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A new series of ionic liquids based on the difluorophosphate anion (PO2F2
-) has been synthesized bymetathesis from

the corresponding chloride. Incorporation of the PO2F2
- anion with an N-heterocyclic cation (1-ethyl-3-methylimi-

dazolium (EMImþ), 1-butyl-3-methylimidazolium, 1-butyl-1-methylpyrrolidinium, or 1-butyl-1-methylpiperidinium
(BMPipþ)) produces ionic liquids with low melting points, including some room-temperature ionic liquids. The
vibrational frequencies of PO2F2

- in the obtained ionic liquids were assigned with the aid of quantum mechanical
calculations. The ionic conductivities of the ionic liquids are comparable to those of the corresponding tetrafluoro-
borate-based ionic liquids (e.g., 12 mS cm-1 for 1-ethyl-3-methylimidazolium difluorophosphate, [EMIm][PO2F2]).
The stability of ionic liquids against hydrolysis is significantly improved by replacing the hexafluorophosphate anion
with the difluorophosphate anion, which suppresses the subsequent liberation of hydrogen fluoride. According to the
solvatochromic method, the donor ability of ionic liquids based on PO2F2

- is stronger than those of ionic liquids based
on BF4

-, PF6
-, and N(SO2CF3)2

-, due to the large negative charge on the oxygen atoms in PO2F2
-. The

electrochemical window of [EMIm][PO2F2] is around 4.2 V, and the diffusion coefficients of ferrocene in
[EMIm][PO2F2] are 2.83�10-7 cm2 s-1 by cyclic voltammetry and 3.03�10-7 cm2 s-1 by chronoamperometry,
both of which are comparable to those in 1-ethyl-3-methylimidazolium tetrafluoroborate ([EMIm][BF4]). The X-ray
structure of [BMPip][PO2F2] contains two cations and two anions in the asymmetric unit, where one of the two cations
is disordered into two positions (chair configurations) even at -173 �C. The oxygen atoms in PO2F2

- have closer
contacts to the hydrogen atoms in BMPipþ than the fluorine atoms, indicative of their stronger basicity.

Introduction

The use of ionic liquids is being increasingly extended into
more fields to replace conventional aqueous or organic
media. Ionic liquids often exhibit unique properties including
nonflammability, negligible vapor pressure, and high thermal
and chemical stability.1,2 Recognition of ionic liquids as
versatile media with ease of handling has spread after the
development of air-stable room-temperature ionic liquids
based on fluoroanions including BF4

-, PF6
-, OSO2CF3

-,
and N(SO2CF3)2

-.3-6 Application of ionic liquids as recycl-

able reaction media for various organic reactions, enzyme
reactions, phase separations, and extractions has been ex-
amined bymany groups.1 Ionic liquids are composed of ionic
species; therefore, they often exhibit sufficient ionic conduc-
tivity without the addition of supporting electrolytes or
solvents, and this has led to electrochemical applications
such as lithium batteries, solar cells, fuel cells, double-layer
capacitors, and plating.2

Although the design approach to ionic liquids varies
dependingon the purpose, use of thedifluorophosphate anion
(PO2F2

-) as a counteranion implies at least two interesting
points: its structural features and its stability against hydro-
lysis. The preparation and characterization of a series of
1-ethyl-3-methylimidazolium (EMImþ) fluorocomplex salts
(BF4

-, PF6
-, AsF6

-, SbF6
-, NbF6

-, TaF6
-, and WF7

-)
have been previously reported.7 The melting points of the
hexafluorocomplex salts decrease with an increase in size of
the anion, although these salts are classified into two different
structural types in the solid state: A-type, including P,As, and
Sb, and B-type, including Nb and Ta. Interestingly,
[EMIm][BF4] shows a lowmelting point of 15 �C (cf. 60 �C for
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the corresponding hexafluorophosphate salt, [EMIm][PF6])
despite the small size of the anion. The conductivity of ionic
liquids is considered to be dominated by several factors such
as ion size and ion-ion interactions. Even a bulky anion such
as bis(trifluoromethylsulfonyl)amide (N(SO2CF3)2

-) some-
times exhibits a relatively high conductivity when combined
with an appropriate cation (e.g., 8.8 mS cm-1 for
[EMIm][N(SO2CF3)2]).

6 However, limited to the series of
simple fluorocomplex anions above, ionic liquids with small
anions exhibit high conductivity (e.g., 13 mS cm-1 for
[EMIm][BF4]).

8 The PO2F2
- anion occupies an interesting

position in terms ofmolecular design for ionic liquids, because
its size is between the two popular anions, BF4

- (Td) and
PF6

- (Oh), and it adopts a lower symmetry compared to these
anions (the distorted tetrahedral AX2Y2 valence shell elec-
tron pair repulsion (VSEPR) geometry (C2v)).
The other interesting point for PO2F2

- is its high stability
toward hydrolysis. Ionic liquids are often referred to as
environmentally benign solvents or electrolytes, due to their
high chemical stabilities and recyclable characteristics, de-
scribed above, whereas some ionic liquids are not always en-
vironmentally benign under certain conditions. Hexafluoro-
phosphate anion-based ionic liquids are known for their
instability against hydrolysis.9,10 For example, the room-
temperature ionic liquid, 1-butyl-3-methylimidazolium hexa-
fluorophosphate [BMIm][PF6], gives a decomposition pro-
duct, [BMIm][F] 3H2O, by hydrolytic degradation.10 This is a
characteristic of the PF6

- salts, and there are a number of
reports on the hydrolysis of PF6

- salts, such as LiPF6, used in
the electrolytes of lithium ionbatteries and [M(ligand)n][PF6]m
(M=metal cation) salts.11-13 According to these studies, the
hydrolysis of PF6

- yields POF3 and PO2F2
- accompanied

by HF. The two possible chemical species in this process,
POF4

- andPO2F, are not easily isolated, because these species
are not stable under ambient conditions.14 On the other hand,
the PO2F2

- anion, which appears as a hydrolysis product
from PF6

- even under the condition of excess water in some
cases, is considered to be more stable against hydrolysis than
PF6

-,11-13 which prevents deterioration of the system and
evolution of HF and helps to improve the present chemical or
electrochemical process.
This study reports the first syntheses of ionic liquids based

on PO2F2
-, in addition to their spectroscopic, physical,

chemical, electrochemical, and structural properties.

Results and Discussion

Syntheses, Computational Results, and Vibrational

Spectra.FourN-heterocyclic ammoniumcations, EMImþ,
BMImþ, 1-butyl-1-methylpyrrolidinium (BMPyrþ), and 1-
butyl-1-methylpiperidinium (BMPipþ), were combined

with PO2F2
- in this study (Figure 1). The PO2F2

--based
salts were obtained as colorless liquids or solids at room
temperature by the simplemetathesis of [K][PO2F2] and the
corresponding chlorides in acetone. All of the ionic liquids
were miscible with water under ambient conditions, so that
purification through an activated alumina column was
necessary to remove chloride impurities. Karl-Fishermea-
surements showed that the typical water contents of dried
samples were less than 100 ppm.
Although the structure of PO2F2

- was determined in
several crystal structures (Table S1, Supporting In-
formation),13,15 including [BMPip][PO2F2] described be-
low, quantum mechanical calculations were performed to
obtain the basic structural parameters in the gas phase,
together with those of BF4

- and PF6
- for comparison. All

calculations performed in the current study (HF, B3LYP,
PBE1PBE, MPW1PW91, and MP2) were combined with
cc-pVTZ and aug-cc-pVTZ basis sets to give the same
trend of geometries. The following is a brief description of
PO2F2

- based on the optimized geometries at PBE1PBE/
aug-cc-pVTZ, as shown in Figure 2, with selected geome-
trical parameters and natural bond orbital (NBO)
charges16 (see Tables S2 and S3 for the results at the other
levels, Supporting Information). The PO2F2

- anion has an
ion size between BF4

- and PF6
- with a P-O bond (1.481

Å) that is longer than the B-Fbond inBF4
- (1.406 Å) and

with a P-F bond (1.606 Å) that is shorter than the
P-F bond in PF6

- (1.625 Å). The O-P-O (125.5�) and
F-P-F (95.0�) bond angles are increased and decreased,
respectively, from the ideal tetrahedral geometry, whereas
the O-P-F angle (108.0�) stays close to the ideal tetra-
hedral angle of 109.5�, which satisfies VSEPR theory.17

Figure 1. Chemical structures of the (a) 1-ethyl-3-methylimidazolium
(EMImþ), (b) 1-butyl-3-methylimidazolium (BMImþ), (c) 1-butyl-1-
methylpyrrolidinium (BMPyrþ), and (d) 1-butyl-1-methylpiperidinium
(BMPipþ) cations.
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According to theNBOanalysis, the charges on the fluorine
atoms in PO2F2

- are close to those in PF6
- and slightly

more negative than those in BF4
-. The oxygen atoms in

PO2F2
- are almost twice as negatively charged compared

with the fluorine atoms in the three anions.
Raman and infrared (IR) spectra of the PO2F2

- salts
recorded at room temperature, where [EMIm][PO2F2]
and [BMIm][PO2F2] are liquid and [BMPyr][PO2F2] and
[BMPip][PO2F2] are solid, are shown in Figures 3 and 4,
respectively. To our knowledge, this is the first detailed
assignment for the vibrational frequencies of PO2F2

-

based on quantum mechanical calculations (Table 1 and
Table S4, Supporting Information).13,18,19 The vibra-
tional modes of the PO2F2

- anion belong to the irredu-
cible representations Γ=4A1þA2þ 2B1þ 2B2 underC2v

symmetry. For the Raman spectra of the PO2F2
- salts,

the assignments of the four modes, νas(PO2), νs(PO2),
νas(PF2), and νs(PF2)þ small νs(PO2), are straightfor-
ward, whereas the three modes, δs(PF2) - δs(PO2), Fr-
(PF2) - Fw(PO2), and Fw(PF2) - Fr(PO2), are indisting-
uishable and assigned to the two observed bands around
500 cm-1. The δs(PF2) þ δs(PO2) and Ft(PF2) - Ft(PO2)
modes are also assigned to the one observed band around
350 cm-1. The IR spectra of the PO2F2

- salts are char-
acterized by four strong absorption bands. The two
modes, νas(PF2) and νs(PF2)þ small δs(PO2), overlap
with each other around 820 cm-1. The vibrational modes
around 500 cm-1 (δs(PF2)- δs(PO2), Fr(PF2)- Fw(PO2),
and Fw(PF2)-Fr(PO2)) are also observed as one broad

band. Compared to the isoelectronic SO2F2 molecule
(S-O=1.386 Å, S-F= 1.514 Å, O-S-O= 124.63�,
O-S-F = 107.67�, F-S-F = 98.62�, and O-S-F =
107.60 �),20 the vibrational frequencies for PO2F2

- are
observed at lower frequencies, where the νas(AO2) mode
(A=Sor P) exhibits the largest difference (200 cm-1).21,22

In all of theN-heterocyclic ammonium salts examined, the
PO2F2

- anion exhibits similar vibrational frequencies with
similar relative intensities, whereas there are several shifts for
somevibrationalmodes containingP-O2andP-F2 stretch-
ing between the potassium salt and the quaternary ammo-
nium salts. This shift arises from the weakened interaction
between the cation and the oxygen or fluorine atom in the
anion by introducing the bulky N-heterocyclic ammonium
cation with delocalized positive charges.

Physical and Chemical Properties. The physical proper-
ties of the present ionic liquids are summarized in Table 2,
in addition to those of [EMIm][BF4] and [BMIm][PF6]
for comparison. Molar volume calculated from the mea-
sured density increases with the increase in cation size. The
order ofmolar volume for the three room-temperature ionic
liquids, [BMIm][BF4] (188 cm

3mol-1)23< [BMIm][PO2F2]
(195 cm3 mol-1)<[BMIm][PF6] (207 cm3 mol-1),23 is in
agreement with the values expected from the sizes of the
three anions.
The differential scanning calorimetry (DSC) results are

shown in Figure 5. The melting point observed for
the EMImþ salt ([EMIm][PO2F2] (7 �C)), which is lower
than that for the corresponding BMImþ salt ([BMIm]-
[PO2F2] (19 �C)), is contrary to that for the BF4

-- (15 �C
for [EMIm][BF4]

8 and -83 �C (glass transition) for
[BMIm][BF4]

23,24) and PF6
--based (60 �C for [EMIm]-

[PF6]
6 and 10 �C for [BMIm][PF6]

23) salts, whereas the
OSO2CF3

-- andN(SO2CF3)2
--based salts show the same

behavior (-9 �C for [EMIm][OSO2CF3],
6 17 �C for

[BMIm][OSO2CF3],
23 -18 �C for [EMIm][N(SO2-

CF3)2],
23 and -3 �C for [BMIm][N(SO2CF3)2]

25). The

Figure 2. Calculated geometries of (a) BF4
-, (b) PO2F2

-, and (c) PF6
-

at PBE1PBE/aug-cc-pVTZ (Å, deg). Numbers in the brackets represent
the NBO charges.

Figure 3. Raman spectra of (a) [K][PO2F2], (b) [EMIm][PO2F2],
(c) [BMIm][PO2F2], (d) [BMPyr][PO2F2], and (e) [BMPip][PO2F2] at
room temperature.

Figure 4. Infrared spectra of (a) [K][PO2F2], (b) [EMIm][PO2F2],
(c) [BMIm][PO2F2], (d) [BMPyr][PO2F2], and (e) [BMPip][PO2F2] at
room temperature.
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low melting points of 27 and 41 �C for the nonaromatic
cation-based salts, [BMPyr][PO2F2] and [BMPip]-
[PO2F2], are noteworthy when compared to those for
[BMPyr][BF4] (138 �C),26 [BMPyr][PF6] (70 �C),27 and
[BMPip][BF4] (146 �C).28 Both [BMPyr][PO2F2] and
[BMPip][PO2F2] undergo a solid-solid phase transition

before melting, as is often observed for such nonaromatic
cations.26,27,29-31 In theDSC curve of [BMPyr][PO2F2], a
peak ascribed to a crystal-plastic crystal phase transition
is observed at-15 �C. Alkylpyrrolidinium cations have a
high symmetry around the nitrogen atom and often form
plastic crystal phases.26,27,29 Timmermans pointed out
that the entropy change of fusion, ΔSfus, is usually less
than 20 J K-1 mol-1 for plastic crystal phases.32 For
[BMPyr][PO2F2], a ΔSfus of 12.8 J K-1 mol-1 calculated
according to the relationship ΔSfus=ΔHfus/Tm, where
the enthalpy change of fusion, ΔfusH, and Tm are 3849 J
mol-1 and 300 K, respectively, satisfies this condition.
The X-ray diffraction patterns measured at -120 and
-30 �C show that [BMPyr][PO2F2] has the same crystal-
line phase at these temperatures, whereas the diffraction
pattern at 0 �C contains only several peaks in the small 2θ
region, which suggests a plastic crystalline structure
for this phase (Figure S1 and Table S5, Supporting
Information). Although alkylpiperidinium-based salts
sometimes also form a plastic phase, theX-ray diffraction
pattern of [BMPip][PO2F2] revealed that both of the solid
phases observed in the DSC thermograms are crystalline;
that is, the endothermic peak at 22 �C during the heating
process is ascribed to a crystal-crystal phase transition
(see the section labeled Crystal Structure of
[BMPip][PO2F2]). The melting point of a pure salt is

Table 1. Vibrational Frequencies, Intensities, and Assignments for the PO2F2
- Anion at 25 �Ca

Kþb EMImþc BMImþc BMPyrþd BMPipþc

Raman IR Raman IR Raman IR Raman IR Raman IR calcde assignmentf (C2v)

1308.9(4)
1335(s)

n.d. 1323(s) n.d. 1325(s) n.d. 1316(s) n.d.
1320(s)

1328.0(3)[366] νas(PO2)1312(s) 1300(s)
1141.6(100) 11452(s) 1139.6(100) 1140(s) 1139.6(100) 1138(s) 1138.2(100) 1136(s) 1137.7(100) 1136(s) 1125.0(38)[180] νs(PO2)
857.1(5) 857(sh) n.d.

820(s)
n.d.

818(s)
n.d.

812(s)
n.d. 832(s) 784.9(2)[241] νas(PF2)

821.9(48) 835(s) 807.4(20) 811.8(27) 803.6(27) 810.3(29) 812(s) 773.7(12)[134] νs(PF2) þ small δs(PO2)

514.7(30)
500(s)

504.1(10)
498(s)

505.1(23)
498(s)

504.1(22)
494(s)

504.6(34) 504(s) 486.0(2)[32] δs(PF2) - δs(PO2)

501.7(17) 498.8(sh) 499.3(sh) 495.9(sh) 497.9(30) 496(s) 479.0(1)[27] Fr(PF2) - Fw(PO2)
473.6(1)[29] Fw(PF2) - Fr(PO2)

353.7(29) 351.7(20) 351.3(21) 349.3(19) 350.3(31)
331.5(1)[1] δs(PF2) þ δs(PO2)
330.9(1)[0] Ft(PF2) - Ft(PO2)

aFrequencies are given in cm-1. The experimental intensities for the Raman spectra are scaled relative to the intensity of the νs(PO2) mode of PO2F2
-,

which is assigned a value of 100. The abbreviations sh, br, w, m, and s denote shoulder, broad, weak, medium, and strong. Vibrational modes assigned to
the cation or combinationmodes and overtones are summarized in the Supporting Information. b Solid (crystal phase) at 25 �C. cLiquid at 25 �C. d Solid
(plastic phase) at 25 �C. eMP2/aug-cc-pVTZ. Values in parentheses are Raman intensities (Å4 amu-1), and values in square brackets are infrared
intensities (km mol-1). fThe symbols νas, νs, δs, Fr, Fw, and Ft denote asymmetric stretching, symmetric stretching, scissoring, rocking, wagging, and
twisting modes, respectively.

Table 2. Physical Properties of PO2F2-Based Saltsa

salt Tm/�C Td/�C F/g cm-3 η/cP MV /cm3 mol-1 σ/mS cm-1 Λ/S cm2 mol-1

[EMIm][PO2F2] 7 323 1.314 35 161 12 1.9
[BMIm][PO2F2] 19 320 1.230 75 195 3.2 0.62
[BMPyr][PO2F2] 27 313 1.165 102 209 3.6 0.76
[BMPip][PO2F2] 41 297 1.156 410 223 0.90 0.20
[EMIm][BF4]

b 15 360 1.280 34 156 13 2.0
[BMIm][PF6]

c 10 (Tg: -77) 433 1.371 261 207 1.5 0.31

a Tm, melting point; Tg, glass transition temperature; and Td, thermal decomposition temperature (5% weight loss). The density (F), viscosity (η),
molar volume (MV), conductivity (σ), and molar conductivity (Λ) values are at 25 �C for [EMIm][PO2F2] and [BMIm][PO2F2], at 35 �C for
[BMPyr][PO2F2], and at 45 �C for [BMPip][PO2F2].

bRefs 7 and 8. cRef 23.

Figure 5. Differential scanning calorimetric thermograms for
(a) [EMIm][PO2F2], (b) [BMIm][PO2F2], (c) [BMPyr][PO2F2], and
(d) [BMPip][PO2F2].

(26) Forsyth, S.; Golding, J.; MacFarlane, D. R.; Forsyth, M. Electro-
chim. Acta 2001, 46, 1753–1757.

(27) Golding, J.; Hamid, N.; MacFarlane, D. R.; Forsyth, M.; Forsyth,
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(32) Timmermans, J. J. Phys. Chem. Solids 1961, 181, 1–8.
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dominated by the balance of its lattice and solvation
energies.33 The relatively low melting points for the
present PO2F2

- salts suggest larger solvation energies
compared to the lattice energies. The thermal decomposi-
tion temperatures of the four ionic liquids were deter-
mined by thermogravimetric analysis at the temperature
where the sample loses 5% of its weight (Figure S2,
Supporting Information). Two imidazolium-based salts,
[EMIm][PO2F2] and [BMIm][PO2F2], exhibited a similar
decomposition temperature around 320 �C. The other
two ionic liquids, [BMPyr][PO2F2] and [BMPip][PO2-
F2], were slightly less stable than the imidazolium-based
salts.
Arrhenius plots of ionic conductivity for [EMIm]-

[PO2F2], [BMIm][PO2F2], [BMPyr][PO2F2], and
[BMPip][PO2F2] are shown in Figure 6. The ionic con-
ductivity of [EMIm][PO2F2] is 12 mS cm-1 at 25 �C,
which is close to the 13 mS cm-1 for [EMIm][BF4]

7,8 and
higher than those of other reported room-temperature
ionic liquids based on fluoroanions (e.g., 6.2 mS cm-1 for
[EMIm][SbF6],

7 8.5 mS cm-1 for [EMIm][NbF6],
7 7.1 mS

cm-1 for [EMIm][TaF6],
7 8.6 mS cm-1 for [EMIm]-

[OSO2CF3],
6 and 8.8 mS cm-1 for [EMIm][N(SO2-

CF3)2]
6). The ionic conductivity of 3.2 mS cm-1 for

[BMIm][PO2F2] at 25 �C is also comparable to the 3.6
mS cm-1 for [BMIm][BF4].

23 For [EMIm][PO2F2] and
[BMIm][PO2F2], the plots show slightly convex curves in
the temperature range ofmeasurement. TheVogel-Tam-
man-Fulcher (VTF) equation34 (eq 1) is known to fit the
behavior of ionic conductivity for ionic liquids better than
the Arrhenius equation:23,24,35,36

σ ¼ σ0 exp½-B=ðT -T0Þ� ð1Þ

where σ is ionic conductivity (S cm-1) and σ0 (S cm-1), B
(K), and T0 (K) are constants. In the current study, only
the ionic conductivities of [EMIm][PO2F2] and
[BMIm][PO2F2] were fitted by theVTF equation, because

the temperature range of measurement was sufficiently
wide (5-75 �C). Arrhenius plots of viscosity for
[EMIm][PO2F2], [BMIm][PO2F2], [BMPyr][PO2F2], and
[BMPip][PO2F2] are shown in Figure 7. The plots are
slightly concave curves in this case and could also be fitted
by the VTF equation (eq 2) for [EMIm][PO2F2] and
[BMIm][PO2F2]:

η ¼ η0 exp½B=ðT -T0Þ� ð2Þ
where η is viscosity (cP) and η0 (cP),B (K), andT0 (K) are
constants. Both the ionic conductivity and viscosity for
[EMIm][PO2F2] and [BMIm][PO2F2] are fitted well by the
VTF equations, and the best-fit parameters obtained for
the present ionic liquids are shown in Table S6
(Supporting Information). As previously reported for
both ionic conductivity and viscosity,23,25,35,36 a more
prominent change is observed for B compared with T0

by changing the cation. It is known thatmost ionic liquids
obey Walden’s equation, Λη=a, where a is a constant
called the Walden product and Λ is the molar conductiv-
ity.37-40 TheWalden product (in [S cm2 mol-1][cP]) of 67
for [EMIm][PO2F2] is close to those for other known ionic
liquids (e.g., 68 for [EMIm][BF4],

8 78 for [EMIm][SbF6],
7

79 for [EMIm][NbF6],
7 67 for [EMIm][TaF6],

7 and 77 for
[EMIm][N(SO2CF3)2]

6), which suggests that the ion con-
duction in these ionic liquids is dominated by the same
mechanism.
The higher stability of PO2F2

--based ionic liquids
against hydrolysis compared with PF6

--based ionic
liquids was demonstrated by adding water to
[BMIm][PO2F2] and [BMIm][PF6] at elevated tempera-
tures. A glass vial containing 1 mL of [BMIm][PO2F2] or
[BMIm][PF6] was heated up to 130 �C, and 0.3mLofH2O
was added to it. As previously reported,9,10 [BMIm][PF6]
was quickly hydrolyzed under these conditions to yield
white fumes of HF and a yellowish decomposed liquid
with severe etching of the glass vial. On the other hand,

Figure 6. Arrhenius plots of ionic conductivity for (a) [EMIm][PO2F2],
(b) [BMIm][PO2F2], (c) [BMPyr][PO2F2], and (d) [BMPip][PO2F2]. The
solid lines are fitting curves based on the VTF equation.

Figure 7. Arrhenius plots of viscosity for (a) [EMIm][PO2F2],
(b) [BMIm][PO2F2], (c) [BMPyr][PO2F2], and (d) [BMPip][PO2F2]. The
solid lines are fitting curves based on the VTF equation.

(33) Krossing, I.; Slattery, J. M.; Daguenet, C.; Dyson, P. J.; Oleinikova,
A.; Weing

::
artner, H. J. Am. Chem. Soc. 2006, 128, 13427–13434.

(34) (a) Vogel, H. Phys. Z. 1921, 22, 645–646. (b) Fulcher, G. S. J. Am.
Ceram. Soc. 1923, 8, 339–355.

(35) Tokuda,H.; Ishii, K.; Susan,M.A. B.H.; Tsuzuki, S.; Hayamizu, K.;
Watanabe, M. J. Phys. Chem. B 2006, 110, 2833–2839.

(36) Noda, A.; Hayamizu and, K.; Watanabe, M. J. Phys. Chem. B 2001,
105, 4603–4610.

(37) (a) Walden, P.; Ulich, H.; Busch, G. Z. Phys. Chem. 1926, 123, 429–
434. (b) Walden, P.; Birr, E. J. Z. Phys. Chem. Abt. A 1931, 153, 1–51.

(38) Hagiwara, R.; Matsumoto, K.; Nakamori, Y.; Tsuda, T.; Ito, Y.;
Matsumoto, H.; Momota, K. J. Electrochem. Soc. 2003, 150, D195.

(39) Yoshida, Y.; Muroi, K.; Ohtsuka, A.; Saito, G.; Takahashi, M.;
Yoko, T. Inorg. Chem. 2004, 43, 1458–1462.

(40) Xu, W.; Cooper, E. I.; Angell, C. A. J. Phys. Chem. B 2003, 107,
6170–6178.
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[BMIm][PO2F2] did not display any change in appearance
under the same conditions, except for the evaporation of
H2O (Figure S3, Supporting Information). According to
the results of 31P NMR spectroscopy, [BMIm][PF6],
which was kept in a PFA (tetrafluoroethylene-perfluoro-
alkylvinylether copolymer) container at 150 �C for 1 h
withoccasional additionofH2O,was completelyhydrolyzed
(Figure S4, Supporting Information). On the other hand,
the 31P NMR spectrum of the [BMIm][PO2F2] sample
after the same treatment was identical to that of the
original sample (Figure S4, Supporting Information).

Donor Property. The polarity of ionic liquids has been
measured using several methods, such as in the cases of
organic solvents.6,41-47 Although the definition of polar-
ity for ionic liquids is quite complicated due to the
presence of two components, cation and anion, solvato-
chromic methods provide a simple and easy scale to
evaluate the donor or acceptor properties of ionic liquids.
The square-planar complex salt, [Cu(tmen)(acac)][BPh4]
(tmen=N,N,N0,N0-tetramethylethylenediamine, acac=
acetylacetonate, and BPh4= tetraphenylborate), shows
an absorption peak for the lowest energy d-d band in the
visible range, and the position of the maximum wave-
length (λCu) depends on the donor property of the solvent
or the ionic species in a solvent.48 Table 3 shows λCu for
selected ionic liquids based on EMImþ and BMImþ.
Figure 8 shows visible absorption spectra of [Cu-
(tmen)(acac)][BPh4] in BMImþ-based ionic liquids (0.01
mol L-1; see Figure S5 for the spectra including EMImþ-
based ionic liquids, Supporting Information). The λCu
values obtained for the ionic liquids based on BF4

-,
PF6

-, and N(SO2CF3)2
- are in good agreement with

the reported values.41,43,47 It is known that λCu is insensi-
tive to the cationic structure, because the copper center
accepts an electron donor, namely, the anion in the ionic
liquids. The PF6

- anion shows low nucleophilicity due to
its high symmetry (Oh) and low charge density. A low-

ering in symmetry for BF4
- slightly increases its donor

property. Although the bulky N(SO2CF3)2
- anion has

delocalized charge density, the negatively charged parts
such as O and N atoms can function as electron donors,
resulting in its similar donor property to that of BF4

-.
The ionic liquids based on PO2F2

- exhibit significantly
large λCu values (625 nm for [EMIm][PO2F2] and 627 nm
for [BMIm][PO2F2]) that are close to the 638 nm observed
for the strong donor, CF3CO2

-, in [BMIm][CF3CO2]
41

and close to the 623 nm observed for pyridine, which is
known as a Lewis basic solvent.48 The results of quantum
mechanical calculations (Figure 1) indicate that the oxy-
gen atoms have a negative charge twice as large as that of
the fluorine atoms in PO2F2

- and can strongly interact
with the copper center, resulting in a large λCu value. The
correlation between λCu and the degree of dissociation of
the ions in ionic liquids was previously evaluated and
reported as showing a trend where the degree of dissocia-
tion decreases with the increase in λCu (i.e., the donor
property of the anion).41 The high ionic conductivity for
ionic liquids based onPO2F2

-, despite the large λCu value,
implies potentially high diffusion coefficients of the ionic
species.

Electrochemical Properties of [EMIm][PO2F2]. The
electrochemical properties of [EMIm][PO2F2], which ex-
hibited the highest conductivity in the present series, were
investigated by voltammetric methods. A linear sweep
voltammogram of a glassy carbon disk electrode in
[EMIm][PO2F2] at 25 �C is shown in Figure 9 (see Figure
S6 for a voltammogram using a platinum electrode,
Supporting Information). The linear sweep voltammo-
gramdoes not show any peaks that would be attributed to
possible impurities. The cathode and anode limits of this
ionic liquid are -2.6 and 1.7 V versus the Fcþ/Fc redox
couple, respectively, when the limits were determined as
the potential of a glassy carbon electrode, where the
absolute values of the current densities exceeded 0.5 mA
cm-2 during linear sweep voltammetry at a scan rate of
5 mV s-1. Both the cathode and anode stabilities are
comparable to those of EMImBF4,

2,49 which implies its

Table 3. Absorption Maximum Wavelength (λCu) of [Cu(tmen)(acac)][BPh4] in
Selected Ionic Liquids

ionic liquid λCu/nm
a

[EMIm][PO2F2] 625
[EMIm][BF4] 537
[EMIm][N(SO2CF3)2] 545
[BMIm][PO2F2] 627
[BMIm][BF4] 541
[BMIm][PF6] 516
[BMIm][N(SO2CF3)2] 547

aThe concentration of [Cu(tmen)(acac)][BPh4] is 0.01 mol L-1.

Figure 8. Visible absorption spectra of [Cu(tmen)(acac)][BPh4] in
BMImþ-based ionic liquids: (a) [BMIm][BF4], (b) [BMIm][PF6],
(c) [BMIm][N(SO2CF3)2], and (d) [BMIm][PO2F2]. Concentration:
0.01 mol L-1.

(41) Tokuda, H.; Tsuzuki, S.; Susan, M. A. B. H.; Hayamizu, K.;
Watanabe, M. J. Phys. Chem. B 2006, 110, 19593–19600.

(42) Aki, S. N. V. K.; Brennecke, J. F.; Samanta, A. Chem. Commun.
2001, 413–414.

(43) Muldoon, M. J.; Gordon, C.M.; Dunkin, I. R. J. Chem. Soc., Perkin
Trans. 2 2001, 433–435.

(44) Dzyuba, S. V.; Bartsch, R. A. Tetrahedron Lett. 2002, 43, 4657–4659.
(45) Crowhurst, L.; Mawdsley, P. R.; Arlandis, J. M. P.; Salter, P. A.;

Welton, T. Phys. Chem. Chem. Phys. 2003, 5, 2790–2794.
(46) Carmichael, A. J.; Seddon, K. R. J. Phys. Org. Chem. 2000, 13, 591–

595.
(47) Wasserscheid, P.; Gordon, C. M.; Hilgers, C.; Muldoon, M. J.;

Dunkin, I. R. Chem. Commun. 2001, 1186–1187.
(48) (a) Fukuda, Y.; Sone, K. Bull. Chem. Soc. Jpn. 1972, 45, 465–469. (b)

Soukup, R. W.; Sone, K. Bull. Chem. Soc. Jpn. 1987, 60, 2286–2288. (c) Linert,
W.; Jameson, R. F.; Taha, A. J. Chem. Soc., Dalton Trans. 1993, 3181–3186.

(49) (a) Nakagawa, H.; Izuchi, S.; Kuwana, K.; Nukuda, T.; Aihara, Y.
J. Electrochem. Soc. 2003, 150, A695–A700. (b) Katayama, Y.; Dan, S.; Miura,
T.; Kishi, T. J. Electrochem. Soc. 2001, 148, C102–C105.
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potential applications as an electrolyte in energy conver-
sion devices.
The redox behavior of the Fcþ/Fc couple in

[EMIm][PO2F2] was further investigated using cyclic
voltammetry and chronoamperometry with a platinum
disk electrode at 25 �C to demonstrate the electrochemical
behavior of chemical species in the ionic liquid. The
electrochemical parameters (Table S7, Supporting In-
formation) and shape of the cyclic voltammogram
(Figure 10) indicate the high reversibility of the Fcþ/Fc
redox couple in [EMIm][PO2F2]. The redox potential of
the Fcþ/Fc couple was -0.590 V versus Agþ/Ag under
the present experimental conditions. The diffusion coeffi-
cient of ferrocene at 25 �C in [EMIm][PO2F2] was inde-
pendently evaluated using cyclic voltammetry and
chronoamperometry with eqs 3 and 4, respectively:50

ip¼ð2:69�105Þn3=2D1=2v1=2C ð3Þ

id¼ð9:65�105ÞnD1=2t-1=2Cπ-1=2 ð4Þ
where ip is the anodic peak current density in the cyclic
voltammogram, id is the anodic current density at time t in
the chronoamperogram, n is the number of electrons
involved in the electrode reaction (n=1), D is the diffu-
sion coefficient, v is the scan rate, and C is the concentra-
tion (see Figures S7 and S8 for the v1/2-ip and t-1/2-id
plots, respectively, Supporting Information). The dif-
fusion coefficients determined by cyclic voltammetry

(2.8�10-7 cm2 s-1) and chronoamperometry (3.0�10-7

cm2 s-1) agree well with each other and are comparable to
some of the data determined for [EMIm][BF4] (2.9�10-7

and 3.2 � 10-7),51,52 which reflect viscosities that are
almost the same (Table 2) as those of the two ionic liquids
and a similar transport mechanism.

Crystal Structure of [BMPip][PO2F2]. The crystal
structure of [BMPip][PO2F2] was determined using
single-crystal X-ray diffraction. Crystal data and refine-
ment results are given in Table 4. The asymmetric unit

Figure 9. Linear sweep voltammogram of a glassy carbon electrode in
[EMIm][PO2F2]. Scan rate: 5 mV s-1.

Figure 10. Cyclic voltammogram of a platinum electrode in
[EMIm][PO2F2] containing 16.7 mmol L-1 of ferrocene. Scan rate:
(a) 5, (b) 10, (c) 20, (d) 30, (e) 40, (f) 50, and (g) 100 mV s-1.

Table 4. Summary of Crystal Data and Refinement Results for [BMPip][PO2F2]

formula C10H22F2NO2P
fw 257.26
cryst syst monoclinic
space group P21/c
a/Å 9.7810(4)
b/Å 17.1110(5)
c/Å 15.6039(7)
b/deg 92.977(4)
V/Å3 2607.99(18)
Z 8
Fcalcd/g cm-3 1.310
T/�C -173
μ/mm-1 0.223
λ/Å 0.71073
R1(Fo

2)a 0.0427
wR2(Fo

2)b 0.1302

aR1 =
P

||Fo| - |Fc||/
P

|Fo| for I > 2σ(I). b wR2 = {
P

[ w(Fo
2 -

Fc
2)2 ]/

P
[w(Fo

2)2 ]}1/2 for I > 2σ(I).

Figure 11. (a) X-ray crystal structure of [BMPip][PO2F2]. Thermal
ellipsoids are shown at the 50% probability level. (b) View of the
disordered BMPipþ cation in [BMPip][PO2F2]. Hydrogen atoms are
omitted for clarity.

(50) Bard, A. J.; Faulkner, L. R. Electrochemical Methods, 2nd ed.; John
Wiley & Sons: New York, 2001.

(51) Waligoraa, L.; Lewandowski, A.; Gritzner, G. Electrochim. Acta
2009, 54, 1414–1419.

(52) Zhang, D.; Okajima, T.; Matsumoto, F.; Ohsaka, T. J. Electrochem.
Soc. 2004, 151, D31–D37.
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contains two cations and anions (Figure 11a). One of the
two cations is disordered into two positions in which the
piperidinium rings in chair configurations cross each
other (Figure 11b). The n-butyl chains intertwine with
each other in almost gauche configurations (N21A-
C27A-C28A-C29A=166.6(4)�, C27A-C28A-C29A-
C30A=-78.8(6)�, N21B-C27B-C28B-C29B=176.9-
(11)�, andC27B-C28B-C29B-C30B=-69.9(16)�, where
A and B represent the two groups in the disordered
structure). The other cation geometry can be determined
well by adopting an ideal chair configuration for
the piperidinium ring and anti configurations for the
n-butyl chain (N11-C17-C18-C19 = 176.3(2)� and
C17-C18-C19-C20 = -179.1(2)�). The two PO2F2

-

anions are fully ordered in C2v symmetry, which satisfies
the VSEPR theory. The P-O double bonds (1.450(2)-
1.4647(18) Å) are shorter than the P-F single bonds
(1.5474(18)-1.5637(15) Å), and the three bond angles in
PO2F2

- have an order of F-P-F (96.60(9) and
96.18(12)�) < O-P-F (107.27(12)-109.20(10)�) < O-
P-O (122.72(12) and 123.73(12)�). Quantum mechanical
calculations reproduce the bond angles well but slightly
overestimate the bond lengths (Figure 2 and Table S2,
Supporting Information). The absence of acidic protons
on the cation prevents strong local interactions between
the fluorine or oxygen atoms and the hydrogen atom,
unlike those for the imidazolium salts,53 whereas the
oxygen atom still has several short contacts to hydrogen
atoms (2.3-2.6 Å) compared to the fluorine atoms. This
observation agrees with the stronger donor ability of the
oxygen atom over that of the fluorine atom in PO2F2

-

ionic liquids, as shown by the solvatochromic method.
Although the X-ray data were collected at 30 �C to
determine the structure of the phase above the solid-
solid transition temperature (22 �C), the quality of the
data was too low to solve the structure. However, this
measurement confirmed that the [BMPip][PO2F2] phase
is not plastic-crystalline but crystalline.

Conclusions

New ionic liquids based on the PO2F2
- anion were

prepared, and their physical, spectroscopic, electrochemi-
cal, and structural properties were characterized. The
melting points of the two imidazolium-based salts,
[EMIm][PO2F2] and [BMIm][PO2F2], are below room
temperature. The two nonaromatic cation-based salts,
[BMPyr][PO2F2] and [BMPip][PO2F2], are solid at room
temperature and exhibit a solid-solid phase transition.
The PO2F2

- anions in these salts were identified by Raman
and IR spectroscopy, and their vibrational frequencies
were assigned for the first time on the basis of the results
of quantum mechanical calculations. The temperature
dependence of conductivity and that of viscosity for the
present PO2F2

--based ionic liquids were fitted using the
VTF equation as for other ionic liquids. The conductivity
of [EMIm][PO2F2] is comparable to that of the popular
ionic liquid electrolyte [EMIm][BF4] and is higher than
that of another popular electrolyte, [EMIm][N(SO2CF3)2],
with a sufficiently wide electrochemical window, indicat-
ing that this ionic liquid is a potential candidate for use as

an electrolyte in electrochemical applications. The im-
provement of stability against hydrolysis by changing the
anion from PF6

- to PO2F2
- implies the replacement of

popular PF6
--based ionic liquids with PO2F2

--based ionic
liquids in synthetic applications especially at elevated
temperatures. The strong donor ability of the PO2F2

--
based ionic liquids facilitates the dissolution of chemical
species or electrolytes, which provides significant benefits
for certain applications.

Experimental Section

Apparatus andMaterials.Volatilematerials were handled in a
vacuum line constructed of SUS316 stainless steel and PFA.
Nonvolatile materials were handled under a dry Ar atmosphere
in a glovebox. Acetone (Wako Chemicals, purity >99.5%) was
used as purchased. The N-heterocyclic ammonium chlorides
([EMIm][Cl], [BMIm][Cl], [BMPyr][Cl], and [BMPip][Cl]) were
prepared by reactions of the amine (1-methylimidazole, Aldrich
Chemicals, purity >99%; 1-methylpyrrolidine, Aldrich, purity
97%; and 1-methylpiperidine, Wako Chemicals, purity >99%)
with the corresponding chloroalkane (chloroethane, Wako
Chemicals, purity >99% or chlorobutane, Wako Chemicals,
purity >98%). All of the chlorides were purified by recrystalli-
zation from acetonitrile after the addition of ethylacetate. The
two potassium salts, [K][PO3] (Wako Chemicals) and [K][PF6]
(Aldrich purity >99.5%), were dried under a vacuum at
100 �C for a few days before use. Ferrocene was used as
purchased (Aldrich, purity 98%). The ionic liquids used for
comparison ([EMIm][BF4], [BMIm][BF4], [BMIm][PF6], and
[BMIm][N(SO2CF3)2]) were either purchased (Kanto Kagaku)
or prepared according to the literature method ([EMIm]-
[N(SO2CF3)2])

6 and dried prior to use. Typical synthetic proce-
dures for the PO2F2

- salts are described below.

Synthesis of [K][PO2F2]. Two synthetic routes for [K][PO2F2]
have been reported. One is the reaction of [K]2[HPO4],
[NH4][HF2], and OC(NH2)2, and the other is the reaction of
[K][PO3] and [K][PF6].

18,54 Although both routes yield products
with sufficient purity for the present study, the former (reaction
in molten urea) is not suitable as a gram-scale laboratory
synthesis. The following is a typical procedure using the latter
reaction. The two salts, [K][PO3] (12.974 g, 0.10988 mol) and
[K][PF6] (10.113 g, 0.05494 mol), were loaded into a Pt crucible
under a dry Ar atmosphere. The Pt crucible was placed in a
Monel airtight vessel. The Monel vessel was sealed using a
Teflon O-ring and a stainless lid with a stainless valve. After
the removal ofmoisture under a vacuumat 100 �Covernight, the
vessel was heated to 320 �C and kept at this temperature for
three days. The stainless lid was cooled by water circulation
during the reaction to avoid damage to the Teflon O-ring. After
the reaction finished, the vessel was cooled to room temperature
and evacuated for 1 h to remove any volatiles. The purity of the
obtained sample was confirmed by Raman spectroscopy and
X-ray powder diffraction.

Synthesis of [EMIm][PO2F2]. Equimolar amounts of
[EMIm][Cl] (3.000 g, 20.46 mmol) and [K][PO2F2] (2.869 g,
20.48 mmol) were loaded into a polypropylene vessel with
acetone (10 mL) as a solvent. The mixture was stirred for three
days, and the resulting white precipitate of KCl was removed by
filtration. The crude acetone solution of [EMIm][PO2F2] was
purified by column chromatography through an activated
alumina (Wako Chemicals, 75 μm) column. The solvent was
initially removed under a vacuum at room temperature and then
later at 70 �C to yield [EMIm][PO2F2] as a colorless liquid
(2.590 g, 12.21 mmol). Testing for the presence of residual
chloride impurities with a silver nitrate solution gave no

(53) Matsumoto, K.; Hagiwara, R. J. Fluorine Chem. 2007, 128, 317–331. (54) Sch
::
ulke, U.; Kayser, R. Z. Anorg. Allg. Chem. 1991, 600, 221–226.
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precipitation of silver chloride. Anal. Calcd for C6H11N2O2-
F2P1: C, 33.97; H, 5.23; N, 13.21; F, 17.91. Found: C, 33.72; H,
5.21; N, 13.23; F, 17.67.

Synthesis of [BMIm][PO2F2]. The same procedure as that for
[EMIm][PO2F2] was used. Reaction of [BMIm]Cl (10.000 g,
57.322 mmol) and K[PO2F2] (8.029 g, 57.321 mmol) gave
[BMIm][PO2F2] as a colorless liquid (9.010 g, 37.511 mmol).
Anal. Calcd for C8H15N2O2F2P1: C, 40.01; H, 6.29; N, 11.66; F,
15.82. Found: C, 40.31; H, 6.12; N, 11.66; F, 15.54.

Synthesis of [BMPyr][PO2F2].The same procedure as that for
[EMIm][PO2F2] was used. Reaction of [BMPyr]Cl (3.500 g,
19.72 mmol) and K[PO2F2] (2.763 g, 19.73 mmol) gave
[BMPyr][PO2F2] as a colorless solid (3.510 g, 14.45 mmol).
Anal. Calcd for C9H20N1O2F2P1: C, 44.44; H, 8.29; N, 5.76;
F, 15.62. Found: C, 43.74; H, 8.24; N, 5.56; F, 14.92.

Synthesis of [BMPip][PO2F2].The same procedure as that for
[EMIm][PO2F2] was used. Reaction of [BMPip]Cl (10.000 g,
52.123 mmol) and K[PO2F2] (7.305 g, 52.15 mmol) gave
[BMPip] [PO2F2] as a colorless solid (8.100 g, 31.49 mmol).
Anal. Calcd for C10H22N1O2F2P1: C, 46.69; H, 8.62; N, 5.44; F,
14.77. Found: C, 46.34; H, 8.72; N, 5.39; F, 14.50.

Spectroscopic and Thermal Analyses. Raman spectra were
recorded (FTS-175C, Bio-Rad Laboratories) at room tempera-
ture using the 1064 nm line of a Nd:YAG laser as the excitation
line. The samples for Raman spectroscopy were loaded in Pyrex
glass tubes (5 mm o.d.) under dry Ar and sealed with a plastic
cap. Infrared spectra were recorded (FTS-165, BIO-RAD
Laboratories) at room temperature. The samples for IR spec-
troscopy were sandwiched between a pair of AgCl windows
fixed in a stainless airtight cell under dry Ar. Nuclear magnetic
resonance spectra of 31P (121.5MHz)were recorded on aVarian
Mercury-300 spectrometer at 25 �C.Deuterated acetonitrile was
used as a solvent. Phosphoric acid in deuterated acetonitrile was
used as an external standard. Differential scanning calorimetry
(DSC-60, Shimadzu) was performed under a dry Ar gas flow or
in the air. The samples for DSC measurement were loaded into
an aluminum airtight cell under dryAr. A scan rate of 5 �Cmin-
1 was used. Thermogravimetry (DTG-60H, Shimadzu) was
performed under a dry Ar gas flow or normal air conditions.
Samples for TG measurement were loaded in an aluminum cell
under dry Ar. A scan rate of 5 �C min-1 was used.

Measurement of Physical and Electrochemical Properties.
Water content was measured using a Karl Fischer moisture
analyzer (MKC-510N, Kyoto Electronics Mfg. Co.). Liquid
samples were directly introduced into the analyzer. Solid sam-
ples were dissolved into ethanol (Wako Chemicals, water con-
tent 27 ppm) and introduced into the analyzer as ethanol
solutions. Conductivity was measured by the AC impedance
technique using a cell with platinum disk electrodes calibrated
using KCl standard aqueous solution. Viscosity was measured
with a cone-plate rheometer (DV-IIþPro, Brookfield Engi-
neering Laboratories, Inc.). Density was measured by weighing
the sample in a calibrated PFA vessel. Electrochemical measure-
ments were performed using a Pt or glassy carbon working
electrode and a Pt counter electrode with an electrochemical
measurement system (HZ-3000, Hokuto Denko). The reference
electrode was made of silver wire immersed in EMImBF4

containing 0.05 M AgBF4 that was separated from the electro-
lyte by porous Vycor glass.

X-Ray Diffraction Analyses. a. Powder Diffraction. The
sample was transferred into a quartz capillary (0.5 mm o.d.,
previously dried under a vacuum at 500 �C) under a dry Ar
atmosphere. The capillary was tentatively plugged with vacuum
grease and sealed using an oxygen burner. The sample was
centered on an X-ray diffractometer (R-axis Rapid II, Rigaku)
equipped with an imaging plate area detector (using the pro-
gram RAPID XRD 2.3.355) and graphite-monochromated Mo
KR radiation (0.71073 Å). The φ angle was rotated at a rate of
1� s-1, and the ω and χ angles were fixed at 20� and 0�,
respectively, during the collection (1000 s).

b. Single-Crystal Diffraction. Crystals of [BMPip][PO2F2]
were grown by slow cooling of molten [BMPip][PO2F2] in a
polypropylene vessel without a solvent. Suitable crystals were
mounted in quartz capillaries under dry Ar and sealed as for the
powder sample. The single crystal used for data collection was a
colorless transparent blockmeasuring 0.15�0.15�0.15mm3 and
was centered on the diffractometer (R-axis Rapid II, Rigaku
controlled by the program RAPID AUTO 2.4056). Data collec-
tion was performed at -173 �C and consisted of 12 ω scans
(130-190�, 5�/frame) at fixed φ (0�) and χ (45�) angles and 32 ω
scans (0-160�, 5� per frame) at fixed φ (180�) and χ (45�) angles.
The exposure time was 1200 s deg-1. Integration, scaling and
absorption corrections were performed using RAPID AUTO
2.40. The structure was solved using SIR-9257 and refined by
SHELXL-9758 linked to Win-GX.59 Anisotropic displacement
factors were introduced for all atoms except for hydrogen.

Calculations.The energy-minimized gas-phase structures and
vibrational data were calculated at the HF, B3LYP, PBE1PBE,
MPW1PW91, andMP2 levels of theory using cc-pVTZ and aug-
cc-pVTZ basis sets. The NBO analyses were performed for the
B3LYP, PBE1PBE, and MPW1PW91 optimized local mini-
ma.16 Quantum mechanical calculations were carried out using
the program Gaussian 03.60
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