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Ion effects on minimally hydrated polymers:
hydrogen bond populations and dynamics†

Eman Alasadi and Carlos R. Baiz *

Compared to bulk water, the effect of ions in confined environments or heterogeneous aqueous

solutions is less understood. In this study, we characterize the influence of ions on hydrogen bond

populations and dynamics within minimally hydrated polyethylene glycol diacrylate (PEGDA) solutions

using Fourier-transform infrared (FTIR) and two-dimensional infrared (2D IR) spectroscopies. We

demonstrate that hydrogen bond populations and lifetimes are directly related to ion size and hydration

levels within the polymer matrix. Specifically, larger monovalent cation sizes (Li+, Na+, K+) as well as

anion sizes (Fÿ, Clÿ, Brÿ) increase hydrogen bond populations and accelerate hydrogen bond dynamics,

with anions having more pronounced effects compared to cations. These effects can be attributed to

the complex interplay between ion hydration shells and the polymer matrix, where larger ions with

diffuse charge distributions are less efficiently solvated, leading to a more pronounced disruption of the

local hydrogen bonding network. Additionally, increased overall water content results in a significant

slowdown of dynamics. Increased water content enhances the hydrogen bonding network, yet

simultaneously provides greater ionic mobility, resulting in a delicate balance between stabilization and

dynamic restructuring of hydrogen bonds. These results contribute to the understanding of ion-specific

effects in complex partially-hydrated polymer systems, highlighting the complex interplay between ion

concentration, water structuring, and polymer hydration state. The study provides a framework for

designing polymer membrane compositions with ion-specific properties.

Introduction

Ions significantly impact the thermodynamics of aqueous systems

by directly or indirectly altering the hydrogen-bond networks.1–4

One such class of multicomponent systems includes polymers in

aqueous environments,5–7 a topic of increasing importance due to

their relevance in both natural and engineered contexts.8–10 For

instance, characterizing the effect of ions can inform the design

and functionality of polymer membranes, which have wide-

ranging applications, from advanced filtration technologies to

energy-efficient fuel cells and targeted drug delivery systems.9–14

This relevance additionally extends to the design of ion-

conducting polymers for battery materials, where understanding

the conductivity changes in materials under different moisture

levels can inspire new investigations and applications.9,15 Such

complexity underscores the need for a deeper exploration of

specific polymer–ion interactions, particularly in heterogeneous

systems, to further our molecular understanding of these multi-

component systems.

Polyethylene glycol (PEG)16–22 is a frequently studied poly-

mer due to its chemical and physical properties. Its high

solubility in water, attributable to the partial negative charges

on the ether oxygens, facilitates PEG’s incorporation within the

hydrogen bond network of water. This high solubility makes

PEG suitable for crosslinking processes, forming various

membrane architectures.18,23 Given the high solubility of PEG

in water, many studies have focused on well-hydrated environ-

ments, typically maintaining at least B3 water molecules per

ether oxide unit,12,24 on the other hand, minimal hydration

provides opportunities to further understand the complex

interplay of interactions between polymers, ions, and water

that may resemble more real-world applications. Specifically,

the ‘salting-in’ and ‘salting-out’ effects, or the specific ion

effects influencing these phenomena, are of particular interest

given that the traditional roles of solute and solvent are

challenged. Investigating polymers in dehydrated conditions

not only allows for the identification of specific molecular

interactions but also elucidates specific ions’ effects on poly-

mer structures.

The Hofmeister series provides a conceptual framework for

interpreting ion effects in aqueous solutions.17,21,24,25 Specifically,

the Hofmeister series, as applied to protein solutions, orders salts

by their ability to stabilize or destabilize proteins. Similarly the
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lyotropic series,26–28 originally pertaining to hydrophilic colloids,

ranks ions based on their impact on the solubility and aggrega-

tion behavior of amphiphilic molecules. Historically these series

are interpreted based on the influence of ions on the aqueous

environment—from chaotropes, which disrupt the water’s

hydrogen-bonding networks, to kosmotropes, which have oppo-

site effects (Fig. 1). We have revised the sentence to more

accurately convey the intended meaning: however, these series,

while insightful, do not fully capture the complexities of ion

behavior, especially in systems where the distinctions between

solute and solvent, as well as hydrophilic and hydrophobic

interactions, are blurred.21,27 For these reasons it is key to

specifically characterize, at the molecular level, the direct

and indirect effects of ions on heterogeneous multicomponent

systems, such as the minimally-hydrated polymer systems

presented here.

This study focuses on the subtleties of hydrogen bonding, by

characterizing populations and dynamics, within polyethylene

glycol diacrylate (PEGDA) in minimally hydrated solutions with

only 0.53 to 2.62 water molecules per ether oxide unit.29,30 By

emphasizing PEGDA’s role as a quasi-solvent in these sparsely

hydrated environments, our approach aligns with the framework

devised to interpret ions in aqueous as well as non-aqueous

systems. The choice of polymer (PEGDA) presents a unique

model as PEGDA is similar to PEG, but with terminal ester

carbonyl groups, which serve as local vibrational probes, as well

as CQC double bonds. The highly hydrophilic nature of PEGDA

makes it highly responsive to changes in hydration level.

To measure hydrogen bond populations and dynamics, we

use Fourier Transform Infrared (FTIR) spectroscopy.31,32 which

reports on the average number of water–carbonyl hydrogen

bonds, revealing how these interactions are modulated by

different ions as well as water content. Two-dimensional infra-

red (2D IR)33 spectroscopy provides probes of the dynamics of

the hydrogen bond lifetimes at the ester carbonyl termini—a

local probe of the surrounding solvation environment. Com-

bined, these spectroscopies will thus serve as a foundation for

understanding the intricate chemical interplay dictating the

behavior of PEGDA in the presence of specific ionic species in

minimally hydrated solutions.

Methods
Polymer sample preparation

Poly(ethylene glycol) diacrylate (average molecular mass:

700 g molÿ1, corresponding to B13 ether oxide units) was

purchased from Sigma Aldrich. First, salt-free PEGDA/D2O

solutions were prepared at different weight fractions (e.g., 0,

0.20, 0.40, 0.60, 0.80, and 1.0 g D2O/g PEGDA).
15 Corresponding

to these weight fractions, the number of water molecules per

ether oxide unit were calculated as 0, 0.53, 1.07, 1.56, 2.08, and

2.62, respectively. Samples were prepared volumetrically at

room temperature and vortexed to ensure complete mixing.

Next, salt-doped polymer/D2O solutions were prepared at con-

centrations of 0.1 mol salt per L with LiCl, NaCl, KCl, NaF, and

NaBr. For each salt, samples were prepared at a constant salt

concentration (0.1 mol Lÿ1), with varying weight fractions of

PEGDA/D2O solutions (0, 0.20, 0.40, 0.60, 0.80, and 1.0 g D2O/g

PEGDA). D2O is used to avoid interference from the strong

H–O–H bending vibration near 1640 cmÿ1. H2O presents

combination bands that can extend into the critical carbonyl

stretching region (1700–1750 cmÿ1). These spectral features

could overlap with and obscure the carbonyl stretching vibra-

tions of the polymer, complicating our analysis. By contrast,

D2O shifts the O–D stretching vibration to a lower frequency

(B2500 cmÿ1) and its bending vibration to around 1210 cmÿ1,

thereby providing a clear spectral window for observing the

carbonyl region without overlap.

Fourier transform infrared (FTIR) spectroscopy

The samples were placed between two flat CaF2 windows with-

out a spacer, giving an approximate path length of 6 mm, which

is required to maintain a maximum absorbance of o1 in the

CQO stretching region. The requirement for thin sample path

lengths is the primary reason why polymer solutions were used

instead of polymer films. FTIR spectra were measured at 1 cmÿ1

resolution using a Bruker InvenioS FTIR spectrometer. The

spectrometer chamber was purged with dry air. Each spectrum

is an average of 32 scans. All spectra were collected at room

temperature.

2D IR spectroscopy

Ultrafast 2D IR spectra were measured using a custom-built

spectrometer described previously.34 In brief, 100-fs mid-IR

pulses, centered at 5.8 mm, generated using an OPA/DFG, are

split into excitation (pump), and detection (probe) pulses. The

coherence time (t1) is scanned using a mid-IR pulse shaper

(Quick Shape, Phase Tech Inc) and is numerically Fourier

transformed to generate the excitation frequency (o1). The t1
time was scanned to 6 ps in 150 fs steps, and spectra were

Fig. 1 Schematic representation of the Hofmeister classification of the

ions studied here. This figure presents a categorization based on their

effect on aqueous solution structure. The yellow horizontal line demar-

cates the transition from kosmotropes, associated with structure stabili-

zation, to chaotropes, which are linked to structure destabilization. The

Hofmeister series for anions and cations is demonstrated in red and blue

boxes, respectively.
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measured in a 1450 cmÿ1 rotating frame. The probe pulse is

measured using a grating spectrometer in a 128–128-pixel MCT

array, to generate the detection frequency (o3). Spectra were

measured at selected waiting times from 150 fs to 6 ps. All

spectra were measured using a perpendicular pump–probe

polarization condition to minimize the scattered light at the

detector. The 1690–1750 cmÿ1 region was analyzed via center-

line slope (CLS) analysis.35,36 The CLS relaxation as a function

of waiting time is fit to an exponential function, and error

bounds are computed using a statistical bootstrapping method.

Results
Hydrogen-bond populations

Since the populations of different species are dictated by a

balance of polymer–water, polymer–ion, and ion–water interac-

tions, it is important to first characterize the effects of ions on

the hydration of the polymer. To this end, we use FTIR spectro-

scopy to directly measure the average number of water–carbonyl

hydrogen bonds in PEGDA as a function of salt identity and

water content. Specifically, we probe the interactions between

water and the terminal carbonyl groups of PEGDA. This

measurement is reported as the number of water molecules

per ether oxide unit, which serves as a metric for quantifying

water content in these systems.8,37,38 While these measurements

offer valuable insights into the local solvation environment

around the ester carbonyl group, they do not directly probe the

interactions involving the ethylene oxide (EO) units within the

polymer chain. Therefore, the discussion of PEG–water interac-

tions involving EO units is thus inferred from existing literature

and the established behavior of PEG in aqueous environments,

rather than directly observed in this work.

The ester carbonyl terminus provides a local probe for

the solvation environment around the polymer. Carbonyl spec-

tra report directly on the hydrogen bond populations, as a

CQO���H–O–H hydrogen bond shifts the carbonyl vibrational

frequency given that the polymer lacks polar hydrogens, only

polar interactions with water are captured in the spectra. Thus,

the lineshapes report specifically on the fraction of ‘‘free’’ carbo-

nyls (that is, carbonyls without hydrogen bonds) versus ‘‘1-HB’’,

where a carbonyl accepts a single hydrogen bond from water.39,40

Additionally, hydrogen bonds can induce further shifts, but these

are not observed in the present experiments.37

Initially, we compare the measured FTIR line shapes at

varying weight fractions of the alkali chloride salts (Fig. 2) at

a concentration of 0.1 mol Lÿ1. In general, higher water content

results in increased ‘‘1-HB’’ populations as there is more water

available to interact with the polymer. Specifically, between the

solutions with water-to-ether oxide ratios of 0.53 to 2.62, we

observe a 56–63% increase in hydrogen bond population for the

cations Li+, Na+, and K+, respectively. In addition, we observe a

58%, 58%, and 62% increase in hydrogen bond population

for anions Fÿ, Clÿ, and Brÿ, respectively (Tables S1–S6, ESI†).

This means the water molecules can surround and interact with

the PEGDA chains and salt ions, reducing direct interactions

between the polymers and salts. This increased hydration can

diminish the individual impact of different salts, leading to

similar spectra across different salt types at high water content.

We observe the same trend for sodium halides as well (Fig. 2).

FTIR spectra reveal that all cations and anions increase the

number of hydrogen bonds to the carbonyls compared to salt-

free samples. Hydrogen-bond populations, extracted from spec-

tra are shown in Fig. 3 (Gaussian fits in Section S1, ESI†).

Additionally, at a fixed water content, larger ions result in more

CQO hydrogen bonds, as seen by the trends for cations (KCl4

NaCl4 LiCl, Fig. 3a) and anions (NaBr4 NaCl4 NaF, Fig. 3b).

Moreover, the spectra show an increase in the number of CQO

hydrogen bonds as water content increases. Taken together, at

a fixed water content (Fig. 2 and 3), PEGDA containing smaller

ions exhibits fewer water–carbonyl hydrogen bonds than mem-

branes containing less hydrated ions. As the water content of

the solution increases at a fixed salt concentration (0.1 M), the

average hydrogen bond populations all increase and eventually

converge, indicating the influence of salt identity on hydrogen

bond populations becomes diminished.

This convergence can be attributed to the increasing dilu-

tion of the polymer, leading to a more uniform solvation

structure. As the polymer becomes more dilute, its solvation

structure changes less with additional water content, resulting

in the observed convergence of hydrogen bond populations.

Fig. 2 FTIR spectra of polymer–salt solutions with water-to-ether oxide

ratios of 0.53, 1.56, and 2.62. Left Panel. FTIR spectra alkali chloride salts.

Right Panel. FTIR spectra of sodium halide salts.
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This suggests that at higher water contents, the influence of salt

identity on hydrogen bond populations diminishes. Further, we

can consider the role of PEG’s higher hydrogen bond acceptor

ability compared to water, based on the Kamlet–Taft

parameters for short-chain PEGs.41 This suggests that water

molecules are more likely to form hydrogen bonds with PEG

rather than with each other. This propensity likely explains why

the introduction of salts, which disrupt water–water hydrogen

bonding, enhances the availability of water to interact more

with PEG rather than remaining self-associated. This effect is

supported by the fact that ions in solution are predominantly

solvated by water, as evidenced by the significantly negative DH

of solvation for water compared to ethylene glycol. This differ-

ential solvation highlights the ionic influence in promoting

water–PEG interactions over water–water interactions, aligning

with the observed trends in hydrogen bonding in our experi-

ments. These considerations help rationalize why, at higher

water contents, we see an increase in CQO hydrogen bonds

and a convergence in hydrogen bond populations across dif-

ferent salts, indicating a diminishing influence of salt identity

under these conditions.

Hydrogen-bond dynamics

Two-dimensional infrared (2D IR) spectra measure dynamic

aspects of polymer–water–ion interactions.33,42,43 Specifically,

the center line slope (CLS) method extracts a frequency–fluc-

tuation correlation function (FFCF) from measurements, which

is subsequently fit to a monoexponential decay. Example 2D IR

spectra are shown in Fig. 4, and all the measured spectra are

shown in Section S3 (ESI†). The FFCF can then be related to the

local dynamics of water molecules, as discussed previously in

the context of surfactants, polymers, and lipids.38,44–47 Shorter

decay constants indicate faster dynamics. We analyze both the

zero and one hydrogen bond peaks for samples of PEGDA

Fig. 3 Hydrogen bond populations for solutions with increasing water content. The figure compares the hydrogen bond populations for the cation

(left panel) and anions (right panel) series at a constant 0.1 M salt concentration.

Fig. 4 Snapshots of 2D IR spectra. 2D IR spectra at 1 ps for anion-series

(left panel) and cation-series (right panel) polymer solution at water : EO

ratio of 1.29 are shown. In 2D IR spectroscopy, the spectra are plotted with

excitation frequency on the x-axis and detection frequency on the y-axis,

capturing the vibrational dynamics and coupling within the sample. The

red peaks represent the 0 - 1 transition, indicating the population of

vibrational modes excited from the ground state to the first excited state,

while the blue peaks correspond to the 1 - 2 transition, associated with

excited state absorption. The red line illustrates the center line slope (CLS)

fitting of the one hydrogen bond feature. All other 2D IR spectra are shown

in Section S3 (ESI†).
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within the cation (Li+, Na+, K+) and anion (Fÿ, Clÿ, Brÿ) series at

water : ether oxide ratios of 1.29 and 2.62 (50% and 100%

solutions respectively). For these solutions, we focus on the

one hydrogen bond feature since the zero hydrogen bond

feature shows no appreciable dynamics in the timescale of

the measurements. The remainder of the results, alongside the

fitting range and parameters are included in Section S3 (ESI†).

The one hydrogen bond feature observed in the 1700–

1750 cmÿ1 range signifies a carbonyl group involved in a single

hydrogen bond, either with another molecule of water or with

functional groups on the polymer. This state is more typical in

hydrated polymer systems. In this context, the dynamics are

shaped by water–water and water–polymer/ion interactions.

The strength, number, and nature of these interactions dictate

the timescales of hydrogen–bond fluctuations and molecular

reorientation, as reflected in the decay constants of the one

hydrogen bond feature. Notably, the presence of ions, particu-

larly larger ions or those with specific charge distributions, can

disrupt the hydrogen bonding network, altering the mobility

and arrangement of water molecules. Therefore, by analyzing

these two hydrogen bond features, we obtain a molecular

picture of the water dynamics. Our results for the one hydrogen

bond feature will be discussed in this section.

We start our investigation with the anion-series solutions.

For the 1.29 and 2.62 water : EO ratio 2D IR spectra, a notable

faster hydrogen bond dynamics is observed with larger ions

(Fig. 5). These observations imply that larger ions disrupt

the local hydrogen bonding network, leading to bifurcated,

or otherwise weaker hydrogen bonds with shorter lifetimes.

The Hofmeister conceptual framework can further support

these results.17,21 Fluoride (Fÿ) is a kosmotropic ion, which

tends to stabilize water structure and strengthen hydrogen

bonds. Chloride (Clÿ) is less kosmotropic than fluoride, and

bromide (Brÿ) is considered chaotropic. Therefore from Fÿ to

Clÿ to Brÿ, the water structure becomes increasingly disrupted,

leading to a decrease in the strength and lifetime of hydrogen

bonds.10,48–50 This results in faster hydrogen bond dynamics, as

sensed by the carbonyl probes. It is important to note that the

anions are primarily solvated by water, and not by the polymer

backbone. Thus, ions accelerate hydrogen bond dynamics as

they disturb the hydrogen bonding network, leading to shorter-

lived hydrogen bonds to the carbonyls. The ions, primarily

solvated by water, also affect local dynamics as water molecules

reorient around the ions and carbonyl groups of PEGDA. In

addition, these results align with molecular dynamics simula-

tions which suggest that larger halide ions can alter the

arrangement and hydration-shell dynamics more so than smal-

ler halide ions.49

Next, we examine the cation-series solutions. Similar to the

anion results, larger ions lead to faster dynamics. Therefore, by

increasing the radius from Li+ to Na+ to K+, the decay constant

is shorter, implying that hydrogen bond dynamics become

faster (Fig. 5). This observation can be interpreted within the

solvation sphere surrounding the cations. This observation can

be interpreted within the solvation sphere surrounding the

cations, where the difference in structuring ability is attributed

to their hydration characteristics. Li+, with its smaller size and

higher charge density, forms a more structured and tightly

bound hydration shell compared to the larger K+ ion. In

contrast, the larger K+ ion results in a less structured water

environment, leading to the observed faster dynamics of hydro-

gen bonding. The notable differences in DH1 of hydration for

Li+ (ÿ5.8 kJ molÿ1) compared to K+ (ÿ3.2 kJ molÿ1),3,51,52 and

the corresponding Gibbs free energies of solvation (DG1) for Li+

(2.5 kJ molÿ1) and K+ (6.3 kJ molÿ1)3,51 underscore this beha-

vior. The less negative DG1 for K+ indicates weaker interaction

with water, resulting in a more dynamic and less structured

solvation shell. Consequently, Li+’s more structured hydration

shell leads to stronger and slower hydrogen bond dynamics,

whereas K+’s looser shell correlates with faster dynamics.

Though modest in absolute terms, these differences in hydra-

tion enthalpy and Gibbs free energy play a crucial role in

shaping the solvation and hydrogen bond dynamics observed

in our study.21,53,54

Fig. 5 Frequency fluctuation correlation function time constants for

anion-series (left panel) and cation-series (right panel) at 1.29 and 2.62

water:EO ratios as indicated in the plot. For 1.29 solutions, the time

constant decreases for larger anions (Fÿ 4 Clÿ 4 Brÿ). The same

observation is made for the 2.62 solutions. For the same ion with

1.29 and 2.62 water : ether oxide ratio, the decay constant increases,

demonstrating a slowdown in dynamics with increased water content.

For cations, the correlation time decreases for larger cations (Li+ 4

Na+ 4 K+ÿ). The same observation is made for 2.62 solutions. For the

same ion, the decay constant increases, demonstrating a slowdown in

dynamics with increased water content.
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Discussion

We analyzed the dynamic behavior of ions in minimally hydrated

poly(ethylene glycol) diacrylate (PEGDA) systems. Our studies

position PEGDA as a minimally hydrated medium where ion

concentration is kept constant, ensuring sufficient ion solvation.

This unique dual characteristic enables us to isolate specific

effects of ion hydration, independent of extensive bulk water

interactions, thus providing more direct insight into ion-

polymer dynamics. The focus was on three specific cations (Li+,

Na+, K+) and three anions (Fÿ, Clÿ, Brÿ), examining their behavior

within the solvent matrix. The results demonstrate that the

dynamics of these ions conform to established ionic series: anions

adhere to the Hofmeister series, where larger anions exhibit faster

dynamics, while cations follow the reverse lyotropic series—also

interpretable under the Hofmeister framework—where larger

cations similarly show increased dynamic behavior. Additionally,

we observed that as hydration increases, there is a marked slow-

down in its dynamics. This underscores the significant impact of

hydration on the PEGDAmatrix, illustrating the interplay between

hydrogen bond structure and dynamics.

Hydration effects

To contextualize the hydration effects within the broader scope of

ion-specific effects in polymer systems, it is essential to discuss

size-specific characteristics and how these relate to hydrogen

bond dynamics in minimally hydrated systems. In cations, water

coordinates through the oxygen atom, resulting in tightly bound

hydration shells that significantly immobilize solvation-shell

waters, promoting a more structured solvation shell for smaller

ions. In contrast, larger cations exhibit weaker coordination

allowing water molecules to remain ‘‘free’’ to interact with the

polymer matrix or other water molecules, essentially exhibiting

‘‘bulk-like’’ behavior. Hydrogen bond populations showed that

there was increased hydrogen bonding to the carbonyl group for

larger cations and less for smaller cations. This is consistent with

the interpretation that having a more structured solvation shell

prevents water from forming favorable H-bond configurations

with the polymer. Further, unfavorable overlaps in the hydration

zones of ions and PEGDA, as well as direct polymer–ion interac-

tions could lead to partial dehydration. This effect is more

pronounced with smaller cations due to their denser hydration

shells which limits their overlap with the carbonyl solvation shell.

On the other hand, larger cations interact more weakly with water,

leavingmoremobile water molecules to induce hydrogen bonding

with the PEGDA carbonyls.55 In anions, though the water–ion

interactions are different, the argument is similar, larger anions

containmore tightly bound shells, that constrain watermolecules,

leading to fewer hydrogen bonds with the polymer.

Hydrogen bond dynamics

2D IR revealed that larger anions lead to faster dynamics. For

cations, larger ions result in faster dynamics. This trend can

also be explained using size-specific effects on the hydration

shell. In PEGDA, smaller cations such as Li+ create a more

structured environment around the polymer, while larger, less

hydrated cations like K+ have a less structuring effect. The tightly

bound water around Li+ results in constrained geometries that

both lower hydration and increase hydrogen bond lifetime as

water lacks both proper tetrahedral orientations and flexibility

that is required for hydrogen bond switching. With anions, this

trend can be similarly interpreted through the effect on local

solvation shells. Stronger hydrogen solvation shells and lower

hydration lead to longer-lived hydrogen bonds due to poor

geometric alignments as the molecular configurations lack

proper tetrahedral alignment for hydrogen bond switching.

Recent studies on non-aqueous solvents27 offer a useful

point of comparison, particularly in illustrating specific-ion

effects like electrostriction and variations in standard molar

volumes within non-aqueous solvents. Interestingly, monova-

lent ion behavior consistently aligns with the Hofmeister series

across various solvents, highlighting the universal nature of

ion-specific effects and the strong relationship between ion

charge density and observed effects. In contrast, our system

involves water solvation. In particular, enthalpy changes asso-

ciated with hydrating ions3,52,56–60—compared to those from

solvating ions with ether oxide—suggest that water interactions

drive the observed dynamics (i.e. the ions remain mostly

hydrated). This distinction underscores that while Hofmeister

effects can be useful for bulk water and for non-aqueous

solvents, the dynamics in our study are primarily driven by

local interactions.

Ion effects on PEGDA

In mixed-solvent environments, ions tend to be preferentially

solvated by one solvent species. Recent simulations61 on single

salts in PEGDA show that the binding of ions by ether oxygens

in equilibrated membranes and the distribution of water–water

and water–ether oxygen contacts demonstrate significant inter-

actions between ions and the polymer matrix. Therefore, while

ions are preferentially solvated by water, as water content

decreases, there is a shift towards more direct ion–polymer

interactions. Consequently, these interactions can affect the

dynamics within the system. Under highly dehydrated condi-

tions, ions may exclude part of the solvation shell, leading to

selective solvation by the polymer. The extent to which cations

and anions are preferentially solvated differs given the electro-

statics of the PEGDA backbone, meaning that the overall effect

is influenced by the nature of both ions. This preferential

solvation leads to deviations from their behavior in bulk

solvents.

In addition, we can compare the relative effects of cations

versus anions. The standard hydration free energy and partial

molar volumes reveal that anions can more effectively influence

the solubility of non-electrolytes due to their relatively weaker

solvation.59,60,62 Larger ions generally have less favorable solva-

tion energies.56–58 Comparing our 2D IR measurements of

hydrogen bond dynamics (Fig. 5), this effect becomes clear:

anions like Brÿ have a greater impact on disrupting the water

structure compared to cations like Na+. This observation is

consistent with the known asymmetry in water’s hydrogen

bonding, where water can donate hydrogen bonds to anions
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but not to cations, leading to a more significant disruption

of the hydrogen bond network by anions. These findings

align with the concept of preferential solvation and the impor-

tance of understanding these interactions to accurately inter-

pret ion behavior in mixed-solvent systems. From our work, we

observe that both ion identity and their size and hydration play

critical roles in interpreting ion behavior in mixed-solvent

systems.

Guided by the above observations, we postulate a set of

mechanisms by which anions and cations interact with the

polymer matrix in minimally-hydrated polymer systems. Our

direct measurements using FTIR spectroscopy focus on the

interactions between water and the ester carbonyl groups of

PEGDA, which provide insights into the local solvation environ-

ment and ion interactions with these terminal groups. How-

ever, it is important to note that the interactions involving the

ether oxide units of the polymer chain, such as the proposed

interactions shown in Fig. 6, are not directly observed in this

study. These inferred interactions are based on established

concepts and literature from related systems where such behav-

iors have been documented.22,48,63

1. Polarization of water molecules: anions can alter the

hydrogen bonding network by polarizing adjacent water mole-

cules (Fig. 6A). This polarization primarily refers to electronic

polarization, where the electron cloud around the water mole-

cules is distorted by the electric field of the anion. This effect

can lead to smaller anions producing longer-lived hydrogen

bonds, as seen in our 2D IR data, which shows slower hydrogen

bond dynamics for solutions with smaller anions.

2. Modification of hydrophobic hydration: anions influence

the hydrophobic hydration of the polymer by altering the

tetrahedral hydrogen bond networks around the hydrophobic

segments (Fig. 6B).24,26,48,64 This is deduced from the

general behavior of ions in hydrophobic environments and

is supported by trends observed in our hydrogen bond

population data.

3. Direct binding to the polymer: anions can interact with

the conjugated ends of the polymer through van der Waals

forces. These interactions could impact the polymer matrix,

manifesting as salting-in or salting-out effects which could

create heterogeneous domains enriched in polymer (Fig. 6C).

This is suggested by the variations in hydrogen bond

Fig. 6 Schematic representation of anion and cation interactions. (A) Anion-induced polarization of water molecules within the shared solvation shells

in the polymer. (B) Anions altering hydrophobic hydration by modifying hydrogen bond networks around the hydrophobic segments of the polymer,

(C) direct binding of anions to the polymer’s functional groups. (D) Cations maintaining hydration shells that stabilize the polymer structure and interact

with ether oxygens, (E) direct interactions of relatively dehydrated cations with the polymer chains via binding to ether oxygens. (F) Cation–p interaction

between cations and the negatively charged p-electrons the PEGDA termini.
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populations across different anions, as well as by the shifts in

FTIR spectra.

Cations also demonstrate diverse interaction patterns in

PEGDA solutions, influenced strongly by their hydration states:

4. Hydration shell dynamics: cations such as Li+ and Na+

maintain their tightly bound hydration shells. The water mole-

cules within this hydration shell are constrained, resulting in

slower dynamics for smaller cations (Fig. 6D). This is directly

observed in the 2D IR spectra where smaller cations exhibit

slower hydrogen bond dynamics compared to larger cations

like K+.

5. Direct interactions with ether oxygens: under low hydra-

tion, direct interaction with ether oxide oxygens is likely (Fig. 6E).

Smaller ions have increased preferential interactions with the

negatively charged ether oxides in PEGDA. Direct interactions

constrain the polymer resulting in slower dynamics and this

aligns with our data showing slower dynamics for smaller

cations in minimally hydrated environments.

6. Cation–p interactions: cations can directly interact with the

negatively charged p-electrons the PEGDA termini (Fig. 6F).

Cation–p interactions are well documented in literature, particu-

larly involving larger aromatic systems, and are inferred here as a

potential interaction based on the observed trends in the spectra.

Ion-specific interactions

Recent studies have illuminated the complexity of specific ion

effects, revealing that ion behavior is influenced by a multitude

of factors beyond just ion size and hydration. Gregory et al.65

demonstrated that radial charge density and site-specific elec-

trostatic interactions are pivotal in understanding specific ion

effects, particularly in how ions interact with surfaces and

solvents. This nuanced understanding challenges the tradi-

tional view that ion size is the primary determinant of solvation

dynamics. Mazzini and Craig27 extended this perspective by

exploring the role of electrostriction and the variations in

standard molar volumes, emphasizing that ion-specific effects

are deeply rooted in the balance between electrostatic forces

and the intrinsic properties of ions. Additionally, Parsons

et al.66 highlighted the significance of nonelectrostatic poten-

tials, such as ionic polarizability and van der Waals forces, in

influencing Hofmeister effects, particularly in colloidal systems.

These factors, combined with surface hydration dynamics, sug-

gest that the manifestation of specific ion effects is a result of a

complex interplay between multiple physicochemical properties.

Our findings, while primarily focused on ion size and hydration,

align with this broader context, acknowledging the multifaceted

nature of ion behavior as it relates to the stability and dynamics

of hydrogen bonds in confined environments.

Ion-independent hydration effects

Another important observation in our systems is the dynamics of

the same ion at different hydration levels. A pronounced slowdown

in hydrogen bond dynamics was observed with an increase in

water content for the same ion. Increased water–water hydrogen

bonding typically exhibits slower dynamics.8,40,44 This observation

is consistent with the understanding that sufficient water is

necessary to ensure proper hydrogen bonding geometries of

bound water or within hydration shells. As the water content

increases, the hydration shells around the polymer become more

structured, leading to slower dynamics as observed in

Fig. 5.5,10,49,67 In brief, with an abundance of water, each oxygen

atom is more likely to engage in a robust hydrogen bond network

compared to dehydrated environments where water is crowded by

the polymer, not able to engage in proper hydrogen bonding. This

enhanced network at higher water contents forms geometrically

favorable hydrogen bonds, which inherently exhibit slower

dynamics. This effect can be attributed to the increased likelihood

of optimal orbital overlap between the polymer lone pairs and the

hydrogen atoms of water.68,69 The resulting matrix is one where

water molecules are more tightly bound, which is reflected in the

extended hydrogen-bond lifetimes, characteristic of more ordered

systems (Fig. 7).22

In addition to the enthalpic contributions discussed, the

dynamics of hydrogen bonding in our system are also influenced

by entropic factors, particularly under confined conditions. As

water content increases, the hydration shell around the polymer

Fig. 7 Schematic representation of hydrogen bonding interactions with

ester carbonyl groups in different water environments. The top panel

illustrates a scenario with lower hydration levels, where the ester carbonyl

group forms fewer hydrogen bonds with water molecules, leading to more

dynamic behavior as water molecules lack proper geometries due to

crowding by the polymer. The bottom panel depicts a scenario with higher

hydration levels, where the ester carbonyl group is involved in extensive

and stable hydrogen bonding with multiple water molecules, resulting in

slower dynamics.
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becomes more structured, leading to a reduction in entropy (DS)

due to decreased molecular freedom. This reduction in entropy,

in conjunction with favorable enthalpic interactions, results in a

lower free energy (DG = DH ÿ TDS), thereby stabilizing the

hydrogen bond network. The interplay of these thermodynamic

factors—where the enthalpic gains from optimized hydrogen

bonds are counterbalanced by entropic penalties—provides a

comprehensive explanation for the slower hydrogen bond

dynamics observed at higher water content.

Anomalous ion behavior

In addition to the general trends observed with varying ion size

and hydration, it is noteworthy that fluoride (Fÿ) and lithium

(Li+) ions, which typically exhibit anomalous behavior in many

systems, conform more closely to expected trends within our

study. This behavior is often attributed to the high charge

density of Fÿ and the small, hydrated ion size of Li+, leading

to strong interactions with water molecules that deviate from

those of other ions. However, in our study, the reduced solva-

tion environment may be mitigating these effects, allowing

these ions to behave in a manner more consistent with the

other ions studied. This observation suggests that the solvation

state plays a role in modulating the ion-specific effects, poten-

tially masking the unique properties of these ions.

Conclusion

This study on hydration dynamics within PEGDA solutions

explored the influence of ions on polymer systems. FTIR and 2D

IR spectroscopy revealed the impact of anions and cations on

populations and dynamics across varying hydration levels. Larger

ions, regardless of charge, accelerate hydrogen bond dynamics

within PEGDA as evidenced by the shorter frequency fluctuation

correlation decays observed between smaller, structure-stabilizing

ions like Li+ and Fÿ, and larger, structure-disrupting ions such as

K+ and Brÿ. Notably, these observations persist irrespective of the

hydration levels. Further, independent of ion identity increased

hydration leads to slower dynamics compared to dehydrated

conditions. These findings underscore the importance of ion

identity in dictating the organization of water molecules. These

studies further our understanding of ion behavior in hetero-

geneous multi-component systems where water molecules are

highly confined, revealing the interplay between ion concen-

tration, hydration level, and polymer interactions. The insights

pave the way for future investigations aimed at exploiting these

interactions in the design of new polymer-based materials and

technologies.
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