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Intermolecular electron transfer from various arene donors (ArH) to the nitrosonium acceptor (NO+) proceeds
via a series of unusual [1:1] precursor complexes. Quantitative analysis of the accompanying pair of charge-
transfer absorption bands (hnH and hnL) reveals the presence of strong electronic interactions between the
donor/acceptor moieties in [ArH,NO+] complexes with the coupling elements lying in the range:
Hab ¼ 1.4� 0.5 eV. In the context of Sutin’s development of Marcus–Hush theory, these dyads represent a
Robin–Day Class III system for the 2-step transformation of the reactant diabatic state {ArH+NO+} to the
final diabatic state {ArH+�+NO�}, in which the unusually high values of Hab characterize a series of
intermolecular (precursor) complexes that lie in a single (potential-energy) minimum. As such, the thermal
electron transfer between the arene donor and the nitrosonium acceptor occurs first via the redistribution of a
pair of electrons in the formation of the [ArH, NO]+ complex with Xmin ¼ 1.0, and then followed by its
homolytic dissociation to the {ArH+� and NO�} products. This conclusion is experimentally confirmed by X-
ray crystallographic and IR analyses of the precursor complexes that identify: (i) the strongly perturbed donor/
acceptor moieties structurally akin to arene cation radicals (ArH+�) and the reduced nitric oxide (NO�), and (ii)
the degree of charge transfer (Z) that is complete (100%). Optical electron transfer via the direct
photoactivation of the precursor complex to the identical Franck–Condon state {ArH+�, NO�}* occurs
independent of whether the high-energy (hnH) or the low-energy (hnL) absorption band is irradiated.

Introduction

Electron donor/acceptor interactions leading to characteristic
charge-transfer absorption bands are relevant to many inter-
molecular electron-transfer processes of organic and organo-
metallic origin.1,2 As such, the quantitative evaluation of
these redox systems is important to such divergent fields as
the formulation of organic and organometallic reaction
mechanisms3 as well as the development of novel electronic
materials.4 Of particular interest to the present study is the role
of strong donor/acceptor (or charge-transfer) interactions in
thermal (adiabatic) and photoactivated (optical) electron
transfers from various aromatic (ArH) donors.
Electron-transfer theories, mainly based on inorganic (coor-

dination) compounds, identify the electronic (coupling) inter-
action Hab , together with the Marcus reorganization energy
l, and the free-energy change DG0 as crucial factors in deter-
mining the kinetic and thermodynamic characteristics of a
redox system.5–8 Heretofore, particular attention has been
devoted to weakly and moderately interacting donor/acceptor
pairs with values of the electronic coupling element Hab gener-
ally less than 200 cm�1,5,6 and a somewhat minor (consequent)
effect on the energy profile (along the reaction coordinate9) of
the traditional two-state representation.10 However, with
increasingly strong electronic interactions in the donor/accep-
tor pair,11 it is seen in Fig. 1 that the nuclear and electronic
characteristics of the precursor complex are predicted to be
more strongly perturbed relative to the non-interacting (dia-
batic) states,8,12 and the activation free energy to be progres-
sively lowered. Finally, in the limiting region with Habq l/
2, the redox system is completely delocalized, with a single
potential-energy minimum and no activation barrier for elec-

tron transfer. In the framework of the Robin–Day classifica-
tion13 of mixed-valence compounds, the increasing
magnitudes of the electronic coupling reflect the progressive
transition from Class I (Hab ¼ 0, non-interacting redox cen-
ters) to Class II (0 < Hab < l/2, weakly interacting) and to
Class III (Habq l/2, delocalized) systems.8

Fig. 1 Generalized plot of the free-energy changes along the reaction
coordinate for an electron transfer reaction with DG0 ¼ 0. The electro-
nic coupling increases from the diabatic reactants (r) and final(f) states
(dotted lines) with Hab/l ¼ 0 to various adiabatic states with Hab/
l ¼ 0.10 (i), 0.23 (ii) and 0.33 (iii).
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Although simple and well-behaved organic (redox) systems
are rather unusual,14 we recently identified the intermolecular
electron-transfer between aromatic donors and the cationic
nitrosonium acceptor to represent a reversible interchange that
proceeds via the [1:1] donor/acceptor or charge-transfer com-
plex as the direct precursor:15

ArHþNOþ0½ArH;NOþ�0ArHþ
� þNO

� ð1Þ

This organic system offers several unique advantages for the
quantitative elucidation of electron-transfer processes with
strongly interacting (redox) pairs,16 since the nitrosonium
cation moiety is a simple diatomic that allows the resident
charge on a partially reduced moiety to be determined from
its N–O stretching frequency and its bond length by infrared
spectroscopy and X-ray crystallography.17 Moreover, the ther-
modynamic driving force for electron transfer (from strongly
endergonic to exergonic regions) is readily modulated by
employing various benzene derivatives with comparable steric
properties (see Table 1).18 Finally, every species in eqn. (1) is
sufficiently persistent to allow all quantitative measurements
to be experimentally scrutinized.19 Accordingly, our objective
in this study is the verification of the semi-empirical theoretical
approaches to electron transfer6,8 as applied to strongly
coupled organic systems for quantitative correctness, especially
insofar as the electronic interaction energies, charge distribu-
tions, and ground-state and optical properties are con-
cerned.20,21 Experimental methodologies involving: (a)
structural (X-ray crystallographic) analysis, (b) spectral (UV-
Vis, IR) characteristics; and (c) photochemical (steady-state
and time-resolved) probes will form the basis for evaluating
specific features of the theoretical predictions.

Results, theory and calculations

I Spontaneous complexation of aromatic donors with the
nitrosonium acceptor

(A) Appearance of charge-transfer absorption bands. When
aromatic donors (Table 1) are added to a solution of
NO+SbCl6

�, the instantaneous formation of electron donor/
acceptor or EDA complexes is immediately revealed by dis-
tinctive yellow to red colorations. Spectral examination of
the highly colored solutions indicates the appearance of two
new absorption bands—an intense high-energy band (H) and
a very weak low-energy band (L). The partially overlapping
bands can be numerically deconvoluted into a pair of Gaussian
components; and the absorption maxima of the prominent H
bands are listed in Table 1, together with their bandwidths
(Dn1/2) and extinction coefficients (eCT). Spectrophotometric
analyses at various concentrations of arene and NO+SbCl6

�

(according to the Job and Benesi–Hildebrand methodologies)
also establish the formation of the [1:1] precursor complex,
that is:15,17

ArHþNOþ  ��������!Ket ½ArH;NOþ� ð2Þ

(B) Structural characterization of the [ArH,NO+] com-
plexes. Isolation and X-ray crystallography at low tempera-
tures reveal a common family of charge-transfer complexes
with the general structure A,

in which the non-covalently bound NO moiety lies directly
over the aromatic ring.15,17,22 Most importantly, the inner-

sphere character of these precursor complexes is in accord with
the intermolecular separations (rDA , Table 1) that are signifi-
cantly smaller than the sum of the van der Waals radii of
3.25 Å.

(C) Reversible (charge-transfer) complexation followed by
electron transfer. The charge-transfer absorption bands in
Table 1 are transient and when the solutions are scrutinized,
the reversible equilibration of the precursor complex with the
paramagnetic products of electron transfer is apparent:

ArHþNOþ  ! ½ArH;NOþ�  ������������!KCT

ArHþ� þNO� ð3Þ

Although the formation constant (Ket
�1) of the complex is

pertinent to the overall electron-transfer process, it is of sec-
ondary importance here and the earlier description15 is suffi-
cient for this study.

II Electronic coupling elements for arene/nitrosonium
complexes

(A) Evaluation of the electronic coupling element from the
charge-transfer spectral data. Experimentally, the electronic
coupling element (H) in the precursor complex is evaluated
from the spectral data in Table 1 by using the Hush expression
based on the Mulliken formalism:20,21

HMH ¼ 0:0206ðnCTDn1=2eCTÞ1=2=rAD ð4Þ

where nCT and Dn1/2 are the spectral maximum and full-width
at half maximum (cm�1), respectively, of the charge-transfer
absorption band, eCT is the extinction coefficient (M�1 cm�1)
of this precursor complex, and rAD is the separation (Å)
between the redox centers. Although the Mulliken–Hush
(MH) expression in eqn. (4) was originally derived for precur-
sors in the limit of weak interactions, it was subsequently
shown by Creutz, Newton and Sutin to also be applicable
(within the two-state model) to strongly interacting sys-
tems.23,24

The electronic coupling elements HMH calculated from the
CT spectral data with the aid of eqn. (4)25 are listed in Table
1 (last column). For the somewhat ambiguous separation para-
meter rDA , we initially utilized the vertical distance of N to the
mean (aromatic) plane in structure A as directly evaluated
from the X-ray crystallographic data.26

(B) Strongly coupled arene/nitrosonium dyads as a Robin–
Day Class III redox system. Examination of the electronic cou-
pling elements listed in Table 1 indicates the presence of uni-
formly large values with HMH that exceed 1.3 eV in many of
the precursor complexes. By the same token, the Marcus reor-
ganization energies for the oxidation (i.e., ArH0ArH+�+e)
of the same donors are: lArH ¼ 2.0� 0.2 eV.27 Coupled with
the reorganization energy of the nitrosonium cation:
lNO ¼ 3.0 eV,27a we find the reorganization energies of the
cross reactions to lie in the range: lCR ¼ 2.5� 0.1 eV, which
is less than twice the value of the electronic coupling elements
in Table 1. According to Sutin et al.,8 such redox systems with
Hab > l/2 fall into Class III, as based on the classical Robin–
Day categories for mixed-valence complexes.13 As such, the
lowest potential-energy surface (consisting of a broad single
minimum) in Fig. 1 provides a useful guide for the further
examination these interesting redox dyads.

III Experimental validation of the electronic coupling elements

The electronic coupling elements evaluated by the semi-empiri-
cal theoretical treatment according to the Mulliken–Hush for-
mulation in eqn. (4) bear directly on their prediction of the
spectral as well as structural properties of the precursor com-
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Table 1 Oxidation potentials of the donors, E0
ox , characteristics of the high-energy band (nH , Dn1/2 and e) in their complexes with nitrosonium,

distance between nitrogen and aromatic plane, rDA (from X-ray analysis) and electronic coupling elements HMH based on the Mulliken model

Aromatic donor E0
ox

a /V nH
b /103 cm�1 Dn1/2

b /103 cm�1 ec /103 M�1 cm�1 rDA
d /Å HMH/eV

1 BEN 2.70 29.8 6.0 1.6 2.1e �0.7

2 TOL 2.42 29.6 6.5 3.5 2.1e �1.0

3 o-XY 2.13 29.8 6.1 3.5 2.192(2) 0.97

4 p-XY 2.06 30.2 6.8 4.0 2.155(2) 1.10

5 MES 2.11 29.5 5.9 5.8 2.185(4) 1.22

6 TBB 2.01 29.4 6.6 4.0 2.1e �1.1

7 DUR 1.83 30.3 5.9 7.0 2.092(2) 1.36

8 TPB 1.80 29.5 6.0 6.8 2.1e �1.3

9 PMB 1.75 30.1 6.0 8.1 2.049(2) 1.48

10 HMB 1.62 30.1 6.0 8.0 2.093(2) 1.47

11 HEB 1.59 29.5 6.1 7.0 2.080(2) 1.36

12 TET 1.55 28.8 5.9 7.7 2.097(3) 1.37

13 TMT 1.50 28.9 5.9 6.6 2.109(3) 1.30

14 TMM 1.45 29.3 6.3 8.3 2.1e �1.5

15 DMT 1.43 20.8 6.0 7.1 2.1e �1.1
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plexes. In the framework of the two-state (redox) system, the
wave functions CG and CE of the ground and excited (adia-
batic) states, respectively, are presented as a linear combina-
tion of the zero-order reactant and final diabatic states (cr

and cf).
6,8,23

CG ¼ cacr þ cbcf ð5Þ
CE ¼ cbcr � cacf ð6Þ

The associated interaction diagram for the reactant
{ArH+NO+} and final {ArH+�+NO�} diabatic states is
qualitatively depicted in Chart 1.28

(A) Mulliken correlation of the charge-transfer absorption
band. Within the framework of the two-state model (cr and
cf), the energies of the lower (EG) and upper (EE) adiabatic
states (obtained by the solution of the two-state secular deter-
minant) are expressed as:8,23

EG ¼ ðer þ efÞ=2� ðDrf
2 þ 4Hab

2Þ1=2=2 ð7Þ

EE ¼ ðer þ efÞ=2þ ðDrf
2 þ 4Hab

2Þ1=2=2 ð8Þ

where er ¼
R
crH cr and ef ¼

R
cfH cf are the energies of reac-

tant and final diabatic states, H is the total Hamiltonian opera-
tor of the system, Drf ¼ ef� er is the energy difference between
reactant and final diabatic states, and Hab ¼

R
crH cf is elec-

tronic coupling matrix element. Since the prominent (high-
energy) absorption band hnH corresponds to the CT transition
from the ground state of the precursor complex to the excited

state (see Chart 1), it follows directly from eqn. (7) and (8)
that:

hnH ¼ EE � EG ¼ ðDrf
2 þ 4Hab

2Þ1=2 ð9Þ

Eqn. (9) allows the energy difference Drf to be evaluated from
the spectral data (hnH) and the electronic coupling elements
(HMH as Hab) listed in Table 1. The calculated values of Drf

are listed in Table 2.
The weak (symmetry-forbidden) low-energy band L in Table

2 was previously shown to correspond to the electronic transi-
tion from the filled (non-bonded) orbital on the arene donor to
the unoccupied (antibonding) orbital of the precursor com-
plex.15 As such, the transition energy hnL is identified here as
the difference between EE of the excited state [eqn. (8)] and
EArH of the diabatic (non-interacting) state:

hnL ¼ EE � EArH ¼ 1=2ðDrf
2 þ 4Hab

2Þ1=2 þ Drf=2 ð10Þ

The relationship of the experimental values of hnL in Table 2
and the calculated values based on eqn. (10) (Table 2) is illu-
strated in Fig. 2. Such a linear correlation indicates that the
Mulliken–Hush coupling elements can reasonably describe
the observed spectral dependence of the (low-energy) charge-
transfer transition in the precursor complex with changes of
the arene donor strength (E0

ox), although the absolute values
of the calculated hnL are consistently larger than the experi-
mental ones (Table 2).29

(B) Charge distribution between donor and acceptor in the
precursor complex. 1 Theoretical significance of the mixing
coefficients. According to Creutz, Newton, and Sutin’s devel-
opment of the Marcus–Hush formalism, the value of the elec-
tronic coupling element is related directly to the product of the
normalized mixing coefficients and the energy gap between the
ground and excited states:6,23

cacb ¼ Hab=ðEE � EGÞ ð11Þ

The energy difference (EE�EG) at the reactant minimum cor-
responds to the energy of the optical (charge-transfer) transi-
tion hnH listed in Table 1. Thus, the simultaneous solution of
eqn. (11) and the normalization relationship ca

2+ cb
2 ¼ 1

allows the square of the mixing coefficient to be calculated as:

cb
2 ¼ 1

2� ½1� ð2Hab=hnHÞ2�1=2=2 ð12Þ

Table 1 (continued)

Aromatic donor E0
ox

a /V nH
b /103 cm�1 Dn1/2

b /103 cm�1 ec /103 M�1 cm�1 rDA
d /Å HMH/eV

16 OMN 1.34 21.6 5.9 6.2 2.16 (1) 0.99

17 EA 1.30 29.0 7.1 7.0 2.089(3) 1.46

18 MA 1.16 27.8 4.6 8.3 2.107(3) 1.26

a From ref. 15 and 18. b Estimated deviations are �0.2� 103 cm�1. c Estimated deviations are �0.3� 103 M�1 cm�1. d From ref. 15 and 17, esti-

mated standard deviations are in parenthesis. e X-Ray crystallographic data for the 1:1 [ArH, NO]+ complex are not available and rDA is taken by

analogy with that of similar arene complexes.

Chart 1
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Since the mixing coefficients ca and cb transform the initial and
final diabatic states into the ground and excited-state wave
functions according to eqn. (5) and (6); their squares ca

2 and
cb

2 represent the fraction of the electronic charge residing on
the donor andthe acceptor, respectively. As such, the values
of cb

2 will reflect the progress of electron transfer when the
reaction coordinate is presented in terms of changes in the elec-
tronic configuration.9

2 Experimental measure of the degree of charge transfer.
The progress of electron transfer is represented by the electro-
nic charge distribution between the donor and acceptor in the
intermediate (charge-transfer) complex. This measurement in
the case of [ArH,NO+] complexes is facilitated by the diatomic
character of the acceptor, together with the relatively large
change in the simple N–O (IR) stretching frequencies atten-
dant upon the reduction of nitrosonium (nNO ¼ 2272 cm�1,
rNO ¼ 1.06 Å) to nitric oxide (nNO ¼ 1876 cm�1, rNO ¼ 1.15
Å).30 Thus, the variation of the charge transferred from the
arene donor to NO+ (in the CT complex) is hereinafter desig-
nated as Z, and it is directly expressed as:17

Z ¼ ðnNOþ
2 � nCT2Þ=ðnNOþ

2 � nNO
2Þ ð13Þ

where the subscripts NO+ and NO represent the uncomplexed
nitrosonium cation and nitric oxide, respectively, and nCT is
the frequency of the partially reduced NO moiety in the series
of precursor (CT) complexes.
By definition, the value of Z ¼ 1.0 is attained when one elec-

tron overall has been transferred from the donor to the accep-
tor so that the intermediate complex can be formally depicted
as [ArH+�, NO�]. The experimentally determined values of Z
listed in Table 317 indicate that this redox situation is obtained
in the isergonic region where DG0� 0 for hexamethylbenzene
and related hexaalkylsubstituted benzenes with oxidation
potentials E0

ox� 1.5� 1.6 V vs. SCE18 to match the reduction
potential of E0

red ¼ 1.48 V for the nitrosonium acceptor.31

3 Correlation of the theoretical and experimental measures.
The degree of charge transfer measured experimentally as Z
[eqn. (13)] should coincide with that predicted theoretically
as cb

2 in eqn. (12). Since the latter requires reliable Hab values,

Table 2 Comparison of the experimental and calculated values of the low-energy band in arene/nitrosonium complexes

Aromatic donors hnL(exp)/eV Drf
a /eV hnL(calcd)

b /eV

BEN 2.92 3.46 3.58

TOL 2.79 3.08 3.37

o-XY 2.66 3.14 3.42

p-XY 2.55 3.02 3.38

MES 2.57 2.72 3.19

TBB 2.44 2.95 3.30

DUR 2.45 2.59 3.18

TPB 2.34 2.50 3.08

PMB 2.42 2.29 3.01

HMB 2.45 2.32 3.03

HEB 2.32 2.45 3.05

TMT 2.24 2.48 3.04

TET 2.24 2.3 2.94

MA 2.16 2.36 2.90

EA 2.23 2.09 2.84

OMN 2.13 1.81 2.25

DMT 2.03 1.51 2.05

TMM 2.23 2.03 2.84

a Calculated from eqn. (9) and the data in Table 1. b Calculated from eqn. (10) and the values of electronic coupling element from Table 1.

Fig. 2 Correlation of the experimental and calculated energies of the
low-energy band in [ArH, NO+] complexes. Numbers identify the aro-
matic donors in Table 1.

Table 3 Electronic coupling elements for nearly isergonic Class III complexes (as derived from the energy of the optical electron transfer hnH) and
recalculated donor/acceptor separations

Aromatic donor hnH/10
3 cm�1 Za Hab

b /eV RDA
c /Å

HMB 30.1 0.97 1.87 1.65

HEB 29.5 0.93 1.83 1.56

TMT 28.9 0.93 1.79 1.52

TET 28.9 0.97 1.79 1.64

TMM 29.3 – 1.82 1.74

a From Kim et al. in ref 17. b From eqn. (14). c Corrected separation based on eqn. (4).
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we note that the electronic coupling element can be evaluated
directly from the experimental charge-transfer transition
energies:

hnH ¼ 2Hab ð14Þ

according to the Mulliken, Hush and Sutin treatment20,21,23 of
the Robin–Day Class III complexes like [ArH, NO+], which
exist in the isergonic region of the driving force. For such pre-
cursor complexes, the combination of eqn. (12) and (14) pre-
dicts the mixing coefficient to be cb

2 ¼ 0.5. Since a pair of
electrons are redistributed in [ArH, NO+] complexes (see
Chart 1), the theoretical value of 2cb

2 ¼ 1.0 pertains, which
is in exact harmony with the experimental Z ¼ 1.0. Table 3
lists the values of Hab evaluated from eqn. (14) using the opti-
cal (CT) transition energies hnH listed in Table 1.
Comparison of the Hab values in Table 3 with those in Table

1 (HMH) obtained from the Mulliken–Hush eqn. (4) indicates
the value of HMH to be consistently smaller by 0.3–0.4 eV.
We believe that part of the discrepancy lies in the proper eva-
luation of the separation parameter rAD in eqn. (4). Since the
latter derives from eqn. (11) by a consideration of the transi-
tion dipole in the CT excitation, the assignment of the separa-
tion parameter can be somewhat arbitrary for a redox dyad as
structurally diverse as the arene donor and the nitrosonium
acceptor are.26 As such, our preliminary choice of rDA based
on the molecular structure determined by X-ray crystallogra-
phy (vide supra) could be in serious error. Accordingly, let us
treat rDA in the Mulliken–Hush eqn. (4) as a disposable para-
meter, by constraining the value of HMH to abide by the more
reliable value of Hab based on eqn. (14). The result leads to
‘‘corrected’’ values of the separation parameter RDA in Table
3, which are generally 0.5 Å smaller than those based on X-ray
crystallographic analyses. Indeed, such a shortening of the
interaction distance between the donor/acceptor dyad accords
with our qualitative expectations based on the integrated orbi-
tal overlap.32

In the absence of reliable experimental values of rDA ,26 the
electronic coupling elements for the other [ArH, NO+] com-
plexes can be calculated from the identity 2cb

2 ¼ Z according
to eqn. (12) (Table 4).33 The values of Hab obtained in such a
way are very close to the values obtained directly from the CT
band energy [eqn. (14)] for the complexes near the isergonic
point (Table 3). The linear relationship between Hab based
on IR changes and HMH based on the oscillator strength of
the CT bands is presented in Fig. 3.33 Indeed, such a linear cor-
relation provides additional experimental support for the elec-
tronic description of the precursor complex in terms of the
diabatic-state formulation in eqn. (5) and (6) and Chart 1.

Discussion

I Electron transfer via the strongly coupled (precursor)
complex

The redox dyads consisting of various arene donors (ArH) and
the nitrosonium acceptor (NO+) in eqn. (1) present an unusual
opportunity to examine intermolecular electron-transfer pro-
cesses proceeding via strongly coupled (precursor) complexes
with diagnostic charge-transfer absorptions. In the context of
Sutin’s development of the Marcus–Hush formulation,8 this
redox system can be described as a two-step transformation
of the reactant diabatic state {ArH+NO+} to the final state
{ArH+�+NO�} via the strongly coupled (charge-transfer)
complex [ArH, NO]+ that resides in a single (potential energy)
well.34 The intersecting potential-energy surfaces that represent
the two diabatic states for such an electron transfer are picto-
rially illustrated by the dashed lines in Fig. 4. For clarity, the
diabatic reactant and final curves r and f, respectively, in
Fig. 4 are drawn for the ArH/NO+ pair in the isergonic region

of the driving force (DG0 ¼ 0) and for a reorganization energy
of lCR ¼ 2.5 eV .27 The potential-energy surface of the precur-
sor complex (PC) is presented at Hab ¼ 1.8 eV, as determined
from the spectral data according to eqn. (14).8

II Molecular and electronic structures of the precursor
complex

The unmistakable coincidence of theory with experiment is
established by the experimental values of Z [eqn. (13)] that
are equal to twice the theoretical (mixing) coefficient cb

2

[eqn. (12)] for the complexes in Table 3, which lie near the iser-
gonic point.33b This, together with the measured values of
Hab ¼ 1.7� 0.1 eV, indicates that the lowest potential-energy
surface in Fig. 4 represents the [ArH, NO]+ precursor com-
plex. Finally, X-ray crystallographic analyses of isolated (crys-
talline) complexes confirm the structures of the aromatic
moiety to be coincident with that of the cation radical
(ArH+�), and the structure of the nitrogen oxide moiety to
be that of nitric oxide (NO�).35,36 In other words, when the pre-
cursor complex is viewed from the point of view of its nuclear
coordinates, its position along this coordinate is very close to
that of the diabatic final state, in which Xmin is unity, as
described by Sutin.8 From the standpoint of the mixing coeffi-
cients, this takes place at cb

2 ¼ 0.5, but the minimum is located
at 2cb

2 ¼ 1.0 when two electrons are redistributed (see Chart
1). Thus, for these diamagnetic donor/acceptor dyads, the
value of the mixing coefficient (i.e., cb

2) at the complex mini-
mum is one-half the value of the charge transferred. Because
the equilibrium (nuclear) coordinates are determined by the
electron-density distribution, the position of the precursor
complex along the reaction coordinates (in terms of nuclear
configuration) should correspond to the final (product) dia-
batic state (Xmin ¼ 1.0).37

The fact that a complete redistribution of the electron den-
sity between ArH and NO+ is observed at the precursor stage
may be even more surprising if the microscopic reverse process
(involving nitric oxide oxidation by the arene cation radical) is
considered. In such a case, the diffusive interaction of ArH+�

and NO� will not involve any nuclear (intramolecular) reorga-
nization or charge transfer, since the formation of the precur-
sor complex will require no change in nuclear and electronic
coordinates (Xmin ¼ 0), although these nearly symmetric Class
III systems would otherwise correspond to Xmin ¼ 0.5.8, 37

III Electron-transfer mechanism for strongly coupled donor/
acceptor dyads

The molecular and electronic characterization of the precursor
(charge-transfer) complex as the critical intermediate allows us
to draw some unexpected conclusions regarding the electron-
transfer mechanism. Thus, the single electron transfer reaction
[eqn. (1)] between the arene donor and the nitrosonium accep-
tor is a two-stage process that occurs first via the redistribution
of a pair of electrons (see Chart 1) at the stage of complex for-
mation, and then the homolytic dissociation of the intermedi-
ate complex to the free aromatic cation radical and free nitric
oxide. Since the nuclear configuration and charge distribution
between the donor and acceptor in the strongly coupled com-
plex correspond to those extant in the products, no additional
electron transfer is needed in the second (follow-up) stage.
Furthermore, with some modification the shift of the electron
pair is satisfactorily described within the framework of the
model developed for single-electron motion, that is: (i) the
values of electronic coupling elements (Hab) and the mixing
coefficients (cb

2) are reasonably determined from a (one-elec-
tron) optical transition, and (ii) the use of one-electron mixing
coefficients in eqn. (5) and (6) allows the electron-density dis-
tribution and the molecular geometry of the intermediate com-
plex (multiplying by two) to be anticipated.
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Owing to the absence of an activation barrier,38 the rate of
product formation in these Class III systems will be limited
by the homolytic dissociation step—the increasing strength
of the donor/acceptor interaction leading to lower equilibrium

concentrations of the electron-transfer products {ArH+� and
NO�}, which in turn will lead to diminished rates of any sub-
sequent reaction leading to stable (diamagnetic) products.39,40

Thus, in contrast to weakly and moderately coupled charge-
transfer complexes (like those in Robin–Day Class II), the
strongly coupled counterparts such as those examined in this
study lead to slower rates of formation of ion radicals and their
(follow-up) products.41

IV Optical electron transfer via strongly coupled arene/
nitrosonium complexes

Photoinduced electron transfer within intermolecular electron
donor/acceptor or EDA complexes is effected via the direct
irradiation of their charge-transfer absorption bands.42 In
the general context of Mulliken theory21 for weak complexes,
in which the electronic coupling is limited (e.g., Hab < 500
cm�1), the ground state of the precursor complex is primarily
expressed as:1

CG ¼ acD;A þ bcDþ ;A� ð15Þ

where cD,A and cD+,A� represent the ‘‘no-bond’’ and the
dative wavefunctions, respectively, with the mixing coefficients
a	 b.43 Therefore, the optical transition from the ground state
of the weak EDA complex (with Xmin� 0) to the charge-trans-
fer excited state:

CE ¼ bcD;A � acDþ;A� ð16Þ

is accompanied by a large dipole change. As such, the energy
of the Franck–Condon state usually differs from that of the
thermally equilibrated pair of the ion radicals (D+�, A��) by
an amount roughly corresponding to a reorganization penalty.
Such a fast vibrational relaxation, we believe, basically distin-
guishes the ion-radical pair formed via charge-transfer excita-
tion of Class II complexes from that derived from
photoexcitation of Class III complexes.44 In the case of the
arene/nitrosonium dyad of interest here, the strong electronic
coupling with Hab	DGET

0 (as in Fig. 4) leads to mixing coef-
ficients in eqn. (5) that are comparable (i.e., ca� cb) and thus
no appreciable electron transfer occurs from the aromatic
donor to NO+ (in the precursor complex) upon the optical
transition—the electron-density distribution between the
donor and acceptor moieties being roughly comparable in both
the ground and excited states. As such, the optical transition is
more appropriately designated as a bonding-to-antibonding
rather than a charge-transfer transition (as it is in weak
EDA complexes).45

Experimentally, time-resolved (laser-flash) experiments with
[ArH,NO]+ complexes show high quantum efficiencies for the
co-production of transient aromatic cation radicals ArH+�

(and nitric oxide).46 Three types of spectral transients are

Table 4 Corrected values of the electronic coupling elements Hab based on the comparison of cb
2 and Z

Aromatic donor cb
2 a Zb Hab

c /eV

BEN 0.03 0.52 1.62

TOL 0.08 0.61 1.69

o-XY 0.07 0.69 1.76

p-XY 0.10 0.70 1.78

MES 0.13 0.75 1.77

TBB 0.10 0.80 1.79

DUR 0.15 0.86 1.86

PMB 0.19 0.92 1.86

HMB 0.19 0.97 1.87

HEB 0.17 0.93 1.83

TMT 0.16 0.93 1.79

TET 0.18 0.97 1.79

a Based on eqn. (12) with Hab from eqn. (4) b Based on eqn. (13). c Recomputed from eqn. (12) based on 2 cb
2 ¼ Z from column 3.

Fig. 3 Direct comparison of the electronic coupling elements HMH

based on the UV-Vis data and Hab based on the IR data. Numbers
identify aromatic donors in Table 1.

Fig. 4 Potential-energy surface of the precursor complex (PC) rela-
tive to the reactant (r) and final (f) diabatic states (dashed lines) for
electron transfer in Class III with l ¼ 2.5 eV and Hab ¼ 1.8 eV.45
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observed. Initially (on the subpicosecond timescale), the ther-
mally equilibrated ion-radical pair and the s-adduct are
derived more or less simultaneously [eqn. (18)] from the first-
formed Franck–Condon state (asterisk) with an experimental
quantum efficiency of unity:47

½ArH;NO�þ ������!hnCT ½ArH;NO�þ
 ð17Þ

ArH;NO½ �þ
 ������!ð<psÞ
ArHþ�;NO

� �
solv
þArHðNOÞþ ð18Þ

where the subscript (solv) identifies the thermally equilibrated
pair of ion radicals.48,49 The rapid (electronic) decoupling of
the (non-bonded) excited state in eqn. (17) involves an essen-
tially barrierless transformation (on the vibrational timescale
of 10�13–10�14 s), since no additional electron redistribution
is required from the donor to the acceptor—the electron den-
sity distribution (and nuclear configuration ) in the ground
state already being that of the arene cation radical and nitric
oxide, that is Xmin is unity. As a result, only fast solvent reor-
ganization is needed for its relaxation in eqn. (18). In the sub-
sequent step, the thermally equilibrated (solvent-caged) radical
pair suffers a first-order separation to the free ion radical and
nitric oxide:

fArHþ�;NO�gsolv ����!ðpsÞ ArHþ� þNO� ð19Þ

on the diffusional timescale of t� 10�11 s with decreasing
quantum efficiency for the hexamethylbenzene, pentamethyl-
benzene, durene and o-xylene complexes of: F ¼ 0.70, 0.60,
0.4 and 0.1, respectively.
Finally, on the microsecond timescale, the second-order

(thermal) recombination of the freely diffusing aromatic cation
radical and nitric oxide regenerates the initial (precursor) com-
plex:

ArHþ� þNO� ����!ðmsÞ ½ArH;NO�þ ð20Þ

the overall rate of which is rather constant and nearly indepen-
dent of the donor strength (E0

ox) of the arene. As such, the lat-
ter is the mirror image of complex formation and thus bereft of
an activation barrier.50

Most importantly, the temporal behavior of all these spec-
tral transients is quite independent of the excitation energy—
the first-order rates and quantum yields being the same for
both the 350 nm and 540 nm irradiations (corresponding to
the second and third harmonics of the output from the
Nd3+-YAG laser).47 Such experimental observations thus pro-
vide unambiguous confirmation for the spectral assignment in
Chart 1, in which the identical excited state is populated by
photoexcitation of either the high (hnH) or the low (hnL) energy
absorption bands.
Taken all together, the facile kinetic processes in eqn. (17)–

(20) point to the ArH/NO+ dyad as a highly reversible redox
system. Continuous irradiation of the [ArH, NO]+ complexes
by and large leads to a quasi-photostationary state for the con-
centrations of ion-radical species, and it generally leads to no
permanent photochemical transformation—the arene donor
generally being recovered intact. However, there are several
exceptional situations. First, there is the extent to which the
aromatic cation radical is unstable and can readily undergo a
fast first-order transformation, such as a unimolecular mesoly-
tic cleavage, as in the case of bicumene, or rapid rearrangement
as in hexamethyl(Dewar)benzene, etc.49 Second, there is the
extent to which the (paramagnetic) nitric oxide is instantly sca-
venged (irreversibly) by dioxygen and other radical traps.51

Third, there is the extent to which the s-adduct in eqn. (18)
can be transformed prior to homolytic reversion to the ion-
radical pair and the precursor complex.47,51 The alternative
loss of the a-proton from the s-adduct or Wheland intermedi-
ate [eqn. (18)] does not appear to be a viable pathway since

there is little evidence for a CT-photoactivated pathway to aro-
matic nitrosation.39

Conclusions

Electron transfer in the organic redox system consisting of var-
ious arene donors (ArH) and the nitrosonium acceptor (NO+),
can be quantitatively accommodated within the theoretical for-
mulation of a two-state model8 in which the reactant diabatic
state r ¼ {ArH+NO+} and the final diabatic state
f ¼ {ArH+�+NO�} are based on the Mulliken (charge-trans-
fer) formulation.21 Thus, the formation of ArH/NO+ com-
plexes is theoretically described as the redistribution of an
electron pair (from the arene donor) according to the interac-
tion diagram depicted in Chart 1. The experimental values of
the charge-transfer transition agree with the Mulliken–Hush
predictions (based as they are on the one-electron optical tran-
sition), provided the electron-density distribution is obtained
by doubling the mixing coefficients cb

2 in eqn. (12). In other
words, the electron distribution between the donor and the
acceptor in (diamagnetic) charge-transfer complexes (with an
even number of electrons) is twice that in (paramagnetic) pre-
cursor complexes usually treated by electron-transfer theories.
Therefore, the position of the charge-transfer complex along
the nuclear (configuration) coordinate also corresponds to
the doubled values of the quadratic (final-state) mixing coeffi-
cient, that is 2cb

2, this conclusion being especially relevant to
strongly coupled complexes for which the mixing coefficient
cb closely approaches ca . The equilibrium structure (i.e.,
nuclear configuration) of the charge-transfer complex is deter-
mined by the corresponding electron-density distribution, and
its position along the reaction coordinate corresponds to the
product state (Xmin ¼ 1.0) for Class III complexes (ca

2� cb
2)

that lie close to the isergonic potential. As such, thermal elec-
tron transfer in strongly interacting (Class III) systems is ade-
quately described as an initial heterolytic (two-electron) bond
formation of the precursor complex: (PC) ¼ [ArH,NO]+ via
the redistribution of an electron pair, followed by the homoly-
tic dissociation of PC to the non-interacting radical-ion pair
{ArH+�+NO�}, without substantial redistribution of the elec-
tron density between the donor and the acceptor.52 Optical
electron transfer induced by direct irradiation of the charge-
transfer absorption band converts the same precursor complex
to the first excited state, which is energetically related to the
thermally equilibrated pair of ion radicals {ArH+�+NO�}
by an amount roughly corresponding to the reorganization
penalty. The same excited state is populated in the ArH/
NO+ redox system by the deliberate irradiation of either the
high-energy (hnH)or the low-energy (hnL) absorption bands
of the precursor complex.

Experimental

Materials

Nitrosonium hexachloroantimonate was prepared from SbCl5
and NOCl according to the literature procedure.17 The alkyl-
benzenes (Aldrich) were purified by repeated recrystalliz-
ation from ethanol or fractional distillation. The syntheses
of triethanododecahydrotriphenylene (TET), trimethano-
dodecahydrotriphenylene (TMT), dimetoxydurene (TMM),
triphenylene, 1,1,4,4,7,7,10,10,13,13,16,16-dodecamethyl-
1,2,3,4,7,8,9,10,13,14,15,16-dodecahydrodinaphtoanthracene
(DMT), cycloannulated naphthalene 1,1,4,4,7,7,10,10-octa-
methyl-1,2,3,4,7,8,9,10-octahydronaphthacene (OMN), 9,10-
diethoxy-1,4,5,8-diethano-1,2,3,4,5,6,7,8-octahydroanthracene
(EA), and 9,10-dimethoxy-1,4:5,8-dimethano-1,2,3,4,5,6,7,8-
octahydroanthracene (MA) were described previously.18c,35,53

All of the compounds were characterized by their melting
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points, IR, 1H NMR, 13C NMR, MS and elemental analysis.
Dichloromethane (Merck) was purified according to standard
laboratory procedures and was stored in Schlenk flasks under
an argon atmosphere.54

Instrumentation

The UV-Vis absorption spectra were recorded on a HP 8453
diode-array spectrometer. The 1H and 13C NMR spectra were
obtained on a General Electric QE-300 FT NMR spectro-
meter. Infrared (IR) spectra were recorded on a Nicolet 10D
FT spectrometer. The electrochemical apparatus and the pro-
cedure for the determination of the oxidation potentials have
been described elsewhere.18,31 Procedures for the X-ray crystal-
lographic analysis and crystal data of the aromatic donors,
their nitrosonium complexes, and the cation radicals salts were
described previously.15,17,35 (Note that the X-ray structure
details of various compounds mentioned here are on deposit
and can be obtained from the Cambridge Crystallographic
Data Center, U.K.)

Measurement of the charge-transfer spectra of CT complexes
with nitrosonium

The spectral data in Table 1 were typically measured at
[NOSbCl6]0 ¼ 0.2–1.0 mM and [ArH] ¼ 0.2–20 mM in 0.1–
1.0 cm quartz cuvette at 22 �C under an agron atmosphere.
The UV-vis spectra were deconvoluted into Gaussian compo-
nents in order to obtain the CT transition energy and the
widths of the H and L bands. Extinction coefficients for the
nitrosonium complexes with relatively weak donors (BEN to
MES) were determined from the absorption of solutions at a
constant nitrosonium concentration and different concentra-
tions of donor by the graphical methods of Drago (involving
the dependence of KCT

�1 against eCT) and by the Benesi–Hil-
debrand procedure (based on the dependence of [NO+]/ACT

versus [ArH]�1 ).55 For electron-rich donors, the extinction
coefficients were calculated from absorbance of the solutions
measured with a large excess of either nitrosonium or arene
[since under these conditions the concentration of the com-
plexes (due to high formation constants) were practically equal
to the concentration of the reagent at lower concentration ].
All operations were performed in Teflon-capped cuvettes
equipped with a side arm in an inert atmosphere box.
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