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Abstract

In this review, we present new areas of application of stilbene compounds in chemistry and biophysics. The first is the applica
tion of the linear free-energy relationships (LFER) to photochemistry of substituted stilbenes. The second is the development of th
fluorescence-photochrome technique for investigation of different dynamical processes in biological membranes and surface systen
The various time-scale processes occurring with the stilbene molecules after irradiation were found to exhibit different sensitivity tc
intramolecular donor—acceptor effects of substituents and medium polarity. The sensitivity is quantitatively characterisedsgnt
of the linear Hammett-like relationships. The obtained experimental data on LFER has independently confirmed the Saltiel mechanis
of the photoisomerisation and established the quantitative basis for detailed mechanistic analysis of the different stages of this importa
photochemical reaction. The measurements of the direct and sensitisedis andcis-trans photoisomerisation allowed investigation
the rotational and translational diffusion of the stilbene labels and their aromatic moieties labelled proteins in a wide temporal range. Th
cascade photochemical system based on the combination of the stilbene, triplet and nitroxide-spin probes gained an additional advant
to measure the rate constant of the triplet state quenching and to estimate the local concentration of stable radicals. High sensitivi
validity and relatively low cost of conventional fluorescence facilities are the main advantages of these fluorescent-photochrome methoc
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction and co-workers [1,2,20,21,24-28] proposed a first detailed
mechanism for the light induceians—cis photoisomerisa-
The rich array of photochemical and photophysical tion oftransstilbene. Their model assumes one-dimensional
phenomena — reversiblérans—cis photoisomerisation,  reaction coordinates. Reducing the reaction coordinate to
photocyclisation, cyclodimerisation, photoreduction and a single molecular parameter, the torsion angle about the
fluorescence — associated with stilbene and its relatedolefinic double bond, is a crude simplification; nevertheless,
substituted analogues has made these compounds amontpe sections through the potential energy surfaces then cor-
the most widely investigated of all organic chromophores rectly describe the basic features of this photoisomerisation.
[1-5,20-37]. Moreover, because these compounds are avail- According to this model, the reversibteans—cis pho-
able through their synthesis, and thermally and chemically toisomerisation proceeds from the lowest exited sintfiet
stable, they are taking on an increasingly prominent role configuration to the twisted singlet zwitterionic intermedi-
in the area of photochemical and biophysical investigations atelp* (phantom) where there is an avoided crossing with
[6,7,38-47]. the ground state:
The photoisomerisation of stilbenes is found to be a sim- e 1.4 1 1 1
ple and convenient model for detailed study of factors af- U="p = p—>1A-pct+pt
fecting the unimolecular photoreaction dynamics. However,
the detailed picture is complicated by the presence of multi-
ple electronic states and multiple degrees of freedom. Saltiel

or, alternatively, by the intersystem crossing pathway (ISC)
to the biradical twisted tripletp* state (perpendicular with
respect to the €C double bond), which either crosses or
nearly crosses with the ground singlet surface:
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wheredt* is thetrans-configuration of the lowest tripletp is processes to intramolecular electronic effects and to medium
the twisted ground statd —«) is the fraction of triplet decay  effects is quantitatively characterised pyconstant of the
into thecis-form and(1— B) is the fraction of perpendicular  linear Hammett-like relationships [13,66—68].
singlet configuration decaying into thoés-form. Another aspect of the stilbene photochemistry that has
The nature of the substituent can have a profound effect particularly interested us is probing the microenvironment
on the excited state isomerisation mechanism. While in of various organised media, such as, biological membranes
the case of 4-nitrostilbene, the triplet pathway dominates and surface systems [6,38-45]. On this basis, advanced
the singlet route, and in the alkyl/alkoxy-substituents case, fluorescence-photochrome and triplet-photochrome labell-
the singlet mechanism is prevalent, the isomerisation of ing techniques have been developed. While spin, lumines-
4-bromostilbene tends to proceed by a combination of thesecent and Mdssbauer labels and probes have been proved
two processes [3,4,7,8,30-36,46—49]. Asymmetrically sub- to be very versatile in investigation of local molecular dy-
stituted stilbenes can display behaviour that is even morenamics in biological systems [12,60-65], those methods
varied. “Push—pull” stilbenes, which possess the strong have serious limitations in their application to investigation
donor—acceptor pairs of 4;4ubstituents on their aromatic  of processes occurring in organised nitroxide media and at
rings, can form charge-transfer states as a result of a cer-surfaces. Spin-labelling method requires an expensive ESR
tain geometrical distortion of the excited stilbene molecule. spectrometers and exhibits sensitivity which is not sufficient
Formation of the charge-transfer state is strongly depen-for investigation of many objects including a single cell
dent on nature of substituents and may lead to the “dualand surface systems. Fluorescence-polarisation technique
fluorescence” phenomenon [9,10,50-59]. is also not sensitive and complicated because it requires
One of the most striking features of stilbene photochem- the high-grade polarising optics, looses sensitivity at po-
istry is its essentially strong dependence on medium polar- larisation of incident and emitted light and is applicable
ity and temperature; the competition between fluorescenceonly to dynamic processes when their characteristic times
andtrans-cisisomerisation has been shown to be extremely commensurate the lifetime of the excited singlet state in the
sensitive to medium viscosity [1,2,11,20,21,40-42]. Solvent nanosecond range.
polarity can affect both the dynamics and the pathway of the To overcome the limitations mentioned above, the new
reaction. The dipolar character of asymmetrically substituted fluorescence-photochrome labelling technique has been
stilbenes and polarisability of thieans-stilbene transition  introduced to investigate local medium effects and phase
state can explain the sensitivity of the photoisomerisation transitions in biological and model membranes and surface
rate to medium polarity. An important point to bear in mind systems [6,38—-45]. The method is based on monitoring the
here is that the medium macroscopic viscosity is not a good direct and sensitisettans—cis photoisomerisation kinetics
measure of the microscopic friction around the solute stil- of stilbene probes incorporated into the object of interest
bene molecule. To account for this discrepancy, Saltiel et al. and makes it possible to estimate the local microviscosity of
[2] have defined a solvent specific microviscosity based on the medium. It can also be applied to investigation of solid
diffusion coefficient of solvent. surfaces modified with the stilbene fluorescent labels [42].
In this review, we present new areas of application of To expand the applicability of the fluorescence-photo-
stilbene compounds in chemistry and biophysics. The first chrome method to study translational diffusion in organised
is the development of correlation approach to photochem- systems, we have developed the combined spin-triplet-
istry of molecules in their excited state from a mechanistic photochrome labelling technique based on the “cascade” of
perspective. The photochemistry of the substituted stil- photochemical and photophysical reactions [41-44]. High
benes opens a unique possibility to follow the different sensitivity, validity and relatively low cost of conventional
time-scale processes (in the femto, pico and nanosecondluorescence facilities are the main advantages of these
time-scale range), which occur to the investigated moleculesfluorescent-photochrome methods.
after irradiation. Therans—cis photoisomerisation includes
electronic polarisation, vibrational and polar relaxation, ra-
diative and non-radiative decay of the excited state, media2. Correlation approach to stilbene photochemistry
reorganisation, twisting, and equilibration to ttisisomer.
Similar sequence of processes might take place in an ele-2.1. Linear free-energy relationships
mentary act of any chemical reaction. But if these processes
have been “overlapped” by other chemical events, they are Usually, within a reaction series the functional correlation
undetectable by direct experimental measurements. It meandetween substituent or solvent parameters and various sub-
that it is practically impossible to elucidate and differentiate stituent or solvent dependent rate processes is in a form of
the contribution of such factors as substituent or solvent the LFER. The Hammett concept of LFER is widely used
effects to the mentioned above processes. The correlationin physical organic chemistry [13,66—68].
approach to the stilbene photochemistry based on the lin- There are several reasons to apply the LFERs to stil-
ear free-energy relationships (LFER) permits the solution bene photochemistry. First, the correlation approach to
of this problem [5,37]. The sensitivity of all investigated stilbene photochemistry makes it possible to elucidate the
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contribution of substituent or solvent effects to various groups and those with strong donor—acceptor substituents
steps of the processes, which take place in the elementarywas found about 20 kcal/mol [5,37].

act of a chemical reaction but are undetectable by direct
ex.perlm.ental measurements. Secon.d, these quantitative '€ 3 Stabilisation of the Franck—Condon state
lationships based on the Hammett-like structure—reactivity

correlation witho-values of substituents can indicate the The f ﬁ o he k—Cond
photoisomerisation mechanism for various substituted stil- e lirststep after excitation into the Franck—-Conaon state

benes. It is reasonable to assume that molecules lying onof the trans-stilbene configuration is vibrational relaxation

the same Hammett plot belong to the same reaction Seriesfollowed by solvent—solute relaxation that leads to a rapid
and have the similatrans—cis photoisomerisation mecha- population of thelt* state from which fluorescence occurs.

nism. Thus, it is possible to predict quantitatively the pho- Thesg relaxation processes result n a Stokes S‘h'E.i)'(
tophysical parameters dfans—cis photoisomerisation and Substituent eff_ects on the Stoke_s shift may be described by
assume its mechanism for a substituted stilbene in arbitrarya spectroscopic Hammett equation [13]:
chosen media by considering the donor—acceptor proper- A p
ties of its substituents. Additional effects that generate an =
i~ : . i e 2.3kT
additional series of reactions may explain deviations from
such linear relationships. If all such observed effects are where o is the Hammett substituent constant, amdhe
classified and quantified, retrospective rationalisation and slope, which can indicate the general mechanism or some
prediction of photochemical processes is possible. To estab-general effects of the investigated reaction.
lish the reaction series, small changes can be introduced in The Stokes shifts were calculated from the observed
two ways: energy differences between the excitation and emission
maximum, and divided by 2K3 to convert them into an
appropriate form for Hammett substituent constants, which
are commonly derived from equilibrium or rate constants
[5,37].
Fig. 1 shows the plots of Stokes shift versus Hammett
o-constant differencéoy — ov) of the 4,4-substituents for
a series of thdrans4,4-disubstituted stilbenes (Table 1),
which exhibit a linear behaviour with scatter in polar sol-
vents, meaning the solvent—solute relaxation is sensitive to
the substituent effects. These plots have an unusually high
slope (p-constant) in polar solvents (MEK, DMSO). It can
be explained in terms of the high stabilisation energy result-
2.2. Excitation to the Franck—Condon state ing from solvation of the excitett* state. Highp-values in
these cases indicate that the polar solvent—solute intermolec-
Excitation of the investigated stilbene molecule from its ular stabilisation of the zwitterionic excitéd* state is very
ground state't to the Franck-Condon staférc* occurs  sensitive to the intramolecular substituent effects. In con-
in a few femtoseconds. Consequently, only fast electronic trast, there is no dependence of Stokes shifts @monstants
polarisation techniques can follow a drastic change of the in cyclohexane, which is non-polar aprotic solvent, where
charge distribution around the zwitterionic exited FC state. the vibrational relaxation of the Franck—Condon state plays
The latter has been proved particularly by the excitation the primary role in stabilisation of the excited state. This
energy dependence on the solvent refractive index [14].  implies that the vibrational relaxation is not sensitive to the
According to our results, the excitation energy is sensitive intramolecular donor—acceptor interactions.
to the polar substitution even in the non-polar solvent cyclo-
hexane [5,37]. The observations show that the ultrafast intra
and intermolecular electronic polarisation plays the major Table 1
role in determining the position of the Franck—Condon zwit- Sensitivity (o) of the Stokes sh_iftz fluoresc_enc_e decay rate consta_nt, fluores-
terionic state and its sensitivity to relaxation of the polar sub- cence quqntum yield and radlatlv_e deactivation rate consta}nt to |_ntramo|ec-
. - g ular substituent effects for two different groupstains-4,4-disubstituted
stituted stilbenes. The more polar the substituent, the moresiiipenes
stable the FC state and the closer its energy is to the ground
state. Strong donor—acceptor pairs of substituents cause the
formation of highly polarised charge-transfer FC states,
which are strongly stabilised by electronic polarisation. This AE2.%T 0 0 467 621 0 265 464 545
results in low excitation energy of those stilbene molecules. log1/q  1.23 088 092 050 086 048 049 0.33
For example, the largest difference in excitation energy logeg - -0.79 -0.78 —0.86 - -1.17 —1.21 —1.43
between stilbenes substituted with weak donor—acceptorngr - 009 014-036 - ~—068 072 -1.1

op 1)

1. Modification of the stilbene molecule by introducing
different4,4-substituentsThis leads to a Hammett-like
relationship. Although LFERs usually deal with reac-
tion rate and equilibrium data of chemical reactions,
this approach can be extended to various photophysical
parameters of the excited molecules.

2. Solvent effectsThermodynamically, solvation may be
viewed along the same lines as substituent effects, the
solvating molecules being equivalent to loosely attached
substituents.

Group | Group Il

CH CB MEK DMSO CH CB MEK DMSO
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Fig. 1. Plots of the Stokes shift versus Hammeitonstants difference of the two 4dositioned stilbene substituents (X and Y) (taking in account

their relative sign) in cyclohexane (CH), chlorobenzene (CB), methyl ethyl ketone (MEK) and dimethylsulphoxide (DMSO). The first group is assigned
by open squares, and the second — by filled triangles. The open triangles assign the anomalies, which persist only in polar solvents, and occasiona
may form a third group of stilbenes [37]. The uncertainty in estimatiom\Bf2.3T was found to bet0.58.

Stilbene molecules substituted with the 4-N@roup to a good approximatiorky is close to therans-cis pho-
exhibit the unusual large Stokes shifts and large deviationstoisomerisation rate constant. The radiative rate congtant
from the plot ofAE on the Hammett-constants. These de- may be calculated from the experimental valuespfand
viations can be attributed to polar and specific intramolecu- @5 according to the following equation:
lar effects of the 4-N@-substituent, which is able to quench

the charge-transfer state emission [4,9,33-36,50-57]. kr ~ Pfikg 4

Fig. 2 shows the logarithmic dependence lgf on the
Stokes shift and emission energy in CB, MEK, DMSO
and poly(vinylalcohol) films [37,15]. These plots indicate
The fluorescence lifetime and fluorescence quantum yield the essential intermolecular polar effects on the radiative
[5,37] may be expressed as follows: deactivation rate of the stilbene molecules. The higher the
Stokes shifts, the slower is the radiative deactivation of the

2.4. Radiative deactivation

_ -1_ -1 . Hor

i = (kr + knr + ki)~ = ky @ excited!t* state [37]. On the other hand, the emission en-
kr ergy increases with an increase of the radiative deactivation

P 3 rate constant. Thé, values are found sensitive to polar

ko + kor + & : . : .
r o Ko 4 Ktc substituents of stilbene. In this case, the substituent effects

where ky is the excited state decay rate constantand are characterised by the negatigeconstants (Table 1).
knr are the radiative and non-radiative decay rate constants,These experimental data may be explained as follows. The
respectively, and;_, . is the rate constant of thig* —1 p* substituents affect the Franck—Condon factor at the radia-
transition. tive deactivation transitiodt* —1 t, which appears to be

In most cases studied in low viscous solutions and in or- vertical. This alteration of the Franck—Condon factor shifts
ganised media of low viscosith;_, c was found much higher  the vibrational energy levels of the ground state and varies
than the correspondirlg andk,, [1,5,20-23,37]. Therefore, the probability of this transition.
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Fig. 2. Plots of the Stokes shift (a) and emission energy (b) versus logarithmic value of the radiative rate doristast¥) for the strong donor—acceptor
disubstituted stilbenes from the second and third groups in CB (open circles), MEK (squares), DMSO (rhombus) and poly(vinylalcohol) films) (triangle

[37].

rate. Theki_, ¢ rate constant is strongly dependent on solvent
viscosity [2]. The correlation between activation parameters
The trans—cis photoisomerisation process following the (energy and entropy) of the twisting transition was found
solvent-solute relaxation competes with the radiative de- similar for many chemical and enzymatic reactions in con-
cay of the stilbene molecule. TH& —1 p* transition for densed phase [12,60-62,67,68].
trans-stilbene in the gas phase is very fast with a rate con-  Allthe investigated 4,4substituted stilbenes were divided
stantk_, ¢ of about 14 x 101%s~1 [11]. In condensed phases, into three groups according to the intramolecular stabilisa-
the transition is mostly governed by the media relaxation tion of the excitedt* state (Figs. 3 and 4 and Table 1) [5,37]:

2.5. Twisting't* —1 p* transition

log kd log kd
2.0 - 2.0
el
154 B CH 1.5
o, B
1.0 o 1.0
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0.5 0.5
A
0.0 A 0.0
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) 0 0.5 .5 2
. ~-O
log kd x Y
2.0
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|-l
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Fig. 3. Classification ofrans-4,4-disubstituted stilbenes according to the donor—acceptor abilities of their substituents to stabilise thel&xsitte.
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of the 1p* state is attributed to the phenomenon of “sudden
polarisation” [16].

X = OCHs, CHs, CL, Br The photoisomerisation rate of t_he 4-(e)bN substi-

Y = CHs, Cl, CN, COOCH; tuted stilbenes from the second stilbene group decreases
considerably compared to the weak donor—acceptor substi-
tuted stilbenes from the first group, but usually follows the
same trends of reactivity with a smallgrvalue (Table 1).

1t" - Group II This value is markedly higher for the first stilbene group
(0.50-1.23) compared to the second group (0.33-0.86),
HCo —~— QMo X = (CH3)N and increases as the solvent polarity decreases. The similar
= 7\ Y = OCH3, NH3, Cl, Br . : . .
s N/ % \}_Y TR TR behaviour of thep-constant, being higher in solvents of
H = lower polarity, was observed for dissociation of the sub-

stituted benzoic acids that is a classical example of the
- Hammett-like correlations [68]. In fact, this relatively low
t - Group IIl p-value characterises the low sensitivity of the twisting
transition to the intra and intermolecular electronic effects,
“3C~f§’=(=\ o X=(CH3):N probably because of the similar substituent effects on the
o = / = ¥ = CN, COOCH3, NO; energy of both't* and!p* states.
H - Comparison between fluorescence quantum yield and
Fig. 4. Dependence of thit* decay rate constankq in ns-t) on the lifetime measurements of the second stilbene group indi-
substituents -constants in different solvents. The stilbene Groups I-Ill are cates that contrary to the first group, the quantum yield in
designated by squares, filled triangle and open triangles correspondinglythe second group is much more sensitive (largeralue)
(5.37]. to substitution than the lifetime (Table 1) [5,37]. It implies
that the 4-substitution must affect both the non-radiative
Group I Stilbene molecules have the weak donor and and the radiative channels of the 4-(§bN substituted
acceptor substituents. Their excited singlét state is stilbenes [4,5,33-37].
relatively weakly stabilised by solvents. The dual-fluorescence phenomenon becomes important
Group II: Stilbene molecules have the strong donor in cases of the strong donor—acceptor substituted stilbenes
substituent (CH)2N in the 4-position of the aromatic ring.  (Group Ill). The accompanying large charge separation in
They are characterised by a large red shift in both the the excited state has been shown to be linked to a twisted
absorption and the fluorescence spectra ofrires-stilbenes.  or partially twisted (CH)2N group [9,10,50-59]. Recent
The (CHs)2N group stabilises considerably the* state in theoretical models are able to describe the excited state
comparison with that for the first group. twisting of both the single bond (dimethylamino group
Group llI: Stilbene molecules have the strong donor— torsion) and double bondrans—cis photoisomerisation) in
acceptor pairs of 4]4substituents and exhibit very large red an unified picture. Such photochemical behaviour of the
shifts, compared to the first and second groups. The highly excited stilbene molecules results in their large deviations
polarised excited state, which creates a huge dipole momentfrom the linear Hammett plots [5,37]. These effects may
is stabilised extensively by polar interactions. help in identifying the appearance of a new emitting state.
Donor—acceptor pairs of the 4;dubstituents in the Group
| usually increase the rate of the* —1 p* transition owing
to a higher stabilisation of the more pofgp* state, which 3. Stilbene photochemistry and physical organic
appears to be zwitterionic, and consequent reduction of thechemistry
intrinsic barrier to this reaction. Solvent polarity affects

w2 (1)

this transition in a similar way, so the rate of ttrans-cis The photochemistry of the substituted stilbenes opens
isomerisation is increased by both polar solvents and polarup a unique possibility to follow the different time-scale
substituents [5,37]. processes (in the femto, pico and nanosecond time-scale

The strong donor (Cg)2N substituent tends to participate regions) occurring with the molecules after irradiation.
efficiently in a charge delocalisation of tHé&* state com- The investigated processes are the electronic polarisation,
pared to the'p* state (Group Il). This electronic resonance vibrational and polar relaxation, radiative and non-radiative
interaction in thelt* state destabilises the activated transi- decay of the excited state, and twisting transition in the ex-
tion 1t* —1 p* increasing the activation barrier and retards cited state. All these processes take place in the elementary
the photoisomerisation rate. In fact, the quantum-chemical act of a chemical reaction, but they are “overlapped” by
calculations for the strong donor—acceptor substituted stil- each other and thus, are undetectable by direct experimental
benes predicted the low polarity of the* state, whereas  measurements. It means that it is practically impossible to
for the non-polar stilbenes a very highly pofgp* state is elucidate and differentiate the contribution of such factors
expected [51,56]. This switching from high to low polarity as substituent or solvent effects to the above-mentioned
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processes. Our correlation approach to the stilbene photo-chromophore, radiative deactivation of the excited state
chemistry permits the solution of this problem. with the rate constark;, medium relaxation around the ex-

The various processes occurring with the stilbene cited stilbene molecule with the rate constigt(to provide
molecule after its excitation exhibit different sensitivity to space for torsional distortion during the photoisomerisation
intramolecular donor—acceptor effects of substituents. This process) and eventually, twisting transition with the rate
sensitivity is quantitatively characterised byconstant of constantc;_, c.
the linear Hammett-like relationships. It has been shown The rate-limiting stage in a photoisomerisation process
that the Stokes shift in non-polar cyclohexane was not of the excited stilbene molecule in a viscous medium is
dependent on the structure of the stilbene molecule. There-the medium relaxation and, in this case, ttrans—cis
fore, the substituent effects on vibrational relaxation in the photoisomerisation of the excited stilbene chromophore
non-polar solvent can be neglected. Nevertheless, theseroceeds much slower than the excited state fluorescence
intramolecular electronic effects on the excitation energy decay [39,40]. Actually, the experimental rate constant of
of the substituted stilbenes are very essential even in thethe photoisomerisation in viscous media, like biological
non-polar media (the excitation energy difference between membranes was found dependent on the medium relaxation
stilbenes substituted with weak and strong donor-acceptorrate [2,3,24-32,40,42]:
groups can reach 20 kcal/mol).

The Stokes shift is strongly dependent on medium polar-
ity. The value of Hammetp-constant for the Stokes shift
correlation with the stilbene substituent effect increases with
an increase of solvent polarity and reaches the values of 5.45~vhere o and lgx are the absorption cross-section and the
and 6.21 in DMSO for the stilbene Groups | and I, respec- intensity of the incident light, andy is the fluorescence
tively (Table 1). Such high values are typical for chemical lifetime with the absence of photoisomerisation, corre-
reactions running through charged intermediates [13e]. This spondingly.
observation indicated that as was predicted by Saltiel et al. Hence, it is possible to study the dynamics of the bio-
[1,20-23], thelt* singlet state of the excited stilbenes is a logical membranes in the vicinity of the incorporated
zwitterionic one and strongly stabilised by polar interactions. stilbene probe by monitoring the steady-state fluores-
These interactions are highly sensitive to the intramolecular cence decay of the stilbene probe with the conventional
substituent effects. constant-illumination spectrofluorimeter. The experimen-

kapp = 0 Pfi lexkm

®)

The twisting transition, which is accompanied by break-
ing the orbital coupling between two fragments of the
zwitterionic pair in the FC stabilised state and the par-

tal values ofkspp can be calibrated versus viscosity or
microviscosity of model systems and then the calibration
will be used to study molecular dynamics in system under

tial removal of charges is characterised by relatively low interest.
p-values (0.33-1.23). These values are markedly higher for If the stilbene chromophore is photochemically stable, and
stilbenes with strong donor—acceptor substituents (whenthetrans—cis photoisomerisation is reversible, the long-time
the fragments of separated charges are localised in a smalexposure of the stilbene probe to the excitation light makes
space around the central space) and increase as the solveiitt possible to determine the parameters of relatively slow
polarities decrease. relaxation processes when the medium relaxation rate is

The correlation analysis of the free-energy relationships much slower than the twisting transition [40].
for thetrans—cis photoisomerisation of substituted stilbenes  The stilbene fluorescent probe incorporated into biologi-
has confirmed the Saltiel mechanism for this reaction and cal membranes undergoes three possible motions [40]. The
established the quantitative basis for detailed investigationfirst is the relatively slowtrans-cis photoisomerisation of
of the various stages of this important photochemical pro- the stilbene probe in the excited state. The second is the
cess. Such an approach outlines a way for building a bridgevery fast wobbling within a small anglg,,. The third is the
between modern photochemistry and classical physicaltranslational diffusion of the stilbene molecules along the
organic chemistry. membrane.

trans-Stilbenes are non-spherical chromophores. If
rotation or wobbling of a stilbene probe occurs within a
correlation time comparable to the lifetime of their excited
singlet state or faster, then the rotation is accompanied by
depolarisation. In this casg, can be estimated using the
appropriate equation from [61,62]:

A combined analysis of thdrans—cis photoisomeri-
4.1.1. Fluorescence-photochrome labelling technique sation kinetics of a stilbene probe and its polarisation

The light induced reversibleans—cis photoisomerisation  allows to establish the mechanism and to estimate fre-
of transstilbene molecule in condensed media includes quency and amplitude of the probe motion in an organised
at least four macroscopic stages: excitation of the stilbene medium [40].

4. Application of substituted stilbenes in chemistry and
biophysics

4.1. Theoretical grounds
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4.1.2. Triplet-photochrome labelling technique possible to monitor the process of the sensitisesdtrans

The traditional luminescence and electron-spin resonancephotoisomerisation [6,43]. Theans-stilbene concentration,
methods for recording molecular collisions do not allow one which appears in solution, is proportional to fluorescence
to study the translational diffusion and rare encounters of intensity and approaches the photostationary level exponen-
molecules in a viscous medium because of the short char-tially with the rate constant
acteristic times of these methods. To measure the rate con-
stants of the rare encounters between macromolecules and téps = (atkt + acke)o Tph@ph (6)
investigate the translation diffusion of the labelled proteins
and probes in a medium of high viscosity (like biomem- wherek; andk; are the rate constants for the triplet—triplet
branes), a new triplet-photochrome labelling technigue was energy transfer from a sensitiserttans andcis-stilbenes
developed [6]. respectively,a; and o¢ are the fractions of thé&rans and

The stilbene photoisomerisation through the triplet poten- cis-stilbene molecules, respectively, that undergo the pho-
tial surface can be sensitised by donor molecules excited totoisomerisation after encounters with the triplet sensitiser,
their triplet state, which is close energetically to the stilbene 7, and®p, — the sensitisers triplet lifetime and phospho-
excited triplet level T [17,69]. The sensitisers (donors) with  rescence quantum vyield respectively. Eq. (6) permits the
triplet energies of at least 255 kJ/mol (in a case of unsubsti- calculation of the experimental rate constant with the use of
tuted stilbene) transfer their energies to btrins and cis conventional fluorescence technique if all other constants
isomers of the stilbene molecule in the ground state in a from this equation are measured independently or calibrated
diffusion-controlled process. The reaction proceeds from the in a model system with these known values.
initial donor—acceptor encounter complex, which generates The values of triplet—triplet energy transfer rate con-
the stilbene triplet excited staté& and3c* without change stants betweelrans and cis-stilbenes and Erythrosin B,
of spin. The relaxation process takes place from the excitedrespectively, can be obtained from the measurements of the
triplet states of the stilbene molecule along its triplet poten- experimental rate constant with a method of the laser flash
tial energy surface, leading to the twisted triplet st photolysis [6]. In this case, the characteristic time of the
[17,69], which intersects or touches the ground singlet poten- method is limited by the lifetime of the sensitiser to milli
tial surface, so that the deactivation transition occurs. Thus, and microseconds time-scale.
an excited sensitiser (for example, Erythrosin B) encounter- Due to the relatively long lifetime of the sensitiser triplet
ing the ground stilbene molecule populates its triplet state. state and the possibility to integrate the data on the stilbene
Finally, the triplet—triplet energy transfer drives the stilbene photoisomerisation, the apparent characteristic time of the
photoisomerisation through the triplet pathway (Fig. 5). method can reach hundreds of seconds. This unique property

The triplet-photochrome method is based on the cascadeof the cascade system, and hence, of the triplet-photochrome
scheme mentioned above. Starting froimstilbene, which technique, allows to investigate the slow diffusion processes,
is not fluorescent at the steady-state conditions, and meadike encounters of proteins in membranes, using very low
suring the rate of increase of emitted fluorescence made itconcentrations of both the triplet and photochrome probes.

1 1
T QQ
OH Cc=C
) H

Aex = 546 nm
_— S5
S]b p— ‘ ‘
_ Triplet-triplet
Quenching energy transfer
R ° T] E RNV PV NV Vv VY VS — TI s Cis-trans
isomerization
SOI‘ - SO
Erythrosin B cis-Stilbene

(triplet sensitizer)

Fig. 5. Schematical presentation of the cascade reaction between Erythrosinds-8idAAS.
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4.1.3. Spin-triplet-photochrome labelling technique the solvent with molecules, which are similar in size to the

An additional step in the cascade reaction scheme is thetwisting fragments, i.e. substituting toluene for stilbene.
guenching of the sensitiser triplet state with a relatively  The appropriate calibration of the photoisomerisation rate
low-concentration of radicals. As a result, the total fluo- constantkapp of trans-4-dimethylamino-4aminostilbene
rescence rise is depressed, and the apparent rate consta(®@MAAS) versus viscosity of the medium made it possible
of the sensitisectis-trans photoisomerisation is reduced to estimate the microviscosity in vicinity of the stilbene
[41,43]. Fig. 5 shows the entire investigated reaction, which probe. The following calibration plot, which is the loga-
is a sequence of the four kinetic processes, and serves as athmic dependence dfspp on the rotational frequency.
basis for the spin-triplet-photochrome labelling technique. of tetramethylpiperidinéN-oxyl (TEMPO) in glycerol at
This technique combines the three types of biophysical different temperatures, allows to estimate the rotational fre-
probes: stilbene photochrome probe, triplet probe and stablequency of the stilbene fragments around the olefinic double
nitroxide-radical spin probe, which depresses the sensitiserbond in the photochemically exited state [40]:
exited triplet state.

Solving the kinetics equation based on the total cascade " Kapp = (286£0.3) + (1.77+0.05 In v ©)
reaction with the consequent quenching by radicals and tak-Because the volumes of the stilbene fragments twisted in
ing into account the steady-state approximations, we obtainthe excited state and the nitroxide radicals are close to each
that the apparent rate constant of the entire investigated pro-other, this dependence can be used for estimating the mi-
cess is reciprocally dependent on the radical concentrationcroviscosity of the medium and the rotational frequency of
[R]: the stilbene fragments. In this case, fhealues were found

to be equal to 0.68 (100% glycerol solution) and 0.56 (60%

kapp—1=a + b[R] ) glycerol/water mixture), correspondingly [40]. This equa-
The intercepts = {ake + acke)[ Elozpn}~t and slopeb = tion can be used as a calibration plot for microviscosity of
kq{(etke + ackc)[E]GTph}_l are the two experimental dy- the various biological and surface_ systems._

namical parameters of the investigated system. Kgisthe The triplet-photochrome labelling technique was app-

rate constant of triplet state quenching by the radical &hd [ lied to investigate the encounters in solution between

the steady-state concentration of the sensitiser. Measuring’*-acetamido-4isothiocyanatostilbene-Z:&lisulphonic acid
the fluorescence intensity of the excited stilbene molecule (SITS) and Erythrosin B. The sample solution was irradi-
as a time-function of the sensitisers excitation, we can at€d at the absorption maximum of Erythrosin B (neither

calculate the quenching rate constaaif 7 is known): cis- nor trans-SITS could be excited). The rise of fluores-
cence intensity at the emission maximum tedns-SITS
kq = b(atpn) (8) was observed in the sample due to the sensitisedrans

_ _ o _ _ photoisomerisation ofis-SITS. Monitoring the kinetics of
Using the appropriate calibration makes it possible to deter- the cistrans photoisomerisation sensitised by Erythrosin
mine the radical concentration in the vicinity of the probes. g gllowed to measure the rate constant of the triplet—triplet

Eventually, this method allows measuring quantitatively energy transfer between the sensitiser eiséSITS, which
the translational diffusion of proteins modified with these foynd to be 14 x 10° M~1s~2. It is necessary to stress that

three labels in biomembranes. The minimal approximate vol- the concentration of Erythrosin B in this experiment was
ume of a sample available for the fluorescence measurementery jow (2 x 10-7 M) [6].

(using a commercial spectrofluorimeter) in this method is Introducing 4-hydroxy-TEMPO radicals of the very low
about 103 ul when the total concentration of fluorophores concentrations (from 21 to 160M), which quench the ex-
is close to 0.0L.M and the total concentration of radicals jted state of Erythrosin B, the fluorescence increase was

is about 1QuM. depressed and the rate constant vaug was reduced.
This phenomenon differs from the fluorescence quenching
4.2. Model systems processes in the absence of a sensitiser when the concen-

tration of radicals less than 1 mM could not be detected.

According to experimental data, the apparent photoiso- [41]. The quenching of the excited triplet stilbene is not
merisation rate constamhpp for transstilbene diminishes  considered here, since its triplet lifetime is essentially less
with an increase of the solvent bulk viscosiig). However, than the lifetime of the triplet Erythrosin B [16].
the kapp dependence ons in alkane solvents deviates con-  Fig. 6 shows the linear dependence of the reciprocal
siderably from that expected in the Kramer's high friction - experimental rate constakg, on radical concentrations.
limit where kapp = A/ni. Theoretically predicted = 1 According to Eqg. (8), the slope to intercept rali@ of this
was measured experimentally in different hydrocarbon sol- linear curve is equal tégzpn. The quenching rate constant
vents and found to be 0.32-0.39 [40]. Substitutionnef  valuekq of (1.3 4 0.1) x 10°M~1s™! was obtained from
in the Kramer’s equation for the microviscosity parameter this product taking into account the triplet lifetime of Ery-
nm gives an excellent fit fokapp in hydrocarbon solvents  throsin B that is 7fus in aqueous solution [6]. The value of
[1]. The ny value is derived from data on self-diffusion of the quenching rate constaky was found to be within the
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K = (111 +27) +(1.10i0'03)*107 [R] were close to 108 Whlch_ are 8-9 orde_rs of magnltude
app less than that measured with the conventional luminescence
2000 or ESR techniques.

4.4. Biomembranes
1500 . . . . .
The orientation and motion @fans-4’-dimethylamino-4-
aminostilbenettans DMAAS) in organised media was first
investigated inside th&. coli membrane [40]. DMAAS
was used as a photochrome probe because of its high flu-
orescence yield and hydrophobicity that is very important
for biomembrane studies. Location of DMAAS in a phos-
pholipid bilayer was deduced from its fluorescence emis-
sion spectrum. The maximum fluorescence wavelength of
0 } | | | transDMAAS in a buffer solution iSkem = 444 nm, while
it was blue-shifted td.em = 427 nm when the stilbene label
has been embedded into tke coli membranes. The obtai-
[R] (mM) ned data allowed to speculate that the polar and, actually,
Fig. 6. Linear dependence of the reciproce-trans photoisomerisation protonated [18] in a neutral buffer solution (G}N group .
rate constant otis-SITS (3x 10°6M, in phosphate buffer saline) on of DMAA_S-WOL.“d be unable to pe_netratg the hydmphOblc
various concentrations of 4-hydroxy-TEMPO [41]. phospholipid bilayers and located in the interface region of
the membrane [40].
. Taking into account the experimental value igh, =
rank of the diffusion rate constants and rate constants thaty 3 10451 for the transcis photoisomerisation of
are typical for quenching of excited triplet molecules in @ {375DMAAS in the E. colimembrane and the correspond-
low-viscous solution. For example, benzophenone quenchesmg calibration of Irkappagainst Inve (Eq. (9)), we estimated
the Mg-phthalocyanine phosphorescence in aqueous solUipe rotational frequency of théransDMAAS aromatic

app
1000

5004

0 0.05 0.10 0.15 0.20

. ; . 11 . . .. .

tion with kq = 1.4 x 1°M~*s~* [61]. fragments in the excited state inside tBecoli membrane
that was found to be.8 x 10°s~1. Consequently, the twist-

4.3. Proteins in solution ing correlation time of the stilbene probe in the excited state

is TR = 0.4 s [40]. This value is significantly lower than

The fluorescence-photochrome technique was first appliedthe fluorescence lifetime of the excited stilbene molecule
to study molecular dynamics of SITC attached covalently measured in aqueous solution, which is about 1 ns. It means
to the terminal amino group of sperm-whale myoglobin that the stilbene probe embedded into biological mem-
[39]. The same myoglobin residue was also labelled with branes cannot be involved as a whole in a high-amplitude
4-iodoacetamide-TEMPO. Kinetics of the stilberens-cis rotation with the correlation time, which is comparable to
photoisomerisatiorkgpp) and rotational diffusion frequency  the lifetime of the excited singlet state. We can conclude
of the nitroxide radicals\;) were monitored by fluores- that the deviation of the experimental anisotropy value of
cence and ESR techniques, respectively. These data on thé¢he stilbene probe = 0.281 measured in thE. coli mem-
probes in their bound state were compared with the data ob-brane fromrg = 0.362 is a result of the fast wobbling of
tained in 60% ethylene glycol/water solution. The values of the stilbene chromophore within a small wobbling angle
Kapp @and v, for the labels bound to myoglobin were found ¢ = 22.7°. The similar wobbling angle of the DMAAS
several times less than those of the free labels in solution. Itprobe in the originaB. subtilis membrane was found to
means that microviscosity in vicinity of the labels attached be ¢y = 22.1° contrary to 26.4 of the same membrane
to myoglobin is higher than the same microviscosity in the treated with chloramphenicol, which inhibits the mem-
bulk solution. Thet-value of the plotkapp Versusve was brane growth [44]. It was shown that the wobbling angle
found to be 0.88. of the DMAAS probe in a model &-phosphatidylcholine

The triplet-photochrome labelling technique has been (PPDC) liposome membrane was found todye = 30.2°
used to study the very rare encounters in a system contain{43]. The higher value of the wobbling angle in liposomes
ing Erythrosin B and SITC, which were covalently bound means that the model liposome membrane is more fluid
to a-chymotrypsin [6]. The photoisomerisation kinetics was than the wild-type cell membrane.
monitored by the fluorescence decay tadnsSITS. The The triplet-photochrome labelling technique was used
rate constants of the triplet—triplet energy transfer betweenfirst to follow the protein—protein dynamic contacts in
Erythrosin B andcis- and trans-SITS were found to be  biomembranes [38]. SITS and Erythrosin-NCS (ERITC)
1 x 10’ and 2x 10’ M~1s71, respectively, It should be  were bound covalently to Ng K+ ATPase. The label/Ng
emphasised that the collision frequencies for both isomersK* ATPase molar ratio was equal to 1:1 for SITS and
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Fig. 7. Location of the spin, triplet and stilbene photochrome probes in a model biomembrane.

changed from 1:1 to 1:5 for ERITC. The triplet-triplet en- cis-trans photoisomerisation of DMAAS by quenching the
ergy transfer from the light-excited triplet ERITC to SITS sensitiser triplet state [43,44]. The triplet lifetime of Ery-
initiated thecis-trans photoisomerisation ofis-SITS. The  throsin B in PPDC membranes was measured taphe=
photoisomerisation kinetics of SITS was recorded with a 960us. Taking into account this value, the quenching rate
conventional spectrofluorimeter. The apparent rate constantconstantkq = (1.75=+ 0.15) x 10’ M~1s™! was obtained
of the triplet—triplet energy transfer from ERITC¢-SITS from the produckyzph (Eg. (8)). Comparing this value with
was found to bekapp = 0.43 x 10°M~1s71 (at 25C). the quenching rate constant measured in aqueous solution
Thekapp value of the triplet—triplet energy transfer between (1.3 x 10°M~1s1), we can conclude that the quenching
unbound ERITC and SITS was measured in solution to process on the membrane interface is not so effective as in
be 7x 10’'M~1s™1. The drop ofkapp (in proteins) can be  solution.
explained by increase of the medium viscosity and steric  Eventually, the investigated lipid—water interface system
factors that leads to much lower collision frequency of the may be considered, as well, as a model of a surface system
labels. This decrease dbpp demonstrated the dynamic in general, where the nitroxide probe diffuses freely in the
contacts of the proteins in a cell membrane. aqueous phase and the triplet and stilbene probes are immo-

The spin-triplet-photochrome labelling technique with bilised onto the surface.
DMAAS, Erythrosin B and 4-OH-TEMPO was applied
to investigate the dynamic processes in the PPDC lipo- 4.5. Surface studies
some membrane. The fluorescence spectra and fluorescence
polarisation data indicated that the DMAAS probe was em-  The fluorescence-photochrome technique was applied to
bedded into the membrane [43]. The quenching process carinvestigate the solid silica surface (plates), which was mod-
occur in both the aqueous and lipid phases (dependent orified with the stilbene labels [42]. A number of methods of
the hydrophobicity of the added radicals). According to the the surface modification has been tried including silanisa-
ESR spectra of the samples, the hydrophilic 4-OH-TEMPO tion techniques, surface activation with cyanogen bromide,
radical was unable to enter the highly hydrophobic portion cross-linking with cyanuric chloride and surface coating
of the membranes. In this case, the quenching occurred atwith proteins (lysozyme and bovin serum albumin) to
the water—lipid interface of the membrane. Unlike the po- smooth the silica surface. The apparent photoisomerisation
lar nitroxide-radical probe, the hydrophobic 5-doxyl-stearic rate constants of the stilbene label in its immobilised and
acid radical was located inside the phospholipid bilayer free states were measured in a medium of different viscos-
of PPDC membranes and quenched the cascade reactioity. The microviscosity and micropolarity in the vicinity of
efficiently. Fig. 7 shows the location of the spin, triplet the immobilised label were estimated. The immobilisation
and photochrome probes in a model liposome membrane.of DMAAS cross-linked with cyanuric chloride to the silica
The quenching process occurs in the presence of both spinsurface coated with the proteins allowed to measure the
probes. Therefore, Erythrosin B is located in a superficial fluorescence from the plate surface and follow the kinetics
portion of the PPDC liposome membrane. of trans—cis photoisomerisation [42].

The experimental results give the evidence of the The fluorescence and photochemical behaviour of the
nitroxide-radical inhibitor effect upon the sensitised stilbene molecules immobilised by the direct silanisation
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Fluorescence Intensity (a.u.) solvent. The apparent local polarity of the medium (silica
968.0 surface in this case) in the vicinity of the stilbene label was
estimated, and the “virtual” solvent polarity parameter was
[R]=0 found to be approximatelg3® = 50 kcaymol.
952.04 [R] =21uM The detailed investigation of bulk viscosity effects on
——[R] = 42uM the photoisomerisation behaviour wéins-4,4-bis-bromo-
936.0- _» methylstilbene immobilised onto silica plates coated with

— R]=85uM lysozyme was carried out by changing the relative con-

920.0 [R] =103 uM centration of glycerol in a glycerol-water mixture used as
R] = 160 uM surroundings (Figs. 8 and 9) [42]. The apparent photoiso-
T | [ [ T

merisation rate constarigpp of the immobilised stilbene

904.0 -] label was found to be 3—4 times less than for the free la-
0 100 200 300 400 500 600 bel in solution that indicates that the surface and protein
Time (sec) itself sterically hinder the rotation of the stilbene fragment

Fig. 8. Experimental fluorescence intensitytains DMAAS incorporated around the olefinic double bond in the excited state. Fig. 6
in the PPDC membranes versus the irradiation time at 546 nm (the Ery- de_monSt,rate_s the dependence of the appmls pho-
throsin B absorption) for different concentration of 4-hydroxy-TEMPO. toisomerisation rate constant on the reciprocal value of ab-
The stilbene probe was exited at 370nm, and its fluorescence was mea-Solute viscosity of the glycerol-water solution for both the
sured at 430 nm [41]. immobilised and free molecules. The viscosity dependence
of this behaviour suggests that stilbene molecules can be
procedure markedly differed from that in solution. Our useful indicators for local microviscosity in the various con-
studies of the solvent polar effects on the excited state densed media. The logarithmic dependencégf on the
of the immobilised stilbenes indicated that the maximum reciprocal absolute viscosity7bf the solvent may be used
wavelength of the fluorescence emission was not sensitiveas a calibration curve for the microviscosity determination
to the solvent polarity [42]. Contrary to the immobilised in the vicinity of the fluorescence-photochrome probe.
state, the fluorescence emission energy of the free DMAAS  Thus, the fluorescence-photochrome and triplet-photo-
molecule in solution exhibits the steep linear dependence onchrome techniques can be applied not only to solution or
the empirical solvent polarity scaE%o [19], indicating that membrane studies but also to investigation of the dynam-
mainly silica surroundings exert influence on the relaxation ical processes on solid surfaces. This technigue is very
process of the excited stilbene molecules. It means thatsensitive compared to other well-known techniques for
stilbene molecules are buried in a silica surface environ- determination of microviscosity, like fluorescence, spin- or
ment and, therefore, are not sensitive to polarity of the bulk triplet-photochrome methods. It permits the measurements
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Fig. 9. Dependence of th#zans—cis photoisomerisation rate constakgpp on the reciprocal absolute viscositynl6f the water—glycerol mixture for
trans-4,4-bis-bromomethylstilbene in solution (triangles) and in the immobilised state (squares) [42].
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of microviscosity in the vicinity of the immobilised chro- translational diffusion of proteins, which are modified with
mophore with approximately 8 1011-3 x 10 fluorescent  the three labels in biomembranes. The minimal approximate
molecules per 1 chsurface of the modified silica plate. volume of a sample available for the fluorescence measure-
ment in this method (using a commercial spectrofluorime-
ter) is about 103wl when the general concentration of
5. Conclusions fluorophores is close to 0.QdM and the local concentration
of radicals is about 1QM.

Our approach to stilbene photochemistry is based on the The high sensitivity of the steady state fluorescence mea-
correlation analysis of results obtained with the modern flu- surement in combination with a new fluorescence-photo-
orescence techniques. It allows to elucidate and differentiatechrome labelling technique, relative simplicity of equipment,
the contribution of such factors as substituent or solvent and treatment of experimental data promises further devel-
effects on the different processes (electronic polarisation, opment of application of stilbene compounds in biophysics
vibrational and polar relaxation, and twisting motion) occur- and biotechnology.
ring with the stilbene molecules after excitation in a different
time-scale range (from femtoseconds to nanoseconds). Sim-
ilar processes take place in the elementary act of a chemicalAcknowledgements
reaction, but they are “overlapped” by each other and thus,
are undetectable by direct experimental measurements. The authors thank Drs. Ehud Pines and Dina Pines for
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The cascade technique based on the sensitisettans Photochemistry, Vol. 3, Marcel Dekker, New York, 1983, pp. 1-113.
photoisomerisation of the stilbene probe (driven by [2]J. saltiel, J. D'Agostino, J. Am. Chem. Soc. 94 (1972) 6445-6456.
triplet—triplet energy transfer from the excited triplet donor [3] S. Malkin, E. Fisher, J. Phys. Chem. 68 (1964) 1153-1171.
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medium. Due to relatively long lifetime of the sensitisers (g] v, Mekier, G.I. Likhtenshtein, Biofizika 31 (1986) 571-586.
triplet state, and possibility to integrate data on the stilbene [7] W.F. Mooney 1ll, P.E. Brown, J.C. Russell, S.B. Costa, L.G.
photoisomerisation, and, as a result, the apparent charac- Pedersen, D.G. Whitten, J. Am. Chem. Soc. 106 (1984) 5659-5667.

teristic time of the method can reach 100s. This unique [8] S:K. Kim, S. Courtney, G.R. Fleming, Chem. Phys. Lett. 159 (1989)
, e 543-548.
property of the cascade system allows investigating very [9] W. Rettig, W. Majenz, Chem. Phys. Lett. 154 (4) (1988) 335-341.

slow diffusion processes, including encounters of proteins [1g] v.v. irichev, W. Kiihnle, K.A. Zachariasse, Chem. Phys. 211 (1996)
in biomembranes using very low concentrations of both the 441-453,
triplet and photochrome probes. [11] J. Schroeder, D. Schwarzer, J. Troe, F. Vo, J. Phys. Chem. 93 (4)
This spin-triplet-photochrome labelling technique combi- (1990) 2393-2404. _ _ _

he three tvpes of biophvsical probes: stilbene pho- [12] G.'I. L|khten§hte|n, Spin Labelling Methods in Molecular Biology,
nes the yp . pny p : i p Wiley/Interscience, New York, 1976.
tochrome probe, triplet probe and stable nitroxide-radical [13] E.M. Kosower, D. Hofmann, K. Wallenfels, J. Am. Chem. Soc. 84
spin probe, which depressed the sensitiser exited triplet  (1962) 2755.
state. The combination of these three probes keeps theirll4] R. Anderton, J. Kaufman, Chem. Phys. Lett. 237 (1995) 145-151.
own regular facilities and gains an additional advantage [1°1 - Grycznski, A. Kawski, Z. Gryczynski, D. Gloyna, J. Chem. Soc.,

. - Faraday Trans. 2 82 (1986) 1879-1884.

to measure the rate constant of the Frlplet state quenphlng[16] V. Bonacic-Koutecky', P. Bruckmann, P. Hiberty, J. Koutecky’, C.
and to estimate the local concentration of stable radicals. Leforestier, L. Salem, Angew. Chem. Int. Ed. Engl. 14 (1975) 575—

This method permits the quantitative measurements of the  587.
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