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lons at the Surface of a Room-Temperature lonic Liquid
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The orientation and interfacial location of both the cation and anion of the ionic liquids 1-butyl-3-
methylimidazolium methyl sulfate and 1-butyl-3-methylimidazolium methanesulfonate have been determined
by sum-frequency generation vibrational spectroscopy and X-ray crystallography. The results indicate that
both the cation and anion occupy the first layer at the-gjigsiid interface. Further, the methyl groups of the
cation and anion are directed away from the liquid phase into the gas phase.

Introduction top layer of the gasliquid interface, remain open. In this paper
we address these questions by using surface-specific vibrational
spectroscopy, sum-frequency generation (SFG). Using SFG, the
surface orientation of the anion and cation of the ionic liquid at
the gas-liquid interface is determined. The results are supported
%y X-ray diffraction of the solidified bulk ionic liquid, which
determines the relative orientation of ions in the bulk liquid. In
addition, the crystal-like behavior of the ionic liquid surface
offers substantial information regarding the surface location of
both the cation and anion relative to one another in the liquid

Understanding the interfacial behavior of room-temperature
ionic liquids at different interfaces such as selijuid, liquid—
liquid, and air-liquid, is significant for industrial catalytic
reactions and electrochemical processes, for such reactions ar
believed to occur at the interfaée?

Room-temperature ionic liquids, which are composed of ions
and are fluid over a wide range of temperatured@0°C), are
finding increasing applications due to their unique physical and
chemical propertied® These properties include high thermal

. L C e phase.
stability, high ionic conductivity, negligible vapor pressure, and

increased electrochemical wind§w? Due to these properties In this study, the orientation and interfacial location of the
this class of compounds has been used in quite a number ofonS 1-butyl-3-methylimidazolium, [BMIM], cation and methy!

applications which include reaction media for synthesis, liguid ~ Sulfate, [MST', and methanesulfonate, [G51;] 7, anions at the
liquid extraction, and biphasic catalydi&:510-15 Furthermore, gas-ionic liquid interface have been determined by SFG
their wide electrochemical windows allow them to be used as SPECtroscopy and X-ray crystallography.
solvents in electrochemistry and spectroscopic studfié&in
addition, their properties can easily be tuned by changing one Background
of the ions!”2! Another promising application for the liquid ,
salts is in the gas separation proc&s35 Studies have shown SFG has been successfully applied as a surface probe for the
that ionic liquids show good potential as gas separation mediacharactenzatl_qn_of |nterfa<_:es ata molecula_r_le_vel d_ue to its high
and having negligible volatility is an advantage over the surfacg sensitivity. The hlgh sur.face'sensmwty arises becayse
traditional organic solvents in absorption of ga%e8> The first SFG is only allowed in media with noncentrosymmetric
step in the gas capture process takes place at the interface, witfehvironments such as surfaces or interfaces where the cen-
the first layer of molecules in the liquid phase interacting with  trosymmetric structure is broken. Molecules in the bulk liquid
the gas molecules; it is therefore significant to the understanding State are considered to be in an isotropic environment; hence,
the mechanisms of gas absorption. Hence, study of the interfacialSFG is forbidden. SFG theory has been described thoroughly
structure of ionic liquids at the gadiquid interface is relevant.  in several papers=®°
Furthermore, for advances in this field, characterization of the  Generally, SFG experiments involve overlapping two laser
ionic liquid surface at the molecular level is important as the beams (one with tunable IR frequency and the other with visible
surface composition and structure govern the physical and light frequency) on the surface of the material, generating a third
chemical properties of the material. beam with a frequency equal to the sum of the two incident
Recent studies on the surface orientation and composition of beams. The intensity of the SFG signidtysg), is proportional
ionic liquids have been possible using a range of experimental to the square of the induced polarization, whEnefers to the

techniques such as surface tension measurerffettts? X-ray electric fields of the incoming visible and IR beams as indicated
photoelectron spectroscopy,®® ion scattering and recoil  in eq 1.x® is the second-order nonlinear susceptibility that
spectroscopy?—3® X-ray reflectivity 37 neutron reflectometry? relates the interface response to the two input light fields.

and nonlinear spectroscopy such as sum-frequency genéfafion,  According to eq 2,
as well as computer simulatiof.4® Studies based on X-ray

crystallography have also been carried out to determine the l(wsp) O |P(2)=X(2)5Ev' E |2 (1)
structure and interactions among these ions to further understand s ISR

their behavior*®-5 However, results from these surface tech- - NGB0

nigues do not agree with one another. Questions, such as how X = m (2)

the ions are oriented at the surface and which ions occupy the
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the nonlinear susceptibility contains all the information on the
molecule through the hyperpolarizabilit§?, containing con-
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Experimental Section
Sample Preparation.The synthesis of 1-butyl-3-methylimi-

tributions from the Raman polarizability and IR dipole transition dazolium methyl sulfate followed the procedure published
and averaged over the molecule orientation as indicated bypreviously‘.‘9 It consists of alkylating 1-butylimidazole with

angular brackets\ indicates the number of modes contributing
to the SFG signalpr and w, refer to the frequencies of the
incoming IR and the normal mode, respectively, dhds the
damping constant.

By using different polarization combinations of incoming and
outgoing laser beams, the molecular orientation tilt ange (

dimethyl sulfate in toluene while keeping the temperature below
40 °C as the reaction is very exothermic. 1-Butyl-3-methylimi-
dazolium methanesulfonate was synthesized according to the
procedure described previouglyThis involves the reaction
between 1-butyl-3-methylimidazolium chloride and methane-
sulfonic acid with 1-propanol. The reaction was run at 160

of the surface molecules with respect to the surface normal canwith chloropropane being removed through a distillation process.

be deduced by using the polarization intensity ratio (PIR)
method, which is the conventional way of determining the
orientation of the molecular group at the surfaget s

Recently, Wang et &9 have reformulated the analysis of

SFG data for orientation analysis in terms of the SFG polariza-
tion null angle (PNA) as opposed to the usual PIR method. They
have shown that there exists a situation where, by analyzing

the output polarization anglé€s) with inputs of —45° (Qyis)
for the visible and 0 (Qr) for the infrared, the SFG signal
goes to zero at a given orientation tilt angle d&g. The null

angle is measured at a certain frequency (peak position) byac
mapping the intensities at different polarization angles of the heated at~70
sum-frequency signal; the minimum in the curve is taken as
the null angle in which the sum-frequency signal is taken to be

zero86-69

The polarization intensity ratio is the traditionally used
method to determine the molecular orientation of functional
groups at the interfac®:%31t involves the measurement of the

Both ionic liquids were characterized usig NMR spectros-
copy. The chemicals were from Sigma-Aldrich and used without
further purification except 1-butylimidazole, which was distilled
prior to use.

The ionic liquid was dried under high vacuum prior to each
experiment. It was transferred to the glass SFG cell with Kalrez
O-rings and Teflon stopcocks. The sample was dried- &
°C in a glass vacuum line equipped with liquid nitrogen traps
until the pressure reached>6 107> Torr. The cell was then
backfilled with argon gas prior to the SFG experiment.

SFG Spectroscopy.The spectra for [BMIM][MS] were
quired at room temperature, while [BMIM][GEQ;] was

°C as this is solid at room temperature. Each
spectrum was averaged over 5 scans with 20 shots/point at 1
cmY/s. The experimental data were corrected for IR fluctua-
tions, and the peak intensity was normalized relative to the CH
symmetric stretch peak in the ssp (s-polarized SFG, s-polarized
vis, and p-polarized IR) spectrum of the sample. The fitting of
the final SFG spectra was performed with Origin 7.0 Profes-

ratios of the experimental peak amplitudes at a certain vibra- sional nonlinear curve fitting using eqs 1 and 2 in the fitting

tional mode with different polarization combinations. The peak
amplitudes are derived from curve fitting of the SFG data.

function with the instrumental setting method for the error bars.
X-ray Structure Determinations. Single crystals of [BMIM]-

However, as this is based on the peak amplitudes, the tilt angle[CH3:SOy] were obtai_ned upon slow cooling of the melt to room
values may be inaccurate, as some vibrations have a weak signalemperature in the oil bath under nitrogen. Crystals of [BMIM]-

in one polarization combinatidi.On the contrary, the polariza-
tion null angle is an alternative method of quantitatively

[MS] were obtained from liquid [BMIM][MS] in a freezer at
—20 °C. All manipulations with crystals have been performed

analyzing the orientation of the functional group at the surface at & temperature below20°C in a nitrogen atmosphere. Single-
and can be applied to systems where the PIR method is notcrystal X-ray diffraction data were collected with the use of

feasible®” It sometimes offers a more reliable orientation
analysis?8

The sensitivity of the PNA method depends significantly on
the SFG experimental configuration, which was found to be
highly suitable and efficient for the copropagating configuration.
Furthermore, Wang et &% have verified that the optimal
condition for the polarization analysis is where the incident
angles of both the IR and visible beams are aroundAD,

graphite-monochromatized ModKradiation ¢ = 0.71073 A)

at 173 K on a Bruker Smart 4K CCD diffractometérData
were collected by a scan of 0.3 w in four sets of 606 frames

at ¢ settings of 0, 90°, 18C°, and 270. The exposure times
were 10 s/frame. The collection of the intensity data was carried
out with the program SMARTZ? Cell refinement and data
reduction were carried out with the use of the program SAINT.
Then the program SADAB% was employed to make incident
beam and decay corrections. The structures were solved with

which gives the strongest SFG intensity. On the basis of the {he girect methods program SHELXS and refined with the full-

given conditions, our system is well suited for the PNA
measurements.

matrix least-squares program SHELXTL of the SHELXTL suite
of programs® The positions of the hydrogen atoms were

PNA improves the accuracy of the tilt angle value compared idealized and constrained with the use of a riding model. The
to the PIR method. Previous SFG experiments have determinedinal models involved anisotropic displacement parameters for

the tilt angles to be 54and 47 for the CH; group of the butyl
chain in [BMIM][PFg] and [BMIM][Br], respectively, using the

all non-hydrogen atoms.

PIR method®2 An analogous experiment has been carried out Results

by Kim et al2° They reported a tilt angle o£38° for [BMIM]-
[PFRe.2® A null angle measurement for [BMIM][RF was
performed and gave a tilt angle of 5% However, the PNA
method also has its own limitations. It will fail if the considered

SFG Polarization Spectra.Polarization data for [BMIM]-
[MS] and [BMIM][CH3SO3] are shown in Figures 1A and 2A,
respectively. The vibrational mode assignments and their
corresponding frequencies are summarized in Table 1. Peak

peak has some contributions from other vibrational modes or assignments for the vibrational modes of the butyl chain are
spectral interference and peak overlap. In this instance, a carefubased on the IR study of long alkyl chain compouffdSwhile

spectral fitting is necessary to obtain an accu@tg,.6859 In
this paper, only the single isolated peaks were analyzed.

modes for the methyl sulfate and methanesulfonate anions are
assigned on the basis of the SFG studies of methari6IR
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Figure 1. SFG spectra of [BMIM][MS] ssp polarization: (A) experimental SFG spectrum of [BMIM][MS] ssp polarization; (B) simulation with
x(2)ms of the same sign as that @(2)c,; (C) simulation withy(2)us of sign opposite that of(2)cs.
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Figure 2. SFG spectra of [BMIM][CHSGO;] ssp polarization: (A) experimental SFG spectrum of [BMIM][€3®;] ssp polarization; (B) simulation
With %(2)chs-cHsso, Of the same sign as that @{2)cw,; (C) simulation withy(2)cH,-crsso, Of sign different from that of(2)ch..

TABLE 1: C —H Stretching Mode Assignments for [BMIM][MS]. Three distinct peaks are observed in the ssp
[BMIM][MS] and [BMIM][CH 5S04 spectrum (Figure 1A) of [BMIM][MS]. Four vibrational modes
frequency (cm?) contribute to these peaks, which are due to the¢HSymmetric
peak assignment [BMIM]  [MS]~  [CHsSO;]~ stretches of the methyl group from the methyl sulfate anion,
Veory 47 2878 Vs(cr—ms), and _the methyl group at th_e end of the butyl chain,
VergFR4 TS ~2945 Vs(chy, and their corresponding Fermi resonanegg—rr and
Vs(cw—%s);s'ﬂ Nggig Vers—Fr. The vibrations at~2825 and~2878 cn1! are assigned
ZZEIfCHSSos)’78,81 Vopg 4TS 2939 t0 vs(cry-ms) 7 andvgchy), 4 °respectively. The peak at2945

cm~1 is believed to have contributions from the Fermi reso-

and Raman studies of ethyl methanesulfoffaamd methane- ~ nances of both Ckisymmetric stretches. This conclusion is
sulfonate salt&?8%and the SFG study of methanesulfonic #id. ~ féached on the basis of the previous results in our labor@téfy

All the peaks in the spectra are associated with the terminal for ionic liquids based on [BMIM} with an anion without a
methyl group of the butyl chain of the [BMIM] cation and ~ C—H stretch mode (e.g., [RF and [BR]"). The peaks in the

the methyl groups from the methyl sulfate and methanesulfonatessp spectra for these compounds do not have the same intensity
anions. as the~2945 cnt! peak observed hefé 43
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Figure 3. Polarization null angle for CHof methyl sulfate (black
squares) and (blue triangles) €Hbif the butyl chain.

[BMIM][CH 3SOg]. Two strong discernible peaks are ob-
served in the ssp spectrum (Figure 2A). Th2878 cnt! mode
is vsccry as assigned above, while the peak~&939 cm?
actually has contributions from two modes, the{&yimmetric
stretch of the methanesulfonate aniegcr,—chisoy’® 8 and
Vens—Fr. #"®The CH; antisymmetric stretch from the methane-
sulfonate, which is at~3024 cnt?, and the Fermi resonance
have not been observed in any polarization daf8The CH;
antisymmetric deformation mode typically occurs at 1426%m
thus, its overtone would be expected at 2852 &80 As the
difference between the GHymmetric mode, 2939 cm, and
the overtone, 2852 cm, is relatively large, this may likely be
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a N1-C7—C8—C9 torsion angle of 6274 The four carbons of
the butyl group lie in a plane (within experimental error) which
is positioned at an 85%2angle to the imidazolium ring. The
C(9)—-C(10) line €3 axis) of the methyl has a tilt of ap-
proximately 37.8 with respect to the imidazolium ring (from
SFG data, the imidazolium ring is taken to be parallel to the
surface plane), with the C(10) carbon atom positioned 3.751 A
above the imidazolium ring. The distance between the center
of the imidazolium ring and the center of the SQnoiety is
3.996 A. The methyl sulfate anion is tilted with respect to the
imidazolium ring, with the O(4)C(11) line being 48.9to the
normal of the imidazolium ring. The crystal packing of [BMIM]-
[MS] along the crystallographic axais presented in Figure 6.
[BMIM][CH 3SG4], on the other hand, crystallizes in triclinic
space groufPl with a = 7.9343 Ab=8.4797 Ac = 10.2782
A, o = 103.404, B = 99.567, and y = 111.620. The
molecular structure of [BMIM][CHSO;] is shown in Figure 7.
Like in [BMIM][MS], the imidazolium ring in [BMIM][CH z-
SQj] is also planar, with the C(6) and C(7) atoms deviating by
0.050 and 0.064 A from the plane of the ring, respectively. The
butyl chain propagates in afi-trans conformation with a N+
C7—C8—C9 torsion angle of 638 The four carbons of the
butyl group lie in a plane (within experimental error), which is
positioned at an 846angle to the imidazolium ring. The C(9)
C(10) bond is positioned at 42.0t0 the normal of the
imidazolium ring, with the C(10) carbon atom positioned 3.576
A above the imidazolium ring. The distance between the center
of the imidazolium ring and the center of the $Gnoiety of
the closest anion is 3.823 A. The methanesulfonate anion is

an explanation for the absence of the Fermi resonance in anYiied with respect to the imidazolium ring, with the SEG(11)

polarization data. In fact, from the Raman and IR studies of
Seshadri et &°and Thompsoff on methanesulfonate salts, e.g.,
NaCH;SGO;, LICH3SGO;, and CsCHSO;, the Fermi resonance
has not been observed.

Imidazolium ring modes, which appear-a8150 and~3175
cm™! for antisymmetric and symmetric HC(4)—C(5)—H
stretches, respectively, and a3130 cnt?! for the H-C(2)
symmetric stretch, are not observed for both ionic liqdfds.

Orientation by the Polarization Null Angle. Orientation
analysis by the polarization null angle is accomplished by
reformulating egs 1 and 2, so that the SFG intensity is a function
of the tilt angle,f, and the output polarization. For each given

bond being at 476to the normal of the imidazolium ring. The
crystal packing of [BMIM][MS] along the crystallographic axis
a is presented in Figure 8.

Discussion

Orientation calculations were performed for the methyl groups
at the end of the butyl chain and from the methyl sulfate anion,
which is assumed to hawgs, symmetry. Figure 4 shows the
theoretical plots of PNA measurements with their corresponding
tilt angles for [BMIM][MS]. The tilt angle of the methyl group
from the methyl sulfate is analyzed to be°6@hich is nearly

tilt angle, the null angle occurs at a different polarizer setting. parallel to the surface plane. The orientation of the methyl group

From this graph, a comparison between the measured null ang|

and the calculated curve is made to determine the molecular

tilt angle from the surface normal. The axis range in the
theoretical plots in Figure 3 is limited to show the detail at the
curve minimum, and the full curves display the sinusoidal shape
as in the polarization null angle data.

The null angle measurements for the symmetric stretch
vibration of the methyl group from the methyl sulfate and the
butyl chain are shown in Figure 3. The minimum 1@fcr,-wms)
is at 2 & 3°, and that fowscry is at 10 £ 2°. Figure 4 shows
the theoretical plots of the polarization null angle for [BMIM]-
[MS]. The average tilt angle is given by the minimum in the
polarization curve. The peak overlap between the vibrational
modes 0fvep,—rr @aNdvsch—cHssoy Prohibits the PNA measure-
ment Ost(Cl—h—CH3SO3).

X-ray Structure. [BMIM][MS] crystallizes in monoclinic
space groupgP2i/c with a = 8.6241 A,b = 20.8231 A,c =
7.9666 A, andp = 113.384. The molecular structure of
[BMIM][MS] is shown in Figure 5. The imidazolium ring is

At the end of the butyl chain is determined to be nedrf&in

the surface normal. The null angle ofch, is similar for
[BMIM] * in all ionic liquids; thus, it has the same orienta-
tion.#270 Furthermore AcriysymyAcryFr) = 1.5 for [BMIM] .
This ratio is important for orientation determination based on
phase analysis. However, the null angle of the;@irbup of
the methanesulfonate was not measured, as this peak is
overlapped with the resonance mfn,—rr Of the butyl chain.
With the methyl group from the butyl chaimgcy), estab-
lished to be oriented away from the bulk liquid, the relative
sign of the susceptibility can be determined to verify the phase
of other normal mode®
SFG spectra are described by the second-order susceptibility,
%@, by the following relation for [BMIM][MS]:

2 2 2 2 2
lsp U |XE:213 + XE:&fFR + XI(VI)370H3 + XI(VI)SfFRl

The subscripts indicate the vibrational modes contributing to
the signal, which are due to the symmetric stretch vibration and

planar, with the C(6) and C(7) atoms deviating by 0.030 and Fermi resonance of the methyl group at the end of the butyl
0.018 A from the plane of the ring, respectively. The remainder chairf*7>and the CH symmetric stretch and Fermi resonance
of the butyl chain propagates in afi-trans conformation with of the methyl sulfate anioff:’’ The shape of the SFG spectrum
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Figure 4. Theoretical plots of the polarization null angle for [BMIM][MS]: (A) GHf methyl sulfate, red— black, 6 = 45° — 70°, A5°; (B)
CHjs of butyl, red— blue, 8 = 50° — 60°, A5°. The solid vertical bar indicates the measured null angle value.

C(S) ‘ Ct4)

Figure 7. Molecular structure of [BMIM][CHSG;]. Hydrogens are
omitted for clarity.

Figure 5. Molecular structure of [BMIM][MS]. Hydrogens are omitted
for clarity.

Figure 8. Packing of [BMIM][CHsSG;] along thea axis.

positions, spectral shape, and relative intensity between the
Fi 6. Packing of IBMIMIIMS] alona th . peaks. The spectrum in Figure 1C, on the other hand, uses the
igure 6. Packing of [ JIMS] along thea axis. same parameters as the simulation in Figure 1B; however,
is sensitive to the phase or the sign of each susceptibility ,@ _ (and 4. ) has a sign opposite that of?, (and
contributing to it>” Further, the sign of the susceptibility is 2 3 o o 2
related to g'[he orientation of thegfunctional rcﬁi%“ Th)(la X(-CQ'S’FR)' This S|mulat|or! leads to a spectrum.that s Very

) o . 9 : different from the experimental spectrum. For instance, this
relationship is relatl_ve to a known phase reference; once t €spectrum shows four peaks, but since they are very close in
phase of one mode is set, then other modes can be compared ifyionsity and wavelength, they would not be resolved with the
it and the up or down directionality with respect to the surface SFG spectrometerAy ~ 5 cnl) and would appear as two

. 384 Co | ! ; . .

pr:ane inferrec ; 'r? tge '?n'ﬁ l,'ql,“d syst.((ejm p(;esetr:te(cji. herea peaks instead. This clearly shows that the simulation for which
the Ch; group of the butyl chain is considere t02) e directed {he sysceptibilities from methyl sulfate and the butyl chain
away from the bulk liquid into the vapor phase), (from having the same sign is more comparable to the experimental
butyl) is given a positive sign. The SFG spectrum of [BMIM]-  gpectrum than the simulation where they have opposite signs.
[MS] is presented in Figure 1A. Figure 1B shows the simulated Thjs js evidence for the direction of the methyl groups at the
spectrum in whichxﬁ)s,CH (and xﬁ)S,FR) is given a positive surface.
sign, the same as for&), (and x&) _¢r). This simulation A similar procedure is applied to [BMIM][CESO] with the
agrees well with the experimental results in terms of peak following relation:
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le O 22 + 28 e+ 12 chisol? can greatly facilitate the elucidation of the structural features
3 3 s~ CHsSO, of ionic liquids not only in the bulk liquid but also at the liquid
surface?” 54 Although crystal structures of 1-alkyl-3-methylimi-
dazolium ionic liquid8®-53:55.56.89.5have been published, there
is no structure reported for the corresponding methanesulfonate
salt. A crystal structure of pyridinium methanesulfonate however
has been reported, which shows weak hydrogen bonding
between the ring hydrogen protons and the three oxygen atoms
of the methanesulfonate anion, but the only reported significant
hydrogen bonding is between NH and one of the three oxygen
atoms?! For the methyl sulfate salt, the only crystal structure
reported is for the 1,3-dimethylimidazolium, [MMIM], ionic
liquid.#® The structure shows significant hydrogen-bonding
interactions between the imidazolium ring protons and the three
terminal oxygen atoms of the anion, which form the intraribbon
hydrogen bonds. However, no significant interribbon hydrogen
bonds are observed, which may account for its lower melting
point (43°C) compared to its chloride salt counterpart {65.5
For the two compounds considered here, all the interactions that
involve the ring protons and the oxygen atoms are smaller than
the sum of the van der Waals radii of hydrogen (1.2 A) and
oxygen (1.52 A) by 0.2 A. These are considered very weak
hydrogen bonds in crystal structuf@sFigure 9 and Table 2
show the hydrogen-bonded chains and the distances and angles
in the crystal structures of both salts, respectively. In contrast
to 1,3-dimethylimidazolium methyl sulfate, [MMIM][MS],
[BMIM][MS] does not exhibit any substantial hydrogen bond-
ing, which may be attributed to the chain length difference in

The contribution to the signal is from the vibrational modes
due to the CHsymmetric stretch of the methanesulfonate anion
and from the butyl chain. The GHsymmetric stretch of the
methanesulfonate is overlapped witlan,—rr Of the butyl;
however, since the contribution to this peak frog,—er is
known, which is determined from the ratio as mentioned above
(AchysymyAchyrr) = 1.5), the remaining amplitude is extracted
by peak fitting analysis. Since the contribution of the methyl
group from the butyl chain is known and is confirmed to be
directed away from the bulk liquid, the remaining intensity of
the~2939 cn1? peak is therefore due to the methanesulfonate,
and this may add either constructively or destructively. If the
methanesulfonate adds destructively, this implies that the CH
group is directed into the bulk liquid, while if it adds
constructively, the Cklgroup is pointed into the vapor phase
as in the case of the GHyroup from [BMIM]*. A simulation

of both situations is presented in Figure 2B,C. Using the known
amplitude ratio of the methyl group on the butyl chain, the
remaining amplitude at 2939 crhis attributed to the Ckl
symmetric stretch (of methanesulfonatérigure 2B illustrates
the simulated spectrum g%, _¢,,so, With the same sign as
28, (& —¢r), which is positive. The simulation results sug-
gested that the CHgroup of the methanesulfonate is also
pointing away from the surface, as in the case of the @idup

at the end of the butyl chain. This phase simulation enables the

determination of the polar orientation of the methyl group at the cation of these two compounds. The butyl chain disrupts

th%?usr:‘:ﬁs‘ ranhic data. on the other hand. miaht be used as athe strong interaction between the cation and anion, hence the
y grap ’ » Mig lower melting point which is reported to bes °C.#° In general,

guide in considering the su_rface_co_mpqsmon of the ionic liquids. the proton in the C(2) position is prominent in forming the

X-ray crystallography provides insight into the crystal structure hvd bond si it is th t acidi b di

and physical properties of ionic liquids at a molecular |&9el. ydrogen bond since 1t IS In€ most acldic, as observed in
d [BMIM][PF ¢] (the H—F distance is 2.36 A} In this work,

Modification of the properties of these salts within the soli - . . S
S - . . [BMIM][MS] does not even exhibit that interaction, which is
and liquid states requires a model, which possesses Va“dsurprising, and in [BMIM][CHSO], the distance is 2.48 A. In

interionic interactions to be able to develop various plausible fact, only protons from the Cigroup attached to the nitrogen
approaches. Therefore, the crystal structures of ionic liquids areatom are involved in the interaction in [BMIM][MS]. Hydrogen

important because they provide the basis in understanding theb nds that involve alkyl brotons. ar nsidered very weak
structural organization of ions in the liquid st&fePrevious onas tha Olve alkyl protons are considered very wea

studies comparing the crystal and liquid structures of short- interactions. Therefore, [BMIM][CEBQ] is better in forming
chain 1,3-dimethylimidazolium chloride and hexafluorophos- hydroggn bands than [BMIM][MS]' In fact, .[BMIM][C|£O3]
phate salts revealed a strong correlation between the solid anoDaCkS in sheets, _thereb_y formmg a two_-dlmensmnal array, as
liquid structures’-88 Even for the longer alkyl chain salts, e.g., opposed to one-dimensional chain packing in [BMIM][MS]. In
[CLMIM][CI], Bradley et al® suggested that the structures of adplmon, the met'hanesulfonate anion is more compact and more
the crystal and liquid crystalline regions might be used to suitable for packlng than the Iarge and bent methyl sulfate anion.
describe that of the liquid. Other studies include [EMIM]gpR  [BMIMIICH sSQj is, in fact, solid at room temperature, with
the halide salts ofi-butyl chain analogues, [BMIM][CI] and &N estimated melting point between 60 and"65

[BMIM][Br], 52and other longer chain salts, MIM][PF ¢] and While X-ray diffraction studies provide structural information
[C1aMIM][BF 4];50%6 all have melting points above room tem- 0On the bulk crystalline material, SFG spectroscopy provides
perature. The short-chain salts have high melting points due toorientation information on the functional groups present at the
the dominance of the strong catieanion interactions. The  surface. Although the structural organization of the bulk liquid
halide salts, e.g., [BMIM][CI] and [BMIM][Br], have substantial  is random in comparison with that of the solid state, studies
hydrogen bonding, while the long-chain analogues have sig- have shown good correlation between the crystalline and liquid
nificant alkyl chain hydrophobic interactions that also lead to structures of the low melting point salts, as mentioned
high melting points. Therefore, the comparison of the crystalline earlier8”-8-92However, the molecular environment at interfaces
and liquid structures of these salts may be compromised for is different from that of the bulk material due to the differences
the above-mentioned interactions. However, a recent study onin the forces experienced by the molecules in the bulk and at
1-butyl-3-methylimidazolium hexafluorophosphate ionic liquid the surfacé€® The molecules at the surface layer are subjected
suggested that the structure obtained from a single crystal isto unbalanced forces as they are in contact with fewer molecules.
very much like the local structure of this ionic liquid in its fluid ~ Since surface molecules in liquid are free to move, they can
state?* This salt is liquid at room temperature with a weakly orient and arrange themselves in such a way as to keep the
coordinating [PE~ anion. Further, the electron densities of the surface energy of the system at its minim@i#® According
surface layer of the liquid and the bulk crystalline sample were to Langmuir’s principle, the measured surface energy or surface
compared and suggested that the study of the solid-state structuréension corresponds to the part of the molecule that is present
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[BMIM]CH;SO3] [BMIM|MS]

& LY

Figure 9. Crystal structures of [BMIM][CHSGO;] and [BMIM][MS] showing hydrogen-bonded chains.

TABLE 2: Hydrogen-Bonding Distances and Angles from of a relatively longer butyl chain on the cation, e.g., [BMIM]-
[BMIM][CH 5SG;] and [BMIM][MS] Crystal Structures [BF4], with that of [EMIM][BF 4] for further comparison, but
H-0 o-C C—H-0 angle Wilkes et al?® have not measured the surface tension of [BMIM]-
A A (deg) [BF4]. Although other groups have previously reported the
[BMIM][CH 5SOj] surface tension of [BMIM][BE], the results are not in agreement
1 2.478 3.279 142.03 with one another as noted by Wilkes ef&in their recent study.
2 2.385 3.308 156.70 A decrease in the surface tension was observed upon increasing
3 2.476 3.300 145.04 the chain lengthr{ = 4, 6, 8) on the imidazolium cation for a
4 2.334 3.300 168.66 .
5 2498 3384 14873 common anion as shown from the measurements of Watson et

al2%0n the other hand, keeping the alkyl chain length constant
165.55 on the cation and varying the anion results in a decrease in the
3.429 154.7 surface tension for a smaller anion, e.g., fromdPRo [BF.] -
i 5 o6 or from [Br]~ to [CI]~.2° Hence, an increase from ethyl to butyl
at the interfacé® 9 From the SFG results, only methyl groups iy the alkyl chain may be assumed to diminish the surface
at the end of the butyl chain and from the anion are observed tgnsjon. Moreover, Franses et%&lperformed surface tension
in the spectra, which suggests that hydrocarbon chains are closepeasurements of aqueous sodium methyl sulfate as a function
to the gas-ionic liquid interface than their head groups. of its bulk concentration and presented a decrease in the surface

The surface composition of the ionic liquids is also suggeste_d tension at higher concentrationsZ0 mM). This may be used

by surface tension measurements. Unfortunately, surface tensiong rther support the effect of an alkyl group on the lowering
data are still limited, and no data have been reported yet for ot the surface tension. Similar arguments are assumed to be
the salts considered in this study. However, the surface tension,,4jiq for the methanesulfonate salts providing a thermodynamic

of a shorter chain analogue, l-ethyl-3-methylimidazo|ium ethyl justification for the CH group of both anions present at the
sulfate ([EMIM][EtSQy]), was reported by Wilkes et 8f.and surface.

Xu et al>" Wilkes et al** measured the surface tension at room For the non-halide compounds, the earlier arguments indicate

temperature using the capillary rise method for several ionic that the cation and aniorl? share’ the surface gThe Lestion of

liquids based on the 1-alkyl-3-methylimidazolium cation. They hether th i d ani doot preferred - i tq .

have also tabulated representative published surface tensiond/N€NEr e cation and anion adopt preterred orientations 1S now
considered. In our earlier studies, SFG results suggested a model

of imidazolium-based ionic liquids and found a significant where the imidazolium ring lies nearly parallel to the surface
discrepancy among the reported values. In addition, four of the with its butyl chain projecting toward the vapor phdé®

compounds that they studied also showed a discrepancy from : i )
previous results. For instance, their measured surface tension A recent study on an [EMIM][TN] film using the combina-
of [EMIM][EtSO.] is 42.5 dyn/c! as opposed to 48.79 dyn/  tion of metastable impact electron spectroscqpy (MEIS), X-ray
cmt reported by Xu et &7 Wilkes et a8 measured the surface photoelectron spectroscqpy (XPS), and ultraviolet photoelgctron
tension of the compound under ambient conditions and yielded SPectroscopy (UPS) affirms that the surface layer consists of
a 52.4 dyn/cm! value, which is closer to the measurement both a cation and an anidAFurther, MEIS results suggest that
obtained by Xu et a¥ They attributed the difference to drying ~ the ethyl chain is also directed to the gas phase, which is in
precautions. Inconsistency in the reported values might be duedccordance with the SFG analysis. A simulation study on
to a number of sources, e.g., the presence of moisture in the[BMIM] * salts at the gasliquid interface further confirms the
ionic liquid or some contaminants. suggested model, in which Del Popolo et*aproposed that
While the presence of an alkyl chain coincides with the the butyl chain is indeed pointing toward the gas phase.
reduction of the surface tension of a given compound, it is  The orientation of the ring is believed to be parallel to the
therefore interesting to compare the surface tensions of [EMIM]- surface plane as suggested in the vibrational spectra. Given that
[EtSQy] and [EMIM][BF4].93% From the measurements of SFG only probes molecules at the surface with polar ordering,
Wilkes et al.28 [EMIM][BF 4] has a surface tension of 44.3 dyn/ the absence of the vibrational modes from G(B) H—C(4)—
cm, which is noticed to be slightly higher than the 42.5 dyn/cm C(5)—H, and N-CHjs suggests that the most likely orientation
of [EMIM][EtSO/]. Itis logical to compare the surface tension for the ring is parallel to the surface plane. A recent study from

[BMIM][MS]
3.320

NP
T
5
=
X
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our laboratory presented a detailed analysis on the preferredabove the ring with the C¥group upward, then it is consistent
orientation of the cation at the gabquid interface with arange  with the results where SFG spectra show vibrational modes from
of anions*? Results indicate that ionic liquids based on the the anion. However, this arrangement would likely disrupt an
[BMIM] * cation exhibit similar orientations regardless of the all-trans conformation of the butyl chain, which may lead to
anion. The same orientation applies for both ionic liquids some defects, and possibly shows the,@hbdes in the SFG
considered here. In addition, the present study has an advantagspectra. In addition, if this is the possible orientation, then the
of having an alkyl group in the anion, which exhibits vibrational charged parts of the cation and anion would be closely associated
modes in the IR range (206@1000 cnt?) of our present SFG  with one another. In this situation, hydrogen bonding must be
setup. Hence, crystallographic evidence in support of SFG datasubstantial between the oxygen atoms of the anion and the
makes it feasible to determine the orientation and the location protons of the imidazolium ring, which is not the case as
of the cation and anion. mentioned earlier. Surprisingly, for [BMIM][MS], no such
Here, the suggested model for the orientation and location interactions have been detected. Instead the anion is more
of the ions at the surface as determined by SFG spectroscopyassociated with the methyl group of the ring than the charged
is supported by the structures obtained from X-ray diffraction part of it, as shown in Figure 9. Although the interaction between
of the bulk solidified ionic liquid. Diffraction data showed the proton of the C(2) atom and one of the oxygen atoms is
crystal structures of both ionic liquids where the methyl groups present in [BMIM][CHSQ;, it is considered less significant.
of the cation and anion are projected in the same direction with On the basis of the preceding arguments, it seems likely that
the butyl chain orthogonal to the imidazolium ring, which is in  the cation and anion at the galé&quid interface are adjacent to
agreement with the SFG results. Further, the butyl chain one another, with the methyl sulfate and methanesulfonate
propagates in amll-trans conformation, which explains the  anions closer to the methyl group attached to the nitrogen atoms,
absence of vibrational modes from the £gtoups in the SFG ~ as supported by SFG and crystallographic evidence. This
spectra. These modes are not allowed in SFG due to the localpreferential positioning of the ions is surprising since previous
centrosymmetry of aall-trans chain conformatioy’ studies showed that the anion is most likely associated with

The tilt angle of the Chl group has also been determined the most acidic proton of the imidazolium ring, C(2)H.
from X-ray results. The€C3 axis of the methyl group at the end There are few experimental and simulation studies on the
of the butyl chain is positioned at approximately 37a8d 42.0 molecular composition and orientation at the surface of ionic
with respect to the imidazolium ring normal for [BMIM][MS]  liquids, but most of them employed imidazolium-based ionic
and [BMIM][CHsSO;], respectively, while the methyl group  liquids with fluorinated anions, e.g., [BF and [BFR]~, and
of the methyl sulfate anion is tilted at around 48a@d that of others include [TAN]~ and [NG;]~ anions; no report has been
the methanesulfonate anion at 4#7véth respect to the normal ~ made yet on the ionic liquids with an alkyl group on the anions.

of the imidazolium ring. In contrast to X-ray data, SFG results
present a wider distribution of the average tilt angles for the
C3 axis. The methyl group at the end of the butyl chain is

Conversely, different conclusions have been drawn from these
investigations. As has been noted in the literature, BRS
and SF@%*3 experiments have offered contradicting models

of the surface orientation for the [BMIM] cation. DRS
experiments suggest that the ring orientation is perpendicular
respect to the surface normal. Given that the null anglesex; to the surface with both nitrogens pointing upward and the butyl
is similar for [BMIM]™ in all ionic liquids, then the [BMIM} chain is parallel to the surface for [BMIM][RE while it is
cation for the methanesulfonate salt possesses a similar tilt anglepointing toward the bulk liquid for [BMIM][BFR]. In addition,
As mentioned earlier, the tilt angle for the methanesulfonate [PFe]~ is claimed to be located over the C(2) atom of the cation.
anion has not been analyzed since the null angle might beDeutsch et al.’¥ results from the X-ray reflectivity technique
inaccurate due to the overlapping of peaks betwegm,—cH.soy) on similar compounds are somewhat in agreement with the DRS
and vch,—rr. The discrepancy in the measured tilt angles for data of Watson et af4~36 in which they also proposed two
the two technigues is interesting to note. Results from X-ray types of molecular arrangements at the surface, one with the
crystallography show smaller tilt angles compared to the SFG chain parallel to the surface plane and the other with the chain
data. The difference might be due to the broad orientational normal to the surface. On the other hand, the conclusions drawn
distribution of the CH groups at the interface for the liqguid from the neutron reflectometry experiment regarding the
molecules, which suggests the more random nature of theorientation nearly coincide with our results, the ring being
vapor-liquid interface. parallel to the surface plane but the tail groups tending to form
It is believed that the cation and anion are located adjacent & lamellar structure which is at least two tiers of alkyl chéfhs.
to one another as evident in the X-ray results. In fact, the crystal However, the possible existence of surface layering was unable
structures of both compounds share similar features, even withto be unambiguously demonstrated.
different crystal packings. Assuming that a similar situation  The proposed SFG model of the [BMIMTLation is further
continues to the liquid state and to the surface, then a similar supported by the recent simulation studies of Balasubramanian
molecular arrangement can be expected at the surface. Howeveret al*® on [BMIM][PFg] and Voth et at* on [EMIM][NO3].
two other possible arrangements, where one of the ions is The results illustrate that, at the outermost layer of the surface,
positioned either below or above the other, can be considered.the probable orientation of the butyl chain is parallel to the
For both arrangements, the gdroup from the butyl chainis  surface normal, which is directed toward the gas phase. Hence,
particularly considered to be pointing upward as suggested fromthe surface possesses a certain amount of hydrophobicity due
SFG and X-ray analyses. If on average the anion lies beneathto the presence of an alkyl grodpFurther, the imidazolium
the imidazolium ring, then the methyl group would be pointing ring is found to be oriented parallel to the surface plane. Beneath
downward in this positioning due to the presence of electrostatic this outermost layer is the dense region where the imidazolium
interaction. Since this arrangement is inconsistent with the phasering is perpendicular to the surface plane. This observation
and X-ray analyses, this is the unlikely arrangement of the ions coincides with the DRS findings of Watson et3413% and the
at the surface. On the other hand, if the anion is supposed to lieX-ray reflectivity of Deutsch et a? In addition, conclusions

determined to be near 53while that of the methyl sulfate is
analyzed to be around 62Both angles were measured with



7690 J. Phys. Chem. C, Vol. 111, No. 21, 2007

from reflectivity measurements reveal that the increase in the

Santos et al.

(19) Fredlake, C. P.; Crosthwaite, J. M.; Hert, D. G.; Aki, S.; Brennecke,

electron density at the interface, which is higher than that of J: F:J. Chem. Eng. Dat@004 49, 954-964.

the bulk, is consistent with the simulation analysis of Bala-
subramanian et &P This enhancement is mainly due to the
anion; therefore, it implies that both ions share the surface.

The simulation studies demonstrate that orientations observe

(20) Law, G.; Watson, P. R.angmuir2001, 17, 6138-6141.
(21) Tokuda, H.; Hayamizu, K.; Ishii, K.; Susan, M.; Watanabe,JM.
Phys. Chem. R005 109 6103-6110.
(22) Anthony, J. L.; Maginn, E. J.; Brennecke, J.JFPhys. Chem. B
002 106, 7315-7320.
(23) Cadena, C.; Anthony, J. L.; Shah, J. K.; Morrow, T. |.; Brennecke,

experimentally are acceptable and the preferential orderingj. F.; Maginn, E. 3J. Am. Chem. So@004 126, 5300-5308.

occurs at the first layer, with the SFG model showing it
occurring at the outermost layer.

Conclusion

This work has shown the surface orientation of the ions
1-butyl-3-methylimidazolium cation and methyl sulfate and

methanesulfonate anions using SFG spectroscopy along with
the PNA measurements for a more accurate determination of

the tilt angle of the methyl group. In addition, the phase of the
methyl groups from the butyl chain, methy sulfate, and

methanesulfonate has also been determined using simulation§
which demonstrate that the methyl group is pointing away from

the bulk liquid, implying that the butyl chain is also projecting
away from the liquid phase. The structures of both ionic liquids

have also been determined by X-ray crystallography. As a result

of employing these two techniques, structural information on

the solid state of the ionic liquid as well as the orientation and

location of ions at the gadiquid interface is obtained.
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