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ABSTRACT: Dialysis, as a purification step, removes residual salts As-received polycation
present in as-received commercial polyelectrolytes. Poly-
(diallyldimethylammonium chloride) (PDADMAC) samples, for
example, contain substantial amounts of salts from the manufacturing
process. PDADMAC is a water-soluble polycation with high charge
density, a stable quaternary ammonium structure, and broad pH
tolerance. The presence of residual salts increases the ionic strength and
can significantly influence measured solution properties. In this work,
we compare the viscosity, osmotic pressure measured by freezing point
depression, and conductivity of aqueous solutions of dialyzed
PDADMAC and its copolymer with acrylamide, poly(acrylamide-co-
diallyldimethylammonium chloride), with those of their as-received, not Concentration
dialyzed counterparts to assess the influence of residual salts and

impurities on these polyelectrolytes. The residual salts dominate the measured osmolality, so osmotic pressure cannot be used to
determine the fraction of dissociated counterions for samples that have not been properly dialyzed to remove residual salts. The
presence of residual salts also significantly lowers the solution viscosity of the as-received samples compared with that of the dialyzed
samples at the same polymer concentration. The dialyzed samples do not show the expected concentration dependences of
correlation length, suggesting that PDADMAC and its copolymers are likely branched polyelectrolytes.
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1. INTRODUCTION as specific viscosity and terminal relaxation time."” As a result,
the reported physical parameters obtained from measurements
of polyelectrolyte solutions reflect not only the intrinsic
features of the polyelectrolyte itself, but also uncontrolled
variations in salt content. Therefore, purification of commercial
polyelectrolytes prior to characterization is critical to eliminate
uncontrolled ionic impurities that can bias measured proper-
ties. However, for sufficiently rigid polyelectrolytes such as
xanthan, this bias can be negligible because when the Kuhn
length, b, exceeds the Debye screening length, rp, the chain

The presence of salts in polyelectrolyte solutions leads to
electrostatic screening, which directly alters chain conforma-
tion and solution viscosity.' > Commercial polyelectrolytes
often carry considerable residual salt content. For instance,
sodium polystyrenesulfonate (NaPSS) can contain substantial
amounts of inorganic sulfate and sodium chloride impurities
depending on the sulfonation medium.”” Residual salts in
NaPSS solutions significantly lower the specific viscosity,””

. . . 6
and increase surface tension and osmotic coeflicient” by

o . . L ) dimensions become independent of salt concentration.'”~*'
contributing additional osmotically active ions. This leads to an . .
. > . ) The present work examines how purification affects the
overestimation of the fraction of monomers bearing an

. 9 viscosity, osmotic coeflicient, and conductivity of aqueous
effective charge, f.

Various studies reporting rheology, scattering, conductivity,
and dielectric relaxation of polyelectrolyte solutions describe
measurements performed on as-received materials without any

. . . . 10-18
purification prior to characterization. The presence of
ionic impurities in flexible polyelectrolyte solutions lowers the
Debye screening length, the coil size, intermolecular
interactions, and many dynamic properties of the chain such

Received: March 7, 2026
Revised: ~ May 22, 2026
Accepted: May 27, 2026

© XXXX The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsapm.6c00957

v ACS Pu bl ications A ACS Appl. Polym. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/curated-content?journal=aapmcd&ref=feature
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bahar+Baniasadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arva+Tejas+Desai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zitan+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victoria+Devine-Ducharme"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+G.+Lopez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ralph+H.+Colby"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ralph+H.+Colby"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsapm.6c00957&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c00957?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c00957?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c00957?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c00957?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c00957?fig=tgr1&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsapm.6c00957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org/acsapm?ref=pdf
https://creativecommons.org/licenses/by/4.0/

ACS Applied Polymer Materials

pubs.acs.org/acsapm

solutions of poly(diallyldimethylammonium chloride) (PDAD-
MAC) and its copolymer with acrylamide, poly(acrylamide-co-
diallyldimethylammonium chloride) (PAAcDMAC).

2. BACKGROUND THEORY

In semidilute polyelectrolyte solutions with monovalent salt,
the salt dependence of properties can be expressed in terms of

a
(1 + %) relating measured quantities to their salt-free
P
values.! In this expression, f is the fraction of monomers
with dissociated counterions, c, is the monomer (repeat unit)
number density, ¢, is the number density of monovalent salt
molecules, and « is the scaling exponent. The term 2c,/fc, is
the ratio of number densities of salt ions and dissociated
counterions, with 2¢,/fc, < 1 and 2¢,/fc, > 1 the low and high

salt limits, respectively. Semidilute solutions of linear
polyelectrolytes, (cP > cp*), exhibit a correlation length, &,
which in a solution with added monovalent salt is given
by1,5,22,23

1/4
2c
Exb(c b)) V2B 1+ =2 fore, >t
p Iz P~ ‘p
P (1)

where b is the monomer (repeat unit) length, B is the
dimensionless chain contraction factor, and ¢,* is the overlap
concentration.

In the semidilute unentangled regime without added salt, the

specific viscosity, 7, scales as n, ~ N (cpb3)1/ 2, where N is the

number of monomers in the chain.” When salt is present, the
salt dependence for the viscosity is predicted to scale as"*****

-3/4

_ 2c
WSP ~ N(cpb3)1/zB 3/2 1+ Ts

for Cp* <c <g
» p

()
assuming the Rouse model applies, where ¢, is the
entanglement concentration. Normalizing 7, by N(cpb3)l/ 2

for NaPSS aqueous solutions in Figure 1 shows a viscosity

2¢, . ”
Crossover near c, & 7’, where the solution transitions between

the low and high salt limits.

In the concentration range where the polymeric contribution
to the osmotic pressure, kzT/E, is negligible compared with
the mobile counterion and salt ion contributions, the osmotic
pressure, 7, of a polyelectrolyte solution can be written as’

2
. ()
=—" +2

kyT  4c, + fcP (3)

where kg is the Boltzmann constant, and T is the absolute
temperature.l’5

When 7 is defined in terms of the total ideal gas pressure of
mobile ions in the polyelectrolyte solution in Donnan
equilibrium with an external salt reservoir across a membrane,
the Donnan expression can be used as follows'

2
fe
ER (_P 1

kyT B 2¢, (4)

which has a slightly broader crossover between the same two
high and low salt limits compared to eq 3.
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Figure 1. Reduced specific viscosity (filled circles, left axis) and
dimensionless osmotic coefficient (open triangles, right axis) for
aqueous dialyzed NaPSS (M,, = 1.2 X 10° g/mol) plotted versus 2¢,/
fe,- Here  is the monovalent salt concentration, and N, is the weight-
average number of monomers per chain. The value of f = 0.137 is
obtained by fitting osmotic pressure data to eq 3 (dashed line, right
axis). The value of B = 1.44 is obtained by fitting specific viscosity
data to eq 2 (solid line, left axis). The vertical dotted line indicates the
crossover between the low-salt and high-salt regimes. Data adapted
from ref 24.

Figure 1 shows the dimensionless osmotic coeflicient,

@ = ——, versus % for aqueous NaPSS$ solutions, and also
cpkBT fcp

shows the crossover from the counterion regime to the added

salt regime.

3. MATERIALS AND METHODS

3.1. Chemicals

Table 1 lists the PDADMAC and PAAcDMAC samples used in this
work, including supplier and trade name information. The
PDADMAC from Lubrizol is sold under the trade name Merquat
100. The PAAcDMAC copolymers, including Merquat 2200, Merquat
550, and Merquat 740, were also provided by Lubrizol. The mole
fraction of DADMAC in the PAAcDMAC copolymers was
determined by 'H NMR spectroscopy. Details of the molecular
weight reported by the vendors can be found in Table 1. The

Table 1. Molecular Weights of PDADMAC and
PAAcDMAC Samples Used in This Study

commercial molecular weight (Da) mole fraction of

name reported by the manufacturer DADMAC® fd
PDADMAC

PDADMAC” 400,000—500,000 1.00 0.27

Merquat 100 150,000 1.00 0.30
PAAcDMAC

Merquat 740 100,000 0.22 0.08

Merquat 550” 1,600,000 0.17 0.05

Merquat 2200” 1,600,000 0.16 0.06

“From Sigma-Aldrich, CAS no. 26062-79-3. hMerquat 2200 and 550
are the same copolymer of the same molecular weight. Merquat 2200
is the dried, preservative free version, and this sample is differentiated
from Merquat S50 by the PF label in the text. “The mole fractions are
obtained from '"H NMR (Figure S1 of the Supporting Information).
9Obtained by fitting osmotic pressure data to eq 3 with relative
uncertainty in f of +10%.
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conductivity of the deionized water that was used for the dialysis and
sample preparation was 2 uS/cm after equilibration with atmospheric
CO,.

3.2. Purification

The samples were dialyzed by ultrafiltration. Deionized water was
flushed through a 400 mL Amicon stirred cell (Millipore
UFSC40001) under 30 psi of argon. Ultrafiltration membranes
(Ultracel) with a molecular weight cutoff (MWCO) of 3 kDa were
used. Dialysis continued until the conductivity of the cell outlet
approached that of the deionized water. The conductivity of the
dialysate was measured at room temperature using an Oakton COND
6+ Conductivity Meter. An additional advantage of ultrafiltration is
that, unlike dialysis using dialysis tubing immersed in a water bath, it
does not lead to replacement of some of the Na* counterions of
polyanions, such as NaPSS, with H" ions caused by CO, absorption
from the atmosphere.”® After dialysis, the solutions were freeze-dried
to remove water. The resulting powder was stored in a vacuum oven
at 25 °C overnight to eliminate residual moisture, and the dried
polymer was then used to prepare the solutions.

Figure 2 shows dialysate conductivity versus dialysis time. For all
samples, the initial effluent exhibited a conductivity of order 1000

2 e ® PDADMAC 150K
10° 49 ® PDADMAC 400K
18 ® PAACDMAC 100K
€ ] ® PAACDMAC 1600K
o 1% ® PAACDMAC-PF 1600K
D
2 10?2 e®
= ] (]
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o ° ‘fﬂ', 0i% ©
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Figure 2. Time dependence of dialysate conductivity for PDADMAC
and PAAcDMAC samples. Complete dialysis requires about 200 h for

these samples. The uncertainty is smaller than the symbol size unless
otherwise indicated.

uS/cm. The feed polycation solutions were prepared by dissolving 1
to 2 g of each polymer sample in 300 mL of deionized water. Despite
differences in polymer concentration, all samples had a pronounced
decrease in dialysate conductivity by about 200 h, indicating removal
of residual salts. Thereafter, the conductivity decay slowed and
converged to similar steady levels for all samples, beyond which no
further change was observed. The contribution from dissolved CO,,
which perhaps reacts with water to form carbonic acid,”® sets the final
baseline for the conductivity of the dialysate. Ions leached from the
glass containers used to collect the dialysate may also contribute to
this baseline.®

3.3. Viscosity Measurements

Viscosity measurements were made using Cannon-Ubbelohde
viscometers (size Nos. 50, 75, 150, and 200; Cannon Instrument
Co.). The viscometers were held vertically in a constant-temperature
water bath using a viscometer holder. The bath temperature was
maintained at 25 °C. For each concentration, three replicate
measurements were taken, and the flow times were averaged to
determine the solution viscosity. Viscosity measurements for the high
concentration samples were performed using a strain-controlled

Rheometrics Fluids Spectrometer (RFS-III) rotational rheometer and
a stress-controlled Kinexus Ultra rheometer (NETZSCH, Germany).
For the RFS-III measurements, a concentric cylinder geometry was
used, with inner and outer cylinder diameters of 16.5 mm and 17.0
mm, respectively, and an inner cylinder height of 13.0 mm. The inner
cylinder is fully submerged in the solution for both calibration and all
measurements. For the Kinexus Ultra measurements, a cone and plate
geometry with a 40 mm diameter and 1° cone angle or a double-gap
concentric cylinder geometry was used, as appropriate. The double-
gap geometry consisted of a bob and a lower fixture. The bob had
inner and outer diameters of 23 and 25 mm, respectively, and an
internal wall height of 59.5 mm. The lower fixture had a cup diameter
of 26.25 mm, an insert diameter of 21.9 mm, and an insert height of
58.5 mm. A solvent trap containing deionized water was used to
minimize evaporation. All rheological measurements were carried out
at 25 °C using the temperature control system of each rheometer.

3.4. Osmotic Pressure Measurement

Osmolality of the solutions was measured using a freezing point
depression osmometer (OsmoTECH XT, Advanced Instruments).
Because freezing point depression is a colligative property, the
measured osmolality depends on the total number density of
dissolved species, including unattached ions. In these solutions, this
method effectively determines the sum of the number density of
dissozc7iated polymer counterions and the number density of salt
ions.

3.5. Dielectric Relaxation Spectroscopy

190 puL of the liquid sample was placed in a custom-built cylindrical
stainless-steel cell with an electrode spacing of 1.63 mm. The gap
between the electrodes was controlled by a sapphire window with
electrode diameter of 10 mm. The sample was mounted in a
Novocontrol Technologies BDS 1200 sample chamber (Montabaur,
Germany). Dielectric measurements were conducted using a
Novocontrol Alpha High-Resolution broadband dielectric/impedance
spectrometer (Montabaur, Germany) with a 0.1 V excitation
amplitude and no applied DC bias. Isothermal frequency sweeps
were recorded over the range 107 to 107" Hz. Conductivity is
determined by averaging the in-phase conductivity over the range
where it is nearly independent of frequency (see Supporting
Information Figure S2).

3.6. Small Angle X-ray Scattering

SAXS measurements were carried out at the BL40B2 beamline of the
SPring-8 synchrotron (Hyogo, Japan). The sample-to-detector
distance was 2.2 m and the X-ray energy was 12.4 keV. Solutions
were loaded into 2 mm glass capillaries and sealed with a glue gun to
prevent evaporation. The capillaries were placed on a metal holder,
and the temperature was maintained at 25 °C using a Peltier system.
Scattering and transmission measurements were carried out
simultaneously. Acquisition times were between 30 and 120 s. More
details are provided in Table S1 of the Supporting Information.

3.7. '"H NMR

An 850 MHz Bruker Avance III NMR spectrometer equipped with a §
mm microimaging probe was used to acquire the "H NMR spectrum
of PDADMAC and the PAAcDMAC copolymers dissolved in D,0. A
relaxation delay of S s was applied during NMR measurements to
ensure precise integration values.

4. RESULTS AND DISCUSSION

4.1. Viscosity

Figure 3 shows the concentration dependence of specific
viscosity for dialyzed and not dialyzed PDADMAC and
PAAcDMAC aqueous solutions. In the dilute regime, the
specific viscosity of as-received PDADMAC and PAAcDMAC
scales linearly with concentration (ﬂsp ~ cp). In the semidilute
unentangled regime, the dialyzed and as-received PDADMAC
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Figure 3. Concentration dependence of specific viscosity for dialyzed

c, (g/L)

(filled symbols) and not dialyzed (open symbols) (a) PDADMAC and (b)

PAAcDMAC aqueous solutions at 25 °C. Concentration, c, is the mass of the weighed dry samples per liter. For both panels (a,b), the uncertainty

is smaller than the symbol size.

homopolymers and copolymers follow the expected Rouse
scaling, 7, ~ cpl/z.l’5

As predicted by scaling theory, added salt lowers the specific
viscosity, eq 2. In the high-salt limit of an unentangled
semidilute polyelectrolyte, 7, follows the scaling prediction of
Ny ~ CPS/ %, 7¥/*>* In Figure 3, ¢, is the total sample
concentration in mass per volume. For dialyzed samples this
corresponds to polymer only, while for the as-received samples
it includes polymer plus residual salts. For the as-received
samples, the polymer and residual salt contributions are
initially unknown, so the concentrations are expressed in terms

of ¢, and the ratio ¢/c, is subsequently determined from
osmotic pressure and conductivity measurements. For the as-
received samples ¢,/ ¢, is constant; therefore, for the not
dialyzed samples in Figure 3, the concentration dependence is
expected to follow the same power-law scaling as the dialyzed

samples, 77y, ~ cpl/ * with a smaller prefactor.

Liberatore and co-workers'® have studied the 400—500 kDa
PDADMAC and 1600 kDa PAAcCDMAC-PF (Merquat 2200)
samples without purification. The specific viscosity values they
report for Merquat 2200 in deionized water are close to those
measured in this work for not dialyzed samples, indicating that

D https://doi.org/10.1021/acsapm.6c00957
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Figure 4. Osmotic coefficient of dialyzed (filled symbols) and not dialyzed (open symbols) (a) PDADMAC and (b) PAAcDMAC aqueous
solutions at room temperature. Uncertainty is shown where it exceeds the symbol size.

their “no added salt” data already reflect the presence of
significant residual salts (Figure S3 of the Supporting
Information). Residual salts reduce coil size, lowering the
zero-shear viscosity in the dilute, semidilute unentangled, and
entangled regimes, and shift the overlap concentration (cp*) to
higher values.”” Therefore, since their polymer solutions
prepared with deionized water contain residual ions, the shift
in rheological properties at a given polymer concentration
upon adding 0.1 M NaCl is smaller than the shift when starting

from a truly salt-free dialyzed solution."’

4.2. Osmotic Pressure

In polyelectrolyte solutions, osmotic pressure is dominated by
salt ions and counterions, eq 3. Consequently, the presence of
residual salt increases the osmotic coefficient. The ideal
osmotic pressure is calculated for a solution in which the
counterions do not interact with each other or with the
macroion. Therefore, ¢ can be used to assess the fraction of
osmotically active counterions in dialyzed samples with no
added salt. In the low salt limit, each dissociated counterion
contributes kgT to the osmotic pressure, given by 7 = ﬂcBTc{,
50 @ can be approximated as ¢ = f for semidilute solutions.”’
For a solution containing both polyelectrolyte and salt, eq 3

E https://doi.org/10.1021/acsapm.6c00957
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can be rewritten for the osmotic coeflicient in terms of the
ratio of salt to monomer concentration, cs/ Cp as'
2
rr
=@ = S + 2¢,/c,
kgTc, f+4c/c, (s)

The value of f can be obtained from the osmotic coeflicient
of the dialyzed polyelectrolyte solutions with no added salt,
and assuming that f is independent of the residual salt content,
¢/c, can then be calculated using eq 5 for the as-received
samples. This approximation enables estimation of the residual
salt content from the osmotic coefficient data. Since f might
decrease with increasing added salt concentration, the
calculated c¢,/c, values may be sli$htly underestimated and
should be considered as estimates.’

The osmotic coefficients of dialyzed and not dialyzed
PDADMAC and PAAcDMAC aqueous solutions are plotted in
Figure 4. The average osmotic coefficient for the dialyzed
samples, indicated by the horizontal lines in Figure 4,
corresponds to the f value for each sample. The fraction of
free counterions is in the range of 0.27—0.30 for the homo-
PDADMAC samples and in the range of 0.05—0.08 for the
copolymers. The considerably lower f values for the
copolymers, compared to homo-PDADMAC can be attributed
to their low DADMAC content reported in Table 1, as
determined by 'H NMR (Figure S1 of the Supporting
Information).

The corresponding c/c, for each sample are shown in Figure
4 for the not dialyzed samples. For PAAcCDMAC 100K, the
value of ¢,/c, is calculated to be nearly half that of PDADMAC
samples and the higher molecular weight copolymers, which is
in qualitative agreement with viscosity measurements, showing
that PAAcDMAC 100K exhibits the smallest increase in

specific viscosity after dialysis.
4.3. Conductivity

Comparison of the conductivity, 6, of the dialyzed and as-
received PDADMAC and PAAcDMAC samples is presented in
Figure 5. Conductivity versus frequency spectra for all samples,
with o extracted from the frequency-independent plateau
region, are shown in Figure S2 of the Supporting Information.
As expected, the not dialyzed samples show significantly higher
conductivity than the dialyzed samples. The crossover from a
low-c, plateau, 6 ~ cpo, to the linear increase, 6 ~ cpl, provides
an estimate of the residual salt concentration in the solvent,
Cres,w foOr each sample.

The value of ¢,/c, can also be estimated from conductivity
data. The ionic conductivity of a polyelectrolyte solution
depends on the number and mobility of all charged species
present. In this study, the residual salt is assumed to be NaCl
for PDADMAC and PAAcDMAC. The total conductivity is
the sum of contributions from Na¥, CI7, the polyelectrolyte
and its CI” counterions. The limiting molar conductances of
Na* (Ay," = 50.1 S cm? mol™) and CI™ (Ag™ = 76.3 S cm?
mol™") at 25 °C are used, giving a combined value of 126.4 S
cm® mol™ for NaCL** With ionic interactions neglected at
millimolar salt levels, this limiting value is used to estimate the
residual salt concentration in the as-received samples. The
differences in conductivity between dialyzed and not dialyzed
solutions at the same polymer concentration give ¢,/c, of 0.25
for PAAcDMAC 1600K and PAAcDMAC-PF 1600K, 0.07 for
PAAcDMAC 100K, and 0.44 for both molecular weights of the
PDADMAC samples. Table 2 compares c,/c, from osmotic
pressure and conductivity data for the as-received samples.

107"k (a)

® dialyzed PDADMAC 150K

O not dialyzed PDADMAC 150K
102L @ dialyzed PDADMAC 400K ®
O not dialyzed PDADMAC 400K

5§ 103
<
o
107
1075
1072 107" 10° 10° 102
¢ (g/L)
107"
(b)
® dialyzed PAACDMAC-PF 1600K
_,| © notdialyzed PAACDMAC-PF 1600K
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O not dialyzed PAACDMAC 1600K
—~ ® dialyzed PAACDMAC 100K
IE 103k O not dialyzed PAAcDMAC 100K
o O
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o
1074
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1 1 1 1 1
1072 107" 10° 10" 10?
¢ (g/L)

Figure S. Ionic conductivity of dialyzed (filled symbols) and not
dialyzed (open symbols) (a) PDADMAC and (b) PAAcDMAC
aqueous solutions at room temperature. The solid curve is a fit to
o= 60<1 + %), where ¢, is the solvent conductivity, and ¢, is

the residual salt content in the solvent. For both panels (a,b), the
uncertainties are smaller than the symbol size.

Table 2. Values of c,/c, in the as-received Samples
Estimated from Different Methods”

¢,/¢, estimated by

sample T o
PAAcDMAC-PF 1600K 0.16 0.25
PAAcDMAC 1600K 0.18 0.25
PAAcDMAC 100K 0.08 0.07
PDADMAC 400K 0.19 0.44
PDADMAC 150K 0.15 0.44

“The uncertainty in ¢,/c, is 6 X 107 for the osmotic pressure method
and 1 X 107* for the conductivity method.

Each method used to estimate c,/c, has limits that can bias
the result. For the osmotic pressure analysis, the assumption
that f does not change with residual salt content can affect the
estimated c,/c,, and this effect is more apparent for the homo-
PDADMAC samples because their larger f values make the
calculation more sensitive to the assumed f. For conductivity
analysis, we used the NaCl limiting molar conductance at 25
°C, so finite-concentration corrections are ignored. Further-
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more, discrepancies in c,/c, estimates between osmotic
pressure and conductivity methods may also arise from
technique-specific artifacts, such as residual salt contamination
introduced by contact with the stainless-steel surface of the

DRS liquid cell.”
4.4. Correlation Length

Figure 4 shows that the copolymers have smaller f than the
homo-PDADMAC samples. In salt-free semidilute polyelec-
trolyte solutions, a lower f increases the effective spacing
between charges along the backbone, which weakens electro-
static repulsion between chains and leads to a larger structural
correlation length, &, at a fixed concentration. The SAXS
profiles for dialyzed PDADMAC and PAAcDMAC aqueous
solutions are provided in Figure S4 of the Supporting
Information. The extracted correlation lengths, & = 27/q,,,
from the peak position (at wavevector q,,) of the scattering
profile at each concentration, together with the best-fit power
laws are shown in Figure 6a.

According to scaling theory for salt-free semidilute
polyelectrolytes, the correlation length scales as & ~ cp_l/ 2
where the prefactor depends on the chain contraction factor, B.
The —1/2 scaling is common, but not universal, and smaller
exponents have been reported for several polyelectrolytes,
including mucin bottlebrush polyelectrolytes, proteoglycan
molecules from cartilage, polyionene solutions with certain
counterions, star-branched polyelectrolytes, and dendrimer
polyelectrolytes.”* These deviations have been associated with
factors such as strongly hydrating side groups, counterion or
polymer hydration, and compact or branched polyelectrolyte
architectures.

In the O-solvent limit, B can be expressed as B =
F3(b/15)"3, where Iy is the Bjerrum length, and puttin
this into the low salt limit of eq 1 yields f/3¢ ~ cp_l/ 2
Consequently, f/3¢ versus ¢, collapses the data from samples
with different free-ion fractions, f, listed in Table 1. Similarly,
Nishida et al.” found that in semidilute aqueous solutions of
the sodium salt of partially sulfuric acid esterified poly(vinyl
alcohol) with no added salt, the correlation length scales as & ~
v 3cp_1/ 2 in the regime without counterion condensation (a <
0.3), where a is the degree of esterification, and f ~ a.>® The fit
in Figure 6b for PDADMAC and PAAcDMAC samples,
however, gives a weaker concentration dependence than the
expected cp_l/ * scaling.

The weaker concentration dependence of £ than that
predicted by scaling theory for both the homo-PDADMAC
and the copolymers in Figure 6a might be attributed to chain
branching in PDADMAC. Commercial PDADMAC may
contain branched chains due to side reactions during
cyclopolymerization of diallyldimethylammonium chloride,
where pendant vinyl groups may react and form branch
points.*® Branching and cross-linking in PDADMAC have
been reported to depend on the reaction temperature and time
and were attributed to polymerization of residual monomer
and reactions involving unreacted double bonds.”” Wandrey
and Freitag demonstrated that specialized synthesis routes are
required to obtain strictly linear, narrowly distributed
PDADMAC with reduced branching, in contrast to the more
heterogeneous commercial PDADMAC.*® Xia et al.*® also
reported that as molecular weight increased, fractionated
PDADMAC shows a decreasing shape factor, p = R,/R;, where
R, is the radius of gyration and Ry, is the hydrodynamic radius.
They showed downward curvature in the molecular weight

(a)

PDADMAC 150K
PDADMAC 400K
PAAcDMAC 100K
PAAcCDMAC 1600K
PAAcDMAC-PF 1600K

1072 107"

¢y (M)

101'_

§f1 13

PAAcDMAC-PF 1600K
PAAcDMAC 1600K
PAAcDMAC 100K
PDADMAC 400K
PDADMAC 150K

1072 107" 100
¢, (M)

Figure 6. (a) Correlation length and (b) reduced correlation length
(f3¢) versus ¢, for dialyzed PDADMAC and PAAcDMAC aqueous
solutions at 25 °C. The value of £ at each concentration was obtained
from SAXS profile peaks (Supporting Information, Figure S4).

dependence of both intrinsic viscosity and radius of gyration at
high molecular weight, and attributed both trends to branching
in the high molecular weight tail of the PDADMAC.*® The R,
measurements of PDADMAC in aqueous 0.3 M NaNO; were
reported to exhibit a scaling exponent of 0.454 for R, versus
molecular weight. This weaker dependence of R, on molecular
weight compared with the exponent expected for a linear
flexible chain under screened electrostatic conditions is
consistent with branching in PDADMAC.* Such branching
and cross-linking can reduce the effective chain extension and
alter interchain correlations, consistent with the observed
deviation from the ideal —0.5 exponent in Figure 6. Similar
deviations from the linear polyelectrolyte concentration scaling
have been reported for aqueous star-branched polyelectrolyte
solutions with no added salt.**~** Boué et al. found that the
first scattering maximum scales as g* ~ cpl/ 3 for star-branched
NaPSS, rather than the g* ~ cpl/ * scaling associated with the
polyelectrolyte peak of semidilute linear NaPSS$, indicating that
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branched architecture can change the concentration scaling of
the scattering maximum.*’

5. CONCLUSION

Removal of residual salts is necessary for accurate assessment
of polyelectrolyte solution properties, yet many studies do not
dialyze commercial polyelectrolyte samples, leading to over-
looked salt effects and underestimation of their impact on key
solution properties. Dialysis of commercial polyelectrolytes
yields reproducible rheological and osmotic measurements and
conductivity data that reflect intrinsic polymer behavior rather
than uncontrolled ionic impurities. This work shows that
purification substantially alters solution viscosity, the osmotic
coeflicient, and ionic conductivity in commercial homo-
PDADMAC and its copolymer with acrylamide. Being a
readily available polycation, PDADMAC has often been used
in polyelectrolyte complexes and coacervates by blending with
a polyanion.”*™*® The possible branching of PDADMAC may
affect the interpretation of association, hydration, swelling,
structure, rheology, and the unexpected asymmetry of
coacervates made using PDADMAC.***

B ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsapm.6c00957.

Excel data sheet with labeled columns, containing the
data associated with the figures in the main text and the
Supporting Information (XLSX)

'"H NMR spectra of PAAcDMAC 100K, PAAcCDMAC
1600K, PAAcDMAC-PF 1600K, PDADMAC 150K, and
PDADMAC 400K in D,0. Conductivity versus
frequency spectra for aqueous solutions of dialyzed
and not dialyzed PDADMAC 150K, dialyzed and not
dialyzed PDADMAC 400K, dialyzed and not dialyzed
PAAcDMAC 100K, dialyzed and not dialyzed PAAcD-
MAC 1600K, dialyzed and not dialyzed PAAcDMAC-PF
1600K at different concentrations, ¢,. Comparison of the
concentration dependence of specific viscosity for
aqueous solutions of not dialyzed PAAcDMAC-PF
1600K from this work and reported in the literature.'
The SAXS profiles for dialyzed PDADMAC 150K,
PDADMAC 400K, PAAcDMAC 100K, PAAcDMAC
1600K, and PAAcDMAC-PF 1600K at different
concentrations. Transmission, capillary thickness, and
acquisition time for dialyzed aqueous PDADMAC and
PAAcDMAC solutions used in the SAXS measurements
(PDF)

B AUTHOR INFORMATION
Corresponding Authors

Carlos G. Lopez — Department of Materials Science and
Engineering, The Pennsylvania State University, University
Park, Pennsylvania 16802, United States; Email: cvgS719@
psu.edu

Ralph H. Colby — Department of Chemical Engineering, The
Pennsylvania State University, University Park, Pennsylvania
16802, United States; Department of Materials Science and
Engineering, The Pennsylvania State University, University
Park, Pennsylvania 16802, United States; ® orcid.org/
0000-0002-5492-6189; Email: rhc@plmsc.psu.edu

Authors

Bahar Baniasadi — Department of Chemical Engineering, The
Pennsylvania State University, University Park, Pennsylvania
16802, United States; © orcid.org/0009-0003-4365-1647

Arva Tejas Desai — Department of Mechanical Engineering,
The Pennsylvania State University, University Park,
Pennsylvania 16802, United States

Zitan Huang — Department of Materials Science and
Engineering, The Pennsylvania State University, University
Park, Pennsylvania 16802, United States; © orcid.org/
0009-0002-2819-6415

Victoria Devine-Ducharme — Department of Biomedical
Engineering, The Pennsylvania State University, University
Park, Pennsylvania 16802, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsapm.6c00957

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Funding
NSF Division of Chemistry (Award Abstract # 2203746)
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank the National Science Foundation for
support through Chemistry-2203746, and also the SPring-8
synchrotron for beamtime at beamline BL40B2 (proposal
numbers 2025A1060 and 2024A1203) and Noboru Ohta for
help with the experiments and data reduction. We also thank
Louis Madsen at Virginia Tech for discussions and Lubrizol for
providing Merquat polyelectrolytes.

B REFERENCES

(1) Dobrynin, A. V.; Rubinstein, M. Theory of polyelectrolytes in
solutions and at surfaces. Prog. Polym. Sci. 2005, 30 (11), 1049—1118.

(2) Dautzenberg, H. Polyelectrolyte Complex Formation in Highly
Aggregating Systems. 1. Effect of Salt: Polyelectrolyte Complex
Formation in the Presence of NaCl. Macromolecules 1997, 30 (25),
7810—-781S.

(3) Conway, B. E. Effects of salts on the viscosity of polyelectrolyte
solutions. J. Polym. Sci. 1955, 18 (88), 257—274.

(4) Gulati, A.; Jacobs, M.; Lopez, C. G.; Dobrynin, A. V. Salt Effect
on the Viscosity of Semidilute Polyelectrolyte Solutions: Sodium
Polystyrenesulfonate. Macromolecules 2023, 56 (S), 2183—2193.

(5) Dobrynin, A. V.; Colby, R. H.; Rubinstein, M. Scaling Theory of
Polyelectrolyte Solutions. Macromolecules 1995, 28 (6), 1859—1871.

(6) Sen, A. K; Roy, S; Juvekar, V. A. On the Importance of
Purification of Sodium Polystyrene Sulfonate. ISRN Anal. Chem.
2012, 2012, 1-5.

(7) Teot, A. S. Sulphonation Method. U.S. Patent US2763634A,
1956.

(8) Butler, J. A. V.; Robins, A. B.,; Shooter, K. V. The viscous
behaviour of dilute solutions of a strong polyelectrolyte (polystyrene
sulphonate). Proc. R. Soc. London, Ser. A 1957, 241 (1226), 299—310.

(9) Matsumoto, A.; Tkeda, M.; Sugihara, S.; Maeda, Y. Viscometric
Method for Estimating the Charge Fraction of Polyelectrolytes in
Solutions. Nihon Reoroji Gakkaishi 2025, $3 (1), 1-10.

(10) Helsper, S.; Singlar, N,; Garcia, A. G.; Liberatore, M. W.
Viscosity scaling and entangled solution rheology in aqueous and salt

https://doi.org/10.1021/acsapm.6c00957
ACS Appl. Polym. Mater. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acsapm.6c00957?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsapm.6c00957/suppl_file/ap6c00957_si_001.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acsapm.6c00957/suppl_file/ap6c00957_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+G.+Lopez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:cvg5719@psu.edu
mailto:cvg5719@psu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ralph+H.+Colby"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5492-6189
https://orcid.org/0000-0002-5492-6189
mailto:rhc@plmsc.psu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bahar+Baniasadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0003-4365-1647
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arva+Tejas+Desai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zitan+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0002-2819-6415
https://orcid.org/0009-0002-2819-6415
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victoria+Devine-Ducharme"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.6c00957?ref=pdf
https://doi.org/10.1016/j.progpolymsci.2005.07.006
https://doi.org/10.1016/j.progpolymsci.2005.07.006
https://doi.org/10.1021/ma970803f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma970803f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma970803f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pol.1955.120188809
https://doi.org/10.1002/pol.1955.120188809
https://doi.org/10.1021/acs.macromol.2c02128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c02128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.2c02128?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00110a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00110a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5402/2012/514509
https://doi.org/10.5402/2012/514509
https://doi.org/10.1098/rspa.1957.0129
https://doi.org/10.1098/rspa.1957.0129
https://doi.org/10.1098/rspa.1957.0129
https://doi.org/10.1678/rheology.53.1
https://doi.org/10.1678/rheology.53.1
https://doi.org/10.1678/rheology.53.1
https://doi.org/10.1007/s00397-023-01428-6
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.6c00957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

solutions of polyelectrolytes containing diallyl dimethylammonium
groups. Rheol. Acta 2024, 63 (2), 135—144.

(11) Jimenez, L. N.; Dinic, J.; Parsi, N,; Sharma, V. Extensional
Relaxation Time, Pinch-Off Dynamics, and Printability of Semidilute
Polyelectrolyte Solutions. Macromolecules 2018, 51 (14), 5191—5208.

(12) Bordi, F.; Colby, R. H.; Cametti, C.; de Lorenzo, L.; Gili, T.
Electrical Conductivity of Polyelectrolyte Solutions in the Semidilute
and Concentrated Regime: The Role of Counterion Condensation. J.
Phys. Chem. B 2002, 106 (27), 6887—6893.

(13) Babaye Khorasani, F.; Poling-Skutvik, R;; Krishnamoorti, R;
Conrad, J. C. Mobility of Nanoparticles in Semidilute Polyelectrolyte
Solutions. Macromolecules 2014, 47 (15), 5328—5333.

(14) Bierbrauer, K. L.; Alasino, R. V.; Strumia, M. C.; Beltramo, D.
M. Cationic cellulose and its interaction with chondroitin sulfate.
Rheological properties of the polyelectrolyte complex. Eur. Polym. J.
2014, 50, 142—149.

(15) Lian, Y; Zhao, K; Yang, L. Dielectric analysis of poly-
(diallyldimethylammonium chloride) aqueous solution coupled with
scaling approach. Phys. Chem. Chem. Phys. 2010, 12 (25), 6732—6741.

(16) Nova, L.; Stepanek, M.; Morozova, 1; Tosner, Z.; Uhlik, F.
Ionization and Chain Size of Weak Polyelectrolytes in Semidilute
Regime. Macromolecules 2025, 58 (18), 9962—9971.

(17) Tsui, H.-W.; Wang, M.-R;; Yen, H.-Y.; Chen, L.-]. Effects of the
polymer molecular weight and surfactant tail length on the viscosity
and oppositely charged polymer/surfactant complexation mechanism.
Colloids Surf. A: Physicochem. Eng. Asp. 2026, 728, 138605.

(18) Adamczyk, Z.; Jamrozy, K.; Batys, P.; Michna, A. Influence of
ionic strength on poly(diallyldimethylammonium chloride) macro-
molecule conformations in electrolyte solutions. J. Colloid Interface Sci.
2014, 43S, 182—190.

(19) Wyatt, N. B.; Liberatore, M. W. Rheology and viscosity scaling
of the polyelectrolyte xanthan gum. J. Appl. Polym. Sci. 2009, 114 (6),
4076—4084.

(20) Wyatt, N. B,; Gunther, C. M,; Liberatore, M. W. Increasing
viscosity in entangled polyelectrolyte solutions by the addition of salt.
Polymer 2011, 52 (11), 2437—2444.

(21) Sho, T.; Sato, T.; Norisuye, T. Viscosity behaviour and
persistence length of sodium xanthan in aqueous sodium chloride.
Biophys. Chem. 1986, 25 (3), 307—313.

(22) de Gennes, P. G; Pincus, P.; Velasco, R. M.; Brochard, F.
Remarks on polyelectrolyte conformation. J. Phys. 1976, 37 (12),
1461—-1473.

(23) Colby, R. H. Structure and linear viscoelasticity of flexible
polymer solutions: comparison of polyelectrolyte and neutral polymer
solutions. Rheol. Acta 2010, 49 (S), 425—442.

(24) Boris, D. C. Experimental Studies of Polyelectrolyte Solution
Properties; University of Rochester, 1996; Ph.D. Thesis.

(25) Gulati, A. Polyelectrolyte Conformation and Rheology in Solutions;
RWTH Aachen University, 2024. Ph.D. Thesis.

(26) Wu, Y. C.; Berezansky, P. A. Low Electrolytic Conductivity
Standards. J. Res. Natl. Inst. Stand. Technol. 1995, 100 (S), 521—527.

(27) Choy, K. W.; Wijeratne, N.; Lu, Z. X;; Doery, J. C. G.
Harmonisation of Osmolal Gap — Can We Use a Common Formula?
Clin. Biochem. Rev. 2016, 37 (3), 113—119.

(28) Boris, D. C.; Colby, R. H. Rheology of sulfonated polystyrene
solutions. Macromolecules 1998, 31 (17), 5746—5755.

(29) Dobrynin, A. V.; Jacobs, M. When Do Polyelectrolytes
Entangle? Macromolecules 2021, 54 (4), 1859—1869.

(30) Lopez, C. G.; Matsumoto, A.; Shen, A. Q. Dilute
polyelectrolyte solutions: recent progress and open questions. Soft
Matter 2024, 20 (12), 2635—2687.

(31) De, R; Ray, D; Das, B. Influence of temperature, added
electrolyte, and polymer molecular weight on the counterion-
condensation phenomenon in aqueous solution of sodium poly-
styrenesulfonate: a scaling theory approach. RSC Adv. 2015, S (68),
54890—54898.

(32) Vanysek, P. Equivalent conductivity of electrolytes in aqueous
solution. In CRC Handbook of Chemistry and Physics, 91st ed.; Haynes,
W. M,, Ed,; CRC Press, 2010; pp S—74.

(33) Hou, C.; Watanabe, T.; Lopez, C. G.; Richtering, W. Structure
and rheology of carboxymethylcellulose in polar solvent mixtures.
Carbohydr. Polym. 2025, 347, 122287.

(34) Gulati, A;; Douglas, J. F.; Matsarskaia, O.; Lopez, C. G.
Influence of counterion type on the scattering of a semiflexible
polyelectrolyte. Soft Matter 2024, 20 (43), 8610—8620.

(35) Nishida, K; Kaji, K.; Kanaya, T. Charge Density Dependence
of Correlation Length Due to Electrostatic Repulsion in Polyelec-
trolyte Solutions. Macromolecules 1995, 28 (7), 2472—2475.

(36) Schmidt, B.; Wandrey, C.; Vogt, S.; Freitag, R.; Holzapfel, H.
Polycations as displacer in high-performance bioseparation. J.
Chromatogr. A 1999, 865 (1-2), 27—34.

(37) Jia, X.; Zhang, Y. Effects of Maintaining Temperature and Time
on Properties and Structures of Poly(dimethyldiallylammonium
chloride). J. Appl. Polym. Sci. 2012, 12§ (1), 1-9.

(38) Xia, J.; Dubin, P. L.; Edwards, S.; Havel, H. Dilute solution
properties of poly(dimethyldiallylammonium chloride) in aqueous
sodium chloride solutions. J. Polym. Sci,, Part B: Polym. Phys. 1995, 33
(7), 1117—1122.

(39) Abou Hamad, N.; Akintola, J.; Schlenoff, J. B. Quantifying
Hydrophilicity in Polyelectrolytes and Polyzwitterions. Macromole-
cules 2025, 58 (7), 3422—3430.

(40) Boué, F.; Combet, J.; Demé, B.; Heinrich, M.; Zilliox, J.-G.;
Rawiso, M. SANS from Salt-Free Aqueous Solutions of Hydrophilic
and Highly Charged Star-Branched Polyelectrolytes. Polymers 2016, 8
(6), 228.

(41) Heinrich, M.; Rawiso, M.; Zilliox, J. G.; Lesieur, P.; Simon, J. P.
Small-angle X-ray scattering from salt-free solutions of star-branched
polyelectrolytes. Eur. Phys. J. E 2001, 4 (2), 131—142.

(42) Moinard, D.; Taton, D.; Gnanou, Y.; Rochas, C.; Borsali, R.
SAXS from Four-Arm Polyelectrolyte Stars in Semi-Dilute Solutions.
Macromol. Chem. Phys. 2003, 204 (1), 89—97.

(43) Spruijt, E;; Cohen Stuart, M. A; van der Gucht, J. Linear
Viscoelasticity of Polyelectrolyte Complex Coacervates. Macro-
molecules 2013, 46 (4), 1633—1641.

(44) Hamad, F. G; Chen, Q.; Colby, R. H. Linear Viscoelasticity
and Swelling of Polyelectrolyte Complex Coacervates. Macromolecules
2018, 51 (15), 5547—5555.

(4S) Chee, C. H.; Benharush, R; Knight, L. R; Laaser, J. E.
Segregative phase separation of strong polyelectrolyte complexes at
high salt and high polymer concentrations. Soft Matter 2024, 20 (42),
8505—8514.

(46) Schlenoff, J. B.; Rmaile, A. H; Bucur, C. B. Hydration
Contributions to Association in Polyelectrolyte Multilayers and
Complexes: Visualizing Hydrophobicity. J. Am. Chem. Soc. 2008,
130 (41), 13589—13597.

https://doi.org/10.1021/acsapm.6c00957
ACS Appl. Polym. Mater. XXXX, XXX, XXX—=XXX


https://doi.org/10.1007/s00397-023-01428-6
https://doi.org/10.1007/s00397-023-01428-6
https://doi.org/10.1021/acs.macromol.8b00148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b00148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b00148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp020262i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp020262i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma501248u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma501248u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.eurpolymj.2013.10.018
https://doi.org/10.1016/j.eurpolymj.2013.10.018
https://doi.org/10.1039/b924572c
https://doi.org/10.1039/b924572c
https://doi.org/10.1039/b924572c
https://doi.org/10.1021/acs.macromol.5c00895?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5c00895?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.colsurfa.2025.138605
https://doi.org/10.1016/j.colsurfa.2025.138605
https://doi.org/10.1016/j.colsurfa.2025.138605
https://doi.org/10.1016/j.jcis.2014.07.037
https://doi.org/10.1016/j.jcis.2014.07.037
https://doi.org/10.1016/j.jcis.2014.07.037
https://doi.org/10.1002/app.31093
https://doi.org/10.1002/app.31093
https://doi.org/10.1016/j.polymer.2011.03.053
https://doi.org/10.1016/j.polymer.2011.03.053
https://doi.org/10.1016/0301-4622(86)80023-0
https://doi.org/10.1016/0301-4622(86)80023-0
https://doi.org/10.1051/jphys:0197600370120146100
https://doi.org/10.1007/s00397-009-0413-5
https://doi.org/10.1007/s00397-009-0413-5
https://doi.org/10.1007/s00397-009-0413-5
https://doi.org/10.6028/jres.100.039
https://doi.org/10.6028/jres.100.039
https://doi.org/10.1021/ma971884i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma971884i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c02450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c02450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3SM00468F
https://doi.org/10.1039/D3SM00468F
https://doi.org/10.1039/C5RA10933G
https://doi.org/10.1039/C5RA10933G
https://doi.org/10.1039/C5RA10933G
https://doi.org/10.1039/C5RA10933G
https://doi.org/10.1016/j.carbpol.2024.122287
https://doi.org/10.1016/j.carbpol.2024.122287
https://doi.org/10.1039/D4SM00874J
https://doi.org/10.1039/D4SM00874J
https://doi.org/10.1021/ma00111a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00111a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00111a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0021-9673(99)00809-2
https://doi.org/10.1002/app.34354
https://doi.org/10.1002/app.34354
https://doi.org/10.1002/app.34354
https://doi.org/10.1002/polb.1995.090330715
https://doi.org/10.1002/polb.1995.090330715
https://doi.org/10.1002/polb.1995.090330715
https://doi.org/10.1021/acs.macromol.4c03126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.4c03126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/polym8060228
https://doi.org/10.3390/polym8060228
https://doi.org/10.1007/s101890170122
https://doi.org/10.1007/s101890170122
https://doi.org/10.1002/macp.200290061
https://doi.org/10.1021/ma301730n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma301730n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b00401?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b00401?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D4SM00994K
https://doi.org/10.1039/D4SM00994K
https://doi.org/10.1021/ja802054k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja802054k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja802054k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.6c00957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

