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ABSTRACT: With increasing environmental concerns about
petrochemical-based materials, the development of high-
performance polymer nanocomposites with sustainable filler
phases has attracted significant attention. Cellulose nanocryst-
als (CNCs) are promising nanocomposite reinforcing agents
due to their exceptional mechanical properties, low weight, and
bioavailability. However, there are still numerous obstacles that
prevent these materials from achieving optimal performance,
including high water adsorption, poor nanoparticle dispersion,
and filler properties that vary in response to moisture. Surface

modification is an effective method to mitigate these shortcomings. We use computational approaches to obtain direct insight
into the water adsorption and interfacial mechanics of modified CNC surfaces. Atomistic grand-canonical Monte Carlo
simulations demonstrate how surface modification of sulfated Na-CNCs impacts water adsorption. We find that
methyl(triphenyl)phosphonium (MePh,P*)-exchanged CNCs have lower water uptake than Na-CNCs, supporting experimental
dynamic vapor sorption measurements. The adsorbed water molecules show orientational ordering when distributed around the
cations. Steered molecular dynamics simulations quantify traction—separation behavior of CNC—CNC interfaces. We find that
exchanging sodium for MePh;P* effectively changes the surface hydrophilicity, which in turn directly impacts interfacial adhesion
and traction—separation behavior. Our analysis provides guidelines for controlling moisture effects in cellulose nanocomposites

and nanocellulose films through surface modifications.
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1. INTRODUCTION

Cellulose, an organic polysaccharide, serves many roles in
natural systems but most notably is the major structural
component of plant matter, leading it to be the most abundant
renewable polymer found in nature.’ When bulk cellulosic
materials, such as wood pulp, are subject to chemical,
mechanical, and/or enzymatic treatment,” " the amorphous
regions of cellulose microfibers are predominantly hydrolyzed.
Upon further processing, the remaining microfibers break into
shorter cellulose nanocrystals (CNCs) that are highly
crystalline with a high aspect ratio.” Within this crystal
structure, cellulose chains are closely packed together by van
der Waals interactions and an extensive network of hydrogen
bonds that exist both within (intrachain) and among
(interchain) linear cellulose chains.”” CNCs exhibit many
appealing intrinsic properties, including nanoscale dimensions,
high aspect ratio, high biodegradability and bioavailability, low
density, and exceptional mechanical strength.® Thus, they
possess great potential as reinforcing agents in polymer
nanocomposites in place of synthetic filler particles.””~">
Despite this promise as the filler phase of nanocomposite
materials for infrastructure, transportation, and renewable-
energy applications, there are still shortcomings that must be
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overcome to achieve optimal performance of CNC—polymer
nanocomposites. First, CNCs are largely hydrophilic and can
retain large amounts of moisture that have a negative impact on
the mechanical properties of resulting nanocomposites.' ™'
Moisture has also been shown to impact CNC—-CNC
interfacial properties by reducing resistance to interfacial
shear.'*™"” Further, during the drying process, significant
aggregation of CNCs is observed due to the formation of
hydrogen bonds between crystals.”” Aggregation poses
significant problems in the redispersion for effective processing
and can lead to nonuniform filler distribution in nano-
composites that is associated with an overall decline in the
mechanical performance of the material.”"**

A general approach to controlling the interactions between
CNCs is via surface modification.”” Recently, Fox et al.
developed an ion-exchange method to further modify sulfated
CNC surfaces.”* These CNCs are extracted from bulk cellulosic
materials using sulfuric acid (H,SO,), and a side esterification
reaction occurs at the crystal surface, resulting in hydroxyl
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Figure 1. (A) MePh;P" ionic surface modification that is exchanged for sodium cations on sulfated CNCs. Color codes: cyan = carbon, white =
hydrogen, brown = phosphorus. (B) Same cation, color-coded by the atoms’ partial charges calculated using the FETK protocol.”” Electronegative
atoms are shaded red, electropositive atoms are shaded blue, and aliphatic hydrogen atoms are shaded white, with a fixed charge of +0.09. (C)
Comparison of the energy landscape of the C—C—C—P dihedral (yellow atoms) within MePh;P* for a dihedral angle ranging from ¢ = 91.85° to ¢
= 271.85° in steps of 15°. A cutoff of 10 kcal/mol was used in the optimization. The plot shows good agreement between the energy landscapes
computed using QM calculations (black line) and the optimized CHARMM dihedral parameters obtained from FFTK (red line).

groups being replaced by sulfate groups.””> These sulfate
groups carry a single negative charge that is neutralized by a
sodium cation. The sodium cation can subsequently be
exchanged for larger, more nonpolar cations, such as methyl-
(triphenyl)phosphonium (MePh,P*, Figure 1A). Experiments
have shown that replacing the sodium cation with MePh;P*
reduces water adsorption and improves thermal stability of the
nanocrystals. Further, these modified CNCs improve filler
dispersion when incorporated in polystyrene—CNC nano-
composites.”* These experimental results demonstrate the
tremendous potential of ion-exchanged CNCs for use in
CNC-reinforced nanocomposites to overcome current short-
comings in this class of materials. However, a molecular-level
understanding of the effects of surface modification is still
limited. Computational approaches can provide direct insight
into the properties of chemically modified CNC surfaces. With
the advent of generalized all-atomistic force fields,*® these novel
chemical modifications can be rapidly parametrized”’ and
further characterized using existing simulation techniques.

Here, we investigate the surface and interfacial behaviors of
ion-exchanged CNCs using grand-canonical Monte Carlo
(GCMC) and steered molecular dynamics (SMD) simulations.
The GCMC method”®** allows simulation of adsorption at
constant temperature and pressure, and has been used
extensively in the studies of adsorption on fixed substrates.”””'

Here, we employ GCMC simulations combined with
molecular dynamics (MD) simulations that take into account
the movement of the substrate to study how surface chemistry
impacts the water uptake of CNC surfaces at varying relative
humidity. In addition to measuring the adsorption isotherm, we
also characterize the water distribution, configuration, and
dynamics. SMD*” is a technique by which an external force is
applied to a group of atoms, making it possible to effectively
simulate atomic force microscopy experiments. We use SMD
simulations to probe the traction—separation behavior’® of
CNC—CNC interfaces and to determine how surface chemistry
and interfacial moisture influence interfacial failure and
mechanics. The experimental characterizations of ion-ex-
changed CNCs can be found in ref 24.

2. MODELS AND METHODS

2.1. Parametrization of CHARMM Force Field. In our
simulations of surface-modified CNCs, we utilized the CHARMM**
force field with bond, angle, dihedral, and nonbonded terms (both van
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der Waals and electrostatic contributions) with the form of the
potential energy function shown in the Supporting Information. We
employed parameters from the generalized CHARMM force field*®
and the CHARMM force field for carbohydrates® ™’ for the sulfated
CNCs. For the MePh,P* ionic surface modification (Figure 1A) we
initially intended to use the generalized CHARMM force field, but
upon parametrizing the molecule with the CGenFF program26
(version 3.0.1), we noticed extremely high penalty values (greater
than 50) for partial charges as well as bond, angle, and dihedral
parameters. As an alternative, we determined the partial charges and
structural parameters with high penalty scores using the Force Field
Toolkit>” (FFTK) package implemented in Visual Molecular
Dynamics®® (VMD). FFTK is a protocol that allows rapid para-
metrization of small molecules using optimization methods that
minimize differences between quantum-mechanical (QM) calculations
and molecular mechanics (MM) calculations that utilize the
CHARMM force field. Figure 1B illustrates the partial charges
calculated using this technique. To demonstrate the accuracy of this
parametrization technique, Figure 1C shows a comparison between
the energy landscapes of the C—C—C—P dihedral calculated using
QM relaxed potential energy surface scans and the optimized dihedral
parameters from FFTK. The QM calculations were performed using
Gaussian09°” with second-order Moller—Plesset perturbation theory
(MP2) and the 6-31G(d) basis set. The full set of parameters used to
simulate MePh;P* and a more detailed comparison between the QM
and MM calculations are provided in the Supporting Information.

2.2. Combined GCMC and MD Simulations of Water
Adsorption. To study the water adsorption on CNC surfaces,
CNCs with two exposed (110) surfaces and dimensions of 10.38 nm
along the length of the chain (10 repeat units), 3.31 nm along the
width of the crystal (6 chains), and 1.19 nm along the thickness of the
crystal (2 layers) were generated using the cellulose-builder tool** and
the psfgen tool in VMD. On each surface, we replaced 1 out of every
10 hydroxyl groups with a sulfate group and placed the sodium or
MePh,P* cations adjacent to these groups. The sulfate groups were
equally spaced on the surfaces (Figure S1). The CNC was placed in a
simulation box with dimensions 10.38 nm X 3.31 nm X 8 nm, with
periodic boundary conditions in three dimensions (Figure S1).

We performed simulations using the LAMMPS package with a time
step of 2 fs. The CNC was first equilibrated using MD for 2 ns in
vacuum in the NVT ensemble, where the temperature was kept at T =
300 K by a Langevin thermostat with damping time 100 fs. The
backbone carbon atoms of the cellulose chains were tethered to their
initial positions by harmonic forces within the CNC surface plane with
a spring constant of 10 kcal/(mol A%). After the CNC reached
equilibrium, GCMC steps were added to perform exchanges
(insertions or deletions) of water molecules with an imaginary ideal-
gas reservoir at T = 300 K and a fixed chemical potential. 100 attempts
of GCMC exchanges of water molecules, modeled using the rigid
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Figure 2. (A) Number of adsorbed water molecules per nm? as a function of RH for Na-CNC and MePh,P-CNC surfaces, obtained from combined
GCMC and MD simulations. (B) Representative simulation configurations of adsorbed water on Na-CNC (left) and MePh;P-CNC (right) surfaces
at RH = 60%. Hydrogen atoms on CNC are not shown for clarity. Color codes: cyan = carbon, red = oxygen, white = hydrogen, yellow = sulfur, blue
bead = sodium, brown bead = phosphorus. (C) RDFs of water oxygen atoms around sodium (left) and phosphorus in MePh;P* (right) at different

RH.

TIP3P water model,”" were performed every 100 fs (every 50 MD
steps). At each GCMC step, insertions and deletions attempts were
made with equal probability. When inserting a water molecule, its
center of mass was placed at a random point within the simulation box.
A random orientation was then generated by choosing a random point
on a unit sphere, centered around this center of mass, and rotating the
water molecule around this axis, over a random angle between 0 and
27. This insertion was accepted or rejected according to the
conventional GCMC acceptance criterion. To enable a direct
comparison with experiments, where the water mass adsorbed was
measured as a function of relative humidity (RH),** we related RH to
the chemical potential ¢ imposed in the GCMC simulations. RH is
defined as the ratio of the partial pressure of water vapor to the
saturated vapor pressure. At T = 300 K, the saturated fugacity
coefficient of water vapor was measured to be close to 1, so its
chemical potential can be approximated by that of an ideal gas. The
ideal-gas approximation also applies to the rigid TIP3P water, which
has a similar saturated fugacity coefficient.* Thus, 4 is related to RH
by p — pg = kgT In(RH), where pg, is the chemical potential of the
saturated vapor. We performed GCMC simulations of rigid TIP3P
water to obtain g, from the measured saturated vapor density of
0.0245 kg/m>** Such a low density further supported our ideal-gas
approximation as well as the feasibility of GCMC simulations, which
were chosen over canonical simulations to better account for water
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density fluctuations. With i, determined to be —10.96 kcal/mol, we
calculated the appropriate p to simulate RH ranging from 10% to 90%
(see Table S1).

During the above-mentioned 100 fs between GCMC steps, both the
water molecules that were introduced through GCMC steps and the
CNC were equilibrated using MD simulations in the NVT ensemble,
with the same temperature and thermostat as used in the initial
equilibration stage. The MD steps allowed the movement of CNC
substrates, which results in a more realistic representation of the
experimental system. The combined GCMC/MD simulation ran for
70 ns in total, with the first 10 ns used for the number of water
molecules to reach equilibrium and the final 60 ns used for data
analysis. During the entire simulation, the bonds and angle of the rigid
water molecule were constrained via the SHAKE algorithm.45
Electrostatic interactions were accounted for through Ewald
summation via the particle—particle particle—mesh algorithm with a
relative accuracy of 107*. A cutoff distance of 12 A was set for the
short-range interactions and the real-space contribution to the
electrostatic calculations.

2.3. SMD Simulations of Traction—Separation Behavior. To
understand how water affects the traction—separation behavior of
CNC—-CNC interfaces with ionic surface modifications, we generated
interfaces with the (110) surface exposed (Figure S2) using the tools
mentioned in the previous section. CNCs have dimensions of 10.38
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Figure 3. (A) Schematic illustration of the distance and angles measured in the simulations to understand orientational ordering of water molecules.
(B) Orientational ordering of water molecules as a function of distance to the cations. The nine different curves for each cation correspond to
measurements of (cos 6) at different RH. (C) Scatter plots of cos 6 as a function of distance to the cations and acute angle ¢ for all water molecules
in the last 60 ns of simulations at RH = 50%. Left-hand side plot pertains to Na-CNC surfaces and the right-hand side plot to MePh;P-CNC
surfaces. (D) Single-molecule orientational time correlation function for water molecules adsorbed on different CNC surfaces as well as in pure bulk

water at a density of 1 g/ cm?®.

nm along the length of the chain (the same as the CNCs used in the
water adsorption simulations), 7.50 nm along the width of the crystal
(14 chains), and 1.79 nm along the thickness of the crystal (3 layers).
Previous work’ showed that for a finite CNC crystal with width
smaller than 14 chains the root-mean-square fluctuation of atoms
increased with decreasing crystal width, thereby affecting its
mechanical properties. For our traction—separation study, we therefore
chose to employ a crystal width of 14 chains to mitigate such finite-size
effects. On each exposed CNC surface, the percentage of hydroxyl
groups replaced with sulfate groups was again 10%, with a sulfate
group distribution pictured in Figure S2. To create interfaces, two
CNCs were placed in a simulation box such that the sulfate groups
from opposing surfaces were arranged in an interdigitated con-
formation (Figure S2). Since we are interested in the influence of
water on the traction—separation behavior, we studied systems with
and without interfacial water (which we refer to as “wet” and “dry”
interfaces, respectively). For the wet interface, a single atomic layer of
rigid TIP3P water molecules was inserted between the two CNCs
using the program packmol.46 Past experiments,24 as well as the water
adsorption simulations conducted in this study, revealed that
MePh;P*-modified CNCs adsorb less water than those with sodium
cations at the same RH. We choose RH = 90% as a representative case
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in the interfacial simulations, corresponding to 616 and 707 water
molecules placed at interfaces with MePh;P* and sodium cations,
respectively, according to our grand-canonical simulations. Periodic
boundary conditions were applied along the length (x-axis in Figure
S$2) and width (z-axis) of the crystals, with a nonperiodic boundary
normal to the interface (y-axis).

We performed simulations using the NAMD software package®’
with a time step of 2 fs. First, CNC—CNC interfaces were equilibrated
in the NVT ensemble at T = 300 K for 1.5 ns. During this
equilibration, the backbone carbon atoms of the lower crystal were
fixed in place while the upper crystal, as well as water in the case of the
wet interface, was free to move into contact with the lower crystal to
develop the interface. As measured from simulations, in the system
with MePh;P* cations, the gap between the top and bottom crystal at
equilibrium was larger than that in the system with sodium cations, by
about 6.48 A for the dry interface and about 3.68 A for the wet
interface. The larger gap for the MePh;P-modified interface resulted
from steric effects arising from the bulky ionic structure. In the
presence of water, the difference in gap size decreased because the
water increased the gap between CNC crystals with sodium cations by
approximately 2.4 A, whereas it decreased the gap between those with
MePh,P* cations by approximately 0.4 A. Once the systems were
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equilibrated, we conducted SMD simulations to determine the
traction—separation behavior of both dry and wet interfaces. In
these simulations, the bottom crystal was again held fixed, and the
SMD force was applied to the center of mass of the backbone carbon
atoms in the top crystal to simulate interfacial traction and separation,
as indicated in Figure S2. The SMD simulations employed a constant
pulling velocity of 2 X 10™° A/fs and a relatively high SMD spring
constant of 4000 kcal/(mol A?) to reduce oscillations of the pulled
atoms. These SMD parameters are consistent with our previous
studies'®*® and are appropriate for avoiding any issues associated with
rate dependence. An additional discussion on rate dependence is
included in the Supporting Information. Five simulations with
independent starting configurations were conducted for each case to
accurately determine the mechanical properties and changes in free
324 associated with these interfacial modes of failure.

3. RESULTS AND DISCUSSION

3.1. Water Adsorption on CNC Surfaces. Figure 2A
shows the number of adsorbed water molecules per nm” as a
function of RH for the two different CNC surfaces studied
here. Exchanging the sodium cations with MePh;P" results in a
reduction in water uptake, which is qualitatively consistent with
experimental observations.”* However, due to the difficulty in
precisely measuring the surface area per mass of the
experimental CNC samples, we are not able to quantitatively
compare with experimental measurements,”* which report
water mass adsorbed as a percentage of dried CNC sample
mass. A tentative comparison (Figure S3) shows that the
simulations and the experiments exhibit quite similar trends as a
function of RH. A potential explanation for the observed
differences could be that CNCs in the experimental samples are
not fully isolated unlike in the simulations.

The qualitative agreement indicates the predictive capability
of simulations in terms of relative water uptake ability, which
can be exploited to facilitate future design of CNC surface
modifications. In addition, the simulations provide deeper
insight into the molecular-level structure and dynamics of the
adsorbed water near the surfaces. As illustrated in Figure 2B,
the adsorbed water molecules tend to aggregate near the
cations on the CNC surfaces due to electrostatic interactions
that are strong compared to hydrogen bonding with hydroxyl
groups on the cellulose chains. To provide a detailed view of
the interactions between the water molecules and the cations,
we plot the radial distribution functions (RDFs) of water
oxygen atoms around the different cations (Figure 2C). The
RDFs are computed around the sodium atom for Na-CNCs
and the central phosphorus atom in MePh,P* for MePh,P-
CNCs. Since the average nearest intercation distance measured
from the simulations is ~11.6 A, we plot the RDF within a
range of 6 A, focusing on the water molecules near each cation.
For Na-CNC surfaces, the RDFs at different RH show short-
distance peaks at ~2.3 A, demonstrating the strong electrostatic
interactions between water molecules and sodium cations.
These peak values decrease with increasing RH due to the
normalization of RDF with respect to an ideal gas. Moreover,
the RDF distributions show secondary peaks at ~4.4 A, which
arise from the intermolecular hydrogen bonding of water
molecules with the first layer of water surrounding the sodium
cations. For MePh;P-CNC surfaces, the RDFs also display a
two-peak profile. Compared to the water distribution near Na-
CNC surfaces, where the first layer of water is distributed
within 3 A from the sodium atom, water molecules do not
appear closer than 3 A from the phosphorus atom on MePh,P-
CNC surfaces. This again can be attributed to the bulky ionic
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structure of MePh;P" disrupting interactions between the water
molecules and the phosphorus atom. The RDF distributions
still exhibit diminishing peak values with increasing RH due to
normalization. The disruption due to the bulky ionic structure
and the presence of the nonpolar phenyl groups (Figure 1B)
that do not interact favorably with water molecules are the
primary contributing factors to the reduced water uptake
compared to sodium cations.

3.2. Orientational Ordering and Dynamics of Water
Molecules. To determine the orientational ordering of water
molecules near CNC surfaces, we measure the angle @ between
two vectors illustrated in Figure 3A: vector 1 aligned with the
water dipole moment, i.e., pointing from the water oxygen atom
to the center of the two hydrogen atoms, and vector 2 pointing
from the sodium atom or the phosphorus atom in MePh;P* to
the water oxygen atom. A positive value of cos @ corresponds to
the water dipole moment pointing away from the cation, while
a negative value indicates that it is directed toward the cation.
Figure 3B shows (cos 8) as a function of the distance between
the water oxygen atom and the cations at different RH. Figure
3C provides scatter plots of cos 6 as a function of the same
distance and the acute angle ¢ formed by vector 2 and the
horizontal plane (cf. Figure 3A). The points represent the
configurations of all water molecules in the last 60 ns of
simulations at RH = 50%. For Na-CNC surfaces, the {cos 6)
plots (Figure 3B) show two positive peaks at positions
corresponding to the peak positions in the RDF plots (Figure
2C). In these two regions, most water molecules are oriented
with their partially negatively charged oxygen atoms pointing
toward the sodium cations. Such ordering is primarily due to
the electrostatic interaction between water and sodium cation
as well as the water—water hydrogen bonding discussed in the
previous section. The negatively charged sulfate groups will also
affect the orientation of nearby water molecules by attracting
the partially positive charged hydrogen atoms. Water molecules
within 3 A from the sodium atom can explore a large range of
angles ¢, while the ones located further away are more
concentrated above the horizontal plane of the sodium atoms
with weaker orientational ordering. For MePh;P-CNC surfaces,
consistent with the RDF plots, the water molecules appear at a
larger distance, but they are still oriented with their oxygen
atoms pointing toward the phosphorus atoms at those
separations. Because of the disruption caused by the ionic
structure of MePh;P*, a certain range of angles ¢ (e.g, ¢ >
60°) is prohibited for water molecules closer than ~4.3 A.

To understand how cation chemistry affects the orientational
dynamics of water molecules, we perform canonical simulations
at RH 70%, where the number of water molecules is
determined from GCMC simulations. We calculate the single-
molecule orientational time correlation function

((“(to)“(to + t)) - (“(to)x“(to + t)))N
c(0)

€ = (1)

where u(t) is vector 1 defined in Figure 3A for each water
molecule at time t and the angular brackets represent an
ensemble average over times f, and over all N water molecules.
We consider all the water molecules as adsorbed in our
calculations due to the sufficiently low detachment probability
of water molecules. (For the Na-CNC surface, at most one
water molecule detaches at any time out of the total 192 water
molecules, and we only observe detached water molecules for
~0.63 ns during the 8 ns simulations.) Figure 3D illustrates the
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correlation function vs time for water molecules adsorbed on
the two different CNC surfaces as well as that of a pure water
system at a density of 1 g/cm’. These results show that the
orientational relaxation of water adsorbed on the surface is
much slower than even in bulk water at the same temperature.
Furthermore, the correlation function for water on the
MePh;P-CNC surface decreases slightly faster than that on
the Na-CNC surface, indicating that sodium cations impose
slightly stronger constraints on the orientational relaxation of
water molecules.

3.3. Separation of CNC—CNC Interfaces. We use
separation simulations to determine several important inter-
facial mechanical properties, including interfacial adhesion
energy as well as interfacial stiffness and strength. We first
measure the separation force—displacement curves and then
calculate the interfacial adhesion energy by integrating these
curves and taking an exponential average of five independent
trajectories. The force—displacement curves and the interfacial
adhesion energies for dry and wet interfaces are shown for Na-
CNCs in Figure 4A and for MePh;P-CNCs in Figure 4B. For
the force—displacement curves, a separation distance of zero
corresponds to the equilibrium configuration of the CNC
surfaces determined in the Models and Methods section.

There are several interesting trends in the interfacial
adhesion energy. For the dry interface, the adhesion energy is
greatly decreased when sodium cations are replaced with
MePh;P* cations. As discussed in our previous study,”* the
larger MePh;P* cation decreases interfacial adhesion by
physically increasing the distance between the two CNCs,
which prevents hydrogen bonding across the interface and
simultaneously reduces van der Waals interactions. Further-
more, we observe opposing trends for different surface
chemistries when water is introduced at the interface. For the
interface with MePh;P" cations, the interfacial adhesion energy
increases by ~106% when water is introduced, but the energy
decreases by ~16% for the interface with sodium cations. As
the interfaces are separated, water molecules can either stay in
close contact with the individual surfaces or maintain contact
with other water molecules to form capillary bridges '
between the surfaces. The simulation snapshots in Figures 4A
and 4B show that for the same interfacial separation of 3 nm, as
determined from the distance between hydroxyl groups on the
top and bottom CNC surfaces, the MePh,P* interface exhibits
more capillary bridges (a maximum of six bridges; note that not
all of them are clearly visible in the side view snapshots) than
the sodium interface (a maximum of three bridges). This can be
attributed to the higher concentration of water molecules
around the MePh;P" cations at the interface, as illustrated in
the top view of the interfaces at equilibrium configurations in
Figures 4A and 4B. In addition, water—water interactions are
more favorable than interactions between water and any of the
three nonpolar phenyl groups of a MePh;P" cation, which
further promotes the formation of capillary bridges. As
discussed in our previous study'® and illustrated in the
force—displacement curves for MePh;P* in Figure 4B, these
capillary bridges serve to increase the adhesive force between
surfaces as well as the interfacial failure strain.

For sodium interfaces (Figure 4A), even though the
formation of capillary bridges leads to a small increase in
adhesive force at large separation distance (>6 A), the adhesion
energy decreases in the presence of water, primarily because
water molecules disrupt hydrogen bonds between hydroxyl
group on closely separated CNC surfaces. Instead, these
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Figure 4. Force—displacement curves and interfacial adhesion energies
for the separation of CNC—CNC interfaces averaged over five
independent starting configurations for (A) Na-CNCs and (B)
MePh;P-CNCs. Blue data points/bars correspond to the dry interface,
and red data/bars correspond to the wet interface. The adhesion
energy is calculated by integrating the individual force—displacement
curves and taking the exponential average to obtain the energy
difference between the equilibrated state and the fully separated state
(separation distance of 3 nm). Insets are top and side views of the
water distribution at CNC—CNC interfaces. Color codes are the same
as in Figure 2. In the top view, we only show the cations at both
surfaces and water molecules. The aggregation of water molecules
around MePh;P* modifications leads to an increased formation of
capillary bridges between CNC surfaces.

hydroxyl—hydroxyl hydrogen bonds between CNC surfaces are
replaced by water—hydroxyl hydrogen bonds. These water—
hydroxyl hydrogen bonds exhibit lower occupancy, ie., the
percentage of time that hydrogen bonds between two residues
(e.g., glucose unit, water molecule) are within the cutoff criteria
in a canonical simulation (see Figure S4). Lower occupancy
corresponds to more unstable, fleeting hydrogen bonds
compared to hydroxyl—hydroxyl hydrogen bonds with high
occupancy. The collective decrease in stability of the molecular
interactions leads to a decrease in the interfacial adhesion. Our
simulation results parallel recent experimental findings”* for the
surface energies of surface-modified CNCs. In those experi-
ments, the surface energy of Na-CNCs decreases at RH = 50%
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Figure S. (A) Force—displacement curves (green lines) for the CNC—CNC interface with sodium cations under shear deformation both in the
absence (top) and presence (bottom) of moisture. The numbers of CNC—CNC hydrogen bonds formed across the interface (orange lines) are
overlaid on these curves to demonstrate how the force—displacement behavior is governed by breaking hydrogen bonds. (B) Illustration of the
hydrogen-bond network formed across the interface. A maximum number of hydrogen bonds (location 1 in part A) is formed when C6 hydroxyls
(blue atoms) interact with C2 hydroxyls (yellow atoms) across the interface; a minimum (location 2 in part A) is observed when these hydroxyls
interact with the identical hydroxyls across the interface. (C) Force—displacement curves for the CNC—CNC interface with MePh;P* cations under

shear deformation in both the absence and presence of moisture.

compared to dry samples, whereas the surface energy of
MePh;P-CNCs increases.

3.4. Shear of CNC—CNC Interfaces. Traction simulations
at a constant interfacial separation distance can reveal how
different interfacial chemistries respond to the presence of
water under shear deformation. We choose a separation
distance of zero (ie., equilibrium gap) for both interfaces in
our study. For the dry interface with sodium cations, an
oscillatory, periodic shape is observed for the shear force—
displacement curves (top panel in Figure SA). The force peaks
display a periodicity of ~5.2 A, corresponding to the size of one
glucose unit along the cellulose chain backbone. We also
observe two distinct types of shearing events that can be
explained by examining the hydrogen bonds and alignment of
glucose units across the interface. The first type of event,
corresponding to a force barrier (i.e., difference between force
maximum and minimum) of 20—30 nN, is consistent with the
breaking of numerous hydrogen bonds across the interface. We
verify this mechanism by tracking the number of hydrogen
bonds formed between cellulose chains across the interface. As
shown in Figure SA, the temporal locations of the large force
barriers slightly lag the maximum values in the number of

hydrogen bonds (e.g, location 1) when C6 hydroxyls (blue
atoms in Figure SB) are aligned with C2 hydroxyls (yellow
atoms in Figure SB) on the opposing CNC surface. In contrast,
the second type of shearing event has a lower force barrier of
10—15 nN and corresponds to the positions where the number
of hydrogen bonds is minima (e.g., location 2). Here, C6 and
C2 hydroxyls interact with their identical counterpart across the
interface (Figure SB) and form fewer hydrogen bonds, resulting
in lower force barriers to shear displacement.

When water is added at the interface at RH = 90%, the
maximum shear force barrier is significantly decreased to 5—10
nN (Figure SA, bottom panel). This suggests that water serves
as a lubricating agent and reduces interfacial sliding friction
between the two surfaces. Additionally, we observe a similar
oscillatory shape of the force—displacement curve to that of the
dry interface, indicating that a hydrogen bond network is
maintained across the interface. However, the number of
CNC—CNC hydrogen bonds decreases significantly (Figure
SA), which is accompanied by the development of a CNC—
water—CNC hydrogen bonding network across the interface.
This network also contributes to the interfacial shear strength
but is significantly weaker than the network formed at a dry
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interface due to the lower stability of CNC—water hydrogen
bonds discussed above in the context of interfacial separation.

The behavior of the MePh;P* interface is quite different.
While there is still some indication of periodicity, the force
barriers are significantly smaller than those for Na-CNCs
(Figure SC), as is to be expected for an interface at which
hydrogen bonds are suppressed due to the large separation
between CNC hydroxyl groups. During shear deformation, the
two opposing surfaces interact through relatively weaker
nonbonded (electrostatic and van der Waals) interactions.”*
When water is added at this interface, the interfacial shear force
is increased. This reversal in trend can be explained by the
development of a water-mediated hydrogen bonding network
between the surfaces due to surface amphiphilicity. As seen in
Figure 4B, the introduction of MePh;P* leads to clear
hydrophobic patches at the ionic modification sites besides
the hydrophilic patches of unmodified hydroxyl-rich CNC. The
cation locations are considered to be effectively hydrophobic
due to the presence of the nonpolar phenyl groups that do not
interact favorably with water molecules. Therefore, water
molecules do not fill into the spaces between MePh,P* cations
and the opposing CNC surface to provide a lubricating effect.
Instead, water here serves to bridge the hydrophilic patches on
opposing surfaces. In the dry case, these hydrophilic regions are
physically separated due to the bulky ionic structure, but when
water is introduced, it partially fills the empty space as shown in
the simulation snapshots in Figures 4B and 5C. In doing so, the
interface exhibits increased resistance to shear deformation via
the newly developed water-mediated hydrogen bonding
network between the surfaces.

4. CONCLUSIONS

We have employed atomistic GCMC and SMD simulations to
study water adsorption and interfacial mechanics of surface-
modified CNCs. Consistent with experimental dynamic vapor
sorption measurements, we found that MePh;P*-exchanged
CNCs have lower water uptake than Na-CNCs, which we
explain to be primarily due to the disruption arising from the
bulky ionic structure of MePh;P*. The adsorbed water
accumulates near the cations and tends to be oriented with
its oxygen atoms pointing toward the cations. Such orienta-
tional ordering arises mostly from the electrostatic interactions
as well as water—water hydrogen bonding. We also found that
the single-molecule orientational dynamics of adsorbed water is
much slower than that of liquid water.

Traction—separation behavior of these interfaces is highly
dependent on the surface chemistry. In the dry state,
introducing the larger MePh;P* cation in place of sodium
cations reduces interfacial adhesion and shear resistance by
increasing the distance between CNC hydroxyl groups at the
interface. In the presence of water, Na-CNCs exhibit decreased
adhesion energy and shear resistance as hydrogen bonds
between hydroxyl groups are largely replaced by water—
hydroxyl hydrogen bonds that have lower occupancy and
thereby degrade interfacial mechanical properties. On the other
hand, in this case, MePh;P*-exchanged CNCs exhibit increased
adhesion energy and interfacial shear resistance due to capillary
water bridges or water-mediated hydrogen bond networks
developed between surfaces. Interestingly, even though we
introduce surface modification that is ionic in nature, the
MePh;P* cations serve to change the interface such that it
exhibits behaviors (formation of capillary bridges, enhancement
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of mechanical properties upon wetting) indicative of a
hydrophobic interface.'®

In this study, we have shown that chemical surface
modification is a viable option for changing the adsorption
and traction—separation behavior of CNC. These results are an
important first step toward the design of moisture-tolerant
CNC—polymer nanocomposites. While we have specifically
assessed how MePh;P* reduces water adsorption and enhances
the water tolerance of interfacial mechanical properties, our
computational approach can be easily adapted to rapidly
evaluate other chemical modifications. These techniques not
only provide atomistic insight into the surface and interfacial
properties of CNCs but also suggest strategies for further
tuning these properties to facilitate improved industrial design
of CNC—polymer nanocomposites with enhanced moisture
tolerance.
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