
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 24 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

The Determination of Thermodynamic Properties of Polymer Solutions by
Finite-Concentration Gas Chromatography
G. J. Pricea; J. E. Guilleta

a Department of Chemistry, University of Toronto, Toronto, Canada

To cite this Article Price, G. J. and Guillet, J. E.(1986) 'The Determination of Thermodynamic Properties of Polymer
Solutions by Finite-Concentration Gas Chromatography', Journal of Macromolecular Science, Part A, 23: 12, 1487 — 1502
To link to this Article: DOI: 10.1080/00222338608081138
URL: http://dx.doi.org/10.1080/00222338608081138

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1080/00222338608081138
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J. MACROMOL. SCL-CHEM., A23( 12), pp. 1487-1502 (1986) 

The Determination of Thermodynamic Properties 
of Polymer Solutions by Finite-Concentration Gas 
Chromatography 

G. J. PRICE and J. E. GUILLET 

Department of Chemistry 
University of Toronto 
Toronto, Canada M5S 1 A l  

A B S T R A C T  

Although the technique of gas chromatography has been widely used 
to study polymer properties and to obtain information on polymer 
solution thermodynamics, few workers have extended their results 
beyond infinite dilution of solvent, Finite-concentration gas chro- 
matography has been used to study several poly (dimethylsi1oxane)- 
solvent systems at  25°C. The results are in good agreement with 
those obtained by traditional vapor sorption methods. A comparison 
of the various available techniques has been made, and the advan- 
tages and disadvantages of each a re  discussed. 

I N T R O D U C T I O N  

The technique of gas chromatography (GC) has been used to study 
a number of polymer properties, such as glass transition and melting 
temperatures, crystallinity, and diffusion coefficients [ 13. In 1969 
Smidsrdd and Guillet [2] were the first to use GC to measure thermo- 
dynamic properties such as activity coefficients and enthalpies of solu- 
tion. Since then a considerable amount of work has been done using GC 
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1488 PRICE AND GUILLET 

to study the thermodynamics of polymer systems. However, the vast 
majority of this work has been limited to infinite dilution of solvent. 

Also in 1969, Conder and Purnell, in a series of papers [3-61, de- 
veloped the mathematical basis for the use of GC a t  finite solvent con- 
centrations and showed that the method gave results that agreed with 
traditional static methods. It is therefore, perhaps, surprising that 
few workers have employed the technique. 

Brockmeier, McCoy, and Meyer [7-91 were the first  to adapt the 
work of Conder and Purnell to the study of polymers, obtaining data 
on several polymer-solvent systems over concentrations ranging up 
to approximately 0.5 weight fraction, Chang and Bonner [lo] mea- 
sured the activity of benzene-poly (ethylene oxide) solutions at  70°C 
and found fair  agreement with vapor sorption results. Aspler and co- 
workers [ l l ,  121 used finite-concentration GC to study the effect of 
water on a number of materials, while Lau et  al. [13] investigated 
polybutadiene solutions in benzene and cyclohexane at  temperatures 
from 60 to 100°C. However, apart from these, the technique seems 
to have been generally ignored in favor of other experimental methods. 

Several methods a r e  available for the measurement of thermody- 
namic properties of solutions [14]. Those based on measurement of 
solution virial coefficients (e.g. , osmotic pressure or  light scatter- 
ing) a re  applicable only to dilute solutions-the opposite end of the 
concentration range from that in GC-and wil l  not be considered fur- 
ther here. The technique most comparable with chromatographic 
experiments is that of vapor sorption. A number of types of appa- 
ratus are available [ 151, the most commonly used being based around 
vacuum microbalances o r  other sorption detectors. 

Finite-concentration GC results may be obtained in a variety of 
ways [ 161. The work to be described in this paper has been per- 
formed using the "elution on a plateau" o r  "step and pulse" method. 
This involves the equilibration of the chromatograph column with a 
mixed carrier-solvent vapor stream of known constant composition, 
followed by the injection of a small quantity of solvent as in a conven- 
tional GC experiment. This method avoids the need for exacting de- 
tector calibrations and also allows relatively straightforward calcu- 
lation of results. 

The properties of poly(dimethylsi1oxane) (PDMS) in a number of 
solvents have been investigated around room temperature by vapor 
sorption. An apparatus to perform finite-concentration GC measure- 
ments has been constructed and used to study solutions of PDMS in 
benzene, cyclohexane, and hexane at 25°C. The results obtained have 
been compared to those published previously, and an assessment of 
the advantages and disadvantages of the various techniques has been 
made. 
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THERMODYNAMIC PROPERTIES OF POLYMER SOLUTIONS 1489 

E X P E R I M E N T A L  

A p p a r a t u s  -- 

The apparatus was a modified form of that used by Conder and 
Purnell [6] and that of Brockmeier e t  al. [8]. It is shown schemati- 
cally in Fig. 1. 

A s t ream of pure helium controlled by a Hewlett-Packard HP6710 
mass  flow controller was spli t  into two l ines,  each controlled by a 
Matheson Products 600 fine needle valve and rotameter combination. 
The gas lines were constructed from 1/8 in. 0.d. copper tubing. When 
used with pure helium, i.e., the conventional infinite dilution GC ex- 
periment, Valve B was closed to isolate the saturator. For  a mixed 
c a r r i e r  gas s t ream,  helium was allowed to flow through the saturator  
which consisted of a 1-L round-bottom flask into which helium flowed 
through a gas diffuser. A heating mantle maintained the solvent in 
the flask just below its boiling point to prevent variations in flow rate  
due to bubbling. The mixed helium-solvent vapor s t ream then passed 
through a condenser through which was passed accurately thermo- 
statted water. The condenser was packed with glass beads to increase 
i t s  effective path length. The total pressure a t  the saturator  was mea- 
sured to i0.25 t o r r  using a mercury manometer. This, along with the 

> I  
Detector 

Saturator 

FIG. 1. Schematic diagram of finite-concentration gas chroma- 
tography apparatus. 
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1490 PRICE AND GUILLET 

saturated vapor pressure of the solvent at  the condenser temperature 
(controlled to +0.02"C), allowed calculation of the gas stream compo- 
sition. Preliminary trials showed the resulting gas flows to be fully 
saturated within the experimental e r r o r  of the method ( 98 i 2%) [ 171. 

The apparatus thus allowed two ways of varying the solvent concen- 
tration in the gas stream. First ,  the temperature of the saturator 
condenser could be changed to vary the partial pressure of the solvent. 
Second, the mixed stream could be combined with a flow of pure helium, 
both Valves A and B being used in this case. 

To ensure that no solvent condensed between the saturator and the 
columns, connecting tubing was wrapped with heating tape and, to- 
gether with the injection port which was constructed from a brass 
block, maintained a t  a temperature well above that of the columns. A 
water bath was  used to thermostat the columns to within iO.01 'C, and 
the temperature was monitored with precision mercury-in-glass ther- 
mometers. 

A twin-channel Gow Mac 40-001 thermal conductivity detector was 
used to monitor the gas s t reams passing through the column packed 
with polymer-coated support and a reference column packed with un- 
coated support. The flow between the columns was controlled by a 
Nupro fine metering needle valve. The pressure a t  the inlet of the 
polymer-containing column was measured with a mercury manometer. 
To ensure that the solvent partial pressure remained constant, the 
pressure drop along the column was maintained within the usual limits, 
as suggested by Conder and Purnell [3-61. The helium flow rate 
through the column was measured with a thermostatted soap bubble 
flow meter after condensing the solvent vapor in an acetone/solid 
carbon dioxide cold trap. 

P r o c e d u r e  - 

Before commencing work at  finite concentrations, a conventional 
GC experiment was performed. Samples of solvent, in the region of 
0.01 to 0.05 pL, were inj ected into a stream of pure helium and the 
retention times measured to i O . 1  s with a stopwatch. Al l  peaks ob- 
tained were symmetrical, and no dependence of retention time on flow 
rate o r  sample size in this range was detected, A i r  was employed as 
a marker to enable calculation of the gas hold-up correction. 

The flow rates through Valves A and B were then set  and the heat- 
ing mantle switched on. When the column was equilibrated with the gas 
stream, the retention times of solvent and air were recorded, an aver- 
age of five values within 1% usually being taken. A s  the concentration 
of solvent in the carrier became higher, l a rger  sample s izes  of up to 
1.5 pL were required to give an adequate signal. Also, the recorded 
peaks became much broader, so that the retention times were deter- 
mined by drawing tangents to the peaks on the chart paper. The pre- 
cision of the retention times at  the higher concentrations w a s  1.52%. 
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THERMODYNAMIC PROPERTIES OF POLYMER SOLUTIONS 1491 

M a t e r i a l s  

Since the saturated vapor pressure of the solvent is  required for 
the calculation of results, high-purity compounds must be used. The 
benzene and cyclohexane were Aldrich HPLC-grade solvents of stated 
purity 2 99.9% The n-hexane was a BDH Assured-Grade solvent of 
purity 2 99%. 

The PDMS polymer was  an OVlOl gas chromatography stationary 
phase supplied by Chromatographic Specialities. Its intrinsic viscosity 
a t  20"C, as measured by capillary viscometry, was 0.185 g/dm3, cor- 
responding to mn = 3 1 000 [ 181. 

The polymer was dispersed onto a 40-50 mesh Celite 545 AW solid 
support using chloroform as the solvent. Careful sample preparation 
was employed in order to calculate the polymer loading, and this was 
checked by exhaustive Soxhlet extraction with hot chloroform. Both 
methods gave the same result of 4.08 wt%, a total of 0.253 g of poly- 
mer  being used. 

DATA R E D U C T I O N  

The treatment of the elution on a plateau technique as developed 
by Conder and Purnell is summarized here. For a full discussion, 
the reader is referred to the original publications [3-61, 

volume, VN, given by 
The primary datum measured in a GC experiment is the retention 

where t and tm are  the retention times for the solvent and an inert 
marker (air), respectively, and F is the car r ie r  gas flow rate given by 

r 

where tF is the time taken for a volume VF to pass through the flow- 
meter at  temperature T and atmospheric pressure PA. T is the 
column temperature, Pw is the vapor pressure of water a t  TF, and 
J3' is a compressibility correction (see later). 

Flow rates of mixed carrier-solvent streams must be corrected 
for the sorption effect [16], s o  that 

F 
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1492 PRICE AND GUILLET 

F' ( 1 + k) 

1 + k ( 1  - +) 
F = - ~ -  , ( 3 )  

where F' is the flow rate calculated from Eq. (2)  and 9 is the mole 
fraction of solvent in the car r ie r  stream. The partition coefficient k 
is given with sufficient accuracy by ( tr - tm)/tr. 

The approximate mole fraction of solvent in the car r ie r  yo may be 
calculated from the saturated vapor pressure of solvent a t  the conden- 
s e r  temperature Pl0 ( Ts) and the total pressure in the saturator Ps 

according to 

The true mole fraction @ is obtained by correcting yo by factors a, 
for gas phase nonideality, and j ,  for compressibility effects due to 
the pressure gradient in the column. These factors take the form 

2yoPAB11(1 - '2'Y$] 

RT 

1 + k( 1 - J2'y0) 

l + k ( l - J 2 y )  
a =  

3 0 ,  

In Eqs. ( 5) and (6) ,  B l i  is the second virial coefficient of the solvent 
vapor at  the column temperature. Also 

where P. is the pressure at  the column inlet. $' is then given by 
1 

Conder and Purnell showed that the partition isotherm for solvent 
between vapor and liquid phases is given by 
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THERMODYNAMIC PROPERTIES OF POLYMER SOLUTIONS 1493 

where q and c a r e  the solvent concentrations in the liquid and vapor 
phases, respectively, and vs is the volume of polymer in the column. 
By integrating Eq. (9)  and introducing the weight of polymer used, w, 
the concentration of solvent in the liquid, expressed as mol/( g polymer), 
may be calculated from 

The concentration of solvent in the vapor may be obtained by taking 
the first-order te rms  of a virial expansion 

In the experiment, a series of measurements of VN was made a t  
varying solute concentrations. Evaluation of the integral in Eq. (10) 
was facilitated by fitting the data to a polynomial curve of the form 

n 
- C anc vN 

I - +  0 

n -- - 

and integrating the resdt ing polynomial equation analytically. 

fraction of solvent in the liquid phase is 
From the definition of q given above, it is clear that the weight 

where M is the molecular weight of the solvent. The mean pressure 
in the column, Pm,  is PAJ34, s o  that the partial pressure of solvent 
P1, is given by PI = +Pm. 

I 
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1494 PRICE AND GUILLET 

Thus, knowing the saturation pressure a t  the column temperature 
Pl0,  the thermodynamic activity a l  and activity coefficient 52 

be calculated from 
may 

Note that 52 represents an activity coefficient rationalized by weight 
fraction which is more advantageous when dealing with polymers than 
the mole fraction activity coefficients used with low molecular weight 
liquids [ 191. 

on which to analyze solution data is that of segment fraction @, 
In conformity with recent usage [20], the best concentration basis 

w l v l *  6 -  
- W1v1* + (1 - W1)v2* 

9 

where @ is the segment fraction of solvent and v* represents the 
specific hard core volume, The Flory-Huggins interaction parameter 
may be calculated from 

1 

In (a,) - In (v2*/v1*) - [1 - (M1v1*/M2v2*)] 
x* = ( 16) 

(1 - @ J  

The superscript denotes that the interaction parameter is calculated 
in terms of segment rather than the sometimes used volume fractions, 
the latter values generally being -0.1 lower. 

When working at infinite dilution (i,e,, e ,  c, W1, etc. all zero), 
these expressions cannot be used and the equations normally employed 
in GC work must be used [l]. 

00 

RT 
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R E S U L T S  A N D  D I S C U S S I O N  

Plots of VN/( 1 - +)  ver sus  vapor concentration as in Eq. (10) are 
shown in Fig. 2. In calculating the values, solvent vapor p re s su res  
were  calculated from Antoine constants [21], and second vir ia l  coef- 
ficients were obtained from the experimental data compilation of 
Dymond and Smith [22J. Solvent densities and specific hard-core 
volumes were taken from the work of Flory e t  al. [23, 241, while 
those for  the polymer were extrapolated f rom the work of Ashworth 
and Price [25] and that of Muramoto [26]. The values a t  25°C are 
shown in Table 1. 

of the curve becomes increasingly steep. Since the evaluation of the 
Figure 2 shows that as the vapor concentration increases ,  the slope 

800 

600 
0 
b 

3- 
I 

7 400 
b2 

I I I I I I 

- A Cyclohexane 
0 Benzene P 
0 Hexone - / 

F1G. 
solvent 

I I I I I I 

I 2 3 4 5 6 7 
cg ( m o ~  m-3) 

2. Plot of V /( 1 - +) versus vapor concentration for  PDMS- 
systems a t  25 'C. 
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1496 PRICE AND GUILLET 

TABLE 1. Properties of the Pure Components at  25°C 

Second virial Specific Hard- 
Saturated vapor coefficient, Density, core  volume, 
pressure,  to r r  cm3/mol g/cm3 cm3/g 

~ ~ ~ ~ 

Hexane 150.40 -1,935 0.6549 1.1544 
Benzene 94.90 -1.478 0.8738 0.8860 
Cyclohexane 97.30 -1.717 0,7738 1.0012 
PDMS - - 0.9690 0.8399 

integral in Eq. (10) is equivalent to finding the area under these curves, 
this means that small variations in concentration can cause appreci- 
able e r ro r s  in the values of q and other derived values. Weight  frac- 
tion activity coefficients obtained from these results are shown in 
Fig. 3. 

Comparison of the GC results with those of other workers could be 
made in terms of the solvent activities o r  activity coefficients. How- 
ever, although these values are useful in, for  example, process engi- 
neering, the polymer-solvent interaction parameters are of more funda- 
mental interest. Also, these values are more susceptible to variations 
in experimental conditions, and so provide a better comparison of the 
different techniques. 

Figure 4 shows the interaction parameters for the three systems 
studied here together with the results of other workers. Chahal, Kao, 
and Patterson [27] and Flory and Shih [24] studied the PDMS-benzene 
system a t  25°C using a McBain-Bakr type microbalance, and their re- 
sults a r e  shown as open points in the figure. In this type of apparatus 
a polymer sample is suspended from a calibrated quartz spiral  and 
exposed to solvent vapor. The weight change as solvent is absorbed is 
followed by the extension of the spiral ,  and the solvent pressure is 
measured by using a mercury o r  glycerol manometer. However, at  low 
pressures and weight changes, i.e., at low solvent concentrations, re- 
sults become inaccurate, and this is indicated by the large scat ter  in 
the values in Fig. 4. Chahal e t  al. estimate an accuracy of 0.01 to 0.05 
in x * depending on the system and the concentration. 

In response to the requirement for  more accurate results a t  low 
concentrations, for example, to compare with infinite-dilution GC re-  
sults, commercial electronic vacuum microbalances were adapted for 
use in polymer solution studies. The more sensitive monitoring of 
weight changes combined with electronic pressure measurement can 
lead to accuracies of the order  of 0.002 to 0.005 in favorable cases,  
an order  of magnitude improvement over the quartz spiral  balance. 
Equipment of this type has been used where accurate results a t  low 
concentrations were needed [28] o r  where small  differences between 
similar samples were being measured [29]. 
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I I I I 

6 

0 Benzene 

5 
9 Cyclohexone 

4 

3 

I0 4 0. I 0.2 03 I 

W I  

4 

FIG. 3. Weight fraction activity coefficients for PDMS-solvent 
systems at  25’C. 

The major disadvantage with these microbalances is that they can- 
not be used a t  high solvent pressures and s o  are limited to a relative- 
ly small concentration range, .Recently, a new type of vacuum micro- 
balance in which the balance and polymer sample are in separate 
chambers and connected by a magnetic coupling has been used for 
solution studies by Ashworth and Price [30]. This instrument re- 
tains the sensitivity of the electronic microbalance but allows a much 
larger  concentration range to be covered. Results for PDMS-solvent 
systems obtained with this apparatus a re  shown in Fig. 4 as the solid 
points. 

The results from the present GC study are also shown in Fig. 4 
and so may be compared with those from the vapor sorption studies. 
In each case the values obtained by GC a re  lower. This is to be ex- 
pected since the microbalance results were measured on polymers 
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0 Magnetic suspension microbalance 

X*  0 Gas liquid chromatography 

of considerably higher molecular weight, 89 000 to 500 000, than that 
used in the current work. A small  variation of interaction parameter 
with molecular weight has been detected for PDMS with benzene and 
hexane a t  30°C [31], The differences in x between high molecular 
weight polymers and those comparable to that used in the current 
work amounted to 0.005-0.01, which would bring the results in Fig. 4 
into exact agreement, A s imilar  variation has a lso been detected a t  
low polymer loadings, but this is unlikely to be a factor in the present 
work since a solid support of la rger  particle s ize  was employed here 
which would give equivalent film thicknesses a t  lower loadings. 

The agreement between the s e t s  of results for  the benzene-PDMS 
system is excellent if the scat ter  of the quartz spiral  data a t  low con- 
centrations is ignored. Similarly, good agreement is found with hex- 
ane as the solvent (no quartz spiral  results are available for this sys- 
tem). Results for the cyclohexane-PDMS system a r e  more divergent. 
The magnetic suspension microbalance results of Ashworth and Price 
[29] a r e  considerably lower than the quartz spiral  results of Flory 
and Shih [24], a finding also reported by Brotzman and Eichinger [32]. 
The GC results are even lower and there is a significant difference 
in the concentration dependence of x*. The reasons for the nonagree- 
ment of these results is not clear although, even here,  the differences 
are not excessive. 
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THERMODYNAMIC PROPERTIES OF POLYMER SOLUTIONS 1499 

C o m p a r i s o n  of GC w i t h  O t h e r  E x p e r i m e n t a l  
M e t h o d s  

Another type of vapor sorption apparatus is based on the piezo- 
electric sorption detector and has been used by Bonner and coworkers 
[33, 341. The change in oscillation frequency of a quartz crystal  
covered with a thin film of polymer is used to detect the weight change 
as solvent vapor is absorbed. However, no results from PDMS-sol- 
vent systems using this method have been published. 

technique to employ for a particular study. Perhaps the most impor- 
tant of these is the accuracy of results that may be expected. 

Brockmeier et al. estimate the accuracy of their interaction aram- 

From consideration of the precision of retention times, flow rates,  
etc. in the current work, the accuracy of the present results is esti- 
mated to be in the range 2-5%, depending on the system and the con- 
centration involved. From consideration of the scat ter  of the results 
in Fig. 4, the GC values a r e  of a similar precision to the quartz spiral  
results at  higher concentrations but are better as infinite dilution is 
approached. Whereas the vapor sorption results are more accurate a t  
higher concentrations, the reverse is true for GC since larger  injec- 
tion volumes have to be used, which strains the theory on which the cal- 
culations a re  based. Also, a t  large vapor concentrations the chromato- 
graphic peaks become more spread out, making measurement of the 
retention times less precise. The precision of the electronic vacuum 
microbalance is superior across  the range. 

The concentration range open to study by GC is limited ultimately 
by the requirement that the saturator temperature must be below that 
of the column. In practice though, the factors set  out in the previous 
paragraph impose further limitations, and the highest usable saturator 
temperature was about 23.5"C for a column a t  25°C. The saturated 
vapor pressures of benzene and cyclohexane at 25°C a r e  about 95 torr  
so that, around atmospheric pressure, the mole fraction of solvent in 
the car r ie r  stream is limited to -0.12; the limit for hexane is -0.20 
due to the higher Po value of -150 torr. Clearly, at higher tempera- 
tures, higher solvent concentrations may be used, Brockmeier et  al. 
having used vapor mole fractions up to -0.7 a t  120°C. The vapor sorp- 
tion techniques can, in principle, be used a t  solvent pressures up to 
saturation although in practice this is not possible since small tem- 
perature fluctuations cause large changes in solvent partial pressures. 
The solution concentration range possible in the PDMS-cyclohexane 
system was found to be G1 = 0-0.6 [30]. 

The determination of an absorption isotherm with the piezoelectric 
sorption method is fairly rapid since a thin polymer film is employed. 
The GC results reported here were determined over the course of 

A number of factors need to be considered when deciding which 

e te rs  for polyethylene systems at  120°C to be in the region of 5 4 o. 
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1500 PRICE AND GULLET 

1-1.5 days. This is comparable to vacuum microbalances with PDMS 
although with some polymers a period of a week o r  so may be re- 
quired for an isotherm, particularly i f  bulk polymer is used rather 
than a polymer spread onto a solid support. 

Other factors to be considered include the temperature range and 
the amount of material necessary for the experiment. Although quartz 
spiral microbalances have occasionally been used a t  elevated tempera- 
tures, the use of vacuum microbalances is usually restricted to tem- 
peratures around ambient. This restriction does not apply to the 
piezoelectric sorption apparatus o r  to GC where the water bath used 
in the current apparatus can be replaced by an oil bath o r  a conven- 
tional gas chromatograph oven. The piezoelectric sorption detector 
is useful in that it may be used with very small (submilligram) 
amounts of polymer. A quartz spiral  microbalance requires about 
50-100 mg of polymer for accurate results, whereas the electronic 
vacuum microbalances and GC apparatus need 0.2-2 g for operation. 

CONCLUSIONS 

The technique of finite concentration gas chromatography has been 
used to determine activity coefficients and interaction parameters 
for solutions of PDMS in benzene, cyclohexane, and hexane that are 
in very good agreement with results obtained by vapor sorption 
methods. 

microbalances probably give the most accurate results over the widest 
composition range around room temperature, GC is a useful technique 
at  low solvent concentrations where quartz spiral  microbalances be- 
come inaccurate. Also, the GC method, as with the piezoelectric 
sorption apparatus, is more versatile and allows measurements over 
a wide range of temperature, etc. 

Although vapor sorption methods employing electronic vacuum 
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