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Theoretical Prediction of the S—%, Internal Conversion of 6-Cyanoazulene

Yoshiaki Amatatsu*
Faculty of Engineering and Resource Science, Akitavbhsity, Tegata Gakuen-cho, Akita 010-8502, Japan

Receied: February 8, 2007; In Final Form: April 12, 2007

Ab initio complete active-space self-consistent field (CASSCF) and second-order Multireferétiee-Mo
Plesset perturbation (MRMP2) calculations were performed to examine;th&, $iternal conversion of
6-cyanoazulene (6CNAZ). The azulene skeletons of 6CNAZyiarl § have features that resemble those

of azulene. The stable geometry igiS characterized by (i) &, structure, (ii) an aromatic bond-equalized
structure in which all the peripheral skeletal bond distances resemble an aromatic CC bond distance, and (iii)
a single bond character of the transannular bond. The stable geometrig ich@racterized by a nonaromatic

C,, structure. Contrary to similarities of the stable geometriegiar@® S between 6CNAZ and azulene, the
conical intersection ($S,-CIX) of 6CNAZ is different from that of azulene. Tha/S,-CIX of 6CNAZ takes

a planar structure, whereas that of azulene takes a nonplanar structure in the seven-membered ring (Amatatsu,
Y.; Komura, K.J. Chem. Phys2006 125, 174311/18). On the basis of those computational findings, we
predict the photochemical behavior of 6CNAZ in the-S, internal conversion.

1. Introduction findings is that $¥S,-CIX takes a nonplanar structure in the
seven-membered ring related to the strong oscillations because
of the out-of-plane low-frequency modes in the decay process
of azulene in &

To the best of our knowledge, however, no further experi-
mental or computational findings support nonplang&sCIXs
of azulene or its derivatives. For that reason, we theoretically

xamined the effect on the1/Se-CIX of 6-cyanoazulene
EGCNAZ) to compare the S S IC of 6CNAZ with that of the
parent azulene.

This paper is organized as follows. In the next section, we
describe the calculation method. In section 3, we explain the
electronic and geometrical structures of 6CNAZ at important
conformations. Based on computational findings, we predict
S;—S IC of 6CNAZ in comparison with that of azulene.

Azulene is well-known as a molecule that violates Kasha's
rule: itis fluorescent from § but substantially nonfluorescent
from S;. Since the first discovery of violation of Kasha'’s rule
in 1955} many experimental and theoretical approaches have
been undertaken to clarify the abnormal photochemical behavior
of azulené” Nevertheless, a realistic picture of the-% internal
conversion (IC) of azulene has not been presented because o
a lack of information on the conical intersection (denoted by
S1/So-CIX hereafter), where the radiationless-&, transition
takes place. In 1996, Bearpark et al. first reported th/&S
CIX geometry to discuss the IC procéssheir §/S-CIX is
characterized by the following: (i) it takes a planar structure
with C,, symmetry substantially, (ii) the bond-equalized struc-
ture in the peripheral CC skeleton, which is characteristic in
Sy, disappears, and (iii) the transannular bond shrinks from a
normal C-C single into a normal €C double bond.

During the past decade, however, several new experimental Complete active space self-consistent-field (CASSCF) cal-
findings have been reported: culations with 14 electrons in 14 orbitals (denoted as (14,14)-
(EXP1) The decay time of azulene in 8epends on excess CASSCF) are desirable for quantitative discussion of the excited
energy in the electronic excitation 0§SS;: 1.7 ps for the states of 6CNAZ because 6CNAZ has #4lectrons that are
vibrationless $state and 0.4 ps for the excess energy of 1300 originated from the azulene skeleton (ZGlectrons) and the
cm ! above the $electronic origirf Similar results have been ~ cyano group (4t electrons). However, (14,14)CASSCF calcula-

2. Method of Calculation

reported from other experimerfts? tions are unrealistic to scan the potential energy surfaces for
(EXP2) S/Sy-CIX is responsible for the ultrafast decay located the S—So IC of 6CNAZ. Consequently, to reduce the compu-
2000-2300 cnt?! above the Selectronic origint78 tational load, as we did for another system, diphenylacetyiene,

(EXP3) Strong oscillatory signals attributable to low-frequency We selected important ands* orbitals from all seven occupied
out-of-plane vibrations are observed before the déedough 7 and the lowest sevem* unoccupied orbitals to perform the
the contribution of the out-of-plane motion to the IC process configuration interaction (Cl) method, where up to triple
has been indicated by other authrg. excitations from the closed-shell configuration are included (i.e.,
Particularly EXP3 above seems to be beyond the theoretical SDT—CI). Results showed that the occupation numbers of the
description of Bearpark et al.: a new model is required. We lowest twoz orbitals and those of the highest twi orbitals
reported a new conceptualization af-S, IC of azulene, which are respectively greater than 1.98 and less than 0.02, for all
enables us to explain the new experimental findings mentioned Sampled conformations. Those results imply that the highest

abovel® The most important point among our computational five 7 orbitals and the lowest fiva™ orbitals are sufficient to
describe $and S in our present interest. Therefore, we adopted

* Corresponding author. E-mail: amatatsu@ipc.akita-u.ac.jp. Fedd- (10,10)CASSCF method for the scan of the potential energy
18-889-2601. Phone:81-18-889-2625. surfaces. At several conformations, we made corrections for
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S H* , TABLE 1: Characteristic Optimized Parameters of 6CNAZ
H\ 4/ /H X and Azulene®
7/ \9/3 \ S-geometry Si-geometry FS-CIX
NC— Q |Q 2w Bond Distances (A)
6\ \/ z ccs 1.395(1.410)  1.387 (1.405)  1.380 (1.401)
7\/10 1\ csce 1.408 (1.408) 1.467 (1.464)  1.517 (1.498)
- 8\ Wt coct 1.391 (1.396) 1.447 (1.445)  1.495 (1.487)
b cics 1.403 (1.404) 1.380(1.387)  1.359 (1.332)
506
Figure 1. Numberings of atoms and definition of the coordinates of gggm iggg giiggg iggg ggggg igig giggsg
6CNAZ. They-axis is perpendicular to thezplane. coC 1'457 ’ 1 '448 ’ 1 440 :
(10,10)CASSCF energy of each electronic state using second-EN 1151 1152 1142
order multireference Mir—Plesset perturbation (MRMP2). Al Bond Angles (deg)
valence and virtual orbitals were included in perturbation <gzg3gg iég'g 882'8 igg'g 8832; 188'? 888'23

calculations. For this calculation, we imposed the constraint of _~scec10

Cs symmetry, as in the calculation of azuléhé&see Figure 1). <CA4CeCLo

106.3 (106.6)
127.7 (127.7)

107.0 (107.3)
129.5 (129.4)

107.1 (107.3)
130.6 (128.9)

In other words, a planar structure of 6CNAZ is designed to have <C°C*C® 128.9 (128.6) 127.2 (126.8) 125.9 (125.3)
Ca, symmetry, but a nonplanar structure is allowed under the <C°C°C*  128.6 (128.8) 129.0(129.5)  129.3(128.7)
constraint ofCs symmetry. Appendix 1 is a detailed description ~C'C°C®  129.7(129.7)  128.7(128.6)  128.5(1254)
of why the symmetry constraint was imposed. Torsional Angles (deg)

First, we optimized the geometries i &nd S for 6CNAZ jgggggo 8-8 (8-8) 8-8 (8-8) _0600(_8-25)
(represented respectively agge@ometry and Sgeometry). Then <CSCACICI0 0.0 EO:O; 0.0 Eo:og 01 Elé.zl)
we optimized the conical intersection betweena8d $ (S/ <C8CBCAC? 0.0 (0.0) 0.0 (0.0) —0.0 (-3.2)
$-CIX), where the radiationless relaxation takes place. To <C7cscscs 0.0 (0.0) 0.0 (0.0) —0.1 (-26.6)

reduce computational labor in the optimization afg-CIX, . .

f d I lculation b d h aBecause of a constraint &@s symmetry, the bond distance of
we preformed a smaller (8,8) CASSCF calculation based on the caca for instance, is identical to that ofC?. Similarly, the bond angle
preliminary ClI result: at most, four occupied and four unoc- of C2CiC is identical to that of @C3C?. The dihedral angle of
cupiedsz-type orbitals are sufficient to describe bothahd S C9CIC?C? is identical to that of @C3C2C! with an opposite sign.
for the region where Sand § are energetically similar. bValues in the parentheses are optimized parameters of azulene, taken
However, after optimization of -CIX by (8,8)CASSCF, we ~ from ref 10.
perfqrmed a (10’10)CASSC.;F calculation aj/SyCIX and S;-geometry, and $S,-CIX) of 6CNAZ, along with those of
ve;;.fle'zd tlhat thﬁ enbergy dlfferehncef betlwetla.m S;]d 3 IS h the parent molecule of azulene. Regardingg8ometry, the
sufficiently small to be a CIX. That fact implies that a much o, metrical feature of the azulene skeleton resembles that of
more computationally demanding (10,10)CASSCF givesiéin S 57 jjene. All peripheral CC bond distances are similar to an

SrCIX similar to th".ﬂ by (8,8)CASSCF. ) aromatic CC bond distance. The transannul¥’€bond has
Electronically excited 6CNAZ atggeometry travels intos5 5y 5imost single CC bond character. Dihedral angles shown in

SrCIX in S; and then relaxes fromSo-CIX in So. One 15516 1 indicate that Sgeometry has a planar structure with
_approgch to !nvestlgat_e that phenomenon is to_ calculate theCZU symmetry. Therefore, we callo§eometry an aromatic
intrinsic reaction coordinate, as done previously in the case of bond-equivalent structure.

_ 0 1 . L
the S—S IC of azulene® However, because the calculation = Geometrical features ofigjeometry are also similar to those
of the intrinsic reaction coordinate is computationally demand- ¢ 4 jene. The Sgeometry has a planar structure with,

ing, we did three types of geometry optimization: (i)-S  gymmetry as does they§eometry (see the relevant dihedral
geometry optlmlzatlon starting fronpfgeor.netry, (if) that from angles in Table 1). However, the skeletal bond distances differ
Sy/Se-CIX, and (i) S-geometry optimization from $5,-CIX. greatly from those at@geometry. The 6CNAZ at:Sgeometry
Therefore, the geometries by optimizations | an_q li become S 5565 the aromatic bond-equivalent character gfi&metry.
geometry and the geometry by optimization il becomg S g ransannular T bond greatly increases the double bond
geometry. Consequently, the reaction path is connected SUC-character. Concomitant with the shrinkage of the transannular
cessively with three important conformations mentioned above. bond, the peripheral CC bond distances change considerably:
That is,_ after elt_actronic excitation into; &t S-geometry, c3c? ,and CC* (also GC0 and GOCB because of the constraint
electronically excited 6CNAZ passes throughgeometry and of Cs symmetry) that are bonded to the transannuPg!€hond
reaches 8S,-CIX. Then the non-adiabatic transition intg S lengthen. In fact, €C5 shrinks and €CS lengthens.

takes place at #5-CIX and finally reverts to §geometry. The skeletal bond distances aiS-CIX of 6CNAZ are also

Except for the optimization of £5,-CIX by Gaussian 03; similar to that of azulene. The skeletal feature efgBometry
we used the GAMESS prograth The basis set is Huzinaga is enhanced at:&-CIX: the C3C°, CAC®, and GCS bonds

Dunning doubles (DZ) quality; polarization functions are added  |,,ome longer than those at-Geometry, although the 4C5
on the carbon atomsyf = 0.75) for the azulene skeleton and 5,4 (9¢10 honds become shorter. In contrast to the similarities
the nitrogen atomdy = 0.80) (i.e., DZP quality). As described ¢ 1 skeletal bond distances between 6CNAZ and azulene,
in Appendix 2, the addition of polar|zqt|on functions on th? the dihedral angles differ greatly from those of azulene. Table
carbon atoms of the azulene skeletqn is necessary to obtain & shows that the seven-membered fing of 6CNAZ has a planar
reasonable $5-CIX of azulene and its derivatives. structure, whereas that of azulene has a nonplanar structure.
3.2. Electronic Structures.This subsection presents discus-
sion of electronic structures in relation to the geometrical
3.1. GeometriesWe preface results with a comment on the features described above. Table 2 shows the electronic structures
6CNAZ geometrical features. Table 1 presents the optimized at S-geometry. The Sstate is well described using the highest
parameters for three important conformations (i.eg&metry, occupied molecular orbitallowest unoccupied molecular orbital

3. Results
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TABLE 2: Electronic Structures of 6CNAZ at So-Geometry
dipole moment (Debyé)

energy (eV) Uz Uy main CSF%
S 0.0 (0.0 3.805 0.0 0.875 (closed shell)
S, 2.077 (1.713) 5.003 0.0 0.843+1")

aThez- andy-directions are defined in Figure 1The CSFs of which
absolute values of CASSCF coefficients are greater than 0.3 are listed
The five occupiedr-orbitals and the lowest five unoccupigt-orbitals
in the order of energy are designated, respectively, as 5, 4, 3, 2,
1(HOMO), I(LUMO), 2', 3, 4, and 5; 1-1' in the parenthesis, for
instance, indicates the CSF of single excitation from orbital 1'to 1
¢Values in the parentheses are those by MRMP2.

TABLE 3: Electronic Structures of 6CNAZ at S1/Sy-CIX
dipole moment (Debyé)

energy (eW) Uz Uy main CSF$
S 1.838(1.366) 2.532 —0.005 0.775 (closed shel
0.350 (2-1)
S 1.844(1.495) 4768  —0.004  0.836 (+1)

aBecause of the nonplanarity at/S-CIX, the z- andy-directions
are different from the original space-fixed coordinate in Figure 1. By
diagonalizing the tensor of the moment of inertia, we determined the
new z- andy-directions. The neve- andy-components of the moment
of inertia correspond, respectively, to the smallest and the largest
components? The energy is relative to that in, &t S-geometry.c The

CSFs, of which the absolute values of CASSCF coefficients are greater

than 0.3, are listed. The five occupiedorbitals and the lowest five
unoccupiedrt*-orbitals in the order of energy are designated, respec-
tively, as 5, 4, 3, 2, 1(HOMO),'{LUMO), 2', 3, 4, and 5; 1-1' in
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by the closed-shell CSF and the HOMQUMO single
excitation, which is similar to the case for electronic structures
at §-geometry (see Table 2) and those afgg@ometry.

3.3. Dipole Moments. The dipole moments and charge
populations are useful to deepen understanding of the 6CNAZ
photochemical process. Table 4 presents dipole moments and
the charge populations at important conformations along with
those of azulene. Figure 3 shows the definition of each fragment
for the charge population. The change of the dipole moments
of 6CNAZ (1.198 D) at ggeometry resembles that of azulene
(1.004 D) because some charge in fragment A transfers to the
remaining parts (especially fragment C) through electronic
excitation into $ in cases of 6CNAZ and azulene.

The dipole moment for Sgeometry resembles that fop-S
geometry. However, the charge population in each fragment
changes; some charges in A and C move into the transannular
part B, which is related to the geometrical change by which
the transannular €1° bond increases its double bond character
during the process of,jeometry— S;-geometry in $ The
charge transfer into B continues, reflecting the increasing
double-bond character of the transannuld€*® bond during
the process of Sgeometry— S;/Sy-CIX. A similar discussion
can also be made for the case of theggometry— S;/Sy-CIX
process of azulene, as far as the charge in B is concerned (Table
4). Nevertheless, :55-CIX of 6CNAZ differs greatly from that
of azulene; the former takes a planar structure in the seven-
membered ring, whereas the latter is nonplanar. The charge
population of fragment C in Scan explain this geometrical

the parenthesis, for instance, indicates the CSF of single excitation from difference. As Table 4 shows, the charge population in C is

orbital 1 to 1. ¢ Values in parentheses are those by MRMP2.

HOMO
Figure 2. HOMO and LUMO atS-geometry.

LUMO

H4—
HS / H3
SN
NC— _5<O | ’\D>2— H?
7 \/ ';. 1
H7/ 8\H8 \Hl
C B A

Figure 3. 6CNAZ divided into fragments.

(HOMO—-LUMO) single excitation. Figure 2 shows that the
character of molecular orbitals (MOs) in the transannuRg€

part changes from an antibonding (in HOMO) orbital into a
bonding (in LUMO) orbital, which engenders shrinkage of the
transannular bond inySThe changes of the peripheral CC bonds

much less negative than that of azulene. Therefore, the structure
around the €atom of 6CNAZ resembles a planar carbocation,
whereas that of azulene resembles a nonplanar carbanion.

At S1/Sy-CIX, the dipole moment in §long-axis component;
4.768 D) changes suddenly into that ip &.532 D), which
differs greatly from that for §geometry. The decrease of the
dipole moment (2.236 D) is comparable to that of azulene (long
axis component; 1.733 D). Therefore, the large difference of
the $ dipole moment between;&-CIX and S-geometry is
ascribed to the fact that the nonaromatic azulene skeleton at
Si/S-CIX is very different from the aromatic one forgS
geometry.

Summarizing the role of the cyano group in the & IC of
6CNAZ, Table 4 shows that the charge population in the cyano
group is almost constant, irrespective of the conformation or
electronic state. Furthermore, the CN amtC®ond distances
remain almost unchanged, as shown in Table 1. Therefore, the
electron-withdrawing capability of the cyano group is almost
constant in all Sy IC processes, which is related to the
fact that many similarities are apparent in the computational
findings between 6CNAZ and the parent azulene, as described
above. The electron-withdrawing capability of the cyano group
produces an interesting difference afS-CIX: the planar
seven-membered ring for 6CNAZ and the nonplanar one for
azulene.

3.4. Prediction of §—S IC Process.To predict the $—S

in S; can also be related to changes of the MO nature in relevantIC of 6CNAZ, we briefly review the previously reported picture

parts.

Table 3 lists the electronic structure gt%-ClX using (10,-
10)CASSCF. The energy difference (0.006 eV) is sufficiently
small to be a CIX, which implies that1&,-CIX by (8,8)-
CASSCF described above is similar t¢ $-CIX by (10,10)-
CASSCF which is impractical because of an extremely large
computational load. The main configuration state functions
(CSFs) indicate thatgand S are well described, respectively,

of azulené'® Figure 4a shows that the;SS, IC process of
azulene schematically. Upon excitation intoeSaromatic bond-
equivalent g-geometry, azulene is skeletally relaxed into a
planar but nonaromatic;yeometry. After passing through the
region around $geometry, a nonplanarity in the seven-
membered ring becomes important so that azulene reaghes S
So-CIX. The energetic instability in the process af@ometry

— $)/Sy-CIX (0.426 eV in Table 5) is comparable to the
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TABLE 4: Dipole Moment Components and Mulliken Charges of 6CNAZ and Azulene

dipole moment (Debyé)

Mulliken chargé

geometry state Uz Uy A B C CN
6-CNAZ
So-geometry $ 3.805 0.0 -0.31 0.55 —0.08 (0.25) —0.16
S 5.003 0.0 -0.21 0.52 —0.13(0.22) —0.18
Si-geometry $ 4.935 0.0 -0.17 0.41 —0.07 (0.18) —0.17
Si/Se-CIX S 4.768 —0.004 —-0.14 0.32 —0.03 (0.15) —0.16
S 2.532 —0.005 —0.25 0.30 0.09 (0.18) —-0.14
Azuleng
So-geometry S -0.718 0.0 -0.32 0.52 —0.39 (—0.15y (0.18y
S 0.289 0.0 —0.24 0.51 —0.46 (~0.20) (0.18)
S;-geometry $ 0.253 0.0 -0.19 0.40 —0.39 (-0.23) (0.18)
Si/Se-CIX S; 0.075 —0.136 —0.16 0.29 —0.32 (-0.26) (0.18)
S —1.658 -0.146 -0.26 0.28 -0.21 (-0.22) (0.19)

aThe z- and y-directions are determined similarly to those shown in TableRBagments A, B, and C are defined in Figure® ¥alues in
parentheses are the charges on thetom.? Values of azulene are taken from ref Z0’he signs ofu, are opposite those in ref 10 because the
z-direction in Figure 1 is opposite that of ref 0/alues are different from those in ref 10 because fragment C does not includé ahentibonded
to the C atom in the definition of Figure 3 Values in parentheses are the charges on thatém for azulene.

planar | non-planar

| — planar | planar |

51—“ 8,/S¢-CIX i |
m”“u,\ S
Si-geometry v‘x"‘)‘t\q\ J\,\N""' $1/S¢-CIX
Si-geometry
S0 S()
Sg-geometry Sg-geometry
(a) azulene (b) 6CNAZ

Figure 4. Schematic representation of-S5, internal conversion of (a) azulene and (b) 6CNAZ.

TABLE 5: Energies of 6CNAZ and Azulene

geometry S S

6CNAZ2

So-geometry 0.0 2.077 (1.713)

Si-geometry 0.618 (0.487) 1.549 (1.390)

Si/Se-CIX 1.838 (1.366) 1.844 (1.495)
Azulené

Sp-geometry 0.0 1.952

S;-geometry 1.556

Si/S-CIX 1.803 1.982

2Values in the parentheses are those by MRMPthe values are
taken from ref 10.

energetic stability betweenyg§eometry and Sgeometry (0.396
eV). These computational findings can be related to the
experimental findings EXP1 to EXP3 described in the Introduc-
tion. During the stay in § azulene is subjected to a large
geometrical change fromygeometry into gS,-CIX. The
period of the stay in Scorresponds to the experimental decay
time (1-2 ps) (4-9). The excess energy of 1000300 cnr?
above the $origin drastically decreases the lifetime (ca. 0.4
ps) or broadening of the rotational line widtRIn this region,
several totally symmetric in-plane (i.e.;-&ype underCy,)
vibrations exist. One vibrationally excited-state in &an
facilitate azulene’s change fromy-§eometry into ggeometry.
Therefore, azulene with excess energy of 180800 cntt in

S; can pass over ;§geometry and reach 1&-CIX more
effectively. Two computational findings related to the process
of S;-geometry— $i/Sy-ClX, i.e., the nonplanarity of the seven-

~00 {0

Bond-equalized Bond-alternant

Figure Al. Aromatic bond-equalized structure and nonaromatic bond-
alternant structure of 6CNAZ.

the experimental observation of strong oscillations because of
the out-of-plane motions that occur before the decag.reach
S1/S-CIX from Sp-geometry in $, the out-of-plane motion in
the seven-membered ring is necessary, but it does not play an
important role until electronically excited azulene passes over
the most stable geometry im $i.e., S-geometry). In other
words, the out-of-plane motion in the seven-membered ring is
promoted on the impulsive;$otential energy surface between
Si-geometry and 8S,-CIX. Therefore, any out-of-plane vibra-
tion is inactive in the & S; electronic transition; nevertheless,
the strong oscillation of the out-of-plane mode occurs before
the decay.

Now we predict the 5 IC of 6CNAZ. As presented in
Table 5, the energetic stability in the process gfg8ometry
— Si-geometry in $(0.528 eV) is similar to that of azulene,
whereas the energetic instability of-§eometry— S;/Sp-CIX
(0.295 eV) is much smaller. As for azulene, 6CNAZ is subject
to a similar large skeletal change in the processpegé&metry
— $1/Sy-CIX. Therefore, we predict that the lifetime in 8f
6CNAZ is shorter than that of azulene in equivalent experi-

membered ring and the energetic instability, can be related to mental conditions. Furthermore, using vibrational analysis at
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So-geometry, we found that several totally symmetric in-plane
vibrations exist in the region of 106300 cn1!. Therefore,
the excess energy of 1084300 cnt?, which serves 6CNAZ

to deform from aromatic $geometry into nonaromatic,S
geometry, is likely to shortening the decay time drastically, as
found in case of azulene. Finally, we predict oscillatory signals
because the out-of-plane vibrations are slight or nonexistent in
the decay of 6CNAZ, which can be explained as (i) a planar
structure at 8So-CIX or (i) slight energetic instability in the
process of ggeometry—S,/S-ClIX.

Before terminating the prediction of the-S IC of 6CNAZ,
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To verify our predictions of the SS, IC of 6CNAZ and to
justify our interpretation on that of azulene, we hope to use an
experimental approach on the photochemistry of 6CNAZ.

Appendix 1

As clarified previousht?14the stable geometry of azulene
in S is strongly dependent on its computational method. We
investigated whether the stable geometry of 6CNAZ §i{-
geometry) is dependent on the computational method. Two
possible conformations ofs®jeometry (Figure Al) exist: an

we examine the reliability of the present discussion based on aromatic bond-equalized conformation in which all peripheral
the CASSCF results. Table 5 shows that the MRMP2 energetic CC bonds are similar to an aromatic CC bond; and a bond-
corrections are not so different from each other, irrespective of &lternant conformation, by which a peripheral CC skeleton
conformations and electronic states. For that reason, the above?/térnates the €C double bond with the €C single bond. In
discussion based on the CASSCF results will change greatly Table Al, we listed the optimized skeletal bonds with our
by use of a more sophisticated MRMP2 method. It is expected Present basis set described in section 2. Although the stable

that the MRMP2 discussion on the-S5, IC of 6CNAZ would

geometry in § has a planar structure in any computational

be changed because the global potential energy surfaces argethod, only the second-order "NMey—Plesset perturbation

commonly shifted-down by ca. 0.3 eV. In Figure 4b, we show
a schematic representation of the § IC of 6CNAZ, in which
the MRMP2 effect is considered.

4. Concluding Remarks

In this study, we predicted the;SS IC of 6CNAZ in
comparison with that of azulene. Results show that many
similarities of the geometries and the electronic states exist
between 6CNAZ and azulene. At the stable geometryjralb
peripheral bonds are similar to a CC bond distance of aromatic

(MP2) method gives a bond-equivalent structure (i@z,
geometry); the other methods give a bond-alternant structure
(i.e.,Csgeometry). We then performed a CASSCF optimization
under constraint o€C,, symmetry. As presented in Table Al,
the optimized geometry undes,, constraint yields a similar
result to that using MP2 method. At tl& and C,, CASSCF
geometries, we made energetic Multireference MP2 (MRMP2)
corrections. TheC,, geometry (i.e., aromatic bond-equalized
structure) is more stable by 0.554 eV than tBggeometry
(bond-alternant structure) with MRMP2 correction, although it
is unstable by 0.870 eV without MRMP2 correction (i.e., only

benzene; furthermore, the transannular bond resembles a CEASSCF). On the basis of these computational findings, we

single bond. Upon electronic excitation intg, Blowever, the

must impose &,, symmetry constraint to obtain a reasonable

aromaticity is lost, and the transannular bond greatly increasesbond-equalized structure iy 8y the present (10,10) CASSCF

its double bond character so that 6CNAZ is skeletally relaxed
with a planar structure in;SIn addition, $/So-CIX of 6CNAZ

method. However, 6CNAZ can take a nonplanar structure,
especially at §S-CIX, as indicated in the text. We loosened

contrasts to that of azulene. The former almost retains its planarthe geometrical constraint fro, into Cs symmetry, in which
structure in the seven-membered ring and does not becomethe yzplane in Figure 1 is a symmetry plane.
energetically unstable to a great degree relative to the stable We also examined whether geometries inage frustrated

geometry in $(i.e., S-geometry). The latter takes a nonplanar
conformation and becomes unstable relativeitg&metry. The
electron-withdrawing cyano group plays an important role in
creating a planar structure at/S-CIX. On the basis of these
computational findings, we were able to predict the experimental
findings for §—S IC of 6CNAZ:

i) The excess energy of 108300 cnT! above the $origin
drastically decreases the lifetime in, &s observed also in case
of azulene.

i) The lifetime in S is likely to be shorter than that of azulene
because the energetic location af-CIX relative to the $
state is lower than that of azulene.

iii) In contrast to the case of azulene, little or no oscillatory
signal attributable to the low-frequency out-of-plane motions
is expected.

under the constraint o€s symmetry of theyzplane. We
performed vibrational analyses at several conformations with
Cs symmetry ranging from ggeometry to §So-CIX. Results
showed no imaginary frequency in $r any conformation,
although only one imaginary frequency i 8xists for each
conformation (e.g., 41&m™! at S-geometry) leading to a bond-
alternate structure. For that reason, thestate is destabilized
by a vibration leading to a bond-alternant structure, irrespective
of conformations, whereas the Sate is stabilized incorrectly

at the level of CASSCF calculation. This is identical to the case
of azulen€'® Therefore, we can say that the&; symmetry
constraint ofyzplane serves to give a more reasonable structure
in S than in either $or . Considering these computational
findings, it seems natural that/Se-CIX has Cs symmetry of
theyzplane. Actually, we performed an/Sy-CIX optimization

TABLE Al: Dependency of the Stable Geometry in §on Computational Method

method RHF (10,10)CASSCF (10,10)CASSCE# MP2
Bond Distances (&)

ccs 1.441 (1.361) 1.469 (1.342) 1.395 1.414 (1.414)
cice 1.363 (1.439) 1.367 (1.466) 1.408 1.410 (1.410)
cecs 1.426 (1.355) 1.444 (1.357) 1.391 1.397 (1.397)
foge: 1.356 (1.430) 1.359 (1.457) 1.403 1.404 (1.404)
Csco 1.439 (1.362) 1.467 (1.345) 1.407 1.415 (1.415)
ccto 1.489 1.486 1.500 1.504

aThe geometry was optimized under constrainCef symmetry.? The numbers in the parentheses are the corresponding bond distances in the
yz-plane in Figure 1.



5332 J. Phys. Chem. A, Vol. 111, No. 24, 2007 Amatatsu

TABLE A2: Basis set Dependency of 8S,-CIX of Azulene which implies that a planar 155,-CIX of 6CNAZ and a
method/basis (8,8)CASSCF/ (8,8)CASSCFC,)/ (8,8)CASSCF/ nonplanar §So-CIX of azulene are realistic conformations.
set DzP= Dzpab Dz _ )
- Acknowledgment. Numerical calculations were performed
Bond Distances (A) rtly at the Computer Center of Institute for Molecular Sci
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