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The inner reorganization energy of the cation radical of 1,4-bis(dimethylamino)berizéas,been determined

to be 0.72+ 0.02 eV by means of gas-phase photoelectron spectroscopy (PES). PES studies of 9,10-bis-
(dimethylamino)anthracen®, and 3,6-bis(dimethylamino)duren®, demonstrate that their reorganization
energies are smaller than thatlofThe effect of lowering the inner reorganization energy on the rate constant

for an electrochemical electron-transfer reaction is to increase the electron-transfer rate danstawever,
voltammetric studies of the two-electron oxidation2odnd 3 indicate that the values & for each step are
smaller than those fot, in contradistinction to the measured differences in reorganization energies. The
voltammetric studies a? and3 were reinterpreted according to a mechanism in which each step of oxidation
was written as a two-step process, electron transfer with a small inner reorganization energy plus a chemical
step of structural change. The agreement of simulations according to this mechanism with the experimental
data was excellent. The new reaction scheme eliminated some suspicious features previously obtained with
an analysis where electron transfer and structural change were considered to be concerted. In particular, all
electron-transfer coefficients were close to one-half, whereas the earlier treatment produced valaes of
much larger or smaller than one-half.

1. Introduction of 2 and3 were several orders of magnitude smaller than seen
for 1. The claim was advanced that the structural changes
underlying potential inversion were also responsible for much
larger inner reorganization energies fband3 compared td

where the internal structures of the neutral, cation radical, and
dication are quite similar. Therefore, the electrochemical kinetics
were interpreted in terms of a concerted electron-transfer/
| structural-change process with a large inner reorganization

energy: Appropriately large reorganization energies were

differences. First, cyclic voltammograms »&nd3 show only
one two-electron oxidation peak and one two-electron reduction calculated based on the large structural changes that were found
féom AM1 calculations.

peak. That is, the two separate one-electron processes observe . . . )
with 1 have been replaced by a single two-electron reaction. AN alternative, recognized in the earlier wdrkjas that the

The results were previously interpreted as being an example of€lectron-transfer reactions were actually two-step processes, e.g.,
potential inversion, in which the removal of the second electron electron transfer followed by structural change. To distinguish

from 2 and3 occurs with greater ease than removal of the first. (hese two possibilities, concerted vs two-step reactions, an
The causes of potential inversion are the significant structural independent assessment of the inner reorganization energy is

changes that accompany the oxidation reactions. These conclu'€c€ssary.
sions remain solid up to this date. It has recently been demonstrated that it is possible to obtain
inner reorganization energies of cations formed from isolated
neutral molecules by gas-phase photoelectron spectroscopy
(PES)? PES directly measures the transition from the neutral
OOO state to the cation state as the vertical ionization energy, and
the shape and/or vibrational structure of the ionization band give
information on the cation inner reorganization energy,.
PN PN N Compared to other experimental methods used to analyze
1 2 3 reorganization energies, gas-phase photoelectron spectroscopy

. . has the advantage of allowing direct measure of the inner
The second difference is that the standard heterogeneous L . o

.. _reorganization energy without contribution from solvent or other
electron-transfer rate constants for the two steps of oxidation

environment factors.

* To whom correspondence should be addressed. E-mail: dhevans@ N the present work, we have studige3 by PES and have
email.arizona.edu. determined a quantitative inner reorganization energy of 0.72

Studies of the electrochemical oxidation of 1,4-bis(dimethy-
lamino)benzenel, 9,10-bis(dimethylamino)anthraceri,and
3,6-bis(dimethylamino)duren&, have been reportédCom-
poundl behaves in a completely normal fashion, showing two
reversible one-electron oxidation steps to form the stable cation
radical and dication. Compoundsand 3 show significantly
different electrochemical behavior. There are two principa
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+ 0.02 eV forl™. A complete band-shape analysis of the spectra  The reorganization energy analysis of photoelectron spectra
of 2 and3 was not possible, but a qualitative conclusion was has been described in detail previou¥ly.
unavoidable: the inner reorganization energies of the cations 2.3. Electrochemical Cells, Electrodes, and Instrumenta-
of 2 and3 must be smaller than, not larger than, thatldbr tion. All electrochemical experiments were performed using an
the cation radical/neutral process. EG&G Princeton Applied Research Potentiostat/Galvanostat,
So itis clear that the more sluggish electron-transfer kinetics model 283, using a standard, jacketed three-electrode cell (10
of 2 and 3 compared tol cannot be ascribed to larger mL). The experiments were conducted at 298 K using a
reorganization energies. The only viable alternative is to assumecirculating water bath. The working electrode was a nominally
that the reactions are not electron transfers concerted with0.3-cm diameter glassy carbon disk electrode, a platinum wire
structural change, but that they must be two-step reactions,served as auxiliary electrode, and the reference electrode was
electron transfer followed by structural change. In the present an Ag/Ag" electrode (a silver wire immersed in 0.10 M Bu
work, new voltammetric measurements were obtaine@ ford NPF5/0.01 M silver nitrate/acetonitrile). The reference electrode
3 and the results were successfully analyzed in terms of two- was separated from the test solution by a porous Vycor frit
step reactions as opposed to the concerted electron-transfer(Bioanalytical Systems). The potential of the silver reference

structural-change reactions postulated earlier. electrode was periodically measured vs the potential of the
ferrocenium/ferrocene couple in the solvent being studied, and
2. Experimental Section all potentials are reported vs ferrocene. The highly polished

glassy carbon electrode was repolished before use with 0.05-
um alumina paste (Buhler), rinsed with water, and sonicated
for 5 min in water. It was then rinsed with acetone and dried
with a tissue. The area of the electrode was determined to be
0.0814 cmM based on simulations of voltammograms of known
concentrations of ferrocene in acetonitrile at 298 K using the
consensus value of 2:6 1075 cé/s for the diffusion coefficient
of ferrocené The solution resistanc®,, was almost completely
compensated VigR compensation through positive feedback.
The residualR, was included in the simulations of the
voltammograms.

2.4, Calculations.Digital simulations were conducted using

- ! DigiSim from Bioanalytical Systems, version 3.03, or DigiElch,
electron spectra were recorded using an instrument that feature§/ersion 2.0, a free software package for the digital simulation

a 36-cm hemispherical analyiéan_d custom designed phot(_)n of common electrochemical experiments (http://www.digielch-
source, sample cells, and detection and control electréhics. de)s

The ionization energy scale was calibrated using iRg,
ionization of argon (15.759 eV) and th&;), ionization of
methyl iodide (9.538 eV). The argdiPs, ionization also was
used as an internal calibration lock of the absolute ionization
energy to control spectrometer drift throughout data collection.
During data collection the instrument resolution, measured using

the full-width-at-half-maximum of the argo?Ps; ionization, . .
was 0.016-0.021 eV, 3. Results and Discussion

2.1. Chemicals and Reagent#nhydrous acetonitrile (AN,
Aldrich 99.8%, <0.001% HO) was used as received and
transferred via syringe under nitrogen. Tetrabutylammonium
hexafluorophosphate (BNPFs, Fluka) was recrystallized three
times from absolute ethanol and dried in a vacuum oven at 100
°C for 24 h before use. 1,4-Bis(dimethylamino)benzene (or
N,N,N',N'-tetramethylp-phenylenediamine) was obtained from
Aldrich and used as received. 9,10-Bis(dimethylamino)an-
thracene2, and 3,6-bis(dimethylamino)durerg were prepared
as described earliérNitrogen, presaturated with solvent, was
used as the purge gas.

2.2. Photoelectron SpectroscopyGas-phase He | photo-

Complete geometry optimization and frequency calculations
were performed according to the density functional theory (DFT)
using the B3LYP/6-31G(d,p) level with the Gaussian 03
program’ For the radical cations, the corresponding unrestricted
(UB3LYP) method was used.

The samples ofl and 3 sublimed cleanly with no visible 3.1. Photoelectron Spectroscopy of-13 and the Deter-
changes in the spectra during data collection. The sam@®e of mination of the Inner Reorganization Energy of 1.The gas-
had some anthraquinone present, which was more volatile thanphase valence photoelectron spectra-e8 are shown in Figure
2, and the spectrum reporteddfvas collected after ionizations 1. For all three of these molecules, the ionizations at lower than
from this contaminant were no longer present. Data was about 10.5 eV are associated with removal of an electron from
collected in a sublimation temperature range 1@ at 104 orbitals of principally arenexr and/or nitrogen lone pair
Torr) of 23-25 for 1, 75-90 for 2, and 25-27 for 3 character. Fol (Figure 1A), there are four ionization features
(temperatures were monitored using a “K” type thermocouple observed in this lower energy region. These four ionizations of
passed through a vacuum feedthrough and attached directly tol are associated with the molecular orbitals formed by the
the ionization cell). symmetry-allowed combinations of the symmetric and anti-

The first ionization band ol was represented analytically —symmetric combination of N lone pairs and the two arene
with the best fit of symmetric Gaussian functions. The vertical orbitals that evolve from the benzenerbitals of eg symmetry.
length of each data mark in the spectra represents the experifor 3 (Figure 1B), four ionizations are again observed, but
mental variance of that point. The fitting procedures are because the steric encumbrance forced by the methyl groups
described elsewhef& A minimum number of Gaussian peaks on the durene ring twists the nitrogen lone pairs toward the
and variable parameters were used to obtain a reasonablglane of the arene, much less electronic communication between
statistical model of an ionization band intensity contour. The the nitrogen lone pairs and aremesystems occurs, so the
Gaussians were constrained to have the same widths becausebserved ionizations are not spread over as large an energy range
all are associated with similar electronic states. The relative as observed fot. Rather, all four of these ionizations 8fare
integrated peak areas are known withinr% confidence located under the single band centered at about 7.8 eV. Note
limits. Because of electron scatter, the major source of uncer-that while 3 might be anticipated to be easier to ionize tHan
tainty was the determination of the base line, which was assumeddue to the electron releasing properties of the four methyl
to be linear over the small energy range of the first ionization substituents, the steric effects cause the ionization energy of
band in these spectra. to actually be nearly a full electronvolt higher than thatlof
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Figure 1. Gas-phase photoelectron spectra of the valence ionizations
of (A) 1,4-bis(dimethylamino)benzeng, (B) 3,6-bis(dimethylamino)-
durene,3; and (C) 9,10-bis(dimethylamino)anthracege,
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Figure 2. Gas-phase photoelectron spectrum of the first ionization of
1,4-bis(dimethylamino)benzeng, The ionization band shape is mod-
eled with a fit using a series of Gaussian functions with a spacing of
0.17 eV (1400 cmt); the residual-of-fit is shown at the top of the figure.

6.0

The spectrum of (Figure 1C) contains additional ionization

Gruhn et al.

TABLE 1: Comparison of Two Separate Quantitative
Analyses of the Reorganization Energy from the
Photoelectron Spectrum of 1,4-Bis(dimethylamino)benzene,
1a

hy S AQM AS¢ At
0.17 3.75 0.64 0.10 0.74
0.12 5.49 0.66 0.04 0.70

a All energy values in eV.
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Figure 3. Comparison of the lowest ionization energy regions of the
photoelectron spectra of (A) 1,4-bis(dimethylamino)benzé&n@) 3,6-
bis(dimethylamino)durene3; and (C) 9,10-bis(dimethylamino)an-
thracene2.

11 10

many vibrational modes rather than one particular mode, but
the regular spacing of Gaussians achieved in this fit can be used
to represent an average of many vibrational contributions by
mode averagin§®¢ Alternative analytical models of the ioni-
zation intensity were also investigated to estimate the confidence
levels of the reorganization energy determined from the experi-
mental data. Setting different widths and spacings of the vibra-
tional components besides those shown in Figure 2 can also
yield reasonable models of the ionization profile with different
intensities; for example, data from a fit using a Gaussian spacing
of 0.12 eV &960 cn1l), which is the frequency expected for

features due to the additional occupied orbitals of the anthracenearyl ring-breathing modes, is also listed in Table 1. However,

7 system.
A close-up of the first ionization band @&fis shown in Figure
2; this band does show some partially resolved vibrational

note that modeling the structure with this smaller frequency
gives a proportionately large3 value, and the product of this
smaller frequency spacing and largevalue then gives nearly

structure that is modeled with a series of Gaussians. The spacinghe same value ofQM. Different models of the bandwidths

of the Gaussians shown in this figure is 0.17 e¥1400 cnm?),

contribute to uncertainty in the semiclassical contribution, but

which is in the energy region expected for vibrational modes because this contribution is only a small portion of the total
associated with the €N bonds of an arylamine. Using a reorganization energy, it has little effect. The two analyses that
harmonic oscillator model, the relative intensities of vibrational were performed give essentially the same value for an inner
components under an ionization band should be related by areorganization energy, considering the confidence limits of the
Poisson distribution that can be evaluated in terms of a unitlessdata collection and analysis, and taken together allow us to
distortion parameterS® and, indeed, the intensities of the assign an inner reorganization energy of 072.02 eV.
Gaussians shown can be related by a Poisson distribution with For several reasons a quantitative analyses of the inner
anSvalue of 3.75. Multiplying the vibrational spacing frequency reorganization energies @ or 3 is not possible; however, a
(hv) by S gives a quantum mechanical contribution to the qualitative result from simple visual comparison of the widths
reorganization energylg™).82 Any unresolved low-frequency  of the first ionization features can be reached (Figure 3). As
modes, if present, result in the width of the Gaussians used toexplained previously, the first ionization band3is under the
model the individual vibrational components. After taking into same band structure as the next three ionizations, so it is not
account the width of these Guassians that is caused bypossible to quantitatively analyze the shape of this band.
instrumental line broadening, these low-frequency modes canHowever, considering that the overall width of the first
be treated semiclassically to give a contributiSA82 Of course, ionization ofl is nearly as wide as the entire band that contains
the vibrational structure observed is most likely the result of these four ionizations fd3, it is obvious that the first ionization
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Figure 5. Cyclic voltammogram of 1.34 mM 9,10-bis(dimethylamino)-
anthracene?, at a glassy carbon electrode in acetonitrile containing
0.10 tetrabutylammonium hexafluorophosphate. Scan rate: 1.00 V/s.
Temperature: 298 K. Full curve: background-corrected experimental
voltammogram. Symbols: simulation using parameters given in Table
1.

100 |
Figure 4. Optimized structures of neutral (a), cation radical (b and or
b'"), and dication (c) of 9,10-bis(dimethylamino)anthracede, <
. 3. 100 F
of 3 must be more narrow than that bf The shape of the first =

ionization band oR is complex and cannot be modeled with a
Poisson distribution, but again the band can be visually observed -200 |-
to be more narrow than that df. The inner reorganization

energies of2 and 3 must therefore be smaller than that bf ® 1.52 mM. 1.00 V/s
. . . 2300 . , L i
3.2. Computation of Structures of Neutral, Cation Radical, E——
and Dication of 2 and 3.The results of DFT calculations show 0.4 0.2 0.0 —2-2 04 -06
for both2 and3 that the neutral species possesses an undistorted Evs.Fc'/Fc/V

ring system with the dimethylamino groups, pyramidal at Figure 6. Cyclic voltammogram of 1.52 mM 3,6-bis(dimethylamino)-
nitrogen, turned out of the plane of the ring system (illustrated durene,3. Other conditions as in Figure 5.

for 2 in structure a, Figure 4). Two isomers of the cation radical SCHEME 1

were identified, one with the dimethylamino groups partially
turned into the plane of the ring system with resulting distortion
of the ring system (B. The second form involved a folding of
the molecule to create a boat form in the ring (central ring of
2) with the two planar dimethylamino groups on the same side
of the molecule (b). The structure of the dications was similar

.
pCc?* =—— bpC*

to the latter form of the cation radical but with a more severe CR** CR™ CR
folding (c). ¢

In earlier calculations by AM1only the second, folded form \
of the cation radical was identified. The first form, newly )
discovered here, is suggested to be the relaxed form of the N € N

cations formed by PES.

3.3. Cyclic Voltammetry of 2 and 3.Data were obtained in  radical, and dication, respectively, and the charge, if any, is
acetonitrile containing 0.10 M BMPF; at scan rates of 0.1,  given in the superscript. Thus,"Nindicates a cation radical
0.2,0.3,0.5, 1, 2, 3, 5, 10, 20, and 30 V/s at a glassy carbonwith structure very similar to the equilibrium neutral structure
working electrode at 298 K. The background current obtained whereas CR" is the cation radical in its equilibrium structure.
in the absence d? or 3 was subtracted from the experimental The chemical reactions (conformational changes or isomeriza-
voltammograms before analysis. The effects of solution resis- tions) are shown by the vertical arrows, and the parameters of
tance were compensated by positive feedback to the extent ofeach are listed in Table 3: equilibrium constaiisequilibrium
120Q, and the residual uncompensated resistanc&Xl@as concentrationsg,, and rate constantg;. Electrode reactions
included in the simulations. One representative voltammogram are shown by horizontal and diagonal arrows, and their
of each compound is given in Figures 5 and 6, and the completeparameters are also listed: formal potenti&fs,, standard rate
set of simulations compared to data is given in the Supporting constantsks m and electron-transfer coefficients,. As in any
Information. square scheme, the formal potentials and equilibrium constants

Interpretation of the voltammetric data will be discussed in are interrelated. Once values for the parameters of three sides
terms of the conjoined square schemes shown in Scheme 1of a square have been assigned, the value of the parameter of
Here N, CR, and DC denote structures of the neutral, cation the fourth is defined by thermodynamics. Similarly, for a
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TABLE 2: Parameters Used in Simulationg As shown above, the original conclustothat substantial
9,10-bis(dimethylamino)-  3,6-bis(dimethylamino)- stru_ctural changes_occu_r upon oxidatior2@nd3 to their (_:ation
anthracene? durene3 radicals and dications is supported by DFT calculations. The
parameter neutral compounds feature undistorted rings with the dimethy-
Analysis According to Two One-Step Electron Transfers (Ref 1) lamino groups turned out of the plane. The cation radicals have
ECR*/N _8-(2)35\2 / —0.222V 06080\/11 . 0173V two structures of comparable energy, one with the dimethy-
Ofé;f:’NN 0.40 cmss 0.20 cmis lamino groups turned into the plane with resulting distortion of
Ebcticr  —0.46 V —0552\" —0.14V —0.248 \p the ring an(_j one a folded structure with a boat-shaped (central)
kspcticrs  0.0011 cm/s 0.00029 cm/s ring. The dication structure is folded.
ODC?*/CR' 0.85 0.70 .
oot —038V 0387\ —0.04V 0038\ The alternative to a concerted structural change and electron
) ) transfer with a large inner reorganization energy is a two-step
< 43, yiRlysis According to Sclhizéi%rff process in which electron transfer either precedes or follows
kNCf’C”; 45t 14x 10551 the structural change which is a purely chemical process
Keron 0.3x 10551 10x 1Bst (conformation change or isomerization) that occurs in solution
Kertn® 3.1x 10° 130 near the electrode. The first step of oxidation is then described
QLW g.gx 182 s i-gx ig s by the square scheme on the lower right of Scheme 1. The
RT—N* L9 X S O X S .
Koc og® 325 107 79 105 seC(_)nd stgp appears_ln the upper left. _
Kert—pc* 9.7x 1®st 3.7x 10¢st Simulations according to Scheme 1 were fit to the dat&for
Kpct—crt 35x 10°s? 47x 10s™? and 3 as shown in Figures 5 and 6 and in the Supporting
Koccrer 18 B 3.4x10° Information. The same parameter values were used to fit all
ker—pczt  41x 1°s?! 5.8x 10¢s? tes (Table 2). Th ber of points to b d
Koot —cre 2.2x 108 st 17 51 scan rates _( able ). \ere are a number of points to be made
E°oc2pet  —0.702 V —0.491V about the fits of simulation to experiment.
kspepct 14 cmi/s 0.67 cm/s First, the voltammograms for both compounds can be
E'cricr —0.476 V —0.040V adequately fit by Scheme 1 using the same parameter values
ks,cretICR 0.10 cm/s 0.026 cm/s - .
E°criion  —0.540V 0292V for scan rates from 0.1 to 30 V/s. This shows that the earlier
ks criicR 0.024 cm/s 1.4 cm/s analysis that assumed concerted structural change and electron
E°N*IN —0.016 V 0.298 VvV transfer is not the only model that will account for the results.
Ksv'm 1.2 cm/s 1.2cmfs Second, the electron-transfer rate constants obtained by using

a Potentials are referred to the formal potential of the ferrocenium/ Scheme 1 are not abnormally small, the smallest being 0.024
ferrocene couple’ Values calculated from formal potentials and cm/s. This contrasts with values as small as 2.904 cm/s
equilibrium constants from analysis accordi_ng to Scheme 1 (see lower that were required in the earlier analysishich fact prompted
part of table)®The overall formal potential for the two-election  ne gyggestion of large inner reorganization energies. Third,
oxidation which is the average of the individual formal potentials of . . . .
each step? Values of all transfer coefficients were 0.5 exceptdar, unllkg t_he previous analysis where the required electron-transfer
which was slightly smaller, 0.47. coefficients differed markedly from one-half (e.g., 0.20, 0.85,

and 0.70), the values were indistinguishable from one-half when
triangle, only values of the parameters of two sides can be freely €valuated according to Scheme 1. This results, of course, from
adjusted. Once they have been assigned, the parameter of thtéhe fact that the electron-transfer reactions in Scheme 1 are much
third side is defined. The diagonal electrode reactions correspondmore reversible so that the voltammograms are relatively
to concerted structural change and electron transfer. insensitive to the value of the transfer coefficient. This is the

As was shown earlierthe cyclic voltammograms o and most satisfying feature of the analysis according to Scheme 1
3 can be accounted for by two steps, each a concerted structurabecause it eliminates the suspicious values of transfer coef-
change and electron transfer. The first step is oxidation of N to ficients found earliet.

CR™ and the second oxidation of CRto DC?*. The parameter Fourth, the actual magnitude of the rate constants in Table
values that were found are given in Tablé 2s explained 2, both chemical and electrochemical, cannot be regarded as
earlier, the fact that the values of the standard electron-transferbeing quantitatively accurate. We simply report the set of values
rate constants fo2 and 3 were much smaller than far was that we found by optimizing fits to the data. Still, it is useful to
attributed to postulated large structural changes accompanyingconsider the qualitative features. For example, the first step of
the electron transfers o2 and 3. In other words, it was oxidation can in principle proceed by two routes, either electron
concluded that the inner reorganization energies for the electron-transfer (N— N** + e7) followed by structural change (M
transfer reactions were large. However, as shown in the first — CR™), an EC (electrochemical/chemical) path, or structural
part of this paper, the inner reorganization energies for the first change (N— CR) followed by electron transfer (CR- CR*™

step of oxidation of2 and3 are actually smaller than that of + e7), a CE (chemical/electrochemical) path. The optimized
1. This result requires a reevaluation of the electrochemical parameter values lead in turn to values of the kinetic parameters
data. for EC and CE mechanish¥ which show that the first step

TABLE 3: Definition of Parameters for Scheme 2

chemical reactions electrode reactions
(vertical) (horizontal) (diagonal)
Kerin = Cer/Cn = Kn—cr/Ker—n E°bc?ipct; Kspc?*ipct; 0pc?tipet E°bc?icrt; Ks,p*icrt; Qpc?icrt
Kertint = Cert/Cnt = Knt—cri/Ker—n+ E°creticrt; Ks,cRTICRT; OCRETICRT E°crN; Ks.crON; OlCRTN
Kbctiert = CoctlCert = Kert—petKoct—crt E°crticr; Ks,criicR; Qlert/cR
Kpc2ticret = Cpc2t/Ceret = Keret—-pc2 /Kpc2—-cré* E°ntin; Ks NP/ 0NN

aKji: equilibrium constant for k= j. ¢;: equilibrium concentration of jk.j: rate constant for k= j. E°, ks ou: Standard potential,
standard electron-transfer rate constant, and electron-transfer coefficient-far k= .
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occurs exclusively by the first path, electron transfer followed  Supporting Information Available: Comparison of simula-
by structural change (EC). Similar qualitative analyses can be tions with experimental voltammograms f@ and 3. This
performed on the second oxidation step. material is available free of charge via the Internet at http://
Fifth, the formal potentials and equilibrium constants from pubs.acs.org.
the present analysis may be combined to obtain the formal
potentials for the two diagonal reactions in Scheme 1. These References and Notes
may be compared with the formal potentials evaluated earlier
by assuming that each of these diagonal reactions was a (1) Hu, K; Evans, D. HJ. Electroanal. Chem1997, 423 29-35.
concerted structural change and electron trahéfable 2). The ¥ h(t2) kga) Amﬁhffegh X g\ﬂnkler/;X gbzRi;ogr%é;igé;sG(rg)hg l\:1 E,;
H V' : H H Ichtenberger, D. . yS. em. . runn,
algree.mer!t for .the mlel(_juaI poteptlals is poor and in Fhe N. E.; da Silva Filho, D. A;; Bill, T. G.; Malagoli, M.; Coropceanu, V.;
direction in Whlch analy5|s according to Scheme 1 pred|pt§ Kahn, A.; Braas, J.-L.J. Am. Chem. SoQ002 124, 7918-7919. (c)
greater potential inversion. It has already been noted that it is Coropceanu, V.; Malagoli, M.; da Silva Filho, D. A.; Gruhn, N. E.; Bill, T.
iffi i i i G.; Bredas, J.-L.Phys. Re. Lett. 2002 89, 275503-1. (d) Amashukeli,
QIfflclult to det'erm:(nthhedlet?rl_l't of Inversr:onf acculrately V\./hlen X.; Gruhn, N. E.; Lichtenberger, D. L.; Winkler, J. R.; Gray, H.B.Am.
itis large, as it is fo2 and3.1* However, the formal potential  chem. s0c2004 126, 15566-15571.
for the Over‘?” two-electron procedSoveran is in relatively good (3) (a) Siegbahn, K.; Nordling, C.; Fahiman, A.; Nordberg, R.; Hamrin.
(<30 mV differences) agreement (Table 2). ESCA: Atomic, Molecular and Solid State Structure Studied by Means of
Finally, it should be noted that our PES data speak only to Elethfon SBeCLUOSKC?IDngVISEt &KW”:Sfellsk; lj'pgsalg, 1963 (l%) Llcht-s
H H H : : enpberger, D. L.; Kellogg, G. E.; Kristoizski, J. G.; Page, D.; lurner, S.;
the.magthde of the 'f‘”er reorganlzathn energy for t.he (.:atlon Klinger, G.; Lorenzen. JRey. Sci. Instrum.1986 57, 2366. (c) Lichten-
radicals of1—3, which is relevant to the first step of oxidation.  perger, D. L.; Copenhaver, A. S. Electron Spectrosc. Relat. Phenom.
We have no information about the inner reorganization energy 1990 50, 335-352. (d) Amashukeli, X.; Winkler, J. R.; Gray, H. B.; Gruhn,
for the cation radical/dication reaction which might actually be N- E-; Lichtenberger, D. LJ. Phys. Chem. 2002 106 7593-7598.
larger for2 and3 compared td.. Thus, we fit the data with the (4) Hong, S. H.; Kraiya, C.; Lehmann, M. W.; Evans, D. Anal.
: . Chem.200Q 72, 454-458.
square scheme for the first electron transfer (lower right of (5) Macas.Ruvalcaba, N. A.; Evans, D. H. Phys. Chem. B005
Scheme 1) but a direct structural change/electron transfer for ;59 74642-14647. N PR TS '
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