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Ab initio complete active space self-consistent field (CASSCF) and second-order multireferéliee-Mo
Plesset (MRMP2) calculations have been performed to examine the photochemical behavior of diphenyl-
acetylene (DPA) theoretically. The stable structure of DPA(IiSe-geometry) is optimized to bB,,. DPA

at S§-geometry is mainly excited into they®,,) state and then relaxes into the stable geometry in the B
state (B,-geometry) which is characterized as a quinoid structure. Tixg®&metry further relaxes into the
globally stable geometry in1StS,;-geometry) which takes a trans-bent form. Arousg-geometry, DPA

moves into the lowest triplet state through intersystem crossing and finally relaxes into the stable geometry
in T, with Do The vibrational analyses at the important conformations mentioned above are in good agreement
with the experimental findings of time-resolved transient spectroscopy.

I. Introduction excited DPA. Hiura et al. measured the time-resolved Raman
spectrum of the lowest triplet species with the lifetime~ef

The .photoche.mlcal beha\{lors of aryl alkynes have been us3 The acetylenic CC stretch of the triplet species is observed
extensively studied by experiment and theory. In most cases, AN
. . at 1974 cm?! which is abnormally lower than that of a normal
however, reasonable pictures have not been established yet. We

recently examined the photochemical behavior of phenviacet- acetylenic bond. Hirata et al. referred to a new fact that two
y P phenylacet i ormediate species contribute to the photochemistry of EPA.
ylene (PA), as a prototype of aryl alkynes, by means of ab initio

complete active space self-consistent field (CASSCF) and Upon electronic excitation into,Sthe short-lived species with

i o . _ the lifetime of 8 ps first forms and then changes into the long-
;ecor;d order Mier—Plesset perturbation (MRMP2) calculg lived species (200 ps) in1SThe lifetime of the short-lived
tions! In the present paper, we report the photochemical

. . species is strongly dependent on the excitation energy as well
behavior of dlphenylacgtyleng (DPA) as gnother protptype of as the temperature, while that of the long-lived one is inde-
aryl alkynes from the viewpoint of theoretical calculations. In

. . . . pendent. From the finding of the temperature dependence of
t;:%%fvggl%gﬂagraphs, we make a brief review of the previous the lifetime of the short-lived species, they estimated the energy

. . . barrier between the two species to be 890 &nit was also
ph-lc—)?c?cﬁ?rgliitf;rul\c/lt:rr; chgsﬁ\rr:;br%alth deatS;ar;Iunghpg;ntXcEl;;Se di- found that the triplet formation i; observed a_fter a raisg tim_e of
fractior? and infr.ared and Raman specil‘bg:ave evidence that 200 ps. In other WOde, the singlet long-lived species IS a
DPA hasDa, symmetry in $. This experimental finding was precursor of the tr|p|gt. Fr.er.rante and po-workers examined

. o - h Hirata’s model by semiempirical calculations and fluorescence
also confirmed by means of ab initio calculations at the restricted

s . guantum yield measuremenfsThe electronic state of the short-
Hartree-Fock level> The electronic structures at the stable lived species is assigned to,BWith the elongation of the

geometry were the main interest in the_ ear_ly stage of the researcrEentral acetylenic bond, however, thg,Btate destabilizes and
on the photochemistry of DPA. Tanizaki et al. measured the nother state of Astabilizes so that the short-lived species of

dichroic absorption spectrum so as to assign the absorption ban . e . . .
to the By, state with the long axis polarizédwith the aid of PA changes into the Iohg lived speciesJ#vith some barrler..
Contrary to the previous models that the photochemical

excitation fluorescence and multiphoton ionization spectra, . . .
Okuyama and co-workers found that there are three excited reaction precedes under tbe, geometry, Ishibashi et al. gave
a new insight into the photochemistry of DPA by means of

states including the B state within a few hundred cri’ ) _ . .
Gutmann et al. came to the same conclusion that three electronicmcosecond time-resolved transient coherent anti-Stokes Raman
) spectroscopy®1° The long-lived species can take a trans-bent

states in the first excited manifold are close toge#&ne order .
of the electronic states in the condensed phase is, however,StrUCture where the central CC bond turns to be an _ethylemc
different from that in the supersonic jet. That is, th &tate is double bond. On the other hand, the short-lived species keeps

the first excited state in the condensed phase. Borst et al. recentl)ﬁ "”ff’”l a(t:)etytljenﬁ -Ilketge??etr% ?hnd t.rt')e ?C blofnd substanggslalg
reported the geometrical structure in the excited state as well as triple bond character, though the vibrational frequency (

T : N g
as the ground state by means of the rotationally resolved cm _)'S lower th_an that n §(2220 cnt?). W'th the decay of
fluorescence excitation spectrdm. the singlet long-lived species, a new band assigned to the central

Picosecond time-resolved absorption spectroscopy gave moreCC stretches emerges at 1974°cmin agreement with the

detailed information on the temporal behavior of electronically previous discussion on the tpp[et statiey also supported that
the triplet stable geometry is linear acetylene-fRe.
* To whom correspondence should be addressed. E-mail: amatatsu@ Despite much information on various conformations of DPA,
ipc.akita-u.ac.jp. Fax: 81-18-889-2601. as mentioned above, the previous studies are not always
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reasonably united with each other for a picture of DPA
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TABLE 1: Excitation Energies, Oscillator Strengths, and

photochemistry. So our present purpose is to propose a newthe Main CSFs of DPA at $-Geometry

and reasonable picture of the photochemical behavior of DPA
in the low-lying excited states by means of reliable ab initio

excitation energy oscillator

methods of CASSCF and MRMP2. The present paper is
organized as follows. In the next section, we describe the
computational strategy based on preliminary configuration
interaction (CI) results. In section IIl, we mention the electronic
structures at important conformations of DPA. Then we discuss
how DPA travels from the FranekCondon (FC) region into
the globally stable geometry imp @nd finally relaxes into the
stable geometry in T We also make comparison of the
photochemistry of DPA with that of PA as well as other
mr-conjugated systems already studied by us. Last of all, we give
a summary on the present computational results.

Il. Method of Calculations

The CASSCEF calculation which allows all possible excitations
from the eightz-type occupied orbitals to the lowest eight
unoccupied ones (i.e., (16,16)CASSCF) is desirable to do a
quantitative discussion on the electronic structure and dynamics
of electronically excited DPA. This calculation is, however,
practically prohibited even on a high-performance computer,
especially in the case of a global search of potential energy
surfaces, geometry optimizations, and vibrational analyses. So
how to reduce the computational labor is important in ab initio
molecular orbital (MO) calculations of the excited states of DPA.
Our strategy for the present calculations of DPA is similar to
our previous calculations of polyenes or polyynes and their
derivativest1”-21 That is, in the first step, we did CI calculations
at various geometries which cover the conformations possibly
contributing to the photochemistry of DPA. In the present
preliminary CI calculations, the following are found:

(i) The low-lying excited states for all the conformations
sampled here are well described by the configuration state
functions (CSFs) of the excitations among the highest five
occupiedr and the lowest five unoccupied* orbitals.

(ii) The nature of a set of these HBtype orbitals is invariant
irrespective of the conformations.

Based on these CI results, we adopted CASSCF with 10
electrons in 10 orbitals (denoted by (10,10)CASSCF) for the
scanning of the global potential energy surfaces. In necessity,
we made energetic correction by means of the MRMP2 method.
First, we optimized the geometry inp 8y means of a state-
specific (10,10)CASSCF. As discussed in detail later, the
optimized geometry in S(denoted by &geometry) hadDy,
symmetry. Then we optimized other important conformations,

such as the stable geometry for each excited state in the FC

region, the conical intersection, and the globally stable geom-
etries in § and T;. To examine the dynamical behavior, we
followed the reaction path from the FC region into the globally
stable geometry inSAt several important conformations, we
did vibrational analyses so as to directly compare the calculated
results with the experimental data.

We used the GAMESS program in the present ab initio
calculations’? except for the location of the conical intersection
by Gaussian 022 The basis set used in the calculations is the
Huzinage-Dunning doubleg basis set augmented by polariza-
tion (ag = 0.75) on carbon atoms.

I1l. Results and Discussion

We begin by mentioning the electronic structures of DPA at
So-geometry undemDy, symmetry. In Table 1, we list the
electronic structures in the low-lying excited states. To under-

(inevy strength main CSF$
S(Ag?  0.0(0.0) 0.923(closed shell)
Si(Ba) 6.056(4.054) 1x 10°  0.520(12') —0.508(2-1')
—0.320(4-3)—0.302(3-4)
Bs) 6.061(4.052) 0.0 0.507¢31')+0.517(+-3)
—0.323(4-2')+0.302(2-4')
Sy(By)  6.407 (4.507) 0.873 0.925(1')
S(A)  6.688(4.847) 0.0 0.940(51")

2 The values in the parentheses are obtained by MRMP2 corrections.
bThe values are given in the velocity forfiThe CSFs of which
absolute values of Cl coefficients are greater than 0.3 are listed. Five
occupiedsr orbitals and the lowest four unoccupied ones in the
order of energy are designated by 5,4,3,2,1(HOM@)UMO),2',3,4,

5, respectively. £1' in parentheses, for instance, indicates the CSF
of single excitation from orbital 1 to'1¢ The symmetry label of each
electronic state is unddd,.

=

HOMO-4 (b3,)

LUMO+4 (bs,)

Figure 1. Molecular orbitals and their symmetry labels (undesr)
relevant to the low-lying excited states at@ometry.

stand the character of the electronic structure and the symmetry
for each state, we show the relevant MOs in Figure 1. The
Si(B2y) and S(Bsg) states can be assigned to the logalr*
excitations within each benzene ring. Thesfate (By), which

is well described by the HOMOGLUMO single excitation
(HOMO, highest occupied MO; LUMO, lowest unoccupied
MO), can be characterized as the-z* excitations originating
from the central acetylenic triple bond, of which bothand

sr* orbitals are out of the DPA plane. The State with A also
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TABLE 2: Characteristic Optimized Parameters of DPA TABLE 3: Rotational Constants (in MHz) of DPA at Each
Geometry
S/
geometry $ Bw By Bw Ay tS SCIX T; geometry constant calculation experinfent
Bond Distances (in A) S A 2860.1 2861.7
R(C*—C¥)  1.204 1.217 1.217 1.260 1.290 1.357 1.298 1.251 B 246.9 249.0
R(C'—C%) 1.449 1.409 1.410 1.380 1.382 1.425 1.394 1.363 C 227.3 229.0
R(C!-C?) 1.402 1.439 1.439 1.432 1.427 1422 1.423 1.454 Biu A 2797.9 2820.6
R(C*—C?) 1.395 1.423 1.423 1.382 1.388 1.389 1.381 1.380 B 250.2 251.3
R(C3—C% 1.390 1.388 1.388 1.401 1.393 1.404 1.396 1.402 C 229.6 228.6
R(C*—CY) 1.390 1.388 1.388 1.401 1.393 1.392 1.398 1.402 Bau A 2799.2
R(C—C9) 1.395 1.423 1.423 1.382 1.388 1.384 1.379 1.380 B 245.7
Bond Angles (in Degrees) B 2 2%332
o(<CC*C*) 180.0 180.0 180.0 180.0 180.0 127.9 157.5 180.0 30 B 245'5
C 225.7
Ay A 2826.8
B 247.5
C 227.6

a2 The values were taken from ref 9.

shorter. These features are understandable in relation to the
electronic structure of B. As mentioned above, the;Bstate
is well described by the HOMOLUMO single excitation (refer
has similar character with the—s* excitation relevant to the  to Figure 1). So the out-of-plang-orbitals in the central
central acetylenic bond, although theorbital is in the DPA acetylenic bond change from bonding into antibonding character
plane. The excitation energies and oscillator strengths can beupon electronic excitation so that th&é© elongates. On the
discussed in close relation to the experimental absorption other hand, the out-of-planetype orbitals in the linkage bonds
spectrum. At the CASSCEF level, the excitation energies of the of CIC* and CG'C* change from antibonding into bonding
low-lying excited states are close to each other but they are toocharacter so that the linkage bonds shrink. This explanation
high for the first broad absorption band in the range of 250 about B -geometry, in a sense, is the same as that of the stable
300 nm (i.e., 4.134.96 eV)%12 However, after MRMP2 geometry of PA in $ under constraint ofC,,.! The stable
energetic corrections, they settle down the energy range of thegeometry with A (Ay-geometry) is similar to that with B.
absorption band. As to the transition intensity, contrary to the This is natural because both the,BAnd A, states are originated
previous discussion that the main transition js-S,,1011.14.15 by the excitations from the central acetylemicorbitals and
the main transition among the low-lying excited statespgis S the only difference between them is that the electron is excited
Sz, which is long-axis (i.e.a-axis) polarized. Another transition  from an out-of-plane (for B) or an in-plane (for A&) occupied
of S$—S; is very weak, and the others 0§SS, and $—S, are st orbital. To check the validity of the stable geometries, we
forbidden. compared the calculated rotational constants with experimental
Next we mention the stable geometries in the FC region. In ones. In Table 3, we list the calculated rotational constants at
Table 2, we list the optimized parameters for each state undereach geometry as well as the experimental g calculated
D2, symmetry as well as those at other important conformations. rotational constants aty®eometry well reproduce the experi-
The numberings of atoms are shown in Figure 2. The bond mental ones in & According to the dispersed fluorescence
distance of R(€=C¥) (1.204 A) at S-geometry with 4 is excitation spectrum, the rotational constants ai-dizometry
calculated to be very similar to that of a norma=C triple are also in good agreement with the experimental ones.
bond. On the other hand, the linkage bond &+C* (1.449 A) However, those at other geometries in the excited states are
is slightly shorter than a normal-&C single bond, which is  similar to them. So we can conclude that the rotational constants
due to some resonance between the phenyl group and the tripleare not always deterministic to validate the stabjedometry
bond of G=C*. Furthermore, the CC bond distances of the in the excited state at our present level of calculations.
phenyl groups (ca. 1.40 A) take intermediate values between The globally stable structure im $ found to take a trans-
normal single and double bond distances, which are close tobent form with A, underCsy, symmetry {S;-geometry), as seen
that of aromatic benzene. These features are found in the relevanin Table 2 (JCIC'C* = 127.9, not 180.0). This is in
parts of PA! The B,rgeometry, which is obtained by the agreement with an experimental finding that the globally stable
optimization of DPA with B, under constraint oD, is structure in $ hasC; or Cy, symmetry because of the mutual
characterized as the enlargement of the benzene rings. That isexclusion rule between infrared and Raman spéétrehe
the CC bond distances in the benzene rings are longer than thoseharacteristic geometrical parameters are as follows. P& C
at S-geometry. This is due to the local-z* excitation within bond (1.358 A) elongates up to a normal double bond. The
each benzene ring. In other words, the occupieglectrons in linkage bond distances oftC* and G'C* (1.425 A) are longer
the benzene ring are excited into unoccupi&arbitals, which than those at B-geometry. ThereforetS;-geometry is like
leads to a weakening and elongation of the relevant CC bondstransstilbene. In Table 4, we list the electronic structures at
in the benzene ring. This feature is also found in those of PA tS;-geometry. The Sstate is well described by the HOMO
and styrené:*® The optimized geometry with & also has LUMO single excitation. As shown in Figure 3, the HOMO
similar character to that of B The interpretation is the same  with g, is, roughly speaking, a orbital concerning the central
as that for B,. The optimized geometry with.B(B1,-geometry) ethylenic double bond. The LUMO withyas relevant to the
has the following features: (i) the benzene rings are character-unpaired electrons originating from the in-plane orbitals. So we
ized as a quinoid structure where the aromaticity of the benzeneconclude that Sat tS;-geometry has diradical character.
ring is lost, and (i) the central acetylenic bond (1.260 A) is Now we discuss how DPA changes into the globally stable
much longer, while the linkage bonds (1.380 A) are much tS;-geometry in $after the main transition intoz®1.). In this

Figure 2. Numbering of atoms in DPA.
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TABLE 4: Relative Energies and the Main CSFs at
tS;-Geometry

relative energy (in e\?) main CSF%
S 1.682 (1.158) 0.882(closed shell).303(3-1'?)
S 5.094 (3.098) 0.944¢11")
T, 4.226 (2.635) 0.923¢1')

@ The energies are relative to that ip & S-geometry. The values
are obtained by means of (10,10)CASSCF and MRMP2 (in parenthe-
ses).? The CSFs of which absolute values of ClI coefficients are greater
than 0.3 are listed. Five occupied orbitals and the lowest four
unoccupiedz* orbitals in the order of energy are designated by
5,4,3,2,1(HOMO),XLUMO),2',.3,4',5, respectively. +1' in paren-
theses, for instance, indicates the CSF of single excitation from orbital
lto 1.

LUMO(ay)

Figure 3. HOMO, LUMO, and their symmetry labels (und€s,) at
tS;-geometry.

° o ° o
O o) o O
e O @ —0 Oo—-0 o o
0 ©o Qa o
o ) o °

Figure 4. Force acting on each atom in(B1,) at S-geometry.

J. Phys. Chem. A, Vol. 108, No. 46, 20040241

more sophisticated MRMP2 calculations is expected to be
similar to that of CASSCF results, though the potential energies
by MRMP2 are only realistic in comparison with the experi-
mental energies.

The next concern is how the;Bgeometry in the FC region
changes into the globally stahi§;-geometry. In Figure 5, we
present the three possible reaction paths schematically. Path |
is an “in-plane” mechanism where DPA changes from Bito
tS;-geometry keeping planar structure. In Figure 6, we show
the potential energy curves with respect to the bending angle
of OCICC¥, where other parameters are optimized under
constraint ofCy,. Here we should make a comment on the
change of the symmetry froDyy, into Con. UnderDy, symmetry,
the principal axis is parallel to the triple bond ofC*, while
it is perpendicular to the DPA plane undes,. So the B, state
at By rgeometry is labeled as,BinderCy, symmetry, while
the A, state is labeled as feven undetCy. It can be seen that
the B, potential energy becomes unstable with the decrease of
the bending angl€lC!C*C* and does not connect with the
global minimum oftS;-geometry with A. So we traced back
from tS;-geometry with A so as to find a conically crossing
region around the bending angle of 280 JCIC*C* ~ 25°,
Before further discussion based on the CASSCF results, it is
worthwhile emphasizing again that the present CASSCF results
are reliable enough to make a story of the photochemistry of
DPA. In Figure 6b, we show the potential energy curves by
means of MRMP2. It can be seen that the shapes of the potential
energy curves are similar to those by the CASSCF method,
though the energies are lower. This implies that, as pointed out
in the last paragraph, a story of the DPA photochemistry by
the costly MRMP2 method is not so different from that by
CASSCF, except that the MRMP2 energies are realistic in
comparison with experimental ones.

Now we are back to the main interest of the DPA photo-
chemistry. Based on the result mentioned above, we searched
for a conically crossing point between two surfaces (i.e/, S
Si-CIX) under G symmetry. Here we tried to reduce compu-
tational labor by further selection of active orbitals because we
have experience that the location of a conical intersection takes
much more time than the location of a stable geometry or saddle
point. In the crossing region, only the four orbitals (refer to
Figure 7) are enough to describe the two states of interest.
Therefore, we adopted the (4,4)CASSCF method for the location
of S/S;-CIX. To check the validity of the reduction of the active
space, we listed the electronic structures by means of

paragraph, we focus on the photochemical behavior in the FC (10,10)CASSCF and MRMP2 ab/S,-CIX. It is found that at

region. In Figure 4, we show the force acting on each atom
after electronic excitation intos@1,) at S-geometry. From this
figure, the geometrical change of DPA upon electronic excitation
is expected to be elongation of the centr&0Z bond as well

as the shrinkage of the linkage bonds 86Z(and G'C*). This
implies that DPA in B, at S-geometry tends to change into
the Byrgeometry mentioned above. In Table 5, we list the

most four active orbitals mentioned above well describe these
electronic states and the energy difference is small enough to
be a CIX (see Table 6). This implies that ai#s-CIX by means

of much more costly calculation of (10,10)CASSCF or MRMP2
is similar to the present one. The/S;-ClIX is optimized to be

Con symmetry substantially, though we did not consider any
symmetry restriction in the optimization step. From Table 2, it

relative energies at each stable geometry in the FC region. Forcan be seen that the characteristic optimized parameteeg at S

CASSCEF calculations, the; States at the B-, Bzg-, and B~
geometries are energetically lower than théB3) state where
DPA at S-geometry is mainly excited into. However, if we

S;-CIX take intermediate values betweemnB and tS;-
geometries. We also searched conically crossing points in paths
Il and Il of Figure 5. Path Il is an “out-of-plane” mechanism

consider the above discussion on the force acting on DPA in where the two phenyl rings first move out of the original DPA

S3(B1y) at S-geometry, DPA is likely to relax into B-geometry

in S; in the FC region. Incidentally, we also listed the energies
by means of MRMP2 in Table 5. The energies are shifted down,
but it is found that the energy corrections (i.E(MRMP2) —

plane and then DPA reaches the statd3ggeometry through
phenyl torsional motions as well as further bendings. Path Il
is the “rotation” mechanism where the two phenyl rings first
rotate keeping the linear geometry and then DPA reaches the

E(CASSCF)) for each electronic state and geometry are almosttS;-geometry through bending as well as phenyl torsional
constant (ca. 2 eV). In other words, the discussion based onmotions. However, both of the optimized/S;-ClXs in paths
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TABLE 5: Electronic States and Relative Energies in the FC Region undeD,, Symmetry

geometry
electronic state S Bou Bsg By Ay
S Ay(0.0,0.0% Ay(0.258,0.028) #(0.256,0.028) £(0.437,0.046) £(0.581,0.105)
S B,(6.056,4.054) B(5.820,3.792) B(5.820,3.793) B,(5.961,3.927) B,(6.010,3.935)
S, B3¢(6.061,4.052) B,(5.827,3.790) B(5.827,3.791) B(6.081,3.867) AN6.147,4.272)
S; B146.407,4.507) B(6.264,4.217) B.(6.269,4.220) B,(6.090,3.865) B(6.171,3.898)
Sy A(6.688,4.847) #(6.552,4.624) M6.557,4.627) #(6.200,4.339) &(6.180,3.896)

aThe first and second values in the parentheses are those by means of (10,10)CASSCF and MRMP2, respectively.

Qﬁczc@ o @) CASSCF

Path lll
w&dﬂorsnon

. 6.5
torsion
o~
o
::: Path | . \;
=== =G = )y ——— c=cC
. 6.0
IP-bend D B.
Byy-geometry tSq-geometry, g
L
OP-bend
bend+torsion 55
Path I

@ A

C==C
Q 5.0 T T | T T | T T
20 40 0 10 20 30 40 5 6 70

Figure 5. Possible reaction pathways fromBinto tS;-geometry. 180-<C'cc” (deg)

Il'and IIl converged to substantially the same geometry in path ;. b) MRMP2
I. This means that DPA must pass througISgCIX mentioned
above, irrespective of paths-lil.

To know which of paths +lll is the most realistic, we
followed the intrinsic reaction coordinate which/S-CIX 4.5
uniquely connects with both the starting point of geometry
and the final point oftS;-geometry. It is found that DPA
substantially keeps planar structure in the forward and backward " B
reaction coordinates fromy&;-CIX. Therefore, we conclude — 2407
that path | is the most realistic. In Figure 8a, we show the energy 2
profile along the reaction coordinate. It can be seen that thereld
is a small energy barrier of 0.166 eV (relative t9 & By 35—
geometry). The MRMP2 value is 0.115 eV. This is not so ’ A,
different from an experimental estimation, 0.110 eV (890
cm~1).20 In Figure 8b, we show the characteristic geometrical
parameters along the reaction coordinate. The bending angle 30 | | : | | : | | |
OciceC* proportionally changes along the reaction coordinate. 20 -0 0 10 20 3 40 50 60 70
In other words, it is proper to regard the bending angle as a 180-<C'C*C* (deg)
reaction (_:oordlnate. As 1o the t?ond dlstance_s, the cenﬂ@‘]‘(_: Figure 6. Potential energy curves with respect to the bending angle
and the linkage & (and C'C*) bonds drastically change in o ncicece by (@) CASSCF and (b) MRMP2. The other parameters
the vicinity of S/S;-CIX. The C'C* quickly changes from a  are optimized unde€,, symmetry, and so the;Bstate at the linear
triple into a double bond. The linkage bonds elongate in accord geometry (i.e., 180— OC!C*C* = 0°) corresponds to the Bstate.
with the elongation of @&C*. On the other hand, the bond The negative value in the abscissa means that DPA takes the cis-form
distances in the benzene rings are not so changed throughoutnderC. symmetry so that the Bstate corresponds to the B state.
the process from B-geometry intatS;-geometry (refer to the
relevant part in Table 2). From these findings, we can point cm™1, which is observed in the typical acetylenic bond region.
out a role of $/S;-CIX in the dynamical behavior. One is that, At the intermediate B-geometry, the vibrational frequency of
at $/S;-ClIX, the By-geometry with a triple bond character in  the C*C* stretch is calculated to be 2100 chwhich is shifted
the central @C* bond is well separated from the globally stable down by~100 cnt?! from that in $. This is in good agreement
tS;-geometry with a double bond character. From the viewpoint with the experimental finding that the CC stretch of the transient
of electronic structure,85,-CIX serves to switch the electronic  species with 8 ps lifetime is observed at 2099 én©Once DPA
state of B into A,. To see the dynamical process in comparison overcomes the £5,-ClIX, it quickly relaxes into the globally
with transient infrared vibrational spectroscopic experiméhts, stabletS;-geometry with a much longer lifetime (200 ps in
we list the key vibrational frequencies of thé@ stretches at experiment). The @ stretch oftS;-geometry is calculated
important geometries and electronic states in Table 7glatS  to be 1573 and 1554 cm, which are in the typical ethylenic
So-geometry, the vibrational frequency is calculated to be 2220 bond stretching region. Furthermore, we examined the isotope

y (eV)
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7.0 a)

o
o
1

Energy (eV)
g

HOMO-4 LUMO+1

o
o
1

Figure 7. MOs relevant to the electronic structures @SsCIX. The
MOs are obtained by (10,10)CASSCF al$%-CIX. The lowest MO
in the figure corresponds to HOMO-4, not HOMO-1 in (10,10)-
CASSCF. 5.0 T T T T T T T T 1

TABLE 6: Relative Energies and the Main CSFs at
S)IS-CIX 145—

relative energy (in e\#) main CSF%

S 6.127 (4.042) 0.916@1)
S 6.311 (4.376) 0.952(12')

2 The energies are relative to that ip & S-geometry. The values
are obtained by means of (10,10)CASSCF and MRMP2 (in parenthe-
ses).’ The CSFs of which absolute values of Cl coefficients are greater
than 0.3 are listed. Five occupied orbitals and the lowest four
unoccupieds* orbitals in the order of energy are designated by
5,4,3,2,1(HOMO),XLUMO),2',3,4',5, respectively. +1' in paren-
theses, for instance, indicates the CSF of single excitation from orbital
ltoX.
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effects where the central two acetylenic normal cardé@sare
replaced by'3C. We obtained the vibrational frequencies by T4 a3 2 a4 o 1 2 3 4 5
means ofGF matrix diagonalizations where the force constant IRC (amu)
F-matrlx IS Same.as that of the normal species andmsatrix Figure 8. (a) Energy profile and (b) the characteristic geometrical
is changed. The isotope effects of the key bands also reproducearameters along the reaction coordinate, which is obtained by
the experimental ones. (10,10)CASSCF.

As mentioned in the Introduction, the lowest triplet species
forms with the decay of the long-lived species in & tS;-
geometryt*16 As listed in Table 4, the energy in;Tat tS;-

TABLE 7: Vibrational Frequencies (in cm 1) of the C*C*
Stretch Band?

geometry is not so different from that in.SThis implies that ~ electronic frequencies

DPA in S is relaxed into T through intersystem crossing in state  geometry  '’C-species 13C-specie’

the vicinity of tS;-geometry, though we did not optimize the S S 2220(22209 2136

crossing point actually. Once DPA changes fromitf80 T S By,  2100(2099) 2067(2060)
aroundtS;-geometry, DPA geometrically relaxes in With a S tS,  1573,1554(1577,1557) 1566,1540(1574,1535)
much longer lifetime of~1 us310121416|n Table 2, the T T 1980(1974) 1907(1942)

optimized geometries in{I(T;-geometry) withD,, symmetry aThe force constants are scaled down by 0.82g&metry), 0.82

are also listed. The values are similar to those @tg@ometry (Bur-geometry), 0.87tG-geometry), and 0.88 ¢Igeometry), respec-
as well as the previous computational result of restricted open- tively. ®Only C* and C* carbons are substituted into the isotdfe.
shell Hartree-Fock calculatior. The T, state at T-geometry ¢ The values in the parentheses are experimental ones taken from ref
(3.830 eV by CASSCF, 1.924 eV by MRMP2) is more stable
than that attS;-geometry (refer to Table 4). The vibrational intersystem crossing and then becomes stable dbthénear
frequency of the @C stretch is in good agreement with the geometry in T (~1 us in experiment).
experimental one (see Table 37 From the viewpoint of the photochemistry of acetylenoids,
Based on the above discussion, we propose a picture of theit is interesting to compare DPA with PAThe main transition
photochemistry of DPA, which is schematically shown in Figure in the low-lying excited states is long-axis (i.e., parallel to the
9. DPA with Dy, symmetry is mainly excited intos®;,) and triple bond) polarized. The excited state with large transition
relaxes into the linear B-geometry characterized by a quinoid intensity (S for PA, S for DPA) is well described by the
structure where the aromaticities of the benzene rings are lost HOMO—LUMO single excitation. In the excited state, the
Since the Bygeometry is separated from the globally stable aromaticity of the benzene ring(s) is destroyed. However, these
tS;-geometry by a small energy barrier, DPA at8eometry relaxation processes are different from each other. In the case
has a short lifetime (8 ps in experiment) as an intermediate. of PA, the $/S;-CIX is characterized by an allenoid structure
Once DPA overcomes the barrier, DPA easily reactfgs where thes-H atom bonded to the acetylenic part comes to be
geometry which takes a trans-bent structure and has double bondocated out of the remaining part. In other words, the out-of-
character in the central CC bond. Th8&;-geometry with plane motion of5-H is essential in the internal conversion from
diradical character inshas a much longer lifetime (200 psin S into . On the other hand, electronically excited DPA first
experiment). DPA further relaxes from; $nto T; through relaxes into the acetylenic lineag Byeometry and then changes
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Figure 9. Schematic representation of the photochemistry of DPA.

into tS;-geometry substantially keeping the plaag structure.
As to the absorption spectra, we can find out the similarity

Amatatsu and Hosokawa

tends to relax into an intermediate species vidth symmetry,
which is characterized by a quinoid structure where the
aromaticities of the benzene rings are lost and the central triple
CC bond is slightly weakened. The globally stable DPA in S
takes a trans-bent form with double bond character in the central
CC bond and has diradical character. In the vicinity of the stable
trans-bent conformation, DPA in;Surther relaxes into T
through intersystem crossing so that DPA wiith, finally forms

in Ti.
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