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We study the dynamics of the formation of multiple hydrogen bonds between ionic liquid anions and cellulose using molecular
dynamics simulations. We examine fifteen different ionic liquids composed of 1-alkyl-3-methylimidazolium cations ([Cnmim],
n = 1,2,3,4,5) paired with either chloride, acetate or dimethylphosphate. We map the transitions of anions hydrogen bonded to
cellulose into different bonding states. We find that increased tail length in the ionic liquids has only a very minor effect on these
transitions, tending to slow the dynamics of the transitions and increasing the hydrogen bond lifetimes. Each anion can form
up to four hydrogen bonds with cellulose. We find that this hydrogen bonding “redundancy” increases the binding lifetime of
anions with cellulose by roughly 3 to 4 times the lifetime of a singly bound anion and account for roughly half of all hydrogen
bonds between the anions and cellulose. Additional simulations for [C2mim]Cl, [C2mim]Ac and [C2mim]DMP were performed
at different water concentrations between 70mol % and 90mol %. It was found that water crowds the hydrogen bond accepting
sites of the anions, preventing interactions with cellulose. The more water that is present in the system, the more crowded these
sites become. Thus, if a hydrogen bond between an anion and cellulose breaks, the likelihood that it will be replaced by one of
the waters in abundance increases as well. We show that the formation of these “redundant” hydrogen bonding states is greatly
affected by the presence of water, leading to steep drops in hydrogen bonding between the anions and cellulose.

1 Introduction

Exploiting lignocellulosic biomass as a replacement feedstock
for manufacturing processes that currently rely on petroleum
and other fossil-fuel based feedstocks is a critical goal for en-
vironmentally sustainable manufacturing. While a number of
laboratory-scale processes for treating biomass have already
been developed, the recalcitrance of lignocellulosic biomass
to traditional dissolution processes has hindered the devel-
opment of industrial-scale processes for biomass conversion.
Native plant cellulose, composed primarily of cellulose Iβ ,1

displays a hierarchy of dense intra- and intermolecular forces
that hold the individual strands of cellulose together as a crys-
talline bundle. Hydrogen bonds between neighboring glucan
units impart rigidity to the individual strands,2 while hydrogen
bonds between neighboring strands facilitate the formation of
cellulose sheets.3 These sheets are in turn held tightly together
by strong hydrophobic forces.4 Additionally, the morphol-
ogy and faceting of the cellulose bundles can further affect
these interaction strengths.5–7 Together, the dense hydropho-
bic and hydrophilic interactions make cellulose very resistant
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to breakup and relatively few solvent media have proven ca-
pable of successfully breaking down cellulose.

Among the solvents that have been demonstrated to work
are ionic liquids (ILs), and in particular the class of 1-alkyl-3-
methylimidazolium cations, paired with anions such as chlo-
ride, acetate, or dimethylphosphate.8 ILs have been shown to
expand and distort the crystalline lattice prior to dissolution9

and can initiate conformational changes in cellulose’s struc-
ture.10–12 Upon regeneration in water, formation of cellulose
II is observed.13 Interestingly, water is unable to dissolve cel-
lulose and even in minor amounts its presence can affect the
properties of an IL,14,15 precluding dissolution.16,17 Further-
more it has been shown that the presence of co-solvents can
enhance the dissolution process.18–21 A lot of effort has been
directed at finding the ideal combination of anion and cation
for dissolution and the maximization of glucose yields follow-
ing enzymatic hydrolysis.22–25 It has been suggested that the
anions play a large role in dissolution, breaking the dense hy-
drogen bond network within cellulose through the formation
of new hydrogen bonds,26,27 which is supported by results
showing that high hydrogen basicity is associated with cel-
lulose dissolution.24,28–32

The role of the cation, however, remains less clear. Some
studies report that cations can form weak hydrogen bonds with
cellulose33–35 while others conclude that they provide sub-
stantial van der Waals interactions.36,37 Simulations seem to
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show that the cation position is primarily dictated by the lo-
cation of the anions.38,39 Recently, molecular dynamics sim-
ulations of small bundles showed that cations can intercalate
between neighboring cellulose strands and actively participate
in the breakup process.40 Due to the amphiphilic nature of cel-
lulose it is clear that solvents must be able to satisfy both the
hydrophilic and hydrophobic domains.41

Thus, ILs should not only be able to form new hydrogen
bonds with cellulose but must also be able to disrupt the strong
hydrophobic forces holding sheets together.42,43 Simulations
examining the interactions of 15 different imidazolium-based
ILs recently showed that ILs at the surface of individual cel-
lulose strands form a patchwork wherein anions interact with
the hydrophilic domains while the cations interact with the
hydrophobic domains.44 Although most studies acknowledge
the important role that hydrogen bonds between IL anions and
cellulose play in solvation, few studies have focused on the
detailed interactions and the formation and destruction mech-
anisms of these bonds. The ability of chloride and acetate ions
to form simultaneous hydrogen bonds with separate hydroxyl
units within cellulose has been noted before37,45 and we would
generally expect increased solvation for anions forming more,
stronger and longer-lived hydrogen bonds. A deeper under-
standing of the detailed dynamics of these anions with cellu-
lose should help in the design of newer and better solvents of
cellulose.

In this paper we examine the complex mechanisms of hy-
drogen bond formation and destruction between the anions.
We find anions can bind in a myriad of different ways with
the multiple hydroxyl groups of cellulose. Interestingly there
is a complex pattern of transitions from one binding state to
the next, which facilitates the formation of simultaneous hy-
drogen bonds with a single anion. This simultaneous binding
state significantly increases the binding lifetime.

2 Methods

Following our prior study of small cellulose bun-
dles in dimethylimidazolium dimethylphosphate, 1-
ethyl-3-methylimidazolium acetate, and 1-butyl-3-
methylimidazolium chloride,40 we now study a set of fifteen
ionic liquids, formed by considering methyl, ethyl, propyl,
butyl and pentyl tails in the 1-alkyl-3-methylimidazolium
series with chloride, acetate, and dimethylphosphate anions
(see fig. 1). For brevity we denote the ILs as [Cnmim]Y,
where n is the number of carbons in the alkyl tail and Y
is either chloride (Cl), acetate (Ac) or dimethylphosphate
(DMP).

(a)

(b) (c) (d)

Fig. 1 Chemical structures of the ionic liquids of the present study:
(a) A 1-alkyl-3-methylimidazolium cation [Cnmim]+, (b) chloride
[Cl]−, (c) acetate [Ac]− and (d) dimethylphosphate [DMP]−.

2.1 Simulation Details

All simulations were performed using LAMMPS.46 The sim-
ulation cell contained a single strand of cellulose comprised
of 16 glucose units in a previously equilibrated sample of one
of the 15 different ionic liquids studied. The initial state of
the cellulose strand was elongated and taken from the crys-
tallography data of the cellulose Iβ state.3 Prior to this each
solvent was placed in a 60Å× 60Å× 100Å simulation cell
and equilibrated in an NPT ensemble at 400K and 1bar for
3ns using a Nosé-Hoover thermostat and barostat with cou-
pling constants of 100fs and 1000fs, respectively. Next, the
elongated cellulose strand was placed in the equilibrated sol-
vent, with cations and anions removed in a 1:1 ratio to pro-
vide space for the cellulose strand. The resulting system was
then simulated for another 3 ns in an NPT ensemble at 400K
and 1bar and then continued in an NVT ensemble at 400K for
approximately 40ns. Additional simulations were performed
using small cellulose Iβ bundles (10 strands, 8 glucose units
per strand) as outlined in our previous paper.40 These simu-
lations were performed in precisely the same manner as the
simulations with the individual strands.

To study the influence of water content on the mechanisms
of hydrogen bond formation, we studied aqueous mixtures of
the ionic liquids [C2mim]Cl, [C2mim]Ac and [C2mim]DMP
with water contents of 70 mol%, 80 mol% and 90 mol%.
In a previous study examining similar ILs, this concentration
range corresponded to a major transition in the structure of the
IL/water mixture from an ionic liquid with dissolved water to
an aqueous solution with the IL as a dissolved component.14

These additional simulations were also conducted using the
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same methodology as the pure IL simulations outlined above.
The IL cations and chloride were modeled using the system-

atic force field developed by Canongia Lopes et al.47,48 Cellu-
lose and the remaining anions were modeled using the OPLS-
2005 all-atom force field.49 The TIP3P model was used for
water.50 The cationic C–H bonds and the bonds and angles of
the water molecules were constrained using the SHAKE algo-
rithm.51 Electrostatic and dispersion interactions were calcu-
lated using a cutoff of 12 Å and long-range electrostatic inter-
actions computed with the particle-particle particle-mesh al-
gorithm52 with an accuracy of 10−4. Atomic positions were
collected every 20ps and used for the analysis.

2.2 Analysis

2.2.1 Hydrogen BondingHydrogen bonds occurring be-
tween the cellulose strand and the anion of each IL were com-
puted using a set of geometric criteria.53–58 Assuming a hy-
drogen bond of the form O−H · · ·X, in which X designates ei-
ther chloride, the acetate oxygens, the dimethylphosphate oxy-
gens, or the water oxygen these criteria require an O−X dis-
tance less than 3.5 Å, an H−X distance less than 2.45 Å and
an HOX angle that is less than 30◦. Recently, it was shown that
the set of geometric criteria one uses can significantly effect
the local hydrogen bond network in neat imidazolium-based
chlorides.59,60 To ensure that our criteria do not significantly
effect our results we produced histogram plots as a function
of the length and angular criteria for each of the anion types.
This data showed that our choice of criteria encapsulates the
overwhelming majority of the regions that can be attributed to
the hydrogen bonds. Furthermore, we re-analyzed our results
using a much larger angular criteria of 60◦, observing very few
differences with our standard set of criteria. These additional
results can be found in the Supporting Information.

Trajectories were collected every 20 ps, and hydrogen
bonds that appeared in two successive frames were deemed to
have remained intact during the intervening time period and
considered a persistent hydrogen bond. Given the results that
we will show later, where contacts between the IL anions and
cellulose often persisted for more than 1ns, such an assump-
tion is reasonable. Caution, however, should be taken in inter-
preting values less than or equal to 20ps. These values pro-
vide us with rough estimates for these very short lifetimes and
more focus should be directed upon the relative speed of these
transitions relative to the others.

2.2.2 Notation of Binding StatesThe interactions of indi-
vidual anions with multiple hydroxyl groups within cellulose
can produce diverse hydrogen bond configurations, referred to
here as “states”. While chloride has only one site that can re-
ceive hydrogen bonds, acetate has two sites and dimethylphos-
phate four. Multiple hydrogen bonds are able to form with

each of these sites. The overall state of an anion can be charac-
terized by hydrogen bonds formed between separate hydroxyl
groups with a single anion site (S-type), separate hydroxyl
groups with separate anion sites (B-type) or a single hydroxyl
group with separate anion sites (V-type). Since some states
can contain multiple binding types (e.g., both B- and V-types)
naming preference is given to the most complex type present
with V being the most complex, B intermediate in complex-
ity and S the last. Since a single anion can have up to four
sites that can form multiple hydrogen bonds we denote these
states with up to four subscripts. For example, dimethylphos-
phate has four binding sites, which are denoted by four sub-
scripts and a state given by Vklmn would indicate a V-type state
with k and l hydrogen bonds on the POO– oxygens and m
and n hydrogen bonds on the methylated oxygens. Acetate
has only two binding sites and thus has up to two subscripts
while chloride has only one site and is always referred to as an
S-type with one subscript. Because the anions have specific
sites that are indistinguishable from one another, aside from
the POO– and methylated oxygens in dimethylphosphate, the
numbering within pairs of subscripts are also indistinguish-
able (e.g., B12 = B21 and V1020 = V0120 = V0102 = V1002, but
V1020 6=V2001). Examples of some of these different states are
illustrated in fig. 2. The simulations of the IL-water mixtures

(a) (b) (c)

(d) (e) (f)

Fig. 2 (a) S02, (b) B11, (c) V11, (d) S0001, (e) B0102 and (f) V12.

had additional bonding states compared to the pure IL sys-
tems. Some examples of these additional states are given in
fig. 3. To avoid further complexity in the notation of states,
we continue to use the notation outlined above, which is dic-
tated by the bonds formed between anions and cellulose. Fur-
ther information about the bonding of water to these states
will simply be mentioned alongside the state (fig. 3(a)). Ad-
ditionally, waters that bridge anions with cellulose (fig. 3(b))
are noted as though there is a direct anion–cellulose H-bond
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(a) (b) (c)

Fig. 3 Additional binding states that include water (represented as
W in figure) showing (a) a V11 state with an individually bound
water with one of the acetate oxygens, (b) a B11 state with a
bridging water and (c) an S00 state with 3 individually bound waters.

and it will simply be noted that one of the bonds is a result of
a water bridge. Finally, because of the additional molecular
type, anions can now be bonded solely to water (fig. 3(c)). We
have tracked these anions and included them in our analysis.
The addition of these states now allow us to track how anions
initially bind with cellulose, the effect that bound water has
on the transition from state to state and should allow us to de-
cisively determine whether or not these bridging waters help
facilitate the transitions between various states.

3 Results and Discussion

3.1 Pure Ionic Liquids

3.1.1 Transition PathwaysWe first examined the transi-
tions and populations of the different binding states that were
observed during each of the simulations. The transition net-
works for [C2mim]Cl, [C2mim]Ac and [C2mim][DMP] are
given in figs. 4 to 6. In these figures, the weight of the arrows
between individual states indicates the number of transitions
occurring during the simulation, while the numbers next to the
arrows and the colors indicate the probability of the given path
being taken with red indicating transitions of high probability
and blue indicating transitions of low probability. The proba-
bility of a given transition is calculated as the total number of
instances of that transition normalized by the total number of
instances of all transitions originating from that state. While
chloride had a very linear transition pathway, moving back and
forth stepwise between S1, S2, and S3 (see fig. 4), acetate and
dimethylphosphate had substantially more complex transition
networks.

Examining [C2mim]Ac, the hydrogen bonding first begins
with the S01 state (indicated by double circles in figs. 4 to 6).
From the S01 state, the acetate anion can do one of three things:
it can form a second hydrogen bond with a second hydroxyl
group and move to either the S02 state or the B11 state; it can
form a second hydrogen bond with the same hydroxyl group
moving it to the V11 state; or its single hydrogen bond can

Fig. 4 H-bond transitions between different states for [C2mim]Cl.
Line width indicates the number of transitions between states. Color
and arrow labels indicate the probability of the given path being
taken.

break and it can become an anion free of hydrogen bonds,
which we denote by the NULL state. Of these different op-
tions, the longest-lasting state is the bridging state B11; by con-
trast, the transition to the V11 state occurs the least frequently,
and is the most unstable, as it transitions almost immediately
back to the S01 state. The same basic pattern is observed for
the other V-states observed, with nearly instantaneous transi-
tions back to a B- or S-state. Notice that the figure shows
the largest number of transitions between the S02 and the B11
states with the transition frequency favoring formation of B11.
The equivalent transition pathway for dimethylphosphate can
be found in fig. 6. While it has greater complexity than the
diagram shown for acetate, the major transitions appear to be
between the analogous S0200 and B1100 states.

The transition network for the DMP anion is much more
complicated than the Ac pathway, with the most frequently
observed states being more interconnected with one another.
For instance, S0100 can connect directly with every other pos-
sible state observed other than B1200. Although there are more
possible connections, we observe that the hydrogen bonds, as
expected, are formed primarily with the nonmethylated oxy-
gens; hydrogen bonds with the methylated oxygens are ex-
tremely unstable, and generally decompose in less than 10ps.

3.1.2 Population of StatesAlthough figs. 4 to 6 show the
presence of many diverse binding states, many of these states
are rather short-lived, acting as either transition states or as
unstable states which quickly revert back to the longer-lived
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Fig. 5 H-bond transitions between different states for [C2mim]Ac.
Line width indicates the number of transitions between states. Color
and arrow labels indicate the probability of the given path being
taken.

state from which it was formed. The total time spent in a
given state can be calculated by summing the lifetimes of all

Fig. 6 H-bond transitions between different states for
[C2mim]DMP. Line width indicates the number of transitions
between states. Color and arrow labels indicate the probability of
the given path being taken.

occurrences of a given state. If we look at the total fraction
of the time spent in each of these states, we find that just two
of these states account for roughly 95% of the total states ob-
served and the three most populous states account for roughly
99% of observed states (see fig. 7). Regardless of the anion
or the cation tail length the most populous state always seems
to be S1 which accounts for roughly 60% of the total states
seen and corresponds to a single hydrogen bond formed with
one of the anion’s sites. Next is the S2 state for chloride, the
B11 state for acetate and the B1100 state for dimethylphosphate
which each account for 30% of the states that are seen in their
respective ILs. These three states are all very similar in that
they are single anions bridging two different hydroxyl groups.
If we consider that these three states are lower in energy than
the singly bound S01(00) states, the main transitions toward the
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Fig. 7 Fraction of total time spent in the three most populous states
as a function of the cation tail length. From left to right: chloride,
acetate and dimethylphosphate.

promotion from the S01(00) state to the bridging states can oc-
cur either directly or via the S02(00) transition state (see fig. 8).

(a)

(b)

Fig. 8 Promotion of an acetate ion from the S01 state to the B11 state
(a) directly and (b) via the S02 transition state.

Interestingly, the distance between the two hydrogen bond
accepting oxygens in acetate and the POO– oxygens in
dimethylphosphate are very similar and are roughly the dis-
tance between successive hydroxyl groups within cellulose.
As acetate and dimethylphosphate ions form single hydro-
gen bonds with cellulose, they lose a large proportion of their
translational motion, yet retain their additional rotational de-
gree of freedom, which is observed when comparing the mean

squared displacement and mean squared angular displace-
ments of the different anion states (see Supporting Informa-
tion). The loss of translational motion ensures that the anion
will remain in the vicinity of a neighboring hydroxyl group
and through rotation and its “reach” be able to find it and form
a hydrogen bond with it.

3.1.3 Bonding LifetimesThe arrows within fig. 4 show
the average times of one state transitioning to another state.
We are able to quantify the lifetimes of each individual state
and determine, which states are more stable than others by
looking at the average time that an anion remains in that one
state before transitioning to any of the other possible states.
These quantities are given in table 1. Here we are able to

Table 1 Mean lifetimes of different binding states, given in ps.
States not listed in table all had lifetimes less than 20 ps.

Anion State Tail Length, n
1 2 3 4 5

Cl S1 331 325 248 191 263
S2 221 197 223 208 230
S3 26 70 30 103 31

Ac S01 406 350 278 266 323
S02 29 25 31 35 35
B11 173 151 107 118 92
B12 63 41 53 82 46

DMP S0100 169 153 130 153 147
S0200 27 29 31 28 33
B1100 148 120 94 132 100
B1200 23 36 36 25 39

clearly see that the lifetimes of the S02(00) states for all of
the acetates and dimethylphosphates are roughly a third of the
lifetimes of the B11 and B1100 states, respectively. These val-
ues are in agreement with our observation that for acetate and
dimethylphosphate that S01 and S0100 were the most populous
states, followed by B11 and B1100 and that S02 and S0200 were
the third most populous state. This also supports our assertion
in the previous section that the S02 state can be thought of as a
kind of transition state between the S01(00) state to the bridging
state B11(00).

Compared to the chloride anion, we note that the S02 and
S0200 states for Ac and DMP are much shorter lived than the
corresponding S2 state for Cl. In examining the pathways con-
necting out of S02(00), however, the B12(00) state is never ob-
served resulting directly from the S02(00) state, but can be ac-
cessed only from the B11(00) state. Given the relatively long
transition times between the B11(00) state and its neighbors,
with average lifetime of over 40 ps for Ac and 20 ps for DMP,
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it is unlikely that such a transition occurred but was never ob-
served in the simulations. This suggests that a doubly bonded
oxygen must break at least one bond before the “paired” oxy-
gen can successfully hydrogen bond.

Though the S01(00) state tends to be longer-lived than the B11
and B1100 states for both the acetates and the dimethylphos-
phates, this singly bound anion always remains just one hy-
drogen break away from becoming a free anion. Anions in the
B11 and B1100 conversely, can endure the break of one of their
two hydrogen bonds, reducing to the S01(00) state yet still re-
main a bound anion. This added redundancy in these bridging
states not only adds to the hydrogen bonding energy of the an-
ion, but it also ensures that the anion will remain bound with
cellulose for a longer period of time. The average lifetime
of acetate remaining bound with cellulose when beginning in
different states is given in fig. 9.

Fig. 9 Average lifetimes of acetate remaining bound with cellulose
when beginning in various S-, B- and V-type states.

Anions in the B11 state (blue diamond with two hydrogen
bonds) remain bound with cellulose over three times as long as
anions in the S01 state (white circle with one H-bond). Further-
more anions in the V11 state (red triangle with two hydrogen
bonds) have only slightly longer lifetimes than the S01 state
while the S02 state (white circle with two hydrogen bonds)
is also roughly three times as long as those in the S01 state.
fig. 9 also clearly shows that the more hydrogen bonds that
are formed with an anion, the longer it will remain bound
with cellulose. More hydrogen bonds with a single anion add
more layers of redundancy to the anion helping to ensure a
longer lifetime of that anion remaining bound. An anion with
four hydrogen bonds would have to undergo four hydrogen
bond breaking events to become a free anion and in doing
so would transition through a number of intermediate states,
which could once again be promoted.

3.1.4 Individual Chains versus BundlesIn addition to
studying the interactions of the fifteen ILs with individual

strands, we also performed simulations looking at the inter-
actions with small bundles of cellulose Iβ consisting of ten
strands with eight glucose units per strand. An overview of
these results can be found in the Supporting Information. We
find very few differences between the bundle simulations and
the simulations with the individual strands. The most notice-
able difference was the presence of higher-order binding pat-
terns for each of the ILs, corresponding to more hydrogen
bonds per anion. This was largely due to the mutual prox-
imity of the neighboring strands, which effectively increases
the local density of hydroxyl groups between the two strands.
Therefore anions between the two strands have more hydroxyl
groups available to them and have a higher probability of
forming higher order binding patterns. These same higher-
order binding patterns for the individual strands are only pos-
sible when different glucose units are brought into close prox-
imity, either through strong kinks between neighboring units
or looping of units from one end near the units of another ends,
which tended to be very unlikely.

3.2 The Influence of Water Content

To better understand the influence of water on the hydro-
gen bonding behavior of the ionic liquids, additional sim-
ulations were performed for [C2mim]Cl, [C2mim]Ac and
[C2mim]DMP with 70 mol%, 80 mol% and 90 mol% water.
The addition of water results in a significant reduction in the
number of occurrences of every hydrogen bonding state. As
the water content increases, the frequency of cellulose-IL hy-
drogen bonds continues to drop. A direct consequence of the
reduction in each of the different states is a reduction in the
average number of hydrogen bonds between the anions and
cellulose that can be attributed to each state. Each of the three
ILs showed a very similar reduction in the hydrogen bonding
attributed to each state. Table 2 shows the trends in hydro-
gen bond formation for [C2mim]Ac. Between 0 mol% and 70

Table 2 Average number of hydrogen bonds between acetate and
cellulose in [C2mim]Ac and associated with the four most populous
states. Values are given on a per glucan basis.

State 0 mol% 70 mol% 80 mol% 90 mol%

S01 1.05 0.91 0.73 0.49
B11 0.73 0.22 0.20 0.08
S02 0.15 0.31 0.23 0.11
B12 0.03 0.04 0.04 0.01

mol%, the largest reduction in hydrogen bonding can be at-
tributed to a steep reduction in the occurrence of the B11 state.
At 70 mol% there are less than one-third as many hydrogen
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bonds in the B11 state than bonds in the pure IL. Interestingly,
while there is a steady reduction in the S01 hydrogen bonds
as the water content increases, the frequency of the S02 state
actually increases slightly.

The total number of hydrogen bonds per glucan for each of
the three ILs as a function of the water content are given in
table 3. At 90 mol% the total number of hydrogen bonds is

Table 3 Average number of hydrogen bonds per glucan unit for the
three ILs as a function of the water concentration.

Water Conc. [C2mim]Cl [C2mim]Ac [C2mim]DMP

0 mol% 2.92 3.01 2.47
70 mol% 2.02 2.20 1.78
80 mol% 1.40 1.81 1.39
90 mol% 0.79 0.96 0.84

roughly one-third of the total for each of the corresponding
pure ILs, showing that water significantly disrupts hydrogen
bonding between the anion and cellulose. Compared with the
other two ILs, [C2mim]Ac appears to be slightly less affected
by the presence of water and maintains more hydrogen bonds
with cellulose than the others for all four water concentrations.
The transition pathways for the ILs with water were analyzed
in a manner similar to that for the pure ILs, now taking into
account the additional binding that involves water (see fig. 3).
Beyond tracking the anion states that were bound in one way
or another with cellulose, we also tracked the free anion states
bound solely to water. It was found that the initial binding
of an anion with cellulose occurred without water acting as
a mediator. In other words, water bound to anions did not
interact with cellulose and draw the two together. Instead, the
binding of an anion with cellulose was first preceded by the
unbinding of water from the anion and then the formation of
a bond with cellulose in its place. For the acetate ion, fig. 10
depicts the mechanism behind the most frequent transitions
between the S01, S02 and B11 states.

Figure 10 shows the primary detachment mechanism from
the B11 state through the S02 and S01 states to a free anion
state. Each time a hydrogen bond between an anion and cel-
lulose breaks, the open position on the anion is replaced by a
new hydrogen bond with water. At the end, the free anion is
bound by four waters, two on each oxygen. In this manner,
water can be thought of as obstructing the hydrogen bonding
sites of the anion, preventing them from interacting with cellu-
lose. In reverse this shows the primary attachment mechanism
and transition to the B11 state. Here, the water obstructing the
hydrogen bond accepting sites of the anions must first detach
before the anion can form a hydrogen bond with cellulose.

As shown shown earlier, the average number of hydrogen
bonds in these higher-level states drops significantly as the wa-
ter content increases. Another major consequence of increased
water content in the ILs is an increase in the number of hydro-
gen bonds formed between the anions and water. This is true
not only for the free anions but for anions that are bound with
cellulose as well. This effect is shown for the free acetates of
[C2mim]Ac in fig. 11. As the water content increases there is

Fig. 11 Fraction of free acetates with a given minimal number of
bound waters on either of the two oxygens.

a shift upward in the fraction of states with a given minimum
number of waters bound to either of the two oxygens. For ex-
ample, an acetate with two water molecules bound to one of
the oxygens and just one water molecule bound to the other
oxygen would have a minimum number of one, the lesser of
the two values. Furthermore, a minimum value of zero is also
possible, corresponding to a free acetate anion. For acetate
it was found that the overwhelming majority of the transitions
from the free state to the S01 state occurred when one of the ac-
etate oxygens had just one bound water. If two or more waters
were bound with each of the acetate oxygens, there was a dra-
matic decline in the number of transitions. Figure 11 shows
that as the water content increases from 70 to 90 mol%, the
fraction of acetates with just one bound water on either of the
oxygens drops from 0.55 to 0.25 and finally to 0.05. Thus
at higher water concentrations there are significantly fewer
free anions in the bulk with sufficiently unobstructed hydrogen
bonding sites that can interact with cellulose. Similarly, when
an anion is in a higher level state such as B11 and a hydrogen
bond breaks, there is a much higher probability that the site
will be replaced with the readily available water molecules,
significantly reducing the chances that the hydrogen bond with
cellulose will reform.
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Fig. 10 Typical path of a free acetate anion to and from the B11 state when water is present.

4 Conclusions

We have mapped the transitions in the hydrogen bonding
states of anions bound to cellulose. We observed a complex
series of transitions for each of the anions, although, for each
IL, just three states account for roughly 95% of all of the ob-
served states. We found that singly bound anions (S1) account
for roughly 60% of the states, while another 30% of the ob-
served states were “bridging” states composed of two hydro-
gen bonds, one at each of the two hydrogen bond accepting
sites within the anion. Once a Ac or DMP anion is hydro-
gen bonded to a hydroxyl group within cellulose, it has the
rotational freedom and reach to find a neighboring hydroxyl
group within cellulose and form a second hydrogen bond with
its second acceptor site, effectively becoming a bridging state.
Furthermore, a short-lived intermediate state composed of two
hydroxyl groups within cellulose both hydrogen bonded to
only one of the two oxygens within the Ac or DMP anion can
help guide the promotion of the singly bound state to the sta-
ble bridging state. The transition of an anion from the singly
bound state to the bridging state, and the ensuing hydrogen
bonding redundancy, increases the lifetime of the anion re-
maining bound with cellulose by roughly 3 to 4 times that of
the singly bound state. The replacement of the dense hydro-
gen bonding network with crystalline cellulose with strong,
plentiful and long-lived hydrogen bonds with the IL solvent
is at the heart of the dissolution process. We find that anions
having these multiple hydrogen bond acceptors with optimal
spacing can significantly increase the hydrogen bonding in-
teraction between ionic liquids and cellulose this helping to
promote dissolution.

In the presence of water, the formation of the bridging states
are disproportionately affected, leading to large drops in the
overall numbers of hydrogen bonds formed between the an-
ions and cellulose. We find that water forms hydrogen bonds
with the acceptor sites of the anions, obstructing further in-
teractions with cellulose. Moreover, when a hydrogen bond
between the anion and cellulose breaks, the free site is quickly

replaced preventing further contact with cellulose. For a new
hydrogen bond to form between the anion and cellulose, an
obstructing water must first detach from the anion and make
way for the new bond. As the water concentration increases,
this process occurs significantly less often, preventing anions
from interacting with cellulose and thus reducing the number
of anion–cellulose hydrogen bonds.
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