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Abstract. The new photochromic polymers based on
methacrylic azoesters were synthesized. The azobenzene
side chains of obtained polymers contain different groups
of both acceptor and donor nature as well as flexible alkyl
spacer. The third order nonlinear optical susceptibilities
(c=*) of the studied solutions were measured by
degenerating four wave mixing (DFWM) method. As a
result, the enhancement of the molecular conjugation and
the high NLO chromophore concentration in the molecular
chain contribute much to heightening the third-order NLO
effect. The electronic effect of the substituent on the
azobenzol group and the push—pull eectronic structure
contributes much to enhancing the NLO property.

K eywords: azopolymer; polymethacrylate, third-order
nonlinear optical property.

1. Introduction

Among the potential materials for reversible optical
data storage, azobenzene side-chain polymersare especially
promising due to their unique optical properties. Holograms
of avery high diffraction efficiency and exceptional stability
can bewritten (and erased) by thelaser illuminationin this
material . Azobenzene polymersareinteresting because they
combine the properties of anisotropy with photoresponsive
behavior that give rise to applications in such areasas LC
displays, NLO materials and information storage devices,
etc. [1-4].

Several inorganic, organic and polymeric materials
have been found to be promising for nonlinear optics.
Azobenzene based polymer systems play an important role
in NLO studies and a large amount of data have been
accumulated in this area.

Apart from NLO properties, an azobenzene system
exhibits photoswitching properties, which make it suitable
for variable kinds of applications. Azobenzenes exist in
two isomeric forms (Fig. 1), the E (trans) and Z (cis)
form, which can be recognized by differencesin their UV
absorption spectra [5, 6]. In principle, azobenzenes can

function as molecular switches by applying the light of
different wavelengths to obtain varying amounts of cis
and trans isomers, where the excess of one of the two
isomers may be detected by a change in UV absorption
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Fig. 1. Azobenzene isomerization

Photoanisotropic materials are widely investigated
for optical storage and processing applications. The most
promising of them seems to be side/main chain
azopolymersbecause of thelarge value of the photoinduced
birefringence in them. Azobenzene-containing polymers
possess advantages for high optical nonlinearities due to a
photoinduced trans-cis isomerization, molecular
reorientation and nonlinear absorption and the disadvantage
because of a micro-crystalllinity which causes a light
diffusion and is not suitable for a quality optical surface.

They are easy to prepare, process and fabricate in
devices. Also, they can be readily integrated in
semiconductor electronics and fiber-optic transmission
lines. As a result, polymeric materials promise to make
optoel ectronic technol ogies more practical and widespread.
They could make major impacts on telecommunications
[7], aspolymer based el ectrooptic modul ators and switches
have begun to enter the market and other applications are
waiting for their turn.

In this paper a series of aromatic azobenzol
compounds containing vinyl as monomers is presented.
Theazobenzene-contai ning side-chain polymers containing
azo NLO chromophore in each side chain have been
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synthesized via free radical polymerization. The obtained
polymershavetherepetitive azobenzenesidechainsasNLO
chromophore in each chain unit, which causes the
corresponding enhancement of the macroscopical NLO
effect. Besides, the introduction of methacrylate chain from
themethacryloyl chlorideimprovesthesolubility of azobenzol
compounds, which provides much potentiality in
filmforming. The influence of the push-pull dectronic effect
on the third-order NLO property of polymer by changing
the substituents which have different electronic effect on
the azobenzol group was studied on the other hand.

2. Experimental

2.1. Materials

The general structure of azopolymers is shown in
Table 1. All chemicals were purchased from commercial
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suppliers and used without further purification unless
otherwise noted. Standard distillation procedures were
applied. The structures of all the precursors and final
productswere confirmed by aliquid *H NMR spectroscopy.
All *H NMR spectra were taken in CDCI,. The obtained
results were in a good agreement with the proposed
structures. The phase transitions were studied by
differential scanning cal orimetry (DSC) using Perkin Elmer
DSC-2 instrument equipped with IFA GmbH processor at
the scan rate of 20K/min. The calorimetry calibration was
carried out according to well-known recent
recommendations [8-10] using sapphire and quartz as
standards.

2.2. Monomer Synthesis

The synthetic route for the target azomonomers
(M1-M4) is shown in Scheme 1. The corresponding
azochromophores were synthesized by general methods

Table 1
Objects of Investigation
‘ %Hl
CH3-C-00-0-R
Code R Tg, K | I max, nm Mn Mw | Mw/Mn
N >
P1 4@7,\'/, C 0CHs 3% 330 4500 | 5670 | 1.26
P2 @,WN@N% 433 | 360 | 5600 | 7800 | 1.39
P3 @WN@ OCHs 432 | 345 | 6500 | 8500 | 1.32
P4 —(CHQFO@WN@ NOz | 385 | 360 3000 | 4200 | 1.38
M 1(R=COOC,Hg)
CFC J:—CHZ M2 (R=NO>)
<D <D M3 (R=0CH,)
I CH27C(CH3)COCI
O i 2 e O o g
(R=COOCHy NO, OCH)
l HO(CH,), Br
K,CO,

R@N:N@O—(CHQTOH

CH,=C(CH3)COCI
E13N
CH,

@ @% (CHy) wg J:fCHz M4 (R=NO,, x=6)

Scheme 1. Synthesis of methacrylic azomonomers
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[11]. Then azocompound (0.06 moal) and triethylamine
(9.0 ml; 0.06 mol) were dissolved in THF (200 ml). The
solution was kept in an ice bath for 10 min. A solution of
distilled methacryloyl chloride (6.0 ml, 0.06 mol) was
added dowly to the above mixture. After the addition of
methacryloyl chloride, the resulting mixture was stirred
at room temperature overnight. Then the solution was
poured into distilled water (1 1) and the obtained residue
was filtered and air-dried. Recrystallization of monomers
was carried out in ethanol.

4-methacr yloxy-4-buthoxycar bonylazobenzene
(M1): Yellow crystals; yield 60 %; mp 336 K (by DSC).
'H NMR (CDCl,), d (ppm): 7.89 (d, 2H, Ar), 7.73 (d, 2H,
Ar), 7.93(d, 2H,Ar), 6.94(d, 2H, Ar), 6.34 (s, 1H, =CH),
5.90 (s, 1H, =CH,), 2.10 (s, 3H, —CHa), 4.17 (m, 2H,
CH,) 1.72 (m, 9H, CH,). UV-vis(Ethanol) I _: 363,495 nm.
Elem. Anal. Calcd for C,H,,ON,: C, 67.38%; H, 5.88 %
N, 7.65 %. Found: C, 67.40%; H, 5.90 %; N, 7.61 %.

4-methacryloxy-4-nitr oazobenzene (M 2):
Orange crystals, yidd 85 %; mp413 K (by DSC). *H NMR
(CDCl,), d (ppm): 8.43 (d, 2H, Ar), 8.07 (d, 2H, Ar), 8.03
(d, 2H.'Ar), 7.40 (d, 2H, Ar), 6.34 (s, 1H, CH) 5.91 (s,
1H, CH) 2.05(s, 3H,—CH.). UV- V|S(Ethanol)l : 360,
480nm Elem. Anal. Calcd or C H.,ON, C, 61.74 %;
H, 4.18 %; N, 13.50 %. Found: C 6170% H, 4.16 %;
N, 13.52%.

4-methacr yloxy-4-methoxyazobenzene (M 3):
Yellow crystals; yield 78 %; mp 393 K (by DSC). 'H NMR
(CDCl,), d (ppm): 8.21 (d, 2H, Ar), 8.01 (d, 2H, Ar), 7.83
(d, 2H, Ar), 7.33 (d, 2H, Ar), 6.35 (s, 1H, CH) 59 (s,
1H, =CH), 4.11(s 3H, OCHa) 2.06 (s, 3H, CHa) UV-vis
(Ethanol§ | __: 345, 470 nm. Elem. Anal. Calcd for
C,H,ON. C 6892% H, 5.4 %; N, 19.59 %. Found: C,
67% H, 5.45%; N, 19.52%.

4- methacryloxyhexyloxy—4—nitroazobenzene
(M4): Orange crystals; yield 50 %; mp 345 K (by DSC).
'H NMR (CDCl,), d (ppm): 8.02 (d, 2H, Ar), 8.34 (d, 2H,
Ar), 7.68(d, 2H,Ar), 7.10(d, 2H,Ar), 6.30 (s, 1H, =CH,),
5.95 (s, 1H, =CH,), 2.20 (s, 3H, —CHa), 4.10 (m, 2H,
ArOCH,), 3.9 (m, 2H, HOCH,), 1.72 (m, 4H, H,). UV-vis
(Ethanal) I . 365, 490 nm. Elem. Anal. Calcd for
C,H,.ON.: C, 64.23 %, H, 6.08 %; N, 10.22 %. Found:
C, 64.27 %, H, 6.06 %; N, 10.2%.

2.3. Polymerization

Polymers P1-P4 were synthesized by free-radical
polymerization intoluene. The polymerizationwas carried
out in 10 wt % toluene solution of monomer with AIBN
as a free radical initiator (1 wt % of monomer) at 353 K
over more than 10 h. Polymers were isolated from the
reaction solution by precipitation into the excess of
methanol followed by reprecipitation from toluene into
methanol and then dried at 293 K overnight.

The obtained polymers were dissolved in
dimethylformamide. The solutions of polymers were
filtered through a 0.2 um nylon filter before using.
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2.4. Degenerating Four Wave Mixing
Method

Nonlinear optical properties of azopolymers
solutions (C= 12 g/l) were investigated using the DFWM
method. The DFWM measurements were performed using
Nd:YAG laser (Quantel Model Y G472) working at 532 nm
with 30 ps pulses duration and 1 Hz repetition rate [12]. In
this experiment, three optical pulses (two pump beams I,
and |, and a probe beam 1) were obtained by using two
beam splitters (Fig. 2).

Carbon disulfide (CS)) was used as a reference
material to calibrate the DFWM measurements
(Cgs, =1.1140% esu). The polymers were contained in
2 mm thick quartz curves.

The DFWM reflectivity (R) was calculated from
the propagation equation of the four beams in interaction
and a linear and nonlinear absorption taken into account
can be expressed as follows [13, 14]:

rla(0) K?

15(0)

e _fd (1)
g coth(qL) 26

, 2 _ &0 2
with TP K% f=-a-2b(l,+1,)

E L1, 2
wherea, b, L, | and narethelinear absorption coefficient,
the nonlinear absorption coefficient, the sample thickness,
the laser wavelength and the linear refractive index,
respectively.

We used the nonlinear transmission measurement
to determine the two-photon absorption coefficient (b) that
corresponds to the imaginary parts of the third order
nonlinear optical susceptibility at 532 nmin the picosecond
regime. We should notice that the investigated compounds
exhibited only the linear absorption at the excitation
wavelength.

Therefore, the only parameter that remains to be
determined is the third order nonlinear optical
susceptibility ¢ <*>. Taking into account the linear and
nonlinear absorption, the variation of the intensity of the
pump waves along the z-axis may be expressed:

%—-(a+bl)l ©)

The transmission can be calculated from the
following equation:

(L) aetad
10 a+bl(0)d- e™) “)

The best fit of Eq. (4) to experimental data allows
us to deduce a and b coefficients. Thus, knowing the

and K

K2 = a8p Ogc<3>. + <3>..)2

“&nd
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Fig. 2. Experimental set up of DFWM: S — sample, RO —delay lines, G — Glan prism, Ph_ and Ph_ — synchronization
and control photodiodes, BS — beam-splitters, PMT — photomultiplier tube, <1> and <2> — pump waves, <3> — probe wave,
<4> — fourth wave

analytic formula of the DFWM reflectivity R and
measuring the |, intensity, one can determine the absol ute
value of ¢ <>,

The geometry of the DFWM experimental setup is
presented in Fig. 2. As a source of radiation we used 532
nmfroma Q-switched mode | ocked Quantel Nd: YAG laser
of 30 ps duration, and arepetition frequency of 1 Hz. The
first beam-splitter divides the beam to synchronize the
acquisitionfromafast photodiode. A Glan-Tompson prism
(G) and a half-plate (\/2) allow to modify the intensity of
the laser beam. The second beam-splitter reflects about
6 % of intensity (probe beam <3>). Non-reflected part of
the beam goes to the next (third) beam splitter, which
divides it in two pump beams <1> and <2>. Their
intensities satisfy the relation 1,(z=0)=1,(z=1L).
The probewave <3> isaweak probebeam (1, =107%1,)
which forms an angle of 12° with the direction of the two
pump waves. The signal wave <4> is emitted in the
opposite direction to the probe beam.

3. Results and Discussion

3.1. Solubility of Side-Chain Polymers

The polymersare solublein DMF and DM SO. They
can even be dissolved in chloroform and dichlorethane. It
showsthe potential for film-forming and further application
in devices. The monomers dissolve better than polymers

in alcohols and it is favorable for dissociation and
purification of polymers.

3.2. The Non-Linear Optical (NLO)
Properties of Side-Chain Azopolymers

As shown in Table 2, al methacrylic azopolymers
have high third-order NLO coefficient values for azo
chromophores which are parts of them. In the result of
polymerization, the obtained polymers in each chain unit
have repetitive azobenzene side frafments which are NLO
chromophores. Although the degree of polymerization is
not very high, whichisdueto the steric effect of azobenzene
chromophore in a polymer side chain, the macroscopical
third-order NLO effect of polymer is enhanced by the non-
linear superimposed NL O effect of therepetitive azobenzene
chromophores in the same molecular chain of the polymer
and some other effects such as photoelectric conjugation
and selective orientation in the polymer chain.

Such NLO active substance as the Liquid Crystals
(LC) and Cobalt Phthal ocyanine (CoPc) which are known
for their strong nonlinear optical properties[15] have been
chosen for comparison.

The third-order nonlinear optical susceptibility
(¢ =*7) of studied polymers is one order higher than for
LC. So, inthemolecular structureof azobenzol intermediate
Az02, the substituent on the one end of azobenzene is
hydroxyl which is a donor group. When the electron

<3>
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withdrawing group such as nitro group lies on the other
end of azobenzene, the push—pull eectronic structure was
formed. The fluidity of electronsin the molecular chainis
better and the intra-molecular charge transfer can be well
performed, which is favourable to enhancing the NLO
property [14]. But the methoxyl group on the other end of
azobenzene (Azo3) cannot form the push—pull electronic
structure with hydroxyl. After esterification with
methacryloyl chloride, the conjugation in the molecule of
azobenzol compound was enhanced and the energy gap
between HOMO and LUMO is let up, which intensified
the third-order NLO effect. Besides, after esterification,
the substituent on the end of azobenzene is transformed
from the hydroxyl group to the ester group (M3), which
canforma push—pull electronic structurewith the methoxyl
group on the other end of azobenzene. Therefore, after
polymerization the value of thethird-order NLO coefficient
of azobenzol-containing side-chain polymer P3 is much
higher than that of azopolymers P1, P2 and P4.

Table 2
The third-order nonlinear optical coefficient (¢ <*>)
of azopolymers

The third-order NLO coefficient

Sample (C=Z), x10%%es
DMF 1.38
P1 2.26
P2 3.03
P3 9.15
P4 371
CoPcl® 25.2
LCM 0.3

Note: dcobalt phthalocyanine (CoPc); Pliquid crystal
(LC) for comparison

In the case of CoPc, the value of the third-order
nonlinear optical susceptibility (¢ <*”) is higher than that
for azopolymers. Nevertheless in contrast to inorganic
compound these polymers have a number of valuable
advantages. First of all they possess excellent film-forming
and plastic properties and they are chemically inertn as
well. Polymer materials might provide the systems with
unique possibilities and higher flexibilities in comparison
withinorganic materials because of therelatively easy way
to penetrate organic polymeric materials into practical
devices (microdevices such as micromachines and
microelectronic mechanical systems, etc.).

4. Conclusions

A new series of aromatic azobenzol monomers
containing vinyl has been synthesized. Via free radical
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polymerization of these monomers azobenzene-containing
side-chain polymers containing azo NLO chromophore in
each side chain were obtained. Azopolymers have high
third-order NLO coefficients and the value increases with
theincrease of molecular conjugation. The electronic effect
of substituents in the azobenzol group aso influences the
third-order NLO properties significantly. When the push—
pull electronic structure forms, theelectronin the molecular
chain flows freely and the energy gap of the conjugate
system decreases, which contributes much to enhancing
the NLO property of polymers. Excellent film-forming of
polymers offers great promise for practical device
applications.
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HEJIHIMTHO ONITHYHI BJIACTUBOCTI
BIIOJIIABOECTEPAX

Anomauin. Cunme3o6ani HO8I POMOXPOMHI NOTIMEPU HA
0CcHosi memaxpuiosux ecmepis. [lokazano, wo 0iuHi a300eH30/bHI
AAHKU OMPUMAHUX NONIMepie Micmamy pi3Hi epynu 0OHOPHO-
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aKyenmopHoi npupoou, a maxkoic HyYyKull aiKilbHUtl cneticep.
Memodom smiwysanns womupvox eupooicenux xeuib (3YBX)
BUMIDSIHO HEIHITHO-ONMUYHY CHPUTIHAMAUGICIb MPEMbo20 NOPSOKY
(c*®) docaioxcyeanux posuunie. Iloxkazano, wo 3pocmanus
SHYMPIUHbO-MONEKYAPHO20 CRPANCEHHS MA BUCOKA KOHYEHMPayis
HIJIO xpomocghopie y makpomonekyiapHomMy Ianyiocy 6NIUBAE HA

nocunenns HIIO egexmy mpemvoco nopsaoxy. Bemanosneno, wo
enlekmpoHHULL eqhexm 3aMiCHUKA 68 A300eH30bHITl SPYNI MA NYWnyIbHA
eNeKmpoHHa cmpykmypa 3nauto noxkpauyiome HJIO eracmugocmi.

Knwwuogi cnosa: azononimep, norimemaxpuiam, HeIiHiHO
ONMUYHI IACMUBOCIT MPEMbO20 NOPAOKY.



