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Abstract A fluorophore-photochrome system incorporat-
ing an aryleneimine type fluorophore and an
azobismaleimide photochrome was developed and the pho-
tochemical properties of this system were investigated. The
photoisomerization of trans-azoaromatic chromophore
leads to the increase of the fluorescence intensity of
fluorophore. The cis azobismaleimide isomers revert pho-
tochemically to the trans form and the emission intensity
decreases. The fluorescence intensity of the imine
fluorophore can be modulated under irradiation with UV
and visible (436 nm) light due to reversible trans-cis-trans
photoisomerization of azobismaleimide partner. The
photoisomerization kinetics was obeyed a first-order r
elationship with a rate constant of 1.95x10% s ' for
azobismaleimide/imine fluorophore system and for
polyazothioetherimide/imine derivative the kinetics was
described by a biexponential equation.

Keywords Azobismaleimide - Photoisomerization -
Fluorescence modulation - UV—vis absorption spectra -
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Introduction

Organic photochromic molecules and fluorescent compounds
attracted a growing attention due to their different potential
applications for example, as optical information storage,
photoswitchable devices, organic light emitting devices, sen-
sors or actuators [1—11]. The modification in fluorescence
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intensity of a luminescent compound represents an important
feature for photoswitching devices. There are usually three
kinds of photochromic-fluorescent systems: the photochromic
unit and fluorescent partner are located in the same molecule,
multicomponent systems (dyads, triads, hybrid systems)
where the energy or electron transfer can be reversibly mod-
ified by the photochromic unit and the fluorescent component
can be doped into photochromic compounds or in polymer
matrices where fluorescence is reversibly quenched by the
photochromic unit by energy transfer or shielding [12—18].

Several families of photoisomerizable molecules can be
utilized to develop photomodulation phenomena. Among
them, azobenzene derivatives are considered as promising
components in molecular switches because of the reversibility
between their trans and cis states. The pronounced changes
upon light-induced isomerization in molecular shape between
extended coplanar and bent forms of azobenzene, C4-C4' dis-
tance being reduced from 9.0A to 5.5A and in dipole moment
value from 0.5 D to 3.1 D, determine substantial modifications
in optical and free volume properties, morphology of materials
containing azobenzene chromophores [19, 20]. At thermal
equilibrium under UV irradiation a fraction of trans isomer
converts to the cis form (Scheme 1). The reverse reaction to
the more stable trans isomer can be induced thermally or
photochemically (at 430 nm). The thermal relaxation is a slow
process on time scale (hour-to-day) while the photochemical
recovery is much faster. Thus, the azobenzene derivatives
exhibit a clean photoreaction with photostability, fast and re-
versible isomerization processes which can be exploited to
control their photoswitching and photoresponsive behaviour.

The photoinduced interconversion of the states of the pho-
tochromic compound can be utilized to control the emission
intensity of a fluorophore from a photochrome-fluorophore
system. The transformation of one state of the photochromic
partner in the other can either activate or prevent emission
quenching of the fluorophore.
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Scheme 1 Photochromism of azobenzene derivatives

The UV irradiation of fluorophore-photochrome construct
can activate an electron or energy transfer between one of the
chromophore states (trans or cis isomers) and the fluorescent
component, which is responsible for quenching. The photo-
chemical recovery to the initial form of the chromophore can
suppress the quenching process and switch the fluorophore
emission again [3, 4, 21]. The emission of the fluorophore-
photochrome construct can be repeatedly quenched and re-
covered by only switching photochromic partner between its
interconversion states under light irradiation. In order to ob-
tain an efficient modulation of the emission intensity of fluo-
rescent partner with a photochromic switch, a high degree of
overlap between the emission band of fluorophore and the
absorption band of photochrome is necessary [3, 13, 17].

The concomitant association of the photochromic and fluo-
rescent moieties can also be performed in polymer matrices.
The main advantage of these materials is that the photochro-
mic properties of photosensitive compounds and the emission
intensity of fluorophore will be more or less affected on the
photoinduced electron transfer or energy transfer in the
ground or excited state between the two partners [11, 16].

Although a large variety of azobenzene derivatives were
used in order to develop photochromic transformations
switchable at high speed, the azobismaleimide derivatives
[22-24] were not yet exploited to modulate the emission
intensity of a fluorophore.

Herein, we describe a photoswitchable system in
which a fluorescent compound, N,N’'-bis(2-
naphthalenethylene)-1,4-diaminobenzene was blended
with a photochromic azobismaleimide derivative in solu-
tion. The fluorescence intensity of fluorophore can be
modulated by the photoisomerization process of the pho-
tochromic azobismaleimide partner. The influence of
photoisomerization of azobismaleimide derivative on the
behavior of the photoswitchable system was discussed.
Trans-cis-trans photoisomerization kinetics was investi-
gated and the rate constants were determined.

Experimental

Materials

Spectroscopic grade solvents (Aldrich) were utilized to
prepare solutions for spectral measurements.

Azobismaleimide (AZM) was synthesized by the conden-
sation reaction of 2,4-amino-4'-methylazobenzene with
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maleic anhydride in acetone by a two-step method
according to previously reported procedure [22, 23, 25].
Polyazothioetherimide was obtained by the reaction of
azobismaleimide and bis-2-mercaptoethylether [22, 23].
The fluorescent dopant, N,N'-bis(2-naphthalenethylene)-
1,4-diaminobenzene (BNDB) was prepared in previous
papers reported [26, 27]. The synthesis procedure for
azobismaleimide (AZM), polyazothioetherimide (PATEI)
and fluorescent component (BNDB) structure are
presented in Scheme 2.

Methods

Electronic absorption spectra were recorded on Shimadzu
UV-3600 spectrophotometer with 1 cm quartz cells. Fluores-
cence spectra were obtained using a Perkin Elmer LS55
luminescence spectrometer using 10 mm optical path quartz
cells. All measurements were made at room temperature. The
emission intensities were corrected for absorption of exciting
light in order to decrease the inner filter effect using the
following equation [28, 29]:

1
Leorr = Lopse€? (ectden)

where .., and I,,s denotes the fluorescence intensities
corrected and observed, respectively; Acx (Aex=370 nm) and
Acm Aem=452 nm) are the absorbances at the excitation and
emission wavelengths, respectively. The photoisomerization
of azochromophores was carried out using a 500 W high-
pressure mercury lamp (OSRAM HBO) equipped with ade-
quate filters for UV (365 nm) or visible (436 nm) light
irradiation.

Results and Discussion

The electronic absorption spectra of trans and cis isomers of
azobismaleimide (AZM) and emission spectrum of
fluorophore (BNDB) in dimethylformamide (DMF) solution
are shown in Fig. 1. The emission maximum for BNDB was
observed at 452 nm and the absorption band of fluorophore
was located at 370 nm. No significant changes in the absorp-
tion spectra under UV irradiation were observed, resulting that
BNDB is photostable under UV irradiation. The UV-VIS
absorption spectra of azobismaleimide (AZM) show an in-
tense band at about 345.5 nm (¢=21,740 mol ' L cm ') at-
tributed to a 71— 77" transition of trans azobenzene and a weak
band in the visible region at about 442 nm (e=
1,270 mol ' L em ™) ascribed to the lowest singlet state of n
— 77" transition [20, 22].

The fluorescence switch was constructed with BNDB do-
nor and polyazothioetherimide (PATEI) photochrome accep-
tor components. Compound BNDB displays a strong
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Scheme 2 Synthetic route of azobismaleimide derivatives and chemical structure of imine monomer (BNDB)
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Fig. 1 Absorption and emission (excitation of 370 nm) spectra in DMF
solution of AZM: trans form — 1; cis form — 2; and BNDB — 3
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Fig.2 Fluorescence spectra of BNDB in DMF as a function of quencher
(PATEI) concentration. Inset shows Stern-Volmer analysis of quenching
data
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fluorescence in DMF solution (A.,=452) when excited at
370 nm. The fluorescence spectral changes of fluorophore
solution (7.74x 1077 mol/L) under increasing concentrations
of PATEI (9.19x 10> mol/L, trans PATEI) are presented in
Fig. 2. The fluorescence quenching of fluorophore BNDB
using PATEI as quencher was performed to the moment when
the emission intensity of fluorophore-quencher system was
represented about 30 % of that of starting value. The fluores-
cence quenching data of PATEI/BNDB system (Fig. 2) were
analyzed using Stern-Volmer equation [30].

=1 kg0
where I, and I is the fluorescence intensity in absence and
presence of quencher, kgy is the Stern-Volmer constant and
[Q] is the quencher concentration. The Stern-Volmer plot is
found to be nonlinear showing a positive deviation from
linearity at higher concentration of the quencher (Fig. 2 inset).
The deviation from linearity in the Stern-Volmer plot upon
curving upward towards the y-axis is an indication of the
presence of both static and dynamic quenching [30]. As can
be seen the plot of In(/(//) against quencher concentration in
Fig. 3 follows a linear relationship on the whole domain of
concentrations, showing that the experimental points fit very
well the static quenching model given by Perrin. From the
slope of the Perrin plot, a radius of quenching sphere of
184.4 A was obtained. This value is too large and thus a
specific quenching mechanism was not identified in this case.

The above-mentioned quenched fluorophore-photochrome
solution was irradiated with a wavelength of 365 nm at room
temperature. The changes in the UV—VIS absorption spectra
under 365 nm light irradiation confirmed the trans-cis
photoisomerization of azo chromophores. The absorption
band at 343 nm ascribed to trans-azobenzene moiety

In(1,/1)

0.0 . . . .

0 1 2 ' 3
[Q1 10° (M)

Fig. 3 Perrin plot for fluorescence quenching of PATEI/BNDB in DMF
solution
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Fig. 4 Absorption spectral change of PATEI/BNDB system in DMF on
UV irradiation

decreases progressively in intensity whereas the absorbance
around 445 nm due to the cis-azobenzene units increases in
intensity (Fig. 4). The absorbance at 343 nm in
photostationary state was about 37 % of its original value,
with a conversion in cis isomer of 0.63. Concomitantly, when
the photostationary state was gained after 280 s, the emission
intensity increased to about 55 % of the initial value (Fig. 5).
The increase in fluorescence intensity together with the in-
crease of cis isomer concentration by the trans isomer con-
sumption in system shows that the fluorophore is selectively
quenched just the trans-isomer of azobismaleimide derivative
in the polymer chain.

The above solution was irradiated by visible light of
436 nm. The absorbance at 343 nm increases during blue
irradiation till its initial state was almost recovered, while the
emission intensity decreases with increasing irradiation time.
Compared with the pattern of fluorescence intensity of the

300
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Fig. 5 Emission spectral change of PATEI/BNDB system (Ao, =370 nm)
in DMF on UV irradiation
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AZM/BNDB system, where the emission intensity reached
47 % from the initial value [24], here the emission of
fluorophore did not exceed 40 %. This process was performed
many times in solution. Each cycle of UV irradiation generates
trans-cis isomerization and the corresponding increase in fluo-
rescence intensity. On the other hand each visible irradiation
determines the return to trans state of azo chromophores and
the decrease of emission intensity. In this way the emission
intensity of BNDB can be modulated upon alternative irradi-
ation with UV and visible light. Besides, repeated cycles were
carried out under alternate UV/Visible irradiations without
any modification of the switching characteristics (Fig. 6).
The modulation efficiency can be defined according to the

following equation [18, 19]:

Enoann = 1—%
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Fig. 7 Photoinduced alternation of normalized absorbance at 345.5 nm
of AZM/BNDB system in DMF on UV light of 365 nm and visible light

0of 436 nm

Also, the modulation efficiency of trans-cis isomerization
upon irradiation with 365 nm is given by the relation:
_A()

4(0)
where 1(0), I(x0), A(0), A(0) denote the fluorescence intensi-
ties and the absorbances, before irradiation and at the
photostationary state, under irradiation with 365 nm light.

For the AZM/BNDB system, several switching cycles
were recorded under alternating UV and visible (436 nm)
irradiation with an isomerization efficiency of 80 % (Fig. 7),
whereas the emission efficiency is 47 % [24]. The
photoisomerization of azobenzene chromophores in AZM/
BNDB solution is very stable over many cycles of irradiation
(Fig. 7).

The fluorescence quenching process can be due to an
energy transfer from the donor fluorescent component to the
photochromic azobenzene units which act as a quencher. This
transfer is well consistent with the overlap between the low
intensity n — 7t absorption band at about 442 nm of AZM
and the emission band of fluorophore (Fig. 1). The absorption
band of the photochrome assigned to be n — 7" transition of
cis-isomer is two times stronger than the absorption band of

the starting trans isomer. Thus, the overlap between the ab-

sorption and emission bands is greater for cis isomer than in
the case of trans-isomer. In this way the two azobenzene
isomers can operate as quenching agents of fluorescence but
cis isomer might present higher quenching efficiency than

EmodA,abs =1

trans isomer.

3 4 5
Irradiation cycle

Fig. 6 Modulated absorption (a) and emission (b) signals of PATEl/
BNDB system in DMF by alternate irradiation with UV (365 nm) and

blue (436 nm) light

o -
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Admitting that the mechanism of nonradiative energy
transfer is of Forster type, the transfer efficiency can be

estimated with the following relation [30]:

g LR
I, R,+7r°
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where 1 is the distance between the donor-acceptor pair and R,
indicates the Forster distance, defined as the distance where
the transfer efficiency is 50 % and can be calculated by the
equation:

R, = 8.88-10 ®K*n*¢J

where n is the refractive index of medium, K? is the orienta-
tion factor in energy transfer and assumed to be equal to 2/3, ¢
is the quantum yield of donor in the absence of acceptor,
where a value of 0.07 was used, J is the spectral overlap
integral between the donor emission spectrum and the accep-
tor absorption spectrum, which can be evaluated using the
equation:

/ I(\)e(M)N*dA

/ I\

where I(A) is the fluorescence intensity of fluorophore at A,
€(A) is the molar absorptivity of acceptor at A.

The overlap integral between the emission spectrum of
BNDB and absorption spectrum of photochrome AZM (act-
ing as quencher in the two isomer forms) has the value of
473x107"° em® M for trans isomer of AZM and 7.86x%
107" em® M for cis isomer, respectively. Given the values
as listed above, R,, is estimated to be 18.95 A for trans isomer
and 20.64 A for cis isomer, respectively. These values agree
very well with the reported literature values [31]. The only
aspect that should be noticed is that the difference between the
values of the two isomers is lower in our fluorophore-
azophotochrome system because the ratio of the two integrals
(Jirans/Jcis) 18 1.66, therefore the radii difference between the
two isomers will be lower. Knowing the above values the
quenching efficiency for AZM was estimated. Also, the
quenching efficiency was represented as a function of
fluorophore-quencher distance (Fig. 8). For a donor-acceptor
distance of 20 A, the difference between the quenching effi-
ciency of the two isomers is 12 %; as a result the radiative
modulation efficiency of the fluorescence might not be higher.
However, the modulation efficiency was experimentally
found to be 47 % and moreover the efficiency of fluorescence
quenching is higher for trans isomer as compared to cis
isomer. Since the difference between the overlap integrals as
well as between the Forster radii of the two isomers is low
enough, we can concluded that the radiative modulation of
fluorescence can be caused by other molecular characteristics
which determine the difference between the two isomers
taking into account the quenching process. As is known the
trans isomer of AZM is planar and this isomer quenches the
fluorescence of BNDB more efficiently than the cis isomer. In
this case the planarity of trans isomer favors the energy
transfer between azochromophore AZM and fluorophore

J =
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Fig. 8 Energy transfer efficiency for trans- and cis-azobismaleimide
acceptors

BNDB. The nonplanar structure of cis isomer for the aromatic
rings linked to the azo nitrogen atoms diminishes the conju-
gation of nitrogen lone pair of electrons with the 7t electrons of
donor occurring thus the inhibition of energy transfer [32].
When the overlap integrals and the Forster radii of the two
isomers have close enough values the planarity of photochro-
mic molecule plays a prominent part in the fluorescence
quenching of AZM/BNDB system.

In the PATEI/BNDB system the modulation efficiency of
fluorescence is about 34 % due to the lower conversion degree
in the photoisomerization process (Fig. 9), whereas the mod-
ulation efficiency of isomerization is 62 %. When the
photostationary state was reached the system was irradiated
with 436 nm light and the intensity of 71 — 7t transition band
at 343 nm is increased with irradiation time which evidence
that the cis-trans isomerization of cis isomers operates as a
process of fluorescence quenching followed by the decrease
of fluorescence intensity of the PATEI/BNDB system with
increasing irradiation time till reaching the photostationary
state. The recovery of trans isomers in solution by visible
irradiation in the PATEI/BNDB system is similar to the
AZM/BNDB system.

In order to establish the effect of fluorophore (BNAB) on
the rate of the trans-cis-trans isomerization process of azo
chromophores in AZM and PATEI from fluorophore-
photochrome constructs, the isomerization kinetics under ir-
radiation by 365 nm and back photoreaction under irradiation
by light of 436 nm were studied. The photoisomerization of
azo chromophores in AZM/BNDB system proceeds as a first-
order reaction according to the equation [33, 34]:

LAO)A()

W = kirf(t)

where A(0), A(t), A(w) are the absorbances of trans
azoaromatic derivative at time 0, t and at the photostationary
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Fig. 9 Relative absorption and emission intensity as a function of UV
irradiation time at 365 nm in DMF for the photoisomerization process (a)
and the fluorescence recovery of BNDB (b) for AZM (m) for PATEI (A)

state, respectively and k;, is the photoisomerization rate
constant. The photokinetic factor F(t) has the expression
[35, 36]:

1-1074®

P =0 10 = [ Foa

0

where A’ is the absorbance at irradiation wavelength and t,,
denotes the time when the photostationary state was reached.

First-order plot of In[(A4(0)—A4(x))/(A(t)—A(x))] as
against f(¢) in the AZM/BNDB system in DMF shows a fast
photoisomerization process with rate constant of 1.95x
102 s™! (Fig. 10). Note that this value is close to that found
for AZM in DMF solution (2.11x10 % s ") [37].

The photoisomerization reaction for PATEI/BNDB sys-
tem exhibits a deviation from the first-order kinetics

T T T T T T
0 100 200 300
f(t) (s)

Fig. 10 First-order plots for trans-cis photoisomerization for AZM/
BNDB (m) and PATE/BNDB (A ) in DMF

(Fig. 10) and the kinetics can be described by a
biexponential equation [33, 34, 38]:

A()-A() | |
4(0)A(w) — 2P (insf () + (1ma)exp (ki (1)

where: k;,. rand k,, ; are the rate constants for the fast and slow
photoprocesses, respectively and o represents the fraction of
the fast species (Fig. 11).

The rate constants of the photoisomerization for PATEI/
BNDB and AZM/BNDB systems are the same order of mag-
nitude as in the case of azochromophore photoisomerization
in the absence of fluorophore, suggesting that the trans-cis
photoisomerization was not sensitized by the energy transfer
from fluorophore to photochrome.

Ar) - A)
el SORPTEY
0.8 4
a=03
k/=5.2310%s"
061 K'=1.3910s"
0.4 4
0.2 4
0.0 T T T T T T o T
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f(t) (s)
Fig. 11 Biexponential function for trans-cis photoisomerization of azo
chromophores in PATEI/BNDB system
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The photochemical reversion from cis to trans isomer using
visible light (436 nm) obeys to a first order kinetics for AZM
and PATEI incorporating fluorophore.

in which k;. . is the rate constant of cis-trans photo-
isomerization. From the slopes of the straight lines in
Fig. 12, the rate constants were estimated to be 6.10x 10>
for AZM/BNDB and 4.23x10 2 s ! for PATEI/BNDB sys-
tems. The obtained values of rate constants were not different
from the systems which not containing BNDB, the rate con-
stant ratio being 1.1 from AZM and 0.95 for PATEI. There-
fore, a no photosensitization effect was evidenced in the case
of cis-trans photoisomerization for these fluorophore-
photochrome systems.

The studies on the radiative modulation of fluorescence
reveal a certain degree of photosensitization of cis-trans
photoisomerization regardless of the fact if the quenching is
selective to cis isomer or to trans isomer [18, 39]. The selec-
tivity of isomerization depends on the spectral overlap degree
between the absorption spectra of the two isomers and the
fluorescence spectrum of donor whatever the isomer which
determine the modulation process. However, in our
fluorophore-photochrome system the isomerization selectivity
is due especially to geometry of isomer acting as quenching
agent. The trans isomer becomes an efficient quencher be-
cause of its planar geometry. In this instance the photosensi-
tization of one of two isomers is determined by a certain
orientation of the azochromophore molecule relating to the
fluorophore.

6 -
)= 40)

() A(r) =

0 T T T T T 1
0 50 100 150
t(s)

Fig. 12 Kinetics of photochemical recovery during irradiation with
436 nm light in DMF for AZM/BNDB (m) and PATEI/BNDB (A)
systems
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Conclusions

A fluorescence switch based on fluorescent N,N'-bis(2-
naphthalenethylene)-1,4-diaminobenzene and
polyazothioetherimide as photochomic component was inves-
tigated. The control of emission intensity could be performed
by alternate irradiation of light at 365 nm and 436 nm, respec-
tively. In this way the emission intensity of aryleneimine
partner can be modulated synchronously under irradiation of
azobismaleimide chromophore. The emission modulation ef-
ficiency with polyazothioetherimide is comparable to that
found out for the simple azobismaleimide derivative.
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