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The interfacial structure between Ti@nd the room-temperature ionic liquids 1-butyl-3-methylimidazolium
dicyanamide ([BMIM][DCA]) and 1-butyl-3-methylimidazolium methyl sulfate ((BMIM][MS]) was examined
using sum frequency generation (SFG) vibrational spectroscopy and contact angle measurements. Vibrations
corresponding to the normal modes of the [BMIMjation and dicyanamide [DCA]were detected. The
results suggest that the cation and the anion are present and oriented at the interface for [BMIM][DCA]. The
molecular orientation of the ionic species was calculated using a simulation on the basis of the polarization
dependence of the sum frequency spectra. The tilt oCaxis of the methyl group from the butyl chain in
[BMIM] * ranges from 57 to 90from the surface normal for [BMIM][MS] and from 66 to 9@r [BMIM]-

[DCA]. The C; axis from the dicyanamide anion tilts at an angle of-88° as a function of the twist. The
imidazolium ring seems to lie nearly parallel to the Ti€urface as suggested by the SFG spectra, contact
angle results, and surface charge density calculations. Finally, specific adsorption of [R&AhlIso observed,

in contrast to a weak adsorption of [MS]The enhance charge adsorption could explain the efficiency of
these compounds in dye-sensitized solar cells.

Introduction inorganic ions are added to provide conductivity. However,

) o __ organic solvents have some limitations such as flammability
~ Among the various applications of room-temperature ionic ang evaporation under warm temperatures, or reactivity, which
liquids is their role as alternative electrolyte materials in several -5, ses stability issues. That is why imidazolium-based room-

electrochemical devices such as battetidduel cells>®double-  temperature ionic liquids were investigated as electrolytes, due
layer capacitors, 1° and photoelectrochemical solar cefts:® to their nonvolatility, relatively high conductivity, and low

Dye-sensitized Ti@ solar cells are the most intensively yiscosity. Furthermore ionic liquids contribute to the enhance-
investigated devices, since the development of thez8raell, ment of the photovoltaic performance of the devices by

which provided a high light-to-electric energy conversion yiéld.  increasing of conductivity of the'lls ~ electrolyte, as evidenced
The principle of these devices lies in the fact that when photons, by the improvement of the diffusion coefficieHt13.21.22
carrying an energy greater than the band gap of the active ~Thjs study focuses on the investigation of the ionic liquid/
medium, strike a semiconductor, electron/hole pairs are created Tj0, interface for the ionic liquids [BMIM][DCA] and [BMIM]-
which can generate an electric potential at a junction of two [MS] by means of sum frequency generation vibrational
different materials. Solar cells based on dye-sensitized Meso-gpectroscopy. The relevance of the study lies in the growing
porous fitanium dioxide are low cost alternatives to the jmportance that solar energy conversion acquired in the last
traditional solid-state devices, which are often made of doped gecades, a field whose technical applicability was renewed with
forms of crystalline or amorphous silicon, where the absorption the development of dye-sensitized solar cells. The system under
of light and the transport of charge carriers are not two separatestydy is an important component in solar devices, since
processe$!"? In dye-sensitized solar cells, photon energy interfacial processes play a critical role in the light conversion
conversion to electricity is achieved by electron injection from process. An understanding at the molecular level of the structure
a photoexcited dye into the conduction band of a semiconductor, of the interface is therefore centf4l2°
followed by dye regeneration and hole transport to a counter  The investigation aims to detect the ionic species present at
electrode to complete the electrical circuit. The dye-sensitized the solid-liquid boundary and to determine the molecular
porous semiconductor (TgDis immersed in an electrolyte  orientation of the functional groups to acquire a better descrip-
containing ad”/I” redox couple that mediates the dye regenera- tion of that interface. The choice of the cation is relevant since
tion process by hole injection into the hole-transport medium, imidazolium cations are essential to the high performance of
which varies depending on the type of cell. For the regenerative jonic liquids in dye-sensitized solar ceRfsThe anions in this
cel!type,_the holes are scavenged byareduc_ed redox moleculejnyestigation, [DCA] and [MS], are important because
which migrates to the other electrode and is reduced by the dicyanamide-based ionic liquids have been used in dye-
electrons. The solid/liquid interface thus plays a crucial role, sensitized solar cells to improve the conversion efficiency, which
which is the reason the semiconductor electrode is usually is due to the lower viscosity that dicyanamide confers to the
composed by mesoporous T order to increase the surface jonic liquids it forms!52324in addition, those ions produce well-
area’>18:19 defined vibrational spectra, which allows for a detailed analysis,
Traditionally, dye-sensitized solar cells use organic solvents and a comparison may be established between alkyl-containing
such as acetonitrile in the constitution of the electrolyte, to which and simple inorganic anions.
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The ionic liquid/TiQ interface has recently been the topic
of molecular modeling and molecular dynamic simulati&?.
From these simulations and comments therein by Gratzel, the
high charge density of the ionic liquid allows for efficient
screening of the surface charging thus preventing a charge build
up and allowing for the efficient electron transfer at high
irradiance. This situation demonstrates that the ionic liquids are N
much more effective at screen electric field at the surface than ®> _

4

O

normal electrolyte solutions. The use of the ionic liquids as a
conducive media allows the solar cell to operate much more N
- ; N G
efficiently; however the details on the surface structure and \ \\
organization at the solid/liquid surface are not known experi- N

mentglly. The S_FG results here present a molecular level figyre 1. Structures of [BMIM][DCA] (left) and [BMIM][MS] (right).
description of this system.
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Experimental Section ;

Sum Frequency Generation (SFG).SFG is a nonlinear
optical spectroscopy sensitive only in noncentrosymmetric
environments such as gaquid, solid—liquid, and liquid—
liquid interfaces.

In the SFG experimental setup, two laser beams of frequencies CaF,
w1 and w, overlap at the surface of a nonlinear medium and window
generate a nonlinear polarizati®®),,+., described by

TiO, film

P@ = »@-EE )
ionic liquid
whereE is the electric field of the incoming laser beam and
%@ is the second-order nonlinear susceptibility. The intensity
of the SFG signal is proportional to the square of the absolute
value of P, ¥ has nonresonant and resonant tergrg, and
Zyr®, respectively.ynr is a background effect from the
interface, and=yr® includes contributions from individual
resonant modegg®. The expression fogr@ is O-ring fittings

Figure 2. Diagram of the solid/liquid SFG cell.
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Kalrez O-ring. The cell is able to hold a vacuum to a pressure
of 1075 Torr. The TiQ window was prepared by deposition of
TiO2 nanoparticles on a Cawindow by Shultz’s group at Tufts

frequencywg, wrr is the frequency of the incoming IR beam, University. The average size of the nanoparticles is 2.4 nm,

and[B@0is the molecular hyperpolarizability averaged over all and they belong to the anatase phise.

possible molecular orientations and contains the Raman polar- Before introduction of the sample into the cell, the glass body
izability and the IR dipole transition moment. It is evident that IS cleaned in a 50/50 mixture of nitric acid/sulfuric acid mixture

whenevemw, becomes comparable g, yr®? becomes large, for several hours, rinsed with deionized water, and baked at
resulting in a peak in the SFG spectrdfm2® 570 °C. The stopcocks and Kalrez O-rings are boiled in a

Materials. The ionic liquids used in this study were solution of Micro 90 and subsequently boiled several times with
synthesized according to literature meth8®s3 and the deionized water. The window is rinsed with deionized water

synthetic procedure and purification were described in earlier @ahd then irradiated with a high-intensity UV lamp (ILC

whereN is the number of modes contributing to the SFG signal,
I'q is the damping constant for tlgth vibrational mode with a

publications from this group for [BMIM][DCA}* and [BMIM]- technologies) for 1 h, to photooxidize adsorbed organic matter,
[MS].35 The structures of both compounds are shown in Figure and finally rinsed agaif’ The absence of adsorbed organic
1. matter was tested with transmission FTIR (Thermo Nicolet

Samp|e Preparation for the Sum Frequency Spectroscopy AVatar 360 FT'lR) Other 'inVeStigatorS have 'Confi.rmed the
The purified ionic liquid sample is filtered through a fine sintered  0xidation of adsorbed organic matter on Figy UV irradiation.
glass frit and then is vacuum-dried overnight in a separate vesselSFG spectra before and after irradiation show the complete

equipped with O-ring fittings, at approximately 20 and until ~ removal of the organic speciés*® Additional work on the
5 x 1075 Torr is reached, while stirring. It is then pressurized removal of adsorbed organic matter under UV irradiation on
with dry argon previous to the transfer into the SFG cell. TiO, used water contact angle measurements, confirming the

The solid-liquid SFG cell is made of Pyrex and was home- induced hydrophilicity of the oxidé! In this study, the induced
built (Figure 2). It consists of a vacuum O-ring fitting with one hydrophilicity was tested qualitatively and the results are similar
end closed flat and two O-ring fitting terminated high-vacuum to those in the literature.
valves attached to the sides. The valves have Teflon stopcocks The cell is then assembled and evacuate@ fo to apressure
fitted with O-rings. All the O-rings that come in contact with  of 5 x 107° Torr. Finally, the ionic liquid is airless transferred
the ionic liquid are made of Kalrez. A Tioated calcium to the evacuated cell through O-ring fitting connections to avoid
fluoride window is attached and sealed to the top fitting with a any contamination from the atmosphere.
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OPG/OPA system produces an infrared beam tunable from 2000
to 4000 cm* and a fixed 532 nm beam. The visible and the IR
beams are collimated and overlap at the surface of the sample
in copropagating geometry, with angles (with respect to the
surface normal) of 50for the visible and 60for the IR. The
available energy densities at the region where the beams overlap
A are 20.4 mJ/cifor the 532 nm beam and 55.4 and 22.4 mJ/
cn¥ for the infrared beam from 2879 to 2100 cthrespectively.
. The SFG signal is then collected by a photomultiplier tube
T % L high vacuum (Hamamatsu R3788), and sent to a gated integrator. A computer
O-ring joints program collects it and averages it over five scans of 20 shots/
point at 1 cnT?/s.
B Data Collection and Analysis.The frequency of the IR laser
beam is scanned at a rate of 1 dits. Each data point
corresponds to 20 averaged laser shots. Five spectra/polarization
N combination are obtained, and the average is plotted along with
error bars. The data are corrected for fluctuations in the infrared
: beam, and any IR absorption by the system is taken into account
syringe needle by dividing the averaged spectrum by the signal of a reference
channel, which is obtained by overlapping the reflected infrared
| beam with a portion of the incoming 532 nm beam on a film of
le hold a nonlinear compound such as barium titanate. The reference
" SAMPE. QL signal is collected and detected using a separate monochromator
' ' and PMT. The resulting SFG spectra are then curve fitted using
eq 5, and the subsequently extracted peak amplitudes and widths
are used in the orientation calculations.
- M| Orientation Analysis. The orientation of the cation and anion
is derived from the polarization dependence of the sum
. frequency spectra. The procedure is similar to that of Hirose et
glass windows al #4345 and Wang et al*é4’who use the bond additivity model
Figure 3. Scheme of the contact angle measurement cet: Magnet as an approximation. The terminal methyl groups of the alkyl
(to immobilize the sample holder), 8 dosing valve, and A= vessel chains are assigne@s, symmetry and possess free rotation
valve. around theCz symmetry axis, therefore having an orientation
. described by the tilt of the axis. The dicyanamide ion is assigned
Sample Preparation for the Contact Angle Measurements. Cp, symmetry, but no free rotation is assumed around its
For the measurement of contact angles, the liquid sample issymmetry axis and it has therefore a tilt angleand a twist
prepared the same way as for the sum frequency experiment.ang|e¢,_
After being dried in a separate vessel down to a pressure of 5 The principle of polarization dependence compares the ratio
x 107°Torr, a small portion of ionic liquid is airless transferred ¢ heak intensities of different vibrational modes with theoretical
to the contact angle measurement cell, which was designed and,ryes of peak intensity ratio versus orientational angle.
builtin this research laboratory (see Figure 3). The cell is made gyyressions for the kinetic energy matrix elements necessary
of Pyrex glass and is terminated by two O-ring joints that seal to the calculation of the hyperpolarizabilities were obtained
against two glass windows with Viton O-rings. It is also 4 the dicyanamide molecule [DCA] where simplifications
equipped with two additional connections, one for the evacuation ¢.om the rigorous derivation method were applied. [DCAjas

of the cell and the other is attached to a compression fitting assignedC,, symmetry, and theS matrix elements for the

that holds the syringe needle and va_Ive system. The transfer iSantisymmetric and symmetriceN stretches were obtained and
performed under vacuum, and for this purpose, stopcock valve

subsequently used in the hyperpolarizability expressibhtore

B is initially open while keeping valve A closed to evacuate ygails on the normal-mode analysis can be found in a previous
the entire cell. This is performed until the cell reaches the base publication?®

]E)reszure. Subseqduel_ntly, (\j/al_}_/ﬁ Als openefdl_as_(tjo allow Juit & simulation curves of peak intensity ratios versus tilt angle,
ew drops to be delivered. The amount of liquid sent to the 0, as a function of the orientational distribution widih, or

syrltﬂge_rt.lp IS cfo ntrol_ll_id by vaIIv ehBi dso that (_)nly C}nehdrl?q_fi\llls the twist angleg, were constructed and plotted simultaneously
on the TiQ surface. The sample holder consists of a half Teflon i, the experimental peak ratios obtained from the fits of the

cyllnder_ and contains an embedded magnet. It is therefore spectra. A Gaussian expression was adopted for the distribu-
susceptible to manipulation by an external magnet M to correctly tion 4950 From such analysis, a range of possible tilt angles for

position the substrate before the drop falls and to keep thethe s : : o

) ; ymmetry axis of the chemical group under analysis with
sample holder steady during the process. The sample (i@ respect to the surface normal was obtained.
is prepared as described above. The measurement is performede

using a digital Exwave HAD Sony camera, and the images are
processed using ImageJ software, with a plug-in by Stdfder.
Spectroscopy SystemThe spectroscopy setup was described  Spectroscopy. [BMIM][DCA]. The C-H vibrations were
previously3 It consists of an EKSPLA PL2143A/20 picosecond probed in the 27503300 cnt?interval, and the &N modes,
pulsed Nd:YAG laser with a 25 ps pulse and a 20 Hz repetition in the 2006-2300 cn1? frequency interval. The spectra for the
rate, whose 1064 nm output pumps an optical parametric anion are shown in Figure 4 for polarizations ssp and ppp, since
generation/amplification system (LaserVision OPG/OPA). The sps and pss combinations show almost no features. The spectra

vacuum line ionic liquid
connection

>

Results
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Figure 4. SFG spectra of [BMIM][DCA]/TiQ interface in the CN stretch region for polarizations ssp and ppp.

TABLE 1: SFG Vibrational Spectroscopy Results for + 0.8°, and [BMIM][DCA] shows an angle of 3@ 0.7°. It is
[BMIM][DCA] and [BMIM][MS]  # evident that the two compounds wet the surface of the, TiO
[BMIM][DCA] [BMIM][MS] film.

bond type SSp ppp SPS PSS SSp ppp SPS  pss ) _

C—H rt 2878 2883 n/p n/p 2880 2883 n/p nlp Discussion
rt 2945 n/p nlp nlp 2945 n/lp nlp nlp . . .
- np 2966 2969 2970 nfp 2966 2069 2070  The results from the orientation calculations at the [BMIM]-
dt 2852 s/n sIn s/in 2852 s/n  s/n s/n [MS]/TiO; interface are shown in Figure 8. The orientation
d- n/p 2902 2899 2899 n/p n/p 2903 2900 curves have been plotted as the ratio of amplitudes correspond-
der 2918 n/p nlp nlp 2924 2917 nlp nlp

ing to ssp methyl symmetric stretch/sps methyl asymmetric
ssG-Cs 3172 3177 n/p nfp 3204 /b nlp b geieh versus the tilt anglé with respect to the laboratory
as G—Cs 3132 3111 n/p n/lp 3112 nlp nlp nlp . o .
=N as =N 2135 2136 s/n sin nla n/a na nla surface normal, and as a function of the distribution width,
ss =N 2199 2200 s/n s/n nfa nla nla nla The C; axis from the terminal methyl in the butyl chain in
isonitrile 2155 2152 s/n  sin  n/a n/a n/a nla  [BMIM] * shows a tilt ranging from 56 to 6§average of 59
sstasN-C 2231 2225 sin sin nfa ma nfa na ¢4 yalyes ofs between 0 and TO The simulation curves for
as/n: signal-to-noise too low. n/p: not present. n/a: nonapplicable. [BMIM][DCA]/TIO ; interface are shown in Figure 9a,b for the
® According to studies on cyanamide. cation and the anion. For the CH region, the curves show the
ratio of ssp methyl symmetric stretch/sps methyl asymmetric
contain peaks corresponding to the asymmetric and symmetricstretch versus the tilt angte The simulation corresponding to
C=N vibrations (as &N and ss &N) and a combination band  the G=N stretch presents the ratio of ssp [DCA§ymmetric
of the symmetric and asymmetricC (single bond) stretching  stretch/ssp [DCA} asymmetric stretch versus the tilt angle
modes (sst as N-C). Finally, the vibration at 2160 cr, The C; axis of the methyl group shows a tilt ranging from 68
which was found to be present in the dicyanamide salts of to 83 (average of 79, for values ofo between 0 and 70
divalent metals such as mercury and lead, is possibly due towhile the tilt of theC, axis in the dicyanamide anion has an
the formation of isonitrile moieties, which were thought to exist angle that varies between 50 and §8verage of 53 for twist
in previous IR studies of cyanamide. A summary of the  anglesg ranging from 0 to 40 The tilt angles of the terminal
vibrational modes is shown in Table®4:54 methyl are comparable to those from [BMIMbpased ionic
Spectra for the cation are shown in Figure 5 for polarizations liquids (tetrafluoroborate and hexafluorophosphate) found in a
ssp, ppp, sps, and pss. The ssp combination containstthe d previous study from Romero et al. on the ionic liquid/hydrophilic
d-, rt, and rer vibrations. The G—Cs ring vibrations appear  SiO; interface?’ In that study, the butyl chain terminal methyl
as very weak bands, located-a8150 and~3190 cnt? for the group of [BMIM]* shows tilt angles of 7890° for [BMIM]-
antisymmetric and symmetric bands, respectively. The ppp [BF4] and 58-64° for [BMIM][PF¢]. There is also agreement
polarization combination shows contributions frorm d—, and with tilt values in the work of Rollins et al. for a similar
d*rr and the ring mode vibrations. The sps and pss polarization interface, where the reported tilts for [BMIM][BFand [BMIM]-
combinations contain'd d-, and antisymmetric methyl stretch  [PFs] are 57 and 48 respectively® There is however a

(r7) vibrations. limitation in the evaluation of the distribution, since the surface
[BMIM][MS]. In this case the vibrational frequencies of both roughness was not taken into account. In the work of Simpson
ionic species are located in the same range (22800 cnT?). et al>® a method of correction for surface roughness is discussed

Spectra for the four above-mentioned polarizations are shownthat uses fractal analysis of AFM micrographs and linear

in Figure 6. Peaks for'd d-, r*, and rrr and the ring modes  dichroism measurements for the evaluation of the corrected

are visible. The ppp combination shows d-, rt, and r modes linear dichroism.

The sps and pss combinations show th@mnd d modes. The The SFG spectra of [BMIM] at the titanium dioxide interface

peak corresponding to the symmetric methyl stretch correspond-display a large contribution from methylene vibration$ éhd

ing to the methyl sulfate anion, whose frequency corresponds d-) of the butyl chain in the cation. In both cases, the symmetric

to 2830 cm1,%556was not discernible in any of the polarization and asymmetric vibrations are detected in the ssp spectra, among

combinations. which the symmetric stretch peak is unusually intense with
Contact Angle. The contact angle measurement results are higher amplitude compared to all other vibrational modes, as

shown in Figure 7. [BMIM][MS] shows a contact angle of 23 opposed to that found in previous investigations on the ionic
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Figure 5. SFG spectra of [BMIM][DCA]/TiQ interface in the CH stretch region for polarizations ssp, ppp, sps, and pss. Note that the last three
plots have been rescaled several times.

liquid/silica interface”-58In the sps and pss polarizations there influenced by the formation of hydrogen bonds between the
is also an intense contribution from thé ohode. The presence  silanol groups and electronegative atomseglectrons, or
of such vibrational modes is an indication of disorder in the charge$’:68The structure of titanium dioxide presents a similar
alkyl chains due to the presence of kinks, which cause a breakcase. The surface of the oxide contains titanalTi—OH)
in the centrosymmetry within the trans extended linear carbon moieties, which are formed when Ti@s put in contact with
chain that otherwise leads to the near cancellation of the water, forming a surface with varying amounts of hydroxyl
methylene contribution®.61 The detection of gauche defects groups. These species are formed when water is adsorbed
in this investigation differs with previous SFG results on the dissociatively as OH and H" to satisfy the coordinative
liguid—solid interface. The work of Romero et &2 on the unsaturation of the metal, and the surface ions become coor-
ionic liquid/solid interface for hydrophilic and hydrophobic silica dinatively saturated and are then less able to adsorb other
in [BMIM][BF 4] and [BMIM][PFg] does not show contributions  molecules. Such a hydroxylated surface needs temperatures of
from methylene groups. Similar results were found in the work at least 500 K or ion sputtering to remove the hydroxyl
by Fitchett et aP® and Rollins et af8 for imidazolium-type ionic groups®®72|t is then reasonable to assume that theIéGated
liquids based on BF, PR, and bis(perfluoroalkylsulfonyl)-  window used in the present investigation has a surface covered
imide anions, also at the silica surface. The dissimilarity in the with a certain amount of titanol groups since it has been exposed
results might arise from a difference in the surface roughness.to water prior to the start of the experiment. In the above-
The silica surface used on the aforementioned work is mirrorlike mentioned work by Romero et al., the imidazolium ring is
polished, whereas the TiOused in this investigation is  believed to be hydrogen bonded to the quartz surface through
constituted by particles of approximately 2.5 nm in diameter, both ring nitrogen atoms. In addition, there may exist hydrogen-
conferring a greater degree of roughness to the surface. Soméonding interactions between the surface hydroxyl groups and
researchers have used SFG to probe organic adsorbates at thhesr orbitals of the aromatic ring, which is expected to be nearly
surface of nanoparticles, among which the work of Weeraman parallel to the quartz surfaé.This was also proposed by
et al® and Holman et &° on thiols and arachidate molecules, Rollins et al. for a number of ionic liquids on the basis of the
respectively, suggest that the methylene features in the SFGimidazolium catiorP® In the present investigation, the SFG peaks
spectra are due to the roughness of the surface. In addition, thecorresponding to the ring vibrations are too weak to enable
strong methylene contribution can be explained by a less denseorientation calculations, but their low amplitudes suggest that
packing due to the fact that both ionic species adsorb at thethe imidazolium ring is nearly parallel to the surface of the
surface, creating a steric hindrance to aggregation and, hencegxide. This seems in accordance with the ionic liquid’s relatively
to favorable Van der Waals interactioffs. high ability to wet the TiQfilm, as proved by the contact angle
The surface of silica is usually covered with silanaiSi— measurements for both compounds. This suggests that it is the
OH) groups, to which polar molecules tend to adsorb, and for positively charged cation ring which exerts a stronger influence
nonaqueous liquids, the adsorption is believed to be largely on the adsorption to the surface, as compared to the butyl chain,
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Figure 6. SFG spectra of [BMIM][MS]/TiQ interface in the CH stretch region for polarizations ssp, ppp, sps, and pss.

Figure 7. Contact angle on the surface of a titanium dioxide film: [BMIM][MS] (left); [BMIM][DCA] (right).

supporting the idea that iefdipole interactions are stronger
than dipole-dipole interactiong374In addition, previous contact

region (Figure 4). The dicyanamide anion produces well-defined
peaks with relatively high signal-to-noise, whereas methyl

angle studies of imidazolium-based ionic liquids on highly sulfate does not generate any clearly discernible peak in the
hydrophobic surfaces, such as compressed solid lubricants andSFG spectra, as shown in Figure 6. Similar strong adsorption
functionalized silico® and hydrophobic Sigf? show large of dicyanamide was proposed in a previous study of the [BMIM]-
contact angles. Conversely, studies in glass and metals showWDCA]/platinum interface, where very strong SFG signal from
angles comparable to those found in this wé&rkighlighting the anion was observed and strong methylene vibratiohs (d
the fact that ionic liquids are polar solvents due to their intrinsic were found in the potential dependent spectra for positive surface
charge density, even though they retain some hydrophobic charge excesses. In that investigation, electrochemical measure-
properties’’.78 ments suggested that [DCAJorms a multilayer at the surface
Itis knownthat dicyanamide possesses Lewis base propértles  of platinum metaP* In contrast, previous experiments at the
and is an efficient coordinating base for transition metals through [BMIM][MS]/platinum interface performed in this research
either the nitrile or amide nitroged3:2° It would be expected group showed barely discernible peaks originating from the
that this anion will tend to bind to titanium sites at the surface methyl sulfate anion at different surface charge values.
of TiO,. This seems to be the case, as the higher surface Approximate calculations of the titania surface charge density
concentration of [DCA] compared to [MS] is suggested by  (q) in contact with the ionic liquids were carried out using the
the unusually strong SFG signal generated in teeNGstretch method of Janssens-Maenhout and Schulenberg, initially derived
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proximately 1 nm for 0.1 M solution) extend deep enough into
the liquid bulk but drop very quickly as the concentration
increases, which is the case of ionic liquids, as described by
Rollins et al*® The surface charge can be calculated from

2y 4nkT ze
q= P_o cos® + 1+ K—yo (cos)"m_ po) l)] 3)

where © is the contact angle; is the bulk concentration in

mol/m?, y is the surface tension in N/rajis the electron charge

in C, zis the charge of the ions, is the inverse Debye length
in 1/m, andpg is the surface electrical double layer (EDL)
potential defined by

(4)

_ KT (<A
Po= g arcsmh( 4zer)

0 versus the ratio of amplitudes of SFG intensity (ssp SS/spsAS) and The values ofj for [BMIM][MS] and [BMIM][DCA] were

as a function of the distributiom. The solid line represents the
experimental ratio value, plotted with error bars, at two standard

deviations.
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Figure 9. Orientation curves for [BMIM][DCA] in (a) the CH region,
showing the dependence with the distributigrand (b) the CN region,
showing the dependence with the twist anglé he solid line represents
the experimental ratio value, plotted with error bars, at two standard
deviations.

for electrolytic solution$® A correction factor for the Debye
length devised by Smagala et®alis used to account for the
effects of ion size, which limits the approaching distance to the

charged surface. In dilute solutions the Debye lengths (ap-

found to be 60.4: 0.15 and 64.4: 0.20 mC/n, respectively.
The calculated values are similar to those reported by Rollins
et al. for butylimidazolium-based ionic liquids combined with
BF,~ and Pk~ anions. The charge values for the imide-based
compounds are substantially lowasr.

The negative surface charge density for [BMIM][DCA] is
higher, which may be explained by a strong specific adsorption
of the dicyanamide ions, which increases the negative charge
at the interface. The modification of the surface charge density
due to specifically adsorbed species has been observed on other
systems such as self-assembled monolayers on gold and
polymers adsorbed on dielectric surfa8e® Studies on the
adsorption of ionic species with weakly solvated ions such as
Cl, Br, I7, and S@* also revealed the possibility of direct
chemical bond formation with the metal surface, resulting in
specific adsorption, which significantly affects the electrochemi-
cal properties of metal electrodes. A similar specific adsorption
is suggested for dicyanamide, since its combination with metals
such as copper and silver yields compounds named as pseudoha-
lides®° These characteristics may also explain the stronger sum
frequency signal generated by the anion in this system.

The surface charge difference of 7% on comparison of methyl
sulfate to dicyanamide is significant. This difference corresponds
to potential difference of about 30 mV and a Boltzmann factor
of 1CP. Thus, if we had an equal mixture of [BMIM][DCA]
and [BMIM][MS], assuming similar double layer thickness of
25 A (as estimated from electrochemistry and Stark shift data)
and ideal mixing behavior, the [DCA] would partition to the
surface in excess of [MS]. This is our interpretation of the
contact angle and surface charge data. We consider this to be
only an estimate in light of above approximations and the fact
that the theory is derived from Debyé&iuckel and Gouy
Chapman theory and unlikely to be quantitative for these ionic
liquids, where the theories are no longer valid.

The surface charge density and the strong SFG signal from
[DCA]~ present the view that the ionic liquids have an
extraordinary interaction with the interface. This high degree
of association could be the origin of the why ionic liquids display
improved performance in dye-sensitized solar cells. The ability
of the ionic liquids to effectively screen charge is demonstrated
in the simulation works of Lynden-Béfi and Madde#f and
the performance of Gratzel c¥% and by these and previous
SFG/electrochemical experimefts?” The development of
improved performance ionic liquid will be aided with the
molecular-level results presented here as a guide.
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Conclusions

The ionic liquid/TiG interface was probed by SFG vibrational
spectroscopy for the ionic liquids [BMIM][[DCA] and [BMIM]-

[MS]. The presence of both ionic species was detected at the

interface for [BMIM][[DCA], while only the cation was
detectable for [BMIM][[MS]. The presence of strong contribu-
tion from the methylene vibrations in the SFG spectra is possibly

due to the roughness of the surface. Orientation calculations 5

were performed for the ions at the surface, and it was found
that the cation’s butyl chain shows a range of orientations from
57 to 66 from the surface normal for [BMIM][MS] and from
68 to 83 for [BMIM][DCA]. The C, axis from the dicyanamide
anion tilts at an angle of 5773 as a function of the twist, and
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