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Examination of the Electrochemical Interface between Two Immiscible Electrolyte Solutions
by Second Harmonic Generation
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The potential-induced accumulation of electrolyte ions at the water/1,2-dichloroethane (DCE) electrochemical
interface has been examined by total internal reflection second harmonic generation (TIR SHG). TIR SHG
experiments provide the first direct optical measurements of the accumulation of the base electrolytes,
tetraphenylarsonium (RAs™) and tetraphenylborate (FBr), in the interfacial region between two immiscible
electrolyte solutions (ITIES). The standard Galvani potential for ion transfer across the water/DCE interface
for the tetrabutylammonium (TB# is measured from the SHG data. Using theA3i ion as a reference,

a value of 219+ 5 mV is determined for TBA. In addition, optically determined potential-dependent
concentration profiles for the RAst and PhB~ ions are correlated with the modified VerweMiessen

model for surface excess. Results suggest that less than 10% of the potential drop across the water/DCE
interface occurs in the organic phase.

I. Introduction

The physical nature of the interface between two immiscible
liquids continues to generate interest because of the central role
that this interface plays in such processes as mass transport
phenomena, charge transfer reactions, and extractions. The
adsorption and transport of molecular and ionic species across
a liquid/liquid phase boundary is dependent upon the structure
of the interfacial region and the electrostatic and intermolecular
forces therein. A detailed understanding of the structure and ] Tnner )
order of both solute and solvent molecules at the interface is Diffuse Layer oo Diffuse Layer
therefore nee(_jed_ to_ be.tte.r understand adsorption and tranSporIt—'igure 1. Schematic diagram of the modified VerweMiessen model
properties at liquid/liquid interfaces. In recent years, progress o the ITIES.
has been made in the characterization of the interface between

Potential

two immiscible electrolyte solutions (ITIES)y employing such  in the observed values, including a random orientation of water
techniques as interfacial capacitance, electrocapillary studies,molecules at the interface, a lack of any structure in the inner
and potential of zero charge measureménts.The double- layer, or the absence of an ion-free inner layer altogethér.

layer structure of these complex systems has been describe&uch outstanding questions reveal a clear need for more direct
by the modified Verwey Niessen (MVN) model by means of measurements of the molecular properties of the ITIES.
Stern’s modification to the GouyChapman theor§® A number of recent theoretical and experimental efforts have
Although the macroscopic parameters derived from experi- begun to shed light on the structure of the ITIES and the
mental results are generally consistent with the MVN model, behavior of amphiphilic molecules residing at the oil/water
many unresolved issues remain. One question involves theinterface. Molecular ordering of interfacial molecules in the
presence or absence of an ion-free inner layer at the ITIES.water/DCE and water/DCE electrolyte systems has been the
Evidence for an ion-free inner layer has been sought by the focus of recent molecular dynamics calculati8A%. The
determination of the potential of zero charge (pzc) for these potential-induced adsorption and orientation of amphiphilic
systems. Atthe ITIES, the Galvani potential difference between molecules at the water/DCE ITIES have been examined by
the two phasesg{y — ¢o) can be separated into contributions resonant second harmonic generation (SHG) stdéif&sHow-
from the potential difference across the inner laygy &nd the ever, experimental studies that spectroscopically probe the
potential differences across the space charge regions in themicroscopic properties of the native ITIES under potential
organic () and aqueousgy) phases. The inner layer poten-  control in the absence of probe ions have thus far been lacking.
tial, ¢y, is the result of a dipolar contribution arising from solvent In order to address the fundamental questions about the ITIES,
molecular orientation, while3 and¢, are associated with the ~ one needs direct spectroscopic measurements of ion accumula-

ionic charges present in the diffuse lay&f(Figure 1). Gouy tion and solvent composition of the double-layer region. The
Chapman (GC) theory predicts a rather high value for the studies described in this and a previous p&béom this
potential drop across the inner lajewhereas differential  laboratory are directed specifically toward these goals.

capacitance and electrocapillary studies measure a relatively The work described in this paper employs SHG, an inherently

small value for water/1,2-dichloroethane (DCE) interfade.  surface-specific technique. SHG has the ability to probe the

Several explanations have been offered to explain the differenceinterfacial region without contributions arising from the mol-
ecules in the bulk liquids which can complicate the interpreta-

* To whom correspondence should be addressed. tion. By applying an optical field of sufficient intensity at
€ Abstract published ilAdvance ACS Abstractdanuary 15, 1997. frequencyw, a second optical field is produced at twice the
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frequency2w. Analysis of the generated light 26 can reveal
molecular information about the composition and ordering of
the interfacé? Under the electric-dipole approximation, SHG
is not allowed in the bulk of centrosymmetric media such as
liquids. At an interface, however, the distribution of material
is discontinuous and the inversion symmetry is broken, lifting
this restrictiont* Because of this unique surface specificity,
SHG has been exploited extensively to investigate a number of
interfacest>20
In this study we have applied SHG to the enigmatic liquid/
liquid electrochemical interface. The SHG experiments are .
performed in a total internal reflection (TIR) optical geometry.
This technique, which has been developed in this laboratory
for the investigation of liquid/liquid interfaces, results in an
enhanced SHG response. The ITIES system, which is examined
in detail here, is the water/1,2-dichloroethane electrolyte system.
Experiments have been performed under both resonant and 6
nonresonant conditions. These studies begin to address by | ()
spectroscopic means questions regarding the nature of the
interface under potential control such as the accumulation of Figure 2. Diagram of the cylindrical quartz cell used for the

Lo L - - : lectrochemical and SHG measurements. The cell contains an aqueous
ionic species in the interfacial region and the presence or absenc 0 mM LiCl solution in contact with a 1.0 mM solution of PXsPhB

of an ion-free solvent layer. The SHG results are complemented . 1gApng in DCE. The Luggin capillaries in the aqueous and organic
by current-voltage measurements. These studies show thatphases are denoted by (a) and (b). A 10 mM aqueous solutionsef Ph
SHG is highly sensitive to the adsorption of aromatic ions such AsCl or TBACI is used in (b) depending on the composition of the
as tetraphenylarsonium and tetraphenylborate at the interfaceorganic phase. Additional components of the cell are (c) and (d) the
and the results provide the first direct measurement of the AQ/AgCI reference electrodes and (e) and (f) the platinum counter

; ; ; electrodes. The incidenty() and reflected fundamentabf;) beams
relative conoentration of these commonly used electroyte 0N -1 hown as wel s fh refeciatiac) and ansmitecisn) Si

beams.

(e)

Il. Experimental Section whereR is the organic phase cation either,RE" or TBA*.
The RPRB(DCE)||LiCl(aq) interface is the one of interest. The

For the electrochemical and SHG experiments, the water was . . : ) : .
b applied potential to the celE,y, is defined using the convention

obtained from a NANOpurell water purification system with a . . L
measured resistivity of 17.8 Mohm cm. 1,2-Dichloroethane pr_ewously establ_lshed as the p_otentlal in the agueous Elhgse W)
(99.8%), HPLC grade, was obtained from Sigr#ddrich and minus the .potentlal in the orga_nlc phase @hp= Eu — B

used as received. The electrolytes for the aqueous and organic The optical second harmonic measurements were performed
solutions, LiCl (99%) and tetrabutylammonium tetraphenylbo- in & cylindrical quartz cell which housed the reference (Luggins)
rate (TBAPhB; 99%), were purchased from Aldrich and used and counter electrodes (Figure 2). Both the resonant and
without any further purification. Tetraphenylarsonium tetraphe- Nonresonant optical SHG experiments were performed with a
nylborate (PhASPhB) was prepared by precipitation of tet- Quanta-Ray DCR11 Nd:YAG laser. Pulses of 10 ns duration
raphenylarsonium chloride PAsCl; 97%, Aldrich) and sodium ~ @nd 2-5 mJ of incident energy at a repetition rate of 15 Hz
tetraphenylborate (NaRB; 99.5%, Aldrich) in methanol. The ~ Were employed. The fundamental 1064 nm output of the Nd:
precipitate was filtered with hot methanol and then recrystallized YAG was used for the nonresonant experiments. For the
from methylene chloride. The resulting crystals were then stored resonant work the fundamental was frequency doubled in a KDP
in a desiccator in the dark. Tetrabutylammonium chloride Crystal to obtain 532 nmlight. To achieve the angle of incident

(TBACI; 98%, Aldrich) and PhASCI were used in the organic ~ desired for total internal reflection, the incident laser beam was
phase reference electrode. directed onto the interface through the 1,2-dichloroethane, the

The electrochemical measurements were performed with ahigh inde_x side of the interface. For the nonresonant experi-
ments this was achieved at an angle of 71.5he SH light

Solartron 1286 four-electrode potentiostat. Measurements were * A
performed with 1.0 mM aqueous solutions of LiCl and 1.0 mM Was collected in reflection at an angle of°70For the resonant
PhAsPhB or TBAPhB in DCE. The aqueous and organic investigations the incident angle was set t6 8@m the surface
electrolyte solutions were equilibrated by shaking the solutions Normal with the generated SH light collected in transmission at
together prior to use. All solutions were filtered through a 0.5 &0 angle of 78 The SH light was collected in transmission
um Teflon filter to remove any particulates. Platinum wire coils dué to absorption of the SH light in the organic phase. Input
were used as counter electrodes in the aqueous and organi@olarization was controlled by a half-wave plate. The resulting
phases and placed directly above and below the interface (Figure>H light was polarization selected, filtered, and detected with
2). The interfacial area employed was 1.752cnAg/AgCl a photomultiplier tube. Gated electronics were used for SH
reference electrodes were used and housed in Luggin capillariesignal processing. For all the optiealectrochemical measure-
to reduce theR drop due to the high solution resistance. The Ments the cell was cycled at a rate of 5 mV/s over the desired
Luggin capillary in the organic phase housed the Ag/AgCl Potential region. For the LiCI/RAsPhB experiments the
reference electrode in contact with an 10 mM aqueous solution Potential limits were 156620 mV. For the LICI/TBAPGEB

of PyASCI or TBACI depending on the organic phase electro- experiments the limits were 2620 mV. The potential was

lyte used. The cell configuration is described by the scheme scanned continuously, and the SH intensity was recorded as a
function of applied potential for a period of 30 min. The

; resulting SH signal was then averaged at 2 mV intervals over
AGIAGCIIRCI(aqIRPhB(DCE)ILICI@A)IAGIAGCT (1) the entire potential range to obtain the resulting intensity data.
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Figure 3. Nonresonant potential-dependent SH signal from the (a)
1.0 mM LiClI (H20)/1.0 mM PhAsPhB (DCE) and (b) 1.0 mM LiCl
(H20)/1.0 mM TBAPRKB (DCE) interfaces. The intensity data are for
the mi,Sue polarization combination in both cases.

Applied Potential (E_-E ) / V

Figure 4. Cyclic voltammograms of the (a) 1.0 mM LiCl g8)/1.0
mM Ph,AsPhB (DCE) and (b) 1.0 mM LiCl (HO)/1.0 mM TBAPhB
(DCE) systems. The current was measured at a scan rate of 5 mV/s as
a function of the potential difference between the aqueous and organic

Ill. Results and Discussion phasesEy — Eo.

The nonresonant SH response from the LiCIA#PhB and TABLE 1: Standard Gibbs Energies of lon Transfer and
LICI/TBAPh,B systems under potential control is shown in the Corresponding Standard Galvani Potentials for the

Figure 3, a and b, respectively. The SH intensity clearly displays Water/1,2-Dichloroethane Systern

a potential dependence for the systems examined. This is the A"GP/kJ mol N
first observation of potential dependence in the nonresonant SH " —

. . . . . TBA 21.8 0.225
signal from the native. In previous studies by Higgins et al. PhAs* 35.1 —0.364
and Naujok et alt112:23ng potential dependence was observed Ph,B- 35.1 0.364
from the bare HO/DCE ITIES in the presence of TBARB. Cl~ —46.4 —0.481

Lita —51.6 0.450

Instead, the potential-dependent adsorption of a surfactant, 4-((4-

(dodecyloxy)azophenyl)benzoic acid, was measured with reso-  aThe value for Li was determined by extrapolating the data from

nant SHG. These studies, however, cannot provide the samehe water/nitrobenzene interface.

level of information about the double-layer structure of the

native ITIES since the adsorption of an amphiphile to th&H The cyclic voltamograms (CVs) displaying the current versus

DCE interface significantly alters the double-layer structure. We voltage curves obtained from the two systems examined, LiCl/

attribute this difference to our enhanced sensitivity as a result PhyAsPhB and LiClI/TBAPhB, are shown in Figure 4, a and

of the TIR geometry. An increase in the SH intensity is b, respectively. These CVs display a capacitive character in

observed when the system is biased positive of 300 mV for the potential range 0.25@.450 V for the PRAs™ ion (Figure

LiCl/PhsAsPhB and 200 mV for LiCI/TBAPRB. In addition, 4a) and 0.2560.400 V for the TBA" (Figure 4b). A large

an increase in the SH intensity is observed for LiCj/&4PhB current is measured for applied potentials greater than 500 mV

at applied potentials below 300 mV. and less than 200 mV in both systems. Using the conventions
Comparison of the data displayed in parts a and b of Figure of previous authordl-2?the transfer of a positive charge from

3 indicates that the SH intensity as a function of potential is the aqueous to the organic phase is taken as the positive direction

dependent upon the organic phase electrolyte composition inof current flow. The standard Gibbs energies and standard

two ways. First, the there is a positive potential shift in the Galvani potentials of ion transport across ti@©HDCE interface

SH intensity for PhAst compared with TBA. An increase are given in Table 24727 The positive current flow in the CVs

in the SH data is observed a200 mV for TBAPhB whereas of Figure 4a,b is attributed to the transfer of4Bh from the

for PhhAsPhB the increase is not observed until a potential of organic to the aqueous phase, and the negative current is

greater than 300 mV is applied. Second, the SH data in Figure attributed to that of PAAs™ (Figure 4a) or TBA (Figure 4b).

3a show an increase in the SH intensity when biased below The current due to the transport of Cind Li" is considered

300 mV for the PhASPhB electrolyte pair. Substitution of  to be minimal due to the much higher transfer energies of these

the aromatic PfAst moiety for its alkyl analog TBA results ions21.22

in the complete disappearance of any SH intensity at the same Potential-Dependent SHG ResponseTo understand the

applied potentials for TBARB (Figure 3b). By substituting potential dependence observed in the SH data in Figure 3a,b,

the organic phase cation JAs™ for its less polarizable alkyl possible contributing factors must be considered. The second

analog TBA, the SH intensity drops to levels comparable to harmonic intensity|2?, from the interface originates from the

what is observed from the neat water/1,2-dichloroethane inter- nonlinear polarization induced by the fundamental driving field

face. at frequencyw.
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IZw 0 |PNL|2 (2)
where PNL [0 y@:E(w)E(w) and &) is the effective surface
nonlinear susceptibility tensor afitfw) the fundamental driving
field. Since the liquid/liquid interface is rotationally invariant
about the surface normal, there are only three nonvanishing
independent elements of the surface nonlinear susceptibility
tensor,y), specifically 2, %S andy2" wherei = x, y. The
expressions for the SH intensity for the relevant polarization
combinations are

Lot Sout = I EE 00 12 3)
130 Pout = I, T 501 @)
120 Pow = [T Tt + .7 a5 + 1,78 rem)? (5)

where f and f are the linear and nonlinear Fresnel factors,

Conboy and Richmond

Referring back to the data in Figure 4, as the system is biased
at potentials greater than 400 mV, the accumulation and
transport of P§B~ across the interface occur as determined
electrochemically. A corresponding increase in the SH response
is observed in Figure 3a,b in this potential region. However,
when the interface is polarized at potentials less than 300 mV,
an increase in the SH intensity is observed only for thgABh
ion (Figure 3a) and not the TBAion (Figure 3b). Substitution
of the aromatic PfAs™ ion for the less polarizable TBAion
results in the complete disappearance of any SH intensity even
though the interfacial concentration of TBAhould be similar
to that of PhAs™ at these potentials. As noted above, this
substitution also results in a drop in SH intensity at these more
negative potentials that is comparable to that which is obtained
from the neat water/1,2-dichloroethane interface. The cyclic
voltammograms of Figure 4 and the electrochemical data in
Table 1 support the idea that the potential-dependent SH
response is arising from the migration of the aromatic and highly
polarizable PpAst and PhB~ ions to the interfacial region.
From this analysis the observed increase in the SH response in

respectively, which are dependent upon the incident angle andgig re 3a,b at positive potentials correlates with the positive

the polarization of the fundamental light fielé:3> The system
coordinates are defined such tlyas perpendicular to the plane
of incidence and andz lie in the plane. Polarizations are as
follows: p-polarized, in the plane of incidence; s-polarized,
perpendicular to the plane of incidence; and m-polarization, a
mixture of both p and s components. The effective surface

susceptibility,xé?, can be expressed in terms of the molecular
and electrostatic properties of the system. The former would
arise from the molecular species at the interface, i.e., the
accumulation of ionic species or solvent molecules. The

electrostatic component would arise from the presence of the

large electric field across the interface produced by the difference

in electrochemical potentials between the two phases. With

current flow in the CVs of Figure 4a,b and is thus attributed to
the accumulation of aromatic FBrr ion at the interface.
Similarly, we attribute the increase in the SH intensity at
potentials less than 300 mV in Figure 3a to the accumulation
of PlyAs™ at the interface.

When considering the contribution dueg®, it is important
to remember that since this is a third-order processes, the
magnitude of such an effect is-& orders of magnitude smaller
than contributions fromy.33 Thus, it is only when the
magnitude of the electric field across the interface is relatively
large that effects due tgt® will contribute to any significant
degree. If ay® effect was the dominate contribution to the

these factors taken into account, the effective surface nonlinearSH response, the result would be a parabolic increase in the

polarization can then be written as

@ —

rét = 2® + Eggr®?

(6)
wherey®@ is the second-order nonlinear susceptibility tensor,
¥® is the third-order nonlinear susceptibility tensor which
possesses the same symmetry constrainggasindEq, is the
local electric field strength at the interface. B andy®

are contingent upon the molecular composition and structure
of the interface. The susceptibility tensgfd andy® contain
contributions from the interfacial DCE and water molecules in
addition to the molecular ions. For the solvent molecules the
potential-dependent contribution would result from a change
in molecular orientation as a result of the changing electric field
or from the electric field itself resulting in an electric field
induced second harmonic response (EFI&HFor the ions,
the potential-dependent changeyl® andy® would primarily
come from accumulation of the ions in the diffuse layer.

In considering the change 2 with potential, the relative
phase must be addressed. Examining the ionic specigsPh
and PhB~ in which the central atom possesses a positive and
a negative charge, respectively, the dipole along any carbon
arsenic versus a carbeboron bond will have opposing dipoles.
The net result would be that the absolute phasg@for Phy-

As' should be 180 out of phase for that of BB~ with the
consequence thaf? will be opposite in sign for these two ions.
In the case of multiple contributions one must also recognize
that the elements gf® and ¥® and their associated Fresnel
factors may be complex; thus, the possibility of interference
between terms also exists.

SH intensity as a function of applied potential as is seen for
LiCl/PhyAsPhB. However, parabolic behavior is not observed
in the SH data when the aromatic cationw®é$1* is substituted

for its alkyl analog TBA. This suggests that the potential-
dependent SH response is dominated by a chang@idue to

the accumulation of the organic phase ions at the interface. In
agreement with this argument, previous resonant SH studies of
surfactant adsorption at the water/DCE interface have shown
that electric field effects were negligiblé!?

For the experiments described above which were conducted
under nonresonant conditions, it is not possible to completely
eliminate the possibility of contributions fromyy® in the
observed potential dependence. Therefore, resonant SH experi-
ments were also conducted on the TBABHICI system to
see whether any difference in the potential-dependent SH
response could be observed when the SH response from the
PhB~ ion is significantly enhanced over other contributions.
A resonant SH effect occurs when either the fundamental or
the SH wavelengths are resonant with an optical transition in
the material. Examination of the absorption spectra for the neat
solvent, 1,2-dichloroethane (12.6 M), and a solution of TB&Ph
in acetonitrile (0.1 mM), Figure 5, shows that there is negligible
absorption in the visible regions. It is only in the ultraviolet
region that appreciable absorption occurs. The spectrum for
0.1 mM TBAPHB in acetonitrile shows an absorption edge at
266 nm resulting from & — s* transition of the phenyl rings
in the PhB~ moiety. Since this transition is near the second
harmonic wavelength of 266 nm when a fundamental wave-
length of 532 nm is used, a resonant SH response from the
aromatic PRB~ ion can therefore be expected. The adsorption
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dependence of the SH response from these systems is identical

10
regardless of whether the experiment is conducted under
091 resonant or nonresonant conditions. In both the resonant and
08 nonresonant studies, the absence of any increase in the SHG
signal intensity at potentials less than 100 mV in the presence
0.7 1 of the relatively nonpolarizable TBAion suggests that neither
06 4 potential-induced solvent orientation nor EFISH processes are
§ insignificant factors. This conclusion further supports the notion
S 05 that the potential-dependent SH response is due entirely to the
g accumulation of P{B~ and PhAs' ions at the interface for
2 047 the nonresonant experiments.
03 4 SHG Minima and the PZC. One important goal of these
experiments has been to explore whether the potential of zero
0.2 charge can be determined optically for such ITIES systems. In
00 the past there has been considerable controversy in the deter-
’ mination of the pzc for these systems. Referring to the CVs of
0.0 1 Figure 4, the potential applied to the interface is referenced to
: ‘ . the organic phase cation, TBAor PhAs*. The Luggin
240 260 280 300 540 capillary housing the Ag/AgClI reference electrode (left-hand
Wavelength / nm side of eq 1), which is in contact with the aqueous RCHKR
Figure 5. UV—vis absorption spectrum for DCE-) and 0.1 mM TBA* or PhAs") solution, effectively functions as an ion
TBAPhB in acetonitrile (- - -). selective electrode reversible to thé iRn. The RCI(aqRPhB
(DCE) interface, which occurs just inside the Luggin capillary,
0 is nonpolarizable with the potential difference across the
~ oad o interface being determined by the TBAr PhyAs™ cations?122
= Ry The Galvani potential difference\g,, between the aqueous
g 0.3 - fi e* and organic phases can be obtained from the applied potential,
Z o o Eapp from eq 26
E 27 ...': w W _o o 0 W W
E 01 4 ‘.' A(po = Eapp+ Ao Pr+ + (RT/F) ln(VR+ c (X/)/R+C ) (7)
00 Wm_/ whereA{'pg. is the standard Galvani potential difference for
‘ o o AN U SN R (PhhAs™, TBAT), ais the degree of dissociation of RfFh

010 020 030 040 0.50 060 070 ! ’ : e -
Applied Potential (E, -E,) / V in 1,2-dichloroethaney is the mean activity coefficient, arud
] _ _ and ¢ are the concentration dRPhB in the organic and
Figure 6. Resonant potential-dependent SH signal for the 1.0 MM yeference electrode solutions, respectively. The mean activity

LiCl (H20)/1.0 mM TBAPRB (DCE) interface. The intensity data are . . . . -
for the Smpou polarization combination. coefficienty a}nd the degree of dissociationwere determined
by the equatior§

of the solvent and electrolyte near 266 nm also precludes the

possibility of using the reflected component of the SHG light. logy, = _A@(l + Ba\/@)
Due to dispersion, a transmitted as well as a reflected SH

field is produced by the nonlinear polarization induced at the K,=01- (1)/)/+ZCO(12 9)

interface, even when the fundamental is under total internal

reflection?%32 The frequency-dependent refractive indices of whereA andBa are parameters of Debyéiuckel theory and

the liquids results in the SH at2achieving TIR at an incidence K, is the association constant. ForsRBPhB and TBAPhB

angle larger than the critical angle of the fundamentabat the values of Semac et al. were uséd< 10.19 M2 andBa

The enhancement obtained under TIR for the reflected SH field = 6.07 M~12) .36 The association constari,, used for Pl

has been shown to hold for the transmitted SH fféldThis AsPhB and TBAPAB in 1,2-dichloroethane was 1.1%5 10°

optical geometry is critical to measuring the resonant SH and 6.00x 1% respectivel\?’ The potential of zero charge

response from the electrochemical interface or ITIES composed(A¢, = 0) determined from the data in Table 1 and egs 8 and

of an agueous phase of LiCl and an organic phase of TBBPh 9 is calculated to be at an applied potent&ly, of 440 mVv

in DCE. Both the DCE and TBARB absorb at 266 nm, as  for PhwAs™ and 305 mV for TBA.

seen in their respective absorption spectra shown in Figure 5. Examination of the potential-dependent SH data of Figure

Measurement of the SH response therefore cannot be performeda,b shows a positive potential shift in the SH intensity data

in reflection due to the high absorptivity in the organic phase. for PlyAsPhB compared to TBAPIB. The increase in the

However, due to the symmetric nature of the induced SH field, SH intensity at potentials greater than 300 mV has been

the SH light propagated in transmission can be used. attributed to the accumulation of theBh ion for both systems.
Figure 6 shows the results obtained from the resonant The potential shift in the SH intensity data is the result of the

experiment. An increase in the SH response is observed forshift in the pzc for these two systems due to the variation of

potentials greater than 300 mV with the SH intensity leveling the organic phase cation. The pzc for,Ré&" resides 135 mV

off to background levels in the lower potential region. As with above the pzc for TBA As a result, the accumulation of BT

the nonresonant studies, the observed potential dependence isccurs at greater applied potentials for the LiCl&PhB

attributed solely to the RB~ ion accumulation at positive  ITIES than for the corresponding LiCl/TBARB system. This

potentials. Comparison of the nonresonant results of Figure is verified by the fact that the potential difference in the SH

3b with the those shown in Figure 6 indicates that the potential intensity data between LiCl/RAsPhB and LiCI/TBAPhB is

8
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130 mV, very close to the difference between the pzc for these 10 : N,

two systems. o TBAPh,B Y L
With similar thermodynamic properties for the /Bh and sl ¢ PhASPhB ' Ofcp; o

PhAst ions, one would expect the minimum in the potential- Y ' Ve A

dependent SH data of Figure 3a at 0.290 V to correspond to
the pzc for this systems. At the pzc the interface is charge
neutral with the concentration of BB and PhAs™ being equal.

In comparing the observed minimum in the SH intensity data
of Figure 3a for PRPAsPhB with the calculated pzc value of
440 mV for PhAsPhB in DCE, there appears to be a potential
shift in the optical data in reference to the electrochemical state

of the interface of approximately 160 mV. Similar potential ' .'.'.'b 0 o,
shifts have been observed in the SH response from the metal/ %;zé. \F#’ :
electrolyte interfacé’-38-41 For such interfaces the SH response PR oo cbhn A AR S
is dominated by the electric field present at the interface. As 00 02 03 04 05 06 07
mentioned earlier in this paper, the observed potential depen- Applied Potential (E_-E )/ V
dence for the ITIES has been concluded to be the result of theg;g e 7. Nonresonant potential-dependent SH signal from ®ie (
accumulation of the aromatic ions at the interface. Contributions 1.0 mm LiCI (H;0)/1.0 mM PhAsPhB (DCE) and () 1.0 mM LiCl
due to third-order processes?, were determined to be minimal  (H;0)/1.0 mM TBAPhB (DCE) interfaces. The intensity data are for
realtive tox(z), Wherex(z) is dependent upon the accumulation thesi,pou polarization combination in both cases. A potential shift of
of the aromatic ions at the interface. However, similar to the 105 mV in the SH data is observed upon substitution of THgr
metal/electrolyte interface, the SH response from the ITIES can PhAs*
be modeled by considering a constant susceptibility term, .
X‘aﬁ and a term involving the variation of the concentration of (a) 0290V o ﬂ
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electrolyte species RAst and PhB~, x*f(i). An expression

for the SH intensity can then be written for the system which
will have the form

1Zhes(@) O IRy + Frgy (@)1 (10)

whereF'’s are the Fresnel factors agds the rational potential.
The termg?ag' can be considered the sum of the contributions
from both the PpAs™ and PhB~ ions:
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whereN is the interfacial concentration of the ion. The elements Iy $
of X?.? are also complex quantities that change sign depending i
on the charge of the ion. Equation 10 then describes a parabola, b ? ‘é
assuming a linear dependence of the concentration gA$h
and PhB~ on the potentialp, with the minima shifted by the
quantity Fy" .
In considering the physical factors that could be contributing
to the componen)‘gﬁffn several possibilities exist. This static Applied Potential (E,-E ) / V
term could result from BD and DCE, which exist in excess at _, ) ) . . . o
the interface and the concentration of which varies little as the Eq'?nlf:ﬁas]; Orsm é"éeﬁfégrfgt?yﬁpr:qaﬁ'g;g( ;r;ﬁifgésggﬁ'gr‘j’g'?b')';:f';msHG
potential is changed. Another possibility is an ion-free inner ,5|arization combinations.
layer residing between the two space charge regions in the
aqueous and organic phases, the composition of which wouldintensity data for the two polarization combination clearly shows
be invariant upon alteration of the applied potential. Electro- g shift in the intensity minima as the polarization is changed.
capillary and capacitance data support the presence of an ion- Determination of Galvani Potentials of lon Transfer. It
free inner layer on the aqueous side of the interface with the js possible to use the optical data to retrieve relevant thermo-
inner layer thickness on the order of a monolayer of wéer. dynamic information about the standard Gibbs energies of ion
Support for the conclusion that a statjgﬁffn term is transfer and the corresponding standard Galvani potentials of
contributing and results in a shift of the parabolic minimum in  the organic phase ions. For example, the determination of the
the SHG data from the pzc comes from polarization studies. standard Galvani potential of ion transfer for a given ion can
Different polarization combinations of the fundamental and SH be obtained from the SH data. In particular, the standard
light will result in a variation of the Fresnel factors. Variation Galvani potential of the TBA ion at —225 mV has been
of the Fresnel factors will result in a shift in the intensity minima questioned by some authdrsThe determination of the actual
as a function of applied potential by scaling the magnitude of value is extremely important since conclusions regarding the
xﬁﬁ , €q 10. This can be clearly demonstrated here for the double-layer structure of the ITIES obtained from the evaluation
LICI/Ph,AsPhB ITIES. The SH intensity as a function of of the pzc for the these systems have been based on this’Value.
potential for the PFASThPhB/LICI system under nonresonant By comparing the potential-dependent SH data for the TBA
conditions for themp, Sut andsin, pout polarization combinations  and PhAs™ systems, we can address this issue. The standard
is shown in Figure 8, a and b, respectively. Comparison of the Gibbs energies of ion transport and standard Galvani potentials
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for a given ion cannot be measured directly. Values are

determined by an extrathermodynamic approach and as a result

are always related to the corresponding quantity for another ion.
The most widely accepted standard has been théds®iyB

pair since it is assumed that both the cation and anion have the
same standard Gibbs energy for ion transport between any

arbitrary pair of solvent4® In this same fashion the SH data

can be used to determine the standard potential difference for

the TBAT ion. If the assumption is made that the standard
potential difference for the BAs™ is —364 mV, we can use
this value to determine the value for TBAnuch in the same

way standard potential differences or the standard Gibbs energies

of individual ions are determined electrochemically. Figure 7
shows the SH data for both the /AsPhB and TBAPQhB
systems. The rise in the SH intensity at potential greater than
300 mV was determined to be the result of the,Bhion
accumulation at the interface. There is a potential difference
between the two systems of 130 mV, which is due to the
substitution of the P#s* ion for TBA* resulting in a shift in

the pzc for these systems, eq 7. Using the standard potentials

of —0.364 and—0.225 V for the PhAst and TBA' ions, the

potential of zero charge for the two systems was determined to

be 440 and 305 mV, respectively. The potential difference
between the two systems would then be 135 mV, very close to
the 130 mV which is obtained from the optical measurements.
The standard potential for the TBAon can be determined using
eq 2. Using the potential difference of 130 mV gives a value
of —2194 5 mV for the standard Galvani potential of the TBA
ion, very close to the literature value o225 mV.
Relative Concentration of lons at the Interface. The SH

response also provides a basis for determining the relative

concentration of ions at the interface as a function of the applied
potential, assuming contributions from electric field effects are

negligible as suggested previously. The SH intensity has been

shown to be dependent upon the TPhAsmd TPhB ions at

the interface. Optical interference between the response from

the two ions PpAst and PhB~ is also minimal since such
interference would result in slightly different intensity profiles
for the PhB~ ion for LiCl/PhuAsPhB and LiCl/TBAPHhB,
which is not observed. Thus, the minima in the SH data are
the result of the depletion of organic phase ionic species from
the interface.

The SH intensity has been shown to be dependent upon the

concentration of PJst and PhB~ ions at the interface.

Consequently, the potential-dependent SH data can be used t

make an optical measurement of the relative interfacial con-

centrations of these ionic species by taking the square root of

the SHG signal intensity. The square root of the SHG signal
intensity, as displayed in Figure 9, is proportional to the surface
concentration of the RAs™ and PhB~ ions as seen in eq 11.
Also shown is the concentration profile of As™ and PhB~
obtained from the modified VerweyNiessen model (MVN).

In the MVN model the potential drop across the interface is
divided into three contributions:

Agg =@+ 43— 43 (12)
whereg$ andgy are the potentials dropped in the organic and
aqueous phases space charge regions, respectivelyy;dad
the potential difference across the inner solvent Ragigure
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tion (O), and the calculated surface excess from the MVN mosgg! (

A° = (2RTe%c%)"? (14)

where¢® and ¢g are the permittivity of DCE and a vacuum,

respectively, and® is the bulk concentration of RAsPhB, in

this case 1.0 mM. The SH data were fit to the surface excess
of eq 14 using a single fitting factérwhich represents a fraction

of the total potential difference across the interfagé,=
fA@,. Excellent agreement between the optical data and the
surface excess profile is obtained when less than 10% of the
total potential difference is dropped in the organic phase space
charge region.

The fact that the optical data suggest that the majority of the
potential is dropped in the aqueous phase is consistent with the
much higher dielectric constant of water (78.25) over that of
DCE (10.2). This observation is also consistent with the fact
that the organic phase ions are not completely dissociated. In
addition, it has also been suggested that a portion of the potential
is also dropped within the inner layer itself, a claim supported
by electrocapillary and capacitance measurenferitsin the
work of Kakiuchi and Send&22in which surface excess charge
and surface ion excess were determined for the TBAd
PhB~ ions at the ideally polarizable water/nitrobenzene inter-
face, a layer of water molecules thicker than a monolayer was
needed in order to obtain agreement between the calculated
surface excess and the experimental data. The technique
described here may not be capable of optically measuring all
the species present in the diffuse layer. If true, then only a
fraction of the ions responsible for the potential drop would be
measured. The method here, however, is capable of establishing
a lower limit to the total potential drop within the organic phase
space charge region.

IV. Conclusions

The technique of TIR SHG has been applied to the investiga-
tion of the interface between two immiscible electrolyte
solutions. By employing TIR SHG, the first potential-dependent
SH response for the native ITIES composed of an aqueous
solution of 1.0 mM LiCl and 1.0 mM P#AsPhB and TBAPhB
in DCE has been obtained. Several important conclusions are
drawn for the behavior of the SH response under potential

1). The concentration profile was obtained using the equationscontrol. For both resonant and nonresonant experiments the

for the surface exces§; (i = PhyAs™ or PhB™), given by
I7 = (A%F)[exp(FF¢'/2RT) — 1] (13)

with

potential-dependent SHG response is attributed to the induced
accumulation of the aromatic Pks™ and PhB~ ions at the
interface. These results are substantiated by examination of the
electrochemical data for these systems, in particular the standard
Gibbs energies of ion transport. Comparison of experiments
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