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Fluorescence Excitation Spectra / 1,1'-bi(benzocyclobutylidene) /
Photoisomerization

First measurements of fluorescence excitation spectra of the recently synthesized rigid
stilbene analogue 1;bi(benzocyclobutylidene) in a supersonic jet expansion show that,
in contrast to the parent compound, both ttnans- and the cis-conformer fluoresce
under these conditions. The excitation energy dependence of fluorescence lifetimes
indicates the onset of an efficient non-radiative decay channel above energy thresh-
olds of 1340cm! and 990cm® for the trans- and cis-form, respectively, which

is assigned to photoisomerization in the singlet state. From an RRKM analysis of
the microcanonical rate coefficients an estimate of the high pressure limit of the
thermal photoisomerization rate coefficient is obtained and compared with photoiso-
merization rate coefficients measured in low viscosity solution and in thermal vapor.
There are strong indications that for this compound there are no dynamic or static
solvent induced effects that lead to an anomalous acceleration of the reaction in
solution.

* Corresponding author. E-mail: jschroe2@gwdg.de
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1. Introduction

The isomerization of stilbenel) and related compounds upon excitation to
the S, state has served as a prototypans-cis-photoisomerization reaction to
study fundamental aspects of gas and condensed phase kinetics and dynam-
ics for several decades [1-12]. Among the major issues in the photochemical
kinetics oftrans-1 there are two puzzling observations that have occupied ex-
perimentalists and theoreticians alike. (1) An unexpectedly weak dependence
of the photoisomerization rate coefficiéain liquid solution on solvent viscos-

ity n of the typek ~ n=* with « < 0.5 was found by varying viscosity either

in homologous solvent series (1a) [13,14] or in compressed single solvents
(1b) [15]. (2) An order of magnitude discrepancy appeared between rate co-
efficientsk measured in low viscosity supercritical solution in the vicinity of
the so-called Kramers turnover region [16—18] and the calculated high pressure
limit of the rate coefficienk,, [19—21] based on experimentally determined
specific rate constantg E) of isolatedtrans-1 [22—-26]. As the interpretation

of these phenomena in terms of the underlying microscopic dynamics or slight
changes of the effective potential energy surface is still discussed controver-
sially, it is important to know whether they are related to specific structural
properties oftrans-1 or rather the consequence of general physical effects
playing an important role in many photochemical processes. For this purpose
comparative studies of chemically suitably modified compounds covering an
equally wide range of experimental conditions from the isolated molecule and
low pressure gas phase to supercritical and compressed liquid solution are re-
quired to assess the relevance of the seemingly anomalous behavior found for
trans-1. The only similar molecule for which such extensive studies of photo-
isomerization rate coefficients exist is 1,4-diphenyl-(1,3)-butadipe (

dp A

S
1 2
3 4
While measurements of rate constants in homologous solvent series resulted
in a k(n) similar to that fortrans-1 [27], measurements of the pressure de-
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pendence in various liquid solvents [28, 29] resulted in n71, as expected
from the Smoluchowski limit of Kramers theory [30, 31]. Furthermore, the
high pressure limik,, as calculated frork(E) obtained from measurements in
supersonic beam expansionsj32—34] agrees to within a factor of less than
two with rate coefficient& of photoisomerization in low viscosity fluids [35].
These findings seem to indicate that the weak viscosity dependericén of
n-alkane andn-alkanol solvents series (1a) represent a more general phe-
nomenon suggesting that microviscosity effects involving the relative size of
solute and solvent molecules [36, 37] may be responsible for the deviation of
k(n) from n~-behavior under these conditions [38—41]. The absence of phe-
nomena (1b) and (2) in the photoisomerizatior2phowever, is an indication
that they might be closely connected and that particulars of the potential energy
surface oftrans-1 could be responsible for its abnormal behavior.

It would be very desirable to test this view by looking more closely at
other related molecules for which thé; 1) dependence of photoisomerization
rates in compressed solvents was determinedcliké [42], tetraphenylethy-
lene [43], or 1-(1-indanylidene)indane (3) (so-called “stiff” stilbene) [44]. Un-
fortunately, in all these cases the very low fluorescence quantum yield under
isolated molecule conditions prevented fluorescence lifetime measurements in
the supersonic jet [45, 46]. Recently, however, Schneider et al. reported meas-
urements of the pressure and temperature dependence of fluorescence lifetimes
in n-hexane and methylcyclohexane for the novel bridged stilbene derivative
bi(benzocyclobutylidene)j [47]. They found a weak(n)-dependence simi-
lar to that observed ofrans-1, but their analysis of the different isotherms
of k(n) led them to conclude that the isoviscous activation endfgyof
photoisomerization dfrans-4 was practically independent of viscosity, having
values of 12.8 and 12 kJ/mol in n-hexane and methylcyclohexane, respec-
tively. Fortrans-1, in contrast, it was found theE, varies with solvent vis-
cosity in compressed-hexane [15] andh-pentane [48], which was taken as
evidence for solvent induced lowering of the height of the reaction barrier with
increasing density of the compressed liquid solvent. As it was suggested that
a corresponding effect on the barrier height could be among the causes of the
order of magnitude discrepancy betwdenand the reaction rates observed in
low viscosity fluid solution [17, 49], it would be extremely interesting to meas-
urek(E) of 4in a supersonic jet expansion and obtain the barrier height for the
isolated molecule. One could then calcultge by using a suitable harmonic
model of4, and compare its value with rate constants measured in the gas phase
at pressures ranging from about 1 to 100 bar.

The bridged stilbend at the same time offers the possibility to investi-
gate the aspect of dimensionality of the barrier crossing process [50-59]. As it
was suggested that the anomalous viscosity effect in the casanefl could
be caused by the effective multidimensionality of motion involving the phenyl
torsion coordinate [60] and quantum chemical calculations revealed a signifi-
cant variation of the effective barrier to photoisomerization inShetate [61],
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stilbene derivatives in which the phenyl rings are fixed by linking them co-
valently to the ethylenic carbon atoms are of particular interest. One might
suspect that reducing the dimensionality of motion along the reaction path by
blocking phenyl torsion could lead to qualitative changes in the dynamics of the
reaction.

In this paper we present laser induced fluorescence excitation spectra of jet-
cooled conformers of and the excess energy dependence of their fluorescence
lifetimes. We present an RRKM-analysis of measukéd) based on prelimi-
nary harmonic models to determine the barrier helghfor the reaction and
estimate the high pressure limit of the photoisomerization rate coefficient

2. Experimental
2.1 Super sonic beam expansion

As most details of the experimental set-up have been described elsewhere [62],
we only summarize the main features including some new details where re-
quired. The jet apparatus consists of a vacuum chamber evacuated by a diffu-
sion pump (Edwards Diffstak 232000 M) backed by a rotary pump (Edwards
E2M40). The samples were heated to 90—4B0entrained in 5-10 bar he-

lium and expanded into the vacuum using a General Valve Series 9 pulsed
nozzle. The nozzle orifice had a diameter of L00.

2.2 Fluorescence measurements
Excitation Spectra

For measuring fluorescence excitation spectra, the jet beam is crossed at right
angles by a perpendicularly polarized laser beam. The laser system consists
of a dye-laser (Lambda Physik Scanmate L1 %cnT? resolution) pumped

by a Nd:YAG laser (Quantel Brilliand) at a 10 Hz repetition rate. The dye-
laser beam was frequency doubled in a KDP crystal to generate excitation
wavelengths in the range from 268 to 325 nm. The excitation laser pulses (du-
ration 6 ns, bandwidth.@ cm™?, pulse energy about 20]) were focused onto

the beam expansion, using a lens of 500 mm focal length, at about 10 mm
downstream from the nozzle, corresponding to a reduced distance of 100. At
stagnation pressures of 5—10bar and nozzle open times of 1 ms, the back-
ground pressure in the chamber could be kept close to 5mPa. The broad-
band fluorescence was collected perpendicularly to the plane spanned by laser
beam and jet expansion and focused by a collimatifij lens system onto

a microchannel plate photomultiplier (MCP-PMT, Hamamatsu R3809U). The
resulting signal was accumulated in a custom built boxcar integrator (integra-
tion time typically 10Qus) and digitized using a WIN30D-A-PCAT card.
Typically the signal was averaged over 10 to 50 laser shots. Normalization
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with respect to laser intensity was used only when pulse to pulse fluctuations
as measured by a photodiode exceeded a factor of two. Prior to measuring
fluorescence decays, excitation spectra were taken at a reduced spectral reso-
lution of about 4 cm* using the picosecond laser system and a continuous jet
expansion (see below).
Lifetimes
Fluorescence lifetimes were measured using a time correlated single photon
counting apparatus described in detail previously [28, 62, 63]. The excitation
source was a synchronously pumped (Coherent Antares 76S Nd:YLF pump
laser) dye laser (home built) tunable by a three-plate birefringent filter (Coher-
ent) giving pulses of 10—15 ps duration and a few nJ energy at a bandwidth
of about 4 cm*. These were frequency doubled in a LiJ@ BBO crystal to
obtain tunable excitation pulses in the wavelength range 285-315 nm. Wave-
length calibration was achieved by optogalvanic spectroscopy using a He atom
lamp.

The excitation pulses were focused onto the continuous jet expansion about
5 mm downstream from the nozzle, corresponding to a reduced distance of 67.
For these experiments, the stagnation pressure was close to 3 bar, resulting in
a background pressure in the vacuum chamber of less than 20 mPa.

Fluorescence was collected as described above by the MCP, whose out-
put pulses were amplified (Hamamatsu C5594 preamplifier, 36 @B5Hz),
fed into a constant fraction discriminator (Tennelec TC454) and used as start
pulses for the time-to-amplitude converter (Tennelec TC862) operated in re-
verse mode. Stop pulses were obtained from an avalanche photodiode moni-
toring the excitation laser. The TAC output was digitized by a fast Wilkinson
A/D-converter (Nuclear Data ND582) at 12 bit resolution and accumulated in
a PC via a digital input PC-AT-card (Meilhaus ATDIO-32-F).

The instrument response function was determined ak ¥bps by laser
light scattering off air dust particles in the aerated vacuum chamber. Decay
curves were analyzed by a least-squares convolution and fitting routine using
the Levenberg—Marquardt algorithm.

2.3 Synthesis
Preparation of 1,1'-bi(benzocyclobutylidene) (4)

Previously, on a small scateans-4 andcis-4 were prepared by Wittig-reaction
and manual sorting of the crystals [64] or by McMurry-reaction and separation
by preparative HPLC [65]. They were also obtained, among other compounds,
by photochemical decomposition of benzocylobutanone tosyl hydrazone [66].
For the current investigation a larger quantity of ptrans-4 was needed.
We found, that crystallization of thieans-/cis-mixture, obtained by McMurry
reaction [67, 68], from a saturated solution of picric acid in ethanol afforded the
pure picric acid charge transfer complexesrahs-4 and of enrichedis-4.
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Trans- and cis-1,1'-bi(benzocyclobutylidene) (trans-4 and cis-4)

A mixture of trans- andcis-4, obtained by McMurry reaction and flash chro-
matography [47] (®2 g,trans-/cis-ratio = 63/37) was crystallized repeatedly
from a saturated ethanolic solution of picric acid. Crystal crops were analyzed
for their trans-/cis-ratio by NMR-spectroscopy and combined accordingly to
yield 2.21 g orange crystaldr@ns-/cis-ratio = 99/1, ratio picric acidtrans-4

= 2.6) and 16 g red needlestr@ns-/cis-ratio = 10/90). Both crystal crops
were distributed between dichloromethane and saturated sodium bicarbonate
solution (4 steps, countercurrent), the organic phase driegS@i3 evapo-
rated and the residue recrystallized from ethanol to yiefd § puretrans-4

(m.p. 181-182C) (Lit.: 178-181°C, [64]) and 033 g of a mixture enriched in
Cis-4 (trans-/cis-ratio = 12/88) (m.p. 120-124C) (Lit.: 124-126C, [64]).

3. Results
3.1LIF excitation spectra

Based on the observation that only tinans-conformer of1 fluoresces under
isolated molecule conditions [69] and orthans-4 was reported to show sig-
nificant fluorescence in liquid solution [47], we started from the assumption
that this also holds for isolated conformersbfWe expected that in an ex-
pansion of acis-4 enriched sample containing about 10 perceabs-4 we
would observe only the LIF excitation spectrumtodns-4. We took several

LIF excitation spectra in a row from such an expansion while the pulsed gas
flow was maintained. The sample temperature was constant °&t, 86ad-

ing to a gradual enrichment d&fans-4 in the beam because the melting point
of cis4 is about 60C lower than that otrans-4. The spectra are normal-
ized to the peak intensity of the first transitionEat= 0, corresponding to the
energy of the 0-0-transition tfans-4 (see below). If onljtrans-4 was fluores-
cent, all the spectra should be equal, which is clearly not the case. In contrast,
a significant decrease of the initially most intense line in Fig. 1 reflected the
gradual decrease ois-4 in the expansion and indicated that this conformer flu-
oresces significantly after excitation at wavelengths quite distinct from those
of trans-4. Separate high resolution spectra of puess-4 and enrichectis-4

in the low excess energy region clearly support this conclusion, as illustrated
in Fig. 2, and show that the 0-0-transitions of both conformers are separated
by (91.140.6) cm=. Their absolute positions aK82147640.3) cm~* and
(32237740.3) cm™ for trans-4 andcis-4, respectively.

Thetrans-4 excitation spectrum could be measured with high resolution at
low excess energy over the range indicated in Fig. 3. A low resolution spectrum
covering excess energies up to 2500°¢ns shown in Fig. 4. The excitation
spectrum of enrichedis-4 was obtained with low resolution only up to an ex-
cess energy of about 800 chHigher energy transitions of theis-conformer
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Fig. 1. Successive scans of the LIF excitation spectrum of jet-codled
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Fig. 2. Low frequency part of the LIF excitation spectra of jet-cooled “pureihs-4 (top)
and “enriched’cis-4. Energy scale with respect to the 0-0-transitiortrafs-4.

were identified by comparing LIF excitation spectra from expansions of the
mixture with those of puré&rans-4. Thus, Fig. 5 shows an excitation spectrum
of cis-4 which at excess energies higher than 850crepresents a difference
spectrum between the mixture and ptrams-4. In Figs. 4 and 5, line intensities
are normalized to those of the respective 0-0-transition. lcitaé-spectrum,
some artifacts resulting from subtraction of tihans-4-spectrum appear that
are marked by asterisks.
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Fig. 3. High resolution (® cn?) LIF excitation spectrum of jet-cooletlans-4.

0,20 | ' ' ' ' i
2
2
g 015f il
£
(0]
(&]
o
S 010
n
o
(@]
>
= 005}
©
0,00 |
1 " 1 " 1 " 1
0 500 1000 1500

-1
E,/cm

Fig. 4. Low resolution (4 cm') LIF excitation spectrum of jet-coolelans-4.

3.2 Fluorescence lifetimes of jet-cooled trans- and cis-4

Lifetimes were measured in expansions of pueas-4 and of the mixture of
conformers. In the region of low excess energy the assignment of observed
lines to transitions of eithetis-4 or trans-4 was verified by comparing the
corresponding fluorescence lifetimes: in the low excess energy regiofs; the
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Fig.5. Low resolution (4 cm?) LIF excitation spectrum of jet-cooleds-4. The low fre-
guency part (up to 750 cmi) represents a difference spectrum of the conformer mixture
andtrans-4, as indicated. Subtraction artefacts are indicated by stars.
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Fig. 6. Fluorescence lifetimes obtained from convoluting and fitting a mono-exponential
decay function to measured single photon counting decay traces in a jet-cooled conformer
mixture at low excess energies. The LIF excitation spectrum is shown for comparison.
trans-4 (@) andcis-4 (A) fluorescence lifetimes.

lifetimes of thetrans-conformer varied between 2.6 and 2s, while those of

the cis-conformer were close to 3 ns, as illustrated in Fig. 6. The fluorescence
lifetimes after exciting the 0—0-transitions were found to @82 0.05 ns for
trans-4 and 308+ 0.05 ns forcis-4.
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Fig. 7. Excess energy dependence of mean fluorescence lifetimes of jet-tavied (H).
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Fig. 8. Excess energy dependence of mean fluorescence lifetimes of jet-cimie(®).

At low excess energf. = b — EJ < 1300 cn1?, trans-4 fluorescence de-
cays were strictly single exponential, whereas in the range 1300 enk, <
2400 cnt?! they could only be fitted by a sum of two exponentials. The pos-
sible reasons for this behavior have been discussed in detail for the case of
trans-1[62], and most probably are related to the J-dependence of the reaction
rate at energies close to the barrier. Consequently, in the critical energy range
the values displayed in Fig. 7 are average fluorescence lifetimes defined as

A
;o 1T1+ Agts (1)
A+ A,
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where A, is the amplitude of théth decay component angl its lifetime. For
the cis-conformer the decays start to be double exponential at excess energies
E. > 800 cnt?, the corresponding fluorescence lifetimes are shown in Fig. 8.

4. Discussion

As the main point of interest in the present context is the excess energy de-
pendence of fluorescence lifetimes, we will not discuss the LIF excitation
spectrum oftrans-4 in detail and discuss the possible assignment of the ob-
served transitions. In Table 1, we list the main observed LIF excitation lines
with at least 3 percent of the intensity of the 0-0O-transition in the high and
about 05 percent in the low resolution spectrum. For comparison, we also in-
clude results published for matrix-isolaté@ns-4 in argon at 15K [70]. In
general, one may note that the overall intensity of transitions with respect to
the 0—O-transition is lower than farans-1 [25, 26, 62], and there are no promi-
nent progressions. This is not surprising, because of the significantly more
rigid structure oftrans-4 [70] which is planar in§, and S; singlet states. An
interesting exception is the fairly strong transition at 810tmeappearing
with pronounced overtones at around 1620 and 2430 cwhich is absent in
trans-1 as well as styrene [71] and may be related to a low frequency mode of
the cyclobutangenzene subunit. In Table 1, we include a very tentative clas-
sification of lines as arising from fundamentals, combinations, and overtones.
The main surprise, however, is that jet-coolgd-4 shows fluorescence just
slightly less intense in comparison to ttrans-conformer. The quality of the
LIF excitation spectrum, apart from the very low excess energy region, is rather
poor, though, precluding a precise determination of line positions. There are
fewer strong lines than fdrans-4, but the prominent transition at 790 cris
also present.

Both LIF excitation spectra rapidly decrease in intensity above an ex-
cess energy of about 1700 cinfor trans-4 and 1000 cm® for cis-4 which
is accompanied by a corresponding decrease of fluorescence lifetimes. This
indicates the onset of an efficient significantly excess energy dependent non-
radiative decay process which — on the basis of available photochemical
data [47] — we assign to singlet state photoisomerization in analoggrie 1.
The magnitude of the rate coefficidgt for this process is estimated from

= == — @

Tg Tho

where 1, is the average fluorescence lifetime at low excess energy. For
trans-4 the mean value in the excess energy range B, < 810cm? is
(2.68+0.02) ns, while for cis-4 we find (3.024+0.06) ns in the interval

0 < E. <790 cnt. The rate constark, = 1/, which includes purely radia-
tive decay as well as possibly minor contributions from internal conversion and
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Tablel. LIF excitation transitions and corresponding fluorescence lifetimesang-4.

E./cm™ el Preliminary E./cm™t E./cm™t ([ /NS
(ns-LIF/jet) classification (matri®)  (ps-LIF/jet)
0 100 q 0 100 2.67(5)
68 14 f 68 0.6 2.67(8)
108 3 f
118 25 f 116 1 2.65(5)
186 45 f, 68+ 118 185 7  2.64(8)
199 55 f 203 197 15 2.68(5)
266 6 f 267 7  2.66(8)
268 14 68+ 199
292 4 108+ 186
299 4 f 300 3
303 5 118+ 186
316 10 118+ 199 317 0.4
322 7 f
330 7 f
366 9 684297 366 0.4
387 28 186+ 199 387 2
389 3 684 322
399 25 2199 406 397 1 2.66(8)
409 11 f
419 18 f 417 0.7
423 3 2118+186
436 3 2118+199
451 4 186+ 267
467 7 199+ 267
477 5 68+ 409 480 0.4
501 ll} f
503 63 118+ 186+ 199 503 500 9  2.70(5)
516 3 186+ 330
533 22 f 530 0.6
186+2-199 586 0.5
f 612 612 5 2.69(5)
f 669 668 2 2.71(8)
199+ 501 707 697 1 2.70(8)
f 810 810 10 2.67(8)
f 970 963 2 2.62(5)
186+ 810 995 1 257(5)
199+ 810 1008 2 2.58(5)
118+2-501 1117 4 2618
186+ 2-501 1188 3 2.56(5)
f 1282 3 2.48(10)
501+ 810 1309 2 2.45(10)
f 1597 7 1.89(10)
2.810 1616 4  1.85(8)
186+ 2-810 1798 1  1.37(8)
118+2-501+810 1925 1 1.15(6)
810+ 1597 2413 0.7 0.54(3)
3-810 2428 0.3 0.53(3)
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Fig. 9. Excess energy dependence of non-radiative decay rate coeffikjgiits of trans-4
(®) andcis-4 (O). Lines represent the result of RRKM modelling (see text).

intersystem crossing, thus fmans-4 equals 3734-0.03- 10° s2, in very good
agreement with the value reported in room temperature solution [47], while for
cis-4 the corresponding value kg = (3.3140.06) - 1f s~%. The energy depen-
dence ok, (E.) for both conformers as obtained from (2) is shown in Fig. 9. It
can be seen that the threshold for photoisomerization is some 100awer
in cis-4 than intrans-4 such that the reaction is about an order of magnitude
faster forcis-4 at the same excess energy.

A gquantitative analysis ok, (E.) in terms of an RRKM fitting proced-
ure as proposed by Troe [20] requires a set of 78 normal mode frequen-
cies for trans-4 and cis-4 in the S;-state: For this purpose, we calculated
equilibrium structures and normal mode frequencies of both conformers in
the electronic ground and first excited singlet state ushagssian98 [72].
Ground state equilibrium bond lengths and angles of both conformers (level:
HF 3-21G) are identical to those given in [73]. Upon excitation to $he
state, they essentially do not change (level: UCIS ST03-G) which is in line
with the result that they are also practically identical fcaans-4 and cis-4
in both electronic states [73] — as expected, the geometrical structude of
is fairly rigid. The normal mode frequencies obtained on the basis of these
calculations, as listed in Table 3, have to be regarded as preliminary. While
the quality of calculations does not yet permit the normal assignment of ob-
served transitions, for the purpose of RRKM modeling the set of frequencies
is sufficient as a starting point to extract a barrier heightfor the reaction
and to estimate high pressure limits of the thermal rate constants by appro-
priate integration ok, (E.) over a Boltzmann distributiori(E) of vibrational
energy.
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Table2. LIF excitation transitions_and corresponding fluorescence lifetimessef.

Ee/cm71 Irel. EE/CI'TTI Irel. Tfl/ns
(ns-LIF/jet) (ps-LIF/jet)
0 100 0 100 3.08(8)
62 50 61 8 3.06(8)
72 20 72(sh) 2
119 5 106* 4
127 8 125 1
132 4
293 3 2.95(8)
404* 2
518* 1
560 8 3.10(10)
663 2 2.97(10)
715* 6
788 12 3.03(5)
851 1 2.81(5)
859 0.6
933 0.4
975 2 1.98(8)
1116 1.2 1.03(4)
1192 0.8 0.74(5)
1272 0.3 0.56(3)
1348 0.3
1511 0.2
1534 0.2
1576 0.3
1590 0.7 0.21(5)

Microcanonical rate constants were calculated according to

WT(E — Eo)
hp(E)

whereW! denotes the number of vibrational states betwEeand E, in the
transition stateh Planck’s constant, and(E) the density of vibrational states
at energyE in S,. Fitting this RRKM model to the experimental data involved
two free parameters: the barrier heightand a frequency scaling factor to ad-
just a subset of frequencies of tigg-state to those in the transition state. In
addition, a reactive mode frequency for isomerization in$hstate has to be
selected. By inspection of the normal modes obtained fronaltheitio calcu-
lations, we chose;,, = 56.7 cnr? as being strongly correlated with ethylenic

k(B) = @)
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Table3. Calculated normal mode frequencies for tBestate used in RRKM modeling
microcanonical reaction ratés, (E) (see text).

mode v/cmt v/cmt mode v/emt v/emt
trans-4 cis4 trans-4 cis4

1 42.2 47.0 40 1119.7 1116.4

2 56.7 51.5 41 1127.1 1138.0

3 63.3 65.5 42 1137.5 1149.1

4 112.6 111.4 43 1149.3 1159.1

5 208.0 221.6 44 1181.1 1178.4

6 221.9 237.1 45 1191.0 1179.1

7 237.3 246.2 46 1198.5 1193.9

8 322.8 322.6 47 1204.8 1213.9

9 361.3 324.2 48 1217.1 1215.7
10 379.5 380.8 48 1242.7 1247.1
11 391.3 389.7 50 1282.1 1282.2
12 444.6 443.8 51 1318.1 1317.5
13 461.7 465.0 52 1322.6 1319.6
14 514.0 505.0 53 1377.9 1375.6
15 532.4 511.4 54 1386.5 1392.6
16 5425 590.8 55 1392.7 1397.2
17 606.2 608.6 56 1521.7 1518.6
18 650.6 625.1 57 1535.7 1536.7
19 658.5 658.5 58 1541.1 1540.1
20 662.7 694.0 59 1545.9 1545.6
21 696.5 701.7 60 1596.6 1596.1
22 699.5 703.4 61 1617.4 1617.8
23 718.7 715.6 62 1622.0 1622.0
24 754.3 753.0 63 1644.2 1643.4
25 758.3 759.9 64 1646.5 1647.0
26 800.9 769.3 65 1661.0 1664.2
27 874.8 873.2 66 1968.9 1962.8
28 875.2 874.7 67 3250.1 3249.4
29 927.7 930.0 68 3250.5 3249.8
30 939.6 939.4 69 3355.1 3354.3
31 940.4 939.5 70 3355.2 3354.4
32 972.1 971.6 71 3367.6 3367.8
33 976.3 981.7 72 3368.1 3368.5
34 982.0 981.9 73 3380.6 3380.9
35 982.0 985.2 74 3380.6 3381.2
36 1043.6 1016.1 75 3387.8 3387.8
37 1063.4 1039.7 76 3388.4 3388.9
38 1071.0 1066.0 77 3390.1 3392.0
39 1098.7 1113.8 78 3391.3 3395.2

torsion. The curves in Fig. 9 represent the results of modelingtbaris-4 and
cis-4 excited state photoisomerization. While fds-4 no frequency scaling
was required, fotrans-4 we had to use a scaling factor of 1.03 for the 23 lowest
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frequency modes. The barrier to photoisomerization turned out (@ 30+
50) cm™ and (9004 100) cm™ for trans-4 andcis-4, respectively. The former
value compares well with the barrier height(@#004 100) cm~ determined
in non-polar liquid solution [47]. Using the expression

o0

szfk(E) f(E)dE, 4)

Eo

one then may easily predict the high pressure limit of the thermal rate constant,
K., fromk(E), E, and the normal mode frequencies of Bestates. Foll =
300K the results ark,, =1.8-10° s* andk,, = 1.2- 10" s* for trans-4 and
cis-4, respectively.

These values can be compared directly with corresponding rate coefficients
in room temperature low viscosity liquid or fluid solution. Schneigteal. [47]
measured a value of aboutB¥ s at T = 303 K fortrans-4 in bothn-hexane
and methylcyclohexane solution. However, they did not ta&d fluorescence
into account in their lifetime analysis. Therefore, we measured the fluores-
cence decay of a solution of the conformer mixture and of praes-4 in
n-hexane at room temperature using our single photon counting set-up and ana-
lyzed it using Brochon's fit program based on a maximum entropy method
lifetime analysis [74]. We arrived at fluorescence lifetimeg2fO+ 10) ps and
(75+ 10) ps fortrans-4 andcis-4, respectively. Assuming that the sum of con-
tributions from radiative decay, internal conversion, and intersystem crossing
does not change between jet-cooled molecule conditions and liquid solution,
these lifetimes correspond to photoisomerization rate constant§ df? s
for trans-4 and 13- 10" s~* for cis-4. These rate coefficients should be close to
the hypothetical high pressure limit, because the viscosity of ligtgxane
at 300 K is fairly low and will not slow down the reaction rate by more than
a factor of two from its zero friction value [48]. Therefore, bearing in mind
the uncertainties of modeling, one may conclude that whileite4 the model
prediction is in agreement with the experimental result, there is a notable dis-
crepancy fortrans-4 which may be either due to deficiencies of the model or
indicate solvation angr dynamic effects similar to those still under contro-
versial discussion fotrans-1. One should note, however, that fioans-1 the
difference between the RRKM prediction of the rate coefficient and its meas-
ured value in low viscosity fluid solution is about a factor of 50 [75], while here
it is at most a factor of 4 to 5. So one should really try to improve the harmonic
model first — with the immediate aim to quantitatively assign the LIF excitation
spectrum, before one embarks on a detailed discussion of conceivable physical
effects.

In another approach to experimentally determine the high pressure limit of
the photoisomerization rate coefficienttodns-4, we presently measure its flu-
orescence decay in thermal vapor and with added buffer gas, again in the single
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Fig.10. Excess energy dependence of non-radiative decay rate coeffidig(Ey of
trans-4 (@) and rate coefficient measured in therrtraihs-4 vapor at 300 KM). Line as
in Fig. 9.

photon counting set-up described above using a suitable sample cell [49, 76].
First preliminary experiments indicate that in therrtrahs-4 vapor under col-
lision free conditions the decay consists of two components: a dominant fast
one contributing about 95 percent to the signal amplitude that may be charac-
terized by a lifetime of 47 ps, and a slow component whose time constant is
about 10 times as large. We are convinced that the fast component reflects the
decay of the initially excited population in ttg-state which is just the thermal
population of the ground state lifted by the 266 nm excitation photon to a cor-
responding excess energy$n The sum of the mean thermal energy at 300 K
(about 2000 cmt) and the photon energy (37 600 chhminus the energy of
the 0-O-transition ofrans-4 is about 7500 cmt, i.e. most of the molecules
will react with a rate corresponding to this internal energy resulting in a practi-
cally mono-exponential fast decay component. The measured rate constant of
2.1.10"s™ is very close to the RRKM model prediction 0f5210°s as
shown in Fig. 10.

The origin of the slow component has to be clarified in further experiments.
It could involve fast forward and slow reverse intersystem crossing between
S, andT; at high excess energy or, more likely, reflect consequences of sim-
ultaneous excitation of a higher singlet state) (Which is accessible at this
excitation wavelength [73]. We have also started to study the effect of added
bath gas. Once the pressure of the bath gas is sufficiently high to rapidly cool
the initially vibrationally hot molecule and subsequently sustain an equilib-
rium distribution in theS,-state, the fast component should disappear and one
should measure the high pressure limit of the fluorescence decay rate con-
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stant. At pressures of 8 barpropane we have not yet reached this situation,
but the fast component is reduced to about two thirds of the signal amplitude
while a slower component with a life time of about 300 ps has become more
prominent. This is a very strong indication that the high pressure limit of the
photoisomerization rate constant will be very close to the value we measured
in liquid n-hexane. The discrepancy between the prediktednd the corres-
ponding experimentally determined rate coefficient, therefore, is unlikely to be
more than a factor of three and almost within the error limits expected from
such simple models.

5. Conclusion

We presented first measurements of fluorescence excitation spectra of the rigid
stilbene analogud in a supersonic jet expansion showing that, in contrast to
the parent compound, both thens- and thecis-conformer fluoresce under
these conditions. The excess energy dependence of fluorescence lifetimes in-
dicates the onset of an efficient non-radiative decay channel above energy
thresholds of 1340 cnt and 990 cm* for thetrans- andcis-form, respectively,
which is assigned to photoisomerization in the singlet state. From an RRKM
analysis of the microcanonical rate coefficients an estimate of the high pres-
sure limit of the thermal photoisomerization rate coefficient is obtained and
compared with photoisomerization rate coefficients measured in low viscosity
solution and in thermal vapor. There are strong indications that for this com-
pound there are no dynamic or static solvent induced effects that lead to an
anomalous acceleration of the reaction in solution. If this conclusion will be,
as we expect, also be verified in studies underway in fluid solutians-1 still

is the only compound of this family for which peculiar discrepancies between
isolated and “solvated” molecule reaction dynamics have been found.
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