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ABSTRACT: Several gas chromatographic and static sorption techniques were used to measure the activity 
of water vapor over concentrated solutions of (hydroxypropy1)cellulose (HFC). Activities of water vapor measured 
from 15 to 55 OC show the effect of the lower critical solution temperature (LCST) at temperatures above 
40 “C in the ordered liquid crystalline mesophase in that activities approach unity and the partial molar heats 
of mixing, calculated from the temperature dependence of the sorption isotherms, go to zero. 

Introduction 
(Hydroxypropy1)cellulose (HPC) is a cellulose ether, 

soluble in water and in many organic solvents. The com- 
mercial polymer is available in a variety of molecular 
weights, with an average substitution of four hydroxy- 
propyl groups per anhydroglucose unit. It is believed that 
there may exist unsubstituted hydroxyl groups on the 
cellulose backbone as well as hydroxypropyl groups con- 
densed upon other hydroxypropyl groups. HPC has been 
shown to form an ordered liquid crystalline mesophase 
with cholesteric structure in concentrated aqueous solu- 
tion,’ as well as in concentrated solutions of polar organic 
solvents.2 Aqueous solutions show a lower critical solution 
temperature (LCST) at  about 42 0C.1i2 Above this tem- 
perature, the solutions precipitate, coalescing into a white 
gel a t  yet higher temperatures. For a given sample, the 
position of the LCST has been shown to be independent 
of concentration from a few ppm of polymer up to ap- 
proximately 40% polymer by weight, the point at  which 
the anisotropic phase starts to form. 

In our previous paper: we measured the activity of water 
vapor over concentrated aqueous solutions of HPC by 
inverse gas chromatographic and static methods at  25 OC 
and used GC to measure the activity coefficients at infinite 
dilution of water on the polymer from 15 to 85 OC. We 
found that our data a t  high water content and the data 
from the literature4 were best fitted to the familiar Flo- 
ry-Huggins equation 

(1) 
while the results at  very high polymer concentration were 
best fitted to Flory’s equation for an ordered phase of 
rodlike  molecule^^^^ 

In bdh) = (1 - l/dh + x F d ~ 2 ’  

where the degree of orientation of the rods is given by y 
(1 < y I x ) ,  with y = 1 for perfect orientation. The sub- 
scripts on the two interaction parameters xm and X R  show 
their origin in the Flory-Huggins and rodlike molecule 
theories, respectively. Recently, Flory has extended these 
calculations’ and considered mixtures of rods of different 
lengths? 

Although an increasing number of papers are being 
published on lyotropic, polymeric liquid crystals, there 
have been few studies of the thermodynamics of mixing. 
The HPC-water system is attractive because of the benign 
nature of the components, the reasonable vapor pressure 
of the solvent, and the readily accessible lower critical 
solution temperature. We have therefore extended our 
previous measurementsS to cover concentrations from 0 to 
50% water by volume over a temperature range, 15 to 55 
OC, which spans the LCST of the system. Various ther- 
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modynamic parameters have been calculated, in an at- 
tempt to elucidate the mesophase structure and mecha- 
nism of sorption in this composition range. 
Experimental Section 

The HPC samples used for these measurements were the same 
as those used pre~io_usly.~ The GC sample was a Klucel “L” 
(Hercules, nominal M, = 100000). Static mea_surements were 
done on a sample of HPC of the same nominal M, from Aldrich, 
reported to have a value of M,, = 35000.4 The column used in 
the GC measurements on HPC waa that used in the previous work 
and had a load of 0.646 g (2.39%) of HPC. The HPC was coated 
onto the Teflon powder support by slow evaporation from acetone 
solution and the support packed into M-m, 0.25-in. 0.d. poly- 
propylene columns. Octakis(2-hydroxypropy1)sucrose (HPS) is 
a water-soluble, highly viscous fluid and is obtainable from 
Chromatographic Specialties LM. under the trade name Hyprose 
SP80. An elemental analysis was performed by Schwarzkopf 
Microanalytical Laboratory to confirm its purity. Anal. Calcd 
for (CH2CH(0H)CH& CI2H1,011: C, 53.58; H, 8.74. Found C, 
53.04; H, 8.83. A value of 1.187 g mL-* was used for the density! 
The column used for the GC measurements was prepared in the 
same manner as the HPC column and had a load of 0.480 g 
(2.16%) of HPS. 

The gas chromatograph, a Hewlett-Packard Model 5722A, was 
equipped with a thermal conductivity detector. For the finite- 
concentration work, temperatures were controlled to within k0.05 
“C by an external circulating bath; for the work done a t  infinite 
dilution, temperatures above 30 “C were controlled to within 0.1 
“C by the built-in air oven. Flow rates of the helium carrier gas 
were measured with a soap bubble flowmeter and were corrected 
for water vapor content of the carrier gas in the flowmeter and 
for column pressure drop. 

At  low water content, sorption isotherms of water and HPC 
were measured by the GC method of “elution by a characteristic 
point” or ECP, to which was added a t  25 OC measurements by 
the “elution on a plateau” or EP method.g Two static methods 
were also used. In the first static method, a sample of HPC was 
suspended from a Cahn vacuum microbalance, and the equilibrium 
vapor pressure of water and weight of sorbed water were measured 
with stepwise addition of water vapor to the system. This method 
waa used in the range 15-30 OC and only gave reproducible resulta 
at relative partial pressures of water of less than 90%. In the 
second method, sealed sample bottles containing HPC suspended 
over aqueous H#04 were submerged in a constant-temperature 
bath. The uptake of water by the HPC was followed gravime- 
trically until equilibrium was attained. The concentration of 
H2SO4 was then determined by titration, and the corresponding 
partial pressure of water was obtained from the literature.1° This 
method gave the sorption isotherms at high water content in the 
15-30 OC range and the complete isotherms in the range 35-55 
“C. 

The fundamental relationship between the corrected GC re- 
tention volume, VR,,11,12 and the corresponding sorption isotherms 
is 

(3) 

where q (mol g-l) is the concentration of solvent “probe” vapor 
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Figure 1. Sorption isotherm a t  15, 35, and 55 OC for low con- 
centrations of water on HPC. The amount of water adsorbed, 
in mol g-l, is plotted as a function of the relative partial pressure 
with data from GC (ECP) measurements. 
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Figure 2. Sorption isotherms at 15,35, and 55 "C for water on 
HPC. The activity is plotted as a function of the volume fraction 
of water with data from both GC and static measurements. 

in the stationary phase (polymer), c (mol mL-') is the corre- 
sponding concentration of solvent vapor in the vapor phase, and 
w (g) is the mass of polymer loading in the GC column. The 
isotherms were calculated from the peak shapes of injected water 
by means of the above basic equation, but with various standard 
corrections for gas-phase compressibility and the sorption ef- 
fect.""2 The volume fractions, +I, of water sorbed were calculated 
assuming zero volume change upon mixing. 

Results 
The appearance of the HPC samples observed during 

static measurements was similar to that reported previ- 
ously,' progressing from the original white powder to a 
clear film to a gel, with the cholesteric colors developing 
as water content increased. Results from various sorption 
methods agreed within experimental error up to the useful 
limits of each method. The experimental error was 
greatest a t  the lowest GC concentrations (41 = 
0.005-0.015), due to the error inherent in the calibration 
of the GC detector a t  low partial pressures of water, and 
in the range 0.03 5 41 5 0.07, above the limits of the GC 
measurements but a t  the lowest limits of the static 
methods. 

Typical GC sorption isotherms measured by the ECP 
technique are shown in Figure 1, while Figure 2 shows 
isotherms measured over the entire concentration range. 
No hysteresis was seen in the sorption/desorption curves 
measured on the vacuum microbalance. 

In order to determine the partial molar heats of mixing, 
the activities of water, al = p l / p I o ,  were first obtained at 
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Figure 3. Natural logarithm of the activity of water vapor plotted 
as a function of inverse absolute temperature for volume fractions 
of water from 0.01 to 0.10, as indicated. 

Figure 4. Natural logarithm of the activity of water vapor plotted 
as a function of inverse absolute temperature for volume fractions 
of water from 0.10 to 0.40, as indicated. 

regular intervals by interpolation of the isotherms from 
a volume fraction of 0.005-0.030 in steps of 0.005, and 
above 0.030 in steps of 0.01. The average values of the 
activities were computed by polynomial regression over 
small portions of the isotherms encompassing five exper- 
imental points. While this did not provide any great ad- 
vantage over the hand-fitted curve, it did help to determine 
the precision of the interpolation. A complete tabulation 
of the experimental data is available as supplementary 
material. 

The partial molar heat of solution, AQm, was calculated 
from the activities according to 

(4) 

The corresponding free energy of mixing with respect to 
a standard state of liquid water is 

AGm = RT In a1 (5) 
and the corresponding entropy of mixing 

AS, = (mm - A8,) /T  (6) 

Figures 3 and 4 show the natural logarithm of the ac- 
tivities as a function of inverse absolute temperature a t  
low water content (& = 0.01-0.10) and high water content 
(& = 0.10-0.40), respectively. At volume fractions of water 



1548 Aspler and Gray Macromolecules 

- A n r n  30- 

2 0- 
.lo% mol 1 

1 0 -  

0 --_ 
32:- 

0 010 020 030 040 050 
. l o  ' " 4 ' 1 ' t '  

@ I  

Figure 5. Partial molar heats of mixing measured from ad- 
sorption isotherms in various temperature ranges: hEt,, 15-55 

less than 0.2, the relationship between In al and 1 / T  is 
linear within experimental error, indicating constant heats 
of mixing over the temperature range. However, at tem- 
peratures above 40 OC and water contents d1 R 0.20, there 
is an inflection clearly visible in the curves of Figure 4, with 
the slope and hence ARm above the LCST approaching 
zero as the water content increases. The point of the 
inflection is drawn with prior knowledge of the dilute-so- 
lution LCST of 42 "C. With this in mind, if the portions 
of these curves above and below the inflection point are 
taken as linear, then two heats of mixing may be inferred: 
one (ma) below the LCST and one (AHb) above the 
LCST. 

Figure 5 shows the partial molar heats of mixing from 
0 to 50% water by volume per mole of water. Typical 
precisions estimated from the least-squares analysis of the 
data are given. 
Discussion 

In common with other lyotropic polymeric mesophases, 
a two-phase isotropic-anisotropic region exists a t  inter- 
mediate concentrations of HPC in water below the LCST.2 
This requires that a plateau should exist in the sorption 
isotherms, since for the two phases to coexist, the water 
activity should remain constant with increasing HPC 
concentration and the amount of anisotropic phase should 
increase at the expense of the isotropic material? However, 
the two-phase region is narrow and the experimental ac- 
tivities are close to unity, and so the measurements are 
insufficiently precise to detect the region of constant water 
vapor pressure. 

Above the LCST, the dilute solutions separate into a 
polymer-rich precipitate and a very dilute aqueous phase. 
When the water content drops below about 60% (by 
volume), the liquid crystalline mesophase forms. Even in 
the mesophase region, the samples turn white on heating, 
indicating that separation of a dispersed phase still occurs, 
but over a much more extended temperature range than 
for the dilute solutions.2 This effect provides an expla- 
nation for the variation in the heats of mixing with tem- 
perature shown in Figures 4 and 5. 

At a sharp LCST, one would expect that the activity of 
water over the very dilute aqueous phase would go to unity. 
The heat of mixing would be expected to go to zero at the 
same time since the excess heat of mixing of water with 
water is zero. The polymeric mesophase is a more com- 
plicated case, since the phase separation does not yield 
precipitate plus water but instead a still-ordered phase 
apparently containing a dilute dispersed phase. The 
nonlinearity in the activity plots of Figure 4 at high water 
content can be attributed to the separation of a dilute 

O C ;  AHa, 25-40 "C; A R b ,  45-55 "C. 

dispersed phase above the LCST. For $1 greater than 
about 0.38, the activities above the LCST are close t o  
unity, as expeded for very dilute solution mixing, and A", 
is zero within experimental error (Figure 5). As the 
amount of water decreases, the magnitude of increases 
until it coincides with Ma at $1 N 0.20. A t  lower con- 
centrations of water, there is a single heat of mixing, Mm. 

The enthalpic interactions between water and the liquid 
crystalline phase are given by Ma and am. The mixing 
process is exothermic, with the magnitude of ARm de- 
creasing as the volume fraction of water increases. How- 
ever, the decrease is not smooth, apparent maxima oc- 
curring at  $1 N 0.05 and $1 N 0.17. Such discontinuities 
have been observed in the past for water adsorption on the 
polymers ~ollagen,'~ poly(N-~inylpyrrolidone),~~ amylose,16 
and cellulose,16 and in poly(hydroxyethy1 methacrylate) 
and its copolymer with poly(N-vinylpyrr01idone)~~ and 
have been interpreted in terms of specific states of water 
in the swollen adsorbate. The volume fractions a t  which 
the discontinuities occur correspond approximately to one 
(& = 0.053) and three (dl = 0.145) water molecules per 
substituted anhydroglucose unit. As each unit contains 
three hydroxyl groups, the maxima may be associated with 
interactions between these groups and water. The second 
maximum near three water molecules per unit is also close 
to the point where the effect of the LCST is first seen in 
the activities of water vapor. 

A second contribution to the enthalpy of mixing may 
result from the disruption of the partially crystalline re- 
gions of the dry polymer to give the aqueous liquid crys- 
talline phase. The magnitude of the effect is uncertain, 
AHc for the transition from the semicrystalline polymer 
to the isotropic state being 4 J /g  of polymer.18 This effect 
may contribute to the high value of am at very low water 
content. 
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Appendix. AH,,,- Values for 
(Hydroxypropy1)cellulose and for a Dimeric 
Analogue 

In a previous papel.3 we tabulated the partial molar heats 
of mixing at  infinite dilution, amrn, as a function of tem- 
perature for water in (hydroxypropy1)cellulose. The values 
were calculated from 

where pl0 is the vapor pressure of water at  temperature 
T and V, is the specific retention volume a t  infinite dilu- 
tion. The first term on the right side of eq 7 corresponds 
to the latent heat of vaporization of water, and the second 
term represents the partial molar heat of solution of water 
at  very low concentration in the polymeric stationary 
phase. The tabulated values were obtained by fitting each 
term on the right to a second-degree polynomial in 1 / T  
and taking the difference between the curves at  each 
temperature. The values for -A&," increased from -3  
kJ/mol at  15 OC to -10 kJ/mol at  85 "C. 

These experiments were repeated with octakis(2- 
hydroxypropy1)sucrose (HPS) as the stationary phase. 
HPS is composed of two monosaccharide residues with 
four hydroxypropyl substituent groups on each and is thus 
a reasonable dimeric analogue of the hydroxypropyl-sub- 
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showed negligible kinetic effects, and, of course, no ex- 
trapolation to zero concentration was necessary.) 

Supplementary Material Available: Experimental activities 
of water over HPC solutions (4 pages). Ordering information is 
given on any current masthead page. 
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ABSTRACT: The melt titration technique was used to determine the extent of miscibility in several 
polystyrene/polyacrylate (PMA, PEA, PBA) and polystyrene/polymethacrylate (PnBMA, PMMA) blends. 
The results were used in the Flory-Huggins theory of polymer solutions to calculate the interaction energy 
density. A theoretical value of the interaction energy density was obtained from the components’ solubility 
parameters and the two values were compared. The Flory theory and Sanchez’s lattice fluid theory, based 
on statistical thermodynamic principles, were used to predict the miscibility of the polystyrene/acrylic blends. 
The use of experimental values of the specific volume, the thermal expansion coefficient, and the thermal 
pressure coefficient was found to affect the miscibility predictions considerably. Finally, results from the 
melt titration technique were compared with predictions of these theories. The Flory treatment offered the 
best ranking of the experimental miscibilities, while the Sanchez theory correctly predicted the very low 
miscibilities to lo4) found for all pairs. 

Introduction 
Miscibility in a two-component polymer system is re- 

quired to obtain a homogeneous product, which is highly 
desirable for superior and predictable performance. 
Various theories have been developed to aid in predicting 
polymer-polymer mis~ib i l i ty~*~ and its dependence on 
temperature, pressure, and concentration. For better ap- 
preciation of the performance of these theories, experi- 
mental miscibility data are essential. Unfortunately, very 
few data are available a t  present, which has led many 
scientists to investigate new methods for determining 
miscibility in polymer-polymer systems. We reported’ 
earlier a melt titration technique for measuring the extent 

of miscibility in polymer blends. 
In this work, polystyrene (PS) was chosen as one com- 

ponent and the extent of miscibility of poly(methy1 acry- 
late) (PMA), poly(ethy1 acrylate) (PEA), poly(buty1 acry- 
late) (PBA), poly(n-butyl methacrylate) (PnBMA), poly- 
(methyl methacrylate) (PMMA), and poly(dimethy1- 
siloxane) (PDMS) in polystyrene was determined by melt 
titration. From the known phase behavior of the polymer 
blends, the “Tompa interaction parameter” x and 
“interaction energy density” B = RTx/ Vl were calculated. 
For comparison purposes, the interaction energy density 
was obtained from the difference in solubility parameters 
Ji calculated from group contributions: B = (6, - 6J2. 
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