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NMR EVIDENCE OF HYDROGEN BOND

IN 1-ETHYL-3-METHYLIMIDAZOLIUM-

TETRAFLUOROBORATE ROOM

TEMPERATURE IONIC LIQUID

Jing-Fang Huang, Po-Yu Chen, I-Wen Sun,*
and S. P. Wang*

Department of Chemistry, National Cheng Kung
University, Tainan, Taiwan 70101, R.O.C.

ABSTRACT

The 1-ethyl-3-methylimidazolium-tetrafluoroborate (EMI-
BF4) room-temperature molten salt was investigated with
NMR techniques. Diffusion coefficients measured at tem-
peratures ranging from 300 to 360K indicate phase-change
occurred in the vicinity of 333K, which is supported by 11B
quadrupolar relaxation rates. Combined with the sizes of
diffusion particles obtained form the Stokes-Einstein equa-
tion, this phase change is ascribed to that the diffusion particle
is transformed from ‘‘discrete ion-pair’’ to ‘‘individual ion’’ at
temperatures above 335K due to decomposition of the EMI-
BF4 ion pair. Analysis of the

13C dipole-dipole relaxation
rates identifies the formation of hydrogen bond(C2H. . .F)
between the counter ions, EMIþ and BF�

4 . That the values of
viscosity in EMI-BF4 are higher than those in EMI-AlCl4 at
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corresponding temperatures is therefore understood accord-
ing to the viscosity approach employed to investigate the
H-bonding in molten salts

Key Words: Room temperature ionic liquid; Hydrogen
bond; Diffusion coefficients; Phase transition; NMR relaxa-
tion rates

INTRODUCTION

The room temperature molten salts composed of certain imidazolium
cations such as 1-ethyl-3methylimidazolium (EMIþ) and 1-butyl-3-methy-
limidazolium (BMIþ) and various anions such as chloride, tetrachlo-
roaluminate (AlCl�4 ), tetrafluoroborate (BF

�
4 ) and hexafluorophosphate

(PF�
6 ) have attracted abundant research interests due to their applications in

electrochemistry1. More recently, these ionic liquids have been employed as
solvents for two-phase catalysis2 and NMR relaxation studies375 as well. On
the other hand, hydrogen bonding between counter ions in molten salts,
which was considerably questionable, turns out to be a subject under ex-
tensive investigation6710. This subject is quite important since it is closely
related to some physical properties of the ionic liquids including viscosity,
conductivity, and density as well as the packing in crystalline11 structures.

Besides the above-stated physical properties, the most widely used
methods to probe H-bonding are IR and NMR spectroscopic techniques, in
which the C2-H stretching frequencies (see the Scheme for numbering of
atomic positions) and chemical shifts of this hydrogen bonding are ex-

Scheme. Structure and numbering of atomic positions of 1-ethyl-3-methylimida-
zolium cation (EMIþ).
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amined. Adopting these approaches, Suarez et al. reported that hydrogen
bonding was found in the BMI-X, X¼BF4 and PF6, and the latter was a
better H-bonding acceptor11. As pointed out by these authors, their results
were contrary to those in earlier studies conducted on EMI-X12,13, (X¼BF4
and PF6). More significantly, they have found that the BMI-BF4 molten salt
possesses dual (ionic polymer-ionic pair) behavior11.

In order to clarify the controversy concerning H-bonding in EMI-BF4
molten salt, we have employed NMR techniques to measure diffusion
coefficients (using proton resonance signals), 13C spin-lattice relaxation
times, and nuclear Overhauser enhancements. From the latter two experi-
ments, one can extract the 13C dipole-dipole relaxation rate14, which in turn
affords the value of correlation time (tc)

15 representing the time required for
the C-H vector to reorient for one radian. The 11B quadrupolar relaxation
times have also been measured yielding supplementary or comparative in-
formation. All these NMR experiments were performed at temperatures
ranging from 300 to 360K with 5 degree increments.

EXPERIMENTAL

The EMI-BF4 molten salt was prepared according to the procedure
reported previously by this laboratory1d. The sample was placed in a 5mm
NMR tube, degassed by three freeze-pump-thaw cycles and sealed under
vacuum. DMSO-d6 was used as external lock solvent contained in a capil-
lary. To avoid the contamination from water and oxygen, the manipulation
of the ionic liquids was performed inside a nitrogen-filled Vacuum Atmo-
sphere glove box.

Relaxation time (T1), of carbon-13 and boron-11, were determined
on a Bruker AMX-400 FT-NMR spectrometer recorded at 100.5 and
128.3MHz, respectively, using the inversion recovery pulse sequence, (-t-=2-
Acq-tD)n

16. There were 10 t values, raging from 0.1 to 1.5 times the esti-
mated magnitudes of T1, used and the delay times (tD) were at least 5 times
of T1. The numbers of acquisitions, n, were 8 and 32 respectively for T1 (

13C)
and T1q (

11B). Temperature calibrations were carried out using the ethylene
glycol NMR thermometer. Nuclear Overhauser enhancements were mea-
sured employing the gated decoupling procedures14; sixteen transients were
employed for determining both enhanced and non-enhanced intensities.

Measurements of diffusion coefficients were performed on a Bruker
DRX-500 NMR spectrometer by means of pulsed field gradient NRM (1H
resonance signals) techniques with the longitudinal eddy current delay
(LED)17 pulse sequence. Extraction of diffusion coefficients from the LED
intensities was carried out using the program SPLMOD18.
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RESULTS AND DISCUSSION

The temperature dependence of experimental diffusion coefficients, D,
ranging from 300 to 360K, is presented in Table 1. The most widely used
theory treating diffusion in liquids is the Stokes-Einstein equation, in which
one assumes the diffusion particle or molecule is spherical with radius r
obeying the Stokes’ law, expressed by19

D ¼ kT

6pZr
ð1Þ

Where k is the Boltzman constant, T is the temperature in Kelvin, and Z
represents the bulk viscosity of the liquid. The number, 6, in the above
equation may vary depending on the relative sizes of the diffusing solute and
the solvent molecule19. The values of Z at various temperatures were
obtained by interpolation of experimental results reported in literature20.

The plot in Fig. 1 indicates that there are two distinguished linear
regions, corresponding to two phases, at temperature ranges 3007330K and
3357360K. The mean radii of the diffusing spheres in the two phases
evaluated from the slopes, according to Eq. 1, are respectively 2.79 Å
(3007330K) and 1.90Å (3357360K).

The dipole-dipole NMR relaxation rate (R1DD¼ 1=T1DD) of proton-
attached carbons can be extracted from the experimental spin-lattice re-
laxation rate, R1exp¼ 1=T1exp, by the expression14,16

Table 1. Diffusion Coefficients, D (106 cm2=s), for EMIþ Calculated with Different
Proton at Different Positions

Temp(�C) DC2 DNCH2 DNCH2 D(106 CM2=S)

300 0.264 0.315 0.340 0.302

305 0.406 0.349 0.359 0.375

310 0.501 0.543 0.485 0.496

315 0.610 0.619 0.629 0.608

320 0.703 0.710 0.735 0.718

325 0.923 0.953 0.966 0.956

330 1.06 1.08 1.12 1.09

335 1.42 1.39 1.44 1.42

340 1.67 1.63 1.72 1.69

345 2.02 1.98 2.05 2.04

350 2.48 2.40 2.52 2.47

360 3.60 3.25 3.61 3.58
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R1DD ¼ R1exp
Z
1:99

� �
ð2Þ

where Z is the measured nuclear Overhauser enhancement (nOe). The ro-
tational correlation time, tc, can therefore be obtained directly from ex-
perimental relaxation rate (R1exp) and magnitude of nOe (Z) via the
expression14

R1DD ¼ R1exp
Z
1:99

� �
¼ NHðhgCgHÞ2rCH�6tc ð3Þ

where NH is the number of hydrogens bonded to the carbon atom, gC and gH
are magnetogyric ratios, and rCH¼ 1.09Å3. The correlation time, tc, can be
related to the radius (r), temperature (T) and the Boltzmann constant (k) as21

tc ¼
4pr3Z
3kT

¼ VZ
kT

ð4Þ

The combination of Eqs. 1 and 4 by eliminating Z gives the expression3

tc ¼
r2

4:5D
þ t0 ð5Þ

Demonstrated in Fig. 2 is the plot of correlation times vs. 1=D at the
high temperature region (i.e., 335 to 360K), where the values of tc were
calculated from R1DD of ring carbons (C2, C4 and C5) according to Eq. 3,

Figure 1. Plot of 1=diffusion coefficient vs viscosity=T for EMIþ in a EMI-BF4
melt.
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as described earlier. The hydrodynamic radius of EMIþ obtained from this
plot, according to Eq. 5, is 0.98 Å. The magnitudes 1.90 and 0.98 Å, ac-
quired from Eq. 1 and Eq. 5, respectively, are in good agreement with the
corresponding values, 1.77 Å and 0.95 Å, reported for EMIþ by Carper
et al3. The different radii obtained by the two various approaches may
probably arise from the assumption that EMIþ undergoes isotropic reor-
ientational dynamics, as exhibited by spherical-top molecules21. Recent
studies of reorientational motions for symmetric-top molecules are quite
different even for prolate and oblate molecules15,22. It is therefore a very
crude assumption that EMIþ, an asymmetric-top species, rotates as a
spherical molecules. In other words, it is more physically appropriate to
adopt the values calculated from the Stokes7Einstein equation, 1.90 Å (this
work) or 1.77 Å4 than those derived from the reorientation times.

Based on the ‘‘dual behavior’’ proposes for the BMI-BF4 ionic li-
quid11, there were two phases observed, ‘‘quasi-molecular’’ below 279K and
the ‘‘extended hydrogen-bonded network’’ at temperature above 279K. The
decrease of hydrodynamic radii, however, can not be reasonably ascribed to
phase change between these two structural formulations. On one hand, the
dual behavior has not yet been evidenced for the EMI-BF4 ionic liquid prior
to this study. On the other hand, the magnitudes of the hydrodynamic radii
at both regions do not comply with this type of phase-transition. The
reported diffusing sphere radii for EMIþ where in the range 1.1672.66 Å
depending on the molten salts employed3. The diffusing particle at tem-
peratures above 335K is undoubtedly identified as EMIþ based on the ra-
dius of the diffusing particle, 1.90 Å.

Figure 2. EMIþ 13C (C2þC4þC5)=3 correlation times vs 1=106 6 diffusion coef-
ficients for EMI-BF4 melt from 335 to 360K.
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The radius of BF4
� is in the vicinity of 1.32 Å obtained by AMI and ab

initio calculation at our labs. Based on radius of diffusing sphere, 2.79 Å, at
low temperature range, it is reasonable to conclude that EMIþ diffuses with
its counter ion, BF4

�, in discrete ion-pair. The reduced sizes of diffusing
spheres, due to elevation of temperature, evidently results from decom-
position of the EMI-BF4 ion-pair, i.e. internal Coulombic attractive force
and=or H-bonding are overcome by thermal motions. The hydrogen bond
cannot be excluded since there is no experimental evidence to debate the
‘‘extended H-bond network’’11 proposed for molten salts, EMI-BF4 under
this study, either.

In order to further confirm the above-mentioned argument, we have
also measured 11B quadrupolar relaxation rates (R1q¼ 1=T1q) at the same
temperature ranges. The quadrupolar relaxation equation for a spin quan-
tum number I� 1 nucleus is expressed by14

R1q ¼
3

10
p2

2Iþ 3
I2ð2I� 1Þ

� �
w2 1þ Z2

3

� �
tc ð6Þ

In the above equation, w is the quadrupole coupling constant, h is the
asymmetric factor measuring the deviation of electron cloud from cylind-
rical distribution, and tc is the correlation time for the electric field gradient
tensor. For the singly or triply bonded system, the value of the asymmetric
factor (h) is less than 0.1 and neglecting this term would only introduce an
error well under 5% (ca. 0.3%)23. Using I¼ 3=2 for 11B and by eliminating
the 1þZ2=3 term, Eq. 6 can be simplified to

R1q ¼
2

5
p2w2tc ð7Þ

Combining Eqs. 4 and 7, the plot of negative natural logarithm of R1q vs.
1=T gives similar information to the plot of tc vs. Z=T, assuming the values
of w do not vary significantly. This assumption can be reasonably accepted
considering the tetrahedral environment (BF4

�) in which the boron atom
resides. By definition, the quadruple coupling constant (w) is related to the
electric quadruple moment (Q), a characteristic physical property of
a quadrupolar nucleus (I 5 1), and the electric field gradient (q) in the
vicinity of this nucleus as23

w ¼ ðeQÞðeqÞ
h

¼ e
2qQ

h
ð8Þ
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ORDER                        REPRINTS

where e is the charge of an electron and h is the universal Planck’s constant.
In the ion-pair, the spherical electron distribution in BF4

� (q¼ 0) is polarized
by MEIþ and hence increases the magnitude of w (11B) since q is greater than
zero in magnitude. This effect is not significant, however, owing to the
distortion of electron distribution near the boron nucleus which is not no-
tably evident unless one of the fluorine atom is replaced by other species.
This is verified experimentally by monitoring the line width of the 11B re-
sonance peaks, less than 3 ppm in the present study.

It is seen, from Fig. 3, that there was also a discontinuity near 333K
identical to the plot illustrated in Fig. 1 although the two regions are not
so obviously distinguished. The latter is understood based on the con-
clusion made on variation of the value of w described earlier. The two-
region plot (Fig. 3) not only verifies the above-mentioned phase transition
but also indicates that the BF�

4 ion is affected by the phase transition as
well. The phase-change detected by 11B relaxation, i.e. from the BF�

4
viewpoint, is informative since it is consistent with the argument that the
phase transition arises from decomposition of the ionic pair. In other
words, the 11B NMR relaxation data provide additional evidence in sup-
port of the cleavage of the ion pair deduced from investigation of mea-
sured diffusion coefficients.

With the aim to examine whether the hydrogen bonding is involved in
the interaction between EMIþ and BF�

4 , spin-lattice relaxation rates of all
carbons in EMIþ were measured at various temperatures (see Fig. 4). It is
evident that the carbon, C2, to which the attached hydrogen is involved in
H-bonding, exhibits a much more pronounced phase-change appearance
than other carbons, C4 and C5, far away from C2. On the other hand, the

Figure 3. Plot of ln 11B relaxation rate vs 1000=T (1=K) for EMI-BF4 melt.
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carbons in NCH2 and NCH3, neighboring to C2, also offer indications of
comparative susceptibilities toward the departure of BF�

4 . The same ob-
servation is found in the Arrhenius plot of R1DD as displayed in Fig. 5.
Hence, we concluded that BF�

4 enters into hydrogen bonding with EMI
þ.

This is in accord with the work reported by Suarez et al.11 carried out in
BMI-BF4 ionic liquid. These authors also concluded that PF

�
6 exhibited a

better H-bond accepting characteristic than BF�
4
11.

Analysis of atomic charges, obtained from AMI calculations, reveals
that the fluorine atoms in the PF�

6 are more negatively charged (�0.650)
than those in BF�

4 (�0.325), which might account for the relative capability
in forming the H-bond. Moreover, it is instructive to rationalize the rather
incomparable charges acquired for PF�

6 and BF
�
4 (BF3þF

�). Both electro-
negativity and number of valence electrons cannot satisfactorily explain the
very different charges on fluorines in the two anions. From the viewpoint of
PF5þF� and BF3þF�, one would even predict an inverse result considering
the number of F-atoms available to accommodate the negative charge from
the fluoride and neglecting the effects of hybrid-type.

The negative hyperconjugation (NHC) phenomenon24, originally
employed to account for the strengthening of C�F bond(s) in fluorinated
methanes, stresses on that the interaction of the lone-pair p-orbital(s) on
F-atom with the antibonding C�F orbital, s*(C�F)25, would stabilize these
molecules. Consequently, the H-bond of accepting tendency of fluorine

Figure 4. Plots of ln 13C spin-lattice relaxation rates vs 1000=T for (A) C2(�),
NCH3(*), and NCH2(u), (B) CH3(�), C4(*), C5(u).
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would be reduced. The NHC effect is rather weak or not existent for the
second-row elements, e.g. sulfur and phosphorus20. We can employ negative
hyperconjugation to explain the much smaller charge on F-atom in BF�

4 or
weaker ability to form hydrogen bond than PF�

6 . In other words, the relative
capability of the two anions in forming H-bonding is consistent with the
result predicted by negative hyperconjugation, which has been extensively
examined by theoretical chemists24726.

It is noteworthy that the values of viscosity reported for EMI-BF4
are higher than those measured for EMI-AlCl204 and the correlation times
obtained for C2-H bonds in EMI-BF4 are also longer than those in
EMI-AlCl4, i.e. the reorientational motion is faster in the latter ionic liquids.
Apparently, this cannot be correlated with the molecular sizes, which would
predict reverse results for both quantities. Based on the viscosity approach
employed to probe information of H-bonding, however, the above experi-
mental results can be understood. Furthermore, H-bonding can also account
for the relative C2-H correlation times obtained for the two molten salts.

The existence of H-bonding concluded from NMR spectroscopic
techniques indicates, to a certain degree, that the extended hydro-
gen-bonded network11 is present in the EMI-BF4 ionic liquid under this
study. Nonetheless, experimental data in the current work are insufficient to
support the dual behavior reported for BMI-BF4 molten salts. Subsequent
investigation in this aspect is underway.

Figure 5. Plots of ln 13C dipole-dipole relaxation rates vs 1000=T for (A) C2(�),
NCH3(*), and NCH2(u), (B) CH3(�), C4(*), C5(u).
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CONCLUSIONS

The diffusion coefficients have been measured by PFG-NMR techni-
ques, according to resonance signals of protons (attached to C2, C4 and C5
in EMIþ), at temperatures ranging from 300 to 360K. According to the
Stokes7Einstein equation, the radii of diffusing spheres reduce from 2.79 Å
at 3007330K to 1.90 Å at 3357360K.

The latter is consistent with the size of diffusing particle, r ¼ 1:87 Å,
calculated from correlation time-diffusion coefficient relationships at
the high-temperature range. Based on the radius of EMIþ reported in the
literature and the radius of BF�

4 (1.32 Å) obtained from AMI method, the
above experimental results can be rationalized by decomposition of the
EMI-BF4 ion-pair at higher temperature. The departure of BF

�
4 in this

phase change is also supported by 11B NMR relaxation results. The into-a-
whole hydrodynamic behavior is that EMI-BF4 exhibits discrete ion-pair
diffusion at temperature below 330K and individual ion diffusion at
temperature higher than 335K.

The existence of the hydrogen bond (C2H			F) is verified by the tem-
perature dependence 13C dipole-dipole relaxation rates. C2 and its neigh-
boring carbons (NCH3 and NCH2) reveal phase-change at the same
temperature where decomposition of the ion-pair takes place, whereas the
other carbon (C4 and C5) are virtually inert toward phase change. The
higher values of viscosity reported for EMI-BF4 than those in EMI-AlCl4
molten salts at corresponding temperature can therefore be explained by
formation of the hydrogen bond. The dual behavior in EMI-BF4 is not
evident in this study despite of the conclusion that BF�

4 enters into
H-bonding with EMIþ. That PF�

6 exhibits higher capability in forming
H-bonding with EMIþ or BMIþ than BF�

4 is quite significant since it pro-
vides an experimental evidence of negative hyperconjugation.
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