705~1725 ts) of, /P-uneat. aldehydes 1680-1705 (s)
6-mem.Cyclic 1665-1685 (s ryl aldehydes 1695-1715 (s)

Esters

satd. acyclic 1730-1750 is s)|| carbonates 1740~1780 ts}
/3-lactones rv 1820 sat. RCOOH 1700-1725 (s
‘'Y -lactones ~ 1770 te of, P ~unsat. RCOOH 1690-1715 (s

-lactones ~1747 s)i| (coo)” 1550-1610
vinyl 1770-1800 ts 1300-1400

o B-unsat & aryl 1715-1730 (8) IK { 3-unsat. and 1740-1800 (s
o ~keto- 1740-1755 (8) aryl anhyd. 1720-1770 (s

~keto- 1650 (s)



Spectral Data

1

262

Characteristic IR Frequencies in om (contd, )

O-H and C-0 stretching and related vibrations

free OH 3590-3650 tr} OH bend alcohols
intermol HB 3450-3550 (v phenols

HB polymer 3200-3400 (s,b

intramol HB (chelate) 2500-3200 (w,b C-0-C (ethers)

|(HBaxhydrogen bonded)

1260-1410 (s)
1310-1410 (s)

C-O stretch alcohalsi050-1200 (s)

1050-1275 ts}
1060-1150 (m)

N-H stretching

free primary amines ~3500 (m),~3400
free secondary amines3310~-3500 tm)

free primary amides ~3500 (m),~3400

bonded primary amides~3350 ‘s » 3180

aromatic amines 1250-1340 (8) aliphatic amines

imines (=N-H) 3300-3400 (m free secondary amides~3430 (m
amine salts 3030-3130 bonded secondary 3140-3320 (m)

N-H bending

primary amines 1500-1650 (s-m)|| Primary amides
secondary amines 1550-1650 br (dil. solns). 1590~1620 (s)
amine salts 1575-1600 (s secondary amides

~ 1500 (dil. soln.). 1510-1550 (s)

C-N stretching

1020-1220 (w)

> CaN stretching

alkyl amines, oximes 1640-1690 (v) lie, p> unstd. oximes 1630-1660 (v)

rT)

CuN stretching

alkyl nitriles 2240-2260 (m) Isocyanates

Unsatd. and aryl

nitriles 2215-2245 (v) Igocyanides

2240-2275 (m)

2070-2220 (m)

cNeN stretching (az0)1575-1630 (v) | ~H=CeN-stretching 2130-2155 (s)

-N, stretching 2120-2160 (2) |
1180-1340 (w

*

CumX stretching

CoF 1000-1400 is} C-Br 500-600 (s
C~Cl 600-800 (s C-I ~500 (s

[Se0_ stretching

sulfoxides 1030-1070 (s sulfonyl chlorides 1165-1185 (s
sulfones 1140-1160 ‘s 1340-1370 (8

1300-1350 (s sulfonamides 1140-1180 ts}

sulfites 1150-1230 (9) 1300-1350 (s
1350-1430 (s sulfonic acids 1150-1210 ts}

1030-1060 (8

~650
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Characteristic IR Frequencies in en? (contd. )

Others

S-H stretching 2550-2600 (w) 0-NO, in nitrates 1600-1650 te)

C-S stretching (mer- 1250-1500 (s
captans, eulfoxides) 600-800 (w) C-NO in nitroso
CaS stretching 1050-1200 (s) compounds 1500-1600 (s)

C-NO, in cente } 1500-1570 (s) O-NO in nitrites 1650-1680 (s)
nitro compounds 1300-1370 (s) 1610-1625 (s)

C-N0, in aliphatic 1550-1570 te P-H stretching 2350-2440 (m)

nitro compounds 1370-1380 (s PaO stretching 1250-1300 (s)

Inorganic Ions

co; 1410-1450 (v.38) NH, 3030-3300 (vege)
860- 880 (m) 1390-1430 (w)

80, 1080-1130 (v.s.) P04 HPO Hy PO, 1000-1100 (s)
. 610- 680 (m) : : _

NO, 1350-1380 (v.s.)}| CN , SCN, OCN 2000-2200 (s)

° 815- 846 (m)
NO, 1320-1380 Silicates 900-1100 (s)

1230-1250 (v.s.)

800- 840 (w)

V.8. = very strmg; 8 = strong; m = medium ; w = weak. Vv = variable; These

refer to intensity of bands. b—broad.
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IV.7.C. Microwave Spectroscopy

* General: Absorption of electromagnetic energy due to molecular rte ional

transitions occur in the microwave region in general (0.2 to 200 cmTM?; om

and mm wave region). The necessary condition for absorption in this region

is the presence of a molecular electric dipole moment and hence homonuclear

diatomic molecules as well as molecules with high degree of symmetry

(spherical tops for which the moments of inertia in the three principal

molecular axes are equal) do not give rise to microwave absorption. Non-

linear molecules with permanent electric dipole moment can be classified

on the basis of the momenta of inertia along the principal molecular axes.

We thus have symmetric tops and asymmetric tops. The symmetric tops may

be further classified as prolate (1,41, = 1,) or oblate (I, =I)< I)

For the asymmetric tops, LF a I,- For a diatomic molecule, transition

between two rotational levels (quantum numbers J' and J") has the energy

E= Bh [a1(at+t)=a"(a"+1)] (4m en’) where B= n /(811,), is the
rotational conatant. The value of I, is bh where pis the reduced mass

and r_ the intemuclear distance. Thus, bond lengths can be accurately deter-

mined. The principle can be extended to linear polyatomic molecules as

well and in order to derive the various bond distances additional experimental

data are required and these are provided by isotopic substitution studies.

Similarly, rotational energy expressions can be obtained for symmetyvic tops

and the experimental data can be analyzed with the help of these expressions

to yield bond angles and bond distances. Here again isotopic substitution

studies are employed to get complete information on molecular geometry.

Accurate data on molecular dipole moments can be obtained by employing the

Stark effect. The widths of microwave absorption lines can be related to

the molecular quadrupole moment. Zeeman studies are useful in the deter

mination of molecular rotational magnetic moments and nuclear interactions.

Hyperfine structure in the rotational spectra observed in this region have

provided valuable information on nuclear magnetic and quadrupole inter-

actions in molecules and these have been supplementary to magnetic resonace

investigations.

Instrumentstion:

Source: Reflex klystrons have been extensively used as sources. These

provide highly monochromatic radiation. The region is usually covered in

several bends, from 22 kMe/s to 60 kMic/s. Harmonic generators are used to
provide the higher frequencies. The frequency of the klystrons is stabilized

by an arrangement due to Pound which "locks" the klystron to a high Q-cavity.

Cells: Wave guides with mica windows are used as cells. Samples of gases

or vapors are used since these show discrete lines.

Modulation: 100 ke/s modulation (Stark modulation) is generally employed.

Detection: Crystal detectors are used to provide the 100 ke/s output
which is theiamplified and passed through a phase-sensitive receiver

recorder arrangement.
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Frequency Measurement: The frequencies of microwave absorption lines are
measured with respect to a standard source. Since the usual sources are
of lower frequency (r.f. region) multipliers are used to provide harmonics
in the klystron frequency range. These harmonics can be superposed on
the absorption spectrum as "markers".

The dielectric absorption of polar liquids and solids can also be
studied in this region and these studies relate to dielectric relaxation.
Hindered rotation of molecules in liquids and solids has been examined
by such dielectric methods.
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IV.7.D. Nuclear Magnetic Resonance Spectroscopy

* The Resonance Phenomenon

Magnetic Moment of nucleus = jus (Nuclear Spin number = I. pA #o if

I #0}; Nuclear spin angular momentun - y¥ I(1+1) KR, However, measureable
components of the angular momentum vector are m where m is the magnetic
Quantum number. m can have 21 + 1 values I, I-1,.... -(I-1), -I. Energy
of a magnetic nucleus in an extemal wnifom field (H,) is - fe . Hq =

~fip-H, os0= LAH, F = -YhHoM where Y= magnetogyric ratio (also
called gyromagnetic ratio). These energy values corresponding to different
m values are the Zeema levels. The difference in the energy values for

such Zeeman levels having quantum numbers mand m' (mm' + 1) is

wi =TRH =e hy. Hence 217Y =We= YH,. Transitions can be induced
by a radio frequency field (circularly polarized or linearly polarized with
circular components) of frequency Y and the resonant absorption of ref. energy
in the presence of an external uniform magnetic field is referred to as
nuclear magnetic resonance (NMR). The magnetic nuclei process around Hq

with an angular frequency W = YHo (Larmor precession) and if the r.f,
field has a circular component of the same frequency and phase as the
precessing nuclei it oan reorient them. NMR frequency depends on Y and H
values. Since Y denends on the nucleus, fora giver nucleur ow can either?
fix Hy and vary frequency or fix frequency and vary H_ to obtain resonance.
Foraproton with Hy = 10,000 gauss r.f. frequency for resonance is about

42 Mc/s.

* Boltzmann Distribution and Relaxation: The populati-n of magnetic nuclei
in the Zeeman levels is govemed by Boltzmann distribution (more miclet in
lower energy levels) if the nuclear spins are in equilibrium with the
surroundings (lattice). The spin system comes to equilibrium by means of
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two relaxation processes: spin-lattice relaxation (time constant 1, ) and

spin-spin relaxation (time constant T,). Tyand To also referred to as the

longitudinal and transverse relaxation times. The difference in population

between two levels in the presence of a r.f. field inducing transitions is

different from that in the absence of the field. The population difference

is reduced by the r.f. field and if the populations become equal the two

levels are said to be saturated.

* Instrumentation: The bridge method and crossed - coil (induction method)
have been widely used. The source of r.f. is usually a crystal controlled

oscillator and the magnetic field ie lowly varied. If the resonance line

widths are large, the r.f. source need not be crystal-controlle’. “eceivers of

high sensitivity are generally used with suitable preamplifiers. The magnetic

field is modulated ut audio frequencies and output detected by phase-

sensitive detectors. (This set-up is common in broad line or wide-line

NMR spectroscopy of nuclei in solids). Nuclei in liquids exhibit very
narrow resonances and it is necessary to have highly stable oscillators and

magnetic fields. Tne fields should be highly uniform. A few commercial

instruments have been manufactured by Varian Associates, Palo Alto, Calif.

U.S.A., Japan Electron Optics Laboratory Co. Ltd., Tokyo, Japa and others.

R.F. pulses cm also cause transitions and the nuclear magnets can be orient-

ed in specific directions. During the off-period"of the pulses the precess-

ing nuclei can induce a voltage in a coil. (echo). Spin-echo method is used

largely for the study of relaxation phenomena.

* Wide-Line NMR Spectroscopy: The study of NMR in solids can yield useful

information like tho distance between magnetic nuclei. The magnetic dipole

interaction causes a broadening of the line (line widths are of the order
ofafew gauss) while exchange interaction (I4.Ip) between unlike nuclei also

causes broadening. However, exchange interaction between like nuclei can lead

to narrowing (exchange narrowing). The analysis of the resonance spectra
is done using Van Vleck’s moment method which then yields the internuclear

distances. Intemal rotation in solids can aleo be thus studied. An often-

used procedure, especially in single crystal study, is the orientation

dependence of fine structure in the spectra. Pake's method is employed to

determine the orientation and length of internuclear distance vectors. Such

studies have been made extensively to determine positions of protme ine

solids. If there are nuclei present with I > 1/2 and thus having nuclear

quadrupole moment additional fine structure may be observed.

* High Resolution NMR Spectroscopy: In fluids the dipolar interaction

betwen magnetic nuclei vanishes and the resonance lines are observed to

be usually quite narrow. A study of these narrow lines (widths of the

order of milli gauss) requires highly homogeneous magnetic fields and
sample spinning. The most interesting and useful phenomenon in high reso-

lution NMR is the modification of the resonance frequency of a nucleus by

the surrounding electron cloud. Thus not all like-nuclei may have the same

resonance frequency at a given field if their electronic surroundings are

different, as for example, in different chemical environments. The field

at the site of the nucleus is modified to a value H, = (1 -O)H, where 0 is

the shielding constant. The proton of an aldehyde group resonates at a

different frequency compared to the proton of a methyl group and so on.
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If the r.f. oscillator frequency is fixed then the magnetic field values

for resonance are different for different environments. These differences

are known as the chemical shifts. Values of chemical shift (gf) are measur~
ed with resnect to a standard. For protons the commonly used standard is

tetramethylsilane (TMS). Chemical shifts can be measured by producing side-
bends using an auiio-oscillator (side-band technique) which modulates the
magnetic field and thus the spectrum cén be recomed with the side~-bands

serving the purpose of frequency scale calibration. If the difference in

frequency between the resonance lines of the nucleus in the reference

compound end the sample is <\) cps then

6
AY xlo

oscillator frequency (cps)

If TMS is used as a standard the chemical shift values are referred in €
scale, ¢ =10-§ with { = 10 for protons in TMS. § and values are
independent of spectrometer frequency although A?) is not. In fact AY

is proportional to the field (frequency) for a given nucleus.

€ or & values are very useful in chemical applications of NMR
spectroscopy. Since values of € near 10 fr a proton suggest a situation
similar to that of TMS one can infer the presence of a methyl group. Protons

in such groups are said to be shielded and the resonance line appears at the

high field side when frequency is fixed and field is varied. mn the other

hand protons in benzene resonate at lower fields (2.73% ) and are deshielded.
The TT -electrons of benzene may be thought of as precessing around the

ring and thus give rise to a ring current which causes the deshielding.

Magnetic anisotropy of bonds or groups 7an cause shielding or deshielding

depending on ortentation. A table of € values for protons in functional
groups of molecules of known structure can be used to identify similar

groups in molecules of unknom structure. A similar procedure is possible

for other nuclei like P19, c'3 etc. However, the shifts in these cases
are extremely large in comparison with proton chemical shifts.

Spin Coupling: In the spectra of many molecules under high resolution, miltiple

structure is observed due to electron-coupled nuclear spin interactions.

The pethyl proton in acetaldehyde appears as a doublet due to interaction

with the single aldehyde proton. The two spin states of this single proton
give rise to two lines in the methyl group resonance. Similarly the three

methyl protons have spin states with } m = 3/2, + 1/2 - 1f and -3/? values
(sum of m values for 3 protons). Thus four lines are observed for the

aldehyde. The separations within the multiplet are squal and is designated

J(c.p.s.). The intensities of the lines are related to the statistical

probaility of these states which follow the binomial distribution (here it
is 1:3:3:1). Ifn equivalent nuclei each with spin I couple tc a given

8 pin/s the number of spin multiplets expected (in first order approximation)
is 2(nI) + 1. If the internal chemical shift between the groups of spin 1

and j are comparable to Jy the spin coupling between them then complex

epectra result. The problem has to be analyzed by means of the Hamiltonian.

H= 2 YA I;(i-ve)H, +2 Jy I, -];
ae)
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Since the spin-spin interaction is through intra-molecular mechanisms

it ia independent of the extemal field strength and thus spin-split

lines can be distinguished from chemical shifts by recording spectra at

different fields. While proton-proton interactions are of the order of a

few cps such interactions involving other nuclei may be quite large. Proton

J values depend on the number of intervening bonds, orientation of bonds,

hybridization on attached atoms and electronegativity. Karplus has show

how the J value ofan ethane fragment (vicinal coupling) depends on the dihedral
angle. This relation has been applied extensively in conformational studies.

The analysis of complex NMR spectra of several molecules is by no

means trivial and thus chemical shift ({) and coupling constant (J) data
are not obtainable as a matter of routine in many cases. However, empirical

assignments are usually quite reliable especially if the spectra of a few

closely related systems are available. It is possible in a few cases to

simplify interpretation of experimental NMR spectra by using the double

resonance method in which a second radio frequency field is used to "deq

couple" spin interacting nuclei.

Samples for high resolution NMR work are liquids or solutions (usually
in CDCly, AsCl, for proton NMR). Deoxygenated samples give better resonance

lines since paramagnetic relaxation effects due to oxyge: are then absent.

Sample tube diameter ~ 5 mm. Microcells can be used if availability or

material is limited (1-3 mg; volume ~ 25 } litre).

Magnetic Properties of Some Nuclei of Interest

in NMR Spectroscopy

Nucleus | % Spin(I) | % National abundence| Magnetic | NMR frequency (Mc/s)
Moment * (H=14 ,092 gauss)

i
qt 1/2 99.9844 2.79268 60.000
qo 1 0.0156 0.857386 9.211

BT 3 18,83 1.8005 6.44"

B 3/2 81.17 2.6880 19.250

o' 1/ta 2 1.108 0.70220 15.085

” 1 99.635 0.40358 4.335

me 1/2 0.365 0.28304 6.081

0 5/2 0.037 ~1.8930 8.134

p!9 1/:2 100.0 206273 56.446

v5 ‘fe 100.0 1.1305 24.288
7 3/2 75.4 0.82091 5.879
ae 3/2 24.6 0.68330 4,893

co 1/2 100.0 4.6388 14.237

Br 3/2 50.57 2.0990 15.203
Br

“ . . 12,005Unite of nuelear magneton // y ~ aku, M = mass ,of proton.
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Table of (-values (TMS = 10.0)

Group A Group A
\

~CH,=(cyelopropae ) 9.78 rezot (acyclic conjugated) | 3.5-4.0
— H

Ss —
CH, (methane ) 9.767 Romie 1.5-4.5

, ;

CH,-C-(satd. ) 9.05-9.154|Ar-H (benzenoid) 2.0-3.4#

CH,~C-G-X(X=C1,Br,1) 8.90-9.10 |] Ar-H(non-benzenoid ) 1.4=-3.8%
~ N y,

-CH,- (satd.) 8.65-8.80 N02 1,9=201

RSH 8.5-8.9 on So-H 1,8-2.0
0

t

~C-H (satd.) 8.35-8.60
{ /

CHy-(-X(X=F, Cl, Br, I)| 8.1-8.9* 7 O-Ts on ~0.2-1,2%

CH,~Cm0C 8.1-8.4 RCHO (aliphatic unsatd)| 0.35-0.50

CH,~Ce0 7.4~-7.9% RCHO (aliphatic) 0.2-0.3

Ar~CHz 705-7275 Ar CHO 0.0-0.3*

CH,-S~ 72-769 ~50,H 0.0-0.3*

CH, -N 7-0-7.9 RCO4H (dimer in non polar |-2.2 to

~C=C-H (non-conjugated) | 7.35-7.55 solvents) 1.0
-C3C-H (conjugated) 6.9-7.2 || Prots “6 to -5

CHa~O~ 6.2-6 05*

Ar NH,$(Ar) NH 6 .0-6 .6*

Ar NHR 6.0-6 .6*
. AE

C=CH, (non conjugated)| 5.0-5.4

beg H(acyelie non 4.3-4.8*
q H conjugated )
= on aor" oajoaen (cyclic non 445-448

conjugated )

P=CHy (conjugated) 4.3-4.77

pec <~(con jugated ) 3.3~4.3%

* The spread may be larger in some cases.

+ Spread towards lower regions some cases.

(a) -OH groups generally show concentration dependence.

resonate at high values, as in the case of R-OH.

The monomers
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z J values for protons 5

Hy 280 cps Ortho 7-10 cps

CH, 12.4 cps meta 1-3 eps

H

C 12~15 eps para Q-1 cps

|

H-0-C-H 2.9 eps 34 Jo37 1.62.0 eps
CH, -CHo~% 6.5-7.5 cps ad O \5) 247 0.6-1.0 eps

i 0
aC, 0.5=3 ¢ps onTM 1.3+1.8 cps

' ot

H-C=C-H (cis) |6-14 cps J54TM 3,2-3.8 cps

H-CeC-H (trane}11-18 ops Jog 4.6-5.8 cps
3 4

H~C=C-H 9.1 ops of Q S55 247 1.01.8 cps
t

H-G=CaC~H 2-3 cps Jog 2.1+3.3 eps

H
1 /

BPG t-3 eps Jae 3.0-4.2 cps

/ox 1 ! j
“CeC 4-10 cps H-C-| C }-C-H |0.
\ /oH | AVC,

a? =C 05-2 cps

~CeCH-CH=C~ 10-13 cps

Cc

CH "3 5 76 68
CH,

* Bibliozraphy (Nuclear Magnetic Resonance Spectroscopy)

Abragam, "Principles of Nuclear Magnetism", Clarendon Press, Oxford,1961.

Andrew, "Nuclear Magnetic Resonance", Cambridge Univ. Press, 1955.

Bhacca and Williams, "Applications of NMR spectroscopy in Organic

Chemistry (Illustrations from the steriod field)", Holden-Day,
San Francisco, 1964.

Bloembergen, "Nuclear Magnetic Relaxation", Benjamin, New York, 1961.

Emsley, Feeney and Sutcliffe, "High Resolution Nuclear Magnetic Resonance

Spectroscopy", Vols. I. and II, Pergamon, Oxford, 1966.

Jackmann, "Applications of Nuclear Magnetic Resonance in Organic

Chemistry", Pergamon, London, 1959.

NMR-EPR staff of Varian Associates, "NMR and EPR Spectroscopy", Pergamon,

New York, 1960.



ESR Srectroscopy 271

Pople, Schneider and Bernstein, "High Resolution Nuclear Magnetic Resonance",

MoGraw-Hill, New York, 1960.

Roberts, "Nuclear Magnetic Resonance", McGraw-Hill, New York, 1959.

Roberts, "4n Introduction to Analysis of Spin-Spin Spllittings in High
Resolution Nuclear Magnetic Resonance Spectra", Benjamin, New York, 1961.

Saha and Das, "Theory and Application of Nuclear Induction", Saha Institute

of Nuclear Physics, Calcutta, 1957.

Slichter, "Principles of Magnetic Resonance", Harper and Row, New York, 1963.

Wiberg and Nist, “The Interpretation of NMR Spectra", Benjamin, New York,
1962.

Catalogues:

Varian Associates, "High Resolution NMR Spectra Catalog" Vols. I and II,

1962-1963.

American Petroleum Institute, "Nuclear Magnetic Resonance Spectral Data",

API Project No. 44, Chemical Thermodynamics Properties Center, College

Station, Texas.

Humble Oil and Refining Co., "A Catalogue of Nuclear Magnetic Resonance

Spectra of Hydrogen in Hydrocarbons and their Derivatives", Baytowm,

Texas.

IV.7.E. Electron Paramagetic Resonarce

* General: Systems containing an unpaired electron (S=)) when placed in
a magnetic field have energy levels (Zeeman levels) between which transi-

tions can be induced in a manner similar to that in NMR spectroscopy. For a

field of 3,500 gauss the electron spin resonance (ESR) or electron paramag~
netic resonance (EPR) frequency is of the order of 10KMC/S and such radio
frequencies are usually produced by klystrons. As in NMR, the resonancy

frequency satisfies the relationku), = g Pp H, where g is the "g-factor" which
is a tensor in the general case and P s the Bohr magneton (eX /2 mc).

“Wagnetic energy levels may be affected by orbital contributions and spin-

orbit coupling effects. Since frequency and field value can be very accu-

rately determined g values can be determined with great precision. These

are then interpreted in terms of electronic structure. For a free electron

g = 2.00232. Differences from this g-value are called "g-shifts". Para

magnetic samples may be in the fom of crystals or powders. g-values of

paramagnetic complexes yield informtion on their bonding and structure.

Most systems of chemical interest are examined in solution form. Free

radicals in solution are easily produced by chemical methods. Other methods

include X-irradiation, flash photolysis, etc.

* Hyperfine Interaction: Of the several interaction terms for an unpaired

electron the hyperfine interaction terms are important dipolar and contact

types. The interaction between a magnetic nucleus and the spin of the odde

electron gives rise to splittings in the ESR spectra. In solids these may

arise from the interaction with the magnetic nucleus of a paramagnetic ion
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itself and between the unpaired electron and a nucleus on another atom

(super hyperfine interaction). A complete analysis of the spectra of

solids using a spin Hamiltoman yields the magnitudes of various interactiorm

including the hyperfine interaction. For free radicals in solution the

dipolar part of the hyperfine interaction averages out to sero and only

the contact term (I.S) remains and this results in rather sharp lines
(splittings) in the ESE spectra. The splitting constants (a) yield data
on the spin densities of the unpaired electron at the various positions

in the molecular framework. Molecular orbital and valence bond theories

have been used in the calculation of spin densities in free radicals.

* Ingtrumentation: Klystron frequencies around 10 KNC/S and 35 KMc/S
are commonly used. The sample is held in a microwave cavity and field

modulation usually employed. In order to prevent frequency drift auto-

matic frequency control (AFC) systems are employed. The AFC system due
to Pound which "locks" the klystron to the frequency for which Q-factor
is maximum for the cavity is generally used. Bridge method is usually

employed in the detection scheme with a crystal detector. Phase sensitive

detection results in the recorder presentation of the first derivative of

the absorption spectrum. Superheterodyne method is also used, especially

for lines which are quite narrow. Commercial instruments are available

from Varian Associates, Palo Alto, Calif. U.S.A., Japan Electron Optics

Laboratory, Tokyo, Japan, Microspin, London, U.K. and others.
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Ve INORGANIC AND ANALYTICAL CHEMISTRV1 Properties of the Elements a 2
A.No. = atomic number; A.W. = atomic weight, 124 = 12 exactly; d. = density,
g ml~! at 20°C; m.p. = melting point, °C; b.p. = boiling point, °C

Stable isotopes only are listed: figures underlined are isotopes

forming more than 20% of the naturally occurring element.

| blement A.No.j] A.W. | d. mop. | _b.p. isotopes

Actinium Ac 89 (227) 1050

Aluminium Al 13 | 26.98] 2.70) 660 | 2450 ei

Americium Am 95 | (243) [11.7

Antimony Sb 51 1121.75 | 6.62} 631 | 1380 j2i, 123

Argon Ar 18 39.95 -189 | -186 36, 38, 40

Arsenic As 33 74.92 | 5.72) 817 | sub. 1

Astatine At 85 (210) (302 )

130, 132,

Barium Ba 56 |137.34 | 3.50] 714 | 1640 135, 136,

137, 138
Berkelium Bk 97 (247)

Beryllium Be 4 9.012] 1.85 (1280 | 2770 9

Bismuth Bi 83 |208.98/9.8 | 271 |1560 209

Boron B 5 | 10.81 , 2.34 |(2030) 10,11

Bromine Br 35 79091 | 3.12 -7 58 DQ, 81

106, 108,

Cadmium Ca 48 112.40 | 8.65 321 765 412° 113,

114, 116

Caesium Cs 55 |132.91 | 1.90 29 | 690 133
ae

Calcium Ca | 20 | 40.08 11.55 | 938 |1440 7 te

Californiun Cf 98 (251)

Carbon C 6 | 12.01 }2.26 |3730 |4830 12, 13

Cerium ce | 58 140.12 |6.67 | 795 |3470 140 ee

Chlorine Cl 17 | 35445 3s rial =35 2292L

Chromium cr | 24 | 52.00 |7.19 11870 |2660 a3 &

Cobalt Co 27 | 58.93 18.90 11490 |2900 59

Copper Cu | 29 | 63.54 |8.96 |1083 |2600 63, 65
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Element A.No} A.W. d. Mepe| dep. isotopes

Cur ium Cm 96 (247)

156, 158,

Dysprosium py | 66 | 162.50 |8.54 {1410 | 2600 | 10% 181
° 162, 163

164

Einsteinium Es 99 2(254) 162, 164,
Erbium Er 68 | 167.26 | 9.05 |1500 | 2900 166, 167,

168, 170

Euro pium Eu | 63 | 151.96 | 5.26 | 826 | 1440 | 151, 153

Fermium Pn | 100 | (253)

Fluor ine F 9 19.00 ~220 | -188 | 19

Francium Pr | 87 | (223) (27)

152, 154

Gadolinium ca | 64 | 157.25 | 7.89 |1310 | 3000 17 od
9 ood

160

Gallium Ga 31 69.72 | 5.91 30 | 2240 | 69, 71

Germanium Ge 32 72.59 | 5.32 | 937 | 2830 IO, 2, 1s
14, 76

Gold Au | 79 | 196.97 {19.3 [1063 | 2970 | 197

174, 176,

Hafnium Rr 178.49 |13.1 |2220 | 5400 177, 178,
179, 180

Helium He 2 4.003 -270 | -269 3, 4

Holmium Ho 67 | 164.93 | 8.80 |1460 | 2600 | 165

Hydrogen H 1 1.008 -259 | -253 | 1, 2

Indium In | 49 | 114.82 | 7.31 | 156 | 2000 | 113, 115

Iodine I 53 1126.90 | 4.94 | 114 183 | 127

Iridium Ir | 77 | 192.2 2.5 12450 | 5300 | 191, 193

Iron re | 26 | 55.85 | 7.86 |1540 | 3000 | 54, 56, 57,
58

Krypton Kr 36 | 83.80 -157 | -152 78, 80, 82

84, 86

Tanthanium Ia 57 | 138.91 | 6.17 | 920 | 3470 138, 139

Iawrencium Iw 1103 | (257)

lead p> | 2 (207.19 (11.4 | 327 | 1730 | 204 206
207, 208

Lithium Li 3 6.94 | 0.53 | 180 | 1330 | 6, 7

latecium lu 71 174.97 | 9.84 |1650 | 3330 175, 176

Magne sium Mg 12 24.31 11.74 | 650 | 1110 | 24, 25, 26
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Element tre NOe AW. d. MeDe b.p. isotones

Mangane se Mn 25 54.94 | 7.43 11250 | 2150 | 55

Mende levium Ma |101 | (256)
196, 198,

199, 200
Mercury Hg 80 | 200.59 |13.6 -38 357 201, 202,

204

Molybdenum Mo 42 95.94 |10.2 | 2610 | 5560 | 92, 94, 96,

97, 98, 100

142, 145, 146,

Neod ymium Nd 60 | 144.24 | 7.00] 1020 | 3030 143, 144, 148,

150

Neon Ne 10 20.18 -249 |-246 | 20, 21, 22

Ne ptunium Np | 93 | (237) 419.5 637

Nickel wi | 28 | 58.71 | 8.90 | 1450 | 2730 ed om 61,
3

Niobium Nb 41 92.91 | 8.40 | 2420 | 3300 | 93

Nitrogen N T 14.007 -210 | -196 14, 15

/ Nobelium No |102 | (254) 184, 186,

Osmium Og 76 | 190.2 122.6 |2700 |5500 187, 188,

189, 190,
jg2

Oxygen 0 8 16.00 ~219 |-183 | 16, 17, 18

102, 104

Palladium Pa 46 1106.4 [12.0 |1550 {3980 105, 106,
108, 110

Phosphorus Pp 15 30.97 | 1.82 44 280 | 31

190, 192,

Platinum Pt 78 | 195.09 121.4 |1770 |4530 194, 195,
196, 198

Plutonium Pu 94 | (242) 640 |3230

P* Yolonium Po | 84 | (210) | 9.2 | 254

Potassium K 19 | 39.10 | 0.86 | 64 | 760 | 39, 41

Praeseod ynium Pr 59 | 140.91 | 6.77 | 935 |3130 | 147

Prome thium Pm 61 | (147) (1030)

Protoactinium Fa 91 | (231) 115.4 | (1230)

Radium Ra 8s | (226) 5.0 700

Radon Rn | 86 | (222) -711 | -62

Rhenium Re 75 1186.2 j21.0 |3180 1/5900 | 185, 187

Rhod ium Rh 45 1102.91 /21.4 |1970 [4500 | 103

Rubidium Rb | 37 | 85.47] 1.53] 39 | 688 | 85, 8
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Element AeNo| A.W. de | mp. b.p. isotopes

96, 98, 99,

Ruthenium Ru 44 1101.07 12,2 12500 {| 4900 100, 1C1,
102, 104

144, 147,

Samar ium Sm 62 | 150.35 725411070 | 1900 148, 149,

150, 152,

154

Scand ium Sc { 21 | 44.96 | 3.0 [1540 | 2730 | 45

714, 76, TT
1 8 96 ° 21 68 ’ ’ ’Selenium e 34 78 9 4.79 7 5 78, 80, 82

Silicon Si 14 | 28.09 223311410 | 2680 28, 29, 30

Silver Ag 47 |107.87 10.5 | 961 | 2210 107, 109

Sod ium Na 11 | 22.99 0.97] 98 | 892 | 23

84, 86
Strontium sr 38 | 87.62 26 768 1380 87, 88

Sul phur S 16 | 32.06 2.07] 119 | 445 | 32, 33,
34, 36

Tantalum Ta | 73 1180.95 |16.6 |3000 |5430 | 181

Technet ium To | 43 | (99) 11.5 |2200

120, 122,

Tellurium te | 52 1127.60 | 6.24] 450 | 990 38. ioe
9 9

128, 130

Terbium To | 65 1158.92 8.2711360 | 2800 | 159

Thallium Tl | 81 [204.37 | 11.85) 303 | 1460 | 203, 205

112, 114,

116, 117,

Tin Sn 50 1118.69 7.30{ 232 | 2270 118, 119,

120, 122,

124

46, 47;

Titanium Ti | 22 | 47.90 4.5111670 | 3260 | 48, 49,

50

180, 182,

Tungsten W 74 1183.85 19.3 |3410 | 5930 183, 184

186

Vanadium V 23 | 50.94 6.1 }1900 | 3450 50, 51
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Element A.No A.W. d. m.p. b.p. isotopes

124, 126,

128, 129,

Xenon Xe 54 | 131.30 -112 -108 130, 131,
132, 134,

136

168, 170,

Ytterbium Yo | 70 1173.04 | 6.98 | a24| 1430 | 12's Lie
173, 174,

176

Yttrium Y 39 88.91 4.47 1510 2930 89

Zine zn | 30 | 65.37 | 7.14 | 419] 906 | St S& ©
68, 70

zirconium ze | 40 | 91.22 | 6.49 | 1850] 3580 | 2% 91s 92
94, 96

Ve2 Allotropic Forms of Common Elements

Element Allotrope Structure d. MoD bp.

Arsenic grey rhombohedral 5.73 817 sub.

black amor phous 4.71 dec.

yellow cubic 2.03 dec.

Carbon diamond cubic 3.51 —_— —

graphite hexagonal 2.26 3730 4830

Oxygen oxygen Oy molecules — ~219 ~183

ozone Oz molecules — 251 @111

Phosphorus yellow P, molecules 1.82 44 280

| red polymeric 2655 590 = sub. 417

Se Jenjum red Se, molecules 4.50 —_— —

grey chains 4.79 217 685

Sul phur rhombicy¢ |S, molecules 2.07 113 —_—

monoclinic # S, molecules 1.96 119 445

Tin grey diamond 5.76 —_— —_—

white 1 7.30 232 2270meta] _
V.35 Properties of Inorganic Compounds

col.= colour; r = red; p = pinks bk = black; o = organge; y = yellow;

bn = brown; g = green; b = blue; gy = grey; V = violet; w = white or (colourless

d = density, g ml"! at 20°C; mop. = melting point, °C, bep. = boiling point,

°C; dec = decomposition; s0l. = solubility in g anhydrous compound per 100g
water at 20°C; 8 = soluble; sp.e = sparingly soluble; hyd. = hydrolysed

compound;
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After the formila, the structure of some solids is indicated:

M = molecular; 1 = NaCl; 2 = CaCl; 3= Zinc blende; 4 = wurtzite;

5 = nickel arsenide; 6 = fluorite (or antifluorite); 7 = rutile;
8 = layer; 9 = chain and 10 = structure other than 1-9.

Compound Formula col.{| d.| m.pe| beep. sol.

Aluminium

bromide AlBr, dimer w{3.0| 97 | 265 | hyd.

chloride AlCl, w |] 2.4] 190 180 46

fluor ide AlP, 1q w | 3.1 | 1040 0.5

hydroxide Al (OH), w | 2.4 dec. Sp.8

iodide All, dimer bn} 4.0 | 191 386 hyd.

nitrate A1(NO, )s w dec. 67

oxide A1,0, 1q w | 4.0 |} 2045 | 3000 sp.8

phos phate Al PO, w | 2.6 | 1500 BD.8

sul phate Al, (so, s w |2.71] dec. 38

ammonium NH,Al ( 80, o Ww dec. 66

potassium KA1(S0, do w 6.3

Ammonium

acetate NH 4020CH, wiii.t | 114 dec. 69

bromide NH 4b w | 2.3 dec. 75

carborate,

hydrogen NH, HCO, w 1.6 sub.| 107 12

chlor ide NH 4o2 w 1.5 dec. 37

fluoride NH 4” w dec. 8

iodide NH, I w 2-6 dec. 172

molybdate ( NH, ),Mo0, w 12.3 | dec. 8

nitrate NH, NO, w {1.7 | 170 dec. 192

oxalate (NH, oF n% w dec. 4.4

phosphate,

hydrogen (NH, )zHPO, w | 1.6 dec. 65

sul phate ( MH, ),80 4 w 11.8] dec. ib

thiocyanate | NHSCN w 11.3 | 146 | dec. | 163

vanadate,

meta NH, VO, w 12.3 dec. 0.6

Ant imony

bromide(III) | SbBr, Mi y | 4.2 97 | 280 hyd.
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Compound Formila col.| d. Me Po bepe sol.

chloride (III) SbCl, Mi w | 3.1 3 219 hyd.

chloride (Vv ) SbCl, Mi y | 2.3 4 dec. | hyd.

fluor ide (IID SPs Mi ow | 4.4 292 hyd.

fluoride(V) SbF, w | 3.0 7 150 hyd.

iodide (III) SvI, 8} r 4.8 167 401 hyd.

oxide (IIT) $b,0, 9| w | 5.7 655 1425 | .002

oxide, tetra- SbO, 10 w 4.1 1060 hyd.

oxide (Vv) 5b,0, w 3.8 450 1060 0.3

sul phide (III) Sb, 9 | 0,bk| 4.6 546 00017

Arsenic

acid, arsenic HzA80 4 w 8

bromide (III) AsBr Mil oy | 3.5 31 221 hyd.

chloride (III) AeCl, Mi ow | 2.2(1)| -16 122 hyd.

chloride(v) AeCl, ¥ ~40 dec. | hyd.

iodide (III) Asl, 8 | o 4.4 146 403 6.0

oxide(III) Ae, 0, M8oj]ow | 3.7 sub. 218 1,84

oxide (Vv) 48,046 ws | 4.2 315 dec. 67

sul phide (III) Ae,S, y 3.4 300 700 - 00005

sul phide(¥) As,8, sub. 0002

Barium

carbonate BeCO, w 4.4 1740 dec. 002

chloride Bacl., 10 w 3.1 960 36

chromate BacrO, y 5.0 ~ 0004

fluoride BaF, 6 Ww 4.8 1287 1400 0.16

hydroxide Ba (OH do w 2.1 dec. 3.9

lodide Bal, 10 | wf 5.1 dec, 205

nitrate Ba ( NO, do w 3.2 585 dec. 9.0

oxide Bad 1 w 5eT 1920 hyd.

peroxide Ba0,, 5.0 dec.

#ul phate BaS0, 4.5 1350 «00024

Beryllium

chloride BeC1., 9 1.9 405 487 B

fluoride BeF, 10 2.1 800 8

hydroxide Be (OH dp w dec 0001
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Compound Formula col. d. Mep- Dep. sol.

oxide BeO 4 w 3.0 2400 3900 Bp.8

Bismuth

bromide BiBr, Misy 5.7 218 461 hyd.

chloride Bicl, M w 4.7 224 441 hyd.

hydrox ide Bi (OH )s 4.4 dec. 200014.

iodide Bil, 8 bk | 5-7 439 dec. hyd.

nitrate Bi( NO, )s dec. hyd.

oxide Bi, 0, 10 y 8.9 817 1900 sp.8

sul phide Bi, S, 9 bn | 7.4 TAT «00002

Boron

acid, boric HBO, w 1.4 185 4.9

chloride Bl, M iow | 1.4(1)}-107 12 hyd.

fluor ide BF, M w ~128 -102 hyd.

hydride BoHe M w -169 -88

, oxide B, 0, 10 w 1.8 577 hyd.

Bromine

chloride BrCl Oo 10,decq hyd.

fluor ide (III) BrP, y |2.5 9 135 hyd.

fluoride (v) BrP, w | 2.5 -61 40 hyd.

hydride HBr w -87 -67 199

Cadmium

bromide CdBr,, 8 y 5.2 583 963 98

carbonate Caco, w 4.3 dec. Sp.8

chloride caCcl, 570 967 113

hydroxide ca (OH), 4.8 dec. 00026

iodide Cd I, 8 bn | 5-7 390 800 84

nitrate ca ( NO, os w dec. 150

oxide cdo 1 bn | 8.1 hyd.

sul phide Cas 354 y 4.6 1750 Sp.8

sul phate CaSO, dec. 76

Caesium

bromide CaBr 2 w 4.4 636 1300 108
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Compound Forma col. d. Me Po bePe sol.

carbonate C800, w dec. 8

chloride CsCl w 4.0 642 1300 186

fluoride CaF Ww 3.6 715 1250 370

iodide Cal w 4.5 621 1280 79

Calcium

acetate Ca (0,CCH, )4 w dec 35

bromide CaBr, w 3.3 730 810 143

carbide cac, Bey | 2.2 2300 hyd.

carborate Caco, w 267 1282 dec. 20014

chloride CaCl, w 2.1 TT2 74

fluoride CaF, w 32 1392 0016

hydroxide Ca(OH), w | 2.3 dec. 0.156

nitrate Ca ( RO, do w dec. 129

oxalate cac,0, w 202 dec. 0007

oxide Cad w 3.3 2700 hyd.

phos phate Ca, (PO, o ws 3.1 1670 0025

sul phate caS0O, w 3.Q | 1300 0.21

Carbon (see "Properties. of Organic Compounde" )

acid, hydro-

cyanic HCN w 0.688 | -14 26 misc.

oxy-(phoagene ) | COC1, 1037 | -104 a | hyd.

nitride,

(cyanogen ) CoN, w -27 -20 | sp.s

oxide, mono- co w 2 O05 -190 Sp.8

. o%ide, di CO, sub. -78 | hyd.

Cerium

oxide (IV) CeO, w | 7-3 | 1950 SD .8

sul phate (IV) Ce (SO 4 do y |39 dec. | dec.

Chlorine

acid, chloric HC10; w dec. |

perchloric HC10, 1.8(1) -112 dec. 8

fluoride (1) Clr 1.6(1}) -154 -101 | hyd.

fluoride(III) | O1F, 1.8(1)} -83 11] hyd.

hydride HCL w “114 -85 Te
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Compound Forma col.| d. Me Peo b.ep- sol.

oxide, mono- c1,0 y 20 2 hyd.

oxide, di- C10, y -76 1 10.8

oxide, hept- 01,0, w -92 dec.| hyd.

Chromium

chloride Crel, 8 r 2.8 dec. ep.s8

oxide (III) or, 0, 10 | g | 52 | 1900 Bp.8

oxide (VI) Crd, 9 |1o | 2.7 dec. 166

sul phate Cr, (so, )s g | 3.0 hyd.

Cobalt

carbonate CoC0, bn | 4.1 dec. Sp.8

chloride CoCl, 8 34 T27 1050 64

hydroxide Co (0H dy p 3.6 dec. Sp.s

nitrate Co(NO, ), 98

oxide Cad bk 5-7 1800 sp.8

sul phate CoS0, bn |-3.7 987 35

a@aul phide cos 5 bk 5.5 1100 «00038

Copper

acetate (II ) Gu(0,COH, ) g 7.3

bromide (I ) CuBr 3 | bn | 4.7 504 1355 | spes

bromide (II) CuBr, 9 | bk 498 dec. | 127

carbonate (II) cuco, g dec. sp.8

chloride (I) CuCl w 13.5 | 430 1490 | 0.1

chloride (II) CuCl, y |3.1 498 dec. 73

cyanide (I) Cucn w 12.9 474 00026

hydroxide(1I) | Cu(OH), b (3.7 | dec. Bp.8

iodide (II) Cul 3 |w 15.6 605 1340 | eps

nitrate(II) Cu(HO, ly b 122

oxide(T) Cu,0 10 | r |6.0 | 1230 | 1800 | .00001

oxide (II) cud 10 | bk | 6.4 dec. hyd.

gulpiate(II) | Cu80, w [3.6 | dec, 20.5

gul phide (I) Cu,8 10 | be |5.8 | 1130 «00005

sul phide (II) Cus 10 | bk | 4.6 dec. .00003

thiecyanate (1) | CuSCN w 12.8 1084 00044
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Compound Formula cold d. Me Pp. beep. sol.

Pluorine

hydr ide HF 0.99(1)| -83 19 8
oxide F,0 ~224 =145

Gallium

chlor ide (III) Ga,Cl, 78 201 a

oxide (III) Ga0., 10 1740 sp.s

Germaniun

chloride (IV) GeCl, 1.9 -49.5 | 86.5 hyd.

oxide (Iv) Geo, 7 4.7 1086 0.41
sul phide (IV) GeS,, 10 800 dec. 0.45

Hydrogen (These Compounds are listed under the other elements present )

Iodine

acid, iodic HIO, w 4.6 @aec. 316

chlor ide (I ) Icl 9ir 3.2 27 97 hyd.
chloride (III) I,Cl, M jo 3.2(1) 14 97 hyd .
fluoride (v) IF, w 3.-5(1) -8 97 hyd.

fluoride (VII) IF, M w 2.8 sub. 5 hyd.

hydr ide HI w —51 ~35 8

oxide (Iv) 10, y |4.2 dec. hyd.

oxide (v) 1,0, Ww 4.8 dec. hyd.

Iron

bromide (III ) PeBr, 8 Ir hyd.
' e&bbonate (II) Peco, bn | 3.8 dec. » 006

chloride (II) RCL, B ly 130 670 | 1030 | 63
hydroxide ( IT) Fe (OH de g 5.4 dec. O01

hydroxide(III) | Fe (OH), 0 43.9 dec, 8p.8

nitrate(III) | fe (NO, ), r 82
oxalate (II) Fec,0% dec. - 004

oxide(II) Fe0 1 | bk [5.7 1380 Bpe8

oxide (II/III) Fe 0, 10 |bok 15.2 dec. sp.8

oxide (III ) Fe, 0, 10 5.1 dec. Bp.8

phosphate (III) Fe PO, y Bp.8
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Compound Formla col.j d. Me Pe bDepe sol.

gul phate (II) FeSO, wo | 3.1 dee 26.3

ammonium Fe (NH, o (so, ) dec. 26.4

eulphate(III) | Fe, (so, )s y | 3-1 dec. hyd.

ammonium Fe (NH, )(S0, ), dec. 44(25°)

gul phide (II) Fes bk | 4.8 1195 - 0006

Lead

acetate (II) Pb (0,cCH, ' w 3.2 280 dec. [44.3

acetate(IV) Pb (0, CCH, ) 4 w | 2.2 175 hyd.

carbonate PbCO, w 6.6 dec. ~00016

chloride (II) PCL, 10 w 5.8 498 954 1.00

chloride (Iv) PbC1, w | 3.2(1)} 15 dec. hyd.

chromate PoCr0, y | 6.3 844 dec. 107?
hydroxide Po (OH ),, w 7.6 dec. 016

iodide Pol, 8 y 6.2 412 822 -068

nitrate Pb ( NO, ), w 4.5 dec. 55

oxide (IT) PbO 8 y 9.5 890 002

oxide(II/Iv),

(red lead ) Pb 0, 10 ° 9.1 dec. hyd.

oxide (Iv) PbO, 7 bn | 9.4 dec. hyd.

sul phate PoSO, w 6.2 1087 2004

sulphide PbS 1 bk | 7.5 1114 8D.8

Lithium

bromide Libr 1 |w | 3.5 552 1310 177

carborate Li,co, Ww 2.1 618 dec. 1 33.

chloride Lidl 1 W Jel 614 1550 83

fluoride LiF 1 W 2.3 870 1670 0.13

hydride Lil 1 w 0.8 680 hyd.

hydroxide Li0H w 12.5 | 462 13

iodide Lil 1 w 4.1 440 1171 165

nitrate LiNO, Ww 2.4 250 dec. 70

oxide Li,0 6 Ww 2 0 yi 700 hyd 6

sul phate 111,50, w 22 857 35

pibgneeium

bromide MgBr., 8 w 3.7 711 104
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Compound Forma col. d. Me Po bepe sol.

carbomte MgC0., w 361 dec. 01

chloride | MgCl, 8}i w | 2.3 712 1418 55

fluoride NeP, 7 w 3.0 1396 «009

hydroxide Mg (OH), w | 264 dec. «0009

iodide gl, 8 w 4.2 dec. 138

nitrate Mg (NO, do w 70

oxide MgO 1 w 3.6 2640 8p

sul phate MgSO, w 2.7 1185 33

Ma ngane se

acetate (II) Mn (0,CCH, dy p |1.7 8

carbonate (II) MnCO,, p | 3.1 dec. 0065

chloride (ITI) MnCl, 8 p 3.0 650 1190 74

fluoride (II) MnF., 7 p 4.0 856 105

fluoride (IIT) MnF., 10 r 3.5 dec. Sp.s

hydroxide (II) Min (OH), p 3.3 dec. Bp.B

nitrate (II) Mn (NO, ), 138

oxide (II) Mno 1 By | 5-2 1650 Bp.s

oxide (II/III) ¥n,0, n0 | bk | 4.7 dec. Bp.8

oxide (III ) Mn, 0, 10 bk | 4.8 dec. sp.8

oxide (IV) MnO, 7] bk | 5.0 dec, Bp.5

oxide (VIT ) Min, 0. r | 2.4(1) |i. dec. | hyd.

sul phate (II) MnSO, Pp 32 700 63

Mercury

atetate (II) Hg (0,CCH, ), woof 363 dec. 25 ,

bromide(T) a 10

bromide (II) Hg Br, Mi oy | 6.1 241 319 0.55

chloride (I) Hg,01, M]ow | 72 302 384 |.00004

chloride(II) | HgCl, Mi ow 15.4 277 | 304 | 6.5

cyanide (II) Hg (CN do w 4.0 dec. 10

iodide (II) gl, 8] o | 6.3 250 1354 |.004

nitrate (I) He, (NO, )o w hyd.

nitrate (II) Hg (NO, ), Ww hyd.

oxide (II) HGO 9] y {11.1 dec. 005

vr

sul phate (I) #8550, w | 7.6 dec. 0.06
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Compound Formla col. d. Me Po dope sol.

sul phate (II ) HgSO, 6.5 850 hyd.

sulphide(II) | HgS, x 9 8.1 sub. | 580 Spee

@ |3 | ve | 7.7 eub. | 446 | aps
Molybdenum

fluoride (VI) MoP, 17 36 hyd.

oxide (VI ) MoO 4.5 785 11150 0.18

sul phide (IV) MoS, bk | 4.8 118.5 Sp.8

Nickel

carbonate NicO, dec. 009

chloride NiCl, 8 y } 3.5 1000 987 62

hydroxide ni (OH > & | 404 .0013

iodide Nil, 8 bk | 5.8 T97 130

nitrate ni( NO, ), 94

oxide Nio 1 BY | 7.4 1990 Sp.8

sul phate NiSO, y 3.7 dec. 37

sul phide NiS [516 bk 4.6 T9T7 «0004

Nitrogen

acid, hydra-

zoic HN, w -80 37 8

acid, nitric HNO. w 1.5(1) ~47 86 mise.

ammonia NH, M | hw 0.8(1) ~-78 -33 53

hydrazine NOH, M iw | 1.0(1) 1 114 B

sul phate NOR, °H,50, w 1.4 254 dec. 2.8 ;

hydroxyl-

anine NH, OH W 1 3 34 56 8

chloride NH, OH+HO1 w 1.7 151 dec. 83

oxide (I) N,0 ~103 -88 0,12

oxide (11) NO w -164 |~152 | .0056
oxide (III) N05 b -102 3 hyd.

oxide(IV) N,0, M | bn “J 21 | hyd.

oxide (V) N05 10 | w 30 33 hyd.

nitrosyl

chloride NOC] Oo ~65 ~6 hyd.

sul phide N,8 4 M {| o 2 02 sub. 179 hyd.
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Compound Formula col. d. Mep- bep. sol.
Oxygen

hydride

(water H,0 Mi ow 1.0 0 100

hydrogen

peroxide H,9, M w 1.4 ~2 158 misc.

Phosphorus

acid, phos-

phoric HPO, w 1.8 42 dec. | 570

acid, phos-

phorous HPO, w 1.6 14 dec. 8

acid, hypo-

phosphorous HPO, w 1.5 17 dec. 8

bromide (III) PBr' w | 2.8 ~40 173 hyd.

bromide (V) PEr, 10 | y sub. 106 hyd.

chloride (III) Pl, w | 1.6 ~91 74 hyd.

chloride (Vv) Fel, 10 w 148 164 hyd.

chloride, oxy FOC], Ww 1.7 1 105 hyd.

fluoride (III) PP, w ~160 -95 hyd.

fluoride (Vv) PP, w -92 ~85 hyd.

hydride,
(phosphine ) PH, w ~133 —88 ap.s

oxide (III) P40 w 261 24 173 hyd.

oxide (V) P.O, M, | 10 2.4 569 591 hyd.

Potaseiun

acetate KO, CCH, 1.8 292 dec. 256

brama te KBr0,, 33 dec 6.9

bromide Ker 1 iwi 27 142 1380 65

carbonate K,CO, 2.3 897 dec. 110

hydrogen KHCO, 2.2 dec. 33

chlorate KC10, w | 2.3 368 dec. | 7.3

chloride KCl 1 w 2.0 770 1407 34

chromate Kocro, y | 2.7 975 dec. 63

di- Kcr,0. o 2.7 398 dec. 12

cyanide KCN w 1.5 623 8

ferricyanide K,Fe (ON), o | 1.9 dec. 46

ferrocyanide K, Fe (cx), y dec. 28
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Compound Forma col. d. Me Peo bDepe sol.

fluoride KF 1 w 205 857 1500 95

boro KBF, w 2.5 dec. 8

silico- KSik, w 2.7 0.11

hydride KH 1 w 0.8 dec. hyd .

hydroxide KOH w 2.0 360 1327 112

iodate KI0, Ww 3 9 560 8. 1

iodide KI 1 w 3.1 682 1324 144

nitrate KNO, w 2.1 338 dec. | 31.6

nitrite KNO, w 1,9 297 dec. 300

oxalate K,C,0 4 w 35

oxide, mono— K,0 6 w 2.3 dec. hyd.

oxide, per- KO, 10 y hyd.

perchlorate KCIO 4 w 2-5 dec. 1.65

perman~

ganate KMn0, Vv 2.7 dec. 6.4

periodate KIO 4 w 3.6 582 dec. | 0.4

pho sphate KPO, w 1340 s

dihydrogen KH. PO, w 20D 96 dec. 23

phyro- K,P,0, w 2.3 1090 8

sul phate K,50, w 2.7 1074 11.1

hydrogen KHSO, w | 2.4 210 dec. | 49

pyro- K,8,0, w 2.3 s

per- K,55% 4.7

gul phide KS 6 |y | 1.8 47 hyd.

thiocyanate KSCN w 1.9 179 217

Rubidium

bromide RbBr 1 3.4 677 1352 110

carbonate Rb, 00, W 837 dec. 8

chloride RbCl 1 2.8 17 1381 91

fluor ide RbF 1 w 833 1410 131

iodide RbI 1 {w | 3.6 636 1300 150

nitrate RoNO, w 3.1 3505 dec. 53

sul pha te Rb, SO 4 w 3-6 1060 dec. 48

Scandium

oxide Se,0, 10 w 3.9 Bp.8
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Compound Formla col. d. Mp. dep. sol,

Selenium

acid, selenic H,Se0, 3.0 58 dec. 570

hydride H,Se 8p.8

oxide, di- Se0, 9 w 4.0 340 317 256

Silicon

chlor ide Sicl, w | 1.5(1)] -68 57 hyd.

fluoride SiP, 0 w ~77 95 hyd.

hydride SiH, w | 0.7(1) | -133 ~14 hyd.

oxide S10, 10 w 2.6 1700 ep.B

Silver

acetate AgO, CCH, w 3.3 dec. 1.04

bromide AgBr 1 y 6.5 430 Bp.8

carbonate Ag,CO, w 6.1 dec ~OC2

chloride AgCl 1 w 5.6 455 1564 Bp.8

chroma te AgoCro, r 56 0025

cyanide AgcNn w 3.9 350 - Q0002

fluor ide AgF 1 w 59 435 170

iodide AgI 4 y 5.7 557 1506 ap.s

nitrate AgNO, Ww 44 209 dec. 217

nitrite AgNO, Ww 4.5 dec. 0.34

oxalate AgsCo0, w 5-0 dec. ~0034

oxide Ag,0 10 | bn | 7.) dec. «002

perchlorate AgC 10, Ww. | 2.8 dec. 525

phos pha te Aga Pu, y 6.4 850 0006

aul phate Ag80, WoL 5 | O57 0,8

sul phide Ags 10 | bk | 7.3 842 SPs

thiocyanate AgSCN wW dec, «00002

Sod ium

acetate Na0,CCH, w 1.5 324 dec. 146

arsenate,

hydrogen Na, HAsO, Ww 39

arsenite Nas -0,, Ww 1.9 8

borate Na BO, Ww 966 1450 25

borate, pyro~ Na.B,0., w 2.5

bromate w 33 381 37NaBrO.-
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Compound Formila col. d. Me Pe bep- sol,

bromide Na Br w 3.2 TAT 1390 91

carbonate Nanco, w 2.5 854 dec. 21

hydrogen NaHCO, w 2.2 dec. 9.6

chlorate Naclo, w 2-5 255 101

chloride Nac1 w 2.2 800 1465 36

chromate Na,CroO, ¥y 85

dichromate NapCr,0, ° 185

cyanide NaCN w 562 1496 59

ferricyanide Na, Fe (CN 6 ° s

ferrocyanide Na ,Pe (cn), y 19

fluoride Na? w 2.8 992 1700 3.9

hydride NaH w 0.9 hyd «

hydroxide Na OH w 2.1 322 1378 109

hypochlorite Nacio w dec. 8

hypo posphite Nal, PO, w dec. 8

iodate Na lo, w 4.3 dec. 8.5

iod ide Nal w 307 662 1300 179

nitrate Nano, Ww 2.6 310 dec, 87

nitrite NaNO, w 2e2 271 dec. 82

oxide Na.0 w 2.3 dec. hyd.

perchlorate NaCl0, ¥ 462 dec, | 20

phos phate Nas PO, w 134C 12.1

hydroyen HaHPO v T9

dihydrogen | Tall P), 65

mia- a2), W 205 968 8

silicate Na,810, w 1088 8

gul phate Na, 50, w 267 884 19.4

hydrogen RaliS0, w 127 320 6

gul phite Ka,8 1.9 120 19

sulphide Na,S0, 26 26.5

thiocyanate NaSCN 323 136

Na8.03 w 1 eT dec e 10thiosul phate
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Compound Formula col. d. MeP. bep. 80]
Strontium

bromide SrBr, 10 w 4.2 643 102carbonate Srco, w 3.7 1497 «001chloride Srol, 6 w 3.1 872 53sul pha te Srso, w 4.0 dec. 2O1

Sul phur

acid,

@ul phuric H,S0, w 1.8 10 dec. misc.pyro~ H,8,0, w 1.9 35 dec. hyd.bromide,
thionyl SOBr, w 267 -50 140 hyd.

chloride,

di- SCl, r 1.6 ~80 59 hyd.
mono— S401, ° 1.7 -80 138 hyd.
sul phuryl 50,01, w 1.7 =54 69 hyd.
thionyl socl, w 1.6 -104 75 hyd .fluoride, hexa SP, w 1.9(1)] -55 ~63
sul phur yl S0,F, w -120 -52 hyd.
thionyl SOF, 2.9(1)/-110 -30 hyd.

hydride HS 
-83 ~62 0.38

oxide, di- S0, M iw | 1.4(1)] -73 -10 | 11,3
tri- S05, of trimer M 1.9(1)] 17 45 hyd.

9 |W 50 hyd.
Tellurium

acid, telluric Heted, W Ae dec, 5

Chloride, die | tet, bk {71 | 175 | 304 | aya.
tetra- TeCl 4 Ww 214 392 hyd.

oxide(IV) | Te0, T Ty 1559 | gu, 440 | hyd,
oxide (vr) Ted, w 5.1 dec. hyd.

Thallium

bromide ( I ) TlBr 2 y 7.6 460 815 205
chloride (rz) T1C1 ee) 427 807 033
fluoride (I) T1F Ww 300 80(15°)
oxide(I) 71,0 y 300 dec. | hyd.
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Compound Formla | col. d. Mop. dep. sol.

oxide (III) 71,0, 10 | bk | 10.2 159 hyd.

sul phate (I) T1,80, w 6.8 632 dec. 4.9

Thor ium

chlor ide Thcel 4 10 w 4.6 820 8

nitrate . Th(NO, ) 4 W dec. 190

oxide ThO, 6 | w 9.7 5 2800 10°
sul phate Th(so, do w dec. 1.4

Tin

bromide (II ) SnBr, w 561 232 620 8

bromide (Iv ) SnBr 4 w 3.3(1) 30 202 hyd.

chloride (II) Sncl, w 247 62 | 270

chloride (Iv) Snfl, w 2.2(1) -33 113 hyd.

hydroxide (II ) Sn(OH do w dec. ~00016

oxide (II) SnO +S | bk | 6.9 Bp.s

oxide (Iv) Sno, w 7.0 1127 Sp.8

Titaniun

chloride (III) TACl, 8 v sub. 430 8

chloride(Iv) TACL, w 1.7(1}) -23 136 hyd.

oxide Ti0, T)|] w 14.3 1825 8p8

Tungsten

Uranium @;

acetate,
uranyl vo,(0,ccH,), | y | 2.9 dec. 7.7

chloride, %20

uranyl 00,01, y
fluoride,

nitrate,
uranyl U0, (NO, ) y dec. 122

oxide (IV) U0, 6 | bn [10.9 2180 Sp.8
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Compound Forma col. d. Me Po bop. sol,

oxide (VI) vO, 10 | y | 7.3 dec. Bp.8

oxide (IV/VI )
(pitchblende ) U5 05 10 | bk | 7.3 dec. Bp.8

sul phate

uranyl vo,s0 4 y 303 dec. 21

Vanad ium

chloride (II) vel, 8 | g 3.2 sub. 1000 8

chloride (III) vel, 8 v 3.0 dec. s

oxide, penta— ¥2% 8 o 3-6 800 hyd.

Xenon

fluoride (IV) XeP, M 90 hyd.

oxide (VI) Xe0, w

Zinc

acetate zn(0,,CCH, ), w dec. 40

bromide zZnBr, w 4.2 394 650 450

carbonate 2nC0, W 007

chloride ZnCl, 8,10 w 29 283 732 368

chromate zncrO, y Bpe8

fluoride anF, 7 |w 4.8 872 1.6

hydroxide Zn (0H ). w 3.1 dec. ~ 0004

Oxide 7n0 4 | w | 5.5 1970 hyd.

sul phate 2ns0, W 3.7 dec. 54

eu} phide Zns 394 w 4.1 sub. 1645 | .0007

Zirconium

chloride zrcl r w 351 hyd»

oxide ar0, 10 jw 155 | 20 8p.8
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V.4 Glossary in Inorganic Chemistry

* Actinides

They include the last fifteen elements in the periodic table, Ac, Th,

Pa, U, Np, Pu, Am, Cm, Bk, Cf, Es, Pm, Md, No, and Iw. The fourteen 5f
electrons are added formally (though not necessarily actually ) from Thor ium
(Z = 90), onward ard the 5f£ shell is complete at Lawrencium (Z = 103). The

energies of the 5f, 6d, 7s and 7p orbitals in the actinide series are compa-

rable and they are prores to complex formation with TT~bondirg liganis like

alkyl phosphines and thicetherse, as well as with ions like halides and sulphate.

They furm cationic species, the principal ions being M>*, m+, MOZ » MO5*

for the oxidation states +3 to +6.

* Alloys

Mixtures of two or more metals. They can be simple mixtures, where
the component metals are mutually insoluble in each other in the solid state

or solid solutions, where the atoms of one component fit themselves into the

erystal lattice of the other (substituted solid solutions or interstitial

solid solutions ).

* Back Bonding

The stability of transition metal carbonyls, for example, cannot be
explained in terms of a simple metal-—carbonabom. It is assumed that in

the se compoumdisa there is an additional metal=-carbon Wbhond ss a resultof the

overlap of filled dj or hybrid dpw metal orbital with an empty antibonding

pit orbital of the carbon monoxide (back bonding). Such back bonding is
postulated in several systems such as silicon-nitrogen compounds and complexes

of transition metals with trivalent phosphorus, arsenic etc.

* Catenation

Carbon and to a lesser extent other elements like sulphur and silicon

show a tendency to form chains (or rings) of identical atoms. Only elements

with a valence of at least two which forme strong bonds with itself will
undergo catenation.

* Chelate Compounds

Polydentate ligands permit the attachment of two or more donor sites

to the same metal ion simltaneously, thus giving rise to complexes possess-

ing fives or six-membered rings. The nam chelate stems from the Greek Chele

or "claw",

* Clathrate Compounds

Compounds in which a molecule of one component is completely enclosed
by one or more molecules of a second component in such a way that its escape

is prevented unless the forces which bind its surrounding together are over-

come. Their properties are roughly those of the enclosing mterial. Examples

are hydroquinone compounds which have the approximate composition (C.H,0, )ax
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(X = HCl, HBr, H>8, CHz0H, SO, COp, HCN etc.), phenol compounds like

(C,H.0),S0,, (C,H,0),80,, (C,H.0 ),00,, and certain compounds of the inert

gases.

* Coordination Compounds (Complex Compounds )

Compounds forued by combinations of apparently saturated materials

which are capable of independent existence. They cover a wide range of

compounds and may contain either complex anions or cations or both, or they

may be meutral molecules. The se are indistinguishable in vseneral form

ordinary covalent compounds; althoush the bonding in some cases is more

nearly ionic than covalent. They are also referred to as Werner complexes.

* Coordination Number

The total number of anions or molecules which my be directly associat-

ed with the cation in complex compounds. Common coordination members are
2, 354,5 ani 6. Coordination numbers 7. 8 and 9 are *xnown to occur, but they

are relatively rare and, with only few exceptions, confined to compounds of

lanthanides and actinides.

* Crystal-Pield Theory

Electrostatic models, which attempted te account for the properties

of complex campounis on the basis of interactions between point charges and/
or Gipoles, could not account satisfactorily for the existence of square—-

planar complexes. The theory was extended to describe the vehaviour of metal

ions in a crystal lattice, and also the properties of comnlexes, where the

metal ion is under the influence of the charge field created by the ligands.

* Electron-Deficient Compounds

Blements with fewer valence electrons than valence shell orbitals

(e e&e, boron, aluminun, platinum ) form covalent compounds in which there are

insufficient electrons present to account for electron pair bonds among all

the atoms present. Examples are the boron hydrides such as Bole and ByHy os

the @imeric aluminum alkyls such as(Al (cus )3} 9; the tetrameric platinum
tetraalkyls such as [Pe (cH, 4] 4 end certain interstitial compounds.

Oxygenecontaining acids in which several sinple molecules are condensed
to give materials containing mre thana single mle of anhydride. If a single
type of anhydride is involved the acid is an isopoly acid, whereas if mre than

a single type of anhydride is present, the acid isa heteropoly acid, Fxanples

of isopoly acids are polychromic acids, HOsyCrOs(y > 1) and of heteropoly
acids sre polymolybdophosphoric acids, mH50.P205 -yMo0s (y=12 or 24, most

commonly ).

* Isobars

Nuclei having the same mase number but different atomic numbers (e.g .,
60 60

Co ~ and Cu°Y) are isobars.
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* Isotopes

Atoms of the same element havire different weights; they contain the

same number of protons, but different numbers of neutrons.

* Yanthanide Contraction

It consists of a significant and steady decrease in the size of the

ators and ions with increasim atomic number; lanthanum has the greatest and

lutetium the smllest radius. The cause of the lanthanide contraction is due
to the imperfect shielding of one electron by arother in the same subshell.

The nuclear charge and the number of 4f electrons increases by one at each

step as we proceed through the lanthanide series. With each increase, the
effective nuclear charge experienced by each 4f electron increases, thus

causirz a reduction in size of the entire 4f shell; the accumulation of these

successive contractions is the total lanthanide contraction.

* Nonatoichiometric Compound 3

Compounds which do not possess the exact compositions as predicted

from electronic considerations are referred to as nonstoichiometric compounds.
Examples are certain metallic hydrides much as VHo.56* CeHs . 693 certain oxides

such as T104 73 T10, 7.1.83 Feo 95% WO, 88-2 .92' such sulphides, selenides

and tellurides as Cu, 7S, Cu, 65°? Cu, este, CuFeS; 943 the tungsten bronzes,

Na,WO3s etc. Tack of true stoichiometry of this type is associated with defect

crystal lattices (Frenkel and Schottky defects. )

* Octet Rule

It is an empirical rule which states that atoms tend to be surrounded

by eight electrons in their compounds (in the valence shell), Violation of
octet rule are common in compounds of elements beyond the first two eight-
membered groups in the Feriodic Table.

* (Oxidation Number

The charge which an atom appears to have when electrons are counted

as per some arbitrary rules. Electrons shared between two unlike atoms are

counted with the more electronegative atom and the electrons shared between
two like atoms are divided equally between the sharirg atoms. In the free
elements, each atom, has an oxidation number of zero and in simple ions, the

oxidation number is equal to the charge on the jon

* Oxidation Potential

Inherent tendency toward electron gain or loss ina particular system

can be measured ag an electrical driving force and expressed ae a potential

value. They are commonly expressed relative to som arbitrarily selected
standard. As bases for absolute comparison, standard oxidation potentials

(E°) are employed; they characterize half-reactions at 25°C (298°K) in which

all metals are considered as solids, all gases are taken to be at one atmos-

phere pressure, and all ions are measured at unit activity. Asa standard of
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reference, the reaction summarized by the equation

4 H, (1 atom. )=—=H (ae 1) +e

ie assumed to have a potential value of zero at 25°C (1.e., E3q,=0 .000volt)
and all other potentials are referred to this valve.

* Radioactivity

Elements such as polonium (Z = 84) and radium (sz = 88) having high

nuclear charges ani mass numbers show a teniency to emit raiiatio ami dis-

integrate to newer elements. The types of emitted radiation are, % -rays
(positively charged), A-rays (negatively charged) ami j--raye (noncharged ).
The decay of an elemert is cammonly expressed in terms of its half-life

periad which is the time required for just one-half of the atoms of that
type ina sample to decay.

* Decay Mechanisms of Some Common Radioactive Nuclides

Nuclide Daughter Fmitted Associated Half-life

Product Particle Radiation

239 _, 235y . oh + r 24,300 yrs

278y —_—> 23¢on + “A + y- 4-51x1 oO’ yrs

“onU —_ “oot + XK + ry T.1x10° yrs

*aerh 5 oeeRa + of + 1.39x1 Qo! Yre

eR — neat + {ol + - 1620 yra

"532 —> "34x? + Bo + {| 8.05 d.

6° ——» sy + B- (Noy) 28 yrs

60 60 \= 2\ 52 yrs
CO — > | Nt +27 gt ||

19 —? 308 + Bo + Y 1.3x 10°yrs
and 40

1

ne —> fam + [PP +] 246 ye
4, hy + p- (no }-) 5700 yre

7A —, ote + {Pr (no}') 12 .26yrs8
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V. 5 Inorganic Analysis

(14) Qualitative Analysis: Inorganic compounds are chiefly ionic in nature. In
the separation of both cations and anions, different types of equilibrium are

generally involved. The most important ones are, (a) solid-solution equili-
brium (solubility product), (tb) complex-ion equilibrium, (c) acid-base equi-
livrium and (d) oxidation-reduction equilibrium.

The solubility nroduct principle has three imnortant applications in

qualitative analysis: (a) to vredict the conditims under which the precipi-
tate of an electrolyte is formed, (b) to predict the conditions under which

a solid electrolyte may be exnceted to dissolve, and (c) to estimate the

concentrations of ions in a saturated solution.

The imnortant anplications of complex formation in qualitative analysis

are: (a) masking reactions in which an element or a compound is changed to

an inactive form without effecting physical separation, (b) in precipitating
fons, (c) for dissolving precipitates, and (a) in colour-forming reactions

mp u s [Ae (mH, ) 9] , (ca (wa) ] ; Joucaits | >

[13 Gv, ] and sulphide complexes such as (ass), (ass,)>", (ses,)?”,
(sns,)*", and (Hes, )*~ are examles.

Acid-base equilibrium is employed in the separation of several cations
and the systems of primiry interest are:

- + ~~” = +

HoS —— HS + H ; HS =S +48

——= vit - ; Hom HY + On”NH, OH —— NH, + OH 3; Ho = + OH

Tests for Cations: Cations commonly present in inorganic compounds can be

classified under different groups, depending on their properties.

Group I: Includes Ag’, He’ and Po°*, They are characterized by the insolu-
bility of their halides (Agel, Hg ACL. and PbCl.,) in dilute HCl.

+ 2+ + 2+Grouf II: The caticns belonging to this group are Hg , Pb , Bi? » Cu,
ca’, he", he”*, sn, sn’, sb and Sb’*. They all form sulphides which

are insoluble in dilute HCL,

Group III A: Fe’, ar* and cr* belong to this group and they all give hy=
droxides whic are insoluble in a mixture of ammonium chloride and ammonium

hydroxide.

Group III B: Includes Co-*, Niet, on2*, ani Mn**. They give sulphides
(CoS, NiS, %nS, MnS) which are insoluble in a mixture of ammonium hydroxide,

d+ . d+ | dt
Group IV: The eations belonging to this group are Ba, Sr , Ca and they
are precipitated as their carbonates in alkaline medium (ammonium carbonate
and ammonium hydroxide).

+ +
Group V: Cations like Mg, NH{ , Na and K* are identified by their
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individual specific tests.

Teets for Anions: Some of the anions which ure commonly encountered in simple

inerea ie compounds are: carbonate (co,* ~), nitrite (No, )> nitrate (No, ~)>,

sulphide (s*7), sulphite (s0,°7), sulphate (so,* ~), phosphate (P0,? “),

halides (PF, Cl , Br, I), acetate (CH,CO,”)> oxalate (c,0,7 ~) end tartarate

(Cc, H 4%% }. These anions are detected on the basis of their behaviour towards

several reagents like dilute hydrochloric acid, concentrated nitric acid, con-
centrated sulphuric acid and acetic acid.

Reaction of Anions with concentrated Sulphuric Acid:

(a) Tartarates heated with H,SO, turn brownish black and give an odour

of bumt sugar.

(b) Carbdonates give off CO,, which tums lime water milky.

(c) Some sulrhides give off HS (foul odour and it tums lead acetate-

naner black).

(a) Nitrites will give off brown fumes immediately (NO ).
2

(e) Bromides will oxidize slowly with the evolution of bromine vapours

(reddish browm colour).

(f) s0dides will liberate free icdine (purple colour).

(z) “ulphites sive off SO, (odour of buming sulphur).

(nh) Oxalates will give a mixture of CO and CO,; the CO can be ignited.

(i) Acetates hected with H,S0, liberate acetic acid (odour of vinegar).

(ii) Quantitative Analysis: Quantitative procedures for the analysis of in-
organic compounds are cla:sified as ;:ravimetric and volumetric, on the basis
of the property which is measured.

+ Gravimetric Analysis: It involves the separation of the desired consti-
tuent into a form whicn is of knowm percentage composition and which can be
weighed accurately. Further classification of the methods of gravimetric
analysis may be made on the basis of how the desired constituent is separated

{nto a welghable form,

Precipitation Methods: A solution of the sample to be analyzed is treated

with a reavent which ca. form a insoluble precipitate. For example, the

chloride content of a sample may be determined by adding excess of silver
nitrate to m aqueous solution of the sample, whereby silver chloride is

nrecinitated. From the weight of the silver chloride obtained and the

weight of the original sample, the vercentage of chloride in the given samole

‘ay be calculated.

Electrodeposition Methods: Tne desired constituent is separated from 4 solu-

tim of the unknown sample by deposition on an electrode. This separation

is based on the oxidizability or reducibility of the desired constituent at
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the electrode. Por example, copper can be determined by applying a voltare
of wsufficient magnitude to cause electrical current to flow between two
platinum electrodes immersed in a moderately acidic solution of the sample.
In course of time all the copper ions will be deposited upon the negative
electrode as metallic copper, and the difference between the initial and
final weights of thie electrode indicates directly the copper content of
the sample.

Volatilization Methods: The desired constituent ina separated from the
sample by virtue of its volatility with heat or with certnin rengentse.
Two examples may be mentionei. The water of hydration of burium chloride

crystals may be determined by heating the sample around 150° until no
more loss of weight occurs. <A secund example is the determination of the
CO2 content of @ carbonate sample. The sample is trexted with acid to
liberate CO2 gas which is absorbed in a vessel containing an appropriate
absorbant. The gain in weight of the absorbant indicates the amount of co,
gas liberated. °

Volumetric Analysis: Measurements of volumes are involved in this method
of analysis. Volumetric methods may be grouped under different headings
depending on the mode of carrying out the determination or on the chemicai
principle underlying the method. These include titrimetric methods, optical
methods and electrical methods. Of these, the most commonly used are the

titrimetric methods.

Titrimetric Methods: A solution of the desired cmstituent is allowed to
react with a stendard solution of a reagent. Titrimetric methods may

further be classified on the basis of the reaction between the desired
constituent and the reagent, (a) neutralization methods (e.g., the deter
mination of the carbonate content of soda ash by reaction with hydrochlori >

acid), (b) precipitation methods (e.g., volumetric determination of chlom.;
Jon employing silver nitrate), (c) oxidation-reduction methods (e.g., the
determination of ferrous ion with a standard solution of ceric sulphate),
(4) complex formation methods (e.f., determination of caleium ion by react-
ion with the sodium salt of ethylene diamine tetraacetic acid), and (e)

gasometric methods (e.g., analysis of gaseous mixtures),

* Gravimetric Factor

1% 19 the ratio of the formule wedgtt of the substance sought to the
fomula weight of the substance knom (weighed as), with the formila weights
multiplied by appropriate digits which are relative nimbers of each subs-
Vance as indicated in the chemical equation relating the two substances,

Fen examples are given below:

Sought Weighed on Grav. factor

PeSg BaS0, FeSo/2BaS04

Pos go Po Pos /MgoPo0y
Pes0, Feo0z 2Fe304/3Feo03
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V.6 Instrumental Methods of Analysis

(4) deal Properties Useful in Analysis: The following are some of

the phyeieet properties which are applicable to chemical analysis. Thies list
includes all properties which have been investigated in detail.

(a) Extensive Properties: (1) Mase (or weight), (2) Volume (of a liquia

or a gas);

(b) Mechanical Properties: (1) Specific gravity (or density.), (2) Sur
face tension (3) Viscosity (4) Velocity of sound (in a gas);

(ec) Properties Involving Interaction with Radiation: (1) Absorption
of radiant energy (icraye uliraviolet, visible, infrared, micro-
waves), (2) Turbidity, (3) Emission of radiatio (following exci-
tation), (4) Raman effect, (5) Rotation of the plane of polarized

light, (6) Refractive index, (7) Dispersion, (8) Fluorescence and

phosphorescence (9) Diffraction of X-rays ani electrons, (10) Nu-
clear and electron magnetic resonances

(a) Blectrical Properties: (1) Half-cell potentials, (2) Current-

voltage characteristics, (3) Electrical conductivity, (4) Die-
lectric constant, (5) Magnetic susceptibility;

(e) Thermal Properties; (1) Transition temperatures (melting or boil-

ing pointe, etc.), (2) Heats of reaction (combustion, neutralization

etc.), (3) Thermal conductivity (of a gas);
(f) Nuclear Properties: Radioactivity.

(11) Optical Methods Substances absorbing (for emitting) radiation in
the ultraviolet, visible or infrared regions (see Section IV.7 for the
discussion of Molecular Spectroscopy) can be determined quantitatively by

optical methods if Beer's law is applicable. Optical methods are employed

by inorganic, organic and biological chemists for single or multi-component
quantitative analysis (see,Sec. IV.7A for a discussion of Beer's law).

* Turbidime try and Nephe lometry

The quentity of solid material in a colloidal suspension can be
determined by measuring the transmitted (turbidimetry) or scattered *

(nephelometry) light

* Photometric TMtration

Absorbance at a wave-length when plotted against the volume of the

reagent shows & sharp change at the equivalence point in certain acid-bage
or other titrations.

* Fluorimetry makes use of fluorescence of substances for analytical purposes.

* Eeission Spectrogra is employed for the determination of elements
(particularly cetate} in samples employing @ spectrograph with prism or
grating monochromator, photographic (later densitometer) or photoelectric
detection, spark or are excitation of solid samples and use of intemal or

extemal standards.
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+ Flame Photometry employs a gas flame as the light source for those

elements in which emission is easily excited (e.g. Na, Ba, Sr, V, Ti).

* X-Ray Absorption is a particularly valuable tool for analysis where a

sole heavy element is to be determined (e.g., sulfur in gasoline).

uw X-Ray Diffraction is useful for the analysis of crystalline materials

(mixture of different polymorphs of the same substance or of different
subs tances ).

* X-Ray Bmiesion Analysis makes use of the fluorescence by a sample (target)

irradiated by X-rays. This is good for trace analysis.

* Polarimet makes use of the optical rotation of substances as the basis

for analysis te.z., sugar).

(411) Blectrochemical Methods

* Potentiometry involves the measurement of a reversible potential of a

reversible electrode which in tum permits the calculation of the concen-

tration of a component in solution (Nemst Equation).

* Potentiometric Titrations are titrations (acid-base, redox,etc.) in

aqueous or non-aqueous media which can be followed by potentiometric meagure-

ments. pH titrations also form part of this kind of titrations.

* Voltametry and Polarography: If an electrolysis cell consists of one

electrode which ia polarizable aid the other which is not, the system is

easily studied by current-voltage curves. This method of determining the
composition ia generally called voltametry. If the polarizable electrode

is dropping mercury, it is often referred to as polarography. The limiting

current in the current-voltage curve (called the diffusion current) directly
depends on the concentration of the reducible species.

i a7 607n op'/ 2 n’/? 4 8 (Ilkovic equation )

where 1,2 diffusion current ( a), nz no. of electrons involved in. the
eathodic reduction, C = concentration of reducible substance (millimoles/

liter), De diffusion coefficient (cm‘/sec), m= mass of mercury flowing

though oapany (ug/g) and + = tine betnen avotedne dope (oe),
Polarography can be employed for both inorganic and organic analysis.

* Amperometric Titration involves following the titration by the observa

tion of diffusion current after successive additions of reagent,

* Coulometry is based m the application of Faraday's law of electrolysis

for quantitative analysis and can be used for an electrochemical reaction

with 1008 current efficiency, In a coulometric titration, an electro.
lytically generated soluble species reacts quantitatively with the substance

sought.

* Conductimetry is a method where malysis is carried out on the basis

of the electrical conductance of the species (ions) in solution. The course
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of a titration followed by conductance is called a sconductometric titration.

(e.g-, complexation, acid—base or precipitation reactions).

(iv) Radioactivity as a Tool in Analysiss Radioactive isotopes with
reasonable (a few hours to a few thousand years) half-lives are useful for
analytical purposes. The radiation emitted by an isotope (detected by GM

or scintillation or BPs counters depending on the radiation or particle

emitted) provides the tool for malysis. Analysis of activity in samples
bombarded by energetic particles provides the basis for activation analysis.

(v) Mass Spectrometry may be used for analysis of positively charged
atomic or molecular ions produced by electron bombardment or photo-
ionization. Ione differing in m/e exhibit different peaks in the mass
spectrum. Mass spectrometry is used for determining molecular weights

and frasmentation pattems of organic substances, besides as an analytical

tool (e.g., petroleum fractions or gas-phase kinetics).

(vi) Chromatography is a technique by which separation of similar

substances is achieved by differential migration. The sample is taken
in the mobile phase (liquid or gas) and is passed through & colum of
the stationary phase (solid or liquid held by a solid). This technique

is also used for quantitative analysis. Paper chromatography has now

become @ routine technique and can be made quantitative by the use of
a svectrophotometer to scan the chromatograms. Gas (or vapor phase
chromatography (VPC)) ie ideal for the analysie of mixtures of orgmic

liquids or low melting solids.

(vii) Thermal Methods

Thermogravimetric Analysis (TGA) allows to quantitatively study

changes in the weight of a solid as a function of temperature. Along with

differential thermal analysis (DTA), TGA is a useful tool for the study
of solid state reactions. DTA measures heat changes due to transformations

in the sample relative to an inert reference.

In thermometric titrations, the course of a reaction is followed
by noting the heat liberated (e.g. bensene in cyclohexane, acid-base)»

These titrations are also knom as enthalpy titrations.
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Cy} Ba } "Lae ) HE} Te | We} Re} Oe | Ir | Pe} Au) Hg] Tl | Po} Bi} Po} At | Ro

87 88 89

Fr | Ra | fAc 58 | 50 | GO | Ot | 62 | 68 | Gt | 65 | 6 | 67 | 68 | 69 | 70 | 71

" Tanthanoid
Series

90 91 92 93 04 95 96 97 98 99 100
+ Actinoid Th | Pa U Np | Pu | Am | Cm | Bk | Cf

Serieg

see Sectior V.1 (mire 273) for Pronertiea of tlements
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VI ORGANIC CHENVISTRY

vrI.1 Nomenclature

The following rules for the naming of organic compounds are largely

based on the "Definitive Rules for the Nomenclature in Organic Chemistry",
adopted by the Intemational Union of Pure and Applied Chemistry. Fora

detailed description, see, Journal of the American Chemical Society, 82,

5545 (1960).

* Aecyelic Hydrocarbons

Saturated acyclic hydrocarbons (C,H2,,1) are called alkanes, the

first four being methane, ethane, propane and butane. Higher members of this
series contsin a numerical prefix (e.ge,; penta) indicating the number of
carbon atoms and the ending "ane", e.g-, pentane C5H19, decane C1 oH 99,

eicosane Cooly. Branched chain hydrocarbons are named by prefixing the de-

signetions of the side chain to the name of the longest chain present in the
formula, the longest chain being numbered from one end to the other by arabic

numerals. The direction is so chosen as to give the lowest numbers possible

6 5 4 fie 1
to the side chains: e.g., 3-methylhexane, CHzCH,CHCHCH,CH, where several
different side ch®ins are attached, the order of stating them is either
according to increasing complexity (e.g., methyl, ethyl, propyl, butyl) or

gesaccording to alphabetical order: e.g., bHsCH CH CH-CHCH CH is 4-ethyl-3-
methylheptane.

Unbranched acyclic hydrocarbons containing one doubie bond are named

by renlacing the ending "ane" of the name of the corresponding saturated
hydrocarbon with the ending"ene". If there are two or more double bonds,

the ending will be "adiene", "atriene", etc. The names ethylene for CH9=CHy

and allene for CH,=C=CH, are retained in the systematic nomenclature. The

numbering of the carbon chain containing double bonds is done in such a way
as to give the lowest nossible numbers to the double bonds: e.g., 1-vetene,

5 4 3 2 1 6 5 43 2 1

Cy CHa CH CH=CH and 1,4-hexadiene, CHsCH=CHCHoCH=CHo«

Tmsaturated branched acyclic hydrocarbons are named as derivatives of

the unbranched hydrocarbons which contain the maximum number of double bonds
7 6 Hs, 4521

ty Skint jteptaden, iets

H
Unsaturated hydrocarbons having one triple bond are named by replacing

the ending "ane" of the name of the corresponding hydrocarbon with the ending

"me", ‘The first member of the series H-C=C-H is called acetylene, If there

are two or more triple bonds, the ending will be radiyne’, "ati yne! ete.,

@oPey 1-butyne, CHzCHC=C=H; and 1,4-heptadiyne, CH3CH2-C=C-CHo-C=C~H

Unsaturated acyclic hydzocarbons having both double and triple bonds
are named by replacing the ending "ane" of the name of the corresponding
saturated hydrocarbon with the ending "eyne", godt nyne", otrienyne",
" enedienyne" etc. e.g., 1,3-hexadien-5-yne, ieGat bustle : 3=nenten-1-yne
5 4 3 2] 543 2
CH;CHaCH-CeC-H; and t-penten-4-yne, H-C&C-CHoCHeCH.
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* Cyclic Hydrocarbons

The names of saturated monocyclic hydrocarbons (C Hy) are formed

by attaching the prefix "cyclo" to the name of the saturated unbranched
YWydrocarbon with the same number of carbm atoms: C.fe, cyclopropane, CsHe;
ecyclopentane, C5Hio-

The names of unsaturated monocyclic hydrocarbons are formed by subs-
tituting "ene", "adiene", "atriene", "yne" ete. for "ane" in the name of the
corresponding hydrocarbon.

8 9 10 1
1 6 2 Ha-CHa-CH2—CH

2 5 3 7 CHe2 Son 2
4 “CH2 — C=C —cHs

6 5 4 3Cyclonexene 1\3-Cyclohexadiene 1-Cyclodecen-4-yne

* Groups (Radicals)

Univalent groups (radicals) derived by removal of hydrogen from a

terminal carbon atom are named by replacing the ending "ane" of
the name of the hydrocarbon by "yl": e.g., pentyl, CH3z(CH>)4-. Univalent,
branched groups are named using the largest branch as a parent structure and
assigning the number 1 to the carbon atom having a free valence: CoBey

- 4352 11-methylpentyl, Chis CHaCilacl oCHCHs" The common names of a number of groups

are retained in the systematic nomenclature: e.g., isopropyl, (CHz)9CH-;

isobutyl, (CH ) oCHCH = ; sec~butyl, CH (HCHQCHs § tert-butyl, (CHs )30=;

isopentyl, (CHz) 2CHCHoCH,,~ ; neopentyl, (CHz)3CCHo-;tert-penty1 CH3CHoC(CH3)o;
vinyl, CHo=CH~3 allyl, CH5=CHCH,-; benzyl, Cee CHo- and phenyl, CeHe--

* Functional Groups

Compounds containing functional groups are named by shortening the

endings "ane", "ene" and "yne" of the names of the hydrocarbon to "an" "en"

and "yn" and then adding an additional ending to indicate the nature of the
functional group. Few examples are given below:

o

HCOoH CHaCHoCH)0H Cin cH Cia CHO

Methanole acid Propano] Butanal
(Formic acid) 0 OH 0
HO9C(CHp )COpH Clg CHeCHCCH, CH, CHOH,C-NHy

Qetenediole acid 3—Penten-2-0ne 3-Hydroxypentanoi¢ amide
Cl Br

CHs(H-CHeCW cHscHUHCOC HO2C-C2UCH C0 oH

Hexte} Sadivmoie acid
3-Amino-2-chloro- 2-Bromobutanoyl
butanonitrile chloride

When two or more different functional groups occur within the same molecule,
only one suffix can be used to form a systematic name. The other functional
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groups must be considered as substituents: e.g, HOCH cH, tC, is 4-hydroxy-
-butanone and not 4-butanol-2-one. The following order of preference is

followed in assigning the principal functional group.

(a) Firat preference is given to acidic groups and to other groups that by

their nature should terminate chains: e.g+, -COoH, -SOsH -SOoNHo, -SOoR ,

-CONH2, -CN, -CO»R , —-CHO.

(b) Groups like keto, amino and hydroxyl are given last preference and in the

order CO> N> OH.

(c) All other groups are listed as substituents.

* Mable of Prefixes and Endings generally used

Function21 Class Prefix Ending

Acid (Carboxylic) carboxy oie acid

Alcohol hydroxy ol

Aldehyde oxo, aldo, or al, carboxaldehyde

formyl

Amide carboxamido amide, carboxamide

Amine amine amine

Double bond - ene

Ether alkoxy, or aryloxy | -

Ethylene oxide epoxy -

Halide halo -

Ketone oxo or keto one

Mercaptan mercapto thiol

Nitrile cyano nitrile

Nitro Nitro -

Nitroso nitroso -

Nitrogen - onium, inium

(quaternary)
Sulphide alkylthio or -

arylthio

Triple bond - yne

* Aromatic Hydrocarbons (Arenes)

The parent member of this series is benzene (CgHg). The trivial

names of a number of fused polycyclic hydrocarbons are retained in the systc-

matic nomenclature.

6 1 7 1 BI

O Cp GW OO:5 6 3

| 4 #3 4 3 5 4

Benzene Pentalene Indene Napnthalene
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7 9 © 1, g 1

Cre CO Oes 4 
6 3

Azulene Heptalene Biphenylene

Fluorene Phenanthrene Anthracene

1 1

10 1 #12 4 "ye =
ao 2

LL: 3 se 25we 37 6 5 4 OT, ¢ ) ( )4
@ 5 8 J

Naphthacene Pyrene Perylene

The position of substituents in arenes is indicated by numbers.

In benzene ,when only two substituents are present, their positions 1,2-, 1,3-,

and 1,4— may be indicated as o-(ortho), m-(meta) and p-(para), respectively.

OH

l S |
NOs NO2

1,2-Dichiorobenzene +Methyl-3-nitrobenzene 2,4,6-Trinttrophenol
(O-Dichlorobenzene)

* Bridged compounds

Saturated alicyclic hydrocarbons containing two rings and having

two or more atoms in common, take the name of an open chain hydrocarbon

having the same total number of carbon atoms, preceded by the prefix "bicyclo".

The number of carbon atoms in each of the three bridges connecting the two

tertiary carbon atoms is indicated in brackets in descending order. Number

ing commences from one of the bridge-head atoms and along the longest possible

length to the second bridge-head; numbering is then continued from this atom

by the longer unnumbered path back to the first bridgehead and is completed

by the shortest path: e.g.,
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41

CH
4/12 GH2 —— CH—— CH
CHa CHa | $ He |

3 CHa ——CH—— CH
H

Bicycioll 1 O} butane Bicycio [2 2 1] hept-2-ene

A polyevelic ring is regarded as containing a number of rings equal

to the number of scissions required to convert the system into an open chain

compound. These compounds are named by using the appropriate prefix "tricyclo"

"tetracyclo"” etc., before the name of the open chain hydrocarbon containing

the same total number of carbon atoms. The numbering is done the same way

as in the case of bridged bicyclic compounds except that in this case the

numbers within the square bracket indicaces the number of carbon atoms in the

two branches of the main ring, the main bridge, and the secondary bridges.

The loc2ztion of the secondary bridges are shown by superscripts following

the number indicating the number of carbon atoms in the said bridges; e.g.,

0 1 2 3 0 W141 2 3
CHa-— CH —~CH—CH CH9—CHa—CH—CH—CH9 / 2 2 4 2 2

CHp CHo 4 CHa
“Yea 17 16 5/ 9 7 6 5 /
CHy- CH—-CH—CHp CH — CHg—CH—CH2-CHa

2,6 2,9

Tricyclo [5.3.0.0 Hecane Tricyclo [5.4 OO kindecane

* Spiro Hydrocurbons

Spiro compounds are distinguished as monospiro, dispiro, etc. depend-

ing on the number of "spiro unions" present. Monospiro compounds are named

by placing "spiro" before the name of the normal acyclic hydrocarbon of the

same total number of carbon atoms. The carbon atoms are numbered consecutive-

ly starting with a ring atom next to the spiro atom, first through the smaller

ring (if such be present) and then through the spiro atom and around the

second ring: @Cege,

9 10 1 2 9: CHa—CH2 ax. -CH2 CH2 —CH HanceoN | 0 / \Z
V7 5s\4 3 <7 6/5\4 32 lo CHg—CH9 CH*=CH CHa—CHo

Sprro[4 S]decane pate
Spiro[4 Sldeca -1,6-a

* Heterocyclic Compounds =

Rules for naming heterocyclic compounds are extensive and only a

brief summary is given. The trivial names of a large number of ring systems

have been accepted by the IUPAC system. An extension of the Hantzch-Widman

system is also employed. ‘In this system, monocyclic compounds containing

one or more hetero atoms in three to ten membered ring are named by combining

the appropriate prefix or prefixes, which indicate the nature of the hetero
atom present, with stems which indicate the size of the ring. The prefixes

characteristic of common hetero atoms are listed in parenthesis: Oxygen (oxa),
sulphur (thia), selenium (selena), tellurium (tellura) nitrogen (aza)
phosphorus (phospha), arsenic (arsa\, antimony (stiba), bismth (bisma),
silicon (sila), germanium (germa),tin (stanna), lead (plumba) and mercury

(mercura).
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The following table lists the stems commonly used, to denote the

size of the’ rins. The stems listed in colums 2 and 4 under "unsaturation"

are used for neming rinzs that contain the maximum number of conjugated

double bonds.

for compounds containing no double bonds.

The names listed in the "saturation" colums are used only

Compounds of intermediate degrees

of unsaturations are named by using prefixes dihydro-yetrahydro, etc., with

the unsaturated name.

Rings containing no Nitrogen

No. of

members in Rings containing Nitrogen

the ring Unsaturation Saturation Unsaturation

3 -irine -iridine -~irene

4 -ete -etidine ~ete

5 ~-ole -~olidine ~ole

6 -ine * ~in

7 -epine * -epin

8 -ocine * -ocin

9g -onine * -onin

10 -ecine * -ecin

* In these cases "perhydro" is prefixed to the name of the

corresponding unsaturated compound.

Some representative examples of names are indicated below:

A OB
Oxirane Anrine

Lk
“CH3

4-Methy!-1,3-

oxazetiaine

Saturation

-irane

~etane

~olane

-ane

~epane

-ocane

-onane

~ecane

The following list contains the accepted names of some of the

heterocyclic ring systems in organic chemistry.

of ring compounds and systeis,

For an extensive listing

see the annual subject index of Chemical

Abstracts; Patterson, Capell and Walker: “The Ring Index, 2nd edition (1959),
McGregor and Wemer, Inc.

d No
2

ru
Furan Thiophene Pyrrole

é S
‘ 2

7 Ww
Isoxazole Oxazole Thiazole

1 1 1

67 Ssy2 62 62

| ZA UD Ui
Pyridine Pyridazine Pyrimidine

2H- Pyran

=

aS

SN ANS

13,5-Triazine
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H
| 6 6 6
N 0 5S Sy7 7

lo hw dob dod
N N —/1 —_—
H 4 3 2 3 2 3 2

Piperazine Mor pholine Azepine Oxepin Thiepin
(Tetrahydro 1,4-

isOxazine)

Zz OH, 8 , 8 8 1

fy 2 y 2 2
5 N4 es Bw. 4 6 ZA g 3

Indole Indolizine 2H-Chromene __ 1,2-Benzpyrone
(Coumarin)

8 0 8 8 1 8 1

7 2 7 Y2 7 Sy20 707 NH 2

6 3 6 23 6 3 BY __LN 3
5 4 4 5 4

1,4-Benzopyrone Quinoline Isoquinoline 4H-Quinolizine

(Chromone)

8 1 6 7 8 i
N N

7 NSn2 inv ~~ \ 17 2
| De |

6 23 274 -NO 6S UN3
4 3 (4 5

Cinnoline Purine Pteridine

H
N

Gg
Carabazole Phenanthridine Acridine
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VI.2 Organic Reactions

Organic reactions are essentially bond breaking and making processes.

Homolytic fission of a bond occurs either thermally or photochemically giv-

ing rise to free-radical intermediates. Heterolytic fission leads to ionic

intermediates (carbonium ions, carbanions, etc. ) and such reactions are
often catalyzed by acids or bases and are influenced strongly by variations

in the polarity of the solvent.

* Reaction Intermediates

Most organic reactions involve the formation of short-lived

(~10-12gec), intermediates. Common reaction intermediates include, carbo-
nium ions, carbanions, free-radicals, carbenes, nitrenes, unstable molecules

and excited states of molecules.

\

Carbonium Ions (~C@ ): A carbonium ion can be regarded as a fragment
of an organic molécule in which an atom or a group of atoms has been

removed with a pair of electrons in a heterolytic cleavage. The carbon

atom bearing the positive charge is generally spe hybridized and is
planar.

i

Carbanions (9): Carbon anions formed in a heterolytic bond fission
are isoelectronic with amines. They probably have a pyramidal shape.

Free radicals (be): Neutral (unchanged) species formed by the homolysis
of a covalent bond and may either be planar or pyramidal in shape.

Carbenes ( >Ci_) and Nitrenes (-N): Diavalent carbon compounds (carbenes)
have only a transient existense and are of two kinds, one in which the

spins of the two electrons are paired (singlet atate) or unpaired
(triplett state).

Nitrenes are electron deficient and neutral species formed in certain

reactions (e.g., photochemical decomposition of organic azides).

Unstable Molecules: Many unstable molecules like &-acetolactone,

bengyne etc. are formed as intermediates in organic reactions. They

undergo further reaction and only end producta are isolated.

CHa—C=Oa CT

& -Acetolactone Benzyne

Excited States of Molecules: In photocnemicas reactions, for example,

molecules absorb energy and are converted into their excited states in

which electrons occupy high-energy orbitals. These are highly reactive

species.

* Classification of Reagents

Reagents are classified as electrophiles (electron-attracting) and
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nucleophiles (nucleus-attracting). Examples of electrophilic reagents are,

electron deficient species (both positively charged and neutral) and subs-
trates containing polarizable groups.

H’.R*, Bry; NO. , BF, AlCl. ZnCl,, S035 ahr’, etc.

Nucleophilic reagents are attracted towards electron deficient centres

and they include negatively charged species or neutral species containing

lone pairs of electrons.

H, R, OH, Cl", Br,I, CN, CHzCO3, H20, NHz, R-OH, RNHp, R3N, etc.

* Types of Organic Reactions
r S

The three fundamental types of organic reactions are substitution,

addition and elimination.

* Substitution Reactions

In a substitution reaction one atom or a group is displaced by another

atom or group. Depending on the nature of the reactants, substitution react-

dons are classified as nucleophilic substitution at saturated carbon, nucleo-

philic substitution at unsaturated carbon, electrophilic substitution and

radical substitution.

Nucleophilic Substitution at Saturated Carbon: In reactions of this type,

@ nucleophile (amines and substances containing lone pairs of electrons)
displaces a leaving group attached to a saturated carbon atom. The

reaction of methyl chloride with hydroxide ion, for example, gives

methanol. Based on kinetic data and stereochemical studies, nucleophilic

displacements at saturated carbon can be distinguished as Sy2, Sy1, and
St reactions.

HO + @H,-Cl ——> HO-CH, + CL

Sy? Reaction (Nucleophilic substitution, second-order): The reaction of

(-) 2-bromooctane with sodium hydroxide to give (+) 2-octanol is an
example.

Cccon om PP. eng
UA Bt = HOn--C%=—-Br ——» HO-—C

“J | ‘e
CH3 CH3 H3

(-) 2- Bromooctane Activated complex (+)2-Octanol

(Transition state)

Reactions of this type follow second order kinetics and proceed with

inversion in configuration at the asymmetric centre (Walden inversion).
The order of reactivity of simple alkyl halides in Sy2 reactions is,

primary 5 secondary > tertiary.
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S,1 Reacti ¥5 
= : The hydr 2 oftert-butyl bromide to giw tert—-butanol proceeds throwh a ates

process, of which the first step is the rate determining om.

73 GMs CH3
ShowCH3—C—Br ——> CH3—Ce +20 CHa—-¢—on

CH3 CH3 CHa

Sy1 reactions, generally proceed with recemization. In Sy! reactions,

the order of reactivity of simple alkyl derivatives is, tertiary >
secondary) primary. Good ionic solvents favour these reactions.

8,4 Reaction (Nucleophilic substitution, intemal): The reaction of

optically active ®&-phenyl ethmol with thionyl chloride proceeds

with retention in configuration. It involves an intemal attack

of the chlorine atom in the chlorosulphite intermediate.

C

oN —OH SOC, “FE | ‘ a oN1 7 ~Y — J“

CH3 CH3 CH3

Sy2's Syl! and Swi! reactions are analogous to Sy2, Sy1, and Swi type

of displacements, but they proceed with rearrangement.

Nucleophilic substitution at unsaturated carbon: Reactions of this type

involve substitutions at a carbon atom that is attached by a double bond

to oxygen, sulphur, nitrogen or other carbon atoms. They proceed through

a multistep process involving the initial addition of a nucleophile,

followed by elimination. The reaction of benzoyl chloride with ethanol,

for example, gives ethyl benzoate.

Electrophilic substitution: Substitution reactions in which the attacking

regents are electrophiles like Brt ’ NOot ; RCO’, SOz, etc. Most substi-
tution reactions of aromatic compounds come under this category. The
example of the nitration of benzene is given below:

Cham hyo hos
Addition Reactions

Unsaturated compounds (containing double and triple bonds) undergo
addition reactions. These reactions can be classified as nucleophilic,

electrophilic, cycloadditions, etc., depending upon the reaction conditions

and mechanistic details.

Nucleophilic Additions: Addition reactions of carbonyl compounds come

under this class. The example of cyanohydrin formation is illustrated.

This reaction is base-catalyzed and the role of the

R H

“eso + HCN == Ro
ra Ro Sen
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base is to provide free CN” ions

Electrophilic Additions: Acid-catalyzed hydration of olefins, addition

of hydrogen halides md bromine to multiple bonds, etc., are examples

of electrophilic addition. The acid-catalyzed hydration of olefins can

be pictured as follows:

‘ea’ Ht ed te “Lt ob 2 .
‘ | | | |

The stereochemistry of such addition is trans. A bromonium ion

intermediate is involved in the bromine-addition to olefins. Addition

of bromine to trans-2-butene gives meso-2,3-dibromobutane, whereas,

the product from cis-2-betene is d1l-2,3-dibromobutane.

e

Br
aN B H

ma a Br2 fo Bf \ / °
& =. -* Cc —— CL _—_> wea Ge

Ho ths eH We
H H3 Br

trans-2-Butene Bromonium 10n meso-2,3-Dibromobutane
interme diate

Cycloadditions: Addition reactions in which a reagent adds to a

double bond by simultaneous attack on both the carbon atoms (attached

to the double bond). Addition of carbenes to olefins (1,1-addftion),

cyclodimerization of olefins (1,2-addition), the Huisgen reaction
(1,3-addition) and the Dile-Alder reaction (1,4-addition) are all cases
of cycloadditions. Representative examples are listed below:

wh al 1.
« Ic — 1,1- Addition

\e1 Cl

Cyclohexene Dichlorocarbene Adduct

CF CF5 200 Gre— Cra

Ho to 1,2 - Addition
CF CF CFp —-CF5

Tetrafluoroethylene Perfuoro-

cyclobutane

Certs qoacns Cets

CO2CH2
| o il ox 1,3-Addion

(Huisgen React\we SNES CO2CH3 3 TM
O2CH3

Phenylazide Acetylenicester Triazole

7

+ CH —- CN =. 1,4-Addition

I (Diels-Alder Reaction)
CHo

Cyclopentadiene Aprylonitrile Adduct
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* Plimination Reactions

Elimination reactions are the reverse of addition reactions and are

classified as ®-eliminations, 1,2-eliminations (or 2), 1,3-eliminations

etc., depending on the positions »f the two leaving groups in the parent

molecule.

0 -Eliminations: Both groups leave from the same carbon. The reaction

of chloroform with alkali vives rise to a dichlorocarbene intermediate.

Cl

4 e, | /
HO NX H—-C—Cl —+ Ic—cl—+IC_ —+ Products

Cl
Cl Cl

B-Elimination (or 1,2-Elimination): In a B-elimination, two groups are
lost from neighbouring atoms, to form a carbon-carbon double bond.

Different mechanisms (E;, Eo and EycB) can be operating in (o-eliminations.

The E, Mechanism (Elimination Unimolecular): The base-catalyzed elimina~
on o ydroren chloride from tert-butyl chloride involves the initial

ionization of the halide (by a slow step) to give a carbonium ion, which

then looses a proton giving rise to isobutylene.

crs “73

Slow CH

/

CH3 Ha NAOC2H5 CH3

The Ey elimination and Sy1 reaction often occur simultaneously.

The E> Mechanism (Elimination Bimolecular): If ethyl bromide is heated

in the presence of a strong base (e.7. sodium ethoxide) elimination of
HBr occurs and ethylene is formed. The rate of olefin formation is

pronortional to both ethyl bromide snd ethoxide ion concentrations.

g
H
<cHo cH ———* CH2=CH2 + CoH5OH + HBr

Br

Where there is a possibility for the formation of a mixture of olefins,

the product ratio is governed by several factors (see, Hofmann and
Saytzeff's rules under section VI.4). The stereochemistry of E,elimina-

tions supports the picture of a concerted trans-elimination.

The E,cB Mechanism (Elimination Unimolecular Conjugate Base): The

ionization of a proton occurs before the loss of the other leaving group.

Such @ process cTM only occur“if the carbanion is stroncly stabilized

and if the leaving ,roup is sufficiently poor that it will not be lost

from the developing anion by an EA elimination.
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Tt og ‘° .—C—C— 2B Se CX), Noe 6
| | Fast / | Slow / \

1,3-Eliminatims: Example of the formation of cyclopropane from 1,3-di-

bromopropane.

CH?

ZnBr CH9CHaCH> Br ———e /athacnea HoC——CHp + ZnBro

Thermal Eliminations: Elimination occurs’ by a unimolecular process

without the attack of extemal reagents. The pyrolysis of esters,

xanthates and amine oxides are examples. These eliminations are of the

cis-type

\ EH
1 e

aI 805 a + cttg cone
me A on

Acetate pyrolysis

NZ
S

“i l 300, Noa” + CH3SH + COS
Ne C—S—CH f TMN
/ Oo 3 Xanthate pyrolysis

AW —__ ‘eae cf + (CH3)9g N— OH
ee ‘

| ~CH3 Amine onde pyrolysis
Clg

* Free Radical Reactions

Reactions involving free-radical intermediates occur either in

the gas phase or in solution (mostly non polar solvents). They are of
two types, substitutions and additions.

Radical Substitution: Photochlorination of methane gives rise to a

mixture of halogenated products and is an example of a radical substitu-

tion. These reactions proceed by a free-radical chain mechanism

cl
CH, —*, CsCl —» CHCl, —+ CHCl; —»cC1,
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as is illustrated in the formation of CH3C1.

* hv C ClC1pY, cy SH, CH, —2 > CHsCl + Cl

Radical Addition: The "abnormal" ("anti-Markowikoff" ) addition of HBr
to olefins are catalyzed by light or peroxides. The steps involved in the
addition of HBr to propylene in the presence of benzoyl peroxide are
listed below:

HBr
(C.H,CO,),—> C.H,CO,» —— CcHLCO,H + Br.

Br. + CH,CH = CH, — CH, CHCH,Br =, cH,cH,cH, Br + Br.

Free-radical induced polymerization of alkenes involve radical
additions and are commercially important.

VI.3 Name Reactions in Organic Chemistry

* Acyloin Condensation

Acyloins (e&-hydroxy carbonyl compounds) are formed by heating
aliphatic carboxylic esters with sodium in inert solvents in the absence

of air. This reaction proceeds throuzh the formation of 1,2-diketones and

a free radical mechanism has been suggested.

0 Na x H

R-G-orR! ————» R-C-CH-R

* Aldol Condensation

Aldols ( B-hydroxy carbonyl compounds) result from the addition
of compounds containing active methylene groups to the carbonyl of an

aldehyde or a ketone in the presence of catalytic amounts of acids or
bases. Aldol addition is reversible.

OH
R-CHO + CH,-CHO —————» R-CH-CH,-CHO

3 bx?

* Arndt-Eistert Synthesis

A method of homologating carboxylic acids. The acid is converted

to its chloride and the acid chloride is treated with diazomethane to

generate the diazomethyl ketone. Decomposition of the diazoketone with

silver oxide in the presence of water gives the next higher homologous acid.

The Amdt-Eistert synthesis is applicable to aliphatic, aromatic, acyclic

and heterocyclic carboxylic acids.

RCOgH COC!» rcocH,w, 2» ncH,co,H
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* BaeyerVilliger Oxidation

Oxidation of aldehydes or ketones with hydrogen peroxide or peracids,

wives esters (or derivatives therefrom). Diketones give acid anhydrides,
“ , f-unsaturated acids give enol esters. An ionic mechanism was proposed

by Criegee.

R-CO-R' ———__» nef-on'
* Barbier-Wieland Degradation

Carboxylic acids are converted to their next lower homologues. The

ester is.treated with phenylmagmesium bromide to a tertiary alcohol. The

alcohol, when heated with acetic anhydride looses water to give an olefin

which is oxidized with chromic acid to a carboxylic acid containing one

carbon atom less than the starting acid.

CH. MeBr a 7 cro
RCH,CO,R' 65, R-CHiy- b= (6H) —> R-Clish(C,H,), “35 RCOgH

* Beckmann Rearrancement

Ketoximes are converted to amides by reagents like PC1., acid

chlorides, concentrated acids, etc. The reaction involves an“ interchan :e

of the hydroxyl group of the oxime with the group situated anti (trans) to it.

Cc=N ——> R'-CONHR

* Benzil-Benzilic Acid Rearrangenent

Benzil and other 1,2-di:etones, when heated with strong alxali (aqueous

alcoholic solution) ave converted to hydroxy acids. The rearrangement

proceeds irreversibly.

7 OH

cpti-bb-c sit, _oH (Celt, Joe a

‘

COnH

* Benzoin Condensation

Aromatic aldehydes when boiled with an aqueous alcoholic potassium

or sodium cyanide solution give %-hydroxy «etones (or benzoins). Many

heterocyclic aldehydes also give this reaction.

R=CHO oN R=-CHOH-CO-K

* Birch Reduction

Unsaturated and aromatic compounds are reduced by sodium in ammonia.
Alcohol is commonly employed as a proton donor. Isolated double bonds are

not attacked. The reaction proceeds through r:dical anions and dianion
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intermediates.

aad liquid NH3
* Bouveault-Blane Reduction

Esters of aliphatic carboxylic acids are readily reduced to vrimary

alcohols by treatment with sodium and ethanol.

RCO SR! nH OHyNa R-CH,OH + R'OH

* Brown Hydroboration

Addition of diborane to olefinic double bonds gives triorr-anoboranes.

Oxidation of the trioganoborane with H 0, and hydrolysis gives rise to

alcohols. The olefin is hydrated by this process (cis addition).

\. A% rt H,0 ri
oat + Bol ~ ——> (H-C~C-)53 22.4 H-C-C-OH

OH

* Cannizzaro Reaction

Aromatic aldehydes undergo disproportionation in the nresence of

sodium or notassium hydroxide to give the corresnonding alcohol and acid.

Formaldehyde and many heterocyclic aldehydes which do not contain an active

hydrogen on the -carbon underyzo camaizzaro reaction.

R-cHo ——C*__, Rco,H + RCH,OH

* Claisen Condensation

Compounds containing reactive methylene grouns coniense With esters

in the ,’resence of bases siving rise to acylated vroducts. Acetoacetic ester,

for example, is formed by the self coniensation of two no ecules of ethyl

acetate in the presence of sodium ethoxide.

0 0
Nadc_H
25. CH ~b-CHp-COC2Hs2 cH, b-00

* Claisen Rearranremmt

Allyl ethers of enols ind nhenols are thermally rearransred, in the

absence of any catalyst, to C-allyl derivatives. The allyl group wmusually

migrates to the ortho position, but goes to the nara position, if both ortho

positions are blocked.

OH

ON cHe-CH=CH2 _heat
CH2-CH=CH2
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* Clenmensen Reduction

The carbonyl group in ketones and some aldehydes can be reduced to

a methylene group by means of amalgamated zine and hydrochloric acid.

Zn (Hg)
R,coO —\S"_, RCH,

HCl

* Curtius Rearrancement

A method of replacing a carboxyl group by an amino group. The acid

ester or chloride is first converted to the acid azide which when heated in

an inert solvent (benzene or chloroform) gives the amine. Isocyanates are

involved as intermediates in this reaction.

R CON, ——» R-N=C=0 ——>» RNH,

* Dieckmann Cyclization

Esters of dibasic acids undergo intramolecular condensation in the

presence of a base to give a cyclic B-keto ester. This is 2 special case

of Claisen condensation.

oO

(CH \~ O60 oF, CHL; "\ 4

a4 0hLU | af ~00,%H.

* Diels-Alder Reaction

The 1,4-addition of an activated double or triple bond (dienolphiles)
on to a conjugated diene. The reaction is of wide sysnthetic utility. A

one-sten rechanism will explain most of the experimental zesults. Sugg:st-

ions cf a two-step and a radical mechanism have also been made.

* Pavorski hearrangement

o-Halo ketones give acids or esters in the nresence of a basic
catalyst. 2-Chlorocyclohexanone, for example, gives cyclopentanecarboxylic

acid, wnen treated with potassium ethoxide. Cyclopropanes are the sucested

intermediates.

OHe

Cl CO9H
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* Prieldel—-Crafts Reection

Aromatic compounds are alkylated and acylated by treatment with alkyl

or acyl halides in the presence of aluminum chloride. Different alkylating

agents (alkyl halides, olefins, alcohols, and esters), acylating avents
(acids, acid halides halides and acid anhydrides) and catalysts (AlCl, AlBr3,

HoS04, BFz, HF, HzPO4, P205, ZnClo, SnCly, etc.) have been used in this

reaction.

AlC13
get CHCL ——_—__-____» CoHeCH,

Cele+ cig Ath, C gH, COCH,

* Gatternmann Reaction

C

The diazonium group in an aromatic compound can be replaced by halide,

cyanide, or other anions using metallic copper (freshly prepared from copper
sulphate and zinc dust) as catalyst. Chlorobenzene, for example, is formed
by adding powdered copper to a solution of benzenediazonium chloride in

hydrochloric acid.

. Cu
CoHNACl — CoH Cl + N,

* Gattermann-Koch Reaction

An aldehyde group can be directly introduced into the benzene ring

(or other aromatic hydrocarbons) by meuns of carbon monoxide and hydrogen
chloride, in the presence of catalysts Like aluminum chloride or cuprous

chloride. A formyl chloride-aluminum chloride comnl7x has been suggested as

intermediate.

CH3 CH3

OC} CO,HCl
————

° ALCl3,CugClo

* Grignard Reaction

CHO

Alkyl or aryl halides react with magnesium in anhydrous ether to give

@ solution of an organomamesium compound (Grignard reagent). The Grignard

reazent reacts with a variety of functional groups. Alcohols, for example,

are formed from aldehydes or ketones by this reaction.

t RoCO _OH
C,H, Br eo CoH, MgBr > RC

3 Ether
~ CoH,

* Hell-Volhard-Zelinsky Reaction

&-Chloro or & bromo acids can be prevared by treatment of aliphatic
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earboxylic acids with chlorine or bromine in the presence of a small amou
nt

of the corresponding phosphorus trihalide. The reaction proceeds through
the acid halide stave, 0-halogenation of the acid mlide and firmally 

4

transhalogenation, to cive the -halorenocarboxylic acid.

>-C0 5H __BroyPBY3 . RcHBr-CO,H °RCH °

* Hofmann Derradstion

Thermal decomposition of quatemary ammonium hydroxides give olefin

and a tertiary amine.

+ —_

CHM (CH, ) 50H ——» CH,=CH, + N(CH, ) + H,0

when several different substituents are attached to the nitrogen aton,

decomposition of the quatemary ammoniun hydroxide will give the olefin
with the smallest number of alkyl groups attached to it (Hofmann's rule).

* Hofmann Rearrangement

Carboxamides are converted to amines by treatment with sodium

hypochlorite or hypobromite (free halozen and alkali). The reaction proceeds

through an isocyanate intermediate.

NaOBr H20
R-CONH, -—————> R-N=aC=O > R-NHp

* Huisgen Reaction

The reaction between a 1,3-dipolar species and dipolarophiles

(activated double and triple bonds) gives rise to five-membered heterocyclic

compounds. A one-step concerted mechenism has been suzgested. This react-

jon is of wide synthetic application.

Ces

“as goats \ _-CO2CH3
INLe G ——e N i 13-Addion

Cc ~cogcHs3 (Huisgen Reac

Nwe — dogchs > ae
Phenylazide Acetylenicester Triazole 3

* Hunsdieckar Reaetion

Silver salts of carboxylic acids are decarboxylated, on treatment

with bromine or iodine to give alkyl halides. Most unsaturated acids and

some aromatic acids also undergo this reaction.

RCO,Ag + x, ———» RX + CO, + AgX
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* Knoevenagel Reaction

Compounds containins active methylene groups can condense with an

aldehyde or ketone in the presence of omanic bases (either a primary or
secondiry amine) to give oC, B-unsaturated ccmpounds.

R-CHO + CH, (CO.C,H, ). ——» R-CH=C(CO.CH, )..

* Tossen Rearrancement

Thermal decomposition of hydroxamic acids or their acyl derivatives

in inert solvents sive isocvanates. Also reavents like thionyl chloride,

acetic anhydride or phosphorus pentoxide ca be used to bring about this

rearranrement.

AX H,0

R-C-N —— » R-N=C=0 ————» R-NH
\ 2
OH

(OAc)

The reaction is similar to Hofmann and Curtius rearrangements.

* Mannich Reaction

Compounds containing one or more active hydrosen atoms (ofcarbonyl
compounds and other acidic CH compounds) undergo aminomethylation (replace-
ment of a hydrogen by aminomethyl group), when treated with formaldehyde and

ammonia (or a primary or secondary amine)

R-CO-CH, + CHO + (CH, ) NH —> R-CO-CH,CH,N (CH, ),

Meerwein-Pondorf-Verley Reduction

Carbonyl compounds (aldehydes and ketones) can be selectively reduced
to alcohols in the vresence of aluminu.s alkoxides (isopreaide or ethoxide).

e

RR'CO + RACHOH ——» .R'CHOH + RCO

The reaction is reversible (OQnnenauer oxidation) and can be used for the

dehydrogenation of alcohols to carbonyl comnounds.

* Michael Addition

Compounds containing reactive methylene groups add onto «,Q-unsatu-
rated compounds (carbonyl compounds, esters, nitriles, esc.) in the presence
of basic catalysts (piperidine, diethylamine, sodium ethexide, etc.)

CHa-CO-CH.,-CO,.C ,H. + CH,=CH-CN —> CH,-CO-CH-CO,C oH,

CH,CH,ON
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* Oppenauer Oxidation

Secondury alchols are oxidized to ketones by treatment with aluminiun

t-butoxide (or isopropoxide ) in combination with acetone.

RR'CHOH + (CH, )cO ———> RR'CO + (CH, ) ,CH-OH

This reaction is the reverse of Meerwein-Pondorf-Verley reduction.

* Perkin Reaction

The condensation of an aryl aldehyde with an anhydride in the presence

of a base gives rise to B-substituted acrylic acids. The base is usually the

sodium or potassium salt of the acid corresponding to the anhydride.

a CH3CO9K
enn iS =C.H.CHO + (CH,CO),0 CgHeCH=CHCO,H + CH3COjH

This reaction ig a svecial case of the base-catalyzed aldol condensation.

* Reformatsky Reaction

a -~iHydroxy esters are prepared by the reaction of -halo esters with

aldehydes or ketones in the nresence of zinc in an inert solvent like ether,

benzene or toluene.

Br oe R00 Ro ¢-OH

CHCHCO,C oH, + 2n —> CH H-CO,C .H, ——> CH, ~CH-COC oH,

This reaction is quite similar to the Grignard reaction.

* Reimer-Tienan Reaction

Phenols when heated with chloroform and alkali undergo C-formylation,

yielding o- and p-substituted aldehydes.

OH OH OH

CHO

CHC13,NaOH 4 oo
SS

CHO

Reaction conditions, solvent etc., markedly affect the ratio of o- and p-

isomers. The reaction proceeds through a dichlorocurbene intermediate.

Bromofom, iodoform and trichloroacetic acid can be used instead of chloro-
form. Pyrrole and indole give the corresponding carboxaldehydes under Reimer

Tieman conditions.

* Rosennund Reduction

Acid chlorides are reduced to aldehydes with elementary hydrogen in

the presence of nalladium catalysts.

R-COC1l + Ho Pd~BaS04 poke + HCl
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* §andmeyer Reaction

The diazonium group _in an aromatic compound can be replaced by

nucleophiles like SCN} ‘10,, SH, WN, and halides, by treatment of the

aromatic diazonium salt with the corresponding cuprous salt

Cug(CN)o

C.H.N.Cl ————»65 *5 CoH CN

* Schiemann Reaction

Aromatic diazonium fluoroborates on thermal decomposition give

fluorohydrocarbons.

HBF4

CeHeNoCl —_—_—— CoH ,N,BF, —> CoH. F + Ny + BP,

Mono and polynuclear hydrocarbons, as well as pyridines and quinolines can

be fluorinated by this procedure.

* Schmidt Rearranzemnent

Carbonyl compounds (acids, aldehydes and ketones) react with hydrazoic

acid in conzentrated sulphuric acid. Carboxylic acids give amines, aldehydes

give nitriles and ketones give amides.

RCO5H + HN, ——> RNH. 3 RCHO + iN,—> RCN; RCO + HN s—> RCONHR

* SchotteneBauman Reaction

Aleohols and phenols are acylated with acid chorides in the presence

of dilute alkali

ROH + R'COC] + NaOH ————>» ROCOR' + NaCl + H,,0

* Stobbe Condensation

The condensation of aldehydes and ketones with succinic esters in the

presenc® of a basic catalyst to give alkylidenesuccinic acids.
1)Naoc CO,H

2RCO + (CHpCOsCoH )o vas - °
e ° 2° "SCH,COnH

2)H yH,0 22

The mechanism involves a cyclic paraconic ester as intermediate.

* Ullmann Reaction

Biaryls are formed when halogenated aromatic compounds are heated

with copper powder

Cu
2 CoH. I —_—_—— CoH. CoH. + Cul,

Evidence for free-radical mechanism has been reported.
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% Wittine Reaction

The oxygen atom in a carbonyl compound (aldehydes or ketones) can be
replaced by a methylene -roup by treatment with alkyldenephosphoranes

(CH, ),P=CHy + R,CO—__>R,C=CH, + (CH, ),P=0

The reaction proceeds through a four=-membered cyclic transition state.

* Wolff-Kishner Reduction

By heating the hydrazone of a carbonyl compound with sodium ethoxide

or hydroxide to high temperatures (~ 200°), the corresponding methylene

compound is formed, with the loss of nitrogen.

NoHy, Na0H
>

RoCO ey RoC=aNNHo RoCHo + No

VI.4 Glossary in Organic Chemistry

* Avsolute Configuration

The actual position in space of the four different sroups surrounding
an asymmetric carbon atom.

* Ambident Ion

Anions which are canable of reacting at two different sites forming
different products. Nucleonhilic attack by silver nitrite, for example,
gives a mixture of nitro alkane (N-alkylated product) and alkyl nitrite (0~
alkylated product).

* Anchimeric Assistance (Neighbouring group participation)

The rate and stereochemical course of a chemical reaction may be in-
fluenced by the vresence of functional groups (carboxyl, amino, hydroxyl etc.)
adjacent to the reaction site,

* Anionotropy

A tautomeric rearrangement in which a negatively charged rroun (halogen,
hydroxy, acetoxy, etc.) migrates from one site to mother with simultaneous
reorzanization of the bonds in the molecule.

x

R-CH-CH=CH, == RCH=CH-CH,-X

* Aromatic Character

Compounds like benzene and other arenes are characterized by high
resonance stabilization, ease of both ionic and free-radical substitution
ete. Also other eonjugated cyclic systems (homocyclic and heterocyclic)
which obey Huckel's rule (4n+2 = no of electrons in the fj-system) are
regarded as aromatic,
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* Asymmetric Comnounds

Comnoun:s which have neither a centre of symmetry nor 4 plane of

symmetry show, optical activity. Compounds which contain asymmetric carbon

atoms (bonded to four different groups) are asymmetric, as well as those
which have restricted rotation.

* Asymmetric Synthesis (Asymmetric induction)

Syntheses leading to the preferential formation of one of the optical
isomers over the other one. They occur frequently in biologicsl systems and

can be achieved in the laboratory under suitable conditions.

* Autoxidation

Oxidations which take place at ordinary temperatures by molecular

oxygen. These are mostly free-radical processes. Autoxidation of hydrocar

bons are commercially important.

* Axial and Equatorial Bonds (a,e)

Of the twelve carbon-hydrogen bonds in the chair form of cyclohexane,

six are directed outwards and parallel to the plane of the ring (equatorial
bonds). ‘The remaining six are directed up and down (three each) in a plane
nerpendicular to the ring (axial bonds).

* Boat Conformation

One of the conformations of cyclohexane, which has a boat shape and

in which four carbon atoms are in one lane and two out of this plane, on the

same side.

* Bredt's Rule

No double bond can exist in a bicyelic compound between the bridge-

head atoms and adjacent carbon atoms, except in cases where the rings are

very large.

.»

* BeStrain (Back-strain)

Strain imposed on a molecule by overcrowding of groups attached

to the same carbon atoms; may acceterate reactions leading to less crowded

products.

* Cage Effect

Each solute particle in a solution is surrounded by a "care" of solvent

Molecules and the solvent cage prevents the diffusion of the solute (and of
the producta from the solute). The cave effect will enhance the probability

of recombination of products formed by ionic or free-radical dissociation.

* Chair Conformation

One of the conformations of cyclohexene (chair shape) in which four
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carbon atoms are in one plane and the two remainins carbon atoms out of this

plane and on opposite sides of it.

* Charge-transfer Complex

A noleculir complex formed between an electron-rich and electron

deficient comrounds.

* cis-Slimination

A 1,2-elinination reaction in which both leaving groups were originally

attached to the same side of the molecule.

* Confiruration

Tne arrangenent of atoms that characterizes a particular stereoisomer.

* Conformation

Different arrangements of atoms that can be converted into one another

by rotetion about a carbon-carbon single bond.

* Conolymerization

Polymerization of a mixture of two or more monomers to give long-

chain molecules consisting of each monomer units.

* Cross-linked Polymers

Polymers in which the chains are linked‘ together in several places

forming @ three-dimensional net work.

* Diastereoisomers

Stereoisomers (of compounds containing more thm one asymmetric

cerbon atom) which are not mirror imares of each other. Thev differ in
chemical and physical pronerties.

* Eclipsed and Staggered Conformations

An eclinsed confornation of a molecule is one in which the groups

attached to on carbon atom are in eclipsing positions (one over the other,
when viewed from one end of the C-C axis) with resnect to the attachments
on the adjacent carbon.

In the stargered conformation all the eroups attached to both carbon
atoms occupy positions, as far apart as possible. The eclipsed and stacgered
conformations of ethane (as per Newman Projection) are shown.

HW
HH H

a H H
H

Eclpsed + 330 Staggered
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* ZEnsntioner: (Optical isomers, Optical antipodes, Antimers)

Isomeric compounds (containing asymmetric carbon atoms) which are
mirror images of each other. They are identical in almost all physical and
chemical properties, but differ in their optical properties. Enantiomers
show optical rotation of plane-polarized light, equal in magnitude for both,
but with opposite sign. They are designated as d (dextro rotatory) and
1 (laevo rotatory) isomers.

* imers

A pair of diastereoisomers which differ in configuration at one of

the asymmetric centres. Glucose and mannose are epimers, The interconversion

of these isomers is referred to as epimerization.

* PY.-Strain (Front-strain)

Hindrance caused by bulky groups which will slow dow a reaction.
The addition compounds between triethyl amine and other electron acceptors,
for example are less stable than those of trimethyl amine.

* Gauche Conformation (Skew conformation)

One of the staggered conformations, in which the two bulky groups
are not trans to each other. The gauche and trans conformatim of butane

are illustrated.

CH3

H3C H H H

H H 4
CH3

Gauche (Skew) Trans

* Geometrical Isomerism (cis-trans Isomerism)

Isomers arising due to restricted rotation about a double bond or a

rigid part of the molecule. The isomers are referred tc as cis (same side)

and tuans (opposite side) from, depending on the spatial arrangement of the
groups. Cis and trans isomers differ both in physical and chemical proper-

ties and can be interconverted under suitable conditions. Maleic and Fumaric

acids are cis~trans isomers.

Te HC-CO,H

|
HC-CO,H HO,C-CH

Maleic acid Fumaric acid

* Hammett Equation

Based on the assumption that changes in rates and equilibria are

proportional to changes in the free energy of a reaction (linear free-energy

relationship), the relation between equilibrium constants (or rates), in the

reaction of a substituted and a. unsubstituted aromatic compound can be
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expressed as: log (k/ko) =Po-» where, k refers to the substituted compound,
ko, to,the unsubstituted one, p is the reaction constant and o-, the subs-~

tituent constant. Prediction of rates of equilibria of reactions with

different substituents is possible, if the appropriateg--values are know.

* Hofmann's Rule

In olefin forming eliminations involving quartemary ions, the least

substituted olefin will be formed in major amounts.

OHTM

Chg CHa PH Cis _—_—__—>- Ch~CH=CH-CH, + CH,~CH,-CH=CH

+N(CH,), 5% 95%

* Hyperconjugation

Enhanced electron release from a alkyl group due to non-bonded inter-

action between carbon and hydrogen

2

* Inductive Effect

Permanent polarization of a molecule can be caused by substituent

groups Which are electron~donating (+I effect) or electron-withdrawing (-I

effect).

* Inhibitors

Compounds which slow down or stop completely free-radical reactions.

Todine and quinones are frequently used to inhibit polymerization, and

phenols and aromatic amines for the inhibition of autoxidation.

* Injtiators

Organic peroxides, hydroperoxides, azo compounds etc., are capable

of initiating free-radical chain reactions.

* Intemal Return

The collapse of an intimate ion pair to give its parent unionised

molecule or a rearranged product.

* Isomers

Compounds having the same molecular formula, but differ in chemical

and physical properties.

* I-strain (Internal strain)

Some of the reactions of small ring compounds are explained in terms
of a postulated intemal strain.

* Kinetic Control

If the products formed in a chemical reaction are not in equilibrium
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with each other (or the rate of their interconversion is negligible), then
the relative amounts of these products (formed in that reaction) will depend
only on the rate of formation (kinetic control).

* Lewis Acids and BasesED

Electron acceptors (compounds possessing atoms with incomplete electron
shells) lixe AlCl,, BF,, SnC1,, FeCl » etc. are Lewis acids. Compounds whichcontain unshared electron pairs (ammonia, amines, ethers, hydroxy compounds,
carbonyl compounds, etc.) are Lewis bases.

4

* Markownikoff Rule
EE,

In the ionic addition of a hydrogen halide to an unsymmetrical olefin,
the hydrogen atom adds on to that carbon which has the larger number of
hydrogens and the halozen to the carbon containing the smaller number of
hydrogens.

CH, ~CH=CH, + HCl ——~» CH, -CH-CH,

In the presence of peroxides, the direction of addition is reversed and the
reaction proceeds by a free~radical mechanism.

* Meso Form

One of the isomeric forms of a substance containing two asymmetric
carbon atoms, but does not show any optical activity. The optical activity
due to the two asymmetric centres are intemally compensated in this form.

* Microscopic Reversibility

Every reversible reaction proceeds through exactly identical inter
mediate stages in both direction.

* Mutarotation

*The change in ~he optical rotation associated with the conversion
of either one of a pair of diastereoisomers (anomers like of -and p-glucose )
into an equilibrium mixture of the two. The interconversion of o& and

P-glucose (having oyclic structures) proceeds through an open-chain inter
mediate (free aldehydic form).

* Octane Number

The rating efficiency of a liquid fuel in a internal combustion

engine. Two arbitrary standards, with values zero for n-hetane and 100

for iso-octane have’ been adopted and other fuels are rated accordingly.

* Optical Activity

Asymmetric compounds, in general, are able to rotate the plane of

polarised light either to the right or left. Quartz shows optical activity
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in the solid state, but optical activity is usually a property of the

individual molecules. The magnitude and sign of rotation of a compound under

specified conditions is a constant (specific rotation).

* Optical Rotatory Dispersion (ORD)

Measurement of optical rotation as a function of wave length. Optical

rotatory dispersion curves are often quite sensitive to small changes in

structure and have been successfully employed in structure ad conformation

problems.

* Polymerization

The formation of high molecular weight compounds (polymer) by the
combination of several units of the atarting material (monomer). Polymeriza~

tions take place by either ionic or free-radical chain processes.

* Prototropy

Mizration of a proton from one site of an organic molecule to another

with a simultaneous reorganization of the bond system.

~cH-cst” —— cec-cHt
7 BN SSS

* Racemization

The conversion of an optically pure isomer (enantiomer) to a mixture

of equal amounts of both dextro and levo forms (racemic mixture).

* Resonance

A concept to explain the properties of substances like benzene, which

cannot be satisfactorily accounted for in terms of conventional valence-Bond

structures.,

* R, Value
oc

An expression of the mobility of a component (of a mixture separated
by chromatography) to that of the solvent and is used for the characteriza-~

tion and identification of compounds.

* Saytzeff Rule

In a 1,2-elimination involving neutral substrates, the predominant

product is the most highly substituted olefin

CH, - Hoot i, —————>» CH, ~CH=CH-CH. + CHz-CHo-CH=CHz

Br 2 parts 1 part

* Solvolysis

The reaction between am organic compound and solvent; hydrolysis
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(with water), alcoholysis (with alcohol), amuonomysis (with ammonia) etc.

are examples.

* Stereoisomerism

Isomerism of compounds with the same structural formulae, but having

different spatial arrangements of the various groups. Geometrical and
optical isomerism are examples.

* Steric Effects

The influence of the size and shape of various groups attached to an

organic molecule. It can be one of assistance or hindrance depending upon

the type of reaction.

* Tautomerisn,

The interconversion of two forms of a@ compound which differ in the

location of a mobile group such as a hydrogen atom (prototropy) or a haloren
atom (aninnotropy). The two forms exist in equilibrium and the chance from
one to the other is rapid. Keto-enol tautomerism, lactam-lactim tautomerism,

nitro-aci-nitro tautomerism are examples.

* hromism

Some organic compounds like bianthrone chanre their colour with

temperature and the colour change is reversible.

* Mhermodynamic Control

The distribution of product fo.med in a chemical reaction will be
determined by their thermodynamic stabilitv, if their rates of formation

are comparable to the rate of interconversion (equilibrium between the

products).

* Thermoplastic Polymers

Polymers (which are solids at ordinary temperatures) soften or melt
without*decomposition on heating. They regain their original properties on

cooling. Linear polymers like polyethylene, nolystyrene, acrylic polymers

etc. come under this category.

* Thermosetting Polymers

Polymers which undergo irreversible structural chan,es during their

preparation and are infusible md insoluble. Bakelite and glyptal resins

with cross-linked structures are examples.

* Trans-Elinination

An olefin forming elimination in which the leaving groups or atoms

are trans (opposite side) to each other.

* Transition State

In a chemical reaction, as the reactants are transformed to the
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products, the system passes through an activated complex (transition state )
composed of one or more molecules and having the maximum potential energy.

The activation enerry is a measure of the energy required for the reactants

to reach the activation state.

* Walden Inversion

The inversion in configuration of an asymmetric centre during an

Sy? displacement reaction.

* Qwitterions (Dipolar ion)

An internal salt formed between an acidic and a basic group present

in the same molecule.

+ —_
_——_>Hp NCH,CO,H — HNCH,CO,

Glyc ine Zwitterion

* fable of Hammet Subatituent Constants Based on the Ionization

of Benzoic Acids.

Group O” meta o para Group J meta Opara
+

CH, -0.069 -0,1 70 -i(CH, )s 0.88 0.82

~C oH, -0.07 ~0.151 -NO, 0.71 0.778

-CH(CH, )e -0.151 ~OCH, 0.115 -0.268

- | wVe ~ --C (cH, )s 0.10 0.197 OCH, 0.1 0.24

CH, ~0.06 -0.01 -0C Hi, 0.252 -0.320

-CP, 0.43 0.54 -OH 0. 121 -0, 37

-CN 0.56 0.660 -CO,CH, 0.39 0.31

~COCH, 0.376 0.502 -SCH, 0.15 0.00

00,0, 0.37 0.45 -SH 0.25 *0.15

~COH 0.35 0.46 -80, 0.05 0.09

-CO; -0.1 0.00 -F 0.337 0.062

-Si (CH, )s -0.04 -0.07 Cl 0.373 0.227
-"HL, -0.16 -0.66 -Br 0.391 0.232

-"(CH, de -0.211 -0.83 -T 0.352 0.18
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VI.5 Organic Analysis

The elements commonly occuring in organic compounds, in addition to

carbon and hydrogen, are oxygen, the halogens, sulphur, nitrogen and phosphorus.

The analysis of an organic compound includes the detection and estimation of

the elements and the functional groups present in it.

* Qualitative Elemental Analysis

The elements present in an organic compound are held together by

covalent bonds and hence they are to be converted to water soluble ionic

compounds before applying simple qualitative tests. Fusion with sodium

converts the elements to ions (indicated within parentheses) which are tested
as shown below:

Nitrogen (Cyanide, CN); Prussian blue test: Addafew drope of ferrous
sulphate to the cyanide solution; heat to boiling and acidify with dilute

HCl. A blue colour (or precipitate) indicates nitrogen.

Sulphur (Sulphide, 37"); Nitroprusside test: Addition ofafew drops
of sodium nitroprusside solution to the sulphide solution results in the

formation of a purple colour.

Halogens (Halide, F ,0l ,Br ,I ): Silver nitrate test: If CN or 32
are present, thenboil the halide solution with dil. HNO; to remove HS

and HCN; add AgNOz. The formation of a precipitate indicates halide

ions !: white (3, pale yellow (Br ), and yellow (I) . Fluoride ions
can be tested as cerium fluoride (reF,) by adding cerium nitrate solution.

Phosphorus (Phosphide Pe): Ammonium molybdate test: Heat the solution
with conc. HNOz to convert the phosphide to phosphate; add ammonium

phosphomolybodate. A yellow precipitate indicates phosphate.

* Quantitative Elemental Analysis

Carton and Hydrogen: The determination of carbon and hydrogen is done in

one procedure. Buming the compound in a etream of oxygen in the presence

of cupric oxide (CuO) converts carbon to carbon dioxide and hydrogen to

water. These are absorbed over suitable absorbing agents and weighed.

Nitrogen: The amount of nitrogen can be determined ir two ways. In the

Dumas method, the nitrogen is liberated as the free element and the volume

measured. ‘The Kjeldahl method involves the conversion of the orgenically

bound nitrogen to ammonia, which is then analyzed for by standard volu-

metric procedures.

Sulphur: Oxidation with sodium peroxide converts the sulphur to sulphate,

which is then precipitated as the barium salt and analysed gravimetrically.

Halogens: Halogens are converted to the corresponding halide ions, which

may then be quantitatively determined, either volumetrically or gravinmetri-

eally.
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* Punctional Group Tests

Group Tests

Organic compounds contain different functional groups and exhibit

properties characteristic of these groups. Some of the common functional

groups and their characteristic tests are listed below:

Functional Group Test

Alcohol R-OH Esterification, followed by test for ester. .

To distinguish between primary, secondary and

tertiary, the Lucas test (conc.HCl and ZnCly) :
the order of reactivity is tertiary > secondary)

primarye
0

Aldehyde 6-H 2,4-Dinitrophenylhydrazine or hydroxylamine,

to test the presence of a carbonyl group. Then

Tollen's test to distinguish between an aldehyde

and a ketone [ammonical silver nitrate is ree
duced to silver by aldehydes, whereas ketones

do not react] .

T

Alkanes ~C-C- Generally inert; no specifio test.

XX oa

Alkenes oat Alkaline KMnO, solution is decolourised

(Baeyer test); bromine water is decolorised;
dissolves readily in conc. H,S04

Alkynes -CzC- Alkaline KMnOq4 and hromine water are dechlorised;

dissolves in conc. H)S0,. Terminal alkynes

(-CaC~H) form insoluble silver salts (caution!)
0

Amide R-G-n Hydrolysis, followed by test for the acid and

amine.

Anine RNH, »RANHy

RN

Acetylation with acetic anahydride converts

primary end secondary amines to the corres-

ponding amides; tertiary amine is unaffected.

Reaction with nitrous acid [primary aliphatic
amines give alcohols, with evolution of nitrogen;

aromatic primary amines give diazonium salts;

secondary amines (aliphatic and aromatic) give
nitrosamines; tertiary aliphatic amines do not

react with nitrous acid, whereas tertiary

aromatic amines give substitution products

(in the ring)|.

(Scuc’ )Arenes am, Electrophilic substituiin reaction (nitration,
sulphonation ete. ).

Carboxylic abou
acid

Esterification, followed by test for ester.
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Functional Group Test

Ester 0 Saponification, followed by tests for the acid

R-C-OR and alcohol. Hydroxamine acid test treatment

with hydroxylamine gives a hydroxamic derivative,

which gives a violet coloured complex salt with

few drops of ferric chloride .

Ether R-0-R Cleavage with conc. HjSO,4in presence of acetic

acid gives an ester, which is then tested.

Halide RX Silver nitrate test (tertiary, allyl or benzyl
halide reacts rapidly with alcoholic AgNOz soln.

giving a precipitate of the silver halide;

secondary aliphatic halides react slowly

(precipitate appears within 5-10 mins.); primary
halides react very slowly (to be heated); aryl
and vinyl halides do not react |.

Ketone a0 2,4-Dinitrophenylhydrazine test, followed by a
negative test for aldehyde.

Mercaptan R=SH Nitroprusside test [a purple colour with sodium
nitroprusside solution}: Forms insoluble mercuric

and lead salts.

Nitrile ~CEN Acid-hydrohysis to carboxylic acid and ammonia.

Nitro ~NOo Reduction of aromatic nitro compounds to

arylhydroxylamines (ArNHOH) by zine and acetic

acid and test with Tollen's reagent | Tollen's
reagent is reduced to silver by hydroxylamines }-

Phenols Ar-OH Esterification, followed by hydroxamic test.

Coupling test with aromatic diazonium salts

(deeply coloured precipitates are formed).

* Quantitative Organic Analysis (via Functional Groups )

dyzoxy Compounds: Alcohols: Acetylated by treatment with 4 known excess

of acetic anhydride (and pyridine) and the amount of unreacted anhydride
ia determined (titration with NaQH). Aldehydes, at times, interfere and

in such cases the use of phthalic anhydride is preferred.

Phenols: Treatment with a know excess of a brominating agent (a mixture
of potassium bromide and bromate in presence of acid) and determining the

amount of unreacted reagent by iodimetric titration (treatment of the
mixture with KI liberates iodine which can be titrated against sodium
thiosulphate).

Alkoxy Groups: The alkoxyl group present in an organic ompound is cleaved

by hydriodic acid to an alkyl iodide, which can be determined acidimetri-

cally or iodometrically. In the acidimetric method, the reaction mixture

containing alkyl iodide and hydriodic acid is treated with pyridine which

converts the alkyl iodide to the pyridinium iodide. The mixture is then

subjected to a differentiating potentiometric titration using tetrabutyla-

mmonium hydroxide. The iodimetric method is based on the following
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reaction sequence.

RI + Br,-> RBr + IBr; IBr + 3H0 + 2Br,—HI0, + 5HBr ; BIO, + SHI SI, + 3H,0

Carbonyl Compounds: Both aldehydes and ketones can be determined employ-
ing reactions like oxime formation, bisulphite addition, schiff base

formation and hydrasone formation. In the oxime formation, for example,
the carbonyl compound is treated with hydroxylamine hydrochloride and the

anon of hydrochloric acid formed ia titrated (potentiometrically using
NaOH).

RyC=0 + WH,OH HCL ==? R,,C=NOH + H,0 + HCl

Aldehydes react at room temperature, but in the case of ketones, heating

ig necessary. Pyridine has been added in some cases to speed up the

reaction and eliminate equilibrium problems.

Carboxylic Acids and Derivatives: Carboxylic Acids: Majority of carboxylic
acids are readily titrable with sodium hydroxide. An aqueous system is

usually adequate if the sample dissolves in water. If the sample is

insoluble in water, it may dissolve in excess aqueous alkali, and the

excess alkali is titrated. Potentiometric titration may be employed.

Esters: May be determined by employing the saponification reaction. A

know excess amount of sodium hydroxide is added to the sample and the

excess is determined by titration with acid.

Anhydrides: Morpholine reacts with carboxylic acid anhydrides to produce

equimolecular quantities of amide md acid. In a methanolic medium using

mixed methyl yellow-methylene blue indicator, all the components of the

reaction are neutral except morpholine. If @ measured excess of morpholine

reacts with a sample containing anhydride, the enhydride reacts preferen-

tially with morpholine, and the excess can be titrated with standard

methanolic hydrochloric acid. The morpholine consumed is a measure

of the anhydride; if free acid is present in the sample, it can be

determined by ascertaining the total acidity using NaOH end then sub-

tracting the mhydride value.

Amino Groups: Aliphatic Amines: They are usually basic enough to be

titrated directly in aqueous solutions using stendard acids. In the case

of weakly basic amines, solvents like acetic acid and nitromethane can

be used. Primary and secmdary amines can also be determined on the

basis of their reaction with acetic anhydride.

Aromatic es: Aromatic amines have reactions specific to them which

can be employed for their determination. Aromatic amines can be bromi-

nated like phenols using potassium bromate~bromide and scid. Primary

aromatic emines can be diasotised with nitrous acid which can be measured.

Titration method is also applicable, but solvents like acetic acid, dioxane

or nitromethane have to be used as the amines are weakly basic.

Active Hydrogen: A hydrogen atom attached to atoms like oxygen (alcohols,
acids), nitrogen (amines, amides) and sulphur (mecraptans)can be easily
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replaced by reaction with a Grignard reagent (RMgX). Methyl Grignarde
are commonly used and the amount of methane liberated can be measured
gasometrically.

R-OH + R'MgX ——y R-OMeX + R'H

Unsaturation: The common reactions available for determining carbon to

carbon unsaturation are, bromination, catalytic hydrogenation, addition

of iodine monohalides (iodine number ) and addition of mercuric salts.
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VI.7 Physical Constants of Organic Compounds

Abbreviations: M.W., molecular weight; m.p., melting point, °C; bdepe,

boiling point, °C; a, density, g mi-1 at 20°C; ‘n, refractive index

at 20°C for the D line of sodium; sol., solubility at 20°C in water

[co (v.8.), refers to solubilities in excess of 50% by weight; s, between
10% end 50%; §(el.s.), between 1% and 10%; and i, less than 1%; d,
decomposes |.

Name aia MW. Mp DePe a Ny sol

29 99
Acenaphthene Crag 154.2 96 278 1.0242, 1.6066 4

Acenaphthenequi-none Cy oH, 182.2 261 #00 ee6 ees i

Acetaldehyde C,H,0 44.1 | -124.6| 20.8 |0.7834 | 1.3316 00)

Acetic acid CoH, OprBthanotg

acid 60.1 | 16.6 | 116.5 | 1.0492 | 1.3721 oD

-, amide Colg ON, Acetamide 59.1 | 82.3 | 221.2 |0.9986,)..- e

-,-,N-phenyl CH NO, Acetanil 4

~ide [135.2 | 113-4 | 307 | 1.2105] +06 5

-, anhydride C,H. 0, 102.1 -71361 136.4 | 1.0820 | 1.3906 v

-, chloride CHH,0C1 78.5 =112 51.2 | 1.1039 | 1.3898 a

=» ethyl ester C4H,05» ethyl 88.1 83.6 77.1 0.9005 1.3701 8
acetate

-, methyl ester CzH.05s methyl |74.1 -98.1 | 57 0.9723 | 1.3617 v
acetate

-, nitrile CoHaNy acetoni-

trile {41.1 ~45.7 | 80.1 |0.786 | 1.3441 oo

-, chloro CoH, 0,¢1 94.5 63 189 1.404 1.4297° Vv

-, dichchloro C,H,0,01, 128-9 | 10.8 192.3 | 1.5634 | 1.4658 Qo

-,trichloro C,HO,C1, 163.4 | 56.3 197.6 11.62 1.4603 Vv

o,~, ethyl ester C,H,0,C1, 197.4 oe 167.5 | 1.3826 | 1.4507 i

Acetophenone C.H,0 120.1 | 19.6 202 1.0281 | 1.5363 i

Adamantane Crotig 136.2 | 268 eee 1.07 1.568

Amine
=, diphenyl (CoH, ) NH 169.2 | 52.8 | 302 [1.160 |... 4

=, triethyl (CoH, ) aM 101.2 | -115 | 89-90 ]0.7255 | 1.4003 S
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Name tO enone, MW. Hie Peo db. Pe d Ay eo]
~» trime thy] (Ch, ),¥ 59.1 | -117] 3.5 |o.6079" v
Aniline C.H.NH, 91.1 -6.2] 184.311.6216 .5863

~,2-bromo C,H _.NBr 172.0 32 | 229 «11.578 h.61 13
~3-bromo C,H .NBr 172.0 | 18.5] 251 [1 5793 1.6260 é

~,2-chloro CcH NCL 127.6 ~14 /208.8 |1.2126 11.5884
-,3=chloro CcH.NCL 127.6 |-10.4 [229.9 11.2161 [1,594
-,»4-chloro C.H.NOL 127.6 72.5 1232 11.429 .5346
~,N,N-dimethyl CHW (CH), 121.2 2.5 {194.2 [0.9563 [1.5587 | §
-,2-nitro CgH_N,0, 138.1 71.5] 284 |1.442 ees §
~,3-nitro OgH.N_0, 138.1 | 112.5 1305.7 |1.1747'°4, . &
~,4=-nitro CcH.N,0, 138.1 147.8 |331.7 |1.437 =|... i
“9 2,4,6-tribromo CoH, Brn 329.9 122 300 2.35 eee i
Anthracene C148io 178.2 | 216 [340 [1.2527 |... 4
9, 10-Anthraqui-to. C1 48,0, 208.2 2) 379.8 |1.438 =|... 4

Arsine, 
48 21-triphenyl (CcH, ) As 306.0 {59-60 {360 /1.2634 [1.6888 1

78Asobenzene (trang )C, oH, oN, 1862.2 | 68.5 |295-7 11.203 [1.6266 §

0Azoxybensene C,H, ov,0 198, 2 36 a 1. 159° 1 652° i
(trans)

Asulene Cita 128.2 98 5-9 270(a) eee eee i

Benzaldehyde C,H, CHO 106.1 [55.6 | 178.4 0415"? 1.5463 |
rrphenytavaresane CoH, CH=NNEC, H. 196.2 156 eee eee eee §
-,4-bromo CH Bro 185.0 57 eee coe eee 1

61 61

~, 2~hyd roxy CoH.0, 122.1 -11 = |197 1.1469? 1.5702 5
=, 3=-hydroxy C7H.0, 122.1 106 246°° eee eve $
~»4-hydroxy CH.0, 122.1 116 eee 1.129170 eee §
~,)2emethyl CaH.0, 120.2 coe (197 1.0386 '9 1.549°9 §

D-Tolualdehyde 1 1

Tolualdehyde 4
~)4emethyl CaH,0 120.2 | ... |204.5 [1.01947 hisa7’? |

Tolualdehyde

-»4-nitro C7 H,NO, 151.1 106 |... 11.496 [a §
1

Bensene, CH, 78.1 | 5.5 |80.1 {0.37377 |1,5011 | S
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Name Formula and MW. We Pe be Ps d. a s

=, t-amino~2,3-| C,H, ,¥ j21e2 1415 [224 [0.9931 f.5s6e4 | 6
dimethyl 8

2, 3-Xylidine

-,1-amino-3,5-| C,H, 121.2 .. [220-1] 0.972 frsser 15
dimethyl 3,5-Xylidine

-, bromo CH. Br 157.0 | -31 | 155-6 | 1.5219° [1.6598 i

-,chloro OgHi, C1 11266 | -45 | 132 | 1.1064 [1.5248 4

-, lechlore=2, 4+ . 4. 60
din itro Cc glsCl¥,0, 202.6 53 | 315 1.4982 5857 i

o,1,2-diamino | C,H, 108.1 | 102.3] 256-8 | ..- eee §

0-Phenylene

dianine 58 58

phenylene

diamine

1 »4-diamino CHW, 108.1 140 267 eee eee 8

p~-phenylene-

diemine

~,1,2-dibromo C.H, Br, 235.9 6.7| 221 | 1.9557 [1.6081 4

=,1,3-dibromo | ¢,H,Br, 235.9 | -7 |220 | 1.9523, rr a
~1,4-dibromo 0,1, Br, 235.9 87 |218.9 | 1.8322 [1.5742 i

~,1,2-dichloro| ¢,H,C1, 147.0 | -17 |179 | 1.3048 [1.5485 4

-,1,3-dichloro| C,H,Cl, 147.0 | =-25 |172 | 1.2861 [1.5457 4

~,1,4-dichloro] ¢,H,01, 147.0 | 53 [174 | 1.5330 f.521% | 4
~,1,2-dihydroxy 0,10, Catechol/ 110.1 105 |240 |1.371 [1.604 s

=,1,3-dihydroxy 0, H,0, 110.1 | 111 |2eL [1.2747 |. 8

Resoreinol 15

~,1,4-dihydroxy C,H_.0, 110.1 | 170 |28 |1.328~ |e. e

Hydroquinone ‘

~,1,2-dimethyl CoH, oo-Xylene 106 .2 ~25 1144 0.8968 05058 i

~,1,3-dimethyl| C,H, mylene [106.2 | ~47-4) 139 o.e6a4> h.ag7s | 4

“» 1 »4-dimethyl CoH, gp-Xylene 106 02 13—4 138 eco eee i

-,1,2-dinitro C,H,N,0, 168.1 118 1319 41.3119'74.,. $
=,1,3-dinitre | C,H ,,0, 168.1 | 90 [aor |1.575'% }.. 4
=,1,4-dinitro | ¢,H,¥.0, 168.1 | 172 |299 |1.625"° L.. 4

~, fluoro CoH? 96.4 =39.2| 1.0244 1 4677 i

= ,fodo OH. 204.0 |-34-4|189 |1.8230° f.6197 | 4
-,isopropyl OgH,p,Cumene | 120.2 =9% |152.3 |0.864 f.4911 4

-,pereapto CH.S, Mhtophe-|110.2 | 70-1]169.5 |1 .o728° b.5e79%* | 4
nol

~ methoxy Cig, Anisole |108.1 ooo | 95508 10.994 115179 |
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nonyms e Pe b.p. d ny sol

- nitro CgH.NO, 123.1 307 | 210.8 | 1.2037 [1.5562 | §
1,2)3-trihydroxy | ¢,H.0,, 126.1 | 132.8 |309 | 1.4534 |... ’

' Pyrogallol

ne CeH,S0,H 156.2 | 525 [eee doce oes 8

~, amide CgH,SO,NH., 157.2 | 150-4 |... oe eee 4
~, chloride C,H,80,C1 176.6 | 14.5 | 251-24] 1.3766"> |... 1
Bensil CoH,cococ,H, | 210.2 | 95 | 346-8 | 1.064707]... ‘
Bengoic acid C,H. COH 122.1 | 12244 | 2494] 4.265975 Iy.504132|
~,amide OH, CONE, 121.1 | 132.5 |290 | 1.079219... &
-, chloride CeH,COCL 140.6 7%” 197.2 11.2105 [1.5537 | a
~,ethylester CgH.CO,C,H, | 150.2 |-34.6 | 213 [1.04587 [1.5057 | 4

- nitrile OH ON 103.1 | -13 | 190.7 |1.0102' [1.5089 | &
-,2-amino C/HNO, 137.1 | 1468 |... [1.412 0 J... i

[Anthrenilic acid 5
-,2=bromo CH, BrO, 201.0 | 150 |sub. |1,929° |... §
-,4-bromo CH, BrO, 201.0 | 254.5 | 1.894 |... vee §
-2-chloro C7H.C10, 156.6 | 142 leubd. |... vee 8
~)4-chloro C,H.C10, 156.6 | 241.5]... es. vee i
~,3,5-dinitro 0,H,N 06 212.1 | 205 |ece oe. bee é

~ ,2-hydroxy CoH, 0, 138,. | 169 | 211 1.443 11.565 §
~ ,3-hydroxy CoH.0, 138.1 | 201.5 | ose Jose vee §
~,4-hydroxy CHO, 138.1 | 2145-1... Jove see §

2155 115 115~,2~methyl CHO, 136.2 | 107-8 | 258.9 |1.062''? 11.512''9] 4
pvonnie acid

~,3-methy] CHO, 136.2 | 111-3 | 263 |1.054''? 11.509 | S
Toluie acid

~)4-methyl CoH.0, 136.2 | 179.80 274-5 |... vee i

Toluic acid

Bensoin (41)[C-H.cu(oH)coo,#, | 212.5] 137 [344 |1.310 |... §

Benszophenone } CoH, COC. 182.2 | 48.1 | 305.9 [1.146 | |1.60777 | 4

~»phenylhydrasond (C,H) CeHNHC.H. | 272.3 | 137 [ose oes wee

1,4-bensoquinone CoH 40 108.1 | 115-7 | sub see ae [eee é

Biphenyl C1 Hye 154.2 | 70 |256 |1.9896 |1.5e8 | 4
~»4,4'=diamino Cy oHy oN 184.2 | 12 400 cee &

Bensidine

Bomeol(d1) C4 0H 1g 154.3 | 210.5 [sub [1.001 |... i
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Name Forma and MLW. Me Pe Dep. a a) {
0 ——g

1 »5-Butadiene CH, =CH-CH=CH, 54 o1 ~1086.9 =4 04 eee 2 1 04292 i

Butenal cH,cHLCH,CH | 72.1] -99 | 75.7 p.st70 Ol1.3643 | 8
n pheny inptrosorg Cat go 162.2 eee 152 4 eoe eee 4
Butane, C,Biy 58.1| -138.3 -0.5 0.6012° [1.3543 T¥

~) 1-emino C,H MH 73.1 | -50.5 | 77.8 |0.764°> 11.401 po
n-butylamine

~,2-emino(d1) | C,HOWH, 73.1 | 72 66.8 (0.7271 |1.395'7
sec-Butylamine

-, 1=bromo C,H Br 137.0 | -112.3 [101.3 [1.2764 [1.4398 | 4

n-Butyl bromide

~,2~bromo (a1) C,H Br pre ~112,1 91.2 |1.2556 1.4336

esec-Butyl bromid

-, \~chlore CHC) 92.6 | ~123 78.4 0.8865 1.4021 i

n-Butyl chloride

-, I~iodo C,Hot 184.0 | -103 130 =: (1.6123 {1.5001 | 4

n-Butyl iodide 18 18

2,3~Butenedione | CH, COCOCH, Bet} ae 89.90 0.9808 = |1.3933 | v

Biacetyl

~,dioxime CBN, 116.1 245.6 eee eee eco 6

Dimethylgly-

oxime

Butanoic acid |C,H.0, 88.11 6.5 | 163.5 10.964 {1.3991 | co

Butyric acid

~» ethyl ester |C,HC0,C.H. 16.2] -97.8 [120 |p.8785 |1.4000 | 6

1-Butanol C,H,08 74.1) -89.8 |117.5 (0.8098 |1.3992 | s

2-Butanol (dl) CH, CH, CHOHCH, 14011100 99.5 [0.8063 [1.3978 | v

sec-Butyl alcohol] .

2-Butanone CH,COC 72.1| ~87 79.6 [0.9054 [1.3814 | v

Ethyl methyl ke

1-Butene CH, CH CH=CH, 56.1] -185.4 |-6.3 (0.5946 [1.3962 | 1

2-Butene(cis) CH, CB=CHCH, 56.1] ~138.9 |3.7 [0.6213 [1.3931 | 4

2-Butene (trans) |C,H, 56.1] -105.6 [0.9 p.6041 |1.38487°4

2-Butynedioic- HO, COsCCO,H 14.1 175 .6 @ee eee eee v

acid
Acetylene dicar~

Be cescet. 42.1 19.8 [1.5638 |1.4466- dimethyl CH. C=aCCo e eee ° e eeiner 50 gCCECCO2CHy
Caffeine [C,H ,0, 94.2} 237 |eub 174 1.23 |... é

Camphor(41) = [C, .#,,,0 5202} 174 | aub 179 ee Jone
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Name ‘Synge | wwe | mp. | dope] a ny of
Camphorte acid 10, 5Hy_0, 200.2 | 202 |... 11.228 |... v

voeta (a1) F107 1698 232.3 | 2024 |... |... ses y
ipbenyl O,H.NeCaNC.H. | 194.2 | 168-179)331 |... wee §
Carbondioxide C0, 44.0 | -56(ati -78.5 |0.0019 |...

5.2 atm) sub

Carbon disulphide} cs, 76.1 e112 | 45 1.2628 |1.6255 |v

Carbon monoxide {CO 28.0 [205 [-19] 0.8142 | ese

Cellulose (0,8, 0,), (162.1), |260-70d - 1.27- eee i

Cholesterol CoH 60 386.7 | 148.5 |360a 11,067 |... 6
- acetate 0598400, 428.7 [115 [ee Joes eee 6

Chloic acid C5484 0%, 408.6 | 198 ese eee cee i

Cinnamaldehyde {C,H.CHeCHCHO [132.2 | -7.5 [253 [1.0497 | 1.6195

““trme) 0.H1,0, 148.2 | 135.6 [300 [1.2475 |... 1
mse gay? sate Cel. CHeCHCO,CoH.N76.2 17.5 | 271.5 aan 1.5598 | 4

Citric acid C.H,0, 192.1 | 153 |a 1.542 |... Vv
Coumarin CoH,0, 146.1 | 71 301.7 0-935. vee 8
Oyanogen bromide |NCBr 107 9 | 52 61.4 {2.015 eee 8

Cyclobeptane C)Hy, 98.2 |-12 {118.5 |0.8109 |1.4449 [4
Cycloheptanone C8450 112.2 178.5 10.9508 | 1.4608

"23:5-Ayorohepta-t oy 00 92.1 | -79.5 ]116.8 |... | 1.520675) 4

2,4,6-Cyelohepta-|C,H.0 Tropone | 106.1 |-7 | 1139 11.0957? | 1.6077 |oo
trienpne

13-Cyclohexadiene] C,H, 60.1 |-98 | 80.5 0.8405 | 1.4153 | 4

Cyclohexane CeHio 84.2 16.5 81 0.7791 | 1.4266 i

Cyclooctene C.Hig 112.2 | 13.5 |148.5 10.8337 | 1.1568

Cyclooctatetraene Cp. 104.2 |-27 142.3 |0.925 169394

1,3-Oyelopentadieng] OH 66.1 |-97.2 |40.8 {0.8021 [1.4429 | 4

Cyclopentane C,H, 70.1 |-95.9 |49.3 10.7510 | 1.4064 | i

-, bromo 0, HyBr 149.0 |.. 136.7 |1.3900 | 1.4882

Cyolopentanol | 0, H,.0 6.1 |-19 [140.9 |o.9488 | 1.4530 | 6

Cyclopentenone [0,10 84.1 |-51.3 1130.7 049509 1.4366 | 4

Cyclopentene 0,8, 68.1 j-135 [44.2 [0.7743 11.4225 i
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Name ormila and M.We We Ps dep» d ny sob
nonyne

Decalin(cis) Ci otis 138.3 1-45.4 [19 |0.8967 [1.4611 | 2

-(trena) 0,,.H 138.3 | -32.5 | 185.5 |0.8700 [1.4696 | 2
10°18 100 133

Decanedioic scid | HO,C(CH,),CO,H | 202.3 | 13465 | 295 |... 1,422 §

Sebacic acid 40 40

Decanoic acid | CH, (CH,) COpH | 172.3 [31.5 | 270 [0.8858 [1.4285 4

Capric acid

Diethyleneglycol | C H, 0 162.23 | oe 189 0.9063 {1.4115 Vv
-,diethyl ether | & 16
1,4-Dioxane C,H,0, 98.1 111.68 [101 |1.0334 [1.4224 | 00

Ethane CoH. 30.1 | -183.3| -88.6 0.57308 {1 .0769° | 4
~,amino C,H.NH, 45.1 |-84 |16.6 0.6892"? oo

Ethylamine

-, bromo CoH, Br 109 -118.9] 38.4 11.4604 1.4239 §
Ethyl bromide 1 10

-,chloro CHC. 64.5 |-138.7]13.1 [0.90287 [1.3742 | &
Ethyl chloride

-,1,2-diamino WH,CH,CH NH, 60.1 | 8.5 116.5 [0.8995 [1.4499 Vv

-1,2<dibromo BrCH,CH,Br 187.9 |10.1 |131 |2.180 fi.s3e9 | 6

=,1,2-dichlore | C1CH,CH,C1 99.0 |-35 |e |1.256 fi.aaa | 6
~1,2-epoxy CoH,0 44.1 |-111 | 1324" ]o.882"° fh.3597 |S

| Ethylene oxide

-,10d0 C,H,I 156.0 |-108 |72 |1.950 hr.s168'? | $

~,dimethyl ether | CH,OCH,CH,OCH, | 90.1 | -58 93.4 0.8664 h.3813 | S$

Ethanol CH, OH 46.1 |-117.3|78.5 [0.7893 1.3611 |cO

-, 2-amino NH,,CH,CH,OH 61.1 110.3 1170 |1.0180 [1.4541 = [00

Ethanol amine 0 00 .

Ethene CoH, 28.1 |-169.2|-104 |0.0013 [1.363 4

Ethylene

«, chloro CH=CHCL 62.5 -160 ~13.9 eee oe &
Vinyl cera

~,diethyl (CoH) p 74.1 | -116.2] 34.6 ]0.714 [1.3526 |S

Ethyne CH, 26.0 |-81.8 |-83.6 0.6181 |1.0005° | &

~- diphenyl C,H Cacc H. 178.2 63.5 170°9 0.9657 joo 4
(Tolan)

Pluorene Cray N66.2 1176-7 1293.5 |1.203° 4

9-Pluorenone C4H,0 180.2 83 =: (341.5 1.130077 1.63699" ‘

Pormaldehyde HCHO 30.0 |-92 21 |o.0157%° S
Methanal
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Name Forme. and MW. | mp. | bop. d ny off

Formic acid HCOH 46.0 8.4 100.7 1.220 1.3714 a
Methanoic acid

~,amide HCOMH, 45.0 [2.6 | 105-6" 4h.434 [1.4453
~y-yNyN-dimethy]| CON (cH, ), 73.1 | -61 1153 fo,.94457 11.426929| 00

-,ethyl ester HCO,C oR, 74.1 ~80.5 [54.3 0.9117 /1.3598 $s
-, chloro, ethyl C1c0,C)H, 108.5 ~8066 | 95 1.3577 1.3955 a
eater Ethyl chloroformate 107Pumaric acid HO,CCH=CHCO, H 1 [286.7] 165'*7 jyes5 | §

subd

Puren C,H,0 68.1 ose «| 32 0.9366 11.4216 | 4
Furfural C,H, 0, 96.1 | -38.7 | 161.7 |1.1598 11.5261 | »
Glucose (D) CoH 0, 180.2 | 146 see cee eee 8
~»pentaacetate (D) C,-H..0,, 390.4 1112.3 ]/ou (|... oes &
G lyceraldehyde(dl HOCH,,CHOHCHO 90.1 145 eee 1 £453 18 eee S
Glycerol HOCH, CHOHCH,OH | 92.1 18.6 | 290d 11.2613 [1.4746 00
Glycine NHCH,CO,H 75.1 | 232.6 | 2a6_924 .28'7 |... v

Aminoacetic sci]
-,N-phenyl C GH NHCH,COjH 51 e2 127 eee eee eee S

Glyoxal CHOCHO 58.0 |15 50.4 1.14 1.3626 | y
Ethenedial

Guanidine HN=C (NH, bo 59.1 eee eee eee eve v

Heptane CH, (CH,),CH, 100.2 |-91 [98.4 0.6837 [1.3876 | i
100 15Heptanedioic acid HO,C(CH),COnH 160.2 |106 | 272 ~~ |1.329'? |... 5

Pimelic acid

Heptanoic acid CH, (CH,),CO,8 130.2 |-10 [223 o.918 |1.4216 15
Hexamethylene- CoH iol, 140.2 280aub eee 1 331° Vv
tetranine

° Uretropine

Hexane CHa, 86.2 |-9 [68 0.6594 (1.3749 | 4
~, 1=bromo CH (CH,),Br 165.1 [85 156 1.1763 {1.4478 i

-,1<chloro CH, (CH, ),C2 120.6 |-83 | 132.3 0.8784 14199 1
1,6-Hexmedial OHC (CH, ), CHO 114.2 [oe 92.47 1.003 '2 1.430771 5

Adipaldehyde 25
Hexenedioic acid | HO,C(cH,),CO,H |146.1 [153 |267 1.3607 |... 4

Adipic acid

~, diethyl

eater = (C,H,0,0(CH,),CO,CF. 02.3 |-21 |239-41f1.0076 h.ae72 14
2 ,5-Hexanedione GH,CO(CH, ),COCH, 114.1 |-8 194 0.7370 1.4232 v

Hexenolo acid = CH /CH,),COpH 116.2 |... | 205 D.92T4 ho b
n-Caproic acid
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Name me MWe | mope | bop. d ee

1-Hexanol OH, (CH, ),08 102.2 | -47 | 158 .8136 f.4i78 = 1§

-,1,2-dimethyl- | CH,NHWHCH, 60.1 | ee. [81 0.8274 1.4209 {00

~, (2,4-dinitropheny1 ) CeHeN 0, 198.1 | 194 ese eee 16 eee i

~,1,2-diphenyl- | C.H.NH NHC,H, 184.2 | 131 [eco fle158 ove

Hydrasobenzene

~ , phenyl C,H, NENA, 108.1 | 20 [243 [1.099 t.6083'° |»

Indene CoH, 116.2 |-2 |182.2 ).9915 te? 4

Indole CoH 117.2 |} 52.5 | 254 eos eee 8

Ieatin C,H, ON 147.1 | 203-5 Jaub =|... eee 8

Isoquinoline CoHN 129.2 | 24.8 |243.3 |1.0986 1.6148 | 4

Ketene CH, =CO 42.0 | -151 1-56 = joc. 4 eee 7 a

~, diphenyl (C,H, )C=co 193.2 | os. 043 107° |1.615
Maleic acid HO, CCH=CHCO,H 116.1 130.5 | eee 1.590 ose Vv

cis-Butenedioic

acid

-, anhydride C,H,0, 98.1 | 56 197-9 lees eee s

~,diethyl ester | C.H,,0, 172.2 |... |225 1.064? |... 4
Malonic acid cH, (CO,H), 104.1 | 135.6 |d eee eee v

~,diethyl ester CH, (CO,C,H,) 160.2 | -sc [199 [1.055 ft.auaa 16

Mannose (D) C.Hy 506 180.2 | 132 eee 1.539 eee v

Menthol (d1) C1 oH a° 156.3 | 35-6 | 216 p.904"? lh.4615 [4

Methane CH, 16.0 | -162.5|-161.5 D415 ae §
=, amino CH,NH, 31.1 | -93.5 |-6.3 [0.699 |... y

=, bromo CH, Br 9.0 | -9% {3.6 |1.732° 1.4234 °° [5
~, chloro cH, C1 50.5 |-97 |-23.8 f.92 1.36617" S
-,chlorotriphenyl cic (C,H, ). 27808 | 112.3 [310 = Jove poe 4

Trityl chloride

-,dibromo CH, Br, 173-9 | -52 97 psa 1.5419 §
Methylene bromide

~,ichloro —| CHCl, a ~97 |40-1 1.335"? ft.3348"> |6
Methylene dichloride

~pditodo | cH,1, 267.9 |6 |181 3254 ft.7559'° [5
Methylene diiodide

~,diphenyl (CoH, ) CH, 168.2 | 26.7 |265.6 [1.006 /.§768 {4

~ fluoro chs? 34.0 |=141.8]/-78.4 p.0428~}.. v
=, 1odo CHsI 141.9 |-66.5 /42.5 p.28 1.5293 16
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~-,nitro CH,NO, 6140 | -28.5] 100.8 |1.135472/4.3035 |-, tetrachloro CCl, 155.8 | -22.9/ 76.8 [1.5942 |1.4664 | 4
~stetrenitro . | c(No,), 196.0 113) | 126 |1.63722"11 43087 | 4~,triphenyl (CoH, ) CH 244.3 | 94 358-9 11.01479 1.58397"
Metbmesulphonte| CH,S0,x 96.1 120 | 176" |1,4912"8] 4.431718 | >

~,chloride 7 CH,S0,C1 114.6 |... | 161 1.4a0'8 |... 4
Methanesulphonyl

chloride
Methanol CH,OH 32.0 ~97-8] 65.0 10.7914 1.3288 foo
~, diphenyl (CoH, ) CHOH 184.2 | 69 297-8 |... eee $

Benzhydrol

Morpholine CHOW 87.1 -4.9 | 128 0.9994 |1.4545 oo

Naphthalene Cagtly 128.2 | 80.2 | 210.8 1.1454" 1.400374 | 4
-, 1-amino C1 Higy 143.2 | 50 300.8 |1.1255° 11.6703

~Naphthylamine

~ ,2-amino Cy HN 143.2 | 113 | 306.1 |1.061495| 1.649892 | »
-Napthylamine

=, 1=bromo C, oil, Br 207.1 | -6.2 | 281 |1.4887'711.656819 |
-,2=bromo C, HBr 207.1 | 59 281.2 |1.605° |...
'-Naphtoie acid | ¢,,H.0, 172.2 | 160-1K300 1.398 |...

2=-Naphthoioc acid C1 44,0, 172.2 1185 kK300 1.077100 coo 4
Konanedioic acid HO,C(CH, ),CO,H 188.2 | 106.5] 3604 1.2257 1.4303!"

Aselaic acid

Nonanoic acid CH, (CH,)_,Co,H 158.2 | 15 253-5 (0.9057 [1.4343 4
® Pelargonic acid

Octene CH, (CH,),CH, 114.2 |=56.5] 125-6 [0.7025 {1.3975 i
Octanodo scid | CH, (cH,),Co,H [144.2 [16.5 | 110-14 0.86 15° 1.4278 |
Oxalic acid HO,CCO,H 90.0 |101-2] 157 1.90 i vee
“dimethyl ester) CH,O,ccocH, [118.1 |54 | 163-4 [1.1489 [1.37982 16
Paraldehyde (CH,CHO), 132.2 /12.5 | 128 0.9923 |1.4049 [vy
Pentanal CH,(CH,),CHO 86.1 |-91.5 | 102-3 |o.8095 [1.3944 |S

Valeraldehyde

Pentane CH, (CH,),CH 72.2 |=129.7 36 0.6262 |1.3579 |v
~,1<brono CH, (CH) Br 151.1 1-95 [129.6 ]1.2177 |1.1444 = 4

n—Amyl bromide
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Name

Pentanedioic seta

2,4-Pentanedione

Pentamoic acid

Perozide ’

-,dibenzoyl

Phenanthrene

9, 10-Phenanthrene

quinone

Phenol

-,»4-bromo

=~, 4-chloro

- »4-nethoxy

~,2-nitro

« 3J-nitro

= ,4-nitro

~,2,4,6-tribromo

~,2,4,6-trinitro

Phenolphthalein

Phos gene

Pel pheag.
Phthalic acid

~, anhydride

-,dimethyl ester

-, imide

Piperazine

Piperidine

Propanal

Propane

~, 1-amino

@, 1-bromo

=, 2=bromo

| *orwmla and MW. mep.| dep. d TM» __ Bob

HO,C(CH,),CO,H | 132.1 | 97.5 | 302-4 1.424°? 11,4188 ly

Glutaric acid

CH,COCH,COCH, | 100.1 | -25 | 139 [0.972179|1.4541"7 |v
Acetyl acetone

CH, (CH, )4CO5H 102.1 | -34.5 | 186.7 10.939 [1.408 {[s

C,H, CO00C0C, H,, 1 106-8 | exp | eee 1.545 8

Benzoyl peroxide

C1 4816 178.2 |101 | 340 {1.182 [1.5973 |4

C, ,H,0, 208.2 |207 | 360 |1.405 |... é

CoH, OH 94.1 [182 | 43 1.0722, 1.5509 |e

C,H, Bro 173.0 |66.4 | 238 {1.840 |...

O.H,¢10 128.6 |43 | 219.8 | 1.265171 1.55799 | «
CHAO, 124.1 153 |243 |... wes 8

CgHi,NO, 139.1 | 44.9 | 216 |1.485 "4 1 '
CcH.NO, 139.1 197 | 19479 }4,2797! 001. §
C.H.NO, 13961 | 114] 279 [16479 J ase 5

CoHBr,0, 330.8 | 95-6 | 282-90) 2.55 eee §

C_H,N_0 229.1 | 122-3 | exp300|1.763 |... 8

Cael 318.3 |261.2|... |1.277°? |... 5
coc, 98.9 |-118 |8.0 |1.392'9 |... a

(C,H, )5P 262.3 |80 p360 {1.194 |1.5248°7 | 4

CaHi,0, 166.1 | 206-8 | 4>191 11.593 4

CoH,0, 148.1 | 130.8 | 284.5 |1.527° |... JS
C181 9% 194.2 | eee | 28265 }1,1905 |1.515 | 4

CaH,0,N 147.1 | 238 |... [eee eee §

C,H M, 6.1 {104 | 145-6 |... 1.44619 | y

CoH, WW 8.2 |-9 | 106.0 10.8606 |1.4534 {00

CH, CH,CHO 58.1 | -a1 jis 0.807 [1.3636 |»

CH,CH, CE, 44.1 | -189.9 ~44.5 |0.5853'7| 1.2808 | 5
CaHMH, 59.1 |-83 [149 |0.719 |1.369 |
Propylamine

CHCHACH,Br [123.0 | -109.9 70.8 [1.3539 | 1.4341 | 5

(cH, ) ,cHBr 123.0 |-90.8|59.4 |1.3097 {1.4251 |6
Teopropylbroatée]
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“9 1-chloro

=» 2-chloro

-, l-iodo

Propanoic acid

~,ethyl ester

-,2-methyl

1-Propanol

2=-Propanol

-,2=-methyl

2=-Propanone

9 2,4-dinitro-

phenylhydrazone

Propenal

Propene

= 5-bromo

“» 3-chloro

~,2-methyl

@

Propenoic acid

-,ethyl ester

- gnitr4 le

Pyridine

~2,4—dimethy1

~»2,6-dimethyl

TM» 2-methy]

~2,4,6-trimethyl

353
[Formula and

no 8 M.W. MWe Po dep. a a) 80]

Cx 78.5 | -122.8] 46.6 |0.8923 |1.3806 | 5 |
n-Propylchloride 

|
(CH, ) CHC | 78.5 |-117 {34.8 [0.8590 |1.3781 16
Isopropylchloride

CH,CH,CH,I 170 ~101.3 |102.5 [1.7454 11.5055 é
CH,CH,CO,H 74.1 ~20.8 [141.1 10.992 1.3874 00
CH,CHCO,CoH, | 102.1 |-73.9 99.1 |o,ese9 |1.3839 |

(CH, )CHCO,H 88.1 | -47 154.3 10.9504 11.3930 | y
Isobutyric acid

CH, CH,CH,0H 60.1 -127 |97.1 10.7796 1.3850 v
n-Propyl alcohol

(CH, ) CHOH | 60.1 |=89.5 (82.4 [0.7851 {1.3776 |o0
Isopropyl alcohol

(CHy )3COH 74.1 | 25.5 182.2 10.7856 11.3838 |oo
tert-Butyl alcohol

Acetone

Coy gi ,0, 238.2 | 128 ee coe eee i

CH,=CHCHO 56.1 ~87.7 |52.5 {0.8625 11.3998 v

Acrolein

CH, CH=CH, 42,3 - 185.2 -47.8 oe eee Vv
Propylene

BroH,CH=CH,, 121 ~119.4/70 1.398 1.4697 1

Allyl bromide 
.

C1CHoCH=CH> 76.5 134.5 /45 0.9397 41.4154 1
Allyl chloride

(CH, )CaCH, 56.1 eee -6.6 eee ee0 i
Isobutylene

CHo=CHCOjH 72.1 123 141.6 |1,0511 1.4224 | 0
Acrylic acid

Ethyl acrylate

CHo=CHCN 53.1 -82 77 5-9] 0.8060 1.393 8
Acrylointrile

25 25C5H 1072 [vee 159 0.9271 ~ 11.4984 v

2,4— Lutidine 25 25
C7HoN 107.2 eee 143 0.9200 1.4953 Go
2,6~Iatidine 5 17
CgHoN 93.1 eee 128.8 0.9497 1.5029 Vv

&-Picoline
CoH, WW 121.2 |... (170-5 [0.916622 11 495925)

}-Collidine
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Name Ore MWe | mepo] depo | a n bol

3-Pyridinecarboxylig C,H.NO, | 12301 | 236-7 | sub 11.473 |... §

acid Nicotinic org
4-Pyridinecarboxylig O,R,NO, | 123.1 | 315-6] sub |... wee s
acid Teonicotins¢]

acid 24

Pyrrole CHW 67.1 eee 130-1 0.9669 eee v

Quinoline COHN 129.2 | -15.9 | 237.1 11.0937 |1.6268 Is

Quinuelidine CH Ns 111.2 158 oon eee eee Vv

Silane, - 19_, tetramethyl (CH, ),S, 88.2 91.11] 26.5 |0.648 ~ [eee i

Starch (CoH 905), ene d eee eeo eee

Stilbene OcH.CHaCHC,H, | 180.3 | 124 | 306-7 |0.9707 1.6264 "7
trens-1 2-Di phen yi
ethylene

Styrene CoH,CH=CH,| 104.1 |-33 | 145-6 |0.909 1.5463 | 4

Phenylethylene

Succinie acid | HO,CCH,CH,CO,H[ 118.1 | 182 | 2354 1.572° 11.450 16

- anhydride C,H,0, 100.1 | 119.6 | 261 eee eee i

~sdtethyl {CoH 02CCH,CH, 00,0 oH, 174.2 |-22 | 217.7 |1.0406 [1.4201 [4

~inide OHNO, | 99.1 | 126-7 | 207-8 |1.418 |... §

Sucrose C4 Hy 2044 342.3 | 19-6]... [1.588 |t.5376 | 6
Sulfoxide, CH, SOCH, 78.1 6 1004 [1.1014 |... s
dimethyl

Sulphuric acid (CH,0) 80, 126.1 | 31.7 | 188.54] 1.3322 11.3874 |s
~,dimethyl este

Tartaric acid (dl C,H.0,

2,3-Dihydroxy+ 150.1 2035 —4 | wee 1.788 coo ¢ 8

succinic acid

Tetralin Cigtis 132.2 | =31 | 207.3 10.9729 [1.5461 Ja

Thiophene 0,4,8 84.1 |-38.4 | 84.1 |1.05837 [1.52567

~,2-amino OH 107.2 | =-27.7 | 199.7 [0.9989 |1.5688 | §

0-Toluidine 18
~,3-amino CoH 107.2 |~43.6 | 203.2 |0.9916 “l1.5686 15

m-Toluidine 45 4

~,4~amino C7 Hol 107.2 | 43.5 | 200.4 |0.9659"° [1.553449 | 5
p-foluidine

~,K=bromo Cglig CH)Br 171.0 |-3.9 {201 1.438072]... 1
Bensyl bromide
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andName oynonyes M.W. Mpe | depo d a» Sol

~,2-bromo 0,HBr 171.0 | -26 |181 | 1.422278]... 4
O=-Tolyl bromide

~,3=-bromo CH Br 171.0 ~39.8 183.7 124019 1.551 i

m-Tolyl bromide

~,4-bromo CjHBr 171 28.5 | 184-5 {1.3898 | 1.5490 i

b-Tolyl bromide

~-,X -chloro C+H7C1 126.6 | =39 179.3 | 1.100 1.5391 i

Benzyl chloride 1 5
-;C%-dichloro | ¢,H.C1, 161.0 | -16.4 | 205.2 | 1.2557!4/ 1.55027] 4

Benzal chloride

=, ~hydroxy C,H,0 108.1 | -15.3 | 205.4 11.0419 [1.5396 8

Benzyl alcohol

-,2-hydroxy C7H,0 108.1 | 30 191-2 | 1.0465 [1.4453 8

o-Cresol

=~, 3~hyd roxy 0, H,0 108.1 | 11.1 | 202.8 |1.0336 |1.5398 | §
m-Cresol

_ ,4-hydroxy C4H,0 108.1 | 34.8 | 201.9 |1.0347 [1.5395 | 5
p-Cresol

25~,2-nitro CLHNO, 137.1 | =2.9 | 220.4 [1.1629 |[1.544 i

o-Nitrotoluene

~,3-nitro Cj HNO, 137.1 | 15 232.6 |1.1571 |1.5466 i

m-Nitrotoluene '

~,4-nitro CHNO, 137, 151.7 | 238.3 11.299° | 1.5382" | 4

p-Nitrotoluene 18

Urea CoH,NA0 60.1 132.7 | 4 1,32 1.484 Vv

Carbamide
123.1 |152d |... |1.63 eee 5- nitrate CF,N,0, HNO,

- eoxalate CoH AND0 90, Hop, 210.2 173d eee 1 0585 eee 8
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VII. MISCELLANEOUS TOPICS

VII.1 Electronic Circuits

A few electronic circuits that are of general interest are given

in the accompanying diagram.

* Stedard Resistor Color Coding

1-Brown 6-Blue

2=Red 7-Violet

3-Orenge 8-Gray
4-Yelilow 9-Thite

5-Green 10-Black

A ~ first significant figure; B = second significant figure; C - number of

zeros following first two figures (If C is gold the multiplying factor is
0.1, in other words, the resistance is between 1 and 10-; If C is silver-

ed the miltiplying factor is 0.01); D = per cent tolerance (+): Gold 5%,

silver 10%, none 20%. Example: A= Brown; B- Black; C Red; resistance
value 1,000—L

* Standard Capacitor Color Codin

Color coding is similar to that of resistors (cap. values in
micro-micro farads Fd= pF.) In addition to the A, B, C, D bands (dots)
four other color bands (dots) may be used. ‘The significance of these are

as follows: & - third significant figure (old usage); F = D.C. working
voltage (in hundreds of volts for molded paper md molded mica capacitors);
G - overating characteristics; H - Temperature coefficient.

—P-ORP
Axial-lead resistor Radial-lead esistor

TANDARD COLOR DING FOR TOR

HABCD HABCD H tii F

(a)Amial jead (b) $- dot rachal (c)6-dot radial

HAB A

456 &
(d)S-dot disc (e)3-dot disc
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-REGULATED POWER SUPPLY( QUTPUT 300V AT 150 ma

T1

V

L 

100n:

230V + oe~s 8U4 om Bete, 1000}S1 G63 
vaw{ *¥Vv 

- ——6Kd 
one =} Output

1/2W3 
Sfin a. | o 0 i

L1 =8 henry 4Oma choke Pewy :
S1 =SPST Switch 

OB2(-,
tLT1=Power transformer OM fd ‘Tt

375 -0-375V 6Oma

63V 3Amp& 5V 3Amp

»$ IOOK

| > Pot
OB2 T

$43K

a? 357

HIGH VOLTAGE REGULATED POWER SUPPLY

(1200V DC)

300210W
VY VV ViV2Am

x] Se

& b beav 3Amp

+H}=a
+H

: | 82k
Tifa

470K s65
a/ WwW >
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VOLT BATTERY IMINAT

p 358

11

230V wv RTT 3
SR} | | $71R4 C1 C2

| Output,9 Volts

100n

T1 «Power transformer Primary 220V -230V

Sec 12V

C1,C2 s1000Afd 25VDC

Li:AF Choke 500 mh

Z1=Zener diode type [23 3A manufactured by

Trombay Atomic Energy Establishment , Bombay

SR4,SR2,SR3,SR4,=SR1O0- Mantd by Semiconductors

Poona - India

ISTORI iO AMPLIFIER

p82 K

AC1

Kn Io
Sat Output

250MWatt
K Iscale 500Ka BK

é
Su LOOMtd
6V 6V

- ——
T1,T2 Driver and output transformers GV Battery

Transistor Valen

Bharat
ElectroncsLtd = SemiconductorsLtd Philips

AC 125 2N363 0C71
AC 126 2N632 0C72

-PRE - AMPLIFIER.

22K—_ pee —0+ 250 -300Volts DC
Toon
$d 450V

5879 O47Mtd. 
Output600V ‘py
(Load 220K Minimum)

223 / 22MtdM 
600V

[25v



Electronic Circuits 
359

MPLIFIER CIRCUIT

+B 300V

T1

wee 20W
Input approx

330K
12AX7

12V rms 7K

MPLIFIER

ECCB2 E

ccse I Oo I50V DC
100K} E00K 1U0K3 25mi rt

—t NESI| a 2a 3470K ga70K — > ones
WK << , AAA 3 1

Var) \G on

os S p—| |--—4
nput 2 5 h

; $ , MiMn Mo) oO
teal 347K = 347K A acuust ® adjust $45 L by Output
tares 220K} £ Mn

82K on
we ©. 150VDC

THERMOSTAT RELAY

t $ To heater

; Relay

La UL41

2
31M

UL41 UL41 I }

20003 $2000

] 7

_____—-—@ To thermal
Ll «=CONtACtS

(Mercury contact

Thermometer, Toluene,
Mercury Regulator,

Bimetallic strips etc )
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DRAWING SYMBOLS IN ELECTRONICS

T WW
FERRITE ROD

ANTENNA LOOP ANTENNA DIPOLE ANTENNA ANTENNA

GROUND CHASSIS JOINED CONDUCTORS
CONDUCTORS NOT JOINED

Ue——— ——ne—

TERMINAL FUSE THER MOCOUPLE TWO-TERMINAL
JACK

o-—

2 —o ¢€fo——o— —e o—

SINGLE- POLE SINGLE-~ POLE DOUBLE- POLE DOUBLE-POLE
SINGLE-THROW DOUBLE-THROW SINGLE-THROW , DOUBLE-THROW
SWITCH (SPST) SWITCH (SPDT) SWITCH (DPST) SWITCH (DPDT)

e @e /* e i e {° pw i
e e e ee e

é /

SINGLE WAF o----—~— ~ER MULTIPLE WAFER FIXED RESISTOR ADJUSTABLE
RESISTOR

SELECTOR SWITCH SELECTOR SWITCH

mr
TAPPED RESISTOR THERMISTOR RHEOSTAT POTENTIOMETER

(1560) (H88) (rp) my)
AIR CORE IRON-CORE ADJUSTABLE . TAPPED INDUCTOR
INDUCTOR INDUCTOR INDUCTOR

AIR CORE VARIABLE CORE IRON CORE PUSH PULL
TRANSFORMER TRANSFORMER TRANSFORMER TRANSFORMER
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fe e 1 or

—e + '
POWER RELAY FIXED CAPACITOR ADJUSTABLE CAPACITOR
TRANSFORMER (P=PADDER T=TRIMMER)

|>

ELECTROLYTIC VARIABLE CAPACITOR =CAPACITOR GANGED VARIABLE COAXIAL CABLE
CAPACITOR (SINGLE)

+r gD a

TWIN COAXIAL CABLE SHIELDED COIL CRYSTAL DIODE OSCILLATOR CRYSTAL

—+— {HH oy
CONTACT RECTIFIER A.C. VOLTAGE SOURCE BATTERY PHOTOTUBE

DIODE ® DIODE TRIODE TETRODE
(DIRECTLY HEATED (INDIRECTLY HEATED
FILAMENT) CATHODE)

pS
ELECTRON RAY COLD CATHODE DIODE

PENTODE BEAM POWER INDICATOR TUBE (GAS FILLED)

TETRODE (MAGIC EYE)

De bz

we wy e C e Cr

b b Dy Dy
P-n-p TRANSISTOR n-p-n TRANSISTOR TETRODE TRANSISTOR PENTODE TRANSISTOR

e=EMITTER; b-BASE;

c-COLLECTOR
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VII.2 Sommon Logarithms

* Interpolation in this sestion of the table is inaccurate

Proportional Parts
N 0 1 2 3 4 5 6 7 8 9

1238 45 67 8 9

16; 0000 0043 0086 0128 0170 | 0212 0253 0294 0334 0374 |*4 8 12 17 21 25 290 33 37

11] 0414 0453 0492 0531 0569 | 0607 0645 0682 0719 0755! 4 8 11 15 19 23 26 30 34

12] 0792 0828 0864 0899 0934 | 0969 1004 1038 1072 1106| 3 7 10 14 17 21 24 28 31

13] 1139 1173 1206 1239 1271 | 1303 1335 1367 1399 1430] 3 6 10 13 16 19 23 26 29

14] 1461 1492 1523 1553 1584] 1614 1644 1673 1703 1732] 3 6 9 12 15 18 21 24 27

15] 1761 1790 1818 1847 1875 ] 1903 1931 1959 1987 2014/*3 6 811 14 17 20 22 25

16] 2041 2068 2095 2122 2148} 2175 2201 2227 2253 22791 3 58 811 13 16,18 21 24

17} 2304 2330 2355 2380 2405 | 2430 2455 2480 2504 2529} 2 § 7 10 12 15 17 20 22
18] 2553 2577 2601 2625 2648 | 2672 2695 2718 2742 2765] 2 6 7 9 12 14 16 19 21

19] 2788 2810 2833 2856 2878 | 2900 2923 2945 2967 2989] 2 4 7 911 13 16 18 20

20] 3010 3032 3054 3075 3096 | 3118 3139 3160 3181 3201] 2 4 6 8 11 13 15 17 19

21} 3222 3243 3263 3284 3304 | 3324 3345 3365 3385 3404] 2 4 6 8 10 12 14 16 18

22) 3424 3444 3464 3483 3502 ] 3522 3541 3560 3579 3598 | 2 4 6 810 12 14 15 17

231 3617 3636 8655 3674 3602 | 3711 3729 3747 3766 3784| 2 4 3 7 911 13 15 17

24} 3802 3820 3838 3856 3874 | 3892 3909 3927 3945 3962] 2 4 5 7 911 12 14 16

25} 3979 3997 4014 4031 4048 | 4065 4082 4099 4116 41383} 2 3 § 7 9 10 12 14 15

26{ 4150 4166 4183 4200 4216 | 4232 4249 4265 4281 4208] 2 3 5 7 81011 13 15

27{ 4314 4330 4346 4362 4378 | 4393 4409 4425 4440 4456! 2 3 § 6 8 911183 14

28) 4472 4487 4502 4518 4533 | 4548 4564 4579 4594 4609 | 2 3 5 6 8 911 12 14

29| 4624 4639 4654 4669 4683 | 4608 4713 4728 4742 4757} 1 3 4 6 7 910-12 13

830} 4771 4786 4800 4814 4829 | 4843 4857 4871 4886 4900] 1 3 4 “6 7 91011 13
81] 4914 4928 4942 4955 4969 | 4983 4997 5011 5024 6038[| 13 4 6 7 81011 12

32] 5051 5065 5079 5092 5105 | 5119 5132 5145 6159 5172}1 3 4 5 7 8 911 123

381 5185 5198 5211 5224 5237 | 5250 5263 5276 5289 5302113 4 6 6 8 91013
34] 5315 5328 5340 8353 5366 | 5378 5391 5403 5416 5428} 1 3 45 6 8 91011

35] 5441 5453 5465 5478 5490 | 5502 5514 5527 5539 5551/12 45 67 91011
86) 5563 5575 5587 5599 5611 | 5623 5635 5647 5658 5670112 45 6 7 81011

371 5682 5694 5705 5717 5729 | 5740 5752 6763 5775 5786112 3 5 6 7 8 910
88) 5798 5809 5821 5832 5843 | 5855 5866 5877 5888 5899/12 3 5 6 7 8 910
39} 5911 5922 5933 5944 5955 | 5966 5977 5988 5999 6010| 12 3 4 5 7 & 910

40} 6021 6031 6042 6053 6064 | 6075 6085 6096 6107 611711 2 3 4 5&5 6 8 910

41] 6128 6138 6149 6160 6170 | 6180 6191 6201 6212 6222112 3 465 697 8 9
42] 6232 6243 6253 6263 6274 | 6284 6294 6304 6314 6325112 3 45 67 8 9

43] 6335 6345 6355 6365 6375 | 6385 6395 6405 6415 6428} 12 3 4656 697 8 9

44] 6435 6444 6454 6464 6474 | 6484 6493 6503 6513 6622; 123 465 67 8 9

45) 6532 6542 6551 6561 6571 | 6580 6590 6599 6609 6618; 1 2 3 45 678 9
46| 6628 6637 6646 6656 6665 | 6675 6684 6693 6702 6712} 123 45 677 8
47{ 6721 6730 6739 6749 6758 | 6767 6776 6785 6794 6803/12 3 4656 6 6 7 8

48} 6812 6821 6830 6839 6848 |} 6857 6866 6875 6884 6893} 1 2 3 4 6 5 6 7 8
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Subject Index (v)

SUBJECT INDEX

ABSOLUTE CONFIGURATION, 328

Absolute rate theory, 140

Acoustics, 92-94

Actinides, 229, 294

Activation energy, 140

Activity, 134, 136

Acyloin condensation, 319

Addition reaction, 315, 316, 319

Aldol condensation, 319

Algebra, {m8

Algebraic equations, 4

series, 3

Allotropic forms of elements, 277

Alloys, 294

Alternant hydrocarbons, 212

Ambident ions, 328

Ampere's law, 100

Amperometric titration, 303

Analytic geometry, 16-20

Anchimeric assistance, 328

Angular momentum, 86

operator, 190

Antibonding Wolecular orbitals, 213

Antiferromagnetism, 105

Armndt-Eistert @ynthesis, 319

Arrhenius theory, 135

Astigmatism, 109

Asymmetric compounds, 329

Asymmetric synthesis, 329

Astronomical constants, 92

Atomic orbitals, 193, 196, 199, 212

Atomic radii, 209

Atomic spectra, 204

Atomic weights of elements, 273-277

Autoxidation, 329

Avogadro's principle, 118

Axial bonds, 329

BACK BONDING, 294

Badger's rule, 258

Balmer series, 205
Barbier-Wieland degradation, 32C

Bathochromic shift, 255

Baeyer-Villiger oxidation, 320

Beats, 94

Beckmann rearrangement, 320

Berthelot equation, 118

Bessel functions, 25, 77

Binomial distribution, 28

Binomial series, 5

Birch reduction, 320

Boat conformation, 329

Bohr model, 205

Bohr-Sommerfeld model, 205

Boiling point, 120

correction, 153

of inorganic compounds, 278, 293

of organic compounds, 342-355
Born-Haber cycle, 125

Bose-Einstein statistics, 143

Boltzmann distribution, 119, 142, 265

Bouevault-Blane reduction, 321

Boyle's law, 118

Brackett series, 205

Bragg equation, 122

Bravais lattices, 121

Bredt's rule, 329

Brewster's law, 115

Brom hydroboration, 321

Bulk modulus, 91

CAGE EFFECT, 329

Calculas, 34-58

Capacitance, 99

Capacitor colour coding, 356

Capacitors, 100

Carbanion, 313

Carbenes, 313

Carbonium ion, 313

Carnot cycle, 128

Cartesian coordinates, a6

Catenation, 294

Cauchy integral theorem, 23

Chair conformation, 329

Character tables, 244=251

Charge transfer complexes, 213, 330

Charles' law, 118

Chemical equilibrium, 134

Chemical potential, 130

Chemical shift, 267

Chemical shift data, 269

Chromatography, 304
Bensil-Bensilio acid rearrengement, 320 Chyomophore, 254
Bensoin condensation, 320

Bernoullis numbers, 3
Beer's Law, 252, 302

Girele, 14, 18

Circuits, electronic, 356-359

Cannisaro Reaction, 321

Ghelate Compounds, 294



(vi) Subject Index

Circular functions, 13

Clathrate compounds, 294

Clausius-Clapeyron equations, 131

Commutation reactions, 190

Complex numbers, 4

Complex variables, 23-25

Computers, 32

Computer centers, 52

Conductimetry, 303

Conductivity tensor, 99

Conductors, 97, 123

Configuration interaction, 213

Conic, 18

Conjugate points, 107

Conservation of energy, 87

momentum, 86

Conversion factors, 8&2

Coordination compounds, 295

Coordination number, 124, 295

Correlation energy, 201

Correlation diagram, 213

Coulometry, 303

Coulomb integrals, 214

Covalent bond, 714, Covalent radii, 228

Critical constants, 118, 157

Crystal systems, 121

Crystal structures, 170

Cube roots of numbers, 60

Cubes of numbers, 60

Curie temperature, 105

Curie-Weiss law, 105

DALTON'S LAW, 118

Debye-Hiickel theory, 135, 137

De Broglie relation, 205

Definite integrals, 53-58

Degrees-Radians, 70

Delocalization energy, 214

Density of air and H50, 148

of elements, 273-277

of organic compounds, 342-355

Determinants, 6

Diamagnestism, 104

Diastereoisomers, 330

Dieckmann cyclization, 322

Dielectric constmts, 99, 169
Diels-Alder reaction, 322

Differentials, 34

Differential thermal analysis, 304

Diffraction, 114

Digonal hybrid, 236

Dimensions, 82

Directed orbitals, 214-236

Dislocations, 124

Dissociation constants, 137, 163

Dissociation energy, 214

Doppler effect, 94

Double bond character, 330

Dreisbach method, 153

Drying agents, 153

ECLIPSED CONFORMATION, 330

Elastic constants, 91, 171

Electricity, 96-103

Electrochemical cells, 138

Electrochemistry, 135-139
Blectrode potentials, 138, 162

Electromagnetic spectrum, 110

Electronegativity, 214, 228

Electron affinity, 212

Electron deficient compounds, 295

Electronic circuits, 356-359

Electronic configuration of atoms,

202=204

Electron spin angular momentum, 191

Electron spin resonance, 252, 271

Electron volt, 204

Electrostatics, 96
Elimination reactions, 317-318

Ellipse, 15, 19

Elliptic integrals, 27, 76

Emission spectroscopy, 302

Enantiomers, 331

Energy units, 204

Enthalphy, 126

Entropy, 129, 131, 134
Entropy data, 172-181

Equatorial bonds, 329

Equivalent orbitals, 215

Expectation value, 189

Exponential expressions, 49

Exponential functions, 72

Exponential series, 5

PARADAY'S LAW, 135, 303

Favorski rearrangement, 322

Fermat's principle, 106

Fermi-contact interaction, 207

Permi-Dirac statistica, 143

Fermi resonance, 40

Perromagnétism, 105
Fine structure constant, 205

Finger print region, 260

Fixed points (temp), 145
Plame photometry, 303

Fluorimetry, 302

Force, 86

Fraunhofer diffractions, 114

Fraunhofer lines, 110

Free electron model, 223



Subject Index

Free energy, 129, 134, 143

Free energy data, 172-181

Free radicals, 313

Fresnel diffraction, 114

Freezing mixtures, 146

Freezing point depression, 134

Friction, 92

Friedel-Crafts reaction, 323

F-Strain, 331

Nel otest, 30

Fugacity, 134

Functional group tests, 338

GAS CONSTANT, 118

Gattermann-Koch reaction, 323

Gauche conformation, 331

Gaussian convention, 107

Gaussian distribution, 28

Gerade, 221

Gsometrical isomerism, 331

Graham's law, 119

Gravimetric analysis, 500

Gravimetric factor, 301

Green's theorem, 22

Grignard reaction, 323

Gyromagnetic ratio, 265

HAMMETT EQUATION, 331

Hammet sigma, 336

Hannay-Smyth expression for ionic

character, 230

Harmonic oscillator, 192

Hartree-Fock method, 201

Heat, 95-96

Heat capacities, 126

crystals, 125

data, 172-181, 187

Heats of atomization, 182

Heats of combustion, 182

Heats of evaporation, 182

Heats of formation, 172-181

of ions, 185

Heats of fusion, 182

Heats of neutralization, 187

Heats of solution, 186

Heisenberg exchange coupling, 105

Heitler-London-Slater-Pauling

function, 219

Hell-Volhard-Zelinsky reaction, 323

Henry's law, 133

Hermite polynomials, 193

Hindered rotation, 254

Hofmann degradation, 324

Hofmann's rule, 332

Isobars, 295

(vii)

Huisgen reaction, 324

Hunsdiecker reaction, 324

Huckel energy levels of

systems, 223, 328

M.O. delocalization energy, 226

Hund's rule, 206

Huygen's principle, 111

Hybridization, 215, 240

Hydroboration, 321

Hydrogen atom, energy levels, 197

Hydrogen bond, 215, 260

Hyperbola, 19

Hyperbolic functions, 12, 72

Hyperchromic shift, 255

Hyperconjugation, 215, 332

Hypsochromic shift, 255

IDEAL GAS LAW, 118

Indefinite integrals, 35-52

Indicators, 165

Inductance, 101

Inductive effect, 332

Infrared spectroscopy, 259

Inhibitors, 332

Insulators, 97, 123

Integral tables, 35-58

Interference, 110

Ionic crystals, 124

Ionic strength, 138

Ionization constants, 163

JAHN-TELLER EFFECT, 216

Joule's law, 98

Joule-Thompson coefficient, 127

J-Values for protons, 270

LAGUERRE POLYNOMIAIS, 194

Langevin's formula, 104

Lengmuir's isotherm, 141

Lanthanides, 229, 296

Lanthanide contraction, 296

Laplace's equation, 98

Larmor frequency, 207

Larmor preccession, 265

Latent heats, 182

Lattice energy, 184

Lattice parameters, 122

LCA=M0, 216

I-C-R circuit, 101

Least squares, 30

Legendre polynomials, 26, 194

Lenz's law, 101

Lewis acids and bases, 333

Ligand field thoery, 224

logarithamic expressions, 49

laws, 3
series, 5

tables, 362, 363



(wiit)

Tlorents gauge, 103

Iorents-Lorenz equation, 169, 234

Lossen rearrangement, 325

Lyman series, 205

MADELUNG CONSTANT, 124

Magnetic anisotropy, 267
Magnetic induction, 100

Magnetic moments, 268

Magnetic susceptibility data, 160

Magnetism, 103

Mannich reaction, 325

Markownikoff's rule, 333

Malue's law, 115

Mass spectrometry, 304

Maximum overlap criterion, 217

Maxwell's equations, 102, 130

Mean deviation, 28

Mean free path, 119

Mechanics, &-92

Meerwein-Pondorf-Verley reduction, 325

Melting points of elements, 273-277
of inorganic compounds,

278-293

of organic compounds,

342-353

Mensuration, 8-16

Meso form, 333

Michael addition, 325

Microscopic reversibility, 333

Microwave spectroscopy, 264
Miller indices, 120

Molecular orbitals, 216

Molecular orbital theory, 222

Molecular refraction, 169

Molecular shapes, 241-243

Molecular spectroscopy, 252

Momentus, 86

Moments of inertia, 89

Morse functions, 258

Mutarotation, 333

NAME REACTIONS, 319

Nephelometry, 302

Newman projection, 331

Newtonian convention, 107

Newton's laws of motion, 88

Nodal points, 107

Nomenclature (organic), 306
Nonalternant hydrocarbons, 212

Non-bonding molecular orbital, 216

Nuclear magnetic resonance, 252, 265

Numerical integration, 31

OCTANE NUMBER, 333

Subject Index

Octet rule, 296

One-electron bond, 216

Ohm's law, 98

Operator, 189

Oppenauer oxidation, 326

Optical activity, 116, 333
Optical centre, 107

Optics, 106

Optical rotatory dispersion, 334
Order of reaction, 139

Organic reactions, 313

Overlap integral, 216

Oxidation number, 296
Oxidation potential, 296

PARABOLA, 19

Parallelaxis theorem, 90

Parallelogram, 14

Paramagnetism, 103

Paraxial ray theory, 108

Partial molar quantities, 132

Particle in a box, 191

Partition functions, 143

Paschen-Back coefficient, 207

Pauli exclusion principle, 219, 220

Perfect pairing approximation, 217

Periodic table, 305

Perkin reaction, 326

Perpendicular axis theorem, 90

Phase equilibria, 332

Phase rule, 130

pH, 138.

PK, 158
Plenck=-Bohr relation, 106

Planck constant, 204

Point defects, 123

Poisson distribution, 28

Poisson ratio, 92

Polar coordinates, 16

Polarizability, 233

of atoms, 234

of ions, 234

of molecules, 234

of bonds, 235

Polarized light, 115

Polarography, 303

Polymers, 141, 334

thermoplastic, 335

thermosetting, 335

Polynomials, 26

Polynting's theorem, 103

Potentiometry, 303



Subject Index

Potentiometric titrations, 303

p-P-P method, 217
Principal points, 107

Prism, 16

Probability, 28, 143
Probable error, 29

Probability function, 78

Properties of

elements, 273-277

inorganic compounds, 273-293

organic compounds, 342-355

Prototropy, 334

Pyramid, 16

QUADRATIC EQUATIONS, 4

Quadrupole moments, 264

Quadrupole resonance, 252

Qualitative analysis,

inorganic, 299

organic, 337

Quantitative analysis,

inorganic, 300

organic, 339-341, 337
Quantum mechanics, 189

RACEMIZATION, 534

Radians-degrees, 70

Radioactivity, 297, 304

Radius ratio, 124

Raman effect, 252

Raoult's law, 133

Ratios and propdrtions, 2
Reaction intermediate, 313

Rectangle, 14

Rectangular parallopiped, 16

Reformatsky reaction, 326

Refractive index, 106

of liquids, 160, 169

or organic compounds, 342-355

Regulay polygon, 14

Reimer-Tieman reaction, 326

Relativity, 116

Relaxation, 265

Resistance colour coding, 356

Resonance, 217, 334

Resonance energy, 217

Resonance integral, 217

Re value, 334

Rigidity modulus, 91
Rigid rotator, 192
Ritz-Paschen series, 205

Rosenmund reduction, 326

Rotational-vibrational spectra, 25

Rumer diagram, 219

Rydberg, 205

(ix)

SANDMAYER REACTION, 327

Schieman reaction, 327

Schmidt rearrangement, 327

Schotten-Bauman reaction, 327

Schrodinger equation, 193

Semiconductors, 123

Secular determinant, 217

Self-consistent field, 201

Shear modulus, 91

Shielding constant, 266

Shomaker-Stevenson equation, 229

Simple harmonic motion, 88

Sinusoidal wave, 93

Slater determinants, 200

Slater orbitals, 199

Slater rules for 8, 200

Solubility constants, 167

Solubility products, 165

Space lattice, 120

Specific heat, 96

Specific gravity of air, 148

Specific refraction, 169

Sphere, 16

Spin coupling, 267

Spin multiplicity, 206

Sound velocity, 92, 94

Squares of numbers, 60

Square roots of numbers, 60

Standard deviation, 28

Stark effect, 207, 224, 231, 264

Statistics, 28-30

Statistical mechanics, 142

Stirling's formla, 8

Stobbe condensation, 327

Stoke's theorem, 22

Straight line, 17

Substitution reaction, 314, 315, 318

Substituent constants, 336

Surface chemistry, 141

Surface tension, 120, 158

Symmetry point groups, 244

examples, 251

TAU BOND, 218

Tautomerism, 335

Temperature, 95

fixed points, 145

ideal gas, 95

Term symbols, 206

Thermal conductivity, 96

of metals, 154

of solids, 155

of liquids, 156

of gases and vapours, 156



(x)

Thermal expansion, 95

coefficients, 95, 154

Thermochemistry, 127

Thermochemical data, 172-181

Thermochromism, 335

Thermocouple calibration, 147

Thermodynamics, 126-134

Thermodynamic control, 335

Thermogravimetric analysis, 304

Three-center bond, 218

Three-electron bond, 218

Torque, 91

Transcendental equations, 32

Transition states, 335

Transport numbers, 136

Trapezoid, 14

Triangle, 14

- Prigonal hybrid, 236

Trigonometry, 8-16

frigonometric series, 13

expressions, 45-49

functions, 71

"t* Test, 30

Tunnelling, 191

ULIMANN REACTION, 327

Ultraviolet spectroscopy, 252

data, 255-257

Uncertainty principle, 190

Ungerade, 221

Units, 82

of energy, 204

Unit cell, 120

Unstable molecules, 313

VALENCE BOND THEORY, 219

van der Waals' constants, 157

van der Waals' equation, 118

Vapour pressure, 120

of substances, 148-153

of ice, 152

of water, 152

of mercury, 152

Vectors, 20-23

Veator algebra, 20

Vector calculus, 21

Velocity of light, 116, 204

Vibrating string, 93

Viscosity, 119

of vapours and gases, 159

of water, 160

of solutions, 159-160

of liquids, 159

Voltametry, 305

Subject Index

Volumetric analveis, 301

WALDEN INVERSION, 336

Wave function (hydrogenio) .194, 197

Wave number, 204

Weiss field, 105

Wide-line NMR, 266

Wolff-Kishner reduction, 328

X-RAY

Absorption analysis, 303

diffraction analysis, 303

emission analysis, 303

scattering, 123

spectra, 207

YOUNG'S MODULUS, 91

ZEEMAN EFFECT, 265

Zero-point energy, 192

Zwitterion, 336.



Other Important East-West Editions of Interest

CHEMISTRY AND CHEMICAL ENGINEERING

Dryden Outlines of Chemical Technology

Ferguson Textbook of Organic Chemistry, 2nd edn.

Glasstone Thermodynamics for Chemists

Glasstone Introduction to Electrochemistry

Hesse Process Equipment Design

Margenau Mathematics of Physics & Chemistry

Rao &

Agarwala Experiments in General Chemistry (Paper)

Willard Instrumental Methods of Analysis, 4th edn.

MATHEMATICS-STATISTICS

Band Introduction to Mathematical Physics

Borg Matrix-Tensor Methods in Continuum Mechanics

Cohen The Structure of the Real Number System

Fuller Intermediate Algebra For Colleges

Halmos Rjnite Dimensional Vector Spaces

Halmos Measure Theory Se

Jacobson Lectures in Abstract Algebra, 3 Vols.

Katz Introduction to the Special Theory of Relativity
Keeping Introduction to Statistical Inference

Kelley Introduction to Modern Algebra

Kenney &

Keeping Mathematics of Statistics, 2 Vols.

Margenau Mathematics of Physics & Chemistry
Rosander Elementary Principles of Statistics
Stewart Introduction to Linear Algebra
Wayland Differential Equations Applied in Science & Engineering

ENGINEERING

Giedt Principles of Engineering Heat Transfer
Heitner Automotive Mechanics
Hunt Shop Tools: Care & Repair
Housner &

Hudson Applied Mechanics, 2nd edn., 2 Vols


