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13C and 35/37Cl NMR relaxation measurements on several

model systems demonstrate that the solvation of cellulose by

the ionic liquid (IL) 1-n-butyl-3-methylimidazolium chloride

([C4mim]Cl) involves hydrogen-bonding between the carbohy-

drate hydroxyl protons and the IL chloride ions in a 1 : 1

stoichiometry.

In addition to their potential as environmentally affable solvents

with a myriad of synthetic and industrial applications,1 ionic

liquids (ILs) are capable of dissolving complex macromolecules

and polymeric materials with high efficiency.2–6 Of particular

interest in this regard have been results obtained with 1-n-butyl-3-

methylimidazolium chloride ([C4mim]Cl, Fig. 1). This IL can effect

dissolution of celluloses from a variety of sources, silk fibroin, and

wool keratin with no degradation of the solutes.3,4,6 Since most

solvent systems currently employed to process these materials have

undesirable environmental and chemical characteristics, these

findings could have a tremendous impact on industries that

depend on natural polymers. More importantly, a variety of

chemically and biologically active compounds can be co-dissolved

with polymeric solutes in [C4mim]Cl. In combination with

methods for polymer reconstitution from the IL solutions,3,7 this

has enabled us to create an array of novel biopolymer-based

functionalized composites unattainable through the use of

traditional molecular solvents.8

Detailed knowledge of the mechanism governing the dissolution

of proteins and polysaccharides in [C4mim]Cl is critical if this and

related ILs are to be used rationally in the processing of

biopolymers or for the development of novel synthetic polymer

blends and polymer-based composites. In the case of cellulose, the

solvation mechanism is proposed to involve the interaction of the

IL chloride ions, which are non-hydrated and in a concentration of

approximately 20 wt%, with the hydroxyl protons of the

carbohydrate.3 This has the effect of breaking the extensive

hydrogen bonding network of the polysaccharide and promotes its

dissolution. While indirect, several experimental observations

provide evidence in support of this qualitative solvation model.

First, [C4mim]Cl displays the highest hydrogen bonding basicity

among commonly used ILs.9 In addition, 1-n-butyl-3-methylimi-

dazolium salts bearing weaker hydrogen bond acceptors or non-

coordinating groups as anions are poor cellulose solvents.3 Finally,
13C NMR studies of cellulose in [C4mim]Cl solution show that the

polymer is disordered in this medium, indicating that its hydrogen

bonding network is indeed disrupted.10

To better understand the mechanism of solvation of cellulose

and other polysaccharides by [C4mim]Cl at the microscopic level,

we resorted to NMR relaxation measurements of the IL 13C and
35/37Cl nuclei at varying temperatures and concentrations of

dissolved carbohydrate. Variations in relaxation times can yield

information on the dynamics of both moieties making up the

solvent, providing quantitative data regarding their interaction

with the solutes. These changes can be particularly pronounced for

the chloride ion, as both 35Cl and 37Cl have spin numbers, I, of 3/2,

and thus their relaxation rates are not only proportional to their

correlation time, tc, but also to their asymmetry parameter, g, and

nuclear quadrupole moment, Q.11 Therefore, when the spherical

symmetry of an isolated chloride ion is disturbed, marked

variations in its relaxation rates are observed as a result of the

interaction between the nuclear quadrupole and the non-zero

electric field gradient at the nucleus.11 This has made the study of
35/37Cl relaxation parameters ideal to investigate hydrogen

bonding, binding, and diffusion of chloride ions in a variety of

systems.12–15

The dependencies of the cation and anion relaxation times

versus temperature for neat [C4mim]Cl are shown in Fig. 2.{ The

imidazolium ring, C-49, and C-10 carbons show a transition from

the diffusion limit (votc > 1) to the extreme narrowing (votc , 1)

regions at approximately 70 uC and are less mobile than the

remaining n-butyl chain carbons, all of which fail to reach a T1

minimum in the range of temperatures investigated. Analysis of

the 35/37Cl data for the chloride ions reveals a marked drop in

relaxation rates as temperature increases. These findings agree with

results from similar studies of [C2mim]BF4 and [C4mim]PF6,
16,17

and, together with the observed changes in the viscosity of the neat

IL, are consistent with the weakening of ion-pairing interactions

expected at higher temperatures.16
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Fig. 1 Structure and numbering of [C4mim]Cl.
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Variations of the [C4mim]Cl 13C and 35/37Cl relaxation rates as a

function of carbohydrate concentration were studied at 90 uC
using cellobiose as a model system.{ There is only a slight variation

in the cation relaxation times with solute concentration, consistent

with the moderate increase in solution viscosity (Fig. 3a). Indeed,

the changes in 13C T1 and T2 when going from 0.0 to 10.0 wt%

cellobiose correspond roughly with the variations observed

between 80 and 90 uC in neat [C4mim]Cl, indicating that all

carbons are in an extreme narrowing relaxation regime (votc , 1),

and suggesting that there are no specific interactions between the

IL cation and the sugar solute. On the other hand, there is a

dramatic dependency of the 35/37Cl relaxation rates for the IL

anion on cellobiose concentration (Fig. 3b and 4a). In fact, the T1

and T2 for the chloride ions at 10 wt% cellobiose concentration

and 90 uC are smaller than those measured for neat [C4mim]Cl at

40 uC. In contrast to the imidazolium moiety, these data indicate

that the anion interacts strongly with the dissolved carbohydrate.

Similar results were obtained when [C4mim]Cl solutions of

glucose were studied under the same conditions (Fig. 4b).{{
Further inspection of the 35/37Cl data obtained for solutions of

both carbohydrates reveals that the chloride relaxation rates

depend on the molar concentration of free hydroxyl groups (vide

infra), and suggests that the IL anions interact specifically with the

hydroxyl protons of the solutes. In order to corroborate this,

analogous relaxation measurements were carried out on solutions

of glucose pentaacetate [Glcp(Ac)5],{ a molecule lacking hydrogen

bond donors with a molecular weight comparable to that of

cellobiose. Consistent with the conclusion stated above, there is

only a minor variation in the 13C as well as the 35/37Cl relaxation

rates as the concentration of this solute increases (Fig. 4c).{ The

fact that solutions of Glcp(Ac)5 in [C4mim]Cl become saturated at

concentrations slightly above 5 wt% is also in agreement with the

proposed dissolution mechanism.

The 35/37Cl linewidth data as a function of solute concentration

were then employed to study the interaction stoichiometry between

the chloride ion and non-derivatized carbohydrates. For a rapid

exchange process, the linewidth of the observed chloride signal is

the weighted sum of the linewidths for signals corresponding to

free chloride ions and those interacting with the sugar (i.e., bound).

Following the approach of Falke and co-workers, the following

relationship can be derived:14,15

lobs~lfreez lbound{lfree

� �
N

carb½ �%MWIL

MWcarb 100{ carb½ �%
� �

where lobs, lfree, and lbound are the linewidths of the observed, free,

and bound 35/37Cl signals, respectively, [carb]% is the carbohydrate

wt% concentration, MWIL and MWcarb are the molecular weights

of the IL and the sugar, and N is the interaction stoichiometry.

The detailed derivation of this relationship and a discussion of its

validity are presented as supporting information.{ Fits of 35Cl

linewidth data to the above equation yield interaction stoichiome-

tries, N, of 7.8 for cellobiose and 4.9 for glucose, and similar

estimations are obtained if 37Cl data are used in the calculations.{
If the number of free hydroxyl groups in the two sugars is taken

Fig. 2 13C and 35Cl T1 ($) and T2 (#) relaxation times versus

temperature (uC) for the C-49 and C-10 carbons (a) and chloride ions (b)

in neat [C4mim]Cl.{

Fig. 3 13C and 35Cl T1 ($) and T2 (#) relaxation times as a function of

cellobiose concentration (wt%) for the C-49 and C-10 carbons (a) and

chloride ions (b) in [C4mim]Cl measured at 90 uC.{

Fig. 4 35Cl NMR spectra of [C4mim]Cl versus wt% concentration of cellobiose (a), glucose (b), and Glcp(Ac)5 (c) recorded at 90 uC.
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into account, these results indicate clearly that, in the range of

concentrations considered, the chloride ions interact in a 1:1 ratio

with the carbohydrate hydroxyl protons.

Our findings demonstrate conclusively that the solvation of

carbohydrates by [C4mim]Cl involves stoichiometric hydrogen-

bonding between the hydroxyl protons of the solutes and the

chloride ions of the IL, and therefore provide direct evidence in

support of the cellulose dissolution model previously postulated by

us. While additional experimental and theoretical studies are

needed to fully elucidate this process at the atomic level, the

information presented here should be of value in the rational

development of new IL-based methods for the processing of

polymeric materials with industrial applications.
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Notes and references

{ The [C4mim]Cl used for all the studies was prepared following reported
procedures.18

D-Cellobiose (98%), D-glucose (99%), and b-D-glucose
pentaacetate (98%) were purchased from Sigma-Aldrich (Milwaukee, WI)
and used as received. Solutions of cellobiose (2.5, 5.0, 7.5, and 10.0 wt%),
glucose (2.5, 5.0, 7.5, and 10.0 wt%), and glucose pentaacetate (2.5 and
5.0 wt%) in [C4mim]Cl were prepared by heating a mixture of the
appropriate carbohydrate and the IL to 100 uC with constant stirring.
Upon complete dissolution, the samples were transferred to 5 mm NMR
tubes that were subsequently fitted with 60 mL co-axial inserts containing
DMSO-d6 required for field-frequency lock. A sample of neat IL was
prepared analogously. 13C T1 and T2 relaxation times for the IL cation
were computed from data obtained with standard 13C–{1H} inversion
recovery (180u–td–90u–Acq) and Hahn spin-echo (90u–td–180u–td–Acq)
pulse sequences, respectively, using eight td increments in both cases. 35/37Cl
T1 relaxation time measurements for the IL anion were done with an
inversion recovery sequence in which the 90u read pulse was substituted by
a 90u–90u–90u ARING pulse train to reduce acoustic ringing effects, using
twelve td increments. Since the natural linewidth (l) of the 35/37Cl
resonances in the [C4mim]Cl solutions ranged from several hundred to
several thousand Hz, 35/37Cl T2 relaxation times were estimated directly
from the l values of the chloride ion signal (T2 # T2* = Kpl),13 which
were in turn obtained as the average of three independent measurements.
Experiments for neat [C4mim]Cl were performed at temperatures ranging

from 40 to 90 uC in 10 uC increments, while for IL solutions at different
carbohydrate concentrations measurements were done at 90 uC. All
experiments were carried out on a Bruker AVANCE 400 NMR
spectrometer equipped with a 5 mm BBO probe, operating at 13C, 35Cl,
and 37Cl frequencies of 100.61, 39.21, and 32.64 MHz, respectively.
Viscosities for all the solutions were determined under the same conditions
employed in the NMR experiments described above, using a ViscoLab
3000 temperature-controlled laboratory viscometer (Cambridge Applied
Systems, Inc., Medford, MA).
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