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Abstract: By using MO calculations based on DFT, absorption, and fluorescence spectroscopy, we have
comprehensively studied the low-lying excited singlet states of a,w-diphenylpolyynes (DPY) having 1-6
triple bonds. The a4 vibrational modes of the C=C stretching and of the phenyl ring motion were observed
in the fluorescence spectra of diphenylacetylene and 1,4-diphenylbutadiyne. On the other hand, in the
fluorescence spectra of the long DPY with the triple-bond number (N) more than two, the phenyl ring motion
with ag symmetry disappeared and the big modes of the phenyl ring twisting (~400 cm~!) and of the C—H
bending (~900 cm™?) were detected. The observed fluorescent states of DPY with N < 2 and N = 3 are
assigned to the 1'By, (mwrs*) and 1'A, (wwr,* and/or z,m*) states, respectively, based on the vibronic
structures, the relatively short lifetimes, and the solvatochromic shifts of the fluorescence spectra. Not only
the allowed transition of 1By, < S but also the forbidden transition of 1'A, < Sy was detected in the
fluorescence excitation spectra of the long DPY with N > 3. The low-lying excited state with A, symmetry
is characteristic in polyyne, which does not exist in polyene. The oscillator strength () of the first absorption
band in DPY decreases with an increase in N, which is the opposite behavior of the alltrans-a,w-
diphenylpolyenes. The N-dependence of the fvalue is understood by the configuration interaction between
the 1'By, and 2By, (y7,*) states, which is consistent with the reduction of the nonlinear optical response

of polyyne.
Introduction the theoretical prediction of a nonlinear optical propéft§iTo
) get insight into the long-range charge transportation by a
In carbon chemistry, polyene (R(CH=CH)—R.) and through-bond superexchange mechanism in a molecular wire,
polyyne (R—(C=C),—R;) are an elemental class afconju- we need to know the energy and symmetry of the highest

gated compounds consisting of a simple molecular chain with occupied and lowest unoccupied molecular orbitals (HOMO and
alternative unsaturated bonds. In addition, polyene plays LUMO).22 In addition, precise information concerning the
important roles in biological systems such as light-harvesting energy and the character of the excited states are demanded in
antennas and triggering the vision sighdiTherefore, the order to assess the parameters of the nonlinear optical re-
structure and dynamics in the excited states of these moleculesponsé3-14
continuously present a unique challenge to both experimental The bond distances between the neighboring carbons have
and theoretical investigatiois0n the other hand, compared essential effects upon the low-lying excited states-iconju-
with a number of spectroscopic studies on the excited states of
polyenes, the research for polyynes has been relatively deficient (9) (a) Hoshino, Y Platinum Met. Re. 200, 45, 2—11. (b) Swager, T. M;
so far. Recently, polyyne has been received much attention due  fasting: Ywﬂ?gﬁ(éﬂ, s, e ﬁsifgfﬁgjerg%
to the function of a simple linear wire in nanoscale deviaed B.; Sakar, B.; Hartmann, H.; Kaim, WAngew. Chem., Int. E2003 42,
674—677. (d) Grosshenny, V.; Harriman, A.; Ziessel, A&gew. Chem.,

Int. Ed. Engl.1995 34, 1100-1102. (e) Wagner, R. W.; Lindsey, J. B.
Am. Chem. Socl994 116 9759-9760. (f) Schumm, J. S.; Pearson, D.

*To whom correspondence should be addressed. Tadaaki lkoma: L.; Tour, J. M.Angew. Chem., Int. Ed. Engl994 33, 1360-1363.

Phone: +81-22-217-5614, Fax:+-81-22-217-5612. Shozo Tero-Kubota:  (10) Morley, O.Int. J. Quantum Chen1993 46, 19-26.

Phone: +81-22-217-5612, Fax:+81-22-217-5612. (11) (a) Buma, W. J.; Fanti, M.; Zerbetto, Ehem. Phys. Letl.999 313, 426~

(1) Carotenoids in Photosynthesi¥oung, A., Britton, G., Eds.; Chapman & 430. (b) Lee, J. Y.; Suh, S. B.; Kim, K. §. Chem. Phys200Q 112,
Hall: London, 1993. 344—-348.

(2) Molecular Processes in VisipiAbrahamson, E. W., Ostroy S. E., Eds.; (12) (a) Speiser, Shem. Re. 1996 96, 1953-1976. (b) Newton, M. DChem.
Hutchinson Ross Publishing Company: Stroudsburg, 1981. Rev. 1991 91, 767—-792. (c) McConnell, H. MJ. Chem. Physl961, 35,

(3) Hsu, C.-P.; Walla, P. J.; Head-Gordon, M.; Fleming, GJRPhys. Chem. 508-515. (d) Closs, G. L.; Calcaterra, L. T.; Green, N. J.; Penfield, K.
B 2001, 105 11016-11025. W.; Miller, J. R.J. Phys. Chem1986 90, 3673-3683.

(4) DeCoster, B.; Christensen, R. L.; Gebhard, R.; Lugtenburg, J.; Frarhoosh, (13) Dehu, C.; Meyers, F.; Bdas, J. LJ. Am. Chem. S0d993 115, 6198~
R.; Frank H. A.Biochim. Biophys. Actd992 1102 107-114. 6206.

(5) Hudson, B. S.; Kohler, B. E.; Schulten K. Excited StatesLim, E. C., (14) (a) Graham, E. M.; Miskowski, V. M.; Perry, J. W.; Coulter, D. R,;
Ed.; Academic Press: New York, 1982; Vol. 6, pp95. Stiegman, A. E.; Schaefer, W. P.; Marsh, RJEAm. Chem. Sod.989

(6) Orlandi, G.; Zerbetto, F.; Zgierski, M. Zhem. Re. 1991, 91, 867-891. 111, 8771-8779. (b) Stiegman, A. E.; Graham, E.; Perry, K. J.; Khundkar,

(7) Allen, M. T.; Whitten, D. G.Chem. Re. 1989 89, 1691-1702. L. R.; Cheng, L.-T.; Perry, J. WJ. Am. Chem. Sod 991 113 7658~

(8) Kohler, B. E.Chem. Re. 1993 93, 41-54. 7666.
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gated systems. For a polyene with a small molecular size,
molecular orbital (MO) calculations have shown that not only
the energy differences but also the energy ordering of the excited
states are very sensitive to both the=C and C-C bond
distances. Even for one-dimensiomatonjugated chain system,

it has been theoretically indicated that the energy gap between
the valence and conduction bands, which is associated with the
conductivity, can be tuned by the bond alternafiethshould

be also noted that the ground and excited states can differ from
each other in bond alternation. For instance, the upshifts of the
C=C and C-C stretching vibration frequencies in th&g state
relative to the ground (A) state show the reversal bond
alternation in the excited states induced by vibronic coupling
between these two state¥$-2! Various one- and two-photon
spectroscopies have revealed that the lowest excited fluorescent

state is the 24 state in polyenes with an intermediate molecular
|engthfl,5,8,18,2229

On the other hand, polyyne possesses a linear carbon
framework with a higher degree of bond alternation in the
ground () state. These characteristics originate from the sp
hybridization on carbons in the triple bonds. However, the
molecular structure in the excited states of polyyne with no
substituent is complicated because of their dramatic isomeriza-
tion and photoreactions. For example, the acetylene isomeriza-
tion to atrans-bent planar structure after a photoexcitation has
been a well-known fact since the early 1950Eherefore,

. . DPY6  distance / pm
diphenylacetylene (DPY1) ardw-diphenylpolyynes (DPY) as
illustrated in Figure 1 are a proper series of compounds to gigure 1. Optimized geometries in the States of the DPY series calculated
perform spectroscopic studies on the excited states of linear
polyynes, because the phenyl substitution into the terminals of molecular planeyz plane) produces nonidentical orbitals,
the polyyne chain reduces the isomerization and the chemicalwhich will be hereafter referred to as andzy, in the different
reactivity. The X-ray studies on DPY1, 1,4-diphenylbutadiyne 7 conjugation system. Theseorbitals are expected to be of
(DPY2), 1,8-diphenyloctatetrayne (DPY4), and 1,10-diphenyl- central importance for the excited states of the polyynes.
decapentayne (DPY5) have clarified that these molecules The absorption and emission spectra of some DPYs have been
conserve almost coplanar structure in thetgte, which belongs ~ already observed by Armitage et’&nd Beerrespectively,

to the Dy, point group®:—34The phenyl substitution in the same 1N the early 1950s. It was reported in their papers that thé 0
bands of the spectra indicate red shifts with the elongation of

the triple-bond chain, but little is known about the electronic
structures in the excited states for the long DPY due to lack of
a systematic analysis. Recently, the excited singlet states for
small size of polyynes such as DPY1 and DPY2 have been
extensively investigated in gd%olution®4%nd solid!4?
phases by several groups. For these molecules, the energy
ordering among the close-lying excited states haviy 1 2!A,

=55 1340
angle / deg

(15) Tavan, P.; Schulten, Khys. Re. B 1987, 36, 4337-4358.

(16) Hogiu, S.; Werncke, W.; Pfeiffer, M.; Lau, A.; Steinke, CThem. Phys.
Lett. 1998 287, 8—16.
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1'A,, 1B, and EB34 configurations seems to depend on the
environment as well as the molecular structure, which implies
unusual relaxation processes including the photochemistry.
Therefore, a comprehensive investigation of the low-lying
excited states of polyynes using DPY with various numbers of
multiple bonds K) is desired so as to elucidate the energy
ordering and the photodynamics.

In this paper, we carried out the MO calculations on the
density functional theory (DFT) and fluorescence measurements
of DPY and determined the energy levels of the excited singlet
states of the DPY series in the condensed phase for the first
time. The fluorescence and fluorescence excitation spectra of
the long DPY N = 3) revealed the existence of the one-photon
forbidden state, which was assigned to th& lstate rather than
the ZAq state. Discussion about the energy ordering of the
excited states is also presented in comparison withtrémes-
stilbene andall-trans-o,w-diphenylpolyenes (DPE).

Theoretical Calculations and Experimental Methods

DFT calculations were performed using a Gaussian 94
revision E.2 program packad&yhich was installed in an UNIX
workstation under a molecular design support system in
IMRAM. A 6-31G(d) set of Gaussian functions was adopted
as the basis function. Becke’s three-parameter hybrid method 7,
using the correlation functional developed by Lee, Yang, and )|
Parr (Becke3LYP) was employed. W 2/ angle/ deg distance / pm

DPY1 and DPY2, purchased from Sigma-Aldrich, Inc., were =
recrystallized from ethanol and a mixed solvent of ethanol/ Figure 2. Optimized geometry in thegStates of the DPE series calculated
acetone (1:1 (v/v)), respectively. 1,6-Diphenylhexatriyne (DPY3), y DFT
DPY4, and 1,12-diphenyldodecahexayne (DPY6) were synthe-
sized according to the previously reported literattard then . . .
purified by repeated recrystallizations from ethanol. DPY3, ;‘flcl)ogng.fﬁrlthelgweasurements was achieved using a quartz dewar
DPY4, and DPY6 were identified by their mass and elementary lled with liquid No.
analyses. DPY3: MS 226(100,™] 149(1, M" — CgHs), 113(6, Results
MT — C9H5), 101(3, M- — C10H5), 89(1, M — C11H5). Anal. .

Calcd for GgHig; C, 95.54: H, 4.45. Found: C, 95.98: H, 4.52. DFT Calculations. The most stable molecular structures of
DPY4: MS 250(100, M), 125(16, M — C1oHs). Anal. Calcd the DPY series in theState obtained by DFT are depicted in
for CyoHig; C, 95.97; H, 4.03. Found: C, 96.42; H, 4.11. Figure 1. The full geometry optimizations of these molecules
DPY6: MS 298(100, M). Anal. Calcd for GsHio;, C, 96.62; resulted in @D, symmetry. The DFT calculations reproduced
H, 3.38. Found: C, 96.83; H, 3.81. Spectrograde methylcyclo- the bond alternation of the polyyne chains as the X-ray and
hexane, n-pentane, n-hexane, methanol, carbon dichioride, €lectron diffraction studies experimentally indicatédi* but
chloroform, carbon tetrachloride, benzene, and carbon disulfide the calculated degrees of bond alternation were slightly smaller
were used as solvents without further purification. Sample than the experimental values. For comparison, the same DFT
solutions were prepared at concentrations of4:0-5 mol calculations were also carried out to optimize the molecular
dm3 and were degassed by a few freepemp-thaw cycles structures for the DPE series. The geometries of these com-
for the measurements. The absorption and emission spectra wer@0unds were optimized to tHx structures having the bond
recorded using UVvis (Hitachi U-3210) and fluorescence altérnation of the double-bond network (Figure 2), which
(Hitachi H850) spectrometers, respectively. The fluorescence CO|r!C|de with the results from the ?(-ray st.ut_jf.és.

polarizations were obtained by an apparatus in which the Figure 3 depicts the MO levels in the vicinity of HOMO
excitation and emission beams are perpendicular to eachand LUMO of the DPY series calculated at the optimized

other#The fluorescence lifetimes were measured by a single- geometries in the¢State. The energy levels of DPY1 and DPY2
are qualitatively in agreement with the previous studies using

(43) griSCng, L\{l)' Ji\;ATr/L;\cksd?. W, Schlegeth. E.;%ill,f. IVFI). \:v Johnsgn, E. semiempirical MO calculation&:4The HOMO and LUMO for
o 0obDb, . o eeseman, . - eitn, i etersson, . i . .
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V. the DPY series arerx and my*, reSpeCt'Ve|Y- The electron

G, Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; transition between these two orbitals, which is allowed by one
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head- (46) Fujitsuka, M.; Sato, T.; Shimizu, T.; Watanabe, A.; Ito,JOPhys. Chem.

photon counting system equipped with picosecond |4&8asnple

Gordon, M.; Gonzalez, C.; Pople, J. &aussian 94;Gaussian, Inc.: A 1997 101, 1056-1061.
Pittsburgh, PA, 1995. (47) (a) Bouwstra, J. A.; Schouten, A.; Kroon Atta Crystallogr.1984 C40,
(44) Brandsma, LPreparative Acetylenic ChemistryElsevier: Amsterdam, 428-431. (b) Drenth, W.; Wiebenga, E. Kcta Crystallogr.1955 8, 755—
1971; pp 95, 156. 760.
(45) Nagano, Y.; lkoma, T.; Akiyama, K.; Tero-Kubota, Ghem. Phys. Lett. (48) Hoshi, T.; Okubo, J.; Kobayashi, M.; Tanizaki, X.Am. Chem. So4986
1999 303 201-208. 108 3867-3872.
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Figure 3. 7 MO levels of the DPY series at the optimized geometries for
the S state obtained by DFT.

photon with a dipole moment along the long axdy (esults in
the 1By, (mmty*) state corresponding to théB,, (mry*) state

in all trans-polyenes. In the case of both DPE and DPY, there
are manysm, ands* MOs including HOMO and LUMO that
are perpendicular to the molecular plane. In addition, DPY has
different types ofr MOs (wy) that are in the molecular plane.
The by, and kg in Figure 3 are relevant tay in the bonding
orbitals andrz,* in the antibonding orbitals. The important point
to notice is that both the, andsy* orbitals drastically approach
the HOMO and LUMO with an increase k. The one-electron
promotion from the HOMO #,) to the wy* or the 7, to the
LUMO (7r¢*) gives rise to the 1A state, to where the transition
from the $ state is not allowed by either one photon or two
photons. However, thelA, state of polyyne is a unique low-
lying excited state with regard to the photochemistry of
s-conjugated hydrocarbon. Therefore, the location of thg, 1
state relative to thelB;, state in energy has been the subject
of controversy over the past few yedrs*? Moreover, the 2A4

Table 1. Average Distances of the Multiple (C=C and C=C) and
Single (C—C) Bonds, and Their Difference (6) Obtained from the
DFT Calculation. The HOMO—LUMO Energy Gaps (AEHO-LY) Are
Also Listed

DPY DPE

no. C=C/pm C-Clpm d/pm AE"-Yem=! C=Clpm C-C/pm o/pm AEHO-Vjcm~t

1 1216 1425 209 35830 1349 146.6 117 33460
2 1221 140.1 18.0 32340 135.4 1456 10.1 29100
3 1225 138.7 16.1 29440 1357 145.0 9.3 25850
4 1223 137.7 154 27050 1359 1446 8.7 23420
5 123.0 137.0 14.0 25120 136.0 144.3 8.3 21520
6 1231 136.5 13.3 23530 136.1 1441 8.0 20020

Wavelength A/ nm

2?0 300 350 400450500
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Figure 4. Absorption spectra of the DPY series in methylcyclohexane at
room temperature.

20

vibronic and spir-orbit interactions and dramatically affects
the photophysic$>49.50

Table 1 presents the average distance of the multipieGC
and C=C) and single bonds (€C). The distance difference
between the multiple and single bond$ becomes smaller with
the extension of the-conjugated system for both the DPY and
DPE series. The) value of DPY is greater than that of the
corresponding DPE due to the strongoonding character of
DPY. The large degree of bond alternation in DPY is probably
related to the energy gap between the HOMO and the LUMO
(AEHO-LY) peing greater than that of DPE, although the DFT
calculation tends to overestimate the energy gaps in general.

Absorption Spectra. Figure 4 shows the absorption spectra
of the DPY series observed in a methylcyclohexane solvent at

state is another noticeable dark state, because it has already begifom temperature. The-@ line in the absorption spectrum

observed below the'B;, state in DPY1 under supersonic beam
conditions3’ The 2A state arises from a two-electron excitation
from HOMO to LUMO or one-electron promotion between the
bonding and antibonding orbitals with the same symmetry as
the byg (77x*) — bog (77x) Or the by, (x*) — bay (77x). Observation

of the one-photon forbidden states wittAg or 1'A, symmetry

is a prerequisite to understand the complicated photodynamics

shows a regular red shift with elongation of theconjugated
system. The first and second absorption bands having molar
extinction coefficients ) of ~10* M~ cm™ (Table 2) are
classified into a so-called allowed transition. Hence, these two
bands are assigned to the excitations ¥ — Sy and 2By,

— S, respectively*®34n contrast to the B, — S band for
DPE, thee values of DPY are very similar to each other. On

of the DPY series. In fact, our previous studies have elucidated (49) Nagano, Y.; Ikoma, T.; Akiyama, K.: Tero-Kubota, B.Phys. Chem. A

that the energy proximity between the lowest excited triplet state
(1%Byy) and the upper excited triplet state’Al) leads to the

14106 J. AM. CHEM. SOC. = VOL. 125, NO. 46, 2003

1998 102 5769-5774.
(50) Nagano, Y.; lkoma, T.; Akiyama, K.; Tero-Kubota,JsChem. Phy2001,
114 1775-1784.
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Table 2. Molar Extinction Coefficient (e,°°) of the 0—0 Lines and
Oscillator Strength? (f) in the First Absorption Bands Observed in
Methylcyclohexane at 293 K, and Lifetime (zq) and Polarization
(Py) of Fluorescence Measured in Methylcyclohexane at 77 K

f

molecule €2 Y10°Mtemt Tiins Py

DPY1 2.4 0.55 0.6 +0.4
DPY2 2.9 0.45 0.8 +0.4
DPY3 2.1 0.35 12 +0.4
DPY4 2.2 0.28 17 +0.4
DPY6 1.0 0.17 1.6 +0.5

aThe integrals of the absorption spectra at 293 K were performed from
32400 to 41610 cmt for DPY1, from 29410 to 35910 cm for DPY2,
from 25000 to 33310 cnt for DPY3, from 23200 to 31820 cm for DPY4,
and from 20000 to 27730 cr for DPY6.

structures of fluorescence of DPY3 and DPY4 are also distinct
from their phosphorescence that originates from g Istate
(Figure 5¢—€).4>50 The 0-0 lines of the fluorescence are
weakened relatively. The vibronic bands of about 400 and 900
cm! obviously appear, in addition to the progression of 2680
2150 cnm™. In regard to DPY4, the observed vibronic frequen-
cies are in accord with the values reported by B€erhe
vibration with ca. 2100 cmt can be safely assigned to thesC

C stretching mode on the basis of the insensitivity of the
stretching frequency with respect to the number of triple
bonds343537.52We also assigned the low-frequency vibrations
of 400 and 900 cmt' to the out-of-plane {3 modes of the phenyl
rings. These nontotally symmetric vibrations do not exist in the

the other hand, the second electronic absorption bands of DPYfluorescence spectra from théA2 states of the related DPE,

become prominent with the incrementif TheN-dependence

of the intensity of the first absorption bands will be discussed
later. The energies of the-® and vibronic lines in the first
absorption band are summarized in Table 3. For all molecules,
a progression of the frequency of about 2100 &im developed
from the origin, while the spectra for DPY1 and DPY2 include
other vibronic bands with about 1000 cfrwhich may be the
total symmetric vibrations of the phenyl rings. The most
prominent vibronic structure of ca. 2100 chhas been assigned
to the G=C stretching with the total symmetry of.2 Judging
from the comparable stretching frequency with that in the S
state, the triple-bond character seems to be retained inhe 1

state even for DPY6. The disappearance of the vibronic bands

of the phenyl groups in the absorption spectra of the long DPY
suggests the negligible excitation on the phenyl rings in tBg,1
state.

Emission Spectra.As shown in Figure 5ae, the fluores-

in which sparse features consisting of total symmetricdJca.
1150 cnr?) and G=C (ca. 1600 cm?) stretching vibronic bands
are exhibited®28:545Hence, the fluorescent states for these long
DPY (N = 3) can be attributed to the!A,, state rather than the
1By, or 2!Aq state. The fluorescence lifetimes ) of the DPY
series measured at 77 K are listed in Table 2. dthealues for
these long DPYs are relatively short compared with those of
the corresponding DPE, although the fluorescent states of DPY
have a higher energy than DPE>-58Such short lifetimes also
corroborate the assignment dfAl, for the fluorescent states of
the long DPY.

To clarify the radiative mechanism of the forbidden transition
of 1'A, — S, we measured the degree of fluorescence
polarization P) in the !By, — S excitation where the transition
moment is parallel to the long molecular axis o515P is
defined by06!

cence and phosphorescence spectra of the DPY series were

observed at 77 K. The fluorescence of DPY2 was successfully
detected by a judicious choice of the excitation wavelength and
purification of the sample, though no clear fluorescence had
been recognized befof&3°Table 4 summarizes the vibrational

analysis of the fluorescence spectra. As far as DPY1 is

:|||_F|D:3CO§0—1
I +Tlg  cofp+3°

)

Here,I" represents the correction factor of the apparatus we used
and @ denotes the angle between the transition moment of the

concerned, the fluorescent state has already been assigned tgpsorption and the emission. Vibronic bands of the DPY series

the 1'By, staté”-3841.42and the vibronic structures are the total
symmetric stretching of the ==C bonds and the phenyl
rings>2The vibronic structure on the fluorescence spectrum for
DPY2 is similar to that of the ¥By, fluorescence of DPY1
(Figure 5a) and of the phosphorescence of DPY2 that is an
emission from the By, state (Figure 5).4>500n the basis of

the analogy of the spectral features, the fluorescent state of

DPY2 is also assigned to béBy,,.>3

On the other hand, the spectral shapes of the fluorescence o
DPY3, DPY4, and DPY6 are different from those of tH@i,
emissions of DPY1 and DPY2. Furthermore, the vibronic

(51) (a) Hoshi, T.; Ota, K.; Yoshino, J.; Murofushi, K.; Tanizaki, €hem.
Lett. 1977 357-360. (b) Kobayashi, M.; Hoshi, T.; Okubo, J.; Hiratsuka,
H.; Harazono, T.; Nakagawa, M.; Tanizaki, Bull. Chem. Soc. Jpri984
57, 2905-2909.

(52) (a) BaranovicG.; Colombo, L.; Skare, Dl. Mol. Struct.1986 147, 275~
300. (b) Shimojima, A.; Takahashi, H. Phys. Chem1993 97, 9103—
9112. (c) BaranovicG.; Colombo, L.; FuricK.; Durig, J. R.; Sullivan, J.
F.; Mink, J.J. Mol. Struct.1986 144, 53—69. (d) Hiura, H.; Takahashi,
H. J. Phys. Chem1992 96, 8909-8915. (e) Yoneda, H.; Hiura, H.;
Takahashi, HJ. Mol. Struct.1993 301, 47—56.

(53) The results of the FranelCondon analysis by the procedure of Cagin
al. (Coon, J. B.; DeWames, R. E.; Loyd, C. M.Mol. Spectroscl962 8,
285-299.) support our assignment for DPY1 and DPY2. Dimensionless
distortion parameters related to the=C stretching mode of = 1.4 are
obtained for both DPY1 and DPY2.

indicated a positive polarization degree of neat§.5 (Table
2), which means that the transition moments of fluorescence
are parallel to that of'By, — S. Thez polarizations of DPY3,
DPY4, and DPY6 indicate that the'A, state borrows the
radiative transition probability from the'®,, state through a
b1g vibronic coupling.

Solvatochromic Shift. For the excited states of nonpolar

fnolecules, the solvatochromic shift against the energy location

in the gas phasevg,d follows the next relationshf3-54.6264

(54) Kobhler, B. E.; Itoh, TJ. Phys. Chem1988 92, 5120-5122.

(55) Cehelnik, E. D.; Cundall, R. B.; Lockwood, J. R.; Palmer, TIJFPhys.
Chem.1975 79, 1369-1376.

(56) (a) Sumitani, M.; Nakashima, N.; Yoshihara, K.; Nagakur&l&m. Phys.
Lett. 1977 51, 183-185. (b) Velsko, S. P.; Fleming, G. BR. Chem. Phys.
1982 76, 3553-3562.

(57) Birks, J. B.; Tripathi, G. N. R.; Lumb, M. BChem. Phys1978 33, 185-
194,

(58) Bachilo, S. M.; Spangler, C. W.; Gillbro, Them. Phys. LetfLl998 283
235-242.

(59) Thulstrup, E. W.; Michl, 3JJ. Am. Chem. S0d.982 104, 5594-5604.

(60) Azumi, T.; McGlynn, S. PJ. Chem. Phys1962 37, 2413-2420.

(61) Krishna, V. G.; Goodman, L1. Chem. Physl962 36, 2217-2222.

(62) Basu, SAdv. Quantum Cheml964 1, 145-169.

(63) Suppan, PJ. Photochem. Photobiol. A99Q 50, 293—-330.

(64) Bondarev, S. L.; Bachilo, S. M. Photochem. Photobiol. 2091, 59, 273~
283.
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Table 3. Vibrational Analysis of the Absorption Spectra of the DPY Series in Methylcyclohexane at Room Temperature

DPY1 DPY2 DPY3 DPY4 DPY6

vlem=t Alem~ viem=1 Alem~t viem=t Alem=t vlem=! Alem=t viem=! Alem~ symmetry assignment

33510 30470 27730 25150 21660 —0(1'B1y)

34550 1040 31390 920 ay ring str.

35610 2100 32570 2100 29830 2100 27200 2050 23590 1930 4 a C=Cstr.

36500 2990 33420 2950 ay C=C str.+ ring str.

37760 4080 34650 4180 31950 4220 29240 4090 25510 3850 4y a C=Cstr.x2
36770 6300 31290 6140 27380 5720 g a C=C str.x3
38340 35040 32550 28540 -0 (2'B1y)

Wavelength 1/ nm
300 400 500 600 700 800

T T

DPY3

Relative emission intensity

DPY1

4.0 35 3.0 25 . 2.0 1.5
Wavenumber v/ 10" cm
Figure 5. Fluorescence (ae), phosphorescence'{&'), and fluorescence excitation”(a€"’) spectra of the DPY series, and phosphorescence excitation
(b'"") spectrum of DPY2 observed in methylcyclohexane at 77 K. The fluorescence spectra were obtained by photoexcitation at 283 nm for DPY1, 310 nm
for DPY2, 335 nm for DPY3, 374 nm for DPY4, and 428 nm for DPY6. The fluorescence excitation spectra were measured by monitoring the emission of
325 nm for DPY1, 360 nm for DPY2, 429 nm for DPY3, 489 nm for DPY4, and 528 nm for DPY6. The phosphorescence excitation spectrum of DPY2 was
obtained by collecting the emission at 496 nm. Asterisks and arrows indicate the origins éBthe-1S, and 1A, — S transitions, respectively.

Table 4. Vibrational Analysis of the Fluorescence Spectra of the DPY Series in Methylcyclohexane at 77 K

DPY1 DPY2 DPY3 DPY4 DPY6
viem™ Alfem™ wiem™  Afem™t wiem™t  Afem=! wjem™t  Afem=* wvjem™t Alem  symmetry assignment
32850 29940 26390 23470 19860 -0

26010 380 23060 410 19440 420 by ring twist

25500 890 22570 900 18930 930 by CH o.p. bend
31870 980 29000 940 ay C—Ph str.+ trigonal + ring breath
31410 1440 28430 1510 22030 1440 18420 1440 a4 ring str.
30750 2100 27780 2160 24250 2140 21320 2150 17780 2080ay C=C str.

23630 2760 20930 2540 17330 2530 by C=C str.+ ring twist

23310 3080 20450 3020 16860 3000 by C=C str.+ CH o.p. bend
29680 3170 26770 3170 ag C=C str.+ C—Ph str.+ trigonal + ring breath
29210 3640 26180 3760 22730 3660 ay C=C str.+ ring str.
28570 4280 25580 4360 22150 4240 19210 4260 15710 41504 C=Cstr.x 2

21740 4650 18810 4660 15290 4570 by C=C str.x 2+ ring twist

21190 5200 18320 5150 14840 5020 by C=C str.x 2+ CH o.p. bend

24580 5360 3y C=C str. x 2 + trigonal+ ring breath
23980 5960 ag C=C str.x 2+ ring str.
23410 6530 ag C=Cstr.x 3
V = Ve = Kfay, 2 and DPY4 in order to confirm the electronic character of the
fluorescent state.
whereK is a constant for a given moleculiis the oscillator Figure 6 shows the effect of the solvent polarizability on the
strength of a particular transition of the molecule, ands the 0—0 band energies of the fluorescence for DPY1 and DPY4.

polarizability represented by — 1)/(n? + 2) with refractive This plot illustrates the good linear relationship between the
index () of the solvent. The band shift with various solvents band shift and the polarizability for both molecules. The slope
depends on the transition moment of S S,. We examined for the fluorescent state of DPY1 is abot9100, which is
the solvatochromic shifts of the fluorescent states for DPY1 almost equal to that of the'R, state in polyené3>* The
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Figure 6. Solvent polarizability ¢s) dependence of the- level in the
fluorescence spectrum for DPYMY and DPY4 @®). The data indexed by

1 and 2 for DPY1 are taken from refs 37, 42, and 65, respectively. The
fitted lines are obtained by a least-squares method with a linear function.

agreement of the slope value verifies the assignment of'Big 1

origins can be easily found in their excitation spectra. On the
energy sides lower than the origins of thkB31, states for the
long DPY (N = 3), several weak signals with the low
frequencies of about 400 and 900 cthtan be seen. From the
observation of the fluorescence spectral shape when irradiating
at these peak positions, we confirmed that the excitation signals
arise from the individual DPY themselves. Thus, the lowest
peaks marked by arrows of DPY3 and DPY4 can be assigned
to the 0-0 band of the 1A, — S transition based on the mirror
relationship between their fluorescence and fluorescence excita-
tion spectra. The energy proximity between thAdand 1By,
states leads to superimposition of the vibronic bands and
broadening of the total excitation spectra. For DPY6, we
tentatively assigned the observed weak peak at the lowest
position to the 6-0 line. It could be, however, a “false origin”

of the 1A, stateb’because there is a Stokes’ shift of 840¢ém
from the fluorescence-80 line and the all vibronic bands of
the XA, — S transition are assigned to the combination of the
big and g vibrations. The intensity decrease of thH&\l— S

band against the'B;, — S band for DPY6 is interpreted in
terms of the enlargement of the energy difference between the

state for the fluorescent state of DPYZ1. On the other hand, the 1*A, and 2By, states’’

slope of DPY4 is estimated at3900, which is less than one-

half that of DPY1. This small slope suggests that the fluorescent

state of DPY4 is the forbidden state, but it is larger than that of
the 2ZA4 state in polyene, of which the slope is eal000. This

comparison also supports the fact that the character of the
fluorescent state observed for the long DPY has the symmetry

of 1A, rather than 2A.
Excitation Spectra. The fluorescence excitation spectra of
the DPY series detected at 77 K are shown in Figute-%4.

The tentative assignment of the observed vibronic bands of the

fluorescence excitation spectra are listed in Table 5. The 0
bands of the excitation spectra due to thB;} — S transitions
of DPY1 and DPY2 partially overlap with those of their

fluorescence spectra. Almost mirror symmetric images between
the fluorescence and fluorescence excitation spectra are recog

nized for DPY1. The fluorescence excitation spectrum of DPY2

exhibits an abrupt decrease in the intensity in the range of higher

than one quantum of the=8C stretching vibration. However,

such a decrease in intensity was not observed in the phospho

rescence excitation spectrum of DPY2 (Figur&€'hbrhe sudden
collapse of the fluorescence excitation spectrum, which would
be the consequence of extra nonradiative processes from

reported so far. This unusual photophysics of DPY2 may be

associated with the strong intensity of the phosphorescence

relative to the fluorescence as shown in Figure-%a
In the excitation spectra of DPY3, DPY4, and DPY®6, two

types of electronic transitions were detected. The strong peaksfr
marked by asterisks in the excitation spectra were attributed to

the origin of the 1By, state from a comparison with the first
absorption spectra of théB;, — S, transitions®®The consecu-
tive C=C stretching band spacing by ca. 2000érfrom the

(65) Sonntag, B.In Rare Gas SolidsKlein, M. L.; Venables. J. A., Ed.;
Academic Press: London, 1989; Vol. II; Chapter 17.

(66) The origin of the 1B, state in the fluorescence excitation spectra at 77 K
reveals a red shift of about 400 cirelative to that on the absorption
spectra at 293 K. A similar red shift has been reportedafbtrans-1,6-
diphenylhexatriene andll-trans-1,8-diphenyloctatetraene in refs 55 and
57.

Discussion

State Energy.The fluorescence and fluorescence excitation
spectra of DPY were observed for the first time, which showed
a drastidN-dependence on the spectral properties. On the basis
of the vibronic structure of the fluorescence and fluorescence
excitation spectra, the relatively short lifetimes and the solva-
tochromic shifts of the fluorescence spectra, the fluorescent
states of DPY1 and DPY2 and that of the long DPY whtke
3 are assigned to the allowedBL, and forbidden 1A, states,
respectively. Concerning DPY1, the one-photon and two-photon
absorption spectra indicate that the energy of thig, 3tate is
located at 288 cm below the 1By, state in a supersonic jét.
Also, in the case of DPY1 and DPY?2 in the condensed phase,
the existence of the Sstate below 1By, has been suggested
from the temperature dependence of the fluorescence quantum
yield*! and the transient absorption measurements in the
picosecond time regio#¥.However, in our fluorescence experi-
ments, we did not directly observe thAg state for any DPY.

Taking into account the solvatochromic shifts of the allowed

and forbidden states, the energy of th&\g state in the
condensed phase is most likely to be higher than that®f,1

%hough the exact energy of thé/, origin remains to be
manifold of the excited singlet states, is probably the reason no g ay % orig

detection of the fluorescence spectrum of DPY2 has been

determined? Also, as analogized from the drastic stabilization
of the 2ZA4 state due to the reduction of the bond alternation in
DPE6:68-71 the rigidity of the triple bonds in DPY probably
prevents the 2\ state from lowering below the'B, state in
energy.

Here, we adapt the semiempirical formula modified from the
ee electron theory for a one-dimensional §d4n order to

(67) The band intensity of a forbidden transition is also influenced by a small
perturbation such as distortion of a structure and an interaction with solvent
as reported in refs 5, 17, and 68.

(68) Christensen, R. L.; Kohler, B. B. Phys. Chem1976 80, 2197-2200.

(69) (a) Ros, M.; Groenen, E. J. J.; van Hemert, MJCAm. Chem. S0d992
114, 6820-6827. (b) Torii, H.; Tasumi, MChem. Phys. Lettl996 260,
195-200. (c) Cave, R. J.; Davidson, E. Rhem. Phys. Lett1988 148
190-196. (d) Cave, R. J.; Davidson, E. R.Phys. Cheml988 92, 2173-
2177.

(70) Tavan, P.; Schulten, K. Chem. Phys1986 85, 6602-6609.

(71) (a) Zerbetto, F.; Zgierski, M. Z.; Negri, F.; Orlandi, G. Chem. Phys.
1988 89, 3681-3688. (b) Negri, F.; Orlandi, G.; Zerbetto, F.; Zgierski,
M. Z. J. Chem. Phys1989 91, 6215-6224.
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Table 5. Vibrational Analysis of the Fluorescence Excitation Spectra of the DPY Series in Methylcyclohexane at 77 K

DPY1 DPY2 DPY3 DPY4 DPY6
viem=t  Alfem=* wlem™* Alemt wviem™t Afem™' wlem=! Afem™' wlcm~! Al/ecm~! electronic state symmetry assignment
26980 0 23930 0 m, 1'A,0-0
24340 410 20700 0 B, by ring twist
33110 0 30090 0 27730 750 24740 810 21330 630 Byl 1'B;,0-0
24910 980 u big CHo.p. bend
21780 1080 1A, big  ring twist+ C—Ph str.+ trigonal+ ring breath
34220 1110 31080 990 1By, ag C-Ph str.+ trigonal + ring breath
22190 1490 1A, by ring twist+ ring str.
34670 1560 31700 1610 Bay ag ring str.
29030 2050 26010 2080 A, &g C=C str.
26420 2490 22640 1940 'A, big  C=C str.+ ring twist
35260 2150 32210 2120 29830 2850 26770 2840 23280 2580 By, 1 &g C=C str.
2100 2030 1950
27100 3170 u by C=Cstr.+ CH o.p. bend
23750 3050 1A, by ring twist+ C=C str.+ C-Ph str+
trigonal+ ring breath
36300 3190 33220 3130 B4, ag C=C str.+ C-Ph str.+ trigonal+ ring breath
24160 3460 1A, by ring twist+ C=C str.+ ring str.
36810 3700 33780 3690 1B1, &g C=C str.+ ring str.
31150 4170 28040 4110 24540 3840 'Al &g C=Cstr.x 2
37360 4250 34350 4260 31870 4890 28810 4880 25200 4500 By, 1 ag C=Cstr.x 2
414¢ 407C 387¢
29110 5180 Ry C=Cstr.x 2+ CH o.p. bend
38370 5260 1By ag C=C str.x 2 + trigonal+ ring breath
38910 5800 1By a C=C str.x 2+ ring str.
30080 6150 26490 5790 ‘A, &g C=Cstr.x 3
39450 6340 34010 7030 30920 6990 27160 6460 Byl &g C=Cstr.x 3

6282 6180

5830

aThe energy differences from the origin of théB1, state.

interpret the observed multiple bond number dependence of the 40
energy of the excited states for DP¥(I)) 3 E
e 35" =
N =A+—5 3 O g
N =AY o ®) 230 -
3 1 n
where N is the number of the multiple bonds ama is its g 25 -
correction number due to the substituted groups at the ends of I E
the chain A andB represent the excitation energy in an infinite ® 20 3
long chain and a parameter roughly related to the bond strength 15 T -

of the conjugated _systems, respectivéijhe energy levels of _ 0123 4546 7 8
the observed excited states of the DPY series are plotted in Number of multiple bonds N
Figure 7 together with the DPE series, of which the lowest Figure 7. Multiple bond number dependence of the energy levels for the
excited state changes from the alloweéBJ state to the excited singlet states: théR;, (M) and 2B,, (a) states for the DPY series
forbidden 2A. state with elongation of ther-conjugated obtained from the absorption spectra, tHé lstates for DPY obtained
hain?-5 Th 9 . val fitted with the simpl from fluorescence spectr®), the B, states for the DPE seriel),2 and

chain: e experimental values were fitted with the simple e 2a_ states for DPEQ).2 The fitted curves indicated by the solid and
universal relationship represented by ed*Bhe parameters  broken lines are obtained with the universal function of eq 3 in the text.
obtained from a least-squares method are listed in Table 6. “The data for the DPE series are taken from refs 7 and 58.

Such a universal treatment Cf’m b? ulserI to predict t.he €NEIYYTapie 6. Parameters Obtained by Fitting with the Empirical
levels for the DPY and DPE with similar molecular sizes that Relationship Based on a Free Electron Model
we are interested in. For example, the universal curves indicate

TR MR . symmetry A103cmt B/10%cm~t on
that the 1A, state of DPY1, which is difficult to experimentally 1
: ' DPY 1By -4 40 9.7
observe because of overlap with tH@3, band having a strong 1A, 9 8 1.9
intensity, is about 40085000 cnT? higher than the B, state 21By, 8 25 6.4
in energy. This estimation of the state energy does not agree DPE B, 14 9 3.7
2174 4 13 3.2

with a semiempirical MO calculation by Ferrante et“alin
which the A, state is shown to be below thég, state. Since
both calculations assumB,, symmetry for the molecular

structure of DPY1, the semiempirical MO calculation in a large
configuration space may over-stabilize thé\] state. On the
_ r other hand, compared with the corresponding allowed states of
t’\(")oé%cli“d'esst’{;’{g”;‘;f;‘/’;}c;‘t’g%%ﬁ; \1/\%?:9:0“25\% ;-kszgg?gﬁggt‘éfgt?gn 4 the IBystate for DPY and the'B, state for DPE, the universal
10. A ‘ ‘ curve of 1By, becomes lower than that ofA, with an increase
(74) Even when we employed another function with the power of 0.5 in the in the multiple bonds. Because both the1, and 1B, states

denominator used in ref 58, the fitting situation was not significantly . - ; .
improved. basically have the configuration described by the one-electron

(72) Kuhn, H.J. Chem. Phys1949 17, 1198-1212.
(73) (@) Murrell, J. N.The Theory of the Electronic Spectra of Organic
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promotion from HOMO to LUMO, the level gaps for a series
of DPY and DPE obtained by the DFT calculations for the S
state help us to qualitatively understand the relation between
these two states in terms of energy. The calcul&&dtV gaps

for DPY with N < 6 (Table 1) were larger than those of the
corresponding DPE, implying that théBl,, state is higher than
the 1B, state. Discussed in the next section, because a
considerable structural change in tireonjugated system such
as variation in the bond alternation or isomerization can be
negligible, we concluded that the configuration interaction (CI)
between the B, (mwr*) and 2By, (mym,*) states in the long :

: 0.0 T T T T 1
DPY mainly lowers the 1B, state. o 1 2 3 4 s

Molecular Structure. From the DFT calculations, we verified Number of multiple bond N6
that the molecular structure of DPY in the §l'Ag) state Figure 8. Multiple bond number dependence of the oscillator strenfyth (
belongs to theéD,, point group. The observed=EC stretching of the By, bands for the DPY series (a) and the DPE series (b) cited from
frequencies in the S11B,,, and 2A, states suggest that DPY regf 78. The dotted line (c) is calculated from the free electron model in ref
has a more intense bond alternation than that of DPE as shown
in Tables 3-5. The ®A, state becomes an excited state lower rapid relaxation process like the third channel of benzene in
than the 1B, state for the long DPY. The'a, and 2By states the region higher than ca. 800 ciabove the 1B, state3’
in the D2 point group correspond to the optically forbidden The line broadening of the one-photon fluorescence excitation
%,” and allowed'>," states in a series of aliphatic polyynes, bands higher than ca. 1300 chfrom the origirf? also implies
respectively. The forbiddet®,~ state indicates a very weak the existence of such a relaxation process. Hirata et al. proposed
absorption band witle < 10? below the allowed band d&," a photophysical process for DPY1 and DPY?2 in fluid solutions,
— 1547.7578Several groups have confirmed that #¥~ state where after the 1By, — Sy excitation, the internal conversion
of acetylene becomes the State when the molecular structure took place from the By, state to the postulated; State that
is linear D«n)"‘although therans-andcis-bent structures show  was followed by the intersystem crossing to the (I3B1y)

a local minimum and the vinylidene isomer is the global state3839This internal conversion process of DPY Inihexane
minimum in the $ potential*®7” The location of the forbidden  has an activation energy of about 900 @mBy using time-

1'A, state below the allowed'®y, state for the long DPY,  resolved electron paramagnetic resonance method, on the other
which has little influence from the substitutent phenyl rings and hand, Nagano et al. detected the signals showing the intersystem
can be almost equivalent to an aliphatic polyyne, is the same crossing from the 1By, state to théA state for DPY2 even at

as the situation for the linear acetylene and aliphatic polyynes. 4 K but no clear signal indicating the same relaxation process
Hence, the energy ordering suggests that the long DPY has afrom the 2By, state for DPY1#54950 As shown in Figure 7,
linear structure. the universal curve analysis predicts that th& Istate is a few

Even for the acetylenes having aromatic rings, the possibility thousand cm* higher than the By, state for DPY1 while these
of in-plane isomerization in a fluid solution has been recently two states are nearly degenerate for DPY2. Additionally, we
proposed. CARS and transient IR studies have suggested thebserved the dramatic reduction of the fluorescence quantum
double-bond-like structure of the centra=C distance and the  Yield of DPY2 when the photoexcitation energy becomes higher
isomerization to a planar (probabisans-bent) form in the $ than ca. 2000 cmt above the 1B, state. The facts obtained in
state?® This type of isomerization is likely to lower thé'A, this study strongly suggest that the unusual photophysics of
state more than the'®,, state based on the analogy between DPY1 and DPY2 is attributed to the close location of the
the orbital correlations from th&,~ state ofD.,-acetylene to optically forbidden 1A, state above the'B,, state. Determi-
the A, state oftrans-bent-acetylene and from the,Atate of nation of the energy positions of the forbidden states including
D-DPY1 to the A state ofransbent-DPY13077In the present ~ 2'Ag s key to solving the complicated photodynamics of DPY1
paper, since theA, fluorescence without large Stokes’ shifts and DPY2.
for the long DPY were detected in frozen solutions, tha,1 Allowed Transition. The multiple bond number dependence
states for the long DPY seem to keep g structure at least ~ on the absorption intensity of théH,, state of DPY was quite
in the frozen solution. However, a very weak0 line can be  different from that of the B, state in DPE. To clarify the
related to moderate distortion of théAl, potential surface of difference between these two optically allowed transitions, the
the long DPY. oscillator strength f{ for the 1By, < S absorption were

Molecular Photodynamics.Not only the isomerization but ~ €Stimated using the equation
also several interesting photophysics are found for DPY1 and o0
DPY2. DPY1 in a supersonic jet condition has an intramolecular f=4.32x10"n fE(V) dv (4)

N
o

-
(9]
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Oscillator strength f
5

o
o
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~

wheren ande denotes the refractive index of the solvent and

75) Cook, C. L.; Jones, E. R. H.; Whiting, M. G. Chem. Socl952 2883— L. .. .
(79) 2891 9 the molecular distinct coefficient of the solute. The estimdted

(76) Pariser, RJ. Chem. Physl956 24, 250-268. The notations ot and— values are listed in Table 2 and plotted with those of thg, 1
in the right shoulder obey the definition in this paper. ) . X .
(77) (a) Ross, |. GTrans. Faraday Socl952 48, 973-991. (b) So, S. P.; states of DPEin Figure 8. Thef value of DPE increases with

Wetmore, R. W.; Schaefer, H. F., 1ll. Chem. Phys198Q 73, 5706-
5710. (c) PeficM.; Buenker, R. J.; Peyerimhoff, S. Mol. Phys.1984
53, 1177-1193. (d) Lischka, H.; Karpfen, AChem. Phys1986 102 77—
89. (e) Karpfen, A.; Lischka, HChem. Phys1986 102 91—102. (78) Maccoll, A.Q. Rev. 1947 1, 16-58.

increment of the double bonds, which is the parallel behavior
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predicted from the free electron mod&Recent ab initio
calculations essentially follow the result of the free electron
model for related polyeng@owever, the simple free electron
model no longer reproduces thiedependence for DPY in which
the f value gradually becomes smaller with increasihhigOn

Summary

The fluorescence and fluorescence excitation spectra of the
DPY series were detected at 77 K in some cases for the first
time. On the basis of the vibronic structures, the lifetimes, and

the other hand, the second electronic absorption bands showedhe solvatochromic shifts of the fluorescence spectra, we

totally opposite behavior, which increased in intensity with
increasingN (Figure 4). The observeN-dependence of the
value in DPY can be interpreted in terms of a change in the
wave function mixing due to Cl. According to the alternating
symmetry, in-phase mixing that is represented by thles
character in Pariser’s notation increases the probability of a one-
photon allowed transition, while out-of-phase mixing of the
‘minus character decreases’f8The wave functions for the
1B, and 2By, states may be, respectively, described by the
antisymmetric ininug and symmetricglus) linear combinations
between ther,r,* and mym* configurations as suggested by
the semiempirical MO studi€8:.134851|f the minustype CI
contribution in DPY increases with elongation of the molecular
size, in other words, thelBy, state obtains covalency, tte
value decreases with increasihg

Thef value is significantly associated with nonlinear optical
property. Generally, the largevalue of the lowest allowed
transition is advantageous for enhancing the nonlinear optical
response. From this point of view, the CI mixingsafz,* with
the 1!By, state probably works negatively on the nonlinear
optical property of DPY. This fact is consistent with the
calculations of the second-order molecular polarizabilitf®s (
by Morley® and Dehu et at® They suggested that, orbitals
influence the nonlinear optical property in a way to cancel out
the contribution from ther, orbitals and that the application of
a two-state model is broken down to estimate fhealue of
polyyne. In the two-state model, only one state among the low-
lying excited states is considered in the sum-over-state approac
on the perturbation expansion with the Stark energy of a
molecule. Our experimental results also imply that the contribu-
tions from the 2By, state as well as the!A, state are important
for evaluating the nonlinear optical response of DPY.

(79) Bayliss, N. SJ. Chem. Phys1948 16, 287—292.

(80) (a) Hsu, C.; Hirata, S.; Head-Gordon, M. Phys. Chem. 2001, 105
451-458. (b) Cronstrand, P.; Christiansen, O.; Norman, P.; Agreﬁ’hys.
Chem. Chem. Phy2001, 3, 2567-2575.

(81) Crek, J.; Paldus, J.; Hubat Int. J. Quantum Cheni974 8, 951-970.

In the singlet statesplus’ and ‘minus’correspond to the ionic and covalent
electronic states, respectively.
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assigned the observed fluorescent states of DPY With 2
andN = 3 to the B, and TA, states, respectively. In the
excitation spectra of DPY withl > 3, the forbidden transitions

of 1!'A, — S as well as the allowed transitions ofBL, — S
were observed. It was clarified, based on the fluorescence
polarization, that an intensity borrowing from the transition
moment between thtB,, and $ states enabled thé?A,, state

to be fluorescent. The presence of a nonfluorescent relaxation
pathway was also found in excess of ca. 2000 tabove the
11B,, state of DPY2, which would be attributed to the close-
lying 1A, state. We have analyzed the energies of th& ]
2'By,,, and TA, states using a free electron model and concluded
that the exchange of the fluorescent state in DPY took place
betweerlN = 2 and 3. The molecular structure in th&\}, state

of DPY has been discussed on the basis of the spectral properties
and the comparison with DPE and acetylene. Nhdependence

of the f value of the first absorption band of DPY, which is
correlated with the nonlinear optical molecular property of DPY,
would be understood by the configuration interaction between
the 1By, and 2B, states.
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