JIAICIS

ARTICLES

Published on Web 04/27/2004

Marcus Theory of Outer-Sphere Heterogeneous Electron
Transfer Reactions: Dependence of the Standard
Electrochemical Rate Constant on the Hydrodynamic Radius
from High Precision Measurements of the Oxidation of
Anthracene and Its Derivatives in Nonaqueous Solvents Using

the High-Speed Channel Electrode
Antony D. Clegg, Neil V. Rees, Oleksiy V. Klymenko, Barry A. Coles, and
Richard G. Compton*

Contribution from the Physical and Theoretical Chemistry Laboratory, Oxforcvéisity,
South Parks Road, Oxford OX1 3QZ, United Kingdom

Received January 12, 2004; E-mail: richard.compton@chemistry.ox.ac.uk

Abstract: The validity of Marcus theory for outer-sphere heterogeneous electron transfer for the electro-
oxidation of a range of anthracene derivatives in alkyl cyanide solvents is investigated. The precision
measurement of these fast electron transfers (ko = 1 cm s™) is achieved by use of the high-speed channel
electrode and, where necessary, fast-scan cyclic voltammetry. First, the solvent effect on the rate of electron
transfer is studied by considering the first oxidation wave of 9,10-diphenylanthracene in the alkyl cyanide
solvents: acetonitrile, propionitrile, butyronitrile, and valeronitrile. Second, the variation of ko for a series of
substituted anthracenes is investigated by analyzing the voltammetric response of the one-electron oxidations
of 9-phenylanthracene, 9,10-dichloroanthracene, 9-chloroanthracene, 9,10-dicyanoanthracene, 9-cyanoan-
thracene, 9-nitroanthracene, 9,10-diphenylanthracene, and anthracene in acetonitrile. It is shown that the
rate of electron transfer of a single compound in different alkyl cyanides is determined by the longitudinal
dielectric relaxation properties of the solvent, while differences in rate between the substituted anthracenes
in acetonitrile can be quantitatively rationalized by considering their relative hydrodynamic radii. This makes
possible the accurate prediction of electron-transfer rates for a molecule by interpolation of rate constants
known for related molecules.

Introduction extensions to the original basic theory have all sought to more
closely fit the experimentally observed rates, with varying

The theory of electrochemical electron transfer has been .
. degrees of success. A great deal of experimental work has been
expanded greatly since the early work of Maréus.These ;
performed in the context of homogeneous electron transfer

developments have been in directions such as: outer- and inner-. . . .
o o . (including self-exchange reactions), due to practical conven-
sphere transfer®? the application of quantum theory, consid- | . ) .
. . ience! The field of heterogeneous electron transfer, i.e., electron
eration of the role of electrode material and double layer effects transfer to or from an electrode. has been relatively neglected
(for heterogeneous transfef§)!2 the nature of the donor and ’ y neg

) ._as a result. In both cases, experiment has generally confirmed
acceptor species (for homogeneous transfers), and esloecla”}f\/larcus theory, at least qualitativelyn recent years there have
the role of the solvent and solvent dynamigs?! These '

been more efforts focused on heterogeneous tran&fefsand
this paper concentrates exclusively on this.

(1) Marcus, R. AJ. Chem. Phys1956 24, 966.

(? marcus, E- ﬁ':;]' gﬂem- Eﬂygllggg gg‘n ggg- Electron-transfer reactions are usually divided between inner-

) Mars R A S e oas o2 aes. and outer-sphere reactions depending on the degree of interac-

(5) Marcus, R. AJ. Chem. Phys1965 43, 679. ) tion of the redox species with the electrode. In the former case,

(6) Dogonadze, R. R.; Kuznetsoz, A. Brog. Surf. Sci1975 6, 1. . R

(7) Weaver, M. J. IrComprehensie Chemical KinetigsCompton, R. G., Ed.; the redox species penetrates the inner Helmholtz layer so that
Elsevier: Amsterdam, The Netherlands, 1987; Vol. 27, p 1. direct contact is made with the electrode surface, whereas outer-

(8) Chandra, AJ. Chem. Phys1999 110, 1569.
(9) Hynes, J. TJ. Phys. Chem1986 90, 3701.

(10) Fawcett, W. RElectrochim. Actal997, 42, 833. (19) Samanta, A.; Ghosh, S. IChem. Phys1997 214, 61.

(11) Mohilner, D. M.J. Phys. Cheml1969 75, 2652. (20) Hilczer, M.; Tachiya, MJ. Mol. Lig. 1995 64, 113.

(12) Smith, B. B.; Hynes, J. Td. Chem. Phys1993 99, 6517. (21) Kim, H. J.; Hynes, J. TJ. Phys. Chem199Q 94, 2736.

(13) Calef, D. F.; Wolynes, P. Gl.. Chem. Phys1983 78, 470. (22) zhang, X.; Leddy, J.; Bard, A. J. Am. Chem. S0d.985 107, 3719.
(14) Calef, D. F.; Wolynes, P. G. Phys. Chem1983 87, 3387. (23) Kojima, H.; Bard, A. JJ. Am. Chem. S0d.975 97, 6317.

(15) Tachiya, M.Radiat. Phys. Cheni1996 47, 43. (24) Garreau, D.; Saeat, J. M.; Tessier, DJ. Phys. Chem1979 83, 3003.
(16) Leite, V. B. P.; Onuchic, J. NI. Phys. Chem1996 100, 7680. (25) Savent, J. M.; Tessier, DFaraday Discuss. Chem. Sat982 74, 57.
(17) Leite, V. B. P.J. Chem. Phys1999 110, 10067. (26)

Amatore, C.; Sa\ant, J. M.; Tessier, DJ. Electroanal. Chenil983 146,
(18) Hartnig, C.; Koper, M. T. MJ. Chem. Phys2001, 115 8540. 37.
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sphere reactions maintain the integrity of the molecule and its problems ofR losses through on-line compensation circdftr§®

solvation shell such that no such direct interaction eXists. and shielded microelectrodes to reduce capacitative cufi®tits.
Outer-sphere electron transfer is usually discussed in termsHowever, the successful use of fast scan cyclic voltammetry is
of an “encounter pre-equilibrium” modehvolving the forma- reliant on a high degree of experimental skill and the analysis

tion of a precursor complex between the reactant molecule andof voltammetry is complicated by the residual distortionsRof
the electrode surface, with an equilibrium const&pt,and free and capacitative effec#.0Obtaining repetitively consistent data

energy of activatiom\G*. Hence ko can be expressed as is therefore often difficult. Steady-state voltammetry would
appear, therefore, to offer the advantage of not having these
—AG’ complications. However, the use of ultramicroelectrodes and

Ko = KeKptn exr( RT ) @) nanotrodes is complicated by their construction and suitability

for use in organic solvents, as many are fabricated using epoxy
wherev, (3—1) is the nuclear frequency factor (the frequency of resins that SWG” or_dissolve in nonaqueous solvents. Even If
crossing the free energy barrier) amrg is the electronic the electrode is suitable for use, there can be a problem in

transmission coefficient (the probability of electron tunneling measuring the very small currents produced with sufficient
in the transition state})27.28 accuracy to analyze successfully. Since most analyses of the

It has been shown that solvent reorientation dynamics Sigmoidal response of ultramicrodisks are based on the method
can have a dominating effect upon the heterogeneous rateof Mirkin and Bard?it is then necessary to obtain very smooth
constant8-33[f the reaction free energy is zero, and the “weak Voltammograms on the nanoamp scale to extract the required
overlap” limit is assumed (i.e., the electronic coupling is small), quartile potentials. It is therefore not unusual for a relatively

therz8 large error to be compounded into these measurements.
Perhaps of all the steady-state methods, hydrodynamic
_f AGT\2 electrodes offer the best means in principle of measuring fast
Uh =T (MRT) (2) kinetics. Experimentally, the optimal systems are the wall-tube

or channel electrodes, which achieve the high mass transport
coefficients needed to measure electron-transfer rates above 1
cm s L. The wall-tube, or microjet, electrode has been developed
and static dielectric permittivities, respectivély. and used by Unwin et &F~56 for several studies, including the
Several studies have sought to investigate this relationship, Méasurement of the electron transfer of the hexacyanoferrate-
by measuring the electron-transfer rates in a variety of different (I/!ll) redox couple to be 0.76 cms, using the Mirkin and
solvents33 These have confirmed a linear relationship Bard analysis methotf.However, the microjet has not yet been
betweerko andz, ! and also indicate the presence of an outer- used to access the faster rates of electron transfer expected in
sphere rather than inner-sphere pathway. However, re|'51tive|ynonaqueous solvents, such as acetonitrile. Furthermore, in a
little work has been directed at using eq 1 to interpret trends in '€Cent study, the authors showed there were inherent problems
reaction rates. If this is to be done, the method used to measurd" attemptm? to use a high-flow microjet in solvents less viscous
the rates of electron transfer needs to be proven as reliable andh@n watef’ The channel electrode has been used in several

precise. The demands placed upon the method are exacerbategfudies for the measurement of fast kinéfi¢Sand specifically
if the reaction rates are fast. electron transfef>-¢1and a rigorous method has recently been

In general, there are steady-state and transient methodsdeve_loped for analysis of experimental_ data that provides a
available to the experimentalist for making measurements of consistent and precise means of extracting the valués, of
electron transfers. There have been several reviews on theuz) wmorris, R. B.; Franta, D. J.; White, H. S. Phys. Cheml987 91, 3559.
subject of measurement of fast electrochemical kinéfic¥, (43) Chen, S.; Kucernak, Al. Phys. Chem. 2002 106, 9396. _

. . r(|44) Brett, C. M. A.; Oliveira Brett, A. M. C. F. IlComprehengie Chemical
but in essence the transient methods employed are based o Kinetics Bamford, C. H., Compton, R. G., Eds.; Elsevier: Amsterdam,
fast-scan cyclic voltammetf 4! whereas the steady-state The Netherlands, 1986; Vol. 26, p 355.

where 7, is defined ast. = 7pewles, Tp IS the experimental
Debye relaxation time, anel, and s are the high frequency

. ] . ) . 45) Eklund, J. C.; Bond, A. M.; Alden, J. A.; Compton, R. &v. Phys. Org.
methods depend either on diffusion to ever decreasingly S|zed( ) Chem.1999 32, 1. P e
disk electrode’@43 or on hydrodynamic method4:-46 Great (46) 2|V|9acpherson, J. V.; Simjee, N.; Unwin, P. Rectrochim. Act2001, 47,
advances have been made in instrumentation in recent years t@47) Amatore, C.; Lefrou, C.; Pfluger, B. Electroanal. Cheml989 270, 43.
facilitate the use of high voltage scan rates, by reducing the (48) Q;‘ggt%reélc'* Maisonhaute, E.; Simmonneau Blectrochem. Commun
(49) Amatore, C.; Maisonhaute, E.; Simmonneau) GElectroanal. Chen200Q
(27) Marcus, R. Alnt. J. Chem. Kinet1981, 13, 865. 486, 141.
(28) Opallo, M.J. Chem. Soc., Faraday Trans.1986 82, 339. (50) P. Tschuncky, P.; Heinze, Anal. Chem1995 67, 4020.
(29) Fawcett, W. R.; Opallo, M. Electroanal. Chem1993 349, 273. (51) Nomura, S.; Nozaki, K.; Okazaki, 8nal. Chem1991, 63, 2665.
(30) Gennett, T.; Milner, D. F.; Weaver, M. J. Phys. Cheml985 89, 2787. (52) Mirkin, M. V.; Bard, A. J.Anal. Chem1992 64, 2293.
(31) Fernandez, H.; Zon, M. Al. Electroanal. Chem199Q 283 251. (53) Macpherson, J. V.; Marcar, S.; Unwin, P.Anal. Chem1994 66, 2175.
(32) Fernandez, H.; Zon, M. A. Electroanal. Chem1992 332 237. (54) Macpherson, J. V.; Beeston, M. A.; Unwin, P.RChem. Soc., Faraday
(33) Moressi, M. B.; Zon, M. A.; Fernandez, I&lectrochim. Acta200Q 45, Trans. 11995 91, 899.
16609. (55) Martin, R. D.; Unwin, P. RJ. Electroanal Chem1995 397, 325.
(34) Heinze, JAngew. Chem., Int. Ed. Endl993 23, 1268. (56) Macpherson, J. V.; Unwin, P. Rnal. Chem1999 71, 4642.
(35) Forster, R. F. IrEncyclopedia of Analytical ChemistriMeyers, R. A., (57) Rees, N. V.; Klymenko, O. V.; Coles, B. A.; Compton, R. &.Phys.
Ed.; Wiley: Chichester, 2000; Vol. 11, p 10142. Chem.2003 107, 13649.
(36) Andrieux, C. P.; Hapiot, P.; Saamst, J.-M.Chem. Re. 1990 90, 723. (58) Rees, N. V.; Dryfe, R. A. W.; Cooper, J. A.; Coles, B. A.; Compton, R.
(37) Wightman, R. M.; Wipf, D. O. IrElectroanalytical ChemistryBard, A. G.; Davies, S. G.; McCarthy, T. Dl. Phys. Chem1995 99, 7096.
J., Ed.; Marcel Dekker: New York, 1989; Vol. 15, p 267. (59) Coles, B. A,; Dryfe, R. A. W.; Rees, N. V.; Compton, R. G.; Davies, S.
(38) Garreau, D.; Hapiot, P.; Szaveat, J.-M.J. Electroanal. Chem1989 272, G.; McCarthy, T. D.J. Electroanal Chem1996 411, 121.
1. (60) Rees, N. V.; Alden, J. A,; Dryfe, R. A. W.; Coles, B. A.; Compton, R. G.
(39) Wipf, D. O.; Wightman, R. MAnal. Chem1988 60, 2460. J. Phys. Chem1995 99, 14813.
(40) Howell, J. O.; Wightman, R. MAnal. Chem1984 56, 524. (61) Rees, N. V.; Klymenko, O. V.; Coles, B. A.; Compton, R.JGElectroanal.
(41) Wightman, R. M.; Wipf, D. OAcc. Chem. Red.99Q 23, 64. Chem.2002 534, 151.
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andE; 0 simultaneously from the sigmoidal wavesh&p&his
method has enablekh values up to 3 cm s to be routinely
measuretl under steady-state conditions without the complica-
tions of charging currents arn losses.

The aim of this paper is to investigate thpiantitatve
applicability of the Marcus theory described aboveféstouter-
sphere heterogeneous electron transfers using the high-speed
channel electrode (HSChE). This is to be achieved in two parts.
First, the solvent effect on the rate of electron transfer is studied
by considering the one-electron oxidations of 9,10-diphenylan-
thracene (DPA) in the alkyl cyanide (RCN) solvents acetonitrile
(MeCN), propionitrile (EtCN), butyronitrile (PrCN), and valero-
nitrile (BUCN) with reference to eq 2. Second, the variation of
ko for a series of substituted anthracenes is investigated by
measuring the first oxidation wave of 9-phenylanthracene (PA),
9,10-dichloroanthracene (DCA), 9-chloroanthracene (CA),
9,10-dicyanoanthracene (DCNA), 9-cyanoanthracene (CNA),
9-nitroanthracene (NA), anthracene (AN), and DPA in aceto-
nitrile, with analysis by means of an expanded form of eq 1.
Novelly, the results can be successfully understood in terms of
this equation by using the hydrodynamic radius to be the
molecular dimension used.

-y mm-. .-y

Interfaces

L |

chamber pressure control

e—
—————
I L R R

[l

Experimental Section [Potentiostat
ReagentsChemical reagents used were PA and DPA (both Aldrich, - counter
98%), CA (Lancaster, 97%), DCA (Aldrich, 98%), CNA (Aldrich, [ rererence

97%), DCNA (Kodak, 97%), NA (Aldrich, 97%), AN (Aldrich, 97%),
supporting electrolyte tetrabutylammonium perchlorate (TBAP; Fluka,
Puriss electrochemical grade99%), MeCN (Fisher scientific, “dried
distilled”, >99.99%), EtCN (Fluka, purunr99%), PrCN (Aldrich,
98%), and BUCN (Fluka, puriss99%). These were the highest grades
available and were used without further purification. Solvents were
stored over molecular sieves (Linde 5 A, Aldrich) for several hours
prior to use. All solutions contained 0.10 M TBAP as supporting (a)
electrolyte and were degassed with argon (Pureshield Argon, BOC
gases, UK). All experiments were conducted at a temperature of 294
+ 1 K.

Instrumentation. The high-speed channel electrode (HSChE) and
pressurized apparatus have been described previ&iland are
shown schematically in Figures 1 and 2. Extremely high flow rates
across a microband electrode are achieved by pressurizing a chamber,
containing the solution and electrode assembly up to 1.5 atm. The (b) Perspective view
solution flows through a specially designed flow-cell (widths 0.200
cm and height, R = 126 um) and out through one of three capillaries
of varying internal bore size, to the exit which is at ambient atmospheric 0
pressure. In this way, volume flow rates of between 0.10 and 3%2 cm
s™! (corresponding to linear flow velocities close to the electrode of
0.7 to 20 m s?) can be achieved. At the highest volume flow rates, Section __l l__me

s

Figure 1. Schematic diagram of the HSChE.

the Reynolds numbeRe given by 3mm

3\/f » ' 0.10mm ' ,
Re= hdo 3 f
10mm 24mm 10mm

can attain values of % 10° under well-defined laminar conditions. .

The apparatus has been designed such that Rexsembers are present View looking at open side |

for only ca. 2 mm before the electrode. This length is less than the ~  p======= —— T

“lead in” length required for turbulence to develop, for example, at I -------- 1“"]:'::3"" ------- :l

the highest volume low rates a “lead in” of ca. 4 mm is required for 2 '
turbulence to set in. This “lead in” length can be estimated by mm

' Figure 2. Diagram of the channel cell and microband electrode showing
the geometrical parameters.

_4h(3.04x 10°) @
Re1+ 7)) respectively?® Voltammograms are measured by means of an in-built
potentiostat capable of providing voltage scan rates of between 1 mV
with 7: = (vo — 2)/v, wherev, andv are the axial and mean velocities, st and 5V s and detecting currents above 10 nA with no filtering.
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For the experiments described here, a scan rate of 400 ThWas
employed. The control of solution flow and voltammogram measure-
ment is entirely controlled by computer.

The “fast scan” potentiostat used for microdisk voltammetry was
capable of achieving a voltage scan rate of up te 20° V st and
was used with minimum filtering. This potentiostat is identical to that
described and utilized by Amatore and co-workétand is capable
of achieving ohmic drop compensation by means of an internal positive
feedback circuit. The potential was applied with a TTi TG1304
programmable function generator (Thurlby Thandar Instruments Ltd,
Huntingdon, Cambs, UK) and the current recorded with a Tektronix
TDS 3032 oscilloscope (300 MHz band-pass, 2.5 GS/s).

Computer programs were written in DELPHI V6 PROFESSIONAL
(Borland Software Corporation, Scotts Valley, CA) and run on a
Pentium 4 computer, which was also used for data analysis.

Microelectrodes.Microband electrodes of lengtief 12.5¢m were
fabricated by fusing a strip of platinum foil (99.95%, Johnson Matthey
plc, London, UK) into freshly cleaved soda glass at a temperature of
935 K for 3.5 h. One side of the glass was then ground using a diamon
lapping wheel and polished using various grades of alumina slurry
(BDH) from 3 um down to 0.25«m on glass and soft lapping pads
(Kemet Ltd, UK) to a mirror finish to form the working face, and the

rectangular analogues appropriate to the channel electrode gives the
following result&061

—=1-2u+20Inl+u) )
II'EV
where
0'6783332/3(3Vf/ 4dxeh2)1’3 o
u=
kolexp[— (1 — @)6] + (Da/Dg)** exp(f)]
and
0.925FWA] (%D ) *4(hPd) V31
Irev = (9)

1+ (Do/Dg)*® exp(= 6)

dWherer is the volume flow rate,Alpui is the bulk concentration of

the electroactive specieb) is the diffusion coefficient of specids
and the geometrical parameters are as given in Figure 2. The quantity
irev is the current that would flow if the electrode kinetics were

other side was connected to a copper strip to provide an electrical "€Versible.

contact. The electrode widths/f, as measured by microscope, were
0.100 cm.

For the fast scan cyclic voltammetry experiments, the working
electrode was a platinum microdisk of diameter22.5um fabricated
by sealing a platinum microwire into capillary soda-glass. The
microwire was placed alongside a thicker platinum connecting wire
inside the capillary before being fused in a gas flame. The working

face was ground and polished as described above, and the connectin

wire was secured to provide a stable contddn both cases, the

electrode dimensions were confirmed by measurements made using a

literature methodology for electrochemical calibratéithe electrodes
were cleaned with ultrapure water and approximately 30% nitric acid

These approximate results have been compared to numerical
simulations of the relevant mass-transport equations and associated
boundary conditions using the backward implicit finite difference
method¢° the analytical solution described above was found to be in
very good agreement with the numerical solution at the range of flow
rates employed in the present stifdly.

For each simulated voltammogram, a mean scaled absolute deviation

éMSAD) given by

N

| o E — (ko B —
MSAD(OL,ko'EfO)ZZI 5~ hleoB” B

I exp( Ek)

(10)

and then polished using alumina lapping compounds of decreasing size

from 3 um down to 0.25um on soft lapping pads, finally rinsed in
ultrapure water, then dried carefully and stored under MeCN before

was calculated as the sum of the differences between each simulated
point () and each experimental poirit,(). Here,E, k=1, ...,N are

use. The counter electrode was a smooth, bright, platinum mesh, andtN€ Potentials of the experimental data points under analysisNasd

a silver wire (99.95%, Johnson Matthey plc, London, UK) was used

as a quasi-reference electrode. Fast scan cyclic voltammetry was

performed within a Faraday cage to reduce electrical noise.

Analysis of Steady-State Voltammetry The experimental data were
analyzed according to a previously reported metfo8teady-state
voltammograms were normalized and then input into a program that
calculated the “normalized” voltammogram t ) vs E for a selected
range ofa, ko andE values. The quasi-reversible electron transfer to
be simulated can be treated as

_ Kk
A—e TfB

where
o=loex "= e - £D) = kera -0 ©
o =koa~ E-E))=kewta) (@

and its simulation was achieved by using analytical theory developed
from initial work by Blaedel and Klaté:54in the context of a tubular
electrode. A transformation of their cylindrical coordinates into the

(62) Brookes, B. A.; Lawrence, N. S.; Compton, R.JGPhys. Chem. B00Q
104, 11258.

(63) Blaedel, W. J.; Klatt, L. NAnal. Chem1966 38, 879.

(64) Klatt, L. N., Blaedel, W. JAnal. Chem1967, 39, 1065.
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typically above 20. Each simulated voltammogram was therefore
awarded its own MSAD value and this enabled a minimum to be found
by a Direct Search Methedcorresponding to the optimum values of
o, ko, andE2.6* Contour plots of MSAD as a function of andk, and

as a function ok, and E° were produced showing the existence of a
single minimum in every case (see Supporting Information).

Results and Discussion

The HSChE provides a reliable means of obtaining fast
electrochemical kinetic information to a high level of precision
under steady-state conditions, and we therefore employed the
system to measure the heterogeneous electron-transfer rate
constantskp) for the following compounds. First, the solvent
effect on the rate of electron transfer was investigated by
considering the one-electron oxidation of DPA in the alkyl
cyanide (RCN) solvents MeCN, EtCN, PrCN, and BuCN.
Second, the variation & within a series of similar compounds
was investigated by measuring the one-electon oxidations of
PA, DCA, CA, DCNA, CNA, NA, and DPA in acetonitrile.

Oxidation of DPA in Alkyl Cyanides. A solution containing
0.93 mM DPA and 0.10 M TBAP in EtCN was introduced into
the pressure chamber of the HSChE apparatus fitted with the
12.5um Pt microband electrode and an initial pressure set in
order to fill the system. A linear sweep voltammogram was then
recorded at a scan rate of 400 mVlsand an arbitrary flow
rate (0.51 criis~tin this case) which yielded an effective steady-
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8- 1.7
(a)
N 1.64
6.8
63
1.54 .
§_ 4 4 a8 __4%
= > R=a
£ 3 >
5, W 1.4-//i&p
5] 1 %ﬁ?’/—:—l—%s
0 1.3 //7//,
10 1.2 14 1.6 1.8
0 : . EIV l /

0.0 04 08 12 16

V%1 cm §° T o4 o8 08 10 12 14 15 18 20
Figure 3. Levich plot for 0.93 mM DPA in EtCN/0.1M TBAP (gradient k,/ cm g
= 4.10 x 10°% R2 = 0.996). Inset shows a typical steady-state linear- 10
sweep voltammogram\f = 0.51 cn? s71). (b)
state response, enabling a limiting currdit) to be measured 0.8
for the first oxidation wave as shown in the inset in Figure 3.
This was repeated for a range of chamber pressures from 20 to
150 kPa using a combination of capillary choice and pressure 064 % 830
to access a range of volume flow rat&4)(from 0.15 to 3.10 .
cm? s1. Figure 3 shows a “Levich plot” of measured limiting 0.4 0.23
currents agains¥;/3, according to the Levich equati®nfor
channel flow cells:

0241 g 0.00 *4°
ol Vi |8 T\1.4
lim = 0.925FWA] 1 (X.D) (%) 11) 00 ﬁa ; \ \
" 02 04 06 08 10 12 14 16 18 20

wheren, F, and Alpuk have their usual meaning/; is the
volume flow rate, and the other terms represent the geometryF’_ e 4. Cortout blots for DPA in EICN. withs — 2.86 cnf s showin

of th,e Channel cell and electrode a,s shown in Flgure, 2. The (a!)yko vs' E? and (bg)ko vs a.. Numbers sh’own (f)n cdntours aré the MSAD
gradient of this plot was used to obtain a value for the diffusion ygjyes.

coefficient of DPA in EtCN of (1.18t 0.05) x 105 cn? s 1,
which compares well with an estimated value of X2107°
cn? st as calculated from the WilkeChang expressioff.

klcmég

Table 1. Kinetic Parameters Obtained for the Oxidation of DPA in
Alkyl Cyanides

solvent D x 10%cm?st ko/om st a EPIV (vs Ag)
7.4 % 10—8 T / MeCNs2 1404+ 0.11 0.94+0.16 0.53+0.02 1.400+0.010
~ ( ) $m (12) EtCN 1.18+0.05 0.61+£0.12 0.54£0.03 1.396+ 0.044
,70-0-6 PrCN 0.95+0.10 0.32£0.07 0.49£0.01 1.39740.024

. : - BuCN 0.83+0.10 0.23-0.03 0.54+0.03 1.319+ 0.004
whereT is the absolute temperaturg,is the solvent affinity

factor (unity for aprotic solvents)s is the molecular mass of ) ] ] ]
the solvent,; is the solvent viscosity, and the molecular ~ PlOts were obtained (wittR? = 0.996) which yielded values
volumesé for the respective diffusion coefficients that were all in good
The current response for each voltammogram was normalized@dreement with those predicted by the Witkehang method.
by division by the respectivéim and the middle 60% of the The analysis copﬂrr_ned that these_ co_mpounds exhibit a simple
wave was plotted against the potential to produce a “normalized one-ele_ctron oxidation, and the kinetic _pa_rameters derived are
voltammogram”. These data were then input into the computer ShoWn in Table 1 (mead- standard deviation). o
program described above and optimum valuekoof., andE° For the case where the same molecule is studleql in a
were calculated simultaneously for each voltammogram and theNomologous series of solvents, if we assume that terms in eq 1
mean values taken. Figure 4 shows the 3-dimensional surfaceSUch @scei, Ky, andAG* are approximately unchanged in each
plots forko, E, andko, o respectively, as they vary indepen-  SOlvent, the resulting relation is
dently with MSAD. The plots show single minima, demonstrat- 1
ing that there is only one set of optimized values. ko= At (13)
The same procedure was repeated for the oxidation of DPA \ynare
in PrCN (0.63 mM) and BuCN (1.02 mM) so that the kinetic

information could be used in conjunction with the DPA in AGH |12 —AG
MeCN data obtained previoustyIn all cases, excellent Levich A= kKol 57 €x
47RT] RT
(65) Levich, V. G.Physicochemical Hydrodynamid3rentice-Hall: Englewood
Cliffs, NJ, 1962. (67) Rees, N. V.; Klymenko, O. V.; Maisonhaute, E.; Coles, B. A.; Compton,
(66) Wilke, C. R.; Chang, PAm. Inst. Chem. Eng. 1955 1, 270. R. G.J. Electroanal. Chem2003 542, 23.
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Figure 6. Randles-Sevik plot for 5.3 mM AN in 0.25 M TBAP/MeCN
(gradient= 9.69 x 1073; R2 = 0.994).

Figure 5. Plot of kg vs 7. 71 for DPA in alkyl cyanides (gradient 1.84
x 107%cm; R2 = 0.996).

Table 2. Kinetic Parameters Obtained for the Oxidation of .
Anthracene Derivatives in Acetonitrile fasterko than the monosubstituted (e.g., DCA vs CA) and others

where the opposite is found (e.g., DCNA vs CNA).

compound kofem s~1 o EPV (vs Ag) . )

oA > 175041 051£ 0,04 12905 0.003 For comparison purposes, it was attempted to measure the
DPAS? 094+ 016 0.53% 0.02 1.400% 0.010 .elect.ron transfer for the oxidation of anthracene (AN). However,
CA 1.144+ 0.09 0.52+ 0.03 1.513 0.029 in this case only, measurement by the HSChE was prevented
DCA 2.004+0.35 0.51+ 0.01 1.528+ 0.002 by slow, slight fouling of the electrode during the course of the
S%A é-g;i 8-5 8-2& 8-82 i-g?ﬁ 8-882 experiment. Fast-scan cyclic voltammetry using microdisk
NA 107+ 0.09 0.50% 0.01 17425 0.004 electrodes was therefore_ chosen tq record the voltammetry, _due
AN 0.94+ 0.30 0.50 to the ease of mechanical cleaning of the electrode during

experiments. Experiments were conducted on a solution of 5.3
mM AN in a solution of 0.25 M TBAP and MeCN using a 6.5
Plotting the determined vales kf against the reported inverse  um radius platinum disk electrode, with thorough cleaning (by
longitudinal dielectric relaxation times (MeCN 0.20 ps, EtCN the method outlined above) carried out between each scan. It
= 0.31 ps, PrCN= 0.52 ps, BUCN= 0.74 ps)3® we obtain the was found that at a voltage scan rate of ca. 50 kV there
linear plot with a zero intercept in Figure 5. This is in precise was an approximate peak ratio of 1:1, which was in agreement
agreement with eq 13, showing that changes in the tagns  Wwith literature®®.7° A series of CVs were then recorded, using
Kp, and AG* are either small or compensate each other such full iR compensation, at scan rates between 50 and 300kV s
that they are not significant on an experimental scale, thus and the peak currents and separations were noted. A plot of the
justifiying the assumptions made. This suggestsitha indeed peak currents againt the square root of scan rate yielded a
controlled purely by solvent reorganization for this particular straight line passing through the origin (see Figure 6), which
system, in common with several othéts33 Note that in was interpreted in terms of the RandiSevik equatiorf®
solvents outside the RCN series, for examMe\-dimethyl- 3 21 1

formamide (DMF), thek will not lie on this line, since solvation |, = (2.69x 10°)n*?ar DAl (14)
differences can significantly affect the magnitude&gfx, and
AG*. This is the case for DPA in DMF, where analogous
experiments have yieldekh = 0.32 4 0.05 cm st which is
faster than predicted on the basis of the RCN data.

to obtain a value for the diffusion coefficient (at such high
voltage scan rates, it is reasonable to approximate the diffusion
to the microdisk as plan&). A simple E-reaction prograrf?
Oxidation of Anthracene Derivatives in Acetonitrile. To was then used to simulate peak separations until a match with
experiment was was found, and the valué&gpivas noted. This

further explore the applicability of this theoretical model to ted f h volt i 0.5) and
anthracene electron transfer, analogous experiments were con'Vas repeated for each voltammogram (assurnirg 0.5) an

s .
ducted for 0.92 mM PA, 0.61 mM CNA, 058 mM DCNA, 0.99 2 meanko ;epgr;ed o be .O'ng 0'3|0 Crgzso > The re'a“(‘j’e'y A
MM NA. 1.10 mM CA. and 0.85 mM DCA in MeCN. In all  'rge standard deviation in this value (32%) compared to that

cases, excellent Levich plots were obtained (e 0.996) obtained for similar meak, values measured by the HSChE

which yielded values for the respective diffusion coefficients (8—17%) reflects the higher level of precision that the latter

(see Table 3) that were all in good agreement with those methoq offers, . . .
predicted by the Wilke Chang metho@ The analyses con- The interpretation of this result together with the steady-state

firmed that these compounds exhibit a simple one-electron d?:ﬁ r?quwe _amorebdetaned C%nf'dsrqtlon .Of i? 1{:’1 az nc;_ttall
oxidation, and the kinetic parameters derived are presented in®' (e terms InA can be assumed to be invariant to the identity

Table 2 (meant standard deviation), with accompanying (69) Hammerich, O.; Parker, V. @hem. Communl974 245.

contour plots shown in the Supporting Information. The values (70) Howell, J. O.; Wightman, R. M. Phys. Chem1984 88, 3915.
f £ 0.68 t0 2.17 <4 with t si | (71) Bard_, A J; Faulkner, L. FEIec_trochemlcal Methods: Fundamentals and
or ko vary from 0. 0 Z.1/ cm'S, with no apparent simple Applications 2nd ed.; John Wiley: New York, 2001; p 231.

explanation. In some cases the disubstituted anthracene has &2) gAJ%e”’J'A‘; Hutchinson, F.; Compton, R. & Phys. Chem. B997 101,

(73) Rees, N. V.; Klymenko, O. V.; Compton, R. G.; Oyama,MElectroanal.
(68) Krishnaji; Mansingh, AJ. Chem. Phys1964 41, 827. Chem.2002 531, 33.
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of the electroactive compound. First, the free energy of

activation can be expressed as a composite of the inner- and

outer-sphere reorganization energigsandi,, respectivelyf,”
such that

AGH = %(Ai + ) (15)

For a predominantly outer-sphere electron-transfer process, the

major contributor to (15) is the outer-sphere reorganization

energy
LN 1y o1
°  Bme\r 2d)\e €

wheree is the electronic charge] is the distance from the
reactant to the metal surface (which is usually set to infinity
following Hale’¥), eqp is the optical permittivity, ands is the
static permittivityl4 The valuer is the radius of the molecule,
which we have taken to be thgydrodynamiaadius, and can
thus be calculated from the StokeSinstein equatiorf®

(16)

= KT
PrnD

17)

in which # is the viscosityD is the diffusion coefficient, and

P is either 4 or 6 depending whether the “stick” or “slip” limit

is assumed for (17F The choice of hydrodynamic radius would
appear more attractive than a radius derived from calcula-
tiong® 76 or solid-state crystallographic data, since it is directly
related to an experimentally measured diffusion coefficient in
the reaction solutio”® However, while calculating the radius

r

Figure 7. General form for eq 19%o as a function of. Parameters used
for this areB = 1.5 A~ andQ = 6.00 x 10°cm s}, being of the same
order of magnitude as those found to be experimentally valid.

Table 3. Measured Diffusion Coefficients for Anthracene
Derivatives in Acetonitrile, and Hydrodynamic Radii Inferred from
the Stokes—Einstein Equation (P = 4)'

compound D x 105/cm?s~1 r/A
PA 1.72+0.14 5.35+ 0.44
DPA®2 1.40+0.11 6.94+ 0.54
CA 2.30+ 0.25 4.07+ 0.33
DCA 1.98+ 0.17 4.68+ 0.37
CNA 2.59+ 0.25 3.67+0.29
DCNA 1.34+0.10 7.20+ 0.56
NA 2.39+ 0.15 3.90+ 0.31
AN 2.50+ 0.20 3.75£ 0.30

_ Kgexp[= B(6 — 0)]
Q= =

in this fashion is convenient, we are nevertheless assuming that
the electron transfer is orientation independent. In practice, some@nd

weighted average of orientations and their respective “radii” is
likely to be relevant. Nevertheless, the hydrodynamic radius
should mirror the true effective radius by some factor, and as
such will show the correct trend for our interpretation, even if
the calculation of the coefficients may be slightly inaccurate.
Second, the, term is a measure of the degree of adiabaticity
of the electron transfer, which is often assumed to be equal to
one’ In the case of outer-sphere electron transfer, however, it
is known that there is considerably weaker coupling between
reactant and electrode leading to nonadiabaticitherefore,
for nonadiabatic pathways, whetg < 1,
Ke1 = Kot €XPEB(r" = 0)] (18)
wherer' is the molecule-electrode separation,is the distance
of closest approach of the molecule and electrode, Baigla
constanf. For the case of outer-sphere reactions; r' < oo,
and if we rewriter’ = r + 9, then we can express (1) as

oo ] oo

where

(74) Hale, J. M. InReactions of Molecules at Electroddsush, N. S., Ed,;
Wiley: London, 1971; p 243.

(75) Bockris, J. O'M.; Reddy, A. K. NModern Electrochemistry 1: loni¢s
2nd ed.; Plenum Press: New York, 1998.

(76) Kapturkiewicz, A.; Jaenicke, WJ. Chem. Soc., Faraday Trans.1B87,
83, 2727.

LV CANE ]
w_SZnGORT(E_Op e:)

This expression suggests a plokeiersus, the hydrodynamic
radius of the molecule, would be meaningful. The form of this
expression indicates the plot shown in Figure 7, which undergoes
a steep rise before passing through a maximum and rapidly
decaying toward zero.

The heterogeneous rate constants measured in MeCN have
been plotted against their hydrodynamic radii, the values for
which are given in Table 3, having been calculated from eq 17
using the “slip” limit of P = 4. This shows a maximum in the
rate constant, at an optimal valuergfwith lower values okg
for lower and higher radii. This shape is analogous to that of
eq 19, but it is simpler to fit the experimental data using a
linearized form of the above equation, which for convenience
can be rendered dimensionless by making the substitugiens
riy, f = 9B, and introducing a arbitrary rate constantkof=
1 cm st and settindk = ko/k' andq = Q/K'. Equation 19 then
can be written as

(b
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In(Ky"™) + (1ly)
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Figure 8. Best fit plot of [IN(K(y)¥? + 1A] vs y for the anthracene
derivatives in MeCN. Concentrations are as given in the text and the
compounds are numbered as follows: (a) AN, (b) CNA, (c) NA, (d) CA,
(e) DCA, (f) PA, (g) DPA, (h) DCNA.

2.5

riA

Figure 9. Plot of kg vs r for anthracene derivatives in MeCN using the
valuesB = 1.37 A1 andQ = 4.00 x 10°%cm st derived above from the
linear plot in Figure 8 for the optimum fit of the data. The concentrations
are as given in the text and the compounds are numbered as follows: (a)
AN, (b) CNA, (c) NA, (d) CA, (e) DCA, (f) PA, (g) DPA, (h) DCNA.

o)

This graph is shown in Figure 8 and yields a linear plot with
a gradient of 51.06 anB2 = 0.996. From this plot, values of
Q andB can be extracted using the known value foof 37.3
A. This givesB = 1.37 A1andQ = 4.00x 10°cm s L. These
values are physically reasonable, Bsvalues have been

In(K+y) +$ (1)
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reported’” to range typically from 1 to 2 AL These values

can then be input into the original formula (19) to visualize the
direct relationship betweeky andr, as shown in Figure 9. It
should be noted that in the above analysis no account has been
taken of double layer effects!!

By implication, given the assumptions and approximations
made above, the maximum rate constant for the oxidation of a
similar anthracene molecule in acetonitrile would be around
2.0-2.3 cm s, which would correspond to a hydrodynamic
radius of ca. 5.1 A. To the best knowledge of the authors, this
is the first attempt to rationalize the trendskjiamong a series
of related compounds within the same solvent using this
theoretical framework in which the hydrodynamic radii are used
for the molecular dimensiomr)appearing in eq 19. The results
show an excellent correlation between the experimentally
determined heterogeneous electron-transfer rate and the function
generated from the Marcus eq 19, thus suggesting that the
hydrodynamic radius is the appropriate measure of molecular
size for this context.

Conclusions

The HSChE has been used to meadast heterogeneous
electron-transfer rates under steady-state conditions, thereby
avoiding the problems of charging currents @Rdosses. This
has enabled guantitatve assessment of Marcus Theory to be
made with confidence in the experimental data. Specifically,
the dependence & on both the solvent longitudinal dielectric
relaxation ¢_) and hydrodynamic radius)(have been inves-
tigated separately and the results from theoretical models
verified.
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