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A strong S—S; vibronic coupling effect is observed in the time-resolved coherent anti-Stokes Raman
spectroscopy (CARS) spectra originating from the first excited singlet state of diphenylhexatriene. As
determined from picosecond CARS measurements, the excited state spectrum appears on a subpicosecond
time scale. An extremely high excited state hyperpolarizabjjityscited state== 3 x1073! is derived from a

CARS line shape analysis and is attributed to the increased delocalization after excitation in accordance with
semiempirical calculations of bond lengths. We observe two strongly frequency-broadened vibrations being
upshifted with respect to the=€C double bond stretching region of the ground state and assign them to the
totally symmetric G=C stretching motion of the chain. Both frequencies depend on the solvent polarizability,
giving evidence of strong;SS; vibronic coupling in the lowest excited singlet states. We discuss a model

of $—S; vibronic coupling via an asymmetric low frequency mode. According to this model a double-well
potential for the respective vibrational coordinate is generated in the first excited singlet state, resulting in
two frequencies originating from the same type of vibration.

1. Introduction coupling of this mode plays a dominant role in2ALAg internal
. conversiont® Internal conversion between the primarily optically
Polyenes have attracted a great deal of attention because Of)umped 1B (Sy) level to the 24 (Sy) level is even faster than
their role in visiort and in photosynthesfs:* The function of ihe 25 —1A, transfer occurring on a femtosecond time sééle.
these molecules is to absorb light and to participate in the The mechanisms involved in this fast transfer are not fully
subsequent intra- and intermolecular conversion processes tqnderstood. The energy gap between gBnd 2A, is much
the final acceptors. As internal energy redistribution is mainly gmaller than that between 2fand 1A, favoring vibronic
accompanied by vibronic coupling, investigation of these effects o pjing effects. However, in symmetric polyenes coupling of
should be a key for an improved understanding of these hese two excited states by agmode, e. g., by the totally
processes. Potential technical applications of polyenes aresymmetric &=C stretching mode, should not be effective

expected using the high th7ird order optical nonlineafityn because of symmetry reasons. In contrast it has been shown
the electronic ground state? It has been reported thatcan that in diphenylbutadiene investigated in the gas phase the
be further increased after electronic excitation; however, those gtica| forbidden transition between dAnd 24, gains oscillator
measurements have remained scéith this paper we will strength from the allowed 1A-1B, transition via 1R—2A,

demonstrate that coheren_t Rar_nan spectroscopy is well S_‘Jite%ibronic coupling by a low frequency,tmode!” Consequently
to study both aspects, vibronic coupling as well as optical asymmetric low frequency modes should be taken into account
nonlinearity. for 1B,—2Aq vibronic coupling in other polyenes, too. B
Since for about twenty years it is known that the totally 2A, vibronic coupling effects of the totally symmetric=&C
symmetric G=C stretching vibration of the polyenic chain  stretching vibration of the chain have been observed not only
strongly couples the 1fand 2A, electronic staté8 14 which in the first excited state of asymmetric polyenes but also in
represent, in not too short polyenes, the &d § states, B-carotend? The latter case was explained by symmetry
respectively. Vibronic coupling causes the vibrational frequency distortions.
of this vibration in the electronic ground state to be shifted down,  Because of their chemical stability the series of diphenyl
and in the higher electronic potential to be shifted up by an polyenes is a suitable model for studying vibronic couphitig.
amount of ca. 100 wavenumbers. The anomalously strong shift As in other (not too short) polyenes the optically accessiblg 1B
beyond the range of the=€C stretching frequencies can be state ($) is located above the 2felectronic state (3, and the
described without assuming any changes of the correspondinggap becomes closer with decreasing chain leRgtrsd almost
bond orders! disappears in the case of diphenylhexatriene (DPH). Furthermore
The optical transition between the JAnd the 24 electronic the low gap can be tuned significantly in changing the
states is not allowed because of symmetry reasons. Recently itpolarizability of the solvent? Thus DPH gives the unique
has been shown quantitatively that the radiationlesg-2MA possibility to study $-S; vibronic coupling effects under the
transfer rate in3-carotene is directly related to the vibronic extreme condition of a very small gap.

coupling strengths of the=€C stretching mode, i.e., vibronic Recently we reported on &-SS;, vibronic coupling effect in
the first excited singlet state of DPH which we observed by
* Corresponding author phone/fax49—30—63921413/1429. E-mail:  time-resolved CARS22*|t was explained by 24-1B, vibronic
werncke@mbi-berlin.de coupling by two active coupling vibrational modes qfdnd g
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transient absorption around 650 nm are shown schematically.
CARS probing is carried out near the transient absorption to

obtain a selective resonance enhancement for detection of the
vibrations originating from the excited electronic state.

3. Experimental Section

The experimental apparatus has been described in detail
A elsewheré? Briefly, the frequency doubled radiation of a mode-
031105 1981 (O} 650 nm locked Nd:YAG laser is used for synchronously pumping a dye
laser delivering pulses of 1-8 ps at 76 MHz repetition rate

) at 710 nm. These pulses were amplified up to Z0®y a three

IB“-JA AE=f(a) 5"‘::00 meRV Y 2A stage dye amplifier pumped by the frequency doubled pulses
g of a regenerative amplifier. The repetition rate of the latter was

T 7‘UV=350 nm 50 Hz. Either pulses of the frequency-doubled dye laser radiation

or the third harmonic of the regenerative amplifier were used

1A for photoexcitation of the DPH sample. For CARS generation,
g a small portion (5%) of the dye laser pulse was mixed with the

Figure 1. Molecular structure of diphenylhexatriene (DPH). Photo- radiation of a broad band dye laser which was directly pumped
excitation to the 1Bstate by a pulse atyv = 350 nm and CARS by the second harmonic radiation of the regenerative amplifier.
probing of a vibrational resonanaex of the excited electronic state  Broad band CARS signals obtained in this way were recorded
are illustrated. For_s_lmpllcny the excited state absorption is indicated after spatial filtering by a polychromator with a liquid nitrogen
as a 2A—nBy transition only. - .
cooled CCD camera. Spectra were recorded without and with
additional UV radiation with different delays between UV
excitation and CARS probing. In addition, we recorded CARS
spectra of a thin (0.5 mm) glass plate. In the frequency range
1000 to 2000 cm! this CARS spectrum is dominated by the
constant electronic contribution of glagsand as a consequence

symmetry, respectivel§? In this paper we further extend the
study of the properties of the first excited electronic state of
DPH. From the CARS spectra we determine the excited state
third order hyperpolarizability and discuss the results from the
viewpoint of molecular geometries which we calculated semi- R
empirically for the electronic ground and for the lowest two rDe_pr?ducss the spectral d|str|bu|t_|ondof thehb_roadfband dye Iallser.
excited electronic states, respectively. The huge excited state Isplayed spectra are normalized to this reference unless
. o ; . otherwise stated.

third order hyperpolarizability can be rationalized by an Most i tigat ied out with llel polarizati
increased delocalization within the-chain compared to the ostinvestigations were carred out with paraliel polarization

eleconi ground iate. We cbserve wo stongy upsied VST Soas T Seernaier o fecencis o v
vibrations appearing on a subpicosecond time scale simulta- Y app

i i - iti 31,38,39 i
neously after electronic excitation. According to our assignment, \F/)vci)tlk?;ﬁ:ttle?gctsr?)rr]]is:gaecg Ar\(ign din thtg ssuepcrzrrgsa(Iarr]éetrr]:ireggerisza-
these vibrational frequencies belong to the totally symmetric tion vectors of the Iase? radiation Withpthe fré uenai Ssnd
C=C stretching motion of the excited chain. Their frequency quenalg

dependence on the solvent polarizability gives evidence of a?r’]zefcg;nmaanna(;'glilgﬁzzﬂg{f’:a\tl‘i"th g?iﬁeob?grrét%ig?r:g? dgegn
strong S—S, vibronic coupling effect in the lowest excited P PR '

. . . the vibrational polarization vectors and the polarization vector
singlet state. Frequency shifts as well as frequency broademngPE of the electrgnic contribution of the third grder hyperpolar-

can be explained by coupling via asymmetric low frequency izability are in general all different. The polarization properties
mode(s), changing the potential for their vibrational motion and of the CARS signal are analyzed by a polarizer in front of the

resulting in two minima for the corresponding excited state . :
potential. polychromatc_)r. Tuning thg angle of the a}nalyzer perpendicular
to PE results in the pure vibrational contributions, however, on
a much lower signal level. We used circularly polarized UV
excitation and rather long delay times (50 ps) to avoid an
The molecular structure of DPH is depicted in Figure 1. The anisotropic distribution of molecules in the experiment. Mea-
lowest band in the absorption spectrum is due tooaS surements of the third order hyperpolarizability in the first
transition to the 1B state near 350 nm. Deactivation to the ©xcited state of DPH have been carried out by a nanosecond
lowest excited 24 state occurs on a 500 fs time scale as being apparatus with simultaneous 355 nm excitation as described in
determined by the changed transient absorption signal near g50ef 32. ) ) )
nieé (see Figure 1). The assignment of this transient absorption Commercially available DPH was used without further
around 650 nm to excited state electronic transitions is not quite Purification and was dissolved in solvents of spectrograde
clear. Assignments to both the gAnB, as well as the 1B~ qualllty. Tlmg-resolved spectroscoplg measurements were carrled
nA, transitions have been givéh?’and it has been argued that out in ro.tatmg sample cells to minimize photodegradation in
the lowest excited singlet has somgdharacter as wef® The the irradiated volume.
gap AE between the two excited states is about 10007cth o
and can be varied by about 500 chin choosing solvents of 4 Determination of Molecular Data from the CARS
different polarizabilitya.22 The lifetime of the lowest excited ~ SPeCtra
electronic state has been measured by time-resolved fluorescence The CARS signals(—ws, w1, w1, —w-), being generated by

2. Photophysics of Diphenylhexatriene

spectroscopy showing single-exponential decay with 13.1 simultaneous irradiation of a laser pulséw,) having a fixed
ns in a cyclohexane soluticf. frequencyw; and of a second spectrally broad pulde,)
In Figure 1, the wavelength for photoexcitationat, and centered around,, contains more information than the corre-

the frequencies for CARS probing ab{, w,, ws) near the sponding spontaneous Raman spectrum. In addition to Raman
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frequencies, intensities, and phases, the third-order electronic

* —~ Ly - neat cyclohexane
hyperpolarizabilitiesy can be derived. After dividing through . 1 s 1 _Dthi,,yCyclohex,,ne
the spectral distribution of the CARS spectrum of the glass plate g ™
(for taking into account the spectral distribution of the broad | = *
band dye laser), the normalized CARS specth‘(Prwg, w1, 2, e

: . ; : 100 200 300
w1, —wy) IS obtained. In a neat medium it results from the V(cm")

modulus squared of the overall (molecular) third-order hyper-

CARS / Raman Intensity (arb. u.)

1

polarizability yFWM 33
N FWM 2
I3(—ws 0y, 01, —w,) O |y (—wg, @y, 0y, —0,)|" = .

R I

AT e e e e e
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; : _ _ Figure 2. Comparison of the CARS spectrum of DPH in the first
CARSd(ISS Teasumd at the S'%nal f.reqﬁemy 2w I'wzd excited singlet state (line I) recorded 20 ps after UV excitatiork (2
aroundor = wr — w1 + w. [yF|/Tr is the Raman amplitude  15-2 Moy DPH solution in cyclohexanelyy = 355 nm, 4, = 710

of the mode With the vibrational frequeneys and Ii_ne width nm) with the corresponding resonance Raman spectrum of the electronic
I'r. The susceptibilitiey andyR are constants, or, in the case ground state (line I1) recorded at 334.5 nm. Vibrational resonances of
of electronic resonance, they vary very slowly within the range DPH after excitation are indicated by arrows, the thick arrows indicate
of a Raman spectrum (depending on the detuning of the the two unusual upshifted Raman bands, solvent lines are marked by
excitation frequencies from the comparatively broad electronic 2Sterisks. A low frequency resonance Raman spectrum of DPH

¢ itions* | bsorbi terial h t sol t (dissolved 2x 107* mol/L in cyclohexane) in the electronic ground
ransitions.= In nonabsorbing materials, Such as most SOIVENLS gi46 ang of the corresponding pure solvent is shown in the inset. Both

used, laser frequencies are far from electronic resonance. In thisspectra are normalized to the intensity of the solvent lines at 38% cm
casey and yR are real valued quantities. Near electronic and at at 802 crri-
resonance they become complex valéet. S i _
The total coherent Raman four-wave mixing spectrumat ~ Einstein factor [exp{w/27keT) — 1] + 1, wherew is the
= 2w, — w, for a solute (which may be also a short-living Vibrational frequency ands is the Boltzmann constant. The

transient) in a solution reads most prominent feature in the low frequency Raman spectrum
(solid line) is a line near 35 cnt of DPH (indicated by arrow).
IN(—ws 07, 01, —w,) O [(1 — c)ytiM 4 cyfWM12- (2) It can be clearly distinguished from the low frequency Raman

contribution of pure cyclohexane at 29 ctin(marked by
Here ¢ = Neotd(Nsoluie + Nsowen) i the relative concentration ~ asterisks in the dashed line). _
of the solute, K: number of molecules per & It is obvious Obviously in the range 1050 to 2000 chthe excited state
from egs 1 and 2 that the CARS spectrum contains interference CARS spectrum exhibits a completely changed pattern compared
terms between the different contributions. As a consequence, 0 the electronic ground state, indicating a changed geometry.
an isolated vibrational resonance is characterized by a constanf\S @ specific feature of CARS under electronic resonance
(electronic) background (amplitud§, by a positive or negative conditions, vibrational resonances occur as asymmetric dips (i.e.,
dispersion-like shaped contributioB)( and by a Lorentzian C < 0,B > 0) on a strong four-wave mixing background as

shaped contributionQ) has been discussed in sec_tion 4. Itis interestin_g to note that
compared to the frequencies of the=C stretching region
ogB+ C around 1600 cmt in the electronic ground state there are strong
1300 A+ 2 2 ) vibrational resonances which are either downshifted (probably
Or T IR as a result of a decreased=C bond order in the excited state)

_ . . . or unusually upshifted (as a result of dominatirg-S; vibronic
A non vanishing paramete® results either in a peak orin a = ¢4 ling) in their vibrational frequencies. Two unusually
dip, depending on its sign. D|p§ (|.§3,< 0) are generated with upshifted asymmetric minima near 1620 and 1780%gmarked
complex parameters only, .|nd|cat|ng electrgnlc resonance. by thick arrows), which are strongly frequency broadened, can
_Due to interference with the electronic background, a pe clearly distinguished. In addition, these two vibrational bands
vibrational frequency coincides neither exactly with the peaks ¢}, an unusually strong frequency dependence on the solvent
nor with the dips in the spectra (see eq 3). A fitting procedure being observed for these bands exclusivélyhe vibrational
as outlined in section 5 is applied to get Raman frequencies, foqencies of the two bands have been determined for DPH
intensities, and phases as well as the electronic contribution 0 jissolved in neat solvents and in mixtures of solvents differing
the hyperpolarizability. For a detailed discussions of CARS line j their polarizabilities, polarities, and viscosities as well. We
shape analysis see refs 35 and 36. did not find any systematic dependence on solvent polarity or
on viscosity (cf. Figure 3A,B). A plot of the frequencies versus
the polarizability is presented in Figure 4. The polarizability of
An excited state CARS spectrum of DPH dissolved in the solventis calculated from the refractive indeaf the liquid
cyclohexane (2« 103 mol/L) recorded with 20 ps delay after  from (n2 — 1)/(n2 + 2). It can been seen that both vibrations
UV excitation in the frequency range 1050 to 19507éns are shifted to lower frequencies as the polarizability of the
shown in Figure 2 (line 1) together with the corresponding solvent is increased.
spontaneous resonance Raman spectrum of the electronic ground Figure 5 shows the kinetics of the rise of the excited state
state (2x 1074 mol/L, line 11). The latter was recorded with  vibrational resonances in the region 1470 to 2000 tm
334.5 nm excitation. The inset of Figure 2 shows the low immediately after UV excitation using pulses of 2 ps duration
frequency resonance Raman spectrum together with the corre-and different delays between excitation and CARS probing.
sponding spectrum of the pure solvent corrected by the Bose Within the accuracy of the measurement all dips in the spectrum

5. Results
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Figure 5. CARS spectra of the excited singlet state of DPH10
0.4 0.8 1.2 1.6 20 mol/L dissolved in cyclohexang,,y = 370 nm; = 740 nm) recorded
Vi . with different delays after photoexcitation. Dashed lines represent guide
1scosity (Cp) lines for the vibrational resonances at 1490, 1542, 1620, and 1720 cm

Figure 3. (A) Dependences of the two vibrational frequencigs Q) respectively.
above 1600 cmt of the excited electronic state of DPH on the polarity
of the solvents (1) methanol, (2) acetone, (3) hexane, (4) octane, (5) 1000 1050 1100 1150 1200
cyclohexane, (6) dimethyl sulfoxide. (B) Dependences of the two . . )

vibrational frequencie<{, O) above 1600 cnt of the excited electronic ‘ ( A)
state of DPH on the viscosity of the solvents (1) methanol, (2) acetone,

(3) hexane, (4) octane, (5) cyclohexane, (6) dimethyl sulfoxide. .
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’ 2 Figure 6. (A) Change of the shape of the cyclohexane CARS line at
[(n"-1)/(n"+2)] 1030 cnt! (indicated by an arrow) due to the electronic hyperpolar-

] o ) izability of the first excited state of DPH (& 10~* mol/L dissolved in
Figure 4. Dependences of the vibrational frequencies above 1606 cm cyclohexaned; = 720 nm). Solid line: CARS spectrum of DPH with
of the excited electronic state of DPH on the polarizabillity of neat v excitationiyy = 355 nm. Dotted line: without UV excitation. (B)
solvents ©) and of mixtures of glycerol and methand®); [(1) Fits of the CARS line shapes of DPH in the first excited singlet state
methanol, (2) acetone, (3) hexane, (4) octane, (5) cyclohexane, (6)(solid line) and of pure cyclohexane (dotted line). Parameters used for
dimethy! sulfoxide; G/M 10= 10 vol % glycerol in methanol, G/M  the fit are given in Table 2. A relative concentration of DPH molecules
20 = 20 vol % glycerol in methanol, etc.] Straight lines represent i the excited state ORlexcied stalNeycionexane== 2 x 1075 is estimated
calculated frequency dependences on the vibronic coupling strengthfrom a bleaching measurement of the sample at 355 nm.
of the kb, mode between the excited electronic states.

to 1200 cnt! of DPH dissolved in cyclohexane photoexcited

grow simultaneously with a rise time limited by our instrumental by the UV pulse (solid line) is shown together with a spectrum
response. Their relative magnitude remains unchanged up toof the same sample which is not irradiated by the UV pulse
the longest delays of 200 ps. (dotted line). In the latter case, cyclohexane CARS lines can

In Figure 6A, a CARS spectrum in the frequency range 1000 be observed only. CARS lines of DPH are not visible due to
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TABLE 1: Bond Lengths between Neighboring C Bond3 of relative concentration ONeycited statNcyclohexane== 2 x 1075 is

the Chain (given in A) for the Three Lowest Singlet States of  estimated assuming that bleaching of the electronic ground state

DPH Calculated by MOPAC-93" results in population of the long-lived first excited singlet state

electronic bond length (&) exclusively. Spatial distributions of the excited states within the
state G—C; C,—C; C3—C4 C;—Cs Cs—Cs Ce—C; Cr—Cg irradiated volume have not been considered for simplicity. From
1A, 146 134 145 134 145 134 1.46 the known absolute value of the third order hyperpolarizability
11B, 143 137 141 138 141 137 143  of cyclohexane/cycionexane= 3.02 x 10736 est#” we derive an

2'Ag 141 141 137 144 137 141 141 eycited state hyperpolarizability ofs| = 2.7 x 103! esu.
aNumbering of C atoms is given in Figure 1.

6. Discussion

TABLE 2: Fit Parameters Used for Approximation of the 6.1. Excited State Hyperpolarizability. The huge excited
CARS Spectra in Figure 4a and 4B state hyperpolarizabilityys,| = 2.7 x 10-3! esu is measured
ocm?)  Tr(cm™) RIR IR under electronic resonance conditions with the transient absorp-
Cyclohexane 1030 5 0.5 0 tion band. Resonance conditions are also clearly indicated by
1160 3 0.4 0 the strong imaginary contribution to the excited state hyperpo-
DP b 1270 5 0.7 0 larizability b (cf. Table 2). The increase of optical nonlinearity
Hexcited stat® 1077 8 —10 000 20000 b . et
1131 4 —27000 55 000 y 1 order of magnitud® compared to that of trans-stilbene
1145 4 —23000 46 000 determined under similar (electronic resonance) conditions can
1160 5 —13 000 26 000 be explained by the increased length of the excited chain. The
gig 157’ :ig 888 %g 888 high value measured under electronic resonance conditions also

indicates an enhanced off-resonant hyperpolarizability of the

ap li he el ich larizability of . . . .
arameters are normalized to the electronic hyperpolarizability o excited electronic state of DPH compared to that in the electronic

cyclohexaneycyconexane= 1 and based on a relative concentration of

DPH in the first excited singlet staluycied sialNeyclohexane= 2 x 1075, ground state. The enhancement of the hyperpolarizability near

b Real and imaginary part of the electronic contributiory ¥ are 1 a one-photon resonance can be roughly described yvl#

= —50 000 and B = 75 000, respectively. I'eL)?, where Aw is the detuning of CARS frequencies from
the absorption frequency of a spectral widthIgf .32 Taking

their too low concentration (5% 10~4 mol/L). After irradiation, into account a spectral width of the transient absorption near

CARS lines from the excited state can be detected due to650 nm of about 1500 cm,?” a hyperpolarizabilityystat =
resonance enhancement by the transient absorption. Additionally,10~3% esu can be estimated in the static limit (i.e., at zero
the amplitudes of cyclohexane CARS lines decrease relative tofrequency)?? The latter considerably exceeds the off-resonant
the enhanced four wave mixing background, and their shapevaluey < 5 x 10~ esu of the molecule in the electronic ground
changes as well. This is a clear indication for an enhanced third- state measured at 1064 nm excitation.

order hyperpolarizabilityys; originating from the excited It is interesting to note that the value of the excited state
electronic state of DPH. It can be studied in the case of the hyperpolarizability of DPH is comparable or even higher than
cyclohexane Raman resonance at 1030'c(indicated by an those of polymethines of comparable size measured in the
arrow), which does not interfere with neighboring resonances electronic ground staf&. According to our calculations (see
originating from the excited state of DPH. For determination section 6.2) the bond length alternation is significantly reduced
of ys1 we carried out a CARS line shape analysis around this in both excited singlets becoming a more polymethine-like

CARS line. The fit was carried out in three steps: structure. Therefore, we suggest to attribute the enhanced
(1) ((yrITR)Y)cyclonexaneOf the different cyclohexane Raman  hyperpolarizability to the increased delocalization of #helec-
lines was obtained from the pure solvent spectrum witind trons in the chain.

yR being positive and real quantities. The fit of the spectrum of  6.2. Model of S—S, Vibronic Coupling by an Asymmetric
pure cyclohexane (dotted line) is shown in Figure 5B (dotted Low Frequency Mode. The other important findings are the
line). two vibrational frequencies that are upshifted above 1600tcm

(i) The complex excited electronic state hyperpolarizability in contrast to the behavior which is normally expected if the
of DPH yexcited state= (D' — ib"")excited starvas determined by a  bond order in the &C stretching region is decreased after
fit of the isolated solvent CARS line at 1030 cf which excitation. Only the totally symmetric stretching motion of the
changes its shape and its relative strength with respect to thechain is known to exhibit such a strong upshift due to;2A
background after UV excitation due to interference between the 2A, (So—S;) vibronic coupling, and we assign both upshifted
YVexcited state@Nd yg‘,"c’l“é'hexanecontributions. bands to the same totally symmetric vibrational motion. Increas-

(i) Taking into account the complex valued electronic ing polarizability of the solvent narrows the gap between the
contribution of DPH, as determined in the previous step, the excited electronic states and consequently their solvent depend-
CARS line shapes of excited state DPH were fitted by complex ent frequency shifts give evidence of an additionat-S
Raman contributionyr = Rr — iJr to get their frequencies  vibronic coupling effect. If the molecule keeps planar config-
and intensities. For the fit, equal ratidg'Rr for the vibrations uration and th&;, symmetry is maintained in the excited state,
of the excited state have been assumed within the spectrumcoupling between the 2fand 1B, states by the amode is
This assumption is reasonable if electronic resonance conditionssymmetrically forbidden. Thus, two mechanisms are possible
are only slightly changing within the tuning rangfeThe fitted to cause vibronic coupling between theind the 18 states:
CARS spectrum is shown in Figure 6B (solid line); the (i) distortion of symmetry and (ii) pertubation due to atppe
corresponding fitting parameters are summarized in Table 2. vibrational mode.

For determination of the absolute valueygf we determined (i) Two vibrational frequencies of the same vibrational mode
the concentration of molecules in the first excited singlet state could originate from two different species (e.g., two rotamers)
from the bleaching of the absorption band at 355 nm upon UV in the 2A,; state, both deviating fror@,, symmetry (e.g., due
irradiation. The transient absorption of DPH at 355 nm from to twisting of the backbone). In this case, vibronic coupling by
the lowest excited states to higher levels can be igndd. an g mode is not strictly forbiddef§ and conformational
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dependent coupling constants can generate two frequencies 6000
belonging to the same =€C stretching motion for the two
species. Because of the very small gap, even with rather small
coupling constants, vibronic coupling can be quite effective.
Both vibrations are expected to shift down with decreasing gap
between the two excited electronic states. Frequency broadening
can be caused by conformational distributions around the two
equilibrium geometries. Other vibrational modes which do not
couple the two excited electronic states are expected neither to
be shifted in solvents of different polarizabilities nor unusually
frequency broadened due to conformational distributions.
However, according to our electronic structure calculations
(MOPAC93") and the pronounced-electron delocalization,
diphenylhexatriene is planar in the electronic ground and as well
in both excited electronic states, maintainiGg, symmetry. 1000
Even if there are deviations from striCh, symmetry (e.g., due
to interaction with the solvent), two upshifted vibrations are
indicative for two separate species. This variant is rather unlikely 0

Qy/2) (cm’™)

V@Q,, Q;
S

4 6

T T

because the observed kinetics (rise of the CARS lines originating 2 0 2
from S$24 and fluorescence dec®y give no hints for two Q./Q
separate species in the excited state. 1'™=10
(i) For strictCo, symmetry, frequency changes of the totally Figure 7. Effective potential for the totally symmetric<€C —
symmetric G=C mode can be caused by coupling via,aype stretching coordinate around 1700 chin the lowest excited singlet
vibrational mode of the chain. Taking into account the small isstitﬁc')vng‘ézgﬁg dorirt:ae ﬁeﬁn&fﬁiﬁ?“éiﬁ%;r(}r:hvf}z%?'gf?g&p"ng
energetic gap, this effect can become significant, espeCIaIIy 8S|eads to a double-well potential. An eﬁecti\?e amplitude of the coupling
a C-C bond length reversal occurs between the excited states.mode @, = Q,y2 is assumed@: zero-point oscillation of the&,
The calculated bond lengthsbetween neighboringi@toms mode, abscissa values @ elongation normalized to the zero-point
of the chain are given in Table 1. As typical for polyeféthe oscillation Q). Horizontal lines indicate the energy positions for the
ground state exhibits a distinct degree of bond length alternationlowest vibrational levels in the respective diabatic potentials (left 1B
(BLA = 2ri 1 — rilris1 + r; = 0.08) between neighboring bonds _sec_tion, right 24 section). The assumed Raman transitions are
in the chain. For the LBstate we calculated a decreased BLA ndicated.
= 0.02. In the 24 state, bond alternation also decreases with
respect to the ground state but there is a bond length reversal
As these geometrical changes of the chain correspond to th
motion of the totally symmetric €C stretching vibration with
antiphase elongations of neighboring=C bonds there are
strong origin shifts for the totally symmetric=€C stretching

a linear coupling ansatag 18y = 012Q>. The coupling constant
a2 is estimated from the PPP method to be 1 order of magnitude
Clower than thewo; constant. For the latter we take the value
derived in ref 11:|aos| = 1.65 eV Alamu 12

Coupling results in the two-dimensional potential:

vibration between both excited electronic stateg 2Ad 1B. V(Q,,Q,) =

In addition, rather strong origin shifts are calculated for the b2

lowest by mode for the 24 and 1B, state, respectively. Its Voag T Vigy Vorg = Vieu)? )
calculated frequency of 40 crhin the electronic ground state T - 2 + (05Q,)" (6)

fairly well corresponds to those of the strong low frequency

mode of the Raman spectrum at 35dnfsee inset of Figure  Under these conditions a double-well potential along §he
2)25 This mode is known to be effective in vibronic coupling coordinate in the first excited singlet state is generated by a
between the excited electronic states in a polygrizue to its pseudo-JahnTeller mechanism. It arises from coupling of both
asymmetric motion, it is able to influence the potential of the potentials (eq 4 and eq 5) in assuming a sufficiently large shift

totally symmetric G=C stretching mode of the chain and hence penveen the minimal = (Q; g — Q1m0 /mciff. For an

the corresponding frequency as well. This mechanism is ggtimated value al = 0.18 A, two minima arise in the potential

quantified in a model taking into account the two excited of the |owest excited singlet state which result in two quasi-
electronic singlet states and the two modes belonging togthe a 1,5,,nd vibrational levels around ti@) oag andQ;_my Minima

and b symmetry species, resp_ecti\{éﬁ/. . . . positions (cf. Figure 7).
Within the harmonic approximation the diabatic potentials ~ The ghserved dependence of vibrational frequencies on the
for the two (uncoupled) excited singlet states can be written: g ent polarizability can be explained by the following
1 considerations. In transparent solvents, the effective vibronic
_ 2 2 22 i i - i imati
V2Ag(Q1'Q2) = é[wl_ZAg(Ql —Q; g) + wQ5  (4) coupling between the excited states in the first approximation

varies with the LorenzLorentz molar refraction according to

the relation

i _ [

whereQ; andQ; are the elongations of thg emode and of the Ay | Alvacuum
by mode, respectivelyQ: xg and Qy_ sy are the positions of
the diabatic minima of the corresponding potentials (mass The equation is derived applying Hudson’s féldor the
normalized origin shifts), and, is the gap between the two  dependence of the effective coupling elemetA;, on solvent
minima. Vibronic coupling between the states is performed by refractive indices. Here, /3 is a positively valued parameter

Vis(QuQy) = %[wi_lBu(Ql - Q:L_lBu)z + ng%] + A, (9) )
Oy

n’—1
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