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Apparent Specific Volume of Polystyrene in Benzene, 
Toluene, Ethylbenzene, and 2-Butanone* 

Maurice Griffel, ! Ralph S. Jessup, Joseph A. Cogliano,2 and Rita P. Park 

:\1easurement s have been made a t t emperat ures near 27° and 30 ° C of t he den sities 
of pu rifi ed ben zene, to luene, ethylbenzene, a nd 2-but anone (methy lethylketone) , a nd of 
solutions of a purifi ed sample of p olysty r ene in t hese solven ts. 'Wi thi n t he precision of 
t he meas urements (abou t 1 or 2 in 105 density) t he appa ren t specific volume of the poly­
styrene is a constan t independ ent of t he concen t rat ion in a nyone solvent, bu t d epends to 
so me exten t upon t he solven t . The lowes t values, which were obtained wi t h 2-bu tanone, 
a l'e a bout 1 p ercent lower t han t he hi ghest val ues, \ V hi ch were obt ained wit h ethylbe nzene . 
The va lu es are a ll lower t han t hose of th e vir t ua l liquid polym er , ob tained by extrapolation 
of data on specifi c volume above t he glass t ra nsi t ion temperature, although t he data of 
o t her obser vers indi ca te t hat t his is n ot t ru e for all solvents. I n a ll fo ur solven t s t he cha nge 
of t he appa ren t specific volume wi t h temp erature is less t han fo r t he liq uid p olym er. 

The changes in volume upon mi xin g of polystyr ene wi t h t he solven ts are shown to have 
a signifi cant cffect on s uch then nod.vna mi c proper t ics as heat , Free energy , a nd cnt ropy 
of mix ing . 

1. Introduction 

Theoretical t rea tmen ts of the thermodynamics of 
polymer solutions arc usually based on assumptions 
that imply that there is no vol ume change on mixing 
of polymers and solvents. Experimen tally, however , 
it is found that there is a small but measumble 
change in volme when mixing takes place at constan t 
pl'essul'e [1 , 2, 3, 4, II , 12, 15].3 Because a change 
in volume will affect the experimen tally determined 
values of such thermodynamic quantities as heat, 
free energy, and en tropy of mixing at constant 
pl'ess me [5] , a knowl edge of the magni t ude of the 
change in volume is of impor tance in comparing 
experimen tal r esul ts wi th theoretical predic tions. 
The work described in thi s paper was under taken 
to provid e data to a id in interpreting the resul ts of 
measurements of heats of mixing of polymers and 
solven ts . 

2. Materials 

The polystyrene used was obtained from the Dow 
Chemical Co. through the courtesy of R. F. Boyer . 
I t had been prepared by thermal polymerization with­
ou t catalyst a t 1800 C. After receip t of the material 
it was purified as follows: 150 g of polystyrene was 
dissolved in abou t 750 ml of benzene, and was then 
precipitated by pouring the solution slowly into 
about 3 li ters of well-stirred methanol. After allow­
ing the precipit a te to set tle, the liquid was decanted. 
This procedure was r epeated twice. The polystyrene 
\vas then dissolved in 2 li ters of benzene, the mixt ure 
was frozen at - 300 C. and most of the benzene was 
removed by evac uation at tempera tures no t ex­
ceeding 3° C. E vac uation was continued at a 

*'l' bis work was s ll pporicd in par t by t he Heconstruction Finance Corpora t ion , 
Office of Syn thetic Rubber, in connection with t he Go\'ernment Synthetic 
R ubbcr Program. 

1 Presen t address, Th l' John s rropki ll s Univf' l's it y , Baltimo re, IVfd . 
2 Present address, George \ Vashin gloll U niversit y. \ Vashillgto n, D . C . 
3 Figures in brackets indicate the li terature rererences at the end or this paper. 

temperat Lll'e of 70° C for about 10 days . Tlw 
temperat Lll'e was then gradually increased to 1200 C 
over a period of about a week, and the pressure 
over the material was maintained a t less th an 10-" 
mm of mercll1'y . As a resul t of this treatmen t, the 
polystyrene was fu sed in to a solid mass. To facili ta te 
subsequen t h andling, i t was ground in a cu t ting 
mill , so that the final product consis ted of part icles 
abou t 3 mm or less in diam eter . 

From observations of ligh t scattering the values 
M = 190,000 and B = 5.2 X 10 - 4 cgs uni t were ob­
tained for weigh t average molecular weigh t and 
second viri al coefficient, respectively , for the purified 
polymer .4 

The volatile constituen ts of th e purified polymer 
were determined 5 by hea ting a crushed sample to 
150° to 1600 C for 2 hI' in a previously evacuated 
space of known volume, measuring the resulting in­
crease in pressure, and making a mass spectrometric 
analysis of th e gas evolved . The amoun ts of volatile 
constituen ts found in this way, expressed in percen t­
age of the total ,veigh t of polymer , are as follows : 

Constituent 

WateL _____ ______ _____________ ___ _ 
Carbon dioxide ___ . _______ _________ _ 
Benze ne ___ ___ ___ _________________ _ 

T otal volat ile impuritic,L ___ ____ _ 

Percen tage 
by weigh t 

O. 101 
. 021 
. 014 

O. 136 

The fact tha t appreciable amounts of volatile impu ­
rities remained after prolonged h eating and evacua­
tion, as described above, is in accord with the find­
ings of Grassie [10] in regard to the difficulty of re­
moving volatile impurities from polymers . 

• Tbese values were obtained by M . Wales or thc Pol ymer Structure Section 
of tbe Bureau. 

, In tbe Mass Spectrometry Section of the Bureau. 
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The benzene used was purified 6 by frac tional 
freezing. The other solvents were purified by distil­
lation. Freezing-curve measurements 7 indicated a 
purity of 99.65 and 99.80 mole percent for the toluene 
and 2-butanone, respectively. The other solvents 
are believed to be of comparable purity, although no 
actual determinations of their purity were made. 
Although impurities in the solvents would affect the 
densities of both solvents and solutions, it seems very 
improbable that they would affect the apparent 
specific volume of the solute to an appreciable extent 
in view of the small differences between the values 
for apparent specific volume in different solvents . 
In table 1 the observed densities of the three hydro­
carbon solvents are compared with "best" values of 
t.hese properties derived from data reported in the 
literature [6]. 

TAB L E 1. Den sities of hydTocaI'bon solvents 

DenSity, g/cm" at-

Solvent 26.890° C 29.971° C 

Literature Observed Literature Observed 
values values values values 

Benzenc ____ ___________ 0. 87167 0.87165 0.86840 0.86834 
Toluene ________________ . 86052 .86035 . 85766 . 8,)747 
E thylbenzene __________ .86096 . 86123 .85826 ,85851 

3 . Apparatus and Method 

Densities of solvents and solutions of known com­
position were measured by means of picnometers, 
and values of apparent specific volume of polystyrene 
were calculated from the data. 

The Pyrex picnometers used (A, fig . 1) are of the 
bicapillary type described by Heller and Thompson 
[1] . The capillaries were of "precision-bore" quality, 
and before sealing to the picnometers they were 
calibrated by measuring at X-in . intervals the length 
of a weighed mercury thread. They were found to 
have a uniform radius of 0.494 mm: 

The completed picnometers had volumes of about 
22 cm3 and were calibrated by weighing when empty 
and when filled with double-distilled water [14] at 
temperatures near 27 ° and 30° C. The values for the 
density of water were calculated from an equation 
derived by Tilton and Taylor [7] to represent the 
data of Chappuis [8]. Weighings were made to 0.1 
mg or better on an Ainsworth semimicrobalance, 
using newly calibrated weights. Final weighings 
were made after allowing ample time for the attain­
ment of temperature equilibrium in the balance. 
Two picnometers were used in the measurements, 
and a third was used as a tare in weighing. All 
weights were corrected for air buoyancy on the basis 
of observations of barometric pressure, temperature 
in the balance case, and relative humidity. 

• By T . M. Mears of the Engine Fuels Section of the Bureau, 
7 By G. T . Fw-ukawa of the Thermodynamics Section of the Bureau. 

The positions of the two menisci relative to refer­
ence marks on the capillaries were read to 0.01 mm 
by means of a Gaertner traveling microscope. Dur­
ing these readings the picnometers were immersed in 
a water bath whose temperature during an experi­
ment was maintained constant within about 0.002 
deg C. The wall of the bath through which the menisci 
were observed was of plate glass. The temperature 
of the bath was measured by means of a strain-free 
platinum resistance thermometer and a special 
Mueller bridge. 

The solutions were made up in 60 ml bottles with 
ground-glass stoppers as follows: A clean bottle con­
taining a Pyrex-glass sealed stirring rod for use with 
a magnetic stirrer was weighed with its stopper, 
using a similar bottle for a tare. A sample of poly­
styrene of approximately known weight was then 
introduced into the bottle through a funnel in such 
a manner as to avoid getting any polystyrene on the 
ground-glass joint, and the bottle was again weighed. 
A measul'ed amount (usually 50 ml) of solvent was 
introduced into the bottle, which was then closed 
with the ground-glass stopper . In handling the bot­
tle great care was taken to avoid getting any solution 
on the ground-glass joint. The bottle was then 
placed on the magnetic stirrer, and stirring was con­
tinued until a uniform solution was obtained. When 
mixing was complete some solvent had condensed in 
the upper part of the bottle, in the ground-glass joint, 
and the inside of the stopper. This condensed sol­
vent was removed by drawing clean dry air over these 
areas, and the stopper was replaced. The two empty 
picnometers were then weighed; following this , the 
bottle containing the solution was weighed, and the 
solution was transferred to the picnometers as de­
scribed in the following paragraph. 

The apparatus shown in figure 1 was used for 
transferring the solution to the picnometers with a 
minimum loss of solvent by evaporation. This appa­
ratus consisted of the "wash-bottle" connections 
with a male standard-taper joint that replaced the 
stopper in the bottle containing the solution, and 
with a 22-gage hypodermic needle attached as shown. 
The solution was forced through the hypodermic 
needle into the picnometer by introducing helium 
into the wash bottle through the dryer (C, fig . 1) 
under a pressure of 2 to 10 Ib/in2• Rubber bands 
were used to hold the joints together. When the pic­
nometer was almost filled the valve controlling the 
helium supply was closed, and the pressure was re­
leased by opening a pinchcock (not shown in fig. 1). 
The hypodermic needle was then disconnected 
from the filling apparatus and removed from the 
picnome tel'. 

The ground-glass caps (D , fig . 1) were then put 
on and the picnometers were inverted and rotated so 
as to entrap a large bubble in the bulb and thereby 
remove small bubbles adhering to the wall. The 
removal of bubbles was found to be more difficult 
with solutions of high polystyrene content because of 
the high viscosity of such solutions, and for this 
reason, the mass fraction of polystyrene in the solu­
tions was not carried above 0.1. 
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FIGURE 1. A lJparat1is used in filling picnometel·s. 

and the menisci were adjusted approximately to 
the proper height by means of the syringe. The 
picnometers were then placed in a holder and 
immersed in the thermostated bath to a point a li ttle 
below the ground-glass joints, and final adjustment 
of the height of the menisci was made. Any solution 
adhering to the capillaries above the menisci was 
removed with a linen thread. While in the bath the 
drying tubes (E , fig. 1) containing calcium chloride 
were attached to the capillaries . A wad of cotton 
in the bottom of each drying tube was wet with a 
small amount of solvent to inhibit evaporation from 
the solution in the picnometer. 

A, Picnometer; B , bottle in which solu tio ns wcro made up, wi th "wash-bottle" 
connections; C, tube containing drying agent to romove water from heliuOl gas 
used to force solution from bottle, D, to picno metcr; D, gro un d·glass cap for 
picnometer wben being weigbed ; E. cap containing drying agent and cotton 
wet witb solvent for n sc whcn picnometcr was in water batb. 

After sufficient time had elapsed for the attain­
ment of thermal equilibrium the heights of the 
menisci relative to the reference marks on the 
capillary were observed by means of the traveling 
microscope. The picnometers were then removed 
from the bath, the drying tubes were replaced with 
the caps CD , fig . 1), and the picnometers were 
weighed after allowing sufficient time for the 
attainment of thermal equilibrium in the balance 
case. 

4 . Results 
Aft.er t he removal of air bubbles from the solution, 

the pienometers were placed in an upright position, 
any liquid entrapped in the capillaries was removed 
with a hypodermic syringe with a 27 -gage needle, 

Observed values of density of solvents and 
solu tions are given in table 2, together with values of 
apparent specific volume of polystyrene calculated 

TABLE 2. Ex perimental valltes of den sity and apparent specific volum e, and values of de nsit!J calculated fr01ll em pirieal equat ions 
oflhefor m. ( 1) 

L_ 

r-------,-----------------------------------------------.--~--------------, 

Density, glcm' , at-
-----.--.---------.---------;--------.-.~-------

26.890° C 29.97l ° C 

Observed , apparent 
speci fi c volume of 
polystyrene at-Mass frac­

t ion poly· 
styrene 

'I'------r---Iobser vcd - I C' I I d 10bscrvcd - C I C 
Observed Calculaiecl I calculated I Observed a Cll ate calcub icd 26.890° 29.971° 

~----.----~-.------~------~---------

BENZENE 

I 
TOLU E!'1E 

--------~----.---~~ .------~-------~------~----------------~----.--~---.--

o 0. 860345 I 0. 8603510 I - 7X IO-6 I 0. 857467 
o . 860350 . 86035 1, - 2 . 857471 
0. 005016 . 861253 . 861255 - 2 . 858383, 

. 015046 . 863066, . 863067 0 . 860202 

. 020057 .863980 . 863975 + 5 . 861117, 

. 040027 . 867617 867613 + 4 . 864771, 

. 100195 . 878758 . 878761 - 3 . 87.5963 

. 009973 . 862152, I . 862149 + 3 . 859281 

--------~------~ 

o 
o 
0. 020076 
. 0.';()028 
. 100118 

0. 86 1225 
. 861226 
.864816 
. 870222 
879386 

0. 861230 
. 861230 
. 864812 
. 870211 
. 879392 

E THfLBEN ZENE 

-SXlO~ II - 4 
+ 4 

0.858512 
. 858515 
.862136 
. 867538 
. 876753 - 6 

0. 857474 
.857474 
. 858381 
. 859280 
. 860201 
. 86111a 
. 864767 
.875963 

0.858521 
.858521 
. 862117 
. 867538 
. 876757 

-7X LO~ 
-3 
+ 2 
+ 1 
+ 1 
+ 4 
+4 
- 3 

- 9X JO-6 
-6 
+ 19 

o 
- 4 

0.9187 
. 9183 
. 9189, 
. 9187 
. 9190 
. 9193 

0. 92 10 
. 92 12 
. 9216 

0. 9185 
. 9196 
. 9200 
. 9199 
. 9202 
. 9205 

0. 92 10 
. 9226 
. 9228 + 11 I 

----- - - ----'------_.:..-------'--------....:..----_ .. -'----- --'--- ----'--------

I 2- nuTANoNE 

--·------~------~--------·~----·--~-------~--------~------~------~------I 

I --81 X 10-' II O. 795575 I O. 795587 o 
o 
0. 020128 
. OiiOL08 
. 100312 

0. 798850 
. 798843 
. 803243 
. 809949 
. 821288 

0.798851 
. 798851 
.803257 
. 8099Jl 
. 821304 

. 795584 . 795587 

+3~ . 806738 . 806711 [ - 14 I .800022 . 800019 

1- 16 . 8181(;() I . 8l8173 
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- 12X10-6 

- 3 
+3 

+ 2, 
- 13 

0. 91J4 
. 9093 
. 9108 

0. 9102 
. 9100 
. 9111 



TABLE 3. Values of the fonslants PI and <pz in equation (1 ) 

26.890° C 27.000° C 29.971° C 30.000° C 

Solvent ----;-l--"'-, ----p~-T-:~----P-l -------::--~-1 --1----:---
1-------1·----1---

glem' em'io glem' em'lo glem' em'lu olem' cm'lo 
Benzene . _ -- _____ 1 0.871653 o 91947 0.871535 0. 91950 0.868350 0.92026 O.86R319 0. 92027 
Toluene __________ . 860351.1 . 91929 . 860249 
EthyJbenzene ____ . 861230 . 921 60 . 86\133 
2-Butanonc. ___ __ . 798851 . 91065 . 798734 

therefrom, and with values of density calculated I 
from empirical equations of the form 

(1) 

where Wz is the mass fraction of polystyrene in the 
solution, P is the density of the solution, and PI and 
<P2 are constants at a given temperature. This 
equation was derived from the definition of 
apparent specific volumc on the assumption that 
this quantity is independent of composition of the 
solution and is equal to <P2. Values of the constants PI 
and <P2 were determined by the method of least 
squares from the experimental values of P and W2 

and are given in table 3. The values of <P2 may be 
compared with the experimental values of apparent 
specific volume given in table 2. 

It may be noted that eq (1) implies that density 
can also be represented by an equation of the form 

(2) 

where C2 is the concentration of polymer in grams of 
polymer per cubic centimeter of solution, and where 

Table 2 shows that the agreement between the 
observed and calculated densities is within 1 or 
2 X 10- 5, except in the case of solutions in 2-butanone, 
where the maximum difference is 4 X 10- 5• The re­
sults on 2-butanone solutions are less reliable than 
the others because of the difficulty of avoiding some 
absorption of water in handling. It is believed that 
the agreement between experimental and calculated 
densities is within the accuracy of the measurements. 
This substantiates the assumption made in deriving 
eq (1) that within the accuracy of the data the ap­
parent specific volume of polystyrene is independent 
of the composition of the solutions over the compo­
sition range covered. This means, of course, that 
in this range the partial specific volume of the solute 
is constant and equal to the apparent specific volume, 
and that the partial specific volume of the solvent 
is constant and equal to the specific volume of the 
pure solvent. 

5 . Comparison With Previous Measurements 

Values of apparent specific volume of polystyrene 
obtained in the present work are compared in figure 
2 with values for the apparent specific volume in 

. 91933 .857474 .92050 . 857447 . 92051 

. 92164 .858521 . 92281 . 858496 .92282 

. 91066 . 795587 .91103 .795556 .91103 

chlorobenzene and bromobenzene by Heller and 
Thompson [1], in benzene by Danes [11], in toluene 
by Boyer and Spencer [4], and in various solvents by 
Streeter and Boyer [15] . The values attributed to 
Boyer and Spencer were calculated from the density 
data given in reference [4]. They are somewhat 
higher than the values of partial specific volume 
attributed to Boyer and Spencer by Spencer and 
Gilmore [12] . Streeter and Boyer reported densities 
of solutions of various concentrations, expressed in 
grams of polymer per unit volume of solution, and 
values of partial specific volume calculated from these 
data. The value of partial specific volume in each 
solvent was calculated from two experimental points 
that lie exactly on a straight line drawn to represent 
density as a function of concentration. The two 
points used for this purpose were taken in the low­
concentration range, except where there were seeming 
discrepancies in the data. 

As stated previously, a linear relation between 
density and concentration (eq 2) implies that the 
partial specific volume is constant and equal to the 
apparent specific volume, which is related to the 
constants A and PI in eq (2) by <P2=(I-A) / PI ' The 
use of points in the low-concentration range to de­
termine the slope A is undesirable because, if the 
slope is constant, it can be determined more ac­
curately by making use of the data over the entire 
concentration range. The present writers have 
found that, except for solutions in one solvent as 
noted later, the density data of Streeter and Boyer 
can be represented within 1 or 2 X 10- 4 by equations 
of the form (2), with the constants PI and A deter­
mined by the method of least squares. There is n o 
indication of a systematic trend in the deviations of 
experimental densities from such equations, so that 
within the accuracy of the measurements, the data 
of Streeter and Boyer indicate that <pz is a constant 
independent of concentration for each of the solvents 
(with the exception of the one referred to previously). 
For this reason, it seems preferable to calculate the 
values of <P2 from the values of PI and A determined 
from all the data on each solvent by the method of 
least squares, and the values shown in figure 2 were 
obtained in this way. 

The density data of Streeter and Boyer on solu­
tions in a-dichlorobenzene depart from a straight 
line (eq 2) in a systematic manner by amounts that 
appeal' to be considerably in excess of the uncer­
tainty of the data. Values of <P2 calculated from ex­
perimental values of density by means of eq (1) can 
be represented graphically with a precision corre-

220 



sponding to abouL 1 X 10- 4 in density by a curvc that 
is horizontal fo), values of concentra tion from 6 to 12 
gj100 ml of solution, bu t which rises a t lower con­
centrations and approaches a value of about 'P2= 1.0 
at zero concen tration. The value for a-dichloro­
benzene attributed to Stree ter and Boyer in figure 2 
was taken from the horizontal part of this curve . 

Data no t shown in figure 2 include a value 'Pz= 
0.877 a t 25° C derived from the data of Streeter and 
Boyer on solutions in chloroform ; values of 'Pz in 
various solvents ranging from 0.88 to 0.93 at 20° C 
with uncer tainties of ± 0.01 to ± 0.04 reported by 
Signer and Gross [2] ; and the values, all a t 20° C, 
'P2= 0.939 in benzene, 0.945 in 2-bu tanone, 0.953 in 
cyclohexane, and 0.889 in chloroform derived from 
data reported by Brei tenbach and Frank [3] on the 
change in volume accompanying swelling of a cross­
linked polystyrene containing 0.12 percen t of divinyl­
benzene. It is possible, of course, tha t these la tter 
values are not comparable wi th values of 'P2 derived 
from densities of solu tions of polystyrene. 

The straight line n ear the top of figure 2 represen ts 
an extr apolation of the linear equation given by Fox 
and Flory [9] for the specific volume of polystyrene 
of infinite molecular weigh t above the glass transition 

0.93 

::< 
<>:0.9 2 cr A 

" 6 
cr +,0 w 
a. 

.... 
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50.91 Q 

W 12$ 11 
::< 13 
:> 
..J 
0 
> 
0 0•9 
LL 
<5 
w 
a. 
C/) 

0.89 

F IG lJRE 2. ApPClTent specifi c volume of Jlo lystyrene in VClTi011S 
solvents. 

• • :Heller and '['hampson , b romobcnzene; 0, IleUer and 'r hom pson, chloro­
benzene; .6., Danes, benzene; A , Boyer and Spencer. toluene; +, StreeLer and 
Boyer, various solvents as follows: (1) Decalin; (2) x·chlorotriethy lbenzene; 
(3) dioxane; (4) o·d ichlorobenzene; (5) x·d ichlorodiet hylbenzene; (0) et hyl la u· 
rate; (7) bemene; (8) ethyl benzene; (9) toluene; (10) ethylacetate; (11) chIaro· 
form ; (12) 2·butanone; (13) 2·heptanone; (14) tet ralin. 

'rhe ci rcles represent results of present work as follows; 0 , Benzene; e, tolu· 
ene; () , ethylbenzcne; Q . 2· bu tallone. 

T he straight line ncar t he top of the fi gure is an ext rapolation of Fox a nd F lory 's 
equat ion for the speci fi c volume of polys tyrene of infini te molecular we ight ahove 
the glass·transit ion temperatW"e. 
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temperature, and may be regarded as representing 
the specific volume to be expected of bulk polysty­
rene if it could be ob tained as a liquid a t room tem­
pera ture [1]. It is seen tha t most of the values of 
apparen t specific volume in solution lie below thi 
line, and that all the data indicate that the coefficien t 
of expansion of dissolved polystyrene is somewhat 
smaller than that of the virtual bulk liquid. This is 
true also if we include the da ta of Danes over the 
temperature range from 15° to 65° C, and the da ta 
of Boyer and Spencer from 0° to 40° C. 

6. Effect of Changes in Volume Upon 
Thermodynamic Properties 

If we take the value 0.9498 cm3jg calcula ted from 
the equation given by Fox and Flory [9] for the 
specific volume of solid polys tyrenc a t 27° C, it will 
be seen tha t, according to the da ta given in table 3, 
t he change in volume, (Ll Tl= 'Pz- 0. 9498), when 1 g of 
solid polystyren e is dissolved a t 27° will have the 
following values for the various solven ts: 

So lvell t 

cm3j o polystyren e Benzene ___ ____ ______ ____ __ _ - 0. 030, 
Tol uene ___ _______ _ _________ _ - . 0305 
Ethylbenzcnc _____________ _ _ - . 0282 
2-Bu ta none _________________ _ - . 0391 

It is of interest to consider the effec t of uch 
change in volume upon thermodynamic properties 
of polystyr ene solu tions.s If polymer and olven t 
are ini tially at atmospheric pressure and if mixing 
is supposed to take place at constan t volume, and 
then a change in volume, Ll V, is allowed to take place 
to bring the pressure back to atmospheric, the 
change in any thermodyn amic quan tity, G, due to 
the change in volume will be given by 

F or example, we ob tain from \vell-known thermo­
dynamic relations 

Ml= T a - 1Ll V {3 , 

Ta 
LlU~TLl V , 

LlS =~Ll V , 

LlF=-~Ll V , 

8 Similar calculations ha ve been m ade for various liquid m ixtures by 
Sea tellard, W ood , a od M ochel [l6] a nd by Wood a nd Gray [17]. 
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where a and {3 are coefficients of expansion and 
compressibility, respectively. For an infinitely 
dilute solution in benzene at 27° C we obtain 
a = 1.232 X 10- 3 (0 C) - 1 from the data of table 2, and 
from International Critical Tables [13], {3 = 1.00X lO - 4 

bar- 1, so that at 27 ° C (= 300° K ) 

("oH) _ 'j 3 "0 V T - - 630 J em , 

and for the change in volume of - 0.0303 cm3 upon 
solution of 1 g of solid polystyrene in benzene 
.1H= 19.1 j = 4.6 cal. Similarly, we obtain for the 
effect of volume change due to solution of 1 g of 
polystyrene in benzene at 27 ° C .1U=-2.7 cal, 
.18= - 0.0089 caW C, .1F= 7.2 cal. The values for 
.1U and MI resulting from volume change upon 
mixing may be compared with a preliminary experi­
mental value of approximately - 6 cal for the heat 
of mixing of 1 g of polystyrene with toluene. 

In a similar manner, taking the volume of the 
liquid polymer at 27° C as 0.9279 [9], the changes in 
the thermodynamic functions due to change in 
volume on mixing 1 g of liquid polystyrene with 
benzene to form an infinitely dilute solution are 
calculated to be .1H=+ 1.3 cal, .1U=-0.75 cal, 
.18= - 0.0025 caWC, .1F= + 2.05 cal. 

According to Heller and Thompson [1] only the 
change in volume upon solution of liquid poly­
styrene, and therefore only the changes in the func­
tions H , U, etc., calculated from this change in 
volume have thermodynamic significance, because of 
the fact that the solid polymer is not in a state of 
thermodynamic equilibrium. It will be seen that 
even in the case of the liquid polystyrene there is a 
significant change in the thermodynamic functions as 
a result of change in volume upon mi.1Cing with solvent. 

As stated previously constancy of the apparent 
specific volume implies that the partial specific 
volume of the solvent is equal to the actual specific 
volume of the pure solvent. There is then no 
change in volume due to dilution and no effect of 
change in volume upon partial thermodynamic 
quantities, such as .1H1, .181, .1i<\ , etc., within the 
composition range covered. 

It should be emphasized that the results reported 
in this paper are for unfractionated polystyrene of 
unknown molecular-weight distribution, which con­
tained the amounts of impurities given previously. 
There appears to be no satisfactory method of reduc­
ing the results to the basis of pure polystyrene. The 
results may depend to some extent upon the molec­
ular-weight distribution in the polymer. This 
problem has been discussed by Heller and Thompson 
[1] on the basis of certain assumptions regarding the 
relation between the specific volume of the virtual 
liquid polymer (which is known to depend upon 
molecular weight [9]) and the apparent specific 
volume in solution. If it is assumed that the num­
ber-average molecular weight of the polystyrene 
used in the present measurements is one-half of the 
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weight-average and that the molecular weight 
distribution functions is that given by Lansing and 
Kraemer [18], then the treatment of Heller and 
Thompson [1] indicates that the measured apparent 
specific volume does not differ appreciably from that 
of a polystyrene having a uniform molecular weight 
of about 100,000. 

7. Summary and Conclusions 

Values are reported for the densities of purified 
benzene, toluene, ethylbenzene, and 2-butanone, and 
of solutions of polystyrene in these solvents at 
temperatures ncar 27° and 30° C. Within the 
accuracy of the measurements, values of apparent 
specific volume of polystyrene derived from the data 
are independent of composition of the solutions in the 
range 0.5 to 10 percent of polystyrene by weight. 

The results confirm the conclusion of HeUer and 
Thompson [1] that the apparent specific volume of 
polystyrene depends upon the solvent. This is also 
shown very strikingly by the results of Streeter and 
Boyer [15]. 

The changes in volume upon mixing of polystyrene 
with solvent are shown to have a significant effect on 
the thermodynamic properties of the solution. 
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