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Intramolecular electron transfer in the organic mixed-valence cation radicalD(ph)nD+• [where D ) 2,5-
dimethoxy-4-methylphenyl and (ph)n ) poly-p-phenylene] is systematically probed by the structural
modification of the molecularconformation, separationdistance,and electronicconnectiVity of the (ph)n bridge.
Cyclic voltammetry and dynamic ESR line broadening studies afford experimental measures of the energy
gap (∆Eox) and the electron-transfer kinetics (kET) for theD/D+• interaction in a series of methyl-substituted,
(poly)phenylene, and bridged-modified ph-X-ph (where X) CtC, CHdCH, O, and CH2CH2 inserts or the
(CH3)2C tiedown) bridges that comprise the groups A-C donors in Chart 1. Theoretical electron-transfer
rates are obtained by the application of the Creutz, Newton, and Sutin (CNS) superexchange model (for the
calculation of the electron coupling matrix elementHCNS) to the diagnostic NIR absorptions that arise from
the intramolecular bridge-to-redox center (i.e., brf D+•) charge-transfer transitions. Comparison of the
experimental and theoretical electron-transfer rates (kET) indicate that the CNS model is sufficient to provide
a mechanistic basis for including conformation, distance and connectivity effects in the design of (poly)-
phenylene bridges for new organic mixed-valence systems.

Introduction

Intramolecular electron exchange in the wholly organic
(mixed-valence) systemD-br-D+• (whereD ) 2,5-dimethoxy-
4-methylphenyl) was by and large successfully treated by the
Mulliken-Hush (MH) theory of intervalent (electronic) transi-
tion,1 as originally developed for coupled inorganic redox
centers.2,3 Since the nature of the bridge (br) aliphatic or
aromatic) constituted a dominant factor in determining the
magnitude of the electronic coupling matrix elementH between
the D and D+• redox centers,1 we now focus on how the
molecular conformation and electronicconnectiVity of an
aromatic bridge [br) (poly)phenylene] can effectively modulate
the intermolecular electron transfer.4 Critical to this study is
the application of the Creutz, Newton, and Sutin (CNS)
superexchange formulation to these Robin-Day class II systems,
since it will specifically address the electronic coupling of the
aromatic (phenylene) bridge directly to theD and D+• redox
centers.5 Accordingly, all the mixed-valence systems selected
in Chart 1 for this study constitute structural variants of the
basic (D/ph) building unit.

The bridgeconformationis probed in group A donors since
the dihedral angleæ around theD-br bond increases with methyl
substituentss the planar redox centerD being almost orthogonal
to the phenylene bridge in the tetramethyl analogue. Increasing
separationof theD/D+• redox centers is achieved by the series
of (poly)phenylene bridges in group B donors. Finally, group
C donors maintain theD-ph bridge intact, but modify the
biphenyleneconnectiVity by (a) insertion of acetylenic, ethylenic,
and dimethylene spacers and (b) the enforced coplanarization
of (ph)2 by the gem-dimethylcarbinyl or (CH3)2C (bifunctional)
“clamp”.

Results

Following the earlier study,1 the dynamics of intramolecular
electron transfer (ET) were serially probed by the combination
of cyclic voltammetry, dynamic ESR line broadening, and NIR
intervalence absorption of groups A-C donors and their cation
radicals.6

I. Resonance Interaction of the Redox Centers by Cyclic
Voltammetry. The conformationaleffect of the phenylene
bridge increased progressively with monomethyl, dimethyl, and
tetramethyl substitution in the group A donors. As a result, the
(cyclic voltammetric) resonance interaction inD(ph)D+• de-
creased from∆Eox ) 2.57 only to 2.1 kcal/mol in the TOL
analogue (Table 1), but it then dropped precipitously to∆Eox

≈ 0.58 and 0 kcal/mol for the XYL and DUR donors,
respectively, in Table 1. Moreover, the planarization of the
biphenylene bridge ofD(ph)2D+• with ∆Eox ) 0 dramatically
increased the resonance interaction to∆Eox ) 1.4 kcal/mol in
the coplanar FL analogue (Chart 1).

Thedistancedependence [imposed by varying the length of
the (poly)phenylene bridge] and theconnectiVity effect (with
the additional X-spacer) on the electronic coupling between
redox centers were not effectively probed by cyclic voltammetry
(CV) since the voltammograms of groups B and C donors
uniformly consisted of a single 2e wave that was unresolvable,
and the resonance interaction is correspondingly given as∆Eox

) 0 in Table 1, last column.
II. Electronic Interchange by Dynamic ESR Line Broad-

ening. Intramolecular electron-exchange kinetics betweenD and
D+• redox centers in mixed-valence cationsD-br-D+• were
provided by dynamic ESR simulation9 of the temperature-
dependent line broadening of the ESR spectra, as typically
illustrated in Figures 1-3. In some cases, the computer
simulation could not be carried out quantitatively owing to
unresolved (multiple, small) hyperfine splittings from a (rela-
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tively) large number of nuclei. However for the most part, the
semiquantitative simulations were sufficient to provide estimates
of the first-order rate constants (kET) of the electron exchange
process, as presented in Table 2.

Theconformationaldependence of the intramolecular electron
exchange was shown by the decreasing temperature dependence
of the ESR line broadening in Figure 1. At low temperatures
(-80 to -100 °C), the ESR spectrum of the monomethyl
analogueD(tol)D+• was successfully simulated by using the
hyperfine splittings of the mononuclear (model) cation radical
D(ph)H+•, and the first-order rate constant ofkET ) 5 × 106

s-1 was evaluated from the line broadening.9 The severely
broadened ESR spectrum ofD(tol)D+• at 20 °C in Figure 1
corresponded to an ET rate constant in the range of 108-109

s-1. Similarly, the dimethyl and tetramethyl analogues were
well-simulated (charge localized on one terminalD) with an
ET rate constant of less than 3× 106 s-1 at low temperature.
Computer simulation of the partially resolved spectra ofD(xyl)-
D+• andD(dur)D+• at 20°C in Figure 1 required the introduction
of additional (unresolved) hyperfine splitting constants, andkET

could only be estimated to lie in the range of 108 s-1 (see
Experimental Section).

Typical temperature-dependent ESR behavior of the (poly)-
phenylene homologuesD(ph)nD+• with n ) 2, 3, and 4 are

shown in Figures 2, left side. At low temperature (-80 to-100
°C), the mostly resolved spectra were simulated with first-order
rate constants which decreased from 2× 107 (n ) 2) to less
than 3× 106 s-1 (n ) 4). At room temperature, the broadened
(unresolved) spectrum of the mono-phenylene analogue gave a
rate constantkET which was estimated to be faster than 109 s-1

with the help of dynamic ESR simulation.9 Successive lengthen-
ing of the (poly)phenylene bridge led to decreasing rate constants
of kET ) 3 × 109 s-1 (n ) 2); 108 - 109 s-1 (n ) 3) and 3×
107 s-1 (n ) 4).

Satisfactory simulation of the low-temperature (-100 °C)
ESR spectrum of the fluorenyl systemD(flu)D+• in Figure 3
required the introduction of additional methyl hyperfine split-
tings (consistent with the X-ray results that indicated significant
charge distribution onto the bridge10). The (estimated) rate
constant increase at 20°C (Table 2) derived from a severely
broadened ESR spectrum consisting of a single unresolved line.
The temperature-dependent ESR spectrum of the tolane and
bibenzyl analogues TL and BB, respectively, were not strongly
differentiated since unresolved hyperfine splittings were (barely)

CHART 1: Mixed-Valence Systems (MVS)

TABLE 1: Cyclic Voltammetry of Group A -C Donorsa

MVSb
Ebr,c

V vs SCE
E1,2,d

V vs SCE
∆Eox,e

kcal M-1

PH 2.7f 1.15 (1e) 1.26 (1e) 2.5
TOL 2.42f 1.16 (1e) 1.25 (1e) 2.1
XYL 2.11f 1.17-1.24 (2e) ≈0.5
DUR 1.83f 1.21 (2.e) 0
PH2 1.82 1.18 (2e) 0
PH3 1.67 1.18 (2e) 0
PH4 1.66 1.18 (2e)
FL 1.67 1.13 (1e) 1.19 (1e) 1.4
TL 1.86 1.18 (2e) 0
ST 1.56 1.18 (2e) 0
BB 1.90 1.17 (2e) 0
ER 1.80 1.17 (2e) 0

a In dichloromethane containing 0.1 M tetrabuthylammonium hexaflu-
orophosphate as supporting electrolyte, at 20°C. b Mixed-valence
systems classified in Chart 1.c Reversible oxidation potential of the
bridge (as H-br-H).d Chemically reversible CV waves 1 and 2; electron
change in the CV wave (in parentheses).e Entry zero indicates an
unresolved 2e CV wave.f Reference 18.

Figure 1. Temperature-dependent ESR line broadening at high (20
°C) and low (-90 to-110°C) temperatures of tolyl-bridged (TOL+•),
the xylyl-bridged (XYL+•), and the duryl-bridged (DUR+•) cation
radicals in dichloromethane solution.
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visible (Figures 2, right side) at high temperature. At the other
extreme, the ESR spectrum of the stilbene analogue,D(st)D+•

was broadened into a single (unresolved) line at all temperatures
between-80 to 20°C.

III. Intervalence Absorption in the Electronic Spectra. The
conformationaleffects on the electronic spectra of the group A
mixed-valence cation was shown by the blue shift of the lowest-
energy NIR envelope fromλmax ∼ 1570 nm inD(ph)D+• to
1180 nm in the TOL analogue (Table 3).11 Successful decon-
volution of these NIR absorption bands (including every mixed-
valence cation in group A)12 by digital subtraction of the
components of the corresponding dications13 revealed the clearly
resolved (Gaussian) intervalence bands (see insets in Figure 4),
and the NIR values ofλIV are listed in Table 3 (column 7).

Most prominent was the progressive (almost monotonic) at-
tenuation of their oscillator strength (εIV) with increasing methyl
substitution of the bridge (see Table 3, column 8). The spectral
consequences oflengtheningthe (poly)phenylene bridge in
group B cation radicals is shown in Figure 5sespecially by the
pronounced changes in the NIR envelope. For comparison, the
electronic spectra of these mixed-valence cationsD(ph)nD+•

were superimposed onto the corresponding spectra of the
dications D(ph)nD2+, as well as the cation radicals of the
mononuclear modelsD(ph)nH+•. Spectral subtraction (as de-
scribed above) afforded the resolved (Gaussian) intervalence
bands for the (poly)phenylene analogues withn ) 1 and 2
(Table 4).14 Since the previous X-ray and ESR analysis of the
dicationD(ph)nD2+ and mononuclear modelsD(ph)nH+• estab-
lished the cationic charge to reside primarily on theD+• redox
centers,10 the pair of resolved (Vis) bands in Figure 5 were
readily assigned to the intramolecular (electronic) transition from
the bridge to redox center, i.e., phf D+• that originated from
the filled (phenylene) HOMO and HOMO-1.15 Such a spectral
assignment was also strongly supported in Figure 6 by the
marked dependence of the charge-transfer absorption band
(νbDCT) with the ionization potential of the bridge evaluated as
the simple (dihydro) parent, i.e., H-br-H.16 [Indeed, the observed
red-shift of these bands with increasing methyl substitution
together with their constant energy separation that corresponds
to the first and second ionization potential of the bridge moiety18

also added support to such a charge-transfer spectral assign-
ment.] It is especially noteworthy that the spectral distinction
between the intervalence and the charge-transfer absorption
essentially disappeared in the (poly)phenylene systems withn
) 3 and 4, and the electronic spectra of these mixed-valence
cation radicalsD(ph)nD+• bore strong resemblance to those of
the dications13 D(ph)nD2+ and the model cation radicals
D(ph)nH+•.19

The biphenyleneconnectiVity in group C donors led to distinct
intervalence bands (Table 4) when the bridge contained acety-
lenic (-CtC-) and ethylenic (-CHdCH-) units, but no or
little change was noted in the saturated alkylidene (-CH2CH2-)
or the ethereal (-O-) analogues.

The importance ofplanarizationof the biphenylene bridge
(by insertion of the difunctional-(CH3)2C- tie) had a dramatic
effect on the intervalence band, which underwent a strong red
shift from λIV ) 1330 nm inD(ph)2D+• to 1780 nm in the FL
(Chart 1) analogue. [Otherwise, note that the absorption bands
of the FL dication showed only a small red shift relative to that
of the parent biphenylene analogueD(ph)2D2+, owing to the
slightly better donor property of the fluorenyl bridge itself.20]

Figure 2. Dynamic ESR line broadening of the (poly)phenylene-
bridged cation radicals: left side (top-to-bottom) (PH2

+•), (PH3
+•), and

(PH4
+•) at low (-50 to-105 °C) and high (20°C) temperatures. The

effect of the X-insert is similarly shown on the right side for the
temperature-dependent line broadening of (TL+•), (BB+•) and (ER+•).

Figure 3. Computer simulation of the experimental ESR line broaden-
ing of the fluorenyl-bridged cation radical (FL+•) at low (-80°)
temperature (see Experimental Section for details).

TABLE 2: Electron-Transfer Rate Constants from
Temperature-Dependent ESR Line Broadeninga

kET, s-1 kET, s-1

MVSb (-100°C) (20°C) MVSb (-100°C) (20°C)

PH 1010c 1010c ST 108,9 108,9

TOL 5 × 106 108,9 FL 5 × 107 108,9

XYL <3 × 106 108 ER <3 × 106 108,9

DUR <3 × 106 108 TL 5 × 106 108

PH2 2 × 107 3 × 109 BB <3 × 106 5 × 107

PH3 5 × 106 108,9

PH4 <3 × 106 3 × 107

a In dichloromethane solution.b Mixed-valence system classified in
Chart 1.c For these fast exchange, see discussion in ref 1.

TABLE 3: Electronic Spectra of the Cation Radical (CR)
and the Dication (DC) of the (poly)Methyl-Substituted
Group A System, Together with That of MC ) Model
Cation Radical (D-br-H+•)a

MVSb λ1 ε1 λ2 ε2 λIV εIV

PH CR 620 2.2 1570 3.9 1570 3.9
MC 540 7.4 910 2.0
DC 550 2.6 910 1.6

TOL CR 580 3.5 1180 3.0 1270 0.78
DC 570 2.8 950 1.5

XYL CR 600 2.0 1180 1.6 1250 0.49
DC 570 1.7 940 0.9

DUR CR 680 0.5 1070 0.3 1210 0.22
DC 650 0.5 940 0.2

a Measured in dichloromethane solution, at 20°C. Includes only the
low-energy absorptions for bandsλ1 and λ2 in the vis-NIR spectral
region. Wavelength (in nm) and extinction coefficientε (in 103 M-1

cm-1) measured at the absorption maxima.b See Chart 1.
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Discussion

Intramolecular electron transfer in the mixed-valence cation
radicalsD-br-D+• is more effective in the aromatic phenylene
(-ph-) rather than an aliphatic trimethylene (-CH2CH2CH2-)
bridge, despite the greater separation between theD/D+• redox
centers.1 Indeed, the electronic coupling in the phenylene-
bridged cationD(ph)D+• even begins to rival the efficiency
achieved in the directly coupled biaryl cationD-D+•.1 Accord-
ingly, let us first consider how the structural features of (poly)-
phenylene bridges in groups A-C donors (Chart 1) can affect
the magnitudes of the critical electronic coupling matrix element
H by the application of the Mulliken-Hush formalism based
on the semiclassical two-state model.2,5

I. Mulliken -Hush Calculation of the Electronic Coupling
Elements in Groups A-C Cation Radicals.For Robin-Day

class II (mixed-valence) systems, such as the cation radicals of
the donors in Chart 1, the electronic coupling element is
evaluated by the Mulliken-Hush expression:

where the spectral characteristics of the intervalence bands are
those listed in Tables 3 and 4.22 The calculated values ofHMH

in Table 5 also obtain with the aid of the separation parameter
r from the molecular mechanics calculations based on the
Alchemy algorithm (see Experimental Section).

The conformational effect of (poly)methyl substitution on the
phenylene bridge is shown in Table 5 by the decreasing values
of HMH, which progressive decrease in value from the unsub-
stituted PH to the tetramethyl (DUR) system. Likewise, the

Figure 4. Comparative electronic spectra of the phenylene-bridged cation radicalD(ph)D+• upon substitution with (A) one, (B) two, and (C) four
methyl groups (s) relative to the dication (- - ). The Gaussian (NIR) intervalence bands obtained by digital subtraction are shown in the inset.

Figure 5. Electronic spectra of the (poly)phenylene-bridged cation radicals CR) D(ph)nD+• with (A) n ) 1, (B) n ) 2, (C) n ) 3 and (D)n )
4 (shown as solid lines) in comparison with corresponding dication DC) D(ph)nD2+ (shown as dashed lines) and the mononuclear cation radical
MC ) D(ph)nH+• (shown as dotted lines).

H ) 0.0206(νmax∆ν1/2ε)1/2/r (1)
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values ofHMH steadily decrease with the lengthening of the
(poly)phenylene bridge (ph)n, such that the intervalence absorp-
tion band is no longer visible in the quaterphenylene cation
radical withn ) 4. The latter together with the rather limited
temperature-dependent ESR line-broadening in Figure 2 points

to D(ph)4D+• as a mixed-valence system near the border between
Robin-Day class II/I systems.

The connectiVity effects in group C cation radicals cover a
particularly wide spansHMH being (i) very smallHMH ∼ 0 with
alkylidene (CH2CH2) connector, (ii) moderateHMH ) 300 cm-1

with the acetylenic (CtC) and ethereal (O) linkages, and (iii)
large HMH > 600 cm-1 with the ethylenic group (CHdCH)
interposed or the (CH3)2C tiedown of the biphenyl rotation. The
large calculatedHMH values for the latter were based on their
classification as Robin-Day class II cation radicals. However,
the X-ray structural analysis of the FL cation radicals23 shows
that considerable positive charge resides on the fluorenyl (flu)
bridge, which is supported by the ESR results in Figure 3. Such
a conclusion indicates that the energy difference between the
cationic charge residing on the terminalD groups relative to
the charge on the flu bridge is minor,24 which is indeed
consistent with the fact that the oxidation potential of the parent
hydrocarbon bridge (fluorene withE0

1 ) 1.67 V) is only slightly
more than the oxidation potential of the model redox center
(2,5-dimethoxytoluene withE0

1 ) 1.29 V)25. Since the Mul-
liken-Hush formalism is based on the two state model, eq 1
may no longer being valid, and the calculated values ofHMH

for the cation radical of FL (Chart 1) should be considered with
this limitation in mind. The same caveat applies to the ethylenic
cation radicals (ST), which is also unlikely to be a two-state
system owing to the sizable charge distribution on the stilbenoid
(st) bridge.25

II. Creutz, Newton, and Sutin (CNS) Superexchange
Model for the Calculation of the Electronic Coupling
Elements. By way of the superexchange formalism, Creutz,
Newton, and Sutin5 showed recently that the metal-metal
coupling elementH in weakly interacting ligand-bridged
(inorganic) mixed-valence systems can be related to the
constituent metal-ligand (and ligand-metal) coupling element
(H) and the (reduced) energy gap (∆E) between the metal and
ligand redox orbitals. As applied to the wholly organic mixed-
valence systems of interest here, the ligand-to-metal (LM) and
metal-to-ligand (ML) are renotated as bridge-to-redox center
(bD) and redox center-to-bridge (Db), respectively. According
to the CNS model, theD to D+• (electronic) coupling element
is then given by:5,26

and a reduced energy gap,∆EbD, by:5,26

whereEbDCT andEDDCT are the energies of the bridge-to-redox
center and intervalence transitions, respectively. In such a way,
the intramolecular electron-transfer pathway is ascribed to the
redox center-to-bridge charge transfer (DbCT), while the hole
transfer is associated with bridge-to-redox center (bDCT).27

Although the CNS model has been validated heretofore only
for transition-metal systems, let us now see how it can be applied
to theD-br-D+• system in Chart 1. In our mixed-valence system,
we need consider only the bridge-to-redox center (bD) charge-
transfer (super-exchange) mechanism owing to the intense ph
f D+• transition in the Vis/NIR spectral region, as described
in Tables 3 and 4.28 As such, only the second term in eq 2 is
important, and the expression for the electronic coupling element
reduces to

TABLE 4: Electronic Spectra of Groups B and C Systems
and Their Mononuclear Modelsa

MVS λ1 ε1 λ2 ε2 λIV εIV

PH2 CR 660 2.3 1330 4.5 1470 4.2
MC 640 2.7 1140 3.0
DC 640 6.1 1130 5.5

PH3 CR 720 2.0 1320 2.3 1490 1.9
MC 730 2.0 1280 3.9
DC 720 4.9 1270 7.5

PH4 CR 750 2.0 1290 5.7 b
MC 750 - 1270 3.8
DC 750 3.1 1280 8.7

TL CR 710 4.0 1250 4.3 1420 2.6
DC 720 4.0 1190 7.4

ST CR 790 4.6 1830 18.9 1890 17.2
DC 760 9.6 1540 18.2

FL CR 760 3.2 1780 11.4 1780 10.7
DC 700 4.2 1320 6.6

BB CR 540 3.9 1000 1.9 b
DC 540 7.8 1000 3.8

ER CR 615 3.8 1260 4.5 1330 2.3
DC 615 3.1 1060 3.2

a See Table 3 for notations used.b Intervalence band obscured by
the bridge-to-D+• charge-transfer transition.

Figure 6. Mulliken correlation of the transition energy of the charge-
transfer band (νbDCT) in the bridged dicationD-br-D2+ with the
ionization potential of the bridge (taken as H-br-H). Lower and upper
plots correspond to the HOMO and HOMO-1 transitions, respectively.

TABLE 5: Mulliken -Hush (MH) Calculation of the
Electronic Coupling Element

MVS r,a Å
νIV,b

103 cm-1
∆ν1/2,c

103 cm-1
εIV,b

103 M-1 cm-1
HMH,d

cm-1

PH 8.6 6.37 4.1 3.9 760
TOL 8.6 7.90 4.0 0.78 377
XYL 8.6 7.98 4.7 0.49 325
DUR 8.6 8.28 3.0 0.22 170
PH2 12.9 6.79 2.5 4.2 430
PH3 17.2 6.70 2.5 1.9 217
PH4 21.5
ER 14.2 7.5 2.0 2.3 270
FL 12.9 5.64 2.6 10.7 630e

TL 15.4 7.03 3.3 2.6 327
BB 15.4
ST 15.4 5.30 2.4 17.2 618e

a Center-to-center distance forD/D+• interaction evaluated by
molecular mechanics calculation (see Experimental).b From Tables 3
and 4.c Bandwidth at half-height.d From eq 1.e See text.

HCNS ) HDbHD′b/2∆EDb + HbDHbD′/∆EbD (2)

∆EbD ) [1/2{1/EbDCT + 1/(EbDCT- EDDCT)}]-1 (3)

HCNS ) HbD
2/∆EbD (4)
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The energy gap for eq 4 is obtained from the Vis/NIR spectral
data (in Tables 4 and 3), with (a) the energy of the bridge-to-
redox center charge-transfer transitionEbDCT taken as the lowest-
energy band of the dicationD-br-D2+ and (b) the energy for
the D/D+• interactionEDDCT taken as the intervalence band of
the cation radicalD-br-D+•.28 Figure 7 shows that the evaluated
energy gap correlates with the electron-donor property of the
bridge, as measured by the ionization potential of the dihydro
derivative of the parent (H-br-H).

The values of the electronic coupling elementHCNS and the
energy gap∆EbD (calculated from eqs 4 and 3 on the basis of
the spectral data of the dication and using half of the distance
betweenD centers for the separation parameter5,26) for the
groups A-C systems are listed in the Table 6. The results show,
that the electronic coupling elements obtained via the Mulliken-
Hush and the Creutz, Newton, and Sutin treatments in Tables
5 and 6 respectively, mutually agree satisfactorily (generally
within the factor of 2).29 In both cases, the conformational effect
of adding methyl substituents on the phenylene bridge, as well
as the separation effect of multiple phenylene units, show the
same trends in the diminishing magnitudes ofH. Furthermore,
the calculated energy gap∆EbD is well correlated with the
difference in cylic voltammetric redox potentials of aromatic
bridge prototypes (H-br-H) and the redox centers (D-H) in
Figure 7.30 Such indications in particular support the applicabil-
ity of the CNS superexchange model; and since it derives from
the phenylene bridge HOMO, we conclude that the hole-transfer

mechanism pertains to the intramolecular electron-transfer
process in the (poly)phenyleneD-br-D+• mixed-valence systems.

As a further (quantitative) evaluation of the MH and CNS
theories for intramolecular electron transfer, let us determine
how the calculated variation of the electronic coupling element
H and the reorganization energyλ, as obtained from the
electronic spectra, compare with the experimental (thermody-
namics and kinetics) measurements.

III. Quantitative Evaluation of Electron-Transfer Ther-
modynamics and Kinetics.A. Thermodynamics of the Com-
proportionation Equilibrium.The electronic interaction between
D andD+• redox centers in bridged mixed-valence systems is
an important factor in the establishment of the comproportion-
ation equilibrium,1,26,31 i.e.,

The free-energy change in such a reversible process,∆Gcom )
-RT ln Kcom, is made up of two principal components:∆Gr

the resonance stabilization arising from an electronic interaction
(delocalization) and∆Gnr a composite (nonresonance) contribu-
tion including solvation, entropy (statistical) factors, electrostat-
ics, etc.31 Since the latter is usually minor (and rather invariant),1

we consider the free-energy change of comproportionation in
eq 5 to be dominated by∆Gr, which for Robin-Day class II
systems can be calculated as26,31

Experimentally,∆Gcom for the comproportionation equilibrium
is taken as the difference∆Eox in the reversible oxidation
potentialsE1 and E2 for the successive 1e oxidation of the
D-br-D donor to its cation radical and then to the dication,
respectively; so that∆Gr ) -F∆Eox, whereF is the Faraday
constant. Table 7 compares the experimentally obtained values
of ∆Eox (second column) with the theoretically calculated1

values of∆Er via the MH and CNS treatments (third and fourth
columns) for the series of groups A-C mixed-valence systems
in Chart 1.

For those mixed-valence systems in which the energy gap is
too narrow to be measured reliably (i.e.,∆Eox ∼ 0) the
theoretically values (by both MH and CNS methods) are also
less than 0.01 V, i.e., too small to be seen and in agreement
with the experimental data. Otherwise, the theoretical values
of ∆Er are significantly less than the experimental values, even
in those systems for which∆Eox is experimentally meaningful.
Part of the discrepancy may be attributed to an underestimation
of H (from the spectral data)32 and/or necessity of including

Figure 7. Correlation of the theoretical (D/br) energy gap (eq 3) in
D-br-D+• with the experimental gap where∆IP is the difference between
the ionization potential of the bridge (taken as H-br-H) and that of the
redox center (D-H).

TABLE 6: Creutz, Newton, and Sutin (CNS) Superexchange
Model for the Calculation of Electronic Coupling Elements

MVS r,a Å
IP,b

eV
νbDCT,c

103 cm-1
HDb,d

cm-1
∆Er,e

103 cm-1
HCNS,

f

cm-1

PH 4.3 9.25 11.0 1413 6.5 307
TOL 4.3 8.83 10.5 1581 4.2 595
XYL 4.3 8.60 10.6 1148 4.2 310
DUR 4.3 8.06 10.6 546 3.9 77
PH2 6.5 8.06 8.8 1530 3.3 701
PH3 8.6 7.80 7.9 991 2.0 481
PH4 10.8 8.08 7.8 846 1.9
FL 6.5 7.80 7.6 1223 3.1 485
ER 7.1 - 9.4 930 2.9 298
TL 7.7 7.94 8.4 1116 2.4 528
BB 7.7 8.90 10. 0 1043 4.6
ST 7.7 7.76 6.5 1450 2.0 1060

a Taken as half the value ofr in Table 5.b Ionization potential of
H-br-H taken from ref 21.c From Tables 3 and 4.d From eq 1 with r
from column 2,νbDCT in column 4, andε from Tables 3 and 4.e From
eq 3. f From eq 4.

TABLE 7: Electron -Exchange Thermodynamics from the
Comproportionation Equilibrium: Comparison with the
Theoretical Values (∆Er) from the MH and CNS Treatments

MVS ∆Eox,a V ∆Er (MH),b V ∆Er (CNS),c V

PH 0.11 0.023 0.004
TOL 0.09 0.005 0.011
XYL 0.02 0.003 0.003
DUR 0 0.001 0.0002
PH2 0 0.007 0.01
PH3 0 0.002 0.009
PH4 0 0 0
FL 0.06 0.02 0.01
ER 0 0.002 0.003
TL 0 0.004 0.01
ST 0 0.02 0.09
BB 0 0 0

a From Table 1.b Calculated from eq 6 andHMH in Table 5.
c Calculated from eq 6 andHCNS in Table 6.

D-D2+ + D-D a D-D+• (5)

∆Gr ) -2H2/λ (6)
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nonresonance contributions which can take on increasing
(relative) importance in the case of weakly interactingD/D+•

centers. Be that as it may, the limited correlation of theoretically
basedHMH andHCNSwith the experimental results do not allows
us to come to more definite conclusions, based on the
thermodynamicconsiderations in eq 6.

B. Kinetics from the ESR Line Broadening.The activation
free energy for intramolecular electron transfer in Robin-Day
class II systems is given by1,33

and the theoretical values of∆G* based on the reorganization
energyλ and the values ofHMH and HCNS calculated by the
Mulliken-Hush and the Creutz, Newton, and Sutin formalism,
respectively, are presented in the Table 8. The general trends
are for both∆G*

MH and∆G*
CNS (increasing with the number

of methyl substituents and with the number of phenylene units
in groups A and B cation radicals, respectively), to follow the
qualitative expectations developed from the conformation and
distance effects presented above.

For a more quantitative comparison, we consider the first-
order rate constantkET for the electron transfer obtained from
the line broadening of the ESR spectra recorded at high (20
°C) and at low (-100°C) temperatures in Figures 1-3. On the
basis of the calculated values of∆G*, the rate constant
expression:33 k ) kelνn exp(-∆G*/RT) was simplified so that
a common preexponential factor ofkelνn ) 1012 s-1 was taken
for all groups A-C mixed-valence systems.1 The results in
Table 8 show a general agreement between the experimental
and the calculated rate constants (within an order of magnitude)
at both high and low temperatures.34 The largest discrepancies
lie with the mixed-valence systems containing the phenylene
(ph) and fluorenyl (flu) bridges which could result from the
values of∆G*

CNS which are too high as a result of underestima-
tion of HCNS. The CV and ESR data also imply higher values
of the electronic coupling elements in these mixed-valence
cations (vide supra).35 Although the ESR measurements gener-
ally confirm the calculated kinetics (based on the electronic
spectra), clearly more detailed ESR studies yielding precise
measurements ofkET are required before a definitive choice can
be made between MH and CNS-based electronic coupling
elements.

IV. Bridge effects of PhenyleneConformation, Separation
Distance, and Electronic ConnectiWity on Intramolecular
Electron Transfer. There is general agreement of the experi-

mental (electron-transfer) kinetics with either the Mulliken-
Hush or the Creutz, Newton, and Sutin (CNS) treatment of the
electronic coupling elements betweenD/D+• redox centers in
the mixed-valence cation radicals (Chart 1). However, the CNS
formalism does provide the mechanistic basis for the intramo-
lecular electron transfer directly via the bridge/donor interface;
and we thus employ eqs 2 and 3 to evaluate the conformation,
distance and connectivity effects of the (poly)phenylene bridges
on intramolecular electron transfer as follows.

X-ray analysis of theD(ph)D+• donor and its cation radical
indicates that significant planarization10 occurs between the
benzenoid redox center (D) and the phenylene (ph) bridge upon
1e removal- the dihedral angle diminishing fromæ ) 45° to
∼30°. This conformational effect is accompanied by tightening
of the D-ph bond from 1.493 to as much as 1.474 Å.1 Such a
coplanarization/shortening of the bond between the redox center
and the bridge is an indication of increasingπ-π conjugation
between the two moieties.10 Since the effectiveness ofπ-con-
jugation is highly dependent on the dihedral angle (æ), it can
be strongly suppressed by the deliberate control of the molecular
conformation, such as the introduction of as many as four methyl
groups in the phenylene bridge.36 This conformational effect is
undoubtedly responsible for (a) the dramatic decrease in the
electronic coupling element (HMH andHCNS) in D(dur)D+• from
that in the parent (see Tables 5 and 6) and (b) the relatively
slow rates of intramolecular electron transfer (Table 8). The
latter pertains despite the fact that methyl substitution results
in an increased HOMO energy of the tetramethylated phenylene
bridge21,37 that would otherwise lead to a more (not less)
effectiveD/br electronic interaction. In other words, the bridge
conformationis significantly more important than the orbital
energy of the bridge in facilitating the intramolecular electron
transfer in phenylene based mixed-valence systems.

Increased separation ofD/D+• redox centers that (expectedly)
impact negatively on intramolecular electron-transfer rates
(Table 8) are theoretically seen as diminishing values of the
electron coupling elements (Table 6). Distance by itself however
is not the ameliorating factor sinceHCNS for the biphenylene
(ph)2-bridged system is substantially greater than that of the
tetramethylphenylene (or the aliphatic trimethylene1) bridged
analogue(s), in which the distance parameter r is as much as 3
Å closer. The enhanced possibility ofπ-conjugation deriving
from less (D/br) steric hindrance38 in D(ph)2D+• relative to
D(dur)D+• is clearly more important than decreasing the distance
between redox centers for intramolecular electron transfer.
Moreover, the conformational effect is improved further by the

TABLE 8: Comparison of Electron-Transfer Rate Constants from ESR Line Broadening and the Theoretical Predictions of the
Mulliken -Hush (MH) and the Creutz, Newton, and Sutin (CNS) Formalisms

kET (-100°C), s-1 kET (20 °C),c s-1

MVS
∆G*

CNS,b

kcal/M
∆G*

MH,a

kcal/M CNS MH ESR CNS MH ESR

PH 3.7 2.6 2× 107 5 × 108 1010 2 × 109 1 × 1010 >1010

TOL 4.1 4.6 8× 106 2 × 106 5 × 106 1 × 109 4 × 108 108,9

XYL 4.8 4.8 9× 105 9 × 105 <3 × 106 3 × 108 3 × 108 108

DUR 5.7 5.4 7× 104 2 × 105 <3 × 106 6 × 107 9 × 107 108

PH2 3.1 3.7 1× 108 2 × 107 2 × 107 6 × 109 2 × 109 3 × 109

PH3 3.5 4.2 4× 107 6 × 106 5 × 106 2 × 109 8 × 108 1 × 108

PH4
d 4.8 4.8 1× 106 1 × 106 <3 × 106 3 × 108 3 × 108 3 × 107

FL 4.0 2.4 9× 106 9 × 108 5 × 107 1 × 109 2 × 1010 108,9

ER 4.6 4.6 2× 106 2 × 106 <3 × 106 4 × 108 4 × 108 108,9

TL 3.6 4.1 3× 107 6 × 106 5 × 106 2 × 109 9 × 108 108

ST 1.4 2.2 2× 1010 2 × 109 108,9 1 × 1011 2 × 1010 108,9

BBe 5.0 5.0 5× 105 5 × 105 <3 × 106 2 × 108 2 × 108 5 × 107

a From eq 7,λ ) νIV andHMH from Table 5.b From eq 7,λ ) νIV andHCNS from Table 6.c For limitation on the precision ofkET (especially
at high temperature), see Discussion.d λ taken to be the same as inD(ph)3D+• andH is neglected.e λ taken to be the same as inD(tl)D+• andH
is neglected.

∆G* ) (λ - 2H)2/4λ (7)
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addition of the bifunctional-(CH3)2C- tie to complete the
coplanarization of the biphenylene bridge,39 as in theD(flu)-
D+• mixed-valence system. X-ray structural analysis ofD(flu)-
D+• shows that the smaller dihedral angles39 betweenD/flu
planes lead to an increase in the magnitude of∆Eox (Table 7)
and a more intense NIR absorption compared to those in
D(ph)2D+•. As a result, the larger calculated value ofHMH is
consistent with the enhanced conjugation attendant upon such
a forced planarization.40,41

The separation distance is even less important as seen by the
insertion of an ethylenic (-CHdCH-) linkage between the
phenylene units in the biphenylene bridge. Thus the electronic
coupling elementHCNS for the stilbenoid bridged cation radical
D(st)D+• is the highest of all the groups A-C systems, and
even higher than that of the fluorenyl analogue (Table 6). Again
π-conjugation is an important factor since the electronic coupling
element in the acetylenic (-CtC-) bridged cation radicalD(tl)-
D+• is only slightly lesssthe saturated alkylidene (-CH2CH2-)
by far the least effective of all. Finally, the loss ofπ-conjugation
through the insulating (saturated alkylidene) insert results in the
disappearance of the critical br/D+• charge-transfer (absorption)
band in toto.

Summary and Conclusion

The Creutz, Newton, and Sutin (CNS) superexchange model
is shown for the first time to correctly predict intramolecular
electron-transfer rates (kET) between wholly organic redox
centers in mixed-valence systemsD-br-D+• with various types
of phenylene bridges (br). Analysis of the intervalence (NIR)
absorption bands yields more or less reliable values of the
electronic coupling element (HCNS), in which the hole-transfer
pathway pertains to the superexchange mechanism between the
bridge (phenylene) HOMO and the paramagnetic (D+•) redox
center. Structural control of the molecular conformation between
the planar redox center and the (phenylene) bridge is critical
for modulating the electronic coupling element. The latter is
achieved by (a) adjustment of the number of methyl substituents
and (b) coplanarization of the biphenylene bridge with the
bifunctional -(CH3)2C- tie, which in both cases result in
effective throughπ-conjugation betweenD/D+• centers. Such
a stereochemical effect can dominate other factors such as the
(orbital) energetics and the (separation) distance between redox
centers.

Experimental Section

I. Materials. 4,4′′-dimethyl-2,5,2′′,5′′-tetramethoxy-1,1′:4′,1′′-
terphenyl (D(ph)D), 4,4′′′-dimethyl-2,5, 2′′′,5′′′-tetramethoxy-
1,1′:4′,1′′:4′′,1′′′-quaterphenyl (D(ph)2D), 4,4′′′′-dimethyl-
2,5,2′′′′,5′′′′-tetramethoxy-1,1′:4′,1′′:4′′,1′′′:4′′′,1′′′′-
quinquiphenyl (D(ph)3D) 4,4′′′′-dimethyl-2,5,2′′′′′,5′′′′′-
tetramethoxy-1,1′: 4′,1′′:4′′,1′′′:4′′′,1′′′′:4′′′′,1′′′′′-sexaphenyl
(D(ph)4D), 4,2′,4′′-trimethyl-2,5,2′′,5′′-tetramethoxy-1,1′:4′, 1′′:
4′′,1′′′-terphenyl (D(tol)D), 4,2′,5′,4′′-tetramethyl-2,5,2′′,5′′-tet-
ramethoxy-1,1′:4′,1′′:4′′,1′′′-terphenyl (D(xyl)D), 4,2′3′,5′,6′,4′′-
hexamethyl-2,5,2′′,5′′-tetramethoxy-1,1′:4′,1′′-terphenyl (D(dur)D),
2,7-bis(4,4′′-dimethyl-2,5,2′′,5′′-tetramethoxy-benzene)-9,9′-
dimethyl-fluorene, (D(flu)D), 4,4′-bis(2,5-dimethoxy-4-meth-
ylphenyl)-tolan (D(tl)D), 4,4′-bis(2,5-dimethoxy-4-methylphenyl)-
bibenzyl (D(bb)D), trans-4,4′-bis(2,5-dimethoxy-4-methylphenyl)-
stilbene (D(st)D), 2,5-dimethoxy-4-methyl-1,1′-biphenyl (DphH),
2,5-dimethoxy-4-methyl-1,1′:4′,1′′-terphenyl (D(ph)2H), 2,5-
dimethoxy-4-methyl-1,1′:4′,1′′:4′′,1′′′-quaterphenyl (D(ph)3H
were prepared as published,10 as well as the precursor of 2,3,8,9-
tetrahydro-1,1,4,4,7,7,10,10-octamethyltetracene radical cation

(OMN+•).41 All of the compounds were characterized by melting
points, IR, 1H NMR, 13C NMR, mass spectroscopies, and
elemental analysis. Dichloromethane and toluene were purified
according to published procedures.42

II. 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 ) 0.71073 Å), at-150
°C. Procedures for the X-ray crystallographic analysis (and
crystal data) (see Supporting Information) of the neutral donors
and cation radicals salts were described previously.1,10

Cyclic voltammetry was performed on a BAS 100A electro-
chemical analyzer. The measurements were carried out at a
uniform sweep rate of 2 V s-1 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. The working electrode consisted of an adjustable
platinum disk embedded in a glass seal with∼1 mm2 surface
area. The potentials were referenced to SCE (separated from
the cathode by a sintered glass frit), 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 coulometer as described.10

III. General Procedure for the UV-vis-NIR Spectro-
scopic Characterization of Cation Radicals.All electronic
spectra were recorded with a Cary 500 UV-vis-NIR spec-
trometer. Spectra of the cation radicalsD(ph)nH+• (n ) 1-4)
were obtained by adding 1 equiv of the 1e oxidantOMN+•SbCl6-

(Eo
red ) 1.34 V vs SCE, generated insitu by the addition of

nitrosonium salt NOSbCl6 in anhydrous dichloromethane) to
the solution of neutral donor. 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 with 3 mL of a freshly
prepared solution ofOMN+• SbCl6-. The concentration of the
oxidant (usually near 0.1 mM) was based on the absorbance at
673 nm.43 A solution of 10 mM donor (D-br-D) in dichlo-
romethane was added to the oxidant solution in 3µL increments.
At the beginning of the titration, the intensity of the 673-nm
band decreased and a low-energy band (centered, depending
on the br, atλmax from 900 to 1500 nm, seeλ2 in Tables 3 and
4) was formed with increasing intensity, and the isosbestic point
was observed. The absorption decrease at 673 nm and the low-
energy absorption band increase (with the isosbestic point
between) were proportional to the amount of the added donor
until 15 µL of donor solution was added. At this juncture, the
added donor corresponds to1/2 equiv of the oxidant, indicating
the 1 equiv ofOMN+• reacted with1/2 equiv of neutral donor
to form the dication

This spectrum was taken as the spectrum of the dication,D-br-
D++. As the titration was continued, the intensity of the band
centered at 673 nm remained invariant, and the intensity increase
of the low-energy band diminished. The absorption maximum
was red-shifted. Another isosbestic point was observed, and the
absorption in the low energy region (1500 nm-2200 nm)
increased indicating the comproportionation reaction between

1/2D-br-D + OMN+• f 1/2D-br-D++ + OMN (8)
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the dication and the neutral donor to reversibly generate the
cation radical

After 4 equiv of the donor was added, the spectrum was
invariant and taken to be that of the cation radicalD-br-D+•.
At this point, the comproportionation equilibrium was greatly
shifted to the right, and the amount of the dication was
spectroscopically negligible.

For the distances between the redox centersr in the MVS
for the Mulliken-Hush electronic coupling elements calculation
(eq 1), the separation between the centers of the dimethoxy-
benzene rings was used. The values ofr were determined with
the aid of computer program for molecular mechanics calcula-
tions Alchemy. Satisfactory correspondence ((1-2%) between
the values determined in such a way values with the data
available from X-ray measurements [forD(ph)D+•, D(ph)2D+•,
and D(flu)D+•] confirms the reliability of the calculated dis-
tances.

IV. 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 dichlo-
romethane 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 EPR Software
Tools, National Institute of Environmental Health Sciences),
by variation of the hyperfine splitting parameters and line widths
to obtain the best correspondence of the simulated and the
calculated spectra, starting from the parameters for the parent
DCH3

+•.44 Dynamic ESR spectra simulations were carried out
with the aid of the ESR-EXN program.45 In these cases, the
parameters obtained in static ESR simulation for the mono-
nuclear model cation radical were used as starting point, and
the rate constants were varied to obtain the best correspondence
between the calculated and experimental spectra.

The electron-transfer rate constant (kET) in Table 2 obtained
from the ESR line-broadening experiments were most reliable
in the rather narrow 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. For example
in the low-temperature experiments, a rate constant ofkET < 3
× 106 s-1 yielded a calculated spectrum that closely ap-
proximated the static ESR spectrum. At the high-temperature
extreme, a rate constant ofkET ∼ 108,9 s-1 was indicated by a
single broadened line (which showed additional splittings at both
faster and slower rates). AtkET ≈ 108 s-1 the single broadened
line showed some slight (but unresolved) splittings. For the ESR
behavior of the fluorenyl-bridged cationD(flu)D+•, an additional
small hyperfine splittings of a6H ) 1.1 G for a pair of methyl
groups provided an optimum simulation. For the stilbenoid
analogue, the additional splittings were also required for the
simulation of the unresolved envelope.
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