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Electron-phonon interactions in the photoinduced excited electronic states in molecular systems such as
phenanthrene-edge-type hydrocarbons are discussed and compared with those in the monoanions and cations.
The complete phase patterns difference between the highest occupied molecular orbitals (HOMO) and the
lowest unoccupied molecular orbitals (LUMO) (the atomic orbitals between two neighboring carbon atoms
combined in phase (out of phase) in the HOMO are combined out of phase (in phase) in the LUMO) are the
main reason that the C-C stretching modes around 1500 cm-1 afford much larger electron-phonon coupling
constants in the excited electronic states than in the charged electronic states. The frequencies of the vibrational
modes that play an essential role in the electron-phonon interactions for the excited electronic states are
similar to those for the monoanions and cations in phenanthrene-edge-type hydrocarbons. Possible electron
pairing and Bose-Einstein condensation in the photoinduced excited electronic states as well as those in the
monoanions and cations in molecular systems such as phenanthrene-edge-type hydrocarbons are also discussed.

Introduction

In modern physics and chemistry, the effect of vibronic
interactions1 in molecules and crystals has been an important
topic. The analysis of vibronic interaction theory covers a large
variety of research fields such as spectroscopy, instability of
molecular structure, electrical conductivity,2 and superconduc-
tivity. Electron-phonon coupling1,2,4 is the consensus mecha-
nism for attractive electron-electron interactions in the Bardeen-
Cooper-Schrieffer (BCS) theory of superconductivity.5,6 Since
Little’s proposal for a possible molecular superconductor based
on an exciton mechanism,7 the superconductivity of molecular
systems has been extensively investigated. Although such a
unique mechanism has not yet been established, advances in
the design and synthesis of molecular systems have yielded a
lot of BEDT-TTF-type organic superconductors,8 where BEDT-
TTF is bis(ethylenedithio)tetrathiafulvalene. An inverse isotope
effect due to substituting hydrogen by deuterium in organic
superconductivity was observed by Saito et al.9 The alkali-metal-
doped A3C60 complexes10 were found to exhibit superconducting
transition temperatures (Tcs) of more than 30 K (ref 11) and 40
K under pressure.12 In alkali-metal-doped fullerenes,13 pure
intramolecular Raman-active modes have been suggested to be
important in a BCS-type5 strong-coupling scenario in super-
conductivity.

In previous work, we have analyzed the vibronic interactions
and estimated possibleTcs in the monocations of acenes based
on the hypothesis that the vibronic interactions between the
intramolecular vibrations and the highest occupied molecular
orbitals (HOMO) play an essential role in the occurrence of
superconductivity in positively charged nanosized molecular
systems.14 On the basis of an experimental study of ionization

spectra using high-resolution gas-phase photoelectron spectros-
copy, electron-phonon interactions in positively charged acenes
were studied recently.15 The experimental results showed that
our predicted frequencies for the vibrational modes, which play
an essential role in the electron-phonon interactions,14 as well
as the predicted total electron-phonon coupling constants14 are
in excellent agreement with those obtained from experimental
research.15

Polyacenic semiconductor (PAS) materials, which are pre-
pared from phenol-formaldehyde resin at relatively low
temperatures,16a,b belong to a typical amorphous carbon (a-C)
material. From structural analyses of PAS and polynuclear
aromatic hydrocarbons (PAH) materials,16 it has been demon-
strated that they have content similar to that of aromatic carbons
but a different graphite sheet shape, that is, different edge
structures.16c Numerous 1-D PAHs have been theoretically and
numerically investigated by several researchers.17-23 Their sizes
and especially their edge structures are closely related to the
electronic properties of PAHs.20-28 According to their edge
structures, PAHs can usually be classified into two main
groups: acene-edge-type and phenanthrene-edge-type. The two
structures show remarkably different electronic features. The
superconductivity of phenanthrene-edge-type hydrocarbons has
not yet been found until now, but it is of interest to investigate
the vibronic interactions and the possible electron-electron
pairing in various electronic states in this molecular system.

We have studied the condition under which the charged
nanosized molecules exhibit strong electron-phonon interac-
tions and have found that the electron-phonon interactions in
charged molecular systems become weaker with an increase in
molecular size.14c From our calculated results, we can expect
the electron-phonon interactions to become stronger with an
increase in the number of carriers per atom. The purpose of
this paper is to investigate the electron-phonon interactions in
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the photoinduced excited electronic states of molecular systems
and to compare the calculated results with those for the
negatively and positively charged molecular systems.29 As an
example, we will consider phenanthrene-edge-type hydrocarbons
(phenanthrene C14H10 (3ph), chrysene C18H12 (4ph), and picene
C22H14 (5ph) (Scheme 1)) in this study. We will suggest a reason
for the total electron-phonon coupling constants for the excited
electronic states being much larger than those for the negatively
and positively charged molecular systems in view of the orbital
patterns of the frontier orbitals in detail. We have investigated
the electron-phonon interactions in the monoanions and cations
of molecular systems.14 That is, we have considered the
monoanions and cations in which electrons partially occupying
the conduction band and partially occupying the valence band,
formed by the lowest unoccupied molecular orbitals (LUMO)
and the HOMO, respectively, of each molecule, play an essential
role in the electrical conductivity (Figure 1a and b). We will
also consider photoinduction instead of charge doping in this
study. That is, we consider the electron-phonon interactions
in the photoinduced excited electronic states in this study, in
which electrons partially occupying the valence band as well
as partially occupying the conduction band formed by the
HOMO and LUMO of each molecule, respectively, play an
essential role in the electron-phonon interactions and in
electrical conductivity (Figure 1c). We also discuss the possible
electron pairing and Bose-Einstein condensation in these
electronic states. Even though we consider only phenanthrene-
edge-type hydrocarbons in this study as an example, our method
in this study is applicable to studies of various nanosized
molecules.

Theoretical Background

Let us first consider the basic optical features of3ph. We
will use small letters for one-electron orbital symmetries and
capital letters for the symmetries of both electronic and
vibrational states, as usual. The symmetry labels of the HOMO
and the LUMO of3ph are b1 and a2, respectively. According
to the character table for theC2V point group, the A1 f B2

transition is optically allowed. Thus, from the direct product of
the orbital symmetries in eq 1, such an allowed A1 f B2 optical

absorption occurs when an electron in the b1 HOMO is promoted
to the a2 LUMO in 3ph, as shown in Figure 1c.

Vibronic Interactions between the Nondegenerate Frontier
Orbitals and the Totally Symmetric Vibrational Modes in
Phenanthrene-Edge-Type Hydrocarbons.We discuss the
theoretical background for the orbital vibronic interactions in
phenanthrene-edge-type hydrocarbons. The potential energy for
the neutral ground state, negatively and positively charged
electronic states, and the excited electronic state in3ph is shown
in Figure 2. Here, we take a one-electron approximation into
account; the vibronic coupling constants of the vibrational modes
to the electronic states in the monoanions and cations and to
the excited B2 electronic states of3ph are defined as the sum
of orbital vibronic coupling constants from all of the occupied
orbitals,3a

Considering the one-electron approximation and that the first
derivatives of the total energy vanish in the ground state for
the equilibrium structure in neutral phenanthrene-edge-type
hydrocarbons (i.e.,gneutral) ∑i

HOMOgi ) 0) (Figure 2a) and that
one electron must be injected into (removed from) the LUMO
(HOMO) to generate the monoanions (monocations), the vi-
bronic coupling constants of the totally symmetric vibrational
modes to the electronic states of the monoanions and cations
of phenanthrene-edge-type hydrocarbons can be defined by eqs
3 and 4, respectively,

In this paper, we focus upon the diagonal processes; only the

SCHEME 1

Figure 1. Frontier orbitals and possible lowest optically allowed
transitions in phenanthrene-edge-type hydrocarbons.
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electronic states that belong to the same irreducible representa-
tions are considered. Thus, the symmetry of the vibronic active
modes can be defined from the direct product of the orbital
symmetries as follows:

Therefore, the totally symmetric A1 vibrational modes couple
to the b1 HOMO and a2 LUMO in 3ph. The number of totally
symmetric modes is 23, 29, and 35 for3ph, 4ph, and 5ph,
respectively. In such a case, we must consider multimode
problems, but in the limit of linear vibronic coupling, one can
treat each set of modes (i.e., each mode indexm) independently.3

Let us look into the vibronic interaction between the A1 modes
and the HOMO and LUMO. The dimensionless orbital vibronic
coupling constants of the totally symmetric modes in phenan-
threne-edge-type hydrocarbons are defined by

whereqA1m is the dimensionless normal coordinate30 of themth

vibrational mode and is expressed by using the normal
coordinateQA1m as

Vibronic Interactions between the Excited B2 Electronic
States and the A1 Vibrational Modes in Phenanthrene.We
next discuss the vibronic interactions between the excited B2

electronic states and the vibrational frequency modes in3ph.
As mentioned earlier, the lowest optically allowed transition
occurs when an electron in the HOMO is promoted to the
LUMO. Changes in the HOMO and LUMO levels in phenan-
threne-edge-type hydrocarbons by displacements of the totally
symmetric A1 vibrational modes are shown in Figure 3. Let us
consider the one-electron promotion from the HOMO to the
LUMO in 3ph. For example, when3ph is distorted along the
A1 mode of 1434 cm-1, the HOMO and LUMO are destabilized
and stabilized in energy, respectively, as shown in Figure 3d-i.
However, when it is distorted along the A1 mode of 266 cm-1,
both the HOMO and LUMO are stabilized, as shown in Figure
3d-ii. Considering the one-electron approximation3 mentioned
above and the fact that the first derivatives of the total energy
vanish in the ground state for the equilibrium structure (Figure
2 (a)), we can define the vibronic coupling constants of the
excited B2 electronic state to the A1 vibrational mode in the
case of Figure 3d-i in phenanthrene-edge-type hydrocarbons by31

and those in case of Figure 3d-ii in phenanthrene-edge-type
hydrocarbons by

Electron-Electron Interactions Mediated by the Emission
and Absorption of a Virtual Phonon. In the BCS theory of
superconductivity,5 we consider the electron-electron inter-
action arising from the exchange of a virtual phonon as a
scattering process. There are two intermediate states allowed
by momentum conservation. An electron with wave vectork
emits a phonon of wave vector-q to scatter it intok + q.
This phonon is then absorbed by another electron with-k to
scatter it into a state-k - q. Such a short-lived phonon is
called the virtual phonon, and the scattering involved is called
the virtual phonon process. We combine this electron-electron
interaction arising from the electron-phonon coupling with the
Coulomb repulsive interactions between the electrons.32 To
consider the electron pairing in molecular systems, we write
the electron-electron interactionVk+q,k in the form of the BCS
reduced Hamiltonian5,32 shown below

whereVk+q,k
Coulomb denotes the Coulomb interaction among elec-

trons, which is always positive (repulsive). To achieve an overall

Figure 2. Energy levels of (a) the ground states and (b) the negatively,
positively, and excited electronic states as a function of the normal
coordinate for A1 symmetry.
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attractive interaction between electrons (electronic states), we
have

If |εk - εk+q| < pωq, the first term of eq 12 becomes negative.
This process would give rise to a weak but attractive interaction
between the two electrons and is taken as a possible mechanism
to stabilize the superconducting state.

The mobility of an electron is described by the coupling
between a conducting electron and molecular vibrations as the
time-dependent phenomenon between|i〉 and |j〉. However,
following BCS theory, if we consider a two-electron interaction
(retarded) induced by phononωm, it gives the well-known terms
as the second-order matrix element coupling two electronic
statesψi andψj even in a molecular system,

The (const) is a consequence of shielding. As a matter of course,
such an interaction energy contributes to the Cooper-pair
attractive energy in BCS theory forεi ≈ εj. After the conven-
tional Fröhlich transformation,33 Vint

(i,j) is expressed by eq 11. In
this research, we do not treat the higher-order couplings beyond
first order or the electron-phonon interactions originating from
intermolecular orbital interactions, as discussed later, which are
usually much weaker than the first-order electron-phonon
interactions originating from intramolecular orbital interactions
in small molecules. In conventional superconductivity in solids,
the energy-level differences between crystal orbitals (bands) are
very small, thus the higher-order couplings would often be
essential. However, in molecular systems, the energy differences
between molecular orbitals, for example, the HOMO and LUMO
of each molecule, which form valence and conduction bands,
respectively, are much larger. In such cases, the first-order
coupling constant is much larger than the higher-order coupling
constants. Of course, for cases in which the energy difference
between two electronic states is very small, the higher-order
couplings originating from the interactions between them would

Figure 3. Changes of the HOMO and the LUMO levels in phenanthrene-edge-type hydrocarbons by displacements of the totally symmetric vibrational
modes.
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be somewhat important; however, compared with those in the
conventional superconductivity, such a higher-order effect would
be much less important in small molecules. For a two-level
model in the photoinduced excited electronic states, in addition
to the diagonal couplings to the totally symmetric phonons, there
is the pseudo-Jahn-Teller coupling to the phonons mixing the
two levels, which is not treated in this study. For example, in
3ph, the lowest optically allowed transition occurs when an
electron in the b1 HOMO is promoted to the a2 LUMO, and the
second lowest optically allowed transition occurs when an
electron in the b1 HOMO is promoted to the a2 LUMO + 3.
Therefore, the pseudo-Jahn-Teller coupling originating from
the interactions between such two electronic states expressed
by the first term of eq 15 as well as the first-order vibronic
interactions treated in this study would somewhat play a role
in the attractive electron-electron interactions.

In particular, the energy difference between two electronic states
(or molecular orbitals) becomes smaller with an increase in
molecular size. In this case, such pseudo-Jahn-Teller coupling
can play an essential role in the attractive electron-electron
interactions as in the case of the conventional superconductivity
in solids. However, in this study, we consider the first-order
electron-phonon coupling in the photoinduced excited elec-
tronic states in small molecules with large energy differences
between molecular orbitals to compare these results with
those in the charged electronic states studied in previous
research.29

Electron-Phonon Coupling Constants for the Excited
Electronic States of Phenanthrene-Edge-Type Hydro-
carbons.Let us next discuss the total electron-phonon coupling
constants (ltotal) in the excited electronic states. Becauseltotal is
the sum of the electron-phonon coupling constants originating
from both intramolecular vibrations (l intra) and intermolecular
vibrations (l inter), ltotal is defined as

However, it should be noted that the intramolecular orbital
interactions are much stronger than the intermolecular orbital
interactions. Therefore, it is rational that thelintra values are much
larger than thel inter values in molecular systems. In fact, it is
considered by several researchers that the contribution from the
intramolecular modes in molecular systems is decisive in the
pairing process in the superconductivity in doped C60.13,34 For
example, it was reported that thel intra values are much larger
than thel inter values in K3C60 and Rb3C60 (l intra g 10l inter).34

Furthermore, it has also been shown from a neutron-scattering
investigation35 that the electron-libration intramolecular-mode
coupling is small in alkali-metal-doped C60. Therefore, we
consider only intramolecular electron-phonon coupling in this
study. Theltotal value for the charged and excited electronic states
can be defined as

In the previous section, the vibronic interactions in free
phenanthrene-edge-type hydrocarbons were discussed. We can
deriveltotal by using the vibronic coupling constants defined in
eqs 6, 7, 9, and 10 as follows. As described above, because
phenanthrene-edge-type hydrocarbons would consist of strongly
bonded molecules arranged on a lattice with weak van der Waals
intermolecular bonds, we can derive the dimensionless electron-
phonon coupling constantλm in a similar way as in theory in
previous research.14,29We use a standard expression forλm,13,14,29

whereωm,q is the vibrational frequency of themth phonon mode
of wave vectorq; hk,k′ is the corresponding electron-phonon
matrix element between the electronic states of wave vectorsk
andk′; Ek andEk′ are the corresponding energies measured from
the energy level of the excited electronic states at the equilibrium
structures of the ground states (original point in Figure 2b) of
phenanthrene-edge-type hydrocarbons; andN(0) is the total
density of states (DOS) per spin. The excited electronic states
in phenanthrene-edge-type hydrocarbon crystals are essentially
composed of the excited electronic states at the equilibrium
structures of the ground states in phenanthrene-dge-type hy-
drocarbons, and we can write in the form of a Bloch sum

whereR denotes the cell position;N is the number of molecules
in the crystal; andφR is wave function that denotes the excited
electronic states for the equilibrium structures of the ground
state of phenanthrene-edge-type hydrocarbons at cell position
R. If we neglect the intermolecular electron-lattice coupling,
thenhk,k′ can be reduced to

wherehR,R is the intramolecular coupling matrix and

For the one-phonon mode with wave vectorq, this term takes
the following form:

We insert eq 24 in eq 22 taking the conditionk′ ) k - q into
account to get

Vint
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) lB2(HOMOfLUMO)

(for the excited electronic state) (19)
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∑
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We now proceed to calculateλm by inserting eq 25 in eq 20
considering thatωm,q is independent ofq. We then obtain

The partial DOS per molecule at the energy level of the
excited electronic state at the equilibrium structure of the ground
state of phenanthrene-edge-type hydrocarbons,n(0), can be
rewritten as

We can derive eq 28 from eqs 26 and 27 usingn(0) ) N(0)/N,

wheren(0) is now the DOS per spin and per phenanthrene-
edge-type hydrocarbons molecule.λm takes the form of eq 29

where

Here hA1m′ is the derivative matrix of the vibronic coupling
matrix, hA1m, derived from eq 32 with respect to the mode
amplitude,QA1m, as

where

and Am is the reduced matrix element and is the slope of the
original point (i.e., equilibrium structures of the ground states
of phenanthrene-edge-type hydrocarbons (QA1m ) 0)) on the
potential energy surface of the excited B2 electronic state along
each vibrational mode (Figure 2b) and is defined as

Becauseh00m
2 ) Am

2 , one can rewrite eq 28 as

Using eqs 6-10 and 33 and after some simple transformations,
we finally get the relation between the nondimensional elec-

tron-phonon coupling constant,λm, and the intramolecular
vibronic coupling constant,gB2(HOMOfLUMO)(ωm), as

where lB2(HOMOfLUMO)(ωm) is the electron-phonon coupling
constant defined as

Electron-Phonon Coupling Constants.We calculated first-
order derivatives for the equilibrium structure on each orbital
energy surface by distorting the molecule along the A1 modes
of 3ph using the hybrid Hartree-Fock (HF)/density functional
theory (DFT) method of Becke36 and Lee, Yang, and Parr
(B3LYP)37 and the 6-31G* basis set.38 The Gaussian 98 program
package39 was used for our theoretical analyses. What we
obtained from the first-order derivatives are the dimensionless
diagonal linear orbital vibronic coupling constantsgLUMO(ωm)
and gHOMO(ωm). From these values, we can roughly estimate
the vibronic coupling constantsgB2(HOMOfLUMO)(ωm) of the A1

modes to the excited B2 electronic states in3ph. We can
estimate the electron-phonon coupling constantslB2(HOMOfLUMO)-
(ωm) from the dimensionless vibronic coupling constants
gB2(HOMOfLUMO)(ωm) in phenanthrene-edge-type hydrocarbons
by using eq 36. The calculated electron-phonon coupling
constants for the monoanion, monocation, and excited electronic
states of3ph are shown in Figure 4. Let us take a look at the
electron-phonon coupling of the totally symmetric vibrational
modes to the excited electronic states of3ph. We can see from
this Figure that the C-C stretching A1 modes of 1434 and 1670
cm-1 and the low-frequency A1 mode of 413 cm-1 strongly
couple to the excited B2 electronic state of3ph. Similar
discussions can be made for4ph and5ph; the C-C stretching
modes around 1500 cm-1 and the vibronic active modes with
frequencies lower than 500 cm-1 afford large electron-phonon
coupling constants.

Let us next compare the electron-phonon interactions in the
excited electronic states with those in the electronic states of
the monoanions and cations of phenanthrene-edge-type hydro-
carbons.29 We can see from Figure 4 that the C-C stretching
modes around 1500 cm-1 and the low-frequency modes around
500 cm-1 play an essential role in the electron-phonon
interaction in the monoanion and cation of3ph. It should be
noted that the C-C stretching modes around 1500 cm-1 afford
larger electron-phonon coupling constants in the excited
electronic states than in the electronic states of the monoanion
and cation of3ph, whereas most of the vibrational modes with
frequencies lower than 1000 cm-1, except for the 413 cm-1

mode, afford smaller electron-phonon coupling constants in
the excited electronic states than in the electronic states of the
monoanions. This can be understood as follows. The selected
A1 vibrational modes of3ph are shown in Figure 5. We can
see from this Figure that carbon atoms are directly distorted
toward the direction of the neighboring carbon atoms in the
C-C stretching modes of 1434 and 1670 cm-1. Also, there are
complete phase pattern differences between the HOMO and
LUMO; the atomic orbitals between C1 and C2 atoms, between
C3 and C4 atoms, between C3 and C8 atoms, between C4 and
C5 atoms, between C6 and C7 atoms, and between C8 and C9

atoms in the HOMO (LUMO) are combined in phase (out of
phase), and those between C2 and C3 atoms, between C5 and
C6 atoms, and between C7 and C8 atoms in the HOMO (LUMO)
are combined out of phase (in phase). That is, the atomic orbitals

λm ) n(0) lB2(HOMOfLUMO)(ωm) (35)
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between two neighboring carbon atoms that are combined in
phase (out of phase) in the HOMO are combined out of phase
(in phase) in the LUMO in3ph. When3ph is distorted along
the A1 mode of 1434 cm-1 toward the same direction as shown
in the Figure, the bonding (antibonding) interactions between
C1 and C2 atoms and between C3 and C8 atoms in the HOMO
(LUMO) become weaker, and the antibonding (bonding)
interactions between C2 and C3 atoms in the HOMO (LUMO)
become stronger. Therefore, the HOMO (LUMO) is significantly
destabilized (stabilized) in energy by such a distortion. In a

similar way, when3ph is distorted along the A1 mode of 1670
cm-1, the bonding (antibonding) interactions between two
neighboring carbon atoms in the HOMO (LUMO) become
stronger, and the antibonding (bonding) interactions between
them in the HOMO (LUMO) become weaker. Therefore, the
HOMO (LUMO) is significantly stabilized (destabilized) in
energy by such a distortion. That is, the strengths of the orbital
interactions between two neighboring carbon atoms, the change
of which make the vibronic interaction properties completely
different between the HOMO and LUMO, significantly change,
and the HOMO is stabilized (destabilized) in energy when the
LUMO is destabilized (stabilized). In such cases, vibronic
interactions in the excited electronic states are significantly
strengthened by the vibronic interaction effects originating from
the stabilized (destabilized) LUMO and the destabilized (sta-
bilized) HOMO as shown in Figure 3d-i. This is the reason that
the C-C stretching modes around 1500 cm-1 afford larger
electron-phonon coupling constants in the excited B2 electronic
state of3ph than in the electronic states in the monoanion and
cation of3ph.

Let us next look into the electron-phonon coupling of the
A1 frequency modes whose frequencies are lower than 1000
cm-1 to the excited B2 electronic state of3ph. For example, in
low-frequency modes such as the A1 mode of 560 cm-1, which
are analogous to the acoustic modes of phonons in solids, two
neighboring carbon atoms move in similar directions. Therefore,
the strengths of the orbital interactions between two neighboring
carbon atoms, the change of which make the vibronic interaction
properties significantly different between the HOMO and
LUMO, do not significantly change. And such displacements
of carbon atoms change the strengths of orbital interactions
between the two neighboring carbon atoms in the HOMO and

Figure 4. Electron-phonon coupling constants for the negatively, positively, and excited electronic states of phenanthrene-edge-type hydrocarbons.

Figure 5. Selected vibronic active modes of phenanthrene.
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LUMO in a similar manner; the LUMO is also stabilized
(destabilized) in energy when the HOMO is stabilized (desta-
bilized) in energy. In such cases, vibronic interactions in the
excited B2 electronic states are weakened by the compensation
of the vibronic interaction effects originating from the HOMO
and LUMO as shown in Figure 3d-ii. Similar discussions can
be made for the other A1 modes with frequencies lower than
1000 cm-1, except for the 413 cm-1mode. This is the reason
that the low-frequency A1 modes afford smaller electron-
phonon coupling constants in the excited B2 electronic state than
in the electronic state in the monoanion of3ph. Similar
discussions can be made for4ph and5ph; the C-C stretching
modes around 1500 cm-1 (the vibrational modes with frequen-
cies lower than 1000 cm-1) afford larger (smaller) electron-
phonon coupling constants in the excited electronic states than
in the electronic states of the monoanions.

In summary, the complete phase pattern difference between
the HOMO and the LUMO (the atomic orbitals between two
neighboring carbon atoms combined in phase (out of phase) in
the HOMO are combined out of phase (in phase) in the LUMO)
is the main reason that the C-C stretching modes around 1500
cm-1 afford much larger electron-phonon coupling constants
in the excited electronic states than in the charged electronic
states. In this study, we consider only phenanthrene-edge-type
hydrocarbons as an example. However, considering that an
optically allowed transition is allowed in the case in which an
electron in the symmetric (antisymmetric) occupied orbitals is
promoted to the antisymmetric (symmetric) unoccupied orbitals,
the electron-phonon interactions can generally be expected to
be much stronger in photoinduced excited electronic states than
in charged electronic states in various molecular systems as well
as in phenanthrene-edge-type hydrocarbons.

Possible Electron Pairing in the Photoinduced Excited
Electronic States in Phenanthrene-Edge-Type Hydro-
carbons.Once the attractive interaction between two electrons
dominates the repulsive screened Coulomb interaction as
expressed by eqs 37 and 38, the system would produce as many
Cooper pairs as possible to lower its energy.

and

where theλ is the dimensionless total electron-phonon coupling
constant,lB(HOMOfLUMO) is the total electron-phonon coupling
constant,13-15,29andµ* is the Coulomb pseudopotential usually
used as a fitting parameter, which ranges from about 0.10-

0.20 in conventional superconductivity. Then(0) values as a
function of µ* under whichλm ) µ* is satisfied are listed in
Table 1. For example, considering the largelB(HOMOfLUMO)(ωm)
value (0.377 eV) for the C-C stretching mode of 1434 cm-1

and the usualµ* values (∼0.20), eq 40 is satisfied ifn(0) g
0.531 for 3ph. Therefore, we can expect that the attractive
interaction between two electronic states can dominate the
repulsive screened Coulomb interaction between two electronic
states on separate molecules more easily in photoinduced excited
electronic states than in charged electronic states in molecular
systems.

Conduction electrons are subject to the Pauli exclusion
principle. Condensation into a zero-momentum state may be
realized if the two (four) electrons form a bound state via the
attractive electron-electron interaction and the resulting pair
of electrons behaves as a single particle obeying Bose statistics
in the monoanions and cations (the excited electronic states).

Let us first look into the possible electron pairing in the
negatively charged molecular systems. Possible electron pairing
between electrons with discrete wave vectors on separate
molecules is shown in Figure 6. It should be noted here that
this Figure describes the coordinate space pairing of electrons
expressed byΦ(rLUMO,i, rLUMO,j), Φ(rHOMO,i, rHOMO,j), andΦ-
(rHOfLU,i, rHOfLU,j) for the monoanions, monocations, and the
excited electronic states, respectively. However, to show the
electronic states in each molecule in detail, the state vectors in
the momentum space of each molecule are also shown in this
Figure. As can be seen in Figure 6a, it has generally been
considered that the possibility of electron pairing is that between
two electrons with opposite discrete molecular wave vectors
(kLUMO, j and opposite spins in negatively charged molecular
systems. Thus, we have thought that intermolecular electron
pairing can occur between two electronic states with opposite
molecular wave vectors and opposite spins on separate mol-
ecules, as shown in Figure 6a. In a similar way, it can be
considered that the possibility of electron pairing is that between
two electrons with opposite discrete molecular wave vectors
(kHOMO, j and opposite spins in positively charged molecular
systems. By analogy to the BCS theory, the wave function in
the monoanion is constructed by taking a linear combination
of many normal-state configurations in which the Bloch states
are occupied by a pair of opposite momenta and spins.

where |aij|2 represents the probability of finding a pair of
electrons with states+ kLUMO,i,s and-kLUMO,j,-s. A Cooper pair
is expressed by the wave function in eq 39. Therefore, it is
important to realize that each Cooper pair is composed of the

TABLE 1: Necessary Minimum n(0) Values as a Function ofµ* that Satisfy Equation 39 (-λm + µ* e 0)a

µ* ) 0.1 µ* ) 0.2 µ* ) 0.3 µ* ) 0.4 µ* ) 0.5 µ* ) 0.6 µ* ) 0.7 µ* ) 0.8

3ph- 0.862 1.724 2.586 3.448 4.310 5.172 6.034 6.897
3ph+ 1.333 2.667 4.000 5.333 6.667 8.000 9.333 10.667
3phexcited 0.265 0.531 0.796 1.061 1.326 1.592 1.857 2.122

4ph- 1.695 3.390 5.085 6.780 8.475 10.169 11.864 13.559
4ph+ 2.941 5.882 8.824 11.765 14.706 17.647 20.588 23.529
4phexcited 0.549 1.099 1.648 2.198 2.747 3.297 3.846 4.396

5ph- 2.941 5.882 8.824 11.765 14.706 17.647 20.588 23.529
5ph+ 5.882 11.765 17.647 23.529 29.412 35.294 41.176 47.059
5phexcited 1.010 2.020 3.030 4.040 5.051 6.060 7.071 8.081

a As an example, the C-C stretching modes of 1434, 1409, and 1396 cm-1 for 3ph, 4ph, and5ph, respectively, are considered.

Vint
(i,j) ) -lB(HOMOfLUMO) + Vi,j

Coulomb<

-lB(HOMOfLUMO)(ωm) + Vi,j
Coulomb< 0 (37)

-λ + µ* ) -n(0) lB(HOMOfLUMO) + µ* <
-n(0) lB(HOMOfLUMO)(ωm) + µ* < 0 (38)

Φ(rLUMO,i, rLUMO,j) ) ∑
i,j

∑
s)(1/2

aijΦ(+ kLUMO,i,s, -

kLUMO,j,-s) (39)
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Bloch states with all possible wave vectors+ kLUMO,i. In a
similar way, which can be defined in the case of the monocations
(Figure 6b),

Let us next consider electron pairing of the molecular systems
in the photoinduced excited electronic states. A possibility of
electron pairing is that between two electronic states with oppo-
site discrete molecular wave vectors(K j and opposite spins,
as shown in Figure 6c. The wave function denoting the pair of
electrons in the excited electronic states can be defined as

Once the attractive interaction between two electrons domi-
nates the repulsive screened Coulomb interaction, the system
would produce as many Cooper pairs as possible to lower its
energy. The ground-state wave function in the superconducting
state by using a Hartree-like approximation can be constructed
and expressed as a product of the individual Cooper pair wave
functions given by eqs 42 and 43:

wheren is the total number of electrons participating in the
superconducting,r i is the position coordinate of theith electron,
the Φ’s on the right-hand side are the same for all pairs, and
the summation in eq 42 means that all possible two-electron
pairings forn electrons such asΦ(r1, r2) Φ(r3, r4)...Φ(rn - 1,
rn) + Φ(r1, r3) Φ(r2, r4)...Φ(rn - 1, rn) + ... are considered.
Furthermore,σ denotes permutations of two electrons such as

Figure 6. Electron pairing between electrons with discrete wave vectors on separate molecules. The closed and opened circles denote the electrons
partially occupying the LUMO and HOMO, respectively, in each molecule.

ψ0(r1, r2,..., rn0
) ) ∑

σ

(sgnσ) ∑ Φ(r1, r2) Φ(r3, r4)...

Φ(rn - 1, rn)

) ∑
σ

(sgnσ) ∑ ∏
i,j(i*j)

n

Φ(r i, r j) (42)

Φ(rHOMO,i, rHOMO,j) ) ∑
i,j

∑
s)(1/2

aijΦ(+kHOMO,i,s, -

kHOMO,j,-s) (40)

Φ(rHOfLU,i, rHOfLU,j) ) ∑
i,j

∑
S

aijΦ(+K i(HOfLU),S, -

K j(HOfLU),-S)

) ∑
i,j

∑
s,t)(1/2

aijΦ(+kHOMO,i,s, +

kLUMO,i,-s, -kHOMO,j,t, -kLUMO,j,-t) (41)
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1 and 2, 3 and 4,i and j, and so on, and (sgnσ) denotes+1
(-1) in the case in which such permutations are performed an
even (odd) number of times because the wave function should
be antisymmetric with respect to any permutations of two
electrons. In a similar way, that for the excited electronic states
is defined as

The square of the many-electron wave function in eqs 42 and
43 gives the probability of finding superconducting electrons
at r1, r2,..., rn0 regardless of their momenta. The Cooper pair
Φ(r i, r j) involved in eq 42 and pairΦ(r i, r j; r k, r l) in eq 43 can
be regarded as a single particle obeying Bose-Einstein statistics.
Because of their resultant zero spin, such (Cooper) pairs can
behave as Bose particles, and because of the resultant zero
momentum, the system is in an ordered state.

The superconducting state is in a constrained condition such
that we cannot alter the momentum of the paired electrons at
will. As a consequence, for the paired electrons, the scattering
that changes the direction of the wave vector is prohibited. Once
a current is induced, the same velocity vectorv that is parallel
to the applied field is acquired by each (Cooper) pair. Thus,
the drift velocity of all (Cooper) pairs becomesv. Thus, all
(Cooper) pairs acquire the same momentum. Such a current
flowing without disturbing the ordered state results in a
resistanceless conduction.

In the monoanions, the partially occupied conduction band
is mainly formed by the LUMO of each molecule, and in the
monocations, the partially occupied valence band is mainly
formed by the HOMO of each molecule. However, in the excited
electronic states, electrons partially occupying the valence band
formed by the HOMO of each molecule as well as those partially
occupying the conduction band formed by the LUMO of each
molecule play an essential role in the electrical conductivity.
Considering that thelB(HOMOfLUMO)(ωm) values around 1500
cm-1 are much larger than thelLUMO(ωm) andlHOMO(ωm) values,
we can expect the photoinduced excited electronic states to
exhibit much higher temperature superconductivity than the
monoanions and cations in nanosized molecular systems on the
basis of the hypothesis that the vibronic interactions between
the intramolecular vibrations and the electronic states play an
essential role in the occurrence of possible superconductivity
in nanosized molecular systems. However, it should be noted
that the strong electron-phonon coupling is favorable for
Cooper pair formation but at the same time it contributes to the
relaxation of the excited states. Because of such competition
between these two processes, we cannot rule out the possibility
that the relaxation of the excited states occurs before the electron
pairs are formed. Even though it may be very difficult for such
photoinduced excited electronic states of molecular systems to
exhibit superconductivity because of the unstable electronic
structures of the excited electronic states mentioned above, the
technological difficulties encountered up until now, and,
furthermore, thelB(HOMOfLUMO)(ωm) values that would be
somewhat overestimated because of one-electron approximations
in eqs 9 and 10, it is worth noting that the C-C stretching modes
around 1500 cm-1 afford much larger electron-phonon coupling
constants in the excited electronic states than in the charged

electronic states because of the complete phase pattern difference
between the HOMO and the LUMO. (The atomic orbitals
between two neighboring carbon atoms combined in phase (out
of phase) in the HOMO are combined out of phase (in phase)
in the LUMO.)

Concluding Remarks

We studied electron-phonon interactions in the photoinduced
excited electronic states in molecular systems such as phenan-
threne-edge-type hydrocarbons and compared these calculated
results with those for the monoanions and cations. The C-C
stretching modes around 1500 cm-1 and the low-frequency
modes with frequencies lower than 500 cm-1 strongly couple
to the excited electronic states of phenanthrene-edge-type
hydrocarbons. ThelB(HOMOfLUMO)(ωm) values around 1500 cm-1

are much larger than thelLUMO(ωm) and lHOMO(ωm) values
around 1500 cm-1 in phenanthrene-edge-type hydrocarbons.
This is because the C-C stretching modes around 1500 cm-1

afford much larger electron-phonon coupling constants in the
excited electronic states than in the electronic states of the
monoanions and cations, whereas most of the vibrational modes
with frequencies lower than 1000 cm-1 afford slightly smaller
electron-phonon coupling constants in the excited electronic
states than in the electronic states of the monoanions in
phenanthrene-edge-type hydrocarbons. This can be understood
in view of the orbital patterns of the frontier orbitals in
phenanthrene-edge-type hydrocarbons as follows. There are
complete phase pattern differences between the HOMO and
LUMO; the atomic orbitals between two neighboring carbon
atoms that are combined in phase (out of phase) in the HOMO
are combined out of phase (in phase) in the LUMO in
phenanthrene-edge-type hydrocarbons. For example, when3ph
is distorted along the A1 mode of 1434 cm-1, the bonding
(antibonding) interactions between two neighboring carbon
atoms in the HOMO (LUMO) become weaker, and the
antibonding (bonding) interactions between them in the HOMO
(LUMO) become stronger. Therefore, the HOMO (LUMO) is
significantly destabilized (stabilized) in energy by such a
distortion. That is, the strengths of the orbital interactions
between two neighboring carbon atoms, the changes of which
make the vibronic interaction properties completely different
between the HOMO and LUMO, significantly change, and the
HOMO is stabilized (destabilized) in energy when the LUMO
is destabilized (stabilized). In such cases, vibronic interactions
in the excited electronic states are significantly strengthened
by the vibronic interaction effects originating from the stabilized
(destabilized) LUMO and the destabilized (stabilized) HOMO.
This is the reason that the C-C stretching modes around 1500
cm-1 afford larger electron-phonon coupling constants in the
excited electronic states than in the monoanions and cations in
phenanthrene-edge-type hydrocarbons. However, in low-
frequency modes such as the A1 mode of 560 cm-1, which are
analogous to acoustic modes of phonons in solids, two
neighboring carbon atoms move in similar directions. Therefore,
the strengths of the orbital interactions between two neighboring
carbon atoms, the change of which make the vibronic interaction
properties significantly different between the HOMO and
LUMO, do not change significantly. Also, such displacements
of carbon atoms change the strengths of orbital interactions
between the two neighboring carbon atoms in the HOMO and
LUMO in a similar manner; the HOMO is also stabilized
(destabilized) in energy when the LUMO is stabilized (desta-
bilized). In such cases, vibronic interactions in the excited B2

electronic states are weakened by the compensation of the

ψ0(r1, r2,...,rn0
) ) ∑

σ

(sgnσ) ∑ Φ(r1, r2; r3, r4) Φ

(r5, r6; r7, r8)...Φ(rn - 3, rn - 2; rn - 1, rn)

) ∑
σ

(sgnσ) ∑ ∏
i,j,k,l(i*j*k*l)

n

Φ(r i, r j; r k, r l)

(43)
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vibronic interaction effects originating from the HOMO and
LUMO. This is the reason that the electron-phonon coupling
constants for the vibrational modes with frequencies lower than
1000 cm-1 are slightly smaller in the excited electronic states
than in the monoanions and cations in phenanthrene-edge-type
hydrocarbons.

We also discussed the possible electron pairing and Bose-
Einstein condensation in these electronic states. In the case of
monoanions and cations, we have considered that electrons
partially occupying the conduction band and partially occupying
the valence band, formed by the LUMO and the HOMO of each
molecule, respectively, play an essential role in the electrical
conductivity. However, we consider the electron-phonon
interactions in the excited electronic states in this study, in which
electrons partially occupying the valence band as well as
partially occupying the conduction band formed by the HOMO
and LUMO of each molecule, respectively, play an essential
role in the electron-phonon interactions and in electrical
conductivity. The strong coupling is favorable for Cooper pair
formation, but at the same time it contributes to the relaxation
of the excited states. Because of such competition of these two
processes, we cannot rule out the possibility that the relaxation
of the excited states occurs before the electron pairs are formed.
Even though it may be very difficult for the excited electronic
states of molecular systems to exhibit superconductivity because
of unstable electronic states of the excited electronic states and
the technological difficulties encountered up until now, it is
worth noting that the C-C stretching modes around 1500 cm-1

afford much larger electron-phonon coupling constants in the
excited electronic states than in the charged electronic states in
phenanthrene-edge-type hydrocarbons because of the complete
phase pattern difference between the HOMO and the LUMO.
(The atomic orbitals between two neighboring carbon atoms
combined in phase (out of phase) in the HOMO are combined
out of phase (in phase) in the LUMO.) In this study, we consider
only phenanthrene-edge-type hydrocarbons as an example.
However, considering that optically allowed transitions are
allowed in cases in which an electron in the symmetric
(antisymmetric) occupied orbitals is promoted to the anti-
symmetric (symmetric) unoccupied orbitals, the electron-
phonon interactions can generally be expected to be much
stronger in photoinduced excited electronic states than in charged
electronic states in various molecular systems as well as in
phenanthrene-edge-type hydrocarbons.
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