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ABSTRACT: The X-ray crystal structure-based models of I,
cellulose nanocrystals (CNC), both pristine and containing
surface sulfate groups with negative charge 0—0.34 ¢/nm’
produced by sulfuric acid hydrolysis of softwood pulp, feature
a highly polarized “crystal-like” charge distribution. We
perform sampling using molecular dynamics (MD) of the
structural relaxation of neutral pristine and negatively charged
sulfated CNC of various lengths in explicit water solvent and
then employ the statistical mechanical 3D-RISM-KH molec-
ular theory of solvation to evaluate the solvation structure and
thermodynamics of the relaxed CNC in ambient aqueous
NaCl solution at a concentration of 0.0—0.25 mol/kg. The
MD sampling induces a right-hand twist in CNC and rearranges its initially ordered structure with a macrodipole of high-density
charges at the opposite faces into small local spots of alternating charge at each face. This surface charge rearrangement observed
for both neutral and charged CNC significantly affects the distribution of ions around CNC in aqueous electrolyte solution. The
solvation free energy (SFE) of charged sulfated CNC has a minimum at a particular electrolyte concentration depending on the
surface charge density, whereas the SFE of neutral CNC increases linearly with NaCl concentration. The SFE contribution from
Na* counterions exhibits behavior similar to the NaCl concentration dependence of the whole SFE. An analysis of the 3D maps
of Na* density distributions shows that these model CNC particles exhibit the behavior of charged nanocolloids in aqueous
electrolyte solution: an increase in electrolyte concentration shrinks the electric interfacial layer and weakens the effective
repulsion between charged CNC particles. The 3D-RISM-KH method readily treats solvent and electrolyte of a given nature and
concentration to predict effective interactions between CNC particles in electrolyte solution. We provide CNC structural models
and a modeling procedure for studies of effective interactions and the formation of ordered phases of CNC suspensions in
electrolyte solution.
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B INTRODUCTION found that the completely protonated acid form of CNC is not

Cellulose is a sustainable, biodegradable, and recyclable material
produced from the most abundant renewable resource available
today.! Cellulose nanocrystals (CNC), the smallest building
blocks of cellulose that carry its physical properties, are
produced by controlled sulfuric acid hydrolysis of a variety of
cellulose sources such as wood, crops, and marine products™”
on a tons per month scale in a sustainable and viable bulk
process, unlike other nanomaterials that are typically produced
in small amounts and at very high cost.> Upon acid hydrolysis,
the surface of CNC particles is modified with the negatively
charged acidic sulfate ester (—OSO;”) groups, causing
electrostatic repulsion between these rod-shaped nanocolloidal
particles and resulting in stable aqueous CNC suspensions.
Achieving good dispersibility of CNC in aqueous or organic
solvents is a challenging task. Irreversible particle aggregation
often occurs when the nanoparticles are dried. It has been
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dispersible in water once it has been fully dried.* Recently, the
dispersibility of CNC in water has been thoroughly studied, and
it has been reported that the dried acid form of CNC can be
redispersed in water without the use of additives or chemical
modification, provided that it has a residual moisture content
above the threshold level of 4% by weight. When a minimum of
94% of H" counterions is exchanged with Na®, the neutral salt
form of dried CNC can be easily dispersed in water, even when
fully dried.®

The outstanding mechanical properties of CNC® make it
very attractive as a reinforcing additive in biocomposite
materials,”~° hydrogels,w_12 and foams,">™* as well as
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specialized security inks.'>'® Large-scale application of CNC as

a reinforcing filler in composite materials requires modifications
to tune up its surface properties, thus enhancing its
compatibility with polymer matrices and solubility in nonpolar
solvents."” Several methods for CNC surface modification have
been developed, including grafting,'®"® polymer self-assembly,
and surfactants.”® Suspensions of cellulose nanocrystals display
a phase separation into clear isotropic and structured chiral
nematic phases above a critical concentration,”" and upon
drying form iridescent chiral nematic films.”>** It was found
that the ghase equilibrium is very sensitive to added
electrolyte,”" polymer surfactants,>* and the nature of counter-
ions present in the suspension.” It was concluded that in
aqueous solutions the particle geometry and ionic strength are
the most important factors governing phase separation.
Apparently, a decrease in the double-layer thickness increases
the chiral interactions between the crystallites.”'

Molecular dynamics (MD) simulation studies have shown
that finite model crystals of both I,>° and I; cellulose
allomorphs*®~*° develop an overall right-hand twist as a result
of solvation in water. This result is consistent among different
force fields, such as the OPLS force field extended for
carbohydrates,”” CHARMM,*® and GLYCAM?>**® applied to
fibrils or crystals of different size. Matthews et al.>® employed
the CSFF force field*>*' and MD simulations to study the
dynamic behavior of I; cellulose crystals and the solvent
organization at the interface between the crystal surfaces and
water for cellulose I; crystals surrounded by water (TIP3P
model). An expansion of the unit cell and change in the cell
angle to almost orthogonal observed during MD relaxation
indicate a right-hand twist and a transition of the primary
alcohol groups away from the starting TG conformation to GG
in every other layer. In this conformation, interlayer hydrogen
bonds form to the origin chains above and below. No change in
the primary alcohol conformations or hydrogen-bonding
patterns in the origin chain layers is observed. In the first
hydration layer, a strong localization of the adjacent water is
found that extends far into the solution. It is hypothesized that
the structured water layers might present a barrier to the
approach of cellulase enzymes toward the cellulose surfaces in
enzyme-catalyzed hydrolysis and inhibit the escape of soluble
products, contributing to the slow rates of hydrolysis observed
experimentally.>®

In a later report, Matthews et al.>® employ MD simulations
with CHARMM (C35)**** and GLYCAMO6 force fields** to
examine the high-temperature (500 K) behavior of cellulose L.
Due to the formation of a three-dimensional hydrogen bond
network different from the two-dimensional hydrogen bond
network in the room-temperature crystal structure of cellulose
I, both force fields predict structures that are not twisted. This
three-dimensional hydrogen bond network forms concurrently
with the disappearance of the twist. Both models converge to a
relatively similar high-temperature structure, despite the
differences between the force fields. Thorough structural
analysis of deformed CNC suggests that the twisting
phenomenon arises from hydrogen bond network reorganiza-
tion within and between the chains in the fibrils at a high
temperature.28 In their most recent report, based on extensive
room-temperature MD simulations using the above force fields,
Matthews et al. conclude that cellulose fibrils diverge from the
I structure and even after 800 ns the MD simulations do not
converge.”” Further computational and experimental effort is
needed to elucidate the structure of CNC in solution.
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Paavilainnen et al.”” employed the OPLS force field extended
to carbohydrates® to analyze the twisting of cellulose Iy
nanofibrils in atomistic MD simulations with TIP3 water.
Fibrils of two different types of cross sections consisting of 59
and 36 chains with lengths of 40 or 20 glucose residues are
simulated at temperatures of 293, 310, and 350 K for up to 140
ns. It is shown that crystalline fibrils twist along the principal
axes and the twisting rate depends on temperature. The extent
of twisting of different chains depends on the distance of a
chain from the middle of the fibril. The cellulose chains are not
subject to any significant bending or stretching. On the basis of
these MD simulations, hydrogen bonding has been associated
with the twisting: the increase in the number of interchain and
cellulose—water hydrogen bonds is related to the observed
twisting.”” The chain reorientation is similar to that reported by
Matthews et al.>® Cellulose fibril twisting has also been
observed experimentally.>**”

Yui and Hayashi*® studied the swelling relaxation behavior of
cellulose I, and III; crystals using MD simulations with the
solvated finite-crystal models and GLYCAM force field. A
distinct right-handed twist was observed for I, with a greater
amount of twisting compared to Iy cellulose. Although the
amount of twist decreased with increasing dimensions, the
relative changes in twist angle suggest that considerable twist
would arise in a crystal model of actual dimensions. Upon
heating the native cellulose crystal models, the chain sheets of
the I, model showed a continuous increase in the twist angle,
suggesting weaker intersheet interactions in this alomorph. It
was shown that the swollen crystal models of cellulose I, and
III; well reproduced the representative structural features
observed in the corresponding crystal structures. The crystal
model twist thus characterizes the swelling behavior of the
native cellulose crystal models that is related to the insolubility
of the crystals.>®

Recently, Bu et al. published a detailed investigation of the
molecular origins of twisting in cellulose I,;.38 On the basis of
extensive CHARMM force field analysis, these authors
conclude that the main interaction contributing to twisting is
hydrogen bonding spanning the glycosidic linkage. The
characteristics of the chiral centers in this trans-glycosidic-
linkage hydrogen bonding are found to determine the right-
handed direction of twisting. Moreover, these authors state that
the hypothesis by Hadden et al.** of cellulose twisting being
due to van der Waals forces is highly unlikely and unsupported
by the published evidence.®

Modeling of solvation structure and thermodynamics is
crucial to understanding the dispersion, self-assembly, and
adsorption of molecules on surfaces in solution. A statistical
mechanical method of integral equation theory of molecular
liquids and solutions capable of predicting solvation effects in
realistic complex systems is the three-dimensional reference
interaction site model with the Kovalenko-Hirata closure
approximation (3D-RISM-KH molecular theory of solva-
tion).*™* In a single formalism, the 3D-RISM-KH theory
accounts for both electrostatic and nonpolar effects such as
hydrogen bonding and hydrophobic solvation forces over a
wide range of thermodynamic conditions and solution
composition** and reproduces various structural and phase
transitions in complex associating liquids and mixtures.*>*® In
particular, the 3D-RISM-KH theory yields the hydration
structure and potentials of mean force of ion pairs in electrolyte
solution in a range of concentrations from infinite dilution to
high concentration, including ionic ordering and cluster-
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ing.**~* The 3D-RISM-KH molecular theory of solvation has
been employed to predict the effect of trace amounts of water
in chloroform solvent on the aggregation of petroleum
asphaltenes,47 molecule—surface recognition in solution,*®
gelation activity of oligomeric polyelectrolytes in different
solvents,*® structural water, and ions related to functions of the
GroEL chaperonin®® and Gloeobacter ligand-gated ion
channel*** biomolecular complexes, hydration structure
above bacteriorhodopsin,® solvent-promoted  self-assembly
and conformations of synthetic organic supramolecular rosette
nanotubular architectures,’> association of biomolecules in
solution,” and chemically specific effective interactions of
cellulose microfibrils in hemicellulose hydrogel.>*

In this article, we combine MD simulation and 3D-RISM-KH
to study the solvation structure and thermodynamics of CNC
in electrolyte solution. We first analyze the structural changes,
charge redistribution, and surface charge effect on the extent of
twisting during MD sampling. To our knowledge, this is the
first report on molecular-level computational modeling of
industrially produced CNC particles with negatively charged
acidic sulfate ester groups. The relaxed CNCs are then used in
the framework of the 3D-RISM-KH molecular theory of
solvation to study the solvation structure and thermodynamics
of I, CNC in ambient water and NaCl aqueous solution.

B MODELING METHODS AND PARAMETERS

We ran MD simulation with an explicit solvation model to
sample the structural relaxation of CNC particles. The 3D-
RISM-KH molecular theory of solvation®*™** has been
employed to predict the solvation structure and thermody-
namics of CNC in solution. Overviews of the 3D-RISM-KH
theory are presented in the Supporting Information and refs
40—44.

The CNC particle is described in terms of GLYCAMO6, a
highly consistent and transferable all-atom force field,
developed for modeling carbohydrates and glucoconjugates.>*
The water is described in the present study with the extended
simple point charge (SPC/E) model.** Nonbonded parameters
for sodium and chloride ions are taken from Koneshan et al.*°
Molecular dynamics calculations were performed with the
AMBERI11 package.”’

CNC Particle Models. Crystalline cellulose exhibits two
crystal phases, namely, I, and 1. In the present work, the crystal
structure of cellulose 1,°® has been used to build the CNC
particle, as this is the predominant phase in CNC produced
from wood by sulfuric acid hydrolysis determined using cross-
polarization magic angle spinning '*C nuclear magnetic
resonance (CP/MAS *C NMR) spectroscopy.” In this CP/
MAS C NMR study, the wood samples exhibit a crystalline
phase spectrum that is consistent with cellulose I,, but with
broader resonances due to the lower crystallinity of 0.60 for
CNC produced by sulfuric acid hydrolysis of wood compared
to 0.72—0.74 for CNC produced by sulfuric acid hydrolysis of
bacterial cellulose.”’ Nishiyama and co-workers have used
synchrotron X-ray and neutron fiber diffraction and have
provided the most accurate characterization of the I,°® lattice
structure to date. Crystalline cellulose has a layered structure
stabilized by an intralayer hydrogen-bonding network with no
hydrogen-bonding interactions between layers. The weak —C—
H*+O— bonds between cellulose sheets are important in
binding these layers together.

Our CNC particle model consists of 34 chains forming a 3-
layer cellulose particle with a diameter of 3 nm, as shown in
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Figure lc. The layers are inner (red), intermediate (green), and
outer (blue). Every cellulose polymer chain in the crystal
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Figure 1. (A) I, cellulose unit cell. (B) Surface cellulose chain
fragment with a deprotonated sulfate ester group in the C6 position.
(C) Cross section of the cellulose nanocrystal containing 34 glucan
chains. (D) CNC particle dimensions.

consists of 16 glucosyl residues giving a particle of 8 nm length
(CNC™'%) (Figure 1d). The particle is constructed by 8A X 6B
X 6C translations of the I, unit cell (Figure 1a).

The charged CNC;=16 particles were prepared by grafting the
surface cellulose chains with deprotonated sulfate ester groups
at the C6 positions (Figure 1b). To estimate the surface charge
density of CNC}I=16 particles, the particle surface area (S, nm?)
is measured to be 59 nm’ using the van der Waals surface
constructed around the crystal with a probe radius of 1.4 A.
Calculated as the net particle charge (g, ) divided by the
particle surface area (S, nm?) is the surface charge density in e/
nm’. Every deprotonated sulfate group carries a negative
charge. The CNC;=16 particles with 8, 12, 16, and 20 sulfate
groups have total charges of g = —8, —12, —16, and —20 e that
yield surface charge densities of —0.14, —0.20, —0.27, and
—0.34 e/nm? respectively. The estimated surface charge
density for particles with 16 and 20 —O—SOj; groups is close
to ~—0.3 e/nm’ measured for sulfuric acid-hydrolyzed CNC.%
Twice as long neutral CNC;ESZ and charged CNC;%Z particles
containing 32 glucosyl residues are built to justify the 3D-
RISM-KH results’ dependence on the surface charge density.

MD Simulations Setup. Molecular dynamics simulations
are performed for four CNC particle models CNC;E(I)?_K, and
CNC;ZS;Z,Q. For neutral particles, the simulations are performed
in pure water. For negatively charged sulfated CNC particles,
16 or 32 Na® are added to the system to achieve overall
neutrality. The initial atomic positions in the unit cell were
obtained from the crystallographic unit cell data.’® The crystals
were created by unit cell translations: 8A X 6B X 6C for
CNC5% 16 or 16A X 6B X 6C for CNC}Z}” 5,. Every time the
CNC particle under consideration was placed into the center of
the simulation box so that the approximate distance from the
box walls to the particle was about 2 nm. The rest of the box
was filled with water molecules. The system compositions and
resulting equilibrated box volume data are gathered in Table 1.
Simulations were performed initially under NVT conditions at
T = 29815 K with temperature regulation by Langevin
dynamics. After temperature relaxation, the subsequent run was
carried out under NPT conditions. The initial box dimensions
and the equilibrated box volume averaged over the last 2 ns of
simulation after density equilibration are presented in Table 1.
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Table 1. System Setup for MD Simulation and Resulting
Equilibrated Box Volume

initial box number of number of  equilibrated
CNC dimensions, nm X water sodium box volume,
particle nm X nm molecules ions nm®
CNCi5° 149 X 80 X 7.4 24162 0 817.5
CNCEly 149 X 89 X 83 30782 16 1015.5
CNCZ* 232 x80Xx 74 36183 0 1270.5
CNC%, 232 x89x83 46 428 32 1608.0

3D-RISM-KH Calculations Setup. The study of thermo-
dynamics and the solvation structure of neutral and charged
(sulfated) CNC particles is performed in an aqueous solution
of sodium chloride of molality ranging from 0.005 to 0.250
mol/kg (Table 2). The solution densities and water and ion

Table 2. Aqueous NaCl Solution Density (p), Molality (b),
Molarity (c), and Debye Screening Length (k') Calculated
as k”!(nm) = 0.304/(I(M))"%,%* Where I Is the Ionic
Strength (mol/L)

73 g/cm3 b, mol/kg ¢, mol/L k', nm
0.997269 0.005 0.00498635 4.3
0.997477 0.010 0.00997477 3.0
0.997890 0.020 0.01995780 2.1
0.998302 0.030 0.02994907 1.8
0.998714 0.040 0.0399485S 1.5
0.999124 0.050 0.04995622 1.4
1.001167 0.100 0.10011675 0.96
1.007219 0.250 0.25180485 0.61

molar fractions were calculated on the basis of the data taken
from ref 61. The 3D-RISM-KH equations for CNC particles
placed in a rectangular box of size 256.0 A X 128.0 A X 128.0 A
were converged on a uniform grid of 512 points X 256 points X
256 points, giving a grid spacing of 0.5 A. Calculations were
carried out at temperature T = 298.15 K. The water dielectric
constant of 78.497 was used for both pure water and electrolyte
solutions under ambient conditions.

In 3D-RISM-KH, the 3D distribution function (normalized
density distribution) of solvent site y, g,(r), is related to the
total correlation function h,(r) as g(r) = h(r) + 1. A g(r)
value of 1.0 corresponds to a bulk solvent distribution far from
the solute. When g,(r) > 1.0, the solvent site density is
enhanced relative to bulk solvent. When g,(r) < 1.0, the solvent
density is depleted relative to bulk solvent.**~**

B RESULTS AND DISCUSSION

Molecular Dynamics Sampling: Particle Twisting and
Surface Charge Redistribution. The CNC particle created
from the ideal I, crystal structure, used as an initial structure in
MD sampling and a reference for the extent of the structural
changes, has a substantial charge polarization. Layers in the
crystal are stacked in such a way that the positively charged
groups face the negatively charged groups, giving a crystal-like
charge distribution. The (001) and (010) faces of the particle
expose negatively charged O atoms. The (001) and (010) faces
expose positively charged H atoms. The charge polarization is
well seen from the 3D density distributions of Na* and CI~
electrolyte ions around the nonrelaxed CNC particles built as a
square ideal crystal shown in Figure 2. It is clearly seen that
positively charged Na® ions are concentrated around the
particle surfaces exposing negatively charged groups (Figure
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2A) while Cl™ ions are around the opposite positively charged
side of the CNC particle (Figure 2C).

The 7-ns-long MD sampling of the relaxation of CNC
particles in explicit water solvent induced a variety of changes in
the particle structure and charge distribution. The ordered
arrangement of the atomic charges in the initial ideal crystal
structure resulting in a macrodipole of high-density charges of
opposite sign at the opposite CNC faces relaxes into a
distribution of atomic charges in small local spots of alternating
charge over each CNC face. This drastically affects the observed
distribution of electrolyte ions around the CNC particle
(Figure 2B,D). The faces of the relaxed particle are not
polarized any more, and ions are rather evenly distributed in
small alternating spots on the CNC surface. The ion
distributions are obtained from the 3D-RISM-KH calculations
for both the initial and relaxed CNC particles in aqueous NaCl
solution at a concentration of 0.03 mol/kg. The above
observation suggests that the initial crystal-like charge
distribution in the CNC could be one of the driving forces
resulting in its twisting, in addition to the hydrogen bonding
that spans the glycosidic linkage, as identified by Bu et al.*® To
look into that, we model neutral and charged CNC particles
and explore if the surface charge affects the CNC particles’
twisting behavior. The particle twisting is analyzed in the same
way as reported by Yui and Hayashi® The twisting
deformation of CNC particles during dynamics simulations is
evaluated by the deviation from the planarity of the central
chain sheet. The scheme, presented in Figure 3A, defines ® as a
torsion angle formed by the virtual bonds connecting the
centers of mass of the residues G, analogous to the definition of
Yui and Hayashi.>> The @ values averaged over the last 2 ns of
MD with respect to the residue positions and standard
deviations are presented in Figure 3B for the CNC}]:})?_M and
CNC}Z:(3);2_3,2 crystal models. Positive residue positions tend to
give values of @ larger than those for negative positions, and
the particle length is a primary factor that determines the value
of @, as reported by Yui and Hayashi>® We observed no
notable effect of surface charge on the extent of twisting (Figure
3B). The CNC particles relaxed as described here have then
been used to study the solvation thermodynamics of CNC in
pure water and in aqueous electrolyte solution by using the 3D-
RISM-KH molecular theory of solvation.

In Figure 4, we present the dependence of the free energy of
the CNC particle in its initial structure as well as after 100 ps
and 7 ns of MD sampling. The free energy is defined as the
total energy of the CNC particle stripped from water and
counterions calculated using the GLYCAMO06 force field in
AMBERI1 plus the SFE calculated using 3D-RISM-KH. The
results show that the free energy decreases substantially from
the initial structure to 100 ps and further upon twisting to 7 ns,
indicating that the sampling proceeds spontaneously to yield
the twisted structure. It is important to state that in light of the
previous MD simulation studies,”>*****? the 7 ns sampling of
the relaxation of CNC might not have converged yet, and the
particle structure may not necessarily represent the real system.
Note that the free energy of the system obtained in this
calculation is positive because it does not include the large
negative free energy of the bulk solvent. However, the latter is a
constant, and what matters is the free-energy change with the
MD conformational evolution and solvation.

3D-RISM-KH Results for Neutral and Charged CNC
Particles in Water and Aqueous Electrolyte Solution.
The dispersion of nanocolloidal particles in solution is
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Figure 2. Planar sections (in the color bar scheme), across and along the particle, of the 3D distribution function of Na* around the neutral CNC
particle: (A) before and (B) after 7 ns of MD sampling. Isosurfaces of the 3D distribution functions of Na* (in yellow) and CI~ (in gray) ions at an
isovalue of 3.0 around the neutral CNC particle: (C) before and (D) after 7 ns of MD sampling.

determined by the interplay between mean solvation forces on
one side and van der Waals and electrostatic interaction
potentials between particles on the other side. Charged
particles suspended in water or another liquid with a high
dielectric constant disperse due to electrostatic repulsion.
Charging of the particle surface in liquid can occur by
preferential ionic surfactant adsorption, adsorption/desorption
of lattice ions, isomorphous substitution in a charge-defective
lattice, and most often by the direct dissociation or ionization of
surface groups.*>® In the case of CNC particles bearing acidic
sulfate ester groups, charging occurs due to the dissociation of
H* or Na* from surface sulfate groups as follows

—0SO;H —» —0S0,” + H* (1)
which leaves a negatively charged surface behind. Regardless of
the charging mechanism, the final surface charge of co-ions is
balanced by an equal, oppositely charged distribution of
counterions. Both the surface charge and its compensating
countercharge in solution form an electrical double layer, also
called an electrical interfacial layer (EIL).°*®* Structure,
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models, and theory of EIL are described in the literature, for
example, by Kovacevic et al.** as well as by Israelashvili.*”

In the present work, we study the solvation structure and
thermodynamics of CNC particles in water and dilute aqueous
NaCl electrolyte solutions and obtain the dependence of the
solvation free energy on both particle charge and electrolyte
concentration which affect the EIL structure around the CNC
particles and subsequently its dispersion properties. For
negatively charged CNC particles with surface sulfate anions,
the dispersion is determined by the ion distribution around the
CNC particle surface in contact with the aqueous electrolyte
solution. The ions at the surface are, of course, mainly Na*
counterions attracted from the solution bulk to the negatively
charged multivalent CNC particle until they almost balance out
the negative surface charge. Within the qualitative picture of
Manning’s counterion condensation theory, their excess
concentration at the surface depends almost entirely on the
CNC surface charge density but little on the bulk electrolyte
concentration.®*

In Figure S, we present the isosurfaces of the 3D distribution
functions at isovalue g(r) = 3.0 as well as their planar sections
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Figure 3. (A) Schematic representation of the twisting angle (®) in the CNC central sheet. ® is a torsion angle between
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Figure 4. Free energy of the CNC, particles with charge g in aqueous
NaCl solutions of molality b (mol/kg) in the initial structure as well as
after 100 ps and 7 ns of MD sampling. The free energy is the total
energy of the CNC particle stripped from water and counterions
calculated using the GLYCAMO6 force field in AMBERI1 plus the
SFE calculated using 3D-RISM-KH.

(with values ranging between 0.0 and 3.0) for all of the
components of the aqueous NaCl solution: Na* and CI~ ions
and O,, and H,, water interaction sites. The 3D distribution
isosurfaces of Na* ions (shown in yellow) surround the particle
and are localized near the negatively charged sulfate groups,
whereas the 3D distribution function of CI~ ions (shown in
gray) has pronounced depletion areas around the whole
CNquj_l?é particle with the large negative charge and
particularly near its negatively charged sulfate groups. The 3D
distribution functions of water O, and H,, interaction sites
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reflect the orientation of water molecules driven by the negative
partial charge of O,, and positive partial charge of H,. The
planar section shows water structuring at the CNC particle
surface which decays into the uniform water distribution at a
distance from the surface.

In Figure 6, we show the change in the SFE with charging of
the CNC particle with respect to the SFE of the neutral one,

A, (CNC,) = 1, (CNC,) — iy (CNC,_,) @)

solv solv
where subscript g refers to the charge of the CNC particle and
Hso(CNC,_o) is the SFE of the neutral particle. Calculations
were performed for the CNC particle in pure water (Figure 6A)
and in aqueous NaCl solution at concentration 0.250 mol/kg
(Figure 6B). The SFE change becomes more negative and
therefore more favorable for CNC particles of higher surface
charge density, as seen in Figure 6A,B.

Changes in SFE with electrolyte concentration are very
important but rather small compared to the range of SFE values
calculated for all of the particles in all of the solutions. To
present the dependence of SFE on electrolyte concentration
more informatively, we calculated its difference with respect to
the SFE of the CNC particle with a particular charge in the
0.250 mol/kg NaCl solution, 45, (CNC,_o);-0.25

A'%OIV(CNCQ)b = 'usolv(CNCq)b - 'usolv(CNCq)b=0<25 (3)

where subscript b refers to the NaCl concentration in mol/kg.

In Figure 7A, each curve corresponds to the SFE of the CNC
particle of a particular charge with respect to ﬂsolv(CNCq) b=0.25-
Unlike Figure 6, the curve order does not reflect the SFE
charge dependence but shows the SFE dependence on the
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(A)Na* (B)CI

(©)0, (D)H,,

Figure 5. Planar section, across the particle, of the 3D distribution
functions of Na* and CI ions and water oxygen and hydrogen (parts
A-D, respectively) around the particle with chain length [ = 16 and
charge ¢ = —16 in a 0.030 mol/kg NaCl aqueous solution. CNC
particle after 7 ns of MD sampling. Shown also are the isosurfaces of
the 3D distribution functions at isovalue 3.0, colored according to the
section color scheme bar.

NaCl solution molality ranging from 0.050 to 0.100 mol/kg.
The curves of the SFE of a sulfated CNC particle with a specific
charge against electrolyte concentration have minima, whereas

the SFE of the neutral CNC particle linearly increases with
NaCl concentration (red line for CNC,_, in Figure 7A). The
position and depth of the SFE minimum for charged CNC
particles depend on the surface charge density. The SFE
minima shift from 0.010 mol/kg NaCl for CNC;ZI_% to 0.030
mol/kg NaCl for CNCI!$,. We attribute these minima
observed for charged particles to the most favorable conditions
of solvation of a single sulfated CNC, particle in electrolyte
solution, also expressed as the most effective solvation.

The 3D-RISM-KH theory allows us to decompose the total
SFE into the partial contributions from the water O,, and H,,
interaction sites and from Na* and CI”™ ions. This analysis
shows that the contribution ﬂsolv(CNCq)M; from Na* correlates
to the total SFE behavior with the NaCl concentration (Figure
7B). Increasing the NaCl concentration lowers the
/tsolv(CNCq)Na+ down to a minimum at a particular NaCl
concentration which is better defined for highly charged CNC
particles. Further increases in the NaCl concentration result in
increasing values of ,usolv(CNCq)M; (Figure 7B). The Na*
contributions to the SFE (Figure 7B) correlate to the total
SFE trend (Figure 7A). In solution with the NaCl
concentration corresponding to the SFE minimum, the number
of Na* ions attracted to the electric interfacial layer around the
CNC particle suffices to balance out the CNC particle surface
charge. An increase in the electrolyte concentration shrinks the
electric interfacial layer and therefore decreases the range and
strength of the Debye-screened effective electrostatic repulsion
between charged CNC particles.

This effect is visualized in Figure 8 for the planar sections of
the 3D maps of the Na* distribution function gy,"(r) around
the CNC;ZI_GI(, particle in the solutions of different ionic
strengths. The layer of gy, (r) >1 considerably shrinks with
increases in the electrolyte concentration. A grid of distances
from the particle surface is added to visualize the Debye
screening length in the aqueous NaCl solutions for each of the
ionic strengths under consideration (Table 2). It is seen that
the Na* density enhancement gy, (r) >1 falls off within the
Debye length separation from the CNC surface. For the
shortest Debye screening length of 9.6 A in the 0.250 mol/kg
NaCl aqueous solution, noticeable enhancements (maxima) of
gna'(r) over the bulk value fall into the 10 A distance from the
CNC particle surface. The 0.01 mol/kg NaCl aqueous solution
with low ionic strength has a considerably larger Debye
screening length of 30 A, and the distribution function gy, (r)
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Figure 8. Compression of the electric interfacial layer around a
charged CNC 4 particle with the NaCl concentration increase from
0.01 to 0.25 mol/kg. Planar section of the 3D distribution function
gno'(r) of Na* ions around the CNC particle across the particle center.

turns out to be relatively high within the 30 A separation from
the CNC particle surface but quickly falls off to the bulk value
beyond that layer. Notice that although with a decrease in
solution ionic strength the distribution function gy,*(r) in the
electric interfacial layer increases, the number density of Na*
ions given by cgy,*(r) drops due to the decrease in molarity c.
On the other hand, the electric interfacial layer thickness
increases proportionally to the Debye screening length and so
is inversely proportional to the square root of the decreasing
ionic strength I or molarity c. As a result, the excess number of
Na* counterions over the whole electrical interfacial layer stays
almost the same to neutralize the CNC particle charge.

B CONCLUSIONS

We found that MD relaxation of neutral and charged CNC
particles in explicit water solvent induces many changes in the
structure and charge distribution of the particles. The
macrodipole charge polarization across the unrelaxed particle
with the opposite surface charge density on its faces due to the
localization of like atomic surface charges on each of the faces
disappears upon the relaxation and turns into a mesh of quickly
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alternating local atomic surface charges. This significantly
affects the distribution of screening ions around the CNC in
electrolyte solution and decreases the system free energy, the
latter comprising the CNC solvation free energy and the
interaction potential between CNC chains (including hydrogen
bonds). A comparison of the twisting degree for neutral and
charged CNC shows that the surface charge does not
noticeably affect the degree of twisting.

For the I, CNC particles with the relaxed surface charge
distribution obtained with 7 ns MD sampling, we further
explored its solvation thermodynamics by using the 3D-RISM-
KH molecular theory of solvation for the relaxed CNC particles
in pure ambient water and in aqueous NaCl electrolyte
solutions of concentration ranging from 0.01 to 0.25 mol/kg.
We found that the SFE of the charged sulfated CNC particles
has a minimum for a particular electrolyte concentration
depending on the particle surface charge density, whereas the
solvation free energy of the neutral particle increases linearly
with NaCl concentration. The contribution of Na* ions to the
solvation free energy exhibits behavior similar to the NaCl
concentration dependence of the whole solvation free energy.
This behavior is yet to be explored by experimental researchers
for CNC particles with different charges, either by controlling
acid group protonation or by using CNC particles stabilized in
solution using different charged surface groups, e.g., carboxylate
groups. It is worth noting that the depth of the minima shown
in Figure 7 is rather low compared to the total SFE shown in
Figure 6 and would require highly accurate measurements to
verify. The study of Zhong et al®® reports on the colloidal
stability of CNC in aqueous electrolyte solutions but does not
address the effect of surface charge. An analysis of the 3D maps
of the Na" distribution functions showed that the model
particles developed in the present work reproduce the behavior
of charged colloid particles in electrolyte solutions: at higher
ionic strength, the electric interfacial layer shrinks and the
effective repulsion between charged but Debye-screened CNC
particles becomes short-ranged and weaker. The dependence of
the interfacial electric layer structure/thickness on electrolyte
concentration plays an important role in the mechanisms of
phase transitions in CNC suspensions, as the weakening of the
effective repulsion between charged CNC particles with
compression of the interfacial electric layer at higher ionic
strength affects their phase equilibrium and chiral ordering.”!

This theoretical modeling approach provides CNC particle
models and simulation procedures for the future study of CNC
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interactions and ordered phase formation in -electrolyte
solutions. In this model, the nature and concentration of
electrolytes can be readily tuned, and their effect on the
strength of interparticle effective interactions can be identified.
The 3D-RISM-KH molecular theory of solvation yields the
solvation thermodynamics by statistical mechanical sampling of
equilibrium arrangements of solvent and ions around CNC
particles, which is extremely challenging for molecular
simulations.

The 3D-RISM-KH method predicts molecular recognition
interactions in solution*® and could help improve the
compatibilization of CNC with matrix polymers so as to
enhance the CNC loading levels in composites, hydrogels, and
foams. For example, insights from modeling into the
mechanism of action of cationization agents'’ could help
further enhance the dispersion, gelation, and rheological
properties of modified CNC. Furthermore, structure relaxation
sampling followed by 3D-RISM-KH calculations can accurately
predict the degree and type of CNC surface modifications
necessary to achieve dispersion in polymer solutions while
preserving the desired crystallinity and mechanical properties. A
multiscale computational modeling platform that enables such
predictions from the first principles is being developed, with the
aim of rationally designing advanced materials.®®
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