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ABSTRACT: Dissolution of cellulose in 1-ethyl-3-methyl-
imidazolium acetate (EMIMAc) ionic liquid (IL) was
investigated by small-angle neutron scattering (SANS) with
contrast variation. Cellulose and EMIMAc of different
deuteration levels provide sufficient contrast in revealing the
cellulose dissolution processes. Two experiments were
performed: hydrogenated microcrystalline cellulose (MCC)
was dissolved in deuterated IL (IL-D14), and deuterated
bacterial cellulose (DBC) was dissolved in hydrogenated IL
(IL-H14). Contrary to the expectation of high contrast
between MCC and IL-D14, a dramatic reduction of the
measured intensity (scattering cross section) was observed,
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about 1/3 of the value predicted based on the scattering length density (SLD) difference. This is attributed to the tight binding
of acetate ions to the cellulose chains, which reduces the SLD difference. Measurements using small-angle X-ray scattering
(SAXS) corroborate this effect by indicating increased contrast due to ion adsorption resulting in enhanced SLD difference. The
experiments performed with DBC dissolution in IL-H14 suggest the presence of fractal aggregates of the dissolved cellulose,
indicating lower solubility compared to the MCC. Contrast variation SANS measurements highlight tight ion binding of at least
one acetate ion per anhydroglucose unit (AGU). EMIMAc is a successful cellulose solvent, as in addition to disrupting
intermolecular hydrogen bonding, it imparts effective charge to the cellulose chains hindering their agglomeration in solution.

B INTRODUCTION

Cellulose is the most abundant and renewable polymer; it is
used in many industrial and technological applications ranging
from biomedical to nanomaterials and encompassing tradi-
tional products in textile and paper. A main hindrance for
successful applications has been the lack of an efficient and
environmentally benign method to dissolve cellulose chains
from their tight binding in the native crystal. The discovery of
ionic liquids (IL) as a solvent by Rogers and co-workers has
opened novel ways to dissolve cellulose." However, applica-
tions of IL for cellulose are still limited due to technical and
economic issues. The search for new improved solvents is of
current interest. It relies, in part, on obtaining a better
understanding of the dissolution mechanism.” It has been
suggested that IL ions adsorb onto the cellulose surface,
disrupt the interchain hydrogen bonding network within the
crystalline fibrillar structure, and release the chains into the IL
matrix. Studies by molecular dynamics simulations” and NMR
spectroscopy’ have indicated that dissolution involves
formation of strong association of IL anions capable of
hydrogen bonding to the hydroxyl groups of cellulose. These
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may be augmented by the van der Waals interactions of the
conjugated ring structures in IL cations in close contact with
sugar rings.”

Recent studies of cellulose/IL solutions by small-angle X-ray
scattering (SAXS) provided evidence of a solvation sheath of
the IL around the dissolved cellulose chain. SAXS measure-
ments and molecular simulations of cellulose dissolved in a
mixture of tetrabutylammonium acetate and dimethyl sulfoxide
indicated that approximately one acetate ion binds to each
anhydroglucose unit (AGU).® Another recent SAXS study and
simulation on cellulose dissolved in 1-ethyl-3-methyl-
immidazolium methylphosphonate came to a similar con-
clusion.” The SAXS patterns in these studies were analyzed
using a persistent worm-like chain model, in which a core—
shell structure was evaluated for the electron density profile in
a cross section perpendicular to the chain segment, indicating
IL solvation of the cellulose chain.”’
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The concept of polymer solvation originated from studies on
the importance of the hydration sheath® formed by water
molecules around natural polymers, such as denatured
proteins’ or synthetic water-soluble polymers and gels,"’
responsible for the unique thermodynamic phenomena termed
collectively “hydrophobic effects”, including a lower critical
solution temperature (LCST) phase behavior. It is much less
common in organic solvents but has been recently observed in
IL solutions of poly(ethylene oxide)'' and poly(benzyl
methacrylate),'” the latter also exhibiting LCST behavior due
to specific interactions of the ring-conjugated IL cations
solvating benzyl pendant groups of the polymer chain. The loss
of solvent degrees of freedom, due to specific polymer
solvation interactions, results in a negative entropy of solution,
which is the key to LCST behavior in solvated polymer
systems. Although strong solvation interactions are important
to render cellulose soluble in IL, these solutions do not exhibit
LCST behavior, as opposed to hydroxide-based solutions.
Despite the importance of polymer solvation, there is no direct
evidence for strong and dense binding in such systems.

1-Ethyl-3-methylimidazolium acetate (EMIMAC) is consid-
ered an environmental friendly and safe solvent which is very
effective in dissolving cellulose.”"* Previous SAXS analysis of
cellulose/EMIMACc solutions indicated negligible signal from
aggregates,'* as was evident in excess scattering at low angles
seen in other cellulose/IL systems.”” The SAXS patterns from
semidilute cellulose/IL solution followed the scaling rules
expected in good solvent conditions,'* and a rather large
positive osmotic second virial coeflicient evaluated by light
scattering from cellulose solutions in a mixture of EMIMAc
and dimethylformamide indicated strong polymer—solvent
interactions. ° Because of the relatively large persistence length
of the dissolved cellulose chains, the SAXS patterns from the
solutions exhibit rigid-rod-like behavior at intermediate
scattering vectors (g), with a characteristic g~ power law
relation of intensity to g.”'* This allows direct evaluation of
the average scattering length density (SLD) of the solvated
chains from the absolute value of the scattered intensity in a
readily accessible g range.

The observation of the IL-solvation effect on the SLD of the
dissolved cellulose chains is greatly enhanced in neutron
scattering measurements using contrast variation. This may be
achieved when either the polymer or solvent is deuterated,
exploiting the large difference in the scattering lengths of
hydrogen (H) and deuterium (D). The effect of deuteration
on the SLD contrast is much more significant than any isotopic
effect on the interaction between IL and cellulose, which might
be expected following a report on the effect of deuteration on
the acidity of carboxylic acids and phenols.'® Deuterated
EMIMAc'”"® and deuterated bacterial cellulose (DBC)'**°
have already been reported in neutron scattering and
reflectivity studies. However, a thorough comparison of
cellulose versus IL deuteration to better visualize the
dissolution mechanism has not been previously reported.
Furthermore, little is known on whether there is an enrichment
of the IL cation/anion at the cellulose/IL interface and the
strength of the specific interaction that is responsible for the
process of dissolution.

The main objective of this study was to evaluate the extent
of solvation of dissolved cellulose chains by EMIMAc, directly
from the absolute intensity of small-angle neutron scattering
(SANS) from unaggregated solutions in a broad and readily
accessible q range. A second objective was to elucidate the
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interaction of IL ions with the cellulose’s surface during the
dissolution process and the strength of this interaction. For full
evaluation, both microcrystalline cellulose (MCC) dissolved in
deuterated EMIMAc (IL-D14) and DBC in hydrogenated
EMIMAc (IL-H14) were studied at different temperatures.
Understanding cellulose solvation is important in the search of
new and more readily available solvents, such as protic ionic
liquids,21 and in applications of ILs as solvents for cellulose
derivaztizationzz’m or formation of cellulose-coated emul-
sions.

B EXPERIMENTS

Materials. Microcrystalline cellulose (MCC) was purchased from
Sigma-Aldrich, USA. Deuterated cellulose (DBC) was prepared by
growing Gluconacetobacter xg}liftus (ATCC 53524) in deuterated
medium as reported earlier."”>* DBC was freeze-dried for 48 h. 1-
Ethyl-3-methylimidazolium acetate (EMIMAc) ionic liquid (99%
purity) was purchased from Sigma-Aldrich. Deuterated EMIMACc was
prepared at ANSTO’s National Deuteration Facility. The isotopic
purity of the I-ethyl-3-methylimidazolium cation was determined by
mass spectrometry (MS) to be 89 + 2% D, and the isotopic purity of
the acetate anion was determined by a published method using *C
{1H, H} nuclear magnetic resonance (NMR) to be 86% D.*
Detailed NMR analysis is provided in the Supporting Information. ILs
were heated at 90 °C under vacuum to remove water traces.

Cellulose in IL. In the first experiments, MCC (C4H,(Os) was
mixed with the deuterated EMIMAc (IL-D14). In the second
experiment, DBC (C4D;H;0;) with three exchangeable H was mixed
with the hydrogenated EMIMAc (IL-H14). The cellulose powder was
mixed with IL, placed in the cell (I mm thickness) and measured at
25 and 90 °C.

Small-Angle Neutron Scattering (SANS). SANS measurements
were made at the QUOKKA beamline’” of the Australian Nuclear
Science and Technology Organization (ANSTO, Sydney, Australia).
Samples were measured in the transmission mode with the neutron
wavelength, 1 = 5 A (A1/A = 10%). Measurements were conducted at
two different sample-to-detector distances (4 and 1.3 m) to cover an
adequate range of length scales. Data reduction, converting the raw
isotropic 2D scattering patterns and the measurement geometry into
the familiar I(g) formalism, where q = 47 sin 9/2 is the scattering
vector, 28 the scattering angle, and A the incident wavelength, was
made using the Igor-based software.”® The scattering patterns were
corrected for the detector sensitivity, the dark current of neutrons and
detector noise, and the scattering due to the sample holder and then
normalized to the absolute scattering cross section using the incident
beam flux.

Small-Angle X-ray Scattering (SAXS). SAXS measurements
were performed using a Molecular Metrology SAXS/WAXS system
equipped with a sealed microfocus tube (MicroMax-002+S) emitting
Cu Ka radiation, two Gobel mirrors, three pinhole slits, and a
generator that was powered at 45 kV and 0.9 mA. The scattering
patterns were recorded by a two-dimensional position-sensitive wire
detector (Gabriel) positioned 150 cm behind the sample. The
solutions were sealed in thin-walled glass capillaries about 2 mm in
diameter and 0.01 mm wall thickness and measured under vacuum at
25 °C. The scattered intensity I(q) was recorded at the interval 0.007
< g < 026 A™". The scattering intensity was normalized with respect
to time, solid angle, primary beam intensity, capillary diameter, and
transmission to yield the absolute specific scattering cross section.

B RESULTS

SANS experiments were performed to quantify cellulose
solvation by EMIMAc ionic liquid (IL) in the dissolution
process, utilizing the way solvation affects the scattering length
density (SLD) of the dissolved cellulose chains. The SLD of
hydrogenated microcrystalline cellulose (MCC) is ~1.76 X
107 A2, and that of deuterated bacterial cellulose (DBC) is
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7.2 X 107° A~ The three labile hydroxyl groups on the DBC
chain decrease its SLD to ~5.56 X 107° A™* having been
reverted to hydrogen in the purification processes.”” The SLD
of EMIMAc (IL-H14) is 1.14 x 107° A7 and that of fully
deuterated IL-D14 is 6.07 X 107 A™% Table 1 gives the

Table 1. Molecular Weight, Density, and Scattering Length
Density (SLD) of Hydrogenated Cellulose, Deuterated
Cellulose (Labile Hs), Hydrogenated EMIMAc, and
Deuterated EMIMAc

M, densitzf SLD (p )
material notation  (g/mol) (g/cm?) (x107¢ A72)
EMIMAc IL H14 1702 1.03 1.14 (CgH,N,0,)
IL D14 1842 112 6.07 (CsD,4N,0,)
cellulose MCC 162.1 1.50 1.76 (C¢H,,05)
DBC 169.1 1.56 5.56 (CeD,H;05)

molecular weight, density, and the calculated SLD from the
molecular formula. Table 2 presents the calculated SLD
differences (contrast) Apy,., that may be achieved theoretically
between the different materials.

Table 2. Theoretical SLD Difference Calculated for
Hydrogenated and Deuterated Cellulose, Hydrogenated
Ionic Liquid, and Deuterated Ionic Liquid

cellulose in IL SLD difference Ap

Ap?
(xlO’{; A™)

solvents (x 107° A?)
cellulose_H-IL_H14 0.63 0.40
cellulose_H-IL_D14 4.31 18.6
cellulose_D-IL_H14 4.42 19.5
cellulose_D-IL_D14 0.51 0.26

Hydrogenated Cellulose (MCC) Dissolved in Deuter-
ated EMIMACc (IL-D14). Figure 1 shows the SANS curves for
3 wt % MCC dissolved in IL-D14 solvent, performed at 25 and
90 °C. The first striking observation is the low value of the
absolute scattering intensity (specific scattering cross section)
which results in low signal-to-noise observed in the measure-

1 O MCC_IL-D14_25°C
¥ # MCC_IL-D14_90°C
0.25 i

Intensity (cm™)
o
N

Figure 1. SANS curves for 3 wt % hydrogenated microcrystalline
cellulose (MCC) dissolved in deuterated ionic liquid (IL-D14) at 25
°C (open square) and 90 °C (open star). SANS curves fitted with the
power law (eq 1) are shown by the solid lines.

7651

ment time. Furthermore, it was not possible to obtain a
statistically significant measurement at low g, requiring a 20 m
setting of the detector distance from the sample. Another
observation is that the scattering intensity is lower for the
solution measured at 90 °C. Further information from the
SANS curves was extracted by fitting the data in the
experimentally accessible g range (0.01—0.3 A™'). As shown
in Figure 1, this can be fit by the power law

I(q) =Iq ' +b (1)

where I, is the prefactor of the power-law relation and b
represents the background scattering due to the IL solvent.
The q~' relation of intensity to scattering vector is character-
istic of rod-like entities and is typically observed in the range of
scattering vectors (1/L) < q < (1/R.), where L and R,
represent the length and cross-section dimensions of the rod.
In this case, the prefactor, I, is given by’

N 24 2 2
I, =|— |zLAAp” = @prAA
0 (V] P @ P @)

where (%) is the number of rod-like particles per unit volume,

L, A, and ¢ are the rod length, cross-section area, and volume
fraction, respectively, and Ap is the SLD difference between
the rod and its surrounding medium. Equations 1 and 2 are
valid also for a rod-like structure with a nonuniform cross
section, such as a core—shell cylinder, when q < 1/R. (R,
being the radius of gyration of the cross section).”’ The
conformation of cellulose dissolved in ionic liquids was shown
to conform to a worm-like chain with a significant persistence
length (LP)6’7 so that the power law of eq 1 is followed in the
relevant g range.ﬁ’7’14’15

The surprisingly low scattering cross section in the SANS
patterns from the solution of 3 wt % MCC in IL-D14, hence
the low value of I;, may be due to different causes. An obvious
possibility is that not all the cellulose is molecularly dissolved
and that the scattering from nonexfoliated crystals has a
negligible contribution in this relevant g range. This possibility
is discounted as MCC readily dissolves in EMIMACc into a clear
solution with no visible indication of aggregates. We propose
that the low scattering cross section is due to the strong
binding of IL ions to the cellulose interface. As the measured
data do not have a sufficient signal above the background at
the high-g range, it cannot provide resolution of the cross-
section structure. However, the measured power-law prefactor
allows assessment of the extent of solvation by considering the
average SLD of the cellulose chain with its bound IL
molecules. We can consider two extreme cases. If the molar
volume of the adsorbed ions is unchanged, so that they
contribute to the increase in cross-section area and the volume
fraction commensurate with the reduction in the contrast, then
IL adsorption should not affect significantly the total scattering
cross section. Obviously, this is not what the measurements
indicate. On the other hand, tight binding of the ions, in a
manner that does not significantly affect the cross-section area,
will result in significant reduction of contrast. Although this
case may be unrealistic, it can provide a lower-limit estimate to
the extent of adsorbed IL ions solubilizing the cellulose chain.

The values of I, obtained by fitting eq 1 to the data in Figure
1 are used to calculate the experimental SLD difference Ap,,,
between the cellulose chains and the IL solvent using eq 2.
Here we use constant values of ¢ ~ 0.02 (calculated from 3 wt
9% MCC in IL-D14) and a cross-section area A of 32 A? as
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given for a chain in the cellulose I crystal structure.”” The
evaluated parameters for the 3 wt % MCC/IL-D14 solution at
different temperatures are given in Table 3. The Ap,,, value at

Table 3. SLD Difference Value Ap,,, for 3 wt % MCC/IL-
D14 Obtained from Fitting the SANS Curves at Different
Temperatures by the Power Law

T I, (obtained from ApéexE A/’gheg x (mol acetate/
(°C) fitting) (X107 A%  (x107° A7?) AGU)
25 0.0012 (theo I, = 2.44 431 0.74
0.0037)
90  0.00078 1.97 431 0.93

25 °C is 2.44 x 107 A2, which is 1.8 times smaller than the
value calculated theoretically (Apge, 4.31 X 107 A7), At the
higher temperature of 90 °C, Ap,,, decreases to 1.97 X 107°
A™%, which is 2.2 times smaller than Apy,.,. The low values of
Ap,,, are a manifestation of the low scattering cross section
measured by SANS; we propose this is due to the strong
binding of IL acetate ions to the cellulose interface which
renders its solubility in the ionic liquid. There is compelling
evidence, by neutron diffraction with isotopic substitution, of
particularly strong hydrogen bonding of the glucose hydroxyl
groups to the acetate anions of EMIMAc in which it is
dissolved. This is confirmed by molecular dynamics
simulations.'® Thus, if we consider x acetate anions attached
to one anhydroglucose unit (AGU) of cellulose, the value of x
can be estimated from the ratio of Ap,, to Apy,, as

(Z b),. P
1+x = =
Agexp (Z bl)cen /)cell
Aptheo 1 - L

3)
where (Xb;)ca and (X b;),. are the scattering lengths of one

AGU of cellulose and one acetate ion, respectively. The data
presented in Table 3 show that the low scattering cross section
of the cellulose chains dissolved in IL results from the decrease
in the SLD contrast (Ap,,,) and is due to association of IL
ions with the dissolved cellulose chains. Assuming tight
binding of acetate anions, the lower-limit estimate of the
molar ratio of bound acetate to AGU can be calculated by eq 3,
using the scattering lengths of one AGU and deuterated acetate
(3.15 X 107 and 4.49 X 1076 A, respectively). The molar
binding ratios thus evaluated are 0.74:1 at 25 °C and 0.93:1 at
90 °C, as given in Table 3.

The foregoing analysis assumes negligible change in the
cross-section area of the cellulose chain upon ion adsorption.
Considering that the adsorbed ions occupy a shell around the
cellulose chain, such that its cross-section area increases by a
factor y from A, of the bare chain to a total cross-section area
per chain of A, then

Pl

Vads

_ Atotal

~1+«x
0 Veell

(4)

where v and v,y are the molar volumes of an AGU and the
adsorbed species, eq 3 can be modified as

b,
[ IO:EXP (X8)
I eo !)IL
0,th ( 5)
where I, is the value of the power-law prefactor obtained by
fitting eq 1 and Iy, is the calculated value of this prefactor

P
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using eq 2. Inasmuch as the adsorbed ions occupy a more
significant volume around the dissolved cellulose chains (y >
1), a higher adsorption ratio (x) is to be expected to fit the
scattering intensities measured experimentally. For example, a
molar adsorption ratio of about 2:1 acetate per AGU is
predicted by eq 5 for a 50% increase in the cross-section area
per chain.

Deuterated Bacterial Cellulose (DBC) Dissolved in
Hydrogenated EMIMAC (IL-H14). SANS experiments were
performed on the freeze-dried 3 wt % DBC dissolved in the
hydrogenated EMIMAc (IL-H14) at 25 and 90 °C (Figure 2).

o O DBC_IL-H14_25°C
% DBC_IL-H14_90°C
—Fit
1_
£
L
>
=
7]
c
[]
]
£
0.8
0.01

Figure 2. SANS curves for 3 wt % DBC dissolved in hydrogenated
ionic liquid (IL-H14) at 25 °C (open square) and 90 °C (open star).
SANS curves fitted with the power law (eq 1) shown by the solid
lines.

The scattering patterns from the DBC/IL-H14 solutions differ
from those of the MCC/IL-D14 in two ways: the scattering
intensity level at low g was higher in DBC solutions, and the
temperature dependence was insignificant. Nevertheless, the
patterns could be fitted by eq 1, similarly to the scattering from
the MCC/IL-D14 solutions, indicating that the dissolved DBC
exhibits a rigid linear structure at the length scales probed by
the measured g range (0.01-0.3 A™')—just as did the
dissolved MCC. The resulting values of I, and the respective
evaluated experimental SLD differences Ap,,, calculated by eq
2 are given in Table 4. The evaluated Ap,,, at 25 and 90 °C are

Table 4. Scattering Length Density (SLD) Difference for
DBC in IL-H14 Obtained from I,

Apyeo
(><10-‘L’h A7)
4.42
442

Ap
(x10-° A2)
38
3.7

T
(°C) I, (obtained from fitting)

25 0.0029 (theo I, = 0.0039)
90  0.0028

quite similar, 3.8 X 107® and 3.7 X 107° A72, respectively.
These values are closer to the calculated SLD difference
(Apiheo = 442 X 107 A72), yet they are still smaller.

The observation that the fitted value of Iy, is smaller than
the theoretical value Iy, cannot be explained by ion
adsorption, as in the case of MCC dissolved in IL-D14. The
scattering length of an adsorbed acetate ion (1.4 X 107%A) is
small relative to that of a deuterated AGU (C4D,H;04: 10.4 X
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107 A), yet its adsorption increases the SLD difference to the
IL-H14 solvent. In this case, we need to consider that the
volume fraction of molecularly dissolved cellulose chains is
lower than expected from full dissolution of DBC. Sluggish
dissolution of BC compared to plant cellulose has been
reported.”” The large difference in the degree of polymer-
ization of BC as compared to MCC (about 4000 and 200,
respectively) can have a pronounced effect on the structure of
the dissolved chains. As discussed in the following section on
SAXS measurements, some chains can remain in so-called
fractal aggregates, which contribute mostly to the scattering
intensity in the low-q range. If we consider that only a fraction
z of the dissolved DBC is in the form of individual chains,
contributing to the scattering as modeled by eqs 1 and 2, then
the left-hand side of eqs 3 and 4 should be multiplied by a
factor z7®° > 1. The volume fraction of dissolved cellulose
needed to account for the lower value of Ijy., (without
considering ion adsorption) is lower by a factor of z = 0.74
relative to its initial value. Considering adsorption of acetate
ions at the same molar ratio as evaluated for the MCC solution
requires a reduction of the dissolved cellulose content by a
factor of 0.59

Small-Angle X-ray Scattering (SAXS) from Solutions
of Cellulose (DBC and MCC) in EMIMACc (IL-H14). SAXS
experiments were performed to evaluate possible difference in
the extent to which cellulose dissolves in EMIMAc as
individual chains, depending on the source of cellulose
(bacterial or microcrystalline). The patterns from 2 wt %
cellulose solutions measured at 25 °C, shown in Figure 3,

0 MCC_IL-H14
o 2 © DBC_IL-H14
o)
o
14 o ey
F) E o
£ ] o
5 o
S
2
® l oo
2 0.1 O oppg,
q’ p
£~
£
0.01{ O MCC_IL-H14
] o DBC_IL-H14

0.01

ai™)

Figure 3. SAXS patterns from 2 wt % cellulose in EMIMAc (IL-H14)
after background subtraction. Open squares: MCC; open circles:
DBC. Inset: high-q region displaying fits of q~' power law (solid
lines).

exhibit distinct differences between solutions of cellulose from
microcrystalline or bacterial source. Intense excess scattering at
low ¢ is observed in the scattering from the DBC solution,
relative to the MCC solution, with an apparent power-law
relation of intensity to scattering vector with an exponent
between 2 and 3. This indicates that a significant fraction of
cellulose chains exist in so-called “fractal aggregates”.”” The
scattering from MCC/EMIMAc solution, however, does not
exhibit any excess scattering at the low-q region of this
measurement, attesting better dissolution of MCC in this
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solvent as compared to DBC, as well as the enhanced solvation
effectiveness of EMIMAc for MCC."""

Because the most prominent feature of the SAXS pattern
from the 2 wt % MCC/IL-H14 solution shown in Figure 3 is
the apparent g~' power-law relation of intensity to scattering
vector in the mid to high g range, it can be evaluated using the
ion-adsorption model by applying eq 3 or 4. The X-ray SLD of
cellulose (13 X 107® A™2) is higher than that of EMIMAc (9.4
X 107% A™2) or acetate ion (value approximated as acetic acid,
9.4 X 107° A7) and scattering length ratio of acetate ion to
AGU, (Xb,),/(Xb;)ca is 0.36. The fit of the g~ power law
relation to the SAXS patterns from both cellulose solutions is
shown in the inset of Figure 3, yielding values of I, of 19.3
and 11.5 X 107* for MCC and DBC solutions, respectively,
whereas Iy, evaluated by eq 1 is 7.0 X 107% Applying eq 3
yields the lower limit of the molar adsorption ratio of acetate
ion per AGU as x = 0.6, which indicates the SAXS
measurements support the notion of ion adsorption.
Incidentally, the SAXS intensity of the DBC solution is
lower by a factor of about 0.6 relative to MCC solutions,
similar to that evaluated by the analysis of SANS data
described above.

B DISCUSSION

Neutron scattering from polymer solutions using isotopic
substitution of hydrogen with deuterium in one of the
constituents is a useful method for gaining information about
the conformation and structure of the dissolved polymer. This
is especially effective when the solvent is deuterated, as it
provides high contrast with low incoherent scattering back-
ground. It was therefore very surprising that the SANS patterns
from microcrystalline cellulose (MCC) dissolved in deuterated
ionic liquid EMIMACc exhibited a very low level of scattered
intensity. In particular, since MCC readily dissolves in this IL
yielding clear solutions, and previous SAXS and light scattering
measurements gave strong evidence for full dissolution to
isolated cellulose chains. The interpretation of this effect sheds
light on the unique mechanism by which this ionic liquid is so
effective in destructing the strong intermolecular forces within
the cellulose crystal leading to its molecular dissolution.
Following reported results of NMR*'® and X-ray diffraction"®
measurements, as well as molecular simulations,”® it is
assumed that the acetate ions of the IL are the species that
closely associate by hydrogen bonding to hydroxyl groups of
the anhydroglucose units (AGU). The dramatic reduction in
contrast between the deuterated IL and cellulose is explained
by tight binding of acetate ions to cellulose, possibly by
hydrogen bonding of one anion to two AGU hydroxyls.'® In
the case of MCC dissolved in deuterated IL, the adsorbed ions
increase the SLD of cellulose, thus reducing its contrast with
the IL. This effect on the cellulose SLD implies that the molar
volume of the associated ions is smaller than those in the IL
solvent and highlights the strength of the cellulose—ion
interaction. Thus, the cellulose dissolution mechanism can be
described schematically as shown in Figure 4. As the IL
surrounds the cellulose fibrils, ions adsorb to the cellulose
surface, penetrate the fibrillar crystal, and disrupt interchain
interactions by tight adsorption to the exfoliated chains. The
tight binding of the ions result in effective charging of the
dissolved chains, reducing their propensity for reassociation.
The effect of temperature cannot be readily explained.
Weakening of the interaction of the deuterated ion with the
polymer chain with increasing temperature is expected to lower
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Figure 4. Schematic of the mechanism of cellulose dissolution in EMIMAc ionic liquid.

its SLD and hence increase its contrast with the IL and the
measured intensity. That the opposite effect is observed may
be a result of other effects, such as reduction of the solvent
SLD due to its lower mass density.

B CONCLUSION

Dissolution of cellulose in EMIMACc ionic liquid (IL) was
monitored by using contrast variation small-angle neutron
scattering (SANS) measurements. Contrary to the expect-
ations of high contrast between hydrogenated microcrystalline
cellulose (MCC) and deuterated IL, a dramatic reduction of
the measured intensity (scattering cross section) was observed.
This was attributed to tight binding of deuterated acetate ions
to the cellulose chains, the effect of which was to reduce the
difference in scattering length density (SLD). The associating
ions are assumed to be the acetate anions, following reported
measurements by NMR and X-ray diffraction with isotopic
substitution as well as molecular simulations.”® However,
further studies using specific partially deuterated EMIMACc are
needed to better evaluate this issue. Measurements of small-
angle X-ray scattering (SAXS) corroborate this model by
indicating increased contrast due to ion adsorption resulting in
enhanced SLD difference, but the effect is less dramatic.
Experiments were also performed with deuterated bacterial
cellulose (DBC); however, the presence of fractal aggregates of
the dissolved cellulose, and hence a reduced concentration of
molecularly dissolved chains, hindered quantitative evaluation.
These results shed light on the dissolution mechanism of
cellulose in EMIMAGc, highlighting its successful exfoliation of
the cellulose crystals to individual chains. The tight binding of
the ions interferes with the interchain association and results in
effective charging of the dissolved chains maintaining their
separation.
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