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ABSTRACT: Poly(vinyl alcohol) (PVA) hydrogels were prepared in aqueous solutions at different concentrations
using glutaraldehyde (GA) as cross-linker. The gel fraction, increase rate of gels, critical gel point, and swelling
ratio were measured. Furthermore, the influences of intramolecular cyclization on the cross-linking processes
and the structure of formed hydrogels were studied. The results show that the degree of intramolecular cyclization
and the ratio of f CHO]/[—OH] at critical gel point () increase with the decrease of PVA concentration. The
bulk gels do not form when PVA concentration is below %.10-2 g/mL even at higher GA/PVA mixture ratio.

In the concentration range of (2.202.3) x 10-2 g/mL, intramolecular cyclization fraction is basically not changed

with gel fraction above the critical gel point. The way of gel growing is controlled by PVA concentration. In a
certain range, the lower the PVA concentration is, the higher the increase rate of gels is. The equilibrium swelling
ratio decreases with increasing PVA concentration. The structure of PVA hydrogels can be adjusted by changing
the cross-linker or polymer concentrations.

Introduction absorbability and eminent mechanical strength were prepared
through the cross-linking reaction of KOH aqueous solution of
PVA with epoxy-chloropropané! Hassan et ai? prepared
PVA gels by repeated cycles of freezing-s20 °C for 8 h and
thawing at+25 °C for 4 h. The stability of gels can be
significantly enhanced by increased the number of freezing and
ethawing cycles.

Polymer gels are important materials of both fundamental
and technological interest. In recent years, hydrophilic gels
called “hydrogels” have received considerable attention. PVA
is one of the highly hydrophilic and water-soluble polymers
with high chemical stability. Hydrogels can be prepared from
aqueous PVA solutions through several techniques such as th i i o )
photo-cross-linking method, irradiation methods using electron  There is an important assumption in the polymer gelation
beams andy-rays, the freezing-thawing method, and the theory presented by Flofyand Stockmayéf that only inter-
chemical cross-linking methddSince PVA hydrogels have molecular and intramolecular reactions can be neglected below
good biocompatibility, low toxicity, good mechanical properties the critical gel point. But in the real polymer solutions, the
(high storage modulus and mechanical strength), and Superexperimental results of critical gel point and-sgkl distribution
water-absorbing capability, much attention has been paid to theirwere different from the theoretical calculation values. The
applications in various biomedical fields such as artificial kidney deviations were caused just by the intramolecular cyclization.
membraned,contact lense$wound bandages and dressirigs, The other researchers developed further this theory and pre-
cell immobilization® tissue engineering,and drug delivery sented some theoretical models and updated formulas. Zheng
systemd. Understanding of the polymer network formation in and Suematsideveloped the gelation theory of low molecular
the presence of a solvent, the resulting network structure andmass molecules with multifunctional units. They obtained the
properties are essential to develop hydrogels with controlled expression of the gel point as a function of the concentration,
swelling and properties for specific biomedical applicatibns. and their theory makes prediction of the existence of a critical

During the past decades, the preparation, properties, anold|Iut|on. Elliott® investigated the effect of solvent concentration,

applications of PVA hydrogels have been extensively studied. cross-linking agent size, and cross-linking agent concentration

Bao et aP developed hydrogel beads with PVA to substitute ©" the extent of cross-linking and primary cyclization during
for damaged or degenerated intervertebral disk nucleus. Wangthe Photopolymerization of multifunctional monomers. Rafkin
has simulated the gelation process of alkoxysilane polyconden-

et all prepared a bulk gel from aqueous oxygen-free solutions ''*> o o ; 4 7
brep g d yg sation under acidic conditions with extensive cyclization by

containing PVA byy-ray irradiation at concentrations around ‘ . ! ]
20 g/L. Anionic polyelectrolyte gels were prepared by An et Monte Carlo simulation. Litf has analyzed the effects of intra-
molecular cyclization to account for the significant deviations

al10 through the chemical cross-linking reaction of highly ) - R
phosphorylated PVA (P-PVA) with glutaraldehyde. Their results from the classical tree picture in rigid polycyanate networks.
showed that the water absorbability depends directly on the In the past, the experiments on intramolecular cyclization of
cross-linking density and degree of crystallinity in the hydrogel. gels mainly focus on the polycondensation systems of multi-
The water absorbencies of these cross-linked P-PVA increasefunctional monomers, and there are few experimental results
initially with an increase of the ratio of [GA]/[P-PVA] and then  about intramolecular cyclization of hydrogels prepared directly
decrease after passing through a maximum. PVA gels with high using long chain polymer with linking agent. In this paper, the
gelation of long chain polymer is studied. The influences of

t Jilin University intramolecular cyclization on the cross-li_nking reaction processes

* PetroChina Company Limited. and the structure of formed hydrogels in the PYBA system
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Experimental Section

Materials. PVA sample with degree of polymerization of 1750
was commercially obtained from the Beijing Organic Chemical
Plant. The degree of saponification was 88 mol %. 50% (w/w)
glutaraldehyde (GA) solution was purchased from Tianjin Tiantai
Fine Chemical Limited Co. Hydrochloric acid, analytical grade,
was obtained from the Beijing Chemical Plant.

Gelation ProcessThe PVA solutions were prepared by adding
a set amount of polymer to distilled water with stirring at room
temperature for 15 min. Then the temperature was raised t€90
and enough time was given to achieve complete dissolution.
Afterward, the solution was filtered to remove the impurities. At
last the solutions with concentrations of 2.201072, 5.12x 1072
8.03x 1072 8.50x 1072 12.3x 1072 and 17.8x 1072 g/mL
were prepared.

A series of PVA solutions were weighed, and 0.2 mL of aqueous
solution of HCI (1.4 M) as catalyst was added to the solution with
stirring. Then various amounts of GA aqueous solution (0.2822
M) as a cross-linker were added to the above solution with stirring.
Afterward, the reaction mixtures were kept at 20 for 5 days,
and the cross-linked PVA hydrogels were obtained The resulting
gels were soaked with water for 24 h, filtered, and washed with
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can be taken as the first generation, and it assumes that there
are no intramolecular reactions occurring in this system. The
molecule chains that bond to the first generation through
intermolecular reactions are taken as the second generation, and
the rest may be deduced by analogy to titte generation. If
there areVl —OH groups in theith generation, denoted by,

the number of~OH groups that would react with cross-linker

in the (h + 1)th generation can be calculated from

M = MOg(@o- 1)

whereq is the extent of reaction of theOH groups andallis
the weight-average degree of functionality of PVA.

If M(1) < MM, the molecule tree is constringent and forms
sol, and ifM™+D) > MM the molecule tree is radialized and
forms gel. Therefore, if there is no intramolecular reaction in
the system, the condition of critical gel is

M(n+1) — M(n)

So that the theoretical value of the critical extent of reactjon

distilled water. The procedure was repeated five times to remove can be deduced from above two equations, obtaining

the sol completely. The dry gels were dried to be constant weight.
The gel fraction is labeled &Sel and sol fraction is labeled as
are calculated as

Gel= my/Mpy
s=1- Gel

wheremye andmpya are the dry weight of the gel and the weight
of PVA, respectively.

The intrinsic viscosity of PVA was measured at 25 with an
Ubbelohde viscometer. The value is 65.76 mL/g. The molecular
weight of PVA is 8.72x 10* calculated using the MarkHouvink
equation withk anda being 45.3 and 0.64, respectivéfand the
weight-average degree of polymerization is 178 .

The swelling degree of the gel was calculated using the
expression

W, (%) = (W, — W,)/W, x 100%

whereW, is the water uptake in grams per gram of gel, akgd

__1
al-1

1
@0

o

Qe )
In our system, the weight-average degree of functionality of
PVA is 1.78 x 0.88 x 1% soq. = 6.38 x 107

Because the functional groups@H) of PVA are much more
than the functional groupsHCHO) of cross-linker, and the
cross-linker must be consumed completely during the reaction
process, Figure 1 can also be considered as the gel fraction
variety with the real extent of reactiomf,) of —OH groups
on PVA. The experimental value of extent of reactigg, can
be calculated from+CHO]/[—OH]. If there were no intramo-
lecular reactions, the experiment value of critical extent of
reaction @exn) Should be equal to the theoretical valye But
in real polymer solution, especially in dilute solution, there are
some intramolecular reactions besides intermolecular reac-
tions!® So the experiment value of critical extent of reaction
must be higher than the theoretical omg).( This fact means

andWy are the weights of the gels after swelling and subsequent that the intramolecular cyclization in our system cannot be

drying.

Results and Discussion

Gelation ProcessesFigure 1 shows the variation of gel
fractions with the content of cross-linker at various PVA
concentrations. The bulk gel did not form at a certain range of
lower cross-linker concentration. The gel fraction increased
rapidly with the increase of cross-linker content above the
critical gel point and then became smooth gradually after gel
fractions up to 90%. The ratio ofFHCHO]/[—OH] at critical
gel point ¢c) can be obtained by extrapolating gel fraction to
0%. The variation of . with concentration of PVA is represented
in Figure 2. Ther. increases with the decrease of PVA
concentration, which is consistent with the results of polycon-
densation in the small molecules syst&m.

The curve in Figure 1 can be divided into three regions: the
first one in which no gels formed, the second one in which gel
fractions increased significantly in a narrow range-o€HO]/
[—OH] until up to about 90%, and the third one in which gel

fractions increased gradually due to the increase of intramo-

lecular cross-linking with the increase of intermolecular cross-
linking.

Intramolecular Reactions at the Critical Gel Point. Ac-
cording to the molecule tree modé€lany one of PVA chains

ignored. The degree of intramolecular cyclization can be defined
as @exp — ). The fraction of intramolecular cyclizatiofy,can
be given as follows:

_ (qexp )

lexp

f x 100%

)

Figure 3 shows the variety 6t critical gel points with PVA
concentration. The fraction of intramolecular cyclization is
decreased linearly with the increase of PVA concentration within
the measured range of concentration. Calculated from the line,
the fraction of intramolecular cyclization will be up to 100%
when PVA concentration decreased to 120802 g/mL, which
is consistent with the experiment result. The bulk gel indeed
did not found in diluted PVA solutions<(1.1 x 1072 g/mL)
even at higher GA/PVA mixture ratio, but the solution became
turbid.

Fraction of Intramolecular Cyclization above the Critical
Gel Point. On the basis of Flory’s ideal network assumptions,
all —OH functional groups are equally reactive. The fraction
of sol, s, can also be expressed as follows:

N
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Figure 1. Variation of gel fractions with the content of cross-linker at various PVA concentrations.

HereN andN are numbers of sol functional groups and total As the number of residual functional groupsi#]— 1, the
functional groups on the PVA chains, respectively.

The selections of a molecule chain in the system and a
functional group on the molecule chain are random, l@adis

weight-average degree of functionality 6fOH on a PVA
molecule chain. The probability of this functional group links

with sol is

q

N'(1—q) 1-¢
=Qs
NI—o  T1-q

probability of these groups link with sol is

q1-

q n qs )BlEFl

1-g¢g
—-q

This molecule chain would become sol only when the two
probabilities are equal, that is

gs

whered andq are sol and total reaction extents, respectively. or

1-q_

1-

q

- 1-d
q(l q4+as7—,

)@B—l
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Figure 2. rc as a function of PVA concentration.
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Figure 3. Variety of f at critical gel points with PVA concentration.
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When the entire molecule chain is considered, the relation

between the numbers of sol functional groups and total
functional groups is

P _ 1 — q' F:1Bg
N N(l q+sq1_q)
namely
_ _ 1— q' @0

s—(l q—l—sql_q) (4)

Combining egs 3 and 4, we gét
1 — gl/@0
A== ®)
1— Sl (€V[E)]

As the 0> 1 in this system,q can be approximately
expressed with Taylor progression as the following equation:

Ins 1

 1-s@E0 (©)

The total reaction extent above critical gel point can be
calculated theoretically by using eq 6. The intramolecular
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Figure 4. Intramolecular cyclization fraction as a function of gel
fraction.

Table 1. Slope in the Second Region in Figure 1 at Various PVA

Concentrations
concn k102g/mL)  2.20 5.12 8.03 85 123 178
slope 0.449 157 10.6 7.46 118 4.79

cyclization fractions can be calculated using eq 2 from the real
reaction extentiex, Which is equal to the ratio of{CHO] to
[—OH]. The results are presented in Figure 4. In the concentra-
tion range of (2.2612.3) x 1072 g/mL, intramolecular cy-
clization fractions were not changed almost with the increase
of gel fraction above the critical gel point when keeping the
PVA concentration constant and approximately the same as that
at the critical gel points. But the intramolecular cyclization
fraction increased with the increase of gel fraction at PVA
concentration being 17.8 102 g/mL.

Increase Rate of Gel.The slope in the second region in
Figure 1 presents the increase rate of gel with the increase of
linking degree. The increase rate of gel is extremely slow at
the concentration of 2.2& 102 g/mL, and the rate becomes
very rapid when the concentration is above 5:42072 g/mL.
After that, the rate decreases gradually with increasing PVA
concentration. The rate becomes slow again at £718-2 g/mL
(see Table 1).

It is well-known that polymer molecule chains disperse as
random coils in dilute solution. The distance of two molecule
chains decreases with the increase of PVA concentration until
those molecules overlap or interpenetrate. Only when the func-
tional groups of polymer chain move to an effective distance
can the intermolecular cross-linking reaction occur. The reaction
speed is low in dilute solution, as intermolecular cross-linking
reaction demands the motion of whole chains. In contrast, the
local chain segment motion can lead to intermolecular reaction
in semidilute and concentrated solution, so the reaction rate is
higher.

On the basis of the equations of overlap threshotd—23

* ~ 3M/47N,R 7)
and the following equatici
[7] = 6.2R*NA/M, (8)

C* can be represented by combining egs 7 and 8 as follows:

C* = 1.48/f] © cpy
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2.20x 107 %g/mL and make appareM, small and swelling ratios decrease. These
5.12x 10 %g/nL results reflect that the topological structure of the networks
8.03x 10 %g/nL depends on the concentration of polyrdethat is, the higher
17.8x 10 g/ nL PVA concentration is, the stronger entanglement effect is and

the lower swelling ratio is. So we can control the structure of
3x10° network by adjusting the concentration of PVA.

The swelling ratio of gels decreases with increasing the cross-
linker content at same PVA concentration; i.Bl; decreases
with increasing the cross-linker content. Because the distribution
of polymer chains in solution is homogeneous and the reactivity
of all functional groups £OH) is equal,M. is dependent on
the cross-linker content strongly. By this way, it is possible to
10° adjust the network structure of gels via changing the content of
cross-linker.
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[CHO] / [OH]>*107 The intramolecular cyclization influences on-sgkl distribu-
tion, the increase rate of gels, and swelling ratio have been
studied for the PVA-GA system. The influences of polymer
concentration on intramolecular cyclization fraction have also
The overlap threshol@* in this system can be calculated from been discussed. Both the fraction of intramolecular cyclization
eq 9 with a value of 2.25 1072 g/mL. As the concentration  and critical gelation mixture ratio of {CHO]/[—OH] will
of 2.20 x 1072 g/mL is around the overlap threshoGf, the increase when PVA concentration decreases. The bulk gels do
intramolecular cyclization fractions are higher (about 96%) due not form when PVA concentration is below 141072 g/mL.
to less chain overlapping and entangling. In the meantime, theln a certain range of PVA concentrations, intramolecular
intermolecular cross-linking reaction requests the motion of cyclization fraction is basically independent of the increase of
whole chains, and the process is rather slower than the diffusiongel fraction above the critical gel point. The ways of gel growing
process of the local chain segment motion, so the increase rateare controlled by PVA concentration. In a certain range, the
of gel fraction at this concentration was -180 times lower lower PVA concentration is, the higher increase rate of gels is.
than those at other concentrations. For the concentration of 17.8The swelling ratio decreases with increasing PVA concentration
x 1072 g/mL, intramolecular cyclization fractions increased with and cross-linker content. The results show that intramolecular
the increase of gel fractions, so the increase rate of gel fractioncyclization is a very important influence factor on the structure
also became low. of network, especially in dilute solution.
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