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1. Introduction

Divalent cation effects in the glass transition
of poly(diallyldimethylammonium)—poly(styrene
sulfonate) polyelectrolyte complexest

Tamunoemi Braide,” Suvesh Manoj Lalwani,® Chikaodinaka |. Eneh® and
Jodie L. Lutkenhaus @ *@®

The assembly and dynamics of polyelectrolyte complexes (PECs) and polyelectrolyte multilayers (PEMs)
are influenced by water content, pH, and salt concentration. However, the influence of divalent salts on
the assembly of polyelectrolyte complexes remains unclear. This work showcases that divalent chloride
salts directly impact the glass transition temperature and the ion—ion interactions within PECs. Here,
poly(diallyldimethylammonium)—poly(styrene sulfonate) (PDADMA-PSS) PECs are assembled in solutions
containing MgCl, and CaCl, (following the Hofmeister series). These PECs are studied for the cations’
influence on physicochemical properties (glass transition, polymer composition, ion pairing) at varying
salt concentrations (0.03 M, 0.10 M, 0.15 M, and 0.20 M). Modulated differential scanning calorimetry
(MDSC) experiments demonstrate that PECs assembled with CaCl, have a significantly higher glass tran-
sition temperature when compared to PECs assembled with MgCl,. Neutron activation analysis (NAA)
and nuclear magnetic resonance (NMR) spectroscopy demonstrate that this difference is due to strong
ion-specific effects influencing the ratio of intrinsic and extrinsic ion pairings in the system. Furthermore,
this study demonstrates a universal linear relationship between the thermal transition and the number of
water molecules surrounding oppositely charged polyelectrolyte—polyelectrolyte intrinsic ion pairs, even
when the salt contains divalent cations. lon-specific trends have implications on the glass transition and
composition of PDADMA-PSS PECs. Divalent salts not only follow the trend of the Hofmeister series but
also introduce bridging into the polyelectrolyte complex; however, the structural relaxation of the PEC
remains the same. This study offers a bridge between divalent cation behavior on polymer assembly
properties and its transition to industrial applications such as controlled drug delivery, sensors, and water
purification.

reported extensively on the influence of the water content,””**

pH," charge density,">'® temperature,'” and polyelectrolyte mole-

Polyelectrolyte complexes (PECs) and polyelectrolyte multi-
layers (PEMs) are formed by the entropic release of counterions
and solvent from the polyelectrolyte charge groups, followed by
electrostatic interactions in a polar solvent to form polymer-
rich (complex) and polymer-deficient (supernatant) phases.'™
As a result, polyelectrolyte assemblies have vast applications in
water treatment, saloplastics, bioelectronics, hydrogels, anti-
microbial coatings, batteries, additives in cosmetics and deter-
gents, and drug delivery systems.”™"" Previous works have
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cular weight'®'® on PECs and PEMs."*** However, the influence of
multivalent salts on the composition and thermal properties of
polymer assemblies needs a deeper understanding.

When oppositely charged polyelectrolytes associate, intrin-
sic ion pairs form between polycation and polyanion charge
groups.’*?* Extrinsic ion pairs can also form between the
polyelectrolyte charge groups and counterions in the system.
Increasing the salt concentration promotes charge screening,
thus increasing the fraction of extrinsic ion pairs in the system.
As a result of increased salt concentration, complexes can
exhibit decreased viscosity and even decomplexation.>® Salt
concentration can also influence whether a solid or liquid
PEC phase forms.?®

Besides salt concentration, the amount of water in the
isolated complex can also influence its macromolecular proper-
ties. Michaels et al. first described water as a plasticizer of
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PECs.”” Lyu et al.®® also reported the plasticizing effects of
water on poly(diallyldimethylammonium)-poly(styrene sulfo-
nate) (PDADMA-PSS) complex fibers at different relative
humidities. This work compared changes in the elastic storage
modulus for PECs stored under ambient and dry conditions.
Elsewhere, De et al.”® showed the variation of ionic conductivity
with humidity for PDADMA-PSS PECs, in which ion transport
increased with hydration as water facilitates ion diffusion
within the complex.

In our own group, we have extensively explored how water
and salt affect intrinsic ion pairing and the glass transition of
solid-like PEMs and PECs.">"**°7* Specifically, a scaling rela-
tionship for water, intrinsic ion pairing, and the glass transi-
tion was established:"*

1H,0 —1
1n< ? /nintrinsicionpair> x Tg (1)

Using eqn (1), the water-salt-temperature dependence for
PDADMA/PSS PECs and PEMs with NaCl showed a collapse and
linearization of T, values for a NaCl concentration range of
0-1.5 M." Our group showed that the addition of water leads to
softer complexes and that the addition of salt introduces
screening effects and breaks down intrinsic ion pairing - both
of which lower the complex’s T,.*" In studies on PDADMA/PSS
PEMs, we showed that NaCl and KBr dope the PEMs with
different degrees of efficacy.’®** Specifically, KBr was a better
dopant than NaCl, characterized by higher levels of swelling in
PEMs assembled and exposed to KBr. The T, response followed
that of eqn (1) for both NaCl and KBr, but distinct differences
were observed. Specifically, the slopes for the linear fits were
the same, but the y-intercepts were different for the PEMs
assembled in the two different salts. We interpreted the slope
as a Van’t Hoff enthalpy associated with the insertion/de-
insertion of a water molecule in the intrinsic ion pair’s hydra-
tion shell, and the y-intercept has been interpreted as an
entropic contribution.>® Our recent work investigated anion
(CI”, Br ,NO; ™, I) effects on the T, in which the relative chao/
kosmotropic nature of the anion played an important role.>
The role of multivalent cations on the glass transition of PECs
has yet to be explored, and it is unclear if the response will
follow eqn (1) or if the results can be interpreted in the same
manner.

Multivalent ions can interact with two (for divalent ions) or
three (for trivalent ions) charged groups on a complementary
polyion. This phenomenon is termed “bridging”, and it is a
form of physical crosslinking that introduces changes in
mechanical properties and coacervervation.**™*° Bridging can
exist between the same polymer chain (intramolecular) and/or
between two polymer chains (inter-molecular); depending on
which type of bridging dominates, the properties of the result-
ing polymer can be affected.”” A handful of studies have
explored how multivalent cations influence PEC composition
and phase separation. For example, Iyer et al.*° highlighted the
significant impact of divalent (Ca**, Sr*") ions on
poly(allylamine hydrochloride)-poly(acrylic acid) (PAH-PAA)
complexes. Divalent ions preferentially partitioned into the
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complex phase as compared to monovalent ions. The authors
also found that introducing divalent counterions influenced
the viscoelastic properties of the PEC through bridging effects
which hindered chain relaxation. Perry et al.** studied the effect
of salt ion valency on the coacervation of vinyl polyelectrolytes
using turbidity measurements. The authors noted that divalent
cations suppressed coacervation to a greater extent than mono-
valent cations. This was linked to the Hofmeister series place-
ment in which CaCl, suppressed coacervation more than NaCl
due to Ca** being more chaotropic than Na®, favoring “salting-
in” and increasing polymer solubility.*” Dautzenberg and
Kriz*® also studied dissimilarities in the stability and aggrega-
tion behavior of PECs with multivalent salts (CaCl,, MgCl,,
FeCls, AICL;) versus NaCl. Notably, the authors showed that the
ion radius of monovalent cations did not affect the response of
the complex particles. Taken together, multivalent ions signifi-
cantly impact the physical and mechanical properties of
polyelectrolyte complexes and multilayers alike because the
multivalent ion can interact with more than one charge group.

Multivalent ion - homopolymer mixtures can inform our
understanding of the nature of multivalent ions in PECs. For
example, PSS brushes exposed to different divalent counterions
shrank following a trend with the ionic radius, Mg>" < Ca>" <
Ba®>".*” The authors ascribed this trend to the binding enthal-
py’s decrease with increasing ionic radius. Sinn et al.*’ studied
the binding of Ca** to PAA and established that entropic
effects, not electrostatic force, is the primary reason for the
stronger binding of multivalent ions to PAA. Chen et al**
established an affinity sequence for different cations with PSS
as Ba** > Pb** > Sr** > Ca®" > Cu®* > Mg> > H" > K" >
Na® > Li". The authors applied Pauley’s model,** which pre-
dicts cation-exchange equilibria to show that selectivity is a
function of ionic radius for ionic complexation. In sum, multi-
valent cations exhibit varying strengths of binding with a
polyanion, leading us to hypothesize that this effect may
influence the glass transition in PECs.

Here, we explore the effects of salts containing divalent cations
on the hydration, composition, and glass transition temperature of
PDADMA-PSS PECs. Specifically, solid PECs are prepared from
aqueous mixtures of varying concentrations of NaCl, CaCl,, and
MgCl,, for which NaCl serves as a comparison for monovalent vs.
divalent cation behavior. The glass transition was quantified using
modulated differential scanning calorimetry (MDSC) of PECs
hydrated with varying amounts of solution (20-26 wt%). The
compositions of the PECs were determined using proton nuclear
magnetic resonance ("H NMR) spectroscopy and neutron activation
analysis (NAA). Together, this information allows for the compar-
ison of the glass transition temperature with respect to intrinsic ion
pairing, hydration, and bridging caused by the divalent cation.

2. Experimental section
2.1. Materials

Poly(diallyldimethylammonium) (PDADMA, M, = 200000-
350000 g mol *, 20 wt% solution) and poly(styrene sulfonate)

This journal is © The Royal Society of Chemistry 2024
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(PSS, M,, = 500000 g mol~") were purchased from Polysciences,
Inc. and their structures are shown in Fig. 1 below. The salts used,
calcium chloride (>96.0%) and magnesium chloride (> 98.0%),
were purchased from Sigma Life Sciences. Deuterium oxide (D,0)
(99.8% deuterium) used in H-NMR spectroscopy was purchased
from Tokyo Chemical Industries Co. Milli-Q water was used in all
experiments.

2.2. Polyelectrolyte complex preparation

80 mL solutions of 50 mM PDADMA and PSS were prepared
with respect to their repeating unit molar mass. Depending on
the system, the desired salt type (NaCl, CaCl,, and MgCl,) and
concentration (0.03-0.20 M) were introduced during assembly.
Once the solutions were fully mixed with the salt, the PDADMA
solution was quickly added to the PSS solution and stirred for
30 minutes at 600 rpm. The mixture was then centrifuged at
10000 rpm for 10 min. The complex was collected, pressed
using a Carver Press at 6000 psi, extensively rinsed with Milli-Q
water, and dried in a convection oven overnight at 343 K. The
dried PECs were ground into a fine powder, dried under
vacuum for 6 h at 423 K, and then sealed in an airtight
container until further characterization.

2.3. Modulated differential scanning calorimetry (MDSC)

Modulated DSC measurements were performed on the dried
PECs using a TA Q200 differential scanning calorimeter to
measure the glass transition temperature of the hydrated
polymers. The dried polymers were hydrated using the solution
corresponding to the salts added during assembly, ie., the
dried PDADMA-PSS PECs prepared with 0.10 M CaCl, were
hydrated with a 0.10 M CacCl, solution. This procedure mini-
mizes any change in the PEC’s ion pairing and allows us to
assume that the original PEC remains of identical composition
to the one tested in the DSC pan. The PECs were prepared at
varying hydration levels (20, 22, 24, 26 wt%) in T-zero alumi-
num pans (TA instruments), with hydrated sample masses
ranging from 7-12 mg. Once hydrated and sealed with a
hermetic lid (TA instruments), the samples were left to equili-
brate for 24 hours before testing. Measurements were per-
formed in a heat-cool-heat-cool cycle. The samples were
heated from 273 K to 278 K and held isothermally for 5 min,
followed by a ramp to 393 K at a rate of 2 K min™" and an
amplitude of 1.272 K for a period of 60 s. The cooling cycle

a) b)

O@ Na - N
g ®
0”0
Fig. 1 Structures of polyelectrolytes used in this study. (a) Poly(styrene
sulfonate) (PSS) and (b) poly(diallyldimethylammonium) (PDADMA).
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involved lowering the temperature of the sample from 393 K
back to 278 K at the same rate. Nitrogen was used as the purge
gas at 50 mL min ', The MDSC thermograms are shown in
exotherm down, and the inflection point of the second heating
cycle was recorded as the glass transition temperature. The
measurements were taken in triplicates, and standard devia-
tions were obtained.

2.4. Proton nuclear magnetic resonance (‘"H NMR)
spectroscopy

The composition of the PECs was measured using proton
nuclear magnetic resonance spectroscopy (500 MHz proton,
Varian Inova 500 spectrometer). 30 mg of the dried PEC was
dissolved in 0.7 mL of 2.5 M potassium bromide (KBr) in
deuterium oxide (D,O) and then transferred to an NMR tube.
The NMR spectra were collected, and the D,O solvent peak was
used as a reference point at 4.79 ppm to calculate the composi-
tion of PDADMA and PSS in the polymer complex. The compo-
sitions were calculated by integrating the area under the peaks
from the spectra to obtain the four aromatic hydrogens of PSS
(5.5-9 ppm) and the nineteen aliphatic hydrogens (sixteen from
PDADMA and three from PSS) (0-4.6 ppm). The following
equation was then used to calculate the PSS/PDADMA ratio in
the complex:

PSS _ 4Aar0matic (2)
PDADMA 3
Aaliphalic - Z(Aaromalic)

2.5. Neutron activation analysis (NAA)

NAA was used for elemental analysis of the dried PEC samples.
For CaCl,-PECs, the samples were tested for Na, S, Cl, and Ca.
For MgCl,-PECs, the elements tested were Na, S, Cl, and Mg. In
this system, PDADMA contributes nitrogen and a portion of
chlorine, PSS contributes sulfur and sodium, and the rest of the
ions are from the assembly conditions.

For our calculations, we assumed that the counterions were
paired with a complementary polyelectrolyte as an extrinsic ion
pair (i.e., there are no co-ions). The possible different types of
ion-polyelectrolyte pairings are shown in Fig. S1 and S2 (ESIf).
Eqn (3) shows one example, in which intrinsic ion pairs
between the oppositely charged poly-ions [Pol Pol”],) are dis-
rupted with a divalent cation and two monovalent anions to
generate extrinsic ion pairings: two pairs of a polycation repeat
unit-monovalent anion (2[Pol*A~]) and one of a divalent cation
with two polyanion repeat units ([2Pol M>").

2[Pol'Pol Js + Mug®" + Ayq <> 2[Pol'A7]s + [2Pol [M*"

3)

To calculate the number of moles of extrinsic and intrinsic
ion pairs in a PEC sample, and hence the doping level, we used
the ion compositions from NAA. For monovalent ions (i.e., Na*
and Cl™) the various ion-ion interactions possible in the system
were calculated by the following expressions:

Soft Matter, 2024, 20, 9631-9641 | 9633
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Npss-Na = TlNa

Npss-pDADMA = s — Npss—Na

ppapmMA-cl = Ncl (43—0)

In a divalent system, MCl,, the divalency of the cation must be
taken into consideration. Further, PECs made from sodium-
containing PSS will exhibit residual traces of sodium, even if
assembled in a divalent salt. These considerations lead to a new
set of equations, where the sodium and divalent cation con-
centrations are obtained from NAA:

Npss-Na = MNa
Npss-m = 2Mm

Npss-pDADMA = Ns — (nPSS—Na + nPSS—M)

(5a-d)

Nppapma-cl = Nl

The moles of PSS-PDADMA intrinsic pairs, 7pss-ppapma, iS
calculated on a 100 g PEC basis. The equation and sample
calculation are below.

actual mass of PEC (g) X npss_ppapma (mol)
100 (g)

Mintrinsicion pair =
(6)

The actual mass of PEC and the hydration level are obtained
from MDSC. For example, consider 100 g of a 0.15 M CaCl,-PEC
with a hydration level of 20.15 wt%. The mass of the PEC is
100 g — 20.15 g = 79.85 g, from NAA and eqn (5), 7pss_ppapma =
0.231 mol.

79.850 g x 0.231 mol

Nintrinsic ion pair = 100 e = 0.184 mol

The moles of the ion pairs and the concentrations can be
used interchangeably because they are all present within the
same PEC volume. The calculation of doping levels is described
in the Results and discussion section.

3. Results and discussion

PDADMA and PSS solutions were prepared at concentrations of
50 mM with respect to their repeating unit. The separate
solutions were mixed with varying salt types (NaCl, CaCl,,
and MgCl,) and concentrations (0.03-0.20 M). Then, the poly-
cation and polyanion solutions were combined to form a cloudy
white product. Here, we refer to the PEC and its type of salt
during assembly as “salt-PEC”; for example, ‘“CaCl,-PEC”
denotes a PEC assembled from CaCl,-containing solutions.
The resulting solid PEC product was isolated using centrifuga-
tion, rinsed extensively, dried, and crushed into a powder for
further characterization. These salt concentrations were chosen
based on our observations of polymer solubility. Specifically,
PSS solutions became cloudy when the CaCl, concentration was
greater than 0.25 M. Elsewhere, it has been shown that PSS has
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a high affinity for multivalent cations such as Ca** and Mg**
and can form complexes or even precipitates with them.***®

3.1. Effect of salt type on the composition and stoichiometry
of PDADMA-PSS PECs

NAA measurements, which reveal the weight percentages of
elements Na, S, N, Cl, Ca, and Mg, were collected for CaCl,-
PECs and MgCl,-PECs prepared from varying salt concentra-
tions (Tables S1 and S2, ESI{). From this information, the
doping level of the polymers can be estimated, as shown in
Fig. 2 and Table S5 (ESIt). We assumed that each Cl™ ion was
associated with one extrinsic PDADMA site and that each
divalent cation was associated with two extrinsic PSS sites. This
assumption excludes the possibility of co-ions, which are ions
within the complex that are unassociated with either of the
polyelectrolytes. The doping level, y, which reflects the fraction

of polyelectrolyte charge groups that are extrinsically
a) 1.2
[Jo.o3m
ZEADMA [_Joom
1.0 % C_Joism
[ _Jo2om
0.8 1
I
*5, 064 I
0.4 -
T }
4 T
0.2 1 1t
0.0
MgCl, CaCl,
Salt
b) o016
PSS
0.14 4 Co~or Mg
0.12 4
0.10
', 008 [ I
0.06 l l
0.04 -
0.02
0.00 I
MgCl, CaCl,

Salt

Fig. 2 Cationic and anion doping levels for PDADMA-PSS PECs prepared
with varying concentrations of MgCl, and CaCl, (a) PDADMA doping level
(v*) and (b) PSS doping level (y7). Here y~ and y* are calculated using
eqn (2) and associated NAA data in Tables S1 and S2 (ESIt). The legend in (a)
applies to panel (b).
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compensated,”’ can be described as cationic (y*) and anionic
(v™) doping levels, as shown below:

o]
" [PDADMA]

_ [M*]+2[Naf]

N 2[PSS] @)
where [Cl7], [M*'], and [Na'] represent the concentrations of
the respective monovalent and divalent ions and [PDADMA]
and [PSS] represent the concentrations of polyelectrolyte repeat
units. The concentration of sodium ions is included in eqn (7)
because small amounts of Na" were sometimes detected.

The cationic and anionic doping levels, y" and y~, were
calculated for CaCl,-PECs and MgCl,-PECs prepared from
varying salt concentrations (0.03, 0.10, 0.15, and 0.20 M). As
shown in Fig. 2a, at 0.03 M MgCl,, 50% of PDADMA units
interact with chloride ions, peaking at 67% for 0.15 M and
falling to 24% at 0.20 M. For CaCl,-PECs, y* peaks at 0.03 M
(53% of PDADMA units), drops at 0.10 M, and rises with
increasing concentrations. Instead, Fig. 2b shows that y~
monotonically increases with salt concentration for both sys-
tems. With y" being greater than y~ for all PECs examined,
PDADMA exhibits consistently higher doping values than PSS.
Additionally, CaCl,-PECs show slightly higher doping levels
compared to MgCl,-PECs. For reference, y* and y~ for 0.1 M
NaCl-PECs from Zhang et al."* were 0.16 and 0.01, respectively.

The trend in y" with increasing salt concentration may result
from a competition between Coulomb screening and counter-
ion binding effects.*®*° Fig. 2a shows this transition occurs at
0.15-0.20 M for MgCl,-PECs and 0.03-0.10 M for CaCl,-PECs.
Sadman et al.”" and Yu et al.*’” described that divalent ions such
as Ca®" cause structural changes at low concentrations through
bridging more effectively than Mg®*. This explains why the
transition concentration occurs at a lower salt concentration in
CaCl,-PECs. The lower PSS doping level (y~) compared to
PDADMA (y") is due to the excess PDADMA in the complex,
with most PSS charge groups forming intrinsic ion pairs. This
observation aligns with Jusufi et al’s'® findings on anionic
sodium dodecyl sulfate (SDS) and cationic dodecyltrimethylam-
monium chloride (DTAC) systems.

Next, "H-NMR spectroscopy was used to determine the PSS
ratio in the PECs, with Table S3 (ESIt) showing that CaCl,-PECs
and MgCl,-PECs at 0.10 M had a PSS mol% of 47 £ 1 mol%.
Varying the salt concentrations of assembly (0.03-0.20 M)
had no major influence on the PEC’s percentage of PSS
(46-47 mol%). The higher y" values for PDADMA are explained
by its excess in the PEC, where PSS cannot fully neutralize
PDADMA, leading to asymmetric stoichiometry.

3.2. Effect of salt type on the hydration of PDADMA/PSS PECs

MDSC allows for the quantification of the glass transition in the
divalent systems studied in this work. The glass transition is
recorded as the inflection point of the reversible heat flow curve
from the second heating cycle for PECs that were dried and
then re-hydrated with a controlled amount of solution. Speci-
fically, the PECs were re-hydrated with a solution that matched
the complexation condition (ie., a 0.20 M MgCl,-PEC was
rehydrated with a controlled volume of 0.20 M MgCl, aqueous

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 MDSC Reversing heat flow curves for PDADMA-PSS PECs showing
the glass transition from the second heating cycle for (a) 0.20 M CaCl, and
(b) 0.20 M MgCl, PECs at varying water content (20-26 wt% added water).
Curves shifted across the y-axis by a 20% gap for clarity. Exotherm down.

solution). As illustrated in Fig. 3a, for a fixed complexation salt
concentration of 0.20 M, the T, decreased from 351 to 316 K
as the water content increased from 20 to 26 wt% for the
0.20 M CaCL,-PEC. In comparison, Fig. 3b shows similar T,
values for MgCl,-PECs at equivalent hydrations. As described
later, we found more variation in Ty-values between the PECs
prepared in the two salts at other salt concentrations.

The decrease in a PEC’s T, with increasing hydration is
expected and observed elsewhere in PDADMA-PSS PECs pre-
pared from monovalent salts.'* Water lubricates the polymer
chains by decreasing the internal resistance of the polymer
sliding motion.>>>® Water also decreases the electrostatic
attractions between polyelectrolyte intrinsic ion pairs and
increases the free volume that facilitates polymer chain
motion.>"***> Taken together, the results in Fig. 3 confirm
the same trend for divalent salt systems.

3.3. Effect of cation type on the glass transition of PDADMA/
PSS PECs

To study the effect of monovalent and divalent cations on the
glass transition temperature of PDADMA-PSS PECs, NaCl,
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CacCl,, and MgCl, salts at the same ionic strength were studied
at varying water content (20-26 wt%) using MDSC. This water
content range was studied because the T, was unobservable for
water content levels below 20 wt% and above 26 wt%. Fig. 4
shows that at the same molarity and hydration of 0.10 M and
20 wt%, respectively, the NaCl-PECs had the highest T, at 363 K,
followed by CaCl,-PECs at 349.6 K, and then MgCl, at 324.4 K.
This ranking was consistent across all of the studied hydration
levels.

Fig. 4 shows that the identity of the cation can strongly
influence the PEC’s T,. One explanation for the varying T, with
salt type is the doping level. Fig. 2 shows that PECs prepared
from MgCl, have slightly higher y" doping levels with PDADMA
than those prepared from CacCl,, which suggests more effective
counterion binding and charge screening. This screening
reduces Coulombic interactions within the PDADMA-PSS net-
work, leading to increased chain mobility, which typically
correlates with a lower T,. This would lead to the expectation
that MgCl,-PECs would have lower T,'s than CaCl,-PECs, as
confirmed by Fig. 4.

Another explanation for the T, trend in Fig. 4 lies in the
varying cation-water interaction strengths, which are described
qualitatively by the Jones-Dole B-coefficient, Table S4 (ESIT).
This coefficient relates variations in an aqueous solution’s
viscosity to the ionic strength of a particular salt type. An
increase in the Jones-Dole B-coefficient means stronger ion-
water interactions in the solution,’® for which the Jones-Dole
B-coefficient is ranked as: Mg>* > Ca>* > Na'. For comparison
at 0.10 M, the PEC’s glass transition temperature was lowest
when prepared from MgCl, and highest for NaCl. Here, mag-
nesium has: (1) the strongest interaction with water,>” (2) the

380
0.10 M CaCl,
370 0.10 M MgCl,
A 0.10 M NaCl [Zhang et al (2018)]
i A
360
350 A
. A
¥ 340 - A
o
[
330 A A
320 A
310
300
18 20 22 24 26 28
Hydration wt%

Fig. 4 Glass transition temperatures of PDADMA-PSS PECs prepared
from NaCl, CaCl,, or MgCl;, solutions. The isolated PECs were rehydrated
with a solution matching that of its assembly and examined using MDSC.
0.10 M NaCl reproduced with permissions from ref. 14 “Molecular Origin of
the Glass Transition in Polyelectrolyte Assemblies.” By Y. Zhang; P. Batys;
J. T. O'Neal; F. Li; M. Sammalkorpi; J. L. Lutkenhaus, 2018. ACS Central Sci.,
4(5), 638-644. Copyright (2018) American Chemical Society.
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largest hydrated radius,”® and (3) the largest hydration
number’”*® of the three cations compared. One may also
consider the ionic radius of the two ions. Mg>*, with its smaller
ionic radius and higher charge density compared to Ca®>", can
bind more strongly to the polyelectrolyte chains and weaken
polycation—polyanion electrostatic interactions, which lowers
the rigidity of the complex and reduces T,. Ca*, on the other
hand, being larger and less densely charged, may bind less
efficiently, resulting in stronger residual Coulombic interac-
tions and a comparatively higher T,. We note that despite the
hydration shell in MgCl,-PECs limiting direct polymer binding,
the higher charge density of Mg allows it to strongly polarize its
local environment and screen electrostatic interactions with the
polymer chains. This increases chain mobility and reduces the
T,. On the other hand, Ca, with its larger size and lower charge
density, sheds its hydration shell more easily and forms stron-
ger site-specific bridging interactions that stiffen the polymer
matrix and increase T.

Separately, we also examined 0.30 M NaCIl-PECs to compare
the T, for equivalent ionic strengths with 0.10 M CaCl,-PECs
and 0.10 M MgCl,-PECs in Fig. S3 (ESIt). For 0.30 M NaCl-PECs,
the complexes exhibited a higher doping level due to the
higher salt concentration, thus lowering the T, relative to
0.10 M NaCl-PECs.

3.4. Effect of ionic strength of divalent salts on the glass
transition of PDADMA-PSS PECs

To understand the effect of salt concentration on the T, of
PDADMA-PSS PECs. The PECs were prepared using 0.03, 0.10,
0.15, and 0.20 M solutions of CaCl, and MgCl,, and the T,’s
were collected using MDSC as before. Fig. 5 compares the T, at
different hydration levels and salt concentrations for CacCl,-
PECs and MgCl,-PECs.

In Fig. 5a, the T, values were similar, regardless of salt
concentration, for higher levels of hydration (24-26 wt%).
However, at lower hydration levels (20-22 wt%) there is a
spread in T, values without a clear trend in salt concentration.
This spread suggests that, with less water present, the effect of
divalent counterions on the mobility of the PECs become more
influential. This spread in T, is more pronounced in Fig. 5b, for
MgCl,-PECs. Specifically, Fig. 5b shows that MgCl,-PECs exhi-
bit limited T, overlap from 0.10 M to 0.20 M with clear
partitioning at 0.03 M.

Divalent cations can interact with polyanions through bridging,
coordinating with two negatively charged groups,*”***#¢*! which
may explain the spread in the T, with salt concentration. Wei
et al.®* studied PDADMA/PSS multilayers exposed to Cu(NO;), and
observed bridging at low concentrations (0.01 M), which led to film
stiffening and de-swelling. At higher Cu(NOj;), concentrations
(0.03 M), swelling and softening occurred from disrupted ion pairs.
This study highlights that bridging effects are more prominent at
low concentrations. Glisman et al.® also demonstrated that Ca®*
bridging with PAA varies with salt concentration. PAA-Ca-PAA
bridging is highest at low Ca®" levels, while single PAA-Ca interac-
tions dominate at higher concentrations due to chelation and
“salting in” effects. As Fig. 4 shows, the PEC doping levels vary,
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Fig. 5 Glass transition temperatures of PDADMA-PSS PECs prepared
from solutions of varying (a) CaCl, or (b) MgCl, concentrations
(0.03-0.20 M). The isolated PECs were rehydrated with a solution match-
ing that of its assembly and examined using MDSC.

suggesting distinct ion interactions at lower concentrations
that transition to uniform bridging and ion pairing as salt
concentration increases. Discussed later, these data later
become normalized by ion pairing to reveal much better
correlation.

3.5. Combined water and salt effects on the T, of PDADMA/
PSS PECs

As mentioned in the Introduction, our prior work reported a
water-salt-T, relationship, for which the T,’s of PDADMA-PSS
PECs prepared in various NaCl concentrations collapsed into a
single curve as described by eqn (1).'* To examine the
applicability of eqn (1) in divalent salt systems, we plotted

1000
Fig. 6, which shows In (”Hz S for PECs

O/ninlrinsicionpair> vs o

made with MgCl,, CaCl,, and NaCl (as a control).
Tintrinsicion pair Was estimated from a charge balance, a mole
balance, and the doping level. Here, nintrinsicion pair Was calcu-
lated from the expressions in eqn (5) to account for the
bivalency of the magnesium or calcium ions and any remaining

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Linear fitting of In (71,0, ) vs 1000 ¢ ppADMA-
9. 9 2 Hintrinsicion pair . Tg

PSS PEC systems of varying salt concentrations (0.03-0.20 M) of CaCl,
and MgCl, with NaCl as a control. The data for PDADMA-PSS PECs at
0.10 M NaCl were reproduced with permission from ref. 14 "Molecular
Origin of the Glass Transition in Polyelectrolyte Assemblies.” By Y. Zhang;
P. Batys; J. T. O'Neal; F. Li; M. Sammalkorpi; J. L. Lutkenhaus, 2018. ACS
Central Sci., 4(5), 638-644. Copyright (2018) American Chemical Society;
each data point represents a single experiment. The line represents the fit
of eqn (1) to all of the data in the plot.

sodium ions. From this fit, we extract the Van’t Hoff enthalpy,
Hyy, following eqn (8):

d(ln K) _ 7AHVH

a7 R (8)

where K is the equilibrium constant, R is the gas constant, and
T is the absolute temperature. Here, K represents the equili-
brium between an intrinsic ion pair with and without an
additional water molecule in its hydration shell.*?

The impact of varying salt concentration (0.03-0.20 M) on
the water-salt-T,, relationship for PDADMA-PSS PECs is shown
in Fig. 6. Notably, there was a linear overlap consistent with all
the salt types and concentrations examined, following the
scaling of eqn (1)."* As shown in Table S5 (ESI{), the slopes
and y-intercepts were largely within error of each other. For
example, the master curve for NaCl was characterized by a
slope, intercept, and energy of 1.30, —1.98, and —10.8 k] mol ",
respectively."*®* This overlap indicates a strong connection
between the T, and the hydrogen bonding water network in
the polyelectrolyte complexes, regardless of salt type or valency.

From Table S5 (ESIt), the Van't Hoff enthalpies for our PECs
assembled in MgCl, and CaCl, at the concentrations 0.03-0.20 M
averaged to 11.8 + 2.1 k] mol " and 10.1 + 1.6 k] mol },
respectively, which are within the range of the enthalpy associated
with breaking one O-H:--O unit (~10.8 + 2.5 k] mol *, see
ref. 65). The intercept of the linear fit is linked to the entropic
contributions within the PEC. For the MgCl, and CaCl, systems,
the intercepts are similar to the NaCl PEC system, with values of
—2.1 £ 0.8 and —2.0 £ 0.6, respectively. From these values and
their overlap, we deduce that introducing divalent counterions
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does not significantly alter the entropic contribution, which is
related to the y-intercept. In our prior work, the y-intercept
varied between PEC systems (PDADMA-PSS versus PAH-PAA™)
and for PEMs in different salts (KBr** versus NaCl). From Fig. 6,
although the divalent salts induce localized structural changes
such as bridging, the T, behavior remains largely the same once
intrinsic ion pairing and water content are taken into account.

4. Conclusions

This work compared the composition and thermal properties of
PDADMA-PSS PECs assembled in and exposed to NaCl, CaCl,,
and MgCl, solutions at different salt concentrations (0.03 M to
0.20 M) using MDSC, NMR spectroscopy, and NAA. All PECs
contained excess PDADMA, leading to higher doping levels in
PDADMA (y") relative to PSS (y 7). As expected, y~ increased with
salt concentration; however, y* varied nonmonotonically. With
the addition of water, the T, of the PEC decreased, following
previously reports.'* Interestingly, the effects of divalent salts
on the T, were more nuanced. At the same salt concentration,
the T, followed as 0.10 M NaCl > 0.10 M CaCl, > 0.10 M
MgCl,. This was explained by the ion-specific effects of the
Hofmeister ion series and ionic properties, such as the hydra-
tion number. The effect of the ionic strength and salt concen-
tration of CaCl, and MgCl, on the PEC’s T, was also studied. At
low divalent salt concentrations, chelation or bridging effects
were indirectly observed in our system (i.e., PSS-Ca-PSS or PSS-
Mg-PSS). At high divalent salt concentrations, salting in
become more influential. This transition occurs at a lower
concentration for CaCl,-PECs due to Ca®" having a higher
affinity for PSS than Mg>".

This work also explored the water-salt-T, relationship for
PDADMA-PSS PECs in the presence of the salts with divalent
cations. Prior work from our group established distinct master
curves for PDADMA-PSS PECs, PAH-PAA PECs, and PEMs pre-
pared with NaCl, but not divalent salts. Here, for CaCl,-PECs and
MgCl,-PECs there was an overlay with the master curve regarding
the slope, intercept, and energy within error to the values for

1000
monovalent NaCl-PECs. The —— ~ In <”H20/n, - ) rela-
T, Intrinsic 1on pair

g
tionship was found to be general regardless of the salt used in

assembly, further highlighting the intricacies of the polyelectrolyte
microenvironment. In total, despite bridging and chelation effects
brought about by divalent cations, the structural relaxation of the
PEC remains the same.

Abbreviations

PAA Poly(acrylic acid)

PAH Poly(allylamine hydrochloride)
PDADMA Poly(diallydimethylammonium)
PSS Poly(styrenesulfonate)

D,0 Deuterium oxide

KBr Potassium bromide

NaCl Sodium chloride
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CacCl, Calcium chloride

MgCl, Magnesium chloride

PE Polyelectrolyte

PECs Polyelectrolyte complexes

DSC Differential scanning calorimetry

MDSC Modulated differential scanning calorimetry
NAA Neutron activation analysis

Ty Glass transition temperature

Nu,0 Number of water molecules

Nintrinsic ion pairs
K

Npss-Na

NNa
Npss-PDADMA

ns

Number of intrinsic ion pairs
Equilibrium constant

Moles of PSS-sodium interactions
Moles of sodium

Moles of PSS-PDADMA interactions
Moles of sulfur

NpDADMA-CL Moles of PDADMA-chlorine interactions

ne Moles of chlorine

AH Enthalpy change associated with insertion of
water molecule

R Universal gas constant

Aaromatic Area of aromatic hydrogens

Agliphatic Area of aliphatic hydrogens

y* Doping level for PDADMA

Y- Doping level for PSS

[anion] Concentration of negative counterions in PECs

[cation] Concentration of positive counterions in PECs

[PSS] Concentration of PSS

[PDADMA] Concentration of PDADMA
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