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Electron-vibration interactions giving rise to infrared (IR) intensities characteristic of the radical cations of
polycyclic aromatic hydrocarbons (PAHs) are examined theoretically. Density functional calculations are
performed for the radical cations of naphthalene, anthracene, tetracene, pentacene, pyrene, perylene, and
phenanthrene at the B3LYP/6-311G* level. A theoretical formulation for analyzing the vibrational motions
giving rise to strong IR intensities is presented. It is shown from the algebraic properties of the expression for
IR intensities that three vibrational degrees of freedom responsible for all the IR intensities of a given molecule,
called the intensity-carrying modes, can be derived from dipole derivatives in the Cartesian coordinate system.
By using this theory, the origin of the IR intensities may be examined even when it is difficult to define an
appropriate nonredundant set of internal coordinates. For molecule€witr higher symmetry (including

D2n), each intensity-carrying mode belongs to each of the three IR-active symmetry species. It is shown that
the vibrational patterns of the intensity-carrying modes and the directions of their dipole derivatives in the
PAH radical cations are explained by the following two mechanisms. One is the mechanism inl@hgng

range charge fluwbetween distant benzene rings. By this mechanism, the vibrational motion of each ring
occurs in the direction of the structural change between the neutral and charged benzene, and the vibrational
motions of distant rings are combined out of phase to give rise to long-range charge flux. The other involves
short-range charge fluxwithin each benzene ring. The relation between vibrational motion and charge flux
induced by this mechanism is explained by regarding the benzene radical cation as building “blocks” constituting
the molecule and considering the intensity-carrying modes of each block. In both cases, the phase relationship
of the singly occupied molecular orbital (SOMO) determines which of the two-J&halter distorted structures

of the benzene radical cation should be considered. It may be said, therefore, that the vibrational patterns of
the intensity-carrying modes and the directions of their dipole derivatives are closely related to the electronic
structures.

1. Introduction the bands at~3000 cnt? are very strong. The IR intensity

The infrared (IR) spectra of the radical cations of polycyclic Patterns observed for the PAH rfj—,‘?écql cations are interesting
aromatic hydrocarbons (PAHs) have been studied extensivelyfrom the astronomical V!eWpOIﬁt, *®since the IR radiation
during the past decadel® By using the matrix-isolation from the interstellar medium is strong in the fingerprint region,
technique, the IR spectra have been observed for the radica@nd PAHS are accordingly expected to be positively charged in
cations of linear polyacenes ranging from naphthalene to the interstellar medium. o _
pentacene as well as other PAHs such as pyrene, perylene, The IR intensity patterns characteristic of the PAH radical
phenanthrene, chrysene, and cororeRgCalculations of the cations have been well reproduced by RGfiFPand even better

IR spectra of these radical cations have been performed by using?y density functional calculatiort8:*#It has been demonstrated
the ab initio restricted open_she" HartreBock (ROHF§512 in ref 14 for many PAH radical cations (aS well as neutral PAHS)

and the density function®4 methods. that good agreement between the observed and calculated IR

It has been shown in these studies that the features of the IRSPectra can be obtained by density functional calculations.
spectra of the PAH radical cations are substantially different However, the mechanism giving rise to these spectral features
from those of the neutral PAHSs. In the case of the PAH radical has not been clarified. lonization-induced enhancement of the
cations, the IR intensities of some bands in the fingerprint region IR intensities of the bands in the fingerprint region is not
(1700-950 cnt?, corresponding to the CC stretches and the restricted to the case of PAHs. For example, the IR band arising
CH in-plane bends) are much larger than those of the bandsfrom the bond-alternation mode (or the so-called effective
observed below 950 cr (the CH out-of-plane bends), and the ~ conjugation mod¥) of charged polyenes, in which neighboring
bands at~3000 cmt! (the CH stretches) are very weak. By CC bonds stretch and contract alternately, is substantially more

contrast, in the IR spectra of the neutral PAHs, the intensities intense than the corresponding band of the neutral sp&ci#s.
of the bands in the 1766950-cnt? region are significantly Elucidation of the mechanism which induces these strong IR

smaller than those of the bands observed below 950 camd bands is interesting from the viewpoift! that strong IR
intensities in general (on the order of21Km mol~! or larger)
* Corresponding author. E-mail: torii@chem.s.u-tokyo.ac.jp. cannot be explained only by static polarization of the relevant
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bonds, and hence some intimate interplay between the vibra- In our previous stud$® a doorway-state theory has been
tional and electronic motions is necessary for the generation of formulated for the purpose of analyzing absorption bands of
strong IR intensities. In our previous stutlya theory based many-oscillator systems. The name of this theory has been
on a two-state model Hamiltonian is presented for analyzing derived from the equivalence in the theoretical framework with
the electror-vibration interaction in the molecular skeleton of a theory of nonradiative electronic relaxation employing the con-
charged polyenes and related molecules. In this theory, onecept of the doorway stafé:2 The theory has been applied to
vibrational degree of freedom (along the bond-alternation the analysis of the amide | bands of globular proté#is,which
coordinate), two diabatic electronic states, and the coupling each peptide group in a protein is treated as an oscillator having
between the two states are considered, and the charge flux ina transition dipolé® which represents the amide | vibration. It
the molecular skeleton, which is the origin of the strong IR has been shown that three vibrational degrees of freedom
intensities in the fingerprint region and is induced by the carrying all the IR intensities, calleéte intensity-carrying modes
electron-vibration interaction, is examined. In the case of the hereafter, can be derived from the vectors representing the
PAH radical cations also, the electrewibration interaction is transition dipoleg® The intensity-carrying modes are not equal
expected to be important for the enhancement of the IR in general to any of the normal modes. It may be said in this
intensities. However, application of the above thébtg the sense that this theory is an “eigenstate-free” formulation.
case of the PAH radical cations is not straightforward, since In this section, the doorway-state theory (the theory of
the vibrational patterns giving rise to strong IR intensities are intensity-carrying modes) is reformulated so that it may be
not evident from the molecular structures alone, in contrast to employed to characterize the strongly IR-active vibrational
the cases of charged polyenes and other molecules with lineammotions by using the dipole derivatives with respect to Cartesian
conjugatedr-electron systems. coordinates obtained from ab initio MO or density functional
In the present paper, the mechanism giving rise to the IR calculations. We first define the intensity-carrying modes and
intensities characteristic of the PAH radical cations is studied discuss the relation between the intensity-carrying-mode picture
theoretically. Density functional calculations are performed for and the normal-mode picture. Then we discuss the method of
several PAH radical cations of small to intermediate size and calculating the intensity-carrying modes from a given set of
for some related species. A theoretical formulation is presenteddipole derivatives in the Cartesian coordinate system.
so that the vibrational patterns giving rise to strong IR intensities ~ A. Definition and Properties of Intensity-Carrying Modes.
may be derived from the dipole derivatives calculated by the The IR intensity of normal mode is expressed as
density functional method. Electreivibration interactions im-

portant for the enhancement of IR intensities are examined by 3 [du;\?
comparing these vibrational patterns and the electronic struc- Iy = 8_
tures. =1\0Q,,
3 [ mau, I \?
2. Theory _ ﬁ _Xk (1)
An important step toward the goal of elucidating the S\E10% 0Q,,

mechanism for the generation of strong IR intensities is to clarify ) . . o )

the vibrational motions responsible for the strong IR intensities. Whered/0Q is theith component of the dipole derivative with
When it is feasible to define an appropriate nonredundant set"®SPect to normal coordina@,, with i =1, 2, 3 representing

of internal coordinates (called “molecular symmetry coordinates” '€SPectively the, y, andz directions,x stands for the mass-

in our previous studi@d 29, such vibrational motions are easily We!ghted Cartesian coordinates, i.e., th(_e Cartesian c_oordmates
recognized by examining the dipole derivatives with respect to Weighted by the square root of the atomic massespaisthe
this set of internal coordinates, which are calculated by the fotal number of degrees of freedom in a given molecule, which
transformation of the dipole derivatives with respect to Cartesian 'S equal to 8I, with N being the total number of atoms. We
coordinates obtained from ab initio molecular orbital (MO) or denote the number of vibrational degrees of freedom, byhich
density functional calculations. However, for molecules with 1S €qual to 8l — 5 for linear molecules and\8— 6 otherwise.

an intricate network of chemical bonds, e.g., PAHs extended " the present paper we consider the casélaf 3.

in two dimensions with many fused rings, it is difficult to define e summation ovekin eq 1 is regarded as the scalar product
an appropriate nonredundant set of internal coordinates. TransOf two m-dimensional vectors; and o defined as

formation of dipole derivatives from the Cartesian coordinate

basis to the internal coordinate basis cannot be carried out if 'd, = (0pui/ 0%y, Ot/ 9%, ..., Dt/ X, ()
the set of internal coordinates has redundancy. In some cases,
normal modes themselves may be helpful to represent the tqa= (3%,/0Q,, 9%,/0Q,,, ..., 0% {0Q,) 3)

vibrational motions responsible for strong IR intensities. How-

ever, normal modes are determined by the mechanical property The last two equations are more concisely expressed as
(i.e., the vibrational force field) of the molecule, and mixing

with relatively “dark” vibrational motions in each normal mode (d) = 0/ 0%, (2a)
may obscure the origin of the strong IR intensities when there
are a few (or many) strongly IR-active normal modes. As shown (e = %J9Q, (3a)

clearly in refs 22 and 23, the potential energy distribution, which

is determined solely by the vibrational force field, is not We note thafgy gy = dqs holds for alla and 3. By using
necessarily a good indicator of the origin of the IR intensity of he apove two vectors, eq 1 is rewritten as

a normal mode. In this respect, an appropriate “eigenstate-free”

formulation is desirable to represent the vibrational motions 3

responsible for IR intensities and hence the electnahration I, = (tdi qa)2 4
interaction terms in a molecular Hamiltonian. =
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We will consider an orthogonal transformation fréiop} 1<<n
to another set ofm-dimensional vectors{ss}i<s<n. Since
{d}1<i<3 generates a three-dimensional subspace innthe
dimensional space, we can ta§g} 1<3<n such that

'ds;=0(1=1,234sf=n) (5)

is satisfiecP® We then define a set of vibrational coordina8s
as

(S = 09X J0S; (6)
From eqgs 5 and 6 we obtain
o

/i(g)z = ;:(tdi $)° = /ix(tdi S5’ = /Zl(j—:)z )

for eachi. Since {Sg}1<p<n is related to{Qqu}1<q<n by an
orthogonal transformation, it is easily seen that

Sfal-2hel @

holds for each.

From the above equations, it is evident that the set of three
vibrational mode§ S} 1<4<3 carries all the IR intensities. These
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Therefore, i§0,)? is proportional to the relative IR intensity
of each normal mode belonging to the relevant symmetry
species.

B. Method of Calculating the Intensity-Carrying Modes.
We define sixm-dimensional vector$ andr; (i = 1, 2, 3)
representing the translational and rotational motions such that

(t), = 0xJ0T;
() = 9xJoR,

whereT; andR; are the normalized translational and rotational
coordinates, respectively. We note that; = dj, r; r; = Jj,
and't r; = 0 hold for alli andj (1 < i, j < 3). All the vectors
representing the vibrational motions should be orthogonal to
these six vectors. We defing (1 <i < 3) as

(10)

(11)

3
w=d = {(d )t +(dr)r} (12)
JZ 177 1)

It is easily seen that the vectors orthogonalwpt;, andr;
(1 =i = 3) are also orthogonal td;. Therefore, the vectors
representing the intensity-carrying modes may be expressed as
§ = W/|wj

1=i=x3) (13)

vibrational modes are the intensity-carrying modes, and represent  For molecules withC,, or higher symmetrys (1 < i < 3)

the origin of the IR intensities and hence the electroiration
interactions.
For molecules withCy, or higher symmetry (such &3y),

thus defined are orthogonal to each other and induce dipole
derivatives which are also mutually orthogonal.
An alternative way to obtain the intensity-carrying modes may

there are three IR-active symmetry species (if the degeneratepe described as follows. We take an arbitrary set of mutually
IR-active symmetry species, if any, is counted as many times orthogonal normalized vibrational coordinags(1 < y < n).

as its degeneracy). In this case'difq, = 0 for certaini anda,

then'd, g, = O for j = i. (For molecules with degenerate IR-
active symmetry species, normal modes should be classified

by using the symmetry species of tlg, or D, point group).

Since{ss} is obtained from an orthogonal transformation of

{a«}, and there are only thres (i.e., 1< § < 3) for which'd;
Sg may not be zero (eq 5), we can defifg} so that it also has
the above property; i.e., ifl sz = O for certaini and3, then'd

s = 0 for j = i. In other words, there is only one intensity-
carrying mode for each IR-active symmetry species. We adopt

the numbering of ss} such thatd, ss = 0 fori = . The three
intensity-carrying modesS;, S, andS; defined from this set of

s and eq 6 are called intensity-carrying modes X, Y, and Z,

respectively. It is easily seen from eqs 7 and 8 thdt )2

[= (uil8S)?] is equal to the total IR intensity of the normal
modes belonging to the relevant symmetry species. This total
IR intensity is distributed to each normal mode according to
the projection of the normal mode to the intensity-carrying

mode; i.e., §ui/dS)? x (0S/0Qq)? is equal to the IR intensity
of normal moden. Since{ Qu} 1<a<n and{ S} 1<p<n, When they

are supplemented by the normalized translational and rotational
coordinates (see below), are related to the mass-weightedT
Cartesian coordinatgsy} 1<k<m by an orthogonal transformation,

we obtain

2

m 9§ 09X,
k= aXk aQa

2

0§ \?
ol -
m 90X, X,
=(50y)° )

In this coordinate system we define anx n matrix M given
as

3
Mg, = Z(aui/aEﬂ)(aui/aEy) (14)
=
wheredui/0E, is calculated as
m
il 9E, = Z(aﬂi/axk)(axk/aEy) (15)
k=

This matrix M is in the same form as the one describing
radiative damping interactions (in the long-wavelength limit)
in a theory of superradiance of molecular aggreg#ésTo
obtain the intensity-carrying modes, it is sufficient to find the
matrix of orthogonal transformation frofk,} to {Ss}. For this
purpose, we suppose the case wHdtg happens to b¢Ss}.

From egs 5 and 6, it is evident that orMp, with 1 < 8, y <

3 are nonzero in this case. Therefore, the orthogonal transforma-
tion from {E,} to {S} is obtained by diagonalization dfl.

he eigenvectors corresponding to nonzero eigenvalues repre-
sent the intensity-carrying modes, and the other eigenvectors
represent the “dark” modes. It is easily seen thgf} thus
defined satisfies

3

) (uil0S)(3ui/0S) =0 (B =7) (16)

i.e., the dipole derivatives with respect$p are orthogonal to
each other in all cases, in contrast {{§;} obtained in the



5560 J. Phys. Chem. A, Vol. 103, No. 28, 1999 Torii et al.

previous paragraph for which this condition holds only for
molecules withC,, or higher symmetry.
a
3. Computational Procedure ® @
Density functional calculations of dipole derivatives are

carried out for the radical cations of naphthalene, anthracene, -
tetracene, pentacene, perylene, pyrene, and phenanthrene.

Becke’s three-parameter hybrid metfbasing the Lee-Yang—

Parr correlation function# (B3LYP) is employed in combina-

tion with the 6-311G* basis set. It has been shown that the (b) l
vibrational wavenumbers and IR intensities calculated by using

the B3LYP method are in good agreement with the experimental

results for many PAH radical catiotfsas well as the naphtha-

lene radical anioR? It is therefore expected that the dipole
derivatives calculated in this study are sufficiently reliable.

To support the discussion on the electratibration interac- (c)
tions in the PAH radical cations, calculations are also performed
for the radical cations of benzene and biphenyl andcibgis
pentadienyl cation in the1A; (ground) and 1B, (excited)
electronic states. For the calculation on tH8jlstate of the (d)
pentadienyl cation, the configuration interaction singles (CIS)
method® (one of ab initio MO methods) is used in combination
with the 6-311G* basis set. All the other calculations are carried Structure A Structure B
out at the B3LYP/6-311G* levelC,, symmetry is assumed for ~ Figure 1. (a) Vibrational pattern of mode Y, (b) vibrational pattern
the pentadienyl cation arid,, symmetry for the radical cations of mode Z, and (c) the singly occupied molecular orbital of the benzene
of benzene and biphenyl. As a result, each of these speuesrad'cal cation (left, structure A, right, structure B), with the numbering

. of the carbon atoms. The thick arrow shown on the side or below the
(except for one of the Jahrieller distorted structures of the vibrational pattern of each intensity-carrying mode indicates the
benzene radical cation) has one or two imaginary-wavenumber girection and magnitude of the dipole derivative induced by the
mode(s). However, calculations on structures with lower sym- vibration. (d) The distorted molecular structures of the benzene radical
metry are not necessary for the purpose of the present studycation, where the magnitudes of distortion are exaggerated.

The vibrational motions giving rise to strong IR intensities
are examined by using the formulation described in section 2.
Since the molecules treated in this study hag or Dy,
symmetry, one intensity-carrying mode is calculated for each
of the three IR-active symmetry species. As described in section
2, each intensity-carrying mode is denoted by X, Y, or Z,
according to the direction of the transition dipole induced by
the intensity-carrying mode.

All the density functional and ab initio MO calculations are
performed by using the Gaussian 94 progfaon IBM SP2

nonbonding character of the SOMO. The lengths of these bonds
are nearly the same as those in the neutral species.

The calculated vibrational patterns of the in-plane intensity-
carrying modes (modes Y and Z) are shown in Figure 1la and
1b, respectively. In the present study, they, andz axes are
taken to be the out-of-plane, in-plane horizontal, and in-plane
vertical axes, respectively. The out-of-plane intensity-carrying
modes (mode X) are not discussed in this study. The carbon
atoms are numbered as shown in Figure 1a, for the convenience

. of comparison with the case of the pentadienyl cation discussed
computers at the Computer Center of the Institute for Molecular b P y

) . . _later. The thick arrow shown on the side or below the vibrational
Science. The analyses based on the theory of intensity-carrying

. . pattern of each intensity-carrying mode indicates the direction
modes are performed on a H'tac.h' M5800/320 computer at the and magnitude of the dipole derivative induced by the vibration.
Computer Center of the University of Tokyo.

The arrow is depicted in the direction from the “minus” side to
the “plus” side of the dipole derivative, i.e., in the direction of
the flux of a positive charge. The magnitudes of the dipole
A. Benzene Radical Cation and Pentadienyl CationSince derivatives and the corresponding IR intensities are shown in
neutral benzene has a degenerate pair of highest occupiedrable 1 for all the intensity-carrying modes.
molecular orbitals (HOMOSs), there are two Jatreller dis- The vibrational patterns in Figure 1a,b may seem to indicate
torted structures for the benzene radical cation (denoted bythat the motions of the hydrogen atoms are more important than
structures A and B in Figure 1), depending on the HOMO of those of the carbon atoms in determining the IR intensities.
neutral benzene from which an electron is removed [i.e., the However, it should be noted that the IR intensity of each normal
singly occupied molecular orbital (SOMO) of the radical cation mode is determined by the scalar products between the normal
shown in Figure 1c]. The distorted molecular structures are mode and the intensity-carrying modes in tiass-weighted
depicted in Figure 1d. The changes in the CC bond lengths Cartesian coordinate system, as shown in eq 9. The vibrational
occurring upon the transition from the neutral to either structure motion of a carbon atom in an intensity-carrying mode is
of the radical cation are determined by the bonding/antibonding therefore 12 times more important than that of a hydrogen atom
character of the SOMO. Since one electron is removed from if they vibrate by an identical amplitude. In the present case, it
the SOMO upon the transition from the neutral to the radical is derived from the vibrational patterns shown in Figure 1 that
cation, a CC bond becomes longer if the SOMO is bonding for the contribution of the carbon atoms to the dipole derivative is
the bond and becomes shorter if the SOMO is antibonding. The about twice as large as that of the hydrogen atoms for modes Y
magnitude of the changes in the CC bond lengths is about 0.03and Z of structure A and mode Y of structure B. The IR intensity
A in the case of structure A and about 0.06 A in the case of arising from mode Z of structure B is very small because the
structure B. There are four CC bonds in structure B with the contribution of the carbon-atom vibrations is small for this

4. Results and Discussion
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TABLE 1: Dipole Derivatives (D A-1 amu~12) and Infrared Intensities (km mol~1) of the Intensity-Carrying Modes of the
Radical Cations of Polycyclic Aromatic Hydrocarbons and Related Species Calculated at the B3LYP/6-311G* Level

mode X mode Y mode Z
species dipole deriv IR int dipole deriv IR int dipole deriv IR int

benzene radical cation structure A 1.638 113.32 1.614 110.11 1.901 152.76
benzene radical cation structure B 1.635 112.91 2.315 226.48 0.932 36.74
pentadienyl cation ground state 1.690 120.65 3.939 655.53 1.746 128.87
pentadienyl cation excited state 1.846 143.97 2.369 237.14 1.414 84.48
naphthalene radical cation 1.844 143.65 2.669 300.94 1.723 125.50
anthracene radical cation 2.048 177.19 4.221 752.87 1.634 112.87
tetracene radical cation 2.228 209.83 5.732 1388.42 1.604 108.76
pentacene radical cation 2.393 241.98 7.167 2170.72 1.659 116.31
perylene radical cation 2.239 211.75 2.527 269.89 3.517 522.82
biphenyl radical cation 2.079 182.61 1.565 103.46 4.385 812.62
pyrene radical cation 2.094 185.26 3.046 391.99 2.083 183.29

2.059 179.20 2.205 205.39 4.371 807.48

phenanthrene radical cation

intensity-carrying mode. The results shown in Figure 1 therefore
demonstrate that the vibrational motions of the carbon atoms
play a key role in determining the IR intensities for both
structures of the benzene radical cation.

In mode Y of structure A shown in Figure la, the-C,,
C3—C4, and G—Cs bonds stretch while the£ C3, C4—Cs, and
Cs—C4 bonds shrink. Such a vibration of the six-membered ring
(if we neglect the motions of the hydrogen atoms) is IR inactive
in the case of neutral benzene, because it belongs tosthe b
symmetry species of thBen point group. This mode becomes
IR active in the benzene radical cation because of the-Jdahn
Teller distortion of the molecular structure froB, to Dop.
The vibrational pattern in mode Y of structure B is similar to
that in mode Y of structure A in that thes€C4 and G—Cg
bonds stretch while the £C; and G—C; bonds shrink.

However, the directions of the dipole derivatives induced by
these two vibrations are opposite to each other. By contrast, in *
the case of mode Z, the vibrational patterns calculated for the * ‘
two structures are similar to each other, and the dipole )
Ground state Excited state

derivatives induced by these vibrations are in the same direction.

The opposite directions of the dipole derivatives calculated Figure 2. (a) Vibrational pattern of mode Y and (b) vibrational pattern
for mode Y of structures A and B suggest that electron of mode Z of thecis,cispentadienyl cation (left, the'A, state; right,
vEraon intractons play o Imporart e n generatng the 1 X5 SCi) Mi T urkerng o e nen soms, (e
dipole derivatives, bepguse the most mgrked difference betwegrﬂole is placed) upon the transition from the pentadieny! néutral radical
th_ese two structures is |n_the|r electronic structures as shov_vn iNto the pentadieny! cation.

Figure 1c. Comparison with the results obtained in our previous

study’!is desirable in this regard. For this purpose, the intensity-
carrying modes are calculated also for tHé 1 (ground) and By comparing the phase relationship in the-C3;—C, part

11B;, (excited) electronic states of tleés,cispentadienyl cation of the orbital of the hole, it is easily recognized that the
(CsH7Y). electronic structure of the'B, state of the pentadienyl cation
The 1A; state of the pentadienyl cation is derived by is similar to that of structure B of the benzene radical cation,
removing the electron of the SOMO from the pentadienyl neutral because the signs of the coefficients ona@id G are opposite
radical. In other words, the'A; state of the cation is generated to each other. The electronic structure of thAlstate of the
by placing a hole on the SOMO of the neutral radical. Similarly, pentadienyl cation is similar to that of structure A of the benzene
the 1B, state of the cation is made by removing one of the radical cation. Only the properties of the central pagt<Cs;—
electrons from (or placing a hole on) the orbital next to the Cs) of the pentadienyl cation are examined, because it is
SOMO of the neutral radical. The orbital of the hole in each expected that there exists an end effect in the properties of the
state is shown in Figure 2c. For the purpose of the present paperCi—C, and G—Cs parts?!
the electronic structures of the cationic species should be The vibrational patterns of the in-plane intensity-carrying
characterized by the orbital of the hole placed upon the transition modes calculated for théA; and 1B states of the pentadienyl
from the neutral to the cation. Such a way of electronic-structure cation are shown in Figure 2a,b. In mode Y (Figure 2a), the
characterization is considered to be valid, because the very smallC;—C,4 bond stretches while the,;€Cs bond shrinks. The dipole
magnitude of the dipole derivatives induced by the CC stretches derivative induced by this vibration is directed to the left in the
in the neutral species may be regarded as originating from 1'A; state, whereas it is directed to the right in tH84lstate.
mutual cancellation of the contributions of all theelectrons Therefore, with regard to the direction of the dipole derivative
to the dipole derivatives. Hence the total contribution of4he  induced in mode Y, the'A; and B, states of the pentadienyl
electrons remaining in the ionic species is opposite in sign and cation are similar to structures A and B, respectively, of the
has almost the same magnitude as that of the removed electronbenzene radical cation shown in Figure 1la.
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Figure 4. (a) Scheme of the mechanism of short-range charge flux
giving rise to the strong IR intensity of mode Y of the pentacene radical
cation. The vibrational motion of ring Ill (the central ring) is explained
by the corresponding mode of the benzene radical cation (structure A).
Figure 3. (a) Vibrational pattern of mode Y, (b) vibrational pattern  (b) Scheme of the mechanism of long-range charge flux. The vibrational
of mode Z, and (c) the singly occupied molecular orbital of the motion of the left half of ring | (on the left side of the molecule) is in
pentacene radical cation, with the numbering of the six-membered rings. the direction of the structural change from neutral benzene to structure
(d) Decomposition of the singly occupied molecular orbital of pentacene A of the benzene radical cation, and that of the right half of ring V (on
radical cation into its building blocks. the right side of the molecule) is in the opposite direction. As a result,

) . . ring I becomes more cationic and ring V less cationic by this vibration.
From the above comparison, it is concluded that the direction The charge goes back and forth as the vibration proceeds.

of the dipole derivative induced in mode Y is strongly correlated
to the electronic structure. than that arising from mode Z. We therefore concentrate mostly
In the case of mode Z (Figure 2b), the vibrational patterns on the mechanisms which generate the large dipole derivative
calculated for the two states are similar to each other, and thefor mode Y. Figure 3a demonstrates that the vibrational motions
dipole derivatives induced by these vibrations are in the same of the ring in the center (Ill) as well as those at the ends (I and
direction. This result is consistent with that obtained for the V) are both important for this mode. By multiplying the dipole
benzene radical cation. derivative tensordui/axy) with the vibrational motions in this
In our previous study? it has been shown by using a simple  mode ¢x/9Ss), it may be derived that about 55% of the total
model Hamiltonian that the large dipole derivative calculated dipole derivative induced by mode ¥(/dSs) is explained by
for the bond-alternation mode (similar to mode Y) of a linear the vibrational motion of ring Ill, and about 35% by those of
charged polyene arises from a charge flux in the molecular rings | and V. The vibrational motions of the hydrogen atoms
skeleton induced by the strong vibronic coupling between the explain only about 3% of the total dipole derivative in this case.
ground and excited electronic states, and the direction of the Therefore, the IR intensities arising from the CH stretches and
dipole derivative in the excited electronic state is opposite to the in-plane CH bends are very small.
that in the ground electronic state. Since the molecular skeleton The vibrational motion of ring Il in mode Y is explained in
of the pentadienyl cation is not cyclically closed, it is possible the following, where the benzene radical cation is regarded as
to apply straightforwardly the results obtained for the model building blocks constituting the molecule and the appropriate
Hamiltonian. From the close relationship between the cases ofintensity-carrying mode (mode Y in this case) of each block is
the benzene radical cation and the pentadienyl cation describecconsidered. Concerning the electronic structure, each ring in
above, the opposite directions of the dipole derivatives of mode the pentacene radical cation is similar to that of structure A of
Y obtained for structures A and B of the benzene radical cation the benzene radical cation as shown in Figure 3c,d; the
are rationalized. It may be said that the large dipole derivatives coefficients of the SOMO for the atoms on the boundaries of
calculated for the benzene radical cation originate from intra- rings are small because of the cancellation of the contributions
ring charge flux induced by strong vibronic coupling. This type from the rings on both sides. We therefore regard structure A
of charge flux is callecgshort-range charge flukereafter. of the benzene radical cation as building blocks for the pentacene
B. Radical Cations of Linear PolyacenesThe vibrational radical cation. As shown in Figure 4a, it is evident that the
patterns and the dipole derivatives calculated for the in-plane relation between the direction of the dipole derivative and the
intensity-carrying modes of the pentacene radical cation are vibrational motion of ring Il is the same as that of structure A.
shown in Figure 3a,b. The magnitudes of the dipole derivatives This result indicates that short-range charge flux is generated
and the corresponding IR intensities are shown in Table 1. Thein ring Il by the vibrational motion of mode Y. This is one of
SOMO and the numbering of rings are shown in Figure 3c. the important mechanisms by which large dipole derivatives
As shown in Table 1, the IR intensity arising from mode Y are generated by the CC stretches in the PAH radical ca-
of the pentacene radical cation is 1 order of magnitude larger tions.

(d)
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However, the dipole derivatives induced by the vibrational
motions of rings | and V in mode Y cannot be explained by
this mechanism. As described above, these rings are similar to
structure A of the benzene radical cation in their electronic @)
structures. Based on the above mechanism, it may seem as if
the vibrational motions of rings | and V in mode Y shown in
Figure 3a induce dipole derivatives directed to the right. These
vibrational motions nonetheless generate about 35% of the total
dipole derivative of mode Y, which is directed to the left. A
different mechanism should be introduced to explain this result. (b)

By comparing with Figure 1d, it is noticed that the vibrational
motion of (the left half of) ring | in mode Y is in the direction
of the structural change from neutral benzene to structure A of
the benzene radical cation. Ring | therefore becomes more
cationic by this vibration. On the contrary, ring V becomes less
cationic by this vibration, because this ring vibrates in the
opposite phase. As a result, charge flux is generated between (©)
these two rings, as shown in Figure 4b. Of course, the charge
goes back and forth as the vibration proceeds. This type of
charge flux is calledong-range charge fluxhereafter. This
mechanism is considered to be also important for understanding
the vibrational motions giving rise to strong IR intensities in
the PAH radical cations. (d)

It should be stressed that the above explanation not only
shows that the IR intensity of mode Y arises from flux of electric

charge, but also demonstrates that the relation among the o )
Figure 5. Vibrational patterns of strongly IR-active normal modes of

\élbr.atl(t).nal pagem of lm?de .Y’ Ehe tdlrec.tlon of its b(?lpole I the pentacene radical cation calculated at (a) 1583.9, (b) 1553.7, (c)
erivative, an e electronic structure Is reasonably we 1450.8, and (d) 1418.3 cth

explained by the mechanisms involving long-range charge flux

and short-range charge flux. From the IR intensities and the vibrational patterns of normal
As explained in section 2A, the relative IR intensity of each modes, one might conclude that the vibration of ring Ill is not
normal mode is proportional to its projection to the intensity- very important for generating IR intensities, because the IR
carrying mode belonging to the relevant symmetry species, eX-intensity of the 1450.8-cnt mode (Figure 5¢) is moderate.
pressed asggq)* in eq 9. To examine the situation for theub  However, as shown in Figure 3a, the vibration of ring Il is
modes of the pentacene radical cation, the vibrational patterns ofactually more important than those of rings | and V for
four strongly IR-active normal modes are shown in Figuf 5. generating IR intensities. The intensity-carrying-mode picture
The strongest IR intensity is generated by the 1418.3lcm is thus useful for directly inspecting the vibrational motions
mode (unscaled wavenumber). The vibrational pattern of this responsible for the IR intensities.
normal mode (Figure 5d) is similar to that of mode Y (Figure The vibrational motions in mode Y of the radical cations of
3a), especially in the phase relationship among the vibrations other linear polyacenes (naphthalene, anthracene, and tetracene)
of rings 1, lll, and V, although the vibration of ring 1l in the  may be explained in the same way as those of the pentacene
1418.3-cn! mode is smaller in magnitude than that in mode radical cation. We take the case of the naphthalene radical cation
Y. The value of (5q,)? is 0.38, indicating that the 1418.3-cfn as an example. As shown in Figure 6c, the electronic structures
mode carries 38% of the total IR intensity of thg, Imodes. of both rings (I and I1) are similar to that of structure A of the
The vibrational motion of ring Il is significantly large in the  benzene radical cation. The vibrational motion of ring | in mode
1450.8-cn! mode as shown in Figure 5c. This normal mode Y shown in Figure 6a, in which thes&Cs, C;—Cg, Cg—Cy,
is similar to mode Y as far as the vibrational motion of ring Il and G—C;o bonds stretch, is in the direction of the structural
is concerned, but the phase relationship between the vibrationchange from neutral benzene to structure A of the benzene
of ring Il and those of rings | and V in the former is opposite radical cation. The vibrational motion of ring Il is in the opposite
to that in the latter. As a results(q.)? is as small as 0.08. The phase. The large dipole derivative calculated for mode Y of
vibrational motion of ring Ill in the 1553.7-cm mode (Figure the naphthalene radical cation is therefore explained by the
5b) seems less similar to that of mode Y as compared with that mechanism involving long-range charge flux described above.
of the 1450.8-cm! mode. However,'§ q,)? is calculated to As shown in Table 1, the dipole derivatives of mode Y of
be as large as 0.20 for the 1553.7-¢rmode, because the phase the radical cations of linear polyacenes (naphthalene, anthracene,
relationship among the vibrations of rings |, 1ll, and V in this tetracene, and pentacene) are approximately proportional to the
normal mode is the same as that in mode Y. The vibrational number of rings. As a result, the corresponding IR intensities
pattern of the 1583.9-cm mode (Figure 5a) does not seem to are approximately proportional to the square of the number of
be quite similar to that of mode Y. However, mainly because rings. This is also an indication that the mechanism of long-
of the vibrations in the left half of ring | and the right half of range charge flux is important for explaining the IR intensities
ring V, the value of & q,)? is calculated to be 0.10 for this  of these molecules.
normal mode. In total, the four modes shown in Figure 5 carry  The vibrational motions of the carbon atoms in mode Z of
76% of the total IR intensity of the;pmodes. The other normal  the radical cations of linear polyacenes (e.g., Figures 3b and
modes generate smaller IR intensities than these four normal6b) are explained simply by short-range charge fluxes in the
modes. benzene rings, i.e., by applying the vibration motion of mode
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(b) (a) (b)

Figure 6. (a) Vibrational pattern of mode Y, (b) vibrational pattern
of mode Z, and (c) the singly occupied molecular orbital of the
naphthalene radical cation.

Figure 7. (a) Vibrational pattern of mode Y, (b) vibrational pattern
of mode Z, and (c) the singly occupied molecular orbital of the perylene

. . . radical cation.
Z of structure A of the benzene radical cation to each ring of

the radical cations of linear polyacenes. The IR intensity of mode
Z is almost constant for this series of molecules as shown in
Table 1, indicating that only short-range charge flux is important
for this mode.
C. Radical Cations of Perylene and BiphenylPerylene is
regarded as being made of two biphenyl molecules condensed
with two common CC bonds, or made of two naphthalene
molecules connected by two CC bonds. In this section, the
results obtained for the perylene radical cation are discussed in
relation to those obtained for the radical cations of biphenyl
and naphthalene. - (b)
The vibrational patterns of the in-plane intensity-carrying (a)
modes, the corresponding dipole derivatives, and the SOMO
calculated for the radical cations of perylene and biphenyl are
shown in Figures 7 and 8. The numbering of the carbon atoms
constituting ring Il and some neighboring atoms in the perylene
radical cation is also shown in Figure 7a. The electronic structure
of the part consisting of rings | and IV (or rings Il and V) of
the perylene radical cation is similar to that of the biphenyl
radical cation. It is also evident that the electronic structure of
the part consisting of rings | and Il (or rings IV and V) of the
perylene radical cation is similar to that of the naphthalene
rad!cal Cat!on (Figure 60)' Except for.rlng ”I.Of the perylene of mode Z, and (c) the singly occupied molecular orbital of the biphenyl
rgdlcal cation, all the rings of the radical cations of perylene, i a1 cation (planar structure).
biphenyl, and naphthalene correspond to structure A of the
benzene radical cation with regard to their electronic structures. directions of the dipole derivatives calculated for these radical
In view of the strong correlation between the electronic cations are consistent with the scheme shown in Figure 9.
structures and the vibrational patterns of the intensity-carrying In the case of mode Y, however, the vibrational patterns
modes obtained in sections 4A and 4B, it is expected that the calculated for the radical cations of perylene and biphenyl are
vibrational patterns of the intensity-carrying modes of the radical different from each other (Figures 7a and 8a), especially in the
cations of perylene, biphenyl, and naphthalene are mutually vibrations of the G—Cs, Cs—Cg, C,—C7, C3—Cg, Cs—Cy, and
related. Cs—Cy0 bonds in Figure 7a and the corresponding bonds in
The mechanism giving rise to the large dipole derivatives Figure 8a. We note that the vibrational motions of the carbon
for mode Z of the radical cations of perylene and biphenyl is atoms should be mainly considered, because the vibrational
schematically shown in Figure 9. In this intensity-carrying mode motion of a carbon atom in an intensity-carrying mode is 12
(Figures 7b and 8b), the rings on the upper half of the molecule times more important than that of a hydrogen atom if they
vibrate in the direction of the structural change from neutral vibrate by an identical amplitude as explained in section 4A.
benzene to structure A of the benzene radical cation. The ringsThe vibrational patterns of both rings of the biphenyl radical
on the lower half of the molecule vibrate in the opposite phase. cation are similar to that of structure A of the benzene radical
As a result, long-range charge fluxes occur in mode Z. The cation (Figure 1a, left), indicating that short-range (intra-ring)

Figure 8. (a) Vibrational pattern of mode Y, (b) vibrational pattern
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(b)
Figure 9. Scheme of the mechanism of long-range charge flux giving
rise to the strong IR intensities of mode Z of the radical cations of
perylene and biphenyl. The vibrational motions of the rings on the upper
half of the molecules are in the direction of the structural change from
neutral benzene to structure A of the benzene radical cation, and those
of the rings on the lower half of the molecules are in the opposite
direction. As a result, the former become more cationic and the latter
less cationic by these vibrations. The charge goes back and forth as
the vibration proceeds.

charge fluxes are generated. By contrast, the vibrational pattern o o
calculated for the part consisting of rings | and 11 (or rings IV Figure 10. (a) Vlbratlonal pattern qf mode Y, (b) V|brat|onal pattern
and V) of the perylene radical cation is rather similar to that of ?;é?cc;‘fii{i(?:d (c) the singly occupied molecular orbital of the pyrene
the naphthalene radical cation (Figure 6a). As explained in '
section 4B, charge fluxes between the rings are generated in

this case. The vibrational motions of the-&C3; and G—Cg

bonds of the perylene radical cation shown in Figure 7a need

additional explanations. These vibrational motions as part of

the intensity-carrying mode cannot be inferred from those of

the benzene radical cation, because the electronic structure of

ring 11l of the perylene radical cation is not similar to that of

either structure of the benzene radical cation. It is most easy to

understand these vibrational motions by considering that they

induce (long-range) charge flux between two “biphenyl parts”,

i.e., rings | and IV connected by the;€Cs bond, and rings I

and V connected by the,€C; bond. As shown in a previous

study on the structures and vibrational modes of biphenyl and

its ionic specie® the inter-ring G-C bond of the bipheny! Figure 11. Scheme of the mechanism of long-range charge flux giving

- S . rise to the strong IR intensity of mode Z of the pyrene radical cation.
radical cation is shorter than that of neutral biphenyl. Therefore, The vibrational motion of ring | (the ring on the top) is in the direction

by the ylbrgtlonal motions ,Of the £C; and G—Cs bonds of the structural change from neutral benzene to structure B of the
shown in Figure 7a, the “biphenyl part” on the left becomes penzene radical cation, and that of ring 11l (the ring on the bottom) is

more cationic than the one on the right. This scheme is consistentin the opposite direction. As a result, the former becomes more cationic
with the direction of the dipole derivative calculated for this and the latter less cationic by this vibration. The charge goes back and
intensity-carrying mode. It is related to the mechanism giving forth as the vibration proceeds.

rise to intermolecular charge flux in the dimer of the TTF radical jntensity-carrying mode. The part consisting of rings | and IlI

cation and other_ rglated §pec_ies, which is the origin of the IR (connected by the G—Ci» bond) of pyrene may look similar
bands characteristic of dimeric spectés! to biphenyl from the structural point of view. However, the
D. Radical Cations of Pyrene and PhenanthreneThe vibrational motions in the intensity-carrying modes of the radical
vibrational patterns of the in-plane intensity-carrying modes, cations of these molecules are quite different from each other
the corresponding dipole derivatives, and the SOMO calculated since the electronic structures are different.
for the pyrene radical cation are shown in Figure 10. In contrast  For mode Y of the pyrene radical cation, the relation between
to the cases of the radical cations of linear polyacenes, perylenethe vibrational motions (Figure 10a) and the direction of the
and biphenyl, the electronic structures of all the rings constitut- dipole derivative is explained in the following way. The
ing the pyrene radical cation are similar to that of structure B vibrational motions of rings | and I, especially thg-€C,—
of the benzene radical cation. As a result, the relation betweenC; and G—C,—Cg parts, are rationalized by comparing them
the vibrational motions and the dipole derivatives in the with those calculated for structure B of the benzene radical
intensity-carrying modes of the pyrene radical cation is expected cation (Figure 1a, right). Short-range charge fluxes occur in these
to be different from that discussed in sections 4B and 4C.  rings. By contrast, as a result of the vibrational motions of the
The mechanism giving rise to the large dipole derivative for C4—Cs and G—Cyo bonds, ring Il is displaced in the direction
mode Z is schematically shown in Figure 11. In this intensity- of the structural change from neutral benzene to structure B of
carrying mode (Figure 10b), ring | vibrates in the direction of the benzene radical cation, and ring IV in the opposite direction.
the structural change from neutral benzene to structure B of The G;—Cj, bond does not stretch or contract in this intensity-
the benzene radical cation. Ring Il vibrates in the opposite carrying mode because rings Il and IV have this bond in
phase. As a result, a long-range charge flux occurs in this common. Therefore, a charge flux is generated between rings
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(b)

(c)

Figure 12. (a) Vibrational pattern of mode Y, (b) vibrational pattern
of mode Z, and (c) the singly occupied molecular orbital of the
phenanthrene radical cation.

Il and IV by the mechanism of long-range charge flux. The
direction of the dipole derivative calculated for this intensity-
carrying mode is consistent with this scheme.

The vibrational patterns of the in-plane intensity-carrying

modes, the corresponding dipole derivatives, and the SOMO
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