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The sensitized photoisomerization of stilbene was studied with nanosecond time-resolved absorption spectros-

copy at room temperature,

not depend upon a starting material being either cis- or trans-stilbene.

In non-viscous solvents (heptane, benzene, and ethanol), the transient spectrum does

The kinetic analysis of the transient spectrum

due to stilbene shows that the observed spectrum consists of the T,-T, absorption spectrum of trans-stilbene and that

of twisted triplet (phantom triplet) stilbene.
mately 120 ns.
the starting materials being either cis- or trans-stilbene.

The lifetime of the twisted triplet stilbene is determined to be approxi-
In a viscous solvent (¢-butyl alcohol), the transient behavior of triplet stilbene is dependent upon
The contribution of the twisted triplet stilbene to the tran-

sient spectrum is larger for the case starting from cis-stilbene than for the case starting from trans-stilbene.

In the reaction of cis-frans photoisomerization of stil-
bene, two possible mechanisms have been proposed
mainly with the aid of the steady state method; (i)
reaction occurs through the lowest triplet state (triplet
mechanism), or (i) through the lowest excited singlet
state, S; (singlet mechanism). In both cases, the phan-
tom singlet and triplet states with the twisted central
double bond are possible intermediates in the course
of the isomerization.!~® In searching these interesting
species many attempts have been made without success
by flash photolysis or laser photolysis.%%

In the sensitized photoisomerization of stilbene, the
reaction was found to occur through the triplet state of
stilbene.!) From the temperature dependence of quench-
ing experiments, it was suggested that a small poten-
tial barrier existed between the triplet state of frans-
stilbene and the phantom triplet state.%?) Very recent-
ly Benson and Williams®) proposed a potential barrier
from an experiment of the direct excitation to the triplet
state by an argon-ion laser. The energy barriers ob-
tained by direct and sensitized photoisomerization agree
well with each other. From quenching experiments
Saltiel et al.® estimated the effective lifetime of the
triplet state of irans-stilbene to be of the order of 10-8s
in fluid solution.1®)

On the other hand, in the direct photoisomerization
of stilbene, Saltiel and his coworkers!»!2) proposed the
singlet mechanism on the basis of their quenching ex-
periments. They further assumed that a phantom
singlet state (p) is a possible intermediate of the reac-
tion. Recently a decay of fluorescence consisting of
two exponential decay components with the time con-
stants of <0.2 and 1.4 ns at room temperature was
reported by a photon-counting method.1® The result
was explained by a rapid equilibration of the population
between S; and p. Very recently, we investigated
with a picosecond Nd3+:YAG laser the temperature
dependence of the fluorescence lifetime of {trans-stil-
bene.!* A smooth sigmoidal relation was obtained, quite
similar to the temperature dependence of fluorescence
quantum vyields. Contrary to the photon-counting ex-
periment the fluorescence had only one exponential
decay component (0.11 ns) at room temperature and
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agreed with the S, lifetime estimated by a quenching
experiment.’® The results indicate that the back reac-
tion to S; from the !p state does not contribute to the
fluorescence decay, the p state has a very short lifetime
or the rate of back reaction is very slow.

In order to understand more clearly the cis-trans
photoisomerization mechanism, it is necessary to eluci-
date the dynamical behavior of the reaction interme-
diate—!p or 3p. In the present work we examined the
sensitized excitation of c¢is- and trans-stilbene to their
triplet state and observed an absorption spectrum of a
reaction intermediate by laser-flash time-resolved spec-
troscopy. The sensitized cis-trans isomerization mecha-
nism and a role of the phantom triplet state were discus-
sed on the basis of the observation of the transient
absorption.

Experimental

The details of a Ny-laser photolysis system® and a dye
laser photolysis system” were reported elsewhere. We used
a coaxial type Ny-laser (peak power at 337 nm, 100 kW;
pulse duration, 7ns FWHM) as an actinic light for the
photolysis with 2-acetonaphthone as a sensitizer. Stilbene
is not excited efficiently by a N,-laser. For the photolysis with
biacetyl, we used a dye-laser with POPOP which was excited
by a travelling-wave type N,-laser (peak power, 1 MW;
pulse duration, 6 ns FWHM).

An analyzing light was monitored by means of a Hamamatsu
R666 photomultiplier and the signal was fed either to a
Tektronix 465 oscilloscope or to a Tektronix 561B sampling
oscilloscope combined with a 3S1 dual-trace sampling unit
and a 3T77A sampling sweep unit.

The signal from the photomultiplier was monitored and am-
plified with a 465 oscilloscope. The amplified output signal
from the oscilloscope was divided into two halves with a
Tektronix 874-TPD divider. One of the signals was connected
to the channel A of the 3S1 unit, and the other was passed
through a delay cable and put into the channel B of the
3S1 unit. The sampling time of the channel A was fixed
manually at a suitable delay position of the absorption with
an intensity of I(¢), while the channel B was set before the
pulse irradiation with an intensity of I(0) (Fig. 1). The
recorder output signals of the A and B channels were divid-
ed with an operational amplifier. A time-resolved ab-
sorption spectrum was obtained by scanning the wavelength
and recording I(t)/1(0). By sampling I(¢t) and 7(0) form the
same laser shot, we measured I(¢)/I(0) quite accurately ir-
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Fig. 1. The timing correlation of the absorption inten-

sity at ¢(I(t)) and that at t=0 (I(0)). The former
is fed into the channel A of the sampling oscilloscope
and the latter into the channel B (see the text).

respective of considerable amplitude variation of the laser
pulse. The I(t)/I(0) values were later converted to the
absorbance scale.

trans-Stilbene and 2-acetonaphthone were purified with
alumina column chromatography. c¢is-Stilbene and biacetyl
were purified by distillation. The purity of all the samples
was checked with gas chromatography to be more than
999%. The sample was deaerated with nitrogen flow and a
fresh sample was supplied for each run.

Gas chromatographic analysis showed that the cis-trans
isomerization reaction was straightforward and no other
reaction took place during the laser irradiation.

Results

Transient Spectra. We chose 2-acetonaphthone
as a sensitizer of the photoisomerization since the energy
of the triplet state (E,) is 59.3 kcal/mol (the lowest
triplet state in zz*,'® just above the triplet state of
cis-(Ep=>56.7 kcal/mol) and  ‘trans-(E,=49 kcal/mol)
stilbenes. Figure 2 shows the time-resolved absorption
spectra of cis-stilbene with 2-acetonaphthone in heptane
at room temperature. We used heptane (7=0.418 cP;
20 °C) and benzene (7=0.649 cP; 20 °C) as nonpolar
solvents and ethanol (7=1.08 cP; 25°C) as a polar
solvent. The absorption maxima, the shape of the
absorption profile, and the time course of the absorption
were found to be unaffected by the solvents so far as
the viscosity is low. The “0 ns” spectrum (a spectrum
observed just after the laser irradiation) has intense
absorption bands at 424, 404, and 384 nm. These
bands were assigned to the T,-T; absorption of the
sensitizer, 2-acetonaphthone, since the “0 ns” spectrum
of 2-acetonaphthone in heptane gave the same spectrum.
These bands decayed quickly and different absorption
bands appeared about 70 ns after the laser pulse, ir-
respective of the starting materials being either cis- or
trans-stilbene. The lifetime of this species was 110+
10 ns. This transient absorption spectrum was also
observed in an additional experiment using biacetyl
(the lowest triplet state is nn*, E,=56.3 kcal/mol'®) as
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Fig. 2. Time-resolved absorption spectra of the 2-
acetonaphthone-stilbene system in heptane: —e—,
immediately after; —x~—, 30 ns after; —o0—, 70 ns
after a laser pulse reached its maximum intensity.

triplet sensitizer. We excited biacetyl with a dye-laser
at 428 nm. Again the main spectral features in the
region of 345—390 nm and the lifetimes were identical
irrespective of the starting isomers. As described later,
this transient absorption is due to a mixture of the triplet
state of trans-stilbene and the phantom triplet.

The Rate of Triplet Energy Transfer from 2-Acetonaphthone
fo cis- or trans-Stilbene. In order to elucidate the
mechanism of sensitization processes of the triplet state
of trans-stilbene and twisted stilbene, we examined the
first order decay rate of the 2-acetonaphthone triplet
state as a function of the concentration of cis- or trans-
stilbene. Figure 3 shows the Stern-Volmer relationship
observed by the T,-T, absorption at 430 nm in
heptane. The plots give a straight line with a slope of
8.9 x 10° M-15-1 for trans-stilbene and 5.2 x10° M~ts-1
for cis-stilbene at room temperature.

Transient Absorption in a Viscous Solvent (t-Butyl Alcohol).
The transient absorption of cis- or trans-stilbene in ¢-
butyl alcohol with 2-acetonaphthone as a sensitizer has
two components; the T ,-T; absorption of the sensitizer,

cis-stilbene  trans-stilbene
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Fig. 3. The first-order decay rate of the 2-acetonaph-
thone triplet quenched by cis- and trans-stilbenes in
heptane at room temperature.
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Fig. 4. Transient absorption of stilbene: —0—, trans-

stilbene in non-viscous solvent; —@—, trans-stilbene in
viscous solvent; ~—x—, cis-stilbene in viscous solvent;
, the T,-T; absorption spectrum of trans-stilbene
at 77 K from Ref. 26.

2-acetonaphthone, which promptly decays, and the ab-
sorption due to the mixture of the triplet trans-stilbene
and the phantom triplet. The time-resolved absorption
spectrum of the long-lived species measured 60 ns after
the laser irradiation is shown in Fig. 4. In a viscous
solvent, contrary to the behavior in non-viscous solvents,
the profiles of the transient absorption spectra were
different for c¢is- and trans-stilbenes. The decay time
of the long lived species was 120%10 ns and 8010 ns
for ¢is- and trans-stilbenes, respectively.

Discussion

Reaction Paths. The simplest mechanism which
accounts for various observations of the sensitized photo-
isomerization of stilbene with a triplet donor (D) is
shown as follows:1,20)

3t & 3¢
k\*:‘s Ak/

P

k k.

(D40t % (+°D)

In the above diagram, t, ¢, and p stand for the trans-,
cis-, and twisted stilbene, respectively. The superscripts
0 and 3 indicate the ground state and the lowest triplet
state. The fraction of 3p decaying to the transoid
ground state is given by «. k’s are the corresponding
rate constants.

Recent theoretical studies show that the -z excited
configuration mixing plays an important role in photo-
chemical rearrengements involving rotation around dou-
ble bonds. The results of an ab initio calculation for
ethylene?!) show that the potential energy curve of the
triplet state changes smoothly with an absolute minimum
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at 0=90° and stays always above the ground state
potential. Thus there is no crossing. 1,3,5-Hexatriene,
with the simplest # bond system in both sides of the
central double bond, behaves in the same manner as
ethylene for twisting the central double bond.2)) For
styrene, Bruni e al.?») discussed the predominant nature
of the lowest triplet state was ethylenic, and showed a
similar behavior as ethylene for twisting. In all cases,
the main configuration of the lowest triplet state is the
ethylenic # system, and becomes more and more loca-
lized in the ethylenic # bond during the internal rota-
tion. We consider the same discussion is applicable
to the potential surface of stilbene,23-25) and a potential
crossing between the ground and triplet state at 0=
90° is not accounted.

Using 2-acetonaphthone as a sensitizer, the excitation
rate constants £, and k, in heptane were obtained
from the slope of the Stern-Volmer plots to be 8.9 x
10° and 5.2x10° M-1s-1, respectively. Considering
the effect of the viscosity (7(benzene)/y(heptane)
=1.5—1.6) on the bimolecular rate constants in
benzene, these values become 5.6x10° and 3.2x
10° M~ 571, respectively. These are in good agreement
with the values (5.0x10°M-1s-1 for k;, and 3.4X
10° M-15-1 for £,) obtained by Herkstroeter and Ham-
mond?4 with conventional flash photolysis.

Kinetic Analysis of Observed Absorption. Let us
analyze the observed absorption from the kinetic point
of view based upon the reaction scheme in the previous
section.

For the excitation of ¢rans-stilbene,

d[*t]/ds = £[*t][*D] + k-,[*p] — ks[3t], (1)

d[®p]/dt = k,[*t] — (k_3+%5)[*p]. (2)
For the excitation of c¢is-stilbene,

dt]/dt = k_4[*p] — ks[*t], (3

d[®pl/dt = k,[c] + ks[*t] — (k—3+4;)[°p]. 4)

The differential equations are solved approximately
as follows (see Appendix):
For the excitation of trans-stilbene,

[Ppls = &5[*Dy] (e~21t —e~2) a, (3)

[3t]: = BDpl{(d—2,) e 4t + (A, —d) e %t} /a, (6)
For the excitation of cis-stilbene,

Pple = PDol{ (ks —4,) et + (A, —ky)e Pt} a, (7)

[tle = £3[*Do] (e 41! —e~22t)[a. (8)
Here

1
Ao = ?[(k3+k—3+k5) i{(153'*‘k—:;‘|‘k.5)2”“1‘153155}1/2];
®
a=1 — . 9)
The ratio of [3t] to [3p] at time ¢ is given as follows:

[\ _ (@—A)ehit (ly—d)ein
(For ). = ke

(10)

[3t] _ k_g(e~ Xt —e2t)
< [3p] )c N (k3_21)e_11’+ (Az—kg)e—lgt °
Here d=k_;+k;.

In such non-viscous solvents as heptane, the observed

(1)
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new transient species has a nearly single exponential
decay. The decay rate of ®p and 3t are both approxi-
mated by the same 4;,. Therefore 4, should correspond
to the observed long decay time (=110mns). Since
Ay> 2y, the terms including e—?:* can safely be disre-
garded in Egs. 10 and 11.

Ca/CpDe _ @d=A)ks—2h)
(Ca/PpDe ksk—g

This means that the transient absorption spectrum
observed with the non-viscous solution is independent
of the starting material being either c¢is- or trans-stilbene.
The spectrum in the wavelength region, 345—390 nm,
is quite similar to the T,-T; absorption spectrum of
trans-stilbene reported by Herkstroeter and McClure in
solid solution at 77 K20 (see Fig. 4). The spectrum is
the absorption of 3t, since the isomerization does not
take place at 77 K. However, at shorter wavelengths,
our spectrum has distinctly higher intensity. Subtract-
ing the 3t absorption from the transient absorption
observed with the non-viscous solution, we have a new
absorption band at =360 nm. The band is assigned
to the intermediate between 3t and the isomerization
product, namely 3p. The band at =360 nm becomes
more predominant in the viscous solution.

The behavior of the transient species in a viscous
solvent is dependent upon the starting materials as is
shown in Fig. 4. The rotation is hindered in a viscous
solvent. Since the forward rate constant k; is about
nine times smaller in #-butyl alcohol than in benzene
at room temperature!®), it is difficult to ignore the
contribution of e~?:¢ in the viscous solution. Thus we
obtain much more complicated relation than Eq. 12,

(Ct/CpDs
(]/°PDe
et et 4= AtAD L (ky— A1)+ (Ay— k)2 } fgk s
€221t | e—2Apt e~ (1+22)t

(12)

>1.

(13)

This relation shows that the concentration of 3p
relative to that of 3t increases for the reaction from the
cis isomer compared with the reaction from the trans
isomer: in other words, the spectrum of the phantom
triplet is more predominant in the transient spectrum
from cis-stilbene than in that from frans-stilbene. This
is consistent with the observation shown in Fig. 4 sup-
porting the assignment of the 360 nm band to 3p. We
can see from Fig. 4 that the intensity ratio of the 360 nm
band to the 376 nm band in the viscous solution is
much larger in the transient spectrum from cis-stilbene
than in that from the trans-stilbene.

In a viscous solvent the transient absorption decays
differently depending upon the starting material. Ex-
citing trans-stilbene, the lifetime is 80 ns at room temper-
ature and this decay process (represented by 1,) is
considered to be from 3t since the transient absorption
spectrum mainly consists of the T ,-T; absorption spec-
trum. Exciting cis-stilbene, the transient absorption
spectrum decays with the lifetime of 120ns and is
mainly due to 3p, the decay process being controlled
by 2;.

The ratios of [3t]/[3p] in heptane and ¢-butyl alcohol
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TasLE 1. ViscosiTy DEPENDENCE OF [3t]/[3p]
Solvent Heptane ¢-Butyl alcohol
(non-viscous solv.) (viscous solv.)
Viscosity(cP) » 0.40 3.88
ks 108 1.3x107
Rate k_g 107 1.3x108
constants ks 107 107
(s A 0.9x107 7.95x 108
Az 1.11x107 1.64x107
(/P 0.12 1.4
e/ PpD)e 0.12 0.06

The initial concentrations of °% and % are 0.1 M.

are estimated by taking the most reliable rate con-
stants.1>3  With the aid of Egs. 10 and 11, these values
ca. 50 ns after the laser irradiation are calculated and
given in Table 1. We can see that in a viscous solvent
[3t]/[3p] is greatly different for cis- and trans-stilbenes.

Appendix

The exact solution of linear differential equations 1, 2,
3, and 4 is as follows:
for the excitation of trans-stilbene,

0 e~ At e—Aat e~k [0t Al
3 p— 3
B N e e
[t = A[%Dy]
e ==t
| ab ac be

for the excitation of cis-stilbene,
PPple = £5[°c][*Do]
X {ka_,}'l e~ — Zz—’k3 e—A2t — ks-—b{cz'["c] e—sz"c]t},

ab ac
' (A3)
e—Ait e—4zt -e—k[ 0Tt
347 — (ORTE] A
Bl = bkl DA |-+ ] (A

where
1
Ae = '2_[(k3 +k_g--ks) F{ (kg kg + k)2 — 4kaks }1/2,

a= 12 - }'1’

b =k[°t] — 4,

¢ =2 — k[°t],

d=Fk_3+ks.

[°c], [°t], and [3D,] are the initial concentration of cis-
stilbene, trans-stilbene, and sensitizer, respectively. Under
our experimental conditions, we can make the concentra-
tions of °% and ° high enough to have £,[°] and £,[%]>
A1, A;. The equations Al to A4 are able to be approximated
as Egs. 5 to 8.

b = ko] — 4y,
¢’ =2, — k[],
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