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polymer layers of this kind.23,24 While the properties of
sulfobetaine materials are often attributed to strong hydration,
the actual physical origin of these effects and even the physical
nature of the hydrating layer remain imperfectly understood.
Since applications of the unique stimuli-responsive and
antifouling properties of polybetaine and other polyzwitterion
polymers are highly prized, the present work focusses on the
quantification of the hydration layer in this class of polymers,
especially the dynamics of the hydration layer.

Simulation studies of polybetaine stimuli response properties
are limited and have tended to emphasize the role of hydration
on the antifouling properties of this class of polymers. Coarse-
grained simulations23 have considered competitive self- and
solvent-interactions of polybetaines in relation to under-
standing qualitative trends in their stimuli-responsive proper-
ties. Recently, simulation studies have begun to focus on the
physical nature of polybetaine hydration.25−27 As a starting
point, the biosourced betaine, glycine, has served as a model
system for understanding how molecular structure and
chemistry influence hydration with a view of identifying factors
that might be controlled in order to create more effective
antifouling surfaces.27 This work indicated structural evidence
for a hydration layer that extended 1.5 or 2 water layers (i.e.,
solvation shells) around the betaine molecule, based on a local
tetrahedral order parameter appropriate to water, suggesting a
hydration layer thickness on the order of a few angstroms.
These simulations also claimed evidence supporting that the
presence of the polymer hydration layer reduced the strength
of the polymer excluded volume interactions, a phenomenon
inferred to be key for understanding the observed antifouling
properties of these materials.27 Another notable molecular
dynamics (MD) study focusing on the interaction of lysozyme
molecules with a high grafting density phosphorylcholine
polymer brush layer identified the presence of a relatively long-
range effective repulsive force between the protein and the
polymer layer extending out to a distance of about 10 Å from
the polymer grafted layer surface.28 This work proposed that
the long-range repulsive force resulted from the hydration
layer, offering an additional clue about the nature of the
hydration layer in these polymers. Notably, this last work
indicated the existence of a hydration layer extending well
beyond the immediate interfacial region around the polymer
where the water structural organization is discernably altered
from that of bulk water. The quantification of this less well-
understood dif fuse hydration layer is the focus of the present
work.

It is becoming increasingly appreciated from accumulated
studies of water-soluble polymers that hydration involves both
a static hydration layer in the immediate proximity to the
polymer moieties and a more extended vicinal or dynamical
interfacial zone (i.e., dynamic hydration layer) in which the
water dynamics are significantly altered from bulk water. Most
quantitative studies of extended hydration layers have focused
on proteins and lipid membranes so the generality of the
phenomenon for other water-soluble polymers is currently
unclear. Recent works25,26 have emphasized the possible
complex synergistic effects between hydration with competing
interactions that influence protein−protein interactions. For
example, some studies25,29,30 have suggested a possible role in
which the dynamic hydration layer of some proteins reduces
the entropic penalty for intermolecular association, a
phenomenon that might also be operative in polyzwitterion
polymers. This proposed entropic contribution has also been

suggested in connection with co-ion interactions in simulations
of polyelectrolyte association.31,32 The current limited
fundamental understanding of hydration and appropriate
hydration metrics of this phenomenon makes further
quantification difficult.

It has often been claimed that proteins are related to
polyzwitterions,19,33 and in accepting these arguments, it is
natural to compare the solution properties of proteins to
zwitterionic polymers for common observational trends in
both classes of polymers. It is generally appreciated, for
example, that the extended hydration layer of proteins can
actively facilitate protein binding and folding, phenomena of
profound biophysical importance.34−40 Is there analogous
behavior found in polyzwitterion polymers? The relatively high
solvent mobility in the dynamic hydration layer on a
picosecond timescale (THz frequency) has been found to be
strongly coupled to the longer timescale conformational
changes of proteins.35,40,41 This observation points to the
potential importance of picosecond dynamics of the hydration
layer in polyzwitterionic polymers. It has been suggested that
the protein hydration layer can give rise to long-range
interactions between the proteins in solution, allowing these
macromolecules to “see” each other at relatively large distances
and to regulate both their binding30 and targeted docking.41,42

Historically, the existence of an extended dynamic hydration
layer was first observed in terahertz (THz) spectroscopic
measurements of protein solutions, where the protein
concentration was gradually increased until collective effects
were observed.40,43 The onset of these collective effects are
interpreted to indicate a more rigid hydrogen bonding
network44 and are considered to result from the overlap of
protein dynamic hydration layers with a thickness from 10 to
18 Å.40,43,45 These pioneering THz spectroscopy measure-
ments probing the dynamic interfacial layers of proteins and
other biological molecules40,43,45,46 have since been extended
to other measurement methods such as femtosecond-resolved
fluorescence44 and dynamic neutron scattering47,48 that
confirm the same qualitive picture of a dynamic hydration
layer having a thickness in the order of a nanometer, as we find
below in our simulations of polybetaine polymers in solution.

Simulation studies have supported THz spectroscopic
measurements on protein solutions. These simulation studies
indicated a dynamic hydration layer ranging from 10 Å up to
12 Å,40,48,49 compared to spectroscopic estimations of a
dynamic hydration thickness from 10 Å up to 18 Å40,43,45 for
the studied proteins and solution conditions. The method-
ology for identifying the dynamic hydration layer in these
former simulations of protein solutions is rather involved and
requires time-consuming computations, e.g., the calculation of
the dipole/velocity autocorrelation function,40,48,49 a property
convoluted with the diffusion of the solvent.50,51 There is
evidently a need for a more computationally economical
approach for elucidating the mobility gradient and for
identifying a metric to discern the extent of dynamic hydration
and the mobility gradient in this layer that can be more readily
linked to measurements. We address this general problem by
developing a methodology applicable for estimating the extent
of the dynamic hydration layer, and moreover, this method
even enables the direct and facile visualization of these layers in
simulations of polymer solutions. It is our hope that this
methodology will provide the basis of a general-purpose
metrology for better identifying and quantifying the hydration
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layers, allowing future studies to ascertain their effect on the
properties of these solutions.

The connection between the picosecond timescale dynamics
probed in THz spectroscopy measurements with processes
occurring on much longer timescales requires some comment,
even though this is not a new idea in either the protein35,38−40

or polymer physics52,53 literature. In particular, the solvent
dynamics on the timescale of a picosecond has been observed
to be strongly correlated with protein conformational changes
and changes of enzyme activity.35,38−40 In polymer physics,
another connection between picosecond dynamics and
relaxation/diffusion processes occurring on a vastly longer
timescale where picosecond dynamic properties of the polymer
fluid were found to be related to the α-relaxation time, τα,
obtained from the intermediate scattering function.52,53 In
these works, the picosecond dynamics involved was defined as
the average mean squared atomic displacements of the polymer
segments on a picosecond timescale (i.e., ⟨u2⟩ or the Debye−
Waller parameter), suggesting that this quantity should be
useful in quantifying the dynamics of the polybetaine hydration
layer. Importantly, a similar correspondence between τα and
⟨u2⟩ has been observed for simulated bulk water,54 as well as
diverse other liquids, ranging from polymeric and metallic
glass-forming liquids.30,55−57 We then consider ⟨u2⟩, which is
at least readily measurable in bulk materials, as providing a
suitable and easily computed metric for quantifying local
mobility in the hydration layer and complex fluids
generally.30,52−57 In a related pioneering work based on this
idea, ⟨u2⟩ estimates for water molecules allowed the visual-
ization of the water mobility field around amyloid fibrils.30

Moreover, in a previous work, it has been observed that
contributions to the vibrational density of states, correspond-
ing to a picosecond timescale or to a THz frequency range, can
be used to discern bound, unbound, and free water around a
solvated enzyme.51 The present work is distinct from these
previous studies, emphasizing fast THz dynamics in its focus
on ⟨u2⟩ to quantify the mobility within the dynamic hydration
layer around the polybetaine polymers. The metric, ⟨u2⟩, is a
computationally accessible means of quantifying liquid
mobility that can be measured experimentally by a variety of
methods for the whole material and readily estimated by
simulation. This property exhibits a strong correlative
interrelationship to the rate of structural relaxation and
diffusion processes occurring on much longer timescales.

This work utilizes all-atom molecular dynamics (AA-MD) to
analyze the hydration layer of poly(3-[2-(acrylamido) ethyl-
dimethylammonio] propanesulfonate) (PAEDAPS) with and
without 100 mmol/L NaCl at several temperatures from 10 to
50 °C. We were initially motivated to simulate this polymer in
100 mmol/L solution by observations from Delgado and
Schlenoff,58 in which a striking drop in the apparent Rh of this
polymer was reported with the addition of salt to the polymer
solution. This effect was attributed by them to a change in the
polymer hydration layer. To allow for a feasible computation,
the polybetaine molecule was represented as a 30 repeat unit
chain to mitigate the effect of self-interactions that are
prevalent in longer polymers, which can greatly alter chain
conformational structures. This constraint to relatively short
chains allows us to focus on the solvation dynamics around the
polymer, but limits our study of how the chain dimensions are
altered with the addition of salt, one of the outstanding
questions about this class of polymers. We find that the
addition of salt can influence the dynamics within the

polybetaine dynamic hydration layer. Moreover, we find that
the dynamic hydration layer can be naturally decomposed into
an interfacial region around the polymer backbone in which
the water mobility is greatly influenced by the movement of
the brushlike pendant groups of the polybetaine polymers and
an additional region beyond this layer in which the water
mobility is significantly altered.

We begin by defining our methods in Section 2, followed by
our results in Section 3. Our work considers three solvent
regimes about the polybetaines polymers, the first being bulk
solvent. Second, there is water directly associated with the
polymer pendant groups and, correspondingly, we quantify the
length scale of pendent group extension from the chain
backbone in Section 3.1. We also estimated the probability
distribution of the number of monatomic ions among the
pendant groups at a particular moment in time because of their
potential relevance to the intermolecular interactions of
charged polymers, including polyzwitterions.31,32 The third
regime represents the region between the bulk and space
sampled by the polymer pendants, which is a vicinal region of
dynamically altered water. In Section 3.2, we determined ⟨u2⟩
in order to define the transition from the vicinal region to the
bulk solvent with the overall thickness of the dynamic
hydration layer and the water mobility gradient within this
layer. Section 3.3 characterizes the water residence time in the
dynamic hydration layer, a quantity previously studied in
connection with defining water strongly bound to biomole-
cules.59 Because the variation in hydration stability with
respect to changes in stimuli or chemistry are often attributed
to changes in functional group stiffness,44,50,60 Section 3.4 uses
the Debye−Waller parameter ⟨u2⟩ to again assess the influence
of stimuli effects on polymer functional group mobility. Lastly,
Section 3.5 includes the hydrogen bond analysis between
polybetaine and water, as this analysis of the static hydration
layer is the standard methodology of probing hydration
effects.27,44,60−66

2. METHODOLOGY
2.1. Simulation Details. This work models a polybetaine

system with an atomistic MD approach. Three independent
boxes allowed for statistical analysis and were built at each
temperature and salt concentration with the MosDef‡ suite
(i.e., mbuild‡,67 and foyer‡,68). Each box then contains an
independently generated atactic polymer (sequences shown in
Section S1) with a 30 repeat unit degree of polymerization,
solvated with 26,875 water molecules, and when applicable, 42
NaCl pairs. Water is represented with the transferable
intermolecular potential four point model parametrized to
include long-range Ewald summations of charge interactions,
i.e., the TIP4P-Ew model,69 and NaCl with the corresponding
parameters for the Joung and Cheatham70 monovalent salts,
which together serve as a prominent electrolyte model that is
sufficiently representative of water dynamics and simulta-
neously spans the monatomic ion series. This choice will allow
future comparison of this work with other salt combinations.
However, TIP4P-Ew is known to slightly underperform in
comparison to TIP4P/2005,71 which is equipped with a more
limited series of ions.72 The polybetaine, PAEDAPS, is
modeled with the generalized forcefield, optimized potentials
for liquid simulations (OPLS-AA)73,74 with the expansion of
sulfonate parameters.75 Ammonium parameters were obtained
from the Enhanced Monte Carlo‡,76 package, in which they
were included and substantiated through personal communi-
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cation with the Jorgensen group. The parameters for the Joung
and Cheatham ions and TIP4P-Ew water interact using
Lorentz−Berthelot (LB) combining rules, while the OPLS-
AA forcefield uses geometric combining rules. We then
explicitly set the ion−water cross-interaction parameters
according to the values obtained from the LB combining
rules and adopted the geometric combining rules for
interactions between OPLS-AA and TIP4P-Ew water or the
ions. This strategy was recommended by Joung and
Cheatham70 and substantiated with the use of their ion
parameters for use with SPC/E water and the OPLS-AA
forcefield in a recent work.77 However, it should be recognized
that studies involving the GAFF atomistic forcefield found that
in aqueous solutions with organic ions and salt, the solvent
structure was sensitive to specially tuned parameters,78 taking
such system specific deviations into account could be
considered with a nongeneralized forcefield in a future work.

MD simulations were carried out with the Large-scale
Atomic/Molecu la r Mass ive ly Para l l e l S imula tor
(LAMMPS)‡,79 using periodic boundary conditions and 1 fs
timesteps. Long-range electrostatics were treated using a
particle−particle particle-mesh solver80 with a relative error
of 0.0001. Three independent configurations for each temper-
ature condition ranging from 10 to 50 °C in increments of 10
°C were equilibrated for 1.5 ns with constant temperature and
atmospheric pressure (NPT at 101325 Pa = 1 atm), the last 1
ns was used to calculate the equilibrium box size for
subsequent simulations in the canonical ensemble (NVT),
93 Å. After 6 ns of equilibration, a 5 ns production run was
used for the analysis in our work, as dynamic properties are
most reliably represented in the NVE and NVT ensembles.81,82

This equilibration process is sufficient to reach an equilibrium
state for the aqueous solution (structural relaxation of
approximately 1 ps),83 without allowing conformational
changes in the polymer to obfuscate our analysis of the static
hydration layer, as seen in Section S3 of the Supporting
Information. The Nose−Hoover thermostat and barostat were
utilized with respective dampening factors of 100 °C and 1000
atm, where applicable. The trajectory was recorded every 10 fs
for 50 ps for the total hydrogen bond lifetimes, every 1 ps for 2
ns for intermittent hydrogen bond lifetimes, and the entire
production run for all other properties.

2.2. Analysis of Dynamic Properties. The results of this
work were produced with MDAnalysis,‡,84,85 with the
exception of partial radial distribution functions used for cutoff
values, which were computed in LAMMPS. Of the results
presented below, two aspects require further clarification. For
the first aspect, Sections 3.1−3.3 involve properties of atoms/
molecules at some radial distance from the polymer backbone.
Because the backbone moves, neither a cylindrical nor
spherical shape is appropriate; thus, an isolayer selection
method has been contributed to MDAnalysis to allow this
flexible zone to be obtained, as depicted in Section S4. These
radial metrics were used to define and discuss the extent of
distributions of ions and the dynamic hydration layer to
facilitate a contrast with metrics specific to the static hydration
layer. Here, we provide a visualization of the two hydrating
components in Figure 1, and the complement of this figure,
defining the length scales involved, is shown with our
conclusions. The static hydration layer (first hydration shell)
is defined with a cutoff taken from the first minimum in the
pair-correlation functions between hydrophilic species and
water, leading to a tight surrounding layer in direct contact

with polybetaine. Similarly, the second hydration shell is
defined from the second minima in the radial distribution
function: the first and second minima are tabulated in Section
S8. The dynamic hydration layer is defined by a length scale
radially distant from the backbone. Thus, the defining
difference between these layers is that the static hydration
layer is touching the polymer and the dynamic hydration layer
experiences a hindered mobility from the influence of the
polymer.

The static hydration layer (first hydration shell, immediately
adjacent to the hydrophilic moieties) and its response to
changes in system conditions is traditionally studied with a
hydrogen bond analysis (HBL). In particular, hydrogen bond
analysis involves two quantities, the continuous and
intermittent lifetime, which are, respectively, represented
as:86,87

=S t
h H t
h h

( )
(0) ( )
(0) (0) (1)

=C t
h h t
h h

( )
(0) ( )
(0) (0) (2)

The function h(t) may assume a value of zero or one, where
all hydrogen bonds present at t = 0 are defined with a value of
one. This value of unity is established at an instant that the
same hydrogen bond exists and is zero otherwise; thus, the
bond may break and reform. H(t) in eq 1 retains a value of
unity until the bond is broken, after which point it takes on a
value of zero. Equation 1 then defines the continuous
hydrogen bond lifetime (cHBL), while eq 2 defines the
intermittent hydrogen bond lifetime (iHBL). These two
quantities give rise to different interpretations, where the
cHBL indicates the absolute stability of the bond, while the
iHBL involves this stability in conjunction with diffusive
properties, thus representing the true length of a particular
interaction. The decay curves resulting from this process were
fit to two exponentials for both cHBLs and iHBLs, as the use

Figure 1. Visualization of (a) polybetaine, (b) polymer with the static
hydration layer (first hydration shell), (c) polymer with the dynamic
hydration layer, and (d) polymer with both static and dynamic
hydration layers.
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of multiple exponentials has been needed to adequately
capture the decay curve.60,64 Coupling between diffusion and
hydrogen bond formation is at play in the static hydration
layer, thought to be the microscopic reason behind the
multiple relaxation modes.60 The prefactors of these
exponentials then sum to one, so we have reported the overall
characteristic time as a weighted average of the two relaxation
times as is appropriate. The hydrogen bond of water is defined
to have a donor−acceptor distance less than 3.5 Å with an
angle between the vector created with the donor and hydrogen,
and the hydrogen and acceptor restricted to an angle of 55°.
This choice in the angle is larger than what is traditionally
used; the details of this choice are elaborated on in Section S7
of the Supporting Information.

Section 3.3 shows the residence time of water and ions,
radial distance from the backbone, using the survival
probability function in MDAnalysis. This option defines the
residence time as:

=
+

P
N t t

N t
( )

( , )
( )

t (3)

where τ is the time window and N(t,t + τ) is the number of
particles present in a group from timestep t through timestep t
+ τ, and this correlation is then averaged over the different
starting points. This function allows a geometry-based
selection criteria, where we chose radial distances from the
backbone, e.g., from 4 to 6 Å.

3. RESULTS AND DISCUSSION
3.1. Distribution of Ionic Functional Groups and

Monatomic Ions. To create an understanding of the ion
landscape around the polymer, we obtained the distribution of
key ionic pendant functional groups and monatomic ion
distributions when relevant. First, we computed the distribu-
tion of normal distances between the polymer backbone and
either the nitrogen atoms in ammonium or oxygen atoms in
sulfonate. Figure 2 shows that the ammonium group
distribution is much narrower than that of sulfonate and
neither are Gaussian distributions. To quantitatively discuss
their ranges, the bounding inflection points for the major
features of the distribution in pure water at 10 °C were taken,
as there is little variance in the range under the various system
conditions. Thus, the ammonium group ranges from 5.3 to 6.3
Å (Figure 2a) and sulfonate groups range from 3.6 to 10.5 Å
away from the backbone (Figure 2b). We will define this latter
maximum bound as ξP = 10.5 Å or the bound of major pendant
extension, which will become relevant in Section 3.2. It is
apparent that the sulfonate group samples a broad radial region
(see also Section 3.4), interacting with both the amide group
and ammonium groups represented by the first and second
peaks, respectively. These interactions were confirmed with the
radial distribution functions between sulfonate and ammonium
and are shown in Figure S1. Although these ranges do not
significantly change with either temperature or the addition of
salt, the distribution of OSulfonate sampling shifts. An assessment
of the radius of gyration (Rg) for the polymer is included in
Section S5 where we illustrate that the Rg for this short chain
polybetaine does not exhibit a statistically significant difference
under any system conditions. This substantiates our assertion
that this short 30 repeat unit chain serves to isolate the
hydration effects of the polymer from the known stimuli

response of chain dimensions to temperature and 100 mmol/L
NaCl.

In previous simulation studies involving the same ionic
functional groups but with a methacrylamide backbone and a
slightly longer pendant, it was found that as the salt
concentration increased, the cloud point increased to a
maximum before declining.88 However, this same increase in
ion concentration with a methacrylate backbone resulted in a
monotonic decrease in the cloud point for phase separation.
The nonmonotonic behavior for the methacrylamide corre-
lated with the surface charge measured by the zeta potential of
the polymer, which is positive in pure water and decreased to
zero for the maximum cloud point concentration before the
polymer gained and subsequently increased in negative charge.
Because the methacrylate containing polymer exhibited a
negative surface charge for all salt concentrations, these trends
were taken to be correlated. Although a rationale involving Cl−
penetration was stated in that work for the decrease in positive
charge,88 the reason for a positive charge in pure water as a
starting place was perplexing and still unexplained. We expect
from our results that the propensity for sulfonate to interact
with an amide backbone group in conjunction with the longer
pendant group of that study might be the cause of a positive
surface charge, as this interaction would result in exposed
ammonium groups. An increase in the cloud point observed

Figure 2. Distribution of ionic functional group atoms normal to the
backbone. (a) Nitrogen in quaternary ammonium, NAmmonium, with a
schematic of the pendant group. (b) Oxygen in sulfonate, OSulfonate,
with respect to their respective backbone atoms. Regions highlighted
in yellow (larger area) and blue (central area) represent the ranges
that sulfonate and ammonium traverse, respectively. Shaded regions
represent the standard deviation over the three independent boxes.
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with the small addition of salt88 would then plausibly result
from the replacement of self-pendant interactions with
interactions among other parts of the same chain or from
the collective effect of surrounding chains. Similar reasoning
for the influence of salt has been proposed in other
experimental studies.89−91 Considering the change in the
backbone and the increased length of the pendant, a study of

this specific polymer and a more thorough analysis of relative
binding energies is required for a firm stance to be established.

To better interpret these results, it is important to
understand the distribution of monatomic ions interacting
with the polymer pendant groups. We took an average of the
charge due to monatomic ions at a cutoff value of ξP from the
PAEDAPS backbone to approximate the upper bound of
extension exhibited by the pendant groups as shown in Figure

Figure 3. Probability distribution of monatomic ions and net charge at a particular moment in time within ξP = 10.5 Å of the PAEDAPS backbone
at the lowest and highest temperatures, 10 and 50 °C. The range in the x-axes represent the full range of the distributions. Uncertainty intervals
represent the standard deviation over three independent simulation boxes, which reflect differences in polymer configuration shown in Section S5,
which were not shown to significantly change at 10 °C in Figure S2.

Figure 4. (a) Relative ⟨u2⟩ for all water at a radial distance from the backbone with varying change in stimuli. The mobility relative to the bulk of
(b) first hydration shell (see Figure 1b for visualization), (c) second hydration shell (within the second minimum of the partial pair distribution
function for hydrophilic moieties), and (d) water that is not within two shells of hydration are shown. (e) To clarify the role of NaCl, the relative
mobility of water in its first hydration layer was further separated. Although the change in ⟨u2⟩ as a function rBackbone appears small in (a) because of
the y-axis scale, (f) shows that there is an appreciable change in the ⟨u2⟩ for the bulk solution with respect to temperature. Regions highlighted in
yellow (larger area) and blue (central area) represent the ranges that sulfonate and ammonium samples traverse, respectively. Uncertainty intervals
represent the standard deviation over three independent simulation boxes, where large uncertainties indicate a region with poor sampling of solvent
molecules throughout the 5 ns trajectory or may be smaller than data markers.
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2. At 10 °C, the polymer contains a charge and standard
deviation of (−0.3 ± 1.3) e where on average there are (1.2 ±
0.3) Na+ ions and (1.4 ± 1.1) Cl− ions. At 50 °C, these charges
skew more positive at (0.2 ± 0.3) e with the number of ions
shifting to (0.8 ± 0.2) Na+ and (0.6 ± 0.1) Cl−. Such statistics
suggest few direct interactions between ions within ξP from the
backbone and very little influence in surface charge with a
similar average number of each ion. Notice, Figure 3 depicts
the probability distribution for a given number of ions, where a
box of our size at 100 mmol/L NaCl contains 42 ion pairs.
Figure 3c illustrates the charge average and captures the
variation from −6 e up to 6 e. The averages reported in this
work are dependent on our chosen forcefield; regardless, it is
apparent that there are fluctuations in polymer charge
throughout the simulations, especially with fluctuations in
Cl− ions at 10 °C.

3.2. Quantifying Dynamic Hydration with Radial
Mobility Gradients via ⟨u2⟩. We first recall previous
works aimed at quantifying the dynamic hydration layer and
the influence of this layer on the solution properties of
proteins.40,43−45,92 One such example used the vibrational
density of states (VDOS) of water around a protein to identify
three types of water states: bound, weakly associated, and
unassociated or “free” water.51 The largest differentiating
feature between these categories was the VDOS frequency
range below 50 cm−1, corresponding to diffusion on the
picosecond timescale and thus also to our chosen metric, ⟨u2⟩.
Furthermore, each of these states of water were found adjacent
to even the most hydrophilic or hydrophobic of groups, despite
a naiv̈e expectation of clean separation of these proposed
dynamical states. Thus, we elect to take an averaging approach
to compare the various system conditions of this work. We
then compute ⟨u2⟩, the mean squared displacement at 1 ps,
radially outward from the polymer backbone in isolayers that
change shape according to the flexibility of the backbone, and
the result of which is shown in Figure 4. These averages
include a convolution of effects that arise from the polymer
pendant groups. Our approach provides a means of discerning
the extended dynamic hydration layer, while avoiding
configurational complications. However, we deconvolute our
results between the various types of interfacial solvent such as
those within the static hydration layer (first shell, Figure 4b),
the second shell hydration layer (Figure 4c), and those that are
not in either (Figure 4d, visualizations can be found in Figure
1). For 100 mmol/L solutions, the first hydration shells of
monatomic ions are removed from the other categories as seen
in Figure 4e. Here, we show the results for the extremes of our
temperature range, 10 and 50 °C for clarity. The mobility
profiles at other temperatures can be found in Section S6 of
the Supporting Information.

Not surprisingly, the mobility of the bulk solvent varies
dramatically with temperature. Figure 4f depicts the expected
increase in solvent mobility as temperature increases, as well as
the drop in mobility with the inclusion of 100 mmol/L NaCl,
which is known to increase the viscosity93 of water. It is
apparent from Figure 4a−d that proximity to the polymer
backbone adds an additional effect on the solvent mobility. To
compare these gradients for various system conditions, the data
were scaled by their respective bulk solvent mobility values.

With this scaled perspective, it is apparent that close to the
backbone the solvent mobility is 40% of the bulk value, and the
scaled mobility, ⟨u2⟩/⟨uBulk

2 ⟩, is between 0.83 and 0.85 at the
extent of where sulfonate groups sample, ξP = 10.5 Å. The

mobility of solvent returns to the bulk solvent mobility when
18 Å from the backbone, which is consistent with the
definition of the mobile interfacial layer in ice94 and crystalline
Ni.95 Thus, the ⟨u2⟩ of water is generally suppressed near the
polymer surface under the thermodynamic conditions that we
study. A similar change in mobility relative to backbone
proximity is observed in the static hydration layer. Notice the
high relative mobility for water next to the exposed sulfonate
groups, especially when compared to solvent that lies closer to
the backbone. This observation accords with the conclusions
of a simulation study of the hydration layer around DNA,66

where the static hydration layer was found to be less stable for
charged phosphate groups than polar groups shielded within
DNA grooves. This destabilization of the hydration layer
around charged groups was inferred to be due to its position
exposed to the bulk solvent. The relative mobility of the
second shell is higher (Figure 4c), ranging from 0.65 of the
bulk value at 4 Å to approaching the bulk value at its greatest
extent. Both the first and second hydration layers (Figure 4b,c)
can extend out to 16 Å from the backbone at 50 °C and 15 Å
at 10 °C, which is significantly farther than ξP = 10.5 Å
(Section 3.1), and thus represents the tail of the OSulfonate
distribution shown in Figure 2b. However, the integrity of our
chosen length scale is substantiated in Figure S7, where the
fraction of each type of water depicted in Figure 4
demonstrates that the fraction of water within the static
hydration layer dramatically drops below 10% beyond
approximately 11 Å from the backbone, illustrating the low
impact of the static hydration layer of the few sulfonate groups
beyond the length scale, ξP. The suppressed mobility extending
beyond the second hydration layer (Figure 4d), and to such a
distance from the polymer (18 Å), illustrates polybetaine’s
effect on the surrounding solvent, even for this short chain. It is
apparent from these profiles that the polymer affects the
dynamics of water on a length scale that is larger than the static
hydration layer (3 Å). For this work, we take the dynamic
length scale, ξD, to be the farthest extent, 18 Å, less the extent
of the pendant groups (ξP=10.5 Å), leaving a dynamic length
scale, ξD = 7.5 Å.

When we more closely examine the effect of temperature
changes and salt content on relative mobility profiles,
unexpected trends emerge. First, the addition of 100 mmol/
L NaCl and an increase in temperature both decreases the
relative mobility. This change suggests that an increase in
entropic disparity between dynamically altered water within
the polymer and the bulk solvent accompanies an increase in
temperature and the addition of salt. Such a temperature
dependent trend is an aspect of the hydrophobic ef fect,96,97 as it
pertains to entropy−enthalpy compensation, as the dynamic
hydration layer is expected to contribute toward the entropy of
solvation as discussed in the introduction. However, a decrease
in the relative mobility may also be interpreted as an increase
in stiffness,98 which is known to occur with the addition of
salt.99 Our choice to simulate relatively short chains to avoid
excluded volume effects in our polymers precludes quantitative
investigation of changes in the polymer dimensions due to salt
or temperature. Further study should be made of whether the
relative water mobility is reduced near the polymer backbone
for other polybetaines, as both increases and decreases in
mobility have been observed in coarse-grained simulations of
the solvent mobility gradient around ions100 and in the
polymer matrix around nanoparticles,56 depending on the
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interaction of the surrounding fluid for the ions or nano-
particles, respectively.

3.3. Radial Dependence of Water Molecule Residence
Time. With an understanding of the altered mobility
experienced by the solvent surrounding PAEDAPS, we must
assess the persistence time of solvent in this hindered state to
conclude that this region can contribute to the apparent
hydrodynamic size. To assess our dynamic hydration layer at
an atomic resolution, we characterize the entrainment of water
surrounding the polymer. We defined radial zones as isolayers
with a distance constraint from the polymer backbone,
allowing the shape of the zone to change accordingly, and
computed the continuous residence time in each zone. Figure
5 shows the continuous residence times of water and

monatomic ions in these zones of 2 Å thickness, which
represent the characteristic times for a molecule to leave a
given region. The decay curve was determined using a
trajectory written out every picosecond and fit to two
exponential decay functions. The data represent the center of

each zone; thus, the sparce population of ionic functional
groups close to the backbone (Section 3.1) suggests that
sodium and chlorine do not spend a significant amount of time
less than 5 Å from the backbone (Figure 5b,c).

In previous studies of the first shell hydration layer (static
layer) of proteins, a continuous residence time above 10 ps was
considered the threshold that defined strongly bound water.59

Only water molecules at 10 °C reaches this threshold residence
time. However, the precedent in defining a residence time for
loosely associating water molecules in comparison to bulk
water does not exist. The residence time drops beyond the
reach of ionic functional groups to within 5% of the bulk water
value after 16 Å at 10 °C and 14 Å at 50 °C (Figure 5a). This
length scale suggests the entrainment of water beyond the
reach of sulfonate groups (10.5 Å defined in Section 3.1),
approximately represented in Figure 6d. If one set an absolute
cutoff requiring a characteristic time for water of at least 5 ps,
this would occur 8 Å from the backbone at 10 °C and 6 Å at 50
°C (Figure 6c). These length scales are then visually compared
to the hydration shell within 18 Å, as obtained in Section 3.2,
where the mobility of water returns to bulk values (Figure 6e).

Overall, the residence time of Na+, 5 Å from the backbone is
more than 50% higher than Cl− or water at 10 °C. This
corresponds to the higher diffusion coefficient of chlorine in
water compared to sodium.101 While Cl− exhibits its longest
continuous residence time in the ammonium region at 10 °C
(as expected), this interaction is lessened at 50 °C. Notably,
there is no increased sampling close to the backbone at higher
temperature as proposed in the study of a methacrylamide
containing polybetaine’s salt dependence on the cloud point88

(see Section 3.1).
3.4. Mobility of Betaine Moieties. Much of the

simulation-based literature suggests that stiffer polymer groups
lead to reduced stability of the solvent layer.44,50,60 We expect
that a change in strength of pendant interactions will result in
an inverse change of polybetaine mobility. For example, if salt
has a screening effect disrupting pendant group interactions,
the mobility of the pendants should increase. However, if salt is
interacting with the pendants or if the density/viscosity of the
system increases, a decrease in solvent mobility should be
observed. To investigate these hypotheses, we calculated ⟨u2⟩
for each of the central functional groups of PAEDAPS, namely,
the carbonyl carbon of the amide group, the nitrogen of
ammonium, and the sulfur of sulfonate. Figure 7 shows that the

Figure 5. Continuous residence time of (a) water (where pure water
is represented with solid lines and markers while 100 mmol/L with
dashed lines and hollow markers), (b) chlorine ions, and (c) sodium
in 2 Å radial zones relative to the polybetaine backbone. Regions
highlighted in yellow (larger area) and blue (smaller area) represent
the range that sulfonate and ammonium traverse, respectively.
Regions with missing data resulted from a lack of sampling.
Uncertainty intervals may be smaller than data markers.

Figure 6. Polybetaine with variations in hydration represented as the isosurface. The first two structures represent: (a) bare polymer and (b)
polymer with its static hydration shell determined from water with some cutoff distance from each hydrophilic atomic species. The following
structures (c−e) indicate what the dynamic hydration layer would look like at various cutoff values from the backbone. The longest extension of
sulfonate groups in the pendants is ξP = 10.5 Å (Section 3.1). The mobility of water, quantified in Section 3.2, returns to the bulk value at 18 Å.
These isosurface representations were generated with the package, Visual Molecular Dynamics (VMD)92 with a density cutoff of 0.1 atoms/Å3 to
illustrate an encasing zone.
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mobility of the functional groups increases with respect to
temperature and decreases as their relative degree of separation
from the backbone decreases, with no change in the presence
of 100 mmol/L NaCl. This relationship between functional
group mobility and degree of separation from the backbone
and the effect of temperature corresponds to the changes
observed in bulk water mobility (Figure 4f). This suggests that
at this salt concentration, polymer−salt interactions do not
play a large enough role in stiffening the pendant group, while
Section 3.2 shows an increase in relative stiffness of the solvent
when compared to the bulk. The effect of temperature can be
understood from the perspective of a simulation study where
an infinitely stiff protein dampened the surrounding solvent’s
mobility, as their interactions were longer lived, in comparison
to the standard flexible model.50

3.5. Hydrogen Bond Lifetime Analysis. Simulation-
based studies have yielded substantial insight into the static
hydration layer, which was the focus of most simulation-based
studies of hydration.27,44,60−66 Thus, we must assess the
hydration layer with traditional means to compare our new
understanding of how mobility gradients elucidate the dynamic
hydration layer’s response to temperature and salt. We chose
the popular HBL analysis method to study the static hydration
layer of PAEDAPS, which represents the first hydration shell of
water that is adjacent to hydrophilic polymer functional
groups. Figure 8 illustrates the change in characteristic times
for both cHBLs and iHBLs (Section 2.2) concerning
temperature variation under two conditions: pure water and
100 mmol/L NaCl. A hydrogen bond is defined to have a
donor−acceptor distance that is less than 3.5 Å with an angle
between the vector created with the donor and hydrogen and
the hydrogen and acceptor restricted to an angle of 55°. This
choice in angle is larger than what is traditionally used; the
details of this choice are elaborated on in Section S7 of the
Supporting Information. As shown in Figure 8, the hydrogen
bond donor and hydrogen atom are labeled first in parenthesis
and the acceptor is listed second. Notice that we have included
hydrogen bonds from hydrogen atoms with a second-degree
connection to ammonium, which are suspected of having weak
hydrogen bonding ability.102,103

As one might expect, the ammonium cHBLs with water are
significantly shorter lived than hydrogen bonds between the
solvent with other hydrophilic polymer moieties, although the
difference between ammonium−water cHBLs and the cHBLs
with other polymeric groups differ by two orders of magnitude.
In Section S7, we discussed that these results are heavily
impacted by the choice in geometric constraints. Here, we
differentiate between the sp2 and sp3 ammonium methylene
groups, showing that sp2 groups in the pendant’s backbone
show lower cHBLs compared to the sp3 methyl groups (Figure
8b). The cHBL of water with the sulfonate group at the end of
the pendant group (Figure 8a) is more comparable in orders of
magnitude with the HBL expected between water molecules,

Figure 7. Mobility of betaine functional groups represented from key
atoms: the carbonyl carbon in the amide group, nitrogen in
ammonium, and sulfur in sulfonate. The mobilities of these atoms
are compared between solution conditions of pure water (solid line
and markers) and 100 mmol/L NaCl (dashed line and hollow
markers). Uncertainty intervals represent the 95% confidence intervals
over three independent simulation boxes.

Figure 8. HBLs between polybetaine, PAEDAPS, and water. The top row represents the continuous lifetime with the characteristic timescale before
breaking the bond. The second row represents the intermittent lifetime where the interaction may break and reform until that interaction no longer
occurs due to diffusion. The solid lines (−) indicate characteristic times in pure water, while the dashed lines (--) indicate 100 mmol/L NaCl is
present. Uncertainty intervals represent standard deviations from three independent simulation trajectories and may be smaller than data symbols.
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i.e., ≈1.3 ps,61,62 and is comparable to the hydration of the
anionic surfactant sodium bis(2-ethyl-1-hexyl) sulfosuccinate
(AOT) where the cHBL was found to be 1.5, and 19.9 ps for
the iHBL at 25 °C.64 In a study comparing the hydration
dynamics of glycine’s dimethyl- and trimethylated analogues,
the cHBLs were found to be sensitive to clustering.27 It was
suggested that although water remains adjacent to trimethyl
glycine in a condensed scenario, the solvent readily transitions
to bonding with another closely available hydrogen atom. This
effect has also been shown in simulations of phosphate lipid
bilayers where HBLs were compared between a pure water
solvent and a mixed water/ethanol solution.65 The cHBL
between water and phosphate groups decreased from 2.8 to 2.2
ps with the introduction of ethanol, and the iHBL decreased
from 81 to 59 ps. We expect that this behavior may cause the
low cHBLs of ammonium, and indeed when reformation is
allowed, as in iHBLs, the dramatic difference between
ammonium and the other hydrogen bonding groups disappears
(Figure 8c,d). A combination of strong hydrogen bonding
species with hindered diffusion may be at play with the
formation of bridged structures bonded to multiple species
simultaneously, as can be the case with protein helices.104

Because our iHBLs are an order of magnitude higher than
reported in other works, we expect diffusion limitations and
changes in stiffness for the polymer environment to be at play
within the brushy pendant groups of PAEDAPS. In a study of
water dynamics around peptides, the iHBLs of the static
hydration layer were in the range of 25−50 ps for uncharged
moieties,60,63 although this study differs to our study in the
water model (TIP3P) considered and sets stricter geometric
constraints (a cutoff distance of 3.3 Å and an angle of 35°).
Notably, these simulations involved only two alpha helices in
solution60 and even that relatively unrestricted solvent
environment, with relatively stiff peptide segments, resulted
in higher water residence times. A study on the hydration of
apomyoglobin with femtosecond fluorescence in conjunction
with MD also indicated that a decrease in structural flexibility
would increase the relaxation time.44 Given that our iHBLs are
an order of magnitude higher that these other works, we expect
that the environment within betaine pendant groups suffers
from the same encumbrance. Especially given that the iHBLs
of the amide backbone are greater than those between water
and the charged functional groups. Just as in a study of DNA,
static hydration indicated that the HBLs between phosphate
and water were lower than for nonionic groups in the major
and minor grooves of duplex DNA, an effect interpreted as
being due to the prevalent solvent exposure for the DNA
phosphate groups.66

It is apparent that there is a consistent impact of temperature
on the characteristic timescales associated with the static
hydration layer and an increase in the HBL with the influence
of salt under most conditions. With higher residence times
when 100 mmol/L NaCl (dashed line) is included for iHBLs
between water and both sulfonate and ammonium methyl
groups at lower temperatures, we determine that the static
hydration layer becomes more stable. If the ions are spending a
significant amount of time among the pendant groups (Section
3.4), this may indicate the hydrogen bond bridge scenario,
although there is on average a single monatomic ion of each
type (Section 3.1). Such a stable hydration layer corresponds
to our expectation of good solvent that interrupts pendant−
pendant interactions. An increase in temperature reduces the

lifetime, as thermal energy overcomes this interaction leading
to a more flexible polymer as expected.

4. CONCLUSIONS
Polybetaine materials are known to exhibit changes in
mechanical and structural properties in response to stimuli
such as temperature and salt type/concentration. In this work,
we applied AA-MD to study a 30 repeat unit, atactic chain of
PAEDAPS with and without 100 mmol/L NaCl from 10 to 50
°C in increments of 10 °C. Here, we studied the static and
dynamic hydration layers with traditional and emerging
analyses. Then, to gain a better perspective of the charged
landscape that heavily influences these changes, the distribu-
tions of ionic functional groups and monatomic ions provided
insight.

The average location of ions in PAEDAPS were established
with the distribution of ionic polymer functional groups and
monatomic ions relative to the backbone (Section 3.1). The
radial range of the ionic functional groups with respect to the
backbone did not change with increased temperature or the
introduction of salt and the Rg did not change in a statistically
meaningful way with changes in thermodynamic conditions
(Section S5), suggesting that our choice to simulate relatively
short chains to avoid excluded volume effects was successful.
However, the variation in chain dimensions for individual
boxes (Figure S6) suggests that strong ionic functional group
interactions would require sampling at a significantly longer
timescale than the 5 ns used in this work. Nonetheless, the
distribution of sulfonate oxygen atoms relative to the backbone
provided a limit of 10.5 Å for reasonable pendant extension.
The lower bound of sulfonate sampling at 3.6 Å illustrates that
a fraction of the sulfonate groups are buried among the
pendants rather than outward facing. Such pendant config-
urations may explain the positive zeta potential observed in a
related polybetaine with a methacrylamide backbone (dis-
cussed in Section 3.1). Although the origin of the positive
charge in pure water was left unknown, this work supposed
that chlorine may be interacting with the amide backbone
groups to decrease the positive charge, which was not
supported by our assessment of ion residence times in Section
3.3 or probability densities of ions within the polymer
pendants in Section 3.1, as the average number of both Na+

and Cl− is approximately one ion within the bound of pendant
extension, ξP = 10.5 Å (Section 3.1).

We assessed the response of the static hydration layer to
stimuli with a traditional HBL analysis of solvent/polymer
interactions. The static hydration layer becomes less stable
with increasing temperature, as evidenced by lower inter-
mittent HBLs (Section 3.5). There was a slight increase in
HBLs with the inclusion of salt. There is a well-established
relationship where a stiffer polymer results in increased HBLs;
however, the relative mobility of the polymer functional groups
did not change with the inclusion of 100 mmol/L NaCl
(Section 3.4). Nonetheless, our continuous HBLs are an order
of magnitude higher than those listed in the literature for
nonionic functional groups. Thus, the stronger static hydration
layer expected of polybetaines is present to create a protective
barrier essential for antifouling applications; however, this
feature is thought to be derived from vicinal hydrating water
rather than the static hydration layer, which is defined to be
within approximately ξS = 3 Å of hydrogen bonding moieties.

In our study of the static hydration layer around ammonium,
the cHBLs were extraordinarily short, while the intermittent
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lifetime was comparable to other functional groups. Other
studies have suggested that multiple hydrogen bond acceptors
in close proximity can lead to such decreases in the cHBL,
while not necessarily representing an increase in diffusion from
the site. Our continuous residence time calculations support
this where in the region around ammonium groups, the solvent
experiences a maximum in the residence time that is well above
the cHBL for ammonium, substantiating that the competing
presence of positive hydrogen atoms in ammonium serve to
decrease the cHBL without representing a decreased
interaction time between water and ammonium.

Extended hydration layers have previously been studied with
simulation methods for a variety of charged biomacromole-
cules; however, the methods used in the literature to date that
can discern the dynamic hydration layer are computationally
intensive. We show an efficient way to quantify the dynamic
hydration layer via simulation through a mobility metric, ⟨u2⟩,
defined as the mean-square displacement at a timescale on the
order of 1 ps. Notably, ⟨u2⟩ at a characteristic time on the
order of the fast β-relaxation of water105 has been related to the
α-relation time for water and many other complex fluids and so
serves a simple means of quantifying mobility in relation to the
rate of structural relaxation and diffusion. The presence of a
larger dynamic hydration layer when compared to the
hydration captured by static properties has been previously
established.106 Conclusions drawn from changes in absolute
solvent mobility align with those drawn from HBL analysis
with respect to changes in temperature and the inclusion of
salt. While the introduction of 100 mmol/L NaCl does not
significantly change the mobility (i.e., stiffness) of the polymer
functional groups (Figure 7), it does reduce the bulk solvent
mobility (Figure 4e) as well as the relative mobility within the
pendant groups (Figure 4a). Regardless of these stimuli, a
gradient of hindered mobility was quantified with ⟨u2⟩ to
extend to 18 Å from the backbone, thus capturing a property of
PAEDAPS that is not apparent using static metrics like the
number density or the tetrahedral order parameter (Section
S9). Indeed, with the limit of major pendant sampling at ξP =
10.5 Å, there is ξD = 7.5 Å representing purely dynamically
altered water, as less than 10% of this region represents the
static hydration layer after 11 Å from the PAEDAPS backbone
(Figure S7). The basic findings of the present work are
schematically visualized in Figure 9 to emphasize our main
points. This work views the hydration layer as a region taken
from the polymer backbone rather than in terms of hydration
layers. Figure 4 illustrates mobility gradient within hydration
layer definitions as well as “entrained” water among the brushy
pendant groups beyond the first and second hydration layers
that converge to bulk mobility values at a characteristic length
from the backbone, ξD.

In the process of illustrating our new method of analyzing
the dynamic hydration layer with the Debye−Waller
parameter, this work has revealed several atomistic level
insights into polybetaine systems, including our observation of
nonergodic behavior on the nanosecond timescale. While our
simulation strategy has provided a demonstration of this
insight, future works of this nature that compare the dynamic
hydration of varying chemistries, might consider creating a
simulation box with cylindrical symmetry where the polymer is
infinitely long through its periodic image.107
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The sequence of enantiomers for each box, radial
distribution functions for pendant interactions, and a
comparison of dynamic hydration profiles at 10 °C to
substantiate production run times; a visualization of
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