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Chapter 1. General Introduction



1.1. Overview of cellulose

Cellulose is one of the most abundant polymers on earth, since most plants synthesize cellulose as a
component of cell walls[1]. Continuous investigation has been conducted on this natural polymer on a large-
scale for its utilization as a renewable material because of the unique physical and chemical properties. The
mechanical strength of cellulose enables plants to stand. It has been reported that theoretical strength of
cellulose is estimated 2 to 6 GPa [2]. Cellulose cannot dissolve into normal solvents. On the other hand,
cellulose can be swollen water because of hydrophilicity. Cellulose is also environmentally friendly and non-
toxic. These unique characteristics are generated from the three-dimensional solid structure of cellulose.
Cellulose can construct variety of structures or properties through different process like chemical treatment such
as simple alkaline treatment called mercerization, dissolution and regeneration or derivatization, or physical
treatment such as milling, stretching, or rolling. In particular, Cellulose Nano Fiber (CNF) and Cellulose Nano
Crystal (CNC) is expected as the next-generation materials. CNF has obtained by surface modifying of cellulose
and surface modified cellulose is enhanced the dispersibility[3]. CNC has been obtained by partial hydrolysis,
which can only remain acicular crystals[4]. Both of CNF and CNC have large specific surface area and
relatively high crystallinity. Crystallinity and surface area have been becoming also the important topic for

understanding and improving the characteristic of cellulose materials.

1.2. Crystal allomorph of cellulose

Cellulose is a liner polysaccharide that is composed of -1,4 linked glucose units. Cellulose has three
hydroxyl groups per one glucose unit and the hydroxyl groups construct intra- and inter-molecular hydrogen
bonds. All hydroxyl groups are located at equatorial direction and the other axial direction is occupied by

aliphatic carbon. Hydroxyl groups construct hydrophilic region at equcatorial direcition of each cellulose



molecule and aliphatic hydrogen constructs hydrophobic region at the other axial direction. Hydrophilic regions

construct intra- or inter-molecular hydrogen bonds and Hydrophobic regions construct hydrophobic interaction.

These interactions can thought to be the most important factors for the stability of the crystal structure of

cellulose. Cellulose molecules are shaped as less twisted form by intra-molecular hydrogen bonds.

Intramolecular hydrogen bonds enable cellulose molecules to construct molecular sheets of cellullose supported

by intermolecular hydrogen bonds. The molecular sheets, which have hydrophobic region at equatorial direction

of each molecules in the sheets, can aggregated into three-dimensional stacked structure, namely crystal

structure. The crystal structure can take multiple patterns. In previous studies, four types of the crystal structure

of cellulose has been reported. The structures are called as cellulose I, 11, IIT and I'V.

Plants, algae and microorganisms can produce native cellulose, that has the cellulose I type crystal structure.

Cellulose I consists of two kinds of crystal allomorphs called cellulose Io and cellulose IB[5—11]. Cellulose I is

rigid structure, which is not possible to construct such linear chain polymers like cellulose with glucans

containing other types of linkages such as 3-(1-3) or a-(1-4), known as p-(1-3) glucans and amylose,

respectively. Cellulose regenerated from such solvents has a crystal structure called cellulose 11[12—14], which

differs from the original, native cellulose structure. There is another process called mercerization that is used in

the textile industry to improve luster and strength, and this process can also produce cellulose II from cellulose

I. Mercerization is a process in which cellulose remains in the solid state and is soaked in strong alkali solutions

(e.g., NaOH)[11]. It is impossible to make cellulose I from cellulose II, suggesting that the crystal transition

from cellulose I to II is irreversible. The origin of the irreversibility is still not clear, although it can be thought

that cellulose II is more stable than cellulose I[1]. Among the various cellulose allomorphs, cellulose I and II are

the primary allomorphs, while other allomorphs are classified as part of the cellulose I or II family, such as

cellulose I1Iy, I, IV or IVi. Cellulose 1111 and Il are prepared from cellulose I or 11, respectively, by

treatment with liquid ammonia[15,16] or ethylenediamine[17,18]. Cellulose IVi and IV are prepared from



cellulose III1 and cellulose 111, respectively, by heating treatment. Cellulose I1I; can revert to cellulose I or 11
(depending on the processing conditions)[19], whereas cellulose 11l and IV can only return to cellulose
11[20,21]. It was reported that cellulose I'V1 is identical to cellulose If and the result also shows cellulose I1I; can
revert to cellulose 1. This characteristic suggests that the main allomorphs (i.e., cellulose I and II) have specific

conformational differences.

1.3. The structural difference between cellulose I and 11

cellulose I is irreversibly converted to cellulose II and cellulose II have not been reverted to cellulose I with
today’s technology. The irreversibility of the conversion can be thought to be arisen from the structural
difference between cellulose I and II. The structural difference between cellulose I and II are three differences:
packing manner, C6 conformation and crystallinity.

Conventionally, the difference arising the irreversibility from cellulose I to II has been explained by packing
manner. The end is divided into non-reducing end (O4 end) and reducing end (O1 end). Two types of end arise
molecular orientation. X-ray structural analysis shows that the main difference between cellulose I and II is their
packing manner; cellulose I packs in a parallel manner, while cellulose II packs in an anti-parallel
manner[6,7,13]. The change of packing manner from pararell to anti-pararell has been thought to arise the
irreversibility. The mechanism of the packing manner change has been explained as In order to explain the
change in packing in the solid state, a specific mechanism for mercerization has been proposed[22—24]. In this
mechanism, Na ions are intercalated among cellulose molecules and each cellulose molecule behave like single
chain interacting with Na ions. As a result, unit cell of cellulose with Na ions is larger than that of cellulose I.

The important criterion influencing the chain conformation and crystal structure of cellulose is the hydrogen
bonding network of the three hydroxyl groups of each anhydroglucose residue. Hydrogen bonds are important

for stabilizing the molecules in the crystal structure of cellulose. One of the most important molecular
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conformational differences between cellulose I and II is hydroxymethyl conformation at the C6 position (Fig. 1-
1). The conformation of hydroxymethyl in cellulose I is called g (trans-gauche), and of cellulose 11 is gt
(gauche-trans)[25]. The difference in hydroxymethyl conformation orients the spatial O6-H bond direction
differently, which changes the hydrogen bond network with other hydroxyl groups. In a molecule with a
complicated hydrogen bonding network such as cellulose, it is also very important to confirm which hydroxyl
group is the proton donor or acceptor. However, it is difficult to unequivocally determine hydrogen position or
hydrogen bond patterns from the X-ray diffraction analysis of cellulose. The only direct detection method for
locating hydrogen atoms is the neutron diffraction analysis. Nishiyama et al. revealed by neutron diffraction that
there are two types of hydrogen bonding systems in cellulose I, A and B types[26,27]. Both types of hydrogen
bonding systems have oxygen and hydrogen atoms associated with O3/0O5’ and 02°/0O6 intramolecular
hydrogen bonds between adjacent residues (Fig. 1-2a and 1-2b), in which the A type has 02’-H...06

intramolecular hydrogen bonds while the B type has 02’...H-O6.

(a) (b) (c)

Fig. 1-1. Structure of each C6 conformation: (A) zg, (B) gt, and (C) gg.

(b)

(a) ~}§ o % K?; o 9 k"; @ o ‘?; ‘
3 ) o _, ®
S gl

Fig. 1-2. Structure of tg-A type (a) and #g-B type hydrogen bond in cellulose molecules.




1.4. The crystallinity and surface structure of cellulose

It has been reported that both crystalline and coexistence of ordered and disordered regions [28].Cellulose
constructs a hierarchical structure. Primary structure is a molecule which construct intra-molecular hydrogen
bonds and barely twisting structure. Secondary structure is called as microfibril, which is consisted by single
crystal. Microfibril was directly observed by Scanning electron microscopy or transition electron microscopy
[29-31]. Finally, microfibril is aggregated and twisted to construct a ribbon.

It can be thought that microfibril is glued by adhesion of surface structure and solvents surrounded by the
microfibril no longer access the glued surface. The surface is called as inaccessible surface. On the other hand,
outermost surface of microfibril is always be accessed by surrounded solvents, thereby the outermost surface is
called accessible surface. The schematic images of crystal core and surface structures are shown in Fig.1-3.
Surface peaks in solid state 1*C NMR were reported by Newman et. al. [32]. Accessible surface and inaccessible
surface have been reported first by Lassorn et. al. [33], with solid state 3*C CP/MAS NMR spectra of cellulose L.
The model is correspond to cellulose in the cell wall model[34]. The surface structures of cellulose II have also
been reported and hydrolysis of cellulose II by acids decreases non-crystalline region ratio accompanied by
increasing crystallinity[35,36]. It has already been reported mercerization as post-treatment with low
concentration of NaOH improves the crystallinity of regenerated cellulose fibers [37,38]. This report discussed
that amorphous or quasi-crystal region was re-organized with constructing hydrogen bond network by the
analysis using Fourier-transition infrared spectroscopy and post-treatment with low concentration NaOH is
effective process for improving cellulose II assembly and mechanical structure of regenerated or mercerized
cellulose material, which is composed of cellulose II crystalline and other non-negligible amount of disordered
structure.

Although native cellulose shows high crystallinity and high mechanical properties, regenerated or mercerized

cellulose shows less crystallinity of mechanical strength [39]. The solvents and regeneration methods used for
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cellulose have been investigated previously, with the aim being to improve the overall process and the properties

of the regenerated cellulose [40].

The crystallinity of cellulose is caused by separated hydrophobic and hydrophilic region of each molecule. It

has been reported that hydrophobic effects between the cellulose molecules is important for the crystallization

[41,42]. A more ordered cellulose is regenerated when higher polarity coagulation mediums are used (acetone <

EtOH < MeOH < aqueous solutions of Na:SO4 and H2SO4). It can be thought that excessive polarity of solvents

(i.e. ionic liquid) resulted in dissolution or disordering of cellulose and moderated polarity of solvents stimulates

crystallization of cellulose molecules by inducing hydrophobic interaction. Artificially synthesized cello-

oligomers were crystallized by inducing hydrophobic effects by adding a alkyl chain to the reducing end of the

cellulose molecules, with which even cellulose I could be crystallized [43]. Moreover, the rehydration of the

regenerated cellulose improves crystallinity [41,44]. Water may only interact with the hydrophilic part such as

amorphous region or surface of the cellulose II crystals. The surface area is classified into accessible and

inaccessible areas [35,45], and the inaccessible surface may remain, even after re-hydration. Thus, the further

modifications mechanism improving the crystallinity of already prepared cellulose II are required.



\\\'\\'\\\

Microfibril

: \. Inaccessible Surface/
\\\\\\\\\\\\\\ Amorphous
Accessible
Surface

Fig. 1-3 Schematic image of cellulose ribbon consisted by microfibril (crystal), accessible surface and

ccessible surface.
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1.5. Computational study of cellulose

In recent years, as the computational power of computers has increased, modeling studies have also advanced
rapidly. In particular, molecular dynamics (MD) and quantum mechanics (QM) simulations with density
functional theory (DFT) have become some of the most powerful methods to analyze the potential energy
related to the stability of molecular structures or crystals, with many studies of MD and QM simulations on
cellulose already reported[46—50]. In general, a hydrogen bond is comprised of a proton donor and acceptor as
mentioned previously. Nishiyama et al. showed that the A type is more energetically stable than the B type by
QM, and that the A type is suitable for cellulose I by MD[26]. Based on this result, cellulose Ip sheets or
crystal structures were calculated using QM or MD with various force fields[46—48]. DFT calculations
combained with sum frequency generation spectroscopy has also been researched for elucidating hydrogen
bonds system and molecular conformation[51,52]. Since QM require a vast number of calculation compared to
MD, various type of small models have been suggested and calculated for elucidating the stability of intra- or
inter- molecular hydrogen bonds regarding cellulose I, II or 111[46,53—56]. Some of the calculations revealed
that cellulose If structures could not maintain #g conformations, while other calculations indicated that at least
18 cellulose chains are necessary to maintain the ¢g conformation in cellulose If crystal models [57-59] with gt
or gg conformation on the surface of the crystal model[56,60—62]. These computational results suggest that the
tg conformation has some unstable characteristics.

The change in the hydrogen bonding patterns in relation to the C6 conformation under mercerization
conditions remains largely unclear. As mentioned above, intermolecular hydrogen bonds are interrupted by Na
ions and each cellulose molecule behaves like single chain during mercerization. The C6 conformation and
intramolecular hydrogen bonding can be changed when each cellulose molecule behaves like single chain. With
the gt conformation, O6 (O/H) can form a hydrogen bond with O3’ (O/H) of the adjacent residue, and it will be

also possible that O6 and O3 in the g conformation have both A type and B type hydrogen bonding systems,
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similar to the ¢g conformation. From neutron diffraction analysis, cellulose II has only the A type hydrogen
bonding system, whereas B type is also possible in disordered or meta-stable states[13]. MD simulations starting
with the g#-A type conformation resulted in molecular sheets that correspond to one layer of the cellulose 11

crystal [54] .

1.6. Objective and outlines of the thesis

As described above, Cellulose I and II has a lot of differences. Lower crystallinity of cellulose II compared to
cellulose I can be thought to be related to the surface structure of cellulose II. For improving the crystallinity of
cellulose II, hydrophobic effect is a key role for comparing the crystallization process. Another difference
between cellulose I and II is C6 conformation. Since C6 conformation is primary stabilized by intra-molecular
hydrogen bond, intra-molecular hydrogen bond disruption is needed for rotating O6. Hydrogen bonds disruption
and construction is expressed as rotating hydroxyl proton and C6 conformational change is expressed as rotation
of hydroxymethyl oxygen. These rotations are related to the change of total energy of molecules.

C6 conformation is directly related to hydrogen bonding and C6 conformational change can be accompanied
by hydrogen bonding reconstruction.

In chapter 1, the overview of cellulose as materials and the allomorph of cellulose were introduced. In
addition, surface structure has been attracted for elucidating the crystallinity of cellulose. C6 conformation and
hydrogen bonding system is also expressed as the main difference between cellulose I and II. In chapter 2, the
change of surface structure caused by mercerization was analyzed. It was shown that non-crystalline region was
constructed surrounding the crystal core. It was also shown that perfect mercerization was optimized for
breaking cellulose I and constructing mainly non-crystalline surface structure. In chapter 3, the mechanism of
improving cellulose 11 crystallinity by low-concentration NaOH post-treatment was analyzed by solid state '*C

NMR and X-ray diffraction. Improving crystallinity was caused by decreasing surface structure and increasing

12



crystal size. Optimization of post-treat temperature and neutralization was also carried out. In chapter 4, the C6

conformational change from #g to gf was calculated using DFT. #g is only stable when hydrogen bond is

constructed and the structure which has no hydrogen bond around O6 was shown as transition state for

constructing gt. It was also shown that gt is difficult to return #g because hydrogen bonds can be reconstructed

rather than C6 conformation changing. It has possibility that zg conformation can be constructed from gg

conformation via meta-stable gg state. Finally, Na ion, which is one of the most common positive ions on

mercerization, was introduced in the model and it was shown that Na ion can disrupt hydrogen bond between

02 and O6. In chapter 5, the results in this study was summarized.
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Chapter 2. Analysis of crystallinity change during mercerization of

bacterial cellulose
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2.1. Introduction

Mercerization is the method that cellulose I is converted to cellulose II by soaking cellulose I with alkaline
aqueous solution. The most commonly used alkali is sodium hydroxide (NaOH) and only NaOH is used as
alkali for mercerization in later discussion. Mercerization proceeds by increasing the concentration of NaOH
and the degree of conversion from cellulose I to I is depend on the source of cellulose I such as plants, trees,
bacteria, algae and so on. The variety of source of cellulose makes the difference of microfibril size, the ratio of
Ioand I8 or crystallinity [1]. On the other hand, the crystallinity of cellulose IT is lower than that of cellulose T
in general. Therefore, in mercerization process, is can be thought that crystal size decrease and disordered or
amorphous part is constructed instead.

Bacterial cellulose (BC) membrane is one of ideal model compounds for investigating of the change of
crystallinity or surface fraction because BC has very rigid structure and crystallinity. BC has nano-structure
which is consisted of microfibril that was observed by TEM[2]. It was also reported that elementary fibril is
constructed only single crystal and microfibril is constructed by aggregation of elementary fibrils. In aggregated
fibrils, surface of each elementary fibril is glued and general solvents except for dissolving cellulose cannot
access to the surface. That surface is called inaccessible surface and the other surface that is located at the
outermost of microfibril is called accessible surface. The surface structures have been investigated mainly by
solid state 1*C CP/MAS NMR. The spectra show distinguished C4peaks of crystal and surface [3,4] (Fig.2-1a).
Another surface model was reported based on C6 conformation (Fig. 2-1b).

In this chapter, we carried out mercerization of BC with various NaOH concentration and each sample was
analyzed by solid state '*C CP/MAS NMR and C4 peaks and C6 peaks of the obtained spectra was obtained.
Crystallinity Index of cellulose I and II, surface fraction and C6 conformation fraction was calculated from
obtained peaks area. The ratio of Crystal and surface was discussed related to microfibril or elementary fibril

size. The factor of decreasing cellulose II crystallinity was also discussed.
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Fig. 2-1. Crystal model of cellulose obtained from Solid State 13C NMR measurement and deconvolution of
C6 peaks to tg (celllose I crstal), gt(cellulose II crystal and inner surface) and gg (outer surface) (a) [S]or

deconvolution of C4 peaks to crystlal, accessible surface and inaccessible surface (b) [4,6].
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2.2. Methods

2.2.1. Sample Preparation

Gluconacetobactre ATCC 53582 strain was used for BC production. 1.0 mL of preculture was inoculated
into 20 mL of Hestrin and Schramm’s medium (HS medium) and incubated at 28 ‘C for three days. The
obtained culture was inoculated into 20 mL of HS medium and incubated at 28 °C for seven days. BC

membrane produced on the culture surface was collected. Obtained BC was soaked in 1wt% NaOH aqueous
solution and subsequently washed by deionized water. Purified BC was air-dried at room temperature.

Dried BC membrane was mercerized in various concentration of NaOH aqueous solution for three weeks.
After mercerization, BC with NaOH aqueous solution was neutralized by 20 wt% sulfuric acid (H2SO4) aqueous
solution up to pH 7 and subsequently washed by deionized water. Obtained samples were air-dried at room

temperature.

2.2.2. Solid State >C CP/MAS NMR measurement

Solid State '*C CP/MAS NMR spectra were measured using DSX 300 spectrometer (Bruker, Germany)
operating at 75.48 MHz. The samples were packed in a 4.0 mm rotor and spun at a frequency of 4 kHz. All the
spectra were obtained using the 'H NMR 90°, which comprised the pulse length of 4.0 ps, contact time of 1.5
ms, and the recycle time of 4s. The spectra were calibrated using carbonyl carbon of glycine at 176.03 ppm as

the initial.

2.2.3. Peak Fitting and Calculation method

C6 peaks fitting was obtained based on C6 conformation of ¢g (64-66 ppm), gt (62-63 ppm) or gg (60-62

ppm)[7] (see Fig. 2-2a). tg is only in cellulose I type crystal, g7 is in cellulose II crystal and inner surface [5,8]
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and gg is in outer surface or amorphous region. Inner surface, which has g¢ conformation, can be thought as
para-crystalline region. Two gt peaks belongs to cellulose II crystal and inner surface respectively cannot be
deconvoluted because they are perfectly overlapped and can define their peaks at any ratio of height and width.
In addition, gg peaks are divided into accessible surface and inaccessible surface. C6 conformation fraction as

Ftg, Fgt and Fgg are calculated from following equation:

A,
F, Z (1)
‘g Atot
Age
F, =9 2
gt Atot ( )
A
g9
— 3)
g Atot

where Ay is the integrated area of «, peaks at 65.6, 65.2 and 65.0 ppm, A is the integrated area of gt peaks at
62.9 and 62.3 ppm and Ag is the integrated area of gg peaks at 61.8,61.5 and 61.0 ppm; however, Atot is the
sum of Az, Agrand Agg.

C4peaks fitting was obtained based on the model that C4 peaks were divided into crystalline, accessible
surface, and inaccessible surface/amorphous peaks, as shown in Fig. 2-2b. The peak fitting shows the model
shown in Fig. 2-1. In C4 region, Crystalline peaks and surface or amorphous peaks can be divided and the
fraction of crystal (i.e. Crystallinity Index, CInmr) and accessible surface and inaccessible surface including

amorphous (Fas and Fis) as following equation:

Cl,,. = Ac 4)
nmr Atot
Aas
E, = 5
= ©)
Ais
Fis Atot (6)
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where Ac is the integrated area formed by the crystalline peaks at 89.8, 88.9 88.2 and 87.7 ppm, Aas is the
integrated area formed by the accessible surface at 86.5 and 84.5 ppm and Ais is the inaccessible
surface/amorphous peaks at 83.8 ppm; however, Ax: is formed by the summation of Ac, Aass and Ajs.
Fraction division of gt peaks to cellulose II crystal and inner surface was calculated as following equation:
Fin = (Clymy + Fin) — Clyy = gt — Clgy (7
however, since quantitativity of C4 and C6p peaks are different, CIC4* was collated value of CIC4 as

following equation:

Cliy = K*Clgy (€)
I
K = <6 9)
Iy

where K is a correction coefficient. The crystallinity of cellulose I (CI[I]) and that of cellulose II (CI[II]) was
expressed as follows:

CI[I] = Fyy (10)

CI[I] = Fy — Fip (11)
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Fig. 2-2. C6 peak fitting model according to Fig. 2-1a (a) and C4 peak fitting model according to Fig. 2-1b

(b).
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2.3. Results and Discussion

Fig. 2-3 shows solid state '*C CP/MAS NMR spectra of mercerized BC at various concentration of NaOH
aqueous solution at room temperature for three weeks. The spectra show the increasing intensity of specific
peaks which belongs to cellulose IT as NaOH concentration increases. However, it was difficult to evaluate the
change of non-crystalline signals because they show broader peaks than crystalline peaks. These qualitatively
results imply the incresse of the cellulose II and therefore decrease of the cellulose I, which is consistent with
previous reports. Therefore, it was decided that mercerization was successfully proceeded. For quantitatively
calculating the transition from cellulose I to II and also the change of non-crystalline parts, such as accessible

surface, inaccessible surface, inner surface or outer surface.

2.3.1. The change of Conformation fraction

Fig. 2-4 shows conformation fraction change with various NaOH concentration. gg and gt fraction increased
with increasing NaOH concentration; whereas tg decreased. The tg fraction reached to 0% at more than 22.5%
NaOH. tg fraction is directly related to the fraction of cellulose I crystal because tg is only in cellulose I crystal.
On the other hand, gg is only in surface or amorphous region and gt is both cellulose II and inner crystal (or
para-crysalline region). The increase of gt and gg fraction at the same time implies the increase of non-
crystalline region unless almost all of gt fraciton is assingned as cellulose II. Therefore, during mercerization
proceeding, the decrease of cellulose I did means not only the increase of cellulose II but also the increase of
surface or amorphous fraction. For elucidating the change of crystal and surface/amorphous ratio, the change of

the sum fraction of tg and gt and gg fraction divided into accessible surface and inaccessible
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Fig.2-3. solid state '*C CP/MAS NMR spectra of mercerized cellulose by various concentration of NaOH at

room temperature.
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surface was plotted (see Fig. 2-5). The sum of the fraction of zg and gt shows decrease with NaOH
concentration increasing; however, both accessible surface and inaccessible surface divided from gg fraction
increased or did not decreased drastically. This result supported the imprement that surface or amorphous part

was constructed instead of cellulose II during mercerization.

2.3.2. The change of Crystallinity and Surface Fraction

Fig. 2-6 shows the change of Clamr (Clcs4) and surface fraction. CInmr decreased drastically with NaOH
concentration increasing from 10% to 15% and gradually decreased with NaOH concentration increasing from
15 % to 25 %. Although the tendency of decreasing CInmr is consistent wiht the

result of C6 fitting, the degree of Clumr decreasing with NaOH concentration from 10 % to 15 % is different.
It can be thought the possibility that the difference is caused because gt fraction contains both cellulose II and
inner surface. Accessible surface

fraction increased with increase of NaOH concentration from 10% to 15% and not changed severely at more
than NaOH concentration of 15%. Inaccessible surface increased with increase of NaOH concentration from
10% to 15% and more than 20%. The decrease of accessible surface fraction means that total microfibril size
was decreased, which sis mainly caused by elementary fibril disaggregation. The increase of inaccessible
surface fraction means that crystal core of elementary fibril was down sized and disordered structure which has

gt or gg conformation increased (Fig. 2-7). The result is consistent with the result from C6 peaks fitting analysis.
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Fig. 2-6. The change of the sum of Crystallinity Index (black line), accessible surface (orange line) and
inaccessible surface (red line) by the change of NaOH concentration of mercerization. The values were obtained

from C4 fitting results.
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Fig. 2-7. Schematic images of the crystallinity and accessible/inaccessible surface fraction change during

mercerization.
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2.3.3. The change of crystal structure

Fig 2-8 shows estimated inner surface fraction contained in gt fraction of C6 peaks. The fraction was
calculated by equation 7. Inner surface fraction was increased with NaOH concentration from 10% to 15% and
unchanged largely more than 15% of NaOH concentration. On the other hand, outer surface, which has gg
conformation, kept increasing with NaOH concentration increasing. Therefore, inner surface size has upper limit
and outer surface is mainly constructed as the factor of decreasing crystallinity. The comparison of the CI[I] and
CI[II] during mercerization is shown in Fig. 2-9. The schematic image of the result is shown in Fig. 2-10.

The crystallinity of cellulose II (i.e. CI[1I]) was calculated from equation 11 and plotted in fig. 2-11. As
mercerization proceeds, cellulose IT was not simply increased although cellulose I was decreased. Therefore,
mercerization is a process that breaks cellulose I structure and mainly construct disordered structure at the
surface of elementally fibril with maintaining down-sized microfibril. Other processes is needed for obatained
highly crystalline cellulose 11, and mercerization of cellulose II has been reported as effective method for
improving the crystallinity of cellulose II [9,10]. It can be thought the possibility that the conversion of
inaccessible surface into cellulose II crystal improves the crystallinity of cellulose II and expand the utilization

of regenerated or mercerized cellulose. The change of crystallinity and surface fraction was discussed in chapter
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2.4. Conclusions

In this chapter, the change of crystallinity and surface fraction during mercerization was analyzed by solid
state 3C CP/MAS NMR measurement and peak fitting method for C4 and C6 peaks, respectively. Mercerization
is conventionally used as obtaining cellulose II, however, almost two-thirds of the area in elementary fibril is
converted into disordered surface structure and cellulose II is not main structure. Surface structure is classified
as inner surface and outer surface, and outer surface is mainly constructed by mercerization. Outer surface is

directly related to fibril aggregation and glues each elementary fibril as inaccessible surface.
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Chapter 3. Analysis on the enhancement of mercerized cellulose II

assembly with low concentration NaOH post-treatment
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3.1. Introduction

In chapter 2, it was shown that mercerized cellulose has low crystallinity and surface structure which has gg
conformation. It was reported that gg conformation makes molecular torsion [1]. Large surface area also can be
seen in the solid state *C CP/MAS NMR spectra of regenerated cellulose [2]. For improving crystallinity of
cellulose 11, converting surface structures can be thought to be effective. It has already been reported
mercerization as post-treatment with low concentration of NaOH improves the crystallinity of regenerated
cellulose fibers [3,4]. This report discussed that amorphous or quasi-crystal region, which might be related to
the inner surface structure, was re-organized. Post-treatment with low concentration NaOH is effective process
for improving cellulose II assembly and mechanical structure of regenerated or mercerized cellulose material,
which is composed of cellulose II crystalline and other non-negligible amount of disordered structure.

For discussion on the post-treatment, not only the amorphous region, but also the inaccessible surface is
important and should be taken into account for the mercerization of the inaccessible surface region; this is
because it is easily mercerized due to its soft structure and high mobility, but it is difficult to convert to cellulose
II by employing rehydration. In addition, the effect of the mercerization temperature on partial mercerization
and the selection of acid for neutralization should be considered for the cellulose 1T assembly; this is achieved by
inducing a hydrophobic interaction with a moderate polarity.

In this study, we have carried out post-treatments with low concentrations of NaOH aqueous solutions on
already mercerized or regenerated cellulose, which has cellulose II crystal structures with low crystallinity.
Lower concentrations of NaOH were effective for partial mercerization and subsequent neutralization. When
washing NaOH, the high polarity poor solvents may be effective for cellulose II assembly. We also focused on
neutralization with H>SO4, CH3;COOH, and H3PO4, which has high polarity with various strength as acid. Solid

state 13C CP/MAS NMR and X-ray diffraction analyses were engaged to analyze the crystal structures, size and
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crystallinity of the obtained regenerated cellulose samples, for making clear the precise mechanisms of post-

treatment, namely, re-mercerization on cellulose II.

3.2. Methods

3.2.1. Sample Preparation

Cellulose II standard samples were prepared from cellulose powder supplied from Advantec Co. Ltd. (Japan)
by mercerization in 25 % NaOH aqueous solution.

Regenerated cellulose was prepared according to previous reports[5—9]. NaOH, Urea and deionized water
was mixed at the ratio of NaOH:Urea:Water = 7:12:81. 4 wt% of cellulose powder was dispersed into the
NaOH/Urea solution and subsequently cooled at -20 °C with shaking once in 10 minutes for perfect dissolution.
Dissolved solution was centrifuged at 5000 rpm for 10 minutes for excluding micro bubbles and casted on glass
plate to obtain Imm thick layer. The obtained layer was coagulated with 3 vol% H2SOa4 aqueous solution for
constructing hydrogel and thoroughly washed by deionized water. The hydrogel samples were kept as hydrated
state.

Post-treatment on the cellulose II standard samples and the regenerated cellulose gel samples were proceeded
with various concentration of NaOH aqueous solutions at room temperature or by heating with hot plate for 2
hours. The NaOH aqueous solution swelling the cellulose was neutralized with 20 wt% of H2SO4, H3PO4, or
CH3COOH aqueous solution. After thoroughly washing the neutralized NaOH solutions with deionized water,

the samples were either kept in water at room temperature or air-dried.

3.2.2. Solid State >C CP/MAS NMR measurement

Solid State '*C CP/MAS NMR spectra were measured using DSX 300 spectrometer (Bruker, Germany)

operating at 75.48 MHz. The samples were packed in a 4.0 mm rotor and spun at a frequency of 4 kHz. All the
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spectra were obtained using the 'H NMR 90 °, which comprised the pulse length of 4.0 us, contact time of 1.5
ms, and the recycle time of 4 s. The spectra were calibrated using carbonyl carbon of glycine at 176.03 ppm as
the initial.

Deconvolution of the C4 peaks of the spectra were carried out with DM{it2017 line-fitting program [10].
Lorenzian was applied to each peak. Before fitting, all peak positions were decided by dinstingishing each
peak top postion on the most high-resoluted spectrum.The most high-resoluted spectrum was decided as the
spectra obtained from the sample which was post-treated at 10% NaOH aqueous solution at 80 °C for 2 hours
and neutralized at room temperature with 20% H>SO4 aqueous solution. For elucidating peak positions, gaussian
multiplicity was applied. The C4 peaks can be divided into crystalline, accessible surface, and inaccessible
surface/amorphous peaks, as shown in Fig. 3-1 [11]. The crystallinity index from the NMR (Clamr) was
calculated with the peak deconvolution approach by using the equation:

At - Aam

X .
A, 100 3.1)

Clymr =

where A: is the integrated areas of the crystalline peaks at 88.5 and 87.4 ppm and accessible surface at 86.5, 85.5
ppm and inaccessible surface/amorphous peaks at 83.8 ppm, whereas Aam is the integrated accessible surface

and inaccessible surface/amorphous peaks, respectively.

3.2.3 X-ray diffraction analysis

WAXD was performed in transmission on a Rigaku Co. Ltd., SmartLab, X-ray diffractometer equipped with a
CuKa anode (L = 1.5418 A) powered at 45 kV. The scan range was taken the 5 — 40 ° with 0.02 © step. The
peaks were fitted using four pseudo-Voigt functions using fitting software PDXL2 (Rigaku Co. Ltd.) to obtain

the peak position, peak height, and the full width at half-maximum (FWHM) for each sample.
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The crystallinity index was calculated with the peak height method by using the equation, suggested by Segal
et. al.[12] and Azubuikeet. al[13]:

Ioao —1
Cl,q = M X 100 (3.2)
020

where lo20 is the peak height of the (020) lattice peak (at 20 = 21.7°) and L. is the peak height attributed to the
amorphous (at 26 = 16°).
The crystallite size was calculated from obtained peak parameters from peak deconvolution by using

the Scherrer equation:

(= 0.91
"~ Pcos26

(3.3)

where t is the crystallite size, A is the wavelength of the X-rays, B is the values for FWHM and 26 is a peak

position. The FWHM for each peak at (110), (110), and (020) was used to determine the crystallite size in the

corresponding dimensions.
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Fig. 3-1 (a) Deconvolution of solid state CP/MAS *C CP/MAS NMR C4 resonance line of cellulose II at dried

state and (b) the suggested model of cellulose II assembly [11].
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3.3. Results and Discussion

3.3.1 Effects of the NaOH concentration of post-treatment

3.3.1.1. Solid State >C CP/MAS NMR spectroscopy

Post-treatments, namely, re-mercerization on the starting cellulose II samples were conducted in 0 to 25 %
NaOH aqueous solutions for 2 hours at room temperature. Fig. 3-2 shows the *C NMR spectrum of the
hydrated state post-treated cellulose II in the 10 % NaOH aqueous solution. The spectrum of the hydrated state
shows sharper peaks than the dried state, as a same in the case of cellulose I type structure [14]. The spectra
show the C1 peak at 106 ppm in addition to 107.1 and 105.0 ppm. In the C2, C3, and C5 regions, four sub peaks
were observed beside three main peaks. C6 peaks were divided into two crystalline peaks and one amorphous
peak, as previously reported [15].

Fig. 3-3 shows the *C NMR spectra of the cellulose I post-treated by different NaOH concentration samples.
The spectrum of the cellulose II sample post-treated at 10% NaOH shows sharper peaks than at the other
concentration NaOH. The C4 peaks for each spectrum were fitted by the peaks of the cellulose II crystals, the
accessible surface and the inaccessible surface including amorphous for calculation of each content and
crystalline index, which are plotted in Fig. 3-4. As seen in Fig. 3-4, the Clumr increased with the increase in
NaOH concentration from 0 to 10 %, decreased from 10 to 17.5 % and more than17.5 %, the Clumr was
unchanged. It was decided that the Clumr takes optimum at 10 % NaOH concentration.

Fig. 3-4 also shows the rate of accessible surface and inaccessible surface/amorphous regions for the
mercerized cellulose II samples. No remarkable change of the accessible surface cannot be seen through any
concentration of NaOH, despite Clamr shows maximum at 10%, which suggests that total crystal size surrounded
by accessible surface is stable regardless of NaOH in post-treatment. On the other hand, the inaccessible
surface/amorphous region rate decreased with the NaOH concentration from 0 to 10 %. Increasing of the Clamr

from 2.5 to 10 % was associated with the decrease of the inaccessible surface/amorphous region. Therefore, it is
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Fig. 3-2. Hydrated state '3C CP/MAS NMR spectra of post-treated cellulose 1I standard samples with various

NaOH concentration.
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Fig. 3-3. Dried state 3C CP/MAS NMR spectra of post-treated cellulose I standard samples with various NaOH

concentration.
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Fig.3-4. Crystallinity Index (black line), accessible surface fraction (orange line) and inaccessible
surface/amorphous fraction (red line) by evaluated from the dried state '*C CP/MAS NMR spectra (Fig. 3-3) in

the post-treated cellulose from 0 to 25% concentration of NaOH aqueous solution.
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thought that the inaccessible surface or amorphous region was converted to a crystal structure, in the side of

crystal block with maintaining total block size at constant which is surrounded by accessible surface. The

inaccessible surface/amorphous region turned to increase with the NaOH concentrations, which suggests that the

decreasing cellulose II crystals resulted from the increasing inaccessible surface/amorphous region.

The NMR spectrum of the post-treated cellulose swollen with the 10 % NaOH aqueous solution before

neutralization is shown as in Fig. 3-5a. Clearly, this spectrum has a component of Na-cellulose I spectrum which

is added Fig.3-5d as reference, with a slight high magnetic field shift. The spectrum of cellulose II after post-

treatment is plotted as Fig. 3-5b, and Fig. 3-5c is the calculated spectrum with formula a(a)-B(b) (o and  were

chosen for avoiding negative value). This obtained spectrum as Fig. 3-5c is clearly similar to that of Na-

cellulose I (Fig. 3-5d), which suggests that the 10 % NaOH aqueous solution partially mercerizes and the

inaccessible surface/amorphous region was preferred to be mercerized and crystallized, resulting the decrease of

inaccessible surface/amorphous region.
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Fig.3-5. In situ 3C CP/MAS NMR spectra of the soaked cellulose II produced by post-treatment in 10 %

NaOH aqueous solution before (a) and after (b) washing NaOH, (c) calculated spectrum obtained by subtraction

(see text), and (d) reference Na-cellulose I prepared from cellulose powder with 20% NaOH aqueous solution

inserted for reference. Samples were dried after NaOH was removed from the samples by 20 wt% H2SO4

aqueous solution and subsequent deionized water.
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3.3.1.2. X-ray diffraction analysis

The XRD diffraction profiles of each post-treated cellulose II standard sample are shown in Fig. 3-6. The
profile of post-treated cellulose II sample at 10% NaOH shows smaller FWHM than at the other concentration
NaOH. The peak positions were referenced by planes (110), (110) and (020), as typical peaks of cellulose II.
Fig. 3-7 shows calculated crystallinity index (Clxwd, black line) and crystalline sizes (CS, green lines) of each
plane according to the Segal’s method and Scherrer equation, respectively, as mentioned in experimental
section. As seen in this Fig. 3-7, Cixd increased with NaOH concentration from 0 to 10% and decreased from 10
to 15%, which shows the good agreement with the Cmr. More than 15%, Clxw increased although the Clamr
stayed at all region of NaOH concentration. This behavior of CS (110) and CS (020) is clearly similar to that of
Clamr at all region of NaOH concentration. This behavior of CS of the hydrophobic (110) and (020) planes
seems to be mirror reflection of that of inaccessible surface/amorphous rate obtained from NMR spectra (Fig. 3-
4, red line). More than 10% NaOH, the intercalation of Na ions to the crystal part starts and shrinks the cellulose

II crystal, and the inaccessible surface increases as the results.

3.3.1.3. The mechanism of post-treatment

Based on the results by NMR and XRD, the optimum condition of post-treatment for improving the
crystallinity of cellulose II is considered to be at 10 % concentration of NaOH. It can be thought if the
concentration is less than 10 %, Na ions cannot penetrate to crystalline surface and if it is more than 10 %, Na
ions penetrate to the crystal core. As a result, inaccessible surface decreased and crystallinity index and crystal
size increased. The discussion was consistent with the report that post-treatment with a low concentration of

NaOH improves the crystallinity of regenerated cellulose fibers [3,4]. There might be the possibility of alkaline
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Fig.3-7. X-ray diffraction profiles of dried state post-treated cellulose with different concentrations of NaOH.
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Samples were dried after NaOH was removed from the samples by 20 wt% H2SO4 aqueous solution and

subsequent deionized water.
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solution.
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hydrolysis on amorphous region, which may increase the crystallinity of cellulose II as the acid hydrolysis.
The effect of alkaline hydrolysis should be stronger as NaOH concentration is higher. However, on the post-
treatment on cellulose I, the decrease of crystallinity was observed at more than 10 % concentration of NaOH.
Therefore, it cannot be thought the alkaline hydrolysis is the major factor of increasing crystallinity at the post-
treatment. The other important factors that are taken into account in conventional mercerization or regeneration
process are the temperature at post-treatment and subsequent neutralization or washing process. These factors

are discussed in the following sections.

3.3.2 Effects of temperature on post-treatment

The effect of temperature for constructing Na-cellulose is also important and it was reported that
mercerization was promoted preferably by lower temperature [16].According to this report, higher temperature
lower the construction of Na-cellulose during mercerization, instead construction of cellulose II is promoted
because the disordered structure is thought to be easier to mercerize than the ordered structure. Fig. 3-9 and 3-10
shows the solid state *C CP/MAS NMR spectra of the hydrated state mercerized and neutralized cellulose II in
a 10 % NaOH aqueous solution at room temperature, 60 °C and 80 °C at hydrated and dried state, respectively.
Table 1 shows the Clumr calculated from the dried state NMR spectra in Fig. 3-10. Clumr was increased and both
rates of the accessible surface and inaccessible surface/amorphous were decreased by 60°C and 80°C, compared
with the room temperature. Higher temperature might be interrupting the construction of the Na-cellulose I at
the original crystal part. As the result, high temperature treatment promotes the construction of the cellulose II

crystal structure and larger crystal size than lower temperature.
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Fig. 3-9. Hydrated state '3C CP/MAS NMR spectra of post-treated cellulose at (a) room temperature., (b) 60 °C
and (c) 80 °C. Samples were dried after NaOH was removed from the samples by 20 wt% H2SO4 aqueous

solution and subsequent deionized water.
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Fig.3-10. Dried state '*C CP/MAS NMR spectra of post-treated cellulose at (a) room temperature., (b) 60 °C

and (c) 80 °C. Samples were dried after NaOH was removed from the samples by 20 wt% H2SO4 aqueous

solution and subsequent deionized water.

Table 1. CI__, accessible surface fraction and inaccessible surface (or amorphous) fraction by quantitatively

evaluated from the NMR spectra in the post-treated cellulose with 10 % NaOH aqueous solution at various

temperature.
Temperature CL,. (%)  Accessible Surface Fraction (%) Inaccessible Surface Fraction (%)
RT 59.1 11.4 294
60 °C 61.8 11.4 26.7
80 °C 62.7 9.77 27.5
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Fig. 3-11. Hydrated state '*C CP/MAS NMR spectra of the post-treated cellulose neutralized with 1 wt% (a),
10 wt % (b) and 20 wt %(c) H2SO4 aqueous solution, 1 wt % (d) and 10 wt % (e) HCI aqueous solution, 1 wt %

(f) and 20 wt % (g) CH3COOH aqueous solution, and 1 wt % (h) and 20 wt % (i) HsPOa4 aqueous solution.
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Fig. 3-12. Hydrated state '3C CP/MAS NMR spectra of the post-treated cellulose neutralized with 1 % (a),
10 % (b) and 20 %(c) H2SO4 aqueous solution, 1 % (d) and 10 %(e) HCI aqueous solution, 1 % (f) and 20 % (g)

CH3COOH aqueous solution, and 1% (h) and 20 % (i) H3PO4 aqueous solution.
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Table 2. CI__, accessible surface fraction and inaccessible surface(or amorphous) fraction by quantitatively

evaluated from the NMR spectra in the post-treated cellulose with 10 % NaOH aqueous solution at 80°C and

neutralized with various acids aqueous solution at room temperature

Acid for Concentration of Acid, ~ CI_—~ Accessible surface Inaccessible Surface
Neutralization (Wt%) (%) fraction (%) Fraction (%)

H,SO, 1 62.1 11.1 26.8
H,SO, 10 62.0 103 27.7
H,SO, 20 62.7 9.78 275
HCI 1 553 6.78 379
HCI 20 62.7 9.68 27.6
CH,COOH 1 57.2 10.2 325
CH,COOH 20 61.6 10.1 28.3
H.PO, 1 57.0 11.1 31.9
H.PO, 20 60.7 114 279

3.3.3 Effects of acid for neutralization

Na-cellulose was converted to cellulose II during the neutralization process. This process can be altered with
different types or concentrations of acids. Fig. 3-11 and 3-12 shows the solid state '*C CP/MAS spectra of the
mercerized cellulose neutralized by 20 % sulfuric acid, hydrochloric acid, phosphoric acid, and acetic acid. The
results show that the spectra of the samples neutralized by a weak acid (e.g. phosphoric acid and acetic acid) had
slightly broader linewidth than when neutralized by a stronger acid (e.g. sulfuric acid and hydrochloric acid).
The Clumr calculated from the NMR spectra of dried post treated cellulose samples shown in Table 2. The Clamr
of the samples neutralized by a strong acid were larger than those with a weak acid. For the neutralization of the
NaOH in the mercerization, the required amount of strong acid aqueous solution was less than that of the weak
acid, up to pH 7. The final concentrations of the salts generated by the neutralization were more with the strong

acids than with the weak acids. It can be thought that the concentration of salts finally generated by
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neutralization is correlated with the hydrophobic interaction in solution. It was reported that the kosmotropic
salts generally induce a hydrophobic alkyl chain packing on the polymer molecules [17], and also reported in
the case of fibroin that [ -sheet construction is induced by kosmotropic ions [18]. It can be thought
hydrophobic interaction was also induced by kosmotropic salts. It was reported that the hydrophobic interaction
has important role for the crystal structure of the cellulose II[5].

Finally, the effect of neutralization temperature was estimated. Fig. 3-13 and 3-14 shows the t solid state *C
CP/MAS spectra of the mercerized cellulose neutralized by 20 % sulfuric acid at room temperature or 80 °C.
The spectra show similar characteristic. C4 fitting was carried out for evaluating the crystallinity and surface
fraction. Table 3 shows that the neutralization temperature did not make significant differences, but better
crystallinity was obtained by the neutralization at room temperature. Accordingly, neutralization with high

concentrations of strong acid could promote the cellulose II crystal assembly at room temperature.
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Fig.3-13 Hydrated state '3C CP/MAS NMR spectra of the post-treated cellulose neutralized with (20 %

H>SO4 at room temperature (a) and 80 °C (b).
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Fig.14 Hydrated state '3C CP/MAS NMR spectra of the post-treated cellulose neutralized with (20 % H2SO4

at room temperature (a) and 80 °C (b).

Table 3. Clamr, accessible surface fraction and inaccessible surface (or amorphous) fraction by quantitatively
evaluated from the NMR spectra in the post-treated cellulose with 10 % NaOH aqueous solution at 80°C and

neutralized with 20%H2SOs4 aqueous solution at various temperature.

Accessible surface fraction Inaccessible Surface Fraction
Neutralization Temperature ~ Clamr (%)
(%) (%)
RT 62.7 9.78 27.5
80°C 61.9 9.24 28.9
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3.3.4. Post-treatment on the regenerated cellulose 11

Based on the discussions, regenerated cellulose was post-treated with the optimized condition, i.e., soak with
10 % NaOH aqueous solution with 80 °C and subsequent neutralization with 20 % H2SO4 aqueous solution.
Solid state *C CP/MAS NMR spectra of regenerated cellulose before and after post-treatment are shown in Fig.
9. From the spectra, it can be clearly seen that the resonance lines became narrower with post-treatment than

that before the treatment and the calculated Clumr improved from 33.0 % to 54.0 % as shown in Table 4.

()
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Fig. 10 Dried state *C CP/MAS NMR spectra of (a) before and (b) after post-treated regenerated
cellulose at dried state. All samples were dried after NaOH was removed from the samples by 20 wt%

H>SO4 aqueous solution and subsequent deionized water.
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Table 4. Crystallinity Index, accessible surface fraction and inaccessible surface/amorphous fraction by

quantitatively evaluated from the NMR spectra in the rpost-treated regenerated cellulose with 10% NaOH

aqueous solution (Fig. 9).

Crystallinity Index Accessible Surface Inaccessible Surface
Sample
(%) Fraction (%) Fraction (%)
regenerated cellulose 33 11.9 55.1
regenerated cellulose after
54 12 34

post-treatment
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3.4. Conclusions

The change of crystallinity, crystal size and surface fractions by NaOH post-treatment on the mercerized or
regenerated cellulose I were revealed by solid state '*C CP/MAS NMR and XRD experiments. The crystallinity
index obtained by solid state '*C CP/MAS NMR shows similar tendency to the crystal size obtained from XRD.
Crystallinity was decided to maximized at the post-treatment with 10% NaOH aqueous solution. Decreasing the
formation of Na-cellulose in crystal core during post-treatment are important for the crystal size of cellulose II.
Moreover, Na-cellulose construction is affected by the concentration of NaOH, treatment temperature, and
selection of acid in the subsequent neutralization process. It was discovered that 10 % concentration is the most
efficient for decreasing inaccessible surface region and increasing crystal size; further, the high temperature
much more decrease the inaccessible surface and increases crystallinity. During neutralization, it is probable that
higher polarity of solvent generated by the kosmotropic salt provides a more efficient crystallization process on

post-treatment.
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Chapter 4. DFT Approach to the Pathway of Conformational Changes of

C6-Hydroxymethyl Group
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4.1. Introduction

In this chapter, to clarify the irreversibility of Mercerization process, DFT calculations were carried out on a

single cellotetraose molecules as a model for a single chain of cellulose, with a focus on the reaction coordinates

among various C6 conformations. As already mentioned, during mercerization process, the conformation

changes from #g to gt irreversibly. gt have never been observed in cellulose I crystal core and also tg has never

been observed in cellulose II crytal core. On the other hand, in the regeneration process, the C6 conformation

changes from gg to g#, while in the biosynthesis process, it might change from gg to #g. The second aim of this

study is to investigate the C6 conformational changing pathways among gg, g, and gt states in the regeneration

and biosynthesis processes. In those processes single-chain-like state will play an important role as an

intermediate. The hydrogen bonding pattern and the following molecular conformations are constructed from

dihedral angles of each hydroxyl or hydroxymethyl group. These angles are taken as parameters of molecular

potential energy and the obtained relationships between angles and the potential energy surface (PES) were

analyzed for the characterization of each C6 conformation, especially about #g and g¢ conformations, which

relate to cellulose I and II, respectively. Transition processes among #g, gt, and gg were extensively examined

while taking into account the hydrogen bonding network.
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4.2. Methods

The starting cellotetraose model, which has 7g-A and B conformations (Figs. 4-1), was optimized by DFT

with the @B97XD functional and 6-31G (d, p) basis set, with the initial coordinate set taken from the X-ray

diffractometry data of cellulose IB[6]. Subsequently, single-point energy calculations at 6-31G++(d,p) level was

carried out . The energy was expressed as a difference from the energy of the 7g-B type structure at each level.

The functional was used for correlating long-range interactions by dispersion forces[7] and a 6-31G (d, p) basis

set was used while taking into account polarization of orbitals. The conformations of hydroxyl hydrogens were

expressed with dihedral angles as y2 (C1°-C2°-02°-H"), y3 (C4”-C37-03”-H"), 15 (C5-C6-06-H), and C6

conformation as w (C4-C5-C6-06). Note that the dihedral angle y> belongs to the residue adjacent to the residue

containing C6, in which the dihedral angles are expressed as ysand w; y;3also belongs to another adjacent

residue at the opposite side of 2, as shown in Fig. 4-2.

For calculation of each 2D-PES, two dihedral angles (see Table 1) were selected as the coordinates of the PES

plot and the remaining angles were fixed at their most probable values during calculation. Each selected set of

coordinates correspond to each dihedral angle between -180°to 180° in 10° steps and the zero-energy was

indicated as the energy of tg-B type conformation. The potential energies were obtained by the optimization of

each structure at various angles set with DFT (wB97XD/ 6-31G (d, p)). The conformations of other residues

were maintained as the initial cellulose I type structure. Single-point energy calculations at 6-31G++(d,p) level

was carried out on stable and meta-stable points. In order to confirm that the specific point appeared in the PES

plot is a meta-stable state, frequency analyses were also carried out. Gaussian09 was used for DFT calculations.
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(b)

X6 ( 700) X2 ( 1700)

Fig. 4-1. Structure with zg conformation: (a) #g-A type conformation corresponding to cellulose I crystal

structure; (b) #g-B type conformation corresponding to surface or amorphous state.

Fig. 4-2. Dihedral angles correspond to each hydroxyl and hydroxymethyl group. Dihedral angle of hydroxyl

proton y2 corresponds to C1°-C2’-02’-H’, ;3 corresponds to C4”’-C3°-03”’-H”, ys corresponds to C5-C6-O6-H

and w corresponds to C4-C5-C6-06.
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4.3. Results and Discussion

Conformational changes of cellulose molecules should be caused by hydrogen bond breaking because the
conformation is maintained by hydrogen bonding. The hydrogen bonds of cellulose I are first broken, followed
by a conformational change in order to construct the cellulose II structure. Frequency analysis of an optimized
cellotetraose fg-A type shows that all modes have positive frequencies, namely, a stable state. Other
conformations that have hydrogen bonds between 02’ and O6 at tg or O3 and O6 at gt also have positive
frequencies. In order to elucidate conformational changes, it is necessary to investigate the details of hydrogen

bond breaking and reconstruction of the conformation. These changes should appear in PES for (y2-ys) at tg and

for (y3-ye) at gt.

4.3.1. Conformation for hydrogen bond breaking from tg

In the g conformation, hydrogen bonds disruption and reconstruction was simulated by DFT calculation. Fig.
3 shows 2D-PES plot with the (y2-xc) set of variables for parameteters. The local minima at the coordinates (2,
x6) = (60, -160) indicate tg-A type conformation where O6 functions as a proton accepter, and at (y2, ys) = (-170,
70) indicate tg-B type conformation where O6-H functions as a proton donor. The normal mode vibrational
analysis revealed that 7g-A and #g-B type structures is surely stable state because they have only real frequency.
On the other hand, the O2’-O6 hydrogen bond is breaking, in which several energy minima can be found (Fig.
4). Since the conformation of C6 remains nearly as #g (w-fixed), this meta-stable state without hydrogen bond
(02°-06) is designated as 7g*. Table 2 shows energy differences among fg-A, tg-B and #g*. The tg* structure
found here is not stable when compared with 7g-A or B type conformations, requiring some additional
conformational reconstruction. With careful examination of the local area in the 2D-PES plot of y2-ys around

tg*(Fig. 4-5), it was judged to be difficult to reconstruct a hydrogen bond returning to either the 7g-A or
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Fig. 4-4. The structure of #g*, which has no hydrogen bond between O2 and O6.
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B type because tg* is the local minimum with respect to y2 and ys. This result suggests that the reconstruction
related to C6 conformation should be involved. In fact, the normal mode vibrational analysis revealed that 7g*
has positive frequencies for y2 and ys, and only one mode, the vibration of w direction, has imaginary frequency
corresponding to the conformational change of C6 (Fig. 4-6). The tg* state is meta-stable for y2 and ys, but
unstable for w rotation where only C6 conformational changes minimize the potential energy from zg*. To
confirm this C6 conformational change in the energy minimization of ¢/g*, 2D-PES plots of w-y2 and w-ys were
calculated as shown in Figs. 4-7 and 4-8, respectively. Both plots clearly show that the pathway from 7g* to gt
has no energy barrier. Fig. 4-9 shows the schematic diagram as an overview of this transition from PES
calculations. XAy: was defined as the relative distance along a reaction path in vector space consisting of y2, y3
and y6 as components. Once the hydrogen bond between 02’ and O6 is broken in the zg conformation, there will
correspond to the transition to the #g*, the conformational change of C6 leads to the g¢ conformation with a new
hydrogen bond between O3’ and O6.

The tg* state has not been found yet experimentally. Experimentally, hydrogen bond breaking of cellulose
and C6 conformational changes from #g to g will occur when solvent molecules or alkaline ions in solution
interact with the cellulose I crystal. The '*C NMR chemical shifts of cellulose C6 with tg, gt, and gg
conformations were reported as ~65 ppm, 62—63 ppm, and 61-62 ppm, respectively. In the mercerization
process, a complex of Na-cellulose is generated as an intermediate in the g¢f conformation, identified through the
13C NMR chemical shift (62.1 ppm) of C6[8]. The g* will have a very short lifetime and could not be found in

the dissolution or mercerization process.
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Fig. 4-6. The negative vibrational mode (-20.75 cm™) in #g* structure. This mode has, large amplitude stretching

of O2’-H and rotation of O6 (®) as well as slight torsion of inter-anhydroglucose bond.

Fig.4-7. (a) The PES of o-y2 (b) The cross section of (a), which correspond to energy minimization pathway

from ¢g* to gt-B.
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Fig. 4-9. Schematic diagram of C6 conformational transition from #g to gt. For C6 conformational change, the
hydrogen bond between 02’ and O6 has to be broken and pass through #g* as the meta-stable state. At 7g*,

energy minimization occurs only along the o direction.
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4.3.2. Hydrogen bond breaking of the gt conformation

Fig.4-10 shows the calculated 2D-PES (y3-ys) plot (Fig. 4-10). The result shows several energy minima which
correspond to g7-A (90, 90) and g¢-B (60, -50) and also meta stable g#-B (-170, -50) conformations (Fig. 4-11).
In the case of the gf conformation, two additional types of hydrogen bond for O3-O6 are possible. The gz-A and
gt-B types are decided whether O6 is a proton acceptor or donor like in the case of #g. The meta stable state of
gt-B, called as gt-B (m), has only O6-O3 hydrogen bond, while OS5 is not involved in any hydrogen bond. In
addition, the point where the hydrogen bond between O3-O6 is broken can be found at around (y3, x6) = (-150,
70), and the molecular structure is unstable because this point is a saddle point with the imaginary energy
gradients along ys toward g#-B types. The energy differences among gt-A, gt-B, gt-B(m), g¢* was summarized in
table 3. In Fig. 4-12 shows a reaction pathway from gr* to gt-A or gt-B. This pathway indicates a different
change from that of 7g* where the energy gradient was positive along y2 and ys. However, as in the case of gt,
this state is identified as gt* (Fig. 4-11). Fig. 4-12 and Fig. 4-13 shows the reaction paths as one of the
possibilities from gr* are either from g¢* to g¢-A or from gr* to gt-B with w-fixed. In order to confirm whether
the same reaction path can be obtained when the ® degree is relaxed, the PES calculations of w-y3 and w-ys
were carried out (Fig. 4-14 and Fig.4-15). The PES plots of w-y3 and w-ys show that the y3 or ys change was
preferred relative to w for energy minimization, which suggests that the C6 conformational change from g¢* will
never take place, even after hydrogen bond disruption of the gz conformation. This is very different from the
case of hydrogen-bond disruption at the g conformation. The gf conformation is more stable than zg when the
hydrogen bond is broken since g¢* don’t change into #g. The normal mode vibrational analysis (Fig. 4-16) shows
that g* has positive frequencies for y3 and w, and only one mode, the vibration of ys direction, has a imaginary

frequency. Fig. 4-17 shows the schematic diagram of the transition starting from gr*.
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Even though the hydrogen bond reconstruction is preferred, the C6 conformation changes to zg.
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4.3.3. Pathway to the tg or gt conformation from gg

The previous PES analyses show that the 7g* or g¢* state of cellulose molecules without hydrogen bonds
between O6 and 02’ or O3” will eventually generate g7 , and it might be very rare or impossible to construct tg
as a stable state. However, any cellulose produced by biological systems (e.g., plants or algae) has the structure
of cellulose I and its C6 conformation is #g. Therefore, the possible pathways that can transform cellulose to the
tg conformation should be explored. According to *C NMR studies, the C6 chemical shift of dissolved cellulose
has been reported as 61 ppm corresponding to gg. Several modeling studies have reported on the conformations
of cellulose and cellulose synthetase BesB and BesD, in which cellulose in BesB [9] or BesD [10] has a gg
conformation. Therefore, it is appropriate to assume that the crystallization process will starts from the gg
conformation in the biosynthetic process. w-y2 PES was calculated with ys fixed to the position that is a similar
value to the #g-A type (ys = 160 °; Fig. 4-18). The result shows that the most stable state in the gg conformation
is the state without hydrogen bonds for (02’-06) (gg-free). However, the metastable point corresponding to the
gg conformation with O2-O6 hydrogen bonds (@ = 60 °) was also found, designated as gg* (Figs. 4-19). Even
with the gg conformation, the molecule might have a weak hydrogen bond (02°-06) with slight steric
distortion. The energy differences between gg-free and gg* are summarized in table 4. The gg* state is
energetically meta-stable and w can change from gg* to g along the pathway with similar activation energy
from gg* to gg-free (Fig. 4-20 and Fig.4-21). In order to generate the zg conformation, the hydrogen bond (02’-
06) has to be constructed before the C6 conformational change, since there will be another possible pathway

from the gg-free to the gt conformation, otherwise the conformation will transform to gz. Accordingly,
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(b)

Fig.4-19. (a) The PES of w-y3 (b) The cross section of (a), which correspond to energy minimization pathway

from gr* to gt-A.
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in biological systems during cellulose synthesis or crystallization, an initial gg-free cellulose may receive
some stereochemical force to construct the gg* state or to inhibit a path from gg-free to gt. At the moment, since
the precise mechanisms of cellulose synthesis by enzymes are uncertain, it cannot be stated clearly the
mechanism of #g generation. However, the present study based on DFT calculations of the simple cellotetraose

model could provide insight into the mechanism which can produce cellulose I with the #g conformation.

4.3.4. The change of hydroxyl conformation and hydrogen bond in cello-trtraose with Na ion

It has been reported in the research of mercerization mechanism, Na-cellulose is thought to be constructed
[11]. Thus, Na ion has a key role to convert C6 conformation from #g to g¢. For C6 conformational change,
hydrogen bonds disruption especially related to O6-H can be thought to be needed. The 1D PES of Cello-
tetraose model accompanied by a Na* ion was conducted by DFT calculation with y2 as a parameter. Fig. 4-22
shows the 1D PES of the model along y direction. Initial structure, which was cellotetraose-zg-A type structure
accompanied by Na* ion, was unstable than that of 7g* type structure interacted with Na'. Fig.4-23 shows
structural change along the PES shown in Fig. 4-22. Transition state was shown as the peak top of the pes line.
The normal mode vibrational analysis revealed that the structure which corresponds to the structure of peak top
has only one mode of imaginary frequency corresponding to the hydrogen bond construction or disruption. The
energy difference was summarized in Fig. 4-24. Therefore, Na ion can disrupt the O2-O6 hydrogen bonds and
stabilize the unstable ¢g* state. For elucidation of Na+ ion removement, another calculation is thought to be

needed.
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Fig.4-23.The change of the conformation on 1D PES of 2 on tg-A + Na' ion model as shown in Fig.4-22. (a)

initial structure (b) the structure correspond to transition state and (c) most stable structure
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4.4. Conclusions

PES calculations by DFT on the simple cellotetraose molecule as the model of cellulose focusing on the
conformation of C6 and intra-molecular hydrogen bonding were carried out. The result clarified the mechanisms
of the transitions among three kinds of C6 conformations of single-chain cello-trtraose, namely gg, gt, and tg.
The hydrogen bond disruption of (02°-06) plays an important role in the transition from #g to g¢. In particular,
this work could provide important view related to cellotetraose that may give insight into the mechanism of ¢g
generation in biological systems in which the process relies on hydrogen bond construction between (02’-O6)
before conformational changes. Based on this result, it is suggested that there might be the specific interactions
between cellulose molecule and cellulose synthetase complex before crystallization process. Further
computational approaches such as QM and MD on the more extended molecules are proceeding and will be

published near future.
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Chapter S. Concluding Remarks
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Chapter 2

The change of the crystallinity, surface structure fraction and the ratio of cellulose I and II by mercerization
was analyzed using solid state 3C CP/MAS NMR measurement. Two types of surface model was applied; one
model was defined as inner and outer surface distinguished by C6 conformation and other model was defined as
accessible and inaccessible surface. Both model shows non-crystalline surface region increased during
mercerization; the decrease of cellulose I resulted in not increasing of cellulose II but increasing of non-

crystalline region. It was implied that non-crystalline region was located surrounding crystal core.

Chapter 3

For improving the crystallinity of cellulose II, post-treatment by low concentration NaOH aqueous solution
was applied for mercerized cellulose. The change of crystallinity, surface fraction and crystal size was analyzed
based on solid state *C CP/MAS NMR measurement and X-ray diffraction study. The change of Crystallinity
Index obtained from solid state '*C CP/MAS NMR was good agreement with that of crystal size obtained by X-
ray diffraction. Increasing crystal size coincided with decreasing inaccessible surface. Moreover, the change
enhanced by high-temperature NaOH treatment and also neutralization by strong acids consisted by cosmotropic
anion. These results indicates crystallization of cellulose II is independent from mercerization or regeneration of
cellulose, which is correspond to the transition from cellulose I to II and surface structure is strongly related to

the crystallinity of cellulose.

Chapter 4

C6 conformational change was examined by DFT calculation of cello-tetraose model. zg conformation, which
corresponds to the C6 conformation of cellulose I, is preferentially changes to g¢, which corresponds to the C6
conformation of cellulose Il via transition state 7g*. For constructing tg, one possible pathway was shown; gg

conformation constructs a hydrogen bond between O2 and O6 with certain torsion and subsequently rotating C6
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conformation to ¢g. The pathway has a energy barrier and some other driving force is needed. Moreover, the

stability of the C6 conformation depend on surrounding environment. More large-scale modeling or simulation

is needed for further understanding of C6 conformational change directly explaining the mechanism of crystal

transition or crystallization. However, the obtained result in this chapter can gives the basis of these simulation.

As summarized above, the author gave insights into the construction of less crystalline cellulose II structure

and difficulty of the constructing the conformation correspond to cellulose 1. In addition, solid state NMR

approach for elucidating surface structures of cellulose crystal is effective for crystallinity evaluation.

Conventionally, cellulose II was thought to be difficult to highly crystalline. However, even cellulose 11

materials can construct high mechanical properties. For elucidating the crystal or hierarchical structure transition

mechanism, structural analysis and computational simulation is required. The author believes that the research

explained here is the basis for the elucidation research and can construct part of the basis of them.
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