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Abstract

The structure and rheological behavior of atactic poly(vinyl alcohol) (a-PVA) hydrogels prepared by freeze/thaw cycles were investigated

as a function of polymer concentration and number of freeze/thaw cycles. The presence of phases with different mobilities was observed

using 13C CP/MAS and DP/MAS NMR experiments. The degree of crystallinity of the a-PVA-rich phase was determined by 1H NMR free

decay experiments. Measurements of the shear storage and loss modulus were performed at a fixed frequency of 1 Hz and a strain value of

0.1%, i.e. under conditions where the deformation imposed on the gel structure is entirely reversible. Results thus obtained showed that an

increase in the number of freeze/thaw cycles induces an increase in the degree of crystallinity in the polymer-rich phase together with an

increase in the storage modulus. The a-PVA hydrogels became more fragile as the number of freeze/thaw cycles was increased. Moreover,

both the percentage of protons in a rigid environment measured by 1H NMR and the storage modulus values tended to a limiting value after

six freeze/thaw cycles. These results show that the first five or six freeze/thaw cycles play a very important role in determining the hydrogel

structure and rheological properties. A more detailed comparison of NMR and rheological data led to the conclusion that the storage modulus

is mainly controlled by the a-PVA crystallinity while the hydrogen bond interactions have a much smaller contribution.

q 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Atactic poly(vinyl alcohol) (a-PVA) is the largest

volume, synthetic, water-soluble polymer manufactured in

the United States and Japan [1]. It has vast applications in

packaging, textiles and pervaporation membranes. The main

characteristics of a-PVA are (i) its semi-crystalline

character despite its lack of stereoregularity [2–4] and (ii)

a strong tendency to exhibit both inter- and intra-molecular

hydrogen bonds. Moreover, water solutions of a-PVA can

transform into physically thermoreversible hydrogels under

different conditions [5,6]. Hydrogels of a-PVA, obtained

from dilute a-PVA water solutions by freezing at 220 8C

and then thawing at room temperature repeatedly, show a

number of interesting properties. They have good mechan-

ical properties, high water content, they are stable at room

temperature and are able to retain their original shape. In

addition, they are biocompatible. All these properties make

a-PVA hydrogels suitable for different biomedical and

pharmaceutical applications [7,8]. In particular, their high

mechanical strength and high elasticity are a few of the

attributes of this material that make it suitable for

applications as artificial tissues and contact lenses [9,10].

The final macroscopic properties of a-PVA hydrogels

prepared by freeze/thaw cycles depend on parameters that

describe the starting materials (concentration of a-PVA in

water, molecular weight, degree of saponification, tacticity)

and the processing steps (number of freeze/thaw cycles,

temperatures and times of both the freezing and thawing

steps). They are largely determined by the organization and

interactions of the chains in the gel state. It must be noticed

that, although numerous papers were devoted to a-PVA

hydrogels, their structure is still not completely solved and

the relationships with their mechanical properties are not

clearly established. The phase diagram established by
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Komatsu et al. [11] is of particular interest. It showed that

gelation occurs with or without spinodal decomposition

depending on the polymer concentration and temperature.

According to Komatsu, the gelation starts by hydrogen

bonding followed by crystallization. These conclusions

were supported by small and wide-angle neutron scattering

experiments [12]. In addition, NMR experiments performed

on a-PVA hydrogels obtained by freeze/thaw cycles

indicated the presence of hydrogen bonds and enabled the

estimation of the number of monomer units involved in

zero, one or two hydrogen bonds [13,14]. Moreover, they

pointed out the presence of crystallites. Rheological studies

of a-PVA hydrogels obtained by 1–5 freeze/thaw cycles

[15,16] led to the conclusion that PVA hydrogels increase in

rigidity when the number of freeze/thaw cycles is increased.

Therefore, a-PVA hydrogels can be considered as complex

systems whose structure and macroscopic properties depend

on several phenomena (crystallization, hydrogen bonding

and, in some cases, phase separation) occurring during

gelation. Moreover, the propensity of a-PVA hydrogels to

age by expulsion of water complicates the elucidation of all

relevant factors in the gel structure formation [17].

The aim of this paper is to discuss how the crystallinity

and hydrogen bonds control the rheological behavior of a-

PVA hydrogels obtained by freeze/thaw cycles. The gels

under study are characterized by a relatively low a-PVA

concentration and, as described by Komatsu et al. [11], they

undergo a phase separation at room temperature. The gel-

state organization was determined by 1H and 13C NMR. The

influence of polymer concentration and number of freeze/

thaw cycles was considered. The results thus obtained have

been correlated with measurements of the shear modulus.

2. Experimental section

2.1. Materials

The a-PVA powder (Aldrich ref. 36,315-4) used in this

study had a molecular weight, �Mw; of 115,500 with a degree

of hydrolysis of 98–99%.

The a-PVA microstructure was determined from the

analysis of the 13C NMR spectrum of a-PVA in deuterated

water solution. The percentages of mm, mr and rr

configurational triads were 22.1, 50.1 and 27.8%,

respectively.

2.2. a-PVA gel preparation

Aqueous solutions of 11, 12.5 and 14.6% (w/w) a-PVA

were obtained by dissolving the a-PVA polymer in

deuterated water for 3 h at 96 8C under reflux.

The aqueous solutions were cast between glass slides

with 1 mm spacers, or in glass microtubes, 3 mm in

diameter, at room temperature. Gel samples were obtained

by submitting the a-PVA solutions to one to eleven

freeze/thaw cycles consisting of a freezing (20 h at

T ¼ 222 8C) and a thawing step (4 h at T ¼ 25 8C). The

gel samples were kept at room temperature. To minimize

the influence of aging, NMR and rheological measurements

on a given sample were performed within a few days.

2.3. Solid- and liquid-state nuclear magnetic resonance

measurements

Solution-state 13C NMR spectra were recorded at

75.47 MHz using a BRUKER AM 300 NMR spectrometer.

Proton and high-resolution solid-state 13C NMR exper-

iments were carried out at 300 and 75.47 MHz, respectively,

using a BRUKER AVANCE 300 WB spectrometer.

Proton free induction decay experiments were performed

on static samples by using a p=2 pulse duration of 3 ms. The

percentage of rigid protons in a-PVA gel samples was

determined by measuring the percentage of protons that

relax during the first 20 ms. The error on each measurement

was estimated to be of the order of ^0.5%.

In 13C cross-polarization (CP) and direct polarization

(DP) NMR experiments, proton dipolar decoupling (DD)

and magic angle spinning (MAS) techniques were used. For

all experiments performed using MAS, a HRMAS rotor was

employed to avoid the loss of water from gel during

spinning. The spinning rate was 5000 Hz. In the CP 13C

NMR spectra, the matched spin-lock CP transfers were

carried out with 13C and 1H magnetic field strengths of

62.5 kHz, corresponding to a p/2 pulse duration of 4 ms.

The proton decoupling field strength was 80 kHz. The CP

contact time was taken as 1 ms to maximize the signal of
13C carbons in the rigid regions of the samples. The delay

time between two successive CP pulse sequences was taken

as 5 s. In 13C DP experiments the delay time was 2 s.

2.4. Rheological measurements

Rheological measurements were performed on a strain-

controlled Rheometrics RFSII rheometer equipped with a

parallel plates geometry (diameter 25 mm).

All rheological measurements were carried out at 25 8C.

Disc shape samples (diameter 26 mm, thickness ,1 mm) of

a-PVA gels were placed between the tools.

The samples were protected from drying by a homemade

cover to prevent the water from evaporating. This protection

ensured the sample stability over a time period long enough

(i.e. 1 h) to perform the measurements of the shear

mechanical properties. In all experiments, a weak normal

force was applied on the surface of the sample discs in order

to avoid the sweeping of the gel from the tool plates. This

force ensured a slight compression of the sample.

In the frequency sweep experiments, the shear loss (G00)

and elastic (G0) moduli were measured in the linear

viscoelastic regime, for frequencies ranging from 1 to

50 rad/s, at a maximum strain, g; of 0.1%. This g value was

determined by preliminary strain sweep experiments, in
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which the storage and loss modulus were measured as a

function of strain at a fixed frequency value of 1 Hz to check

if the deformation imposed on the gel structure by the

rheological experiment was entirely reversible. A strain

value, g; of 0.1% at 6.28 rad/s (1 Hz) was found suitable for

all the samples investigated.

Each measurement was performed at least twice, on two

different disc specimens from the same sample. The relative

error on the modulus was of the order of 15%.

3. Results and discussion

3.1. Evidence for phase separation at the microscopic level

The evidence of a phase-separated structure in the a-PVA

gels under study, obtained from freeze/thaw cycles, is

provided by the fact that a-PVA gel samples are opaque.

Moreover, as described by Kobayashi et al. [18], the

presence of two different phases within the gels can be

inferred by comparing the high-resolution solid-state 13C

CP/MAS and DP/MAS NMR spectra of the a-PVA gel

samples.

As an example, Fig. 1a and b show two spectra obtained

by 13C DP/MAS and 13C CP/MAS NMR, respectively, for

an a-PVA gel sample at a 11% w/w polymer concentration

after one freeze/thaw cycle only. The two spectra are very

different, in agreement with the existence of phase-

separated domains. In the 13C DP/MAS NMR spectrum of

the gel sample (Fig. 1a), the lines are quite narrow. The

resonance due to the CH carbon gives rise to three lines at

about 65, 66.5 and 68 ppm, which were assigned to rr, mr

and mm triads, respectively, [19–21]. For the CH2 carbon,

the number of peaks observed are due to tetrad configur-

ations. In terms of linewidth and resolution, the 13C DP/

MAS NMR spectrum of the a-PVA gel in Fig. 1a looks very

much like the 13C NMR spectrum of an a-PVA solution

given in Fig. 2. In the phase-separated a-PVA gel, it

corresponds to a water-rich phase.

3.2. Hydrogen bond interactions

As an example, the 13C CP/MAS NMR spectra of an a-

PVA gel at an 11% w/w polymer concentration after one

freeze/thaw cycle and neat a-PVA are plotted in Fig. 1b and

c, respectively. The natural linewidth of the a-PVA

resonances in the a-PVA powder is much too large for the

three narrow lines at 65, 66.5 and 68 ppm, characteristics of

the a-PVA microstructure, to be observed. Three broad

resonances (HB2, HB1, HB0) are observed at 77, 71 and

65 ppm for the CH carbon. They were assigned by Terao

et al. [13] to methine carbons involved in two, one and zero

hydrogen bonds, respectively. For the gel sample, the

linewidths are much larger in the 13C CP/MAS NMR

spectrum than in the 13C DP/MAS NMR spectrum. They are

somewhat narrower than the lines observed in the solid

powder. Besides, due to the low polymer concentration of

the a-PVA gel sample, only lines HB1 and HB0, assigned to

CH carbons involved in one (71 ppm) and zero hydrogen

bonds (65 ppm) can be distinguished in Fig. 1b. These

observations indicate that the chain mobility of the phase

observed by the CP/MAS technique is much lower than the

mobility in solution and somewhat higher than the chain

mobility of the a-PVA powder. Therefore, the 13C CP/MAS

NMR spectrum can be assigned to a a-PVA-rich phase in the

phase-separated a-PVA gel.

3.3. Crystallinity

The degree of crystallinity of all the a-PVA hydrogels

was determined by measuring the fraction of rigid protons

through 1H free induction decay experiments as a function

of polymer concentration and number of freeze/thaw cycles.

As a first approximation, the free induction decay of a-PVA

in the hydrogels exhibits two components characterized by a

very fast gaussian-like decay with a relaxation time on the

order of 20 ms and a much longer exponential decay. The

former component, which corresponds to a small number of

a-PVA protons, is characteristic of a rigid-lattice behavior,

whereas the latter component involves protons with

different mobilities. The rigid a-PVA component is very

Fig. 1. (a) 13C high-resolution solid-state DP/MAS NMR of a 11% w/w a-

PVA hydrogel obtained after one freeze/thaw cycle. (b) 13C high-resolution

solid-state CP/MAS NMR of a 11% w/w a-PVA hydrogel obtained after

one freeze/thaw cycle. (c) 13C high-resolution solid state CP/MAS NMR of

a-PVA dry powder.

Fig. 2. 13C NMR spectrum of a 11% w/w a-PVA solution.
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likely due to the a-PVA hydrogel crystallinity. The

percentage of rigid a-PVA protons is plotted in Fig. 3 as a

function of the number of freeze/thaw cycles for three

polymer concentrations. For low numbers of freeze/thaw

cycles, an increase in the number of freeze/thaw cycles or an

increase in the polymer concentration induces an increase in

the percentage of rigid protons. After five or six freeze/thaw

cycles, the percentage of rigid protons tends to a limiting

value.

These results show that the first five or six freeze/thaw

cycles play a very important role in determining the

hydrogel structure since they increase the crystallinity of

the samples.

3.4. Rheological behaviour

Fig. 4 shows the strain dependence at 1 Hz of the storage,

G0, and loss, G00, modulus determined for 14.6% w/w a-PVA

hydrogels obtained after different numbers of freeze/thaw

cycles. The values of G0 and G00 have been normalized by

their respective maximum value, G0
0 and G00

0. At very low

strain amplitudes, the loss modulus is lower than the storage

modulus, in agreement with the existence of a network

structure.

As shown in Fig. 4, the G00=G00
0 ratio dependence on the

strain value undergoes a maximum which occurs at smaller

values of percent deformation as the number of freeze/thaw

cycles increases. In addition, it can be noted (Fig. 4) that, for

small strain amplitudes, G0 is independent of the strain

amplitude. The latter result indicates that the deformation

imposed on the network structure is entirely reversible.

Indeed, repeated measurements on a given sample using the

same protocol gave identical results proving that the gel

structure is not modified by the experiment. At higher strain

amplitudes, G0 is a decreasing function of the strain

amplitude and the deformation is no longer reversible.

The higher the number of freeze/thaw cycles, the lower the

strain amplitude, which characterizes the end of the constant

regime, and the more fragile the a-PVA hydrogels. In the

following, all the experiments were performed at the low

strain amplitude of 0.1%, i.e. in the constant regime for G0.

As an example, the frequency dependence of G0 is plotted

in Fig. 5 for 14.6% w/w a-PVA hydrogels obtained after

different numbers of freeze/thaw cycles. Repeated measure-

ments, using the same protocol, gave reproducible results, in

agreement with the reversible character of the deformation

experienced by the sample at small strain amplitudes. For all

the a-PVA gels investigated, at the three polymer concen-

trations (11, 12.5 and 14.6% w/w), G0 and G00 (not shown on

the graph) do not depend on the test frequency in the range

between 0.1 and 30 Hz.

The values of the storage modulus, G0, determined at

1 Hz for the different a-PVA gel samples are plotted in Fig.

6 as a function of the number of freeze/thaw cycles. The

Fig. 3. Percentage of protons on rigid regions of PVA gels, at three different

polymer concentrations, as a function of the number of freeze/thaw cycles:

(K) 11% w/w a-PVA hydrogel; (A) 12.5% w/w a-PVA hydrogel; (W)

14.6% w/w a-PVA hydrogel. Lines are guides for the eye.

Fig. 4. G0 and G00 modulus at 1 Hz as a function of different strain values, for14.6% w/w a-PVA hydrogels obtained after different numbers of freeze/thaw

cycles. The G0 and G00 moduli have been normalized with respect to their maximum values: filled symbols: G0; open symbols: G00. Lines are guides for the eye.
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storage modulus, G0, increases with increasing polymer

concentration. In addition, as shown in Fig. 6, for a given a-

PVA concentration, G0 increases with the number of freeze/

thaw cycles and tends to a plateau value at high numbers of

freeze/thaw cycles.

3.5. Comparison of NMR and rheological data

As shown by the 13C NMR spectra plotted in Fig. 1a and

b, the methine carbons of a-PVA which belong to the water-

rich phase of the hydrogel are not involved in hydrogen

bonds. On the opposite, a significant part of the methine

carbons of a-PVA which belong to the a-PVA-rich phase is

involved in one hydrogen bond. In agreement with

conclusions derived by Kobayashi et al. [14], it is a clear

evidence that hydrogen bonding contributes to the hydrogel

crystallinity. It also infers that, in the systems investigated,

the value of the storage modulus, G0, should be mostly

determined by the characteristics of the a-PVA-rich phase,

i.e. the degree of crystallinity and density of hydrogen bond

interactions in this phase. Therefore, to get a better

understanding of the relationships between the network

structure of the a-PVA hydrogels and their rheological

behavior, the storage modulus values at 1 Hz, G0, were

plotted in Fig. 7 as a function of the percentage of protons in

the crystalline phase, determined from the analysis of the 1H

free induction decays. For a given a-PVA concentration, the

storage modulus, G0, strongly increases as sample crystal-

linity increases. As a first approximation, the three data sets

obtained for the three a-PVA concentrations can be fitted to

straight lines. Extrapolation of these lines to G0 equal to zero

leads to a common value of the sample crystallinity, on the

order of 1%. This result indicates that a minimum crystal-

linity is required for these a-PVA samples to exhibit gel

behaviour. Moreover, it is interesting to note that, for a

given crystallinity, the storage modulus increases slightly as

polymer concentration increases. This phenomenon can be

related to the increasing number of intermolecular hydrogen

bonds that take part in the gel structure, in the a-PVA-rich

Fig. 5. Storage modulus, G0, as a function of frequency for 14.6% w/w a-PVA hydrogels obtained after different numbers of freeze/thaw cycles.

Fig. 6. Storage modulus, G0, at 1 Hz, as a function of the number of

freeze/thaw cycles for 11 (X), 12.5 (O) and 14.6 (B) % w/w a-PVA

hydrogels. Lines are guides for the eye.

Fig. 7. Storage modulus, G0, at 1 Hz, as a function of the percent of protons

on rigid regions of the polymer, for 11 (X), 12.5 (O) and 14.6 (B) % w/w a-

PVA hydrogels.
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phase of the hydrogel. Therefore, results displayed in Fig. 7

clearly show that hydrogel crystallinity is the main factor

that controls the G0 values at low strain amplitude, while the

hydrogen bond interactions in the a-PVA-rich phase have a

smaller contribution.
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