Chapter 23

Fluorinated Oligoazomethine with Azo oo
Groups in the Main Chain

as Stimuli-Responsive Photoactive

Materials

Yu. Kurioz®, I. Tkachenko, A. Kovalchuk, Ya. Kobzar, O. Shekera,
R. Kravchuk, V. Nazarenko, and V. Shevchenko

23.1 Introduction

Stimuli-responsive polymers based on photochromic switches (azobenzenes,
diarylethenes, spiropyrans, azomethines) have attracted increasing attention due to
their possible use in data storage devices, sensors, molecular switches, studies of
surface phenomena, etc. [1-6]. Among different photoactive units, azo and azome-
thine (imine) groups are considered as highly efficient ones and, therefore, great
attention has been paid to the synthesis of polyazobenzenes [7-10] and polyazome-
thines [10—-13]. It is important to highlight that the energy levels of the HOMO and
LUMO of the molecule bearing the N = N or CH = N double bonds are lower
than that of the C = C analog. In fact, the HOMO and LUMO energy levels and
energy gaps directly influence on optical properties of corresponding materials [10,
14, 15]. Generally, structures and functional optical properties (reversible trans—cis
isomerization, photoinduced birefringence, photoluminescence, photovoltaic, etc.)
of these polymers are well documented in the literature [1-21]. In addition to distinct
optical properties, many studies have been dedicated to the synthesis of chelating
agents based on polyazobenzenes (azobenzenes) and, especially, polyazomethines
(azomethines) [22-24].

The introduction of novel and unique conjugated fragments into polymer main
chains is an important way to realize superior properties from the final products
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[15]. It has been recognized that azo-azomethine organic chromophores combine the
valuable properties of both imine and azo groups. The simultaneous combination of
such groups within the molecule conjugation system leads to the bathochromic shift
of the absorption bands in the electronic spectra, increases stability of the cis-isomer
of the azo group and photostability, and at the same time provides the low oxidation
state of metal ions [25-27]. Thus, there are many motivations to explore new azo-
azomethine conjugated systems and it is not surprising, therefore, that currently, a
specific attention is drawn to the polymer-based materials [25, 27-29] as well as
organic azo-azomethine chromophores [26, 30—33] having both azo and azomethine
groups.

Previously, we developed two polyazomethines with azo groups in the backbone
(Azo-Pam) by polycondensation of tetrafluorobenzene- or octafluorobiphenylene-
based bis-hydroxybenzaldehydes with hexamethylenediamine [29, 34]. Both poly-
mers showed promising potential as light-sensitive polymers for creation of polar-
ization holograms and various liquid crystal device fabrications. Additionally,
the obtained data show that used monomers, namely meta-linked azo-containing
bis(2-hydroxybenzaldehyde)s with perfluorinated aromatic fragments, are effective
building blocks for designing a wide range of stimuli-responsive and optical active
materials. These monomers contain ortho-oriented hydroxy groups to aldehyde func-
tions, and hence, the optical properties and the switching dynamics of azobenzenes
can be controlled through ortho-substitution [35-37]. Next, it was determined that
presence of fluorinated electron-withdrawing units in monomers and corresponding
polymers resulted in their good optical properties, thermostability, and improved
solubility [29, 38]. Though, an increased content of aliphatic units in the mentioned
Azo-Pam polymers led to some natural deterioration of their thermal stability and
shortening of the w-conjugation chain length. Extending the w-conjugated systems
of chromophore-based compounds is the most promising strategy to design effi-
cient visible-light-driven switches due to a more obvious red-shift of -7 * transi-
tion electronic bands [14, 16, 39]. In this context, it was anticipated that replacing of
aliphatic diamine with aromatic one would improve functional properties of resulting
Azo-Pam.

Insufficient solubility appeared to be a major drawback for fully aromatic poly-
mers, especially for main-chain polyazobenzenes and polyazomethines [25, 40, 41].
It is generally recognized that the presence of flexible ether linkages and isomeric
fragments in a polymer backbone allows regulating the different properties (optical
and liquid crystalline properties, thermostability) of the final materials as well as
enhances their solubility [29, 41]. Additionally, one of the successful approaches
for enhancement of solubility is the decreasing of molecular weight of the targeted
polymers, viz., the development of oligomers. To date, several types of azobenzene-
[42, 43] or imine-based oligomers [14, 44, 45] have been reported.

Herein, we report on the synthesis of novel aldehyde-terminated azo-containing
oligoazomethine with both tetrafluorobenzene and octafluorobiphenylene units as
well as ether linkages and meta-oxyphenylene fragments in the backbone. Properties
of the synthesized oligomer, such as solubility, tensile strength, thermal stability,
photooptical behavior, and photoinductive birefringence, were investigated.
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23.2 Experimental Section

23.2.1 Materials

Monomers 3,3’-{(2,3,5,6-tetrafluoro-1,4-phenylene)bis[oxy-3,1-phenylenediazene-
2,1-diyl] }bis(6-hydroxybenzaldehyde) 1 and 3-{[4’-(3-aminophenoxy)-
2,2',3,3,5,5,6,6'-octafluoro-1,1’-biphenyl-4-yl]Joxy } phenyl amine 2 were prepared
as described earlier [38, 46]. 2-aminophenol (Acros Organics, 99%) was used as
received. The other reagents and solvents were purified routinely.

23.2.2 Synthesis of Azo0-Oam-1

A dry, 25 ml three-necked flask equipped with an oil bath, a mechanical stirrer, a
cold water condenser, an argon inlet/outlet, and a thermometer was charged with
monomer 1 (0.300 g, 0.476 mmol), diamine 2 (0.213 g, 0.416 mmol), and 3 ml
of N,N-dimethylacetamide (DMAc). The mixture was then heated to 110 °C and
stirred vigorously at this temperature for 24 h. The reaction mixture was quenched
with methanol, and the resulting solid was collected by filtration. The oligomer was
purified by reprecipitation from DMAc solution into methanol and then dried in a
vacuum oven at 60 °C overnight—yield 86%; FTIR (KBr, cm~'): 36003300 (—-OH),
3100-2850 (C-H), 1668 (-CHO, end-group stretching), 1625 (-CH = N-), 1597,
1485 (C = C, arom.), 1221 (C-0-C), and 995, 980 (C-F); and UV—Vis spectrum
(DMAc, 15.0 pg/mL): Ayax1 = 364 nm and Ayaxo = 464 nm.

23.2.3 Synthesis of Model Compound 3
(4,4’-((((perfluoro-1,4-phenylene)bis(oxy))bis(3,1-
phenylene))bis(diazene-2,1-diyl))bis(2-(((2-
hydroxyphenyl)imino)methyl)phenol))

Compound 1 (0.500 g, 0.793 mmol), 2-aminophenol (0.173 g, 1.586 mmol), and
DMACc (4.0 ml) were mixed and stirred until the solids were dissolved. Then, the
solution was heated at 80 °C for 4 h. After cooling, the reaction mixture was precip-
itated into methanol. The resulting solid was collected by filtration, washed with hot
methanol for three times, and finally dried at 60 °C under vacuum—yield 78% 'H
NMR (DMSO-d6, 400 MHz, ppm): § 15.07 (s, 2H, OH), 10.10 (s, 2H, OH), 9.20 (s,
2H, CH =N), 8.24 (s, 2H, Ph), 7.99 (d, 2H, J = 7.5 Hz, Ph), 7.68-7.64 (m, 6H, Ph),
7.52 (d, 2H, J = 5.6 Hz, Ph), 7.41 (s, 2H, Ph), 7.02 (br.s., 4H, Ph), and 6.93 (d, 2H,
J = 5.6 Hz, Ph); '°F NMR (DMSO-d, 376 MHz, ppm): § —154.85 (s, 4F, Ph), %;
FTIR (KBr, cm™"): 3600-3000 (-OH), 3050-2850 (C-H), 1618 (-CH = N-)- 1589,
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1499 (C= C, arom.), 1246 (C-O-C), and 1016, 993 (C-F); and UV—-Vis spectrum
(DMAc, 6.0 pg/mL): Ajmax = 368 nm and Appax = 459 nm.

23.2.4 Characterization

Fourier transform infrared (FTIR) spectra (4000400 cm™') of the synthesized
compounds were recorded on a TENSOR 37 spectrometer in KBr pellets. 'H and '°F
NMR spectra were recorded on a Bruker Avance instrument at room temperature in
DMSO-d6. Chemical shifts for 'H NMR are given relative to dimethyl sulfoxide (§ =
2.50 ppm). For '°F NMR, chemical shifts are reported in the scale relative to CFCl;.
The UV-Vis spectra of the obtained compounds were recorded on a Shimadzu UV-
2450 spectrophotometer. The Azo-Oam-1 film for mechanical analysis was prepared
by casting from DMAc solution (0.25 mg/mL) onto the Teflon plate. The obtained
film was dried at room temperature for 24 h and then dried under vacuum for 24 h
at 40 °C. Tensile strength (TS) was measured on a 2166 P-5 tensile-testing machine
with uniaxial tension at a rate of clamp movement of 50 mm/min. The DSC analysis
was run using a TA Q200 instrument; heating rate was 20 °C/min under an air atmo-
sphere. The thermo-oxidative destruction of polymers was studied using the thermal
gravimetric analysis (TGA) with a TA Instruments Q-50 apparatus (USA) in air. A
heating rate of 20 °C/min with a temperature from 20 to 700 °C was applied.

The investigation of the pH influence upon the UV-Vis absorption maxima in
DMACc was conducted at an oligomer concentration of 0.006 mg/mL by adding 1
drop of 1 N HCI solution to the corresponding oligomer solution in order to form
an acid medium and by adding 2 drops of 1 N NaOH solution to the acid solution
of oligomer in order to achieve acid neutralization and to form alkaline medium.
Photoisomerization experiment in solution was performed by irradiating the samples
at 10 cm distance with 365 nm UV light from DeLux EBT-01 mercury lamp (26 W)
and then recorded. For the solid-state photoisomerization, the Azo-Oam-1 oligomer
film was irradiated by UV light (A = 370 nm, 3.4 mW/cm?) at 4 cm distance.

The measurements of photoinduced birefringence in the Azo-Oam-1 oligomer
film (film thickness ~ 80 wm) were carried out with an experimental optical setup as
described in [29, 47]. Briefly, the Azo-Oam-1 film was irradiated with polarized light
of an Ar laser (A = 532 nm, 50 mW/cm?) and was simultaneously located between
the crossed polarizers for a He—Ne laser (A = 628 nm, SmW) as a probe beam.
The polarization direction of the irradiating light made up a 45° to the directions
of the polarizer and analyzer. The change in birefringence of the sample during the
irradiation was monitored as a function of illumination time. In the Azo-Oam-1 film,
the gratins were formed by two spatially modulated Ar laser with P = 10 mW/cm?
at 532 nm with two linear p-polarizations. The recording of the polarized gratings
was performed using experimental scheme represented in [48].
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23.3 Results and Discussion

23.3.1 Synthesis and General Properties of Azo-Oam-1
Oligomer

The desired new fluorinated 2-hydroxybenzaldehyde-terminated oligomer (Azo-
Oam-1) was prepared in good yield by the interaction of meta-linked diamine 2
with excess of azo-containing tetrafluorobenzene-based dialdehyde 1 in DMAc with
following the general reaction pathway depicted in Fig. 23.1a. The oligomer repeating
unit was targeted as n = 7 by controlling the molar ratio of dialdehyde 1 to diamine
2. Note that we originally sought out to synthesize azo-based polyazomethine from
equivalent molar amounts of monomers 1 and 2, but the obtained polymer product
was insoluble in any of the tested solvents. This phenomenon is ascribed by the high
molecular weight of the rigid aromatic polymer chains, which limits the mobility of
these chains.

The synthesized oligomer was obtained as yellow fibrous solid, soluble in DMAc
and N-methyl-2-pyrrolidone, only partially soluble in N,N-dimethylformamide, and
insoluble in the other organic solvents, such as DMSO, THF, acetone, and chloroform.
The chemical structure of Azo-Oam-1 was studied by FTIR spectroscopy (Fig. 23.1b,
spectrum 2); the FTIR spectrum of the initial monomer 1 is shown for comparison
(Fig. 23.1b, spectrum 1). Thus, the appearance of the absorption band at 1625 cm™!

NH;
=, DMAc

110°C, 24 h
B6%

b) 1597 1485 s?gau C) 364 464
-C=NH- j ™ 905
-OH 1625 ) ArO-Ar 084 C {mg/mL) |
3410 3200 pEL 1A e 0.0035 (1)
CHO / 5 0.0080 (2)
Alna, 10 ] 0.0150 (3)
BTy . B 0.6+
I @
[ =
3
5 0.4
o)
=
=
0.2
—1_ ST,
— P S P Ll 0.0+ . . . .
4000 3000 1500 1000 500 300 200 500 600
Wavenumber (cm™) Wavelength (nm)

Fig. 23.1 a Synthesis of Azo-Oam-1 oligomer. b FTIR spectra of the initial monomer 1 (spectrum
1) and synthesized Azo-Oam-1 oligomer (spectrum 2). ¢ UV-Vis absorbance spectra of Azo-Oam-1
at various concentrations (3.5, 6.0 and 15.0 pg mL~!) in DMAc
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Fig. 23.2 Scheme of model compound 3 synthesis

indicates formation of -CH = N- linkages in oligomer. The strong absorption band
at 1668 cm™! in the spectrum of monomer 1 was assigned to the aldehyde groups,
and because of polymerization process, this band almost completely disappeared
in the spectrum of Azo-Oam-1. Meanwhile, the weak peak (as a shoulder) around
1660 cm™! in the spectrum of Azo-Oam-1 indicates the presence of aldehyde end
groups. The Ar-OH bands are located at about the range 3200-3600 cm™! in azo-
azomethine-based oligomer. Additionally, the FTIR spectrum of the target oligomer
shows peaks which correspond to C—F (980 and 995 cm™ ), Ar—O-Ar (1221 cm™Y),
C = Cyrom (1485 and 1597 cm™!), and CH groups (2850-3100 cm™!) (Fig. 23.1b).

"H NMR analysis of the low molar mass material (a mixture of dimers and trimers)
removed from the initial stage of polymer synthesis confirms the azomethine bond
formation by the appearance of the characteristic imine peak in the range of 9.2—
9.4 ppm. Note that two azomethine peaks were detected because the mixture of
dimers and trimers possesses nonequivalent imines. Additionally, the formation of
the azomethine linkage between dialdehyde 1 and aromatic amine was proved by
the NMR, FTIR, and UV-Vis techniques on the base of the newly synthesized azo-
azomethine model compound 3 (Fig. 23.2). The main characteristic peaks in the
above-mentioned spectra for the Azo-Oam-1 coincide with similar peaks in the model
compound 3. Thus, for instance, the peak at 1618 cm~! (FTIR) shows the presence
of azomethine bond, as in the final oligomer.

Spectral features of the —CH = N— and —N = N— groups are closed, where their
transitions are overlapped [33]. As it is depicted in Fig. 23.1c, the UV-Vis spectrum
of Azo-Oam-1 are characterized by two absorption band, but position and relative
intensity of these bands depend on the concentration of the oligomer in the DMAc.
An absorption band related to the 7 — 7 * transitions appears at 364—-404 nm, while
an abroad intense band in the visible region at 464 nm characterizes the n — m*
transitions, intramolecular charge transfer interaction involving the conjugated azo-
azomethine blocks and hydrogen-bonded complexes of the obtained oligomers with
the highly polar aprotic solvent such as DMAc [29, 46]. Generally, the reducing of
the concentration of oligomer in a solution has caused a bathochromic shift of the
— m* absorption band and increasing relative intensity of the n — 7 * transition.

Importantly, despite the oligomeric nature, Azo-Oam-1 forms flexible free-
standing film (the TS value of ca. 13 MPa) by casting from DMAc solution. From this
point of view, the resulting oligomer can be considered as a polymer system. Notably,
in general, the majority of azo-azomethine-containing polymers as well as aromatic
main-chain polyazobenzenes and polyazomethines described in the literature have
often a fairly low molecular weight [19, 25, 41].

The thermal properties of Azo-Oam-1 film were investigated using DSC and TGA
techniques (Fig. 23.3).



23 Fluorinated Oligoazomethine with Azo Groups in the Main Chain ... 339

a) b) 100 [ T T T T T

i B8O+ B
o o~
=] #

o = 60
=] =)
= =
o ]
= 40l
20+ i
nd
5 2 Irun . . 0 L L L L L -
50 100 150 200 250 100 200 300 400 500 600 700
Temperature (-C) Temperature (-C)

Fig. 23.3 a DSC curves of Azo-Oam-1 oligomer recorded for film samples; depicted are the first
and second heating runs (DSC curves are offset for clarity. Air atmosphere, heating rate of 20 °C/min.
b TGA curve of Azo-Oam-1 in an air atmosphere (heating rate: 20 °C/min with a temperature from
25 to 700 °C)

Oligomer sample exhibited a broad exothermic peak at the temperature range of
94-157 °C followed by a broad endothermal peak from 157 to 217 °C in DSC analysis,
during the first heating run (Fig. 23.3a). The first exothermic peak indicates forma-
tion of some ordered structures due to a cold crystallization process (7T¢.), and the
second peak (T'p,) is related to the melting of such formed ordered phase. Generally,
multiple phase transitions on the DSC profiles are characteristic of chromophore-
containing polymers, especially polyazomethines [41, 49]. Nevertheless, during the
second heating the oligomer showed only a glass transition (T'g) at 180 °C, which
basically indicates the amorphous nature of this sample (Fig. 23.3a). The glass transi-
tion region value of the oligomer is 20 °C. The obtained oligomer is thermally stable
in air up to 350 °C (Fig. 23.3b), showing only a 3% weight loss at this temperature.
The replacement of the aliphatic diamine (namely 1,6-hexamethylenediamine) by an
aromatic one (diamine 2) induces an important increase in the thermostability of Azo-
Oam-1. Thus, the results of TGA for Azo-Oam-1 obviously indicate the 5% weight-
loss temperature (7's¢,) at 365 °C, which is higher than that of the azo-containing
polyazomethine prepared from monomer 1 and aliphatic 1,6-hexamethylenediamine
(T'sq, is about 300 °C) [29, 34].

23.3.2 Optical Properties of Oligomer

As discussed above, it was found that changing the concentration of oligomer in
solvent played a significant role in regulating its absorption maxima (Fig. 23.1c¢).
Additionally, in DMACc solution, the absorption maxima of Azo-Oam-1 oligomer
can be intentionally regulated by changing the pH values of a medium. For example,
a hypsochromic shift from ~ 374 to 344 nm is clearly observed when increasing the
proton concentration in the solution (pH ~2) while the peak at 464 nm disappears
(Fig. 23.4a). When the neutralization of phenol groups of the oligomer in the alkaline
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Fig. 23.4 a UV-Vis spectra of Azo-Oam-1 in DMAc at acidic (pH < 7), neutral (pH = 7), and
alkaline medium (pH > 7). b Photoisomerization of Azo-Oam-1 in DMAc (0.006 mg/mL) upon
irradiation at 365 nm

medium was performed (pH ~12), the absorption spectrum changes significantly:
The absorptivity in the visible wavelengths (the n—m* band at 464 nm) increases
multifold in comparison to spectrum of protonated Azo-Oam-1 (Fig. 23.4a). Such
distribution of the absorption maxima (the difference makes up 120 nm) is a conse-
quence of the formation of ionic form in alkaline medium and azo form in acidic
medium [29, 46].

The ability of azobenzene-based compounds to undergo photoisomerization is an
effective tool for regulating their properties. The trans—cis transition of Azo-Oam-1
in the DMACc solution was not registered. At the same time, the reversible trans—cis-
trans photoisomerization in the Azo-Oam-1 film is observed under UV illumination
for trans—cis isomerization (Fig. 23.4b) and under deuterium lamp irradiation for the
reversible cis—trans relaxation of azobenzene units.

23.3.3 Light-Induced Birefringence and Diffraction Gratings
in the Azo-Oam-1 Film

One of the greatest opportunities for light-sensitive polymers comes from their ability
to become anisotropic under a polarized light irradiation. Photoinduced anisotropy
in the synthesized Azo-Oam-1 oligomer was investigated through birefringence and
diffraction grating recording process. It is shown that after the beginning of irradiation
with polarized light, the intensity of birefringence in the Azo-Oam-1 film increases
and at a certain time reaches a constant value (Fig. 23.5a). After switching off the
irradiation light, the relaxation process (between B and C time points, Fig. 23.5a)
can be observed for oligomer sample due to cis—trans isomerization of azo groups.
The obtained results are typical for the photoisomerization behavior in polymers
accompanied by the motions of the azobenzene chromophores and the interactions
of orientated azobenzene groups [25, 50, 51]. It is important to note that when the
writing beam is turned off (point B, Fig. 23.5a), the remaining anisotropy continues to
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Fig. 23.5 a Dependence intensity of birefringence in Azo-Oam-1 film on irradiation time from
Ar laser (A = 532 nm, P = 10 mW). Linearly polarized light is switched on at point A (vertical
polarization) and switched off at point B; irradiation when rotating the polarization of light by 90°
(horizontal polarization) is switched on at point C. The insets show absorption spectra of Azo-
Oam-1 for vertical (left inset) and horizontal (right inset) polarization of the incident polarized
light. b Optical image of the diffraction pattern in Azo-Oam-1 film in a polarize microscope (scale
= 0.1 mm)

hold at a certain value and this remnant birefringence is very stable for the oligomeric
film. We assume that the main reason of the high residual anisotropy is the significant
intermolecular interaction of macromolecules, which partially fix (stabilize) the cis-
stationary state of azobenzene fragments in the Azo-Oam-1 film. Potentially, such
interactions are possible with the groups —OH and —CH = N—, which are capable
of forming a stable hydrogen-bond network as well as between non-fluorinated and
fluorinated aromatic fragments (77 o, — 7 o, Stacking interactions) [23, 29].

While we observed the relaxation in the oligomer film, the direction of the irradi-
ating polarization of Ar laser, due to the rotation of the Glan—-Thompson prism, was
changed by 90° and the irradiating beam was turned on again. Figure 23.5a shows
that initially the intensity of birefringence decreases, apparently due to reduction or
“erasure” of the anisotropy (An changes), and then increases rapidly, again reaching
a steady state, which indicates an increase in anisotropy in the film according to new
direction of polarization of the irradiating beam. Thus, so-called the phenomenon of
“rewriting” was observed, which indicates a change in the birefringence in accor-
dance with the change in the direction of irradiating polarization. Direction of the
photoinduced anisotropy in the Azo-Oam-1 film is perpendicular to the direction
of irradiation polarization light (A = 532 nm). It was confirmed by the angular
dependence of the polarized light absorption (Fig. 23.5a, insets).

Az0-Oam-1 oligomer was used for recording of diffraction gratings. Gratings were
formed by 2-beam irradiation of Azo-Oam-1 film by spatially modulated Ar laser
(wavelength A = 532 nm, power P < 10 mW) with two linear p-polarizations. The
optical scheme for recording diffraction gratings was described in [48]. The observed
diffraction patterns demonstrate equal intensities in each diffraction order (+1; —
1) which is monitored as a function of recording time. The photo of the recorded
diffraction grating with a resolution ~ 30 lines per millimeter made with polarized
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microscope is represented in Fig. 23.5b. Having the probe beam intensities of the zero-

diffraction order, I, and I | diffraction order, we can determine (n+1 = % * 100%)
the efficiency of diffraction as ~2%. This efficiency of diffraction gratings looks

promising for further applications.

23.4 Conclusion

In a summary, we have developed synthetic route for a novel meta-linked aromatic
oligomer with the aldehyde end groups and possessing both azo and azomethine
groups as well as mono- and biphenylene perfluorinated aromatic units. The obtained
oligomer has excellent solubility in common organic solvents and exhibited good
thermal properties. The benefits of the proposed oligomer structure are its ability to
form thermostable (7’54, = 365 °C) mechanically stable (TS = 13 MPa) free-standing
film in which trans—cis photoisomerization occurs. The presence of OH groups at the
ortho position with respect to the imine linkage in the azo-based oligoazomethine
contributes to the reversible intramolecular migration of the proton of the hydroxyl
groups, which allows to regulate their absorption maximum within the wide range by
changing the concentration of oligomer and pH of the DMAc solution. It was found
that after the irradiation by the polarized light the resulting oligomer acquired time
stable anisotropic properties. Moreover, holographic gratings (efficiency of diffrac-
tion about 2%.) were observed in the oligomer film irradiated with two polarized
beams. Doubtlessly, there are still many challenging options to be studied, but the
obtained preliminary data show that the synthesis strategy of the azo-azomethine
oligomer is an effective instrument for designing a wide range of stimuli-responsive
and optical active materials.
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