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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 stretching modes around 1500 chafford much larger electrenphonon 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 electrphonon 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 spectra using high-resolution gas-phase photoelectron spectros-
) ) . . copy, electror-phonon interactions in positively charged acenes

~ In modern physics and chemistry, the effect of vibronic \ere studied recentf. The experimental results showed that

interaction$ in molecules and crystals has been an important , predicted frequencies for the vibrational modes, which play

topic. The analysis of vibronic interaction theory covers alarge 5, assential role in the electrophonon interaction& as well

variety of research fields such as spectroscopy, instability of _¢ q predicted total electrephonon coupling constantsare

mqlecular structure, electncal_ cozn?.ucnvﬁya,nd superconduc- ey cellent agreement with those obtained from experimental
tivity. Electron—phonon coupling2#is the consensus mecha- research’

nism for attractive electrorelectron interactions in the Bardeen Pol . iconductor (PAS terial hich
Cooper-Schrieffer (BCS) theory of superconductivft§ Since olyacenic semiconductor (PAS) materials, which are pre-
pared from phenol-formaldehyde resin at relatively low

Little’s proposal for a possible molecular superconductor based b d
on an exciton mechanishthe superconductivity of molecular tempgra:tureé‘? "belong t? a ty{)lcal amorphous carbcl)n (a—|C)
systems has been extensively investigated. Although such amaterial. From structural analyses of PAS and polynuclear

unique mechanism has not yet been established, advances ifomatic hydrocarbons (PAH) materiafst has been demon-
the design and synthesis of molecular systems have yielded Strated that they have content similar to that of aromatic carbons
lot of BEDT-TTF-type organic superconductérshere BEDT- but a d|ff(96rent graphite sheet shape, that is, different edge
TTF is bis(ethylenedithio)tetrathiafulvalene. An inverse isotope StructuresNumerous 1-D PAHs have been theoretically and
effect due to substituting hydrogen by deuterium in organic Numerically investigated by several researchér® Their sizes
superconductivity was observed by Saito étBhe alkali-metal- ~ and especially their edge structures are closely related to the
doped ACeo complexe¥ were found to exhibit superconducting ~ €lectronic properties of PAHS2% According to their edge
transition temperatured4s) of more than 30 K (ref 11) and 40  Structures, PAHs can usually be classified into two main
K under pressuré In alkali-metal-doped fullerenés, pure groups: acene-edge-type and phenanthrene-edge-type. The two
intramolecular Raman-active modes have been suggested to bétructures show remarkably different electronic features. The
important in a BCS-typestrong-coupling scenario in super- superconductivity of phenanthrene-edge-type hydrocarbons has
conductivity. not yet been found until now, but it is of interest to investigate
In previous work, we have analyzed the vibronic interactions th€ Vibronic interactions and the possible electrefectron
and estimated possibles in the monocations of acenes based Pairing in various electronic states in this molecular system.
on the hypothesis that the vibronic interactions between the We have studied the condition under which the charged
intramolecular vibrations and the highest occupied molecular hanosized molecules exhibit strong electr@ionon interac-
orbitals (HOMO) play an essential role in the occurrence of tions and have found that the electrgphonon interactions in
superconductivity in positively charged nanosized molecular charged molecular systems become weaker with an increase in
systemg# On the basis of an experimental study of ionization molecular sizé* From our calculated results, we can expect
the electror-phonon interactions to become stronger with an
*To whom correspondence should be addressed. E-mail: kato@ INcrease in the number of carriers per atom. The purpose of
cc.nias.ac.jp. Phone+81-95-838-4363. Fax:+81-95-838-5105. this paper is to investigate the electrguhonon interactions in
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and to compare the calculated results with those for the yansjtions in phenanthrene-edge-type hydrocarbons.

negatively and positively charged molecular systétas an

example, we will consider phenanthrene-edge-type hydrocarbonsabsorption occurs when an electron in théld®MO is promoted

(phenanthrene gH1o (3ph), chrysene &Hi» (4ph), and picene to the @ LUMO in 3ph, as shown in Figure 1c.

C22H14 (5ph) (Scheme 1)) in this study. We will suggest a reason

for the total electrorn-phonon coupling constants for the excited b, x @ =B, 1)
Vibronic Interactions between the Nondegenerate Frontier

electronic states being much larger than those for the negatively

and positively charged molecular systems in view of the orbital ! - NUHIVEY ;
patterns of the frontier orbitals in detail. We have investigated OrPitals and the Totally Symmetric Vibrational Modes in

the electror-phonon interactions in the monoanions and cations Phenanthrene-Edge-Type HdeOCf’:lrboer.W_e (.dlscuss. the .

of molecular system¥ That is, we have considered the theoretical background for the orbital vibronic |nteract|ons in
monoanions and cations in which electrons partially occupying Phenanthrene-edge-type hydrocarbons. The potential energy for

the conduction band and partially occupying the valence band, e neutral ground state, negatively and positively charged
formed by the lowest unoccupied molecular orbitals (LUMO) electronic states, and the excited electronic staBphis shown

and the HOMO, respectively, of each molecule, play an essentiall" Figure 2. Here, we take a one-electron approximation into
role in the electrical conductivity (Figure 1a and b). We will account; the vibronic coupling constants of the vibrational modes

also consider photoinduction instead of charge doping in this ©© the e_Iectronic states in the monoanions _and cations and to
study. That is, we consider the electrgshonon interactions ~ the excited B electronic states ddph are defined as the sum
in the photoinduced excited electronic states in this study, in of orbital vibronic coupling constants from all of the occupied

which electrons partially occupying the valence band as well Oroitalss

as partially occupying the conduction band formed by the occupied

HOMO and LUMO of each molecule, respectively, play an 9 . _ 2 g @
essential role in the electretphonon interactions and in electronic. state A

electrical conductivity (Figure 1c). We also discuss the possible

electron pairing and BoseEinstein condensation in these Considering the one-electron approximation and that the first

electronic states. Even though we consider only phenanthrene-derivatives of the total energy vanish in the ground state for

edge-type hydrocarbons in this study as an example, our methodhe equilibrium structure in neutral phenanthrene-edge-type

in this study is applicable to studies of various nanosized hydrocarbons (i.egneura= 3" °gi = 0) (Figure 2a) and that

molecules. 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
Let us first consider the basic optical features3ph. We modes to the electronic states of the monoanions a_nd cations

will use small letters for one-electron orbital symmetries and Of Phenanthrene-edge-type hydrocarbons can be defined by egs

capital letters for the symmetries of both electronic and 3 @nd 4, respectively,

vibrational states, as usual. The symmetry labels of the HOMO _

and the LUMO of3ph are h and a, respectively. According Gmonoaniod @) = GLumo (@) ®)

gmonocatiov(wm) = gHOMO(wm) (4)

to the character table for th@,, point group, the A — B>
In this paper, we focus upon the diagonal processes; only the

Theoretical Background

transition is optically allowed. Thus, from the direct product of
the orbital symmetries in eq 1, such an allowed-AB, optical
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vibrational mode and is expressed by using the normal
coordinateQa,m as

85: :1)eutral ground a)mQ @)
Oam= 'V R O<Am

Vibronic Interactions between the Excited B, Electronic
States and the A Vibrational Modes in Phenanthrene. We
next discuss the vibronic interactions between the excited B
electronic states and the vibrational frequency mode3pim
As mentioned earlier, the lowest optically allowed transition
\/ Qam 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 A vibrational modes are shown in Figure 3. Let us
consider the one-electron promotion from the HOMO to the
LUMO in 3ph. For example, wheph is distorted along the

(a) neutral ground state
Un

(b) negatively and positively charged, and excited electronic states A; mode of 1434 cmt, the HOMO and LUMO are destabilized
(42) and stabilized in energy, respectively, as shown in Figure 3d-i.
y. ~Emmonoanion However, when it is distorted along thg Aode of 266 cm?,
" (B both the HOMO and LUMO are stabilized, as shown in Figure
€m monocation 3d-ii. Considering the one-electron approximatiomentioned
8£f§>)<cned 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 B electronic state to the Avibrational mode in the

case of Figure 3d-i in phenanthrene-edge-type hydrocarbdéhs by

1 oh
98, (Homo—Lumo) (@) = m@zn(m) “BZD:
m 1M/ 0

m

Qaym [Ghomo(@m)| T+ 19 umol(@wm)| (9)

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

Figure 2. Energy levels of (a) the ground states and (b) the negatively, 1 oh
positively, and excited electronic states as a function of the normal g, Homo—Lumo)(@m) = h_@zll 30 ”BZD:
coordinate for A symmetry. WDy qum 0

. . . - 10
electronic states that belong to the same irreducible representa- [18homo(@ml ~ 18umo (@l (10)

tions are considered. Thus, the symmetry of the vibronic active _ _ o
modes can be defined from the direct product of the orbital ~ Electron—Electron Interactions Mediated by the Emission

symmetries as follows: and Absorption of a Virtual Phonon. In the BCS theory of
superconductivity, we consider the electrerelectron inter-
by xb =8 xa=A; (5) action arising from the exchange of a virtual phonon as a

scattering process. There are two intermediate states allowed

Therefore, the totally symmetric,Avibrational modes couple by momentum conservation. An electron with wave vedtor
to the h HOMO and a LUMO in 3ph. The number of totally  emits a phonon of wave vecterq to scatter it intok + q.
symmetric modes is 23, 29, and 35 f8ph, 4ph, and 5ph, This phonon is then absorbed by another electron withto
respectively. In such a case, we must consider multimode gcatter it into a state-k — . Such a short-lived phonon is
problems, but in the limit of linear vibronic coupling, one can  cajled the virtual phonon, and the scattering involved is called
treat each set of modes (i.e., each mode ineindependently. the virtual phonon process. We combine this electrelectron

Let us look into the vibronic interaction between themodes  jnteraction arising from the electreqphonon coupling with the
and the HOMO and LUMO. The dimensionless orbital vibronic Coulomb repu|sive interactions between the e|ect|36n'go

coupling constants of the totally symmetric modes in phenan- consider the electron pairing in molecular systems, we write

threne-edge-type hydrocarbons are defined by the electror-electron interactioVk.q in the form of the BCS
1 5h reduced Hamiltoniat#2 shown below
Gromo( @) = h—]-IOMOII(a ) IIHOMOD (6)
“m qum 0 Vq*tha)q oulomb
1 oh Victagx = (e —e )2 ~ (ho )2 + VE+q,k (11)
o) = | LUMOII ||LUMOD 7 ko Tkta a
Jiumo (@) hwm] (anlm)O (7)

where V2ew™ denotes the Coulomb interaction among elec-
wherega,m is the dimensionless normal coordin&tef the mth trons, which is always positive (repulsive). To achieve an overall
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Figure 3. Changes of the HOMO and the LUMO levels in phenanthrene-edge-type hydrocarbons by displacements of the totally symmetric vibrational

modes.

attractive interaction between electrons (electronic states), we

have
Vq* tha)q

(6 — €rg)” — (heog)”

oulomb
k+q,k

Victak = <0 (12

If |ex — extql < hwg, the first term of eq 12 becomes negative.

1

Iry =l + (const) (14)

oulomb
Ve 0

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 fer ~ ¢. After the conven-

tional Franlich transformatior3 \/f;{) is expressed by eq 11. In

This process would give rise to a weak but attractive interaction this research, we do not treat the higher-order couplings beyond
between the two electrons and is taken as a possible mechanisrﬁrSt order or the electronphonon interactions originating from

to stabilize the superconducting state.

The mobility of an electron is described by the coupling

intermolecular orbital interactions, as discussed later, which are
usually much weaker than the first-order electr@monon

between a conducting electron and molecular vibrations as theinteractions originating from intramolecular orbital interactions

time-dependent phenomenon betwedéndand |jCJ However,

in small molecules. In conventional superconductivity in solids,

following BCS theory, if we consider a two-electron interaction the energy-level differences between crystal orbitals (bands) are

(retarded) induced by phonaw, it gives the well-known terms

very small, thus the higher-order couplings would often be

as the second-order matrix element coupling two electronic €ssential. However, in molecular systems, the energy differences

statesy; andy; even in a molecular system,

|@i‘(%)OAQm Y, Ekhwm

(6= )~ (hon’

VD —

int

+ \/iCJoqumb (13)

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
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be somewhat important; however, compared with those in the |, ;. ~ |;,va = lLumo

total
conventional superconductivity, such a higher-order effect would (for the electronic state of the monoanion) (17)
be much less important in small molecules. For a two-level
model in the photoinduced excited electronic states, in addition = lhomo
to the diagonal couplings to the totally symmetric phonons, there (for the electronic state of the monocation) (18)
is the pseudo-JahfiTeller coupling to the phonons mixing the =1
B,(HOMO—LUMO)

two levels, which is not treated in this study. For example, in ) .
3ph, the lowest optically allowed transition occurs when an (for the excited electronic state) (19)
electron in the PHOMO is promoted to the,A UMO, and the In the previous section, the vibronic interactions in free

second Ipwest optically_allowed transition occurs when an phenanthrene-edge-type hydrocarbons were discussed. We can
electron in the b HOMO is promoted tq theggL.UM.O +3. deriveliotal DY using the vibronic coupling constants defined in
Therefore, the pseudo-Jahieller coupling originating from eqs 6, 7, 9. and 10 as follows. As described above, because
the interactions between such two electronic states expresseq,henamhrene _edge-type hydrocarbons would consist of strongly
by the first term of eq 15 as well as the first-order vibronic honded molecules arranged on a lattice with weak van der Waals
interactions treated in this study would somewhat play a role intermolecular bonds, we can derive the dimensionless eleetron
in the attractive electronelectron interactions. phonon coupling constad, in a similar way as in theory in
previous research:2°We use a standard expressionfgy3:14.29

N(0)Z

wherewngq is the vibrational frequency of theth phonon mode

\/(B2(HOMO—LUMO) B(HOMO—LUMO+3))
int

(avm) AO
Quly

B(E)I(E)  (20)

¥B,(HOMO—~LUMO+3) mzhwm 260

| B’BQ(HOMO—»LUMO)

!
™M

_ 2 _
" (€6, (Homo-LuMO) ~ €B,HOMO-Lumo+3)” ~ (o) of wave vectorg; hgk is the corresponding electreiphonon
| \/Coulomb (15) matrix element between the electronic states of wave vektors
B(HOMO—LUMO),B(HOMO—LUMO +3) andk’; Ex andE, are the corresponding energies measured from

the energy level of the excited electronic states at the equilibrium
In particular, the energy difference between two electronic statesstructures of the ground states (original point in Figure 2b) of
(or molecular orbitals) becomes smaller with an increase in phenanthrene-edge-type hydrocarbons; &ifd) is the total
molecular size. In this case, such pseudo-Jafailer coupling density of states (DOS) per spin. The excited electronic states
can play an essential role in the attractive electrelectron in phenanthrene-edge-type hydrocarbon crystals are essentially
interactions as in the case of the conventional superconductivitycomposed of the excited electronic states at the equilibrium
in solids. However, in this study, we consider the first-order Sstructures of the ground states in phenanthrene-dge-type hy-
electron-phonon coupling in the photoinduced excited elec- drocarbons, and we can write in the form of a Bloch sum
tronic states in small molecules with large energy differences

between molecular orbitals to compare these results with W(k)=izc(k)ékR¢R (21)
those in the charged electronic states studied in previous
research?

Electron—Phonon Coupling Constants for the Excited whereR denotes the cell positioN is the number of molecules
Electronic States of Phenanthrene-Edge-Type Hydro-  inthe crystal; an@r is wave fg.ncyion that denotes the excited
carbons.Let us next discuss the total electrghonon coupling electronic states for the equilibrium structures of the grou'n.d
constantsl{ys) in the excited electronic states. Becausg is state of phenanthrene-edge-type hydrocarbons at cell position

R. If we neglect the intermolecular electretattice coupling,

the sum of the electrenphonon coupling constants originatin
op Ping 9 g thenhyx can be reduced to

from both intramolecular vibrationd;{s) and intermolecular
vibrations (inter), liotal is defined as M (M, @) = (k) Iy (k')0

| Loeat (16)

total intra inter — %ZC*( k) C(k,)el(k - k’)RhR,R(m' q) (22)
However, it should be noted that the intramolecular orbital

interactions are much stronger than the intermolecular orbital wherehgr is the intramolecular coupling matrix and
interactions. Therefore, it is rational that g, values are much

larger than thdier values in molecular systems. In fact, it is hR r(M, Q) = [Pg|hipgl]
considered by several researchers that the contribution from th
intramolecular modes in molecular systems is decisive in the
pairing process in the superconductivity in doped.©34For
example, it was reported that thg., values are much larger 1)\,

than theliner values in KCso and RRCso (linra = 10kinter).3* hgr(M, Q) = (ﬁ)elthOOm (24)
Furthermore, it has also been shown from a neutron-scattering

investigatioi® that the electron-libration intramolecular-mode We insert eq 24 in eq 22 taking the conditibh= k — g into
coupling is small in alkali-metal-dopede& Therefore, we account to get

consider only intramolecular electrephonon coupling in this

study. Thdn.,ta| value for the charged and excited electronic states P — 0= ihounc*(k) c(k — q) (25)
can be defined as VN

(23)

CFor the one- phonon mode with wave vectprthis term takes
the following form:
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We now proceed to calculate, by inserting eq 25 in eq 20
considering thatvmq is independent off. We then obtain

2 1 hoomhoom®
An= X
N(O)£= 20, 2

c*(k) c(k) c*(k — q) c(k — ) o(Ey) o(Ey )

(26)

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 hydrocarbof@), can be
rewritten as

(0) - “(K) c(k) o(Ey) (27)
n0)=-—»c C
NZ “
We can derive eq 28 from egs 26 and 27 usif@ = N(0)/N,
2 1

Ao = == == NoonhoomN(0)° (28)
" n0) 202

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

2
A= (0 (29)
wm
where
hoom = ha (30)

1

Here ha,m is the derivative matrix of the vibronic coupling
matrix, ha,m, derived from eq 32 with respect to the mode
amplitude,Qa,m, as

hAlm' = ﬁ[AmQAlm]

0
~——h
aQAlm Am

(31)

where
hAlm = AmQAlm (32)

and A, 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 hydrocarbo@s,q = 0)) on the
potential energy surface of the excitegddectronic state along
each vibrational mode (Figure 2b) and is defined as

An= @2 (%n)o

Becauseh;,,, = A%, one can rewrite eq 28 as

BZD (33)

Am=n(0 (34)

SR

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

J. Phys. Chem. A, Vol. 109, No. 21, 2008309

tron—phonon coupling constant, and the intramolecular
vibronic coupling constangg,tomo—Lumo)(wm), as

Am=n(0) IBZ(HOMO~LUMO)(wm) (35)

where lg,Homo—Lumo)(wm) is the electror-phonon coupling
constant defined as

IBZ(HOMO—>LUMO)(wm) = géZ(HOMO—'LUMO)(wm)hwm (36)

Electron—Phonon Coupling ConstantsWe calculated first-
order derivatives for the equilibrium structure on each orbital
energy surface by distorting the molecule along themodes
of 3ph using the hybrid HartreeFock (HF)/density functional
theory (DFT) method of Beckeé and Lee, Yang, and Parr
(B3LYP)®” and the 6-31G* basis s#&The Gaussian 98 program
packagé® was used for our theoretical analyses. What we
obtained from the first-order derivatives are the dimensionless
diagonal linear orbital vibronic coupling constamisivo(wm)
and guomo(wm). From these values, we can roughly estimate
the vibronic coupling constants,romo—Lumo)(@m) of the A
modes to the excited Belectronic states irBph. We can
estimate the electrerphonon coupling constantis-omo—Lumo)-

(wm) from the dimensionless vibronic coupling constants
Os,(Homo—Lumo)(wm) in phenanthrene-edge-type hydrocarbons
by using eq 36. The calculated electrgghonon 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 state8ph. We can see from
this Figure that the €C stretching A modes of 1434 and 1670
cm~1 and the low-frequency Amode of 413 cm! strongly
couple to the excited Belectronic state of3ph. Similar
discussions can be made #yph and5ph; the C-C stretching
modes around 1500 crhand the vibronic active modes with
frequencies lower than 500 crhafford large electrorphonon
coupling constants.

Let us next compare the electrophonon interactions in the
excited electronic states with those in the electronic states of
the monoanions and cations of phenanthrene-edge-type hydro-
carbong® We can see from Figure 4 that the-C stretching
modes around 1500 crhand the low-frequency modes around
500 cnt! play an essential role in the electrephonon
interaction in the monoanion and cation &bh. It should be
noted that the €C stretching modes around 1500 chafford
larger electror-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 ci except for the 413 cmi
mode, afford smaller electrerphonon coupling constants in
the excited electronic states than in the electronic states of the
monoanions. This can be understood as follows. The selected
A; vibrational modes oBph 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 dmAlso, there are
complete phase pattern differences between the HOMO and
LUMO; the atomic orbitals between;@nd G atoms, between
Cs and G atoms, between £and G atoms, between Land
Cs atoms, between £and G atoms, and betweeng@nd G
atoms in the HOMO (LUMO) are combined in phase (out of
phase), and those between &hd G atoms, between £and
Cs atoms, and between,@nd G atoms in the HOMO (LUMO)
are combined out of phase (in phase). That is, the atomic orbitals
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Figure 4. Electron-phonon coupling constants for the negatively, positively, and excited electronic states of phenanthrene-edge-type hydrocarbons.

similar way, wherph is distorted along the Amode of 1670
cmt, 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
413 cm™! 560 cm~! 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 chafford larger

1434 cm™! 1670 cm™! electron-phonon coupling constants in the excitegeBectronic
state of3ph than in the electronic states in the monoanion and
A, cation of3ph.
Figure 5. Selected vibronic active modes of phenanthrene. Let us next look into the electrerphonon coupling of the

A; frequency modes whose frequencies are lower than 1000
between two neighboring carbon atoms that are combined incm ! to the excited B electronic state oBph. For example, in
phase (out of phase) in the HOMO are combined out of phase low-frequency modes such as the iiode of 560 cm?, which
(in phase) in the LUMO irBph. When3ph is distorted along are analogous to the acoustic modes of phonons in solids, two
the A; mode of 1434 cm! toward the same direction as shown neighboring carbon atoms move in similar directions. Therefore,
in the Figure, the bonding (antibonding) interactions between the strengths of the orbital interactions between two neighboring
C; and G atoms and betweenz@nd G atoms in the HOMO carbon atoms, the change of which make the vibronic interaction
(LUMO) become weaker, and the antibonding (bonding) properties significantly different between the HOMO and
interactions betweenJ and G atoms in the HOMO (LUMO) LUMO, do not significantly change. And such displacements
become stronger. Therefore, the HOMO (LUMO) is significantly of carbon atoms change the strengths of orbital interactions
destabilized (stabilized) in energy by such a distortion. In a between the two neighboring carbon atoms in the HOMO and
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TABLE 1: Necessary Minimum n(0) Values as a Function ofu* that Satisfy Equation 39 (—4y + p* < 0)2

=01 u* =02 u*=0.3 u* =04 u* =05 u*=0.6 =07 u*=0.8

3ph 0.862 1.724 2.586 3.448 4.310 5.172 6.034 6.897
3pht 1.333 2.667 4.000 5.333 6.667 8.000 9.333 10.667
3phexied 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
4pheeited 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
5pht 5.882 11.765 17.647 23.529 29.412 35.294 41.176 47.059
5phexeited 1.010 2.020 3.030 4.040 5.051 6.060 7.071 8.081

2 As an example, the €C stretching modes of 1434, 1409, and 1396 tifor 3ph, 4ph, and5ph, respectively, are considered.

LUMO in a similar manner; the LUMO is also stabilized 0.20 in conventional superconductivity. Th€D) values as a
(destabilized) in energy when the HOMO is stabilized (desta- function of u* under whichi, = u* is satisfied are listed in
bilized) in energy. In such cases, vibronic interactions in the Table 1. For example, considering the lalg@omo—Lumo)(@wm)
excited B electronic states are weakened by the compensationvalue (0.377 eV) for the EC stretching mode of 1434 crh

of the vibronic interaction effects originating from the HOMO and the usuak* values (~0.20), eq 40 is satisfied if(0) >

and LUMO as shown in Figure 3d-ii. Similar discussions can 0.531 for 3ph. Therefore, we can expect that the attractive
be made for the other Amodes with frequencies lower than interaction between two electronic states can dominate the
1000 cn1?, except for the 413 cmimode. This is the reason  repulsive screened Coulomb interaction between two electronic
that the low-frequency A modes afford smaller electren states on separate molecules more easily in photoinduced excited
phonon coupling constants in the excitegdBectronic state than  electronic states than in charged electronic states in molecular

in the electronic state in the monoanion 8ph. Similar systems.

discussions can be made #yph and5ph; the C-C stretching Conduction electrons are subject to the Pauli exclusion
modes around 1500 cth(the vibrational modes with frequen-  principle. Condensation into a zero-momentum state may be
cies lower than 1000 cm) afford larger (smaller) electren realized if the two (four) electrons form a bound state via the
phonon coupling constants in the excited electronic states thanattractive electrorelectron interaction and the resulting pair

in the electronic states of the monoanions. of electrons behaves as a single particle obeying Bose statistics

In summary, the complete phase pattern difference betweenin the monoanions and cations (the excited electronic states).
the HOMO and the LUMO (the atomic orbitals between two | et us first look into the possible electron pairing in the
neighboring carbon atoms combined in phase (out of phase) inpegatively charged molecular systems. Possible electron pairing
the HOMO are combined out of phase (in phase) in the LUMO) petween electrons with discrete wave vectors on separate
is the main reason that the-C stretching modes around 1500  mglecules is shown in Figure 6. It should be noted here that

cm* afford much larger electrorphonon coupling constants s Figure describes the coordinate space pairing of electrons
in the excited electronic states than in the charged electronic expressed byb(r umo,i, FLumo;), ®(FHomoj, FHomo;), andd-

states. In this study, we consider only phenanth_reng-edge-type(rHO*LU‘“ r'o—Lu,) for the monoanions, monocations, and the
hydrocarbons as an example. However, considering that anexcited electronic states, respectively. However, to show the
optically allowed transition is allowed in the case in which an  glectronic states in each molecule in detail, the state vectors in
electron in the symmetric (antisymmetric) occupied orbitals is the momentum space of each molecule are also shown in this
promoted to the antisymmetr!c (symmetric) unoccupied orbitals, Figure. As can be seen in Figure 6a, it has generally been
the electror-phonon interactions can generally be expected to considered that the possibility of electron pairing is that between
be much stronger in photoinduced excited electronic states thanyyg electrons with opposite discrete molecular wave vectors
in charged electronic states in various molecular systems as We”:leLUMO, ; and opposite spins in negatively charged molecular
as in phenanthrene-edge-type hydrocarbons. _ systems. Thus, we have thought that intermolecular electron
Possible Electron Pairing in the Photoinduced Excited  pairing can occur between two electronic states with opposite
Electronic States in Phenanthrene-Edge-Type Hydro-  molecular wave vectors and opposite spins on separate mol-
carbons.Once the attractive interaction between two electrons gcyles, as shown in Figure 6a. In a similar way, it can be
dominates the repulsive screened Coulomb interaction asconsidered that the possibility of electron pairing is that between
expressed by egs 37 and 38, the system would produce as manyyo electrons with opposite discrete molecular wave vectors
Cooper pairs as possible to lower its energy. +knowmo, j and opposite spins in positively charged molecular
systems. By analogy to the BCS theory, the wave function in

i) — lomb ) . . E . .
Vﬂ\%) = _IB(HOMO~LUMO) + Vic,jou o < the monoanion is constructed by taking a linear combination
- ) + \/Coulomb _ v 37 of many normal-state configurations in which the Bloch states
eHomo-Lumo)(@m) T Vij 37) are occupied by a pair of opposite momenta and spins.
and
. . D(r Lymo,i» rLUMO,j) = z aijq)(+ Kiumois —
=4+ u* = —n(0) lgpomo—Lumoy) T 4* < T s=E12

—1(0) I omo-Lumoy(@r) + 4* < 0 (38) KLumo,—9 (39)

where thel is the dimensionless total electrephonon coupling where |a;j|? represents the probability of finding a pair of
constant|gHomo—Lumo) IS the total electrorrphonon coupling electrons with state$ kiumo,is and—Kkiumo j,—s. A Cooper pair
constanf®152%andu* is the Coulomb pseudopotential usually is expressed by the wave function in eq 39. Therefore, it is
used as a fitting parameter, which ranges from about-0.10 important to realize that each Cooper pair is composed of the
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(a) monoanions O
O |—kLUMo,j,—s)
/—* ®(rLumo,i-fLumo, )
electron pairing

[+kLumois) Q

(b) monocations

CI’(’HOMO,; ”HOMO,j)

electron pairing Q
[+ khomo,i s)

(c) photoinduced excited electronic states

i } |_K/' (HO-LU) [kiomo, .4 —kLuwo i)

|—kLUMO,/,-t)

|+K,'(HO—>LU)> = |+kH0M0,i,s s +KLUMO i -5 ) |—kH0MO it )

/ﬂ (I)(I’Ho_ﬂ_uj " THO-LU,j )

electron pairing
|+ knomo,i s) |+ kLU'V'OJ,—S) @

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.

Bloch states with all possible wave vectotskiymo,. In a Once the attractive interaction between two electrons domi-
similar way, which can be defined in the case of the monocations nates the repulsive screened Coulomb interaction, the system
(Figure 6b), would produce as many Cooper pairs as possible to lower its
energy. The ground-state wave function in the superconducting

D(r iomoir MHomo) = z 3 O(+Kpomojs — state by using a Hartree-like appro>'<im.a'gion can be cons.tructed
T T2 and expressed as a product of the individual Cooper pair wave

|(HOMO‘j _J (40) functions given by eqs 42 and 43:

Let us next consider electron pairing of the molecular systems ¥o(f1: F21-++Tn) = Z(ng) z D(ry, 1) Bz ry)---
in the photoinduced excited electronic states. A possibility of ¢

electron pairing is that between two electronic states with oppo- D(r, 1, 1)
site discrete molecular wave vectats<; and opposite spins, n
as shown in Figure 6¢. The wave function denoting the pair of — Z(ng) z |—| o(r,, 1) (42)
electrons in the excited electronic states can be defined as . 1620) vl
O(ryo-Lu,i Mo—-tu,) = Zqu¢(+Ki(HmLU)’5, - wheren is the total number of electrons participating in the
0 superconducting;; is the position coordinate of théh electron,
Kj(HO—-LU)ﬁS) the ®@’s on the right-hand side are the same for all pairs, and
the summation in eq 42 means that all possible two-electron
= Z 3 P(+Kpomojs T pairings forn electrons such a®(ry, ry) ®(rs, ra).. P -1,
N st=E1/2 rn) + ®(rq, ra) ®(ro, r4g)..d(rh—1, ry) + ... are considered.

kLUMO,i,fs’ _kHOMO,j,t' _kLUMO,j,ft) (41) Furthermore denotes permutations of two electrons such as
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1 and 2, 3 and 4, andj, and so on, and (sgi denotest+1 electronic states because of the complete phase pattern difference
(—1) in the case in which such permutations are performed an between the HOMO and the LUMO. (The atomic orbitals
even (odd) number of times because the wave function shouldbetween two neighboring carbon atoms combined in phase (out
be antisymmetric with respect to any permutations of two of phase) in the HOMO are combined out of phase (in phase)
electrons. In a similar way, that for the excited electronic states in the LUMO.)

is defined as

YoMy Mo f ) = Z(ng) Z D(ry, 11 ry) @ . . o .
G We studied electronphonon interactions in the photoinduced
(rsrg M7 Mg @y 5y o1l 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. TheCC
- Z(ng) z I_l o(r, M Mo r) stretching modes around 1500 chand the low-frequency
G i) (k) (43) modes with frequencies lower than 500 ¢nstrongly couple
to the excited electronic states of phenanthrene-edge-type
The square of the many-electron wave function in egs 42 and hydrocarbons. Thkyromo—Lumoy(@wm) values around 1500 crh
43 gives the probability of finding superconducting electrons are much larger than thkymo(wnm) and lhomo(wm) values
atry, ra,..., I'n, regardless of their momenta. The Cooper pair around 1500 cm® in phenanthrene-edge-type hydrocarbons.
@(ry, rj) involved in eq 42 and pai®(rj, rj; ry, i) in eq 43 can This is because the-GC stretching modes around 1500 ©n
be regarded as a single particle obeying Bdsimstein statistics. afford much larger electrenphonon coupling constants in the
Because of their resultant zero spin, such (Cooper) pairs canexcited electronic states than in the electronic states of the
behave as Bose particles, and because of the resultant zeranonoanions and cations, whereas most of the vibrational modes
momentum, the system is in an ordered state. with frequencies lower than 1000 chafford slightly smaller
The superconducting state is in a constrained condition suchelectror-phonon coupling constants in the excited electronic
that we cannot alter the momentum of the paired electrons atstates than in the electronic states of the monoanions in
will. As a consequence, for the paired electrons, the scatteringphenanthrene-edge-type hydrocarbons. This can be understood
that changes the direction of the wave vector is prohibited. Oncein view of the orbital patterns of the frontier orbitals in

Concluding Remarks

n

a current is induced, the same velocity veatdhat is parallel phenanthrene-edge-type hydrocarbons as follows. There are
to the applied field is acquired by each (Cooper) pair. Thus, complete phase pattern differences between the HOMO and
the drift velocity of all (Cooper) pairs becomes Thus, all LUMO; the atomic orbitals between two neighboring carbon

(Cooper) pairs acquire the same momentum. Such a currentatoms that are combined in phase (out of phase) in the HOMO
flowing without disturbing the ordered state results in a are combined out of phase (in phase) in the LUMO in
resistanceless conduction. phenanthrene-edge-type hydrocarbons. For example, 8gten

In the monoanions, the partially occupied conduction band is distorted along the Amode of 1434 cm!, the bonding
is mainly formed by the LUMO of each molecule, and in the (antibonding) interactions between two neighboring carbon
monocations, the partially occupied valence band is mainly atoms in the HOMO (LUMO) become weaker, and the
formed by the HOMO of each molecule. However, in the excited antibonding (bonding) interactions between them in the HOMO
electronic states, electrons partially occupying the valence band(LUMO) become stronger. Therefore, the HOMO (LUMO) is
formed by the HOMO of each molecule as well as those partially significantly destabilized (stabilized) in energy by such a
occupying the conduction band formed by the LUMO of each distortion. That is, the strengths of the orbital interactions
molecule play an essential role in the electrical conductivity. between two neighboring carbon atoms, the changes of which
Considering that thégromo—Lumoy(wm) values around 1500  make the vibronic interaction properties completely different
cm are much larger than tHeymo(wm) andlyomo(wm) values, between the HOMO and LUMO, significantly change, and the
we can expect the photoinduced excited electronic states toHOMO is stabilized (destabilized) in energy when the LUMO
exhibit much higher temperature superconductivity than the is destabilized (stabilized). In such cases, vibronic interactions
monoanions and cations in nanosized molecular systems on then the excited electronic states are significantly strengthened
basis of the hypothesis that the vibronic interactions between by the vibronic interaction effects originating from the stabilized
the intramolecular vibrations and the electronic states play an (destabilized) LUMO and the destabilized (stabilized) HOMO.
essential role in the occurrence of possible superconductivity This is the reason that the-G stretching modes around 1500
in nanosized molecular systems. However, it should be notedcm™ afford larger electrosphonon coupling constants in the
that the strong electrerphonon coupling is favorable for  excited electronic states than in the monoanions and cations in
Cooper pair formation but at the same time it contributes to the phenanthrene-edge-type hydrocarbons. However, in low-
relaxation of the excited states. Because of such competitionfrequency modes such as the Wode of 560 cm?, which are
between these two processes, we cannot rule out the possibilityanalogous to acoustic modes of phonons in solids, two
that the relaxation of the excited states occurs before the electromeighboring carbon atoms move in similar directions. Therefore,
pairs are formed. Even though it may be very difficult for such the strengths of the orbital interactions between two neighboring
photoinduced excited electronic states of molecular systems tocarbon atoms, the change of which make the vibronic interaction
exhibit superconductivity because of the unstable electronic properties significantly different between the HOMO and
structures of the excited electronic states mentioned above, theLUMO, do not change significantly. Also, such displacements
technological difficulties encountered up until now, and, of carbon atoms change the strengths of orbital interactions
furthermore, thelgromo—Lumo)(wm) values that would be between the two neighboring carbon atoms in the HOMO and
somewhat overestimated because of one-electron approximationkUMO in a similar manner; the HOMO is also stabilized
in egs 9 and 10, it is worth noting that the-C stretching modes  (destabilized) in energy when the LUMO is stabilized (desta-
around 1500 cmt afford much larger electrerphonon coupling bilized). In such cases, vibronic interactions in the excited B
constants in the excited electronic states than in the chargedelectronic states are weakened by the compensation of the
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vibronic interaction effects originating from the HOMO and Cambridge, U.K., 1972. (c) lbach, H.;"thy H. Solid-State Physics
LUMO. This is the reason that the electrephonon coupling Sp”(”79)elr_-m‘|3eer\'/'\r/"i9giys Re. A 1964 134, 1416

constants for the vibrational modes with frequencies lower than  (g) (3) jeome, D.; Mazaud, A.; Ribault, M.; Bechgaad, &. Phys.
1000 cn1? are slightly smaller in the excited electronic states Lett. (France)198Q 41, L95. (b) Ribault, M.; Benedek, G.; deme, D.;
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