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A new method of obtaining molecular reorientational dynamics from13C spin-lattice relaxation data of aromatic
carbons in viscous solutions is applied to13C relaxation data of both the cation and anion in the ionic liquid,
1-ethyl-3-methylimidazolium butanesulfonate ([EMIM]BSO3). 13C pseudorotational correlation times are used
to calculate corrected maximum NOE factors from a combined isotropic dipolar and nuclear Overhauser
effect (NOE) equation. These corrected maximum NOE factors are then used to determine the dipolar relaxation
rate part of the total relaxation rate for each aromatic13C nucleus in the imidazolium ring. Rotational correlation
times are compared with viscosity data and indicate several [EMIM]BSO3 phase changes over the temperature
range from 278 to 328 K. Modifications of the Stokes-Einstein-Debye (SED) model are used to determine
molecular radii for the 1-ethyl-3-methylimidazolium cation. The Hu-Zwanzig correction yields a cationic
radius that compares favorably with a DFT gas-phase calculation, B3LYP/(6-311+G(2d,p)). Chemical shift
anisotropy values,∆σ, are obtained for the ring and immediately adjacent methylene and methyl carbons in
the imidazolium cation and for the three carbon atoms nearest to the sulfonate group in the anion.

Introduction

Room-temperature ionic liquids (RTILs) have generated
considerable excitement in recent years as a new type of solvent
media that possesses minimal vapor pressure.1-5 Ionic liquids
can be recycled, thus making synthetic processes less expensive
and potentially more efficient and environmentally friendly. As
a result, the interest in ionic liquids as a reaction media has
intensified in recent years and has resulted in the reporting of
many new ionic liquids including those that contain both organic
cations and organic anions such as the sulfates6-10 and sul-
fonates.11,12

The ability of ionic liquids to form supramolecular aggregates
has always been suspected by various investigators and recent
reports in the literature establish this as factual using mass
spectrophotometric,1H NMR, conductivity and microcalori-
metric methods.13,14 The ability of room temperature ionic
liquids to aggregate undoubtedly affects their ability to serve
as efficient reaction media and suggests that those methods iden-
tifying the aggregations process may prove to be quite useful.

In particular, nuclear relaxation rates often provide valuable
information concerning the dynamics and molecular interactions
that occur in the liquid state.15-31 Use of nuclear spin-lattice
relaxation rates to obtain information concerning reorientational
dynamics is often restricted to the extreme narrowing region.
In this region, the product of the resonance frequency and the
rotational correlation time is less than unity. However, many
ionic liquid systems of interest are viscous such that one is
outside of the region of extreme narrowing and relaxation rates
are frequency dependent. The rotational correlation equations
that describe the frequency-dependent region are considerably
more complex and analysis is somewhat more difficult.

In this 13C NMR relaxation and viscosity study, a relatively
new method of13C NMR relaxation analysis is applied to both
the cation and anion of the 1-ethyl-3-methylimidazolium
butanesulfonate ([EMIM]BSO3) ionic liquid shown in Figure
1.30,31 This method has been used previously in13C NMR
studies of the 1-butyl-3-methylimidazolium hexaflurophosphate
([BMIM]PF6) and 1-methyl-3-nonylimidazolium hexafluoro-
phosphate ([MNIM]PF6) ionic liquids.30,31

The [EMIM]BSO3
13C relaxation data reported herein is

correlated with viscosity data obtained for the same ionic liquid,
and indicates several phase changes for both the 1-ethyl-3-methyl-
imidazolium cation and the butanesulfonate anion. The ability
to analyze both cationic and anionic molecular dynamics using
the same physical method is potentially a very useful technique.

Experimental Section
Materials: 1-Ethyl-3-methylimidazolium Butanesulfonate.

Equimolar quantities of 1-ethyl-3-methylimidazolium chloride,
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Figure 1. DFT (gas phase) molecular structure of [EMIM]BSO3

(B3LYP/6-311+G(2d,p)). Hydrogen bonds include O18-H23) 2.542
Å, O18-H8 ) 1.929 Å, O17-H8 ) 2.492 Å and O17-H12 ) 2.235
Å.

868 J. Phys. Chem. A2006,110,868-874

10.1021/jp056045+ CCC: $33.50 © 2006 American Chemical Society
Published on Web 12/21/2005



locally prepared, and sodium butanesulfonate, Lancaster Syn-
thesis Inc., were mixed as solids and allowed to stand at room
temperature for 1 week. During this time a liquid appeared above
a colorless solid. The ionic liquid was separated from the NaCl
present by dissolution in 5 mL of acetonitrile for each gram of
total reactants in the preparation followed by carefully decanting
the acetonitrile solution from the insoluble salt. This was
repeated two more times and most of the acetonitrile was
removed using a rotary evaporator. The clear viscous liquid that
remained was dried for 3 days under vacuum, 0.1 Torr removing
all but a trace of water as seen from the IR spectrum: IR (NaCl,
cm-1) 3464, 3146, 3094, 2960, 2872, 1563, 1467, 1277, 1234,
1190, 1037, 783, 720, 650, 624, 610;1H NMR (neat liquid in
a sealed capillary immersed in CDCl3, 25 °C, δ) 9.54, 8.08,
7.96, 4.32 (q), 4.01, 2.50 (t), 1.52 (broad envelope), 1.36 (t),
1.23 (q), 0.71 (t);13C NMR (neat liquid in a sealed capillary
immersed in CDCl3, 25 °C, δ) 139.9, 124.0, 122.5, 51.9, 44.6,
35.9, 27.9, 22.1, 15.6, 13.9. The resulting ionic liquid is insoluble
in ether or hexanes but is readily soluble in water.

Viscosity Measurements.Viscosity measurements were
made using a Viscolab 4100 moving piston Viscosity Monitor-
ing and Control Electronics System. Temperature control was
provided by a VWR Programmable Temperature Controller,
Model 1167. The reported values are averages of about 20
measurements and estimates of the reproducibility of the
measurements are(0.1%. Temperature changes during the
viscosity measurement were less than(0.1°.

Computational Methods. B3LYP calculations using the
(6-311+G(2d,p)) basis set were obtained using GAUSSIAN
98.32 As an internal check, vibrational analyses on [EMIM]BSO3

(Figure 1) revealed a lack of imaginary frequencies, ensuring
the presence of a true minimum. Molecular volumes were
calculated under tight convergence to reduce error. Hydrogen
bonds (Figure 1) are defined as those interatomic distances less
than the sum of the van der Waals radii.33,34

NMR Relaxation Measurements.The13C NMR relaxation
data were measured on a Varian Unity-Plus spectrometer using
a D2O capillary for a lock. (Bo ) 4.70 T,υo(13C) ) 50.31 MHz,
υo(1H) ) 200.10 MHz. TheδC chemical shift assignments for
[EMIM]BSO3 are shown in Figure 2.

The spin-lattice relaxation times were measured using the
inversion-recovery pulse sequence and calculated from the
1H-broadband-decoupled13C spectra by an exponential fit
program implemented in the spectrometer software. The relax-
ation data were extracted from the signal heights. The measure-
ments of the spin-lattice relaxation times were repeated at least
five times, those for the NOE factors 10 times, and the average
values were used in the analysis. The error in the temperature
was estimated to be(1 °C. Chemical shift values were
determined using COSY and HETCOR methods.

Methodology
13C NMR Relaxation Studies. The relaxation of13C in

medium-sized molecules at moderate magnetic fields is usually
caused by dipolar interactions with directly bonded protons.
When the relaxation times are measured under1H decoupling
conditions, the cross-relaxation term vanishes, and the intramo-
lecular dipolar longitudinal (spin-lattice) relaxation rate (R1

DD

) 1/T1
DD)i for the relaxation of13C nucleusi by NH protonsj

is connected to the molecular reorientations by15-20

where the dipolar coupling constant isDij ) (µ0/4π)γCγH(p/
2π)rij

-3, µ0 is the permeability of vacuum,γC andγH are the
magnetogyric ratios of the13C and1H nuclei, respectively, and
rij is the length of the internuclear vector betweeni andj (C-H
) 1.09 Å). J(ω) are the spectral densities withωC andωH the
resonance frequencies of the13C and1H nuclei, respectively.

Nuclear Overhauser Effect.The nuclear Overhauser (NOE)
factor ηi of carbon atomi relaxed byNH protons j is given
by15-20,27

whereΣ is from j ) 1 to NH, σij is the cross-relaxation rate,Fij

is the dipolar relaxation rate, andFi
/ is the leakage term that

represents the contribution of all other relaxation mechanisms
to the relaxation of a13C nucleusi, thus reducing the NOE
factor. Usually, intermolecular dipolar contributions can be
neglected for13C nuclei with directly bonded protons. Under
1H decoupling conditions, the sum ofFij over allNH interacting
protons gives the dipolar spin lattice relaxation rate (R1

DD )
R1

Dipolar ) 1/T1
Dipolar)i. The relaxation of13C exclusively via

intramolecular dipolar interaction implies a leakage termFi
/ )

0. Thus the NOE factor reaches its maximum value and depends
only on reorientational molecular dynamics:15-20,27

Spectral Densities.Assuming isotropic tumbling, the spectral
densities can be connected to the effective correlation times,
τc, for reorientation of the corresponding internuclear13C-1H
vectors by

In theory τc is the time required for a molecule (i.e., vector
connecting the interacting nuclei) to rotate through an angle of
one radian; however, in fact, the correlation time is the integral
with respect to time from 0 to∞ of the normalized autocorre-
lation function16,19,20and is actuallyτ2, the time constant for
the exponential decay of the second-rank Legendre polynomial
P2. In the extreme narrowing case (low viscosity solutionss
unlike ionic liquids) the product ofωτc is much less than unity
andJ(ω) ) 2τc.

Chemical Shift Anisotropy (CSA). Aromatic 13C nuclei
relax even in moderate magnetic fields partially via the
chemical-shift anisotropy (CSA) mechanism. The corresponding
longitudinal relaxation rate of13C nucleusi is given by15-20

Figure 2. Chemical shift values (13C, ppm) and carbon positions for
the 1-ethyl-3-methylimidazolium butyl sulfate ionic liquid.

[ 1

T1
DD]

i

) [1/20]NH[2πDij]
2[J(ωC - ωH) +

3J(ωC) + 6J(ωC + ωH)] (1)

ηi ) γH∑σij/[γC∑(Fij + Fi
/)] (2)

ηi,max) γH[6J(ωC + ωH) - J(ωC - ωH)]/γC[J(ωC - ωH) +
3J(ωC) + 6J(ωC + ωH)] (3)

J(ω) ) 2τc/[1 + (ωτc)
2] (4)

R1
CSA ) [1/15]γC

2Ho
2(∆σi)

2[1 + (ηCSA
2/3)]J(ωC) (5)
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with the magnetic field strengthH0, the chemical-shift anisotropy
∆σ for an axially symmetric chemical shift tensor and the
asymmetry parameter,ηCSA. The [1 + ηCSA

2/3] term usually
represents a correction factor of less than 5% and is therefore
ignored.

Solution of the Combined Dipolar and NOE Equations.
In the case of ring (aromatic) carbons, it is assumed that dipolar
relaxation and chemical shift anisotropy make up the overall
relaxation rate:

The dipolar (R1
Dipolar) and chemical shift anisotropy (R1

CSA)
spin-lattice relaxation rates for aromatic carbons may be
obtained as follows: (1) the experimentalT1’s are assumed to
be completely dipolar and eq 1 is solved for a pseudorotational
correlation time as follows:

Values ofτc were calculated by successive approximations by
settingτc on the right-hand side of eq 7 equal to the previously
calculated value. The initial value ofτc was set at 0.01 ns. A
constant value ofτc was obtained after approximately five
iterations; however, the value after 40 iterations was utilized.

(2) Equations 1 and 3 are combined to form eq 8. The
experimentalT1’s and the pseudorotational correlation times
from eq 7 were used in eq 8 to calculateηmax. If these values
of ηmax were greater than 1.99,ηmax was set equal to 1.99.

whereJ+ ) 2τc/[1 + (ωC + ωH)2τc
2] andJ- ) 2τc/[1 + (ωC

- ωH)τc
2].

The corrected ring carbonR1
Dipolar is then calculated using

the experimentalT1’s as follows:

The result obtained from eq 9 is then used to solve eq 1 to
determine a corrected rotational correlation time (τc) for each
aromatic carbon. It is then possible to do a repeating set of
calculations using the previously established values forR1

Dipolar

to generate new values forτc, ηmax and newR1
Dipolar. After three

cycles, the values ofτc are reasonably well established.
Finally, the aromatic carbon chemical shift anisotropy (R1

CSA)
spin-lattice relaxation rates are determined from eq 6. Equation
5 is then used to calculate the chemical shift anisotropy (∆σ)
for an axially symmetric chemical-shift tensor.

Results and Discussion

Basic Assumptions.The basic assumption in this analysis
is that the maximum value of the13C NOE in eq 3 is determined
by the dipolar rotational correlation time obtained from the
measured relaxation rate. This assumption is based on the
validity of eq 3, the derivation of which is outlined in numerous
references.15-20,27

Sources of Error. Sources of error include the possibility
of biexponential behavior and the use of an isotropic model to
describe anisotropic motion. At present, there appear to be no
examples of biexponential behavior in the literature as far as
viscous solutions of this type are concerned. Despite its inherent
assumptions, the isotropic model has proved to be reasonably

successful in describing a wide range of viscous solutions and
providing useful physical information concerning these
systems.22,29-31

Other easily detected problems include scalar relaxation and
chemical exchange.15-17,20,22 Scalar relaxation will not be a
factor in this study as it arises only when (a) the Larmor
frequencies are similar (carbon bonded to bromine) or when a
slowly relaxing nucleus is bonded to a fast relaxing nucleus
(carbon bonded to aluminum). Chemical exchange is generally
present when observed NMR peaks are seen to coalesce with
increasing temperature as the exchange rate between species is
faster than the NMR time scale. Temperature studies of
[EMIM]BSO3 fail to indicate the presence of any of the above
relaxation mechanisms.

There is also the question of molecular mobility using the
isotropic model. A detailed analysis of [BMIM]PF6 and
[MNIM]PF6 ionic liquids has provided a reasonable description
of molecular mobility in each case.29-31 Such analyses are
supported by a molecular dynamics study of [BMIM]PF6.35 A
theoretical study36 of homonuclear NOE’s as probes of molec-
ular mobility, concluded that in general, NOE’s are insensitive
to internal mobility and depend solely on overall molecular
mobility. The extension of this conclusion to heteronuclear
systems is supported to a limited extent by the correlation
between diffusion coefficients and13C relaxation rates in viscous
solutions.24-26

Comparison of13C Chemical Shifts and Relaxation Times.
The presence of carbon nuclei in both the [EMIM] cation and
BSO3 anion allows for a correlation of cationic and anionic
molecular mobility on the same NMR time scale. Figure 2
contains the13C chemical shifts of the [EMIM] cation and BSO3

anion relative to TMS. The [EMIM] imidazolium ring13C
chemical shift values are similar to those obtained previously
for the [BMIM] and [MNIM] cations.

13C Total Relaxation Rates for Both [EMIM] Cation and
Butanesulfonate Anion.Figure 3 contains the13C total spin
relaxation rates for imidazolium and BSO3 carbons in the
[EMIM]BSO3 ionic liquid. The imidazolium ring carbons
(C2,C4,C5), the methyl and methylene carbons attached directly
to the imidazolium ring (C6,C7) have a maximum ()T1

R1
total ) R1

Dipolar + R1
CSA (6)

τc ) [10/T1NH(2πDij)
2][(1/[1 + (ωC - ωH)2τc

2]) +

(3/[1 + ωC
2τc

2]) + (6/[1 + (ωC + ωH)2τc
2])] (7)

ηmax) NHT1
DD/20(γH/γC)(2Dij)

2[6J+ - J-] (8)

R1
Dipolar ) (NOE/NOEmax)/T1

total (9)

Figure 3. 13C Total spin-lattice relaxation rates (s-1) for [EMIM]-
BSO3 ionic liquid vs temperature. Imidazolium ring13C’s: C2, 139.9
ppm (b); C4, 124.0 ppm (O): C5, 122.5 ppm (2). Ring methyl13C:
C6, 35.9 ppm (4). Ring methylene13C: C7, 44.6 ppm (.). Terminal
methyl13C: C8, 15.6 ppm (+). Butanesulfonate13C’s: SO3 methylene
13C, C9, 51.9 ppm (9); methylene13C, C10, 27.9 ppm (0), methylene
13C: C11-22.1 ppm (1) and terminal methyl13C: C12-13.9 ppm
(3).
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minimum) in the region 15-20 °C. The terminal ring methyl
(C8) and the butyl sulfate carbons (C9,C10,C11,C12) have
maxima at less than 0°C. These results indicate that the butyl
carbons and the methyl carbon in the ring ethyl group are less
constrained than those attached directly to the imidazolium ring.
Similar results have been obtained for the [BMIM]PF6 and
[MNIM]PF6 ionic liquids.30,31

Corrected Maximum NOE Factors. The corrections to the
maximum NOE factors in the [EMIM]BSO3 ionic liquid are
shown in Figure 4. Although CSA effects appear for the ring
methyl and adjacent methylene carbons (discussed in a later
section), these methylene carbons do not require a correction
to the maximum NOE factor.

Cationic and Anionic Rotational Correlation Times. The
initial rotational correlation times (τc) are determined using eqs
1 (assuming complete dipolar relaxation) 7, 8, 9, 1 and 6
sequentially as outlined in the methodology section. The
corrected rotational correlation times (picoseconds) for the
imidazolium ring carbons and other remaining cationic and
anionic carbons are shown in Figure 5. The corrected (final)
rotational correlation times are shorter than the initial rotational
correlation times, and the total relaxation rate is now separated
into both dipolar relaxation and a second contribution (chemical
shift anisotropy). Correction of the imidazolium ring carbon
NOE’s results in a correlation time maximum at 40-50 °C, a
shift of ca. 25°C from the R1 maximum ()1/T1 minimum) for
these same carbons. At the same time, the imidazolium ring
methyl group (C6) also has a correlation time maximum at 40-
50 °C whereas the imidazolium ring methylene group (C7) has
a maximum at a slightly lower temperature of ca. 35°C.

The imidazolium ring carbon C2 correlation times (τc)
maximum at≈45 °C lies between correlation time maxima of
37 and 52°C for the imidazolium C2 carbons in [BMIM]PF6
and [MNIM]PF6 ionic liquids.30,31 The results for the methyl
and methylene ring carbons are similar to those obtained for
the [BMIM]PF6 and [MNIM]PF6 ionic liquids.30,31

NMR Correlation Times and Viscosity. In classical me-
chanics, the correlation time,τc, of spherical particle undergoing
isotropic rotation is given by the SED equation:

For those correlation times determined by NMR, the relationship

betweenτc and temperature in the viscosity-dependent region
is given by37

whereτred ) V/k. The values ofa, the hydrodynamic radius,
obtained from this type of analysis are typically too small38-42

and are often corrected using a nonspherical rotational model.37

Figure 6 is a ln plot of the measured viscosity of the [EMIM]-
BSO3 ionic liquid vs 1000/K. There is no evidence of any
discontinuities between 6.6 and 51.1°C, although the viscosity
tends to level off at the high-temperature end. The calculated
activation energy is 9.14 kcal/mol. The measured viscosity data
were fitted to a polynomial as a function of temperature (R2 )
0.999) and used to generate viscosity values at temperatures
identical to those used in the NMR relaxation measurements.

Figure 7 contains a plot of [EMIM] ring carbon (C2,C4,C5)
NMR correlation times vs viscosity/K for the [EMIM]BSO3
ionic liquid. A similar plot was obtained for the more viscous
ionic liquid, [MNIM]PF6.31 As is the case with [MNIM]PF6,
[EMIM]BSO3 undergoes several phase changes and the only

Figure 4. Corrected maximum13C NOE factors and total spin-lattice
relaxation times (T1’s). For [MNIM]PF6 ionic liquid vs temperature:
(b) imidazolium ring C2 carbon; (O) imidazolium ring C4 and (2) C5
carbons; (4) theoretical NOE13C maximum of 1.988.

τc ) 4πa3η/3kT ) Vη/kT (10)

Figure 5. 13C Correlation times (ps) for [EMIM]BSO3 ionic liquid vs
temperature. Imidazolium ring13C’s: C2, 139.9 ppm (b); C4, 124.0
ppm (O); C5, 122.5 ppm (2). Ring methyl13C: C6, 35.9 ppm (4).
Ring methylene13C: C7, 44.6 ppm ([). Terminal methyl13C: C8,
15.6 ppm (+). Butanesulfonate13C’s: SO3 methylene13C, C9, 51.9
ppm (1); methylene13C, C10, 27.9 ppm (3); methylene13C, C11, 22.1
ppm (.); terminal methyl13C, C12, 13.9 ppm (×).

Figure 6. ln viscosity (cP) of [EMIM]BSO3 ionic liquid vs 1000/K.
Ea ) 9.14 kcal/mol from 279.6 to 324.1 K.

τc ) τo + ητred/T (11)
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region where the slope is positive is at the higher temperatures
between 35 and 55°C. The slopes in this temperature range
are 476, 496, and 536 (ps K)/cP that translate intoa values of
1.16, 1.18 and 1.21 Å (C2,C4,C5) for the 1-ethyl-3-methylimi-
dazolium cation. The averagea value (radius) of 1.18 Å may
be compared with ana value of 1.15 Å obtained for the 1-ethyl-
3-methylimidazolium cation in a 1-ethyl-3-methylimidazolium
chloride-ethyl aluminum chloride melt.12 However, botha
values of 1.15 and 1.18 Å are less than 50% of the [EMIM]
radius obtained from gas phase calculations (Figure 1). However,
these unjustifiably small values of cationic radii can be
“changed” to more reasonable values using “frictional” correc-
tion factors.

Correction of SED a Values. The classical model of a sphere
rotating in a continuous medium may be adjusted to account
for the results obtained from eq 10 using either the Gierer-
Wirtz43 or Hu-Zwanzig44 models. The Gierer-Wirtz model43

introduces a rotational microviscosity factorf whose radius ratio
dependence is given by

whereas ) solvent and the functional dependence off upon
as/a results in only a minor correction when the solvent molecule
is very small or the solute molecule is very large. For neat and
other liquids where the solute and solvents sizes are similar,f
is 0.16. In cases where the solvent molecule is very large
compared to the solute (10:1),f may be as small as 0.02.

The Gierer-Wirtz model43 is an adjustment for spherical
molecules that corrects for the observation that molecular
rotational friction coefficients are less than the Stokes value of
8πηa3. The Gierer-Wirtz model is adequate for describing
rotation about the symmetry axis; however, rotation of the
symmetry axis requires displacement of solvent molecules,
introducing viscous drag even in the slip limit.37

The classical “stick” (SED) frictional model does not ac-
curately represent the [EMIM]BSO3 ionic liquid as evidenced
by the unrealistica value (radius) of 1.18 Å for the 1-methyl-
3-nonylimidazolium cation. The calculated gas-phase volumes
of the 1-ethyl-3-methylimidazolium cation and the BSO3 anion
(Figure 1) are similar, being approximately 150 and 155( 10
Å3, respectively. The calculated gas-phase value of thea

parameter for the 1-ethyl-3-methyl-imidazolium cation is 3.30
( 0.30 Å that would require a correction factor (f) of 0.046.
The calculated gas-phase value ofa for the BSO3 anion is 3.33
( 0.33 Å, resulting in anas/a ratio of approximately 1 and a
correction factor (f) of 0.16.43 This results in an increase
(correction) of the cation a parameter from 1.18 to 2.17 Å or
66% of the expected value (3.30 Å).43

Despite the similarities in molecular volumes, the shape of
the [EMIM] cation and BSO3 anion are somewhat different. In
fact, ionic liquids are seldom spherical and often may be
regarded as prolate (cigar-shaped;a ) b < c) or oblate (pancake-
shaped;a < b ) c) spheroids whose rotational motion is
anisotropic.37,44 The Hu-Zwanzig44 slipping boundary model
accounts for the viscous drag frictional coefficient in both the
prolate and oblate spheroid models over a range ofa/c values.
In view of the ethyl and methyl imidazolium side chains in the
[EMIM]BSO3 ionic liquid (Figure 1), it seems reasonable to
assume that the [EMIM] cation may be considered as a prolate
(cigar-shaped) spheroid undergoing anisotropic rotational mo-
tion. One can only estimatea, b andc (a ) b < c) axis values
for the [EMIM] cation. The distance from the methyl group to
the end of the ethyl group can be estimated at approximately
7.5 ( 1 Å. The other axes are estimated at 2.2( 0.5 Å. These
estimated values result in afslip correction factor of 0.12 that is
a mild improvement over the correction factor of 0.16 obtained
from the Gierer-Wirtz43 model. This translates to a corrected
spherical (SED)a parameter (radius) of 2.39 Å or 72% of the
theoretical gas phase a parameter (3.30 Å) and is satisfactory,
considering the various approximations used herein.44

Anion-Viscosity Relationships.Figure 8 contains a plot of
the butyl carbon BSO3 (C9,C10,C11,C12) NMR correlation
times vs viscosity/K for the [EMIM]BSO3 ionic liquid. Unlike
the [EMIM] cation in [EMIM]BSO3, one observes only a single
phase for the BSO3 anion change in the vicinity of 25-35 °C.
Furthermore, there are no additional phase changes observed
between 5 and 30°C for the BSO3 anion. The slopes in the
upper temperature range 30-55 °C are 194, 133, 72 and 30 (ps
K)/cP that translate into a values (radii) of 0.86, 0.76, 0.62 and
0.46 Å (C9,C10,C11,C12) for the butanesulfonate anion.
Although chemical shift anisotropy (CSA) is present in C9, C10
and C11 (discussed in the following section), extension of the
cationa parameter (radius) analysis to the BSO3 anion is highly
questionable at this point. This is further supported by the fact

Figure 7. Correlation time (ps) for C2 (9), C4 (O) and C5 (4) vs
viscosity/K (cP/K) for [EMIM] in [EMIM]BSO3. From left to right,
temperature ranges include 328-308, 308-293, and 293-278 K.

f ) [6(as/a) + (1 + as/a)-3]-1 (12)

Figure 8. Correlation time (ps) for butyl carbons in BSO3 in [EMIM]-
SO3 vs viscosity/K (cP/K): C9 (9); C10 (O); C11 (2); C12 (4). From
left to right, temperature ranges include approximately 328-303 K and
303-278 K.
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that slopes of the plot in Figure 8 are even smaller (5.8-23.6
(ps K)/cP) at the lower temperatures (5-30°) and yield
extremely small values of a for the butanesulfate anion (0.27-
0.42 Å).

Chemical Shift Anisotropy (CSA). The chemical shift
anisotropy (eq 5) is typically defined as

with |σzz| g|σyy| g|σxx|. The asymmetry parameter,ηCSA, is
generally ignored (as mentioned previously) in chemical shift
anisotropy analysis as it would normally result in less than a
5-10% correction as shown in solid state45 isotropic studies.
Using the convention outlined for eq 9, the asymmetry factor
is given by15-20,45

Figure 9 contains a plot of13C CSA vs temperature for the
[EMIM] cation and the butanesulfonate anion in the [EMIM]-
BSO3 ionic liquid. In previous studies of [BMIM]PF6 and
[MNIM]PF6, CSA was observed for the imidazolium carbons
and those carbons immediately adjacent to the imidazolium ring.
In the case of the [EMIM]BSO3 ionic liquid, one observes CSA
for the ring methyl and ethyl carbons and for the three carbons
nearest to the sulfonate group. Only the terminal carbon in the
butyl group fails to exhibit CSA dependency. In previous studies
of [BMIM]PF6 and [MNIM]PF6 ionic liquids, CSA was present
only in either the ring carbons or those carbons immediately
adjacent to the imidazolium ring. The [EMIM]BSO3 ionic liquid
exhibits CSA in all of the imidazolium carbons and all butyl
carbons with the exception of the terminal methyl carbon. As
was observed for the [BMIM]PF6 and [MNIM]PF6 ionic liquids,
the imidazolium methyl carbon (C6) has the highest∆σ value
(Figure 9) over the temperature range 5-65 °C. The average
∆σ values for the imidazolium ring and butanesulfonate carbons
are C2-136, C4-130, C5-139, C6-251, C7-147, C8-113,
C9-167, C10-135 and C11-136 ppm. Unlike the other
carbons in both the cation and anion, the C12 carbon displays
only dipolar relaxation.

The ∆σ values for the ring carbons are similar to those in
the [BMIM] and [MNIM] imidazolium cations over similar
temperature ranges. Maximum ring carbon values of∆σ for
[EMIM]BSO3 are reached in the range 5-15 °C, as are those
of the butyl side chain carbons. The∆σ values for the ring C2,
C4 and C5 carbons reach maximum values of 226, 239 and
226 ppm at 10°C and then decrease to lower values at both
higher and lower temperatures. The averaged∆σ values for C2,
C4 and C5 over the entire temperature range are 136, 130 and
139 ppm. The average∆σ values for the three imidazolium ring
carbons (136, 130 and 139 ppm) may be compared with
isotropic values of 159, 157 and 121 ppm for pyrimidine in
liquid crystal solutions.46

There is the unresolved question of temperature dependence;16

however, [EMIM]BSO3, [BMIM]PF6 and [MNIM]PF6 are
systems of ion pairs that have considerable equilibrium char-
acteristics. Of considerable importance is the recent mass
spectrometry study that directly establishes the ability of ionic
liquids to form a variety of aggregates, a fact that adds credence
to the equilibrium picture of ionic liquids.13 Even in static
systems, relatively small changes in the position of a single
hydrogen atom can result in major shifts in the tensorial
shieldings.47 It has also been reported that the isotropic average
of the shielding tensor is closely related to the isotropic shift in
liquids, showing only little dependence on packing in the solid
state.48 In view of these observations, perhaps the temperature
dependence of∆σ in [BMIM]PF6 and [MNIM]PF6 ionic liquids
is to be expected.

Conclusions. The recent report13 of aggregation in ionic
liquids complements this NMR and viscosity study in several
ways. The13C NMR correlation times vs viscosity/K plots
(Figures 7 and 8) indicate several phase changes for the [EMIM]
cation (20 and 35°C) and at least one phase change (ap-
proximately 30°C) for the BSO3 anion. The methyl ring carbon
(C6) undergoes relatively free “rotation” (low picosecond range)
and yet requires that chemical shift anisotropy plays a major
role in addition to dipolar relaxation. This result is consistent
with the likely aggregation of the [EMIM]BSO3 ionic liquid.
A similar conclusion may be reached for the [BMIM]PF6 and
[MNIM]PF6 ionic liquids.30,31
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