546 POIL: 10.17344/acsi.2015.1495 Acta Chim. Slov. 2015, 62, 546-554

Scientific paper

Aggregates of Isotactic Poly(methacrylic acid)
Chains in Aqueous CsCl Solutions: a Static and Dynamic
Light Scattering Study

Katarina Hocevar, Simona Sitar and Ksenija Kogej*

Faculty of Chemistry and Chemical Technology, University of Ljubljana, Vec¢na pot 113, P.O. Box 537,
SI-1001 Ljubljana, Slovenia

* Corresponding author: E-mail: ksenija.kogej @fkkt.uni-lj.si
Tel: +(386-1)-479-8538

Received: 06-03-2015

Dedicated to prof. JoZe Koller on the occasion of his 70" birthday.

Abstract

Properties of isotactic polymethacrylic acid, iPMA, chains were studied at 25°C in aqueous solutions at various CsCl
concentrations, ¢, (= 0.05-0.20 M), in dependence on degree of neutralization of the polyion’s carboxyl groups, oty

ing static, SLS, and dynamic light scattering, DLS, measurements. It was demonstrated that iPMA chains with ou so-
mewhat above the solubility limit of iPMA in aqueous solutions (in the present case at o, = 0.27) are strongly aggrega-
ted. The size of the aggregates increases with increasing ¢, whereas the shape parameter, p, is approximately constant
(p = 0.6), irrespective of c.. The low p value suggests that the aggregates have characteristics of microgel particles with
a dense core surrounded by a less dense corona. The diffusion of iPMA chains was investigated also at higher oug, up to
0 = 1. The polyion slow mode arising from electrostatic interactions between charged chains was observed for Oy €x-
ceeding the value 0.27 even at the highest ¢, (= 0.20 M). The diffusion coefficients for the show mode were nearly inde—
pendent of o and c, at the studied polymer concentration.

Keywords: isotactic poly(methacrylic acid), light scattering, hydrodynamic radius, shape parameter, aggregation, poly-

electrolyte slow mode

1. Introduction

Intermolecular association and aggregate formation
are important in nature and technology. Some examples
from the biological field are formation of two- or three-
stranded polynucleotides, supramolecular assemblies in
virus shells, gelation of polysaccharides, and some from
the technological field are polymer-surfactant and poly-
mer-polymer complexation systems that are often used as
materials for pharmaceutical applications.! Very stable in-
ter-polymer complexes are formed when a cationic and an
anionic polyelectrolyte are mixed in solution; this is a re-
sult of strong electrostatic attraction between the opposi-
tely charged polyions and of the concomitant entropy in-

crease due to the release of their counterions into the solu-
tion. Aggregates can also form between chains of the sa-
me polymer, if uncharged or weakly charged, very fre-
quently through intermolecular H-bond formation and/or
by the help of van der Waals forces and the hydrophobic
effect. Hydrogen bonding is a major driving force for
complexation of poly(carboxylic acids).>> Although a
single H-bond can be rather weak (with an energy 2-167
kJ/mol),® simultaneous formation of a large number of
such bonds between two macromolecules (a cooperative
phenomenon) may lead to very strong association.

In this contribution, we focus on intermolecular as-
sociation between the isotactic poly(methacrylic acid), i-
PMA, chains in aqueous solutions. iPMA is a highly regu-
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lar form of poly(methacrylic acid), PMA, predominately
composed of isotactic triads (i.e. sequences of two meso
diads, denoted as mm). The other ordered isomer is the
syndiotactic PMA, sPMA, made up of syndiotactic triads
(the rr sequences, with r for the racemo diad), whereas the
randomly substituted PMA is called the atactic or hetero-
tactic PMA, aPMA, and contains, in addition to mm and
rr, also the heterotactic, rm, triads. Solution proper-
ties,”>""'* intermolecular association,*>!* and binding of
species® all depend on polymer tacticity. For example,
while sSPMA and aPMA dissolve in water and show simi-
lar solution behavior,®’ in part because aPMA is normally
predominately syndiotactic, iPMA is insoluble in water
unless the degree of neutralization of carboxylic acid
groups, 0, exceeds a value o ~ 0.2.%%'* Insolubility of i-
PMA originates from the ordered helical conformation of
the chain, which is favorable for intermolecular associa-
tion.*>!>!4 It has been recently demonstrated that the re-
gularity on the level of a single chain also leads to gelation
of iPMA in concentrated solutions."?

iPMA and aPMA are both strongly associated in di-
lute solutions too if o is low (o, = 0 and ~0.25 for aPMA
and iPMA, respectively). This was demonstrated by light
scattering, LS, studies'>!% in aqueous solutions with ad-
ded alkali chlorides. However, important differences in
the association mechanism exist between the two stereo-
izomers. For example, the number of aPMA aggregates
increases as a result of shearing the solution (a phenome-
non known as negative thixotropy*'”), whereas the iPMA
ones disintegrate due to shear stress and reform in solu-
tions at rest.' In equilibrium, the extent of aggregation is
larger for iPMA than it is for aPMA. Besides, iPMA ag-
gregates are observed at a non-zero o, value (somewhat
above the solubility limit, which is at o, = 0.2), whereas
the aPMA ones exist in solution only close to o, = 0. In
both cases,'>!® the aggregates have characteristics of mi-
crogel particles with a core-shell structure, but the iPMA
ones have a denser core.

Beside the properties of the polymer chain, intermo-
lecular association depends also on the solution condi-
tions. In the case of charged polymers (iPMA at o, = 0.27
is charged) in aqueous solutions, interactions are most fre-
quently tuned by the addition of an inert low molecular
weight salt. In our study, we have varied the concentration
of CsCl in the concentration range from 0.05-0.20 M. Sta-
tic, SLS, and dynamic light scattering, DLS, were used to
determine the radius of gyration, R,, and the hydrodyna-
mic radius, R, of particles in iPMA solutions, from which
the shape parameter, p (=R g/Rh), was evaluated. The value
of p is a convenient measure of the shape/architecture of
particles and also of their eventual aggregated state in so-
lution.

We have furthermore extended our LS investigations
to studying diffusion of iPMA chains in solutions at hig-
her o values (all up to o = 1) where inter-chain aggrega-
tes are expected to break and the dimensions of individual

iPMA chains should increase due to intramolecular repul-
sion between the charged carboxyl groups. Fully charged
polymer chains are stiffer than the uncharged ones and
their mutual interaction is strongly repulsive unless suffi-
cient number of counterions (from the inert salt) is present
in solution to screen these repulsions. Due to inter-chain
repulsion, polyions move faster in solution than the cor-
responding neutral polymers of the same degree of poly-
merization; consequently, a higher value of the diffusion
coefficient, D, is detected by DLS.? Accordingly, this dif-
fusion mode is often called the “fast mode”.?' The result
of inter-chain repulsion is yet another diffusive mode, so
called “slow mode” that exhibits much lower D values in
comparison to the fast mode. This mode originates from
the formation of so called “polyion domains” in solution,
within which the motion of polyion chains is correlated,
i.e. affected by other chains. The attributed “apparent si-
ze” of these domains exceeds the size of individual chains
and can reach values around 100 nm.?' Polyion domains
are metastable but long lasting structures in solutions of
polyelectrolytes. Certain physical measurements, one of
them being DLS, are able to detect these “domains” as
“particles” with their own value of D, and, through the
Stoke-Einstein equation, the value of R,. The slow mode
is detected at high polyion concentrations, in the case of
strongly charged chains, at low concentrations of the ad-
ded simple salt (or in salt-free systems) and at high mole-
cular weights of polyelectrolytes. It was demonstrated
that the nature of the added salt is important as well.' In
the case of an anionic polyelectrolyte like PMA, the deci-
sive is the added cation. Thus, it was shown that Li* and
Na* ions better support interchain aggregation than do Cs*
ones.'® That study'® was performed at a single salt concen-
tration, i.e. in 0.1 M CsCl, NaCl, and LiCl. In the present
investigation we want to further explore the effect of de-
creasing/increasing the concentration of CsCl, ¢, on in-
termolecular association and slow mode phenomenon in i-
PMA solutions.

2. Experimental

2. 1. Materials

The starting iPMA was prepared by hydrolysis of
the isotactic polymethylmethacrylate, iPMMA, as repor-
ted in the literature.'® Tacticity of iPMMA (93% of isotac-
tic, 3% of syndiotactic and 4% of atactic triads) was deter-
mined from the "H NMR spectrum in CDCl,. The weight
average molecular weight, M (= 32 000 g/mol), and the
polydispersity index, PDI (= 2.93), were obtained by size
exclusion chromatography.'

Stock solutions were prepared by suspending dry i-
PMA powder in triple distilled water and then slowly ad-
ding a calculated amount of 1 M CsOH in order to dissol-
ve the polymer. The solution was stirred for ~24 hours be-
fore further handling. The exact polymer concentration,
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¢,» and oy value were determined by potentiometric titra-
tion with HCl and NaOH. o of the stock solution was
0.53 and ¢, was 5.434 g/L. Higher ov values (o, > 0.53)
were reached by adding 1.027 M CsOH and lower ones
(o < 0.53) by adding 1.0 M HCI. At the end, 1 M CsCl
was added to all stock solutions in order to achieve the de-
sired CsCl concentration. In this way, 20 different samples
were prepared with o, = 0.27, 0.40, 0.53, 0.75 and 1.00,
and with 4 different concentrations of CsCl, (¢, = 0.05,
0.07, 0.10 and 0.20 M), for each .. The final concentra-
tion of iPMA for LS studies was in all cases set to ¢ =2
g/L. It has been shown previously'® that D (R,) values of
particles in iPMA solutions are affected by ¢, but the sha-
pe parameter p (i.e. the nature of particles) is independent
of ¢ ,- Because the aim of the present investigation was to
study the nature of iPMA aggregates in depencence on c_,
a constant ¢, value was employed.

2. 2. Light Scattering Measurements

Light scattering measurements were performed with
the 3D-DLS-SLS cross-correlation spectrometer from LS
Instruments GmbH (Fribourg, Switzerland). As a light
source the He-Ne laser with a wavelength A, = 632.8 nm
was used. All samples were filtered through hydrophilic
0.22 ym Millex-HV filters directly into the cylindrical
measuring cell and left standing for about one hour at
room temperature. LS measurements were carried in the
angular range from 30° to 150° with a step of 10° after
equilibrating the samples at 25 °C for 30 minutes. Con-
stant intensity of light scattered at 90° was used as a crite-
rion that the solution was properly equilibrated. 5 inten-
sity correlation functions were collected at each angle and
averaged. Each curve was analysed independently and
compared with the averaged curve to ensure accuracy of
the mathematical solution.

Detailed methodological aspects of DLS and SLS
can be found elsewhere.'®!° Herein, correlation functions
of the intensity of scattered light, G,(f), were recorded si-
multaneously with the integral time averaged intensities,

4
A

Iy= Iq, where ¢ (= :U sin g} is the scattering vector, n,
the refractive index of the medium, and 0 the scattering
angle. Intensities measured in counts of photons per se-
cond (cps) were normalized with respect to the Rayleigh
ratio, R, of toluene thus converting the cps-units into the
absolute intensity units given in cm™.

The radius of gyration, R,, of particles, was determi-
ned from the form factor, P(q) (=1 q/IO, where [ is the scat-
tering intensity at 0 (g) = 0), by using the following equa-
tions:?? (i) the Zimm function (Equation 1) which is valid
when particle sizes fulfill the criterion gR, < 1:

1

P =
@ = (M
3

(i) the Debye function (Equation 2) used for polymer
chains with a Gaussian distribution of segments:

2 2 _ 2
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and (iii) the Debye-Bueche scattering function (Equation
3) which applies to a spherical distribution of points
around the center of gravity (such as in gels, networks,
cross-linked or branched polymers), which is more ran-
dom than the Gaussian distribution:

1

(e} ®)

6

P(q) =

In order to determine R, the measured G,(¢) was
converted into the correlation function of the scattered
electric field, g,(?), by using the Siegert’s relationship. For
monodisperse particles, small in size compared to the wa-
velength of light as well as for hard spheres of any size,
the g,(¢) is related to the translational diffusion coefficient,
D, of particles through

lg: ()] = e™t/7 = ¢ Tt = g~Pa"t 4)

where 7 is the relaxation (or decay) time and I" (= Tl =
Dq?) is the relaxation (decay) rate. The R, of particles is
then obtained from D via the Stokes-Einstein equation

kT
 emnpD
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®)

where k is the Boltzmann constant, T the absolute tempe-
rature, and 1, the solvent viscosity.
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Figure 1. Comparison of the analysis of the correlation function
G,(t) made by CONTIN (red) and by the bi-exponential fit (blue)
for iPMA with o = 0.27 in 0.05 M CsCl. The open black circles
are the experimental data. The upper inset represents the relaxation
time distributions of the corresponding g,(t) function and the lower
one the residual error.
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For polydisperse samples, equation 4 is written as a
weighted average of all possible decays associated with
several exponents (multiexponential function). For stu-
died herein particles with moderately broad monomodal
and bimodal size distributions, a bi-exponential or a mul-
ti-exponential fit to g,(f) was used. The bi-exponential fit
was performed with the ORIGIN 8.0 program and was
used when two relaxation times of the bimodal distribu-
tion were too close to each other and the CONTIN analy-
sis was difficult. This was the case in solutions with o>
0.27. The multiexponential fit was based on the original
inverse Laplace transform program CONTIN developed
by Provencher.” Comparison of both fits is shown in
Figure 1 for the case of an iPMA solution with o = 0.27
and ¢, = 0.05 M and demonstrates satisfactory agreement
between both methods.

3. Results and Discussion

3. 1. Scattered Light Intensity in Dependence
on 0Ly

The result of SLS measurements is the intensity of
scattered light. According to the Rayleigh equation,'®"
intensity is greater when light is scattered from a particle
with a higher molar mass, provided that the conformation
of the particle and the optical contrast with the medium
are the same. Figure 2 shows a plot of the total LS inten-
sity (i.e. the difference (R-R ), _, at 6 = 0°, where R_ is
the contribution of the solvent to the total LS intensity R)
in dependence on o, of an iPMA solution in 0.05 M
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Figure 2. Total LS intensity at 6 = 0°, (R-R),_, (black squares), the
contribution of the fast (blue circles) and slow mode (red triangles),
and the relaxation time distributions at 6 = 90° (see insets) for i-
PMA in 0.05 M CsCl at various o values. The distribution for ot
=0.27 was calculated by the CONTIN program and those for o =
0.4 and 1.0 by the bi-exponential fit. The shaded area designates the
oy, region where iPMA is insoluble in water.

CsCl. Similar results were obtained for all c. Clearly, the
absolute LS intensity is very high at oy = 0.27, falls
steeply with increasing o and is low and approximately
constant for o = 0.40. These results suggest that large
species — aggregates with high M, are present in iPMA
solution when chains are weakly charged (in the present
case this is for o, below approximately 0.3) and that they
disappear when o,y increases to higher values. Accor-
dingly, the distribution of relaxation times at o, = 0.27
(see the upper inset in Figure 2) shows two peaks: (i) the
peak at short relaxation times corresponds to small par-
ticles (single chains) that diffuse quickly in solution, the-
refore the term “fast mode” is used for this diffusion, and
(ii) the peak at longer relaxation times corresponds to lar-
ger particles (aggregates of several chains, i.e. particles
with high molar masses) that diffuse slowly. The calcula-
ted distributions were used to split the total measured LS
intensity into contributions of small (fast mode) and large
particles (slow mode), which are plotted in Figure 2 to-
gether with the total LS intensity. Details of this procedu-
re can be found in the literature.”*° It can be seen from
Figure 2 that the high LS intensity at oy = 0.27 comes
predominately from the aggregates; the contribution of
small particles to the total LS intensity at this o is very
small.

The calculated relaxation time distributions were
bimodal also at higher o values (see insets in Figure 2,
where this is demonstrated for o,y = 0.4 and 1.0; the di-
stributions in this case were obtained by the bi-exponen-
tial fit), with the peak at short times again attributed to
single polyion chains (“fast mode”) as in the o, = 0.27
case. The origin of the peak at longer relaxation times is
different as suggested by the low scattering intensity for
0, > 0.27 and by a significant drop of the contribution of
the second peak to (R-R),_,. This peak does not repre-
sent particles, but is due to so called polyelectrolyte
“slow mode” *"*® originating from electrostatic interac-
tions between highly charged polyions. It is well
known?>!%172729 that this phenomenon leads to low va-
lues of the total LS intensity, in contrast to intermolecu-
lar association/ aggregation, and to the apparent low dif-
fusion coefficient value measured by DLS. Because the
aggregation and the polyelectrolyte slow mode are both
associated with a low value of D, a generic name “slow
mode” is used for both phenomena in Figure 2. The
polyelectrolyte slow mode phenomenon will be discus-
sed in more detail in Subsection 3.3.

3. 2. iPMA Aggregates at o = 0.27

Mean peak values of the size distributions, obtained
at fixed g were used to estimate the apparent hydrodyna-
mic radius, R, ", of particles in these solutions and the
true R, was obtained by extrapolating R, " to 6 = 0 for
each c. Dependencies of the corresponding relaxation ra-
tes on the square of the scattering vector, ¢*, were passing
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through the center of coordinates, confirming the validity
of the relationship I' = 1/1 = Dg?, which applies to a true
translational diffusion of colloidal particles in solution.
Examples of the I" vs. ¢° curves are shown Figure 3a for C,
= 0.07 M CsCl. The slope of these curves is proportional
to the diffusion coefficient of particles. The I' vs. g* curve
with a high slope corresponds to fast diffusing small par-
ticles (individual chains) and is linear. The I" vs. q2 curve
for the aggregates (large particles, designated as the slow
mode in Figure 2) has a considerably lower slope and
shows an upward curvature (see inset in Figure 3a) at high
q values as a consequence of polydispersity of the aggre-
gates. The hydrodynamic radii of individual chains and of
the aggregates, R, | and R, ,, respectively, are reported in
Table 1 and plotted in Figure 4 in dependence on c.. The
size of individual polyions is small at all ¢, (R, ; = 9-11
nm), therefore no angular dependency of the scattered
light intensity was observed in this case and data reported
in Table 1 are average R, , values measured in the studied
g range. In agreement with expectations, the aggregates
are considerably larger, up to almost 20-times in compari-
son with small particles. Their size increases from R, , =
80nmatc,=0.05MtoR, ,~ 160 nmatc =0.2 M.

Table 1. The size parameters (R, |, R, ,, R .») and the shape parame—
ter p (= R, /R, ,) in iPMA solutions with OLN 027andc,=2 gl
and with various CsCI concentrations, c,. The uncertainty m R, (R )
values is estimated to be around 10%.
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Figure 4. The dependence of Rh 1 Rh ,» and R ,0n CsCl concentra-
tion, ¢, in aqueous iPMA solutions with €= 2 gL' and o =0.27.

In view of the large R, , value, the radius of gyration,
R, ,, could be determined for the aggregates. For this pur-
pose, the second peak in the size distributions was treated
separately for the angular dependency of the LS intensity.
From R, and R, ,, the shape parameter p (= R, /R, ,) was
calculated. All these data are reported in Table L. R, in-
creases from around 50 nm at ¢, = 0.05 to around 90 nm at
¢, = 0.2 M, whereas values of the shape parameter p (=
0.60-0.64) show no particular dependence on c,. Note that
these p values are lower than the value known for a hard
sphere (p = 0.78) and also considerably lower than those

c¢,/mol L™ R, ,/nm R, ,/nm R, ,/nm p for a random coil.'®!° They are close to the values repor-
0.05 10 79 50 0.64 ted for microgel-like particles with a core-shell structure,
0.07 9 79 48 0.61 for which p was found to be around 0.6.2*%
0.10 8 88 53 0.60 The increase of R_, and R, , with increasing ¢ can
0.20 11 155 93 0.60 be explained by proposing that the extent of aggregatlon
2 a,=0.27 P a) b)
B r i
- | ¢ =007TM
E 1 p/"’/ "
151 s
A _)"y
"’m co/" 4 6 . - .
E 10k q' /10" cm®
— ]
=t = = small particles
5| ® aggregates = -
L]
u a2 = .
0 1 " 1 L 1 1 1 1
0 2 4 6 0 2 4 6
2 -10 2 2 -10 -2
q°/10 q /10

Figure 3. Plots of the relaxation rate, I', versus q2 in iPMA solutions with a) ooy = 0.27 in b) ot = 1.0, both in 0.07 M CsCl. In the insets, the I" vs.

¢° plot for a) aggregates or b) slow mode is enlarged.
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(association) between iPMA chains increases with increa-
sing salt concentration. This is reasonable because small
counterions from the added salt (Cs™) contribute to scree-
ning of electrostatic repulsion between the negatively
charged iPMA chains with o, = 0.27 and thus promote in-
termolecular association. However, constant p values
show that, although the aggregates grow, their fractal
structure (distribution of mass within the aggregate) is not
affected by c.

In order to confirm the proposed core-shell structu-
re, we have compared our data with the calculated scatte-
ring functions for some typical particle topologies.'” The
calculated functions and the experimental data for iPMA
with o =0.27 and ¢, = 0.07, 0.10, and 0.20 M are presen-
ted in the form of a Kratky plot (i.e. the dependence of (g-
Rg)zP(q) on gR g) in Figure 5. It can be seen that the majo-
rity of the data points remain in the range of low g-values
(gR, < 1.5) where the presented topologies are not clearly
distinguishable. Only the data obtained for the highest
CsCl concentration (0.20 M) extend up to around gR, =
2.5, as a consequence of the largest R value of the aggre-
gates in 0.20 M CsCl (see Rg’2 values in Table 1). These
data points clearly fit the Debye-Bueche scattering func-
tion. Similar results were reported previously'® for the sa-
me iPMA sample in the presence of 0.1 M LiCl, NaCl and
CsCl. That study was a comparative investigation of both,
iPMA and aPMA. As reported there, p of the iPMA ag-
gregates in all 0.1 M alkali chlorides was from 0.58 (0.1
M NaCl) to 0.67 (0.1 M CsCl).

The Debye-Bueche scattering function is reported in
the literature for the description of hyperbranched flexible
chain molecules and microgel particles from chemically
cross-linked flexible chains.?’®** Therefore, iPMA aggre-
gates in aqueous CsCl solutions can be described as sphe-

3
a, =0.27 c,=007M &
0.10M @
020M o
— 2L ——Zimm (Eq.1)
< Debye (Eq.2)
o —— Debye-Bueche (Eq.3)
o~ I —— hard sphere
14
1
0
0 1 2 3
aR,

Figure 5. The dependence of (ng)zP(q) on ¢R, for four selected
particle topologies (calculated according to Equations 1-Zimm, 2-
Debye, and 3-Debye-Bueche) and the experimental data (points)
for large particles (i.e. aggregates) in iPMA solutions with ¢, =2
g/L and o = 0.27 and at three different CsCl concentrations: ¢, =
0.07, 0.10, and 0.20 M.

rical solvent draining particles with a higher polymer den-
sity in the center and a lower one towards the outer surfa-
ce. On the basis of these results we believe that it is justi-
fiable to approximate the architecture of iPMA aggregates
in solutions with added CsCl with a spherical shape that
has a loose corona on its surface and a denser core in the
center. Such distribution of mass (with characteristic va-
lue of p=0.60) is achieved by very efficient hydrogen bon-
ding between different chains, which is strongly coopera-
tive>*131516 and leads to some kind of segregation of pro-
tonated and deprotonated carboxyl groups within the ag-
gregate. The undissociated carboxyl groups are concentra-
ted in the core whereas the dissociated ones constitute the
corona, i.e. they are exposed to the solvent and thus provi-
de the solubility of iPMA in water.' It can be imagined
that when starting the ionization of carboxyl groups by
adding the base (CsOH), the surface carboxyl groups are
ionized first. Those in the core remain uncharged and are
associated through hydrogen bonding that is reinforced by
the favorable presence of hydrophobic methyl groups.*’
The iPMA aggregate dissolves only at some sufficiently
high charge (corresponding to o larger than ~0.2) when
chain repulsion becomes strong enough to disrupt the ag-
gregates. Another result of such association mechanism is
also the observed independence of the parameter p on salt
concentration. The increased salt concentration only faci-
litates aggregate growth by reducing electrostatic repul-
sion between charged portions of the chains, but has no
effect on attractive interactions, i.e. hydrogen bonding and
so called hydrophobic interactions.

3. 3. Slow Diffusion Due to the Polyelectrolyte
Effect

As indicated above, the equation I = qu is valid for
translational diffusion and predicts that T vs. ¢* curves
should go through the center of coordinates. For small
particles (fast mode), this is the case for all o, as demon-
strated in Figure 3 for iPMA with o, = 0.27 and 1.0 in
0.07 M CsCl. On the other hand, the T" vs. q2 curves for
the slow mode in iPMA solutions with o > 0.27 do not
start from the origin of the system of coordinates and the-
refore do not represent true translational diffusion.”’ As an
example, see the curve for oy = 1 in the inset of Figure 3b
and note that the results were similar for all oy > 0.27.
The data points for this (slow) mode are considerably mo-
re scattered and also more curved in comparison with the
data points for the aggregates at o, = 0.27 (compare the
insets in Figures 3a and b). Sometimes this diffusion pro-
cess is called anomalous.”' The origin of the anomalous
diffusion is electrostatic interactions between polyions
that result in correlated motion of many charged chains,
so called multimacroion or polyion domains.?' It was re-
ported that the associated value of the diffusion coefficient
of these domains is considerably lower than the diffusion
coefficient of individual polyions.'*2"
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The fast and the slow mode diffusion coefficients, Df
and D, respectively, in iPMA solutions with ¢ =2 g/L are
plotted in Figure 6 as a function of o for all c_. In agree-
ment with the above statement, the value of D_ is around
one order of magnitude lower than Df Moreover, Df and
D are almost independent of ¢, and o, at the studied poly-
mer concentration. The correlation lengths associated
with the D values in Figure 6 are in the range of 7-14 nm
(= Rh’l), obtained from Df, and 40-110 nm, obtained from
D,. The independence of D, and D_on o, was recently de-
monstrated for both iPMA and aPMA in different alkali
chloride solutions, but only for a single salt concentration
c,=0.10 M.

Other authors have previously?® determined diffu-
sion coefficients in salt free solutions of so called conven-
tional, i.e. atactic, PMA with a similar M, (= 30.000
g/mol) as in the case of iPMA in this study, but with a con-
siderably larger polymer concentration (¢, = 36.6 g/L). It
was demonstrated that in the o range 0-0.4, Df of aPMA
chains increases and D, decreases with increasing o,
whereas for o = 0.4 they are both nearly independent of
oy Taking into account that our measurements apply to
the stereoregular iPMA with a non-zero degree of neutra-
lization (ou > 0.27) and to solutions with a non-negligible
amount of added CsClI (¢, 2 0.05 M; compare this with
salt-free conditions for aPMA in ref. 28), we conclude
that these results are in a reasonable agreement with each
other.
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Figure 6. Dependence of the fast, D;, and slow diffusion coeffi-
cient, D, on degree of neutralization, o,, in aqueous iPMA solu-
tions with ¢ =2 g/L and at various CsCl concentrations, c, (=
0.05-0.20 M). The shaded area designates the o, region where
iPMA is insoluble in water.

It is normally expected that the slow mode pheno-
menon disappears when the amount added low molar
mass salt is sufficient to completely screen electrostatic
repulsion between the polyions. Forster et al.*® reported
diffusion coefficients of quaternized poly(2-vinyl pyridi-

ne), QPVP, in aqueous solutions over a broad range of the
polyion concentration (in moles of charged groups, c;h) to
the added salt concentration, denoted as A (= c;'h/cs). They
demonstrated that the slow diffusive process is always ob-
served in polyelectrolyte solutions for A larger than 1, i.e.
when polyion charges are in excess with respect to the salt
charges and electrostatic repulsions between polyions are
not effectively screened. Solution conditions with A = 1
(equal amount of charges from the polyelectrolyte and
from the slat) are described as the transition regime, whe-
re the slow mode gradually appears (or disappears) and
for A < 1 (low polyion or high salt concentration) only the
fast diffusion process of single chains is observed. In the
case of QPVP in the presence of monovalent counterions,
the slow mode disappeared for A values below ~1-5.%

With iPMA solutions investigated herein, the stu-
died A range is somewhat below 1 (from A = 0.03 at o =
0.27 and ¢, =0.20 M to A = 0.465 at o = 1.0 and ¢, = 0.05
M), which means that the number of charges from small
counterions exceeds the one originating from the polyion
(i.e. salt is in small excess). However, as distinguished
from the QPVP case, the slow mode is still observed. This
can be explained by proposing that electrostatic interac-
tions between the iPMA polyions, as compared to the
QPVP ones, are stronger. This may be a consequence of
different chain rigidity and distribution of charges on i-
PMA that would lead to higher polyion charge density.
The data in Figure 6 suggest that in the iPMA case even
0.20 M CsCl is not sufficient to completely screen strong
electrostatic forces. Further investigations are necessary
to explain these findings in more detail.

4. Conclusions

We have studied dynamic behavior of isotactic poly-
methacrylic acid, iPMA, chains in aqueous solutions with
added CsCl at various concentrations, ¢, in dependence
on degree of neutralization of polyion’s carboxyl groups,
0, by simultaneously performing static, SLS, and dyna-
mic light scattering, DLS, measurements. All correlation
functions measured by DLS were bimodal and revealed
two diffusion modes. The fast diffusion mode was asso-
ciated with individual iPMA chains whereas the slow dif-
fusion mode either represents aggregates of several chains
(the case with oug = 0.27) or so called polyion domains
(higher polyion charges, o > 0.27). The hydrodynamic
radius of individual chains, R, |, was in the range 8-11
nm, but no dependence of R, on either 0y or ¢, could be
deduced. The hydrodynamic radius of the aggregates, R, ,,
at oy = 0.27 was found to increase with increasing ¢, from
R, ,=80nmatc,=0.05MtoR, ,=160 nmatc,=0.20 M,
whereas the shape parameter, p, was found to be indepen-
dent of c,. This means that the aggregates grow with in-
creasing c, but their nature (distribution of mass within
the aggregate) remains the same. The increase in size at
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higher c is expected because the counterions from the ad-
ded salt (Cs*) contribute to screening of electrostatic re-
pulsion between iPMA chains with a relatively low charge
(corresponding to o, = 0.27). As suggested by the value
of p (= 0.60-0.64), the aggregates have characteristics of
microgel particles with a core-shell structure. Conse-
quently, the scattering functions for the aggregates fitted
the Debye-Bueche function.

In samples with o > 0.27, the polyelectrolyte slow
mode was detected, which is due to repulsive interactions
between negatively charged polyion chains and manifests
itself as a correlated motion of chains. Light scattering
measurements detect such motion as an additional diffusi-
ve mode, often ascribed to loose multimacroion (or pol-
yion) domain formation. It has to be stressed that these
polyion domains are not real particles but regions of cor-
related motion of polyions that are detected by DLS. The
value of the diffusion coefficient of such domains can be
determined from the measured correlation functions. We
have determined the diffusion coefficients of individual
polyions (the fast diffusion coefficient, D;) and of such
polyion domains (the slow diffusion coefficient, D) in de-
pendence on ol and c,. The results show that both D; and
D, are nearly independent of o and c, at the studied poly-
mer concentration.
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Povzetek

S hkratnimi meritvami staticnega, SLS, in dinamic¢nega sipanja svetlobe, DLS, smo Studirali dinami¢no obnasanje verig
izotakti¢ne polimetakrilne kisline, iPMA, v vodnih raztopinah z dodatkom CsCl v razli¢nih koncentracijah, ¢, v odvi-
snosti od stopnje nevtralizacije, oy, karboksilnih skupin skupin na poliionu. Vse izmerjene korelacijske funkcije z DLS
so bile bimodalne in so pokazale na prisotnost dveh difuzijskih nac¢inov (modusov). Hitri difuzijski na¢in smo povezali
z individualnimi verigami iPMA in po¢asnega z agregati med verigami (primer o, = 0.27) ali pa s tvorbo tako imenova-

nih poliionskih domen (vecji naboji na poliionu, oy > 0.27). Hidrodinamski radij individualnih verig, R, ,, je bil 7-14
nm, vendar pa nismo opazili nobene posebne odvisnosti R, | od ouy ali ¢,. Hidrodinamski radij agregatov, R, ,, je narascal

od R, 2 = 80 nm pri ¢;=0.05 M do R, , = 160 nm pri ¢, = 0.20 M, medtem ko je bil faktor oblike, p, neodvisen od c.. Na
0snovi tega smo sklepah da velikost agregatov sicer naraS¢a s c,, vendar pa njihova oblika (porazdelitev mase) ostaja
nespremenjena. Ve¢ja velikost pri vecji ¢, je priCakovana, saj protiioni iz dodane soli (Cs®) prispevajo k sencenju elek-
trostatskega odboja med verigami iPMA z oy, = 0.27. Vrednosti parametra oblike (p = 0.61-0.67) kaZejo, da imajo agre-
gati znacilnosti mikrogelov s tako imenovano »core-shell« strukturo. Sipalne krivulje za agregate so se ujemale z
Debye-Buechejevo funkcijo.

V vzorcih z oy > 0.27 smo zasledili tako imenovane poliionske domene, ki so posledica elektrostatskega odboja med
negativno nabitimi verigami poliiona. Meritve sipanja svetlobe tako gibanje zaznajo kot dodaten difuzijski nacin, ki ga
pogosto pripisujejo koreliranemu gibanju vecih verig. Te domene niso realni delci, ampak strukture v raztopini z dovolj
dolgim Zivljenjskim ¢asom, da jih lahko zaznamo z DLS meritvami in dolo¢imo vrednost difuzijskega koeficienta takih
domen iz izmerjenih korelacijskih funkcij. Dolo¢ili smo difuzijske koeficiente za individualne verige poliionov (to smo
imenovali hitra difuzija in difuzijski koeficient oznacili z D;) in za poliionske domene (ta difuzijski nacin smo imenova-
li poCasna difuzija in difuzijski koeficient oznacili z D) v odvisnosti od o, in ¢,. Rezultati so pokazali, da sta tako D, kot
D, skoraj neodvisna od o, in ¢, za preiskovano koncentracijo iPMA.
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