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X. INTRODUCTION

E le c t r i c  d ip o le  moment d a ta  p ro v id e  im p o rta n t in fo rm a tio n  in  

s t r u c t u r a l  o h e m is try . Combined w ith  o th e r  s t r u c t u r a l  d a ta ,  d ip o le  

moments p ro v id e  in fo rm a tio n  co n ce rn in g  th e  shape o f  m o lecu les  and th e  

bond a n g le s ,  a s  w e ll a s  d e t a i l s  o f  th e  e le c t r o n ic  s t r u c tu r e s  o f  m ole­

c u le s  such  a s  io n ic - c o v a le n t  bond reso n an ce  and resonance  among 

v a len ce -b o n d  s t r u c t u r e s .

B ecause o f  th e  h ig h  r e a c t i v i t y  and g e n e ra l n a tu re  o f  th e  ha logen  

f l u o r i d e s ,  v e ry  l i t t l e  work had been  done w ith  them b e fo re  19U6. The 

d ip o le  moments o f  o n ly  two o f  th e s e  compounds, c h lo r in e  m onogluoride 

and c h lo r in e  t r i f l u o r i d e ,  had been  m easured d i r e c t l y  a t  microwave 

f r e q u e n c ie s ,  and none had been m easured a t  r a d io  f r e q u e n c ie s .

As a  r e s u l t  o f  th e  p re s e n t  i n t e r e s t  i n  fT u o rin e  c h e m is try , b o th  

i n  in d u s try  and in  th e  governm ent, many ha logen  f l u o r id e s ,  f lu o ro c a rb o n s , 

and f lu o ro c a rb o n  d e r iv a t iv e s  a re  now a v a i la b le  f o r  s tu d y . The d ip o le  

moments o f  s e v e r a l  o f th e s e  compounds were m easured in  th e  vapor p h a s e . 

Equipment was b u i l t  w ith  which to  c a r ry  o u t th e s e  m easurem ents, b o th  

on compounds t h a t  p o sse s s  s u f f i c i e n t  vapor p re s s u re  a t  room te m p e ra tu re , 

and on compounds t h a t  b o i l  c o n s id e ra b ly  above room te m p e ra tu re . S p e c ia l 

m ethods f o r  h a n d lin g  and p u r ify in g  th e  ha logen  f lu o r id e s  have been de­

v e lo p ed  and a d d i t io n a l  equipm ent c o n s tru c te d  w ith  which t h e i r  d ip o le  

moments c o u ld  be d e te rm in ed .
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The d a ta  th u s  o b ta in e d  shed f u r t h e r  l i g h t  on th e  m o le cu la r s t r u c ­

t u r e s  o f  th e  ha lo g en  f lu o r id e s  and f lu o ro c a rb o n  d e r iv a t iv e s  s tu d ie d  

i n  t h i s  i n v e s t i g a t io n .
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I I .  HISTORICAL REVIEW 

I n t e r h a l  o gens

An e x c e lle n t;  summary o f th e  chem ical and p h y s ic a l  p r o p e r t i e s  o f  

th e  h a lo g en  f lu o r id e s  h a s  been p re s e n te d  by Thompson i l )  . Booth and 

P in k s to n  h a re  w r i t te n  a  c h a p te r  on th e  h a lo g en  f lu o r id e s  i n  th e  book 

F lu o r in e  C hem istry  ^2) , and s e v e r a l  rev ie w  a r t i c l e s  on th e  c h em is try  

and p h y s ic a l  p r o p e r t i e s  o f  th e s e  compounds have appeared  (3 ,i i ,S )  .

R e la t iv e ly  few  d i r e c t  m easurem ents o f  th e  e l e c t r i c  moments o f  th e  

in te rh a lo g e n  compounds, e s p e c ia l ly  th e  ha logen  f l u o r i d e s ,  have been  

r e p o r t e d .  T h is  i s  due t o  t h e i r  h ig h  r e a c t i v i t y ,  d i f f i c u l t i e s  i n  hand­

l i n g  and p u r i f i c a t i o n ,  and la c k  o f  a v a i l a b i l i t y .

The f i r s t  d ip o le  moment o f  an  in te rh a lo g e n  compound was o b ta in e d  

by Townes (6 ) who r e p o r te d  a moment o f  0 ,6 5  D f o r  io d in e  m onoch leride  

from microwave s t u d i e s . G i lb e r t  and R o b e rts  C7) o b ta in e d  a moment of 

0 ,8 8 1  D f o r  c h lo r in e  m o n o flu o rid e , th e  f i r s t  ha logen  f lu o r id e  to  be 

m easu red . T h is  r e s u l t  was o b ta in e d  from microwave d a ta ,  as was th e  

moment o f  1 ,2 9  D f o r  bromine m onofluo ride  re p o r te d  by  S a i th ,  T id w e ll 

and W illiam s id )  . Sheka ^9) r e p o r te d  th e  d ip o le  moment o f  io d in e  mono- 

brom ide to  be 1 ,2 1  D from d i e l e c t r i c  c o n s ta n t  and d e n s i ty  d a ta  o f 

s o lu t io n s  o f  io d in e  raonobrood.de in  b rom ine . A v a lu e  o f  0 ,6  D f o r  th e  

moment o f brom ine m onochloride was e s tim a te d  by F ro h lic h  and J o s t  (10) 

from d i e l e c t r i c  c o n s ta n t  m easurem ents in  th e  l iq u id  s t a t e  a t  d i f f e r e n t
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te m p e ra tu r0 3 . C h lo r in e  t r i f l u o r i d e ,  a cc o rd in g  to  Hagnuaon (1 1 ) ,  has a 

moment o f  0.55U D a t  microwave fre q u e n c ie s*

The s t r u c tu r e s  o f  th e  in te rh a lo g e n  compounds have been  s tu d ie d  by- 

e le c t r o n  d i f f r a c t i o n ,  in f r a r e d  and Raman s p e c tro sc o p y , and c r y s t a l  

s t r u c tu r e  m ethods. The r e s u l t s  o f  some o f  th e s e  s tu d ie s  a re  summ arised 

i n  T ab le  I .

F lu o ro c  arbons

Between 1900 and 1925 th e  fo u n d a tio n s  o f  m odern o rg an ic  f lu o r in e  

c h e m is try  were l a i d  by th e  B e lg ia n  ch em ist S w art* . He d ev ised  g e n e ra l 

m ethods f o r  th e  p re p a ra t io n  o f  f lu o r in e  compounds, and i t  was h i s  work 

wiiich re n d e re d  p o s s ib l e ,  a b o u t 1930, th e  com m ercial a p p l ic a t io n  o f  

a l i p h a t i c  po ly fluorohalocom pounds as r e f r i g e r a n t s . D uring  th e  p a s t  

tw e n ty  y e a rs  B igelow  ( 2 , l i i ) ,  Cady and Simons (2 ) developed  m ethods f o r  

th e  c o n tr o l le d  i n t e r a c t io n  o f f lu o r in e  w ith  o rg an ic  compounds, r e s u l t i n g  

in  th e  s y n th e s is  o f  a  la r g e  number o f  members o f  a  new c la s s  o f  compounds, 

th e  f lu o ro c a rb o n s .

P h y s ic a l  p r o p e r t i e s * F lu o ro carb o n s hav ing  m o le cu la r w eigh ts l e s s  th an  

p e rf lu o ro b u ta n e  have h ig h e r  b o i l in g  p o in ts  th a n  hydrocarbons w ith  th e  

same carbon  s t r u c tu r e ;  f o r  th o se  w ith  h ig h e r  m o le cu la r w eigh ts th e  

r e v e r s e  i s  t r u e  (2 )  . F lu o ro carb o n s a re  much more v o l a t i l e  th a n  hydro­

ca rb o n s o f  th e  same m o le c u la r  w e ig h t; th u s  perfluo rom ethane  w ith  m ole­

c u la r  w eight 88 b o i l s  a t  -128°C , w h ile  hexane , m o le cu la r  w eigh t 8 6 , b o i l s  

a t  69°C . F lu o ro ca rb o n s b o i l  o n ly  s l i g h t l y  h ig h e r  th a n  th e  nob le  gases



TABLE I

STRUCTURAL DATA FOR SOME OF THE INTERHALOGEN COMPOUNDS

Compound
D ipole
Moment

Bond
D is ta n ce C o n fig u ra tio n R eference

C1F 0 .8 8  D 1 .6 2 8  A — 7

a=1 .698

b -1 .598 
0 - 87°  29*

a a
. m  _ tp

C1F3 0.55U
r ■ t L rX  I'

e " u
F

p la n a r

12

BrF 1 ,2 9 1 .7 5  9 —— 8

13
BrF3 ----- 1 .7 8

r  —

I

r

i*

IC1 0.63' 2 .303
p la n a r?

15

IB r 1 .2 1 ----- 9

BrCl 0 .6 __ — 10
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o f  s im i la r  m o le c u la r  w e ig h t. T h is f a c t  em phasises th e  low in te n n o le c u -  

l a r  a t t r a c t i v e  fo rc e s  o f  th e  f lu o ro c a rb o n s .

As i s  3hown i n  T ab le  1 1 , a  com parison o f  m e ltin g  p o in ts  o f  s a tu ­

r a t e d  f lu o ro c a rb o n s  w ith  th o se  o f  s a tu r a te d  ly d ro ca rb o n s  w ith  th e  same 

ca rb o n  s k e le to n  shows t h a t  th e  f lu o ro c a rb o n s  have h ig h e r  m e ltin g  

p o i n t s .

T ab le  I I  shows t h a t  a  f lu o ro c a rb o n  h as a d e n s i ty  abou t tw ice  t h a t  

o f  th e  p a re n t  h y d ro ca rb o n . The r a t e  o f change o f  d e n s i ty  w ith  tem pera­

t u r e  i s  ab o u t th r e e  t im e s  t h a t  f o r  h y d ro c a rb o n s . L ike th e  d e n s i ty ,  

th e  v i s c o s i ty  and te m p e ra tu re  c o e f f i c i e n t  o f  v i s c o s i ty  a re  a p p re c ia b ly  

h ig h e r  th a n  th o se  f o r  h y d ro ca rb o n s .

T h e ir  s u r f a c e  te n s io n s  a re  ex trem e ly  low , f a r  low er th a n  th o s e  

o f  th e  c o rre sp o n d in g  h y d ro ca rb o n s , and in c lu d e  th e  lo w e st v a lu e s  re c o rd e d . 

T h is  i s  a n o th e r  r e s u l t  o f  th e  low in te rm o le c u la r  fo rc e s  p r e s e n t .

As in d ic a te d  in  T ab le  X I, f lu o ro c a rb o n s  have v e ry  low  r e f r a c t i v e  

in d ic e s ,  low er th a n  th o se  o f  any o th e r  known ty p e  o f  compound. The 

atom ic r e f r a c t i v i t y  o f  th e  f lu o r in e  atom v a r ie s  w ith  th e  ty p e  o f  com­

pound; f o r  a l i p h a t i c  m o n o flu o rid es i t  i s  0 .9 5 ,  and f o r  p e r  f lu o ro c a rb o n s  

i s  i s  1 .2 3  to  1 .2 5 . L ik e w ise , t h e i r  d i e l e c t r i c  c o n s ta n ts  a re  somewhat 

low er th a n  th o se  o f  th e  co rre sp o n d in g  s a tu r a te d  h y d ro ca rb o n s.

T h e ir  d iam ag n e tic  s u s c e p t i b i l i t i e s  a re  abnorm ally  low and th e  lo w est 

u l t r a s o n ic  v e lo c i ty  y e t  m easured in  l iq u id s  a t  norm al te m p e ra tu re s  has 

been  re c o rd e d  i n  p e r f lu o ro h e p ta n e .

The f lu o ro c a rb o n s  a re  p r a c t i c a l l y  in s o lu b le  i n  w a te r , anhydrous 

hydrogen f l u o r i d e ,  and h y d ro x y lic  o rg an ic  s o lv e n ts .  T h is  l a s t  f a c t  has
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TABLE XI

COMPARISON OF SOME PHYSICAL PROPERTIES OF 
FLUOROCARBONS AND HYDROCARBONS

Compound
B o ilin g

P o in t
M e ltin g

P o in t
D e n s ity ,

g /m l
R e f ra c t iv e

Index
D ie le c t r ic  
C o n s ta n t( 20°C)

c f4 -12 8°C -18U°C 1 .6 2  (-130°C ) ----- -----

ch4 -161 -186 0 .6 1 5  (.-166) ----- -----

CaF6 -7 8 .3 -100 1 .2 9 1  (.-100) -----

CaHs -8 8 .3 -172 0 .5 6 1  (.-100) ----- -----

+29.3 -1 2 5 .6 1 .695  (+20) 1.2U5 1 .68

n—CgHi«j 36 .2 -1 3 1 .5 O .626  ( 20) 1 .3570 1 .828

n-C7F 15 82.1* 1 .7 3 3  (20) 1.2618 1 .765

11-C7R15 9 8 .5 0 .6 8 6  (20) 1.3867 1.971
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been  u t i l i s e d  i n  t h e i r  p u r i f i c a t i o n ,  s in c e  a lc o h o l e x t r a c t io n  rem oves 

much o f  th e  p a r t l y - f lu o r i n a t e d  m a t e r i a l . F lu o ro ca rb o n s a re  s l i g h t l y  

s o lu b le  i n  hydrocarbons and somewhat more s o lu b le  i n  e th n s  and c h lo ro -  

ca rb o n s *

S in ce  th e  f lu o ro c a rb o n s  a re  c h e m ic a lly  i n e r t ,  t h e i r  p h y s ic a l  

p r o p e r t i e s  have b een  u t i l i s e d  f o r  p u r i ty  d e te rm in a tio n s .  A n a ly s is  by 

in f r a r e d  m ethods i s  v e ry  u s e f u l  s in c e  th e  p re sen c e  of isom ers can  be 

d e te c te d .  T h is  i s  im p o rta n t s in c e  m aiy o f  th e  isom ers have e s s e n t i a l l y  

th e  same b o i l in g  p o i n t s .  D e te rm in a tio n s  o f d i e l e c t r i c  c o n s ta n ts  a re  

a ls o  v a lu a b le  as a  means o f  check ing  p u r i ty  (16) .

A com parison  o f  some o f  th e  p h y s ic a l  p r o p e r t i e s  o f  th e  f lu o ro c a r ­

bons and th e  hydrocarbons i s  g iv en  i n  T ab le  I I .  A more com plete l i s t  

o f  th e  p r in c ip a l  p h y s ic a l  p r o p e r t i e s  o f  th e  known f lu o ro c a rb o n s  and a  

more tho rough  d is c u s s io n  o f  them has b een  p re se n te d  by  B ric e  (2 ) , and 

by H a sse ld in e  and Sharpe (17 ) .

M o lecu la r p r o p e r t i e s . D e te rm in a tio n s  o f  bond d is ta n c e s  in  f lu o ro c a rb o n s

have r e s u l te d  i n  a  v a r ie ty  o f  v a lu e s  f o r  th e  C-F and C-C b o n d s. I t

a p p e a rs  c e r t a i n  t h a t  th e  C-F bond d is ta n c e  i s  n o t n e c e s s a r i ly  th e  same
o o

i n  d i f f e r e n t  m o le c u le s . V alues o f  1 .33  A to  1 .3 8  A have been re p o r te d

f o r  th e  bond d is ta n c e  i n  th r e e  sim ple  f lu o ro e th a n e s . In  many c a s e s ,

s e r io u s  d is c re p a n c ie s  e x i s t  i n  th e  v a lu e s  r e p o r te d  f o r  th e  C-C bond
o o

d i s t a n c e .  V alues from 1.1*6 A (18) to  1 .5 2  A (2 ) have been r e p o r te d ,
Q

w h ile  th e  u s u a l  v a lu e  i n  a l i p h a t i c  hydrocarbons i s  1 .5 5  A. A l i s t  o f 

bond d i s t a n c e s ,  bond a n g le s ,  and bond e n e rg ie s  o f  some sim p le  f lu o ro c a rb o n s
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i s  p re s e n te d  i n  T ab le  H I .  A more e x te n s iv e  t a b le  o f  bond d is ta n c e s  

and bond a n g le s  has been  com piled  by  G lo c k le r  (2 )  .

The th e rm o ch em is try  o f  th e  f lu o ro c a rb o n s  has n o t  y e t  been  s tu d ie d  

to  any e x te n t .  The average  C-F bond s t r e n g th  i n  p e rflu o ro m eth an e  has 

been  found  t o  be 1 0 9 .9  k c a l . /u io le . H o o v e r ,  i t  has b een  in d ic a te d  t h a t  

th e  C-F bond i n  a  m o lecu le  such  a s  m ethy l f lu o r id e  may be much w eaker.

An e s t im a te  o f  b9 .7  k c a l .^ n o le  b ased  on d ip o le  moment d a ta  has been  r e ­

p o r te d  f o r  th e  C-F bond in  t h i s  compound ( 2 ) .  L ik e w ise , th e  C-F bond 

energy  i n  d iflu o ro m e th a n e  i s  ap p ro x im ate ly  1 0 5 .3  k c a l .^ n o le .  H eats o f  

fo rm a tio n  have b een  e s tim a te d  from th e  above ap p ro x im a tio n s .

As more in fo rm a tio n  becomes a v a i la b le  co n ce rn in g  bond e n e r g ie s ,  

i n te r n u c le a r  d i s t a n c e s ,  and fo rc e  c o n s ta n ts ,  i t  w i l l  be p o s s ib le  to  

d is c u s s  q u a n t i t a t i v e l y  re s o n a n c e , h y p e rc o n ju g a tio n , and s t e r i c  e f f e c t s  

i n  th e  f lu o ro c a rb o n s .

D ip o le  moments o f  s e v e ra l  f lu o ro c a rb o n s  have been  d e te rm in ed . Some 

o f  th e s e  a re  l i s t e d  i n  T ab le  IV . S ince th e  d ip o le s  i n  f lu o ro c a rb o n s  

a re  v e ry  c lo s e  to g e th e r ,  th e y  w i l l  a f f e c t  one a n o th e r  by in d u c t io n .  The 

g r e a t e r  moment o f  e th y l  f lu o r id e  compared to  m ethy l f lu o r id e  i s  due to  

th e  moment induced  on th e  second  carbon  by th e  p r in c ip a l  d ip o le  in  th e  

C-F bond . Secondary  a lk y l  f lu o r id e s  have la r g e r  moments th a n  p rim ary  

f l u o r id e s  and t e r t i a r y  f lu o r id e s  have l a r g e r  moments th a n  secondary  

compounds ^19) . Smyth (20) has s tu d ie d  th e  q u e s t io n  o f  in d u c tio n  and 

re so n an c e  from d ip o le  moment d a ta .  Leonard and S u tto n  (21) have m easured 

d ip o le  moments o f  a ro m a tic  f lu o r in e  compounds and u sed  th e  r e s u l t s  to  

e s t im a te  bond a n g le s .
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TABLE I I I

MOLECULAR CONSTANTS OP SCME FLUOROCARBONS

Compound

C-F

Bond D is ta n c e

C-C

Bond D is tan ce

FCF 

Bond Angle

E stim a ted  
C-F 

Bond Energy

CH3F
0

1 .3 8  A ------ ----- 89.7  k c a l/m o l

ch*f 3 1*36 ----- 110° 10S.6

CHF* 1 .3 3 ----- 109° 28 ' 103.3

c f4 1 .3 6 ------ 109°  28* 109.9

CFs-CH3 1 .3 7
0

1.S2  A 107° 30* -----

CHF2-CHF3 1 .3 3 1.1*6 108° -----

CF3 -CF3 1 .5 1
O

108
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TABLE IV

DIPOLE MOMENTS OF SOME FLUOROCARBONS

Compound D ipo le  Moment R eference

M ethyl f lu o r id e 1 .808  D 19

D if  lu o r  cm e th a n e 1 ,93 22

T r i f l u o r  om e th an e 1.6U5 18

E th y l f lu o r id e 1*92 19

1 ,1  -D if  lu o r  o e th a n e 2 . 2U 23

1 , 1 ,1 -T r if lu o ro e th a n e 2 .321 2h

H exaf lu  o r  oe th an e 0 .0 25

T r i f lu o r o a c e t ic  a c id 2 .28 23

3 , 3 , 3-T rif lu o ro p ro p y n e 2 .3 6 18

C y c lo p e n ty l f lu o r id e 1 .8 6 26

n-Amyl f lu o r id e 1 .8 5 27

rv-Perf lu o r  op e n t  ane 0 .0 23

iso -P e r f lu o ro p e n ta n e 0 .0 23
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I I I . THEORETICAL BACKGROUND

I n  1912 , P e te r  Debye (2 8 ,2 9 ) p o s tu la te d  th e  e x is te n c e  o f  perm anent 

e l e c t r i c  d ip o le  moments i n  c e r t a i n  m o lecu les and developed  th e  th e o ry  

w hich h as  been  th e  b a s i s  f o r  a l l  subsequen t d ip o le  moment work. Debye*s 

t h e o r e t i c a l  t re a tm e n t  i s  b r i e f l y  o u t l in e d  below .

When a d i e l e c t r i c  m a te r ia l  i s  p la c e d  betw een th e  p la t e s  o f  a  con­

d e n s e r ,  th e  c a p a c ita n c e  i s  in c re a s e d  by a  f a c t o r  €. , th e  d i e l e c t r i c

c o n s ta n t  o f th e  medium. The c a p a c ita n c e  C o f  a  condenser w ith  a d i ­

e l e c t r i c  betw een th e  p l a t e s  i s  g iven  by

C <= €  C 0

w here C0 i s  th e  c a p a c ita n c e  o f  th e  condenser w ith  a. vacuum betw een th e  

p l a t e s .  S ince  th e  ch a rg es  on th e  p l a t e s  a re  unchanged , th e  o r ig in a l  

e l e c t r i c  f i e l d  E0 betw een th e  p la t e s  i s  reduced  by th e  f a c t o r  e  , so  

t h a t

E .  Eo
£

g iv e s  th e  new e l e c t r i c  f i e l d  £ .  The f i e l d  i s  reduced  because th e  in ­

duced d ip o le s  a re  a lig n e d  so  a s  to  p roduce an o v e r - a l l  d ip o le  moment 

t h a t  c u ts  down th e  f i e l d  s t r e n g th .  The v e c to r  q u a n ti ty  F c a l le d  th e  

p o l a r i z a t io n  v e c to r  i s  th e  d ip o le  moment p e r  u n i t  volum e, and reduces 

th e  n e t  ch arg e  <y on th e  p la t e s  so  t h a t  th e  f i e l d  i n  th e  d i e l e c t r i c  i s

E =* I4 r r  ( cr -  P ) . ( l )
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The d isp la c e m e n t v e c to r  D i s  d e f in e d  as

D * J4 t t c t  = e  £ (2)

and th e  e q u a tio n

D * E + li tt P (3)

r e s u l t s  from s u b s t i t u t i o n  i n  E q u a tio n  1 ,

The m agnitude o f  th e  d ip o le  moment m induced i n  a m o lecu le  by an 

e l e c t r i c  f i e l d  i s  p r o p o r t io n a l  to  th e  i n t e n s i t y  o f  th e  f i e l d  F ,  so 

t h a t

'where th e  p r o p o r t io n a l i ty  c o n s ta n t  <=<"0 i s  c a l le d  th e  d i s t o r t i o n  p o l a r i z -  

a b i l i t y .  The f i e l d  t h a t  p o la r iz e s  a  m olecu le  i s  th e  l o c a l  f i e l d  im­

m e d ia te ly  su rro u n d in g  i t , and t h i s  i s  d i f f e r e n t  from th e  average  f i e l d  

E th ro u g h o u t th e  d i e l e c t r i c . F o r an i s o t r o p ic  su b s ta n c e  t h i s  lo c a l  

f i e l d  h as  been  shown to  be

where i s  th e  in d u c e d , o r  d i s t o r t i o n ,  p o la r i z a t io n .

The induced  p o l a r i z a t i o n ,  o r  th e  induced  d ip o le  moment p e r  u n i t  

volum e, i s  th e  number o f  m o lecu les  p e r  cub ic  c e n t im e te r ,  n ,  m u lt ip l ie d  

by th e  average  moment induced  i n  a  m olecu le  ro. Thus

m * F U )
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r e s u l t s  from s u b s t i t u t i o n  i n  E q u a tio n s  U and 5>. 

Prom E q u a tio n s  2 and 3

w hich combined w ith  E q u a tio n  6 g iv es

w hich i s  known as th e  C la u s iu s -M o so tt i  E q u a tio n . M u ltip ly in g  b o th  s id e s  

o f  t l i i s  e q u a tio n  by  th e  r a t i o  o f  m o le cu la r  w eigh t to  d e n s i ty  M /d, g iv es

I €  -  1 )  K  _  it  t t  nH  c< 0  ^  k r t  to*C Q

w here th e  q u a n t i ty  i s  c a l le d  th e  m olar induced  p o l a r i z a t io n ,  and 

in c lu d e s  c o n tr ib u t io n s  from induced  d ip o le s  o n ly . In  o rd e r  to  o b ta in  

th e  t o t a l  m olar p o la r i z a t io n  & term  due to  th e  perm anent d ip o le s  m ust 

be ad d ed .

The induced  moment i s  in d ep en d en t o f  tem p era tu re  s i n c e ,  i f  th e  

m o le cu la r  p o s i t io n  i s  d is tu rb e d  by th e rm al c o l l i s i o n s ,  th e  d ip o le  i s  

a t  once induced  a g a in  i n  th e  f i e l d  d i r e c t i o n .  The c o n tr ib u t io n  to  th e  

p o l a r i z a t io n  caused  by  th e  perm anent d ip o le s ,  how ever, i s  sm aller* a t  

h ig h e r  te m p e ra tu re s  s in c e  th e  random th erm al c o l l i s i o n s  o f  th e  m o lecu les  

oppose th e  ten d en cy  o f  th e  d ip o le s  to  l i n e  up in  th e  e l e c t r i c  f i e l d .

F o r a  perm anent d ip o le  i n  th e  absence  o f  a  f i e l d ,  a l l  o r i e n ta t io n s  

a re  e q u a lly  p ro b a b le ,  and th e  number o f  d ip o le s  d i r e c te d  w ith in  a  s o l id

( €  + 2) d
(7)

3 d 3
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a n g le  d u> i s  A d u) , where A i s  a  c o n s ta n t  depending  on th e  number o f 

m o le cu le s  un d er o b s e rv a t io n .  I f  a  d ip o le  moment p  i s  o r ie n te d  a t  an 

a n g le  0 to  a  f i e l d  s t r e n g th  F ,  i t s  p o te n t i a l  en erg y  i s

U * -  m F c o s  0 .

A ccord ing  to  th e  Boltsm ann d i s t r i b u t i o n  lsw , th e  number o f  m o lecu les  

o r ie n te d  w ith in  th e  s o l i d  ang le  d u) i s

U

kT mF cos O/kT
A e dud A e '  d u )

and th e  average  v a lu e  o f  th e  d ip o le  moment i n  th e  d i r e c t io n  o f  th e  f i e l d  

can  be shown to  be

/aF cos 9 /k  T
J k  e > lc o s  © d u i

m
p iF cos 0 /k  T 

A e d u )

(8)

To e v a lu a te  t h i s  e x p re s s io n , l e t

>xF
* x  and cos © * y  {9)

kT

th en

d tO » 2 tt s i n  © d © * 2 tt d y . (1C)

S u b s t i tu t in g  E q u atio n s 9 and 10 in  E quation  8 g iv es

'+1
ydy

m I i 1* L I t ----------------- = co th  x    L(x)
(* i  xxy , e dy

) -1
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w h e r e  L (X ) i s  know n a s  t h e  L a n g e v in  f u n c t i o n .  I n  m o s t  c a s e s ,

u F
x  = lZ__

kT

i s  a v e ry  sm a ll number so  t h a t  on expanding L (x) in  a power s e r i e s ,  

o n ly  th e  f i r s t  term  need  be r e t a i n e d ,  le a v in g

2
L (x) -  -  and m -  f  .

3 3kT

The t o t a l  p o l a r i z a b i l i t y  oC o f  a  d i e l e c t r i c  i s  found by add ing  th e  

o r i e n t a t i o n  p o la r iz  a b i l i t y ,  due to  th e  perm anent d ip o le s ,  to  th e  d i s ­

t o r t i o n  p o l a r i z a b i l i t y , and may be w r i t te n

-  °C0 + pLa/  3kT .

The t o t a l  p o l a r i z a t io n  i s  th e r e f o re

U  I T  N U *

PM ■ —“ 3------  ( ) (11)

where PM i s  th e  t o t a l  m o lar p o l a r i z a t io n .  T h is  e q u a tio n  i s  known as 

th e  Debye e q u a t io n . Combining t h i s  w ith  th e  C la u s iu s -M o so tti  E quation  

(E q u a tio n  7) g iv es

( £  -  1) M 1+n W 2
pm ,  -----------------  .  ------------- ( <k q * y*- i ( 12 )

l  £  + 2) d 3 3kT

which can be w r i t t e n  in  th e  form o f  an e q u a tio n  f o r  a  s t r a i g h t  l i n e  as

PM PA + T (.13)
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where

, , . t i n s " . *  . ull|
3 9k

i s  th e  i n t e r c e p t  and B th e  s lo p e  o r  th e  s t r a i g h t  l i n e  d e fin e d  by 

E q u a tio n  1 3 . "When v a lu e s  o f  th e  d i e l e c t r i c  c o n s ta n t  a t  s e v e ra l  tem pera­

t u r e s  a re  a v a i la b le  th e  t o t a l  m olar p o l a r i z a t io n  i s  c a lc u la te d  u s in g  

E q u a tio n  12 and p lo t t e d  a g a in s t  th e  r e c ip r o c a l  o f  th e  a b so lu te  tem pera­

t u r e .  The s lo p e  B i s  e v a lu a te d  from th e  graph and th e  d ip o le  moment 

c a lc u la te d  from E qu atio n  l i ; .  When th e  v a lu e s  o f  th e  c o n s ta n ts  a re  

i n s e r te d  t h i s  e q u a tio n  becomes

i$
M  -  0 .01218 X 10“ y E  e su  (,15)

D ip o le  moments a re  u s u a l ly  g iven  in  Debye u n i t s  where

- 18 / \1 Debye « 1 D * 1 x  10 e l e c t r o s t a t i c  u n i t s  ( e s u / .

An a l t e r n a t e  method o f  c a lc u la t in g  d ip o le  moments i s  p o s s ib le  u s in g  

th e  Maxwell r e l a t i o n
2

€  »  n j .

where n .̂ i s  th e  r e f r a c t i v e  in d e x . T h is  r e l a t i o n  i s  s t r i c t l y  t r u e  o n ly  

i f  th e  r e f r a c t i v e  in d ex  i s  m easured w ith  r a d ia t io n  o f  i n f i n i t e  wave­

l e n g th  and f o r  a p o la r  su b s ta n c e  i s  t r u e  on ly  a t  i n f i n i t e  te m p e ra tu re s  . 

Com bining th e  Maxwell e q u a tio n  w ith  th e  C la u s iu s -M o so tti  e q u a tio n  g ives 

th e  L o renz-L oren tz  e q u a tio n s

( n 2 -  1 ) M
„ -  FL-,  —  ® R * (16)
( n£ + 2 ) d
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where E i s  th e  m o la r r e f r a c t io n *  I f  th e  d i e l e c t r i c  c o n s ta n t i s  m easured 

a t  o n ly  one te m p e ra tu re  and th e  r e f r a c t i v e  in d ex  i s  known, B/T can  be 

d e te rm in ed  from E q u a tio n  1 3 , and th e  d ip o le  moment from E quation  l b . 

When th e  v a lu e s  o f  th e  c o n s ta n ts  a re  i n s e r t e d ,  E quation  l i j  becomes

M. -  0 .01281  i /  -  P ' ) T x  10” 16 e s u . U 7 )M A
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IV . APPARATUS AND METHOD 

Review o f  M ethods

The f i r s t  m easurem ents o f  d i e l e c t r i c  c o n s ta n ts  from which d ip o le  

moments can  be c a lc u la te d  were made by S ilow  (30) i n  1875. H is method 

in v o lv e d  m easu rin g  th e  an g le  th ro u g h  which an e le c tro m e te r  n eed le  was 

tu rn e d  by  a  g iven  p o t e n t i a l ,  f i r s t  i n  a i r  and th en  i n  th e  m a te r ia l  

under i n v e s t i g a t i o n .  The r a t i o  o f  th e  an g le s  i n  th e  two c a se s  was used  

to  c a l c u l a t e  th e  r a t i o  o f  th e  f o r c e s  in v o lv ed  and from t h i s  th e  d i ­

e l e c t r i c  c o n s ta n t  o f  th e  medium. T h is  e a r ly  method was im proved upon 

by  o th e r  in v e s t i g a to r s  and th e  same p r in c ip le s  u sed  as l a t e  as 192U by 

Carman (31) and a ls o  F u e r th  (32) .

Many o th e r  m ethods have been  developed  s in c e ,  b u t ,  l ik e  th e  one 

m en tioned  ab o v e , m ost a re  a p p lic a b le  to  m easuring  d i e l e c t r i c  c o n s ta n ts  

o f  l iq u id s  and s o lu t io n s  o n ly ,  and w i l l  n o t b e  d is c u s se d  i n  d e t a i l  

h e r e . These m ethods in c lu d e  th e  m easurem ent o f  th e  v e lo c i ty  o f  propaga­

t i o n  o f  e le c tro m a g n e tic  waves th rough  th e  medium, and m easurem ents o f 

c a p a c ita n c e  by  e i t h e r  b r id g e  c i r c u i t s  o r  th e  reso n an ce  method * Smyth (33) 

h a s  d e sc r ib e d  and compared a l l  o f  th e s e  methods and a  few  o th e r  methods 

n o t  w ide ly  u se d .

Where extrem e accu racy  i s  d e s i r e d ,  as i n  th e  case  o f g a s e s , th e  

m ost commonly u se d  and m ost a d a p ta b le  method i s  th e  h e te ro d y n e -b e a t 

m ethod o f  m easu ring  c a p a c i ta n c e . T h is i s  th e  method employed in  t h i s
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in v e s t i g a t io n  and i s  a ls o  g e n e ra l ly  used  Tor m easurem ent o f d i e l e c t r i c  

c o n s ta n ts  o f  l i q u i d s  and s o lu t io n s .  Among th e  in v e s t ig a to r s  to  u se  

and develop  t h i s  m ethod a re  Herweg (3 U ), W illiam s ( 3 5 ,3 6 ) ,  Zahn (3 7 ) ,  

and W atson (38) * A d e ta i l e d  d e s c r ip t io n  o f  t h i s  m ethod i s  g iven  l a t e r .

O ther m ethods a re  a ls o  employed f o r  d e te rm in in g  d ip o le  moments 

i n  th e  vap o r p h a s e . The m ost a c c u ra te  o f  th e s e  depends on th e  S ta rk  

e f f e c t  a s  o b se rv ed  a t  microwave f r e q u e n c ie s .  The p re s e n t  method o f  

c a l c u l a t i n g  moments from t h i s  e f f e c t  was developed  by Golden and W ilson 

(39) . Hyde and H om ig  (1*0) have dete rm ined  bond moments from in f r a r e d  

i n t e n s i t i e s  u s in g  a  p re s su re -b ro a d e n in g  tec h n iq u e  developed  by  W ilson 

and W ells (U l) . The d ip o le  moment f o r  c h lo r in e  t r i f l u o r i d e  was c a lc u ­

l a t e d  by  Magnuson (11) from d i e l e c t r i c  c o n s ta n t  d e te rm in a tio n s  a t  

microwave f re q u e n c ie s  w hich were made by m easuring  th e  change i n  re s o n ­

ance f re q u e n c ie s  o f  a  c a v i ty  when i t  was f i l l e d  w ith  th e  g a s . The 

m olecu lar-beam  method (U2) has been  u sed  f o r  compounds o f  low  v o l a t i l i t y  

and low  s o l u b i l i t y  which a re  s ta b le  a t  h ig h  te m p e ra tu re s .

H e te r o d y n e -B e  a t  A p p a r a tu s  

G e n e r a l  P r i n c i p l e s

The g e n e ra l p r in c ip le  o f  th e  h e te ro d y n e -b e a t method i s  s c h e m a tic a lly  

r e p re s e n te d  i n  F ig u re  1 .  Two ra d io - f re q u e n c y  s ig n a ls  o f  f re q u e n c ie s  f 0 

and f  , g e n e ra te d  by a  f ix e d  o s c i l l a t o r  and by a  v a r ia b le  o s c i l l a t o r ,  

r e s p e c t iv e ly ,  a re  fe d  i n to  a »m ixerw tu b e ,  in  th e  o u tp u t o f which i s  

p roduced  a  b e a t  n o te  o f  freq u en cy  f - f o .  IT f  and f 9 a re  n e a r ly  e q u a l ,
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F ix ed  F req  
O s c i l l a to r

B eat
I n d ic a to rir-f,M ixer

D ie le c t r ic
C e ll

V a ria b le  Free, 
O s c i l l a to r

S tan d ard
Condenser

F ig u re  1 .  B lock diagram  i l l u s t r a t i n g  th e  p r in c ip le  o f 
th e  h e te ro d y n e -b e a t a p p a ra tu s
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“th e  b e a t  n o te  w i l l  l i e  i n  th e  aud io  r a n g e . The freq u en cy  o f th e  s ig n a l  

g e n e ra te d  by th e  v a r ia b le  o s c i l l a t o r  i s  ap p ro x im ate ly  e q u a l to

2  t t  / T T T
U 8)

where L and C a r e ,  r e s p e c t iv e ly ,  th e  in d u c tan c e  and c a p a c ita n c e  i n  th e  

tu n in g  c i r c u i t .

I f  f  i s  g r e a te r  th a n  f© f o r  a c e r t a i n  t o t a l  c a p a c ita n c e  C in  th e  

tu n in g  c i r c u i t  o f  th e  v a r ia b le  freq u e n cy  o s c i l l a t o r  (F ig u re  l )  , th an  an 

in c re a s e  i n  th e  t o t a l  c a p a c ita n c e  w i l l  d e c rea se  th e  freq u en cy  o f th e  

b e a t  n o te ,  chang ing  i t  from in a u d ib le  to  a u d ib le ,  from h ig h  p i t c h  to  

lew  p i t c h ,  u n t i l  f  and f 0 a re  e x a c t ly  eq u a l and th e  b e a t  freq u en cy  i s  

z e r o .  On f u r t h e r  in c re a s e  o f c a p a c i ta n c e ,  a  b e a t  n o te  w i l l  a g a in  a r i s e ,  

t h i s  tim e  in c r e a s in g  i n  freq u e n cy  w ith  in c r e a s in g  c a p a c ita n c e  u n t i l  i t  

l i e s  beyond th e  a u d ib le  r a n g e . A c a p a c ita n c e  s e t t i n g  co rre sp o n d in g  to  

z e ro  b e a t ,  o r  to  a  d e f i n i t e  freq u en cy  d i f fe re n c e  o f ,  s a y , 1*00 c y c le s ,  

can  be u sed  as th e  r e f e re n c e  p o in t  f o r  c a p a c ita n c e  increm en t m easure* 

m ents by t h i s  m ethod. A r e fe re n c e  freq u en cy  o th e r  th a n  th e  z e ro  b e a t 

i s  u s u a l ly  d e s i r a b le  s in c e  a common d e fe c t  found in  h e te ro d y n e -b e a t 

a p p a ra tu s  i s  th e  phenomenon c a l le d  " lo c k in g - in *  o f  th e  o s c i l l a t o r s .

T h a t i s ,  when f  i s  b ro u g h t c lo se  f® f© , low freq u e n cy  b e a ts  canno t be 

observed  b ecau se  th e  more s ta b le  o f  th e  two o s c i l l a t o r s  e x e r t s  a  synchron­

iz in g  a c t io n  on th e  l e s s  s t a b l e ,  and over a  c o n s id e ra b le  ran g e  th e  two 

o s c i l l a t o r s  a re  lo ck e d  in  s te p  w ith  one an o th e r and a  sh a rp  z e ro  b e a t 

can n o t be o b ta in e d . I n  t h i s  in v e s t ig a t io n  a  c o n s ta n t freq u en cy  source
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o f  UOO c y c le s  was u sed  as r e f e r e n c e  and compared w ith  th e  b e a t -  

fre q u e n c y  on a c a th o d e -ra y  o s c i l lo s c o p e .  When th e  b e a t  freq u en cy  was 

a ls o  1*00 c y c l e s ,  a  o n e -to -o n e  L is s a jo u s  f ig u re  ( a  c i r c l e )  was observed  

on th e  o s c i l lo s c o p e .

W ith th e  above method o f  b e a t- f re q u e n c y  d e te c t io n ,  th e  h e te ro d y n e - 

b e a t  m ethod o f f e r s  th e  m ost p r e c is e  method o f  c a p a c ita n c e  m easurem ent. 

The p r e c i s io n  can  be shown by d i f f e r e n t i a t i o n  o f th e  freq u en cy  e q u a tio n . 

S ince th e  in d u c ta n c e  L i s  f i x e d ,  d i f f e r e n t i a t i o n  o f  E q u a tio n  18 g iv es

A f  A C
—* *  — -

f  2 C

where A f  and A C  a re  th e  e r r o r s  in  th e  freq u en cy  and c a p a c i ta n c e , 

r e s p e c t iv e ly .  A freq u e n cy  o f £00 k i lo c y c le s  was g e n e ra te d  by th e  f ix e d  

o s c i l l a t o r , and a  change o f  one c y c le  in  a hundred se c o n d s , o r 0 .0 1

c y c le  p e r  seco n d , was e a s i l y  d e te c te d  on th e  o s c i l l i s c o p e . Thus th e

d e te c ta b le  change o f  c a p a c ita n c e  o f  th e  c i r c u i t  was two p a r t s  i n  f i f t y  

m i l l io n .  The t o t a l  c a p a c ita n c e  needed i n  a tu n in g  c i r c u i t  was o f  th e  

o rd e r  o f  £00 m icrom icro f s r a d s , and th e  c a p a c ita n c e  in crem en ts  m easured 

were about one m ic ro m ic ro fa ra d . T h ere fo re  th e  p r e c is io n  o f  m easurement 

a t t a in a b le  was tw o -th o u san d th s  o f  one p e rc e n t .  A c tu a lly  a  change in  

b e a t  freq u en cy  o f  much l e s s  th a n  0 .1  c y c le  p e r  second was d e te c ta b le ,  

so  t h a t  th e  p r e c i s io n  o f c a p a c ita n c e  m easurem ents by th e  h e te ro d y n e-  

b e a t  m ethod was l im i te d  i n  p r a c t ic e  by th e  s t a b i l i t y  o f  th e  v a r ia b le  

and f ix e d  o s c i l l a t o r s ,  and th e  p r e c is io n  o f th e  s e t t i n g  and c a l ib r a t io n  

o f  th e  s ta n d a rd  c o n d e n se r . A h e te ro d y n e -b e a t c i r c u i t  designed  from th e
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p o in t  o f  view  o f  o s c i l l a t o r  s t a b i l i t y  has been  p re s e n te d  by C hien (U3) • 

The c i r c u i t s  he d esig n ed  f o r  a v a r i a b le  freq u e n cy  o s c i l l a t o r ,  frequency  

m ix e r ,  and a power su p p ly  were u sed  i n  b u i ld in g  th e  h e te ro d y n e -b e a t 

a p p a ra tu s  u se d  i n  t h i s  i n v e s t i g a t i o n .

V a ria b le  O s c i l l a to r

The c i r c u i t s  o f  th e  h e te ro d y n e-b e  a t  a p p ara tu s  and th e  v o l ta g e -  

r e g u la te d  power su p p ly  a re  p re s e n te d  i n  F ig u re s  2 and 3 ,  r e s p e c t iv e ly .  

The v a r ia b le  f re q u e n c y  o s c i l l a t o r  made u se  o f  a  6A8-type p e n ta g r id -  

c o n v e r te r  tu b e  which e x h ib i t s  a  n e g a tiv e  tran sco n d u c tan ce  betw een th e  

s ig n a l  g r id  and th e  anode g r i d .  Under th e s e  c o n d i t io n s ,  th e  s c re e n  

c u r r e n t  rem ained  f a i r l y  c o n s ta n t  f o r  wide v a r i a t io n s  i n  s ig n a l - g r id  

v o l ta g e ,  and th e  freq u e n cy  a t  which th e  tu b e  o s c i l l a t e s  was r e l a t i v e l y  

in d ep en d en t o f s t r a y  s ig n a l  feedback  th ro u g h  th e  p l a t e .  T h is  d e s ig n  

r e s u l t e d  i n  an o s c i l l a t o r  o f  h ig h  freq u en cy  s t a b i l i t y ,  and one which 

sh o u ld  n o t  be a f f e c te d  by th e  freq u e n cy  o f th e  f ix e d  o s c i l l a t o r ,  o r  

e x h ib i t  th e  wlo c k in g - in tt phenomenon a t  low  f r e q u e n c ie s .

C r y s ta l  O s c i l l a to r

The c r y s t a l  o s c i l l a t o r  employed was o f  an unusual ty p e .  I t  was 

a m o d if ic a t io n  o f  th e  P ie rc e  o s c i l l a t o r  (hh)  d esigned  by Thompson (Uf>) . 

The c r y s t a l  re p la c e d  th e  tu n in g  c i r c u i t  found  in  m ost o s c i l l a t o r s  and 

th u s  th e  o s c i l l a t o r  r e q u ire d  no tim in g  ad ju stm en t and would work w ith ­

o u t change o f  components o v er a wide range o f c r y s t a l  f r e q u e n c ie s .
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R e s is to r s

Figure 2 . (continued) Legend

C ondensers

R1 33 ,000  ohms C l 0 .005  / i f  m ica

R2 22 ,000  ohms C2 ,c 5 ,c i5 0 .1  /A,f 6 0 0 -v o lt paper

R3,R]+,R18 C3,C8 335 MM-f v a r .  a i r  cond.
R20,R12 0 .1  megohm .

c 4 25 MA f  m ica
R£,R9,R20
R17,R21, 47 ,000  ohms 06 0 -5 0  M-M-'f a i r  trim m er

R6 680 dims C7 175 A A f v a r .  a i r  cond.

R7 6800 ohms C9 0 .010  K f  m ica decade

R 8,R l4 15 ,000  ohms c io ,c i4 0 .0 0 5  A  A f  5 0 0 -v o lt  paper

R l l 27 ,000 ohms C11,C18,C19 0 *01 M- f  6 0 0 -v o lt paper

R13 150 ohms C12 10 A f  450- v o l t  e l e c t r o l y t i c

R15 82,000 ohms C13 0 .0025  M-f  m ica

R16 25,000 ohms C16 0 .2 5  A  f  6 0 0 -v o lt paper

R19 2000 ohms C17 10 A f  25 -v o l t  e l e c t r o l y t i c

R22 0 .5  megohm C20 300 a  f  m ica
p o te n tio m e te r

R23 1 megohm C21 4 A f  450- v o l t  e l e c t r o l y t i c

R24 4 ,7  megohm

31,32

PS1

PS2

J

M i s c e l l a n e o u s  

S . P . S . T .  s w i t c h e s

S o c k e t  f o r  c o a x i a l  w ir e  c o n n e c t i o n  t o  d i e l e c t r i c  c e l l  

S o c k e t  f o r  c o a x i a l  w ir e  c o n n e c t i o n  t o  s ta n d a r d  c o n d e n s e r  

P h o n e  j a c k  f o r  l e a d  t o  c a t h o d e - r a y  o s c i l l o s c o p e
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S ince  e x c i t a t io n  o th e rw ise  was n o t a d ju s ta b le ,  th e  condenser C3 

F ig u re  2) was r e q u ir e d  to  o b ta in  s a t i s f a c to r y  o p e ra t io n .  The 6SJ7 

pen tode  tu b e  was used  as a  t r io d e  o s c i l l a t o r ,  w ith  th e  ca thode  and 

su p p re sso r  g r id  g rounded. T h is  p ro v id e d  s c re e n in g  a g a in s t  c a p a c ita n c e  

c o u p lin g  o f  th e  o s c i l l a t o r  to  l a t e r  s t a g e s ,  so  t h a t  th e  freq u e n cy  o f 

o s c i l l a t i o n  was l e s s  a f f e c te d  by feed b ack  th ro u g h  th e  p l a t e .

Each o s c i l l a t o r  was s h ie ld e d  by e n c lo su re  in  a s e p a ra te  m e ta l box 

and th e  s ig n a l  o u tp u t  o f each  was fe d  to  th e  m ixer tu b e  th rough  co­

a x ia l  l e a d s . Th© e n t i r e  a p p a ra tu s  was e n c lo se d  i n  a  th e rm a lly  in s u la te d  

aluminum b o x . T em perature  c o n tr o l  o f  th e  a p p a ra tu s  was p ro v id ed  f o r ,  

b u t  was n o t  found to  in c re a s e  th e  s t a b i l i t y  o f  th e  b e a t- f re q u e n c y  o u t­

p u t .

P r e c is io n  Condenser

A G enera l Radio Type 722-N p r e c is io n  c o n d en se r , w ith  a  c a p a c ita n c e  

ran g e  o f  1100 m icrom icro f a rad s  was u sed  as th e  s ta n d a rd  c o n d e n se r . S ince 

th e  c a p a c ita n c e  in c rem en ts  m easured were l e s s  th a n  fo u r  m icrom icro f a r a d s , 

i t  was n e c e ssa ry  to  p la c e  th e  p r e c is io n  condenser in  s e r i e s  w ith  a n o th e r 

c o n d en se r , th e re b y  d e c re a s in g  th e  e f f e c t iv e  c a p a c ita n c e  o f  th e  s ta n d a rd  

from 110O to  U m icrom icro f a r a d s . T h a t was th e  r o le  o f  th e  condenser C7 

i n  F ig u re  2 ,  a  v a r ia b le  condenser w ith  a  lo ck  s e t t i n g  and w ith  a  maximum 

c a p a c ita n c e  ©f 175 m ic ro m ic ro f a r a d s .

The t o t a l  c a p a c ita n c e  C o f  th e  s ta n d a rd  condenser Cg p lu s  th e  a i r  

co n d en se r C7 i s  g iv en  by th e  e q u a tio n
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w hich shows t h a t  th e  re a d in g  on th e  s ta n d a rd  condenser would be very  

n o n - l in e a r  w ith  th e  t o t a l  c a p a c ita n c e  ch an g e , s in c e  Cg was a s  la rg e  o r  

l a r g e r  th a n  C7 . T h is was h ig h ly  u n d e s ira b le  and to  avo id  t h i s , a  

condenser (C 9 i n  F ig u re  2) o f  r e l a t i v e l y  la rg e  c a p a c ita n c e  was p la c e d  

i n  p a r a l l e l  w ith  th e  s ta n d a rd  c o n d en se r . T h is  had th e  advantage th a t  

one s id e  o f  b o th  th e  m ica  and s ta n d a rd  condenser were grounded* C9 was 

a  G eneral R adio  Type 38O-N m ica decade condenser w ith  a  c a p a c ita n c e  

ran g e  o f  0 .0 1  to  0 .001  n i c r o f a r a d s . W ith t h i s  arrangem ent th e  t o t a l  

c a p a c ita n c e  o f  th e  th r e e  condensers i s

(Cg + C9 + C7 )

and d i f f e r e n t i a t i o n  w ith  r e s p e c t  to  Cg g ives

dC = C7
dCg (Cg + C9 + C 7 ) 2

Thus i f  C9 i s  l a r g e  compared to  Cg th e  change o f  th e  t o t a l  c a p a c ita n c e  

w ith  r e s p e c t  to  th e  s ta n d a rd  condenser s c a le  w i l l  be much more l i n e a r  

th a n  i n  th e  p re v io u s  c a s e . The c a l ib r a t io n  curve f o r  th e  s ta n d a rd  

condenser (F ig u re  5) in d ic a te s  th e  approach to  l i n e a r i t y  ach ieved  by 

t h i s  com bination  o f  c o n d e n se rs .

By v a r i a t i o n  o f  th e  c a p a c ita n c e  o f  C7 and C9 th e  s ta n d a rd  condenser 

co u ld  be made to  cover any c a p a c ita n c e  range  from around one up to  

e lev en -h u n d red  m ic rom icro f a r a d s . For t h i s  in v e s t ig a t io n  C9 was s e t  a t
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0,001* m ic ro fa ra d s  and C7 a d ju s te d  such  t h a t  10 ,000  d i a l  u n i t s  on th e  

s ta n d a rd  condenser re p re s e n te d  a  c a p a c ita n c e  change o f  3 .700  a i c r e -  

m ic ro f  a ra d s  ,  o r  ap p ro x im ate ly  0 .0 0 0 3  m icrom icro f a ra d s  p e r  d i a l  u n i t .

C a l ib r a t io n  o f  P r e c is io n  C ondenser

A p rim ary  s ta n d a rd  c a p a c i to r  b u i l t  by J .  L . S p e ir s  from a

d e s ig n  by Conner (1*7) was u se d  f o r  th e  c a l i b r a t i o n  o f  th e  G enera l Radio 

p r e c i s io n  c o n d e n se r . T h is  p rim ary  s ta n d a rd  i s  shown i n  F ig u re  h and 

i n  P la te  I .  I t  c o n s is te d  o f  a  c o a x ia l  c y lin d e r  arrangem ent such  t h a t  

a  c e n te r  r o d ,  th e  o p p o s ite  ends o f  which were i n s e r te d  i n  c y l in d e r s  

o f  d i f f e r e n t  d ia m e te r s ,  co u ld  be moved a lo n g  i t s  a x is  to  p roduce  m inute  

c a p a c ita n c e  c h a n g e s . The c a p a c ita n c e  change p e r  in c h  o f  t r a v e l  was 

c a lc u la te d  from  th e  geom etry o f  th e  c a p a c i to r  w ith  a  maxim inn e r r o r  o f  

l e s s  th a n  one p e r c e n t .  The in n e r  ro d  tu rn e d  on a  th re a d e d  c e n te r  b lo ck  

and th e  drum a t  th e  c e n te r  was ru le d  w ith  11*00 u n i t s  p e r  in c h .  The 

c a p a c ita n c e  change p e r  in c h  o f  t r a v e l  was 1.1*800 m ic ro m ic ro fa rad s  , or  

0 .00010^7 m icro m icro f a ra d s  p e r  drum u n i t .  The one p e rc e n t maximum 

e r r o r  would n o t a f f e c t  th e  d i e l e c t r i c  c o n s ta n t  m easurem ents as lo n g  as  

th e  r e l a t i v e  v a lu e s  o f  th e  c a l ib r a t io n  u n i t s  were c o n s ta n t ,  s in c e  th e  

d i e l e c t r i c  c o n s ta n t  depends on th e  r a t i o  o f two c a p a c ita n c e  m easure­

m e n ts . W ith t h i s  in  m ind , th e  c a l ib r a t io n  o f  th e  G enera l R adio p r e c is io n  

co n d en se r was accom plished  u s in g  th e  c e n te r  p o r t io n  ©f th e  s c a le  on th e  

p rim ary  s ta n d a rd  c a p a c i to r ,  s in c e  i t  was shown t h a t  t h i s  was th e  m ost 

l i n e a r  p a r t  o f  th e  s c a l e .



31

1 2 3 h 5
In ch es

/ k

X X X X A X X X X A >W <X X ^

EFE

F ig u re  i i . P rim ary  s ta n d a rd  c a p a c i to r  u sed  l o r  c a l i b r a t i n g  G enera l 
Radio p r e c is io n  c o n d e n se r .

A C o a x ia l c y l in d e r s  D G raduated drum
B Threaded b lo ck s  E M ycalex in s u la to r s
C C e n te r rod F Grounded base  and case
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The p r e c i s io n  condenser was* c a l ib r a te d  a t  th e  freq u en cy  used f o r  

th e  d i e l e c t r i c  c o n s ta n t  m easu rem en ts. The c a l ib r a t in g  c a p a c i to r  was 

s u b s t i t u t e d  f o r  th e  d i e l e c t r i c  c e l l  u s in g  th e  same c o a x ia l  le a d s  so 

t h a t  a l l  in d e te rm in a te  c a p a c ita n c e  i n  th e  c i r c u i t  was i d e n t i c a l  w ith  

t h a t  p r e s e n t  under a c tu a l  o p e ra tin g  c o n d i t io n s .  By t h i s  m eans, th e  

c a l i b r a t i o n  was made i n  term s o f  o n ly  one c o n d en se r , th e  G eneral R adio 

p r e c i s io n  c o n d e n se r , and i t s  c a l ib r a t e d  c a p a c ita n c e  change was e x a c t ly  

e q u a l to  changes o f  c a p a c ita n c e  i n  th e  d i e l e c t r i c  c e l l .

A r e p l i c a  o f  th e  c a l i b r a t i o n  c u rv e ,  drawn o n e -s ix te e n th  o f  th e  

a c tu a l  s iz e  u sed  i n  th e  i n v e s t i g a t i o n ,  i s  shown i n  F ig u re

R eference  F requency

A r e f e r e n c e  freq u e n c y  s ta n d a rd 1 o f  1*00 c y c le s  was used  f o r  com­

p a r is o n  w ith  th e  b e a t  freq u e n cy  on a  c a th o d e -ra y  o s c i l lo s c o p e .  T h is 

f req u e n cy  s ta n d a rd  c o n s is te d  o f  a  th erm ally -co m p en sa ted  b im e ta l l ic  fo rk  

su ch  t h a t  la r g e  freq u e n cy  d e v ia tio n s  d id  n o t o ccu r w ith  changes in  

am bient te m p e ra tu re s . The freq u en cy  was a ls o  independen t o f  e x te rn a l  

f a c t o r s  such as su p p ly  v o l ta g e ,  tu b e  a g in g , and change i n  component 

v a lu e s . I t s  freq u en cy  s t a b i l i t y  a t  UOO c y c le s  was r a te d  a t  -  0 .002 % 

betw een 1 $°C and 35°C . The s ig n a l  from th e  freq u en cy  s ta n d a rd  was fed  

to  th e  h o r iz o n ta l  in p u t  o f  a c a th o d e -ra y  o s c i l lo s c o p e  and th e  b e a t -  

f re q u e n c y  s ig n a l  was s u p p lie d  to  th e  v e r t i c a l  in p u t;  th e  r e s u l t i n g  

L is s a jo u s  f ig u r e  was u sed  to  de te rm ine  a  b e a t- f re q u e n c y  o f 1*00 c y c le s  .

1 A Type R2003 freq u e n cy  s ta n d a rd  m anufactu red  by th e  American 
Time P ro d u c ts ,  I n c . ,  was u se d .
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F ig u re  9 . C a l ib r a t io n  curve fo r  s ta n d a rd  p r e c is io n  co n d en se r.
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D ie le c t r i c  C o n stan t C e lls  

C e l l  I

The d i e l e c t r i c  c o n s ta n t  c e l l  used  f o r  th e  IT uorocarbon  d e r iv a t iv e s  

i s  shown i n  F ig u re  6 . I t  c o n s i s t s  o f  a  s e r i e s  o f  n ic k e l - p la te d  copper 

c y l in d e r s  in s u la te d  from one a n o th e r by means o f  sm a ll T e flo n  s p a c e r s .  

The o u t e r ,  m id d le , and innerm ost c y l in d e rs  -were co nnec ted  and se rv e d  

as th e  grounded p l a t e s  o f  th e  c o n d en se r. These c y l in d e r s  were lo n g e r  

th a n  th e  two e l e c t r i c a l l y  p o s i t iv e  in n e r  c y l in d e r s ,  which h e lp ed  to  

d im in ish  end e f f e c t s .  P la tin u m  le a d s  connected  th e  c y lin d e rs  to  tu n g ­

s t e n  w ire s  w hich were s e a le d  th ro u g h  th e  g la s s  c a s in g . The tu n g s te n  

w ire s  were co n n ec ted  to  th e  h e te rodyne-be  a t  a p p a ra tu s  by a  c o a x ia l  

l e a d .  The r e p la c e a b le  c a p a c ita n c e  o f  th e  c e l l  was ap p ro x im ate ly  350 

m ic ro m ic ro f a r a d s . Due t o  th e  c o n s tru c t io n  o f  th e  c e l l  and th e  c h a ra c te r  

o f  th e  T e flo n  sp a c e rs  th e  r e p la c e a b le  c a p a c ita n c e  o f  th e  c e l l  changed 

s l i g h t l y  w ith  t im e ,  and i t  was n e c e ssa ry  to  c a l ib r a t e  th e  c e l l  f o r  

each  d i e l e c t r i c  c o n s ta n t  d e te rm in a tio n . Any change o f  th e  re p la c e a b le  

c a p a c ita n c e  w ith  tem p era tu re  was n o t d e te c ta b le  w ith in  th e  p r e c is io n  

o f  th e  c a l i b r a t i o n s . T h is  c e l l  could  be used  f o r  compounds w hich were 

n o t  c o r ro s iv e  to  g la s s  o r  n i c k e l .  S ince th e  g a s-h a n d lin g  system  used  

i n  c o n ju n c tio n  w ith  th e  c e l l  was n o t c o n s tru c te d  to  handle gases a t  

te m p e ra tu re s  o th e r  th a n  room te m p e ra tu re , t h i s  c e l l  cou ld  o n ly  be used  

f o r  compounds t h a t  had s u f f i c i e n t  vapor p re s su re  a t  room tem p era tu re  

f o r  d i e l e c t r i c  c o n s ta n t  m easurem ents to  be made.
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F ig u re  6 . 
c e l l  f o r  n o n -c o rro s iv e  g a s e s .

C e ll  I ,  d i e l e c t r i c  c o n s ta n t

A Thermocouple w ell 
B C onnection  to  vacuum l in e  
C Leads to  h e te ro d y n e -b e a t a p p a ra tu s  
D N ic k e l-p la te d  copper c y lin d e rs  
E T eflon  in s u la to r s
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C e ll  I I

The d i e l e c t r i c  c o n s ta n t  c e l l  u sed  f o r  th e  ha logen  f lu o r id e  work 

i s  i l l u s t r a t e d  i n  F ig u re  7 ,  and i t s  component p a r t s  p ic tu re d  i n  P la te  I I .  

In  o rd e r  t o  g iv e  th e  c e l l  a  l a r g e  r e p la c e a b le  c a p a c i ta n c e , a sp ac in g  

o f o n ly  0 .013  in c h e s  betw een th e  in n e r  and o u te r  c y lin d e rs  was f i r s t  

u s e d . I t  was found  t h a t  a d so rp tio n  o f  gases on th e  su r fa c e  o f  th e  

c y l in d e r s  was g r e a t  enough to  in tro d u c e  la rg e  e r r o r s  in  th e  d i e l e c t r i c  

c o n s ta n t  m easu rem en ts. T© reduce  th e  a d so rp tio n  e r r o r ,  sm a lle r  in n e r  

c y l in d e r s  w ere u s e d , th e re b y  in c re a s in g  th e  sp a c in g  betw een th e  c y l in d e r s .  

F o r th e  low er b o i l in g  compounds, c h lo r in e  t r i f l u o r i d e  and brom ine p e n ta -  

f l u o r i d e ,  a  sp a c in g  o f  0 .01*0 in ch e s  was u se d ; f o r  th e  h ig h e r  b o i l in g  

compounds, io d in e  p e n ta f lu o r id e  and brom ine t r i f l u o r i d e ,  i t  was n e ce ssa ry  

to  in c re a s e  th e  sp a c in g  to  0 ,087  in c h e s . The re p la c e a b le  c a p a c ita n c e  

d e c re a se d  w ith  in c re a s e d  s p a c in g , b u t  f o r  a  g iven  sp a c in g  was found to  

be independen t o f  te m p e ra tu re , and b ecau se  o f  th e  r i g i d i t y  o f  th e  con­

s t r u c t i o n  o f  t h i s  c e l l ,  compared to  c e l l  I ,  th e  re p la c e a b le  c a p a c ita n c e  

was c o n s ta n t  w ith  tim e .

A lthough  th e  c e l l  was equ ipped  w ith  a c o o la n t c i r c u la t in g  sy s te m , 

t h i s  was n o t  u se d j in s te a d  th e  c e l l  was p lac ed  in  a  te m p e ra tu re - re g u la te d  

b a th  which i s  d e sc r ib e d  below . T h is  ce ll, cou ld  be used  fo r  a l l  compounds 

ex cep t th o s e  which would r e a c t  w ith  Monel m e ta l .  I t  co u ld  be h e a te d  

t o  a te m p era tu re  o f  200°C , and th e  gas h an d lin g  system  connected  w ith  

i t  co u ld  be h ea ted  to  a  tem p era tu re  of 130°C . For m ost compounds, a 

minimum p re s s u re  o f  sround 200 mm. o f m ercury was r e q u ir e d  f o r
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Figure 7. Section 
jud et (three parts); D, 
S. inner cylinder; 1. 1

through the cylindrical cell II: A,
1, F, outer c;yrlinder (three parts)j

 .  -r •tinp spacers* J, coaxial, l? Teflon insulatinG spacer
connecter (to brldpejj K, inlet tubes for samples (valve 
shovm )* L, portions of coolant-circulating system.
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d i e l e c t r i c  c o n s ta n t  m easu rem en ts. Thus t h i s  c e l l  co u ld  be u se d  f o r  

any compound w hich had a  vapor p re s s u re  o f  200 ran. o f  m ercu ry , o r  m ore, 

a t  130°C.

G as-H andling System s 

Vacuum L ine I

The g la s s  vacuum system  u sed  f o r  h a n d lin g  b o th  th e  f lu o ro c a rb o n  

d e r iv a t iv e s  and th e  g ases  used  f o r  c a l ib r a t in g  th e  c e l l s  i s  shown 

s c h e m a tic a l ly  in  F ig u re  8 . Long tu b e s  f i l l e d  w ith  D r ie r i t e  were used  

t© d ry  th e  a i r  and g ases u sed  f o r  s ta n d a r d iz a t io n .  T raps were coo led  

w ith  Dry Ic e - is o p ro p a n o l  m ix tu re s  o r  l iq u id  a i r .  The m anom eter1 u sed  

c o u ld  be re a d  t© Z 0 .0 5  »ira. o f  m ercu ry . I t  was desig n ed  (2*6) such 

t h a t  th e  r a t i o  o f  th e  d iam ete r o f  th e  manometer tube  and th e  r e s e r v o i r  

e x a c t ly  c o u n te ra c te d  th e  in c re a s e  in  th e  m ercury  h e ig h t due to  th e  

low er d e n s i ty  o f m ercury a t  room tem p era tu re  th a n  a t  0°C . The s c a le  

was made o f  S a ra n , which had a tem p e ra tu re  c o e f f i c i e n t  o f  expansion  

t h a t  com pensated f o r  changes in  m ercury  d e n s i ty  due to  room tem p era tu re  

v a r i a t i o n s .

Vacuum L ine IX

The vacuum system  used  f o r  th e  ha logen  f lu o r id e  work i s  sch em atic ­

a l l y  i l l u s t r a t e d  in  F ig u re  9 . The t r a p s  A and B cou ld  be removed from 

th e  H e lic o id  gage2 and f i l l e d  w ith  ha logen  f lu o r id e  sam ples by u se  o f

1 M anufactured  by th e  Emil G re in e r Company , New Y ork , N. Y.
3 M anufactu red  by th e  H e lic o id  Gage D iv is io n , Am erican C hain and 

C able  Company, B r id g e p o r t ,  Conn.
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To S tan d ard - To Dry A ir
i z in g  Gases Supply

To C e ll

To C e ll  I  (—0 .

■0 1

To Mech 
Pump

F ig u re  8. Gas h an d lin g  system fo r  n o n -c o rro s iv e  gases (Vacuum Line I )

A iitoil G re in e r  Model G10719 a b so lu te  and d i f f e r e n t i a l  manometer 
B McLeod gage, ran g e : 0 ,0 0 1 -1 .0  mm. o f m ercury (K ontes G lass

Company Type A)
C S e r ie s  o f  t r a p s  used  f o r  d i s t i l l i n g  and s to r in g  l iq u id  ammonia 

used f o r  c a l ib r a t io n  
D S e r ie s  o f  t r a p s  f o r  d i s t i l l i n g  and s to r in g  gases being  m easured 
E McLeod gage, ra n g e : 0 .2 -1  x 10“6 mm. o f m ercury
F G lass c o ld  t r a p s  f o r  pump p ro te c t io n  
G M ercury d i f f u s io n  pump 
® G lass vacuum stopcocks
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To
C lFa

Supply

o —

A

To Mech.
Pump

F ig u re  9 . Vacuum system  f o r  h an d lin g  halogen f lu o r id e s  
(Vacuum L ine  I I ) .

A ,B Monel t r a p s  f o r  d i s t i l l i n g  and s to r in g  ha logen  f lu o r id e s  
C H e lic o id  p re s su re  gages 0-760 mm. o f  m ercury 
D Monel d i e l e c t r i c  c e l l  (C e ll  I I ) .
E A bsorbing  b o t t l e ,  f i l l e d  w ith  so d a - lim e .
F G lass c o ld - t r a p  f o r  pump p r o te c t io n  
G M ercury d i f f u s io n  pump 
H C onnection  to  Vacuum Line I  
*  E l e c t r i c a l l y  h e a ted  n ic k e l  tu b in g  

G lass tu b in g  
& M etal s to p c o c k s , phosphor-bronze bellow s 
®  G lass vacuum sto p co ck s
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a  s e p a ra te  h a n d lin g  sy s te m . When p la c e d  in  th e  p o s i t io n  shown , c h lo r ­

in e  t r i f l u o r i d e  cou ld  be p assed  th ro u g h  th e  system  to  remove sm all 

amounts o f  w a te r  o r o th e r  co n tam in an ts  which m ight be p r e s e n t ,  and 

w ith  which th e  halogen  f lu o r id e s  would r e a c t . The Bourdon tu b e  in  th e  

H e lic o id  gage was e l e c t r i c a l l y  h e a te d  to  th e  same tem p era tu re  as th e  

o th e r  p a r t s  o f  th e  m e ta l sy s tem . B efore  each  d i e l e c t r i c  c o n s ta n t  

m easurem ent th e  p re s s u re  gage was c a l ib r a te d  a g a in s t  th e  manometer 

shown i n  F ig u re  8 , u s in g  d ry  a i r  a s  a sou rce  o f p r e s s u re .  The two 

vacuum system s were co nnec ted  th ro u g h  th e  s to p co ck  H shown in  F ig u re  9 . 

D uring  c a l ib r a t i o n  o f b o th  th e  p re s s u re  gage and d i e l e c t r i c  e l l ,  th e  

s to p co ck s I  and J  were tu rn e d  to  b y -p ass  th e  ha logen  f lu o r id e  ab so rb in g  

b o t t l e .  The p re s s u re  c a l ib r a t io n  was dependent on th e  a tm ospheric  

p re s s u re ;  th e re fo r©  th e  gage had to  be c a l ib r a t e d  b e fo re  each  s e r i e s  

o f  r u n s .  C a l ib r a t io n  cu rv es were rep roduce  a b le  over a p e r io d  o f an 

hour o r  more to  w ith in  -  1 rnn. o f m ercury . The gage was always c a l i ­

b ra te d  a t  th e  tem p era tu re  a t  which th e  m easurem ents were to  be made.

The h a lo g en  f lu o r id e  upon xdxich m easurem ents were be in g  made was 

s to r e d  i n  t r a p  B , and t r a p  A, which was k e p t co ld  w ith  Dry I c e - is o p ro -  

p a n o l m ix tu re s ,  was used  to  w ithdraw  th e  vapor d u rin g  a  m easurem ent.

I t  was im p o ss ib le  to  remove th e  l a s t  t r a c e  o f  th e  c o rro s iv e  vapors by 

t h i s  m eans, and th e y  were pumped o u t th rough  th e  abso rb in g  b o t t l e  E. 

T h is  p a r t  o f  th e  system  was g la s s ,  and c o rro s io n  in  stopcock  I  n e c e s s i ­

t a t e d  i t  b e in g  re p la c e d  o c c a s io n a l ly .
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T em perature Measurement and C o n tro l 

T em p era tu re -C o n tro lled  B ath  I

A schem atic  r e p r e s e n ta t io n  o f th e  r e l a t i v e  p o s i t io n s  o f  C e l l  I  

and th e  v a r io u s  e lem ents o f  th e  h e a t in g  system  in  th e  b a th  i s  shown in  

F ig u re  1 0 . The b a th  was c o n ta in e d  in  a copper can  which p ro v id ed  an 

e l e c t r o s t a t i c  s h ie ld  f o r  th e  d i e l e c t r i c  c e l l .  The l iq u id  used  i n  th e  

b a th  was A ro ch lo r 12U8,1 a  c h lo r in a te d  b ip h en y l which i s  l i q u id  from 

below  room te m p era tu re  to  above 300°C. S ince i t  i s  a  good d i e l e c t r i c , 

th e  h e a t in g  w ire s  cou ld  be wound d i r e c t l y  in  th e  b a th .  T h is  b a th  was 

u sed  from room tem p era tu re  to  around 100°C.

T em p era tu re -C o n tro lled  B ath  I I

The te m p e ra tu re - re g u la te d  b a th  used  f o r  th e  h igh  tem p era tu re  work 

i s  i l l u s t r a t e d  i n  F ig u re  11 . T h is  b a th  was c o n s id e ra b ly  l a r g e r  th a n  

th e  one d e sc r ib e d  above. The same l iq u id  was used f o r  th e  h e a tin g  

medium, w ith  k n ife  h e a te r s  s e rv in g  as th e  h e a t in g  e le m e n ts . An a u x i l i a r y  

h e a te r  o f  5 0 0 -\jbX>Xj c a p a c i ty  was used i n  c o n ju n c tio n  w ith  th e  2^0 -w att 

h e a t e r ,  to  r e l i e v e  th e  lo ad  c o n tro l le d  by th e  th e rcn o reg u la to r a t  h ig h  

te m p e ra tu re s . The v o lta g e  t© th e  £0O-watt h e a te r  was a d ju s te d  a t  

each  te m p e ra tu re  such t h a t  o n ly  a  sm a ll amount o f  re g u la te d  c u rre n t 

th ro u g h  th e  250-w att h e a te r  was needed to  m a in ta in  th e  tem p era tu re  a t  

th e  d e s i r e d  v a lu e .  C e ll  I I  re q u ire d  a  sm a ll amount o f  f lu o ro th e n e  wax

1 M onsanto Chem ical C o ., S t .  L o u is , Mo.
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F ig u re  10 . T em p era tu re -reg u la te d  b a th  (B ath  I )  fo r  
g la s s -e n c lo s e d  d i e l e c t r i c  c e l l  (C e ll  I ) .

A Wooden o u te r  box
B F oam -g lass in s u la t io n
C Copper c o n ta in e r  f o r  b a th  l iq u id
D M ycalex s t r i p s  f o r  h o ld in g  h e a te r  w ires
£ Nichrome h e a t in g  w ires  t h a t  a re  connec ted  to  G
F G lass s t i r r e r
G H e a te r  c o n n ec tio n  to  tem p era tu re  r e g u la to r
H D ie le c t r i c  c o n s ta n t c e l l

I,M Thermocouple w ires
J G lass c o n n ec tio n  to  vacuum system
K C oax ia l co n n ec to r from c e l l  le a d s  to  h e te ro d y n e-

b e a t  a p p a ra tu s
L T herm isto r
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F ig u re  1 1 . T em p era tu re -reg u la te d  B ath  I I  f o r  C e ll  I I .

A Wooden o u te r  b a th
B G lass c o tto n  in s u la t io n
C G lass j a r
D 5 0 0 -w att a u x i l i a r y  h e a tin g  k n i f e ,  n o t c o n tro l le d

by r e g u la to r
E M eta l s t i r r e r
F T h erm is to r

G ,J Therm ocouples
H C e ll  I I
I C o a x ia l le a d  to  h e te ro d y n e -b e a t ap p ara tu s
K 25 0 -w a tt h e a t in g  k n i f e ,  c o n tro l le d  by r e g u la to r
L W ater-co o led  b r a s s  cover
M M eta l c o n ta in e r  e n c lo s in g  d i e l e c t r i c  c e l l
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t o  make i t  v a c u u m -tig h t. A ro ch lo r 12^8 i s  an e x c e l le n t  s o lv e n t f o r  

an y th in g  o rg a n ic  i n  n a tu r e ,  and was found to  d is s o lv e  th e  f lu o ro th e n e  

wax and le a k  in to  th e  c e l l .  To p re v e n t t h i s ,  th e  c e l l  was en c lo sed  in

a m e ta l c o n ta in e r  and th e  whole assem bly  was p la c e d  in  th e  b a th .  W ith

t h i s  a rran g em en t, te m p e ra tu re  c o n tro l  o f th e  c e l l  was e x c e l l e n t ,  even 

w ith  an a i r  space betw een i t  and th e  b a th  l i q u i d .  The o n ly  d isad v an tag e

was th e  le n g th  o f  tim e r e q u ire d  f o r  th e  c e l l  t o  a t t a i n  th e  e q u ilib riu m

te m p e ra tu re , which was u s u a l ly  s l i g h t l y  below  t h a t  o f  th e  b a th .

The vapors o f  A roch lo r 121*8 a re  to x ic  and q u i te  c o rro s iv e  to  

p a i n t s ,  v a r n is h e s ,  e t c .  To reduce th e  amount o f v a p o r iz a t io n  o f  th e  

A ro ch lo r 12l*8 in to  th e  room , a  w a te r-co o le d  cover was p laced  on th e  

b a th ,  and an a i r  b low er p u l le d  th e  rem ain ing  vapors in to  th e  hood.

Under th e s e  c o n d i t io n s ,  th e  b a th  co u ld  be s a f e ly  h e a te d  to  200°C o r  

s l i g h t l y  above .

The T herm oregu lato r

The c i r c u i t  shown in  F ig u re  12 was an a d a p ta tio n  o f  a  therm o­

r e g u la to r  d e s ig n ed  by B u rw e ll, P e te r s o n , and Kathmann (1*9) • The 

te m p e ra tu re - s e n s i t iv e  e lem ent was a  th e m is to rx in  a  W heatstone b rid g e  

c i r c u i t ,  w h ile  th e  h e a te r  c u r r e n t  was c o n tro l le d  by means o f a  s a tu r ­

a b le  r e a c to r  i n  s e r i e s  w ith  th e  h e a te r .  With t h i s  r e g u la to r ,  and th e  

b e th s  d e sc r ib e d  above, th e  tem p era tu re  o f  e i t h e r  c e l l  cou ld  be con­

t r o l l e d  to  l e s s  th an  -  0.05>°C,

1  A ty p e  lljJB th e r m is to r ,  m anufactu red  by th e  W estern E le c t r i c  
Company, New Y ork, N. Y. was u sed .
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Figure 1 2 . Thermistor therrnoregulator circuit:
T, thermistor; S.R-, saturahle reactor. The saturable 
reactor circuit shown within the box was placed in a sepa­
rate metal cabinet. Sizes of capacitors are Given in 
microfarads; resistors are given in megohms (10° ohms) 
unless othermse indicated; K indicates thousands of ohms.
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Tem perature Measurement

A ll tem p era tu re  m easurem ents were made w ith  therm ocouples; a 

p r e c i s io n  p o te n t io m e te r1 was used  to  m easure t h e i r  o u tp u t . The therm o­

c o u p le s  were p re p a re d  by fu s in g  to g e th e r  th e  ends o f  number 22 copper 

w ire  and number 22 c o n s te n ta n  w i r e .2 Two therm ocouples were used in  

each  b a th ,  one immersed i n  th e  b a th  and one p lac ed  i n  th e  c e l l .  The 

w ir in g  was so  a rra n g ed  th a t  e i t h e r  therm ocouple cou ld  be  connected  to  

th e  p r e c i s io n  p o te n tio m e te r  o r  to  an e le c t r o n ic  re c o rd in g  p o te n t io m e te r .3 

The u se  o f  th e  r e c o rd in g  p o te n tio m e te r  was co n v en ien t f o r  fo llo w in g  th e  

b a th  and c e l l  te m p e ra tu re s  w h ile  th e  b a th  tem p era tu re  wss be in g  changed. 

A ll  sw itc h e s  and co n n ec tio n s  to  b o th  m easuring  d ev ices  were made o f  

copper so  t h a t  th e  o n ly  ju n c t io n s  o f  d i f f e r e n t  m e ta ls  were th o se  o f  

th e  therm ocouples . The ic e - p o in t  re fe re n c e  used  f o r  th e  c o ld - ju n c t io n  

therm ocouple  c o n s is te d  o f  f i n e l y  c rushed  and washed i c e  mixed w ith  

d i s t i l l e d  w a te r and p la c e d  i n  a  Dewar f l a s k .  The p o te n t i a l s  m easured 

w ere co n v e rted  to  d eg rees  C e n tig rad e  by in te r p o la t io n  on a la rg e  p lo t  

o f  c o p p e r-c o n s t a n t  an  p o te n t i a l  versu s  tem p era tu re  .

1 A ty p e  K-2 p o te n t io m e te r ,  made b y  th e  Leeds and N orthrup  Company, 
P h i la d e lp h ia ,  P a . was u se d .

2 The therm ocouple  w ire s  were pu rchased  from th e  Wheelco In stru m en ts  
Company, C h icag o , 111.

3 A Leeds and N orthrop  Speedomax Type G e le c t r o n ic  re c o rd e r  was 
u s e d .

4
From th e  R eference  T able F or Therm ocouples, N a tio n a l Bureau o f  
S ta n d ard s  C ir c u la r  508.



M ateria ls

H alogen F lu o r id e s

Io d in e  p e n ta f lu o r id e  was p u r i f i e d  by d i s t i l l a t i o n  in  a Monel s t i l l  

as d e sc r ib e d  by  Thompson (1) . The im p u rity  c o n te n t was determ ined  from 

f r e e z in g  p o in t  c u rv e s ,  and th e  m o la l c o n c e n tra tio n  o f  im p u r i t ie s  was 

found to  be 0 .0025 .

Bromine p e n ta f lu o r id e  was p u r i f i e d  by d i s t i l l a t i o n  a s  d e sc r ib e d  

by S p e irs  and R ogers , and th e  c o n c e n tra tio n  o f  im p u r i t ie s  found 

by f r e e z in g  p o in t  m easurem ents to  be 0 .0 2  m o la l .

Bromine t r i f l u o r i d e  has n o t  been  o b ta in e d  as p u re  as th e  o th e r  

compounds. F o r t h i s  i n v e s t i g a t i o n , brom ine t r i f l u o r i d e  was d i s t i l l e d  

from th e  i r o n  sh ip p in g  ta n k  in to  a  t r a p  on an a l l - n i c k e l  vacuum l i n e ;  

th re e  s u c c e s s iv e  t r a p - t o - t r a p  d i s t i l l a t i o n s  were made, th e  a p p ro p r ia te  

f r a c t i o n  b e in g  ta k e n  f o r  th e  m easurem ents. T h is p ro c e ss  shou ld  l a r g e ly  

e lim in a te  th e  two c h ie f  im p u r i t ie s ,  hydrogen f lu o r id e  and bromine p e n ta ­

f lu o r id e  ,  because  o f  th e  la rg e  d if f e r e n c e s  in  b o i l in g  p o i n t s . The 

im p u rity  o f  th e  brom ine t r i f l u o r i d e  sample on which th e  d i e l e c t r i c  con­

s t a n t  m easurem ents were made was p robab ly  l e s s  th a n  two mole p e rc e n t .

C h lo rin e  t r i f l u o r i d e  was l ik e w ise  p u r i f ie d  by t r a p - t o - t r a p  d i s ­

t i l l a t i o n s *  The sample used  was f ro z e n  i n  a  t r a p  coo led  by a  Dry I c e -  

p ro p an o l m ix tu re  and ev acu a ted  to  remove c h lo r in e . The im p u rity  o f 

th e  sam ples o b ta in e d  in  t h i s  manner was p robab ly  l e s s  th an  one mole 

p e r c e n t .
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F lu o ro ca rb o n  D e r iv a tiv e s

P u r i f i e d  sam ples o f  p e rf lu o ro te tra m e th y le n e  o x id e , p e r f lu o ro e th y l  

e t h e r ,  and 1 , 1 , 1 , 2 , 2 , 3 ,3 -h e p ta flu o ro p ro p a n e  were fu rn is h e d  th rough  th e  

c o u r te s y  o f  W. H. P e a r ls o n  o f  th e  M inneso ta  M ining and M anufactu ring  

Company, These compounds c o n ta in e d  on ly  t r a c e s  o f  im p u r i t ie s  and th e s e  

im p u r i t ie s  were o f  a  v e ry  s im i la r  n a tu re  to  th e  compounds. The com­

pounds were f u r th e r  d i s t i l l e d  from t r a p - t o - t r a p  i n  th e  g la s s  vacuum 

system  shown i n  F ig u re  6 , and th e  c e n te r  f r a c t i o n  from each o f th re e  

su c c e s s iv e  d i s t i l l a t i o n s  was u sed  f o r  th e  d i e l e c t r i c  c o n s ta n t  m easure­

m ents ,

A sam ple o f  p u r i f i e d  c h lo ro t r i f lu o r o e th y le n e  was o b ta in e d  from th e  

U nion C arb ide  and Carbon C o rp o ra tio n . The c e n te r  f r a c t io n  o f  th re e  

s u c c e s s iv e  d i s t i l l a t i o n s  was u sed  f o r  th e  m easurem ents.

Gases Used F o r C e l l  S ta n d a rd iz a tio n

The m a te r ia ls  u se d  f o r  th e  d e te rm in a tio n  o f  th e  r e p la c e a b le  c a p a c i­

ta n c e s  o f  th e  c e l l s  were ammonia and carbon  d io x id e . The ammonia used  

was from a c y l in d e r  su p p lie d  by th e  Ohio Chem ical and S u rg ic a l Company, 

I t  was p a sse d  th ro u g h  a  d ry in g  tu b e  in to  th e  g la s s  vacuum sy stem , where 

i t  was s u c c e s s iv e ly  d i s t i l l e d  th re e  t im e s , each d i s t i l l a t i o n  u s in g  th e  

c e n te r  f r a c t i o n  o f  th e  p re v io u s  d i s t i l l a t i o n .  The l a s t  c e n te r  f r a c t io n  

was u sed  f o r  th e  c a l i b r a t i o n s .

The carb o n  d io x id e  was a comm ercial grade s p e c i f ie d  to  be 99*5% 

p u r e . I t  was p a sse d  from th e  c y lin d e r  th ro u g h  a lo n g  tu b e  o f  D r ie r i t e
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d i r e c t l y  i n to  th e  vacuum system  and in to  th e  c e l l ,  where i t  was used  

f o r  th e  c a l i b r a t i o n  o f  C e l l  I I .

P rocedure 

C e l l  C a l ib r a t io n

The re p la c e a b le  c a p a c ita n c e s  o f  th e  c e l l s  were o b ta in e d  by m easure­

m ents on a  gas whose d i e l e c t r i c  c o n s ta n t  was a c c u ra te ly  known. -Ammonia 

and carbon  d io x id e  were s e le c te d  because  s e v e ra l  m easurem ents o f h ig h  

p r e c i s io n  had been  r e p o r te d  i n  th e  l i t e r a t u r e  f o r  t h e i r  d i e l e c t r i c  

c o n s ta n t s .

C e ll  I . -Ammonia was u sed  as  th e  c a l ib r a t in g  gas f o r  C e ll  I .  The c e l l  

was a llow ed  t o  a t t a i n  tem p era tu re  e q u il ib r iu m , evacuated  f o r  some t im e , 

washed w ith  ammonia v a p o rs , and th e n  f i l l e d  w ith  ammonia to  a p re s su re  

o f  700-800 mm. o f  m ercu ry . S u f f ic ie n t  tim e was allow ed f o r  th e  gas to  

re a c h  th e  tem p era tu re  o f  th e  c e l l .  The p re s s u re  o f  th e  gas was th en  

r e a d ,  and th e  re a d in g  on th e  s ta n d a rd  c o n d en se r, c o rre sp e n d in g  to  a 

b e a t  freq u en cy  o f  UOO c y c le s ,  was re c o rd e d . W ext, ammonia was w ithdraw n 

u n t i l  th e  p re s su re  dropped ap p rox im ate ly  100 mm. o f m ercu ry , th e  s ta n d a rd  

condenser was a d ju s te d  to  b r in g  th e  b e a t  freq u en cy  back to  1*00 c y c le s ,  

and th e  new condenser re a d in g  and th e  p re s su re  were re c o rd e d . T h is was 

c o n tin u ed  u n t i l  th e  aramonia was co m p le te ly  rem oved, th e  l a s t  s e t  o f d a ta  

f o r  a  ru n  b e in g  ta k e n  w ith  the c e l l  ev ac u a ted . The tem p era tu re  was 

observed  a t  th e  b e g in n in g  and end o f  each r u n .  T h is p rocedure  was r e ­

p e a te d  a t  each  tem p e ra tu re  t h a t  th e  d i e l e c t r i c  c o n s ta n ts  o f  the
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flu o r© carb o n s were m easu red , and on th e  same d ay , s in c e  th e  re p la c e a b le  

c a p a c ita n c e  was found t o  change s l i g h t l y  over a  lo n g  p e r io d  o f t im e .

C e l l  I I . The c a l i b r a t i o n  o f  th e  c e l l  u sed  f o r  th e  ha logen  f lu o r id e  

m easurem ents was accom plished  u s in g  e x a c t ly  th e  same procedure  o u tl in e d  

ab o v e , e x ce p t t h a t  carb o n  d io x id e  was used  as th e  c a l ib r a t in g  g a s .

Ammonia was found t o  g ive somewhat in c o n s is te n t  r e s u l t s ,  p ro b ab ly  as a 

r e s u l t  o f  a d s o rp t io n  on th e  Monel c y l in d e r s . S ince th e  re p la c e a b le  

c a p a c ita n c e  e f  C e l l  I I  was found t o  be independen t o f  te m p e ra tu re , and 

c o n s ta n t  w ith  t im e ,  few er c a l ib r a t io n s  were made th a n  w ith  C e ll  1 .

Carbon d io x id e  h a s  a  low  d i e l e c t r i c  c o n s ta n t  and more accuracy was a t t a i n ­

a b le  a t  low  tem p era tu re s*  T h e re fo re  th e  re p la c e a b le  c a p a c ita n c e  was 

u s u a l ly  de te rm ined  a t  tem p era tu re s  low er th a n  th o se  used f o r  th e  d i ­

e l e c t r i c  c o n s ta n t  m easurem ents o f  th e  ha lo g en  f l u o r i d e s .

D ie le c t r i c  C o n stan t M easurements

E x a c tly  th e  same p ro ced u re  used  f o r  th e  c e l l  c a l ib r a t io n s  was used  

f o r  o b ta in in g  d i e l e c t r i c  c o n s ta n t  d a ta .  T hree o r  more ru n s  were u s u a l ly  

made a t  each te m p e ra tu re , u n t i l  good agreem ent betw een ru n s was o b ta in e d . 

The d i e l e c t r i c  c e l l s  were always evacuated  f o r  some tim e b e fo re  i n t r o ­

du c in g  th e  gas to  be m easu red , th e n  washed a few tim es w ith  th e  g a s , and 

a g a in  e v ac u a ted  f o r  a  w h ile  b e fo re  th e  a c tu a l  m easurem ents were made.

A fte r  each  ru n  th e  b a th  tem p era tu re  was changed to  th e  nex t 

te m p e ra tu re  a t  which m easurem ents were to  be made . C onsiderab le  time 

was n ecessa ry  f o r  th e  c e l l  to  a t t a i n  th e  new e q u ilib riu m  te m p e ra tu re .
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When th e  c e l l s  reach ed  e q u ilib r iu m  tem p era tu re  th e  b e a t  freq u en cy  

c e a sed  to  d r i f t .  The d r i f t  o f  th e  b e a t  freq u en cy  was th e  r e s u l t  o f  

th e  o u te r  c y l in d e r  changing tem p era tu re  more r a p id ly  th a n  th e  in n e r  

c y l in d e r ,  th u s  changing  th e  c e l l  c a p a c i ta n c e . When th e  in n e r  c y l in ­

d e r  reach ed  th e  tem p era tu re  o f  th e  o u te r  c y l in d e r ,  th e  c a p a c ita n c e  o f 

th e  c e l l  was th e  same as b e fo re  and th e  b e a t  freq u e n cy  ceased  to  d r i f t .

W ith th e  h ig h  b o i l in g  h a lo g en  f lu o r id e s  p re s s u re s  o f  o n ly  200-300 

ntn. o f  m ercury  o f  th e  vapor were u sed  to  s t a r t  a  ru n ,  compared to  a 

s t a r t i n g  p re s s u re  o f  700-800 mra. o f  m ercury  f o r  th e  low er b o i l in g  

ha logen  f lu o r id e s  and th e  f lu o ro c a rb o n  d e r i v a t i v e s .

T rea tm en t o f  D ata  

C a l ib r a t io n  o f C e lls

The c a l ib r a t i o n  o f  th e  d i e l e c t r i c  c o n s ta n t c e l l s  c o n s is ts  in  th e  

d e te rm in a tio n  o f  t h e i r  c a p a c ita n c e  when th e y  a re  ev acu a ted . I f  th e  

ev acu a ted  c e l l  c o n s is te d  o f  a  pu re  g e o m e tric a l c a p a c ita n c e  C0 , th e  de­

te rm in a t io n  would be g r e a t ly  s im p l i f i e d ,  fo r  th e  c ap a c ita n c e  of th e  

empty c e l l  c o u ld  be m easured d i r e c t l y ,  th e  c a p a c ita n c e  Cg o f  th e  con­

d e n se r  when f i l l e d  w ith  a  gas would be

Cg -  €  C0

and th e  d i e l e c t r i c  c o n s ta n t  C o f th e  gas cou ld  be d e te rm in ed . 

U n fo r tu n a te ly ,  th e  c e l l  alw ays has a c e r t a in  f ix e d  c a p a c ita n c e  Cf  

a s s o c ia te d  w ith  i t s  le a d s  and w ith  p a r t s  which canno t be f i l l e d  w ith



53

a g a s . The " to ta l c a p a c ita n c e  Ĉ . o f  th e  empty c e l l  i s  th e re fo re

Gq + Cg (19)

and t h a t  o f  th e  c e l l  when i t  i s  f i l l e d  w ith  a gas i s

= ^  C q + • ( 20)

The c a p a c ita n c e  o f  th e  c e l l  C0 which i s  a f f e c te d  by th e  i n t r o ­

d u c tio n  o f  a gas i n  th e  c e l l  i s  c a l le d  th e  r e p la c e a b le  c a p a c ita n c e  and 

i n  o rd e r  to  d e te rm in e  i t  Ĉ * m ust be e lim in a te d  from th e  c a lc u la t io n s .  

By s u b t r a c t in g  E q u a tio n  19 from E quation  20 and s o lv in g  f o r  C0 , i s  

e lim in a te d  and th e  e q u a tio n

r e s u l t s ,  where A  C i s  th e  c a p a c ita n c e  change in  th e  c e l l  when a gas 

w ith  d i e l e c t r i c  c o n s ta n t  e. i s  p la c e d  in  th e  evacuated  c e l l .  T h is  i s  

th e  e q u a tio n  which was used  to  e v a lu a te  th e  re p la c e a b le  c a p a c ita n c e  o f 

th e  c e l l s .

C e l l  I . D ie le c t r i c  c o n s ta n ts  o f  ammonia a t  one atm osphere p re s s u re  over 

a  tem p era tu re  ran g e  had been  a c c u ra te ly  m easured by van I t te r b e c k  and 

de C l ip p e le i r  (51 ) and were used  to  o b ta in  th e  d i e l e c t r i c  c o n s ta n ts  o f  

ammonia a t  th e  te m p e ra tu re s  a t  w hich th e  c e l l  was c a l ib r a t e d .  A la rg e  

p l o t  o f  d i e l e c t r i c  c o n s ta n t  v e rsu s  tem p era tu re  betw een 20°C and 120°C 

was made f o r  t h i s  p u rp o se , u s in g  t h e i r  d a ta  (T ab le  V) .

( 21)
€  -  1 £ -  1
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TABLE V

DIELECTRIC CONSTANTS OF AMMONIA VAPOR 
AT SEVERAL TEMPERATURES ( 51)

T em perature
°c ( E  -  1  ) i  106

29 .95 5026

38.72 5522

1*7.59 521*0

58 .63 1*916

71.1*1* 1*581

80.33 1*369

92.21 1*062

116.12 31*98
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The v a lu e s  o f  i n  E quation  21 were o b ta in ed  by m easuring  th e

change in  c a p a c ita n c e  w ith  p re s s u re  o f  th e  g a s . V alues rea d  on th e  

p r e c i s io n  co n d en se r f o r  each  p re s su re  were changed t© m icr© m icrofarads 

by  i n te r p o la t io n  on th e  c a l i b r a t i o n  curve f o r  th e  p r e c is io n  c o n d en se r. 

A p l o t  o f  m ic ro m ic ro f a rads a g a in s t  p re s s u re  was th e n  made and th e  

c a p a c ita n c e  change from z e ro  p re s su re  t o  one atm osphere was re a d  on 

th e  g ra p h . T h is  gave A  C f o r  one atm osphere o f ammonia. The d i ­

e l e c t r i c  c o n s ta n t  o f  ammonia a t  th e  tem p era tu re  a t  which A  C was 

m easured  was th e n  used  to  c a lc u la te  th e  r e p la c e a b le  c a p a c ita n c e  C0 by  

s u b s t i t u t i o n  o f  A  C and £  i n  E quation  2 1 .

C e ll  X I. Carbon d io x id e  was th e  gas u sed  f o r  th e  c a l ib r a t io n  o f  t h i s  

c e l l .  A v a lu e  f o r  th e  d i e l e c t r i c  c o n s ta n t  o f  carbon  d io x id e  a t  20°C 

and one atm osphere p re s s u re  has been  g iven  as

£  * 1.000922  -  0.000001

by th e  N a tio n a l Bureau o f  S tan d ard s (52) . T h is i s  th e  mean v a lue  o f 

s e v e r a l  r e s u l t s  o b ta in e d  a t  r a d io -  and microwave f re q u e n c ie s .

The m olar volume o f  carbon  d io x id e  a t  20°C and one atm osphere 

p re s s u re  was c a lc u la t e d .  At each  tem pera tu re  th e  p re s su re  which c o r­

responded  to  t h i s  m o lar volume was c a lc u la te d  u s in g  th e  id e a l  gas law . 

D e v ia tio n s  from i d e a l i t y  a t  th e  tem p era tu re s  and p re s s u re s  used were 

i n s i g n i f i c a n t .  From th e  p l o t  o f  c ap a c ita n c e  v e rsu s p r e s s u r e ,  th e  

c a p a c ita n c e  change from zero  p re s s u re  to  th e  c a lc u la te d  p re s su re  was 

re a d  and th e  r e p la c e a b le  c a p a c ita n c e  c a lc u la te d .



56

D ipole  Moments

P lo ts  o f  c a p a c ita n c e  v e rsu s  p re s s u re  f o r  each  compound were used 

to  o b ta in  th e  c a p a c ita n c e  change betw een zero  p re s s u re  and one atmos­

p h e re  o f  th e  g a s . U sing E q u a tio n  30 and th e  v a lu e s  o f  th e  re p la c e a b le  

c a p a c ita n c e  o f  th e  c e l l ,  th e  d i e l e c t r i c  c o n s ta n ts  o f  th e  gas a t  th e  

v a r io u s  te m p e ra tu re s  were c a lc u la te d .

I n  o rd e r  t o  c a lc u la te  th e  m olar p o la r iz a t io n  th e  m olar volume had 

to  be o b ta in e d . V alues o f  th e  c r i t i c a l  c o n s ta n ts  o f  c h lo r in e  t r i ­

f lu o r id e  were a v a i la b le  ( 5 3 ) ,  so  th e  B e r th e lo t  e q u a tio n  was used to  

c a lc u la te  th e  m o lar volumes a t  th e  v a r io u s  te m p e ra tu re s . Wo e q u a tio n -  

o f - s t a t e  d a ta  were a v a i la b le  f o r  th e  o th e r  compounds in v e s t ig a te d ;  

t h e r e f o r e ,  th e  id e a l  gas law  was u sed  to  c a lc u la te  th e  m olar volum es.

Using th e  d i e l e c t r i c  c o n s ta n ts  and th e  m olar volum es, th e  m olar 

p o la r iz a t io n s  were c a lc u la te d  by  means o f  E quatio n  1 2 , A p lo t  o f  th e  

m o la r p o la r i z a t io n  a g a in s t  th e  r e c ip r o c a l  o f  th e  a b so lu te  tem p era tu re  

was th e n  m ade, and th e  s lo p e  determ ined  b o th  g ra p h ic a l ly  and by a  

l e a s t - s q u a r e s  m ethod. The d ip o le  moment was th en  c a lc u la te d  from th e  

s lo p e  u s in g  E q u a tio n  1 5 , and th e  induced  m olar p o la r iz a t io n  wliich 

was th e  i n t e r c e p t  o f  th e  p l o t  a t  l / t  = 0 ,  was found by a le a s t - s q u a re s  

m ethod .
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V. RESULTS 

H alogen F lu o r id e s 

Bromine P e n ta f lu o r id e

The com plete d a ta  f o r  th e  d e te rm in a tio n  o f th e  d ip o le  moment o f 

brom ine p e n ta f lu o r id e  a re  g iven  and th e  d e t a i l s  o f  th e  c a lc u la t io n s  

a re  p r e s e n te d .  The d a ta  and c a lc u la t io n s  f o r  th e  o th e r  compounds 

s tu d ie d  -w ill be p re s e n te d  in  a  more condensed form .

D a ta . The o r ig in a l  d a ta  o b ta in e d  f o r  brom ine p e n ta f lu o r id e  are  g iven

i n  th e  f i r s t  and t h i r d  columns o f T able  V I. The second and fo u r th

columns o f  t h i s  t a b l e  a re  th e  v a lu e s  o f p re s s u re  and c a p a c ita n c e  ob­

ta in e d  from th e  c a l ib r a t io n  cu rves f o r  th e  H e lic o id  gage and th e  p re ­

c i s io n  c o n d en se r, r e s p e c t iv e ly .  The d a ta  f o r  th e  c a l ib r a t io n  o f th e  

p r e c is io n  condenser a re  p re s e n te d  in  T able V I I ,  and th e  c a l ib r a t io n  

d a ta  f o r  th e  H e lic o id  gage a re  g iven  in  T ab le  V I I I .  A p lo t  of the  

c a l ib r a t io n  d a ta  f o r  th e  p r e c is io n  condenser has a lre a d y  been  p re se n te d  

i n  F ig u re  5 . An exam ple o f a t y p ic a l  c a l ib r a t io n  curve f o r  th e  H e lic o id

gage i s  shown in  F ig u re  13 .

D ata f o r  th e  c a l ib r a t io n  o f  th e  c e l l  a re  g iven  in  T able IX , An 

example o f  th e  c a p a c ita n c e  v e rsu s  p re s s u re  p lo ts  made u s in g  th e se  d a ta  

i s  shown i n  F ig u re  H i. The v a lu es  o f  A  C o b ta in ed  from th e  graphs a t  

each  tem p e ra tu re  a re  ta b u la te d  in  T able  X. The average v a lu e  o f ^  C
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th u s  o b ta in e d  i s

A C ave “ ° - 123

w hich , combined w ith  th e  d i e l e c t r i c  c o n s ta n t  o f  carbon  d io x id e , g ives

Co = 133

f o r  th e  r e p la c e a b le  c a p a c ita n c e  o f  th e  c e l l .

A t y p i c a l  p lo t  o f  c a p a c ita n c e  v e rsu s  p re s s u re  fo r  bromine p e n ta ­

f lu o r id e  i s  shown in  F ig u re  15 . At each  te m p e ra tu re , th e  v a lu e  o f 

th e  c a p a c ita n c e  change when th e  atm osphere o f th e  vapor was in tro d u c ed  

in to  th e  c e l l  was re a d  from th e  graphs (.Table XI) . These v a lu e s  were 

combined w ith  t h a t  o f  th e  re p la c e a b le  c a p c ita n c e  o f  th e  c e l l  o b ta in ed  

above , and th e  d i e l e c t r i c  c o n s ta n ts  a t  th e  v a rio u s  tem p era tu re s  c a lc u ­

la t e d  u s in g  E quation  3 0 . These a re  p re se n te d  in  th e  fo u r th  column o f 

T able  X II a long  w ith  th e  c a lc u la t io n s  o f th e  m olar p o l a r i z a t i o n .

D ipole moment. The p lo t  o f  th e  m olar p o la r iz a t io n  v e rsu s  th e  r e c ip r o ­

c a l  o f  th e  a b so lu te  tem p era tu re  i s  shown in  F ig u re  1 6 . The slope  o f 

t h i s  l i n e  was c a lc u la te d  by a le a s t - s q u a r e s  method ^5J|) u s in g  th e  

eq u a tio n

b  -  -  U 2 )

n 2 ix 2 -  { x ) 3

where B i s  th e  s lo p e ,  n i s  th e  number o f  te rm s , and x and y a re  th e

te r n s  p lo t t e d  on th e  a b c is s a  and th e  o rd in a te ,  r e s p e c t iv e ly .  S u b s t i tu t ­

in g  th e  a p p ro p r ia te  v a lu e s  in  th e  e q u a tio n  g ives a s lo p e  B * 12,022 fo r  

th e  s t r a i g h t  l in e  in  F ig u re  16 . U sing E quation  15 9 t h i s  va lue  o f th e  

s lo p e  r e s u l t s  in  a d ip o le  moment o f
§X =* l .J i  D,
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TABLE VI

DIELECTRIC CONSTANT DATA FOR BROMINE PENTAFLUORIDE

P re ssu re
H e lic o id

Gage
mm. 

o f M g

P re c is io n
Condenser

R eading
C a p a c ita n c e ,

M easurements a t  72.5°C

30 689 192 .6 0.1(37
111 613 21 h .h 0.S3U
198 528 237 .0 O .63U
318 U20 268.0 0.767
U03 325 291.1 0 .865
509 220 319.6 0 .980
6 0 k 126 3U*. 6 1.082
696 36 368.7 1.178
730 <1 379.0 1 .220

32 691 192.7 0 .137
107 618 212.7 0.527
2 0 h 522 239.2 0 ,6Wi
312 b l 6 267.8 0 .765
b07 322 292 .5 0.871
502 228 318.3 0 .975
601 129 31*1* .1 1.080
695 36 368.5 1.177
730 <1 379.3 1.220



TABLE V I (CONTINUED)

P re ss u re
H e lic o id

Gage
mm. 

o f  Hg

P r e c is io n
Condenser

B eading
C apac itance  >

M easurem ents a t  89.5°C

28 703 203.2 0.1*81*
75 656 211*. 6 0.531*

126 605 227.2 0.591
175 557 238.1* 0.61*1
252 1*80 257.3 0 .721
329 1*01* 275.2 0 .798
I*oi 332 292.8 0 .872
1*81 253 312 .1* 0 .951
559 176 330.8 1 .0 2 6
61*9 87 352.8 1.111*
700 37 365.8 1.161*
735 <1 372 .8 1 .195

32 699 202.9 0.1*82
103 628 2 2 0 .9 0.563
199 533 21*3.3 0.661
308 1*25 2 6 9 .6 0.773
1*02 331 292.8 0 .872
505 229 318 .0 0 .971
681 55 360.1 1.11*5
735 <1 371.9 1 .1 9 5

38 692 203 .9 0.1*86
101 630 220.1 0 .561
185 51*7 21*0.0 0.61*7
300 1*33 2 7 7 .6 0.607
1*02 331 292 .6 0.871
503 231 317 .6 0.973
595 11*0 339.7 1.062
683 52 361.7 1.150
735 <1 371* .3 1 .200
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TABLE V I ( CONTINUED)

P re s s u re P re c is io n
H e lic o id mm Condenser C apacitance

Gage o f  Hg R eading

M easurements a t  1 0 1 .8°C

28 701 151.2 0 .251
91 638 165 .1* 0 .315

197 533 188.8 0.1*19
272 459 205.7 0.1*95
337 394 219.lt 0 .557
405 326 23lt .2 0 .623
kio 261 21*8.8 0.681*
568 165 270.5 0.777
664 69 2 9 2 .6 0 .871
734 <1 308.1 0.931*

3k 695 11*8.7 O.238
99 630 163 .0 0 .305

200 530 185.7 0 .1*05
277 453 202 .1 0.1*79
399 372 220.1 0 .560
431 300 235.9 0 .629
519 213 255.6 0 .713
595 138 272 .6 0 .782
674 59 291.0 0.861*
734 <1 301*.7 0 .920

37 692 11*8.1* 0 .238
118 611 166.2 0 .319
210 520 186 .6 0.1*09
318 412 209.9 0 .513
401 330 228.6 0 .598
510 221 252.9 0 .701
595 138 271 .6 0.782
675 58 290.1* 0.862
734 <1 303.1 0.911*
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TABLE V I (CONTINUED)

P re s s u re
H e lic o id

Gage
inro. 

o f  Hg

P re c is io n
Condenser

Reading
C apac itance

M easurements a t  1 1 5 .8°C

32 69U 11*7.8 0.23U
109 618 1 6 3 .6 0.307
201 £28 183.1* 0 .395
322 1*08 207.7 0.501*
U08 323 2 2 5 .6 0 .585
£08 223 21*6.6 0 .675
600 133 266.1 0 .757
686 hi 283.9 0.831*
732 C l 293.5 0 .875

37 690 11*8.1* 0 .238
100 621 161.7 0 .229
207 £22 183.7 0 .397
311* 1*17 205 .9 0.1*96
1*03 328 221*. 7 0 .580
512 220 21*7.1* 0.679
60$ 127 266.5 0.760
691 h2 281*.8 0.838
732 <1 293.3 0 .875

23 703 11*5.2 0.222*
116 611 161*.0 0 .309
206 523 183.0 0 .3 9 5
318 1*12 205.9 0.2*95
1*10 321 225.0 0 .582
512 220 21*6.7 0 .6 7 6
603 129 266.0 0 .7 5 8
680 53 282.0 0 .8 2 6
732 C l 292.8 0.872
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TABLE V I (CONTINUED)

P ressure
H e lico id

Gage
mm„ 

o f  Hg

P rec is io n
Condenser

Reading
Capacitance

KHf

Measurements at 1 2 9 .2°C

35 683 lUO.U 0 .2 0 1
108 611 15U.2 0 .26U
202 518 1 7 2 .6 0.3U6
297 1*25 1 9 0 .1 0 .1*26
1*01 321 210.3 0 .5 1 6
506 218 2 3 0 .6 0.607
609 112 2 5 0 .6 0 .6 9 2
698 30 267 .2 0 .763
727 <1 27U.3 0.79U

31 687 133 .9 0 .1 7 0
108 611 lU8 .lt 0 .2 3 8
202 518 1 6 6 . U 0 .3 2 0
310 1*12 1 8 6 . U 0.U05
1*07 316 205 .9 O.U95
510 211* 2 2 6 .0 0 .5 8 6
610 116 2UU.8 0 .6 6 7
690 37 260.8 0 .7 3 6
727 < 1 268 .U 0.769

Measurements a t 1UU.1°C

32 685 191. U 0.U31
108 610 206.1 O.U97
215 505 225.7 0 .585
310 U n 2U3.7 0 .6 6 3
1*11 311 262 .2 0 .7U2
500 223 279.2 0 .815
589 135 2 95 .U 0 .8 8 3
680 1*5 312 .U 0 .951
725 <1 320.8 0.985

39 679 1 89 .U 0.U22
113 605 203 .U 0.U85
203 517 220 .U 0 .561
311 1*10 21*0.2 O .6U8
1*02 320 257.1 0 .720
506 217 276.7 0.802
601 122 29U.6 0.879
681 1*3 309 .U 0.939
725 <1 3 1 7 .6 0.972
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TABLE V I ^CONTINUED)

P re ss u re
H e lic o id

Gage
mm. 

of Hg

P re c is io n
Condenser

R eading
C apacitance

Me asureme n ts a t 1 5 7 .7°C

31 686 11*8.1* 0 .283
111 607 162.5 0 .303
200 520 177 .3 0 .369
311 1*11 196.2 0.1*53
U09 311* 212.8 0 .527
505 218 2 2 9 .6 0 .601
692 33 261 .6 0 .739
725 <1 267.1* 0.761*

30 687 138 .0 0 .190
100 618 150 .5 0.21*8
206 513 168 .0 0.327
310 Ull 166 .1 0.1*08
i*i8 301* 201, .1 0.1)88
906 217 219.8 0.588
593 131 231* .8 0.627
682 1*3 250.1* 0.691
725 <1 257.6 0 .7 2 2

32 685 132.3 0.161*
112 60 6 11,6.6 0 .229
199 521 1 6 1 .6 0 .298
311 lao 180.3 0 .382
!±06 316 196.5 0.1*51*
502 221 213.9 0.532
600 123 230.5 0 .606
685 Uo 235.0 0 .6 6 9
725 <1 251.8 0.697
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TABLE V II

DATA FOR THE CALIBRATION OF THE GENERAL RADIO PRECISION CONDENSER

U n its  on U n its  on m
P re c is io n  P rim ary  S tandard  A C apacitanc
Condenser C a p a c ito r  M M ?  x

97 .1* 110O 0 0 .0
108 .1 1150 50 5 .2 8
119 .8 1200 100 10.57
1 3 1 .1 1250 i s o 15 .85
11*2.6 1300 200 21.11*
151* .2 1350 250 26.1*2
1 65 .0 11*00 300 31.71
178 .0 11*50 350 36.99
1 89 .9 1500 1*00 1*2.28
201 .5 1550 1*50 1*7.56
213 .3 1600 500 52.85

213 .3 1000 500 52.85
22U.9 1050 550 58.13
237 .1 1100 600 6 3 .1*2
21*9.1 1150 650 68.70
2 6 2 .0 1200 700 73.99
27U.2 1250 750 79.27
286 .8 1300 800 81* .56
299 .3 1350 850 89.81*
312.7 11*00 900 95.13
325.lt 11*50 950 100 . l a
339.0 1500 1000 105.70
352.1 1550 1050 110.98
3 6 5 .0 1600 1100 116.27
377.7 1650 1150 121.55
391.lt 1700 1200 126.81*
1*03.9 1750 1250 132.12
1*17.5 1800 1300 137 .1*1
1*3 0 .2 1850 1350 11*2.69
1*1*3.7 1900 11*00 11*7 .98
1*55.8 1950 11*50 153 .26
1*69.5 2000 1500 158.55

1*69.5 1000 1500 158.58
1*83.3 1050 1550 163.83
1*96.1* 1100 1600 169.12
510 .3 1150 1650 171*. 1*0
521*. 6 1200 1700 179.69
538 .9 1250 1750 181*. 97
553.2 1300 1800 190.25
567.1* 1350 1850 195.51*
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TABLE V II  (CONTINUED

U n its  on
P r e c is io n
C ondenser

U n its  on 
P rim ary  S tan d ard  

C a p a c ito r

*
A C apacitance  

M .* x f  X  10*

582.0 11*00 1900 200.82
596 .2 il*5o 1950 206.11
611.2 1500 2000 211.39
625.7 1550 2050 216.68
6U0,8 1600 2100 221.96
655.9 1650 2150 227.25
670.8 1700 2200 232.53
685.1 1750 2250 237.82
700 .9 1800 2300 21*3.10
715.3 1850 2350 21*8.39
731 .1 1900 21(00 253.67
71*5.1* 1950 21*50 258.96
760 .9 2000 2500 261*.21*

760.9 1000 2500 261* .21*
776.7 1050 2550 269.53
791 .6 1100 2600 271*. 81
807.8 1150 2650 280.10
82l*.2 1200 2700 285.38
81*0.6 1250 2750 290.67
857.7 1300 2800 295.95
873.7 1350 2850 301 .21*
890.8 11*00 2900 306.52
907.8 11(50 2950 311.81
925.1 1500 3000 317 .09
91*1.8 1550 3050 322.36
960.2 1600 3100 327.65
976 .3 1650 3150 332.95
995 .0 1700 3200 338.23

1011.1* 1750 3250 31*3.52
1029.8 1800 3300 3U8.80
101(6.8 1850 3350 351* .09
1061*. 5 1900 31*00 359.37
1080 .9 1950 31*50 361*. 66
1100 .0 2000 3500 369.91*

*Coluron A g iv es  the t o t a l  number o f  u n its  on the primary standard 
cap ac itor  th a t  correspond to  the number o f u n its  covered on the 
p r e c is io n  condenser.
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TABLE V I I I

CALIBRATION DATA FOR THE HELICOID GAGE

H e lic o id  Gage P re ssu re H e lic o id  Gage P re ssu re
R eading mm. o f  Hg Heading mm. o f  Hg

C a lib r a t io n a t 72.5°C C a lib r a t io n  a t  1 1 5 .8°C

36 689.5 30 698.8
95 630.0 98 630.5

190 525 .9 183 51*3.5
293 1*33.5 265 1*63 .8
376 353 .1 357 372.3
1*58 270 .0 1*32 299.9
51*9 183.0 510 220 .1*
623 107 .1 600 131*. 3
678 5 2 .8 673 59 .0
730 < 1 .0 732 < 1 .0

C a l ib r a t io n a t 89.5°C -C a lib ra tio n -  a t  129 .2°C

27 701*. 9 21 699.6
95 635.1* 165 551* .1

215 516.5 239 1*82.2
286 1*1*6 .1 31*0 381.8
381 353.2 1*31 295.0
1*70 265.2 513 211.0
569 166.8 585 11*0.7
61*9 87 .0 658 70 .1
735 < 1 .0 727 < 1 .0

C a lib r a t io n a t 1 0 1 .8°C C a lib r a t io n  a t  11*1* ,1°C

19 711 .1 19 701 .6
82 61*6.6 102 616.0

168 562.7 170 51*9.1*
271 1*59.1 278 1*1*2 .8
370 362 .0 352 367.7
l*5o 281.3 1*1*3 280.0
533 200.0 533 188 .8
6oU 129.7 621 1 0 2 .6
670 63.7 679 1*6 .8
73h < 1 .0 725 < 1 .0
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TABLfi IX

CALIBRATION DATA FOR DIELECTRIC CELL I I

P re ssu re  
mm. o f  Hg

Condenser
R eading

C apac itance P re s  stir© 
mm. o f  Hg

Condenser
Reading

C ap ac itan ce
/V* *

C a l ib r a t io n  a t 72 .5°" C a lib r a t io n  a t 115 ,7°C

785.0 1 5 9 .0 0.287 792.2 186 .3 0.1*09
53 5 .3 166 .5 0 .3 2 0 695.8 189 .6 0.1*23
1+61*.5 1 6 9 .0 0 .331 596.1+ 192.3 0.1*35
391.2 171 .3 0.31*1 1*35.0 196.7 0.1*55
307 .1 173 .7 0.352 31*7.8 198 .9 0.1*61*
208.0 1 76 .8 0 .3 6 6 21*7.7 201.7 0.1*77

9 9 .0 180 .2 0 .381 136 .0 201*. 9 0.1*91
< 1 .0 1 8 3 .1 0.391* < 1 .0 208.5 0 .508

C a l ib r a t io n  a t 89.5°C C a lib r a t io n  a t 12 8 .8°C

7 8 7 .0 1 6 2 .6 0 .303 783 .9 11*9.0 0.21*0
6 8 3 .6 165 .5 0 .315 7 0 2 .8 151.2 0 .251
586.1+ 1 6 8 .6 0 .329 603.5 153.7 0 .261
1+78.8 171 .5 0.31*2 1*72.6 157.1 0 .2 7 9
398 .8 171* .0 0 .353 385.1 159.1* 0 .288
297 .3 177.1* 0 .369 289 .8 162 .1 0 .3 0 1
1 9 6 .7 180 .0 0 .380 185.7 161*.3 0 .311

9 1 .8 183.3 0 .395 86 .0 167.0 0 .322
< 1 .0 185 .9 0.1*06 < 1 .0 168 .9 0 .330

7 8 1 .8 161 .5 0 .298 C a l ib r a t io n  a t 11+1+ .1°C
673 .5 161*. 8 0 .312
5 5 0 .3 168 1 0 .327 789.8 182.7 0 .392
1+61*. 0 170 .8 0.339 700.7 181*. 8 0.1*01
361 .2 171+.0 0 .3 5 3 569.5 187.5 0.1*11*
270.1 176 .9 0 .3 6 6 1*81.0 190.0 0.1*25
1 85 .0 179.2 0 .377 3 8 6 .6 192.5 0 . 1*36

9 9 .5 181 .8 0 .388 299 .3 191+.6 0 .1*1*5
< 1 .0 181*. 2 0 .3 9 9 205.8 197 .0 0.1*56

98.1* 199 .9 0 .1*69
C a l ib r a t io n  a t 1 0 1 .9°C < 1 .0 202 .6 0.1*81

779 .8 287.2 0.81*9
702.1* 289 .8 0 .859
699.1* 292 .8 0 .872
1+97.2 296 .0 0 .8 8 5
396 .1 299.1 0 .898
302.7 302 .1 0 .910
1 9 9 .6 3 0 5 .2 0 .923
105.1* 308 .2 0 .935
< 1 .0 311.1* 0.91*8
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F ig u re  l i i . T y p ic a l p l o t  o f c e l l  c a l ib r a t io n  d a ta .  
C a l ib r a t io n  o f C e ll  I I  a t  1 1 5 .7°C .
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TABLE X

VALUES OF A  C FOR CARBON DIOXIDE 
FROM DATA IN TABLE IX

T em perature
Oq

*C o rrec ted  
P re ssu re  

mm. o f  Hg
C

7 2 .5 895.1 0 .122

89 .5 91*0.1 0.123

89 .5 9U0.1 0 .123

101.9 971.2 0.123

115.7 1007.0 0 .123

128.8 101*0.9 0 .122

ll*U .l 1072.8 0.12U

A 0 Average * 0 .123

P r e s s u r e  e x e r te d  a t  t°C  by th e  m olar volume o f carbon d io x id e  
a t 20°C .
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TABLE XI

VALUES OF A C  FOE BROMINE PENTAFLUORIDE 
FROM THE DATA IN  TABLE VI

T e m p e r a tu r e A  C mm? A v e r a g e  ^  C
°c ( 0-1 atm o f  BrFe  ) y .y .£

7 2 .5 0.81*1* 0.81*2 0.81*3

8 9 .5 0 .775 0 .777 0.777 0 .777

101 .9 0 .7 3 5 0 .738 0 .739 0 .737

115 .8 0 .6 9 1 0 .692 0 .690 0 .691

129 .2 0.651* 0 .6 5 6 0 .655

11*1* .1 0.613 0 .615 0.611*

157 .7 0 .580 0 .5 8 6 0 .5 8 6 0.581*
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3.U2 . 82.U 3 .22. 6 3 .0

T°K
103

F ig u re  16 . M olar p o la r iz a t io n  versu s £he r e c ip ro c a l  o f  th e  
.a b s o lu te  tem p era tu re  fo r  brom ine p e n ta f lu o r id e .
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C h lo r in e  T r i f l u o r i d e

D a t a .  T h e d a t a  f o r  p l o t t i n g  t h e  c a p a c i t a n c e - v e r s u s - p r e s s u r e  c u r v e s  f o r  

c h l o r i n e  t r i f l u o r i d e  a r e  p r e s e n t e d  i n  T a b le  X I I I .  T he d a t a  f o r  t h e  

c a l i b r a t i o n  o f  t h e  c e l l  and H e l i c o i d  g a g e  a r e  n o t  sh o w n . The a v e r a g e  

v a l u e  o f  A  C a t  e a c h  t e m p e r a tu r e  i s  g i v e n  i n  T a b le  X IV , a lo n g  w it h  t h e  

d i e l e c t r i c  c o n s t a n t  a t  e a c h  t e m p e r a tu r e  and t h e  m o la r  p o l a r i z a t i o n .

T he m o la r  v o lu m e  o f  t h e  c h l o r i n e  t r i f l u o r i d e  w as o b t a in e d  u s i n g  t h e  

B e r t h e l o t  e q u a t i o n - o f - s t a t e ,

VM
P L 128 PrjT T2 J128 PqT

and  t h e  c r i t i c a l  c o n s t a n t s  e s t i m a t e d  by G r l s a r d ,  B e r n h a r d t ,  and O l i v e r  (53)

D ip o le  m o m en t. T he p l o t  o f  m o la r  p o l a r i z a t i o n  a g a i n s t  t h e  r e c i p r o c a l  o f  

t h e  a b s o l u t e  t e m p e r a tu r e  i s  show n i n  F ig u r e  1 7 . The s l o p e  o f  t h e  

s t r a i g h t  l i n e  a s  d e t e r m in e d  b y  t h e  l e a s t - s q u a r e s  m eth o d  ( 3 ,3 6 U )  c o r r e s ­

p o n d s  t o  v a lu e  f o r  t h e  d i p o l e  m om ent o f

yk -  o .7U d

T he c a l c u l a t i o n  o f  t h e  d i p o l e  m om ent u s i n g  t h e  m o la r  r e f r a c t i o n  g a v e  

a  s l i g h t l y  d i f f e r e n t  v a l u e .  M a lik  C55) h a s  d e te r m in e d  t h e  m o la r  r e f r a c ­

t i o n  o f  c h l o r i n e  t r i f l u o r i d e  from  r e f r a c t i v e  i n d e x  m e a su r e m e n ts  o n  t h e  

g a s ,  and  g i v e s  a  v a l u e  o f  R * 1 0 .3  ■* 0 .5 .  S u b s t i t u t i n g  t h i s  v a lu e  and  

t h e  m o la r  p o l a r i z a t i o n  a t  e a c h  t e m p e r a tu r e  i n t o  E q u a t io n  17 g i v e s  t h e  

r e s u l t s  sh o w n  i n  T a b le  XV. The a v e r a g e  v a lu e  o f  t h e  m om ent o b t a in e d
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TABLE X IH

DIELECTRIC CONSTANT DATA FOR CHLORINE TRIFLUORIDE

P re s s u re  
iren. o f  Hg

C ap ac itan ce P re ssu re  
ram. o f  Hg

C apac itance

Me asurem ents a t  1*6.2°C Me asurem ents a t  1 0 2 .2°C

733 0 .330 755 0 .51,0
651 0 .3 7 0 683 0 .565
596 0 .399 608 0 .5 9 2
533 0.1*31 515 0 .629
1*55 0.1*69 2±06 0 .6 7 1
391* 0.1*99 299 0 .709
315 0 .537 201 0 .71,6
202 0 .592 92 0 .7 9 8

87 0.61*8 < 1 0.81*9
<1 0 .6 9 6

721 0 .527
736 0 .315 661 0.553
662 0 .353 609 0 .5 7 6
602 0 .382 518 0 .6 1 6
521* 0 .1,22 h2h 0.651*
1*58 0.1*51* 310 0 .7 0 0
393 0 .1,86 199 0 . 71,6
295 0.532 83 0 .8 0 1
191* 0 .583 <1 0.81*7

85 0.631*
<1 0 .679 729 0 .522

656 0.55U
M easurem ents a t  78.7°C 553 0 .601

U50 0.61*1,
732 0 .8 3 1 3U9 0 .6 9 6
621 0 .8 7 9 250 0 .7 2 6
501* 0 .927 IJ48 0 .752
1*1*8 0 .9 5 1 < 1 0.850
1*01 0 .976 O
311* 1 .006 M easurem ents a t  1U0.8 C
205 1.051*

91* 1 .099 721* O.ijOl
< 1 1.11*3 678 O.I4I 8

621 0.1437
731 0 .827 563 O.U55
6i*i* 0 .865 1*96 0 .I478
51*0 0 .9 1 1 1£3 0 .U98
1*89 0 .935 329 0.53U
1*28 0 .9 5 6 231 0 .5 6 6
31*3 0 .995 101* 0.610
21*7 1 .036 < 1 0 .650
11*9 1 .078

81 1 .1 0 9
<1 1.11*7
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TABLE XIV

MOLAR POLARIZATION CALCULATIONS FOR CHLORINE TRIFLUORIDE

T em p era tu re , 
°K

A C  *  
MM f

CD3KH1>—* M olar 
Volume, 
cc /m ole

P
M

cc/m ole
i  x l o 3 
T°K

319.3 0 .372 2825 25,756 2U.2 3.132

351 .8 0 .328 2U90 28,k88 2 3 .6 2.81*2

375.8 0 .302 2293 30,512 23 .3 2 .661

U13.3 0 .25k 1929 33,707 21 .7 2.1*16

*  R ep la ce ab le  c a p a c i ta n c e , CQ •  132 MMf.

26
CDi—1O

u
o

20

18
3.202.802. 602.L0

ho * i°3T K

F ig u re  1 7 . M olar p o la r i z a t io n  v e rsu s th e  r e c ip r o c a l  
o f th e  a b so lu te  tem p era tu re  f o r  c h lo r in e  t r i f l u o r i d e .
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i n  t h i s  m a n n er  i s

J *  *  D .

T h i s  a g r e e s  w i t h  t h e  v a l u e  o b t a in e d  from  t h e  p l o t  o f  t h e  m o la r  p o l a r i ­

z a t i o n  v e r s u s  t h e  r e c i p r o c a l  o f  t h e  a b s o l u t e  t e m p e r a tu r e  w i t h i n  t h e  

a c c u r a c y  o f  t h e  m e a s u r e m e n ts .  ( S e e  D i s c u s s i o n  o f  E r r o r s )

TABLE XV

DIPOLE MOMENT OF CHLORINE TRIFLUORIDE CALCULATED 
USING THE MOLAR REFRACTION

T e m p e r a tu r e
°K

D ip o le  M oment 
D

319 .3 0 .83

3 5 1 .8 0 .8 6

375 .8 0 .87

U13.3 0 .8 5

I o d i n e  F e n t a f l u o r i d e

D a t a .  T he d i e l e c t r i c  c o n s t a n t  d a t a  a r e  p r e s e n t e d  i n  T a b le  X V Iy and  

t h e  r e s u l t s  o f  t h e  v a r i o u s  p l o t s  and c a l c u l a t i o n s  a r e  su m m a rized  i n  

T a b le  X V I I . B e c a u s e  o f  t h e  h ig h  b o i l i n g  p o i n t  o f  t h i s  com p ou n d , t h e  

d i e l e c t r i c  c o n s t a n t  c o u ld  n o t  b e  m e a su r e d  o v e r  a  l a r g e  t e m p e r a tu r e  

r a n g e .  T h e r e f o r e  i t  w as n o t  p o s s i b l e  t o  o b t a i n  s u f f i c i e n t  d a t a  f o r  a  

p l o t  o f  m o la r  p o l a r i z a t i o n  v e r s u s  t h e  r e c i p r o c a l  o f  t h e  a b s o l u t e  

t e m p e r a t u r e .



TABLE 171

DIELECTRIC CONSTANT DATA FOR IODINE PENTAFLUORIDE

P re s s u re C ap ac itan ce P re s s u re C ap ac itan ce
iran. o f  Hg JU/Af iran. o f  Hg f x y £

M easurem ents a t  1 1 9 .6°C M easurem ents a t  135°C ( c o n t 'd )

239 0.81*0 221 0 .756
1U6 0 .968 196 0 .790

59 1.071* 171* 0 .817
<1 1.152 151 0.81*9

123 0.881*
21*6 o .85o lOii 0 .908
216 0 .891 65 0 .9 5 6
188 0.927 35 0.992
168 0 .955 <1 1.01*1
1 1*2 0.992
113 1 .031 231 0 .753

81 1 .073 210 0.781*
63 1 .095 161 0.827
<1 1.173 151 0 .6 6 6

122 0 .910
293 0 .763 92 0 . 91*8
2^2 0 .825 57 0.992
220 0 .8 7 1 a Cl
195 0 .907 Measurements a t  150.1* C
170 0.91*7
11*7 0.971* 205 0 .8 7 5
116 1 .020 177 0 .913

96 1.051 liUi 0.91*9
60 1 .098 112 0 .991
<1 1.177 82 1.026

Q 52 I.O 63
M easurem ents a t  135 .0  C 16 1.103

< 1 1.107
253 0.732
221 0.773 218 0.837
197 0 .8 0 6 19ii 0 .863
171 0.81*1 171 0 .891
lh7 0 .868 11*7 0 .917
118 0 .9 0 6 118 0.953

90 0.91*2 90 0.987
53 0 .983 61 1.021
19 1 .026 39 1.01*6
<1 1.052 <1 1.107
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TABLE XVI (CONTINUED)

P re ssu re  
mm. o f  Hg

C ap ac itan ce P re ssu re  
mm. o f  Hg

C ap ac itan ce

Me asurom ents a t  1 5 0 .1*°C M easurem ents a t  172 ,9°C
(co n tin u ed )

210 0.799
191 0 .825 205 1.01*3
171 0.81,5 168 1.000
l l i l 0 .880 139 1.111
113 0 .916 116 1 .137

92 0.91*3 88 1.167
58 0 .975 60 1.198
3k 1 .011 38 1 .221
<1 1 .0 6 6 17 1 .21*3

<1 1.261
Me asurem ents s t  1 7 2 ,9°C

198 1 .033
hZk 0.81,6 173 1.059
36U 0.917 1U9 1.081,
283 1 .0 0 1 111 1.121*
213 1 .068 82 1 .155
157 1.125 53 1.165
l l i i 1 .169 31 1 .208

73 1.213 lii 1 .226
55 1.231* <1 1.21,0
<1 1 .292

209 1.061,
180 1.093
155 1 .1 1 6
131 1.129

98 1.175
6U 1.208
37 1 .238
15 1.257
<1 1.273
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D ipo le  Moment. M alik  155) has o b ta in e d  a  v a lu e  o f  19.2  cc./™ 0!® fo r  

th e  m olar r e f r a c t i o n  R o f  io d in e  p e n ta f lu o r id e . T h is v a lue  was used 

to  o b ta in  th e  v a lu e  o f  B in  E q u a tio n  17 a t  each  te m p e ra tu re , from 

w hich th e  d ip o le  moment was c a lc u la t e d .  The d e t a i l s  o f  th e  c a lc u la t io n s  

a re  g iven  i n  th e  l a s t  th r e e  colums o f  T able XVTI. The e x c e l le n t  ag ree ­

ment betw een th e s e  v a lu e s  in d ic a te s  th e  p r e c is io n  ld iich  i s  p o s s ib le  in  

m easu ring  compounds w hich p o sse s s  a  h ig h  d ip o le  moment. The average 

v a lu e  f o r  th e  d ip o le  moment o f  io d in e  p e n ta f  lu o r id e  i s

JA »  2.21* D .

Bromine T r i f lu o r id e

D a ta . The d i e l e c t r i c  c o n s ta n t  d a ta  f o r  brom ine t r i f l u o r i d e  a re  p re s e n te d  

i n  T ab le  XVXII. T h is  was th e  h ig h e s t  b o i l in g  compound m easu red , and 

th e r e f o re  a  v e ry  sm a ll tem p era tu re  ran g e  was a v a i la b le  ov e r which th e  

d i e l e c t r i c  c o n s ta n t  d a ta  cou ld  be o b ta in e d . The c a lc u la t io n s  a re  

sum m arised i n  T ab le  XIX.

D ipo le  moment. The d ip o le  moment was c a lc u la te d  u s in g  th e  v a lu e  o f 

1 2 .9  cc ./m o le  f o r  th e  m o la r r e  f r a c t i o n  o b ta in ed  by M alik ^ 5 5 ) . The 

average  v a lu e  o f  th e  d ip o le  moment a t  th re e  d i f f e r e n t  te m p e ra tu re s  i s

JL4 = 1 .33  D.



TABLE X V II I

DIELECTRIC CONSTANT DATA FOR BROMINE TRIFLUORIDE

P re s s u re  
mm« o f  Hg

C ap ac itan ce P re ssu re  
mm. o f  Hg

C apac itance

M easurem ents a t  lii2  .U°C Me a su r ements a t  1 5 1 .6°C

197 0.2U7 121 0.683
182 0 .252 73 0 .705
151 0 .270 36 0.723
125 0 .2 8 0 <1 0.7U0

89 0 .3 0 0
59 0 .315 296 0 .568
21 0.332 2U7 0 .591
<1 0.3l*li 196 0 .615

H18 0 .6 3 9
198 0 .236 108 0 .6 5 6
171 0 .289 61 0 .679
1U3 0 .2 5 6 20 0 .698
115 0 .283 <1 0.707

87 0 .2 9 9
57 0 .315 M easurements a t  175 .1  C
29 0 .332
<1 0.3U8 290 0 .592

250 0 .610
215 0 .259 216 0 .625
191 0.273 158 0 .6 h9
162 0 .2 8 5 121 0 .661
131 O .3O8 78 0 .680
105 0 .319 29 0 .706

80 0 .330 <1 0.718
56 0 .3 8 3
23 0 .363 302 0 .571
<1 0 .373 265 0 .588

A 221 0.607
Me asuremfehts a t  1 5 1 .6  C 186 0.622

118 O .651
290 0 .630 81 0.667
227 0 .6 6 1 29 0 .690
183 0 .6 7 9 <1 0.702
137 0 .700

90 0 .722 310 0 .5 3 6
h2 0.71U* 262 0 .553
<1 0 .763 218 0 .579

171 0.597
278 0 .609 123 0 .618
220 0 .6 3 6 79 0.637
163 O .663 27 0 .660

<1 0.672



85

Q o On O-d CM CO• •
1—1 rH r -i

6-i
" 3

t
as

p *

Q  tA  CO
- d  CO CO
CO C\J _ d

•k *» *(
c\l O  O

n 3 3Phi

CD
rH
O

^ E

oo

vO
CM 

—d O-co

co
vOCO I

X
9
3

u>

CD
rH
O

^ E

3
«

rH
I

\ U

co

- dco

c>\
md
- dco

On

nO
CO

OO O n - d
- d CO NO
C"*— rH O n
CO CO CM

3
«

oo
Cl>
S

-P
♦ H

§ *
O

Q>
rH
•3
CD

S
rH
Q h

<3

* o
< 3

CH

*

NO

3
~ d
i / \
c o

o

O n
CM
CO

E
o»ErH

xr\
1A
3

- d
CNJ
- d

CM

co
- d
~ d



86

F lu o ro c a rb o n  D e r iv a tiv e s

1 ,1 ,1  ^2 ,2 ,3 ,3 -h e p ta f lu o ro p ro p a n e

D a ta . The d i e l e c t r i c  c o n s ta n t  d a ta  a re  p re s e n te d  in  T ab le  XX. The c e l l  

used  f o r  th e  f lu o ro c a rb o n  d e r iv a t iv e  work (C e ll  i )  had a much l a r g e r  

r e p la c e a b le  c a p a c ita n c e  th a n  C e ll  X I, th e r e f o re  l a r g e r  c a p a c ita n c e  

changes were o b se rv ed  upon p la c in g  a gas betw een th e  p la te s *  T h is i n ­

c re a s e d  th e  p r e c is io n  o f  th e  m easurem ents. The c a lc u la t io n s  o f  th e  

m olar p o l a r i s a t i o n  a re  summ arised in  T able  XXX,

D ipo le  moment. The p l o t  o f m olar p o l a r i s a t i o n  v e rsu s  th e  r e c ip r o c a l  

o f th e  a b so lu te  te m p e ra tu re  i s  shown in  F ig u re  1 9 . The s lo p e  o f  th e

l in e  B o b ta in e d  by th e  l e a s t - s q u a r e s  method i s  equa l to  15,960 and the

d ip o le  moment c a lc u la te d  from t h i s  i s

y  = 1 .62  D.

P e rf lu o ro te tra m e th y le n e  Oxide

D a ta . The d i e l e c t r i c  c o n s ta n t  d a ta  a re  p re s e n te d  in  T able  XXII, and 

th e  c a lc u la t io n s  a re  summarised in  T able X X III.

D ipo le  moment . The p l o t  o f  m olar p o la r iz a t io n  v e rsu s  th e  r e c ip r o c a l  

o f  th e  a b s o lu te  tem p era tu re  i s  shown i n  F ig u re  19 . The s lo p e  o f th e

l in e  B de te rm ined  by a le a s t - s q u a r e s  method i s  1931, and th e  d ip o le

moment c a lc u la te d  from t h i s  i s

y  = 0 .5 6  D.



TABLE XX

DIELECTRIC CONSTANT DATA FOR 
1 ,1 ,1 ,2 ,2  ,3  ,3-HEPTAFLUOROPROPANE ( n - C ^ H )

P re s s u re  
ram. o f  Hg

C ap ac itan ce
fJLfif

P re s su re  
mm. o f  Hg

C ap ac itan ce

Me asurem e n t  s a t  26.7°C Me asurem ents a t  1*8.1*°C

7 8 8 .0 0 .2 6 1 787.2 0 .257
TOh.O 0 .586 701*.7 0 . 51*8
607.3 0.951* 599 .0 0 . 901*
507.3 1 .332 1*91.1 1.260
391*. 7 1 .763 3 9 3 .6 1 .581
2 98 .0 2.332 297.9 1.898
1 9 5 .8 2.502 201.2 2 .209
1 00 .0 2 .865 lOU.S 2.527

0 .5 3 .2 1 6 0 .1 2.861*

He asurem ents a t  3U.2°C M easurements a t  61.1°C

780 .3 0 .510 792.1 0.1*95
690.8  ' 0 .8i4.lt 696.9 0 .797
600.1* 1 .165 603 .1* 1.085
1*98.6 1 .5 U 1*97.2 1.1*15
391 .5 1 .908 390.0 1 .751
293 .2 2.279 293.0 2.01*9
198.lt 2.621* 199.2 2.31*3
106 .3 2 .951 1 0 0 . i* 2.653

0 .2 3.309 0 .2 2.91*9

M easurem ents a t  1*1.0 C M easurem ents a t  6 9 .1*°C

785.0 0.1*53 79 0 .9 0.1*97
702.7 0.71*5 699.9 0 .776
605.8 1.081* 599.8 1.071
50 2 .3 1.1*1*8 503.2 1.357
39lt.O 1 .8 2 6 398.2 1.677
303 .5 2 .116 295.3 1.979
19it .0 2.512 199 .5 2.256

9 8 .3 2 81*1* 9 7 .2 2.561
0 .1 3.163 0 .1 2.838
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TABLE XX (CONTINUED)

P re s s u re C ap ac itan ce P re ssu re C ap ac itan ce
mm. o f  Hg mm. o f Hg MM*

Me asurem ents a t  79.3°C Me asureme n t  s a t  1 0 9 .0°C

7 9 1 .9 0 .508 789.7 0 .5 6 8
70U .0 0 .7 6 2 701*. 5 0.780
601 .6 1.052 600.5 1.028
1*87.8 1 .3 6 8 1*86.8 1 .309
1*0 3 .0 1 .6 1 6 381*. 5 1 .569
299 .0 1.901* 292 .1 1 .795
189 .0 2 .2 0 6 201 .8 2.015
1 0 0 .5 2.1*59 102.1* 2.25U

0 .2 2 .738 0 .2 2.1*99

M easurem ents a t  89.8°C M easurem ents a t  99.8°C

780 .3 1 .0 5 6 781*.1 0 .522
699.2 1 .210 698 .1 0 . 71*6
576.7 1.1*1*8 598.8 1.000
1*91.6 1 .618 1*83.1 1 .293
390 .5 1 .811 398.7 1 .516
276.7 2.027 301.3 1.767
203.2 2 .163 185.2 2 .059
1 0 9 .0 2.31*1* 102 .2 2.267

0 .2 2.567 0 .2 2 .520
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TABLE XXI

MOLAR POLARIZATION CALCULATIONS FOR 1 ,1 ,1 ,2  ,2 ,3 ,3-HEPTAFLUOROPROPANE

T em perature
°K

A  c*
yUUf (€  -  l ) x  10 6

Vm

cc/fao le
PM

ce/frtole
i n x 103T°K

2 99 .8 2.860 8101, 21* ,611* 6 6 .3 3 .336
307 .3 2.71*5 7778 25,229 65.2 3.25U
3X1* .1 2.61*0 7U81 25,788 61* .1 3.18L
321 .5 2.500 7081* 26,395 62.2 3 .110
331* .2 2.361* 6699 2 7 ,1*38 61.1 2.992
3U2.5 2.251* 6387 28,119 59.7 2.920
352 .5 2 .136 6053 28,932 58.3 2.838
362.3 2.032 5758 29,71*5 57 .0 2.760
372 .9 1 .91*0 51*97 30,615 56.0 2.682
382 .1 1 .8 6 0 5271 31,370 5 5 .0 2.617

*  R ep la ce ab le  c a p a c i ta n c e ,  CQ = 353 jum? .

66

HO
•

oo

3 .0

T°K

F ig u re  1 8 . M olar p o la r i z a t io n  v e rsu s th e  r e c ip r o c a l  o f  th e
a b so lu te  tem p e ra tu re  f o r  1 ,1 ,1 ,2 ,2 ,3 ,3 - h e p ta f lu o r o p ro p a n e .
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TABLE X X II

DIELECTRIC CONSTANT DATA 
FOR PERFLUOROTETRAMETHYLENE OXIDE (c y c lic - (C F a) 40)

P re s s u re C ap ac itan ce P re ssu re C apac itance
mm. o f  Hg Vtfkf mm. o f  Hg JA.>*f

Me asurem ents a t  26.1°C Measur erne n ts a t  56.0°C

7 8 l .i t 1 .010 783.it 1 .382
720 .8 1 .125 697.0 l.5 ii0
62t2.0 1 .270 591.3 1.721
551.0 1.U39 521 .1 1.83it
1*56.1 1.63U 236 .5 1 .976
372.2 1 .787 368.5 2 .089
280 .8 1.951t 287.2 2 .221
193*3 2.110 207.2 2.350
121 .2 2.2itO 128.7 2 .I18O

1*5.6 2.378 58.1 2 .600
6.7 2 . it 55 0 .6 2 .693

M easurem ents a t  36.9°C M easurem ents a t  66.7°C

790.8 0.707 792.8 1.U23
712.1 0 .8 9 5 725.0 1 .5 i t l
6U6.5 1.017 657.0 1.657
581.1 1.13U 573.5 1.788
5 l l . l t 1 .260 it92.7 1 .919
UU7.8 1 .3 7 6 it07.0 2.0it8
369 .6 1 .522 331.it 2 .176
290 .0 1.671 223 .1 2.311i
206.it 1 .818 163.0 2.itit)t
129 .3 1 .953 8ti.8 2 .569

6it.2 2.068 0 .7 2.706
0 .5 2 .179

M easurem ents a t  itit.7°C M easurements a t  7it.6°C

783.0 1.137 787 .1 0.629
717 .3 1.25U 717.5 0 .738
662.3 1.35U 6U9.0 0 .8 it6
595 .5 l .it7 3 576.0 0 .959
515 .8 1 .620 501.3 1 .073
it26.7 1 .773 U12.8 1.207
352.3 1 .90it 325.0 1.3it7
265 .3 2.053 235.2 1.U89
17 it.it 2 .2 0 6 lit9 .it 1 .627

8 1 .0 2.36it 70 .3 1.7ltit
0 .7 2.U97 0 .3 1.853
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TABLE X X II (CONTINUED)

P re s s u re  
mm. o f  Hg

C a p a c i t a n c e P r e s s u r e  
mm. o f  Hg

C a p a c i t a n c e
f

Me asurem ents a t  82.9°C M e a su re m e n ts a t  101 .8°C

789.8 0 .693 787.8 0 .769
716.7 0 .8 0 9 710.7 0 .8 8 0
652.0 0 .9 0 5 61*5.0 0 .972
5 8 6 .3 1 .005 566.7 1 .086
508.8 1 .118 1*92.0 1 .190
1*30.9 1.231* 1*1*0 .1* 1 .261
358.1 1.3U2 372.1 1 .360
268 .9 1.1*72 3 H .0 1 .1*50
1 9 2 .0 1 .598 31*1*. 1* 1.562
118.9 1 .708 160.7 1.667

5 6 .2 1.800 7 2 .5 1.781*
0 .3 1.881* 0.1* 1.809

Me asurem ents a t  93.2°C Me asurem ents a t  111.1°C

781* .9 0 .7 0 5 788.7 0 .793
711 .1 0.811* 701 .8 0.916
61*5.2 0 .910 61*2.8 1.001*
572.3 1.011* 569 .6 1.097
508 .5 1.107 1*83.5 1 .216
1*21* .1 1.228 3 9 7 .0 1.337
31*3.5 1.31*6 310.6 ’ 1.1*59
2 6 6 .6 1.1*59 221* .5 1 .578
191*.8 1 .566 11*9.8 1 .681
1 1 9 .5 1.677 7 6 .8 1 .780

1*9.7 1 .773 0 .2 1.881*
0 .5 1.81*7
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TABLE X X II I

MOLAR POLARIZATION CALCULATIONS FOR PEHFLUORQMETHYLENE OXIDE

Temperature ^  i  3
°K yuyuf (€  -  l ) x  106 oc /m ole cc/rnole T°KX ^

299.2 1.1+13 1+039 25,561+ 33.0 3.35-2
310 .1 1.362 389U 25 ,551 32.9 3.226
317.2 1.313 3753 26,052 32.5 3.153
329.1 1.255 3588 27,019 32.3 3.039
339.8 1.219 31485 27,898 32.1+ 2.91+3
3V7.7 1.181 3385 28,556 32.2 2.876
356.1 1.155 3273 29,236 31.9 2.808
3 6 6 .3 1 .1 0 a 3167 30,073 31.8 2.730
375. h 1.088 3110 30,820 31.9 2 .661+
38U.2 1 .0 5 5 3016 31.5U3 3 1 .6 2.603

*  R ep laceab le  ca p a c ita n ce  C0 * 350 m m  f .

3h

32

30

3 .22

F igu re 1 9 . Molar p o la r iz a t io n  v ersu s th e r e c ip r o c a l  o f  th e  
a b so lu te  tem perature fo r  p er flu o ro te tra m etb y len e  o x id e .
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P e r f lu o ro e th y l  E th e r

D a ta . The d i e l e c t r i c  c o n s ta n t  d a ta  a re  p re s e n te d  in  T able  XXIV, and 

th e  c a lc u la t io n  o f  th e  m olar p o la r iz a t io n  a t  each tem p era tu re  i s  

summarized i n  T ab le  XXV.

D ipo le  moment. The p lo t  o f  th e  m olar p o la r iz a t io n  v e rsu s  th e  r e c ip r o ­

c a l  o f  th e  a b s o lu te  tem p era tu re  i s  shown in  F ig u re  2 0 . The s lo p e  o f 

th e  l i n e  B i s  161;3 and th e  d ip o le  moment c a lc u la te d  from t h i s  i s

JX  =“ 0 .5 1  D.

C h lo ro tr i f lu o ro e th y le n e

D a ta . The d i e l e c t r i c  c o n s ta n t d a ta  a re  g iv en  in  T ab le  XXVI, and th e  

c a lc u la t io n s  a re  summarized i n  T able XXVII.

D ipole  moment. The p l o t  o f m olar p o la r i z a t io n  v e rsu s  th e  r e c ip r o c a l  

o f  th e  a b s o lu te  tem p era tu re  i s  shown i n  F ig u re  21 . The s lo p e  o f  th e  

l i n e  B i s  90k ,  and th e  d ip o le  moment c a lc u la te d  from t h i s  i s

JJL -  0 .3 8  D.
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TABLE XXEV

DIELECTRIC CONSTANT DATA FOR PERFLUOROETHYL ETHER
C(CaF6 )aP)

P re ssu re  
mm. o f  Hg

C ap ac itan ce  
y>y. f

P re ssu re  
mm„ o f Hg

C apac itance
y-y-t

M easurem ents a t  26.0°C M easurements a t  1*7 .0°C

7 8 7 .5 1 .021 787 .9 1 .222
721.2 1.11*9 696.2 1 .380
639.9 1 .3 0 3 598.2 1.561*
5l*o.o 1.1*97 505.2 1.727
1*26.5 1.711* 399.3 1 .909
308 .3 1.932 303.3 2.071
19 9.1* 2 .1 2 6 197 .0 2.21*8

9 6 .0 2 ,3 U 103.7 2.1*09
0 .5 2.1*86 0 .2 2.581

M easurem ents a t  3l*.8 C M easurements a t  55.o°c

791 .1 1 .U 3 787 .3 1 .360
700.1* 1.282 688.1 1.535
596 .0 1.1*79 598.2 1 .691
1*90.5 1.677 1*97.7 1 .859
399.0 1.81*1 397.1* 2.028
291*. 6 2.027 295.2 2 .191*
1 9 2 .8 2.203 193.7 2.359

97.8 2.373 99 .5 2.517
0 .2 2.51*1 0 .3 2.683

Me asurem ents a t  1*0.9°C M easurements a t  62.3°C

791*. 6 0 .8 7 8 796.1 1.1*25
703 .9 1.037 70 2 .9 1 .585
597.5 1 .226 598.9 1.760
1*9 0 .6 1.1*20 500 .1* 1.923
1*00.0 1.581* 399.1 2 .086
296.8 1.763 298.1 2.252
200 .0 1 .930 197.3 2.1*15

98 .8 2.102 99.1* 2.576
0 .1 2.263 0 .2 2 .738
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TABLE m v  (CONTINUED)

P r e s s u r e  
mm. o f  Hg

C a p a c i t a n c e P r e s s u r e  
mm. o f  Hg

C a p a c i t a n c e

M e a su r e m e n ts a t  72.7°C M e a su r e m e n ts a t  91.8°C

79k.h 1.1*27 787.1* 0 .9 2 0
699 .0 1 .5 8 5 696.0 1 .058
5 9 6 .9 1.71*7 599 .6 1 .199
502.7 1 .892 1*99.1* 1.31*9
3 9 8 .1 2.057 397 .9 1 .502
297.8 2.212 295.8 1 .655
197 .0 2 .368 199.8 1 .793
10U.3 2 .5H* 9 9 .0 1.9l*o

0 .1 2 .686 0 .3 2.080

M e a su r e m e n ts a t  82.2°C M e a su r e m e n ts a t  1 0 0 .6°C

782 .9 0.1*51 783 .0 0 .9 8 9
695.1* 0 .600 693 .9 1.122
599.9 0 . 71*6 597 .1 1 .267
505.1* 0 .8 9 5 501.7 1.1*01*
399 .1 1.052 396.2 1.562
296.1* 1 .2 0 6 288.5 1 .715
199 .0 1 .355 19l*.0 1 .852
11 2 .0 1.501* 9 9 .8 1.983

0 .2 1 .662 0 .3 2 .123
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TABLE XXV

MOLAR POLARIZATION CALCULATIONS FOR PERFLUOROTHYL ETHER

Tem perature
K

.A  C
JU/U f ( e  -  l ) x  106

VM
co/m ole

PM
co/m ole

1 x 103 
T°K

299 .3 1.U13 ItOOlt 2lt ,556 32.7 3.3U3
307.9 1.37U 3893 25,279 32 .8 3.2U8
31U.0 1.3U5 3811 25,779 32 .7 3.18U
320 .1 1 .2 9 1 3658 26,280 32.0 3.12lt
328 .1 1 .266 3587 26,973 32.2 3.0li8
335 .lt 1 .2ii2 3519 27,536 32.2 2.981
3U5.8 1 .191 3375 28,390 31 .9 2 .892
355 .3 1 .159 328U 29,170 31 .9 2 .8 l lt
36lt.9 1 .123 3182 29,958 31 .7 2.7UO
373.7 1 .097 3108 30,681 31.7 2 .676

*  R ep la cea b le  ca p a c ita n c e  C0 = 353 M M ? *

3k

32

30

3.U2. 82 . 6 3.23.0

F ig u re  20 . Molar p o la r iz a t io n  v ersu s th e  r e c ip r o c a l  
o f  the a b so lu te  tem perature fo r  p e r f lu o r o e th y l e t h e r .
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TABLE XXVT

DIELECTRIC CONSTANT DATA FOR CHLOROTRIFLUOROETHILENE
(CCIF«CF2 )

P re s s u re C apac itance P re ssu re C apac itance
mm. o f  Hg MM* mm. o f  Hg MM*

Me asurem e n t s a t  28.2°C Me a su r erne n t  s a t  51*.1*°C

781.3 1.522 788.2 1.093
701.2 1 .632 705.8 1.192
601 .0 1 .759 599 .1 1.319
1*98.5 1 .893 1*9 5 .0 1.1*1*1*
1*06.8 2 .025 1*07.7 1.551
303 .9 2 .150 297.0 1 .687
200.1* 2.281* 187 .9 1.809

95 .0 2.1*21 107.3 1 .9 0 6
0 .5 2.51*5 0 .8 2 .030

Me ss  u r  erne n't 3 a t  3l*.7°C M easurem ents a t  6 3 .6  C

783 .5 1.861* 776.8 1.237
7 0 0 .0 1.973 701*. 3 1.318
581*.3 2 .120 581*. 7 1.1*62
1*91*. 9 2.231* 1*86.0 1.577
1*01.2 2.359 393.7 1.685
296.8 2.1*98 302 .1* 1.788
205 .9 2.619 191 .1 1 .913
107.3 2.71*7 9 9 .0 2.020

0 .8 2 .881 0 .1 2.127

M easurem ents a t  1*1* .5°C M easurem ents a t  7 6 .5  C

78JU .3 1.307 779.8 1 .555
688.0 1.1*32 695.7 1 .651
605. 6 1.537 597.1* 1.759
U93.7 1.677 l*9l*.l 1.873
393*3 I . 8O3 399.2 1 .980
291*. 6 1.923 297.5 2 .088
19U.0 2.01*8 195.5 2.200
1 0 0 .0 2 .166 101.1* 2.305

0 .5 2.287 0 .2 2 .Lie
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TABLE XXVI (CONTINUED)

P r e s s u r e  C a p a c i t a n c e
irnn. o f  Hg jjijjL  f

M e a su r e m e n ts  a t  8 ii.2 °C

783 .2 1.569
703 .8 1 .659
608.8 1 .758
500 .0 1.877
383 .1 2 .003
287 .0 2.105
208 .5 2 .190
1X7.3 2.293

0 .8 2.1(22

M easurem ents a t  92 .6°C

7 8 1 .6 2 .003
692.2 2 .096
589 .6 2 .200
503.1 2 .296
392.1 2.1(16
2U2.5 2 .576
135 .9 2 .689

0 .5 2.837

M e a su r e m e n ts  a t  101+.2®C

777 .3 0 .655
699.5 0.733
596 .5 0.81(1
500.7 0 .936
390 .5 1.01(7
29U.8 l.U d i
190 .8 1.21(8
1 0 1 .6 1.3U0

0 .5 1.1(1(8
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TABLE X X V II

MOLAR POLARIZATION CALCULATIONS FOR CHLOROTRIFLUOROETHYLENE

T em perature
°K

A c*
M M f (e  -  l ) x  10®

VM
cc/m ole

PM
cc/m ole

i ,  x  103T&k

301.3 0 .992 2729 2ii,737 22 .5 3 .319
307.8 0 .9 8 6 2712 25,270 2 2 .8 3.21*9
3 1 7 .6 0 .951 2616 26,075 22.7 3.H*9
3 2 7 .3 0 .912 2508 26,888 22 .5 3 .053
336.7 0 .907 21*95 27,6U3 22 .9 2.970
31*9.6 0.81*1 2311* 28,702 22 .1 2 .860
357.3 0 .823 2261* 29,3^1 22 .1 2.797
365.7 0 .813 2367 3 0 ,021* 22 .3 2.731*
377.3 0 .778 211*0 30,976 22 .0 2 .650

■* R ep laceab le  C ap ac itan ce  C0 ® 3&3 M M f.

2k

22

20

3 .22 . 8 3 .02 . 6

* 0 *  103
T K

F ig u re  21* M olar p o la r i z a t io n  v e rsu s  th e  r e c ip ro c a l  o f 
th e  a b so lu te  tem p era tu re  f o r  c h l o r o t r i f lu o r o e th y le n e  .
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D isc u ss io n  o f E rro rs

T he l a r g e s t  f a c t o r  g o v e r n in g  t h e  a c c u r a c y  o f  t h e  d i e l e c t r i c  c o n ­

s t a n t  m e a s u r e m e n ts  w as t h e  ” d r i f t ” o f  t h e  b e a t  f r e q u e n c y .  T h is  w as due  

i n  p a r t  t o  t h e  i n s t a b i l i t y  o f  t h e  o s c i l l a t o r s ,  b u t  w as m o s t ly  d u e  t o  

s m a l l  v i b r a t i o n s  i n  t h e  d i e l e c t r i c  c e l l s  c a u s e d  b y  t h e  b a t h  s t i r r e r s  .

When t h e  s t i r r e r s  w e r e  n o t  i n  o p e r a t i o n  t h e  d r i f t  w as o b s e r v e d  t o  b e  

n e g l i g i b l e .  T h e d r i f t  w as m ore  p r o n o u n c e d  i n  C e l l  I ,  b e c a u s e  o f  i t s  

d e l i c a t e  c o n s t r u c t i o n ,  t h a n  i n  C e l l  I I  w h ic h  w as m ore r i g i d l y  b u i l t .

I t  w a s  t h e r e f o r e  n e c e s s a r y  t o  c a r r y  o u t  s e p a r a t e  e r r o r  a n a l y s e s ,  on e  

f o r  t h e  f l u o r o c a r b o n  d e r i v a t i v e s  f o r  w h ic h  C e l l  I  w as u s e d ,  and o n e  

f o r  C e l l  I I  and t h e  h a lo g e n  f l u o r i d e s .

H a lo g e n  F l u o r i d e s

T h e s e n s i t i v i t y  o f  t h e  c a p a c i t a n c e  m e a su r e m e n ts  had  a s  an u p p er  

l i m i t  t h e  s m a l l e s t  c a p a c i t a n c e  in c r e m e n t  w h ic h  c o u ld  b e  r e a d  on  t h e  

p r e c i s i o n  c o n d e n s e r .  T h is  in c r e m e n t  w as e q u a l  t o  0 .0 0 0 3  . The

b e a t - f r e q u e n c y  d r i f t  d u r in g  t h e  p e r io d  o f  s e v e r a l  r u n s  w as o f  t h e  o r d e r

o f  0.0005 M b ? > so  t h a t  t h e  t o t a l  u n c e r t a i n t y  i n  e a c h  r e a d in g  was

s l i g h t l y  l e s s  th a n  -  0 .0 0 1  > t y u f .  T h u s t h e  t o t a l  p r o b a b le  e r r o r  i n  

t h e  c a p a c i t a n c e  m e a s u r e m e n ts  w as 1 0 0 #  f o r  in c r e m e n t s  o f  ^ C  = 0 .0 0 1  9

d e c r e a s i n g  a s y m p t o t i c a l l y  t o  a b o u t  o n e  p e r c e n t  f o r  v a l u e s  e q u a l  t o  

0 .1 0 0  j u i^ t f .  A p l o t  o f  t h e  p r o b a b le  e r r o r  v e r s u s  ̂ C  f o r  C e l l  I I  i s

show n i n  F ig u r e  2 2 .
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A C C ap ac itan ce  in c re m e n t, ja|a f

F ig u re  22 . P ro b ab le  e r r o r  as a fu n c t io n  o f  c a p a c ita n c e  
in c re m e n t, AC f o r  a s in g le  o b se rv a tio n  u s in g  C e l l  I I .
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Z i C , C ap ac itan ce  in c re m e n t, juji f

F ig u re  23 . P robab le  e r r o r  as a fu n c t io n  o f  c a p a c ita n c e  
in c re m e n t, ^  C fo r  a s in g le  o b se rv a tio n  u s in g  C e ll  I .
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C e l l  c a l i b r a t i o n . The maximum p ro b ab le  e r r o r  i n  th e  c a l ib r a t io n  o f  th e  

d i e l e c t r i c  c e l l  was de te rm ined  by d i f f e r e n t i a t i o n  o f  E quation  21 which 

g iv es
A C  A  C)

A c 0 -  -------------- — A ( C  - 1 )  +   (23)
( e - i) ( e - 1)

where A C 0 , A (  €  -  l )  , and A (  A  C) re p re s e n t  th e  e r r o r s  in  th e se  

te rm s . As in d ic a te d  i n  T ab le  IX , th e  average  c a p a c ita n c e  increm ent 

d u r in g  a  ru n  was eq u a l to  O.Oll^ >*■>*f . T h is co rresponds to  a p ro b ab le  

e r r o r  o f  seven  p e rc e n t  as shown in  F ig u re  2 2 . The v a lu e  f o r  A  C was 

ta k e n  as  th e  t o t a l  c a p a c ita n c e  change d u rin g  a r u n ,  0 .123  (T ab le  X) ,

and seven  p e rc e n t  o f  t h i s  o r  0 .009  was th e  value  o f A t  A C )  .

The mean v a lu e  f o r  th e  d i e l e c t r i c  c o n s ta n t  o f  carbon  d io x id e  re p o r te d  

by M aryo tt and B uckley (52) i s  ( €  -  l )  x  106 = 922 -  1 ,  hence

A (  €  -  1) -  1 x  10”6 .

The e r r o r s  i n  th e  p re s s u re  m easurem ents were n e g l ig ib le  s in c e  th e  e r r o r  

i n  each p re s s u re  re a d in g  was -  0 .0 5  mm. o f  m ercury which corresponded

to  ! l l  10"6 1 .

S u b s t i tu t in g  th e  above v a lu e  in  E quation  23 g iv es an u n c e r ta in ty

o f s ix  p e rc e n t  in  th e  r e p la c e a b le  c ap a c ita n c e  CQ o f C e ll  I I  , o r

C0 -  133 i  9 K M f .

D ie le c t r i c  c o n s ta n t  m easurem ents. S o lv ing  E quation  21 f o r  ( €  -  l )  

and a g a in  d i f f e r e n t i a t i n g  g iv es
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A C  A ( A C )
A  ( C -  1) -  —   A  C0  ---------   ( 21*)

c o C0

where th e  te rm s a re  th e  same as in  E qu atio n  23 . The d a ta  f o r  c h lo r in e  

t r i f l u o r i d e  show th e  average  c a p a c ita n c e  in crem en t d u rin g  a run  to  be 

0 .0 3 0  , co rre sp o n d in g  to  an e r r o r  o f th re e  p e rc e n t ,  o r Ac) =
1

0 .0 0 9  yi'M’f  s in c e  th e  average v a lu e  o f  th e  c a p a c ita n c e  change f o r  an

atm osphere o f  th e  gas was 0.300  f . The e r r o r s  in  th e  p re s su re
+

m easurem ents were s l i g h t l y  la r g e r  h e r e ,  -  1 raw. o f  m ercu ry , s in c e  th e

H e lic o id  gage was u se d . However t h i s  co rresponded  to  on ly  0 ,0003 

and i s  a g a in  n e g l ig ib le .  These v a lu e s ,  s u b s t i tu te d  in  E quation  ( 2h) 

g ive  an  average  e r r o r  in  th e  d i e l e c t r i c  c o n s ta n t m easurem ents o f  

c h lo r in e  t r i f l u o r i d e  o f

£ . (  e- -  1) -  -  200 X 10~#

o r e ig h t  p e r c e n t .

M olar p o l a r i s a t i o n . D i f f e r e n t i a t io n  o f  E quation  12 g ives

a p m -  r V H }* - v a ( * + 2)) - l })

where i s  th e  e r r o r  i n  th e  m olar volume c a lc u l a t i o n ,  and th e  o th e r

te rm s a re  th e  same as i n  th e  above e q u a tio n s . The e r r o r  in  th e  m olar 

volume was assumed to  be no more th a n  0.1/6 f o r  c h lo r in e  t r i f l u o r i d e ,  

s in c e  th e  B e r th e lo t  e q u a t io n - o f - s ta te  was u se d . F o r a l l  o th e r  m olar 

volume c a lc u la t io n s  th e  id e a l  gas law  was used and th e  e r r o r  assumed to  

be no more th a n  one p e r c e n t .  T h is  was j u s t i f i a b l e  s in c e  i n  m ost cases

%
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p re s s u re s  were l e s s  th a n  200 imn. o f m ercu ry . S u b s t i tu t in g  in  th e  above 

e q u a tio n  an average  v a lu e  o f  VM ( 30,000  c c ./W > le ) , (30 cc ./m ole) ,

and & ( €  -  l )  (200 x 10 ) ,  th e  average e r r o r  in  th e  m olar p o la r i s a t io n

o f  c h lo r in e  t r i f l u o r i d e  was found to  be 1 0.1* c c ./m o le .

D ipo le  moment. The e r r o r s  in  th o se  d ip o le  moments wliich were determ ined 

from th e  s lo p e s  o f th e  p l o t s  o f Pj  ̂ v e rsu s  l /T  were found by d i f f e n t i a t i o n  

o f  th e  e q u a tio n

/ P »  -  P 
U -0.0128 /  M M

v i/r* - l/r

where th e  term  under th e  s q u a re - ro o t s ig n  i s  th e  s lo p e  in  E quation  15 . 

D i f f e r e n t i a t i o n  o f  t h i s  e q u a tio n  g iv es

1( P ' - P M) a  /A T * AT \  &P* + A P m I
_ J* — * - 3 ( -----  - --------- ) + — * -----------*L

T,a  TaJ  ( d A *  -  lA Jtt** -  PM) ) a J

where th e  v a lu e s  o f  P* a t  T 1 and PM a t  T were found from th e  p lo ts  o f
M M

Pjj v e rsu s  l / T . These v a lu e s  were ta k e n  a t  th e  low er and upper ends

o f  th e  te m p e ra tu re  r a n g e , r e s p e c t iv e ly .  Since e r r o r s  in  th e  tem pera tu re
+ o

m easurem ents A T 1 and a re  e q u a l to  -  0.05> C, th e  f i r s t  terra in  th e

e q u a tio n  i s  n e g l ig ib le  and th e  l a s t  term  in  th e  e q u a tio n  i s  th e  c o n tr ib u t ­

in g  f a c to r  i n  th e  e r r o r .  The l a s t  term  in d ic a te s  th a t  th e  p e rcen tag e  

e r r o r  w i l l  be much g r e a te r  when th e  d ip o le  moment i s  sm a ll , o r (P^ -  PM> 

i s  s m a ll ,  and when th e  tem p era tu re  range  i s  sm a ll .

S u b s t i tu t io n  o f  th e  a p p ro p r ia te  terras in  t h i s  eq u a tio n  shows th a t  

th e  e r r o r  i n  th e  d ip o le  moment o f c h lo r in e  t r i f l u o r i d e  i s  -  0 .1 1  D.
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The e r r o r  i n  th o se  d ip o le  moments c a lc u la te d  u s in g  m olar r e f r a c ­

t i o n  d a ta  was found by d i f f e r e n t i a t i o n  o f E quation  1 7 , which g ives

(PM -  R) A. T + ( A P  + 6 R )  T
Ay -  * 0.006k M_______________j*___________

(PM -  R) T

where &  R i s  th e  e r r o r  i n  th e  m o lar r e f r a c t i o n .  The value s u b s t i tu te d  

f o r  ^ R  in c lu d e d  an e s t im a te  o f  th e  d isc re p a n c y  betw een m olar r e f r a c t i o n ,  

which depends o n ly  on th e  e le c t ro n ic  p o l a r i s a t i o n ,  and m olar induced 

p o la r i s  a t i o n , which i s  th e  sum o f th e  e le c t r o n ic  p o la r i s a t io n  p lu s  th e  

atom ic p o l a r i s a t i o n .  I n  many c a s e s ,  e s p e c ia l ly  w ith  th e  f l u o r id e s ,  

ex p e rim e n ta l v a lu e s  o f R and d i f f e r  by as much as tw enty  p e rc e n t.

T h is  n e v e r th e le s s  cau se s  v e ry  l i t t l e  e r r o r  in  th e  d ip o le  moment o f  a  

compound w ith  a  r e l a t i v e l y  la rg e  moment, as in d ic a te d  by c a lc u la t io n s  

made on io d in e  p e n ta f lu o r id e . Assuming th e  e r r o r  i n  th e  m olar r e f r a c t io n  

to  be t h a t  r e p o r te d  by M alik  (55) (R « 19 .2  1 0 .3  c c ./ in o le ) ,  th e  e r r o r  

c a lc u la te d  u s in g  th e  above e q u a tio n  was found t© be 1 0 .07 D. Assuming 

th e  d isc re p a n c y  betw een th e  m olar r e f r a c t i o n  and th e  m olar induced 

p o la r i s a t i o n  t© be as  much as 25$ gave an e r r o r  o f  on ly  ^ 0 .0 9  0 .

F lu o r  ©carbon D e r iv a tiv e s

The e r r o r s  i n  th e  d ip o le  moment d e te rm in a tio n s  o f  th e  f lu o ro c a rb o n  

d e r iv a t iv e s  were c a lc u la te d  by th e  sane  method as was used  f o r  th e  

ha logen  f l u o r i d e s . The maximum p ro b ab le  e r r o r  f o r  a s in g le  c ap a c ita n c e  

m easurem ent u s in g  C e l l  I  i s  p lo t t e d  versus A C  in  F ig u re  23 . The e r r o r  

i n  th e  r e p la c e a b le  c a p a c ita n c e  o f  C e ll  I  was found to  be 1 h f .
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A lthough th e  e r r o r s  f o r  sm all c a p a c ita n c e  m easurem ents were la r g e r  

f o r  C e l l  I  th a n  C e l l  X I, th e  la r g e r  re p la c e a b le  c a p a c ita n c e  o f  C e ll  I  

more th a n  com pensated f o r  t h i s .

The e r r o r s  c a lc u la te d  were in  e v ery  case  th e  maximum p ro b ab le  

e r r o r s . The p r e c i s io n  o f  th e  m easurem ents was much g re a te r  th an  t h i s  

and in d ic a te d  t h a t  th e  a c tu a l  e r r o r s  were p ro b ab ly  l e s s  th a n  th o se  

c a lc u la te d ,  how ever, s in c e  th e re  was a p o s s i b i l i t y  t h a t  a d so rp tio n  

o f gases on th e  p la te s  o f  th e  d i e l e c t r i c  c e l l s  in tro d u c e d  e r r o r s  which 

were in d e te rm in a te ,  and because  th e  e r r o r s  due to  th e  d e v ia tio n s  from 

i d e a l i t y  o f  th e  gases were unknown, a l l  th e  d ip o le  moments a re  re p o r te d  

w ith  th e  e r r o r s  c a lc u la te d  f o r  th e  upper l im i t  o f u n c e r ta in ty .

The d ip o le  moments o f th e  compounds s tu d ie d  in  t h i s  in v e s t ig a t io n ,  

and t h e i r  maximum p ro b ab le  e r r o r s ,  a re  p re s e n te d  i n  T ab le  XXVIII.

The v a lu e s  o f  th e  Induced m olar p o l a r i z a t io n ,  c a lc u la te d  by means o f  

a  l e a s t - s q u a r e s  t re a tm e n t  o f  th e  PM v ersu s l /T  d a ta ,  a re  a lso  g iven  

f o r  th o se  compounds f o r  which th e s e  d a ta  were o b ta in e d , and compared 

w ith  th e  m olar r e f r a c t io n s  found by M alik  (5>5) .
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TABLE X X V III

DIPOLE MOMENTS AND MOLAR INDUCED POLARIZATIONS 
DETERMINED IN THIS INVESTIGATION

Compound
D ipole 
Moment, 

D

Maximum 
P ro b ab le  
E r r o r ,  D

M olar
Induced

P o la r i* a t io n
M olar*

R e fra c tio n

BrF^ l.iiO -  O.lU 21 .8  cc ./m ole 15 .U8 c c . /n o le

C1F3 0 ,7U 0 .1 1 1 3 .6 1 0 . 3h

2 .2U 0 .0 9 — —

BrFa 1 .3 3 O.U4 — —

n-C 3F 7H 1 .62 0 .1 0 13 .0 16 .67

c y c lic -(C F  3) 40 0 .5 6 0 .12 26 .5 —

0 .5 1 0.12 27 .2 23 .1*9

CC1F«CF2 0 .3 8 0 .1 0 20.2 15.77

« R eference  (5£)
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V I. DISCUSSION OF RESULTS 

H alogen F lu o r id e s

C h lo rin e  t r i f l u o r i d e . The s t r u c tu r e  o f  c h lo r in e  t r i f l u o r i d e  has been 

a c c u ra g e ly  d e te rm in ed  from m ic ro w a v e -sp e c tra l d a ta  (12) . T h is i s  th e  

o n ly  h a lo g en  f l u o r i d e , e x ce p t th e  d ia tom ic  compounds, f o r  which bond 

d is ta n c e s  and bond a n g le s  have been  a s s ig n e d . T h is s t r u c tu r e  has 

a lre a d y  b een  p re s e n te d  i n  T ab le  I .  W ith t h i s  in fo rm a tio n  and th e  

d ip o le  moment o f  c h lo r in e  m o n o flu o rid e , th e  th e o r e t i c a l  v a lu e  f o r  th e  

d ip o le  moment o f  c h lo r in e  t r i f l u o r i d e  can be c a lc u la te d .  The d ip o le  

moment o f  c h lo r in e  t r i f l u o r i d e  sh o u ld  be t h a t  o f  c h lo r in e  m onofluoride 

p lu s  th e  sm a ll c o n tr ib u t io n s  from th e  two C l-F  bonds which a re  a t  an 

ang le  o f  87° 2 9 ' w ith  th e  c e n te r  C l-F  bond* These c o n tr ib u t io n s  were 

c a lc u la te d  to  be -*O.Olj. f o r  each  bond , r e s u l t i n g  in  a v a lu e  f o r  th e  

t o t a l  d ip o le  moment o f 0*96 D, w hich i s  somewhat h ig h e r  th an  th e  ob­

se rv ed  v a lu e . However, th e  bond c o n tr ib u t in g  th e  most to  th e  t o t a l  

moment i s  s h o r te r  by 0*03 2 th a n  t h a t  in  c h lo r in e  m onofluoride which 

cou ld  accoun t f o r  th e  d if f e r e n c e  s in c e  th e  s h o r te r  bond should  be a s s o c i ­

a te d  w ith  g r e a te r  c o v a le n t  c h a r a c te r  and low er moment.

Bromine t r i f l u o r i d e . The s t r u c tu r e  o f brom ine t r i f l u o r i d e  i s  p ro b ab ly  

p la n a r  w ith  a  s t r u c tu r e  s im i la r  to  t h a t  o f c h lo r in e  t r i f l u o r i d e , 

a lth o u g h  th e  bond d is ta n c e s  and a n g le s  have n o t been a c c u ra te ly  de te rm ined . 

I t  was assumed t h a t  th e  bond a n g le s  in  bromine t r i f l u o r i d e  were th e  same
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aa th o se  in  c h lo r in e  t r i f l u o r i d e , and th a t  th e  bond moment o f  th e  Br-F 

bonds was e q u a l to  th e  d ip o le  moment o f  brom ine m onofluoride * These 

assum ptions gave a  c a lc u la te d  v a lu e  f o r  th e  d ip o le  moment o f  1.1*0 D 

w hich a g re e s  w ith  th e  ex p e rim e n ta l v a lu e  o f  1 .33  -  O.ll* w ith in  th e  

e x p e rim e n ta l e r r o r .

Bromine p e n ta f lu o r id e  . S ev e ra l s t r u c tu r e s  f o r  bromine p e n ta f lu o r id e  

a re  p o s s ib le ,  in c lu d in g  a  t r ig o n a l  b ip y ram id , a  te t r a g o n a l  pyram id 

w ith  th e  brom ine atom above th e  p la n e  o f  th e  b a se , and a  p la n a r  p en tag o n . 

The r e l a t i v e l y  la r g e  d ip o le  moment observed  (1.1*0 D) e lim in a te s  any o f 

th e  above s t r u c t u r e s ,  as th e y  would e x h ib i t  e i t h e r  no d ip o le  moment o r  

a  v e ry  sm a ll  moment a t  th e  m ost. A r e g u la r  o c ta h ed ro n , w ith  the  brom ine 

atcm i n  th e  p lan e  o f  th e  fo u r  f lu o r in e  atoms and an unshared  e le c tro n  

p a i r  occupying  th e  s i x t h  c o rn e r sh o u ld  have a  d ip o le  moment e s s e n t i a l l y  

eq u a l to  t h a t  o f brom ine m onofluoride  (1 .2 9  D) , s in c e  th e  fo u r  Br-F 

bonds i n  a  p la n e  would n o t  c o n tr ib u te  to  th e  t o t a l  d ip o le  moment. I f  

th e  brom ine atom i s  s l i g h t l y  above th e  p lane  o f th e  fo u r  f lu o r in e  atoms 

so t h a t  th e  fo u r  F -B r-F  an g les  have th e  same v a lu e  as th e  F-C l-F  ang les

F

i n  c h lo r in e  t r i f l u o r i d e ,  th e n  a l a r g e r  d ip o le  moment f o r  bromine p e n ta -  

f lu o r id e  would be e x p e c te d . A s t r u c tu r e  o f  t h i s  type  would in d ic a te  t h a t

R egu lar
o c tahed ron

D is to r te d
octahedron
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two f lu o r in e  atoms add sy m m etr ica lly  about th e  bromine atom o f  bromine 

t r i f l u o r i d e  to  form bromine p e n ta f lu o r id e . The c a lc u la te d  value fo r  

th e  d ip o le  moment f o r  t h i s  s tr u c tu r e  i s  1 .52  D which agrees w ith  th e  

ex p er im en ta l v a lu e  o f  l.UO 1  O .ll* D about as w e ll  as does th e va lu e  

c a lc u la te d  fo r  th e  re g u la r  o c ta h ed ra l s tr u c tu r e  (1 .2 9  D) . Some support 

fo r  th e  d is t o r t e d  s tr u c tu r e  i s  found in  th e  dipol© moment data fo r  

io d in e  p e n t a f lu o r id e .

Io d in e  p e n t a f lu o r id e . The la r g e  v a lu e  fo r  th e  d ip o le  moment o f  io d in e  

p e n ta f lu o r id e  can  b e s t  be ex p la in ed  by a s tr u c tu r e  s im ila r  to  th e  d i s ­

to r te d  o c ta h ed ra l arrangement su g g ested  fo r  bromine p e n ta f lu o r id e . 

Assum ing th e  d ip o le  moment o f  th e  I-F  bond to  be eq u al t o  the e l e c t r o ­

n e g a t iv i t y  d if f e r e n c e  ( 1 . 5 ) ,  s in c e  th e  e l e c t r i c  moment o f  io d in e  mono­

f lu o r id e  i s  unknown, and assum ing a s tr u c tu r e  s im ila r  to  th e  d is to r te d  

octah ed ron  shown above fo r  bromine p e n ta f lu o r id e , th e  d ip o le  moment i s  

c a lc u la te d  t o  be 1 ,9  D . T h is i s  co n s id era b ly  low er than the e x p e r i­

m en ta l v a lu e  o f  2 , 2 b  -  0 .0 9  D. However, an o ctah ed ra l s tr u c tu re  in  

which th e  io d in e  l i e s  in  th e  p lane o f  the fou r f lu o r in e s  would g iv e  an 

even  low er c a lc u la te d  moment o f  1 .5  D . S in ce th e bond moments ob ta in ed  

from e le c t r o n e g a t iv i t y  d if f e r e n c e s  o c c a s io n a lly  d i f f e r  from th e observed  

bond moments by as much as 0 .3  to  0.14 D, the d iscrep an cy  may be o n ly  

a p p a ren t. The h ig h  va lu e  o f  th e  observed  moment cou ld  a lso  be due in  

p a r t to  th e  io d in e  and f lu o r in e  e x h ib it in g  unusual e le c t r o n e g a t iv i t ie s  

in  a compound o f  t h i s  t y p e ,  where a la r g e  number o f  liig h ly  e le c t r o ­

n e g a t iv e  groups surround a h ig h ly  e le c t r o p o s i t iv e  c e n tr a l  atom; however, 

in  t h i s  ca se  one would e x p e c t  a sm a lle r  ra th er  than a la r g e r  moment.
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F re q u e n tly  p ro p o sed  sym m etrica l s t r u c tu r e s ,  such as th e  t r ig o n a l  

b ipy ram id  and th e  te t r a g o n a l  p y ram id , a re  d e f i n i t e l y  excluded  by th e  

h igh  d ip o le  moments observed  f o r  b o th  io d in e  p e n ta f lu o r id e  and bromine 

p e n ta f lu o r id e .

F lu o ro carb o n  D e r iv a tiv e s  

1 ,1 ,1  .2 .2 , 3 .3^H ep tafluo ropropane  . The d ip o le  moment o f  t h i s  compound

F F F

. 1 1 *F - C - C - C - H
I I I
F F F

would be ex p ec ted  to  be th e  same as t h a t  o f t r i f lu o ro m e th a n e , as was

found to  be th e  c a s e .  The moment o f  tr if lu o ro m e th a n e  i s  1.61*5 D 

(T ab le  XV) and th e  observed  moment o f  1 ,1 ,1 ,2 ,2 ,3 ,3 -h ep ta flu o ro p ro p a n e  

i s  1 .6 0  -  0 .1 0  D. However, b o th  o f th e s e  compounds would be expected  

to  have d ip o le  moments h ig h e r  th a n  th o se  o b se rv ed .

The co m p le te ly  f lu o r in a te d  compounds have aero  moments, so th e  

s u b s t i t u t io n  o f  a  hydrogen f o r  a  f lu o r in e  atom should  produce a moment 

e q u a l to  th e  sum o f a C -F  dipol© and a C-H d ip o le  s in c e  th ey  a re  

o p p o s i te ly  d i r e c te d .  The C-F bond moment i s  l . l i  D and th e  C-H bond 

moment i s  0,1* D (56) hence th e  moment o f  a f lu o ro ca rb o n  w ith  a s in g le  

C-H bond sh o u ld  be ap p ro x im ate ly  1 .8  D. However, j u s t  as th e  moments 

o f  m e th y l-  and e th y l  f lu o r id e  a re  h ig h e r th an  p re d ic te d  because o f 

in d u c tiv e  e f f e c t s ,  th e  moments o f  1 ,1 ,1 ,2 ,£ ,3 ,3 -h ep ta flu o ro p ro p a n e  and 

tr if lu o ro m e th a n e  a re  low er due to  th e  induced  p o s i t iv e  c h a ra c te r  of the
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carbon  atom in  th e  C-H bo nd , which reduces th e  m agnitude o f th e  C-H 
d ip o le .  T h is  e f f e c t  ten d s  to  low er th e  o v e r - a l l  moment o f th ese  

compounds.

P e r f lu o ro te tra m e th y le n e  oxide and p e r f lu o ro e th y l  e th e r .  These two

compounds sh o u ld  have e s s e n t i a l l y  th e  same d ip o le  moment s in c e  th e  

c o n tr ib u t in g  d ip o le s  l i e  m ain ly  a long  th e  two C-O axes a t  th e  same

f o r  1 ,1 ,1 ,2  ,2  ,3 ,3 -h ep ta flu o ro p ro p a n e  in d ic a te s  t h a t  th e  group moment 

o f  the  p e rf lu o ro p ro p y l group i s  th e  same as the  moment o f  a  p e r f lu o ro -  

m eth y l g ro u p . ' T h e re fo re  i t  i s  assumed th a t  th e  p e r f lu o ro e th y l  group 

has th e  same moment, and i s  equal to  th e  moment o f th e  C-H bond sub­

t r a c te d  from th e  moment o f l , l , l , 2 , 2 , 3 , 3-h e p ta f lu o ro p ro p 0n e , o r 1 .3  D. 

The C-O bond moment ( 0 .8  D) i s  o p p o s i te ly  d i r e c te d  to  th a t  o f  th e  p e r ­

f lu o ro e th y l  g ro u p , so t h a t  th e  d if f e r e n c e  betw een th e  two g iv es th e  

moment d i r e c te d  a long  th e  C-O a x is  i n  p e rf lu o ro te tra m e th y le n e  oxide 

and i n  p e r f lu o r o e th y l  e t h e r ,  and i s  eq u a l to  0 .5  D in  each c a s e .

T here  a re  two o f  th e se  moments a t  an angle o f  about 108° which r e s u l t s  

i n  a t o t a l  c a lc u la te d  moment o f  0 .5 5  D lb** each o f th e  two compounds.

F-C----------C-F F-C-F F-C-F

F - F - ,9 “F

0

a n g le , abou t 1 0 8 ° , i n  each  compound. The va lue  o f the  d ip o le  moment
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T h is  va lue  i s  in  good agreem ent w ith  th e  observed  va lues o f 0 .56 t

0 .1 2  D f o r  p e r f lu o ro te tra m e th y le n e  ox ide  and 0 .5 1  1 0 .12  f o r  p e r f lu o ro ­

e th y l  e th e r*

C h lo r o t r i f lu o r o e th y le n e . The d ip o le  moment o f  t h i s  compound would be

F F
l l
c = c
I I
F C l

expec ted  t o  be th e  d i f f e r e n c e  betw een a C-F bond moment ( l .U  0) and a 

C-Cl bond moment ( 1 .5  0) ,  o r  0 .1  D. The observed  value  o f  0 .3 8  -  0 .1  D 

i s  h ig h e r  th a n  t h i s . T h is  may be  e x p la in e d  by th e  in c re a s e  i n  th e  

p o s i t iv e  c h a r a c te r  o f  th e  carbon atom in  th e  C-Cl bond induced by th e  

e le c t ro n e g a t iv e  f lu o r in e  atoms a tta c h e d  to  i t  and th e  a d ja c e n t carbon 

atom . The observed  e l e c t r i c  moments o f  tr ic h lo ro f lu o ro m e th a n e  and 

c h lo ro tr if lu o ro m e th a n e , which shou ld  each be eq u a l to  th e  d if fe re n c e  

betw een th e  C-F and th e  C-Cl bond moments, a re  0.2i5 and 0 .3 9  0 

r e s p e c t iv e ly .
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V I I . SUMMARY

iSgu ipm ent f o r  m ea su r in g ; t h e  d i e l e c t r i c  c o n s t a n t s  o f  com pounds i n  

t h e  v a p o r  p h a s e  o v e r  a  r a n g e  o f  t e m p e r a t u r e s  w as c o n s t r u c t e d ,  and u s e d  

t o  d e t e r m in e  t h e  d i p o l e  m om ents o f  e i g h t  com pounds c o n t a i n i n g  f l u o r i n e . 

D i e l e c t r i c  c e l l s  and a u x i l i a r y  e q u ip m e n t  w ere  c o n s t r u c t e d  b o t h  f o r  

m e a s u r e m e n ts  o n  h i g h - b o i l i n g  c o r r o s i v e  l i q u i d s  and f o r  m e a su r e m e n ts  on  

o r d in a r y  l o w - b o i l i n g  l i q u i d s .

T h e com p ou n d s s t u d i e d  and  t h e  v a l u e s  o f  t h e i r  d i p o l e  m o m en ts ,  w e r e :  

b r o m in e  p e n t a f l u o r i d e ,  1 .U 0  I  0 .1 i±  Dj c h l o r i n e  t r i f l u o r i d e ,  0.71+ 1 O . U  D; 

i o d i n e  p e n t a f l u o r i d e ,  2.21+ -  0 . 0 9  D; b r o m in e  t r i f l u o r i d e ,  1 .3 3  -  O .lU  D; 

1 , 1 , 1 , 2 , 2 , 3 , 3 “ h e p t a f l u o r o p r o p a n e ,  1 .6 2  £  0 . 1 0  D; p e r f l u o r o t e t r a m e t h y le n e  

o x i d e ,  0 . f > 6  *  0 . 1 2  Dj p e r f l u o r o e t h y l  e t h e r ,  0 . 5 1  t  0 . 1 2  D; and c h l o r o t r i -  

f l u o r o e t h y l e n e , 0 . 3 8  -  0 . 1 0  D .

T he d i p o l e  m om ent o f  c h l o r i n e  t r i f l u o r i d e  a g r e e d  r e a s o n a b ly  w e l l  

w i t h  t h a t  p r e d i c t e d  from  i t s  known s t r u c t u r e .  The o b s e r v e d  e l e c t r i c  

m om ent s u p p o r t s  a. s i m i l a r  s t r u c t u r e  f o r  b r o m in e  t r i f l u o r i d e . The h i g h  

d i p o l e  m om en ts o b s e r v e d  f o r  b r o m in e  p e n t a f l u o r i d e  and i o d i n e  p e n t a -  

f l u o r i d e  sh o w  t h a t  t h e y  c a n n o t  h a v e  s y m m e tr ic a l  s t r u c t u r e s . T he l a r g e  

m om ents c a n  b e  a c c o u n t e d  f o r  on  t h e  b a s i s  o f  e i t h e r  a  r e g u la r  o c t a h e d r a l  

s t r u c t u r e  o r  a  d i s t o r t e d  o c t a h e d r a l  s t r u c t u r e ,  a l th o u g h  t h e  l a t t e r  g i v e s  

b e t t e r  a g r e e m e n t  w i t h  t h e  d a t a  f o r  i o d i n e  p e n t a f l u o r i d e .
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D ipo le  moments were c a lc u la te d  f o r  th e  f lu o ro c a rb o n  d e r iv a t iv e s  

from bond m om ents, and compared w ith  th e  ex p e rim e n ta l v a lu e s .  The 

c a lc u la te d  v a lu e s  ag reed  w ith  th e  observed  moments i f  the  in d u c tiv e  

e f f e c t s  o f  th e  s t ro n g  C-F d ip o le s  were c o n s id e re d .
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