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ABSTRACT: Here, we present the thermal behavior of
polyelectrolyte complexes (PECs) containing weak polyelec-
trolytes poly(allylamine hydrochloride) (PAH) and poly(acrylic
acid) (PAA) as influenced by water content and complexation
pH. Modulated differential scanning calorimetry (MDSC)
reveals a glass-transition-like thermal transition (Ttr) that
decreases in value with increasing hydration and with decreasing
complexation pH. We show the collapse of all Ttr values into a
single master curve when plotted against the ratio of water
molecules per intrinsic (PAH+−PAA−) ion pair for all pH values
explored. Remarkably, this master curve is linear when the natural log of the water to intrinsic ion pair ratio is plotted against the
inverse of Ttr. This strongly indicates that the thermal transition is heavily influenced by water at the intrinsic ion pair site. Other
water−solvent mixtures are also explored, for which Ttr appears to depend only on water content, regardless of the added solvent.
These results suggest that water plays a dual role in PAH−PAA complex: first by participating in the hydrogen-bonding network
within and second by plasticizing the PEC. A hypothesis for the thermal transition is proposed in which hydrated PECs undergo
a two-step thermal transition caused by an initial restructuring of the water−polyelectrolyte hydrogen-bonding network, followed
by chain relaxation.

■ INTRODUCTION

Polyelectrolyte complexes (PECs), prepared via mixing
oppositely charged polymer solutions together, have attracted
increasing attention in recent years in terms of fundamental
phase behavior.1−7 PECs can be processed into films8,9 and
extrudable shapes,10,11 thus opening up a broad range of
applications. Further, PEC structure is finely controlled by
complexation conditions and parameters such as polymer
charge density and molecular weight, ionic strength, and pH
value.12,13 Once formed, PECs act as “smart” materials in which
they respond to various external stimuli including ionic
strength, pH, and temperature.10,14,15 These stimuli-responsive
behaviors are almost always observed in the hydrated state
because dry PECs are somewhat glassy and intractable.16 Of
these external stimuli, temperature is particularly intriguing
because the origin of temperature effects on PECs is not
immediately obvious as compared to ionic strength or pH
effects.
For over a decade, it has been known that hydrated

polyelectrolyte multilayers or layer-by-layer (LbL) films
undergo a “glass-melt” transition with some assigning this
temperature as the glass-melt temperature Tm or the glass
transition temperature Tg.

17−19 This thermal transition has
been further leveraged to release cargo from capsules and
induce Rayleigh instabilities in microtubes.20−24 General
observations indicate hydrated polyelectrolyte multilayers

soften and that polymer chains relax as they are heated
through the transition.18,19,25,26 Most literature in this area
focuses on hydrated polyelectrolyte multilayers, with recent
work showing that hydrated PECs have a similar tendency.10

On the other hand, dried polyelectrolyte multilayers and
complexes have markedly different behavior upon comparison
with hydrated ones, which suggests that water plays a critical
role in the thermal transition. Shamoun et al. reported no
distinctive thermal transition for dried extruded complexes of
strong polyelectrolytes poly(diallyldimethylammonium chlor-
ide) (PDAC) and poly(sodium 4-styrenesulfonate) (PSS).10

Huglin et al. found that dried PECs consisting of poly(4-
vinylpyridinium chloride) and poly[sodium(2-acrylamido-2-
methylpropanesulfonate)] possessed no discernible Tg due to
the high density of ionic cross-linking.27 Electrospun weak
polyelectrolyte poly(allylamine hydrochloride)−poly(acrylic
acid) (PAH−PAA) PEC fibers exhibited no Tg as well.15 In
our own work we have demonstrated that PAH/PAA
multilayers also exhibit no Tg and instead undergo thermal
cross-linking.28,29 These findings show that dried PECs
generally do not possess a Tg because of extensive ion-pairing,
which results in a highly physically cross-linked PEC network.
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Remarkably in the presence of water, these same PEC
systems exhibit the glass-melt thermal transition which we will
call here simply the thermal transition, Ttr. Shamoun et al.
demonstrated that hydrated PDAC−PSS complexes have a Tg
that is dependent on ionic strength, but the effect of water
composition on the Tg was not explored.

10 Separately, we have
demonstrated that hydrated PDAC/PSS multilayers also have a
salt-dependent thermal transition.30,31 These results are
consistent with the pioneering work of Michaels, who described
that PECs were brittle when dry but “leathery or rubberlike”
when hydrated.16 These results suggest that water acts as a
plasticizer, possibly lowering the PEC’s or multilayer’s thermal
transition temperature from an unobservable value in the dry
state to an observable value in the hydrated state. This is
supported by observations of PDAC−PSS complexes’ dehy-
dration under osmotic stress32 and water−polyelectrolyte
interactions in PDAC/PSS multilayers.33

Our recent experimental and simulational findings on the
PDAC/PSS system suggest that the thermal transition is not a
classical glass transition but is rather initiated by rearrangement
of water molecules around the polyanion.34 It is thus
hypothesized that as the hydrogen bond lifetime between
water−polyanion shortens, the polyelectrolyte chains relax,
leading to the observed glass-transition-like behavior. Else-
where, it has been discussed that the transition may arise from
the breaking and reformation of polyelectrolyte−polyelectro-
lyte ion pairs (here called “intrinsic ion pairs”) facilitated by
salt-doping and water.10 In both cases, water is considered a key
factor, although its exact role remains unclear. Therefore, a
thorough understanding of water’s role in the transition,
whether it proceeds by the former, latter, or both mechanisms,
is of fundamental importance and motivates the present study.
There also remains a question as to whether PECs of weak

polyelectrolytes undergo a transition by the same mechanism.
The thermal properties of hydrated complexes containing weak
polyelectrolytes are presently not well described, and such
information could yield valuable insight into water’s influence.
An added complication rises from the pH of complexation
altering the polyelectrolyte charge density and the resulting
PEC structure.35,36 Earlier we investigated PAH/PAA multi-
layers and microtubes, in which a pH-dependent Ttr was
observed using both quartz crystal microbalance with
dissipation (QCM-D), modulated differential scanning calo-
rimetry (MDSC), and microscopy.21,37 Motivated by these
results, we hypothesized that hydrated complexes would show
distinct thermal transitions and would be affected by the
complexation pH value and hydration conditions.
Here, the thermophysical properties of dried and hydrated

PAH−PAA complexes are investigated. This weak polyelec-
trolyte system is chosen because information regarding its
thermal transition is sparse and because the system provides a
unique opportunity to explore pH and ionization effects not
normally accessible in strong polyelectrolyte systems. In
experiments, PAH−PAA complexes are prepared at varying
complexation pH values. The degree of PAA ionization and the
PEC composition are analyzed using Fourier-transform infrared
(FTIR) and proton nuclear magnetic resonance (1H NMR)
spectroscopy, respectively. The thermal behavior of PECs with
varying hydration is studied using MDSC. The effect of water
mixtures with 1-propanol, 1,2-propanediol, 1,3-propanediol,
and urea on the Ttr is also examined. A connection between the
thermal transition and water−intrinsic ion pair interactions is

made and discussed in the broader context of a proposed two-
step mechanism for the thermal transition.

■ EXPERIMENTAL SECTION
Materials. Poly(allylamine hydrochloride) (PAH, Mw = 120 000−

200 000 g mol−1, 40 wt % solution) was purchased from Polysciences,
Inc., and poly(acrylic acid) (PAA, Mw = 100 000 g mol−1, 35 wt % in
H2O) was obtained from Sigma-Aldrich. Both polyelectrolytes were
used as received without any further treatment. Deuterium chloride
35% in D2O solution used in proton nuclear magnetic resonance (1H
NMR) was also purchased from Sigma-Aldrich. 2,2-Dimethyl-2-
silapentane-5-sulfonate (DSS) was kindly provided by the Texas
A&M University NMR Facility. The water used in all experiments was
Milli-Q water with resistivity 18.2 MΩ·cm.

Preparation of Polyelectrolyte Complexes. Individual solu-
tions of PAH or PAA were prepared at concentrations of 100 mM with
respect to their repeat unit. 1 M HCl or NaOH was used to adjust the
solution pH to desired values. 50 mL of PAH and PAA at matching
pH values were mixed, with PAH being added rapidly to PAA under
constant stirring. The complex was dialyzed against water at matching
pH for 4 days. The complex mixture was decanted after centrifugation
at 8500 rpm for 10 min. Then the complex was air-dried for ca. 12 h.
This preliminary air-dried complex was finely ground into a powder,
then placed in a vacuum oven at 303 K for another 7 days, and stored
in a desiccator until further characterizations. This yielded the “dried”
PEC, although it is acknowledged that it is impossible to remove all
bound water. A PEC prepared at pH m will be referred to as a
“(PAH−PAA)m PEC”.

Modulated Differential Scanning Calorimetry (MDSC).
MDSC (Q200, TA Instruments) was performed on PECs using a
heat−cool method unless otherwise stated. The sample mass ranged
between 5 and 10 mg, depending on sample availability. Dried samples
were loaded into a Tzero aluminum pan (TA Instruments) and held at
313 K isothermally under nitrogen purge (50 mL min−1) for 60 min
prior to the scan to further remove any remaining water. The dried
sample was heated up to 573 K from 313 K at a rate of 10 K min−1

followed by cooling at the same rate for two heat−cool cycles.
Tzero pans and hermetic lids were used for hydrated samples.

Hydrated samples were prepared by weighing the dried complex in the
Tzero pans and adding water at matching assembly pH using a
microliter syringe. The samples were then dried at room temperature
until the desired hydration content (15.3, 17.4, 20, 21.9, or 24.2 wt %)
was reached. This hydration value represents the known amount of
water added to the dried PEC and not the precise water content in the
PEC. The pans were subsequently sealed with Tzero hermetic lids and
left at room temperature for 24 h for equilibration before
measurements. Hydrated samples were ramped from 278 to 388 K
at a rate of 2 K min−1 with an amplitude of 1.272 K and a period of 60
s. Measurements were conducted under a 50 mL/min nitrogen purge.
All MDSC thermograms are shown in the “exotherm down” format,
and all data reported here correspond to the second heating cycle
unless otherwise noted. The Ttr/Tg was taken as the inflection point of
MDSC thermogram. Three different measurements were run for each
data point, and the standard deviation was taken as the error estimate.

Fourier Transform Infrared Spectroscopy. The chemical
structure of the complex was investigated by attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR,
Thermo, Nicolet Nexus 6700) using a Quest diamond single-bounce
ATR attachment (Specac). For each sample, ca. 5 mg of PEC powder
was placed on the sample stage to cover the ATR crystal. Spectra were
taken by averaging 64 scans over a range of 600 cm−1 up to 4000 cm−1,
at a resolution of 2 cm−1. All samples were kept in a desiccator prior to
FTIR spectroscopy.

Proton Nuclear Magnetic Resonance Spectroscopy. Proton
nuclear magnetic resonance (1H NMR) spectroscopy (500 MHz
proton frequency, Varian Inova 500 spectrometer) was employed to
measure the composition of PAH−PAA complexes as follows: 10 mg
of dried complex sample was dissolved in 0.7 mL of deuterium
chloride in an NMR tube. 20 μL of 2 mg/mL DSS was added into the
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NMR tube as a standard internal reference just prior to recording the
spectra.

■ RESULTS
PAH−PAA complexes at stoichiometric mixing conditions and
at pH values varying from 1 to 11 were prepared (Figure S1).
Complex precipitates easily formed between pH 3 and pH 9,
whereas more extreme pH values yielded almost no precipitate.
For this reason, we selected pH values of 3.5, 5.5, 7, and 9 for
further investigation; these values also match prior studies on
PAH/PAA layer-by-layer assemblies,35,37 which allows for
comparison with PECs. The complexes were then dialyzed,
separated by centrifugation, and dried for further use.
Figure 1a shows ATR-FTIR spectra of the PAH−PAA

complex precipitate powders. Two distinct absorption bands

related to PAA carboxylic acid functional groups were observed
at 1698 cm−1 (CO stretching in −COOH) and at 1531 cm−1

(ionized carboxylate COO− asymmetric stretching). The PAH
asymmetric NH3

+ stretching band was also present at 1620
cm−1. Bands attributed to covalent amide cross-linking were not
observed (1540 and 1670 cm−1 carbonyl stretching in CONH
amide bending).38 These results confirm that PAH and PAA
are both present in the sample, that they have some degree of
ionization, and that they are not covalently cross-linked.
The degree of ionization (α) of PAA within PAH−PAA

complexes was quantified using FTIR spectroscopy.35,39 The
degree of ionization and pKa of a weak polyelectrolyte can
change strikingly from its pure solution state when assembled
into multilayers or complexes.15,39 The extinction coefficients
of the ionized and not ionized forms of carboxylic acid were
considered to be equal.40,41 The absorbance (Abs) of −COOH

and COO− bands are related to α by the following
expression:39

α =
+

×
−

−
Abs(COO )

Abs(COO ) Abs(COOH)
100%

(1)

From this equation, the degree of ionization of PAA within
PECs of pH 3.5, 5.5, 7, and 9 were 74%, 92%, 93%, and 95%,
respectively (Figure 1b). As the complexation pH increases, α
increases.

1H NMR spectra of PAA, PAH, and complexes (Figure S2)
were used to calculate the composition of the complexes. The
PAA mol % (by repeat unit) was 62%, 56%, 53%, and 50% for
complexes prepared from pH 3.5, 5.5, 7, and 9 solutions,
respectively. As the pH of complexation increases, the amount
of PAA in the complex decreases.
To establish the general behavior of dried PAH−PAA PECs,

conventional DSC was performed on (PAH−PAA)3.5 com-
plexes (Figure 2a and Figure S3a). In the first heating cycle, two

endothermic peaks at 406 and 516 K with a combined heat of
277 J g−1 were observed. These peaks did not appear in the
second heating cycle, indicating that the observed endothermic
processes were irreversible. This result is similar to the thermal
behavior of dried PAH/PAA LbL films, in which the low-
temperature peak was assigned to the loss of bound water and
the high-temperature peak was assigned to amide cross-
linking.28 No glass transition-like behavior was observed in
the dried complex.
The thermal behavior of hydrated PAH−PAA complexes was

next investigated using MDSC. MDSC is different from
traditional DSC because it applies superimposed sinusoidal
(modulated) and linear heating rates. This separates the total
heat flow into reversing and nonreversing heat flows depending

Figure 1. (a) FTIR spectra and (b) PAA degree of ionization and PAA
mol % (by repeat unit) for PAH−PAA complexes prepared from pH
3.5, 5.5, 7, and 9 solutions. Initial mixing ratio was 1:1 PAH to PAA by
repeat unit, and PECs were separated by dialysis and centrifugation.

Figure 2. (a) Conventional DSC of dried (PAH−PAA)3.5 complex at a
scan rate of 10 K min−1 and (b) MDSC total heat flow of hydrated
(PAH−PAA)3.5 complex (15.3 wt % water) at a scan rate of 2 K min−1

with an amplitude of 1.272 K and a period of 60 s. All thermograms
are shown in “exotherm down” format.
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on the heat flow response. Heat capacity, melting, and glass
transition events are observed in the “reversing heat flow”
curve, and the “nonreversing heat flow” is associated with
kinetic processes such as cross-linking and aging.42 The “total
heat flow” is the sum of the reversing and nonreversing heat
flow, resembling the response of conventional DSC. MDSC
was required here because the transitions observed were
generally weak.
The total heat flow from MDSC of hydrated (PAH−PAA)3.5

complex (15.3 wt % water) is shown in Figure 2b. A sigmoidal
transition appears in all successive scans, for which the
inflection point is assigned as the thermal transition temper-
ature Ttr. Both second and third scans overlap, indicating
reversible behavior. Figure S3b shows the corresponding
reversing and nonreversing heat flows for the second heating
scan. The sigmoidal transition is captured in the reversing heat
flow, accompanied by enthalpic relaxation in the nonreversing
heat flow as described by a broad, weak peak. For comparison,
the dried complex exhibited none of these features (Figure
S3a). As controls, hydrated homopolymers PAA and PAH
(15.3 wt % water) were also examined (Figure S4); neither
exhibited remarkable thermal features, consistent with prior
reports.37 These results demonstrate that the thermal transition
is only observable for hydrated PAH−PAA complexes.
The effects of varying complexation pH and water content

on Ttr were further examined using MDSC. Figure 3a shows a
collection of reversing heat flow curves taken from the second
heating scan for (PAH−PAA)3.5 complexes with various added
water content, where the subscript denotes the complexation
pH. As the added water content increased from 15.3 to 24.2 wt
%, Ttr decreased from 334 to 296 K. Figure 3b shows similar
curves for the case of varying complexation pH values and
constant added water content (15.3 wt %). As the complexation
pH increased from pH 3.5 to 9, Ttr increased from 334 to 363
K. Figure 3c summarizes the observed Ttr for a matrix of added
water content and complexation pH. The general observation is
that Ttr decreases with decreasing complexation pH and
increasing hydration.
Besides, Ttr, the enthalpic relaxation (ΔH, taken as the

integrated area under the peak in the nonreversing heat flow),
was examined as a function of complexation pH and added
water content (Table S1). The value of ΔH ranged from 0.52
to 3.81 J/g, which is considered very small as compared to
enthalpies of melting (188 J/g for poly(ethylene oxide)43 but
similar to enthalpies associated with a lower critical solution
temperature (LCST)-type phase transitions (0.21−0.46 J/g for
a N-isopropylacrylamide polymer hydrogel).44 In general, ΔH
decreased with increasing hydration, whereas no trend in
complexation pH was observed.
The trends in Figure 3c are curious in that each curve has the

same general shape and appear to be shifted from one another
to some extent. To explore the possibility of any unifying
controlling parameters, we attempted to collapse the data in
Figure 3c into a master curve by plotting Ttr against various
permutations of PAA ionization, PAH−PAA composition, and
water content. Only when Ttr was plotted against the number of
water molecules divided by the number of intrinsic ion pairs did
the data successfully collapse into a single master curve (Figure
4a). Three assumptions were made to calculate the number of
intrinsic ion pairs: (1) PAH degree of ionization was 100%
from pH 3.5 to pH 9,39 and (2) every PAH unit participated in
intrinsic ion pairing. The former assumption is reasonable given
that the pKa’s of polyelectrolytes tend to shift by as much as 2−

3 units upon complexation; PAH, normally having a pKa of
about 8.5, would thus shift to 10.5 or 11.5. This shift was clearly
observed here for PAA using FTIR but due to overlapping
peaks could not be clearly observed for PAH. (3) The number
of water molecules was calculated as the total amount of water
added to the PEC. A plot of ln(water/intrinsic ion pair) vs 1/
Ttr yielded a straight line in the form of ln(water/intrinsic ion
pair) = 1267.7(1/Ttr) − 3.18 (R2 = 0.991) (Figure 4b). This
presents an Arrhenius-type or Boltzmann energy distribution-
type relationship, yielding an energy of −10.5 kJ/mol from the
fitted slope. The meaning of this relationship is not yet
perfectly clear and deserves more attention. The successful
collapse of Ttr into a single master curve without any adjustable
parameters is remarkable considering this has not been
previously demonstrated and has strong implications on the
role of water around intrinsic ion pairs for the thermal
transition.
To further understand the role of water, we investigated

PECs in the presence of water−solvent mixtures, specifically
(PAH−PAA)3.5 in the presence of 1-propanol and water. 1-
Propanol has a boiling point close to that of water, and mixtures
of 1-propanol and water lead to increased viscosity and

Figure 3. Reversing heat flows of (a) (PAH−PAA)3.5 complexes of
varying water content and of (b) varying complexation pH values and
constant water content (15.3 wt % water). For (a) and (b), second
heating scans are shown, and curves have been shifted along the y-axis
for clarity. (c) Ttr for PAH−PAA complexes for varying complexation
pH values and water content.
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decreased surface tension.45 The Tg of water is 135 K,46 and
that of 1-propanol is 96.2 K.47 The relative permittivity of water
is 80.36 at 293 K,48 and that of 1-propanol is 20.45 at 293 K.49

Also, an individual water molecule can participate in hydrogen
bonding at two sites, whereas 1-propanol can participate at one.
Figure 5 shows Ttr for (PAH−PAA)3.5 complexes in the
presence of mixtures of varying water/1-propanol content and
of varying added liquid content, where “liquid” stands for the

combined water and 1-propanol mass. It is generally observed
that Ttr increases with decreasing added liquid and with
decreasing water content. For example, at a constant liquid
content of 20 wt % (red bars, middle panel), Ttr increased from
310 to 369 K as the water content in the liquid decreased from
100 to 40 wt %. At high 1-propanol content, Ttr exceeded
observable limits (labeled as N/A, bottom panel). This
observation suggests that 1-propanol does not plasticize the
complex.
To further investigate the role of hydrogen bonding in regard

to the thermal transition, we measured Ttr in the presence of
aqueous urea solution (Figure 6). Urea is known to compete

with hydrogen-bonding interactions and to slow water
dynamics of water interacting with urea molecules.50 The Ttr
of (PAH−PAA)3.5 at 20 wt % water was 310 K, whereas the Ttr
for the PEC at equivalent aqueous urea solutions of 0.01, 0.1,
and 1 M were 310, 311, and 322 K, respectively. As urea
content increases, Ttr increases.
From the preceding, it is clear that increasing water content

lowers Ttr. To further investigate the influence of water, we plot
Ttr as a function of the water to PEC mass ratio in Figure 7

where data are aggregated from (PAH−PAA)3.5 complexes in
the presence of pure water or other liquid mixtures. Because the
preparation pH was kept constant at 3.5, the extent of intrinsic
ion pairing is expected to remain constant. The water/PEC data
are shown as black squares, water/1-propanol/PEC as red
circles, and urea as cyan diamonds. We also investigated 1,2-
and 1,3-propanediol (blue and purple triangles, respectively).
Remarkably, the different sets of data overlap and follow a

Figure 4. (a) Ttr vs number of water molecules per intrinsic ion pair in
hydrated PAH−PAA PECs prepared at pH 3.5, 5.5, 7, and 9. The
number of water molecules is taken as the total amount water added to
the complex. The number of intrinsic ion pairs is calculated from the
PEC mass and PAH−PAA composition, assuming that all PAH units
are ionized and participate in intrinsic ion pairing. (b) Linear fitting of
ln(water/intrinsic ion pair) vs 1/Ttr. The legend in (a) also applies to
(b).

Figure 5. Ttr of (PAH−PAA)3.5 complexes with varying water/1-
propanol ratios and liquid to PEC ratio (where liquid denotes water
and 1-propanol together).

Figure 6. MDSC reversing heat flows of 20 wt % hydrated (PAH−
PAA)3.5 with water or with aqueous urea solution. Second heating
scans are shown.

Figure 7. Ttr of (PAH−PAA)3.5 complexes as a function of only water
to PEC mass ratio for samples treated with water or other liquid
mixtures.
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general trend of Ttr decreasing with increasing water content.
The fact that the data overlap regardless of whether 1-propanol
or propanediol is present suggests that neither strongly affect
Ttr and that the added solvents may not be interacting strongly
with intrinsic ion pairs.

■ DISCUSSION
Complexes and LbL assemblies are often compared to one
another because they are formed using the same interactions. In
prior work,37 we measured Ttr for PAH/PAA LbL assemblies as
a function of assembly pH (and therefore composition). Table
1 compares these aspects for both LbL assemblies and

complexes. At a given pH, LbL assemblies and complexes
have strikingly different compositions. This is most likely
because the complexes were dialyzed for 4 days against a
matching pH buffer solution, which may give longer time for
equilibration.16 In contrast, LbL assemblies are generally
recognized as nonequilibrium structures.51 Whereas complexes
demonstrate a steady trend in Ttr with pH, LbL assemblies do
not. Significantly, this comparison shows that Ttr depends on
structure (composition) even if the assembly pH values are
identical.
Also, these results show that complexation pH influences the

degree of polyelectrolyte ionization in PAH−PAA complexes
(Figure 1b). At pH 3.5, the degree of PAA ionization α in the
complex was 74%, which is dramatically higher than that of
spin-cast PAA (10%) and of PAA in an LbL assembly (45%) at
equivalent conditions.15,35 This suggests that PAA within the
PAH−PAA complex has a very low pKa (well below that of
3.5), which is lower than that of homopolymer PAA (pKa =
5.5−6.5) and perhaps nearer to that of the LbL assembly (pKa
= 2.5−2.75).15,52 This is because complexation lowers the
ionization barrier for PAA.15

Complexation pH also influences the composition of the
PAH−PAA complex. Although these are formed from
stoichiometric (by repeat unit) mixtures, the resulting dialyzed
complexes have compositions ranging from 62 to 50 mol %
PAA as complexation pH increases from 3.5 to 9. This is
because of mismatched degrees of ionization between PAA and
PAH. At pH 3.5, PAA is partially ionized and PAH is fully
ionized; therefore, more PAA must participate in complexation
so as to fully neutralize PAH. Not until pH 7−9 does a
stoichiometric mixture approach the composition of a
stoichiometric complex. Similar behavior could be expected
for LbL films, but the data of Table 1 show that the film
composition does not comply with a systematic trend. As
already noted, this is very likely due to LbL films being out-of-
equilibrium.
The results show that water strongly affects the transition

and appears to have a plasticizing effect by which Ttr decreases
with increasing water content. Dried PAH−PAA complexes do

not exhibit any evidence of a Tg or Ttr because extensive
intrinsic ion pairing lowers the mobility of polymer chain
segments and raises Ttr outside of reasonable observation. As
water is added to the PAH−PAA complex, we first observe the
appearance of a Ttr at 15.3 wt % water. As more water is added,
Ttr decreases further until it lies below our observation range
(Figure 3a). Notably, homopolymer control samples hydrated
with 15.3 wt % water yielded no thermal features (Figure S4).
These results show that water is essential for the transition.
Water may exist in several forms within the PEC: as bulk

water, water bound at extrinsic ion pairs (polyelectrolytes
compensated by small counterions), and water bound at
intrinsic ion pairs. Given the fairly low hydration levels we
explored, we expect the latter two to be of more significance.
The collapse of all Ttr into a single master curve when plotted
against the ratio of added water to intrinsic ion pairs suggests
that water at this site is very important to the transition. To test
the validity of the water/intrinsic ion pair ratio, we also plot Ttr
for PAA, PAH, water/extrinsic PAA sites, and water/neutral
PAA sites in Figure S5. PAA units will exist in three distinct
states: (1) ionized and intrinsically compensated, (2) ionized
and extrinsically compensated, and (3) neutral. PAH is
expected to exist as fully ionized and intrinsically compensated
over the range of pH values studies. Only in the case of PAH is
a master curve reproduced, consistent with our assumptions.
Plotted another way, we show Ttr vs composition and vs PAA
ionization at a constant hydration in Figure S6. Ttr generally
increases with decreasing PAA composition and with increasing
PAA ionization. In light of our findings, we attribute this trend
to the general increase in the number of PAH+−PAA− intrinsic
ion pairs within the complex and the corresponding decrease in
the number of water molecules per intrinsic ion pair. Ion pairs
act as noncovalent cross-links and reduce chain mobility, thus
increasing Ttr. As the composition approaches stoichiometric
values (toward pH 9), the number of intrinsic ion pairs should
increase, consistent with an increase in Ttr (Figure 3b,c).
In light of prior simulations34 and the results presented here,

water may play multiple roles in the thermal transition. Prior
simulations of PDAC−PSS complexes indicate that the thermal
transition is accompanied by a decrease in the number of water
molecules surrounding the extrinsic PSS site and a change in
the hydrogen-bonding water−polyelectrolyte network. On the
other hand, the work presented here points to the role of water
at the intrinsic (PAH+−PAA−) ion pair. It is possible that
adding water to the PEC weakens this ion pair, meaning that
the electrostatic interactions between PAH and PAA may be
reduced. Consequently, the volume for chain relaxation
increases with increasing hydration and water acts as a
plasticizer, assisting with chain motion. Our past and current
findings lead us to propose a two-step mechanism to describe
the thermal transition observed in hydrated PECs: (1) water−
polymer hydrogen bonding weakens first as temperature
increases, and (2) this is followed by polymer chain relaxation
facilitated by water at intrinsic ion pair sites.
This proposed mechanism is further supported by the results

for water/solvent mixtures shown in Figure 7. The fact that
these all water/solvent mixtures overlap for a graph of Ttr vs
water/PEC mass indicates the transition is controlled by water
and that the solvent is acting as a spectator. Possible reasons are
that alcohol does not hydrate the polymer matrix and that less
polyelectrolyte−water hydrogen bonds are formed as compared
with pure water. The latter is supported by the fact that neither
1,2- nor 1,3-propanediol caused significant deviations from the

Table 1. Properties of Hydrated PAH/PAA LbL Films and
Complexes (with 15.3 wt % Water)

pH wt % PAA, LbLa Ttr,LbL
a (K)

wt % PAA,
complexes

Ttr,complex
(K)

3.5 51 ± 3 335 ± 1 67 ± 1 334 ± 0.4
5.5 29 ± 2 324 ± 6 61 ± 1 352 ± 1
7.0 43 ± 1 N/A 58 ± 3 360 ± 1
9.0 15 ± 2 333 ± 10 55 ± 1 363 ± 3

aData are taken from ref 37.
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curve in Figure 7. With regard to urea, it was observed that
increasing urea content increased Ttr. It may be interpreted as
the ability of urea to disrupt hydrogen bonds,50,53 thus reducing
the “apparent” water content. However, no remarkable
departure from the curve in Figure 7 was observed, so the
results with urea may be interpreted similar to that of 1-
propanol and the propanediols. Changes in the dielectric
constant may also be considered, where the dielectric constant
of 1-propanol is lower than that of water (20.45 vs 80.36 at 293
K), such that the Debye screening length is reduced in 1-
propanol. As a consequence, water hydrating intrinsic ion pairs
can be expected to weaken the Coulombic interaction between
the ion pairs significantly in comparison to propanol as the
solvent. Complementary results regarding water content have
been observed for organic solvent and osmotic agents for PECs
and with LbL assemblies, where deswelling and stiffening
occur.32,33,54,55

■ CONCLUSION

The glass-transition-like thermal transition in polyelectrolyte
complexes containing weak polyelectrolytes PAH and PAA was
probed experimentally as a function of water content and
complexation pH. Dried PAH−PAA PECs did not bear an
observable Ttr in contrast to hydrated PECs. As the hydration
content increased over a narrow range, Ttr decreased by tens of
degrees. PECs prepared at lower pH values (pH 3.5) had a
lower Ttr because of mismatching charge density, less ion pairs
per unit volume, and higher PAA content. For PECs of (PAH−
PAA)7 and (PAH−PAA)9, their composition and ionization
were similar, which led to similar Ttr values. It was
demonstrated that Ttr collapsed onto a single master curve
when plotted against the ratio of water molecules to intrinsic
ion pairs for all pH values investigated. The master curve
demonstrated linearity when plotting ln(water/intrinsic ion
pair) vs (1/Ttr). These results lead us to propose that the glass-
transition-like thermal transition follows a two-step relaxation
mechanism initiated with the weakening water−polymer
interactions, followed by the relaxation of the polymer chains
facilitated by water surrounding intrinsic ion pairs. Our future
work will encompass molecular simulations to examine this
proposed mechanism as well as further experimental inves-
tigation. In total, the implications of this study extend beyond
dried PECs and are important to a range of areas related to
water dynamics and influence on the polyelectrolyte systems
including complexes and multilayers.
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