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Abstract: The electro-oxidation of electrolytically unsupported ensembles of N,N-diethyl-N',N'-dialkyl-para-
phenylenediamine (DEDRPD, R = n-butyl, n-hexyl, and n-heptyl) redox liquid femtoliter volume droplets
immobilized on a basal plane pyrolytic graphite electrode is reported in the presence of aqueous electrolytes.
Electron transfer at these redox liquid modified electrodes is initiated at the microdroplet—electrode—
electrolyte three-phase boundary. Dependent on both the lipophilicity of the redox oil and that of the aqueous
electrolyte, ion uptake into or expulsion from the organic deposits is induced electrolytically. In the case of
hydrophobic electrolytes, redox-active ionic liquids are synthesized, which are shown to catalyze the oxidation
of L-ascorbic acid over the surface of the droplets. In contrast, the photoelectrochemical reduction of the
anaesthetic reagent halothane proceeds within the droplet deposits and is mediated by the ionic liquid

precursor (the DEDRPD oll).

Introduction

The work reported in this paper seeks to interrogate electron

transfer processes that take place on the surface of, or within,

femtoliter-sized droplets of a water-insoluble redox oil im-
mobilized on a basal plane pyrolytic graphite (bppg) electrode
and immersed into an aqueous electrolytic solution. The redox
oils employed areéN-substituted derivatives of 1,4-benzenedi-
amine and are of two categories (see SchemeN|N,N',N'-
tetraalkylpara-phenylenediamine (TRPD, R n-butyl, n-hexyl,
n-heptyl, orn-nonyl) andN,N-diethylHN',N'-dialkyl-para-phen-
ylenediamine (DEDRPD, R= n-butyl, n-hexyl, or n-heptyl).
The electrochemical oxidation of basal plane pyrolytic graphite
(bppg) electrodes modified with a random ensemble of micro-
droplets of TRPD liquids when immersed into aqueous solution
was pioneered by Markén? The present report now deals with
chemical reactions that take place inside or over the immobilized
femtoliter volume droplets, building on earlier wérk® with
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Scheme 1. Structure of the

N,N,N',N -Tetraalkyl-para-phenylenediamine (TRPD) and
N,N-Diethyl-N', N'-dialkyl-para-phenylenediamine (DEDRPD) Redox
Liquids Employed in This Work

NR, NR,
NR, NEt,
R =n-butyl (TBPD) R =n-butyl (DEDBPD)
n-hexyl (THPD) n-hexyl (DEDHPD)
n-heptyl (THePD) n-heptyl (DEDHePD)

n-nonyl (TNPD)
nonreactive chemistry. Thansupportedelectroactive liquid
microdroplet array is formed via evaporation of a volatile solvent
(such as acetonitrile or dichloromethane) from an aliquot of
solution exclusively containing the electroactive oil pipeted onto
the electrode surface.

(4) Marken, F.; Compton, R. G.; Goeting, C. H.; Foord, J. S.; Bull, S. D.;
Davies, S. GElectroanalysis1998 10, 821.

(5) Marken, F.; Blythe, A. N.; Compton, R. G.; Bull, S. D.; Davies, S. D.
Chem. Commuril999 1823.
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Aplin, R. T.; Davies, S. GJ. Solid State Electrocher2001, 5, 170.

10.1021/ja030315p CCC: $25.00 © 2003 American Chemical Society



Reactions by Redox Liquid Microdroplet-Modified Electrodes ARTICLES

In this work, the mediated oxidation of ascorbate ions using N(CH).CH>), 1.10 (t, 6H, NCHCHz3), 0.90 (t, 6H, N(CH)sCHa).
redox-active in situ electrogenerated ionic liquid microdroplet- DEDHPD, elemental analysis: C, 79.53; H, 12.17; N, 8.2&HGN.
modified electrodes (where the cationic moiety contains a 1,4- requires C, 79.52; H, 12.05; N, 8.43. MS (B2 332.317; GaHaoN,
benzenediamine backbone) is first examined, and the kineticsreauires 332:H NMR (300 MHz, CDCH): o, 6.75 (br g, 4H, ArH),
of this liquid—liquid process are estimated; the redox catalytst 8.20 (br m, 8H, NG5), 1.55 (br m, 4H, NCKCH,), 1.36 (br m, 12H,

. Y . N(CH,)2(CH>)3), 1.12 (t, 6H, NCHCHS3), 0.93 (t, 6H, N(CH)sCH3).
(the cation radical) is generated at the base of the mlcrodroplets,DEDHePD’ elemental analysis: C, 79.81: H, 12.21: N, 7.5%GN>

vi_z., the elect_rode_redox oil microdrople’eaqueous electrolyte requires C, 79.83; H, 12.30: N, 7.7H NMR (300 MHz, CDC}): 0,
triple-phase junction, and diffuses and migrates to the surfaceg 7o (br m, 4H, ArH), 3.15 (br m, 8H, N&.), 1.60 (br m, 4H,

of the droplets where reaction with ascorbate proceeds. TheNCH,CH,), 1.30 (br m, 16H, N(CB)(CH2)4), 1.10 (t, 6H, NCHCH3),
effect of increasing the length of threalkyl N-substituents of 0.85 (t, 6H, N(CH)sCH3). All solutions were degassed with oxygen-
the redox oil is explored and shown to affect the kinetics of the free nitrogen (BOC Gases, Guildford, Surrey, UK) prior to experimen-
reaction. Second, the photochemical debromination of halothanetation; all experiments were undertaken at2@ °C.

by photoexcited TRPD and DEDRPD redox oils is illustrated. Instrumentation. Electrochemical experiments were conducted in
In contrast to ascorbate oxidation, reaction of the anaesthetica conventional three-electrode cell using a 4.9 mm diameter basal plane
with the redox oil takes placithin the organic femtoliter ~ PYrolytic graphite working electrode (bppg, Le Carbone, Ltd., Sussex,
deposits. The results of this work may encourage the deploymentYX): @ platinum wire counter electrode, and a saturated calomel
of these electrodes as combinatorial sensors or electrolytiCelectrode (SCE, Radiometer, Copenhagen, Denmark). As this electrode

¢ Furth . th f N-substituted 1.4 can be sensitive to high concentrations of perchlorate anions (due to
reactors. Furthérmore, given the use of N-substiute ' the precipitation of insoluble potassium perchlorate at the calomel frit),

benzenediamine compounds as artificial electron donors to bothys electrode was replaced in some experiments with a sodium-saturated

Photosystem | and PhOIOSYStem I, a}nd. as eIe.CFron. acceplorgalomel electrode (SSCE). All results reported in this paper are,
for Photosystem I}/ this work may assist in providing in vitro  however, corrected to the SCE. Electrochemical data were recorded

models for photosynthesis. using either an Oxford Electrodes analogue potentiostat (Oxford,
) ) England) connected to a Lloyd PL3 chart recorder (JJ Instruments,
Experimental Section Southampton, UK) or a commercially available computer-controlled

potentiostat (Autolab PGSTAT30, Eco Chemie, Utrecht, Netherlands),
utilizing a small potential step siZ& The bppg working electrode was
modified with DEDRPD or TRPD redox liquid microdroplets by solvent
evaporation of an aliquot of ca. 1 mM redox oil acetonitrile solution.
The electrode was cleaned by rinsing with acetonitrile and polishing

Chemical ReagentsAll chemical reagents used to prepare aqueous
electrolyte solutions were purchased in their purest commercially
available forms from Aldrich or British Drug House. Water, with a
resistivity of not less than 18 B cm, was taken from an Elgastat
filter system (Vivendi, Bucks., UK). Dried and distilled aectonitrile - . . ; . . .
used for the deposition procedure was purchased from Fisons and used” silicon carbide paper _|mmed|at.ely prior to expe”mentatlon' .
without further purification. Thé\,N,N',N'-tetraalkylpara-phenylene- For photoelectrochcgmlcal experiments, a_gravny flow system with
diamine (TRPD, R= n-butyl (B), n-hexyl (H), n-heptyl (He), and 3 x 3 mn? bppg working elegtrode Ic_>cated ina rt_ectangul_ar channel
n-nonyl (N)) redox liquids employed in this work were prepared cell was gmployed, as used in previous whiky th.|s exper|m§ntal
following a literature procedur; their characteristics have been configuration, thermal effects due to !'ght absorption are r_nlnlmf’_zed.
reported in previous work!t The synthesis of thil,N-diethyl-N',N'- The channel duct used was 9 cm wide and ca. 1 mm high, with an

dialkyl-para-phenylenediamine redox liquids (DEDRPD=Rn-buty! optically transparent silica cover plate cemented to permit irradiation

n-hexyl, n-heptyl) followed a similar strategy, usigN-diethyl-para- of t_he working el_ectrode. A platinum mesh counter e!ectrode was
phenyelenediamine and the alkyl bromides as the starting materials. POSitioned approximately 10 cm downstream of the working electrode,
The product materials were obtained in pure form after column and the SCE reference electrode was placed upstream of the working

chromatography with the following spectroscopic characteristics. electrode in a “T"-piece, with the electrode located out of the main

DEDBPD, elemental analysis: C, 78.34; H, 11.66; N, 9.92H&:N, solution flow but in electrical contact with the aqueous solution. In
requires C, 78.26; H, 11.59; N, 10.14. MS (B#jz 276.265: GaHasNy this setup, it is was often necessary to shunt the refere_nce and c_o_unter
requires 276:H NMR (300 MHz, CDC}): 9, 6.70 (br s, 4H, AH), eleptrode§ usima 1 nFcapacitor, so as to ensure potentiostat stability.
3.20 (br m, 8H, NG&>), 1.50 (br m, 4H, NCHCH>), 1.35 (br m, 4H, Incident light at a selected wavelength was produced from a Wotan

XBO 900 W/2 xenon arc lamp used in conjunction with a Jarrell-Ash
(7) (a) Fulian, Q.: Ball, J. C.: Marken, F.: Compton, R. G.. Fisher, A. C. 82141210 gratlng.monochromator (m'aX|mum incident power 2.0 mW
Electroanalysis200Q 12, 1012. (b) Ball, J. C.; Marken, F.; Fulian, Q.;  ¢m2), as used in other worR UV —vis measurements were made by

\éV?%haWan’SJ- gl-E;IBht/th& AI' N&gggﬂﬂ, fo;lgompton, R. G.; Bull, S. coating an optical grade silica plate (Optiglass Ltd., Hainault, Essex,
®) Wédﬁ;\}f:ﬁy J.D.. 8%;?&%?1}'2. G.. Marken, F.: Bull, S. D.; Davies, S. . UK) with the electroactive oil prior to mounting the silica plate into a

© J. Sﬁlid State Electrocher001, 5, 301. § i Unicam UV2 series UVvisible spectrophotometer (Unicam, Cam-
9) Marken, F.; Compton, R. G.; Goeting, C. H.; Foord, J. S.; Bull, S. D; : : : : H s
Davies, S. G.J. S(?Iid State Electrocheradol &, 88. bridge, UK). Spectra due to the radlcal_capon were achlgved in a similar
(10) Schiaer, U.; Compton, R. G.; Marken, F.; Bull, S. D.; Davies, S. G.; manner, after further treatment by dipping the modified silica plate
Gilmour, S.J. Phys. Chem. 2001, 105 1344. into a 0.1 M aqueous sodium perchlorate solution containing 10 mM
(11) Schidler, U.; Wadhawan, J. D.; Evans, R. G.; Compton, R. G.; Wood, B.; K ferri ide
Walton, D. J.; France, R. R.; Marken, F.; Page, P. C. B.; Hayman, C. H. Potassium ferricyanide.
J. Phys. Chem. B002 106, 8697.
(12) Wadhawan, J. D.; Evans, R. G.; Banks, C. E.; Wilkins, S. J.; France, R. Results and Discussion
R.; Oldham, N. J.; Fairbanks, A. J.; Wood, B.; Walton, D. J.; Sdhrp
U.; Compton, R. GJ. Phys. Chem. B002 106, 9619.

(13) Wadhawan, J. D.; Evans, R. G.; Compton, R.JGElectroanal. Chem. _We begin_by examining the voI_tammetry Of_ the three new
2002, 533 71. y Wilkins. S. 1 & - Wadh oils synthesized, of the typdl,N-diethyl-N',N'-dialkyl-para-
14) S?V(I:%Srhgiojri: Eer_ogfsﬁr?ysé'(:x\gm{néboéjibzrgzg% P.R.; Wadhawan, J. ,henylenediamine (DEDRPD) (see Scheme 1) via immobiliza-

(15) Wain, A. J.; Lawrence, N. S.; Greene, P. R.; Wadhawan, J. D.; Compton, tion in the form of microdroplets on a basal plane graphite
R. G.Phys. Chem. Chem. Phy&003 5, 1867.

(16) Wain, A. J.; Wadhawan, J. D.; Compton, R.@emPhysChenin press.

(17) For example, see: Prebble, J.Mitochondria, Chloroplasts and Bacterial (19) Wadhawan, J. D.; Davies, T. J.; Clegg, A. J.; Lawrence, N. S.; Ball, J. C,;
MembranesLongman: London, 1981; p 31fA.. Klymenko, O. V.; Rees, N. V.; Bethell, D.; Woolfall, M. P.; Compton, R.

(18) Fuhrop, J.-H.; Bartsch, HLiebigs Ann. Cheml983 802. G. J. Electroanal. Chem2002 533 33.
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(bppg) electrode and immersion into an aqueous solution, and
contrast their behavior to the characteristics of the TRPD oils
previously reported?

Voltammetry of DEDRPD Microdroplets. A requirement
for the voltammetry of microdroplet modified electrodes is that
the oil phase is not removed via dissolution on immersion into
an aqueous phase. In this work, the tetra-substituted 1,4-
benzenediamine backbone is made hydrophobic by using long
alkyl chains. The DEDRPD derivatives employed in this work
differ from the previously studied liquids in two ways. First,
there are two sets of N-substituted alkyl groups on the 1,4-
benzenediamine backbone (one bemgthyl), causing a loss
in the degree of symmetry of the redox oil molecules. Second,

200 4

the presence of a smaller length alkyl group ensures the resulting

compound is less hydrophobic than the other TRPD oils;
N,N,N',N'-tetramethylpara-phenylenediamine (TMPD) is water
soluble?®-2? as isN,N-diethyl-para-phenylenediamin&, whereas

the TRPD oils used in this work are not measurably soluble in
aqueous medi&'? Preliminary experiments of all the DEDRPD
oils undertaken in 0.1 M sodium perchlorate aqueous solutions
at neutral pH (perchlorate is an anion toward the hydrophobic
end of the Hofmeister sca&® indicated thaiN,N-diethyl-N',N'-
dihexylpara-phenylenediamine (DEDHPD) ard,N-diethyl-
N',N'-diheptylpara-phenylenediamine (DEDHePD) are in-
soluble in water (as seen by no loss of voltammetric signal after
immersion in the aqueous solution after 12 h), wherfdaé
dibutyl-N',N'-diethyl-para-phenylenediamine (DEDBPD) is
slightly water soluble, with a smal~10%) loss of response
after immersion for 15 min and a total loss of voltammetric
response after 12 h. Consequently, all experiments employing

DEDBPD as an electrode modifier were undertaken as soon as

possible after immersion into the agueous electrolyte.

The distribution and size of the microdroplets varies with
the amount of material deposited, until a maximum size is
obtained as inferred from microscopic studies in previous
work 121415 However, for thesmall quantities (typically<5
nmol redox oil) exclusively employed in this work, the droplets
are essentially monodispersed with diameters gand? giving
the microdroplets individual volumes of less than ca. 20 fL.

Experiments were next undertaken to study the cutrent
voltage behavior of DEDRPD microdroplets in various aqueous
electrolyte solutions. All experiments reported in this paper were
carried out at neutral pH; in acidic conditions, N-protonation

(20) Ravichandran, K.; Baldwin, R. Rnal. Chem1983 55, 1586.

(21) For example, see: Lawrence, N. S.; Wadhawan, J. D.; Compton, R. G.
Foundations of Physical Chemistry: Worked Examp@&sford University
Press: Oxford, 1999; p 14{X..

(22) (a) Jacobs, E. Biochem. Biophys. Res. Comma86Q 3, 536. (b) Packer,

L.; Jacobs, E. EBiochim. Biophys. Actd962 57, 373. (c) Utsumi, K.;
Packer, L.Arch. Biochem. Biophysl967 122 509. (d) Mederos, A,;
Dominguez, S.; Herfradez-Molina, R.; Sanchiz, J.; Brito, Eoord. Chem.
Rev. 1999 193-195, 913.

(23) Lee, C. P.; Nordenbrand, K.; Ernster, L.@xidases and Related Redox
SystemsKing, T. E., Mason, H. S., Morrison, M., Eds.; Wiley: New York,
1965; Vol. 2, p 960.

(24) Mustafa, M. G.; King, T. EArch. Biochem. Biophyd.967 122, 501.

(25) Yu, C. A;; Yu, L,; King, T. E.J. Biol. Chem.1973 248 528.

(26) Kitani, A.; Miller, L. L. J. Am. Chem. S0d.981, 103 3595.

(27) Kitani, A.; So, Y.-H.; Miller, L. L.J. Am. Chem. Sod.981, 103 7636.

(28) Brown, A. P.; Koval, C.; Anson, F. Cl. Electroanal. Chem1976 72,

379.

(29) (a) Buchanan, R. M.; Calabrese, G. S.; Sobieralski, T. J.; Wrighton, M. S.
J. Electroanal. Chem1983 153 129. (b) Wildgoose, G. G.; Lawrence,
N. S.; Coles, B. A.; Jiang, L.; Jones, T. G. J.; Compton, RPkBs. Chem.
Chem. Phys.in press.

(30) Lawrence, N. S.; Thompson, M. T.; Davis, J.; Jiang, L.; Jones, T. G. J.;
Compton, R. GMicrochim. Acta2001, 137, 105.

(31) Hofmeister, FArch. Exp. Pathol. PharmakolL888 24, 247.
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Figure 1. Cyclic voltammograms of DEDRPD microdroplets on a 4.9 mm
diameter bppg electrode in the presence of (a) 0.1 M aqueous sodium
perchlorate (electrode modified with 5.3 nmol of DEDHePD, scan rate 100
mV s, three scans shown); (b) 0.1 M aqueous potassium fluoride (electrode
modified with 5.8 nmol of DEDHePD, scan rate 100 mWsfour redox
cycles are shown); and (c) 0.1 M aqueous potassium nitrate (electrode
modified with 5.1 nmol of DEDHPD, scan rate 10 mV1sfour redox
cycles shown).

of the oil occursi0in strongly alkaline media, the electro-
chemically generated cation radical may be attacked by hy-
droxide ionst Figures 1 and S14 (see Supporting Information)
illustrate a selection of the typically electrochemically reversible
results obtained. Integration of the oxidative voltammetric signal
in each case permits the number of electrons discharged at the
electrode to be inferred. For 5.4 nmol of the electroactive oil
deposited on a 4.9 mm bppg electrode immersed in various
electrolytes, the average integrated charge observed to pass
during the first oxidation wave was found to be (3:91.3) x

104 C, at a scan rate of 10 mV'§ suggesting the transfer of
0.754+ 0.25 electrons per redox oil molecule; at the slower scan
rate of 2 mV s?, the average integrated charge was deduced to
be (5.1+ 0.1) x 104 C, implying 0.98+ 0.02 electrons are
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Figure 2. Plots illustrating the dependenceEfiq on the anion transfer potential from an aqueous phase to a nitrobenzene ppad8)( Key: DEDBPD
(x), DEDHPD (), DEDHePD (t).

discharged per DEDRPD molecule. These data are consisten ﬁe”’g jdafgﬁr;dg?\éggts;g?ﬁé”%ggmoﬁsyf"c Voltammograms?® for
with the oxidation of the aromatic species to yield the radical

cation (i.e., a one-electron oxidatioh)l2 in the “thin layer” DEDBFD TBPF’d DEDHPD DEDH‘?PD THP'?“ THeppd TNP'?d

limit. Such a limit occurs since electron transfer processes only (P:Ro;, —igi —gg B?é ég 1%3 1‘;3 12‘;
. . 4

take place at the junctlon of all three phas_es as the DEDRPD SCN-  105% 129 141 153 178 188 201

microdroplets are electrically nonconducting, preventing the gy- 125 185  25gt 269* 208 318 324

formation of an electrical double layer anywhere é|$8:10.12.32 NOg~  117*  180*% 245%  253* 298 313 327

This has been demonstrated by the electrocatalytic formation OCN™  117% 188 268% 290 365 381" 389
126 193 266% 310 370 383 383

of mlprometrlc silver rings at thbaseof suchpara-phenylene- so2~ 135 203 28 31§ 444 4670 487
diamine based redox dropléfit should be noted that a second  F- 113" 198" 274 330" 465 489 513
wave is also observed at more positive potentials, due to the 103 134" 238" 268 336" 470" 481" 50T

formation of the dicatior;1%11 however, f the hy- _ _

drolvsis of thi il thi do eve pecause 0. € y a All data are reported in mV vs SCE; errér5 mV. P Qil (5 nmol) was
rolysis o this specie$, this redox wave is not considered in  geposited in the form of microdroplets on a 4.9 mm diameter bppg electrode

this paper. and immersed into 0.1 M aqueous electrolyte. The data were obtained using

It is instructive to observe trends in the midpoint potentials 2 San rate of 100 mv's. ¢The superscript i or ii identifies the particular
1 Ox Re . oil/anion pair as behavmg as either case (i) or case (ii); * indicates that the
(Emia = Y2(Ex°* + EpR®9) when the nature of both the oil and  yojtammetric behavior is case (i) at fast scan rates but case (ii) at slow

the supporting electrolyte are varied. These are reported in Tablescanfratei T Incgzc?ttesdthls casr? is effectively Lype (i) behavior, Ionly with
1 for all N-substitutechara-phenylenediamine oils considered ‘e’fg’lo\?ftscg;]ege o D'gt;ig}(%sntfr%srﬁ rsgfiti’l‘i; datlg"’e rise to split waves
and for supporting electrolytes with 0.1 M concentration. Two

trends are noticeable. First, for a given anion, the midpoint dent of the Gibbs transfer enerdfy’® These categories (case
potentials shift to more positive values with increasing total (i) or case (ii) behavidf) are explicitly identified in Table 1
number of carbon units in the alkyl side chaing,., DEDBPD and, for a specific anion species, may vary with the oil
< TBPD < DEDHPD < DEDHePD < THPD < THePD < hydrophobicity (as given by the order noted above). Comparison
TNPD. The second trend in the data in Table 1 is that the mid- of Figure 2 with Figures 1 and S# (see Supporting Informa-
point potential shifts to more positive values with increasing tion) suggests that, for hydrophobic anions (such as perchlorate
anion lipophobicity. This trend is most appreciated via the plots or hexafluorophosphate), sharp voltammetric signals are ob-
drawn in Figure 2, in which the hydrophobicity of a particular served and these signals are reproduced on repetitive scans (see
anion is parametrized by its Gibbs energy of transfer across aFigure 1, panel a, and Figures S1 and S2 in the Supporting
water—nitrobenzene interface (quoted as the membrane poten-Information)!~*2 The peak-to-peak potential separation is not
tial). Such plots exhibit a discontinuity, suggesting that two zero (as anticipated for a surface confined species), but is
distinct voltammetric pathways exist,depending on the hy-  typically small, ca. 6670 mV (Table S1; see Supporting
drophobicity of the aqueous-based supporting anlipophilic Information), owing to diffusion and migration processes within
anions (case (i)) lie on the slopes in Figure 2, whereas, for the organic microdroplets. The very narrow voltammetric
lipophobic anions (case (ii)), the midpoint potential is indepen- responses observed are consistent with reacteatctant and
product-product interactions dominating over reactaptoduct

(32) (a) Tasakorn, P.; Chen, J.; Aoki, K.Electroanal. Chen002 533 119. i i ,33-35 Wi _
(b) Aoki. K : Tasakorn, .. Chen, J. Electroanal. Chemg003 542, 51. interactions’ values for the full-width of the voltammo
(c) Rees, N. A Klymenko 0. V.; Wadhawan, J. D.; Compton, RJG.
Electroanal. Chem.in press. (33) Abrure, H. D.Coord. Chem. Re 1988 86, 135.
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Table 2. hGradientg ”lustratinr? tth E;]ependence of lz;mid, EI,,OX, and For hydrophilic anions (such as fluoride), and for less
EyRed on the Decadic Logarithm of the Supporting Electrolyte o ; : : P :
Anion Concentration for 5 nmol of hydrophilic anions with the more lipophobic oils (viz. DED_BPD_,
N,N-Diethyl-N', N -dihexyl-para-phenylenediamine (DEDHePD)? TBPD, and DEDHPD), the independence of the midpoint
£ £ oy E el potential for the oxidation of DEDRPD oils on the Gibbs transfer
mi P P P . .
mV decade-1 mV decade-! /mV decade energy across the aqueetganic interface suggests that ionic
PR 587 o941 532 liquid formation in this case is thermodynamically unfavor-
ClOg~ -50.8 -76.5 25.1 able!12 The associated voltammetry exhibits waves that
SCN- —55.5 —76.0 35.1 decrease in magnitude on successive scans (see Figure 1, panel
2'8327 _ﬂ'g _fg é 18'1 b, and Figure S3, see Supporting Information), case (ii) behavior,
= 11.35 6.2 165 with the peak potentials on successive waves in some cases
moving to slightly more negative potentials, possibly as a result
2The data were obtained using a san rate of 100 mV s of the aqueous electrolyte partitioning into the organic deg8sits

) ) . or due to the smaller size of the microdroplets causing less
grams at half-maximum are reported in Table S1 (see Supporting,pmic drop. Integration of the first oxidative wave still reveals
Information), which shows that, in agreement with the above o transfer of a single electron per DEDRPD molecule

interpretatior? typical values are less than or equal to the 90.5 g,q4esting that the radical cation dissolves out of the organic
mV predicted for thin layer electrochemistf§3 This type of microdroplets during oxidatioh: 13

voltammetric behavior is consistent with an “anion insertion”
pathway (case (i) type behaviddy, viz., DEDRPD() — & < DEDRPD"(aq) (B)

DEDRPD() + X (ag)— e = [DEDRPD"X]() (A) The increasingly diminishing current occurs as the cation radical
diffuses out of the diffusion layer, causing less available material
to redeposit on the electrode surface in the reverse site&p.

It has been shown in previous work for the TRPD oils that
although electron transfer is initiated at the three-phase junction,
the product diffuses out from over the whole microdroplet, and
with two-thirds order kinetic? In this model, the voltammo-
grams are treated simplistically as thin layer responses with no
diffusional contribution, giving rise to the equati®hs

as electroneutrality within the oil phase has to be maintained
during the course of electrolysis and the anion has a low liguid
liquid transfer energy. If the counter anion is poorly coordinat-
ing, electrochemical oxidation results in the generation of an
ionic liquid. The observed signals are observed to be both
electrochemically and chemically reversibté2 and based on
process (A), the Nernst equation takes the form:

_ &, 2.30RT,  ([DEDRPD"X7]()|
Ema =B+ 1o 10( [DEDRPDJ() )

258 log, X (e (1)

1/3
Q=" - —k”ff_t @

in which F is the Faraday constar)y is the charge required to
oxidize all the immobilized oil into the cation radical on the
first oxidative scan, ankky is an effective two-thirds order rate
constant. Plots of the cube root of the observed oxidative charge

In the above expressioi; is the formal potential associated
with reaction (A), and as such, it incorporates, among other

factors (such as ion pairing energies), a term involving the Gibbs 5 4ingt time were linear in agreement with dissolution from the
transfer energy of the anion across the aque@Isctroactive  nicyoqroplet liquid-liquid interface for DEDHePD oxidation

oil interface. legn that trends in the.latter likely reflect those i, ihe presence of NO, OCN-, Br-, F-, and SQ* anions;
observed for anion transfer energies across an aqueous e . values deduced from the gradient of the plots are reported
nitrobenzene interface, eq 1 predicts that, all things being equal,j,, Tapje s2 (see Supporting Information). The averkge

a plot of Emig against anion transfer energy expressed as the gpcarvedis 1.1 10-5 molt3 s, in good agreement with the
Galvani potential difference between the aqueous and theg g . 106 mo/3 51 predicted by eq 16 of ref 12 (using an
nitrobenzene phases should equal ¥nas observed for the average number of carbon atoms in the alkyl chaMg) @s
lipophilic anions in Figure 2 (where the gradient of the sloping g2 x 2+ 7 x 2) = 4.5):

line is 0.85+ 0.1). Equation 1 further suggests that DEDRPD

oxidation becomes more facile with increasing anion concentra- v __ —5 —6 P2 —

tion, and that specifically the peak oxidation potential moves keit = 2.25x 107~ 8.6 x 10 In(No): R'=0.96 (3)
to more negative values by ca. 60 mV per decadic increase in
supporting electrolyte concentration. Such behavior is observed
in these systems, within experimental err&26 mV decade?),

as indicated in Table 2 for DEDHPD. Errors in the measurement
are likely due to ohmic distortions or arise as a result of ion
association effect¥.

Thus, as with the TRPD oils, dissolution takes place from the
liquid—liquid interface. The breakdown of the model for the
other, more hydrophilic oils is likely due to other factors
operating (vide infra}?

As an aside, we note that the Gibbs energy for the transfer
of the radical cation to the water phase may be estimated from
(34) Broad, A. M.Bondening Electrochemical Horizon®xford University the intersection of the two lines in Figure 2 (assuming
(35) '?;f%sérlggf’g'; i%?(% K.: Tokuda, K.: Matsuda, 31 Electroanal. Chem, _ Nirobenzene sufficiently mimics the electroactive oil) to-t7

1985 195 157. (b) Matsuda, H.; Aoki, K.; Tokuda, Kl. Electroanal. kJ mol! (DEDBPD), —27 kJ mof! (DEDHPD), and—44 kJ
Chem.1987, 217, 15. (c) Lee, C.-W.; Bard, A. 1. Electroanal. Chem. mol—1 (DEDHePD), in agreement with the hydrophobicity order

1988 239, 441. (d) Richardson, T.; Roberts, G. G.; Barghout, R.; Compton, | X
R. G.; Riley, D. J Electroanalysis1991, 3, 757. inferred earlier.
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Process (B) suggests that the microdroplet dissolution processelectrode surfadéand rationalized as due to surface versus bulk
is independent of the anion; that is, varying the concentration electrochemistry in the former c&#eand adsorption of the
of the hydrophilic anion in the aqueous phase will not cause neutral parent in the lattéf.The sharper second signal observed
the oxidation potential to shift. However, experiments conducted in this work (see Figure 1c) corresponds to a reversible adsorbed
with a varying concentration of aqueous electrolyte in the range redox couple.
0.01-1.0 M (see Table 2) indicate that, within experimental = The remainder of this paper is devoted to the induction of
error, the midpoint potential and both the peak oxidation and electron-transfer processes across the ligligiiid interface via
reduction potentials are independent of the anion concentrationredox catalysis. Whster’s Blue (TMPD*) is known to mediate
only for “hard” anions such as fluoride, sulfate, and those for the homogeneousolution oxidation of biological redox com-
which the voltammetric signals are narrow (see Table S1 in pounds®2223with particular emphasis on the mediated oxida-
the Supporting Information); other “soft” anions, such as nitrate tion of vitamin C (-ascorbic acidf> NADH,?* and various
and bromide, cause the voltammetric waves to be brgad (  ferrocyctochrome# It is appreciated that the ability to control
Table S1 in the Supporting Information), and as illustrated in the amount of Wtster's Blue present may permit the sensing
Table 2, the peak oxidation potential shifts by almost6Q0 of the biological analyte at a potential more negative than that
mV per decadic change in the anion concentration. In addition, required for the oxidation of the latter. Hence, work by Miller
the potential of the reverse peak is observed to be, within and co-worker®¥?"illustrated the electrocatalytic recognition
experimental error, effectivelyndependent of the aqueous Of both ascorbate and NADH via homogeneous aqueous phase
supporting electrolyte concentratiodence!? in this latter case, ~ oxidation of TMPD, with the former compound being oxidized
an electrochemically induced anion-facilitated cation dissolution by Wirster's Blue and NADH being oxidized by the dicati&h,
process may occur, in which agueous based ions adsorb on thd MPD?**; Baldwin and Ravichandran demonstrated the elec-
surface of the DEDRPD and TRPD microdroplets, enabling the troanalysis of ascorbate and NADH via a TMPD-modifed carbon
formation of a transient tight ion pair upon electrochemical Paste electrod® and owing to the inability to adsorb TMPD
oxidation of the microdroplets, and as which the cation is ©On an electrodé? Wrighton et ak%2used electrodes chemically
expelled (and in so doing preserving the electrostatically neutral modified with a silianised derivative of TMPD to effect the
environment of the microdroplet), giving rise to the 60 my catalytic oxidation of both ascorbate and ferrocytochranaia
dependence of the oxidation peak potential on anion concentratheintra muroselectrochemical generation of the immobilized
tion.13 The fact that the reverse potential is independent of the N-substitutecdpara-phenylenediamine cation radical. Thus, we
concentration of the anion implies that, in the aqueous phase,first consider the reaction between the electrogenerated ionic
the tight cation/anion pair breaks down in the aqueous phase,liquid microdroplets and-ascorbate.
and, on the reverse sweep, the back reaction of process (B) takes Electrocatalytic Reaction at the Electrode-Oil —Electro-
place, with a reduced amount of material redeposited owing to yt€ Triple-Phase Junction. The oxidation of 5 mM ascorbic
the loss of the aqueous cation radical from the Nernst I&yer. acid on a freshly cleaved bppg electrode revealed an oxidation
There are thus two pathways for electrochemically induced Peak at 0.17 V versus SCE when the electrode was immersed
cation dissolution. into a 0.1 M aqueous phosphate buffer solution at pH 7 in

The electrochemistry of the homologous oils in the presence agreement with the resuits reported by Baldwin and Ravichan-

20 i I I
of nitrate-based electrolytes provides an interesting admixtureqrar.]' .TO ensure redox catalysis takes place at the liguid
of all the cases described above (see Figure 1c and Figure s;{'qu'd interface, rather than at the exposed, nonblocked parts

. . . - of the bppg electrode, or even within the microdroplets, all
in the Supporting Information), as the transfer energy of nitrate . . A

. ) T ., subsequent experiments employing a redox liquid microdroplet-
from the aqueous phase into nitrobenzene lies in the “insertion

regime or in the “dissolution” regime, depending on the modified electrode were undertaken using a supporting elec-

hydrophobicity of the redox liquid. In the presence of the higher trolyte containing an hydrophob|.c anion (QIqu PR); as
o can be seen from Table 1, the midpoint potential for all TRPD
homologues (DEDHePD, THPD, THePD, and TNPD), oxidation . T .
: . . . ) .and DEDRPD oil oxidations in the presence of aqueous
to the radical cation (at fast scan rates) induces nitrate insertion

) . . electrolytes containing either of these anions in 0.1 M concen-

at the three-phase junction, as evidenced by the narrow, stabl : :
T - ) . ration occurs at potentialessthan 0.15 V versus SCE, and

voltammetric signals in Figure S4(i) (see Supporting Informa-

tion) 1112|n contrast, as with the voltammetry of microdroplets thus the immobilized oil microdroplets are more easily oxidized
) " 1y arop than ascorbate. Further, owing to the greater hydrophobicity of
of all other N-substitutegpara-phenylenediamine derivatives

. these anions compared with ascorb&tene former ions likely
(viz. DEDHPD, TBPI.D’ aWd DEDBPD), whep the vqltage Sweep preferentially insert into the redox oil microdroplets, forming
rate slows down, oxidation causes the cation radical to diffuse an ionic liquid with which ascorbate reacts
out of the oil phase_ (see Flgure 1¢ and Flgure 8.4(”) in the Figure 3a illustrates the voltammetry of a bppg electrode
Supporting Information). In F|gur_e 1c, the dlss_olut|on Waves - modified with 5.4 nmol THPD and immersed into an aqueous
not only are broad (see Table S1 in the Supporting Information) 0.1 M sodium perchlorate solution containing 50 mM ascorbic
but also exhibitsplit signals which become increasingly more acid at pH 7.0, at a voltage sweep rate of 10 mV. \t this
pronounced as the experimental time scale increases. Such spli s '

ol | b 4 for th | ¢ DEDHPD 'E)H value, ascorbic acid exists in its deprotonated fétrfihe
spignais are aiso observed for the voltammetry o presence of ascorbate ions has a dramatic effect on the voltam-
and DEDBPD in the presence of agueous OCQI~, and Br-

. ) ) metry. First, during the oxidative scan, more charge is passed
ions. The presence of split waves has been observed previously

for the case of solid microparticles df,N'-diphenylpara- (36) Lawrence, N. S.; Jiang, L.; Jones, T. G. J.; Compton, RAI@I. Chem.
. . . . " 2003 75, 2054.
phenylenediamine abrasively immobilized on an electfoaled (37) Kocherginskii, N. M.; Sakste, N. I.; Berkovich, M. A.; Devichenskii, V.

for microdroplets ofn-butylferrocene deposited on a graphite M. Biofizika 1981, 26, 442.
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00 , Scheme 2. Schematic Diagram lllustrating the Electrocatalysis of
L-Ascorbate by THPD**CIO4~ 2
o A+ H A+ H

N

40 pA
0
a For simplicity, only one microdroplet is considered.
(process (C)) at a rate competitive with its reduction at the three-
phase boundary (process (D)):
-0.055  -0.005 0.095 0.195 0.395 K
o — — at
E/V vs. SCE [THPD"PF,](I) + AH (ag)—
THPD() + AH*(ag)+ PF; (aq) (C)
[THPD'+PF67](I) +e =THPD() + PF, (ag) (D)
t
10 pA The “outer sphere” catalytic oxidation of ascorbate ions (reaction
! (C)) is essentially irreversible, since the kinetics of the electron
transfer from TMPD to ascorbate are fast, and the back electron
transfer is slow; in aqueous solutions at pH 7, Prieto and co-
\ workerd® demonstrated that proton loss from the radical
-« O-ISé’E - “Lost” back peak generated after electron transfer from ascorbate to an electrode
(s SCE) creates a degree ofeversibility in the ECE oxidation scheme:
Reduction of
“tight” ion pair AH —e — AH®
Figure 3. (a) Cyclic voltammograms (scan rate 10 mWkillustrating
the electrocatalytic oxidation of ascorbate; 5.4 nmol of THPD deposited AH'— A+ H"
on the surface of a 4.9 mm diameter bppg electrode immersed into aqueous
0.1 M sodium perchlorate solution, in the presence (solid line) and absence AT —e —A

(dotted line) of 50 mM ascorbic acid at pH 7. The insert illustrates the

charge difference inferred from cyclic voltammogram (scan rate 5 iy s ; At .« thic
variation with ascorbic acid concentration for the oxidation of 5.4 nmol of Itis not clear where the oxidation of Aoccurs; this is probably

THPD immobilized as microdroplets on a 4.9 mm diameter bppg electrode at the surface of the droplets but may also be at the exposed
immersed in 0.1 M potassium hexafluorophosphate containing 0.1 M carbon electrode surface. The above behavior is not limited to
phosphate buffer solution at pH 7. (b) Cyclic voltammogram (scan rate the tetra-hexyl derivative; analogous behavior was observed for
5 mV s1) of 6.0 nmol of TBPD immobilized on a 4.9 mm diameter bppg I TRPD d DEDRPD t tudied. A ticular]
electrode immersed into an aqueous 0.1 M phosphate buffer solution at pHa an . systems s u e " parucularly
7 containing 0.1 M potassium hexaflurophosphate and 1 mM ascorbic acid. Noteworthy result is that of TBPD reaction with ascorbate,
The starting potential was0.2 V vs SCE. The “lost” pack peak observed  where the back peak thought to arise from reduction of loosely
(see t'ext) contrasts with that observed in the absence of ascorbateiOn paired TBPD* is almost completely lost, whereas that
(q.v. Figure 7b(i) of ref 12). . . .

thought to be due to the tight ion p&iremains unaffected (see
igure 3b).

compared to the case when ascorbic acid is not present, aéz - o o
Deducing the kinetics of the liquieliquid electron transfer

inferred from the bigger voltammetric signal (see Figure 3a). i i db X ibl h
Second, on the reverse scan, the magnitude of the back peak igrogi;ss IS cor:p 'Cati y a.\;]a.\rletﬁ/pmisa eprocEsses, d§fl:c .
considerably diminished in the presence of ascorbate ions. Thes@sd irusion © ?Sﬁor atet;vn :jn t Ie aqueoqshp ?159’ Hrusion
observations suggest redox catalysis occurs at the liigidid 3” lmlgratlon oft de_f‘fI'HP re; ca cgtlon .W't n tde r_nlquro-h
interface® insertion of ascorbate ions (Ahidoes not take place roplets, or even diffusion ot ascor ate into an W't. n the
since they are less hydrophobic compared tg Réns and the THPD m|c_rodroplets. It is reasonable to hypothesme that
ascorbate products of the oxidation are sufficiently hydrophilic ascorbatg lons do not .penetrate the THPD_mlcrod.ropIets, since
not to transfe?® The greater current and amount of charge they are in ionic form in the aqueous solution, while THPD is
passed compared to the THRDE THPD(I) conversion a molecular oil, and it was observed that ascorbic acid crystals
suggests mediated oxidation of ascorbate (see Scheme 2); th&"® insoluble in THPD_' Fur?her, the more hyf"roF’hOb'C suppprt-
reduced back peak indicates that THPRlectrochemically ing electrolyte anion likely inserts and remains in the resulting

generated at the triple-phase boundary is reduced by ascorbatéonic '_‘q”i‘,’ as inferred by the oxidation peak at 0.13 V versus
SCE in Figure 3ad.v. Table 1). Thus, we propose that the

(38) L-Ascorbic acid haswo pK, values, which, at 298 K, areq; = 4.17 and med!ate.d e_Iec_tro_cataIyS|s greSU|tS from eleCtro.n transffer ?lCI’OSS
pKa2 = 11.57; see: Dryhurst, G.; Kadish, K.; Scheller, F.; Reneberg, R. the liquid—liquid interface3® As the THPD™ cation radical is

FI?iozl(%%ical ElectrochemistryAcademic Press: New York, 1982; Vol. 1, electrochemically generated at the triple-phase boundary, het-
(39) Suzuki, M.; Umetani, S.; Matsui, M.; Kihara, $. Electroanal. Chem.
1997 420, 119. (40) Prieto, F.; Coles, B. A.; Compton, R. &.Phys. Chem. B998 102 7442,
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Scheme 3. Schematic Illustration of the Droplet Sizes Used in the across the liquietliquid interface) is the increase in the charge
Model (See Text) passed in the presence absence of ascorbat&Qo,s Hence,
assuming that A reacts rapidly at the droplet surface with
THPD", the number of moles of THPD formed as a result of
electron transfer across the liguitiquid phase boundary is
AQopd2F. Estimation of the kinetics of the electron transfer
process requires knowledge of the time for which electron
transfer is possible, which effectively is at any time after
g’HPD“ has been generated at the electroggcrodroplet
aqueous electrolyte triple-phase boundary. Thus, electron trans-
fer across the microdropletiqueous phase boundary is possible
within a time, 7, given by

erogeneous electron transfer to ascorbate may take place at thi
site or, if diffusion of the cation radical within the microdroplets
is fast, over the surface of the droplets. To circumvent this
problem, we consider the electron transfer process in a “thin

layer” regime. We further assume that the rate of the nonme- AE

diated heterogeneous electron transfer to ascorbate at the naked T= W 8)
parts of the partially blocked microdroplet-modified electrode

is slow, so that electron transfer from ascorbate to THPA wherev is the potential scan rate during the electrochemical

the aqueousmicrodroplet interface dominaté® although the oxidation andAE is the difference between the starting and
former plays an increasingly more significant role with the more finishing potentials of the sweep. Thus, a lower limit on the
hydrophobic oils §.v. Table 1) and at smaller electrode surface rate of formation of THPD by electron transfer across the
coverage with microdroplets. (Partially blocked electrodes have liquid—liquid interface can be estimated from

been showk-41to yield apparent heterogeneous electron transfer

rates smaller than those at nonblocked electrodes of the same Rate~ AQqps ©)
geometric area.) We assume that the microdroplet-modified 2Ft

electrode consists of a monodispersed setNofemtoliter ) ) )

droplets, each of radiuR,. If the electrode is modified withly Comparison of eq 9 with eq 7 yields

moles of THPD, we may write 6d
AQobs: EokcatFTNO[AH ]bulk (10)

Ny = NgN 4)

whereng is the number of THPD moles insinglemicrodroplet. The above neglects the rate of diffusion of ascorbate ions within

As the redox liquid modified electrode operates under “thin the agueous solution. It has been shown that, in some cases,
layer” conditions (viz. in the limit of slow scan rate, so full electrocatalysis at chemically modified electrodes is limited by

droplet conversion occurs), the number of moles of THPD  diffusion within the aqueous pha#if diffusion in the aqueous

electrochemically generated I (i.e., no moles of THPD™* phase were to be significant, the limiting diffusional rate of

radical cations are present in each microdroplet). If the reaction @scorbate to the liquidliquid interface (of area equal to that

between THPD* and ascorbate occurs at the liguiétuid of the whole electroded) would be

interface (see Scheme 3), the rate of reaction per single DAIAH ]

microdroplet is given by the second order equation: Rate— . bulk (11)
Rate= K Nsnefl AH Tpui (5)

In the above equatiom is the diffusion coefficient of ascorbate

in which the units for the reaction rate are moles of THPD ~ a@nions in aqueous media, ads in the order of the droplet
per secondkcais the rate constant for the liquidiquid electron ~ Size or if all the droplets overlap, thenis the Nernst layer
transfer process (units M s-%), [AH Jpuxk is the bulk solution  thickness of the size 1600 um, in unstirred aqueous
concentration of ascorbate ions, ange is the number of  Solutions. The steady-state reaction rate equals the diffusion rate,
THPD™ ions lying in a shell of thicknessl (the spherical and thus,

thickness of a single THPD ion), given by the expression: _
2DAFT[AH 1,k (12)
o 2 3n,d - A
N =5 X FR-R-DI~F- (O Qots
T For typical experimental valueD(= 107° cn? s, A =
_ . _ 0.2 cn?, 7 = 30 s, [AH Jpuk = 1 MM, andAQqps = 1074 C),
Hence, the total reaction rate can be estimated using€6s 4  § (~1 mm) is much larger than the diameter of the microdroplets

(~4 um??), suggesting that diffusion in the aqueous phase is

(42) (a) Murray, R. WPhilos. Trans. R. Soc. London, Ser1881 302 253.

(b) Murray, R. W.Acc. Chem. Re<98Q 13, 135. (c) Murray, R. W. In
i . Electroanalytical ChemistpyBard, A. J., Ed.; Marcel Dekker: New York,
Experimentally, as inferred from the voltammograms, a measure 1984; Vol. 13, p 191. (d) Murray, R. W.; Ewing, A. G.; Durst, R. Anal.

i Chem.1987, 59, 379A; (e) Wring, S. A.; Hart, J. PAnalyst1992 117,

of the degree of electrocatalysis (and thus of the electron transfer 1215, (f) Gorton, .- Dormguez. ERe. Mol Blotechnol 2002 82, 371.
(g) Albery, W. J.; Hillman, A. RJ. Electroanal. Chen984 170, 27. (h)
(41) Amatore, C. A.; Sawant, J.-M.; Tessier, DJ. Electroanal. Chem1983 Andrieux, C. P.; Salant, J.-M. InMolecular Design of Electrode Sur-

147, 39. faces Murray, R. W., Ed.; Wiley: New York, 1992; p 207.

Rate— %.j'kcaNo[AH Tour ()
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Table 3. Reaction-on-a-Drop Analysis (Eq 10) of the Reaction
between DEDRPD and TRPD Radical Cations and L-Ascorbate?

gradient of plot 6dK.a/Ro Keat ©
/ICM~t M-tst IM~ts7t
DEDBPDI¥ 0.2373+£ 0.012 10.9- 0.5 7237+ 366
DEDHPDH 0.1298+ 0.012 5.8+ 0.5 3876+ 358
TBPD? 0.0798+ 0.012 2.3+0.3 12574+ 230
THPD' 0.0553+ 0.012 3.2£0.7 2139+ 464
DEDHePD 0.0289+ 0.012 1.3 05 866+ 360
THePD' 0.0245+ 0.012 1.8+ 0.9 11844 580
TNPD 0.0232+ 0.012 3.0+ 1.6 2005+ 1039

aData obtained from cyclic voltammograms recorded at a scan rate of
5mV s1, in 0.1 M phosphate buffer solution containing 0.1 M potassium
hexafluorophosphate, using a modified 4.9 mm diameter bppg electrode.
b Assumingd = 5 A andRy = 2 um. ¢ Electrode modified with 5.7 nmol
of DEDBPD, 7 = 40 s.9 Electrode modified with 5.8 nmol of DEDHPD,
7 = 40 s.® Electrode modified with 6.0 nmol of TBPR,= 60 s.f Electrode
modified with 6.0 nmol of THPDz = 30 s.9 Electrode modified with 5.8
nmol of DEDHePD,7 = 40 s."Electrode modified with 6.0 nmol of
THePD,r = 24 s.! Electrode modified with 5.7 nmol of TNPQ,= 14 s.

not significant and that the rate of electron transfer across the
liquid—liquid interface limits the reaction.

In the presence of light (chopped with ca-280 s intervals,
ca. 2 mW cm?, 280 nm, 0.1 M NaCl@ solution flow rate
0.003 cni s, a flow rate sufficiently slow to not cause
voltammetrc distortior, significant photocurrent responses
were detected for both photooxidation at an applied potential
of 0.4 V versus SCE, a voltage at which the ionic liquid is
electrochemically generated (THPIZIO,4~), and photoreduc-
tion at 0.0 V versus SCE (where the neutral precursor molecule
exists)® Photocurrents were not observed at naked bppg
electrodes. In Figure 4a, both photochemical responses are
illustrated and can be seen to reach a steady-state limit, albeit
with different sizes, but both photocurrents being in the order
of a few nanoamps for 5 nmol of THPD on the bppg surface.
Previous worR suggests thetiny reductive photocurrents
observed when the electrode is potentiostatéd\aversus SCE
are due to electron transfer to oxygen dissolved in the micro-
droplets (the electrode is prepared on the “open bench”). As
this process can take place anywhere within the microdroplets,
the time lag that is observed is due to positive charge migration
(possibly via electron hopping) to the three-phase boundary, at

Equation 10 suggests that the difference in charge betweenwhich it is reduced, giving rise to the “photocurrent”. The
the mediated and non-catalyzed cases is directly proportionalphotocurrents observed at wavelengths less than 400 nm and
to the concentration of ascorbate in the aqueous phase. Plots ofround 556-600 nm when the microdroplet-modified electrode

AQopsagainst ascorbate concentration were found to exhibit this
predicted behavior (see the inset of Figure 3a), permitting the
estimation of (6/Ry)k.a: from the gradient of such plots. Table

3 reports the results of these analyses for all seven oils studied
together with estimates dé.y for the case ofd = 5 A and

Ry = 2 um. It can be seen that the reactivity generally increases
with decreasing total substitution length, viz. in the order
DEDBPD > DEDHPD > TBPD = THPD > DEDHePD=
THePD= TNPD. We attribute this order to the greater number
of cations per unit surface area for the lower homologues.
Wrighton and co-workef82deduced the electrocatalytic kinetics
of the reaction between a chemically immobilizédN,-
dimethyl-N'-ethyl-N'-(trimethoxysilyl-4-butyl)-1,4-benzenedi-
amine cation radical with ascorbate to be ca. 100* M1,

consists of the ionic liquid THPDCIO,~ are thought to arise
from the disproportionation of the excited radical catfoim.
both cases, light absorption may take place anywhere within

the microdroplets; in contrast, electron transfer may only take

place at the three-phase boundary. Hence, steady-state photo-
currents are not observed immediately in either case, as a result
of positive charge propagation (possibly via hole hopping)
within the microdroplets to the triple-phase junction, at which

it is reduced.

When halothane (2-bromo-2-chloro-1,1,1-trifluoroethane) is
present in the aqueous phase, and the electrode potentiostated
at 0 V versus SCE (a potential at which halothane is electro-
chemically inert), large reductive photocurrents were again
observed on illumination at wavelengtlks400 nm (see Figure

compared with the agueous homogeneous oxidation of ascorbatétb). These photocurrents (typically ca. 70 nA for 5.4 nmol of

by Wirster's Blue to be approximately 800 M s 1,2% in

THPD immoblised at 290 nm, when 10 mM halothane is present

agreement with the recent results by Lawrence and co-workersin aqueous solution) diminished in size on increasing the

(at 298 K)2° These data exhibit similar trends to those described
above.

We next turn to examine the possibility of photoelectro-
chemical redox catalysis at TRPD microdroplets. Photochemi-

electrode potential (not shown), suggesting that the photocurrents
arise as a consequence of a charge transfer reaction occurring
between THPD and halothane; the photocurrents raueh

greater than in the THPD-only case, and the direct, nonmediated

cally induced reactions may take place at faster rates owing toPhotoelectrochemical reduction of halothane was ruled out

activation of the reaction, and the possibility of a subsequent

owing to the large negative potential required for halothane

light-induced bond cleavage may cause the electron transfer€duction in aqueous solutiofis.Charge transfer between

reaction to be irreversibt€.

Photochemically Induced Electrocatalytic Processe#t has
been shown that TRPD redox liquids absorb UV light maximally
at around 300 nrl0 as a result of ar—x* transition?* and
the corresponding cation radicals absorb light in both the UV
and visible ranges at around 300 and 550 nm, respectivély.
Table S3 (see Supporting Information) reports the absorption
peaks of all the TRPD and DEDRPD redox oils and their
corresponding cation radicals when immobilized on a silica
plate.

(43) (a) Moutet, J.-C.; Reverdy, G. Chem. Soc., Chem. Comma882 654.
(b) Moutet, J.-C.; Reverdy, QNow. J. Chim.1983 7, 105.
(44) Cadogan, K. D.; Albrecht, A. Cl. Phys. Chem1969 73, 1868.
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photoexcited THPD and halothane is likely, given the earlier
work using TMPD as an electron donor to haloalkanes
specieg2446-48 The mediated electron transfer process is
irreversible owing to bromide displacement from the resulting
anion radical®

(45) (a) Albery, W. J.; Hahn, C. E. W.; Brooks, W. Br. J. Anaesth1981,
53, 447. (b) Mount, A. R.; Appleton, M. S.; Albery, W. J.; Clark, D.; Hahn,
C. E. W.J. Electroanal. Chen992 334, 115. (c) Mount, A. R.; Appleton,
M. S.; Albery, W. J.; Clark, D.; Hahn, C. E. Wl. Electroanal. Chem.
1992 340, 287. (d) Hahn, C. E. WAnalyst1998 123 57R.

(46) (a) Meyer, W. CJ. Phys. Chem197Q 74, 2118. (b) Meyer, W. CJ.
Phys. Chem197Q 74, 2122. (c) Meyer, W. CJ. Phys. Cheml97Q 74,
2127.

(47) (a) Cohen, S. G.; Parola, A.; Parsons, G. HChem. Re. 1973 73, 141.
(b) Fitzgerald, E. A., Jr.; Wuelfing, P., Jr.; Richtol, H. Bl. Phys. Chem.
1971, 75, 2737.

(48) Eberson, L.; Ekstro, M. Acta Chem. Scand.989 43, 86.
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Figure 4. (a) Photocurrents observed for (i) the photoreduction at 0.0 V vs SCE and (ii) the photooxidation at 0.4 V vs SCE of 5 nmol of THPD deposited
onto a 3x 3 mn¥ bppg electrode immersed in 0.1 M NaGI@ mW cn1?2, 280 nm, solution flow rate 0.003 éns1). (b) Reductive photocurrents obtained

for the conditions in (a, i) above, only with 10 mM halothane added into the aqueous solution and with irradiation at a wavelength of 320 nm. (c) Well-
resolved phototransients (2 mW chillumination at 320 nm) observed for 5.4 nmol of THPD deposited on the 3mn? bppg electrode potentiostated

at 0.0 V vs SCE, immersed 0.1 M NaGJ©@ontaining 10 mM halothane (solution flow rate 0.003*aT?). (i) and (i) are results from different experiments

(see text).

THPD() + hy = THPD*(I) (E) Assuming this latter case, we may estimate the photocurrent
THPD*(l) + CF,CHCIBr(aq)— by
THPD™(I) + CF,CHCIBr *(aq) (F) _ . FAD[halothane],
Igir = FAI = 5 (13)

CF,CHCIBr *(ag)— CR,CHCI'(aq)+ Br (aq) (G)

L . ) wherej is the aqueous flux of halothane to the liguitjuid
Similar results were optalned for the casegamtbutyl bromide interface F is the Faraday constam,is the diffusion coefficient
andtert-butyl chloride instead of halothane in the aqueous phase ¢ halothane within the aqueous solution (ca:16n? s?)
and for all TRPD and DEDRPD oils studied. In this above [hajothane]. is the bulk solution concentration of halothane
scheme, as charge transfer arises from the activated form Of(typically ca. 10 mM)J is the Nemnst thickness (typically around

the neutral molecule, electron transfer may take place acrossypg,m), andA is the geometric surface area of the microdrop-
the liquid—liquid interface or within the microdroplets, given
the lipophilicity of halothané? In the former case, the electron  (49) (a) Orzech, C. E.; Genmill, F. Q., Jnal. Prof. Drug Subs1985 14,
transfer may be limited by the interfacial charge transfer rate 2355“;)8H5ir§°(hg)‘ﬁgov“j\°.”ﬁ;;; o, C.; Jow. B. ¥ %2"91%-7?791’“-
or as a result of diffusion control within the aqueous phase. 525. o T ' o '
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lets. We approximate this latter quantity as the electrode area.Chang expression as illustrated in previous wWobkit is 2 orders
Hence, eq 13 predicts a diffusion-controlled photocurrent in the of magnitudesmaller than those estimated by White and co-
order of 100uA. This is muchgreater than that observed  workers for nitrobenzene anion radicals in neat nitroben2&ne.
experimentally (up to a few microamps for this concentration This contrast may likely arise as a consequence of the greater
of halothane), suggesting that, as for ascorbdiffusion of size of the THPD* ion pair cf. the nitrobenzene anion radical.
halothane within the aqueous phase does not affect the rate oflt should be noted that electron hoppiffgwithin the THPD
the electron transfer process deposits will in fact augment the diffusion rate, as would
The rate of THPD* reaction with halothane must therefore Marangoni convective forces that may opefateThe above
be limited by charge transfer across the ligtiidjuid interface estimate is thus, to a first approximation, a lower estimate of
or take place within the femtoliter redox oil deposits due to the the diffusion coefficientwithin femtoliter droplets.
partitioning of halothane between the two phases. Accordingly,
a partition coefficient of halothane between the THPD and the
aqueous phases was determined (see Appendix) as [halo- Electron transfer reactions at, or within, unsupported femto-
thane}wpp/[halothane]q ~ 67. Hence,the partitioning and liter droplet arrays have been explored using redox liquid
diffusion of halothane within the microdroplets are significant modified electrodes immersed into aqueous electrolytes. Volt-
This is further verified by plots of reductive photocurrent against mmetric oxidation of the electroactive oil (DEDRPD or TRPD)
halothane concentration in the aqueous solution; in the rangedeposits takes place at or near the base circumference of the
5 < [halothane]/mM< 20, some plots were observed to be organic droplet (the three-phase boundary), where the oil “sees”
linear, and others, not so. The lack of reproducibility in the plots both the electrode and the aqueous solution. In the absence of
suggests that processes other than electron transfer occur withimther aqueous-based redox species, electroneutrality within the
the microdroplets. oil environment dictates that either anion transfer into the oil
Figure 4c shows typical photoreductive transients observed from the aqueous electrolyte or electrogenerated cation release
when 5.4 nmol of THPD are deposited on a bppg electrode heldfrom the oil phase to the aqueous phase proceeds. When the
at 0 V versus SCE and illuminated at 320 nm in the presence aqueous phase contains an electroactive species (such as
of 10 mM halothane in an aqueous 0.1 M sodium perchlorate ascorbate or halothane), the organic deposit (electroformed or
solution. In both cases, it can be seen that steady-state currentstherwise) may oxidize the aqueous species in two ways. If the
are reached after ca. 3 s. However, in one case, the photocurrengpecies is very hydrophilic and cannot penetrate into the oil
increases monotonically to its steady-state value; in the other,environment (such as ascorbate ions), electrocatalysis occurs
the photocurrent peaks at a maximum vahgforethe photo- over the droplet surface; lipophilic redox species (such as
current reaches its steady-state value. In both cases, the transiertalothane) partition into the femtoliter deposits, and the mediated
arises as a result of charge migration to the triple-phase boundaryoxidation takes place from within the femtoliter environment.
as noted above; the presence of a “hump” in the phototransientAlthough the exact mechanism for charge propagation within
shortly after the light is switched on is due to a large concen- these very small deposits is not known (it probably takes place
tration of halothane present at the three-phase boundary, as &ia diffusion, electron hopping, migration, Marangoni convec-
consequence of the dark liquitiquid halothane partitioning.  tion, or some admixture thereof), the work reported in this paper
Immediately after illumination, charge transfer takes plaitkin hints at the possibility of using this ilk of modified electrode as
the microdroplets, to form significant amounts of THPDthe femtoscale electrochemical reactors, with applications to the
immediate discharge of which at the three-phase boundary givesunderstanding of acoustic emulsification electrosynthetic pro-
rise to an increase in current. However, as the irradiation cesse® or in the study of biomimetic processes such as
continues, the concentration of halothane present in the dropletphotosynthesis. It is this latter case that is the subject of a
at the three-phase boundary decreases, and THRigrates  forthcoming pape??
(probably via both electron hopping, if the anion concentration
(bromide) is sufficiently high, and by physical diffusion of
THPD', likely as an ion pair) toward the three-phase boundary
from other parts of the microdroplet (wherever the photochemi-
cal electron-transfer process is possible), leading to a fall off in
the photocurrent and, thus, a maximum in the phototransientV
response. From the data illustrated in Figure 4c(i) for THPD, appendix
we may calculate an estimate of the diffusion coefficient of the
THPD** ion pair within the organic deposit®y, assuming that Determination of the Partition Coefficient of Halo-
this occurs exclusively in the classical EinsteBchmolu-  thane between THPD and Water.Halothane is a lipophilic

chowski sense and that the radius of the (assumed hemispheriCa(ISO) @ val VT —— herm. Sod988 133 1067
; ; ; 12 a) Malmsten, R. A.; ite, H. S. Electrochem. So .

and monodlspersed) mlcrodropIeRoX IS ZMm' (b) Malmsten, R. A.; Smith, C. P.; White, H. 8. Electroanal. Chem.
1986 215 223. (c) Morris, R. B.; Fischer, K. F.; White, H. 3. Phys.

Chem.1988 92, 5306. (d) Norton, J. D.; Anderson, S. A.; White, H.JS.

Conclusions
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(JIRO)Z Phys. Chem1992, 96, 3. (e) Paulson, S. C.; Okerlund, N. D.; White, H. S.
~ (14) Anal. Chem1996 68, 581.
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75, 1947. (b) Banks, C. E.; Klymenko, O. V.; Compton, R.Rhys. Chem.
. i . Chem. Phys2003 5, 1652. (c) Compton, R. G.; Hardcastle, J. L.; del
In the above is the time taken for the transient to reach a Campo, F. J.; Wadhawan, J.' D. Encyclopaedia of Electrochemistry
_ — 8 —1 volume 3; Bard, A. J., Stratmann, M., Unwin, P. R., Eds.; Wiley-VCH:
ste_ady statg \_/alue (ca. 3 s). _ThtIIs, 6.6_x 108 cn? s g Germany, 2003. Chapter 2.10. p 328,
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anaesthetié?532 Partition coefficients, defined af = lines at 6.7 and 5.8 ppm, respectively (accounting for the proton
[halothang}rganid[halothane]aer, have been reported in-oc- difference), the mole ratio of THPD:halothane can be estimated
tanol-water#% and in blood or watet92.53issue332oil,532and (within 10% error) to be 1.25:1. Hence, given the solubffty

rubber® The use ofn-octanol as a reference solvent for of halothane in water (25 mM), the densipf THPD (0.93 g
partititon coefficient measurements arose as a result of itscm™3) and the relative molecular mass of THPD (444), the
similarity to o0ils#°¢53The P value for halothane in that system  partition coefficient of halothane between THPD and water is
is*9 200. In this section, the partition coefficient of halothane

between a THPD phase and an aqueous phase is estimated, using [halothane}pp  0.93/(1.25x 444)
the “shake-flask” methd@P as a result of its simplicity and ease P = halothane] = ——— =67.0£75

of operation and'H NMR spectroscopy as our means of . 25x 10 (15)
determination. The apparatus employed consists of two cham-

bers, one containing halothane, the other containing both water Supporting Information Available: Table of values illustrat-

and THPD. Th_ese latter two liquids are immiscibié? Nitrogen ing the wideness of the peak oxidation waves and the peak-to-
was bubbled into t.he halothan_e“phas? at the rgte of about .30peak potential separation for all DEDRPD oils with anions; table
gas bubbles per min, so as to (') carry. the vola}t|le anaesthetic of values ofkes for DEDHePD dissolution from the liquid
|nt(()i t?he second charrt:ber an(_jn(qu) emlilsﬁy effec'ill;/ely Ithf(te TL—'PD liquid interface for Br, NOs~, OCN~, SO2-, and F anions;
tatenmper?;\tﬁ;q; ?;(;I:SZECE)ISL?nSt.iI allihzysa?g:h;v:: hag rt]ra?]sfgrrégo able of values indicating the maxima in the absorption UV/
visible spectra of all TRPD and DEDRPD oils (and their

into the second chamber, whence the nitrogen supply was turned . -
corresponding perchlorate salts); cyclic voltammograms for the
off so as to allow the system to phase separate. A drop of the P gp ); ¢y 9

less dense THPD phase was then examinedhilMR, using OXIditllon of DElDBPD_ andI_DEDIHPD in0.1M aquer:)us sgdpm
deuterated chloroform as the solvent. Neat THPD has four Porc orate solutions; cyclic voltammograms for the oxidation

equivalent aromatic protons (at 6.7 ppm) and 52 alkyl protons. of DEDBPD, DEDHPD, and DEDHePD in potassium thiocy-

In contrast, halothane, with its single proton, exhibits a quEftet anate solutions; cyclic voltammograms for the oxidation of
’ ! gle p ’ saq DEDBPD and DEDHPD in 0.1 M aqueous potassium fluoride
centered at 5.8 ppm. THPD taken from the emulsion shows an

additional peak at 5.8 ppm, due to halothane partitioning into solutions; cyclic voltammograms for the oxidation of DEDHePD

the THPD phase. Based on the ratio of the THPD and halothane' 29U€ous .O'l.M pot_assmm nitrate solutions '(at two scan rates).
This material is available free of charge via the Internet at

(53) (a) Saidman, L. Xlin. Anesth.1968 1, 11. (b) Bouchard, G.; Carrupt, http://pubs.acs.org.
P.-A,; Testa, B.; Gobry, V.; Girault, H. HChem. Eur. J2002 8, 3478.
(c) Brown, J. M.; Chaloner, P. ACan. J. Chem1977, 55, 3380. JA030315P

J. AM. CHEM. SOC. = VOL. 125, NO. 37, 2003 11429



