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’ INTRODUCTION

Long-range electron transfer (ET) between donor (D) and
acceptor (A) molecules/groups where the separation between
the donor and acceptor greatly exceeds their spatial extent is a
subject of considerable interest for studies of ET mechanisms in
biological systems and in nanoscale circuits based on single
molecular devices.1�3 Electron transfer in donor�bridge�
acceptor (D-B-A) molecules has been actively investigated, in
part to determine which aspects of the bridge structure control
the intramolecular electron transfer (IET).4 Both the electronic
structure of the bridge and the effective distance between the
D/A centers are known to play a critical role in determining the
ease of the ET.4 However, very little is known about the
influence of external factors, like the solvent media and tem-
perature-induced perturbations, on the IET of nonperturbed
ground states of such systems. In most of the small D-B-A
systems, the ET rate scales exponentially with the length of the

bridge between theD/Amoieties. The distance dependence of ET
rate constants, kET, is often described by kET= k0 exp(�βd), where
k0 is a kinetic pre-exponential factor, d is theD�A center-to-center
distance, and β is the attenuation factor that depends primarily on
the nature of the molecular bridge. Theory predicts that another
regime may also exist wherein the distance dependence is very
weak and in which the molecular bridge essentially acts as an
incoherent molecular wire, yielding a reciprocal scaling of kET with
the distance.4�11 Therefore, beyond the range of direct D�A
electronic overlap, IET may occur either through a bridge-
mediated superexchange— also known as direct (nonresonant)
tunneling— between D/A electronic states or through an inco-
herent hopping. The relative contributions of these mechanisms
depend in part on the electronic nature of the bridge as well
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ABSTRACT: Radical anions 1�•�5�•, showing different
lengths and incorporating up to five p-phenylenevinylene
(PPV) bridges between two polychlorinated triphenylmethyl
units, have been prepared by chemical or electrochemical
reductions from the corresponding diradicals 1�5 which were
prepared using Wittig�Horner-type chemistry. Such radical
anions enabled us to study, by means of UV�vis�NIR and
variable-temperature electron spin resonance spectroscopies,
the long-range intramolecular electron transfer (IET) phenom-
ena in their ground states, probing the influence of increasing
the lengths of the bridges without the need of using an external
bias to promote IET. The temperature dependence of the IET rate constants of mixed-valence species 1�•�5�• revealed the
presence of two different regimes at low and high temperatures in which the mechanisms of electron tunneling via superexchange
and thermally activated hopping are competing. Both mechanisms occur to different extents, depending on the sizes of the radical
anions, since the lengths of the oligo-PPV bridges notably influence the tunneling efficiency and the activation energy barriers of the
hopping processes, the barriers diminishing when the lengths are increased. The nature of solvents also modifies the IET rates by
means of the interactions between the oligo-PPV bridges and the solvents. Finally, in the shortest compounds 1�• and 2�•, the IET
induced optically through the superexchangemechanism can also be observed by the exhibited intervalence bands, whose intensities
decrease with the length of the PPV bridge.
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as on the distance between the D/A centers.4 In general, tunneling
and hopping pathways operate in parallel, and the overall rate
constant of an IET will have contributions from both
mechanisms.12

Mixed-valence compounds of the type R�-B-R (or R-B-Rþ)
containing two linked redox centers in different formal oxidation
states, generated by the partial reduction (or oxidation) of

symmetrical neutral R-B-R derivatives, are excellent candidates
for studying the different factors influencing IETs, like the length
and architectures of the bridges, as well as the temperature and
the solvent. Advantageously, IET in such compounds can be
studied without the need to perturb their ground states by
applying an external bias using the scanning tunneling micro-
scopy (STM) break junction technique or conducting atomic

Chart 1
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force microscopy (c-AFM), or by exciting the molecules using
optical pump�probe spectroscopy.4

Herein, we describe a series of structurally well-defined
diradicals 1�5 (Chart 1) in which oligo-p-phenylenevinylene
(oligo-PPV) bridges of different lengths are connecting two
polychlorotriphenylmethyl (PTM) radical units as redox
centers. Such PTM radical units are particularly interesting
not only because they have a large persistence, displaying high
thermal and chemical stabilities, but also because they are
electroactive species giving rise, either chemically or electro-
chemically, to the corresponding anions and cations.13 The
resulting anions are also quite stable species, while the cations
are highly reactive toward H2O, thus limiting their use.14 By
partial chemical or electrochemical reduction of diradicals
1�5, we generated the mixed-valence radical anions 1�•�5�•

and studied the optically and thermally induced IET processes
from the UV�vis�NIR spectra and variable-temperature
electron spin resonance (VT-ESR) spectra of these
species.15,16 The controlled molecular structure in this series
of compounds allows for probing the effects of the distance on
the rate at which ET occurs in these mixed-valence systems, as
well as the influence of solvent and temperature on IET
phenomenon and the molecular-wire behavior of the oligo-
PPVs. It is worth mentioning that only a few reports on
temperature control of ET through π-conjugated chains of
oligo-PPVs are known.9 Moreover, in many of those studies
IETs were investigated using femtosecond to nanosecond
optical pump�probe spectroscopy, where the ET takes place

in the excited state, while in our study the IET is observed in
the ground state.

’RESULTS AND DISCUSSION

Diradicals. Synthesis. The synthetic route for preparing dir-
adicals 1�5 is based on the reaction of phosphonium bromide 15
with the suitable oligo-PPV dialdehydes 6�10 under Wittig
conditions followed by the in situ generation and oxidation of the
corresponding dicarbanions with p-chloranil (Scheme 1).
The substituted phosphonium bromide 1513c and dialdehydes

6, 8, and 1017 were prepared according to previously reported
procedures. Dialdehydes 7 and 9 were obtained for the first time
following the synthesis depicted in Scheme 2. The strategy
employed for the preparation of such dialdehydes is based upon
Wittig�Horner-type chemistry. Thus, the treatment of aldehyde
17 with phosphonate 16 in THF in the presence of t-BuOK
afforded the targeted protected stilbene derivative 18, but as an
E:Z isomer mixture, as deduced from the 1H NMR spectrum.
The latter observation is quite surprising, as the reaction of
benzylic phosphonates with aromatic aldehydes under Wittig
�Horner conditions is generally stereoselective, leading to the E
isomer only.17,18 In the present case, steric hindrance resulting
from the presence of the two octyloxy groups in the ortho
positions of the reactive groups in both 16 and 17 may explain
the lack of E:Z selectivity. The isomerization of the isomeric
mixture to the E derivative 18 was easily achieved by treatment
with a catalytic amount of iodine in refluxing toluene,

Scheme 1. Synthetic Route for Diradicals 1�5
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and the compound (E)-18 was thus obtained in 78% yield.
Subsequent deprotection with CF3CO2H in CH2Cl2/H2O
afforded the dialdehyde 7 in 74% yield. Reaction of 7 with
phosphonate 16, under Wittig�Horner conditions, followed by
treatment with a catalytic amount of iodine in refluxing toluene
then gave the all-E p-phenylenevinylene trimer 19 in 43% yield.
Deprotection by treatment with CF3CO2H in CH2Cl2/H2O
afforded dialdehyde 9.
The coupling of the substituted phosphonium bromide 15

with the suitable dialdehydes 6�10 was performed under Wittig
conditions to give the corresponding polychlorinated bis-
(triphenylmethanes). This reaction has been strongly stereose-
lective in other related compounds since it yields exclusively the
E/E isomers, as ascertained by NMR spectroscopy.13c Such
stereoselectivity is justified if we consider that the ylide derived
from the phosphonium bromide 15 is stabilized by the presence
of the polychlorinated aromatic ring. Actually, the natural pre-
ference of ylides with electron-withdrawing groups that stabilize
the betaine form has been experimentally shown to give mainly
the E isomer.19 In addition, the Z/E isomer distribution of the
Wittig products is also strongly influenced by the nature of the

base used in the preparation of the ylide.20 Indeed, potassium
tert-butoxide is the base of choice for maximizing the yields of E-
olefins.18,21

In order to optimize the yield of the desired diradical
compounds, the bis(triphenylmethane) precursors were not
isolated, and the synthesis of the diradical species 1�5 was
performed as a “one-pot” reaction by treatment of the corre-
sponding bis(triphenylmethane) precursor with an excess of
n-Bu4N

þOH� and subsequent oxidation of the resulting dianions
with p-chloranil. Apart from compound 1, diradicals 2�5 were
always isolated as the minor products and the corresponding
radical monoadducts 11�14 were the major ones, whatever the
reaction conditions. As already reported, the yields of Wittig-type

Scheme 2. Synthetic Route for Obtaining Dialdehydes 7 and 9a

aReagents and conditions: (i) t-BuO�Kþ/THF then I2 (cat.)/toluene; (ii) CF3CO2H/CH2Cl2/H2O; (iii) 16/t-BuO
�Kþ/THF then I2 (cat.)/toluene;

(iv) CF3CO2H/CH2Cl2/H2O.

Chart 2 Table 1. Redox Potentials of Compounds 1�14 in V vs Ag/
AgNO3 in CH2Cl2

compd E0red/V E0ox1/V

1 �0.18 1.14

2 �0.20 0.96

3 �0.22 0.86

4 �0.22 0.82

5 �0.18 0.80

6 1.79

7 1.04

8 1.03

9 0.85

10 0.80

11 �0.19 1.05

12 �0.20 0.93

13 �0.20 0.83

14 �0.18 0.78
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reactions involving bis-aldehydes 6�10 diminish drastically with the
length of the conjugated system.17 It is alsoworth noticing that all the
obtained diradicals 1�5 are highly persistent and thermally stable in
the solid state and also in diluted solutions, evenwhen exposed to air.
The solubility of diradicals 1�5 is very high in many solvents,
contrasting with the behavior of the previously reported diradical 20,
lacking the two octyloxy substituents (Chart 2).13a

Electrochemistry. The redox properties of compounds 1�14
were studied in solution by cyclic voltammetry (CV) (Table 1).
Cyclic voltammograms were recorded in CH2Cl2, with [(n-Bu)4N]
PF6 (0.1 M) as supporting electrolyte, a Pt wire as a working
electrode, and Ag/Agþ as the reference electrode. Monoradicals
11�14 show one reversible reduction process between �0.18 and
�0.20 V, corresponding to the reduction of the radical units to the
correspondingmonoanions. For diradicals 1�5, the redox processes
of the two triphenylmethyl units are too close to be distinguished,
and only one reversible two-electron reduction process is observed
between �0.18 and �0.22 V. This result suggests the presence of
weak electronic interactions between the triphenylmethyl units of
diradicals 1�5, since in the case of a strong or moderate electronic
interaction between the two electroactive units, two electrochemical
waves are anticipated. The values of the redox potentials for the
reversible reduction process of all obtained monoradicals are similar
among them (see Table 1) and equal to those of the diradicals,
indicating a small influence of the π-conjugation of oligo-PPV
fragments on the SOMO levels of the radicals.
In oxidation, the cyclic voltammograms of monoradicals

11�14 and diradicals 1�5, as well as those of the corresponding
dialdehydes precursors 6�10, exhibit from one to three rever-
sible (or quasi-reversible) one-electron oxidation waves centered
on the oligo-PPV fragments.22 For the entire series of com-
pounds, the first oxidation potential decreases upon increasing
the conjugation length of the PPV core (Table 1).
Absorption Spectra. UV�vis absorption spectra of diradicals

1�5, dialdehydes 6�10, and monoradicals 11�14 were re-
corded in CH2Cl2, and the most relevant data are summarized in
Table 2. For compounds 6�10, the λmax of the absorption band
corresponding to the characteristic π�π* transitions of oligo-
PPV units is progressively red-shifted from 403 to 470 nm when
the conjugation length is increased. At the same time, the molar
extinction coefficient is increased in the series, as classically
observed for such systems.22,23

The absorption spectra of diradicals 1�5 (Figure 1) and
monoradicals 11�14 also exhibit the characteristic π�π* transi-
tions of the oligo-PPV units. In both series, this band is red-
shifted upon increasing the size of the π-conjugated bridging
system (Table 2). When comparing compounds 6�10 with the
corresponding monoradicals 11�14, the π�π* transitions is
slightly red-shifted and the molar extinction coefficient larger. A
similar trend is observed when comparing monoradicals 11�14
with the corresponding diradicals 1�5 (see Figure S1, Support-
ing Information). This fact is likely the result of an enhanced
conjugation length of the PPV-type system due to the presence of
the terminal PTM radical group. On the other hand, the presence
of electronic delocalization is also observed in the two low-energy
radical bands that appear around 509�585 and 680�782 nm, in
which bathochromic shifts and enhanced absorptivities cause the
conjugation of the oligo-PPV bridges to increase. As previously
noted, increasing the number of PPV fragments in the mono-
radicals also gives rise to small red shifts and enhanced absorp-
tivities of these bands, although to a lesser extent than in the
diradicals.
It is worth mentioning that the changes in these low-energy

bands of the diradicals are much more pronounced when going
from diradical 1 to 3 than from 3 to 5. Such low-energy radical
bands are assigned to charge transfer from the electron-donating
PPV bridge to the electron-accepting PTM radical groups. This
assignment is confirmed by the absence of such absorptions in
the corresponding dianionic species generated from the radicals
(vide infra), where the acceptor character of PTM units is absent,
and is also supported by the solvent dependence shift, typical of
charge-transfer bands, exhibited by the low-energy radical bands
of diradical 1. On the other hand, the most characteristic radical
absorption, attributable to the HOMO�SOMO transition,24

appears in all radicals at 389 nm without showing any significant
difference with the size of the bridging conjugated system.
Electron Spin Resonance. X-band ESR spectra of diradicals

1�5 and monoradicals 11�14 were recorded in CH2Cl2/
toluene (1:1) solution in the temperature range of 140�300
K. In both cases, the ESR spectra at 300 K are practically identical
along the series (Table 3). As representative examples, the
experimental and simulated spectra of diradical 3 and mono-
radical 12 are shown in Figures 2 and 3, respectively.

Table 2. UV�Vis Data for Compounds 1�14 in CH2Cl2

compd λmax/nm (10�3ε/M�1 cm�1)

1 321 (15.7), 368 (sh) 388 (52.3) 418 (sh) 509 (11.8), 680 (3.8)

2 338 (21.1), 368 (sh) 389 (58.1) 434 (55.3) 547 (12.2), 747 (4.9)

3 341 (27.4), 369 (sh) 390 (61.5) 454 (78.7) 558 (sh), 778 (5.7)

4 369 (sh) 389 (64.3) 462 (88.0) 579 (sh), 780 (6.2)

5 334 (34.3), 369 (sh) 389 (69.1) 475 (121.9) 585 (sh), 782 (5.9)

6 274 (16.0), 282 (13.3) 403 (6.3)

7 331 (17.3) 423 (27.1), 476 (sh)

8 275 (20.1), 282 (17.8), 341 (19.2) 446 (57.4)

9 336 (19.7) 462 (67.5)

10 333 (26.6) 470 (102.2)

11 334 (20.9), 367 (sh) 390 (42.6) 427 (45.3) 542 (7.2), 745 (2.1)

12 339 (22.2), 368 (sh) 390 (44.2) 450 (72.1) 556 (sh), 776 (2.6)

13 333 (sh), 368 (sh) 389 (46.1) 462 (84.4) 574 (sh), 777 (2.3)

14 333 (28.1), 368 (sh) 390 (47.8) 473 (116.2) 582 (sh), 780 (2.9)
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At 300 K, monoradicals showed ESR spectra with two
symmetrical main lines originated by the hyperfine coupling of
the unpaired electron with the hydrogen atom of the ethylene
group next to the PTM unit. Several weak satellite lines corre-
sponding to the hyperfine couplings with the naturally abundant
13C nuclei of the PTM unit (Table 3) were also observed. When
the temperature was lowered, the main lines narrowed, thus
making it possible to distinguish an additional hyperfine coupling
with another hydrogen atom of the ethylene moiety, with a
smaller hyperfine coupling constant, yielding a spectrum con-
sisting of four main lines (see Figure 3b and Table 3). Spectra of
diradicals 1�5 at 300 K are different since they exhibit three
overlapped symmetrical main lines, which are each split into two
lines when the temperature is lowered (see Figure 2b), with
isotropic hyperfine coupling constants that are approximately
half those of the monoradicals. The 13C hyperfine coupling
constants in the biradicals are also half the values of the coupling

constants of monoradicals. As the isotropic hyperfine coupling
constants for diradicals 1�5 are half those found for the related
monoradicals 11�14 (see Table 3), we can conclude that the
two electrons in diradicals 1�5 are magnetically interacting, with
an electron exchange interaction constant, J, that fulfills the
condition |J| . |ai|.

25 The isotropic giso values for all studied
mono- and diradicals are very close to that of the free electron
(Table 3), as already observed for other substituted PTM
radicals.13,14

Spectra of diradicals were also recorded in a frozen CH2Cl2/
toluene (1:1)mixture at 140 K in order to determine the absolute
values of zero-field-splitting parameters, |D/hc| and |E/hc|, that
arise from the dipolar magnetic interactions between the two
unpaired electrons. The values of these parameters for diradical 1
are |D/hc| = 3.9 � 10�4 cm�1 (or D = 8.5 G) and |E/hc| ≈ 0,
which are equal to those of diradical 20, lacking the two octyloxy
substituents.26 Such an agreement reveals a similar dipolar
magnetic interaction between the two unpaired electrons of both
diradicals and a weak influence of the two electron-withdrawing
octyloxy susbtituents of the central phenyl ring on the distribu-
tion of the two unpaired electrons. From the zero-field-splitting
parameter |D/hc|, one may also estimate an effective interspin
separation, R, assuming that D = 3g2β2/2R3,26�28 strictly valid
only for localized diradicals, is applicable to the delocalized
diradicals studied here. Indeed, one may estimate an effective
distance of 15 Å for diradical 1, which is somewhat smaller than
the nominal separation of 18.8 Å between the two methyl carbon
atoms calculated from optimized structures using AM1 semi-
empirical minimizations. This result is in agreement with a
certain degree of electronic delocalization for 1. For the rest of
diradicals (2�5), their D values are either very small (De 1 G)
or undetectable by conventional continuous-wave ESR, as ex-
pected from the large distances between the two methyl carbon
atoms, estimated by theoretical calculations as 18.8, 25.4, 31.9,
38.2, and 44.7 Å for 1�5, respectively.28 In line with such large
distances is the fact that any of the forbiddenΔMs = 2 transitions
were observed for the studied diradicals at half-field in the ESR
spectra at 140 K.
Radical Anions. Generation of Radical Anions.Mixed-valence

radical anions 1�•�5�•were generated by the chemical reduc-
tion of diradicals 1�5 with metallic Cu under conditions

Figure 1. UV�vis spectra of diradicals 1�5 in CH2Cl2.

Table 3. EPR Dataa for Diradicals 1�5 and Monoradicals
11�14 Obtained in CH2Cl2/Toluene (1:1) Solution

compd T/K g aH aC,R aC,arom ΔHpp

1 220 2.0025 0.88 (2 H) 14.8 6.5, 5.4 0.88b

2 220 2.0022 0.88 (2 H), 0.34 (2 H) 14.5 6.2, 5.1 0.32

3 220 2.0022 0.93 (2 H), 0.36 (2 H) 14.6 6.2, 5.1 0.36

4 220 2.0024 0.87 (2 H), 0.37 (2 H) 14.1 6.2, 5.3 0.40

5 230 2.0023 0.90 (2 H), 0.38 (2 H) 13.6 6.2, 5.4 0.40

11 220 2.0020 1.80 (1 H), 0.70 (1 H) 29.1 12.7, 10.2 0.56

12 220 2.0022 1.75 (1 H), 0.70 (1 H) 28.9 12.7, 10.2 0.62

13 220 2.0022 1.80 (1 H), 0.70 (1 H) 29.0 12.5, 10.1 0.65

14 240 2.0023 1.80 (1 H), 0.70 (1 H) 29.3 12.5, 10.2 0.69

1�• 200 2.0025 1.70 (1 H) 1.0

2�• 205 2.0022 1.65 (1 H), 0.72 (1 H) 0.85

3�• 220 2.0024 1.70 (1 H), 0.70 (1 H) 0.70

4�• 220 2.0024 1.68 (1 H), 0.72 (1 H) 0.80

5�• 240 2.0023 1.70 (1 H), 0.70 (1 H) 0.80
a g, Lande factor ((0.0003); aX, hyperfine coupling constant (in gauss)
with atom X;ΔHpp, peak-to-peak line width (in gauss).

bThe larger line
width of 1 is ascribed to the larger dipolar interaction in this diradical.
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Figure 3. Experimental and simulated isotropic solution EPR spectra of monoradical 12 in CH2Cl2/toluene (1:1) solution at 300 (a) and 220 K (b).

Figure 2. Experimental and simulated isotropic solution EPR spectra of diradical 3 in CH2Cl2/toluene (1:1) solution at 300 (a) and 220 K (b).
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previously optimized for the reduction of (2,3)-(6,7)-bis(1,4-
dioxo-1,4-dihydrobenzo)tetrathiafulvalene.16d,27 Thus, the re-
duction was performed on stirred 1 � 10�4�2.5 � 10�4 M
solutions of 1�5 in CH2Cl2 with [(Ph)4P] Br (0.1 M) as
supporting electrolyte and using a wire of metallic copper as
the reducing chemical agent. This process takes place smoothly
and gradually, and it can be stopped at any point just by removing
the copper wire from the solution. The reduction progress was
followed continuously by UV�vis�NIR spectroscopy until the
dianions were fully generated. As an example, Figure 4 illustrates
the evolution of the absorption spectra during the course of the
reduction of diradical 2, where the formation of the radical anion
2�• followed by the dianion 22� is observed. The observation of
some well-defined isosbestic points during the course of the
reduction indicates that no byproducts due to decompositions
are originated during this smooth process. For comparison
purposes, the monoanions 11��14� were also generated from
the radicals 11�14 using the same reduction procedure. All
relevant spectroscopic data of the final products— the dianions
12��52� and monoanions 11��14�— are collected in Table 4.
In all reduction reactions of radicals, the initial band centered

around 389 nm, characteristic of the PTM radical chromophore,
decreases until it disappears completely when all radical centers are
reduced to anions. Also the least energetic band of the mono- and
diradicals, centered between 680 and 782 nm, completely disappears
when the corresponding anions are formed. The last observation
supports the assignment of this band to charge-transfer absorption
from thePPVelectron-donor fragment to thePTMelectron-acceptor
units. In all the resulting mono- and dianions, the absorption bands

produced by the oligo-PPV moieties are blue-shifted with respect to
those exhibited by the neutral radicals and their intensity decreases,
showing that, in the mono- and dianions, the π-conjugation of the
PPV-typemoiety is less extended than in their corresponding radicals.
The mono- and dianions show two new broad and intense

bands between 525 and 612 nm, one of which always appears
centered at 525 nm in all mono- and dianions, while the least
energetic one is blue-shifted from 612 to 602 nm when going
from 12� to 52�. In the largest anionic species 14� and 52�, both
with five PPV units, only the least energetic band was observed
since the other band is probably inside the intense band
generated by the PPV moiety.
Optically Induced Intramolecular Electron Transfer in

1�•�5�•. During the reduction of diradicals 1 and 2, together
with the above-described absorptions, a weak and broad band
appears in the NIR region (see Figure 4 inset) whose intensity

Figure 4. Top: Evolution of the UV�vis during the course of the reduction of diradical 2 in CH2Cl2 with metallic Cu. Inset shows the intervalence band
at the NIR region of radical anion 2�•. Bottom: Experimental intervalence band (solid line) of 2�•, which was deconvoluted by means of two Gaussian
functions (dashed lines). Notice that the sum of the dashed lines (dotted line) closely matches the experimental spectrum.

Table 4. UV�Vis Data for Anions 12��52� and 11��14� in
CH2Cl2 with [(Ph)4P]Br (0.1 M)

compd λmax/nm (10�3ε/M�1 cm�1)

12� 525 (44.3) 612 (45.9)
22� 421 (42.5) 526 (48.0) 609 (52.4)
32� 445 (69.6) 526 (53.8) 606 (56.9)
42� 457 (79.0) 526 (57.1) 604 (58.2)
52� 473 (115.8) 602 (66.2)
11� 421 (38.2) 525 (27.8) 606 (28.3)
12� 447 (65.7) 525 (31.4) 603 (31.9)
13� 459 (78.1) 525 (32.3) 601 (33.6)
14� 472 (111.3) 599 (36.0)
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increases until a complete formation of the mixed-valence radical
anion species 1�•and 2�• is achieved. From that point the intensity
of this band decreases as the radical anion is progressively trans-
formed into the dianion. This optical transition is expected for
mixed-valence compounds that belong to Robin andDay’s class II28

in which an optically induced IET phenomenon, produced by a
bridge-mediated superexchange (tunneling) mechanism, takes
place. For such optical transitions, when the distance between the
two electroactive centers increases, the intensity of the intervalence
transition (IVT) band decreases and at the same time is shifted
toward shorter wavelengths, as is indeed observed for 1�• and 2�•,
which show IVT bands at 1420 and 1380 nm, respectively. For the
mixed-valence species 3�•, 4�•, and 5�•, no IVT bands were
observed, even after a careful deconvolution of their spectra. This
result is not surprising because the calculated distances between the
twomethyl carbon atoms are too large to detect any IVT band.29 In
fact, IVT bands are increasingly difficult to detect when the distance
between the two redox centers approaches 20�25 Å because of the
exponential decay of its intensity.4 As a rule of thumb, the tunneling
is not effective over distances greater than ∼25 Å.30

In order to determine the effective electronic coupling, Vab,
between the two equivalent electroactive centers of radical
anions 1�• and 2�•, we applied the equation developed by
Hush,31 as was previously done for the radical anion 20�•.13,26

Vab ¼ ½2:05� 10�2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εmaxνmaxΔν1=2

q
�R ð1Þ

Here, Vab is the tunneling matrix element (in cm�1), εmax the
maximum extinction coefficient (in M�1 cm�1), νhmax the transi-
tion energy (in cm�1), Δνh1/2 the full-width at half-height
(in cm�1) of the IVT band, and R the effective separation of the
two redox sites (in Å), which can be estimated from semiempirical
calculations. The resulting data, shown in Table 5, were obtained
after correction for the comproportionation equilibrium and by
deconvolution of the experimental spectra (see Figure 4).
The effective electronic coupling values obtained for the

mixed-valence species 1�• and 2�• are 109 and 52 cm�1,
respectively, showing a large decrease of the tunneling matrix
element as the effective distance between the redox sites in-
creases. This is the normal behavior expected for a tunneling
mechanism, mediated by superexchange through the bridge,
whose intensity decreases exponentially with the distance be-
tween the centers. On the other hand, the Vab value for 1

�• is
somewhat lower than that previously reported for the nonsub-
stituted related radical anion 20�•.26 This result suggests that
steric and electronic effects of the two octyloxy substituents on
the six-member ring slightly influence on the effective electronic
coupling. Probably steric hindrance between the bulky octyloxyl
substituents and the chlorine atoms on the neighboring phenyl
rings of PTM units is at the origin of a loss of coplanarity among

the bridge and the PTM units (vide infra) and, consequently, a
slight decrease of the effective electronic coupling between the
terminal sites.
Thermally Induced Intramolecular Electron Transfer in

1�•�5�•. We also studied the thermally activated IET process
in 1�•�5�• bymeans of VT-ESR spectroscopy. For this purpose,
the electrochemical reduction of diradicals 1�5 was performed
until an almost complete reduction to 12��52� was achieved.
This procedure is advantageous since it avoids interferences from
the diradical precursors and the resulting solutions contain,
besides a small concentration of the desired mixed-valence
1�•�5�• species, a large concentration of the ESR-silent
12��52� species, thereby providing good spectral resolutions.
The ESR data of all radical anions 1�•�5�• in CH2Cl2 at low

temperatures are gathered in Table 3. All compounds display
fourmain lines at low temperature in their ESR spectra, which are
very similar to those of the related monoradicals 11�14 (see
Table 3). These characteristics are consistent with the coupling
of the unpaired electron of these species with the two hydrogen
atoms of the ethylene moiety directly linked to the PTM radical
unit, showing at the same time that these radical anions are at the
“slow-exchange” regime under such conditions. By contrast, at
room temperature and at intermediate temperatures, the spectral
features differ notably from those observed at low temperature,
indicating that a dynamic IET takes place on the ESR time scale.
To perform a complete VT-ESR study with compounds

1�•�5�•, we selected CH2Cl2 and 1,2-dichlorobenzene as the
solvents of choice because both solvents solubilize all radical
anions, as well as the electrolyte in which they are generated, and
both have low dielectric constants, enabling ESR spectra to be
obtained with good resolution. In addition, the melting and
boiling points of both solvents are very different, ensuring a large
temperature range for variable-temperature measurements.
Thus, the VT-ESR study in CH2Cl2 in the temperature range
of 200�310 K allowed us to follow completely the IET processes
in 1�•, 2�•, and 3�•. As an example, we show in Figure 5 the VT-
ESR spectra of the mixed-valence species 2�• (see also Figure
S2). The ESR spectrum of this radical anion at 200 K displays two
symmetrical lines arising from the hyperfine coupling with only
one hydrogen atom of the ethylene moiety. This result demon-
strates that, at this temperature, the unpaired electron of radical
anion 2�• is localized on only one half of the molecule on the
ESR time scale, being therefore at the “slow-exchange” regime.
When the temperature increases, a new central line gradually
emerges between the two initial ones. This evolution is consis-
tent with the increase of the IET rate between the two sites going
from the “slow-exchange” limit at 200 K to the “fast-exchange”
regime at 300 K. In the latter region the unpaired electron of 2�•

is coupled with two 1H nuclei of both ethylene groups, both
becoming equivalent nuclei due to the high rate of the ET. The
resulting spectrum displays three main lines with a hyperfine
coupling constant half the value of that at low temperature. The
simulation of ESR spectra32 at different temperatures yielded
the IET rate constants, kET, that vary from 8.1� 106 s�1 at 200 K
to 2.1� 108 s�1 at 310 K (Figure 5). On going from 1�• to 3�•,
the rate constants kET at a given temperature decrease, indicating
that the IET process is slowed as the distance between the
electroactive centers increases. In accordance, species 4�• and
5�•, with even larger bridges, appear as totally localized species in
the range of temperatures allowed by CH2Cl2.
The shape evolution trend with temperature of the ESR

spectra of anion radicals 1�•�5�• in 1,2-dichlorobenzene was

Table 5. IVTAbsorptionData of 1�•, 2�•, and 20�•, Acquired
Using Chemical Reduction with Cu in CH2Cl2 with [(Ph)4P]
Br (0.1 M), along with the Effective Electronic Couplings and
Separations of the Two Redox Sites

compda ν max/cm
�1 εmax/M

�1 cm�1 Δνh1/2/cm
�1 R/Å Vab/cm

�1

1�• 7090 451 3150 18.8 109

2�• 7553 264 2110 25.4 52

20�• 6349 677 2940 18.8 123
aData for 20�• were taken from ref 13c.
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similar to that obtained in CH2Cl2 (see Figures 6, S3, and S4).
Nevertheless, in this case it was possible to record spectra at
very elevated temperatures and accordingly to follow IET
processes with higher rate constants. As an example, for
compound 1�•, CH2Cl2 allowed a maximum rate of only
6.3 � 108 s�1, while with 1,2-dichlorobenzene the maximum
rate was 10.0 � 108 s�1. 1,2-Dichlorobenzene also made it
possible to follow the thermally activated IET process of the

mixed-valence species 4�• (Figure 6) and to observe a small
change in the IET rate constants of the mixed-valence species
5�• on going from 300 to 420 K (see Figure S4), because this
compound is at the “slow- exchange” regime below 300 K.
Experimental ESR spectra of all five mixed-valence species at
320 K in 1,2-dichlorobenzene (see Figure S5) clearly demon-
strate that the rate constants decrease with the oligo-PPV
bridge lengths.

Figure 5. VT-ESR spectra of 2�• in CH2Cl2 with 0.1 M of [(Ph)4P]Br. Experimental spectra in the temperature range of 200�310 K (left) and
simulated spectra (right) with different IET rates.

Figure 6. VT-ESR spectra of 4�• in 1,2-dichlorobenzene with 0.1 M [(Ph)4P]Br. Experimental spectra in the temperature range of 260�420 K (left)
and simulated spectra (right) with different IET rates.
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In order to understand the IET mechanism operating in anion
radicals 1�•�5�•, we studied the temperature dependence of the
kET values obtained from the simulation of the VT-ESR spectra
of 1�•�3�• in CH2Cl2 and 1�•�4�• in 1,2-dichlorobenzene.
Unfortunately, the lack of experimental data available for 5�•,

even in 1,2-dichlorobenzene, prevented its inclusion in this
study. As already mentioned, in mixed-valence systems the IET
may occur either through a bridge-mediated superexchange (or
direct tunneling) process between donor and acceptor electronic
states or through an incoherent hopping process; both mecha-
nisms can operate in parallel, with the overall rate constant
receiving contributions from both mechanisms.12 The tempera-
ture dependences of the two pathways can be used to clarify the
relative importance of each, since the tunneling mechanism in
principle should not be dependent on temperature, while the
hopping process must follow a classical Arrhenius relation. The
Arrhenius plots log(kET) vs 1/T of the kET values obtained from
the VT-ESR spectra for 1�•�3�• in CH2Cl2 and for 1

�•�4�• in
1,2-dichlorobenzene are depicted in Figure 7, and the associated
kinetic data, such as the activation energy barriers, Ea, and
exponential prefactors, A, are gathered in Table 6. The Arrhenius
plots in CH2Cl2 can be separated into two distinct temperature
regions: the low-T region at T < 240 K for 1�•, <270 K for 2�•,
and <280 K for 3�•, and the high-T region at higher tempera-
tures. In the latter region there is a stronger temperature
dependence with larger slopes, which suggests a dominant
thermally activated hopping process. In this region, the activation
energy barriers and the exponential prefactors decrease as the
length of the bridges increases (Table 6). In the low-T region the
three radical anions exhibit lower values for both Ea and A
parameters than in the high-T regime. Arrhenius plots with VT-
ESR data of 1�• and 2�• in 1,2-dichlorobenzene also show the
existence of two distinct temperature regimes (Figure 7,
bottom), while the two regimes are not distinguished for 3�•

and 4�•, indicating the existence of only the high-T one. In the
latter regime the Ea andA values for 1�•�4�• also decrease as the
length of the bridge increases (Table 6).
The presence of two temperature regions in both solvents

could be explained in two alternative ways: (a) the existence of
two parallel conventional thermally activated IET processes with
different kinetic parameters A and Ea, associated with different
conformations of the compounds present in solution in the two
temperature regions, or (b) the presence at low-T of a dominant

Figure 7. Top: Arrhenius plots of the IET rate constants (kET) for 1
�•,

2�•, and 3�• in CH2Cl2. Bottom: Arrhenius plots of the IET rate
constants (kET) for 1

�•�4�• in 1,2-dichlorobenzene. Continuous lines
correspond to Arrhenius plots for high-temperature regime data, while
the discontinuous lines correspond to analogous plots for the low-
temperature regime data.

Table 6. KineticDataa in the TwoTemperature RegionsObtained fromVT-ESR Experiments for IETProcesses ofMixed-Valence
Species 1�•�4�• in CH2Cl2 and 1,2-Dichlorobenzene

T-region parameter 1•� 2•� 3•� 4•�

CH2Cl2

high-T A (1.1 ( 0.4) � 1013 (6.6 ( 1.3) � 1011 (2.5 ( 1.2) � 1010

Ea 5.8 ( 0.6 5.0 ( 0.3 4.1 ( 1.3

n; R2 4; 0.998 5; 0.998 3; 0.995

low-T A (1.4 ( 0.8) � 1011 (4.6 ( 0.8) � 1010 (7.0 ( 4.7) � 108

Ea 3.7 ( 1.1 3.6 ( 0.3 2.2 ( 1.3

n; R2 4; 0.983 4; 0.999 3; 0.976

C6H4Cl2

high-T A (6.4 ( 3.8) � 1013 (2.7 ( 0.6) � 1012 (5.1 ( 1.6) � 109 (4.7 ( 0.6) � 108

Ea 7.6 ( 1.1 6.3 ( 0.3 3.5 ( 0.5 1.9 ( 0.2

n; R2 4; 0.995 6; 0.998 7; 0.981 8; 0.984

low-T A 5.3 ( 0.9 � 1010 1.0 ( 0.2 � 1011

Ea 3.7 ( 0.4 4.3 ( 0.3

n; R2 3; 0.999 5; 0.998
a A in s�1; Ea in kcal 3mol

�1. n is the number of temperatures used in each fitting.



5829 dx.doi.org/10.1021/ja1083859 |J. Am. Chem. Soc. 2011, 133, 5818–5833

Journal of the American Chemical Society ARTICLE

tunneling process activated by the thermal population of specific
conformations. Indeed, internal rotations may create geometries
with smaller barriers to tunneling, and the process itself can
appear to be temperature dependent. So, we should not neglect
bridge dynamics33 when analyzing the temperature dependence
of ET, as the IET could be gated by torsional motions between
the donor and the first bridge phenyl ring, as well as that
occurring between the vinyl group and the phenylene linked to
it.34 Lowering the torsional barrier between the donor and the
stilbenyl bridge allows more efficient electron transport between
the donor and acceptor. Theoretical calculations (vide infra)
confirmed the rich conformational space accessible for such
radical anions at a relatively low energy cost.
The operative mechanism for all studied radical anions was

unraveled by studying the dependence on the bridge lengths of
the kET constants at one fixed temperature at which we have
reliable experimental rate constants. Figure 8 depicts the plot of
ln(kET) versus d for 1

�•�5�• in 1,2-dichlorobenzene at 300 K. In
such mixed-valence molecules there appear to be two main ET
regimes under these conditions. Thus, for the two shortest
bridges there is a sharp decrease in the electron-transfer rate
constants with the distance, similarly to that for compounds
exhibiting an exponential dependence on the distance, like kET =
k0 exp(�βd), where IET occurs through a tunneling mechanism
via superexchange.9,10 In contrast, for the largest bridges the
dependence of kET on d�1 points out that the IET occurs via
hopping.
For the largest bridges (3�•�5�•), there is a change in

mechanism regime since kET constants decrease monotonically
with the length of the bridge. A fit for the two shortest bridges
yields a β value of 0.140 Å�1, which is very similar to the reported
values for similar oligo-PPV bridges in other compounds,4,9 while
for the three largest bridges we obtained a value for the
attenuation factor of 0.041 Å�1. Therefore, in the shortest
bridges, the contribution of the tunneling mechanism should
be very significant, since the distance dependence is too abrupt to
be consistent with an ET limited by hopping,35 whereas in the
longest compounds, where a very small energy gap between the PTM
radical electron-acceptor unit and the PPV electron-donor bridge is
anticipated (see the Absoprtion Spectra section), the preferred
pathway seems to be hoppingwhere the donor-bridge-localized states

are involved. The assignment of a hoppingmechanism for the longest
compounds is additionally supported by the linear trend of kET versus
1/d observed for the largest compounds (see Figure 8 inset). This
kind of transition from tunneling to hopping in long conjugated
molecules has also been observed recently for wires with a different
nature.36

As the nature of solvents may also modulate the IET rate
constants of mixed-valence compounds,37 we also decided to
study such an influence using the radical anion 1�•. Therefore,
we performed an ESR study of the thermally activated IET
process of 1�• in different solvents. The solvents were chosen
from the 11 different classifications of the most common organic
solvents, published elsewhere,38 in order to maximize the repre-
sentation of all types of solute/solvent interactions. For this
solvent choice the solubility of the involved species and the
electrolyte was also taken into account, as well as other solvent
properties such as the dielectric constants, which should be low
in order to obtain a good ESR spectra resolution, and the boiling
and freezing temperatures of solvents. From all initially tested
solvents, only seven had the characteristics to obtain good
enough ESR spectra. The resulting VT-ESR spectra of 1�• in
these solvents at different temperatures, as well as the associated
IET rate constants obtained by simulation of the experimental
spectra, are shown in Figures S6�S10. The kinetic data obtained
from Arrhenius plots of the simulated rate constants in the high-
T range, where the hopping mechanism is dominant for all
solvents, are given in Table S1. There are strong differences in the
activation energy barriers, Ea, depending on the nature of
solvents. In order to find the origin of such differences, a linear
solvation energy relationship (LSER) analysis was performed
with the Ea data. The LSER analysis relates the energy changes
involved in a given molecular process that takes place in solution
with several specific and nonspecific properties of the solvents in
which the process is carried on.39�41 The LSERmodel describing
the Ea for 1

�• shows that the IET process is highly sensitive to
changes of the polarity/polarizability of the solvent media (π*)
and to the hydrogen-bond donor (HBD) acidities of the solvent
media (R), while other solvent parameters are unimportant (see
Table S2). Thus, increasing the solvent polarity/polarizability
lowers the hopping process, while increasing the HBD acidity
enhances this process. This result suggests that the main inter-
actions of solvents influencing the IET through hopping in 1�•

occur through the oligo-PPV bridges, where dipolar and HB
interactions change, in opposite directions, the energy levels of
the bridge modifying the electron hopping rates.
Theoretical Studies of Radical Anions 1�•�4�•. In order to

study the conformational space accessible for the studied radical
anions and its influence on their electronic structures, we
explored at the CASSCF/3-21G level, using various active
spaces, the shape of the potential energy surface of 1�•. This
study was made as a function of both the dihedral angles that
define the coplanarity of the three central six-membered rings
(two angles, ang1 and ang2, which define the coplanarity of the
left and right rings of PTM units, respectively) and the most
relevant distances that define the symmetric/asymmetric char-
acteristics of the molecule. These calculations indicated that the
most relevant geometric parameters defining the localization/
delocalization of the electronic density were the ang1 and ang2
dihedral angles. Therefore, we decided to explore in a more
systematic way the shape of the potential energy surface as a
function of these two dihedral angles. These calculations were
done at the ROHF/3-21G level, in order to lower the

Figure 8. Dependence of the IET rate constants on the bridge lengths
for 1�•�5�• in 1,2-dichlorobenzene at 300 K. Inset: Dependence of kET
vs 1/d for such compounds.
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computational cost while preserving the quality of computations.
For each value of ang1 and ang2, the geometry was the optimum
B3LYP/3-21G geometry after changing only the dihedral angles.
No further optimization was done, given the small differences in
the distances found between the B3LYP and CASSCF optimum
geometries.
The ROHF potential energy surface for the dihedral rotation is

shown in Figure 9. The surface is almost symmetrical with
respect to the 0 of the ang1 dihedral angles (the small asymmetry
is due to the lack of symmetry of the B3LYP/3-21G optimum
geometry, which has a C1 symmetry). Although not plotted, it is
also symmetric with respect to the 0 of the ang2 dihedral angle.
The lowest energy point in this potential surface is placed at ang1=
38� and ang2 = 45�. The three maxima at the points (ang1,ang2)
= ((90, 0) and (0,0) are consequences of the steric repulsions
induced by the Cl atoms when the central rings are forced to
be coplanar. Other relevant points are the ((90,45) and the
((45,90) points, which correspond to the lowest energy path-
ways for the rotation of these dihedral angles in that potential
energy surface. We also analyzed the changes in the electronic
structure in the most relevant points of the potential energy
surface of Figure 9. At the ROHF level, this involves simply
analyzing the shape of the SOMO orbital, while at the CASSCF
level one has to look into all active orbitals. In both cases we
found that the most relevant change is a variation of the degree of
localization/delocalization of the electronic density, which
changes depending on the region of the surface evaluated. The
changes detected at the ROHF level and at the CASSCF level are
similar. Figure 10 plots the shape of the SOMO (in the CASSCF
calculations this is selected as the orbital having an occupation
closest to 1) for the characteristic points indicated before.
Combining these orbital changes with Figure 10, which gives
us an idea about the regions of the conformational space that
can be energetically visited depending on the temperature, one
can know what kind of electron localization will be observed
experimentally at room temperature. At room temperature,
radical 1�• can thermally visit any point of the region around
((37,45), where the electron distribution is mostly located in
one of the two PTM halves and the central six-membered ring.

Only close to the (0,0) region is the electron distribution mostly
located in the three central six-membered rings (which at this
point are coplanar). However, such points are located in a high-
energy region (ROHF calculations using the B3LYP geometries
indicate that this region is located 55 kcal/mol above the
minimum), but reoptimization of these geometries would give
much smaller energy increments. The (0,0) region is the
only zone of the potential energy surface where the electron
distribution is symmetrically located in the central three six-
membered rings.
As complementary information, we also computed the relative

energy and electronic structure of the first excited state at points
(45,45), (0,45), and (45,90). The calculations were done at the
CASSCF(7,7)/3-21G level. The first excited state is located
between 33 and 36 kcal/mol above the ground state for the
same point, depending on the angles. The electronic distribution
is symmetrical and highly delocalized over the central part of the
molecule. Thus, this is a surface that will be accessible photo-
chemically, but not thermally, being responsible for the optically
induced IVT (vide supra).
We also computed the effect of increasing the number of PPV

units that connect the two PTM units. The SOMO shapes
calculated at the ROHF/3-21G level for the (45,45) point for
radical anions 2�• and 3�• exhibit an asymmetry (see Figure
S12), as also occurs for 1�• (see Figure 10). For radical anion
4�•, the electronic distribution is found to be symmetrically
delocalized over the central six-membered rings. A more detailed
investigation of all studied radical anions, taking into account the
presence of solvents, is required for a more quantitative evalua-
tion of the trends, as has been observed for other mixed-valence
systems.41 Nevertheless, the overall trend is that the symmetric
delocalized state becomes more stable as the number of PPV
units is increased.

’CONCLUSIONS

Conjugated diradicals 1�5 with different lengths, incorporat-
ing from one to five PPV units between two polychlorinated
triphenylmethyl (PTM) radical units, have been prepared using

Figure 9. Shape of the potential energy surface computed for 1�• as a
function of the two dihedral angles that define the coplanarity of the
central six-membered rings. Negative values of ang1 correspond to
conrotatory movements, while positive values refer to disrotatory
movements. Angles are given in degrees and energies in kcal/mol
relative to the lowest energy point (placed at 38 and 45� for ang1 and
ang2, respectively).

Figure 10. Shapes of the SOMOof 1�• fromROHF calculations for the
indicated (ang1,ang2) points. The ang1 angle corresponds to the left-
side dihedral, while ang2 is for the right-side angles.
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Wittig�Horner-type chemistry. Chemical and electrochemical
reduction of the diradicals 1�5 gave the series of radical anions
1�•�5�• and dianions 12��52�, which were fully characterized.
To the best of our knowledge, radical anions 1�•�5�• enabled to
study for the first time, by means of UV�vis�NIR and ESR
spectroscopies, the long-range IET phenomena in the ground
state in a series of mixed-valence species with increasing lengths
and without using any external perturbation. The temperature
dependence of the IET rate constants of mixed-valence species
1�•�5�• revealed the presence of two different regimes at low
and high temperatures. In each of these regimes a different IET
mechanism dominates. Thus, at higher temperatures the domi-
nant mechanism is the thermally activated hopping one, while at
low temperatures electron tunneling via superexchange is the
operative mechanism. Both mechanisms occur to different
extents depending on the length of the mixed-valence com-
pounds. Thus, the lengths of the oligo-PPV bridges have a
notable influence on the activation energy barriers of the hopping
processes, diminishing the barriers as the lengths are increased.
The nature of solvent also modifies the IET rates when they are
controlled by the hopping mechanism by means of the interac-
tions between the PPV bridges and the solvents. In the shortest
compounds 1�• and 2�•, optically induced IET through a
superexchange mechanism was also observed, both mixed-va-
lence species exhibiting intervalence bands whose intensities
decreased with the length of the PPV fragment as the electronic
coupling between the PTM units does.

’EXPERIMENTAL SECTION

General Procedures. All reactions were carried out under Ar and
using solvents which were dried carefully by routine procedures. For
column chromatography, silica gel 60 (230�400 mesh, 0.040�0.063
mm) was purchased from E. Merck. Thin-layer chromatography (TLC)
was performed on glass sheets coated with silica gel 60 F254 purchased
from E. Merck, visualized by UV light. NMR spectra were recorded on a
Bruker AC 200 (200 MHz) or a Bruker AM 400 (400 MHz) instrument
with solvent peaks as reference. Mass measurements were carried out on
a Bruker BIFLEX matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometer. A saturated solution of 1,8,9-
trihydroxyanthracene (dithranol, Aldrich, EC 214-538-0) in CH2Cl2
was used as a matrix. For diradicals 1�5 and monoaldehydes 6�10, no
matrix was used, or in some cases nitroanthracene. FAB mass spectra
were obtained on a VG AutoSpec instrument, using m-nitrobenzyl
alcohol as a matrix. FT-IR spectra were recorded on a Nicolet Impact
410 spectrophotometer using KBr disks. Elemental analyses were
performed by the analytical service at the Institut Charles Sadron,
Strasbourg, and in the Servei d’An�alisi Química de la UAB.
UV�vis�near-IR spectra were taken on a Varian Cary 5 E spectro-
photometer. ESR spectra were obtained on an X-band spectrometer
(Bruker ESP 300 E) equipped with a field-frequency (F/F) lock
accessory and built-in NMR gaussmeter. A rectangular TE102 cavity
was used for the measurements. The signal-to-noise ratio of spectra was
increased by accumulation of scans using the F/F lock accessory to
guarantee large field reproducibility. Precautions to avoid undesirable
spectral distortions and line broadenings, such as those arising from
microwave power saturation and magnetic field overmodulation, were
also taken. To avoid dipolar line broadening from dissolved oxygen,
solutions were always carefully degassed with pure argon. The CV
measurements were performed on an EG&G PAR 263A potentiostat/
galvanostat controlled by a personal computer and driven by dedicated
software. CV was performed with a conventional three-electrode con-
figuration consisting of platinum working and auxiliary electrodes and a

Ag/AgNO3 reference electrode. The experiments were carried out in dry
CH2Cl2 containing 0.1 M [(n-Bu)4N]PF6 as supporting electrolyte.
Deoxygenation of the solutions was achieved by bubbling argon for at
least 5 min, and the working electrode was cleaned after each run. The
cyclic voltammograms were recorded with a scan rate increasing from
0.05 to 1.00 V s�1. Ferrocene was used as an internal reference for
calibrating the redox potentials and checking the reversibility of the
electrochemical setup. The theoretical redox potential for FeCp2 vs
Agþ/Ag in CH2Cl2 was assumed to be 0.46 V.42

Synthesis of Compounds. Compounds 6, 8, 10, 16, and 17 were
prepared according to previously reported procedures,17 while the
preparation of compounds 1�5 and 18 is given in the Supporting
Information.
Theoretical Calculations. B3LYP and CASSCF calculations

were done using the appropriate options in the Guassian03 program.43

The B3LYP functional is the three-parameter functional of Becke, a
hybrid functional that mixes Hartree�Fock exchange with the
Lee�Yang�Parr exchange-correlation functional (a class of gradient-
corrected exchange and correlation functionals). The CASSCF(n,m)
calculations (complete active space multiconfiguration self-consistent
field computation on (n,m) active space) were obatined by combining
the n electrons and the m orbitals of the active space in all possible
forms.44 The smallest active space selected in this study was the (3,3)
active space, obtained by selecting the SOMO, SOMO�1, and LUMO
orbitals in a UB3LYP computation. The remaining active spaces were
obtained by increasing the number of electrons and orbitals in an
appropriate way, the largest one being a (7,7) active space. With
this active space we confirmed the validity of the computations
done with smaller active spaces. Geometry optimizations were done
using the usual procedures within Gaussian; in the B3LYP and CASSCF
cases all analytical gradients were used. The minimum condition in
full minimizations was confirmed by looking at the vibrational
frequencies.
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radical anion 1�• by the linear solvation energy relationship.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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