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ABSTRACT The properties of ethylcellulose and its highly concentrated solutions with various chlorinated 
probes have been studied by inverse gas chromatography. The results show that the polymer cast at room 
temperature from solution is an orientationally ordered glass, where the chiral nematic structure, initially 
present in the liquid crystalline solution, has been kept upon drying. The cast samples experience a glass 
transition around 120 "C, but both the exact temperature and the width of the transition depend on the 
casting solvent and the thermal history of the sample. The excess enthalpy of mixing, calculated from the 
temperature dependence of the activity coefficients of the probe, is much more negative for the glass than 
for the polymeric liquid crystal above Tg and, therefore, is a sensitive indicator of the physical state of the 
stationary phase. 

Introduction 
Inverse gas chromatography (IGC) is widely used for 

the physicochemical characterization of macromo1ecules.l4 
The properties which are commonly investigated by IGC 
include (i) structural features of the polymeric stationary 
phase, for example, its glass transition1 or degree of 
crystallinity: (ii) thermodynamics of polymer-aolventlJO 
and polymer-polymer  mixture^,^^-^^ and (iii) diffusion 
coefficients of volatile compounds in the polymeric ma- 
trix.14J5 The IGC method is based on measurements on 
the retention time of a low molecular weight compound 
or probe. Most studies use parameters derived from the 
maximum of the concentration profile at the outlet of the 
chromatograph. This limits the measurements to a 
temperature range where the asymmetry of the chro- 
matograms is presumably negligible, namely, about 50 "C 
higher than the glass transition of the stationary phase, 
TB' Even a t  high temperature, however, the results often 
show a large dependence on the carrier gas flow rate, which 
raises question about their validity as equilibrium data. 
In a previous paper,l moment analysis was successfully 
applied to IGC: retention parameters based on the average 
residence time of the probe in the column, i.e., the center 
of mass of the elution profile, have been found to be 
independent of the carrier gas flow rate at temperatures 
as low as TB' 

In contrast with static methods such as osmometry or 
viscosimetry, IGC yields polymer-solvent interaction 
parameters at infinite dilution of the probe, i.e, at infinitely 
high concentration of the polymer. This feature is 
especially attractive for thermodynamic studies of solu- 
tions which form liquid crystals at high polymer content. 
Cellulose derivatives are one example of macromolecules 
which give rise to chiral nematic phases in solution.16J7 
The mesogens in such liquid crystals are essentially parallel 
except for asmall twist in the orientation direction between 
neighboring molecules. This induces a supermolecular 
helical arrangement, whose periodicity or pitch is much 
longer than the molecular dimension. The occurrence of 
ordered phaees in solutions of cellulosics is attributed to 
the lack of flexibility of the cellulose backbone. However, 
several phenomena, still not clearly understood, suggest 
that the solvent might play an active role. In the case of 
ethylcellulose (EC), for instance, the critical concentration, 
i.e, the minimum amount of polymer required at a given 
temperature for the onset of the mesophase, varies widely 
with the nature of the solvent. No evidence of liquid 
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crystallinity has even been observed in some ~ o l v e n t s . ~ ~ J ~  
Also, the handedness of the chiral liquid crystalline 
arrangement has been found to depend on the s01vent . l~~~~ 

Thermodynamic studies of liquid crystals provide 
invaluable information on the origin of mesomorphic order 
and the nature of phase transitions.21 The purpose of this 
work was to study EC and its solutions in various 
chlorinated solvents by IGC. A particular attention has 
been paid to the effect of the casting solvent and the 
thermal history on the structure and the thermodynamic 
properties of the stationary phase. 

Data Reduction 

The retention of a volatile probe on a stationary phase 
can be evaluated through the net retention volume, VN": 

&m 

or the specific retention volume, Vgo: 

273.15 tp - tmvm 
v:=Tm, tm 

where Tis the temperature, m2 is the mass of the stationary 
phase, and tp and tm are the retention times of the probe 
and a noninteracting marker, respectively. The volume 
of the gas phase between the injector and the detector, or 
void volume, Vm, is a constant for a given packed co1umn.l 
The mole fraction activity coefficient of the eluted 
component 1, at infinite dilution in the stationary com- 
ponent 2, is given by22 

(3) RT 
where n2 is the number of moles of the stationary phase, 
PI", the vapor pressure of the probe, B I ~ ,  the second virial 
coefficient of the probe in the gas state, VI, the molar 
volume of the probe in the liquid state, and R, the ideal 
gas constant. Other thermodynamic quantities which 
measure the change associated with mixing 1 mol of liquid 
probe with an infinite quantity of liquid stationary phase 
can be derived23 from the activity coefficient, for instance, 
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t he  excess enthalpy of mixing: 
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Table I. Experimental Characteristics of the Columns and 
the Chromatographs 

(4) 

The determination of (a1Ix1) requires the knowledge of 
the molar mass of the stationary phase, which raises 
difficulties in the case of high molecular weight, polydis- 
perse polymers. This prompted,, the introduction of the 
weight fraction activity coefficient, which, at infinite 
dilution of the probe, reduces t o  

(5 )  

where MI and M2 are the molar masses of the probe and 
polymer, respectively. Equation 3 _then changes to an 
expression which does not contain MZ explicitly: 

In order to derive meaningful retention times by  moment 
analysis of the chromatograms, all extra-column contri- 
butions to peak broadening must be eliminated. A 
simplified chromatographic assembly, stripped from all 
connectors used for the measurement of the carrier gas 
flow rate, is required.' With such asetup, no determination 
of V, can be performed. A value of (allwl)" relative to 
a constant is calculated merely from the retention times 
and parameters for the pure probe, using: 

P,O(B', - V') 
(7) 

where VO, an arbitrary constant with the dimensions of a 
volume, is introduced for consistency. The determination 
of activity coefficients relative to an unknown constant 
does not constitute a severe limitation of the IGC method, 
because the constant only depends on the column. Thus, 
the method allows for an accurate comparison between all 
the results acquired on a given column, e.g., for different 
probes or for different thermal and solvent histories of 
the stationary phase. Absolute values of the enthalpy of 
mixing are calculated from 

RT 

The above equations require some physicochemical 
parameters of the pure probes. In the present paper, the 
vapor pressures were calculated using thehtoine equation 
and constants taken from ref 24. The molar volume and 
second virial coefficient were estimated using the equations 
of Rackett or Van Ness, as described in ref 25. T h e  
arbitrary constant VO was taken as 1 cm3. 

Experimental Section 
Materials. Ethylcellulose wasa commercial sample purchased 

from Aldrich Chemical Co. The nominal ethoxy content was 
48%, giving a degree of substitution (i.e., the average number of 
oxygens of the original cellulose repeat unit, now bearing a 
substituent) slightly inferior to 2.5. The weight-averagemolecular 
weight and polydispersity were determined to be 325 OOO and 
2.0, respectively, by size-exclusion chromatography. The chro- 
matographic support was Chromosorb W (acid-washed and 

i.d. length mp loading* 
column material (cm) (m) (9)  (%)  chromatograph 

I stainless 0.256 3.00 0.2573 8.14 Varian 3300 

I1 copper 0.483 1.85 0.4963 4.76 Hewlett-Packard 

a Mass of the polymer in the column. Weight ratio of the polymer 

steel 

7620A 

in the chromatographic support. 

treated with dimethylchlorosilane), obtained from Chromato- 
graphic Specialty Inc. This support was chosen after preliminary 
studied5 on columns packed with various pure supports. Only 
Chromosorb W exhibited negligible retention of chlorinated 
probes at temperatures as low as 70 OC. Three compounds were 
used both as casting solvents for the stationary phase and injected 
probes: chloroform, dichloromethane, and l,l,l-trichloroethane 
(Aldrich Chemical Co.). They were at  least 99% pure and used 
without further purification. 

Chromatography. The chromatographic support was coated 
with EC using asolution in dichloromethane (about 2 % by weight) 
and a method which allows for the determination of the accurate 
content of polymer on the support, as previously described."ho 
packed columns were used in two different chromatographs in 
this work. The detailed characteristics of instruments and 
columns are given in Table I. Both chromatographs were 
equipped with a flame ionization detector (FID). Dried helium 
was the carrier gas, while methane served as a marker to evaluate 
t,, the time required to cover the distance between the injector 
and detector in the absence of any retention. Detector and 
injector temperatures were 210 and 185 OC, respectively. A 
simplified IGC assembly, composed of only the injector, the 
column, and the detector was used in both chromatographs, so 
that a statistical moment analysis of the chromatograms could 
be performed. The retention times were estimated from the first 
moment of the elution profiles. The ratio (tP - t,)/t, was then 
independent of the flow rate and size of injection (between 2 and 
40 pL of vapor) over the entire temperature range investigated. 
For a stationary phase of given thermal and solvent histories, the 
retention parameters were measured twice at  several tempera- 
tures upon cooling, first from 93 to 70 "C after annealing at  95 
"C and then from 171 to 70 OC after annealing at  175 "C. 
Annealing times were never less than 6 days. At least two 
measurements of the retention times of the probe and marker 
were performed at each temperature. 

Preparation of Polymer Films. Free-standing EC films were 
cast from solutions in chloroform, dichloromethane, and l,l,l- 
trichloroethane. Direct mixing of EC and solvent was avoided 
in order to prevent contamination of the final polymer film with 
low-boiling impurities from the solvent, which would act as 
plasticizers. The following procedure was used instead. Known 
amounts of solvent and as-received polymer powder (volume ratio 
about 1O:l)  were placed in separate vessels in the same container. 
The air was removed from the latter, which was then closed. 
After a few days, all solvent was found to have transferred to the 
polymer vessel, forming a homogeneous solution. The solvent 
was slowly evaporated at room temperature, fiist under a partial 
pressure of solvent vapor slightly lower than the saturated 
pressure and then under vacuum. The evaporation was per- 
formed as slowly as possible, over several days, in order to allow 
the solution of changing concentration to remain at equilibrium. 

Preparation of t h e  Stationary Phase. In order to study 
the effect of the casting solvent on the resulting properties of the 
polymer film, a new method was designed to reproduce the casting 
conditions in the chromatographic column itself. The main 
benefit of the method is to allow for the study of different casting 
solvents on the same column, therefore keeping instrumental 
parameters, such as the amount of the polymer or the volume of 
the gas phase in the column, constant. The column was connected 
to a saturator containing about 20 mL of the casting solvent. 
Nitrogen was bubbled in the solvent a t  room temperature and 
a flow rate of 1 mL min-1, until all solvent had been driven into 
the column, which took about 2 weeks. The column was left 
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Figure 1. Elution profiles of chloroform on ethylcellulose at 
different temperatures: (from left to right): 166, 156, 146,136, 
130,125,120,110,100,93,87,82,77, and 72 "C. The stationary 
phase was cast from a chloroform solution. The time scale is 
relative to t,, the retention time of the methane marker. The 
detector signal has been normalized by dividing each height by 
the surface of the chromatogram. 
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connected to the same assembly under the flow of nitrogen for 
several days in order to slowly dry the stationary phase. The 
column was finally placed in the chromatograph for conditioning 
by a gradual increase of the temperature over 6-8 days. After 
the retention measurements were completed, the procedure was 
repeated on the same column, in order to prepare another 
stationary phase using a different casting solvent. 

Calorimetry. The heat capacity of EC films was measured 
in an adiabatic Calvet scanning calorimeter (C-80, SETARAM, 
Lyon, France). Measurements were performed upon heating at  
a rate of 0.1 "C min-' between 30 and 180 "C. No data could be 
collected at  higher temperatures, due to the degradation of the 
polymer occurring at low heating rates, i.e., long residence times. 

Dynamic Mechanical Thermal Analysis (DMTA). The 
elasticity modulus (E') and loss tangent (tan 6 )  of EC cast films 
were determined using a dynamic mechanical thermal analyzer 
(Polymer Laboratories, Inc.). The measurements were performed 
on rectangular specimens (about 3 X 0.7 X 0.2 cm3) in the 
cantilever bending mode, using five frequencies (0.3,1,3,10, and 
30 Hz). The results reported in Figures 3 and 5 were obtained 
at 1 Hz. T w o  scans were recorded upon heating at 1 "C min-l, 
first from 60 to 170 "C and then from 60 to 230 "C. A flow of 
nitrogen was maintained on the sample throughout the exper- 
iments. 

Polarized Optical Microscopy. The intensity of white light, 
transmitted by the cast films when placed between crossed 
polarizers, was measured by microscopy (Zeiss Standard, West 
Germany). The films were heated under nitrogen at  1 "C min-l 
in a Mettler FP800 hot stage. 

X-ray Diffraction. Wide-angle diffraction spectra were 
obtained from free-standing samples, using nickel-filtered Cu 
Ka radiation (A = 0.154 418 7 nm) produced by a Rigaku RU- 
200BH rotating-anode X-ray generator operated at  50 kV and 
160 mA. Collimation of the incident beam was achieved through 
a Soller slit and a 2.0-mm pinhole. All scans were recorded in 
the symmetrical transmission geometry, the normal to the sample 
being positioned at angle 0 with respect to the incident beam 
while the diffracted intensity was measured at 28 by a detector 
equipped with a pulse-height analyzer. 

Results and Discussion 
Thermal Transition in Ethylcellulose. Nature of 

the Transition. Figure 1 gives the chromatograms of 
chloroform recorded on EC upon cooling from 175 "C. 
The profiles are narrow and symmetrical at high tem- 
perature but widen at  temperatures lower than about 110 
"C. Also the temperature dependence of the retention 
time increases at  low temperature. Similar features are 
observed when dichloromethane or l,l,l-trichloroethane 
is used as the probe. The effect is indicative of a transition 
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Figure 2. Effect of temperature on the relative activity 
coefficients of chloroform (H), dichloromethane (e), and l,l,l- 
trichloroethane (e) at  infinite dilution in ethylcellulose. The 
same column was used with stationary phases cast from (a) 
chloroform, (b) l,l,l-trichloroethane, or (c) dichloromethane and 
annealed at 175 "C. The solid lines are the results of a least- 
squares regression applied on data gathered at either the six 
lowest or the six highest temperatures. The transition occurs at 
a temperature which does not depend on the probe but varies 
with the casting solvent. 

in the stationary phase. It is different from the change 
in the shape of the elution profiles observed upon cooling 
an amorphous polymer below its glass transition. Resis- 
tance to mass transfer is less affected by the transition in 
EC than by aconventional glass transition, since no sudden 
decrease in the position of the peak maxima occurs.26 The 
relative activity coefficients of various probes in EC cast 
from various solvents have been calculated from the 
retention times, using eq 7. Plots as a function of reciprocal 
temperature are given in Figure 2. For all systems, two 
linear regions are observed. The transition temperature 
from one region to the other does not vary with the probe, 
since the lines intersect at  about the same temperature 
for a given stationary phase. Again, this suggests the 
occurrence of a transition in the polymer itself. A similar 
discontinuity could be observed on retention diagrams, 
e.g., plots of ln(VNo/Vm) as a function of reciprocal 
temperature. In order to ascertain the nature of the 
transition, the dynamic mechanical properties of cast films 
of EC were studied as a function of temperature. The 
results are presented in Figure 3. The elastic modulus, 
E', shows a rapid decrease at  about the same temperature 
as the change of slope in the plots of Figure 2. Figure 3 
shows that, as E' decreases, the ratio of storage to elastic 
moduli, or loss tangent, goes through a maximum. The 
temperature of this maximum was observed to vary linearly 
with the logarithm of the frequency of deformation, 
increasing by about 5 O C  for every 10-fold increase of the 
frequency. These mechanical properties are typical of a 
glass transition. The heat capacity of the fiis was 
measured as a function of temperature by scanning 
microcalorimetry. The plots have been drawn in Figure 
3 for comparison. They show that the transition is second- 
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Figure 3. Dynamic mechanical properties and heat capacity of 
ethylcellulose as a function of temperature. The samples were 
cast from dilute solutions in l,l,l-trichloroethane (full line), 
chloroform (dashed line), or dichloromethane (dotted line) and 
annealedat 175 "C prior to the measurements. The heat capacity, 
Cp, the elastic modulus E', and the loss tangent, E"JE', exhibit 
the characteristic features of a glass transition. However, the 
DMTA results show that the width of the transition depends on 
the casting solvent. 
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Figure 4. Effect of thermal history on the birefringence of a 
film cast from CH2C12. The intensity of light, Ill0 (full line), 
transmitted by the f i i  when placed between crossed polarizers, 
has been measured as the temperature (dashed line) was first 
increased from 70 to 175 O C  and then decreased back to room 
temperature at a rate of 1 "C min-l. Similar behaviors were 
observed for the films cast from CHC13 or CHsCCls. 

order. The changes in heat capacity, ACp, are between 
0.17 and 0.28 J g-l K-l, Le., between 40 and 65 J K-l mol-', 
Again, this is consistent with a glass transition involving 
a polymer constituted of large rings as repeating units.27 
All EC films cast from chlorinated alkanes at room 
temperature exhibited birefringence at room temperature. 
Figure 4 shows the temperature variation of the light 
intensity transmitted by.such a film, when observed 
between crossed polarizem under an optical microscope. 
Upon heating (left part of the figure), the intensity remains 
constant until the transition temperature. The birefrin- 
gence then increases sharply. If heating is continued 
further (not shown in the figure), a slow decrease is 
observed from 180 "C and the last trace of birefringence 
disappears around 240 "C. Similar observationszs on 
samples of unspecified history led to the conclusion that 
ethylcellulose forms a thermotropic liquid crystal. There- 
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Figure 5. Effect of thermal history on the dynamic mechanical 
properties of EC cast from l,l,l-trichloroethane. The measure- 
menta were performed with a frequency of deformation of 1 Hz 
and at a heating rate of 1 "C min-l. The glass transition occurs 
at a higher temperature and over a shorter temperature range 
upon the second heating (dashed line) than the first (solid line). 
The results are similar when other solvents are used to cast the 
film, although the effect is the largest for CH3CCls. 

fore, the transition observed in Figures 2 and 3 can be 
attributed to a glass transition where the solid at low 
temperature is not amorphous but contains orientational 
order and converts to a liquid crystal upon devitrification. 
A t  room temperature, EC cast films belong to the same 
class of materials as g h e s  obtained by cooling a liquid 
crystal, or LC For the latter, the presence of the 
mesophase was found27 to have no influence on the various 
features of the glass transition. The presence of orien- 
tational order in EC films cast from a dilute isotropic 
solution can be explained as follows: concentrated solu- 
tions in the casting solvents are chiral nematic. Upon 
slow evaporation of the solvent at room temperature, the 
polymer concentration increases until the critical value 
for liquid crystal formation. The latter is about 30-4095 
(w/w) in chlorinated alkanes. Upon further drying, the 
concentration of the ordered solution increases until the 
viscosity is such that the polymer chain@ lose mobility. 
This corresponds to crossing the glass transition temper- 
ature-compoaition curve. The complete evaporation does 
not induce any further change in the polymer arrangement. 

Efisct o t  Thermal History. The results of Figures 2 
and 3 were obtained on cast films (either the stationary 
phase in the column or a free-standing sample) that had 
been annealed at 175 "C. The properties of the films upon 
the first heating after casting at room temperature are 
different, as shown, for instance, in Figure 4. As already 
mentioned, the birefringence is constant for the glassy 
film but increases with temperature above the glass 
transition. The phepomenon is essentially reversible upon 
cooling the film back from 175 "C to room temperature, 
except for a significant increase of the birefringence of the 
glass. The mechadcal properties are also affected by the 
thermal history of the sample. Figure 5 shows the results 
obtained by DMTA on a sample cast from l,l,l-trichlo- 
roethane. The comparison of the mechanical properties 
mwured upon the first and the second heating reveals 
that annealing promotes an increase of the glass transition 
temperature, T, by almost 20 "C. Also, the transition is 
sharper and the elastic modulus is higher for the annealed 
glass than forthe original cast film. In order to understand 
the changes prompted by annealing above T,, the heat 
capacity of cast f i i s  was measured upon their firat heating. 
The results are shown in Figure 6. In contrast with the 
calorimetric traces recorded for annealed samples (Figure 
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Figure 6. Heat capacity of EC cast films, recorded upon heating 
for the fiist time after casting at room temperature. The films 
were prepared from solutions in l,l,l-trichloroethane (solid line), 
chloroform (dashed line), or dichloromethane (dotted line). 
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Figure 7. Wide-angle X-ray diffraction patterns of an ethyl- 
cellulose cast fiim. Diagrams were recorded before (dotted line) 
and after (full line) annealing at 175 "C. The dashed line 
represents the subtraction of the two curves. 

3), an exotherm is observed when cast films are heated 
above Tg for the first time.30 The effect is the same for 
all cast films, although the change of enthalpy depends on 
the casting solvent, ranging from -29.1 to -43.4 J gl, Le., 
from -6.73 to -10.0 kJ/mol of repeat unit. Exothermic 
phenomena at Tg are generally associated with crystal- 
lization. Wide-angle X-ray diffraction measurements were 
therefore performed on EC cast films before and after 
annealing. Figure 7 shows the diffraction patterns for a 
sample cast from a trichloroethane solution. The as-cast 
samples (dotted line) are characterized by a wide halo 
centered around 26 E 21°, corresponding to a distance of 
about 4.2 A. New reflections appear upon annealing (solid 
line), as emphasized by the subtraction of the diagrams 
for the annealed and pristine films (dashed line). The 
degree of crystallinity of the film cast from CH3CC13, 
assessed from the ratio of the areas of crystalline peaks 
and an amorphous halo, is on the order of 12 % . The large 
exothermic heats observed in Figure 6 are unlikely to 
originate from recrystallization alone, since the enthalpy 
of fusion of the fully crystalline polymer would then be 
about 0.26 kJ g1 or 59 kJ mol-'. This value would the 
highest reported for a polymer so far, higher than the heat 
of fusion of polyethylene or  polyester^.^^ The enthalpy 
released at Tg reflects an overall increase in the degree of 
order in the polymer, which originates not only from 
recrystallization but also probably from an improved 
alignment of the chains into the chiral nematic arrange- 
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Table 11. Glass Transition Temperature of Ethylcellulose 
as a Function of Thermal History and Casting Solvent 

Tg ("C) 
annealedb 

as-~ast:~DMTA~ DMTA' Cpd IGCe 
cast from CHC13 134 142 117 115 
cast from CH3CC13 117 129 101 113 
cast from CHZC12 134 138 116 121 

a The polymer samples were cast at room temperature from dilute 
solutions, as described in the Experimental Section. The rate of 
evaporation of the solvent was kept as low as possible, in order to 
ensure that the solution reached equilibrium at all concentrations. 
Tg was then measured upon the first heating. b The samples were 
annealed at 175 "C, for times varying between a few hours for the 
films used in the mechanical property measurements and a few days 
for the stationary phases in the chromatograph. Tg was taken as 
the temperature of the maximum of the loss tangent, measured at 
a frequency of deformation of 1 Hz and a heating rate of 1 "C min-l, 
as shown in Figures 3 and 4. The glass transition was taken as the 
lowest temperature at which the polymer is a pure liquid, i.e., at the 
upper limit of the transition range (Figure 3). e As shown in Figure 
2, Tg can be determined from the change in the variation of the 
relative activity coefficients with temperature. Within the 95% 
confidence interval on the linear regression parameters, the transition 
temperature is independent of the probe injected. The values listed 
are averages for the three probes. 

ment of the liquid crystal. An exotherm was shown32 to 
accompany the transition from an amorphous state to a 
nematic phase at Tg in a side-chain liquid crystalline 
polymer. It is not possible to assess the relative importance 
of recrystallization and increase in orientational order in 
the effect of thermal history. Both factors increase the 
transition temperature, the elastic modulus, and the 
birefringence of the glass. Table I1 summarizes the effect 
of thermal history on the glass transition temperature of 
EC, as measured by various techniques. The agreement 
between the results is good, considering that Tg measured 
by dynamic methods is normally higher than that mea- 
sured by static methods. 

Effect of the Casting Solvent. An increase in Tg upon 
annealing is observed for all cast films. However, the 
transition temperature itself, as well as the extent of the 
effect of thermal history, depends on the casting solvent. 
For instance, the glass transition temperature of annealed 
samples, determined from Figure 2, is 113,121, or 115 "C, 
depending on whether the film was cast from a solution 
in l,l,l-trichloroethane, dichloromethane, or chloroform, 
respectively. The differences are more pronounced be- 
tween Tg measured in the course of the first heating of the 
films, as shown in Table 11. A difference as high as 17 "C 
is observed between the glass transition temperatures of 
films cast from l,l,l-trichloroethane and from chloroform 
or dichloromethane. As already discussed, the orienta- 
tional order in the cast films originates from the liquid 
crystalline arrangement present in the casting solution 
when crossing the Tg-composition curve upon drying. The 
effect of casting solvent indicates that both the chiral 
nematic pitch and the glass transition temperature of the 
solution vary differently with concentration in the various 
solvents. 

Excess Enthalpy of Mixing. The retention dataallow 
us to calculate thermodynamic functions which measure 
the effect of mixing 1 mol of the volatile compound into 
an infinite quantity of the polymeric stationary phase. An 
absolute value of the excess molar enthalpy, AHm=, is 
derived from the temperature dependence of the activity 
coefficients. The results obtained using eq 8 and a linear 
regression on the data presented in Figure 2 (solid lines) 
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Table 111. Molar Enthalpy of Mixing Ethylcellulose and Chlorinated Alkanes 
AH,,," (kJ mol-l)n for given casting solvent* 

temp range ("C) thermal history probe CHC13' CH3CC13' CHzClz' CH2C1zd 
-24.8 f 1.7 
-21.6 f 0.3 

-25.3 f 2.2 50-90 no annealing CHC13 -19.0 f 0.7 -20.2 f 0.4 
-21.7 f 1.6 CH3CC13 -14.9 f 0.8 -16.7 f 0.6 

CH2C12 -14.2 f 0.8 -15.0 f 0.4 -18.4 f 0.7 -18.6 f 1.6 
50-90 annealed at 175 "C CHCl3 -25.8 f 1.5 -23.0 f 0.7 -25.9 f 0.9 -26.8 f 1.0 

-19.8 f 0.6 -18.4 f 1.4 -23.5 f 0.6 -26.4 f 1.5 CH3CC13 
CH2C12 -18.6 f 0.5 -17.4 f 1.2 -20.6 f 0.6 -22.7 f 0.7 

130-170 annealed at 175 OC CHC13 -6.0 f 0.6 -6.1 f 1.5 -8.5 f 1.7 
CH3CC13 +0.3 f 0.4 -0.8 f 1.8 O f 3  
CH2C12 -5.3 f 0.5 -5.1 f 1.1 - 6 f 3  

Calculations were performed on the data of Figure 2, using eq 10. The uncertainty was determined from the 95% confidence interval on 
the slope of the linear regression. Stationary phases cast from different solvents were prepared successively in the same column as described 
in the Experimental Section. Column I. Column 11. Most experimental parameters are different for columns I and 11, including the 
chromatograph, the column length, and the polymer content. 

are given in Table 111. The uncertainty on Mmm was 
calculated from the 95% confidence interval on the slope. 
It is on the order of 2-5 % , except above Tg, where the 
much smaller slope of the activity coefficient increases 
the confidence interval. The enthalpy of mixing obtained 
for the same system on two different chromatographic 
columns allows us to evaluate the effect of the polymer 
content. The comparison of the last two columns of Table 
I11 shows a remarkable agreement between the results. 
This is a clear indication that there is no effect of the 
thickness of the stationary phase, even below its glass 
transition. Therefore, there is no sizable contribution of 
surface adsorption to the retention of the probe, and the 
enthalpy calculated is only the thermal effect of forming 
the solution. Upon close examination of Table 111, some 
trends can be noticed. Below Tg, the enthalpy of mixing 
is negative for all probes and stationary phases. However, 
AHm" measured from the retention above Tg is significantly 
larger (less negative) for mixtures of EC with l , l , l-  
trichloroethane than with the other probes. In fact, 
solutions of EC in CH3CC13 at high temperature appear 
to be essentially athermal. A possible explanation could 
be that, in contrast with chloroform and dichloromethane, 
l,l,l-trichloroethane does not possess an acid hydrogen, 
therefore limiting hydrogen bonding to ether functions of 
EC. At  low temperature, an identical trend is observed 
whatever the history of the stationary phase: the enthalpy 
of mixing is the largest upon mixing with dichloromethane 
and the smallest for solutions with chloroform. Although 
the value of AH", as well as its change upon devitrifi- 
cation, depends on the probe, the effect is qualitatively 
the same for all solutions: mixing with the glassy polymer 
brings about a larger loss in the enthalpy of the system 
than mixing with the polymeric liquid. The magnitude 
of the drop depends on the probe, varying from 12 to 23 
kJ mol-'. These are high values, in fact on the order of 
magnitude of half the enthalpy of vaporization of the pure 
probe. Such large negative contributions to mixing 
functions are reminiscent of the general phenomenon 
which has been shown33.34 to occur upon mixing two 
nonpolar liquids having very different molecular sizes, e.g., 
an amorphous polymer above Tg and a solvent. In the 
presence of the polymeric liquid, the more expanded 
solvent contracts. This decrease in the solvent free volume 
brings a negative contribution to the heat of mixing. This 
effect is at  least partly responsible for the negative 
enthalpies of mixing of EC and chlorinated alkanes above 
TB' The large decrease in AH,", observed when mixing 
is performed below Tg rather than at  high temperature, 
indicates that the solvent experiences a large loss of 
mobility in the glassy matrix. This reduces the enthalpy 

of the solution, since it contributes to improve the polymer- 
solvent contacts. 

Conclusions 

The properties of EC and its highly concentrated 
solutions with various chlorinated probes have been 
studied by IGC, using the first moment of the elution 
profile to measure retention parameters independent of 
flow rate. Due to the existence of chiral nematic phases 
in solution, EC forms an orientationally ordered glass upon 
casting at  room temperature. When heated, the cast film 
experiences a glass transition at  a temperature which 
depends on the casting solvent and the thermal history of 
the sample. Annealing above Tg induces some recrystal- 
lization and improves the overall orientation in the film 
but does not completely erase the solvent history. The 
effect is attributed to differences in the liquid crystalline 
structure of the films. The excess enthalpy of mixing, 
calculated from the temperature dependence of the activity 
coefficients of the probe, is a sensitive indicator of the 
physical state of the stationary phase. For given probe 
and stationary phases, the enthalpy of mixing is much 
lower for the glass than for the corresponding liquid above 
TB' Also, calculated below Tg for a given probe is 
lower after annealing the stationary phase. The results 
indicate that the thermodynamics of mixing mainly reflect 
the change experienced by the probe upon dissolving into 
a glass: the considerable loss of mobility improves the 
contacts with the polymeric matrix, therefore reducing 
the enthalpy of the system. In the present study, 
equilibrium retention parameters were obtained by IGC 
at temperatures much lower than TB' This is due in part 
to the use of moment analysis but also to a lower resistance 
to mass transfer in EC than in an ordinary amorphous 
glass. Further insight into the structural properties of 
orientationally ordered glasses can be gained from the 
study of the diffusion of the volatile compound in the 
polymer. This is the subject of a following paper35 
reporting the diffusion Coefficients calculated from the 
second moment of the elution profiies of chloroform, 
dichloromethane, and l,l,l-trichloroethane on the various 
EC stationary phases. 
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