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ABSTRACT: This work explored solution properties of linear and Increasing polymer concentration

star poly(methacrylic acids) with four, six, and eight arms Low salt regime High salt regime
(LPMAA, 4PMAA, PMAA, and 8PMAA, respectively) of matched 10° — Bilite T Semidiinte
molecular weights in a wide range of pH, salt, and polymer Semidilute %ﬁ\/ , 107 wwwwE R,

concentrations. Experimental measurements of self-diffusion were

performed by fluorescence correlation spectroscopy (FCS), and oy

the results were interpreted using the scaling theory of g @ %,‘104
polyelectrolyte solutions. While all PMAAs were pH sensitive w02l ° - °

and showed an increase in hydrodynamic radius (R;,) with pH in 3 el o o
the dilute regime, the R, of star polymers (measured at basic pH 7 i 2 s
values) was significantly smaller for the star polyacids due to their 10’? @ s b 10'120,3 e~
more compact structure. Fully ionized star PMAAs were also found NJg

to be less sensitive to changes in salt concentration and type of the

counterion compared to linear PMAA. While Ry, of fully ionized linear PMAA decreased in the series Li* > Na* > K" > Cs* in
agreement with the Hofmeister series, Ry, of star PMAAs was virtually independent of type of the counterion for eight-arm PMAA.
However, molecular architecture strongly affected interactions of counterions with PMAAs. In particular, 'Li NMR revealed that the
spin—lattice relaxation time T of Li" ions in low-salt solutions of eight-arm PMAA was ~2-fold smaller than that in the solution of
linear PMAA, suggesting slower Li*-ion dynamics within star polymers. An increase in concentration of monovalent chloride salts, c,
above that of the PMAA monomer unit concentration (c,) resulted in shrinking of both linear and star molecules, with the
hydrodynamic size R, scaling as Ry, o ¢ *!'£%!, Self-diffusion of linear and star polyelectrolytes was then studied in a wide range of
polyelectrolyte concentrations (107> mol/L < ¢, < 0.5 mol/L) in low-salt (<10™* mol/L of added salt) and high-salt (1 mol/L)
solutions. In both the low-salt and high-salt regimes, diffusion coefficient D was lower for PMAAs with a larger number of arms at a
fixed ¢, In addition, in both cases, D plateaued at low polymer concentrations and decreased at higher polymer concentrations.
However, while in the high-salt conditions, the concentration dependence of D reflected transitions between the dilute to semidilute
solution regimes as expected for neutral chains in good and theta solvents, analysis of the diffusion data in the low-salt conditions
using the scaling theory revealed a different origin of the concentration dependence of D. Specifically, in the low-salt solutions, both
linear and star PMAAs exhibited unentangled (Rouse-like) dynamics in the entire range of polyelectrolyte concentrations.

B INTRODUCTION and the number of arms.'””’ The unique feature of such
polyelectrolyte star solutions is a broadening of the crossover
to semidilute solution regime where stars shrink in size but do
not yet interpenetrate.’” At high salt concentrations, the
electrostatic interactions between ionized groups are reduced
to effective short-range interactions with a salt-dependent
second virial coefficient. In this high salt concentration regime,
polyelectrolyte stars behave as their neutral counterparts.'

The distinctive molecular architecture of star polymers’
determines their unique properties in solutions” and melts.””*
In the case of neutral stars, the presence of a central branching
point leads to redistribution of net polymer mass between
arms, resulting in a more compact size of a star in comparison
with a size of chemically identical linear chains of equal
molecular weights.””~” The star size is determined by
optimization of the excluded volume interactions and arms’
conformational entropy.” In the case of polyelectrolyte stars, a Received: June 13, 2024 Yacromolecales
balance of the osmotic pressure generated by counterions and Revised: ~ November 19, 2024
salt ions and conformational entropy of the arms determines Accepted: December 17, 2024
the star size.* '® In salt-free solutions, counterion localization Published: December 27, 2024
inside the polyelectrolyte stars results in strong arm stretching,

which is also directly related to the fraction of ionized groups

© 2024 The Authors. Published b
Ameericl;n %ﬁemlilcaissgcietz https://doi.org/10.1021/acs.macromol.4c01374

v ACS PUb| IcatIOI’] S 240 Macromolecules 2025, 58, 240—248


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aliaksei+Aliakseyeu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erica+Truong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan-Yan+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryan+Sayko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrey+V.+Dobrynin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Svetlana+A.+Sukhishvili"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Svetlana+A.+Sukhishvili"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.4c01374&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01374?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01374?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01374?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01374?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01374?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/mamobx/58/1?ref=pdf
https://pubs.acs.org/toc/mamobx/58/1?ref=pdf
https://pubs.acs.org/toc/mamobx/58/1?ref=pdf
https://pubs.acs.org/toc/mamobx/58/1?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.macromol.4c01374?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Macromolecules

pubs.acs.org/Macromolecules

Solution properties of polyelectrolyte stars were studied by
the light, X-ray, and/or neutron scattering and viscosity
measurements and concerned interpretation of the “polyelec-
trolyte” scattering peak emerging as a result of interpolyelec-
trolyte electrostatic interactions, the effect of molecular
architecture on the polyelectrolyte rigidity, and the occurrence
of the “abnormal” polyelectrolyte peak in low-salt solu-
tions.”' > These studies revealed, for example, a higher
persistence length of ?olyelectrolﬁe stars compared to their
linear counterparts”>*> due to different molecular connectivity
and immobilization of arms by the star branching point and
due to counterion concentration enhancement within the star
volume,”**

However, despite all of these efforts, the dynamics of
polyelectrolyte stars in solutions is still poorly understood.
This work aims to fill this gap by exploring the self-diffusion of
weak polyelectrolytes of different branching ranging from
linear chains to eight-arm stars at different polymer and salt
concentrations. Using the fluorescent correlation spectroscopy
(FCS),”" we first compare self-diffusion of stars and linear
poly(methacrylic acids) (PMAAs*) in extremely dilute
solutions to highlight the effect of branching on hydrodynamic
radius as a function of the solution pH and added salt
concentration. This is followed by investigation of the self-
diffusion of linear and star polyelectrolytes in dilute and
semidilute solution regimes at different salt concentrations and
salt counterions (Li*, Na*, K*, and Cs*).

B MATERIALS AND METHODS

Materials. Lithium hydroxide, lithium chloride, sodium chloride,
potassium chloride, and cesium chloride were purchased from
Thermo Scientific and used as received. Tris(hydroxymethyl)-
aminomethane (Tris), dimethyl sulfoxide (DMSO), sodium phos-
phate dibasic, sodium hydroxide, and potassium hydroxide were
purchased from Sigma-Aldrich and used as received. Water used in
this study was purified using a Millipore Milli-Q_system.

Linear (M,, = 59.8 kDa, D < 1.1), four-arm (M,, = 65.2 kDa, P <
1.1), six-arm (M,, = 66.7 kDa, D < 1.2), and eight-arm (M,, = 65.9
kDa, D < 1.2) poly(methacrylic acids) were synthesized, charac-
terized, and labeled with Alexa 488 using a protocol described in our
previous publications.>”*> These polymers, abbreviated as LPMAA,
4PMAA, 6PMAA, and 8PMAA for unlabeled polymers and LPMAA¥*,
4PMAA*, 6PMAA*, and 8PMAA¥* for fluorescently labeled polymers,
respectively, had similar molecular weights but different numbers of
arms. The degrees of polymerization of LPMAA were 695, and
4PMAA, 6PMAA, and 8PMAA star polymers contained four, six, and
eight arms composed of 189, 129, and 95 monomer units,
respectively. The contour length of the LPMAA linear polymer was
174 nm, while the average contour length of the arms of 4PMAA,
6PMAA, and 8PMAA star polymers was 47, 32, and 24 nm,
respectively.

Methods. FCS. FCS experiments were performed using a custom-
made FCS setup and glass cells that were described in our previous
publications.*** Prior to FCS experiments, the width and the height
of the laser beam were calibrated with Alexa 488 dye with the known
diffusion coefficient of 440 ym?/s. All solutions were left for S min for
equilibration prior to measurements. The data was collected for 3 min
upon continuous exposure to a 4 mW laser excitation. All
measurements were performed at room temperature (20 °C).

Preparation of Solutions for FCS Measurements of Polymer
Diffusion. FCS experiments employed fluorescently labeled polymers
with a general abbreviation PMAA¥*, ie, LPMAA*, 4PMAA¥,
6PMAA*, and 8PMAA¥*, which contained one Alexa 488 label per
790, 1060, 830, and 1030 polymer units, respectively. These polymers
were used to either prepare solutions of individually dissolved
fluorescent polymers for studies in the dilute polymer concentration
regime or mixed with unlabeled PMAA for studies of self-diffusion in
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a wide range of polymer concentrations 1073 mol/L < ¢,, < 0.5 mol/L,
where ¢, is the polymer concentration in repeat units.

For FCS studies in dilute polymer solutions, the stock solutions of
fluorescently labeled PMAA* were first prepared at a 0.1 mg/mL (c,,
~ 1073 mol/L) concentration (corresponding to ~107¢ mol/L Alexa-
488-labeled units) using PMAA* powders and DI water. Before
measurements, these stock solutions were diluted with either 0.01
mol/L sodium phosphate or 10~° mol/L Tris buffer solutions to
achieve the desired pH values. For studies of the effect of salt on
polymer diffusion, PMAA* solutions additionally contained LiCl,
NaCl, KCl, or CsClI salts.

For studies in a wide range of polymer concentrations, two types of
stock solutions were used, i.e, PMAA¥* stock solutions described
above and stock solutions of unlabeled PMAAs. These stock solutions
were used to prepare mixed solutions of labeled and unlabeled
polymers for FCS measurements. The mixing procedure was required
for keeping the concentration of the fluorescent species at a very low
level (<107 mol/L) to ensure good quality of the autocorrelation
function. The stock solutions of unlabeled PMAAs were prepared by
dissolving 10 mg of PMAA powders in 90 yuL of 10~° mol/L Tris
buffer, followed by conversion of the protonated form of the polyacids
to their salt using different monovalent cations. To that end, LiOH,
NaOH, or KOH was added in the equimolar amount of PMAA to
units (c,, ~ 1.2 mol/L) to create the final concentration of 1.29 mol/
L. In these solutions, all cations (Li*, Na*, or K*) were present as
counterions. This procedure yielded ¢, ~ 1.2 mol/L solutions of
PMALI, PMANa, or PMAK. The solutions were incubated at ambient
temperature overnight to complete polymer dissolution and then used
for preparation of solutions for measurements at low-salt concen-
tration conditions in a wide range of polymer concentrations. To that
end, SO uL of unlabeled PMAA stock solutions (¢, ~ 1.2 mol/L)
were first mixed with 5 uL of PMAA* stock solutions (c,, ~ 1073
mol/L), and 45 uL of 1075 mol/L Tris buffer at pH 9 was added. The
concentrated PMAA—PMAA* mixtures were placed in custom-made
glass cells for FCS measurements. After measurements, the mixed
solutions were gradually diluted with 107> mol/L Tris buffer at pH 9,
while small amounts of the stock solution of labeled PMAA* were
added to keep the constant level of concentration of the fluorescently
labeled polymer units.

For measurements in a wide range of polymer concentrations but
in high-salt conditions (1 mol/L LiCl), solutions were prepared in a
similar manner, except that the stock solutions of unlabeled PMAAs
were at ¢, ~ 1.76 mol/L (compared to the c,, ~ 1.2 mol/L used for
the low-salt studies). In addition, both unlabeled and labeled solutions
contained 1 mol/L LiCl and 10~° mol/L Tris buffer.

’Li NMR Spectroscopy. "Li NMR experiments were acquired at
room temperature (~23 °C) and static conditions on a Bruker
Avance I spectrometer at a field of 7.05 T with the “Li Larmor
frequency of 116.64 MHz. One-dimensional spectra were collected
using a single pulse sequence. The T, spin—lattice relaxation times
were determined using the inversion—recovery approach . The /2
pulse length was 3.08 ps. The recycling delay was S s. The "Li
chemical shift was referenced to 1 mol/L LiCl at 0 ppm. NMR spectra
were processed and analyzed by using TopSpin 4.1.4.

Preparation of Solutions for ’Li NMR Measurements. For ’Li
NMR measurements, 5.4 mg of PMAA was dissolved in 2.5 mL of
0.25 mol/L LiOH (for low-salt regime measurements) or 0.25 mol/L
LiOH in 1 mol/L LiCl (for high-salt regime measurements).

B RESULTS AND DISCUSSION

Dilute Solutions: Effect of pH on Hydrodynamic Size
of Linear and Star PMAAs. Diffusion of linear and star
polyelectrolytes was explored by using the FCS technique,
which can be applied in extremely dilute polymer solutions.”"
In addition, FCS can be used in an unprecedently wide range
of polymer concentrations if a small amount of fluorescent
tracer molecules is mixed with nonfluorescent polymer
chains.*"** This technique was first applied to studies of the

https://doi.org/10.1021/acs.macromol.4c01374
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Figure 1. Normalized autocorrelation functions for diffusion of LPMAA* (A) and 8PMAA* (B) at pH 3 and 9 shown along with diffusion of free
Alexa 488 at pH 9. The data were fitted with the single-component 3D diffusion (eq 1). (C) Effect of pH on hydrodynamic radius of LPMAA
(squares), 4PMAA (circles), 6PMAA (triangles), and 8PMAA (stars). The polymer concentration, c,, presented in moles of the repeat polymer
units per liter, was ¢,, = 10~ mol/L in all solutions. The inset in (C) compares the experimental ratios of Rys for star and linear PMAAs with the
computational simulation for fully charged polyelectrolytes.” (D) Schematic representation of the effect of pH on conformation of linear and star
PMAAs. All experiments were performed in 0.01 mol/L sodium phosphate buffer, which additionally contained 0.5 vol % DMSO to prevent

aggregation of PMAA at low pH values.

effect of solution pH on the hydrodynamic radius of linear and
star PMAAs of matched molecular weight in extremely dilute
polymer solutions. For FCS analysis of diffusion of
monodisperse species, the diffusion coefficient is calculated
from the following equation:

—1%

-1/2
1* 4Dt 4Dt
G(r)=—= |1+ — 1+ —
N ny WZ (1)
where G(7) = O+ D) _ 1 s an autocorrelation function, D

1@y
is a self-diffusion coeflicient, N is the average number of
fluorescent species in the sample volume, and w,, and w, are
radii of the excitation volume in the xy-plane and z-directions,

respectively.”">* Subsequently, the hydrodynamic radius (R,)
was calculated as follows:
kT
W=
6m.D @)

where kg is the Boltzmann constant, T is the temperature, and
1, is the viscosity of a solvent. Note that the viscosity of a
solvent can change as a function of temperature and salt” or
cosolvent™® concentration, and it has been adjusted appropri-
ately.

For FCS experiments, linear, four-arm, six-arm, and eight-
arm star poly(methacrylic acids) with matched molecular
weights (M,, & 60—66 kDa and D < 1.2) were covalently

242

modified with Alexa 488 fluorophore, as described in our
previous publication.”” The synthesized LPMAA*, 4PMAA¥,
6PMAA*, and 8PMAA* contained one label per 790, 1060,
830, and 1030 polymer units, respectively, as determined by
UV—vis spectroscopy.”” Figure 1AB shows the normalized
autocorrelation functions for the fluorescently tagged
LPMAA* and 8PMAA¥* polymers in solutions at different
pHs. The characteristic diffusion times (7) of linear and star
PMAA were significantly longer than those observed with free
Alexa 488 label (7 = 0.08, 0.96, and 1.15 ms for Alexa 488,
LPMAA*, and 8PMAA¥, respectively, at pH 9), reflecting
slower diffusion of polymer molecules, as well as successful
polymer labeling and purification of fluorescently labeled
PMAAs. The additional control experiment with the equimolar
mixture of free Alexa 488 and LPMAA chains (Figure S1)
illustrates that G(z) for the mixture cannot be successfully
fitted with eq 1 for a single species and thus further confirms
the absence of unattached fluorescent labels in the experiments
shown in Figure 1.

Figure 1C shows that the hydrodynamic radius of both
linear and star polymers increased with solution pH, reflecting
the rising PMAA ionization. In the range of high solution pH, a
clear decrease in Ry, of star polyelectrolytes with an increase in
number of arms was observed, in agreement with a theoretical
prediction of higher compactness of star polymers.” The
experimental ratio of R, of star and linear PMAAs (inset in
Figure 1C) had a weaker dependence on number of arms than
predicted in the computer simulations for linear and star

https://doi.org/10.1021/acs.macromol.4c01374
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Figure 2. (A) The effect of the type of counterion on hydrodynamic radius of linear and star PMAAs was studied in 0.001 mol/L solutions of LiCl
(squares), NaCl (circles), KCI (triangles), and CsCl (diamonds). The inset shows the ratio of polymer Rys in LiCl and CsCl. (B) Effect of the LiCl
concentration on R, for LPMAA (squares) and 8PMAA (triangles). Th inset shows the ratio of linear and star polyacids Rys at low-salt solutions
(no salt added) to those Rys in 0.1 mol/L LiCl solutions. All solutions contained c,, = 10~° mol/L PMAA in 1 X 107> mol/L Tris buffer at pH 9.
(C) Schematic representation of the effect of salt on the conformation of linear and star polyelectrolytes.

polyelectrolytes,” likely due to higher molecular weights (~700
monomer units per polymer chain of PMAAs) used in this
study as compared to those employed in the computational
analysis (~40 units per polymer chain).

Note that at low pH values, the hydrodynamic sizes of star
and linear PMAAs were similar. We hypothesized that this was
due to the emergence of intermolecular hydrogen bonding
between protonated carboxylic groups that was also found to
strongly impact salt response of polycarboxylic acid-containing
polyelectrolyte assemblies at low pH.>”*® To avoid molecular
aggregation at low pH, a small amount (0.5 vol %) of DMSO, a
well-known hydrogen donor that breaks hydrogen bonds via a
competitive hydrogen bonding with protonated carboxylic
groups,””** was added to all the solutions studied in Figure 1.
To directly confirm the contribution of hydrogen bonding to
the low pH values of R;, separated experiments were
conducted at a much high DMSO content (95 vol % in
water) (DMSO), which demonstrated recovery of the
dependence of R, on polymer branching (Figure S2). Note
that all further experiments were performed at pH 9 where the
polyacids were fully ionized and readily dissolved in DMSO-
free aqueous solutions.

Dilute Solutions: Effect of Salt lons on Hydrodynamic
Size of Linear and Star PMAAs. Figure 2A shows the effect
of the type of cation on the hydrodynamic radii of fully ionized
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linear and star PMAAs. Ry of all the polymers measured in
dilute solutions in the presence of low concentrations (1072
mol/L) of LiCl, NaCl, KCl, and CsCl. A decrease in R is
observed in the following series: Li* > Na" > K* > Cs" is
consistent with the Hofmeister series for the monovalent
cations and suggests an increasing ability of the cation in the
series to screen ionic charges of the polyacids."'~* This effect
is related to a larger ionic radius and a smaller hydrodynamic
radius of Cs* as compared to Li" ions (1.7 A vs 1.19 and 0.69 A
vs 2.38 A for nonhydrated and hydrated Cs* and Li* ions,
respectively),* reflecting favorable solvation of lithium ions
compared to other alkali cations.*” A similar effect was shown
for hydrogels of poly(acrylic acid), which demonstrated a
higher affinity for Cs* as compared to Li* ions.** The inset of
Figure 2A shows that the effect of the cation type was stronger
for linear polymers compared to star polymers due to a more
compact structure and lower compressibility of the star
polymers.

Figure 2B illustrates the effect of salt concentration on Ry, of
linear and star PMAAs. In the absence of added salt, R, of
LPMAA was almost ~1.4-fold larger as compared to eight-arm
PMAA of equal molecular weight. An increase in salt
concentration to ~107> mol/L LiCl resulted in a sharp
shrinking of PMAA due to the exponential screening of
electrostatic interactions by salt ions.””* In this salt regime,

https://doi.org/10.1021/acs.macromol.4c01374
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the magnitude of the salt effect on Ry, was significantly larger
for LPMAA in comparison to 8PMAA (a 2.1-fold and 1.7-fold
decrease, respectively, between low-salt and 0.1 mol/L LiCl).

Similarly, the contraction factor gy, calculated as (Rﬁm/ R}ljnear)z,

was the smallest for eight-arm star polymer and strongly
increased with salt concentration (Figure S3). Note that the
contraction factor plateaued at LiCl concentrations >0.02 mol/
L, and the plateau values of gy calculated from the data in
Figure S3 (0.85, 0.82, and 0.78 for four-arm, six-arm, and eight-
arm PMAA, respectively) were in good agreement with those
calculated using the semiempirical equation proposed by
Douglas et al. and Shida et al. for neutral polymer stars
0.5

8y = m (where f is the number of arms
which gives the contraction factors of 0.89, 0.79, and 0.72 for f
= 4, 6, and 8, respectively. The weaker responses of star
polyelectrolytes with higher number of arms to changes in salt
concentration (Figure 2B and Figure S3) are due to their lower
compressibility and higher local salt concentrations caused by
redistribution of the salt ions to satisfy the Donnan
equilibrium.”~"" Figure 2B also shows that at salt concen-
trations ¢, > ~107> mol/L LiCl, which largely exceeded the
concentration of monomer units of PMAAs ¢, of 1 X 1075
mol/L, the effect of salt on molecular sizes drastically
weakened. For this ¢, >> ¢, regime, the scaling theory suggests
that the radius of gyration of star polyelectrolytes decreases
with salt concentration as R ~ ¢; %% However, fitting the data
in Figure 2B for the star polymers above 1072 mol/L LiCl
revealed a dependence Ry ~ ¢, 2''*°' that was weaker than
that predicted theoretically (Figure S4). One possible reason
for the differences between the theoretical and experimental
results is that the theories do not consider counterion
condensation. Also note that a lower power law exponent
was found in the molecular dynamics simulations (R ~ ¢, ¢ vs
R ~ ¢;°? for simulation and theory, respectively).*’

We then aimed to probe the distribution of salt counterions
between the star or linear polyelectrolytes and the surrounding
solution. To that end, we performed 'Li NMR measurements
with fully ionized PMAA with Li* counterions. These
polymethacrylate lithium salts, abbreviated as LPMAL],
4PMALi, 6PMALI, and 8PMALI for linear, four-arm star, six-
arm star, and eight-arm star, respectively, were prepared by
dissolving protonated linear and star PMAAs in a solution of
LiOH in which the molar amount of Li* ions was equal to the
molar amount of PMAA units. In these solutions, PMAA
became ionized, and all Li* ions were present as counterions.
Figure S5 shows the "Li NMR spectra of LPMALIi, 4PMALI,
6PMALIi, and 8PMALi solutions that contained no additional
salt. While there was no significant changes in the NMR shift
between linear and star PMAAs, all peaks were broadened due
to 'H-"Li dipole—dipole interactions.”> Figure 3 shows ’Li
NMR spin—lattice relaxation time (T;) measurements of
lithium salts of PMAA to understand the effect of the
molecular architecture on the dynamics of Li* ions.

Note that in the absence of added salt, T decreases from 2.8
+ 0.1 s for LPMALi to 12 =+ 0.1 s for 8PMALi. The
Bloembergen—Purcell-Pound (BPP) model describes the
relationship between spin—lattice relaxation and motional
rate. The model is written as

g

) 50,51
)

7 47,

~ 3/102]/4712 .
1+ (wor)” 1+ 4(wr)

IOrg

(3)
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Figure 3. "Li spin—lattice relaxation time (T)) in ¢, = 2.5 X 107>
mol/L LPMALI, 4PMALi, 6PMALI, and 8PMALI aqueous solutions
containing equimolar concentrations of PMAA units and Li" ions as
counterions with no additional salt (squares) and in the presence of 1
mol/L LiCl (circles). All solutions were buffer-free.

where y is the gyromagnetic ratio, 7 is the reduced Planck
constant, r.is the interatomic distance, 7. is the correlation
time, and @, is the Larmor frequency. From this relationship,
the ion dynamics of a system can fall in the slow-motion
regime (@7, >> 1) or the fast-motion regimes (@w,7. < 1). For
most small polymer molecules, the ion dynamics falls in the
fast-motion regime. This can approximate the equation to be

)
I (4)

A decrease in T giv_es rise to an increase in 7, reflecting
slower ion dynamics.””** This suggests that in the case of star
PMAA, Li" ions are more strongly trapped within the core of
the star polymers, while they can move more freely in LPMALI
solutions. This finding agrees with the computational analysis
of Douglas and Chremos that showed reduction in the
counterion mobility of star polyelectrolytes compared to their
linear counterparts.”> Note that the addition of 1 mol/L LiCl
increased T to 12.4 s, and at this high salt concentration, the
effect of the molecular architecture was no longer observed
because the ion dynamics became dominated by the fast-
diffusing free Li* ions in solution (Figure 3).

Self-Diffusion of Linear and Star PMAA in Different
Concentration Regimes. We then aimed to apply FCS to
measure self-diffusion coeflicients of linear and star poly-
electrolytes over a wide range of polymer concentrations in the
two distinct low-salt and high-salt regimes. Although FCS
measurements require very low (nanomolar to picomolar)
concentrations of fluorescent species, measurements within a
wide range of polymer concentrations were enabled by keeping
the concentration of labeled PMAA units at the same level and
systematically increasing the concentration of unlabeled
PMAAs (see Materials and Methods). PMAA labeling with
Alexa 488 and FCS measurements was performed as described
in our previous publication.’” Figure 4 compares the
concentration dependence of self-diffusion coefficients of
linear and star PMALi in 107 mol/L Tris buffer low-salt
solutions (Figure 4A) and 1 mol/L LiCl in 10~ mol/L Tris
buffer high-salt solutions (Figure 4B). Tris buffer was added to
maintain pH 9 without a significant effect on the distribution
of the inorganic counterions. Figure 4 shows that for a fixed
polymer concentration, both the low-salt and high-salt data
sets exhibit a systematic increase of the diffusion coefficient
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Figure 4. Concentration dependence of the self-diffusion coefficient of polyelectrolyte chains (LPMALIi (squares)) and stars with different numbers
of arms [4PMALI (circles), 6PMALI (triangles), and 8PMALi (inverted triangles)] in 10~° mol/L Tris buffer (A) and 1.0 mol/L LiCl in 10™° mol/
L Tris buffer (B) at pH 9. The dashed line shows the theoretical dependence of D o ¢;>** predicted by the polyelectrolyte scaling theory. (C, D)
The universal data represent D/D; vs N,,/g for the data sets in (A) and (B), respectively. D; = kyT/n€ is a self-diffusion coefficient of the
correlation blob, and g is the number of repeat units per correlation blob. For the plot in (D), D;/C; (Cy is a numerical parameter) was set equal to

a plateau value in a dilute solution (c,, < ¢*) corresponding to % < 1. In the calculations of Dy, 7, of 0.001 Pa - s and 0.00116 Pa - s for low-salt and

1.0 mol/L LiCl concentrations and T = 293 K were used.

with increasing number of arms in the star polymers. This
trend is expected for PMAAs of equal molecular weight as the
compactness of polymers increases with polymer branching.
Moreover, both data sets have plateaus at low polymer
concentrations and show slowing of the polymer diffusion at
higher polymer concentrations. However, as will be evident
from the discussion below, the plateaus in Figure 4AB are
fundamentally different in nature.

To understand the overall concentration dependences of
polyelectrolyte diffusion, we employed the scaling theory of
polyelectrolyte solutions.*”***” This approach suggests that in
semidilute polyelectrolyte solutions, chains are represented by
the correlation blobs of length & (known as the solution
correlation length). Each blob consists of g repeat units, which
are related to concentration of polymer units ¢, and £ as g &
¢.£. Within the correlation blob, the chain statistics is
governed by the polymer—polymer and polymer—solvent
interactions, while on the length scales larger than ¢
interactions are screened, and a polymer chain behaves as an
ideal chain made of correlation blobs.””*® The concentration
dependence of the solution correlation length is determined by
the type of dominant interactions on the length scales r o & as
illustrated in Figure S6.*”°**® Figure S6 introduces an overlap
concentration of electrostatic blobs, ¢p, representing the length
scale at which the energy of electrostatic interactions between
ionized groups on the polymer backbone is comparable to
thermal energy. In the case of low polyelectrolyte and salt
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concentrations (applicable to the plateau region in Figure 44,
at ¢, < cp), the electrostatic repulsion between the ionized
groups on the polymer backbone results in chain stretching so
that £ cm_l/ *. At polymer concentrations c,, > cp, transition
to a new regime occurs, in which the electrostatic interactions
are screened and solution properties of polyelectrolytes
become similar to those of neutral polymers. In this regime,
& o &/ with the exponent v being determined by the
solvent quality for the polymer chains. Finally, at high salt
concentrations, polyelectrolytes behave as neutral polymers
with the effective two-body interactions whose strength is
controlled by salt concentration.*”*°

The scaling theory also predicts that self-diffusion coeflicient
D of polyelectrolyte chains with a repeat unit projection length
I 'and number of units N in a solvent with viscosity 7, is related
to concentration of polymer units c,, through the following
equeltion:49’56

kBT Bz/(3u—1)

T CueNsg (s)

where ky is the Boltzmann constant, T is the absolute
temperature, C; is a numerical coefficient equal to 67 and ~5
for hard spheres and for the Rouse model of an ideal chain,
respectively, and D, is a repeat unit diffusion coefficient equal

¢ 13 (1-v)/(1-3v)
°CN (cal)

to kB—T, where 7, is the solvent viscosity and [ is the repeat unit
1 "ls P
1,

s

projection length in the all-trans chain conformation equal to
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0.255 nm.”” Determination of B-parameters in eq 5 for low-salt
and high-salt regimes is detailed in the Supporting Information
and shown in Tables S1 and S2 for the two salt regimes,
respectively. In this work, we applied the scaling theory to
polyelectrolyte stars, assuming that a similar concentration
dependence of self-diffusion coefficient is expected in semi-
dilute solutions of overlapping polyelectrolyte stars with a
small number of arms.

At low salt concentration, the plateau in Figure 4A
corresponds to a polyelectrolyte regime occurring at ¢, < ¢p
(Figure S6). In this regime, strong electrostatic interactions
result in & o g o« ¢;/* and v = 1. Substituting v = 1 into eq 5
leads to D o ¢, as observed in the plateau region in Figure 4A.
A departure from the plateau indicates a crossover to
semidilute solutions of the overlapping electrostatic blobs

with swollen star arms, leading to the predicted & o« g**%

77 and D o ¢;>* dependences.

We then aimed to uncover the underlying universal scaling
behavior of linear and star PMAAs by constructing a master
curve. To that end, the FCS data on self-diffusion in Figure 4A
were normalized using the diffusion coefficient of the
correlation blob D; = kzT/né as a normalization factor.
Using the calculated B, and B, parameters (as detailed in the
Supporting Information and shown in Table S1), the FCS data
were replotted as D/D; vs N, /g (Figure 4C), where N,, is
number of repeat units per chain. The additional plots of the
normalized diffusion coefficients of PMALI polyelectrolytes in
the low-salt regime are shown in Figure S7. Also note that the
polyelectrolyte scaling analysis also enabled calculation of the
overlap concentration of electrostatic blobs ¢ for linear and
star PMAA, yielding higher ¢p for stars compared to linear
PMAA (Table S1). Importantly, at low-salt concentrations, all
the data sets for the polyelectrolyte chains and stars with
different numbers of arms collapsed into a single universal
curve, suggesting that an unentangled Rouse regime covered
the entire polymer concentration range.

While the experiments shown Figure 4 and Figure S7
employed PMAAs* with Li" counterions, a similar behavior
was observed for linear and star polymethacrylate Na* and K*
salts (PMANa and PMAK) at the low-salt regime (Figures S8
and S9). Specifically, while the values of self-diffusion
coefficients of PMAA slightly varied for different types of
counterions, reflecting the Hofmeister effect, as in the case of
the polyelectrolytes with Li* counterions, all of the data also
collapsed into a single universal curve for Na* and K*
counterions. This suggests that the mechanism of polymer
diffusion for linear and star polyelectrolytes is similar and
independent of the chemistry of counterions.

Scaling analysis also allowed us to estimate the number of
polyelectrolyte units per correlation blob g. The data shown in
Figure S10 suggests that in low-salt solutions, g decreased at
high polymer concentrations, with a stronger decrease at
concentrations ¢, > cp. For all counterions, g systematically
increased with polymer branching, reaching twofold larger
values for eight-arm star polyelectrolytes as compared to their
linear counterpart. The larger correlation blobs of star
polyelectrolytes agrees with the suggestion of a larger
persistence length of star polyelectrolytes due to higher
segmental density and the constrains introduced by the
branching point in star polymers.”*

At high salt concentration ¢, = 1.0 mol/L (Figure 4B), the
plateau in the self-diffusion coefficient corresponds to a dilute
solution regime. Exponential screening of the electrostatic
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interactions reduced their effect to effective short-range
interactions, leading to renormalization of solvent quality for
the polymer backbone. A decrease in the self-diffusion
coefficient at high polymer concentrations reflects a crossover
to the semidilute solution regime. In this concentration range,
we can identify good and theta solvent behavior of the solution
correlation length with characteristic exponents for concen-
tration dependence of the self-diffusion coefficient D o ¢;*%*
and D o« c,' dependences, respectively. Extracting B-
parameters from the experimental data using eq S5 and
replotting the diffusion data in the universal form (see Table
S2 for details) allowed us to overlap the data sets for linear and
star polyelectrolytes within the entire concentration range
spanning both dilute and semidilute solutions. For this plot, we
expanded concentration dependence of g into a dilute solution
regime (N/g < 1) and set Df/C(: equal to the plateau value
(Figure 4D). At high polymer concentrations (N/g > 1), we
see a deviation of the data sets from the expected Rouse scaling
of the diffusion coefficient, likely indicating a crossover to
solution of entangled linear chains and stars (Figure S11).

Bl CONCLUSION AND OUTLOOK

This work explored dynamics of polyelectrolytes of different
molecular topology (linear vs star) in solutions at different pH,
salt, and polymer concentrations. In dilute solutions, measure-
ments of hydrodynamic size reflected a more compact
structure of star polyelectrolytes as compared to linear
counterparts and a lower magnitude of response of molecular
size to changes in pH and/or concentration of salt. The use of
different monovalent cations (Li*, Na*, K*, and Cs*) in salt
cations of monovalent salts confirmed the significant role of a
counterion in molecular diffusion and was consistent with the
Hofmeister effect on ionic binding. Importantly, this work
reports direct experimental evidence for stronger binding of
counterions within star polymers compared to linear
polyelectrolyte chains. This conclusion was made by perform-
ing "Li NMR experiments, which indicated lower mobility of
Li" counterions within star polyelectrolytes due to their higher
local charge density.

By applying the scaling theory to analysis of the FCS data on
diffusion of semidilute solutions of linear and star polyelec-
trolytes with different numbers of arms in a wide range of
polymer concentration, this work identified different origins of
polymer concentration regimes at low and high salt conditions.
In low-salt solutions, a broad concentration range occurred
with the self-diffusion coefficient being concentration in-
dependent and increasing with the number of arms. At low
polymer concentrations, the scaling relationship D o ¢, was
observed, while at higher polymer concentrations, D decreased
with polymer concentration as expected in semidilute solutions
of the overlapping electrostatic blobs. Both findings indicate
that linear and star polyelectrolytes show unentangled Rouse-
like dynamics in a wide range of polyelectrolyte concentration
(107 mol/L< ¢, < 0.5 mol/L). In contrast, at high salt
concentrations, electrostatic interactions are screened and
polyelectrolyte chains and stars behave as their neutral
counterparts. In agreement with the current understanding of
entanglements in polyelectrolyte solutions, a crossover to
entangled solution regime was observed only in high-salt
solutions of polyelectrolytes.*®

Note that while the scaling theory for linear polyelectrolytes
can adequately be used for the description of the behavior of
star polymers, there were also some discrepancies between
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theory and the experiment. For example, the scaling theory
suggests that D o« ;> at ¢, > cp (Figure S6), while the
experimentally observed slopes were smaller and decreased
from —0.48 for PMALi to —0.37 for PMALi (Figure S12, R*
0.989—0.995). This deviation was probably due to the effect of
polymer architecture on interactions of polyelectrolytes with a
solvent and the effect of excluded volume interactions on
diffusion of star polymers.”” This suggests that further
experiments and theory development are required for a better
understanding of the dynamics of branched polyelectrolytes in
solutions.
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