Aggregates of isotactic poly(methacrylic acid) chains in aqueous CsCl solutions: a static and dynamic light scattering study
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ABSTRACT
Dynamic behavior of isotactic polymethacrylic acid, iPMA, chains was studied by static, SLS, and dynamic light scattering, DLS, at 25°C in aqueous solutions with added CsCl at various concentrations, cs (= 0.05-0.20 M), and in dependence on degree of neutralization of the polyion’s carboxyl groups, αN. DLS data were analyzed together with those obtained from SLS. It was demonstrated that iPMA chains with αN = 0.27 (somewhat above the solubility limit of iPMA in aqueous solutions) are strongly aggregated. The size of the aggregates increases with increasing cs, whereas the shape parameter, , is approximately constant (  0.64), irrespective of cs. The low  value together with the measured scattering functions suggests that aggregates have characteristics of microgel particles with a dense core surrounded by a less dense corona. The diffusion of iPMA was investigated also at higher αN, up to αN = 1. The polyion slow mode arising from electrostatic interactions between charged chains was observed for all αN > 0.27 even at the highest cs (= 0.20 M). The diffusion coefficients for the show mode were nearly independent of αN and cs at the studied polymer concentration.
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1. INTRODUCTION
Intermolecular association and aggregate formation is 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 polymer-polymer complexation systems that are often used as materials for pharmaceutical applications.1 Very stable inter-polymer complexes are formed when a cationic and an anionic polyelectrolyte are mixed in solution; this is a result of strong electrostatic attraction between the two components. Aggregates can form also between chains of the same polymer, very frequently 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).2-5 Although the energy of a single H-bond is rather weak (2-167 kJ/mol),6 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 association between the isotactic poly(methacrylic acid), iPMA, chains in aqueous solutions. iPMA is a highly regular 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 heterotactic PMA, aPMA, and contains, in addition to mm and rr, also the heterotactic, rm, triads. Solution properties,2-5,7-14 intermolecular association,4,5,13 and binding of species5 all depend on polymer tacticity. For example, while sPMA and aPMA dissolve in water and show similar solution behaviour,8,9 in part because aPMA is normally predominately syndiotactic, iPMA is insoluble in water unless the degree of neutralization of carboxylic acid groups, αN, exceeds a value αN ≈ 0.2.8,9,14 Insolubility of iPMA is related to the ordered helical conformation of the chain, which is favorable for intermolecular association.3,5,13,14 It has been recently demonstrated that the regularity on the level of a single chain also leads to gelation of iPMA in concentrated solutions.13 
iPMA and aPMA are both strongly associated in dilute solutions too if αN is low (αN = 0 and ~0.25 for aPMA and iPMA, respectively). This was demonstrated by light scattering, LS, studies15,16 in aqueous solutions with added alkali chlorides. However, important differences in the association mechanism exist between the two stereoizomers. For example, aPMA aggregates multiply as a result of shearing the solution (a phenomenon known as negative thixotropy4,17), whereas the iPMA ones disintegrate due to shear stress and reform in solutions at rest.15 In equilibrium, the extent of aggregation is larger for iPMA than it is for aPMA. Besides, iPMA aggregates are observed at a non-zero αN value (somewhat above the solubility limit, which is at αN ≈ 0.2), whereas the aPMA ones exist in solution only close to αN = 0. In both cases,15,16 the aggregates have characteristics of microgel particles with a core-shell structure, but the iPMA ones have a denser core. 
Beside the properties of the polymer chain, intermolecular association depends also on solution conditions. In case of charged polymers (iPMA at αN ≈ 0.27 is charged) in aqueous solutions, interactions are most frequently 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 to 0.20 M. Static, SLS, and dynamic light scattering, DLS, were used to determine the radius of gyration, Rg, and the hydrodynamic radius, Rh, of particles in iPMA solutions, from which the shape parameter,  (= Rg/Rh), was evaluated. The value of  is a convenient measure of the shape/architecture of particles18,19 and also of their eventual aggregated state in solution.20 
We have furthermore extended our LS investigations to studying diffusion of iPMA chains in solutions at higher αN values (all up to αN = 1) where inter-chain aggregates are expected to break and the dimensions of individual iPMA chains should increase due to intramolecular repulsion between the charged carboxyl groups. Fully charged polymer chains are stiffer than uncharged ones and their mutual interaction is strongly repulsive unless sufficient 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 corresponding neutral polymers; consequently, a higher value of the diffusion coefficient, D, is detected in DLS. Accordingly, this diffusion mode is often called the “fast mode”.21 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 size” of these domains exceeds the size of individual chains and can reach values around 100 nm.21 Polyion domains are metastable but long lasting structures in solutions of polyelectrolytes. Certain physical measurements, one of them being LS, are able to detect these “domains” as “particles” with their own value of D, and, through the Stoke-Einstein equation, the value of Rh. The slow mode is detected at high polyion concentrations, in case of strongly charged chains, at low concentrations of added inert salt (or in salt-free systems) and at high molecular weights of polyelectrolytes. The purpose of our investigation was to study the slow mode phenomenon in iPMA solutions in dependence on αN and on CsCl concentration, denoted as cS.

2. EXPERIMENTAL
2.1.  Materials
The starting iPMA powder was prepared by hydrolysis of the isotactic polymethylmethacrylate, iPMMA, as reported in the literature.13 Tacticity of iPMMA (93% of isotactic, 3% of syndiotactic and 4% of atactic triads) was determined from the 1H NMR spectrum in CDCl3. The weight average molecular weight, Mw (= 32 000 g/mol), and the polydispersity index, PDI (= 2.93), were obtained by size exclusion chromatography.15
Stock solutions were prepared by first suspending dry iPMA powder in triple distilled water and then slowly adding a calculated amount of 1 M CsOH in order to dissolve the polymer. The solution was stirred for 24 hours before further handling. The exact polymer concentration, cp, and N value were determined by potentiometric titration with HCl and NaOH. N of the stock solution was 0.53 and cp was 5.434 g/L. Higher N values (N > 0.53) were reached by adding 1.027 M CsOH and lower ones (N < 0.53) by adding 1.0 M HCl. At the end, 1 M CsCl was added to all stock solutions in order to achieve the desired CsCl concentration. In this way, 20 different samples were prepared with N = 0.27, 0.40, 0.53, 0.75 and 1.00, and with 4 different concentrations of CsCl, (cs = 0.05, 0.07, 0.10 and 0.20 M), for each N. The final concentration of iPMA for LS studies was in all cases set to cp = 2 g/L.
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 λo = 632.8 nm was used. All samples were filtered through hydrophilic 0.22 m 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. Constant intensity of light scattered at 90° was used as a criterion that the solution was properly equilibrated. 5 intensity 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.18,19 Herein, correlation functions of the intensity of scattered light, G2(t), were recorded simultaneously with the integral time averaged intensities, Iθ  Iq, where q () is the scattering vector, no the refractive index of the medium, and θ the scattering angle. Intensities measured in counts of photons per second (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-1. 
The radius of gyration, Rg, of particles, was determined from the form factor, P(q) (= Iq/I0, where I0 is the scattering intensity at θ (q) = 0), by using the following equations:22 (i) the Zimm function (Equation 1) which is valid when particle sizes fulfill the criterion qRg < 1:
									(1)
(ii) the Debye function (Equation 2) used for polymer chains with a Gaussian distribution of segments:
						(2)
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 random than the Gaussian distribution:
									(3)
In order to determine Rh, the measured G2(t) was converted into the correlation function of the scattered electric ﬁeld, g1(t), by using the Siegert’s relationship. For monodisperse particles, small in size compared to the wavelength of light as well as for hard spheres of any size, the g1(t) is related to the translational diffusion coefficient, D, of particles through
							(4)
where  is the relaxation (or decay) time and  (= -1 = Dq2) is the relaxation (decay) rate. The Rh of particles is then obtained from D via the Stokes-Einstein equation 
										(5)
where k is the Boltzmann constant, T the absolute temperature, and 0 the solvent viscosity. 
For polydisperse samples, equation 4 is written as a weighted average of all possible decays associated with several exponents (multiexponential function). For studied herein particles with moderately broad monomodal and bimodal size distributions, a bi-exponential or a multi-exponential ﬁt to g1(t) was used. The bi-exponential fit was performed with the ORIGIN 8.0 program and was used when two relaxation times of the bimodal distribution were too close to each other and the CONTIN analysis was difficult. This was the case in solutions with αN > 0.27. The multiexponential fit was based on the original inverse Laplace transform program CONTIN developed by Provencher.23 Comparison of both fits is shown for the case of an iPMA solution with N = 0.27 and cs = 0.05 M and demonstrates satisfactory agreement between both methods. 


Figure 1. Comparison of the analysis of the correlation function G2(t) made by CONTIN (red) and by the bi-exponential fit (blue) for iPMA with αN = 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 g1(t) function and the lower one the residual error. 


3. RESULTS AND DISCUSSION
3.1. Scattered light intensity in dependence on αN
The result of SLS measurements is the intensity of scattered light. According to the Rayleigh equation,18,19 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 intensity (i.e. the difference (R-Ro)θ=0 at  = 0°, where Ro is the contribution of the solvent to the total LS intensity R) in dependence on αN in 0.05 M CsCl. Similar results were obtained for all cs. Clearly, the absolute LS intensity is very high at N = 0.27, falls steeply with increasing N and is low and approximately constant for N  0.40. These results suggest that large species - aggregates with high Mw are present in iPMA solution at N = 0.27 and that they disappear when αN is increased above 0.27. Accordingly, the distribution of relaxation times at N = 0.27 (see the upper inset in Figure 2) shows two peaks: (i) the peak at short relaxation times corresponds to small particles (single chains) that diffuse quickly in solution, therefore the term “fast mode” is used for this diffusion, and (ii) the peak at longer relaxation times corresponds to larger particles (aggregates of several chains, i.e. particles with high molar masses) that diffuse slowly. The calculated 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 together with the total LS intensity. Details of this procedure can be found in the literature.24-26


Figure 2. Total LS intensity at θ = 0°, (R-Ro)θ=0 (squares), the contribution of the fast (red circles) and slow mode (blue triangles), and the relaxation time distributions at θ = 90° (see insets) for iPMA in 0.05 M CsCl at various αN values. The distribution for αN = 0.27 was calculated by the CONTIN program and those for αN = 0.4 and 1.0 by the bi-exponential fit. The shaded area designates the αN region where iPMA is insoluble in water.
It can be seen from Figure 2 that the high LS intensity at N = 0.27 comes predominately from the aggregates; the contribution of small particles to the total LS intensity at this N is very small.
The calculated relaxation time distributions were bimodal also at higher N values (see insets in Figure 2, where this is demonstrated for αN = 0.4 and 1.0; the distributions in this case were obtained by the bi-exponential fit), with the peak at short times again attributed to single polyion chains (“fast mode”) as in the αN = 0.27 case. The origin of the peak at longer relaxation times is different as suggested by the low scattering intensity for N > 0.27 any by a significant drop of the contribution of the second peak to (R-Ro)θ=0. It will be demonstrated in Section 3.3 that this peak does not represent particles, but is due to so called polyelectrolyte “slow mode”27,28 originating from electrostatic interactions between highly charged polyions. It is well known2-5,14,17,27,29 that this phenomenon leads to low values of the total LS intensity, in contrast to intermolecular association/ aggregation, and to an apparent low diffusion coefficient value measured by DLS. Because aggregation and 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 discussed in more detail in Subsection 3.3.
3.2. iPMA aggregates at αN = 0.27
Mean peak values of the size distributions, obtained at ﬁxed q and cp, were used to estimate the apparent hydrodynamic radius, Rhapp, of particles in these solutions and the true Rh was obtained by extrapolating Rhapp to θ = 0 for each cs. Dependencies of the corresponding relaxation rates on the square of the scattering vector, q2, were passing through the center of coordinates, confirming the validity of the relationship  = 1/ = Dq2, which applies to a true translational diffusion of colloidal particles in solution. Examples of  vs. q2 curves are shown Figure 3a for cs = 0.07 M CsCl. The slope of these curves is proportional to the diffusion coefficient of particles. The Г vs. q2 curve with a high slope corresponds to fast diffusing small particles (individual chains) and is linear, indicating that these particles are rather monodisperse. The Г vs. q2 curve for 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 aggregates. The hydrodynamic radii of individual chains and of the aggregates, Rh,1 and Rh,2, respectively, are reported in Table 1 and plotted in Figure 4 in dependence on cs. The size of individual polyions is small at all cs (Rh,1  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 Rh,1 values measured in the studied q range. In agreement with expectations, the aggregates are considerably larger, up to almost 15-times in comparison with small particles. Their size increases from Rh,2  80 nm at cs = 0.05 and 0.07 M to Rh,2  160 nm at cs = 0.2 M.
[image: ]
Figure 3. Plots of the relaxation rate, , versus q2 in iPMA solutions with a) N = 0.27 in b) N = 1.0, both in 0.07 M CsCl. In the insets, the  vs. q2 plot for a) aggregates or b) slow mode is enlarged.

Table 1. The size parameters (Rh,1, Rh,2, Rg,2) and the shape parameter  (= Rg,2/Rh,2) in iPMA solutions with αN = 0.27 and cp = 2 gL-1 and with various CsCl concentrations, cs.
	
cs / mol L-1
	 / nm
	 / nm
	 / nm
	

	0.05
	9
	78
	51
	0.65

	0.07
	9
	78
	48
	0.61

	0.10
	7
	90
	60
	0.66

	0.20
	11
	157
	105
	0.67





Figure 4. The dependence of Rh,1, Rh,2, and Rg,2 on CsCl concentration, cs, in aqueous iPMA solutions with cp = 2 gL-1 and αN = 0.27.

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]In view of the large Rh,2 value, the radius of gyration, Rg,2, could be determined for the aggregates. For this purpose, the second peak in the size distributions was treated separately for the angular dependency of the LS intensity. From Rg,2 and Rh,2, the shape parameter  (= Rg,2/Rh,2) was calculated. All these data are reported in Table 1. Rg,2 increases from around 50 nm at cs = 0.05 to around 100 nm at cs = 0.2 M, whereas values of the shape parameter  (= 0.61-0.67) show no particular dependence on cs. Note that these  values are lower than the value known for a hard sphere ( = 0.78) and also considerably lower than those for a random coil.18,19 They are close to the values reported for microgel-like particles with a core-shell structure, for which  was found to be ~0.6.20,30 
The increase of Rg,2 and Rh,2 with increasing cs can be explained by proposing that the extent of aggregation (association) between iPMA chains increases with increasing salt concentration. This is reasonable because small counterions from the added salt (Cs+) contribute to screening of electrostatic repulsion between the negatively charged iPMA chains with αN = 0.27 and thus promote intermolecular association. However, constant  values show that, although the aggregates grow, their nature (distribution of mass within the aggregate) is not affected by cs.
In order to confirm the proposed core-shell structure, we have compared our data with the calculated scattering functions for some typical particle topologies.19 The calculated functions and the experimental data for iPMA with αN = 0.27 and cs = 0.07, 0.10, and 0.20 M are presented in the form of a Kratky plot (i.e. the dependence of (qRg)2P(q) on qRg) in Figure 5. It can be seen that the majority of the data points remain in the range of low q-values (qRg < 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 almost qRg  3, as a consequence of the largest Rg value of the aggregates in 0.20 M CsCl (see Rg,2 values in Table 1). These data points fit the Debye scattering function. 


Figure 5. The dependence of (qRg)2P(q) on qRg 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 cp = 2 g/L and αN = 0.27 and at three different CsCl concentrations: cs = 0.07, 0.10, and 0.20 M. 

Similar results were reported previously16 for the same 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,  of the iPMA aggregates in all 0.1 M alkali chlorides was from 0.58 (0.1 M NaCl) to 0.67 (0.1 M CsCl). The measured data points for iPMA were limited to qRg < 2, where more accurate comparison with the calculated scattering functions in the Kratky plot was not possible, but extended up to qRg  5 for aPMA. On the comparative basis, the conclusion in that case was that both sets of data (for aPMA and for iPMA) fit the Debye-Bueche scattering function. This scattering function is reported in the literature for the description of hyperbranched flexible chain molecules and microgel particles from chemically cross-linked flexible chains.20,30 Therefore, iPMA and aPMA aggregates in 0.1 M alkali chlorides were described as spherical solvent draining particles with a higher polymer density in the center and a lower one towards the outer surface. In the present study, however, the data for iPMA in 0.20 M CsCl reveal that iPMA aggregates may have an architecture, which is closer to association of flexible polymer chains (slightly more loose aggregates) that are well described by the Debye scattering function. The nature of the counterion may play a role here. It was demonstrated that Li and Na ions better support aggregation between iPMA chains than do Cs ones.16 This was explained by taking into account the hydration enthalpies of ions and the law of matching water affinities.31-36 More weakly hydrated Cs ions interact less strongly with carboxyl groups on iPMA, which results in weaker screening of electrostatic repulsions between the chains. Thus, smaller and possibly less compact aggregates are formed in the presence of CsCl.16 
To conclude, we believe that it is justifiable 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. It was proposed by several authors2,3,13,15,16 that intermolecular association in the case of stereoregular iPMA is achieved by very efficient hydrogen bonding between different chains, which is strongly cooperative. A kind of a segregation on the intramolecular level was proposed: the undissociated carboxyl groups were supposed to be concentrated in the core of the aggregate, whereas the dissociated ones were supposed to constitute the corona.16 
3.3. Diffusion coefficients and the slow mode
As indicated above, the equation  = Dq2 is valid for translational diffusion and predicts that  vs. q2 curves should start from the center of coordinates. For small particles (fast mode), this is the case for all αN as demonstrated in Figure 3 for iPMA with αN = 0.27 and 1.0 in 0.07 M CsCl. On the other hand, the  vs. q2 curves for the slow mode in iPMA solutions with αN > 0.27 do not start from the origin of the system of coordinates and therefore do not represent true translational diffusion.27 As an example, see the curve for αN = 1 in the inset of Figure 3b and note that the results were similar for all αN > 0.27. The data points for this (slow) mode are considerably more scattered and also more curved in comparison with the data points for the aggregates at αN = 0.27 (compare the insets in Figures 3a and b). Sometimes this diffusion process is called anomalous.21 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.21 It was reported that the associated value of the diffusion coefficient of these domains is considerably lower than the diffusion coefficient of individual polyions.19,21,37 
The fast and slow mode diffusion coefficients, Df and Ds, respectively, in iPMA solutions with cp = 2 g/L are plotted in Figure 6 as a function of αN for all cs. In agreement with the above statement, the value of Ds is around one order of magnitude lower than Df. Moreover, Df and Ds are almost independent of cs and αN at the studied polymer concentration. The correlation lengths associated with the D values in Figure 6 are in the range 7-14 nm (= Rh,1; obtianed from Df) and 40-110 nm (obtained from Ds). The independence of Df and Ds on αN was recently demonstrated for both iPMA and aPMA in different alkali chloride solutions, but only for a single salt concentration cs = 0.10 M.16
Other authors have previously28 determined diffusion coefficients in salt free solutions of so called conventional, i.e. atactic, PMA with a similar Mw (= 30.000 g/mol) as in the case of iPMA in this study, but with a considerably larger polymer concentration (cp = 36.6 g/L). It was demonstrated that in the αN range from 0 to 0.4, Df of aPMA chains increases and Ds decreases with increasing αN, whereas for αN  0.4 they are both nearly independent of αN. Taking into account that our measurements apply to the stereoregular iPMA with a non-zero degree of neutralization (αN > 0.27) and to solutions with a non-negligible amount of added CsCl (cs  0.05 M; compare this with salt-free conditions for aPMA in ref. 28!), we conclude that results are in a reasonable agreement with each other.


Figure 6. Dependence of the fast, Df, and slow diffusion coefficient, Ds, on degree of neutralization, αN, in aqueous iPMA solutions with cp = 2 g/L and at various CsCl concentrations, cs (= 0.05-0.20 M). The shaded area designates the αN region where iPMA is insoluble in water.

It is normally expected that the slow mode phenomenon disappears when the amount added salt is sufficient to completely screen electrostatic repulsion between the polyions. Förster et al.38 reported diffusion coefficients of quaternized poly(2-vinyl pyridine), QPVP, in aqueous solutions over a broad range of the polyion concentration (in moles of charged groups, ) to the added salt concentration, denoted as  (= ). They demonstrated that the slow diffusive process is always observed in polyelectrolyte solutions for  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   1 (equal amount of charges from the polyelectrolyte and from the slat) are described as the transition regime, where the slow mode gradually appears (or disappears) and when  < 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  values below ~1-5.38 
With iPMA solutions investigated herein, the studied  range is somewhat below 1 (from   0.03 at αN = 0.27 and cs = 0.20 M to   0.465 at αN = 1.0 and cs = 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 interactions 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 iPMA 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 polymethacrylic acid, iPMA, chains in aqueous solutions with added CsCl at various concentrations, cs, in dependence on degree of neutralization of polyion’s carboxyl groups, αN, by simultaneously performing static, SLS, and dynamic light scattering, DLS, measurements. All correlation functions measured by DLS were bimodal and revealed two diffusion modes. The fast diffusion mode was associated with individual iPMA chains and the slow diffusion mode with aggregates of several chains (the case with αN = 0.27) or with the appearance of polyion domains (higher polyion charges, αN > 0.27). The hydrodynamic radius of individual chains, Rh,1, was in the range from 7-14 nm, but no dependence of Rh,1 on either αN or cs could be deduced. The hydrodynamic radius of the aggregates, Rh,2, at αN = 0.27 was found to increase with increasing cs from Rh,2  80 nm at cs = 0.05 M to Rh,2  160 nm at cs = 0.20 M, whereas the shape parameter, , was found to be independent of cs. This means that the aggregates grow with increasing cs, but their nature (distribution of mass within the aggregate) remains the same. The increase in size at higher cs is expected because the counterions from the added salt (Cs+) contribute to screening of electrostatic repulsion between iPMA chains with a relatively low charge corresponding to αN = 0.27. As suggested by the value of  (= 0.61-0.67), the aggregates have characteristics of microgel particles with a core-shell structure. The scattering functions for the aggregates fitted the Debye function. 
In samples with N > 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 diffusive mode, often ascribed to multimacroion (or polyion) domain formation. It has to be stressed that these polyion domains are not real particles but sufficiently long living structures that they 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, Df) and of polyion domains (the slow diffusion coefficient, Ds) in dependence on αN and cs. The results show that both Df and Ds are nearly independent of αN and cs at the studied polymer concentration.
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Povzetek. S hkratnimi meritvami statičnega, SLS, in dinamičnega sipanja svetlobe, DLS, smo študirali dinamično obnašanje verig izotaktične polimetakrilne kisline, iPMA, v vodnih raztopinah z dodatkom CsCl v različnih koncentracijah, cs, v odvisnosti od stopnje nevtralizacije, αN, karboksilnih skupin skupin na poliionu. Vse izmerjene korelacijske funkcije z DLS so bile bimodalne in so pokazale na prisotnost dveh difuzijskih načinov (modusov). Hitri difuzijski način smo povezali z individualnimi verigami iPMA in počasnega z agregate med verigami (primer αN = 0.27) ali pa s pojavom tako imenovanih poliionskih domen (večji naboji na poliionu, αN > 0.27). Hidrodinamski radij individualnih verig, Rh,1, je bil 7-14 nm, vendar pa nismo opazili nobene posebne odvisnosti Rh,1 od αN ali cs. Hidrodinamski radij agregatov, Rh,2, je naraščal od Rh,2  80 nm pri cs = 0.05 M do Rh,2  160 nm pri cs = 0.20 M, medtem ko je bil faktor oblike, , neodvisen od cs. Na osnovi tega smo sklepali, da velikost agregatov sicer narašča s cs, vendar pa njihova oblika (porazdelitev mase) ostaja nespremenjena. Večja velikost pri večji cs je pričakovana, saj protiioni iz dodane soli (Cs+) prispevajo k senčenju elektrostatskega odboja med verigami iPMA z αN = 0.27. Vrednosti parametra oblike ( = 0.61-0.67) kažejo, da imajo agregati značilnosti mikrogelov s tako imenovano "core-shell" strukturo. Sipalne krivulje za agregate so se ujemale z Debyevo funkcijo.
V vzorcih z αN > 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 način, ki ga pogosto pripisujejo koreliranemu gibanju večih verig. Te domene niso realni delci, ampak strukture v raztopini z dovolj dolgim življenjskim časom, da jih lahko zaznamo z DLS meritvami in določimo vrednost difuzijskega koeficienta takih domen iz izmerjenih korelacijskih funkcij. Določili smo difuzijske koeficiente za individualne verige poliionov (to smo imenovali hitra difuzija in difuzijski koeficient označili z Df) in za poliionske domene (ta difuzijski način smo imenovali počasna difuzija in difuzijski koeficient označili z Ds) v odvisnosti od αN in cs. Rezultati so pokazali, da sta tako Df kot Ds skoraj neodvisna od αN in cs za preiskovano koncentracijo iPMA. 
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