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ABSTRACT: The translational self-diffusion coefficients (DT)
for a series of tetra-alkyl acyclic ammonium and cyclic
pyrrolidinium ionic liquids (ILs) were measured using 1H
pulse field gradient (PFG) NMR spectroscopy over various
temperatures. These NMR diffusion results were combined
with previously measured rotational diffusion coefficients (DR)
obtained from 14N NMR relaxation measurements for the
same ILs (Alam, T. M.; et al. J. Phys. Chem. A 2011, 115,
4307−4316). The DT/DR ratio was then used to estimate the
effective hydrodynamic radius and corresponding volumes
without the need to directly measure the viscosities of the ILs.
The generality, validity, and performance of using this DT/DR
ratio is discussed and compared to the effective hydrodynamic
volumes obtained using classic DT/viscosity and DR/viscosity relationships. The temperature variation observed for the molecular
volumes obtained using the DT/DR ratio is argued to be a signature for the breakdown or decoupling of the Stokes−Einstein and
Stoke−Einstein−Debye relationships in these neat IL systems, consistent with recent molecular dynamic simulations.

■ INTRODUCTION

Ionic liquids (ILs) continue to be incorporated into a wide
range of applications including liquid electrolytes for energy
storage and production devices, use in CO2 capture, and as
green solvents.1−5 Understanding the transport properties as
well as the ionic and solvent interactions of ILs is important for
predicting their physicochemical properties.6,7 The impact of
structure, molecular organization, and cation/anion interactions
on the physical properties of ILs is still not fully understood.8

For example, the validity of the classic liquids description of
molecular motions has been questioned when attempting to
describe the transport properties of ILs. The Stokes−Einstein
(SE) and Stokes−Einstein−Debye (SED) relationships con-
nect the translational diffusion coefficient (DT) or the rotational
diffusion correlation times (τc) and rotational diffusion
coefficient (DR) to viscosity, temperature, and molecular
volume. In a series of molecular dynamic (MD) simulations,
deviations from the predicted SE and SED behaviors were
observed for neat ILs and were attributed to dynamic
heterogeneities present within these materials.9

A hallmark of dynamic heterogeneities is the breakdown of
the SE relationship, which has been observed in supercooled

liquids or fragile liquids near their glass transition temperatures
(Tg).

10−14 Course-grain dynamic simulations also suggested
that dynamic heterogeneity with nonexponential structural
relaxation can lead to the violation of the SE relationship.15

These violations have been described as the translational−
rotation paradox,16,17 decoupling of DT and τc from
viscosity,12,18 or deviations from the SE and SED relation-
ships.19 The SE and SED breakdown is most commonly
attributed to dynamic heterogeneities, but other studies in
supercooled liquids attribute the observed behavior to a
generalized breakdown of the classic SE and SED relation-
ships.20 Recent experimental results suggest that in ILs, these
heterogeneities may exist and that deviations from the SE
(DT),

21 and SED (DR)
22−24 relationships should be expected.

However, the following questions remain: (1) How are
dynamic motions to be described in ILs if dynamic
heterogeneities are important for these systems and (2) how
generalized are these observations for different ILs?
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NMR spectroscopy has proven to be an important tool for
investigating the dynamics and transport properties of ILs. In
particular pulse field gradient (PFG) NMR experiments allow
the DT’s of both the cation and anion species to be directly
measured. There have been multiple studies in ILs attempting
to understand the factors controlling the structure25,26 and
electrochemical conductivity,27−34 along with the role of
water35 and nanoconfinement in ILs.36,37 Herein, we present
1H PFG NMR diffusion data for a series of ILs containing
quaternary ammonium and pyrrolidinium cations. In addition,
these DT results were combined with previous measurements of
DR obtained via 14N NMR relaxation38 in order to evaluate the

effective hydrodynamic volumes and the performance of the SE
and SED relationships.

■ EXPERIMENTAL SECTION
General Considerations. The ILs studied include N,N,N-

t r i - ( n - b u t y l ) - N - ( n - o c t y l ) a m m o n i u m b i s -
(trifluoromethanesulfonyl)imide ([TBOA]+TFSI−), N,N,N-tri-
( n - b u t y l ) -N - ( n - o c t y l ) ammon i um me t h y l s u l f a t e
([TBOA]+MS−), N-methyl-N-(n-octyl)pyrrolidinium bis-
(trifluoromethanesulfonyl)imide ([MOPyrr]+TFSI−), N-meth-
yl-N-(n-octyl)pyrrolidinium methylsulfate ( [MOPyrr]+MS−),
N - m e t h y l - N - ( n - b u t y l ) p y r r o l i d i n i u m b i s -
(trifluoromethanesulfonyl)imide ([MBPyrr]+TFSI−), N,N,N-

Figure 1. Various quaternary acyclic ammonium and cyclic pyrrolidinium cations with the selected anions for the ILs investigated.
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tris-(2-hydroxyethyl)-N-methylammonium iodide ([THE-
MA]+I−), and N,N,N-tris-(2-hydroxyethyl)-N-methylammo-
nium methylsulfate ([THEMA]+MS−). The chemical structures
of the investigated ILs are shown in Figure 1. The synthetic
details for these materials have been previously reported,38

while [MBPyrr]+TFSI− was obtained directly from Aldrich. To
reduce the impact of residual water, all ILs were sealed in 5 mm
NMR tubes prior to storage and analysis, with the same sealed
sample being used for both the 14N NMR relaxation
experiments38 and the current 1H PFG NMR diffusion analysis.
While the water concentrations were not explicitly measured
for these samples, the synthetic protocol attempted to keep
water levels as low as possible. As a benchmark, ammonium ILs
containing hydrophobic fluorinated anions prepared with
similar heating and vacuum protocols typically have trace
water levels below 50 ppm,39 cyclic ammonium salts containing
iodine anions were found to have water levels <250 ppm,40

while Aldrich reports <200 ppm water levels for their
commercial [MBPyrr]+TFSI−. In contrast, [THEMA]+-based
ILs are known to be hydroscopic, especially the MS− version,
with water contents as high as 1900 ppm (0.19 wt %) being
reported,41 unless careful synthetic controls are employed.
NMR Measurements. The 1H PFG NMR diffusion

experiments were performed on a Bruker Avance-III instrument
using a DIFF30 (30 A) z-gradient 5 mm diffusion probe. A
bipolar stimulated echo pulse sequence was employed,42 with
the self-diffusion coefficients (DT) determined from the signal
decay using the classic Stejkal and Tanner equation43 (eq 1)

γ δ δ= − Δ −⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠
⎤
⎦⎥S g S D g( ) (0) exp

3T
2 2 2

(1)

where S(g) and S(0) are the integrated signal intensities
obtained with and without gradients, respectively, DT is the
translational self-diffusion coefficient, γ is the gyromagnetic
ratio, g is the gradient strength, δ is the duration of the gradient
pulse, and Δ is the diffusion time delay between the gradient
pulses. Typical experimental conditions included signal
averaging with 8 scans, 16 gradient steps, a total gradient
pulse length of δ = 1 ms, and a 5 s recycle delay. An interpulse
delay (Δ) of 10 ms was used to reduce convection artifacts,
with the gradient strength (maximum strength of 1300 G/cm)
being adjusted to produce >90% signal reduction during the
diffusion experiment. Only a single-exponential decay was
observed for these PFG diffusion experiments, demonstrating
that large polydispersity in the diffusion rate was absent.
The experimental details and analysis of the 14N NMR

experiments have previously been described.38 In summary, the
longitudinal spin−lattice (R1 = 1/T1) and transverse spin−spin
(R2 = 1/T2) relaxation rates (which are the inverse of the
relaxation times T1 and T2, respectively) were obtained using an
inversion recovery and a CPMG (Carr−Purcell−Meiboom−
Gill) pulse sequence and then combined to extract the
rotational correlation time (τc) for each IL studied. For
motions just outside of the extreme-motional limit, it was
possible to obtain a unique solution to τc without knowledge of
the 14N quadrupolar coupling constant.
Association Energies and Molecular Volumes. Opti-

mized structures for the associated cation and anion cluster
along with the optimized structures for the isolated cations and
anions in the gas phase were obtained using the 6-311+
+G(2d,2p) basis set,44,45 density functional theory (DFT)
utilizing Becke’s three-parameter exchange functional,46 and the

LYP correlation function (B3LYP),47 as implemented in
Gaussian 09 software (Gaussian Inc., Wallingford, CT).48

Initial starting structures for the associated ion pairs (IPs) were
obtained using an initial molecular mechanics (MM) annealing
prior to cluster optimization in Gaussian. In some instances,
intermediate optimized structures were obtained at lower
theory levels and provided the input for the final 6-311+
+G(2d,2p) basis set optimization. These optimized IP clusters
are shown in Figure S1 (Supporting Information). There are a
variety of methods to determine the molecular volume based
on optimized ab initio structures. In this article, we report
predicted volumes based on the SCF electron density (as
implemented in Gaussian), which are expected to correlate
simply with experimentally derived volumes (X-ray). These ab-
initio-predicted volumes were compared to the volumes
estimated from the combined NMR data.
The energies for association for the different IPs were

defined using eq 2

Δ = − + − −E E E E(IP) ( ) ( )assoc (2)

The first term, E(IP), is the total energy of the gas-phase
optimized IP complex, while the next two terms are energies of
the isolated and nonrelaxed (nonoptimized) cation and anion
molecules. No corrections to the energy due to the basis set
superposition error (BSSE) were evaluated but are expected to
be relatively small in comparison to ΔEassoc. Using eq 2, ΔEads <
0 values correspond to an exothermic association process.
Similarly, it is possible to define an adsorption energy based on
optimized cationic and anionic species using eq 3

Δ = − + − −E E E E(IP) ( ) ( )assoc
opt opt opt

(3)

where Eopt(+) and Eopt(−) are the energies for isolated and gas-
phase optimized cation and anion structures, respectively. The
difference between ΔEassoc and ΔEassoc

opt represent the energy for
molecular deformations during complex formations.

Theoretical Background. The SE relationship is given by
eq 4

πηξ
=D

k T
r6T

B

T eff (4)

where DT is the translational diffusion coefficient, kB is the
Boltzmann constant, T is the temperature, η is the micro-
viscosity, reff is the effective hydrodynamic radius of the
molecule, and ξT is a scaling factor taking into account the slip/
stick boundary condition, molecular size, and nonspherical
molecular shape. Similarly, the NMR rotational correlations
(τc) can be related to macroscopic properties using the SED
relationship (eq 5)

τ
ηξ

τ
πηξ

τ= + = +
V

k T
r

k T
4

3c
R eff

B
0

R eff
3

B
0

(5)

where Veff is the effective molecular volume and ξR is the scaling
factor for rotational motion. The offset factor τ0 is related to the
free rotor correlation times or the cross-correlation function
between kinetic and torque-like terms.49,50 This factor will
commonly be dropped in evaluation of later approximations.
Numerous scaling factors have been forwarded to estimate ξT
and ξR

51 and will be discussed in the Results section.
Defining the rotational diffusion coefficient as DR = 1/6τc,

the SED relationship (eq 5) reduces to eq 6
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These SE and SED relationships can also be combined to
provide an estimate of reff (eq 7)

τ τ= +
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0

(7)

or expressed in terms of the molecule radius or cluster radius
(eq 8)

τ τ
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For equivalent scaling factors (or scaling of unity), this
relationship reduces to reff = (4.5DTτc)

1/2 and has been used
in the description of supercooled liquids.19,20 Introducing the
definition of DR reduces eq 8 to eq 9

ξ
ξ

=r
D
D

3
4eff

T T

R R (9)

This DT/DR ratio provides a way of estimating the effective
molecular radius without the need to directly measure the local
microviscosity of the ILs. Note that there is no explicit
temperature dependence expected for this ratio.

■ RESULTS
Translational Self-Diffusion Coefficients. The transla-

tional self-diffusion coefficients were determined using 1H PFG
NMR spectroscopy for the ammonium and pyrrolidinium
cations between 298 and 363 K; the data are shown in Figure 2.

While the diffusion rates for many ILs follow a Vogel−
Tamman−Fulcher (VTF) behavior, a linear Arrhenius temper-
ature behavior was observed for the current ILs over the limited
temperature range investigated and was fit assuming (eq 10)

= { }D T D
E

RT
( ) expT 0

a

(10)

The activation energies (Ea) and DT at room temperature (298
K) are given in Table 1. The observed trend for DT,298 K was
[MBPyrr]+TFSI− > [MOPyrr]+TFSI− > [THEMA]+I− >
[TBOA]+TFSI− > [TBOA]+MS− > [MOPyrr]+MS− >
[THEMA]+MS−. This experimental trend does not correlate
with the predicted molecular van der Waal (VDW) volumes
(Table 2) of either the cation, VVDW

cation, or the cation−anion IP,
VVDW
IP . As such, the result demonstrates that the structure and

chemistry of both the cation and anion are important factors in
determining the observed diffusion rate, and it is not simply the
molecular size controlling the observed diffusion rates, although
there are instances when simple volume estimates do provide a
predictor (e.g., when only a single anion type is considered). In
the TFSI− anion containing ILs, the trend in DT,298 Kwas
[MBPyrr]+TFSI− > [MOPyrr]+TFSI− > [TBOA]+TFSI−; this
trend was consistent with that predicted by the VDW volumes.
In contrast, the ILs containing MS− anions revealed the
following trend for DT,298 K, [TBOA]

+MS− > [MOPyrr]+MS−

≈ [THEMA]+MS−, which was the reverse order of the
predicted cation volumes. In this case, there is both a change
in the composition (e.g., the presence of hydroxyl groups in the
[THEMA]+) and a change in the molecular shape and polarity
(i.e., cyclic versus acyclic).

Rotational Diffusion Rates. The rotational correlation
times (τc) for the molecular reorientation for the aforemen-
tioned IL series have previously been determined by combining
14N NMR spin−spin relaxation (R2) and spin−lattice relaxation
(R1) measurements.

38 The temperature dependencies of τc for
the different ILs are shown in Figure 3. (For additional
experiment details and discussion on how τc was evaluated, the
readers are directed to ref 38.) The room-temperature
correlation time τc, the corresponding rotational diffusion
rate, DR = (6τc)

−1, and the Ea are given in Table 1. It is
important to note that the temperature range over which τc was
determined is different for each IL and is smaller than the
temperature range over which DT was measured. This
reduction in the temperature range investigated is due to the
requirement that the 14N NMR R1 and R2 relaxation rates must
not be in the extreme narrowing limit in order to uniquely
determine τc (without a prior knowledge of the quadrupolar
coupling constant).38 This limitation also prevented the
estimation of τc for the rapidly tumbling [MBPyrr]+TFSI− IL.
The observed trend in DR,298 K was [THEMA]+I− >
[MOPyrr]+TFSI− > [TBOA]+TFSI− > [THEMA]+MS− >
[MOPyrr]+MS− > [TBOA]+MS−, which is very different than
the trend observed for DT. The Ea’s determined from the DT
and DR temperature variations are very similar, but the DT
derived values tend to be slightly larger. The exception was
[MOPyrr]+TFSI−, which revealed a DT activation energy that
was approximately 10 kJ mol−1 larger than the Ea determined
from DR.

■ DISCUSSION
The translational self-diffusion results for the quaternary
ammonium and cyclic pyrrolidinium ILs demonstrate that the
molecular structure and chemistry of the cation−anion pair
greatly impact the observed diffusional properties and are not
simply explained by variations in molecular volume. For
example, changing the anion can either produce no variation
or an enhancement in DT for a given cation, that is, compare
the change in DT between [MOPyrr]+MS− and [MO-
Pyrr]+TFSI− to the invariant DT measured for [TBOA]+MS−

and [TBOA]+TFSI−. Similarly, for a given anion, changes in the

Figure 2. The variation of the translational diffusion coefficient (DT)
as a function of inverse temperature measured using 1H PFG NMR
spectroscopy for acyclic ammonium and cyclic pyrrolidinium ILs. An
approximate Arrhenius behavior was observed for all systems over this
temperature range.
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cation produce variations in DT that do not always follow
molecular size of shape arguments (Table 1). These results
point to the difficulty of predicting the diffusion properties
when there are major changes in the IL chemistry, size, or
shape.
The temperature behavior of the self-diffusion has not been

previously reported for the majority of these ILs; the exception
is [MBPyrr]+TFSI−, where the DT results reported here (Figure
2) are very similar to the temperature dependence study by
Harris and Woolf52 and are also consistent with the previous
work of Tokuda and co-workers.31 The magnitudes of DT for
the [MOPyrr]+ and [MBPyrr]+ cations are similar to previous
results for the N-methyl-N-propyl pyrrolidinium [MPPyrr]+

cation but show a dependence on the anion.53 The observed
activation energies (obtained from DT) for [MOPyrr]+MS− and
[MOPyrr]+TFSI− (∼40−41 kJ mol−1) are significantly larger
than that that reported for [MPPyrr]+TFSI− (∼30.7 kJ
mol−1),53 while the [MBPyrr]+TFSI− activation energy (+32.9

kJ/mol) is very similar to the reported [MPPyrr]+TFSI−

value,53 demonstrating that large changes in the chain length
increase the translational diffusion activation energies.
The differences in the measured trends for the DT and DR

hint at some of the difficulties in trying to describe the
rotational and translational diffusion behavior in neat ILs.
Inspection of the SE and SED relationships (eqs 4 and 5)
argues that each is proportional to either ξTreff or ξRreff

3 and that
deviations from the trend based on the predicted van der Waals
radius (or volume) behavior argue that either the scaling factors
differ between rotational or translational motions or that the SE
and SED relationships incompletely describe the dynamics of
neat ILs. This idea will be further explored below.

Effective Molecular Volume Estimation Using Viscos-
ity. The translational diffusion coefficients can be combined
with viscosity measurements to estimate the effective volume
using the SE relationship (eq 4). Figure 4 shows the variation of
DT versus kBT/η for the [MBPyrr]+TFSI− (Figure 4A) and

Table 1. Translational and Rotational Diffusion Coefficients, Correlation Times, and Activation Energies Obtained from
Analysis of the 1H PFG NMR Diffusion and 14N NMR Relaxation Data and Glass Transition and Melting Temperatures for
Various Quaternary Acyclic Ammonia and Cyclic Pyrrolidinium ILs

sample DT
a (m2 s−1) Ea

b (kJ mol−1) [r2] τc (ns) DR
a (s−1) Ea

c (kJ mol−1) [r2] Tg
d (K) [Tm]

[THEMA]+I− 3.4 ×10−12 40.7 ± 1 2.2 7.6 × 107 40.0 ± 0.4 199.838

[0.9840] [0.9994]
[THEMA]+MS− 1.1 × 10−12 37.5 ± 1 5.0 3.3 × 107 36.3 ± 0.4 226.638

[0.9912] [0.9986]
[TBOA]+MS− 2.2 × 10−12 37.3 ± 1 13.6 1.2 × 107 38.8 ± 0.4 223.838

[0.98152] [0.9971]
[TBOA]+TFSI− 2.6 × 10−12 38.1 ± 3.1 3.6 × 107 34.6 ± 0.3 209.938

[0.9955] [0.9991]
[MBPyrr]+TFSI− 1.7 × 10−11 32.9 ± 1 − − 29.2 ± 0.3 190.127

[0.9951] [0.9956] [258.1]27

(29.3)e [255.1]67

[270.1]67

[267]68

[MOPyrr]+MS− 1.4 × 10−12 41.2 ± 1 5.5 3.0 × 107 37.8 ± 0.4 201.338

[0.9991] [0.9924]
[MOPyrr]+TFSI− 9.8 × 10−12 40.4 ± 1 2.5 6.6 × 107 28.9 ± 0.3 231.038

[0.9992] [0.9992] 257.969

aEvaluated at 298 K. bEnergy of activation determined from the temperature dependence of 1H PFG NMR diffusion rates, with the coefficient of
determination r2 given in brackets. cEnergy of activation determined from the temperature dependence of 14N R2 relaxation rates. dThermal glass
transition or melting temperature and literature reference. eEvaluated from the diffusion data in ref 52.

Table 2. Experimental Molecular Volumes for Quaternary Acyclic Ammonia and Cyclic Pyrrolidinium ILs Obtained from the
Analysis of the 1H PFG NMR Diffusion and 14N NMR Relaxation Data

sample Veff (Å
3) DT/DR

a Veff
GW (Å3) DT/DR

a,b VVDW
cation (Å3)f VVDW

IP (Å3)g ΔEassoc
h (kJ mol−1) ΔEassocopt h (kJ mol−1)

[THEMA]+I− 26.4 104 165 202 −386.9 −369.8
[THEMA]+MS− 17.2 68 165 230 −473.1 −420.0
[TBOA]+MS− 201.1 794 368 433 −316.0 −310.0
[TBOA]+TFSI− 28.6 113 368 505 −276.0 −270.5
[MBPyrr]+TFSI− − − 166 303 −302.6 −295.4

[20.9]c [327]
[33.0]c,d [516]

[MOPyrr]+ MS− 27.5 108 235 300 −346.2 −340.9
[5.1]c [79.7]
[105.4]e [659]

[MOPyrr]+TFSI− 155.7 613 235 372 −308.2 −300.6
aEvaluated using the DT/DR ratio (eq 9). bThe Gierer-Wirtz (GW)-corrected volumes assume a scaling factor of ξR = 0.16, ξT = 0.4, and 0.633 for
the DT/DR ratio in neat IL.

cEvaluated from the variation of DT with the temperature and inverse viscosity (Figure 4).
dEstimated using DT data from

ref 52. eEvaluated from variation of DR = (6τc)
−1 as a function of temperature and inverse viscosity (Figure 4B). fPredicted van der Waals (VDW)

volumes for the isolated cation using Gaussian 09. gPredicted VDW volumes for the cation−anion ion pair (IP). hEvaluated using eqs 2 and 3.
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[MOPyrr]+TFSI− (Figure 4B). In addition, the diffusion data of
Harris and Woolf for [MBPyrr]+TFSI− over a slightly smaller
temperature range are also analyzed (Figure 4A).52 The
viscosity data reported in the literature for the
[MBPyrr]+TFSI−52 and the extrapolated viscosity data of
Salminen and co-workers for [MOPyrr]+TFSI− were utilized.54

These correlations predict Veff values of 20.9 (current DT data)
and 33.0 Å3 (Harris DT data) for [MBPyrr]+TFSI−, along with a
5.1 Å3 for [MOPyrr]+TFSI−. The estimated volumes are all
significantly smaller than the predicted van der Waal volumes
for the cations (VVDW

cation) or the IPs (VVDW
IP ) shown in Table 2.

Underestimation of the effective hydrodynamic volume is
commonly encountered when analyzing diffusion and viscosity
data and may result from the assumptions utilized. The classic
SE and SED relationships assume a spherical molecule, which is
clearly not appropriate for these molecules. It is also assumed
that the molecule is diffusing in a viscous continuum solvent,
which is also inappropriate for neat ILs. These issues have been
addressed by the introduction of various scaling factors, which
will be discussed below.
Similarly, the temperature/viscosity behavior of the rota-

tional correlation time or the rotational diffusion coefficient
(DR) determined from 14N NMR relaxation experiments can
also be used to determine the molecular volume, as previously
presented for the [MOPyrr]+TFSI−.38 Figure 4B (open
symbols) shows the variation of DR versus kBT/η evaluated
using the SED relationship (eq 5). This correlation predicts an
effective molecular volume of ∼105 Å3 (Table 2). Moreover,
the predicted volume is larger than the 67 Å3 previously
reported for the same correlation time data set,38 reflecting a
slightly different extrapolation of the viscosity temperature data
and the different weighting of data points in the linear fit using
DR instead of τc. Regardless, the predicted volume is
significantly larger than the volume obtained from the DT/
viscosity data (∼5 Å3), again highlighting differences in the
rotational and translational dynamics analyses. The DR-
estimated volume is smaller than the predicted VVDW

cation.
The linear behavior observed between DT or DR and T/η

(Figure 4) supports the general form of the SE and SED
relationship and is approximately inversely linear to viscosity
changes (η−1). Linear SE behavior has been reported for several

PFG NMR studies involving imidazolium- and pyridinium-
based cations32,33,53,55 and for thioether-functionalized ILs.56

Yet, many of these PFG and relaxation NMR studies reveal
experimental diffusion coefficients that are an order of
magnitude faster than those predicted by the classic SE or
SED equation.32 On the other hand, modification to the
relationships to take into account molecular shape and
boundary conditions has been shown to produce corrected
hydrodynamic volumes. For example, the 13C NMR-based
rotation correlation times in 1-ethyl-3-methylimidazoilium
butanesulfonate55 produce volumes that if scaled are similar
to the predicted VVDW

cation.
Effective Molecular Volume Estimation Using Com-

bined Diffusion/Rotational Dynamics. The viscosity
temperature dependence for the remaining ILs in this series
was not available, precluding effective volume estimations using
the viscosity correlations. Instead, the effective volumes were
estimated using eqs 8 and 9, via the DT/DR ratio. In the limit of

Figure 3. The variation of the rotational correlation time (τc) as a
function of inverse temperature for acyclic ammonium and cyclic
pyrrolidinium ILs. Correlation times measured using 14N NMR
relaxation experiments are described in ref 38.

Figure 4. The variation of the translational diffusion coefficient DT (●
this study and ■ Harris and Woolf, ref 52) as a function of
temperature and inverse shear viscosity for (A) [MBPyrr]+TFSI− and
(B) [MOPyrr]+MS−. The variation of the rotational diffusion
coefficient DR (○) for [MOPyrr]+MS− is presented in (B). The
straight lines represent fits to the Stokes−Einstein relationship for DT
(eq 4) and the Stokes−Einstein−Debye relationship for DR (eq 5).
These fits predict reff = 1.71 Å (DT, this study) and 1.99 Å (ref 52) for
[MBPyrr]+TFSI− and reff = 2.93 Å (DR) and 1.07 Å (DT) for
[MOPyrr]+MS−.
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equivalent scaling factors, eq 9 reduces to reff = (1/2)(3DT/
DR)

1/2. Using this limiting assumption, the estimated molecular
volumes as a function of temperature are shown in Figure 5,

with the 298 K volumes given in Table 2. There is not a volume
for [MBPyrr]+TFSI− reported using this method because the
rotational correlation times were not determined for this IL.38

This analysis reveals three different subclasses or behaviors in
this series of ILs. Four of the ILs, [THEMA]+I−, [THE-
MA]+MS−, [TBOA]+TFSI−, and [MOPyrr]+MS−, have pre-
dicted molecular volumes within the ∼15−30 Å3 range and are
consistent with the molecular volumes predicted for
[MBPyrr]+TFSI− using the DT/viscosity correlations (Figure
4). The predicted volume for [MOPyrr]+MS− using this
method (27.5 Å3) falls between the volumes predicted using
the DT/viscosity (5.1 Å3) and the DR/viscosity correlation
(105.4 Å3), as might be expected when using the DT/DR ratio
for volume estimation. While these predicted volumes are still
smaller than the van der Waal volumes, the introduction of
appropriate scaling (see below) gives volumes that approach
VVDW
cation. The predicted volumes for these four ILs become

slightly larger with increasing temperature, but overall, the
temperature variation is relatively small (Figure 5). The
[TBOA]+MS− IL showed a different type of behavior, with a
relatively large predictive volume of ∼200 Å3, which is smaller
than VVDW

cation, with the volume being about 10 times larger than
the predicted volumes of the first four ILs. The volumes
predicted for this IL shows very little temperature variation.
The final type of behavior is demonstrated by [MO-
Pyrr]+TFSI−, with a strong temperature variation in the
predicted volumes, ranging from ∼150 to 350 Å3. This strong
temperature dependence would be expected given the large
differences in Ea obtained from DT versus DR data (Table 1).
Differences in the association energies of the different cation−
anion pairs were explored to determine if IP formation might
explain the three different types of volume−temperature
behavior. As a first approximation, the gas-phase association
energies (ΔEassoc and ΔEassocopt ) are given in Table 2 and range
from −270 to −437 kJ/mol−1, and are the same magnitude as

that reported for other ILs.57,58 The larger volumes predicted
by [TBOA]+MS− and [MOPyrr]+TFSI− in comparison to
those of the remaining ILs do not correlate with ΔEassoc as there
are several other IPs with similar values. Similarly, the strong
temperature dependence of [MOPyrr]+TFSI− does not
correlate with the predicted ΔEassoc. These reported association
energies are for IPs in the gas phase, but it is understood that
dielectric effects from the surrounding IL (or solvent) and ionic
density profiles will impact the energies;59 still, the relative
trends in association energies are expected to remain similar.
Water impurities are also known to play a significant role in
affecting the physical properties of ILs and might explain these
different types of volume−temperature behaviors. While the
water content was not explicitly measured, it is suggested that
the largest water concentrations would occur for ILs containing
either the hydroxylated [THEMA]+ cation or the MS− anion.
The strong observed temperature dependence of [MO-
Pyrr]+TFSI− would be argued not to be a result of water
impurities due to the strong hydrophobic nature of the
fluorinated TFSI− anion. Finally, we have assumed similar ξT
and ξR scaling factors in estimating the effective hydrodynamic
radius (eq 9). It may be that this assumption does not hold for
all ILs or that scaling factors have temperature dependence (see
the discussion below). An understanding of the causes giving
rise to these different behaviors is unfortunately not clear but
suggests that care must be taken when trying to compare
diffusional or rotational dynamics for widely different ILs.
Combining of DT and DR has previously been used to

estimate the effective hydrodynamic ratio for the cation in the
quaternary ammonium IL [N,N-diethyl-N-methyl-N-(2-me-
thoxyehtyl) ammonium] TFSI−.60 That study predicted an
extremely small radius (0.9 Å), which was only ∼25% of the
predicted van der Waals radius (3.51 Å). This discrepancy was
attributed to the use of the 1H−13C contribution for
determining the molecular reorientation correlations time,
with the possibility that local side-chain motions contributed to
the dipolar relaxation measured by the 13C T1 and that the
measured correlation time was a combination of these side-
chain motions and the overall molecular reorientation. One of
the benefits of the results presented in this paper is that the 14N
NMR R1/R2 relaxation is dominated by the molecular
reorientation, particularly for the quaternary ammonium ILs,
with limited dipolar contributions. For the pyrrolidinium ILs,
there is the possibility of pseudo-rotation61 of the ring leading
to fluctuations in the 14N electrical field gradient, but presently,
the magnitude of these contributions on the 14N relaxation
have not been evaluated. Increases in the DT/DR ratio have also
been observed in the MD simulations of TFSI− and
bis(fluorosulfonyl)imide (FSI)−-based ILs and were used as
an indicator of differences in the temperature dependence of
translational and rotational relaxation.62

Microviscosity Scaling Factors. Various models and
approximations have been proposed to correct the micro-
visosity for different molecular shapes and boundary conditions.
For example, Giere-Wirtz (GW) proposed a distance-depend-
ent viscous friction for rotational dynamics that results in a
correction factor (ξR) given by

ξ = + +
− −
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where the ratio of the solvent molecule radius (rm) and the
solute IL cation (r) radius are the variables. For a neat IL (rm =

Figure 5. The variation of the effective molecular volume for the IL
series obtained using the DT/DR ratio: [THEMA]+I− (●),
[THEMA]+MS− (■), [TBOA]+MS− (▼), [TBOA]+TFSI− (▲),
[MOPyrr]+MS− (○), and [MOPyrr]+TFSI− (□). The predicted van
der Waal volumes for the cations (solid lines) and select IPs (dotted
lines) are shown. See also Table 2.
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r), this reduces to ξR = 0.16. Similarly, the correction to the
microviscosity for translational diffusion (ξT) is described by eq
11

ξ = +
+
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r
r r r

2
1

1 /T
m

m

1

(12)

which reduced to 0.4 for the neat IL. In eq 9, the (ξT/ξR)
1/2

ratio introduces a 1.58 scaling factor to the predicted radius or a
3.95 factor to the predicted volume. The GW-corrected
volumes using these scaling factors are given in Table 2.
Other models have been proposed, including nonspherical
molecular shapes under stick/slip boundary conditions,63,64 and
produce a range of correction factors. The magnitudes of these
corrections are all similar to the GW scaling factors, leading to
the same overall conclusions, and will not be pursued in detail
here. These corrections bring the predicted volumes closer to
VVDW
cation for the majority of the IL series and, considering the

numerous approximations, produce reasonable volumes.
Unfortunately, the trends predicted by the VDW radius are
not reflected in the experimental results. The [TBOA]+MS−

and [MOPyrr]+TFSI− ILs have distinct behavior, with the
introduction of these scaling factors predicting volumes that are
significantly larger than even the cation/anion ionic pair (Table
2). This might suggest that for these two ILs, scaling factors are
not required or have a different functionality or that larger
aggregates beyond the simple IP contribute to the observed
dynamics.
Signature of Diffusion and Rotational Dynamic

Decoupling. The enhancement of the diffusion rate or
predictions of small hydrodynamic volumes when using the
SE relationship has been noted before and has been used to
question the validity of these classic relationships when
discussing the dynamics of neat ILs. For example, previous
diffusion studies of imiadazolium ILs and protic ILs (PILs)
have shown that the experimentally measured diffusion rates
are an order of magnitude faster than would be predicted using
the SE equation and known molecular volumes and viscosity.32

The enhancement of the observed translational diffusion
coefficients is not solely limited to experiment. MD simulations
of diffusion and molecular rotations in ILs have also been used
to back-calculate molecular volumes using SE and SED
relationships. These predicted hydrodynamic volumes are
consistently too small in neat ILs and only approach the
predicted molecular volumes for dilute IL solutions.9 Even by
incorporating GW corrections to the derived volumes, the
predictions remain too small. These MD simulations have been
put forward as a demonstration of the breakdown of the SE or
SED relations and are argued to result from dynamical
heterogeneities present within the ILs.
In addition, many deviations from the linear SE diffusion

have been describe well by a fractional SE relationship of the
form65

η
∝

⎛
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⎠⎟D

T
m

T
(13)

with m ranging from approximately linear (m = 1), m = 0.93 for
[MBPyrr]+TFSI−,52 to between m = 1 and 0.66 for imidazolium
ILs32 and m = 0.69 for a series of PILs.21 In the case of the
latter, Burrell and co-workers demonstrated that there were
differences in the low and high magnetic field translational
diffusion rates and that the deviations from classic SE behavior

were attributed to dynamic heterogeneities (most likely arising
from hydrogen bond heterogeneities) and the corresponding
differences in spin−spin T2 relaxation behavior within the
PILs.21 For the ILs described in this paper, fractional behavior
was not observed.
Another signature for deviations from the classic hydro-

dynamic SE or SED relationships is the temperature variance of
the predicted Veff. From eqs 8 and 9, it is assumed that the
hydrodynamic volume or radius is temperature-independent
and does not vary. In the MD simulations of neat ILs where the
SE and SED relationship are argued to break down, it was
observed that the Veff values become smaller with a reduction in
temperature.19 This temperature variation was observed for the
predicted Veff obtained for five of the six ILs using the DT/DR

method (Figure 4), with the predicted volumes increasing with
increasing temperature. If the classic SE and SED relationships
are valid for neat ILs, then the effective molecular radius, or
DT/DR ratio, should be invariant with temperature.20

Experimentally, this temperature variation is extremely
noticeable for [MOPyrr]+TFSI−, with a >200% volume increase
upon going from 298 to 338 K. The only exception to the
temperature variation of volume was [TBOA]+MS−, which was
approximately constant over the temperature range. It should
be noted that while we did not observe a distinct distribution in
the signal decay during the PFG NMR (multiexponential
decay), the measured DT would be dominated by the fast
components of the diffusion if fast/slow distributions were
present.66 The increasing Veff with increasing temperature is
similar to the trend observed for simulations of supercooled
water.20 We suggest that this temperature variation in the
predicted Veff obtained using the DT/DR ratio method is a
signature for the breakdown of the SE and SED relationship.

■ CONCLUSIONS

The translational self-diffusion coefficients DT have been
reported for a series of tetra-alkyl acyclic ammonium and
cyclic pyrrolidinium ILs measured using 1H pulse field gradient
(PFG) NMR spectroscopy as a function of temperature.
Combining these translational diffusion results with previous
rotational diffusion coefficients (DR) allowed the estimation of
the effective molecular volumes that were consistent with the
estimated volumes using the more conventional DT/viscosity
and DR/viscosity correlations. Both methods produced
estimated volumes that were significantly smaller than the
predicted van der Waal volumes and required the introduction
of scaling factors based on boundary conditions, shape, and size
to improve the result.
Overall, the combined DT/DR ratio method for molecular

volume estimation provided consistent results for the majority
of the ILs in the series studied but did reveal that some ILs have
translational or rotational dynamics that result in the prediction
of very large molecular volumes, without the need to provide
scaling factors. These results suggest that care should be
exercised when comparing volume estimates obtained from DT

or DR for widely different ILs. The temperature variation in the
predicted volumes based on the DT/DR ratio, most notably for
the [MOPyrr]+TFSI− IL, were argued to be evidence that there
is decoupling of the SE and SED relationships and that a more
completed description for translational and rotational dynamics
in neat ILs needs to be developed.
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