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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 methacrylateBMA) statistical copolymer films. The glass transition temperature of the dry homopolymers, PMMA and
PnBMA, are, respectively, about 105 antC7above 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 proportionniMA increases, contrary to the behavior of dry annealed sam@leZ)00 Elsevier Science Ltd. All
rights reserved.

Keywords Methyl methacrylatei-butyl methacrylate copolymer films; Glass transition; Solvent desorption

1. Introduction residual solvent content, specific mechanical properties and
permeability properties, all of which is in complex depen-
Copolymers are extensively used in industrial processes,dency on the overall drying and cooling kinetics, and espe-
because their physical properties (elasticity, permeability, cially on the solvent diffusion through the polymer matrix
glass transition temperature, solvent diffusion kinetics) can and the glass transition of the film.
be varied within wide limits. Various theoretical and experi- In this study, we focus on the solvent-induced glass tran-
mental studies on copolymers have extended the theoreticakition, for a series of copolymers. The solvent diffusion
approaches previously developed for homopolymers. Some(polymer/solvent mutual diffusion coefficient) is not consid-
of these works focus on block copolymers, which exhibit ered here: preliminary results have already been given [26],
specific properties due to mesophase formation. The beha-and more complete results will be published later. Methyl
vior of statistical copolymers, most commonly used in methacrylate (MMA) ana-butyl methacrylaterBMA) are
industrial applications for practical reasons, are also of the two components of the copolymers used in our study.
great interest. They were chosen because the glass transition temperature
This paper concerns an experimental study of solvent of the pure polymers are very different 5, = 130°C for
sorption and desorption by statistical copolymer films, PMMA and Ty, = 32°C for PnBMA — while the tempera-
which undergo a glass transition. The glass transition ture in our sorption/desorption experiments is abouC25
temperature of a polymer/solvent solution increases as theSo, during solvent concentration variations, the PMMA
solvent concentration decreases. Consequently, as a polysolution clearly crosses the glass transition, while the
mer solution dries, the glass transition occurrence dependsPnBMA solution remains rubbery except at very low
both on the temperature and on the concentration in the film. solvent concentrations. By varying the ratio of MMA and
A good understanding of these phenomena is important nBMA monomers in the copolymers, the variation of the
from both the fundamental and practical points of view. copolymer properties between these two limits can be inves-
For example, in the food packaging industry, polymer tigated. Let us notice that the two polymers PMMA and
films have to meet severe requirements, such as very lowPnBMA are not miscible, so that a blend of the two compo-
nents would lead to segregation phenomena, whereas
* Corresponding author. Fax: 33-1-69-15-80-60. copolymerization offers intermediate properties between
E-mail addressguerrier@fast.u-psud.fr (B. Guerrier). the two homopolymers.
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The sorption and desorption experiments were performed parameter [25,27]. Regarding the case of copolymers, the
in a pressure controlled chamber, where the solvent pressurd-lory—Huggins’ theory has been extended to blends of
is slowly increased (sorption experiments) or decreasedhomopolymers and statistical copolymers: it has been
(desorption experiments) by control valves. The solvent shown that the interaction parameter of the blend deviates
pressure variations are slow compared to the characteristicfrom a simple weighted average and depends on the inter-
time of solvent diffusion through the film so that we can actions of the two components of the copolymer. Shiomi et
assume that the solvent concentration is uniform at all times al. [31] found the same effect experimentally for copolymer/
through the film. The film weight variation is measured solvent solutions (MMAMBMA and cyclohexanone).
using a quartz crystal microbalance. Various other thermodynamic vapor—liquid equilibrium

This article is organized as follows. Section 2 gives a models for copolymers/solvent solutions have also been
brief presentation of the theoretical models used to analyzereported for example by Bogdanic and Fredenslund [2].
the data. The sample preparation and experimental setup ar&xamples of deviation from ideal behavior can be found
described in Sections 3 and 4. Qualitative analysis and quan-in Gupta and Prausnitz’s paper [14].
titative results concerning the variation of copolymer prop-
erties with composition are given in Section 5. 2.2. Glassy domain

When going from the molten to the glassy state, the varia-
2. Theoretical background tion of the solvent content with the activity shows a
. _ ) dramatic change and the sorption isotherms exhibit a
At the glass transition, a dramatic change occurs in the pronounced downward curvature: for a given activity, the
local motion of the polymer chains that leads to large gqjyent content is much higher than what is predicted by the
changes in several physical properties. For example, piory_Huggins theory (see Fig. 2). Several theoretical
Young's modulus drops steeply by a factor of tgpically approaches have been developed to describe solvent solu-
between the glassy regime and the rubbery regime. Morepjjity in the glassy domain. In the dual-mode sorption
precisely, Gilbert et al. [12] distinguish four regimes of mqgel, it is interpreted in terms of sorption of penetrant
deformation for amorphous polymers, the glassy and jni gpecific sites (microvoids) that exist only in the glassy
viscous regimes at temperatures well below and well gate The solubility then includes two contributions, the first
above the glass transition temperature, respectively, andcorresponding to Flory—Huggins dissolution and the second
the glass transition and rubbery regimes aroligd These {4 | angmuir hole-filling [1]. More recently, new approaches
regimes involved different deformation mechanisms which p5ve peen proposed that do not assume the existence of
have to be described by different theoretical approaches. gpecific absorption sites: Vrentas and Vrentas [33] relate
Lef[ us remind that only solvent-induced_glass transitionis oycess sorption to the change of the specific heat at the
considered here, the dry polymers being glassy at the gjass transition, while Lipscomb [19] and Leibler and Seki-
temperature of the experimeri £ 25°C) The glass transi-  mqt0 [18] use the elastic properties of the glassy state to
tion temperatureTy) of the polymer/solvent solution varies  gypjain the excess solvent content. Lipscomb extends the
with the concentration and, for experiments performed at a Flory—Huggins’ theory to materials with nonzero internal
constant temperature, the transition occurs when the solventenergy changes due to deformation. Sorption isotherms
volume fraction reachegs, (i.e. the polymer volume frac-  geduced from this theory show the typical downward curva-
tion reachesppg = 1 — ¢sg). 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

In the rubbery domain (when the polymer film is swollen) With the elastic deformation of the sample under volume
the classical Flory—Huggins’ expression is used to get the varations is added to the usual term describing the

2.1. Rubbery domain

activity versus solvent content in the film: exchange between penetrating molecules and the surround-
5 ings). Assuming that the bulk modulus is constant in the
a = Pys/Pyso = (1 — ¢p) explep + x¢p) D glassy state and that there is no change in the specific

where a, the activity, is the ratio of the saturated vapor Volumes, the following expression can be derived:

pressure of the solvent in equilibrium with the solution . _ (1— ¢p) explep + x¢2 — veK/RT IN(ep/gpgTHI (2)

(Pys) to the saturated vapor pressure of the pure solvent

(Pvso), ¢p is the polymer volume fraction ang is the whereK is the bulk modulusys the solvent molar volumé,

Flory—Huggins interaction parameter which characterizes the temperature, R the perfect gas constantgidhe poly-

the affinity between the solvent and the polymer. mer volume fraction at which glass transition takes place.
In a first Flory—Huggins’ theory, the interaction para- In the rubbery domain, elastic contribution is negligible

meter y was assumed to be independent of the concentra-and the activity is simply given by the classical Flory—

tion. Further developments have extended this model Huggins expression. Let us emphasize that these thermody-

including a concentration dependence of the interaction namic approaches do not take into account the variations of



Table 1

Molecular characteristics,
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calorimetric data and thicknesses of spin-cast films

1385

PMMA MMA/ nBMA copolymers PBMA
| 1l 1] \Y

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
M, (kg/mol) 220 91 107 207 208 219
Mw/M, 1.17 2.93 3.03 2.34 1.41 1.45
Tgo (°C) 131 96 78 63 49 34
AC,, (J/K/g) 0.24 0.28 0.24 0.27 0.24 0.30
Film thickness (nm) 220 410 580 440 860 860

2 Extrapolated value.

the glass properties on the time scale of the sorption experi-(Tgg) [22]:

ments. The bulk modulus deduced from our experimental

data is then characteristic of the “average” polymer matrix Tg = [CopTgo + as(l — ¢p)Tgsl[Cep + as(l — ¢p)] (4
state corresponding to the desorption experiments  harec—=48x10 4K L

performed.

2 3. Glass transition 3. Materials and sample preparation
The comparison of experimental desorption isotherms 3-1. Materials

with Leibler and Sekimoto’s model gives an estimation of

the transition concentratioppy at the temperature of the

experiment. It is interesting to relate this to the glass trans

The polymer samples used in this study were kindly
i. prepared by Thomas Wagner (Max Planck Institute for

tion temperature of the dry polyméT ). Dimarzio et al. Polymer Research, Mainz, Germany). The homopolymer
[8] have developed a thermodynamic model predicting the PMMA, poly(methyl methacrylate), was prepared by anio-
fall in glass transition temperature due to a diluent as func- ¢ Polymerization in tetrahydrofuran (THF) at80°C

tion of the diluent concentration, the length, and the stiffness USing diphenylbutyllithium as initiator. The homopolymer
energy of the diluent molecule. This model has been PNBMA, poly(n-butyl methacrylate), was prepared by radi-
extended by Chow [7]; the glass transition temperature for €& Ppolymerization at 6@ using azobis-isobutyronitril

a given value ofpp is expressed as a function of the mono- (AIBN) as initiator. The statistical methyl methacrylate/
mer molecular weight, the diluent concentration, and the Putyl methacrylate  (MMA#BMA)  copolymers ~ were

transition isobaric heat capacity increment of the polymer: Prepared by radical polymerization in bulk at 180with
AIBN as initiator. The resulting polymers were fractionated

from a THF solution using petrolether as precipitant.
Copolymer compositions and tacticities were measured
where Ty is the glass transition temperature of the dry by 'H NMR and**C NMR in CDCk on 300- and 75-MHz
polymer andT, that of the solution with polymer volume  Brucker AC-300 spectrometers. The relative concentrations
fraction ¢p. The dimensionless paramet&andB ared = of comonomers in copolymers were determined by compar-
(1 — ¢p)/zrvspp and B = ZR/My ACpp, Where vy and vg ing the intensities of the —OGH and —OCH proton reso-
are the monomer and solvent molecular volumeshe nances, on théH NMR spectra [5]. The ratios of isotactic
lattice coordination number (taken as 2), R the perfect gas (mm) to heterotactic (mr, rm) to syndiotactic (rr) triads were
constantMy, the monomer molecular weight aldCyp the obtained from the quaternary carbon signal, on tf@
excess isobaric specific heat of transition for the polymer. NMR spectra [13]. Molecular weights and polydispersities
This model is appropriate when the solvent molecule and were determined by GPC, relative to PMMA standard, using
monomer sizes do not differ too much and can thus be a Waters apparatus. The glass transition temperafyges
applied to the systems under study. (“midpoint” temperatures) and the specific heat variation at
Another expression has been proposed by Kelley andthe glass transitiolAC,, were investigated by means of a
Bueche [16], in which the glass transition temperature of Mettler DSC-30 differential scanning calorimeter. The heat-
the solution is expressed as a function of the polymer ing rate was 1%C/min.
volume fraction, the solvent thermal expansion coefficient  Molecular characteristics and calorimetric data are
(as ~103K™1), and the solvent glass temperature summarized in Table 1. The rather high glass transition

IN(Ty/Tyo) = BIL — 6) IN(L — 6) + 61n(6)] )
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e — thenth harmonic, {, the frequency of theth harmonic for

[ Vacuum Chamber | Pressure ¥

: Control the unloaded quarts, the fundamental frequency, adg =

} <ol 88x 1P kgm 2s ! the acoustic impedance of AT-cut
Vacuum R e quartz. Given an accuracy of frequency determination of

Pump about 1 Hz, monolayer sensitivity is achieved.

| Fifm The Sauerbrey equation is valid only for thin films whose
| Spectrum %L thicknesses are much less than the wavelength of sound
Analyser | Control [f/pJ] "L, where p is the film density and) its shear
\_Quartz Crystal compliance(d = J' + iJ"). For polymeric material§G =
E— 10’ — 10° Pa p = 10° Kg/m®) this amounts to a thickness
Fig. 1. Experimental setup. between 1 and 10m. For thicker or softer films, viscoelas-

tic behavior has to be taken into account and the relation
temperatures of PMMA andnBMA are typical values for between weight and frequency shifts becomes [9,15]:
syndiotactic-rich PMMA and RBMA [10,29]. The copoly- 5 13
mer glass transition temperatures vary monotonously with (ﬁ) = m = — 20 (Sm + An” JﬁmfnZ) (6)
their compositions as reported by Penzel et al. [24]. n forer Z 3

ToI_uene (Rledel—dg HaeGmpH) was used as solvent for By plotting (6f /f), derived from different harmonics versus
sorption and desorption experiments. the square of the frequenég, the film weight per unit area
corresponds to the offset of the line. The elastic shear
compliancel’ can be estimated from the slope of this line.

The polymer films were spin-cast directly onto the gold In this work, given the film thicknesses, the weights were
electrode of piezoelectric quartz crystals. Their thicknessescalculated with Eq. (6), using harmonics between 27 and
were chosen in the range 200 nmth (see Table 1). This 60 MHz.
constitutes a compromise between rapid diffusion, which is The measurements were performed with optically
easily achieved for thin films, and an accurate determination polished AT-quartz plates with a fundamental frequency
of solvent weight fraction, which is more easily determined of about 4 MHz. The gold electrodes are 150 nm thick and
for thicker films. Moreover, large damping of the resonance the back electrode has key hole shape to achieve energy
occurs with films thicker than fm (see next section), trapping.
which has to be avoided. The data acquisition has been described elsewhere [15,3].

The films were spin-cast from a 5 wt% (or 10 wt%) solu- Briefly, we use an HP4195 impedance analyzer (Hewlett-
tion in toluene, with spinning rates in the range 1000— Packard) to determine the frequency-dependent AC admit-
5000 rpm, the film thicknesses being adjusted by both the tance of the quartz resonator in the vicinity of an acoustic
solution concentration and the spinning rate. When investi- resonance. Because of the piezo effect, the mechanical reso-
gating the surface of the films with a profilometer (Alpha- nance is evidenced as a Lorentz curve in the conductance
Stepper 200 from Tencor Instruments), thickness fluctua- Spectrum. Data acquisition of the center and the bandwidth
tions in the range of 5-10% of the sample thickness were Of the Lorentz curve take about 5 s per harmonic, so weight
found. These thickness variations do not affect our results determination takes about 30 s per data point.
critically.

3.2. Sample preparation

4.2. Experimental setup

4. Experimental A detailed description of the experimental setup has been
given elsewhere [3]. The polymer film cast onto the quartz
4.1. Weight determination crystal resonator is located inside a vacuum chamber

connected to a solvent reservoir (in which the solvent

Quartz crystal resonators are a comparatively easy andvapor pressure is equal to the saturated vapor pressure of
precise tool for determining the weight of thin films [20,32]. pure solvent, i.e. P,y = 2845 Torr atT = 25°C  for
When a thin film is cast onto one of the electrodes of a toluene) (Fig. 1). The lowest pressure reached under contin-
thickness-shear resonator, its acoustical resonance frequenwous pumping is 10 Torr. Since the experiments are
cies change due to the weight of the film. For a sufficiently undertaken at much larger pressures, this state is called
thin film, the relation between weight and frequency shift “zero pressure” in the following. A needle valve connects
(for the nth harmonic) is given by the Sauerbrey equation the chamber and the vacuum pump, and the pressure is

[28]: controlled in the chamber by an electronic valve connecting
Sf f_f the chamber to the solvent reservoir. The pressure can be
— Zq _ Zq n n,ref
om = K \T ) T e ©) kept constant for several hours and pressure ramps can be
n n,re

applied. Two pressure gauges are used for the ranges
whereémis the film weight per unit area, the frequency of P> 10 Torr and P<10 Torr. The accuracy is about
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0.6 , . : : : : , . . vapor is first introduced in the chamber. After equilibrating
the film for 90 min at about 25 Torr, the vapor is slowly

1 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.

0.5

0.4

0.0 e .
00 0.1 02 03 04 05 06 07 08 09 1.0 5. Experimental results

activity

5.1. Definition of the variables
Fig. 2. Sorption and desorption curves for MMB®MA 84/16 copolymer
(m, =my) (L=first increasing ramp, just after annealing-3;%ther

. . . The pressure ramp data is presented as follows. The
increasing ramps-2,4:6 decreasing ramps).

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-

0.02 Torr for P> 10 Torr and about %1073 Torr for i .
d ment. This saturated vapor pressuPgso(T), was obtained

P <10 Torr. Let us note that, once the film has reached " e e
equilibrium, the pressure in the chamber corresponds toWith Antoine’s approximation. .

the saturated vapor pressure of the solvent above the poly- 1he ordinate is the solvent volume fractiars = 1 — gp,

mer film, as no inert gas is present in the chamber. calculated from the measured solvent weight fraction and

Because of temperature-frequency coupling of the quartz from the specific volumes of the solvent and of t_he p_olymer,
crystal resonator, it is necessary to have a temperatureWh'Ch are assumed _to remain _constant. The estimation ofthe
is not straightforward in these experi-

control in the chamber and in the solvent reservoir. Using PClYMer weightim, is r
a thermostat, the chamber temperature is adjustetio ments. Indeed, each time the pressure was decreased down

25+ 0.15°C. The error in weight determination due to © O TOrT (end of decreasing ramps or end of large drying
temperature fluctuationéAT = 0.1°C) was measured on jumps starting at a “high” pressure), an increase in the film
blank quartz to be smaller than>510~8 kg/m2 which weight was always observed even after several hours in the

corresponds to an error in solvent concentratiors@f < vacuum. This weight increase, versus the number of dry

0.01% for a 1um-thick film state/swollen state cycles, first increases sharply (between
The pressure effect on resonance frequencies was a|35he vyeight at'O Torrjust.after annealing and the weight after

investigated on blank quartz. This effect has three sources:he first swelling of the film) and then slows down. The total

viscous drag of the gas, pressure dependence of the elasti

{ncrease is quite the same for the six samples, about 3
75 2 .

constants of the quartz itself, and sorption or desorption of 10 ~ K&/m", which corresponds to 8 wt% for the 220 nm

physisorbed molecules on the quartz surface [20]. The

thick PMMA film and 4wt% for the 860 nm thick PnBMA
systematic error due to pressure effects increases as pressurfg

m. Two phenomena seemed to be involved. First, there is
increases. At 25 Torr (of toluene vapor), itis aboutiRg/ ~ SOme “rapped” solvent which does not evaporate, even at
m?, which corresponds to an error in solvent concentration

0 Torr. This was confirmed by UV investigations of PnBMA
of 5w = 0.4% for a 1um-thick film. test films coated on uv qyartz plates and placed in_the
chamber together with the films coated on the quartz micro-
4.3. Methodology for sorption/desorption experiments balance. Indeed, UV spectra show the presence of a small
amount of toluene in the film. A slight increase of trapped
Quasi-stationary experiments were carried out with slow solvent is observed with film thickness but, due to the small
ramps of decreasing (or increasing) pressure. The pressurguantities involved, no precise quantitative data could be
variations were to be slow enough to allow diffusion equili- obtained, nor any information on the location of the trapped
brium at all times. However, when the polymer is glassy, the solvent. We are thus unable to determine whether or not this
viscoelastic relaxation equilibrium is not reached anymore. solvent is thermodynamically equivalent to the solvent that
Prior to experiment, all samples are annealed in a vacuumswells the film when toluene pressure is increased. A second
oven for 12 h at a temperature "&Dabove theirTy,. Once phenomenon might stem from the drift of the quartz micro-
the sample is mounted in the vacuum chamber, the vacuumbalance measurement, due to some modification of the stress
is turned on for at least 10 h. The weight of the dry film is repartition in the film. This was deduced from experimental
then measured. Then a series of increasing and decreasingbservations of a slow reincrease of the “apparent” weight
ramps is performed without removing the film from the at O Torr after a deswelling experiment for some of the
chamber. To drive decreasing pressure ramps, solventcopolymers.
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0.7 —— with the characteristic diffusion time, this hysteresis is not
06 L PMMA i related to diffusion effects, but originates from the incom-
B MMA/nBMA 84/16 plete stress relaxations of the polymer matrix which occur
0.5 | ——MMA/MBMA 64/36 - on time scales of the same order as the pressure ramps. This
oal ™" PnBMA ] is why, for a given activity, the solvent content in the film
s [ = PMMA literature data depends on the polymer matrix state, and on the whole film
0.3 | _ “history”. At the beginning of the first increasing ramp, the
02 <. annealed film is very dense. The polymer matrix relaxes
- o ] very little on the time scale of the increasing ramp and
0.1 |- ';';'— - solvent sorption is inhibited, except at the very end of the
0.0 ,,'_’_I__-"l' o ramp, close to the glassy/rubbery transition. The other
: increasing ramps correspond to a very different initial
0.7 ———— 11— state of the film, since they were performed after the film
r ——PMMA + had been swollen at “high” pressure and brought back to
0.6 [ ----MMAMBMA 48/52 ++ ) 0 Torr for a few hours. At the beginning of these increasing
0.5 | ——MMA/mBMA 28/72 W i ramps, the film is in a pseudo-equilibrium state which differs
I = — PnBMA o from annealed state. Indeed, the polymer matrix is not
o 04 L PaBMA. literawre data + 7 completely relaxed and solvent sorption is easier.
S + . '
0.3 L + - 4 The three decreasing ramps were performed after the film
— —— 1 was swollen at “high” pressure, above the glass transition.
02 ~ 7 Stresses are then relaxed, and the initial state is the same for
o1 L } S ] the three experiments, so that the three curves are nearly
00 ._;'I_f:’:l L 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,

Given these observations, we used two estimations of thefor MMA/nBMA 28/72 copolymer and flBMA, the sorp-
polymer weight to calculate the solvent weight fraction. In tion and desorption curves are quite similar. Indeed, glass
the first (notedry,) the polymer weight is always kept equal transition occurs for very low solvent contents, and the film
to the value measured just after annealing. In the secondis rubbery almost throughout the whole concentration
estimation (notedn), the polymer weight used corresponds domain. Stress relaxation times are short compared with
to the weight obtained at the end of each decreasing ramp,the pressure rate, so that stress equilibrium is achieved all
after several hours in the vacuum. The real value of the through the experiment.
polymer weight should lie between these two estimations. The desorption curves obtained for the two homopoly-
Let us emphasize that, despite this uncertainty, the conclu-mers and for the four copolymers are compared in Fig. 3.
sions of all the analyses are the same with these two estima-The homopolymer PMMA, and the MMABMA 84/16, 64/
tions and, as shown in the following, the results are only 36 and 48/52 copolymers exhibit the characteristic kink of
slightly modified quantitatively. glass transition, but this is smoother as the proportion of
nBMA increases. On the other hand, this feature is not

5.2. Comparison of sorption and desorption behavior for the discernible for MMAhBMA 28/72 copolymer nor for
different copolymers PnBMA.

0.2 03 04 0.5 0.6 07 0.8 09 1.0
activity

0.0 0.1

Fig. 3. Desorption curves for PMMAMBMA and MMA/nBMA 84/16, 64/
36, 48/52 and 28/72 copolyme(sy, = my). Data from the literature for
PMMA and MBMA [35]. (For clarity, the curves corresponding to the
copolymers are drawn in two graphs).

Fig. 2 shows the results obtained with successive increas-5 3. variation of physicochemical parameters with the
ing and decreasing pressure ramps for the MNBMA 84/ copolymer composition
16 copolymer. The first increasing ramp (1) that was
performed just after annealing exhibits a very large  Since glassy solutions are not in a true equilibrium state,
“delay” in the swelling, and strongly differs from the the polymer matrix state depends on the experimental
other swelling ramps (3 and 5). Comparing decreasing procedure. This is why the same experimental procedure
ramps 2, 4 and 6 with increasing ramps 3 and 5, we seewas used with the different copolymers, and why only the
the well-known hysteresis between the swelling and the desorption curves were used for quantitative comparisons
drying behaviors. Since the pressure rate is slow comparedwith theoretical models. The film is rubbery at the beginning
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L Wohlfarth’'s data collection [35] vyieldsy =0.17 for
PnBMA and y = 0.51 — 0.54 for PMMA, osmotic pressure
measurements lead yp= 0.45 for PMMA (¢p — 0) [23]

and values deduced from the second virial coefficient yield
0.37 = xy = 0.42 for PMMA (¢p — 0) [4]. The variation of

x Wwith 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 = Vg = 0.846 cni/g at about 2%C) [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 settings = my,, with slightly
smaller values (typically they are shifted by about 0.1).

0.7

0.6

0.5

0.4

0.2
0.1

0.0 i

0.4

S 03

0.2

0.1, 5.3.2. Bulk modulus K and transition concentratigp,

0.0 o The bulk modulus< and the transition concentratias,
00 0.1 02 03 04 05 06 07 08 09 1.0 are obtained by fitting the data with the Leibler—Sekimoto’s
actuvity model in the glassy domain (Eq. (2)). Due to experimental
) ) o ) limitations, the slow decreasing pressure ramps are stopped
Fig. 4. Desorption curve for PMMA (Solid line), Flory—Huggins' model o 40 hressure is less than about 1 Torr, and the valve
(dot line) and Leibler—Sekimoto’s model (dash line). (a) With normaliza- . T
tion m, = my. The estimated parameters gye= 0.50,K = 180 MPa and connecting the chamber to the vacuum pump is suddenly
¢pg = 0.75. The heavy solid line shows Leibler—Sekimoto’s model withthe Oopened wide. Then, data are not taken into account for
following parameters:y = 0.50, K=1 GPa andepy = 0.76. (b) With activities less than 0.03 (i.@g = 0.05), since the diffusion
'}loing'g:‘/ltg” M, = Myy. _The estimated parameters  arg = 0.42, equilibrium is no longer achieved. Leibler—Sekimoto’s
= aandgpg = 0.72 model depends on three unknowns, the interaction para-
meter x, the transition concentratioppy and the bulk
of the desorption experiment so that the initial state of the modulusK [18]. The estimation of the relative sensitivity
film is well defined. The successive steps of the analysis areof the activity to these three parameters, definedodada/
the following: first, the interaction parametgris obtained ap” (wherep; is one of these three parameters), is straight-
by data fit in the rubbery domain. Leibler and Sekimoto’s forward. The sensitivity toy is low compared with the
model is used to fit the desorption curves in the glassy sensitivity to ¢py and K, so that an error ory does not
domain, and to get the bulk modulisand the transition  greatly affect the estimation on the two other parameters.
concentration ¢pg. This transition concentration is  So the values obtained in the previous section are useg for
compared with the value obtained using Chow's and The two parametergpy andK are estimated from the slope

Kelley’'s models. and the offset of the liney = K[In(gp) — In(¢py)], the
expression foy being deduced easily from Eq. (2). The fit
5.3.1. Flory—Huggins interaction parametgr is made on the linear part of theequation.
The interaction parametey is obtained by fitting the Models and experimental data are compared in Fig. 4 for

Flory—Huggins’ equation (Eqg. (1)) in the rubbery domain. PMMA. As can be seen, the agreement is very satisfactory.
Let us emphasize that the experimental procedure used inA same agreement is observed for the various copolymers,
this study is for purposes of studying the glass transition and except for MMAhBMA 28/72 copolymer and for lBMA,

is not the most accurate method for analyzing the liquid/ for which glass transition occurs at a valueggftoo small to
vapor equilibrium [35,23]. For the two homopolymers, we allow reliable study of the glassy domain. The variations of
also used experimental data from the literature [35] in the K and¢gpg with the copolymer composition are given in Fig.
diluted domain (see Fig. 3). Practically, as can be seen on5b and c. The error bars take into account the dispersion of
Fig. 4, a model with a constant parameges suitable for an the results obtained for the various ramps, the uncertainty on
accurate data fit. The values obtained for PMMA/toluene y determination, and the fit uncertainty.

(x =0.53=* 0.04) and mMBMA/toluene (y = 0.17 = 0.08) Let us emphasize that the bulk modukigs an average
are close to other experimental determinations: fitting value which corresponds to the concentration domain of the
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Fig. 5. Variation of the interaction paramepefa), the bulk modulu& (b)
and the transition concentratiopsy = 1 — @py(C) With the copolymer
composition(m, = m,). Experimental data (solid square) and estimations
with Chow’s model () and Kelley's equation).

fit and which, above all, depends strongly on the polymer
matrix state. This is very well illustrated by the variation of

A.-C. Saby-Dubreuil et al. / Polymer 42 (2001) 1383-1391

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

Lastly, the variation ofppq with copolymer composition
(Fig. 5¢) shows good agreement with Chow’s and Kelley’s
models (Egs. (3) and (4)). Our results lie between the two
models when using = m,, and are closer to the Chow's
equation when usingp = My

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°@pb
is close to the dry RBMA glass transition temperature and
about 100C 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 @MA 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.

K versus the copolymer composition: the modulus increases

as the proportion ohBMA in the copolymer increases,
whereas the opposite variation is found in the literature
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