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SYNOPSIS

Association between copolymers of p-styrenesulfonate (Cs*)/3-methacryloxypropyltri-
methoxysilane [copolySS{Cs*)}/MAPTMS], and hydroxypropylcellulose (HPC) are shown
to exist in dilute aqueous solution. Gels form at concentrations as low as 0.05 g/dL. The
tendency to form gels is a function of mol % MAPTMS in the copolymer and molecular
weight of HPC. Gels can be dispersed by the addition of dimethylformamide (DMF'), a
known disruptor of hydrogen bonding. Homopolymers of SS(Cs*) and MAPTMS were
also prepared. PolyMAPTMS shows anamolous behavior with regards to association with
HPC in that gels form to a lesser degree than the trend exhibited by the copolymers. This
is rationalized on the basis of the lack of chain expansion due to the absence of salt groups
and their intrapolymer repulsions. In addition to the hydrodynamic data, the phase rela-
tionship of blends of HPC with either copolySS(Cs*)/MAPTMS, polySS(Cs*), or
polyMAPTMS cast from aqueous solution strongly suggests specific interactions between

polymers.

INTRODUCTION

Certain polymers interact strongly in solution via
hydrogen bonding and in so doing form insoluble
complexes.! This can occur even in strongly hydro-
gen-bonding solvents such as water where the energy
of affinity between polymer chains is greater than
between polymer and solvent.?

Of particular interest is that in systems where
considerable negative enthalpies are envolved the
above behavior might foreshadow miscibility in
polymer blends since it has been shown that specific
exothermic interactions between mutually hydro-
gen-bonding polymers in the blend are a key factor
in polymer miscibility.>® Of course, the role of sol-
vent and overall energy of the system must be con-
sidered to determine the exact nature of miscibility
where either gels or precipitates form in solution.
Nevertheless, the literature discloses systems where
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polymer association in solution leads to miscible
blends where a single and often elevated glass tran-
sition is observed.”®

In one of these systems,” polyacrylic acid forms
hydrogen-bonded precipitates from aqueous solution
with HPC, which is known to form anisotropic so-
lutions at about 30% in water.!° In another system, !*
laminarin, a linear polysaccharide, and polysilicic
acid have been shown to associate presumably via
hydrogen-bond formation. In dilute solution, HPC
is modeled as having a disjointed rod structure, sug-
gesting some chain rigidity.”?> The combination of
chain rigidity and polymer association through hy-
drogen bonding provides interesting conditions for
study.

The present article presents the hydrodynamic
and phase behavior of a series of copolymers of p-
styrenesulfonate / 3-methacryloxypropyltrimethox-
ysilane [SS(Cs*)/MAPTMS], homopolymers based
on their comonomers, and hydroxypropylcellulose
(HPC). This system shows a positive correlation
between the tendency to form gels and miscibility
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in solvent-casted blends. The data are explained on
the basis of hydrogen bonding between the silanol
groups in the copolymer and oxygen atoms in HPC.
In addition, the degree of chain expansion in the
copolymer is found to influence the hydrodynamic
behavior of solutions of the above polymer system.

EXPERIMENTAL

Chemicals and Reagents

HPC-G, -M, and -H corresponding to molecular
weights 370,000, 850,000, and 1,150,000, respectively,
were supplied by the Aqualon Co. No attempt was
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made to further purify or characterize these mate-
rials.

Solutions were made to 0.1 and 2.0 g/dL with
deionized water for the various studies contained
within this paper. In the case of the 2.0 g/dL so-
lutions, several days were required to bring about
complete solvation, particularly in the case of HPC-
H grade. When the solutions were not in use, they
were stored in the refrigerator to deter proliferation
of biological organisms.

Polymer Synthesis

Copolymers of SS(Cs™)/MAPTMS were synthe-
sized after a modified method of Ketterer and co-
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Figure 1 Regain vs. mol % MAPTMS in feed.
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workers'® from aqueous solutions of p-styrenesul-
fonate (Na™) supplied by Fluka and MAPTMS
supplied by Petrarch. The MAPTMS was distilled
under vacuum prior to use, taken from the center
cut of the distillate which came over at 50-70°C
depending on the pressure (about 1 mmHg). The
SS(Na™) was used without prior recrystallization.

Various polymers were synthesized with initial
mol % of MAPTMS in the feed of 100, 89.3, 27.3,
8.8, and 0%. Only the copolymer derived from 27.8
mol % Si in feed was subjected to elemental analysis.
The mean value of mol % Si was determined to be
30.7%.

The comonomers were combined in aqueous so-
lution and the pH was adjusted to 3 with HAc and
HCI to increase the solubility of the MAPTMS and
deter premature silanol condensation. Preboiled
deionized water was used and polymerization was
run under a nitrogen blanket. Homopolymers of
MAPTMS and SS(Na™) as well as copolymers 27.3
and 89.3 mol % were synthesized at 35°C overnight
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by free-radical initiation using 0.0136% sodium py-
rosulfite (Fluka) and 0.0234% sodium persulfate
{Fluka). Copolymer 8.8 mol %, also run at 35°C,
was synthesized with 0.0069% sodium pyrosulfite
and 0.0118% sodium persulfate. Under the condi-
tions of synthesis, it is not known if polymerization
went to completion.

Polymers varied from viscous solutions to hard
gels depending on the mol % of MAPTMS in the
feed. PolyMAPTMS and the 89.3 and 27.3 mol %
polymers yielded aqueous gels. PolySS(Na*) and
the polymer made from 8.8 mol % in the feed yielded
soluble materials.

Polymers were exchanged into the Cs™ state by
addition of 1N CsOH. In the case of the polymers
that formed aqueous gels, dissolution of the gel oc-
curred in 1-2 h at room temperature.

The above-treated polymers were then dialyzed
against deionized water for 2-3 days until the pH
within the bag was 5-6. Polymer solutions were fil-
tered and their pH was adjusted to 7.0 with dilute
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Figure 2 Ln viscosity vs. mol % MAPTMS in feed. Viscosity of 0.05 g/dL of SS/
MAPTMS and 0.05 g/dL of HPC of varying molecular weights: ([2) 0.05 g/dL HPC-G
(370,000 MW ); (O) 0.05 g/dL HPC-M (850,000 MW); (@) 0.05 g/dL. HPC-H (1,150,000

MW); (A) no HPC.
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CsOH. The pH of polyMAPTMS was adjusted to
9.3, since below this level, the solution tended to gel.

Under the conditions of synthesis, the MAPTMS
comonomer would be expected to hydrolyze, liber-
ating three silanol groups per mol of MAPTMS"
at pH 7. Evidence of this is that when solutions of
copolymers are evaporated to dryness materials that
are insoluble in water are formed. These materials,
however, are swollen, indicating a network structure
due to the formation of siloxane bonds between
chains.

The 27.3% and 8.8% copolymers were concen-
trated under vacuum at 60°C to about 3 g/dL. The
89.3% copolymer as well as the 100% MAPTMS
homopolymer were not concentrated due to their
tendency to gel out at higher concentrations. Their
concentrations were 1 g/dL or less.
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All polymer solutions were stored in the refrig-
erator when not in use. Except in the case of
polyMAPTMS at 1 g/dL, they showed no gelation
after several months to more than 1 year of storage.

Viscosity Measurements

A Brookfield viscometer model LVT with a UL
adapter was used with a temperature-controlied wa-
ter bath set to 25.0 = 0.5°C. This viscometer is of
the revolving cylinder type.

Solutions of polymer, 0.1 g/dL, were combined
with 0.1 g/dL solutions of HPC of equal volumes.
Solution viscosity was measured at a shear rate that
would allow on-scale readings. Typically, this was
at 7.34 and 14.68 s 1. In the case of extensive ge-
lation, a shear rate of 0.36 s ! was used.

Minutes

Figure 3 Viscosity vs. time. Viscosity of 0.05 g/dL of polymer made from 89.3
mol % MAPTMS in feed and 0.05 g/dL. HPC-M at 25°C, 7.34 s *: (— 0O —) 0% DMF;
(---0---)1.2% DMF; (— A —) 2.4% DMF; (— - © - —) 3.6% DMF.
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Elemental Analysis

United States Testing Company of Hoboken, NJ,
performed elemental analysis by wet techniques on
Si and S to determine the comonomer ratio in the
copolymer made from 27.3 mol % feed. Their mean
value was 30.7%, with a standard deviation of —4
and +7% based on five separate polymer syntheses.

Water-Regain Study

Solutions of copolymers were evaporated to dryness
to a constant weight at 100°C at 1 atm. They were
immersed in deionized water for 1 day, after which
the water was decanted and the swollen gel particles
reweighed. The percentage of water uptake was cal-
culated.
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Film Coating

A 2 g/dL (1 g/dL in the case of polyMAPTMS)
solution of polymer was combined with an equal
volume of 2 g/dL of HPC solution of various mo-
lecular weights. After mixing, the solutions were
poured onto clear glass microscope slides and evap-
orated to equilibrium dryness at room conditions.

RESULTS AND DISCUSSION

Figure 1 shows the relationship between mol % of
MAPTMS in the feed and the % regain of water
in various oven-dried copolymers of SS(Cs*)/
MAPTMS that have been immersed in water for 1
day. It clearly shows that higher mol % of MAPTMS
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Figure 4 Viscosity vs. time. (— — ¢ - —) 0.05 g/dL. HPC-M (850,000 MW); (—® —)
0.05 g/dL polymer with 89.3 mol % MAPTMS in feed.
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in the feed results in lower regain. This is due to
higher cross-linked density by the formation of si-
loxane bonds between polymer side chains.

Elemental analysis was done on the copolymer
made from 27.3 mol % MAPTMS in the feed. It
appears that for this copolymer the mol ratio in the
feed closely resembles the mol ratio in the copoly-
mer, which has an average value of 30.6 mol %.
Therefore, although no quantitative relationship can
be drawn a prior: for the other copolymers, the mol
% MAPTMS in the feed reflects the relative amount
of MAPTMS in the copolymer.

Figure 2 shows the relationship between mol %
MAPTMS in the copolymer feed ratio and viscosity
for equivolume amounts of 0.1 g/dL solutions of the
copolymers combined with 0.1 g/dL solutions of
HPC of varying molecular weights. Obvious gelation
occurs between the copolymer with 89.3% MAPTMS
in the feed and HPC-M (MW 850,000) and HPC-
H (MW 1,150,000). One notes the dramatic increase
in viscosity over pure copolymer or pure HPC so-
lutions. It is interesting that the 83.3% copolymer
forms more extensive gels with HPC than does the
homopolymer of MAPTMS with HPC. More will
be said about this later on in the discussion.

For copolymers with 27.3 and 8.8% MAPTMS in
the feed, no gelation is evident with high molecular
weight HPC even at 1.0 g/dL copolymer and 1.0 g/
dL HPC. It is proposed that this is due to the lower
amount of silanol groups present in these copolymers
of MAPTMS and, therefore, the lower degree of as-
sociation with HPC.

Tablel Apparent Phase Behavior

Figure 3 shows the rheological behavior of a 0.05
g /dL solution of the 89.3 mol % copolymer and 0.05
g/dL solution of HPC-M as a function of time under
low shear conditions (7.34 s™). The asymptotic
falloff of viscosity with time, a characteristic of
thixotropic behavior, is an indicator of disruption
of interpolymer attractions.?

A dramatic reversal of gelation is evident with
the addition of low concentrations of DMF, a known
disruptor of hydrogen bonding. As the concentration
of DMF is increased, the time dependence of the
viscosity diminishes as does the viscosity at zero
time. Figure 4 shows that in pure solutions of either
the 89.3% copolymer or HPC-H there is no such
time-dependent behavior at least in the range of
concentrations and shears tried.

Table I presents the apparent phase relationship
of solvent-cast films and the solutions of copoly-
mers of SS(Cs™)/MAPTMS, polyMAPTMS, and
polySS(Cs*) these films were cast from and of var-
ious molecular weights of HPC. Films that appear
clearer to visible light are considered to have more
single-phase character than do others that appear
cloudy. However, caution must be exercised since
optical clarity is not an indicator of polymer mis-
cibility on the small-scale molecular level.’

One notes that as MAPTMS increases in the feed
solvent-cast films exhibit more single-phase nature.
Solutions of these compositions show a strong ten-
dency to gel, which increases with increasing mo-
lecular weight of HPC, as shown in Figure 2. For
the 27.3 mol % copolymer, even at 1.0 g/dL copol-

Mol % MAPTMS HPC Appearence Appearence
in Feed (Mol wt.} of Film* of Solution
100 1,150,000 (H) Clear Gel
100 850,000 (M) Clear Gel
100 370,000 (G) Clear Solution
89.3 1,150,000 (H) Clear Gel
89.3 850,000 (M) Clear Gel
89.3 370,000 (G) Clear Weak gel
27.8 1,150,000 (H) Slightly cloudy Solution
27.8 850,000 (M) Slightly cloudy Solution
27.8 370,000 () Slightly cloudy Solution
8.8 1,150,000 (H) Decidedly cloudy Solution
8.8 850,000 (M) Decidedly cloudy Solution
8.8 370,000 (G) Decidedly cloudy Solution
0.0 1,150,000 (H) Cloudy Solution
0.0 850,000 (M) Cloudy Solution
0.0 370,000 (G) Cloudy Solution

? Films are cast from 1 g/dL:/1 g/dL solutions of SS/MAPTMS:HPC.
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ymer to 1.0 g/dL. HPC-H, no gelation occurs. Evi-
dently, there is not enough silanol present to cause
gelation, even though the concentration of copoly-
mer is 20 times greater than the 89.3 mol % copol-
ymer.

At 100% MAPTMS, one notes an apparent an-
amoly in that gels are weaker for the same molecular
weight of HPC. By Table I, at a molecular weight
of 370,000 of HPC, there is no gelation with the
homopolymer of MAPTMS, whereas the 89.3 mol
% copolymer displays evidence of gelation. As
MAPTMS decreases in the feed, solvent-cast films
display decidedly more double-phase character while
solutions show no gelation.

Mention should be made here about the nature
of the intermolecular attractions in the blend. Upon
removal of solvent in blends of the above polymers
cast from solution, one would expect condensation
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of the silanol groups to form siloxane linkages. This
would lead to polymer entanglements. Therefore, the
relative importance of entanglements and the pro-
posed hydrogen bonding in the above system is yet
to be elucidated. However, there probably is a fair
amount of free silanol groups in the blend since
MAPTMS has three free silanols per mol of co-
monomer, some of which would not be expected to
form siloxane bonds and therefore be available to
hydrogen bond.

As a separate line of study, tetraethoxysilane was
hydrolyzed under reflux in 70/30 methanol /water
(v/v) at neutral pH to form Si(OH),. One would
expect Si{OH), to condense in time to form oligo-
mers. However, under the conditions of this study,
no visible turbidity or precipitate was evident.
Therefore, any condensed product if it formed at all
was still soluble. When the above solution was com-

e
o
()
L
L
ta
=

i

T
Z.5

gm.”dl

Figure 5 Reduced specific viscosity vs. concentration. Copolymer formed from 27.3 mol
% MAPTMS in feed: NaCl (@) 0.05N; (O) no NaCl; at 25°C and 14.68 s7*.
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bined with HPC (MW 1,150,000) at 0.2 g/dL, a
precipitate immediately formed, indicating com-
plexation. Thus, HPC and the above-proposed sil-
anol species show a strong affinity for each other.
Others have shown ! a similar interaction between
polysilicic acid and laminarin, a linear polysaccha-
ride. It is plausible that the affinity between copol-
ymers of SS(Cs*)/MAPTMS, polyMAPTMS, and
HPC are subject to the same forces of attraction as
the HO(SiO), H species and HPC. Whereas co-
polymers of SS(Cs™)/MAPTMS form gels with
HPC, the above system forms an insoluble precip-
itate. This is undoubtedly due to the presence of
styrene sulfonate in the copolymer and its strong
affinity for water.

L E

oeow

JOUN~G Lm0 niwd

As was mentioned above, an attempt will now be
made to explain the anamolous behavior of
PolyMAPTMS, as seen in Figure 2. Whereas co-
polymers of SS(Cs*)/MAPTMS interact more
strongly with HPC in aqueous solution as a function
of MAPTMS in the copolymer, PolyMAPTMS
shows a decrease in viscosity compared to the 89.3
mol % copolymer. This can be rationalized on the
basis of salt repulsions between the sulfonate groups
in the copolymer that are absent in the homopolymer
of MAPTMS.

Copolymers of SS(Cs*)/MAPTMS exhibit the
hydrodynamic behavior typical of polyelectrolytes
in dilute aqueous solution.’®!>® Figure 5 shows the
increasing reduced specific viscosity with decreasing

Hormal ity CsCl

Figure 6 Reduced specific viscosity of 0.05 g/dL polymer vs. concentration of CsCl,
36.71 571, 25°C: (O) 27.3 mol %; ([1) 89.3 mol %; (<) 100 mol %; (A) PSS(Cs);.



concentration for the copolymer formed from 27.3
mol % MAPTMS in the feed. Upon introduction of
electrolyte, the inverse dependency of reduced spe-
cific viscosity with concentration diminishes. This
is because increasing electrolyte concentration
causes the end-to-end distance of the polymer to
decrease. Low electrolyte concentration causes the

polymer chain to open up, increasing solution vis-
cosity.

Figure 6 shows the effects of electrolyte on the
reduced specific viscosity for various copolymers and
for polyMAPTMS. As anticipated, the greater the
SS(Cs*) content, the larger the electrolyte effect.
The key to our discussion is that polyMAPTMS

ASSOCIATION PHENOMENA BETWEEN COPOLYMERS

1185

shows no such electrolyte effect at least up to 3
X 1072 N CsCl There is, however, a rise in the
polyMAPTMS solution viscosity, which corresponds
to the onset of a gelatinous precipitate. This is due

to a loss of solubility and is unrelated to the above
argument.

It is tempting to speculate that polyMAPTMS is

a more tightly packed coil in solution than are the
copolymers of SS(Cs™)/MAPTMS. Thus, the sil-
anol groups would be expected to be less exposed to
the solution and less apt to interact with HPC. A
1% solution of polyMAPTMS is turbid and tends
to gel at 25°C. Solutions of the copolymers are stable

for over 1 year up to 5% (w/w) concentration, thus
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Figure 7 Viscosity of 0.05 g/dL 89.3 mol % ¢opolymer + 0.05 g/dL. HPC-H vs. concen-
tration of CsCl, 3.67 s71, 25°C.
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indicating a difference in the solution behavior of
the copolymers and polyMAPTMS. The important
implication of this is that for maximum interaction
between the silanol groups in the copolymer and
oxygen atoms in HPC an open structure in the co-
polymer is required.

Figures 7 and 8 show this by the effect of added
salt on the viscosities of solutions of the 89.3 and
27.3 mol % copolymers and HPC-H, respectively.
Lower viscosities are observed at salt concentrations
corresponding to the falloff in reduced specific vis-
cosity of aqueous solutions of the copolymer alone.
Figure 9 demonstrates that the reduced specific vis-
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cosity of a HPC-H solution shows no salt depen-
dency.

Therefore, the SS(Cs*) and MAPTMS contents
show competing effects in regard to HPC complex-
ation. However, MAPTMS content seems to have
the overriding effect.

PolySS (Cs™*) shows no gelation and forms some-
what immiscible blends with HPC. Baring any syn-
ergistic effects, salt dipole interactions!’ between
copolymers of SS(Cs*)/MAPTMS and HPC are
probably not the primary cause of gelation and mis-
cibility in the above-mentioned copolymer compo-
sitions.

t +
[EIgalb A [SPp s [ S

Normal ity CsCl

Figure 8 Viscosity of 0.05 g/dL 27.3 mol % copolymer + 0.05 g/dL HPC-H vs. concen-

tration of CsCl, 36.71 s %, 25°C.
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Lastly, something needs to be said about the con-
formation of HPC in aqueous solutions and its pos-
sible role in the observed gelation phenomena. HPC
forms anisotropic solutions at 30% in water® and
is modeled as having a disjointed rod structure in
dilute solutions, which suggests some chain rigid-
ity.’? This would increase the radius of gyration of
the molecule over that of a flexible coil opening up
its internal surfaces to the solution. The larger di-
mension of the molecule would also increase its in-
teraction with the copolymer, tending to cause ge-
lation. It would be interesting to study the gelation

properties of less rigid water soluble cellulosics and
copolymers of SS(Cs*)/MAPTMS.

The topic of polymer complexation has far-
reaching implications. The work of Sidney Fox,*®
among others, dramatically demonstrates the like-
lihood of spontaneous generation of lifelike struc-
tures under primordial conditions on earth from
monomeric and polymeric materials. It is interesting
to consider the role of soluble silaceous materials in
the above evolutionary processes as biological mac-
romolecules are water-soluble, tend to be rigid, and
have the ability to hydrogen bond. With an eye more
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toward practical applications, silanol groups could
play a role in the development of industrially useful
polymer-blend materials.

CONCLUSIONS

1. Copolymers of SS(Cs*)/MAPTMS and
HPC form gels at 0.05 g/dL in aqueous so-
lution. Gel formation is a function of molec-
ular weight of HPC and amount of MAPTMS
in the copolymer.

2. Miscibility of blends cast from solutions of
the above polymers parallels gel formation.

3. It is proposed that interpolymer association
leading to gelation in solution and miscibility
in the blend is due to hydrogen bonding be-
tween silanol groups present in the copolymer
and oxygen atoms in HPC. This may be a
generalized reaction, since HO(SiO), H
shows a strong affinity for HPC in aqueous
solution.

4. Itis further proposed that the anamolous be-
havior of polyMAPTMS is due to the absence
of SS(Cs™*) in the chain that if present would
tend to cause a more open polymer structure
in solution.
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