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Surface Orientation of 1-Methyl-, 1-Ethyl-, and 1-Butyl-3-methylimidazolium Methyl Sulfate
as Probed by Sum-Frequency Generation Vibrational Spectroscopy
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The orientation of the ions at the surface of ionic liquids has been determined by the surface-sensitive technique
sum-frequency generation vibrational spectroscopy. The results indicate that both ions are present at the first
layer of the gasliquid interface. Furthermore, the alkyl chains are found to be extended toward the gas
phase and away from the liquid phase. The proposed models for the preferred orientation of the ions are in
good agreement in comparison with the results obtained from the recent MD simulation studies. The salts
considered here are 1,3-dimethylimidazolium methylsulfate, 1-ethyl-3-methylimidazolium methylsulfate, and
1-butyl-3-methylimidazolium methylsulfate.

Introduction data. These results are certainly different from the surface
o o . orientation suggested by SFG data of 1-butyl-3-methylimida-

Applications of room-temperature ionic liquids in a variety zojium-based ionic liquids in dry conditions (6 10°5 Torr).

of relevant processes have rapidly emerged in recent yearsoyr previous studies indicate that the most likely orientation

because of their unique properties. They have negligible of the cation is such that the butyl chain is pointing toward the

volatility and are nonflammable with a high thermal stability gas phase while the imidazolium ring is lying nearly parallel to

and a melting point of100°C.* As a consequence, they have the surface plant:'7-25Furthermore, Kim et #°also used SFG

been used as alternatives to volatile organic solvents as mediaand reported similar observation for the projection of the butyl

in reactions and gas-separation procedsg addition, since chain for [BMIM][BF ).

they have a relatively wide electrochemical window, they have The molecular dynamics studies by Lynden-Bdind Voth

been utilized as electrolytes in fuel cells, solar cells, and et al?” at the gas liquid interface have yielded varying results.
batteries®*3 Given that most of these applications involve | o simulations performed by Lynden-Bell on 1,3-dimeth-
reactions at the_lnterf_ace, it is the_refore relevant to study the ylimidazolium chloride, [MMIM][CI], she suggested that the
structure and orientation of these ions at a molecular level to j..4o-qjium ring lies perpendicular to the surface with the C
have a better understanding of their behavior. Experimental and ,|ecular axis parallel to the interface having ones@rbup
computational studies on the structure and orientation of room projecting into the gas phase and the other one into the liquid
temperature ionic liquids at the interface have been carried OUtphase?G This preferential orientation of [MMIM] at the gas

i 23 i i A S . . :
recently by different research groufs®® Experimental studies  iq,id interface is likely attributed to a high degree of alignment
dealt with imidazolium-based ionic liquids having a range of f the cation molecules wherein the density is believed to be
alkyl chain lengths paired with a number of different anions; ennanceds The preferential alignment of the cation at a vertical
however, the orientation and arrangement of these ions at theysition allows them to pack more efficiently, thus resulting in
interface is yet to be established because the results from thesg, increased densi®:26 On the other hand, Voth et &.has
studies regarding the preferred orientation of such ions vary presented a simulation on 1-ethyl-3-methylimidazolium nitrate,
from one technique to the other. For instance, the direct recoil [EMIM][NO 4], and found that at the outermost layer of the
Spectroscopy. &?RS) of [BMIM][P& and [BMIM][BF4] by liquid—vacuum interface, the imidazolium ring is oriented with
Watsor_l et at®1%showed two dlfferen'_[ s_urface_ orientations of ts ring positioned parallel to the surface, whereas the ethyl group
the cations (BMIM= 1-butyl-3-methylimidazolium). The ring protrudes away from the surfaéeThis model seems to be in
is oriented parallel to the surface normal with the nitrogen atoms agreement with the SFG results for the [BMIMEation. In
upward, and the butyl chain is parallel to the surface plane for aqgition, beneath the outermost layer there exists a dense region
[BMIM][PF ¢], whereas it is pointing toward the bulk liquid for jn which the cation orientation happens to be quite different
the [BMIM][BF 4. Bowers et ak“ studied the surface structure  from our suggested model. The imidazolium ring was identified
of [BMIM][BF 4] and [OMIM][PFe] employing neutron reflec- o be tilting perpendicular to the surface plane with the@Hs
tometry qnd suggested the [amellar structure fgrmanon for the group pointing into the bulk while the ethyl group is still
alkyl chains. As presented in the X-ray reflectivity results of projected upward. Just recently, two independent simulation
Deutsch et al? two molecular arrangements were proposed, studies of the liquietvapor interface based on 1-butyl-3-

one with the chain parallel to the surface plane and the other methylimidazolium cation were performed by Lynden-Bell et
one with the chain normal to the surface plane. The models 3128 and Balasubramanian et Zl.Lynden-Bell et al. did

seem to be similar to the conclusion gathered from the DRS the simulations on ionic liquids with [RF, [BF4~, and
[CI]~ anions, whereas Balasubramanian et al. considered the
T Part of the special issue “Physical Chemistry of lonic Liquids”. use of the [PE~ anion. Both simulations showed that the
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Figure 1. Structure of 1-alky-3-methylimidazolium methylsulfate,
wheren denotes the number of carbon atoms in the alkyl chai.

0, 1, and 3 for [MMIM][MS], [EMIM][MS], and [BMIM][MS],
respectively.

Given thaty@ is a third-rank tensor, it vanishes in the bulk
medium with inversion symmetry. Hence, there is no signal
detected from the molecules in the bulk liquid state; instead,
the signal only arises from the molecules at the surface where
the centrosymmetry is broken. The intensity of the SFG signal
is enhanced when the frequency of the infrared beam, is

on resonance with the vibrational mode of the moleculg.
refers to the vibrational frequency, arfd, is the damping
constant. In addition, the intensity is also dependent on the
number of modes, and the hyperpolarizability3@.

butyl chains are preferentially oriented along the surface
normal, projecting into the vacuum phase, for all ionic liquids
studied.

Our previous study on the butyl chain analog, the [BM{M]
cation, at the gasliquid interface indicates that the difference
in the surface orientation is likely due to the cation structure
and not the anion, since the anions, for exampleg][RBF4] -,
[(CN)2N]~, 1], do not seem to affect the cation orientatfén.
Furthermore, a recent simulation study of [BMIM][gP
illustrates an interesting conclusion in which two types of B@ contains contributions from the Raman polarizability and
molecular orientation were found to exist at the first layer of IR dipole transition of the molecule, which indicates that all
the liquid—vapor interface. This investigation offers details that resonances in SFG spectroscopy must be both infrared and
might explain the differences in the surface models proposed Raman-active and are orientationally averaged as indicated by
by different groups; for instance, the contradictory findings the angled bracket$]]

@__ NB®PO
oRr —o, il

Xeff — (2)

between SF&20.25and DRS819 experiments.

In this paper, the interest is directed to the & stretching

The present study includes the investigation of the surface modes of the methyl group attached to the nitrogen atom of the

orientation of ionic liquids 1,3-dimethylimidazolium methyl-
sulfate, [MMIM][MS], 1-ethyl-3-methylimidazolium methyl-
sulfate [EMIM][MS], and 1-butyl-3-methylimidazolium meth-
ylsulfate, [BMIM][MS] at the gas-liquid interface using the

[MMIM] * cation and from the alkyl chain of the [EMIM]and
[BMIM] ™, as well as the methyl group of the methylsulfate
anion. The methyl group is assumed to h&ggsymmetry with

a free rotation about th€z axis. The molecular orientation, tilt

surface sensitive technique sum-frequency generation (SFG)angle,f, of the methyl group is determined with respect to the
vibrational spectroscopy. SFG analyses of the ionic liquids with surface normal. Polarization null angle (PNA) measurements
hexafluorophosphate, [FF, as the anion were also conducted were employed for the orientation determinatfén:®

for vibration mode assignments. Figure 1 shows the general

structure of the ionic liquids considered in this study. Here, the Experimental Section

orientation at the interface of the cations, [MMIMJEMIM] 7, Sample Preparation. The samples were synthesized using
and [BMIM]", and the anion, [MS], is evaluated as probed 5 previously published proceduteAll chemicals were pur-
by SFG experiments and compared with the results of Lynden- chased from Sigma-Aldrich and used as received, except for

Bell** Voth et al.?" and Balasubramanian et The SFG 1 pytylimidazole, which was distilled prior to use. Samples were
results suggest that the structures determined in MD simulationscharacterized usingH—NMR and IR spectroscopy.

are correct and that the cation orientation depends on the overall [MMIM][MS], [EMIM][MS], and [BMIM][MS]. The

imidazolium symmetry. However, the cation of [EMIM][BIF  synthesis of an ionic liquid with a methylsulfate anion involved
showed surprising results which differ from the suggested SFG ne glkylation of 1-alkylimidazole with dimethylsulfate in
orientation model for [EMIM] and [BMIM] " cations. Rather,  to|yene. Dimethylsulfate was added dropwise into the mixture
the ring may be tilted from the surface plane with the@®H;  of 1_aikylimidazole and toluene maintaining the temperature
group directed toward the liquid phase, but the ethyl chain is 4 the solution below 4FC. The reaction was kept under

still projecting toward the gas phase. This suggestsacompetitionmtrogen until completed. The lower ionic liquid phase was
between the chairchain interaction and the Coulombic interac-  \yashed with toluene @) and dried with heating~70 °C)

tion between ions at the surface. under vacuum. Liquid samples were clear and colorless after
Sum-Frequency Generation. Sum-frequency generation purification using activated charcoal.
spectroscopy has been used for these experiments due to its [MMIM][PF ¢ and [EMIM][PF ¢. Both samples were
high surface sensitivity. It only probes molecules that are prepared by the metathesis of [MMIM][MS] and [EMIM][MS]
oriented at the surface; therefore, the SFG process is not allowedyith hexafluorophosphoric acid, HRFThe acid was added to
in the bulk liquid in which the molecules are considered to be a solution of the corresponding ionic liquid and water with
in an isotropic environment. The theory behind the SFG processstirring, followed by the addition of aqueous sodium hydroxide.
has been presented in several pager®. Formation of a white precipitate was evident upon cooling in
SFG is a second-order nonlinear technique that provides an ice bath. The white, solid product was collected by filtration.
vibrational spectra of the molecules at interfaces. The experi- The spectroscopy cell used for the experiments was made
ment involves the spatial and temporal overlap of the tunable entirely of glass with Teflon stopcocks, Kalrez O-rings, and IR
infrared laser and a fixed-frequency visible beam on the quartz windows. The cell was cleaned with 50/50 HN®Q-
surface of the sample; the generated beam at the sum ofSQO, solution, followed by repeated rinsing with deionized water
the two input light fields is detected. The intensity of the from a Millipore A10 system ¥18 MQx-cm), and dried in a
emitted beam is proportional to the square of the induced vacuum line before being filled with the sample. Prior to
polarization,P@, which in turn depends on the energy of the conducting the SFG experiment, each sample was transferred
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to the cleaned spectroscopy cell and dried in a vacuum line,

with stirring and heating at-60 °C, except for [MMIM][PF]
(temperature at90 °C), until it reached a pressure of510-5
Torr. The water content is determined by Henry’'s law using
the values previously established by Brennétkad estimated
to be 1.2 x 10® mol fraction. The cell was backfilled
with argon gasx2 atm before being removed from the vacuum
line.

SFG SpectroscopyThe details of the optical setup have been
described in previous papei®?® The SFG experiment was
conducted following a procedure similar to that described
previously6-23 The SFG spectra of all the ionic liquids were
acquired at room temperature, except for [MMIM]gPRand
[EMIM][PF¢], which were acquired at 90 and ?C, respec-
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agrees well with the DFT calculation performed on thetC

stretching vibrations of [MMIM][MS] by Lin et af® They have
assigned two modes at 2876 and 2948 &no the symmetric
and antisymmetric vibrations, respectively, of the CHz group.

The C-H antisymmetric mode of the ©CHs group observed
in the sspspectrum is further confirmed in thepp, sps and

pssspectra, which show at2970 cnt?! (Figure 2B-D).

The antisymmetric mode of NCH; group is observed at
~3000 cnttin the pppspectrum, as well as in trepsandpss
spectra (Figure 2B-D¥33940In addition, from the DFT calcula-
tion performed by Lin et al¥> the vibrations at 2954 and 3034
3048 cnt! were assigned to the symmetric and antisymmetric
vibrations, respectively, of this group. They have also carried
out an IR study that exhibited three bands at 2953, 3114, and

tively. The high melting salts were heated using a heating plate, 3161 cnr?, which were all assigned to the—® stretching
and a type-K thermocouple in a glass sleeve inserted into themodes of the cation. The band at 2953 éthas been attributed
cell was used to monitor the temperature directly from the ionic to the stretching mode of the methyl group, and both 3114 and
liquid. The data presented here were averages of five scans with3161 cnt? bands were due to the imidazolium ring vibrations.
error bars representing the standard deviation among the spectrarhe assigned peak positions here for both methyl groups of

The data were collected using an infrared frequency scan rate[mMIM|[MS] coincide very well with the DFT calculation and
of 1 cmYs and 20 shots/point. Each spectrum was corrected the |R study of Lin et af® In addition, IR and Raman

for IR fluctuations and normalized relative to ts&p(s-polarized
SFG beams-polarized visible light, ang-polarized IR beam)
spectrum of the Cklsymmetric stretch peak. The fitting of SFG

experiments performed on the deuterated sample of [BMIM]-
[PFe] confirmed that N-CHs symmetric and antisymmetric
modes were observed at 2968 and 3035 £ Furthermore,

spectra was carried out using Origin 7.0 Professional nonlinear the peak at-2905 cnt? as assigned to the Fermi resonance of

curve fitting. Equation 2 was used as the fitting function, and
the instrumental weighting method was applied.

Results

The SFG spectra of the methylsulfate-based ionic liquids
showed the presence of-&l stretching mode vibrations from
both the cation and anion. Both [EMIM][MS] and [BMIM][MS]

the methyl group from the anion has been verified by the
characterization of [MMIM][PF].

Figure 3 displays the spectra of the [MMIM][EJF In this
case, only G-H vibrations from the cation would be observed,
and any contributions from the anion have been eliminated. As
it turned out, the salt does not exhibit any vibratiom&905
cm~L; hence, this peak comes from the methylsulfate affidh.

salts display similar features, except for the relative peak Only one resonance is observed in #spspectrum which is at

intensities, whereas the [MMIM][MS] showed entirely different

~2965 cntl, and this has been assigned as the Q¥

spectral features for its cation when compared with the other Symmetric modé?394°Both [MMIM][MS] and [MMIM][PF ¢]

two compounds. On the other hand, all three hexafluorophos-

do not exhibit vibrations from the ring modes.

phate-based samples exhibited different spectra relative to one [EMIM][MS]. The SFG spectra of the [EMIM][MS] (Figure

other.

Peak AssignmentSFG spectra of methylsulfate ionic liquids
for four polarization combinations$p, ppp, spsandps9 are
given in Figure 2, and thespandppp spectra for [P~ ionic

2E—H) look similar to the [MMIM][MS], except for the extra
mode at 2878 cmt in the sspspectrum, and are due to the
CHs; group of the ethyl chain. Three different methyl groups
are present in this compound, but the observed vibrations come

liquids are shown in Figure 3. Since peaks were not observedonly from the methyl groups of the ethyl chain and the

in the spsandpssspectra of [PE~ ionic liquids, they are not
shown here. Tables-13 show the vibration mode assignments

methylsulfate anion. There is no vibration observed from
the N—-CHjs of the [EMIM]* cation, which is in contrast to

and their corresponding frequencies. Peak assignments are basdtie spectra of [MMIM][MS]. The mode assignments for the

on Raman and infrared spectroscopy of 1-methylimid&2dfe
for the imidazolium ring anah-alkyl chaing? for the butyl and
ethyl chains, and SFG and Raman studies on metffetiot
for the methylsulfate anion.

[MMIM][MS]. There are three discernible peaks in the
2750-3000 cn1? region of thessppolarization spectrum. The

methylsulfate anion are analogous to the [MMIM][MS], but
the peak assignments for the [EMIM]cation are different
from the [MMIM] *cation. The mode at2878 cnT! comes
from the symmetric methyl stretch of the ethyl chain{CHj),
whereas the peak at2952 cnt! has contributions from both
the C-CHs; Fermi resonance and the—@H; antisymmetric

peaks are accounted for with four vibrations that are due to the stretch?336.40.41.45The ppp spectrum shows two peaks-a2959

C—H vibration modes from the two different methyl groups,
the N—CHjz on the [MMIM] ™ cation and the ©CHjz from the
methylsulfate anion. Thessp spectrum (Figure 2A) shows
vibrations at~2827 and~2905 cnt? that can be assigned to
the O—CHs; symmetric stretch and its Fermi resonance, where-
as the intense peak at2953 cnt! has contributions from
both N—CH3z symmetric and & CH; antisymmetric vibra-
tions23:36.:39.4043The assignment of hte -©CH3 antisymmetric

and ~2980 cn1?!, which are assigned to the antisymmetric
modes of G-CHz and O-CHj, respectively#14® The SFG
spectra of [EMIM][PFK] (Figure 3) display peaks that are
significantly different from those of the [EMIM][MS]. In this
instance, thesspspectrum shows vibrations at2884,~2947,
~2970, and~3180 cnt?!, which correspond to the -©CHjs
symmetric; both €CHsz Fermi resonance and-NCH, sym-
metric; N—CHz symmetric; and the HC(4)—C(5)-H symmetric

mode here is not in accord with the previous SFG studies on vibrations of the imidazolium ring, respectivel§3%-41.45.46The

methanol in which they attributed the peak~a2953 cn1? to
another Fermi resonance in addition to the905 cnt?!
peaks3642-44 However, the G-CHz antisymmetric assignment

N—CH, symmetric mode £2947 cntl) has been assigned
according to the Raman study of [EMIM][EFby Talaty et
al.* in which their study showed that this vibration was
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Figure 2. SFG spectra of [MMIM][MS] (A-D), [EMIM][MS] (E —H), and [BMIM][MS] (I —L) for four polarization combinations.

observed at 2942 cm. Conversely, the features a2960 and peak at~2945 cnl, whereAchysymfAchsFr) = 1.516:17:23In
~2988 cnTlin the pppspectrum are attributed to the antisym- this particular case, the anion in [BMIM][RFdoes not have
metric stretches of ECHz and N-CHs, respectively?339-41 any C—H vibrations; hence, the ©CHjz contribution has been
[BMIM][MS]. The sspspectrum of [BMIM][MS] (Figure eliminated. Therefore, it is believed that the remaining intensity
21) shows four distinct modes in the aliphatic-€& region of from the ~2945-cn! peak is due to the CiHgroup of the
the spectrum. The spectral features are similar to the [EMIM]- methylsulfate anion. The added intensity cannot be solely
[MS], except for the relative peak intensities. Resonances dueattributed to the Fermi resonance of the-OHz; symmetric
to the O-CHjs group, the symmetric stretch and Fermi reso- stretch (see Figure 21 and ref 15: Figure 5A). Instead, the
nance, at~2827 and~2915 cn1?, respectively, and €CHjs O—CHs antisymmetric mode has also some contributions to the
symmetric stretch at2878 cnT! and its Fermi resonance at ~2945 cnt! peak, as in the case of [MMIM][MS] and [EMIM]-
~2945 cnr! are observed?36:4143The ~2945 cnT! mode [MS]. In the ppp spectrum of [BMIM][MS], the strong anti-
however, is noticed to be more intense than theGEi; symmetric stretch at2970 cn! belongs to the methyl group
symmetric peak{2878 cnTl). As reported previously, th&sp at the end of the butyl chaitf. The same vibrational mode is
spectrum of [BMIM][PF] showed a significantly less intense observed in botlspsand pssspectra. However, unlike in the
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Figure 3. SFG spectra of [MMIM][PF] (A, B) and [EMIM][PF¢] (C, D) for sspand ppp polarization combinations.

TABLE 1: C —H Stretching Mode Assignments for
[MMIM][MS] and [MMIM][PF ]

frequency (cm-1)

assignment [MMIM][MS] [MMIM][PFg]
O—CHs (sym)6:4345 2827
O—CHs (FR)?:43.45 2905
O—CHs (asymy6:43.45 2970
N—CHs (sym)y?3.39.40 2953 2965
N—CHjs (asym}y3:39:40 3000

TABLE 2: C —H Stretching Mode Assignments for
[EMIM][MS] and [EMIM][PF ]

frequency (cm-1)

assignment [EMIM][MS] [EMIM][PF]

O—CHs (sym)6:4345 2827

O—CHs (FR)?6:43.45 2915

O—CHs; (asymy643.45 2980

C—CHj (symy34041 2878 2884
C—CHjz (FR)34041 2952 2947
C—CHs (asymy34041 2959 2960
N—CH, (sym)*¢ 2947
N—CHj (sym3:39.40 2970
N—CHjs (asym}y3:39:40 2988
H—C(4)—C(5)-H (sym§° 3180

TABLE 3: C —H Stretching Mode Assignments for
[BMIM][MS] and [BMIM][PF 4]

frequency (cm-1)

assignment [BMIM][MS] [BMIM][PF6]6:23
O—CHs (sym)6:43:45 2827
O—CHs (FRY04345 2915
C—CHj (symy3404t 2878 2880
C—CH; (FRy34041 2945 2950
C—CHj (asymJ3:4041 2970 2970

[MMIM][MS] and [EMIM][MS], the O —CHs; antisymmetric
mode is not clearly visible in thepp spectrum. In addition,

Appearance of all mentioned vibrational modes indicates that
these are the groups that are present and oriented at the interface,
since SFG only probes molecules at the surface that have a net
polar orientatiorf” Consequently, the results suggest that both
cation and anion are present at the-ghguid interface. There
are no features in the spectra that are due to thEl @ibrational
modes of the imidazolium ring at3150 cnT! and~3175 cn1t
for H—C(4)—C(5)—H, being the symmetric and antisymmetric
stretches, respectively, and 8020 cnt?! for C(2)—H sym-
metric, for all ionic liquids studied here, except for the [EMIM]-
[PF¢].2° However, in contrast to [MMIM][MS], a vibrational
mode from N-CHjs is not observed for [EMIM][MS] and
[BMIM][MS]. This suggests a completely different orientation
for the symmetric cation, [MMIMF.

PNA Measurements.The null angle ) measurements
for the symmetric stretch vibration of the methyl group from
the ring and the methylsulfate anion of the [MMIM][MS] are
presented in Figures 4A and 5A, respectively. The minimum
from the curve is observed &t15° for N—CHz; and+0.5° for
the O—CHjs. Figures 4B and 5B show the theoretical plots of
the polarization null angle for [MMIM][MS]. The average
tilt angle is given by the minimum in the polarization curve.
PNA measurements were also performed on [EMIM][MS], but
the analysis of the data offered inaccurate results due to the
weak intensity of the Cklsymmetric stretch peak; hence, they
are not reported. The PNA results for [BMIM][MS] were
presented elsewhef& The measurements for the symmetric
stretch mode of the methyl group from the butyl chain and the
methylsulfate anion gave the minimum of £02° and 2+ 3°,
respectively.

Discussion

Orientation Analysis. The orientation analysis of the methyl
groups from the methylsulfate, 1,3-dimethylimidazolium cation,
and the butyl chain of 1-butyl-3-methylimidazolium cation was

there are no resonances observed from the imidazolium ring orperformed using polarization null angle measurements as

N—CHjs group in any of the four polarization spectra.

outlined by Wang et al%3549
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Figure 4. (A) Measured null angle for NCH; (sym) on the imidazolium ring. (B) Theoretical curves for null angle analysisteellow are for
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Figure 5. (A) Polarization curve for methylsulfate anion gslym). (B) Theoretical curves for null angle analysis rethlue are for tilt angles

60° — 80°, A1C°. The measured null angle is 0.&hich corresponds to

The SFG signal is proportional to the square of the effective
susceptibility,lsr O [y2)2.

X((azfg = sin st sin Qvis COSQIRI-yy,styy,vistle SinﬁlR%yyz
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The surface is considered isotropic in they surface plane;
therefore, the following relations among the surface susceptibili-
ties are made.
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The effective second-order susceptibiliff?, contains all

a tilt angle of 75vertical line indicates the measured null angle.

The methyl group is approximated &s, symmetry; thus,
the hyperpolarizabilities are related when the sum frequency
and visible beam are not at resonance with the molecule.

ﬁaac = ﬁbbc ﬁccc ﬁacaz ﬂbcb = ﬁcbb = ﬂcaaa ﬁaaaz _ﬁbbaz
~Baos= ~Poav

Values for the hyperpolarizability are derived from the bond
additivity model in which bond polarizability is = oad0cc =
0.28 for the CH group of the methylsulfate anion. The method
to relate bond polarizability ofj) to group or molecular
hyperpolarizability i) has been thoroughly presented by
others?’:49-54

[MMIM][MS]. The measured null angl€,) for the CH;
symmetric stretch of [MMIMT is +15°, which gives a tilt angle
of ~35° from the surface normal for th€; axis, as shown in
Figure 4B. This value is sensitive to the bond polarizability and
is illustrated in Figure 6. For = 0.1-0.5, the tilt angle varies
from 17 to 43 at the measured null angle 8fL5°. A value of
r = 0.28 is used for the analysis based on previous work for
the CH; group connected to a heteroatéTypically, r =
0—0.03 for a CH group in an aliphatic chaiff:5-54 The
polarization null angle on the methylsulfate anion is shown in

the information on the orientation of surface molecules, whereas Figure 5B. The measured null anglefi®.5°, which results in
%@, a third-rank tensor, refers to the macroscopic second-ordertilt angles ranging from 65 to P5rom the surface normal. All

nonlinear susceptibility. The polarization angle for the optical
electric fields is represented &5, andg; denotes the angle of

the input laser beams relative to the surface normal with the

corresponding frequency,L; represents the Fresnel coefficient
of the three laser beams.

the orientations mentioned in this study refer to the averages
over a distribution of oriented molecules in the neat liquid.
The presence of €H modes from the N CHjz group in the
case of [MMIM][MS] is an indication that the cation is polar
oriented with one methyl group protruding out of the surface,
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group at the end of the ethyl and butyl chains means that the
11 methyl group has an average orientation pointing upward. In
fact, a recent study on [BMIM][MS] employing SFG and X-ray
Lsx1o-1L crystallography verified this conclusidf.A phase simulation
performed on the methyl groups of the butyl chain and the anion
11 showed clearly that both methyl groups were pointing upward.
Moreover, crystallographic evidence confirmed that the butyl
05x10-11 chain has an all-trans conformation, and both ions were located
adjacent to one anothét.In addition, SFG studies on ionic
_ el SN _ liquid—water mixtures showed the surfactant-like behavior of
1015 25 35 45 60 these salt3%17.2555The net ordering at the surface of imidazo-
Tilt angle (Degrees) lium salts can be understood as a result of placing the
Figure 6. Polarization null angle plots far= 0.1-0.5 (red— cyan). hydrophobic alkyl group toward the vapor phase to maximize
Quun = 15°. the interaction between ions near the surface, which then
) minimizes the surface energy. The projection of the chain toward
and the molecular plane is parallel to the surface normal or the gas phase is consistent with the concept that the functional
vertically aligned at the surface. The orientation also shows that groups with a low surface energy are present at the surface,
the C; axis is approximately parallel to the surface plane. This \yhich in this instance is the alkyl grodf:58 A similar
is further supported by the PNA analysis, which shows thag CH - grientation of the butyl chain has been noted in SFG studies of
group has a_t|It angle of35° from the surface normal a_nd IS [BMIM][BF 4] and [BMIM][PF¢] by Kim et al2° An earlier study
consistent with the model of Lynden_—Béﬂ.I_n her simulation, on [EMIM][TfN] utilizing electron spectroscopy techniques,
she found a significant degree of orientational ordering of the etastable impact electron spectroscopy (MEIS) in combination
cation near the surface. According to Lynden-Bell, the orien- it yitraviolet photoelectron spectroscopy (UPS), and X-ray
tational preference of the cation at the surface could be att”bUtedphotoelectron spectroscopy (XPS) found that both cation and
to the fact that this alignment would allow them to pack more 5nion are present at the surface la§f9 Apparently, the ethy
closely, which then resuits in an increased deriSity.addition, group has been determined to be directed toward the vacuum,
this close packing is supported by the formation of hydrogen \hich further supports the conclusion suggested for the projec-
bonds observed in the single-crystal X-ray structure of pure 1,3-yio of the butyl chain of the butylimidazolium salts utilizing
dimethylimidazolium methylsulfate determined by Holbrey et o SEG technique. Even as a result of the simulation calcula-
al*" From their investigation, the hydrogen bond is formed tions of Del Popolo et af® a similar conformation for butyl
between the hydrogen atoms of C(2), C(4), and C(5) and the .ains on 1-buty|-3-meth’ylimidazolium [BF, [BFJ~, and
terminal oxygen atoms of the methylsulfate anion. [CI]~ ionic liquids was proposed. ' '
However, this orientation appears to be specific for [MM{M] Orientation analysis of [BMIM][MS] that is based on
and has not been observed in any of the butylimidazolium-based olarization null ar): le measurements of [BMIM][MS] has
ionic liquids studied using the SFG technique at the-diamiid pl 4v b 9 d oL h
interfacel617.202355The CH; symmetric mode of the methyl- ~ &€ady een presented previouSifihe PNA analysis of the
sulfate, on the other hand, gave a tilt angle of-@5°, which CHs3 .symmetrlc stretch at the end of the butyl cham showed
is tipped significantly at the surface. the tilt angle to be argund 83and the CH symmetric stretch
This distinct orientation of the [MMIM} cation is interesting ?f t?ﬁ [MS] g?ve "’ll(t"l[thar][:?tle of lar(f)untdh 63° L:Ef?rtunateh;'th
to compare with a cation that has a relatively longer chain 'Of 1€ Present work, the tit angle for the methy! group ol the
attached to one of the nitrogen atoms to find out if decreasing [EMIM] was not calculgted, since the peak Intensity of _the
the symmetry of the cation and increasing the chainain CHs symmetric stretch is weak, which may possibly give

interactions would give a considerably different orientation at Inaccurate values.
the surface. The difference in the preferred orientation of [MMIN]
[EMIM][MS] and [BMIM][MS].  Consequently, the increase  [EMIM] *, and [BMIM]* at the interface may be related to the
in the chain length of the alkyl substituent on the cation seems Symmetry of the molecule, as well as the chain interaction. The
to have a significant influence on the ring orientation of both [MMIM] * cation, with aCp, symmetry, is symmetric, whereas
compounds, [EMIM][MS] and [BMIM][MS]. Because SFG for the case of the cation with relatively longer alkyl chains,
probes only the vibrations with polar ordering, the absence of [EMIM] * and [BMIM]™, this symmetry is broken. In this work,
the C—H modes from N-CHs, C(2)—H, and H-C(4)—C(5)—H the proposed SFG model for [EMINM]and [BMIM]* is similar
of the imidazolium ring suggests that the dipole transition is to the model reported initially by our group for neat ionic liquids
projected parallel to the surface plane in the case of these twobased on the [BMIMjcation}®23in which the imidazolium ring
compounds. Hence, for both salts, the ring orientation is taken is tilted almost parallel to the surface plane with its butyl chain
to be parallel to the surface plane. The previous SFG studiesdirected toward the gas phase. This conclusion is in agreement
performed on imidazolium-based ionic liquids with a butyl chain with the molecular dynamics simulations on [EMIM][N[Dby
substituent paired with different anions showed a ring orientation Voth et al.2” on [BMIM][PFe] by Balasubramanian et &°;and
similar to that of the [BMIM]" in [BMIM][MS]. 16:17.23.48 o on [BMIM][PFg], [BMIM][BF 4], and [BMIM][CI] by Del
further confirmation on the ring orientation is the SFG study Popolo et af®In their simulations, Voth et & discussed their
on the deuterated [BMIM][P&.2® The study showed that the  observation of two regions at the surface layer and at the the
absence of the modes from the-RH3; group is due to the uppermost and the dense regions. A dense region is located right
orientation of the imidazolium ring and not on any interference underneath the topmost layer, in which the density is found to
with either symmetric mode or Fermi resonance of thesCH be higher than that of the bulk, especially for the cation. In
group at the end of the butyl chain. Furthermore, the dominance addition, two different cation orientations were observed from
in the sspspectra over other polarization combinations of the both regions. At the topmost layer, the cation has its ring lying
symmetric stretch and the Fermi resonance peaks of the CH parallel to the surface plane, but in the dense region, the ring is

2x10°

1x10°

SFG Intensity (a.u.)




4722 J. Phys. Chem. B, Vol. 111, No. 18, 2007 Santos and Baldelli

slightly tilted toward the bulk and the ethyl chain is directed [PFs] has a preferred orientation that differs from the model
toward the vacuum for both models. The suggested SFG modelsuggested initially for butylimidazolium-based salts and the
for the cation of the [EMIM][MS] salt resembles the orientation [EMIM][MS]. Therefore, the results suggest that the surface
at the topmost layer determined by Voth efaRecent MD orientation of ionic liquids with the shorter ethyl chain could
simulations on [BMIM][PFR] exhibit similar features, in which  be affected by the anion, as shown in the spectra of [EMIM]-
it is ascertained that there are two regions at the surface, and agMS] and [EMIM][PFeg].
a result, two kinds of orientation have been depicted in which  The presence of €H vibrations from both cation and anion
such preferences were only observed at the first layer. Bala- of the methylsulfate salts confirms that both ions are located at
subramanian et &P detected that the cation has the tendency the first layer of the surface. This is further supported by the
to have the ring flat on the surface, whereas the butyl chains investigation of the surface structure of ionic liquids, for
orient along the surface normal. This preferential ordering is example, [BMIM][PF], using X-ray reflectivity measurements.
consistent with the experimental model of SFG. However, The study shows an increase in the electron density at the surface
underneath this layer, a different orientation has been detectecthat arises from the adsorption of the anions to the sufface.
in which the ring is aligned parallel to the surface normal, which Conversely, the X-ray reflectivity data do not agree with the
seems to be in agreement with the DRS data. The resultstwo previous independent MD simulations using a similar ionic
presented by Del Popolo et#lalso showed the projection of  liquid, [BMIM][PF ¢].282°A very recent study, however, presents
the butyl chain toward the gas phase, which agrees well with factors on the deviation of the simulation results from the
SFG findings. experimental daté It was mentioned that differences include
The SFG results for [EMIM][MS] and [BMIM][MS] salts  the force fields applied and the lack of polarizability employed
indicate that the suggested ring orientation for both cations is for the model in the simulations. Although disagreements were
an average over a distribution of the oriented molecules at the found, the qualitative results of the simulations are believed to
topmost layer and not from the second layer. Molecules beneathP€ CoITect, particularly the preferential ordering of the cation
the uppermost layer may not be highly oriented enough to be N€&r the surface and, hence, the associated increased in the

detected by SFG, given that its coherence length is 31 nm. density, since both were observed in the two independent
[EMIM][PF ¢. Conversely, for this particular salt, the simulations?82° Even the interfacial location of the ions has

[EMIM] * cation orientation deviates from the suggested SFG been verified using SFG and X-ray crystallography, and.results
model for [EMIM][MS] mentioned above. Vibrational modes for [BMIM][MS] and [BMIM][CH sSO;] were presented in a
were observed for both head and tail rbu s of the cation asprevious papef? From the study, it s clearly indicated that the
ooposed to what were observed in the% ecF:ra of [EMIM][M,S] ions are located adjacent to one another with the methyl group
PP N . vedin the Spec L directed upward, as evident from the crystallographic evidence
and [BMIM]* on the basis of ionic liquids paired with different . :
) and phase simulatior8.
anions. The presence of the{CH3 group and the HC(4)— . o . . .
S . T Further investigation of different chain length substituents
C(5)—H of the ring in the SFG spectrum is an indication that S . - .
. : . on both the alkylimidazolium cation and the alkylsulfate anion
the ring could not possibly be lying parallel to the surface plane, . S
; ; : : is currently underway in this laboratory.
as suggested in the preceding discussion for the methylsulfate
salts. The ring is considered slightly tilted, with its methyl group
directed toward the bulk and the ethyl chain still projecting
upward. It is noticed that this analysis fits well with the ring SFG spectroscopy has been used to determine the orientation
orientation observed by Voth et &lin the high-density region  of the ions of room temperature ionic liquids at the ghguid
of the surface layer in their simulation. It might be important interface. The results indicate that both the cation and the anion
to note that the SFG experiments for [EMIM][MS] and [EMIM]- ~ are present and oriented at the surface. The tilt angl8§;
[PFs] were performed at two different temperatures, room and~65°, of the CH; from the dimethylimidazolium ring and
temperature and 7TC, respectively. This could possibly have the methylsulfate, respectively, have been measured using the
an influence on the average orientation of the surface molecules.more sensitive PNA analysis. The experimental results on the
From the simulation, it was deduced that the average numberpreferred surface orientation of [MMIM] [EMIM]*, and
density in the topmost region was lower than the dense region.[BMIM] * molecules are in agreement with the molecular
Hence, a higher temperature could result to a more randomdynamics simulation studies of Lynden-B&lVoth et al.?’ and
environment, giving a relatively random orientation of the Balasubramanian et &.
surface molecules in comparison with the [EMIM][MS] at room
temperature. In this case, the topmost layer could possibly haveReferences and Notes
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