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The thickening and gelling of aqueous poly(viny! alcohol)
(PVA) solution upon addition of boric acid or its sodium
salt (borax) have long been known, and many studies have
been carried out to elucidate the thickening and gelling
mechanisms. Deuel ef al.! suggested that PVA forms com-
plexes of the monodiol type with boric acid and the didiol
type with borax, referring to the structures for complexes

between simple polyols and borates proposed by Boeseken?.

Another suggestion made was that some weak hydrogen
bonding type of interactions are responsible for the com-
plex formation®*. However, most studies have been con-
cerned with the rheological properties of solutions with
comparatively concentrated ranges of borax and PVA, or
with solid film*~®. The detailed binding characteristics of
borates for PVA in dilute conditions have received little
attention®'°,

Measurement of the extent of binding of borates to PVA
is important for clarifying interactions between PVA and
borates. At a dilute concentration of PVA, where only a
thickening of solution can be observed but gelling does not
develop, the solution properties would be dependent on
the extent of binding. Knowledge of the detailed binding
characteristics of PVA with borax under dilute conditions

were required for interpretation of ultracentrifuge and visco-

metric studies for aqueous PVA—borax systems!'’. In the
present study, the binding isotherms of borax to PVA were
determined from membrane equilibrium measurements for
aqueous PVA—borax solutions, and conclusions drawn
about the complexing mode between PVA and borate ion.

Experimental

Materials. PVA (99.9 mol % saponified) was fraction-
ated into ten fractions using an n-propanol--water system.
Each fraction was dialysed fully against water to remove
any lower molecular weight species, and recovered by re-
precipitation with acetone. It was dried at 50°C under
reduced pressure until a constant weight was attained. In
this investigation, two fractions (M,, = 5.99 x 104 and
8.33 x 10%) were employed. The isotacticity of both sam-
ples was estimated to be about 48% in diad from their i.r.
spectra, according to the equation of Fujii'2. Sodium tetra-
borate (borax), Na;B4O7, was used in anhydrous form.
Distilled, deionized water was used as the solvent.

Methods. Equilibrium dialysis experiments were carried
out to determine the concentration of free borax, [B] free,
in equilibrium with the PVA—borax complex at 25°C and
hence the amount of borax bound to PVA. The usual pro-
cedure was applied in this case'®. A Visking dialysis bag,
which contained 20 ml aliquots of the PVA solution
(¢ 0.5 g di~1) was immersed in a glass-stoppered flask which
contained a fivefold volume of the borax solution at appro-
priate concentration, and equilibrated after slow shaking
of the flask for one week. The control run, with water only
inside the dialysis bag, was carried out to make whatever
corrections were necessary for binding of borax to the bag.
Equilibrium borax concentrations [B] gee, were determined
by the standard titration method with hydrochloric acid.
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No leakage of PVA molecules through the bag was detected.
The amount of borax bound to PVA was expressed as the

average binding extent, X, in mol borax bound per monomot
of PVA.

Results and Discussion

The binding isotherms at 25°C expressed as X are illus-
trated in Figure I as a function of the free borax concen-
tration, [B] gee, for two samples with different molecular
weights. The values of X increased steeply in the lower
range of [B] free, but slowly increased in the higher range,
indicating that a binding saturation will be attained at
higher borax concentrations and that the binding behaviour
is of the Langmuir type. This trend in X is very similar to the
dependence of the intrinsic viscosity on the borax concen-
tration studied previously'!, where the viscosity increase
was almost saturated upon addition of borax up to ~0.05 M.
Furthermore, no recognizable difference in the binding
isotherms of two samples was observed over the whole
range of the borax concentration considered. This means
that the binding capability of PVA for borax is practically
independent of the molecular weight of the polymer.

Generally, macromolecules such as PVA with many
functional groups on the chain will bind many ligand mole-
cules and their binding isotherms can be represented in terms
of a series of equilibria. However, it is very difficult to ana-
lyse these in detail, because the equilibrium constants for
each binding site cannot be measured experimentally. How-
ever, if all the binding sites on the polymer are identical and
completely independent, the equilibrium can be treated as if
only a single type of site were present!*:
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Figure 1 Binding isotherms of borax to PVA at 25°C. ®, My =
5.99 x 104, 0, M, =8.33 x 104
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Figure 2 [Blfrge/X vs. [B] free plots for binding isotherms of the

PVA—borax system. ®, M,,, =5.99 x 104;0,8.33 x 104 .

Because the present binding isotherm is very simple (Figure
1) the situation above may be applicable to the present
PVA—borax system. Here, the borate ion, B(OH)z, was

taken as the ligand in equation (1) rather than the borax mole-

cule; thus, we are taking into account the general agreement
that, in complexation between simple polyols and borax,
the complexing species is the borate ion and not borax it-
self'®16, Then, the relation between the binding extent X
and the free borax concentration [B] free may be expressed
by a simple equation:

[B] free - _1_ + 4[B] free

X nk n @

where k is the equilibrium constant referring to equation
(1). n is the maximum number of borate ions bound to a
monomeric unit of PVA when binding is saturated, accor-
ding to the definition of X used here. Multiplication of

[B] free by 4 shows that one borax molecule corresponds to
four borate ions.

Figure 2 shows such plots as [B] gree/X versus [B] gree for
the present PVA—borax systems. The plots are substantially
linear in the whole range of borax concentration covered.
This suggests that all the sites are identical to each other and
have the same inherent tendency for borate ion binding.

The values of k and n were determined to be 27.3 M~! and
0.127 (mol borate ion bound/monomol PVA), respectively,
from a least-squares fit of the experimental data.

The value of k = 27.3 M~ obtained here is about thirty
times larger than that of 0.85 M1 determined from the
dialysis study for the boric acid—PVA system”. The diffe-
rence in values of k between the borax and boric acid
systems may be ascribed to the different binding abilities of
borate ion to PVA in basic and acidic conditions, i.e. the
binding of borate ion to PVA occurs more readily in basic
conditions. The similar effects of borate ion in basic and
acidic conditions have been observed in the viscosity
measurements of aqueous PVA solutions, where the viscosity
increase is greater upon addition of borax than boric acid®.

In view of the definition of # in equation (2), the value
of n=0.127 implies that one binding site for a borate ion is
provided about every 8 (=1/0.127) monomeric units of PVA.
If all the —OH groups of PVA do participate stoichiomet-
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rically in binding with borate ions to form such complexes
of monodiol or didiol types as suggested by Deuel et al.,

and the sites are saturated completely, the corresponding
ratios of the complexed monomeric units of PVA per borate
ion (1/n) should be 2 or 4, respectively. In fact, Saito ez al.
obtained a value of 2 in the aqueous PVA—boric acid system
and they conclude that this implies the formation of the
monodiol type of complex between PVA and borate ion in
acidic conditions. However, the sequence of 8 monomeric
units is much larger, and suggests that there are 4 or 6 —OH
groups within this sequence which do not participate in the
binding with borate ion even when the latter are in large
excess, i.e. with regard to the —OH groups of PVA, a certain
selective binding occurs in basic conditions.

By comprehensive studies on complexation between
simple polyols and borate ion®'7"'2, it is known that the
borate ion in basic conditions favourably forms the didiol
type of complex, reacting with the two pairs of —OH groups
of cis 1,2- or 1,3-diol structures, and that the valence angle
of the tetravalent boron is tetrahedral. The PVA chain can
be regarded as a polyol with successive 1,3-diol structures.
Furthermore, the stereoregularity of the PVA chain may
offer some information about the preferred conformations
of the adjacent —OH groups in the borate ion bindings. In
fact, it has been reported that Cu?* jon binding to PVA'®
and to poly(methacrylic acid)?, and ester hydrolysis of the
side chain®! occur preferentially in the portion of isotactic
configuration. Therefore, by taking into account the iso-
tacticity of our samples of about 48% in diad, it may be
reasonable to suggest that two pairs of isotactic configura-
tion (four —OH groups) among eight monomeric units of
PVA chain may, on average, be available for complex forma-
tion with borate ion. Consequently, it may be concluded
that in the present PVA—borax system the didiol type of
complex is formed preferentially between one borate ion
and stereo regularly selected four —~OH groups with isotactic
configuration. However, many problems remain unsolved
concerning steric hindrance and electrostatic interaction
upon complexation with borate ion and the average sequence-
length of isotactic configuration of the PVA chain.
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