. HOKKAIDO UNIVERSITY

Elucidating the structural changes of cellulose molecules and dynamics of Na ions during the

Title crystal transition from cellulose I to II in low temperature and low concentration NaOH
solution
Author (s) Kugo, Yuki; Nomura, Satoshi; Isono, Takuya et al.
Citation Carbohydrate Polymers, 332, 121907
https://doi.org/10.1016/j.carbpol.2024. 121907
Issue Date 2024-05-15
Doc URL https://hdl. handle.net/2115/97182
Rights © <2024>. This manuscript version is made available under the CC BY-NC-ND 4.0 Llicense

http://creativecommons. org/licenses/by-nc-nd/4.0/

Rights(URL)

https://creativecommons. org/licenses/by-nc-nd/4.0/

Type

journal article

File Information

Revised4 Unmarked Document Kugo 240129. pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




—_

[\

10

11

12

13

14

15

16

17

18

Elucidating the structural changes of cellulose molecules and dynamics
of Na ions during the crystal transition from cellulose I to II in low

temperature and low concentration NaOH solution

Yuki Kugol, Satoshi Nomura', Takuya Isono?, Shinichiro Sato’, Masashi Fi ujiwaraz,

Toshifumi Satoh®3, Hirofumi Tani’, Tomoki Erata’, and Kenji Tajima *"
!Graduate School of Chemical Sciences and Engineering, Hokkaido University, N13W$, Kita-ku,
Sapporo 060-8628, Japan
’Faculty of engineering, Hokkaido University, N13WS8, Kita-ku, Sapporo 060-8628, Japan

SICReDD List-PF, Hokkaido University, N21W 10, Kita-ku, Sapporo 001-0021, Japan

*Corresponding author Email: ktajima@eng.hokudai.ac.jp

Emails: Yuki Kugo: kugo2318@eis.hokudai.ac.jp; Satoshi Nomura: satoshi054@gmail.com;

Takuya Isono: isono.t@eng.hokudai.ac.jp; Shinichiro Sato: s-sato@eng.hokudai.ac.jp;

Masashi Fujiwara: fujiwara@jicredd.hokudai.ac.jp; Toshifumi Satoh:

satoh@eng.hokudai.ac.jp; Hirofumi Tani: tani@eng.hokudai.ac.jp; Tomoki Erata:

erata@eng.hokudai.ac.ip.

ORCID Takuya Isono: 0000-0003-3746-2084; Toshifumi Satoh: 0000-0001-5449-9642; Hirofumi

Tani: 0000-0002-5935-0756; Tomoki Erata: 0000-0003-3159-908X; Kenji Tajima: 0000-0002-3238-

813X



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

KEYWORDS

Mercerization; low-temperature alkali treatment; cellulose structure; alkali cellulose; intrachain

hydrogen bonding; Na-ion dynamics

Author contributions

Yuki Kugo: Conceptualization, Methodology, Investigation of all experiments, Writing — Original

Draft preparation. Satoshi Nomura: Conceptualization, Methodology, Takuya Isono: Investigation of

WAXS measurements. Shinichiro Sato: Resources of the computing calculation. Masashi Fujiwara:

Supervision. Toshifumi Satoh: Supervision. Hirofumi Tani: Supervision. Tomoki Erata: Methodology,

Supervision, Writing — Review and Editing. Kenji Tajima: Supervision, Writing — Review and Editing

Declaration of competing interest

We declare that we have no known competing financial interests or personal relationships

that could have appeared to influence the work reported in this paper.

Data availability

The data that support the findings of this study are available from corresponding author,

K.T., upon reasonable request.



35  Graphical abstract

Room temperature
—p — —
—_— 0 " e "¢
l\x)n

wd T o/

— — —
° ® e

NaOH cannot p the

crystal

Low temperature

. L\ m~'.T°.. T o= 1,
ST e BRI e R

NaOH penetrates the crystal and their mobility tional
decreases; this results in the disruption of Conk onal changes

toward a more stable orientation

36
37

ydrog 9



38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

Abstract

Low-concentration alkali treatments at low temperatures facilitate the crystal transition of

cellulose I to II. However, the transition mechanism remains unclear. Hence, in this study, we traced

the transition using in situ solid-state 3*C CP/MAS NMR, WAXS, and *Na NMR relaxation

measurements. In situ solid-state *C CP/MAS NMR and WAXS measurements revealed that soaking

cellulose in NaOH at low temperatures disrupts the intramolecular hydrogen bonds and lowers the

crystallinity of cellulose. The dynamics of Na ions (NaOH) play a crucial role in causing these

phenomena. 2*Na NMR relaxation measurements indicated that the Na-ion correlation time becomes

longer during the crystal transition. This transition requires the penetration of Na ions (NaOH) into

the cellulose crystal and a reduction in Na-ion mobility, which occurs at low temperatures or high

NaOH concentrations. The interactions between cellulose and NaOH disrupt intramolecular hydrogen

bonds, inducing a conformational change in the cellulose molecules into a more stable arrangement.

This weakens the hydrophobic interactions of cellulose, and facilitates the penetration of NaOH and

water into the crystal, leading to the formation of alkali cellulose. Our findings suggest that a strategy

to control NaOH dynamics could lead to the discovery of a novel preparation method for cellulose II.
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1. Introduction

Cellulose, which consists of glucose residues linked via B-1,4-glycosidic bonds, is the most

abundant biopolymer. Natural cellulose found in plants, algae, and bacteria contains cellulose I crystals,

which are soluble in a limited number of organic solvents (Bikova & Treimanis, 2002; Sayyed et al.,

2019) and ionic liquids (Cao et al., 2009; Swatloski et al., 2002). However, cellulose I crystals are

converted into cellulose II crystals upon treatment with a concentrated alkaline solution such as NaOH.

This process is called mercerization and does not occur at low NaOH concentrations (8—10 wt%) at

room temperature (Dinand et al., 2002; Wang et al., 2022). Nevertheless, cellulose is dissolved in a

low-concentration NaOH aqueous solution at low temperatures (Isogai & Atalla, 1998; Kamide et al.,

1984), and the crystal transition of cellulose I to II also proceeds in the insoluble portions (Isogai &

Atalla, 1998). In the mercerization process, several intermediates known as alkali cellulose are

generated during crystalline transitions (Okano & Sarko, 1984). When cellulose I is soaked in a 3—5

N NaOH solution, it converts into Na-cellulose I. Furthermore, when Na-cellulose I is soaked in a

NaOH solution with a higher concentration, Na-cellulose II is obtained. Na-cellulose III is obtained

by vacuum drying Na-cellulose I. In addition, Na-cellulose I transformed into Na-cellulose IV in low-

temperature washing, whereas Na-cellulose I is reconverted to cellulose I in high-temperature washing

(Kim et al., 1991). Na-cellulose IV can also be derived from Na-cellulose II, or III by washing with

water, thereby eliminating NaOH. This structure is converted to cellulose II by drying (Nishimura &
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Sarko, 1991). The region below 0 °C and at approximately 8 wt% NaOH concentration is referred to

as the alkali cellulose Na—Cell Q, with Q representing Quellung (““swelling” in German) (Sobue et al.,

1939). In other words, a detailed investigation of these alkali celluloses is crucial for discussing their

crystalline transitions. Cellulose molecular chains are packed parallelly in cellulose I and anti-

parallelly in cellulose II. Okano et al. proposed that swelling of cellulose fibrils with cellulose

molecular chains oriented in opposite directions due to NaOH leads to formation of anti-parallel Na-

cellulose I during the first step of mercerization (Okano & Sarko, 1985). Recently, Sawada et al.

suggested that the molecular chains are packed antiparallelly by folding back onto themselves (Sawada

et al., 2022). However, the changes in the structure of the cellulose molecules and the driving force

for the crystal transition remain unclear. Elucidating this crystal transition mechanism is crucial for

understanding the crystal structure of cellulose and for developing its industrial use. This study aims

to clarify the conformational changes in the molecular chain of cellulose during the crystal transition,

especially the changes at the hydroxymethyl group at the C6 position.

The disruption of intrachain hydrogen bonds (Kamide et al., 1985) and hydrophobic

interactions (Glasser et al., 2012; Lindman et al., 2010) are important in the crystal transition of

cellulose I to II. The crystals of cellulose had different hydrophilic and hydrophobic planes (Medronho

& Lindman, 2014). In the solid state, the hydrogen atoms in the axial planes of the glucose residues

form hydrophobic planes between the molecular chain sheets. Similarly, the O6 hydroxy groups in the
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equatorial planes of the glucose residues form intrachain hydrogen bonds with neighboring residues,

and interchain hydrogen bonds with neighboring cellulose molecular chains, thus forming hydrophilic

planes and flat sheets. Cellulose I has intrachain O2-O6 and O3-O5 hydrogen bonds (Nishiyama et al.,

2002, 2003, 2008). On the other hand, cellulose II has intrachain O3-0O6 and O3-O5 hydrogen bonds

(Langan et al., 1999). Furthermore, Cellulose III;, which is prepared by the treatments on cellulose I

with liquid ammonia or organic amines, also has intrachain O3- O6 and O3-O5 hydrogen bonds (Ford

et al., 2005). Hence, since the mode of intrachain hydrogen bonds in cellulose I to II, the crystal

transition likely involves the disruption of intrachain hydrogen bonds and the formation of new

intrachain hydrogen bonds. The differences in these intrachain hydrogen bonds are related to the

conformation of the C6 hydroxymethyl group. Nuclear magnetic resonance (NMR) spectroscopy can

clearly distinguish the conformation of the C6 hydroxymethyl group (Horii et al., 1983). The

conformations of the C6 hydroxymethyl group in cellulose I, cellulose II and IlI, as well as in surface

regions and dissolved cellulose, are tg (trans-gauche) (Nishiyama et al., 2002, 2003), gt (gauche-trans)

(Langan et al., 1999; Wada et al., 2004), and gg (gauche-gauche) (Cai & Zhang, 2005; Newman &

Davidson, 2004; Phyo et al., 2018), respectively. Thus, the C6 conformation is one of the guidelines

for observing the crystal structures and the intrachain hydrogen bonds. Furthermore, our previously

reported calculations show that the fg structure does not revert to its original structure after

experiencing a change but changes to the gz structure (Nomura et al., 2020), which could contribute to
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the crystal transition of cellulose I to cellulose II. Since the disruption of intrachain hydrogen bonds

by the selective coordination of Na ions to the hydroxy group (Kamide, 1985) and the formation of

the cellulose-O-Na-type structures by the partial dissociation of the hydroxy group of cellulose (Isogai,

1997) are considered to occur during the mercerization process, we hypothesized that dynamics of

NaOH are deeply involved in the conformational change at the C6 position of cellulose and the

disruption of intrachain hydrogen bonds. Therefore, we tracked the conformational changes in

cellulose molecules and the behaviors of Na ions (NaOH) during the crystal transition to verify this

hypothesis.

In this study, we analyzed cellulose soaked in low-concentration NaOH solutions via in situ

solid-state '3C NMR and wide-angle X-ray scattering (WAXS) at room temperature and low

temperatures. The structure of the cellulose molecular chain was predicted via structural optimization

calculations for cello-oligomers without hydrogen bonds. >?Na NMR relaxation time measurements

were acquired to elucidate the interactions between NaOH and cellulose at low temperatures.

2. Materials and Methods

2.1. Materials

Filter paper powder (100-200 mesh, cellulose > 99%) derived from cotton linter with DP

(degrees of polymerization) 250, and kraft pulp paper (bleached hardwood kraft pulp, cellulose ca.

80% and hemicellulose ca. 20%) with DP 650—840 purchased from Advantech Co., Ltd (Tokyo, Japan)



125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

and Nippon Paper Industries (Tokyo, Japan), respectively, were used as the cellulose materials.

Cellobiose was purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan) and used

as received. NaOH, with a minimum purity of 97.0%, and H2SO4, with a minimum purity of 95.0 %,

were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). All reagents were

used as purchased. Deionized water (Elix®Essential3, Merck KGaA, Darmstadt, Germany) was used

to prepare aqueous solutions of NaOH and H>SO4 and wash the cellulose samples after alkaline

treatments and subsequent neutralization.

2.2. NMR measurements

All NMR measurements, including the NMR relaxation time measurements, were

performed using a Bruker Avance 500 spectrometer (Bruker, Germany) at the Instrumental Analysis

Support Office, Frontier Chemistry Center, Faculty of Engineering, Hokkaido University. Solid-state

3C CP/MAS NMR spectra were recorded at 125 MHz. The samples were packed in a 3.2-mm rotor

and spun at a frequency of 10 kHz. All the CP/MAS high-resolution spectra were recorded with a 'H

90° pulse length of 4.0 us, a contact time of 1.5 ms, and a repetition time of 4 s. The ramp and tppm-

15 sequences were used for the contact pulse and decoupling, respectively. The chemical shift was

calibrated using the carbonyl carbon of glycine (176.46 ppm) as the reference.

»Na NMR relaxation time measurements were performed at 133 MHz. The samples were

packed into the MAS rotor; however, no MAS conditions were applied during the temperature control
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and relaxation time measurements. Spin lattice relaxation time (77) measurements were performed

using the inversion recovery method with a 90° pulse length of 3.1 ps. The 77 values were obtained

using the fitting program of the TOPSPIN NMR software developed by Bruker Inc.

2.3. Content ratios of cellulose I and II after low-temperature NaOH treatments obtained using

solid-state 13C CP/MAS NMR

Cellulose powder was added to an 8 wt% NaOH solution at room temperature (24 °C) and

centrifuged at 1,000 x g for 5 min. The supernatant was removed, and the precipitate was used for

NaOH treatment. The reason for using the precipitation portion is to use as a sample only those regions

involved in the crystal transition. The quenching involved chilling a 2 mL microtube, which contained

8 wt% NaOH-soaked cellulose in liquid nitrogen for up to 90 s. Similarly, for higher-temperature

treatments, the centrifuge tubes with 8 wt% NaOH-soaked cellulose were chilled at —30 °C, -25 °C, —

20°C,-18 °C,-17 °C, -16 °C,—15 °C, -10 °C, and -5 °C in a cryostat (EYELA PFR-1000, TOKYO

RIKAKIKAI Co Ltd, Japan, Tokyo) for up to 90 min. The temperature was controlled by cooling

ethanol in the instrument. The samples were then thawed to room temperature. A 10 vol% H>SO4

solution was added to the samples until the pH dropped below 7.0. The samples were washed with

deionized water, air-dried, and analyzed via solid-state *C CP/MAS NMR. The C6 carbon signal in

the spectrum was line-fitted to calculate the content rate of cellulose II. The C6 lines were

deconvoluted using the DM{it2017 line-fitting program (Massiot et al., 2002). A Lorentzian shape was

10
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used for each line. The C6 lines were deconvoluted based on the chemical shifts for the tg (64—66
ppm), gt (62—63 ppm), and gg (60—-62 ppm) conformations (Horii et al., 1983) (Fig. 1) (Idstrém et al.,
2016; Phyo et al., 2018). Additionally, the gg lines were divided into two categories: surfaces
accessible to water and surfaces inaccessible to solvents but accessible to solute ions (Zuckerstitter et
al., 2013). The content ratio of cellulose II crystals was calculated using the following equation:
. Agt
Content ratio of cellulose II = ———x 100
tg T Agt

where A is the integrated area of #g lines at 66.0, 65.5 and 65.2 ppm, and A is the integrated area of

gt lines at 63.3 and 62.6 ppm.

Accessible surface

Inaccessible surface

Fig. 1. C6 line fitting model in the solid-state '*C CP/MAS NMR spectrum.

2.4. In situ solid-state 3C CP/MAS NMR measurements at different low temperatures

Cellulose powder was added to a 10 wt% NaOH solution at 24 °C and centrifuged at 1,000

x g for 5 min. The supernatant was removed, and the precipitate was analyzed via in situ solid-state

13C CP/MAS NMR. As a complete crystal transition could not be observed with 8 wt% NaOH-soaked

11
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cellulose powder, we used a 10 wt% NaOH solution, which does not induce crystal transition at 24 °C.

The sample was packed in a 3.2 mm rotor, and the rotor was set in the probe inside the NMR instrument.

Solid-state *C CP/MAS NMR measurements were performed as the temperature was lowered from

24 °C to —25 °C and increased from —25 °C to 24 °C. A variable-temperature instrument system was

used in the experiments.

First, the measurements were obtained at 24 °C, and MAS was stopped after the

measurement. The temperature in the probe was lowered from 24 °C to 20 °C while the rotor remained

stationary in the probe. The temperature was changed without MAS to minimize the discrepancy

between the displayed and actual temperatures. MAS was restarted 30 min after the temperature

reached 20 °C and the measurements were obtained, after which MAS was stopped. The same

operation was performed while decreasing the temperature down to —25 °C at intervals of 5 °C and

while increasing the temperature to room temperature in increments of 5 °C.

2.5. 23Na NMR relaxation time measurements

Cellulose powder was added to 1, 5, 8, and 10 wt% NaOH solutions at 24 °C, and these

mixtures were centrifuged at 1,000 x g for 5 min. The supernatant was removed, and the precipitate

was used for 2*Na NMR relaxation time measurements. These samples were packed in a 3.2-mm rotor

and set in an NMR instrument. Furthermore, the relaxation times of >*Na nuclei in 1 and 10 wt%

NaOH solutions without cellulose powder were measured to evaluate the influence of cellulose.

12
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First, the spin-lattice relaxation time (77) at 24 °C was measured. Then, the temperature

inside the probe was decreased to 20 °C, and 71 was measured after 10 min of temperature stabilization.

The same operation was performed at 15 °C, 10 °C, 5 °C, 0 °C, -5 °C, —-10 °C, —15 °C, -20 °C, and —

25 °C. Subsequently, the temperature inside the probe was increased to —20 °C, —15 °C, -10 °C, -5 °C,

0°C, 5°C, 10 °C, 15 °C, 20 °C, and 24 °C, and the relaxation times were acquired. Then, solid-state

3C CP/MAS NMR measurements were acquired to confirm the alkali concentration at which the

crystal transition proceeded.

2.6. NMR measurements of NaOH-soaked cellulose using a high-concentration NaOH solution

In situ CP/MAS NMR and *Na NMR relaxation time measurements of cellulose soaked in

a 25 wt% NaOH solution were performed at 24 °C to investigate mercerization in a concentrated

NaOH solution. The samples were prepared as described in Sections 2.4 and 2.5, albeit with a 25 wt%

NaOH solution. 2Na NMR relaxation time measurements of a 25 wt% NaOH solution without

cellulose powder were also performed at 24 °C for comparison.

2.7. In situ WAXS measurements at different temperatures

In situ WAXS measurements of the 10 wt% NaOH-soaked cellulose powder were performed

at the BL-6A beamline, and measurements of the 10 wt% NaOH-soaked pulp paper were performed

at the BL-10C beamline of the Photon Factory of the High-Energy Accelerator Research Organization

(KEK, Tsukuba, Japan). The range of Q differed between these measurements as the beamlines were

13
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different. The X-ray wavelength and exposure time were 1.50 A (8.27 keV) and 60 s, respectively.

PILATUS 100k detectors (Dectris Ltd., Switzerland) were used for the WAXS data acquisition. The

sample-to-detector distance was calibrated using the scattering pattern of silver behenate (Nagara

Science Co. Ltd., Japan). One-dimensional (1D) profiles were obtained as plots of scattering intensity

vs. scattering vector (g), where ¢ = (4z/4) sin(6/2) (A, wavelength; 6, scattering angle).

Variable-temperature measurements of 10 wt% NaOH-soaked cellulose samples were

performed from room temperature (24 °C) to low temperatures as well as from low temperature to

room temperature (24 °C). The samples were prepared using the procedures described in Sections 2.4.

The sample was packed into the center hole of a 1.5-mm-thick flat washer and closed on both sides

with a 1.2-mm-thick Kapton sheet. A flat washer with the samples was fixed on a stage (Linkam

Scientific Instruments, UK), and the temperature was controlled by blowing air that was cooled with

liquid nitrogen. In situ WAXS measurements were performed at 25 °C, 20 °C, 10 °C, 0 °C, -10 °C, —

20 °C, =30 °C, and -35 °C, followed by increasing the temperature to —30 °C, —20 °C, —10 °C, 0 °C,

10 °C, and 20 °C.

The same 10 wt% NaOH-soaked cellulose samples used for in situ WAXS measurements

were analyzed via solid-state '*C CP/MAS NMR before neutralization. Then, the samples were

neutralized with a 10 vol% H2SO4 solution, washed with water, and air-dried. The samples were again

analyzed via solid-state 1*°C CP/MAS NMR. These measurements were acquired to confirm the crystal

14
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transition during the in situ WAXS measurements and after neutralization.

2.8. Calculations to identify stable structures of the cello-oligomers

Structure optimization calculations of cellobiose, cellotriose, and cellotetraose, which have

no hydrogen bonds between glucose residues, were performed using the Gaussian G16 program with

the B3LYP/6-31+G (d,p) basis set. Vibrational frequency calculations were performed on the

optimized structure, and the absence of negative vibrational frequencies confirmed the adequacy of

the results of the structure optimization calculation. The calculations were performed using a

supercomputer system at the Information Initiative Center of Hokkaido University, Sapporo, Japan.

Each initial structure was constructed using GaussView 6.0 software and then cleaned for creation.

3. Results and discussion

3.1. Crystal transition induced by low-concentration NaOH treatment at low temperatures

Fig. 2 shows the solid-state '*C CP/MAS NMR spectra of 8 wt% NaOH-soaked cellulose

quenched with liquid nitrogen at different time intervals. As the treatment time increased, the peak

intensity at 65 ppm corresponding to the C6 carbon of the 7g conformation decreased while the peak

intensity at 62 ppm corresponding to the C6 carbon of the g¢ conformation II increased. The samples

froze when cooled in liquid nitrogen for ~30 s, and the samples soaked for a longer duration completely

transitioned to cellulose II after neutralization treatment. This suggests that cellulose II increased with

treatment time, and the crystal transition was completed in an extremely short time at an extremely

15



246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

low temperature. Hence, the liquid-nitrogen temperature is not suitable for tracking the crystal

transition, and we decided to study the transition at —20 °C, as reported in the literature.

Fig. 3 shows the treatment time dependence of content rates of cellulose II in the 8 wt%

NaOH-soaked cellulose powder at various temperatures. The crystal transition was not completed at

temperatures above —16 °C but only below —17 °C. The lower the processing temperature, the shorter

the time required to complete the crystal transition. As only a small amount of NaOH solution was

used to soak the cellulose powder, it was not fully dissolved. This behavior indicates that the crystal

transition from cellulose I to cellulose II was a non-Arrhenius-type, as it occurred only at low

temperatures. This result suggests the importance of temperature conditions. In addition, Na ions

(NaOH) in NaOH solutions with concentrations where the crystal transition progressed may exhibit

specific dynamic behaviors compared to those in solutions where the crystal transition did not progress.

Therefore, Na ions (NaOH) dynamics may affect crystal transition. Hence, Na-ion dynamics must be

evaluated along with the conformational changes in the cellulose molecular chains to elucidate the

crystal transition. Consequently, temperature-variable in situ solid-state *C CP/MAS NMR and

WAXS measurements, as well as 2Na NMR relaxation time measurements, were acquired using

NaOH-soaked cellulose.
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Fig. 2. Solid-state *C cross-polarization magic angle spinning (CP/MAS) NMR spectra of dried
samples containing 8 wt% NaOH-soaked cellulose obtained by quenching with liquid nitrogen,
recorded over a duration of up to 90 s. These spectra were recorded at recorded at 24 °C. After
quenching, the samples were neutralized with a 10 vol% H2SO4 solution, washed with deionized water,

and air-dried at 24 °C.
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Fig. 3. Time-course changes for the content rates of cellulose II in a low-concentration (8 wt%)

NaOH-soaked cellulose powder at various temperatures.

3.2. In situ solid-state '*C CP/MAS NMR measurements at low temperatures
Fig. 4 shows the in situ solid-state *C CP/MAS NMR spectra of 10 wt% NaOH-soaked

cellulose powder as the temperature was gradually decreased. The C6 peak shifted from 65 to 61 ppm,
17
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indicating a change in the O6 conformation from #g to gg. Similar upfield shifts were observed for the

C1 and C4 peaks, indicating corresponding environmental changes. The large upfield shift of the C4

peak from 89 to ~80 ppm suggests that the conformational changes at C1 and C4 occurred after the

changes at C6. Fig. 5 shows the solid-state '3C CP/MAS NMR spectra as the temperature was

increased from —25 °C to 24 °C. The C1 and C4 peaks shifted downfield, whereas the C6 peak was

maintained at 61 ppm, indicating that the gg conformation of O6 was maintained. The C4 peak shifted

to ~86 ppm, which is attributed to the surface/amorphous region (Park et al., 2009). The C4 upfield

shift observed at low temperatures and at 24 °C after warming is consistent with that for alkaline

cellulose reported previously (Porro et al., 2007). In summary, the in situ solid-state '*C CP/MAS

NMR spectra indicate that crystallinity reduction and conformational changes were observed when

the temperature was decreased, and these changes were maintained when the temperature was

increased.
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287  Fig. 4. Solid-state '*C CP/MAS NMR spectra of 10 wt% NaOH-soaked cellulose powder as the
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Fig. 5. Solid-state '*C CP/MAS NMR spectra of 10 wt% NaOH-soaked cellulose powder as the
temperature was increased from —25 °C to —20 °C, —15 °C, -10 °C, -5 °C, 0 °C, 5 °C, 10 °C, 15 °C,
20 °C, and 24 °C. The in situ '*C NMR spectra shown in Figs. 4 and 5 were conducted consecutively.
Fig. 4 also shows the spectrum recorded at —25 °C, and in situ NMR spectra of this sample were

recorded from room temperature (24 °C) to low temperatures before obtaining this spectrum.

3.3. In situ wide-angle X-ray scattering (WAXS) measurements at different temperatures

Fig. 6 shows the in situ WAXS profiles of 10 wt% NaOH-soaked cellulose powder at

different temperatures. As the temperature decreased, the intensity of the cellulose I crystal peaks

decreased, and the width at half maximum increased, indicating a reduction in cellulose crystallinity.

These WAXS profiles are consistent with those observed for cellulose powder dissolved in a

LiOH/urea solution, which indicate a decrease in crystallinity (Isobe et al., 2013). Moreover, the

crystal peaks of cellulose I almost disappeared at —35 °C. This decrease in crystallinity confirms that
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Na ions have penetrated the crystal region. However, no change in the crystal structure was observed

as the temperature increased. The three sharp peaks at ~15, 17, and 18 nm' disappeared with

increasing temperature, corresponding to ice.

The in situ WAXS results are consistent with the C4 peak observed in the in situ solid-state

13C CP/MAS NMR spectra, whose intensity decreased in the crystalline region and increased in the

surface/amorphous region as the temperature was lowered. In summary, during the crystal transition

induced by NaOH treatment at low temperatures, cellulose I crystals disappeared, alkali cellulose was

formed as the temperature was decreased, and this amorphous structure remained unchanged as the

temperature increased. Similar results were obtained in the experiment using pulp paper (Fig. S1).
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Fig. 6. Temperature-variable wide-angle X-ray scattering (WAXS) profiles of 10 wt% NaOH-soaked
cellulose powder (25 °C > -35 °C > 20 °C).

Fig. 7 shows the solid-state ?*C CP/MAS NMR spectra of the 10 wt% NaOH-soaked
cellulose powder samples used in the in situ WAXS measurements before and after neutralization. The
sample before neutralization was determined to be alkali cellulose, whereas the sample after
neutralization, washing, and drying was cellulose II. This confirms that cellulose I crystals disappeared,
alkali cellulose was formed as the temperature decreased, and this amorphous structure remained

unchanged as the temperature increased during the crystal transition induced by NaOH treatment at
22
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low temperatures. Moreover, the transition from alkali cellulose to cellulose II occurred during

neutralization, washing, and drying. Fig. S1 shows the in situ WAXS profiles of the 10 wt% NaOH-

soaked pulp paper, and Fig. S2 shows the solid-state ?*C CP/MAS NMR spectra of the pulp paper

samples used in the in situ WAXS measurements before and after neutralization. The 10 wt% NaOH-

soaked pulp paper samples behaved identically to the 10 wt% NaOH-soaked cellulose powder samples

(Figs 6 and 7). This indicates that regardless of the cellulose material, cellulose I crystals disappear,

and alkali cellulose is formed as the temperature is lowered. Furthermore, this amorphous structure

remains unchanged as the temperature increases, transitioning from alkali cellulose to cellulose II after

the neutralization treatment.

Cellulose powder

Before neutralization

A\ f \

/\ [
i 5 A
'F ‘ \‘“J“"-.AM M“j l\ ! "" .\'
After drying /“W"’/
T : v T ' . T

110 100 90 80 70 60
ppm

Fig. 7. Solid-state 3C CP/MAS NMR spectra before and after neutralization of samples used in the
temperature-variable WAXS measurements. Color code: black line, cellulose powder (cellulose Ig

rich); blue line, before neutralization; red line, after washing and drying.
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3.4. Structure of cellulose during the crystal transition determined via in situ NMR

measurements and calculations of the stable structures of the cello-oligomers

Fig. 8 shows the *C CP/MAS NMR spectra of cellulose powder (cellulose Ig rich), the 10

wt% NaOH-soaked cellulose powder at —25 °C and 25 °C, and as-received cellobiose. The C6 peak

shift indicates that the O6 conformation changed from g to gg, where the hydroxy groups are

perpendicular to the glucose residues and consequently do not form hydrogen bonds with neighboring

glucose residues. Therefore, this C6 peak shift suggests disruption of the intrachain O6-O2 hydrogen

bonds. Kamide et al. reported that the disruption of the O3-O5 hydrogen bonds has a de-shielding

effect on C4 and C5, which explains the large C4 peak shift (Kamide et al., 1984). A similar upfield

shift from 89 ppm to 80 ppm was observed for the C4 peak in this study, which suggests the disruption

of the intrachain O5-O3 hydrogen bonds.

To confirm the conformation of the cellulose molecules after the intrachain hydrogen bonds

were broken, we obtained computational simulations of the structures of cellobiose, cellotriose, and

cellotetraose devoid of hydrogen bonds. The in situ '3C NMR spectra show that the intrachain

hydrogen bonds were broken during the crystal transition. The solid-state *C CP/MAS NMR spectrum

of as-received cellobiose (Fig. 8) revealed that the C4 peak shifted upfield to the crystalline peak,

suggesting that as-received cellobiose has a similar structure to that of cellulose during crystal

transition. We hypothesized that the optimized structures of cellobiose, cellotriose, and cellotetraose,
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and a portion of the cellulose molecular chain could be used to predict the structure of cellulose during
the crystalline transition. Fig. 9 shows the optimized structures of cellobiose, cellotriose, and
cellotetraose obtained by DFT calculations. No negative frequencies were observed in the optimized
structures in the vibrational frequency calculations. The neighboring glucose residues are oriented in
different directions in all optimized structures, suggesting the absence of a plane sheet structure. This
suggests that the disruption of intrachain hydrogen bonds during the crystal transition results in a more
stable structure. The absence of a plane sheet structure indicates weakened hydrophobic interactions
between cellulose molecules, which would allow more water molecules to penetrate the crystal region
and facilitate the presence of a higher number of Na ions (NaOH) in the vicinity of the cellulose

molecule.

c4 A cé
Crystal 5 tg

Cellulose / \ I\ A -\
powder — e Na oS k/—\_// \_/ &\_

ppm

Fig. 8. Solid-state '3C NMR CP/MAS NMR spectra. Color code: purple line, cellulose powder
(cellulose Ip rich); green line, 10 wt% NaOH-soaked cellulose powder (the spectrum was recorded at
—25 °C after cooling the sample from 24 °C to —25 °C); pink line, 10 wt% NaOH-soaked cellulose
powder (the spectrum was recorded at 24 °C after cooling the sample from 24 °C to —25 °C, followed
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by warming to 24 °C); blue line, as-received cellobiose.
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Fig. 9. Three-dimensional (3D) optimized structures of (a) cellobiose, (b) cellotriose, and (c)

cellotetraose.

3.5. 23Na NMR relaxation time measurements

Fig. S3 shows the solid-state °C CP/MAS NMR spectra of the 1 wt% to 10 wt% NaOH-

soaked cellulose powder samples used in the >Na NMR relaxation time measurements. These '*C

NMR measurements were conducted to confirm the concentration of the NaOH solution at which the

crystal transition proceeded. The spectra of the samples soaked in 1 wt% and 5 wt% NaOH were

almost identical to those of the samples soaked in 10 wt% NaOH before measurement (uncooled).

However, C4 peaks were observed in both the amorphous and crystalline regions in the spectrum of

the 8 wt% NaOH-soaked sample. The spectrum of the sample soaked in 10 wt% NaOH showed that

the C4 peak completely disappeared in the crystal region. Moreover, the C6 peak shifted upfield,
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confirming the conformational change from #g to gg. These results indicate that the crystal transition

did not progress in the cellulose samples soaked in <5 wt% NaOH, partially progressed in 8 wt%

NaOH, and was completed in 10 wt% NaOH. Thus, the degree of crystal transition depends on the

NaOH concentration. Dinand et al. (2002) previously reported that the crystal transition did not

progress at <5 wt% NaOH concentration, which is consistent with our results.

The spin-lattice relaxation times (77) of the Na nuclei in 1 wt% to 10 wt% NaOH-soaked

cellulose powder samples and 1 wt% and 10 wt% NaOH solutions without cellulose powder were

measured in the temperature range of 24 °C to —25 °C. Table 1 shows the 77 of the Na nuclei in the 10

wt% NaOH-soaked cellulose powder while cooling. 77 decreased with decreasing temperature,

indicating that the Na-ion dynamics follow the Arrhenius law. Fig. S4 shows the »?Na NMR spectra

of the 10 wt% NaOH-soaked cellulose powder recorded at 24 °C, 0 °C, and —15 °C. The width of the

peak increased as the temperature decreased, indicating that 771 decreased as the temperature decreased.

Because the spin number of the Na nucleus is 3/2, it will have quadrupolar moments, and consequently,

the main component of the spin-lattice relaxation mechanism is the interaction between the

quadrupolar moment and the electric field gradient. Figs. 10(a) and 10(b) show semi-logarithmic

Arrhenius plots during cooling and heating, respectively, with the reciprocal of the absolute

temperature (1/T) on the x-axis and the reciprocal of 771 (1/71) on the y-axis. Although the observed

temperature range is not sufficient, the changes in 1/77 exhibit a roughly linear trend in this
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semilogarithmic plot, except around the lowest temperature end where the solution begins to freeze.

The term 1/} is proportional to the term <e’qQ/A>> x J(®), where eq and eQ are the electric field

gradient and the quadrupolar moment of the **Na nuclei, respectively. Moreover, J(o) is the spectral

density, and w is the resonance frequency of the nucleus. The term, <e’qQ//>? and w were considered

constants as only the *Na nuclei were experimentally measured. Therefore, 1/7} becomes proportional

to only J(®), which is expressed as ote/(1+®?t.?), where 1. is the correlation time. At extremely narrow

2. 2~

conditions such as wt. <<1, and assuming that o“1.°~0, J(®) can be approximated as J(w)=wt., and

1/T can directly represent the correlation time. Generally, the correlation time for the motion of ions

should increase with decreasing temperature. In the present study, the 1/77 of the Na nuclei increases

as temperature decreases. This indicates that the extremely narrow condition can be adopted.

Furthermore, J(w) becomes proportional to 1c, suggesting that 1/7} is proportional to the correlation

time. Notably, Na ions will have low mobility at long correlation times and high mobility at short

correlation times. In addition, the slope of the semi-log plot is proportional to the activation energy for

Na-ion mobility. However, this slope is not precise and provides only an approximate trend.

The term 1/T; of the sample that underwent crystal transition increased with decreasing

temperature (Fig. 10(a)), indicating that the mobility of Na ions decreases with decreasing temperature.

The 10 wt% NaOH-soaked sample, in which the crystal transition occurred, showed lower Na-ion

mobility than the 8 wt% NaOH-soaked sample. However, the mobilities of Na ions in the 1 wt%
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NaOH-soaked sample and the 1 wt% and 10 wt% NaOH solutions without cellulose powder were

comparable. The Na ions in the 1 wt% and 10 wt% NaOH solutions without cellulose powder were

expected to move freely. Notably, the Na ions in the 1 wt% NaOH-soaked sample moved freely, with

no significant increase in the interaction between Na ions and cellulose. In addition, the slope of the

semi-log plot was larger for the concentration at which crystal transition progressed than for the

concentration that did not induce crystal transition. This indicates that the activation energy for the

motion of the Na ions was higher. Therefore, the interaction between Na ions and cellulose molecules

is essential for the crystal transition.

The mobility of Na ions at NaOH concentrations that induced crystal transition and those

that did not induce the crystal transition was different when the temperature was increased (Fig. 10(b)).

The 1/T1 of 1 wt% NaOH-soaked samples exhibited no significant changes, which is attributed to the

absence of interactions between the Na ions and cellulose chains as the temperature increased.

However, 1/T; of the 8 wt% and 10 wt% NaOH-soaked samples at 25 °C was larger than that before

cooling. This is attributed to the penetration of Na ions (NaOH) into the crystalline region and

subsequent interaction with the cellulose crystals, which facilitates the crystal transition to alkali

cellulose.

In summary, the mobility of Na ions decreased significantly during the crystal transition.

This suggests that the residence time of Na ions (NaOH) around the cellulose chain increased,
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facilitating crucial interactions between the cellulose chain and Na ions (NaOH) for the crystal

transition of cellulose I to alkali cellulose.

Table 1. Spin-lattice relaxation time (71) of Na ions in 10 wt% NaOH-soaked cellulose powder during

cooling from 24 °C to —25 °C

Temperature (°C) 24 20 15 10 5 0o -5 -10 -15 -20 -25

Ty (ms) 139 119 98 7.1 52 36 30 25 20 17 0353

(a) Temperature decrease process

— —

1000 - 10 Wt

F 8 wt%
.:“ " 5 wt%
- 1 wt%
o 7;%/

[ 10 wt% NaOH solution

10 i 1 e 1 1 1
3.3 3.5 3.7 3.9 4.1

1000/ T

(b) Temperature increase process

1000
=
> 100
2 o
10 " 1 " 1 " 1 "
33 35 3.7 3.9 4.1

1000/T

Fig. 10. Semi-logarithmic Arrhenius plots of the 2*Na-NMR relaxation time measurements of NaOH-

soaked cellulose powder during (a) temperature-decrease and (b) temperature-increase processes.
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Color code: purple line, 10 wt%; green line, 8 wt%; blue line, 5 wt%; red line, 1 wt%; orange line, a

10 wt% NaOH solution without cellulose; yellow line, a 1 wt% NaOH solution without cellulose.

3.6. Mercerization induced by a concentrated NaOH solution

Fig. 11 shows the in situ solid-state '>C NMR spectra of 25 wt% NaOH-soaked cellulose

powder at 24 °C. The C4 and C6 peaks were similar to those observed in the spectrum of 10 wt%

NaOH-soaked cellulose recorded at 24 °C after the in situ NMR measurements (Fig. 5), suggesting

that the conformational changes in cellulose were the same in the cases of both mercerization with a

high-concentration NaOH solution at room temperature and low-concentration alkali treatment at low

temperatures.

In addition, the 771 of Na ions in the 25 wt% NaOH-soaked cellulose powder at 24 °C was

1.40 ms, which is comparable to the 77 value of Na ions in 10 wt% NaOH-soaked cellulose at low

temperatures (Table 1). This also suggests that the Na-ion dynamics, which facilitate the crystal

transition, in both cases were comparable. That is, the interactions between Na ions and cellulose

decrease the mobility of Na ions (NaOH) because they penetrate the crystal regions, resulting in a

longer residence time. Table 2 shows the 77 values of 1, 10, and 25 wt% NaOH solutions without

cellulose powder measured at 24 °C. T decreased with increasing NaOH concentration, which

confirms a reduction in the mobility of Na ions (NaOH) and an increase in their correlation time. This

was attributed to the high alkali concentration, which suppresses the mobility of Na ions (NaOH).

These results suggest that an elongated correlation time for Na ions (NaOH) is imperative
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for crystal transition. At high alkali concentrations or low alkali concentrations combined with low
temperatures, Na ions (NaOH) penetrate the crystal and interact with cellulose, disrupting intrachain
hydrogen bonds. The NaOH is removed by neutralization and washing, which completes the crystal

transition to cellulose II.

C
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Fig. 11. In situ solid-state *C CP/MAS NMR spectra. Color code: green line, 10 wt% NaOH-soaked
cellulose powder (the spectrum was recorded at —25 °C after cooling the sample from 24 °C to —25 °C);
pink line, 10 wt% NaOH-soaked cellulose powder (the spectrum was recorded at 24 °C after cooling
the sample from 24 °C to —25 °C, followed by warming to 24 °C); and black line, 25 wt% NaOH-

soaked cellulose powder at 24 °C.

Table 2. T} values obtained from the >*Na NMR relaxation time measurements of 1, 10, and 25 wt%

NaOH solutions without cellulose powder at 133 MHz

NaOH concentration (wt%) T1 (ms)
1 41.3
10 31.7
25 11.7

3.7. Mechanism of crystal transition from cellulose I to alkali cellulose

Fig. 12 shows the conformational changes of cellulose molecular during the crystal
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transition from cellulose I to alkali cellulose during the temperature-decrease process. In this study,

we observed that the crystal transition in a low-concentration alkali solution occurs only at low

temperatures. This transition involves the disruption of intrachain hydrogen bonds and subsequent

conformational changes in the cellulose molecular chains toward a more stable orientation. The

disruption of hydrogen bonds is attributed to the interactions between cellulose and Na ions (NaOH).

These interactions are associated with their penetration into the crystal structures of cellulose, resulting

the prolonged residence time of Na ions (NaOH).

Na ions (NaOH) cannot penetrate the cellulose crystals at room temperature. However, Na

ions adopt a solvated conformation in 7-10 wt% NaOH solutions at low temperatures (Yamashiki et

al., 1988). Miyamoto et al. reported an increase in the density of water near cellulose at low

temperatures based on computational simulations (Miyamoto et al., 2015), which explains the facile

penetration of Na ions (NaOH) into the crystals. Consequently, their mobility decreases and residence

time around the cellulose molecular chains increases, facilitating interactions, such as the bulkiness of

Na ions (NaOH) and electrophilic interactions, between them. These interactions must be further

clarified. When a 4-30% NaOD solution was used during mercerization, the dissociated form of C3-

OH increased substantially with an increase in NaOD concentration, whereas that of C6-OH increased

negligibly (Isogai, 1997). This suggests that the partial dissociation of the OH group at the C3 position

of cellulose occurs only under the conditions in which mercerization proceeds. In other words, not
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only are the intrachain hydrogen bonds of O2-06 associated with the conformation at the C6 position

important, but the changes in the intrachain hydrogen bonds of O3-O5 also play a crucial role. The

partial dissociation of the OH groups of cellulose is expected to produce cellulose-ONa-type structures.

This is because NaOH solutions are commonly used to pretreat cellulose during the preparation of

cellulose derivatives, wherein OH ions withdraw protons to produce the cellulose-ONa-type structure.

Furthermore, hydroxide ions are presumed to penetrate the cellulose crystal and be present in the

vicinity of Na ions as counter ions. It is possible that hydroxide ions may influence the crystal

transition; however, their specific role could not be determined in this study. However, they may

disrupt intramolecular hydrogen bonds by partially dissociating the OH groups of cellulose molecules

in the vicinity of Na ions. These interactions disrupt the intrachain hydrogen bonds between glucose

residues, contributing to conformational changes in the cellulose molecular chains from a plane-sheet

structure toward a more stable orientation with a disrupted plane. This results in lower hydrophobic

interactions among the cellulose molecular chains. This further facilitates the penetration of molecules,

such as water, into the crystal, thereby increasing the mobility of the cellulose molecular chains.

Finally, during neutralization, washing, and drying, new O6-O3 intrachain hydrogen bonds associated

with the g¢ conformation are formed, completing the crystal transition to cellulose II.
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4. Conclusion

In this study, we traced the mechanism of the crystal transition from cellulose I to cellulose

IT during low-concentration alkali treatment at low temperatures, especially the behavior of the

cellulose chain of cellulose I and the dynamics of Na ions (NaOH) during the crystal transition. In situ

solid-state *C NMR spectra revealed a shift in the C6 peak, indicating a conformational change from

trans-gauche (zg) to gauche-gauche (gg), and an upfield shift in the C4 peak at low temperatures. This

indicates the disruption of the O6-O2 and OS5-O3 intrachain hydrogen bonds, and the partial

dissociation of the OH group of cellulose in the crystal transition process, and we confirmed the

hypothesis that the dynamics of Na ions (NaOH), particularly the prolonged correlation times, have a

significant impact on the disruption of these hydrogen bonds. 2*Na NMR relaxation measurements

showed that the mobility of Na ions was significantly reduced at the alkali concentration at which the

crystal transition progressed, suggesting that Na ions (NaOH) penetrate the crystal region and interact

with cellulose, resulting in sufficient residence times and longer correlation times for Na ions (NaOH).

These increased interactions could facilitate the disruption of the intrachain hydrogen bonds, thus

contributing to the conformational changes in the cellulose molecular chains towards a more stable

orientation. A similar increase in the correlation time of the Na ions was observed during mercerization

with a high-concentration NaOH solution. We believe that a strategy to control the Na-ion (NaOH)

dynamics could lead to a novel preparation method for cellulose I1.
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