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Abstract Thermodynamic analysis of the empirical

data for the solvation of cellulose in aqueous NaOH/

urea solution was performed in this study; this was

achieved by employing the three-dimensional Refer-

ence Interaction Site Model theory coupled with the

Kovalenko–Hirata closure approximation. The pref-

erential distributions of Na?, OH-, urea, and water

that were in a close proximity to the cellulose

molecule, enabled the calculation of the solvation

energy and the contribution of each solvent species to

the solvation energy. By dividing the solvation energy

into the solvent potential energy under the

consideration of the solvent–solute interaction and

the solvent reorganization energy, cellulose solvation

in the NaOH/urea solution was observed to be

primarily due to reorganization of the water molecules

around the cellulose molecule. The solvated structure

was suggested to be composed of cellulose as an

inclusion in helical clusters of Na?, OH-, urea, and

water, wherein the clusters comprised a repeated

arrangement of OH- hydrate, water molecules, urea

hydrate, and water molecules. Cellulose is suspected

to play the role of a water structure maker in the

presence of NaOH and urea, and as a water structure

breaker in the absence of NaOH and/or urea.
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Introduction

An alkali solution (e.g., solution of NaOH or LiOH)

containing urea or thiourea was developed as a solvent

for cellulose (Cai and Zhang 2005; Cai et al.

2004, 2008; Jiang et al. 2014; Jin et al. 2007; Liu

et al. 2018; Wang et al. 2017a, b, c; Xiong et al. 2013).

For example, 7% (w/w) NaOH/12% (w/w) urea

solution successfully dissolved cellulose at - 12 �C,

where 7% (w/w) NaOH and 12% (w/w) urea corre-

spond to about 2 M NaOH and 2 M urea, respectively.

It has been evaluated as less expensive and toxic than

aqueous NaOH with carbon disulfide or N-methyl-

morpholine N-oxide monohydrate, which have been

used in the viscose process and the Lyocell process,

respectively (Cai et al. 2004; Jin et al. 2007). Because

KOH cannot be used as a substitute for NaOH and

LiOH, Na? hydrate (and Li? hydrate) are indispens-

able for cellulose solvation (Cai and Zhang 2005;

Xiong et al. 2013; Wang et al. 2017b). The interaction

of Na? and Li? with oxygen atoms of cellulose was

suggested to weaken the intra- and intermolecular

hydrogen bonds within cellulose, and to stabilize the

electrostatic interaction between OH- and cellulose

(Wang et al. 2017a, b). Also, deprotonation of

cellulose by OH- was believed to contribute to the

cellulose solvation in aqueous solutions of NaOH or

LiOH (Bialik et al. 2016; Xiong et al. 2013). Several

experimental and simulation studies have been per-

formed to elucidate the solvation mechanism. In

Fourier transform infrared spectroscopy (FT-IR) of

water cluster in aqueous NaOH/urea solution, the

intensity of the peaks associated with hydrogen bonds

was found to increase as the temperature decreased

from 13 to - 40 �C (Cai et al. 2008). They suggested

the formation of a worm-like inclusion complex (IC)

encaging cellulose chains in clusters of NaOH, urea,

and water. A peak for the above cluster was found in

the wide-angle X-ray diffraction analysis (WAXD),

and its intensity increased as the temperature

decreased from 25 to - 10 �C (Cai et al. 2008). Jiang

et al. (2014) applied 13C-, 15N-, and 23Na-NMR

spectroscopy to study the interaction between solvent

species and cellulose. No chemical shift was found in

the 13C-NMR spectrum of cellulose whether it was

dissolved in NaOH solution or in NaOH/urea solution.
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In addition, there was no distinct change in the 15N-

NMR spectra of NaOH/urea solution and NaOH/

urea/cellulose solution. These experimental results

indicated that there was no strong interaction between

urea and cellulose. However, the peaks detected in the
23Na-NMR of NaOH solution shifted to upfield when

urea or cellulose was added, implying an interaction of

Na? ion with urea or cellulose. The temperature

dependence of 23Na relaxation rate was found to be

higher in NaOH/urea/cellulose than in NaOH/cellu-

lose, implying that urea contributes to the stability of

NaOH/urea/cellulose. Jiang et al. (2014) suggested the

formation of a urea–OH- cluster through the interac-

tion between the NH2 groups of urea and OH- ion, and

the stabilization of Na? ion adjacent to the cellulose

chain. Molecular dynamics (MD) simulation studies

performed by Liu et al. (2018), Wernersson et al.

(2015), and Cai et al. (2012) indicated the preferential

adsorption of urea on the hydrophobic face of the

pyranose rings of cellulose, which mitigated the

hydrophobic interactions between neighboring cellu-

lose chains. Liu et al. (2018) showed that NaOH was

preferentially positioned near the hydrophilic hydro-

xyl groups of cellulose and that NaOH hydrates played

a crucial role in maintaining the stability of the

cellulose IC.

The segregation of the cellulose crystal into single

molecules followed by solvation of the single

molecules in a solvent is employed herein as the

concept for cellulose solvation, as illustrated in

Scheme 1.

On this basis, it is believed that the preferential

solvation of cellulose in an alkali solution with urea

can be explained by the thermodynamics for the

solvation of the single cellulose molecule. The three-

dimensional Reference Interaction Site Model (3D-

RISM) theory combined with the Kovalenko-Hirata

(KH) closure approximation (Gusarov et al. 2012;

Kovalenko 2003, 2013, 2017; Kovalenko and Gusarov

2018) was used in this study to calculate a solvation

energy and the distribution of solvent species such as

Na?, OH-, urea, and water around the cellulose

molecule. 3D-RISM-KH is s molecular theory of

solvation based on analytical summation of the free

energy diagrams, which yields the 3D site correlation

functions in the statistical-mechanical equilibrium

ensemble. By solving the RISM integral equations for

the correlation functions (Gusarov et al. 2012;

Kovalenko 2003, 2013, 2017; Kovalenko and Gusarov

2018), the solvation structure and thermodynamics

have been predicted for various chemicals (Kaminski

et al. 2010; Huang et al. 2015; Yoshida et al. 2002),

bionanomaterials (Silveira et al. 2013; Stoyanov et al.

2014; Silveira et al. 2015) and biomolecular systems

(Yoshida et al. 2009; Imai et al. 2007; Omelyan and

Kovalenko 2015) in solutions.

The thermodynamics of solvation ðDUÞ, including

the solvation energy and the solvent potential energy,

were determined based on the above distribution

information. The solvation energy ðDUÞ is defined as

the sum of the solvent potential energy (DUuv) and

solvent reorganization energy (DUuv
R ) (Ben-Naim

1978; Lazaridis 2000):

DU ¼ DUuv þ DUuv
R ð1Þ

where superscripts u and v denote the solute and

solvent, respectively. DUuv embodies the solute–

solvent interaction. Once DU and DUuv are deter-

mined, the above equation enables calculation of

DUuv
R , which considers the change in the solvent–

solvent interaction upon insertion of the solute (cel-

lulose) molecule. DU, DUuv, and DUuv
R correspond to

DeKH , Deuv, and Devv in Kovalenko (2017), respec-

tively. In addition to the total values of DU, DUuv, and

DUuv
R for the solvation of cellulose, the thermody-

namic contribution of each solvent species such as

Na?, OH-, urea, and water could be determined. Such

thermodynamic information would help in

Scheme 1 Dissolution of cellulose conceptually understood as segregation of the cellulose crystal into multiple cellulose molecules,

followed by solvation of each cellulose molecule
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illuminating the structure of cellulose in the NaOH/

urea solution (e.g., inclusion complex of cellulose in

the NaOH-urea-water clusters).

Methods

The 3D-RISM calculations were performed in the

canonical ensemble (NVT). The grid spacing was

0.025 Å for 1D RISM and 0.5 Å for 3d RISM. RISM

calculations were performed with AMBER16 pack-

age. The TIP3P water was used for solvent water.

General Amber Force Field (GAFF) was referred for

evaluating LJ parameters of the solvent atoms and ions

with AM1-BCC charge as shown in Fig. 1 (Case et al.

2016; Jakalian et al. 2000, 2002). A cellulose molecule

with the Ib structure and the degree of polymerization

as 8 was chosen in this study as a model cellulose

molecule. Its structure was created using cellulose-

builder (Gomes and Skaf 2012). Figure 2 shows the

structure of glucose, which is the repeating unit of a

model cellulose molecule with the Ib structure. By

following the experimental conditions employed for

the solvation of cellulose (Cai et al. 2006, 2007, 2008;

Cai and Zhang 2005; Qi et al. 2011; Xiong et al. 2014;

Yang et al. 2011), 2 M NaOH/2 M urea solution

(abbreviated as solvent NU) was used as the solvent

for cellulose. NaOH solution (2 M), urea solution

(2 M), and pure water were tested for comparison with

solvent NU; these solvents are abbreviated as solvent

NO, solvent UO, and solvent WA, respectively. The

temperature was assigned as 261 K, 280 K or 298 K.

The placevent.py program was used to convert the 3D

distribution of solvent atoms and ions into their

specific positions around cellulose (Sindhikara et al.

2012). The molecular graphics and graphical repre-

sentation were produced using the Visual Molecular

Dynamics (VMD) (Humphrey et al. 1996).

Results and discussion

The probability of finding the solvent atom (or ion) c at

distance r from the cellulose molecule was determined

from the 3D-RISM calculations, and is represented as

its ratio to the probability of finding c in the bulk

phase. This ratio is expressed as guvc rð Þ, where

superscripts u and v denote the solute (i.e., the

cellulose molecule) and the specific solvent, respec-

tively. As an example of guvc rð Þ, Fig. 3 graphically

shows the regions where guvc rð Þ is higher than 3 for

Na? and urea. Urea, especially the carbon atom of

urea, was preferentially located above and below the

Fig. 1 AM1-BCC charges assigned to the atoms of a hydroxide

ion and b urea molecule

Fig. 2 Structure of b-D-glucopyranose, the repeating unit of the

model cellulose molecule with Ib structure. The 6 oxygens are

numbered

Fig. 3 Isosurface representation of the 3D-distribution function

at 261 K, guvc rð Þ of a solvent atom or ion (c) when solute u is the

single cellulose molecule and solvent v is the aqueous NaOH–

urea solution. The isosurface with guvc rð Þ[ 3 is colored yellow

for c of sodium ion and orange for c of carbon atom of urea
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pyranose rings (see orange-colored surfaces in Fig. 3),

which seems to agree well with the MD simulation

studies of Liu et al. (2018), Wernersson et al. (2015),

and Cai et al. (2012). Na? and OH- were mostly

distributed along the edges of the pyranose rings

(Fig. 3). When the distributions with the higher guvc rð Þ
(e.g., guvc rð Þ[ 8 for Na? and OH-) were considered,

acidic Na? was found to be positioned approximately

2.5 Å from basic O2 and O3 in the repeating glucose

of cellulose. OH-, which should be close to Na? due

to the electrostatic interaction, was positioned approx-

imately 1.6 Å from H6O of cellulose (see Fig. 4a).

Such localization of Na? and OH- suggests their

electrostatic interaction with cellulose (Wang et al.

2017b; Liu et al. 2018) and hydrogen bonding between

the OH- and H6O of cellulose (Fig. 4a), which leads

to deprotonation of the hydroxymethyl groups of

cellulose (Bialik et al. 2016; Xiong et al. 2013). The

carbon atom of urea with guvc rð Þ[ 4:2 was found to be

located above and below O4 or O5 of cellulose and its

distance from the pyranose ring was approximately

4.0 Å from O4 (Fig. 4a), which indicates the weak

interaction, not likely hydrogen bonding between urea

and cellulose (Wang et al. 2017c; Liu et al. 2018).

With the use of solvents NU and NO (compare Fig. 4a,

b), the positions of Na? and OH- did not differ

significantly, whilst the position of urea did not differ

much with the use of solvents NU and UO (compare

Fig. 4a, c). This observation implies that the interac-

tions of cellulose with NaOH and urea are not affected

by urea and NaOH, respectively.

The preferred positioning of Na?, OH-, and urea

around the cellulose molecule was suspected to

influence the distribution of the water molecules.

gu12
c rð Þ and gu13

c rð Þ, were calculated to investigate the

Fig. 4 Distribution of Na? (yellow) and OH- (blue) with guvc rð Þ[ 8, and carbon of urea (orange wireframe) with guvc rð Þ[ 4.2 around

the single cellulose molecule (u) in solvents a NU (v), b NO (v) and c UO (v)
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effects of urea in the alkali solvent and NaOH in the

urea solvent on the distribution of water, respectively:

gu12
c rð Þ ¼ guv1

c rð Þ � guv2
c rð Þ ð2Þ

gu13
c rð Þ ¼ guv1

c rð Þ � guv3
c rð Þ ð3Þ

where superscripts v1, v2, and v3 denote solvents NU,

NO, and UO, respectively. The regions where

gu12
c rð Þ[ 0:3 and gu12

c rð Þ\� 0:2 are shown in

Fig. 5a, b, respectively. Water molecules were found

to be positioned closer to both the edges and pyranose

rings of the cellulose molecule due to the inclusion of

urea in the alkali solvent. The regions where

gu13
c rð Þ[ 0:3 and gu13

c rð Þ\� 0:2 are shown in

Fig. 5c, d, respectively. Similar to the case with urea,

the inclusion of NaOH in the urea solvent enabled

positioning of the water molecules closer to the

cellulose molecule. Hence, hydrogen bonding

between water and cellulose is more probable in

solvent NU than in the other solvents. Figure 5a, c

show that water molecules surround the cellulose

molecule and are clustered, connecting Na?, OH-,

and urea through hydrogen bonds, which is corre-

spondent with the clusters of NaOH, urea, and water

suggested by Cai et al. (2008).

The solvation energy (DU), solvent potential

energy (DUuv), and solvent reorganization energy

(DUuv
R ), which is equal to the difference between and

(see Eq. (9)), were calculated for cellulose in four

different solvents at 261 K, 280 K, and 298 K, and are

listed in Table 1. The much more negative DU in

solvent NU than in the other solvents indicates that the

presence of NaOH and urea is critical in the solvation

of cellulose. By comparing DUuv and DUuv
R in solvent

NU, it is deduced that the negative solvation energy

originates mostly from DUuv
R . As shown in Figs. 4 and

5, the solvent species such as NaOH, urea, and water

molecules were clustered around the cellulose mole-

cule. Hence, the hydrogen bonds between these

Fig. 5 Graphical representation of difference in the 3D

distribution functions of water around the cellulose molecule

in two different solvents:Dgu12
c rð Þ andDgu13

c rð Þ: The differences

are defined as guv1
c rð Þ � guv2

c rð Þ and guv1
c rð Þ � guv3

c rð Þ, respec-

tively, where superscript u denotes the single cellulose

molecule. Superscripts v1, v2, and v3 denote solvents NU,

NO, and UO, respectively. Subscript c may be O or H for the

oxygen and hydrogen of water, respectively. The isosurfaces

with Dgu12
c rð Þ[ 0:3 and Dgu13

c rð Þ[ 0:3 are shown in Fig. 4a, c,

respectively, and are colored purple for c = O and blue for

c = H. The isosurfaces withDgu12
c rð Þ\� 0:2 andDgu13

c rð Þ\�
0:2 are shown in Fig. 4b, d, respectively, and are colored green

for c = O and pink for c = H. The very small pink-colored

regions correspond to H
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species are believed to be induced by cellulose, which

leads to DUuv
R being more negative than DUuv. Because

hydrogen bonding is weaker at higher temperature,

DUuv
R at higher temperature was smaller (i.e., less

negative) than that at lower temperature (i.e.,

DUuv
R 261Kð Þ\DUuv

R 280Kð Þ\DUuv
R 298Kð Þ\ 0).

This is consistent with the study of Cai et al. (2008)

that the hydrogen-bonded network structure in aque-

ous NaOH/urea (i.e., solvent NU) was highly stable at

low temperature such as - 12 �C (i.e., 261 K). In

solvents other than solvent NU, DUuv
R was positive and

not affected by temperature, whereas DUuv was

negative. This suggests that NaOH and urea are both

critical for clustering the solvent species and forming

hydrogen bonds around the cellulose molecule. The

contributions of water, NaOH, and urea to DU, DUuv,

and DUuv
R are shown in Tables 1, S1, and S2 (see

Supplementary Material for Tables S1 and S2),

respectively. The DUuv values indicate that the

attractive interaction of the cellulose molecule with

water was stronger than that with NaOH (compare

DUuv for water and NaOH in solvents NU and NO in

Table 1 and Table S1) and urea (compare DUuv for

water and urea in solvents NU and UO in Table 1 and

Table S2). The contributions of NaOH and urea to the

negative solvent reorganization energy in solvent NU

were negligible. Hence, NaOH and urea, which are

positioned along the edges and above/below the

pyranose rings of cellulose (Fig. 3, 4), attract water

molecules, facilitating clustering near NaOH and urea

around the cellulose molecule (Fig. 5), leading to

numerous hydrogen bonds between the clustered

water molecules as well as between the cellulose

molecule and the nearby water molecules. The signif-

icantly negative DUuv
R due to the former hydrogen

bonds and the negative DUuv due to the latter hydrogen

bonds enable cellulose solvation in solvent NU. From

the 3D RISM data for cellulose solvation, we suggest

that the helical cluster of NaOH, urea, and water

around the single cellulose molecule allows the

solvation of cellulose in the aqueous solution of 2 M

NaOH and 2 M urea at temperatures as low as 261 K

(see Fig. 6)

Conclusions

The solvation of cellulose in aqueous NaOH–urea

solution was thermodynamically analyzed using the

three-dimensional Reference Interaction Site Model

theory coupled with the Kovalenko–Hirata closure

approximation. NaOH solution, urea solution, and

pure water were tested for comparison with aqueous

NaOH–urea solution. The distributions of Na?, OH-,

Table 1 Thermodynamics for solvation of cellulose molecule in various solvents at 261 K, 280 K and 298 K, calculated using 3D-

RISM

Solvent Temperature DU DUuv DUuv
R

NU 261 -1682 (-1559) -483 (-426) -1198 (-1134)

280 -1485 (-1376) -471 (-415) -1014 (-961)

298 -1329 (-1232) -460 (-405) -869 (-827)

NO 261 -203 (-190) -366 (-341) 163 (151)

280 -197 (-183) -361 (-337) 165 (153)

298 -191 (-178) -357 (-332) 166 (155)

UO 261 -106 (-94) -315 (-295) 209 (201)

280 -105 (-94) -316 (-297) 211 (203)

298 -104 (-93) -317 (-298) 213 (205)

WA 261 -215 (-215) -361 (-361) 146 (146)

280 -209 (-209) -357 (-357) 148 (148)

298 -204 (-204) -352 (-352) 149 (149)

DU, DUuv, and DUuv
R denote the solvation energy, solvation potential energy, and solvent reorganization energy, respectively.

Numbers in parentheses are the contributions of water to the corresponding energies from the interaction between the single cellulose

molecule and water in the solvent. The contributions of NaOH and urea are shown in Tables S1 and S2, respectively (Supplementary

Material). The unit of energy is kcal per mole of cellulose
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and urea around the cellulose molecule suggests that

there is the electrostatic interaction between the

charged species (i.e., Na? and OH-) and cellulose

while the weak interaction, not likely hydrogen

bonding exists between urea and cellulose. The

solvation energy and the contribution of each solvent

species to the solvation energy were calculated from

the preferential distributions of Na?, OH-, urea, and

water in a close proximity to the cellulose molecule.

The solvation energy is equal to the sum of the solvent

potential energy, which considers the solvent–solute

interaction, and the solvent reorganization energy.

Cellulose solvation in the NaOH/urea solution was

observed to be primarily due to reorganization of the

water molecules around the cellulose molecule. The

solvated structure was suggested to be cellulose

included in helical clusters of Na?, OH-, urea, and

water, wherein the clusters comprised a repeated

arrangement of OH- hydrate, water molecules, urea

hydrate, and water molecules. The aggregates of

solvent species connected by hydrogen bonding

accounted for the exothermic solvation of cellulose,

wherein the solvation energy became less negative

with increasing temperature. Cellulose is suspected to

play the role of a structural director for water in the

presence of NaOH and urea, and as a structure breaker

for water in the absence of NaOH and/or urea.
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