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In the study presented here, the structure of the RTIL/SiO2 interface has been examined by sum-frequency
vibrational spectroscopy (SFVS). A series of hydrophobic RTILs composed of 1-alkyl-3-methylimidazolium
(Cnmim, n ) 6, 8 and 10) and bis(perfluoromethylsulfonyl)imide (BMSI) and bis(perfluoroethylsulfonyl)imide
(BETI) anions have been examined. SFVS was used to determine the orientation of the cation as well as the
structure of water at the RTIL/SiO2 interface. The alkyl chain of the imidazolium cation was determined to
be nearly normal to the surface for all the RTILs examined. The conformational order of the alkyl chain on
the cation was also determined and was found to be dependent on the length of the alkyl chain, with longer
chains being more ordered with few gauche defects. The tilt of the imidazolium ring with respect to the
surface normal was also determined and was found to be∼28° for the BMSI salts with a reduction in the tilt
angle to∼18° for the BETI RTILs. The water at the surface associated with the RTIL was determined to be
hydrogen-bonded either singly or doubly to the anions at the SiO2 interface. In addition, the nature of the
hydrogen-bonding was found to be dependent on the amount of bulk water contained in the RTIL.

Introduction

Air- and water-stable room-temperature ionic liquids (RTILs)
are a new class of materials with unique physical and chemical
properties. RTILs have proven useful as solvents for electrochem-
istry,1-7 organic synthesis,8-12 catalysis,12-18 and extractions.18-28

Many RTILs are composed of bulky asymmetric organic cations,
such asN-alkylpyridinium, tetraalkylammonium, andN,N′-
dialkylimidazolium. Some of the most common air- and water-
stable RTILs are composed ofN,N′-dialkylimidazolium in
combination with a variety of anions, including halides, tet-
rafluoroborate (BF4-), hexafluorophosphate (PF6

-), hexafluo-
roarsenate (AsF6-), nitrate, triflate (CF3SO3

-), tris(perfluoro-
alkylsulfonyl) methides [(CnF2n+1SO2)3C-], and bis(perfluoroalkyl-
sulfonyl)imides. Many of these RTILs have been characterized
extensively with regard to their bulk physical and chemical
properties.5,7,8,23,29-37

In contrast to the growing information on the bulk properties
of RTILs, very little is known of the interfacial structure of
RTILs in contact with a solid, liquid, or gas. Previous reports
of the RTIL interface have concentrated on the vacuum or
gaseous interface as studied by direct recoil spectrometry,38-40

by X-ray41-43 and neutron diffraction.41 More recently, sum-
frequency generation has been used to study both the RTIL/air
and RTIL/platinum electrode interfaces.44 The interfacial prop-
erties of the RTIL/solid interface are of general importance in
areas such as heterogeneous reactions, heterogeneous catalysis,
electrochemistry, and fuel cells. However, to make the most of
RTILs for these particular applications, a more detailed under-
standing of the molecular structure of the interface is needed.

Our previous studies37 focused on the bulk physical properties
of a series of 1-n-alkyl-3-methylimidazolium (Cnmim, wheren
) 6, 8, and 10) bis(trifluoromethylsulfonyl)imide (BMSI)
and bis(perfluoroethylsulfonyl)imide (BETI) RTILs, which are
shown in Figure 1. We report here the first use of sum-frequency

generation vibrational spectroscopy (SFVS) to investigate the
interfacial molecular structure of these RTILs in contact with a
fused silica surface. This unique class of RTILs represents some
of the most hydrophobic water-immiscible RTILs reported.
Although water-immiscible, these RTILs do contain a consider-
able amount of water both under ambient conditions (0.27-
1.79 mol %) and upon equilibration with bulk water (14.0-
23.3 mol %).37 Surprisingly, RTIL water mixtures exhibit a
substantially reduced water activity compared to salt solutions
of similar concentrations.37,45,46 Although the bulk properties
of these materials have been explored in detail, including the
hydrogen bonding of water in this unique class of RTILs, little
is known of their interfacial properties. The reduced water
activity and the amphiphilic nature of the imidazolium cation
suggest that the interfacial molecular structure and composition
of these materials might be considerably different from that
found at a typical liquid/solid interface.

Sum-Frequency Vibrational Spectroscopy.SFVS has been
used here to study the structure of the RTIL/SiO2 interface.
SFVS is a second-order nonlinear optical spectroscopy, which
has the chemical selectivity of IR and Raman spectroscopy and
is inherently surface specific in nature. The details of SFVS* Corresponding author. E-mail: conboy@chem.utah.edu.

Figure 1. Structures of the imidazolium cations (I) and bis(perfluo-
roalkylsulfonyl)imide anions (II).
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have been described in detail elsewhere.47 Experimentally, SFVS
is performed by overlapping, both spatially and temporally, a
visible and tunable IR source on a surface where they combine
to produce a third photon at the sum of their respective
frequencies. SFVS only occurs in systems that do not possess
inversion symmetry. Since an interface or surface breaks the
inversion symmetry of an isotropic media, SFVS is observed.
The intensity of the SFVS signal,ISF, is given by

whereø(2) is the second-order nonlinear susceptibility tensor
and f̃SF, fvis, and fIR are the geometric Fresnel coefficients for
the sum, visible, and IR fields, respectively. The nonlinear
susceptibility tensor,ø(2), is the sum of a resonant (R) contribu-
tion and a nonresonant (NR) contribution given by

with the resonant contribution defined as

where N is the number density at the surface,Ak is the IR
transition probability,Mij is the Raman transition probability,
ων is the frequency of the input IR field,ωIR is the normal mode
frequency of the vibrational transition, andΓν is the line width
of the transition. The brackets in eq 3 represent an average over
all orientations. Examination of eq 3 shows that in order for a
transition to be SFVS active, it must be both IR and Raman
active.

One of the advantages of using SFVS is its ability to
determine the orientation of molecules at the surface. To probe
the component of a transition that is parallel to the surface
normal, the ssp polarization combination (s-polarized sum-
frequency, s-polarized visible, and p-polarized IR) is used, while
transitions perpendicular to the surface normal are measured
with the sps polarization combination (s-polarized sum-
frequency, p-polarized visible, and s-polarized IR). Analysis of
the transition strengths for both of these polarization combina-
tions allows one to determine the orientation of a particular
functional group in a molecule residing at the surface. By
determining the orientation of several chemically distinct
portions of a molecule, with independent vibrational frequencies,
a complete picture of the structure of a complex molecule, such
as the imidazolium cation of a RTIL, can be determined.

Experimental Section

The RTILs used in this study were synthesized via the
procedure outlined previously.37 Briefly, n-bromoalkanes (C6,
C8, and C10) (Sigma) were reacted with distilled 1-methylimi-
dazole (Sigma) in the presence of K2CO3. The resulting 1-alkyl-
3-methylimidazolium bromides were dissolved in Nanopure
(Barnstead) water and mixed with an aqueous solution of the
anion (BMSI or BETI). The resulting colorless and transparent
RTILs were washed with Nanopure water to remove any
unreacted salts. The RTILs prepared by this method were C6-
mim BMSI, C8mim BMSI, C10mim BMSI, C6mim BETI, C8-
mim BETI, and C10mim BETI. In addition, C8mim-d20 BMSI
was also synthesized using C8D17Br (98% D, Isotec). The
resulting RTIL was reacted with NaOD (48% w/w in D2O,
Cambridge Isotope Laboratories, Inc.) to deuterate the imida-
zolium ring at positions 2, 4, and 5.48 Excess NaOD was

neutralized with D3PO4, and the RTIL was washed several times
with D2O to remove the excess salts. The resulting RTILs were
dried under reduced pressure and either equilibrated with D2O
(99.9% D, Cambridge Isotope Laboratories, Inc.) or Nanopure
water or used under ambient conditions.37

Infrared spectra of the neat RTILs were obtained on a
Spectrum One Fourier transform infrared (FTIR) spectropho-
tometer (Perkin-Elmer) equipped with a ZnSe attenuated total
reflection (ATR) accessory (Pike Technologies) with a sample
volume of 100µL. Polarized Raman spectra of the neat RTILs
were taken using the 647 nm line of a Kr-ion laser (Coherent).
The RTILs were placed in a 1 cmfused silica cuvette and
excited through the bottom of the cell. The scattered Raman
light was detected perpendicular to the sample cell using a Spex
F4 spectrograph and a charge-coupled device (CCD, Andor).
Raman depolarization ratios were determined by placing a CaF2

GlanTaylor polarizer (CASIX) before the detector to select the
scattered light either parallel (0°) or perpendicular (90°) to the
incident polarization. A depolarizer was placed after the
polarizer to remove any bias in the detection system. The Raman
depolarization ratio,F, was calculated from

where I90° and I0° are the Raman intensity perpendicular and
parallel to the excitation polarization, respectively.

The laser system used in the SFVS experiments was a tunable
IR OPO/OPA (Laser Vision) pumped with the 1064 nm output
of a pulsed nanosecond Nd:YAG laser (Surelite II, Continuum)
with a 7 nspulse width at a pulse rate of 10 Hz and a power of
500 mJ/pulse. The tuning range of the OPO/OPA used was
2800-4000 cm-1. The output energy of the IR system used
was 4 mJ/pulse at 3000 cm-1 with a beam size of 4 mm2. The
visible beam was produced by frequency doubling of the 1064
nm Nd:YAG fundamental to produce 532 nm visible light. The
output energy of the visible light was 3 mJ/pulse with a spot
size of 4 mm2. The IR and visible beams were incident on the
surface at an angle of 74 and 80°, respectively. All the SFVS
experiments presented here were performed in a total internal
reflection (TIR) geometry.49 The resulting SFVS signal was
filtered to remove the residual 532 nm light and measured with
a photomultiplier tube (Hamamatsu) and gated electronics.

The cell used for the SFVS experiments consisted of a
hemicylindrical IR grade fused silica prism (Almaz Optics)
mounted on a custom-made Teflon cell with a fixed volume of
∼1 mL. The silica prism and the cell were rinsed with acetone,
blown dry with N2, and then cleaned in piranha solution (3:1
concentrated H2SO4/30% H2O2) overnight.Care must be taken
when using piranha solution, as it is a strong oxidant and highly
corrosiVe; aVoid contact with organic solVents to preVent the
formation of explosiVe products.Both the prism and the Teflon
cell were rinsed with copious amounts of Nanopure water. The
prism was then further cleaned using a plasma cleaner (Harrick
Scientific) with an Ar+ plasma for 2 min. The plasma treatment
does not appear to significantly etch the silica prism, as
evidenced by the reproducibility of the measured spectra over
the course of the experiments.

Results and Discussion

SFVS Vibrational Mode Assignments.Representative SFVS
spectra of the water-equilibrated RTILs (equilibrated in D2O)
at the SiO2 interface collected with ssp and sps polarization are
shown in Figures 2 and 3, respectively. On the basis of previous

ISF ) | f̃SFfvisfIRø(2)|2 (1)

ø(2) ) øNR
(2) + ∑

ν

øR
(2) (2)
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measurements of water content,37 the RTILs contain a consider-
able amount of D2O, ranging from 23.3 mol % for C6mim BMSI
to 14 mol % for C10mim BETI. The SFVS spectra displayed
are an average of three samples and have been normalized to
the CH3 symmetric stretch (νs) at 2875 cm-1 from the ssp
spectra. The resonances observed in the spectra arise from the
imidazolium cation; no resonances are observed from the
perfluoronated anions in this spectral region. Three characteristic
normal modes of then-alkyl chain of the imidazolium cation
are clearly visible: the CH2 symmetric stretch (νs) at 2842 cm-1

and the CH3 νs and CH3 Fermi resonance (νFR) at 2875 and
2930 cm-1, respectively.50,51 The band at 2970 cm-1 is a
combination of the CH3 antisymmetric stretch (νas) at 2950 cm-1

and the N-CH3 νs at 2991 cm-1.52,53 The imidazolium ring
produces two characteristic resonances at 3125 and 3175 cm-1

associated with the HCCHνasandνs modes, respectively, from
the hydrogens at ring positions 4 and 5.54,55The broad spectral
feature between 3000 and 3100 cm-1 is due to the C-H stretch
from the hydrogen at ring position 2.52,54Spectral assignments
of the normal modes for the N-CH3 group on the imidazolium
ring were determined by measuring the SFVS spectrum of C8-
mim-d20 BMSI, as shown in Figure 4. This spectrum was
normalized to the CH3 νs of the corresponding nondeuterated
RTIL (C8mim BMSI). As shown in Figure 4, there is a
resonance at 2991 cm-1 which arises from the N-CH3 νs. Also
seen is a small peak at∼2850 cm-1 arising from the CH2 νs

from incomplete deuteration of the alkyl chain (98%).
The SFVS vibrational frequency assignments were verified

using a combination of IR, Raman, and molecular dynamics

simulations using hybrid density functional theory, B3LYP/6-
311+G(2d, 2p) in Gaussian 03 after geometry optimization,56

the results of which are summarized in Table 1. For compar-
ison, representative Raman and ATR-FTIR spectra of C10mim
BMSI are shown in Figure 5. The Raman and IR vibra-
tional frequencies of the imidazolium cation correlate extremely
well with those observed in the SFVS spectra. Assignment of
the two ring modes at 3125 and 3175 cm-1 was verified using
the Raman depolarization ratios,F, of these resonances.54 The
peak at 3175 cm-1 has a depolarization ratio ofF ) 0.091(
0.02 corresponding to the fully polarized symmetricA1 vibration
of the C2ν point group, while the peak at 3125 cm-1 hasF )
0.74 ( 0.13 which is consistent with a fully nonpolarized
asymmetricB1 vibration. On the basis of these measurements,
the peaks at 3125 and 3175 cm-1 have been assigned as the
asymmetric and symmetric HCCH stretches, respectively. The
simulations produce frequencies that are quite different from
the measured spectra; however, they are in good agreement as
to the relative positions of the various vibrational modes of the
cation. The spectral assignments made here are also consistent
with previous Raman and IR measurements of similar materi-
als.54,55

Orientation of the Imidazolium Cation at the RTIL/SiO 2

Interface. Zhang et al.57 have shown previously that the
orientation of a particular transition dipole moment can be
calculated from two independent measurements ofø(2) by using
the SFVS polarization combinations ssp and sps. The tilt angle

Figure 2. SFVS spectra of C6mim BMSI (A), C8mim BMSI (B), C10mim BMSI (C), C6mim BETI (D), C8mim BETI (E), and C10mim BETI (F,
offset by 0.5) recorded with ssp polarization combination. C10mim BETI (F) shows the spectral fits for the peaks (dotted lines) used in the
conformational analysis of the imidazolium cation (other peaks omitted for clarity) as well as the residuals based on fits to eq 3. All spectra are
normalized to the CH3 νs peak at 2875 cm-1.
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of a particular transition moment with respect to the surface
normal is given by

whereR is denoted by the following expressions

where F is the Raman depolarization ratio from eq 4. The
appropriate value ofR to be used in eq 5 is determined by an
independent set of polarization measurements.57 Both ssp (Figure
2) and sps (Figure 3) spectra of the RTILs were obtained in

order to determine the orientation of the imidazolium cation at
the SiO2 interface.

Orientation of the n-Alkyl Chain. The SFVS spectra of the
RTILs at the SiO2 interface provide useful information regarding
the orientation of the cations at the interface. Using the CH3 νs

intensity from the ssp and sps SFVS spectra and the Raman
depolarization ratio of 0.023,58 the tilt angle of the alkyl-CH3

group, with respect to the surface normal, can be calculated
from eq 5. On the basis of these calculations, the-CH3 group
on the alkyl chain has a tilt angle ranging from 25 to 42° for
the BETI salts with a nearly constant-CH3 tilt angle of 37°
measured for the BMSI salts (Table 2). On the basis of the
measured tilt angles in Table 2, and assuming an all-trans

Figure 3. SFVS spectra of C6mim BMSI (A), C8mim BMSI (B), C10mim BMSI (C), C6mim BETI (D), C8mim BETI (E), and C10mim BETI (F)
recorded with sps polarization combination. All spectra are normalized to the CH3 νs peak at 2875 cm-1 from the ssp spectra shown in Figure 2.

Figure 4. SFVS spectrum of C8mim-d20 BMSI recorded with ssp (solid
line) and sps (dotted line) polarization combinations. The spectra are
normalized to the CH3 νs peak at 2875 cm-1 of C8mim BMSI.

θ ) arccot[(øssp
(2)

øsps
(2)

- 1 + R
1 - R)1 - R

2R ]1/2

(5)

R ) Q - 1
Q + 2

or
Q + 1
Q - 2

and Q ) [35(1F - 4
3)]1/2

(6)

TABLE 1: SFVS Vibrational Mode Assignments and
Corresponding Values Obtained from IR and Raman
Spectra and Calculated Using B3LYP/6-311+G(2d, 2p) in
Gaussian 03 after Geometry Optimization56 (Uncorrected
Vibrational Frequencies Shown)a

peak assignments (cm-1) SFVS IR Raman (F) calcd

CH2 νs 2842 2857 2844 3023
CH3 νs 2875 2873 2862 (0.023)58 3036
CH3 νFR 2930 2928 2926
CH3 νas 2950 2962 2954 3104
N-CH3 νs 2991 298552 (0.03)54 3077
N-CH3 νas 302552

C(2)H νs 303254

HC(4)C(5)Hνas 3125 3122 3114 (0.74) 3279
HC(4)C(5)Hνs 3175 3160 3167 (0.091) 3296
O-H‚ ‚ ‚N (H-bonded) 3510 349067

H-O-H νs 3450-365768

H-O-H νas 3520-375668

free O-H 3670

a The values in parentheses are the Raman depolarization ratios.
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conformation, the alkyl chain on the imidazolium cation of the
RTILs is pointing nearly perpendicular to the SiO2 surface.

Conformation of the n-Alkyl Chain. While it is common
in SFVS analyses to determine the orientation of an alkyl chain
on the basis of the terminal methyl group,57,59,60the conformation
of the alkyl chain must also be considered. For the imidazolium
cation, the peak intensities of the CH2 νs and CH3 νs at 2842
and 2875 cm-1, respectively, can be used to obtain a relative
measure of the conformational disorder of then-alkyl chain.61-63

Examination of the spectra in Figure 2 reveals a reduction in
the CH2 νs/CH3 νs intensity at∼2842 cm-1 as the length of the
alkyl chain on the cation is increased, for both the BMSI and
BETI RTILs. The CH2 νs/CH3 νs peak intensity ratio for all the
RTILs is summarized in Figure 6. The CH2/CH3 ratio decreases
from 0.25( 0.01 for C6mim BMSI and C6mim BETI to 0.069
( 0.013 for C10mim BMSI and C10mim BETI. These values
suggest that the alkyl chains of the imidazolium cations of all
the RTILs generally have few gauche defects and have a high
degree of conformational order at the SiO2 surface. It can be
seen from Figure 6 that the length of the alkyl chain has a
significant influence on the conformation of the alkyl chain.
As the alkyl chain length is increased from C6 to C10, there is
a marked reduction in the CH2 νs/CH3 νs intensity ratio which
is indicative of a reduction in the number of gauche defects.

For comparison, the RTILs are significantly more ordered than
ionic surfactants at a variety of surfaces, which have a CH2/
CH3 intensity ratio ranging from 0.6 to 7.61,63 Although it is
not possible to quantify the number of gauche defects in the
alkyl chains, the relatively small CH2/CH3 ratio measured for
the RTILs suggests a high degree of conformational order, which
supports the assumption made in the previous calculations that
the alkyl chain is predominantly in an all-trans conformation.

Orientation of the Imidazolium Ring. One important feature
of the spectra shown in Figures 2 and 3 is the presence of the
HCCH antisymmetric and symmetric stretches from the imi-
dazolium ring (Table 1). These two bands are also clearly seen
in both the IR and Raman spectra (Figure 5). In a previous SFVS
study of similar ionic liquids at the RTIL/air interface,44 these
ring modes were only present as very weak bands, which led
to the conclusion that the imidazolium ring was lying parallel
to the surface plane. In contrast, the ring modes displayed in
Figure 2 are very prominent, suggesting that the imidazolium
ring orientation is unlike that observed at the RTIL/air interface.

Since the HCCH stretches from the imidazolium ring are very
intense in both the ssp and sps spectra, they can readily be used
to calculate the tilt of the HCCH dipole. Using the HCCHνs at
3175 cm-1 and the appropriate depolarization ratio from the
polarized Raman experiments of 0.091( 0.02 (Table 1), the
tilt angle of the HCCHνs dipole was calculated from eq 5. The
resulting angles show that the HCCHνs dipole is tilted between
16° for C6mim BETI and 32° for C10mim BMSI from the
surface normal. Previous studies involving the RTIL/air interface
relied on both the symmetric and asymmetric HCCH stretches
of the imidazolium ring to determine its orientation.44 The
HCCH νas, however, is completely depolarized (F ) 0.74 (
0.13) which gives no real solution for the tilt angle on the basis
of eq 5.

Orientation of the N-CH3 Group. The SFVS spectra of
C8mim-d20 BMSI in both the ssp and sps polarization combina-
tions are shown in Figure 4. By inspection of these spectra, the
orientation of the N-CH3 νs dipole lies predominantly parallel
to the surface normal due to the lack of SFVS intensity seen in
the sps polarization combination. However, the intensity of the
ssp N-CH3 νs (normalized to the intensity of the-CH3 νs from
C8mim BMSI) is rather small, suggesting that there is a broad
distribution of possible orientations.64,65Ideally, the use of both
the HCCH dipole and the N-CH3 dipole orientations would
allow for the determination of the tilt and twist of the
imidazolium ring at the surface. However, there is no physical
solution for the complete orientation of the ring (both tilt and
twist) given the dipole orientations measured by SFVS, presum-
ably due to the broad distribution of the N-CH3 dipole. Due
to the broad distribution of possible orientations for the N-CH3

Figure 5. ATR-IR (A) and Raman (B) spectra of C10mim BMSI. The
solid line in part B is for the emission recorded at 0°, and the dotted
line is for the emission recorded at 90° with respect to the incident
polarization.

TABLE 2: Tilt Angles (in degrees) for the Terminal Methyl
and Imidazolium Ring Determined from the SFVS Intensity
Data

C6mim
BMSI

C8mim
BMSI

C10mim
BMSI

C6mim
BETI

C8mim
BETI

C10mim
BETI

C6mim
BMSIa

C10mim
BETIa

-CH3 tilt 36 ( 4 38( 8 39( 6 25( 5 32( 4 42( 10 32( 5 38( 6
alkyl chain
tilt b

1 ( 4 3 ( 8 4 ( 6 10( 5 3 ( 4 7 ( 10 3( 5 3 ( 6

HCCH tilt 30 ( 4 21( 8 32( 5 16( 6 17( 5 20( 4 26( 5 23( 7

a Values for the ambient RTILs, see text.b Assumes an all-trans chain
conformation.

Figure 6. CH2 νs/CH3 νs ratio as a function of chain length for the
BMSI RTILs (b) and the BETI RTILs (O).
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resonance, only the HCCH modes from the ring were used to
determine the tilt of the imidazolium ring.

Complete Structure of the Imidazolium Cation at the
RTIL/SiO 2 Interface. Figure 7 shows a schematic of the
imidazolium cation structure at the SiO2 surface obtained by
combining the calculated and measured tilt angles from above
and summarized in Table 2. An important conclusion drawn
from the data presented in Table 2 is that there is very little
change in the relative structure of the imidazolium cation upon
alteration of the alkyl chain length or the anion (BETI versus
BMSI). In addition to the RTIL composition, the influence of
water content on the cation structure was also determined. The
orientation of the imidazolium cations in ambient C6min BMSI
and C10min BETI (H2O < 1.79 mol % for C6mim BMSI and
0.27 mol % for C10mim BMSI 37) was measured for comparison
(Table 2). No change in the orientation of the cation was
measured, within the error of the experiment, suggesting that
the amount of water in the sample has very little influence on
the orientation of the imidazolium cation at the SiO2 interface.

Interfacial Water Structure at the RTIL/SiO 2 Interface.
The interfacial structure of water at the RTIL/SiO2 interface
was also investigated. The contribution due to water in the
previous SFVS spectra of the RTILs was suppressed by
performing the experiments on RTILs that were equilibrated
with D2O. The SFVS spectrum of bulk water at the water/SiO2

interface is shown in Figure 8. In this spectrum, there are two
broad peaks at 3200 and 3400 cm-1 which have previously been
assigned to the OH stretch of a highly coordinated “ice-like”
water structure and a “liquid-like” bulk water structure, respec-
tively.47,66 The imide-based RTILs contain a considerable
amount of water, ranging between 9640 ppm (20.6 mol %) for
C6mim BMSI and 4820 ppm (14.0 mol %) for C10mim BETI.37

A representative SFVS spectrum of a water-equilibrated RTIL
(C10mim BETI) is also shown in Figure 8. This spectrum also
shows the large broad bands at 3200 at 3400 cm-1, similar to
that seen at the water/SiO2 interface.

Another important feature of the water-equilibrated RTIL
SFVS spectrum is the observed interference of the C-H
stretching modes within the water spectrum. From the spectrum
in Figure 8, it is possible to determine the relative phase of the
C-H stretching bands. The CH2 νs, CH3 νs, and HCCH ring
stretches all appear as interferences (“dips”) within the bulk
water spectrum, indicating that these vibrations are out of phase
with the water background. The combination band centered at

∼2975 cm-1 appears as a peak on top of the bulk water
spectrum, signifying that the vibrations in this band (Table 1)
are in phase with the O-H stretches of water and out of phase
with the other CH vibrations. These observations are consistent
with the geometry of the imidazolium ring calculated above.

In addition to the water and C-H resonances observed, there
are two additional interference peaks observed at∼3500 and
∼3700 cm-1. These interferences indicate that they are out of
phase with the interfacial water background and are in phase
with the other peaks in the CH stretching region. The peak at
3700 cm-1 corresponds to the free OH.47,66The peak at∼3500
cm-1 is attributed to the O-H‚ ‚ ‚N stretch of a water molecule
hydrogen-bonded to the nitrogen of the anion. A similar
frequency has been observed for FTIR studies of the BETI anion
in polymer films of poly(propylene oxide).67 Previous ATR-IR
studies of imide-based RTILs have assigned similar peaks to
hydrogen-bonded water molecules associated with the bis-
(perfluoroalkylsulfonyl)imide anions in the RTIL.68

Although SFVS spectra contain complex interference effects
due to the physical nature of the nonlinear response, difference
spectra can be used to retrieve information on relative spectral
changes. The water-equilibrated RTIL spectra were subtracted
from the spectrum of bulk water at the SiO2 interface. Taking
the difference spectra removes the contribution of the bulk water
that has been adsorbed to the SiO2 surface, which allows for a
better understanding of the structure of the water molecules that
are associated with the RTIL at the SiO2 interface. A representa-
tive difference spectrum is shown in Figure 9 for C10mim BETI.
The O-H‚ ‚ ‚N peak at 3500 cm-1 and the free O-H peak at
∼3700 cm-1, which were destructively interfering with the H2O
background in Figure 8, now appear as positive resonances. The
O-H‚ ‚ ‚N peak has a shoulder at 3400 cm-1, which was not
clearly visible in the original spectrum. This shoulder arises from
more liquid-like water in the water-equilibrated RTILs at the
interface.

It has been suggested that the water, in similar imide-based
RTILs, is predominantly hydrogen-bonded to the anions either
as a single water molecule or in a dimeric complex with one

Figure 7. Schematic of the imidazolium cation orientation at the silica
surface.

Figure 8. SFVS spectra (ssp) of the water/SiO2 interface (A) and the
water-equilibrated C10mim BETI/SiO2 interface (B).

20260 J. Phys. Chem. B, Vol. 108, No. 52, 2004 Fitchett and Conboy

http://pubs.acs.org/action/showImage?doi=10.1021/jp0471251&iName=master.img-006.png&w=163&h=193
http://pubs.acs.org/action/showImage?doi=10.1021/jp0471251&iName=master.img-007.png&w=180&h=260


water molecule bridging two anions (Figure 10).68 The relative
concentration of a singly versus doubly coordinated water
molecule at the RTIL/SiO2 interface can be obtained from the
intensity of the free O-H resonance. A plot of the free O-H
intensity, which has been normalized to the O-H‚ ‚ ‚N stretch
to account for experimental variations, versus the water content
of the RTILs37 is shown in Figure 11. The intensity of the free
O-H increases as the water content of the RTILs increases.
This result suggests that, at low concentrations of water in the
RTIL, water associated with the anions at the interface is
primarily bridging two anions. As the water concentration in
the RTILs increases, there is an increase in the free O-H stretch,
which suggests that more water molecules are hydrogen-bonded
to a single anion.

The SFVS spectra of ambient RTILs also provide valuable
information as to the nature of the water associated with the
anions at the SiO2 interface. The ambient water content of the
imide-based RTILs is significantly less than the water-
equilibrated RTILs. The water content of the ambient RTILs
ranges from 79 ppm (0.0079% w/w, 0.27 mol %) for C10-
mimBETI to 732 ppm (0.073% w/w, 1.8 mol %) for C6-
mimBMSI. The SFVS difference spectrum of C10mim BETI in
contact with SiO2 under ambient conditions is also shown in
Figure 9. The spectrum is dominated by the O-H‚ ‚ ‚N stretch

with very little free O-H. This fact supports the hypothesis
that, at low water concentrations in the RTIL, H2O is primarily
hydrogen-bonded as a dimer (Figure 10). Comparing the water-
equilibrated and ambient RTIL spectra in Figure 9, there is a
shift in the peak frequencies of the O-H‚ ‚ ‚N stretch of∼70
cm-1. Similar frequency shifts have been observed previously
and have been attributed to changes in the local environment
of hydrogen-bonded water molecules.69-71

Conclusions

SFVS was used to determine the orientation of the imidazo-
lium cation at the RTIL/SiO2 interface, as well as the structure
of the interfacial water molecules. The measured tilt of the
terminal alkyl-CH3 group with respect to the surface normal
was 25-42°. On the basis of an all-trans conformation of the
alkyl chains, this orientation places the alkyl chain nearly parallel
to the surface normal. The conformational order of the alkyl
chains was also determined on the basis of the CH2 νs/CH3 νs

ratio and was nearly identical for all the RTILs examined. The
tilt of the imidazolium ring with respect to the surface normal
was determined to be between 16 and 32° on the basis of the
HCCH dipole orientation. Surprisingly, the measured structure
of the cation does not change significantly with either the
composition of the RTIL or water content.

In addition to the interfacial structure of the cation, the
organization of water at the surface was also determined. Nearly
identical ice-like and “water-like” features were observed for
both the water/SiO2 surface and the RTIL/SiO2 surface. Dif-
ference spectra revealed that the water molecules associated with
the RTIL at the interface were hydrogen-bonded in either a
monomer or a dimer configuration with the bis(perfluoroalkyl-
sulfonyl)imide anions, consistent with previously IR studies of
similar materials. A strong positive correlation between the free
O-H intensity and the concentration of water in the bulk was
observed, suggesting that the concentration of water in the bulk
strongly influences the degree of hydration of the anions at the
interface. These studies have allowed us to gain new insight
into the structure of the imidazolium cation and water at the
RTIL/SiO2 interface and open the possibilities for the study of
numerous other RTIL/solid and RTIL/liquid interfaces.
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Figure 9. Difference spectra of water-equilibrated (top, offset by 1.5)
and ambient (bottom) C10mim BETI. Gray lines are fits to the spectra.

Figure 10. Structure of the bridging hydrogen-bonded water-anion
complex (top) and the singly hydrogen-bonded water-anion complex
(bottom) shown for the BMSI anion (see Figure 1).

Figure 11. Free O-H intensity as a function of the bulk water content
for the RTILs. The free O-H peak at 3700 cm-1 has been normalized
to the O-H‚ ‚ ‚N peak at∼3500 cm-1.
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