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Abstract: A molecular model of an all-cellulose nanocomposite, with an amorphous cellulose 9 

matrix reinforced by cellulose nanocrystals, is built to study the role of cellulose nanocrystal (CN) 10 

as a nanofiller in the coupled behavior between sorption and deformation. We find two 11 

competitive mechanisms. The first mechanism is the reinforcing effect through CN-matrix 12 

mechanical interaction, which constrains the sorption-induced swelling of the matrix and results in 13 

a reduction of sorption amount and of hysteresis in both sorption and deformation. The second 14 

mechanism is the CN-water interaction, enhancing water sorption in the matrix at the CN-matrix 15 

interface, increasing the sorption-induced swelling of the matrix, and increasing the resulting 16 

hysteresis in sorption and deformation. The final gain/reduction in sorption, swelling and related 17 

hysteresis depends on which of the two effects prevails. These findings shed light on the tailoring 18 

of cellulose-based composites for applications involving sorption and deformation. 19 
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 21 

22 



2 

1. Introduction 23 

Cellulose nanocrystal (CN) exhibits high stiffness and strength, high surface 24 

area and unique morphology (Habibi et al. 2010a; Mariano et al. 2014). These 25 

features, together with their great sustainability and biodegradability, make CN 26 

ideal candidate to improve the mechanical properties of various materials (Habibi 27 

et al. 2010b; Mariano et al. 2014; Blanco et al. 2018). In nature, CN serves as 28 

mechanical reinforcement in several biomaterials (Brown 1996, 2004; Anfara et 29 

al. 2002; Williamson et al. 2002). For instance, the stiffness and strength of wood 30 

cell wall mainly come from the reinforcing effect of the microfibrils composed of 31 

CN (Salmén 2004; Derome et al. 2012; Chen et al. 2019b) For man-made 32 

materials, CN is incorporated as reinforcement into a wide range of polymer 33 

matrices such as poly(caprolactone) (Habibi et al. 2008), poly(oxyethylene) (Azizi 34 

Samir et al. 2004) and starch-based polymers (Anglès and Dufresne 2001). It is 35 

also incorporated into cellulosic matrix to form the so-called all-cellulose 36 

composites (ACC) (Qi et al. 2009). Given the chemical homogeneity of ACC, the 37 

reinforcement–matrix interface forms strong bonding. In addition, ACC can be 38 

straightforwardly recycled as the reinforcement and matrix do not require 39 

separation. These advantages make ACC a promising biodegradable “green” 40 

composite (Nishino et al. 2004; Huber et al. 2012). 41 

Cellulose being hydrophilic, the responses of CN-reinforced composites to 42 

moisture must be clearly understood and described. The interaction between 43 

composites and moisture is used as an asset for example in CN-reinforced 44 

composites developed for water purification (Yu et al. 2013; Karim et al. 2014; 45 

Liu et al. 2017; Rafieian et al. 2019). Biomaterials such as wood or man-made 46 

composites are in service commonly exposed to environmental moisture 47 
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conditions, leading to a change of hygromechanical behavior, eventually to 48 

degradation (Patera et al. 2016; Kafy et al. 2016). The amorphous polymeric 49 

matrix of composites has an open microstructure and water can be adsorbed into 50 

the matrix (Kulasinski et al. 2017). During sorption, water creates its own space 51 

by increasing the host porosity. In so doing, water sorption is accompanied by 52 

swelling which results in an intrinsic coupling between sorption and deformation, 53 

commonly referred to as sorption-induced deformation (Barkas 1939; Kulasinski 54 

et al. 2016; Chen et al. 2018, 2020) Further, sorption in nanoporous polymers 55 

displays a strong hysteresis in terms of moisture content versus relative humidity 56 

(RH), but hysteresis collapses in terms of moisture content versus strain (Patera et 57 

al. 2013; Chen et al. 2018). Also seen is a hysteresis in mechanical property 58 

versus moisture content, but not versus hydrogen bonds between polymeric chains 59 

(Chen et al. 2018). The presence of CN makes the coupling between hysteretic 60 

sorption and swelling even more complex as these nanocrystals may play multiple 61 

roles in the coupling physics. CN can influence water sorption: infrared 62 

spectroscopy shows that water molecules form clusters at the CN/matrix interface 63 

(Maréchal and Chanzy 2000; Hofstetter et al. 2006), indicating that the presence 64 

of CN yields hydrophilic interfaces within the composites. In addition, CN can 65 

have mechanical impact on the matrix. The effect of CN as a mechanical 66 

reinforcement has been extensively studied experimentally for different composite 67 

systems (Favier et al. 1995; Taylor 2002). These studies show that CN can 68 

improve the matrix both in terms of stiffness and strength and the improvement 69 

relies on a strongly bonded CN/matrix interface. The multiple roles played by CN 70 

can be competing. For instance, it has been observed experimentally that water 71 

uptake in CN-reinforced nanocomposites decreases monotonically with increasing 72 

CN content (Anglès and Dufresne 2000; de Mesquita et al. 2012; Mariano et al. 73 
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2014), while some other experiments show that this dependence is non-monotonic 74 

(Sanchez-Garcia and Lagaron 2010; Sánchez-García et al. 2010; Mariano et al. 75 

2014). This suggests that CN enhance sorption in some circumstances while 76 

hinder sorption in others. Moreover, sorption and swelling of CN-based 77 

composites are found to be dependent on moisture history (Derome et al. 2011; 78 

Safari and van de Ven 2016), i.e., hysteresis is present in the sorption and strain 79 

isotherms. For a better understanding of the dependence of composite properties 80 

on CN, the effects of CN on coupling of sorption and deformation and the related 81 

hysteresis have to be clarified.  82 

Water sorption in nanocomposites can be modeled by molecular simulations, 83 

including molecular dynamics (MD) and Monte Carlo (MC) simulations (Charlier 84 

and Mazeau 2012; Mazeau and Charlier 2012; Kulasinski et al. 2017; Zhang et al. 85 

2020a, b) Molecular simulations enable exploring the coupling mechanism of 86 

sorption and deformation at the molecular level. Kulasinski and colleagues built a 87 

molecular model of the secondary layer of wood cell wall, which is a bio-88 

nanocomposite with CN reinforcing the soft amorphous matrix (Kulasinski et al. 89 

2017). The molecular simulation could capture the anisotropy of the mechanical 90 

properties due to the presence of CN. Moisture content is found to be higher in the 91 

composite compared to the matrix and water molecules are found to cluster at the 92 

interface. This phenomenon was confirmed by Charlier and Mazeau, in a slightly 93 

different system which showed that the water molecules mainly remain in the 94 

volume adjacent to the interface (Charlier and Mazeau 2012). Despite these 95 

previous works, a better understanding of the impact of the presence of CN on the 96 

coupled behavior between the sorption and deformation of nanocomposites is 97 

required. Specifically, we will aim in the present paper at elucidating how CN 98 

influences the sorption-induced swelling of the composites and what role CN 99 
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plays in sorption and deformation hysteresis. To answer these questions, a 100 

molecular model of CN-reinforced cellulose composite, i.e., ACC (all-cellulose 101 

composite), is built to study the role of CN in the coupling between sorption and 102 

deformation of nanocomposites. The influence of CN on mechanical properties is 103 

first clarified, followed by a detailed study on the role of CN in sorption and 104 

sorption-induced deformation of the composite. Finally, the effect of the presence 105 

of CN on sorption and deformation hysteresis is also discussed.  106 

2. Models and Methods 107 

2.1. Molecular models 108 

In this paper, we model a cellulose nanocrystal (CN) with 16 polymer chains, 109 

which corresponds to a crystal width about 2 nm. This is consistent with the 110 

experimental observations that CN is generally 2–20 nm wide (Habibi et al. 2010b). 111 

The 16 polymer chains are assembled to make an Iβ CN with the help of Cellulose-112 

Builder (Figure 1(a)) (Gomes and Skaf 2012). Based on the atomic-resolution 113 

synchrotron and neutron diffraction data reported by Nishiyama et al (Nishiyama et 114 

al. 2002, 2003; Wada et al. 2004), Cellulose-Builder can generate Cartesian 115 

coordinates for all atoms of the specified structure in the Protein Data Bank format, 116 

suitable as starting configurations in molecular dynamics simulations and other 117 

calculations. Then the CN is imported into Material Studio 8.0 and positioned at the 118 

center of an orthogonal box. The remainder of the box volume is packed with 119 

amorphous cellulose (AC), which serves as the matrix of the composite. The 120 

resulting computational domain is used with periodic boundary conditions in all 121 

three directions in order to avoid finite size effect. For practical reason, the CN 122 

extends across the boundaries in the longitudinal direction (Kulasinski et al. 2017). 123 

In other words, CN is infinitely long with an infinitely large degree of 124 
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polymerization. This generally corresponds to a higher stiffness in the longitudinal 125 

direction compared to composites with finite sized reinforcements. In contrast, the 126 

degree of polymerization of AC is set to 20 cellubiose monomers. It has been 127 

verified in our precious work that AC with this 20 cellubiose monomers can 128 

reproduce the water sorption isotherms and mechanical properties measured on bulk 129 

AC (Chen et al. 2018). After the packing process, the raw configuration of the 130 

composite is subjected to a series of relaxation processes with the help of MD to 131 

obtain a well equilibrated stress-free configuration. Specifically, the composite is 132 

first relaxed in the NVT ensemble, which corresponds to a macroscopic system with 133 

constraints of constant number of particles (N), constant volume (V) and constant 134 

temperature (T), for 2 ns at a temperature T = 300 K. Then the composite is further 135 

relaxed in the NPT ensemble with constant number of particles, constant pressure P 136 

= 0 and constant temperature T = 300 K for 2 ns. To remove the possible residual 137 

stress generated in the packing process, the temperature is raised to 500 K and 138 

further relaxation is carried out in the NPT ensemble for 2 ns with P = 1 MPa to 139 

facilitate the matrix embracing the CN and also to increase the AC density. The CN 140 

is kept rigid at 500 K to prevent its amorphization. Then the external pressure is 141 

removed, and the temperature is reduced back to 300 K. As last step, the composite 142 

is relaxed in the NPT ensemble for 4 ns with pressure P = 0 and temperature T = 143 

300 K. The final configuration of the composite after the relaxation process is 144 

shown in Figure 1(b). The volume fraction of CN is found to be 0.27 and the mass 145 

fraction 0.31. The density of AC is 1.35 g.cm-3 and the density of the CN is 1.64 146 

g.cm-3. Both densities are comparable to experimental results of 1.48 g.cm-3 (Chen 147 

et al. 2004) and 1.66 g.cm-3 (Kulasinski et al. 2014) respectively. In dry state, the 148 

dimensions of the computational model are 5.4 × 4.4 × 4.2 nm3. For water, we use 149 

the SPC/E water model. The interactions between atoms are modeled by PCFF 150 
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(Polymer Consistent Force Field) force field (Sun et al. 1994). Practically, the 151 

parameters of PCFF for different elements are directly imported from Material 152 

Studio 8.0. In our previous paper (Chen et al. 2018), we have showed the validity 153 

of combining PCFF and SPC/E in simulating water sorption in amorphous 154 

cellulose by comparing with the experimental sorption isotherms. With PCFF for 155 

amorphous cellulose and SPC/E for water, the simulation captured a lot of 156 

important features such as isotherm shape and sorption hysteresis. In this paper, 157 

we include a cellulose nanocrystal into the amorphous cellulose matrix, but the 158 

chemical composition is kept the same with amorphous cellulose. Thus, we 159 

continue to use the same force field parameters from our previous work (Chen et 160 

al. 2018). 161 

 162 

Figure 1. (a) Initial configuration of Iβ CN. (b) Configuration of the composite after relaxation 163 

process. The green surface is the surface of CN determined by Van der Waals radius. (c) 164 

Configuration of the composite with water molecules adsorbed into the matrix. 165 

To characterize the role played by the CN in the hygromechanical behavior of 166 

the composite, three systems are built as schematically represented in Figure 2.  167 

1. A bulk AC without CN. This system is used to characterize the sorption-168 

deformation coupling in the pure AC matrix and serves as the reference 169 

when studying the role of CN.  170 

2. A composite system with a CN in which the interaction between the CN and 171 

water is turned off. Technically, this can be achieved by turning off the 172 

electrostatic and Van der Waals interaction between CN and water. Note 173 
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that to prevent unphysical water diffusion into CN, the repulsive force 174 

between water and cellulose at very close distances (~0.2 nm in our case) is 175 

maintained on purpose. This means no preferential clustering of water 176 

molecules at the CN/matrix interface will occur, and only a mechanical 177 

reinforcing mechanism of CN is present. This system is termed as partial-178 

interaction model as the direct impact of the CN on sorption is on purpose 179 

removed and only the CN-AC interaction is at play. By comparing results 180 

from the bulk AC and the partial-interaction model, the mechanical 181 

reinforcing role played by CN through CN-AC interactions can be 182 

characterized. 183 

3. A composite with both CN-AC and CN-water interactions included. This 184 

system is termed as full-interaction model. In this last model, the presence 185 

of CN affects both AC and water clustering in the interface. Here the role of 186 

CN is not limited to mechanical reinforcement. Since CN shows hydrophilic 187 

surfaces, as there are plenty of hydroxyl groups exposed at its surfaces, the 188 

presence of CN in the composite has a direct impact on water sorption 189 

through the CN-water interaction. This effect can be examined by 190 

comparing the results of partial-interaction and full-interaction composites.  191 

By investigating the behavior of these three systems, we characterize the role of CN 192 

with regard to sorption and mechanics respectively and the coupling between the 193 

two aspects. 194 
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 195 

Figure 2. Three molecular models considered in this work: (a) bulk AC model without 196 

reinforcement of CN; (b) partial-interaction composite model with CN-water interactions turned 197 

off. (c) full-interaction composite model with CN-water interactions turned on. 198 

2.2. Hybrid GCMC/MD simulation 199 

To study the coupled effect between sorption and swelling, both aspects are 200 

modeled based on the osmotic ensemble (µσT) which allows considering systems at 201 

constant temperature T, chemical potential µ, and stress σ. This ensemble permits to 202 

investigate water sorption while allowing for the deformation, or sorption-induced 203 

deformation (as well as moisture history and thus hysteresis). We perform 204 

simulations in this osmotic ensemble using a hybrid strategy that combines Grand 205 

Canonical Monte Carlo (GCMC) simulations with Isobaric-Isothermal MD 206 

simulations. One can refer to (Chen et al. 2018, 2019a) for a more detailed 207 

description of this hybrid technique. Specifically, at each chemical potential of 208 

interest, the free swelling of the composite is simulated using the hybrid 209 

GCMC/MD molecular simulations with σ = 0 and T = 300K. Each iteration consists 210 

of 2000 insertion/deletion MC attempts and 200 MD timesteps. The chemical 211 

potential is related to relative humidity RH according to , 212 

where µ0 and kB are chemical potential of water at saturation and Boltzmann 213 

constant. Adsorption and desorption are considered by varying the RH from 0 to 1.0 214 

and from 1.0 back to 0 respectively. A snapshot of the configuration at saturation 215 
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(RH = 1.0) is displayed in Figure 1(c). It shows that water molecules are only 216 

adsorbed within the matrix - thus outside the CN - and that the composite undergoes 217 

significant swelling. 218 

2.3. Characterization of hydrogen bonds 219 

Cellulose is a non-crosslinked polymer so that hydrogen bonds are expected to play 220 

a crucial role in its cohesion and mechanical behavior. As shown in Figure 3 (a), a 221 

hydrogen bond is defined as a physical bond between an O and H atoms separated 222 

by a distance shorter than 0.35 nm and with an angle between the hydrogen donor 223 

and the acceptor smaller than 30˚. There are three types of hydrogen bonds as 224 

shown in Figure 3 (b, c, d): bonds formed between cellulose groups and other 225 

cellulose groups (HBPP), bonds formed between water and cellulose groups (HBPW) 226 

and bonds formed between water molecules and other water molecules (HBWW). 227 

Specifically, HBPP governs the inter-chain interaction and is thus crucial for the 228 

physical properties of cellulose. HBPW indicates the interaction between cellulose 229 

chain and water molecules, i.e., the adsorbent-adsorbate interaction, thus can be 230 

utilized to identify water-molecules attached to the cellulose chains. HBWW happens 231 

when RH is relatively high and a considerable number of water molecules has been 232 

adsorbed. In this paper, we mainly focus on polymer-related hydrogen bonds, i.e., 233 

HBPP and HBPW.  234 
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 235 

Figure 3 Hydrogen bonds identified in the water-cellulose system: (a) criterion is defined as 236 

distance shorter than 0.35 nm and angle smaller than 30˚; (b) HBPP: hydrogen bonds between 237 

cellulose and cellulose groups; (c) HBPW: hydrogen bonds between cellulose groups and water 238 

molecules; (d) HBWW: hydrogen bonds between water and water molecules. 239 

2.4. Mechanical testing 240 

Generally, a hydrated polymeric system shows significant dependence on 241 

moisture content regarding its mechanical properties. Here we mainly concentrate 242 

on the Young’s modulus. The Young’s modulus of the hydrated polymer in this 243 

paper is determined from the slope of the stress-strain relationship at small strains, 244 

i.e. in the linear/elastic regime. Tensile tests are performed at different moisture 245 

content in the x-, y- and z-directions respectively, where a linear uniaxial strain 246 

ranging from 0 to 0.05 is applied at constant temperature T = 300 K. The uniaxial 247 

strain is imposed by changing the corresponding dimension of the simulation box 248 

in the frame of a molecular dynamics run with a time span of 4 ns, while the 249 

pressure in the other two dimensions is set to zero using a Nose-Hoover barostat. 250 

The resulting tensile stress is extracted in a continuous fashion during the loading 251 

procedure to obtain the stress-strain curve. Note that loading is conducted at 252 

constant moisture content so that the measured quantity is the undrained Young’s 253 

modulus. 254 
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2.5. Energy landscape 255 

To examine the interaction between the CN and water molecules, we calculate the 256 

potential energy landscape of the CN regarding CN-water interaction. In this 257 

scenario, the influence of the AC matrix on water is omitted and only the CN-water 258 

interaction is taken into consideration. At the selected cross section, a 400×400 grid 259 

mesh is generated, upon which the potential energy is calculated at each grid point 260 

by placing a probe water molecule. Note that the probed potential energy depends 261 

on the orientation of water molecules. Thus, energy minimization is carried out at 262 

each grid point before extracting the potential energy. 263 

3. Results and discussion 264 

3.1 Role of CN on stiffness of ACC: reinforcing effect  265 

First, we study the influence of CN on the stiffness of the material. The 266 

Young’s modulus is determined by tensile tests in MD simulation (Chen et al. 2018) 267 

at certain moisture contents. As the bulk AC model is isotropic, the Young modulus 268 

is taken as the average of Young moduli for the three principle directions. For the 269 

partial-interaction and full-interaction composites, the presence of CN introduces a 270 

mechanical anisotropy into the system, and two Young’s moduli are considered: 271 

one in the longitudinal direction Ezz and the other in the transverse direction Ett 272 

(with the latter being calculated as the average of the moduli in x and y directions, 273 

i.e., Ett=( Exx +Eyy ) / 2). The Young’s moduli versus moisture content for the bulk 274 

AC, partial-interaction and full-interaction composites are compared in Figure 4. It 275 

shows that the two composites with/without CN-water interaction exhibit similar 276 

Young’s moduli in both the longitudinal and transverse directions. This indicates 277 

that the CN influences the mechanical properties of the AC matrix mainly through 278 

the CN-AC interaction, while the role of CN-water interaction with regard to 279 
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mechanical behavior is less important. Therefore, with respect to the Young’s 280 

moduli, we will not distinguish the two composite models but only the reinforcing 281 

effect.  282 

Figure 4 shows that CN mainly reinforces the matrix in the longitudinal 283 

direction by a factor of about 8.0 compared with the bulk AC. On the other hand, 284 

the reinforcing effect in the transverse direction is limited to a factor of about 1.5. 285 

Besides, we find both the Young’s modulus of buck AC and composite materials 286 

have strong dependence on the moisture content: Overall, the Young’s modulus 287 

decreases against the moisture content, except at the low moisture content range, 288 

where the Young’s modulus shows limited increase against the moisture content.  289 

 290 

Figure 4. Relationship between Young modulus E and moisture content m. The black, blue and 291 

red circles dots represent the bulk AC, partial-interaction composite and full-interaction 292 

composite respectively. The open and closed symbols correspond to adsorption and desorption 293 

data. The circles, squares and triangles represent the Young modulus of the bulk AC, transverse 294 

Young modulus Ett and longitudinal Young modulus Ezz , respectively. 295 

 296 
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The dependence of Young’s modulus on moisture content for bulk polymers 297 

and composites can be understood by studying the occurrence of hydrogen bonds in 298 

the systems. Typically, there are three types of hydrogen bonds in a hydrated 299 

polymer system: polymer-to-polymer hydrogen bonds HBPP, polymer-to-water 300 

hydrogen bonds HBPW and water-to-water hydrogen bonds HBWW, among which 301 

HBPP and HBPW are particularly instructive about internal structural rearrangements 302 

of polymer chains due to water sorption (Chen et al. 2018). Here we plot in Figure 5 303 

the dependence of polymer related hydrogen bonds, i.e., HBPP and HBPW in the bulk 304 

AC and in the matrix of the composites upon moisture content change. We can see 305 

that HBPP decreases against the moisture content for all three models while HBPW 306 

increases. This is mainly attributed to the swelling of AC upon water sorption. As 307 

water gets adsorbed into the interchain space pushing away the neighboring 308 

cellulose chains, the interchain distance increases and some HBPP break, leading to 309 

the mechanical weakening of the system. This explains the softening, or decrease of 310 

Young’s modulus, of the system upon water sorption. 311 

Of interest, we also observe, in Figure 4, a mild increase of Young’s modulus 312 

at very low moisture content upon water sorption. Concurrently, we see in Figure 5 313 

that the number of HBPP barely decreases over this low moisture content range for 314 

all three models. This indicates that most of the water molecules adsorbed at low 315 

RH fill in the initially existing pores of the dry AC and only the water molecules 316 

adsorbed afterwards result in more significant swelling of the polymer and breaking 317 

of HBPP. With the number of HBPP almost constant and the configuration of AC 318 

almost unaffected, the Young’s modulus of the slightly hydrated system is higher 319 

than the dry state as the initial porosity has been filled by the water molecules 320 

without weakening the AC skeleton. This explains the mild increase of Young’s 321 

modulus versus moisture content at low RH shown by Figure 4. 322 
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 323 

Figure 5 Dependence of number of (a) polymer-to-polymer hydrogen bonds (HBPP) and (b) water-324 
to-polymer hydrogen bonds (HBPW) on moisture content. The results from three systems with bulk 325 
AC model, partial-interaction model and full-interaction model result in top (black), middle (blue) 326 
and bottom (red) panels, Adsorption and desorption results are plotted using open and closed 327 
circles respectively.  328 

Now we consider the mechanical effect of adding CN reinforcement into the 329 

AC matrix. We find that, for the composite, the decrease in Young’s modulus 330 

versus moisture content is more limited for transverse directions compared to the 331 

bulk AC (and even less for longitudinal direction). As the breaking of HBPP relies 332 

on swelling of the AC matrix, a more limited swelling of AC due to the 333 

reinforcement of CN in the composite leads to fewer breakage of HBPP (Figure 5), 334 

which finally results in less variation of Young modulus. Thus, we see less moisture 335 

content, less swelling, less breakage of HBPP and less weakening effect at saturation.  336 

Hysteresis in Young’s modulus against moisture content is observed mainly for 337 

the bulk AC. A smaller hysteresis is observed for the transverse directions, while 338 

hysteresis for the longitudinal direction is very limited. The hysteresis in Young 339 

modulus arises from the hysteresis in HBPP, which undergoes a different sequence 340 

along the adsorption and desorption branches. We can see clearly in Figure 5 (a) 341 

that there are more HBPP in adsorption branch, which corresponds to higher 342 

Young’s modulus compared to that in the desorption branch with the same moisture 343 
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content. i.e., the hysteretic modulus dependence on moisture content. The smaller 344 

hysteresis for the composites can be attributed to two major reasons: One is the less 345 

breaking of HBPP due to less swelling caused by the reinforcing effect, which can be 346 

confirmed in Figure 5 (a) that there are more HBPP left at saturation for the two 347 

composite models. The other is the mixing fact: Young’s modulus of the composite 348 

is strongly affected by CN, which is a non-sorptive and mechanically reversible 349 

reinforcement. With the presence of CN, the mechanical properties of the composite 350 

are expected to be less hysteretic compared to that of the matrix.  351 

3.2. Role of CN on the sorption and strain isotherms 352 

Adsorption and desorption isotherms are plotted in Figure 6 (a). Moisture 353 

content m in the three cases is defined as , where mW
 and mAC are 354 

masses of water molecules and AC respectively. Generally, moisture content is 355 

defined as the ratio between the mass of water uptake and the total mass of 356 

composite. However, as water molecules are only adsorbed in the AC matrix, 357 

including its interface with CN, it is more insightful to exclude the mass of CN from 358 

the denominator. This definition allows us to directly compare the sorption behavior 359 

with/without CN.  360 

The sorption isotherms of the three models are of type II according to the 361 

classification of IUPAC (International Union of Pure and Applied Chemistry) 362 

(Thommes et al. 2015). That is, the moisture content m increases sharply at low RH, 363 

slowly at medium RH range and then sharply again at large RH. Sorption hysteresis, 364 

which persists throughout the RH range from 0 to 1.0, is present in the three 365 

systems - although the size of the hysteresis loop differs. The sorption isotherms of 366 

the bulk AC model are compared to the experimental one (Mihranyan et al. 2004), 367 

with a shift of m= +0.05 to account for the presence of residual i.e., non-desorbable, 368 
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water due to experimental difficulties of attaining dry conditions or unavoidable 369 

partial rehydration upon weighing (Chen et al. 2018). The simulated sorption 370 

isotherms agree well with the experimental data. 371 

 372 

Figure 6. (a) Sorption isotherms and (b) Strain isotherms of the three systems with bulk AC 373 

model, partial-interaction model and full-interaction model results in top (black), middle (blue) 374 

and bottom (red) panels, at T = 300 K. Adsorption and desorption results from simulations are 375 

plotted using open and closed circles respectively. Experimental adsorption and desorption 376 

isotherms of pure AC are plotted using open and closed (purple) triangles (Mihranyan et al. 2004). 377 

The strain isotherms of the three models are plotted in Figure 6 (b). By analogy 378 

with the definition of moisture content used above, the volumetric strain of AC is 379 

defined as , where  and  are the initial and 380 

incremental volumes of AC matrix. The strain isotherms exhibit shapes similar to 381 

the ones of the sorption isotherms with a significant hysteresis. Both types of 382 

composites show a lower moisture content and swelling strain, indicating that the 383 

CN manifests its reinforcing effect not only in the modulus as discussed before but 384 

also in the sorption process. Moreover, the different sorption and strain isotherms of 385 

the partial-interaction and full-interaction composites demonstrate that the CN-386 

water interaction also affects the results. These features indicate that CN plays 387 
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multiple roles in the sorption process which calls for additional 388 

characterization/investigation. 389 

To study the reinforcing effect of CN on the sorption and swelling isotherms 390 

(i.e. versus RH), we plot the differential moisture content Δm and differential 391 

volumetric strain ΔεV (blue circles) in Figure 7 (a) between partial-interaction 392 

composite and bulk AC. These differences are defined as: Δm = m|partial - m|AC and 393 

ΔεV = εV|partial - ε
V|AC, where m|partial, ε

V|partial, m|AC and εV|AC are the moisture content 394 

and volumetric strain of the partial-interaction composite and bulk AC respectively. 395 

We see a significant reduction of the moisture content and volumetric strain, which 396 

can be attributed to the reinforcing effect of CN. As the swelling of matrix is 397 

constrained by the CN, there is less additional inter-chain space created in the 398 

matrix to accommodate water molecules. Thus, it becomes harder for water 399 

molecules to be adsorbed into the matrix at given RH and moisture content drops in 400 

the partial-interaction composite. As shown in Figure 7, the reduction of moisture 401 

content and of volumetric strain in desorption branches is greater than in the 402 

adsorption branches. This means that the sorption and strain hysteresis in the 403 

partial-interaction composite is compressed by the CN. We recall that, in the 404 

partial-interaction composite, the CN does not impose any direct impact on 405 

sorption as the CN-water interaction is turned off. We conclude that the reduction in 406 

moisture content in the partial-interaction composite, together with the compressed 407 

sorption hysteresis, is caused by the mechano-sorptive effect. This means that the 408 

sorption behavior is influenced by the mechanical conditions due to the coupling 409 

between sorption and deformation.  410 

Apart from the reinforcing effect, CN is also expected to directly influence on 411 

the sorption process through the CN-water interaction. To study this effect, we plot 412 

the differential moisture content Δm and volumetric strain ΔεV between the full and 413 
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partial-interaction models in Figure 7. The differences are defined as: Δm = m|full - 414 

m|partial and ΔεV = εV|full - ε
V|partial where m|full and εV|full are moisture content and 415 

volumetric strain of the full-interaction composite. Figure 7 shows that the 416 

difference values are positive (red circles), which means that the moisture content 417 

and the swelling become larger when the CN-water interaction is switched on. 418 

Moreover, this enhancement in sorption leads to larger sorption and deformation 419 

hysteresis. Because of the attraction of CN, more water molecules get adsorbed into 420 

the AC matrix, therefore inducing a larger swelling of the matrix (with more broken 421 

HBPP). Thus, there are more hydroxyl groups on the polymer chains exposed as 422 

additional sorption sites for water molecules which finally contribute to the 423 

hysteresis of the system.  424 

 425 

Figure 7. Differential (a) moisture content Δm and (b) volumetric strain ΔεV between the partial-426 

interaction composite and AC (blue) and between the full-interaction composite and partial-427 

interaction composite (red) as functions of RH. Open and closed circles represent adsorption and 428 

desorption respectively. 429 

The difference of sorption and swelling between the two composites arises thus 430 

from the CN-water interaction. The strength of CN-water interaction can be 431 

characterized by looking at the energy landscape. As shown in Figure 8 (a), the 432 

potential energy within CN is positive, higher than 8.0 kcal.mol-1. This means that 433 
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penetration of water molecules into the CN involves a large energy cost that is 434 

unlikely to happen. The energy landscape outside the CN corresponds to negative 435 

values, which means that water molecules minimize the system energy by 436 

approaching CN. Figure 8 (b) also shows that the most favorable adsorption sites 437 

are located at the concave surface, where the energy well is enhanced by the 438 

surrounding hydroxyl groups at the CN surface. 439 

 440 

Figure 8. (a) Potential energy landscape of water molecules around the CN; (b) zoom-in of the 441 

energy landscape within the red box depicted in (a). 442 

The direct influence of CN on sorption can also be probed by looking at water 443 

distributions in the matrix. Snapshots of water distribution in the partial-interaction 444 

and full-interaction composites at RH=1.0 are shown in Figure 9. The AC matrix is 445 

omitted in the plot. It shows that the water distributions in the matrix far enough 446 

from the CN are similar in the two cases. The main difference is seen at the CN/AC 447 

interface. For the partial-interaction composite, there is a very limited number of 448 

water molecules adsorbed at the interface, while water molecules tend to cluster at 449 

the interface for the full-interaction composite. This impression built on the 450 

snapshots is confirmed by checking water distributions within the slit formed 451 

between two CNs, which is displayed in the middle of Figure 9. The histogram of 452 

water distributions is acquired by averaging 2×106 MD timesteps upon sorption 453 

equilibrium at RH = 1.0. The data shown in Figure 9 are acquired over a black 454 

dashed box with dimensions 2.5 × 4.9 nm2. It shows that there are very few water 455 
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molecules at the interface for the partial-interaction model and the moisture content 456 

increases gradually away from the interface until reaching a plateau. Though the 457 

plateau is not flat and the density profile is not symmetric because of the 458 

heterogeneous porous structure of AC matrix at such a finite size, we see that the 459 

interface exhibits a hydrophobic behavior. Moreover, the large stiffness of CN 460 

together with the CN-AC interaction makes the AC adjacent to CN stiffer and hard 461 

to swell, resulting in a reduction of the moisture content in the stiffened AC matrix 462 

region.  463 

When turning to the full-interaction composite, this composite leads to water 464 

molecules clustering at the interface of the CN. The water density profile exhibits a 465 

peak at the interface. In this case, the CN-water interaction, as a competing factor 466 

against the reinforcing effect, comes into play. CN attracts water molecules to the 467 

interface and enhances water sorption. Though the reinforcing effect is still present 468 

and hinders water sorption, it shows in our case that the CN-water interaction is so 469 

strong at the interface that it dominates the sorption behavior there. In contrast, at 470 

the middle of the slit – i.e. far from the interface – both the reinforcing effect and 471 

the CN-water attraction diminish so that no significant difference in water 472 

distributions is found between the two cases. Similar enhanced water sorption at the 473 

reinforcement/matrix interface was reported previously by Kulasinski et al 474 

(Kulasinski et al. 2017), who attributed the enhanced sorption to the higher porous 475 

structure of the interface because of the structural mismatch between the 476 

reinforcement and matrix. However, considering that the mentioned structural 477 

mismatch and higher porous structure of the interface depend merely on the 478 

reinforcement/matrix interaction (which is the same for the partial-interaction and 479 

full-interaction composites), the explanation of a different interface structure does 480 

not hold. The comparison between the two different composites in this work reveals 481 
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that the enhanced water sorption at the interface is mainly due to the CN-water 482 

interaction rather than the microstructure of the interface due to structural mismatch. 483 

 484 

Figure 9. Typical molecular configurations of water molecules distributed in the matrix of partial-485 

interaction (left) and full-interaction (right) composites projected along the longitudinal direction. 486 

The plot of matrix is omitted for better visualization of water distribution. The water density 487 

histograms within the black dashed boxes are plotted in the middle, with the red and blue data 488 

representing the partial-interaction and full-interaction composites respectively. D0 = 4.9 nm is 489 

the length of the box. 490 

Two competing mechanisms have been characterized so far in this subsection 491 

regarding the impact of CN on sorption and swelling behavior of the composites: 492 

the reinforcing effect of CN constrains the sorption and swelling, and the CN-water 493 

attraction enhances the sorption and swelling. The question naturally arises that 494 

what is the overall impact of CN on the sorption and swelling of the composite? For 495 

the current configuration studied in this paper, the overall effect of CN is 496 

constraining the sorption and swelling. This can be easily seen from Figure 6 by 497 

comparing the isotherms of bulk AC (top panel) and the full-interaction composite 498 

(bottom panel) as the magnitude of sorption/strain isotherm for the full-interaction 499 

composite is smaller than that for the bulk AC. This means that, for our 500 
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configuration, the constraining mechanism outperforms the enhancing mechanism. 501 

However, one must note the overall effect of CN should heavily depend on the 502 

composite configuration. One can expect that, with a different configuration 503 

(different volume fraction of CN, for instance), the enhancing mechanism may 504 

outperform the constraining mechanism, leading to an opposite overall effect 505 

compared to the configuration in this paper. As we mentioned in the Introduction, 506 

the overall effect of CN can be either enhancing or constraining according to 507 

experiments. The underlying reasons of this inconsistence between different 508 

experiments remain unknown. With the characterization of the enhancing and 509 

constraining mechanisms, we believe that this inconsistence could be explained by 510 

the competition of the two mechanisms. 511 

3.3. Role of CN on swelling coefficients 512 

In the adsorption/strains isotherms, lower/higher strains correspond to 513 

lower/higher moisture contents, indicating a monotonic relationship between 514 

moisture content and strain. This relationship is confirmed by plotting strain versus 515 

moisture content which shows a linear relationship with the moisture content for all 516 

the three systems, see Figure 10(a). Also, the data for adsorption and desorption 517 

collapse into a single relationship, meaning we get a unique m~εV curve regardless 518 

of the presence of CN and the moisture history. In effect, water gets adsorbed into 519 

AC and creates the space for its accommodation by exerting repulsive forces on the 520 

polymer chains. This additional space created by the adsorbed water molecules is at 521 

the origin of the sorption-induced swelling. The same coupling physics persists 522 

throughout adsorption and desorption and remains the same in the different systems. 523 

As a result, all the data collapse on a single relationship on the m~εV curve.  524 
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As CN introduces mechanical anisotropy into the composite, we check the 525 

uniaxial swelling behaviors of the three systems. Similar to the strategy used in our 526 

study of Young modulus, we define the uniaxial strain of bulk AC model as the 527 

average uniaxial strain of all three directions because of its isotropy. For the 528 

composites, we look at the longitudinal strain εzz and transverse strain εtt of the AC 529 

matrix, where εtt is calculated by the average of strain in two transverse directions, 530 

i.e., εtt = ( εxx + εyy ) / 2. The uniaxial strain of two composite systems are compared 531 

with the bulk AC in Figure 10(b). The uniaxial swelling coefficient is determined 532 

by the slope of the strain versus moisture content curve. It shows that there is no 533 

significant difference in the swelling coefficient for partial-interaction and full-534 

interaction composites. Therefore, we only discuss in what follows the reinforcing 535 

effect and compare the uniaxial swelling coefficient of the bulk AC and the 536 

composites. 537 

The swelling coefficients in the longitudinal and transverse directions of the 538 

composites are equal to 0.10 and 0.48. On the other hand, the swelling coefficient 539 

for bulk AC is 0.35. The small swelling coefficient in longitudinal direction of the 540 

composite compared to the bulk AC is attributed to the strong reinforcing effect of 541 

CN in the longitudinal direction. By contrast, the swelling coefficient of the 542 

composite in transverse direction is found to be higher than the uniaxial swelling 543 

coefficient of the bulk AC. We can explain this by the fact that the relationship 544 

between volumetric strain and moisture content is unique as the same moisture 545 

content leads to the same change of volume, thus the same volumetric strain. Since 546 

the swelling in the composite along the longitudinal direction is restrained by the 547 

reinforcing effect of CN, this strain will be much lower than 1/3 of the volumetric 548 

strain (which would be the case in an isotropic material). As a result, to obtain the 549 

same volumetric strain, the strain along the transverse directions will be higher than 550 
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1/3 of the volumetric strain, causing a swelling coefficient in transverse directions 551 

higher than that of bulk AC. We may conclude that the swelling coefficients, i.e. the 552 

amount of strain with increasing moisture content, only depends on the reinforcing 553 

effect as no difference between the two composites is seen. 554 

 555 

Figure 10. Relationship between (a) volumetric strain and (b) uniaxial strain and moisture content 556 

m. Black, blue and red circles represent the bulk AC, partial-interaction and full-interaction 557 

composites respectively. The open and closed symbols are the adsorption and desorption data. The 558 

circles, squares and triangles represent volumetric strain , transverse strain  and longitudinal 559 

strain  respectively. The black dashed lines are drawn as guides to the eye. 560 

3.4. Influence of CN on hysteresis in sorption and swelling isotherms 561 

Hysteresis is characterized by the difference of moisture content/strain between 562 

the desorption and adsorption branch, i.e., Hmoisture=mde - mad and Hstrain=ε
V

de - ε
V

ad, 563 

where mde, mad, ε
V

de and εV
ad are moisture content and volumetric strain in the 564 

desorption and adsorption branch respectively. The sorption and strain hysteresis of 565 

the three systems are plotted in Figure 11. A comparison between the bulk AC 566 

(black circles) and partial-interaction composite (blue circles) clearly shows that 567 

the hysteresis shrinks because of the reinforcing effect of CN in both sorption and 568 

strain: Hmoisture and Hstrain are lower in the partial-interaction composite throughout 569 
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the entire RH range. According to (Chen et al. 2018), the hysteresis relies on the 570 

breakage of HBPP to expose the hydroxyl groups on polymer chains as additional 571 

sorption sites for water molecules. The presence of CN constrains the deformation 572 

of the AC matrix thus leading to less breakage of HBPP as shown in Figure 5. As a 573 

result, the hysteresis is greatly diminished by the mechanical reinforcing effect of 574 

CN.  575 

Comparison between the partial-interaction and full-interaction models shows 576 

that hysteresis in both sorption and strain isotherms is enlarged by the CN-water 577 

interaction. As discussed in Section 3.1, the CN-water interaction induces a 578 

hydrophilic interface, where the sorption is greatly enhanced and results in a 579 

clustering of water molecules. As a result, the AC matrix swells more to 580 

accommodate the increased moisture content which leads to a larger number of 581 

HBPP breakage (Figure 5). This additional breakage of HBPP finally contributes to 582 

the enlarged sorption and deformation hysteresis. On the other hand, the hysteresis 583 

of the full-interaction composite is smaller than that of the bulk AC, although larger 584 

than the partial-interaction composite. This means that the reinforcing effect of CN 585 

is more dominating for the current configure regarding hysteresis.  586 
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 587 

Figure 11. Hysteresis of three systems in (a) moisture content and (b) strain. The black, blue and 588 

red circles represent the bulk AC, partial-interaction composite and full-interaction composite 589 

respectively. 590 

4. Conclusion 591 

 This work addresses the role of cellulose nanocrystals (CN) in the coupling 592 

between sorption and deformation of CN-based nanocomposites and the 593 

related hysteresis phenomenon. With the help of hybrid GCMC/MD 594 

simulations, three samples are considered: pure amorphous cellulose (AC), 595 

CN/AC composite without CN-water interaction and CN/AC composite 596 

with CN-water interaction. By comparison between these different systems, 597 

we characterize the two major roles played by CN in the coupling behavior. 598 

One is the mechanical reinforcing effect through the CN-AC interaction, 599 

which stiffens the matrix and limits the swelling. As a result, water 600 

sorption in the AC matrix is hindered. Moreover, the sorption and strain 601 

hysteresis shrink because of the reduced breakage of hydrogen bonds due 602 

to the limited swelling. The other effect is the sorption enhancing effect 603 

through CN-water interaction, which attracts water toward the CN/AC 604 
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interface – which enhances sorption at the interface and increases the 605 

swelling. Accordingly, the hysteresis in both sorption and strain is enlarged 606 

due to sufficient hydrogen bond breaking. The sorption and swelling of the 607 

composite result from the competition of the two factors. Other aspects 608 

related to the two roles are also examined. We find anisotropic swelling 609 

and mechanical weakening behavior of the composite upon sorption 610 

because of the orientation of CN. Moreover, the mechanism of sorption at 611 

the CN/AC interface is characterized. 612 

The findings presented in this work deepen our understanding of sorption and 613 

swelling of CN-reinforced nanocomposites and related hysteresis. The two 614 

competing roles of CN can be used for composite material design to tailor targeted 615 

coupled behaviors. More generally, as most works regarding the sorption-induced 616 

deformation in nonporous materials concentrate mainly on homogenous media, we 617 

expect that this work can bring attention to the sorption-induced deformation and 618 

related hysteresis of heterogenous nanocomposites which widely exist in nature. 619 
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