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Abstract

The solution behaviour of the system pdly¢inyl caprolactam)/water has been studied. Experiments and theoretical calculations indicate
a typical Flory—Huggins (Type 1) demixing behaviour with a lower critical solution temperature (LCST). The critical concentration and
LCST shift to lower values with increasing molar mass of the polymer. The phenomenological description of such a system predicts a
continuous temperature controlled swelling behaviour of the corresponding network. A comparison with literature data confirms this
prediction.

A calorimetric study of the crystallisation and melting behaviour of water and the concentration dependence of the glass transition
temperature, gives no evidence for the formation of a polymer/solvent con®I|@000 Elsevier Science Ltd. All rights reserved.
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1. Introduction O-temperature at infinite chain length. The chain length
does almost not influence the other critical points, at high

Many water soluble polymers demix from their solutions polymer concentration. These three types of behaviour can
in water upon heating. Different types of such “lower critical be modelled by the introduction of a strong, concentration
solution temperature” behaviour (LCST behaviour) have dependent polymer—solvent interaction function in the
been discussed recently [1-3]. A general phenomenologicalexpression of the FH theory [1-3].
analysis of the critical miscibility behaviour distinguished Evidence for such strong interactions with water were
three types of limiting critical behaviour. Type | represents found for the system poly(vinyl methylether) (PVME)/
the “classical” Flory—Huggins (FH) miscibility behaviour:  water for which the formation of a molecular complex
by increasing the chain length of the polymer, the position was demonstrated [4]. Such experimental evidence is
of the critical point shifts towards lower polymer concentra- based on the study of the crystallisation and melting
tion. In the limit of infinite chain length, the critical pointis  behaviour of the water and the concentration dependence
characterised by a limiting critical concentratiak, = 0, at of the glass transition. This complex formation reduces the
the @-temperature. On the other hand, Type Il shows a amount of water that can crystallise because part of it
single off-zero limiting critical concentrationp_ # 0, at remains trapped in the complex. This approach however
non-@-conditions. Furthermore, the critical point of conso- has to be used with much care as interference of the crystal-
lute state is almost independent on the polymer chain length.lisation of water with the vitrification of the solution can
Finally, Type Il is characterised by one zero limiting also take place. The major condition is that the glass transi-
critical concentration and two off-zero limiting critical tion of the polymer is below the crystallisation temperature
concentrations. The first critical point, located at low of water so that the absence of the crystallisation of water
polymer concentration, behaves in the classical Flory— can only be ascribed to the complex formation. When this
Huggins way and shifts to zero concentration and to the condition is not fulfilled, the reduced crystallisability of
- water cannot be used as a solid argument for complex
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Table 1 (1:10). The polymer was dissolved in a mixture of acetone
Reaction conditions for the solution polymerization of N-vinylcaprolactam  gnd water (3:7) and precipitated again by heating the solu-
with 2,2 -azobisisobutyronitrile (AIBN) . . e .
tion to 8C°C. This purification was repeated twice, then the
Mass of Volume of Massof T  Time M, precipitate was dissolved in water and freeze-dried.
monomer (g) solvent (ml) AIBN (mg) (°C) (h)

gzmg:gg 12 128 igo ;8 g’ 28880 2.1.2. Molar mass determination
Sample 3 30 100 100 60 12 275000 The viscosity average molar massédd,), shown in

Table 1, are determined from the intrinsic viscosity employ-
ing the Mark—Houwink relation[n] = KM? with K =
swelling—deswelling. The more unusual Type Il and Type 0.0105 mL/g anda= 0.69 [11].

Il miscibility leads to discontinuous swelling with tempera- The intrinsic viscosity of the three samples was measured
ture, a phenomenon that has attracted much attention inwith an Ubbeltnde-Type viscosity meter at 25 using
literature [5-8]. water as solvent.

This general phenomenological analysis has also been
confirmed to some extend by experimental evidence. The
demixing behaviour of aqueous solutions of linear pty(  2.1.3. Calorimetry
isopropyl acrylamide) (NIPA) can be classified as Type I A Perkin Elmer DSC 7 is used. The scanning rate was
demixing [9], whereas the behaviour of linear PVME in 3°C/min unless otherwise stated in the text. Samples of ca.
water corresponds to Type Il behaviour [2,3]. In agreement 20 mg for DSC7 measurements were prepared by adding the
with the phenomenological analysis it was found that the appropriate amounts of dry polymer and water in the sample
temperature-induced swelling/deswelling of NIPA- and holder. After sealing the sample holders, the samples were
PVME-networks in water is discontinuous. left to homogenise at room temperature for several days.
Experimental evidence for a Type | demixing behaviour Concentrations are expressed in mass fractions of the
has not yet been found to our knowledge. Recent literature polymer, w,.
data on the system poly(vinyl caprolactam) (PVCL)/water
[11,25] suggest that this system could be a good candidate

for such a behaviour. The LCST behaviour shows one 2-1.4. Optical measurements _ .
minimum in the demixing curve, situated close to the  Classtubes were filled with polymer solutions of different

pure solvent axis in the temperature—concentration concentration and placed in a water bath. Turbidimetric
diagram. experiments were performed betweerf@@nd 80C at a
scanning rate of Z/min. For this purpose, light is passed
trough the glass tube containing the solution by using glass
. fibres immersed in the water bath and connected on one side
2. Experimental to the light source and on the other hand to the detector. The
intensity of the light that comes trough the solution is

2.1. Materials and techniques registered as a function of temperature.

2.1.1. Synthesis of linear poly(N-vinyl caprolactam)
N-vinyl caprolactam (VCL.: Aldrich 98%) was purified by 2 2 Theoretical considerations
distillation at 128C at a pressure of 21 mm and stored at
4°C. The melting point of VCL is 35—-3& under atmo- 2.2.1. Non-cross-linked systems
spheric pressure. 2-propanol was distilled, then refluxed The critical point, or consolute state, of a polymer solu-
over CaO before use. Benzene was distilled and subse-tion is generally situated at relatively low polymer con-
quently refluxed over Na/benzophenone until a deep blue centration. The position of this critical point in the
color was achieved. AIBN (Across 98%) was used without temperature—concentration phase diagram depends, among
further purification. other factors, on the molar mass of the polymer. An increase
In order to obtain three politvinyl caprolactam) in molar mass shifts this point to lower concentrations. The
(PVCL) samples with different molar masses, VCL was limiting situation for infinite molar mass corresponds to
polymerised in 2-propanol (PVCL1 and PVCL2) or in w,=0 (¢ =0) and the®-temperature. Several polymer/
benzene (PVCL3), both using 2;8zobisisobutyronitrile ~ water systems with LCST behaviour do not follow this
(AIBN) as radical initiator. The synthesis was performed classic FH scheme and off-zero critical conditions have
under nitrogen atmosphere. The use of 2-propanol leads tobeen reported [1-3]. A recent phenomenological analysis
transfer reactions, which cause lower molar masses [10,11].distinguishes between three Types of limiting critical
The reaction conditions are summarised in Table 1. behaviour that can be described by the expression for the
After the reaction, the solution was cooled to room Gibbs free energy of mixing, developed by Flory [12—14],
temperature and PVCL was precipitated in diethyl ether Huggins [15,16] and Staverman [17-19] if a strong
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Fig. 1. Demixing of PVCL in water for three samples with different chain
length. PVCL1M, = 9 kg/mol, cloud point temperaturég (+), demixing
temperaturél e, (@); PVCL2: M, = 20 kg/mol, cloud point temperatures
T (), demixing temperaturé,e, (l); PVCL3: M, = 275 kg/mol, cloud
point temperature$, (V), demixing temperaturéqe,, (A).

concentration dependent interaction functpis used:

AG/NKT = (¢po/mp)in g + > (hoi/mp)IN by

+ d100(T, ) @

where ¢, and ¢ are the volume fractions of solvent and
speciesd in the polymer, respectivelyp, = 3¢,;. The total
volume is built up ofN identical basic volume units (BVU),
andm, andmy; represent the number of BVUs occupied by
solvent molecules and a macromolecyleespectively. The
interaction functiong is represented by a second order
polynomial in¢:

9=0o+ G2 + 0205 )

The coefficientsg; may depend on temperatuiie for
instance byg = g5 + Gin1/T + g2 T. The values ofg;
and g, at the consolute point determine the type of phase
behaviour [2]. As discussed in the literature [24], Type |
phase behaviour is found ¢@; and g, obey the following
inequalities:

go = (V/2) + g; andg, = g; — (V/6) ®)

2.2.2. Cross-linked systems

Cross-linking has two important general consequences:

(i) the molar mass of the polymer becomes infinite and
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(ii) the system cannot reach a state of infinite dilution but
is only able to swell. In the presence of a solvent, equili-
brium is established between the osmotic swelling pressure
and the elastic force generated by the swelling process. An
elastic term has therefore to be added to the expression of
the Gibbs free energy of mixing:

AG/NKT = {(¢1/m1)|n ‘l"l + g¢1¢2} + AGelastic (4)

Networks prepared from systems with Type | miscibility
behaviour show continuous swelling—deswelling behaviour
with a change in temperature. In the temperature region
where less interactions between the solvent and the polymer
occur, the network will gradually contract. No direct inter-
section between the swelling curve and the demixing curve
will occur. Discontinuous swelling-deswelling is observed
with networks based on linear systems that show Type I
and Type Il (LCST) behaviour. The discontinuous swelling
response results from the interference of the swelling of the
network and the miscibility gap. At the temperature of inter-
ference, a three phase equilibrium is established, and as a
consequence of the Gibbs’ phase rule this results in an
invariant situation that leads to a concentration jump in
the network at that temperature [1,3].

2.3. Experimental observations

2.3.1. Demixing behaviour in the system PVCL/water

The demixing behaviour of agueous PVCL solutions was
investigated for three PVCL samples with different chain
length. The concentration dependence of the LCST demix-
ing is measured in two different ways. Turbidimetric obser-
vation allows the determination of the cloud point. The
temperature at which the first change in the intensity of
the scattered light is observed is taken as the cloud point
temperatureT).

Furthermore, the endothermic nature of the LCST demix-
ing is revealed in a calorimetric experiment. The tempera-
ture at the onset of this signal is taken as the demixing
temperatureTger). Samples with different polymer content
were heated from 2C€ to 8CC. The concentration depen-
dence ofTy and Tgen is represented in Fig. 1 and a good
agreement is found between the transition temperatures
obtained by the two different experimental methods. The
minimum of the demixing curve shifts towards lower
temperature and lower polymer concentration by increasing
the chain length of the polymer.

In Fig. 2 the computed phase behaviour, based on Egs. (1)
and (2), is presented. In Eq. (2), gllwere assumed to be
temperature-dependent according 9= Qs + G2 X T
(with gy = 0). The cloud point data of the system
PVCL2/H,0 were used to obtain values for the six inter-
action constants in the model. The polydispersity of the
polymer samples was ignored, i.e. the experimental data
were treated as coexisting data.

Quite generally, the coexistence in a binary system is
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Fig. 2. Calculated Type | demixing behaviour. —: calculated curves with
molar masses equal to samples PVCL1, PVCL2 and PV@ 3experi- Fig. 3. Concentration dependence of the melting tempera®@yeauid the
mental data of PVCL2. Parameter values are collected in Table 2. crystallisation temperatureA( of water obtained by dynamic measure-

ments, and glass transition temperatul® {n the system PVCL/water.
The Fox equation is given by the solid curve. The dashed curve and the

given by dotted curve were drawn as a guide to the eye.
/ ! I __ " !/ U i L. i
Api(dz, b2) = Apa(dz. ¢2) coexistence data. This is a non-linear least square problem
and which is solved using a multi-parameter estimation
computer program [20].
Apa(dy', dp") = Auy" (¢, ¢7) With this procedure, the values shown in Table 2 were

. ) ) ) obtained for the interaction constants.
with Api(¢2. ¢2) being the excess chemical potential of  The results of the fitting procedure are shown in Fig. 2.
componenti and ¢> and ¢z being the concentrations i ciearly, the fit between the experimental data and Egs. 1 and
the coexisting phases, denoted by the single and double; s excellent. However, the predicted phase behaviour for
prime, respectively. . . the systems PVCL1/® and PVCL3/HO is not quantita-

Expressions for the excess chemical potentials of both e The predicted change with molar mass is not as strong
components are easily derived from Egs. (1) and (2). 45 what was found with the experimental data. Allowing for
Clearly, the model parameterso oz, G1s G %os 922)  additional interaction constants, e.g. an additional reciprocal

are also present in these expressions. Values for the sixemperature dependence, does not result in a substantial
parameters in the model can be obtained by adjustingimprovement of the theoretical fit. We therefore restrict
them such that the best fit is obtained with the experimental ;- theoretical considerations to the presented results.

Table 2 Inserting the values of the interaction constants and the

Calculated interaction coefficients in Eq. (2) predicted criti_cal temperatures in Eq. (3) proves that the
phase behaviour of the system PVCL{H corresponds

Coefficient Value [unit] indeed to a Type |.

Oos —2.2213

Jon2 9.5x 107° [K 7] 2.4. Crystallisation and melting behaviour of water in the

G1s -189s3 system PVCL/water

J1n2 5.8113x 10 ° [K ]

O 1.2772 _— . . ,

Qe —~3.9393x 103 [K Y] The crystallisation and melting behaviour of water in

an aqueous polymer system can be used to study the
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Fig. 5. Demixing curve of PVCL2/water system: DSCT8nin (¥); swel-
ling curve of chemically cross-linked PVCL in watdll(swelling data after
reference [23]).

Fig. 4. Heat of melting of water\He,,) per gram solution of PVCL/water
samples as a function of polymer concentratilh: experimental data,
- ---: curve to show the tendency aH.,, to go to zero atv, = 0.6.

intermolecular interactions between water and the repeatingfunction of polymer concentration. In the concentration

units of the polymer chain [4]. A strong binding of water range 06 <w, < 1, the experimental data are accurately

molecules to these chain units, resulting in the formation of described by the Fox-equation [21]:

a molecular complex, will prevent the crystallisation of a frac-

tion of the water, presentin the solution. Inorder to detect such Ty = w;/Tgy; + Wo/Tg, 5)

complex formation, calorimetric experiments were performed

on PVCL2 solutions with varying concentration. The solid curve in Fig. 3 represents the concentration
The samples were cooled in the DSC froniQ@o —80°C dependence of the glass transition of the solutioR. (

at a scanning rate of 10/min. Subsequently, the samples This curve is obtained using Eq. (5) and setting

were heated at the same scanning rate freB"C to 20C. TgveL= 145C  (Ty), determined experimentally, and

From these experiments, several results can be derlved.-rngz o= —133C (T, [22]. The T,~w, relation intersects

From the dynamic cooling run, the temperature at the yith the dashed curve, representing the liquidus of

onset of the crystallisation of watelf{ as a function of  \ater, atw,=0.67. The dotted curve, which represents

the concentration is obtained and presented in Fig. 3.the crystallisation, intersects with tHE—w, relation at
From the subsequent heating run, the melting temperaturey, — 0.6,

as well as the experimental heat of meltidd,,) of water

can be determined. The concentration dependence of the

melting point of water is represented in Fig. 3 by the solid 3. Discussion

circles. The concentration dependenceA#,,, is repre-

sented in Fig. 4. Clearly, a linear decrease is observed and From the reported data, several conclusions can be

AHeyptends to zero at a concentration of sa= 0.6. This is drawn.

shown in the figure by a dotted line.

1. The calculations show that the system PVCL/water
corresponds to a Type | miscibility behaviour. The
LCST demixing curve shows a minimum that, if taken
as the critical point, shifts to lower polymer concentra-
tions with increasing polymer chain length.

2.5. The Glass transition temperatures of the PVCL
solutions

The glass transition temperaturg, was measured as a
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