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Abstract

The behaviou of poly(vinyl methyt ethe) (PVME) in wate has bee studial in detail A molecula complex with maximum two
molecules of wate per repeatig unit is formed The glass transitil temperatue of this complex is —58°C. Additiond wate plastisises
ard hydrates the complex This conclusia is basel on the detaila analyss of the concentratia dependeneof the glass transition of the
systen ard melting behaviow of water A similar behaviou is found with the chemicd networks obtainel by radiation cross-linking.

© 2000 Elsevig Sciene Ltd. All rights reserved.
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1. Introduction

Poly(vinyl methyt ethe) (PVME) isawate-solubk poly-
mer that demixes from aqueais solutions on heating This
lower critical solution tempeature behavour (LCST-beha-
viour) is more complex than what can be expected from
“classi@l” theoreticd consideations The correspnding
LCST-demixirg curve is bimodd ard the two minima
show adifferert molealar mas depemence [1]. The mini-
mum in the low conentration range shifts towards lower
conentration ard tempeature as expected for a “classial”
O-behavour, while the one a highe polymea concentation
is moleallar mas independat. Suc a behavour has been
discussd recenty [1]. The phenomenolgical analyss
could distinguish between three types of limiting critical
behaviou for wate-solubke systens in generd Type |,
the “classia@l” demixing behavour, is chaacterise by a
limiting critical concentration, for infinite molar massg, =
0 (volume fraction). With type I, a single off-zero limiting
critical concentation, ¢, # 0, occuss at non-®-conditions.
Type Il is chaacterisé by two off-zero limiting critical
cone@ntratiors and one zetro limiting criticd concentation.

The swelling behavour of the corresnding cross-linked
analogus is directly related to the type of demixing [2].
Type | demixing resulsin a cortinuouws swelling behavour.
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The unusua Type Il ard Type Il demixing behavour lead
to discontinuots swelling behavour, a prodem tha has
attracted much attenton in recen literature [3—8].

The® three types of behaviow can be theoretcally
predided by the introduction of a strongly concentration
depemlert interadion function in the expressim of the
Gibbs free energy of mixing [1].

Sevea molealar reasos for the use of this conentra-
tion depemert interacdion function may be advarced such
as:

e disparily in size and shape anmong solvert molewles and
repeat units in the polyme chans;

¢ chang of free volume with concentation;

¢ non-unifom segnent densiy at low conentration;

o distribuion of free solvert moleales anong self-asso-
ciated complexes and solvatel polyme segnents.

The systen PVME/wate shows this Type III demixng
behavour and the comrespondig chemicd netwaks show
discontinuos tempeaturedependenswelling behavour.
From the strucural consideations itisobviousthat inthe
systen PVME/wate compkx formaton between the water
molealles and the ethe functions of the repeat units may be
responsile# for the non-classicaphag behaviou. Experi-
mental evidene was alread brough by Maeda et al. [9].
The formation of astabk moleailar compkex with 2.7 mole-
cules wate per chdn repeat unit was proposedAt higher
overll wate conter, a higher degee of hydraton was
suggestd with up to five water molecules per repea unit.
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standard. This determination resulted in a weight average
M,, = 605 kg/mol and a number average oM, =

20,5 kgmol, leading to a polydispersiti,,/M,, = 3. De-
ionised water was used as the solvent.

2.2. Cross-linking of PVME

HEAT

Cross-linking of PVME was performed by irradiation of a
10 wt% PVME/water solution with high energetic X-radia-
tion (80 kGy). A detailed description of this method can be
found in an earlier publication [2]. Uncross-linked polymer
. is extracted with acetone in a Soxhlet apparatus for 2 weeks
20 30 40 50 and then dried under vacuum. The networks swollen with

TEMPERATURE (°C) water will be called gels.

Fig. 1. DSC thermogram of the system PVME/wates;= 0.2, heating rate

i 2.3. Calorimetric measurements
2°C/min.

Homogeneous solutions or homogeneously swollen gels
The purpose of this paper is to bring further experimental were prepared by adding the appropriate amount of water to
evidence for such specific intermolecular interactions the dry polymer in a DSC sample pan. Concentrations are

through the study of the behaviour of water in these solu- given in polymer weight fractionw,. A Perkin—Elmer 7
tions and the concentration dependence of their glass transidifferential scanning calorimeter was used at a scanning

tion temperature. rate of 2C/min unless otherwise stated.

2. Experimental 3. Results

2.1. Materials 3.1. Demixing behaviour of the system [linear PVME]/
[water]

PVME was purchased from Aldrich. The average molar- S o ) o
masses and their distribution were determined by GPC in  The liquid—liquid demixing behaviour (L-L demixing)

THF as the solvent and polystyrene as the calibration Of the samples used in this work was investigated by calori-
metry. This was described in previous papers [1]. The

50 - 7 samples were heated from 20 to°60 The demixing is
endothermic and the corresponding heat of demixing is
obtained from the integration of the area of the correspond-
45 4 ing DSC signal. A typical thermogram is represented in Fig.
1. The endotherm is composed of two interfering peaks. The
one at low temperature is small and relatively broad. The
high temperature one is sharp. The temperature at the first
deviation from the baseline at low temperature corresponds
{0eee 000 °°, 1 to the temperature at which the demixing sets in at the
mm "nm scanning rate used. This temperature corresponds to the
cloud point and the temperature will be represented fy

"a : The onset of the second sharp peak cannot be localised in
the same way because of the overlapping with the previous
301 ] signal. Therefore, the onset as calculated by the DSC will be
used. The corresponding temperature is callgd These
temperatures are plotted in Fig. 2 as a function of the poly-
25 - . mer concentratiomv,. The concentration dependenceTgf

is in agreement with previously reported data. The transition
temperaturel,, is invariant because of the coexistence of

20 ——7 three phases [1].
0,0 02 0,4 0,6 08 1,0
w, PVME 3.2. Demixing behaviour of chemically cross-linked PYME
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Fig. 2. Temperature—concentration diagram of the system PVME/vter ( The swelling behaviour of cross-linked PVME samples is
Ton, B: Tgy). also studied by calorimetry. The exact amount of water



F. Meeussen et al. / Polymer 41 (2000) 3737-3743 3739

50 - .
45 .
i
£
40 -
8 o © ® o o0 o o
w
g .
2 354 . -
I% m B | | |
% u ] - 40
lfl—J 304 4 TEMPERATURE (°C)
Fig. 4. DSC thermogram of the system PVME/wateg;= 0.2, heating
rate 10C/min.
25 -
sample. Even long time annealing belo®CObut above
20 the glass transitioril,, of the solution does not induce any
T T T T T T T T T i i
0.0 0.2 04 06 0.8 10 crystallisation. _
w. PUME At lower polymer concentratiotw, < 0.61) water crys-
2

tallises during a cooling—heating cycle between 20 and
Fig. 3. Temperature—concentration diagram of the system cross-linked- —80°C at 10C/min. An endothermic signal is observed
PVME/water @: Top, B: Tg). on heating. A typical thermogram is given in Fig. 4. The
endothermic signal consists of a small pre-transition
followed by a large peak. Owing to this complex shape,

necessary to reach the correct ratio network/water (or theé maximum of the peak was taken as the melting point
overall concentration) is added in the sample pan and theand corrected for the broadening of the signal due to the
sample is allowed to equilibrate at room temperature. The dynamic character of the measurement. These melting
samples are heated from 20 t®60 The experimental data  {emperatures are plotted as a function of concentration in
were analysed in a similar way as was reported in a previousFig- 5. The decrease of this melting point with increasing
paper [2]. The temperature at the first deviation from the polymer content can_not only t_)e ascribed to the increase in
baseline is taken as the cloud poifit,. The onset of the polymer concentration. If this was the case, then the
signal as calculated by the DST,) is taken as the refer- decrease should be much less pronounced because of the
ence temperature for the second transition. The results ofcolligative character of the phenomenon. Therefore, factors
these measurements are represented in Fig. 3 in a temperaS crystal size have to be taken into account. Such phenom-
ture—concentration diagram. The onset temperafiyejs ~ €n& have been reported in the literature [10,11]. The same
shown little concentration dependence in the concentrationMelting point depression is observed in the PVME gels.
range investigated. This transition temperature can thereforeWVater does not crystallise anymore \& = 0.68. These

be considered as invariant. Such an equilibrium establishesdata are represented in Fig. 6.

a three-phase equilibrium between water and the two phases

with different cqncentration inside the demix'ed' network. 33 5 concentration dependence of the heat of melting

The concentration dependence of thAg delimits the

S The heat of melting of water in the samples is obtained
LCST miscibility gap.

from the integration of the area under the melting peak. The
heat of melting of pure water 8H® = 330 Jg. In the solu-
3.3. Melting behaviour of water in the system PVME/water tions and in the gels, the experimentally obtained heat of
melting decreases with increasing polymer content and
3.3.1. Concentration dependence of the melting point of becomes zero at, = 0.61 in the solutions and at, =
water 0.68 in the gels. These observations lead to two important
The melting behaviour of water in the system [linear conclusions. The behaviour of the solutions will be con-
PVME]/[water] was investigated over the whole concentra- sidered first.
tion range. On the basis of the results of this investigation, The fact that water cannot crystallise under any circum-
the temperature—concentration diagram has to be dividedstances at polymer concentratioms > 0.61 means that all
into two parts. Atw, = 0.61, only a glass transition is the water in these samples is strongly bound to the polymer
observed whatever is the thermal treatment given to thechains. This observation confirms the formation of a
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Fig. 5. Temperature—concentration diagram of the system PVME/v@er (
melting temperature of watell: T, experimental, ©-: calculatedT, (Fox)
betweenTy of pure polymer 19°C) and T, of water (-133C), {J-:
calculatedTy (Fox) betweenT, of polymer complex {58C) and T, of
water (—133C).

molecular complex as already suggested in an earlier publi-
cation [9]. Also in the lower concentration range in which
crystallisation of water can take place, a certain fraction of
water is also not able to crystallise. If in this concentration
range all the water in excess to the amount bound to the
polymer chains would crystallise, then the heat of melting
per gram solution would decrease in a linear way as given
by the following equation:
AHexp = AHJ[1 — (W,/0.6D)] )
From Fig. 7, it is evident that the experimental data deviate
systematically from the calculated linear behaviour. The
best agreement is observed a¥®< w, < 0.61 This
difference can be slightly reduced by long time annealing
at temperatures up to 10°C. However, the obtained heat of
melting will never reach the calculated values represented
by the straight line.

This concentration dependence of the heat of melting was
also investigated for the gels. The data are represented in
Fig. 8. This heat of melting becomes zerongt= 0.68. In
the lower concentration rangev, < 0.68), the difference
between the experimentally obtained values and the

TEMPERATURE (°C)

HEAT OF MELTING (J/g)
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Fig. 6. Temperature—concentration diagram of cross-linked-PVME/water
(®: melting temperature of watell: T, -O-: calculatedT, (Fox) between
Ty of pure polymer 17°C) andT, of water (—133'C), -(J-: calculatedT
(Fox) betweerT, of polymer complex £ 55°C) andT of water (—-133C).

350 - 350
300 - 300
250 — 250
200 - 200
150 — 150
100 - 100
50 450
0 : . T T T 0
0,0 0,2 0,4 0,6 08 1,0
w, PVME

theoretically calculated ones is much less pronounced rig. 7. Heat of melting of water per gram solution of PVME/water (solid
than in the polymer solutions. This linear relationship line: calculated, squares: measured).



F. Meeussen et al. / Polym

350 350
300 4300
250 - 4250
)
3
2 2004 - 200
}_
- 4
w
s
w 150 4150
o
-
<
T
100 4 100
50 450
u
0 T T T T 0
0,0 0.2 04 06 08 1,0
w, PVME

Fig. 8. Heat of melting of water per gram solution of cross-linked-PVME/
water (solid line: calculated, squares: measured).

was calculated using Eq. (1) in which 0.61 was replaced by
0.68.

3.4. Concentration dependence of the glass transition

3.4.1. PVME solutions

Two different concentration domains have also to be
considered. Av, = 0.61, Ty can be measured in a dynamic
experiment in the DSC. Samples cooled-dt’C/min show
almost the same behaviour as those quenched in liquid nitro-
gen. In the low concentration rangev, < 0.61), the
samples have to be quenched in liquid nitrogen before
they are heated in the DSC in order to prevent the crystal-
lisation of water. However, the fast crystallisation of water
limits the observation of a glass transitiontp =< 0.35. The
guenched samples were heated frerh00 to 20C.

The concentration dependence ®f, represented in
Fig. 5, can be subdivided in two domains. One is situated
below and the other abow&, = 0.61. They do not follow

the concentration dependence calculated using the Fox

equation [12], which is based on complete additivity of
properties.

VUTy = wy/Tgy + Wo/ Ty (2

In this equation]y is the transition temperature of the solu-
tion. Ty that of PVME (—19°C,) and Ty, that of water
(—133C [13]) when the concentration dependence is calcu-
lated over the whole concentration range. To obtain the
calculated curve in the low concentration range, Thef

the solution withw, = 0.61(Ty; = —58C,) and the one of

er 41 (2000) 3737-3743 3741

water (T, = —133C) were used. These calculated rela-
tionships are represented in Fig. 5.

In the high concentration range, the experimental data do
not follow this calculated curve: the experimental values lie
above the calculated one especially whepn= 0.61 is
approached. A similar deviation is observed in the lower
concentration range.

3.4.2. PVME gels

The chemically cross-linked samples show the same
concentration dependence with two minor differences.
The T, of the cross-linked, dry sample is higher than that
of the linear sample. The concentration limit that separ-
ates the two domains is situated w = 0.68 instead of

4. Discussion

From the reported data several conclusions can be drawn.
() A molecular complex is formed between the PVME
chain repeating units and water.

1. Water can be strongly bound to the polymer chain. The
absence of crystallisation of water & = 0.61 in the
solutions must be ascribed to the formation of a molecu-
lar complex between water and PVME. The limit of 0.61
indicates that this complex is composed of maximum two
water molecules per chain repeating unit. The same
complex is found in the networks. The higher polymer
concentration limit (0.68 instead of 0.61) is ascribed to
the steric hindrance exerted by the cross-linking points,
which are not able to bind these two water molecules.
This molecular complex is stable at least up to a tempera-
ture close to the melting point of water. This can be
concluded from annealing experiments performed with
solutions withw, = 0.61. The amount of water that crys-
tallises under these circumstances will never exceed the
amount reported in Figs. 7 and 8. This means that the
crystallising water always expels the molecular complex
with w, = 0.61

The molecular complex with two water molecules per
chain repeating unit has @, of —58C. Molecular
complexes with less than two water molecules per
chain repeating unit show a high&and this glass tran-
sition temperature increases when the average number of
bound water molecules per chain repeating unit is
decreased. Such complexes are obtained from solutions
with w, > 0.61 A value of Ty = —19°C is found for the
completely dry sample. Th&; of cross-linked PVME
and theT, of the corresponding molecular complex is
slightly higher. The deviation of the experiment&
values from the calculated relationship in the high
concentration range has to be ascribed to this molecular
complex formation.

Two possibilities can be proposed for the complex in the
composition range .81 < w, < 1.00.

2.

3.
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Fig. 9. Number of non-crystallisable water molecul&g,.) per PVME
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chain repeating unit as a function wf (linear PVME).

(i) Introduction of water leads always to the binding of

and non-hydrated repeating units.

[(—CHz—(I:H—)(Hzo)zlx [—(CH2'—$H)—]y
(¢} o
CHy CHy
y, X. fractions of repeating unitsy =1, x=0 for
w, = 1.00; andy = 0, x =1 for w, = 0.61
(ii) The water molecules are attached statistically to
the polymer chain repeating units.

[—(CH— ?PI)—][(HzO)]n

?
CH,

n = average valuen = 0 forw, = 1.00; andn = 2 for

(I) A second conclusion is that water in excess to the
amount trapped in the complex is also able to remain
attached to this complex. This is especially the case for
the linear system. From the experimental data of Fig. 7,
the number of additional water molecules per chain repeat-
ing unit that do not crystallise can be calculated.

The fraction of non-crystallisable water of the total
amount of waterw,,) is

Wiyn = (1 — (AHue/AHG)) 3

two water molecules to one repeating unit while the with

remaining chain units have no bound water. This

results in a statistical copolymer composed of hydrated AHye = AHegy/(1 — W) “

Fig. 10. Number of non-crystallisable water molecullig.f) per PVME
chain repeating unit as a function v} (cross-linked-PVME).
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AHY is the heat of melting of pure water.
The fraction of non-crystallisable water of the solution as
a whole is ()

Win = WiynW1 ®)

The number of non-crystallisable water molecules per chain
repeat Ny, unit is

Nwne = (S&Nm)/(l&/vz) (6)

The results are represented in Fig. 9. It is clear that the
number of non-crystallisable water molecules per chain
repeating unit strongly increases with the overall water
content. The agreement with the calculated values is the
best in the high concentration range, closewp= 0.61
and becomes more pronounced at lower polymer content.
One can therefore conclude that there exists an association
equilibrium between the molecular complex and water. This
equilibrium shifts to the side of the hydrated system with
increasing water content.

This problem is less pronounced in the cross-linked
system as can be seen in Fig. 10. Such a behaviour of
solvent/network systems can be expected from theoretical
considerations reported in the literature [14]. The network
collapse will squeeze out the free water and most of the
hydration water from the network. This hydration process
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can lead to a too higly value in this concentration range in  They also are indebted to the Flemish Institute for the
comparison with the calculated values. Promotion of Scientific-Technological Research in Industry
(IWT) for a fellowship for F.M.
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