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Abstract A salt-induced physical gelation was found for
the aqueous solution of poly(carboxylate)s having three
kinds of hydroxyl groups, i.e., primary, tertiary and one on
a hemiacetal ring. The gelation point (critical salt concen-
tration) was positively correlated with the content of the
hemiacetal component, while the previously confirmed
hydrogen bond between the hemiacetal OH and —COO™
group does not seem to essentially contribute to the
physical gelation. Above a critical polymer concentration,
the solution viscosity was first decreased and then increased
with increasing NaCl concentration, leading to gelation.
However, below the critical polymer concentration, the
viscosity decreased. These different behaviors of the
solution viscosity depending on the polymer concentration
were ascribed to a preferential promotion of intermolecular
or intramolecular hydrogen bonds among the hemiacetal
OH groups above and below the critical polymer concen-
tration, respectively.
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Introduction

Intermolecular and intramolecular hydrogen bond (HB) of
hydrophilic polymers in aqueous systems is crucial for
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determining the solution properties. For example, rheological
properties of aqueous poly(vinyl alcohol) (PVA) solution are
mainly determined by the relative strength of the intra- and
intermolecular HBs and ones with water (i.e., hydration) [1].
Carboxyl group (-COOH) is also an effective HB donor for
interpolymer complex formation [2]. Further, the intermo-
lecular HB, as well as cross-linking via counterions, plays an
essential role in the sol-gel transition of polysaccharides.
[3—5] Needless to say, gelation of PVA by repeating “freeze-
thaw” process is also a result of enhanced and stabilized
intermolecular HBs between the OH groups. [6, 7] Thus,
hydroxyl and carboxyl groups are key HB donors for
producing interpolymer complexes, supra-molecular poly-
mers and physical gels, and so on.

In this context, a hydrophilic polymer that contains three
kinds of OH groups: primary OH on o-hydroxyallyl
alcohol component, hemiacetal OH on cyclic hemiacetal
component, and tertiary OH on «-hydroxyacrylate compo-
nent, may be interesting [8]. This polymer is prepared by a
simple reduction of a polylactone (PLAC; see Fig. 1 of
[10]). Yamazawa et al. [9] have studied molecular structures
of reduced PLAC (red-PLAC) samples having different
degrees of reduction and found various intra- and intermo-
lecular HBs between the three kinds of OH groups and
—COOH group. Especially, the hemiacetal OH group forms
a stable HB with —COO ™ group, which is interrupted by the
allyl alcohol OH. Sunohara and Satoh [10] also suggested
that —COO™ group in the red-PLAC is stabilized by
intramolecular HB with hemiacetal OH group on the basis
of significantly low pKa values and more marked infrared
shifts observed for red-PLAC samples of more hemiacetal
contents. Thus, aqueous solution of red-PLAC, which has
different kinds of OH groups as HB donor and acceptor as
well as —COO™ group as a HB acceptor, seems to be an
intriguing system where intra- and intermolecular HB must
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be essentially involved with the rheological behaviors. In
the present study, we have investigated solution viscosity of
the red-PLAC as functions of salt concentration, polymer
concentration, temperature, and polymer constitution (con-
tents of hemiacetal, allyl alcohol, and «-hydroxy acrylic
acid components).

Experimentals
Sample preparation

PLAC (M,=5.0x10) was kindly supplied by Nippon
Peroxide. The PLAC sample, which composed of approx-
imately 70 mol% of lactone ring component and approx-
imately 30 mol% free carboxyl group, was washed by
methanol (MeOH) for 30 min under stirring and air-dried
before use. With this pretreatment, the free carboxyl group
in PLAC was partly converted to methyl carboxylate group
[11]. All the solvents and NaBH,4 were of analytical grade
(Tokyo Kasei) and used without further treatment. Water
was deionized and distilled before use.

Reduction of PLAC was performed with two types of
procedures (I and II) to obtain red-PLACs with various
compositions. The details were given in our previous
papers [8—10]. Bare outlines for the procedures are as
follows:

Procedure I (same as procedure A of [9]); PLAC was
dissolved in DMSO/MeOH or DMF/MeOH mixed solvent.
The polymer solution was slowly added into methanol
containing desired amounts of NaBH,. The reduction
reaction was continued for 5 h under stirring at 0 °C. This
procedure is adequate for obtaining hemiacetal-rich red-
PLAC samples.

Procedure II (same as procedure C of [9]); Re-reduction
of the red-PLAC samples obtained with procedure 1 was
performed by adding desired amounts of NaBH, into an
aqueous solution of the red-PLAC. The reaction was

continued for 5 h under stirring at 25 °C. With this
procedure, one can transform hemiacetal component in the
“parent” red-PLAC sample to allyl alcohol without signif-
icant change in the carboxyl group content.

The solution proton nuclear magnetic resonance (‘H
NMR) spectra for all the reduced samples were obtained to
estimate the polymer composition. Experimental conditions
for the NMR measurement and the detailed procedures for
the composition estimation are given elsewhere [9].
Polymer compositions thus estimated are shown in Table 1.
As seen from the table, red-PLAC (named as RP) samples
of various composition were obtained. RP1 and RP2 series,
which were obtained by re-reduction (procedure II),
composed of the allyl alcohol and hemiacetal components
in various ratios with keeping almost constant carboxyl
group contents (~60% for RP1 series and ~40% for RP2
series). Although all the RP samples prepared by procedure
I should have a similar composition, the hemiacetal
component varied from 32 to 75%, and the carboxyl group
ranged from 10 to 60%. Especially RP6 and RP7 samples
had much less carboxyl group and significantly higher
amounts of hemiacetal component compared with the
others. Such an unsteady result for those two sample
preparations may be partly ascribed to some possible
different contents of the —COOCH; group, which were
converted from the free -COOH group during pretreatment
of PLAC with methanol; methyl carboxylate must be easily
reduced by NaBH,; compared with the free carboxyl
counterpart.

Viscometry

Solution viscosities of the red-PLAC samples were mea-
sured with a vibration-type viscometer (Viscomate 10A,
CBC Materials) as functions of salt concentration (0—
0.3 mol/kg), polymer concentration (0.1-3 wt%), and
temperature (6, 25, or 30 °C). The salt concentration was
changed by adding required amount of NaCl sequentially

Table 1 The reduction condi-

tion and the composition (%) Sample name Procedure PLAC/NaBH4 Allyl alcohol hemiacetal —-COOH

of red-PLAC samples
RP1 1 1:8 6 34 60
RP1-0.5 I 1:0.5 16 28 56
RP1-10 I 1:10 27 15 58
RP2 I 1:8 12 49 39
RP2-1 I 1:1 31 35 34
RP2-5 1I 1:5 33 27 40
RP2-10 1II 1:10 43 20 37
RP3 I 1:8 5 38 57
RP4 I 1:8 14 40 46
RP5 I 1:8 13 32 55
RP6 I 1:8 15 75 10
RP7 I 1:8 13 60 27
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into the polymer solution. LiCl, KCI, CsCl, and NaF were
also used as added salts. With this salt addition, the
polymer concentration was decreased by about 5% at most.
In most systems, salt addition resulted in a macro-gel
formation. The confirmation of the gelation was performed
by the so-called “sample inversion” method.

Viscoelasticity measurements were performed for RP1
and RP5 samples which contained NaCl or CsCl with a
rheometer (Reosol-G3000, UBM) to obtain the storage and
loss elastic modulus (G' and G") as a function of
temperature (20-60 °C) at 1 Hz.

Freeze-thaw test

Effects of freezing on the RP sample viscosity were
investigated. Two RP7 samples (3.0 wt%), which contained
no NaCl and 0.1 mol/kg NaCl, respectively, and one RP6
sample in the absence of NaCl were frozen at —20 °C for
1 h and then thawed at 25 °C. Solution viscosities of RP7
samples were measured after 1 and 5 h since the start of
thawing.

Fourier transform infrared spectroscopy

To see if HB of the -COO™ group is responsible for the
gelation of red-PLAC aqueous solutions or not, attenuated
total reflection Fourier transform infrared (FT-IR) spectra
(FT-IR8200 PC equipped with ATR-8200H, Shimadzu)
were obtained for RP2 and RP2-5, both of which contain
approximately 40 mol% of -COO™ group.

Results and discussion
Salt-induced gelation

Solution viscosities of RP2 series, which were measured as
a function of NaCl concentration at 6 °C, were shown in
Fig. 1. Viscosities of all the RPs initially decreased with
increasing the NaCl concentration and then showed a
significant upturn except for RP2-10 system. At the
endpoints of the upturn, the respective sample solutions
formed a macro-gel. The viscosity data at the end point
(gelation point) of the respective systems should be taken as
a rough measure of solution viscosity just before the
gelation because the vibration-type viscometer measures
the viscosity of “solution” just around the probe even when
the sample became a macro-gel.

The initial decrease in the viscosity is to be ascribed to a
contraction of the polymer chain caused by the screening of
the electrostatic repulsion among the carboxylate groups
upon addition of NaCl, a normal behavior for polyelectro-
lyte solution. On the other hand, the upturn in the viscosity
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Fig. 1 Salt-induced thinning and thickening behavior of RP2 series
samples (C,=3.0 wt%)

with increasing the salt concentration is an extraordinary
behavior as observed for aqueous polyelectrolyte solutions.

The thickening behavior and/or resultant physical gelation
of aqueous polyelectrolyte solutions have been reported for
many systems [2, 12-14]. However, in most cases, the
driving force for the thickening or the responsible intermo-
lecular interaction is the hydrophobic interaction. For
example, Li and Kwak [15] ascribed a significant pH-
dependent thickening observed for aqueous solutions of
acrylic acid—acrylamide copolymers, the latter of which was
hydrophobically modified with alkyl chains (C10, C12, or
C14) mainly to hydrophobic interaction among the hydro-
phobic chains and partly to hydrogen bond between -COOH
and —COO  groups. In some cases, intermolecular HB has
been assigned a main driving force for thickening behaviors
observed for polyelectrolyte solutions. Sotiropoulou et al.
[16] reported a first example of a polyelectrolyte solution
system showing a thickening behavior through pure hydro-
gen bonding interactions; mixtures of poly(acrylic acid)
(PAA) and poly(acrylic acid-co-2-acrylamido-2-methylpro-
pane sulfonic acid)-graft-poly(N,N-dimethyl acryl amide)
(P(AA-co-AMPSA)-g-PDMAM) showed a significant vis-
cosity increase, or even a physical gelation, in the lower pH
region (<3.75) due to the hydrogen bonding association
between PAA and PDMAM side chains.

In these two examples, a pH decrement induced the
observed thickening effects through decreasing the electro-
static repulsion among the polymer chains; otherwise, the
hydrophobic and the hydrogen bonding interactions would
not be able to effect the viscosity enhancement. On the
other hand, another simple method must be also effective to
reduce the electrostatic repulsion among the polyelectrolyte
chains, i.e., salt addition. In fact, it has been well known
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that polysaccharides such as carrageenan show physical
gelation in the presence of alkali metal salt [3-5, 17]. For
example, a typical mechanism for the gelation of kappa-
carrageenan has been believed to be through cation
(counterion) mediation between charged groups on the
helix (single or double) polymer chains. [5] Although such
a gelation mechanism has been extensively studied, main
concerns of the researchers were to investigate and
elucidate the gel properties as functions of temperature,
polymer concentration, and cationic (counterion) species,
much less attention being paid on the thickening behavior
leading to gelation with increasing added salt concentration.
Thus, the present finding that aqueous solutions of a
synthetic polycarboxylic acid show those remarkable
viscosity increases preceded by an initial viscosity decre-
ment with increasing the salt concentration seems to be a
first example, at least to our best knowledge.

As referred above, the hydrophobic interaction, HB, and/or
the counterion-mediated polymer association may also be
nominated as the main cause for the observed thickening and
gelation behavior. However, experimental results shown in
Figs. 2, 3, and 4 seem to safely exclude the possibility of the
first and the third ones as a main mechanism. Figure 2 shows
the temperature dependence of the viscosity for the two RP3
systems, which once formed physical gel at 6 and 25 °C by
adding 0.08 and 0.35 mol/kg, respectively. The significant
decrease in the viscosity with increasing the temperature is
inconsistent with the hydrophobic interaction, suggesting
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Fig. 2 Temperature effects on the viscosity of RP3 samples. (C,=3.0
wt%). The open symbols were viscosity data that were obtained by
increasing the temperature. The filled circle was obtained by
decreasing the temperature down to 23 °C from 25 °C. The filled
triangle was obtained by adding NaCl
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Fig. 3 Dependence of the solution viscosity of RP5 sample on the salt
species added

that some exothermal interaction is responsible for the gel
formation. Figure 3 shows the salt-induced thickening and
gelation behavior of RP5 for several kinds of salts systems.
The cation effects are appreciable as Cs" < K, Li" < Na®,
namely, in this order, the gelation occurred in the lower salt
concentration. This ion specificity seems to be consistent
with the well-known counterion specificity for carboxyl
anion [18]. However, the observed counterion specificity for
the gelation is much less significant compared with those
found for the carrageenan systems [5], suggesting that the
counterion-mediated polymer association mechanism is
unlikely as a main one for the gelation of the present RP
systems. Another and stronger support for excluding the
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for RP6, 13:60:27 for RP7
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counterion-mediated mechanism may be obtained from the
results shown in Fig. 4 where the viscosity behaviors among
three RP samples of different compositions are compared;
RP6 system showed a physical gelation by adding 0.04 mol/
kg of NaCl, the lowest concentration for gelation among
those found for the RP samples. This means that the
carboxyl group, and hence the counterions, are not essen-
tially involved with the gel formation, as the RP6 sample
contains only 10 mol% of carboxyl group, the lowest among
the RP samples used here.

Thus, the second one, i.e., the hydrogen bonding
interaction, seems to be most likely as the main cause for
the observed gelation. There are many candidates for the
responsible hydrogen bonding interaction; those among the
three kinds of OH groups and —COO  amount to 9. On
the basis of the gelation behavior of RP6 sample (Fig. 4),
however, one may safely deduce that the intermolecular HB
between hemiacetal OH groups should essentially contrib-
ute to the thickening and the physical gelation. Namely, the
higher the hemiacetal composition (RP6 > RP7 > RPS), the
lower the salt concentration necessary to induce gelation
(RP5 > RP7 > RP6).

On the other hand, other candidates may not be
essentially responsible for the gelation. For example, HB
with —COO  group would first dropout from the candidates
on the basis of the same reasoning as that made for the
counterion-mediated mechanism, that is, because of such a
low carboxyl group content (10%) of RP6 sample. In
addition to the significant dependency of the gelation point
on the polymer composition (hemiacetal content), the
results shown in Fig. 4 clearly show that the absolute
values of viscosity are inversely dependent on the carboxyl
content or charge density; the higher the polymer charge
density is, the lower the viscosity becomes, as RP6
(10%) > RP7 (27%) > RP5 (55%). This strongly suggests
that it is not the polymer chain extension due to the
electrostatic repulsion that determines the solution viscosity
of the present polyion systems but the intermolecular HB
between hemiacetal OH groups.

In our previous studies, on the other hand, we found that
the dissociated state of the carboxyl group (-COO") is
largely stabilized by the HB formation with the hemiacetal
OH group [10, 11]. This apparent inconsistency between
the previous conclusion, which was obtained by a pH
titration study and the present gelation behavior, may be
ascribed to the difference in the polymer concentration.
Namely, in such a low polymer concentration employed in
the previous study (approximately 0.03 mol/l, 0.3%) [10],
only the intramolecular HB must be available. Therefore,
the stabilization of the dissociated carboxyl group (or
significantly low pKa values of red-PLAC with higher
hemiacetal contents) can be attributed to the intramolecular
HB formation between the carboxyl anion and the

hemiacetal OH, but not to the intermolecular one. In fact,
Fig. 5 shows that the gelation of RP2 sample was
accompanied by no significant shift for the -COO™ peak
at 1,585 cm ', On the other hand, the corresponding peak
for the aqueous solution sample of RP2-5 that contains less
hemiacetal OH group appeared at a slightly lower wave-
number (1,578 cm™'). This may be ascribed to the lower
degree of intramolecular HB formation between the
carboxyl anion and the hemiacetal OH. Thus, it is not
unreasonable to suppose that the HB between —COO ™ and
hemiacetal OH was not a main cause for the salt-induced
gelation of the pertinent polymer samples.

«-OH and allyl alcohol OH groups still remain as
possible contributors for the physical gelation. However,
both would also fail; for the former, the content is the
lowest for the RP6 sample (25%), suggesting that the OH
group is not essentially involved with the gelation. For the
latter, our previous studies seem to deny the possibility as a
contributor to the gelation; the '*C NMR [11] and the pH
titration [10] studies suggested that the allyl alcohol OH
groups intramolecularly form HBs with the hemiacetal OH
groups. In fact, this is consistent with the present finding
that RP2-10 sample, the allyl alcohol content of which is
the highest (43%) among the samples, showed no gelation
with increasing NaCl concentration (Fig. 1).

-COOH
1699¢cm-1

-CO0~
1585¢cm-1

,..« 1578cm-!

-\_,

b A LS, ‘,‘Jf

v

1693cm-1
\,\/\w
i e

W\_«.,\AJJ

absorbance

1900 1700

Wavenumber [cm-1]
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After all the above discussion, we may safely conclude that
the intermolecular HB formation between the hemiacetal OH
groups is mainly responsible for the salt-induced physical
gelation of aqueous solutions of the red-PLAC samples.

Freeze-thaw effect

It has been well known that the freeze-thaw (F-T)
processing on aqueous solution of hydrophilic polymers
such as PVA may promote the gelation by forming
intermolecular HB, which serves as a physical cross-linking
[6, 7]. Thus, it seemed to be interesting to see how the F-T
processing affects the solution viscosity and if it can cause a
gelation of the red-PLAC samples or not. The latter was
actually confirmed to be the case. RP6 and RP7 samples
(3% aqueous solutions) gelated after one cycle of F-T
processing. Both samples remained at a gel state after 1 h
since the thawing, although they returned to a sol during
standing at 25 °C for 3 h. The latter fact indicates that the
produced gel was only temporary, and the formed HB
cross-linking was rather weak. However, the intermolecular
HB was further strengthened by freezing in the presence of
0.1 M NaCl. In fact, the viscosity in the presence of 0.1 M
NaCl after 5 h slightly increased with repeating the F-T
cycle (data not shown) and finally remained the gel state at
the 6th F-T cycle. These results suggest that the increase in
the ionic strength effectively screened the electrostatic
repulsion among the polymer charges to favor the intermo-
lecular HB.

Viscoelasticity measurement

As suggested by the freeze-thaw test, the salt-induced
physical gels of the red-PLACs may also be rather weak, or
consist of weak intermolecular HBs. The viscoelasticity
measurement in fact demonstrated it is the case. Figure 6
shows the temperature dependence of G' and G" values for
3% RP1 aqueous solution that contained 0.2 mol/kg NaCl
and 3% RPS5 solutions that contained 0.27 mol/kg NaCl and
0.45 kg/mol CsCl. The continuous decrease in the G’ values
with increasing the temperature means that the intermolec-
ular HBs are broken or become weak. The initial increase in
the G" values is also corresponding to the temperature
effect on the gel network, while the subsequent decrease in
the G" is to be ascribed to the decrease in the absolute G
values. Here, one should note that the G’ values are rather
low (~40 Pa) even in the lower temperature region, which
may be attributed to the weak intermolecular HB formed in
the present polymer systems.

According to a rough criterion, [19] the crossing point of
the G' and G” values may be taken as the gelation point
(temperature), below which, the system is to be in a gel
state. Namely, the gelation point of the RP1 sample was
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Fig. 6 Rheological behaviors (G’ and G") of RP1 and RP5 samples
with increasing temperature

found around at 21 °C, and those of the RP5 samples
containing NaCl and CsCl were approximately 31 and
25 °C, respectively. Here, it may be interesting to compare
those gelation points with the critical salt concentrations
that were obtained by the viscosity measurements under a
constant temperature condition, 0.14 mol/kg NaCl for RP1
at 25 °C, 0.27 mol/kg NaCl for RP5 at 30 °C, 0.35 mol/kg
CsCl for RP5 at 30 °C. Among the three systems, the RP5
system which contained 0.27 mol/kg NaCl showed a
consistent result between the two kinds of experiments,
temperature and salt concentration dependencies of the
gelation. However, the other two systems showed a
contradictory result; in spite of the higher salt concen-
trations than those of the salt concentration dependency
measurements, the gelation temperatures (21 and 25 °C) are
significantly lower than those temperatures (25 and 30 °C,
respectively) employed in the static viscosity measure-
ments. This inconsistency may be ascribed to a difference
in the experimental procedures of the two kinds of
measurements, the viscosity and the viscoelasticity mea-
surements. Namely, in the former, the aqueous polymer
solution initially contained no salts; hence, the polymer
chains must be extended by the electrostatic repulsion. This
polymer extension must be favorable for forming the
intermolecular HBs, leading to a lower critical salt
concentration or a higher gelation temperature. On the
other hand, in the latter experiment, the salt was added
before the measurement. Therefore, the electrostatic repul-
sion was to be screened to allow the polymer chain to take a
more compact conformation. This situation must be
favorable for the intramolecular HBs rather than the
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intermolecular ones, resulting in a lower gelation temper-
ature. If this reasoning is the case, then, the apparent
coincidence of the gelation point observed for the RP5/
0.27 mol/kg NaCl system would in turn become a puzzle to
which no answer is given at the present stage. This point
will be referred again in the subsequent section.

Polymer concentration dependence of the viscosity

As seen from the experimental results and the discussion
above, the intermolecular and the intramolecular HBs seem
to compete against each other in aqueous RP solution
systems. This competition may be modulated by changing
the polymer concentration, C,, (average distance between
the polymer chains) and/or the salt concentration, Cj,
(polymer chain extension and electrostatic repulsion). To
see the effect of the polymer concentration on the inter- and
intramolecular HBs, solution viscosities of RP1, RP1-0.5,
and RP1-10 samples measured at different Cp,s were plotted

against C;'/2 in Fig. 7. It is well known that viscosities of
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aqueous polyelectrolyte solutions are linearly correlated
with C;'/? because the polymer chain size (expansion)
inversely increases to the square root of the ionic strength
of the medium. [20] Thus, if no specific interactions other
than electrostatic one exist, a linear correlation should be
obtained. If any attractive interactions (or HB) are intermo-
lecularly effective among the polymer chain, upward
deviations from the linear correlation may become apparent
with increasing the salt concentration. Further, if the
attractive force (HB) is operating intramolecularly, a
downward deviation would occur. The expected variation
in the dependency of the viscosity on C; 1/2 was actually
observed as shown in Fig. 7. For example, in the case of
RP1, a linear plot was obtained for C,=1.6 wt%, above
which significant upward deviations and below which
slight downward deviations were respectively observed.
This polymer concentration dependency of the plot sug-
gests that the intermolecular HBs and intramolecular HBs
are competitively operating in the aqueous polymer
solution. As a matter of fact, the balance point, namely,
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Fig. 7 Effects of polymer concentration (C,,) on the salt concentration dependency of the solution viscosity of RP1 series samples. a RP1 (full
data), b RP1 (C,=0.1-2.0 wt%), ¢ RP1-0.5 (C,=0.1-2.0 wt%), d:RP1-10 (C,=0.1-2.3 wt%)
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the polymer concentration where the inter- and the
intramolecular HBs are balanced and a linear correlation
is obtained for the viscosity vs C;'/2 plot, displaces to
more concentrated solutions for RP1-0.5 and RP1-10
systems (1.8 and 2.2 wt%, respectively) containing less
hemiacetal OH and more allyl alcohol OH groups than
RP1. This trend is consistent with the above conclusion that
the hemiacetal OH is essentially involved with the
intermolecular HBs and also with the previous one that
the allyl alcohol OH forms intramolecularly forms HBs
with the hemiacetal OH groups [10, 11]. Here, one may
note that the data points at the balance point of RP1-0.5
system are somewhat scattered. A similar trend was also
seen for those plots just below the balance point of RP1-0.5
and RP1-10 systems. For example, in the former, a plateau
of the viscosity appears before the final drop at the highest
C,. In the latter, instead of a monotonous decrease, the
viscosity once increased and then turned to a continuous
decrement with increasing C; (or decreasing C; 1/2). These
behaviors seem to suggest that the inter- and the intramo-
lecular HBs are rather subtly competing or balancing each
other. This subtle balance between the two hydrogen
bonding interactions may in fact be a reason for the
apparent agreement and disagreement between the gelation
points that were estimated with different experimental
procedures as described in the preceding section.

Finally, one may also note that the plots in the lower C,
samples (e.g., 0.5 and 0.1 wt%) are nearly linear, which
seems to mean that the intramolecular HBs are not effective
in such a low C,, region. However, this is just an apparent
observation derived from the low polymer concentrations
whose contribution to the solution viscosity should be
marginal. In fact, when the reduced viscosity as a measure
of the polymer coil size instead of the solution viscosity
was plotted against C, /%, as exemplified in Fig. 8 for RP1-
10, the plots in the relevant lower C,, region clearly show
downward deviations. The critical C,, where the contribu-
tions from the inter- and the intramolecular HBs are
balanced and a linear plot is obtained is of course the same
(2.2 wt.%) as one obtained in Fig. 7d.

In conclusion, we have found that the red-PLAC
samples with various compositions of hemiacetal OH, allyl
alcohol OH, and «-OH groups show salt-induced thinning
and thickening, mostly followed by a physical gelation. The
critical salt concentration for the gelation was well
correlated with the hemiacetal content. Thus, the intermo-
lecular HB between the hemiacetal OH groups was
assigned to be responsible for the salt-induced thickening
and gel formation. Although the intermolecular HB
between the carboxyl anion and the hemiacetal OH was
detected in our previous studies, and hence nominated as a
strong candidate for the gelation, the experimental fact that
RP6 which contained as low as 10 mol% of carboxyl group
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Fig. 8 Effects of polymer concentration (C,) on the salt concentration
dependency of the reduced viscosity of RP1-10 sample

formed a physical gel most easily or at the lowest NaCl
concentration definitely withdrawn the nomination.

The most significant finding of the present study may be
the salt-induced thinning and thickening behaviors of the
aqueous solution systems of the redPLAC samples, which
may be caused from a subtle balance of the inter- and
intramolecular HBs among the three kinds of OH groups
and the carboxyl group, and may also be regulated by the
polymer concentration and the temperature. This means that
the present red-PLAC samples are able to show a
significant thinning or a significant thickening behavior
for a given polymer composition by modulating one of the
polymer concentration, the salt concentration, and the
temperature. However, the present polymeric material may
be rather uncommon and indeed of complicated structure; if
this unique property could be realized for a more simple
polymeric system, it would be of interest in a practical field.
For that purpose, we must answer the question “Why is the
hemiacetal OH group so effective to form intermolecular
HB?” As for an origin of the supposed remarkable ability
for the intermolecular HB formation of the hemiacetal OH
group, here, we invoke a similarity of the present red-PLAC
polymers with polysaccharides. In fact, the hemiacetal ring
may be taken as an isomer of deoxyribofranose. According
to Uedaira et al. [21], saccharides such as the deoxyribose
that have few equatorial OH groups apt to interact each other
in water because of the relatively poor hydrophilicity
compared with those having many equatorial OH groups.
Thus, although the stereochemistry of the present polymer has
not been definitely determined, the orientation of the
hemiacetal OH group on the ring may be a possible origin
for the distinguished ability for gel formation. This means, if
the speculation is the case, that one may easily prepare a
polymer whose solution viscosity properties are compared to
the present ones (i.e., salt-induced thinning, thickening, and
physical gelation), e.g., by incorporating relevant saccharide
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residues at the side chain of poly(carboxylic acid) such as
PAA, seemingly a worthwhile attempt.
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study possible.

References

W N —

. Briscoe B, Luckham P, Zhu S (2000) Polymer 41:3851-3860

. Bossard F, Sotiropoulou M, Staikos G (2004) J Rheol 48:927-936
. Watase M, Nishinari K (1982) Rheol Acta 21:318-324

. Viebke C, Borgstrom J, Carlsson I, Piculell L, Williams P (1998)

Macromolecules 31:1833-1841

. Ikeda S, Morris VJ, Nishinari K (2001) Biomacromolecules

2:1331-1337

. Tamura K, Ike O, Hitomi S, Isobe J, Shimizu Y, Nambu M (1986)

Trans Am Soc Artif Intern Organs 32:605-608

[e BN

13.
14.
15.
16.
17.
18.
19.

20.
21.

. Hassan CM, Peppas NA (2000) Macromolecules 33:2472-2479

. Uehara H, Satoh M (1999) Macromol Rapid Commun 20:565-568
. Yamazawa K, Sunohara T, Satoh M (2004) J Mol Struc 690:121-129
10.
11.
12.

Sunohara T, Satoh M (2005) Polym Int 54:926-832

Yamazawa K (2001) Master thesis, Tokyo Institute of Technology
Baines FL, Billingham NC, Armes SP (1996) Macromolecules
29:3416-3420

Bokias G, Mylonas Y, Staikos G, Bumbu GG, Vasile C (2001)
Macromolecules 34:4958-4964

Gao B, Jiang L, Kong D (2007) Colloid Polym Sci 285:839-846
Li Y, Kwak JCT (2002) Langmuir 18:10049-10051

Sotiropoulou M, Bokias G, Staikos G (2003) Macromolecules
26:1349-1354

Chronakis IS, Piculell L, Borgstrom J (1996) Carbohyd Polym
31:215-225

Reichenberg D (1966) lon-exchange selectivity. In: Marinsky JA
(ed) Ion exchange. Wiley-Interscience, New York, pp 227-276
Almdal K, Dyre J, Hvidt S, Kramer O (1993) Polym Gels Netw
1:5-17

Fixman M (1964) J Chem Phys 41:3772-3778

Uedaira H, Ikuta M, Uedaira H (1989) Bull Chem Soc Jpn 62:1-4

@ Springer



	Salt-induced thickening and gelation of a poly(carboxylate) having three kinds of hydroxyl groups
	Abstract
	Introduction
	Experimentals
	Sample preparation
	Viscometry
	Freeze-thaw test
	Fourier transform infrared spectroscopy

	Results and discussion
	Salt-induced gelation
	Freeze-thaw effect
	Viscoelasticity measurement
	Polymer concentration dependence of the viscosity

	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


