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Table 15. Estimated ~z,~,, for ZCR(CH2)n liquids 
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Z R n = 3  n = 4  n = 5  n = 6  n = 7  

Ph H 1.53 1.30 [1.11] 0.95 0.79 

I H 2.03 1.70 [1.431 1.18 0.98 

Br H 2.26 [1.91] [1.62] [1.49] 1.26 
CH 3 2.19 1.57 [1.37] 1.14 0.97 

CI H 2.32 [1.95] [1.66] 1.46 1.28 

[ ] data taken from Table 14 and used as a starting point for estimation of the ~z,n data 
recorded here for the given Z, n series. 

Table 16. Comparison of ~ for cyclic molecules with C~L for a corresponding linear molecule 

Cyclic ~ Linear %~ ~ -- ~L 

cyclohexanol 0 . 4 7  H(CH2)6OH <0.01 0.46 
cyclohexane 0.56 H(CH2)6 H <0.1 0.55 
cyclohexane 1 . 5 0  H(CHz)aCH = CH~ 0.31 1.19 
cis-decalin 0.90 H(CH2)loH <0.01 0.89 
cyclopentanone 2 . 2 9  (CH3CH2)2CO 1.50 0.79 
tetrahydrofuran 2.36 (CH3CHz)20 0.64 1.22 
phenylcyclohexane 1.11 Ph (CH 2)6H 0.80 0.31 
tetrahydronaphthalene 1 . 6 9  Ph(CH2)4H 1.13 0.56 
iodocyclohexane 1.43 I(CH2)6 H 1.22 0.21 
bromocyclohexane 1 . 6 2  Br(CH2)6H 1.22 0.40 
chlorocyclohexane 1 . 6 6  CI(CHz)6H 1.04 0.62 

[represented in these studies by the phenyl group of poly(sty-co-DVB) at liquid 
saturation], (2) the cyclic moieties can pack in multiple layers on these adsorption 
sites, (3) the cyclic moieties associate strongly, not only with the phenyl group of 
the monomer  unit, but also with the rest of the molecular structure of that unit; 
i.e. the area of the adsorption is increased from that offered by a phenyl group 
to that offered by the entire monomer  unit, and (4) these cyclic moities may have 
a much higher polarizability than expected (perhaps due to their higher density). 
Obviously more study is needed to determine which if any of the four possibilities 
is correct, and to elucidate "why" and "how" adsorption of the cyclic molecules 
is different from the mode of adsorption for the corresponding non-cyclic molecules. 

4 Correlations of and C with Other Parameters 

Section 2 reviewed the relevant contributions to the understanding of polymer 
swelling and permeation reported by earlier investigators, it also discusses the 
important  parameters that have bearing on these phenomena, namely the 
Hildebrand Solubility Parameters, S, the Flory-Huggins Interaction Parameters, 
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% and the Guenet Gel-Parameters, ~. Section 3 reviewed the work carried out in 
3M Laboratories that led to the concept of an adsorption parameter (c~ in molecules 
per monomer unit of polymer), which is calculated from the observed relative 
swelling power (C in ml of adsorbed liquid per gram of polymer) for the 
corresponding liquid with respect to the given polymer as shown in Eqs. 14 and 
15. The discussions that follow consider how ~ and C correlate with the parameters 
6, Z, and ~ reported by the earlier investigators and show how these parameters 
can be calculated directly from C or ~ for the corresponding polymer-liquid system. 
Actually Guenet's investigation of gel-formation from polymer solutions (1980 to 
the present) was contemporary with the 3M studies (1978 to the present), but 
unfortunately for both laboratories they were being conducted without knowledge 
of the work going on in the other until the beginning of 1989. This of course 
precluded cross-fertilization of ideas, which would have accelerated progress in 
both laboratories. 

4.1 Hildebrand Solubility Parameter, 6 

Hildebrand [21] defined the solubility parameter, 6, of a given liquid to be the 
square root of the internal energy density, i.e. E in cat/mol, divided by its molar 
volume, V in mL/mole, as described in Section 1.2.1 of this review, and he noted 
that the mutual compatibility of two molecular species is maximal when the 
difference in their respective solubility parameters is zero (provided that entropic 
effects can be ignored). Subsequent investigators [27-40, 176] have added modifica- 
tions to his observation in the hope of developing a general relationship 
that would enable one to calculate mutual compatibility in all cases on the basis 
of the molecular structure of the species in question. To date this approach has 
given results that are tenuous at best, but even the limited successes serve to attract 
continued interest in this parameter, owing to the absence of a suitable alternative 
that might achieve the much sought after generality. 

Since solubility and swellability of a polymer in a given liquid are related 
phenomena [21, 41], one would expect that the relative swelling power, C in volume 
of sorbed liquid per gram of polymer, should relate meaningfully to the solubility 
parameter. This is indeed the case [177, 178] as indicated by the correlation of 6, 
in (cal/mL) 1/2, reported by various investigators [28, 34 176] for liquid substituted- 
benzenes, with the corresponding C (Fig. 49), which shows the expected parabolic 
relationship. The solubility parameter for polystyrene indicated by the apex of 
this parabolic relationship is 9.5, where C is maximal at 2.25. This value is in 
agreement with the value (9.4) reported by Hoy [32], but not with the values 
reported by others [37-39], which range from 8.6 to 9.7. Similar correlations [177, 
178] of C with 61i q reported for aliphatic liquids (Table 17), however, indicate that 
maximal C occurs at 8~i q = 9.2 for multichloro-substituted hydrocarbons, at 9.1 
for ketones, at about 8.4 for esters, and at about 7.3 for ethers (Fig. 50). Thus the 
range of 5po~ observed for polystyrene in these five classes of liquids spans the 
range reported by earlier investigators [27-39], 176, who used mixed classifica- 
tions of liquids to establish maximal solubility. It was concluded [177-178], 
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Table 17. Parameters for various classifications of polystyrene-liquid systems 

Liquid C a 6 Zl 

Ketones: 8pol = 9.1 at maximal C (Fig. 50) 

CH3CO(CH2)2H 1.11 1.28 9.45a 0.823 
CH3CO(CHz)3H 1.37 t.35 8.92a 0.664 
H(CH2)2CO(CH2)zH 1.52 1.50 9.06a 0.573 
CH3CO(CH2)sH 1.47 1.09 8.84b 0.603 
CH3CO(CH2)6H 1.31 0.87 8.50b 0.701 
H(CH2)2CO(CH2)TH 1.04 0.57 8.52a 0.866 
H(CH2)3CO(CH2)3H t.36 t.01 8.70a 0.670 

Esters: 8pol = 8.4 at maximal C (estimated graphically in Fig. 50) 

CH3CO2CH3 0.86 1.13 9.43a 0.975 
CH3CO2(CH2)zH 1.13 1.20 8.91 a 0.8t 
CH3CO2(CH2)3H t.33 1.20 8.80a 0.689 
CH3CO2(CH2)4H 1.46 1.16 8.69 a 0.609 

Ethers: 8poz = 7.3 at maximal C (estimated graphically in Fig. 50) 

H(CH2)20(CH2)2H 0.64 
H(CH2)40(CH2)4H 0.51 
H(CHz)60(CH2)6H 0.41 
Tetrahydrofuran 2.00 

Multisubstituted Halocarbons: 8po  I = 9.2 

CHzC12 1.99 
CHC13 2.32 
CCt4 1.97 
CH3CHCI2 1.68 
C1CHzCH2CI 1.79 
C1CHzCHCI z 2.04 
CI2CHCHC12 2.29 
C12C = CC12 1.96 
Ct(CH2)4CI 1.78 
Br(CH2)4Br t.82 

Atiphatic Hydrocarbons 

H(CH2)~H 0 
Cyclohexane 0.53 
cyclohexene t.47 
trans-decatin 0.44 
cis-decalin 1.00 

Alcohols 

H(CHa).OH 0 
Cyclohexanol 0.47 

Sulfur Compounds 

CS 1.95 

0.64 7.53a 1.11 
0.30 7.76a 1.19 
0.18 8.01 a 1.25 
2.57 9,05a 0.28 

at maximal C (Fig, 50). 

3,27 9,88a 0.286 
2,99 9,16a 0.085 
2.14 8.55a 0.298 
2.10 8,92a 0.475 
2.39 9.86a 0.408 
2.28 9.16a 0,256 
2.28 9.16a 0.103 
2.02 9.28a 0.304 
1.70 0.414 
1.58 0.390 

0 7 8  1.5 
0.5t 10A2a 1.18 
1.50 0.60 
0.29 1.23 
0.897 0.890 

0 11-10 1.5 
0.47 10.92a 1.21 

3.37 9.92a 0.31 

C, o~, and Zx are as defined in the footnotes of Table 5. 
8 is the solubility parameter (a) reported by Hoy [34], and (b) reported by Hansen 
[176]. 
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Fig. 51. Correlation of observed relative swelling power, C, for poly(Sty-co-DVB) with the 
corresponding square of the difference (9.5-6~iq), where 9.5 is the observed solubility parameter 
(6pol) of the polymer with respect to the set of aromatic liquids shown in Fig. 49; i.e. 6po ~ = 6~q 
at maximal C 

therefore, that the 6po~-data reported by the earlier investigators reflects the 
arbitrary choice of test-liquids as much as it does the character of polystyrene. 

The correlation of C with (6~o~ - 81iq) 2 for the set of aromatic liquids (~po~ = 9.5; 
Fig. 49; Table 2) is a straight line (Fig. 51) given by; 

C = 2.22 - 0.95(9.5 - 611q) z . (35) 

Similarly, the correlations of C with ( 6 p o  I - -  61iq) 2 for the sets of Ph(CH2).H liquids 
[160] and the liquid ketones, esters and ethers [177, 178] produce a set of four 
essentially parallel lines (Fig. 52) given approximately by: 

C ---- C O -- 0.60(6po I - -  ~ l i q )  2 (36) 

where the constant Co is 2.19 for Ph(CH2),H, 1.48 for the esters, 1.42 for the 
ketones, and 0.64 for the ethers, and the respective 6po ~ are as noted above. These 
results are consistent, with the point of view that Co as well as the corresponding 
observed 6po 1, reflects how well the functional group Z in the sorbed liquid ZR is 
accommodated by the molecular structure of the monomer  unit of the polymer, 
and that C varies inversely with the difference in cohessive energy density, which 
reflects the molecular structures of the monomer  unit and sorbed liquid. 
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The molecular nature of such associations is understood better when % instead 
of Cn is correlated with the corresponding difference in cohesive energy density. 
This is especially true in the case of Z(CH2),H liquids [160-164], despite that the 
identification of 6po~ is relatively imprecise simply because such correlations 
generate only about half of the expected parabolic relationship, thus not identifying 
exactly where Sn is maximal (Figs. 53-55). Since 6n varies inversely with n in such 
series, and ~m.x is equal to or greater than ~ ,  5pol can only be estimated on the 
basis of symmetry in the expected parabolic relationship. The most probable 
"correct" ~max for a given set of such liquids is then adjudicated more precisely 
by successive iterative approximations of 6po~ on the basis of the best fit of the 
data generated thereby to the straight line expressed by: 

Log % = Log ~m.~ -- D(6~l -- 5.) 2 (37) 

where C~m. X is the maximal value that identifies 6pol = 6. at maximal Log % for 
the given Z(CH2).H series, and D in mL/cal is the decrementation constant per 
unit difference in cohesive energy density. The constants cq..x, D and 6po~ for each 
Z(CH2).H series studied thus far are collected in Table 18. 
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Table 18. Effective solubility parameters (8',) for Z(CH2),H liquids with n > 6 

Z ~.ax D 8pol 8~ 8~ 8~ 8'1 o 8~ ~ 8'~ 2 

Ph (a) 2,7 0.484 9,5 8.32 8.17 8.09 7.98 -- -- 
CI (b) 2,8 0.260 10.0 - - 8.35 8,23 8.03 7.86 
Br (c) 3,0 0.233 10.5 9.12 8.99 8.86 8.71 8.57 8.40 
I (d) 3.5 0.289 t0.1 8.75 8.53 8.33 8.15 7.96 7.83 

. . . .  D, and 8po~ are constants as defined in Eq. 37. 
(a) 8', calculated from Fig. 57 using the data collected in Table 4. 
(b) 8', calculated from Fig. 56 using the data collected in Table 7. 
(c) 8'. calculated from Fig. 58 using the data collected in Table 6. 
(d) 6'n calculated from Fig. 57 using the data collected in Table 5. 

Since the reported 8. for a given Z ( C H z ) . H  series usual ly represent  less than  
four of the first six members  of that  series, the rest of the needed 8. da ta  for the 
first 12 members  were calculated [161-164,  177, 178] by the me thod  of addit ive 
con t r i bu t i on  of molecular  componen t s  to the cohesive energy density of the sorbed 
l iquid [27] as no ted  in Tables  4 - 7 .  Despite  the uncer ta in ty  in identifying 8po~ 
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precisely, the correlations (Figs. 56-58) of Log ~n with (Spo~ - -  ~ n )  2 show that 
deviation from the linear relationship (Eq. 37), established using only the first six 
members of a given homologous series, begins when n becomes n' (some number 
greater than 5 but less than 9), and that the magnitude of this deviation increases 
with the difference n - 6. These results parallel those observed when Log ~, is 
correlated with n (Figs. 32-35), which is not surprising since 6, for Z(CHz)nH 
liquids varies inversely with n. It is suspected, therefore, that self-association, owing 
to correlation of London dispersion forces that first become significant when n 
becomes > 6, is responsible for deviation from the linearity expressed by Eq. 37 
as well as the deviation from linearity expressed by Eq. 30. 

These results emphasize that the well-known method of additive contributions 
of molecular components to cohesive energy [27, 28], which uses component data 
established for small molecules (i.e. entropic effects not significant) cannot be used 
reliably to calculate g for much larger molecules (entropic effects owing to 
self-association in the liquid state can be quite significant). Thus, deviation from 
linearity as expressed by Eq. 37 occurs as expected in the Z(CH2)nH series of 
liquids, when these entropic effects become too great to be ignored (in these cases 
at n', some number greater than 6). It  is implied from these observations that any 
attempt to calculate 8pol by a method that employs such component contributions 
[36, 176, 179] will lead to conclusions that are at best highly suspect, unless the 
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large contribution of molecular association of polymer with solvent and of polymer  
with polymer  is considered adequately. This caveat is merely an obvious extension 
of that  given early on by Hildebrand [2t], who pointed out that his solubility 
parameter  concept applies only in those cases where entropy does not change 
significantly. 

If for calculation purposes one were to assume that the extension of the 
straight-line relationship (Eq. 37), established using only the first six members  of 
a given Z(CH2)~H series (Figs. 56-58), is also valid for the liquids of that series 
with n > 6, then one may estimate the effective solubility parameter,  6',, for those 
liquids with n > 6 on the basis of the corresponding (6po~ - 6 i n )  2 scaled on the 
abscissa as indicated graphically in Figs. 56 - 58, The effective solubility parameters  
(8~), determined in this way, are collected in Table 8. If one assumes further that  
the difference between 6'. and corresponding ~,, calculated on the basis of additive 
component  contribution to cohesive energy, is attributable primarily to self- 
association [163] then it becomes possible to calculate the corresponding effective 
molar  volume (V',) of the test-liquid, on the basis that V', should equal En/(~ 'n)  2, 

where E ,  is the cohesive energy of the test liquid. The corresponding fractional 
increase, X,, in molar  volume owing to self-association is then given by; 

X. = (V'. - V.) /V. .  (38) 
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of B (Eq. 32) with AX/An (Eq. 39) for Z(CH2),,H tiquids, where 

The calculated X, is correlated with n for each Z(CH2)nH series in Fig. 59, which 
shows that Xn increases with the difference n - n', in accordance with Eq, 39: 

X,~ = (AX,/An) (n - n'),  (39) 

where n' is the value of n that corresponds to the first appearance of measurable 
Xn in the given Z(CH2)nH series. The correlation (Fig. 60) of the ratio (AXn/An; 
Eq. 39) with the corresponding ratio A Log %/(F,  - F'), i.e. B as defined in Eq. 
32, shows that B increases linearly with AXn/An, which is consistent with the point 
of view that the deviation from linearity expressed by Eq. 30 (Figs. 32-35) and 
the deviation from linearity expressed by Eq. 37 (Figs. 5658)  are attributable to 
the same cause, namely self-association owing to correlated molecular orientation 
of London dispersion forces when n becomes greater than 6. 

4.2 Fiory-Huggins Interaction Parameter, 

As stated in Sect. 2.2.2, Flory and Huggins have shown that the magnitude of 
association between polymer and sorbed liquid is reflected in the colligative 
physical properties of the resultant mixtures. It is measured by an interaction 
parameter, X, as defined in Eqs. 10 and 12, which varies with the temperature of 
the mixture and the volume fraction of polymer in that mixture. A low value 
(Z = <0.3) indicates considerable interaction, i.e. the liquid is a relatively good 
solvent for the polymer, and a high value (Z = > 0.8) indicates little interaction, 
i.e. the liquid is a relatively poor solvent for that polymer. 
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Comprehensive tabulations of Z, reported by numerous investigators for various 
polymer-liquid systems, have been compiled by Orwoll [43], who classified these 
data according to polymer (P), liquid (L), volume fraction of polymer (v), and 
temperature (T). Of  the 85 z-values reported for the P-L systems in which P is 
polystyrene (Table XlX of Ref. 43), 23 had been measured at 25 °C, and therefore 
only these data were available for correlation with the swelling powers, C, 
determined for the corresponding liquids at 23 °C in 3M laboratories [180]. 

Fortunately additional z-data  can be deduced from the data reported in 
Table XIX of Ref. 43, based on the assumption that Z at a given T varies linearly with 
v, which was inferred [180] from the plots o f z  at 25 °C vs v for the polyisobutylene- 
benzene and polystyrene-methyl ethyl ketone systems recorded respectively in 
Figs. 1 and 2 of Ref. 43. These correlations show that for these two P-L systems 
Z tends to increase linearly with v from X0 = about 0.48 at v = 0 to Z1 = about  
0.85 at v = 1.0. 

This assumption is supported by similar correlations [180] of Z with v of P-L 
systems for which z-values at two or more levels of v were reported (Tables III  
to XXII of Ref. 43). Examples of such correlations are recorded here in Fig. 61. 
The z-data  reported in Table XIX of Ref. 43 for polystyrene-liquid systems at 
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Fig. 61. Correlation of the Flory-Huggins interaction parameter, X, for polystyrene-liquid 
systems at 25 °C with the volume fraction (v) of polymer in the system. The filled circles 
represent experimentally determined data recorded in Table XIX of Ref. 43. The empty circles 
represent estimations by interpolation or extrapolation of the linear relationships established 
on the basis of the experimental data shown. The value for Z reported for acetone at v = 1 
is placed in brackets to indicate that this point seems too high, and therefore it was not 
included in the data set used to establish by linear regression the equation shown for this 
linear relationship 
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25 °C in which the liquid is acetone, methyl ethyl ketone, n-propyl acetate, toluene 
and chloroform, are represented in Fig. 61 by filled circles. The lines of best fit 
through these five sets of da ta  pass through a common point  of intersection at 
~o = 0.48 _+ 0.01 where v = 0. The linear relationships for the relatively poor  
solvents (ketones) exhibit positive slopes, whereas those for the relatively good 
solvents (toluene and chloroform) exhibit negative slopes. Since only one point  
for n-propyt acetate was usuable, a dashed line was drawn through this point  and 
that  at )~o = 0.48. The general nature of such relationships, deduced from the da ta  
repor ted in this and the other Tables reported in Ref. 43, encourages one to 
estimate X at v levels of the respective P-L systems that were not determined by 
experiment.  Accordingly these missing z -da ta  for such polystyrene-liquid systems 
were est imated by interpolat ion or extrapolat ion [180], and these data  are indicated 
by the empty circles recorded in Fig. 61. 

The union of set of da ta  reported in Table XIX of Ref. 43, and the set of da ta  
est imated therefrom, as noted in Fig. 61, were then correlated [180] with the relative 
swelling powers, C, of the corresponding liquids (Fig. 62) at a given level of v 
ranging from 0 to 1 in increments of 0.2. The da ta  at each respective level of v is 
represented in Fig. 62 by a unique symbol as noted in the capt ion for Fig. 62. 
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Fig. 62. Correlation of the Flory-Huggins Interaction Parameter, X, for polystyrene-liquid 
systems at 25 °C with the relative swelling power (C) of the corresponding liquid at 23 °C 
as a function of the volume fraction (v) of the polymer in the system. The z-data at v = 1.0, 
0.8, 0.6, 0.4, 0.2, and 0.0 are represented respectively by the symbols: star, circle, square, 
triangle pointing upward, triangle pointing downward, and narrow oval. The z-data determined 
experimentally are represented by the filled symbols, whereas those obtained by interpolation 
or by extrapolation as noted in Fig. 61 are represented by the corresponding empty symbols 
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Those symbols that are filled represent the data determined experimentally and 
reported in Table XIX of Ref. 43, and those that are empty represent data obtained 
by extrapolation or interpolat ion as identified in Fig. 6 i. The set of  six correlations 
(recorded in Table 19) show [180] that in every case Z at a given level of v decreases 
linearly with C as expressed by: 

= Xo - AC.  (40) 

The square of the correlation coefficient (rZ; Table 19) to the line of best fit through 
each set of 5 or more data points is >0.99 when v is >0.2, 0.965 when v is 0.2 

Figure 62 also shows that ;~0 and A, as defined in Eq. 40, both increase with 
v. The correlations of Xo and A with v (Table 19; Fig. 63) show that both 
relationships are linear as expressed respectively by Eqs. 41 and 42: 

Xo = 0.49 + 1.01v, (41) 

A = 0.012 + 0.59v. (42) 

If one assumes that A at v = 0 is zero instead of 0.012 (which Fig. 63 indicates 
may be too high) and redoes the regression analysis accordingly, r 2 increases to 
0.9997, and the relationship of A to v is given by 43 instead of 42. 

A = 0.610v. (43) 

Direct substi tution of Eqs. 41 and 43 into Eq. 40 gives: 

Zv = 0.49 + 1.01v - 0.61vC. (44) 

Thus, at v = 1: 

X1 = 1.50 - 0.610C (45) 

and on the basis of Fig. 61, Zv at any other value of v is given by: 

Z,. = 0.49 + (Xl -- 0 .49)v.  (46) 

Table 19. Summary of regression analysis data tbr )~ = Zo - AC 

v 0.0 02 0.4 0.6 0.8 1.0 
Xo 0.51 0.67 0.80 1.08 1.30 [1.51] 
A 0.03 0.12 0.24 0.36 0.49 [0.61] 
N 13 7 5 5 5 5 
r 2 0.574 0.965 0.993 0.996 0.998 0.996 

v is the volume fraction of polymer in the polystyrene-liquid system. 
Zo and A are as defined in Eq. 40. 
N is the number of data points used to establish Eq. 40. 
r 2 is the square of the correlation coefficient to the line of best fit (Fig. 62; Eq. 40) through 
the set of N data points for liquid-polymer systems with a given v. 
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The value of )~1 can thus be determined very accurately on the basis of C using 
Eq. 44, and considerably less accurately by the volume retention method using 
chromatography [43]. The values calculated from the values of C determined thus 
far in ongoing studies of polymer swelling at 3M are reported in Tables 2 17, 
along with the corresponding 6 values for sake of comparison. 

Since C is proportional to the product of~, i.e. the number of adsorbed molecules 
per phenyl group of polystyrene in solution, and the molar volume of the sorbed 
liquid, i.e. C = (M/d) (~/104), direct substitution into Eq. 44 gives: 

Z = 0.49 + 1.01v - 0.6Iv(M/d) (cz/104) (47) 

and at v = 1 Eq. 47 becomes: 

Z~ = 1.50 -- O.O0587(M/d) cz, (47a) 

where M and d are the formula weight and density respectively of the sorbed 
liquid, and 104 is the formula weight of a styrene unit. Since ~ reflects the molecular 
structures of the adsorbed liquid and the repeat unit of polymer as described in 
Sect. 3, Eq. 47a states that Z is also a function of the molecular structure, and 
since the relationships established using poly(Sty-co-DVB) have been shown to 
hold in a qualitative sense for all polymer liquid systems (see Sect. 3.3.2), it should 
someday be possible to calculate Z on the basis of the molecular structures of the 
polymer and solvent. Hopefully this wilt come about more quickly as a result of 
the ongoing studies at 3M that are directed toward a fundamental understanding 
of polymer swelling and drying. 
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4.3 Guenet  Adsorption Parameter ,  

As described earlier (Sect. 2.3) Guenet's study of thermally-induced conversion of 
isotactic polystyrene solutions to rigid gets led to his observation that the ratio, 
~, of residual adsorbed solvent molecules per phenyl group of polymer, after all 
of the non-adsorbed liquid has been removed by evaporation in vacuum, is 
characteristic of the liquid [79-82, 181]. This end-point was established by 
correlating the heat of fusion of the liquid in the system with the amount of 
residual sorbed liquid. The composition extrapolated to AH = 0 was taken to be 
~. He later reported [t81] that his thermodynamic protocol is also applicable for 
the determination of adsorbed liquid by atactic polystyrene. 

i f  one accepts that the physical integrity of these gels is attributable to some 
form of self-association of solvated polymer, as suggested by the earlier in- 
vestigators, then it follows that 0~ must be an averaged value of two polymer 
fractions, [182], i.e. the fraction (y) that underwent self-association, and the rest 
(1 - y) that did not. Thus ~ should be expressed by: 

= ( l - - y ) %  + y%,  (48) 

where % is the number of adsorbed molecules per repeat unit of polymer that has 
not undergone self-association (and therefore retains its full complement of 
adsorbed molecules), and % is the number of adsorbed molecules per phenyl group 
in the polymer that has undergone some form of self-association. In those cases 
for which % is much smaller than %, the term y% in Eq. 48 may be ignored, and 
the magnitude ofy can then be estimated [182] by the simplified form of Eq. 48, i.e.: 

y ~ 1 -  ~/% = 1 - A  (49) 

which implies that it may be possible to estimate y for a given Polystyrene-Liquid 
(P-L) system on the basis of the adsorption ratio, A = ~/%, for that P-L system. 

Accordingly all of the ~-values reported thus far by Guenet for atactic and 
isotactic P-L systems, along with the corresponding %-values (reported here in 
Tables 2-19), are collected in Table 20 for easy comparison, which shows 
that A for these P-L systems vary from 2.07 for cyclohexene to 0.31 for 
p-chlorotoluene. The correlation of ~ with % (Fig. 64) shows that for a given 
polymer tacticity and within a given class of liquids, ~ varies linearly with %. The 
linear relationships for atactic P-L systems with A < 1 appear to pass through 
the origin and therefore may be expressed by the general equation: 

= A ~ ,  (50) 

whereas those for isotactic P-L systems appear to intersect the abscissa at 
% = -0 .5 ,  and thus these may be represented by the general expression: 

~* -- A(% + 0.5) = Ac~*. (51) 
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Table 20. Adsorption parameters for solvated atactic polystyrene (~)  compared to the 
corresponding Guenet  parameter for atactic (5) or isotactic polystyrene (5*) 

Polymer)  
No. Liquid \Tac t i c i ty /  5 ~s ~* A y 

1 THF  (a) atactic 3.22 2.57 - 1.25 0.25 
2 cyclohexene atactic 3.10 1.50 - 2.07 1.0 
3 carbon disulfide atactic 2.55 3.37 - 0.76 0.24 
4 methylene chloride atactic 2.40 3.24 - 0.74 0.26 
5 carbon tetrachloride atactic 1.60 2.12 - 0.75 0.25 
6 1,2-dichloroethane atactic 1.00 2.39 - 0.42 0.58 
7 p-dioxane atactic 0.97 2.10 - 0.46 0.54 
8 benzene atactic 0.92 2.50 - 0.37 0.63 
9 toluene atactic 0.70 1.98 - 0.35 0.65 

t0 o-dichlorobenzene atactic 0.64 1.80 - 0.36 0.64 
11 o-xylene atactic 0.59 1.74 - 0.34 0.66 
i2 p-chlorotoluene atactic 0.50 1.59 - 0.31 0.69 
13 p-xylene atactic 0.46 1.46 - 0.32 0.68 
14 cis-decalin isotactic 1.75" 0.68 1.18" 1.48" 0.48 
15 trans-decalin isotactic 1.15" 0.28 0.78* 1.47" 0.47 
16 1-chlorodecane isotactic 0.70* 0.44 0.94* 0.74* 0.25 
17 1-chlorododecane isotactic 0.50* 0.18 0.68* 0.74* 0.26 

~* = % + 0.5 
A is the association ratio, i.e. 5"/0c* for isotactic P-L systems and 5/% for atactic P-L 
systems. It is approximately equal to the slope of the lines represented by Eqs. 50 and 50a. 
y is the fraction of solvated polymer that underwent some form of self-association. 
(a) Guenet  cautioned (private communication) that the 5 measured for THF  (Ref. 80) may 
in fact be a bit high and needs to be repeated. 
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The displacement in the amount of 0.5 units along the abscissa (Fig. 64) is 
consistent with Guenet's observation that for a given sorbed liquid, the 5" observed 
for isotactic P-L systems is uniformly greater than ~ observed for the corresponding 
atactic P-L system. It was inferred from these results that %, which was determined 
using atactic P-L systems, is equal to (~* - 0.5). This implies that the dynamic 
adsorption density (~*, which was not measured directly) on a monomer unit of 
isotactic polymer in solution is greater than that (%) on a monomer unit of atactic 
polymer in solution as noted above and as recorded in Table 20. 

It appears, therefore, that A may be characteristic of the class of liquids sorbed 
by a polymer of a given tacticity (as noted in Fig. 64). The data points for atactic 
P-L systems with liquids that contain only one carbon atom (CSz, CH2C12 and 
CC14) fall on a line with slope A equal to about 3/4, those that are aliphatic 
liquids that contain more than one carbon atom and at least two non-carbon 
atoms (1,2-dichloroethane and p-dioxane) fall on the line with slope A equal to 
about 1/2, and those that are aromatic liquids (six in all) fall on the line with 
slope A equal to about 1/3. 

It is believed that the two straight lines that can be drawn (not shown in 
Fig. 64) from the origin to the data points for cyclohexene (5 = 3.10; % = 1.50) and 
for tetrahydrofuran (5 = 3.32; % = 2.57) may represent the linear relationships 
(Eq. 50) for atactic P-L systems in which the respective class of liquids would be 
cyclic aliphatic olefins and cyclic aliphatic ethers. 

Figure 64 also shows that the data points for isotactic P-L systems with 
alpha-substituted linear alkanes (1-chlorodecane and 1-chlorododecane) fall on 
the line with slope A equal to about 2/3, whereas those for cis-decalin and 
trans-decalin fall on the line with slope A equal to about 3/2. 

It is obvious that the assumption "% is much smaller than ~ "  can only be 
possible when the adsorption ratio for a given P-L system is less than 1, and 
therefore estimation of y on the basis of Eq. 49 is limited to those P-L systems 
that exhibit slopes A (i.e. ~/% or ~*/e*) that are less than 1. Thus, for the liquids 
1-chlorodecane and 1-chlorododecane (isotactic P-L systems) and the liquids CS2, 
CH2C12 and CC14 (atactic P-L systems), y is about 1/4; for 1,2-dichloroethane 
and p-dioxane, y is about 1/2 and for the six aromatic liquids (atactic P-L systems), 
y is about 1/3. 

It is also obvious from Eq. 48 that y cannot be determined for a P-L system 
with A > 1 unless % can be established by some other physical method. 
Unfortunately this is not yet possible. If one were to assume, however, that the 
A = 2.07 for cyclohexane represents the extreme case, in which y has become 
equal to 1, then it follows from Eq. 48 that % for this P-L system must be equal 
to 2%. If one postulates further that % for the other three P-L systems with A > 1 
(TaMe 20) are also equal to about 2%, then Eq. 48 for such systems reduces to: 

y - A - 1 (52) 

which indicates that y for T H F  (atactic P-L system) is about 1/4, and y for 
cis-decalin and trans-decalin (isotactic P-L systems) is about 1/2 (Table 20). 
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Since % was shown to reflect the molecular alignment of the sorbed liquid 
relative to the monomer unit in "true solution" (see Sect. 3.4) then ~ or 5" must 
also reflect how well the molecular structure of the adsorbed liquid is accom- 
modated by that of the monomer unit of polymer at its respective level of polymer 
swelling, i.e. after a sizable fraction (y) of that solvated polymer has undergone 
some form of self-association and all of the non-adsorbed molecules have been 
eliminated. 

In this connection it should be pointed out that there is a formal analogy 
between ~ and the quantity ~,  the latter of which is determined kinetically in 
time-studies that monitor the number, at, of residual sorbed molecules per phenyl 
group of (Sty)I_~(DVB)x as a P-L system is allowed to evaporate at 23 °C from 
liquid-saturation to virtual dryness (see Sect. 3.3.2 and Fig. 21). The composition 
for which all of the molecules not immobilized by adsorption (Fig. 20) have been 
eliminated is defined as ~'s, and it is indicated by a qualitative change in the kinetics 
from zero-order to first-order (Fig. 21), which signals incipient elimination 
of adsorbed molecules. The composition ~ is related to ~ by Eq. 25, i.e. 
~ = 0,31 A(1 + %). 

It is clear, however, that cz'~ is not quantitatively equal to 5 because the 
macrostructural "looseness" (A) of the polymer in the two cases is not the same; 
A for (Sty)I_x(DVB) x is given by [ ( l / x )  1/3 - -  (l/x)~/3], as defined in Eq. 20, whereas 
A for the non-crosslinked polymer varies with the class of liquid, which determines 
y and the distribution of the self-associated domains that comprise y as noted 
above. It may be possible, however, to establish a quantitative relationship of 
with % for a given class of liquids, which could then be used in turn to establish 
the corresponding O./~ for other P-L systems in that liquid classification. 

The adsorption ratios, A = 5/ct, or ~ / ~ ,  observed thus far for atactic and 
isotactic systems indicate that self-association can occur in two ways; either by 
expulsion of already-adsorbed molecules (i.e. in the cases that A is < 1) or by 
addition of more adsorbed molecules (i.e. in the cases that A is > 1). Why this is 
so is not understood. It is curious to note, however, that the solvent in those P-L 
systems with A > 1 is in every case a cyclic aliphatic liquid, the ring structure of 
which contains no more than one atom that is not carbon (Nos. 1, 2, 14, and 15; 
Table 20), whereas none of the solvents in a P-L system with A < 1 is in this 
category. Because the number of 5 reported thus far are relatively few (Table 20), 
owing to the time-consuming procedure and the high technical skill required to 
obtain data via the protocol described by Guenet, it is not yet possible to adjudicate 
with certainty whether or not this cyclic v s  acyclic differentiation is a real 
phenomenon or just a fortuitous observation. It does suggest the possibility, 
however, that the mode of adsorption in the case of cyclic aliphatic molecules 
may be qualitatively different from that for acyclic molecules. 

The above observations are consistent with the comparisons described in Sect. 
3.4.2, which show that ~ for cyclic ZCR(CH2)n liquids is uniformly greater than 
that of the corresponding linear ZCRH(CH2)nH liquid, and that the magnitude 
of the difference is markedly greater than that expected on the basis of decreased 
steric hindrance owing to cyclization of the linear chain attached to substituent 
Z. This enhanced adsorptivity is not unique to alpha-substituted alkanes; it appears 
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to be general for all classes of liquids (based on the adsorptive functionality of 
the group Z) as indicated by the data collected in Table 16. Here again the nature 
of this qualitative difference is not yet fully understood [182]. Obviously many 
more experiments need to be carried out in order to elucidate fully why the mode 
of adsorption of cyclic aliphatic compounds appears to be different from that of 
the linear counterparts. 

5 Concluding Remarks 

These studies of liquid sorption by poly(Sty-co-DVB) particles enmeshed in PTFE 
microfibers have shown that an adsorption parameter, c~, characteristic of the 
molecular structure of a sorbed liquid with respect to that of the monomer unit 
in the polymer, can be determined with good precision (_+ 1 in the third significant 
figure) by measuring the weight of sorbed liquid per unit weight of enmeshed 
particles. These adsorption parameters appear to be of fundamental scientific value 
and therefore potentially useful in understanding natural phenomena in which 
adsorption plays an important role. 

From the beginning of these studies it was clear that the information gained 
thereby might provide better insight into the mechanism of permeation through 
polymer films in cases for which the concentration of permeant in the polymer 
became large enough to cause incipient transition from the glassy or crystalline 
states of the polymer to the rubbery state. So long as the system remains rigid 
(i.e. the concentration of the permeant in the system is well below that of the 
transition composition) the theories expounded by Vrentras and Duda [16], Koros 
[18], Berens [45] and others [6, 9, 14, 106] (Sect. 2), which in effect are based on 
permeation of molecules through rigid gratings on a molecular scale, certainly 
apply; but when the molecular "grating" begins to expand owing to adsorption, 
and the polymer molecules begin to attain the mobility characteristic of the rubbery 
state, the mechanism of permeation changes accordingly, and principles based on 
separation through a rigid molecular "grating" can no longer apply. 

At the extreme state of swelling, the physical properties of a liquid-saturated 
film barrier are that of a gel, i.e. a liquid-supported membrane. In such cases the 
mechanism of permeation will be dependent largely on the solubility and 
subsequent diffusion of the permeant through the sorbed liquid. This will be 
modified by adsorption/desorption properties with respect to the polymer that 
supports the liquid-saturated membrane. Addition to such systems of a non-volatile 
solute that has the right affinity for the permeant might perhaps add the dimension 
of facilitated transport to enhance selectivity at high flux rate. it is hoped, therefore, 
that the knowledge gained by studying ~ as a function of molecular structure will 
improve our understanding of permeation and separation processes involving 
polymeric membranes over the full range of composition, i.e. from the virtually 
dry state of the system to the liquid-saturated state. 

It is obvious that a quantitative understanding of cz as a function of molecular 
structure of the adsorbed species would be very useful in chromatographic 
separations. If this data correlates meaningfully with the enormous body of 


