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A quantitative model of mixed-valence excited-state spectroscopy is developed and applied to 2,3-diphenyl-
2,3-diazabicyclo[2.2.2]octane. The lowest-energy excited state of this molecule arises from a transition from
the ground state, where the charge is located on the hydrazine bridge, to an excited state where the charge is
associated with one phenyl group or the other. Coupling splits the absorption band into two components with
the lower-energy component being the most intense. The sign of the coupling, derived by using a neighboring
orbital model, is positive. The transition dipole moments consist of parallel and antiparallel vector components,
and selection rules for each are derived. Bandwidths are caused by progressions in totally symmetric modes
determined from resonance Raman spectroscopic analysis. The absorption, emission, and Raman spectra are
fit simultaneously with one parameter set.

Introduction

Excited-state mixed valence exists when a system possesses
two or more interchangeably equivalent sites that have different
oxidation states in an excited electronic state but a symmetrical
charge distribution in the ground electronic state. Some of the
most commonly encountered molecular systems having these
characteristics contain two identical charge-bearing units M
separated by a bridge B and are represented in this paper by
the generic M-B-M symbol. The first mixed-valence excited
state that was examined in detail was that of a dication where
the symmetric charge distribution M+-B-M+ in the ground
state is changed after an electronic transition to a distribution
that isolates the entire charge on either one charge-bearing unit
or the other, M2+-B-M/M-B-M2+. This rare type of transi-
tion was the focus of an earlier study of ours in which we
presented the first quantitative treatment of a mixed-valence
excited state and its spectroscopic ramifications.1 The example
for that analysis was a durene-bridged dihydrazine dication, Hy-
DU-Hy2+. The two most important results are that the
absorption band consists of two components separated in energy
by twice the effective coupling in the excited electronic state
and that the selection rules are governed by the directions and
signs of the transition dipole moments.

The focus of this paper is an M-B-M monocation, the
diphenyl hydrazine radical cation1+ (22/Ph2

+). The phenyl rings
are twisted such that the point group isC2. In the ground state,
the charge is located on the bridge, M-B+-M.

The mixed-valence excited state occurs when the charge is
transferred from the bridge to one M or the other, which
produces two localized configurations: M+-B-M and M-B-
M+. In this example, M is a phenyl group and is the charge-
bearing unit in the excited state, and the bridge, B, is a
substituted hydrazine radical cation. Because the two M groups

are coupled to each other through the bridge, the excited state
can be modeled using the language of the Marcus-Hush theory,
usually used to describe ground-state intervalence behavior.2,3

Instead of a ground and one excited-state surface, there are two
excited-state surfaces separated in energy atQ ) 0 by twice
the excited-state coupling elementHab

ex. While the difference
between ground- and excited-state mixed valence may appear
subtle, the spectroscopy of the two systems reveals striking
dissimilarities, because excited-state mixed-valence systems
involve electronic transitions from the M-B+-M ground state
to the coupled M+-B-M/M-B-M+ excited state, whereas for
ground-state intervalence systems, the transitions occur within
the coupled M+-B-M/M-B-M+ system.

The electronic spectra of diphenyl hydrazine radical cation
1+ (22/Ph2

+) and its monophenyl analogue2+ (22/tBuPh+)
show initially surprising differences that provide a prototypical
example of excited-state mixed-valence spectra. The diphenyl
compound has two phenyl-to-hydrazine charge transfer absorp-
tions, while the monophenyl compound has one band roughly
midway between those of the diphenyl compound. In simplest
terms, the two bands in the diphenyl compound’s spectrum are
caused by excited-state splitting. Instead of the single ground-
to-excited-state absorption of the monophenyl compound,
absorptions to both an upper and lower split excited-state energy
level occur.

Electronic transitions to mixed-valence excited states are
treated quantitatively in this paper using the time-dependent
theory of spectroscopy,4-8 specifically applied to coupled* E-mail: zink@chem.ucla.edu (J.I.Z.), nelsen@chem.wisc.edu (S.F.N.).
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electronic states.9,10 Previous applications of the theory include
intensity borrowing caused by coupled states, absorption and
emission spectra of coupled states in transition metal com-
pounds,11-13 interference dips (i.e., the decrease of absorbance
in a broad absorption band at the position of a second absorption
band)14-19 and ground-state intervalence electron-transfer
spectroscopy.20-22 All of these applications involve the propaga-
tion of wave packets on multiple coupled excited-state surfaces;
they cannot be interpreted in terms of diabatic or adiabatic
Born-Oppenheimer potential energy surfaces, because the
nuclear kinetic energy must be included.

In this paper, we explain the features of the electronic spectra
of the hydrazine radical cations using an excited-state mixed-
valence potential energy surface model. The transition to the
coupled excited state results in an observed absorption band
that has two peaks, with the less intense peak at higher energy.
In fitting the spectrum, the energy separation between the two
peak maxima is determined by the magnitude of coupling
between the excited-state surfaces in the model. The intensity
ratio of the two peaks is dictated by four factors: the magnitude
of the coupling, the sign of the coupling, the spatial orientation
between the transition dipoles in the nonlinear molecule, and
the relative signs of the transition dipoles. The importance of
the sign of the effective coupling is surprising; the properties
of ground-state mixed-valence molecules are not dependent on
the sign. The sign of the coupling in the mixed-valence excited
state of the diphenyl hydrazine radical cation1+ is positive.
We present a brief orbital symmetry analysis to explain the
origin of the positive sign. The transition dipole moments in
this nonlinear system can be split into parallel (same direction)
and antiparallel (opposite direction) vector components. We
derive the relative magnitudes of the components of the spectra
resulting from these parallel and antiparallel vector components
of the transition dipole moments. Emission from the coupled
excited state to the ground state is observed at low temperature.
Resonance Raman spectra are used to determine the frequencies
and displacements of the totally symmetric normal modes that
undergo changes between the ground and excited electronic
state. These modes, together with the asymmetric mode that is
important when the charge is transferred to each of the phenyl
groups, are used to fit both the emission and absorption spectra
of 1+. The electronic spectra are calculated by using the time-
dependent theory of spectroscopy and methodology developed
to calculate spectra involving coupled surfaces. The absorption,
emission, and Raman spectra are fit simultaneously with one
parameter set. In addition to the parameters that define these
coupled surfaces, we discuss in detail the treatment of the
parallel and antiparallel vector components of the dipole moment
for transitions to these surfaces.

Experimental Section

1. Synthesis. Preparations of2 (22/PhtBu),23 and 3 (22/
iPr2)24 have been previously published.

2,3-Diphenyl-2,3-diazabicyclo[2.2.2]octane (1, 22/Ph2). In a
25-mL round-bottom flask, 2,3-diazabicyclo[2.2.2]oct-2-ene
(970 mg, 8.82 mmols) is dissolved in 10 mL THF and cooled
to -78 °C. The solution is purged with argon for 30 min, during
which some of the azo compound precipitates. To that clear
and colorless solution, 7.4 mL of PhLi (1.8 M in 70:30
cyclohexane/Et2O, 13.22 mmol) are added over a period of 2
min. The resulting red-purple solution is stirred at-78 °C for
30 min and then at room temperature for a further 60 min. The
solution is added by cannula dropwise into an Et2O solution of
I2 (5.08 g, 20.0 mmols in 40 mL Et2O). Heat evolves during

the addition, and an orange solid forms immediately. The azo
flask is washed with 2 mL THF that is also cannulated into the
I2 solution. The resulting suspension is stirred under N2 at room
temperature and then carefully vacuum-filtered. The resulting
solid is washed three times with Et2O and air-dried, giving 2.30
g (83%) of crude 2-phenyl-2,3-diazabicyclo[2.2.2]oct-2-ene
iodide: 1H NMR (CD3CN) δ 1.71-1.95 (m, 4H), 2.25-2.40
(m, 4H), 6.02 (bs, 1H), 6.07 (bs, 1H), 7.75 (t, 2H), 7.90 (t, 1H),
8.10 (d, 1H).13C NMR (CD3CN) δ 24.38, 26.04, 69.30, 69.93,
123.81, 131.42, 115.0. This material (1.413 g, 4.5 mmol) is
placed in a 25-mL round-bottom flask under N2, cooled to 0
°C, and then, 10 mL ofn-pentane is added. The suspension is
stirred, and 3.7 mL of PhLi (1.8 M in 70:30 cyclohexane/Et2O,
6.7 mmol) is added dropwise via syringe. Reaction is immediate,
and the solution is stirred for 30 min at 0°C and then at room
temperature. A 10-mL quantity of Et2O is added to wash some
of the solid down the sides of the flask. After 4.5 h, the reaction
is quenched by adding 50 mL of MeOH, then 5 mL of
concentrated HCl. Not all of the solid dissolves, so the solution
is carefully extracted with 2× 30 mL of pentane. The pentane
is back-extracted with H2O and filtered. White solid collected
from the pentane washings is combined with the aqueous phase,
which is then basified (pH> 10) with KOH pellets. The basic
aqueous solution is extracted with 4× 20 mL of CH2Cl2, and
the combined CH2Cl2 fractions are dried over MgSO4 and
filtered. The solvent is removed by rotary evaporation to yield
1.34 g of a reddish-brown solid. The solid was purified by
column chromatography and recrystallized from ethyl acetate
to give 0.80 g (67%) of1 as a white solid, mp 203-204 °C
(lit.25 205-206°C). The identity was further verified by X-ray
crystallography (See Supporting Information).

2,3-Diphenyl-2,3-diazabicyclo[2.2.2]octane Radical Cation
Hexafloroantiminate (1+SbPF6

-). In a flame-dried 10-cm test
tube were placed AgSbF6 (42.7 mg, 0.124 mmols) and1 (36.0
mg, 0.136 mmols, 1.1 equiv). The test tube was purged with
N2 for 15 min and then cooled to-78 °C. In a second flame-
dried 10-cm test tube, CH2Cl2 (freshly distilled from CaH2 and
passed over∼10-12 cm of activated basic Al2O3) was placed
and also cooled to-78 °C under N2. When both test tubes had
cooled (∼15 min), approximately 2 mL of CH2Cl2 was added
by cannula into the hydrazine/silver test tube. The resulting
solution, which immediately began turning purple and continued
darkening for at least 20 min, was stirred, at-78 °C for 30
min, then removed and stirred for a further 30 min at room
temperature. A silver mirror had formed on the sides of the test
tube, which was then sonicated for 10 min and stirred for 15
min, and the solution was then filtered into a clean test tube,
through a 2-cm column packed with Celite. The reaction tube
was washed twice with 0.5 mL of CH2Cl2 (filtrate was colorless
after the second washing), and the washings were filtered and
combined with the original filtrate. The combined filtrate was
partitioned into three 10-mm test tubes, and dark purple crystals
precipitated from each with vapor diffusion of Et2O at-20 °C
over 2 days. The resulting crystals were washed with Et2O and
dried in a vacuum oven at 60°C. Decomposition begins at 196
°C. The compound was characterized by X-ray crystallography
(see Supporting Information).

2. Electronic Spectroscopy.Absorption spectra taken of
acetonitrile solution samples at room temperature were obtained
using a Perkin-Elmer Lambda 20 UV-vis spectrophotometer.
Emission spectra taken of the samples in a frozen acetonitrile
solvent matrix at 15 K were obtained using a Spex 1702 single
monochromator equipped with a Burle C31034 photomultiplier
tube. The signal was recorded with a Stanford Research System
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SR400 photon counter and processed by a computer. The 406-
nm line of a Coherent I-300 Krypton laser at 4 mW was used
for excitation. The acetonitrile solution sample was cooled using
an Air Products closed-cycle helium refrigerator displex equipped
with a thermocouple. The spectrum was corrected for instrument
response.

3. Raman Spectroscopy.Spectra were obtained using a triple
monochromator equipped with a Princeton Instruments LN-
CCD. Data were processed by a PC computer. The 568- and
407-nm lines of a Coherent I-300 Krypton laser at∼100 mW
were used for excitation. The spectra were collected from a
spinning pressed pellet of potassium nitate and1+.

Theoretical and Numerical Methods

The Gaussian 98program suite was used for B3LYP/6-
31+G* calculations,26,27 Jaguar for the B3LYP/6-31++G**
frequency calculation,28 and Spartan ‘02for B3LYP/6-31G*
calculations.29 Standard Pople-style basis sets and all correlation
methods were used as implemented within the respective
program suites. Geometry optimizations were performed using
standard gradient methods. Frequency calculations were con-
ducted on optimized geometries to confirm that a minimum had
been located on the potential energy surface. Geometries
obtained throughGaussian 98calculations were viewed using
the MOLDEN software package for viewing molecular den-
sity.30

Electronic spectra for excited-state mixed-valence potential
surfaces are calculated in the framework of the time-dependent
theory of molecular spectroscopy. The theoretical foundation
underlying these calculations has been described previously.4-6,31

In this section, the theory underlying the calculation of electronic
spectra for coupled potential surfaces is briefly presented.

1. Absorption Spectra. The fundamental equation for the
calculation of an absorption spectrum in the time-dependent
theory is

with I(ω) as the absorbance at frequencyω, Eo the energy of
the electronic origin transition, andΓ a phenomenological
Gaussian damping factor.8 The damping factor arises because
of relaxation into other modes (such as low-frequency solvent
modes with small distortions) and the “bath”. The effect of
increasingΓ on the spectrum in the frequency domain is to
decrease the resolution, that is, to “fill in” the spectrum. The
most important part of eq 1 is〈Φ|Φ(t)〉, the autocorrelation
function of the wave packetΦ prepared on an excited-state
potential surface after the spectroscopic transition, with the wave
packetΦ(t) developing on this surface with time. In the absence
of coupling terms between the normal coordinates, the total
autocorrelation in a system withK coordinates is given by

whereφk is a wave packet associated with coordinatek (k ) 1,
..., K) and is a two-dimensional vector:φk(Qk, j), whereQk is
the coordinate along modeK and j ) 1, 2 is an index over the
two electronic states. In the following, we will eliminate the
indexk and consider only a single coordinate. Thet ) 0 wave
packet is then defined as

or, more explicitly,

Here, the subscripti denotes the initial state;øi is the lowest-
energy ground-state eigenfunction. We do not labelφ by the
initial state indexi to avoid cluttering with indices, but the wave
packet depends on the initial state. The signs of the transition
dipole momentsµj (j ) 1, 2) depend on the direction of the
electron transfer. For antiparallel transitions, the signs are
opposite, and for parallel transitions, they are the same.

The diagonal elements,Hj‘s, of the Hamiltonian are

where Vj(Q) is the potential energy as a function of the
configurational coordinateQ and -1/2M‚∇2 is the nuclear
kinetic energy.

When two coupled surfaces that represent the excited state
are involved, we need to keep track of two wave packets,φ1

andφ2, moving on the two coupled potential surfaces.32-34 The
wave packetφ(t) is given by the time-dependent Schro¨dinger
equation:

(where now the subscript denotes the electronic state,j ) 1 or
2), the diagonal elementsHj’s of the total Hamiltonian are given
in eq 5, andV12 ) V21 is the coupling between the two diabatic
potentials. The total overlap〈φ |φ(t)〉 is calculated as

For simplicity, we chose harmonic potentials in all of the
following examples, although the methods used are not restricted
by the functional form of the potentials. The displacement of
the minimum of one electronic state from the other, from that
of the ground state,∆Q, is abbreviated as∆ in this paper. The
potentials are given by

with kj ) 4π2M(hωj)2 as the force constant,∆Qj the positions
of the potential minima alongQ, and Ej the energy of the
potential minimum for statej. These uncoupled potentials are
illustrated in part 1 of the Discussion section. The coupling
between the diabatic potentials for states 1 and 2 is chosen to
be coordinate-independent in this paper, although the compu-
tational method allows us to use coordinate-dependent coupling.
Note that different authors use the symbols for the coupling
V12 or Hab or ε interchangeably. The symbolHab is used in the
remainder of this paper, becauseHab is most commonly found
in discussions of organic compounds. For excited states, the
symbolHab

ex is used, and the superscript denotes coupling in
the excited electronic state.

2. Emission Spectra.The fundamental equation for the
calculation of an emission spectrum in the time-dependent theory
is similar to that for the absorption spectrum calculation:

I(ω) ) Cω ∫-∞

+∞
exp(iωt)[〈Φ|Φ(t)〉 exp(-Γ2t2 +

iEo

h
t)] dt

(1)

〈Φ|Φ(t)〉 ) ∏
k

〈φk|φk(t)〉 (2)

φ(t ) 0) ) µøi (3)

φ(Q, j, t ) 0) ) ∑
j)1

2

µj(Q)øi(Q) (4)

Hj ) - 1
2M

∇2 + Vj(Q) (5)

i
∂

∂t(φ1

φ2
)) (H1 V12

V21 H2
)(φ1

φ2
) (6)

〈φ|φ(t)〉 ) 〈φ1|φ1(t)〉 + 〈φ2|φ2(t)〉 (7)

Vj(Q) ) 1
2

kj(Q ( ∆Qj)
2 + Ej (8)

I(ω) ) Cω3 ∫-∞

+∞
exp(iωt)[〈Φ|Φ(t)〉 exp(-Γ2t2 +

iE0

h
t)] dt

(9)
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For emission spectroscopy, the wave packet originates from the
coupled excited-state surfaces and is propagated on the ground-
state surface. The calculation of the autocorrelation function
〈φ|φ(t)〉 requires the appropriate initial wave packet,φ (t ) 0),
and, by eq 3,øi, the lowest-energy eigenfunction of the coupled
excited-state surfaces. The eigenfunction has two components,
one from each of the diabatic surfaces. The eigenfunction is
calculated as follows

where øi denotes the eigenfunction corresponding to the
eigenvalueEi, η(t) is the time-dependent (propagating) wave
function, which initially is located arbitrarily on the surface,
andw(t) is a Hanning window function. Note that, for coupled
potentials, each eigenfunctionøi is an array with two components
corresponding to the two diabatic potentials that form the basis
in the calculations (i.e.,øi is specificallyøi(Q, j).

Results

The absorption spectra of the diphenyl radical cation,1+, and
the monophenyl analogue,2+, are shown in Figure 1. The
lowest-energy absorption band of1+ consists of two components
at 17 900 and 25 900 cm-1. A higher-energy absorption band
occurs with peak maximum at 29 600 cm-1. The lowest-energy
absorption band of2+ consists of a single peak with band
maximum at 22 500 cm-1. The low-temperature emission
spectrum of1+ in acetonitrile glass, shown in Figure 1, consists
of an unstructured band with its maximum at 14 215 cm-1 and
a full-width at half-maximum (fwhm) of 2230 cm-1.

The observed resonance Raman frequencies (in wavenumbers)
and the integrated intensities for those modes (normalized to
the intensity of the 1055 cm-1 nitrate peak of the standard)
obtained using 568-nm (16 706 cm-1) excitation are summarized
in Table 1. The bands listed have an intensity of at least 5% of
that of the most intense band at 1413 cm-1. The calculated
frequencies for the vibrational modes assigned to the experi-
mental resonance Raman band also appear in Table 1.

X-ray structures of neutral1 and its SbF6- salt were obtained
and are compared with the structure obtained using hybrid
density functional theory (DFT) Hartree-Fock B3LYP/6-
31+G* calculations in Table 2. The geometry change between
1 and 1+ is similar to that found for2, 2+, and other
hydrazines.35

Because the electronic interaction between the NN+ and
phenyl groups scales approximately as the cosine of the lone-
pair aryl carbon p-orbital twist angleφ, it is important to have
this angle estimated rather well. The ratio of cosines for the
X-ray to the UB3LYP calculated value is 1.11, but it is not
clear which value is more likely to represent the twist of the
free ion in solution; crystal packing forces can change such twist
angles significantly, although it appears from work on localized
intervalence aryldihydrazines that they frequently do not.35

Discussion

1. Assignment. Both components of the lowest-energy
absorption band of1+ are assigned to a transition from the
ground state, where the unpaired electron resides on the

Figure 1. (Top) absorption spectra of2+ and 1+. Absorption and
emission spectra of (middle)1+ and (bottom)2+.

øi ) const∫0

T
η(t)w(t) exp(iEi

h
t) dt (10)

TABLE 1: Expermental and Calculated Vibrational Data
for 1+

Ramanυj
(cm-1) a

calcd vibration
(cm-1) b

exptl Raman
intensity,IR

a ∆c
λq

ex

(cm-1)d assignment

291 294, 295 0.1859 0.78 88 CNNC twist
423 418, 419 0.5274 0.91 175 CNNC twist
487 493, 491 0.4942 0.76 140 CNNC twist
512 513, 518 0.4107 0.66 111 CNNC twist
604 609, 612 0.0827 0.25 18 CNNC twist
619 628, 628 0.1422 0.32 31 Ph def. and

N bend
730 736, 737 0.1904 0.32 37 Ph def. and

CN, NN str.
836 833, 847 0.1759 0.26 28 Ph rock
919 932, 936 0.1203 0.2 18 Ph deformation

1005 1017, 1015 0.1996 0.23 26 Ph deformation
1188 1203, 1208 0.7405 0.38 85 CN stretch
1205 1222, 1226 0.4997 0.31 101 CN stretch
1273 1294, 1297 0.9351 0.4 101 22 ring+ NN
1346 1332, 1342 0.3687 0.4 107 Ph CC stretch
1413 1433, 1437 1.0333 0.48 162 NN stretch
1489 1514, 1526 1.6606 0.31 71 Ph CC stretch
1586 1627, 1634 0.7532 0.38 114 Ph CC stretch

a Excitation energy, 568 nm.b Calculated at UB3LYP/6-31++G**
and UB3LYP/6-31+G* c Dimensionless distortions obtained from
resonance Raman intensities using Savin’s formula.8 d Increments to
λV

ex, calculated as1/2υj∆2.

TABLE 2: Comparison of the Structural Data for 22/Ph2
+

(1+) Obtained from the X-ray Crystal Structures of the
SbF6

- Salt and UB3LYP/6-31+G* Calculation on It and
22/PhtBu+ (2+)

compound
22/Ph2
X-ray

22/Ph2
+SbF6

X-ray
22/Ph2

+

UB3LYP
22/PhtBu+

UB3LYP

d(NN) (Å) 1.443 (2) 1.348 (2) 1.358 1.358
d(CN) (Å) 1.413 (2) 1.421 (3), 1.426 (3) 1.429 1.439
∆Rav(N4) (°) 5.9 (2) 1.2 (2), 1.4 (2) 1.5 1.7
∠CArNNCAr (°) 110.3 (2) 46.7 (3) 50.1 58.3
∠CHNNCH (°) 21.8 (2) 2.8 (3) 2.8 6.6
φ(NCAr) (°) 17.8 (2) 36.0 (3), 34.7 (3) 42.3, 42.3 61.0
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hydrazine unit, to a coupled excited state where the unpaired
electron is located on one phenyl group or the other. This
phenyl-to-hydrazine charge transfer assignment is supported by
molecular orbital (MO) calculations, which give predominantly
phenylπ character to the HOMO and mostly N-N π* character
to the LUMO. The absorption band of1+ at 29 600 cm-1 is
assigned as an (NN)+ π-π* transition. The latter assignment
is supported by the comparison of the spectrum of1+ to that of
the saturated hydrazine,3+ (22/tBuiPr). The lowest-energy band
of this aliphatic-substituted hydrazine has its band maximum
at∼33 800 cm-1 and is assigned to the (NN)+ π-π* transition.
Although this band is over 3000 cm-1 higher in energy than
the (NN)+ π-π* band22/Ph2

+, it has been shown that the exact
position of this band is very sensitive to the nature of the
substituents at N.36

2. Excited-State Mixed Valence.The excited-state mixed-
valence behavior of the diphenyl molecule (C2 symmetry) is
modeled by two interacting harmonic potential energy surfaces
in the excited state as shown in Figure 2. A single harmonic
surface with its minimum at zero along the normal vibrational
coordinate represents the ground state with the charge localized
on the nitrogens. Two possible electronic transitions from the
phenyl group to the hydrazine unit send the+1 charge to one
phenyl group or the other. Symmetry requires that these
transitions be equal in energy and occur with equal probability.
In the model, these energetically equal transitions give rise to
two diabatic surfaces in the excited state that are degenerate at
Q ) 0, each representing the system with the charge localized
on one phenyl. The excited-state diabatics are displaced from
the ground-state surface such that the Franck-Condon region
of each diabatic has a nonzero slope that is equal in magnitude
and opposite in sign. The diabatic surfaces couple, creating two
new nondegenerate adiabatic surfaces (upper and lower curves)
with an energy splitting of∆Eex at Q ) 0 between the lower-
and higher-energy adiabatic surfaces. The degree of charge
delocalization in the excited state is dictated by the ratio of∆Eex

to λex. In Figure 2,∆Eex is sufficiently large to produce a single
minimum in the lower adiabatic, that is,Hab

ex > λex/2. The
surfaces are depicted along an asymmetric normal coordinate.

The absorption spectrum of1+, as shown in Figure 1, reveals
the effects of coupling along this asymmetric coordinate in the
excited state. The two absorption band components at 17 900
and 25 900 cm-1 correspond to the transition to the lower and
upper adiabatic surface, respectively. The difference in energy
between the two peak maxima, therefore, is directly related to
the coupling along the asymmetric coordinate involved in the
excited state. If the coupling had been zero, a single peak would
have been observed in the absorption spectrum, because the
transition to one diabatic surface produces the same spectrum
as a transition to the other. This “zero-coupling” case is
illustrated analogously by the absorption spectrum of22/
PhtBu+, 2+, also shown in Figure 1. Because only one phenyl-
hydrazine transition is possible, its excited state can be modeled
by one displaced harmonic surface. Consequently, the lowest-
energy absorption band of2+ consists of a single peak at 22 500
cm-1 that is between the energies of the two peaks of22/Ph2

+.
3. Transition Dipole Moments. The transition dipole mo-

ments for transitions to the two diabatic states are equal in
magnitude by symmetry. Their orientation depends on the
geometry of the molecule. The projection of the transition dipole
moments in thexz plane for an M-B-M-type molecule is
shown in Figure 3.

The relative orientation between the dipoles is defined by
the angleâ. Whenâ equals 180°, the dipoles are oriented in
opposite directions along thex axis and thus are opposite in
sign. This orientation applies, for example, if the transition to
the bridging group occurs from symmetry-equivalent groups
linearly oriented on opposite sides of the bridge. In this case,
the transitions are described asantiparallel. If â equals 0°, the
dipoles are oriented in the same direction along thez axis and
therefore have the same sign. Theseparallel transition dipole
moments could result in a nonlinear molecule if the donating
groups are on the same side of the bridge. In general, the dipole
moments will form an angle between 180° (antiparallel) and 0°
(parallel), and the vector components need to be determined.
All of these factors determine the selection rules and the relative
intensities of the bands as derived below.

The transition dipole moment matrix in the diabatic basis that
represents the transition from the ground state to the two diabatic
states is

The positive signs apply for parallel transitions, and the negative
signs apply for antiparallel transitions. The transformation to
the adiabatic basis gives

Figure 2. Ground- and excited-state potential energy surfaces for (left)
phenyl-to-NN+ electron transfer in the monophenyl hydrazine (Cs point
group) and (right) excited-state splitting in the diphenyl hydrazine
cation,1+ (C2 point group). Diabatic surfaces represent the excited state
with the positive charge on the left (1) and the right (2). Upper (Eu)
and lower (El) adiabatic surfaces are also shown.

Figure 3. Components ofµ for transition dipole moments of an M-B-
M-type molecule.

µ ) (0 (µ1 µ2

(µ1 0 0
µ2 0 0 ) (11)
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where

The adiabatic state represented by the wave function,Ψ+ )
cosθ Ψ1 + sinθ Ψ2, is the in-phase combination of the diabatic
functions. The out-of-phase combination of the diabatic func-
tions is represented in the adiabatic basis by the wave func-
tion: Ψ- ) -sin θ Ψ1 + cosθ Ψ2. In the adiabatic basis, the
transition dipole to the surface represented byΨ+ is -µ1 sin θ
+ µ2 cosθ. For parallel transition dipole moments, the positive
sign applies, and this function is nonzero everywhere along the
Q coordinate. The physical meaning is that the transition from
the ground state to the adiabatic surface associated withΨ+ is
electric dipole-allowed (in the adiabatic limit whereHab

ex .
V1(Q) - V2(Q)). In contrast, the transition dipole to the state
represented byΨ- is (µ1 cosθ + µ2 sin θ. The negative sign
applies for parallel dipole moments, and this function is zero at
Q ) 0 but is positive whenQ > 0 and negative whenQ < 0.
The physical meaning is that the transition is electric dipole-
forbidden at the internuclear equilibrium geometry but is
vibronically allowed. In the case of antiparallel transition dipole
moments, the signs are reversed; the transition to the surface
represented byΨ+ is dipole-forbidden and that to the surface
represented byΨ- is dipole-allowed. The relative energies of
these two states are determined by the sign ofHab

ex, which will
be discussed in detail in the next section.

In general, transition dipole moments will be neither com-
pletely parallel nor completely antiparallel but instead will have
vector components in both directions. A sketch of dipole
moments relevant to1+ is shown in Figure 3. The transition
dipole moment vectors have an angleâ between them where
0° e â e 180°. For randomly oriented molecules and unpo-
larized light, the relative intensities of the low- and high-energy
transitions will be determined by the vector projections of
dipoles on the parallel and antiparallel directions as shown in
Figure 3. In this figure, the direction of the parallel dipoles is
defined as the+z axis and that for the antiparallel dipoles as
the (x axis. The ratio of the parallel to antiparallel transition
dipole componentsµp andµa (i.e., the ratio of the projections
on thez andx axes, respectively) is

Thus, the ratio of the oscillator strengths of the parallel and
antiparallel components,fp and fa, is given by

where

The spectrum of randomly oriented molecules will be a

superposition of the parallel and antiparallel spectra, and the
ratio of the absorptivities of the two bands will be given by eq
15.

4. Sign of the Coupling,Hab
ex. The coupling between the

two diabatic states can be either positive or negative. The sign
of the coupling is rarely considered in electron-transfer spec-
troscopy because it does not affect ground-state intervalence
spectra or electron transfer rates. However, the sign has a
profound influence on excited-state mixed-valence spectroscopy
because it determines the identities of the lowest- and highest-
energy adiabatic states. The interactions of pairs of orbitals
through bonds have been the subject of theoretical and
experimental investigation37-50 following the pioneering work
of Hoffmann et al.37 Theoretical investigations include relative
signs of through-bond and through-space interactions,37-39

counterintuitive orbital mixing,40 and quantitative aspects
calculated using MO methods.37,40-42 Experimental applications
include splittings measured by photoelectron spectroscopy37,41,43,44

and electron or hole transport.39,45 In this section, a simple
method for calculating the sign of the coupling inspired by
Hoffmann’s analyses is presented. This method, named the
neighboring orbital model, is used to derive the effect of the
sign on the transition oscillator strengths. Relationships to group
theoretically derived selection rules are also presented in this
section.

The sign of the coupling determines which adiabatic state is
lowest and which is highest in energy. The energy of the
adiabatic state represented by the wave functionΨ+ is E+ )
(V1 + V2)/2 + Hab

ex. If the coupling,Hab
ex, is negative, then

this adiabatic state is lower in energy than that represented by
Ψ- with energyE- ) (V1 + V2)/2 - Hab

ex. Given the selection
rules derived in the previous section, the absorption spectrum
of a molecule with parallel transition dipole moments (â ) 0°)
and negative coupling will consist of a strong low-energy band
and a weak high-energy band separated by twice the coupling.
A molecule with antiparallel transition dipole moments (â )
180°) and negative coupling will have an absorption spectrum
consisting of a weak low-energy band and a strong high-energy
band separated by twice the coupling. If the sign of the coupling
is positive, the relative energies of the adiabatic states are
reversed. In other words, the adiabatic state represented by the
wave functionΨ- is lower in energy than that represented by
Ψ+. With positive coupling, a molecule with parallel transition
dipole moments will have an absorption spectrum consisting
of a weak low-energy band and a strong high-energy band, and
a molecule with antiparallel transition dipole moments will have
an absorption spectrum consisting of a strong low-energy band
and a weak high-energy band.

What determines the sign of the coupling? For through-space
coupling, the sign is intrinsically negative. The reason is
reminiscent of simple MO theory where the in-phase overlap
between two orbitals produces a bonding molecular orbital (no
nodes), and the exchange integralâ is thus defined as negative.
However, when the coupling is mediated by other orbitals in a
molecule, the sign can be positive. A simple physical repre-
sentation that is relevant to1+ is shown in Figure 4.

In this molecule, the coupling between the phenyl groups is
mediated by neighboring orbitals from the intervening hydrazine
bridge, because the phenyl groups are too far apart to have
significant through-space coupling. The most important of those
orbitals are those closest in energy to the phenyl orbitals, because
mixing will be greatest. The appropriate phenylπ orbitals
contain one node, as shown in the figure. These two orbitals

µ ) (0 (µ1 cosθ + µ2 sin θ -µ1 sin θ + µ2 cosθ
(µ1 cosθ + µ2 sin θ 0 0
-µ1 sin θ + µ2 cosθ 0 0

)
(12)

tan 2θ )
2Hab

ex

V1(Q) - V2(Q)
(13)

µa

µp
)

µ sin
â
2

µ cos
â
2

) tan
â
2

(14)

fa
fp

)
µa

2

µp
2

) (tan
â
2)2

(15)

f ) C∫ε(ω)
ω

dω (16)
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are degenerate and, in the absence of coupling, can be
represented either by theπ system of the phenyl on the left and
that of the phenyl on the right or by linear combinations of the
left and rightπ systems. The linear combinations are in-phase
πPh + πPh (labeled as SAr) or out-of-phaseπPh - πPh, AAr. The
bridge orbitals of interest are the NNπ bonding and the NNπ
antibonding orbitals. The NNπ bonding orbital has the
appropriate symmetry to mix with the in-phase combination,
πPh + πPh, and the NNπ antibonding orbital has the appropriate
symmetry to mix with the out-of-phase combination,πPh - πPh.
When the orbitals of the same symmetry mix, the degeneracy
of the linear combinations,πPh + πPhandπPh - πPh, is removed.
As illustrated by the molecular orbitals at the center of Figure
4, the energy of the molecular orbital containing theπPh + πPh

combination is higher than that containing theπPh - πPh

combination. This is the opposite order from that expected if
the usual through-space coupling was operative. Therefore, the
coupling is positive. The energy ordering of the molecular
orbitals obtained using this simple analysis is verified by DFT
MO calculations.

The above analysis provides a simple physical picture of the
origin of the sign of the coupling. When two diabatic states are
coupled and the coupling is mediated by intervening orbitals
from a bridging group, the sign of the coupling can be either
positive or negative.

Group Theory and Physical Picture.The selection rules for
the different polarization directions can be explained indepen-
dently using group theory. The point group of the molecule is
C2. The “in-phase” linear combination of the phenylπ orbitals
hasb symmetry in this point group and the “out-of-phase” linear
combination hasa symmetry. As previously discussed, each
linear combination mixes with the NNπ orbital of the same
symmetry, as shown in Figure 4. If this set of molecular orbitals
for 1+ is used, the ground-state electron configuration is
(b)2(a)2(b)2(a)1. The irreducible representation of the ground state
is 2A. The transition from the ground state to the first excited
state (2B symmetry) is allowed inx polarization. This direction
corresponds to antiparallel transition dipoles (i.e., the component

of the transition dipole along thex direction). The transition
from the ground state to the second excited state (2A symmetry)
is allowed in z polarization. These selection rules for the
different polarization directions are illustrated schematically by
the probability contour diagrams in Figure 5.

The transition dipole moment is given byµ̂eg ) ∫Ψeer$Ψg dr
where the electric dipole moment operator,er$, is represented
in Figure 5 by a function that changes sign at the origin along
thez or x axis. The ground state is represented by a hole in the
highest-energy molecular orbital of Figure 4. For thex
component of the electric dipole operator,er$Ψg is represented
by the ground-state wave function with a change of phase at
the origin along thex axis where the negative sign is to the left
of the yz plane. The third row of Figure 5 shows the excited-
state wave function, which is represented by the hole in the
higher-energy molecular orbital with the in-phase phenylπ
system. The pictorial representation of the transition dipole
moment,∫Ψeer$Ψg dr, is illustrated in the bottom row as the
overlap ofer$Ψg with Ψe. The overlap is nonzero, representing
an allowed transition. Similar pictures are used forzpolarization
in the bottom panel of Figure 5. The physical meaning derived
from these overlap functions is the selection rules for the two
excited-state mixed-valence transitions in the two polarization
directions. The lower-energy transition from the ground state
to the excited state represented by the molecular orbital with
the in-phase phenylπ system is allowed in thex polarized
direction, where thex direction corresponds to the antiparallel
component of the transition dipole moment. Similarly, the
higher-energy transition from the ground state to the excited
state represented by the molecular orbital with the out-of-phase
phenylπ system is allowed in thez polarized direction, where
the z direction corresponds to the parallel component of the
transition dipole moment. It is important to note that the
difference in energy between the2A and 2B excited states is
the same as the energy difference produced by theHab

ex coupling
term. This correlation between the mixing of neighboring
orbitals and the effective coupling it produces will be further
addressed in future publications.

Figure 4. Neighboring orbital model for1+. The NNπ andπ* bridging orbitals appear on the right and the in- and out-of-phase linear combination
of phenylπ orbitals appear with equal energies on the left. The molecular orbitals after mixing appear in the center. The phenyl rings are illustrated
in the same plane to most clearly indicate the nodal planes in the molecular orbitals.
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5. Important Symmetric Modes from Resonance Raman
Spectra. The symmetric modes provide the majority of the
bandwidths of the absorption and emission spectra. The key
factor in absorption bandwidth is the slope of each excited-
state surface in the Franck-Condon region. The slope is
determined by both the frequency and displacement of the
potential surface along its normal coordinate. The frequencies
of the excited-state surfaces along the symmetric coordinates
are determined from the resonance Raman spectrum. The
displacements are determined by the intensities. Raman spectra
of 1+ were obtained in resonance with both the high- and low-
energy components of the absorption band. The vibrational
frequencies are the same, but the intensity ratios and therefore
the displacements along the symmetric coordinates are slightly
different. If the system is treated in the adiabatic limit, the
interpretation of the different intensity ratios leads to two
different sets of displacements along the symmetric coordinates,
one associated with the upper adiabatic excited state and the
other associated with the lower adiabatic excited state. However,
the overlap of the higher-energy component (i.e., the transition
to the upper adiabatic) with next higher-energy absorption band
attributed to the bridge-centeredπ-to-π* transition cannot be
ignored. The resonance Raman intensities that occur when in
resonance with the higher-energy component are influenced by
the interference with this higher-energy band.51 Consequently,
the displacements of the symmetric modes used in the absorption

and emission calculations were carried out using the intensity
ratios of the Raman spectrum in resonance with the lower-energy
component. This band is low enough in energy so that overlap
with the π-π* band is negligible. Although it is possible that
the displacements along the symmetric coordinates do vary with
respect to the upper and lower adiabatic surfaces, using one set
of symmetric mode displacements is a good approximation for
fitting the unstructured components of the absorption band.

Vibrational assignments are made by comparing the calculated
vibrational modes with the observed resonance Raman frequen-
cies as presented in Table 1. The symmetric modes below 600
cm-1 involve significant C-N-N-C twist-angle change, and
those between 619 and 1000 cm-1 involve phenyl ring deforma-
tion and rocking. The modes at 1188 and 1205 cm-1 are
assigned to symmetric C-N stretching modes, and the mode
at 1413 cm-1 is assigned to a symmetric mode with significant
N-N stretching character. The highest-energy modes at 1489
and 1586 cm-1 involve phenyl ring CC stretching.

The structural changes that1+ experiences in the mixed-
valence excited state are explained by the resonance Raman
data and vibrational assignments outlined in Table 1. Resonance
Raman spectroscopy shows enhancement of many low-
frequency modes assigned as C-N-N-C twisting modes.
Higher-frequency modes involving either C-N or N-N stretches
or both also show significant displacement. These structural
changes are consistent with those expected for this type of
electronic transition. On the basis of the MO calculations for
1+, the higher-energy electronic transition occurs from a
molecular orbital that is bonding across the two C-N bonds to
an orbital that is antibonding across C-N. Consequently,
significant C-N bond length changes are expected to occur upon
excitation. Similarly, the lower-energy electronic transition
occurs from a molecular orbital that is bonding across the bridge
to an orbital that is antibonding across the bridge. Therefore, a
change in the N-N bond length is expected in the excited state.
Because this electronic transition also promotes a change in
nitrogen hybridization from sp2 to sp3, modes involving the
C-N-N-C twist angle change are expected to be important.

6. Calculated Fit of Absorption, Emission, and Resonance
Raman Spectra.After a brief explanation of the steps involved
in the calculations, the parameters chosen to define the ground-
and excited-state surfaces and the calculated fits to the electronic
spectra are discussed. The experimental emission of1+ is
compared to that of the monophenyl species.

As previously discussed, the absorption spectrum of1+ is a
superposition of parallel and antiparallel spectra. Consequently,
the calculated fit involves the sum of two spectra, one calculated
using parallel transition dipole moments and the other using
antiparallel transition dipole moments. The parameters that
describe the ground- and excited-state surfaces (diabatic fre-
quency, displacement, and coupling) along the asymmetric and
symmetric coordinates are identical for the two calculations.
The sum is weighted by the vector projections of the dipoles in
the parallel and antiparallel directions to obtain the appropriate
intensity ratio of the two components of the absorption band.
The weighted sum involves a scaling factor which equals tan2

(â/2) according to eq 15.
To calculate the spectra, appropriate parameters must be

chosen to define the ground- and excited-state surfaces. First,
the frequency must be chosen for the asymmetric mode of the
excited-state mixed-valence surfaces. The asymmetric modes
of 1+ are not expected to undergo significant enhancement in
the resonance Raman spectrum. Therefore, only frequencies of
modes that are exclusively IR-active were considered in defining

Figure 5. Top line: Ground-state wave function (hole formalism).
Second line: Interaction of ground-state wave function with the vector
potential of light (x-polarized in the top panel andz-polarized in the
bottom panel) which places a node in the wave function. Third line:
Excited-state wave functions (b symmetry in the top panel anda
symmetry in the bottom panel). Fourth line: Nonzero overlap between
lines 2 and 3 illustrating the nonzero transition dipole moment.
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the ground- and excited-state surfaces along the asymmetric
coordinate. The phenyl-to-hydrazine transition is expected to
involve (phenyl)C-N stretching modes as well as CNNC twist
modes. The resonance Raman data in Table 1 show that the
symmetric modes that undergo the biggest distortions are the
low-frequency CNNC twist modes. The asymmetric CNNC
twist modes are expected to have similar distortions and occur
in the same frequency region as their symmetric-mode coun-
terparts, which occur around 500 cm-1. Therefore, from the
experimental IR data, we chose the 542 cm-1 frequency to
define the ground-state harmonic potential surface along the
asymmetric coordinate. This choice is further supported by the
MO calculation for this molecule, which yields an asymmetric
normal mode at 487 cm-1 involving significant change in the
CNNC twist angle. The coupling is defined by the peak
separation in the experimental absorption spectrum. The optimal
Hab

ex for the diabatic surfaces along the asymmetric coordinate
is 3750 cm-1. Changing this value by more than(100 cm-1

results in significantly poorer calculated spectra.
The value ofHab

ex is determined from experiment (i.e., from
the splitting in the absorption spectrum), whereas∆ is not.
Because resonance enhancement of the asymmetric modes in
this molecule is extremely small, we cannot use resonance
Raman intensity to obtaining a value for the displacement. The
value of∆, however, must be large enough so that the resulting
structural changes for the vibrational mode are comparable to
those associated with the symmetric modes for the same
transition, yet small enough so that, with the experimentally
determined coupling, the lower adiabatic surface possesses a
single minimum, thus preserving the delocalization of the charge
in the excited state. Because the asymmetric∆ value is not
defined experimentally, we chose a value of 0.8, which is
comparable to the∆ values of similar symmetric modes.

The absorption spectrum calculation includes both the asym-
metric and symmetric coordinates. The frequencies and dis-
placements of the symmetric modes are presented Table 1 and
were discussed in section 5. The vibrational reorganization
energy,λV

ex is 1586 cm-1 (the sum of the symmetric values
from the resonance Raman experiment and the asymmetric
value). Even after including the solvent component of the total
reorganization energy,λex/2 is substantially smaller thanHab

ex

(3750 cm-1) and consistent with the charge remaining delocal-
ized in the excited state.

With these parameters defining the ground- and excited-state
surfaces along the symmetric and asymmetric coordinates, the
parallel and antiparallel spectra are calculated separately. After
the antiparallel spectrum is scaled by a factor of 2.85, the two
spectra are added, rendering the total spectrum. For the
calculated fit of the room-temperature absorption spectrum,Γ
) 1500 cm-1. The scaled parallel and antiparallel calculated
absorption spectra along with the total spectrum are presented
in Figure 6 (top). As the figure reveals, the two components of
the total calculated absorption spectrum occur at the appropriate
energies and have the necessary intensity ratio and bandwidths
to fit the experimental spectrum. The combination of the
symmetric and asymmetric modes is required to produce the
overall bandwidth and band shape. On the basis of the ground-
state geometry, where the nitrogens have approximately sp2

hybridization, the angle between the two transition dipole
moments,â, was expected to be about 120°. If eq 15 is used
with the absorptivity ratio from the calculated spectra,â is
calculated to be 119°.

Emission Spectra.Using the same parameters that define the
ground- and excited-state surfaces for the calculation of the

absorption spectrum, one can obtain the lowest-energy eigen-
function of the excited-state surface . After multiplying this
eigenfunction by the appropriate transition dipole moment, the
resulting initial wave packet,φi, is then propagated on the
ground-state potential surface. The time-dependent overlap,
〈φi|φ(t)〉, is calculated and used to generate the emission
spectrum, shown in Figure 6 (bottom panel). The fit of the 15
K emission spectrum includes a damping factor,Γ, of 400 cm-1.

It is of interest to compare the diphenyl cation experimental
emission spectrum with that of the monophenyl species. Figure
1 illustrates that the emission spectrum of1+ is red-shifted
compared to that of2+, consistent with the trend of the
absorption spectra of the two compounds. The emission
bandwidth of1+ is nearly one-half that of2+. This is explained
by the difference in the excited-state surfaces of the two species.
The strong coupling of1+ yields a single minimum in the
excited-state lower adiabatic surface, which is positioned at Q
) 0 along the asymmetric normal coordinate. Consequently,
when the excited-state wave packet undergoes a vertical
transition to the ground state, it experiences essentially zero
slope and a narrow emission spectrum results. The emission
spectrum of the monophenyl species has a wider bandwidth,
because the uncoupled excited-state surface is displaced relative
to the ground-state surface, and the excited-state wave packet
in this case experiences a nonzero slope upon vertical transition
to the ground state. The symmetric modes, which were discussed
in the previous section, also contribute to the width of the
emission spectra of both species.

7. Summary

An excited-state mixed-valence model is used to explain the
electronic transition of the diphenyl cation,1+, a phenyl-to-
hydrazine charge transfer. The absorption band consists of 2
components resulting from the transition to the coupled excited
state. Emission from the lowest-energy vibronic level of the
coupled excited state to the ground state is observed at low
temperature. Band intensities in the resonance Raman spectra
are used to determine the displacements of the totally symmetric
normal modes. The absorption, emission, and resonance Raman

Figure 6. Top panel: Calculated fit (solid line) of the experimental
absorption spectrum (dotted line), which is the superposition of spectra
calculated with parallel (dot-dashed line) and antiparallel (dashed line)
transition dipole moments. Bottom panel: Calculated fit (solid line)
of experimental emission spectrum (dotted line).
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spectra are fit simultaneously by using the 18 dimensional
potential energy surfaces (17 symmetric coordinates, 1 asym-
metric coordinate). The time-dependent theory of spectroscopy
and methodology are designed to calculate spectra involving
coupled surfaces and are exact quantum calculations using the
model Hamiltonian.

The energy separation between the two components of the
absorption spectrum is a consequence of the magnitude of the
excited-state coupling. When coupling is mediated by interven-
ing orbitals from a bridging group, the sign of the coupling can
be either positive or negative. The sign of the excited-state
coupling is explained using a neighboring orbital model, which
focuses on the molecular orbitals on the bridge that mix with
the orbitals on the phenyl groups. The coupling in1+ is positive,
because after the phenyl and bridging orbitals of appropriate
symmetry mix, the resulting MO with the out-of-phase com-
bination of the phenylπ systems is lower in energy than the
in-phase combination.

The intensity ratio of the two components of the absorption
spectrum is also related to the orientation of the transition dipole
moments. The transition dipole moments associated with the
phenyl-to-hydrazine electron transfer of1+ consist of parallel
and antiparallel vector components. In the diabatic basis, the
transition dipoles in the antiparallel direction have opposite
signs, whereas the dipoles in the parallel direction have the same
signs. Upon transformation to the adiabatic basis with positive
coupling, the dipole moment at the ground-state internuclear
separation for the transition to the higher-energy adiabatic
surface is nonzero for the parallel component and zero for the
antiparallel component. Conversely, the dipole moment for the
transition to the lower-energy adiabatic surface is zero for the
parallel component and nonzero for the antiparallel component.
The absorption spectrum is the sum of the spectra calculated
using parallel and antiparallel transition dipole moments weighted
by the vector projections of the dipoles in the parallel and
antiparallel directions.

The structural changes that the diphenyl cation experiences
upon excitation are calculated from the resonance Raman
intensities. The most highly distorted symmetric modes involve
CNNC twisting motion in the low-frequency region and C-N
and N-N distortions in the higher-frequency region. These
changes are consistent with the phenyl-to-hydrazine charge
transfer assignment, because the transition involves molecular
orbitals that change bonding character across the C-N and N-N
bonds. In addition, the electronic transition involves a change
in nitrogen hybridization from approximately sp2 to sp3. The
largest structural change that the diphenyl cation experiences
is in fact a CNNC twist.

Excited-state mixed valence, although not investigated in
detail until now, is expected to be an important contributor to
the electronic spectra of many organic and inorganic compounds.
The spectra will provide new information for understanding
coupling in mixed-valence systems. The signature of a mixed-
valence excited state is an absorption band consisting of two
components. The energy separation between these two compo-
nents is a direct measure of the magnitude of coupling, and the
relative intensities of the two bands are governed by the details
of the transition dipole moments.
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