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ABSTRACT An open tubular column (capillary) coated with poly[N-(n-octadecy1)maleimidel (PMI-18) has 
been used above its glass transition temperature for estimating polymer-solvent interaction parameters by 
means of inverse gas chromatography (IGC). Experimental retention volumes corrected to zero flow rate V,O 
are reported for nonpolar (C, n-alkanes, n = 9-13) and polar (C, n-alkyl alcohols, n = 6-8 and 10) solute 
probes. Activity coefficients (a1/uJm, the Flory-Huggins parameter x, and mixing functions were derived 
and discussed with respect to  the chain length and polarity in the solute molecules. The heat of mixing at 
infinite dilution AHH,- taken at the midpoint, 143 "C, is in the range of 60 to 160 J/g. These values are interpreted 
as indicative of some fitting of a cooperative orientational order between neighboring n-alkyl side chains of 
a comb structure and the n-alkyl side of the probe molecules. The heats of vaporization of solute molecules, 
AHv, are in quantitative agreement with those calculated from vapor pressures by means of the Clausius- 
Clapeyron equation. The apparent glass transition temperature, Tg, estimated by IGC was found to be dependent 
on the chemical nature of the probe and the number of methylene groups in the n-alkyl chain. This dependence 
is explained within the framework of the theory of free volume and the difussion coefficient of the probe molecules 
into the polymer by an equation of the Fujita type. An expression has been derived from the free volume 
theory which relates the self-diffusion coefficient of the probes in the gaseous state to the apparent glass transition 
temperature of the PMI-18 estimated by IGC. 

Introduction 
A few years ago, Lichtenthaler and Prausnitz1j2 reported 

the use of open tubular capillary columns to measure 
polymer-solute interaction parameters by inverse gas- 
liquid chromatography (IGC). The only reason given by 
these authors1T2 for the employment of open tubular (ca- 
pillary) over packed columns was to provide an increase 
in film thickness, thus simulating the conditions prevailing 
in the bulk material. Since then very little attention has 
been paid to the study of IGC by means of open tubular 
columns. Latter, Braun and Guillet3 concluded that the 
film thickness in packed columns may be only an order 
of magnitude less than for capillary columns. They also 
claimed that due to high linear velocities of carrier gas and 
thick polymer films, the retention data in the case of ca- 
pillary columns must be obtained from lengthy and nec- 
essarily less precise extrapolation  procedure^.^ However, 
they did not present any experimental fact in favor of their 
arguments. 

Interlaboratory comparison of retention data obtained 
on packed columns has indicated that column packing 
procedures may be of fundamental imp~rtance.~ However, 
very recently, Card, Al-Saigh, and Munk5 carried out a 
detailed study on the role played by the very often termed 
"innert support" by studying retention volumes of non- 
polar as well as moderately and strongly polar probes. 
They concluded that to  obtain meaningful data for the 
retention of the probes and the thermodynamic parameters 
derived from the retention volumes, the data measured on 
the uncoated column support had to be subtracted from 
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the corresponding data of the coated column support. 
In addition, open tubular columns have rarely been used 

for thermodynamic measurements. The data on the Flo- 
ry-Huggins parameter x obtained from a packed column 
according to Lichtenthaler et al.' are lower than static data. 
However, the differences are less if the comparison is made 
between data from static experiments and those from ca- 
pillary columns. 

In the present paper we have focused our main interest 
on the three following poinb: (i) We explored the validity 
of the data obtained by using open tubular columns coated 
on the inner wall with a polymer above its glass transition 
temperature and extrapolated the retention volume to zero 
flow rate. (ii) The study of the influence of a comb 
structure such as the poly[N-(n-octadecy1)maleimidel by 
using both nonpolar (n-alkanes) and polar (n-alkyl alco- 
hols) substances as probes on the thermodynamic prop- 
erties of mixing was conducted. In linear polymers these 
thermodynamic functions are determined by interactions 
between the solvent molecule and short sequences within 
the polymer chain. A thermodynamic study of polymer- 
probe interactions can lead to an understanding of the 
specific interaction between the probe molecules and the 
polymer structure. (iii) We examined the dependence of 
the glass transition temperature determined by IGC on the 
structural properties and dimensions of n-alkyl derivatives 
used as probes. 
Experimental Section 

The experimental framework of IGC is mainly in the literature, 
so that only the significant details will be covered here. Ex- 
perimental procedures on IGC in genera15-9 and open tubular 
columns in particular1*2J0 will be used. 

Materi_als. -A fractionated sample of PMI-18 of Mn = 1.90 X 
lo5 and M w / M n  = 1.74, as estimated from measurements by 
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membrane osmometry and gel permeation chromatography using 
a self-calibration method" and Tg = 386.5 K estimated by DSC 
a t  the null rate of heating,12 was used. 

PMI-18 is a typical comblike polymer with structural unit I. 
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/ 
(c\H2)17 

I 
Reagent grade solutes, C, n-alkanes (n  = 9-13) and C, n-alkyl 

alcohols (n  = 6-8 and lo), were used without further purification 
(Merck, A. G., Fluka, A. G., and Carlo Erba, S.p.A.). 

Preparation of Column. Different methods have already been 
described in detail for preparing capillary columns. Preparation 
of open tubular columns by the solvent plug technique and their 
utilization has been discussed and described in detail by Ettre,13 
Lichtenthaler and P r a ~ s n i t z , ' ~ ~ * ~  and Gray and Guillet.lo 

A stainless steel column, i.d. 0.050 cm, 25 m long, with a wall 
thickness of 0.0125 cm (S.G.E. 25 SSB/BM) was used. The 
column was cleaned up following instructions given by Mon.14 

A reservoir containing measured amounts of a PMI-18 fraction 
dissolved in T H F  (1.28 X g/mL) was attached to the column 
and kept in a vacuum oven. The solvent was evaporated slowly 
a t  moderately reduced pressure, 20 mmHg below atmospheric 
pressure, with moderate heating (40 "C) and frequent and in- 
termittent changes of position to  prevent inhomogeneous de- 
position of the polymer film. It was heated for 48 h at 150 "C 
under high-vacuum conditions (0.01 mmHg) to remove any trace 
of THF.  

The amount of polymer in the column was determined by 
careful weighing to constant weight after complete drying under 
constant flow of helium at 150 "C. The resulting film thickness 
for our column assuming homogenous distribution was 1.67 X lo4 
A. The column was conditioned overnight with helium in the GC 
instrument at 170 "C and then cooled at  about 0.5 "C/min to room 
temperature before each use in order to allow the polymer the 
same thermal history. Solvent sample size was kept as small as 
possible (((0.05 pL). 

Instrumentation. A Perkin-Elmer Model 3920 B gas chro- 
matograph equipped with a Perkin-Elmer Model 3920 thermal 
conductivity detector was modified to include a very precise flow 
control and pressure manometer on the carrier gas inlet. Oven 
temperature was measured to  the nearest 0.1 "C by using a 
precision quartz thermometer (Hewlett-Packard Model H P  2804 
A) with a sound probe (Hewlett-Packard quartz probe Model 
18111 A) which was inserted into the oven chamber through a 
10-mm-diameter hole drilled through the oven cover. It was sealed 
with two pieces of Teflon ferrule of 5-mm inner diameter and 
5.5-cm length. 

The positions of peak maxima in some cases were obtained from 
the recorded graphs of the elution peak by a method9 similar to 
that  employed by Pella and Nebuloni15 to locate melting point 
maxima in DSC traces. 

Primary Data Reduction. Equations 1 , 2 ,  and 3 were used 
to obtain V:, the specific retention volume (corrected to 0 "C 
and zero flow rate),16 ( c z ~ ! ~ ~ ) ~ ,  the weight fraction activity 
coefficient a t  infinite d i lu t~on, '~  and x, the residual free energy 
of interaction between solute and polymer for high molecular 
weight polymer, respectively. V, is obtained by 

vg = At,(F/w2)(3/2)[(pi/p,)2 - ll[(P~/Po)~ - 11-l x 
(1 - (PH@/Pa)) (1) 

where At, = t ,  - t ,  is the difference between retention time of 
the probe t ,  and of the marker t,. F is the flow rate of carrier 
gas measured a t  room temperature with a soap bubble flow meter 
at  ambient temperature pa, w 2  is the mass of the polymer in the 
column, pi and po are the inlet and outlet pressures, respectively, 
and pHPO is the water vapor pressure a t  room temperature. Re- 
tention volumes were corrected to zero flow rate v:. The flow 
dependence of the specific retention volume for the PMI-18In- 
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Figure 1. Effect of the flow rate on the specific retention volume 
V: for the poly[N-(n-octadecy1)maleimidel (PMI-18)ln-decane 
system at different temperatures. Some experimental data have 
been omitted for simplicity. 

decane system at several temperatures is shown in Figure 1. The 
activity coefficient is obtained from 

where VI, M I ,  and p: refer to the solute molar volume, molecular 
weight, and saturated vapor pressure, R is the gas constant, T 
is the column temperature (K), and Bll the second virial coefficient 
to  correct for vapor-phase nonideality of the probe. 

At infinite dilution of the probe and for high molecular weight 
of the polymer, the Flory-Huggins residual free energy of in- 
teraction between solute and polymer x is determined from 

x = In (273.2Rvz/V,0ploVl) - 1 - plo(Bll - Vl)/RT (3) 

where v2 is the specific volume of the polymer. Solute vapor 
pressures were computed from the Antoine equation, 

(4) 

where t is the temperature ("C) and A,  B,  and C are constants 
which have been taken from the literature.18 

Solute densities were obtained from Orwoll and Floryl9 and 
Timmermansm for n-alkanes and from Costello and BowdenZ1 for 
n-hexyl alcohol, n-octyl alcohol, and n-decyl alcohol and from ref 
22 for n-heptyl alcohol. 

Second virial coefficients for n-alkanes (B1J were computed 
from the following e x p r e ~ s i o n : ~ ~  

log p t  = A - B / ( C  + t )  

Bll/VC = 
0.430 - O.886(Tc/T) - 0.694(T,/T)2 - 0.0375(n - l)(T,/T)4.5 

(5) 
where V, and T, are critical volumes and temperatures, Tis the 
temperature (K), and n is the number of carbon atoms of the 
n-alkane. Critical constants were taken from tables given by 
D r e i s b a ~ h . ~ ~  

The second virial coefficient for n-alkyl alcohols has been 
calculated from the expression given by Pitzer and 
B1lPc/RT, = (0.1445 + 0.073~)  - (0.330 - 0.46w)T;' - 

(0.1385 + O.~OW)T[~ - (0.0121 + O.097w)TL3 - 0 . 0 0 7 3 ~ T < ~  (6) 

in which w is known as an acentric factor defined by 
w = -log (P,/P,) - 1.000 ( 7 )  

and P, is defined as the vapor pressure at  T,  = TJT, = 0.700. 
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Table I 
Thermodynamic Interaction Parameters for PMI-18 and n -Alkanes and n -Alkyl Alcohols at Infinite Dilution 

130 “C 140 “C 150 “C 160 “C 170 “C 
solute ( a l l q ) m  x ( a l / 4 ”  x ( a l 1 4 m  X ( a l / 4 *  X ( a l 1 4 m  X 

n- Alkanes 
n-nonane 5.21 0.269 4.84 0.191 4.58 0.128 4.25 0.068 4.45 0.084 
n-decane 4.90 0.235 4.54 0.154 4.29 0.089 4.02 0.019 4.51 -0.042 
n-undecane 4.36 0.133 4.01 0.042 3.17 -0.024 3.40 -0.134 3.75 -0.206 
n-dodecane 4.23 0.123 3.94 0.048 3.68 -0.025 3.37 -0.116 3.26 -0.157 
n-tridecane 4.18 0.122 3.86 0.039 3.61 -0.030 3.33 -0.114 3.26 -0.185 

n-Alkyl Alcohols 
n-hexyl alcohol 4.45 0.270 4.01 0.161 
n-heptyl alcohol 4.33 0.246 3.91 0.136 
n-octyl alcohol 4.13 0.202 3.79 0.114 
n-decyl alcohol 3.74 0.114 3.47 0.035 
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Figure 2. Specific retention diagrams for n-alkanes on PMI-18 
as a function of reciprocal temperature. V,O represents specific 
retention volumes corrected at zero flow rate. 

Equation 7 only needs critical magnitudes for its application. 
However, it gives a higher accuracy on the values estimated for 
Bll than those from the Berthelot equation. 

Specific volume of the polymer was calculated from volumetric 
data26 for unfractionated PMI-18, 

(8) v 2  (cm3/g) = 1.042 + [T(K) - 3481 8.75 X 

where 8.75 X 

Results and Discussion 
The flow rate dependence of the specific retention 

volume V ,  is shown in Figure 1 for the PMI-lS/n-decane 
system at  several temperatures. Equation 1 was used to 
calculate the peak maximum retention volumes. Straight 
lines were obtained for all the systems studied in this work. 
In every case a linear extrapolation to zero flow rate gave 
a good representation of the experimental data. V:’s are 
actually extrapolated values by linear extrapolation to zero 
flow rate. Values of (a,/wJm, calculated by means of eq 
2 and given a t  some temperatures in Table I, are in the 
range 2-5. Low values are indicative of polymer-solute 
miscibility, whereas values greater than 5 are characteristic 
of poor polymer/solvent systems. 

Values of the residual free energy of interaction of 
Flory-H~ggins~’ ,~~ x range from 0.3 to -0.2. In order to 
attain good polymer-solute miscibility, x must be less than 
the critical value of 0.5.27,28 

represents Aa = CY, - ag for PMI-18. 

3.60 0.049 3.27 -0.054 3.03 -0.137 
3.52 0.028 3.25 -0.057 3.03 -0.132 
3.46 0.018 3.12 -0.089 2.92 -0.160 
3.19 -0.050 2.99 -0,119 2.88 -0.161 

Poly [ N-[n-octadecyl)maleimidel 
n-alkyl alcohols 

9 

20 2 2 2.6 2.6 2.8 
1 0 % ~  ,(K-’) 

Figure 3. Specific retention diagrams for n-alkyl alcohols on 
PMI-18 as a function of reciprocal temperature. V,” represents 
specific retention volumes corrected at zero flow rate. 

It is apparent from comparison of the x values that the 
n-alkanes, in general, are slightly less soluble in PMI-18 
than n-alkyl alcohols. In fact n-alkyl alcohols tend to 
dissolve PMI-18; they are 0-solvents above room tem- 
peratureZ9 (see sixth column of Table 111). 

However, these results indicate that the presence of a 
hydroxyl group in the probe is not so important as ex- 
pected in determining miscibility with PMI-18. 

This may be due to some kind of association between 
the n-alkyl side chains,and probe molecules, i.e., orienta- 
tion correlations between n-alkyl side chains and their 
interaction with solvent molecules.29 The n-alkyl part of 
n-alkanes and n-alkyl alcohols is probably responsible for 
such a specific interaction. These results are in excellent 
agreement with the values obtained for the partial molar 
heats of mixing mlm as will be shown below. 

The same trend in the In Vg“ versus 1/ T plots shown in 
Figures 2 and 3 has been found for some other systems. 
Thus, Braun and G ~ i l l e t ~ ~ n ~ ’  studied the effect of coating 
thickness in packed columns on the polystyreneln-hexa- 
decane system. They found considerable changes in the 
shape of the retention diagrams by changing the loading 
from the sigmoidal-type curves to a diagram where the In 
V,O versus 1/ T over the entire range can be conveniently 
represented by two intersecting straight lines corre- 
sponding to two very well differentiated regimes. A t  low 
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Table 11 
Partial Molar Heat of Mixing, Heat of Solution, and Heat 

of Vaporization of Several n -Alkanes and n -Alkyl Alcoqols 
in PolylN-(n -0ctadec~1)maleimidel (PMI-18) 

hii,", -AHH,, LVI,, 
temp cal/mol cal/mol cal/mol 

solute range, O C  (eq 10) (eq 11) (es 12) 
n- Alkanes 

n-nonane 120-170 1927 7379 9306 
n-decane 122-170 1577 8664 10242 
n-undecane 122-170 2147 9058 11206 
n-dodecane 116-170 2508 9642 12150 
n-tridecane 116-170 2409 10728 13136 

n-Alkyl Alcohols 
n-hexyl alcohol 118-170 4066 7510 11578 
n-heptyl alcohol 118-170 3045 9339 12384 
n-octyl alcohol 124-170 2805 10354 13159 
n-decyl alcohol 127-170 2248 12578 14827 

enough loading the crossing point was no longer detectable. 
This happens for a loading of 0.36% and an average 
thickness of 60 A. It also happens with systems such as 
polystyrene/ perfluoro-n-eicosane,32 polystyrene f nitro- 
methane,% poly(N-isopropylacrylamide) /n-butyl alcoho1,32 
polyethylene/~yclopentane,~ and poly(steary1 meth- 
acrylate)-graft-poly(methy1 methacrylate) copolymer/ n- 
dodecane.% Some possible explanations have been given 
in terms of Martin's equation.35 

It is clear that changes in retention behavior can be due 
to a change in surface to volume (mass) of the polymer and 
its influence on the combined surface and bulk retention 
mechanism apart from the method used to prepare the 
column and thermal history. For this reason, the total 
retention volume can be expressed as a function of four 
main factors, the partition coefficient due to surface ad- 
sorption KAD, the partition coefficient due to bulk ab- 
sorption KAB, the available surface area of the polymeric 
coating S, and its mass m. They are related by means of 
Martin's eq~at ion ,~Ob~ 

(9) 

Under the experimental condition of our open tubular 
column the high load and low surface area make the ratio 
S / m  almost negligible and therefore K B  >> Km(S/m). In 
other words V,O is controlled by KB. This means that our 
system follows an equilibrium bulk absorption mechanism 
not only above but also below TB' So in this case the 
polymer morphology may play an important role. 
Therefore a change in the In V; versus 1/T slope is in- 
dicative of different heats of solution for a given solute in 
the same polymer depending on the strycture of the 
polymeric matrix. This condition is fulfilled by our comb 
structure. 

The partial molar heat of mixing, ml", of the solute 
a t  infinite dilution in the polymer is given by 

V,O = Km(S/m) + KAB 

ARlm = R6(h (al/ul)m)/6(1/Z') (10) 
therefore Mlm may be obtained from the slope of the best 
straight line through a plot of the logarithm of the activity 
coefficient versus the reciprocal of the absolute tempera- 
ture, as determined by a linear least-squares analysis. A 
linear temperature dependence was obtained for all sys- 
tems studied. 

Heats of solution, AHs, were determined in a similar 
manner from the temperature dependence of the specific 
retention volumes, 

AH8 = -R6(ln V,O)/6(1/T) (11) 

Values for ml" and Ma are gathered in Table 11. Heats, 
of vaporization for the solutes (at 143 "C) were obtained 
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Figure 4. Comparison of Ai'?;" (cal/g or J/g) for two homologous 
series of probes on PMI-18 versus the number of carbon atoms 
of the  n-alkyl chain of the probe. 

from the heats of solution and heats of mixing in Table 
I1 as follows:36 

(12) 

Table I1 gives the values of Mlm, AHa, and AHv for all the 
systems studied. In figure 4, Mlm has been plotted against 
the carbon atom number of the n-alkyl chain. Data for 
n-alkanes and n-alkyl alcohols have been plotted side by 
side to show clearly the analogies between probes of dif- 
ferent chemical functionality and n-alkyl length. Both 
series of compounds are clearly situated along the same 
line. It is believed that heats of mixing in n-alkane systems 
may reflect correlations of molecular  orientation^.^^ Since 
interactions between aligned chains are energetically more 
favorable than between randomly oriented chains, an or- 
dered phase becomes thermodynamically more stable than 
a nonordered As can be seen on Figure 4 there is 
no significant increase of Mlm for longer n-alkanes. They 
are in the range 60-160 J /g .  Two superimposed trends 
are observed: one for n-alkyl alcohols where there is a 
smooth dependence between AB," and the number of 
carbon atoms in the n-alkyl chain; the other for n-alkanes 
where MIm remains constant all over the range. At least 
in the range of C, studied in these two homologous series, 
we may conclude that from n = 9, MIm does not depend 
on probe molecule length. However, any reduction of the 
n-alkyl alcohol length would lead to an increase of MI". 
These findings, we believe, are due to a chain length effect 
more than to the different character of the polymer-sol- 
vent interaction. 

Comparison of (al/ul)m and x values (Table I) for the 
n-alkanes with those for n-alkyl alcohols at equal chain 
length demonstrates that the presence of a hydroxyl group 
in the n-alkyl alcohol molecules does not promote any 
change in the intermolecular interactions. This suggests 
that the interaction with n-alcohols should be caused by 
the n-alkyl chain side. 

I t  should be mentioned that the order of comblike 
polymer in bulk, concentrate, and dilute solution are 
identical. Thus, crystallization and layer ordering in the 
melt, layer ordering in gel solutions, and order tendency 

AH" = AR," - AHs 
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Table I11 
Molar Volumes V , ,  Flory-Huggins Residual Free Energy Parameter x ,  and Solubility Parameter for the Probes at 143 OC and 
Apparent Glass Transition Temperature T,, 9 Temperature, Collision Diameters u, and Diffusion Coefficient D (2') for the 

Systems PMI-Wn -Alkanes and PMI-lSIn -Alkyl Alcohols 
solute V,, cm3/mol X b,, ~ a l ' f ~ / c m ~ / ~  Tg, "C e, "C u, A D ( n  x lo6, cm2/s 

n- Alkanes 
n-nonane 208.4 0.177 6.35 117.5 
n-decane 225.0 0.139 6.47 119.5 
n-undecane 243.6 0.018 6.53 122.5 
n-dodecane 259.4 0.025 6.62 123.5 
n-tridecane 277.4 0.020 6.66 125.0 

6.06b 1.67 
6.1gb 1.53 
6.24* 1.44 
6.31* 1.35 
6.32* 1.30 

n-Alkyl Alchols 
n-hexyl alcohol 141.5 0.133 8.71 118.5 78.0 6.10' 1.86 
n-heptyl alcohol 165.9 0.113 8.48 119.5 65.1a 6.43c 1.57 
n-octyl alcohol 178.8 0.076 8.30 122.0 53.7 6.65c 1.38 
n-decyl alcohol 214.9 0.014 8.07 126.0 39.3 7.24c 1.07 

aCalculated by means of 0 (K) = 5.61 X 10' n F 6  from ref 29. bCalculated by means of eq 25 and 26. cCalculated by means of eq 27 and 
28. A mean value of 1.60 0 for the dipole moment of every n-alkyl alcohol has been taken due to the scattering given in the literature54 for 
this magnitude. The precise value of (1.0-2.0 D) does not affect too much the final result for 6 and therefore u. 

in dilute solution of comblike polymers are due to strong 
intra- and intermolecular interactions by means of an 
orientational ordering in the side ~hains .3~ From this point 
of view the above behavior (Figure 4) of our comb structure 
in solvents of similar structure to the side chain may be 
easily explained assuming a highly ordered system from 
the point of view of molecular organization between the 
n-alkyl side chain of our PMI-18 and n-alkanes and n-alkyl 
alcohols. 

Most of characteristic properties for comblike polymers 
with sufficiently long (Cn, n = 6) n-alkyl side chain are 
determined in many respects by interaction of side chains. 
The parallel type of packing of the side chains may create 
favorable conditions for the contact of the probe molecules. 
One of the ends of the n-alkyl chain is fixed to the main 
chain. Thus there is a restriction when an n-alkyl side 
chain is compared to a normal n-alkane. These orienta- 
tional contacts are so important that the gels from com- 
blike polymers and n-alkanes or n-alkyl alcohols exhibit 
remarkable stability; no phase separations take place even 
for some years. Finally, the cooperative orientational order 
between neighboring n-alkyl side chains of the polymer and 
the n-alkyl side of our probe molecules may explain the 
order of magnitude observed for as well as the trend 
shown in the range of n from 6 to 13 depicted in Figure 
4. In addition, the cooperative orientational order or 
alignment of n-alkyl side chains of PMI-18 seems to he 
easier with short-chain n-alkyl alcohol molecules. Our 
results agree with those found by Phuong-Nguyen and 
Delmasa for linear atactic polymers such as polybutadiene 
and polypentenamer and n-alkanes. They found values 
for alw of 4-5 and 2-3 J f g, respectively. These values 
are interpreted as indicative of some fitting of the orien- 
tational order between segments of the polybutadiene and 
polypentenamer and n-alkanes. 

Whether the AHv is calculated from IGC data via eq 12 
or estimated by means of the Clausius-Clapeyron equation 
from vapor pressure versus temperature data, equivalent 
results are obtained. To check this agreement we show 
in Figure 5 calculated values according to eq 12 (ordinate) 
plotted versus AH, from the Clausius-Clapeyron equation 
(abscissa). The points are distributed more or less along 
the line of the AHJordinate) = AHv(abscissa) diagonal. 
The agreement is quite good in spite of the calculation 
done to estimate AHv by means of eq 10-12. 

Solubility parameters, 61, were calculated for the various 
n-alkanes and n-alkyl alcohols from the relation 

61 = [(AH, - RT)/V,]1 '2  (13) 
where R is the universal gas constant and V1 is the solute 
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Figure 5. Comparison of experimental data for AX, versus AXv 
calculated according to the Clausius-Clapeyron equation. The 
full line represents the bisecting line for AHv(eq 12) = AHv- 
(Clausius-Clapeyron) for two homologous series of n-alkanes and 
n-alkyl alcohols. 

molar volume corresponding to temperature T (K), which 
was chosen as the midpoint of the temperature range in- 
vestigated for our poly[N-(n-octadecy1)maleimidel (416.2 
K); AHv is the molar enthalpy of vaporization for the solute 
a t  temperature T. The use of AHv calculated through the 
eq 12 from IGC data or by means of AH, estimated from 
the Clausius-Clapeyron equation does not affect the final 
results on 61 for the probes. Calculated values of bl at 
416.16 K are summarized in Table 111. 

A procedure for estimating the solubility parameter of 
a polymer is to combine the Flory treatment41 with Hil- 
deb rand- sca t~ha rd~~  theory to give the following rela- 
tionship for the interaction parameter,42 x: 

AH,,[Clausius-Clapeyronl.[Kcal/mol~ 

This equation can be rewritten as 
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Figure 6. Estimation of solubility parameter (6,) of PMI-18 from 
6, (solubility parameter of the probes) and x (residual free energy 
of interaction) parameters at 143 "C. 

Therefore a plot of [(6,2/R7') - (x/Vl)] versus 61 of probes 
should yield a straight line with a slope of 26,/RT and an 
intercept of -622/RT. The polymer solubility parameter 
6, thus obtained for PMI-18 a t  143 "C corresponds to the 
midpoint of temperature range investigated. The results 
are illustrated in Figure 6. An excellent linear correlation 
is found. The slope and intercept were obtained from a 
linear least-squares analysis. Both the n-alkanes and n- 
alkyl alcohols lie on the same line and therefore yield the 
same values for the solubility parameter. For this reason 
we may conclude that the polymer solubility parameter 
6, is independent of the chemical structure of the probe 
and its solubility parameter. Derived values of a2 at 143 
OC for the PMI-18 are 7.41 and 7.44 ~ a l ' / ~ / c m ~ / ~  from the 
intercept and the slope, respectively. This means that in 
applying eq 15 the 6, values derived from the slope and 
intercept are consistent. So it is easily concluded that eq 
15 provides a useful method for estimating the solubility 
parameter of a polymer a2 a t  infinite dilution in the probe 
solvent by using IGC data. 

Figures 2 and 3 also illustrate the retention diagrams 
that have been used to derive apparent glass transition 
temperatures values for PMI-lB/n-alkanes and n-alkyl 
alcohols. The value of Tg is located at the point where the 
plot of h Vp" versus 1 f T departs from linearity. Very often 
this departure is followed by an inflection with sigmoidal 
shape. However, in some cases only a change in shape has 
been observed as has been mentioned above. Now it is well 
established that sigmoidal-type retention diagrams are 
related to a transition of surface to bulk retention mech- 
anism in the vicinity of Tg in the polymeric stationary 
phase.33 In a few other cases total linear retention dia- 
grams, corresponding to surface adsorption, were recorded 
through Tg. This was attributed to the impossibility for 
a nonsolvent to penetrate to bulk polymer, even a t  tem- 
perature above T 43 

In our case ea& one of the lines of Figures 2 and 3 is 
characterized by a single and well-defined value for Tg, 
given in Table I11 and shown in Figure 7. It can be seen 
that the addition of each methylene group increases Tg in 
a linear manner for each one of the two homalogous series 
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Figure 7. Dependence of apparent glass transition temperature 
of PMI-18 on the number of carbon atoms in n-alkanes and n-alkyl 
alcohols used as molecular probes. 

of n-alkanes and n-alkyl alcohols employed as probes. The 
value ATg per methylene group CH2 is equal to 2 K for 
n-alkanes and n-alkyl alcohols. 

The same behavior has also been found by Belousov et 
a1.44 for poly(carbonate), a poly(sulfone), and poly(methy1 
methacrylate) as polymers and n-alkanes as probes. They 
explain this behavior assuming that the diffusion of sample 
and solute molecules into the polymer matrix starts when 
the average size of the holes, as a result of which overall 
free volume is implanted, agrees with the size of sample 
molecules. According to Braun and G ~ i l l e t , ~ ~  a t  temper- 
atures above Tg, where equilibrium conditions can no 
longer be sustained, the penetration of the solute molecules 
in the bulk of the polymer is incomplete and the fractional 
value of the matrix accesible to the probe increases with 
temperature at a rate proportinal to the square root of the 
diffusion coefficient. Nevertheless, the present data do 
allow a comparison between two homologous series of 
probes of different polarity and our comblike polymer 
PMI-18 to be made. We will try to correlate in a semi- 
quantitative way the apparent glass transition temperature 
for a given probe/PMI-18 system with the molecular 
characteristics of the probe in an effort to provide an in- 
sight into the influence of the free volume on the glass 
transition detection by IGC. 

The free volume concept and Fujita equation have been 
used by Braun and Guillet31 and have proved to be valu- 
able empirical tools for the prediction of some character- 
istics of the retention diagrams as functions of operation 
conditions such as coating thickness, flow rate, polymer 
properties, etc. It is possible that a similar approach may 
well prove to be a reliable procedure to explain the de- 
pendence of our apparent glass transition temperatures 
on the size and polarity of the penetrating solute molecules. 

Lower glass transition temperatures are associated with 
polymers having a large proportion of free volume in the 
rubbery state. According to the WLF theory45 the free 
volume fraction fJT) in a polymer at a temperature T 
above Tg can be conveniently expressed in the linear form 
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from the first and last equalities we obtain D(T) = 

The self-diffusion coefficient a)*A can be easily obtained 
a)*A/RT. 

by means of the following e x p r e s ~ i o n : ~ ~  

where fv(Tg) is the free volume fraction a t  the glass tran- 
sition. It has the universal value of 0.025 for all polymers 
and (a ,  - crJ = ha is the difference between the thermal 
expansion coefficients above and below Tr This expres- 
sion enables values of fJT)  to be calculated at any ex- 
perimental temperature such as our apparent glass tran- 
sition temperatures of Table 111. The diffusion coefficient 
of a diffusate into a polymer matrix seems to depend on 
fractional volume and it can be given to a good approxi- 
mation by Fujita's& equation in terms of our apparent glass 
transition temperatures through the free volume fraction 
by 

D(T) = Doe-B/fv(n (17) 

which relates the diffusion coefficient D ( T )  to the frac- 
tional free volume fv(T). Do and B are two parameters 
depending on the polymer (Do) and on the polymer and 
diffusate (B). They are assumed to be independent of 
temperature. Do may also denote the value of D(T)  at zero 
diffusate concentration. At  higher concentration the 
diffusate makes a contribution to the free volume of the 
system and then eq 17 may no longer obtain. 

The main problem of the diffusion in two-component 
systems is to estimate the mean diffusion coefficient D- 
(n-this coefficient in the Fujita equation is considered 
very often as a thermodynamic coefficient-of a given 
system from appropriate experimental data. 

D(T) ,  though defined as a thermodynamic coefficient, 
may be considered as a mean diffusion coefficient and 
replaced by the mutual diffusion coefficient, D(T)  N D'. 
The mutual diffusion coefficient D' may be expressed47@ 
in terms of two intrinsic coefficients a ) A  and a)B. When 
the partial volumes are constant they are related by the 
expression 

D' = VACA(DB - a)A)  + a ) A  (18) 

where CA is the amount of component A contained in unit 
volume of the system and VA is the constant volume of the 
unit amount of A used in the definition of the concen- 
tration. Usually, in solvent-polymer systems, a ) B  << a ) A  
and, therefore, 

(19) 

where 4B is the mole fraction of the polymer and under 
our experimental conditions we can consider I ~ B  1, so 
in our case eq 19 takes the simple form of D' a)A,  since 
the amount of probe within the polymer is almost zero. It 
is well-known that the IGC gives results with small con- 
centrations of diffusates or rather lower volatility than is 
usual in sorption or permeation  experiment^.^^ 

The intrinsic diffusion coefficient a)A can be related to 
the self-diffusion coefficient of component A, a)*A, by 
means of the following  expression^:^^ 

D' = a ) A ( l -  VACA) = a ) A &  

where CA, PA, and aA denote the amount of component A 
contained in unit volume of the system, its chemical po- 
tential, and its thermodynamic activity, respectively. If 
we consider that the solution is ideal 6 In aA/6 In CA = 1 
and then 

a ) A  E a)*A/RT (21) 

therefore all the above approximations lead to a series of 
relationships between different coefficients of diffusion, 
namely, 

D(T) D' N a ) A  a)*A/RT (22) 

where is the viscosity in poise. The ratio OVl!& is a 
weak function of P (P = k T / t ,  and = potential energy 
parameter) and is approximately 1.1 at ordinary temper- 
atures. Values for this ratio are tabulated for nonpolar as 
well as polar molecules. However, it is believed that the 
relation between a)*A and q A  is almost independent of the 
choice of force law model and potential function (Len- 
nard-Jones or S t o ~ k m a y e r ) . ~ ~  M is the molecular weight 
and T the absolute temperature. In making a crude as- 
sumption, the viscosity q A  for a rigid noninteracting sphere 
model is 

PA = 26.69MlJ2T11'/a2 (24) 

where a = hard-sphere diameter in angstroms. Values of 
a for nonpolar molecules can be calculated from the rela- 
tion of a to critical constants through the equation 

a = (2.44 - w')(T,/P,)'/~ (25) 

where w' is the acentric factor which is defined ass1 

W' = 0.006R + 0.02087R2 - 0.00136R3 (26) 
and R is the radius of gyration in angstroms. Values for 
R were taken from Reid, Prausnitz, and S h e r w o ~ d . ~ ~  

For polar molecules a can be calculated by means of the 
potential function given by S t o ~ k m a y e r . ~ ~  Brokaws3 sug- 
gests that a for polar molecules may be estimated as fol- 
lows: 

1.94 x 103 p~ 
6 =  

vbTb 

u = (1.585Vb/l + 1.362)1/3 (28) 

where a is in angstroms, Tb the boiling point (K), pLp the 
dipole moment (D), and Vb the liquid molal volume at the 
boiling point ( cm3/ mol). 

According to all the assumptions and simplifications we 
have made, the D(T)  coefficient can be finally expressed 
in terms of our apparent glass transition temperatures Tis, 
the free volume of the polymer a t  this temperature fv(T), 
the molecular weight of the probe M ,  and the Lennard- 
Jones (n-alkanes) or Stockmayer (n-alkyl alcohols) po- 
tential parameter a, for every series as 

In D ( T )  = In (35.23 X lo4 T1~2/M~zaz) = 
In Do - B/f.,(T) (29) 

So, if we plot In D(T)  = In (35.23 X 10+ F/2/M%?) versus 
l/f,,( T )  we will obtain a straight line of slope -B and in- 
tercept In Do from which the coefficient at zero diffusate 
concentration Do may be obtained. 

The D(T) values from Table I11 are plotted in Figure 
8, where two series of separate points have been calculated 
from the a data by using eq 25 and 26 for n-alkanes and 
eq 27 and 28 for n-alkyl alcohols. Considering the as- 
sumptions and approximations and mainly the different 
sources used for the physicochemical constants of n-al- 
kanes and n-alkyl alcohols, the agreement is quite good. 
The intercept and slope give values of 2.48 X for Do 
and 5.66 X for B. These two values compare well with 
the figures obtained for some other  system^.^^,^^ In view 
of the present results, the introduction of the free volume 
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Origins of Entanglement Effects in Rubber Elasticityt 

Douglas Adolf 
Sandia National Laboratories, Albuquerque, New Mexico 87185. Received May  12, 1987 

ABSTRACT The effects of entanglements on a network chain with fixed ends are modeled as hoops through 
which the chain must pass. This model differs from the tube models which allow no “chain leakage” from 
the tube and from the slip-link models which do not conserve monomer along the chain. The strain-dependent 
portion of the free energy as the chain ends are displaced is shown to arise from three factors: the entropy 
of the strained unentangled subchains spanning the hoops, the distortion of the hoops with strain, and the 
narrowing of the distribution of segments required to reach a hoop with increasing extension ratio. An analytical 
expression for the free energy of the chain can be derived that takes the M - 1 hoops per chain to be of 
infinitesimal diameter thereby neglecting this second factor. The resulting free energy for a network of these 
chains is of the form 

where 6 is the cycle rank of the network and Xi is the extension ratio along the ith axis. 

The early theories of rubber elasticity due to Flory’ and 
James and Guth2 allowed network chains to pass through 
each other freely and gave expressions for the force in 
response to a uniaxial deformation of the form 

(1) 

where X is the extension ratio. However, it is well-known3 
that the reduced force 

( 2 )  

is not independent of the uniaxial extension ratio. Recent 
molecular theories have attributed this effect to the con- 
servation of network topology via entanglements but have 
modeled the entanglements in several different ways. The 
constrained junction theories of Floy and Erman4~5 and 
Ronca and Allegra6 assume that the major effect of en- 
tanglements is to modify the strain dependence of the 
network junction fluctuations. The tube models of Gay- 
lord’ and MarruccP assume that the network chains are 
confined to virtual tubes by the entanglements. Finally, 
the theories of Edwards and co-workersgJO model the en- 
tanglements by slip-links that preserve network topology. 
In the present model, entanglements acting on a single 
polymer chain are envisioned simply as hoops through 
which the chain must pass. This view is not as restrictive 
as confining the chain to a tube and, as shown later, differs 
from the slip-link model in that it does not consider sub- 
chains connecting sliplinks to be individual entities each 
with a prescribed length distribution. 

Theory 
A simple version of this model is shown in Figure 1 

where the chain endpoints are located at (O,O,O) and (O,O,z) 
and the M - 1 hoops are equally spaced squares perpen- 

f - 0. - 1 / A 2 )  

[PI = f / ( A  - 1 / A 2 )  
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dicular to and centered about the z axis. The partition 
function for the chain can be expressed as 

where G(x,y,H,n) is the probability that a subchain con- 
necting two entanglements (hoops) and starting at  the 
origin will end at  (x,y,H) in n segments. The partition 
function is an M-fold convolution in the chain-length 
variable which results from the fact that each of the sub- 
chains requires ni segments to reach the next hoop and 
x y n i  must equal N, the total number of segments of 
length 1 on the chain. If the chain statistics are assumed 
to be Gaussian, then G is given by 

G = ( 3 / 2 ~ n Z ~ ) ~ / ~  exp[-3(x2 + y2 + H2)/2nL2] (4) 

F ( x )  defines the size of the hoop along the x axis and may 
be, for example, a repulsive hard core or a harmonic po- 
tential. For the case of a hard core potential, F(x)  = l for 
-a I x 5 a and 0 elsewhere for a square hoop of width 2a. 

Mathematically, the simplest function for F ( x )  is the 
Dirac 6 function, 6 ( x ) ,  for which the hoop diameter van- 
ishes. Using this, the spatial integrations are easily 
evaluated and the partition function can be evaluated by 
Laplace transformation of the convolution in N a n d  sub- 
sequent inversion. The resulting expression for the par- 
tition function is in this case 

where K is a function independent of the extension ratio. 
If we make the assumption that the position of an entan- 
glement (hoop) deforms affinely when the chain end is 
moved from z to Xz, then H = kHo. Using the formula f 
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