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Abstract: X-ray crystallography identifies the aromatic donor group D ) 2,5-dimethoxy-4-methylphenyl to
be a suitable redox center for the construction of organic mixed-valence crystals owing to its large structural
change attendant upon 1e oxidation to the cation-radical (D•+). The combination of cyclic voltammetry,
dynamic ESR line broadening, and electronic (NIR) spectroscopy allows the intervalence electron transfer
between the redox centers in the mixed-valence system D-br-D•+ [where br can be an aliphatic trimethylene
or an aromatic (poly)phenylene bridge] to be probed quantitatively. Independent measures of the electronic
coupling matrix element (H) for D/D•+ electron exchange via Mulliken-Hush theory accord with the X-ray
crystallographic datasboth sufficient to consistently identify the various D-br-D•+ according to the Robin-
Day classification. Thus, the directly coupled biaryl D-D•+ is a completely delocalized cation in class III
with the charge distributed equally over both redox centers. The trimethylene- and biphenylene-bridged
cations D(CH2)3D•+ and D(ph)2D•+ with highly localized charge distributions are prototypical class II systems
involving moderately coupled redox centers with H ≈ 400 cm-1. The borderline region between class II/III
is occupied by the phenylene-bridged cation D(ph)D•+; and the X-ray, CV, and NIR analyses yield ambivalent
H values (which we believe to be) largely a result of an unusually asymmetric (20/80) charge distribution
that is polarized between the D/D•+ redox centers.

Introduction

Intramolecular electron transfer between inorganic redox
centers (connected by a bridge), originally identified and studied
in mixed-valence materials,1-3 has been increasingly extended

to organic redox centers owing to the wide variety of structural
possibilities that are potentially available.4-6 In the latter
connection, we now identify the 2,5-dimethoxy-4-methylphenyl
group hereinafter designated asD to be a particularly useful
organic (redox) donor since it undergoes the characteristic
quinonoidal distortion upon its 1e oxidation,7 i.e.
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As such, the use ofD will allow partial electron transfer to
be quantitatively evaluated at each redox center of the mixed-
valence cationD-br-D•+ (where br denotes the bridge); and a
linear regression is sufficient to reliably account for the relatively
small (but reproducible) geometric changes in the conjugated
(aromatic)π chromophore, i.e.8

whereqi is the partial (positive) charge over aD center,d0 and
d1 are the bond lengths in the neutralD and the one-electron
oxidizedD•+, respectively, anddi is the pertinent bond length
in a redox-center of the mixed-valence cation.

In this study, we initially exploit X-ray crystallographic
analysis to determine thestatic charge distribution in four
prototypical mixed-valence systems (MVS)9 in Chart 1.

The electronic interaction between the redox centers is then
revealed in the electrochemical oxidation of the neutral precursor
D-br-D, and the dynamic aspects of intramolecular electron
transfer are measured by temperature-dependent ESR line
broadening in the cation radicalD-br-D•+. Moreover, the
characteristic appearance of new intervalence (absorption) bands
in the near-IR (spectral) region can be used to test the
applicability of the Mulliken-Hush theory for predicting the
intramolecular electron-transfer rates in these (organic) mixed-
valence systems.

It is especially important to emphasize that the serial use of
the experimental techniques of (1) X-ray crystallography, (2)
cyclic voltammetry, (3) dynamic ESR line broadening, and (4)
electronic (UV-visible) spectroscopy correspond to the increas-
ing time resolution of hours, milliseconds, and nano/picosecond,
respectively, that is available for our probing the dynamics of
intramolecular electron transfer for the mixed-valence systems
included in Chart 1.

Results

I. Structure Analysis of Mixed-Valence Systems by X-ray
Crystallography. (A) Structures of D and D•+ Centers and
the Definition of Charge q. The neutralD moiety has the usual
planar (centrosymmetric) benzenoid geometry, as evaluated from
the Rsε bond lengths in the structure of the neutral donor
D(CH2)3D (see Table 1 for bond identifications). Thus, the
endocyclicR, â, and γ bond lengths are equal to within the
standard range of 1.397-1.400 Å.11 The exocyclicδ andε bond

lengths of 1.375(1) and 1.424(1) Å are also very close to the
standard values of 1.370 and 1.376 Å, respectively.11

Upon one-electron oxidation,D exhibited significant geo-
metric changes as seen from the values of theR-ε bond lengths
in the dication-diradical D•+(CH2)3D•+; (Table 2).12 This
system retains its local center of symmetry, but theR and â
bonds become elongated by+4.7 and+1.0 pm, respectively;
and theγ bonds are shortened by-2.5 pm in accordance with
major resonance contribution of the quinonoid structure (see
eq 1). Most remarkably, the exocyclicδ bonds exhibit the
greatest changesbeing shortened by-4.8 pm; and theε bonds
are elongated by 3.3 pm. As such, the quinonoid distortion of
p-dimethoxy-substituted benzenes is a very sensitive geometric
measure of their degree of oxidation. In particular, the large
magnitude of the geometrical changes allowed us to distinguish
(within (0.1e) among the neutral, cationic, and intermediate
(nonintegral) oxidation states ofD centers.13 According to
definition (eq 2),qi ) 0 in D(CH2)3D and qi ) +1.0 for the
two equivalent redox centers inD•+(CH2)3D•+ (as well as the
cationic center inD(CH2)3D•+ 14).

(B) Charge Distributions in Mixed-Valence Cations.X-ray
crystallographic analysis of the cation-radicals of the bridged
donors (Chart 1) revealed wide variations in the residual charge
qi on each redox center. For example, the biaryl donorD-D
upon 1e oxidation afforded the dark red crystalline salt
D2

•+SbCl6- in which bothD centers are essentially identical.15

Accordingly, the structure of each redox center inD-D•+ is
precisely intermediate between the geometries of the neutral
and cationicD groups. The values ofqi ) +0.5 for eachD
moiety, as evaluated by the crystallographic data, are listed in
Table 2.

The phenylene-bridged cationD(ph)D•+ containsD groups
that are structurally different from each othersthe geometry of

(8) Sun, D.-L.; Lindeman, S. V.; Rathore, R.; Kochi, J. K.J. Chem. Soc., Perkin
Trans. 22001, 1585.

(9) The synthesis of the neutral precursorsD-br-D, their 1e oxidation to the
monocations, and isolation of their crystalline salts for X-ray crystallography
are reported separately.8

(10) (a) Center-to-center distancer in the neutral donor and its cation radical
(in parentheses) determined by X-ray crystallography, except as noted
otherwise. (b) Taken as the average separation in the neutral donor and
dication.

(11) Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen A. G.;
Taylor, R.J. Chem. Soc., Perkin Trans. 21987, S1.

(12) (a) X-ray crystallography establishes the dication ofD(CH2)3D to be the
bis(cation radical),8 the ESR analysis of which will be reported separately.
As such, it represents a suitable model for the cationic center in the
monocationD(CH2)3D•+ which we have been unable (as yet) to obtain as
single crystals for X-ray analysis. (b) The UV-visible and ESR spectra of
D(CH2)3D•+ were obtained in solution from the (chemical) compropor-
tionation of the dication (see Experimental Section).

(13) The C-C bond lengths were generally obtained to a precision ofσ ) 0.003
Å by low-temperature X-ray crystallography.

(14) In Table 1, (a) the values ofqi were obtained from theδ andε bond lengths.
The same results are obtained by using the average change in the bonds.
(b) The same values ofq ) 0 and+1.0 were reported earlier.8 (c) See also
footnote 12a.

(15) Importantly, the absence of a crystallographic element of symmetry provided
critical evidence for the static nature of the charge distribution inD-D•+

(vide infra).

qi ) (d0 - di)/(d0 - d1) (2)

Chart 1
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oneD being closer to the neutralD, whereas the otherD has a
more cationic geometry. BothDs differed significantly from
either a pure neutral or cationicD center, and quantitative
evaluation according to eq 2 yielded an asymmetric charge
distribution ofqi ) 0.2 andqi ) 0.8.

The biphenylene-bridged cationD(ph)2D•+ contained the most
unsymmetrical charge distribution since the geometry of one
D center did not exhibit any geometric changes relative to that
extant in the neutral donorD(ph)2D, whereas the other
reproduced the standard geometry of a cationicD group (see
Table 2). In other words, it followed from eq 2 that the
completely unsymmetrical distribution of charge wasqi ) 0
andqi ) +1.0 at each end of the mixed-valence cation.

(C) Conformational Changes Attendant upon 1e Oxida-
tion of D-br-D Donors to the Mixed-Valence Cations.
Substantial changes in molecular shapes, particularly those
involving conformations about the D-br bond, accompanied
their 1e oxidation. Thus, the neutralD-D with essentially
orthogonal redox centers exhibits substantial planarization upon
its conversion to the mixed-valence cation. In particular, the
twist of æ ) 69.1° about the C-C bond inD-D was decreased
to æ ) 39.5° in D-D•+ (Figure 1), and this was accompanied
by a concomitant bondshorteningfrom 1.491 to 1.458 Å.

Compared toD-D•+, the sterically less hindered phenylene-
bridged cationD(ph)D•+ is (expectedly) less twisted around the
pair of symmetrically equivalentD-br bonds byæ ) 44.9°.
Upon oxidation, the twist is even more reduced toæ ) 32.1°
and 28.6°swith the simultaneous shortening of theD-br bond
from 1.493 to 1.466 and 1.474 Å. Remarkably, the shorterD-br
bond is associated with thatD having the more pronounced
cationic geometry.

The conformational structure of the biphenylene-bridged
cationD(ph)2D•+ is similar to that ofD(ph)D•+ (Figure 2), the

dihedral angles beingæ ) 36.7° and 31.7° (the twist between
the phenylene rings is 17.0°). The intercyclic (ph-ph) bond
increasesregularly (from 1.469 to 1.485 and to 1.488 Å) on
proceeding from the positively charged to the neutral donor.

It is particularly noteworthy that a consistent set of geo-
metrical parameters is applicable toD groups inD(CH2)3D as
well as those with phenylene and biphenylene bridges. Even
the direct connection of the redox centers (as in the directly
coupled D-D donor) does not significantly perturb these
geometric parameters. To evaluate the electronic interaction
between a pair of bridgedD groups, we initially noted that the
property ofD is such that it shows no significant intermolecular
association upon oxidation, i.e.,D + D•+ * (D2)•+, as opposed
to many other aromatic electron donors (naphthalene, anthra-
cene, etc.).16 Consequently, intramolecular effects can be readily
differentiated from those derived from self-associations. Ac-
cordingly, we now turn to transient electrochemical methods
to evaluate the interaction between redox centers upon 1e
oxidation of theD-br-D donors to the mixed-valence cations.

II. Formation Energetics of Mixed-Valence Cations by
Transient Electrochemical Methods. (A) Cyclic Voltammet-
ric Behavior of D as an Electron Donor. The mononuclear
donorD-CH3 readily underwent a reversible 1e electrochemical
oxidation in dichloromethane solution (containing 0.1 M tet-
rabutylammonium hexachloroantimonate) atE°ox ) 1.10 V
versus SCE.17 Similarly, the binuclear donorD(CH2)3D also
showed a chemically reversible cyclic voltammetric wave at
E°ox ) 1.10 V (Figure 3), but coulometric calibration estab-
lished the anodic oxidation to be a 2e processsto indicate that

(16) Le Mague`res, P.; Lindeman, S. V.; Kochi, J. K.J. Chem. Soc., Perkin
Trans. 22001, 1180.

(17) The cation radicalDCH3
•+ of the mononuclear donor (electrochemically

generated atEox ) 1.10 V) was readily reduced back to the neutral donor
quantitatively.

Table 1. Structural Analysis of the Uncharged (Redox) Center D from the X-ray Crystallography of Various (Bridged) Donors
(As Indicated)a

donor R/R′ â/â′ γ/γ′ δ/δ′ ε/ε′

DCH3
b 1.400 1.397 1.397 1.375 1.424

D(CH2)3D 1.400 1.396 1.397 1.376 1.425
D-Dc 1.401/1.395 [1.398] 1.395/1.400 [1.397] 1.393/1.392 [1.393] 1.373/1.378 [1.375] 1.427/1.426 [1.427]
D(ph)Db 1.393/1.387 [1.390] 1.395/1.394 [1.395] 1.389/1.402 [1.395] 1.369/1.376 [1.373] 1.425/1.421 [1.423]

a All bond distance in Å. Average bond lengths are in brackets.b Centrosymmetric.c Twofold axis.

Table 2. Geometric Parameters of the Cation Radical Moiety (D•+) in the Bridged Mixed-Valence Systems (MVS) Included in Chart 1a

MVS [σ]b L R/R′ â/â′ γ/γ′ δ/δ′ ε/ε′ qi
c

[D-D]•+ 0.003 D1 1.444/1.432 [1.438] 1.400/1.377 [1.389] 1.378/1.408 [1.393] 1.341/1.356 [1.349] 1.453/1.442 [1.447]+0.5
D2 1.442/1.42 [1.433] 1.402/1.383 [1.393] 1.379/1.410 [1.395] 1.344/1.356 [1.350] 1.452/1.442 [1.447]+0.5

[D(ph)D]•+ 0.002 D1 1.440/1.436 [1.438] 1.411/1.387 [1.399] 1.377/1.397 [1.387] 1.331/1.344 [1.337] 1.449/1.444 [1.447]+0.8
D2 1.416/1.410 [1.413] 1.399/1.383 [1.391] 1.393/1.409 [1.401] 1.363/1.369 [1.366] 1.432/1.435 [1.433]+0.2

[D(ph)2D]•+ 0.004 D1 1.446/1.435 [1.441] 1.411/1.401 [1.406] 1.371/1.383 [1.377] 1.325/1.324 [1.325] 1.454/1.448 [1.451]+1.0
D2 1.410/1.396 [1.403] 1.392/1.392 [1.392] 1.393/1.410 [1.401] 1.370/1.385 [1.377] 1.440/1.419 [1.429] 0.0

D•+(CH2)3D•+ 0.004 D1 1.447/1.447 [1.447] 1.407/1.408 [1.407] 1.369/1.375 [1.372] 1.324/1.329 [1.327] 1.457/1.457 [1.457]+1.0
D2 1.447/1.447 [1.447] 1.407/1.408 [1.407] 1.369/1.375 [1.372] 1.324/1.329 [1.327] 1.457/1.457 [1.457]+1.0

a Average bond lengths (Å) in brackets.b Average experimental precision (Å).c Positive charge parameter evaluated according to eq 2.
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bothD groups were oxidized more or less independently. Thus,
the latter supported the X-ray crystallographic results (vide infra)
that the redox centers inD(CH2)3D•+ effected no (or minimal)
electronic perturbations on each other.

(B) Electronic Interaction of Redox Centers in Mixed-
Valence Cations. The cyclic voltammetry of the directly

coupled biaryl D-D showed two distinctly resolved and
chemically reversible waves atE°ox ) 1.11 and 1.40 V versus
SCE. Since coulometry established that both CV waves
consisted of 1e oxidations, we concluded that the production
of the cation radicalD-D•+ was separately followed by its
oxidation to the dicationD-D2+. The potential difference of
∆Eox ) 0.29 V thus quantitatively indicated that the oxidation
of the secondD was negatively affected by presence of the first
D+ center. This observation was again consistent with the X-ray
results showing the significant electronic perturbation between
the redox centers inD-D•+. Such an effect on the energetics
is inherent to the comproportionation (equilibrium) constantKcom

of this mixed-valence cation, i.e.

and the free-energy change for the reversible equilibrium in
eq 3 can be evaluated as∆Gcom ) -RT ln Kcom, where
∆Gcom ) -F ∆Eox.

The cyclic voltammetric behavior of the phenylene-bridged
mixed-valence cationD(ph)D•+ was somewhat similar, in that
the first and second CV waves were resolved (see Figure 3),
but the splitting of∆Eox ) 0.11 V (see Table 3) was significantly
less than that of the directly coupled cationD-D•+. However,
the further extension of the bridge to biphenylene resulted in a
different cyclic voltammetry behavior, andD(ph)2D showed only
a single 2e wave that was quite reminiscent of that inD(CH2)3D
(compare Figure 3c and d).

The distinctive cyclic voltammetry behavior of these mixed-
valence cations suggested a profound modulation of the
electronic perturbation between the redox centers by the
connecting bridge. To examine this difference further, we turned
to the magnetic resonance properties of the paramagnetic mixed-
valence cations.

III. Intramolecular Electron-Transfer Rates from Tem-
perature-Dependent ESR Spectra of Mixed-Valence Cations.
(A) ESR Spectrum of the Prototypical Redox Center (D•+).
Electrochemical or chemical oxidation18 of the mononuclear
donorDCH3 served for the prototypical generation of the redox
center (D•+) in mixed-valence cations at 0°C in dichloromethane
solution. The ESR spectrum ofDCH3

•+ was characterized by

(18) Rathore, R.; Kumar, A. S.; Lindeman S. V.; Kochi, J. K.J. Org. Chem.
1998, 63, 5847.

Figure 1. ORTEP diagrams of (left) the biaryl donor (D-D) and (right) its cation radical (as the hexachloroantimonate salt) with the arrows pointing to the
relevant aryl-aryl bond (i.e., C1-C1′ and C21-C11, respectively). Note the cisoid conformation ofD-D and the transoid conformation ofD-D•+ upon
one-electron oxidation.

Figure 2. Conformations of (upper) the phenylene-bridged cation radical
D(ph)D•+ and (lower) the biphenylene-bridged cation radicalD(ph)2D•+

showing their overall (near-planar) structures).

D-D2+ + D-D {\}
Kcom

2D-D•+ (3)

A R T I C L E S Lindeman et al.
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three sets of proton splitting:aOMe ) 3.12 G (6H),aMe ) 4.37
G (6H), andaCH ) 0.48 G (2H).19 Similar hyperfine splittings
pertained to the cation radicalD(ph)H•+ (See Figure 1S in
Supporting Information), which is the closest mononuclear
analogue of the phenylene-bridged mixed-valence cations. The
ESR spectra ofDCH3

•+ andD(ph)H•+ were singularly invariant
(within the experimental observation) when the solutions were
gradually cooled to-100 °C.

(B) Temperature-Dependent (ESR) Line Broadening in
Mixed-Valence Cations.The ESR spectrum of the biphenylene-
bridged mixed-valence cationD(ph)2D•+ at -120 °C was
essentially identical with that of the mononuclear analogue
D(ph)H•+ (vide supra). However, as the temperature was
gradually raised to 18°C, Figure 4 (left) shows the progressive
line broadening of the ESR spectrum, which we attributed to
the dynamic electron exchange between the pair of redox centers
in D(Ph)2D•+. Computer simulation of this intramolecular
process was carried out with the aid of the ESR-EXN program;20

and Figure 4 (right) shows the fit to the experimental ESR
spectrum with typical first-order rate constants ofkexc ) 1 ×
107 s-1 at -105 °C andkexc ) 3 × 109 s-1 at 18°C.

The ESR spectrum of the trimethylene-bridged cation
D(CH2)3D•+ was difficult to measure at low temperature owing
to experimental difficulties.21 Nevertheless, the partially resolved

ESR spectrum obtained at-80 °C could be simulated with the
aid of the hyperfine splittings obtained for the model (mono-
nuclear) cation radicalD(Ph)H•+ if additional hyperfine splittings
for the trimethylene bridge were included (see Figure 2S in
Supporting Information). On raising the temperature to 20°C,
the spectrum broadened to a single (unresolved) absorption
(Figure 2S, left) reminiscent of that forD(ph)2D•+. Our inability
to precisely simulate the partially resolved ESR spectrum
(merely) allowed us to estimate the first-order rate processes
askexc > 108 s-1 at 20°C andkexc e 107 s-1 at -90 °C.

(C) Temperature-Independent (ESR) Line Broadening in
Mixed-Valence Cations.The ESR spectrum of the directly
coupled biaryl cation radicalD-D•+ showed no temperature-
dependent change between 22 and-90 °C. The experimental
ESR spectrum illustrated in Figure 5A (left) was satisfactorily
simulated in Figure 5A (right) using proton hyperfine coupling
constants with (a) half the magnitude and including (b) twice
the number of nuclei as those in the reference cationDCH3

•+.
Such a behavior indicated a delocalized (electronic) system with
the charge distributed equally on each redox center.8

The temperature-dependent behavior of the phenylene-bridged
cation D(ph)D•+ was intermediate between the staticD-D•+

and the dynamicD(ph)2D•+ and tending more toward the former.
Thus, the more-or-less same (well-resolved) ESR spectrum in
Figure 5B (left) was observed in the temperature range between
20 and-100°C, and the computer-simulated spectrum in Figure
5B (right) was obtained with hyperfine splitting constants similar
to those forD-D•+. However, a careful scrutiny of the ESR
line widths showed slightly larger line widths forD(ph)D•+

relative toD-D•+. As such, this study indicated that the charge
distributions in both cations are essentially indistinguishable on
the ESR time scale.

IV. Intervalence (Absorption) Bands in the Electronic
Spectra of Mixed-Valence Cations. (A) UV-Visible Absorp-
tion Spectrum of D and D•+ Chromophores.The electronic
spectrum of the mononuclear prototypeDCH3 was characterized
by a pair of intense UV absorptions [λmax ) 201 nm (ε201 )
3 × 104 M-1 cm-1) andλmax ) 290 nm (ε290 ) 4 × 103 M-1

cm-1)] and by the absence of further low-energy bands in the

(19) Forbes, W. F.; Sullivan, P. D.J. Phys. Chem.1968, 48, 1411.
(20) Heinzer, J.Quantum Chemistry Program Exchange209, as modified by

P. A. Petillo and R. F. Ismagilov. We thank Prof. S. F. Nelsen for a copy
of this program.

(21) Since we were unable to grow single crystals of theD(CH2)3D•+ salt, the
ESR spectrum in Figure 2S was obtained via the comproportionation of
D(CH2)3D2+ with large amount of neutral donor.12

Figure 3. Cyclic voltammograms (initial positive scan) of the bridged mixed-valence systems in Chart 1 measured in dichloromethane containing 0.1 M
tetrabutylammonium hexafluorophosphate at a scan rate of 2 V s-1. The calibration of each cyclic voltammograms is represented by the first reversible
wave, which corresponds to that of the ferrocene internal standard.

Table 3. Cyclic Voltammetry of Bridged Aromatic Donorsa

donor Eox1
b(1) Eox2

b(2) ∆Eox

D-D 1.11 (1e) 1.40 (1e) 0.29
D(ph)D 1.15 (1e) 1.26 (1e) 0.11
D(ph)2D 1.18 (2e)
D(CH2)3D 1.10 (2e)
DCH3 1.10 (1e)

a Oxidation potentials given in V ((0.03) vs SCE.b Number of electron
transferred in parentheses.
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visible-NIR spectral region. Oxidation toDCH3
•+ resulted in

the appearance of a rather intense band atλmax ) 462 nm
(ε462 ) 1 × 104 M-1 cm-1) with a shoulder at 448 nm and an
additional weak band atλmax ) 650 nm.

(B) Electronic Spectrum of the Trimethylene-Bridged
Cation D(CH2)3D•+. The electronic spectrum ofD(CH2)3D•+

in the UV-visible region was similar to that ofDCH3
•+, but it

differed significantly in the NIR region by the appearance of
an intense absorptionλmax ) 1500 nm (ε1500 ) 1.2× 104 M-1

cm-1) shown in Figure 6. This NIR band disappeared upon the
oxidation ofD(CH2)3D•+ to its dication (vide supra). Since the
relative intensities of the 460- and 1500-nm bands were
independent of the concentration ofD(CH2)3D•+, the NIR band
was clearly connected with an intramolecular (electronic)
transition of the intervalence type described in Table 4.

(C) Intervalence Bands in the Phenylene-Bridged Cations
D(ph)D•+ and D(ph)2D•+. The electronic spectrum ofD(ph)-
D•+ showed a strong NIR absorption at 6400 cm-1 (Figure 7),
which disappeared upon its further oxidation to the dication.
Moreover, this intervalence (NIR) band was absent in the
mononuclear prototypeD(ph)H•+. The digital deconvolution of
the low-energy band revealed its (pure) Gaussian band shape
(see Figure 7, right). Figure 7 also shows the presence of new

Figure 4. Temperature-dependent ESR (X-band) line broadening of the biphenylene-bridged cation radicalD(ph)2D•+ (left side) in comparison with computer-
simulated spectra (right side) for first-order (electron) exchange.

Figure 5. Comparison of the ESR spectra of (A) the coupled biaryl cation
radicalD-D•+ and (B) the phenylene-bridged cation radicalD(ph)D•+ with
the computer-simulated spectra on the right.

Figure 6. Electronic spectrum of the trimethylene-bridged cation radical
D(CH2)3D•+ in the low-energy region showing the prominent intervalence
(absorption) band atνmax ) 6.70× 103 cm-1.
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UV-visible band that was also present in the dicationD(ph)-
D2+ as well as in the mononuclear prototypeD(ph)H•+sbut
singularly absent in either alkyl analogueDCH3

•+ or D(CH2)3D•+.
Thus, these UV-visible bands were readily identified with the
intramolecular interaction ofD•+ with the aromatic (ph) bridge
(otherwise denoted as metal/ligand or ligand/metal transition
in metal-centered redox systems22).

The electronic spectrum of the biphenylene-bridged cation
D(ph)2D•+ (Figure 8) was quite similar to that of the lower

homologueD(ph)D•+swith the exception that only the NIR
band was shifted from 6400 to 7500 cm-1. Oxidation to the
dication D(ph)2D2+ resulted in the further blue shift to 8800
cm-1. It is noteworthy that the electronic spectrum of the
dicationD(ph)2D2+ and the mononuclear prototypeD(ph)2H•+

were virtually superimposable.

(D) Electronic Spectrum of the Static Biaryl Cation-
Radical D-D•+. The low-energy (NIR) absorption band of
D-D•+ was strongly red-shifted toλmax ) 2150 nm, but
otherwise, the UV-visible band atλmax ) 580 nm was only
slightly blue-shifted from that of the phenylene- and the
biphenylene-bridged analogues. The digital deconvolution of
the NIR spectral envelope in Figure 9 revealed three Gaussian

(22) This band assignment is consistent with its being observed only with the
phenylene- and biphenylene-bridged cations but not with the (aliphatic)
trimethylene-bridged analogue. Further, the red-shift of biphenylene (relative
to the phenylene) system is expected from its better electron donor ability.

Table 4. Comparative Electronic Spectra of Bridged Cation Radicals (CR ) D-br-D•+), Their Dications (DC ) D-br-D2+), and the
Mononuclear (Model) Cation-Radical (MC ) D-br-H•+)a

CR(•+) DC(2+) MC(•+)

system

D-D 2150 (4.8)
D(CH2)3D 1500 (1.2)
D(ph)D 620 (2.2) 1570 (3.9) 550 (2.6) 910 (1.6) 540 (7.4) 910 (2.0)
D(ph)2D 660 (2.3) 1330 (4.5) 640 (6.1) 1130 (5.5) 640 (2.7) 1140 (3.0)

a In dichloromethane solution at 20°C. Absorption in nm and extinction coefficient. (parentheses) in 103 M-1 cm-1.

Figure 7. (Left) Spectral comparison of the phenylene-bridged cation radicalD(ph)D•+ with its dication8 D•+(ph)D•+ and the mononuclear model cation
radicalD(ph)H•+. (Right) Digital subtraction of the lowest-energy band ofD•+(ph)D•+ from that ofD(ph)D•+ to reveal the spectral difference as the (Gaussian)
intervalence band withνmax ) 6.37× 103 cm-1.

Figure 8. (Left) Electronic spectrum of the mixed-valence systemD(ph)2D•+ showing the prominent (composite) NIR band relative to the bridge-to-redox
center (bf D•+) absorptions inD•+(ph)2D•+ and D(ph)2H•+. (Right) Gaussian deconvolution to reveal the intervalence (NIR) band of the biphenylene-
bridged cation-radicalD(ph)2D•+ as in Figure 5.
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components (Figure 9, right), with the lowest energy band being
the most intense.

Discussion

The organic donorD (identified in eq 1) serves as an excellent
redox center for the construction of new mixed-valence systems
that are cast in the classical (inorganic) mold.1-3 As such, we
believe that the Robin-Day classification23 can be used to
identify three basic structural types of these mixed-valence
cations.

I. X-ray Crystallographic Identification of the Class III/
Class II Interface. The basic distinction between class III and
class II systems according to Robin and Day is the ground-
state structure of mixed-valence systemssclass III relating to
the single potential well as opposed to the two-state model often
invoked with class II systems. In our organic systems, the precise
X-ray crystallography achieved at low temperature can alone
offer an unambiguous method for the definitive investigation
of ground-state structures as follows.

(A) The Biaryl Cation -Radical D-D•+ as a Robin-Day
Class III System. We have shown in Tables 1 and 2 that the
biaryl cation radicalD-D•+, with 50% charge on each redox
center, is a static system residing in a single potential energy
well. However, the observed changes in molecular geometry
and derived values ofqi can be questioned in several ways. For
example, such a result can arise from a fastoscillationbetween
chemically equivalent charge-localized forms within the crystal,
i.e.

Alternatively, this might obtain from static crystalline disorder
resulting in a statistical distribution of randomly polarized (right-
and left-handed) localized forms that are “frozen” over the entire
crystal. If either of these scenarios were to pertain,24 the observed
geometry of D moieties mustperforce be an exact linear
combination of the neutral and cationicD formssin other words,
the value ofqi in eq 2 must be the same for all (bond-length)

parameters (R-ε; see Tables 1 and 2) in any given structure.16

This is clearly not sosthe most significant deviation of the
observed geometry ofD moieties inD-D•+ from a simple linear
combination of pureD and pureD•+ being the loss of a local
symmetry center.15 In other words, the geometric parametersR
andR′, â andâ′ are no longer equivalent in these moieties, and
in particular, the values ofδ are always shorter thanδ′.25 The
latter is especially indicative that the (distonic) charge redis-
tribution between the redox centers inD-D•+ involves the
central (inter-ring) bondswhich suffers significant shortening
(vide supra). The latter in valence bond terminology can be the
result ofπ conjugation arising from the resonance contribution
of theacentric o-quinonoid structureQ′ to the charge delocal-
ization, in addition to the usualcentrosymmetric p-quinonoid
contributionQ (see eq 1 and Scheme 1), where the generic br
represents the redox centerD in the biaryl mixed-valence
system. On the basis of Paulings’ bond-length/bond-order
relationship,26 we estimate that there is as much as 30%π
conjugation between the redox centers inD-D•+.8

(B) The Biphenylene-Bridged Cation D(ph)2D•+ as a
Robin-Day Class II System.X-ray structural analysis points
to D(ph)2D•+ as a classical Robin-Day class II system since
each redox center retains the primary structure ofD and D•+

intact within an estimated precision of∼5%. The same
conclusion applies to the trimethylene-bridged cationD(CH2)3D•+.
In both cases, the cyclic voltammetric analysis of the donor
oxidation in Table 3, as well as the low-temperature ESR spectra
of the mixed-valence cations, supports the same conclusion.

(C) The Phenylene-Bridge Cation D(ph)D•+ as a Border-
line Class II/III System. Structurally, the phenylene-bridged
D(ph)D•+ is the most distinctive mixed-valence cation, due to
the presence ofD moieties which reflect neither the neutral nor
the monocationic redox centers. The asymmetric charge distri-
bution of 20/80 established by X-ray analysis (vide supra)
represents thestatic electron population of the ground-state
cation for the same crystallographic reasons presented above
for the 50/50 charge distribution inD-D•+. In other words,
the biphenylene-bridged cation represents apolarizedstructure
with the “center” of theπ electron density shifted closer to one
end than to the other. Again, such a polarization can be attributed
to π conjugation between the redox centerD•+ and the
phenylene bridge, and from the bond contraction described
above, we estimate the degree ofπ conjugation between the
central phenylene bridge (br) to each of the terminal redox
centers to be∼20% and 10%.27 As such, we prefer to describe
the electronic structure ofD(ph)D•+ as“polarized” since it is

(23) Robin, M. B.; Day, P.AdV. Inorg. Chem. Radiochem. 1967, 10, 247.
(24) The X-ray crystallographic literature is rife with such examples. See, e.g.:

Darovsky, A.; Kezerashvili, V.; Coppens, P.; Weyhermu¨ller, T.; Hummel,
H.; Wieghardt, K.Inorg. Chem. 1996, 35, 6916.

(25) Such an inequality points to a large acentrico-quinonoid resonance
contributionQ′ in addition to the centrosymmetricp-quinonoid structure
Q.

(26) Pauling, L.Nature of the Chemical Bond; Cornell: Ithaca, NY, 1960; p
280.

(27) By comparison, in the biphenylene-bridged cation, theπ conjugation does
not spread out from 15% with the first phenylene group and is barely
detectable beyond that.

Figure 9. Electronic spectrum of the coupled biaryl cation radicalD-D•+

in the low-energy region showing the clearly separated NIR (absorption)
band. (Inset) Gaussian deconvolution of the NIR envelope to reveal the
intervalence band withνmax ) 4.66× 103 cm-1.

D-D+ a D+-D (4)

Scheme 1
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intermediate between the completely delocalizedD-D•+ and
the undelocalized (static)D(ph)2D•+ andD(CH2)3D•+ structures.

For intramolecular electron transfer, the ground-state wave
function for the two-state model contains contributions from
the initial and final states.28 We summarize in Chart 2 the
positions of the reactant minimum (Xmin) along the reaction
coordinate for the various mixed-valence systems based on the
X-ray results.

Thus, D(CH2)3D•+ and D(ph)2D•+ both with Xmin ) 0
represent Robin-Day class II systems that are characterized
by a pair of weakly interacting states. The biaryl cationD-D•+

with Xmin ) 0.5 (and confirmed by its ESR spectrum in Figure
5A), belongs in class III. The phenylene-bridged cationD(ph)-
D•+ with a similar ESR behavior (Figure 5B) also seems to fall
in class III. However, the CV coupling of∆Eox ) 0.11 V, which
is only somewhat greater than those inD(CH2)3D•+ and
D(ph)2D•+, as well as the slight shift of the reactant minimum
to Xmin ) 0, provides some ambivalence toward class II. Taken
all together, the X-ray, CV, and ESR probes point to the
phenylene-bridged cationD(ph)D•+ as a class II system in which
the sizable electronic coupling between the redox centersD/D•+

leads to (strongly) adiabatic electron transfer.
To provide a more quantitative description of the intramo-

lecular electron transfer, we now turn to the intervalence
absorption bands observed in the NIR spectral region (Figures
6-9) of all the mixed-valence cations in Chart 1.

II. Electronic Coupling of D/D •+ Centers in Mixed-Valence
Cations. In the framework of the semiclassical model for
electron transfer,29 the electronic coupling matrix elementH is
basic to the evaluation of the electronic factors governing the
pairwise interaction of redox centers in the mixed-valence
cation.30 Using the Mulliken formalism,31 Hush showed that
the electronic coupling matrix element in class II systems is32

whereνmax and∆ν1/2 are the maximum and full width at half-
heights, respectively (in cm-1), of the intervalence absorption
band, ε is the molar extinction coefficient at the absorption
maximum (in M-1 cm-1), andr is the distance between redox
centers (in Å). Moreover, in class II systems, the energy of the
intervalence band is directly related to the Marcus reorganization
energyλ of the D/D•+ redox centers, i.e.,νmax ) λ.29,30

(A) The Trimethylene and Biphenylene-Bridged Mixed-
Valence Cations as Prototypical Class II Systems.In
D(CH2)3D•+, the intervalence band is clearly resolved as a single
Gaussian band atλmax ) 1500 nm shown in Figure 8. As a
class II system, the electronic coupling element isH ) 400
cm-1 based on eq 5 withνmax ) 6.7 × 103 cm-1 (Table 4),
∆ν1/2 ) 2.4×103 cm-1, ε ) 1.2× 103 M-1 cm-1, andr ) 7.2
Å (Chart 1). By comparison, the resonance stabilization of the
mixed-valence cation, i.e.30

is only∆Gr ) 48 cm-1, which is indeed too small to be resolved
(in accord with our CV experiments in Table 3).33

Application of the same theoretical (spectral) treatment to
the biphenylene-bridged cationD(ph)2D•+ is predicated upon
the deconvolution of the NIR spectral envelope to afford the
(resolved) intervalence band withνmax) 6.8× 103 cm-1 shown
in Figure 8B.34 The electron coupling element ofH ) 430 cm-1

is strikingly similar to that of the trimethylene analogue when
νmax ) 6.8× 103 cm-1 (Table 4),∆ν1/2 ) 2.5×103 cm-1, ε )
4.2 × 103 M-1 cm-1m and r ) 12.9 Å (Chart 1) calculated
according to eq 5. The resonance stabilization calculated on the
basis of eq 6 is 54 cm-1, which again is too small to be resolved
in the CV experiments.33 Moreover, the calculated shift of the
reactant minimum based on eq 7,30 is too small (0.002) to be

resolved in our X-ray measurements (where no shifts of the
charge from the neutral to the cationic redox center are
observed).

(B) The Biaryl Cation D-D•+ as a Class III System.The
electronic spectrum of the biaryl cationD-D•+ consists of two
primary bandssa Gaussian VIS band atλmax ) 580 nm and a
complex NIR envelope, which could be deconvoluted into three
Gaussian components (Figure 9B). We attribute the low-energy
(NIR) absorption to strong mutualD/D•+ interaction, as also
revealed by the X-ray, CV, and ESR results (vide supra). On
the basis of the PMO theory,35 we assign the most intense low-
energy band withλmax ) 2150 nm to the electronic transition
from the bonding to antibonding orbital of the strongly
interacting pair of redox (HOMO/SOMO) centers, i.e. Chart 3.

The presence of the pair of additional (higher energy)
Gaussian components in the composite NIR absorption of
D-D•+ in Figure 9 is assigned to the resolved vibrational
structure of the bonding-to-antibonding electronic transition. [In
other words, the most intense (lowest energy) component
corresponds to the 0,0 band, and the other two bands, with
energy about 6100 and 7500 cm-1 are assigned to the 0,1 and
0,2 transitions.36] In either case, the electronic coupling matrix
element forD-D•+ can be evaluated directly fromλmax ) 2150
nm, sinceH ) νmax/2 for class III systems.30 The value ofH )(28) Creutz, C.; Newton, M. D.; Sutin, N.J. Photochem. Photobiol. A: Chem.

1994, 82, 47.
(29) (a) Marcus, R. A.J. Chem. Phys. 1957, 26, 867. (b) Marcus, R. A.Discuss.

Faraday Soc.1960, 29, 21. (c) Marcus, R. A.J. Phys. Chem.1963, 67,
853. (d) Marcus, R. A.J. Chem. Phys. 1965, 43, 679.

(30) Sutin, N.Prog. Inorg. Chem. 1983, 30, 441. See also: Sutin, N.AdV. Chem.
Phys. 1999, 106, 7. Brunschwig, B. S.; Sutin, N.Coord. Chem. ReV. 1999,
187, 233.

(31) Mulliken, R. S.; Person, W. B.Molecular Complexes; Wiley: New York,
1969.

(32) (a) Hush, N. S.Prog. Inorg. Chem. 1967, 8, 391. (b) Hush, N. S.
Electrochim. Acta1968, 13, 1005. (c) Hush, N. S.Coord. Chem. ReV. 1984,
60, 107.

(33) Note that the difference in (CV) redox potentials∆Eox in bridged donors
(Table 3) is directly related to the comproportionation constant in eq 3,
i.e., ∆Eox ) ∆Gcom/F, whereF is the Faraday constant. Although∆Gcom
includes nonresonance terms (e.g., solvation, electronic interaction, etc,),
they are generally minor relative to the electronic interaction∆Gr.

(34) For the deconvolution of the NIR envelope, see Figure 9 (inset). The lowest-
energy Gaussian component is assigned to the intervalence transition and
the residual high-energy components to the (D-br) charge-transfer transi-
tions.22

(35) Dewar, M. J. S.; Dougherty, R. C.The PMO Theory of Organic Chemistry;
Plenum Press: New York, 1975.

Chart 2

H ) 0.0206(νmax∆ν1/2ε)1/2/r (5)

∆Gr ) -2H2/λ (6)

Xmin ) 1/2[1 - (1 - 4H2/λ2)1/2] (7)
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2330 cm-1 (0.29 eV), which is substantially larger than those
for either D(CH2)3D•+ or D(ph)2D•+, reflects the strong elec-
tronic interaction extant in the biaryl cation.36b The latter can
also be viewed from the perspective of the comproportionation
equilibrium (in eq 3) based on the CV data. Since the free-
energy change∆Gcom is a strong reflection of the resonance
stabilization∆Gr for large values of∆Eox (Table 3),33 it follows
from the class III relationship30

that the reorganization energy for the closely coupledD-D•+

is λ ) 0.58 eV. Such a value of the reorganization energy
supports the classification ofD-D•+ as a Robin-Day class III
system.23

(C) The Phenylene-Bridged Cation at the Class II/III
Border. In the phenylene-bridged cationD(ph)D•+, the NIR
band in Figure 7B is red-shifted (relative to the biphenylene
analogue in Figure 8B) and approaches that of the directly
coupled biaryl cationD-D•+ in Figure 9B. IfD(ph)D•+ is taken
as a class II system, then the value of the reorganization energy
λ is 0.79 eV sinceλ ) νmax.29,30 The calculated value of
electronic coupling element isH ) 770 cm-1 (0.095 eV) based
on eq 5 andνmax) 6.4 × 103 cm-1, ∆ν1/2 ) 4.1 × 103 cm-1,
ε ) 3900 M-1 cm-1, andr ) 8.6 Å. However, the electronic
coupling element can also be evaluated from the difference of
the redox potentials∆Eox ) ∆Gr/F (when contributions from
nonresonance stabilizations are neglected).33 With the aid of
eq 5 andλ ) 0.79 eV,H is alternatively calculated to be 0.21
eV, which is more than twice that obtained for a class II system
according to eq 5. Furthermore, the value of the electronic
coupling element estimated from the X-ray result (which yields
Xmin) 0.2 in Chart 2) and eq 7 isH ) 0.31 eV. Accordingly,
let us next examine the correspondence ofH with the electron-
transfer dynamics in the hope of resolving such discrepancies.

III. Intramolecular Electron Transfer in the Mixed-
Valence Cation. The dynamics of intramolecular electron
transfer in the biaryl cationD-D•+ as a class III system relate
to the completely delocalized cation radical with the activation
free energy∆Gq ) 0. Indeed, we confirm such a delocalization

in the invariant ESR spectra at all (accessible) temperatures.
The intramolecular electron transfer in class II mixed-valence
cations (of interest here) is theoretically evaluated from the
electronic spectra which provide direct access to the activation
free energy, i.e.30

whereλ is the Marcus reorganization energy of the redox centers
andH is the resonance integral to represent theD/D•+ electronic
interaction energy in the class II mixed-valence cation.30 Thus,
the evaluation ofλ andH from the NIR spectra provides the
kinetics basis for intramolecular electron transfer.

The activation free energies for intramolecular electron
transfer in the trimethylene- and biphenylene-bridged cations
(calculated from eq 9, together withH and λ values listed in
Table 5), are both∆Gq ) 3.7 kcal M-1. A comparable value of
the activation free energy∆Gq ) 4.2 kcal M-1 is obtained (see
Figure 3S in Supporting Information) from the temperature-
dependent rate constants obtained from the ESR line-broadening
experiments forD(ph)2D•+ in Figure 4. Thus, the similar line-
broadening behavior ofD(CH2)3D•+ in Figure 2S is consistent
with the theoretical values of∆Gq in Table 5. As such, the
intramolecular dynamics of the electron-transfer processes
evaluated experimentally by dynamic ESR studies are in
reasonable agreement with the theoretical evaluations based on
moderate values of the electronic coupling element and the
reorganization energies associated withD/D•+ interchange in
these class II cations.

In the phenylene-bridged cation, the ESR line-broadening
behavior (Figure 5B) suggests a low barrier for intramolecular
electron transfer, as characterized for a delocalized cation radical.
However, the electron-transfer rates calculated from the optical,
X-ray, and CV data, as summarized in Table 6, are highly
variable. Although the absence of a reliable value of preexpo-
nential factor37 does not allow us to come to a definitive
conclusion, the value of the exp(-∆Gq/RT) term obtained from
the optical data appears to be too small (see columns 5 and 6),
especially at low temperature.38 Such ET rates would have
resulted in a substantially greater temperature dependence as
well as significantly greater line broadening of the ESR spectrum
shown in Figure 5. Indeed, the values ofH based on the CV
and X-ray results appear to be more in line with the experimental
ESR data. A number of reasons are possible for the discordant

(36) (a) Similar composite NIR bands in class III systems were observed
previously5,6aand assigned to resolved vibrational structure.5f Alternatively,
the higher energy bands may be due to electronic transition from subjacent
HOMO of the bridged cation radicalD-D•+. (b) Optical transitions in class
III systems do not involve charge transfer and are not accompanied by a
net dipole moment change.30 Nonetheless, the Mulliken-Hush formulation
can (in principle) be employed within a two-state model for the calculation
of H in class III systems28,30sbut does leave open the questions as to the
proper choice ofr and the band assignments. If we arbitrarily taker ) 4.3
Å, the calculated values ofH is 640 cm-1 (0.08 eV), based on eq 9, and
νmax ) 4650 cm-1, ∆υ1/2 ) 1100 cm-1, andε ) 3500. However, if all the
NIR bands are summed, the calculatedH ) 1950 cm-1 (0.24 eV) is in
reasonable (considering the uncertainty inr) agreement with the values
calculated from H) νmax/2 for class III systems (vide infra).

(37) (a) Theoretical methods are available for the calculation of the preexpo-
nential factor from the charge-transfer band shape32c and the values ofH.30

Since we are unable to make reliable calculations in our system, the arbitrary
preexponential factor of 1012 was uniformly taken. (b) See also: Elliot, C.
M.; Derr, D. L.; Matyushov, D. V.; Newton, M. D.J. Am. Chem. Soc.
1998, 120, 11714.

(38) For example, the ESR spectra of other bridged systems with exp(-∆Gq/
RT) = 10-4 and kET ∼ 108 lead to broadened (unresolved) ESR spectra
(unpublished results).

Chart 3

∆Gr ) -2(H - λ/4) (8)

Table 5. Mulliken-Hush Calculation of the Electronic Coupling
Elements from the Intervalence (Absorption) Band

MVS
r,
Å

νIV,
103 cm-1

∆νIV,
a

103 cm-1

H,
cm-1

∆Gq,
kcal/mol

D-D•+ 4.3 4.66 b 2330c 0
D(ph)D•+ 8.6 6.37 4.1 760d 2.6
D(ph)2D•+ 12.9 6.79 2.5 430d 3.7
D(CH2)3D•+ 7.2 6.70 2.4 400d 3.7

a Band full width at half-height.b Low-energy absorption consists of three
Gaussian bands.c Taken asνmax/2. d From Mulliken-Hush eq 5.

∆Gq) (λ - 2H)2/4λ (9)
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kinetics results forD(ph)D•+. First, the Mulliken-Hush eq 9
may require an adjustment for mixed-valence systems on (or
close to) the class III/II border. Second, the simple distance term
(r) in eq 9 may also lose significance in the borderline region.39

Third, rather minor errors in the experimental parameters (such
as in the chargeqi from the X-ray results) can have a large
effect onH according to eq 3. Fourth, the relationship of the
equilibrium free-energy change with the CV difference in the
redox change∆Eox may require a more rigorous consideration.
Such an ambiguity in the treatment ofD(ph)D•+ is reminiscent
of the long-standing difficulty in the class II/III assignment of
the Creutz-Taube (ruthenium-based) mixed-valence system that
afforded similar contradictory results from different experimental
techniques.16 Nonetheless, the general trend in theD/D•+-based
system is clearswith the electronic interaction term decreasing
in the following order: D-D•+ > D(ph)D•+ > D(ph)2D•+ ≈
D(CH2)3D•+, which is more dependent on the nature of the
bridge than the distances that separate theD/D•+ centers
(compare Chart 1). As such, we will address this point in the
following part of this study.40

Summary and Conclusions

X-ray crystallography is employed for the first time to
successfully delineate the (electronic) charge distribution be-
tween a pair of aromatic (redox) centers in mixed-valence
systems, in an unbridled effort to extend the classic (inorganic)
prototypesl by including their (versatile) organic counterparts.
Thus, the static (positive) chargeqi on each aromatic center
(D) in the mixed-valence cationD-br-D•+ is found to be the
following: (a) qi ) 0 and 1.0 inD(ph)2D•+ (where br )
p-biphenylene), (b)qi ) 0.5 and 0.5 in the directly coupled
biaryl cationD-D•+, and (c)qi ) 0.2 and 0.8 in the phenylene-
bridged cation radicalD-(ph)-D•+sas Robin-Day examples of
class II, class III, and borderline class II/III systems, respectively.
Cyclic voltammetric behavior of the donorsD-br-D as well as
dynamic ESR line broadening of the cation radicalsD-br-D•+

provides ample support for the X-ray-based classification. Most
importantly, the theoretical analysis of the diagnostic NIR
(absorption) bands extant in the electronic spectra of all the
mixed-valence cations (Chart 1) lead to the quantitative evalu-
ation of the electronic coupling matrix elementH between the
D/D•+ centers by the application of Mulliken-Hush theory of
intervalence electron exchange.32 Calculations of the activation
free energy (∆Gq

ET) lead to first-order rate constants (kET) that
are in agreement with the experimental electron-transfer rates
(based on ESR line broadening) and verify the Robin-Day
classification that stems from the X-ray structural analysis (and
CV and ESR measurements).

Experimental Section

Materials. Dichloromethane and toluene were purified according
to published procedures.41 2,5-Dimethoxytoluene,7 2,5-dimethyl-1,4-
dimethoxybenzene,7 4,4′-dimethyl-2,5,2′,5′-tetramethoxy-1,1′-biphenyl
(D-D),8 bis(2,5-dimethoxy-4-methylphenyl)propane8 (D(CH2)3D), 4,4′′-
dimethyl-2,5,2′′,5′′-tetramethoxy-1,1′:4′,1′′-terphenyl (D(ph)D),8 and
4,4′′′-dimethyl-2,5,2′′′,5′′′-tetramethoxy-1,1′:4′,1′′:4′′,1′′′-quaterphen-
yl (D(ph)2D)8 were prepared according to the literature procedure, as
well as the precursor of 2,3,8,9-tetrahydro-1,1,4,4,7,7,10,10-octameth-
yltetracene radical-cation (OMN •+).7 All of the compounds were
characterized by melting points, IR,1H NMR, 13C NMR, MS, and
elemental analysis.

Instrumentation. The1H NMR spectra were recorded in CDCl3 on
a General Electric QE-300 NMR spectrometer. Infrared spectra were
recorded on a Nicolet 10 DX FT spectrometer. Gas chromatography
was performed on a Hewlett-Packard 5890A gas chromatograph
equipped with a HP 3392 integrator. GC-MS analyses were carried
out on a Hewlett-Packard 5890 gas chromatograph interfaced to a HP
5970 mass spectrometer.

X-ray crystallographic analysis was carried out with aid of a
Siemens SMART diffractometer equipped with a CCD detector using
Mo KR radiation (λ ) 0.710 73 Å) typically at-150°C. The structures
were solved by direct methods42 and refined by a full matrix least-
squares procedure with IBM Pentium and SGI O2 computers.43 The
X-ray crystallographic parameters and the details of the refinements
for the neutral donors and their cation radicals salts are presented in
Table 7 (See also Supporting Information).

Cyclic Voltammetry. Cyclic voltammetry (CV) was performed on
a BAS 100A electrochemical analyzer with a cell of airtight design
with high-vacuum Teflon valves and Viton O-ring seals to allow an
inert atmosphere to be maintained without contamination by grease.
The working electrode consisted of an adjustable platinum disk
embedded in a glass seal to allow periodic polishing (with a fine emery
cloth) without significant changing the surface area (∼1 mm2). The
saturated calomel electrode (SCE) and its salt bridge were separated
from the cathode by a sintered glass frit. The counter electrode consisted
of a platinum gauze that was separated from the working electrode by
∼3 mm. The measurements were carried out in a solution of 0.1 M
supporting electrolyte (tetra-n-butylammonium hexafluorophosphate)
and 5× 10-4 M compound in dry dichloromethane under an argon
atmosphere. All cyclic voltammograms were measured at a uniform
sweep rate of 2 V s-1 (with iR compensation). The potentials were
referenced to SCE, which was calibrated with added ferrocene (5×
10-4 M). Controlled-potential coulometry was conducted with an EG&G
Princeton Applied Research (PAR) 173 potentiostat and digital cou-
lometer. The number of electrons transferred was calculated from the
relationn ) Q/Fm, whereF is the Faraday constant,m is the moles of
the material, andQ is the number of coulombs passed at the time the
current dropped to<3-9% of its original value.

(39) Especially in view of the asymmetric (20/80) charge distribution in
D(ph)D•+.

(40) Rosokha, S. V.; Sun, D.-H.; Kochi, J. K., manuscript to be submitted.

(41) Perrin, D. D.; Armagero, W. L.; Perrin, D. R.Purification of Laboratory
Chemicals, 2nd ed.; Pergamon: New York, 1980.

(42) Sheldrick, G. M.SHELXS-86, Program for Structure Solution; University
of Göttingen: Göttingen, Germany, 1986.

(43) There is a rotational disorder of a terminal methyl group in the structure
of the neutral donorD-D (see Figure 1). There is also rotational disorder
of the centralp-phenylene ring in the structure of the neutral donor
D(ph)D.

Table 6. Intramolecular Electron Exchange Parameters for the Phenylene-Bridged Cation-Radical D(ph)D•+. Comparison with the
Mulliken-Hush Theory

exp(−∆Gq/RT)c kET
c

method
H,a

cm-1

∆Gq,b

kcal/mol 20 °C 100 °C 20 °C 100 °C

Mulliken-Hush 770 2.6 0.012 3× 10-4 1010 3 × 108

cyclic voltammetry 1600 1.0 0.17 0.04 2× 1011 4 × 1010

X-ray crystallography 2400 0.2 0.7 0.5 7× 1011 5 × 1011

a See Discussion, section IIC.b From eq 9.c For kET ) 1012 exp(-∆Gq/RT).
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General Procedure for the UV-Visible-NIR Spectroscopic
Characterization of Cation Radicals.Cation-radicals and the dication
of D-br-D were prepared by chemical oxidation of neutral donors via
electron exchange with the aromatic cation radicalOMN •+SbCl6-

(Ered
o ) 1.34 V vs SCE) generated in situ by the addition of

nitrosonium salt NOSbCl6 in anhydrous dichloromethane. All spectra
were recorded with a Cary 500 UV-visible-NIR spectrometer. Spectra
of the cation radicals ofD-D•+ andD(ph)nH•+ (n ) 1, 2) were obtained
by adding 1 equiv of the 1e oxidantOMN •+SbCl6- to the solution of
neutral donorD-D, andD(ph)nH, respectively. Spectra of the cation-
radicalD-br-D•+ and the dicationD-br-D2+ were obtained by spectral
titration as follows. A 1-cm quartz cuvette equipped with a Schlenk
adaptor was charged under an argon atmosphere with 3 mL of a freshly
prepared solution ofOMN •+ SbCl6- (generated in situ from NOSbCl6

in anhydrous dichloromethane) and the spectrum recorded. Strong
absorption centered atλmax ) 673 nm was observed (see Figure 10,
the upper spectrum at 673 nm), and the concentration of the oxidant
was based on the absorbance at 673 nm44 ([OMN •+] ) 0.12 mM). A
solution of 10 mM donor (D(ph)2D) in dichloromethane was added to
the oxidant solution in 3-µL increments. At the beginning of the
titration, the intensity of the 673-nm band decreased and a Gaussian
band centered atλmax ) 1130 nm was formed with increasing intensity.
The absorption decrease at 673 nm and the absorption increase at 1130
nm were proportional to the amount of the added donor until 15µL of
donor (D(Ph)2D) solution was added (Figure 10). An isosbestic point
was observed at 715 nm. At this juncture, the added donor corresponds
to 1/2 equiv of the oxidant (OMN •+)sindicating the 1 equiv ofOMN •+

reacted with1/2 equiv of neutral donor (D(ph)2D) to form the dication
D(ph)2D2+

This spectrum was taken as the spectrum of the dication,D(ph)2D2+.
As the titration was continued, the intensity of the band centered at
673 nm remained relatively invariant, and the intensity increase of the
band centered at 1130 nm diminished. The absorption maximum was
red-shifted; the band shape became less Gaussian. Another isosbestic
point was observed at 1130 nm, and the absorption in the low-energy
region (1700-2200 nm) increased (Figure 10), indicating the compro-
portionation reaction between the dication (D(Ph)2D2+) and the neutral
donor to reversibly generate the cation radical (D(ph)2D•+).

After 4 equiv of the donor was added, the spectrum was invariant and
taken to be that of the cation radicalD(ph)2D•+. At this point, the
comproportionation equilibrium was greatly shifted to the right, and
the amount of the dication was spectroscopically negligible. The spectral
titration of other donors in Chart 1 was carried out by the same
procedure.

ESR Spectra of the Mixed-Valence Cation Radicals.The cation
radicals for the ESR study were generated from freshly prepared
solution ofOMN •+SbCl6- in anhydrous dichloromethane as described
above. The spectra were obtained from a Varian E-line Century Series
ESR spectrometer from+20 to-100°C. Static ESR spectra simulations
were carried out with PEST WinSim program, version 0.96 (Public(44) Rosokha, S. V.; Kochi, J. K.J. Am. Chem. Soc. 2001, 123, 8985.

Table 7. Crystallographic Data for Aromatic Donors and Their Cation Radicals

DCH3 D(CH2)3D D+(CH2)3D+ D−D D−D+ D(ph)D D(ph)D+ D(ph)2D+

empirical formula C10H14O2 C21H28O4 C21H28O4
2+2SbCl6- C18H22O4 C18H22O4

+SbCl6- C24H26O4 C24H26O4
+SbCl6- C30H30O4

+SbCl6-

formula wt 166.21 344.43 1013.33 302.36 636.81 378.45 712.90 788.99
cryst syst monoclinic orthorhombic monoclinic monoclinic triclinic triclinic monoclinic monoclinic
space group P21/n P212121 P21/m C2/c P-1 P-1 P21/c P21

a, Å 6.4943(4) 7.8130(5) 8.073(2) 22.199(11) 7.6596(2) 5.0760(3) 13.4765(2) 7.2182(1)
b, Å 8.9209(5) 7.9994(5) 26.577(5) 5.8270(3) 12.8575(3) 13.962(1) 15.5512(3) 16.6646(3)
c, Å 8.0240(5) 29.763(2) 8.445(2) 12.6965(7) 13.7700(3) 14.341(1) 13.8393(3) 13.4314(1)
R, deg 90 90 90 90 62.369(1) 77.796(2) 90 90
â, deg 101.82(1) 90 98.99(3) 109.85 83.190(1) 88.587(2) 105.94(1) 103.88(1)
γ, deg 90 90 90 90 83.567(1) 88.641(2) 90 90
V, Å3 455.02(5) 1860.2(2) 1789.6(6) 1544.8(1) 1190.5(1) 992.9(1) 2788.8(1) 1568.44(4)
Z 2 4 2 4 2 2 4 2
T, K 123(2) 93(2) 123(2) 123(2) 123(2) 123(2) 123(2) 123(2)
µ, mm-1 0.083 0.084 2.432 0.091 1.855 0.085 1.594 1.426
Fcalc, g/cm3 1.213 1.230 1.881 1.300 1.777 1.266 1.698 1.671
total refl 4073 23294 22003 10207 17125 10726 34861 23274
unique refl 1987 4699 8082 3439 10303 5993 12599 13253
data [I > 2σ(I)] 1593 4102 5945 1847 7229 2535 9054 9677
params 57 338 190 103 271 295 322 376
R1

a 0.049 0.039 0.047 0.058 0.045 0.099 0.037 0.046
wR2

b 0.120 0.094 0.093 0.137 0.070 0.233 0.071 0.067

a R1 ) ∑|Fo| - |Fc|/∑ |Fo|. b wR2 ) {∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]}1/2.

1/2D(ph)2D + OMN •+ f 1/2D(ph)2D
2+ + OMN (10)

Figure 10. Spectral changes attendant upon the addition of the biphenylene-
bridged donor to the paramagnetic (1e) oxidantOMN •+ showing the initial
appearance of the dicationD(ph)2D2+ with λmax ) 1150 nm followed by
the cation-radical D(ph)2D•+ as the result of the comproportionation
equilibrium. The inset shows the resolved (Gaussian) intervalence band of
D(ph)2D•+obtained by digital subtraction ofD(ph)2D2+ (measured initially)
from the final spectrum.

D(ph)2D
2+ + D(ph)2D a 2D(ph)2D

•+ (11)
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EPR Software Tools, National Institute of Environmental Health
Sciences), by variation of the splitting parameters and line widths to
obtain the best correspondence of simulated and calculated spectra.
As the starting set of parameters, those of the parentDCH3

•+ were
used.19 The parameters obtained (hyperfine splitting constants and line
widths in G, the number of nuclei in parentheses):D(ph)H•+, aOMe )
3.35 (6),aCH3 ) 4.20 (3),aH ) 0.4 (1),aH ) 0.6 (1), line width 1.2.
D-D•+, aOMe ) 1.56 (12),aCH3 ) 2.75 (6),aH ) 0.25 (4), line width
0.4,D(ph)D•+, aOMe ) 1.45 (12),aCH3 ) 2.60 (6),aH ) 0.4 (2),aH )
0.30 (2), line width 0.60.D(ph)2D•+, aOMe ) 3.10 (6),aCH3 ) 4.40 (3),
aH ) 0.5 (2), line width 1.2.D(CH2)3D•+, aOMe ) 3.0 (3),aCH3 ) 4.1
(3), aH ) 0.4 (2),aCH2 ) 3.8 (2),aCH2 ) 1.5 (2),aCH2 ) 0.3 (2) (three
latter splittings corresponds to bridge hydrogens), line width 0.8.

Dynamic ESR spectra simulations were carried out forD(ph)2D•+

andD(CH2)3D•+ with the aid of the ESR-EXN program.20 In these cases,
the parameters obtained in the static ESR simulation for the mono-
nuclear model cation radical were used as the starting point, and the
rate constants were varied to obtain the best correspondence between
the calculated and experimental spectra. The electron-transfer rate
constants obtained from the line-broadening experiments were most
reliable in a rather narrow (temporal) range: 3× 106 < kET < 108 s-1.
At slower rates, the line broadening was insufficient to be observed,
and at faster rates, the line broadening was too severe. When the ET
rate constant became very high on the ESR time scale (>109 s-1), line
narrowing was observed with increasing rate constants, the values of
the hyperfine splittings became nearly half, and the number of nuclei
doubled as compared with those at the slow-rate limits. Moreover, we

were not able to carry out precise dynamic ESR spectra simulations in
the limit of fast-exchange rate. We concluded that the charge distribution
in D(ph)D•+ is probably delocalized on the ESR time scale. Further-
more, because the requisite line width [necessary for the appropriate
(static) simulation of the ESR spectra ofD(ph)D•+] is larger than those
in D-D•+, the rate constant for electron exchange between the redox
centers in the cation radicalD(ph)D•+ is slower (presumably of the
order of 1010-1011 s-1 ).
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trum of the model cation radicalD(ph)H•+ together with its
computer simulation (Figure 1S), the temperature-dependent
ESR spectra ofD(CH2)3D•+ at 20 and-80 °C (Figure 2S), and
the Arrhenius plot of the intramolecular electron-transfer rate
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