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Gel-like Behavior of pH Dependent Latex Films
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ABSTRACT: Gel-like properties of soft latex particles, made of styrene~butyl acrylate statistical copolymers,
were observed after forming thin films; polymer chains were not covalently linked to one another. Acrylic
acid groups, inserted at random on chain skeletons of copolymers, were supposed to play the role of cross-
links. The concentration of these carboxylic acid groups, hereafter called xcoon, was varied from 100 to 800
pmol/g; the pH of emulsions, prior to the formation of films, was given three values: 2.5, 5, and 7.5.
Measurements of the gel fraction or of the swelling ratio of latex films were performed as a function of the
kcoow variable to attempt to show that this concentration determines the state of gelation. The gel fraction
was was shown to obey an experimental master curve which was empirically described as an exponential
function of kcoon, and an estimate of the threshold of gelation was given by x°coon = 20 umol/g, at a pH equal
to 7.5; the threshold was lowered by raising the pH of the emulsions. Using toluene as a good solvent, the
swelling ratio was also found to obey an empirical master curve represented as a function of the inverse of
the (xcoon — «°coon) variable; the power law associated with this curve suggests that the state of maximum
swelling corresponds to a set of closely packed coils.

I. Introduction

This work deals with properties of polymeric gels that
are made without covalently linking polymer chains.
Elements of these networks are held together physically
by secondary forces resulting from hydrogen bonding and
ionic interactions. The linkages are weak compared to
covalently linked gels and can thus be broken by gentle
physical changes. In this work, polymeric gels were thin
films prepared from latex particles made of styrene and
butyl acrylate statistical copolymers. The core of each
latex particle is surrounded by a thin hydrophilic layer
which consists of acrylic acid sequences copolymerized
with core polymers. Physical properties were observed
on latex systems obtained after drying a solution, cast as
a film. Noncovalent cross-links are formed between
carboxylic acid groups located on particles which come
into contact. The nature of these cross-links depends on
the pH which characterizes emulsions prior to the forma-
tion of films. At low pH (=2.5), hydrogen bonds are
dominant but copolymers are expected to behave like
ionomers when solutions are neutralized or partly neu-
tralized by using a base.

The purpose of this work was to characterize the gel-
like behavior of latex films. The characterization was
focused on measurements of two physical quantities: the
Qm swelling ratio resulting from the effect of osmotic
pressure induced by a good solvent and the G gel fraction.
More precisely, it was attempted to determine the role
played by the carboxylic acid concentration in the defini-
tion of the state of gelation of latex films.

Pioneer descriptions of polymeric gel formation pro-
posed by Flory! and Stockmayer? have been based on the
use of a Cayley tree (Bethe lattice); networks were supposed
to grow without the existence of loops. Then, the cross-
linking effect has been identified as a percolation process.3+
Starting from the p probability to connect two chains, let
pcdenote the threshold of percolation. A variable of state
of percolation is defined by ¢ = |p — pcl/pc; € is also
considered as a variable of state of gelation of polymer
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networks. The percolation approach accounts implicitly
for the presence of loops in network structures. Physical
quantities such as the gel fraction (G), the swelling ratio
(), and the modulus of elasticity (E) are predicted to
depend on the single ¢ variable; however, the actual
dependence of these quantities on ¢is still unknown except
for e values very close to zero (critical domain). de Gennes
has predicted that the Cayley tree approximation should
give a satisfactory description of sol-gel transitions
observed on long chains cross-linked at random.? In
accordance with this prediction, it has been recently shown
both experimentally and theoretically that the gelation
variable of polybutadiene chains cross-linked at random
by sulfur is determined by

2v M,
T TEM,

1 48]

v% is the concentration of sulfur (w/w), % is the average
number of sulfur atoms per cross-link, and M, is the atomic
mass of sulfur.® The functionality of polybutadiene chains
is the N number of monomeric units, and the percolation
threshold is given by pc = N-1, according to Flory model.
Equation 1 applies to small amounts of sulfur ($0.015
g/g); physical quantities such as the modulus of elasticity,
the swelling ratio, and the magnetic relaxation of protons,
measured on vulcanized chains, have been shown to depend
on ¢ defined by eq 1. The average number of cross-links
per chain is roughly given by (¢ + 1)/2.

II. Principle of the Analysis

In this work, copolymers forming latex particles were
expected to behave like vulcanized chains where hydrogen
bonds and ionic interactions play the role of cross-links.
This behavior was assumed to extend to latex films, too.
All samples were observed above the glass transition
temperature. This was measured from DSC; it was equal
to5°Cforallsamples. Let kcoon denote the concentration
of carboxylic acid groups; the analysis of experimental

© 1994 American Chemical Society



Macromolecules, Vol. 27, No. 18, 1994

results is based on the assumption that there exists a
variable of gelation; this is supposed to be expressed as

€= ‘Y(pH)KCOOH -1 (2)

where the v parameter is pH dependent. The y(pH)
parameter was introduced to account for the possible
variation of the number of active cross-links when the pH
is increased from 2.5 to 7.5. Considering a given solvent,
the strength of cross-links formed by ions, at pH ~ 7.5, is
probably higher than that of cross-links formed by
hydrogen bonds, at pH ~ 2.5. In other words, it is
considered that the effective number of cross-links is not
equal to x¢ooy but to a pH dependent fraction of this

quantity. The percolation threshold is given by «$ooy =
1/v(pH); physical quantities such as the gel fraction or
the swelling ratio are supposed to be functions of the ¢
variable

G = 8le]
and

Q= Qlel

Experimental curves which represent the gel fraction
measured as a function of xcooy, for different pH values,
must obey a property of superposition. More precisely,
considering y(pH;) and y(pH;) corresponding to two pH
values, it must be shown that the experimental curve (Ay)
associated with §[v(pH2)xcoon — 1] can be superposed on
the curve (A;) associated with $lv(pHi)xcoou - 11,
provided a constant factor equal to v(pH;)/v(pH) is
applied to the scale of concentrations of carboxylic acid
groups of the Ay curve. The same analysis must apply to
the swelling ratio, considering the same v (pH;)/v(pHy)
scale factor. The v (pH)xcoon product is considered an
estimate of the mean number of cross-links per chain in
latex films.

II1. Experimental Section

Materials. Emulsions. Samples were made from aqueous
dispersions of polymer latex particles which are spherical droplets
with diameters ranging from 1000 to 1200 A. They consist of a
hydrophobic core and a hydrophilic shell. The manner of
synthesis has been already reported elsewhere.! Contents of
monomeric units in systems obtained after polymerization were
(40 - x) % styrene, 60% butyl acrylate, and £ % carboxylic acid.
The pH of the emulsion was near 2.5. Furthermore, some of the
emulsions were neutralized using two different bases (NaOH or
NH,OH) to adjust pH values to 5 or 7.5.

Film Formation. Films were made by dehydration of the
aqueous dispersions according to the following procedure.
Dispersions were first degassed under a moderate vacuum, and
then, concentrated emulsions were spread on a silicone mould to
form a thin layer (2 mm). Liquid films were then dried in an
oven, in the presence of water vapor; the drying temperature was
30 °C. After 48 h, films were removed from the molds. A list
of characteristic parameters of the latex films is given in Table
1.

Gel Fraction. The G gel fraction of the sample was defined
as the ratio of the weight of the dry extracted gel to the weight
of the original sample. The sol was extracted in toluene, at room
temperature, for 7 days, and the solvent was renewed 5 times.
Samples were thoroughly dried over 15 days, under vacuum, after
removing the sol fraction.

Equilibrium Swelling. The Q,,swelling ratio of eachsample
was defined as the ratio of the volume of the swollen gel over the
volume of the dry gel obtained after extraction. It wasdetermined
atthe end of the extraction performed in toluene, using a weighing
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Table 1
label % X xcoon (umol/g)
SBA-2.5 33 458
2.5 347
0.5 69
SBA-5-NaOH 3.3 458
SBA-5-NH,OH 3.3 458
SBA-7.5-NaOH 6 833
4.5 625
3.3 458
2.5 347
15 208
0.5 69.5
SBA-7.5-NH,OH 3.3 458
2.5 347
1.5 208
0.5 69.5
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Figure 1. Gelfraction as a function of the carboxylic acid group
concentration and the pH of emulsions. (A, top) Key: (@) pH
= 7.5 (neutralizing agent: NaOH); (0) pH = 7.5 (neutralizing
agent: NH,OH); (#) pH = 5 (neutralizing agent: NaOH); (¢)
pH =5 (neutralizing agent: NH,OH); (4) pH = 2.5 (neutralizing
agent: NaOH). (B, bottom) The empirical A curve, drawn at pH
= 7.5, was used as a reference. Scale factors equal to 1.7 for pH
= b and 3 for pH = 2.5 were used to shift experimental points
to the A curve.

method; @, was calculated from the densities of the solvent and
the polymer equal to 0.87 and 1.08, respectively.

IV. Gel Behavior

IV.l. Gel Fraction. Gel fractions measured as a
function of the carboxylic acid concentration are reported
in Figure 1, for two pH values of the emulsions (7.5 and
2.5); free chains were extracted by using toluene. AtapH
equal to 7.5, there is no effect resulting from the nature
of the base used to neutralize the emulsions; an empirical
curve was drawn through the experimental points (A
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Figure 2. Inverse of the swelling ratio as a function of the
carboxylic acid concentration and the pH of emulsions. (A, top)
The key to points is the same in Figure 1A. (B, bottom) The
empirical B curve, drawn at pH = 7.5, was used as a reference.
Scale factors equal to 1.5 for pH = 5 and 2.7 for pH = 2.5 were
used to shift experimental points to the B curve.

curve). Three experimental values of the gel fraction were
obtained at a pH equal to 2.5; then, a reduction factor
equal to 3 was applied to the carboxylic acid concentration
scale to shift these experimental points to the A curve,
drawn for a pH equal to 7.5. The effect of the scale
reduction is shown in Figure 1B. The two experimental
points corresponding to a pH equal to 5 are also reported
in Figure 1A; they were shifted to the A curve by using a
reduction factor equal to 1.7.

1V.2. Swelling Ratio. A similar analysis was applied
to the inverse of the swelling ratio induced by the osmotic
pressure of toluene. Experimental points are reported in
Figure 2A where a slight effect of the nature of the
neutralizing agent is perceived at a pH equal to 7.5. An
empirical curve was drawn through the experimental points
corresponding to a pH equal to 7.5 (B curve); then, the
two experimental points corresponding to a pH equal to
2.5 were shifted to the B curve using a reduction factor of
the scale of carboxylic acid concentration equal to 2.7.
The effect of the scale reduction is shown in Figure 2B.
The two experimental points corresponding to a pH equal
to 5 were also shifted to the empirical B curve, by using
a reduction factor equal to 1.5.

Reduction factors corresponding to the gel fraction and
the inverse of the swelling ratio are reported as a pH
function in Table 2.

To prove the existence of a single gelation variable, the
inverse of the swelling ratio measured from all latex systems
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Table 2
pH S(G) 5(1/Qum)
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Figure 3. Empirical representation of the gel fraction as an
exponential function of xcoon ~ KSoom; kSoom ~ 20 umol/g.

that were studied was represented as a function of the gel
fraction. Experimental points were found to exhibit a
monotonous variation whatever the pH or the nature of
the neutralizing agent (Figure 3). The representation of
all experimental points according to a single curve shows
that there is one general G function which relates the gel
fraction to the e variable of gelation; similarly, there is
also one general Q function which relates @m to e
Therefore, 1/@m can be written as

1/Q, = 1/Q[$7(()] (3)

where -1 is the inverse function of §.

The strong increase of 1/Qu observed when G varies
from 0.7 to 0.9 corresponds to a narrowing of the mesh size
of network structures while most polymer chains are linked
to one another.

I1V.3. Threshold of Gelation. An estimate of the
threshold of gelation, corresponding to a pH value equal
to 7.5, was derived from the empirical master curve drawn
in Figure 2B: the xSooy threshold concentration was
found to be equal to 20 umol/g. Then, considering the
scale factors used to build this experimental master curve,
estimates of the threshold of gelation were found to be 12
and 8 umol/g, for pH values equal to 5 and 2.5, respectively.

IV4. Approximate Distribution of Finite Clusters.
Starting from the approximate value of the threshold of
gelation at pH = 7.5, experimental variations of the gel
fraction can be empirically represented as the difference
between unity and an exponential function of xcoon —
kSoom; the fit is illustrated in Figure 4. The gel fraction
is written as

G = 0.92(1 - exp[—M(KCOOH - K(C;'OOH)]) (4)

with x4 = 8.6 X 103 (umol/g)-! and u/v(pH) = 0.17, for a
pH equal to 7.5. The highest value of G is 0.92 instead
of unity because of the presence of impurities left in the
samples after evaporating water to prepare the latex films;
these impurities are weighed before the extraction and
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Figure 4. Inverse of the swelling ratio as a function of the gel
factor. The key to the points is the same as that of Figure 1A.

then removed by the extraction. Using the ¢ variable, the
gel fraction is also expressed as

G = 0.92(1 - exp[-0.17{¢}]) %)

Let n, denote the total number of chains filling the latex
particles and P(n,e) the distribution function of clusters
formed from n chains; then, P(n,e) and 9(¢) obey the
relationship

Y nP(n,e) = ny1-G(©) (6)

The right hand side of eq 6 yields the number of chains
involved in the formation of the clusters. This number is
probably not an exponential function of ¢; therefore, eq
4 must be considered only as a convenient empirical
description of the gel fraction. However, according to
Lubensky and McKane, the cluster number, expressed
away from pg, can be written as

P(n,e) « n'’® exp(-cn®?) Q)

where ¢ depends on the gelation variable;” using the above
expression, it can be numerically shown that the sum
defined by eq 6 is conveniently represented by an
exponential function

Zn?(n,e) « exp(-1.15¢) (8)

forc = 2.

Taking eq 5 into consideration, the above sum is
identified as an exponential function of the e variable by
assuming that ¢ is simply equal to 0.15 e, It is supposed
that eq 7 gives probably a reasonable approximate
expression of the P(n,¢) cluster number; however, it cannot
be asserted that the empirical equation (4), which results
from a numerical fit, demonstrates that expression 7 is
valid.

IV.5. C* Theorem. The C* theorem was used to
attempt to give a more quantitative description of gel
properties of latex particles. This theorem, proposed by
de Gennes, states that a polymeric gel swollen at equi-
librium can be pictured as a set of closely packed coils
held together by cross-links; consequently, the Qn!
concentration of a swollen network structure must be
proportional to the C* overlap concentration of free chains
in solution.? Therefore, the swelling ratio is expected to
be a power function of the mean chain segment determined
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Figure 5. Variation of the 5/4 power of the swelling ratio as a
function of the inverse of the carboxzylic acid concentration.
Experimental points are reported from Figure 2B.

by two consecutive cross-links; let N, denote the mean
number of skeletal bonds in such a segment. Then,

Q. = gN*/* )

g depends on the connectivity of packed coils; it is of order
unity.

In this work, the mean number of cross-links per chain
whichisinvolved in the gelation variable is also interpreted
as the inverse of the mean segmental spacing between two
cross-links along one chain; accordingly, the (v(pH)kcoou
- 1) variable should be proportional to Nw/N, (Nw is the
weight average of the number of skeletal bonds in one
chain). Correspondingly, the @n%/* function should be

represented as a linear function of (xcoon — KSpor™)

5/4nr .C
9" "Nykcoon

Qm5/4 = ______WC_ (10
KcooH ~ ¥cooH

The experimental curve, corresponding to Figure 2B, is
reported in Figure 5; it can be drawn as a straight line
which goes through zero. Such aresult shows that the Nw
weight average is probably nearly constant for all latex
systems; the relevant variable of gelation is the carboxylic
acid concentration which determines the number of cross-
links.

Furthermore, the lowering of the threshold of gelation,
observed when the pH of neutralization of emulsions is
raised, means that the corresponding number of physical
cross-links, involved in gel properties, is smaller at a low
pH (hydrogen bonding) than at a pH equal to 7.5 (ionic
interactions). The efficiency of carboxylic acids to form
cross-links depends on the pH of emulsion, prior to the
formation of films. The presence of counterions induces
interactions stronger than hydrogen bonds.

Finally, it may be worth emphasizing that the use of
tetrahydrofuran was found to dissociate partly latex films
and particles; this polar solvent was supposed to sever
physical bonds formed within particles.

V. Conclusion

In this study of gel properties of latex films, polymer
chains are not covalently linked to one another and the
concentration of physical interactions which play the role
of cross-links is not uniform within particles. Nevertheless,
two features characterize the behavior of these polymeric
systems. On the one hand, the state of gelation is
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determined by the concentration of carboxylic acid groups
copolymerized with chains and the gelation threshold is
shifted toward lower concentrations when the pH of
emulsions, adjusted prior to the formation of films, is raised
from 2.5 to 7.5. The interpretation of this result is based
on the assumption that the number of physical cross-links
is higher at a pH equal to 7.5 than at a pH equal to 2.5
(hydrogen bonding). On the other hand, the gel fraction
and the swelling ratio are shown to be general functions
of the concentration of carboxylic acid groups; one of them
is derived from an approximate expression of the distri-
bution function of cluster sizes, above the gelation
threshold, while the other one is given by the C* theorem.
Several years ago, the gel behavior of vulcanized long chains
was predicted to be described in a satisfactory way, by
using a mean field approach.® This prediction resulted
from an estimate of the width of the critical domain around

Macromolecules, Vol. 27, No. 18, 1994

the threshold of gelation; the width is determined by Z-1/3;
Z is the index of polymerization. Because of the narrow-
ness of the critical domain, most properties of vulcanized
chains can be described by considering a Cayley tree; this
analysis applies also to properties observed in this study.
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