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Abstract: Excited-state mixed valence (ESMV) occurs in the 1,2-diphenyl-1,2-diisopropyl hydrazine radical
cation, a molecule in which the ground state has a symmetrical charge distribution localized primarily on
the hydrazine, but the phenyl to hydrazine charge-transfer excited state has two interchangeably equivalent
phenyl groups that have different formal oxidation states. Electronic absorption and resonance Raman
spectra are presented. The neighboring orbital model is employed to interpret the absorption spectrum
and coupling. Resonance Raman spectroscopy is used to determine the excited-state distortions. The
frequencies of the enhanced modes from the resonance Raman spectra are used together with the time-
dependent theory of spectroscopy to fit the two observed absorption bands that have resolved vibronic
structure. The origins of the vibronic structure and relationships with the neighboring orbital model are
discussed.

Introduction

As pointed out by Ratner and Jortner,1 photoexcitation is
perhaps the most general way to couple a molecular electronics
system to its environment; therefore, understanding the molec-
ular changes that occur upon light absorption is important for
considering possible applications.2 Mixed-valence (MV) com-
pounds are among the most basic systems that couple electron
transfer with electronic excitation. The simplest type of mixed-
valence system contains a symmetric bridge (B) that connects
two interchangeably equivalent M groups. Many studies of
M-B-M type MV molecules have focused on determining the
extent of charge delocalization,3,4 electron-transfer rates using
NMR for very low electronic coupling systems,5 ESR for
dinitrogen-centered higher electronic coupling systems,6 or IR
for very rapid metal-centered systems,7 and/or the overall
reorganization energy associated with the mixed-valence transi-

tion. Fewer investigations8-12 have focused on determining the
specific structural changes that accompany the intervalence
transitions perhaps because they are difficult to evaluate
experimentally. Mixed-valence absorption bands often lack
vibronic structure that indicates the excited-state geometry
changes accompanying the charge transfer. Resonance Raman
spectroscopy provides information on excited-state geometry
changes by indicating which vibrational modes are most
important in the mixed-valence transition. However, mixed-
valence bands often occur at relatively low energy (>1000 nm)
which is out of the range of most laser lines traditionally used
for resonance Raman spectroscopy.

A new addition to the field, excited-state mixed valence
(ESMV), provides information unavailable from its ground-state
analogue (such as the sign of the coupling and readily
measurable details about the reorganization energies). ESMV
occurs in molecules in which the ground state has a symmetrical
charge distribution but the excited-state possesses two or more
interchangeably equivalent sites that have different formal
oxidation states. The ESMV absorption band results from the
transition from the ground state to a coupled excited-state where
two equivalent charge distributions are possible. There are two
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transition dipole moments that have parallel and/or antiparallel
components. A Marcus-Hush-type two-state diagram can
represent the lowest excited state. The corresponding absorption
band splits into two components when the coupling is large
enough. The adiabatic energy surfaces for the ESMV system
can either have two localized energy minima that are displaced
from that of the ground state (a Robin-Day “Type II” excited-
state diagram), or the ground- and both excited-state surfaces
can have minima at the same configuration coordinate (a “Type
III” diagram) when the coupling is large. The angle between
the transition dipoles can be obtained from the relative absor-
bances of the components of the transitions. In contrast to ground
state MV, the sign of the electronic coupling becomes important
for ESMV and can be determined from the absorbances.

Several examples of excited-state mixed valence have been
studied.13,14 Recently, we have studied the 2,3-diphenyl-2,3-
diazabicyclo[2.2.2]octane cation,2+ which has a mixed-valence
excited-state produced by the phenyl to hydrazine electronic
transition.14 The +1 charge is symmetrically located and
principally on the hydrazine bridge in the ground state. Upon
excitation, charge is transferred to the phenyl groups, and
formally, either phenyl group could donate an electron to the
(NN)+ unit. The excited-state can be modeled as two interacting
diabatic surfaces which couple as a result of the through-bond
orbital mixing of the phenyl groups with the bridging hydrazine
unit. Since ESMV transitions usually occur at higher energy
than those of ground-state MV systems, detailed vibrational
studies by resonance Raman spectroscopy are more experimen-
tally feasible. Resonance Raman studies of2+ indicate that 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. The displacements
along these symmetric coordinates were used to explain the
bandwidth of the ESMV band.

In this paper, the related compound, 1,2-diphenyl-1,2-diiso-
propyl hydrazine radical cation,1+, is investigated. Although
1+ and2+ have structural similarities, their absorption spectra
are significantly different, and1+ is the first hydrazine radical
cation out of many that have been examined15-17 that shows
vibronic fine structure in its absorption spectrum (see Results).
This vibronic structure in conjunction with the resonance Raman
studies yields the most complete analysis of the structural
changes that are associated with an ESMV system to date. The
assignments of the low-energy excited states and the analysis
and interpretation of the distortions causing the vibronic structure

are discussed. The neighboring orbital model14,18-32 is used to
determine the sign of the coupling. This model focuses on the
symmetry-based mixing of the molecular orbitals of the hydra-
zine bridge and the phenyl groups. The absorption bands of1+

are assigned with the use of this model. The experimental
absorption spectrum is fit by using the time-dependent theory
of spectroscopy.33-53 The vibrational mode frequencies and
distortions used in the calculation are obtained from the
resonance Raman spectra. The different vibrational structure of
the high- versus low-energy absorption band is discussed.

Experimental Section

1. Synthesis.N,N′-Diisopropyl-N,N′-diphenyl Hydrazine (1). A
modification of the method of Reesor and Wright54 was employed. A
mixture of 1.5 g of sodium and 1.3 g of azobenzene was stirred in 50
mL of freshly distilled THF under nitrogen for 24 h. Isopropylmethane-
sulfonate (4 mL) was added and the mixture stirred an additional 24 h.
After removal of excess sodium, aq sodium hydroxide and ether were
added, the organic layer was separated, and the aqueous layer was
extracted with ether. After removal of solvent under reduced pressure
from the combined organic layers, the residue was crystallized from
methanol, giving 0.9 g of1 (41%), mp 92-93 °C (lit.54 93-93.5).

The radical cation1+ was made by oxidation of1 in dry acetonitrile
or butyronitrile using nitrosyl tetrafluoroborate (for Raman spectros-
copy) or tris(p-bromophenyl)aminium hexachlorophosphate (for optical
spectroscopy).

N,N′-Diethyl-N,N′-diphenyl Hydrazine (4) was also made by the
method of Reesor and Wright.54

2. Absorption and Resonance Raman Spectroscopy.The absorp-
tion spectrum of1+ in acetonitrile was obtained using a Cary 5000
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UV-vis-nIR spectrophotometer. Raman spectra were obtained using
a triple monochromator equipped with a Princeton Instruments LN-
CCD. Data were processed by a PC computer. The 676 and 413 nm
lines of a Coherent I-300 Krypton laser and the 514, 488, and 457 nm
lines of a Coherent Argon laser at∼100 mW were used for excitation.
The spectra were collected from an acetonitrile solution sample of1+.

Theoretical and Numerical Methods

Electronic spectra for excited-state mixed-valence potential surfaces
are calculated in the framework of the time-dependent theory of
molecular spectroscopy.33-37 The theoretical foundation underlying these
calculations has been described previously. In this section, the theory
underlying the calculation of absorption spectra is briefly presented.

The fundamental equation for the calculation of an absorption
spectrum in the time dependent theory is:

with I(ω) the absorbance at frequencyω, Eo the energy of the electronic
origin transition, andΓ a phenomenological Gaussian damping factor.38

The most important part of eq 1 is〈Φ|Φ(t)〉, the autocorrelation function
of the wavepacketΦ prepared on an excited-state potential surface after
the spectroscopic transition, with the wavepacketΦ(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 wavepacket associated with coordinatek (k ) 1, ...,K).
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 the force constant,∆Qj the positions of the
potential minima alongQ, andEj the energy of the potential minimum
for statej.

The lowest-energy conformations for dihpenyldiisopropyl hydrazine
were optimized using Spartan ‘02,55 and the Gaussian 98 program suite
was used for frequency calculations.56 The Koopmans-based calculations
required two-single point calculations in Gaussian 98, those of the
neutral in cation geometry and of the dication in cation geometry. The
intensities for the Koopmans-based calculations were determined using
NBO 5.057 and the DIMO keyword. All calculations employed the
Standard Pople style 6-31G* basis set as implemented in Spartan and
Gaussian and the B3LYP58 density functional was applied in each case.
Geometry optimizations were performed using standard gradient
methods. Calculated vibrational modes were viewed using MOLDEN59

and GaussView 2.0.

Results

1. Absorption Spectra. The room-temperature absorption
spectrum of1+ in acetonitrile solution is shown in Figure 1.

The lowest-energy band has a peak maximum at 10650 cm-1

and an extinction coefficient of 14 100 M-1 cm-1. A vibronic
progression is observed for this band with 1395 cm-1 peak
spacings. The next-higher energy intense band has a peak
maximum at 21 280 cm-1 and an extinction coefficient of 13 300
M-1 cm-1. It also has vibronic structure with resolved vibronic
peaks separated by∼700 and∼1700 cm-1 from the Eoo band.
Two low-intensity peaks are observed at 17400 and 18900 cm-1

(ε < 450 M-1 cm-1). Some of the intensity in this region may
result from an impurity or side product of the oxidation reaction
because the intensity of those bands relative to that of the other
bands varies over time and from one sample of oxidized product
to another. The spectrum in Figure 1 represents the purest
sample because it has the lowest intensity in this region.

2. Resonance Raman spectra.Resonance Raman spectra
were obtained using 676 nm excitation, which is in resonance
with the high-energy tail of the lower-energy absorption band,
and 476, 472, 465, and 458 nm excitations, which are all in
resonance with the higher-energy band at 21 280 cm-1 (470
nm). The resonance Raman spectrum obtained with 458 nm
excitation is shown in Figure 2, and the Raman frequencies and
intensities (relative to the acetonitrile solvent band at 918 cm-1)
of the spectra obtained with 676 and 458 nm excitation are
presented in Table 1.

Discussion

1. Excited-State Mixed Valence.The excited-state mixed-
valence behavior of1 is modeled by two interacting harmonic
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h
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〈Φ|Φ(t)〉 ) ∏
k
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2
kj(Q ( ∆Qj)

2 + Ej (3)

Figure 1. Absorption spectrum forPhiPrN)2
+ in acetonitrile, oxidant

(BrC6H4)3N•+SbCl6-.

Figure 2. Resonance Raman spectra of1+ obtained using 458-nm
excitation. The letter “s” indicates acetonitrile solvent peaks.
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potential energy surfaces in the excited-state as shown in Figure
3. A single harmonic surface (gs) 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 atQ ) 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 Frank-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 (shown as the solidupper andlower excited-state wells)
with an energy splitting of∆Eex ) 2Hab

ex at Q ) 0 between
the lower- and the higher-energy adiabatic surfaces. The degree
of charge delocalization in the excited state is dictated by the
ratio of ∆Eex to λex. In Figure 3,∆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 10 650
cm-1 and 17 400 cm-1 correspond to the transition to the lower
and upper adiabatic surfaces, respectively. The difference in
energy between these two peak maxima is equal to twice the
excited-state coupling; therefore,Hab

ex is about 3500 cm-1

according to the three-state ESMV model. 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.
The difference in the absorptivities of the two components is a

result of the antiparallel transition dipole moments that are
discussed next.

2. Transition Dipole Moments. The transition dipole mo-
ments for transitions to the two diabatic states are equal in
magnitude by symmetry. They are opposite in sign if the
transition to the bridging group occurs from symmetry equiva-
lent groups on opposite sides of the bridge as is the case for1.
The transition dipole moments are antiparallel. (If the donating
groups were on the same side of the bridge as is the case for2,
the dipoles have vector components in the same direction and
have the same sign.) The transition dipole moment matrix in
the diabatic basis that represents the transition from the ground
state to the two diabatic states is

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

where

Diabatic-to-adiabatic basis transformations of transition dipole
moments for ground-state mixed valence have been presented
in the literature.60-62

(60) Cave, R. J.; Newton, M. D.J. Chem. Phys.1997, 106, 9213.

Table 1. Resonance Raman Frequencies, ω, and Intensities, I, Normalized to the Intensity of the 918 cm-1 Acetonitrile Band, I′, Obtained
Using 458 and 676 nm Excitation

I/I′458 nm ∆458 nm
a

∆458 nm

for fitb I/I′676 nm ∆676 nm
a

∆676 nm

for fitb ω, cm−1

calc ω
cm−1 assignment

2.68 0.6 1.05 705 704 Ph ring def.+
sp2/sp3 twist

5.27 0.74 0.45 0.02 0.36 0.36 827 778 sp2/sp3 twist w/
Ph CH wag

2.56 0.48 0.3 0.01 0.26 0.26 864 847 Planar Ph. twist w/
CH wag

1.39 0.31 0.2 977 982 Ph CH wag w/
sm. ring def.

2.14 0.38 0.3 991 992 NN rock w/
Ph ring breathing

4.58 0.45 0.4 0.1 0.51 0.51 1215 1216 NN str. w/
Ph. CH in plane wag

3 0.33 0.20 0.09 0.43 0.43 1336 1304 NN str.+
CN str.

5.14 0.38 0.3 1543 1526 Ph CN w/
CH wag

2.88 0.28 0.1 1570 1530 Ph CN w/
CH wag

7 0.42 0.15 0.24 0.59 0.59 1607 1631 Ph CC str.
0.04 0.24 0.24 1635

2.23 0.23 0.05 1655 1640 Ph CC str.
2.88 0.26 0.07 1688
2.14 0.21 0.74 1816

a Displacement,∆ obtained using Savin’s formula.36 b Actual displacement used for calculated fit of absorption spectrum.

µd ) (0 (µ1 µ2

(µ1 0 0
µ2 0 0 ) (4)

µa )

(0 (µ1 cosϑ + µ2 sinϑ -µ1 sinϑ + µ2 cosϑ

(µ1 cosϑ + µ2 sinϑ 0 0
-µ1 sinϑ + µ2 cosϑ 0 0

) (5)

tan 2ϑ )
2Hab

ex

V1(Q) - V2(Q)
(6)
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The adiabatic state represented by the wavefunction,Ψ+ )
cosθ Ψ1 + sinθ Ψ2 is the in-phase combination of the diabatic
functions and that represented by the wavefunctionΨ- ) -sin
θ Ψ1 + cosθ Ψ2 is the out-of-phase combination. The relative
energies of these two states are determined by the sign ofHab

ex

which is discussed in detail in the next section. In the adiabatic
basis the transition dipole to the surface represented byΨ+ is
µu ) - µ1 sin ϑ + µ2 cosϑ. For antiparallel transition dipole
moments the negative sign applies 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 contrast, the transition dipole to the
state represented byΨ- is µl ) (µ1 cos ϑ + µ2 sin ϑ. The
positive sign applies for anti-parallel dipole moments, and this
function is nonzero everywhere along theQ coordinate. In the
case of parallel 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.

3. Neighboring Orbital Analysis of 1+ and Absorption
Band Assignment.The sign of the coupling has a profound
influence on excited-state mixed-valence spectroscopy because
it determines the identities of the lowest- and highest-energy
adiabatic states. For through-space coupling, the sign is intrinsi-
cally negative. The reason is reminiscent of simple molecular
orbital 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.

The neighboring orbital model can be used to interpret the
through-bond coupling in1+.14,18-32 A simple physical repre-
sentation of the model applied to this system is shown in
Figure 4.

The bridge orbitals of interest are the NNπ bonding andπ
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 + πPh andπPh - 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 negative through-space coupling were operative.
Therefore, the coupling is positive.

There are seven electrons in the neighboring orbitals of1+;
both aryl orbitals are occupied, and the odd electron is in the
N-N π* orbital in the ground electronic state. The two mixed-
valence excited states result from the promotion of an electron
from one of the two degenerate aryl orbitals to the N-N π*
orbital. The orbitals at the center of Figure 4, labeled E1

through E4, represent the adiabatic limit. The ground-state
electron configuration in this basis is (E1)2(E2)2(E3)2(E4)1 and
the two mixed-valence excited-state electron configurations are

(61) Newton, M. D.; Cave, R. J.Molecular Electronics; Jortner, J., Ratner, M.,
Eds.; Blackwell Science: Oxford, 1997; p 73.

(62) Cave, R. J.; Newton, M. D.Chem. Phys. Lett.1996, 249, 15.

Figure 3. Potential energy surfaces as a function of an asymmetric
coordinate. The lowest-energy surface represents the ground electronic state.
The pair of surfaces at higher-energy represents the mixed-valence excited
electronic state. The solid lines are the adiabatic surfaces; the dotted lines
are diabatic surfaces. The transition dipole moments for the adiabatic
surfaces are plotted as a function of the vibrational coordinate below the
surfaces. That for the lower adiabatic surface,µl, is always nonzero, but
that for the upper adiabatic surface,µu, changes sign at the origin.

Figure 4. Neighboring orbital analysis applied to1+. Degenerate diabatic
antisymmetric and symmetric phenyl orbital combination pairs (shown on
the left) mix with the half-filled diabatic antisymmetric and filled symmetric
NN π orbitals to produce the pattern of adiabatic combination orbitals
shown. The isopropyl groups have been omitted for clarity. The E3 f E4

transition corresponds to El in Figure 3, and E2 f E4 corresponds to Eu.
The energy difference is 2Hab

ex.
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(E1)2(E2)2(E3)1(E4)2 and (E1)2(E2)1(E3)2(E4)2. The latter two states
are represented by the lower and upper adiabatic surfaces
respectively in Figure 3. Note that the state arising from the E1

to E4 transition, (E1)1(E2)2(E3)2(E4)1, is not represented in Figure
3. A detailed description of the electronic states corresponding
to the neighboring orbital model can be found in ref 18. For
antiparallel transition dipole moments, as is the case for1+,
the transition to the orbital containing the out-of-phase combina-
tion, πPh - πPh (E3) is fully allowed, while the transition to the
orbital containing the in-phase combination,πPh + πPh (E2), is
dipole forbidden. The lowest-energy room-temperature absorp-
tion band at 10 650 cm-1 is therefore assigned to the electronic
transition from the E3 to the E4 orbital, giving rise to the first
neighboring orbital excited state, (E1)2(E2)2(E3)1(E4)2. The next-
higher energy intense band at 21 280 cm-1 is assigned to the
transition from the E1 to E4 orbital, which results in the highest-
energy state in the neighboring orbital system, (E1)1(E2)2(E3)2-
(E4)2. Because the E2 f E4 transition is electric dipole forbidden,
the weak absorption band between the bands assigned to the
E3 f E4 and E1 f E4 transitions may be attributed to the
vibronically allowed E2 f E4 transition. While some of the
intensity of the weak bands at 17 200 and 18 800 cm-1 may
arise from a side product of the oxidation reaction, the majority
of the intensity may be attributed to the vibronically allowed
E2 f E4 transition.

The energy gap between the highest occupied molecular
orbital (homo) andhomo-1 orbitals of neutral tetraalkylhydra-
zines that are calculated at the geometry of the radical cations
using semiempirical methods has been shown to correlate
surprisingly well with the large changes in the transition energies
in the optical spectra of the radical cations.15-17 This demon-
strates that Koopmans theorem63 works well even when large
changes in geometry between the ground and excited states
occur. More recently, we have shown that Koopmans-based
calculations, those on radical ions that have the singly occupied
molecular orbital (somo) either (a) filled by adding an electron,
as done previously, or (b) emptied by removing one provide
estimations of the effective energy gaps between the filled
orbitals and thesomo(using (a)) and between thesomoand the
virtual orbitals (using (b)) that are useful in interpreting the
optical spectra of a wide variety of radical ions.64-66 Figure 5
shows the results of a neutral in cation geometry calculation at
the (U)B3LYP/6-31G* level on3+, the dimethyl analogue of
1+. The orbitals are labeled with their neighboring orbital
designations (see Figure 4). It should be noted that the lowest
calculated transition energies, (E4-E3, 11 000 cm-1) is close
to the observed first transition for1+, 350 cm-1 higher. Two
intervening orbitals that are not part of the neighboring orbital
system because they have nodes through the CN bonds and do
not mix, are shown to the left of the energy levels in Figure 5.

One reason for showing the calculation for3+ instead of the
compound studied,1+, is its conformational simplicity.3+ has
a single energy minimum, while1+ is conformationally complex
because it has several minima corresponding to various isopropyl
group rotations, and these affect the calculated spectrum strongly

because they affect the phenyl, N lone pair twist angles (φCN).
3+ proved to be too unstable for us to record its optical spectrum
experimentally, but the ethyl-substituted compound4+ was
studied, although it is significantly less stable than1+. 4+ has
an optical spectrum that is very similar to that of1+. 4+ shows
bands at 10 670 and 21 370 cm-1 having similar vibronic
structure to1+ in each. These similarities suggest to us that
their conformations are similar, includingφCN. UB3LYP/6-31G*
calculations predict a 2890 cm-1 shift to higher energy for the
minimum energy conformation of1+ compared to that of4+,
which is certainly not observed experimentally, suggesting to
us that the proper isopropyl group rotamer and henceφCN angle
has not been obtained correctly by these calculations. Details
of the calculations will not be discussed here because it has not
yet been possible to address the isopropyl group conformation
of 1+ at room temperature and a meaningful comparison with
experiment cannot be made.

4. Vibrational Mode Assignments.The vibronic structure
of the two absorption bands shown in Figure 1 is caused by
displacements of the excited-state surfaces along the symmetric
coordinates. Resonance Raman spectroscopy is used to deter-
mine the frequencies of the most important symmetric modes.
Vibrational assignments are made by comparing the calculated
vibrational mode frequencies with the observed resonance
Raman frequencies as presented in Table 1. The mode at 705
cm-1 involves significant C-N-N-C twist angle change and
those between 800 and 1000 cm-1 involve phenyl ring deforma-
tion and rocking. The modes at 1215 and 1336 cm-1 are
assigned to symmetric modes with significant N-N stretching

(63) Koopmans, T.Physica1934, 1, 104.
(64) Nelsen, S. F.; Konradsson, A. E.; Telo. J. P.J. Am. Chem. Soc2005, 127,

920.
(65) Nelsen, S. F.; Weaver, M. N.; Telo, J. P.; Zink, J. I.J. Am. Chem. Soc.

2005, 127, 10611.
(66) Nelsen, S. F.; Weaver, M. N.; Telo, J. P.; Lucht, B. L.; Barlow, S.J. Org.

Chem.2005, 70, 9326.

Figure 5. Koopmans-based calculation on3+ (PhMeN)2
+).
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character and the modes at 1543 and 1570 cm-1 are assigned
to symmetric C-N stretching modes. The modes above 1600
cm-1 involve phenyl ring CC stretching.

5. Calculated Fit of the Absorption Bands.In this section,
the calculated fits to the experimental absorption bands of1+

are presented. As discussed in sections 2 and 3, only the E3 f
E4 excited-state mixed-valence transition is electric dipole
allowed. The intensity in the 18 000 cm-1 region is assigned to
the E2 f E4 transition because it is vibronically allowed. On
the basis of the energy separation between the lowest energy
E3 f E4 band and the next higher energy feature at 17 400
cm-1, the effective coupling (i.e., half the energy separation
between E2 and E3) is approximately 3500 cm-1. This magnitude
of coupling is similar to that of2+ which was determined to be
3 750 cm-1. Because this system is highly delocalized, the
adiabatic surfaces along the asymmetric electron-transfer co-
ordinate possess single minima which are undisplaced from the
ground-state surface. For this reason, the asymmetric coordinate
will not contribute significantly to the width or vibronic structure
of either absorption band. Therefore, only displacements along
the symmetric coordinates are included in the absorption
spectrum calculations. The frequencies of the symmetric modes
used in the calculations were obtained from the resonance
Raman spectra. The displacements were determined from the
resonance Raman intensities. To fit the low-energy band, the
modes that were resonantly enhanced in the Raman spectrum
obtained using 676 nm excitation were used. As listed in Table
1, the symmetric mode frequencies (displacements) used to fit
the low-energy band are: 827 (0.36), 864 (0.26), 1215 (0.51),
1336 (0.43), 1607 (0.59), 1635 cm-1 (0.24). As shown in Figure
6, with the use of these parameters the calculated spectrum is
an excellent fit to the band shape of the low-energy experimental
absorption spectrum.

The vibronic progression of the lower-energy band exhibits
a missing mode effect (MIME).8,67-70 While the peak spacing
in this absorption band is 1395 cm-1, no vibrational mode of
that frequency occurs in the resonance Raman spectrum. (The
frequencies in the excited electronic state in general will be
different from those in the ground state and probably smaller,
but the nearest likely candidate is the mode with a ground-state
frequency of 1543 cm-1.) The single, regularly spaced progres-

sion results from the combination of the actual frequencies listed
in Table 1. This phenomenon is best illustrated in the time
domain since the partial recurrence of the propagating wave-
packet at timetM is responsible for the appearance of a regularly
spaced progression at a frequencyω ) c-1tM-1.8,67-70 Consider
the two most highly displaced modes from Table 1 with
frequencies 1215 and 1607 cm-1. Treating each mode sepa-
rately, (i.e., propagating the wavepacket on a harmonic surface
with a frequency of either 1215 or 1607 cm-1) leads to a
recurrence time of 27.5 fs for the 1215 cm-1 mode case and
20.8 fs for the 1607 cm-1 mode case as indicated in Figure 7.
However, when both modes are included and the damping factor
is significantly large, one recurrence time is observed at 23.5
fs which corresponds to a vibrational peak spacing of 1420
cm-1. The vibronic structure in the experimental spectrum in
Figure 1 with 1395 cm-1 peak spacing was fit by using all six
of the resonantly enhanced modes.

The high-energy band was fit using the frequencies from the
resonance Raman spectrum obtained with 458 nm excitation.
Table 1 shows two sets of displacements for these enhanced
modes: one set obtained directly from the resonance Raman
intensities and the other set that was used to fit the vibronic
structure of the absorption band. The deviation from the set of
displacements obtained from resonance Raman intensities results
from the breakdown of Savin’s formula which only gives good
estimates of the relative displacements of the modes when
resonance Raman excitation profiles are smooth and stucture-

(67) Tutt, L.; Tannor, D.; Heller, E. J.; Zink, J. I.Inorg. Chem.1982, 21, 3858.
(68) Tutt, L.; Tannor, D.; Schindler, J.; Heller, E. J.; Zink, J. I.J. Phys. Chem.

1983, 87, 3017.
(69) Tutt, L.; Zink, J. I.J. Am. Chem. Soc.1986, 108, 5830.
(70) Tutt, L.; Zink, J. I.; Heller, E. J.Inorg. Chem.1987, 26, 2158.

Figure 6. Calculated (solid line) and observed (dotted) room temperature
absorption spectra of1+.

Figure 7. Time domain illustration of the MIME using a two-mode
example. (Top)|〈φ|φ(t)〉|2 for ν1 ) 1215 cm-1. (Middle) |〈φ|φ(t)〉|2 for ν2

) 1607 cm-1. (Bottom) |〈φ|φ(t)〉|2 resulting from the product ofν1 andν2

overlaps.
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less.36,38The symmetric mode dimensionless displacements (∆)
used to fit the high-energy band were: 705 (1.05), 827 (0.45),
864 (0.3), 977 (0.2), 991 (0.3) 1215 (0.4), 1336 (0.2), 1543 (0.3)
1570 (0.1) 1607 (0.15), 1655 (0.05), 1688 (0.07), 1816 cm-1

(0.74). The calculated fit is shown in Figure 6.
The different appearance of the vibronic structure between

the high- and low-energy absorption bands is consistent with
our interpretation based on the neighboring orbital model. The
electronic transition from the phenyls to the (NN)+, which gives
rise to the low-energy band, involves modes with significant
NN and phenyl displacements, as revealed by the resonance
Raman spectrum. The combination of these modes gives rise
to the observed vibronic progression in the absorption spectrum.
The high-energy band arises predominantly from the hydrazine
π,π* transition, that is, E1 f E4. For this type of transition,
modes that involve NN displacement are expected to be
important. Both the low-frequency component of the vibronic
progression of this band as well as the resonance Raman data
indicates that the 705 cm-1 mode, which is assigned as an NN
twist, is one of the most highly displaced modes. Since the
hydrazine unit is coupled to the phenyl groups, vibrations
involving the phenyls are also expected to be enhanced. The
higher-frequency component of the vibronic structure in the
absorption spectrum is therefore attributed to the phenyl CC
stretching modes that are enhanced in the resonance Raman
spectrum.

6. Summary

The absorption spectrum of1+ contains the two components,
one dipole allowed and the other vibronically allowed, that are
characteristic of a molecule with a mixed-valence excited
electronic state and antiparallel transition dipole moments. The
observed energy ordering of the two components is caused by
a positive coupling in the excited state; the sign of the coupling

is explained by the neighboring orbital model. The absorption
spectra contain the first example of vibronic structure in a
hydrazine radical cation, and apparently the first for an ESMV
transition. Resonance Raman spectroscopy is used with the time-
dependent theory of spectroscopy to determine the largest
excited-state distortions. The normal-mode frequencies used to
calculate the spectrum were obtained from resonance Raman
spectroscopy, and the displacements were determined by the
vibronic structure of each absorption band. Using these param-
eters, excellent fits to the absorption spectra were obtained. In
the lowest-energy ESMV excited state that involves charge
transfer from the phenyls to the hydrazine, significant NN and
phenyl displacements were revealed by the resonance Raman
intensities. These displacements give rise to the observed
vibronic progression in the electronic absorption spectrum. The
regular spacing does not correspond to a single normal mode
and is an example of the missing mode effect. The high-energy
band, arising from the hydrazineπ,π* transition, involves NN
motions. The resonance Raman data indicate that the 705 cm-1

mode, which is assigned as an NN twist, is one of the most
highly displaced modes and is manifested by the low-frequency
component of the vibronic progression. The combination of
experiment and theory provides a detailed picture of the mixed-
valence excited state.
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