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ABSTRACT: Solutions of two types of cellulose in the ionic liquid
1-butyl-3-methyl-imidazolium acetate (BmimAc) have been
analyzed using rheology and fast-field cycling nuclear magnetic
resonance (NMR) spectroscopy, in order to analyze the macro-
scopic (bulk) and microscopic environments, respectively. The
degree of polymerization (DP) was observed to have a significant
effect on both the overlap (c*) and entanglement (ce)
concentrations and the intrinsic viscosity ([η]). For microcrystal-
line cellulose (MCC)/BmimAc solutions, [η] = 116 mL g−1, which
is comparable to that of MCC/1-ethyl-3-methyl-imidazolium
acetate (EmimAc) solutions, while [η] = 350 mL g−1 for the
commercial cellulose (higher DP). Self-diffusion coefficients (D)
obtained via the model-independent approach were found to
decrease with cellulose concentration and increase with temperature, which can in part be explained by the changes in viscosity;
however, ion interactions on a local level are also important. Both Stokes−Einstein and Stokes−Einstein−Debye analyses were
carried out to directly compare rheological and relaxometry analyses. It was found that polymer entanglements affect the microscopic
environment to a much lesser extent than for the macroscopic environment. Finally, the temperature dependencies of η, D, and
relaxation time (T1) could be well described by Arrhenius relationships, and thus, activation energies (Ea) for flow, diffusion, and
relaxation were determined. We demonstrate that temperature and cellulose concentration have different effects on short- and long-
range interactions.

■ INTRODUCTION
Ionic liquids (ILs) are made up of a cationic and anionic
species and can be defined as low-melting point salts; Walden
defined ILs as salts with a melting point below 100 °C.1,2 ILs
are non-volatile and potentially recyclable and can be designed
for specific processes by altering the cation and anion
structures.3 Recently, a new class of cholinium- and amino
acid-based ILs has emerged, fulfilling the need for ILs to be
biodegradable, non-toxic, and safe for producing biocompatible
compounds.4

ILs have had an enormous impact in the area of cellulose
processing, owing in part to their ability to break the strong
network of hydrogen bonds that forms between polymer
chains.5 Mild conditions, relatively easy recovery of cellulose,
and potential recyclability of the solvent make ILs superior to
many other reported cellulose solvents, such as N-methyl-
morpholine N-oxide, which often require high energy inputs
and are thermally unstable.6,7 However, high viscosity8 and
cost of ILs have led to practical issues with their scale-up and
have restricted their use in industrial cellulose processing.9

Dissolving small amounts of cellulose in an IL can result in a
large viscosity increase, which hinders further solubilization10

and complicates IL−cellulose handling on a large scale.
Furthermore, their ability to dissolve cellulose decreases as

the amount of water within the system increases,11 since water
causes cellulose to coagulate.12,13 Almost all ILs are
hygroscopic, and as a result, small-scale cellulose dissolution
is generally carried out within a sealed system or a glovebox, in
order to reduce water vapor uptake from the atmosphere.
Dissolution may alternatively require vacuum distillation
throughout the process in order to remove water.14

Understanding the viscosity−concentration−temperature
behavior of cellulose−IL solutions is not only important for
the design of processing strategies15 but also gives insights into
the properties of materials obtained via IL−cellulose
processing.16 Factors which determine the viscosity and flow
properties of the polymer solutions will also affect the
morphology of the cellulose material obtained.17 For example,
it has been shown that cellulose gels coagulated from lower
concentration solutions (<ca. 7 wt %) are relatively
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heterogeneous, while more concentrated cellulose−IL sol-
utions (>ca. 9 wt %) yield homogeneous cellulose gels.18

Dilute solution viscometry can be employed to gain valuable
information about the size and conformation of the macro-
molecule in solution and the entanglement state,19 properties
that may be manifested in the coagulated cellulose material.
Generally, low-concentration polymer solutions are divided
into two regimes, dilute and semi-dilute, in which the
viscoelastic behavior differs.20 An overlap concentration (c*)
is defined when moving between these two regimes,
corresponding to the concentration at which polymer chains
start to overlap.21 Furthermore, if the polymer molecular
weight and critical concentration are sufficiently high, chains
may entangle and slow down the dynamics, observed by a
second critical concentration, the entanglement concentration
(ce).

22 Since the molecular weight of native cellulose is
expected to exceed 500,000 Da,23 all three regimes have been
observed for cellulose−IL solutions.15 Less overlap is generally
required to cause entanglements in polysaccharide solutions
compared to synthetic polymers, observed by relatively low
values of ce[η] ≃ 3−5 for the former compared to ce[η] ≃ 10
for the latter, which is in part explained by the inflexibility of
polysaccharide chains.22,24 Cellulose derivatives also display
similar behavior, while charged cellulose polymers can even
“hyper-entangle” at higher concentrations,22 if attractive
interactions are present between chains.
Rheological experiments generally characterize the bulk or

macroscopic properties of a polymer solution, which are
determined by how much volume the solute occupies in the
dilute regime.25 On the other hand, it is useful to analyze
cellulose−IL solutions on a molecular or microscopic level in
order to gain further insights into specific solvent−solute
interactions. Nuclear magnetic resonance (NMR) spectrosco-
py has been successfully applied to the study of cellulose−IL
interactions during dissolution,26−29 through determination of
self-diffusion coefficients (D).30−32 Conventionally, pulsed-
field gradient (PFG) NMR experiments at high frequencies are
used to determine D; however, relaxometry has also been
applied to the study of translational diffusion.33−35 In fast-field
cycling (FFC) NMR relaxometry, the dependence of relaxation
time (T1) is studied as a function of frequency, giving a
dispersion (NMRD) profile, from which D can be determined.
T1 is the result of the intra- and intermolecular interactions,
therefore probing the rotational and diffusional motion in
solutions, respectively. FFC NMR has previously been used to
study the translational dynamics of ILs in polymer systems,
where the molecular dynamics of spin nuclei of less-abundant
molecules can be probed.36−38

Low-field relaxometry experiments at single frequencies have
also been used to compare the effects of cellulose, cellobiose,
and glucose on the mobility of 1-ethyl-3-methylimidazolium
acetate (EmimAc) ions, through measuring T1 and T2
relaxation times.25 Interestingly, it was reported that cellulose
solutions gave the longest T1 times but the highest viscosities,
indicating the highest level of mobility on a molecular scale
and the lowest on a macroscopic scale. The authors highlight
that the factors affecting the macroscopic and microscopic
properties of cellulose/EmimAc solutions are different, and
therefore, it is useful to investigate both when considering the
dissolution of cellulose.
The solution properties of various types of commercial

cellulose powder have been analyzed in EmimAc,6,15,16,39 1-
butyl-3-methylimidazolium chloride (BmimCl),16,39 and 1-

allyl-3-methylimidazolium chloride (AmimCl);40 however, to
the best of our knowledge, rheological and relaxometry
experiments have not been performed with 1-butyl-3-
methylimidazolium acetate (BmimAc). BmimAc and EmimAc
have displayed similar cellulose-dissolving capacities,41,42 while
alkyl chain length is reported to have no influence over the
onset temperature (Ton), and therefore, both ILs are similar in
terms of their safety with respect to industrial processing.14

However, BmimAc is slightly cheaper than EmimAc and
therefore may be a more affordable approach to IL processing
of cellulose. In this work, the bulk properties of low-
concentration cellulose/BmimAc solutions (0−4 wt %) were
analyzed using steady-state flow rheology, and we determine
the zero-shear rate viscosities (η0), crossover and entanglement
concentrations (c* and ce), and intrinsic viscosity ([η]). Two
types of cellulose, Vitacel L 00 powder (V-cell) and Avicel
Microcrystalline Cellulose PH-101 (A-cell), were investigated
in order to compare the effect of cellulose molecular weight on
solvent properties and to provide a comparison to other
cellulose ILs in the literature. FFC NMR relaxometry was then
used in order to obtain D values for the solvent at different
cellulose concentrations, while relaxation times (T1) obtained
at a single frequency (10 MHz) are reported and analyzed.
Finally, macroscopic and microscopic properties of the
solutions were compared using Stokes−Einstein and Stokes−
Einstein−Debye equations, correlating the rheological and
relaxometry analyses. The solutions were studied over a
temperature range using each method, and a classic Arrhenius
approach was used to calculate the activation energies and
compare the three different processes being probed: flow,
diffusional, and rotational motion (Ea,η, Ea,D, and Ea,T1
respectively).
Detailed studies of cellulose dissolution in BmimAc will not

only provide a comparison between different ILs but also give
further insights into the interactions between cellulose and
itself and cellulose and the solvent ions. This information will
be valuable in understanding the process of cellulose
dissolution in ILs and therefore aid the design of more
suitable cellulose solvents for larger-scale processing.

■ METHODS
Materials. Vitacel powdered cellulose L 00 (JRS, supplied

by Mondelez̅ International) [degree of polymerization (DP) ≈
730−830, as estimated below] and Avicel PH-101 micro-
crystalline cellulose (MCC) (Sigma-Aldrich, DP ≈ 180)25

were both used to investigate the effect of DP on the viscosity
of cellulose in IL solutions. The Vitacel cellulose and the Avicel
cellulose are abbreviated to “V-cell” and “A-cell,” respectively.
While the DP of V-cell is estimated, other known properties
such as fiber size are listed in the Supporting Information
(Table S1). The IL 1-butyl-3-methyl-imidazolium acetate
(BmimAc) (≥98% purity, Sigma-Aldrich) was used to dissolve
the A-cell and V-cell.

Preparation of Cellulose−IL Solutions. A-cell or V-cell
powders were first dried in a vacuum oven at 60 °C for at least
24 h, in order to remove any moisture. A total of 0−4 wt % of
the cellulose was then dissolved in BmimAc in a sealed vial
with slow stirring (70 °C, 400 rpm) using a magnetic stirrer
bar, in order to minimize the incorporation of air bubbles.
Concentrations greater than 4 wt % V-cell were not
investigated since the resultant solutions were highly viscous
and inhomogeneous and required long stirring times at higher
temperatures, which may lead to cellulose degradation.15,43
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Dissolution was said to be complete when the solution was
clear and no particles were visible. Samples were then stored in
a desiccator until required, to prevent uptake of any water
vapor from the atmosphere by BmimAc.
Rheology. Steady-state viscosity measurements of 0−4 wt

% cellulose/BmimAc solutions were measured using an Anton
Paar rheometer, equipped with a water bath temperature
control system and a Peltier hood. A 50 mm-diameter circular
cone−plate geometry was used, with an angle of 2°. Viscosity
measurements were conducted in the range 0.01−1000 s−1 at a
constant temperature (25−70 °C), and flow curves were
obtained. Each sample was heated to the desired measurement
temperature for 1 min and then pre-sheared for 1 min at 1 s−1,
to ensure adequate heating throughout. Measurements were
repeated three times, and an average viscosity value was
deduced.

1H NMR (High-Field) Quantitative NMR. 1H NMR
spectra for cellulose−BmimAc solutions (0−4 wt %) were
recorded on a wide-bore Avance II NMR spectrometer
(Bruker Biospin) operating at a proton resonance frequency
of 400 MHz (25 °C). An average water content of 0.44 ± 0.24
wt % was determined for all V-cell/BmimAc solutions except
for 3 and 4 wt %, which were highly viscous, due to the
increased time taken to fill the NMR tube and therefore longer
exposure of the IL to air. Therefore, data for these two
solutions should be treated with caution, since water
contamination is likely to affect the accuracy of the results.
FFC NMR Relaxometry. FFC NMR was conducted on a

Stelar SMARtracer FFC NMR relaxometer (Stelar s.r.l., Mede,
PV, Italy), generating 1H NMRD dispersion profiles. Glass
tubes of 5 mm diameter (WilmadR, Sigma-Aldrich) were filled
with ca. 2.5 mL of sample and sealed. Samples were analyzed at
constant temperatures (25−70 °C), with 10 min thermal
equilibration time allowed after each temperature was reached.
Temperature was controlled via a variable temperature
controller with an accuracy of 0.1 K. A total of four scans
were recorded for each, and an average value of these is
reported. T1 values were calculated using a single-exponential
function, since magnetization decay was monoexponential over
the range of frequencies measured, for all samples. During each
measurement, a polarization field of 7 MHz was initially
applied for a period of approximately five times the T1 value
estimated at this frequency. The magnetization was then
switched to the measurement relaxation field (0.01−10 MHz).
A single 1H 90° pulse at 7 MHz was then applied, and the free
induction decay (FID) was recorded. A non-polarized FFC
sequence was applied for all samples over the frequency range
measured. A field-switching time of 0.003 ms, a dead time of
15−20 μs, and a recycle delay of five times T1 were used.
NMRD profiles were fitted to the well-known model-

independent approach, as first described by Kruk et al.,34 in
order to obtain D values for each cellulose concentration over a
range of temperatures. Full details of the relaxometry theory,
equations, and methods can be found in the Supporting
Information.

■ RESULTS AND DISCUSSION

Rheological Properties of A-Cell/BmimAc. Initially, the
flow curves for A-cell in BmimAc (0−4 wt %) were analyzed in
order to compare the solvent properties of BmimAc to those of
EmimAc and other acetate-based ILs. Figure S1a gives viscosity
(η) plotted as a function of shear rate (γ̇) for 0−4 wt % A-cell

at 25 °C. Flow curves were fitted to the well-known Cross
model,44 as given by

η η
η η

γ
= +

−

+ ̇γ ̇ ∞
∞

C1 ( )m( ) ( )
(0) ( )

(1)

where η(0) = zero-shear rate viscosity; η(∞) = infinite-shear rate
viscosity; C = Cross time constant, and m = (Cross) rate
constant. Both C and m give information on the shear thinning
region: 1/C gives the critical shear rate, which is a good
indication of the onset of shear thinning, while m gives the
degree of the dependence of viscosity on shear (within the
shear thinning region). It should be noted that for all of the
cellulose−BmimAc solutions, no positive inflexion was
observed in the data toward the higher shear rates, and
therefore, it was assumed that η(∞) was approximately the value
of the pure solvent when fitting the data. Furthermore, only the
extrapolated zero-shear rate viscosities were considered for
further analysis, and therefore, η(0) will be referred to as simply
the viscosity, η.
Viscosity decreases as the concentration of cellulose

decreases, as expected for a classical polymer solution. Shear
thinning is observed due to alignment of polymer molecules in
the shear direction,17 and this behavior becomes more
pronounced with increasing cellulose concentration, as
reported elsewhere for cellulose dissolved in ILs.15,16,40,45

This is reflected by the onset of shear thinning, 1/C, which is
given in Table 1.

For the pure IL and low concentrations of A-cell/BmimAc
(<1.0 wt %), viscosity was largely independent of the shear rate
(Newtonian behavior); however, a low-shear rate and shear
thinning regime was sometimes observed (γ̇ ≈ 0.01−0.1 s−1,
Figure S2). Low shear rate and shear thinning have been
reported for A-cell in EmimAc6 and cellulose dissolved in
AmimCl40 and may be explained by IL molecular interactions;
it is proposed that in a pure solvent, IL molecules undergo
hydrogen bonding with each other and form clusters (left
schematic, Figure 1), which can in turn form a dynamic
network that begins to gradually break down as the shear rate
increases. This behavior is observed despite the introduction of
a pre-shear (1 s−1), suggesting that these weak cluster networks
are dynamic and reform rapidly. Specific hydrogen bond-type
interactions have been similarly reported for other halide-based
ILs,46,47 while cluster formation in pure ILs has been
extensively reported.48 At low wt % cellulose (0.1−1 wt %),
this dynamic network of IL molecules is only partially

Table 1. Values for η, m, and 1/C for A-Cell/BmimAc
Solutions (0−4 wt %) at 25 °C, Obtained by Fitting Data to
the Cross Model

concentration of A-cell/wt % η/Pa·s m C/s 1/C/s−1

0 0.390 0.891 0.001 1260
0.1 0.446 0.316 0.001 1000
0.2 0.468 0.794 0.001 891
0.3 0.575 0.794 0.00115 871
0.5 0.640 0.794 0.00120 832
0.75 0.946 0.794 0.00126 794
1.0 1.19 0.794 0.00129 776
1.5 1.89 0.794 0.00158 631
2.0 2.90 0.891 0.00178 562
3.0 5.33 0.977 0.00182 550
4.0 9.46 0.977 0.00344 291
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disrupted by the presence of polysaccharide chains, and IL
aggregates are still present (middle schematic, Figure 1). It is
also speculated that cellulose molecules and IL molecules may
form dynamic clusters, further contributing to the shear
thinning behavior.40 Low shear rate and shear thinning
behavior begins to disappear as the wt % cellulose increases,
due to significant disruption of the physical IL network and
solvation of cellulose chains by the Bmim+ cation and Ac−

anion (right schematic, Figure 1).
In order to the compare the solvent properties of BmimAc

to those of EmimAc, η values extrapolated from flow curves of
A-cell/BmimAc are listed with the literature values for A-cell/
EmimAc solutions6 in Table 2. At concentrations of 0.5 and

1.0 wt %, A-cell/EmimAc was reported to have η values of
approximately 1.05 and 2.28 times larger compared to those of
the pure solvent,6 while A-cell/BmimAc has η values of
approximately 1.32 and 2.45 times larger, for the same
concentrations. Therefore, the effect of cellulose on the
solvent viscosity appears to be relatively similar for the two
types of IL. This will be further investigated through
comparing the overlap concentrations and the intrinsic
viscosities of A-cell in BmimAc and EmimAc.
Dilute and Semi-dilute Regimes. The concentration

dependence of the zero-shear rate viscosity at 25 °C is given in
Figure 2a for A-cell/BmimAc solutions. A linear region was
observed for concentrations up to ca. 1 wt % for A-cell/
BmimAc solutions with an exponent of 1.5 for conc. > 1 wt %.
The former appears as a curved line, and the latter appears as a
straight line in Figure 2a, since the data are plotted on a
logarithmic scale. This is lower than exponents of 3.086 and
2.415 reported for MCC in EmimAc at 25 °C, which may be
due to the lack of data points at higher cellulose concentrations
in this instance (i.e., not > 4 wt %).
The specific viscosity (ηsp) was used, so as to normalize out

the effects of the pure solvent viscosity,21 to predict c* and ce at
25 °C for A-cell in BmimAc (Figure 2b). Concentration was
converted from wt % into mL g−1, assuming that the density of

BmimAc remains constant over the concentration range (ρ =
1.05 g mL−1).
Three regions can generally be identified corresponding to

the dilute, semi-dilute unentangled, and semi-dilute entangled
regimes. Each region can be described by a power law
dependency

η = kcn
sp (2)

where k is a constant and n gives the power law for each region.
The scaling prediction for neutral polymers in solvent
estimates power law dependencies of 1, 2, and 14/3 (θ-
solvents) and 1, 1.3, and 3.9 (good solvents), for the dilute,
semi-dilute unentangled, and semi-dilute entangled regions,
respectively.17 Since a linear dependence in the dilute regime is
predicted for both types of solvent, the first term of the
equation was fixed as n = 1, while the other two n values,
corresponding to the two semi-dilute regimes, were fitted to
experimental data. At 25 °C, just two exponents could be
determined over the concentration range 0−4 wt %, since 4.0
wt % appeared to be the only concentration at which A-cell/
BmimAc fell within the semi-dilute entangled regime (i.e.,
above ce). Power laws of n = 1 and 1.9 were obtained,
corresponding to the dilute and semi-dilute unentangled
regimes (Figure 2b). These values are close to the scaling
predictions for a θ-solvent, which has been reported previously
for cellulose in EmimAc.15,50

c* was estimated for A-cell/BmimAc solutions by extrapolat-
ing fits for the semi-dilute unentangled regime to ηsp = 1.51 ce
values were defined as a change in the gradient from ηsp versus
c plots, observed by the eye (Figure 2b). It is worth noting that
the cellulose source is expected to be relatively polydisperse,
and therefore, transitions between the different regimes are
more likely to be defined by a concentration range rather than
by a specific value.51 c* and ce at 25 °C were found to be 0.77
and 3.4 wt %, respectively, which is in agreement with the
approximation ce ≈ 3 to 5 × c*.17,21,40,45 The value of c* for A-
cell in BmimAc is slightly lower than previously reported values
for A-cell in EmimAc,6,16 suggesting that the polymer chains
may overlap at a lower concentration in BmimAc relative to
EmimAc.

Intrinsic Viscosity. The intrinsic viscosity ([η]) gives
information about the size of a polymer in a solution and
thermodynamic quality of the solvent. [η] is a measure of the
hydrodynamic volume of polymer coils; 1/[η] gives an
approximate value for c* and can be compared to the values
obtained from the power law fits.52 Traditionally, a capillary
Ubbelohde viscometer is used for the determination of [η],
where solution and solvent flow times are measured, and the

Figure 1. From left to right: schematic to show the formation of H-bonded ion clusters in pure ILs; formation of cellulose−IL clusters at low
cellulose concentrations; and breakdown of clusters at higher cellulose concentrations.

Table 2. A-Cell in EmimAc and BmimAc (25 °C), η Values
Compared with the Viscosity Increase Relative to the Pure
Solvent (η(c)/η(0)) Given in Brackets (η(0) = Viscosity in the
Pure Solvent)

concentration/wt % η in EmimAc/Pa·s η in BmimAc/Pa·s

0 0.16249 0.48549

0.5 0.1696 (1.05 times) 0.640 (1.32 times)
1 0.3696 (2.28 times) 1.19 (2.45 times)
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relative viscosity (ηrel) is analyzed as a function of
concentration. However, this approach is problematic for IL
solutions due to the high viscosity and hygroscopicity of the
solvent.
A method outlined by Kulicke et al. is preferred in this

instance, taking viscosity values over a large concentration
range and relating ηsp and [η] in the following manner16,19

∑η η= [ ]
=

A c( )
k

n
k

sp
1

k
(3)

where Ak is a constant and c is cellulose concentration.
The Huggins equation gives a truncated version of this when

all parameters have exponents higher than 2, as described by
Kulicke and Kniewske,19 and is defined as follows

η η η η= [ ] + [ ] + [ ]c K c B c( ) ( )sp H
2 m

(4)

Here, KH is the Huggins constant and B and m are constants.
The Huggins constant has not yet been found for BmimAc, to
the best of our knowledge. As a first approximation, KH was
taken to be 0.5, since the exponent α in the Mark−Kuhn
equation was 0.4 < α < 0.6 for EmimAc (between 0 and 100
°C), and similarly, it has been shown that EmimAc is close to a
θ-solvent for cellulose at room temperature.15

A plot of log(ηsp) versus log(c[η]) for A-cell/BmimAc
solutions at 25 °C was used to deduce values for B, [η], and m,
approximated by the best fit of eq 4 to the experimental data
(Figure S3). An estimation of [η] was initially made by
calculating ηsp/c and ln(ηrel)/c, in order to assess the accuracy
of the obtained [η] value from the equation and hence the
quality of the fit.53

At 25 °C, [η] = 116 mL g−1 for A-cell/BmimAc solutions,
while B and m were within the range 0.021−6.4 × 10−5 and
4.5−7, respectively, which are very close to values previously
reported for A-cell/EmimAc ([η] = 112 mL g−16 and [η] = ca.
100 to 110 mL g−116). This suggests that both the
thermodynamic quality of the solvent and the hydrodynamic
volume of the dissolved cellulose molecules are almost
identical in BmimAc and EmimAc and that therefore, the
anion has a greater influence on cellulose dissolution compared
to the cation. This is in agreement with recent work by Brehm
et al., who reported that the cellulose−anion interactions are
significantly stronger than cellulose−cation interactions in ILs,
and hence, the former contribute much more significantly to
the total potential energy of cellulose dissolution.54 Thus, ILs
with common anions are expected to display very similar
macroscopic solution properties, when cellulose is dissolved.
Using the assumption c* = 1/[η] and the abovementioned

value for [η] gives c* = 8.62 × 10−3 g mL−1 (equivalent to 0.82
wt %) for A-cell/BmimAc, which is in good agreement with the
value of 0.77 wt % found in the section given above (“Dilute
and Semi-dilute Regimes”).

Rheological Properties of V-Cell/BmimAc. The macro-
scopic properties of a different kind of cellulose (V-cell) in
BmimAc were also studied and compared to those of A-cell.
We have recently published work on V-cell/BmimAc solutions
and their coagulation to produce cellulose microgels,55 which
have a wealth of potential applications in the food, cosmetic,
and medical industries. Therefore, this study of the V-cell/
BmimAc solution properties was motivated by the need to
understand the state of the dissolved cellulose before
subsequent microgel fabrication.

Figure 2. η as a function of A-cell (a) and V-cell (c) concentration in BmimAc (25 °C), showing the linear region (blue) and the exponential
region (orange); specific viscosity (ηsp) as a function of A-cell (b) and V-cell (d) concentration in BmimAc (25 °C), showing the estimated overlap
(c*) and entanglement (ce) concentrations. The red line gives the best fit to eq 4; the blue, green, and orange dashed lines give the dilute, semi-
dilute unentangled, and semi-dilute entangled regions, respectively.
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Figures 3 and S1b give the flow curves for V-cell/BmimAc
solutions (0−4 wt %), and the low-shear rate and shear
thinning behavior described in Figure 1 is given in the
Supporting Information, for dilute solutions (Figure S4). In
contrast to A-cell/BmimAc, low shear rate and shear thinning
was observed up to concentrations of ca. 0.3 wt % V-cell/
BmimAc, with 0 and 0.2 wt % displaying the most significant
shear thinning between γ̇ = 0.001 and 0.01 s−1. This suggests
that BmimAc “clusters” were broken up with smaller amounts
of dissolved V-cell compared to A-cell and that two “stages” of
cluster formation may occur at 0 and 0.3 wt %, (see the
“Stokes−Einstein Analysis of V-cell/BmimAc Solutions” given
below). Furthermore, V-cell/BmimAc solutions were found to
be much more viscous with η values of up to approximately
220 times larger (c = 4.0 wt %), compared to A-cell/BmimAc.
Both of these observations suggest that V-cell has a much
larger DP compared to A-cell, and therefore, the larger polymer
chains have a greater influence on the IL viscosity at much
lower concentrations. The DP of V-cell will be estimated in the
following section, using the intrinsic viscosity.
The concentration dependences of η and ηsp are given in

Figure 2c,d, respectively, and once again, the data are shown
on a logarithmic scale. An exponent of over twice the value of
A-cell was observed for the non-linear region, and all three
regimes (dilute, semi-dilute unentangled, and semi-dilute
entangled) seemed to be present over the concentration
range studied. The power laws (fitted to eq 2) for the three
regions were 1, 2.2, and 4.4, which are again close to the
scaling predictions for θ-solvents outlined in the section
“Dilute and Semi-dilute Regimes”. c* was estimated to be 0.20
wt % at 25 °C, which is over three times smaller than c* for A-
cell/BmimAc, suggesting that V-cell chains begin to overlap at
much lower concentrations and again indicating a significantly
larger DP. ce was estimated at 2.0 wt %, which is not within the
prediction ce ≈ 3−5c*, confirming that less overlap is required
to cause entanglement. This might in part be explained again
by the chain inflexibility of polysaccharides, which is evidently
more significant for cellulose with a larger DP.22,24

Considering the abovementioned observations, it follows
that [η] should be larger for V-cell/BmimAc compared to A-
cell/BmimAc solutions, at a given temperature. As expected, a

value of [η] = 350 mL g−1 was obtained for V-cell at 25 °C,
which is approximately three times larger than A-cell (obtained
by fitting to eq 4, Figure S5). 1/[η] gives an estimated value of
c* = 0.27 wt %, which is remarkably close to the value
predicted above (by extrapolation to ηsp = 1). The DP of V-cell
was estimated from [η] using the simple relationship given
below45

η[ ] ≈ 0.42DP (5)

giving a value of DP ≈ 833, and therefore, M ≈ 135,000 for V-
cell. This DP is over 4.5 times larger than the DP of A-cell (DP
= 180),25 and therefore, the higher viscosities observed for V-
cell/BmimAc solutions are clearly due to the significantly
larger polymer chain size.
Table 3 gives a comparison between different types of

cellulose in different ILs and their intrinsic viscosities.

Interestingly, while A-cell gave an almost identical value of
[η] in both EmimAc and BmimAc, V-cell gives a value of
almost two times as large in BmimAc when compared to
cellulose pulp in EmimAc, which is expected to have a similar
DP (as predicted by eq 5). This suggests that there may be
more significant differences observable between EmimAc and
BmimAc when cellulose with a larger DP is dissolved. While
cellulose−anion interactions are expected to be more
important than cellulose−cation interactions in ILs,54 possibly
the contribution of the cation may become more significant in
BmimAc compared to EmimAc. [η] is more comparable

Figure 3. Flow curves for 0−4 wt % V-cell/BmimAc, showing the logarithmic plot of viscosity v shear rate at 25 °C. (Purple closed circle = 0 wt %;
orange open triangle = 0.5 wt %; green open circle = 1.0 wt %; cyan closed diamond = 1.5 wt %; red closed circle = 2.0 wt %; gray closed triangle =
3.0 wt %; and pink closed square = 4.0 wt %). Fits to the Cross model (eq 1) are given by the solid lines in the corresponding colors. Error bars are
all shown, but some may be hidden by the symbol.

Table 3. Intrinsic Viscosity Values for Cellulose−IL Systems
with Varying DPs

type of cellulose (DP) solvent [η]/mL g−1 refs

Vitacel L 00 “V-cell” (ca. 730−
830)

BmimAc 350

Avicel MCC “A-cell” (180) BmimAc 116
Avicel MCC (180) EmimAc ca. 110 16
MCC (235) EmimAc 112 6
cellulose pulp (860) EmimAc 188 15
cellulose (850) EmimCl/DMSO 236 17
dissolving pulp cellulose (650) AmimCl 288.2 40
α-cellulose (C8002, ca. 850) BmimCl 357 45
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between V-cell/BmimAc and α-cellulose/BmimCl solutions,
which have the same cation, suggesting that cellulose−cation
interactions may be more important for dissolution of larger
DP cellulose. Further studies of the same cellulose type with a
larger DP in BmimAc and EmimAc separately are required to
make a more direct comparison between the two solvents.
Effect of Temperature on Macroscopic Properties of

V-Cell/BmimAc and Activation Energies. The effect of
temperature (T) on the rheological properties of V-cell/
BmimAc solutions was investigated at various concentrations.
Figure 4 gives ln(η) as a function of 1/T for V-cell/BmimAc

solutions (0−4 wt %), showing that the viscosity decreases as
temperature increases (as expected for classical polymer
solutions). Data for some of the dilute solutions have been
omitted to make the figure clear, and the full data set can be
found in the Supporting Information (Figure S6).
The viscosity−temperature dependence for V-cell/BmimAc

solutions was further analyzed using the following Arrhenius-
type equation50

η η= + ηE
ln ln

RT0
a,

(6)

where η0 represents the pre-exponential factor, Ea,η is the
activation energy for flow to occur, and R is the universal gas
constant. Ea,η can be deduced from the slope of ln(η) versus
inverse temperature, if the dependence is linear.
Arrhenius plots for various concentrations of V-cell/

BmimAc are given in Figure 4, with linear fitting of each set
of experimental data to deduce Ea,η. Activation energies over
the concentration range 0−4 wt % and R2 values correspond-
ing to each linear fit are supplied in the Supporting
Information (Table S3). An increase in Ea,η with V-cell
concentration is observed, as depicted in Figure 5, which is due
to an increase in the barrier for viscous flow in the bulk
solution. Ea,η therefore gives a macroscopic parameter, which
increases as the volume of cellulose−IL interactions increases.
Surprisingly, a dip in the value of Ea,η is observed at 2.0 wt %
(Table S3), around the estimated value of ce, which is most
likely due to a poor fit to eq 6 for the preceding data point (1.5
wt % V-cell/BmimAc). The relationship between ln(η) and
inverse temperature for MCC−EmimAc solutions has been
approximated by a concave dependence elsewhere.50 However,
Ea,η is observed to increase with cellulose concentration within

the error margins calculated, and in this instance, the Arrhenius
approach was considered to give adequate accuracy.
It was observed that the onset of shear thinning occurs at

higher shear rates as the temperature is increased, as illustrated
by a plot of 1/C (from eq 1) versus T (Figure S7). c* and ce
were found to increase with T (Supporting Information, Table
S2 and Figure S8), while the exponent value in the non-linear
region decreased correspondingly, suggesting that as the
temperature increases, polymer chains overlap at a higher
concentration. To confirm this, [η] was found to decrease with
T (Figure 6, obtained from ηsp vs concentration plots at 25−70

°C, Figure S9), and therefore, a decrease in solvent
thermodynamic quality and polymer chain size is observed,
which has been previously reported for various cellulose−IL
solutions.16,50

FFC NMR Studies of V-Cell/BmimAc Solutions. While
rheological analysis offers insights into bulk properties of
solutions, self-diffusion coefficients (D) obtained from NMR
can be used to probe interactions on a local level. Therefore,
using the two techniques, one can compare the macroscopic
and microscopic environment experienced by solvent mole-
cules. Since molecular tumbling is expected to correlate with
viscosity, FFC NMR was selected as a technique in this
instance to provide a comparison to the rheological analysis.
Only V-cell/BmimAc solutions were analyzed via FFC-NMR
since c* and ce were within the concentration range (0−4 wt
%) unlike for A-cell, which requires higher concentrations to
be within the semi-dilute entanglement regime (see analysis
discussed above). Therefore, the effect of entanglements on

Figure 4. ln(η) as a function of 1/T (25 to 70 °C) for 0−4 wt % V-
cell in BmimAc, obtained from the Cross model (blue closed circle =
0 wt %; purple cross = 0.2 wt %; gray closed diamond = 0.5 wt %;
orange open square = 1.0 wt %; green open triangle = 2.0 wt %; red
closed square = 3.0 wt %; and yellow open diamond = 4.0 wt %). The
straight lines give the Arrhenius analysis (eq 6).

Figure 5. Plot of activation energies (Ea,η) for flow, as deduced from
eq 6, for V-cell dissolved in BmimAc at various concentrations of
cellulose (conc. = 0−4.0 wt %). Estimated values of c* and ce at 25 °C
are shown in red and black, respectively, and Ea,η for conc. = 1.5 wt %
is represented in red, to signify a linear fit to eq 6 with R2 < 0.99. Error
bars were calculated based on the fit to eq 6, and therefore, the
uncertainty in determining the gradient and subsequently Ea,η from
the data. % errors are listed in Table S3.

Figure 6. Intrinsic viscosity ([η]) as a function of temperature for V-
cell dissolved in BmimAc.
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the macroscopic and microscopic properties of V-cell/BmimAc
could be compared. The water content of each sample was
determined using quantitative NMR and is given in the
Supporting Information (Table S4). All of the V-cell/BmimAc
solutions had an average water content of 0.44 ± 0.24 wt %,
except for the higher concentrations (3 and 4 wt %).
Therefore, these data have been included but have been
highlighted (in red) in subsequent plots (Figures 8(b) and
10(b)) to signify that water may be significantly affecting the
NMR signal.
Using the model-independent approach as first described by

Kruk et al.,34 D values can be obtained from the NMR
dispersion (NMRD) curves characterized within the low-
frequency range (0−10 MHz). The measured relaxation rate
(R1) gives a sum of the intra- and intermolecular contributions
to relaxation (eq S1). At sufficiently low frequencies, the
translational contribution to R1 is dominant, and therefore, D
can be determined in a model-independent way34

ω ν= −R a b( )1 (7)

where a and b are constants, given by the following equations

=a R (0)1 (8)
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Full details of the theory can be found in the literature34 and
are also provided in the Supporting Information.
D values were determined for 0−4 wt % V-cell/BmimAc

solutions using this approach over a range of temperatures, by
fitting to eq S2 (Figure S10).38 D values gave good agreement
with literature values for cellulose/EmimAc systems in terms of
the order of magnitude and the trend seen with increasing
cellulose concentration (Figure S11).56 Therefore, this was
deemed an accurate method for determining the translational
motion of solvent molecules, BmimAc, with low concen-
trations of cellulose.
Ion size, shape, and strength of ion interactions all affect ion

diffusivities.57 Figure 7 gives the dependence of D on
temperature, in a range of cellulose concentrations. As
expected, for all V-cell/BmimAc solutions, D decreases
accordingly with decreasing temperature, corresponding to
slower translational motion. At lower temperatures, D also

mostly decreases with increasing V-cell concentration, as
generally observed for solvent molecules diffusing in polymer
solutions.56 This can be explained in part by the corresponding
power law increase in viscosity as a function of concentration,
which drastically inhibits the diffusion of solvent molecules
through the solution. As the temperature decreases, a wider
range of values are obtained for D, and the effect of cellulose
concentration on ion diffusivities becomes more enhanced.
Therefore, the addition of cellulose appears to alter the ion
diffusivities more significantly at lower temperatures, and
interactions occurring on a local level should also be
considered. Some further discussion of hydrodynamic
interactions and their influence on ion diffusion can be
found in the literature.56

Stokes−Einstein Analysis of V-Cell/BmimAc Solutions.
Rheology and NMR experiments were compared using the
Stokes−Einstein relationship, which correlates diffusivity and
fluidity (1/η) as follows32

π η
=D

k T
f r6
B

H (10)

where f is a correction factor (sometimes referred to as the
microviscosity pre-factor) and rH is the effective hydrodynamic
radius of a molecule. Other variations of eq 10 may
alternatively use a constant, c, which is linked to the correction
factor as c = 6f.58,59 For large molecules diffusing into smaller
molecules, the hydrodynamic assumptions made using the
Stokes−Einstein equation are valid, and therefore, f = 1.60

However, many small molecules show deviations from this
value, and eq 10 may underpredict the value of rH,

61 as in the
case of pure solvent where the diffusing molecule has the same
size as the surrounding molecules. For ILs, the presence of
strong intermolecular H-bonding networks and “dynamic
heterogeneities” further invalidates the Stokes−Einstein
relationship.62 The latter describes the presence of spatial
regions, which have significantly different relaxation times
compared to the average relaxation time of the system, as
studied for the IL 1-ethyl-3-methylimidazolium nitrate via
molecular dynamics,63 where the formation of highly mobile
ion clusters and short-lived cation−anion pairs is predicted.
An estimation of rH can be determined from the following

equation32

Figure 7. Logarithmic plot of self-diffusion coefficients (D) as a function of the reciprocal temperature, for V-cell/BmimAc solutions: 0 wt % (cross,
blue); 0.1 wt % (closed triangle, light green); 0.2 wt % (closed square, red); 0.3 wt % (closed circle, light gray); 0.5 wt % (closed diamond, purple);
0.75 wt % (cross, dark yellow); 1.0 wt % (open triangle, dark green); 2.0 wt % (open square, pink); 3.0 wt % (open square, orange); and 4.0 wt %
(open diamond, brown).
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where M = molar mass; ρ = density; and NA = Avogadro’s
number. Values of rH are 3.01 and 2.26 Å for the [Bmim]+

cation and [OAc]− anion, respectively, which are close to
previously published values of 3.358 and 2.24 Å.39 Since self-
diffusion coefficients were obtained via fitting of the FFC
NMR data, the individual motion of the cation and anion
cannot be distinguished. Therefore, D describes the average
motion across the ions, and an average value of rH = 2.64 Å was
used.
Figure 8a gives the relationship between D obtained from

FFC NMR and T/η obtained from rheological experiments for

0−4 wt % V-cell/BmimAc solutions, with straight-line fits
given by the dashed lines. A linear dependence in the ln−ln
plot is observed with a gradient of ca. 0.9 for pure BmimAc,
confirming the validity of the Stokes−Einstein relationship;
however, the gradient decreases as the concentration of
cellulose increases. Therefore, the macroscopic and micro-
scopic properties are affected to differing extents by cellulose
concentration. The macroscopic viscosity increases dramati-
cally as the concentration of cellulose increases, which is in
agreement with the behavior of MCC/EmimAc solutions;25

however, the microviscosity is much less affected. Such
observations can be explained by the effect of entanglements,
which have a significant impact on the macroscopic viscosity
but almost no effect on the microviscosity and therefore D.
This can be seen by an increase in the spacing of lines above c*
(conc. ≈ 0.2 wt %) and again above ce (conc. ≈ 2.0 wt %). For
large polymers such as cellulose, large-scale effects such as
these are observable using rheology but do not have an effect at
the smaller length scales, and therefore, the local microviscosity
as determined using NMR.
The correction factor ( f) was determined from the gradient

of the linear plots of D versus T/η, and f is plotted as a
function of cellulose concentration in Figure 8b. A value of f =
ca. 1 was obtained for the pure solvent and low-concentration
cellulose solutions, suggesting that the Stokes−Einstein
relationship is correctly relating the macroscopic to the
microscopic environments.64 However, as cellulose is added,
f decreases in value as the Stokes−Einstein relationship starts
to break down; the macroscopic viscosity is increasing much
more rapidly than the microscopic viscosity. This is because
the addition of cellulose causes overlap, entanglements, and
large-scale structures, which dramatically increase the macro-
scopic viscosity. The value of f drops most significantly
between 0 and 0.1 wt %, which is in agreement with
observations from the rheological analysis, (where low-
frequency shear thinning behavior and therefore cluster
formation were observed for the pure solution).
H-bonding has also been reported to increase the observed f

value.64 Various studies have shown that a pre-factor of f = 2/3
is suitable for a variety of molecular liquids,58,59,65 and this
value has been applied to the Stokes−Einstein analysis of
EmimAc.39,64 However, we report that a value of f = 1 may be
more suitable for pure BmimAc, which may have a higher
degree of cluster formation compared to EmimAc.

FFC NMR Relaxometry at a Single Frequency (ν = 10
MHz). Further comparison of the macroscopic and microscopic
environments can be made using relaxation times (T1) at a
single frequency. T1 was analyzed at 10 MHz (low-field
relaxometry) for each concentration of V-cell/BmimAc, over a
range of temperatures. At 10 MHz, the NMR relaxation is
dominated by rotational motion, giving complimentary
information to the translational motion analyzed above.25

The logarithmic plot of T1 as a function of inverse
temperature is given in Figure 9. Analogous to D, T1 decreases
with decreasing temperature as molecular motion is slowed,
and consequently, proton relaxation occurs more rapidly.
Generally, T1 was found to decrease with an increase in
cellulose concentration, which can be once again explained by
a decrease in molecular motion with an increase in polymer−
solvent interactions (Figure S12). This is in agreement with
previous studies of T1 as a function of A-cell concentration in
EmimAc,25 where it was reported that T1 is dependent on the
number of OH groups on the cellulose “available” to bind to
the IL molecules. However, the effect of V-cell concentration
on T1 was less pronounced than the effect on D. This is
possibly due to the fact that relaxation is expected to be
primarily governed by molecular tumbling at this frequency,
while D describes the effect of translational motion of
molecules. Translational motion may be more significantly
affected by concentration compared to tumbling, as a higher
energy barrier for translational motion is required compared to
rotational motion, and therefore, the increase in solvent−
cellulose interactions will have a greater effect on the former.

Figure 8. (a) Relationship between ln(D) and ln(T/η), as determined
by FFC NMR and rheology, respectively: 0 wt % (cross, blue); 0.1 wt
% (closed triangle, light green); 0.2 wt % (closed square, red); 0.3 wt
% (closed circle, light gray); 0.5 wt % (closed diamond, purple); 0.75
wt % (cross, dark yellow); 1.0 wt % (open triangle, dark green); 2.0 wt
% (open square, pink); 3.0 wt % (open square, orange); and 4.0 wt %
(open diamond, brown). The dashed lines give linear fits, as in eq 10,
and the dilute (green), semi-dilute unentangled (blue), and semi-
dilute entangled (yellow) regions have been highlighted along with c*
and ce; (b) correction factor ( f) shown as a function of cellulose
concentration, as determined from eq 10. Data for 3.0 and 4.0 wt % V-
cell/BmimAc are shown in red, due to the higher water content in
samples.
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Furthermore, T1 values for V-cell/BmimAc solutions were
approximately three times smaller than relaxation times
reported for A-cell/EmimAc.25 This corresponds to the
difference in solvent viscosities, where ηBmimAc ≈ 3 × ηEmimAc
(Table 2), since 1/T1 is proportional to viscosity when
rotational motion dominates the NMR relaxation mechanism
(eqs 12 and 13).
Further valuable information on binding equilibria in

cellulose−IL solutions may be gained from the intermolecular
relaxation rate and the self-diffusion coefficient, by determi-
nation of Hertz’s association parameter (A), (A = (1/
T1,inter).D/c, where c is the number density of interacting
spins).66 The concentration dependence of the A-parameter
can be studied and used to describe the effect of dilution on
solvent−solvent interactions in binary liquid mixtures.67

However, it is essential that the total relaxation rate is divided
into 1/T1,inter and 1/T1,intra, for which the most reliable method
is isotopic dilution.66

Stokes−Einstein−Debye Analysis of V-Cell/BmimAc Sol-
utions. The Stokes−Einstein equation can be extended to
compare the rotational correlation time, τrot, of a diffusing
particle in a viscous medium, as described by Green et al.,39

using the Stokes−Einstein−Debye equation

τ π η= ′r f
k T

4
3rot H

3

B (12)

where τrot gives the rotational correlation time and f ′ is a
correction factor, similar to the term given in eq 10. Equation
12 can then be combined with the work of Bloembergen,
Purcell, and Pound (BPP) to relate the molecular rotational
correlation time and the NMR relaxation times (T1), in the
high-temperature limit

τ= =
T T

K
1 1

5
1 2

rot
(13)

where K, for spin 1/2 nuclei, is described as follows
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where γ is the gyromagnetic ratio for protons, h̵ is reduced
Planck’s constant, μ0 is the permeability of free space, and reff is
an effective inter proton distance. The two protons are

assumed to be at a fixed distance and interacting via their
magnetic dipolar fields. In this case, it is also assumed that T1 =
T2 or, in other words, that rotational motion dominated the
NMR relaxation. This is a reasonable assumption when
working at a resonance frequency of 10 MHz and within the
high-temperature limit but may break down at frequencies
below this.64

Combining 12 and 13 gives the following relationship
between T1 and the viscosity64

π η= ′i
k
jjj

y
{
zzzT

Kr f
k T

1 20
31

H
3

B (15)

A value for f ′ can be determined for each concentration of
V-cell/BmimAc from the gradient of Stokes−Einstein−Debye
plots (1/T1 vs η/T). As reported previously, an average value
of rH = 2.64 Å was used, and an estimation of reff = 2.59 ×
10−10 m was made (taking the molecular weight of BmimAc as
198.26 g mol−1, the density as 1.055 g cm−3, and the number of
protons per molecule as 18 and assuming that protons are on a
cubic lattice).
Figure 10a gives values of T1 measured at a frequency of 10

MHz plotted as a function of T/η for 0−4 wt % V-cell/
BmimAc, with straight-line fits given by the dashed lines. Once
again, a linear dependence (as displayed in Figure 10a) was
observed, and the cellulose concentration evidently has a
greater effect on the macroscopic than the microscopic
properties, indicated by an increase in the gradient of T1
against T/η, with cellulose concentration. Therefore, the
Stokes−Einstein−Debye relationship also breaks down as the
polymer concentration increases.
Figure 10b shows ln( f ′) as a function of cellulose

concentration, obtained from the gradient of straight-line fits
from eq 15. As with the diffusion, f ′ tends toward zero on an
increase in cellulose concentration, revealing a far stronger
dependence of macroscopic viscosity on cellulose concen-
tration to that of the microviscosity. Since we are expecting to
probe tumbling of ions at 10 MHz, it can be said that the
rotational motion has a very similar dependence on
concentration as the translational motion probed in the
section given above, using the NMR dispersion curve. It is
difficult to locate both c* and ce from Figure 10b, again
indicating that the effect of entanglements is greatly reduced at
the microscopic level.

Figure 9. Logarithmic plot of relaxation time (T1) as a function of the reciprocal temperature for V-cell/BmimAc solutions: 0 wt % (cross, blue);
0.1 wt % (closed triangle, light green); 0.2 wt % (closed square, red); 0.3 wt % (closed circle, light gray); 0.5 wt % (closed diamond, purple); 0.75
wt % (cross, dark yellow); 1.0 wt % (open triangle, dark green); 2.0 wt % (open square, pink); 3.0 wt % (open square, orange); and 4.0 wt % (open
diamond, brown).
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Comparing the Activation Energies. Finally, in order to
compare the results from self-diffusion, relaxometry, and
rheological analysis, activation energies were calculated using
the following Arrhenius-type equations

= −D D
E

RT
ln ln 0

a,D

(16)

= −T T
E

RT
ln ln T

1 1,0
a, 1

(17)

where D0 and T1,0 represent pre-exponential factors and Ea,D
and Ea,T1 represent the activation energies of diffusion and
rotation, respectively. As with Ea,η, the gradient from linear fits
of ln D or ln T1 versus inverse temperature was used to
determine the activation energies for each process. Ea,D and
Ea,T1 were both within the range of 30−40 kJ mol−1, which is
about 10 kJ mol−1 lower than activation energies reported for
MCC/EmimAc solutions.56 Ea values from viscosity, self-
diffusion, and relaxation are compared in Figure 11, where it is
clear that Ea,η displays by far the greatest cellulose
concentration dependence. This is in agreement with the
Stokes−Einstein analysis, where the microviscosity was found
to be less affected by concentration compared to the
macroscopic viscosity. Ea,D (self-diffusion) and Ea,η (viscosity)
values obtained for pure BmimAc differed by ca. 10 kJ mol−1,
whereas they were reported to be the same for pure EmimAc,56

which could again be attributed to more significant cluster
formation in BmimAc (Figure 1).

■ CONCLUSIONS
Cellulose/BmimAc solutions with two different types of
cellulose have been studied using rheology, where cellulose
DP was found to have an effect on the macroscopic solution
properties, c*, ce, and [η]. The commercial cellulose V-cell
(estimated DP ≃ 730−830) began to entangle at a much lower
concentration compared to A-cell (DP = 180). Furthermore,
[η] of V-cell was approximately three times the value of A-cell,
consistent with the larger DP and indicating a larger effective
size of the polymer in solution. Interestingly, A-cell/BmimAc
solutions displayed a very similar [η] value to that of A-cell/
EmimAc solutions;16 however, V-cell gave a much lower [η]
value when compared to cellulose of a similar DP in
EmimAc.15 This suggests that the IL cation has an effect on
the dissolution of the cellulose and therefore may affect the
macroscopic properties of the cellulose solutions.
The microscopic properties of V-cell/BmimAc solutions

were then studied using FFC NMR and low-field relaxometry.
Both D and T1 were found to decrease with increasing

Figure 10. (a) Spin−lattice relaxation time (T1) as a function of
temperature over zero-shear rate viscosity (T/η0) as determined by
low-field NMR (10 MHz) and rheology, respectively: 0 wt % (cross,
blue); 0.1 wt % (closed triangle, light green); 0.2 wt % (closed square,
red); 0.3 wt % (closed circle, light gray); 0.5 wt % (closed diamond,
purple); 0.75 wt % (cross, dark yellow); 1.0 wt % (open triangle, dark
green); 2.0 wt % (open square, pink); 3.0 wt % (open square,
orange); and 4.0 wt % (open diamond, brown). The dashed lines give
linear fits, as in eq 15; (b) correction factor ( f ′) shown as a function
of cellulose concentration, as determined from eq 15. Data for 3.0 and
4.0 wt % V-cell/BmimAc are shown in red, due to the higher water
content in samples. The remarkable similarity between Figures 10b
and 8b indicates that the same microviscosity is determining both the
translational and rotational motions of the ions.

Figure 11. Activation energies for flow (Ea,η), translational (Ea,D), and rotational (Ea,T1) motion as determined from the viscosities (rheology), self-
diffusion coefficients (FFC NMR), and relaxation times (low-field NMR, 10 MHz), respectively, as a function of cellulose concentration: Ea,η = red
square; Ea,D = blue cross; and Ea,T1 = green triangle. Error bars were calculated based on the fit to eqs 6, 16, and 17, therefore giving the uncertainty
in determining the gradient and subsequently Ea,η, Ea,D, and Ea,T1 respectively.
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cellulose concentration, corresponding to both the increase
observed in viscosity and an increase in the number of
interactions between the solvent molecules and cellulose. Both
of these factors result in a decrease in ion mobility as more
polymer is added to the solution. Rheology and NMR could be
directly compared using Stokes−Einstein and Stokes−Ein-
stein−Debye analyses, where it was found that cellulose
concentration has a much greater effect on the macroscopic
viscosity compared to that on the microviscosity. This can be
attributed to polymer entanglements, which affect much less
significantly the microviscosity of cellulose/BmimAc solutions
and therefore the short-range interactions, in agreement with
the work previously published on A-cell/EmimAc solutions.25

Finally, an Arrhenius approach was used to obtain Ea values
from rheological, FFC NMR, and low-field relaxometry
analysis, corresponding to the respective energy barriers for
flow, diffusional, and rotational motion. Consistent with the
failure of the Stokes−Einstein relationship at higher cellulose
concentrations, Ea,η was found to be greater than both Ea,D and
Ea,T1 at all cellulose concentrations and displayed by far the
greatest concentration dependence. This indicates that the
energy barrier for flow (a bulk solution property) is affected
much more significantly by polymer concentration than the
energy barriers for rotation and diffusion (microscopic solution
properties). This study provides further insights into the
interactions occurring on a macroscopic and local level in
cellulose−IL solutions, which is crucial to understand the
properties of cellulose materials coagulated from cellulose−IL
solutions.

■ ASSOCIATED CONTENT
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