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Acrylamide (AAm) modified polyvinyl alcohol (PVA) with enhanced water solubility and tunable tacticity and crystallinity

was prepared by alcoholysis of vinyl acetate (VAc) and acrylamide copolymers. The chemical structures and performance
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of VAc-AAm copolymers and AAm-modified PVA were measured by FTIR, UV-vis, XRD, elemental analysis as well as

rheometry. FTIR and XRD analysis reveals that AAm units in PVA chain can reduce the stereoregularity effectively, and

suppress the crystallinity. And a decreasing linear relationship between crystallinity and AAm mole fractions is observed.

Furthermore, the influence of AAm modification on the water solubility of PVA was studied, and a significant enhancement

either at low temperature (30°C) or at high temperature (70°C) was achieved through AAm modification. Moreover, the

rheological investigation suggested that the relative strength of the hydrogen bonding interactions existing between PVA

chains was weakened, while those between PVA chains and water molecules, to some extent, were enhanced after AAm

modification. The method presented is an easy but promising way to prepare PVA that can have good water solubility even

at low temperature while exhibiting high degrees of alcoholysis.

Introduction

Poly(Vinyl alcohol) (PVA), as a well-known water-soluble
polymer with high transparency and outstanding mechanical
properties, has been utilized in an invaluable component of
numerous personal, industrial and electronic products[m].
More recently, highly alcoholysized PVA has proved attractive
for exploitation in the biomedical field due to its water-
solubility, low cytotoxicity and biocompatibility 48l |n these
industrial and biomedical applications, the water solubility of
PVA is of natural importance ) However, the water solubility
of commercial sourced PVA shows a strong dependence on the
degrees of alcoholysis in the PVA chains and highly
alcoholysized PVA usually exhibits poor water solubility,
particularly at low temperature B Worse yet[9‘ 10], agueous
solution of PVA of high degree of alcoholysis usually undergoes
viscosity increase with time, and sometimes even gelation,
depending on the concentration of polymers and the storage
conditions. This increase in viscosity of PVA aqueous solution
during storage might lead to a phase separation, as we have
revealed previously [11], and critically affect the effectiveness
and economic benefits of the industries using aqueous
solutions of PVA. To enhance the water solubility of PVA of
high degree of alcoholysis, a great number of methods based
on copolymerization or post-polymerization modification
(esterification occurring on the hydroxyl group or Ce(lV)
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initiated  radical  polymerization  occurring on the
methane/hydroxyl groups in PVA chain) to introduce
hydrophilic groups for improving solute-solvent interactions
and/or enhance steric hindrances for suppressing crystallinity
of PVA chain have been reported (12141 pecent studies ™
found that a noticeable increase of solubility of PVA can be
achieved by esterifying PVA with D,L-lactic acid possibly due to
the synergism of the increase in steric hindrances and the
decrease in alcoholysis degree. However, investigations of the
similar PLA modified PVA by Ding et al [l 5ptained non-water-
soluble polymers in all Moreover, these post-
polymerization modifications usually results in the decrease of

cases.

the degree of alcoholysis and uncontrollable amount of homo-
polymerization of modification monomers in the case of Ce(IV)
initiated radical polymerization. To circumvent this
shortcoming, alternative routes for PVA modification using the
strategy of copolymerization with ionic monomers or other
hydrophilic monomers were carried out™*” 18], while their
researches mainly focused on the kinetics studies and the
changes of chemical structures and few efforts were devoted
to the questions that how the copolymerization will affect the
water solubility of PVA and further the rheological properties
of the PVA aqueous solution and what kind of monomer for
copolymerization will favor the water solubility of PVA with
high degrees of alcoholysis, which are of particular interest to
our group in the view of the industrial applications of PVA
aqueous solution.

We report herein the acrylic amide (AAm) modification of PVA
to tune its tacticity and crystalline structures and to enhance
its water solubility. Choosing AAm as the co-monomer is based
on the following design rationale. First, since both AAm

J. Name., 2013, 00,1-3 | 1



RSC Advances

monomer and poly(acrylic amide) are water soluble, AAm
modified PVA is supposed to exhibit better water solubility
comparing with the PVA modified by other water insoluble
In addition, intermolecular
hydrogen bonds between water molecule and the amido

monomers. the formation of
group, a strong hydrogen bond donor, should to some extent
accelerate the dissolving process. Second, as amido group is
larger than hydroxyl group, the increase in steric hindrance
and the decrease in steric regularity can be expected. And due
to the increased steric hindrances after AAm modification, the
percentage of tacticity and crystallinity of the modified PVA
should be suppressed, may resulting in dramatically
enhancement of its water solubility. Thus, through
copolymerization vinyl acetate (VAc) with AAm and the
following alcoholysis, controlling the chemical structures and
crystalline behavior of PVA and further improving its water
solubility could be achieved. As discussed below, our
characterization results confirmed this design, showing that
the modified PVA exhibits the tacticity and crystalline of PVA
changing upon AAm mole fraction in PVA chain, while its water
solubility, either at low temperature (30°C) or at high
temperature (70°C) enhancement.
Moreover, the rheological properties of the AAm modified PVA
aqueous solution has been investigated.

shows a significant

Experimental
Synthesis.

Materials. Vinyl acetate (VAc) (99%), commercial product from
Chengdu Kelong Chemical Reagent Factory (Chengdu, China),
was purified by filtration through a basic alumina column to
remove inhibitors followed by distillation under reduced
pressure and was stored at -18 °C before use.
Azobisisobutyronitrile (AIBN) (99%), purchased from Chengdu
Kelong Chemical China), was
recrystallized twice from ethanol. Acrylamide (AAm) (99%) was
recrystallized from CHCl;, and then vacuum dried at 25 °C and
kept at -18°C. Methanol (Analytics Reagent) and sodium
hydroxide (Analytics Reagent), supplied by Chengdu Kelong

Reagent Factory (Chengdu,

Chemical Reagent Factory (Chengdu, China), were used as
received.

Preparation of Poly(VAc-co-AAm). Random copolymerization of
VAc and AAm was carried out as follows: Typically, VAc, AAm
and AIBN (See Table 1 for mole feed ratios) were added
sequentially to methanol in a 500 mL three-necked round-
bottomed flask equipped with a mechanical stirrer, condenser
and nitrogen inlet. After bubbling nitrogen for 30 minutes to
remove oxygen, the reaction was carried out at 65 °C for 4
hours. P(VAc-co-AAm) sample was obtained and purified by
precipitation from methanol solution in cold deionized water
twice. The resultant P(VAc-co-AAm) was collected by filtration
and dried to constant mass under vacuum at 40 °C.

Alcoholysis of Poly(VAc-co-AAm). Acrylamide modified PVA

was prepared following the well-established alcoholysis
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method using sodium hydroxide as catalyst. Typically, into a 50
mL three-necked round-bottomed flask equipped with a
mechanical stirrer and a reflux condenser were added P(VAc-
co-AAm) (0.9 g) and sodium hydroxide (5 mol% relative to
theoretical content of acetate groups) and suspended in
methanol (30 mL). The reaction was carried out for 4 hours at
50 °C. After cooling, the supernatant liquid was decanted off
and the resultant PVA gel was purified by dialysis against pure
methanol until no monomers or sodium hydroxide in dialysis
methanol could be detected by FTIR and UV-vis spectrum. The
obtained acrylamide modified PVA was then collected by
filtration and dried to constant mass under vacuum at 40 °C.

Characterizations.

Fourier transform infrared (FTIR) Analysis. 10 um thick films of
PVA and AAm-modified PVA were subjected to FTIR
spectroscopy in the range of 4000 to 500 cm™. A FTIR Nicolet
560 FTIR spectrometer was used for the study. The film
samples were prepared by casting 5 wt% aqueous solutions of
PVA or modified PVA on Teflon substrates, following by slowly
evaporating the solvent at 35 °C in an oven for a week, and
then drying in vacuum oven at 50 °C to remove residual
solvent.

X-ray diffraction (XRD) analysis. X-ray diffraction analysis was
performed on an X'Pert Pro MPD (Philips Analytical Co. Ltd.,
Netherland) X-ray diffractometer with CuKoa radiation
generated at 50kV and 35 mA. Samples were scanned at 0.08
°s™in the range of 20 = 15-35 ° using a step size of 0.2 °.

Elemental Analysis. Nitrogen elemental analysis
performed on a Euro EA 3000 Element analyzer (Euro Vector

SPA, Italy).

was

Polymerization degree. The viscosity-average degrees of
polymerization (P,) of PVA and AAm-modified PVA were
calculated from the respective intrinsic viscosities by using the

Sakurada equation (o,

10%
B, = (In] x 53"

ey
where [n] is the intrinsic viscosity of polymer. The intrinsic
viscosities of PVA and AAm-modified PVA, [n](dl/g), were
measured in deionized H,0 for PVA, and in aqueous solution of
sodium chloride (1M) using Ubbelohde capillary viscometer at
30+0.01°c™" 2,

Water-solubility. Water-solubility of samples was evaluated by
determining the mass percentage of dissolved polymer based
on the total polymer added to solvent. Typically, water-
solubility of all samples at 30 °C was measured as follow: 0.5 g
PVA or modified PVA films (1cmx1cm, 10 um thickness) and 10
mL deionized water were mixed together, and the mixture was
kept undisturbed for 120 min at 30 °C. Then 2 mL aliquots
were sampled and filtrated to remove un-dissolved polymer

This journal is © The Royal Society of Chemistry 20xx
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films or gels. A Shimadzu UV-720 UV-vis spectrophotometer
was used to measure absorption spectra of the filtrate. Prior to
calculating concentration, a serious of calibration curves (plots
of UV-vis absorbance versus solution concentration) for all

samples were established following a well-accepted method (22,

22 Calibrating the absorbance at maximum absorption band (A
= 190 nm for samples) against the corresponding
absorption-concentration calibration curve, concentration of

all

the filtrate (C¢) could be achieved. Then the mass percentage
(D%) of dissolved polymer based on the total polymer added
to solvent could be calculated by Eq (2):

D% = (CexV,)/W, (2)

where C; is the concentration of filtrate; V; is the total volume
of deionized water using for dissolving samples, which is 10 mL
in this case; and W, is the total mass of samples using for
water-solubility measurement, which is 0.5 g in this case.

Evaluating water solubility of samples at 70 °C was processed
similar to that at 30 °C as mention above except that time for
dissolving samples was changed from 120 min to 20 min.

Viscosity of aqueous solution. Viscosity of PVA or AAm-
modified PVA aqueous solution (5 wt%, 10 °C) was measured
using a Brookfield LVDV-III viscometer (Brookfield, USA). Since
viscosity of an aqueous PVA solution might increase gradually
during storage, all viscosity measurements of these PVA and
AAm modified PVA aqueous solutions were carried out 2 hours
storage at 10 °C after preparation of the solution.

Results and discussion
Synthesis.

To obtain (AAm) modified PVA, random

copolymerization of VAc and AAm were carried out firstly. Table 1

acrylamide

shows the copolymerization results of typical examples. For
homopolymerization of VAc, monomer conversion reached up to
78% within 4 hours, while introducing 1.0 mol% (based on the
amount of VAc) of AAm as a co-monomer, the monomer conversion
of the copolymerization dropped to 73% under the same reaction
conditions. slightly
decreased with increasing the mole fractions of AAm in the reaction
mix (Table 1). Kinetic study of the polymerization of VAc and the
copolymerization of VAc with AAm at different mole feed ratio of
VAc/AAm (Figure 1) reveals the same tendency: the rate of
copolymerization inversely with the AAm
Considering the reactivity ratios of the monomer pairs, where

Concomitantly, the monomer conversion

varies content.
rvac=0.09 and ry,,=9.28 [23], this phenomenon could be explained by
the following: As AAm is approximately 10 times as reactive as VAc,
AAm monomers hold a strong attraction for both AAm and VAc
radicals, leading to the additive reaction of all radicals with AAm
monomers, and the radicals will transfer to AAm monomers, and
consequently, high reactive VAc radicals and high reactive AAm
monomers gradually convert into low reactive AAm radicals. Thus,
the concentration of AAm radicals will gradually increase with the
polymerization time, while the concentration of AAm monomers
will decrease. However, due to the low reactivity, AAm radicals

This journal is © The Royal Society of Chemistry 20xx

react slowly with VAc monomers, which are also of low reactivity,
resulting in the retardant of chain propagation. Similar results are
also found in styrene-vinyl acetate and acrylonitrile-vinyl acetate
systems as described in other articles [24, 5 Furthermore, since
both AAm and VAc radicals prefer AAm monomer, mole fraction of
AAm units in copolymer chain should be larger than the mole
fraction of AAm monomer in the feed until monomers conversion
reaches 100%, which was consisted with the results of copolymer
components (as listed in Table 1). The copolymer components were
calculated from the percent nitrogen of the copolymers. The C, H,
and N analyses were done on a Euro EA 3000 Element analyzer.

Table 1. Conditions for and Results from the Polymerization of VAc and the
Copolymerization of VAc with AAm

Sample® [VAc]/[AAm] t(h) conv.(%) AAm Unites Ratio(%) °
PVACc 100/0 4 78 0
PVAc-AAm-1 100/1 4 73 3.7
PVAc-AAm-2 100/2 4 71 5.8
PVAc-AAm-3 100/3 4 65 8.1
PVAc-AAm-4 100/4 4 63 9.1
PVAc-AAm-5 100/5 4 65 10.9

? Polymerization conditions: 65°C, Monomer : Methanol = 3.5:1 (wt:wt), AIBN =
0.15% (based on monomer weight), N, atmosphere.

® Mole fraction of AAm units in the copolymer composition, calculated from
nitrogen analysis.
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Figure 1. Monomer conversion versus polymerization time plots for
polymerization of VAc and copolymerization of VAc with AAm at different mole
feed ratio of VAc/AAm. See Table 1 for polymerization conditions.

Poly(vinyl alcohol) (PVA) and AAM-modified poly(vinyl alcohol)
(PVA-AAm) were obtained by alcoholysis of the corresponding
precursors. The alcoholysis degree, mole fraction of AAm units and
viscosity average molecular weight were given in Table 2. It can be
observed that the component of AAm units increased with the
increasing of mole fraction of AAm units in corresponding AAm
modified PVAc precursor. However, the mole fraction of AAm units
in PVA-AAm chain is slightly lower than that in the corresponding
PVAc-AAm chain. Taking PVA-AAm-5 for instant, the mole fraction
of AAm units in PVAc-AAm-5 is 10.9%, while that in the
corresponding PVA-AAmM-5 is only 7.1%. The decrease of AAm units
may owe to partially hydrolyzing of acrylamide to acrylic acid units
during alcoholysis process, resulting in the decrease of nitrogen

J. Name., 2013, 00, 1-3 | 3
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elemental content. The alcoholysis degrees (AD%) of all samples,
measured by back titration method, were also listed in Table 2. The
alcoholysis degree information revealed that after 4 hours reaction
by using NaOH as catalyst almost all pendent acetate groups were
cleaved to end up with another polymers, PVA or acrylamide
modified PVA (PVA-AAm). It should be noted that residual acrylic
acid groups, generating from the hydrolysis of AAm units, may
influence the alcoholysis degree results measured by back titration
method. Residual acrylic acid consumes an excess of NaOH,
resulting in slightly increase of the measured value of alcoholysis
degree. Furthermore, the intrinsic viscosities of obtained PVA-AAm
samples were conveniently measured in a Ubbelohde capillary
viscometer, and the viscosity average degrees of polymerization
were calculated by using the equation presented by Sakurada,
Pv=([n] x 104/8.33)1'61. Listed in the last column of Table 2 are the
results. Despite the inhibiting effect of AAm on polymerization of
VAc, the degrees of polymerization show no significant difference.
In other words, the molecular weights of the as-synthesiezed PVA
and PVA-AAm samples are at the same level.

Table 2. Alcoholysis degree, composition ratio, and M, for PVA and AAm
modified PVA

Sample® Precursor AD (%)  AAm Units Ratio (%)®  Py(x10°) ¢
PVA PVAC 99.2 0 1.47
PVA-AAm-1 PVAc-AAm-1 97.8 2.3 1.45
PVA-AAm-2 PVAc-AAm-2 97.7 3.4 1.37
PVA-AAm-3 PVAc-AAm-3 98.5 5.1 1.39
PVA-AAm-4 PVAc-AAm-4 98.5 6.0 1.46
PVA-AAm-5 PVAc-AAm-5 97.5 7.1 1.56

2 Alcoholysis degree (AD), measured by back titration method; ® AAm units ratio
in the copolymer composition, calculated from nitrogen elemental analysis; ©
Viscosity-average degree of polymerization (Py),
Pv=([n]x10*/8.33)*%; [n] was measured at 30°C in water for PVA and in sodium
chloride solution (1 N) for PVA-AAm samples.

calculated by using

Chemical structure and tacticity characterized by FTIR.
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Figure 2. FTIR spectra of pure PVA (a) and AAm modified PVA with different mole
fraction of AAm units: (b) 2.3%, (c) 3.4%, (d) 5.1%, (e) 6.0%, (f) 7.1%.

FTIR technique was used to investigate the difference of chemical
structures between PVA and AAm modified PVA, PVA-AAm. Prior to
recording the FTIR spectra, all samples were firstly purified by

4| J. Name., 2012, 00, 1-3

precipitation from deionized water solution in cold acetone twice to
eliminate the possibility of the existence of homo-polyacrylamide
and unreacted monomers. To make sure that all the homo-
polyacrylamide and monomers had been extracted, the PVA and
PVA-AAm samples were extracted with pure acetone until no
impurity in acetone extracts could be detected by FTIR method.
Because mixing tough PVA samples with dried KBr powder was not
easy to form a homogeneous mixture, thin PVA films (10um) were
employed instead of KBr pellet in this investigation. Typical infrared
spectra of PVA film and PVA-AAm films were presented in Figure 2.

Figure 2 (a) represents the FTIR spectrum of PVA film, while (b)-(f)
show the FTIR spectra of AAm modified PVA films with mole
fraction of AAm units of 2.3%, 3.4%, 5.1%, 6.0% and 7.1%,
respectively. In figure 2 (a), the characteristic stretching vibration
peaks of -C-O- in PVA at 1090cm™ and 1140cm™ are observed. The
strong absorption between 3000 and 3800 em™ should attribute to
hydroxyl stretching vibration. Furthermore, weak absorptions at
1740cm™ and 1370 cm™ should be noticed, which represent the
stretching vibration of carbonyl (>C=0) and the stretching vibration
of methyl (-COO-CH;) in acetate group, indicating an incomplete
alcoholysis. The observation of residual acetate group is coherence
with the alcoholysis degree of this sample detected by back
titration method. Comparing the FTIR spectra of PVA-AAm, showing
in figure 2 (b)-(f), with that of pure PVA, two major changes could
be observed: 1) for all samples (from b to f) at 1660cm™ appears a
new peak and the peak area increases with the increase of mole
fraction of AAm units in PVA chain; 2) the peak area of the band at
1740 cm™ increases slightly for high AAm content PVA-AAm
(samples e and f). As reported by other researchers [26], the
characteristic absorption bands of polyacrylamide are at ~1660 cm™
corresponding to stretching vibration of carbonyl (>C=0) and 1610
cm® corresponding to bending vibration of NH group. Considering
that reliable purification of samples were performed to remove
homo-polyacrylamide and unreacted monomers prior to FTIR
measurement, therefore, development of new band at 1660cm™
clearly demonstrates the success of introduction of AAm units into
PVA chain by copolymerization. The absorption band at 1740cm™
should attribute to the residual VAc units, as analyzed above.
Therefore, the increase of this band plausibly indicates the decrease
of the alcoholysis degree of PVA sample. However, considering the
back titration and elemental analysis results, a more reasonably
explain for this phenomenon should be the hydrolysis of AAm units,
as discussed above. Under base condition, AAm will hydrolyze to
acrylic acid, resulting in the blue shift of carbonyl group (>C=0)
from 1660 to around 1740cm™. Duplicating of absorption band of
carbonyl group in acrylic acid with that in residual VAc units causes
the increase of 1740cm™ band area.

The change in tacticity of PVA due to AAm modification is of special
interest by the reason that PVA with higher tacticity, which has
higher ability to form intermolecular hydrogen bond and crystals,
leads to poor water solubility and eventually insolubility of PVA in
hot water 27 %] Though introducing AAm units into PVA chain to
decrease the steric regularity of PVA chain, decreases of tacticity of
AAm modified PVA samples were expected. To understand the
change of tacticity due to AAm modification of PVA, isotactic and

This journal is © The Royal Society of Chemistry 20xx
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syndiotactic contents were determined in respective FT-IR scan

using the following formulas (29,301,

Isotacticity = [—78 (%) + 59] % (4)

Syndiotacticity = [(72.4 + 1.09)(?)0-4%0-006] %  (5)
850

Where Dqgygis absorbance at 916cm™ and Dgs is the absorbance at
850cm™; calculations are performed on OMNIC 8.1 software after
the linear baseline corrections.

Results calculated by Egs. (3) and (4) were listed in Table 3. Due to
the introduction of AAm units, an obviously decrease of the
percentage of isotacticity was spotted as expected. A special notice
should be paid to sample PVA-AAm-5. The isotacticity of this sample
decreased dramatic from 27.1% (for pure PVA) to 10.3% (with
introducing 7.1 mol% AAm units). This indicates that the isotactic
regularity of hydroxyl groups of PVA molecule is reduced. However,
in case of syndiotacticity, we observed a slight increase in
percentage of syndiotacticity after introducing AAm units into PVA
chain. Although the reason of this increase has not yet been
ascertained, strong intermolecular hydrogen bonding interactions

important role in this case as
[31]

were believed to play an
demonstrated by other researchers

Table 3. Tacticity of AAm modified PVA calculated by Egs. (3) and (4)

Sample® AAm Unites Ratio (%) Isotacticity (%) Syndiotacticity (%)
PVA 0 27.1 50.0+0.27
PVA-AAm-1 2.3 25.1 51.4+0.26
PVA-AAm-2 3.4 16.9 56.4+0.21
PVA-AAm-3 5.1 18.9 55.2+0.22
PVA-AAm-4 6.0 22.0 53.3+0.24
PVA-AAm-5 7.1 10.3 60.0+0.17

Crystallinity of PVA and AAm modified PVA characterized by XRD.
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Figure 3. XRD spectra of pure PVA (a) and AAm modified PVA with different mole
fraction of AAm units: (b) 2.3%, (c) 3.4%, (d) 5.1%, (e) 6.0%, (f) 7.1%.

The actual change in the crystallinity of PVA before and after AAm
modification was characterized by XRD method and the results
were shown in figure 3. Figure 3 (a) represents the XRD pattern of

This journal is © The Royal Society of Chemistry 20xx
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the pristine PVA sample, while (b)-(f) show the XRD pattern of AAm
modified PVA samples with mole fraction of AAm units of 2.3%,
3.4%, 5.1%, 6.0% and 7.1%, respectively. Typical diffraction peaks at
26=20.12, 23.42 and 41.18 due to <101>, <200> and <111>
crystalline planes were observed in all cases, indicating that AAm
units will not cause observed crystal pattern transition of PVA. By
mapping crystalline and amorphors area under the XRD curves, the
degrees of crystallinity of PVA and AAm modified PVA samples were
estimated. Figure 4 shows the plot of crystallinity degree against
mole fraction of AAm units. This figure illustrated that the degree of
crystallinity decreased approximately linearly as mole fraction of
AAm units increases, well consisting with the decrease of isotactic
regularity of hydroxyl groups as revealed by FTIR measurement.

50
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w IS
? ?

N
e

10 T T T T

2 4 6
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Figure 4. Crystallinity of AAm modified PVA as a function of AAm-content of the
copolymers.

Effect of copolymerization on water solubility.
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Figure 5. Plots of water solubility (D%) versus crystallinity (upper), and AAm-
content (lower) of AAm modified PVA.

It is well documented that the water solubility of PVA is closely
related to the crystallinity, as well as the tacticity. Previous work by
Fujii and coworkers €] reveals that PVA with less crystalline has
higher water solubility than more crystalline samples. Meanwhile,
the tacticity configuration favours interchain hydrogen bonding,
leading to high crystalline and consequently to poor water solubility
21 Triggered by these researches, we carried out the investigation
of the influence of AAm units on tacticity and crystallinity of PVA,
hoping that we can consequently enhance the water solubility of
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RSC Advances

PVA. As previously discussed, tacticity and crystallinity have been
successfully controlled by introducing AAm units, hence, the effects
of the AAm units on water solubility (D%) of PVA is of particular
interest in this section. The plots of water solubility versus mole
fraction of AAm at 30°C and 70°C are shown in figure 5a, and the
influence of crystalline on the water solubility is shown in figure 5b.
The water solubility of PVA and AAm-modified PVA was measured
at the same conditions, and polymer film samples with the same
surface area (1cmxlcm) and thickness (10um thickness) were used
in all cases to eliminate errors that might result from experimental
design. From figure 5 it can be seen that water solubility of the
pristine PVA was only 3.9 wt% for 20 hours at 30°C, and an
approximately linearly increase of the water solubility of the
materials with mole fraction of AAm units was observed. By
introducing 7.1% mole fraction of AAm units into PVA chain, the
water solubility increased to 30wt%, more than 4 times as high as
that of pristine PVA. It seems that the improved water solubility of
the AAm modified PVA can be most probably attributed to the
dramatic decrease of the crystallinity of the materials, as shown in
figure 5(b). It is also worth mentioning that the water solubility of
the materials will also be affected by the competition of hydrogen
bonding between AAm units and vinyl alcohol units with that
between AAm units and solvent. If the AAm units prefer to form
inter molecular hydrogen bonds with water, formation of hydrogen
bonds will be good for enhancing the water solubility. Otherwise, if
the interactions are dominated by AAm-PVA hydrogen bonding,
hydrogen bonding networks forms, resulting in the decrease of
water solubility of the materials. From the water solubility results, it
seems that AAm-H,0 hydrogen bonding interaction might be in
domination. And the hydrogen bonding effect will be further
discussed in the next section.

The water solubility measured at 70°C also indicates the
dependence of water solubility on mole fraction of AAm units
in PVA chain, confirming that copolymerization with AAm is a
promising way to enhance the water solubility of PVA with
high alcoholysis degree, in particular in the range of near 97%.

Effect of copolymerization on viscosity.
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Figure 6. Apparent viscosity as a function of shear rate for the AAm modified PVA

aqueous solution (5 wt %) at 10 °C

For PVA, it is believed that inter and intra hydrogen bonding in
the PVA chains is disrupted by thermal energy during
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dissolving. However, upon cooling, the inter and intra
hydrogen bonding can reform, leading to gradually increase of
the viscosity of PVA solution. After introducing AAm units to
PVA chain, the viscosity behaviors of PVA-AAm aqueous
solution will be more complex due to additional AAm-PVA,
AAm-H,0 and AAm-AAm hydrogen bonding interactions. To
understand the role of AAm units in controlling the inter- and
hydrogen bonding of PVA-AAm aqueous

solutions, rheological studies of aqueous solution of PVA-AAmM

intra-molecular

with different mole fraction ratio of AAm units were carried
out at 10°C. Figure 6 shows the interrelationship between
apparent viscosity and shear rate for 5 wt% aqueous solutions
of PVA-AAm with 6 different mole fraction ratios of AAm units.
It is seen from the figure that the apparent viscosity increases
significantly when the AAm mole fraction increases from 0%
(pristine PVA) to 7.1% (copolymerization with AAm with a feed
ratio of VAc:AAm=100:5). This increase of viscosity, for PVA-
AAm with high AAm mole fraction, is most certainly due to
either the strong hydrogen bonding interactions between
polymer chains and solvent (water) or that inters polymer
chains. If strong polymer chain associations are formed in
those aqueous solutions, a pronounced shear thinning
behavior will be anticipated. From figure 6 it should be special
noticed that the shear thinning behavior does have been
affected by copolymerization. However, compared with the
pristine PVA aqueous solution, no pronounced shear thinning
behavior is observed for those PVA-AAm aqueous solutions
with high AAm mole fraction (> 5.1%). This result indicates that
polymer chain associations in the AAm modified PVA are lower
than that in the pristine PVA. Considering the experimental
results, the hydrogen bonding interactions between PVA-AAm
and solvent seems to be in domination here, which is in
coherence with the water solubility results as previously
discussed. Thus, this study reveals that copolymerization with
AAm could be a useful method for enhancing the water
solubility of PVA and restraining the formation of hydrogen
bonding networks in PVA aqueous solution.

Conclusions

AAm modified PVA with high degree of alcoholysis, 97% or
greater, was successfully synthesized by copolymerization of
VAc and AAm and following alcoholysis. The introduction of
AAm units into PVA chain significantly decreased isotacticity
and suppressed crystallinity, resulting in an
enhancement of water solubility of AAm modified PVA at
either low temperature (30°C) or high temperature (70°C) with
regard to pristine PVA. Further rheological researches on the
PVA and AAm modified PVA aqueous solutions indicated that
stronger intermolecular hydrogen bonding interactions with
water were found in AAm modified PVA aqueous solution
comparing with pristine PVA. Also, strong polymer chain
associations through hydrogen bonds in PVA aqueous solution
seemed to be weakened by the AAm modification, indicated
by rheological investigation. Hence, this research provides a
promising way for tuning the microstructure and crystallinity,

obvious
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and improving the water solubility of PVA with high degree of
alcoholysis through copolymerization with AAm.
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A robust modification method for producing highly alcoholysized poly(vinyl alcohol) with good

water solubility, enables tuning of the crystalline.
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