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Abstract

An experimental study of the glass transition induced by solvent desorption has been performed for a series of Methyl methacrylate
(MMA)/ n-butyl methacrylate (nBMA) statistical copolymer films. The glass transition temperature of the dry homopolymers, PMMA and
PnBMA, are, respectively, about 105 and 78C above the temperature of the experiment, so that the glass transition domain can be analyzed in
detail by varying the solvent concentration and the copolymer composition. A strong coupling was found between drying dynamic and stress
relaxation. In particular, the quantitative analysis of the desorption isotherms based on the Leibler–Sekimoto approach led to a bulk modulus
K that increases as the proportion ofnBMA increases, contrary to the behavior of dry annealed samples.q 2000 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

Copolymers are extensively used in industrial processes,
because their physical properties (elasticity, permeability,
glass transition temperature, solvent diffusion kinetics) can
be varied within wide limits. Various theoretical and experi-
mental studies on copolymers have extended the theoretical
approaches previously developed for homopolymers. Some
of these works focus on block copolymers, which exhibit
specific properties due to mesophase formation. The beha-
vior of statistical copolymers, most commonly used in
industrial applications for practical reasons, are also of
great interest.

This paper concerns an experimental study of solvent
sorption and desorption by statistical copolymer films,
which undergo a glass transition. The glass transition
temperature of a polymer/solvent solution increases as the
solvent concentration decreases. Consequently, as a poly-
mer solution dries, the glass transition occurrence depends
both on the temperature and on the concentration in the film.
A good understanding of these phenomena is important
from both the fundamental and practical points of view.
For example, in the food packaging industry, polymer
films have to meet severe requirements, such as very low

residual solvent content, specific mechanical properties and
permeability properties, all of which is in complex depen-
dency on the overall drying and cooling kinetics, and espe-
cially on the solvent diffusion through the polymer matrix
and the glass transition of the film.

In this study, we focus on the solvent-induced glass tran-
sition, for a series of copolymers. The solvent diffusion
(polymer/solvent mutual diffusion coefficient) is not consid-
ered here: preliminary results have already been given [26],
and more complete results will be published later. Methyl
methacrylate (MMA) andn-butyl methacrylate (nBMA) are
the two components of the copolymers used in our study.
They were chosen because the glass transition temperature
of the pure polymers are very different —Tg0 � 1308C for
PMMA andTg0 � 328C for PnBMA — while the tempera-
ture in our sorption/desorption experiments is about 258C.
So, during solvent concentration variations, the PMMA
solution clearly crosses the glass transition, while the
PnBMA solution remains rubbery except at very low
solvent concentrations. By varying the ratio of MMA and
nBMA monomers in the copolymers, the variation of the
copolymer properties between these two limits can be inves-
tigated. Let us notice that the two polymers PMMA and
PnBMA are not miscible, so that a blend of the two compo-
nents would lead to segregation phenomena, whereas
copolymerization offers intermediate properties between
the two homopolymers.
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The sorption and desorption experiments were performed
in a pressure controlled chamber, where the solvent pressure
is slowly increased (sorption experiments) or decreased
(desorption experiments) by control valves. The solvent
pressure variations are slow compared to the characteristic
time of solvent diffusion through the film so that we can
assume that the solvent concentration is uniform at all times
through the film. The film weight variation is measured
using a quartz crystal microbalance.

This article is organized as follows. Section 2 gives a
brief presentation of the theoretical models used to analyze
the data. The sample preparation and experimental setup are
described in Sections 3 and 4. Qualitative analysis and quan-
titative results concerning the variation of copolymer prop-
erties with composition are given in Section 5.

2. Theoretical background

At the glass transition, a dramatic change occurs in the
local motion of the polymer chains that leads to large
changes in several physical properties. For example,
Young’s modulus drops steeply by a factor of 103 typically
between the glassy regime and the rubbery regime. More
precisely, Gilbert et al. [12] distinguish four regimes of
deformation for amorphous polymers, the glassy and
viscous regimes at temperatures well below and well
above the glass transition temperature, respectively, and
the glass transition and rubbery regimes aroundTg0. These
regimes involved different deformation mechanisms which
have to be described by different theoretical approaches.

Let us remind that only solvent-induced glass transition is
considered here, the dry polymers being glassy at the
temperature of the experiment (T . 258C) The glass transi-
tion temperature (Tg) of the polymer/solvent solution varies
with the concentration and, for experiments performed at a
constant temperature, the transition occurs when the solvent
volume fraction reacheswSg (i.e. the polymer volume frac-
tion reacheswPg� 1 2 wSg�:
2.1. Rubbery domain

In the rubbery domain (when the polymer film is swollen)
the classical Flory–Huggins’ expression is used to get the
activity versus solvent content in the film:

a� PVS=PVS0 � �1 2 wP� exp�wP 1 xw2
P� �1�

where a, the activity, is the ratio of the saturated vapor
pressure of the solvent in equilibrium with the solution
(PVS) to the saturated vapor pressure of the pure solvent
(PVS0), wP is the polymer volume fraction andx is the
Flory–Huggins interaction parameter which characterizes
the affinity between the solvent and the polymer.

In a first Flory–Huggins’ theory, the interaction para-
meterx was assumed to be independent of the concentra-
tion. Further developments have extended this model
including a concentration dependence of the interaction

parameter [25,27]. Regarding the case of copolymers, the
Flory–Huggins’ theory has been extended to blends of
homopolymers and statistical copolymers: it has been
shown that the interaction parameter of the blend deviates
from a simple weighted average and depends on the inter-
actions of the two components of the copolymer. Shiomi et
al. [31] found the same effect experimentally for copolymer/
solvent solutions (MMA/nBMA and cyclohexanone).
Various other thermodynamic vapor–liquid equilibrium
models for copolymers/solvent solutions have also been
reported for example by Bogdanic and Fredenslund [2].
Examples of deviation from ideal behavior can be found
in Gupta and Prausnitz’s paper [14].

2.2. Glassy domain

When going from the molten to the glassy state, the varia-
tion of the solvent content with the activity shows a
dramatic change and the sorption isotherms exhibit a
pronounced downward curvature: for a given activity, the
solvent content is much higher than what is predicted by the
Flory–Huggins theory (see Fig. 2). Several theoretical
approaches have been developed to describe solvent solu-
bility in the glassy domain. In the dual-mode sorption
model, it is interpreted in terms of sorption of penetrant
into specific sites (microvoids) that exist only in the glassy
state. The solubility then includes two contributions, the first
corresponding to Flory–Huggins dissolution and the second
to Langmuir hole-filling [1]. More recently, new approaches
have been proposed that do not assume the existence of
specific absorption sites: Vrentas and Vrentas [33] relate
excess sorption to the change of the specific heat at the
glass transition, while Lipscomb [19] and Leibler and Seki-
moto [18] use the elastic properties of the glassy state to
explain the excess solvent content. Lipscomb extends the
Flory–Huggins’ theory to materials with nonzero internal
energy changes due to deformation. Sorption isotherms
deduced from this theory show the typical downward curva-
ture of the glassy domain. Leibler and Sekimoto express the
osmotic pressure (and then the chemical potential) as a
function of the bulk elastic modulus (the energy associated
with the elastic deformation of the sample under volume
variations is added to the usual term describing the
exchange between penetrating molecules and the surround-
ings). Assuming that the bulk modulus is constant in the
glassy state and that there is no change in the specific
volumes, the following expression can be derived:

a� �1 2 wP� exp�wP 1 xw2
P 2 nSK=RT ln�wP=wPg�T��� �2�

whereK is the bulk modulus,nS the solvent molar volume,T
the temperature, R the perfect gas constant andwPg the poly-
mer volume fraction at which glass transition takes place.

In the rubbery domain, elastic contribution is negligible
and the activity is simply given by the classical Flory–
Huggins expression. Let us emphasize that these thermody-
namic approaches do not take into account the variations of
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the glass properties on the time scale of the sorption experi-
ments. The bulk modulus deduced from our experimental
data is then characteristic of the “average” polymer matrix
state corresponding to the desorption experiments
performed.

2.3. Glass transition

The comparison of experimental desorption isotherms
with Leibler and Sekimoto’s model gives an estimation of
the transition concentrationwPg at the temperature of the
experiment. It is interesting to relate this to the glass transi-
tion temperature of the dry polymer�Tg0�: Dimarzio et al.
[8] have developed a thermodynamic model predicting the
fall in glass transition temperature due to a diluent as func-
tion of the diluent concentration, the length, and the stiffness
energy of the diluent molecule. This model has been
extended by Chow [7]; the glass transition temperature for
a given value ofwP is expressed as a function of the mono-
mer molecular weight, the diluent concentration, and the
transition isobaric heat capacity increment of the polymer:

ln�Tg=Tg0� � b��1 2 u� ln�1 2 u�1 u ln�u�� �3�

where Tg0 is the glass transition temperature of the dry
polymer andTg that of the solution with polymer volume
fractionwP. The dimensionless parametersu andb areu �
nM�1 2 wP�=znSwP andb � zR=MMDCPP; wherenM andnS

are the monomer and solvent molecular volumes,z the
lattice coordination number (taken as 2), R the perfect gas
constant,MM the monomer molecular weight andDCPP the
excess isobaric specific heat of transition for the polymer.
This model is appropriate when the solvent molecule and
monomer sizes do not differ too much and can thus be
applied to the systems under study.

Another expression has been proposed by Kelley and
Bueche [16], in which the glass transition temperature of
the solution is expressed as a function of the polymer
volume fraction, the solvent thermal expansion coefficient
�aS , 1023 K21�; and the solvent glass temperature

(TgS) [22]:

Tg � �cwPTg0 1 aS�1 2 wP�TgS�=�cwP 1 aS�1 2 wP�� �4�
wherec� 4:8 × 1024 K21

:

3. Materials and sample preparation

3.1. Materials

The polymer samples used in this study were kindly
prepared by Thomas Wagner (Max Planck Institute for
Polymer Research, Mainz, Germany). The homopolymer
PMMA, poly(methyl methacrylate), was prepared by anio-
nic polymerization in tetrahydrofuran (THF) at2808C
using diphenylbutyllithium as initiator. The homopolymer
PnBMA, poly(n-butyl methacrylate), was prepared by radi-
cal polymerization at 608C using azobis-isobutyronitril
(AIBN) as initiator. The statistical methyl methacrylate/n-
butyl methacrylate (MMA/nBMA) copolymers were
prepared by radical polymerization in bulk at 1308C with
AIBN as initiator. The resulting polymers were fractionated
from a THF solution using petrolether as precipitant.

Copolymer compositions and tacticities were measured
by 1H NMR and 13C NMR in CDCl3 on 300- and 75-MHz
Brucker AC-300 spectrometers. The relative concentrations
of comonomers in copolymers were determined by compar-
ing the intensities of the –OCH2– and –OCH3 proton reso-
nances, on the1H NMR spectra [5]. The ratios of isotactic
(mm) to heterotactic (mr, rm) to syndiotactic (rr) triads were
obtained from the quaternary carbon signal, on the13C
NMR spectra [13]. Molecular weights and polydispersities
were determined by GPC, relative to PMMA standard, using
a Waters apparatus. The glass transition temperaturesTg0

(“midpoint” temperatures) and the specific heat variation at
the glass transitionDCpp were investigated by means of a
Mettler DSC-30 differential scanning calorimeter. The heat-
ing rate was 108C/min.

Molecular characteristics and calorimetric data are
summarized in Table 1. The rather high glass transition
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Table 1
Molecular characteristics, calorimetric data and thicknesses of spin-cast films

PMMA MMA/ nBMA copolymers PnBMA

I II III IV

Proportion in monomer 84/16 64/36 48/52 28/72
Triad analysis mm (%) 1 3 5 7 10 2

mr (%) 25 42 38 38 35 30
rr (%) 74 55 57 55 55 68

Mn (kg/mol) 220 91 107 207 208 219
Mw/Mn 1.17 2.93 3.03 2.34 1.41 1.45
Tg0 (8C) 131 96 75a 63 49 34
DCpp (J/K/g) 0.24 0.28 0.24 0.27 0.24 0.30
Film thickness (nm) 220 410 580 440 860 860

a Extrapolated value.



temperatures of PMMA and PnBMA are typical values for
syndiotactic-rich PMMA and PnBMA [10,29]. The copoly-
mer glass transition temperatures vary monotonously with
their compositions as reported by Penzel et al. [24].

Toluene (Riedel-de Hae¨n GmbH) was used as solvent for
sorption and desorption experiments.

3.2. Sample preparation

The polymer films were spin-cast directly onto the gold
electrode of piezoelectric quartz crystals. Their thicknesses
were chosen in the range 200 nm–1mm (see Table 1). This
constitutes a compromise between rapid diffusion, which is
easily achieved for thin films, and an accurate determination
of solvent weight fraction, which is more easily determined
for thicker films. Moreover, large damping of the resonance
occurs with films thicker than 1mm (see next section),
which has to be avoided.

The films were spin-cast from a 5 wt% (or 10 wt%) solu-
tion in toluene, with spinning rates in the range 1000–
5000 rpm, the film thicknesses being adjusted by both the
solution concentration and the spinning rate. When investi-
gating the surface of the films with a profilometer (Alpha-
Stepper 200 from Tencor Instruments), thickness fluctua-
tions in the range of 5–10% of the sample thickness were
found. These thickness variations do not affect our results
critically.

4. Experimental

4.1. Weight determination

Quartz crystal resonators are a comparatively easy and
precise tool for determining the weight of thin films [20,32].
When a thin film is cast onto one of the electrodes of a
thickness-shear resonator, its acoustical resonance frequen-
cies change due to the weight of the film. For a sufficiently
thin film, the relation between weight and frequency shift
(for the nth harmonic) is given by the Sauerbrey equation
[28]:

dm� Zq

2f1

df
f

� �
n
� 2

Zq

2f1

fn 2 fn;ref

fn;ref
�5�

wheredm is the film weight per unit area, fn the frequency of

thenth harmonic, fn,ref the frequency of thenth harmonic for
the unloaded quartz,f1 the fundamental frequency, andZq �
8:8 × 106 kg m22 s21 the acoustic impedance of AT-cut
quartz. Given an accuracy of frequency determination of
about 1 Hz, monolayer sensitivity is achieved.

The Sauerbrey equation is valid only for thin films whose
thicknesses are much less than the wavelength of sound
�fn

���
rJ
p �21

; where r is the film density andJ its shear
compliance�J � J 0 1 iJ 00�: For polymeric materials�G .
107 2 109 Pa; r . 103 Kg=m3� this amounts to a thickness
between 1 and 10mm. For thicker or softer films, viscoelas-
tic behavior has to be taken into account and the relation
between weight and frequency shifts becomes [9,15]:

df
f

� �
n
� fn 2 fn;ref

fn;ref
� 2

2f1
Zq

dm1
4p2

3
J 0dm3

r
f 2
n

 !
�6�

By plotting �df =f �n derived from different harmonics versus
the square of the frequencyf 2

n ; the film weight per unit area
corresponds to the offset of the line. The elastic shear
complianceJ0 can be estimated from the slope of this line.
In this work, given the film thicknesses, the weights were
calculated with Eq. (6), using harmonics between 27 and
60 MHz.

The measurements were performed with optically
polished AT-quartz plates with a fundamental frequency
of about 4 MHz. The gold electrodes are 150 nm thick and
the back electrode has key hole shape to achieve energy
trapping.

The data acquisition has been described elsewhere [15,3].
Briefly, we use an HP4195 impedance analyzer (Hewlett-
Packard) to determine the frequency-dependent AC admit-
tance of the quartz resonator in the vicinity of an acoustic
resonance. Because of the piezo effect, the mechanical reso-
nance is evidenced as a Lorentz curve in the conductance
spectrum. Data acquisition of the center and the bandwidth
of the Lorentz curve take about 5 s per harmonic, so weight
determination takes about 30 s per data point.

4.2. Experimental setup

A detailed description of the experimental setup has been
given elsewhere [3]. The polymer film cast onto the quartz
crystal resonator is located inside a vacuum chamber
connected to a solvent reservoir (in which the solvent
vapor pressure is equal to the saturated vapor pressure of
pure solvent, i.e. Pvs0� 28:45 Torr atT � 258C for
toluene) (Fig. 1). The lowest pressure reached under contin-
uous pumping is 1023 Torr. Since the experiments are
undertaken at much larger pressures, this state is called
“zero pressure” in the following. A needle valve connects
the chamber and the vacuum pump, and the pressure is
controlled in the chamber by an electronic valve connecting
the chamber to the solvent reservoir. The pressure can be
kept constant for several hours and pressure ramps can be
applied. Two pressure gauges are used for the ranges
P . 10 Torr and P , 10 Torr. The accuracy is about
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0.02 Torr for P . 10 Torr and about 2× 1023 Torr for
P , 10 Torr. Let us note that, once the film has reached
equilibrium, the pressure in the chamber corresponds to
the saturated vapor pressure of the solvent above the poly-
mer film, as no inert gas is present in the chamber.

Because of temperature-frequency coupling of the quartz
crystal resonator, it is necessary to have a temperature
control in the chamber and in the solvent reservoir. Using
a thermostat, the chamber temperature is adjusted toT �
25^ 0:158C: The error in weight determination due to
temperature fluctuations�DT . 0:18C� was measured on
blank quartz to be smaller than 5× 1028 kg=m2

; which
corresponds to an error in solvent concentration ofdvs #
0:01% for a 1mm-thick film.

The pressure effect on resonance frequencies was also
investigated on blank quartz. This effect has three sources:
viscous drag of the gas, pressure dependence of the elastic
constants of the quartz itself, and sorption or desorption of
physisorbed molecules on the quartz surface [20]. The
systematic error due to pressure effects increases as pressure
increases. At 25 Torr (of toluene vapor), it is about 1025 kg/
m2, which corresponds to an error in solvent concentration
of dvs # 0:4% for a 1mm-thick film.

4.3. Methodology for sorption/desorption experiments

Quasi-stationary experiments were carried out with slow
ramps of decreasing (or increasing) pressure. The pressure
variations were to be slow enough to allow diffusion equili-
brium at all times. However, when the polymer is glassy, the
viscoelastic relaxation equilibrium is not reached anymore.

Prior to experiment, all samples are annealed in a vacuum
oven for 12 h at a temperature 508C above theirTg0. Once
the sample is mounted in the vacuum chamber, the vacuum
is turned on for at least 10 h. The weight of the dry film is
then measured. Then a series of increasing and decreasing
ramps is performed without removing the film from the
chamber. To drive decreasing pressure ramps, solvent

vapor is first introduced in the chamber. After equilibrating
the film for 90 min at about 25 Torr, the vapor is slowly
removed through the needle valve connected to the vacuum
pump. The pressure follows an exponential decay over a
typical ramp duration of 20 h. Linear increasing pressure
ramps are performed using the electronic valve connected
to the solvent reservoir, with the needle valve to the vacuum
pump half opened. Vacuum is applied inside the chamber
for 12 h prior to the increasing ramps, typically lasting 12 h.

5. Experimental results

5.1. Definition of the variables

The pressure ramp data is presented as follows. The
abscissa is the activity, i.e. the ratio between the toluene
pressure measured in the chamber and the saturated vapor
pressure of pure toluene at the temperature of the experi-
ment. This saturated vapor pressure,PVS0(T), was obtained
with Antoine’s approximation.

The ordinate is the solvent volume fraction,wS � 1 2 wP;

calculated from the measured solvent weight fraction and
from the specific volumes of the solvent and of the polymer,
which are assumed to remain constant. The estimation of the
polymer weight,mP, is not straightforward in these experi-
ments. Indeed, each time the pressure was decreased down
to 0 Torr (end of decreasing ramps or end of large drying
jumps starting at a “high” pressure), an increase in the film
weight was always observed even after several hours in the
vacuum. This weight increase, versus the number of dry
state/swollen state cycles, first increases sharply (between
the weight at 0 Torr just after annealing and the weight after
the first swelling of the film) and then slows down. The total
increase is quite the same for the six samples, about 3×
1025 kg=m2

; which corresponds to 8 wt% for the 220 nm
thick PMMA film and 4wt% for the 860 nm thick PnBMA
film. Two phenomena seemed to be involved. First, there is
some “trapped” solvent which does not evaporate, even at
0 Torr. This was confirmed by UV investigations of PnBMA
test films coated on UV quartz plates and placed in the
chamber together with the films coated on the quartz micro-
balance. Indeed, UV spectra show the presence of a small
amount of toluene in the film. A slight increase of trapped
solvent is observed with film thickness but, due to the small
quantities involved, no precise quantitative data could be
obtained, nor any information on the location of the trapped
solvent. We are thus unable to determine whether or not this
solvent is thermodynamically equivalent to the solvent that
swells the film when toluene pressure is increased. A second
phenomenon might stem from the drift of the quartz micro-
balance measurement, due to some modification of the stress
repartition in the film. This was deduced from experimental
observations of a slow reincrease of the “apparent” weight
at 0 Torr after a deswelling experiment for some of the
copolymers.
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Fig. 2. Sorption and desorption curves for MMA/nBMA 84/16 copolymer
�mp � m0� (1� first increasing ramp, just after annealing-3,5� other
increasing ramps-2,4,6� decreasing ramps).



Given these observations, we used two estimations of the
polymer weight to calculate the solvent weight fraction. In
the first (notedmdry) the polymer weight is always kept equal
to the value measured just after annealing. In the second
estimation (notedm0), the polymer weight used corresponds
to the weight obtained at the end of each decreasing ramp,
after several hours in the vacuum. The real value of the
polymer weight should lie between these two estimations.
Let us emphasize that, despite this uncertainty, the conclu-
sions of all the analyses are the same with these two estima-
tions and, as shown in the following, the results are only
slightly modified quantitatively.

5.2. Comparison of sorption and desorption behavior for the
different copolymers

Fig. 2 shows the results obtained with successive increas-
ing and decreasing pressure ramps for the MMA/nBMA 84/
16 copolymer. The first increasing ramp (1) that was
performed just after annealing exhibits a very large
“delay” in the swelling, and strongly differs from the
other swelling ramps (3 and 5). Comparing decreasing
ramps 2, 4 and 6 with increasing ramps 3 and 5, we see
the well-known hysteresis between the swelling and the
drying behaviors. Since the pressure rate is slow compared

with the characteristic diffusion time, this hysteresis is not
related to diffusion effects, but originates from the incom-
plete stress relaxations of the polymer matrix which occur
on time scales of the same order as the pressure ramps. This
is why, for a given activity, the solvent content in the film
depends on the polymer matrix state, and on the whole film
“history”. At the beginning of the first increasing ramp, the
annealed film is very dense. The polymer matrix relaxes
very little on the time scale of the increasing ramp and
solvent sorption is inhibited, except at the very end of the
ramp, close to the glassy/rubbery transition. The other
increasing ramps correspond to a very different initial
state of the film, since they were performed after the film
had been swollen at “high” pressure and brought back to
0 Torr for a few hours. At the beginning of these increasing
ramps, the film is in a pseudo-equilibrium state which differs
from annealed state. Indeed, the polymer matrix is not
completely relaxed and solvent sorption is easier.

The three decreasing ramps were performed after the film
was swollen at “high” pressure, above the glass transition.
Stresses are then relaxed, and the initial state is the same for
the three experiments, so that the three curves are nearly
superimposed. The solvent content for a given activity is
higher than for the increasing ramps, since stress relaxations
are slower than the pressure decrease rate, and the film
retains the memory of its initial state. All these qualitative
analyses show the importance of dynamic effects for the
copolymers under study, and the complexity of relaxation
regimes around the glass transition [12].

Such hysteresis is observed with PMMA and the MMA/
nBMA 84/16, 64/36 and 48/52 copolymers. On the contrary,
for MMA/ nBMA 28/72 copolymer and PnBMA, the sorp-
tion and desorption curves are quite similar. Indeed, glass
transition occurs for very low solvent contents, and the film
is rubbery almost throughout the whole concentration
domain. Stress relaxation times are short compared with
the pressure rate, so that stress equilibrium is achieved all
through the experiment.

The desorption curves obtained for the two homopoly-
mers and for the four copolymers are compared in Fig. 3.
The homopolymer PMMA, and the MMA/nBMA 84/16, 64/
36 and 48/52 copolymers exhibit the characteristic kink of
glass transition, but this is smoother as the proportion of
nBMA increases. On the other hand, this feature is not
discernible for MMA/nBMA 28/72 copolymer nor for
PnBMA.

5.3. Variation of physicochemical parameters with the
copolymer composition

Since glassy solutions are not in a true equilibrium state,
the polymer matrix state depends on the experimental
procedure. This is why the same experimental procedure
was used with the different copolymers, and why only the
desorption curves were used for quantitative comparisons
with theoretical models. The film is rubbery at the beginning
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36, 48/52 and 28/72 copolymers�mp � m0�: Data from the literature for
PMMA and PnBMA [35]. (For clarity, the curves corresponding to the
copolymers are drawn in two graphs).



of the desorption experiment so that the initial state of the
film is well defined. The successive steps of the analysis are
the following: first, the interaction parameterx is obtained
by data fit in the rubbery domain. Leibler and Sekimoto’s
model is used to fit the desorption curves in the glassy
domain, and to get the bulk modulusK and the transition
concentration wPg: This transition concentration is
compared with the value obtained using Chow’s and
Kelley’s models.

5.3.1. Flory–Huggins interaction parameterx
The interaction parameterx is obtained by fitting the

Flory–Huggins’ equation (Eq. (1)) in the rubbery domain.
Let us emphasize that the experimental procedure used in
this study is for purposes of studying the glass transition and
is not the most accurate method for analyzing the liquid/
vapor equilibrium [35,23]. For the two homopolymers, we
also used experimental data from the literature [35] in the
diluted domain (see Fig. 3). Practically, as can be seen on
Fig. 4, a model with a constant parameterx is suitable for an
accurate data fit. The values obtained for PMMA/toluene
�x � 0:53^ 0:04� and PnBMA/toluene �x � 0:17^ 0:08�
are close to other experimental determinations: fitting

Wohlfarth’s data collection [35] yieldsx � 0.17 for
PnBMA andx � 0:512 0:54 for PMMA, osmotic pressure
measurements lead tox � 0.45 for PMMA �wP! 0� [23]
and values deduced from the second virial coefficient yield
0:37 # x # 0:42 for PMMA �wP! 0� [4]. The variation of
x with the copolymer composition is given in Fig. 5a. The
error bars take into account the dispersion of the results
obtained for the various ramps, the fit uncertainty and the
uncertainty on the specific volume of the copolymers. The
specific volumes of the copolymers are not known, and the
specific volume of PMMA itself depends on the tacticity
�0:816# VS # 0:846 cm3

=g at about 258C) [6,30]. Despite
the rather large error bars, the results show the deviation
from the simple weighted average already noticed by
Shiomi et al. [31] for the same copolymers in cyclohexa-
none, which means that the interactions between the differ-
ent segments constituting the statistical copolymer affect the
interaction between the copolymer and the solvent. Similar
results are obtained by settingmP � mdry; with slightly
smaller values (typically they are shifted by about 0.1).

5.3.2. Bulk modulus K and transition concentrationwPg

The bulk modulusK and the transition concentrationwPg

are obtained by fitting the data with the Leibler–Sekimoto’s
model in the glassy domain (Eq. (2)). Due to experimental
limitations, the slow decreasing pressure ramps are stopped
once the pressure is less than about 1 Torr, and the valve
connecting the chamber to the vacuum pump is suddenly
opened wide. Then, data are not taken into account for
activities less than 0.03 (i.e.wS # 0:05�; since the diffusion
equilibrium is no longer achieved. Leibler–Sekimoto’s
model depends on three unknowns, the interaction para-
meter x , the transition concentrationwPg and the bulk
modulusK [18]. The estimation of the relative sensitivity
of the activity to these three parameters, defined as “pi/a2a/
2pi” (wherepi is one of these three parameters), is straight-
forward. The sensitivity tox is low compared with the
sensitivity towPg and K, so that an error onx does not
greatly affect the estimation on the two other parameters.
So the values obtained in the previous section are used forx .
The two parameterswPg andK are estimated from the slope
and the offset of the line:y� K�ln�wP�2 ln�wPg��; the
expression fory being deduced easily from Eq. (2). The fit
is made on the linear part of they equation.

Models and experimental data are compared in Fig. 4 for
PMMA. As can be seen, the agreement is very satisfactory.
A same agreement is observed for the various copolymers,
except for MMA/nBMA 28/72 copolymer and for PnBMA,
for which glass transition occurs at a value ofwS too small to
allow reliable study of the glassy domain. The variations of
K andwPg with the copolymer composition are given in Fig.
5b and c. The error bars take into account the dispersion of
the results obtained for the various ramps, the uncertainty on
x determination, and the fit uncertainty.

Let us emphasize that the bulk modulusK is an average
value which corresponds to the concentration domain of the
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Fig. 4. Desorption curve for PMMA (solid line), Flory–Huggins’ model
(dot line) and Leibler–Sekimoto’s model (dash line). (a) With normaliza-
tion mp � m0: The estimated parameters arex � 0.50,K� 180 MPa and
wPg� 0:75: The heavy solid line shows Leibler–Sekimoto’s model with the
following parameters:x � 0.50, K� 1 GPa andwPg� 0:76: (b) With
normalization mp � mdry: The estimated parameters arex � 0.42,
K� 230 MPa andwPg� 0:72:



fit and which, above all, depends strongly on the polymer
matrix state. This is very well illustrated by the variation of
K versus the copolymer composition: the modulus increases
as the proportion ofnBMA in the copolymer increases,
whereas the opposite variation is found in the literature
for the bulk modulus measured on annealed samples. The
value obtained for PMMA is more than 15 times smaller
than the usual value obtained for dry annealed PMMA,
which ranges between 3 and 10 GPa [17,21,11]. As an illus-
tration Leibler and Sekimoto’s model plotted with
K� 1 Gpa (see Fig. 4a) is obviously very far from the
experimental data. The bulk modulus of annealed PnBMA
estimated from Young modulus measurements and shear
modulus data from the literature [11,34] is in the range
500 MPa–2 GPa�n � 0:30–0:42�: The gap between the
estimated values ofK and those corresponding to annealed
samples decreases as thenBMA proportion in the copoly-
mer increases; for PMMA and MMA-rich copolymers, the
large gap is the signature of a polymer matrix structure very
different from that of annealed samples.

The same procedure was repeated by settingmP � mdry:

The conclusions are similar, i.e. the estimated bulk modulus
K increases as the proportion ofnBMA increases, though
the estimated values are a little higher (they are typically
shifted by about 50 MPa).

Lastly, the variation ofwPg with copolymer composition
(Fig. 5c) shows good agreement with Chow’s and Kelley’s
models (Eqs. (3) and (4)). Our results lie between the two
models when usingmP � m0; and are closer to the Chow’s
equation when usingmP � mdry:

6. Conclusion

An experimental study of the glass transition induced by
solvent desorption was performed for a series of MMA/
nBMA copolymers. The experimental temperature (258C)
is close to the dry PnBMA glass transition temperature and
about 1008C below the dry PMMA glass transition tempera-
ture. By varying the solvent concentration and the copoly-
mer composition, a detailed analysis of the glass transition
domain can then be performed. Complex phenomena occur
in this domain, since there is a strong coupling between
drying dynamic and stress relaxation, depending on the
copolymer composition. Qualitative comparisons between
sorption and desorption isotherms for various initial states
have shown the importance of relaxation effects for the
series of copolymers under study. This was confirmed by
a quantitative analysis of the desorption isotherms based on
the Leibler–Sekimoto’s approach: the estimated bulk
modulusK increases as the proportion ofnBMA increases,
contrary to the behavior of annealed samples. All this analy-
sis was performed on pseudo-equilibrium experiments
where the pressure rate is slow compared to the character-
istic diffusion times. The next step of this study is to inves-
tigate the behavior of solvent diffusion coupled with glass
transition as a function of solvent concentration and copo-
lymer composition.
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