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Synthesis and photochromic properties of
poly[/V-vinyl-2-(phenylazo)-imidazole] derivatives
in the near UV range

M. KOSZYKOWSKA ", M. TOKAREK, S. KUCHARSKI
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The following novel photochromic poly(N-vinylimidazole) polymers have been synthesized: poly[/N-
vinyl-2-(4-cyano-phenylazo)imidazole] (PV-4-CBAI), poly[N-vinyl-2-(3-cyano-phenylazo)imidazole] (PV-3
-CBAI) and poly[N-vinyl-2-(4-methoxy-phenylazo)imidazole] (PV-4-MBAI). Quantum chemical calcula-
tions of monomeric chromophores were carried out to foresee their linear and nonlinear optical properties.
The polymeric materials were characterized by UV-vis spectroscopy and ellipsometry to determine
changes in their properties during illumination. It was found that the stable frans form of polymeric
chromophores absorbed in the range of 360-380 nm (absorption band maximum) and underwent trans-cis
isomerization on illumination with 395 nm light. The ellipsometric measurement showed a change of the
refractive index of polymer films during illumination, which was in the range of 0.010 to 0.014, depend-
ing on chromophore type.
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1. Introduction

The polymers containing azobenzene groups have been widely studied due to their
potential applications in optical data storage, surface relief grating formation and as
optoelectronics switches [1-3]. The photochromic azo compounds show reversible
trans—cis isomerization upon irradiation with light. The reverse cis—trans process is
realized thermally (thermal relaxation) or on illumination with light. During illumina-
tion, the chromophores show reversible changes in their molecular properties such as
geometrical structures, electric permittivities, absorption and fluorescence spectra, and
refractive indices. The changes in chemical and physical properties during irradiation
have been widely employed in optics and optoelectronics [4-9].
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The papers dealing with isomerization of azo compounds mainly referred to the
compounds containing six-member aromatic rings on both sides of the diazo group
and distinct electron donor functional group on one side of the molecule, and a strong
electron acceptor group on its opposite side. Such chromophores, particularly those
containing —-NO, or —CN acceptor groups, showed an absorption maximum at ca.
460485 nm.

In this work, the main attention was focused on the synthesis of novel poly
[N-vinyl-2-(phenylazo)imidazole] derivatives. Phenylazoimidazoles belong to ana-
logues of azobenzene which have a heterocyclic ring instead of the phenyl group. The
presence of the five-member heterocyclic ring has an effect on photochromic proper-
ties of the material, shifting the maximum of the absorption band to shorter wave-
lengths [8—13]. The main goal of this work was to obtain chromophoric polymers hav-
ing the maximum of the absorption band in the near UV range. The presence of a five-
member ring in the chromophore fragment was expected to be helpful in this context.
The change in the properties of poly[N-vinyl-2-(benzoazo)imidazoles] on trans—cis
photoisomerization were to be evaluated with the help of UV-vis spectroscopy and
ellipsometry.

2. Materials and methods

Materials. N-vinylimidazole monomer (Aldrich) was distilled under vacuum be-
fore use. 2,2°-Azobisisobutyronitrile, AIBN, (Fluka) initiator was recrystallized twice
from methanol. Benzene (POCH, Gliwice) as a solvent was dried over metallic so-
dium chips and distilled before use. 4-Aminobenzonitrile, 3-aminobenzonitrile,
4-methoxyaniline (Aldrich) were reagent grade quality and were used as received.
Poly(N-vinylimidazole) was prepared by a reported procedure [14, 15]. The route of
synthesis is shown in Fig. 1. Polymerization was carried out in benzene solution at
70 °C with AIBN as an initiator in nitrogen atmosphere. After 24 h of polymerization,
the product was separated by filtration and dried. Yield: 87%. T,: 171.7 °C. 'HNMR
(DMSO-dy): 1,93 (s, 2H, —-CH,-), 2,46 (d, 1H, —CH-), 6.95 (m, 2H, in imidazole ring,
—CH=CH-), 7.09 (m, 1H, in imidazole ring, -N=CH-).

The synthesis of poly[/N-vinyl-2-(4-cyano-phenylazo)imidazole] (PV-4-CBAI)
was carried out according to the route shown in Fig. 1 [16—18]. To the HCI solution
(15 cm’, 1 M) of 4-aminobenzonitrile (1.30 g, 0.011 mol) under ice-cold conditions
(0-5 °C) the aqueous solution of NaNO, (0.80 g, 0.012 mol) was added dropwise un-
der stirring. This mixture was stirred at low temperature for a period of 1 h. Then di-
azotized solution was added in drops to a solution of poly(N-vinylimidazole) (1.30 g,
0.011 mol) in methanol (15 cm’) and aqueous solution of Na,CO; (2.00 g in 15 cm’
water) at 0—5 °C. This solution was stirred for 2 h and then was kept at low tempera-
ture for several hours. The solution was basic in nature. Cold HCI (1 M) was added in
drops to reach pH = 7. The precipitate was filtered off, washed and dried. Yield: 92%.
T, 131.8 °C. 'HNMR (DMSO-dg): 1.85 (s, 2H, CH,), 2.90 (s, 1H, CH), 6.83 (s, 2H,
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CH in imidazole ring, -CH=CH-), 7.63 (d, 2H, —CH—, in benzene ring), 7.94 (d, 2H, —
CH-, in benzene ring).
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Fig. 1. Radical polymerization of N-vinylimidazole (a), diazo reaction of aniline
derivatives (b), coupling a phenyldiazonium ion with poly(N-vinylimidazole) (c),
PV-4-CBAI: X =CN, Y =H; PV-3-CBAIL: X=H, Y =CN; PV-4-MBAI: X =0CH;, Y =H

Poly[N-vinyl-2-(3-cyano-phenylazo)imidazole] (PV-3-CBAI) was prepared follow-
ing an identical reaction procedure. Yield: 89%. T,: 164.3 °C. 'HNMR (DMSO-dg): 1.85
(s, 2H, CH,), 3.00 (s, 1H, CH), 6.84 (s, 2H, CH in imidazole ring, -CH=CH-), 7.68
(m, 1H, —CH-, in benzene ring), 7.80 (m, 2H, —CH-, in benzene ring), 7.94 (m, 1H,
—CH-, in benzene ring).

Poly|[ N-vinyl-2-(4-methoxy-phenylazo)imidazole] (PV-4-MBAI) was prepared fol-
lowing an identical reaction procedure. Yield: 76%. T,: 120,0 °C. 'HNMR (DMSO-do):
2.49 (s, 2H, —CH,-), 3,67 (q, 1H, CH), 3,74 (s, 3H, —OCH3;), 6.88 (d, 2H, -CH—, in
benzene ring), 6.95 (s, 2H, CH in imidazole ring, -CH=CH-), 7.33 (s, 2H, -CH—, in
benzene ring).

Methods. Quantum chemical calculations were carried out at the Wroctaw Super-
computer Centre using the Gaussian03 program [19] by the ab initio method at the
RHF/3-21g level of theory. The UV-vis spectra were calculated with ZINDO method
using optimized molecular coordinates from the RHF calculation. Glass transition
temperatures (7,) of polymers were measured by the differential scanning calorimetry
(DSC) with a Mettler Toledo device. The rate of heating was 10 °C/min. UV-vis spec-
tra were recorded with a Diode Array Hewlett Packard Spectrophotometer 8452A.
Measurements were carried out using polymer films deposited on glass substrates
before and during illumination with a diode light of 395 nm.

Ellipsometry measurements were carried out with an EL X-02C Ellipsometer,
DRE-Ellipsometerbau GmbH (Germany), to characterize thin polymer film deposited
on glass substrates before and during illumination with a diode light of 395 nm.
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3. Results and discussion

3.1. Quantum-chemical calculations

Quantum chemical calculations were carried out with the Gaussian03 program by
ab initio method at RHF/3-21g level of theory to foresee linear and nonlinear optical
properties of the chromophores [20,21]. The calculations were performed for mono-
meric [N-ethyl-2-(phenylazo)imidazole] derivatives. Using vinyl derivatives for these
purposes would be inadequate due to a possible electron conjugation of the vinyl group
with the rest of the dye molecule. In polymers, the vinyl group disappears, giving a se-
quence of saturated (polyvinyl) chain units. As the cis form of the azo dye molecule is
unstable and re-isomerises to the trans form in ambient conditions, it is impossible to
determine experimentally its spectral and other physicochemical properties. Optimiza-
tion of the geometry of the molecule makes it possible to characterize the difference of
potential energy between the trans and cis isomers (AE), volume of the molecule (V)
and the dipole moment (u). Calculated values are presented in Table 1. The difference in
shape of chromophoric molecule fragments between trans and cis isomer is shown in
Fig. 2, based on the example of the PV-4-MBAI polymer. The molecules of the chrom-
phores in question are rather short and on isomerization the change in the molecular
shape is evidenced by small differences in the dipole moment. The potential energy
difference between the trans and cis form, being in the range of ca. 51-60 kJ/mol, is low
compared with that calculated for analogous azo chromophores containing two phenyl
groups on both sides of the diazo group, if the same basis set is used [22].

N; v N
E / \—O\ [ P/; \N
© ‘CH3
trans cis
Q
CHj

Fig. 2. Molecular shapes of trans and cis forms
of the chromophore fragment of PV-4-MBAI polymer

The simulated UV-vis spectrum for monomer corresponding to PV-4-MBALI is
shown in Fig. 3. The results of simulation of UV-vis spectra are presented in Table 2.

The calculated maxima of absorption bands for trans forms of monomers are lo-
cated in the near UV range (373—-380 nm). Analogous absorption bands corresponding
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to the cis form are shifted towards shorter wavelengths, and consequently, the intensi-
ties of the bands, expressed by the oscillator strengths, are lower for the cis forms. The
most significant difference between the trans and cis form can be observed in meth-
oxyphenyl derivatives that varied in the maximum absorption wavelength as well as in
the oscillator strength.

Table 1. The calculated properties of monomeric chromophores [19]

. Volume of molecule® V Dipole moment
Monomer AE [em®/mol] 1/107° [C'm]
corresponding to | [kJ/mol]
trans cis trans cis
PV-4-MBAI 52.138 190.72 186.75 9.56 11.05
PV-3-CBAI 51.481 183.66 169.87 27.87 25.21
PV-4-CBAI 60.274 159.23 148.28 20.46 25.50

*Difference of potential energies cis and trans isomers.
®Calculated by Gaussian using the Monte Carlo method.
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Fig. 3. UV-vis spectrum of the monomer corresponding to PV-4-MBAI
(N-ethyl-2-(4-methoxy-phenylazo)imidazole): 1 — trans form, 2 — cis form

Table 2. Spectral properties of monomeric chromophores
calculated with ZINDO method of Gaussian program [19]

Maximum of absorption

Monomer band [nm]
corresponding to

Oscillator strength

trans cis trans cis
PV-4-MBAI 377 368 0.8896 0.7481
PV-3-CBAI 373 359 0.8034 0.6890

PV-4-CBAI 380 329 0.8963 0.4864
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The calculations of linear and nonlinear optical properties were carried out for iso-
lated molecules which had been optimized before by Gaussian. The calculated values
of polarizability and hyperpolarizability for monomeric species are presented in Ta-
ble 3. In the trans form, the polarizability was slightly higher than in the cis form and,
as polarizability is correlated with molecular volume, the same tendency was observed
in the case of the latter parameter (Table 2).

Table 3.Polarizability and first hyperpolarizability
of monomeric chromophores

Polarizability o Hyperpolarizability S
Monomer /10730 [m3] ﬂ°/1040 [m4/V]

corresponding to
trans cis trans cis
PV-4-MBAI 22.29 21.85 2.52 32.97
PV-3-CBAI 21.79 21.47 42.21 20.74
PV-4-CBAI 22.35 20.05 54.91 24.04

There was an observed difference in the first hyperpolarizability () data between
trans and cis isomers, although the absolute values of 3 for long trans forms and short
cis forms are rather small. The chromophore corresponding to the PV-4-MBALI poly-
mer, contrary to the other two chromophores, contains a relatively weak electron ac-
ceptor (methoxy group). This is manifested in the higher value of the dipole moment
and the first hyperpolarizability of its cis form, in comparison with the trans form.
And this is analogous fact to that observed in the case of unsubstituted azobenzene.
The dyes with stronger cyano acceptor group behave, one may say normally, showing
higher values of dipole moment and first hyperpolarizability value in the case of trans
forms. The difference in the first hyperpolarizability value of the border structures is
distinct for all three chromophores. This fact could eventually be utilized at the mac-
romolecular scale, by forcing a change in the value of £ during illumination of the
polymers with UV light, however the second order nonlinear susceptibility of the ma-
terials is expected to be rather moderate.

3.2. Characteristics of photochromic polymer films

The polymers were deposited on glass substrates in the form of thin transparent
films by the spin coating technique. The solutions of poly[/N-vinyl-2-(phenylazo)-
imidazole] derivatives were prepared in 2-methoxyethanol in the presence of polyvi-
nylpyrrolidone. The concentration of the photochromic poly(N-vinylimidazole) de-
rivatives in solution was ca. 3 wt. %. Poly(N-vinylimidazole) derivatives and polyvi-
nylpyrrolidone were used in the ratio of two to three.

The measurements of UV-vis spectra were carried out using thin films of poly-
mers on glass plates. The polymers containing chromophoric fragments showed
an absorption peak with the maximum in the range of ca. 362376 nm, depending on
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the polymer type. The changes in UV-vis spectra occurred during illumination with
light. The materials showed a reversible trans—cis—trans photoisomerization of the
chromophoric fragments; the route from cis to trans took place as a thermal relaxation,
however, by using a light source emitting at the wavelength absorbed by the cis iso-
mer would considerably accelerate this process. The UV-vis spectra were recorded
before and after illumination with a diode light of 395 nm and the spectral parameters
are presented in Table 4. Among the polymers tested, the cyano derivatives showed
a certain resistance to isomerization and required longer illumination time to observe
distinct changes in the spectra. The PV-4-MBAI whose UV-vis spectrum is shown in
Figure 4, occurred to be the best material to show a reverse run of trans—cis—trans trans-
formations, and its spectra before and after illumination with a 395 nm diode showed
maximum difference in absorption intensity, although nearly no shift towards shorter
wavelengths was observed.

Table 4. Spectral properties of polymeric chromophores

Before illumination After illumination
) Time of
Polymer Maximum Absorbance Maximum Absorbance | illumination
of absorption [au] of absorption [au] [s]
band [nm] . band [nm] o
PV-4-MBAI 376 0.9263 370 0.6697 30
PV-3-CBAI 362 0.5576 360 0.5045 75
PV-4-CBAI 376 0.8411 372 0.7747 120
1.04
1
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360 460 5(I)0
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Fig. 4. The UV-vis spectrum of PV-4-MBAI: 1 — before
illumination, 2 — after illumination

Comparison of data in Table 2 and 4 leads to the conclusion that the wavelengths
of maximum absorption bands calculated for monomeric chromophores are close to
those determined for respective polymers.
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Ellipsometry is an optical method which makes it possible to determine the re-
versible changes in the refractive index of a given material after repeated illumination
cycles with absorbed light [23]. This technique was used to investigate changes in
ellipsometric parameters of the polymer films deposited on glass plates.

The light interacting with the sample undergoes a polarization change to ellipti-
cally polarized light. The change in the polarization is measured as a ratio of the com-
plex Fresnel reflection coefficients, R, and R,, for p- and s-polarized light, respec-
tively. The fundamental equation of ellipsometry is:

R
= e*tan¥P =—2 (D
P R

s

where ¥ denotes the intensity ratio and A is the phase difference of the reflected p-
and s-polarized light. From these measured values, it is possible to calculate the film
thickness and complex dielectric function expressed by the complex refractive index:

n =n. + ik, i = -1 (2)

The measurements were carried out during illumination with a diode light of the
wavelength of 395 nm and the change in the ellipsometric parameter ¥ was measured,
dependent on the illumination time (first stage) and relaxation time (second stage)
resulting in a change of refractive index, as shown for PV-4-MBAI in Fig. 5. The
change in the real part of the refractive index n,,measured for polymer thin films de-
posited on glass substrates was 0.011, 0.012 and 0.014 for PV-3-CBAI, PV-4-CBAI
and PV-4-MBAI, respectively.

0.016

A

0.012+
0.008

0.004+

Change of the refractive index

0.0004 -

0 200 400 600 800 1000 1200 1400
Time [s]

Fig. 5. Changes of the refractive index of PV-4-MBALI on illumination and thermal
relaxation determined by the ellipsometry method: arrow up — light on, arrow down — light off

The periodic change in the refractive index on illumination and thermal relaxation
is reversible, however the thermal relaxation needs a longer time for the sample to
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recover its previous state. During illumination not only relatively fast photochemical
isomerization takes place but also changes in the macroscopic properties of the mate-
rial are observed being much slower. Thus, to recover the primary value of the refrac-
tive index, the time expressed in hours would be necessary. As the illuminating diode
emitted unpolarized light, no formation of surface relief grating was expected.

4. Conclusions

Novel photochromic polymers, specifically poly[N-vinyl-2-(phenylazo)imidazole]
derivatives, were obtained. The polymers showed a maximum absorption peak in the
near UV range. The photoisomerization and thermal relaxation of poly(/N-
vinylimidazole) containing chromophores, as examined by ellipsometry, showed re-
versible changes in refractive indices in the range of 0.010 to 0.014, during illumina-
tion. The reverse cis—trans transformation run due to thermal relaxation and it was
slower as compared with the previous step induced by light action. These photo-
induced transformations resulted in a change in physicochemical properties of the
materials in question, and could be interesting for practical applications in reversible
optical data storage in the near UV range.
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