240 J. Phys. Chem. @007,111, 240247

Orientation of 1-Butyl-3-methylimidazolium Based lonic Liquids at a Hydrophobic Quartz
Interface Using Sum Frequency Generation Spectroscopy
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The room-temperature ionic liquid/hydrophobic quartz interface was examined using sum frequency generation
vibrational spectroscopy in the-H stretching region to develop a more detailed model of how ionic liquids
absorb to a variety of solid surfaces. Deuterated dodecyltrichlorosilane was synthesized to modify the quartz
surface, which produced a hydrophobic quartz interface that had no resonances-fidrati@tches. The

ionic liquids, 1-butyl-3-methylimidazolium tetrafluoroborate [BMIM][BFand 1-butyl-3-methylimidazolium
hexafluorophosphate [BMIM][P§, and neutral derivatives, 1-methylimidazole and 1-butylimidazole, were
used in the analysis. The neutral molecules were examined to compare how shape and charge influenced the
orientation of the ionic liquids at a hydrophobic interface. The methyl groups of the four compounds studied
were oriented much closer to the surface normal than on the hydrophilic quartz surface. This suggested that
the methyl groups were arranged toward the alkylsilane monolayer. The sum frequency generation (SFG)
spectra suggest that the imidazolium rings of the ionic liquids are lying in the plane of the interface. lonic
liquids at three different interfacesir/liquid, hydrophobic quartz/liquid, and hydrophilic quartz/ligtid

were compared.

Introduction lane CD}(CDy)11SiCl; to create the hydrophobic monolayer. This
Room-temperature ionic liquids (RTILs) have become a Créated a hydrophobic monolayer which was free oftC
widely studied class of compounds within the past decade vibrations. Therefore, all vibrations within the-¢1 stretching

because of their unique properties. They are composed com-"€gion (2808-3300 cnm) can be assigned to vibrations from
pletely of ions and are liquid at room temperature. One of the the adsorbed molecules without interference from the hydro-

most interesting characteristics of ionic liquids is the ability to phobic monolayer. . .

tune their physical properties by changing the structurefidentity SUm Frequency Generation.Sum frequency generation

of the cation or anion. Properties such as the melting point, spectroscppy was used for this study because_of its ability to
density, viscosity, and water miscibility are affected by changing probe buried interfaces to detect a monolayer in the presence
the length of the alkyl chain on the cation or by changing the ©f & large number of bulk molecules. SFG is second-order

anion! While the bulk properties of RTILs have been widely nonlinear process which only occurs in media without inversion
studied, the interfacial structure has only been examined in a Symmetry. This allows for SFG to be sensitive only at interfaces

few studieg 11 In a previous study, sum frequency generation where the bulk centrosymmetry is broken. In SFG vibrational

(SFG) spectroscopy was used to examine the RTlLs/quartzspectroscopy, a tunable _infrared _Iase_r beam and a fixed visible
interface. It was concluded that both the anion and the cation P#@m are used to obtain the vibrational spectra at the sum
were adsorbed to the quartz surface and that the size of thel’eduency of the molecular groups at an interface. The SFG
anion influenced the orientation of the catirTo develop a intensity is proportional to the intensities of the qugnt laser
more complete model of how ionic liquids absorb to a variety P&€a8ms and the square of the sum frequency susceptibyifty’.

of solid surfaces, the RTIL/hydrophobic quartz interface was

examined. The simplest procedure used to create a hydrophobic I~ |X(2)|2Evi52EIR2 1)
quartz surface is to graft a layer of hydrocarbon or fluorocarbon

chains onto the quartz surface through self-assembly by they@contains the measurable information on the response of the
reaction of an alkyl-trichlorosilane (RSig}Imolecule!®4This molecular system to the incident electric fields. The sum
reaction involves the trichlorosilyl head group to react with the frequency susceptibility contains contributions from each of the
hydroxyls on the substrate surface to form siloxy bonds. When resonant vibrationgr®@, as well as contributions that are not

R is a long-chain alkane, this produces an organic monolayerdependent on the infrared frequency, called nonresonant con-
that is highly ordered, hydrophobic, and chemically and tributions,ynr@.

physically stablé® The drawback to using this method is that

well-ordered alkylsilane monolayers produce a large amount X(Z)ZXNR(Z) + Z%R(z) 2)

of SFG signal*16 Thus, the vibrational resonances of ionic

liquids adsorbed to the surface appear as only small contributions-l-he resonant portion of the sum frequency susceptibility is

to the SFG signal pr_oduced from the interface. This_problem enhanced when the frequency of the incident infrared beam,
was overcome by using a totally deuterated dodecyltrichlorosi- wir, is in resonance with an SFG active vibrational mode. Only

*To whom correspondence should be addressed. E-mail; Vibrational modes that are both IR and Raman active will
SBaldelli@uh.edu. produce resonant SFG signal.
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@_ A 3) the flask containing ©D2sBr via cannula. This solution was
R wg — wg+il then transferred to the addition funnel of the reflux apparatus.
Two to three drops of 1,2-dibromoethane were directly added
whereA is the amplitude of the resonanee, is the frequency ~ to the ether/magnesium mixture via syringe to initiate the

X

of theqt" vibrational mode, andl is the damping constangz® Grignard reaction. At the first signs of ethylene gas evolution,
is a macroscopic quantity that can be related to the microscopicthe bromide/ether solution was added slowly to maintain a gentle
properties of the interface through the following relation. reflux. After the addition was complete, the reaction was
refluxed at 80°C for ~30 min.
x? = NIBO (4) After allowing the reaction to cool to room temperature, the

Grignard reagent was transferred via cannula to a sealed, flame-
whereN is the number of molecules contributing to the signal dried, and air-free glass frit filter apparatus. The Grignard
and[pLis the molecular hyperpolarizability tensor orientationally reagent was pulled through the glass filter by suction into a
averaged. This not only shows that SFG signal is a function of Schlenk flask to remove any excess, unreacted magnesium.
the types of molecules that are at the interface but also how the  To a 100-mL rbf equipped with a 50-mL addition funnel and

molecules are oriented. This unique aspect of SFG spectroscopymagnetic stir bar was added 2.48 g (14.6 mmol) of $iThe
allows for the ability to determine the orientation of molecular  sjCl, was diluted with~20 mL of dry diethyl ether. The

groups at an interfacg: 2 Grignard reagent previously prepared was transferred to the
) addition funnel and was added slowly over a period of 1.5 h to
Experimental the vigorously stirred SiGlsolution. The reaction was left to
Sum Frequency Generation Spectrometer SetupThe stir for 12 h at room temperature. After stirring for 12 h, a white

details of the SFG spectrometer used in this study have beenPrecipitate formed that was removed by filtering through glass
described elsewhefeA picosecond pulsed Nd:YAG (Ekspla) ~ Wool.
laser was used as the fundamental (1064 nm) to pump an optical The excess SiGland ether were removed by simple distil-
parametric generator (OPG) (LaserVision). The OPG producedlation. The remaining residue-6 mL) was washed with ether
an infrared beam which was tunable between 2000%camd and was transferred to a homemade trap-to-trap vacuum
4000 cnt! as well as a fixed visible beam (532 nm). The beams distillation apparatus. The residue/ether solution was placed in
were aligned in a co-propagating configuration with the visible a trap partially filled with glass beads to prevent bumping when
and infrared beams incident at 5@nd 60 from normal, the apparatus was evacuated to remove the ether. After all of
respectively. The SFG signal emitted was filtered from the the ether was removed, the residue was heated under vacuum
incident visible using optical filters and was passed through a (~30 mTorr) with a methane torch. The clear liquid was
linear polarizer to select polarization state. The SFG signal was collected in a tube in a liquid-nitrogen-cooled trap and was
then passed through #/4 waveplate to produce circular sealed using a glass-blowing hand torch with anhGBl, fuel
polarized light. This was done to prevent differences in grating mixture. This procedure produced-1.5 mL of deuterated
efficiency for s and p polarized light when passing through the dodecyltrichlorosilane.
monochromator which was used as a filter. The filtered SFG  Preparation of Deuterated Silane Monolayer.A fused IR
signal was then detected with a photomultiplier tube and was quartz equilateral prism (ISP optics) was used as the substrate
analyzed by a gated integrator. A computer program created infor silane deposition. The prism was cleaned by soaking in 1:1
LabVIEW was used to collect the signal from the gated (v/v) mixture of concentrated $$Qy/HNO3 overnight and then
integrator and to scan the infrared frequency. The infrared was rinsed repetitively using water from a Millipore A10 system
frequency was scanned at 1 chfs. Fluctuations in infrared  (18.2 MQ cm). The cleaned prism was then rinsed with
intensity were accounted for by normalizing spectra with a methanol (Aldrich spectrophotometric grade 999%) and was
background spectrum from gold. placed in anhydrous heptane (Aldrich 99%) to remove water
Synthesis of CR(CD,)1:SiCls. Deuterated dodecyltrichlo-  from the surface. The deuterated silane solution was prepared
rosilane (CR(CD,)11SiClz or d-DTS) was synthesized from by dissolving 0.5 mL of deuterated dodecyltrichlorosilane in
C12D2sBr purchased from Cambridge Isotope Laboratories, Inc 100 mL of anhydrous heptane. The solution was sonicated for

according to the following reactioris. 5 min before the prism was introduced. The prism was then
sther placed in the silane solution fd h'in order for the silar'1e
CD4(CD,),,Br + Mg® — = —> CD4(CD,),,MgBr monolayer to form. After deposition of deuterated silane
monolayer, the prism was rinsed repeatedly with heptane.
CD4(CD,),;MgBr + SiCI4Lhe£ CD4(CD,),,SiCl, Quartz Surface Characterization. Contact angle measure-

ments were performed on the modified prism to ensure

Silicon tetrachloride was purchased from Sigma-Aldrich and hydrophobicity. Static contact angles were measured using an
was used as received. Diethyl ether was purchased from EMautomated analyzer with a CCD camera (KSV Instruments Ltd.,
Science and was distilled at £4C under argon gas prior to ~ CAM 200), fitted with drop shape analysis software, which was
use. Magnesium turnings were purchased from Sigma-Aldrich. used to determine the angle between the surface and-thé 8

Freshly ground magnesium turnings, 0.44 g (0.183 mol), were uL drops of Nanopure water. SFG spectroscopy, within the
placed in a 100-mL 3-neck round-bottom flask (rbf) fitted with C—D stretching region 20062300 cn1?, was also performed
a 50-mL addition funnel, a magnetic stir bar, and a reflux On the modified prism to ensure the formation of the deuterated
condenser. The entire apparatus was sealed and flame-dried@lkylsilane monolayer (Figure 1). The-&1 stretching region,
under a flow of argon to remove any moisture. Dry diethyl ether 2800-3300 cnt?, was also examined to ensure that there were
(~3 mL) was added to the reflux apparatus via cannula No resonances from the deuterated silane monolayer or surface
(insertion tube) to cover the magnesium. In a separate sealedcontamination.
and flame-dried 50-mL rbf was placed 1.0 g (3.65 mmol) of = Sample Preparation. The same ionic liquids and neutral
C12D2sBr. About 25 mL of dry diethyl ether was also added to derivatives used in the previous study were used in the analysis.
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0.6 - ppp, and sps from 2800 to 3300 ctnThe data presented here
are an average of five scans of the infrared frequency over the
0.5 desired range. All spectra were fit using eq 2 and these fits are
_' shown as the solid lines in Figures-3. In a previous work,
> polarized Raman spectroscopy was performed on each of the
’:é; 044 four compounds studied and these results were used to designate
g peak assignmenid.The spectra are drastically different from
8 0.3 the hydrophilic quartz interface. The same vibrational modes
%‘ are visible but thier relative intensities are different. The other
3 02 major difference was the sps polarized spectra. For the hydro-
e- philic quartz interface, there were no visible resonances in the
@ sps spectra. The appearance of the antisymmetric methyl stretch
@ 014 in the sps spectra is believed to be due to the orientation of the
methyl groups being much closer to being aligned with the
0.0 surface normal than on the hydrophilic quartz surf{c€his
—T T T T T will be discussed in a following section.
2000 2050 2100 2190 ?1200 2250 2300 1-Methylimidazole. SFG spectra of the 1-methylimidazole/
Wavenumber (cm) hydrophobic quartz interface are shown in Figure 2. The ssp
Figure 1. SFG spectra of deuterated silane monolayer modified prism polarization combination (Figure 2A) was fit with seven peaks.
surface: ssp polarization combination. The methyl symmetric, Fermi resonance, and antisymmetric

vibrational modes were at 2952 cf 2912 cnt?l, and 3010
1-Butyl-3-methylimidazolium tetrafluoroborate [BMIM][Bf cm1, respectively. The vibrations at 3109 chand 3135 cmt
and 1-butyl-3-methylimidazolium hexafluorophosphate [BMIM]-  are from the antisymmetric and symmetric-B(4)C(5)-H
[PF] were synthesized in our laboratory by a procedure outlined giretches of the imidazole ring. The vibration at 3070 &iis
previously* 1-Methylimidazole was purchased from Aldrichand ;6 1 the CH vibration of the C2 carbon of the imidazole ring.
was used as recei_ve_d. 1-Butylimidazole was purchased frompare is also a combination band at 2814-&#526 The ppp
Aldrich and was distilled before use. The cell used for these polarization combination (Figure 2B) contains the same reso-

experiments was made entirely out of glass with a Kalrez O-ring nances as the ssp spectra. The only resonances visible in the

between the cell and the prism used as the window. The cell N L . . :
L e . sps polarization combination (Figure 2C) are the antisymmetric

was C.liime% by S(_)ak|r(1jg In tltl (|V/ V).fhEIM:"".FN% sotlutlc')Anﬁ methyl stretch at 3010 cm, the antisymmetric HC(4)C(5)-H

overnignt and was rinsed repetitively wi ipore water. Atter stretch at 3109 cmt from the imidazole ring, and a small

characterization, the silane-modified quartz prism was rinsed I .
with methanol and was attached to the cell. Two different cont_rlb_ut|on from the symmetric HC(4)C(5)~H stretch from
(}he imidazole ring at 3135 cm.

preparation methods were used, depending on the compoun e o
being studied. For the ionic liquids, the cell was attached to a  1-Butylimidazole. The SFG spectra of the 1-butylimidazole/

vacuum line and was pumped down 48 x 1075 Torr. The hydrophobic quartz interface are shown in Figure 3. The ssp
ionic liquids, [BMIM][BF 4 and [BMIM][PF¢], were pumped spectrum (Figure 3A) was fit with three peaks at 2867 &€m
down to <3 x 1075 Torr and were backfilled with dry argon 2934 cn*, and 2963 cm' assigned symmetric, Fermi reso-
gas before addition to the cell to remove any trace amounts of hance, and antisymmetric modes from the methyl group. There
water. Because 1-methylimidazole and 1-butylimidazole have is also a resonance at 3130 cthirom the symmetric H-C(4)C-
much higher vapor pressures than the ionic liquids, the cell was (5)—H stretch from the imidazole ring. The ppp polarization
dried by flowing ultrahigh purity nitrogen through the cell for ~combination (Figure 3B) contains the same three vibrations from

15 min before filling with either of the neutral molecules. the methyl group, whereas the contribution from the imidazole
ring is the antisymmetric HC(4)C(5)-H stretch at 3112 cr.
Results The sps polarized spectra (Figure 3C) was fit with only two

Modified Quartz Surface. The static water contact angle contributions from the antisymmetric methyl stretch at 2965

) s
measured for the modified quartz prism was 9% 2°. This cm™ and the asyr.nn.1etr|c .r|ng mode at 3112°¢m
value is consistent with the literature for trichloroalkylsilanes ~ 1-Butyl-3-methylimidazolium Tetrafluoroborate. SFG spec-

on silicon?? ssp polarized SFG spectra of the deuterated silane- ra of the [BMIM][BF.}/hydrophobic quartz interface are shown
modified prism were performed in the-D stretching region N Figure 4. The ssp polarization combination (Figure 4A) was
(2000-2300 cnrl) and are shown in Figure 1. The spectrum fit with five resonances. The three largest contributions at 2874
has three resonances from the symmetric methyl stretch, Fermich*, 2936 cn1, and 2965 cm* are from the symmetric, Fermi

resonance, and antisymmetric methyl stretch at 2059 ,c113 resonance, and antisymmetric modes of the methyl group at the
cm™l, and 2209 cm!. The frequencies are consistent with €nd of the butyl chain. There are also much weaker contributions

literature values oh-alkanes determined from infrared spec- from the C-H stretch from the C2 carbon of the imidazolium
troscopy?® The absence of methylene resonances is evidencering at 3130 cm' and the antisymmetric HC(4)C(5)-H
of a well-ordered monolayer free of gauche defects, and thus stretch at 3155 crrt. The ppp polarized spectra contain the same
the hydrocarbon chains are largely trans-extef8&#G spectra three resonances from the methyl group at the end of the butyl
of the C-H stretching region (28003300 cnTl) was also chain with the antisymmetric mode having much more intensity
performed to ensure that the silane monolayer contained nothan the symmetric mode. The antisymmetric ring mode and
C—H contributions and to make certain that there was no surfacethe C—H stretch from the C2 carbon on the imidazolium ring
contamination. are also visible in the spectra. The only peak that is apparent in
SFG Spectra.SFG spectroscopy was performed on the four the ppp polarized spectra and not in the ssp spectra is the
compounds of interest using three polarization combinations ssp,antisymmetric methylene vibration at 2913 ©mnThe only
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Figure 2. SFG spectra of 1-methylimidazole/modified quartz interface with fit (A) ssp, (B) ppp, and (C) sps polarization combination.
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Figure 3. SFG spectra of 1-butylimidazole/modified quartz interface with fit (A) ssp, (B) ppp, and (C) sps polarization combination.
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Figure 4. SFG spectra of 1-butyl-3-methylimidazolium [Bfnodified quartz interface with fit (A) ssp, (B) ppp, and (C) sps polarization combination.
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Figure 5. SFG spectra of 1-butyl-3-methylimidazolium [#nodified quartz interface with fit (A) ssp, (B) ppp, and (C) sps polarization combination.

substantial resonance in the sps polarized spectra was theesonance, and antisymmetric methyl stretches at 2874,cm
antisymmetric methyl stretch at 2965 cth 2935 cntl, and 2965 cml, respectively. The antisymmetric
1-Butyl-3-methylimidazolium Hexafluorophosphate.The methyl stretch of [BMIM][PF] is smaller than for the [BMIM]-
SFG spectra of the [BMIM][P§}/hydrophobic quartz interface  [BF4)/hydrophobic quartz interface in the ssp polarized spectra
(Figure 5) are similar to the [BMIM][BE] spectra. The three  (Figure 5A). Both the symmetric and antisymmetrie-8(4)C-
strongest resonances are assigned to the symmetric, Ferm{5)—H ring stretches are discernible in the spectra at 3174'cm
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and 3154 cm?, respectively. The ppp polarized spectra (Figure )
5B) only has contributions from the alkyl chain. As with the 300 4
[BMIM][BF 4] interface, the three methyl stretches and the
antisymmetric methylene stretch are observable. The sps (Figure
5C) polarized spectrum only contains one significant resonance
from the antisymmetric methyl stretch.

Orientation Analysis. It is possible to gain information on
the polar ordering of a molecular group using polarization-
dependent SFG spectroscopy to probe different tensor element
of the surface susceptibilif?:2728 Orientation information is
usually determined by comparing the ratios of peak intensities
with a calculated theoretical orientation curve. When intensity
ratios of different polarization combinations are analyzed,
differences in the local fields must be taken into account.

To relate the macroscopic SFG susceptibiljg@, to the 0-
microscopic hyperpolarizabilityjan, a coordinate transforma- T T T T T T T T J
tion is performed?®28-30 The components of the transformation 6 1w 20 0 40 S 60 70 80 90
matrix depend on the Euler angle® ¢, x), which relate the Tilt Angle (Degrees)
molecular and laboratory-fixed coordinate systems. The tilt Figure 6. Simulation of SFG signal as a function of methyl group
angle,0, is defined at zero degrees when normal to the interface. orientation of liquid/modified quartz interface.

The twist angleg, which is along the molecular axis, is defined TABLE 1: Orientation of Methyl Group and Cation Ring

at zero degrees in plane with the interfagéas the azimuthal from Surface Normal for Hydrophilic and Hydrophobic
angle around the plane of the interface. The two point groups Quartz Interface?

that will be examined in this manuscript &g, (methyl group)
andCy, (ring stretch). After calculating the Fresnel coefficients,
hyperpolarizability tensors, and integrating the equations de- methyl  ring (twist) methyl  ring (twist)
termined from the coordinate transformation, the resulting 1-methylimidazole 3235 45-68 (0—-30) 13-17 35-90 (0-40)
equations are plotted as a function of the orientation of the [1B-R/|U|t’\3//||]i[f:’l3iga]ZO|e 7?3338 Zggg Eg:ggg ;;1029 3(1;33 Eg:?gg
molecular group. Ratios of experimental intensities of the 4 B -
molecular vibrations are then plotted against the theoretical [BMIMI[PF ] 58-64 38-58(0-30) 21-24 60-90 (0-20)
curves (Figures 68), and their overlap determines the orienta- ~ #All values are in degrees.
tion of the functional group. A delta function distribution was
assumed for all systems studied. identical to the method used in the previous work on the
Each SFG spectra shown was fit using eq 3 with an hydrophilic quartz surfack Although these curves are limited
instrumental weighting method which took into account scatter for the absolute orientation analysis, they are useful for
in the data as well as fitting error. The coefficients given from comparison, as in this work. The ratios of the ssp symmetric
each of the fits have a standard deviation associated with them.and antisymmetric methyl stretching intensities as a function
To correctly determine how much effect the error of each of tilt angle are shown in Figure 6. The tilt angle of the methyl
coefficient has on the orientation calculation, a rigorous error group for each of the molecules studied for both the hydrophilic
analysis was performed. Each peak has three coefficiénts, and the hydrophobic quartz interfaces is shown in Table 1. For
the amplitude of the pealf;, the damping constant (or width ~ each of the molecules studied, the tilt angle of the methyl group
of the peak), andpq, which is the frequency of the peak. To is much closer to normal for the hydrophobic surface than for
correctly compare the intensities of resonances, the amplitudesthe hydrophilic quartz interfacg.This is believed to be due to
of each peak were divided by their widths (normalized) and the alkyl chain of the molecule orienting with the alkyl chain

—— 1-methylimidazole
—&4— 1-butylimidazole

N
«a
o

N

o

o
1

-

a

o
1

100

SFG Intenéfty Ratio
SSP CH, sym/SSP CH, asym

(o
o
1

hydrophilic quartz hydrophobic quartz

were squared?t-32 of the silane monolayer. This arrangement is similar to the
orientation of lipid bilayer&—3¢ and polymer interface¥.The
| = (5)2 ) hydrophobic head groups of the alkylsilane and the butyl chain
T of the ionic liquid are arranged with the methyl groups facing
each other.

When performing mathematical operations on values with a  On the hydrophilic quartz surface, it was proposed that the
standard deviation, a more detailed mathematical operation mustmolecules were adsorbed through hydrogen bonding of the lone
be performed? Since each parameter has an associated standardairs of the nitrogen on the imidazole/imidazolium ring to the
deviation, these all must be taken into account to get a true surface hydroxyl groups or from ion-dipole type interactions
representation of the errét. between the ionic liquids and the quartz surf&&&he ionic

A more detailed description of the orientation analysis used liquids and neutral molecules form weak hydrogen bonds
in this work can be found in a previous work (or in the between the nitrogen atoms of the imidazole/imidazolium ring
Supporting Information) which describes the orientation calcula- and surface silanol OH groups, as has been reported for other
tion for the molecules studied at a hydrophilic quartz interfdce. molecules with similar structurég:3°
The only difference, for orientation calculation purposes, for  Itis apparent by comparing the spectra of [BMIM][BRvith
the hydrophilic system and the hydrophobic system was the [BMIM][PF ¢] (Figures 4 and 5) that the relative antisymmetric
change in the refractive index of the monolayer. The refractive methyl intensity is larger for [BMIM][BR] and that the anion
index of dodecyltrichlorosilane (1.46) is similar to the refractive has some influence on the orientation of the methyl group.
index used for the monolayer in the previous study (1.49). This [BMIM][BF 4] is miscible with water while [BMIM][PF] is not,
small change did not affect the theoretical orientation curves. and since they have the same cation, it is considered that the
Thus, the orientation calculation used in this work was kept [PFs]~ anion is more hydrophobic than the [BF anion! The
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Figure 7. Simulation of SFG signal as a function of ring mode
orientation of liquid/hydrophobic quartz interface.

more hydrophobic anion, [RF, will have greater attraction to
the nonpolar silane monolayer, while the hydrophilic anion,
[BF4]~, will be more attracted to the polar C2{ group on
the imidazolium ring. There is evidence for hydrogen bonding
between the C(2) hydrogen and the anion for [BMIM][CI],
another water-miscible ionic liqui?#* This difference in
hydrophobicity of the anion is likely the cause of the difference
in orientation of the methyl group for the two ionic liquids.
The orientation of the methyl group is only mildly affected for
the two ionic liquids because the anion must be close to the
cation ring because of columbic interactions.

Calculation of the orientation of the imidazole/imidazolium
ring is not as straightforward as for the methyl group. The
imidazole/imidazolium ring is assigne@,, symmetry. Free
rotation around the symmetry axis of the ring cannot be
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Figure 8. Simulation of SFG signal as a function of ring mode
orientation of liquid/hydrophobic quartz interface.

Only the antisymmetric HC(4)C(5)-H ring mode was
visible in the ssp and ppp polarizations for [BMIM][BF
Therefore, the tilt angle of the ring was estimated to be 70
90° from normal, almost parallel to the surface.

For [BMIM][PF¢], the symmetric and antisymmetric ring
modes are only visible in the ssp polarized spectra. The intensity
ratio is plotted versus the theoretical orientation curves in Figure
7. The calculated orientation is 6@0° with a possible twist
of 0—20°.

The orientation of the imidazole ring of the neutral molecules
is believed to be influenced by-stacking of the absorbed
molecules and by van der Waals interactions between terminal
methyl groups or the monolayer and solvent, respectively. The
face-to-face orientation of the methyl from the monolayer and
those from the liquid has been observed previously in SFG

assumed, unlike for the methyl group, because the imidazole/experiment$84243This creates a well-ordered system with the

imidazolium ring cannot rotate around & symmetry axis if

methyl groups (of the liquid-phase species) in a bilayer

the molecule assumes a particular orientation. This producesarrangement with the alkyl chain of the silane monolayer, and

orientation curves which are a function of both the tilt of the
imidazole/imidazolium ring from surface normal and twist
around the molecular symmetry axis. The low signal level of
the C—-H ring modes also increased the error associated with
the intensity ratios, producing a wide range of possible tilt and
twist angles.

The tilt angle of the ring mode of 1-methylimidazole was
determined from Figure 7. The ratio of symmetric versus
antisymmetric ring stretches from the ssp polarization combina-

the imidazole rings are stacked to allow the maximum amount
of molecules to interact with the silane monolayer.

For the ionic liquids, the orientation of the imidazolium ring
is likely due to influence of the anion. If the anion did not have
any influence on orientation, the ionic liquids would be oriented
similar to 1-butylimidazole. Because the rings are charged and
there are anions present, the rings camnstack as effectively
as the neutral moleculé$This suggests that there are a wide
variety of possible conformations of the cation ring. The weak

tion was chosen to determine the orientation because of the leveintensity of the resonances from the imidazolium ring suggests

of signal to noise. This produced a tilt angle of-38° with
0—40° of twist. The large ambiguity of this measurement is
due to all the possible twist orientations. If we constrain the
possible twist angles of the imidazole ring te-80°, because
of steric hindrance of the imidazole ring, the tilt of the imidazole
ring becomes constrained to-363° from surface normal.

For 1-butylimidazole only, the symmetric ring mode was
visible in the ssp polarized spectra and the antisymmetric ring

that the ring is oriented in the plane of the surface. Because the
ionic liquids are oriented with the methyl group toward the silane
monolayer, the conformation of the imidazolium ring is not as
constrained as on the hydrophilic quartz surface since the charge
is not directly interacting with the surface.

Comparison of Imidazolium-Based lonic Liquids with
lonic Surfactants. These results for ionic liquids at hydrophilic
and hydrophobic quartz interfaces closely resemble the adsorp-

vibration was observed in the ppp polarized spectra. The ratio tion properties of ionic surfactants at both the air/water and

of the intensities for these vibrations is shown in Figure 8. This
curve predicts that the orientation of the imidazole ring for
1-butylimidazole is 3%+82° with 0—50 ° of twist. As with
1-methylimidazole, if we constrain the possible twist angles of
the imidazole ring to 830°, because of steric hindrance of the
imidazole ring, the tilt of the imidazole ring becomes constrained
to 31—44° from surface normal.

quartz/water interfaces. The amphiphilic nature of imidazolium-
based cations suggests that they could have similar interfacial
behavior to the cations of ionic surfactaftdzor ionic surfac-
tants, the opposing interactions of the hydrophilic headgroup
and hydrophobic tail with the surrounding media have been well
studied?945-48 When comparing the interfacial properties of
ionic liquids to ionic surfactants, a key issue needs to be
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Figure 9. SFG spectra of [BMIM][PF] at three different interfaces ssp polarization (A) air/liquid, (B) hydrophobic quartz/liquid, and (C) hydrophilic
quartz/liquid.

considered, the solvent. For ionic surfactants, the solvent canThis study provides a direct in-situ observation that [BMIM]-

have an effect on molecular conformati®t84°lonic liquids [PFe] and [BMIM][BF 4] can have different conformations at

are pure ions, without solvent, so the molecular conformation different interfaces.

is only due to intrinsic properties of the compound. Although
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