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Fourier Transform Infrared Spectroscopy Investigation of Water 
Microenvironments in Polyelectrolyte Multilayers at Varying 
Temperatures
Chikaodinaka I. Eneha, Matthew J. Bolena, Pilar C. Suarez-Martineza, Adam Bachmannb, Tawanda J. 
Zimudzic, Michael A. Hickner c, Piotr Batysd, Maria Sammalkorpie, Jodie L. Lutkenhaus*af

Polyelectrolyte multilayers (PEMs) are thin films formed by the alternating deposition of oppositely charged polyelectrolytes. 
Water plays an important role in influencing the physical properties of PEMs, as it can act both as a plasticizer and swelling 
agent. However, the way in which water molecules distribute around and hydrate ion pairs has not been fully quantified 
with respect to both temperature and ionic strength. Here, we examine the effects of temperature and ionic strength on 
the hydration microenvironments of fully immersed poly(diallyldimethylammonium)/ polystyrene sulfonate (PDADMA/PSS) 
PEMs. This is accomplished by tracking the OD stretch peak using attenuated total reflectance Fourier transform infrared 
(ATR-FTIR) spectroscopy at 0.25 M – 1.5 M NaCl and 35 – 70 °C. The OD stretch peak is deconvoluted into three peaks: 1) 
high frequency water, which represents a tightly bound microenvironment, 2) low frequency water, which represents a 
loosely bound microenvironment, and 3) bulk water. In general, the majority of water absorbed into the PEM exists in a 
bound state, with little-to-no bulk water observed. Increasing temperature slightly reduces the amount of absorbed water, 
while addition of salt increases the amount of absorbed water. Finally, a van’t Hoff analysis is applied to estimate the 
enthalpy (11-22 kJ/mol) and entropy (48-79 kJ/molK) of water chaing from low to high frequency states. 

Introduction
When positively and negatively charged polymers are brought 
together, they form solid-like complexes or liquid-like 
coacervates.(1-3) Complexation is driven by electrostatic 
attraction between negatively and positively charged 
polyelectrolytes (PE) and by entropic release of small 
counterions and water.(4-8) Similarly, complexation at a surface 
by the alternate deposition of polyanions and polycations 
results in polyelectrolyte multilayers (PEMs).(4, 9) The 
properties of PEMs are highly tunable and are dependent on 
polyelectrolyte type (strong or weak),(10) assembly 
techniques,(11, 12) pre-assembly and post-assembly conditions 
(pH, salt type and ionic strength, water content and relative 
humidity).(3, 13-15) PEMs have been examined for many 
applications including separations,(16, 17) 
electrochemistry,(18) anti-corrosion protection,(19) smart 
coatings(11, 20) and biosystems.(21) PEMs in the presence of 

water, salt solutions, solutions of varying pH, or solvents 
experience swelling or deswelling depending on a balance of 
hydrophobic/hydrophilic interactions and ion pairing.(2, 3, 22-
27) Therefore, understanding the role of water within a PEM is 
important for manipulating swelling or deswelling of the PEM in 
its intended application.

Specifically, the response and swelling of PEMs consisting of 
poly(diallyldimethylammonium) (PDADMA) and 
poly(styrenesulfonate) (PSS) have been investigated using 
quartz crystal microbalance with dissipation monitoring (QCM-
D),(3, 23, 28) nuclear magnetic resonance (NMR) 
spectroscopy,(29) ellipsometry,(30)  atomic force microscopy 
(AFM),(30) and Fourier transform infrared (FTIR) 
spectroscopy.(31-33)  QCM-D  measurements indicated that the 
salt anion has a more pronounced influence on swelling than 
the cation.(3, 23, 28) Elsewhere, it was shown using NMR 
spectroscopy that positive surface charge leads to swelling, 
while a negative surface charge leads to deswelling.(29) From 
investigations using ellipsometry and AFM, Miller and 
Bruening(30) showed that PEMs containing polyelectrolytes 
with high charge density swell less due to a greater number of 
intrinsic (polycation-polyanion) ion pairs. Interestingly, PEM 
film thickness depended on the identity of the PEM’s capping 
layer: for PDADMA/PSS multilayers, films capped with PDADMA 
swelled four times more than those with a PSS capping layer in 
the presence of water.(30) This behavior was attributed to the 
net positive charge of the PEM due to an excess of PDADMA in 
the PEM. Using IR-sensitive ions, attenuated total reflectance 
(ATR) FTIR spectroscopy has been employed to investigate 
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cation uptake in PDADMA/PSS films upon exposure to ionic 
liquids.(33) These findings include PEM hydration and swelling 
reversibility.

Polyelectrolyte complexes (PECs) have been described as 
brittle when dry and “leathery and rubbery” when wet,(34) 
which emphasizes the importance of properly identifying the 
water content and determining the role of water molecules 
within the complex phase. Reports exist that detail the bulk 
effect of water on PECs and PEMs in terms of swelling, 
morphology, and mechanical properties.(22, 29, 30, 35, 36) 
However, although attempts have been made to study the 
microstructural level role of water within PECs,(31, 37) an 
understanding of the distribution, binding, and dynamics of 
water molecules at varying post-assembly environments, and 
connection of these to materials characteristics, remains 
lacking. 

A previous study(37) applied a combination of molecular 
dynamics (MD) simulations and differential scanning 
calorimetry (DSC) to distinguish among different states of 
freezing and non-freezing bound water surrounding the 
charged groups within the PEC at hydration levels as high as 30 
wt%. However, that investigation was not able to access the 
case for fully immersed or fully hydrated PECs. 

Elsewhere, Schlenoff et al.(31) performed ATR-FTIR 
spectroscopy measurements to quantify the amount of water 
and its distribution around intrinsic vs extrinsic ion pairs in 
PEMs. It was observed that at lower NaCl concentrations (<0.5 
M), water was withdrawn from the PEM but at higher 
concentrations (0.5 – 2.0 M), the PEMs swelled. Schlenoff et al. 
also investigated the in situ build-up of PDADMA/PSS films 
prepared at varying ionic strengths and polyelectrolyte 
stoichiometry using ATR-FTIR spectroscopy to explore the 
relationship between water and the glass transition 
temperature (Tg).(38) Investigation of the two overlapping 
modes of the OH stretch region of water (3244 and 3412 cm-1) 
showed that the populations represented by these modes were 
relatively constant, with respect to each other, over the 
explored temperature range (10 – 60 °C).(38) Also, the 
simultaneous decrease in the OH stretch peak and increase in 
the OD stretch peak upon the addition of HOD showed that all 
water molecules are replaceable within the PEM film.(38) While 
these prior studies have provided important insights into the 
water’s location at intrinsic vs extrinsic ion pairs in PEMs, they 
did not quantify the nature of water’s binding (tightly vs loosely 
bound), especially with respect to temperature. 

Here, we examined the effect of both salt concentration and 
temperature on the distribution of water in PDADMA/PSS PEMs 
using ATR-FTIR spectroscopy. The PDADMA/PSS system was 
selected for this study because it is a well-studied system with 
known properties.(1-3, 7, 22, 26, 27, 29, 30, 38, 39) 70 layer-
pairs of PDADMA/PSS were prepared on a ZnSe substrate in the 
presence of 0.5 M NaCl to yield a PEM dry thickness of 2.5 μm. 
For these assembly conditions, the PEM is expected to consist 
of 35 –  36 mol% PSS.(3) In a flow-through ATR-FTIR cell, the as-
made films were then exposed to aqueous solutions of varying 
NaCl concentration (0.25 M – 1.5 M) and the temperature was 
varied from 35 to 70 °C. These temperatures are well-above the 

Tg of each immersed, fully-hydrated PEM.(40) PDADMA/PSS 
complexes deconstruct at NaCl concentrations greater than 2.5 
M,(1, 15) so the films are expected to remain stable over this 
range of ionic strength. Deuterated water, HOD (initially 5 v% 
D2O in H2O), was utilized to quantify the response. The OD 
stretch peak was deconvoluted to represent three water micro-
environments: high frequency, low frequency, and bulk water. 
High frequency water describes water that is tightly-bound to 
the polyelectrolyte ion pairs, low frequency water is loosely-
bound to the polyelectrolyte ion pairs, and bulk water is 
considered to be unassociated to the material. The 
deconvoluted peak areas and positions are interpreted in the 
context of how water’s microenvironment within the multilayer 
evolves with temperature and ionic strength. The results are 
also discussed within the larger context of multilayer swelling, 
annealing, and self-healing.

Materials and Methods
Materials

Poly(diallyldimethylammonium) (PDADMA, Mw = 200,000 - 
350,000 g/mol, 20 wt% solution) and polystyrene sulfonate 
(PSS, Mw = 500,000 g/mol) were purchased from Polysciences, 
Inc. Deuterium oxide (D2O) (99.8% deuterium) was purchased 
from Tokyo Chemical Industries Co. and sodium chloride (NaCl) 
was purchased from Sigma-Aldrich. A 45° angle zinc selenide 
(ZnSe) crystal purchased from Specac Ltd.
Solution Preparation

Each PDADMA and PSS aqueous solution was prepared at a 
concentration of 1 g/L. For assembly, the salt concentration of 
both polyelectrolyte solutions and rinsing solutions was 0.5 M 
NaCl. An HOD mixture was prepared using 5 v% D2O (4.52 mol% 
D2O) with 95% Milli-Q deionized H2O and various NaCl 
concentrations for ATR-FTIR measurements.
Layer-by-Layer (LbL) Assembly

The ZnSe crystal substrate was cleaned using Milli-Q water, then 
acetone, followed by air-drying to remove any residual solvent. 
LbL assembly of the polyelectrolytes was performed using an 
automated HMS slide stainer from Carl Zeiss, Inc. at room 
temperature. The ZnSe crystal was placed in a basket with the 
surface to be tested exposed. One layer of PDADMA on the ZnSe 
crystal was made by immersing the crystal in 1 g/L PDADMA 
solution for 15 min, followed by three rinses in 0.5 M NaCl with 
agitation for 2 min, 1 min, and 1 min. Similarly, a layer of PSS 
was deposited by repeating the same sequence. These two 
steps comprise a “layer pair”, and the process was repeated to 
deposit 70 layer-pairs. The dry thickness of a 70 layer-pair 
PDADMA/PSS film, measured using a profilometer (KLA Tencor 
D-100), was determined to be 2.5 μm. Thus, 70 layer-pair films 
were prepared for all measurements to ensure that the film 
thickness was greater than the ZnSe penetration depth of the 
ATR-FTIR evanescent wave (0.71 – 0.80 μm for 2400 - 2700 cm-

1).(41) The expected refractive index of these 70-layer pair films 
decreases with increased hydration and lies between 1.45 and 
1.5.(23, 42) PEM films were dried in ambient conditions 
overnight.

Page 2 of 11Soft Matter



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

ATR-FTIR Spectroscopy

ATR-FTIR spectroscopy was performed using a Nicolet 6700 FTIR 
spectrometer from Thermo Scientific. A ZnSe crystal 
background spectrum was taken on a clean crystal under 
nitrogen purge over a temperature range of 35 - 70 °C, 
increasing by 5 °C increments to assess the effect of 
temperature on background spectra. The background spectra 
were independent of temperature, thus the background 
spectrum at 35 °C was chosen as the representative reference 
spectrum for all subsequent experiments (Figure S1). Each 
spectrum was recorded with a resolution of 4 cm-1 with 32 scans 
over the range of 400 - 4000 cm-1. To examine the response of 
a PEM at very low hydration as a control, ATR-FTIR spectroscopy 
was performed on each PEM using 100 μL of varying 
concentrations of NaCl HOD pipetted onto the FTIR stage 
(Figure S2). Following the same procedure, measurements were 
performed over the same temperature range on each PEM fully 
immersed in ~850 μL of NaCl HOD solutions. Experiments were 
carried out in triplicate. We observed batch-to-batch variation 
in the absolute absorbance values, but the location of the peaks 
and the trends with salt and temperature were internally 
consistent.
FTIR Spectral Analysis

All spectra were processed using Omnic software and were 
baselined by fixing the absorbance at the end points of the 
wavelength region (400 - 4000 cm-1). Figure 1a shows a sample 
deconvoluted FTIR spectrum between 2400-2700 cm-1 obtained 
for PDADMA/PSS PEMs immersed in 0.5 M NaCl HOD at 35 °C.  
Because of our two-point baselining routine, very low 
absorbance regions of the spectrum can give slightly negative 
responses. This could be mitigated by a multi-point baselining 
strategy, but this type of baselining can introduce other types 
of errors. Thus, we chose the simplest, most repeatable 
baselining routine.  The small negative values in the spectrum 
do not influence our results since that portion of the examined 
region is small. The examined range represents the OD 
asymmetrical stretch peak and the spectrum was deconvoluted 

to show the following water microenvironments : the low and 
high frequency vibrational bands are attributed to water 
molecules in different hydrogen-bonding environments. The 
high frequency component corresponds effectively to stronger 
PE-water interactions (weaker hydrogen bonds) and the low 
frequency components to weaker PE-water interactions 
(stronger hydrogen bonds).(43) Therefore, the water molecules 
with high frequency OD stretching can be identified as strongly 
bound to the polyelectrolyte. All OD peaks were corrected for 
non-Condon effects(44) (Figure S3) and analyzed using a 
previously published three-population deconvolution 
method(45) with Origin 8.0 Pro. These three peaks are here-in 
called the bulk water peak, the low frequency (loosely bound 
water) peak, and the high frequency (tightly bound water) peak.

First, the low and high frequency peak shapes were 
determined by examining a PEM under low hydration 
conditions; a three-peak fit was performed by fixing the bulk 
water peak center and full width half max (FWHM) (2509 cm-1 
and 170 cm-1, respectively)(46, 47) while allowing the other 
peak shapes (peak center and FWHM) to vary. For fully 
immersed samples, the bulk water peak intensity was then 
unconstrained, while fixing the high frequency peak shape 
(center and FWHM) and the low frequency peak center. The low 
frequency peak’s FWHM was left unconstrained because as 
hydration increases, the low frequency peak’s FWHM will 
potentially change due to a broadening of the distribution of 
states within this population.(48) The fits were iterated until 
their cumulative sum of the least squares difference was 
minimized. In examining all of the data, the deconvolutions 
were essentially reduced to two peak fittings due to the very 
small contribution from the bulk water peak. Figure 1b provides 
a visual representation of the high and low frequency water 
surrounding the polyelectrolyte ion pairs in the presence of salt 
ions. High frequency water is strongly bound to the 
polyelectrolyte ion pairs while low frequency, loosely bound, 
water maintains interactions with the polyelectrolyte or resides 
in outer hydration shells. Bulk water (if observed) would exist in 

Figure 1 (a) A sample spectrum showing deconvolution of the OD asymmetrical stretching region from 2400 to 2700 cm-1 of PDADMA/PSS PEM immersed 
in 0.50 M NaCl HOD solution. The three peaks (in blue, green, and red) correspond to populations of HOD in different states of association within the 
surrounding environment: bulk water, low frequency water, and high frequency water. (b) A visual representation of the water microenvironments and 
their distribution around both intrinsic and extrinsic ion pairs showing low frequency and high frequency water.
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regions where the water molecules have no influence from the 
polyelectrolyte ion pairs.

Results and Discussion 
In general, the uptake of water swells the PEM; specifically, a 4-
layer pair of PDADMA/PSS capped with PDADMA prepared in 
090Schlenoff and Dubas showed that PDADMA/PSS films 
prepared in the presence of 1.0 M NaCl swell up to 2.03 times 
that of the dry thickness when immersed in pure water.(22) 
However, the films had a lower swelling ratio when immersed 
in < 0.7 M NaCl solutions, and higher ratios when immersed in 
> 0.7 M NaCl.(22) Similarly, a decrease in thickness or no change 
was observed in PDADMA/PSS films (assembled from 0.5 M 
NaCl) when exposed to 0.1 M (~5% thickness decrease) and 0.5 
M (~0% thickness change) KBr post assembly whereas films 
exposed to KBr solutions of lower or higher concentrations 
experienced swelling.(3) These works show that PDADMA/PSS 
PEMs may swell or slightly contract depending on the doping 
salt concentration, the capping layer, and assembly conditions. 

Figure 2a shows FTIR spectra over the range of 400 - 4000 
cm-1 for a film immersed in 0.5 M NaCl HOD. Figure 2b and 2c, 
which show in detail the OH and OD stretching peaks, reveal a 
decrease in peak area as temperature increases up to 70 °C, 
indicating a reduced amount of water present in the films. Also, 

as temperature increased, a shift in the peak position from 2524 
cm-1 to 2535 cm-1 was observed in the OD stretch peak shown 
in Figure 2c. This peak shift to higher wavenumber is indicative 
of a decrease in hydrogen bonding amongst the water 
molecules as temperature increases and a change to more 
tightly bound water.(46) For example, water in the form of ice 
has its OD stretch peak center at 2440 cm-1 but in the form of 
water vapor, the peak center is at 2719 cm-1.(49) The data 
presented in both Figures 2b and 2c reflect the qualitative shift 
of low frequency water populations to higher frequencies  and 
also that water uptake into the multilayers is reduced with 
temperature. 

Figure 2: a) Set of baselined FTIR spectra for a 70-layer pair PDADMA/PSS film assembled in 0.50 M NaCl solution and immersed in 0.50 M NaCl HOD 
solution at different temperatures; Expanded view of b) the OH stretching region (2800 - 3800 cm-1), c) the OD stretching region (2400 - 2700 cm-1) and 
d) the polymer finger print region (1000 - 1500 cm-1).
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Figure 2d presents the fingerprint region showing 
characteristic peaks at 1007, 1034, 1124, 1191, 1419 and 1472 
cm-1. The peak at 1472 cm-1 is assigned to the contribution due 
to bending of the CH bond from PDADMA and the peak at 1419 
cm-1 is assigned to the C=C rocking contribution of PSS.(33) 
Symmetric and anti-symmetric vibrations of the SO3

- group 
appear as the 1034 and 1191 cm-1 peaks, respectively.(5, 33, 50) 
Peaks at 1007 and 1124 cm-1 are assigned to the in-plane 
vibration and in-plane bending vibration of benzene ring.(50, 
51) Figure 2d shows that there was no change in the fingerprint  
region spectra with increasing temperature. This result enables 
the deduction that the amount of polyelectrolyte molecules 
present in the multilayer is not affected by the temperature 
variations.

However, the introduction of counterions into the PEMs 
post-assembly causes variations in the sulfonate anti-symmetric 
stretch peak (Figure S4 and S5). In brief, the sulfonate anti-
symmetric peak increases in area with the addition of salt up to 
0.75 M NaCl, and then decreases in area with higher ionic 
strengths. This is attributed to polyelectrolyte and anti-
polyelectrolyte effects,(52) as well as the increased formation 
of extrinsic ion pairs via screening effects.(3) An increase in peak 
area is observed as NaCl concentration increased to 0.75 M. This 
can be explained by an increase in PE-counterion pairing upon 
addition of salt, leading to tighter packed assemblies. Above 
0.75 M, the PEMs experience swelling due to electrostatic 
screening effects leading to a drop in peak area.

Taking into consideration the difficulties associated with 
analyzing OH stretch peaks, which have  overlapping bands,(53) 
the OD stretch peak instead was used to study water 
interactions in PDADMA/PSS multilayer systems. The 
deconvolution of the OD stretch peak of the multilayer 
immersed in 0.25 M NaCl HOD solution at 35 – 70 °C is shown in 
Figure 3. Previous work suggests that the peak positions of the 
high and low frequency peaks change with properties of the 
polymer, but the bulk water characteristics stay constant.(48) 
However, only two peaks are visible in Figure 3, attributed to 
low and high frequency water; the absence of a bulk water peak 
indicates that there is little or no bulk water present in the 
PEMs. This lack of bulk water may be due to the low porosity 
within the PEMs, which suggests that water molecules are 
always within the influence of the polyelectrolyte ionic groups.

Likewise, a study using modulated differential scanning 
calorimetry (MDSC) showed the absence of bulk water in 
PDADMA/PSS PECs at hydration levels of 18 to 30 wt%.(37) This 
indicates that the water content in the PEC either existed totally 
as non-freezing bound water or with a small fraction of freezing 
bound, water which was identified at 30% hydration.(37) 
Consistent with these findings, the absence of a bulk water peak 
from a deconvoluted OD peak was attributed to the high density 
of the ionic groups for homopolymer sulfonated 
poly(styrene).(48) 

Figure 3 shows that as the temperature increases the high 
frequency water peak center shifts from 2553 to 2566 cm-1 (15 
cm-1 shift toward effectively more tightly bound water), but a 
nearly constant peak area is maintained (the high frequency 
peak area increases by only 1.0 % with increasing temperature). 

The lower frequency loosely bound water peak maintains its 
center at 2497 ± 0.01 cm-1, while the peak area decreases by 20 
%. 

In general, the FTIR spectral peak position shifts and area 
changes with temperature can be directly explained via 
increasing thermal energy of water molecules in the system. 
Especially for the strongly bound water molecules, the 
translational and rotational motion is restricted, which results 
in increased vibrational motion.(37) The thermal motions at 
higher temperatures also lead to effectively weaker hydrogen 
bonding by the water molecules.(49) However, in our data the 
tightly bound high frequency water peak shifts towards higher 
wavenumber which suggests that the PE-water associations are 
getting effectively stronger (hydrogen bonding strength 
decreases) with increasing temperature. This may seem 
counterintuitive, considering the fact that temperature, in 
general, should presumptively weaken the hydrogen bonds 
between PE and water.(54) However, the reduction in 
cumulative water peak area means that the system is losing 
water which leads to a decrease in the overall electrostatic 
screening of water and consequently effectively stronger 
bonding to the material for the tightly bound water molecules. 

Figure 3: Deconvolutions of OD stretch peak for a PDAMA/PSS PEM 
immersed in 0.25 M NaCl HOD with arrows indicating the change in peak 
position as temperature increased from 35 °C to 70 °C. High frequency water 
(red), low frequency water (green), bulk water (blue) and cumulative water 
(black) peaks are shown. Similar deconvolutions for other salt concentrations 
are presented in Figure S6 (see Supporting Information). Spectra are 
corrected for non-Condon effects.
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Throughout the examined temperature range, the high 
frequency water peak maintained a constant peak area in 
Figure 3. This data indicates that a constant number of water 
molecules constitutes the high frequency water at all 
temperatures in the system. We suggest that all ion pairs are 
fully surrounded by high frequency water at all examined 
conditions with no change in hydration as temperature is 
varied. This potentially suggests that at extremely low 
hydrations all added water may exist as high frequency water, 
tightly bound to the ionic groups and hydrating them. Once the 
maximum amount of high frequency water is absorbed into the 
PEM, additional water becomes low frequency, loosely bound  
water and eventually bulk water. An earlier simulation work 
shows the saturation response of tightly bound water upon 
increasing hydration in partially hydrated PDADMA/PSS 
complexes. (37, 54) 

However, contrary to the tightly bound high frequency 
water, the weakly bound low frequency water exists with a fixed 
effective hydrogen bonding energy: its peak center remained 
constant at 2497 ± 0.01 cm-1, while the peak area decreased 
with increasing temperature. The decrease of the low frequency 
peak area with temperature suggests that the absolute amount 
of weakly bound water molecules decreases. At the microscopic 

level, this is very likely related with breaking some of the weaker 
hydrogen bonds in the outer hydration shell, which leads to 
release of water molecules, perhaps into the external 
contacting solution. At the macroscopic level, this would 
indicate that, as temperature increases, the PEMs hold less 
water.

 The results presented in Figure 3 can be used to 
complement the interpretation of previous MD simulation 
results on partially hydrated PDADMA-PSS PECs(37) to provide 
some additional insight to the behavior of water molecules in 
this system. As the FTIR spectral characterization of this work 
was done for fully hydrated and immersed systems, we restrict 
the consideration to the temperature response. Both the data 
in Figure 3 and previous reports(37) suggest that most of the 
water in the PEM is strongly bound even at high water content. 
Figure 3, moreover, indicates that strongly bound water 
dominates also in fully hydrated PDADMAC/PSS systems. 

Figure 4 compares the deconvolution of OD stretch peaks 
for varying salt concentrations of NaCl in HOD at a constant 
temperature of 40 °C. While the peak area of all the cumulative 
OD stretch peaks generally increased with increasing NaCl 
concentration, the cumulative peak center at all concentrations 
remained approximately constant. The deconvolution of the 

Figure 4: a) Combined deconvolutions for a PEM immersed in HOD solutions of different salt concentrations at 40 °C showing the cumulative (black), high 
(red) and low frequency water (green), and bulk water (blue) peaks. b) Cumulative c) Low frequency d) High frequency water peaks at different salt 
concentrations at 40 °C obtained from Figure 4a for clarity. The arrows in (b) and (d) indicate the trend with increasing salt concentration. 
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cumulative OD peak also shows that the areas of the high and 
low frequency water peaks increased with the addition of salt 
(Figure 4 c-d). These results indicate the PEMs swell with water 
as the ionic strength of the contacting solution increases. This 
finding is in accordance with previous studies of PDADMA/PSS 
multilayers in the presence of KBr using QCM-D,(3) where the 
swelling response showed different regions of response as a 
function of the salt concentration of the contacting solution. 
The origin of this behavior has two features: an increase in ionic 
strength 1) breaks intrinsic polycation-polyanion pairs, allowing 
for an increase in free volume of the PEM network and 2) 
presumably causes swelleing due to incoming water molecules 
that are hydrating the absorbed salt ions. This can be expected 
to lead to varying degrees of swelling of the multilayer, and 
previous simulation works also show that the presence of ions 
influences the water structure and PE-PE binding.(39, 55, 56). In 
addition to examining the changes in peak area, we also sought 
to inspect changes in peak center; however, the peak center 
shifts were very subtle and within the resolution of the 
instrument (~4 cm-1). 

A possible explanation for these variations may be related 
to the dual nature of salt in polyelectrolyte assemblies.(39) Salt 
ions act as plasticizer to the PEMs by bringing additional water 
molecules, which is clearly demonstrated by the increasing peak 
area in Figure 4. On the other hand, salt ions strongly bind water 
molecules through hydration of the ions and, therefore, 
compete with the polyelectrolytes for water interactions. At 
higher salt concentration, this effect can be pronounced enough 
to influence the hydration shell around polyelectrolytes by 
altering the number of water molecules or qby altering the 
polyelectrolyte-water binding strength. As suggested by 
molecular dynamics simulations for the PDADMAC/PSS 
system,(39) the increase in salt concentration decreases the 
amount of water around PSS and simultaneously increases the 
PSS-water hydrogen bond strength (or hydrogen bond lifetime). 
The increase in binding strength, as mentioned above, may be 
manifested by the shift in the high frequency peak center 
towards higher values. As can be seen in Table S1, at a constant 
temperature, a slight shift in high frequency peak center with 
increasing salt concentration can be observed. Altogether, our 
results combined with previous considerations,(3, 39) suggest 
that salt is changing the nature of polyelectrolyte-water 
binding. 

Figure 5 demonstrates a comparison of the effects of 
temperature and salt concentration on the population 
distribution of water within the PDAMA/PSS PEM. Figure 5a 
shows the variation of high frequency and low frequency OD 
peak areas with temperature at different NaCl concentrations. 
The results show that about 80% of water molecules contribute 
to the high-frequency peak and are more tightly bound; also, 
the relative peak area percentages do not change much with 
regard to temperature. Figure 5b compares the effects of salt 
concentration for two different temperatures, 40 and 65 C, on 
the population distribution of water within the PDADMA/PSS 
PEM. Similarly, there is little variation in the relative 
contributions of the high and low frequency peaks with regard 
to salt concentration. At 40 C, the relative contribution of high 

frequency water is slightly reduced, but remains within error of 
the contribution at 65 C.

To obtain more insight into the temperature response of 
water within the PEMs, a van’t Hoff plot was constructed, Figure 
6. The plot is based on the high and low frequency water 
populations from the deconvolution of OD stretch peaks and 
shows the natural logarithm of the ratio of the high frequency 
to low frequency water population against the inverse of 
temperature for each salt concentration of PEM. This analysis 
considers the equilibrium “reaction” of low frequency water 
shifting its state to high frequency water, Eqn 1. Assuming that 
the equilibrium of the reaction may be represented as the ratio 
of the high frequency water concentration to the low frequency 
water concentration, we can represent the van’t Hoff equation 
as Eqn 2. Further assuming that each water population is 
proportional to its respective FTIR peak area, the van’t Hoff 
equation may be modified to Eqn 3. This relationship predicts 
that the slope and y-intercept of the van’t Hoff plot will yield 
the enthalpy and entropy of the conversion of low frequency 
water to high frequency water.(57)

 Eqn 1 𝐻2𝑂|𝐿 ↔ 𝐻2𝑂|𝐻 

Figure 5: (a) Population distribution of water as percent area of each state 
for all tested salt concentrations and temperatures. (b) Comparison of 
percent area of low and high frequency peaks with respect to increasing salt 
concentration at 40 °C (black) and 60 °C (red). The two top-most (higher 
percentage) lines correspond to the high frequency water peaks and the two 
bottom-most (lower percentage) correspond to the low frequency water 
peaks.
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Eqn 2𝐾𝑒𝑞 =
[𝐻2𝑂|𝐻]

[𝐻2𝑂|𝐿] =
𝐴𝐻

𝐴𝐿

 Eqn 3ln 𝐾𝑒𝑞 = ln
𝐴𝐻

𝐴𝐿
= ―

Δ𝐻
𝑅𝑇 +

Δ𝑆
𝑅

In accordance with typical van’t Hoff behavior, the data 
present a linear trend of ln (AH/AL) ~ 1/T. The linear trend 
suggests that the enthalpy and entropy are independent of 
temperature for the experiment. Notably in Figure 6a, the data 
sets corresponding to 0.25 M and 0.5 M have the greatest 
slopes. This means that, for these data sets, the ratio of the high 
frequency peak area to low frequency peak area is most 
sensitive to temperature change. In practice, the peak area 
change occurs mostly for the low frequency water peak but not 
so much for the high frequency peak. This means that these 
intermediate salt concentrations are more sensitive to the 
release of weakly bound water with increasing temperature. 
Figure 6b, shows that the calculated van’t Hoff enthalpy values 
range from 11 – 22 kJ/mol (2.6 – 5.2 kcal/mol) across the 
different salt concentrations studied. Similarly, the van’t Hoff 
entropy values range from 48 – 79 kJ/molK (11.5 – 19) 
kcal/molK). Using various techniques including Raman and IR 
spectroscopy, light and neutron scattering, and molecular 
dynamics, the van’t Hoff enthalpy of liquid water has been 
obtained within the range from 2.3 – 3 kcal/mol,(58) which is of 
similar value here.

Conclusions
The influence of salt concentration and temperature on the 
hydrogen bonding of water molecules (specifically, HOD 
molecules) within PDADMA/PSS films was studied via ATR-FTIR 
spectroscopy. Deconvolution of OD stretch peak led to the 
conclusion that most of the water molecules in a fully hydrated 
PEM are located within regions of influence with the polymers 
(tightly or loosely bound), regardless of salt concentration or 
temperature. An increase in temperature caused an overall 
decrease in the amount of water within the film, but the 
amount of tightly bound water remained constant, indicating 
that water was released only from the outer hydration shells of 

the ionic groups. Increasing the salt concentration led to the 
disruption of intrinsic polycation-polyanion pairs, which led to 
swelling of the film, as evidenced by the relative increase in the 
OD stretch peak area. The high and low frequency peak areas 
were quantified, and the peak area ratio followed a van’t Hoff-

type relationship. The van’t Hoff enthalpy was in the range of 
11 – 22 kJ/mol, which is in accordance with a typical hydrogen 
bonding response. 

Altogether in this study, we showed that the water content 
in fully hydrated PEMs is influenced both by salt concentration 
and temperature, while the binding and interactions nature of 
individual polyelectrolyte molecules in the multilayers are 
controlled mostly by the salt counterions. Temperature plays a 
role via thermal vibrations, but it was not observed to change 
the binding character of the polyelectrolytes. An assessment of 
the distribution of water binding around the ion pairs was also 
made. Microenvironments of water molecules with high and 
low effective hydrogen bonding energy were identified; the 
amount of high frequency water remained relatively constant 
with temperature and salt indicating consistent hydration of the 
tightly bound water species in the PEM; meanwhile, the amount 
of low frequency water decreased with temperature indicating 
a loss of some of the more weakly hydrogen bonded water 
molecules with increasing temperature. The results provide 
insight into the character of water in PEMs but also lay 
foundation to understanding the varied microenvironments of 
water molecules within any charged system, whether it be 
synthetic or biological.
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