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ABSTRACT

4-(4' -Nitrophenylazo)-1-naphthol, a commercial azo-dye, was
used as a side chain moiety for the preparation of six members of
a new series of polymethacrylates, the poly(ω-[4-(4' -nitropheny-
lazo)-naphthalene-1-yloxy]alkyl methacrylate)s with 2, 4, 5, 6,
10, and 11 methylene units as spacer. A two-step synthesis gave
the corresponding monomeric methacrylates, which were poly-
merized by a free radical polymerization using AIBN as initiator.
The above polymethacrylates did not show any liquid crys-
tallinity, however a side chain crystallization was observed for
the last member of the polymer series. The UV/Vis spectroscopy
showed that all polymers retained the optical properties of the
azo-dye with a small hypsichromic shift and a decrease in inten-
sity when moving  from monomer to polymer.  A copolymer of 
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6-methylene spacer monomeric ester with methyl methacrylate
was also prepared, in order to study how copolymerization
affected the properties of the corresponding homopolymer.

INTRODUCTION

Optically non-linear materials possess many potential applications in
opto-electronic systems, primarily in telecommunications where the need for
high-bandwidth optical switching and processing devices is high [1, 2].
Especially polymeric non-linear optical materials have recent growth in interest
because they combine the non-linear optical properties with the unique proper-
ties of polymers [3, 4]. There are two main approaches to prepare polymeric non-
linear optics (NLO). The first one is the ÔGuest/HostÕ systems [5] and the second
one involves the incorporation of non-linear optical organic molecules in the
main chain [6] or in the side chain of a polymer [3, 7-10].

Organic molecules which possess large values of the second order
hyperpolarizability, β, must contain delocalized π electronic system and asym-
metry in their response to an applied electric field [11]. The largest values are
obtained when these molecules occupy charge-transfer resonance, which can be
achieved with an electron donating and electron withdrawing group connecting
together by an extended conjugated system [11, 12]. Another condition that has
to be fulfilled for macroscopic nonlinear effects is the centrosymmetric behavior
of the molecule [13, 14].

In this work, the synthesis and the thermal and spectroscopic characteri-
zation of a new series of poly(methacrylate)s (six homopolymers and one
copolymer) is described (Scheme 1 and 2). These polymers have an azo-dye, the
4-(4' -nitrophenylazo)-1-naphthol, in the side chain, and it is expected to have
non-linear optical properties because the azo-dye covers the main features of a
NLO molecule, i.e. it is a highly conjugated molecule with an electron donating
group (aromatic system) and an electron withdrawing group (NO2).

EXPERIMENTAL

Materials

4-(4' -Nitrophenylazo)-1-naphthol, α,ω-dibromoalkanes and methacrylic
acid were purchased from Aldrich and were used as received. Methyl methacry-
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late (Merck) stabilized with hydroquinone monomethylether was used after
passing through an Aldrich inhibitor remover column. 2,2' -azoisobutyroni-
trile (AIBN) (Aldrich) was used after two recrystallizations from methanol.
All organic solvents, which are commercially available, were used as
received.
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Scheme 1.
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Measurements
1H-NMR spectra were measured on a Bruker 300 MHz spectrometer and

TMS was used as an internal standard. Infrafed spectra were recorded on a
Perkin-Elmer 281 B spectrophotometer. UV/Vis spectra were taken from a
Shimadzu UV-2101PC UV/VIS Scanning Spectrophotometer. Elemental analy-
ses were taken on a Perkin-Elmer Series II CHNS/O analyzer.

The molecular weights of the polymers were measured by gel perme-
ation chromatography (GPC) using a Rigas Labs Marathon Series III HPLC
pump equipped with a Polymer Laboratories 5 µm Mixed D column and a
Polymer Laboratories PL-EMD 950 Evaporative Mass Detecror. GPC was con-
trolled by Polymer Laboratories PL LogiCal GPC/SEC software. THF was used
as the eluent. A calibration curve was obtained using polystyrene standards. The
homopolymers were dissolved in THF (0.2% w/v concetration) using an ultra-
sonic bath.

The thermal properties of the compounds were determined by differen-
tial scanning calorimetry (DSC) using a Perkin-Elmer DSC-2 differential scan-
ning calorimeter. Heating rates were 20¡C/min and cooling rates 10¡C/min in all
cases. First-order transitions were read at the maximum or minimum of the
endothermic or exothermic peaks. Glass transition temperatures (TgÕs) were read
at the middle of the change of the heat capacity and were obtained from
quenched samples. Inherent viscosities were measured using an I-Ubbeholde-
type viscometer in N-methyl-2-pyrrolidone (NMP), at 25¡C, and concentration
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Scheme 2.
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0.25%, in a constant-temperature bath. Phase identification was performed by
polarized light microscopy using a Nikon Optiphot-2 polarizing microscope
equipped with a Linkam THMS 600 heating stage and a TP 91 control unit.
Heating rates were 10oC/min and cooling rates were 0.2 or 0.4¡C/min.

The X-ray diffraction pattern was taken on powder speciment, using a
Siemens D500 diffractometer (CuKα radiation, λ = 1,54 �).

Monomer Synthesis 

Only one method of preparation is given below for the monomer synthe-
sis, because this experimental procedure was used as a general process to prepare
all other methacrylic esters (Scheme 1).

1-Bromo-10-[4-(4' -nitrophenylazo)-naphthalen-1-yloxy]-decane (2)

1-Bromo-10-[4-(4' -nitrophenylazo)-naphthalen-1-yloxy]-decane was  pre-
pared using the procedure described by Craig et al. [15]. 4 g (13.64 mmol) 4-(4' -
nitrophenylazo)-1-naphthol (1), 30.66 mL (136.4 mmol) 1,10-dibromode-cane,
and 14.14 g (102.3 mmol) K2CO3 were refluxed with stirring in acetone (210 mL)
for 24 hours. The reaction mixture was filtered hot, and the residue washed with
hot acetone. The acetone was then removed under reduced pressure, and petrole-
um benzin (40-60¡C) was added for the etherÕs precipitation. The resulting precip-
itate was dried under reduced pressure at 40¡C, and recrystallized twice from
ethanol (EtOH). Brown-red powder. Yield: 4.20 g (60%); m.p. 90-92¡C.

C26H30N3O3Br (512.45)       Calc.         C 60.94     H 5.90    N 8.23
Found       C 61.65     H 5.99    N 7.45

IR (KBr, cm-1): 2960 (m, CH2), 1580 (vs, NO2), 1525 (s, N=N) and 1280 (w, CH2-
Br).

1H NMR (CDCl3): δ (ppm) = 1.34-1.58 (m, CH2(CH2)4CH2, 12H), 1.85 (m,
CH2CH2Br, 2H), 1.97 (m, OCH2CH2, 2H), 3.41 (t, CH2Br, 2H), 4.25 (t, OCH2,
2H), 6.90-8.90 (m, aromatic, 10H).

10-[4-(4' -Nitrophenylazo)-naphthalen-1-yloxy]decyl methacrylate (3)

The methacrylic ester 3 was prepared using the procedure described by
Nakano et al. [16]. Methacrylic acid (0.75 mL, 8.84 mmol) and potassium hydro-
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gen carbonate (1.01 g, 10.10 mmol) were stirred for 5 minutes at room tempera-
ture to form potassium methacrylate. This salt was added to a mixture of com-
pound 2 (3.50 g, 6.83 mmol), hydroquinone (0.10 g, 0.92 mmol) in 90 mL N,N-
dimethylformamide (DMF) and the reaction mixture was stirred at 100¡C for 12
hours. The solvent was then removed under vacuum and the organic extract was
dissolved in dichloromethane (DCM). This solution was washed with 100 mL
water and the organic layer was dried over magnesium sulfate. DCM was
removed and the organic product was recrystallized twice from EtOH. Red crys-
tals. Yield: 1.90 g (54%); m.p. 78¡C.

C30H35N3O5 (517.63)          Calc.        C 69.60    H 6.82    N 8.12
Found      C 69.78    H 6.99    N 7.41

IR (KBr, cm-1): 2940 (m, CH2), 1710 (vs, C=O), 1635 (w, C=C), 1580 (vs, NO2)
and 1520 (s, N=N).

1H NMR (CDCl3): δ (ppm) = 1.35 (m, CH2(CH2)4CH2, 12H), 1.59-1.65 (m,
CH2CH2OC(O), OCH2CH2, 4H), 1.94 (s, CH3, 3H), 4.14 (t, OCH2, 2H), 4.25 (t,
CH2OC(O), 2H), 5.54 (s, CH=C, 1H), 6.10 (s, CH=C, 1H), 6.90-8.95 (m, aro-
matic, 10H).

UV/Vis (NMP): λmax = 443.5 nm, ε = 9090 L . mol-1 . cm-1

Polymerization

Radical Polymerization of 10-[4-(4′-nitrophenylazo)-naphthalen-1-yloxy]decyl
methacrylate

Ester 3 (0.75 g, 1.45 mmol) was dissolved in 10 mL of toluene and 5
mol% AIBN (0.012 g) was added as initiator. The polymerization mixture was
flushed with argon for 10 minutes and heated at 60¡C for 24 hours. The result-
ing viscous solution was cooled and poured into 100 mL of agitated methanol
(MeOH) to precipitate the polymer as an amorphous red solid. The polymer was
then reprecipitated twice from NMP into MeOH, and dried under reduced pres-
sure. Yield: 0.45 g (60%).

IR (KBr, cm-1): 2935 (m, CH2), 1720 (vs, C=O), 1575 (vs, NO2) and 1520 (s,
N=N).

UV/Vis (NMP): λmax = 435.5 nm, E1% = 8160 L . g-1 . cm-1
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Copolymerization

Copolymerization of 6-[4-(4′-nitrophenylazo)-naphthalen-1-yloxy]hexyl Meth-
acrylate with Methyl Methacrylate

The copolymer was prepared using the method described for the
homopolymers employing a 1:1 feed ratio of the monomers. Thus, a mixture 6-
[4-(4' -nitrophenylazo)-naphthalen-1-yloxy]hexyl methacrylate (0.35 g, 0.77
mmol), methyl methacrylate (0.23 mL, 0.77 mmol) and AIBN (0.012 g, 5 mol%)
in 10 mL of toluene, was degassed with argon for 10 minutes and heated at 60¡C
for 24 hours. The resulting viscous solution was cooled and poured into 100 mL
of agitated MeOH. The copolymer was reprecipitated twice from NMP into
MeOH, and dried in vacuo. Yield: 0.31 g (75%).

IR (KBr, cm-1): 2940 (m, CH2), 1730 (vs, C=O), 1580 (vs, NO2) and 1515 (s,
N=N).

1H NMR (CDCl3, δ ppm): 0.9-1.44, 1.84-2.07 (m, 12H, CH2), 1.60 (s, 6H, CH3),
2.85 (s, 3H, OCH3), 3.56-3.97 (m, 4H, OCH2, CH2OC(O)), 6.71-8.95 (m, 10H,
aromatic).

UV/Vis (NMP): λmax = 439.5 nm, E1% = 9980 L . mol-1 . cm-1

RESULTS AND DISCUSSION

Monomer Synthesis

The first step of the methacrylic monomer synthesis is the most difficult
one because the reaction is very slow, probably due to stabilization of the naph-
thoxide ion by resonance effect [10] (Scheme 3).

During this step, there was also a change in the color of the reaction mix-
ture and this color change can be used as indication of the reactionÕs completion.
Thus, while the azo-dye is red, the starting reaction mixture (azo-dye, dibro-
moalkane, K2CO3 and acetone) had a blue color due to the bathychromic shift
caused by the resonance shown in Scheme 3. The azo-dyeÕs conversion to the 1-
bromo-derivative 2 (Scheme 1) caused a hypsichromic shift due to the disruption
of the resonance, and this was the indicator that the reaction was nearly com-
pleted.
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Polymerization

Free radical polymerization of the monomeric esters was carried out in
toluene solution at 60¡C using AIBN initiator for 24 hours to form the corre-
sponding homopolymers and the copolymer with methyl methacrylate.
Poly(methacrylate)s with pendant azobenzene groups which contain also polar
groups such as -NO2, are difficult to be prepared by free radical polymerization
because either the azobenzene or the nitrobenzene group in the monomeric esters
3 can react as retarders [17]. Nitrobenzene is able to react with two radicals and
retard the polymerization (Scheme 4).
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Scheme 3.

Scheme 4.
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Azobenzene group reacts about the same way as nitrobenzene group in
free-radical polymerizations. During the polymerization azo-groups can sustain
chain transfer reactions to form stable hydrazyl radicals [17] (Scheme 5).

As a consequence, a large amount (5 mol%) AIBN was used for the
preparation of the homopolymers and the copolymer, resulting in relatively low
molecular weight polymers as shown in Table 1. 

The general accepted trend concerning the influence of molecular mass
on phase transition temperatures of comb-like polymers, is that an increase of the
polymer molecular mass increases the transition temperatures up to a certain
degree of polymerization, approximately equal to 10 according to Finkelmann et
al. [18] or 12 according to Percec et al. [19, 20], above which they become inde-
pendent of molecular mass. Finkelmann suggested that the increased phase tran-
sition temperatures are due to the increased packing density of the side groups of
the higher molecular weight polymer. As the packing of the side groups is
becoming denser, the specific volume at the phase transformation decreases, and
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Scheme 5.
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higher transition temperatures are observed [18]. The number average degree of
polymerization of the homopolymers prepared were varied between 12 to 43,
number sufficient enough to suggest molecular weight independence.

Thermal Characterization

Homopolymers

The glass transition temperatures, the inherent viscosities (η inh), the λmax

and extinction coefficients (E1%) of the poly(ω-[4-(4'-nitrophenylazo)-naphtha-
lene-1-yloxy]alkyl methacrylate)s, 4, are listed in Table 2. All polymers exhibit-
ed a glass transition temperature, except P11 which exhibited also an endother-
mic peak at 90¡C.

Figure 1 shows the influence of the number of methylene units of the
alkyl spacer on the glass transition temperatures. The glass transition tempera-
tures decrease with increasing spacer length from 2 to 10 methylene units, as a
consequence of two factors: first of a decrease in the packing density of the
chains [21] and second of an internal softening effect of the alkyl spacer [22, 23].

Polymer P11 showed a partial crystallization of the side chains (side
chain crystallization), as detected by DSC (Figure 2). Side chain crystallization
usually occurs in comb-like polymers with long spacer lengths and this phe-
nomenon is attributed to a regular packing of the side chains when the spacer
length reaches a certain critical value of n for a certain polymer series [24-27].

1250 TOURASANIDIS AND KARAYANNIDIS

TABLE 1.  Molecular Weights, and Polydispersities (PD) and Number
Average Degree of Polymerization (DPn) for the Polymethacrylate
Polymer Series Prepared
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Although the x-ray diffraction pattern of P11 sample showed two very weak
reflections at 31¡ and 34¡ angles probably due to side chain crystallization, a typ-
ical pattern of an amorphous polymer was revealed (Figure 3). This indicates a
small part of crystallinity in the polymer sample, overlaped by the amorphous
one.

P11 sample exhibited also an abnormally high glass transition tempera-
ture, which may be a reflection of a move towards the ordering of the side chains
[25-27].
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TABLE 2.  Transition Temperatures, Inherent Viscosities, λmax and
Extinction Coefficients, E1%, for the Homopolymers and the Copolymer
Prepared

Figure 1. Dependence of the glass transition temperatures of the polymer series,
on varying length of the alkyl spacer, n.
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None of the homopolymers exhibited liquid crystalline behavior when
examined by polarized microscopy. A possible explanation can be given if the
second aromatic core of the 1,4-naphthylene moiety is considered as a lateral
substituent (with respect to the longitudinal molecular axis). The introduction of
lateral substituents into aromatic rings of a liquid crystalline compound lowers
the transition temperatures. Thus according to Gray [28, 29] and Dewar [30] as
the size of the substituent increases, a decrease in the transition temperatures is
observed, due to a regular decrease in the intermolecular forces leading to corre-
sponding increase in the mean intermolecular separations. This phenomenon was
also observed in side-chain liquid crystalline polymers (SCLCPs). The introduc-
tion of lateral substituents into the mesogenic moieties of SCLCPs considerably
lowers the stability of the liquid crystalline phase [31], while linear substituents
are, in general, necessary for the existence of the liquid crystalline state [32].
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Figure 2. DSC traces for P11: obtained on heating after quenching (a) and on
cooling (b) for M11: obtained on heating (c) and on cooling (d). Heating rate
20¡C/min, cooling rate 10¡C/min.
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Table 3 gives a comparison of the physical properties of polymethacry-
lates, with stucture similar to the structure of polymer 4 (Scheme 1). Polymers I,
II, and III which have no lateral substituents, had a pronounced liquid crystalline
behavior. Liquid crystallinity in the polymer with the lateral methoxy group
(polymer IV) was observed only on the polarizing microscope, and the DSC
curve had no clear peak for an isotropic-liquid crystal transition. Polymer V,
which is the polymer of this article, did not show mesomorphic behavior proba-
bly due to a major decrease of the stability of the liquid crystalline state, which
was a consequence of the presence of the bigger in size lateral phenyl group.
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TABLE 3.  Comparison of the Physical Properties of Polymethacry-
lates with Stucture Similar to the Structure of Polymer 4
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Spectroscopic Characterization of the Polymers

Table 4 shows the λmax and the molecular extinction coefficients (ε) for
the monomers prepared with the corresponding values of the azo-dye. UV/Vis
spectroscopy indicated that the azo-dye retained its optical properties in
homopolymers and the copolymer [33]. However, the attachment of the chro-
mophores to the polymer backbone caused some interactions which could be
detected by the UV/Vis spectroscopy as a small but significant hypsichromic
shift and an attenuation in intensity of the absorption bands, as the concentration
of the chromophores increases from the copolymer to homopolymer (Figure 4)
[34].

Copolymer with Methyl Methacrylate

The copolymerization of M6 with methyl methacrylate gave the copoly-
mer 6. The composition of the copolymer was estimated by integration of the 1H
NMR signals and was found to be 41% of the monomeric dye and 59% of methyl
methacrylate. As found by polarized microscopy and DSC the copolymer had no
mesomorphic behavior. The DSC curve of copolymer 6 exhibited only a glass
transition temperature at 75¡C, i.e. 30¡C higher comparatively to the glass tran-
sition temperature of the corresponding homopolymer (M6). This higher glass
transition temperature makes the copolymer a better candidate for NLO applica-
tions, because a high glass transition temperature (Tg > 50¡C) is one of the main
requirements for NLO materials [3, 4, 35].
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TABLE 4.  Melting Temperatures, λmax and Molecular Extinction
Coefficients, ε, for the Azo-Dye and the Monomers Prepared
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CONCLUSION

All homopolymers and the copolymer prepared were glassy at nature
except P11 which exhibited side chain crystallization. The polymers prepared did
not show liquid crystalline behavior, probably due to the lateral substitution of
the mesogenic moiety. The TgÕs of the homopolymers decrease with increasing
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Figure 4. UV/Vis spectra of M6 (a), CP6 (b) and P6 (c), measured in NMP.
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spacer length, except that of P11 which was abnormally high. UV/Vis spectra
showed that all polymers retain the optical properties of the azo-dye with a small
hypsichromic shift and an attenuation in intensity. Finally copolymerization
increased the Tg value with respect to the corresponding homopolymer.
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