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Gas-phase structure, hydrogen bonding, and cation–anion interactions of a series of 1-(2-hydroxyethyl)-3-
methylimidazolium ([HOEMIm]+)-based ionic liquids (hereafter called hydroxyl ILs) with different anions (X=[NTf2]

–,
[PF6]

–, [ClO4]
–, [BF4]

–, [DCA]–, [NO3]
–, [AC]– and [Cl]–), as well as 1-ethyl-3-methylimizolium ([EMIm]+)-based ionic

liquids (hereafter called nonhydroxyl ILs), were investigated by density functional theory calculations and experi-
ments. Electrostatic potential surfaces and optimized structures of isolated ions, and ion pairs of all ILs have been
obtained through calculations at the Becke, three-parameter, Lee–Yang–Parr/6-31+G(d,p) level and their hydrogen
bonding behavior was further studied by the polarity and Kamlet–Taft Parameters, and 1H-NMR analysis. In
[EMIm]+-based nonhydroxyl ILs, hydrogen bonding preferred to be formed between anions and C2–H on the imida-
zolium ring, while in [HOEMIm]+-based hydroxyl ILs, it was replaced by a much stronger one that preferably formed
between anions and OH. The O–H���X hydrogen bonding is much more anion-dependent than the C2–H���X, and
it is weakened when the anion is changed from [AC]– to [NTf2]

–. The different interaction between [HOEMIm]+ and
variable anion involving O–H���X hydrogen bonding resulted in significant effect on their bulk phase properties such
as 1H-NMR shift, polarity and hydrogen-bond donor ability (acidity, a). Copyright # 2011 John Wiley & Sons, Ltd.
Supporting information may be found in the online version of this article.
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INTRODUCTION

Ionic liquids (ILs), typically composed of organic cations and
inorganic/organic anions, have attracted considerable attention
in various areas such as organic synthesis, catalysis, electrochemi-
cal devices, and solvent extraction because of their attractive prop-
erties, which are not available inmolecular solvents.[1–8] Increasing
interest in ILs has been recently aroused because of their novel
applications in chemical sensors,[9] dye-sensitized solar cells,[10]

energetic materials,[11] lubricants,[12] and electrowetting media,[13]

which makes them not just replacement solvents but new plat-
forms for advanced multipurpose materials.
Differing significantly from conventional polar molecular sol-

vents, ILs are single-component systems in which the cations and
anions may possibly play independent roles in determining liquid
behavior.[14] ILs exhibit interesting solvation and coordination
properties that depend on the nature of cations and anions,
and the intermolecular interaction between ions. Thus, control-
ling the interactions between cations and anions will be important
in the rational design of ILs.[15] Hydrogen bonding in ILs has been
extensively studied because it plays an important role in cation–
anion and solvent–solute interactions, as revealed by both
experimental and theoretical investigations.[16–20] For example,
the hydrogen bond characteristics of ILs was said to be vitally
important to design ILs as potential solvents for cellulose.[21]

On the other hand, hydroxyl ILs render classical ILs with
useful polarity/solvation properties that have now attracted
considerable interest because they can replace traditional
volatile alcohols in certain applications such as organic reac-
tions[22,23] and nanomaterial synthesis.[24–27] [HOEMIm][NTf2]
([HOEMIm]+=1-(2-hydroxyethyl)-3-methylimidazolium) was found
to possess higher polarity than [EMIm]+-based ([EMIm]+=1-
ethyl-3-methylimidazolium) nonhydroxyl ILs and a much higher
endo/exo ratio of Diels–Alder reactions produced in the
process.[23] Spiropyran exhibited negative photochromism in
[HOEMIm][NTf2] and [HOEMIm][PF6],

[28,29] unlike the positive
photochromism it exhibited in general in nonhydroxyl ILs and
other hydroxyl ILs such as [HOEMIm][NO3]. One interesting point
is that the physicochemical properties and the solvent–solute
interactions of hydroxyl ILs are more significantly influenced by
the counteranion than nonhydroxyl ILs. More recently, during
our research on the solvation and micropolarity in ILs, we found
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that [HOEMIm]+-based hydroxyl ILs exhibited anion-dependent
polarity, while their corresponding nonhydroxyl ILs exhibited
comparable polarity, as indicated by solvatochromic dyes.[30] The
preliminary result suggested that the greatly expanded polarity
of hydroxyl ILs was correlated to the ionic hydrogen-bonded
complexes between the anions and the hydroxyl group on
cations.

In the present work, the structure, hydrogen bond, and cation–
anion interaction of [HOEMIm]+-based hydroxyl ILs (Fig. 1) with
different anions ([PF6]

–, [NTf2]
–, [ClO4]

–, [DCA]–, [NO3]
–, [Cl]–,

and [AC]–) were investigated by density functional theory
(DFT) calculation combined with experiments to provide a
deeper understanding of the effect of the hydroxyl group
on the interaction between imidazolium cations and an-
ions, and the subsequent impact on their physicochemical
properties.

EXPERIMENTAL

Chemicals and synthesis

All chemicals were commercially available and used as received.
2,6-Diphenyl-4-(2,4,6-triphenyl-N-pyridino) phenolate (Reichardt’s
dye 30), and 2,6-dichloro-4-(2,4,6-triphenyl-N-pyridino)phenolate
(Reichardt’s dye 33) were purchased from Aldrich (Sigma-Aldrich
Corp., St. Louis, Missouri, USA). 4-Nitroaniline (98%) and N,N-
dimethyl-4-nitroaniline (>98%) were purchased from Alfa
Aesar (Alfa Aesar Corp., Ward Hill, Massachusetts, USA). The syn-
theses and characterization of all ILs with different cation and
anion structures (Fig. 1), namely, 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)amide ([EMIm][NTf2]), 1-ethyl-3-
methylimidazolium hexafluorophosphate ([EMIm][PF6]), 1-ethyl-
3-methylimidazolium perchlorate ([EMIm][ClO4]), 1-ethyl-3-
methylimidazolium tetrafluoroborate ([EMIm][BF4]), 1-ethyl-3-
methylimidazolium dicyanamide ([EMIm][DCA]), 1-ethyl-3-
methylimidazolium nitrate ([EMIm][NO3]), 1-ethyl-3-
methylimidazolium acetate ([EMIm][AC]), and their correspon-
ding hydroxyl ILs, that is, 1-(2-hydroxyethyl)-3-methylimidazolium
bis(trifluoromethanesulfonyl)amide ([HOEMIm][NTf2]), 1-(2-
hydroxyethyl)-3-methylimidazoliumhexafluorophosphate ([HOEMIm]
[PF6]), 1-(2-hydroxyethyl)-3-methylimidazoliumperchlorate ([HOEMIm]
[ClO4]), 1-(2-hydroxyethyl)-3-methylimidazolium tetrafluoroborate
([HOEMIm][BF4]), 1-(2-hydroxyethyl)-3-methylimidazolium dicyan-
amide ([HOEMIm][DCA]), 1-(2-hydroxyethyl)-3-methylimidazolium
([HOEMIm][NO3]), 1-(2-hydroxyethyl)-3-methylimidazolium ace-
tate ([HOEMIm][AC]), and 1-(2-hydroxyethyl)-3-methylimidazolium
chloride ([HOEMIm][Cl]) were reported in a previous work.[30]

Determination of ET(30) and Kamlet–Taft parameters

Polarity and Kamlet–Taft parameters of all ILs were determined
by using the solvatochromic probes, that is, Reichardt’s dye 30,
N,N-dimethyl-4-nitroaniline, and 4-nitroaniline, according to de-
tailed procedures reported in a previous work.[30]

1H-NMR measurement
1H-NMR spectra were conducted on a Bruker AMX FT (Bruker
AXS Inc., Madison, Wisconsin, USA) 400-MHz NMR spectrometer
and chemical shifts were reported downfield in parts per million
(ppm, d) from a tetramethylsilane reference. All ILs were dis-
solved in DMSO-d6 with the same concentration of 0.2M for
comparison.

Computational analysis (density functional theory
calculations)

Density functional theory calculations were performed with the
GAUSSIAN 03 (Gaussian, Inc., Wallingford, Connecticut, USA) suite
of programs.[31] Geometry optimizations were conducted using
the Becke, three-parameter, Lee–Yang–Parr (B3LYP)/6-31+G(d,p)
method without any constraint. Frequency calculations were car-
ried out at the same level of theory to confirm that the geom-
etries of ILs were local minima without any imaginary frequency.
The energy of the ion-pair formation (ΔE) was estimated using
Eqn 1, according to Turner et al.[32]

ΔE kcal=molð Þ ¼ 627:5 EAX auð Þ � EAþ auð Þ þ EX� auð Þð Þ½ � (1)

where ΔE is the energy of the ion-pair formation and EAX, EA+, EX-
are the energy of ionic pair, the isolated cation, and anion,
respectively.
The interaction energies were corrected by the basis set super-

position errors (BSSE) correction with the counterpoise procedure
method advanced by Boys and Bernardi[33] at B3LYP/+G(d,p)
level. Zero-point energy (ZPE) correction calculated using the
unscaled B3LYP/6-31+G(d,p) frequencies was also taken into
account for the calculated interaction energies.
The gas-phase acidity considered in this study was calculated

as the free energy change of the following reaction in the gas
phase at 298K, 1atm, according to the established method.[34]

A� H gð Þ ! A� gð Þ þ Hþ gð Þ (2)

RESULTS AND DISCUSSION

Structure of [HOEMIm]+

The most stable conformations of [EMIm]+ and [HOEMIm]+ are
given in Fig. 2 (their selected parameters are given in Table S1).
The optimized geometry of [EMIm]+ is in good agreement with
previous results.[19,35] Obviously, the bond lengths of C2–H,
C4–H, and C5–H are almost equal to each other, and the imidazo-
lium ring exhibits a coplanar structure. When an OH substituted
the terminated hydrogen on the ethyl group, although the bond
angle and bond length of methyl, ethyl, and imidazolium is less
influenced, the dihedral angle of C2–N1–C13–C15 is changed
from�73.9o to�114.2o. The fact that the negative oxygen is close
to C2–H was probably caused by the intramolecular hydrogen
bonding between OH and C2–H6.
Considering that the electrostatic potential surfaces (ESP) has

been found to be an effective tool for analyzing and predicting
Figure 1. Structures and abbreviations of the cations and anions of ILs
used in this study
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noncovalent interactions,[35–37] the ESP for [EMIm]+, [HOEMIm]+,
and all anions (X) were constructed to qualitatively gain the pos-
sible interaction modes between cations and anions. As can be
seen in Fig. 3, the high positively charged region in the [EMIm]+

cation is around the C2–H group followed by the regions around
the C4/C5–H atoms attached to the imidazolium ring and the
other H atoms in the side chains, which is in good agreement
with previous results.[35,38] However, in [HOEMIm]+, the ESP
strongly suggests that the hydrogen atom at the OH group is
more positive than those in the imidazolium ring, and the posi-
tive charge decreases in the order O–H>C2–H>C4/C5–H. This
indicates that the presence of the OH in the imidazolium cation

makes it a better hydrogen bond donor than C2–H. The nega-
tive regions of all anions are always on the electronegative
atom such as N, O, and F. For example, the highest negatively
charged region in the [NTf2]

– anion appears on the central nitro-
gen atom.

As expected, the formation of ILs between the [HOEMIm]+-
based cation and variable anion should occur in those regions pos-
sessing more positive charges and more negative charges.[39]

[HOEMIm][AC] is given as an example for a detailed interpreta-
tion of optimization of hydroxyl ILs. The favorable sites (more
negative charges) for proton attack in [AC]– are concentrated
on the regions around both carbonyl and oxygen atoms. Both

Figure 3. Optimized geometries of the isolated cations and anions (the corresponding electrostatic potential surfaces for them are presented below,
where the red and blue indicate regions of more negative and positive charges, respectively, and the isodensity contours are 0.0004 electron/bohr)

Figure 2. Optimized geometries of isolated cations [EMIm]+ and [HOEMIm]+

CATION–ANION INTERACTION IN HYDROXYL ILS
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the ESP of [HOEMIm]+ and [AC]– revealed that seven principal
conformations are possible for [HOEMIm][Ac], that is, hydrogen
bonding formed between [AC]– and (A)-H7, H8, (B)-H14, H20,
(C)-H7, H11, (D)-H8, H15, (E)-H6, H20, (F)-H6, H14, and (G)-H6,
H12 (labels of atoms are indicated in Fig. 2), as illustrated in Fig. 4.
However, during the optimization process, the last three

preliminary configurations, that is, E, F, and G, have all been
collapsed into the same geometry, complex (E). Thus, only five
representative complexes (A–E) have been optimized. The
structural parameters of the five complexes are listed in Table 1.
As clearly seen in Fig. 4, the optimized structures for A–E are

organized by cation–anion interaction through two hydrogen

Figure 4. The optimized conformations (A–E) of [HOEMIm][AC] ion pairs (the principal conformations of F and G were also given for illustration)

Table 1. Bond lengths (Å), bond angles (deg), dihedral angles (D, deg), and interaction energies (ΔEc, kcal/mol) of five [HOEMIm]
[AC] ion-pairs (A–E in Figure 4)

A B C D E [EMIm]+ [HOEMIm]+

N1–C2 1.342 1.338 1.347 1.340 1.340 1.339 1.342
C2–N3 1.342 1.342 1.336 1.342 1.342 1.340 1.339
N3–C4 1.388 1.387 1.385 1.388 1.386 1.383 1.384
C4–C5 1.365 1.364 1.367 1.367 1.364 1.365 1.364
C5–N1 1.386 1.382 1.390 1.387 1.385 1.383 1.384
C2–H6 1.078 1.102 1.078 1.079 1.124 1.079 1.079
C4–H7 1.080 1.078 1.121 1.078 1.078 1.079 1.079
C5–H8 1.121 1.078 1.078 1.118 1.078 1.079 1.079
N1–C13 1.467 1.474 1.468 1.481 1.471 1.484 1.479
N3–C9 1.461 1.462 1.473 1.461 1.464 1.471 1.471
C9–H12 1.091 1.090 1.091 1.090 1.091 1.090 1.090
C13–H14 1.093 1.098 1.096 1.096 1.092 1.092 1.093
O19–H20 0.965 0.994 0.966 0.966 1.005 — 0.966
θ(N1–C2–N3) 108.0 108.2 108.4 108.4 107.8 109.0 108.7
θ(N3–C4–C5) 107.5 106.7 105.9 107.8 106.6 107.1 107.0
θ(N1–C13–C16) 112.1 111.4 113.2 112.4 111.0 112.4 112.4
θ(C13–C16–O19) 107.4 113.5 112.5 113.8 112.2 — 107.0
θ(C16–O19–H20) 109.6 111.2 109.9 109.0 108.4 — 110.4
D(N1–C2–N3–C4) 0.4 0.2 �0.2 �0.2 0.8 0.0 0.0
D(C2–N3–C4–C5) �0.2 0.1 �0.1 0.1 �0.2 0.0 0.0
D(C2–N1–C13–C16) 82.7 75.7 46.8 42.4 82.4 — 65.4
D(N1–C13–C16–O19) �66.0 �48.9 �67.4 �65. 7 �52.0 — �62.4
D(C13–C16–O19–H20) 171.6 �50.9 �88.7 �84.4 �59.2 — �173.8
ΔE (kcal/mol) �85.7 �101.7 �86.5 �89.9 �105.2 — —
ΔEZPE (kcal/mol) 0.3 1.4 0.5 0.5 1.1 — —
ΔEBSSE (kcal/mol) 0.6 1.1 0.7 0.8 1.1 — —
ΔEC (kcal/mol)a �84.8 �99.2 �85.3 �88.6 �103.0
aΔEc=ΔE+ΔEZPE+ΔEBSSE at the B3LYP/6-31+G(d,p) level, where ΔE is the energy of the ion-pair formation; ΔEZPE is the energy
difference in theZPE correction; ΔEBSSE is the energy difference in the basis set superposition error.
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bonds between the acidic hydrogen on the cation and the
oxygen on the anion. The gas-phase acidity of OH in [HOEMIm]
[AC] (E), calculated by a previously reported method[34] is 354.5
kcal/mol. The resulting hydrogen bonding is nearly a line with
angles of O–H���X close to 180o and bond lengths much shorter
than the van der Waals distance.[40] Small energy differences
were obtained between the five conformers (A, C, D, and B, E),
thus ZPEs and BSSEs may alter which is the most stable con-
former. As shown in Table 1, both ZPE and BSSE for the ion pairs
are only on the order of 1kcal/mol, and also vary only slightly be-
tween conformers. These corrections and the final energy differ-
ences are also documented in Table 1. For the five complexes,
the interaction energies with ZPE and BSSE correction range
from �84.8 to �103.0kcal/mol (Table 1), where (E) is more stable
than the others by about 3.6–18.2kcal/mol. This is consistent
with the results of ESP where the most possible interaction sites
of [HOEMIm]+ with [AC]– occurred on O–H and C2–H.

Structure of [HOEMIm][X]

With the optimization procedure of [HOEMIm][AC] in mind,
structures of the other hydroxyl ILs with various anions
(X=[NTf2]

–, [PF6]
–, [ClO4]

–, [BF4]
–, [DCA]–, [NO3]

–, and [Cl]–) were
optimized and the most stable geometries are shown in Fig. 6, to-
gether with the comparable result for nonhydroxyl ILs (Fig. 5). For
all nonhydroxyl ILs, the anions were located in front of the imida-
zolium ring, where the atoms of more negative charges are close
to the methyl, ethyl, and in particular, C2–H (Fig. 5). In detail,
[PF6]

–, [ClO4]
– and [BF4]

– are above the imidazolium ring, while
[Cl]–, [AC]–, [NO3]

–, and [DCA]–, are nearly located in the plane
of the imidazolium ring and generally much closer to the methyl
group. In contrast, [NTf2]

– located its S–N–S core in the plane of
the imidazolium ring with each CF3 group above or below the
plane. The dihedral angle of C2–N1–C13–C16 in imidazolium is
anion-dependent and changed from 45.64o ([EMIm][Cl]) to

Figure 5. Optimized geometries of the nonhydroxyl ILs

Figure 6. Optimized geometries of the hydroxyl ILs

CATION–ANION INTERACTION IN HYDROXYL ILS
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106.02o ([EMIm][ClO4]). For all hydroxyl ILs, the most stable com-
plexes possessed similar structural characteristics to [HOEMIm]
[AC] where the anion is adjacent to the O–H and C2–H. Moreover,
unlike nonhydroxyl ILs, the anions in hydroxyl ILs are somewhat
above the imidazolium ring, moving close to the hydroxyl group.
Note that for [HOEMIm][DCA], the [DCA] anions are above the imi-
dazolium ring with one end of the nitrogen close to the acidic hy-
drogen of OH and no hydrogen bonding between C2–H and
anions was observed, unlike most other hydroxyl ILs.

As clearly seen in Table 1, the (C2)H���X distances in all nonhy-
droxyl ILs are much shorter than the van der Waals distance of
X���H (O���H=2.72Å, Cl ���H=2.95Å, F���H=2.67Å, N���H=2.75Å[40])
and the bond angle of C2–H���X is close to 180o, as shown in
Fig. 5, implying that there are strong hydrogen bonds between
the anions and C2–H. The hydrogen bonding resulted in bond
lengths of C2–H in nonhydroxyl ILs that were shortened from
[AC]– to [PF6]

–. In hydroxyl ILs, although the C2–H distances are
slightly changed as compared with those in [HOEMIm]+ cation
and nonhydroxyl ILs, the (C2)H���X distances in all hydroxyl ILs
are clearly lengthened. Simultaneously, the O–H distance is
lengthened as compared with that of [HOEMIm]+, while the dis-
tance of (O)H���X is much shorter than both the distances of
(C2)H���X and the van der Waals distance of X���H.[40] Instead of
C2–H���X in nonhydroxyl ILs, O–H���X in hydroxyl ILs is nearly a
line with angles close to 180o, obviously larger than those of
C2–H���X (angles are shown in Fig. 6). The above results imply
that hydrogen bonding formed preferably between the anion
and C2–H in [EMIm]+-based ILs and was replaced by a much
stronger one between the anion and OH in [HOEMIm]+-based
ILs. This was further supported by the fact that the vibration fre-
quency of C2–H in hydroxyl ILs is less influenced compared
with that in [HOEMIm]+ but that of O–H obviously decreased,
particularly for anions of strong hydrogen-bond acceptors.

The optimized geometries for nonhydroxyl ILs are similar to
the previous theoretical reports at different levels,[38,41–46] but
somewhat different from the experimentally determined
single-crystal X-ray structures ([EMIm][Cl],[47] [EMIm][NO3],

[48]

[EMIm][PF6]
[49], [EMIm][BF4] and [EMIm][NTf2]

[50]). For example,

Table 2. The calculated parameters of hydroxyl and nonhydroxyl ILs in the gas phase

ILs ΔEc (kcal/mol) C2–H6 (Å) H6���X (Å) O–H20 (Å) H20���X (Å) va(C2–H6) (cm
–1) va(O–H20) (cm

–1)

[EMIm]+ — 1.079 — — — 3298 —
[EMIm][NTf2] �73.1 1.095 2.023 — — 3059 —
[EMIm][PF6] �75.7 1.080 2.100 — — 3289 —
[EMIm][ClO4] �78.7 1.084 2.087 — — 3224 —
[EMIm][BF4] �81.5 1.081 2.026 — — 3266 —
[EMIm][DCA] �77.5 1.082 2.344 — — 3256 —
[EMIm][NO3] �86.5 1.106 1.788 — — 2890 —
[EMIm][Cl] �90.5 1.123 1.984 — — 2620 —
[EMIm][AC] �98.2 1.136 1.642 — — 2455 —
[HOEMIm]+ — 1.079 — 0.966 — 3314 3835
[HOEMIm][NTf2] �72.0 1.090 2.046 0.972 2.042 3129 3740
[HOEMIm][PF6] �76.6 1.078 2.455 0.975 1.831 3325 3670
[HOEMIm][ClO4] �81.2 1.090 1.942 0.983 1.821 3122 3506
[HOEMIm][BF4] �83.0 1.079 2.294 0.981 1.731 3309 3559
[HOEMIm][DCA] �82.0 1.078 3.479 0.995 1.731 3320 3264
[HOEMIm][NO3] �88.6 1.103 1.805 0.987 1.790 2920 3437
[HOEMIm][Cl] �94.1 1.076 2.936 0.996 2.068 3335 3252
[HOEMIm][AC] �102.8 1.111 1.738 1.015 1.580 2795 2902
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Figure 7. Plot of the HBD (a) versus the calculated bond length of C2–H
(Å) or O–H20 (Å) for nonhydroxyl and hydroxyl ILs, respectively. The result
of correlation analysis is the following: dO–H20=16.82696–16.11028 a
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ion packing of [EMIm][NTf2] was reported to involve several
C–H���O hydrogen bonds and C–F���F interactions, instead of
C–H���N hydrogen bonds.[51] For hydroxyl ILs, there is no reason-
able comparison for the properties obtained from calculated
gas-phase structures with those obtained from bulk phase mea-
surements, because of a lack of experimental data for single-
crystal X-ray structures.
The magnitude of the interaction energies corrected by ZPE

and BSSE for hydroxyl ILs follows the trend: [AC]–>[Cl]–>

[NO3]
–>[BF4]

–>[DCA]–>[ClO4]
–>[PF6]

–>[NTf2]
–, which is nearly

consistent with that of nonhydroxyl ILs. However, hydrogen
bonding in ion pairing with various anions cannot be distin-
guished simply by ΔEc, because the energy of the ion-pair forma-
tion is obviously larger than normal hydrogen bond energies
(the hydrogen bonding energy in water dimer at the bottom of
the well is only 5.0�0.1kcal/mol[52]) and thus electrostatic attrac-
tion is the major source between ions.[53] The calculated ion-pair
formation energies for hydroxyl ILs are lower than the nonhy-
droxyl ILs by about 0.7–4.8kcal/mol. This implies that hydroxyls
ILs are more stable than nonhydroxyl ILs. For example, ΔEc for
nonhydroxyl ILs with various anions was changed from �73.1
kcal/mol ([EMIm][NTf2]) to �98.2kcal/mol ([EMIm][AC]), while
ΔEc for the corresponding hydroxyl ILs was changed from
�72.0kcal/mol ([HOEMIm][NTf2]) to �102.8kcal/mol ([HOEMIm]
[AC]). Obviously, ΔEc for [AC]-based ILs after hydroxyl functionali-
zation only increased about 1.1kcal/mol, while that for [NTf2]-based
ILs increased about 4.7kcal/mol. Thus, the difference in change
before and after hydroxyl functionalization can be explained, at
least in part, because of the presence of positive hydrogen from
OH and the formed intramolecular hydrogen bonding between
anion and [HOEMIm]+ (O–H���X). Together with the result of the
changed trend of vibration frequency and bond length of O–H
(the vibration of O–H increased from 2902cm-1 for [HOEMIm]
[AC] to 3670cm-1 for [HOEMIm][NTf2] while its bond length
shortened from 1.015Å to 0.972Å), the magnitude of the hydro-
gen bonding interaction energies in hydroxyl ILs follows the trend:
[AC]–>[Cl]–�[DCA]–>[NO3]

–>[BF4]
–� [ClO4]

–>[PF6]
–� [NTf2]

–.

Polarity and hydrogen bond ability of ILs

The hydrogen-bond acidity has also been explained by
solvatochromism and Kamlet–Taft parameters using spectro-
scopic probe methods, which describe characteristics including
the polarity scale, ET(30), polarisability (p*), and hydrogen-bond

Figure 8. 1H-NMR spectra of the hydroxyl ILs

Table 3. ET(30) (kcal/mol) and Kamlet–Taft Parameters
(polarisability, p*, hydrogen-bond donor acidity, a, and
hydrogen-bond acceptor basicity, b) of ILs

ILs ET(30) p* a b

[EMIm][NTf2] 52.0 0.90 0.76 0.28
[EMIm][PF6] 52.6 0.99 0.66 0.20
[EMIm][BF4] 53.7a 1.03 0.70 0.26
[EMIm][ClO4] 52.4 1.11 0.56 0.41
[EMIm][DCA] 51.7 1.08 0.53 0.35
[EMIm][NO3] 51.5 1.13 0.48 0.66
[EMIm][AC] 49.8 1.09 0.40 0.95
[HOEMIm][NTf2] 60.8 1.03 1.17 0.34
[HOEMIm][PF6] 61.7b 1.11 1.17 0.15
[HOEMIm][BF4]

c 60.5 1.16 1.05 0.22
[HOEMIm][ClO4] 60.3 1.13 1.06 0.16
[HOEMIm][DCA] 56.1 1.11 0.80 0.51
[HOEMIm][NO3] 55.6 1.11 0.77 0.65
[HOEMIm][Cl] 55.6 1.16 0.73 0.68
[HOEMIm][AC] 51.2 1.04 0.53 0.90
aData from Refs. [54,56].
bData from Ref. [29].
cDataderivedfromN,N-diethyl-4-nitroaniline and 4-nitroaniline.
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donor (acidity, HBD, a) depending on the cation and hydrogen-
bond acceptor (basicity, HBA, b) and on the anion properties of
solvents.[54,55] As can be seen in Table 2, hydroxyl ILs exhibit more
significant anion-dependent polarity (ET(30)=51.2–61.7kcal/mol)
and hydrogen-bond donor acidity (a=0.53–1.17) than nonhy-
droxyl ILs.

According to Welton’s proposition,[3] the ability of the ILs to
act as a hydrogen bond donor (cation effect) is controlled and
moderated by its hydrogen bond acceptor ability (anion effect),
and the overall ability of the ILs to form a hydrogen bond with
a solute molecule appears to come from an antagonistic relation-
ship between its constituent ions. This may be described in
terms of the following two competing equilibria.

Cation½ �þ þ Anion½ ��↔ Cation½ �þ⋯ Anion½ ��
Cation½ �þ þ Solute↔ Cation½ �þ⋯Solute

ET(30) in nonhydroxyl imidazolium-based ILs is mainly influ-
enced by the strength of hydrogen bonds between the phenox-
ide group on Reichardt’s dye and the hydrogen atoms C2–H.[56]

The C2–H on the imidazolium ring interact with anions of vari-
able hydrogen bond abilities (from [AC] to [PF6]), however, giving
residual hydrogen (C2–H) comparable freedom and acidity to
interact with the phenoxide group because of its lower acidity.
For hydroxyl ILs, the polarity scale was mainly influenced by
the more acidic OH in hydroxyl ILs, which behaves as a better
hydrogen bond donor than C2–H.[30,57] The more active OH is
expected to differentiate the anions of variable hydrogen bond
ability through hydrogen bonding between OH and anions, giving
hydrogen different freedom and acidity to interact with the solute.
For example, the acidic OH in [HOEMIm][AC] is anchored by the
enhanced hydrogen bonding interaction between OH and
[AC]–, which is much stronger than that in [HOEMIm][PF6], leading
to a weak interaction with the probe molecule.

A plot of the HBD (a) versus the calculated bond length of
C2–H (Å) and O–H20 (Å) for nonhydroxyl and hydroxyl ILs, respec-
tively, is shown in Fig. 7. Obviously, a value monotonously
decreased with the increasing bond length of O–H20 when vary-
ing the anion from [AC] to [NTf2], with good linearity (R=0.95).
However, no obvious correlation between bond length of C2–H

and a value was obtained either in hydroxyl ILs or in nonhydroxyl
ILs. The result supported the fact that the HBD ability of hydroxyl
ILs is mainly exhibited by the much more acidic hydrogen on OH
rather than by C2–H and for nonhydroxyl ILs, the effect of anions
on the HBD ability exhibited by C2–H is not pronounced.

1H-NMR

The calculated results are further compared with the experimen-
tal results of 1H-NMR, taking into consideration the fact that ion
pairing occurs preferentially between the acidic hydrogen of the
cations and counter ions and the 1H-NMR properties of ILs are
also revealed as highly dependent on the nature of the anion
and the interaction between cation and anion.[58,59]

The 1H-NMR results for the ILs diluted in DMSO-d6 at identical
concentrations are given in Fig. 8 and the chemical shift of pro-
tons on C2 and OH in hydroxyl and nonhydroxyl ILs with differ-
ent anions are listed in Table 3. For all hydroxyl ILs, the
chemical shift of methylene and methyl hydrogen is generally
anion-independent, while the chemical shift of C4/C5–H slightly
increased with anion basicity, which may be because of the hy-
drogen-bonded network between cations and anions in ILs,[19]

but not ring stacking, because the former leads to a higher
chemical shift while the latter leads to a lower chemical shift.[60]

In contrast, the chemical shift of C2–H significantly increased
with anion basicity, consistent with an earlier work by Bonhote
et al.[60] For hydroxyl ILs with weak hydrogen-bond acceptors
such as the anions [PF6]

–, [NTf2]
–, and [ClO4]

–, the chemical shift
of C2–H was nearly constant after hydroxyl function, which
means that the anions are too inert to interact with OH and to
disturb the interaction between C2–H and the anions. However,
for hydroxyl ILs with the anions [NO3]

–, [Cl]–, and [AC]–, one can
see that the chemical shift of C2–H significantly decreased
(moved to a higher field) compared with nonhydroxyl ILs. This
is caused by the competing formation of strong hydrogen bond-
ing between OH and the basic anion, which gives rise to rela-
tively free C2–H that is less intimated with the anion.
Simultaneously, the higher-field chemical shift of OH from 5.15
for [HOEMIm][PF6] to 5.48 for [HOEMIm][Cl] further supported
this point. This OH���X hydrogen bonding-induced change of
chemical shift of C2–H was also observed in equimolar mixtures

Table 4. Experimental and calculated chemical shift values of ILs with various anionsa

Nonhydroxyl ILsb C2–H Hydroxyl ILsb C2–H OH

Expl Calcdc Expl Caldc Expl Calcdc

[EMIm][PF6] 9.09 10.96 [HOEMIm][PF6] 9.06 10.03 9.09 10.96
[EMIm][NTf2] 9.10 12.33 [HOEMIm][NTf2] 9.07 12.01 9.10 12.33
[EMIm][BF4] 9.09 11.15 [HOEMIm][BF4] 9.05 10.80 9.09 11.15
[EMIm][ClO4] 9.10 11.46 [HOEMIm][ClO4] 9.07 12.13 9.10 11.46
[EMIm][DCA] 9.10 10.91 [HOEMIm][DCA] 9.07 9.01 9.10 10.91
[EMIm][NO3] 9.26 15.55 [HOEMIm][NO3] 9.19 14.50 9.26 15.55
[EMIm][Cl] 9.74d 17.84 [HOEMIm][Cl] 9.27 9.89 9.74d 17.84
[EMIm][AC] 9.81 18.49 [HOEMIm][AC] 9.61 15.57 9.81 18.49
aIn ppm, relative to TMS.
bILs in DMSO, 0.2M.
cCalculated by GAUSSIAN 03 using the B3LYP/6-31+G(d,p) method.
dInstead of [EMIm][Cl], [BMIm][Cl] was employed for comparison.
eNot observed.
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of [BMIm][Br] and diol compounds.[61] After hydroxyl functioniza-
tion, the unexpected slight change of chemical shift of C2–H in
[AC]–-based ILs is indicative of a small change in the hydrogen
bond of C2–H���[AC]–, probably because of the presence of two
equivalent electro-negative oxygens on the anion.

1H-NMR chemical shifts of nonhydroxyl and hydroxyl ILs was
also obtained by DFT calculations. As shown in Table 4, although
the calculated chemical shifts of C2–H and OH of the ion pair opti-
mized in the gas phase are significantly more deshielded than the
experimental data, the change in trend of the chemical shifts are
roughly consistent with that of the experimental results, which
confirmed the anion-dependent hydrogen bonding in hydroxyl
ILs. It is noteworthy that the calculated chemical shifts of C2–H in
[HOEMIm][Cl] and [HOEMIm][DCA] are much lower than those in
other hydroxyl ILs, which could be a result of their nonplanar con-
formations (where anions are on the imidazolium ring), similar to
the calculated result of two different [EMIm][Cl] conformations as
reported by Bagno et al.[62]

CONCLUSIONS

In summary, in [EMIm]+-based nonhydroxyl ILs, hydrogen bond-
ing is mainly between anions and C2–H (C2–H���X). However, in
[HOEMIm]+-based hydroxyl ILs, the presence of OH make it a
better hydrogen bond donor than C2–H. Strong hydrogen bond-
ing interaction occurred between anions and OH on the cation
(O–H���X). The resulting hydrogen bonding is much more an-
ion-dependent than the C2–H���anion, where it is obviously
weakened by changing the anion from [AC]– to [NTf2]

–. This dif-
ferent interaction between [HOEMIm]+ and variable anions in-
volving O–H���X hydrogen bonding resulted in the hydrogen of
OH with different acidity and freedom to interact with the probe
molecule, thus the anion in hydroxyl ILs exhibited a significant
effect on their bulk phase properties. Experimental results of hy-
droxyl ILs indeed show anion-dependent polarity and HBD (acidity,
a), and 1H-NMR shift, more significantly than nonhydroxyl ILs.
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