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Abstract

A series of heteroaryl substituted bithiophene azo dyes in solution were irradiated
with visible light to promote the azo E-Z isomerization and then the kinetics of the thermal
Z-E back reaction was studied. The speed of this process is strongly influenced by the
nature of the aromatic ring linked to the N=N function. While thiazole bithiophene azo dyes
exhibit high switching speeds between the two isomers, but limited interconversion, for
benzothiazole and substituted thiadiazole bithiophene azo dyes the switching between the
two photoisomers can be performed in 3 seconds with a significant conversion of the
trans-isomer to the thermal unstable cis-isomer (19-21%) and therefore a notable variation

of the visible spectrum is observed.
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Azobenzene exist in two isomeric forms, the E (trans) and Z (cis), which exhibit
different absorption spectra.! The more stable E-form can be partially converted to the Z-
form by applying light, and with time, an equilibrium state is established between the
populations of trans and cis isomers with a noticeable change in UV-Vis absorption
spectra. The Z-form is unstable and usually returns thermally to the E isomer, following a
mono-exponential kinetics, although light of a different wavelength can be used to promote
this reaction (Scheme 1).

Scheme 1

The incorporation of these molecular photoswitches in different matrixes, dispersed
or covalently linked, led to the preparation of several photoresponsive organic or hybrid

advanced materials with a variety of photochromic,*® luminescent,”® non-linear optics,***

1418 3nd mechanical properties.*”** The performance of

polarized light-induced anisotropy,
these materials rely on our ability to control the kinetics of the E-Z photoisomerization
which can be achieved by the proper choice of the environmental media®® or by the
change in the azobenzene structure. %

Although a large variety of diarylazo compounds are used in the design of optical
materials, only a few reports concerning the photoisomerization of heterocyclic azo dyes
can be found in the literature.?**° In the last years we have synthesized a large variety of
heterocyclic azo dyes substituted by electron-donating and electron-withdrawing groups
(‘push/pull’ substitution pattern) that possess solvatochromic, photochromic and nonlinear
optical (NLO) properties which are influenced by the electronic nature of the w-conjugated
bridge (thienylpyrrole or bithiophene) and by the substitution pattern on the aryl and

heteroaryl-diazene moieties (Figure 1).313

Figure 1
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Earlier, we observed that bithiophene azo dyes exhibit photochromic properties at
room temperature, although the speed of the photo and thermal isomerization is quite
slow: visible light irradiation of phenyl substituted 2,2’-bithiophene azo dyes, in solution,
leads in less than 30 s to a significant decrease of the absorbance at Amax (35-50%) due to
the conversion of the E-isomer to the Z-isomer. When the irradiation ceases the system
returns to the initial state following a mono-exponential kinetics with an half-life time
between 18 to 69 s, depending on the aryl substituents. As a result a noticeable colour
intensity change is easily perceivable by a naked eye, due to the switching between the
two isomers.*® In order to increase the speed of this process we decided to substitute the
phenyl ring by thiazole, benzothiazole or thiadiazole heterocycles which are known to have
a marked influence on the thermal stability of the Z-isomer.3*%

The thiazolyl-, benzothiazolyl- and dithiazolyl- 2,2’-bithiophene azo dyes presented
in this study can be divided in four groups according to the nature of the aromatic ring
linked to the azo group and the position of that linkage (Figure 2).3%*° Azo bithiophene
dyes 1, 3 and 4 possess the azo group linked to the 5 position of the bithiophene while in
azo dyes 2 the linkage is at the 4 position; azo bithiophene dyes 1 and 2 are linked to

thiazole group whereas azo dyes 3 and 4 are linked to benzothiazole or substituted

thiadiazole nuclei, respectively.

Figure 2

The photochromic behaviour of these molecules was studied in 2.0x10 M acetone
solutions by measuring the absorbance of the solution at the maximum wavelength of
absorption while irradiating with visible light. The samples solutions (3.5 mL) were placed
in a thermostated (20 °C) 10 mm quartz cell (3.5 mL) equipped with magnetic stirring. The
visible spectrum was measured using a Cary 50 Varian spectrometer while irradiating with

visible light (>420 nm) from a 150 W ozone free xenon lamp (6255 Oriel Instruments,
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range 250-2400 nm range). The light from the UV-vis lamp was filtered using a water filter
and a long-pass filter (Schott GG 420) and carried to the spectrophotometer holder,
perpendicularly to the monitoring beam, using a fibre-optic system.

In acetone all compounds afforded deeply coloured solutions (orange to red) with
molar absorptivities ranging from 1.1x10* to 3.3x10* M cm™. The maximum absorption
band of the stable trans form of unsubstituted thiazole and thiadiazole azo dyes la and 4a
was found at 480 and 477 nm, respectively. A strong bathochromic shift of the maximum
wavelength of absorption (33-43 nm) was observed when strong donating substituents
(OR or NR3) were placed in the 5’ or 4 position of the bithiophene ring (compounds 1b-c,e-
f, 2a-b). A lower bathochromic shift (7-25 nm) was measured when methyl, bromine,
phenyl or p-fluorophenyl were placed at the thiazole or dithiazole rings (compounds 1d,
4b-d).

Visible light irradiation of acetone solutions of all azo dyes 1-4 (except 2a) led to a
decrease of the absorption at Amax (2-45%) and, at the same time, an increase in the band
located near 400 nm, due to the E-Z photoisomerization (Figure 3). When the light source
was removed the absorption increased in few seconds to the initial value. The thermal
coloration curves were analysed evaluating the fitting of the experimental data to the

mono-exponential equation:

A =Ae ™ + A,

where A(t) is the absorbance at Anax at any instant t, A; a proportional factor, k the thermal
colouration rate and Amax the absorbance in the dark when time approaches infinity. The
mono-exponential model was found to accurately fit our data which indicates that the
isomerization proceeds via a single pathway. The procedure was repeated several times
and the behaviour was fully reproducible indicating that under these experimental

conditions no degradation was observed.



Figure 3

For thiazole azo dye la the absorption decrease under visible light was very fast,
but short (8%) suggesting a limited transformation of the more stable E-isomer into the
thermal unstable Z-isomer (Figure 4). The fitting of the colouration/time curve indicates a
life-time (t12) of 0.66 s for the Z-isomer, which means that in 3 s the system returns to the
initial state.

Figure 4

A similar behaviour was observed when methoxy and ethoxy groups were
introduced on the bithiophene system (compounds 1b and 1c) which indicates that these
substituents have no effect on the E-Z isomerization kinetics. On the other hand the
introduction of a methyl group on the thiazole group (compounds 1d and 1e) led to a slight
increase of the kinetics of the thermal Z-E isomerization and as a result, for these
compounds the irradiation with visible light led to a very low absorption decrease (2%).
Under continuous visible irradiation conditions, the decrease in the absorbance at Amax for
the E-isomer is inversely related to the kinetic rate of the colouration process, so lower
absorbance variations are usually observed with the fastest systems.** The formyl-thiazole
azo dye 1g exhibited very high switching speed and therefore under visible irradiation a
very limited absorbance variation was also detected. This behaviour is in accordance with
recent theoretical results that indicate that strong electron withdrawing substituents on the
benzene ring of azobenzene lowers the ground-state inversion barrier height, making it
easier to isomerize.*?

As observed before, the change on the azo linkage position from the 5 to the 4

position of the bithiophene moiety decreased the photochromic properties and for
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compounds 2a,b a near constancy of the absorbance was observed with or without visible
light irradiation.®

The annelation of a benzene ring to the thiazole group (compound 3) had a strong
effect on the absorption variation while keeping the thermal Z-E isomerization kinetics at
the same level. This compound shows a very fast and pronounced response to the light
stimulus (Figure 5): visible irradiation leads in 3 seconds to 19% decrease of the
absorption and, after removal of the light source, the system returns to the initial state in

another 3 seconds.

Figure 5

The substitution of the thiazole ring by a thiadiazole (compound 4a) led to a very
significant decrease (50 times) of the thermal Z-E kinetic constant rate with the
concomitant increase of the life-time of the Z-isomer (33 s) and therefore to a much higher
absorption variation: the thiadiazole azo dye 4a loses 45% of its colouration under visible
irradiation but the return to the initial form is much slower (Figure 6). The kinetics of the
azo isomerization reaction is very sensible to the presence of substituents on the
thiadiazole ring. The introduction of bromine, phenyl or p-fluorophenyl groups led to an
important increase of the kinetics of the thermal Z-E isomerization (7.5-26 times) and as a
result compound 4c has a similar behaviour as the non substituted benzothiazole azo dye
3. For these two dyes the switching between the two photoisomers can be performed in

less than 5 seconds with a notable absorption variation in the visible region.

Figure 6
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Compared to previously described bithiophene aryldiazenes (see compound 5 in
table 1)*® this set of thiazole, benzothiazole or thiadiazole bithiophene azo dyes shows
much faster switching speeds between the two photoisomers (up to 180 times) and for
benzothiazole azo dye 3 and thiadiazole azo dyes 4b-d the visible light irradiation leads to
a noteworthy change in the visible spectrum which is indicative of a significant conversion

(18 to 32%) of the trans-isomer into the cis-isomer.

In summary, the kinetics of the E-Z transformation of bithiophene azo dyes is
strongly influenced by the nature of the heterocyclic diazene moiety. Thiazole bithienyl azo
dyes exhibit very fast photoisomerization but only a small percentage of the E-isomer is
converted to the Z-isomer and therefore the amplitude of the absorption variation is small
(2-8%). The annelation of a benzene ring into the thiazole led to a much higher colour
variation perception (19%) while maintaining the kinetics of the thermal isomerization at
the same level. Thiadiazole bithienyl azo dyes are very sensible to the presence of
substituents on the thiadiazole ring and for these compounds the kinetic of the
photoisomerization can be easily controlled: while for unsubstituted thiadiazole bithiophene
azo dye 4a the Z-E transformation is very slow, the introduction of a phenyl group in the 4
position of the thiadiazole led to a new dye (4c) for which the switching between the two
photoisomers can be performed in 5 seconds with a notable variation of the visible

spectrum.
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Legends

Scheme 1. Azobenzene photoisomerization.

Figure 1. Structure of bithiophene and thienylpyrrole azo dyes bearing aryl-, thiazolyl- and

benzothiazolyl-diazene moieties.

Figure 2. Structure of the bithiophene azo dyes functionalized with thiazole, benzothiazole

and thiadiazole heterocycles.

Figure 3. Absorption spectra of dye 4a measured during visible light irradiation (1.0 min).

Figure 4. Visible irradiation/dark cycles for dye 1a.

Figure 5. Visible irradiation/dark cycle for dye 3.

Figure 6. Visible irradiation/dark cycles for dye 4a and 4c.



Table 1. Spectrokinetic properties under continuous visible

irradiation:
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maximum

wavelength of absorption (Amax), maximum absorbance (Amax), absorbance variation

(AAbs), thermal bleaching rate (k,) and half-time life (ty,) of azo dyes 1-4 and the

reference bithiophene azo dye 5.%°

Az0 Amax (NM) A AAbs ks (s tyz (5)
/N S N, ’?‘ \
la " T NNg 480 0.71  0.06 (8%) 1.05 0.66
]\ N
b HCO g \S/ N ’} 520 0.68  0.04 (6%) 0.98 0.71
I\ s M
1c B0 g () Ny /S 523 0.76 0.05 (7%) 1.24 0.56
I N s ne )Y 487 0732  0.016 (2% 1.57 0.44
0 oA~ - 016 (2%) . .
A N
o Meor SN ,4}\ 520 0.642  0.010 (2%) 1.50 0.46
I\ s N
P e 4} 526 0729  0.013 (2%) 1.2 0.57
BN 516 0.763  0.016 (2% 3.8 0.18
1g s L g eno ' 016 (2%) ' '
[ DN AW 0.3
2a s O s 514 37 - - -
NEt,
/ \ g N. ’7‘3
2b s U Ns 520 043  0.01(2%) 0.01 70
O
3 TN s n. i,‘@ 499 0.575  0.112 (19%) 1.1 0.63
s\ NTs
N—N
I\ S N, JI N
da s N H 477 0.594  0.267 (45%)  0.0204 33
7\ N—N
So_N. I
4b s T NN B 497 0.755 0.242 (32%)  0.153 4.3
N—N
/N SN AR
dc s N s)\© 502 0.932 0.187 (21%)  0.513 1.4
7\ N—N
SN, I N
4d S N S)\QF 500 1.06  0.196 (18%)  0.542 1.3
I\ s CN .
. Moo~ P SNy 495 052  0.23 (44%) 0.021 33
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Figure 2.

Figure 3.
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