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The purpose of this investigation is to study the ionic liquid/quartz interface with sum frequency generation
vibrational spectroscopy (SFG). SFG spectroscopy was chosen for this study because of its unique ability to
yield vibrational spectra of molecules at an interface. Different polarization combinations are used, which
probe different susceptibilities, giving SFG the ability to determine molecular orientation at the interface.
The ionic liquids used were 1-butyl-3-methylimidazolium tetrafluoroborate, [BMIM}[BBnd 1-butyl-3-
methylimidazolium hexafluorophosphate, [BMIM][E]FTo determine the influence of the molecular structure

and charge on orientation at the interface, neutral, 1-methylimidazole, and 1-butylimidazole were also studied.
Raman spectra and depolarization ratios were obtained for neat samples of 1-methylimidazole, 1-butylimidazole,
and 1-butyl-3-methylimidazolium tetrafluoroborate recorded from 2700 to 3300.c3#G spectra of the
1-methylimidazole/quartz interface showed both methyl and aromatld @brations. Orientation calculations
determined that the ring of the molecule is tilted-&8° from normal, with the methyl group oriented 32

35° from normal. The SFG spectra of 1-butylimidazole contain several resonances from the alkyl chain with
only one weak resonance from the aromatic ring. Orientation calculations suggest that the ring is lying in the
plane of the surface with the methyl group pointing=43° from normal. The orientation of the [BMIM]-

[PFg] ionic liquid was sensitive to trace amounts of water and had to be evacuate®i%010~° Torr for the

water to be removed. SFG spectra of both ionic liquids were similar, displaying resonances from the alkyl
chain as well as the aromatic ring. Orientation analysis suggests the aromatic ring was tH&@ 45m

normal for [BMIM][BF 4], while the ring for [BMIM][PF] was tilted 38-58° from normal. This suggests the
orientation of the molecule is influenced by the size of the anion.

Introduction Polarized Raman spectroscopy was used to help with vibrational
mode assignment and to determine depolarization ratios of the

Room-temperature ionic liquids are a combination of weakly iy, ations

coordinating organic cations and inorganic anions which are

liquid at room temperaturklonic liquids have become a major  Sum Frequency Generation

topic of interest because of their unique properties. They are  Sum Frequency Generation (SFG) was used for these
nonvolatile and nonflammable with a high thermal stability and experiments because it is insensitive to bulk solvent and will
a low melting point. These qualities allow ionic liquids to be only probe molecules oriented at the interface. SFG spectroscopy
outstanding solvents for many synthesis reactions including is @ nonlinear technique used to investigate vibrational reso-
biphasic catalysts4 and liquid/liquid extractior®:6 Another nances of molecules at an interface. With SFG, a tunable infrared
interesting property of ionic liquids is their ability to be a laser and a fixed frequency visible laser are overlapped both
conductive media for fuel cells and solar célisRecent studies ~ SPatially and temporally at the surface and the emitted light at
have shown that imidazolium based ionic liquids can be used the sum of the two input fields is detected. As the infrared
as lubricant§13 Because most of these applications involve frequency is scanned to a vibrational resonance of molecules

interfacial chemistry it is important to develop a molecular level ﬁ/}[ the mterf?cel,l th(ihlntgntsny .‘:f thfe t(;mltted bfeam IS mcrsased.
description of how ionic liquids behave at an interface. There ore speciiically, the Intensity of the sum irequency beam

have only been a few studies of the interfacial properties of depends on the mtensmes_of the mudenppe)alﬁgﬁ,and B,
NP ST and the second-order nonlinear susceptibili§).

ionic liquids and only one on the ionic liquid/quartz

interface?® This study’s purpose is to investigate the ionic liquid/ | ~ K @y E, K<E |2 @
quartz interface with sum frequency generation vibrational (wsum) SFOL Pvis—vis MIREIR

spectroscopy. The ionic liquids used were 1-butyl-3-methylimi- , @) is a third-rank tensor and therefore vanishes in bulk media
dazolium tetrafluoroborate, [BMIM][BH, and 1-butyl-3-me-  yith inversion symmetry. Within the electric dipole approxima-
thylimidazolium hexafluorophosphate, [BMIM][BF To de- tjon, no signal arises from molecules in solution, and is due
termine how shape and charge affected the orientation at thepnly to molecules at an interface where the isotropic environ-
interface, 1-methylimidazole and 1-butylimidazole were also ment of the bulk phase is broken. The SFG signals from mole-
studied. Analysis of SFG data in the determination of orientation cules are enhanced when the frequency of the infrared beam,
requires accurate assignment of observed vibrational modes.w, is in resonance with a sum frequency active vibrational mode.
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whereA is the amplitude of the resonanes, is the frequency only be integrated in terms ¢f, and the resulting equation is

of the vibration, and" is the damping constant. There are other both a function of tiltg and twistg of the ring mode. Therefore,

contributions to the sum frequency signal which are not the results described later are both a function of tilt and twist

dependent on the infrared frequency, called nonresonant con-of the ring vibrations and cannot be separated.

tributions. To relate SFG intensity directly ¥g2), the macroscopic local-
field corrections, also known as Fresnel coefficients, for the

2P =G+ z;&;’ (3) incident fields and for the sum frequency field created at the

interface must be calculated. The local-field factors take into

These nonresonant contributions are usually from the visible account the reflection, refraction, and enhancement of the fields

radiation being near a electronic transition and are independentdue to the presence of the interface. The local field factOgs,

of infrared frequency. At metal surfacqﬁ% can be compa- Kyy, andKy; relating to the input visible and infrared electric

rable tng)_ For monolayers on quar;g‘ﬁ% is small but cannot _ fields and output sum frequency field, are as follcits:

be ignored. The resonant portion g? can be related to the

hyperpolarizability of the individual molecules in the monolayer, K = Esurfa01 _ 2ny(w) cod), cod, (7)
B, by * Easerlx  Ny(w) cOH, + ny(w) cod,  *

28 = N0 ) K,, = ES““aCj = 2nw) coPy 8)

Baser Iy  My(w) co; + ny(w) cod,
N is the number of molecules contributing to the signal &id
is the molecular hyperpolarizability orientationally averaged. _ Esurfacj _ 2ny(w) cosd, nlz(w),in 0
The hyperpolarizability is a product of the Raman polarizabity, = **  El, [ny(w) co®; + n,(w) coP,] nmz(w)° !
o, and the transition dipole moment of the molecule,and 9
therefore all resonances in SFG spectroscopy must be both
infrared and Raman active. where#6; is the incident angle anél; is the transmitted angle
through the median;, n;, andny, are the refractive index of
Bape = Ola,| vI|u g0 (5) media 1, 2 and the monolayer, respectively. The refractive

indices are wavelength dependent and must be determined for
The lowercase letteralpo) refer to the molecular coordinates  both input and the output beams. P-polarized light has contribu-
which must be transformed to a laboratory fixed coordinate tions in two directionsx andz. Therefore Ky andK,, are the

system Xy2 using the Euler matrix. two components of p-polarized light once they have been
separated. This is accounted for by the@oasnd sif; at the
Axyz = Z Usy2lxyz (6) end of the respective equatioms?/ny? has been added 6,

Xyz to make corrections due to the polarization sheet of the

interface?® The refractive index of a material is a macroscopic
property, which has led to much debate about how to calculate
the refractive index of the monolayen;.2527 The sign of the
Fresnel factors comes directly from the coordinate system used
for the calculation. The coordinate system used in this study
has thez-coordinate pointing down into the interfa¢®?8 This
causes all the-components of the electric field vectors to be
negative. Thex-coordinate is pointing away from the incident
beams, therefore the incident electric fields have negative
x-components and the output electric field has a positive
x-component. The sign of the Fresnel coefficients is important
for calculating the relative sign of each susceptibility tensor in
the ppp polarization combination due to the different tensor
elements interfering with one another.

Monolayers that are isotropic in the plane of the surface only

The components of the transformation matrix depend on the
Euler anglesd,¢,y), which relates the molecular and laboratory-
fixed coordinate systems. The tilt angle, is defined as O
normal to the surface and 9 the plane of the surface. The
twist angle,¢, is defined at 0 in plane with the surface and
90° perpendicular to the surfaceis the azimuthal angle within
the plane of the surface.

This paper will be concerned with the stretching modes of
the methyl group and the ring modes of the imidazole or
imidazolium ring. The methyl group is assumed to h&sg
symmetry with free rotation along th@s axis. The molecular
coordinate system for the methyl group is defined with the
axis along theCs axis. From group theory we are able to
determine which components of the hyperpolarizability tensor

@ —

are allowed for each vibration. Therefore, the methyl groups have four independent componentsxéﬁ):xzxx ngy)y Xizz)x _

(Cs,) are assumed to hay®ae Pobe andpecc as the hyperpo- @ @ — @ @ X .
larizability tensor elements of symmetric stretching modes and %yzy X = Zyy= @ndtzz; Only four combinations of polariza-

and as hyperpolarizability tensor elements tion allow sum frequenpy emis_sior_r Ssp (s-po_larizc_ad sum
g?ct?;eﬁ tz;cgtigilar;metr%?;odes).lgrhg other tens)(/)r elements ascribeJrequency output, s-polarized visible input, P- po_larlzed '“Trar:ed
to the antisymmetric vibrations integrate to zero when free Input), ppp, ;ps, and pss. Each of these) polarization combinations
rotation of the methyl group is assumed. This allows the Probes a different tensor element ;_djﬁ,_except for the ppp
components of the transformation matrix to be averaged over combination, which probes a combination of tensor elements.
¢ andy, which leads to an equation that is only a function of @ , 2
the tilt angle 6. The other vibrations of concern are the lssp™ IKgtyyKis Kir (10)
H—C(4)C(5)-H ring modes of the imidazole/imidazolium ring. L~ K PKE K2 11
The molecular coordinate system is defined withzais along sps™ [KsrgtyzyKuis Kir (11)
the C, symmetry plane of the ring. This vibration is assumed |~ K2 @Ky KY)2 (12)
to have C,, symmetry withBaac and Becc as the symmetric pss™ [Rstghay/vis IR
components of the hyperpolarizability tensor. For the asym- |~ |K§ng§ZZ) 2 KE + Kéfgx(zi) X K+
metric modes only.aa andfBaca contribute. Since free rotation X @uz wx X _QuX Lz 2
cannot be assumed for the ring modes, the Euler matrix can sglxaiuis Kir 1 Ksighodkvis Kir (13)
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By using the vibrational frequencies and intensities, the type figuration with incident angles of 30and 60 for the visible
and amount of the adsorbed species can be determined. Thand infrared beams, respectively. The fixed visible and tunable
orientation of molecules at the interface can be determined by infrared beams were sent through polarizers and half waveplates
analyzing different polarization combinations of the incident to control the energy and polarization of the incident beams
beams. and overlapped both spatially and temporally at the surface of
. the sample. The SFG signal created at the surface was filtered
Polarized Raman Spectroscopy from the incident visible beam by optical filters, sent through a

Molecular SpectI‘OSCOpy is used to obtain information about monochromator, detected by a photomultiplier tube, and ana-
transitions. Raman scattering is a two-photon event in which [ ap\IEW was used to collect the signal from the gated
the incoming radiation creates an induced dipole moment in jntegrator and to scan the infrared frequency. The infrared
the molecule. The light emitted by the induced dipole moment frequency was scanned at 1 cis. Data presented here are an
is shifted in frequency from the incident radiation by the ayverage of five scans of the infrared frequency over the desired
vibrational energy that is gained or lost due to a vibrational range.
transition of the molecule. When plane polarized electromagnetic  sample Preparation.1-Butyl-3-methylimidazolium tetraflu-
radiation is scattered from a molecule there is often a changegroporate and 1-butyl-3-methylimidazolium hexafluorophos-
in the state of polarizatiof. These changes in polarization can  phate were synthesized in lab by a procedure detailed in ref 16.
be correlated with the symmetry of the molecule. This effectis 1.pethylimidazole and 1-butylimidazole were purchased from
taken advantage of with polarized Raman spectroscopy. Ramana|drich and used without further purification. A SFG spectrum
spectroscopy is an inelastic light scattering technique that probesyas acquired for a distilled sample of 1-butylimidazole and
transitions between different vibrational energy levels in a |ooked identical to spectra taken without distillation. The cell
molecule. By probing a system with linearly polarized light and sed for these experiments was made entirely out of glass with
then collecting both the parallel and perpendicular components 4 Teflon encapsulated silicon O-ring between the cell and the
of the scattered light separately, the amount of intensity of the gqyilateral IR quartz prism (ISP optics) used as the window.

two spectra can be compared. This allowed for the entire cell to be cleaned with a 50/50 nitric/
sulfuric acid solution. The cell was then rinsed repeatedly with
_ Iy water from a Millipore A10 system>18 MQ-cn¥) and dried
p= |_|| (14) with flowing nitrogen before being filled with the compound

of interest. [BMIM][PK;] was sensitive to trace amounts of water
and had to be pumped down t8 x 107° Torr and backfilled
with argon gas to remove contributions due to water from the
spectra. [BMIM][BF] did not seem to be as sensitive to minute
amounts of water, but was also pumped down<@® x 105
Torr for comparison with [BMIM][PF]. Originally an IR quartz

The depolarization ratig, is the intensity of the perpendicular
component of a vibratiory, divided by the parallel component,
1,.3° Depolarization ratios as defined above usually have a value
between 0 and 1. If the depolarization ratio is 0 then the scattered

radiation is completely polarized and if the depolarization ratio  : ; .
pietely b P window was used for the experiments but the signal level was

is 1 then the scattered radiation is completely nafiffBecause K Th ¢ ilateral t7 prism drasticall
of this effect polarized Raman spectroscopy has the ability to very weak. The use of an equiiateral quartz prism drastically
probe vibrational modes and determine if they are symmetric !ncreageq the amount of S|gnal detected. This will be discussed
or asymmetric modes. This allows for more precision in the in detail in the results section.
assignment of vibrational modes by narrowing down the possible Results

assignments due to its symmetry. Raman Spectroscopy.Raman spectra and depolarization

ratios were obtained for a neat sample of 1-methylimidazole,
1-butylimidazole, and 1-butyl-3-methylimidazolium tetrafluo-
Raman Spectroscopy.Polarized Raman spectra were ac- roborate. Polarized Raman spectra of [BMIM]gPrre not
quired with a standard scanning Raman spectrom@tée?The shown because the cation is the same as [BMIM]|&#d the
spectrometer used a Spex 1403 double monochromator equippe@nions were not probed in the region of this study. Spectra were
with two 1800 grooves/mm gratings and a Hamamatsu 928 recorded from 2700 to 3300 crhand are presented in Figures
photomultiplier tube. A Coherent Innova 90-6 *Aion laser 1, 2, and 3, respectively. For each of the Raman spectra, A is
with an output power of 50 mW provided the 514.5 nm the parallel component and B is the perpendicular component.
excitation wavelength. Samples were sealed in NMR tubes andThese data along with calculated depolarization ratios are
analyzed, in a backscattering geometry, over the CH stretchingsummarized in Tables 1, 2, and 3, respectively. Spectra were
region, 2700-3300 cntl. Spectra were obtained with a fit by using multiple Lorentzian line shapes with Origin 6.0
polarization filter parallel to the plane of incidence, the parallel software. Line widths and peak assignments were held constant
component, and with the polarization filter perpendicular to the for both perpendicular and parallel components, while only
place of incidence, the perpendicular component, for 1-meth- varying the amplitude.
ylimidazole, 1-butylimidazole, and 1-butyl-3-methylimidazolium 1-Methylimidazole. There have been many studies on the
tetrafluoroborate. vibrational structure of imidazoR, 37 but only a few studies
SFG Optical Setup. The details of the homemade SFG have been performed on 1-methylimidaz#lé® For 1-meth-
spectrometer used have been described elsewh@te laser ylimazole (Figure 1) eight vibrations were fitted for both the
used to create the fundamental beam was a picosecond pulsegarallel and perpendicular spectra. These vibrations are all due
Nd:YAG (Ekspla) with a 20 Hz repetition rate. The fundamental to CH stretches from the methyl group and the ring. The peak
(1064 nm) is used to pump an optical parametric generator assignments and the results of the other two studies of
(LaserVision) to create a frequency doubled fixed visible beam 1-methylimiazole are also summarized in Table 1. Depolariza-
(532 nm) and a tunable infrared beam between 2000 and 4000tion ratios (also shown in Table 1) correlated well with values
cm L. The optical geometry used was a co-propagating con- reported by Pembertéhand made assignments of the vibrations

Experimental Section
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Figure 1. Polarized Raman spectra of 1-methylimidazole: (A) parallel component (B) perpendicular component.
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Figure 2. Polarized Raman spectra of 1-butylimidazole: (A) parallel component (B) perpendicular component.
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Figure 3. Polarized Raman spectra of 1-butyl-3-methylimidazolium JBKA) parallel component (B) perpendicular component.

more accurate. Three vibrations have been assigned to stretche

due to the methyl group. The vibrations at 2916, 2952, and 2984 atios of 1-Methylimidazole

ABLE 1: Vibrational Assignments and Depolarization

cm™! are from the Fermi resonance, the symmetric, and the P
antisymmetric modes, respectively, whereas Pemberton assigns Raman vibrational

the Fermi resonance as the symmetric mode with the higher ref39 ref38  exptl assignment ref38  exptl
frequency. The Fermi resonance is an overtone of the antisym- 2822 2814 combination band  0.01 0.04
metric bending mode of the methyl group at 1475é1¥ The 2896 2896 0.01  0.07
difference in assignment from Pemberton et al. of the Fermi 2967 2916  sym(CHFR 003  0.07
resonance and symmetric stretching mode is because the Fermi 2052 22552 2952 sym (G %0016 0.03
resonance vibration cannot have more intensity than_ the 5916 30150 2984 asym (GH 0.66 0.57
fundamentaf® When an overtone has exactly the same vibra- 3032 3010  (CH)C2ring 047 079
tional frequency as a normal mode the maximum energy that 3105 3126 3108 asym (CH) ring 0.41 0.41
can be transferred is half the normal modes intensity. When an 3131 3149 3133 sym (CH)ring 0.1 0.11
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TABLE 2: Vibrational Assignments and Depolarization does not seem to be affected by the charge because of the

Ratios of 1-Butylimidazole remoteness from the ring. The vibrational assignments for the
Raman vibrational o symmetric, Fermi resonance, and asymmetric vibrations from
exptl assignment exptl the methyl group at the end of the butyl chain are 2874, 2939,
2732 combination band 0.09 and 2968 cml, respectively. For the methylene groups on the
2869 sym (CH) 0.04 butyl chain the symmetric and asymmetric modes have been
2907 asym (Ch) 0.27 assigned to 2833 and 2912 chn
gggg ng(%g)@m 8‘\23 Assig.n.ments for t.he methyl group attached to the nitrogen
3107 asym (CH) ring 0.40 were difficult to assign from the depolarized Raman spectra.
3133 sym (CH) ring 0.10 Other studie®¥*3show differences in assignment of the-NH;

vibrations, therefore, IR and Raman spectra of deuterated
[BMIM][PF¢] were required to assign the symmetric and
asymmetric N-CHj vibrations at 2968 and 3035 ch** The

TABLE 3: Vibrational Assignments and Depolarization
Ratios of [BMIM][BF 4]

Raman vibrational p assignment of both the NCH; symmetric mode and the
expt assignment exptl asymmetric methyl stretch from the butyl chain at 2968 &m
2742 combination band <0.01 explains the depolarization ratio being 0.14, due to overlapping

gg?i zym ggg)) <8-g411 of the two vibrational modes. The asymmetric-SH; is

2912 a>s/ym (Ch) 023 assigned at 30053035 cn1? in the polarized Raman spectra,
2939 sym (CH) FR 0.13 due to a low cross-section. There are three assignments made
2968 asym (Ch), sym N—CHs 0.14 for modes attributed to the ring, the asymmetric and symmetric
3005-3035 asym N-CHs 0.69 H—C(4)C(5)-H vibrations of the ring at 3153 and 3174 cin

3032 H-bonding interaction 1.13 respectively, and the vibration from the C2 CH stretch at 3127
gigg (CH) C2 ring %isé cm*l-. There isalso a hydrogen bonding interactiqn at 3032'cm
3153 asym (CH) ring 0.89 that is discussed by Wilkes et@&IThe other peaks in the spectra
3174 sym (CH) ring 0.09 at 2742 and 3109 cm are not assigned but could be vibrations

from the methyl attached to the nitrogen, combination, or

overtone is not exactly overlapped with the fundamental the overtone vibrations.
energy transferred is less than half. Therefore, the fundamental SFG SpectroscopySFG spectra where first performed with
mode must have more intensity than the Fermi resonance.  use of a quartz window instead of the equilateral prism. This

There are three vibrations that are from the ring modes. The produced spectra with a small amount of signal due to the
peak at 3010 cm has been assigned to the CH stretch of the Fresnel factors at the surface. Because the Fresnel factors are
C2 position. The peaks at 3108 and 3133 ¢mre assigned to  dependent on the refractive index of the media as well as the
the antisymmetric and symmetric-HC(4)C(5)—H vibrations, incident angle, by changing the incident angle the amount of
respectively. The peak at 2814 chhas been assigned as a signal was increased. The SFG spectrometer setup used has
combination band by Pembert&hwhile the vibration at 2896 incident angles of 50and 60 for the visible and infrared beams,
cm~! has been reported by Pemberton but is unassigned. respectively. When the beams are sent through a flat quartz

1-Butylimidazole. There have been no studies of the Raman window they are refracted and then the incident angles at the
spectra of 1-butylimidazole listed in the literature, therefore peak interface are 31and 36 for the visible and infrared, respec-
assignments were based on imidazole and 1-methylimida- tively. This change in the angles decreasgs _the Io_cal flelq$ at
z0le3383%for the ring modes and long alkyl chafid? were the s_urface by 50%. Becausg therPT are two incident fields (visible
used to assign the butyl chain vibrations. Depolarization ratios @nd infrared) and the SFG intensity is due to the square of the
also helped determine assignments by defining the vibration asincident electric fields, the overall SFG intensity is 1/16th of
either symmetric or antisymmetric. The Raman spectra were the intensity without ayvmdow, seeeq 1. This is corrected with
fit with seven peaks. The peaks at 2869, 2936, and 2964 cm an equilateral quartz prism. The prism allows the incident beams
were assigned as the symmetric, Fermi resonance, and anti{0 overlap at the interface without changing the angle of the
symmetric methyl stretches, respectively. The vibration at 2907 infrared beams and only slightly changing the incident angle
cm! was assigned to the asymmetric methylene stretch. TheOf the visible beam+{3°), thus greatly increasing the signal
symmetric methylene stretch which should be near 2850tcm level. The use of a prism allows the incident electric fields to
was not visible in the spectra. For the imidazole ring, the be closer to, but not at, a total internal reflec_tion geometry that
antisymmetric and symmetric HC(4)C(5)-H vibrations are ~ Nas been shown to greatly enhance SFG sitfal.
assigned to the peaks at 3107 and 3133%crhe frequencies SFG spectroscopy was performed on the four compounds of
for the symmetric and antisymmetric stretches from the imida- interest with use of four polarization combinations ssp, ppp,
zole ring are the same for 1-methylimidazole and 1-butylimi- sps, and pss from 2750 to 3300 cmOnly the ssp and ppp
dazole. The CH stretch from the C2 position on the ring was spectra are shown because of the weak signal level observed in
not visible in the spectra. the other two polarization combinations.

1-Butyl-3-methylimidazolium BF .. Polarized Raman spectra 1-Methylimidazole. SFG spectra of the 1-methylimidazole/
of [BMIM][BF 4] are shown in Figure 3. The spectra were fit quartz interface are shown in Figure 4. The spectrum on the
with 12 peaks. Spectra of 1-butyl-3-methylimidazolium are more left is the ssp polarized spectrum and that on the right is the
complex than those of 1-methylimidazole or 1-butylimidazole. ppp polarized spectrum. Both spectra were fit with six peaks
There are two methyl groups which are in different environments using eq 2 (solid black line). The resonances at 2920, 2962,
causing them to have different vibrational frequencies. The and 2997 cm! have been assigned to the Fermi resonance,
addition of the charge to the ring shifts the vibrational frequency symmetric, and asymmetric methyl stretches, respectively. The
compared to imidazole, which causes peak assignment to bevibration at 3060 cm! is due to the CH vibration of the C2
more difficult. The methyl group at the end of the butyl chain carbon of the imidazole ring. The large change in frequency of
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Figure 6. SFG spectra of 1-butyl-3-methylimidazolium [BFuartz interface wifit.

this vibration has been attributed to interaction with the quartz 6. Each spectrum was fit with five peaks. Three resonances are
surface because of its acidic natdfé8 The vibrations at 3123  from the methyl group at the end of the butyl chain: 2878,
and 3152 cm! are from the asymmetric and symmetric 2940, and 2970 cm, which correspond to the symmetric, Fermi
H—C(4)C(5)-H stretches from the imidazole ring. resonance, and asymmetric modes, respectively. There are
1-Butylimidazole. The SFG spectra of the 1-butylimidazole/ perhaps some other contributions; the fit of the Fermi resonance
quartz interface are shown in Figure 5. These spectra werepeak has a much larger amplitude than the fundamental, but
drastically different from the 1-methylimidazole. The ssp has proven difficult to de-convolute. The vibrations from the
spectrum was fit with three peaks at 2865, 2947, and 2968 cm  imidazolium ring are much more straightforward. There are two
assigned symmetric, Fermi resonance, and asymmetric modeyibrations in each spectrum at 3130 and 3175 rthe C-H
from the methyl group. There are no resonances from the stretch from the C2 position and the symmetrie €(4)C(5)-H
imidazole ring in the ssp spectra. The ppp spectra was fit to stretch, respectively.
four peaks corresponding to the same modes for the methyl  1-Butyl-3-methylimidazolium Hexafluorophosphate. The
group and an extra mode at 3110 ¢nirom the asymmetric ~ SFG spectra of the [BMIM][P§/quartz interface are similar
ring mode from the HC(4)C(5)-H stretch. to the [BMIM][BF ] spectra. The alkyl portion of the spectra
1-Butyl-3-methylimidazolium Tetrafluoroborate. SFG spec- was fit to the same number of peaks as the [BMIM][B$pectra
tra of the [BMIM][BF4)/quartz interface are shown in Figure with vibrations at 2879, 2937, and 2970 thdue to the
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TABLE 4: Fresnel Coefficients analysis must be performed. Each peak has three coefficients,
K Ky K., A, the amplitude of the p_eak‘_,, the damping constant (or width
R 0521 0.898 0735 of the peak), andpy, whlch is .the frequency of the peak. .To
visible —0:605 0:966 _0:755 correctly compare the intensities of resonances, the amplitudes
SEG 0.592 0.965 ~0.762 of each peak were divided by their widths (normalized) and
squareds-57

symmetric, Fermi resonance, and asymmetric modes of the 5

methyl group at the end of the butyl chain. There are other | = (A) (15)

modes within this region but because the spectra fit so well r

with 3 peaks it is difficult to determine how much of the
amplitude is due to other vibrations from the methylene groups
and the methyl group attached to the nitrogen. There is only
one vibration that is attributed to the imidazolium ring at 3180
cmt, which is the symmetric HC(4)C(5)-H stretch.

When performing mathematical operations on values with a
standard deviation a more detailed mathematical operation must
be performed® This causes an increase in the percent error,
especially the squaring of the term in eq 15.

Another effect that must be taken into account before
comparing the intensity ratios from different polarization
combinations is the instrumental corrections from the differences

Orientation Calculation. A detailed description of the in the efficiency of the optics used in the SFG setup for s and
orientation calculation for the solid/liquid interface of 1-meth- p polarized light. The influence of the monochomator is the
ylimidazole/quartz, 1-butylimidazole/quartz, and the two ionic |argest contributor. This effect can be calculated and is treated
liquids is described below. Indices of refraction used in as a weighting factor, which is multiplied to the intensity to
calculating the Fresnel coefficients are wavelength dependent.correct for these differences.

For the quartz prism, 1.46 was used as the refractive index for The Fermi resonance must be taken into account when
the visible and SFG wavelengthand 1.41 for the infrared  comparing the intensity ratios of the methyl stretches of the
wavelength. Values for the refractive index of the four molecules studied molecules. The Fermi resonance is an overtone vibration,
studied at the different input and output wavelengths were not with very low probability, and all of the intensity attributed to
available. Ouchi et &l used a value of 1.41 (532 nm) and 1.37 itis considered “stolen” from the fundamental symmetric methyl

Discussion

(3.0um) for the refractive index of [BMIM][BE] and [BMIM]- stretch. When comparing the symmetric methyl stretch intensity
[PFe], but does not state a value for the sum frequency refractive to an antisymmetric stretch, the amplitude from the Fermi
index. The refractive index of 1-methylimidazole, 1.£9Was resonanceAs) must be added to the symmetric stretchiAg (

used for all compounds and all wavelengths. This allows for a amplitude as shown in eq 16.

more systematic comparison of the four compounds without

increasing the error significantly. The refractive index of _ A Al
1-methylimidazole was also used fof, to make corrections I= FS+ r_fr
due to the polarization sheet. Using the bulk refractive index is

a common way of ascribing a value to the refractive index of  After taking into account the effects of Fermi resonance,
the monolayeP! and is close to the refractive index of the instrumental efficiency, normalization of peak widths, and
monolayer (/5) used by Bairt”52 The optical Fresnel coef-  rigorous error analysis the intensity ratios can be compared with
ficients calculated with egs 7, 8, and 9 are listed in Table 4. the theoretical curves as shown in Figuresl8.

These values were used for the orientation calculation of all For each of the molecules studied orientation calculations
molecules studied. Calculation of the hyperpolarizability tensors were performed for HC(4)C(5)H vibrational modes from

for the methyl and ring stretching modes were performed by the ring, which are assumed to halg, symmetry, and the

(16)

using the bond additivity model outlined by Hirose ef&k® methyl group at the end of the butyl chain, which is assumed
For Cs, symmetry, the symmetric modes #tgc= Bobc = 4Bccc to haveCs, symmetry.

and for the antisymmetric modg%aa = 1.0584,c For Cy, For determination of the orientation of the methyl groups of
symmetry, the symmetric modes afg. = (1/3)B3aac and for the two ionic liquids studied it was assumed that all intensity
the antisymmetric modgscaa = 1.0632ac attributed to the peak at 2970 cinwas from the asymmetric

Peak Fitting and Error Analysis. Each SFG spectra shown methyl stretch from the butyl chain, and no intensity from the
was fit by using eq 3 with an instrumental weighting method symmetric N-CHj vibration. This estimation is based on Raman
that took into account scatter in the data as well as fitting error. and infrared experiments performed on deuterated samples of
The amplitudes and widths of each of the vibrations used for the ionic liquids used?* In both the infrared and Raman spectra
orientation analysis are listed in Table 5. The coefficients given of the ionic liquids with deuterated alkyl chains the-ISHs;
from each of the fits have a standard deviation associated withvibrations were very weak. By comparing spectra with the alkyl
them. To correctly determine how much effect the error of each chain or the N-CHsz deuterated it was determined that the
coefficient has on the orientation calculation a rigorous error contribution from the N-CHs vibrations was negligible. SFG

TABLE 5: Peak Fitting Parameters from SFG Spectra Used in Orientation Calculation

A @)
1-methylimidazole 1-butylimidazole [BMIM][BR [BMIM][PF ¢]
Ssp ppPp Ssp ppp Ssp ppp Ssp ppp
symmetric CH 15.2(16.9) 3.33(19.9) —3.29(10.8) —4.50(16.0) 1.40(14.6) 2.04(2T0.0) 1.07(17.2) 3.43(20.0)

Fermi resonance 8.60(16.9) 1.24(19.9)—13.5(20.0) —4.50(16.0) 5.03(15.8) 3.69(18.4) 6.55(17.2) 4.65(20.0)
antisymmetric CH  8.49 (16.9)  8.79 (19.9) 12.9(20.0) —4.50(16.0) 11.0(15.8) 7.05(18.4) 8.52(17.2) 3.84(20.0)
antisymmetric ring 17.5(17.0) 14.9(22.0) 1.00 (16.0)

symmetric ring 3.18(17.0) 3.53(22.0) 4.55(20.0) 4.90(20.0) 6.67 (20.0)  4.29(20.0)
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and [BMIM][PFg). The reason an exact value was unable to be
determined was that the peak assigned to the Fermi resonance
of the methyl group contained more amplitude than the
fundamental. This is likely due to the difficulty in fitting SFG
spectra which could be from an unassigned vibration(s).

For both the ring and methyl orientation calculations of each
of the molecules studied all possible intensity ratios and
polarization combinations were examined and showed to be in
agreement with each other. Therefore, only one of the possible
intensity ratios is shown for each methyl and ring orientation
for simplicity.

By determining the orientation of both the methyl group and
the ring of the molecules studied a more complete picture of
the overall orientation at the interface is presented.

Model of Quartz Surface. To make predictions of how the
molecules studied in this paper are oriented at the interface a
fundamental model of the quartz surface is explained herein.
The fused quartz used in this experiment is expected to be
covered with silanol groups because of the repeated washings
after cleaning with 50/50 HNgH,SO,. The excess adsorbed
water was then removed under vacuum before addition of the
molecule under investigation. The amount of siloxane bonds
on the surface should be small because the quartz was kept at

the methyl group attached to the nitrogen is much weaker thanroom temperature. Because polar molecules adsorb at silanol

that for the methyl group at the end of the butyl ch#in.
The orientation of the methyl group at the end of the butyl free of adsorbed water and have a maximum concentration of

chain was also estimated for 1-butylimidazole, [BMIM][BF

groups, for maximum adsorption the silica surface should be

silanol groups$? For nonaqueous solutions, hydrogen bond
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formation between electronegative atoms soelectrons of 1 [BF,I
adsorbate molecules and hydrogen atoms of the silanol groups %4 = T
and the silica surface play a major role in adsorption. 50| 1PUWlimidazole
Orientation of the 1-Methylimidazole/Quartz Interface. 1
Comparison of the ring modes intensities from the €{4)C- ‘@ 704 n
(5)—H stretches is shown in Figures 8 and 9. Figure 8 predicts £, 60 [PF I
the tilt angle to be between 4&and 68 with the twist angle 8
between 0 and 30. Figure 9 predicts that the tilt angle for the g 50
ring is between 45and 63 with the twist angle between°0 3 40
and 30. When comparing the methyl stretches of 1-methylimi- %’ ] [BMSIT
dazole, Figure 10, it was determined that the methyl group had © 30
atilt angle between 32and 35. 1-methylimidazole is expected < 4 + [BETIT

to form weak hydrogen bonds between the nitrogen atoms of = 20 L

1-methylimidazole and surface silanol OH groups, as has been | 1
reported for other molecules with similar structuf@s! Since 1

the calculated twist angle of the ring is small, both nitrogens 0 ; — . Y . — Y . .
from the ring are believed to be undergoing some hydrogen 0.0 01 0.2 03 04 05
bonding. In order for the orientation of the methyl group to Anion Radii (nm)

correctly correlate with the ring orientation the ring must be Figure 11. Tilt angle of the cation ring as a function of anion radius.
slightly twisted. This suggests there is less hydrogen bonding Solid symbols are from this work. Open points are derived from Conboy
with the nitrogen attached to the methyl group. The compact et al®

shape of 1-methylimidazole, as compared to the other molecules
studied, allows for a more compressed packing at the quartz
surface.

Orientation of the 1-Butylimidazole/Quartz Interface. SFG
spectra of 1-butylimidazole show only one peak due to the
H—C(4)C(5)-H stretches from the ring, therefore the orientation
of the ring must be estimated. This estimation is due to the fact
that a symmetric mode should be visible in the SFG spectra if
the mode has some component in ghdirection. Because the
symmetric mode of the ring is not visible in either polarization
combination, the tilt angle is suggested to be betweeénand
90°, nearly parallel to the surface, with the twist angle being
nearly C. Figure 10 shows the value for the tilt angle of the
methyl group to be around 4317°. Comparison of the
symmetric and asymmetric modes of the ssp spectra was chose
due to the greater signal-to-noise of the ssp spectra compare
with the ppp spectra. The difference in orientation of the
imidazole rings of 1-methylimidazole and 1-butylimidazole is
believed to be due to the asymmetry of the 1-butylimidazole
molecule. The hydrophobic character of the alkyl chain is
believed to be influencing the orientation of the ring. 1-Meth-

of [BMIM][BF 4]. Only the symmetric modes from the+HC(4)C-
(5)—H stretch of the ring are visible in the ssp and ppp spectra.
Figure 9 predicts the orientation of the ring to have a tilt angle
of 38—58° with a twist angle between°0and 30. The
orientation of the methyl group at the end of the butyl chain is
determined to be around 5&4° from Figure 10.

There are several possible reasons for the differences in
orientation of the ring of the two ionic liquids studied. The size
anion seems to be the more likely cause for the difference in
orientation. The ring of 1-butylimidazole lies parallel with the
surface while the rings of the two ionic liquids are tilted upward.
This may be due to the change in the unit cell of each of the
molecules studied. The only other study investigating the
orientation of ionic liquids at a quartz interface was performed

y Conboy et af2 The anions used in that study were imide

ased and were very hydrophobic and much larger. In that study
the orientation of the imidazolium rings was determined to have
a tilt angle between Téand 32 from normal. Comparing the
results of this study with those of Conboy’s study shows that
as the size of the anion is increased the orientation of the cation
S T . i . is tilted upward toward normal. This leads to the conclusion
yllmlda.zo'le is tilted up from the surface in comparison W'th that the orientation of the cation is influenced by the size of
1-butylimidazole. Th!s IS probgply d'ue to the more symmetric the anion. The sizes of the ionic radii are as follows: 0.229 nm
shape of 1-methylimidazole, giving it more freedo_m t(.) pack at for tetrafluoroborate, 0.254 nm for hexafluorophosphate, 0.325
the surface, as well as a larger relative contribution from ., o, histrifluoromethylsulfonyl)imide (BMSI), and 0.433 nm
hydrogen bonding of the nitrogen (compared to van der Waals ¢, bis(perfluoroethylsulfonyl)imide (BETB® The radius of
forces of the alkyl chain). BETI was calculated by comparing the value published for

Orientation of the [BMIM][BF 4)/Quartz Interface. SFG BMSI with calculations performed in PCSpartan for BMSI and
spectra of [BMIM][BF] only contain symmetric vibrations from  BETI. Figure 11 shows a plot of the tilt angle of the cation
the ring. Figure 9 shows the comparison of the intensities of ring versus the radius of the anion. The figure shows that as
the symmetric modes from the ring. The tilt angle of the ring is  the anion size is increased the tilt of the cation is projected more
between 45 and 90, with a possible twist angle of-630°. toward the normal. 1-Butylimidazole is a neutral molecule and
The orientation of the methyl group at the end of the butyl chain |ies flat on the quartz surface because it is not influenced by an
is calculated to be 7890°, nearly parallel to the surface. As  anjon. The hexafluorophosphate ion is 10% larger than the
with both imidazole molecules, [BMIM][BH is believed to be  tetrafluoroborate ion causing the ring of the cation to tilt more
hydrogen bonded to the quartz surface through both nitrogenstoward normal. The imide-based anions used in Conboy’s study
on the ring. There is also the possibility that there are hydrogen were 40% (BMSI) and 90% (BETI) larger than the tetrafluo-
bonding interactions with the orbitals of the aromatic ring.  roborate anion, respectively, which corresponds well with the
The butyl chain is then expected to be nearly flat on the quartz ring being tilted much closer to normal in Conboy’s study. The
surface due to van der Waals interactions between the quartzanjon is attracted to the cation through Coulombic forces and
surface and the alkyl chain. must therefore be within a certain distance from the cation. This

Orientation of the [BMIM][PF ¢]/Quartz Interface. The allows for the ability to make some statements about the position
SFG spectra of [BMIM][PE] ionic liquid are similar to those of the anion. Inorganic salts that are soluble in organic solvents
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are known to adsorb to silica surfacd8$2Because the cation’s  that the anion is also in contact with the quartz surfacerand
orientation is affected by the size of the anion, this suggests positioned above or below the cation in a double layer-type
that the anion is positioned next to the cation adsorbed to the structure.
quartz surface.
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