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A.J. Ashworth and G.J. Price 

School of Chemistry, Universi ty of  Bath, Bath BA2 7AY (Great Br i ta in )  

ABSTRACT 

The method involves the isothermal gravimetr ic  determination of the 
absorption of an organic vapour in to a th in f i lm  of l i qu i d  polymer spread upon 
an ine r t  pa r t i cu la te  support. ° Results are presented for  the absorption of 
benzene and cyclohexane at 25 C in poly (d imethy ls i loxane) ,  and the con- 
centrat ion var ia t ion  of the in te rac t ion  parameter determined is compared with 
that  found by other workers. 

The determination of the pa r t i a l  molar enthalpy of mixing was also examined 
by studying the 2bsorption of hexane in poly (dimethylsi loxane) over the temp- 
erature range of 25 to 35°C, and comparing the value obtained with published 
values. 

INTRODUCTION 

Previous contr ibut ions to conferences on Vacuum Microbalance Techniques have 

described the use of three types of microbalance to study the thermodynamic 

propert ies of l i q u i d  mixtures ( r e f . l ,  2, 3). The las t  of these introduced the 

use of the Sartor ius magnetic suspension balance for  th is  purpose and showed 

how i t  combined the a t t r i bu tes  of the quartz spring and Sartorius e lec t ron ic  

beam microbalances. The method involves the isothermal measurement of the 

absorption of the vapour of a v o l a t i l e  l i qu i d  into a th in f i lm  of an i n v o l a t i l e  

l i qu id  spread on an ine r t  pa r t i cu la te  so l id .  Previous studies have used large 

organic molecules such as squalane or dinonyl phthalate as the i n v o l a t i l e  

l i q u i d .  The aim of th is work was to extend the technique to the study of 

polymer solut ions.  There were two main reasons for  the choice of pely 

(d imethy ls i loxane) ,  PDMS, as the polymer for  study. F i r s t l y  i t  is one of the 

few high molecular weight polymers avai lab le as a l i qu i d  at room temperature, 

and secondly i t s  thermodynamic propert ies are well  documented in the l i t e r a t u r e  

and provide a means of comparing the performance of the balance for  th is  purpose 

with methods using other apparatus. 

One of the in terests  in polymer solut ions l i es  in the state of " i n f i n i t e  

d i l u t i on "  when the concentration of  the v o l a t i l e  component approaches zero. 

Also of importance is the determination of propert ies over a wide concentration 

range, espec ia l ly  for  the assessment of  modern solut ion theor ies.  I t  was 

thought that  the magnetic suspension balance would prove useful in both of these 
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app l i ca t i ons .  Since the absorpt ion chamber is complete ly separated from the 

balance mechanism, large r e l a t i v e  vapour pressures can be used w i thou t  

a f f ec t l ng  the balance thus a l l ow ing  measurements across a wide concent ra t ion 

range, wh i le  the good load to p rec is ion  r a t i o  o f  the balance gives resu l ts  

accurate enough fo r  r e l i a b l e  e x t r a p o l a t i o n  to i n f i n i t e  d i l u t i o n  ( r e f . 3 ) .  

The thermodynamic proper ty  ca l cu la ted  d i r e c t l y  from the exper imental  measure- 

ments is the a c t i v i t y  c o e f f i c i e n t  o f  the v o l a t i l e  l i q u i d ,  which gives a measure 

of  the dev ia t ion  o f  the so lu t ion  from ideal  behaviour.  However, previous work 

w i th  the balance has shown tha t  the Flory-Huggins i n t e r a c t i o n  parameter values 

are more suscept ib le  to va r i a t i ons  in exper imental  measurements and so provide a 

b e t t e r  i nd i ca t i on  of  the performance of the balance. The v a r i a t i o n  of  the 

i n t e r a c t i o n  parameter w i th  concentra t ion has been measured fo r  benzene and 

cyclohexane in PDMS at  25°C and the resu l t s  compared w i th  those of  o ther  

workers.  The v a r i a t i o n  of  the absorpt ion w i th  temperature can be used to 

determine the p a r t i a l  molar enthalpy of  mixing o f  the v o l a t i l e  component. This 

was inves t iga ted  fo r  n-hexane in PDMS over the range 25 to 35°C and the values 

obtained compared wi th  publ ished values. 

EXPERIMENTAL 

Apparatus 

The apparatus used has been descr ibed p rev ious ly  (see F i g . l ,  r e f . 3 ) .  The 

Sar tor ious model 4201 magnetic suspension balance was used on the in te rmed ia te  

range 1 a l l ow ing  a weight increase of  up to I0 g on a 20 g i n i t i a l  load to be 

monitored at  a reso lu t i on  of  0 . I  mg. The sample of  PDMS coated on a diatom- 

aceous earth contained in an aluminium f o i l  bucket was suspended from the lower 

suspension magnet and enclosed by a glass hangdown tube jo ined  wi th  a r o t a t a b l e  

Con- f la t  j o i n t ,  using a copper gasket,  to the glass envelope enclos ing the 

lower suspension magnet. Another Con- f l a t  j o i n t  connected the hang-down tube to 

the vacuum pumps, the rese rvo i r  o f  v o l a t i l e  l i q u i d  and the pressure gauge. A l l  

valves in contact  wi th  the v o l a t i l e  l i q u i d  were Hoke brass bel lows valves to 

avoid i n t e r a c t i o n  of  the organic solvents used wi th  tap greases. The pressure 

gauge was a Texas Instruments quartz Bourdon gauge wi th  a I000 t o r r  gauge head 

a l l ow ing  the e q u i l i b r i u m  pressure to be measured w i th  a reso lu t i on  of  0.01 t o r r .  

Temperature Cgnt[ol  

The determinat ion o f  the absorpt ion o f  vapours and hence a c t i v i t y  

c o e f f i c i e n t s  by th is  method requi res accurate knowledge and cont ro l  o f  temp- 

e ra tu re .  The temperatures at  which the absorpt ion isotherms were measured were 

con t ro l l ed  by c i r c u l a t i n g  thermostat ted water around the hangdown tube enclos ing 

the sample and monitored using mercury- in -g lass  thermometers. These were 

c a l i b r a t e d  using a Nat ional  Physical Laboratory c a l i b r a t e d  p lat inum res is tance 
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thermometer in con junct ion w i th  a T ins ley  type 5840 res is tance br idge.  

To ensure tha t  the pressure recorded by the gauge was the t rue pressure of  

the vapour in e q u i l i b r i u m  wi th  the PDMS s o l u t i o n ,  the a i r  thermostat  around the 

absorpt ion apparatus was maintained at  a s l i g h t l y  h igher temperature than tha t  

of  the thermosta t ted water  and the l i ne  to the pressure gauge was heated using 

heat ing tape. The a i r  thermostat  surrounding the balance mechanism (see F i g . l ,  

r e f . 3 )  was also mainta ined at a temperature above tha t  around the absorpt ion 

apparatus. The actual  temperatures in the exper imental  determinat ions are 

given in Table I .  The water temperature was c o n t r o l l e d  to w i t h i n  + O.OI°C and 

the a i r  temperatures to • O.I°C. 

TABLE 1 

Thermostat temperatures (°C) 

Nominal Water Jacket Apparatus Balance 
a i r  thermostat  a i r  thermostat  

25 24.94 25.2 26.0 
30 29.84 30.5 31.0 
35 34.93 35.4 35.9 

Load d r i f t  

I t  had been not iced p rev ious ly  tha t  va r i a t i ons  in room temperature a f fec ted  

the s t a b i l i t y  of  the balance ( r e f . 3 ) ,  so th i s  was checked at each of the temp- 

eratures at  which isotherms were recorded. A brass weight  was suspended from 

the balance and a l l  cond i t ions  of  temperature set  as i f  f o r  an absorpt ion 

isotherm de te rmina t ion .  The absorpt ion chamber was maintained at a pressure of  

less than 10 -4 t o r r  and the ind ica ted  weight  monitored fo r  a two week per iod .  

The load d r i f t s  found were + 0.16 mg day - I  a t  25°C, + 0 . I  mg day - I  at  30°C and 

-0.09 mg day - I  a t  35°C. These values are i n s i g n i f i c a n t  in r e l a t i o n  to the 

weight  changes measured in the exper imental  observat ions repor ted here. 

Mater ia ls  

The n-hexane was a high p u r i t y  (7 99.7% by g lc )  sample from Fluka A.G. The 

cyclohexane and benzene were BDH Ltd research grade samples of  p u r i t y  > 99.9 t .  

The poly (d ime thy ls i l oxane)  was a Dew Corning DC 200 s i l i c o n e  f l u i d  w i th  a 

v i s c o s i t y  of  12,500 cs. Low molecular  weight  mater ia l  was removed by pre-  

c i p i t a t i o n  from ethy l  acetate so lu t i on  w i th  methanol using the procedure of  

F lory  and Crescenzi ( r e f . 4 ) .  The r e s u l t i n g  number average molecular  weight  was 

determined from the i n t r i n s i c  v i s c o s i t y  o f  a to luene so lu t i on  using the r e l a t i o n  

der ived by Barry ( r e f . 5 )  and found to be 89,000 ( r e f . 6 ) .  

The polymer was spread onto a Phase Separat ions Ltd Ce l i t e  545 AW 
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diatomaceous earth support of I00-120 mesh size using ethyl acetate as the 

solvent to give a polymer to support weight ra t io  of 10:90. 

RESULTS AND DISCUSSION 

For solut ions of low molecular weight components the a c t i v i t y  coe f f i c ien t  

31 of component 1 in solut ion is c l ass i ca l l y  defined by eqn. l .  

51 = PI/(P~ Xl) ( I)  

o Where P1 is the equi l ibr ium pressure of component 1 over the so lu t ion,  P1 is the 

saturated vapour pressure at the temperature of the solut ion and x I the mole 

f ract ion of the component in the solut ion.  However, when a high molecular 

weight component such as a polymer is involved, the mole f ract ion becomes an 

unsuitable basis for describing the concentration, since the large dif ference in 

the molecular weights of the components resul ts in a very small mole f ract ion 

range corresponding to a wide range of re la t i ve  pressure. Also, ca lcu lat ion of 

the mole f ract ion requires precise knowledge of the polymer molecular weight, 

which is often d i f f i c u l t  to determine accurately. Other concentration bases may 

be used but in conformity with the work of Flory and his co-workers on polymer 

solut ions ( ref .8)  the concentration basis used here is the 'segment' or 'hard 

core volume' f ract ion @I defined by eqn.2. 

~I = WlVl/(WlVl +w.v~ ) (2) 2 :  

Where w i is the weight of component i in solut ion and v i i t s  spec i f ic  segment 

volume. The speci f ic  segment volume may be determined from the thermal 

expansion coe f f i c ien t  O~and density ( I / v )  using eqn.3. 

(v/v*)  I /3  I+ ( ~ T / 3 ) / ( I + ~ T )  (3) 

A segment f ract ion a c t i v i t y  coe f f i c ien t  S~ l  of the vo l a t i l e  component is 

defined in eqn.4 which also includes corrections for the non-ideal behaviour of 

the vapour and the compressib i l i ty  of the l i qu id .  

o2 o )(P~-PI)/RT]+[B~I(PI -PI2)/2(RT) 2] (4) lnS~ I= ln [PI / (P~OI) ]+ [ (VI -BI I  

Before inc lus ion in eqn.2 the measured uptakes of vapour by the sample are 

corrected for  buoyancy using the method described previously ( re f .3 ) .  In eqn.4 

VlO and BII are the molar volume of the pure l i qu id  absorbate and the second 
o values were v i r i a l  coe f f i c ien t  of pure gaseous absorbate respect ively.  The V 1 

calculated from densit ies obtained, together with the v values, from ref .9 for  
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PDMS, from re f . lO  for  benzene and cyclohexane, and from r e f . l l  fo r  hexane. The 

Pl° values were ca lcu la ted from published Antoine constants ( r e f . 12 ) ,  whi le  the 

BII values fo r  the absorbates were ext rapo la ted from an experimental data com- 

p i l a t i o n  ( re f .  13). Absorption isotherms recorded for  benzene and cyclohexane 

are given in Table 2 and for  hexane in Table 3 in terms of the weight of 

absorbate w I absorbed at an equ i l i b r i um pressure of absorbate PI '  together with 

the segment f rac t ion  a c t i v i t y  c o e f f i c i e n t  ca lcu la ted .  

TABLE 2 

Absorption isotherms for  PDMS (1.9641 g.) at 302.99 K 

Benzene Cyclohexane 

Wl/mg P l~° r r  InS~ 1 W l / m g  P1 / t ° r r  InS ~ I  

15,03 4.52 1.7903 45.08 11.09 1.4629 
93.24 24.08 1.6769 97.55 21.94 1.4027 

151.17 35.06 1.5978 160.52 32.67 1.3371 
201.58 43.06 1.5397 245.65 44.17 1.2581 
273.16 52,24 1.4624 394,61 58.45 1,1387 
393.60 63.68 1.3491 559.90 70.70 1.0046 
517.21 71.40 1,2431 804.16 78.26 0.8994 
693.66 78.68 1.1176 1044.1 83.82 0.7996 

1312.0 89.12 0.8208 1415.6 88.83 0.6820 
2452.9 93.66 0.5516 1957.0 92.44 0.5603 

The resu l t i ng  a c t i v i t y  coe f f i c i en t s  can be f i t t e d  to the Flory-Huggins 

expression fo r  the a c t i v i t y  of the solvent  in a polymer so lu t ion  to generate 

values of  the i n te rac t i on  parameter, ~ . 

I n ( S ~ l ~ l  ) = In ~I + ( l - I / r )  @2 + ~@22 (5) 

In eqn.5, component 1 is the v o l a t i l e  component and 2 the polymer, segment 

f rac t ions  @i are def ined according to eqn.2 and r is def ined as the r a t i o  of the 

molar hard core segment volumes of  the polymer and so lvent  

r (M2V2)/(MIVI) 

where M i is the molecular weight ( r e f , 8 ) .  

F lory and Shih ( re f . lO )  determined ~ as a funct ion of  02 at  25°C fo r  benzene 

and cyclohexane with a PDMS sample of a v i scos i t y  average molecular weight 

ca. 105 . Their  resu l ts  and these of  the present work are compared in F i g . l .  

Two absorpt ion isotherms were determined fo r  each absorbate wi th the magnetic 

suspension balance. F ig . l  shows that  the r e p r o d u c i b i l i t y  of  the resu l ts  is 

w i th in  0.004 in ~ across the concentrat ion range, which is w i th in  the 
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TABLE 3 

Absorption isotherms for  hexane in PDMS 

298,09 K 302,99 K 308.08 K 

WI P1 InS~ 1 W1 P1 InS 1 W1 P1 lnS~ 

(mg)  ( t o r t )  (mg)  ( t o r r )  (mg)  ( t o r r )  

17.41 7.64 1.4505 18.36 9.84 1.4468 17.92 11.77 1.4453 
56.96 23.07 1.3964 58.37 28.77 1.3884 57.56 34.91 1.3905 

103.44 38.35 1.3373 103.53 47.20 1.3384 I05.10 58.36 1.3313 
158.47 53.28 1.2734 162.71 66.72 1.2683 160.77 80.90 1.2662 
228.43 68.47 ].2001 231.37 84.91 1.1977 233.60 104.62 1.1921 
316.69 83.30 I . ]199 322.73 103.50 I . I145 322.15 126.73 1.1122 
446.54 98.91 1.0183 446.06 121.73 1.0192 452.08 150.26 1.0128 

(Weight PDMS for  298.09 K = 1,9581 g, for  302.99 and 308,08 K = 1.9642 g) 
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F i g . l .  Var ia t ion  of  i n te rac t i on  parameter with segment f rac t i on  for  benzene and 
cyclohexane In PDMS at 25°C. (e) Results of  Shih and Flory  (Ref .9) ,  (o,o) Re- 
sul ts  from present work. Ful l  l ines show a least  squares f i t  of"/~ and ~2- 
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experimental e r ro r  of  the method. The concentrat ion va r i a t i on  of  ~ was found 

to be l l n e a r  as in previous work ( r e f . 3 ) ,  the f i t  having a co r re l a t i on  co- 

e f f i c i e n t  o f  ~ 0.99 In each case. The agreement for  benzene between th is  work 

and that  of  Flory and Shih can be seen to be exce l len t .  The va r i a t i on  o f %  

with @ and the magnitude of ~ are v i r t u a l l y  i den t i ca l  in the two studies,  The 

present work shows considerably less sca t te r  in the experimental po in ts ,  

probably because of  the greater  prec is ion  of the magnetic suspension balance 

compared to that  of the quartz spring balance used by F lory  and Shih. In the 

case of  cyclohexane the agreement is not as good. There is a s im i l a r  con- 

cen t ra t ion  dependence of % but the present work gives values about 0.03 lower 

in ~ which is greater  than the expected experimental e r ro r ,  The reasons fo r  

th is  are not c lear .  
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Fig.2.  Logarithm of  segment f r ac t i on  a c t i v i t y  c o e f f i c i e n t  fo r  cyclohexane in 
PDMS at 25uc p lo t ted  against  cyclohexane segment f r ac t i on .  

I t  had been hoped that  th is  balance would a l low measurements across the 

whole concentrat ion range, but i t  was found that  prec is ion decreased above a 

segment f r ac t i on  of  about 0.6. For example, wi th the cyclohexane isotherms the 

po in t  at ~I = 0.54 corresponds to a r e l a t i v e  pressure of  0.95 and small pressure 

changes in th is  region can cause large va r ia t i ons  in ~ . The po in t  at @I =0"026 
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corresponds to a re la t i ve  pressure of 0 . I I  but a mole f ract ion x I of 0.96, dem- 

onstrat ing the narrow mole f ract ion range corresponding to the wide re la t i ve  

pressure range covered, and the unsu i t ab i l i t y  of mole f ract ion as a basis for  

describing polymer solut ion propert ies. This is i l l u s t r a ted  c lear ly  in Fig.2 

which shows the isotherm for cyclohexane in PDMS in terms of the segment volume 

f ract ion a c t i v i t y  coe f f i c i en t  plot ted against the segment f ract ion and also 

gives the mole f ract ion and re la t i ve  pressure scales. 

The a c t i v i t y  coe f f i c i en t  calculated from eqn.3 is related to the par t ia l  

molar free energy of mixing ~Gl by eqn.6, 

RT In ~iXl = aGI (6) 

and the par t ia l  molar enthalpy of mixing ~H 1 can be calculated from the temp- 

erature var ia t ion of the free energy using eqn.7. 

~'HI B (3GI/RT)/a (I/T) 

= Ra(In'~1)/ c~(I/T) (7) 

This re la t ion  has been applied to gas- l iqu id  chromatographic determinations of 

a c t i v i t y  coe f f i c ien t  at i n f i n i t e  d i l u t i on  ~ to obtain the par t ia l  molar the 

enthalpy of mixing at i n f i n i t e  d i l u t i on  ~HI  To achieve a comparison with the 

present work, the determined results were analysed using eqn.8. 

)~ = ~o + ~ 0  2 (8) 

The in teract ion parameter at i n f i n i t e  d i l u t i on  ~ i s  thus the sum of ~ o  and 

%',  ( i~. 02 ---~ 1 as ~I ~ 0), and may be used in eqn.5 to calculate ~T" 

I t  has also been shown (ref .  7) that ~HI can be calculated using eqn.9 

AH 1 : a % /  a ( I /T)  (9) 

The isotherms for the absorption of n-hexane in PDMS at 25 and 35°C are shown 

in Fig.3 as the logarithm of the segment f ract ion based a c t i v i t y  coe f f i c ien t  

plot ted against the segment f rac t ion .  The results at 30°C have been omitted for 

c l a r i t y .  The resul ts obtained a f ter  extrapolat ion to i n f i n i t e  d i l u t i on  are 

given in Table 4. The par t ia l  molar enthalpy of mixing at i n f i n i t e  d i l u t i on  at 

a mean temperature of 303.085 K was calculated to be 423 J mol - I  assuming: 

R a ( I / T )  [ ( I / 2 9 8 . 0 9 ) -  ( I /308.08)]  
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Fig.3. Logarithm of segment f ract ion a c t i v i t y  coe f f i c ien t  for hexane in PDMS at 
25°C and 35°C plot ted against hexane segment f rac t ion.  (o) 25°C, (~) 35°C 
Ful l  l ines show best f i t  to Flory-Huggins theory (see tex t ) .  

TABLE 4 

A c t i v i t y  coef f ic ien ts  and in terac t ion  parameters at i n f i n i t e  d i l u t i on  of hexane 

in PDMS 

TIK InS~ 1 ~ sd~m 

298.09 1.4752 0.4766 0.0004 
302.99 1.4720 0.4734 0.0013 
308.08 1.4697 0.4711 0.0006 

This assumption is j u s t i f i e d  by the l inear  dependence of InS~ I on reciprocal 

temperature. The value of AR~determined may be compared with a value of 

480 ± 210 J mol - l  at 30°C measured on a sample of 30,000 v iscos i ty  average 

molecular weight PDMS by Hammers et al using gas- l iqu id chromatography ( ref .14) .  

Patterson and co-workers derived values of an enthalpic in terac t ion  parameter 

~H (= ARI/RT ~22) from a ca lor imetr ic  invest igat ion ( ref .15) .  The value at 

@2 = I ,  at i n f i n i t e  d i l u t i on  of the hexane in the PDMS, was approximately 

0.18 + 0.03 at 20°C for  PDMS samples of about 20,000 number average molecular 

weight. This corresponds to a AH 1 value of 438 ± 70 J mol In the present 
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work, the I n ~ a n d  ~(zWvalues should be accurate to ± 0.002 leading to an error 

in 4H 1 of about 200 J mol -I The errors inherent in deriving enthalpies by d i f -  

fe ren t ia t ion  of free energy data with respect to temperature, as used here and 

in the commonly used glc measurements, are considerably greater than those 

involved in d i rect  calor imetr ic studies. However, the agreement with the glc 

work is good when the errors are considered, but the value is somewhat lower 

than the calor imetr ic  resul t  especial ly when the temperature difference is taken 

into account. 
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