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Electron—Phonon Interactions in the Monoanions of Polycyanodienes
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The single charge transfer through cyanodienes is discussed. The reorganization energies between the neutral
molecules and the corresponding monoanions for cyanodienes are larger than those for acebas with
geometry. This result implies that the negatively charged cyanodienes would not be better conductors with
slow electron transfer than the negatively charged acenes if we assume that the overlap of the lowest unoccupied
molecular orbitals (LUMO) between cyanodienes is not significantly different from that between two
neighboring acenes. The structures of the monoanions of cyanodienes are optimized yigdemetry, and

the vibronic interaction effects in the monoanions of cyanodienes are discussed. The vibration effect on the
charge-transfer problem is also discussed. Th€@nd C-N stretching A4 modes around 10661500 cnm?!

are the main modes converting the neutral structures to the monoanions in cyanodienes. This can be confirmed
from the calculational results that the-C and C-N stretching A4 modes around 10061500 cn1? strongly

couple to the LUMO in cyanodienes. The total electrphonon coupling constants (o) for the monoanions

of cyanodienes are estimated to be larger than those for the monoanions of acenes. The orbital patterns difference
between the LUMO localized on carbon atoms located at the edge part of the carbon framework in acenes
and the delocalized LUMO in cyanodienes due to electronegativity perturbation is the main reason that the
[Lumo Values for polycyanodienes are much larger than those for polyacenes. The relationships between the
electron transfer and the electrephonon interactions are discussed. The plot of the reorganization energies
against thd ymo values is found to be nearly linear. In view of the results, the relationships between the
normal and possible superconducting states are briefly discussed.

Introduction electron-phonon interactions were proposed to dominate the
) . . . charge transport. From a theoretical point of view, the possible
In synthetic chemistry and material science, the search for gperconductivity of polyacene has been propdéétis very

new organic metals and superconductors has attracted a gregfriguing to investigate the possible superconductivity in various
deal of attention since the discovery of high electrical conduc- mglecular crystals.

tivity in conjugated polymers such as polyacetyléhemodern
physics and chemistry, the effect of vibronic interactfoims
molecules and crystals has been an important topic. The role
of the vibronic interactions in the normal and superconducting
states of conjugated polymers has been qualitatively discusse
by one of the authorsSince a hypothetical molecular super-
conductor based on an exciton mechanism has been propose
by Little,* the superconductivity of molecular systems have been
extensively investigated and many bis(ethylenedithio)tetrathia-
fulvalene (BEDT-TTF)-type organic superconductdrhiave
been yielded by advances in the design and synthesis of

Stritzer and BuckéP found an isotope effect il shortly
after the discovery of palladium hydrid&sThe T, of Pd-D
was higher than that of PeH,1” and an even larger inverse
d’sotope effect for PdT was measured by Schirber et #l.,
contrary to the expectations from a simple BCS theory. Fur-
H‘lermore, an inverse isotope effect due teBisubstitution in
organic superconductivity was observed by Saito éf &lle
expect from the inverse isotope effect on deuterium substitution
observed by Saito et &.that such inverse isotope effects can
be widely observed in molecular organic superconductors.

molecular systems. The alkali-doped@o complexes$ were ~ In previous work, we have analyzed the electrpmonon
found to exhibit superconducting transition temperatufigy (  Interactions in the monocations of acefignd recently, the

of more than 30 Rand 40 K under pressufdn a Bardeer electror-phonon interactions in the positively charged acene
Cooper-Schrieffer (BCS)-typ¥ strong coupling scenario in ~ Were well studied on the basis of an experimental study of
superconductivity in alkali-doped fullerenEspure intramo- ionization spectra using high-resolution gas-phase photoelectron

lecular Raman-active modes have been suggested to be imporSPectroscopy by Brias et af* This experimental result shows
tant. Haddon discussed the rehybridization oftrmbitals and ~ that our predicted frequencies for the vibrational modes, which
the 2s atomic orbitals which may also be useful in order to Play an essential role in the electrephonon interactions as

understand thdiigh T, superconductivity of the #Cgo com-  Well as the total electronphonon coupling constant$are in
plexes!? In the crystals of naphthalene {§ls), anthracene  €xcellent agreement with those obtained from the experimental
(C14H10), tetracene (GHi12), and pentacene fgHi4),13 the researcli!

Substitution of carbon with boron and nitrogen have been
* Author to whom correspondence should be addressed. E-mail: kato@ Carried out, producing totally substituted boron nitride nanotubes
cc.nias.ac.jp. Phone+81-95-838-4363. Fax:+81-95-838-5101. (BN-NTs)22 The structure of these new borenitrogen-
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CHART 1 TABLE 1. C —C and C—N Distances in the Neutral
Cyanodienes

d1 d2 d3 d4 ds d6 d7

len 1355 1.355

2cn 1430 1.361 1.316 1.424

3cn 1.336 1.446 1.374 1.306 1.437

4cn 1456 1.349 1325 1457 1379 1302 1.445

of cyanodienes is defined as a sum of orbital vibronic coupling
constants from all the occupied orbitatd

occupied

gelectronic staté Z gi' (1)
T

Considering the one-electron approximation and that the first-
order derivatives of the total energy vanish in the ground state
at the equilibriumDyy, structure in neutralcn, 2cn, 3cn, and
4cn (Gneutral = 5i7OMO gi = 0) and that one electron must be
injected into the LUMO to generate the monoanions, the
vibronic coupling constant of the vibronic active modes to the
electronic states of the monoanions of cyanodienes can be
defined by

containing fullerenes and nanotubes have been studied and () = w 2
compared with that of carbon nanotubes (CN#s§! In the Gmoncariolm) = G o () @
previous research, we compared the properties of the eleetron  The numbers of the vibronic active,Aibrational modes are 5,
phonon interactions in the monoanions of B,N-substituted acenes7, 9, and 11, respectively. In such a case, we must consider
such as borazine #BlsHg (1bn), BsNsHg (2bn), and BN7H1o multimode problems, but in the limit of linear vibronic coupling
(3bn)8 with those in the monoanions of acenes such as benzeneone can treat each set of modes (i.e., each mode ingex
CeHe (1a), naphthalene gHsg (2a), anthracene GH1o (3a), and independently.
tetracene @Hi» (4a).2° We found that the electrerphonon Let us look into the vibronic coupling of the Avibrational
interactions in the monoanions in B,N-substituted acenes aremodes to the LUMO in cyanodienes. The dimensionless orbital
as strong as those in the monoanions of acenes, but much lowewibronic coupling constant of theth A; modes in cyanodienes
frequency modes play a more essential role in the eleetron s defined by
phonon interactions in the monoanions of B,N-substituted acenes
than in the monoanions of acenes and suggested that B,N- 1 m 8hAgm
substitution in acenes is not effective way to seek possible Grumo (@) Z;ﬂn UMOH aqm o
higher-temperature superconductivity. 9
In this paper, we will discuss the electrophonon interac- whereqp,,, is the dimensionless normal coordirf&tef the mth
tions, intramolecular electron mobility, and the single charge vibrational mode and,, is the vibronic coupling matrix of
transfer through molecule, estimate the reorganization energythe mth Ag modes in cyanodienes.
for elementary charge transfer, and discuss the vibration effect Electron—Phonon Coupling Constants.In the previous
onto the charge transfer problem, which is of interest for possible section, the vibronic interactions in free cyanodienes were
nanoelectronics applications, in the negatively charged poly- described. We set up an assumption to apply the calculated
cyanodienes such as4H, (1cn), CsNsH4 (2cn), CsNeHa vibronic coupling constants to the solid-state properties of
(3cn), and GoNgH4 (4cn) (Chart 1). We compare the calcula-  cyanodienes. We assume that the conduction band of the
tional results for the negatively charged polycyanodienes with monoanion crystals of cyanodienes consists of the LUMOs
those for the negatively charged acenes and B,N-substitutedbecause cyanodienes consist of strongly bonded molecules
acenes to investigate how the properties of the eleetptionon arranged on a lattice with weak van der Waals intermolecular
interactions, intramolecular electron mobility, and the electron bonds. Electronrphonon coupling constants of the, Anodes
transfer are changed by electronegativity perturbatidn in cyanodienes are defined as
acenes. In cyanodienes, the edge CH part of acene is substituted
by N atoms. We can expect that in the monoanions of cyano- lLumo (@) = Fumo(@ho,, 4)
dienes the electreaphonon interactions become much stronger,
and the high-frequency modes play an essential role in the Optimized Structures of Polycyanodienes

electron-phonon interactions because the lowest unoccupied The structures of polycyanodienes were optimized uidgr

molegu!ar orbitals .(LUMO) are delocalized due to electro- symmetry, using the hybrid Hartre€ock/density functional
negativity perturbation on acenes. theory method of Beck&,and Lee, Yang, and P4#(B3LYP)
and the 6-31G* basis s&t. The GAUSSIAN 98 program
packagé* was used for our theoretical analyses. Optimized
Vibronic Coupling Constants. We discuss a theoretical  structures of these molecules are listed in Table 1. Furthermore,
background for the orbital vibronic constait® 1cn, 2cn, 3cn, selected vibronic active modes and the frontier orbitals in
and 4cn with Dy, geometry. Here, we take a one-electron polycyanodienes are shown in Figures 1 and 2, respectively.
approximation into account; the vibronic coupling constant of Each structure was confirmed to be a minimum on each energy
the vibrational modes to the electronic states in the monoanionssurface. According to our calculations, the energy differences

LUMOD ©)

Theoretical Background
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Figure 1. Selected vibronic active modes in cyanodienes.

between the HOMO and LUMO dicn, 2cn, 3cn, and4cn are
5.16, 3.97, 3.19, and 2.68 eV, respectively, and thosg&apf
2a, 3a, and4a are 6.80, 4.83, 3.59, and 2.78 eV, respectively.
Therefore, the HOM© LUMO gaps in cyanodienes are slightly
smaller than those in acenes.

Electron—Phonon Interactions in the Monoanions of
Polycyanodienes
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1713 cm™’ 3200 cm™

1436 cm™ 1597 cm™!

1317 cm™

1574 cm™

1565 cm™"

order derivatives at this equilibrium structure on each orbital
energy surface by distorting the molecule along themodes

of 1cn, 2cn, 3cn, and4cn to obtain orbital vibronic coupling
constants defined by eg?320-38We can estimate the electren
phonon coupling constants from the dimensionless orbital
vibronic coupling constants by using eq 4. The calculated
electron-phonon coupling constants in the monoanion&af,

2cn, 3cn, and 4cn are shown in Figure 3. Furthermore, the
calculated reduced masses and the eleetphronon coupling

We carried out vibrational analyses of polycyanodienes at constants for the monoanionsiafn and2cnare listed in Tables

the B3LYP/6-31G* level of theory. We next calculated first-

2 and 3, respectively.
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Figure 2. The phase patterns of the frontier orbitals in cyanodienes.

TABLE 2: Calculated Reduced Masses and the
Electron—Phonon Coupling Constants (eV) for the
Monoanion of 1cn

TABLE 3: Calculated Reduced Masses and the
Electron—Phonon Coupling Constants (eV) for the
Monoanion of 2cn

AQ AQ AQ Ag Ag AQ AQ AQ Ag AQ Ag AQ
(623) (1035) (1252) (1713) (3200) total (555) (775) (1080) (1360) (1436) (1597) (3187) total
red. mass  8.80 7.53 1.11 5.97 1.10 red. mass 8.99 9.83 233 292 308 6.52 1.10
lLumo(wm) 0.086  0.154 0.052 0.183 0.003 0.478  Iumo(wm) 0.002 0.022 0.033 0.053 0.098 0.130 0.000 0.338
(eV) (eV)

Let us first look into the electroaphonon interactions
between the Amodes and thesh LUMO in 1lcn. We can see
from this figure that the Amode of 1713 cm! can the most
strongly couple to thedg LUMO in 1cn. Whenlcnis distorted
along the A mode of 1713 cm! toward the same direction as
shown in Figure 1, the bonding interactions between two
neighboring carbon atoms in thg,ALUMO become stronger,

LUMO is significantly stabilized in energy. This is the reason
the Ay mode of 1713 cm! can the most strongly couple to the
bsy LUMO in 1cn. The A; mode of 1035 cm! also strongly
couples to the § LUMO in 1cn. Whenlcnis distorted along
the A; mode of 1035 cm, the antibonding interactions between
two neighboring carbon and nitrogen atoms in thg MO
become significantly weaker, and thus the, RUMO is

and the antibonding interactions between two neighboring significantly stabilized in energy by such a distortion. However,

carbon and nitrogen atoms become weaker, and thussthe b

the bonding interactions between two neighboring carbon atoms
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Figure 3. Electron—phonon coupling constants for the monoanions of polycyanodienes.

become also slightly weaker by such a distortion, and the b
LUMO would be slightly destabilized in energy. Such stabiliza-

interactions between two neighboring carbon atoms in e b
LUMO become significantly weaker, and the antibonding

tion and destabilization effects are compensated by each otherinteractions between two neighboring carbon and nitrogen atoms

Therefore, the fgmode of 1035 cmt affords a slightly smaller
electron-phonon coupling constant than that of thg ode

of 1713 cmt in the monoanion oflcn. Furthermore, the A
mode of 623 cm! also somewhat strongly couples to thg b
LUMO in 1cn. The reduced masses for thg todes of 623,
1035, and 1713 cnt are large and are 8.80, 7.53, and 5.97,
respectively, inlcn. Therefore, the displacements of carbon and
nitrogen are large in these modes. It is rational that themédes

of 623, 1035, and 1713 cm, in which the displacements of

become significantly stronger, and thus thg, hUMO is
significantly destabilized in energy by such a distortior2am.

This is the reason that the;Anode of 1597 cmt can strongly
couple to the i LUMO in 2cn. The Ay mode of 1436 cmt!

can also strongly couple to thedd UMO in 2cn. When2cnis
distorted along the pAmode of 1436 cm!, the antibonding
interactions between two neighboring carbon and nitrogen atoms
in the bg LUMO in 2cn become stronger, and thus the, b
LUMO is significantly destabilized in energy by such a

carbon and nitrogen atoms are larger, can strongly couple todistortion in2cn. This is the reason that the;Anode of 1436

the by, LUMO localized on carbon and nitrogen atoms.
However, the reduced masses for thg modes of 1252 and
3200 cntt are 1.11 and 1.10, respectively. It is rational that
the Ay modes of 1252 and 3200 crh) in which the displace-

cm-t strongly couples to the;p LUMO in 2cn. Apart from

the G-H stretching A mode of 3187 cm!, the electror
phonon coupling constant increases with an increase in fre-
guency in2cn. In the low frequency modes, which have similar

ments of carbon and nitrogen atoms are small, cannot stronglycharacteristics to those of acoustic modes of phonons in solids,

couple to the f, LUMO localized on carbon and nitrogen atoms.
This is the reason that thegAnodes of 623, 1035, and 1713
cm1 can more strongly couple to the/i.UMO than the A
modes of 1252 and 3200 crhin 1cn.

Let us look into the electroaphonon interactions between
the Ay modes and the g LUMO in 2cn. We can see from
Figure 3 that the Amode of 1597 cm! strongly couples to
the g LUMO in 2cn. This can be understood as follows. When
2cnis distorted along the fAmode of 1597 cmt, the bonding

all atoms move toward the similar direction. Therefore, the
orbital interactions between two neighboring atoms do not
significantly change whercn is distorted along the low
frequency A modes. This is the reason that the electron
phonon coupling decreases with a decrease in frequergnin
The C-H stretching mode of 3187 cmh hardly couples to the
b1g LUMO in 2cn. The reduced mass for the;Mode of 3187
cmtis 1.10, in which the displacements of carbon and nitrogen
atoms are very small. The;pLUMO is localized on carbon



11228 J. Phys. Chem. A, Vol. 108, No. 51, 2004

Kato and Yamabe

S S

2 CA

Q 05 - g 05

= 2
£ £
g 0.4 3 0.41

G 2 .

3 A O 3 3

=) o e

£ 031 £ 0.31 .

§. m] = Pl

3 K m 3 o

§ 0.2 1 3 § 0.27 .’

S ) 5

I £ W

5 01 N éo 0.1 4

© k3]

[0

® 00 3 00 : : .
£ 0 2 4 6 8 10 12 14 16 18 £ 000 0.05  0.10 0.15  0.20
= Total number of B, C and N atoms = 1N

Figure 4. The total electrorrphonon coupling constants as a function  pigre 5. Total electror-phonon coupling constants as a function of
of the number of boron, carbon, and nitrogen atoms in the monoanions 1\ in the monoanions of cyanodienes.

of acenes, B,N-substituted acenes, and cyanodienes. The circles,
triangles, and squares represent theso values for acenes, B,N-

substituted acenes, and cyanodienes, respectively. for cyanodienes are much larger than those for acenes. Let us

next discuss why the LUMOs of acenes are rather localized on
and nitrogen atoms i@icn. It is rational that the A mode of ~ carbon atoms located at the edge part of carbon framework,
3187 cntl, in which the displacements of carbon and nitrogen Whereas those of cyanodienes are delocalized, and the electron
atoms are very small, hardly couples to thgldUMO localized density on carbon atoms as well as on nitrogen atoms is high
on carbon and nitrogen atoms 2en. Similar discussions can  in the LUMO in cyanodienes. In general, due to electronegativity
be made in the monoanions ®n and4cn; the C-C stretching  perturbatior?® ther bonding orbitals are weighted more heavily
modes around 1500 crh can strongly couple to the LUMO.  on the atoms that are more electronegative, andrtaetibond-
ing orbitals are weighted more heavily on the atoms that are
less electronegative. As described above, the LUMOs are rather
localized on carbon atoms that are located at the edge part of
the carbon framework in acenes. In cyanodienes, carbon atoms
with high electron density in the LUMO, located at the edge
part of the carbon framework of acenes, are substituted by
nitrogen atoms with the higher electronegativity. Therefore, the
electron density on the nitrogen atoms in the LUMO in
cyanodienes is lower than that of the carbon atoms located at
the edge part of carbon framework in the LUMO of acenes,
and the electron density on carbon atoms that are not located at
The I uuo values as a function of the number of carbon and the edge part of the CN framework in the LUMO in cyanodienes

nitrogen atoms in acenes, B,N-substituted acenes, and cyanoi-s higher than that on carbon atoms that are not located at the
dienes are shown in Figu;e 4 ' edge part of the carbon framework in the LUMO in acenes.

The I umo values are estimated to be 0.478, 0.338, 0.275, This is the reason that the LUMOs of acenes are rather localized

and 0.240 eV folcn, 2cn, 3cn, andé4cn, respectively, whereas ~ ON carbon atoms located at the edge part of the carbon

they are estimated to be 0.322, 0.255, 0.186, and 0.154 eV forffamework, whereas those of cyanodienes are delocalized, and

1a, 2a 3a, and4a, respectively, and they are estimated to be the ele_ctro_n dgnsny on _carbon atoms as well as on nitrogen

0.340, 0.237, and 0.203 eV fabn, 2bn, and3bn, respectively. atoms is high in cyanodienes.

Therefore, thel.yumo values decrease with an increase in Pol di

molecular size in acenes, B,N-substituted acenes, and cyano- olycyanodienes

dienes. Let us next estimate theymo values for polycyanodienes
Thel umo values for cyanodienes are much larger than those with Do, geometry. The ymo values for polycyanodienes with

for acenes. This can be understood in view of the orbital patterns Do, geometry as a function of ll/values are shown in Figure

of the LUMO in acenes and cyanodienes. The LUMOs of acenes5, whereN is the number of carbon and nitrogen atoms in

are rather localized on carbon atoms located at the edge part ofpolycyanodienes. We can see from this figure thatltheo

the carbon framework. Therefore, the nonbonding characteristicvalues for cyanodienes witb,, geometry are approximately

is significant in the LUMOSs in acenes. However, the LUMO inversely proportional to the number of carbon and nitrogen

of cyanodienes is delocalized, and the electron density on carboratoms in each series, as suggested in previous res€dfabm

atoms as well as on nitrogen atoms located at the edge part ofthis figure, thel ymo value for polycyanodieneN — ) is

the CN framework is high in the LUMO in cyanodienes. estimated to be 0.122 eV. Thevo value for polyacene with

Therefore, the orbital interactions between two neighboring D2, geometry was estimated to be 0.019 eV.

atoms in the LUMO in cyanodienes are stronger than those in  The I .umo values for polycyanodienes are estimated to be

the LUMO in acenes. This is the reason that fhgo values much larger than those for polyacenes. Therefore, the orbital

Total Electron—Phonon Coupling Constants in Negatively
Charged Cyanodienes

Let us next discuss the total electrephonon coupling
constants in the monoanion$ yvuo) of cyanodienes and
compare the calculational results for cyanodienes with those
for acenes. Thé ymo values for cyanodienes are defined as

llumo = ZlLUMO(wm) = ngumo(wm)hwm (%)
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and between two neighboring carbon atoms in the LUMO are
strong. This is the reason that the-® and C-C stretching
modes around 1500 crhin the monoanions of cyanodienes
afford larger electrorrphonon coupling constants than the C
stretching modes around 1500 thin the monoanions of acenes

(] and the reason that the, values for the monoanions of
cyanodienes are larger than those for the monoanions of acenes.
Therefore, the orbital patterns difference between the delocalized
LUMO in cyanodienes and the LUMO localized on carbon
8001 A atoms located at the edge part of the carbon framework in acenes
is the main reason that tHeymo and wi, for the monoanions
6001 of cyanodienes are larger than those for the monoanions of
A acenes.

1400

op ¢
O

1200+

1000+ ©

400 4

The Effect of Electronegativity Perturbation on
200 Electron—Phonon Interactions

0 . . . . Let us next discuss how the electronegativity perturbation is
0 50 100 150 200 250 related to the characteristics of the electr@lmonon interactions

in negatively charged acenes. In this section, we compare the
calculated results for the monoanions of cyanodienes with those
Figure 6. The logarithmically averaged phonon frequencies as a for the monoanions of acenes and B,N-substituted acenes. The
function of molecular weight. The circles, triar_lgles, and squares Pauling’s electronegativity for boron, carbon, and nitrogen atoms
represent thew), values for acenes, B,N-substituted acenes, and are 2.55, 3.04, and 3.44, respectiviyThese differences in

cyanodienes, respectively. o L L
electronegativity would account for the significant characteristics

patterns difference between the LUMO localized on carbon differences in the electrerphonon interactions between acenes,

atoms located at the edge part of the carbon framework in acened:N-substituted acenes, and cyanodienes.|lig values for

and the delocalized LUMO in cyanodienes due to electronega- B,N-substituted acenes are similar to those for acenes. However,

tivity perturbation is the main reason that thguo values for the win values for the monoanions dbn, 2bf‘n and3bn were

polycyanodienes are much larger than those for polyacenes withestimated to be 1273, 737, and 449 <¢mrespectively.

Logarithmically averaged phonon frequency wy, (cm_1)

Molecular weight M,,

D2, geometry. Therefore, thew), values for the monoanions of B,N-substituted
acenes decrease with an increase in molecular size much more
The Logarithmically Averaged Phonon Frequencies rapidly than those for the monoanions of acenes. Therefore, the

monoanions of acenes would exhibit higher temperature super-
conductivity than the monoanions of B,N-substituted acenes if
we assume that the negatively charged nanosized molecular
systems would exhibit superconductivity mainly caused by the
vibronic interactions between the intramolecular vibrations and
the LUMO. Both thd ymo andwin values for the monoanions
| (@,)Ine of cyanodienes are larger than those for the monoanjons of
— ex Z LUMO m ©) acenes. T_herefore, the _possﬂl@values for the monoanions
4 oo of cyanqdlenes are estl_mated to t_)e larger thalj Fhosfe for the
monoanions of acenes if the physical values originating from
the intermolecular interactions (for example, density of states

The w, values as a function of molecular weighf, in the . R .
monoanions of acenes, B,N-substituted acenes, and cyanodiené che Fermi level) are not significantly different between these

are shown in Figure 6. The, values are estimated to be 1179, anions.
1381, 1242, and 1150 crh for the monoanions ofcn, 2cn,
3cn, and4cn, respectively, and 1390, 1212, 1023, and 926tm
for the monoanions ofla, 2a, 3a and 4a, respectively. Here, let us consider one-electron transfer assisted by
Therefore, apart fronicn, the wi, values for the monoanions  molecular vibrations as a molecular model of the interaction of
of acenes and cyanodienes decrease with an increase irconduction electrons with vibratioh® From analogy with
molecular weights. This is in qualitative agreement with a the definition of the intrinsic intramolecular conductivity
tendency; light mass will lead to higher valueswf. But it Ointra,monoaniodOF the monoanions of acenes and B,N-substituted
should be noted that the, values for the monoanions of acenes as discussed in previous rese#reltcording to the
cyanodienes witDy, geometry are larger than those for the definition suggested by Kivelson and Heegétwe define that
monoanions of acenes wifbp, geometry. As described above, for the monoanions of cyanodienes/&1Nnz—1H4 as

the LUMO of acenes is rather localized on carbon atoms located

Let us next look into the logarithmically averaged phonon
frequencieswi, for the monoanions of cyanodienes, denoting
the frequencies of the vibrational modes which play an essential
role in the electrofrphonon interactions. They, values for
the monoanions of cyanodienes are defined as

Wy

Intramolecular Electron Mobility in Cyanodienes

at the edge part of the carbon framework in acenes, and thus o Lumol (NI2 + DM + (N/2 — 1M}
the nonbonding characteristics are significant. Therefore, the Giyya monoanion— —— 5 (7
orbital interactions between two neighboring carbon atoms are lLumo

weak. However, due to electronegativity perturbation, the

LUMO of cyanodienes is delocalized, and the electron density where Mc and My denote the masses of carbon and nitrogen
on carbon atoms as well as on nitrogen atoms located at theatoms, respectively. The calculatega monoanionvalues as a
edge part of the CN framework is high, and thus the orbital function of N are shown in Figure 7. We can see from Figure
interactions between two neighboring carbon and nitrogen atoms? that theginya monoanionvalue slightly increases with an increase
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TABLE 4: C —C and C—N Distances in the Monoanions of Cyanodienés

d1 d2 d3 d4 d5 de d7
lcn™ 1.383 1.374
(+0.028) (+0.019)
2cn 1.464 1.357 1.351 1.384
(+0.034) (—0.004) (+0.035) (—0.040)
3cn 1.348 1.460 1.359 1.335 1.399
(+0.012) (+0.014) (—0.015) (+0.029) (—0.038)
4cn 1.474 1.346 1.343 1.455 1.363 1.325 1.410
(+0.018) (—0.003) (+0.018) (—0.002) (—0.016) (+0.023) (—0.035)

aThe values in parentheses indicate the change of th€ @xd C-N distances by electron doping in cyanodienes.

TABLE 5: Estimated lonization Energy, Electron Affinity, Hopping Barrier, and Reorganization Energy between Neutral
Molecules and the Monoanions in Acenes and Cyanodienes

ionization electron hopping reorganization

energy (eV) affinity (eV) barrier (eV) energy (eV)
(1h)(1h™) — (1h7)(1h) 0.201 —0.195 0.396 0.099
(1cn)(lcn) — (1en)(1cn) 0.016 —0.423 0.439 0.110
(2h)(2h~) — (2h7)(2h) 0.127 —0.130 0.257 0.064
(2cn)(2cn) — (2cn)(2cn) 0.165 -0.171 0.336 0.084
(3h)(3h™) — (3h")(3h) 0.096 —0.099 0.195 0.049
(3cn)(3cn™) — (3cn)(3cn) 0.132 —-0.136 0.268 0.067
(4h)(4h™) — (4h™)(4h) 0.076 —-0.079 0.155 0.039
(4cn)(4cn) — (4cn)(4en) 0.113 —0.117 0.230 0.058
= the winLumo values between these molecules. Such different
S strengths of the electrerphonon interactions come from
% electronegativity perturbation on acenes.
5 250
2 0 Vibration Effects and Electron Transfer in Negatively
“?o Charged Cyanodienes
> 200 4
£ Electron Transfer in the Negatively Charged Cyanodienes.
£ Let us next discuss the single charge transfer through the
2 150+ o molecule under consideration, which is of interest for possible
% nanoelectronics applications. Here, we will estimate the reor-
3 1004 ganization energy for elementary charge transfer and will discuss
§ o the vibration effect onto the charge-transfer problem. We
5 optimized the structures of these monoanions of cyanodienes.
3 50 © 0o The optimized parameters of these monoanions are listed in
2 0 Table 4. The estimated ionization energy, electron affinity,
E R A hopping barrier, and reorganization energy between neutral
= 0 .Q T T T T molecules and the monoanions in cyanodienes are listed in
S 0 5 10 15 20 25 30 Table 5.
§ Number of carbon, boron, and nitrogen atoms For example, we consider the Marcus-type electron-transfer
= diagram for {cn)(1cn™) — (1cn™)(1cn). Thatis, after thé.cn™

) L . . loses the electroricn relaxes toward the optimized geometr
Figure 7. Intrinsic intramolecular conductivity as a function of the b P 9 y

number of carbon, boron, and nitrogen atoms in the negatively charged©f Neutral molecule. Simultaneously, then upon accepting
acenes, B,N-substituted acenes, and cyanodienes. The circles, triangled€ €lectron distorts to the optimized geometry of the mono-
and squares represent the values for acenes, B,N-substituted acenegnion. Denoting the adiabatic ionization energyoathe vertical

and cyanodienes, respectively. (fixed geometry) ionization from the ground state of the
monoanion ofL.cn costs an energy @ + 0.016 eV (the energy

in molecular size from.cn (Gintra,monoanion= 3.9 x 10P) to 4cn difference between the neutral molecule and the monoaation

(Ointra,monoanion= 46.3 x 1CP). This is because ths andlfu,\,IO the optimized geometry of the neutral molegulghereas the

values significantly increase and decrease, respectively, withelectron affinity of the monoanion ofcn (at its optimum

an increase in molecular size in cyanodienes, whereas thegeometry) idp — 0.423 eV (the energy difference between the
winLumo Values do not significantly change with an increase in neutral molecule and the monoaniatithe optimized geometry
molecular size in cyanodienes. TB®iramonoanionvalues also of the monoanion Thus, isolated neutrdlcn and the monoanion
increase with an increase in molecular size fita{ointa,monoanion of 1cn molecules with their optimized structures lead to a
= 9.7 x 10P) to 4a (Gintramonoanion= 84.3 x 10P). It should be hopping barrier of 0.439 eV (ignoring polarization of the
noted that the&sinramonoanionvalues for acenes are larger than environment which might increase the barrier). Considering the
those for cyanodienes. This is because lthgio values for Marcus-type electron transfer diagram, a net barrier can be
cyanodienes are much larger than those for acenes even thougbstimated to be-0.439/4= 0.110 eV. In a similar way, the
the winLumo Vvalues for acenes are slightly smaller than those reorganization energies between the neutral molecules and the
for cyanodienes. The main difference between acenes andcorresponding monoanions are estimated to be 0.084, 0.067,
cyanodienes is the difference of thgwvo values rather than and 0.058 eV for2cn, 3cn, and4cn, respectively, and 0.099,
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0.064, 0.049, and 0.039 eV far, 23, 3a, and4a, respectively. 0.12
It should be noted that the electronic interactions (orbital o
overlap) and steric interactions are ignored when we estimate 010 o
the reorganization energies between the neutral molecules and 3
the monoanions. For a good conductor with rapid electron g 0.08- =
transfer, the overlap of the LUMOs of these molecules should =)
be sufficiently large. This requires interaction energies greater % 0.061 oH
than the reorganization energies between the neutral molecules s ’ o
and the corresponding monoanions. = 0
The reorganization energies between the neutral molecule and % 0.041 °
the corresponding monoanion for cyanodienes are larger than g
those for acenes. This means that the negatively charged @ 0.027
cyanodienes would not be better conductors with slow electron
transfer than the negatively charged acenes. 0.00 T T T T
L . . . . 0.0 0.1 0.2 0.3 0.4 0.5
The reorganization energies decrease with an increase in
molecular size in cyanodienes as well as in acenes. This means Total electron—phonon coupling constant i ymo (eV)

that the larger the molecular size of cyanodienes is, then theFigure 8. The relationships between reorganization energies and the
better conductor with rapid electron transfer this negatively total electror-phonon coupling constants. The circles and squares
charged molecule is, if we assume that the overlap of the represent the values for acenes and cyanodienes, respectively.
LUMOs between two neighboring cyanodiene molecules do not

significantly depend on the molecular size. However, the Relationships between the Electron Transfer and the
estimatedr, values decrease with an increase in molecular size Electron—Phonon Interactions

in the negatively charged acenes and cyanodighhere is In Figure 8, the reorganization energies as a function of the

an interesting paradox in conventional superconductivity; the y4ta) electror-phonon coupling constants are shown. In view

higher re§|5t|V|ty at room temperature, the more likely it is that Figure 8, a plot of the reorganization energies against the

a metal will be a superconductor when cootédherefore, the  (5¢4) electror-phonon coupling constants is found to be nearly

calculational results for the reorganization energies and¢he  |inear.

values in the negatively charged acenes are in qualitative The reorganization energies decrease with an increase in

agreement with such an interesting paradox, if these anions couldy,glecular size in cyanodienes, as in acenes. This means that

gxhibit ;uperconductivity caused by the intramolecular vibronic e larger the molecular size of cyanodienes is, then the better

interactions. conductor with rapid electron transfer this negatively charged
Vibration Effects and the Optimized Structures of the molecule is, if we assume that the overlaps of the LUMOs

Negatively Charged CyanodienesLet us next look into the between two neighboring cyanodienes do not significantly

optimized structures of the monoanions of cyanodienes. We candepend on the molecular size. However, the estimbtegb

see from Table 4 that the andd, values in the monoanion of  value decreases with an increase in molecular size in cyano-

2cn are much larger and smaller, respectively, than those in dienes. Therefore, in view of the linear relationships between

neutral2cn. This can be understood as follows. To generate the reorganization energies and the total electyumonon

the monoanion ofcn, one electron must be injected into the coupling constants in the negatively charged cyanodienes, it is

LUMO in 2cn, in which the atomic orbitals between two rational that our calculated results are in qualitatively agreement

neighboring N(1) and C(2) atoms and between two neighboring with an interesting paradékas described above.

C(2) and C(3) atoms are combined out of phase and in phase,

respectively, and thus form antibonding and bonding interac- Concluding Remarks

tions, respectively. This is the reason that taandd, values We discussed the single charge transfer through cyanodienes.

become larger and smaller, respectively, by electron doping in g 1eqrganization energies between the neutral molecules and

the neutralen I—!owgver, the.C_,H bond lengths hardly chapge the corresponding monoanions are estimated to be 0.110, 0.084,
by electron doping ir2cn. This is because the atomic orbitals 067 and 0.058 eV foten 2cn. 3cn. and4en respectively

between two neighboring carbon and hydrogen atoms form 5,4 0099 0.064. 0.049 and 0.039 eV fax 2a 3a and4a,

nonbonding interactions in the 'jUMO Ieen. Similar discus-  regpectively. Therefore, the reorganization energies between the
sions can be made iBcn and4cn; the distances between tWo e tra| molecule and the corresponding monoanion for cyano-

neighboring atoms, whose atomic orbitals are combined in phasegjenes are larger than those for acenes. This means that the
(out of phase) in the LUMO, become smaller (larger) by electron negatively charged cyanodienes would not be a better conductor
doping. with slow electron transfer than the negatively charged acenes.
Let us next look into the vibration effect onto the charge-  We optimized the structures of the monoanions of cyano-
transfer problem. We can see from Figure 1 and Table 4 that dienes undeD., geometry, and we discussed the vibronic
the Ay mode of 1035 cm! is the main mode converting the interaction effects in the monoanions of cyanodienes. The bond
neutrallcnto the monoanion ofcn This can be also confirmed  distances between two neighboring carbon and nitrogen atoms
from our calculational results that the;Aodes of 1035 and  and between two neighboring carbon atoms, whose atomic
1713 cn! very strongly couple to the LUMO inlcn. orbitals are combined in phase (out of phase) in the LUMO,
Furthermore, the Amodes of 1360, 1043, and 1391 chare become shorter (longer) by electron doping.
the main modes converting the neutral structures to the We also discussed the vibration effect on the charge-transfer
monoanions of2cn, 3cn, and4cn, respectively. This can be  problem. The 4 modes of 1035, 1360, 1043, and 1391 ¢ém
also confirmed from our calculated results that thegenddes are the main modes converting the neutral structures to the
strongly couple to the LUMO. monoanions inlcn, 2cn, 3cn, and 4cn, respectively. These
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results can also be confirmed from our calculated results that Aid for Scientific Research from the Japan Society for the
these A modes very strongly couple to the LUMO in cyano- Promotion of Science (JSPS-15350114, JSPS-16560618).
dienes.
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