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Abstract

The local structure of cellulose, dissolved in the frequently used ionic liquid EMIm-OAc, is
modelled by a coaxial double layer cylinder. The cylinder’s core consists of a cellulose chain
while the sheath is formed by a solvent layer with lower electron density than the bulk solvent.
We studied 2% cellulose solutions in EMIm-OAc and their behavior upon addition of increasing
amounts of water. At this cellulose concentration, 15 wt% of water induced the precipitation of
cellulose. Water molecules did not form an independent phase, but were bound to EMIm-OAc
in the cellulose/water/EMIm-OAc solution. The conformational of a cellulose chain changes
by adding water into the solution, and the square of the apparent cross-sectional radius of
gyration of the cellulose chain becomes zero to negative. This phenomenon is explained by the
formation of a solvation shell with lower electron density than the bulk solvent around the

cellulose chain.

Keywords
cellulose; cellulose solution; ionic liquid; small-angle X-ray scattering; coaxial double layer

cylinder model; solvation model
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Introduction

Cellulose is not soluble in ordinary organic solvents and requires special solvents to form
solutions of independent, monomolecularly dispersed chains (Henniges et al. 2011). Certain
metal complexes, organic compounds or salt solutions are used to dissolve cellulose for
practical applications, such as cuen (copper-ethylenediamine) for viscosity measurements (Ahn
et al. 2019), N-methylmorpholine-N-oxide monohydrate for cellulose fiber production
(Rosenau et al. 1999) and N,N-dimethylacetamide/LiCl for gel permeation chromatography
(Potthast et al. 2015). Salts that maintain a liquid state at room temperature instead of forming
solid crystals are known as room-temperature ionic liquids (ILs). ILs have been known for some
time as solvents of cellulose at room temperature (Swatloski et al. 2002). Although the
mechanism of cellulose dissolution process is still not sufficiently well understood, a wide
variety of ILs is available in the meantime for dissolution of cellulose and as reaction media
(Heinze et al. 2005; Barthel and Heinze 2006; Fukaya et al. 2008). There have been theoretical
and experimental studies on the process of cellulose dissolution in ILs, including the analysis
by NMR (Moulthrop et al. 2005; Yongs et al. 2011), viscosity (Gericke et al. 2009), electro-
magnetic wave scattering (Chen et al. 2011), molecular dynamics (Lynden-Bell et al. 2007; Liu
et al. 2010; Rabideau et al. 2013; Zhao et al. 2013; Uto et al. 2018) and analysis of chemical
side reactions and degradation processes (Rosenau, et al. 2005, Ebner et al. 2008, Liebner et al.
2010). According to earlier publications (Koide et al. 2019), a small amount of water — as low
as 1 wt% — in ILs causes a serious problem in dissolving cellulose due to the competitive
formation of hydrogen bonding between ionic liquids, water and cellulose (Swatloski et al.
2002). The influence of water upon precipitation of cellulose from solution in 1-butyl-3-
methylimidazolium chloride (BMIm-Cl) was quantitatively evaluated by turbidimetric
measurements (Mazza et al. 2008). The experimental cellulose dissolution limit and
precipitation solubility limit were not the same, as seen for the example of EMIm-OAc
(Hedlund 2015). In general, such solubility and precipitation studies confirmed a good solution
power of BMIm-Cl and EMIm-OAc for cellulose, with turbidity seeming to increase
consistently with higher cellulose concentration up to 6 wt% at 363.15 K. This increase of
turbidity may indicate a formation of small aggregates of cellulose with sizes of less than 860
nm. The negative effect of water on dissolution was also touched in this study: the binary
solvent system of BMIm-CI and water is able to dissolve cellulose (1 wt%) at 368.15K if the
water content stays lower than 17 wt%. Cellulose precipitated when the water content exceeded
this limit. 1-Ethyl-3-methylimidazolium acetate (EMIm-OAc) dissolves cellulose at low

concentrations (< 5 wt%) when the water content is below 15 wt% (Le et al. 2014). We have
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chosen this solvent for our study because it is most widely used in cellulose science — it is easily
available and cheap — and because there are no heavier atoms, such as Cl or P, which could
interfere with the X-ray scattering. Since there had already been many studies on this solvent,
the data situation was also better than for other liquids. The solubility of cellulose in EMIm-
OAc was found to depend on concentration, the degree of polymerization (DP) and the water
amount contained in EMIm-OAc (Olsson et al. 2014; Le et al. 2014; Parviainen et al. 2014;
Hedlund et al. 2015). In general, cellulose solubility in EMIM-OAc and ionic liquids of the
dialkylimidazolium type is governed by a rather complex interplay between cellulose
concentration and water concentration, with the effect of the anti-solvent water becoming more
pronounced with increasing cellulose concentration. When adding water, the solution remains
transparent, the conformation of the cellulose chains will be affected, which eventually collapse
with increasing non-solvent content. Since a cellulose chain is relatively rigid and its parts,
conceivable as chain links, are approximately modelled by cylinders, the chain collapse of a
cellulose chain proceeds differently from the usual chain collapse of a fully flexible polymer
chain. In the preceding paper (Koide et al. 2019), we have analyzed the intrinsic properties of
cellulose dissolved in ILs in terms of a coaxial double layer cylinder model. This simple rigid
body model represents the local shape of a cellulose chain surrounded by solvents. Cellulose
was found to be dissolved molecularly without aggregation in the ILs employed. The sheath
(the outer layer) of a coaxial double cylinder consists of solvent molecules, which prevent
cellulose chains from forming hydrogen bonds, in particular intermolecular ones. In this follow-
up account, we employed small-angle X-ray scattering (SAXS) to observe the local structure
of a cellulose chain during the process of adding water (non-solvent) to a solution of cellulose
in EMIm-OAc, until cellulose precipitation commenced. The results are analyzed in terms of

the previously applied coaxial double layer cylinder model.

Materials and Methods

Cellulose samples. Microcrystalline cellulose (MCC) with a degree of polymerization of DP =
170 (Avicel PH101, Lot no. BCBB5909) was purchased from Sigma—Aldrich. MCC was dried
for six hours in a vacuum oven at 373 K before use. The ionic liquid EMIm-OAc (Lot no.
STBC922V) with a purity of 95%, was purchased from Sigma—Aldrich. The IL was dried under
vacuum for two hours at 353 K before use.

Preparation of cellulose/IL solutions. The sample solutions were prepared by weighing
cellulose directly into the sample bottle and adding the solvent to adjust the intended

concentrations of the solutions. To ensure complete dissolution, the solution was heated for four
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hours at 353 K using a dry bath incubator while the temperature was continuously monitored.
The sample bottles were sealed in order to avoid the moisture absorption from the ambient
atmosphere and stored before the SAXS measurements. The solutions remained visibly
transparent and showed no sign of discoloration due to side reactions or opacity due to cellulose
precipitation throughout. The cellulose started to precipitate visibly from the 2.0 wt% solution
when the water content exceeded 15 wt%.

The solvent used, EMIm-OAc, has a strong affinity to water and naturally absorbs moisture
from the atmosphere naturally to increase its water content. In 80% relative humidity at room
temperature, dry EMIm-OAc IL (water content <0.1%) absorbs 3.2 wt% water over 24 h.
Determination of water contents in the solution samples. The amounts of water in the EMIm-
OAc/water binary solvent and in the ternary system of a cellulose/EMIm-OAc/water solution
were quantitatively analyzed with a Karl Fischer Moisture Titrator (MKC-210, Kyoto
Electronics Manufacturing Co., LTD, Japan). The reagents for the Karl-Fischer method were
purchased from Nacalai Tesque, Japan. The original solvent (EMIm-OAc) contained 0.1-0.6
wt% water at the time of purchase. The water content in the cellulose/EMIm-OAc solutions
was checked for each solution before the SAXS measurement.

Synchrotron X-ray scattering experiments. SAXS measurements were performed at the
beamline BL6A (Shimizu et al. 2013) of Photon Factory (PF) in KEK (Tsukuba, Japan). An
incident X-ray from synchrotron radiation was monochromatized to 0.150 nm. The X-ray
scattering was detected by a two-dimensional semiconductor detector (PILATUS3 1M). The
exact camera length was calibrated by using the diffraction peaks of silver behenate. The
scattered X-ray irradiation was accumulated over a total measuring time of 3 min, this way
preventing damage of the cellulose specimens by the X-ray impact.

The cellulose solutions were injected into flat stainless-steel cells provided with quartz
windows, mounted onto the cell holder with the temperature being kept constant at 298 K. The
scattered intensities were corrected with regard to the variation of the incident X-ray flux by
observing the beam with forward and backward monitors, i.e. ionizing chambers placed in front
and back of the sample holder. The excess scattering intensities were evaluated by subtracting

the scattering intensities of solvent from those of cellulose solutions.

Results and Discussion
Small-angle X-ray scattering. The SAXS profiles from the cellulose solution (2 wt%)

containing water in three different concentrations are shown in Figure 1 in terms of the Kratky
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plots. According to equation (1) the scattering vectors q is defined in terms of the scattering

angle as (Kajiwara and Wataoka 2016):
4r .
=—sinf (1
9= (1

with 20 being the scattering angle specified by the vectors of the scattered and incident X-ray
directions, and A being the wave length. The scattering profiles suggest that these solutions can
be considered dilute because of the straight lines in the small q region. The cellulose chains are
individualized and become less flexible in the presence of water; the profile at 15 % water
exhibits a typical scattering profile of a thin rod without any cross-section. The scattering curves
overlap at smaller scattering angles, indicating that the cellulose molecular shape as a whole
would hardly change by the addition of water molecules. When q exceeds 2 nm™!, the SAXS
profiles from the cellulose solutions become different, changing with the water content. Since
the scattering profile in this high q range reflects the local structures of molecules, this change
in the profiles indicates the different mode of solvation of a cellulose chain and/or a local
conformational change. The apparent thinning of cross-section could be caused by the contrast

between solute and solvent due to the change of electron density in both phases.

4000

||
g /am
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Figure 1. Cellulose in EMIm-OAc solution (2 wt%). Kratky plot as a function of the scattering

vector q for three different water concentrations: 1.27 wt%, 12.88 wt%, and 15.38 wt%.
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Chen et al. (2011) suggested that cellulose adopts a rigid conformation in EMIm-OAc, so that
the dimension of the cross-section could be evaluated from SAXS profiles by a conventional
Guinier approximation. A cellulose chain assumes a rigid rod-like shape at least locally over
the range observed by SAXS. The scattering intensity from such a rigid molecule is
approximately represented by the scattering from a cylinder constituted of two components (see
eq. 2), that is, in a radial and axial direction (Kajiwara and Wataoka 2016):

T

zE'Pc(q) (2)

chylinder (q )

where Pc(q) and 2H denote the scattering function from the cross-section and the height of the
cylinder, respectively. The factor 1/q is characteristic of a rigid rod-like particle, and eq. (2) is
valid only when the condition Hq < 1 is met. The scattering function from the cross-section of
a rigid rod-like molecule is given in equation (3) by the Guinier approximation in terms of the

cross-sectional radius of gyration Rc (Kajiwara and Wataoka 2016):

P(q)=exp(—q2RCJ ®

Equations (2) and (3) imply that the initial negative slope of In{ql(q)} plotted against q* (the

Guinier plot for cross-section) in Figure 2 yields a quantity equivalent to R.?/2. However, the
observed SAXS profiles change with increasing concentration of water in solution, yielding an
apparently smaller cross-sectional radius of gyration with increasing water contents when the
Guinier approximation for cross-section according to eq. (3) is applied. The apparent cross-
sectional radius of gyration takes an unrealistic negative value when the water content reaches
15 wt%, which is the limit to dissolve cellulose in the binary EMIm-OAc/water solvent. Thus,
the conventional analysis based on the assumption of a single boundary between solute and

solvent fails in the present system of cellulose/EMIm-OAc/water at higher water contents.
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Figure 2. Cross-sectional Guinier plots for EMIm-OAc/Water/Avicel cellulose. Solid lines

show the Guinier approximations.

Coaxial double-layer cylinder model. Following the results of the preceding paper (Koide et al.
2019), we adopt a coaxial double-layer cylinder model to the cellulose/EMIm-OAc/water
system and elucidate the effect of water on the SAXS profiles and subsequent cross-sectional
analyses. Livsey (1987) has shown that the slope of cross-sectional Guinier plots from a coaxial
double-layer cylinder model (a sheath/core model) could have a positive value under certain
conditions. The particle scattering function from a coated cylinder model — see eq. (4) — is

calculated as:

2

| xsin fdp (4)

Pla)-] Ap, 1, 27th-G (g, i1, ) + Dp,Tp 27h- G (q, st ) + AP, tin 270 -G (4, Biri,)
=k | (Ap, —Ap,, )ri2zh+Ap,, 1y, 27ch

z
2

ut” out

where Apin and Apou are the difference of the electron density between solvent and the inner /

outer cylinder specified by the radius rin and rout, respectively (see Figure 3). The function G(q,

B; x) is defined by equation (5) as:

sin(27qu-cos ﬂ) -2J, (qx sin ﬁ’)
(27Hg -cos f8)(gxsin )

with H being the cylinder’s half-length and Ji(S) being a first-order Bessel function of the

G(q.B5x)= )

argument S.
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Figure 3. (a) Coaxial double-layer cylinder, (b) schematic electron density profile across the

cylinder.

It is reported that the volumetric mass density of the mixed solvent of EMIm-OAc/water has
the highest value around at 15 wt% of water (Cho et al. 2011), indicating that the electron
density of solvent will increase with the water content until 15 wt% by the formation of an
EMIm-OAc/water complex. EMIm-OAc involved in the solvation of cellulose may have
different characteristics from pure bulk IL when the water content increases, because the
packing state of EMIm-OAc will be different from that in bulk IL and also the electron density
of the solvent will increase with added water. Indeed, MD simulation results suggested that the
solvent composition near cellulose is different from the bulk in EMIm-OAc/water/cellulose
solution (Le et al. 2014; Ghoshdastider et al. 2016). Accordingly, a cellulose chain in the mixed
solvent (EMIm-OAc/water) is surrounded by a layer of dispersedly packed EMIm-OAc, which
has a lower electron density when averaged over the sheath (intermediate) layer than the outer
solvent. A cellulose chain in EMIm-OAc/water is approximately represented by a coaxial
double layer cylinder specified by an inner radius rin and an outer radius rou With the core and
sheath being distinguished by the difference in electron density. The model and the variation of
electron densities in the radial direction are schematically shown in Figure 3, where the core

and sheath are supposed to be constituted of cellulose and solvation shell, respectively.
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Figure 4. Observed SAXS profiles and simulated profiles with a coaxial double-layer cylinder

model for cellulose in the mixed solvent system EMIm-OAc/water (water content indicated).

The observed scattering profile was simulated according to Eq. 4 to optimize the fitting to the
observed profiles with three parameters; the inner radius rin and the outer radius rouw of the
cylinder with a constrain that Apin - Apour = 1. The cylinder length 2H serves as a measure for
the range of rod-like characteristics in a long semi-flexible cellulose chain, which is a low

impact parameter in the fitting procedure.
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Table 1. Calculated parameters of the coaxial double-layer cylinder model by fitting to the
experimental SAXS profiles.

content of water

in solvent Fin Fout Fout-Fin Apin Apout h

[Wt%] [nm] [nm] [nm] [nm]
1.27 0.54 0.95 0.41 0.862 -0.138 5.0
5.77 0.50 0.81 0.31 0.769 -0.231 5.0
10.56 0.49 0.66 0.17 0.633 -0.367 5.0
12.88 0.37 0.50 0.13 0.625 -0.375 6.0
14.16 0.37 0.47 0.10 0.625 -0.375 6.0
15.01 0.37 0.48 0.11 0.571 -0.429 7.0
15.38 0.35 0.48 0.13 0.500 -0.500 7.0

Figure 4 shows the fitting results, demonstrating a superb agreement with the experiment. The
parameters used in Eq. 4 are summarized in Table 1. When the water content is lower than 10
wt%, the inner radius of the model cylinder is around 0.50 nm (0.35 nm in terms of the radius
of gyration), which is consistent with the cross-sectional radius estimated for a single cellulose
chain in the cellulose crystal I. The inner radius drops to 0.37 nm (0.26 nm in terms of the radius
of gyration) when the water content exceeds 12 wt%. This value is similar to Rc estimated from
molecular dynamics results (Miyamoto et al. 2018) of isolated cellulose chains in water. In this
work, the cellulose's dihedral angle O5-C5-C6-06 indicates the local geometry at C6-OH to be
a gt conformation (56.5 %), less gg (37.8 %) and very little #g (5.7 %) conformation. A recent
MD simulation analysis indicated that the dihedral angle with respect to C6 OH in EMIm-OAc
could be different from that in water or in the crystalline state (Liu et al. 2010; Zhao et al. 2013).
The outer radius of the model cylinder decreases from 0.95 nm to 0.50 nm with the water
content increasing from 1.27 wt% to 12.88 wt%, and the sheath (the intermediate layer)
becomes thinner from 0.4 nm to 0.1 nm when the water content is increased over 10 wt%.

Considering its thickness, the sheath (the outer shell) is thus considered to consist of an EMIm-
OAc monolayer which will be in equilibrium with surrounding free or water-bound EMIm-
OAc in terms of hydrogen bonding. When the water content increases to 10 wt%, most of
EMIm-OAc is water-bound and water molecules approach the cellulose chain. The water is

bound to EMIm-OAc and is not able to interact directly with a cellulose chain at this stage. The
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sheath will get thinner because the water-side of the solvent complex will face directly a
cellulose chain. This situation will be more pronounced at higher water contents, as the sheath
thickness becomes around 0.1 nm (the order of the size of a water molecule) and the electron
density in the sheath decreases. The conformation of cellulose is also influenced by the
surrounding water molecules, and cellulose assumes a more extended structure. The
conformation of a cellulose chain may change from one similar to its crystal state to one similar
to an amorphous state, so that the inner radius of the model cylinder becomes smaller to reach
the value estimated from the molecular model of cellulose in water. When water contacts the
cellulose and interacts directly with it, the intramolecular hydrogen bonding in cellulose chains
is promoted, the conformation is changed, and eventually the cellulose chains will collapse. It
should be noted that even at this stage there is no free water present. These conclusions from
our experimental data agree with predictions from molecular dynamics simulations (Bengtsson
et al. 2017).

The process of the conformational change of cellulose dissolved in the EMIm-OAc/water
mixed solvent is summarized as follows: When cellulose dissolves in EMIm-OAc, its
conformation will change and it will shrink by breaking intra-molecular hydrogen bonds in the
chain axis as shown by the MD simulation (Mori et al. 2012). Cellulose is surrounded by a

sheath layer of interacting solvent molecules. The introduction of water generates water

complexes with EMIm-OAc. exeess—water-as-individual-moleeular phase-emerges-only-when

Q ontent e cede 40 3497 N toth aate onten vater-molecule

EMIm-OAebutnetto-eachother Water is consumed by forming the complex with EMIm-OAc
while cellulose remains dissolved. EMIm-OAc forms a sheath around the cellulose chains, but
the sheath will get thinner upon addition of more water. When most of EMIm-OAc is bound to
water and thus less free EMIm-OAc is available, more water (bound to EMIm-OAc) penetrates
into the EMIm-OAc shell of cellulose to form a new sheath with lower electron density, and it
increasingly interacts with cellulose to promote intramolecular hydrogen bonding and by
reducing hydrogen bonds with EMIm-OAc. The cellulose chain will expand slightly. We
speculate that the cellulose dissolved in EMIm-OAc may change its conformation not only with
respect to C6-OH but also along the main chain according to the MD simulation (Cho et al.
2011), with a new pair of ¢—y torsion angles of cellulose in EMIm-OAc causing the shrinkage

of the molecule along the chain axis direction.



284
285

286
287
288
289
290
291

292

293
294

W, =15.38W1%

A T

‘

||.'. "’-%?(-')JJJ(,
AR

e
i
e

Woaio=15.01W1%

Y

vy

S

Woai=14.16W1%

P@

e

%

1k - = “rto
" 'k I|Irr-r_ % ”::m"“‘ wwater 10.56 A)
"1 ST S
= ’3;\ 'rl":IT;_'_ A AT ez res e g

e IFFF\
! M *.,“; rlrﬁr'rlrrrrr
%,
‘ . "'o,", rrrr“n":l“lrrfmr wWﬂ.tCI'ZS . 77WtoA)
%, |

u [ ’,’ N — e meeeno IrIIIIIIIIIIIIII"rrrmIIIII||||||||||||||||||I||||n ......

""" = 1

\,,,,,/// _
) S D, .

0 10 20 30 40
¥ /nm

Figure 5. Electronic distance correlation functions obtained from the experimentally observed
SAXS profiles and simulated with the corresponding coaxial double-layer cylinder models for

cellulose dissolved in EMIm-OAc with various water contents as indicated.

Electronic distance correlation function. The observed SAXS profiles were Fourier-
transformed according to eq. (6) into the electronic distance correlation function, P(r) in the real

space:

P(r) = 2;2 Iow[(q)-qr-sin(qr)dq (6)

Similarly, the electronic distance correlation function of the cross section (eq. 7) is calculated

as follows:
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where Jo(qr) is a zero-order Bessel function, and I¢(q) is the scattering intensity from the cross-

1.(q)-qr-J,(qr)dg (7)

section.

The electronic distance correlation function represents a pair correlation of a distance between
two points in the object in real space. The electronic distance correlation functions obtained
from the observed SAXS profiles were compared with those calculated from the corresponding
coaxial double layer cylinder models in Figure 5. Although the electronic distance correlation
functions obtained from the observed SAXS profiles are smeared by ripples because of the
limited range of observation, the corresponding models represent the observed electronic
distance correlation functions quite well. The peaks at smaller distances correspond to the
distance correlation in radial direction and the linear part at larger distances to the distance
correlation in the axial direction. The longer tail at longer distance in the observed function
indicates that a cellulose chain is much longer than the range of the fitted cylinder model, and
its concave profile is due to the deviation from complete rigidity. When the water content is
less than 10 wt%, the simulated cylinder is relatively thick and short. The observed distance
correlation function is concave and indicates less rigidity of the cellulose chain. When the water
content exceeds 10 wt%, the simulated cylinder becomes thinner and longer. The concave
profile increasingly resembles a straight line — thus the rigidity of the cellulose chain has
increased, likely due to the onset of the intramolecular hydrogen bonding through the
interaction of water. At the onset of cellulose precipitation (water content 10.38 wt%), the
observed distance correlation exhibits a complex profile due to the instability of the dissolved
state of cellulose. The electronic distance correlation functions confirm the presence of the
sheath layer (shell) of a negative electron density. Although some ripples appeared due to the
limited range of observation, they did not interfere with the evaluation. The peak position shifts
to a shorter distance in accordance with the cross-section getting smaller with increasing water
content. Although it might be worthwhile to consider a solvent geometry of concentric
cylindrical multilayers (more than one), the present model is not able to analyze such an
arrangement.

This situation is better described by means of changes in the electronic distance correlation
function of the cross-section (see eq. 7), which was calculated for each cellulose/EMIm-

OAc/water solution as shown in Figure 6.
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Figure 6. Electronic distance correlation functions for the cross-section obtained from the
experimentally observed SAXS profiles and simulated with the corresponding coaxial double-

layer cylinder models for cellulose solutions in EMIm-OAc with water contents as indicated.

When the water content was lower than 10 wt%, the electronic distance correlation function for
the cross-section exhibited a clear dip (a negative peak) corresponding to the negative electron
density in the sheath. The dip position shifts to a shorter distance and the dip depth becomes
more shallow with increasing water content, and the dip disappears when the water content
exceeds 12 wt%, with the sheath becoming very thin. At the highest water content (15.38 wt%),
the electronic distance correlation function for the cross-section became unstable, reflecting the

non-equilibrium state of the solution.
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Conclusions

We observed with small-angle X-ray scattering the conformational change of cellulose
dissolved in an ionic liquid solution (EMIm-OAc) upon adding water. A conventional Guinier
approximation for the cross-section of a rigid rod model still holds for the observed SAXS
profiles of cellulose in EMIm-OAc/water solution with lower water contents. The apparent
cross-sectional radius of gyration R was found to decrease with increasing water content in the
solvent. However, the Guinier approximation eventually failed to yield a physically reasonable
cross-sectional radius of gyration when the water content approached 15 wt%, near the cellulose
precipitation limit.

A coaxial double-layer cylinder model was adapted to explain these singular characteristics of
the change of scattering profiles and the physically meaningless (negative) apparent cross-
sectional radius of gyration according to the conventional Guinier approximation for a cross-
section of a rod-like molecule. The model comprises a sheath (an outer shell) and a core, which
represents the cellulose chain surrounded by the sheath-forming solvent. The core and the
sheath are characterized by different electron densities, and the sheath is virtually formed by
the interaction of a cellulose chain with EMIm-OAc. Since the interaction sites along the
cellulose chains are limited and the size of EMIm-OAc is relatively large, EMIm-OAc
molecules align along a cellulose chain sparsely and the electronic density of the sheath
becomes lower than in the bulk solvent phase. When water is added, EMIm-OAc is hydrated
and the electron density of the solvent (complexes) increases further. When most of EMIm-
OAc molecules are hydrated upon further water addition, water sites get increasingly in contact
with the cellulose chain and influence the cellulose chain’s conformation. The sheath (outer
shell) becomes apparently thinner, and the electron density of the sheath further decreases. The
interaction with water promotes the intramolecular hydrogen bonding in a cellulose chain,
although the interaction of water with a cellulose chain is not yet so strong at first to cause
precipitation, and complex formation with EMIm-OAc is still operative. This agrees with
previous MD simulations that suggested that the backbone of cellulose chain in IL is more
flexible than in water. The present analysis in terms of a coaxial double-layer cylinder model
clearly indicates that the cellulose chain changes its conformation and becomes stiffer by
intramolecular hydrogen bonding through the interaction with water. When the water content
exceeds 15 wt %, the sheath cannot be formed.

An important conclusion from the present analysis is also that the conventional way to evaluate
an excess scattering by a simple subtraction of solvent scattering from solution scattering may

fail in some cases. Enough care should be taken to analyze the electromagnetic wave scattering
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especially in the case of the mixed solvents in which a preferential solvation might take place

leading to layers of different electron densities surrounding solute molecules.
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