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Inverted Region Electron Transfer Demonstrated by Electrogenerated Chemiluminescence
at the Liquid/Liquid Interface
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We describe several transinterface electron-transfer processes occurring at the benzonitrile (PhCN)/water
interface that produce excited states. When an electrode was moved very close to the interface or even through
the interface to produce an electrode/thin layer organic phase/aqueous solution configuration, the electro-
generated radical species formed in the PhCN phase<{Ruigbpy)*", DPAT, or TH") diffused to the liquid/

liquid interface to react with (oxidize) a coreactant@z?~) soluble only in the aqueous solution, leading to

the formation of a strongly reducing radical species §CDThe electron transfer from GO in the aqueous

solution to the oxidized species in the organic phase across the liquid/liquid interface produced an electronically
excited state which then emitted light. The appearance of an ECL signal in these systems supports the suggestion
of Marcus inverted region behavior in very exothermic heterogeneous electron-transfer reactions at the liquid/

liquid interface.

Introduction bipyridinyl)ruthenium [Ru(bpy¥*] and GO42~, the proposed
One of the remarkable predictions made in Marcus electron ECL processes are as follows:

transfer (ET) theory is the existence of an inverted redion, Ru(bov)2® — e~ — Ru(bpy)3* 5

where, under conditions that the free energys() of a very (bpy} (bpyY ©)

exothermic reaction is greater t_han the_ reorganization energy, Ru(bpy)ﬁ + 02042— — Ru(bpy);” +C,0,” (6)

the ET rate decreases with increasings®. The earliest

experimental verifications of the existence of the inverted region C,0,” —CO,+CO,~ (7)

were in studies of electrogenerated chemiluminescence (ECL)

reactiong® ECL arises from an energetic ET reaction between Ru(bpy)®" + CO,” — Ru(bpy)’™* + CO,  (8)

electrogenerated redox species, represented *byaAd D, ) 5

which are often radical ions, to form an excited state (A* or Ru(bpy), Tx Ru(bpy), 4+ hw 9)

D*) that leads to emission: _
Marcus has suggested that classical ET theory should be

A+e —A" 1) applicable to reactions at the liquid/liquid interfaceowever,
there have been few experimental studies of ET at the interface
D—e —D" (2) between two immiscible electrolyte solutions (ITIESRecently,
. o we have been investigating these processes using scanning
A" +D" —A+D*(orA* +D) @) electrochemical microscopy (SECMand have shown that it

D* — D + hv (or A* — A + hv) (4) is a powerful tool for the characterization of ET occurring at
the ITIES via a bimolecular reaction between redox species
Basically, in the highly exoergic ET reaction (eq 3), the confined to the two different solutions. These studies demon-
intersection of the potential energy surface of the reactants with strated that the ET rate is a function of the potential drop across
that of the electronic ground-state products produces a largethe interface and that ET theories are applicable to the ITIES.
energetic barrier compared to the intersection with respect to For the first time, inverted region behavior of the heterogeneous
one producing an excited state so that the rate of formation of high-energy ET process at a liquid/liquid interface with an
the ground-state products then becomes slow relative to theorganized monolayer of surfactant was obseffedlore
formation of the excited states. In other words, formation of recently, we have suggested similar behavior for a monolayer-
ground-state species in the high-energy electron-transfer reactiorfree interface?
would necessitate production of highly excited vibrational states Here, we describe several ECL processes occurring at the
and the dissipation of the reaction energy as excess heatPhCN/water interface. Hydrophobic radical ion precursors of
Alternatively, the formation of an electronic excited state allows the emitting species were electrogenerated in the organic
the later dissipation of the reaction energy in the form of an solution, while the hydrophilic coreactant (p&0O,;) was
emitted photon (eq 4). Thus, the existence of efficient ECL dissolved in the aqueous solution. When an electrode was
processes is a good indication of inverted region behavior.  brought very close to the liquid/liquid interface through the
An alternative means of production of ECL utlizes a PhCN layer, an ECL reaction at the ITIES was observed. These
coreactant species (such ag¢~ or $0g27) in solution, where ECL processes could also be expressed by eg8, vith
an ET reaction of an intermediate generated from the coreactantreactions 6 and 8 taking place at the ITIES. Figure 1 schemati-
leads to ECL4® For example, in the system of tris(2,2 cally shows the processes.
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Figure 1. S(_:hematlc diagram of the ECL processes occurring at Fhe 20 0 20 40 60 80 100
liquid/liquid interface, where R represents the luminescent species. ;
Electroneutrality was maintained by transfer of perchlorate ions across Distance (um)
the interface. For luminescent species (such as-Gibpy}?" and Figure 2. Current-distance and PMT outpudistance curves for a

DPA) which can be reduced to radical anions by.CChomogeneous 50 um radius Pt electrode approaching and moving across the PhCN/
annihilation reactions between radical cation and anion species maywater interface in the Ct2Ru(bpy)?* (PhCN)/oxalate (ag) system.

also lead to light emission (see text). Tip potential, 1.3 V vs AgQRE. Tip scan rateu/s. Inset shows the
current-distance curve obtained with a 12/t radius Pt tip in the
Experimental Section same system; tip scan rateuln/s. Positive distances correspond to

) ] ) the tip approaching the phase boundary; negative distances correspond
Chemicals. 9,10-Diphenylanthracene (DPA), thianthrene to thin layer formation in water.

(TH), and PhCN (99%) from Aldrich (Milwaukee, WI),

Na,C,04 from J. T. Baker (Phillipsburg, NJ), and NaGl@om and the steady-state voltammogram of the luminescent species
EM Science (Cherry Hill, NJ) were used as received. Tetrabu- was recorded. Then, the tip was biased at a potential corre-
tylammonium perchlorate (TBACI®Fluka Chemica, Switzer-  sponding to the plateau current of the oxidation wave. As the
land) was recystallized twice from acetone/ether and dried undertip was approached to the liquid/liquid interface, the tip current,
vacuum overnight. The synthesis of the derivative of tris(2,2 i, and PMT output were recorded as a functiod,dhe distance
bipyridine)ruthenium(ll) followed the procedure reported previ- petween the tip and the ITIES. The coordinate of the ITIES (

ously** Tris(2,2-bipyridine)ruthenium(ll) chloride hexahydrate = o) was determined from the sharp changérdhat occurred
(min. 98%) from Strem Chemicals (Newburyport, MA) was hen the tip moved across the ITIES.

used, and the resulting derivative was (kpyRu'[bpy-
(COOG2H25)2](ClOy)2, the cation of which will be represented
as C12-Ru(bpy)?" in following text. All aqueous solutions

were prepared from deionized water (Milli-Q, Millipore). To achieve high resolution, the probe tip used in SECM is
Electrode and Electrochemical CellsPt wires of 12.5and syally a disk ultramicroelectrode with a radius of 126 or

50um radius (Goodfellow, Cambridge, U.K.) were heat-sealed gyen smaller. The small tip can be brought precisely to the

in glass capillaries under vacuum and then beveled to producejiqyig/solid, liquid/liquid or liquid/gas interface. In the present

SECM tips as described previousi 0.6 mm diameter Ptdisk  oyheriments, however, the ECL intensity was so low that it was
electrode was used as the working electrode when the ECL yigicyit to detect with such a small ultramicroelectrode.

intensity was low. These electrodes were polished with 0.05 Therefore, a 5@im radius electrode was used as the probe. It

ﬁn; alumlna;] and rmsed ;N'K] tithanoll art1d (\j/vater 6]:.”0' th?n dried also behaved like a microelectrode with a fairly stable, diffusion-
elore each experiment. ree-electrode configuration Was . 4|10 tip current in a solution containing electrolyte and

employed in all experiments with a 0.2 mm diameter Pt wire redox species. Three different systems were examined.
serving as the counter electrode and a 0.5 mm diameter Ag wire C12—Ru(bpy)s?* (PhCN)/Oxalate (aq). To avoid the dis
_ 3 . }

as a quasireference electrode (AgQRE)2 mL glass vial : \ =\ )
mounted on a vibration-free stage was used as the electrochemi$0lution of th§+lum|nesce_r1t species in the aqueous solution,
cal cell. The ITIES was formed by pouring 0.8 mL of an C12-Ru(bpy}*" was used instead of Ru(bg$) in this system,

aqueous solution (bottom layer) and 0.7 mL of PhCN solution ° MM C12-Ru(bpy}’* + 0.1 M TBACIO, (PhCN)/0.1 M
(top layer) into the vial. Both solutions had been deareated by N&C204 + 0.1 M NaClQ (aq). Figure 2 shows the tip current
bubbling N for 15 min. During the experiments, a,N and ECL mtensny curves as a 5on radms electr.ode ap-
atmosphere was maintained above the solutions. Both theProached the interface from the PhCN side. The tip potential
counter and reference electrodes were in the organic phase. Th&as held at 1.3 V vs AgQRE, and the tip current was controlled
concentration of CIQr in both phases was much higher than Dby the diffusion of C12-Ru(bpy}** to the electrode and its
that of the luminescent species oxidized at the working electrode 0xidation to the+3 state. When the tip was brought to the
during the experiment. Therefore, the potential drop across theinterface within a distance comparable to the radius of the
ITIES did not change significantly throughout the experiment. electrode, the diffusion layer of C+Ru(bpy}*" touched the
Apparatus and Procedure.The SECM instrument consists  liquid/liquid boundary and feedback effects became important.
of a combination of electrochemical components (cell and The tip current first decreased because the liquid/liquid interface
potentiostat) and those used in a scanning tunneling microscopedlocks the diffusion of C12Ru(bpy)?* to the tip. Then, when
for manipulating a tip at high resolution (piezoelectric drivers) the tip was closer, positive feedback appeared and the tip current
and acquiring the data (computer/interface). The SECM instru- increased. The feedback current was due to the bimolecular
ment has been described in detail previoddlyThe ECL reaction at the interface as C3Ru(bpy)®* reacted with oxalate
intensity was measured with a photomultiplier tube (PMT) in the aqueous phase (e.g., egs8). C12-Ru(bpy}*" could
installed under the electrochemical cell. Before SECM measure-also react with HO at the interface (formation of Oor
ments, the tip electrode was positioned in the top (PhCN) phasehydrolylated products of CE2Ru(bpy)}?"), e.g.:

Results and Discussion
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2C12-Ru(bpy)®" + H,0 — 2C12-Ru(bpy)’" +
1,0, + 2H" (10)

N
o

Under the experimental conditions, the PMT background
output was around 20 pA. When the electrode was far from the
interface, no ECL signal was detected. However, when a larger
Pt electrode (0.6 mm radius) was used with ER(bpy)?"
in PhCN, a very weak background ECL was detected. Weak
emission upon the oxidation of Ru(bgy) has also been :
observed in aqueous solutions without coreactant and was 0.0 ; ' 0.0
attributed to the oxidation of Ru(bpyj) by some trace 20 0 o 40 60
impurity.13 This background ECL signal could not be detected ) Distance (um) )

a the S0um racius Pt electiode. When the tip was brought (e % Curert e an U upiomes s s
very close to the liquid/liquid interface (the distance petween Waéter interface in the DPA (EECN)/oxglate (aq) sygtem. Tip potential,
the tip and the interface was smaller than®), an ECL signal = 1 3/ ys AgQRE. Tip scan rate /n/s. Positive and negative distances
appeared and increased rapidly as the tip approached thenave the same meaning as in Figure 2.

interface.

Before the electrode touched the interface, the increase ofwhen a bigger electrode was used as the SECM tip, the liquid/
the tip current began to slow. Studies with the SCEM and quartz liquid boundary could not be detected with high sensitivity. In
crystal microbalance (QCM) substrate have shown that the an earlier report, an ultramicroelectrode with a radius as small
approaching tip, especially at fastlirection scan rates, produces as 25 nm was used to estimate the thickness of the benzene/
a hydrodynamic disturbance at the substtai&/hile this effect water interface with a result of several nanometers or%ess.
is small at a solid/liquid interface, it causes a larger disturbance The long-lasting ECL signal and the fairly stable tip current
at the ITIES and slightly pushes the interface away from the after the tip moved through the interface indicated good stability
advancing tip. The approach curves varied with ztgérection of this system.
scan rate and showed larger instabilities of the ITIES at faster DPA (PhCN)/Oxalate (aq). Figure 3 shows the approach
approach rates. In the present experiment, a rather large electrodeurve of tip current and PMT output for the system 5 mM DPA
(50 um radius) was used, and this caused a larger disturbance+ 0.1 M TBACIO,; (PhCN)//0.1 M NaC,O4 + 0.1 M NaCIQ,
to the interface than the smaller tips usually used in SECM, so (aq). Near the interface, negative feedback occurred. The
the approach curve deviated from the theoretical behavior. Whenreactions of DPA" with C,0,2~ could also be expressed by
a 12.5um radius electrode served as a probe and a slower eqs 6-8 (replacing Ru(bpyf* by DPA™). At the PhCN/water
approach rate was employed, this problem essentially disap-interface, DPA' can also react with O as follows!6
peared (Figure 2, inset).

0.5

Nomalized Tip Current
(V.01 IndinO 1INd

To make sure that the ECL did not result from a small amount DPAt + H,O — DPA(OHY + Ht (11)
of oxalate dissolving at the interface into the PhCN, the liquid/
liquid interface was left undisturbed for several days and then DPA(OHY + DPAT — DPA(OH)* +DPA  (12)
the above experiment was repeated. The result remained the N N
same as shown in Figure 2. Even using the 0.6 mm radius Pt DPA(OH)" + H,O— DPA(OH), + H (13)

electrode, no ECL signal larger than the background was
detected when the electrode was far from the interface. This The formation of DPA(OH) consumed some of the DPA
indicated that the coreactant species@~) did not diffuse species without DPA regeneration and led to the negative
into the PhCN phase to generate ECL by a homogeneousfeedback. Despite the competition by reactions 13, an ECL
reaction in that phase. signal also appeared. However, the ECL intensity in this system
When the tip penetrated the PhCN/water boundary, the ECL was relatively weak compared to the GiRu(bpy}?" system.
signal did not disappear right away. On the contrary, its intensity ~ After the tip penetrated the liquid/liquid interface, the ECL
increased by about 3 times at first and then decreased slowly,intensity first increased slightly and then decreased rapidly. The
lasting for a fairly long time. At the same time, the tip current small amount of the DPA species trapped in the thin layer of
also increased significantly. This current was not due to the PhCN solution at the tip surface was probably consumed rapidly
direct oxidation of GO4*~ or H,O at the electrode, because when by reactions 1+13. This was also shown in the rapid decrease
a tip, whose potential was held at 1.3 vs AQQRE, was moved of tip current.
through an air/faqueous solution (containing 0.1 MGi®sa, We also tried to generate ECL at the interface of a PhCN
pH = 6.0) interface, the tip current was about 10 times larger solution containing C12Ru(bpy}?"™ or DPA and water con-
than that observed here. In our previous studies, we observedaining other coreactants, such aswgropylamine or (NH),S0s.
that, when an SECM tip penetrated a liquid/liquid interface, a However, these coreactant species were soluble in PhCN, so
thin layer of a liquid on the electrode was carried into the other ECL could be generated homogeneously (as indicated by the
liquid phase forming a trapped thin lay&rl> This SECM thin strong ECL signal that was observed in these systems when
layer cell technique has been used to carry out the fastthe tip was far from the interface) and heterogeneous ECL
heterogeneous kinetic measurements @fv@th a layer of 1,2- processes at the liquid/liquid interface were difficult to establish
dichlorobenzene or PhCN as thin as-D nm trapped inside  unambiguously.
a Hg pool**In the present experiment, after the tip penetrated  The above experiments showed that an ECL reaction could
the liquid/liquid interface, a layer of PhCN solution remained occur at the ITIES of suitable systems. In both cases, the
at the tip surface. Because the layer was very thin, the feedbackprobable reaction for excited state formation (eq 8) is direct
current increased significantly, and consequently, a higher ECL electron transfer across the liquid/liquid interface from,€O
intensity was observed. This phenomenon also implied that, to the unoccupied orbital of CtRu(bpy}®"™ or DPA™ to
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Figure 4. Current-distance and PMT outptitlistance curves for a  ne organic phase of the TH (PhCN)/oxalate (aq) system far from the

50 um radius Pt electrode approaching and moving across the PhNCN/jnterface and the PMT output during the CV. Potential scan rate, 50
water interface in the TH (PhCN)/oxalate (aqg) system. Tip potential, mv/s.

1.4V vs AgQRE. Tip scan rate,/am/s. Positive and negative distances

have the same meaning as in Figure 2. af T T T 13
a
produce the excited state rather than the ground state of the | I
luminescent species. This would constitute inverted region N 2 2
behavior at the ITIES. However, an alternative path is possible, u.f) it - 14 o
where C12-Ru(bpy)?™ and DPA could be reduced at the < §*
interface. s L 102
3 3
C12-Ru(bpy)*" + CO,~ — C12-Ru(bpy)" + CO, (14) a4l V 1,z
a
DPA+ CO,” —DPA™ + COG, (15) 0.0 05 1.0 15
E (V vs AgQRE)

If these reactions opcurred, the ECL signals (_)bserve_d _in t_heseFigure 6. Cyclic voltammograms at a 0.6 mm radius Pt electrode in
systems could partially stem from the following annihilation  the TH (PhCN)/oxalate (aq) system after the electrode penetrated the

reactions in the PhCN phases: PhCN/water boundary and a thin layer of the organic phase was formed
at the electrode surface in the aqueous solution. PMT output was
ClZ—Ru(bpy);’“L + C12—Ru(bpy)3+ — recorded during the CVs. Potential scan rate, 50 mV/s. (a) First cycle;

ot ot (b) second cycle.
C12—-Ru(bpy)”* + C12—Ru(bpy)”" (16)

C12—Ru(bpy)32+* — ClZ—Ru(bpy}er +h  (17) systems, is thus not possible here. The only probable route for
ECL would be reactions-69 (replacing Ru(bpyf+ by TH*").
DPA™" + DPA"™ — DPA* + DPA (18) However, in a previous papétjt was shown that the electron
_ transfer between C© and TH* was inefficient (for reasons
DPA* —~DPA + hw (19) that are not clear). Therefore, a rather low ECL intensity in this

In these cases, the excited states would be generated vi@YStem is expected. To increase the ECL intensity, a larger

homogeneous reactions and a heterogeneous inverted regioi/0rking electrode was tried as the probe.
reaction would not be established. As discussed above, when the electrode penetrated the

TH (PhCN)/Oxalate (aq). Figure 4 shows the tip current  Interface, a very thin layer of the organic solution could be
approach curve and PMT output for the system 5 mm trapped at the electrode surface and more intense ECL could
thianthrene+ 0.1 M TBACIO, (PhCN)//0.1 M NaC,04 + 0.1 be observed. When a larger Pt electrode (0.6 mm radius)
M NaClOy (aq). As for the previous system, negative feedback Penetrated the PhCN/water interface into the aqueous solution,
was observed near the interface. However. no emission was? thin layer of PhCN could be observed at the electrode surface
detected during the approach process or even after the tip moved? thin red layer of PhCN solution of C+Ru(bpy)?" trapped =
across the interface. The reactions betweentTahd GO.2 at the Pt electrode surface could easily be seen). Recently, Shi
at the interface could be expressed as eg8 @eplacing Ru- and AnsoA® employed a similar method for the preparation of
(bpy)?* by TH™ ). TH*+ can also react with pO as it diffuses  thin layers of organic solvents interposed between the surface

to the interface to produce THO as follows: of g'raphite electrodes angl aqueous electrolytes.
Figure 5 shows the cyclic voltammogram (CV) of a 0.6 mm
OTH™ — TH + TH?' (20) radius Pt electrode in the organic phase with the electrode far
from the interface; the PMT output was also recorded. TH
TH* + H,O0— THO + 2H" (22) cations were fairly stable, and a reduction peak appeared in the

cathodic branch of the CV. A very weak background ECL signal

After the tip moved across the interface, the tip current was observed upon the oxidation of TH. After the large Pt

decreased dramatically, probably because of the rapid consumpelectrode moved through the interface, a thin layer of PhCN

tion of TH in the thin layer at the tip surface by reaction with solution was trapped at its surface. Figure 6 shows the first two

water. cycles of the CV of the thin-layer system. The thin layer at the
TH cannot be reduced by GO to TH*~ because of the large  electrode surface apparently prevented the access of redox
energy required to reduce TH° The generation of ECL via  species in the aqueous solution to the electrode surface, since
annihilation reactions, such as reactions-16 in the previous no oxidation wave for oxalate was seen. In some cases, when
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a larger 6 = 1.0 mm) electrode was used, the thin organic film by reactions with water at the organic/aqueous solution interface,
was apparently incomplete and anodic current attributable to the ECL intensity was weaker. The ECL reactions occurring at
oxalate and water oxidation was observed. In the first cycle, the ITIES provide additional experimental evidence for Marcus
the oxidation current peak shifted slightly to more positive inverted region ET across a liquid/liquid interface.

potentials and was slightly higher than that in Figure 5. This

probably was caused by the reaction between'Titd GO, Acknowledgment. The support of this research by IGEN
at the interface which resulted in the regeneration of TH. In and the Robert A. Welch Foundation is gratefully acknowledged.
other words, an electrochemical catalytic reaction 'jE6z-
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