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1.1 Cellulose Dissolution into Ionic Liquids

00000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000
000000000000000'00000000000000000000D000000000
Doooooooo®>3000004%0000000 ~°0000000000000000004d
O00000000000000000000000000000000000000000000
Do0ooooooooooooSYpopoooo® 200000 ¥Y®o0oo000000000oo
O000000000000000
O0000000000000000000000000000000000000000000
0000000000000 00000000000000000000000000000000
000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000
O00000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000
00 1-butyl-3-methylimidazolium chloride, [C,mIm™*|[C17] 0000000000000 (100 O
00)00000000000 Rogerss 000000 DODOOODOOOO0O000000O0O0OOOO
D000000000Rogers 1000000000000 000000D00000000OOOO
Oooo0' ¥ 0000000000000000000000000000000000000
000000000 000[Comlm™|[CH;(H)PO;]0000 24 wt%045 00000 10 wt% O
000000000000000000000000000000000000000000000
O00000000000000000000000000000000000000000000
O00000000000000000000000000000000000000000000
000000000000000000000000000000000000000000000
ooooooo?



Chapter 1 Introduction

goboooboobboobooobooobboobboooboooboooboboobboon
gobogoboobbooboooboobbooboooboobboobboobbooobo
ooboooboobobooboooboobboobbooobboooDboooDbooboboobo
0000000000000 000000000000000000000DO0DO0O0oO/000O0
ggooooboboooooooooobodogooooobobbooooooobobobbbooooooob-o
gobuogpobuogbboobuooobuoobobooboooboobobuoobboobbooobg
ooboooobooobooboboobo

1.2  Outline

00000MO000000000000000000000000000 [ComIm™][CHs(H)PO3]

000D000000000000000000 /[ComIm*][CH3(H)PO;]0000000A ~ DD
nmmO0000000000000000000000000000000000000000000
0000000000 2000000000003000000000 X000000MDOOO
00000000000000-[ComImt][CHs(H)PO;]0000000000000000000
000040000000000 XO00O0O0O0O0O0O0000000000 nm~00 nmO0000
00000000000000000000000000030004000000000000
000000000000000000000000000000000000000000000
0ooooooo



References

References

[1] T. Welton. Chem. Rev., Vol. 99, p. 2071, 1999.
[2] A. J. Carmichael, M. J. Earle, J. D. Holbrey, P. B. McCormac, and K. R. Seddon. Org.
Lett., Vol. 1, No. 7, p. 997, 1999.

[3] C. Chiappe and D. Pieraccini. J. Phys. Org. Chem., Vol. 18, p. 275, 2005.

[4] M. C. Buzzeo, R. G. Evans, and R. G. Compton. Chem. Phys. Chem., Vol. 5, p. 1106, 2004.

[5] M. Galinski, A. Lewandowski, and I. Stepniak. Electrochem. Acta, Vol. 51, p. 5567, 2006.

[6] S. Seki, Y. Kobayashi, H. Miyashiro, Y. Ohno, A. Usami, Y. Mita, N. Kihira, M. Watanabe,

and S. Terada. J. Phys. Chem. B, Vol. 110, p. 1513, 2006.

[7] T. Ueki and M. Watanabe. Chem. Lett., Vol. 35, p. 964, 2006.

[8] T. Ueki and M. Watanabe. Langmuir, Vol. 23, p. 988, 2007.

[9] T. Kato. Angew. Chem. Int. Ed., Vol. 49(43), p. 7847, 2010.

[10] K. Fujii, H. Asai, T. Ueki, T. Sakai, S. Imaizumi, U. Chung, M. Watanabe, and
M. Shibayama. Soft Matter, Vol. 8, No. 6, p. 1756, 2012.

[11] S. Dai, Y. H. Ju, and C. E. Barnes. J. Chem. Soc. Dalton Trans., No. 8, p. 1201, 1999.

[12] J. G. Huddleston, H. D. Willauer, R. P. Swatloski, A. E. Visser, and R. D Rogers. Chem.
Commun., Vol. 16, p. 1765, 1998.

[13] R. Madeira Lau, F. Van Rantwijk, K. R. Seddon, and R. A. Sheldon. Org. Lett., Vol. 2,
No. 26, p. 4189, 2000.

[14] F. Rantwijk and R. A. Sheldon. Chem. Rev., Vol. 107, p. 2757, 2007.

[15] M. Moniruzzaman, N. Kamiya, K. Nakashima, and M. Goto. Green Chem., Vol. 10, p. 497,
2008.

[16] R. P. Swatloski, S. K. Spear, J. D. Holbrey, and R. D. Rogers. J. Am. Chem. Soc., Vol.
124, pp. 49744975, 2002.

[17] Y. Fukaya, A. Sugimoto, and H. Ohno. Biomacromolecules, Vol. 7, No. 12, p. 3295, 2006.

[18] N. Sun, M. Rahman, Y. Qin, M. L. Maxim, H. Rodriguez, and Robin D. Rogers. Green
Chemistry, Vol. 11, No. 5, p. 646, 2009.

[19] Y. Fukaya, K. Hayashi, M. Wada, and H. Ohno. Green Chem., Vol. 10, p. 44, 2008.

[20] M. Abe, Y. Fukaya, and H. Ohno. Green Chem., Vol. 12, pp. 1274-1280, 2010.






Chapter 2

Theoritical Background

2.1 Basic Theory of Scattering Experiment
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2.1.1 Definition of Scattered Intensity
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Fig. 2.1: Basic geometry of scattering involving the incident plane wave, the sample, the scattered

spherical wave, and the detector.
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2.1.2 Interference Calculation

Incident Beam

Detector

Fig. 2.2: Scattering geometry of the path length difference. Sy and S are the unit vectors of

incident beam and scattered waves, respectively.
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2.2.1 Scattering Phenomena of X-rays
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Fig. 2.3: Scattering of an unpolarized X-ray by a single free electron at the origin, O.
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electron cloud

(0]
Fig. 2.4: Vectors r; and rj denote the positions of an electron and the atomic center measured

from the origin O, respectively, and 7y, ,,, denotes the position of the electron measured from the

atomic center.
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Fig. 2.5: Geometry of the Compton-modified scattering. The electron, initially at rest, moves
away at velocity v after having been struck by an X-ray photon of energy hv and momentum
h/A.
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2.2.2 X-ray Weighted Structure Factor and Radial Distribution Function
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Scattering Functions for Independent Particles of Simple Geometric Shape
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Fig. 2.7: Geometry of scattered light and a molecule which acts as scattering point.
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Fig. 2.8: Position dependence of time-averaged scattered intensity of light, (I,(t)), from (a)
polymer solution and (b) polymer gel.
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Chapter 3

Microscopic Solvation Structure of
Cellulose

3.1 Introduction
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Fig. 3.1: Schematic illustration for chemical structures of 1-ethyl-3-methylimidazolium
methylphosphonate, [ComIm™][CH;(H)POj5 ], glucose, cellobiose together with the indices given

for each atom species.
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Fig. 3.2: The sample cell used in HEXRD experiments which is composed of aluminium flat

plate and polyimide film.

3.2.2 MD Simulations
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Table 3.1: Compositions and densities of the glucose/[ComIm™][CH3(H)POj5 | systems for the

MD simulations.

3 3

Conc.” / wt% | pRp / g em™  pf / gem™ | Glucose Cation  Anion

04 1.178 1.172 - 256 256
10 1.201 1.203 40 300 300
20 1.228 1.235 80 280 280

30 1.251 1.243 120 240 240
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Table 3.2: Compositions and densities of the cellobiose/[ComIm™|[CH;(H)PO3 | systems for the

MD simulations.

Conc.® / wt% | p¥p / g cm™ Pixp. | 8 cm™3 | cellobiose Cation Anion
04 1.178 1.172 - 256 256
10 1.212 1.207 20 280 280
20 1.236 1.240 50 310 310
30 1.259 1.270 70 250 250

“Weight fraction of glucose or cellobiose in [ComIm™|[CH;3(H)PO; |
®Density values obtained from MD simulations.

“Experimental density values.
dNeat [ComIm™][CH3(H)PO3].

3.3 Results and Discussion
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(a) Glucose solution (b) Cellobiose solution
30F 7 T T T T T T T T T —
O ' T T —— Neat IL
— Neat IL 25k —— 10 wt% Cellobiose |
25+ — 10 wt% Glucose o —— 20 wt% Cellobiose
— 20 wt% Glucose —— 30 wt% Cellobiose
— 30 wt% Glucose 20
2.0
=
= g 15k
5$ 1.5 £
"
1.0+
1.0
0.5 0.5
0.0 0.0

1 q/ A-l

Fig. 3.3: S=P(q)s for (a) glucose/[ComIm™|[CH3(H)PO3] solutions and (b)
cellobiose/[ComIm™|[CH3(H)PO3 | of various concentration in the g¢-range of 0.2 - 10
AL

(a) Glucose solution (b) Cellobiose solution
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Fig. 3.4: 7r?[G*P(r) — 1]s for (a) glucose/[ComIm™|[CH3(H)PO3] solutions and (b)
cellobiose/[ComIm™*][CH3(H)POj3 ] of various concentration in the r-range of 0.2 - 10 A.
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Fig. 3.5: Radial distribution functions r[G(r) — 1] for (a) neat [ComIm™|[CH3(H)PO3 ], (b) 30
wt% glucose in [ComIm™][CH3(H)PO; | and (¢)30 wt% cellobiose in [ComIm™|[CH3(H)POZ].
The open-circled plots correspond to the experimental r2[G®P(r) — 1], and the solid line with

red to the theoretical 72[GMP(r) — 1] derived from MD simulations.
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Liquid Structure of Neat Ionic Liquid
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[Top View | [Side View|
Fig. 3.7: Spatial distribution functions (SDFs) of center of mass of CH3(H)POj5 anion around

ComIm™ cation (a, b) and ComIm™ cation around CHs(H)POj3 anion (¢, d). The green and red

cloud indicate the isoprobability surfaces of a given ion. The white, green, blue, red and orange

balls represent hydrogen, carbon, nitrogen, oxygen and phosphorus atoms respectively.
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Solvation Structure of Glucose
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Fig. 3.8: total GMP (r) as
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ponents of (b) glucose-anion (2 [Ggl[Ban(r) —1))
MD
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X-ray weighted
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lation.
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Side View

k

Fig. 3.9: Spatial distribution functions (SDFs) of Og and Oy in glucose around ComIm™ (a, b)
and CH3(H)POj3 (c, d) calculated for 30 wt% glucose in IL system. The yellow cloud indicate

the isoprobability surfaces of glucose. The white, green, blue, red and orange balls represent

hydrogen, carbon, nitrogen, oxygen and phosphorus atoms respectively.
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Fig. 3.10: Atom-atom pair correlation functions g¢M> . (r) for Ogpr (glucose), and
(a) Oa (anion), (b) Cy (cation) and (c)Omp (glucose) calculated for 30 wt% glucose in
[ComIm™][CH3(H)PO3 | system. The indices for atoms within [ComIm™][CH3(H)PO; ]| and

glucose correspond to those shown in Fig. 3.1.
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Fig. 3.11:

Distribution of ¢/ %

350

¢/ degree

Histogram of dihedral angle of Og-C-C-Og, ¢ for all glucose molecules in MD

cell. The left axis shows the distribution of dihedral angle calculated for 30 wt% glucose in

[ComIm™][CH3(H)PO3 ] system where interval of ¢ is 5°. The molecular model of glucose for

¢ = 35, 170, 325° are also shown in the figure. Color of atoms correspond to those in Fig. 3.9.

Table 3.3: Coordination number of atoms in the first solvation shell of Og-Hp within glucose.

Conc.* /| wt%

Coordination number?

Oa On Or
10 0.87 0.03 0.02
20 0.75 0.15 0.05
30 0.62 0.29 0.08

a*Weight fraction of glucose in [ComIm™][CH;3(H)PO3 ]
bCalculated by integrating the first peak in the corresponding gMP. (7) from r = 0 to 3.0 A.

X-OH
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Fig. 3.14: Atom-atom pair correlation functions gMP_ (1) for Oy gk (cellobiose), and O (anion)

calculated for 30 wt% cellobiose in [ComIm™|[CH3(H)POj | system. The indices for atoms within
cellobiose correspond to those shown in Fig. 3.1. The gMP_ (r) are averaged among all the O -

Ox correlations.
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Fig. 3.15: Atom-atom pair correlation functions for intramolecular correlations of Ho-O¢ within
cellobiose, gD (r)s calculated for 30 wt% cellobiose in [ComIm™][CH3(H)PO3 ] system (left).
The gMP_ . (r)s correspond to intramolecular hydrogen bonds of (a), (b), (¢) which are shown in

the picture for a cellobiose molecule (right).
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Chapter 4

Structure of Cellulose Solutions and
Gels

4.1 Introduction
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Fig. 4.1: Appearance of neat [ComIm™*][CHs(H)POj3 ] and prepared 1 - 10 wt% cellulose solutions
of [ComIm™][CH3(H)PO3].
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4.3.3 DLS Experiment
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Appendix

Dynamic Light Scattering from Ionic Liquid
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