Determination of Partial Photochemical Quantum Yields
of Reversible Photoisomerizations of Stilbene-1 Derivatives
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Partial photochemical quantum yields of derivatives of stilbene-1 can be determined by a new
microprocessor controlled apparatus for the measurement of fluorescence intensities in depen-
dence on reaction time. The consecutive photoproducts must not be known. Some of the 20
examined dyes show laser activity combined with relatively high photostability. Photochemical
quantum yields and laser peak power were determined in dependence on structure. A detailed
knowledge of the photokinetic parameters gives the opportunity to obtain indications of efficient

and photostable laser dyes.

Introduction

The quality of laser dyes depends on their photo-
physical and photochemical properties. Whereas
the photophysical features are well known, the
photochemical degradation steps are quite un-
known. In the case of coumarine derivatives de-
tailed examinations have been made [l]. Even
though the photobleaching rates of a number of
dyes have been determined [2—4], these results can
not reveal photochemical characteristics such as the
rate determining step. Therefore the partial photo-
chemical quantum yields [5] of all the reaction steps
have to be determined. In the case of stilbene-1 type
laser dyes it has recently been shown [6] that a
reversible photoisomerization is the photodegrada-
tion step which controls the laser activity. Its de-
pendence on the type of substitution of the
stilbene-1 frame was found by calculation of the
partial photochemical quantum yield of this step. If
absorbance measurements are used for the kinetic
analysis, these calculations also require the knowl-
edge of the first consecutive photoproduct. In the
past, these values have been obtained either by
measurements at different photostationary states [7],
trial and error methods in combination with three
photostationary states [8] or by iterative procedures
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[9]. In all cases constancy of the photostationary
state was a prerequisite. This approximation was
not valid in our case since all the derivatives showed
a rather fast additional photoreaction.

Theory

The photochemical pathway for the derivatives of
stilbene-1 is a consecutive multi-step process [5],
where the first step is a reversible trans < cis
photoisomerization [6]. Intensity diagrams [10, 11]
show that the trans isomer is the only fluorescent
reactant in the whole reaction path. Therefore the
following mechanism can be assumed (superscript F
means “fluorescent™):

trans (AF) %—g—- cis (B) o product (C) — — .

An evaluation of the absorbance diagrams indicates
that the rates ¢} etc. of the consecutive photoreac-
tions are smaller than ¢? and ¢8. Since the partial
photochemical quantum yield ¢¢ for the photode-
gradation of A was of main interest, only the two
linearly dependent steps AF — B and B — AF of the
first linearly independent step AF = B were taken
into account in the rate law

a(t)==IF (R, a(t)=Ry[a(0)—a(®]} (1)

with
Ri=¢y-¢t, Ry=¢p" 93,

(2
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where ¢} and ¢p are the absorptivities of trans and
cis isomer, F= (1—10"£")/E" is the reciprocal value
of the photokinetic factor, and 7=2.303-10°- 1,
(Einstein cm 17's™!) depends on the intensity of the
light source. The factor 2.303 takes into account that
in the formula for the absorbed light an exponential
function occurs. It converts this natural to decadic
absorptivities [10]. In case of an absorbance mea-
surement only the sum (R, + R;) is obtained by a
kinetic analysis. If the absorptivity e of the first
photoproduct (cis-isomer) is unknown, neither ¢%
nor @8 can be evaluated. But the measurement of
the fluorescence intensity I (1) at an observation
wavelength o can be used to calculate the first
partial quantum vyield directly. The absorbance E’
at irradiation (and excitation) wavelength for very
dilute solutions becomes very small (<1) and F
approaches 1. Therefore the fluorescence depends
on the trans concentration only [10]. With

Fx1 and If(t)~a()
the rate law is given by

(== R +R) I (1) + R II(0). (3)
In the photostationary state (s), £ (s) becomes zero
and therefore

R
EO=% 3 r
1 2

I3 (0). 4)

From (3) and (4) follows the differential equation
E0==IR+R)LEFN=L]. ()
which can be integrated to yield
In[I5 (1) = I; ()] =In [1; (0) = I (5)]
—I (R +Ryt. (6)

The slope of a diagram In[If (1) — If (s)] vs. ¢ is
given by
—)71=(R1+R7)-1=1R2m.
) I3 (s)
This slope can be used to calculate the partial
photochemical quantum yields

—m If (5)
I ey IF(0)
and, from (4) and (7).

0¥ (7)

A =MW 15 (0) = IT (s5)
T 50

Whereas ¢} can be calculated directly, the correlat-
ed partial photochemical quantum yield ¢5 has to
be estimated by combined absorbance (4’) and
fluorescence () measurements by use of the for-
mulae

b(s)=a(0)—a(s), E(s)=cehra(s)+epb(s),
a(s)/a(0) = If (s)/15 (0) .

Furthermore, the percentage of cis-isomer at the
photostationary state is given by

FO)-IE@)

% cis (s) = F0) 100 9)
and a degradation rate (s™') by
IF(0) - IF I.E.
yotal )F () ‘ (10)
1F(0)  TE(0)4r

which is comparable amongst different dyes, be-
cause a relative intensity of 2.303-107% (Einstein
cm17's7!) and a relative absorbance E,=0.02 are
used to obtain relative rates.

Experimental

The fluorescence intensities were measured with
respect to irradiation time by a ZFM4/PMQ 1I set-
up (Carl Zeiss, Oberkochen) in a self-constructed
cell compartment (Figure 1). The stabilized light
source St 46 (mercury-arc, Quarzlampengesellschaft
Hanau) was used both for photo-irradiation and
excitation of fluorescence. Its intensity is controlled
by a photodiode via a beamsplitter. The fluores-
cence spectra are dispersed by a monochromator
M4Q (Carl Zeiss). The excitation and irradiation
wavelength / is selected by an UV-PIL interference
filter (Schott & Gen, Mainz). The absorbance of the
stirred sample at this wavelength E’ can be moni-
tored via the optical pathway 4 in comparison to
the blank V (solvent). The whole set-up is standard-
ized by a luminescent block of uranyl glass at
% =535nm to a read-out of the amplifier of 100%.
Therefore the single beam method becomes re-
producible with respect to amplification and excita-
tion intensity. The analog signal of the amplifier is
recorded by a chart recorder and digitized by an
A/D-converter, which is part of a Lab Data Station
[12]. This is also used for the kinetic evaluation and
the graphics. The intensity /; of the light source is
determined absolutely by standard chemical actino-
metry [13, 14].
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Fig. 1. Cell for combined measurement of the fluorescence intensity (F) and the absorbance (A) of the sample (R),
an uranyl glass standard (S) and the solvent (V).
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Fig. 2. Block diagram of the laser set-up. Excimer laser EMG 101 with FL 2000, optical multichannel analyzer (OMA)
and process control unit (TI 990 microprocessor).
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The measurements of the laser efficiencies were
realized by an excimer laser EMG 101 at 308 nm
(60 mbar Xe, 1110 mbar Ar, 80 mbar He/HCI,
Lambda Physik, Gottingen) and a dye resonator
FL 2000. Peak power and tuning range of the dyes
were determined by a bolometer (Laser Instrumen-
tation model 142, Chertsey, England) and an OMA-
system [15] (EG & G, Munich) respectively. A block
diagram of the set-up is given in Figure 2.

Results and Discussion

In Table 1 the code name, the molecular weight
and the structure of all the examined 20 stilbene-1
derivatives and the stilbene-1 frame are given. All
dyes were synthesized in the dye laboratory of
Bayer AG in Leverkusen. They are arranged in de-
creasing magnitude of laser efficiency. The mea-
sured relative values of the peak powers in ethylene
glycol are summarized in comparison to Rhodamine
6G in Table 2.

The photokinetic data were obtained by mea-
suring the change of fluorescence intensity in
ethylene glycol during irradiation and calculating
according to (7) and (8). The irradiation wavelength
+/=365nm was chosen for two reasons. First the
intensity of the light source at this wavelength was
larger and caused a faster change in fluorescence.
Secondly at this wavelength a larger amount of the
cis isomer exists in the photostationary state. Both
reasons increase the S/N-ratio and make the evalua-
tion more accurate.

The partial photochemical quantum yields are
independent of the irradiation wavelength between
313 and 365 nm as could be verified in different
solvents for stilbene-1 [12]. Oxygen-free solutions
show smaller photodegradation in the photocon-
secutive step [16], but in practice aerated solutions
have to be used. Therefore all experiments were
done in air-saturated solutions. The observation
wavelength « is selected at the maximum of the
fluorescence spectrum. Two types of diagrams were
evaluated. The first is a graph of InZf (1) vs. ¢,
which shows two sections approximated by straight
lines. The first slope corresponds to the first linearly
independent step. The second corresponds to the
reaction B — C. Both slopes are used to estimate
I (5). In Fig. 3 this type of diagram is presented for
some dyes to demonstrate the different behaviour.
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Table 1. Code name, molecular weight and structure of
the examined dyes in order of decreasing laser efficiency.
Dyes in the lower part of the table (below the line) do not
lase in ethylene glycol.
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STW 1158, STILBENE-1, 7245, BTW 1162
Solvent: Ethylene glycol Irradiated at 365 nm
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The second type of diagram is a plot of the
natural logarithm of the difference between the
fluorescence intensity at reaction time ¢ and that in
the photostationary state (s) vs. the irradiation time.
The slope of this diagram (In[Zf (1) = I (5)] vs. 1)
correlates to the trans-cis photoreversible equilib-
rium of the first linearly independent step AF = B.
From the first slope of such diagrams the partial
photochemical quantum yields ¢4 were determined
according to (8). The “pseudo” [17] quantum yields
O =R, + R, can be calculated from the slope of a
diagram according to (6) for the first linearly inde-
pendent step AF = B. The results are listed in
Table 3 together with the percentage of cis-com-
pound in the photostationary state (according to
(9)) and the degradation rate U of the trans isomer
(10).

The “pseudo” quantum yield Q depends on the
irradiation wavelength (see (2)). Therefore Q is not

a useful parameter for detailed information. To get
comparable values of U the results were put in their
relation to E(0) and the intensity of irradiance ac-
cording to (10). This parameter is quite easy to
obtain, but is in principal only descriptive, since the
amount of light absorbed is taken into consideration
only indirectly. Both the rate of degradation and the
amount of trans-component in the photostationary
state depend to a great extent on the structure of the
trans isomer. In many cases there is a correlation
between the value of %cis(s) and the values of Q
and U. Thus a high rate of disappearance of trans
isomer causes a high percentage of cis-product in
the equilibrium (e.g. BTW 1162, 7247). On the
other hand, a low cis concentration must not mean a
slow photochemical reaction (BTW 919, BTW 741).
The behaviour of these derivatives can be explained
by a rather high rate of the consecutive step from B
to C, which is larger by one order of magnitude
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Table 2. Relative peak powers and o, of the lasing dyes
in comparison to rhodamine 6 G, pumped by an excimer
laser at 308 nm in ethylene glycol.

Rel. Omax Of
peak power laser tuning
% curve in [nm]

Rhodamine 6 G 100.0 589

BTW 1113 71.4 424

BTWI1115 63.6 420

Stilbene-1 53.5 416

BTW 1150 35.6 474

7252 16.4 400

BTW 1162 15.0 445

7247 12.9 437

BTW 741 6.6 442

7250 4.0 420

BTW 556 3.8 425

7244 3.7 416

BTW919 32 440

Table 3. Photokinetic data of the stilbene-1 derivatives.

Code names ¢4 - 1072 Q-103  %cis(s) U[s7']
BTWI1150 < 0.0001 <0.1 = s
BTWI1113 224 £0.01 5717 17.0 0.75
BTWI1115 2.59 £0.02 6.23 19.2 0.53
Stilbene-1 1.57 £0.02 521 13.8 0.75
7250 3.57 +£0.03 2.19 16.6 0.60
BTW 741 5.51 £0.44 6.38 4.4 1.74
7247 177 £0.2 323 769 2.94
BTWO919 198 *05 880 21.2 4.05
7244 339 06 8.38  58.6 5.90
BTW 1162 389 t06 13.8 79.1 5.79
7252 41.8 *0.3 5.94 85.8 6.84
BTW 556 497 *£04 10.4 80.3 5.27
7242 0.001 £ 0.001 61.8 4.0 0.16
BTW 1019 1.19 £ 0.01 0.25 79.2 0.47
BTW 731 1.26 +0.15 15.7 24 0.67
7245 147 0.2 9.75 41.5 1.44
7251 159 =*02 13.7 359 1.76
7243 200 *02 532 729 2.10
7233 71.0 £03 12.7 61.8 9.46
7248 720 £0.2 640 619 22.80
7234 - = 44.0 860.0

Table 4. Partial photochemical quantum yields of the three
steps of the photochemical reaction pathway in aerated
ethylene glycol.

Code name oh 08 o8
Stilbene-1 0.016 0.5? 0.0001°
BTW1113 0.022 0.6’ 0.0008’
BTW1115 0.026 0.37 0.00043
7247 0.18 0.4! 0.0033
BTW1162 0.39 0.47 0.0022

than that for the other dyes used. This can be ex-
plained by the structure of these dyes which gives
the possibility for a second isomerisation step.

All three steps of the reaction are responsible for
the rate of degradation of the dyes and the ratio of
the isomers in the photostationary state. Neither Q
nor U give detailed evidence of the rate determining
step and its dependence on the structure of the dye
molecule. The partial photochemical quantum
yields are expected to give more information. The
values for the step AF — B are easily and exactly
obtainable by (8). Since the used degradation yields
U depend to some extent on the amount of ab-
sorbed light they show a similar trend to the ¢%}
values, but these are uninfluenced by the second
step. @8 can be estimated according to (7). As-
suming that B degrades relatively slowly to the con-
secutive photoproduct, in a first approximation its
change in concentration can be described by the
decrease in trans concentration caused by the rela-
tively fast preceding equilibrium. Therefore the
interesting ¢% values of the second linearly inde-
pendent step B — C can be calculated from the
second slope of a diagram In/f (r) vs. ¢ (Fig. 3)
according to the rate law

IE@0=-IRI; (1) (I1)

with R; = ¢ ¢§. For some of the dyes all the partial
photochemical quantum yields are listed in Table 4.
In some cases the error limits of the estimation are
relatively high because of unfavourable experi-
mental conditions (small % cis (s)). In all those cases
a calculation of &f is too inaccurate and neither 58
nor ¢8 can be determined by this simple approach.

The values of these yields depend strongly on the
solvent used. In case of stilbene-1, 9% decreases by
one order of magnitude from methanol, water to
ethylene glycol. The small values of the last solvent
can also be obtained in tenside-solutions (water and
1% nonylphenyl polyethylene oxides with different
chain lengths), whereby water is a favourable sol-
vent under laser conditions [11]. The rate of dis-
appearance is affected by the chosen wavelength of
irradiation, in contrast to the quantum yields. All
three steps influence the photochemical properties
of the different stilbene-1 derivatives. They have to
be known for a deliberate choice of the best dye for
an application as a laser dye.

A corresponding influence on the photochemical
parameters has been published for the simple
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derivatives of stilbene [18, 19]. Even though only 20
dyes have been examined, a correlation between
photochemical properties and dye structure could
be found by the photokinetic analysis. The partial
chemical quantum yield ¢ (as well as the rate U)

a) decreases, if in the stilbene-1 frame

— another —CH = CH-phenyl group is inserted be-
tween the —CH= CH-double bond and the right
hand diphenyl group (BTW731, BTW7242,
BTW741),

— a Cl-group is substituted in the para-position on
the phenyl ring (BTWI1113, BTWII115,
BTW 7252),

— the phenyl ring is replaced by a chrysen group
(BTW 1150, but this compound fluoresces at
longer wavelength),

b) increases, if

— an NH,-group is substituted (7248, 7245), where
the alkylated one is more stable (7245),
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— a CN-group is substituted (BTW 919, 7245),
whereby the stabilization effect of the —CH = CH-
phenyl group seems to be reduced,

— the phenyl ring is replaced by an indol group
(7273, 7234).

The described microprocessor controlled set-up
offered the possibility to measure the changes in
fluorescence intensities during irradiation very
exactly. Therefore a calculation of the photokinetic
parameters was possible by the combined evalua-
tion method even in complex photochemical reac-
tions without knowledge of the spectroscopic
properties of the consecutive photoproducts and
their identity.
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