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Abstract

Interactions determining the dissolution of a monomergetellulose, i.e., cellobiose in a room temperature ionic liquid,
[Emim][OAc] have been studied using ab-initio molecular dynamics simulaticAlthough anions are the predominant species
in the first coordination shell of cellobiose, cations too are present to armitent around it. Presence of small concentration
of water in the solution does not significantly alter the nature of the coordmatigironment of cellobiose. All intra-molecular
hydrogen bonds of anti-syn cellobiose are replaced by inter-moldrydaogen bonds formed with the anions, whereas the anti-anti
conformer retains an intramolecular hydrogen bond.

1 Introduction the dissolution of cellulose in ILs and that the cation plays
negligible role. Ludwig and coworkers did a systematic gtuds.
The depletion of fossil fuels and the increasing need forof dissolution of ponoIs in different salt solution and 1E$ =
energy sources is an issue of paramount importance. Amonghift in the OH frequency was used to determine the ability
many alternatives, biomass is a promising candidate. It i®f any solvent to dissolve the polyols. Molecular dynamics
most abundant in the form of lignocellulosic matter present (MD) simulations carried out by Youngs et'&l!? suggested
wood or plant biomass. Major components of lignocellulosica similar mechanism. Seddon and coworkénssed ILs to ..
biomass are cellulose (40-50%), hemicellulose (20-30%) anassist the acid-catalysed hydrolysis of lignocellulosiriass.  »
lignin (20-30%)! Notwithstanding its abundance and utility, Motivated by the work of Rogers and cowork&rsmany s
the conversion of biomass to biofuel is a rather difficult researchers have employed ILs to dissolve other biomascul «
process. One of the main hurdles in this conversion is itsSilk fibroint, starch and Zein protef, hemicellulosé®, .
dissolution. Biomass is reluctant to dissolve in convemslo lignin®’, chitin and chitosaff etc. have also been dissolved..
organic solvents and requires harsh conditions of pressute in ILs. 4
temperature. Furthermore, traditional solvents for biomass Over time, newer ionic liquids to improve the dissolution:
have been associated with issues such as toxicity, vofatili of cellulose have been identifid.?% 2% 2223 Experimental
etc. studies suggest that ILs with imidazolium cation and aeetatc
Rogers and coworke?s pioneered the dissolution of anion are the best solvents for cellulose,f@m][CH;COO]  ~
cellulose in ionic liquids (ILs) under mild conditions, Wwigut ~ can dissolve 15 - 20 % of bioma$$.2° Although it is now ..
any pretreatment and overcame these challenges. They wenell known that ILs currently serve as the best solvents for
also able to regenerate cellulose with addition of water andellulose dissolution, yet the role of cation in this pracess:
other common solvents. lonic liquids are salts that arediqu is under debate. A recent NMR study by Zhang et‘al s
at room temperatur®.5 Since their early work, significant suggests that both cation and anion form hydrogen bonds wi
progress has been made in the dissolution of biomass iaellulose. In our earlier worR, we attempted to explain the -
ionic liquids. Some of the recent studies show that everflissolution mechanism of cellulose and hemicellulose & ILs.
wood can be directly dissolved in ionic liquids without any using density functional theory applied to the clustersvds s
pretreatment. & 7.8 Researchers have employed a varietyshown that cations can indeed form weak hydrogen bonds wit»
of experimental techniques to investigate the dissolutiorthe hydroxyl groups of cellulose and hemicellulose. 5
mechanism of cellulose in ILs. Nuclear magnetic resonance The mechanism of dissolution has been investigated Fy
(NMR) studies performed by Moyna and coworkérevealed many researchers using various computational techniques.
that hydrogen-bonding interaction between the hydroxylBergensthhle et af® carried out force field based MD
group of cellulose and the anion of ILs was responsible forsimulations to understand the insolubility of cellulose in:
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aqueous solutions.  Singh and coworkets used MD  were constructed using GaussVigw These were later 1.
simulations to study the dissolution mechanism of cellelos optimized independently in gas phase at B3LYP/6-311+3}(g,6k
in [Comim][OAc]. They reported that the strong hydrogen level of theory, using the Gaussian 09 software package:.
bonding between the anion and cellobiose was a majofwo lowest energy conformers for cellobiose and the lowes:
factor in dissolution. They also reported the interactién o energy structure of the ions were taken for further caloumast 1.
a few cations with cellobiose. In particular, they observedThe conformers of cellobiose were either anti - anti or antiix
a change in the conformation of cellulose with respectsyn, as determined by the torsional state of the twg@GH s
to the 5(1-4) linkage when it was dissolved in the IL. groups (Figure 1). For each of these conformers, two differeuc
Zhao et af®?° carried out systematic MD simulations to sets of simulation were carried out. In the first, cellobiose 1
understand the effect of the structure of cation and aniorsolvated in pure IL (with 30 ion pairs of IL only). In additipn 1.
on the dissolution of cellobiose in ILs. Cations with less a simulation containing cellobiose dissolved in 30 ionpafr ...
steric hindrance showed a better dissolution capability. | IL along with 5 water molecules was also carried out. While
the case of anions, apart from steric hindrance, a highhe former system consisted of 825 atoms and 2176 valenge
electronegativity and absence of electron withdrawingigso  electrons, the latter involved 840 atoms and 2216 valengs
were shown to aid cellulose dissolution. Recently, Rahidea electrons, making these simulations rather computatipnals
et al*® carried out atomistic MD simulations to study the challenging. Prior experimental studies have suggested tk
dissolution of cellulose bundles in ILs. They too obsentett first and second solvation shells of cellobiose to containiz
ILs weaken the intra- and intermolecular hydrogen bondingand 19 ion pairs respectively and thus these system sizesy:
between the cellobiose units, resulting in their dissoluti  although small, are not unreasonable. 130

Quantum chemical calculations have also been employed The system was initially equilibrated using classical MR-
to understand the interaction of cations and anions withsimulations during which the ionic liquid was describechgsi 12
cellulose. Janeskd employed dispersion corrected density the force field of Senapati et8l Water was described using:s:
functional theory (DFT) to understand the interaction lE#w  the SPC/E modéf. Gas phase ESP charges for atoms an
one ion pair of IL and cellulose. They found that the cellobiose were calculated through Gaussiaft08nd the 12
cellulose unit mainly interacts with the anion (Cin their ~ same were used in these classical MD simulations. Th:
case). Guo et & 3 employed DFT calculations to probe initial configuration of solvent molecules in each system
the effect of cation and anion structure on interaction withywas generated using Packnfdl.The system was energyis
cellulose. They too reported that the dissolution of ceBel  minimized prior to a short MD run under constant NV Ty
in ILs will have contributions from both cation and anion. conditions of 500 ps. Subsequently, the systems we #
Pincu and Gerber have recently carried out ab-initio mdéecu stydied under constant NPT conditions for 15 ns. This
dynamics (AIMD) simulations of3-cellobiose conformer in  was followed by a constant NVT run for 16 ns whose:
pure water and examined differences in the solvation of theinal configuration constituted the initial configuratior fbe 1
two conformers? AIMD run. Box lengths for the systems containing anti-anti.
While both gas phase quantum chemical studies as webyr anti-syn conformer soaked in pure IL were 19.880and 1«
as force field based MD simulations have been employed tq9.8806A respectively. For the IL+50 systems, it was i«
understand the dissolution mechanism of cellobiose in IL,19.9796A for the anti-anti conformer and 20.1040for the s
to our knowledge no AIMD simulations have been carriedanti-syn one. All classical MD simulations were carried out
out so far. AIMD simulations have the advantage of bothysing the LAMMPS® software package. 1
configurational sampling intrinsic to a liquid phase and a AMD  simulations were performed  using  theuw
gyggggrzlochemlcal framework within which itis realis&d*: CP2K/Quickstep codé Double zeta valence polarizations:
I We_ report r_esults of _such simulations herg. |°”'C(DZVP) basis with Goedecker, Teter and Huttes:
I|qwds, particularly in c_ondltlons employed to dissolve (GTH) pseudopotentials were used. The BLYF .-
biomass are rarely devoid of water. Thus, we have alsQychange-correlation functional was employed. Dispersie
examined the effect of water concentration in the IL on thegqrections at the D2 lev& were also included. Simulationss.s
solvation of the cellulosic unit. were carried out in the NVT ensemble at 300 K using &
Nose-Hoover chain thermost4f. Equations of motion were 15/
2 Detailsof Simulation integrated with 0.5 fs timestep. Three dimensional peciodiss
boundary conditions were employed in order to mimic a bulk
As we are interested in examining the microscopic inteoasti system. Electronic orbitals were expanded in a Gaussiiin
between cellulose and ionic liquid, one monomer unit ofbasis set. The electron density was expanded in plane wavc
cellulose, i.e., cellobiose was considered as the solatgall  basis set with energy cut off of 280 Ry. All the systems wens
geometries of the structural unit and of the cation and aniorstudied for 35 ps. All the analyses were carried out on the
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Fig. 1 Schematic of the two cellobiose conformers, ions of ionic

last 25 ps of the AIMD trajectory using home grown codes:

written in FORTRAN 90. 165

MD trajectories were visualized and spatial density maps
were created using VMDBY 16
3 Resultsand Discussion 168

The structural properties of a liquid system can be wellistlid 10
through the radial distribution function, g(r). Figure P(awo
shows the g(r) between the three ring hydrogen atoms of tr
cation (HIs) and the oxygen (OC) atom of cellobiose. Alk.
these pair correlation functions exhibit a first peak at adou 17:
2.7 A; on rare occasions, the ring hydrogen of the cation
approaches cellobiose to distances less than iddicating 17
the likely formation of a weak cation-cellobiose hydrogen«
bond. Addition of water decreases the height of the first peak
in the anti-anti case; thus, water could partially displtdte 17
cations in the first coordination shell of cellobiose. Fgtb) 17
shows the g(r) between oxygen (OA) of anion and hydroxy
hydrogen (HC) of cellobiose. The sharp peak atdliballthe -
g(ns indicates the formation of strong hydrogen bondsoAlss.
the peak height changes negligibly upon addition of watet:
implying that anions surrounding the cellobiose unit aregenoas:
or less unaffected by the presence of water molecules. 18
This behavior is evident from the running coordinatiof
number (Figure 4). The running coordination number af
cation Hls around OC of cellobiose is insignificant till 2
A. However, in the corresponding distance range, that s
anion OAs around HC of cellobiose varies between 0.70 i~
0.85. Thus, each of the hydroxyl hydrogen of cellobiose is
surrounded by 0.75 anion oxygens. Given that there are eigk .
HC atoms in cellobiose, we can conclude the presence.e?
around six to seven anions hydrogen bonded to cellobiose;-in
its first coordination shell. This observation can be furthes
supported by the radial distribution function between th@ Hioc
of cellobiose and carboxylate carbon of anion (See Figuje Sik
At the first coordination minimum (3.§\), the coordination 1
number is around 0.85. As there are 8 HCs in cellobioss,
one can say that nearly 7 anions are hydrogen bonded tou.:.
The acetate anion possesses two carboxylate oxygen ateis
(OA). Either of them can form hydrogen bond with hydroxyk:
hydrogen (HC) of cellobiose. However, we observe that oni
one of the two OAs hydrogen bonds with HC. The other OA.

liquid and water molecule, showing different atom types used in theatom is hydrogen bonded with the acidic proton of the catia:z

discussion.

(see Figure 3). For the case of cellobiose-cation, the fiss
coordination shell extends up to 3.Z6and the number of 2
cations varies between 0.50 to 1.0; however, the coordimatios
number at 2.8 is only 0.4. Thus, within this distance froman
cellobiose, nearly six to seven anions are hydrogen bond:.d
and around three to four cations are present. This obsenvati:
is in reasonable agreement with the earlier NMR study &:
Zhang et al®*, where they suggested the first coordination.

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Radial distribution function between (a) OC of cellobiose
and HI of cation and (b) HC of cellobiose and OA of anion.

Fig. 3 Snapshot from simulation exhibiting the neighbourhood of
cellobiose in ionic liquid. Only one of the OA atom of acetate anion
is hydrogen bonded with HC of cellobiose. The other OA atom is
hydrogen bonded to HI of the cation. Only two anions present
around cellobiose are shown for the sake of clarity.

shell of cellobiose to consist of 7 ion pairs. Since aniors afis
seen to be closer to the cellobiose units, it can be concluded
that they form stronger hydrogen bonds and play the primasy’
role in its dissolution which is in agreement with earlief:-
experimental: ! and simulation studie$’ 218

While the role of anions in the dissolution mechanism is:
widely accepted, that of the cations needs to be understogd
better. Plots of both radial distribution function and rimgn 2
coordination number suggest that cations can approag"
cellobiose close enough such that their His can form weak
hydrogen bonds with the OC atoms of cellobiose. The
cation-cellobiose hydrogen bonds are considerably weaksr
as compared to those formed by the anions. These rest't:
are in agreement with our previous cluster calculatiénm 2
the sense that both cation and anion are found to interas.
favorably with cellobiose. Further, these observatiorns as:
in agreement with the NMR spectroscopic studies of Zhapg
et al?* Thus, although the cation has only a secondasy
role to play in the dissolution mechanism, its effect cannet
be neglected, a conclusion drawn through MD simulations
recently reported by Zhao et & Further, the shortest distances.
of approach for both the cation and the anion to cellobios2
is independent of the amount of water present, althoug.:
the peak height of the cellobiose-ion g(r) decreases with
increasing water concentration. Similar effect of cation @
dissolution of CQ in ILs was observed by Kirchner andz-
coworkers®® In case of CQ dissolution also anion plays zu
the major role. Examination of the first solvation shek.:
for the anti-anti conformer of cellobiose shows that all but
one of its intramolecular hydrogen bonds are replaced by
intermolecular hydrogen bonds between cellobiose and iom:
of IL (see Figure S2 in Supporting information). Interegtin 2=
the unbroken intramolecular hydrogen bond present in tke
anti-anti conformer is found to be broken in the anti-synecas:
(see Figure S3 in Supporting Information). Through DFZ.
calculations of clusters, we had reported eaffighat the 2.

4| Journal Name, 2010, [vol] 1-11
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Fig. 4 Running coordination number between (a) OC atom of
cellobiose and HI of cation and (b) HC of cellobiose and OA of
anion.

anti-anti conformer, which is the most stable in gas phase
becomes less stable than the anti-syn one in the presence:u
explicit ions of IL. The results reported here on the absericezs:
an intramolecular hydrogen bond in the anti-syn conformel
confirms our earlier observations. This structural detsil is
observed in the systems studied with water as well. 258

Figures 5 and 6 show the spatial density map of the
three ring hydrogens of cation (HI) and of oxygens of the;
anion (OA) around the two cellobiose conformers. Both:
anion and the cation are present in the first coordinatiee=
shell of cellobiose. The isosurface value used for the natiéso
in the figures is an order of magnitude larger than that fex:
the anion. Despite its higher isosurface value, the catiap
map is much more dispersed than the corresponding apc
for the anion. Anions exhibit very specific binding as sees
from their relatively narrow spatial distribution. The kyl s
nature of the cations may impose steric hindrance and de&:
not permit them to approach closer to the hydroxyl sites ai
cellobiose. In addition, the larger volume over which the:
positive charge is distributed on the cation could also be
a reason for its weaker binding to cellobiose. In the case
of the anti - anti conformer, anions are absent near one.e*
the hydroxyl hydrogen as the latter forms an intramoleculas
hydrogen bond which is intact over the entire duration of the
simulation (see Figure S2 in Supporting Information). Ictfa 2
the hydrogen bond that this hydrogen atom participates in,
exhibits an interesting behavior. As shown in Figure 7(@), 4.
can form a hydrogen bond with either O1 (ring oxygen) o,
with O2 (CH,OH). Shown in Figure 7(b) is the distance of =
this hydrogen from these two sites as a function of time in
the case of cellobiose dissolved in pure IL. Over the dunatiee
of the AIMD trajectory, we find that this hydrogen formss
a hydrogen bond between these two sites in the ratio s
approximately 4:1, i.e., the ring oxygen site (O1) is morg:
preferred than the CHOH oxygen (02). There also existses.
a transient state where the intramolecular hydrogen boncksi»
replaced by the intermolecular hydrogen bond ( 7(c)). In the
anti-syn conformer, this intramolecular hydrogen bond was
never observed and is replaced by an intermolecular one —i~e
hydrogen atom h-bonds with OA of the anion (see Figure S2
in Supporting Information). 29¢

Figure 8 is a snapshot from the AIMD simulation displaying-
the cations and anions in the vicinity of the cellobiose .uni:
Most of the HC atoms of cellobiose form hydrogen bonds wit
one of the OA atoms. The other OA atoms of the anion as&
seen to form a hydrogen bond with the HI of cation. In most
cases of hydrogen bond between the anion and the catigs
the most acidic ring hydrogen is the atom which is involved:
In the vicinity of cellobiose, some cations are seen not iz
form hydrogen bond with it. However, they are involved i
hydrogen bonds with anions.

Figures 9 and S4 (Supporting information) compare the pai:

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Spatial distribution of (a) cation’s ring hydrogen and of (b)  Fig. 6 Spatial distribution of (a) cation’s ring hydrogen and of (b)
anion’s oxygen around cellobiose in anti-anti conformation. anion’s oxygen around cellobiose in anti-syn conformation.
Isosurface values are 0. ® and 0.001A* respectively. Carbon  Isosurface values and colour scheme are same as in Figure 5.

: Cyan, Oxygen : Red and Hydrogen : White.

6| Journal Name, 2010, [vol] 1-11 This journal is © The Royal Society of Chemistry [year]
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Fig. 7 (a) Snapshot of cellobiose taken from the AIMD trajectory.
01 and O2 are two possible hydrogen bonding sites for H atom of
cellobiose in its anti - anti conformation. (b) distance of H from O1
and O2 during the AIMD trajectory and (c) a transient state, where
such intramolecular hydrogen bond(s) are replaced by one
intermolecular hydrogen bond with the anion. Colour scheme is the
same as in earlier figures. Distances ard imits.

N
|

w

Distance (A)

Fig. 8 Environment around cellobiose solvated in ionic liquid.
Colour scheme same as in earlier figures, Nitrogen : Blue.

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-11 |7
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' ! ' ' approaches HC up to a distance of A0The latter suggests sz
8 \ — the occasional formation of a OW-HC hydrogen bond. Figute
\ S5 also demonstrates that water molecules interact difflgre s
‘\ with each conformer. Water molecules are able to approas
\ — closer to the anti-anti conformer as compared to the amti-sy:
\‘ —— IL (Classical) conformer. The effect of cellobiose geometry on its intéoac s
\
\
1
1
\

—— IL+5H,0 (Classical with pure water has already been studied by Pincu anu
— — - IL (Ab-initio) — Gerbef* using AIMD simulations. They too observed the twauc
— — - IL+5H,0 (Ab-initio) conformers of cellobiose to interact differently with wedad ..
concluded that water molecules are able to better solvate {.:
anti-anti conformer than the anti-syn one. The presences.:
water was not able to alter the nature of the solvation she"
of cellobiose significantly. This may be due to the smalls
concentration of water studied here. a6

During the AIMD run, no conformational transitionss
was observed in the cellobiose; the anti-anti and anti-syr.
Fig. 9 Comparison of OA-HC RDFs obtained from classical and ~ conformers retained their respective torsional anglegHer s«
ab-initio MD simulations for the anti - anti conformer of cellobiose. bond between the two pentose rings (See Figure S7 aip
Supporting Information). The torsional angle aboutfig-4) s
linkage varied between 40 and B0in agreement with an s..
earlier MD simulations of Singh et &. Furthermore, it was ss
observed that the hydrogen bonds formed by cellobiose witl

from force field based MD (with empirical potentials) and th i . ¢ lecul ntact duriea th
AIMD simulations. The g(r)s between the anion’s oxygen € cation, anion or any water molecule were intact durieg o
entire duration of the AIMD simulation. 356

and cellobiose’s hydroxyl hydrogen are nearly identical as
obtained from the two methods. Since this hydrogen bonding
is the most dominant interaction between cellobiose and the
ions, the current results can also be seen as a validation of
the classical force field. However in both the cases, the
anion-cellobiose g(r) is shifted to higher distances in 8M 4 Conclusions -
simulations. This observation suggests that the anion reay b
overbound in classical force field based simulations. Tlpic
force fields of ILs employ a unit charge on the ions althoughthe issolution of cellulose in ILs depends on the breaking
many researcheté >3 5% °° advocate a sub-unit charge 1o qf the strong, inter and intra-molecular hydrogen bonding
account for charge transfer and polarization effects ptése  nepwork present in cellulose. ILs are able to disrupt this
the condensed phase. The force field employed herein treags,qrogen bonding network more efficiently. The anions of Iks:
the ions with unit charge and this is likely to have led to 5y the major role in the dissolution mechanism. They form
the 0\_/er_b|nd|ng of anions to cellobiose within the forcediel strong hydrogen bonds with hydroxyl hydrogens of cellobjosss
description. in either of its conformers (anti-anti or anti-syn). Howeve .
Figure S5 (Supporting information) compares various g(r)she role of cation in the solvation of cellobiose cannot bg
of IL-cellobiose and water-cellobiose. The ions approdeh t completely ignored. Strong electrostatic interactionsveen s
cellobiose unit closer than water does. Furthermore, withi the cation and the anion necessitate that the cation berpabXi a--
water, its oxygen atom (OW) is closer to cellobiose thanto the anion. Thus, a few cations are indeed presentsir
its hydrogen (HW). Thus, water chiefly acts as a hydrogerthe first coordination shell of cellobiose. They too forra.
bond acceptor with cellobiose. However, the effect of watethydrogen bonds with the cellobiose unit, albeit weaker ones
on the two conformers is different. A comparison betweenthan what the anions do. The coordination offered by the
the running coordination number of (HI-HW) and (OA-OW) ions of IL to the anti-anti and anti-syn conformer of cellogg sz
pairs (see Figure S6 in Supporting Information) captures th are different. Thus the conformation of cellobiose willypk =7
difference in the nature of interaction of water moleculescrucial role in its dissolution in the ionic liquid. The atidn =
with the two cellobiose conformers rather well. For both theof a small quantity of water does not significantly alter thes
conformers, the running coordination number of HW aroundlocal environment of the cellobiose which continues to ba
OC is insignificant for distances less than ZA5while OW  coordinated primarily by the ions. a7

correlation functions between anions and cellobiose nbthi

8| Journal Name, 2010, [vol] 1-11 This journal is © The Royal Society of Chemistry [year]
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