
racy of t h e  low temperature work w a s  within + 2%. T h e  
rel iabi l i ty  of t h e  present  work c a n  only b e  inferred, s i n c e  
da ta  for comparison a r e  limited. 

T h e  smooth c u r v e s  which can  b e  drawn through t h e  low 
and high temperature  da ta  can  b e  taken  a s  ev idence  that  
t h e  new thermostat  introduced no unsuspec ted  b i a s  i n  t h e  
high temperature  data ,  A review of t h e  b a s i c  pr inc ip les  of 
t h e  hot-wire technique  h a s  revealed no reason  for expec t ing  
progress ive  devia t ions  from t rue  v a l u e s  a t  higher  tempera- 
tu res ,  except  perhaps  from convection. R e s u l t s  presented  
ear l ie r  (I) indicated no convect ion,  even  with mater ia ls  as 
fluid as  chloroform. A s  t h e  appara tus  u s e d  in  the  present  
work w a s  t h e  same,  t h e  factor  which would h a v e  t h e  most  
s ignif icant  contribution to  convect ion would b e  v iscos i ty .  
At t h e  highest  temperatures  used ,  t h e  v i s c o s i t y  of t h e  most 
f luid compound considered only approached that  of chloro- 
form. T h u s ,  there  a p p e a r s  to  b e  no c a u s e  for bel ieving m a t  
convect ion w a s  a fac tor  i n  t h e  present  measurements .  

Biphenyl  and i t s  chlor inated and alkylated der iva t ives  
show very l i t t l e  c h a n g e  i n  thermal conduct ivi ty  with in- 
c r e a s i n g  temperature (see T a b l e  I). Phosphate ,  carboxylate ,  
and s i l i c a t e  e s t t r s  (see F i g u r e s  2 through 5 )  a l l  show a 
s teady  d e c r e a s e  i n  thermal conduct ivi ty  with increas ing  
temperature. 

A s imilar  d e c r e a s e  is observed with Dowtherm A (Dow 
Chemical  Co.) (F igure  6), consider ing t h e  experimental  
da ta  determined. i n  t h i s  work t o  complement t h e  work of 
Woolf and Sibbi t t  (3). 

Avai lab le  d a t a  on dens i ty  and  v iscos i ty  var ia t ions  with 
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T h e  physical-chemical  behavior  of high polymer-solvent 
s y s t e m s  h a s  received a great  d e a l  of at tent ion i n  recent  
years .  On t h e  other  hand,  t h e  behavior  of low molecular  
weight  polymer so lu t ions  h a s  not received much a t ten t ion  in  
s p i t e  of the i r  commercial importance. T h e  present  s t u d y  w a s  
undertaken to inves t iga te  t h e  nature  of t h e  interact ion of a 
low molecular  weight  polyindene type  of polymer with sol- 
v e n t s  or p las t ic izers .  Solubi l i ty  measurements  of t h i s  poly- 
mer h a v e  been  reported e l sewhere  (IO). P r e c i s e  measure- 
ments  of t h e  hea t  of solut ion of polyindene a r e  reported 
here  and form t h e  b a s i s  for a thermodynamic s tudy  of 
polyindene-solvent  sys tems.  

T h e  usua l  express ion  for t h e  energy of mixing of non- 
e lec t ro ly tes  i s  given by t h e  equat ion 

AJP = V,B V , ( l -  V,)  (1) 

where V ,  is t h e  volume of solut ion in  c u b i c  cent imeters ,  
V ,  i s  t h e  volume fraction of polymer, and  B is g iven  by t h e  
expression:  

E = (SI - S,)' (2) 

temperature fa i led  to  show correlat ions which would have  
predicted t h i s  difference i n  behavior. Sakiad is  and C o a t e s  
(2) predict  t h a t  pos i t ive ,  negat ive,  and zero temperature  
coef f ic ien ts  of thermal conduct ivi ty  a r e  poss ib le ,  bu t  
suff ic ient  da ta  on t h e  heat  capac i ty ,  veloci ty  of sound,  and 
intermolecular  spac ing  in  t h e  l iquid s t a t e  were not avai l -  
a b l e  for t h e  present  compounds to  permit u s e  of their  
theoret ical  equat ion,  T h e  equat ion of Sakiad is  and C o a t e s  
pred ic t s  a l inear  var ia t ion of thermal conduct ivi ty  with 
temperature. T h e  curved l i n e s  which were obtained over 
wide temperature  ranges ,  par t icular ly  with di-2-ethylhexyl 
sebaca te ,  point up t h e  need for modification of their  treat- 
ment to  explain t h e s e  resu l t s .  

T h e  temperature  coeff ic ient  da ta  for Aroclor 1248 and 
Dowtherm A should  b e  useful  i n  t h e  des ign  of hea t  ex- 
changers  ut i l iz ing t h e s e  important heat  t ransfer  f luids .  

CONCLUSIONS 
T h e  s u c c e s s  of t h i s  present  work h a s  shown tha t  thermal 

conduct ivi ty  v a l u e s  c a n  b e  e a s i l y  measured a t  high tem- 
peratures .  I f  s u i t a b l e  l iqu ids  for t h e  vapor bath and  s i lver-  
soldered or spot-welded l e a d s  a r e  used ,  t h e  method d is -  
c u s s e d  should b e  appl icable  a t  higher temperatures .  
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where SI and S, a r e  t h e  solubi l i ty  parameters  of so lvent  and 
polymer, respect ively.  T h e  volume change  on mixing may 
be cons idered  to  b e  negl igible  a t  low concentrat ions,  so  
tha t  t h e  h e a t  of mixing is equal  to  t h e  energy of mixing. 
According to  Equat ion 1 a plot  of h E M / V m  vs .  V,(1 - V,) 
should g ive  a s t ra ight  l ine  with s l o p e  E .  S i n c e  B is a 
squared term, i t  must be  pos i t ive  and t h u s  t h i s  theory pre- 
d i c t s  tha t  t h e  h e a t  of mixing of two nonelectrolytes  must b e  
endothermic. However, where s p e c i f i c  in te rac t ions  occur ,  
the  experimental  va lue  of B is not real ized by Equat ion 2 
but becomes  more complex and often negat ive.  Equat ion 1 
may, however, s t i l l  b e  appl icable .  

E XP E RI M ENTAL 
Materials. Polymer. T h e  polymer used  in  t h i s  s tudy  w a s  

a coumarone indene  resin manufactured b y  t h e  Pennsylvania  
Industr ia l  Chemical  Corp. Previous  work in  t h i s  laboratory 
on t h e  molecular  weight distribution, v i scos i ty ,  and solu- 
bi l i ty  of t h i s  res in  (5, 6, I O )  has been  reported. [ T h i s  res in  
corresponds to  P i e s k i ' s  (5) R e s i n  I1 and to  Vanderryn's (IO) 
R e s i n  IV.] T h e  res in  w a s  fract ionated into four f rac t ions  
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Table I. Polymer Properties 

Molecular weight 749 (cryoscopic) 
765 (No. average) 

1023 (wt. average) 
Softening point 105 'C. (ring and ball) 

86OC. (capillary) 
Density 1.09 grams/cc. 
Chemical analysis  91.5% carbon 

7.9 '7, hydrogen 
0.6% oxygen 

Density, Mol. Wt. Softening Pt . ,  O c .  

Fractions Grams/Cc. (Cryoscopic) (Capillary) 

x- 1 1.09 1790 162 
x- 2 1.09 1350 135 
x- 3 1.09 842 94  
x - 5  1. 15 401 27 

by P i e s k i  and Zet t lemoyer  (5, 6) and t h e  molecular  weight  
f ract ions prepared by them were used  in  t h e  present  study. 
Per t inent  propert ies  of t h e  polymer and i t s  f rac t ions  a r e  
l i s ted  in T a b l e  I .  T h e  chemica l  a n a l y s i s  s h o w s  tha t  t h e  
res in  c o n t a i n s  l i t t l e  or no  coumarone s i n c e  i t s  oxygen con- 
ten t  is q u i t e  low. T h u s  it will be  referred t o  a s  a poly- 
indene  polymer. 

T h e  organic  s o l v e n t s  were reagent  grade  chemi- 
c a l s ,  dried over  anhydrous magnesium s u l f a t e ,  and d is t i l l ed .  
T h e  b e n z e n e  w a s  washed  with concent ra ted  su l fur ic  ac id ,  
dried over  sodium, and d is t i l l ed .  

Methods.  I iea t  of Solution. T h e  thermistor  calor imeter  
which w a s  used  to  measure  t h e  h e a t s  of solut ion h a s  been 
descr ibed  previously ( 9 , I I ) .  Sample bulbs  were  blown from 
R m m .  boros i l ica te  g l a s s  tubing. F i n e l y  powdered res in  w a s  
weighed into t h e  bulbs ,  which were then s e a l e d  off and 
p laced  in t h e  sample  holder of t h e  calor imeter .  T w o  hundred 
mil l i l i ters  of solvent  w a s  added t o  t h e  Dewar f lask ,  t h e  
sys tem w a s  al lowed to  equi l ibrate ,  and t h e  s a m p l e  bulb w a s  
broken under t h e  liquid. T h e  de ta i led  procedure used i s  
reported e l sewhere  (9). T h e  ca lcu la ted  calor imeter  error, 
excluding t h e  hea t  of breaking, w a s  about  f2%. Blank 
runs, made to determine t h e  h e a t  e f fec t  produced in breaking 
t h e  sample  bulb, gave  average  v a l u e s  of - 0.02 c a l .  for sol-  
v e n t s  boi l ing above 1 0 0 ° C .  and + 0.25 ca l .  for more vola t i le  
so lvents .  In t h e  la t te r  c a s e  t h e  reproducibi l i ty  w a s  not very 
good, t h e  average  deviat ion being 0.04 cal .  T h i s  re la t ively 
la rge  deviat ion i s  in agreement  with t h e  f indings of Bar te l l  
and Suggi t t  ( I ) .  T h e  hea t  of so lu t ion  measurements  were 
made a t  2 6 ° C .  

-___ Solvents .  

RESULTS 

Unfract ionated Po lymer .  T h e  r e s u l t s  of t h e  hea t  of solu-  
t ion measurements  for most of t h e  s o l v e n t s  (cyclohexane,  
1-nitropane, ni t robenzene,  e thyl  a c e t a t e ,  methyl e thyl  ke tone ,  
benzene ,  methylchloroform, carbon te t rachlor ide,  bromoben- 
zene,  chlorobenzene,  butyl  chloride, sym-tetrachloroethane,  
and chloroform) a re  presented  in F i g u r e s  1 t o  3, where integral  
h e a t s  of solut ion of polymer i n  ca l .  per  200 m l .  of so lvent  
a r e  plotted v e r s u s  volume fract ion,  V , ,  of polymer. V ,  h a s  
been used ins tead  of V , (1  - V , )  b e c a u s e  in t h i s  concentra-  
tion range V ,  T h e  per t inent  d a t a  for a l l  t h e  
s o l v e n t s  which were used  a r e  l i s t e d  in T a b l e  11, which g i v e s  
average  v a l u e s  for t h e  h e a t  of so lu t ion  per  gram per  200 m l .  
of so lvent ,  per  'base  mole (monomer unit) per  200 ml. sol-  
vent ;  C v a l u e s  for Equat ion 1 taken  from t h e  s l o p e s  of t h e  
curves  of F i g u r e s  1 t o  3; d ipole  moments and solubi l i ty  
parameters  for t h e  so lvents ;  and ca lcu la ted  B v a l u e s  as- 
suming a so lubi l i ty  parameter  of 9.15 for t h e  polymer. T h e  
va lue  9.15 w a s  determined previously (10) and c o i n c i d e s  
with t h e  parameter for benzene .  T h i s  resu l t  is in  agreement  
with Equat ion  1 s i n c e  t h e  h e a t  of so lu t ion  in  benzene  i s  ap- 
proximately zero. 

T h e  h e a t  of solut ion per  gram or per b a s e  mole w a s  con- 
s t a n t  (average deviat ion in 1w per  gram w a s  5 % )  over  t h e  
concentrat ion range used  in t h i s  s tudy .  On a mole fract ion 
b a s i s  the  so lu t ions  were  extremely dilute-e.g., t h e  h ighes t  
concentrat ion which w a s  used  (methyl e thyl  ketone,  run 24) 
corresponded to  a polymer mole fract ion of 1.91 x 
Higher concent ra t ions  were not used  in  t h i s  s tudy  b e c a u s e  
of (a) t h e  diff icul ty  of rapidly d isso lv ing  t h e  polymer, ( b )  t h e  
high v iscos i ty  of t h e  resu l t ing  mixture, and (c) t h e  phys ica l  
l imitat ions of t h e  calor imeter .  

Intr insic  v i s c o s i t i e s  for s o l u t i o n s  of unfractionated poly- 
mer in  benzene ,  e thyl  a c e t a t e ,  1-nitropropane, carbon te t ra-  
chlor ide,  chlorobenzene,  and sym-tetrachloroethane were  
determined. T h e  b e s t  v a l u e s  for t h e  in t r ins ic  v i scos i ty ,  
171, a re  l i s ted  i n  T a b l e  111 a long  with t h e  B v a l u e s  obtained 
from t h e  h e a t  of so lu t ion  measurements .  F igure  4 i l l u s t r a t e s  
t h e  relat ion between B and [VI .  

V ,  (1 - V,). 

Fract ionated Po lymer .  T h e  h e a t s  of solut ion of f rac t ions  
X-1, X-2, X-3, and X-5 in chloroform, chlorobenzene,  and  
1-nitropropane were measured and t h e  va lues  in  c a l .  per  
gram per 200 ml .  a re  l i s t e d  in T a b l e  IV. T h e  va lue  for t h e  
unfractionated polymer i s  l i s t e d  for comparison. 

T a b l e  1 1 .  H e o t s  o f  Solution oi  Resin I V  (Polyindene) 

Solvent 

Cyclohexane 
1-Nitropropane 
Nitrobenzene 
Ethyl acetate  
Anisole 
Methyl ethyl ketone 
n-Heptyl chloride 
Benzene 
Ethyl benzoate 
Ethylbenzene 
Methylchloroform 
Carbon tetrachloride 
Bromobenzene 
Chlorobenzene 
Butyl chloride 
Benzonitrile 
Pyridine 
Dimethylaniline 
s ym-Tetrachloroethane 
Chloroform 

Dipole .!lH/Gram IH/Base  Mole B, Cal./Ml., B, CaL/Ml., 
Moment S I S  Ca1./200 M1. Cal./200 MI. Exptl. Calcd  

0 
3.3 
4. 1 
1.8 
1.35 
2.8 
1.85 
0 
1.8 
0.5 
1.6 
0 
1.7 
1.7 
2.0 
4. 1 
2. 2 
1.6 
1.6 
1.0 

8.2 
10.7 
10.0 
9.1 

(8.5) 
9 .3  

9.15 
(7.8) 
8.8 
8.5 
8.6 

(8.9) 
9.5 

(8.4) 
8 .4  

10.7 
(8.4) 
(9.7) 
9.3 

. . .  

3.52 
2.01 
1.09 
1.00 
0.49 
0.46 
0.36 

- 0.01 
- 0.16 
- 0.33 
- 0.42 
- 0.59 
- 0.92 
- 0.93 
- 0.96 
- 1.04 - 1.61 
- 1.95 
- 4.48 
- 4.80 

40 7 
232 
127 
116 
57 
53 
42 

- 1  
- 19 
- 39 
- 48 
- 68 
- 107 
- 108 
- 112 
- 121 
- 187 
- 226 
- 519 
- 558 

3.96 
2.22 
1.25 
1.14 
0.5 
0.5 
0.4 
0 

- 0.2 - 0.37 
- 0.44 
- 0.63 
- 1.01 
- 1.01 
- 1.06 
- 1.1 
- 1.42 
- 2.1 
- 2.9 
- 5.2 

0.9 
2.4 
0.7 
0 
0.4 
0.02 

0 
1.8 
0.1 
0.4 
0.3 
0.06 
0.1 
0.6 
0.6 
2.4 
0.6 
0.3 
0.02 

. . .  

a Parantheses  indicate approximate values. 
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Table IV. Heats o f  Solution o f  Polyindene Fractions 
(Heats in col. per gram per 200 ml.) 

Solvent 

Fraction Chloroform Chlorobenzene I-Nitropropane 

x- 1 - 13.5 - 11.0 - 9.6 
x- 2 - 11.3 - 8.0 - 5.7 
x- 3 - 3.7 - 1.0 1.2 
x- 5 - 4.6 - 0.3 1.3 

Unfractionated - 4.80 - 0.93 2.01  

I /JITROPROPANE 

I f  //ETHYL ACETATE 
r 
c 

t I  - 

A 

.004 .008 .012 001 
v?* 

Figure 1. Heat o f  solution o f  polyindene in various solvents 

DISCUSSION 
F i g u r e s  1, 2 ,  and 3 show tha t  within t h e  l imi t s  of ex- 

perimental error t h e  integral  h e a t  of so lu t ion  v a r i e s  l inear ly  
with t h e  volume fract ion of polymer a s  predicted by Equa-  
tion l .  T h e  only except ion to  t h i s  i s  carbon te t rachlor ide 
above 0.01 volume fract ion of polymer. Inspec t ion  of T a b l e  
11 shows,  however, tha t  t h e  experimental  va lue  of B is not 
a t  a l l  in agreement  with t h e  theoret ical  va lue  a s  predicted 
from t h e  solubi l i ty  parameters  by Equat ion 2. T h e  experi- 
mental pos i t ive  va lues  of B are ,  in general ,  larger  than t h e  
predicted theore t ica l  values .  

T h e  graph of B v a l u e s  versus  intr insic  v i s c o s i t y  in  F igure  
4 i n d i c a t e s  tha t  t h e  polymer molecules  tend t o  uncurl in  t h e  
exothermic s o l v e n t s  and remain in  a compact  form in t h e  
endothermic so lvents .  T h e  s h a p e  of t h e  curve i s  a lmost  
ident ical  to  tha t  obtained by Daoust  and Rinfret  (2) for 
so lu t ions  of poly (vinyl acetate) .  T h e  curve  s h o w s  t h a t  t h e  
maximum in t r ins ic  v i scos i ty ,  and t h u s  t h e  apparent  maximum 
length of t h e  polymer cha in ,  i s  a t ta ined a t  re la t ive ly  low 
exothermic h e a t s  of solut ion.  A higher  exothermic hea t  
apparent ly  d o e s  not tend to  i n c r e a s e  further t h e  e f fec t ive  
length of t h e  molecule  in solut ion,  and thus  t h e  increased  
exothermicity of s o l v e n t s  such  a s  chloroform i s  not d u e  to 
phys ica l  e f f e c t s  but must resul t  from chemica l  interact ions.  
Similarly, a t  low endothermic h e a t s  t h e  polymer molecule  i s  
in a compact  form preferring intrapolymer c o n t a c t s ;  aga in  
larger  endothermic h e a t s  probably do not c a u s e  further con- 
f igurat ional  changes .  

a s  
the  occurrence of spec i f ic  interact ions in  t h e  mixture s u c h  

T h e  usua l  explanat ion for exothermic h e a t s  i s  given 

Table 111. 

Solvent 

sym-Tetrachloroethane 
Chlorobenzene 
Carbon tetrachloride 
Benzene 
Ethyl acetate  
I-Nitroprop ane 

Intrinsic Viscosities 

[VI B, Cal./Ml. 

- 4.9 0 . 0 5 3  - 1.01 0.056 
-0 .63 0.054 

0.00 0 .032  
1.14 0.027 
2 . 2 2  0 . 0 2 6  

a s  so lva t ion .  For example,  t h e  exothermic h e a t s  of solut ion 
of poly(viny1 ace ta te )  in chloroform have been  explained on 
the b a s i s  of “ac id-base”  interact ion between the  “ a c i d ”  
hydrogen of t h e  chloroform and the  “ b a s i c ”  carbonyl  oxygen 
of t h e  polymer (2). No functional groups a s  such  e x i s t  in 
the  polyindene molecule  and thus  such  a straightforward ex- 
planat ion cannot  b e  offered. 

However, it  i s  instruct ive to compare t h e  r e s u l t s  of 
Hel l f r i tz  ( 4 )  on t h e  hea t  of solut ion of po lys tyrene  and 
those  of Daous t  and Rinfret (2) on poly(viny1 ace ta te )  with 
the r e s u l t s  obtained in t h i s  study. In F igure  5 t h e  resu l t s  
obtained by Hel l f r i tz  and by Daoust  and Rinfret  a re  plotted 
v e r s u s  t h e  r e s u l t s  obtained in t h i s  s tudy for s o l v e n t s  which 
were common to  both s tudies .  In both c a s e s  the  va lues  for 
toluene were compared tQ the  va lues  for e thyl  benzene  ob- 
ta ined in t h i s  s tudy.  The uni t s  were used a s  they were re- 
ported in t h e  l i terature:  .W per  gram for polystyrene and 
B values  for poly(viny1 ace ta te ) .  Inspect ion of F igure  5 
s h o w s  tha t  there  i s  a regular re la t ionship between the  h e a t s  
of solut ion of polystyrene and polyindene except  for chlorc- 
form. T h e  hea t  of solut ion of polyindene in chloroform i s  
much more exothermic than would b e  expec ted  f r o m  the  poly- 
s tyrene  da ta .  On t h e  other  hand,  t h e  chloroform and sym- 
te t rachloroethane d a t a  for poly(viny1 ace ta te )  and polyindene 
seem to  follow a regular re la t ionship.  T h i s  comparison sug- 
g e s t s  tha t  there  may be  a s imilar i ty  in t h e  mechanism of t h e  
interact ion of chloroform and sym-tetrachloroethane with 
low molecular  weight polyindene and with poly(viny1 ace ta te ) .  

0 DIYETHYL ANILINE 
P Y R I D I N E  

@ BUTYL CHLORIDE 
A CHLOROBENZENE 

BROUOBEHZENE 
0 CAR BOH TETRACHLORIDE 

P 

Figure 2. Heat  o f  solution o f  polyindene in various solvents 
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Figure 3. Heat o f  solution o f  polyindene in tetrachloroethane and 
in chloroform 

T h i s  mechanism apparent ly  d o e s  not o p e r a t e  or i s  not present  
t o  any  not iceable  ex ten t  in t h e  c a s e  of polys tyrene  (molecular  
weight ,  20,000). 

An inspec t ion  of t h e  va lues  for t h e  h e a t s  of solut ion of 
polyindene in  chloroform, sym-tetrachloroethane,  methyl- 
chloroform, and carbon te t rachlor ide i n d i c a t e s  t h a t  t h e  com- 
pounds conta in ing  “ a c i d ”  hydrogens (chloroform and sym- 
te t rachloroethane)  bring about  high exothermic h e a t s  whi le  
carbon te t rachlor ide  and methyl chloroform, which contain 
no “ a c i d ”  hydrogen atoms,  exhibi t  markedly lower exothermic 
h e a t s  of solut ion.  T h e  “ b a s i c ”  or e lec t ron  donor groups, 
which must b e  present  for interact ion with the  ac id  hydrogen, 
may e x i s t  in t h e  form of terminal double  bonds  in t h e  poly- 
indene  molecule  (polyindene conta ins  o n e  terminal double  
bond per  molecule). Polys tyrene  of a high molecular  weight  
h a s  very few terminal double  bonds and t h u s  d o e s  not  ex- 
hibi t  t h i s  interact ion t o  a n  apprec iab le  ex ten t .  On t h e  other  
hand,  t h e  low molecular  weight  polyindene h a s  many more 
double  bonds  ava i lab le  for interact ion.  T h u s  t h e  high 
exothermic h e a t s  of solut ion of polyindene in  chloroform and  
sym-tetrachloroethane a r e  ten ta t ive ly  at t r ibuted to “acid- 
b a s e ”  interact ion.  Further  invest igat ion of t h i s  phenomenon 
us ing  infrared absorpt ion spectrophotometry i s  in  progress .  

T h e  experimental  h e a t s  of solut ion for most  of t h e  other  
s o l v e n t s  may b e  qual i ta t ively explained on t h e  b a s i s  of 
s t ruc ture  and t h e  chemical  nature  of t h e  so lvent  molecules .  
Cyclohexane  exhib i t s  a high endothermic h e a t  of solut ion.  
T h i s  molecule  h a s  n o  polar  groups ava i lab le  for solvent-  
s o l u t e  in te rac t ion  and i s  not e a s i l y  polar ized.  I t  i s  a poor 
so lvent  for t h e  type  of polymer used in t h i s  s tudy  and t h u s  
energy must  b e  suppl ied in order to br ing about  t h e  solut ion 
process .  On t h e  other  hand,  benzene  i s  very s imi la r  in 
s t ruc ture  t o  t h e  polymer, h a s  a highly polar izable  conjugated 
double  bond s t ruc ture  and yet  no polar groups,  and h a s  a 
so lubi l i ty  parameter  equal  to that  of t h e  polymer. T h u s  i t  i s  
not surpr i s ing  t h a t  t h e  solut ion p r o c e s s  i s  a thermal .  

T h e  molecules  which conta in  oxygen a l l  exhib i t  endo- 
thermic or very low exothermic h e a t s .  T h e s e  compounds 

a re  not  s t rongly “ac id ic”  or “ b a s i c , ”  in  s o m e  c a s e s  may 
exhib i t  s o m e  a s s o c i a t i o n  in  t h e  pure l iquid s t a t e ,  h a v e  rela- 
t ively high d ipole  moments (espec ia l ly  t h e  ni t ro  compounds 
and methyl e thyl  ketone), and h a v e  la rge  polar  groups. S te r ic  
e f f e c t s  and t h e  fac t  tha t  both t h e  oxygens  and t h e  polymer 
a r e  e lec t ron  donors  would t h u s  prevent polymer-solvent  in- 
teract ion.  Within t h i s  group of s o l v e n t s  t h e  inf luence  of t h e  
aromatic  v e r s u s  a l ipha t ic  s t ruc ture  i s  evident .  In t h e  pa i r s  
n i t robenzeneni t ropropane  and e thyl  benzoate-ethyl  a c e t a t e ,  
t h e  aromatic  der iva t ive  exhib i t s  a lower endothermic h e a t  
b e c a u s e  of s t ruc tura l  s imilar i ty  to t h e  polymer. T h e  im- 
portance of t h e  length of t h e  a l ipha t ic  cha in  is evident  by 
comparing t h e  v a l u e  for heptyl  chlor ide,  which e x h i b i t s  
a low endothermic hea t ,  with butyl chlor ide,  which i s  
exothermic. 

T h e  i n c r e a s i n g  exothermic 
h e a t s  of so lu t ion  with increas ing  molecular  weight  may b e  
expla ined  by consider ing t h e  s t a t e  of t h e  polymer a t  room 
temperature. A polymer below i t s  second-order  t rans i t ion  
temperature ,  T, , i s  in  a thermodynamically uns tab le  s t a t e  
(7) and c a n  b e  cons idered  a supercooled liquid. When t h e  
polymer is p laced  in solut ion,  in  e f fec t  t h e  t rans i t ion  tempera- 
ture i s  lowered,  which l ibera tes  t h e  e x c e s s  f r e e  energy of 
the  uns tab le  s t a t e .  In other  words, t h e  polymer i s  in  a 
higher  energy s t a t e  in  t h e  bulk “so l id”  than i t  is in solut ion.  

Ueberrei ter  and Kanig (8) h a v e  shown tha t  t h e  second-  
order t rans i t ion  temperature  of polys tyrene  v a r i e s  l inear ly  
with t h e  degree  of polymerization, P, accord ing  to  t h e  
equat ion:  

E f f e c t  o f  Molecular Weight. 
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where a and b a r e  cons tan ts .  Von Gunner and Schulz  (3) 
h a v e  recent ly  appl ied t h i s  concept  quant i ta t ively and h a v e  
developed t h e  following equat ion  for t h e  h e a t  of solut ion of 
a polymer: 

(p) + T h C ,  + w w  (4) 
- AC, 

AH = - 
a (P + b / a )  
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Figure 6. Heat o f  solution vs.  molecular weight 

where AC, is t h e  difference in hea t  capac i ty  of t h e  polymer 
above and below T,, and W ,  i s  t h e  chemica l  interact ion 
energy between polymer and solvent .  T h e  hea t  of solut ion 
of a polymer below the  second-order t rans i t ion  point i s  thus  
composed of a “phys ica l”  ( f i rs t  two terms on  right-hand 
s i d e  of Equat ion  4)  and a chemical  (W,) heat  term. Above 
T, t h e  h e a t  of solut ion i s  given by 

Iw = w, (5) 

A preliminary t e s t  of t h i s  theory by Von Gunner and Schulz  
(3) h a s  shown tha t  Equat ions  4 and 5 a r e  appl icable  to  t h e  
h e a t s  of so lu t ion  of polystyrene in  var ious s o l v e n t s  over a 
range of P v a l u e s  from 30 t o  100, using va lues  for a, b, and 
AC, from t h e  l i terature .  T h e  va lues  of their  c o n s t a n t s  a, b ,  
and hC, a r e  not  ava i lab le  for polyindene.  F igure  6 shows a 

P 
plot of AH vs. ~ for polyindene (see T a b l e  IV) as -  

P + b /a  
suming a va lue  of 2.98 for b/a.  T h e  ac tua l  va lue  of b /a  
d o e s  not  a f fec t  t h e  s h a p e  of the  curves  i n  F igure  6 but only 
s e r v e s  t o  sh i f t  them along t h e  a b s c i s s a .  

T h e s e  resu l t s  support  the  work of Von Gunner and Schulz. 
Inspect ion of F igure  6 shows tha t  t h e  curves  obtained for 
t h e  three s o l v e n t s  a r e  paral le l  l i n e s  drawn through t h e  d a t a  
for t h e  three  h ighes t  molecular weight f rac t ions  and leve l  
off sharply for t h e  lowes t  molecular weight fraction. S ince  
t h e  l o w e s t  molecular fraction (X-5) i s  a v i s c o u s  l iquid,  more 
d e n s e  than t h e  higher molecular weight f ract ions which a r e  
“so l ids ,”  i t s  second-order t ransi t ion temperature must b e  
below room temperature. Furthermore, t h e  v a l u e s  of T, a r e  
usual ly  somewhat  below t h e  sof tening point of t h e  polymer 
which i s  27°C. for f ract ion X-5 (Table  I). Equat ion  5 must 
thus  b e  used  for t h e  hea t  of solut ion of fraction X - 5 ,  while  
Equat ion  4 a p p l i e s  to  t h e  other  f ract ions.  T h u s ,  t h e  h e a t  of 
solut ion of fract ion X-5 i s  due  only to  chemica l  in te rac t ions ,  
whereas  t h e  h e a t s  of solut ion of f ract ions X-1 and X-2 a r e  
a resu l t  of both chemical  and phys ica l  contr ibut ions.  

T h e  higher  exothermic hea t  of solut ion of fract ion X-5 in  
chloroform a s  compared to  fraction X-3 i s  explained by t h e  
fact  tha t  X-5 h a s  more double  bonds ava i lab le  for interac- 
tion with t h e  “ac id”  hydrogen of t h e  chloroform. T h i s  ef- 
fect  i s  not evident  in  so lu t ions  of chlorobenzene and nitro- 
propane, b e c a u s e  t h e s e  s o l v e n t s  do not h a v e  any  “ac id”  
hydrogen atoms. 

I t  h a s  t h u s  been shown that  t h e  theory of t h e  “ s o l i d ”  
s t a t e  of polymers expla ins  the  change  in h e a t  of solut ion 
with molecular  weight and i s  ab le  to  different ia te  between 
t h e  “phys ica l”  and chemical  contr ibut ions t o  t h e  h e a t  of 
solut ion.  
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