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Molecular Motions and Ion Diffusions of the Room-Temperature Ionic Liquid
1,2-Dimethyl-3-propylimidazolium Bis(trifluoromethylsulfonyl)amide (DMPImTFSA)
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The diffusive properties of an imidazolium room-temperature ionic liquid (RTIL), 1,2-dimethyl-3-
propylimidazolium bis(trifluoromethylsulfonyl)amide (DMPImTFSA), are studied from the ionic
conductivity and the ion diffusion coefficients measured by pulsed field gradient spin echo NMR. The
temperature-dependent 'H, '°F, and '*C NMR spin—Ilattice relaxation time T values were observed, and
the 'H T for DMPIm showed T} minima for various protons. According to the Bloemberger—Purcell—Pound
(BPP) equation, the correlation time 7. values were directly calculated from '"H NMR. By using the 'H
7. values, an evaluation of the *C T| was attempted for the carbons having protons. The 7. estimated for
molecular motions of DMPIm changes from 1.3 ns at 253 K to 72 ps at 353 K. The Stokes—Einstein—Debye
(SED) model suggests that the 7. is too short for the overall molecular reorientation near room temperature.
Consequently, the possibility of small-angle molecular rotation is proposed and tentative flip angles are
calculated by using the translational diffusion coefficient, the bulk viscosity measured in this study, and
the 7. obtained from 'H T data in the temperature range between 283 and 353 K. The flip amplitude
increases with the temperature. DMPIm has isotropic reorientational motions with temperature-dependent
amplitude, in addition to fast intramolecular motions such as methylene segmental motions, methyl
rotational motion, and conformational exchange of the imidazolium ring. The existence of fast motions
of TFSA is also shown. The translational diffusion of the ions is the slowest dynamic process in the
present RTIL. Ab initio molecular orbital calculations are performed to understand the geometries of
stable complexes of DMPIm™ and TFSA ™, and the formation energies from the isolated ions are evaluated.
The computed results are important for interpreting the 'H T} behaviors observed for the imidazolium

ring protons.

Introduction

Room-temperature ionic liquids (RTILs), which consist
only of ions, have attracted much attention on account of
their physical properties such as viscosity, vapor pressure,
thermal transition temperature, and conductivity. Initially,
studies were aimed at possible practical applications due to
the desirable properties of the RTILs. Electrochemical aspects
of ionic liquids' and physical properties have been reviewed,?
and databases are now available through the Internet.* We
have concentrated on measuring the temperature dependence
of the self-diffusion coefficients (D) of the individual ions
in neat*~8 and binary RTILs®!? using 'H, !°F, and "Li (binary
systems only) pulsed field gradient spin echo (PGSE) NMR
methods together with other physicochemical properties. In
most cases the cation diffuses a little faster than the
counteranion and the difference is closely related to the
relative molecular ion size. Recently, imidazolium cations
with bulky side chains were reported to diffuse slower than
the anion BF, in the ionic liquid state.!! NMR measurements
were also reported for pyrrolidinium IL binary systems
including the frozen state.!”> The effects of pressure on the
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transport properties of BMImPF¢ (1-butyl-3-methylimidazo-
lium hexafluorophosphate) were also reported.!3

Diffusion coefficient measurements using pulsed field
gradient (PFG) NMR were first performed by inserting two
gradient pulses into a Hahn echo sequence (PGSE).!* In
systems where 7, < T, the analogous stimulated echo based
sequence (PGSTE) results in a better signal-to-noise ratio.!”
To minimize signal distortions resulting from eddy currents
and background gradients, bipolar-gradient variants of the
pulsed field gradient stimulated echo (BPGSTE) sequence
were proposed.'® When the target species is a small and
rapidly diffusing molecule like water, the gradient amplitudes
used are small (<1 T/m) and various pulse sequences are
possible to minimize the artifacts induced by application of
the PFGs. However, generally, RTILs have high viscosities
and the diffusion coefficients are much smaller than those
of the usual liquid samples. Consequently, larger gradient
amplitudes (up to ~15 T/m) are required to provide sufficient
signal attenuation to ensure accurate diffusion measurements.
Such high gradient amplitudes can lead to artifactual attenu-
ation.'” High amplitude bipolar gradient pulses are more
demanding of the gradient generation hardware than the
equivalent monopolar pulses and are consequently more likely
to lead to artifactual attenuation due to mismatched gradient
pulse pairs.
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Since RTILs are liquids with specific properties, molecular
motions and interactions between ions have been studied
widely by spectroscopic and computational methods. Espe-
cially the NMR spin—Ilattice relaxation time 7 can afford
information on intramolecular, reorientational, or flip motions,
and the time scale is related to the measuring NMR
frequency. '3C relaxation times have been studied for the
imidazolium cation ionic liquids to understand the molecular
motions.!3722 The 'H and '°F relaxation times were reported
for the RTILs of imidazolium cations having bulky chains.!!
Generally, in the extreme narrowing condition, the 'H T in
the liquid state increases linearly with increasing temperature.
On the other hand, in the solid state the temperature
dependence of the 'H T exhibits minima for molecular
motions, and many such studies have been made mainly
before the introduction of high-resolution solid-state NMR
techniques. We have reported that in viscous liquids a 'H T}
minimum can be observed for small molecules in doped
electrolytes consisting of ethylene glycol dimethyl ethers
(CH30(CH,CH;0),CH3 (n = 3—5)) with a lithium salt and
neat liquid polyethylene glycol dimethyl ethers of molecular
weights 400 and larger.?* The 'H relaxation mechanism can
be interpreted as resulting from fast segmental motions of
the —OCH,CH,— moiety. Also, the protons in hydrated and
anhydrous phosphoric acids showed a 'H 7| minimum and
the correlation times were evaluated for proton one-jump
motions at various temperatures for the various phosphoric
acid concentrations.?* Since 'H NMR relaxation is dominated
by dipole—dipole interactions, reorientational correlation
times can calculated from the minimum 7 by using the Bloem-
berge—Purcell—Pound (BPP) equation.?> We also reported
the 'H, '°F, and 7Li NMR of the neat and doped quaternary
ammonium RTIL, N,N-diethyl-N-methyl-N-(2-methoxyethyl)
ammonium bis(trifluoromethylsulfonyl)amide (DEME-TF-
SA), where T minima were observed for the 'H and 7Li
resonances. '”

In the present paper, the imidazolium ionic liquid 1,2-
dimethyl-3-propylimidazolium bis(trifluoromethylsulfo-
nyl)amide (DMPImTFSA) is the target ionic liquid, where
three different CHs groups exist including N—CH3, C—CHs,
and terminal CHj3 in the propyl chain. The C; position of the
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imidazolium ring is substituted by CHj3 for the reduction of
the hydrogen bonding. In Chart 1, the stable molecular
structures of isolated DMPIm and TFSA are shown from the
ab initio molecular orbital calculations. We have already
examined the properties of DMPImTFSA for use as a low-
flammable and low-volatile electrolyte in lithium secondary
batteries.26-27

The self-diffusion coefficients of the DMPIm and TFSA
are determined from the 'H and '°F resonances, respectively,
and will be discussed in connection with the ionic conductiv-
ity. The 'H, 13C, and '°F NMR T} values were also obtained.
The 'H signals of the three methyl and two methylene groups
showed 7| minima. In the liquid state, the '°F T} of the CF;
of TFSA became longer as the temperature increased without
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a minimum being observed. Since the predominant relaxation
mechanism of 'H NMR is the 'H—'H dipole interactions,
the correlation times were calculated from the 77 minimum
value using the well-known Bloemberger—Purcell—Pound
(BPP) equation. Isotropic molecular reorientational motion
is assumed together with the intramolecular motions. Since
the relaxation of the 13C resonances is known to be influenced
by "H—13C dipolar interaction, '*C chemical shift anisotropy,
and spin—rotation interactions, the analysis of the '3C T is
usually complex. In this paper, using the 'H correlation times
the '"H—'3C dipolar interaction term of the 3C T, was
calculated and compared with the observed values. A brief
discussion will be made about the Stokes—Einstein (SE) and
Stokes—Einstein—Debye (SED) equations for the present
ionic liquid of DMPImTFSA. We propose that the correlation
time obtained from the 'H T is related to small-angle
isotropic molecular reorientational motion, and the angles
for the reorientation motion in the temperature range studied
were estimated. To clarify the cation—anion interaction
scheme, ab initio molecular orbital calculations were per-
formed for the DMPIMTFSA complex. The spatial positions
for the anion are important for understanding the short 7, of
the imidazolium ring protons and CF3 at low temperature.

Room-temperature ionic liquids are new materials for which
the classical equations are clearly too simple and sophisticated
theory is necessary to interpret thoroughly the specific properties
of RTILs. In this paper we intend to measure precise experi-
mental data of DMPImTFSA and to understand the molecular
motions, intermolecular interactions, and diffusive phenomena
by using the classical equations and by ab initio molecular
orbital calculations.

Experimental Section

Sample Preparation. 1,2-Dimethyl-3-propylimidazolium bis-
(trifluoromethylsulfonyl)amide (DMPImTFSA) was purchased
from Aldrich-Fluka, dried in a vacuum chamber at 323 K for
more than 24 h, and stored in a dry argon-filled glovebox ([O5]
< 0.4 ppm, [H,0O] < 0.1 ppm; Miwa Mfg Co., Ltd.). For NMR
diffusion measurements, the samples were placed in a 5-mm
NMR microtube (BMS-005J, Shigemi, Tokyo) to a height of 5
mm and sealed with epoxide resin with argon atmosphere to
prevent moisture. The magnetic susceptibility of the sample tube
is matched to the sample, thereby affording good magnetic
homogeneity over the whole sample volume. The sample
volume and the field homogeneity are known to affect signifi-
cantly the diffusion coefficient measured.?® The length of the
sample was intentionally made short so that it lay within the
constant region of the applied magnetic gradient, and the use
of short samples also minimized the likelihood of convection
effects.?” Annat et al. reported intrinsic internal gradients in
ILs,?° but we did not reproduce their experimental results under
proper sample conditions and the details will be published
elsewhere. For the 13C NMR measurements, a usual 5-mm NMR
sample tube with a height of 40 mm was used to improve the
sensitivity.

Ionic Conductivity Measurements. The temperature depen-
dence of the ionic conductivity of the DMPImMTFSA was
measured in SUS/electrolyte/SUS symmetric blocking cells and
determined by the complex impedance method, using a Princ-
eton Applied Research PARSTAT-2263 ac impedance analyzer,
in the frequency range 200 kHz—50 mHz with an applied
voltage of 10 mV over the temperature range 353—233 K with
cooling.
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Figure 1. (a) 'H and (b) >*C NMR spectra of DMPImTFSA. The
assignment of the 3C NMR spectrum was determined from the 'H
undecoupled spectrum. The asterisks denote the CF; quartet signals of
TFSA.

Viscosity Measurements. The temperature dependence of
viscosity of the DMPImMTFSA was measured with a Stabinger-
type viscometer (Anton Paar) in the temperature range 353—283
K with cooling.

NMR Measurements. All NMR spectra were measured on
a Tecmag Apollo with a 6.35 T wide bore magnet using JEOL
probes and controlled by a JEOL console. The 7; measurements
were performed by the inversion recovery (180°—7—90°—Acq)
sequence. Broad-band 'H decoupling was used in the *C NMR
measurements. The 'H and '3C NMR spectra of the DMPIm
were measured at 270.17 and 67.94 MHz, respectively, and are
shown in Figure 1 with spectral assignments. The '°F NMR
spectra of CF; of TFSA were observed at 254.19 MHz. All
measurements were performed without sample spinning to
prevent disturbance from sample motion.

A modified Hahn spin echo based sequence incorporating a
gradient pulse in each 7 period (PGSE) was used to measure
the diffusion coefficients, where the 7, values were long to
afford good echo signals. The echo attenuation, E, is related to
the experimental variables and the diffusion coefficient D by

E =exp(—y°g>0’D(A — 0/3)) (1)

where g is the strength of the gradient pulse of duration 0, and
A is the interval between the leading edges of the gradient
pulses.'* The gradient strength was calibrated by using H,O
and D,0 (*H NMR).3! The maximum g used was 10 T/m, and
the longest 0 was 2 ms. The measurements were performed by
holding g constant and varying ¢ for more than 15 points with
setting the repetition time for a 5 times longer 7. A defines the
time scale of diffusion measurement, and in a homogeneous
system D is independent of A. A single exponential diffusion
plot following eq 1 indicates free diffusion. However, above
ambient temperature with a longer sample height like 5 mm
and longer interval times A, the diffusion measurements are
more prone to convection artifacts, leading to A dependence of
the measured diffusion coefficients (larger apparent D for longer
A).?° At lower temperatures, as described in detail below, the
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apparent D values are dependent on A and become larger for
shorter A, which is opposite to the convection effects. The
measurements were made for two or three different A values,
with A being set between 20 and 70 ms in the temperature range
from 353 to 253 K with a cooling process by the flow method.
At low temperatures a longer A is desirable for obtaining
equilibrium values. Reasonable D values (free from the convec-
tion artifacts at higher temperatures and equilibrium values at
low temperatures) were obtained for the proper A at every
temperature. The measurements of the 'H and 'F NMR
frequencies for the individual nuclei have been made simulta-
neously at a set temperature to exclude the possibility of a
thermal history.

Computational Methods. The Gaussian 03 program’? was
used for the ab initio molecular orbital calculations. The basis
sets implemented in the Gaussian program were used. Electron
correlation was accounted for at the MP2 level.*3* The
geometry of the complex was fully optimized at the HF/6-
311G** level. The MP2 level interaction energy (Eypz) was
calculated by the supermolecule method. The basis set super-
position error (BSSE)*» was corrected in interaction energy
calculations using the counterpoise method.® The formation
energy of the complex from isolated ions (Efom) Was calculated
as the sum of the Eyps and deformation energy (Eqer), which is
the sum of the increases in energies of DMPIm and TFSA by
deformation of geometries in complex formation. In our earlier
work, we evaluated the effects of choice of basis set and electron
correlation correction on the calculated interaction energy of
the 1-ethyl-3-methylimidazolium tetrafluoroborate complex.’’
The calculations show that the choice of basis set effects are
negligible if the 6-311G** or a larger basis set is used and the
effects of electron correlation beyond MP2 are very small.
Therefore we studied the interaction energy for the ion pair at
the MP2/6-311G** level in this work.

Results

Ionic Conductivity and Diffusion Coefficients of the
Individual Ions. At 303 K the D values of DMPIm and TFSA
were independent of A and indicated homogeneous environ-
ments for cation and anion. With decreasing temperature, a A
dependence of the apparent D values was observed. As an
example, the diffusion attenuation plots for DMPIm and TFSA
acquired at 258 K are shown in Figure 2 by varying the time
interval A. Although each plot is a single exponential, the decay
increased as A became shorter. The apparent D value ap-
proached an equilibrium value at longer A. Generally, such time-
dependent diffusion coefficients are referred to as anomalous
diffusion and are commonly observed in fractal-like polymers3%3°
and porous media.** We have observed and reported these
phenomena for the anion diffusion in poly(ethylene oxide)
(PEO) type electrolytes,*' =43 and we indicated that the equi-
librium diffusion coefficient correlates to the ionic conductivity.
The diffusion of the countercation (i.e., lithium ion) is very slow
or restricted, so it makes at best a small contribution to the ionic
conductivity in the PEO-type electrolytes. Ionic liquids are
viscous liquids and do not have solid structures like polymers
and/or porous materials. In the present experiments time-
dependent diffusion was observed only at low temperatures and
provides good evidence for the increase of mutual interactions
between the ions with decreasing temperature. The mutual
interactions may obstruct the motion of the ions preventing
isotropic diffusion, and the detailed analysis of the time-
dependent diffusion coefficients is necessary to understand
dynamic ionic interactions.
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Figure 2. PGSE attenuation plots of (a) DMPIm (apparent D values
of 8.60 x 10713, 6.34 x 10713,5.25 x 10713, and 5.05 x 1073 m2s71)
and (b) TFSA (apparent D values of 5.10 x 10713, 4.50 x 10713, 3.37
x 10718, and 3.01 x 107 m? s7!) for A of 20, 30, 50 and 70 ms,
respectively at 258 K. The correlation coefficient (R?) was better than
0.997 for each plot.
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Figure 3. (a) Self-diffusion coefficients versus temperature for DMPIm
(circles) and TFSA (squares), and temperature-dependent ionic con-
ductivity for DMPIMTFSA. The lines represent fits using the VFT
relation. The fitting parameters are Dy, 2.16 (£0.03) and 3.60 (£0.05)
x 1078 m?s~!; B, 1071 (£65) and 1219 (£80) 1/K; and Ty, 151 (+4)
and 145 (£5) K for DMPIm and TFSA, respectively. Similarly,
assuming a VFT relationship for the ionic conductivity gave oo, 0.525
(£0.072) S em™!; B, 639 (£17) 1/K; and To, 178 (£1) K. (b)
Reciprocals of DDMpIm, Drrsa, and o plotted versus viscosity.

The D values are plotted versus temperature in Figure 3a,
obtained by the measurements of “minimum convection effects”
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TABLE 1: Activation Energies (kJ/mol) for Diffusive
Properties

above 288 K below 288 K
ionic conductivity 262 £1.0 -
DMPrIm diffusion 33.6 £04 482 +£ 0.9
TFSA diffusion 353+£04 499 £ 0.8

in the high-temperature region and “long time” in the low-
temperature region. The Arrhenius plots of the D values in
Figure 3a are curved and consistent with a Vogel—Fulcher—
Tammann (VFT) type relationship (i.e., D = Dy exp(—B/(T —
Tv)), where B, Dy, and Ty are the fitting parameters) as shown
in Figure 3a. The slopes of the plots were somewhat discontinu-
ous around 288 K, and the activation energies calculated above
and below 288 K are summarized in Table 1. The thermal
activation energy for the translational diffusion is much smaller
in the higher temperature range. The DMPIm diffuses faster
than TFSA and the activation energies of DMPIm are a little
smaller than those of TFSA in both temperature ranges.

Figure 3a includes the Arrhenius plot of the ionic conductivity
o, and the curvature is considerable. The VFT-type fitting is
also shown in the figure. The activation energy for the linear
part of the ionic conductivity (i.e., migration of charged anions
and cations) above 303 K was 26.2 kJ/mol (in Table 1) and
was much smaller than those of the D values in the same
temperature range (about 34 kJ/mol). Since NMR diffusion
measurements cannot distinguish between the charged and
paired (without charge) ions, in the higher temperature range
the thermal activation of translational migration of the charged
ions measured electrochemically is smaller than that determined
from NMR translational diffusion measurements which include
the paired ions.

The Stokes—Einstein (SE) equation for relating the diffusion
coefficient to the viscosity () is given by

D= kT ?)

cna

where a is the Stokes radius for the diffusing species and the
constant ¢ ranges between 4 and 6 for the slip and stick boundary
conditions, respectively. Then, attempts were made to plot
reciprocals of diffusion coefficients and ionic conductivity versus
viscosity in Figure 3b. The viscosity changes from 13.9 (80
°C), to 954 (25 °C), to 226 (10 °C) mPa s, and linear
relationships of the viscosity with 1/Dtpsa, 1/Dypam, and 1/0
are shown, respectively.

For a species with a, the correlation time 7 of the translational
diffusion can be estimated from 7 = 2a%/D.** Here we assume
that the Stokes radius can be replaced by the van der Waals
radius calculated from the molecular volume and 0.330 nm for
DMPIm.* Strictly speaking, although the shape of DMPIm is
not spherically symmetric, the SE relation is to a first ap-
proximation valid.*® The estimated 7 values were 1.6, 9.2, and
55 ns for 353, 303, and 273 K, respectively.

'H and F Spin—Lattice Relaxation. In Figure 4, the 'H
and '°F Ty values are plotted versus temperature. Except for
the imidazolium ring protons and the CF; of TFSA, the 'H T
values of N;—CH3;, C,—CHj, and the a-CH,, 5-CH,, and y-CHj
in the propyl group at the N3 position showed 77 minima. The
'H and '°F spin—Ilattice relaxation data were analyzed using
the Bloembergen—Purcell—Pound (BPP) equation.?’

4t
—=C S+ : A3)
Z 1+ot 1+40,7}

where w, is the observed frequency (rad s™!), 7. is the
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Figure 4. Temperature dependences of 'H (DMPIm) and '°F (TFSA)
NMR T values.

reorientational correlation time of the dipolar interaction, and
the summation index j is over all interacting dipoles. Due to
the term in parentheses in eq 3 the spin—Ilattice relaxation time
is @ minimum when w7 = 27v,7. = 0.616. In the current study
the 'H observed frequency, v,, is 270.17 MHz and . is simply
calculated to be 3.63 x 10710 s (363 ps). The correlation times
of the translational diffusion calculated above are 1 order longer
(that is, translational diffusion is much slower) and thus do not
contribute to spin—lattice relaxation mechanisms. C is calculated
from the T value observed at the minimum point. Thus eq 3
can be used to calculate 7. from the 7} values observed at any
temperature. The 7. values calculated are plotted versus tem-
perature in Figure 5 for the proton signals having 7} minima.
The activation energies calculated from the linear parts in the
higher temperatures are summarized in Table 2. The Arrhenius
plots of a-CH,, 8-CHy, and y-CHj3 in the propyl group were
all linear in the present temperature range, suggesting that a
dominant relaxation process exists in the 'H relaxation. The
additional relaxation mechanisms are effective at the shorter 7.
values of 5-CH, and terminal y-CHj relative to o-CH; such as
segmental and free rotational motions, respectively. The ex-
perimental results suggest that the 7. obtained from BPP analysis
can be written as
1_1
1:0 TO

| —
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where 7, and 7, are the correlation times for the isotropic
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Figure 5. Correlation times of the three methyl and two CH, signals
of DMPIm calculated from the 77 minima and the CF; of TFSA
calculated under the assumption that the extreme narrowing condition
holds for the free rotation around the three symmetric axes.
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Figure 6. Observed 7 values of the imidazolium ring protons for
C4H (upward-pointing triangles) and CsH (downward-pointing triangles)
and T values calculated using correlation times of a-CH, of the propyl
chain (dashed line).

molecular reorientation and intramolecular motions, respectively.
As shown in Figure 5, the 7. values of the two a-CHj3 groups
at the N and C, positions and o-CH, at the N3 position of the
imidazolium ring are, within experimental error, almost the
same. A little spread between the three 7. values at the higher
temperature and deviations resulting from the faster motions
of the two methyl groups from CH, were observed at temper-
atures below 273 K. As is well-known, fast segmental motions
or rotational motions around the three axes of the CH3 group
are averaged out at the lower temperatures in the solid state;
the important 'H T processes having the minima in the liquid
state should be the reorientational motions of the whole
molecule. Since the Arrhenius plot of the 7. of the a-CH; is
linear and corresponds to a single process, hereafter we assume
that the 7. of the a-CH, represents the correlation time of the
whole molecule in the present temperature range.
For the 'H Ty, C in eq 3 can be written as

_ 3 soc 1
C—myihzr6 )

S0

where y; is the gyromagnetic ratio of 'H, i is the reduced Planck
constant, and r is the separation between dipoles (e.g., the H—H
distance); the summation of the r~¢ term is necessary for all
neighboring protons. It is possible to sum the internal H—H
distances for the imidazolium protons of C4-H and Cs-H by
using the optimized geometry from molecular orbital calcula-
tions. Then the calculation of the "H T} for the ring proton CsH
near the N—CHj3 (not N—CH,CH,CH3) was made as shown in
Figure 6 by using the 7. of the a-CH,. Here the H—H distances
between Cs-H and CHj are included. Clearly, above 303 K the
calculated T for the imidazolium Cs-H agreed with the observed
T, values of the C4-H and Cs-H, of which the 7' values were
almost the same. As the temperature decreased, the observed

TABLE 2: Activation Energies (kJ/mol) for Local Motions
Obtained from the Arrhenius Plots of 7. (Figure 5) or T}
(Figure 4)

E, (kJ/mol) temp range (K)

a-CH: (in propyl) 220£0.5 353—253 from 7.

B-CH, (in propyl) 212+£03 353—253 from 7.

y-CHj3 (in propyl) 19.6 £ 0.2 353—-253 from 7.

C—CH; 241+£0.5 353-283 from 7.

N—CH3 19.1+£04 353—-283 from 7.

Ha 169 £0.3 353313 from T
37+£0.2 303—253

Hs 16.9 £0.3 353313 from T
27+0.1 303—253

CF; 159+£0.3 353-313 from T
89+02 303—253
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Figure 7. Arrhenius plots of observed '3C T values for each carbon
of DMPIMTFSA. The Cs signal was overlapped with a signal of the
CF; quartet.

T, values became shorter as additional fast relaxation mecha-
nisms become operative.

For the '°F T resulting from the internal rotation around the
three symmetrical axes of the CF3 of TFSA, C can be written
from eq 5 as follows:

it 21
where r is the F—F atomic distance in CF; and yf is the '°F
gyromagnetic ratio. Since the '"F T) became longer as the
temperature increased without minimum, the extreme narrowing
condition (i.e., weT. < 1) may be assumed. Thus for the CF;
group eq 3 becomes

1 1
7= g, )
A somewhat curved Arrhenius plot of the '°F correlation times
calculated using eq 7 is given in Figure 5. It is uncertain whether
the relaxation processes correspond to either the internal rotation
of the CF;5 or the molecular reorientation of TESA. The rate of
the motion was a little faster than the DMPIm at the higher
temperatures, and became much faster at the lower temperature.
13C Resonance Spin—Lattice Relaxation. Arrhenius plots
of the 13C T for all carbons of DMPIMTFSA are shown in
Figure 7. The quaternary carbon C; in the imidazolium ring
had the longest 7 and the protonated C4 (the Cs was not
observed due to overlapping with an intense signal of the CF3
quartet) had a shorter T7. The '*C T} values of o-methyl carbons
at the N; and C; positions behaved similarly at all temperatures.
The T values of the terminal CHj3 in the propyl group were
similar to the o-methyl carbons in the higher temperature region,
while the 7 became shorter at lower temperatures similar to
the 5-CH,. The present behaviors of the temperature depend-
ences of 13C T, values of DMPImTFSA resemble those of
1-butyl-3-methyl- and 1-ethyl-3-methylimidazolium ionic
liquids.'®~22 Although the '3C T; minima can be observed for
many carbons, the procedure used for analyzing the 'H T} data
cannot be adopted to calculate the correlation times.

The BC NMR spin—Tlattice relaxation is dominated by the
'H—13C dipole—dipole relaxation mechanism. Chemical shift
anisotropy and the spin—rotation interactions (mainly CH3) are
also known to be important mechanisms.*’ The conventional
method for interpreting the '3C T data is to measure the nuclear
Overhauser effect (NOE) to estimate the contribution of the
dipolar relaxation mechanism to the '3C T as reported for the
RTILs.!8722

Generally, the dipole—dipole relaxation time, 7799, between
unlike spins A and X (heteronuclear interaction) can be
expressed in terms of the spectral density function J(w).*’
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Figure 8. '3C T values of the imidazolium C, carbon having a proton,
observed (squares) and calculated (solid line) using eq 10, where rcy
= 0.1093 nm and the 7. of a-CH, obtained by 'H NMR.

; SyX YR+ 1)2 ‘U, — oy) +

Tdd(X)

3J(wy) + 6J(w, + wy)) (8)

The dipole—dipole contribution to the T of '*C NMR from the
protons (Ia = 1/2) can be expressed as

GO =y Ny +1>Z Uy = o)+

Tdd
3J(we) +6J(wy + o) 9)

When the dipolar relaxation process of a carbon is induced
mainly by the protons attached to the carbon and the number
of the protons is n, eq 9 can be rewritten as

1 13 _n &mz 1
— 0=y h +
T‘ljd( ) lo(yCVH 3 (1 + Tcz(wﬂ . (,()C)2

3 i . 6
1+t (wy+ w0

7, (10)
1470l ?

where r is the C—H bond length, 7. is the correlation time for
the motions of the C—H axis, and wc and wy (rad s™!) are the
13C and 'H NMR resonance frequencies, respectively.

An attempt was made to calculate the 3C T values by using
eq 10 from the correlation times obtained by the 'H 7 data.
Here we tried to calculate the *C T of the imidazolium carbons
having a proton (C4 or Cs) under the assumption that the
imidazolium ring reorientation takes place with the 7. of the
0-CH, derived from the '"H NMR measurements. The calculated
13C T values of the C, are shown in Figure 8 together with the
observed ones. The calculated 7' values are longer than the
observed ones at higher temperatures, and additional 3C
relaxation processes are clearly operative. At low temperatures,
the calculated '3C T values are shorter than the observed ones
and are quite different from 'H T} of the ring protons in Figure
6. The discrepancy is acceptable because precise NOE measure-
ments were not made in the present paper and also broad-band
'H decoupling may affect the '3C T, values. The calculated
relaxation rate was about 55% of the observed one above 303
K. However, it is certain that similar reorientational motions
affect the T values of the imidazolium ring in 'H and *C
resonances.

The 3C T; values of methyl carbons of the N-CH; and C-CH;
are longer as shown in Figure 7. The calculated 3C T; values
from the corresponding 7. values in the '"H NMR are much
shorter and are about 1/7 of the observed one in the high-
temperature range. As is well-known, the '3C Ty values of
methyl carbons are affected by the C—H dipolar interactions
resulting from rotation around the three symmetrical axes in
the liquid state, which brings the much longer '3C T values.
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Figure 9. '3C T values of (a) a-CH,, (b) 5-CH,, and (c) y-CHj in the

propyl group, observed (squares) and calculated (solid lines) by using

eq 10 and individual correlation times of the protons obtained by 'H

NMR.

The '3C T of the propyl carbons in the present RTIL showed
a general trend of the liquid-state NMR, such as a longer 7' by
approaching an alkyl terminal. The calculations of the 3C T}
for the propyl carbons were tried for each carbon by using eq
10 and are shown in Figure 9. The calculated '3C T for the
o-CH, was a little longer than the observed ones at each
temperature. The better agreement in the 13C T} values of the
SB-CH; was a little fortuitous. Clearly the observed '3C T values
for the y-CHs were much longer than the calculated values by
a ratio of about 3:1 over the whole temperature range, and the
smaller discrepancy among the three methyl carbons is due to
the shorter 'H 7. of the terminal methyl shown in Figure 5.
Clearly the spin—rotational '3C relaxation mechanism reduces
the dipole—dipole interaction effects in the CHjz groups.
Although the 3C T values for the carbons estimated using the
7. value derived from the 'H 7 are inaccurate, it is sure that
the correlation times obtained from the 77 minimum of the 'H
NMR can be used to interpret the 'H—'3C dipole—dipole
contribution to the *C 7).

Geometries and Interaction Energies for DMPIm Com-
plex with TFSA. To estimate the contribution of the intermo-
lecular dipole—dipole interactions to the relaxation process, the
interaction energy for the DMPIm complex with TFSA was
calculated using the ab initio molecular orbital method. Before
calculating the DMPIMTFSA complex, we optimized the
geometries of the DMPImCl complex to reveal the stable
positions of an anion around the DMPIm. The DMPImCI
complex was optimized from 20 initial geometries. The five
local minima shown in Figure 10 were determined from the
geometry optimizations. The Ef,m values for two geometries
1a and 1b (—86.7 and —85.8 kcal/mol, respectively) are larger
(more negative) than those for 1c—1e (—73.3 to —79.6 kcal/
mol). The Cl™ is above or below the plane of the imidazolium
ring in the geometries 1a and 1b. The distance between C, and
Cl™ in 1a and 1b is 3.04 and 2.96 A, respectively, while the
Cl~ has close contact with the C4-H or Cs-H in 1c—1e. The
calculated interaction energies show that the CI™ prefers to have
close contact with the C,. The same preference was reported
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a -86.7 (-88.0) b -85.8 (-87.9) ¢ -79.6 (-79.6)

d -79.0 (-79.2) e -73.3 (-73.7)

Figure 10. HF/6-311G** level optimized geometries and formation
energies [Efom = Emp2 + Edet] of DMPIMCI complex from the isolated
ions. BSSE corrected interaction energies at the MP2/6-311G* level
[Empz] are shown in parentheses. Eqr (deformation energy) is the
increase of the energy of DMPIm upon deformation of the geometry
in complex formation.

2b -76.6 (-78.5)

2a -74.1 (-76.6)

Figure 11. HF/6-311G** level optimized geometries and formation
energies (Efm) of DMPIMTFSA complex from isolated ions. See the
text and the caption of Figure 10.

for imidazolium complexes with other anions.>” The center of
positive charge of the imidazolium ring is close to the midpoint
between the two N atoms of the ring.*® The complexes 1a and
1b are more stable than 1c—1e due to shorter distances between
the midpoint and the Cl~ than those in lc—1le. A similar
calculation was reported for 1-butyl-2,3-dimethylimidazolium
chloride.®

The geometries of DMPImTFSA were optimized from two
initial geometries, which were prepared from the optimized
geometries for 1a and 1b by replacing the Cl with TFSA. The
N atom of TFSA was placed at the position of Cl, and the
optimized geometries (2a and 2b) are shown in Figure 11. The
E¢orm values for 2a and 2b are —74.1 and —76.6 kcal/mol. The
large Eform shows that the TFSA anion also prefers to have close
contact with DMPIm. The optimized geometries have short
contacts between the Cs-H and a F atom of TFSA as shown in
Figure 11.
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Discussion

Bulk Diffusive Properties. The Arrhenius plots of the D
values and the ionic conductivity in Figure 3a gave different
curvatures. Ionic conductivity measures the transfer of the
charged ions, while the NMR measurements reflect the weighted
average of the charged and paired ions due to the fast exchange
of ion pairing on an NMR time scale. The VFT-type fitting
shown in Figure 3a gave T values of about 145 (DMPIm) and
151 (TFSA) K from the D values and 178 K from the . The
glass transition temperature was reported to be 192 K. Even if
the VFT-type fitting of diffusion coefficients were possible, the
meanings of the fitting parameters should be different from the
ionic conductivity.

Figure 3b indicates that experimentally eq 2 holds between
the viscosity and anion and cation diffusion coefficients and
ionic conductivity in the temperature range between 10 and 80
°C. The Stokes radius a is approximated with the van der Waals
radius calculated from molecular orbital methods.*® The ¢ values
estimated by using a values for DMPIm (0.330 nm) and TFSA
(0.325 nm)* were not sensitive to temperature and were almost
2.5 and 3.5 for DMPIm and TFSA, respectively, which are
smaller than the theoretically predicted range.

Local Molecular Motions. We assume that the 7. of o.-CH»
in the propyl side chain corresponds to the isotropic molecular
reorientational rotation of DMPIm. Almost the same 7. values
were obtained for the CHj at the a-positions of the imidazolium
ring. The contribution from intramolecular rotations of CHjz or
segmental motions in the a-CH, may be possible, but the effect
is minor. The activation energies in Table 2 for the side chain
protons are between 19 and 24 kJ/mol and the small differences
relate to the differences in steric hindrance which is clearly
indicated in the stable structure of DMPIm estimated by ab initio
calculation. As shown in Figure 6, above 313 K it is possible
to interpret the 'H Ty of imidazolium protons by the same ..
Thus, in the high-temperature range, the isotropic molecular
motions of the cation DMPIm exist characterized by a single
correlation time, which explains the major part of the observed
'H T, for all protons. Although similar modes of molecular
reorientations exist continuously at lower temperatures, ad-
ditional relaxation mechanisms contributing to the relaxation
of the imidazolium ring protons are implied. The apparent
activation energies for C4-H and Cs-H were about 3 kJ/mol
between 303 and 253 K, and very small to be observed by NMR.

One possibility for the short 'H T of the C4-H and Cs-H
protons is the intermolecular dipolar interactions with CF; of
the TFSA anion. Neutron diffraction measurements of imida-
zolium-based ionic liquids show that an imidazolium cation is
surrounded by a few anions in ionic liquids.’*~>? The diffraction
measurements of 1,3-dimethylimidazolium TFSA shows that
the anion prefers to locate above the imidazolium ring.5> The
TFSA also locates above the ring in the optimized structures
of the DMPIMTFSA ion pair as shown in Figure 11. The
interactions of the CF3; groups of TFSA anion with the C4-H
and Cs-H of DMPIm cation are not very strong, as the negative
charges on the fluorine atoms are not large.”> However, the
contacts of the fluorine atoms with the C4-H and Cs-H are likely
to occur in the DMPIMTFSA ionic liquid due to the size and
shape of TFSA. In the optimized geometries of DMPImTFSA
(2a and 2b), the C-Hs has a close contact with an F atom of
TFSA (3.40 and 3.24 A, respectively) as shown in Figure 11.
Therefore. it is likely that the intermolecular dipolar interactions
are possible between the CF3 and the imidazolium protons.

Another possibility is the planar—nonplanar conformational
changes observed by Raman spectroscopy for 1-ethyl-3-meth-
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ylimidazolium salts.>* The twisted conformation is reported to
be slightly stable by 2—4 kJ/mol. Usually, the conformational
changes involving small energy differences are observed as
averaged phenomena on the NMR time scale. It may be possible
that the slow rate of the conformational changes at low
temperature is involved in the relaxation of the C4-H and Cs-H
protons, since the dipole—dipole interactions between the ring
and the alkyl protons contribute to the 'H T of Cs-H as shown
in Figure 6.

The correlation times of CF; in Figure 5 were calculated under
the unjustified assumption that the relaxation process results
from the internal rotation of CFs under the extreme narrowing
condition. The '°F 7. of the CF; at higher temperatures has
values similar to the 'H 7. of the CHj3 in the propyl group, and
gradually their difference increased with decreasing temperature.
Since the assumptions were made to derive !°F 7., the activation
energies calculated from the '°F T observed are given in Table
2. The thermal activation is smaller in the lower temperature
range, similar to the C4-H and Cs-H. The short-time approaches
between DMPIm and TFSA in specified positions by electro-
static interactions can affect the 'H and '°F NMR relaxation
process at lower temperatures.

The 'H 7, and Diffusion Coefficient. The isotropic molecular
overall reorientational correlation time 7, is related to the bulk
viscosity 7 by the SED relation as

_V
7, T (11)
where V is the effective molecular volume. From eq 2, n =
kT/ctaD and 12 = 4a*3cD. It must be noted that D is the
translational diffusion coefficient and not the rotational diffusion
coefficient defined in the original SED relationship. Using the
viscosity measured, the calculated 7, was 3.5 x 107 s (3.5 ns)
at 298 K for DMPIm, which is much longer than the 7. (3.2 x
107195 (320 ps)) determined by 'H T at the same temperature.
There are a few studies on the 7, in RTILs. The solute rotation
of 4-aminophthalimide (CsHgN,O,) in BMImPFg at 298 K was
reported to be 8.7 ns from ESR measurements.’ The smaller
solutes of D,O and C¢Dg gave viscosity-dependent 7, and at
343 K the values were 62 and 119 ps in BMImPFs and 486
and 663 ps in BMImCI, respectively, studied by 2H NMR.%
The ion rotation in BMImNO3 was reported to depend on the
viscosity in the wide temperature range, and 7, was determined
from by the optical heterodyne-detected Kerr effect (OHD-OKE)
measurements to be about 650 ps around 295 K7 It is not
certain that the experimental 7, values correspond to a full
molecular rotation of 360°. Many papers have been published
on the connection between the translational SE and rotational
SED relations,’® but experimentally it is difficult to obtain
rotational diffusion coefficients.

Generally the 'H dipole—dipole relaxation mechanism reflects
any motion where the dipolar axis changes direction and does
not guarantee the rotation of the whole molecule. The obtained
7. values are too short to relate with the SED model. The
analysis of the 'H and '3C T values indicates that fast isotropic
reorientational molecular motions exist, and we assumed that
such motions are small angle reorientational motions of DMPIm.
If the 7, value calculated from experimental 7 and D corresponds
to a 360° rotation, the angles for the molecular reorientation
(. from T;) were calculated and are plotted versus temperature
in Figure 12. The molecular rotational amplitude becomes
smaller at lower temperatures. The slope versus temperature
changes about 40 °C. The molecular isotropic rotation of
DMPIm can be pictured by the small angle reorientation of the
whole molecule, and the flip amplitude changes from about 20°
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Figure 12. Temperature dependence of the flip angle of the isotropic
reorientational molecular rotation of DMPIm assumed from 7. (‘"H T})
and 7, (calculated from Dpmpim and viscosity).

CHART 1: Stable Structures of DMPIm (top) and TFSA
(bottom) Estimated by ab Initio Calculations
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(at 10 °C) to 60° (at 80 °C). Fast intramolecular motions take
place simultaneously such as CHj three-axis rotation, CH,
segmental motions, and conformational changes of the imida-
zolium ring. A trial calculation of the rotational angle of TFSA
gave smaller angles compared with DMPIm, but the mode of
the motion of CF;5 is uncertain.

Conclusion

The electrochemical ion conduction of a RTIL, DMPImTF-
SA, showed different behaviors on temperature from the
diffusion coefficients of the anion and cation measured by
the PGSE-NMR method which are the averaged transfer of
the whole ions without information on the charge of ions. In
the higher temperature range the charged ions measured by
ionic conductivity can be thermally activated easier than the
whole ions. Since the temperature-dependent plots of the T
of 'TH NMR showed minimum points for DMPIm, the
correlation times (7.) of the molecular motions were calcu-
lated. The '"H T} minimum can afford directly the 7. for the
'H—'H dipolar interaction, and the values were reasonable
to interpret the T of the 3C NMR measured in the present
study. Based on the classical SE and SED relations, an
attempt was made to calculate the rotational angle for the
reorientational DMPIm molecular motion in the temperature
range between 283 and 353 K by using the translational
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diffusion coefficient, bulk viscosity, and 7. values obtained
from 'H T;. The amplitude of the rotation increases as the
increase of temperature. Faster intramolecular motions exist,
such as the segmental and rotational motions of alkyls and
conformational changes of the imidazolium ring of the cation
DMPIm. The anion TFSA molecular motions must have
similar rates. The ion translational diffusion is much slower
than molecular local motions.
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