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The reaction coordinate of the S2-S1 internal conversion (IC) of phenylacetylene (PA) was analyzed using
the ab initio complete active space self-consistent field (CASSCF) method. In the first process after electronic
excitation into S2, the aromatic benzene ring is transformed into a nonaromatic quinoid structure. The ethynyl
part (sCtCH) takes an incomplete allenoid structure in which the CC bond elongates to an intermediate
value between typical CtC triple and CdC double bonds, but the bend angle of-CCH is 180°. In the
second process, PA takes a complete allenoid structure with an out-of-plane location of theâ-H atom (i.e.,
the H atom of the ethynyl part) and a further elongation of the CC bond so that PA is most stable in S2

(S2-bent). The conical intersection between S2 and S1 (S2/S1-CIX) is located near the S2-bent geometry and
is slightly unstable energetically. After transition at S2/S1-CIX, PA quickly loses both quinoid and allenoid
structures and recovers the aromaticity of the benzene ring in S1. Analysis of the dipole moment along the
reaction coordinate shows that the weak electron-withdrawing group of the ethynyl part in S0 suddenly changes
into an electron-donating group in S2 after the main transition of S0-S2. The photoinduced change of the
dipole moment is a driving force to the formation of a quinoid structure in S2. Regarding the benefit of the
reaction coordinate analysis of the multidimensional potential energy surfaces of PA, the present picture of
the IC process is much more elaborate than our previous representation (Amatatsu, Y.; Hasebe, Y.J. Phys.
Chem. A2003107, 11169-11173). Vibrational analyses along the reaction coordinate were also performed
to support a time-resolved spectroscopic experiment on the S2-S1 IC process of PA.

1. Introduction

Internal conversion (IC) from a highly excited state to the
lowest state (i.e., Sn-S1, n g 2) is recognized as an important
process in the photochemistry ofπ-conjugated molecules.1

Regarding the benefit of the recently developed femtosecond
time-resolved spectroscopic technique, it has been confirmed
in variousπ-conjugated molecules that the Sn-S1 IC process
is extremely rapid: it requires not more than approximately a
few hundred femtoseconds.2-7 However, the extreme rapidity
of the IC process prevents us from obtaining more detailed
spectroscopic information with a reliable signal/noise ratio.
Particularly, an important conformation of the conical intersec-
tion (CIX) within which radiationless transition takes place8 is
difficult to determine experimentally because the CIX is only a
passing point. Therefore, the mechanism of the IC process
remains far from realization. To compensate for the disadvan-
tages of experiments, a determination of CIX using a reliable
ab initio calculation is a useful alternative approach. However,
a CIX is much more difficult to locate than a stable geometry
or saddle point of a specific state because a CIX is a cusp at
which two potential energy surfaces cross. Recently, we
determined CIXs of several importantπ-conjugated polyatomic
organic molecules using an ab initio complete active space self-
consistent field (CASSCF) method.9-11 All CIXs that we
determined have a common feature: some (more than two)
internal coordinates deviate significantly from those at the
equilibrium geometry in S0. It remains unclear whether the
deviations of internal coordinates occur simultaneously or
stepwise to reach the S2/S1-CIX. Calculation of intrinsic reaction
coordinates seems to be a good approach to resolve that question

because the geometrical changes that depend on the reaction
coordinate indicate which of the modes among the internal
coordinates couple with each other on multidimensional potential
energy surfaces. In other words, the pursuit of the reaction
coordinate can lend some insight into the internal vibrational
redistribution in the IC process. In this study, we applied reaction
coordinate analysis to the S2-S1 IC process of phenylacetylene
(PA). Therefore, we propose a more elaborate model than our
previous one9 and thereby promote a sophisticated time-resolved
spectroscopic experiment.

Herein, we summarize the experimental findings related to
the S2-S1 IC of PA. We review the photochemistry of PA in
our previous report. (i) The S0-S2 absorption band is strong
with diffuse peaks, whereas the S0-S1 peak is weak with a
rotationally resolved structure.12,13 (ii) The diffuse peaks that
are overlapped in the S0-S2 broad absorption band have a
constant interval of 1846( 15 cm-1.14 (iii) The S2-S1 IC is
very fast (relaxation time constant) 54 fs), whereas the S1-
S0 IC is much slower (9.4 and 63 ps)3.

2. Method of Calculations

For the present calculations, we adopted a larger scale of 10
electrons in 10 orbitals CASSCF [denoted as (10,10)CASSCF],
of which five π-occupied and the lowest fiveπ*-unoccupied
orbitals are included. This same basis set was used in previous
calculations [i.e., the Huzinaga-Dunning double-ú (DZ) basis
set augmented by polarization (Rd ) 0.75) on carbon atoms].9

However, we newly optimized several important conformations
using a state-specific (10,10)CASSCF to check the extent to
which the size of the active space affects geometries. Next, we
calculated the reaction path on the S2 surface starting from the
equilibrium geometry in S0 (S0 geometry). This reaction path* E-mail: amatatsu@ipc.akita-u.ac.jp. Fax:+81-18-889-2601.
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(denoted as path A) finally converges at the most stable
geometry in S2 (S2-bent). Then, we followed two types of
reaction paths starting from S2/S1-CIX. One converges into the
S2-bent geometry in S2 (path B); the other converges into the
globally stable geometry in S1 (S1 geometry) (path C). We also
followed several reaction paths from the CâHâ out-of-plane (OP)
bent geometries (see Figure 1) to examine the effect of the initial
bending motion on the dynamics. In all present ab initio
calculations, we used the GAMESS program.15

3. Results and Discussion

3.1. Geometries at Important Conformations. We first
make a brief mention of the geometries at important conforma-
tions for later discussion on the IC process, but we discussed
them in detail in relation to each electronic structure in our
previous work.9 As listed in Table 1, the present (10,10)CASS-
CF geometries are not much different from our previous
(10,9)CASSCF ones.9 Regarding the S0 geometry, the aromatic
benzene ring has some resonance with the ethynyl (CtCH) part,
so that the linkage C1CR bond shrinks slightly. The S1 geometry
is characterized by an enlarged benzene ring because the CC
bonds of the benzene ring weaken in S1 as a result of a locally
π-π* excited state within the benzene ring. The linkage C1CR

bond is shorter than that at theS0 geometry, which implies that
the resonance between the benzene ring and the ethynyl part
becomes stronger in S1. The stable geometry in S2 under
constraint ofC2V symmetry (S2-planar) loses the aromaticity of
the benzene ring and comes to adopt a quinoid structure, i.e.,
C1C2, C3C4, C4C5, and C1C6 become longer, whereas C2C3 and
C5C6 become shorter. As for the ethynyl part, the CRCâ bond
elongates to take an intermediate value between triple CtC and
double CdC bonds; the linkage C1CR bond resembles a normal
CdC double bond. However, it is hard to say that the C1CRCâ

part is an allenoid skeleton in which both CC bonds are similar
to normal double bonds. Therefore, we infer that the S2-planar
geometry is an incomplete allenoid structure. At the globally
stable S2-bent geometry, PA adopts a complete allenoid structure
in which the CRCâ bond becomes longer and comes to resemble

a normal CdC double bond; the-CRCâHâ bend angleâ is
approximately 120°. The CâHâ bond distance at the S2-bent
geometry differs from that at the S2-planar geometry. The former
is a typical CsH bonded to a CdC double bond (i.e.,dCsH),
whereas the latter is a typical CsH bonded to a CtC triple
bond (i.e.,tCsH). The difference between these CâHâ bonds
can be interpreted in relation to their respective electronic
structures. For the S2-bent geometry, respective hybridizations
of the C1, CR, and Câ atoms are sp2, sp, and sp2, whereas they
are sp2, sp, and sp at S0 geometry and S1 geometry. Therefore,
the Hâ atom at the S2-bent geometry favors a location out of
the plane of the remaining part. In addition, S2/S1-CIX takes a
structure similar to the S2-bent geometry. This implies that a
crossing point of S2/S1-CIX is located in the vicinity of the S2-
bent geometry. We did not newly optimize an S2/S1-CIX
configuration using the present method of (10,10)CASSCF
because of the heavy computational demands in the location of
S2/S1-CIX; instead, we used the geometrical parameters yielded
by our previous (8,8)CASSCF method. We verified the energy
difference between S2 and S1 at S2/S1-CIX using (10,10)CASS-
CF and MRMP2. Thereby, we found that the energy differences
are too small (0.015 eV by CASSCF, 0.099 eV by MRMP2) to
be a CIX. These small differences imply that S2/S1-CIXs by a
larger scale of (10,10)CASSCF or MRMP2 are not very different
from that by (8,8)CASSCF.

3.2. Reaction Path from S0 Geometry into S1 Geometry.
In this subsection, we describe the main interest of the reaction
path from the S0 geometry into the S1 geometry. In Figure 2,
we show the energy profiles of paths A-C. Path A, for which
the reaction coordinate is labeled sA, starts from the S0 geometry
in S2 and converges into the most stable geometry in S2 (i.e.,
S2-bent) (see Figure 2a). Paths B and C, for which the reaction
coordinate is labeled as sBC in Figure 2b, start from S2/S1-CIX
and converge into the S2-bent geometry in S2 and the S1
geometry in S1, respectively. Figure 3 shows characteristic
geometrical parameters along the reaction coordinate. From
energy profiles and geometrical changes, we can determine that
the S2-S1 IC process of PA consists of four subprocesses,
denoted as PR1, PR2, PR3, and PR4 hereafter. In the following
paragraphs, we discuss these processes in relation to geometrical
changes.

In PR1 (0e sA e 0.895 in Figure 2a), the energy in S2 is
lowered quickly from the S0 geometry. The skeletal bond
distances change greatly (see Figure 3a). The CRCâ bond
elongates to an intermediate value between a typical CtC triple
bond and a CdC double bond. The linkage C1CR bond shrinks
into a normal double bond in coincidence with elongation of

Figure 1. Numbering of atoms and definition of coordinates in
phenylacetylene.

TABLE 1: Characteristic Optimized Parameters of PA by (10,10)CASSCF

S0 S1 S2-planar S2-bent S2/S1-CIXa

Bond Distances (Å)
R(CR-Câ) 1.215 (1.216)b 1.221 (1.210) 1.289 (1.281) 1.331 1.338
R(C1-CR) 1.448 (1.448) 1.424 (1.417) 1.360 (1.358) 1.359 1.358
R(C1-C2) 1.405 (1.395) 1.447 (1.446) 1.475 (1.456) 1.477 1.482
R(C2-C3) 1.398 (1.395) 1.438 (1.438) 1.368 (1.372) 1.364 1.370
R(C3-C4) 1.401 (1.398) 1.432 (1.432) 1.470 (1.445) 1.454 1.411
R(C4-C5) 1.401 (1.398) 1.432 (1.432) 1.470 (1.445) 1.454 1.411
R(C5-C6) 1.398 (1.395) 1.438 (1.438) 1.368 (1.372) 1.364 1.370
R(Câ-Hâ) 1.058 (1.059) 1.058 (1.059) 1.057 (1.058) 1.078 1.080

Bond Angles (deg)
R(-C1CRCâ) 180.0 (180.0) 180.0 (180.0) 180.0 (180.0) 177.3 179.7
â(-CRCâHâ) 180.0 (180.0) 180.0 (180.0) 180.0 (180.0) 125.6 121.3

Dihedral Angles (deg)
-C1CRCâHâ - - - 180.0 180.0

a Values are taken from ref 9.b Values in the parentheses taken from ref 9 were obtained by (10,9)CASSCF.
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CRCâ. As for the bond distances in the benzene ring, C1C2 (and
C1C6) and C3C4 (and C4C5) become longer in coincidence with
elongation of CRCâ, whereas C2C3 (and C5C6) shrink into a
normal CdC double bond. In other words, the aromaticity of
the benzene ring is lost, and a quinoid structure is formed. As
shown in Figure 3b, the CâHâ bond distance remains almost
unchanged from that of a typicaltCsH bond. The bend angle
â is almost constant at 180°, meaning that the hybridizations
of both the Câ and CR atoms are sp, even at the end of PR1.
Therefore, PR1 is interpreted as the formation of a quinoid
structure, almost retaining aC2V planar geometry. The end of
PR1 corresponds to an incomplete allenoid of S2-planar
geometry mentioned above.

In the second process of PR2 (sA g 0.895), where PA reaches
the most stable S2-bent geometry, the following characteristic
changes occur: The CRCâ bond elongates into a normal CdC
double bond, whereas C1CR remains almost unchanged as a
normal CdC double bond. The CâHâ distance changes from a
typical tCsH bond into dCsH bond in coincidence with
elongation of CRCâ. The bend angleâ also changes from 180°
to ca. 120°. These changes in geometry reflect the change in
the hybridization of the Câ atom from sp into sp2 in PR2.
Therefore, PR2 is interpreted as a completion process of an
allenoid structure of the ethynyl part.

During the passage from the S2-bent geometry to S2/S1-CIX
[i.e., PR3 (sBC e 0.0)], the energy profile is inclined slightly
by 0.104 eV. All geometrical parameters change only slightly
(see Figure 3c,d). These facts imply that electronically excited
PA in S2 that starts from the S0 geometry is unlikely to be
trapped at the most stable of S2-bent geometry. It immediately
passes over S2/S1-CIX to relax into S1.

After relaxation into S1 at S2/S1-CIX [i.e., PR4 (sBC g 0.0)],
the energy decreases monotonically into the most stable
geometry in S1 (i.e., S1 geometry) after the transition at S2/S1-
CIX (see Figure 2b). The characteristic allenoid and quinoid
structures disappear quickly. That is, CRCâ shrinks into a normal
triple CtC bond, and C1CR elongates from a normal CdC
double bond. The benzene ring recovers its aromaticity so that
PA in S1 relaxes into an S1 geometry characterized by an
enlarged benzene ring. Coincident with these changes, the
CRCâHâ part again takes a linear shape (i.e.,â ) 180°), and
the CâHâ bond shrinks into a typicaltCsH bond. These
geometric changes after the transition into S1 at S2/S1-CIX can

be understood in relation to the change of hybridization of the
Câ atom from sp2 into sp.

On the basis of the above discussion, we can depict the S2-
S1 IC of PA; it is shown schematically in Figure 4. We also
include a comment on the definitions of three coordinates in
Appendix 1. In the first process, immediately after electronic
excitation into S2 at the S0 geometry, the PA skeleton changes
greatly, maintaining a substantially planar structure. That is, the
aromatic benzene ring changes to adopt a quinoid structure, and
the ethynyl part changes into an incomplete allenoid structure.
In the second process, PA comes to take a complete allenoid
structure in which two bonds of C1CR and CRCâ are similar to
normal double bonds and the Hâ atom is located out of the plane
of the other part. In the third process, PA reaches S2/S1-CIX
with a slightly inclined energy profile against the most stable
geometry in S2 (S2-bent). In the fourth process, PA relaxes into
S1 at S2/S1-CIX and quickly recovers its aromaticity with an
enlarged benzene ring. The ethynyl part changes from an
allenoiddCdCH structure intosCtCH. Finally, PA relaxes
into the stable S1 geometry, which is characterized as an
enlarged benzene ring withC2V geometry. In the series of
processes mentioned above, the important internal coordinates
are different. In other words, the geometrical changes of some
internal coordinates in one process bring about those of other
internal coordinates in the following process. Therefore, we
conclude that the strong mode couplings of the potential energy
surfaces, which depend on the reaction coordinate, are a driving
force for the effective and fast S2-S1 IC process of PA, despite
the fact that the S2/S1-CIX is far from S0 geometry.

In concluding this subsection, we note that more sophisticated
MRMP2 reaction coordinate analyses will change the present
scheme of (10,10)CASSCF. Figure 5 depicts the energy profile
by MRMP2 energetic correction against that by CASSCF shown
in Figure 2. The features of the energy profile are retained even
by MRMP2 energetic correction, except that the energies are
reduced by ca. 1 eV. Consequently, we infer that our present
model will not be changed greatly, even by a more sophisticated
MRMP2 reaction coordinate analysis.

3.3. Effect of the Initial Bending Motion around the S0

Geometry.The electronically excited PA in S2 is likely to move
around the reaction path described in the preceding subsection,
even taking into account the zero-point vibrations in S0 around
the S0 geometry. However, to characterize the process more

Figure 2. Potential energy profiles (solid line) along the reaction coordinate by means of (10,10)CASSCF. The dotted line represents the potential
energy of the counter state. (a) Path A. (b) Paths B and C.
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realistically, it is worthwhile commenting on the degree to which
zero-point vibrations in S0 affect the IC process after electronic
excitation into S2. For the following two reasons, we specifically
address the effect of the initial CâHâ OP bending motion that
is exerted: (i) the CâHâ OP bending vibration is of a low-
frequency mode and (ii) a large geometrical change from S0

geometry into S2/S1-CIX is the bend angle of-CRCâHâ.
Figure 1 shows that the direction of the OP motion corre-

sponds to they coordinate. For that reason, the Hâ atom was
placed out of the plane of the remaining part byy ) 0.05 (â )
177.3°), 0.10 (â ) 174.6°), 0.15 (â ) 171.9°), and 0.21 Å (more
accurately,y ) 0.2113,â ) 168.5°), keeping the CâHâ distance
at that of the S0 geometry. We hereafter call these configurations
S0B05, S0B10, S0B15, and S0B21, respectively. Appendix 2
describes the determination of the OP distance of S0B21 (i.e.,
y ) 0.21 Å), which is approximately the amplitude of the CâHâ

OP bending motion. Figure 6 depicts energy profiles of the bent
geometries and the S0 geometry. The energy profiles of the bent
geometries apparently differ from that of the S0 geometry. More
careful inspection, however, reveals a common feature: each
energy profile has an inflection point. Table 2 reports informa-
tion related to those inflection points. This table reveals that

the bend angle and the CâHâ bond distance are not much
different from those at the corresponding initial geometries. On
the other hand, the skeletal bond distances change greatly from
those at the corresponding initial geometries. Consequently, the
benzene ring changes from an aromatic to a quinoid structure.
In addition, the ethynyl part comes to take an incomplete
allenoid skeleton structure. In Figure 7, we show geometrical
changes along the reaction coordinate starting from the largest
initial bent geometry of S0B21. They are similar to those of S0

geometry in Figure 2b,c, except for bend angleâ at the early
stage. Therefore, we can conclude that each inflection point is
the ending point of PR1 as well as the starting point of PR2.
At each inflection point, in other words, hybridization of the
Câ atom switches from sp into sp2, although the position is
strongly dependent on the initial bend angles. These discussions
foster the conclusion that electronically excited PA in S2 around
the S0 geometry takes a similar path to reach the most stable
S2-bent geometry. That is, the skeletalπ-conjugated system is
first destroyed to form an incomplete allenoid structure, and
then an out-of-plane bending of the Hâ atom takes place to form
a complete allenoid structure, irrespective of the initial bend
angle. However, we can also find that the initial CâHâ OP

Figure 3. Characteristic geometrical parameters along the reaction coordinate for (a,b) path A and (c,d) paths B and C. a and c describe changes
of bond distances of the PA skeleton. The bond distances of C1C6, C5C6, and C4C,5 which are not drawn, are substantially identical to those of C1C2,
C2C3, and C3C4, respectively. b and d describe those of the CâHâ bond distance and the-C(CâHâ bending angleâ.
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bending motion in S0 clearly affects the dynamics. Figure 5
shows that a larger initial bend angleâ indicates a shorter
distance to an inflection point (shown digitally in Table 2) as
well as a stable region of the S2-bent geometry. This fact implies
that a more violent initial CâHâ OP bending motion will cause
PA to reach the S2-bent geometry more quickly. Later, we will
comment further on the initial bending motion.

3.4. Dipole Moments along the Reaction Coordinate.The
dipole moment as a function of reaction coordinate provides
new insight into the substituent effect of the ethynyl group on
the IC process. Table 3 lists they andzcomponents of the dipole
moments (see Figure 1 for the directions of thex, y, andzaxes).
The x component is essentially zero in processes PR1-PR4
because PA retains almost completeCs symmetry (theyzplane
is the symmetry plane). Therefore, our concern is only they
and z components (µy and µz) as a function of the reaction

coordinate. Actually,µy is a good measure for the degree to
which the Hâ atom deviates from the plane of the other part. In
PR1, µy is fundamentally 0 D because PA takes a planar
structure. In PR2, in turn, theµy component becomes large in
concert with the decrease of the bend angleâ. In PR3, µy

remains almost unchanged because the bend angle is little
changed. In PR4,µy quickly converges to 0 D because the
ethynyl part recovers its linear shape in S1.

Thezcomponentµz exhibits an extremely interesting behavior
along the reaction coordinate. Theµz component in S0 at the S0
geometry takes a small negative value (-0.555 D), meaning
that the electron is transferred slightly from the benzene ring
into the ethynyl part. Such behavior is consistent with a well-
known finding that the ethynyl group is electron-withdrawing,
but the electron-withdrawing capability is much weaker than
that of an isoelectronic molecule of benzonitrile (-4.831 D);
they are compared in Table 3. Upon electronic excitation of S2

at the S0 geometry (i.e., sA ) 0.0), however,µz suddenly takes
a large positive value (2.796 D). This change indicates that the
ethynyl part changes from an electron-withdrawing to an
electron-donating group through electronic excitation into S2,
whereas it does not change through electronic excitation into
S1. Table 3 shows the Mulliken charge in each fragment.
Apparently, a large positive value ofµz in S2 is ascribed to the
electron transfer from the ethynyl into the phenyl group. This
electron transfer serves to destroy the aromatic benzene ring
and to form a quinoid structure. At the S2-planar geometry,µz

takes a much smaller value, but it is still positive, which is
ascribed to a skeletal relaxation on the S2 surface. In PR2,µz

changes from positive to negative values in coincidence with
the decrease of bend angleâ and the further elongation of the
CRCâ bond. These geometrical changes serve to push electrons
back into the terminal CâHâ part. In PR4, after the transition at
S2/S1-CIX (i.e., sBC ) 0.0), µz converges quickly to the value
at the S1 geometry in coincidence with the formation of the S1

geometry.
The dipole moment, which is dependent on the reaction

coordinate, is closely related to the successive geometrical
changes described above. That is, the sudden change of the
electron-withdrawing group into an electron-donating group
upon electronic excitation into S2 is a trigger for an effective
and fast S2-S1 IC process of PA. Additionally, we comment
on the effect of the initial CâHâ OP bending mode on the dipole

Figure 4. Schematic representation of the S2-S1 internal conversion
of PA. The meanings of allenoid and enlarged benzene on the ordinate
are described in Appendix 1.

Figure 5. Potential energy profiles (solid line) along the reaction coordinate using MRMP2 with the (10,10)CASSCF wave function. The dotted
line represents the potential energy of the counter state. (a) Path A. (b) Paths B and C.
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moment. As Table 2 shows, theµx andµz components at each
inflection point do not differ greatly from their corresponding
initial values. This lack of change reflects the fact that

electronically excited PA in S2 around the S0 geometry follows
a route in PR1 similar to that indicated above.

TABLE 2: Summary of the Features at Inflection Points in S2

initial geometry
inflection pointa

S0 geometry
0.895

S0B05
0.698

S0B10
0.649

S0B15
0.599

S0B21
0.500

Bond Distances (Å)
R(CR-Câ) 1.290 (1.215)b 1.291c 1.292 1.291 1.285
R(C1-CR) 1.360 (1.448) 1.360 1.361 1.364 1.373
R(C1-C2) 1.469 (1.405) 1.458 1.453 1.449 1.441
R(C2-C3) 1.367 (1.398) 1.366 1.367 1.369 1.373
R(C3-C4) 1.462 (1.401) 1.445 1.439 1.434 1.426
R(C4-C5) 1.462 (1.401) 1.445 1.439 1.434 1.426
R(C5-C6) 1.367 (1.398) 1.366 1.367 1.369 1.373
R(Câ-Hâ) 1.057 (1.058) 1.058 1.058 1.058 1.057

Bond Angles (deg)
â(-CRCâHâ) 180.0 (180.0) 174.7 (177.3)d 171.0 (174.6) 168.0(171.9) 165.5(168.5)

Dipole Moments (D)
µz 0.689 (2.796) 0.780 (2.787) 0.762 (2.756) 0.763 (2.708) 0.883 (2.620)
µy -0.001 (0.0) 0.147 (0.071) 0.250 (0.141) 0.328 (0.211) 0.394 (0.296)

a sA in amu.b Values in the parentheses are those at S0 geometry.c Values of the bond distances at the initial bent geometries, which are not
shown, are the same as those at S0 geometry.d Values in parentheses are those at the initial bent geometries.

TABLE 3: Dipole Moment Components and Mulliken Charges at Important Conformations of PA and Related Moleculesa

dipole moment (D) Mulliken charge
reaction coordinate

(amu) state µz µy CâHâ CR phenyl

Phenylacetylene
sA ) 0.0 (S0 geometry) S0 -0.555 0.0 -0.185 0.060 0.125

S1 -0.546 0.0 -0.188 0.066 0.122
S2 2.796 0.0 -0.127 0.166 -0.039

sA ) 0.0 (S0B21) S2 2.620 -0.296 -0.125 0.157 -0.032
sA ) 0.895 (S2-planar)b S2 0.689 0.0 -0.161 0.093 0.068
sA ) 1.566 S2 0.247 -0.430 -0.147 0.054 0.093
sA ) 1.966 S2 -0.253 -0.625 -0.129 0.010 0.119
sA ) 2,936 (S2-bent)b S2 -1.158 -0.793 -0.115 -0.025 0.140
sBC ) 0.0 (S2/S1-CIX) S1 -1.519 -0.795 -0.114 -0.032 0.146
sBC ) 1.033 S1 -0.966 -0.405 -0.160 0.029 0.131
S1 geometry S1 -0.503 0.0 -0.186 0.074 0.112

Benzonitrileb

S0 geometry S0 -4.831 0.0 -0.159 -0.087 0.246

a Strictly speaking, sA ) 0.895 is not the S2-planar geometry because the configuration of the S2-planar geometry in Table 1 is obtained under
the constraint ofC2V symmetry, whereas the geometry at sA ) 0.895 is not. However, the two geometries are substantially identical; we call sA )
0.895 the S2-planar geometry, for convenience. Using similar reasoning, the geometry at sA ) 2.936 is called the S2-bent geometry.b Geometry was
optimized at the restricted Hartree-Fock level with a similar basis set (i.e., DZ plus polarization for C and N atoms, DZ for H atoms).

Figure 6. Potential energy profiles along the reaction coordinate from
the initial bent geometries and S0 geometry.

Figure 7. Characteristic geometrical parameters along the reaction
coordinate from S0B21: (a) changes of bond distances of the PA
skeleton, (b) changes of the CâHâ bond distance and-CRCâHâ bending
angleâ.
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3.5. Vibrational Analysis along the Reaction Coordinate.
The vibrational analysis along the reaction coordinate can be
closely related to the temporal behavior in the IC process, which
can be verified through a time-resolved transient spectroscopic
experiment. Table 4 shows the vibrational frequency of theν5

band of the CRCâ stretch as a function of reaction coordinate.
To the extent that PA stays in S2, the characteristic CRCâ stretch
is expected to be observed in the region of 2000-1800 cm-1,
which is a typical region of allenoid stretch frequencies.
Actually, by means of a direct absorption spectroscopic experi-
ment that reflects the early stage after electronic excitation into
S2, the characteristic allenoid stretch is observed in 1846( 15
cm-1.13 On the other hand, once PA relaxes into S1, the CRCâ

stretch in the allenoid region disappears quickly and emerges
in the CtC triple bond region. These discussions imply that a
characteristic transient absorption band is expected to be
observed in the allenoid region only during a short period in S2

(54 fs at most, by experimental estimation3).
Furthermore, we can point out the following aspects of the

behavior of PA in S2 in relation to a spectroscopic experiment.
One is that the CRCâ stretch frequency in S2 is strongly
dependent on the reaction coordinate even in the allenoid
region: the vibrational frequency decreases quickly from 2000
to 1800 cm-1. The other is that the initial CâHâ OP bending
motion affects the time to reach the stable S2-bent geometry
after electronic excitation into S2. That is, a higher temperature
yields more species with vibrationally excited CâHâ OP motion
around the S0 geometry. Consequently, the lifetime in S2 after
electronic excitation is expected to be shorter. However, these
conjectures might be difficult to verify experimentally for the
moment because the S2-S1 IC process is too fast.

4. Concluding Remarks

In this article, we reported the reaction coordinate of the S2-
S1 IC of PA. Analyses of the reaction coordinate show that
several internal coordinates couple strongly with each other in
the S2-S1 IC process. Upon electronic excitation into S2, the
aromatic benzene ring becomes a quinoid structure, and the
ethynyl part changes into an incomplete allenoid skeleton. Then,
PA takes a complete allenoid structure of the ethynyl part to
reach S2/S1-CIX where the radiationless relaxation takes place.
Once PA relaxes into S1 at S2/S1-CIX, it changes quickly into
the most stable geometry in S1, which is characterized by an
enlarged benzene ring. The strong mode couplings among the
internal coordinates on the multidimensional potential energy

surfaces in S1 and S2 bring about an effective internal vibrational
redistribution. Thereby, the S2-S1 IC process is very fast: on
the order of several tens of femtoseconds. The dipole moment
component that is parallel to the long axis is strongly dependent
on the electronic state and conformation. In S0 and S1, it is
confirmed that the ethynyl group is a weak electron-withdrawing
group. Upon electronic excitation of S2, on the other hand, the
ethynyl group changes to become an electron-donating group,
which induces PA to form a quinoid structure at the early stage.
Results of vibrational analysis along the reaction coordinate
show that the characteristic key band of the allenoid stretch is
strongly dependent on the conformation and the electronic state
in the S2-S1 IC process.
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Appendix 1

Figure 4 presents three coordinates to clarify the IC process.
The “allenoid” coordinate in the upper ordinate represents the
degree to which the ethynyl part (-CRtCâHâ) takes an allenoid
structure (dCRdCâHâ). As mentioned above, the formation of
the allenoid structure is related closely to that of the quinoid
structure in the benzene ring. Therefore, the allenoid coordinate
also involves the degree to which PA loses its aromaticity in
the benzene ring. The “enlarged benzene” in the lower ordinate
represents the degree to which the benzene ring expands with
the hexagon. The abscissa represents the-CRCâHâ bend angle
â.

Appendix 2

The calculatedν29 band of 597 cm-1 (613 cm-1 by experi-
ment16) is assigned to the CâHâ OP mode because the L-matrix
component (0.970) related to the CâHâ OP mode is almost unity.
For that reason, we estimated the largest OP deviation from
the S0 geometry by the calculatedν29 vibration. The results
showed that only they component of the Hâ atom takes a large
value (0.2113 Å); the others are very small (less than 0.0220
Å). Therefore, we put the Hâ atom aty ) 0.21 Å, keeping the
CâHâ bond distance at that of the S0 geometry.
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