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oom-temperature ionic liquids are a new class of liquids with many important uses in electrical and electrochemical

devices. The liquids are composed purely of ions in the liquid state with no solvent. They generally have good elec-
trical and ionic conductivity and are electrochemically stable. Since their applications often depend critically on the inter-
face structure of the liquid adjacent to the electrode, a molecular level description is necessary to understanding and improving
their performance.

There are currently no adequate models or descriptions on the organization of the ions, in these pure ionic com-
pounds, adjacent to the electrode surface. In normal electrolytic solutions, the organization of solvent and ions is ade-
quately described by the Gouy-Chapman—Sterns model. However, this model is based on the same concepts as those in
Debye-Huckel theory, that is a dilute electrolyte, where ions are well-separated and noninteracting. This is definitely not
the situation for ionic liquids. Thus our goal was to investigate the ionic liquid—metal interface using surface-specific vibra-
tional spectroscopy sum frequency generation, SFG. This technique can probe the metal—liquid interface without interfer-
ence from the bulk electrolyte. Thus the interface is probed in situ while the electrode potential is changed. To compliment
the vibrational spectroscopy, electrochemical impedance spectroscopy (EIS) is used to measure the capacitance and esti-
mate the “double layer” thickness and the potential of zero charge (PZC). In addition, the vibrational Stark shift of CO adsorbed
on the Pt electrode was measured to provide an independent measure of the “double layer” thickness. All techniques were
measured as a function of applied potential to provide full description of the interface for a variety of imidazolium-based
(cation) ionic liquids.

The vibrational Stark shift and EIS results suggest that ions organize in a Helmholtz-like layer at the interface, where
the potential drop occurs over the a range of 3-5 A from the metal surface into the liquid. Further, the SFG results
imply that the “double layer” structure is potential-dependent; At potentials positive of the PZC, anions adsorbed to
the surface and the imidazolium ring are repelled to orient more along the surface normal, compared with the poten-
tials negative of the PZC, at which the cation is oriented more parallel to the surface plane and the anions are repelled
from the surface.

The results present a view of the ionic liquid—metal electrode interface having a very thin “double layer” structure where
the ions form a single layer at the surface to screen the electrode charge. However, the results also raise many other fun-
damental questions as to the detailed nature of the interfacial structure and interpretations of both electrochemical and spec-
troscopic data.

There has been a large growth in the electrochem-
ical applications and investigations'~> on ionic lig-
uids. They are utilized as electrolytes in batteries,>~>
fuel cells,®>°™® super capacitors,®>°~'" solar
cells,">7'> devices,'®'” and electrochemical
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reactions.'®'® Despite this increase, models
describing the arrangement of ions at the inter-
face of an ionic liquid and an electrode are insuf-
ficient. This Account discusses the use of
molecular-level spectroscopic techniques in com-
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FIGURE 1. Structure of 1-butyl-3-methylimidazolium
tetrafluoroborate, [BMIM][BF,].

bination with electrochemical methods to deduce the struc-
ture of ionic liquids at the electrochemical interface.

Room-temperature ionic liquids are typically composed of
organic cations and either organic or inorganic anions.°

The structure of a common room-temperature ionic liquid
based on alkyl imidazolium is given in Figure 1. The first-or-
der description of ionic liquids is that they are simple charged
species in a liquid state. While Coulombic interactions are the
dominant force between the ions, the ions are not simply
spheres of charge but have shape and chemical functionality
that impose subtle changes in the physical properties. Thus,
dipole, hydrogen-bonding, and dispersive forces are impor-
tant to the interactions between constituents in the ionic
liquid;?'#% however, these forces are weak enough to keep
them liquid at room temperature. They have a high thermal
stability, wide electrochemical window, and very low vapor
pressure. These properties and others are modified by the
variation in the ionic liquid composition. It must be empha-
sized that ionic liquids are not ions in solution but are pure
compounds and they are conceptually similar to Na*Cl™(I) not
Na™Cl~(aq). As NaCl melts at 800 °C, [BMIM][BF,] melts at
approximately —50 °C. This pure ionic character gives them
unusual properties compared with electrolytic solutions or
polar organic solvents.

Our purpose is to explore the consequences of a pure elec-
trolyte at the interface in an electrochemical system. We are
interested in how a solvent-less ionic medium will structure
and arrange at the interface. How will the ions respond to the
changes in the surface charge or potential or in the ionic lig-
uid composition? The electrochemical system is particularly
important since it is a major application of ionic liquids. In
addition, electrochemical techniques are applicable to the sys-
tem and used to control and measure the macroscopic prop-
erties at the interface.

The description of electrolytic solution structure at an inter-
face is a classic, highly investigated system due to its ubiqui-
tous occurrence in nature and technology.*3~2° However, pure
electrolytes are much less studied.*2”32 There are three lim-
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FIGURE 2. Three common models for the electrochemical
interface.

iting cases to describe the charge distribution of an ion near
an interface. These are the Helmholtz model, the Gouy—Chap-
man model, and the layer model as represented in Figure 2.
It is noted that all three, or combinations of them, have been
proposed in the description of the ionic liquid/molten
salt—metal interface. Traditionally, these models are distin-
guished by their capacitance, which is then used to evaluate
the charge or potential distribution at the surface. Conse-
quently, the double layer is discussed in terms of a distance
or thickness analogous to a parallel plate capacitor.

The Helmholtz model is one of the original models used to
describe charges at a boundary. The term “electrical double
layer” originates from this model, since the charge on the elec-
trode is balanced by a single layer of counter charge from the
liquid. Equation 1 shows the simple form of the capacitance.

1 d

C, = e (1)
where C4 is the double layer capacitance, ¢, is the permittiv-
ity of vacuum, and e is the relative permittivity. The distance,
d, is the range over which the potential drop occurs.?®

The most popular model is the Gouy—Chapmann double
layer. In this description, the ions form a diffuse layer of
charge segregation at the interface. That is, the counter charge
is spread through the solution adjacent to the electrode up to
a few nanometers depending on the ions, solvent, and ion
concentration. Thus, the capacitance takes a more complicated
form:33
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Here g, is the potential and n° is the ion number density, the
rest of the symbols having their usual meaning.?* Further, it



is derived from a Debye—Huckel approximation of dilute elec-
trolytic solution, which seems unlikely for the ionic liquid sys-
tem. However, some features of Gouy—Chapman, especially
the capacitance—voltage (C—V) dependence could be impor-
tant. A representation of this structure is also given in Figure
2. It should be noted that often a combination of the Helm-
holtz and Gouy—Chapman models is given as a Gouy—
Chapman—Sterns (GCS) model.

Finally, it has been proposed that ions, especially in mol-
ten salts, form layer structures at the electrode interface. This
model seems reasonable given the large Coulombic forces
and since the layering resembles a lattice from which the lig-
uid is derived. The capacitance response for this situation has
been derived for molten salts and is given in eq 3.3°

Cldzclk_eo(1_é—6ﬁ§) ¥

€0

where £ is the charge density on the metal, C, = e€y/d is the
capacitance of a parallel plate capacitor where d is the cation
radius, and 6% = (2e,kT)/(q*Colz — 2)) and B = (aqcolz — 1))/
(2€0kT) are functions of the concentration of vacancies ¢,, the
coordination number z, the charge of vacancy g, and the
polarizability, o. The model produced fair agreement with
experiments on molten salts but has not been thoroughly
tested on ionic liquids.2

The goal of this research is to use electrical and spectro-
scopic measurements to elucidate the structure of the ionic
liquid—electrode interface. The use of these distinct methods
converges to provide a consistent view on the arrangement of
ions at a room- temperature ionic liquid—electrified metal
interface. For example, electrochemistry supplies information
on the thickness of the interface, while sum frequency gener-
ation (SFG) provides the direct chemical information on the
functional groups at the surface and how they are oriented.

SFG is an important technique to the investigation of elec-
trochemical interfaces®>*~3® because chemically and spectro-
scopically, molecules in the bulk solution are barely
distinguishable from those adjacent to the electrode. How-
ever, at the interface, molecules tend to be in a noncentrosym-
metric environment (i.e., slightly aligned) and thus are
effectively probed with nonlinear optical techniques that rely
on a coherent 4" process. In the electric dipole approxima-
tion, a X‘z’ process is allowed in environments without inver-
sion symmetry but ¥ = 0 in centrosymmetric media, such as
the bulk liquid.3”38 Thus, SFG is a very valuable technique to
probe the electrochemical interface.>* SFG has several other
useful properties besides its surface specificity.
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It provides a vibrational spectrum of the interfacial molecules
giving a molecular-level description of the surface. In addi-
tion, by using polarized input beams and analyzing the polar-
ization state of the output, the orientation of the molecules is
estimated.

NA
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Finally, SFG is able to provide good temporal>%4°

resolution of the interface.*'~**

SFG spectroscopy involves the overlap of a visible laser
beam with a frequency-tunable infrared beam at the surface.
Intense SF signal is generated as the IR matches the vibra-
tional resonance of an interfacial molecule as illustrated in eqs
4 and 5.

A diagram of a picosecond-scanning SFG spectrometer,
which is used at the University of Houston, is shown in Fig-
ure 3.*> The system is capable of scanning from 1000 to
4000 cm™'. An important feature of this spectrometer is the
presence of a reference arm used for normalizing the SFG
spectra. Since the SF signal depends on the input intensity of
the IR and visible beams (see eq 4) it is critical to correct the
SFG spectra for their variation. Typically the IR will vary sig-
nificantly over the course of a spectral scan due to the chang-
ing efficiency of the OPG/OPA (IR source) and by absorption
as the IR passes through the bulk liquid in the SFG cell (see
below). To account for both effects, the IR light that is reflected
from the electrode surface is mixed with residual 532 nm light
in a nonlinear crystal where the SFG reference intensity var-
ies as a function of the IR intensity. SFG from the reference
channel is collected simultaneously with each data point to
provide an accurate and sensitive correction.?*

In the beginning of this project, a variety of clean, afford-
able ionic liquids were not commercially available, and for sur-
face chemistry, purity is critical. There are four criteria used to
evaluate the ionic liquid quality: color, halide concentration,
water concentration, and H and C NMR quality. All the ionic
liquids used in these studies, which are based on alkyl imida-
zolium cations and simple anions, are completely colorless
and transparent. Further, the cyclic voltammetry must be sta-
ble over 3—6 V, depending on the ions, and the NMR must
correspond to the compound synthesized with no additional
peaks. The ionic liquids used in the group are synthesized and
purified to meet these criteria. Similarly, once clean ionic lig-
uids are created, they must be handled in an uncontaminated
reliable fashion into the spectroscopy cell. This involved the

and spatial
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FIGURE 3. Diagram of the picosecond-scanning SFG spectrometer. A picosecond pulsed Nd:YAG laser (Eskpla) at 1064 nm is split into two
parts. One part is frequency-doubled to 532 nm. The other part is used to pump a KTP/AgGaSe, OPG/OPA system (LaserVision) that
generates infrared light (IR). Both beams are directed to the liquid sample: (1) attenuator (half-wave plates/polarizer); (2) 1/2 plate
(polarization control); (3) collimating reducing telescope; (4, 5) polarizer/half-wave plate (polarization control); (6) long focal length BaF, lens
(500 mm); (7) sample; (8) analysis polarizer; (9) Kaiser Notch Plus filter; (10) 515 nm short pass filter; (11) 0.25 m monochromator with PMT;
(12) reference arm; (13) single-crystal quartz (nonlinear signal reference); (14) 532 nm filters; (15) PMT.

2.0x10™
1.0x10™ 1
e |
9
<€ 0.0 @:J
k=
o |
5
O _1.ox10%
-2.0x1 0—4 T T T T 1
2 -1 0 1 2 3

Potential vs. Ag/AgBF, (QRE)

FIGURE 4. Cyclic voltammogram of neat [BMIM|[BF,] at 5 x 10~°
Torr. Scan rate = 100 mV/s.

development of an electrochemical cell capable of holding
vacuum to 107° Torr to keep the ionic liquids dry and not
exposed to the laboratory environment, Figure 5.

Electrochemistry provides at least three crucial roles in
these experiments: control of surface charge or potential, mea-
surement of interfacial properties through EIS and CV, and
quality control on the purity of the sample.

Cydlic voltammetry is used to ensure that there are no elec-
trochemical reactions occurring in the potential window of the
experiment. Thus, all measurements are performed in the
double layer region of the potential scan, where only charge
and discharge of the double layer occurs. Further, the CV helps
to ensure that the ionic liquid is pure since no redox processes
occur due to CI™ or water. Typically CI™ is <20 ppm and water
is <10~* mole fraction. A cyclic voltammogram is shown in
Figure 4 for [BMIM]|[BF,]. The CV also illustrates the voltage
stability window from approximately 4 V. More physical infor-
mation on the interface is obtained by EIS. EIS is achieved by
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FIGURE 5. Thin layer SFG electrochemistry cell. Cell is able to hold
vacuum down to 10~° Torr.

scanning the frequency of the applied voltage (AC) and mea-
suring the complex resistance of the cell. The system is mod-
eled based on an equivalent electrical circuit with individual
elements corresponding to different parts of the system. The
values of the individual components are interpreted in terms
of molecular properties. The entire EIS response is modeled
based on an equivalent circuit as shown in Figure 6A. The first
resistor corresponds to the solution resistance, Q is the dis-
persive capacitance related to the double layer. The lower
branch in the model is the surface resistance, and W is the
Warburg element for solution diffusion processes.?34647 By
fitting each EIS curve to this circuit, values of the individual
elements are obtained. An example of EIS spectra at differ-
ing potentials for [BMIM][BF,]/Pt is given in Figure 6B. Of inter-
est to these studies is the capacitance of the interface and its
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FIGURE 6. (A) The equivalent circuit used to model the EIS data
and (B) electrochemical impedance spectra of [BMIM]|[BF,] at the Pt
electrode.
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potential dependence as displayed in Figure 7A. The curve
displays a minimum at approximately —500 mV vs Ag (QRE)

Surface Structure at the IL—Electrified Metal Interface Baldelli

TABLE 1. Values of Double Layer Capacitance for Room-
Temperature lonic Liquids at the Platinum Electrode

jonic liquid [BMIM]* capacitance (F/m?) double layer thickness (m)

[PFgl~ 0.19 3x10°1°
[BF, 0.12 5% 10710
[N(CN),|~ 0.1 25 x 1071°
[imide] 0.15 4x10°1°

for the [BMIM][BF,]/Pt interface. This measurement has two
valuable pieces of information about the interfacial structure.
First, the capacitance value at the minimum is 0.12 F/m?.
Based on eq 1, this results in a double layer thickness of 5 x
107 m or 5 A. Second, through interpretation of the elec-
trocapillary equation, the minimum in the capacitance—
voltage curve corresponds to the potential of zero charge,
PZC.2427:334849 The analysis suggests that at potentials neg-
ative of —500 mV, the surface charge is negative, while at
voltages positive of —500 mV, the surface becomes positively
charged. This interpretation is based on the Gouy—Chapmann
theory which, in turn, is under the same conditions as Debye—
Huckel theory, the use of which is not clear when applied to
the ionic liquid system.

The capacitance value implies a very thin layer at the sur-
face. The use of a dielectric constant of € = 7 for the ionic lig-
uid,>® suggests that there is one ion layer at the electrode,
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FIGURE 8. (A) SFG spectra of CO on Pt electrode as a function of

potential, taken with ppp polarization, and (B) plot of CO peak

position vs applied potential.
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TABLE 2. Stark Shift for CO on Pt in lonic Liquid Electrolyte
ionic liquid [BMIM]*  Stark effect (cm~'/V)

double layer width (m)

[PF¢]~ 26 3.8x 10710
[BF,]~ 33 33x1071°
[imide]~ 24 42 x1071°
[DCAJ- <10 25 x 10°1°

which screens the surface charge such that the potential drop
is complete, and beyond this distance, the ionic liquid adopts
essentially the bulk structure. Table 1 contains the capacitance
and thickness values for other room-temperature ionic lig-
uids and indicates a similar though ion-dependent structure.

The potential drop across the interface is directly measured
by the use of probe molecules. Carbon monoxide displays a
dramatic shift in its vibrational frequency as a function of the
external electric field known as the vibrational Stark
effect.>'>2 To observe this effect, CO is adsorbed to the Pt
electrode through the carbon atom.>® Again, the description
is as follows: the Pt electrode is one plate of the parallel plate
capacitor model and the transition from double layer to bulk
liquid is the other “plate”. The SFG spectra in Figure 8A show
a single C=0 stretch peak near 2100 cm™'. The peak shifts
from 2045 cm™' at low potential to 2110 cm™"' at high
potential for a Stark shift tuning rate, dv/dg, of 33 cm™'/V for
[BMIMI][BF,]. (Figure 8B) The Stark shift tuning rate for other
jonic liquids is given in Table 2. The absolute Stark shift for CO
dveo/dEoc is 1 x 107° V/cm.®! Thus, the double layer thick-
ness is estimated to be dvco/dEf dv/dg = 3.3 x 107 m.

Stark effect I

2

That is, the electric field across the interface results in a Stark
shift for CO and corresponds to an equivalent capacitor thick-
ness of 3—4 A, Figure 9. These two independent measure-
ments, vibrational Stark shift and capacitance, suggest that the
ionic liquid—metal interface is one ion-layer thick; essentially
a Helmholtz layer.>*

Establishing the thickness of the interfacial region is impor-
tant in analyzing the SFG data. Although SFG is surface sen-
sitive, it detects multiple layers if the molecules or ions reside
in a noncentrosymmetric environment. Establishing that ionic
liquids form essentially one layer allows for a more straight-
forward analysis of the SFG data.

A SFG spectrum of [BMIM]* at the Pt electrode and num-
ber scheme are shown in Figure 10. The spectrum displays
several resonances in the C—H stretching region. The sym-
metric and asymmetric CH, modes are at 2850 and 2915
cm™ ', respectively.>> Methyl group vibrations of the butyl
chain are at 2875, 2930, and 2965 cm™',°>>°® while the
N(3)—CH5 methyl symmetric stretch is at 2945 cm™'.>7 Above
3000 cm™" are resonances due to the aromatic C—H stretches
such as C(2)—H at 3050 cm™ ' and H—C(4)C(5)—H between
3150 and 3190 cm™'.>8>9 All these peaks are superimposed
on a large nonresonant background signal of the charged Pt
electrode. The dashed line in the spectrum is a fit according
to eq 5. The following analysis focuses on the 3190 cm™'
peak, the H—C(4)C(5)—H symmetric stretch. This is due to rel-
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FIGURE 9. A summary of two different views on the thickness of the interfacial layer between ionic liquid and metal electrode: top,

vibrational Stark shift measurement; bottom, double layer capacitance.
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atively large signal free of spectral interference from other
modes. Also, since the interfacial model deals with a charged
metal interface and the charge on imidazolium is centered on
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FIGURE 11. SFG spectra of [BMIM]" at the Pt electrode taken at two different polarization combinations and two potentials: (A) ssp at
—800 mV; (D) ppp at +1000 mV.

mV; (B) ssp at "1000 mV; (C) ppp at
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the aromatic ring, the H—C(4)C(5)—H vibration is a good
reporter on how the surface charge influences the interfacial
arrangement of the ionic liquid.

To deduce how the surface charge and potential influence
the structure of the ionic liquid, SFG spectra are obtained in
two polarization combinations, ssp and ppp (SF, visible, and IR,
respectively). By taking the peak intensity ratio from the two
polarizations, an estimate of the functional group orientation
is obtained.®° Polarization- and potential-dependent SFG spec-
tra are shown in Figure 11. Thus, the influence of surface
potential (or charge) on the orientation of the imidazolium ring
is measured and correlated to the results of the electrochem-
ical measurements.®’

SFG results also indicate that both cations and anions are
oriented at the surface as seen the SFG spectra for dicyana-
mide, [DCA] ", in Figure 12. The large increase in SFG signal
is observed upon going from —400 to +800 mV. This peak
at ~2160 cm ™' is due to the C=N symmetric stretch.®?

The results suggest that both ions are oriented at the sur-
face and that SFG signal from the anion grows stronger at pos-
itive surface charge while the cation signal is related to the
negative surface charge. The results of the polarization- and
potential-dependent SFG analysis are presented in Figure 13.
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FIGURE 13. Orientation plots for the H—C(4)C(5)—H symmetric
stretch as orientation tilt angle vs SFG intensity ratio. Each curve is
for a different twist angle about the C, axis.

The figure displays the intensity ratio of the H—C(4)C(5)—H
symmetric stretch from the ppp/ssp spectra vs tilt orientation,
0, along the surface normal. The H—C(4)C(5)—H mode is
approximately C,, symmetry and therefore, needs both tilt ()
and twist (¢) angles to describe the orientation at the surface.
Tilt is along the surface normal, while twist is around the pseu-
do-G, axis. The plots in Figure 13 show the results of the sim-
ulation of the SFG signal for varying orientations of the
imidazolium ring. A tilt angle of 0° had the ring perpendicu-
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lar to the surface plane, that is C, axis along the surface nor-
mal. A twist of 0° has the ring plane cofacial with the surface
plane, while at ¢ = 90°, the ring is perpendicular to the sur-
face plane, that is, C, axis parallel to the surface plane, see
Figure 14.

The solid black line in Figure 13 is the measured ratio at
two potentials, —800 and +1000 mV. From the intersection
of the simulation curves to the experimental measurement, it
is seen that for a positive surface potential of +1000 mV, the
ring is oriented mostly along the surface normal, while as the
potential is scanned to a more negative value, the ring
becomes aligned more parallel to the surface plane. A sche-
matic of this process is shown in Figure 14.

The orientation result is understood in terms of the elec-
trochemical results of interfacial capacitance, Figure 7A, where
at potential less than —500 mV (PZC) the surface has a neg-
ative charge and at potential positive of PZC it has a positive
charge. Consequently, at a positive surface charge, the cat-
ion ring is repelled from the Pt surface and caused to tilt more
along the surface normal. Similarly, this allows more room for
the anion, [BF,]™, to have more access to the surface to screen
the positive charge. However, at negative surface charge, the
ring is attracted to the surface and adopts a more parallel ori-
entation to the surface plane. A similar model is postulated for
[BMIM][PF¢],°" [BMIM][imide], and [BMIM][I].

The results of this project on the structure of room-temper-
ature ionic liquids at the electrified interface have been both
enlightening and puzzling. First it has been demonstrated that
the interfacial region is one ion layer thick. This result was
based on the interfacial capacitance and the vibrational Stark
shift of CO at the interface. The results are understood by con-
sidering at the high charge density of the ionic liquid that the
surface fields are sufficiently screened after one layer of ions.
While this result could be anticipated by Gouy—Chapmann
theory, in the limit of infinite electrolyte concentration, for pure
ions, the double layer shrinks to zero. The same interpreta-
tion is derived from Debye—Huckel theory.®® However, these
theories are presumably no longer valid in such high ion con-
centration as in the ionic liquid since they are valid in the limit
of infinite dilution. Further, the one ion-layer model is not
obvious considering that research on molten salts adjacent to
the electrode suggests a multilayer structure.?*2873%32 The
multilayer model is not observed for these room tempera-
ture ionic liquids, save possibly [BMIM][DCA], see above.

Also SFG has demonstrated that an oriented layer of ions
does exist at the electrode interface and that the orientation
depends on the surface charge. The influence of the electrode
surface is, in a first-order approximation, understood based on
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-800 mV
FIGURE 14. Representation of the orientation of [BMIM]* on the surface of the Pt electrode.

electrostatic principles. The surface of the metal is considered
as a smooth, homogeneous slab of charge, where the metal
identity is of secondary importance. As the surface charge is
made negative, the imidazolium ring, where the positive
charge is centered, lies more parallel to the surface to maxi-
mize the attractive interaction. Likewise, as the surface
becomes more positively charged, the imidazolium ring is
repelled from the surface, and the anion is now interacting
with the Pt surface to screen the positive charge. The cation
responds to this by getting out of the way, that is, tilting along
the surface normal to make room for the anion.

Further, there appears to be subtle differences in the inter-
facial structure and ion response to surface charge that
depend on the ions that make up the ionic liquid. For exam-
ple, upon comparison of [BMIM][BF,] to [BMIM][PF¢], the imi-
dazolium ring of the latter appears to twist about the G, axis
to allow the [PFg]™ access to the Pt surface, while in the former
case, the ring tilted.®' The difference is subtle but could be
linked to the different size or symmetry of the anion. Simi-
larly, when ions such as [BF,]~, [PFg]~, or [imide]~ are substi-
tuted with [DCA]~, the interfacial structure extends from about
one layer to approximately five layers. The coordinating abil-
ity of [DCA]™ may be responsible for this. While many inter-
face properties of ionic liquids have been discovered in this
research, several fundamental questions have also been
raised.

1. If room-temperature ionic liquids form essentially a Helm-
holtz layer at the interface, why does the C—V curve dis-
play a minimum? This should only happen in the presence
of a diffuse layer such as in the Gouy—Chapman model.

2. Is the capacitance minimum at the PZC? If so, why? This
system is not a dilute electrolyte; therefore Debye—Huckel
or Gouy—Chapmann limiting laws should not apply.

3. On each side of the capacitance minimum there should be
excess positive or negative charge accumulation, accord-
ing to Gouy—Chapmann. How is this possible in a pure
electrolyte? It is difficult to envision that the classic PZC,
where the concentration of ions at the surface is the same
as that in the bulk electrolyte, applies to the ionic liquids.

+ 1000 mV

4. Is the ionic liquid in contact with the metal similar to hav-
ing specific adsorption from solution?

Very little work has been presented on the structure of
ionic liquids near a charged interface. Earlier theoretical cal-
culations and simulations were on molten salts; however they
may not be appropriate for these new room-temperature ionic
liquids, since these ions have shape and other interactions that
affect their arrangement at the interface.?®3° Recent calcula-
tions on molten salts have been more successful at reproduc-
ing the electrochemical data.>"*” However, these compounds,
room-temperature ionic liquids, will require more research to
fully understand their nature. Recently, work by Madden et al.
indicated a single layer of screening charge at the molten salt
interface,®* somewhat in line with the SFG and electrochem-
ical measurements presented here. The results of surface
charge vs potential from PZC are shown in Figure 7B. In a sim-
ple case, one monolayer of charge is 0.26 C/m?. As noted pre-
viously, the capacitance suggests that at PZC (=500 mV), there
exists a layer of ions, thus, in order to create the next layer of
ions the potential must be £1500 mV from PZC (see
Figure 7B).

Finally, there have been two recent theoretical works on
the interfacial structure of ionic liquids near a charged sur-
face. The work of Lynden-Bell has been very important in this
direction,®> where some of the results coincide with the results
of our experimental work, especially the ion orientation in the
first layer and the surface excess. Similarly, the work of Korny-
shev is enlightening and important in recognizing that using
the classic double layer theories applied to ionic liquids is not
yet justified on theoretical grounds.®® It is interesting to point
out that the theory of ion/electrical transport in ionic liquids is
described in terms of holes (vacancies) in the liquid
structure.6”.°® Thus, holes are the dilute species in a solvent
of charges; perhaps this is analogous to the Debye—Huckel
limiting law.

Electrochemical interfaces involving ionic liquids are a
new challenge to the surface chemist, electrochemist, and
theoretician. With new models and new experimental tech-
niques, the details of this important system should be
uncovered.
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