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Abstract

Despite being the most ubiquitous compound on Earth, the fundamental properties of water are
not fully understood, especially in nanoconfinement. Densely grafted polyelectrolyte (PE)
molecules attain the configuration of a “brush”: these PE brushes, due to their ability to form
hydrogen bonds (HBs) with water via the PE functional groups, act as a source of soft and active
nanoconfinement for the brush-trapped water molecules. In this paper, we study the effects of PE
brush-induced confinement on the structure, dynamics and energetics of the water-water and
water-PE HBs. Our results indicate a significant weakening of the HBs from bulk to sparsely
grafted to densely grafted brushes. i.e., by increasing the degree of brush-induced
nanoconfinement. We explain that this weakening of water-water HBs is caused by the disruption
of the extended network of water molecules within the brush-induced nanoconfinement. This is
confirmed by performing a ring structure analysis of the water molecules, which yields a reduction
in the average ring size at higher degrees of brush-induced nanoconfinement (i.e., at higher brush
grafting densities). Furthermore, we investigate the role of HB on the orientational dynamics of
the water molecules. We observe that the rotational motion of the water molecules becomes
sluggish inside the PE brushes. Recent findings have indicated that the water and counterions
trapped in brush-induced nanoconfinement demonstrate structures (in combination with the PE
functional group) analogous to that in “water-in-salt” electrolytes that have seen extensive recent
uses for Li-ion battery applications. However, the rotational dynamics of water molecules inside
the brush-induced nanoconfinement is found to be distinctly different from that of conventional
“water-in-salt” electrolytes in absence of any confinement; therefore, the present study will
provide the necessary platform towards conceptualizing polymer-based nanoconfinement for

battery applications.



Introduction

Polyelectrolyte (PE) molecules grafted on a substrate in close proximity to each other swell
to form “brush”-like configurations. PE brush coatings have been employed in various applications

2 and current rectifiers®#,

ranging from fabrication of nanofluidic energy conversion devices!
stabilization of emulsions’ to targeted drug delivery®’ and oil recovery®. There has been extensive
research on the overall structure and configuration of PE brushes over the past few decades.
However, a comprehensive understanding of several fundamental phenomena such as the
hydrogen bond (HB) network, counterion solvation structure, and local arrangement of water
molecules within the PE brushes is lacking. There have been some recent advances in our
understanding of the microstructure of PE brushes through investigations by the Das group®-'? that
employed all-atom molecular dynamics (MD) simulations to probe the structure and properties of
PE brushes as well as the brush-supported counterions and water molecules. Such insights into the

atomistic-scale details are critical not only to develop novel uses for PE brush systems but also to

improve the efficiency of several existing applications.

In this study, we employ fully atomistic MD simulations to probe the structure, energetics,
and dynamics of hydrogen bonds (HBs) in the nanoconfinement enforced within the water-swollen
densely grafted PE brushes. Our previous study has revealed that such densely grafted PE brushes
enforced a significant nanoconfinement effect and massively reduced the mobility of the water
molecules and the screening counterions.” Charges on the PE chains render water, having a high
dielectric constant, a typical good solvent for the PE brushes. A recent experimental study revealed
that hydrogen bonding plays a pivotal role in dictating the swelling behavior of water-swollen
polymer brushes such as poly(2,5-dimethoxyaniline) (PDMA), poly(oligo[ethylene glycol] methyl
ether methacrylate) (POEGMA), poly(2-[2-methoxyethoxy]ethyl methacrylate) (PMEO;MA),
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etc.!! However, the experiments did not provide an atomistic picture of the underlying changes in
the strength and dynamics of the HBs. On the theoretical front, Szleifer and coworkers published
a study that accounted for the effect of water-water and water-polymer HBs on the configuration
of poly(ethylene oxide) (PEO).'> Ref. 12 is based on the formulation first proposed by
Dormidontova (Ref. 13), where the author studied the effect of water-PEO and water-water HBs
in the behavior of PEO molecules in an aqueous solution. In this theoretical framework, the free
energy change associated with the formation of the water-water and water-PEO HBs has been
expressed as functions of the AE,,(the energetic gain associated with the formation of a single
water-water HB), AE,, (the energetic gain associated with the formation of a single water-PEO HB),
and AS; [the dimensionless entropy change associated with the formation of the water-water HB
(i = w ) and water-PEO HB (i = p)]. In both these studies, AE,,, AE,,, AS,,, and AS,, are assumed
to be constant (i.e., independent of the concentration of the PEO in Ref. 13 and independent of the
presence of the brushes or the brush grafting density in Ref. 12). A constancy in AE; and AS; will
imply a constancy in the corresponding free energy change AF;, where AF; = AE; — kTAS; (k and
T denote the Boltzmann constant and temperature respectively). Our simulations will test the
validity of such an assumption where the change in free energy AF; associated with the formation
of a single water-water HB (i = w) or with the formation of a single water-polymer HB (i = p) is
assumed to be independent of the polymer concentration (or the polymer brush grafting density).
This will be done by quantifying the water-water and water-PE HB strength for different PE brush
grafting densities (or equivalently, the different extents of confinement enforced by the densely
grafted PE brushes). Finally, we will study the consequences of change in HB network inside the

brushes on the rotational dynamics of the PE brush-supported water molecules.



Our results indicate a significant decrease in the water-water and water-PE HB strength
with an increase in the degree of PE brush-induced soft confinement (quantified by the grafting
density of the brushes). Interestingly, in the context of the hydrogen bonding, the confinement
enforced by the PE brushes serves as an “active” confinement since the PE brushes that form the
confinement themselves take part in the HB formation. We link the weakening of the strength of
the water-water HBs inside the brush-induced confinement to a decrease in the extensive HB
network formed by the (brush-supported) water molecules as evident from their ring structure
analysis. Furthermore, we observe that for our system the water-PE HBs are more stable than the
water-water HBs from both an energetic and a dynamics standpoint. We proceed to show that the
stability of water-PE HBs plays a critical role in ensuring that the orientational dynamics of water
becomes sluggish inside densely grafted PE brushes. More importantly, this water orientational
dynamics inside the brush-induced nanoconfinement is remarkably different from the rotational
behavior of water molecules in conventional “water-in-salt” electrolyte systems in the absence of
nanoconfinement. Such “water-in-salt” systems refer to the system of highly concentrated aqueous
solutions (where the salt overwhelms water by both mass and volume)'# that have found massive
recent applications in Li-ion batteries: interestingly, our recent paper (Ref. 9) has shown that the
structure of the water and the screening counterions trapped inside the densely grafted PE brush
layer (or the PE-brush-induced nanoconfinement), along with the charged functional groups of the
PE brushes, become analogous to the water-ion structure in bulk “water-in-salt” electrolyte
systems. Therefore, this dissimilarity in the water orientational dynamics within the PE brush
induced nanoconfinement, as compared to that for the standard (without confinement) “water-in-
salt” systems point to the importance of the present study in developing the foundation of PE-

brush-driven soft and active nanoconfinement for possible battery applications.



Results and Discussions

Our system contains 36 fully ionized polyacrylic acid (PAA) chains, grafted on the plane
z=0 in a 6x6 square array (see Fig. 1). The chains are monodispersed with each containing 49

backbone Carbon atoms. Our simulations probe the effect of two different grafting densities, o, =

0.1/02, 0.2/02 [where o = 3.5 A is the distance corresponding to zero Lennard-Jones (LJ)
interaction energy between the backbone Carbon atoms]. The charge on the brushes are neutralized
by adding appropriate number of Na“ counterions. SPC/E water molecules act as the explicit
solvent for the brushes.!> Further details regarding the simulation procedure are provided in in the

Methods section.

Effect of PE brush-induced confinement on hydrogen bond strength

We start by quantifying the effect of brush grafting density, which dictates the extent of PE
brush induced nanoconfinement, on the strength of water-water and water-PE HBs. A water
molecule can act as a HB donor to other water molecules serving as acceptor (leading to the
formation of water-water HBs) as well as the Oxygen atoms (which then serve as acceptor) on the
Carboxylate groups of PAA chains (leading to the formation of water-PE HBs). The HB strength
(for both water-water and water-PE HBs) is calculated using the methodology of Sapir and
Harries,'® who defined the HB energy as the reversible work done to orient an ensemble of donor
and acceptor pairs in their equilibrium probability distribution P(r,8) from a state of random
distribution P,.4,4 (7, 8). Here, r and 6 represent the distance between donor and acceptor Oxygens
and the angle formed by the Hydrogen-(donor Oxygen)-(acceptor Oxygen) triad, respectively. A

detailed description of the HB strength calculations can be found in the Methods section.



Figure 1: Snapshot (truncated from the top) of the simulation domain for o, = 0.1/02. Particle
sizes are scaled to their Lennard Jones (LJ) diameters, except for water molecules (in order to
improve visualization). Green particles represent the Na* counterions, red particles represent the

discrete repulsive wall while other colors represent various atom types of the PAA molecules.



Table 1 lists the Gibbs free energy (AG) associated with the formation of water-water HBs
(in bulk and inside the brushes). We observe a significant decrease in the water-water HB strength
inside the brushes, as quantified by a decrease in the magnitude of AG. In addition, the reduction
in the bond strength is more pronounced at higher grafting densities. Thus, the water-water HBs
become weaker as the extent of the PE brush-induced nanoconfinement is increased (caused by an
increase in the PE brush grafting density). This is the most important finding of this article. Prior
studies have also reported a decrease in hydrogen bond strength in several nanoconfined

17-21 albeit not for the case of polymer/PE brush-indued confinement. The second critical

systems,
facet of this study is the fact that the PE brushes act as a form of soft and active nanoconfinement,
where the source of the confinement itself forms hydrogen bonds with the water molecules. Thus,
they are fundamentally different from (and much more complex than) other forms of passive
nanoconfinement such as graphene sheets, carbon nanotubes, etc. which only act as physical
barriers but do not participate in hydrogen bonding with the confined species themselves. To
understand the decrease in water-water HB strength, we plot the joint probability density [P (r, 8)]
of the water-water donor-acceptor pairs in Figure 2(b-d). Figure 2(a) depicts the random joint
probability distribution [Py4,q (7, 6)] associated with the donor-acceptor pairs in bulk water. This
distribution remains (almost) the same even for water molecules trapped inside the PE brushes
[see Fig. S3 in the Supporting Information (SI)]. We observe that the joint probability distribution
for bulk water [see Fig. 2(b)] has only one basin within the cutoffs for hydrogen bond formation
2.45 A <1< 3.35 & [cutoffs are depicted by horizontal dashed white lines in Fig. 2(b-d)]. This
basin is concentrated around r=2.7 &, =10°. Water molecules separated by a distance r greater

than the maximum cutoff value (3.35 A) represent the second solvation shell and do not participate

in hydrogen bonding. Procedure for obtaining the cutoffs is provided in the Hydrogen Bond



Strength Calculation subsection of the Methods section. Inside the brushes, we see that a second
basin centered around 8=50° becomes increasingly prominent within the cutoff region for r. This

is especially true for brushes with high grafting density (o, = 0.2/0?). Thus, at higher grafting

densities, the distribution of 8 values become broader and is no longer confined to small values.
As a result, the joint probability distribution [P (r, 8)] starts to bear a closer resemblance to the
random joint probability distribution [P,4,4 (7, 8)], which peaks around 8=45° for a given value
of 1 [Prana (1, 0) = 41r? P, 4,4(0), where Py4,,4(0) is the angular distribution associated with the
donor Hydrogen-(donor Oxygen)-(acceptor Oxygen) triads'¢]. This reduces the amount of work
required to reorient the water molecules from a state of random distribution to their equilibrium
probability distribution and hence reduces the HB strength at higher degrees of brush-induced

confinement.



Donor-Acceptor Pair Environment AG (kJ/mol)
Water-Water Bulk -3.27
Water-Water Inside brushes (o, = 0.1/ a?) -2.42
Water-Water Inside brushes (o, = 0.2/ a?) -1.90
Water-PE Inside brushes (g, = 0.1/0?%) -4.55
Water-PE Inside brushes (g, = 0.2/0?) -3.63

Table 1: Gibbs free energy (AG) of formation of water-water and water-PE hydrogen bonds in

various environments.
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Figure 2: Contours of (a) P44 (1, 8) and (b) P(r, 8) for water-water donor-acceptor pairs in bulk
water. (¢) and (d) depict the contours of P(r, 8) for water-water donor-acceptor pairs inside PE
brushes with o, = 0.1/0® and o, = 0.2/0* respectively. The cutoffs for hydrogen bond

formation in (b), (c) and (d) are depicted by horizontal dashed white lines.
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In an attempt to paint a physical picture for the weakening of water-water HBs inside the
PE brushes, we explore the network topology of the water molecules. It is well known that water
molecules form an extensive network with each other as a result of their hydrogen bonding.?2-2
This network of HBs plays a vital role in dictating several important properties of liquid water
such as the mass density and the rotational dynamics.?’*° One commonly used tool to characterize
the network topology of water molecules is the ‘ring structure” analysis.???%-3! Water molecules
form a number of rings (or closed loops) due to the arrangement of HBs in a cyclic fashion [see
Fig. 3(a)]. In Fig. 3(b), we plot the probability distribution [P(n)] as a function of the ring size (n)
for water molecules inside the PE brushes and compare it to that of bulk water. For the purpose of
this calculation as well as any subsequent analysis, we define the existence of a HB (water-water
or water-PE) through the following geometric criteria: the interatomic distance between the donor
and acceptor Oxygens, r < 3.5 A and the angle formed by the Hydrogen-(donor Oxygen)-(acceptor
Oxygen) triad, 8 < 30°.1432-3 Note that this definition does not consider the contributions from the
second basin (centered around 8=50°) within the cutoffs for HB formation, that becomes specially
prominent for water-water donor-acceptor pairs inside the PE brushes with high grafting density
[see Fig. 2(b-d)]. Prior studies have revealed that these HBs, associated with the second basin, are
highly distorted and therefore we ignore them intentionally in our analysis.>**> We set a maximum
ring size of n=10 for our ‘ring structure’ calculations. Moreover, we only consider primitive rings
(no pair of constituent molecules of the ring are connected by a HB path shorter than the path along
the ring) in our analysis.**-3” The detailed procedure for calculating the probability distribution of
ring size is provided in the Methods section. Our results indicate a monotonic reduction in the
probability of occurrence of larger rings (larger values of n) as one moves from bulk water to

sparsely grafted brushes to densely grafted brushes. On the other hand, the share of smaller rings
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(lower values of n) is enhanced inside the densely grafted brushes. This is consistent with the fact
that larger rings are correlated to higher densities of water® (in a prior publication, we showed that
the mass density of water decreases with an increase in grafting density of the brushes’). A shift
towards the smaller ring sizes, in addition to the lowering of total number of rings normalized by
the number of water molecules (see Table 2 for the ring statistics), indicates that the extended
network of water molecules gets disrupted due to the nanoconfinement created by the brushes. The
cooperative nature of HB leads to a two-way coupling between the network topology of water
molecules (a global phenomenon) and the water-water HB strength (a local phenomenon), i.e.,
stronger HBs lead to a more extended network and vice versa. Therefore, the PE brush-induced
nanoconfinement driven disruption of the large-scale network of water molecules (as quantified
by the ring analysis) manifests in the form of weakened water-water HBs inside the brushes. A
similar explanation was proposed by Wurpel and Miiller for the reduction of HB strength in water

confined between lipid bilayers.?’
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Figure 3: (a) Schematic representation of the ring structures formed by the water molecules. We
can identify one hexagonal ring and two pentagonal rings in the given diagram. However, only the
two pentagonal rings are counted as primitive rings. (b) Probability distribution [P(n)] of ring sizes
(n) formed by water molecules trapped inside the PE brushes of different grafting densities. Ring

size distribution for bulk water is also plotted for comparison.
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Environment Average ring size <n> Number of rings normalized

by number of water molecules

Bulk 7.11 1.97
Inside brushes (g, = 0.1/0?%) 6.67 0.64
Inside brushes (g, = 0.2/0?%) 5.66 0.10

Table 2: Ring statistics for bulk water and water molecules trapped inside PE brushes of different

grafting densities.
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We next study the water-PE HB strength within the brushes (see Table 1). We observe that
the water-PE HBs are stronger (as quantified by a higher magnitude of |AG|) than the water-water
HBs at a given grafting density. Of course, this is not a generic result and depends on the choice
of the PE molecules, especially from an enthalpic point of view. However, there is a fundamental
difference between water-water and water-PE HBs that needs to be understood. PE functional
groups are tethered to the backbone of the PE chains which greatly reduces their mobility. Thus,
the Ocarboxylate atoms (Oxygen atoms on the Carboxylate groups of PAA chains) do not lose
significant entropy upon the formation of HBs with the water molecules. This reduces the entropy
loss associated with formation of the water-PE HBs and makes these HBs more stable in
comparison to water-water HBs where both the species are mobile. We also witness a decrease in
the bond strength, |AG| of water-PE HBs with an increase in grafting density of the brushes. The
reasoning remains similar to the case of water-water HBs with the joint probability distribution
[P(r, 8)] shifting towards higher values of 8 within the cutoff values for r (see Figures 4 and S3
for the contour plots corresponding to the joint probability distribution and random joint
probability density of water-PE pairs). Thus, lesser work is required to reorient the water-PE
donor-acceptor pairs from a state of random distribution to their equilibrium probability
distribution inside the brushes, thereby reducing the HB strength at higher degrees of brush-

induced confinement.

We conclude this section with a brief discussion of the effect of degree of ionization of the
PE chains (ratio of the number of charged monomers to the total number of monomers) on the
water-water and water-PE HB strength. Up to this point, the PAA brushes were considered to be
fully ionized. However, PAA is a weak polyacid and its degree of ionization depends on a number

of factors such as the solution pH, grafting density, concentration of added salt, etc. The protonated
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and deprotonated monomers interact differently with the water molecules, thereby affecting the
number and strength of the water-PE HBs, and indirectly the number and strength of the water-
water HBs inside the brushes. In a prior publication,!” we had reported a decrease in the number
of water-water HBs (per water molecule) and an increase in the number of water-PE HBs (per
PAA chain) within the brushes with an increase in the degree of ionization of the PAA chains.
This trend suggests (but does not prove) a likely decrease in the water-water HB strength and an
increase in the water-PE HB strength with an increase in the degree of ionization of the PAA
chains. The increase in water-PE HB strength with degree of ionization makes intuitive sense since
the deprotonated carboxylate groups (COO") bear a full negative charge as opposed to the
protonated carboxylic acid groups (COOH), which are neutral as a whole. Thus, hydrogen bonding
between the water molecules and COO" groups would be enthalpically more favorable than that
between water and COOH groups. On the other hand, the decrease in water-water HB strength
with an increase in the degree of ionization is not as apparent. To verify if this is indeed the case,
we calculated the water-water HB strength inside fully protonated PAA brushes using the
methodology of Sapir and Harries.!® In line with expectation, our results indicate a higher water-

water HB strength inside the fully protonated brushes (o, = 0.1/0?: AG = -3.13 kl/mol, g, =
0.2/0%: AG = -2.96 kJ/mol) as compared to the fully ionized PE brushes (g, = 0.1/0%: AG = -

2.42 kJ/mol, g, = 0.2/5%: AG = -1.90 kJ/mol).
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Figure 4: (a) and (b) depict the contours of P(r, 8) for water-PE donor-acceptor pairs inside the

PE brushes with o, = 0.1/ 0? and o =02/ o2 respectively. (c) Contours of Py4y,4 (7, 8) for water-
PE donor-acceptor pairs inside PE brushes with o, = 0.1 /o?%. The cutoffs for hydrogen bond

formation in (a) and (b) are depicted by horizontal white dashed lines.
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Orientational dynamics of water inside the PE brushes

Recently, Zhang and coworkers showed that a solid-state aqueous polymer electrolyte
(SAPE) consisting of a “water-in-salt” solution (highly concentrated aqueous solution where the
salt overwhelms water by both mass and volume) inside a polymer matrix helped increase the
stability-window for Li-ion batteries.> The high affinity of the water molecules for the hydrophilic
polymer network slows down their motion and helps decrease the rate of decomposition of the
water molecules at the anode, thereby increasing the overall electrochemical stability of the
battery. Keeping this in mind, it is extremely important to not only study the dynamics of water
molecules in polymer based “water-in-salt” systems but also compare their behavior to
conventional “water-in-salt” electrolytes, that have been at the forefront of Li-ion battery research
for the past few years.**#2 In a prior publication,” we had shown that the translational mean squared
displacement of water molecules decreases monotonically with increasing degree of PE brush-
induced nanoconfinement (from ‘bulk’ to ‘sparsely grafted PE brushes’ to ‘densely grafted PE
brushes’). In this section, we investigate the role of hydrogen bonding in dictating the rotational
dynamics of the PE brush-trapped water molecules, as quantified by their rotational mean squared
displacement (RMSD). The orientational properties of water molecules are critical to many

43-44

processes involving proton transfer, protein hydration,* etc. Three principal directions (axes)

are needed to fully describe the rotational motion of a water molecule. Following the notation of

Han,'* we choose the three axes as follows [see Fig. 5(a)]:

H — Unit vector connecting the Oxygen atom to the midpoint of the Hydrogen atoms (along the

direction of dipole moment of the water molecule).

P — Unit vector connecting the two Hydrogen atoms.
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Q — Unit vector perpendicular to the plane of the Oxygen and Hydrogen atoms.

Procedure for calculation of the RMSD is provided in the Methods section. Fig. 5 (b-d) depicts the

RMSD of water molecules for the three mutually perpendicular axes of the water molecules.
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Figure 5: (a) Schematic depicting the various axes of rotation for a water molecule. (b) H-RMSD,

(c) P-RMSD and (d) a-RMSD of water molecules in bulk and within the PE brush layer (for

different grafting densities).
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We observe a decrease in RMSD of all three axes inside the brushes in comparison to bulk
water. Moreover, the RMSD decreases with an increase in the grafting density. Fascinatingly, this
is different from the behavior reported by Han'# for conventional “water-in-salt” systems. In our
previous study, we hypothesized that within the densely grafted PE brush layer, the structure of
the brush supported counterions and water molecules, along with the charged functional groups of
the PE brushes, resembled that of the “water-in-salt” electrolyte system. The PE-repeating-unit—
counterion complex served as the “salt” in this system with the PE repeating units acting as the
anions and the Na* counterions acting as the cations.” Therefore, this difference in the RMSD
behavior between our case and that of Han' is fascinating. Han'!# observed a monotonic decrease
in the rotational diffusivity (and thereby the RMSD) of H with an increase in salt concentration.

However, he witnessed that the rotational diffusivities of P and 6 initially decreased and then
increased with an increase in the salt concentration. Han explained that the decrease in H-RMSD
is a consequence of the enhanced electrostatic interactions between the Oxygen atoms of the water
molecules (Owater) and the salt cations. This is also witnessed in our system. An increase in grafting
density corresponds to an increase in “salt” (“salt” as defined above) concentration within the
brushes. Thus, there is an increase in Na"-Owater interactions and the RMSD of H decreases. Now,

we take a look at the results for RMSD of P and 6 Han'* pointed out that the rotational motion

of P and 6 are dictated by the HBs formed by the water molecules with anions as a HB donor. An
initial increase in salt concentration leads to enhanced water-anion interactions through HBs and
thus decreases the rotational diffusivity of P and 6 However, at higher salt concentrations, the
energy barrier for the rotation of water molecules decreases significantly (since there are more
anions surrounding the water molecules, which makes it easier to switch between water-anion

HBs), resulting in an eventual increase in the rotational motions of P and 6 This explained the
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non-monotonic behavior of rotational diffusivity of P and 6 in conventional “water-in-salt”

electrolyte systems. We, however, observe a monotonic decrease in RMSD of P and 6 from bulk
water to sparser brushes to denser brushes (i.e., with an increase in the “salt” concentration). This
indicates that there are some inherent differences between the rotational dynamics of water
molecules in conventional ‘“‘water-in-salt” systems and PE brush-induced ‘“water-in-salt”
systems. The rest of this article will focus on explaining how the hydrogen bonding plays a key
role in dictating these vastly different orientational properties of water molecules between the two
systems. We have already seen that the Hwater-Ocarboxylate (Hwater refers to the Hydrogen atoms of
water molecules) HBs or water-PE HBs are stronger than the water-water HBs (see Table 1), at
least in part due to the severely restricted mobility of the PE functional groups. To investigate this
further we plot the autocorrelation function for the decay of water-water and water-PE HBs inside
the brushes (for o, = 0.1/ 0?) in Fig. 6. This autocorrelation function, which captures the slow
HB dynamics and defines the conditional probability of existence of a HB at a time t, given that it

was formed at t=0 (irrespective of its existence at intermediate times),*? can be expressed as:

< h(t)h(0) >

Cyp(t) = <h>

(@

where h(t) = 1 if the HB exists at a time t while h(t) = 0 if it does not exist at time t. The angular

brackets denote average over an ensemble of water molecules.

We observe that the water-PE HBs decay much slower (resulting in a higher average lifetime) than
the water-water HBs inside the PE brushes [this was found to be true for brushes with g, =
0.2/0? as well; see Fig. S6 in section S4 of the SI]. Thus, our findings reveal that the water-PE
HBs are much more stable than their water-water counterparts, as quantified by their higher bond

strength (energetics) as well as higher average lifetime (dynamics).
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Figure 6: Autocorrelation function (Cus) for water-water and water-PE HBs inside the PE brush

layer with g, = 0.1/02.
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The number of water-PE HBs per water molecule (7iuB, water-pE) inside the brushes increases
with an increase in the grafting density (see Fig. 7). Note that this is different from the number of
water-PE HBs per Ocarboxylate atom. In our previous paper,'? we have indeed observed a decrease
in the number of water-PE HBs per Ocarboxylate atom and this observation is in agreement with the
findings of Szleifer et al'?> and Dahal et al***’ for the case of water-swollen PEO brushes. It is the

increase in the number of water-PE HBs (per water molecule) that results in the progressive

decrease in RMSD of P and 6 of the water molecules from bulk to within the sparsely grafted to
densely grafted brushes (increasing “salt” concentration). Unlike the case of conventional “water-
in-salt” systems, the water molecules cannot easily switch HBs from one anion (PE repeating unit)
to another. The reason for this is twofold. First, there is a much higher energy barrier associated
with switching due to the high stability of water-PE HBs (as explained before). Second, due to the
connectivity of the PE chain, the carboxylate functional groups are arranged in a periodic fashion.
Thus, there is a lower probability of two functional groups being in the immediate vicinity of a
water molecule simultaneously. This too reduces the probability for switching of water-PE HBs
from Ocarboxylate atom on one functional group to another. Thus, an increase in the number of water-
PE HBs (per water molecule) at higher degrees of brush-induced confinement enforces a reduced
average orientational mobility of the water molecules (due to the difficulty in switching the water-
PE HBs as explained above), thereby reducing the RMSD of P and 6 This shows that despite the
numerous similarities between the PE brush-induced “water-in-salt” electrolytes and conventional
“water-in-salt” electrolytes,”!? these systems can show remarkably different dynamics due to the

PE brush-induced spatial nanoconfinement.

25



-0 ag=0.1/02

o
™

—h ag=o.2/02

o
o)

NHBWat—PE
o
S

o
N

20 40 60 80 100

Figure 7: Transverse distribution of the number of water-PE hydrogen bonds per unit water

molecule (7uB, water-pE) inside the brushes for different grafting densities.
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Conclusions

Through this study, we shed light on some of the most fundamental properties of water molecules,
namely its hydrogen bonding and orientational dynamics inside the hydrophilic, PE-brush-
induced, soft, and active nanoconfinement. First, we show that there is a reduction in the strength
of water-water and water-PE HBs at higher degrees of brush-induced nanoconfinement (from bulk
to sparsely grafted to densely grafted brushes). Our ring structure analysis shows that the
weakening of water-water HBs is a consequence of the disruption of the extended network of water
molecules inside the PE brushes. Second, the connectivity of the PE chains in addition to the stable
nature of the water-PE HBs (due to a lower entropy loss associated with the formation of these
HBs) result in slowing down of the orientational dynamics of all three principal axes of the water
molecules with an increase in the degree of brush-induced confinement. This is a phenomenon that
is not observed in conventional “water-in-salt” systems. This difference is especially important
given our recent findings that inside a densely grafted PE brush layer, the structure of brush-
supported water molecules and counterions, along with the charged functional group of the PE
brush, resembles that of a conventional “water-in-salt” electrolyte system. It is critical to note that
PE brushes are representative of a broader class of soft and active confinement, a topic that
continues to elude the scientific community till date due to its highly complex nature. Thus, our
findings are an important piece of the puzzle in the quest for understanding the role of spatial
confinement on the structure and dynamics of soft and active nano-systems. Moreover, our results
on the rotational dynamics of water molecules inside the densely grafted PE brushes can be useful
for the design of novel polymer/PE based “water-in-salt” electrolytes for the next generation of

Li-ion batteries with improved electrochemical properties.
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In the future, we plan to extend this work by exploring several important properties of experimental
significance such as the ion and water mobility, width of the hydration and counterion association
layers, ion partitioning effect, etc. In addition, we shall work on refining the force field parameters

for our PE brush-counterion-water system.
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Methods

Molecular Dynamics Simulations

All simulations were performed on the molecular dynamics (MD) engine LAMMPS (Large
Scale Atomic/Molecular Massively Parallel Simulator).*® 36 fully ionized polyacrylic acid (PAA)
chains were grafted on a planar surface (we refer to this plane as z=0) in a 6 x 6 square array. Each

chain was N=49 backbone Carbon atoms long. Two different grafting densities (o, = 0.1/02,
0.2/02 where o is the Lennard-Jones distance parameter for the backbone Carbon atoms of the
PAA chains) of the brushes were probed by varying the interchain separation, £ = 1 /\/a_g . 864

Na* counterions were added to the system to neutralize the charge on the PE chains. SPC/E water
molecules were added to act as an explicit solvent for the brushes.!> Enough water molecules were
added to ensure that the height of the simulation domain was at least 1.5No (to eliminate any finite
size effects). Two atomistic monolayers (with atoms arranged in a face centered cubic lattice with
a lattice constant of 3.612 A) were placed at the top and bottom of the simulation domain. These
atoms acted as repulsive walls, preventing the mobile species (like water and Na* counterions)
from leaving the simulation domain. The wall atoms (top and bottom) were fixed in the x and y

directions but allowed to translate as rigid bodies in the z-direction.

The OPLS-AA force field was used to model the interaction parameters for the PAA
chains.* The bonded (bonds, angles, dihedrals and impropers) and non-bonded (Lennard Jones
parameters and partial charges) parameters for the various atom types on the PAA chains were
taken from the OPLS database. A comprehensive list of the force field parameters is provided in
section S1 of the SI. The Lennard Jones (LJ) parameters for the Na* counterions were taken from

the work of Joung and Cheatham.’® Geometric mixing rules were used for calculating the LJ
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interactions between different atom types. The only exception to this mixing rule was the
interactions between the Oxygen atoms of water molecules and Na* counterions, which followed
Lorentz-Berthelot mixing rules to be consistent with Ref. 50. The LJ interactions were calculated
using a shifted truncated 12-6 Lennard Jones potential with a cutoff of 13 A. Bonds and angles of
the water molecules were constrained using the SHAKE algorithm.>! Periodic boundary conditions
were used in the x and y directions, while fixed boundary conditions were used in the z direction
(direction perpendicular to the grafting surface). A particle-particle particle-mesh (PPPM) solver

was used to calculate the long-range Coulombic interactions between the atoms.>

Our initial configuration involved a set of fully extended PAA chains (in the state of
minimum entropy) with the Na® counterions arranged in a straight line next to them. Water
molecules were placed throughout the simulation domain (both inside and outside the brushes).
The simulation was first run in a NP, T ensemble (where the subscript z indicates that only the
height of the simulation domain is allowed to change to maintain the pressure) to obtain the correct
height of the simulation domain. The pressure and temperature of the system were maintained at
1 atm and 300 K respectively by using a Nosé-Hoover barostat and thermostat (with a time constant
of 1 ps and 0.1 ps for pressure and temperature respectively).’*>* Subsequently, the system was
equilibrated in the NVT ensemble. The PAA chains and the mobile species (water and Na*
counterions) were maintained at 300 K by separate Langevin thermostats with a time constant of
0.1 ps.” The average brush height of the system was constantly monitored to check for
equilibration (see section S2 of the SI for autocorrelation function of the average end-point brush
height during the production run). Following equilibration, a production run was carried out for 2
ns. Particle trajectories were calculated using the velocity Verlet algorithm with a time step of 2

fs. Positions of all the atoms in the system were dumped every 1 ps, while the positions of the PAA
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atoms, Na* counterions and water were dumped in separate files every 200 fs. OVITO was used

for visualization of the particles.*¢
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Hvdrogen Bond Strength Calculation

According to Ref. 16, the random joint probability distribution [Py4nq (7, 0)] is calculated as:

Prand (T, 0) = 4'T’:’rzprand (9)7 (2)

where P,,,4(0) is the angular distribution associated with the donor Hydrogen-(donor Oxygen)-
(acceptor Oxygen) triads. Distributions of P,,,4(6) as well as the contours of P, (7, 8) for
water-water and water-PE donor-acceptor pairs at different degrees of brush-induced confinement
are plotted in Fig. S3 of the SI. From Fig. S3, we observe that P,,,4(6) [and hence Py4,,4(7, 0)]
only depends on the donor-acceptor combination (water-water or water-PE) and remains almost

invariant of the grafting density of the brushes.

P(r,0) is the joint probability distribution in r and 6 associated with an ensemble of donor-
acceptor pairs at equilibrium. Both, P(r, 8) and P,,,,4(7, 8) were calculated for a maximum cutoff
distance of r=10 A between the donor and acceptor Oxygens (for both water-water and water-PE
pairs). Using the methodology of Sapir and Harriers'®, we calculated the potential of mean force

(PMF) for the geometric phase space as:

0y = l P(r,0)
PMF(T, ) = —RTH<W>, (3)

where R=8.3145 x 107 kJ/mol/K is the Universal gas constant and T=300 K is the temperature.
The PMF for donor-acceptor pairs (water-water and water-PE) at different brush grafting densities

are plotted in Fig. S4 of the SI.

Next, the weighted PMF [P(r,0).PMF(r,0)] was calculated to determine the cutoffs for the
hydrogen bond formation. Fig. S5 of the SI depicts the weighted PMF for water-water and water-

PE donor-acceptor pairs for different brush grafting densities.
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Next, the cutoffs for hydrogen bond formation [r; (minimum cutoff) and r» (maximum cutoff)]
were chosen according to the criteria: P(r;, 8). PMF(r;, 8)~0 as 6~0 (i=1,2). Table S7 of the SI
lists the cutoffs for hydrogen bond formation for the water-water and water-PE HBs at various

degrees of brush-induced confinement.

Finally, the hydrogen bond strength (JAG|) was determined by calculating the following double

integral'®:
AG RTfrZ anP( )1 ( KP(.9) )d 9, @
= — T‘, n r ]

r Y0 Krandprand(rJ 6)

where,
K = - (5)
[P PG 0)drdo’
and
1
Krand = (6)

J:;z foﬂ Prand (r) 9)d7‘d9 .

We obtain a bulk water-water hydrogen bond strength of AG=-3.27 kJ/mol. This value is good
agreement to the bulk water-water hydrogen bond strength of AG=-3.70 kJ/mol obtained in Ref.
16. The difference between the two values can be attributed to the use of different water models —
Ref. 16 used TIP4Pew water model®” while we use the SPC/E water model'>. To verify this, we
simulated a box of 2000 TIP4Pew water molecules under the NPT ensemble (with the temperature
and pressure fixed at 298 K and 1 atm respectively) and recovered the exact value for bulk water-

water hydrogen bond strength obtained in Ref. 16 (AG=-3.70 kJ/mol).
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Ring Structure Analysis

The ring analysis involves counting of the ring-like structures (closed loops) formed by the
water molecules. This was done by following the procedure outlined in Martelli et al** We
mapped (and stored) the HB network formed by the water molecules in our simulation domain by
following the geometric criterion mentioned in Ref. 14 (r < 3.5 A and 6 < 30°). A slab of thickness
1 nm (in the z direction or the direction perpendicular to the grafting surface) was selected from
within the simulation domain for the purpose of the analysis. The z-location of the slab was chosen
at the center of the PE brush layer (to avoid any interfacial effects) to probe the water structure
inside the brushes. On the other hand, the z-location for the slab was chosen far away from the
brushes for probing the ring structure of bulk water. All the water molecules within this slab were
tagged. We randomly picked one of the tagged water molecules as our starting point and iterated
recursively to obtain all possible paths (a path refers to a sequential chain of molecules connected
via HBs) initiating from that molecule. Out of these paths, the paths forming closed loops
(involving the starting water molecule) of 10 members or less were filtered out and other paths
were discarded. This was done as we considered a maximum ring size of 10 molecules for our
analysis. Rings formed across the x and y periodic boundaries were considered by replicating the
simulation domain in these directions (there were a total of 8 replicas of the original simulation
domain). The procedure was repeated until all tagged water molecules were picked as the starting
point. This way, we obtained all the rings containing at least one of the water molecules within the
slab. It is important to note that a ring can contain water molecules outside of the initially tagged
molecules as the slab is not periodic in the z direction. Care was taken to ensure that none of the
rings were repeated by comparing a newly found ring to the list of previously stored rings.

Moreover, we only considered primitive rings in our analysis. A ring is defined as primitive when
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no pair of its constituent molecules are connected by a path shorter than the path along the ring
[see Fig. 3(a)].***7 This helps to avoid the erroneous counting of rings that are merely a
combination of smaller fundamental rings. The analysis was carried out for multiple time steps to
ensure proper statistical sampling. Finally, we utilize the list of stored primitive rings to calculate
the ring statistics such as the probability distribution, average ring size, and the number of rings

normalized by the number of tagged water molecules.
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Procedure for Calculating the RMSDs

The RMSD corresponding to a chosen unit vector (say ; for the present case 7= Hor P or 6) is

calculated by employing the procedure outlined by Mazza et al.>® First, we discretize time into

small intervals &t. The rotation of 7 in time &t can be quantified as 65(1}) =

r(t;)XT(t;+6t)

-1 -
cos H(r(t).r(t; + ot)) RN Y

where t; is some initial time. The net rotation of 7 in a time

interval t (t = &t) can be calculated by integrating all the differential rotations:

AG(t) = ftw(t*) e,  (7)

, ot

Finally, we take an ensemble average across a large number of water molecules to obtain the

RMSD as a function of time:

1 Ny . - 2 1 Ny 2
RMSD(t)=N—sz=1|9j(ti+t)—9j(ti)| = RMSD(t)zN—WZj=1|A9]-(t)| NG

where the rotational displacement has been averaged over N,, water molecules.
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