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SUMMARY 

Gas chromatography has been employed to determine part ia l  molar f ree energies 
of  sorption, AGIS, as well as part ia l  molar f ree energies of mixing, AG~ ~ of  a tact ic  
poly(styrene) with l inear and branched alkanes (C6-C9), alkenes (C8), cyclohexane 
and alkylbenzenes (Ph-H to PhC6H13) within the temperature range from 403 
to 463 K. The inf luence of  nature and const i tut ion of the solute molecule on 
sorption and mix ing propert ies in poly(styrene) are discussed in terms of  the 
competing group contr ibut ions of  the components. Knowledge of  this inf luence 
may be transduced to understand polymer-polymer compat ib i l i ty .  The cohesive 
energy density concept has been used to calculate the in f in i te  d i lu t ion solubi l i ty  
parameter for  the polymer, wi th the aid of  461 = . From the high temperature 
range the HILDEBRAND parameter 62 was extrapolated to 298 K. The value 
obtained, 9.14, indicates that gas chromatography is an promising a l ternat ive 
to the conventional methods for determinat ion of  the solubi l i ty  parameter for 
polymers. 

INTRODUCTION 

Realist ic ideas about the competing contr ibut ions of  dispersive and specif ic in ter-  
actions between the components of  a mix ture keep a key posit ion in understanding 
of  solution propert ies as well as o f  polymer misc ib i l i ty .  An usefull tool to predict  
solubi l i ty  and solvent sensi t iv i ty of polymers represents the cohesive energy 
density concept based on regular solutions. The cohesive energy density of  the 
mater ia l  equals the potent ia l  energy of  the volume unit numerical ly .  For vo la t i le  
substances I it may be determined f rom the heat of  vapor izat ion 

6 -= (AEVlV) I12 = (AH v - RT)IV [I) 

whereA E v is the energy and •H v the enthalpy of vaporizat ion, V the molar volume. 
Thus the energy of  mix ing derived f rom the solubi l i ty  theory is 

AE m = v m ~ i ~ 2 ( 6 1  -62)2 , (2) 

with ~i the volume f ract ion of  component i and V m the average molar volume 
based on mole fract ions. In this way solubi l i ty  parameters 6 i may be used to 
est imate solution propert ies. Vice versa known mixing energies and 6 for one 
component of  the mix ture make avai lable the solution parameter of  the other 
component. 
Polymeric mater ia ls exhib i t  neglegible vapor pressures, however, and thei r  molar 
volumes are not well def ined usually. Consequently, so lubi l i ty  parameters for 
polymers are determined in an indirect way. Two exper imental  approaches are 
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quoted most o f ten ly  in l i terature:  

- Searching for the solvent in which the crosslinked polymer exhibits maximum 
swell ing. The parameters determined by this way are dependent upon the cross- 
l inked densitiy, however. 
- The STAUDINGER index of  the polymer is measured in a series of  solvents. 
It is assumed to be identical wi th that of  the solvent which yields the maximum 
value of the STAUDINGER index. 

Within their  theoret ical  l imi ta t ions these methods are useful, although they are 
re la t i ve ly  tedious and t ime consuming. 

Gas chromatography offers an e f fec t ive  a l ternat ive to those methods, as demons- 
t ra ted by DiPaola-Baranyi and Gui l let  2 for  poly(styrene) and poly(methylmetha- 
crylate) and by DiPaola-Baranyi,  Gui l let ,  Klein and Jeberien 3 for poly(vinylacetate).  

The present work continuous our studies on the inf luence of the nature and 
const i tut ion of  the solute molecule on mixing and sorption propert ies of 
poly(styrene) 4 and addi t ional ly  establishes the results of determinat ion of the 
solubi l i ty  parameter of  poly(styrene) by gas chromatography. 

EXPERIMENTAL PART 

Materials. Low polydispersity a tact ic  l inear poly(styrene), PS, M w = 53700, Mw/M n 
= 1.06, was a Pressure Chemical product. The probe solutes, l inear and branched 
alkanes (C 6 - C9), alkenes (C 8) and alkylbenzenes (Ph-H to Ph-C6H13), were 
reagent grade and used without fur ther pur i f icat ion (Fluka and Roth). 

The polymer has been deposited onto Chromosorb A (Supelco, mesh size 45/60 
specif ic surface 2.7 m2g - I )  f rom toluene solution. The polymer weight in the 
column was .1194 g. Column ~reparat ion, instrumentat ion and measurement 
procedure are described elsewere . 

DATA REDUCTION 

Specif ic retent ion volumes, Vg ~ were calculated according 

Vg ~  t R(273,2F/T F w 2 ) 3 / 2 l ( p i / p o  ) 2 - 1 } { ( p i / p o ) 3 - 1 } - 1  [1-(PH20/Pa)] . (3) 

where t R is the retent ion t ime of  w 2 grams polymer, F the carr ier  gas f low rate 
at 298 K and athmospheric pressure Pa, and Pi and Po the inlet and out let  pressure 
respect ively. Solute vapor pressures have been computed f rom the ANTOINE 
equation with the constants A, B, C taken from the standard sources 5-7. Second 
vir ia l  coeff ic ients,  B11, were computed from the corresponding states equation 
proposed by McGlashan and Potter 8 

From the specif ic retent ion volumes the part ia l  molar f ree energies of sorption 
were calculated according to the equation 

AGIS = RT In (Vg~ I / 273 R) (4) 

where M I is the molar mass of the solute and R the universal gas constant (I 
atm K - I  too l - l ) .  Consequently the heat of sorption is 

AH IS=  R g l n V g O / a  ( I /T)  (S) 

The weight f ract ion ac t i v i t y  coef f ic ients at in f in i te d i lu t ion of  the probe solute, 
~ ,  were calculated from Vg ~ 9 

I n ~  = In (273  R v 2 s P l V g O p 1 ~ 1 7 6  RT . (6) 
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o o  o e  

From s  the partial molar free energy of mixing, AG I , and the partial molar 
heat of mixing, AH~ were calculated 

& G I =  RT Ins 1 (7) 

and 

o o  o o  

A H 1 : R a lns  I / a(I /T) (8) 

RESULTS AND DISCUSSION 

RETENTION VOLUMES AND SORPTION FUNCTIONS 

Retention measurements have been carried out at 10 ~ intervalls from /-103 to 
463 K. (The results of these measurements are presented as specific retention 
volumes for the entire temperature range - in a table which may be forewarded 
by the author). The retention volumes generally reveal a decrease of Vg ~ with 
rising temperature, as expected for an exothermic sorption process. At a given 
temperature V q ~ increases in the series, alkane < alkene<<alkylbenzene, as a 
consequence a t  the contribution of the double bond and especially the phenyl 
group to the interaction with the PS sites in the stationary phase. 
Inside a homologous series an incremental rise of In Vg ~ with the carbon number 
was observed. It is worthwile to note that branching-of the solute molecule in 
the hydrocarbon backbone effects a significant reduction of Vg ~ Comparing 
the V~ ~ of n-octane with 2-methylheptane and 2~2,4-trimethylpentane, resp. 
it canUbe seen that the number of branches in the solute molecule is determinant 
for lowering the Vg ~ on the PS sites {Fig. 1). Further the comparision of hexane 
with 2-methyl-pentane and 3-methyl-pentane indicates that branch points near 
the end of the solute molecule are more effect ive in lowering the specific retention 
volume (Fig. 2). 
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The directly derived thermodynamic function is the partial molar free energy 
of sorption, AGIS, calculated according to eq 4. 
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At  a given temperature the AGIS values can be presented for the n-alkanes and 
n-alkylbenzenes as l inear functions of the carbon number of  the molecule and 
of the alkyl chain, resp. (see. Table). The slope of these lines is interpreted as 
an incremental  contr ibut ion to G1S of  the dispersive interact ions of the methylene 
groups and the PS sites. A comparision between alkanes and alkylbenzenes 
indicates, wi th in the exper imental  error that the -CH2-contr ibut ion is (2.2 kJ 
tool - l ) ,  not depending whether these groups belong to pure alkanes or to an alkyl 
chain of an alkylbenzene. The more negative slopes at lower temperatures (Table 
I) indicate the exothermic sorption e f fec t  of  the methylene groups once again. 
The contr ibut ion of the phenyl groups to the sorption process on the PS sites 
may be est imated easily f rom the intercepts in the AGIS versus nC plot for  both 
solutes series. With increasing temperature AGIS(ph)decreases f rom 19 kJ tool - I  
at 423 K to 16 kJ tool - I  at q63 K. This value indicates that the main contr ibut ion 
to the sorption process of  the alkylbenzenes in PS is due to the interact ions 
between the phenyl groups of  the solute and the polystyrene. The Vg o lowering 
e f fec t  of  side methyl groups is transduced to A GIS through an endothermic 
contr ibut ion (see Figure 3). 

2O 

Table I :  Intercept (a) and slope (b) 
of  the l inear dependence AGI s ver- 
sus the carbon number at selected T 

Alkanes a b 

403 K 28.7 -2.57 
q33 30.0 -2.38 
463 31.4 -2.22 

AI kylben zenes 

q13 K 10.1 -2.15 
433 12.0 -2.09 
q63 Iq.7 -2.00 
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Fig. 3. Influence of  solute const i tut ion 
on AGIS (kJ tool - I )  

Once again, this e f fect  is more pronounced i f  the methyl group is placed near 
the solute chain end. Compared with hexane, AGIS increases about 2 kJ tool - I  
for 2-methylpentane and 1,5 kJ tool - I  for  3-methylpentane. The e f fec t  due to 
the side methyl group lowers with the solute chain length: The soprtion process 
of  2-methyl-heptane is 0,5 kJ tool - I  more endothermic than of n-octane. The 
ef fect  of  the number of  methyl side groups is evidenced by comparision of n- 
octane and 2,2,4-t r imethyl-pentane in PS. Thus, we conclude that methyl groups 
establish smaller dispersive interact ions with PS sites than methylene groups 
do. Neglect ing an inf luence of conformat ion the lower AGI s value of cyclohexane 
faced to hexane may support par t ly  this a f f i rmat ion .  
Keeping in mind that the energy of  l ike contact interact ions in the pure solute 
is related to the boi l ing temperature,  fur ther in terpretat ion of the sorption process 
is possible. A plot of  A GI s vs boi l ing points reveal a dist inct l inear dependence 
for the alkanes as well as for the alkylbenzenes. The ver t ica l  shif t  between the 
two l inear graphs (constant energy of l ike contact interactions) i l lustrates the 
contr ibut ion f rom dipol and f rom induced dipol forces generated by unlike contacts 
between the phenyl groups in alkylbenzenes with those in the PS sites. 
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The enthalphy and entropy of sorption were calculated from the retention data 
for a more distinct examination. As it can be seen from Figure 5 the overall 
sorption process of n-alkanes is governed by large sorption entropies. On the 
other hand, with increasing carbon number of the n-alkanes, the enthalpy of 
sorption indicates a pronounced trend to rise towards exothermic values, whereas 
the entropy of sorption changes only slightly. It may be noted that the influence 
of branching of the solute molecule is caused mainly from the enthalpy of sorption 
as discussed above. We cannot explain, however, why the entropy of sorption 
of the branched hexanes is more negative than that of the linear isomer, whereas 
for the branched octanes the revers applies. On the other hand cyclohexane and 
the two isomeric octenes show signif icant ly higher exothermic enthalpies of 
sorption than hexane and octane, respectively. At the same t ime the entropy 
of sorption of these solutes is not changed in the same manner. This offers an 
explanation for the enhanced sorption qualities of those solutes when compared 
with the respective alkanes. 

ACTIVITY COEFFICIENTS AND MIXING FUNCTIONS 

The weight fraction ac t iv i ty  coeff icients were computed according to eqo 6. 
Even for careful ly obtained retention data the act iv i ty  coeff icients scatter at 
high temperatures as a consequence of: (i) the relative uncertainity of pl ~ v2sP 
at elevated temperatures (ii) the small retention times of low boiling solutes 
and (ii i) the extremly temperature sensitive correction term for nonideal behavior 
of the solute vapor. For exact values, the correction term in eq 6. cannot be 
ignored. The order of magnitude and the temperature dependence of the correction 
term is shown for the alkylbenzenes in Fig. 6~ 

The act iv i ty  coeff ic ient s and the related thermodynamic mixing functions, 
i. e. &G~ ~ , prove to be more sensitive to changes in the structure of the solute 
molecules than the sorption functions (see Table 2). Large endothermic A G T 
of the linear and branched alkanes i l lustrate nonsolvent characteristics typical ly.  
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The "regularities" as discussed for the sorption process, with respect to the 
influences of chain extend and branching, are reflected also. 

Table 2: Partial molar free energies of mixing AG~ (kJ tool - I )  of the solutes 
studied in molten atactic PS at selected temperatures 

T / K 403 433 q63 413 433 463 

nmhexane 8.43 8.63 8.79 benzene 5.38 5.68 6.12 
n-heptane 8.19 8.38 8.63 toluene 5.Q3 5.88 6.18 
n-octane 7.84 8.04 8.34 ethylbenzene 5.53 5.80 6.24 
n-nonane 7.69 8.03 8.28 propylbenzenes 5.62 5.88 6.31 
cyclohexane 6.67 6.93 7.46 butylbenzene 5.73 5.96 6.31 
2-methylpentane 9.15 9.22 9.66 pentylbenzenes 5.85 6.08 6.42 
3-methylpentane 8.72 9.03 9.38 hexylbenzene 6.05 6.26 6.56 
2-methylheptane 8.24 8.18 8.47 l-octene 7.52a 7.86 8.10 
2.2.q-trimethyl- 8.24 8.47 8.84 2-octene 7.07a 7.46 7.82 
pentane a measured at 403 K 

Thus, AGT decreases with the chain length of the n-alkane molecule. Branching 
produces an pronounced endothermic contribution to A G~, which depends on 
(i) the position of the branch (ii) the chain length of the solute molecule and 
(iii) the number ob branch points. 
Cyclohexane and the isomeric octenes contrast with the alkanes by showing 
significantly lower AGO'values, indicating solvent qualities better than the alkanes. 
For alkylbenzenes the A G T are markedly low an indication for solute - polymer 
miscibil ity. The AGT data which slightly increase with the alkylchain length, 
prove that the dispersive type interactions of -CH 2- groups induce lower 
miscibi l i ty with PS, Therefore the two-component type alkylbenzenes offer the 
possibility to " ta i lor"  AG T values, which range from benzene to a polymethylenic 
chain. The AGT prove that all solutes exhibit endothermic heats of dilution in 
PS, exept benzene, toluene and ethylbenzene (Figure 7). It is noteworthy that 
toluene has the most pronounced exothermic heat of dilution (-0,8 kJ tool- l) .  
Propylbenzene acts nearly athermic within the temperature range studied. 
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With the chain extent of alkylbenzenes the enthalpy of dilution yields positive 
values, i .e .  1.8 kJ tool - I  for hexylbenzene. They are significantly lower, however, 
than those of n-alkanes, It is noteworthy that in contrast the n-alkanes show 
better mixing qualities at increasing chain length. Branching lowers the AH~' 
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values sl ight ly. As demonstrated in Fig. 8 the-TASlO~ of  the branched alkanes 
is higher than the enthalphy of  d i lut ion.  Compared with the alkanes the -TASl  ~ 

term of  the alkylbenzenes 
1112 indicates more ordered states 

7 -TASk' T=Z~30 K for the solvated solute 
l molecule. Oncemore cyclo- 

6 cydohexane hexane and the two isomeric 
11 o o 113~ �9 octenes behave intermediary.  
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SOLUBILITY PARAMETER FOR POLY(STYRENE] 

Fol lowing the cohesive energy density concept the energy of  mixing is defined 
for constant volume. In contrast the heat of  mixing is derived commonly at 
constant pressure, wi th the consequence that the data d i f fe r  f rom those at constant 
volume. As pointed out by Patterson 10 it is suitable therefore to connect AG~' 
wi th the solubi l i ty  parameter.  Thus for condit ions of  ideal " in f in i te  d i lu t ion"  
chromatography, the equation for AG~' , may be connected with the square of  
the solubi l i ty  parameter d i f ference 

AG~ = V I (61 - 62 )2 (9) 

Table 3: 62-parameter for a tact ic  poly(styrene] at d i f ferent  temperatures 

T / K 423 443 463 

intercept 8.0 7.73 7.45 

slope 7.4 7.10 6.78 
average 7,7 7.41 7.12 

Transforming this equation one derives the solubi l i ty  parameter 6 2 (PS) f rom 
the slope and from the intercept.  

The solubi l i ty  parameter for the solutes were calculated with eq. I.  The 
corresponding enthalphies of evaporat ion of  the solutes where computed from 
vapour pressure data taken from various sources 6,7. Figure 9 shows the plot 
for  a tact ic  poly(styrene) for al l  solutes studies at 423 K. Simi lar plots where 
drawn for al l  temperatures studied. This method of  presenting data enables to 
visualize solute probes of  d i f fe rent  thermodynamic interact ion on the same plot: 
benzene and toluene, where dipol and induced dipol forces e f fec t  the interactions, 
as well as nonsolvents l ike alkanes, where dispersive forces act exchangely. The 
solubi l i ty  parameters are presented in Table 3 for some temperatures. An 
ext rapolat ion o f  the data to the temperature region around 298 K can be e f fec ted 
wi thout  substantial loss o f  accuracy, as indicated by the correlat ion coef f ic ients 
r. Intercepts and slopes fo l low a polynomial  temperature dependence 
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in tercept :  62 = 11.368 - 2.675"I03T - 2.50"I0-5T 2 r = 1.000 

slope: 62 = 9.060 + 6.650"I0-3T - 2.50.I0-5T 2 r = 0.999 
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The 62 for  high tempera tu re  
7.1 f rom the slope and 
62 = 7.6 f rom the in tercept  
at 466 K agree well  w i th  
those obtained by DiPaola-  
Barany and Gui l le t  2 wi th  
other solute probes. The ex- 
t rapo la ted  so lub i l i ty  parame-  
ter  for  298 K is 9.46 f rom 
in tercept  and 8.82 f rom 
slope respect ive ly .  The aver-  
age, 9.14 is in good agreem- 
ent w i th  6 2 , f rom swel l ing 
or v iscosi ty measurements 11, 
9.10. Thus, the capab i l i t y  
of  gas chromatography as an 
a l te rna t i ve  to the convent-  
ional methods is conf i rmed.  

Fig. 9: Plot 612 -  AG~ ~ / V  I versus 61 for  all solutes studied 

The thermodynamic  in format ions received by gas chromatography on poly(styrene) 
w i th  a broad series o f  solutes wi l l  be useful in connect ion w i th  an improved 
in te rp re ta t ion  of  solution propert ies as wel l  as of  po lymer  m isc ib i l i t y .  In a fu r ther  
cont r ibut ion corresponding invest igat ion on po lymer  blends wi l l  be repor ted.  
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