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Preventing ice formation and accumulation on solid surfaces has been a great challenge to address for
various engineering and technological applications. Recently, the new development of zwitterionic polymer
coatings attracted a lot of attention due to their excellent anti-icing performance (i.e., effectively reducing
ice formation and adhesion), making them ideal material candidates for anti-icing coating applications. In
this study, we employ density functional theory (DFT) to explore the hydration behaviors of two
representative  zwitterionic  polymers, ie., poly(sulfobetaine-methacrylate) (polySB) and poly(2-
methacryloxoethyl-phosphorylcholine) (polyMPC). Through detailed bonding analysis by crystal orbital
Hamilton populations (COHP), our results indicate strong interaction and covalent-nature bonds between
the hydrogen atoms in water molecules and polymers’ oxygen atoms of the anionic group of the polymer.
Electron partial density of states (PDOS), Bader charge analysis, and energy calculations further
demonstrate the physical and chemical nature of the water-polymer bonds. Interestingly, our modeling
results also reveal that the addition of more water molecules will decrease the bonding stability of the bond
between adsorbed water molecules to the polymer. Such induced bond instability, along with the
polymer's hydrophilic character, suggests that continuous association and dissociation of bonded water
molecules serve as the key mechanism which explains the inhibition of water clustering of the hydration
layer. Our findings provide valuable insights into the physiochemical nature of water-polymer interaction
by unveiling the molecular mechanism of hydration behavior, paving the way for design of next-generation
anti-icing materials.

Zwitterionic polymers have emerged as a promising material for anti-icing applications. However, a lack of fundamental understanding of the interfacial
hydration mechanism of these polymers has hindered their design and optimization for improved anti-icing performance. To address this issue, we

conducted an atomistic modeling study based on density functional theory (DFT) to investigate how the charge distribution and specific zwitterionic units
(i.e., phosphorylcholine and sulfobetaine groups) impact the hydration behaviors of zwitterionic polymers. Our results reveal that the anionic group of the
polymer chain plays a crucial role in governing the strength of interaction with water molecules, which ultimately affects the ice formation energy.

Specifically, we found that the more negatively charged the anionic group, the stronger the anti-icing effect it will have. These findings highlight the critical
role of the zwitterionic unit in the water-polymer interaction and suggest a materials-by-design approach to engineer anti-icing polymers through molecular

design.

Introduction

In a harsh and cold environment, ice is a significant problem
for many engineering applications, ranging from aircraft,
ships,” trains, power lines,® to renewable systems,* which can

cause significant damage and lead to great economic losses.
An efficient, environmental, and economical solution to the
icing issue is essential. As early as 1946, there have been
growing efforts to prevent water icing on surfaces by using
ice-phobic, superhydrophobic, and anti-icing coatings.”> Up to
date, many approaches and strategies have been proposed to
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have been employed; for instance, aqueous or organic
lubricant coatings have demonstrated relatively good anti-
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properties, charges, and ions have been used to inhibit
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and delay the ice nucleation of freezing sessile droplets on
the surface.>""

Building upon earlier efforts, He et al."” studied the effect
of counter ions on ice nucleation using cationic poly[2-
(methacryloyloxy)-ethyltrimethylammonium] (PMETA) and
anionic poly(3-sulfopropylmeth-acrylate) (PSPMA) brushes
surfaces. Their study showed that the counter ions affect how
fast the water forms ice-like crystals and thus change the ice
nucleation temperature. The influence of the surface charge
on ice nucleation was studied by Lubomirsky et al,"* who
observed that the negatively charged surfaces reduced the ice
nucleation temperature while the positively charged surfaces
resulted in an increase in ice crystal growth rate. Similar
observations were later made by Yang et al," who
investigated the role of surface charges in ice formation
dynamics on the supercharged polypeptide surfaces. Inspired
by ice skating, Wang et al.">'® demonstrated that hydrophilic
polymer coating can be better ice-phobic surfaces and anti-
icing coatings than hydrophobic coatings that loses its
superhydrophobicity under high humidity or at high
pressure. They found that paired water molecules on the
hydrophilic polymer can act as an aqueous lubricating layer
that is naturally replenished from the ambient conditions.
Since then, many hydrophilic materials have been
investigated as a potential ice-phobic and anti-icing
coatings."” Yu et al.'® found that the hydrophilic segment of
the amphiphilic lubricant strongly bonded to water
molecules through hydrogen bonds and formed non-
freezable adsorbed water molecules, leading to decreases in
the freezing point of water and delay of the formation of ice
crystals on the surface. Lately, Lingru et al'® fabricated
superior  crosslinked anti-icing coatings made of
polydimethylsiloxane (PDMS)-dangling zwitterionic
polyurethane (ZPU) (PDMS-D + ZPU) and polyhedral
oligomeric silsesquioxane (POSS)-dangling ZPU (POSS-D +
ZPU) coatings with crosslinked structure that created
micropatterned surface that prevented water-induced
swelling damage to the coatings.

Recently, zwitterionic polymers have gained considerable
attentions as coatings for anti-icing applications. Various
zwitterionic polymers have been synthesized and developed,
e.g., sulfobetaine (SB), carboxybetaine (CB), or
phosphorylcholine (PC), which have the same number of
anions and cation (ie., typically quaternized ammonium)
groups on the chains, making them highly hydrophilic and
antifouling, i.e., the chains tend to orient towards the surface
in contact with water.’® Liang et al'” synthesized
superhydrophilic polyzwitterion brushes of poly(sulfobetaine
methacrylate) (PSBMA) on silicon wafers and showed an
excellent anti-icing coating properties arising from the large
non-freezable bound water leading to low ice adhesion
strength even with film thicknesses as low as ~100 nm.
Furthermore, PC-containing polymers showed strong
resistance to protein adsorption and cell adhesion, among
them 2-methacryloyloxyethyl phosphorylcholine (MPC) had
the best performance.® Inspired by the phospholipid
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structure on  cell ~membranes, the  zwitterionic
2-methacryloyloxyethyl phosphorylcholine (MPC) moiety was
developed to yield an excellent antifouling property.>® Feng
et al. used atom-transfer radical polymerization (ATRP) to
grow MPC brushes from silicon wafers which had significant
decrease in protein and cell adhesion.”> MPC antifouling
performance is presumably due to the tightly bonded water
layer on the brushes which prevents proteins from
approaching surfaces.”*”*® Furthermore, recent studies have
shown that zwitterionic polymers can be used to create
oleophobic coatings for a variety of applications such as self-
cleaning surfaces, anti-fouling coatings, and oil-water
separation membranes.>*>°

Although zwitterionic polymers have shown great potential
for anti-icing applications, the interfacial hydration
mechanism of these polymers remains largely elusive at a
fundamental level. This limits the design and performance
improvement of zwitterionic anti-icing coatings particularly
due to a lack of understanding of the effects of charge
distribution and specific zwitterionic units on hydration
behaviors. Some recent research used molecular dynamics
(MD) simulations to provide an in-depth understanding of
zwitterionic polymers at atomic level.”* For instance, Shao
and coworkers conducted a study where they analyzed the
rheological properties of sulfobetaine and carboxybetaine
polymers as a function of temperature and their
hydrodynamic sizes as a function of salt concentration.*
Their findings revealed that carboxybetaine polymers do not
exhibit stimuli responses as expected from the
antipolyelectrolyte behavior of zwitterionic polymers as
observed in sulfobetaine polymers. According to their
simulation results, the difference in stimuli responses
between carboxybetaine and sulfobetaine polymers can be
attributed to the charge-density difference between their
cationic and anionic groups, which determines the
associations among the zwitterionic moieties. In another
work, Shao et al. used MD simulations to investigate the
influence of charged groups on the properties of zwitterionic
moieties. All studied zwitterionic moieties exhibit strong
hydration, but their structural and dynamic properties differ
depending on the cationic and anionic groups present.® In
addition, they found that the charged groups are also present
in the self-association and protein interactions of zwitterionic
moieties.

To improve the effectiveness of zwitterionic polymers in
antifouling and anti-icing applications, an in-depth
understanding of the molecular level interactions between
zwitterionic polymers and water is required. To bridge this
knowledge gap, in this study, we employ atomistic modeling
approach based on density functional theory (DFT) to
conduct a thorough examination of the fundamental
interactions between zwitterionic polymers and water at the
molecular and electronic levels, for the first time. DFT is a
powerful computational tool that is capable of accurately
calculating weak interactions and predicting the electronic
structure of adsorbates and adsorbents, which is crucial for
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understanding the adsorption process. By comparing two
representative  zwitterionic  polymers, polysulfobetaine
(polySB) and polyphosphorylcholine (polyMPC), as potential
anti-icing coating polymers, we aim to gain in-depth insights
into the hydration process and provide a physical and
chemical understanding of the water-polymer interaction at
a fundamental molecular level, which is needed to develop
an extension of structure-property relationships for materials
by design.

Methods

As previously mentioned, polySB and polyMPC demonstrated
remarkable resistance to icing and fouling, as shown in
experiments.”” Structurally, they possess a reversed charge
distribution, with polySB having an anionic terminal group
and polyMPC having a cationic terminal group. Additionally,
they have distinct anionic groups, phosphorylcholine in
polyMPC and sulfobetaine in polySB. Hence, in this study, we
selected these two zwitterionic polymers to gain insights into
designing effective anti-icing coatings. For both studied
polymers, polySB and polyMPC, we use periodic structure
models of one “short” chain with four monomers surrounded
by vacuum to avoid any possible interactions between
periodic replicas. The atomic structure of the 3D periodic
models of polySB and polyMPC are shown in Fig. 1. Then,
water molecules are incrementally added to the simulation
cell to simulate polymer hydration with different water
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content. All dry and wet models are fully optimized to the
ground structure before hydration and bonding analysis. The
Vienna ab initio Simulation Package (VASP)*°™*? is used to
perform non-spin-polarized planewave DFT calculations,
where the core and valence electrons are described using the
projector-augmented wave (PAW)**?* and the generalized-
gradient approximation in the Perdew-Burke-Ernzerhof
(PBE) form is used to describe electron exchange and
correlation.*® The Kohn-Sham equations are used to improve
the accuracy of self-consistent density functional theory
(DFT) calculations. The theoretical single-electron Kohn-
Sham equation can be expressed as

(#2/2mV? + v[{R}, 7, p(I)ES (R, P) = sl RS (R, ) (1)

where first term corresponds to kinetic energy T and uses

symbol of gradient V = (37373) In the eqn (1), we find
0x 0y 0z

a set of one-electron orbital's go?-‘s({fel}, 7) and their energies ¢;.

The orbitals are combined with orbital occupation function f;

for constructing the total density of electrons (p) that is

composed out of pairs of orbitals with coinciding indices

p(T) =D fo™ (F)o (7)) 2)
i
Total density determines the potential as following

v[7, p] = 8/3p(E[p] - Tlp)) (3)

a

Fig. 1 Ground polymer structures with 4 monomers for (a) polyMPC and (b) polySB. The left and right simulation cells show the optimized
configurations of models with and without visualization of hydrogen bonds, respectively. Dashed cyan line represents hydrogen bonds. Red,
yellow, orange, purple, gray, and white atoms are oxygen, sulfur, phosphorus, nitrogen, carbon, and hydrogen, respectively.

1042 | Mol Syst. Des. Eng., 2023, 8, 1040-1048

This journal is © The Royal Society of Chemistry and IChemE 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3me00020f

Open Access Article. Published on 03 April 2023. Downloaded on 3/14/2026 9:49:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

MSDE

Dispersion interactions are considered by applying
Grimme's PBE-D; corrections with Becke-Johnson damping
function.*® The kinetic energy cutoff is set to 400 eV and the
Gaussian smearing of 0.03 eV is used for Brillouin-zone
integrations. Atomic positions are optimized using the
conjugate-gradient method with energy and force tolerance
of 107® eV and 0.01 eV A, respectively. The electron density
of states (DOS) is a measure of the number of states within a
specific energy range. It is used to analyze the electronic
structure of a system. The definition of DOS is

= 25(8—61') (4)

where the Dirac delta function is approximated using a
Gaussian function of finite width. Then, the Bader method is
used to perform partial charges analysis of all atoms in the
calculated ground structures.*”™*°

To provide a detailed picture of the nature of the bonding
between water and polymer, we carry out charge density and
chemical bonding analyses by calculating the crystal orbital
Hamilton population (COHP)*" using the Local Orbital Basis
Suite Toward Electronic-Structure Reconstruction (LOBSTER)
code.”” To examine interaction strength, water adsorption
energies are calculated using the following equation: AExqs =
(Esurtrm,o — Esurt — En,0)/n, where Egypi1,0 is the energy of the
wet surface, Eg¢ is the energy of the initial dry surface, Ey o
is the energy of a free water molecule, and 7 is the number of

(©) 100

View Article Online

Paper

water molecules per simulation cell. Furthermore, to include
the temperature effect, the Gibbs free energy®® is calculated
according to the following equation: AG = (AH - TAS)/n,
where AS is the difference of entropy between the adsorption
state of hydrogen and gas phase, AH is the change in
enthalpy, and T is temperature. If water adsorption is a
spontaneous reaction, then AG will be negative.

Results and discussion
Electronic structure of zwitterionic polymers

We first examine the atomic and electronic properties of the
ground structure of dry zwitterionic polymers, as depicted in
Fig. 1. As expected, the simulated ground structures of polySB
and polyMPC have “physical” crosslinking in the form of
hydrogen bonds between their side chains due to the strong
dipole-dipole interaction between their anionic and cationic
groups, as shown in the right simulation cells in Fig. 1.
PolyMPC has more crumpled ground structure and longer
side chains than polySB, which has more straight side
chains. However, polySB has a larger number of hydrogen
bonds within its side chains, with an average bond length of
2.38 A, while in polyMPC it is 2.42 A. Since atomic charges
play an important role in the interaction of charged groups,
we use Bader charge analysis to calculate the charge of the
main atoms in the anionic and cationic groups. The Bader
electron population of the atom (Q5**") is calculated as the

80f
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Fig. 2 Calculated average Bader atomic charges for (a) polyMPC and (b) polySB. Partial density of states of (c) polyMPC and (d) polySB, where the

Fermi level is marked as vertical dotted lines at zero energy.
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integral of the electron density (p(r)) over the atomic basin

(24) (Qfader = J p(r)dr).

Qp

As shown in Fig. 2(a and b), nitrogen atoms in the cationic
groups of both polymers have almost the same charge.
However, oxygen atoms in the anionic groups of polyMPC are
more negatively charged compared to those in polySB. This
can be attributed to the fact that phosphorus is less
electronegative than sulfur, which results in more localized
electrons at the negatively charged oxygen atoms.
Furthermore, polyMPC is more polar than polySB with total
dipole moments of 51.45 e A for polyMPC, compared to 48.7
e A for polySB. The stronger dipole moment of polyMPC
makes it more susceptible to interactions with other polar
molecules.

To gain further insight into the electronic properties of
these polymers, we calculate the electron density of states
(DOS) (Fig. 2c and d) and find that polyMPC has an intense
occupied state at the Fermi level, equals to 8.3 states per eV,
compared to 3.2 states per eV for polySB. These states refer
to free electrons at the Fermi level and are mainly from the
oxygen p orbitals in the anionic group, which tend to overlap
with the adsorbate's orbitals. This analysis suggests that the
adsorbate (e.g., water) can form a strong bonding interaction
with these zwitterionic polymers, especially for polyMPC. To
further understand the nature of this bonding, we investigate
the interaction between water and the polymers in detail
next.

Polymer hydration behavior

The hydrated polymer models are prepared by gradually
adding water molecules to the periodic cell of the polymers,
starting with 2H,O/cell and increasing to 16H,O/cell. This
corresponds to a  water content (WC) (ie,

_ Pwet " Pdry

wC %x100%) of 3.23% to 25.81% for polySB and

pdry
3.04% to 24.39% for polyMPC, respectively. From our
simulations, it is observed that water molecules form bond to

the oxygen atoms of the polymers and prefers those in the
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anionic group. However, no water molecules are observed to
bond to nitrogen atoms in the cationic group. Geometry
optimizations are performed for all hydrated models and the
resulted ground structures as shown in Fig. S1 and S2.7

To determine the stability and bond strength of adsorbed
water molecules, we calculate the water adsorption energy
per H,O (E,qs/H,0) versus water content. Fig. 3a shows that
the water molecules are tightly bonded to both polymers with
adsorption energy <-0.6 eV (i.e., >58 kJ mol™" or 14 kecal
mol™) at 0° K. It is important to note that the negative
adsorption energy of water molecules on polySB is higher at
low water content due to the flexibility of its side chains and
the interaction between the side chains, rather than due to a
stronger bonding between water and polymer (which will be
discussed in more detail later). Also, Fig. S31 shows the
calculated water Gibbs adsorption energy for both polymers
is negative bellow 0 °C, which indicates a spontaneous
adsorption as expected. The average bond length between the
polymer oxygen atom and water hydrogen atom (Opoly~Hywacer)
is 1.83 A, corresponding to the donor-acceptor (Opoly=Owater)
distance of 2.8 A.

According to Jeffrey's criterion,** hydrogen bonds with
donor-acceptor distances of 2.2-2.5 A are classified as
“strong (mostly covalent)”, 2.5-3.2 A are classified as
“moderate (mostly electrostatic)”, and 3.2-4.0 A are classified
as “weak (electrostatic)”, associated with the bond strengths
of 40-14, 15-4, and <4 kcal mol™, respectively. In
comparison, chemical coordinate covalent bonds have a
bond strength of ~50 kcal mol™ and physical van der Waals
interactions have a bond strength of ~1 kcal mol™ at room
temperature.” Also, G. R. Desiraju’® categorizes hydrogen
bonds into three types: very strong bonds with pronounced
covalency, strong bonds with weak covalency, and weak
bonds with no covalency. These bonds have donor-hydrogen
lengthening (A) of 0.05-0.2, 0.01-0.05, and 0.01, respectively.
Thus, we calculate the donor-hydrogen bond length in our
hydrated models, which is the oxygen-hydrogen covalent
bond in adsorbed water molecules where the hydrogen atom
is bonded to the polymer's oxygen atoms (Owater—
Hyater'*Opoly)- Fig. 3b and c shows the mean and the

(a) (b) (c)
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Fig. 3 (a) Calculated water adsorption energy per water molecule vs. WC. (b) and (c) The mean and standard of deviation of the Oyater—

Huwater*Opoly Covalent bond length in the adsorbed water molecules where the H,aer atom is bonded to O, atom of polyMPC and polySB,
respectively. The horizontal dashed line points to Owyater—Huwater cOvalent bond length of 0.973 A in free water molecule.
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standard deviation of the (Owater—Hwater**Opoly) covalent bond
length in polyMPC and polySB with different water content.
The calculated bond length increase is more than 0.02 A for
both polymers, but it is larger for polyMPC than polySB,
which indicates a stronger hydrogen bond between polyMPC
and water molecules. Therefore, our simulation suggests that
the interaction between zwitterionic polymers and water
molecules is more than just an electrostatic physical
interaction.

To gain a deeper understanding of the interfacial charge
distribution, we calculate the differential charge density and
charge transfer after adsorption. This allows us to better
analyze the interaction between the polymers and adsorbed
water molecules. The differential charge density, Ap, can be
obtained by subtracting the charge density of the isolated
polymer and water from the charge density of the polymer
structure with bonded water: Ap = pioeal — (Ppoly + pu,0)- Here,
Protal, Ppolys and py,o represent the charge densities of the
polymer structure with bonded water, isolated polymer, and
water, respectively. As shown in Fig. 4a, the differential
charge density plots for both polymers with two adsorbed
water molecules reveal some charge accumulation at the
interface, as shown by the yellow bubble between the
polymer's oxygen atom and the water hydrogen atom. The
formation of bonds with chemical/covalent nature and orbital
overlap between the polymer and water molecules is
confirmed by such significant charge redistribution. To get

&
polyMPC
0.30
I’\ —e— polySB
\03/0‘25_ —e— polyMPC
[}
()
20.20f
©
<
O
< 0.15F
o
5}
< 0.10f
e
o
= 0.05f
5 10 15 20 25
Water Content (%)

Fig. 4 (a) Differential charge density plots for both polymers with two
adsorbed water molecules (yellow color: charge accumulation; cyan
color: charge depletion). (b) Total charge transferred from polymers to
the adsorbed water molecules based on Bader charges.
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more quantitative charge redistribution results, we calculate
the sum of the atomic charge of adsorbed water molecules
that was calculated using both Bader's method and the
orbital-based Lowdin charges. Fig. 4b shows that the increase
in water content led to more charge transferred to the
adsorbed water molecules. There is more charge transferred
from polyMPC than polySB, which perfectly agrees with the
observed Fermi-level electron state in polyMPC PDOS. Both
Bader and Lowdin charges gave the same overall trend.
However, in Fig. S4,7 the later showed higher charge transfer
from the polymers to adsorbed water molecules and an off-
trend peak for polySB with a water content of 9.68%.

Our results so far indicate that water molecules bond to
zwitterionic polymers via strong hydrogen bonds with some
covalency, which is quantitatively different from normal
hydrogen bonding.*®*” Other systems that primarily contain
ionic species, such as CI'-H,0, F -H,0, and H;0'-H,0, have
also shown evidence of strong hydrogen bonds with
interaction energies of roughly 15, 30, and 35 kcal mol ™,
respectively.*®* More recently, Dereka et al* used
experimental characterization and DFT simulations to show
the chemical nature of the very strong hydrogen bond in
F~---HF complex with interaction energies of ~40 kcal mol ™.
Their results confirmed the covalent nature of strong
hydrogen bond, which are consistent with our simulation
observations.

To further understand the stability and covalent nature of
the bond between zwitterionic polymers and water, we
employ COHP to conduct chemical analysis. COHP analysis
indicates bonding and antibonding interactions with negative
and positive —COHP values, respectively. The cumulative
integration of ~COHP up to the Fermi level (Eg), or -ICOHP
values, determines the bonding-antibonding balance, and
thus characterizes the bonding strength. Fig. 5a shows the
calculated ~-COHP of the bond between the hydrogen atom of
adsorbed H,O and the nearest oxygen atom of the polySB
and polyMPC bonds at water content of 3.23% and 3.03%,
respectively. This comparison of the two polymers' bonding
interactions with adsorbed water molecules reveals the
presence of strong and deep positive bonding states below
the Fermi level. This indicates the existence of a stable Oy~
Hyater bond and confirms the covalent contribution to the
bond, as revealed by the topological analysis and adsorption
energy results.

Furthermore, Fig. 5a and b shows that the Opoy—Hywater
bond in polyMPC is stronger than in polySB, which is
consistent with the shorter Opoly=Hwater bond length of 1.68 A
in polyMPC compared to 1.84 A in polySB, as well as the
greater charge transferred to the adsorbed water molecules
from polyMPC than from polySB. Interestingly, in Fig. 5b, we
observe that the increase in water content, which results in a
thicker hydration layer, leads to a decrease in the strength of
the Opoly=Hwater bond of the closest water molecule to the
polymer. Such weakening of the Opg~Hyaeer bond is also
evident in the depression of the -COHP bonding states in
Fig. 5c and d.

Mol. Syst. Des. Eng., 2023, 8,1040-1048 | 1045


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3me00020f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 03 April 2023. Downloaded on 3/14/2026 9:49:05 AM.

(cc)

Paper

0.0
-05
(©) 15
1.0

0.5

-COHP

View Article Online

MSDE

(b)
—— H-O(polySB) —e— polySB
i H-OpolyMPC) 1.2 —eo— polyMPC
Tbonding % 1.0¢
I o
©
0.8f
lantibonding W
L 0.6
-20 -10 0 10 4 6 8 10
E-E¢ (eV) (d)1 . Water Content (%)
— H-O WC=3.23% . — H-O WC=3.03%
~——+ H-O WC=46% ~——+ H-O WC=6.1%
—— H-O WC=9.68% H-O WC=9.14%
o
o
]
Q
20 ~10 0 10 20 ~10 0 70
E-Ef¢ (eV) E-Ef (eV)

Fig. 5 (a) Crystal orbital Hamilton population (-COHP) of the bond between hydrogen atom of the adsorbed H,O and the nearest oxygen of
polySB and polyMPC at WC = 3.23% and 3.03%, respectively. (b) Integrated ~-COHP (-ICOHP) vs. water content, calculated ~-COHP for the bond
between hydrogen atom of adsorbed H,O and nearest oxygen atom of the polySB (c) and polyMPC (d) at different WC.

—~~
[Y)
N
o o
NN
[N
: T

I
N
PN

Formation Energy (eV)
o o
N N
f—

o

-

e
T

(c)

—o— polyMPC

Formation Energy (eV) ~—
S o o o o
R B S

]
I
IS

I
o
)

—e— polySB

5 )

ol

15 20

Water Content (%)

Fig. 6 Calculated formation energy for small ice cluster of the farther water molecules from the surface of (a) polyMPC and (b) polySB vs. WC of
the hydration layer. (c) A schematic illustration showing the expected dynamic of polySB hydration layer.

1046 | Mol Syst. Des. Eng., 2023, 8, 1040-1048

0

L

R =
Desorptlon

§P

Adsorption

This journal is © The Royal Society of Chemistry and IChemE 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3me00020f

Open Access Article. Published on 03 April 2023. Downloaded on 3/14/2026 9:49:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

MSDE

We next evaluate the formation energy (Eform) to further
test the hypothesis that the strongly bonded dynamic
hydration layer will not likely freeze as informed from our
above analysis. In our simulation, Ef, is calculated from
the energy difference of four H,O molecules forming a small
ice cluster on polymer relative to the same number of
adsorbed liquid like water molecules: Ego :EL“:IZO—EZEI‘% ,

where E,3"s is the total energy of the polymer with four

adsorbed water molecules and E'  is the total energy of the
2

system with adsorbed ice cluster. Ground structures of
adsorbed ice cluster are shown in Fig. S5.f The calculated
clustering formation energies are +0.28 eV for polyMPC and
+0.58 eV for polySB, in the absence of water, as shown in
Fig. 6a and b. This result indicates that there is repulsion
between the interacting components, making the tightly
adsorbed ice clusters right on polymers is energetically
unfavorable and unstable.

We further calculate the formation energy needed for
small ice clustering on hydrated polymer surface, in the
present of hydration layer with water content of
approximately 9.5% and 19.5%. The resulting formation
energy of the cluster (shown in Fig. 6a and b) significantly
decreases on both wet polymers, but remains positive on
polyMPC, suggesting that a thicker layer of water
molecules needs to be present on the surface of polyMPC
before ice formation. These results help to explain the
experimental observation that the delayed ice nucleation
or formation and the low ice adhesion on polySB, which
is likely due to the presence of a non-freezable hydration
layer.”” The similar observation was found with
poly(ethylene glycol),>® which reduces ice adhesion due to
hydrogen-bonded water molecules on the surface that do
not freeze and serve as a self-lubricating interfacial layer.
Based on our simulation results, it is expected that it will
take longer time and more water to form ice on polyMPC
compared to polySB and that polyMPC will have much
ice adhesion strength due to a thick
lubricating interfacial layer. Our findings suggest polyMPC
is an excellent candidate for anti-icing coating applications
outperforming  polySB.  Additionally, the previously
indicated bond instability (Fig. 5b) along with the
superhydrophilic nature of the polymers suggest that the
nearest layer of adsorbed water molecules on the polymer
surface has dynamically bond forming and breaking, as
illustrated in Fig. 6c. This dynamic hydration layer acts as
a non-freezing hydration lubricant, which has been
suggested by Yu et al,'® who observed similar hydration
lubricant on the hydrophilic segment made of strongly
bonded water molecules through hydrogen bonds, which
forms non-freezable adsorbed water molecules. Built upon
our modeling framework established in this study, in the
future, it is worth testing a larger number of polymers
having diverse chemical structures to further understand
the relationship between the anti-icing properties and their
molecular characteristics of zwitterionic polymers.

lower water-
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Conclusion

In this study, we investigate the intermolecular interactions
between water molecules and two representative
superhydrophilic zwitterionic polymers using DFT. We find
that polyMPC and polySB have different atomic structures
and electronic properties, leading to contrast hydration
behaviors associated with interactions with water.
Particularly, polyMPC has a more crumpled ground structure,
a stronger total dipole moment, and more occupied states at
the Fermi level compared to polySB. Detailed bonding
analyses demonstrate that the bond between water and
polyMPC is stronger compared to polySB, with polyMPC
exhibiting more charge transfer to tightly adsorbed water
molecules. The partial covalent nature of the polymer-water
bond is further confirmed by COHP chemical bonding
analysis. The tightly bonded first layer of adsorbed water
molecules, known as the hydration layer, does not freeze and
acts as a selflubricating interfacial layer. These
characteristics explain the observed delay of ice formation on
zwitterionic polymers with relatively low ice adhesion. Our
findings suggest that the strong interaction between water
and polyMPC make it a promising candidate for anti-icing
applications. Our work provides valuable insights into the
hydration mechanism of zwitterionic polymers at a
fundamental level, paving the way for establishing a
materials-by-design strategy for high-performance anti-icing
polymers.
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