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Summary

The quantum yields of fluorescence ¢¢, cis—trans photoisomerization
¢c— ¢ and trans—cis photoisomerization ¢,-, ., and photostationary trans/cis
ratios of 4-cyanostilbene, 4,4-dicyanostilbene, 4-cyano-4'-methoxystilbene
and 4-cyano-4’-dimethylaminostilbene were measured in several solvents as
functions of quencher (ferrocene, azulene and oxygen) concentration, tem-
perature and viscosity. The results suggest a singlet pathway for the direct
trans—cis photoisomerization of the cyanostilbenes.

Photosensitized cis—trans isomerization and triplet energy transfer mea-
surements were performed at room temperature for 4-cyano-4-methoxystil-
bene. A transient was observed by laser flash photolysis for trans isomers of
4-cyanostilbene, 4,4'-dicyanostilbene and 4-cyano-4'-methoxystilbene at high
viscosities. On decreasing the temperature and thus increasing the viscosity
the yield ¢4 and lifetime 71 of the transient increase, reaching constant val-
ues in rigid media where ¢, ., is almost zero. The viscosity independence of
the transient spectrum and the temperature dependences of ¢t and 7 lead
to the identification of the transient as the planar trans configuration of the
lowest triplet state. Contribution of this triplet state and possibly of a higher
excited triplet state to the trans—cis photoisomerization is suggested to be
very small even at low temperatures.

1. Introduction

In previous work differing pathways have been suggested for the trans—>
cis photoisomerization of 4-cyano-4'-methoxystilbene (CMS) and 4-nitro-4'-
methoxystilbene (NMS) [1 - 10]. It has been shown that for NMS the direct
trans—cis photoisomerization at room temperature occurs by a triplet mech-
anism, i.e. intersystem crossing to a planar trans triplet state, establishment
of an equilibrium between the lowest planar and twisted triplet configura-
tions and intersystem crossing to the twisted ground state followed by further
twisting about the central double bond into the cis ground state {6, 9]. A
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2.5. Materials

Trans isomers of CS, DCS, CMS and CDMAS were prepared and purified
using methods described in the literature [20, 21]. For CS, DCS and CMS
the cis isomers were produced by irradiation of the trans isomers until the
photostationary state was established and by subsequent separation using
high pressure liquid chromatography (Perkin Elmer, series 3, detector LC 55).

The purity of the cyanostilbenes was found by gas chromatography to
be better than 99%. The sensitizers used were the same as those employed
previously [7] with the addition of xanthone (Fluka, 99%), thioxanthone
(Fluka, zone refined 99.5%), 2-acetonaphthone (Eastman, 99%) and acridine
(Fluka, 98%); ferrocene (Merck, 99.8%) was recrystallized, and azulene
(Aldrich, 99.3%) and 9,10-diphenylanthracene (EGA-Chemie, 99%) were
used without further purification. The solvents (Merck) were purified by
distillation where necessary. The preparation of the trans-cyanostilbenes in
polymethyl methacrylate (PMMA) has been described elsewhere [22].

3. Results

3.1. Direct cis—trans photoisomerization

It has been shown in previous work that the effect of solvent polarity
on the position of the photostationary state is significant for NMS but is
small for CMS [3]. The trans/cis ratio in the photostationary state was mea-
sured for the four cyanostilbenes in several solvents at room temperature. A
comparison of these values with those for the corresponding nitrostilbenes
[23 - 25] is given in Table 1. The photostationary trans/cis ratios show only
a slight solvent dependence for CS, DCS, NS and DNS. However, substitution
of a methoxy or a dimethylamino group in the 4' position leads to different
results. On increasing solvent polarity the position of the photostationary
state is slightly shifted to the trans form for the 4-cyanostilbenes but is
strongly shifted to the trans form for NMS and 4-nitro-4’-dimethylamino-
stilbene (NDMAS).

The photostationary trans/cis ratio depends on the molar extinction
coefficients ¢, and ¢, at the wavelength Ay, of irradiation and on the quantum
yields of direct photoisomerization (eqn. (1)):

t € -
(Q) — fe Peoe (1)

[c] €t Pioe

Values for ¢,.,. and ¢...; are listed in Table 2. Formation of 4a,4b-dihydro-
phenanthrene (DHP) from cis-cyanostilbenes may reduce ¢.,-,. For CS in
cyclohexane a quantum yield ¢pup of 0.003 has been reported [20]. Com-
parably small yields for cyclization were found under prolonged irradiation
conditions for CS, CMS and CDMAS in benzene and methanol by UV and
gas chromatographic analyses. Only for DCS was a larger yield of DHP (in
the absence of oxygen) and phenanthrene (in the presence of oxygen) found.
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TABLE 2

Quantum yields of direct trans—cis and cis—trans photoisom-
erization for cyanostilbenes in solution at room temperature®

Compound  Solvent® Gisc Bost (% cis),
cs Cyclohexane  0.56 0.46 85
(0.46)° (0.41)° (81)°
Benzene 042 0.45 80
Ethanol 0.56 0.45 85
DCS Cyclohexane  0.45 0.359 83
Ethanol 0.45 0.359 84
CMS Cyclohexane  0.45 0.40 85
Benzene 0.40 0.40 88
Ethanol 0.42 0.40 86
CDMAS Cyclohexane  0.50 0.3¢ 82
Benzene 0.50 0.34 78
Ethanol 0.55 0.34 82

AFor CS and DCS Ay = 313 nm; for the other stilbenes Ay, =
366 nm.
Deoxygertated solutions.
“Taken from ref. 25,
90btained from values for ¢;—. and ([£]/[c])s using eqn, (1).

3.1.1. Effects of quenchers on the photostationary state

Ferrocene, azulene and oxygen were used as quenchers of the cisZ trans
photoisomerization. For CMS in benzene at room temperature the percent-
age of the cis and #rans isomers in the photostationary state and the quantum
yields ¢, . and ¢.-., are shown in Fig. 1 as functions of the ferrocene (azu-
lene) concentration [Q] . ¢;—. decreases slightly on increasing [Q] whereas
¢o—¢ is constant up to [Q] values of about 107! M. On increasing [Q] the
position of the photostationary state is therefore shifted to the trans side.
Under the assumption that only the trans configuration 1t" of the first ex-
cited singlet state is affected by the quencher, ¢;-,. is given by eqn. (2),
where 75 is the fluorescence lifetime and k4 is the quenching rate constant.
Linear dependences and the same slope/intercept ratios are expected for
plots of ¢ .- +/¢¢- . and ([t] /[c] ), versus [Q] using egns. (1) and (2).

600
Pt—e

=1 +75kq[Q] (2)

Gcot/Pic and ([t] /[¢]), were found to be linearly dependent on [Q].
Values for slope/intercept r of the latter plot are given in Table 3 for various
cases; they range between 10 and 30 M ! whereas those for the correspon-
ding nitrostilbenes are more than an order of magnitude larger. Replacing
ferrocene by azulene gives similar results (Table 3). This experiment was car-.
ried out with CMS and CDMAS since much higher azulene concentrations
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Fig. 1. The cis—trans photoisomerization of CMS in benzene as a function of the concen-
tration of ferrocene (O, ®, 0) or azulene (2, 4) in the absence of oxygen at 26 °C and with
Ay = 366 nm., (a) The percentage of cis and trans isomers in the photostationary state vs.
[Q]. (b) The quantum yields of direct cisZirans photoisomerization and the relative fluo-
rescence intensity (O) vs. [Q]. The curves were calculated using eqns. (1) - (3) and Kg =
isM? (—————)ansz=30M— (—+— - ).

could be used on irradiation at 366 nm than at 313 nm because of the spec-
tral window of azulene in the 400 nm region.

However, quenching by oxygen does not significantly affect the posi-
tion of the photostationary state. No discernible changes of ([¢)/[c]),
were found for CS, DCS and CMS when the samples were saturated either
with argon or with oxygen. Oxygen at pressures of up to 50 bar (correspon-
ding to oxygen concentrations of about 0.5 M) in chloroform only slightly
changes ([t] /[c]), (Table 1).

3.1.2. Temperature dependence of ¢4 ¢

Oerts P1—c and ([t] /[c] ), Wwere measured as functions of temperature
in ethanol and glycerol triacetate (GT). Semilogarithmic plots of ¢,
versus T~ * are shown in Fig. 2 for DCS and CMS in ethanol and in Fig. 3
for CS, DCS and CMS in GT. On decreasing the temperature ¢,.. . decreases
whereas ¢._,; remains almost constant. In GT at —75 °C, ¢,_,. is about 0.1
for CS and CMS but is much smaller (approximately 0.01) for DCS. For
DCS, compared with CMS (Fig. 3) and CS (see Fig. 9), a larger decrease of
¢ With decreasing temperature was also found in ethanol. In most cases
examined ¢ .., is noticeably reduced only at very high viscosities, similar to
the case of various other stilbenes [8, 26 - 28] .
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Fig. 2. ¢¢ (4, ®) and ¢y, (&, 0) vs 771 for trans-cyanostilbenes in ethanol: DCS, &, &,
———, Apx=313nm;CMS, 8 0O, .., Ap = 366 nm. The curves were calculated using eqns.
(4) and (9), § = 0.6 and data from Table 5.

Fig. 8. ¢;(®, A, m) and ¢, (O, &, O) vs. T for trans-cyanostilbenes in GT: CS, ®, ©, —,

Ape =313 nm; DCS, A A --- A =813 nm; CMS,®, 0O, . Ay =366 nm. The curves
were calculated using eqns. (4) and (9), 8 = 0.5 and data from Table 5.

3.2. Fluorescence measurements

3.2.1. Fluorescence spectra

Trans-cyanostilbenes show fluorescence emission at room temperature
in contrast with the corresponding cis isomers. The fluorescence emission
and excitation spectra of trans-CS in ethanol at room temperature and at
—196 °C are shown in Fig. 4 together with the absorption spectra. The ab-
sorption and emission spectra show a typical mirror image relationship. The
similarity of the absorption and excitation spectra indicates that emission oc-
curs only from the lowest excited singlet state. The absorption and fluores-
cence spectra of trans-CS are similar to the corresponding spectra of trans-
stilbene (see for example refs. 12, 26 and 27).

Maxima of the absorption, the fluorescence excitation and the fluores-
cence emission spectra of the trans-cyanostilbenes are listed in Table 4. The
absorption and fluorescence excitation spectra are red shifted in the series
CS, DCS, CMS, CDMAS from approximately 320 to about 390 nm. The ab-
sorption maxima are almost independent of solvent properties. Solvent po-
larity, however, has some influence on the position of the fluorescence emis-
sion spectra of CMS and CDMAS. The fluorescence emission maxima range
from 370 nm for trans-CS to 420 - 520 nm for trans-CDMAS. The effect of
solvent properties on the emission maxima of CDMAS has been studied
earlier by Lippert and coworkers [29, 30].

On going to low temperatures the absorption spectrum and the fluores-
cence excitation and fluorescence emission spectra become more structured
(see Fig. 4(b)) because the vibrational and torsional modes are hindered by
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Fig. 4. Absorption spectrum (. . .), fluorescence excitation spectrum (- - -), Agm = 372 nm)
and corrected emission spectrum (——, Aexe = 313 nm) of trans-CS in ethanol (a) at 25 °C
and (b) at —196 °C.

the increasing viscosity. Similar spectra were therefore obtained in GT at
—-75 °C and in a mixture (1:1 by volume) of methylcyclohexane ang iso-
hexane (MCH-IH), in Z-methyltetrahydrofuran (MTHF) and in ethanol at
—196 °C. The fluorescence and absorption spectra show a pronounced struc-
ture for CS and DCS whereas almost no structure was found for CDMAS
(Table 4).

From the emission spectra no indication of phosphorescence was found
for CS and DCS at —196 °C in the wavelength region 450 - 700 nm. Fluores-
cence spectra for CS and DCS in ethanol at —196 °C obtained by laser flash
photolysis, i.e. following the laser pulse (< 10 ns), were found to be similar
to the aforementioned time-independent spectra. In agreement with corre-
sponding results for stilbene (see refs. 13, 31 - 33) it is suggested that 4-
cyanostilbenes show no (or only very weak) phosphorescence.

3.2.2. Filuorescence quenching measurements

Fluorescence quenching measurements were performed with ferrocene
or azulene as quenchers. In the wavelength region where the quenchers ab-
sorb only slightly, the fluorescence intensity I; decreases on increasing [Q]
(Fig. 1). In the simplest case fluorescence quenching is given by the Stern—
Volmer equation eqn. (3):

]0
7, ~1*EslQ] (3)
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Linear Stern—Volmer plots were found for various cases using quencher con-
centrations of up to 0.05 M. Stern—Volmer constants (Kg = 7gkq) obtained
from the trans-cyanostilbenes in several solvents are listed in Table 3. At
higher quencher concentrations the fraction of fluorescence from the stil-
benes which is absorbed by the quencher may be quite significant [15].
Because of this effect the uncorrected values for Kg may be overestimated
(see Fig. 1),

In contrast with the case of ferrocene (or azulene) no independent
method was available for measuring the effect of oxygen on t* since fluores-
cence quenching could not be carried out using the high pressure absorption
cell. Apparently quenching of t* by oxygen is less efficient than quenching
by ferrocene. Similar results have been reported for the stilbene—azulene
system [13 - 16].

3.2.3. Temperature dependence of ¢,

Values for ¢4 of the trans-cyanostilbenes in several solvents at room
temperature are listed in Table 5. ¢¢ is about 0.01 for CS and CMS but is
significantly larger (0.1) for DCS. The temperature dependence of ¢, was
measured in MCH-IH, MTHF, ethanol and GT. Semilogarithmic plots of ¢,
versus T~1 in ethanol are shown in Fig. 2. On decreasing the temperature ¢,
increases and reaches a value close to unity below about —140 °C. In GT as
solvent ¢; increases at much higher temperatures and reaches a maximum
value ¢2 at —80 °C (Fig. 3). For all the cyanostilbenes studied the ¢ values
are close to unity in the solvents used (Table 5).

The temperature dependence of ¢, for the cyanostilbenes is very simi-
lar to that of stilbene, which has been studied intensively by several workers
[12-18, 26 - 28, 31]. Analogous to this case, competition between fluores-
cence emission, a non-activated radiationless deactivation step and an acti-
vated radiationless deactivation step was assumed. The temperature-depen-
dent step is assigned to twisting in the excited singlet state from the trans
1t* configuration to the perpendicular !p* configuration and the radiation-
less temperature-independent step may be intersystem crossing or internal
conversion [4]. The temperature dependence of ¢, was analysed using eqn.

(4):

(e —x) = In

A )_ E, @

ke RT

Here xk = 1 + kgo/k¢t, where k¢ and kg are the rate constants of fluorescence
and of the non-activated deactivation step from !t respectively; E, is the
activation energy and A is the pre-exponential factor for the activated
twisting step 1t* - 1p*. Values for «, A/k¢ and E, were obtained from linear
plots of In(¢;"1 — «) versus T~ (Table 5). For CS, CMS and CDMAS in
liquid solutions E, values of about 13 kJ mol™ ! and A factors of the order

of 1012 - 10*3 571 were obtained. For DCS a similar activation energy but a
smaller A factor were derived. Because of the smaller rate constant of the ac-
tivated step, larger ¢, values at higher temperatures and smaller ¢,_,. values at
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TABLE 6

Quantum vields of fluorescence of {rans-cyanostilbenes and parameters obtained from
the temperature dependence of ¢¢*

Compound  Solvent o o2® K© E, Alke
(kJ mol™})
cs MCH-TH 001 09 1.1
Ethanol 0.007 0.9 1.1 13 3 x 10%
GT 0.010 0.8 1.2 29 1 x 107
DCS MCH-IH 0.156
Ethanol 0.10 0.8 1.2 18.56 2 x 103
GT 013 0.8 1.2 31 1.6 x 10°
CMS MCH-IH 0.01 0.9 1.1 13 2 x 104
Toluene? 0.013 12 7.8x 103
MTHF 0.012 0.9 1.1 12.5 2 x 10*
Ethanol 0.011 0.95 1.06 125 1.3 x 10*
Methanol? 0.012 13 1.7 x 10*
Dimethyl- 0.017 17 4.6 x 10%
formamide
GT 0.012 0.9 1.1 28 5 x 10%
CDMAS Ethanol 0.04 0.9 1.1 15 1 x 10
GT 006 09 11 33 1.6 x 107

2For CS and DCS 7\,,8, = 313 nm; for the other stilbenes Ay = 366 nm.

¢ refers to 25 °C; ¢¢ refers to —80 °C for GT and to —196 °C for MCH-IH, MTHF and
ethanol.
k =1+ kolky.

Values taken from ref, 4,

lower temperatures were found for DCS. In more viscous solvents consider-
ably higher A factors and activation energies were found for all the cyano-
stilbenes studied. These higher E, values and A factors are due to temper-
ature-dependent and viscosity-dependent activation barriers against twisting
in the excited singlet state (see refs. 12 and 18).

Rate constants for the decay of 1t* are given in Table 6. Using these
data the maximum quantum yield ¢, for intersystem crossing and the
fluorescence lifetime at room temperature and at —196 °C were calculated.
At room temperature ¢, is very small (approximately 10~ 2) for CS and CMS
and the 75 values range between 20 and 200 ps. These short fluorescence life-
times could not be measured with our equipment because of the limited time
resolution of the fluorimeter (about 1.0 ns). However, results from the g
measurements at —196 °C agree with calculated values assuming the condi-
tion 78 = ¢$/k, (Table 6).

3.3. Sensitized cis—trans photoisomerization

Sensitized cis—trans isomerization was performed for CMS in benzene
at room temperature. A plot of the cis/trans ratio ([c] /[t] )sens in the photo-
stationary state as a function of the triplet energy Eq is shown in Fig. 6
(“‘Saltiel plot’?). With increasing Ex, ([c}/[t])sens increases, then decreases
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180 220 260 300
E; [k mol™] —

Fig. 5. Photostationary cis/frans ratios under sensitized excitation conditions as a func-
tion of the triplet energy of sensitizers (‘“‘Saltiel plot’’) for CMS in benzene at 25 °C. The
sensitizers are the same as those indicated in Fig. 6 (except for 1, acetophenone; 4,
phenanthrene; 14, azulene); O, Ay, = 264 nm; &, Ny = 417 nm.

between 215 and 240 kJ mol™ ! and finally reaches a constant value. From
this value the fraction a of triplet which decays to the trans ground state 't
was derived. The value a = 0.42 for CMS in benzene [7] is similar to those
obtained from the corresponding Saltiel plots for CDMAS, for several nitro-
stilbenes [7] and for stilbene [13, 16].

In order to determine the triplet lifetime of CMS in solution at room
temperature, naphthalene-sensitized photoisomerization was performed in
the presence of ferrocene. On increasing [Q] the position of the photosta-
tionary state was shifted to the ¢rans side and the rate of isomerization was
reduced owing to the absorption by ferrocene at A\;, = 254 nm. Assuming
that the rates of triplet energy transfer from the sensitizer to the trans and
cis isomers are equal and that there is no energy wastage, the effect of fer-
rocene on the triplet state of CMS is given by eqn. (5) [7, 13, 14]:

(.. = T2+ T 1) ©

Plots of ([t] /[c} )sens Were found to be linearly dependent on [Q] (up to
[Q) = 1 X 10~2 M). Values for slope/intercept of 45 and 65 M~ ! were ob-
tained in benzene and methanol respectively.

The rate constant k, for quenching of the triplet states of CMS by fer-
rocene is not known. For quenching of the stilbene triplets by azulene a
value well below the diffusion-controlled limit has been reported by Saltiel
and coworkers [14, 34] . For the NMS—ferrocene system values for k, of
5.5 X 10° and 9.9 X 10° M—? s~ ! have been found for benzene and metha-
nol respectively [10]. Assuming these kq values for CMS a triplet lifetime at
room temperature of 3.4 and 2.8 ns in benzene and methanol respectively
was calculated using eqn. (6) and a = 0.42,
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3.4. Laser flash photolysis

In previous work the detection of a transient intermediate of CMS by
nanosecond laser flash photolysis was not successful [1]. However, in the
highly viscous solvent GT at low temperatures a transient, which was tenta-
tively assigned to a triplet state, has been observed recently for trans-CMS
[8]. In liquid solution at room temperature no transient absorption having
a lifetime longer than 10 ns was found in the range from about 370 to 800
nm for CS, DCS and CMS. However, for trans-CS and trans-DCS in several
solvents (e.g. MTHF, ethanol and GT) a transient absorption signal was ob-
served at approximately 590 nm (halfwidth about 50 nm). For trans-CMS
and trans-CDMAS no transient absorption could be measured in the 10 ns
region because of the fluorescence emission between 400 and 650 nm. Since
decay of the transient is faster than the duration of the laser pulse (about
10 ns) no lifetime could be measured with nanosecond laser flash photolysis.
The short-lived transient is assigned to S; - S, absorption of the t* state.
This is confirmed by the result that approximately the same absorption
spectrum and a lifetime of less than 10 ns were found for trans-CS and
trans-DCS in ethanol at low temperatures (— 100 to —180 °C).

It is interesting to note that the absorbance of the transition S; = S, is
much greater than that of the transition Ty - T, (see Section 3.4.2) at low
temperatures. A similar S; - S, absorption spectrum and a fluorescence
lifetime at room temperature of about 100 ps has been reported recently for
stilbene [35].

3.4.1. Energy transfer

In order to study further the role of triplet states of cyanostilbenes (in
liquid solutions) in the cis—trans isomerization, energy transfer experiments
were performed. However, no transient with a lifetime of longer than 50 ns
was found between 380 and 800 nm for CS and CMS in benzene at room
temperature using high energy triplet sensitizers (e.g. naphthalene, benzo-
phenone or xanthone).

However, the triplet states of these compounds are quenched at approx-
imately diffusion-controlled rates. Linear dependences of the rate constant
771 for triplet decay as a function of the concentration of CMS (egn. (6))
were found:

T Y107t =1 + 179k [CMS] (6)

A plot of the bimolecular quenching rate constant &, as a function of Ey
(‘‘Herkstroeter plot™ [36]) is shown in Fig. 6. From this plot a triplet energy
for trans-CMS of approximately 208 kJ mol~! was obtained. A very similar
triplet energy of 215 kJ mol™! has been reported for trans-stilbene [13, 14,
36].

3.4.2. Triplet absorption spectrum
On going to low temperatures and correspondingly high viscosities,
transients which are assigned to triplet states (see Section 4) were found for
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1 Xanthone
2 Benzophenone
g 3 Triphenylene ]
10° |- 4 Thioxanthone
5 Naphthalene
6 Acetonaphthone (-2)
7 Chrysene
8 Biacetyl
9 Fluorenone
10 Benzil
11 Pyrene
12 Acridine
13 Anthracene

ke (M's") —

108

1 | H
180 220 260 300
Er [kImol™'] ——»
Fig. 6. Rate constants for quenching of triplet states of sensitizers by trans-CMS in

benzene (O, Aexe = 353 nm) and/or methanol (®, Agx = 266 nm) as a function of Ex
(“Herkstroeter plot*) at 25 °C. For acridine (12) and anthracene (18) k&4 values are upper
limits due to too low a concentration of CMS, The broken straight line corresponds to the

condition Alog kq = —AE1/2.3RT, see ref. 36.

the trans-cyanostilbenes. The triplet—triplet absorption spectra of CS, DCS
and CMS in GT at —75 °C are shown in Fig. 7. Absorption maxima at 405,
410 and 450 nm were found for CS, DCS and CMS respectively. Similar
triplet—triplet absorption spectra were observed in glycerol at —75 °C, in
MTHF and ethanol below approximately —140 °C and in PMMA matrices at

¥ x107% [em™]

o
X

01 E

Absorbance —————

450 500

300 350 400
Alnm] ——»

Fig. 7. Triplet—triplet absorption spectra of trans-cyanostilbenes in GT at —75 °C (Aexc =
353 nm) and ground state absorption spectra in GT at room temperature: ©, — , CS8; A,
---,DCS;o,. .., CMS.
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room temperature (Table 7). For trans-CDMAS only a very weak transient
absorption was observed between 460 and 700 nm in GT and MTHF at high
viscosities.

3.4.3. Triplet yield

For CS, DCS and CMS in GT the absorbance of the triplet state versus
T 1 is shown in Fig. 8. The absorbance of the triplet is first observed at
about —30 °C and increases up to a constant value at about —70 °C. Assum-
ing that the extinction coefficient for triplet—triplet absorption is tempera-
ture independent the absorbance is proportional to the yield ¢y of triplet
formation. Analogous to the case of halogenated stilbenes [18] competition
between temperature-independent triplet formation (%4) and an activated
step (A’ exp (—E./RT)) was assumed. The latter step may be twisting either
in the excited singlet state or in a higher triplet state (see Section 4). The
activation energy E,; and the pre-exponential factor A'/k) were calculated
from the temperature dependence of the triplet yield using eqn. (7) and as-
suming ¢, = 1 — ¢9. Values for E, and A'/k, are listed in Table 8.

0 ' '
1n(¢isc "'1)=11'1(A—)— Ea
¢ kg RT

(7)

3.4.4. Triplet lifetime

Decay of the triplet was found to be first order. The temperature de-
pendence of the first order decay rate constant k,,,q = 77 ! is shown in Fig.
8 for trans isomers of CS, DCS and CMS in GT. Below the maximum temper-
ature t,,, where the triplet is observed, log 71~ ! decreases linearly as a func-
tion of T~ ! and reaches a constant value at t, (Fig. 8). Values for t,,, t, and
for the decay rate constants at ¢, and the lowest temperatures (< ;) acces-
sible (k, and k¢ respectively) are listed in Table 7.

Analogous to the case of halogenated stilbenes [18] an Arrhenius be-
haviour (A, exp (—FE,/RT)) was assumed for the viscosity-dependent triplet
decay rate constant. The temperature dependence of r; ! below t,, was cal-
culated using eqn. (8):

— AT ) E‘r
(kOTT 1) In (ko RT (8)
Values for A, and E, are listed in Table 8. The activated step reflects the ef-
fects of temperature and viscosity on twisting in the lowest triplet state. E,
represents the sum of at least two activation barriers and A, is the product
of at least two A factors. Values for A, and E, are exceedingly large but are in
the same range as those for stilbene [18]. For trans-CS in ethanol the temper-
ature dependences of ¢¢, ¢y ., ¢ and 7~ ! are shown in Fig. 9. The curves
for ¢¢ and ¢,-,. were calculated using data from Table 5 and assuming the
same activation barrier for both processes (see Section 4). ¢ and 74}
reach constant values at temperatures where ¢,_,. is very small.
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TABLE 8

Activation enexgies and A factors obtained from the temperature dependence of forma-
tion and decay of the observed triplet state

Compound  Soivent E,® A'lkg™ E.® o
(13 mol 1 (kd mot™%) s 1)
cs MTHF 25 2 x 100 40 1x 102
Ethanol 28 1x 101 42 5x 102
GT 67 2 x 1015 130 2x 1034
DCS MTHF 25 3x 10° 46 2 x 10%®
Ethanol 28 5x 1010 38 8 x 10%
GT 71 3 x 10%° 126 1x 103
CcMS MTHF 25 2x 108 31 1 x 107
Ethanol 28 3 x 109 43 2 x 102
GT 67 2 x 1018 126 2x 1038

aObtmned from the temperature dependence of ¢ using eqn. (7).
bObtained from the temperature dependence of 71 using eqn. (8) and values for kg from
Table 7.

510 <+——— ¢{[°C}
50 0 -50Q -100 =140 =160 7196
10F T T T T 5
108 ,__q_jt—-c
q) \‘*\; Y
> 4 1°
10° (- AN A
- A
L) g N3 by T
T g 01 |- - MU DA
'.'Pr- . ‘g . \\ oy 'n} g.
0 & ol 3, =
< . \ -1
,-'D \\'\t'r -3
10° - ___.-"D 2
2 2
[e101] o H \&AD
107 |- e
AY
1L | { 12
3 3 S 7 9 13

4
10U TIK'] — 103/ T [K] —»
Fig. 8. Absorbances from triplet absorgtlon (O, &, O) and reciprocal triplet lifetimes in
the absence of oxygen (®, & 8) ys. T~ for trans-cyanostilbenes in GT (Agxe = 353 nm):
® O — CS;& & ——- DCS | O, .- CMS. The curves for the absorbance were calcula-
ted using eqn. (7) and data-from Table 8.

Fig. 9. ¢¢, ¢4, ¢1 and TT—l (s~ 1y vs. T~1 for trans-C8 in ethanol. ¢ was obtained from

the absorbance assuming ¢'r‘r’“ = 1 — ¢¥ The curves were calculated using eqns. (4), (9),
(7) and (8) for @5, D¢, O and TT‘l respectively, § = 0.5 and data from Tables 5 - 8.



289
4., Discussion

4.1. Singlet states

From the experimental results for the cyanostilbenes examined, a reac-
tion scheme for cis ¥ trans photoisomerization may be deduced on the
basis of the following results.

Ferrocene (or azulene) quenches the fluorescence and the trans—cis
photoisomerization of the cyanostilbenes (Fig. 1). If in transZcis isomeri-
zation the 1t* state is the only state which is quenched by ferrocene, the
same Stern—Volmer constants rgk, are predicted from quenching measure-
ments of trans—cis isomerization and fluorescence, i.e. the same values for
slope/intercept are predicted from plots of I /Tt % c/Ptscs Pos t/Pt—e and
([t)/[c]), versus [Q] (see refs. 6 and 16). Equal quenching constants were
found, within experimental error, from Stern—Volmer plots of fluorescence
and from plots of photostationary trans/cis ratios versus [Q], i.e. r = Kg
(see Table 3). From these results it is suggested that the trans— cis photo-
isomerization of the cyanostilbenes occurs via a singlet pathway.

Analysis of the temperature dependence of ¢, shows that an activated
deactivation step is the main competitor to fluorescence. The A factor of
10'2 - 10'2 571 in solvents with low viscosity (e.g. toluene, MTHF, ethanol
and dimethylformamide) is in agreement with the assumption that t*
decays mainly by twisting in the first excited singlet state. Larger A factors
in GT can reasonably be explained by an additional viscosity-dependent
barrier which must be overcome during the twisting step t* - 1p* (see refs.
12 and 18).

If twisting in the excited singlet state is the only activated process in
trans—cis photoisomerization, identical activation energies are expected both
for deactivation of 1t* and for trans—cis isomerization [18]. This is indeed
the case. The temperature dependences of ¢,_,. in ethanol and GT agree well
with calculated curves using eqn. (9) and data from fluorescente measure-

Ae—E.IRT
ke + ko + Ae”FalRT ®)

For the fraction 8 of 1p* which decays to 't via the twisted ground state 1p,
temperature independence and a value of 0.6 was assumed throughout.
Values for § of 0.46 for stilbene [16] and of 0.3 for NMS in cyclohexane
[6] have been reported.

The results presented strongly support the singlet pathway for trans-cis
(eqn. (10a)) and cis—>irans (eqn. (10b)) photoisomerization in liquid solu-
tions as presented in Scheme 1. For stilbene these singlet pathways have

been well established by Saltiel and coworkers [12 - 16, 32].
hv

Se+e = (1 —8)

1t — 1t* — 1p° > 1p > (1—8)'c (10a)
h
1, 22, 1e > 1p* — 1p — pglg (10b)

Scheme 1.
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Substantial values for ¢;-,, and ¢.-; were found for the 4-cyanostil-
benes in liquid solution at room temperature (see Table 2). This shows that
cisZtrans photoisomerization is the major photochemical process at low
stilbene concentrations. Formation of DHP from cis-cyanostilbenes is con-
sidered to be less important than it is for stilbene [20, 37]. However, in-
volvement of excited singlet and triplet states of DHP and subsequent for-
mation of 3p*, as suggested by Saltiel et al. [16] for 4-bromostilbene, cannot
be excluded for the cyanostilbenes. Fluorescence emission from the cis
isomer at low temperatures was not studied in this work. Since ¢,_,, de-
creases at very high viscosities a deactivation pathway *c¢* — !¢, not leading
to *t and which is either radiative or radiationless, is suggested.

4.2, Triplet states

The fact that no triplet intermediate was found in liquid solution sup-
ports the assumption of a singlet mechanism at room temperature. However,
at low temperatures there is a minor radiationless deactivation pathway from
1t* which does not lead to trans—cis photoisomerization via the singlet path-
way since a long-lived transient was observed for the trans-cyanostilbenes in
highly viscous solvents. The yield and lifetime of the transient show approx-
imately the same temperature dependence (Figs. 8 and 9) as the observed
triplet state of halogenated stilbenes [17, 18]. For these stilbenes the
transient has been assigned to the planar triplet state. For the trans-cyano-
stilbenes the transient is also assigned to a triplet state since the excited
singlet state and a DHP triplet state are excluded. No difference in triplet—
triplet absorption spectra was found between t,,, where ¢, is still mea-
surable, and lower temperatures where ¢,.,. is practically zero. If trans—cis
isomerization is completely inhibited it is concluded that no twisting from
0 to 90° (i.e. no change in configuration) occurs and only trans states may be
populated after excitation of the trans-cyanostilbene. Therefore the observed
transient is assigned to the #rans configuration 3t* of the lowest triplet state.

The triplet—triplet absorption spectra of 4-halogenated stilbenes [17,
18] exhibit three absorption maxima between 340 and 400 nm which are
separated by a vibrational progression of about 1600 cm™ ! [26]. However,
the triplet—triplet absorption spectra of trans-cyanostilbenes show no pro-
nounced structure (Fig. 7) similar to the triplet-triplet absorption spectra of
4-nitrostilbenes [1, 8]. It is likely that polar substituents lead to the
disappearance of the vibrational fine structure.

At low temperatures, where the activated twisting step 't* - p” is
strongly reduced, the 3t* state is populated from t*. Fluorescence measure-
ments below —140 °C indicate the existence of a radiationless non-activated
deactivation step from t* since ¢ is slightly smaller than unity (see Figs. 2
and 9). Since the possibility of internal conversion (}t* - *t) cannot be
excluded, 1 — ¢? represents the maximum yield of triplet formation. The
triplet yield decreases on going from —196 °C to higher temperatures (lower
viscosities) and triplet absorption disappears above t,, (Figs. 8 and 9). This
shows that the lowest triplet state is not formed and thus does not contri-
bute to trans— cis photoisomerization above {,,.
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Even below t,, the triplet yield is small since its maximum value is less
than 0.1. At ¢,, trans—cis photoisomerization via the singlet pathway is the
dominant process (see Figs. 2, 3 and 9); however, contribution from a
second (minor) pathway is possible and its size may be of the order of the
experimental error. For halogenated stilbenes contribution of the upper
excited triplet pathway and of the lowest triplet pathway above and below
t, respectively has been found [18]. Contribution of these pathways to
trans—cis photoisomerization may also be possible for cyanostilbenes. If
1t* - 1p* is the only activated step which competes with formation of 3t"
identical activation energies are expected from the temperature dependences
of ¢4 and ¢r. However, a larger activation energy E, was obtained from
triplet yield measurements (Table 8) compared with the E, value which was
obtained from fluorescence measurements (Table 5). This result suggests a
minor participation of an upper excited triplet pathway [17, 18] as pre-
sented in Scheme 2. The proposed upper excited triplet state #t,* is possibly
deactivated via 3p* but not via 3t*.

Y s 3t —— 3t — 1p—— M+ (1 —a)lc (11)
Scheme 2.

Twisting in the upper excited triplet state competes with formation of
3t*. Formation of 3t" and deactivation of 3t* by twisting either to approxi-
mately 90° or to less than 90°, not leading to lp, is presented in Scheme 3.

I — 3, — 3¢ 12)

3t — 3p" — 1p — 4t + (1 —a)lc (13)

3t* — 1t viscosity dependent (14a)

3t* — 1t viscosity independent (14b)
Scheme 3.

On decreasing the temperature between t,, and te the triplet lifetime in-
creases strongly. This is interpreted as being the result of a viscosity-depen-
dent deactivation step, i.e. twisting in the lowest triplet state followed by
intersystem crossing, eqn. (13) or eqn. (14a). The twisting step may contri-
bute to ¢, if the molecule twists to 2p* (eqn. (13)). However, since the
temperature dependence of ¢,., . is reasonably explained by the singlet path-
way (Scheme 1) it is proposed that the viscosity-dependent deactivation step
of °t” involves twisting to an angle of less than 90° (eqn. (14a)), not leading
to the e¢is ground state 1c.

On increasing the viscosity further, twisting in the lowest triplet state is
frozen out and deactivation of 3t" occurs according to eqn. (14b)). The vis-
cosity independence and the temperature independence of v below ¢, i.e.
at temperatures where ¢, . is practically zero, has also been found for various
substituted stilbenes [9, 10, 18].
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4.3. Comparison between cyanostilbenes and nitrostilbenes
The difference in the trans— cis isomerization pathways for 4-cyanostil-
benes and 4-nitrostilbenes gives rise to the following effects.

4.3.1. Cis—trans photoisomerization

For cyanostilbenes the position of the photostationary state and ¢,-,,
are only slightly affected by solvent properties. However, for polar nitro-
stilbenes (e.g. NMS and NDMAS) a decrease of ¢, . and a corresponding
shift of the photostationary state to the trans form with increasing solvent
polarity have been found (see Table 1). The main reason for these effects is
a radiationless decay step 1t* — 1t [7] which is pronounced for polar nitro-
stilbenes but is apparently small for the corresponding cyanostilbenes (CMS
and CDMAS).

4.3.2. Effect of quenchers

From fluorescence quenching by ferrocene or azulene similar Stern—
Volmer constants were found for cyanostilbenes and nitrostilbenes. However,
quenching of the trans—cis photoisomerization is different in both cases
(Table 2). For cyanostilbenes quenching of 't* is the only quenching process
(i.e. r = Kg) whereas for nitrostilbenes quenching of 3t* is the main quenching
process [2, 6] . Since 71 is much longer than rg larger values for slope/inter-
cept are found for the nitrostilbenes [10].

4.3.3. Fluorescence quantum yield

Values for ¢, at room temperature are moderate for cyanostilbenes but
are small for several nitrostilbenes, e.g. NS and DNS [28]. The reason for
this is the substantial value of ¢, for the nitrostilbenes. Since the rate con-
stant for intersystem crossing is probably temperature independent, small
values for ¢ are found for several nitrostilbenes [28, 29] (¢? < ¢2.) in con-
trast with the cyanostilbenes (¢¢ > ¢2.). Furthermore, the activation energy
which is derived from the temperature dependence of ¢ depends on solvent
polarity for NMS [4] but not for the cyanostilbenes. Involvement of (nr")
states in the case of nitrostilbenes may account for these effects [4].

4.3.4. Triplet yield and lifetime

Because of the large difference in ¢;,, the lowest triplet state is populated
in solution at room temperature for nitrostilbenes but not for cyanostilbenes.
The triplet lifetime ranges from 50 ns to 4 us for 4-nitrostilbenes [1, 10} and
is considered to be smaller (below 10 ns) for cyanostilbenes.

4.3.5. Effect of temperature on triplet yield and lifetime

For cyanostilbenes the triplet yield increases at high viscosities where
twisting about the central double bond in higher excited singlet and triplet
states is significantly reduced. For nitrostilbenes ¢ is mainly temperature in-
dependent and viscosity independent (e.g. in those cases where ¢9 is small)
[8]. For nitrostilbenes in liquid solution the triplet lifetime is only slightly
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temperature dependent, but increases strongly with increasing viscosity

and levels off in the high viscosity range [9]. A very similar temperature de-
pendence of 7~ ! was found for cyanostilbenes in the low temperature range
below t,,.

4.3.6. Effect of temperature on trans—cis photoisomerization

For cyanostilbenes the temperature dependence of ¢,_, . is determined
by the activation barrier which must be overcome by the 1t* -+ 1p” twisting
step. For nitrostilbenes in liguid solution ¢,_, . is essentially temperature in-
dependent. A small activation energy for NMS may be due either to com-
peting deactivation steps from the %t* 2 2p* equilibrium to 't and p or to
an activation step involving higher trans singlet or triplet states (but not the
twisted p” state) [9]. On decreasing the temperature in the high viscosity
range a marked decrease in ¢,_, . was found for the nitrostilbenes [8 -10].

5. Conclusions

Substitution of stilbene by a cyano group in the 4 position and by H,
CN, CH30 or (CHj3),N in the 4' position leads to remarkable effects in the
absorption and emission characteristics of these compounds. However, a
close similarity was found for the effect of solvent polarity on the position
of the photostationary state, on ¢.-., and on ¢,..., for the effect of
quenchers on the 't state, and for the effects of temperature and viscosity
on ¢¢, o gy P2 o» ¢r and 7q. These results are interpreted in terms of a reac-
tion scheme for the cis &trans photoisomerization.

It is suggested that a singlet mechanism accounts for the data and that
the lowest triplet state of the cyanostilbenes is not involved in the direct
cisZtrans photoisomerization in liquid solution at room temperature.
This is explained by the very small yield of intersystem crossing rather than
by a short triplet lifetime. From results of sensitized cis—trans photoisomeri-
zation measurements it can be seen that the lowest triplet state of CMS and
CDMAS [7] is populated and decays in a similar manner to that of stilbene,

The photochemical behaviour of the 4-cyanostilbenes is closely related
to that of unsubstituted stilbene but is contrary to that of the corresponding
4-nitrostilbenes. For the latter compounds trans— cis photoisomerization oc-
curs via the (lowest) triplet pathway. 4-Halogenated stilbenes are placed
between these two classes of stilbenes. Because of the heavy atom effect the
quantum yield of intersystem crossing to an upper excited triplet state is
substantial for 4-bromostilbene and 4-chlorostilbene. For stilbene and 4-
halogenated stilbenes the upper excited triplet pathway competes with the
singlet pathway and the lowest triplet pathway [18].
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