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SUMMARY: Cellulose nanocrystals (CNC) exhibit 

superior mechanical properties and attracted attention as 

reinforcing additives in polymer nanocomposites. Large-

scale use of CNC in polymer and biocomoposite materials 

is currently limited due to its low solubility in nonpolar 

solvents. We employ a multiscale modeling platform 

based on the 3D-RISM-KH molecular theory of solvation 

to study the solvation structure and effective interactions 

of pristine, sulfonated, and esterified CNC in water, 

aqueous NaCl solution, an ionic liquid, and benzene. 

Insights from these studies are intended to help rationally 

design grafted CNC particles with improved dispersion 

and preserved mechanical properties that can be more 

effectively incorporated into materials as reinforcement 

additives. 
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Cellulose nanocrystals (CNC), the smallest building 

blocks of cellulose that carry its physical properties, are a 

biocompatible and biodegradable material with 

mechanical properties comparable to these of 

reinforcement materials, such as carbon fibers, carbon 

nanotubes, and steel (Lahiji et al. 2010; Hamad 2006).
 

The CNC can be produced in a sustainable and viable 

bulk process, unlike other nanomaterials (e.g., carbon 

nanotubes) that are typically produced in small amounts 

and at a very high cost (Postek et al. 2008). The 

outstanding mechanical properties of CNC (Lahiji et al. 

2010) make it very attractive as reinforcing additive in 

nanocomposite materials (Siqueira et al. 2010; Zainuddin 

et al. 2013; de Mesquita et al. 2012; Khan et al. 2013; 

Chen et al. 2012), hydrogels (Abitbol et al. 2011; Dorris, 

Gray 2012; Kelly et al. 2013, Lin, Dufresne 2013; Yang 

et al. 2013) and foams (Wik et al. 2011; Holt et al. 2010), 

as well as specialized security inks (Zhang et al. 2012; 

Picard et al. 2012). Suspensions of cellulose nanocrystals 

display a phase separation into clear isotropic and 

structured chiral nematic phases above critical 

concentration (Dong et al. 1996) and upon drying from 

iridescent chiral nematic films (Beck et al. 2011; 

Shopsowitz et al. 2012; Kelly et al. 2012). Large-scale 

applications of CNC in nanocomposites require 

modifications to tune up its surface properties thus 

enhancing its solubility in nonpolar solvents and 

compatibility with polymer matrices (Hasani et al. 2008). 

The CNC have been extensively manipulated to provide a 

rich suite of new materials and platforms for further 

transformations (Habibi et al. 2010). Several methods for 

CNC surface modification have been developed, 

including grafting (Araki et al. 2007; Montanari et al. 

2005; Wang et al. 2007), self-assembly (Cranston, Gray 

2006), and surfactants (Gousse et al. 2002). Effective 

surface modifications must provide sufficient solubility 

tune up without altering the CNC inter- and 

intramolecular hydrogen bonding network and 

deteriorating crystallinity and mechanical properties. 

Molecular dynamics (MD) simulation studies have 

shown that finite model crystals of both Iα (Yui, Hayashi 

2008) and Iβ cellulose (Matthews et al. 2006; Matthews et 

al. 2011; Paavilainen et al. 2011) develop a right-hand 

twist as a result of solvation in water. The hydrogen 

bonding network of cellulose is also investigated by using 

quantum mechanics – molecular dynamics (QM-MD) 

methods (Qian 2008). The solvation dynamics of 

cellulose oligomers is also explored using replica 

exchange MD (Shen, Gnanarakan et al. 2009). Recently, 

Hirata and coworkers have reported MD simulations of 

protein docking on cellulose Iα surfaces, followed by a 

3D-RISM-KH evaluation of the solvation free energy and 

binding energy effects for the docked configuration (Yui 

et al. 2010).  

Solvation thermodynamics modeling is crucial for 

understanding dispersion, self-assembly and adsorption of 

macromolecules on surfaces in the presence of solvents. 

The statistical-mechanical molecular theory of solvation, 

also known as three-dimensional reference interaction site 

model with the Kovalenko-Hirata closure approximation 

(3D-RISM-KH) (Kovalenko, Hirata 1999; 2000; 

Kovalenko 2003; Kovalenko 2013) is a powerful 

methodology capable of predicting solvation processes in 

chemical and biomolecular nanosystems. Multiscale 

modeling employing the 3D-RISM-KH theory provides 

detailed and accurate atomic-scale insights that can 

accelerate development of advanced materials based on 

CNC (Stoyanov et al. 2013; Lyubimova et al. 2014). The 

3D-RISM-KH molecular theory of solvation properly 

accounts in a single formalism for both electrostatic and 

non-polar forces, including hydrophobic and hydrogen 
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bonding effects, in chemical systems with various 

solvents (Kovalenko 2003; Gusarov et al. 2006; Casanova 

et al. 2007; Kovalenko 2013) and ionic liquids (Malvaldi 

et al. 2009), and reproduces structural and phase 

transitions in simple and complex liquids and solutions in 

a wide range of thermodynamic conditions (Kovalenko, 

Hirata 2001a; 2002; Yoshida et al. 2002) and in 

nanoporous confinement (Kovalenko, Hirata 2002). The 

3D-RISM molecular theory of solvation has been applied 

to a wide range of problems, including self-assembly, 

conformational transitions, and function related properties 

of synthetic organic supra-molecular rosette nanotube 

nanosystems (Moralez et al. 2005; Johnson et al. 2007; 

Chhabra et al. 2010; Yamazaki et al. 2010) and 

biomolecular architectures (Yamazaki et al. 2008; 

Yamazaki, Kovalenko 2009, Li et al. 2009; Genheden et 

al. 2010; Yoshida et al. 2009; Blinov et al. 2010; Blinov 

et al. 2011; Stumpe et al. 2001) as well as gelation 

activity (Lyubimova et al. 2011; Liu et al. 2011; 

Kovalenko et al. 2012), network-forming fluids in porous 

media (Kovalenko, Hirata 2001a, 2001b; Kovalenko, 

2004; Tanimura et al. 2007), liquid flow at structured 

surfaces (Kobryn, Kovalenko 2008), for prediction of 

asphaltene aggregation (Stoyanov et al. 2008; Costa et al. 

2012), and adsorption on mineral surfaces (Stoyanov et 

al. 2011; Fafard et al. 2013). Recently, we employed the 

3D-RISM-KH method to gain insights into the effect of 

hemicellulose composition of the nanoscale forces acting 

on plant cell walls and contributing to biomass 

recalcitrance (Silveira et al. 2013). Based on the first 

principles of statistical mechanics, the 3D-RISM-KH 

theory is a unique method that enables proper account of 

chemical specificities in the solvation structure and 

thermo-dynamics of very large and complex nanosystems 

(Kovalenko 2013) by far not feasible with other methods 

like molecular simulations and/or continuum solvation 

models. 

Multiscale modeling of the relaxation and dispersion of 

larger CNC particles with surface charge for rational 

design of commercially available sulfonated CNC in 

aqueous electrolyte solutions has been performed 

(Lyubimova et al. 2014). The driving forces of CNC 

relaxation in solution, electric double layer, nanocolloidal 

behavior, and chiral nematic ordering, as well as the 

effect of surface chemical modifications on dispersion 

thermodynamics in industrially-relevant solvents are also 

investigated (Stoyanov et al. 2013; Lyubimova et al. 

2014).  

Here, we employ the 3D-RISM-KH molecular theory of 

solvation to predict the effective forces that control the 

dispersion of pristine and modified I and Iβ CNC 

particles in a variety of solvents. Both the I and Iβ phases 

of cellulose are addressed as these occur naturally and can 

interconvert. The results indicate that the surface 

properties of CNC can be tuned to control its dispersion 

in non-polar solvents used in industrial polymerization 

processes and ionic liquids used in chemical synthesis. 

Moreover, we present insights into the CNC-water 

hydrogen bonding rearrangements and right-hand twist 

that occur upon relaxation, based on molecular dynamics 

simulations in aqueous solution.  

Computational Methods 
3D-RISM-KH theory overview 
The theory employs the 3D-RISM integral equation  

  


  )'()'(')( rcdh rrrr  [1] 

complemented with the Kovalenko-Hirata (KH) closure 

approximation 










0)(for   )(1

0)(for))((exp
)(

 

 

rr

rr
r





 dd

dd
g  [2] 

)()()()()( B rrrr  chTkud  , 

where h(r) is the 3D total correlation function of solvent 

site   related to the 3D site density distribution function 

by g(r) = h(r) + 1; c(r) is the 3D site direct correlation 

function which has the asymptotics of the solute-solvent 

site interaction potential, c(r) ~ -u(r)/(kBT); the site-site 

susceptibility of pure solvent (r) is an input to the 3D-

RISM calculation, and indices  and  enumerate all sites 

on all sorts of solvent species; u(r) is the 3D interaction 

potential between the whole solute and solvent site  
specified by a molecular force field, and kBT is the 

Boltzmann constant times the solution temperature. The 

KH closure (2) nontrivially combines the so-called mean 

spherical approximation (MSA) and hypernetted chain 

(HNC) approximation, the former being automatically 

applied to the spatial regions of solvent density 

enrichment (g(r)>1) such as association peaks, and the 

latter to those of solvent density depletion (g(r)<1), 

including the repulsive core. 

The site-site susceptibility of solvent (r) breaks up 

into the intra- and intermolecular terms, 

   ( )     ( )       ( ) , [3] 

where the intramolecular correlation function ω(r) for 

interaction sites α and γ on the same species normalized 

as ∫     ( )    represents the molecular geometry of 

solvent and for rigid molecules with site separations lαγ   

has the form    ( )   (     ) (     
 ) specified in 

reciprocal k-space as    ( )    (    )   =j0(klαγ) in 

terms of the zero-order spherical function j0(x), and h(r) 

is the radial total correlation function between sites  and 

 enumerating all sites on all sorts of solvent molecules.  

In advance to the 3D-RISM-KH calculation, the h(r) are 

obtained from the dielectrically consistent RISM 

(DRISM) theory
 
(Perkyns, Pettitt 1992a; 1992b) coupled 

with the KH closure (DRISM-KH theory) (Kovalenko 

2003; Kovalenko 2013) which is applied to the bulk 

solvent (water, organic solvent, electrolyte solution, and 

ionic liquid in this study). 

The solvation free energy ∆µu (“u” stands for solute 

particle) is obtained from the 3D-RISM-KH theory in a 

closed analytical form in terms of a simple integral of the 

3D correlation functions: 
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where (x) is the Heaviside step function. 

Under isochoric condition, V=const or ρV=const, the 

solvation free energy is decomposed into the excess 
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partial molecular entropy and the excess partial solvation 

energy: 

VST ,uuu       [5] 

by numerically calculating the temperature derivative 
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The potential of mean force (PMF) between two CNC 

nanoparticles at separation d (Fig 1) comprises their 

Lennard-Jones (LJ) and electrostatic (C) interaction 

potentials plus the difference between their solvation free 

energies at separation d and at a large distance d0 (set in 

practical calculations as d0=20 Å): 

    ( )     ( )    ( )   ( )   (  )  [7] 

The solvation structure and free energy are obtained 

from the first principles of statistical mechanics by 

solving the 3D-RISM-KH integral equations for the 3D 

correlation functions, with an input of classical-potential 

molecular force field. (As distinct from the continuum 

solvation models, this theory does not involve empirical 

parameters like solvation cavity size and shape nor 

empirical non-polar terms fitting (de)solvation and 

hydrogen bonding effects.) The 3D-RISM-KH theory is 

presented in detail in Kovalenko 2003; Kovalenko 2013; 

and the Supporting Information for Silveira et al. 2013. 

Computational details  
Relaxation of I CNC particles using MD. Molecular 

dynamics simulations were performed for             
     

particle models. The superscript and subscript denote the 

number of glucosyl residues l and particle charge q. For 

neutral particles, the simulations were performed in pure 

water. For negatively charged sulfated CNC particles,     

16 Na
+
 were added to the system for overall neutrality. 

The initial atomic positions in the unit cell were obtained 

from the crystallographic unit cell data (Nishiyama et al. 

2002). The crystals were created by unit cell translations 

of 8A6B6C for          
l   . Every time, the CNC 

particle was placed in the center of the simulation box to 

provide a separation of about 2 nm of the particle surface 

from the box walls. The rest of the box was filled with 

explicit water molecules. Initially, NVT simulations with 

temperature regulation by Langevin dynamics were 

performed at T=298.15 K. After relaxation, NPT 

simulation runs were carried out (Lyubimova et al. 2014).  

The CNC particle was modeled with GLYCAM06, a 

highly consistent and transferable all-atom force field, 

developed for carbohydrates and glucoconjugates 

(Kirschner et al. 2008). The extended simple point charge 

(SPC/E) water model (Berendsen et al. 1987) was 

employed. Nonbonded parameters for sodium and 

chloride ions were taken from Koneshan et al. 1998. 

Molecular dynamics calculations were performed with 

AMBER11 software (Case et al. 2010). The standard 

procedure of charge redistribution implemented in 

AMBER11 was used. The relaxation of the CNC particle 

in explicit water was run for 6 ns. 

Dispersion of unrelaxed I and Iβ CNC particles. The 

DRISM-KH theory was used to obtain the site-site 

correlation functions of solvents in the following states. 

At ambient pressure, water has physical density      

0.99705 g/cm
3 

(number density 0.03334 Å
-3

) and 

dielectric constant 78.54 at 298 K, and density          

0.9718 g/cm
3
 (0.03251 Å

-3
) and dielectric constant 60.78 

at 353 K. 1.069M aqueous solution of NaCl at 298K has 

density 1.041 g/cm
3
, water and ions number density 

0.03352 and 6.595∙10
-4

Å
-3

, respectively, and dielectric 

constant 78.50. 1.069 M aqueous solution of NaCl at 

353K has density 1.016 g/cm
3
, water and ions number 

density 0.03271 and 6.435∙10
-4 

Å
-3

, respectively, and 

dielectric constant 60.78.  

Benzene was chosen as a typical example of non-polar 

organic solvent. Ambient benzene has physical density 

0.87367 g/cm
3
 and dielectric constant 2.2736 at 298 K 

(Wohlfarth 1991; Lacmann, Synowietz 1974). We used 

the all-atom model with the parameters summarized in 

Kobryn and Kovalenko 2008, as it better reproduces the 

solvation structure of ambient benzene.  

The 1,3-dimethylimidazolium chloride ([mmim]Cl) 

ionic liquid was selected due to its simple and rigid cation 

structure. [mmim]Cl at 400K has number density           

0.00509 Å
−3 

and dielectric constant 10.0 (Malvaldi et al. 

2009). The [mmim]
+
 cation was represented using united 

atom parameters from Lynden-Bell et al. 2002 and the 

charges were optimized using the multipole-derived 

charges procedure at the quadrupole level (Swart et al. 

2001), as described in Malvaldi et al. 2009.  

The CNC solute was represented with the all-atom 

polymer-consistent force field (PCFF) of Maple et al. 

1988; Sun et al. 1988, as implemented in the Discover 

software package (Discover 2001). Each atom type was 

assigned wih PCFF charges and Lennard-Jones potential 

parameters (Freindorf, Gao 1996) designed to represent 

hydrogen bonding interactions.  

To properly treat electrostatic forces in electrolyte 

solution with polar molecular solvent and ionic species, 

the long-range electrostatic asymptotics of all correlation 

functions is separated out and handled analytically 

(Kovalenko, Hirata 2000a; 2000b; Kovalenko 2003; 

Gusarov et al. 2012) in the 3D-RISM-KH Eqs [1]-[2], 

DRISM-KH equations for the radial site-site correlation 

functions, Eq [3], and the solvation free energy integral, 

Eq [4]. The short-range terms are discretized on a grid 

and the convolution is handled with fast Fourier 

transform.  

For all the solution systems, the DRISM-KH integral 

equations were discretized on a uniform radial grid of 

16384 nodes and size 409.6 Å with resolution 0.025 Å, 

which ensured high accuracy of solvent correlations.  For 

the finite-length CNC particles in aqueous solution, the 

3D-RISM-KH integral equations were discretized on a 

uniform rectangular 3D grid with resolution 0.5 Å in a 

128×128×128 Å cubic supercell. An increase of grid 

resolution to 0.25 Å for a grid of 256×256×256 nodes in 

the same supercell size changed the solvation free energy 

by < 2.0 kcal/mol and the partial molar volume by            

< 8.0 Å
3
, showing sufficient accuracy. For the 

periodically-extended CNC particles in water, benzene, 

and ionic liquid, the 3D-RISM-KH integral equations 

were solved on a grid of 256×256×128 nodes in a 

64×64×20.76 Å supercell. 
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Fig 1 - Cellulose fibril containing 34 glucan chains: Left part: 
Cross section showing inner (red), intermediate (green) and 
outer (blue) layers. Right part: Sizes of CNC particle. 

The 3D-RISM-KH integral Eqs [1]-[2] were converged 

to a relative root mean square accuracy of 10
-8

 and the 

DRISM-KH equations to an accuracy of 10
-12

   by using 

the modified direct inversion in the iterative subspace 

(MDIIS) accelerated numerical solver (Kovalenko et 

al.1999; Kovalenko 2003). 

Results and Discussion 

Relaxation of I CNC particle  
We built a model for the computer simulation of CNC 

based on the I crystal structure (Nishiyama et al. 2003) 

containing 34 chains forming a three-layered cellulose 

fibril, as shown in Fig 1. The inner, intermediate and 

outer layers shown in blue, green and red rectangles, 

respectively, undergo structural changes upon relaxation 

in water. The fibril cross section is approximately 4.3 nm 

in its longest direction and each chain in the fibril consists 

of 16 glucose units making 8 nm long particles. This 

particle cross-section or width is selected as it falls within 

the experimental range of 4-5 nm for CNC made from 

soft wood (Habibi et al. 2010).  

For this model particle, we have performed structure 

relaxation using molecular dynamics simulation in a 

periodic box with dimensions 14.9 nm  8.9 nm  8.3 nm. 

The distance between particle surface and the box edges 

is 2 nm and the space in the box around the particle is 

filled with water molecules. The aim of this simulation is 

to relax and equilibrate the model structure in the 

presence of solvent, mimicking as close as possible the 

experimental conditions of pristine CNC solvation in 

aqueous solution. In this neutral particle, the initial charge 

distribution in the cellulose fibril is inhomogeneous over 

different faces of the particle (Fig 2a, b). In the crystal, 

cellulose layers are stacked so that the positively charged 

groups face the negatively charged groups giving a 

“crystal-like” charge distribution. We obtain 3D density 

distributions of solvent species around an unrelaxed CNC 

particle. It is clearly seen that Cl
–
 anions are concentrated 

around the particle surface with exposed positively 

charged groups, while Na
+
 cations are localized on the 

negatively charged opposite side of the particle (Fig 2c).  

We relax the CNC particle in explicit water solution for 

6 ns and analyze the structure after relaxation. We 

observe a smearing of the charge over the faces (Fig 2d 

and 2e), which noticeably affects the distribution of the 

ions around the fibril (Fig 2f). The relaxed particle charge 

is weakly polarized, as evidenced by the rather even 

distribution of cations and anions around it. In both 

unrelaxed and relaxed particles, the ions distributions are 

calculated using the 3D-RISM-KH theory for a particle in  

 
       (a)  (b)  (c) 

 
       (d)  (e)  (f) 

Fig 2 - Pristine CNC particle relaxation in explicit water solution 
simulated with MD, showing positively (in blue) and negatively 
(in red) charged atoms. Top: Surface charge distribution of the 
unrelaxed CNC particle. (a) Faces exposing positively charged 
groups are predominantly blue colored. (b) Faces exposing 
negatively charged groups are predominantly red colored. (c) 
3D distributions of Na+ (blue) and Cl– (green) around an 
unrelaxed fibril in aq. NaCl. Bottom: Surface charge distribution 
of a relaxed CNC particle after 6 ns MD simulation. (d) CNC 
particle cross section showing right-hand twist. (e) Charge 
distribution in the relaxed particle. (f) 3D distributions for Na+ 
(blue) and Cl– (green) around a relaxed fibril in aq. NaCl. 

   

 

Fig 3 - Right-hand twisting due to relaxation of the pristine CNC 
particle in explicit water. Top part: Vector between the center of 
mass of highlighted fragments (third ring from chain ends). 
Initial unrelaxed and twisted relaxed structures are shown. 
Bottom part: Time autocorrelation function for vectors shown in 
top left with colors corresponding to the chain position in the 
relaxed fibril layer shown in the inset and defined in Fig 1, left. 

aqueous solution of NaCl at concentration 0.040 mol/kg 

(Lyubimova et al. 2014). 

In addition to a more uniform surface charge 

distribution upon the relaxation in solution, CNC particles 

undergo right-hand twisting (Fig 3). To quantify the 

particle twist and observe its evolution in time we define 

a vector between the center of mass of the end-fragments 

of every chain (Fig 3, top left). Upon relaxation, the 
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Fig 4 - Relaxation of a sulfonated CNC particle in water. Top left 
part: Initial unrelaxed particle with 16 SO3– groups distributed 
evenly on the particle surface. Particle cross-section and side-
view are shown. Top right part: Vectors defined between the 
center of mass of highlighted fragments (third ring from chain 
ends) for unrelaxed (top) and relaxed twisted (bottom) structure. 
Bottom: Time autocorrelation function for vectors defined in top 
right with colors corresponding to the position of the cellulose 
chain in the relaxed fibril layers shown in the inset. Yellow 
curves for the autocorrelation functions of the neutral particle 
are shown for comparison with Fig 3.  

surface cellulose chains undergo substantial twisting (Fig 

3, top right). From the vector length and origin over the 

trajectory, we calculate the time autocorrelation function 

for every chain and use it to quantify the extent of right-

hand twisting, as shown in Fig 3, bottom. It should be 

noted that the degree of twisting of chains is different 

depending on the chain position in the fibril. The inner 

layer chains experience minor deviation from the initial 

crystal structure, as seen in the corresponding time 

autocorrelation functions (red curves) close to 1.00. The 

intermediate layer chains (green curves in the time 

autocorrelation function plot) undergo twisting of 0.995-

1.00. The outer layer chains, (blue curves in the time 

autocorrelation function plot) undergo the largest 

twisting. The colors in the graph correspond to the CNC 

particle layers defined in Fig 1 and shown in the time 

autocorrelation function plot inset after relaxation. 

  We hypothesize that the initial “crystal-like” highly 

polarized charge distribution in the CNC particle is one of 

the driving forces leading to the fibril twisting. There are 

numerous experiments showing an overall right-hand 

twist in cellulose microfibrils and microcrystalline 

cellulose (Hanley et al. 1997; Ellazzouzi-Hafraouzi et al. 

2008). Twisting is also reported for MD relaxation of the 

CNC particle (Paavilainen et al. 2011) with explicit water 

solvation  simulated  using  the   TIP3  water  model   and 

 

 
Scheme I - Hydrogen bonding network of Iα cellulose showing 

intra-chain (top) and inter-chain hydrogen bonds (middle) as 
well as the weaker CH…O contacts (bottom).  

 

OPLS force field extended for carbohydrates (Damm et 

al. 2001). 

The next step taken towards the development of 

representative CNC models is to build a charged 

sulfonated particle model. We accomplished this by 

grafting sulfate groups to some of the cellulose’s surface 

chains. The number of sulfonate groups was taken from 

elemental analysis (Boluk et al. 2012). We modified 16 

glucose units at the C6 position with sulfate groups so as 

to have 4 substitutions on each face (Fig 4). Each 

sulfonate group bears one unit of negative charge and the 

total CNC particle charge is 16e. The estimated surface 

charge density is 0.3 e/nm
2
, in accordance with the 

experimental values for sulfonated CNC (Jiang et al. 

2010).  The MD system setup for the particle relaxation is 

similar to that of the neutral particle, the only difference 

being the addition of 16 Na
+
 into the simulation box to 

achieve overall electrostatic neutrality. 

Structure relaxation analysis for the charged particles 

yields a dependence of the particle twisting similar to that 

of the neutral particle. In Fig 4, a comparison of the 

largest (outer) layer twist of sulfonated CNC (blue lines) 

to the largest twist for the neutral particle (yellow lines) 

indicates that the maximal degree of twisting of charged 

particle chains is about half of that of the neutral particle, 
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as evaluated from the time autocorrelation function.  It is 

worth noting that the deviation from the crystal structure 

upon relaxation is more pronounced in the case of a 

neutral particle due to the even distribution of the SO3
– 

grafting sites on all four faces of the particle and reduced 

face non-equivalency (Lyubimova et al. 2014). 

Hydrogen bonding rearrangements of I CNC particle  
The hydrogen bonding network shown in Scheme I is 

responsible for the stabilization of cellulose microfibrils 

and pristine CNC (Nishiyama et al. 2002; 2003). The 

hydrogen bonding interactions shown in the top and 

middle panels are substantially stronger than the CH
…

O 

contacts. The contribution of the latter studied using 3D-

RISM-KH has been discussed in Silveira et al. 2013.  

In a sulfonated CNC particle placed in water, a new set 

of hydrogen bonds forms between CNC and water that 

leads to a rather extensive rearrangement of the cellulose 

chains accompanied by the right-hand twist described 

above. In Fig 5, we present the total number of water-

CNC hydrogen bonds that occur during a 10 ns MD 

simulation of a sulfonated           
l    particle as well as 

the contributions of O atom types and sulfonate groups of 

CNC. The largest contributions (highlighted with 

rectangles and arrows) arise from O2 and O6 that in Iα 

cellulose participate in intra-chain hydrogen bonds 

(Scheme I, top), followed by O3 atoms that participate in 

inter-chain hydrogen bonds (Scheme I, middle) and those 

involving the negatively-charged sulfonate groups. 

Effective interactions of pristine I CNC particles  
We also study the effective force for removal of a CNC 

particle (nanofibril) from bulk I cellulose in aqueous 

solution at a direction perpendicular to the chains. In Fig 

6 (A), we depict a model system of two CNC particles 

containing 4 parallel cellulose chains of 8 monomers 

each. We calculate the solvent distribution around these 

particles as the interparticle distance d is increased. At d = 

5.6 Å, water and electrolyte can enter between the CNC 

particles, as shown with the 3D-density distribution 

function isosurfaces in Fig 6. The isosurfaces for water 

(A and B) indicate that the gO(r) maxima (dark blue) and 

gH(r) (light blue) are localized near H and O atoms, 

respectively, of surface hydroxyl groups of cellulose, 

indicating that water forms a hydrogen bonding network, 

as highlighted in the enlarged areas of A and B with 

arrows and rectangles. 

In Fig 6 (C and D), the 3D density distributions of Na
+
 

(purple) and Cl
–
 (green) highlight the charge polarization 

of the particle faces that helps stabilize cellulose in its 

crystalline state in bulk. Upon relaxation in solution drive 

the right-hand twist (Fig 3 and 4) and to a large extent the 

hydrogen bonding (Fig 5) (Stoyanov et al. 2013; 

Lyubimova et al. 2014).  

In Fig 7, we show the PMF between two pristine 

uncharged and unrelaxed Iα particles (Fig 6 (A)). The 

PMF at separation d Å is defined as the difference 

between their Lennard-Jones, electrostatic, and solvation 

free energy terms and those at full separation. The PMF 

contains the main features of the effective interaction 

 

 

Fig 5 - Water-CNC hydrogen bonding analysis from the 
relaxation of sulfated Iα CNC in water based on a 10 ns MD 
simulation. The number of water-CNC hydrogen bonds is shown 
on the y-axis. The largest number of hydrogen bonds, 
highlighted with rectangles and arrows, are of intra-chain type 

 

among CNC particles in solution. The minima at 2.5 Å 

and 5.6 Å correspond to stable CNC-CNC hydrogen 

bonding and CNC solvated with one layer of water, 

respectively. The absolute minimum at 5.6 Å indicates 

that cellulose with one hydration shell is more stable than 

cellulose held together by inter-chain hydrogen bonds, as 

in the bulk. 

The maximum at 4.0 Å corresponds to the energy 

barrier that has to be overcome upon (dis)aggregation. 

(Note that this PMF barrier height of about 100-150 

kcal/mol is typical for colloids of this size.) From the 

barriers of disaggregation and solvent expulsion defined 

in Fig 7, we predict the stability of the solvation shell and 

dispersion preferences of the CNC particles in solution. 

Aggregation is most favored in water at 353K and least 

favored in NaCl at 298K. This is related to the dispersion 

and swelling of cellulose in electrolyte and alkaline 

solutions (Stoyanov et al. 2013). 

Effective interactions of pristine and esterified Iβ CNC  
In order to incorporate CNC in plastics and composites, it 

is necessary to make it dispersible in the non-polar 

solvents widely used in the polymers industry. 

Considering that cellulose contains a large number of 

surface hydroxyl groups, one way to make it dispersible is 

to functionalize with aliphatic groups by esterification. 

We consider pristine and esterified Iβ cellulose in a 

hydrophilic solvent (water), a hydrophobic solvent  

(benzene) and the ionic liquid [mmim]Cl. Ionic liquids 

are a novel class of non-volatile environmentally-friendly 

solvents that have attracted the interest of synthetic 

chemists due to the fundamentally different reaction 

thermodynamics and kinetics compared to typical 

molecular solvents (Welton, Wasserschield 2007). The 

3D-RISM-KH method predicts the properties of ionic 

liquids in a remarkable agreement with conclusions 

drawn from other methods (Malvaldi et al. 2009).  
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Fig 6 - Water and NaCl distribution around Iα CNC aggregate (modeled after Nishiyama et al. 2003) at distance d=5.6 Å, 
corresponding to the 2nd minimum of the PMF (Fig 7). The 3D distribution function isovalues are gO = 5.0 and gH = 2.8 (parts A and B) 
as well as gNa = 2.0 and gCl = 2.4 (parts C and D). Based on the maxima of the 3D distribution functions of O (dark blue) and H (light 
blue) sites of water, we predict the preferred orientation of water in the space between the disaggregating particles. In the enlarged 
views highlighted with call boxed in A and B, we have placed explicit water molecules (in black (A) and grey (B) boxes) to help 
visualize the predicted water molecule orientation and the formation of a CNC-water hydrogen bonding network in place of the inter-
particle hydrogen bonding network that exists in bulk Iα cellulose. 
 
 
 

 

 

 

 
Fig 7 - Effective force for dispersion of Iα CNC in solution. The 
absolute minimum at 5.6 Å indicates that cellulose is more 
stabilized by a monolayer of water (Fig 6 (A and B)) than by 
inter-chain hydrogen bonds. 
 

 
Fig 8 - Pristine and esterified periodically-extended Iβ CNC 
model. The pristine and esterified monomer structures are 
shown in the green call boxes. The effective interactions 
between the two particles in solution are computed as the inter-
particle distance is varied and the periodic boundary conditions 
box (shown in grey) is filled with solvent. 
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Fig 9 - PMF of pristine (top) and esterified (bottom) periodically-
extended Iβ CNC in the solvents water, benzene and [mmim]Cl 
ionic liquid (IL) . 

 

In Fig 8, we show a two-particle periodically-extended 

Iβ     rod model that is suitable for prediction of the 

effective interactions of particles with uniform surface 

and large aspect ratio. Each particle contains 4 parallel 

chains of 4 monomers each. Such periodically-extended 

model is not applicable to Iα cellulose due to its unit cell 

type.  The pristine Iβ cellulose structure is from 

Nishiyama et al. 2002. In the esterified structure, every 

primary surface hydroxyl group (O6 atom, Scheme I) is 

modified to an ethyl ester group and the particle structure 

is partially relaxed (with constrained cellulose backbone) 

using molecular mechanics. The monomers of pristine 

and esterified cellulose are shown in the insets. The 

effective interactions are computed in water, benzene and 

ionic liquid as the distance is varied. 

In Fig 9, we show the effective force (PMF) plots for 

pristine and esterified CNC in the top and bottom panels, 

respectively. The PMF is normalized per periodic unit 

cell (8 chains, each 4 monomers long, per unit cell in this 

case). Similar to Iα cellulose, the Iβ cellulose is stabilized 

in water by a hydration shell, as the absolute minimum is 

at ~5 Å. The disaggregation barrier for pristine CNC 

increases in the order water < benzene < [mmim]Cl, 

indicating that dispersion in water is favorable, whereas 

in benzene and [mmim]Cl it is not. This behavior is 

typical for hydrophilic surfaces (Stoyanov et al. 2013). 

For esterified CNC, the PMFs in benzene and [mmim]Cl 

have lower disaggregation barrier than in water, 

suggesting facilitated dispersion in hydrophobic solvents.  

 
Fig 10 - Solvation structure of the ionic liquid 1,3-
dimethylimidazolium chloride [mmim]Cl around a periodically 
extended pristine Iβ CNC particle. 

 

The lack of significant solvent expulsion barriers in 

benzene and ionic liquid suggest weak solvent-solute 

interaction. This example demonstrates how surface 

modifications are being employed to tune-up the 

dispersion properties of CNC in various solvents. For 

every solute configuration, our platform predicts the 

solvent orientation based on the solvent distribution 

function, as presented in Fig 10 for the ionic liquid 

[mmim]Cl. In addition to addressing the type of the 

surface modification, this platform allows prediction of 

the degree of surface modification necessary to achieve a 

certain dispersion effect. This is particularly important in 

industrial processing, where achieving high degrees of 

surface modification is costly (Stoyanov et al. 2013). 

Conclusions 
In this work, we present an approach to rational design of 

CNC surface modifications by employing the multiscale 

modeling platform that combines quantum chemistry (for 

derivation of force field parameters, as shown in detail for 

[mmim]Cl in Malvaldi et al. 2009) with the statistical-

mechanical 3D-RISM-KH molecular theory of solvation 

and with MD simulations. This study addresses the 

dispersion of cellulose from a crystalline bulk phase in 

aqueous solution and the stabilization of cellulose 

nanoparticles by water through hydrogen bonding. 

Relaxation of the charge polarization of periodic 

crystalline cellulose (visualized on the Na
+
 and Cl

– 

density distributions) is one of the driving forces of the 

structural rearrangements upon relaxation of CNC in 

solution. Another driving force is the increase in the 

number of hydrogen bonds between glucan chains in the 

CNC particle. Note that a trigger of this right-hand twist 

resulting largely from the interchain electrostatics and 

hydrogen bonding is the inherent chirality of a single 

glucan polymer chain assuming the flat twofold screw 

symmetry. Upon sulfuric acid hydrolysis, the grafted 

surface charges also affect the relaxation. These three 

factors determine the extent of helical twisting upon 

relaxation of CNC in aqueous solutions.  

Our calculations show that pristine cellulose would not 

be dispersed in benzene. Upon hydrophobic modification 

by esterification, dispersion of cellulose becomes 

favorable. This illustrates the capability of our modeling 

approach to predict and design surface chemical 

modifications for CNC compatibilization with organic 

solvents used in industrial processes. 
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This theoretical modeling approach presents molecular 

models of functionalized CNC particles and validates 

modeling procedures recapitulating the essential 

properties of CNC, which will be useful for future study 

of CNC effective interactions and ordered phase 

formation in electrolyte solutions. In this approach, the 

nature and concentration of electrolyte solution can be 

readily varied to perform quick in-silico screening of their 

effect on the CNC effective interaction strength. The 3D-

RISM-KH molecular theory of solvation yields the full 

solvation thermodynamics by statistical-mechanical 

sampling of solvent arrangements and orientations around 

CNC particles. This is by far not feasible using molecular 

simulations, as it requires sampling of molecular forces in 

the system tens nanometers large on time up to micro- 

and milliseconds long, including solvent and ions around 

CNC particles as well as in the confined space between 

them. The latter is most challenging because of the 

specific binding and slow exchange of both solvent and 

ions in the CNC solvation shells, particularly in the bound 

arrangements bridging CNC particles. This problem is 

inherent in standard MD simulation techniques with free 

energy calculation by means of thermodynamic 

integration, free energy perturbation, and umbrella 

sampling. It also holds in the new simulation techniques 

extracting free energy from a single MD simulation as an 

analytical functional of an energy distribution 

(Matubayashi, Nakahara 2000), which still requires 

adequate sampling of the slow processes of exchange and 

specific binding. 

In prospective, this multiscale modeling platform can 

include dissipative particle dynamics (DPD) simulation 

with coarse-grained force fields obtained from the 3D-

RISM-KH theory (Nikolic et al. 2013; Kobryn et al. 

2014). Further improvements of the model will include 

effect of relaxation on the effective interaction between 

CNC particles in solution. 
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