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Abstract Cellulose is the most abundant natural

polymer on the earth, and effective solvents are

essential for its wide application. Among various

solvents such as alkali/urea or ionic liquids, cations all

play a very important role on the cellulose dissolution.

In this work, the influence of cation on the cellulose

dissolution in alkali/urea via a cooling process was

investigated with a combination of MD simulation and

experiments, including differential scanning calorime-

try (DSC) and NMR diffusometry (PFG-SE NMR).

The results of DSC proved that the dissolution of

cellulose in both solvents was a process within a

temperature range, starting at above 0 �C and com-

pleting at low temperature (-5 �C for LiOH/urea and

-20 �C for NaOH/urea), indicating the necessity of

low temperature for the cellulose dissolution. Molec-

ular dynamic (MD) simulation suggested that the

electrostatic force between OH- and cellulose dom-

inated the inter-molecular interactions. In our findings,

Li? could penetrate closer to cellulose, and displayed

stronger electrostatic interaction with the biomacro-

molecule than Na?, thus possessed a greater ‘‘stabi-

lizing’’ effect on the OH-/cellulose interaction. PFG-

SE NMR demonstrated a more significant binding

fraction of Li? than Na? to cellulose, which was

consistent with MD. These results indicated that the

direct interactions existed between the cations and

cellulose, and Li? exhibited stronger interaction with

cellulose, leading to stronger dissolving power.

Keywords Cellulose dissolution � Cation �
Molecular dynamic simulation � PFG-SE NMR �
Intermolecular interactions

Introduction

The world is currently consuming petroleum at a rate

100,000 times faster than nature can replace it

(Netravali and Chabba 2003; Pinkert et al. 2009).

Renewable resources, therefore, have attracted great

attentions than ever before, due to the dilemma of

depleting of fossil fuel and the pollution caused by

petroleum-based materials. Cellulose, as the most

abundant organic substance on earth, with renewabil-

ity, low-cost, environmental friendliness, biocompat-

ibility and biodegradability, is a promising candidate

to produce environment-friendly materials (Klemm

et al. 2005; Esaki et al. 2009; Wang et al. 2016). The
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processing progress, however, is difficult because of

the existence of abundant intra- and inter-molecular

hydrogen bonds, which lead to the cellulose hardly

dissolved in common solvents or melt (Nishiyama

et al. 2002). Finding effective solvents is essential for

the wide application of cellulose. Several solvents

have been developed to dissolve cellulose, such as

lithium chloride/N, N-dimethylacetamide (Matsumoto

et al. 2001; Chrapava et al. 2003) N-methylmorpho-

line-N-oxide, (Fink et al. 2001; Rosenau et al.

2001, 2002) ionic liquids etc. (Swatloski et al. 2002;

Luo et al. 2012; Kosan et al. 2008). Recently, alkali/

urea aqueous solvents have been developed, in which

cellulose can be rapidly dissolved in 2 min with pre-

cooling, revealing a completely new avenue to utilize

the most intransigent biopolymer via a green technol-

ogy (Zhang et al. 2002; Cai et al. 2008; Li et al.

2015b). The dissolving mechanism has attracted a lot

of attention and been investigated from different

aspects (Wang and Deng 2009; Bergenstråhle-Woh-

lert et al. 2012; Glasser et al. 2012; Xiong et al. 2014;

Chen et al. 2017).

The cellulose dissolving capacity has been proved

to differ among LiOH/urea, NaOH/urea and KOH/

urea, namely LiOH/urea is stronger than NaOH/urea,

but KOH/urea can hardly dissolve cellulose (Cai and

Zhang 2005; Xiong et al. 2013). The phenomena

suggest the great influences of the cations on the

cellulose dissolution in the cooling solvents, as a result

of the significant and unique interactions between the

cations and the biopolymer. Several decades ago, CP/

MAS 13C was used at the temperature of 50–80 �C, to
investigate the possible structure of alkalicellulose, in

which the sodium ion was found to selectively

coordinate to the hydroxyl oxygen at the C2 position

of the glucose unit (Kamide et al. 1985). It should be

noted that, the alkalicellulose sample was obtained by

immersing cellulose in 18 wt% NaOH and aged at

49 �C for 30 h, which was quite different from the

situation of dissolving cellulose with moderate NaOH

solution at low temperature. Later, the structure of

aklali solution was studies and some structure models

were proposed. The study was well performed, mainly

focused on the NaOH solution, and cellobiose as

substitute of cellulose. The data of LiOH and cellulose

was limited so that comparison was difficult to make

(Yamashiki et al. 1988). In fact, the influences of

cations on the dissolution of cellulose in other solvent

systems are also prominent, and the mechanism has

been extensively studied in recent years (Yuan and

Cheng 2015; Brendler et al. 2001; Payal and Balasub-

ramanian 2014; Liu et al. 2016).

In the present work, the interactions between the

ions and the cellulose macromolecules in the alkaline

aqueous system were studied in various aspects such

as differential scanning calorimetry (DSC), molecular

dynamic (MD) simulation and nuclear magnetic

resonance spectroscopy (NMR). We attempted to

explain the reason why LiOH exhibits more powerful

capacity in dissolving cellulose than NaOH, and why

LiOH/urea was a preferred solvent for the dissolution

of cellulose. The insights and comprehensive methods

to investigate the ion-polymer interaction from the

view of both experiments and simulation would also

be provided for the help of future studies.

Experimental section

Materials

Cellulose (cotton linter pulps) with a certain degree of

polymerization (DP = 465, 530 and 670, respectively,

by viscometry (Brown and Wikström 1965)) and a-
cellulose content of about 95% was supplied by Hubei

Chemical Fiber Co. Ltd. (Xiangfan, China). The

cellulose sample was vacuum-dried at 60 �C for

48 h to remove any moisture before use. Commer-

cially available NaOH, LiOH�H2O, KOH and urea

were of analytical grade (Shanghai Chemical Reagent

Co., China), and were used without further purifica-

tion. The cellulose solvents were 7 wt% NaOH/12

wt% urea, 7.35 wt% LiOH�H2O/12 wt% urea, 9.8 wt%

KOH/12 wt% urea aqueous solution unless specifi-

cally indicated.

Characterization

Solubility test, a certain amount of cellulose was

dispersed in NaOH/urea or LiOH/urea solvent pre-

cooled to -12 �C and then stirred vigorously for 5 min.

The mass of cellulose in the solution (ms) and

precipitate (mp) were obtained after centrifugation at

8000 rpm at 0 �C for 15 min. The solubility (S) was

then calculated according to (Zhou and Zhang 2000):

S ¼ ms

ms þ mp

� 100% ð1Þ
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Differential scanning calorimetry (DSC) was con-

ducted on a TA Q20 instrument. Cellulose was

dispersed in the solvents and sealed in a stainless

pan. The temperature was programmed from 35 �C to

-60 �C and then -60 �C to 35 �C at a rate of 1 �C/
min. The cycle was repeated for 3 times.

Nuclear magnetic resonance spectroscopy (NMR)

spectra were recorded on a Bruker AVANCE III 500

NMR spectrometer with BBO probe at 273 K with

external chemical-shift references. The concentration

of cellulose solution was 3 wt%. The pulsed field-

gradient spin-echo (PFG-SE) NMR method (Wu et al.

1995; Wang et al. 2017b) was used to quantitatively

investigate the interaction of ions (Li? and Na?) with

macromolecule (cellulose) in the solution. Diffusion

coefficients were extracted from nonlinear least

squares of the integrated resonance intensity as a

function of the gradient amplitude. The resonance

intensity of these integrals, I, and the diffusion

coefficient, D, are related according to the following

equation:

I ¼ I0exp �D D� d
3
� s
2

� �
g2c2d2

� �
ð2Þ

where I is the resonance intensity measure with pulse

sequence, I0 is the intensity of the resonance in the

absence of a gradient pulse, D is the diffusion

coefficient, D is the diffusion delay time, which

defines the diffusional time scale, c is the gyromag-

netic ratio. The parameters d and g are the gradient

pulse duration and amplitude, respectively. And s is

the delay between the positive and negative gradient

pulse. Because the c for 23Na and 7Li is small, in order

to get enough attenuation of signal intensity, D and d
equal to 30 ms, 14 ms for 23Na NMR experiments and

70 ms, 7 ms for 7Li NMR experiments, respectively.

TA Discovery Hybrid Rheometer (HR-2) was used

for the rheology test. Temperature ramp was con-

ducted under flow mode from 25 �C to -15 �C with

ramp rate of 1 �C/min using 40 mm parallel plate. The

parameter of velocity was 1.0 rad/s with sampling

interval of 10.0 s/pt.

The atomistic molecular dynamic simulations were

performed using the GROMACS software package

(Hess et al. 2008). The GLYCAM06 force field was

used to parameterize cellulose molecules (Kirschner

et al. 2008). For water, the TIP3P model, (Jorgensen

et al. 1983) and for OH-, the model from Groenhof

were used, respectively (Wolf et al. 2014). For cations,

the monovalent ion parameters (HFE set) for Particle

Mesh Ewald and TIP3P water model from Merz were

used (Li et al. 2015a). Parameters for cations modified

by Lamoureux and Roux were also tried (Lamoureux

and Roux 2006). The interaction of cations and OH-

was modified to reproduce a better rdf (radial distri-

bution function) in their salt solution. The component

is identical to the solvent system used in the exper-

iments, which is 7 wt% NaOH/12 wt% urea or 7.35

wt% LiOH•H2O/12 wt% urea. One periodically

replicated cellulose octamer was considered, con-

nected to its periodic images along the z-direction and

thus mimicking an infinite chain, in the ion–water

solution. The simulations were preceded by a 50 ns

equilibration run and propagated for 30 ns with a time

step of 2 fs. There were 100 ions and 3118 water in the

box, with the size of (4.8 9 4.8 9 4.2). Long-range

electrostatics were handled using the particle mesh

Ewald method and the cut-off for short-range interac-

tions was 1.0 nm. The temperature was kept at 273 K

using the Berendsen thermostat and the pressure was

kept at 1 bar using a weak coupling barostat indepen-

dently applied in the xy- and z-directions (Berendsen

et al. 1984).

Results and discussion

Dissolving capacity difference of solvents against

cellulose

A quantitative comparison of the dissolution power

against cellulose is summarized by measuring the

solubility of cellulose with different molecular

weights (Mw) in KOH/urea, NaOH/urea and LiOH/

urea aqueous solutions, as shown in Table 1. LiOH/

urea exhibited the strongest dissolving capacity,

whereas cellulose hardly dissolve in KOH/urea. The

solubility difference of cellulose is much larger at

higher Mw, and LiOH/urea was capable of dissolving

cellulose with higher Mw and/or higher concentration.

Dissolution of macromolecules was proved to be a

process involved with thermal effect. The differential

scanning calorimetry (DSC) was thus used to study the

dissolution process of cellulose at low temperature

with different cations. Figure 1 shows the DSC profile

of cooling and heating cycles of cellulose mixed with

NaOH/urea and LiOH/urea. During the cooling cycle,
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two significant exothermic peaks (A, B and A’, B’) in

each thermogram (at around -36 and -27 �C) were
observed,

Ascribed to the freezing of NaOH or LiOH hydrate

and urea hydrate which was overlapping, as well as

freezing of bulk water, respectively.(Isobe et al. 2013)

It was worth noting that the subtle exothermic peaks of

the cellulose dissolution were revealed at around 0 �C.
The exothermic peaks only appeared in the first

cooling cycle for both NaOH/urea and LiOH/urea

(highlighted by red lines), indicating that the complete

dissolution of cellulose could be achieved by merely

cooling once. The cellulose dissolution peaks for both

NaOH/urea and LiOH/urea started at [10 �C and

reached the apexes at around 7 �C, however, ended
with considerable differences. In LiOH/urea the

cellulose dissolution completed at about -5 �C,
whereas in NaOH/urea it completed at a much lower

temperature at about -20 �C. Obviously, different

cations resulted in the variance of the dissolving

process. In order to further confirm the effects of the

cations on cellulose dissolution, the rheological means

Table 1 Solubility of cellulose with various molecular weights in LiOH/urea, NaOH/urea and KOH/urea

Mw 9 10-4 (g/mol) Solubility (wt%)

11.0 84.1 70.0 –

8.6 92.9 83.6 –

7.6 95.1 93.1 –

Fig. 1 DSC profile of

cooling and heating cycles

of cellulose mixed with

NaOH/urea (a, c) and LiOH/
urea (b, d) solutions

4644 Cellulose (2017) 24:4641–4651

123



were conducted under the same cooling condition as

DSC experiments for NaOH/urea and LiOH/urea,

respectively.

Figure 2 shows the dependence of the steady shear

viscosity of the mixture on the temperature change.

During the cooling process, the gradual dissolution of

cellulose causes an increase of the viscosity of the

cellulose solution. The dissolution process monitored

by rheology completed at a higher temperature than

that by DSC, attributed to the shear applied during the

rheological test, which promoted the disintegration of

the cellulose chains. The viscosity for both cellu-

lose/solvent mixtures encountered a sudden spurt at

about 7 �C, indicating the dissolution of cellulose,

which was consistent with the DSC profile. Therefore,

the dissolution of cellulose at low temperature in both

NaOH/urea and LiOH/urea was a typically enthalpy-

driven process. It should be noted that the cellulose

dissolution in both LiOH/urea and NaOH/urea was a

process within a wide temperature range, which

started at around 10 �C and completed at a tempera-

ture below 0 �C, in which low temperature is neces-

sary. On the other hand, the cellulose dissolution in

LiOH/urea and NaOH/urea completed at *-5 and

-20 �C, respectively, attributed to the different inter-

actions between cellulose and cations of Li? and Na?.

Interactions between alkali and cellulose by MD

Solvent–solute interactions can be effectively

revealed by molecular dynamic simulations (MD) to

give useful information (Rabideau and Ismail 2015;

Cai et al. 2012; Li et al. 2015c). Therefore, the

atomistic molecular dynamic simulations were pro-

posed here, focusing on the interactions between alkali

and cellulose in the aqueous solution at low temper-

ature. The potential energies between the components

in NaOH/cellulose and LiOH/cellulose was calculated

and shown in Fig. 3. Among them, C–O, C–W and C–

C represented the interactions between cellulose and

OH-, between cellulose and water, as well as between

cellulose and cations, respectively. ‘‘Coul’’ and ‘‘LJ’’

denoted to electrostatic.

Interaction and van der Waals interaction, respec-

tively. The potential energy of Li?/cellulose Coul

interaction was 423 kJ/mol, larger than 212 kJ/mol of

Na?/cellulose. The Coul OH-/cellulose interaction in

LiOH/cellulose was 2047 kJ/mol, also larger than

1324 kJ/mol of that in NaOH/cellulose, indicating a

stronger interaction between OH-/cellulose in LiOH

than that inNaOH. It should be noted that the interaction

in both LiOH/cellulose and NaOH/cellulose were

mainly electrostatic, especially for the cellulose/OH-

(C–O) and cations/cellulose (C–C). Therefore, the

electrostatic interaction was dominant among the the

interactions in the dissolved state. In addition, the Coul

interaction potential energy ofOH-/cellulosewasmuch

larger than that of cations/cellulose, indicating Coul

interaction of cellulose/OH- could be the dominating

interaction in the cellulose dissolution among the

several inter-molecular interactions. In fact, any sodium

salts or lithium salts could not dissolve cellulose in the

aqueous solution at low temperature without the OH-.

Therefore, the contribution fromOH- also played a role

for the dissolution behavior.(Bialik et al. 2016).

Figure 4 shows the radial distribution function

(RDF) of Li?, Na? and K? in the alkaline system to

the O atoms of cellulose and their coordination

number. The distance between the cations and the

cellulose chains, however, showed difference for

LiOH, NaOH and KOH. Li? ions laid at about

0.20 nm apart, while Na? ions laid at about 0.24 nm

and K? ions laid at about 0.28. It should be noted that,

the aqueous ionic radii of Li? (0.068 nm) was the

Fig. 2 Dependent of steady

shear viscosity on

temperature of cellulose/

NaOH/urea a and cellulose/

LiOH/urea b solutions with

cooling
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smallest while K? (0.134 nm) was the largest, (Mar-

cus 1983) which may be related to their possibility to

penetrate into the cellulose macromolecules. The RDF

results indicated that, the interaction between cations

and cellulose was different from Li?, Na? and K?, in

which, the Li? ions had the strongest binding capacity

with cellulose.

Figure 5 shows the RDF of cations to the oxygen

atoms (O atoms) of cellulose in NaOH and LiOH.

Cations including Na? and Li? interacted mostly

intensively with the O6 and O3 of cellulose. In

accordance with Fig. 4, all Na? laid in the distance of

0.24 nm to cellulose, whereas a large part of Li?, due

to a smaller radius, moved closer to the surface of the

cellulose chain, in the range of 0.20 nm to the O atoms

of cellulose. The result was in accordance with the

date in Fig. 3, in which a stronger electrostatic

interaction between Li? and cellulose was demon-

strated, leading to a larger positive potential energy of

Li?/cellulose LJ interaction, which implied a smaller

distance between Li? and cellulose chains. This was

quite crucial to a stronger dissolving ability of LiOH

than NaOH against cellulose. The OH-/cellulose Coul

interaction, as up-mentioned, dominated the inter-

molecular interactions between alkali and cellulose,

however, such interaction was not fully stable.

Figure 6 displays the snapshot captured during the

simulation as an example, illustrating the ‘‘stabiliza-

tion’’ of OH- to cellulose.

Chain by the nearby Li?. The OH- interacted

mostly with the hydroxyls of the cellulose, and most of

them maintained a stable interaction with the cellulose

chain except for the highlighted ones. Among the

highlighted Li? (blue) and two OH? (red/white), Li?

‘‘stabilized’’ the adjacent OH-, maintaining its inter-

action with the cellulose in the next frame, while the

OH- without the stabilization of Li? detached from

the surface of the cellulose chain. Na?, however, are

relatively farther from the cellulose chain than Li?,

and their interaction with the cellulose was weaker.

Thus their stabilizing ability.

Towards OH- to maintain the breaking up of

hydrogen bonding of cellulose was less effective,

leading to the more powerful dissolving capacity of

LiOH than NaOH. To conclude in this part, the MD

results revealed that OH-/cellulose electrostatic inter-

action dominated among the dissolved state by

forming the strongest interaction with the hydroxyl

groups of the cellulose chain among the inter-molec-

ular interactions, and cations also electrostatically

interacted with the cellulose O atoms. Li? attached

with the cellulose closely and interacted stronger with

cellulose chains than Na?, and exhibited a greater

‘‘stabilizing’’ effect on the electrostatic OH-/cellulose

interaction in LiOH/cellulose than NaOH/cellulose,

thus leading to the more powerful dissolving capacity

of LiOH than NaOH against cellulose.

Binding of cations to cellulose in alkali/urea

by PFG-SE NMR

As mentioned above, the cations of alkalis, i.e., Na?

and Li? were proved to interact directly with the

Fig. 3 Potential energy between cellulose and other compo-

nents in LiOH (red) and NaOH (blue) solution, respectively.

(Coul: electrostatic interaction, LJ: vdW interaction, C–O:

cellulose-OH-, C–W: cellulose-water, C–C: cellulose-cation).

(Color figure online)

Fig. 4 Radial distribution function (RDF) of Li?, Na? and K?

in the alkaline system to the O atoms of cellulose and their

coordination number
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cellulose chains at low temperature from the view of

molecular simulation. In the following part, NMR as

an effective method (Zhang et al. 2010; Wang et al.

2017a) was then used to further validate the influences

of cations on the cellulose from the experimental view.

Figure 7 shows the 23Na spectroscopy of NaOH/

urea solvent and NaOH/urea/cellulose solution, as

well as the 7Li spectroscopy of LiOH/urea solvent and

LiOH/urea/cellulose solution. The peaks of both Na?

and Li? exhibited similarity with the addition of

cellulose, by moving slightly to a higher field.

However, the shifts could hardly be quantitatively

compared since the involvement of two different

nuclei and the chemical shifts are usually fairly small

due to their ‘‘not easily polarized’’ characters (Tem-

pleman and Van Geet 1972). Thus, pulsed field-

gradient spin-echo (PFG-SE) NMR were applied to

obtain the self-diffusion coefficients of the ions, in

order to clarify the interactions between different

cations and cellulose in alkali/urea systems, as shown

in Fig. 8. For the cellulose/cation binding equilibria in

fast exchange on the NMR diffusion time scale, the

observed self-diffusion coefficients (Do) is a weighted

average which can be expressed by the following

equation:

Do ¼ FfDf þ FbDb ð3Þ

where Ff is the fraction of the free cation, Fb is the

fraction of the bound cation, Df is the diffusion

coefficient of the free cation, Db is the diffusion

coefficient of the bound cation, which was nearly

equal to be the diffusion coefficient of cellulose (Dc)

Fig. 5 RDF of cations to

the O atoms of cellulose in

NaOH (a) and LiOH (b)

Fig. 6 A snapshot to illustrate the ‘‘stabilization’’ of hydroxide

ions to attach to cellulose chain by the nearby Li? ion

Fig. 7 23Na NMR spectra

of NaOH/urea, NaOH/

urea/cellulose solution

(a) and 7Li spectra of LiOH/

urea, LiOH/urea/cellulose

solution (b)
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due to their combination. The chemical shift reflected

the average status of the overall cations in the solution,

therefore, the little variation shown in Fig. 7 implied a

small fraction of binding ions (Fb). Also, the diffusion

coefficient of the free ions was much larger than that of

the macromolecular cellulose (Dc) (Db & Dc � Df).

So the Eq. (1) can be simplified as:

Do ¼ FfDf ð4Þ

According to the Stokes–Einstein equation, viscosity

is inversely proportional to the diffusion coefficient.

Since water took up most part in the solution, its

diffusion should be considered as only related to the

viscosity of the solution, and the effect of interaction

between water and cellulose on its D value was

negligible. The determination of changes in the

diffusion coefficient of the cations due to the viscosity

changes of the solution resulting from the addition of

cellulose was therefore corrected by the diffusion

coefficient of water molecules, summarized in

Table 2.

Based on the facts that only one peak was observed

for both 7Li NMR and 23Na NMR (Fig. 7), and their

intensities followed a single exponential decay in the

PFG-SE experiment (Fig. 8a, b), we could reasonably

assume that the binding of Li? and Na? with cellulose

was fast in NMR time scale and the fraction of bound

form could be derived from the viscosity corrected

D value. Figure 8c shows the typical 23Na and 7Li

NMR signal decay as function of diffusion attenuation

factor in NaOH/urea and LiOH/urea solutions in

absence and presence of 3 wt% cellulose. The slope of

the fitted lines indicated the (-D) value. Even without

cellulose, obviously, Li? in LiOH/urea exhibited a

smaller diffusion coefficient than Na? in NaOH/urea,

Suggesting the larger hydrated radius of the lithium

ions (Kielland 1937). The addition of cellulose

resulted in that both the diffusion coefficients of Na?

and Li? reduced, indicating the binding of cations with

the cellulose. This could be explained by the electro-

static interactions between cations and cellulose

revealed by MD in the former section. The Fb of

Na? was then calculated to be 4.8% while Fb of Li
?

was 14.2%, nearly twice more. The results thus gave

Fig. 8 Fit lines of the

normalized intensity versus

gradient in the NMR

diffusometry of NaOH/

urea/cellulose (a) and LiOH/
urea/cellulose (b).
(c) Typical 23Na and 7Li

NMR signal decay as

function of diffusion

attenuation factor in NaOH/

urea and LiOH/urea

solutions in absence and

presence of 3 wt% cellulose

(b = (cgd)2(D-d/3))

Table 2 Diffusion coefficients of H2O and cations by PFG-SE

NMR

D 9 1010 (m2/s)

H2O Na? Li?

NaOH/urea 6.837 3.807 –

NaOH/urea/cellulose 6.032 3.197 –

LiOH/urea 5.265 – 2.111

LiOH/urea/cellulose 4.434 – 1.525
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direct and definitively quantative data, demonstrating

that Li? had a much more significant binding capa-

bility to the macromolecular chains of cellulose than

Na?. Therefore, the direct interactions between

cations and cellulose did exist, however, due to the

low portion of the interacted cations it was not

obviously detected by chemical shift of NMR test.

On the contrary, PFG-SE NMR was capable of

detecting the interactions between them and supply

quantitative results. It was also indicated that the

interaction between Li? and cellulose was stronger

than that of Na?, validating the conclusion of MD

simulation. Generally speaking, the interaction

between the ion and polymer involves several possi-

bilities, including direct interactions between the ion

and a polar group on the polymer chain, or indirect

interactions through the change in the water structure

influencing the hydration shell of both the polymer and

the ions. It has been concluded that the interaction

between cations and cellulose were mainly electro-

static from the MD results with Li?/cellulose Coul

interaction much stronger than Na?/cellulose, and the

NMR diffusometry showed a more significant binding

fraction of Li? than Na?. Thus it could be deduced that

the direct interactions between the cations and cellu-

lose existed and Li? exhibited stronger interaction

with cellulose than Na?, in consistence with the MD

results, which played a very important role in the

cellulose dissolution at low temperature in alkali/urea

solvents. The stronger binding of Li? to cellulose

could also ‘‘stabilize’’ OH-/cellulose Coul interaction

and promote to break up the hydrogen bonding

between the cellulose chains by OH-, leading to a

more significant dissolving capacity of LiOH/urea

than NaOH/urea.

Conclusion

The cellulose dissolution in LiOH/urea and NaOH/

urea were completed with different behavior, implying

the influence of different cations of Li? and Na?. The

MD simulation suggested that electrostatic interaction

of OH- ions with cellulose dominated among the

interactions in the dissolved state, and the cations also

electrostatically interacted with cellulose. Moreover,

Li? penetrated closer to cellulose than Na?, leading to

amore significant ‘‘stabilizing’’ role of the electrostatic

interaction between OH- of the alkali and cellulose.

Experimentally, the stronger binding ability of Li? to

cellulose evidenced by NMR diffusometry was con-

sistent with the MD results, suggesting that the direct

interactions existed between the cations and cellulose.
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