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PREFACE

In this book, the electron—phonon interactions in the charged molecular
systems such as polyacenes, polyfluoroacenes, B, N-substituted polyacenes, and
polycyanodienes are discussed. We estimated the electron—phonon coupling
constants and the frequencies of the vibronic active modes playing an essential
role in the electron—phonon interactions in order to discuss how CH-CF, CC-BN,
and CC-CN substitutions are closely related to the essential characteristics of the
electron—phonon interactions in these molecules by comparing the calculated
results for charged polyacenes with those for charged B, N-substituted polyacenes
and polycyanodienes, respectively. The C-C stretching modes around 1500 cm’
Ystrongly couple to the highest occupied molecular orbitals (HOMO), and the
lowest frequency modes and the C—C stretching modes around 1500 cm™ strongly
couple to the lowest unoccupied molecular orbitals (LUMO) in polyacenes. The
C-C stretching modes around 1500 cm “strongly couple to the HOMO and
LUMO in polyfluoroacenes. The B-N stretching modes around 1500 cm ™
strongly couple to the HOMO and LUMO in B, N-substituted polyacenes. The C—
C and C—N stretching modes around 1500 cm™ strongly couple to the HOMO and
LUMO in polycyanodienes. The total electron—phonon coupling constants for the
monocations (ijyouo) and monoanions (7 ;o) decrease with an increase in
molecular size in polyacenes, polyfluoroacenes, B, N-substituted polyacenes, and
polycyanodienes. In general, we can expect that monocations and monoanions, in
which number of carriers per atom is larger, affords larger value. The CH-CF,
CC-BN, and CC-CN atomic substitutions are effective way to seek for larger
Ihomo Values, and the CH-CF and CC-CN atomic substitutions are effective way

to seek for larger 4 o Values in polyacenes. The logarithmically averaged
phonon frequencies (,,) which measure the frequencies of the vibronic active
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modes playing an essential role in the electron—phonon interactions for the

monocations  (wj, yomo) @Nd  monoanions  (w,  ymo) N Polyacenes,

polyfluoroacenes, B, N-substituted polyacenes, and polycyanodienes are
investigated. The 4, ,,omo Values decrease with an increase in molecular size in

polyacenes, polyfluoroacenes, and polycyanodienes, and the 4, jmo Values

decrease with an increase in molecular size in polyacenes, polyfluoroacenes, B,
N-substituted polyacenes, and polycyanodienes. We can expect that in the
hydrocarbon molecular systems, the ,, values would basically decrease by

substituting hydrogen atoms by heavier atoms. This can be understood from the
fact that the frequencies of all vibronic active modes in polyacenes downshift by
H-F substitution. However, considering that the «, value for the LUMO rather

localized on carbon atoms in large sized polyfluoroacenes becomes larger by H-F
substitution, we can expect that the ,, value for a molecular orbital localized on

carbon atoms has a possibility to increase by substituting hydrogen atoms by
heavier atoms if the phase patterns of the molecular orbital do not significantly
change by such atomic substitution. Therefore, the detailed properties of the
vibrational modes and the electronic structures as well as the molecular weights
are closely related to the frequencies of the vibronic active modes playing an
important role in the electron—phonon interactions in the monoanions of
polyfluoroacenes.
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INTRODUCTION

In modern physics and chemistry, the effects of vibronic interactions [1] and
electron—phonon interactions [1-3] in molecules and crystals have been an
important topic. Analysis of vibronic interaction [1-3] is important for the
prediction of electronic control of nuclear motions in degenerate electronic
systems. Application of vibronic interaction theory covers a large variety of
research fields such as spectroscopy,[4] instability of molecular structure,
electrical conductivity,[5] and superconductivity.[5, 6] Vibronic interactions in
discrete molecules can be viewed as the coupling between frontier orbitals and
molecular vibrations, while those in solids are the coupling between free electrons
near the Fermi level and acoustic phonons. There is a close analogy between
them.

Electron—phonon coupling [1-3] is the consensus mechanism 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 exciton mechanism,’ the superconductivity of molecular
systems has been extensively investigated. Although such a unique mechanism
has not yet been established, advances in design and synthesis of molecular
systems have yielded a lot of BEDT-TTF-type organic superconductors, [8, 9]
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.[10] Goddard et al. proposed that the mechanism for
superconductivity of BEDT-TTF type organic molecules involves the coupling of
charge transfer to the boat deformation mode.[11] It was found that the alkali-
doped A3Cso complexes [12] exhibit superconducting transition temperatures (7¢S)
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of more than 30 K (Ref. [13]) and 40 K under pressure.[14] In superconductivity
in alkali-doped fullerenes,™ pure intramolecular Raman-active modes have been
suggested to be important in a BCS-type [6] strong coupling scenario.

It was proposed that the electron—phonon interactions dominate the charge
transport in the crystals of naphthalene (CyoHs) (2a), anthracene (3a), tetracene
(4a), and pentacene (5a).[16-18] Interestingly, from a theoretical viewpoint,
possible superconductivity of polyacene has been proposed.[19,20] Saito et
al.[10] observed an inverse isotope effect due to substituting hydrogen by
deuterium in organic superconductivity. It is important to consider how
intramolecular or intermolecular vibrations play a role in the occurrence of
superconductivity. If the intermolecular vibrations are important, the phonon-
frequency dependence of the transition temperature appears in the prefactor
through Debye frequency in the formula for the superconducting transition
temperatures (Tcs) in the Bardeen—Cooper—Schrieffer (BCS) theory so that the
normal isotope effects are expected. If the intramolecular vibrations are
important, the phonon-frequency dependence appears in the denominator of the
expression for the electron—phonon coupling constant so that the inverse isotope
effect can be expected in some cases. From the inverse isotope effect on
deuterium substitution observed by Saito et al.,[10] we expect that such inverse
isotope effects can be widely observed in molecular organic superconductors.
The origin of such inverse isotope effects in organic superconductors has not yet
been fully elucidated. Shortly after the discovery of superconductivity in
palladium hydrides,[21] an isotope effect in T, was found by Stritzker and
Buckel.[22] The T, of Pd-D was higher than that of Pd-H,[23] contrary to the
expectations from a simple BCS theory After that, an even larger inverse
isotope effect for Pd-T was measured by Schirber et al.[24]

In previous work, we have analyzed the vibronic interactions and estimated
possible Tcs in the monocations of polyacenes 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.[25] On
the basis of an experimental study of ionization spectra using the high-
resolution gas-phase photoelectron spectroscopy, the electron—phonon
interactions in the positively charged polyacenes were well studied recently.[26]
Our predicted frequencies for the vibrational modes which play an essential role
in the electron—phonon interactions [25] as well as the predicted total electron—
phonon coupling constants [25] are in excellent agreement with those obtained
from the experimental research.[26]
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In this book, we discuss the electron—phonon interactions in the charged
molecular systems such as polyacenes such as CgHg (1a), CioHg (2a), Ci4H10
(3a), CigHi» (4a), and CyxHis (5a),[25] polyfluoroacenes such as CgFg (1fa),
CioFs (Zfa), CuF1o (3fa), CigF1o (4fa), and CooF1s (5fa),[27] B, N-substituted
polyacenes such as BzNsHg (1bn), BsNsHg (2bn), B;N;Hyo (3bn),[28] and
polycyanodienes such as C4N,Hg (1cn), CgNy4Hg (2cn), CgNgHio (3cn), and
C10NgH12 (4cn)[29] (Scheme 1). We will estimate the electron—phonon coupling
constants and the frequencies of the vibronic active modes playing an essential
role in the electron—phonon interactions. These physical values are essential to
discuss the several physical phenomena such as intramolecular electrical
conductivity, intermolecular charge transfer, attractive electron—electron
interactions and Bose—Einstein condensation, and superconductivity, which will
be discussed in detail in the next review article.

Motivated by the possible inverse isotope effects in Pd-H, Pd-D, and Pd-T
superconductivity [21-24] and organic superconductivity observed by Saito et
al.,[10] we discuss how the H—F substitution are closely related to the essential
characteristics of the electron—phonon interactions in these molecules by
comparing the calculated results for charged polyacenes with those for charged
polyfluoroacenes, since fluorine atoms are much heavier than D and T atoms, and
the phase patterns of the frontier orbitals such as the HOMO and LUMO are not
expected to be significantly changed. Furthermore, we discuss how C-BN and C-
N substitutions are closely related to the essential characteristics of the electron—
phonon interactions in these molecules by comparing the calculated results for
charged polyacenes with those for charged B, N-substituted polyacenes and
polycyanodienes, respectively. We can expect that the characteristics of electron—
phonon interactions are significantly changed by such atomic substitutions
because of electronegativity perturbation®® in polyacenes. These physical values
are essential to discuss the several physical phenomena such as intramolecular
electrical conductivity, intermolecular charge transfer, attractive electron—electron
interactions and Bose—Einstein condensation, and superconductivity, which will
be discussed in detail in the next review article.
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THEORETICAL BACKGROUND

We describe the theoretical background for the vibronic coupling in
polyacenes, polyfluoroacenes, B, N-substituted polyacenes, and polycyanodienes.
We will use small letters for “one-electron orbital symmetries” and capital letters
for symmetries of both “electronic” and “vibrational” states, as usual. The
vibronic matrix element, Ey(r, 0),[1-3] is given by

Pey
=2 = ] (%)
Exy(rlQ): gxy(er)_gxy(rvO) a (ﬂQaj aﬁk@a@ﬁ s (1)
where . (-,0) is defined as
£ 0)=(g.J1(.0)9,) )

Here, j(r,0) is the Hamiltonian of one-electron orbital energy, and ¢, and 4,

are one-electron wave functions. » and ¢ signify the whole set of coordinates of
the electrons and nuclei, respectively. What we see in the first term on the right-
hand side of Eq. (1) is the linear orbital vibronic coupling constant.

We discuss a theoretical background for the orbital vibronic interactions in
polyacenes, polyfluoroacenes, B, N-substituted polyacenes, and polycyanodienes.
The potential energy for the neutral ground state, negatively and positively
charged electronic states in polyacenes, polyfluoroacenes, B, N-substituted
polyacenes, and polycyanodienes are shown in Figure 1. Here, we take a one-
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electron approximation into account; the vibronic coupling constants of the
vibrational modes to the electronic states in the monoanions and cations of
polyacenes, polyfluoroacenes, B, N-substituted polyacenes, and polycyanodienes
are defined as a sum of orbital vibronic coupling constants from all the occupied
orbitals, [1(a)]

occupied
8electronic state = Zgi
P 3)
(a) Ground states in neutral polyacenes, polyfluoroacenes, B, N-substituted polyacenes, and
polycyanodienes ()

&
f gml—?OMO(l) €£ fcgmo(z)

> QAigm
(b) The monocations ofla, 1fa, and 1bn
. L) ()
y (Ezg ) (Ezg ) \ mHOMO() “mHOMO(2)
&m HOMO(D) €m HOMO(2)
y i i /
\ v/ /
‘. / !
\|/
\ Y/ J
. QE,qem > QAgm
\\_7 / g 9

(c) The monocations of By symmetric polyacenes, polyfluoroacenes, and polycyanodienes, ar
Coysymmetric B, N-substituted polyacenes

e

'm HOMO
A

> QAgm

Figure 1. Potential energy for the neutral ground state and positively charged electronic
states in polyacenes, polyfluoroacenes, B, N-substituted polyacenes, and polycyanodienes.
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Considering the one-electron approximation and that the first derivatives of
the total energy vanish in the ground state at the equilibrium structure in neutral

polyacenes, polyfluoroacenes, B, N-substituted polyacenes, and polycyanodienes
- HOMO - - - -
(8 goura = D.g;=0) (Figure 1 (a)), and one electron must be injected into

1

(removed from) the LUMO (HOMO) to generate the monoanions (monocations),
the vibronic coupling constants of the totally symmetric vibrational modes to the
electronic states of the monoanions and cations of polyacenes, polyfluoroacenes,
B, N-substituted polyacenes, and polycyanodienes can be defined by Eqgs. (4) and
(5), respectively,

gmonoanion(wm): gLUMO(‘Um)’ (4)

gmonocation (@m )= gHOMO(a’m)_ (5)

A. Vibronic Interactions between the Twofold Degenerate
Frontier Orbitals and the £, Vibrational Modes In
Benzene

Benzene (1a) has the twofold degenerate HOMO and LUMO due to its high Dg,
symmetry. The symmetry labels of the HOMO and LUMO are e, and e,
respectively. Now we take two approximations into account in Eq. (1). First, we
ignore the nondiagonal matrix elements containing the quadratic vibronic
constants; only the terms of type ¢? are taken into account. Second, we focus

upon the diagonal processes; we consider the direct product of the orbital
symmetries, which can be reduced as

el X e =€y xezu:Alg+A2g+E2g. (6)

Thus, the 4, and E,, modes can linearly couple to the e;,, HOMO and e,
LUMO. The numbers of the 4, and E,, modes are 2 and 4, respectively. We must
consider multimode problems, but in the limit of linear vibronic coupling we can
treat each twofold degenerate set of modes (mode index m as shown below)
independently.[1]

Let us first consider the orbital vibronic coupling of the twofold degenerate
e;, HOMO to the E,, vibrational mode. Taking two approximations mentioned
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above and Eq. (1) into account, the two energy sheets of the e;, HOMO that can
couple to the mth E,, vibrational mode are given in the form of Eq. (7), where

Ok, m is the vibrational normal coordinate belonging to row , of the vibrational
4

mode of the irreducible representation E5,:

(EZg) Al
gmxy (QEzgﬂerEzgsm)

( \

1 2 o
:EZKEngQEZgymExy+Z elgx HOM L J e1gy HOMO Op,
Ve Ve 0

E2g7m
(m=12...4) (7

Here, , takes two vibrational states ¢ and .. The first term on the right-hand
side of Eq. (7) is the elastic term, and < ( > in the
HOMO

& )
LO’QEZgJ/mJO
second term corresponds to the linear orbital vibronic coupling constant, which is
a good measure of the interaction between the vibration labeled by 5 in the mth
mode of the irreducible representation £, and the molecular orbitals labeled by
and y in the irreducible representation ei,. According to the Wigner—Eckart
theorem, [1] we can rewrite the second term on the right-hand side of Eq. (7)

using the Clebsch—-Gordan coefficients and we obtain the vibronic coupling
matrix" as

elgx HOMO| elgy

y (_ QEzggm QEzg 9/11}
& =
Eagm " QEZ gOm QE2 g€m

, (8)

where 4, corresponds to the reduced matrix element for the mth mode of
vibration:
(

“ < HOMO{L_@Z |
g"/g

4,, depends on the irreducible representation and not on rows. Using Eq. (8),
Eqg. (7) can be transformed into Eq. (10):

el HOMO>
©)
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2 ) 1 0\ Oy, em O, 0m
Em ¢ (QEZéGm QEzé.sm):Z Eggm (Q%z&ﬁm QEzésmjo 1) (QEzggHm QEzjgm

(10)

Now we consider one member of the twofold degenerate vibrational mode.
For example, when we consider only the O, ,om mode (QEngm -0), the energy

sheets of the molecular orbital in row . of the mth mode become

(Ezg) 1 2 (1 0) _QEZgg’” 0
En (QEzgam): 2 K Eam@Eseen(o )Tl 0 0p,

This has already been diagonalized, and the energy sheets of the molecular
orbital (HOMO (1) and HOMO (2)) in row . cut by the plane Ok, om =0 become
4

(11)

,5 HOMO (1)(QE2gé‘m): > KEp g QEzggm AnOEy om (12)
and

n(1 HOMO (2)(QE2gan): > EzngEzgsm AnQEy  em (13)

QEngm = 0 . (14)

These are illustrated in Figure 1. Only the cases where the quadratic vibronic
constants are positive are shown as examples here. We see from this illustration
that the E,, modes lift the degeneracy of the twofold degenerate orbitals. The
dimensionless diagonal linear orbital vibronic coupling constants of the e,
HOMO for its mth mode is defined by Eq. (15).

1 [ a4
gelg HOMo(a)m)z ; elg HOMO L - J elg HOMO
m zgm 0 (15)
In these equations, Epum is the dimensionless normal coordinate [31] defined
4

by
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49 Epgm =y / @Ezgm (16)

Similar discussions can be made in the vibronic interactions between the £,
modes and the e,, LUMO, and the dimensionless diagonal linear orbital vibronic
coupling constants of the e,, LUMO for the mth mode is defined by

(

&)
LﬂqEzngo

1
8er, LUMO(wm):% ez, LUMO ez, LUMO

m

17)

B. Vibronic Interactions between the Twofold Degenerate
Frontier Orbitals and the A,, Vibrational Modes in
Benzene

In this case, the two energy sheets of the molecular orbitals are given in the form:

g 10y, Omygm 0
(1 )(QAlg ): 2 AlngA/z‘llgm(o 1) ( 6 QAlgmj

(18)
where g, corresponds to the reduced matrix element written as
HOMO( a_| HOMO
B, =\e — |
" lg LO’)QAlng lg
° (19)

This has already been diagonalized, and the energy sheets of the molecular
orbital (HOMO (1) and HOMO (2)) become

4
‘%g 1ﬁglvlo (1)(QA1gm): r(nHOMO (2)(QA1gm): 5 AlngAlgm * BinQ g g
(20)

These are illustrated in Figure 1. We can see from this illustration that the 4,,
modes do not lift the degeneracy of the twofold degenerate orbitals. The
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dimensionless diagonal linear orbital vibronic coupling constants of the e,
HOMO for its mth mode is defined by Eq. (21),

(
1
Zer HOMO (@)= |\ élg HOM L J ejg HOMO
m Aygm 0
(21)
In this equation, sy is the dimensionless normal coordinate [31] of the mth
g

mode defined by using the normal coordinate Oy.m S
g

9 dygm =NPm / @Algm (22)

In a similar way, the dimensionless diagonal linear orbital vibronic coupling
constants of the e,, LUMO for the mth mode is defined by Eg. (23),

( )

1 oh

8ey, LUMO(a)m): % ez, LUMO L J ez, LUMO
0

m Aygm

(23)

C. Vibronic Interactions between the Nondegenerate
Frontier Orbitals and the A, Vibrational Modes in
Polyacenes

Let us look into orbital vibronic coupling in polyacenes that have D,, geometries,
and the nondegenerate HOMOs and LUMOs, the symmetry labels of the HOMOs
(LUMOs) of 2a, 4a, and 6a being a, (by,) and those of 3a and 5a being by, (b3.).
Thus, the direct product of the HOMOs (LUMOSs) symmetries can be reduced as

auxau:ngXng:bngblg:bSuXb3u:Ag (24)
Therefore, the totally symmetric 4, modes of vibration couple to the HOMOs

(LUMOs). The numbers of the 4, vibrational modes are 9, 12, 15, 18, and 21 for
2a, 3a, 4a, 5a, and 6a, respectively. The symmetry labels of nondegenerate
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frontier orbitals of these polyacenes are abbreviated as “a” in the following
discussion.
The energy sheet of the HOMO is given in the form:

(1) 1o »2
Em I%IOMO (QAgm): ZKAngAgm + CmQAgm (25)

where ¢, corresponds to the reduced matrix element written as
(

o) >
a HOMO
LﬁQAngO (26)

This is illustrated in Figure 1. The dimensionless diagonal linear orbital
vibronic coupling constants of the HOMO for its mth mode is defined by Eq. (27),

Cﬁ=<aHOMO

S
aHOMOL o J a HOMO
0

gaHOMO(wm)=

A,m

m g

(27)

In this equation is the dimensionless normal coordinate [31] of the mth

! qum
mode defined by using the normal coordinate o g as

‘IAgm =N Oy / xQAgm (28)

In a similar way, the dimensionless diagonal linear orbital vibronic coupling
constant of the LUMO for the mth 4, mode is defined by Eq. (29),

n )
J a LUMO
CIAgm 0

gaLumo (@)= a '—UMOL

m

(29)
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D. Vibronic Interactions in Polyfluoroacenes, B, N-
Substituted Polyacenes, and Polycyanodienes

Similar discussions can be made in the monocations and anions of
polyfluoroacenes, B, N-substituted polyacenes, and polycyanodienes. The
numbers of vibronic active modes are 6, 9, 12, 15, 18, and 21 for 1fa, 2fa, 3fa, 4fa,
5fa, and 6fa, respectively, those are 11, 17, and 23 for 1bn, 2bn, and 3bn,
respectively, and those are 5, 7, 9, and 11 for 1cn, 2cn, 3cn, and 4cn, respectively.
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ELECTRON—-PHONON COUPLING CONSTANTS
FOR THE CHARGED ELECTRONIC STATES
OF POLYACENES, POLYFLUOROACENES, B,
N-SUBSTITUTED POLYACENES, AND
POLYCYANODIENES

Let us next discuss the total electron—phonon coupling constants (;,,,) in the
monocation and monoanion crystals. Since the 4., is the sum of the electron-
phonon coupling constants originating from both intramolecular vibrations (j;,,)

and intermolecular vibrations (4, ), the ;. is defined as

inter
hotal = intra + finter | (30)

However, it should be noted that the intramolecular orbital interactions are
much stronger than the intermolecular orbital interactions. Therefore, it is
rational that the 5. values are much larger than the £ 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 Cg. [15,32] For example, it was
reported that the ;... values are much larger than the 5. values in KsCq and

RD3Ceo (s = 10/ )- [32] Furthermore, it has also been shown from a neutron-

scattering investigation [33] that the electron-libration intramolecular-mode
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coupling is small in alkali-metal-doped Cg. Therefore, we consider only
intramolecular electron—phonon coupling in this study. The 4, value for the

charged and excited electronic states can be defined as

hotal = lintra = lLumo (fOr the electronic state of the monoanion),

31)

= lyomo (for the electronic state of the monocation),
(32)

In the previous section, the vibronic interactions in free polyacenes,
polyfluoroacenes, B, N-substituted polyacenes, and polycyanodienes were
discussed. We can derive the .., by using the vibronic coupling constants

defined in the previous section as follows. As described above, since polyacenes,
polyfluoroacenes, B, N-substituted polyacenes, and polycyanodienes 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 constant ; in a similar way as in theory in previous research. [15,25,27—
29] We use a standard expression for ,, [15,25,27-29]

. %0) > Y S fnelmal sEpE)

makk' 29m,q (33)

where B is the vibrational frequency for the mth phonon mode of wave
vector q; p, . Is the corresponding electron—phonon matrix element between
the electronic states of wave vectors  and k/; £, and g, are the corresponding

energies measured from the Fermi level (original point in Figure 1 (b)) of
polyacenes,  polyfluoroacenes, B, N-substituted polyacenes, and
polycyanodienes; n(0) is the total density of states (DOS) at the Fermi level per
spin. The charged electronic states in polyacenes, polyfluoroacenes, B, N-
substituted polyacenes, and polycyanodienes are essentially composed of the
charged electronic states at the equilibrium structures of the ground states in
polyacenes,  polyfluoroacenes, B, N-substituted polyacenes, and
polycyanodienes and we can write in the form of Bloch sum:

1 ikR
() =—= 2 (K" "¢
I " (34)
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where R denotes the cell position; y is the number of molecules in the crystal; ¢

is wave function which denotes the charged electronic states at the equilibrium
structures of the ground state of polyacenes, polyfluoroacenes, B, N-substituted
polyacenes, and polycyanodienes at the cell position R. If we neglect the
intermolecular electron—lattice coupling, Iy i €N be reduced to

= 3 etk g g n,0)
e @)=yl (k) R (35)

where hR R is the intramolecular coupling matrix and
he,r(m,q) ={ grlhlgr) (36)

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

hr R(m.q) = @/ NN Y R, (37)

We insert Eq. (37) in Eqg. (35) taking the condition k’=k-q into account to
get

1 *
hkk—q =ﬁh00mc (k)C(k—q) (38)

We now proceed to calculate ; by inserting Eq. (38) in Eq. (33) considering
that Oy is independent of q. We then obtain

> 3 200000 s ey (k - etk - 3B (g

N(O)kk quwmq N
(39)

The partial DOS per molecule at the Fermi level of polyacenes,
polyfluoroacenes, B, N-substituted polyacenes, and polycyanodienes, »(0) can be
rewritten as
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n(0)=(/ N)Zk:c *(K)e(k)o(Ex )

(40)
We can derive Eq. (41) from Eqgs. (39) and (40) using »(0)= N(0)/ N,
_2 5y 1 * (0

where »(0) is now the DOS per spin and per molecule.

A. Twofold Degenerate Electronic States of The
Monocations of Monoanions of Benzene,
Hexafluorobenzene, and Borazine

Here, for example, let us consider twofold degenerate electronic states such as the
i 1
monocation of benzene, In such a case, we can assume that ,, (0)25"(0)5\/‘/’ 2

takes the form of Eq. (42):

_n0)§ A
S 42)
where

h00m = hEzgm ' (43)

Here 5+ is the derivative matrix of the vibronic coupling matrix, 5, ,
Ezgm Ezgm

derived by Eq. (45) with respect to the mode amplitude, Op,. m* 85
4

o | [_QEzgSm QEngmJT o

hg, m'= =——h
24M o”QEZg},mL OFyeom  QEypom 0py, ym Epgm "

where

_QEzgén’l QEZgHm]

Iy = Ay,
Eagm ( QEzgem QEngn (45)
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and 4, is the reduced matrix element and is the slope in the original point (i.e.,
equilibrium structures of the ground states of la (QEzgan = O, om —-0)) on the

potential energy surface of the charged electronic state along each vibrational
mode (Figure 1 (b)), and is defined as

[ )
Am = elg HOMO, L J elg HOMO
éQEzgm 0 (46)
Since n%,, =442, one can rewrite Eq. (42) as
2
2= 0T
m O 47)

Using Egs. (15) and (32), and after some simple transformations, we finally
get the relation between the nondimensional electron—phonon coupling constant

2, and the intramolecular vibronic coupling constant, Zeyy Homo(@,, ) 88

A=A
" A= 1(0Yey, Homo (@ ) (48)
where ley, vomo (@) is the electron—phonon coupling constant defined as

2
/ - )
ex HOMO (@) = o oMO(@n JFom (1 ) oy (49)

In a similar way, the I, ) for the Ay, vibronic active modes can be

1gHOMO(fO
defined as

1
lelg HOMO(a’m) = Egelg HOMO(wm)x&)m  (m=58). (50)

In a similar way, L, ,») for the monoanion of benzene can be defined

”LUMO(w
as

2
4QuLUMo(wm)=gQuLUMo(wm)ﬁﬁm,(m::LZ3A). (51)
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)
L, Om) =7 e @ )8
», Lumo( @) 58, Lumo(@,,) (m—56). (52)

Similar discussions can be made in the monocations and monoanions of 1fa
and 1bn.

B. Nondegenerate Electronic Systems of Polyacenes,
Polyfluoroacenes, B, N-Substituted Polyacenes, and
Polycyanodienes

In a similar way, by using Eq. (41), the j,ou0(w,,) @d 4 yvo(w,,) for the

nondegenerate electronic states in the monocations and monoanions of
polyacenes, polyfluoroacenes, B, N-substituted polyacenes, and polycyanodienes
can be defined as

lhomo (@ )= gfiomo (@ )5, (53)

lLumo (wm): gEUMO(wm)m)m_ (54)



Chapter 1V

OPTIMIZED STRUCTURES

A. Benzene and Polyacenes

The structures of neutral 1a and polyacenes were optimized under Dg;, and D5,
symmetries, respectively, using the hybrid Hartree—Fock (HF)/density-functional-
theory (DFT) method of Becke [34] and Lee, Yang, and Parr [35] (B3LYP) and
the 6-31G™ basis set. [36] GAUSSIAN 98 program package [37] was used for our
theoretical analyses. This level of theory is, in our experience, sufficient for
reasonable descriptions of the geometric, electronic, and vibrational structures of
hydrocarbons. An optimized Dg), structure of /a and Dy, structures of polyacenes
are shown in Figure 2. These structures were confirmed to be a minimum on each
potential energy surface from vibrational analyses. We can see that in the Dg,
structure of la there is no bond alternation and all C-C bond lengths are
approximately 1.4 A. In the D, structure of 2a, there is a distinct variation in the
C-C distances. This result can be understood in view of the orbital patterns of the
HOMO. Selected vibronic active modes and the phase patterns of the HOMOs
and LUMOs of the neutral molecules under consideration are shown in Figure 3.
We can see from this figure that the atomic orbitals between two neighboring Cs,
and Cs, atoms are combined in phase and thus form a strong =-bonding in the
HOMO of 2a. On the other hand, the HOMO contributes nonbonding interactions
between C;, and Cy, atoms and between Cy, and C,, atoms, and an antibonding
interaction between Cs, and Cg, atoms. This is the reason why the C,,—Cs, bond is
much shorter (1.377 A) than any other C-C bond (1.417-1.434 A). Similar
discussions can be made in 3a, 4a, 5a, and 6a; the C-C bond distances between
two neighboring carbon atoms whose atomic orbitals are combined in phase (out
of phase) are short (long).
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Figure 2. Optimized structures of the neutral polyacenes, polyfluoroacenes, B, N-
substituted polyacenes, and polycyanodienes.
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B. Polyfluoroacenes

Hexafluorobenzene (CqFs) (1fa) has been well studied for a long time. [38-
53] 1a and 1fa have nearly the same polarizations and polarizability anisotropies.
[50] As well as being similar in molecular geometry and shape, 1a and 1fa have
similar physical properties. [51] Their electric quadruple moments are roughly
equal in magnitude but opposite in sign. [52,53] In recent review, [54] the study
of Jahn-Teller and pseudo-Jahn—Teller effects in various molecular systems
including the monoanion [55] and cation [56,57] of 1fa are well summarized.

The structures of neutral 1fa was optimized under Dg;, symmetry, and 2fa,
3fa, 4fa, and 5fa were optimized under D, symmetry. According to our
calculations, the energy differences between the HOMO and LUMO of 1fa,
2fa, 3fa, 4fa, and 5fa are 6.52, 4.56, 3.35, 2.57, and 2.03 eV, respectively, and
those of la, 2a, 3a, 4a, and 5a are 6.80, 4.83, 3.59, 2.78, and 2.21 eV,
respectively. Therefore, the HOMO-LUMO gaps in polyfluoroacenes are
slightly smaller than those in polyacenes. This can be understood in view of
the orbital patterns of the HOMO and LUMO in these molecules. We can see
from Figure 3 that the phase patterns of the LUMO of polyfluoroacenes are
not significantly different from those of polyacenes. The phase patterns of the
LUMO in carbon framework of polyfluoroacenes are similar to those of
polyacenes in that the LUMO of polyfluoroacenes is rather localized on
carbon framework and the electron density on fluorine atoms is low, and the
LUMO of polyacenes is completely localized on carbon atoms. The phase
patterns of the HOMO in carbon framework of polyfluoroacenes are also
similar to those of polyacenes. However, the HOMO of polyfluoroacenes is
delocalized and the electron density on fluorine atoms is not small, while the
HOMO of polyacenes is completely localized on carbon atoms. The atomic
orbitals between two neighboring carbon and fluorine atoms are combined out
of phase in the HOMO in polyfluoroacenes. Therefore, the HOMO is slightly
destabilized in energy measured from the LUMO in polyfluoroacenes by H-F
substitution. This is the reason why the energy difference between the HOMO
and LUMO in polyfluoroacenes is slightly smaller than that in polyacenes.

Let us look into optimized structures of polyfluoroacenes. We can see
from Figure 2 that the calculated C-C distances in 1fa are 1.394 A. There is a
distinct variation in the C—C distances in polyfluoroacenes. This result is
reasonable in view of the HOMOs.The C-C distances between two
neighboring carbon atoms whose atomic orbitals are combined in phase (out
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of phase) in the HOMOs of polyfluoroacenes are short (long). It should be
noted that the C-C distances in polyfluoroacenes are similar to those in
polyacenes; most of the C—C bond lengths differences between polyacenes and
polyfluoroacenes are smaller than 0.003 A. Only the d, value difference
between 2a and 2fa, ds value difference between 3a and 3fa, d; value
difference between 4a and 4fa, and dg value difference between 5a and 5fa are
somewhat large (0.007-0.009 A). Therefore, carbon framework structures in
polyfluoroacenes are not significantly different from those in polyacenes as a
consequence of H-F substitution.

C. B, N-Substituted Polyacenes

Substitution of carbon with boron and nitrogen have been carried out,
producing totally substituted boron nitride nanotubes (BN-NTs). [58] Many
researchers have studied and compared the structure of these new boron-nitrogen-
containing fullerenes and nanotubes with that of carbon nanotubes (C-NTs). [59-
73] A large number of molecular boron—nitrogen compounds have been prepared.
[74-79] Because borazine (BsNs;Hs) (1bn) is both isoelectronic and isosteric with
la, it is a very interesting compound. Stock and Pohland [80] first reported
formation of borazine 1bn from the thermolysis (200 °C) of the addition complex
[H.B(NH,), 1[BH,], [81] formulated in 1926 as B,Ng-2NHs. Laubengayer and co-
workers [82] studied the gas-phase pyrolysis of 1bn in greater detail, and they
proposed the intermediate formation of a naphthalene analogue, BsNsHg (2bn).

The structure of neutral “inorganic benzene”, BsNs;Hg (1bn) was optimized
under Ds, symmetry, and “inorganic-” naphthalene (BsNsHg) (2bn) and
anthracene (B;N;H4,) (3bn) were optimized under C,, symmetry. According to
our calculations, the energy difference between the HOMO and the LUMO of
1bn (8.27 eV) is larger than that of la (6.80 eV). Furthermore, that of 2bn
(7.12 eV) is larger than that of 2a (4.83 eV), and that of 3bn (6.68 eV) is
larger than that of 3a (3.59 eV). This can be understood as follows. The
degenerate la levels have not been split apart in energy but the HOMO
contains more nitrogen character than boron character while opposite is true
for the LUMO.[30] This is a result clearly in keeping with an electronegativity
perturbation on la. [30] Due to the electronegativity perturbation, the HOMO
(LUMO) of 1bn is stabilized (destabilized) in energy with respect to the
HOMO (LUMO) of 1a. This is the reason why the HOMO-LUMO gap is
larger in 1bn than in 1a. Similar discussions can be made in 2bn and 3bn. Let
us next look into optimized structure of 1bn. We can see from Figure 2 that
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the calculated B-N, B-H, and N-H distances in 1bn are 1.431, 1.200, and
1.010 A, respectively, and those determined from experimental method [83]
are 1.44, 1.20, and 1.02 A, respectively. Therefore, the structure optimized at
the B3LYP/6-31G* level of theory is in excellent agreement with that
determined from the experimental method. There is a distinct variation in the
B—N distances in 2bn and 3bn. This result is reasonable in view of the
HOMOs shown in Figure 3. The B-N distances between two neighboring B
and N atoms whose atomic orbitals are combined in phase (out of phase) in
the HOMOs of 2bn and 3bn are short (long). It should be noted that the B-N
distance (1.431 A) in 1bn is larger than the C-C distance (1.397 A) in 1a, but
smaller than the B-N single bond distance (1.60 A). Therefore, it can be said
that each B—N bond in 1bn acquires double bond character. Similar discussion
can be made in 2bn and 3bn; all B-N bonds in 2bn and 3bn are longer than all
C-C bonds in 2a and 3a, but smaller than 1.6 A.

D. Polycyanodienes

We can expect that in the monocations of polycyanodienes, the electron—
phonon interactions become much stronger than in the monocations of polyacenes
because the strong o-orbital interactions as well as the z-orbital interactions
between two neighboring atoms in the HOMO are significant, [84] and because
the HOMO is delocalized and the electron density on hydrogen atoms as well as
on carbon and nitrogen atoms is high in the HOMO of polycyanodienes. We call
this system “o-conjugated momocations”.

The structures of polycyanodienes were optimized under D,, symmetry.
According to our calculations, the energy differences between the HOMO and
LUMO of 1cn, 2cn, 3cn, and 4cn are 5.16, 3.97, 3.19, and 2.68 eV,
respectively. Therefore, the HOMO-LUMO gaps in polycyanodienes are
slightly smaller than those in polyacenes.



Chapter V

ELECTRON-PHONON COUPLING CONSTANTS

A. The Monocations and Monoanions of Benzene and
Polyacenes

We next carried out vibrational analyses of la and polyacenes at the
B3LYP/6-31G* level. Agreement with experiment is excellent for the
vibrational frequencies, calculated wave numbers of la being accurate within
a range of 2.5-4 %. Since the conventional Hartree—-Fock method
overestimates molecular vibrational frequencies by typically 10 %, this hybrid
DFT method appears to be very useful for vibrational analyses. We next
calculated first-order derivatives at this equilibrium structure on each orbital
energy surface by distorting the molecule along the 4;, and E,, modes of 1a
and the 4, modes of polyacenes. In these calculations, the step size of the
normal-mode displacements was taken to be in the order of 107!, What we
obtained from the first-order derivatives are the dimensionless diagonal linear
orbital vibronic coupling constants gromo (@) and gLumo (@, )- We can

estimate the electron—phonon coupling constants Inomo (@) and Iumo (@)

from the dimensionless diagonal linear orbital vibronic coupling constants by
using Egs. (49)-(54). The calculated electron—phonon coupling constants in
the monocatins and anions of 1a and polyacenes are shown in Figures 4 and 5,
respectively.

Let us next take a look at the electron—phonon coupling of the 41, and E,
vibrational modes to the e;, HOMO in 1a. E,, modes of 1a are classified into a
C-C—C in-plane bending (622 cm™), a C-H in-plane bending (1208 cm™), a
C—C stretching (1656 cm™), and a C—H stretching (3184 cm™). Figure 4
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demonstrates that the E,, vibrational modes of 622 and 1656 cm™ strongly
couple to the ez, HOMO in la. This can be understood in view of the orbital
patterns of the e,, LUMO and vibrational modes of 1a. When 1a is distorted
along this E», mode toward the direction as shown in Figure 3, the antibonding
(bonding) interactions between Cy, and Cy. in the HOMO (a) (HOMO (b))
become strong, and the bonding interactions between C,, and Cy, and between
Cyc and Cyg in the HOMO (a) become weak. Therefore, the HOMO (a)
(HOMO (b)) is significantly destabilized (stabilized) in energy. On the other
hand, when 1la is distorted toward the opposite direction along the arrow of
this mode, the HOMO (a) (HOMO (b)) is significantly stabilized
(destabilized) in energy. This is the reason why the E,, mode of 1656 cm™*
strongly couples to the e;, HOMO in la. Figure 4 demonstrates that the C-C
stretching 4, modes of 1417 and 1630 cm™ strongly couple to the HOMO in
2a. When 2a is distorted along the 4, mode of 1417 cm™ toward the direction
as shown in Figure 3, the antibonding interactions between Cs, and Cgy, in the
HOMO become strong, and the bonding interactions between C,, and Cz, and
between C,, and Cs, become weak.

Therefore, the HOMO of 2a is significantly destabilized in energy. On the
other hand, when 2a is distorted toward the opposite direction, the HOMO is
significantly stabilized in energy. This is the reason why the C-C stretching 4,
mode of 1417 cm™ strongly couples to the HOMO. In a similar way, the C-C
stretching 4, mode of 1630 cm™ strongly couples to the HOMO. In the two
frequency modes, the displacements of carbon atoms are very large compared
with any other 4, mode of 2a, and the HOMO is completely localized on carbon
atoms. It is rational that a frequency mode in which normal displacements are
large for atoms where there exists considerable orbital amplitude can strongly
couple to the molecular orbital. Identical discussions can be made in 3a, 4a, 5a,
and 6a; the C—C stretching 4, modes around 1500 cm™ and the lowest frequency
A, mode strongly couple to the HOMOs.

Let us take a look at the electron—phonon coupling of the A4, and Ej,
vibrational modes to the e;, LUMO in 1a. We can see from Figure 5 that the £,
mode of 1656 cm™ strongly couples to the e, LUMO in la. This can be also
understood in view of the phase patterns of the e,, LUMO and vibrational modes
of la. Figure 5 demonstrates that the C—C stretching 4, modes of 1417 and 1630
cm™* strongly couple to the bz LUMO. In the two frequency modes, the
displacements of carbon atoms are very large compared with any other 4, mode
of 2a, and the b, LUMO is completely localized on carbon atoms. It is rational
that a frequency mode in which normal displacements are large for atoms where
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Figure 4. Electron—phonon coupling constants for the monocations of polyacenes.

there exists considerable orbital amplitude can strongly couple to the molecular
orbital. ldentical discussions can be made in 3a, 4a, 5a, and 6a; the C-C stretching
A, modes around 1500 cm™ and the lowest frequency A, mode strongly couple to
the LUMOs. The C-C stretching 4, modes around 1500 cm™ strongly couple to
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the HOMOs as well as to the LUMOs in polyacenes. But it should be noted that
the lowest frequency modes as well as the C—C stretching modes strongly couple
to the LUMO in polyacenes, while the only C-C stretching modes strongly couple
to the HOMO in polyacenes.
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B. Polyfluoroacenes

1. Monocations

We carried out vibrational analyses of polyfluoroacenes at the B3LYP/6-
31G* level of theory. There are four E», modes in 1fa (C—C—F in-plane bending
mode of 259 cm™; C-C~C in-plane bending mode of 444 cm™; C~F stretching
mode of 1192 cm™; C-C stretching mode of 1687 cm™). There are four Eoq
vibrational modes in 1a (C-C—C in-plane bending mode of 622 cm™; C-C-H in-
plane bending mode of 1208 cm™; C-C stretching mode of 1656 cm™; C—H
stretching mode of 3184 cm™). Therefore, the frequencies for the C~C—H in-plane
bending mode (1208 cm™) and for the C—H stretching mode (3184 cm™) in 1a are
much larger than those for the C—C—F in-plane bending mode (259 cm™) and for
the C-F stretching mode (1192 cm™) in 1fa, respectively, as expected.
Furthermore, the frequency for the C—C—C in-plane bending mode (622 cm™) in
la is larger than that (444 cm™) in 1fa. The frequency for the C—C stretching
mode (1656 cm™) in 1a is similar to that (1687 cm™) in 1fa.

The calculated electron—phonon coupling constants in the monocations and
monoanions of 1fa, 2fa, 3fa, 4fa, and 5fa are shown in Figures 6 and 7,
respectively. We can see from Figure 6 that the C-C stretching £5, mode of 1687
cm™ can strongly couple to the e1e HOMO in 1fa. This can be understood in view
of the phase patterns of the HOMO in 1fa. The reduced mass for the E,, mode of
1687 cm™ is 12.05, and the displacements of carbon atoms are much larger than
those of fluorine atoms in the mode.

When 1fa is distorted along the E>, mode of 1687 cm™* toward the same
direction as shown in Figure 3, the antibonding (bonding) interactions between
two neighboring carbon atoms in the HOMO (a) (HOMO (b)) become
significantly stronger, and the bonding interactions between two neighboring
carbon atoms in the HOMO (a) become significantly weaker, and thus the HOMO
(@) (HOMO (b)) is significantly destabilized (stabilized) in energy by such a
distortion. This is the reason why the E>, mode of 1687 cm™ the most strongly
couples to the e;, HOMO in 1fa.
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Figure 6. Electron—phonon coupling constants for the monocations of polyfluoroacenes.

We can see from Figure 6 that the 4;, mode of 1530 cm™ can very strongly
couple to the e, HOMO in 1fa. This can be understood as follows. When 1fa is
distorted along the 4;, mode of 1530 cm™, the bonding interactions between two
neighboring carbon atoms become significantly weaker, and the antibonding
interactions between two neighboring carbon and fluorine atoms in the ez, HOMO
become significantly stronger, and thus the e, HOMO is significantly
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Figure 7. Electron—phonon coupling constants for the monoanions of polyfluoroacenes.

destabilized in energy by such a distortion in 1fa. This is the reason why the 4,
mode of 1530 cm™ can strongly couple to the e1g HOMO in 1fa. The A1, mode of
567 cm™ much less strongly couples to the e1, HOMO than the 41, mode of 1530
cm™ in 1fa. This can be understood as follows. When 1fa is distorted along the
A1, mode of 567 cm™, the bonding interactions between two neighboring carbon
atoms and the antibonding interactions between two neighboring carbon and
fluorine atoms in the e;; HOMO become weaker. Since such weakened effects of
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bonding and antibonding interactions are compensated by each other, the ey,
HOMO s slightly stabilized in energy by such a distortion in 1fa. This is the
reason why the 4;, mode of 567 cm™ much less strongly couples to the e1q
HOMO than the 4;, mode of 1530 cm™ in 1fa.

We can see from Figure 6 that the C—C stretching 4, mode of 1666 cm™ the
most strongly couples to the HOMO in 2fa. This can be understood as follows.
When 2fa is distorted along the 4, mode of 1666 cm™, the bonding and
antibonding interactions between two neighboring carbon atoms become
significantly stronger and weaker, respectively, and the antibonding interactions
between two neighboring carbon and fluorine atoms in the HOMO in 2fa become
weaker. Therefore, the HOMO is significantly stabilized in energy by such a
distortion in 2fa. This is the reason why the 4, mode of 1666 cm™ can the most
strongly couple to the HOMO in 2fa. In a similar way, the 4, modes of 514 and
1552 cm™ also strongly couple to the HOMO in 2fa. Similar discussions can be
made in 3fa, 4fa, and 5fa; the low frequency mode around 500 cm™, the high
frequency modes around 1200 cm™, and the frequency modes around 1600 cm™
afford large electron—phonon coupling constants in the monocations of
polyfluoroacenes.

2. Monoanions

Let us first look into the electron—phonon interactions between the Ej,
modes and the e, LUMO in 1fa. We can see from this figure that the C-C
stretching E», mode of 1687 cm™ can strongly couple to the e, LUMO in 1fa.
This can be understood in view of the phase patterns of the LUMO in 1fa. When
1fa is distorted along the E», mode of 1687 cm™ toward the same direction as
shown in Figure 3, the bonding (antibonding) interactions between two
neighboring carbon atoms in the LUMO (a) become stronger (weaker),
therefore, the LUMO (a) is significantly stabilized in energy. In a similar way,
the antibonding interactions between two neighboring carbon atoms in the
LUMO (b) become stronger by such a distortion, therefore, the LUMO (b) is
significantly destabilized in energy. This is the reason why the E,, mode of
1687 cm™ can strongly couple to the e;, LUMO in 1fa. In addition to this mode,
the C—F stretching E,, mode of 1192 cm can strongly couple to the ey, LUMO,
but the E,, modes of 259 and 444 cm™ hardly couple to it. This can be
understood as follows. The reduced masses for the E,, modes of 1192 and 1687
cm™ are 13.69 and 12.05, respectively, therefore, the displacements of carbon
atoms are much larger than those of fluorine atoms in these modes. On the other
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hand, the reduced masses for the £,, modes of 259 and 444 cm™ are 18.62 and
16.08, respectively, and therefore, the displacements of fluorine atoms are more
dominant than those of carbon atoms in these modes. Since the e,, LUMO is
rather localized on carbon atoms, it is reasonable that a frequency mode in
which normal displacements of carbon atoms are large (small), can strongly
(weakly) couple to the e,, LUMO. This is the reason why the E», modes of 1192
and 1687 cm™ can strongly couple to the e,, LUMO, while the E,, modes of
259 and 444 cm™ hardly couple to it.

Let us next look into the electron—phonon interactions between the 41, modes
and the ep, LUMO in 1fa. We can see from Figure 7 that the 4;, mode of 567 cm™
! much more strongly couples to the 5, LUMO than the A1, mode of 1530 emtin
1fa. This can be understood as follows. When 1fa is distorted along the 4;, mode
of 567 cm™, the antibonding interactions between two neighboring carbon atoms,
and between two neighboring carbon and fluorine atoms, both in the LUMO (a)
and LUMO (b), become weaker. Therefore, both the LUMO (a) and LUMO (b)
are significantly stabilized in energy by such a distortion. When 1fa is distorted
along the 45, mode of 1530 cm™, the antibonding interactions between two
neighboring carbon atoms, and between two neighboring carbon and fluorine
atoms, become weaker and stronger, respectively, both in the LUMO (a) and
LUMO (b). Since such strengthened and weakened effects of antibonding
interactions are compensated by each other, the 4;, mode of 1530 cm less
strongly couples to the e,, LUMO than the 4;, mode of 567 cm™.

Let us next look into the electron—phonon interactions between the A4,
modes and the b1, LUMO in 2fa. We can see from Figure 7 that the C-C
stretching 4, mode of 1402 cm™ much more strongly couples to the LUMO
than the other modes in 2fa. This can be understood as follows. The reduced
mass for the 4, mode of 1402 cm™ is 12.11, therefore, the displacements of
carbon atoms are much larger than those of fluorine atoms in the mode. When
2fa is distorted along the 4, mode of 1402 cm ™, the bonding (antibonding)
interactions between two neighboring carbon atoms become stronger (weaker),
and the antibonding interactions between two neighboring carbon and fluorine
atoms in the LUMO become weaker. Therefore, the LUMO is significantly
stabilized in energy by such a distortion. This is the reason why the 4, mode of
1402 cm™ strongly couples to the LUMO in 2fa. We can see from Figure 7 that
the 4, modes of 1271 and 1552 cm™ also somewhat strongly couple to the
LUMO in 2fa. This can be understood as follows. When 2fa is distorted along
the 4, mode of 1552 cm™, the bonding interactions between C(3) and C(4)
atoms, and between C(8) and C(9) atoms, become stronger, and the antibonding
interactions between C(3) and F(12) atoms, between C(4) and F(13) atoms,
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between C(8) and F(16) atoms, and between C(9) and F(17) atoms, in the
LUMO, become weaker. Therefore, the LUMO is stabilized in energy by such a
distortion. This is the reason why the 4, mode of 1552 cm™ also somewnhat
strongly couples to the LUMO in 2fa. But it should be noted that the
antibonding interactions between C(2) and C(3) atoms, between C(4) and C(5)
atoms, between C(7) and C(8) atoms, and between C(9) and C(10) atoms in the
LUMO, become slightly stronger, and thus the LUMO would be slightly
destabilized in energy by such an effect. The destabilization effect and the
stabilization effect described above are compensated by each other, the LUMO
is slightly stabilized in energy by such a distortion. This is the reason why the
Ag mode of 1552 cm™ much less strongly couples to the LUMO than the Ag
mode of 1402 cm™ even though both A, modes are C-C stretching modes and
the reduced mass for the 4, mode of 1552 cm™ is similar to that for the 4, mode
of 1402 cm™. When 2fa is distorted along the C—F stretching A, mode of 1271
cm*, the antibonding interactions between C(2) and F(11) atoms, between C(5)
and F(14) atoms, between C(7) and F(15) atoms, and between C(10) and F(18)
atoms in the LUMO, become stronger, therefore, the LUMO is destabilized in
energy by such a distortion. But there are not significant changes in the
strengths of the orbital interactions between two neighboring carbon atoms in
the mode, and thus the C-F stretching 4, mode of 1271 cm™* much less strongly
couples to the LUMO than the C-C stretching 4, mode of 1402 cm ™ in 2fa.
Similar discussions can be made in 3fa, 4fa, and 5fa; the C-C stretching 4,
modes of 1401, 1389, and 1379 cm™ the most strongly couple to the LUMO in
3fa, 4fa, and 5fa, respectively.

Let us next compare the calculated results in polyfluoroacenes with those in
polyacenes. As in case of the monoanion of 1fa, the C—C stretching £,, mode of
1656 cm™* affords the largest electron—phonon coupling constant (193 meV) in
the monoanion of 1a. But it should be noted that the C-C stretching £,, mode of
1687 cm™ in the monoanion of 1fa affords a larger electron—phonon coupling
constant (223 meV) than the C-C stretching E>, mode of 1656 cm™ in the
monoanion of 1a. This can be understood as follows. The reduced mass for the
E», mode of 1656 cm™ in la is 5.32, and therefore, the displacements of
hydrogen atoms as well as those of carbon atoms are large in the mode. On the
other hand, the reduced mass for the E,, mode of 1687 cm~in 1fais 12.05, and
thus, the displacements of carbon atoms are very large and those of fluorine
atoms are very small in the mode. The LUMO is completely localized on carbon
atoms in la, and is rather localized on carbon atoms in 1fa. Therefore, it is
rational that the E,, mode of 1687 cm™ in 1fa in which the displacements of
carbon atoms are larger, more strongly couples to the LUMO localized on
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carbon atoms than the E,, mode of 1656 cm~tin 1a in which the displacements
of carbon atoms are smaller.

Similar discussions can be made in 2fa, 3fa, 4fa, and 5fa; the C-C stretching
modes afford larger electron—phonon coupling constants in the monoanions of
2fa, 3fa, 4fa, and 5fa than in the monoanions of 2a, 3a, 4a, and 5a, respectively.
This is because the displacements of carbon atoms in the modes are larger in 2fa,
3fa, 4fa, and 5fa than those in 2a, 3a, 4a, and 5a, respectively, and the orbital
patterns of the LUMO in polyacenes hardly change by H-F substitution.

It should be noted that the C—C stretching modes around 1500 cm™ and the
low frequency modes, less and more, respectively, strongly couple to the LUMO
with an increase in molecular size in polyacenes, while the low frequency modes
as well as the C—C stretching modes around 1500 cm™ less strongly couple to the
LUMO with an increase in molecular size in polyfluoroacenes.

It should be noted that the 45, mode of 567 cm™ (1530 cm™) much more
(less) strongly couples to the ey, LUMO than to the e;, HOMO in 1fa. This can
be understood as follows. When 1fa is distorted along the 4;, mode of 567 cm?,
the antibonding interactions between two neighboring carbon atoms and
between two neighboring carbon and fluorine atoms in the e;, LUMO in 1fa
become significantly weaker, and thus the e, LUMO is significantly stabilized
in energy, while the energy level of the e;, HOMO does not significantly change
by such a distortion because the weakened effects of bonding and antibonding
interactions are compensated by each other, as described above. This is the
reason why the 4;, mode of 567 cm™ much more strongly couples to the ey,
LUMO than to the e;, HOMO in 1fa. When 1fa is distorted along the 4;, mode
of 1530 cm™, the antibonding interactions between two neighboring carbon
atoms and between two neighboring carbon and fluorine atoms in the e,, LUMO
in 1fa become weaker and stronger, respectively. Since such weakened and
strengthened effects of antibonding interactions are compensated by each other,
the e;, LUMO in 1fa is slightly destabilized in energy by such a distortion. On
the other hand, such a compensation does not occur in the electron—phonon
interactions between the e;, HOMO and the 4;, mode of 1530 cm™?, as
described above. This is the reason why the 43, mode of 1530 cm™ much more
strongly couples to the e;, HOMO than to the e, LUMO in 1fa. But it should be
noted that the high frequency E,, modes of 1192 and 1687 cm™ (the low
frequency E,, modes of 259 and 444 cm™) much more (less) strongly couple to
the e, LUMO than to the e;,, HOMO in 1fa. This can be understood as follows.
The reduced masses for the high frequency E,, modes of 1192 and 1687 cm™
are 13.69 and 12.05, respectively, and thus the displacements of carbon atoms
are much larger than those of fluorine atoms in these modes in 1fa, while those
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for the low frequency E,, modes of 259 and 444 cm™ are 18.62 and 16.08,
respectively, and thus the displacements of fluorine atoms are larger than those
of carbon atoms in these modes in 1fa. The e;, LUMO is rather localized on
carbon atoms and in which the electron density on fluorine atoms are low, on
the other hand, the e;, HOMO is delocalized and in which the electron density
on fluorine atoms are as high as those on carbon atoms in 1fa. It is rational that
the higher (lower) frequency E,, modes, in which the displacements of carbon
(fluorine) atoms are very large, more (less) strongly couple to the e, LUMO
rather localized on carbon atoms than to the delocalized e;, HOMO in 1fa. This
is the reason why the high frequency E», modes of 1192 and 1687 cm™ (the low
frequency E,, modes of 259 and 444 cm™) much more (less) strongly couple to
the e;, LUMO than to the e;, HOMO in 1fa.

It should be noted that the 4, mode of 1666 cm™ (1402 cm™) much more
(less) strongly couples to the HOMO than to the LUMO in 2fa. This can be
understood as follows. When 2fa is distorted along the 4, mode of 1666 cm™,
the bonding and antibonding interactions between two neighboring carbon
atoms in the LUMO in 2fa become weaker and stronger, respectively, and thus
the LUMO would be destabilized in energy by such a distortion. On the other
hand, the antibonding interactions between two neighboring carbon and fluorine
atoms in the LUMO in 2fa become weaker, and thus the LUMO would be
stabilized in energy by such a distortion. Since such destabilization and
stabilization effects are compensated by each other, the LUMO is slightly
destabilized in energy by such a distortion in 2fa. Such a compensation does not
occur in the electron-phonon interactions between the 4, mode of 1666 cm™
and the HOMO in 2fa, and thus the 4, mode of 1666 cm™ much more strongly
couples to the HOMO than to the LUMO in 2fa. In a similar way, such a
compensation occurs (does not occur) in the electron—phonon interactions
between the 4, mode of 1402 cm™ and the HOMO (LUMO), and thus the
energy level of the LUMO much more significantly changes than that of the
HOMO by such a distortion in 2fa. This is the reason why the 4, mode of 1402
cm™ can much more strongly couple to the LUMO than to the HOMO in 2fa.
That is, the significant phase patterns difference between the HOMO, in which
the atomic orbitals between two neighboring carbon atoms are mainly combined
in phase and those between two neighboring carbon and fluorine atoms are
combined out of phase, and the LUMO, in which the atomic orbitals between
two neighboring carbon atoms and between two neighboring carbon and
fluorine atoms are combined out of phase, is the main reason why the
vibrational modes which play an essential role in the electron—phonon
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interactions in the monocations are significantly different from those in the
monoanions in 2fa.

In a similar way, we can rationalize in view of the phase patterns of the
HOMO and LUMO the calculated results that the frequency modes lower than
500 cm™ and the high frequency modes around 1400 cm™ much more strongly
couple to the LUMO than to the HOMO in 2fa, 3fa, 4fa, and 5fa, on the other
hand, the frequency modes around 500 cm™ and the frequency modes around
1600 cm™ much more strongly couple to the HOMO than to the LUMO in 2fa,
3fa, 4fa, and 5fa.

C. B, N-Substituted Polyacenes

1. Monocations

There are five kinds of £ vibrational modes in 1bn (B-N-B or N-B-N in-
plane bending mode of 520 cm™; B-N—H or N-B—H in-plane bending modes of
951 and 1073 cm™; B-N stretching modes of 1399 and 1492 cm™; B-H
stretching mode of 2625 cm™; N-H stretching mode of 3640 cm™). The
frequencies of the vibrational modes in B, N-substituted polyacene-series are
slightly lower than those in polyacene-series. For example, the frequencies of the
B-N stretching modes of 1399 and 1492 cm™ in 1bn are lower than that of the C—
C stretching mode of 1656 cm™ in 1a. This can be understood as follows. The B—
N bonds in 1bn are longer than the C—C bonds in 1a. In general, the frequency of
the stretching mode between two neighboring atoms whose bond lengths are
larger, is lower. The C-H (1.087 A) bond lengths in 1a lie between the N-H
(1.010 A) and B-H (1.200 A) bond lengths in 1bn, and the frequency for the C-H
(3184 cm™) stretching mode in 1a also lies between those for the N—H (3640 cm™
1) and B-H (2625 cm™) stretching modes in 1bn.

The calculated electron—phonon coupling constants in the monocations and
monoanions of 1bn, 2bn, and 3bn are shown in Figure 8. We can see from Figure
3 that the HOMO and LUMO in B, N-substituted polyacene-series are rather
localized on N and B atoms, respectively, due to the electronegativity perturbation
on polyacene-series. We can see from Figure 8 that the B-N stretching £~ mode
of 1492 cm™ can strongly couple to the ¢ HOMO in 1bn. This can be understood
in view of phase patterns of the HOMO in 1bn. When 1bn is distorted along the
E" mode of 1492 cm™ toward the same direction as shown in Figure 3, the
bonding (antibonding) interactions between two neighboring B and N atoms in the
HOMO (a) become stronger (weaker), therefore, the HOMO (@) is significantly
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stabilized in energy. In a similar way, the bonding interactions between two
neighboring B and N atoms in the HOMO (b) become weaker by such a
distortion, therefore, the HOMO (b) is significantly destabilized in energy. This is
the reason why the £~ mode of 1492 cm™ can strongly couple to the ¢ HOMO in
1bn. In addition to this mode, the £ modes of 520 and 1399 cm™ and the 4;”
mode of 949 cm™ can also couple to the ¢ HOMO in 1bn. But it should be noted
that the £ mode of 1399 cm™ much less strongly couples to the ¢ HOMO than
the £~ mode of 1492 cm™ even though both vibrational modes are the B-N
stretching modes. This can be understood as follows. The reduced mass for the £’
mode of 1399 cm™ is 1.89, while that for the £ mode of 1492 cm™ is 4.93, and
thus the displacements of B and N atoms are larger in the £~ mode of 1492 cm™
than in the £ mode of 1399 cm™. The ¢ HOMO is, on the other hand, localized
on B and N atoms. It is rational that a frequency mode in which the displacements
of B and N atoms are important, more strongly couples to the ¢ HOMO localized
on B and N atoms. This is the reason why the £ mode of 1399 cm™ much less
strongly couples to the ¢ HOMO than the £ mode of 1492 cm™ in 1bn. It should
be noted that the B—-H stretching £~ mode of 2636 cm™ somewhat couples to the
¢ HOMO in 1bn. Considering that the electron density on boron and hydrogen
atoms in the ¢ HOMO is not high, such electron—phonon coupling constant for
the £~ mode of 2636 cm™ is rather large.

Let us next look into the electron—phonon coupling in the monocations of 2bn
and 3bn. We can see from Figure 8 that the B-N stretching 4; mode of 1486 cm™
can strongly couple to the HOMO in 2bn. Furthermore, the B-N stretching A4,
modes of 1480 and 1528 cm™ strongly couple to the HOMO in 3bn. It should be
noted that the electron—phonon coupling constants for the low frequency modes
decrease with an increase in molecular size from the monocations of 1bn to 3bn
more rapidly than those for the B-N stretching modes around 1500 cm™.

Let us next compare the calculated results for the monocations of B, N-
substituted polyacenes with those for the monocations of polyacenes. We can see
from Figure 8 that as in the monocation of 1bn, both the low frequency modes and
the C-C stretching modes around 1500 cm™ afford large electron—phonon
coupling constants in the monocation of 1a. But in the monocations of large size
of polyacenes such as 2a and 3a, only the C-C stretching modes around 1500 cm™
! afford large electron—phonon coupling constants, and the electron—phonon
coupling constants for the C—C stretching modes around 1500 cm™ decrease with
an increase in molecular size from the monocations of 2a to 6a.
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Figure 8. Electron—phonon coupling constants for the monocations and monoanions of B,
N-substituted polyacenes.

2. Monoanions

We can see from Figure 8 that the B-N stretching £~ mode of 1492 cm™ can
strongly couple to the ¢ LUMO in 1bn. This can be understood in view of the
phase patterns of the LUMO in 1bn. When 1bn is distorted by the £ mode of
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1492 cm™ toward the same direction as shown in Figure 3, the bonding
(antibonding) interactions between two neighboring B and N atoms in the LUMO
(@) become weaker (stronger), therefore, the LUMO (a) is significantly
destabilized in energy. In a similar way, the antibonding interactions between two
neighboring B and N atoms in the LUMO (b) become weaker by such a distortion,
therefore, the LUMO (b) is significantly stabilized in energy. That is the reason
why the £~ mode of 1492 cm™ can strongly couple to the ¢* LUMO in 1bn. In
addition to this mode, the £ mode of 1073 cm™ and the 4, mode of 949 cm™
can also couple to the ¢ LUMO in 1bn. But it should be noted that the B-N
stretching £~ mode of 1399 cm™ hardly couples to the ¢* LUMO in 1bn. This can
be understood as follows. When 1bn is distorted by the £ mode of 1399 cm™
toward the same direction as shown in Figure 3, the bonding (antibonding)
interaction between N(1) and B(2) becomes stronger, while the bonding
(antibonding) interaction between B(3) and N(3) becomes weaker in the LUMO
(@) (LUMO (b)). Since such changes in the strengths of orbital interactions are
compensated by each other, the energy levels of the LUMO (a) and LUMO (b) are
not significantly changed by such a distortion. That is the reason why the B-N
stretching £ mode of 1399 cm™ hardly couples to the ¢” LUMO in 1bn. Let us
next look into the electron—phonon coupling in the monoanions of 2bn and 3bn.
We can see from Figure 8 that the lowest frequency 4; modes of 327 and 447 cm™
! and the B-N stretching mode of 1486 cm™ can strongly couple to the ¢, LUMO
in 2bn. Furthermore, the lowest frequency 4; modes of 212 and 345 cm™ and the
B-N stretching 4, mode of 1480 cm™ can strongly couple to the b, LUMO in
3bn. It should be noted that the B-N stretching modes around 1500 cm™ and the
low frequency modes, less and more, respectively, strongly couple to the LUMO
with an increase in molecular size from 1bn to 3bn.

Let us next compare the calculated results for the monocations with those for
the monoanions [74] in B, N-substituted polyacenes. As described above, the
HOMO and LUMO in B, N-substituted polyacene-series are rather localized on N
and B atoms, respectively, due to the electronegativity perturbation on polyacene-
series. Therefore, significant vibronic interactions character differences between
the monoanions and cations in B, N-substituted polyacene-series can be expected.
As can be seen from Figure 8, both the low frequency modes and the B—-N
stretching modes around 1500 cm™ afford large electron—phonon coupling
constants in the monoanions and cations in B, N-substituted polyacenes. The low
frequency modes play more important role in the electron—phonon interactions in
the monocation than in the monoanion in 1bn. But the electron—phonon coupling
constants for the low frequency modes decrease more rapidly with an increase in
molecular size than those for the B-N stretching modes around 1500 cm™ in the
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monocations of B, N-substituted polyacene-series. Therefore, the B—N stretching
modes would play more important role in the electron—phonon interactions than
the low frequency modes even in the large size of the monocations of B, N-
substituted polyacenes. But the B-N stretching modes around 1500 cm™ and the
low frequency modes, less and more, respectively, strongly couple to the LUMO
with an increase in molecular size from 1lbn to 3bn. Therefore, the higher
frequency modes would play an essential role in the electron—phonon interactions
in the large size of the monocations, while the lower frequency modes play such a
role in the large size of the monoanions in B, N-substituted polyacenes. This
difference may come from the phase patterns difference between the HOMO and
LUMO due to electronegativity perturbation on polyacene-series.

We can therefore conclude in this section that the lower frequency modes
play an important role in the electron—phonon interactions in large size of the
negatively charged polyacene-series and B, N-substituted polyacene-series, while
the higher frequency modes such as B-N stretching modes around 1500 cm™ play
such a role in the positively charged polyacene-series and B, N-substituted
polyacene-series.

D. Polycyanodienes

1. Monocations

The calculated electron—phonon coupling constants in the monocations of
2cn, 3cn, and 4cn are shown in Figure 9. Let us next look into the electron-
phonon interactions between the a, HOMO and the 4, modes in 2cn. We can see
from Figure 9 that the 4, mode of 1597 cm™ the most strongly couples to the ag
HOMO in 2cn. This can be understood in view of the phase patterns of the
HOMO in 2cn. When 2cn is distorted along the 4, mode of 1597 cm™ toward the
same direction as shown in Figure 3, the bonding interactions between C(3) and
C(4) atoms in the HOMO become weaker, and the antibonding interactions
between N(2) and C(3) atoms become stronger. Furthermore, the characteristics of
the bonding and antibonding interactions between two neighboring carbon and
hydrogen atoms in the HOMO become less and more, respectively, significant.

Therefore, the a, HOMO is significantly destabilized in energy by such a
distortion. This is the reason why the 4, mode of 1597 cm™ the most strongly
couples to the a, HOMO in 2cn. In addition to this, the lowest frequency 4, mode
of 555 cm™ affords large electron—phonon coupling constant in the monocation of
2cn. When 2cn is distorted along the 4, mode of 555 cm™, the characteristics of
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the antibonding interactions between N(2) and C(3) atoms become more
significant, and the bonding interactions between two neighboring carbon and
hydrogen atoms in the HOMO become weaker. Therefore, the a, HOMO is
significantly destabilized in energy by such a distortion. This is the reason why
the 4, mode of 555 cm™* affords large electron—phonon coupling constant in the
monocation of 2cn. Similar discussions can be made in 3cn and 4cn; the C—C and
C-N stretching modes around 1500 cm™ and the lowest frequency modes strongly
couple to the HOMO.
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Figure 9. Electron—phonon coupling constants for the monocations of polycyanodienes.

2. Monoanions

The calculated electron—phonon coupling constants in the monoanions of 1cn,
2cn, 3cn, and 4cn are shown in Figure 10. Let us first look into the electron—
phonon interactions between the 4, modes and the b3, LUMO in 1cn. We can see
from Figure 10 that the 4, mode of 1713 cm can the most strongly couple to the
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bz, LUMO in 1cn. When 1cn is distorted along the 4, mode of 1713 cm™* toward
the same direction as shown in Figure 3, the bonding interactions between two
neighboring carbon atoms in the b3, LUMO become stronger, and the antibonding
interactions between two neighboring carbon and nitrogen atoms become weaker,
and thus the b3, LUMO is significantly stabilized in energy. This is the reason
why the 4, mode of 1713 cm™ can the most strongly couple to the b3, LUMO in
lcn. The 4, mode of 1035 cm™ also strongly couples to the b3, LUMO in 1cn.
When 1cn is distorted along the 4, mode of 1035 cm™, the antibonding
interactions between two neighboring carbon and nitrogen atoms in the bs,
LUMO become significantly weaker, and thus the b3, LUMO is significantly
stabilized in energy by such a distortion. On the other hand, the bonding
interactions between two neighboring carbon atoms become also slightly weaker
by such a distortion, the b3, LUMO would be slightly destabilized in energy. Such
stabilized and destabilized effects are compensated by each other. Therefore, the
A, mode of 1035 cm™* affords slightly smaller electron—phonon coupling constant
than the 4, mode of 1713 cm™ in the monoanion of lcn. Furthermore, the 4,
mode of 623 cm™ also somewhat strongly couples to the b3, LUMO in 1cn. The
reduced masses for the 4, modes of 623, 1035 and 1713 cm™" are large, and are
8.80, 7.53 and 5.97, respectively, in 1cn. Therefore, the displacements of carbon
and nitrogen are large in these modes. It is rational that the 4, modes of 623,
1035, and 1713 cm™, in which the displacements of carbon and nitrogen atoms
are larger, can strongly couple to the 43, LUMO localized on carbon and nitrogen
atoms. On the other hand, the reduced masses for the 4, modes of 1252 and 3200
cm ™ are 1.11 and 1.10, respectively. It is rational that the A, modes of 1252 and
3200 cm™ in which the displacements of carbon and nitrogen atoms are small
cannot strongly couple to the b3, LUMO localized on carbon and nitrogen atoms.
This is the reason why the 4, modes of 623, 1035, and 1713 cm™" can more
strongly couple to the b3, LUMO than the 4, modes of 1252 and 3200 em™?in
lcn.

Let us look into the electron—phonon interactions between the 4, modes and
the b1, LUMO in 2cn. We can see from Figure 10 that the 4, mode of 1597 cm™
strongly couples to the b3, LUMO in 2cn. This can be understood as follows.
When 2cn is distorted along the 4, mode of 1597 cm™?, the bonding interactions
between two neighboring carbon atoms in the b1, LUMO become significantly
weaker, and the antibonding interactions between two neighboring carbon and
nitrogen atoms become significantly stronger, and thus the b;, LUMO s
significantly destabilized in energy by such a distortion in 2cn. This is the
reason why the 4, mode of 1597 cm™ can strongly couple to the b1 LUMO in
2cn. The A, mode of 1436 cm™ can also strongly couple to the b1, LUMO in
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2cn. When 2cn is distorted along the 4, mode of 1436 cm™, the antibonding
interactions between two neighboring carbon and nitrogen atoms in the by,
LUMO in 2cn become stronger, and thus the b;, LUMO is significantly
destabilized in energy by such a distortion in 2cn.
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Figure 10. Electron—phonon coupling constants for the monoanions of polycyanodienes.

This is the reason why the 4, mode of 1436 cm* strongly couples to the b1,
LUMO in 2cn. Apart from the C-H stretching 4, mode of 3187 cm™?, the
electron—phonon coupling constant increases with an increase in frequency in
2cn. In the low frequency modes, which have similar characteristics to those of
acoustic mode of phonon in solids, all atoms move toward the similar direction.
Therefore, the orbital interactions between two neighboring atoms do not
significantly change when 2cn is distorted along the low frequency 4, modes.
This is the reason why the electron—phonon coupling decreases with a decrease
in frequency in 2cn. The C—H stretching mode of 3187 cm™ hardly couples to
the by, LUMO in 2cn. The reduced mass for the 4, mode of 3187 cm™ is 1.10,
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and in which the displacements of carbon and nitrogen atoms are very small.
The b1, LUMO is localized on carbon and nitrogen atoms in 2cn. It is rational
that the 4, mode of 3187 cm™, in which the displacements of carbon and
nitrogen atoms are very small, hardly couples to the 5, LUMO localized on
carbon and nitrogen atoms in 2cn. Similar discussions can be made in the
monoanions of 3cn and 4cn; the C—C stretching modes around 1500 cm™ can
strongly couple to the LUMO.

E. Summary

In this chapter, we investigated the electron—phonon interactions in the
monocations and monoanions of polyacenes, polyfluoroacenes, B, N-substituted
polyacenes, and polycyanodienes. The C-C stretching modes around 1500 cm™
strongly couple to the HOMO, and the lowest frequency modes and the C-C
stretching modes around 1500 cm™ strongly couple to the LUMO in polyacenes.
The C—C stretching modes around 1500 cm™ strongly couple to the HOMO and
LUMO in polyfluoroacenes. The B-N stretching modes around 1500 cm™
strongly couple to the HOMO and LUMO in B, N-substituted polyacenes. The C—
C and C-N stretching modes around 1500 cm ™ strongly couple to the HOMO and
LUMO in polycyanodienes.






Chapter VI

TOTAL ELECTRON-PHONON COUPLING
CONSTANTS

A. Polyacenes and Polyfluoroacenes

1. Monocations

Let us next discuss the total electron—phonon coupling constants in the
monocations (/,0y0) Of polyfluoroacenes, and compare the calculated results for

polyfluoroacenes with those for polyacenes. The 4,q,,, Values for /a and Ifa are
defined as

6 4 6
1
lnomo = X lnomo (@)= Zglaowlo(wm Yoo, 3 ZgZHOMO(a’m Yoo,
m=1 m=1 m=5

(55)

and those for polyacenes and polyfluoroacenes (2fa—5fa and 2fa—5fa) are defined
as

Inomo =2 lHomo (wm)=zg5|ow|o (0, ), (56)

The calculated total electron—phonon coupling constants ( ;o and 4yomo)

in the monoanions and cations of polyacenes, polyfluoroacenes, B, N-substituted
polyacenes, and polycyanodienes are shown in Figure 11. The j,,o Values are
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estimated to be 0.418, 0.399, 0.301, 0.255, and 0.222 eV for 1fa, 2fa, 3fa, 4fa, and
5fa, respectively, and those are estimated to be 0.244, 0.173, 0.130, 0.107, and
0.094 eV for 1a, 2a, 3a, 4a, and 5a, respectively. Therefore, the 4,q,,, Values

decrease with an increase in molecular size in both polyacenes and
polyfluoroacenes. This can be understood as follows. The electron density per
atom in the HOMO becomes lower with an increase in molecular size, and the
orbital interactions between two adjacent atoms become weaker with an increase
in number of atoms in polyacenes and polyfluoroacenes. Therefore, strengths of
the orbital interactions between two adjacent atoms less significantly change with
an increase in number of atoms when these monocations are distorted along the
C—C stretching modes around 1500 cm™ playing an essential role in the electron—
phonon interactions. This is the reason why the 4,,,, value decreases with an

increase in number of atoms. Therefore, in general, we can expect that a
monocation, in which number of carriers per atom is larger, affords larger 1,5y,

value.
The om0 Values for polyfluoroacenes are much larger than those for

polyacenes. This can be understood as follows. For example, let us compare the
calculated results for 2fa with those for 2a. The reduced masses of the C-C
stretching 4, modes of 1445 and 1610 cm™ in 2a, which afford large electron—
phonon coupling constants in the monocation of 2a, are 9.68 and 7.19,
respectively, and thus the displacements of carbon atoms are not very large in
these vibrational modes. On the other hand, the reduced masses of the C-C
stretching modes of 1552 and 1666 cm™ in 2fa, which afford large electron—
phonon coupling constants in the monocation of 2fa, are 12.45 and 12.10,
respectively, and thus the displacements of carbon atoms are very large in these
vibrational modes. It is rational that the C—C stretching modes around 1500 cm™,
in which the displacements of carbon atoms are larger in 2fa, can more strongly
couple to the HOMO, in which the electron density on carbon atoms are very
high, than the C-C stretching modes around 1500 cm™, in which the
displacements of carbon atoms are smaller in 2a. Furthermore, the low frequency
mode of 514 cm™ affords much larger electron—phonon coupling constant in the
monocation of 2fa than the low frequency modes around 500 cm™ in the
monocation of 2a. Similar discussion can be made in 3fa, 4fa, and 5fa.

Therefore, we can conclude that the larger values of the electron—phonon
coupling constants for the C-C stretching modes around 1500 cm™ in the
monocations of polyfluoroacenes than those in the monocations of polyacenes due
to the larger displacements of carbon atoms in the C-C stretching modes in
polyfluoroacenes than those in polyacenes, and the larger values of the electron—
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phonon coupling constants for the low frequency modes around 500 cm™ in the
monocations of polyfluoroacenes than those in the monocations of polyacenes, are
the main reason why the j,,,o values for polyfluoroacenes are much larger than

those for polyacenes.
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Figure 11. Total electron—phonon coupling constants for the monocations and monoanions
of polyacenes, polyfluoroacenes, B, N-substituted polyacenes, and polycyanodienes. The
opened circles, triangles, squares, and diamonds represent the Homo values for

polyacenes, polyfluoroacenes, B, N-substituted polyacenes, and polycyanodienes,
respectively, and the closed circles, triangles, squares, and diamonds represent the ;0

values for polyacenes, polyfluoroacenes, B, N-substituted polyacenes, and
polycyanodienes, respectively.

2. Monoanions

Let us next discuss the total electron—phonon coupling constants in the
monoanions (; ,uo) Of polyfluoroacenes, and compare the calculated results for

polyfluoroacenes with those for polyacenes. The 4 4o Value for 1fa is defined as
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6 4
1
ILumo = X lLumo(@y,)= ZgEUMO(wm Vo, +3

m=1 m=1

6
ZgEUMO(a)m Vo,
m=5 (57)

and that for polyfluoroacenes (2fa—5fa) is defined as

ILumo =2l umo (@, )= ZgEUMO(wm Vo, (58)
m m 5

The j yuo Values are estimated to be 0.475, 0.473, 0.350, 0.273, and 0.215

eV for 1fa, 2fa, 3fa, 4fa, and 5fa, respectively, while those are estimated to be
0.322, 0.255, 0.186, 0.154, and 0.127 eV for 1a, 2a, 3a, 4a, and 5a, respectively.
Therefore, the 4,0 Values decrease with an increase in molecular size in both

polyacenes and polyfluoroacenes.
The j yuo Values for polyfluoroacenes are much larger than those for

polyacenes. This can be understood as follows. As described above, the LUMOs
of polyfluoroacenes are rather localized on carbon atoms, and those of polyacenes
are completely localized on carbon atoms. And the displacements of carbon atoms
in the C—C stretching modes around 1500 cm™ in polyfluoroacenes become larger
than those in polyacenes as a consequence of H-F substitution in polyacenes. That
is, by substituting hydrogen atoms by heavier atoms which have the highest
electronegativity in every element, fluorine atoms, the displacements of carbon
atoms become significantly larger in the C-C stretching modes, while the
electronic structure in the LUMO hardly changes. Therefore, the C-C stretching
modes around 1500 cm™ in polyfluoroacenes more strongly couple to the LUMO
localized on carbon atoms than those in polyacenes. This is the main reason why
the 4 ymo Values for polyfluoroacenes are much larger than those for polyacenes.

The 1 ymo Value for polyfluoroacenes decreases with an increase in molecular
size more rapidly than that for polyacenes, and the ;o Values difference

between polyacenes and polyfluoroacenes decreases with an increase in molecular
size. This is because the ratio of the number of fluorine atoms to that of carbon
atoms becomes smaller from 1fa to 5fa, and the effects of H-F substitution
become less important in this order.

Let us next compare the calculated results for the monocations with those for
the monoanions in polyfluoroacenes. The ;4o Values are larger than the ;4,50
values in 1fa, 2fa, 3fa, and 4fa. This can be understood as follows. The C-C

stretching modes around 1500 cm™, in which the displacements of carbon atoms
are very large, can more strongly couples to the LUMO rather localized on carbon
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atoms than to the delocalized HOMO in polyfluoroacenes. This is the reason why
the electron—phonon coupling constants for the C—C stretching 4, modes around
1400 cm™ in the monoanions are larger than those for the C—C stretching A
modes around 1600 cm™ in the monocations in polyfluoroacenes, and the reason
why the j ;o Values are larger than the 4,,,,o Values in 1fa, 2fa, 3fa, and 4fa.

But it should be noted that the [, Vvalue decreases with an increase in
molecular size more rapidly than the j,,,,o Value in polyfluoroacenes, and the
ILumo Value is slightly smaller than the 4,,,,o Value in 5fa.

The jomo and 4 yuo Values for polyfluoroacene with Do, geometry would

converge and be estimated by extrapolation in Figure 11 to be 0.074 and 0.009
eV, respectively, assuming that the 4,50 and 4 o values are approximately

inversely proportional to the number of carbon atoms in each series.
The 1,0mo Value is estimated to be much larger than the 4, Vvalue in

polyfluoroacene ( — «), even though the 4,,,, Value is smaller than the ; ;o

value in small size of polyfluoroacenes such as 2fa, 3fa, and 4fa. That is, the
Ihomo Values decrease with an increase in molecular size less rapidly than the

ILumo Values in polyfluoroacenes. This is because the electron—phonon coupling

constants originating from the C-C stretching modes around 1500 cm™ decrease
with an increase in molecular size more rapidly in the monoanions than in the
monocations in polyfluoroacenes. The strengths of the orbital interactions
between two neighboring carbon atoms in the HOMO and LUMO significantly
change when polyfluoroacenes are distorted along the C-C stretching modes
around 1500 cm™, and thus the C-C stretching modes around 1500 cm™ can
strongly couple to the HOMO and LUMO in polyfluoroacenes. Strengths of such
orbital interactions in the HOMO become weaker with an increase in molecular
size less rapidly than those in the LUMO in polyfluoroacenes because the electron
density on carbon atoms in the LUMO rather localized on carbon atoms decrease
with an increase in molecular size more rapidly than those in the delocalized
HOMO in polyfluoroacenes. This is the reason why the electron—phonon coupling
constants originating from the C—C stretching modes around 1500 cm™ decrease
with an increase in molecular size more rapidly in the monoanions than in the
monocations in polyfluoroacenes, and the reason why the 4, Values decrease

with an increase in molecular size less rapidly than the ; ., Values in

polyfluoroacenes.
The total electron—phonon coupling constants were estimated to be 0.322,
0.254, 0.186, 0.154, 0.127, and 0.106 eV (0.244, 0.173, 0.130, 0.107, 0.094, and
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0.079 eV) in the monoanions (monocations) of 1a, 2a, 3a, 4a, 5a, and 6a,
respectively. Therefore, the electron—phonon coupling constants decrease with an
increase in molecular size. Figures 4 and 5 demonstrate that the electron—phonon
coupling originating from the C—C stretching modes of 1400-1600 cm™ becomes
weaker as the molecular size becomes larger from la to 6a. Thus, the C-C
stretching modes should play an important role in the electron—phonon coupling
in the monoanions and cations of 1la and polyacenes. The total electron—-phonon
coupling constants in the monocations of polyacenes (j,,,o) are smaller than

those in the monoanions (4 o). This is because the lowest frequency mode,

which plays an important role in the electron—phonon coupling in the monoanions
of polyacenes, does not play a role in the electron—phonon coupling in the
monocations.

B. B, N-Substituted Polyacenes

The jyomo for 1bn is defined as

11 7 11
lhomo = 2lomo(@m)= X ghromo (@ )<, *5 Y. giomo (@ )<,
m=1 m=1 m=8 (59)

That for 2bn is defined as

17 17
Inomo = Xlnomo (@)= Ziglaowlo(wm)%m
P

m=1

(60)

and that for 3bn is defined as

23 23
2
Inomo = Xlomo (@)= X ghomo (@, )7y,
et ot (61)

The 1 yyo for 1bn is defined as

1

11
Z gEUMO (a)m )’N"a)m
2

m=8

11 7
ILumo = X lumol(@ )= ZgEUMO(a)m)xa)m +

m=1 m=1

(62)
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That for 2bn is defined as

17 17

ILumo = 2 lLumo(@,)= ngUMO(a’m)xa)m
m=1 m=1 (63)

and that for 3bn is defined as

23 23
ILumo = 2 lumo(@,,)= ZgEUMO(wm)xa)m
m=1 m=1 (64)

The jomo (ILumo) Values are estimated to be 0.357, 0.209, and 0.182 eV

(0.340, 0.237, and 0.203 eV) for 1bn, 2bn, and 3bn, respectively, while those are
estimated to be 0.244, 0.173, and 0.130 eV (0.322, 0.254, and 0.186 eV) for 1a,
2a, and 3a, respectively. Therefore, both the ;,,,,o and 4 o Values decrease

with an increase in molecular size in B, N-substituted polyacene-series as well as
in polyacene-series.
The 1, o Values are much larger than the 4o Values in polyacene-series,

while the j,5o Vvalues are similar to the 4, Vvalues in B, N-substituted

polyacene-series. This can be understood as follows. The low frequency modes as
well as the C-C stretching modes around 1500 cm™ afford electron—phonon
coupling constants in the monoanions of polyacenes, while only the C-C
stretching modes around 1500 cm™ afford large electron—phonon coupling
constants in the monocations of polyacenes except for 1a. Furthermore, the C-C
stretching modes around 1500 cm™ and the low frequency modes, less and more,
respectively, strongly couple to the LUMO, while the C-C stretching modes
around 1500 cm™ less strongly couple to the HOMO with an increase in
molecular size in polyacene-series. The electron—phonon coupling originating
from the low frequency modes in the monoanions is the main reason why the
ILumo Values are much larger than the 4,4, values in polyacene-series. Let us

next look into B, N-substituted polyacene-series. The B—-N stretching modes
around 1500 cm™ as well as the low frequency modes afford large electron—
phonon coupling constants both in the monoanions and cations of B, N-
substituted polyacene-series. The B-N stretching modes around 1500 cm™ and
the low frequency modes, less and more, respectively, strongly couple to the
LUMO with an increase in molecular size, while the low frequency modes much
less strongly couple to the HOMO than the B-N stretching modes around 1500
cm™ with an increase in molecular size in B, N-substituted polyacene-series. Even
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though the low and high frequency modes afford large electron—phonon coupling
constants in the monoanions and cations in B, N-substituted polyacene-series,
respectively, there are not significant differences between the ;0 and 4om0

values. This is the reason why the ; ;4o Values are similar to the 4,,,,o Values in

B, N-substituted polyacene-series.
We can see from Figure 11 that the 4, Values for B, N-substituted

polyacenes are larger than those for polyacenes, and can expect that those for the
large size of B, N-substituted polyacene-series are larger than those for the large
size of polyacene-series. The j,q,o Values for B, N-substituted polyacene

(N «) and polyacene () are estimated to be 0.096 and 0.036 eV,
respectively, assuming that the j,,,o is approximately inversely proportional to

the number of C, B, and N atoms in each series.®® This can be understood as
follows. For example, let us compare the HOMO of 3bn with that of 3a. We can
see from Figure 3 that the HOMO of 3a is rather localized on C(1), C(3), C(5),
C(8), C(10) and C(12) atoms which are located at the edge of the carbon
framework, and the electron density on other carbon atoms is very low. Therefore,
the HOMO of 3a has a non-bonding character and the orbital interactions between
two neighboring carbon atoms are not so large. Such a non-bonding character in
the HOMO becomes more significant with an increase in molecular size in
polyacene-series. This is the reason why the ;,,,,o Values decrease with an

increase in molecular size in polyacene-series. Let us next look into 3bn. Because
of the electronegativity perturbation on 3a, the HOMO of 3bn is stabilized in
energy with respect to the HOMO of 3a, and the electron density on N(7), N(9),
N(11), and N(13) atoms in 3bn is higher than that on C(7), C(9), C(11), and C(13)
atoms in 3a, respectively. Therefore, orbital interactions between N(7) and B(8),
between B(8) and N(9), between N(9) and B(10), between B(10) and N(11),
between N(11) and B(12), and between B(12) and N(13) atoms in the HOMO of
3bn, are stronger than those between two neighboring carbon atoms in the HOMO
of 3a. This is the reason why the j,,,, Value for 3bn is larger than that for 3a. In

a similar way, the large size of B, N-substituted polyacene-series would have
larger j,omo Values than the large size of polyacene-series. We can therefore
conclude that because of the strong orbital interactions between B and N atoms in
the HOMO in B, N-substituted polyacene-series as a consequence of the
electronegativity perturbation on polyacene-series, the f,,,,o Values for B, N-

substituted polyacene-series would become larger than those for polyacene-series.
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C. Polycyanodienes

1. Monocations

Let us next discuss the total electron—phonon coupling constants in the
monocations (z,omo) OF Polycyanodienes, and compare the calculated results for

polycyanodienes with those for polyacenes. The j,,,, Values for
polycyanodienes are defined as

Inomo =2 Inomo (@)= ZgaOMo (0 )0,
m m (65)

The ,omo Values are estimated to be 0.558, 0.464, and 0.378 eV for 2cn,

3cn, and 4cn, respectively. Those were estimated to be 0.173, 0.130, and 0.107 eV
for 2a, 3a, and 4a, respectively. Therefore, the 4,,,,, Values decrease with an

increase in molecular size in the monocations of polycyanodienes as well as in the
monocations of polyacenes. The 4, Values for polycyanodienes are much

larger than those for polyacenes. This can be understood as follows. The HOMO
of polyacenes is localized on edge part of carbon atoms, and thus the nonbonding
characteristics are significant in the HOMO of polyacenes. Therefore, the energy
levels of the HOMO in polyacenes do not significantly change even if polyacenes
are distorted along the C—C stretching modes around 1500 cm™ playing an
essential role in the electron—phonon interactions. As in case of the HOMO of
polyacenes, the HOMO of polycyanodienes are also somewhat localized on edge
part of nitrogen atoms. On the other hand, the o orbital interactions as well as the
s orbital interactions are significant in the HOMO of polycyanodienes. Therefore,
orbital interactions between two neighboring atoms are much stronger in the
HOMO of polycyanodienes than in the HOMO of polyacenes. Furthermore, while
the HOMO of polyacenes are completely localized on carbon atoms, the HOMO
of polycyanodienes are delocalized, and the electron density on hydrogen atoms
as well as that on carbon and nitrogen atoms in the HOMO of polycyanodienes is
high. Therefore, the strengths of the orbital interactions between two neighboring
carbon and hydrogen atoms are significantly changed by distortions by vibronic
active modes. This is the reason why the 4., Values for o-conjugated

polycyanodienes are much larger than those for z-conjugated polyacenes. In

summary, the strong o orbital interactions between two neighboring carbon atoms
and two neighboring carbon and nitrogen atoms and the orbital interactions
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between two neighboring carbon and hydrogen atoms in the HOMO of
polycyanodienes are the main reason why the 4,,,,, values for o-conjugated

polycyanodienes are much larger than those for z-conjugated polyacenes.
Let us next estimate the 4,,,,o Values for polycyanodienes (x —; o) With Dy,

geometry. Assuming that the 4, Values for polycyanodienes with Dy,

geometry are approximately inversely proportional to the number of carbon and
nitrogen atoms in each series, as suggested in previous research, [21] the ;4,50

value for polycyanodiene ( — «) is estimated to be 0.167 eV. The j,q,,o Value

for polyacene (s ) With D,, geometry is estimated to be 0.027 eV. Therefore,
the 7,40 Values for polycyanodienes ( s ) are estimated to be much larger

than those for polyacenes (n— «). Strong o orbital interactions between two
neighboring atoms and the orbital interactions between two neighboring carbon
and hydrogen atoms in the HOMO of polycyanodienes are the main reason why
the 4,omo Values for o-conjugated polycyanodienes are much larger than those

for z~conjugated polyacenes.

2. Monoanions

Let us next discuss the total electron—phonon coupling constants in the
monoanions (1 ,uo) Of polycyanodienes, and compare the calculated results for

polycyanodienes with those for polyacenes. The o Values for
polycyanodienes are defined as

iumo =2 umo(@m)= 3 gt umo(@n ¥y, (66)

The 7 4o Values are estimated to be 0.478, 0.338, 0.275, and 0.240 eV for
1cn, 2cn, 3cn, and 4cn, respectively, while those are estimated to be 0.322, 0.255,
0.186, and 0.154 eV for 1a, 2a, 3a, and 44, respectively, and those are estimated to
be 0.340, 0.237, and 0.203 eV for 1bn, 2bn, and 3bn, respectively. Therefore, the
ILumo Values decrease with an increase in molecular size in polyacenes, B, N-
substituted polyacenes, and polycyanodienes.

The 4 ywo Values for polycyanodienes are much larger than those for
polyacenes. This can be understood in view of the phase patterns of the LUMO in
polyacenes and polycyanodienes. The LUMOs of polyacenes are rather localized
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on carbon atoms located at the edge part of carbon framework. Therefore, non-
bonding characteristic is significant in the LUMOs in polyacenes. On the other
hand, the LUMO of polycyanodienes is delocalized, and the electron density on
carbon atoms as well as on nitrogen atoms located at the edge part of CN
framework is high in the LUMO in polycyanodienes. Therefore, the orbital
interactions between two neighboring atoms in the LUMO in polycyanodienes are
stronger than those in the LUMO in polyacenes. This is the reason why the 4 ;o

values for polycyanodienes are much larger than those for polyacenes. Let us next
discuss why the LUMOs of polyacenes are rather localized on carbon atoms
located at the edge part of carbon framework, while those of polycyanodienes are
delocalized, and the electron density on carbon atoms as well as on nitrogen atoms
is high in the LUMO in polycyanodienes. In general, due to electronegativity
perturbation, [30] the 7z bonding orbitals are weighted more heavily on the atoms
which are more electronegative, and the 7 antibonding orbitals weighted more
heavily on the atoms which is less electronegative. As described above, the
LUMO are rather localized on carbon atoms which are located at the edge part of
carbon framework in polyacenes. In polycyanodienes, carbon atoms with high
electron density in the LUMO, located at the edge part of carbon framework of
polyacenes, are substituted by nitrogen atoms with the higher electronegativity.
Therefore, the electron density on nitrogen atoms in the LUMO in
polycyanodienes is lower than that on carbon atoms located at the edge part of
carbon framework in the LUMO of polyacenes, and the electron density on
carbon atoms which are not located at the edge part of CN framework in the
LUMO in polycyanodienes is higher than that on carbon atoms which are not
located at the edge part of carbon framework in the LUMO in polyacenes. This is
the reason why the LUMOs of polyacenes are rather localized on carbon atoms
located at the edge part of carbon framework, while those of polycyanodienes are
delocalized, and the electron density on carbon atoms as well as on nitrogen atoms
is high in polycyanodienes.

Let us next estimate the 4 ,,,o Values for polycyanodienes ( —; o) With Dy,
geometry. Assuming that the ., Values for polycyanodienes with Dy,

geometry are approximately inversely proportional to the number of carbon and
nitrogen atoms in each series, as suggested before, the 4 ,,, Vvalue for

polycyanodiene () is estimated to be 0.122 eV. The o Value for

polyacene (s ) With Dy, geometry was estimated to be 0.019 eV.
In summary, the 4 ,,,o Values for polycyanodienes are estimated to be much

larger than those for polyacenes. Therefore, the orbital patterns difference



60 Takashi Kato

between the LUMO localized on carbon atoms located at the edge part of carbon
framework in polyacenes and the delocalized LUMO in polycyanodienes due to
electronegativity perturbation, is the main reason why the 4 ,,o Vvalues for

polycyanodienes are much larger than those for polyacenes with D,, geometry.

D. Summary

In this chapter, we estimated the total electron—phonon coupling constants in
the monocations and monoanions of polyacenes, polyfluoroacenes, B, N-
substituted polyacenes, and polycyanodienes. The j,quo and o Values

decrease with an increase in molecular size in polyacenes, polyfluoroacenes, B,
N-substituted polyacenes, and polycyanodienes. Electron density per atom in the
HOMO becomes lower with an increase in molecular size, and the orbital
interactions between two adjacent atoms become weaker with an increase in
number of atoms in polyacenes, polyfluoroacenes, B, N-substituted polyacenes,
and polycyanodienes. Therefore, strengths of the orbital interactions between two
adjacent atoms less significantly change with an increase in number of atoms
when the monocations and monoanions are distorted along the C-C stretching
modes around 1500 cm™ playing an essential role in the electron—phonon
interactions. This is the reason why the ;,,,,o Value decreases with an increase in

number of atoms. Therefore, in general, we can expect that monocations and
monoanions, in which number of carriers per atom is larger, affords larger 4,50
value. The /0 and j o Values for polyfluoroacenes are larger than those for
polyacenes. Larger values of the electron—phonon coupling constants for the C-C
stretching modes around 1500 cm™ in the monocations and monoanions of
polyfluoroacenes than those in the monocations and monoanions of polyacenes
due to the larger displacements of carbon atoms in the C-C stretching modes in
polyfluoroacenes than those in polyacenes, are main reason why the j,.,,, and
ILumo Values for polyfluoroacenes are much larger than those for polyacenes. The
Ihomo Values for B, N-substituted polyacenes are larger than those for polyacenes.
The 4 vo Values for B, N-substituted polyacenes are similar to those for
polyacenes. The j o Values are larger than the ;5o Values in polyacenes,
polyfluoroacenes, and B, N-substituted polyacenes. Therefore, electron doping
rather than hole doping is more effective way to seek for large electron—phonon

coupling constants in polyacenes, polyfluoroacenes, and B, N-substituted
polyacenes. Both the ;,4,,o and 4 o Values for polycyanodienes are larger than



Total Electron-Phonon Coupling Constants 61

those for polyacenes. Therefore, CH-CF, CC-BN, and CC-CN atomic
substitutions are effective way to seek for large ;4,0 and j o Values in
polyacenes. The orbital patterns difference between the LUMO localized on
carbon atoms located at the edge part of carbon framework in polyacenes and the
delocalized LUMO in polycyanodienes due to electronegativity perturbation, is
the main reason why the j ,,,o Values for polycyanodienes are much larger than
those for polyacenes. Strong o orbital interactions between two neighboring
carbon atoms and two neighboring carbon and nitrogen atoms and the orbital
interactions between two neighboring carbon and hydrogen atoms in the HOMO
of polycyanodienes are the main reason why the j,,,o values for o-conjugated

polycyanodienes are much larger than those for z-conjugated polyacenes. The
Ihomo Values are larger than the 4 o Values in polycyanodienes. Strong o
orbital interactions between two neighboring carbon atoms and two neighboring
carbon and nitrogen atoms and the orbital interactions between two neighboring
carbon and hydrogen atoms in the HOMO and the weak 7 orbital interactions
between two neighboring carbon atoms and two neighboring carbon and nitrogen
atoms in the LUMO of polycyanodienes, are the main reason why the 1,50

values are larger than the 4 ,,,o values in polycyanodienes.






Chapter VII

THE LOGARITHMICALLY AVERAGED PHONON
FREQUENCIES

Let us next look into the logarithmically averaged phonon frequencies 4, for
the monocations (), yomo) aNd mMonoanions (,  umo) OF Polyacenes,

polyfluoroacenes, B, N-substituted polyacenes, and polycyanodienes which
measure the frequency of the vibrational modes which play an important role in
the electron—phonon interactions. The g, ;om0 Values are defined by

3 Iomo (@ )'”wm}

@In,HOMO = EXP{

p IHomo (67)
and the o, | ymo Values are defined by
l ®,, )Inw
@In,LUMO =9XP{Z—LUM3( ) m}
m LUMO (68)

The logarithmically averaged phonon frequencies for the monoanions
(o Lumo) @nd cations of polyacenes, polyfluoroacenes, B, N-substituted

polyacenes, and polycyanodienes as a function of molecular weight »z, are
shown in Figure 12.
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A. Polyacenes and Polyfluoroacenes

1. Monocations

The o, yomo Values are estimated to be 1060, 1303, 1341, 1305, and 1270
cm for 1fa, 2fa, 3fa, 4fa, and 5fa, respectively, and those are estimated to be
1164, 1521, 1501, 1450, and 1359 cm™ for 1a, 2a, 3a, 4a, and 5a, respectively.
Therefore, the @ln HOMO values decrease with an increase in molecular size in
polyacenes (from 2a to 5a) and polyfluoroacenes (from 2fa to 5fa). This is in
qualitatively agreement with a tendency in conventional superconductors; light
masses will lead to higher values of ..
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Figure 12. Logarithmically averaged phonon frequencies versus molecular weights in the
monocations and monoanions of polyacenes, polyfluoroacenes, B, N-substituted
polyacenes, and polycyanodienes. The opened circles, triangles, squares, and diamonds
represent the @, HOMO values for polyacenes, polyfluoroacenes, B, N-substituted

polyacenes, and polycyanodienes, respectively, and the closed circles, triangles, squares,
and diamonds represent the ), | o Values for polyacenes, polyfluoroacenes, B, N-

substituted polyacenes, and polycyanodienes, respectively.
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The @ln HOMO values for polyfluoroacenes become smaller than those for

polyacenes by H-F substitution in polyacenes. This can be understood as follows.
The frequencies of the vibronic active modes in polyfluoroacenes are much
smaller than those in polyacenes, as expected. Furthermore, the low frequency
mode around 500 cm™ as well as the C—C stretching modes around 1500 cm™ can
strongly couple to the HOMO in polyfluoroacenes, while only the C-C stretching
modes around 1500 cm™ can strongly couple to the HOMO in polyacenes. This is
the reason why the @1 HOMO values for polyacenes are larger than those for

polyfluoroacenes.

2. Monoanions

Let us next look into the logarithmically averaged phonon frequencies ,,, for
the monoanions of polyfluoroacenes. The o Values are estimated to be

1112, 1070, 1005, 972, and 1003 cm™ for 1fa, 2fa, 3fa, 4fa, and 5fa, respectively,
and those are estimated to be 1390, 1212, 1023, 926, and 869 cm™ for 1a, 2a, 3a,
4a, and 5a, respectively. Therefore, the o Lumo Values for polyacenes and

polyfluoroacenes decrease with an increase in molecular size. This is in
gualitatively agreement with a tendency in conventional superconductors; light
mass will lead to higher values of . But it should be noted that the «,, | ;mo

values for polyfluoroacenes decrease with an increase in molecular size less
rapidly than those for polyacenes. This can be understood as follows. In the
monoanions of polyacenes, the high frequency modes and the low frequency
modes, less and more, respectively, strongly couple to the LUMO with an
increase in molecular size, and thus, the @ln LUMO values significantly decrease

with an increase in molecular size. In the monoanions of polyfluoroacenes, on the
other hand, the low frequency modes as well as the high frequency modes less
strongly couple to the LUMO with an increase in molecular size, and thus, the

@ln LUMO values slightly decrease with an increase in molecular size. The

@ln LUMO values for 1fa, 2fa, and 3fa become smaller than those for 1a, 2a, and 3a,

respectively, by H-F substitution in polyacenes. However, considering the large
M, values difference between 1fa (i, =186) and la (s, =78), between 2fa

(m,, =272) and 2a (um,, =128), and between 3fa (s, = 358) and 3a (s, =178), the
win Lumo Values difference between polyacenes and polyfluoroacenes is not large.
This can be understood as follows. Even though the frequencies of all vibronic
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active modes in polyfluoroacenes are much smaller than those in polyacenes, the
displacements of hydrogen and fluorine atoms do not play an essential role in the
electron—phonon interactions in the monoanions of polyacenes and
polyfluoroacenes, respectively, because the LUMOs are localized on carbon
atoms and the electron density on hydrogen and fluorine atoms are very small in
polyacenes and polyfluoroacenes, respectively. This is the reason why the

@In LUMO values difference between polyacenes and polyfluoroacenes is not large

even though the az, values difference between them is large. Furthermore, the

o Lumo Values for 4fa and 5fa are larger than those for 4a and 5a even though

the as,, values for 4fa (as,, = 444) and 5fa (2, = 530) are much larger than those
for 4a (m, =228) and 5a (a,, =278), respectively. This is because the low

frequency modes as well as the C—C stretching modes around 1500 cm™ strongly
couple to the LUMO in 4a and 5a, while the C-C stretching modes around 1500
cm ™' much more strongly couple to the LUMO than the low frequency modes in
4fa and 5fa.

We can expect that in the hydrocarbon molecular systems, the ,, values

would basically decrease by substituting hydrogen atoms by heavier atoms. This
can be understood from the fact that the frequencies of all vibronic active modes
in polyacenes downshift by H-F substitution. However, considering that the

value for the LUMO rather localized on carbon atoms in 4fa and 5fa becomes
larger by H-F substitution, we can expect that the ,, value for a molecular

orbital localized on carbon atoms has a possibility to increase by substituting
hydrogen atoms by heavier atoms if the orbital patterns of the molecular orbital do
not significantly change by such substitution. Therefore, the detailed properties of
the vibrational modes and the electronic structures as well as the molecular
weights are closely related to the frequencies of the vibrational modes which play
an important role in the electron—phonon interactions in the monoanions of
polyfluoroacenes.

The @ln HOMO values are larger than the @ln LUMO values in polyfluoroacenes.

This can be understood as follows. The frequency modes lower than 500 cm™ and
the high frequency modes around 1400 cm™ much more strongly couple to the
LUMO than to the HOMO in 2fa, 3fa, 4fa, and 5fa, while the frequency modes
around 500 cm™ and the frequency modes around 1600 cm™ much more strongly
couple to the HOMO than to the LUMO in 2fa, 3fa, 4fa, and 5fa. In particular, the
C-C stretching modes around 1600 cm™ the most strongly couple to the HOMO,
while the C—C stretching modes around 1400 cm™ the most strongly couple to the
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LUMO in 2fa, 3fa, 4fa, and 5fa. This is the reason why the 4, oy Values are
larger than the 4, | yuo Values in polyfluoroacenes. As described above, the

significant phase patterns difference between the HOMO and the LUMO is the
main reason why the vibrational modes which play an essential role in the
electron—phonon interactions in the monocations are significantly different from
those in the monoanions in 2fa, 3fa, 4fa, and 5fa. Therefore, the detailed
properties of the vibrational modes and the electronic structures as well as the
molecular weights are closely related to the frequencies of the vibrational modes
which play an important role in the electron—phonon interactions in charged
polyfluoroacenes.

B. B, N-Substituted Polyacenes

The &, womo (@n Lumo) Values are estimated to be 1154, 1268, and 1337

cm ™ (1273, 737, and 449 cm™) for 1bn, 2bn, and 3bn, respectively. Therefore, the

@ln HOMO and @In.LUMO values, increase and significantly decrease, respectively,

with an increase in molecular size from 1bn to 3bn. As in polyacene-series, the

@ln HOMO values are larger than the @ln LUMO values in large size of B, N-

substituted polyacene-series. And as in 1a, the 4, o Value is slightly larger
than the 4, yomo Value in 1bn.

Let us next compare the calculated results for B, N-substituted polyacene-
series with those for polyacene-series. The differences between the 4, ,ouo @Nd

onLumo Values become larger with an increase in molecular size in B, N-

substituted polyacene-series, while those in polyacene-series hardly change. This
can be understood as follows. Let us first look into polyacene-series. [64] The C—
C stretching modes around 1500 cm™ and the low frequency modes strongly
couple to the LUMO, and less and more, respectively, strongly couple to the
LUMO with an increase in molecular size in polyacene-series. On the other hand,
the C—C stretching modes around 1500 cm™ strongly couple to the HOMO, and
less strongly couple to the HOMO with an increase in molecular size in
polyacene-series. Therefore, both the 4, LUMO and g, HOMO values decrease
with an increase in molecular size, and the difference between the 4 ;oo and
onLumo Values hardly changes in polyacene-series. Let us next look into B, N-
substituted polyacene-series. The B-N stretching modes around 1500 cm™ and
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the low frequency modes strongly couple to the LUMO, and less and more,
respectively, strongly couple to the LUMO with an increase in molecular size in
B, N-substituted polyacene-series. On the other hand, the B—-N stretching modes
around 1500 cm™ and the low frequency modes strongly couple to the HOMO,
and the low frequency modes much less strongly couple to the HOMO than the
B-N stretching modes around 1500 cm™ with an increase in molecular size in B,

N-substituted polyacene-series. This is the reason why the 4, om0 @9 @1 Lumo

values, increase and significantly decrease, respectively, with an increase in
molecular size from 1bn to 3bn, and the reason why the differences between the

@ln HOMO and ®ln LUMO values significantly increase with an increase in molecular

size in B, N-substituted polyacene-series. Such different properties in the

@ln HOMO and D1, LUMO values between polyacene-series and B, N-substituted

polyacene-series may come from the electronegativity perturbation on polyacene-
series.
The oy, Homo values for polyacene-series are larger than those for B, N-

substituted polyacene-series. This is because only the C-C stretching modes
around 1500 cm™ play an essential role in the electron—phonon interactions in
polyacene-series, while the low frequency modes as well as the B-N stretching
modes around 1500 cm™ play an important role in the electron—phonon
interactions in B, N-substituted polyacene-series. The results for the @ln HOMO

values in B, N-substituted polyacene-series are not in agreement with a tendency
in solids, as described above. That is, the electronic structures rather than the
molecular weights are closely related to the frequencies of the vibrational modes
which play an important role in the electron—phonon interactions in the
monocations of B, N-substituted polyacene-series. The @ln HOMO value increases

with an increase in molecular size from 1a to 2a, but the 4, ,oumo Value slightly

decreases with an increase in molecular size from 2a to 6a. On the other hand, the
o nomo Values for B, N-substituted polyacene-series increase with an increase in

molecular size from 1bn to 3bn. But from analogy with the calculated results for
polyacene-series, the 4, ,ouo Values may begin to decrease at the finite size of

B, N-substituted polyacene-series, according to the general tendency in solids;
light mass will lead to higher values of 4.
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C. Polycyanodienes

The @ln HOMO values are estimated to be 1015, 1002, and 1009 cm™ in 2cn,

3cn, and 4cn, respectively. Those are estimated to be 1521, 1501, and 1450 cm™
in 2a, 3a, and 4a, respectively. Therefore, the ®In HOMO values do not significantly

change with an increase in molecular size in polycyanodienes. Furthermore, the
@in Homo Values for polycyanodienes are smaller than those for polyacenes.

The Ol LUMO values are estimated to be 1179, 1381, 1242, and 1150 cm™ for

lcn, 2cn, 3cn, and 4cn, respectively, and those are estimated to be 1390, 1212,
1023, and 926 cm™ for 1a, 2a, 3a, and 4a, respectively. Therefore, apart from 1cn,
the @, .umo Values for polyacenes and polycyanodienes decrease with an

increase in molecular weights. This is in qualitative agreement with a tendency;
light mass will lead to higher values of . But it should be noted that the

o Lumo Values for polycyanodienes with D, geometry are larger than those for

polyacenes with D,, geometry. As described above, the LUMO of polyacenes is
rather localized on carbon atoms located at the edge part of carbon framework in
polyacenes, and thus the non-bonding characteristics are significant. Therefore,
the orbital interactions between two neighboring carbon atoms are weak. On the
other hand, due to electronegativity perturbation, the LUMO of polycyanodienes
is delocalized, and the electron density on carbon atoms as well as on nitrogen
atoms located at the edge part of CN framework is high, and thus the orbital
interactions between two neighboring carbon and nitrogen atoms and between two
neighboring carbon atoms in the LUMO are strong. This is the reason why the C-
N and C-C stretching modes around 1500 cm™ in the monoanions of
polycyanodienes afford larger electron—phonon coupling constants than the C-C
stretching modes around 1500 cm™ in the monoanions of polyacenes, and the
reason why the 4, o Values for polycyanodienes are larger than those for

polyacenes. Therefore, the orbital patterns difference between the delocalized
LUMO in polycyanodienes and the LUMO localized on carbon atoms located at
the edge part of carbon framework in polyacenes is the main reason why the
ILumo @d @y, | ymo for polycyanodienes are larger than those for polyacenes.
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D. Summary

In this chapter, we investigated the logarithmically averaged phonon
frequencies which measure the frequencies of the vibronic active modes playing
an essential role in the electron-phonon interactions in polyacenes,
polyfluoroacenes, B, N-substituted polyacenes, and polycyanodienes. The

omtomo aNd @y, Lumo Values decrease with an increase in molecular size in

polyacenes and polyfluoroacenes. This is in qualitative agreement with a tendency
in conventional superconductors; light mass will lead to higher values of 4,,. The

@ln HOMO values for polyfluoroacenes become smaller than those for polyacenes

by H-F substitutions. The ¢, ;o Values for polyfluoroacenes decrease with an
increase in molecular size less rapidly than those for polyacenes. The 4, ymo

values for 1fa, 2fa, and 3fa become smaller than those for 1a, 2a, and 3a, by H-F
substitutions. However, considering the large s, values difference between 1fa

and 1a, 2a and 2fa, and 3a and 3fa, the ®In LUMO values difference between
polyacenes and polyfluoroacenes is not large. Furthermore, the 4, ;o Values
for 4fa and 5fa are larger than those for 4a and 5a even though the »,, values for

4fa and 5fa are larger than those for 4a and 5a, respectively. We can expect that in
the hydrocarbon molecular systems, the «,, values would basically decrease by

substituting hydrogen atoms by heavier atoms. This can be understood from the
fact that the frequencies of all vibronic active modes in polyacenes downshift by
H-F substitution. However, considering that the «, value for the LUMO rather

localized on carbon atoms in 4fa and 5fa becomes larger by H-F substitution, we
can expect that the 4, value for a molecular orbital localized on carbon atoms

has a possibility to increase by substituting hydrogen atoms by heavier atoms if
the phase patterns of the molecular orbital do not significantly change by such
atomic substitution. Therefore, the detailed properties of the vibrational modes
and the electronic structures as well as the molecular weights are closely related to
the frequencies of the vibronic active modes playing an important role in the
electron—phonon interactions in the monoanions of polyfluoroacenes. The
@inHomo Vvalues are larger than the o, | o Values in polyfluoroacenes. The

significant phase patterns difference between the HOMO and LUMO is the main
reason why the frequencies of vibronic active modes playing an essential role in
the electron—phonon interactions in the monocations are significantly different
from those in the monoanions in 2fa, 3fa, 4fa, and 5fa. Therefore, the detailed
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properties of the vibrational modes and the electronic states as well as the
molecular weights are closely related to the frequencies of the vibronic active
modes playing an important role in the electron—phonon interactions in charged
polyfluoroacenes. The @ln HOMO and @ln LUMO values, increase and significantly

decrease, respectively, with an increase in molecular size in B, N-substituted
polyacenes. As in polyacenes, the o, ,omo Values are larger than the 4, | ymo
values in large size of B, N-substituted polyacenes. As in 1a, the 4, 4omo Value
is slightly larger than the 4, ,uo Value in lbn. The differences between the

@ln HOMO and @ln LUMO values become larger with an increase in molecular size in

B, N-substituted polyacenes, while those in polyacenes hardly change. Such
different properties in the o, ;om0 @A @), | umo Values between polyacenes and

B, N-substituted polyacenes may come from the electronegativity perturbation on
polyacenes. The g, ,omo Values for polyacenes are larger than those for B, N-
substituted polyacenes. The results for the ), ,omo Values in B, N-substituted

polyacenes are not in agreement with a tendency in solids, as described above.
That is, the electronic structures rather than the molecular weights are closely
related to the frequencies of the vibrational modes playing an important role in the
electron—-phonon interactions in the monocations of B, N-substituted polyacenes.
The @, yomo Values do not significantly change with an increase in molecular

size in polycyanodienes. Furthermore, the 4, ,omo Values for polycyanodienes
are smaller than those for polyacenes. Apart from 1cn, the @ln LUMO values for

polyacenes and polycyanodienes decrease with an increase in molecular weights.
The o), Lumo Values for Dy, symmetric polycyanodienes are larger than those for

Dy, symmetric polyacenes. The phase patterns difference between the delocalized
LUMO in polycyanodienes and LUMO localized on carbon atoms located at the
edge part of carbon framework in polyacenes is the main reason why the . | ;o

values for polycyanodienes are larger than those for polyacenes.






Chapter VIII

CONCLUDING REMARKS

In this book, we discussed the electron—phonon interactions in the charged
molecular systems such as polyacenes, polyfluoroacenes, B, N-substituted
polyacenes, and polycyanodienes. We estimated the electron—phonon coupling
constants and the frequencies of the vibronic active modes playing an essential
role in the electron—phonon interactions. These physical values are essential to
discuss several physical phenomena such as intramolecular electrical
conductivity, intermolecular charge transfer, attractive electron—electron
interactions and Bose—Einstien condensation, and superconductivity, which will
be discussed in detail in the next review article. Motivated by the possible inverse
isotope effects in Pd-H, Pd-D, and Pd-T superconductivity, and organic
superconductivity observed by Saito et al., we discussed how the H-F substitution
are closely related to the essential characteristics of the electron—phonon
interactions in these molecules by comparing the calculated results for charged
polyacenes with those for charged polyfluoroacenes, since fluorine atoms are
much heavier than D and T atoms, and the phase patterns of the frontier orbitals
such as the HOMO and LUMO are not expected to be significantly changed.
Furthermore, we discuss how CC-BN and CC-CN substitutions are closely
related to the essential characteristics of the electron—phonon interactions in these
molecules by comparing the calculated results for charged polyacenes with those
for charged B, N-substituted polyacenes and polycyanodienes, respectively. These
physical values are essential to discuss the several physical phenomena such as
intramolecular electrical conductivity, intermolecular charge transfer, attractive
electron—electron  interactions and  Bose-Einstien  condensation, and
superconductivity, which will be discussed in detail in the next review article.
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In this review article, we investigated the electron—phonon interactions in the
monocations and monoanions of polyacenes, polyfluoroacenes, B, N-substituted
polyacenes, and polycyanodienes. The C—-C stretching modes around 1500 cm™
strongly couple to the HOMO, and the lowest frequency modes and the C-C
stretching modes around 1500 cm™ strongly couple to the LUMO in polyacenes.
The C—C stretching modes around 1500 cm™ strongly couple to the HOMO and
LUMO in polyfluoroacenes. The B—-N stretching modes around 1500 cm™
strongly couple to the HOMO and LUMO in B, N-substituted polyacenes. The C—
C and C-N stretching modes around 1500 cm™ strongly couple to the HOMO and
LUMO in polycyanodienes.

We estimated the total electron—-phonon coupling constants in the
monocations and monoanions of polyacenes, polyfluoroacenes, B, N-substituted
polyacenes, and polycyanodienes. The 4,5, and j o Values decrease with an
increase in molecular size in polyacenes, polyfluoroacenes, B, N-substituted
polyacenes, and polycyanodienes. In general, we can expect that monocations and
monoanions, in which number of carriers per atom is larger, affords larger 4,50
value. The j,qy0 @and 4 yuo Values for polyfluoroacenes are larger than those for
polyacenes. The j,,uo Values for B, N-substituted polyacenes are larger than
those for polyacenes. The 4 o Values for B, N-substituted polyacenes are
similar to those for polyacenes. The j ,,,o Values are larger than the j,,,,, values
in polyacenes, polyfluoroacenes, and B, N-substituted polyacenes. Therefore,
electron doping rather than hole doping is more effective way to seek for large
electron—phonon coupling constants in polyacenes, polyfluoroacenes, and B, N-
substituted polyacenes. Both the 4,5,,0 and j o Values for polycyanodienes are
larger than those for polyacenes. Therefore, CH-CF, CC-BN, and CC-CN atomic
substitutions are effective way to seek for large /50 and 4 uo Values in
polyacenes. The orbital patterns difference between the LUMO localized on
carbon atoms located at the edge part of carbon framework in polyacenes and the
delocalized LUMO in polycyanodienes due to electronegativity perturbation, is
the main reason why the ; ,,,o Values for polycyanodienes are much larger than
those for polyacenes. Strong o orbital interactions between two neighboring
carbon atoms and two neighboring carbon and nitrogen atoms and the orbital
interactions between two neighboring carbon and hydrogen atoms in the HOMO
of polycyanodienes are the main reason why the 4, values for o-conjugated

polycyanodienes are much larger than those for z-conjugated polyacenes. The
Ihomo Values are larger than the 4 o Values in polycyanodienes. Strong o
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orbital interactions between two neighboring carbon atoms and two neighboring
carbon and nitrogen atoms and the orbital interactions between two neighboring
carbon and hydrogen atoms in the HOMO and the weak 7 orbital interactions
between two neighboring carbon atoms and two neighboring carbon and nitrogen
atoms in the LUMO of polycyanodienes, are the main reason why the 1,50

values are larger than the 4 ,,,o values in polycyanodienes.

We also investigated the logarithmically averaged phonon frequencies which
measure the frequencies of the vibronic active modes playing an essential role in the
electron—phonon interactions in polyacenes, polyfluoroacenes, B, N-substituted
polyacenes, and polycyanodienes. The w;; ;om0 @Nd @y, L umo Values decrease with

an increase in molecular size in polyacenes and polyfluoroacenes. This is in
qualitative agreement with a tendency in conventional superconductors; light mass
will lead to higher values of 4. The @In HOMO values for polyfluoroacenes become

smaller than those for polyacenes by H-F substitutions. The 4, o Values for

polyfluoroacenes decrease with an increase in molecular size less rapidly than those
for polyacenes. The g, | ymo Values for 1fa, 2fa, and 3fa become smaller than those

for 1a, 2a, and 3a, by H-F substitutions. However, considering the large Az, values
difference between 1fa and 1a, 2a and 2fa, and 3a and 3fa, the @In LUMO values

difference between polyacenes and polyfluoroacenes is not large. Furthermore, the

@In LUMO values for 4fa and 5fa are larger than those for 4a and 5a even though the

M,, values for 4fa and 5fa are larger than those for 4a and 5a, respectively. We can
expect that in the hydrocarbon molecular systems, the 4, values would basically

decrease by substituting hydrogen atoms by heavier atoms. This can be understood
from the fact that the frequencies of all vibronic active modes in polyacenes
downshift by H-F substitution. However, considering that the «,, value for the

LUMO rather localized on carbon atoms in 4fa and 5fa becomes larger by H-F
substitution, we can expect that the «,, value for a molecular orbital localized on

carbon atoms has a possibility to increase by substituting hydrogen atoms by
heavier atoms if the phase patterns of the molecular orbital do not significantly
change by such atomic substitution. Therefore, the detailed properties of the
vibrational modes and the electronic structures as well as the molecular weights are
closely related to the frequencies of the vibronic active modes playing an important
role in the electron—phonon interactions in the monoanions of polyfluoroacenes.
The @, Homo Values are larger than the o, | o Values in polyfluoroacenes. The

significant phase patterns difference between the HOMO and LUMO is the main
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reason why the frequencies of vibronic active modes playing an essential role in the
electron—phonon interactions in the monocations are significantly different from
those in the monoanions in 2fa, 3fa, 4fa, and 5fa. Therefore, the detailed properties
of the vibrational modes and the electronic states as well as the molecular weights
are closely related to the frequencies of the vibronic active modes playing an
important role in the electron—phonon interactions in charged polyfluoroacenes. The

@ln HOMO and @ln LUMO values, increase and significantly decrease, respectively,

with an increase in molecular size in B, N-substituted polyacenes. As in polyacenes,

the @ln HOMO values are larger than the @ln LUMO values in large size of B, N-

substituted polyacenes. As in 1a, the 4, ,omo Value is slightly larger than the

@n Lumo Value in 1bn. The differences between the o, om0 aNd @), yvo Values

become larger with an increase in molecular size in B, N-substituted polyacenes,
while those in polyacenes hardly change. Such different properties in the &, ,omo

and o, umo Values between polyacenes and B, N-substituted polyacenes may

come from the electronegativity perturbation on polyacenes. The g, ;om0 Values

for polyacenes are larger than those for B, N-substituted polyacenes. The results for
the &, homo Values in B, N-substituted polyacenes are not in agreement with a

tendency in solids, as described above. That is, the electronic structures rather than
the molecular weights are closely related to the frequencies of the vibrational modes
playing an important role in the electron—phonon interactions in the monocations of
B, N-substituted polyacenes. The w;; om0 values do not significantly change with

an increase in molecular size in polycyanodienes. Furthermore, the 4, om0 Values

for polycyanodienes are smaller than those for polyacenes. Apart from 1cn, the

@ln LUMO values for polyacenes and polycyanodienes decrease with an increase in

molecular weights. The | ;o Values for Dy, symmetric polycyanodienes are
larger than those for D, symmetric polyacenes. The phase patterns difference
between the delocalized LUMO in polycyanodienes and LUMO localized on carbon
atoms located at the edge part of carbon framework in polyacenes is the main reason
why the ¢, | umo Values for polycyanodienes are larger than those for polyacenes.

In summary, CH-CF, CC-BN, and CC-CN atomic substitutions are effective
way to seek for larger 4,5 Values, and CH-CF and CC-CN atomic

substitutions are effective way to seek for larger 4 o Values in polyacenes.
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