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ABSTRACT: A number of NLO polymers were obtained, in which aromatic polyester is
a matrix and the chromophores are incorporated into the form of a side chain. Special
monomers are based on 2,2-bis(3-amino-4-hydroxyphenyl)propane; they contain an
azomethine bond and various electron-acceptor groups (nitro, cyanide, and fluoride) as
substituents in the side-chain aromatic ring. The effect of the type of the electron-
acceptor substituent, its substitution position in the aromatic ring with respect to the
azomethine bond, and special monomer concentration on the optical, mechanical, and
thermal properties of the whole system was studied. © 2001 John Wiley & Sons, Inc. J Appl
Polym Sci 80: 1374–1382, 2001

INTRODUCTION

Optically nonlinear polymers became recently the
object of interest and intense studies are now
been carried out in many laboratories world-
wide.1–10 Easy processing (including the possibil-
ity of producing thin films, which enables the
miniaturization of systems), low price, light-
weight, and high-polarization possibilities are the
advantages resulting from applying polymers as
materials of NLO properties.11 These features
make polymeric materials very attractive for use
in optoelectronic devices, which may revolution-
ize computational and communication technolo-
gies.12

It was found that many polymers studied so
far, despite good optical properties, did not fulfill
the stability condition at elevated temperature
over a given time period. It has been shown that
the polymer glass transition temperature (Tg) is
the decisive parameter of the stability of the sys-
tem13–17 and the best results are obtained for
polymers exhibiting Tg values above 120°C.

A low-absorption coefficient in the range of the
wavelengths applied, low specific conductivity at
the orientation temperature, good optical proper-
ties, good dielectric properties, good film- and fi-
ber-forming properties, as well as high mechani-
cal strength are other conditions, which should be
fulfilled by a polymer18 to be a material of good
NLO properties.

Such properties are exhibited by aromatic poly-
esters, and, hence, the interest in such com-
pounds in the studies on polymeric NLO sys-
tems.19 Studies carried out until now on NLO
polyarylates did not provide satisfactory results.
The use of a guest–host system20 (in which the
chromophore was not chemically bonded with the
polymer matrix) or of systems in which the chro-
mophore formed the polymer backbone, which
weakened the physical–chemical properties of
the entire system, was the main reason for this
failure.21

Studies on polyarylates with chromophore mol-
ecules incorporated in the form of a side chain are
presented in this article. Organic compounds
comprising a conjugated p-bond system and ex-
hibiting an acceptor–donor electronic effect are
the monomers applied for the studies. These chro-
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mophores contain an azomethine bond in their
structure, which plays the role of a link between
the polymer backbone and side chain, designed in
such a way for the nitrogen atom to be found at
the polymer backbone aromatic ring (contrary to
the compounds studied earlier).21,22 The struc-
ture of these monomers consists of a number of
electron-acceptor groups (Z), substituted at vari-
ous positions of the aromatic ring.

An aromatic polyester obtained from interface
polycondensation is the matrix of the polymer
(Fig. 1).

Sixteen polymers were designed and obtained,
for which various physical–chemical investiga-
tions were carried out, studying the influence of

● The type of substituent Z;
● Its substitution position (ortho-, meta-, para-)

with respect to the azomethine bond;
● The number of chromophore groups (percent-

age contents of the special monomer in the
polymer matrix: 0, 1, and 3%).

RESULTS

Monomers

UV-sensitive monomers were obtained from the
reaction of 2,2-bis(3-amine-4-hydroxyphenyl)pro-
pane with appropriate benzoic aldehydes. The
amine was obtained from the reduction of the
nitro group of 2,2-bis(3-nitro-4-hydroxyphenyl)-
propane. The compound subjected to reduction
was obtained from the nitration of 2,2-bis(4-hy-
droxyphenyl)propane.

Thus, the nitration of 2,2-bis(4-hydroxyphenyl)-
propane was the first step of the monomer syn-
thesis. The facility of phenol nitration resulted in
the problem of multisubstitution of the aromatic
ring by the nitro group.23,24 Therefore, new meth-
ods and conditions of carrying out this reaction
were sought.25 A completely novel method of ni-
trating bisphenol A in a two-phase system was
elaborated (Fig. 2).26

A water–ether (diethyl Et2O or tert-butylm-
ethyl t-Bu–O–Me) system was applied. Sodium
nitrate (1 mol) dissolved in a diluted mineral acid
aqueous solution was the nitrating reagent. The
bisphenol (0.5 mol) dissolved in the organic phase
was added in portions to the aqueous phase.
The reaction proceeds very mildly at ambient
temperature. 2,2-Bis(3-nitro-4-hydroxyphenyl)pro-
pane precipitates during the reaction. The second
nitro-substitution product is of a liquid form. The
solid product, after filtering off from the postreac-
tion mixture, was purified by crystallization from
ethyl alcohol and was used for the further reaction
stage, that is, the reduction of the nitro groups to a
corresponding amine.

The reaction involving sodium borohydride was
chosen from many possible reduction reactions of
the nitro group to an amine. Metal hydrides do not
reduce a majority of nitro compounds. However,
aromatic and heterocyclic nitro compounds easily
undergo (and in good yield) the reduction to corre-
sponding amines upon the influence of sodium boro-
hydride in an aqueous-alcohol solution in the pres-
ence of a catalyst (Fig. 3).

To a catalytic amount (0.002 mol) of palladium
deposited on charcoal (palladium black), dis-

Figure 1 General formulas for polyarylates.

Figure 2 Nitration reaction of bisphenol A.
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solved in 20 mL of water, sodium borohydride
(0.14 mol) dissolved in 30 mL of water was added
and, in portions, a basic solution of sodium nitro-
bisphenolate (0.01). The reaction was carried out
at room temperature in an argon atmosphere.
The postreaction mixture was acidified with hy-
drochloric acid to pH ; 2 to remove the unreacted
borohydride and then neutralized with a satu-
rated solution of NaHCO3. After extraction with
diethyl ether, drying, and solvent evaporation, a
corresponding amine was obtained, which was a
solid product. This product was further utilized
for the condensation with respective aldehydes in
order to obtain special monomers. A number of
benzaldehyde derivatives containing various elec-
tron-acceptor groups (Z) substituted at different
positions of the aromatic ring were used for the
condensation (Fig. 4).27

The reaction mixture, 2,2-bis(3-amine-4-hy-
droxyphenyl)propane (1 mol), an appropriate ben-
zoic aldehyde (2.2 mol), and ethyl alcohol was
heated to the boiling point of the solvent. The
reaction was carried out under such conditions for
24 h. After ethanol evaporation, the postreaction
mixture was alkalized with a sodium base and
extracted with ethyl ether. Depending on the ben-
zoic aldehyde used, appropriate special mono-
mers were obtained in the form of solid products.

SPECTROSCOPY

2,2-Bis(3-nitro-4-hydroxyphenyl)propane

1H-NMR d 5 1.75 (s, 6H, CHI 3); 7.11 (d, 2Hb, J 5 8.8
Hz); 7.33 (dd, 2Ha, J 5 2.44 Hz; J 5 8.8 Hz); 8.04 (d,
2Hc, J 5 2.38 Hz); 10.39 (s, 2H, OHI ); IR (KBr) 5 3240
(nvalen OH), 2968 (nasym CH3), 2974 (nsym CH3), 1536
(nasym NO2), 1324 (nsym NO2), 1260 (nvalen COO); cm21;
Ttop 5 134–135°C; Rf: 0.371.

2,2-Bis(3-amino-4-hydroxphyenyl)propane

1H-NMR d 5 1.47 (s, 6H, CH3); 1.49 (d, 4H, NH2, J
5 5.6 Hz); 2.89 (s, 2H, OHI ); 6.84–6.33 (m, 6H, Haromat);
IR (KBr) 5 3412 (nvalen NOH); 3380 (nvalen NOH); 2924
(nvalen OOH); 1602 (ndeform NOH); 1296 (nvalen CON);
1192 (nvalen COO); 780 (nbend NOH); cm21; Ttop

5 248–250°C; Rf: 0.181.

2,2-Bis[3-(iminomethyl-4-nitrophenyl)-4-
hydroxyphenyl)]propane

1H-NMR d 5 1.29 (s, 6H, CHI 3); 5.64 (s, 2H, OHI ); 8.46–
7.71 (m, 14H, Haromat); 10.22 (s, 2H, NACH); IR (KBr)
5 2924 (nvalen OOH); 2884 (n CH3); 1608 (n CAN);
1536 (nasym NO2); 1346 (nsym NO2); 1228 (nvalen COO);
cm21; Ttop 5 88–90°C; Rf: 0.208.

2,2-Bis[3-(iminomethyl-3-nitrophenyl)-4-
hydroxyphenyl)]propane

1H-NMR d 5 1.24 (s, 6H, CH3); 2.86 (s, 2H, OHI );
8.72–7.76 (m, 14H, Haromat); 10.16 (s, 2H, NACHI ); IR

Figure 3 Reduction reaction.
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(KBr) 5 2924 (nvalen OOH); 1616 (n CAN); 1534 (nasym

NO2); 1352 (nsym NO2); 1204 (nvalen COO); cm21; Ttop

5 43–45°C; Rf: 0.122.

2,2-Bis[3-(iminomethyl-2-nitrophenyl)-4-
hydroxyphenyl)]propane

1H-NMR d 5 1.27 (s, 6H, CHI 3); 2.64 (s, 2H, OH); 8.18–
7.83 (m, 14H, Haromat); 10.36 (s, 2H, NACH); IR (KBr)
5 2928 (nvalen OOH); 2856 (n CH3); 1572 (n CAN);
1522 (nasym NO2); 1376 (nsym NO2); 1188 (nvalen COO);
cm21; Ttop 5 48–50°C; Rf: 0.167.

2,2-Bis[3-(iminomethyl-4-chlorophenyl)-4-
hydroxyphenyl)]propane

1H-NMR d 5 1.27 (s, 6H, CHI 3); 4.21 (s, 2H, OH); 8.03–
7.51 (m, 14H, Haromat); 10.02 (s, 2H, NACH); IR (KBr)
5 2920 (nvalen OOH); 2850 (n CH3); 1684 (n CAN);
1464 (ndeform COO); 1284 (nvalen COO); 1092 (n Cl);
cm21; Rf: 0.512.

2,2-Bis[3-(iminomethl-3-chlorophenyl)-4-
hydroxyphenyl)]propane

1H-NMR d 5 1.29 (s, 6H, CH3); 4.19 (s, 2H, OH);
7.98–7.25 (m, 14H, Haromat); 10.04 (s, 2H, NACH); IR

(KBr) 5 2928 (nvalen OOH); 2745 (n CH3); 1596 (n
CAN); 1376 (ndeform COO); 1276 (nvalen COO); 1076 (n
Cl); cm21; Rf: 0.219.

2,2-Bis[3-(iminomethyl-2-chlorophenyl)-4-
hydroxyphenyl)]propane

1H-NMR d 5 1.34 (s, 6H, CHI 3); 4.19 (s, 2H, OH); 7.92–
7.43 (m, 14H, Haromat); 10.44 (s, 2H, NACHI ); IR (film)
5 2932 (nvalen OOH); 2536 (n CH3); 1592 (n CAN);
1268 (nvalen COO); 1072 (n Cl); cm21; Rf: 0.625.

2,2-Bis[3-(iminomethyl-4-bromophenyl)-4-
hydroxyphenyl)]propane

1H-NMR d 5 1.27 (s, 6H, CHI 3); 2.99 (s, 2H, OH); 7.97–
7.68 (m, 14H, Haromat); 10.03 (s, 2H, NACHI ); IR (KBr)
5 2924 (nvalen OOH); 2856 (n CH3); 1586 (n CAN);
1068 (nvalen COO); 1012 (n Br); cm21; Rf: 0.367.

2,2-Bis[3-(iminomethyl-4-cyjanophenyl)-4-
hydroxyphenyl)]propane

1H-NMR d 5 1.27 (s, 6H, CHI 3); 4.67 (s, 2H, OH); 8.22–
7.86 (m, 14H, Haromat); 10.16 (s, 2H, NACH); IR (KBr)
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5 2928 (nvalen OOH); 2232 (n C'N); 1706 (n CAN);
1376 (ndeform COO); 1202 (nvalen COO); cm21; Ttop

5 89–91°C; Rf: 0.163.

POLYMERS

The polymers were obtained by interfacial poly-
condensation of bisphenol A, special monomers,
and a mixture of acidic chlorides (iso- and tereph-
thalic at a 1 : 2 ratio) in the presence of an inter-
facial transfer catalyst TEBA–Cl.26 This reaction
was already several times applied and de-
scribed.27 Physical–chemical, mechanical, and
optical studies of the polymers obtained were car-
ried out.

Dissolution and Film Formation

Many measurements of physical–chemical pa-
rameters are carried out using polymer solutions
and, hence, there is a need to find a good solvent
for them. Solubility studies consisted in the prep-
aration of a polymer solution of 1.64 g cm23 con-
centration in the solvent. Such solutions were left
at room temperature for 24 h, after which the
degree of dissolution was determined. The poly-

mers dissolved best in tetrachloroethane, dichlo-
romethane, and chloroform. In the remaining sol-
vents (hexane, toluene, and ethyl acetate), they
underwent swelling or did not dissolve at all (Ta-
ble I).

The type of polymer did not affect the result of
the solubility studies. All the polymers exhibited
very good film-formation properties yielding good-
quality resistant membranes.

Limiting Viscosity Numbers

Limiting viscosity numbers were determined for
polymer solutions in dichloromethane by the vis-
cometric method applying an Ostwald viscometer.
The measurements were carried out at 25°C.

The limiting viscosity number value of the ar-
omatic polyester not containing a special mono-
mer was 0.61 (100 cm3 g21). The UV-sensitive
polymers obtained also show high limiting viscos-
ity number values (Table II).

The highest value of the limiting viscosity
number was obtained for the o-NO2 polymer with
a 1% content of the special monomer, and the
lowest one, for a polymer with a 3% content of the
special monomer, which, in this case, contained
the characteristic p-Br group.

Table I Dissolution of Polyarylates

Solvent

Dissolution

o-NO2 m-NO2 p-NO2 o-Cl m-Cl p-Cl p-CN p-Br

1% 3% 1% 3% 1% 3% 1% 3% 1% 3% 1% 3% 1% 3% 1% 3%

Ethyl acetate 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Tetrachloroethane 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Methylene

chloride 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Chloroform 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Hexane 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Benzene 2/1 2/1 2/1 2/1 2/1 2/1 2/1 2/1 2/1 2/1 2/1 2/1 2/1 2/1 2/1 2/1

Figure 4 Schiff’s bases formation.
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It was observed that polymers with a 1% con-
tent of the special monomer most often exhibit
higher limiting viscosity numbers than do poly-
mers with a 3% content of that monomer. At the
same time, the size and position of substitution of
the electron-acceptor group in the side-chain aro-
matic ring have a considerable effect on the value
of the polymer limiting viscosity number and,
hence, its molecular weight.

Tensile Strength

Tensile strength measurement is one of the meth-
ods of studying the mechanical properties of poly-
mers and it consists in subjecting strips of a poly-
mer film of known cross sections to static stretch-
ing with a determined rate. The measurement
was carried out according to the Polish standard
PN-81/C-89034 on an Instron Model 1115 appa-
ratus (Table III).

No essential effect of the incorporated side
chains on the mechanical properties of these poly-
mers was found, since they showed values close to
that of a polyarylate not containing chromophores
in its structure (58.86 MPa). Thus, it can be as-
sumed that the NLO polymers obtained will
maintain their good mechanical properties, simi-
lar to that of pure polyarylates.

Glass Transition Temperature

The glass transition temperature was deter-
mined from the differential scanning calorime-

try traces. Polyarylates comprising chro-
mophores with nitro groups as special mono-
mers were studied (Table IV).

The results obtained indicate an influence of
both the number of side chains in the polymer, as
well as the substitution position of the electron-
acceptor group in the side-chain aromatic ring on
the glass transition temperature. The highest Tg
value (214.1°C) was obtained for the o-NO2 poly-
mer (1%) and the lowest (174.3°C) for the p-NO2
polymer (3%). An increase in the number of side
chains (increase in the special monomer concen-
tration) in the polymer causes a weakening of
interactions between the particular polymer
chains and, hence, a decrease in the Tg value. The
elongation of the side chain (group at the para
position) has a similar effect, which also causes a
decrease in the glass transition value. However,
all the results obtained indicate good thermal
properties of the polymers and it seems that these
polymers can be good candidates for NLO appli-
cations.

Optical Studies

The refractive index and absorption coefficient
measurements were carried out for polymers con-
taining chromophores with nitro groups as special
monomers. Transmission measurements were re-
corded using an UV-vis spectrometer, a Perkin–
Elmer Lambda 40, and were performed on poly-
meric films placed on a quartz base.

Table II Limiting Viscosity Number of Polyarylates

Special
Monomer
Content

(%)

Limiting Viscosity Number (100 cm3/g)

o-NO2 m-NO2 p-NO2 o-Cl m-Cl p-Cl p-CN p-Br

1 1.42 0.81 0.32 0.62 0.55 0.79 0.66 0.21
3 0.89 0.49 0.18 0.43 0.35 0.17 0.32 0.63

Table III Tensile Strength of Polyarylate Layers

Special
Monomer
Content

(%)

Tensile Strength (MPa)

o-NO2 m-NO2 p-NO2 o-Cl m-Cl p-Cl p-CN p-Br

1 46.30 41.39 57.89 58.90 68.47 71.09 45.48 55.87
3 56.71 62.80 36.89 63.52 32.39 21.21 54.51 47.36
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Samples from polymers in which organic com-
pounds comprising nitro groups substituted at
various positions of the aromatic ring (ortho,
meta, para) were taken for the measurements.
Polymers with a 1 and 3% content of the special
monomer were studied. In total, six new polymers
were studied.

Diagrams obtained from measurements car-
ried out with the p-NO2 polymer (1%) are pre-
sented in this article. The diagrams for the other
polymers are very similar. Transmission mea-
surement was made within the wavelength range
above 200 nm for a polymer film deposited on
quartz (Fig. 5).

The refractive index and absorption coefficient
diagrams were obtained after appropriate trans-
formations.28 These diagrams showed small val-
ues of the refractive index (Fig. 6).

Figures for various polymers range from 1.48
to 1.64 for wavelengths from 400 to 1000 nm
exhibit an initial decreasing character with an

increase in wavelength and then reach a constant
value. The position of substitution of the charac-
teristic group in the side-chain aromatic ring has
no effect on the refractive index value. An in-
crease in the concentration of the chromophore in
the polymer matrix causes an increase in the
refractive index value. The films obtained show
also low absorption coefficient values (Fig. 7).

The light absorption coefficient values obtained
for all the polymers range from 21 to 40 for wave-
lengths from 400 to 1000 nm. The substitution
position of the characteristic group in the side-
chain aromatic group affects the absorption coef-
ficient value and the lowest results were obtained
for the substitution in the ortho position and the
highest for the meta position. An increase in the
chromophore concentration in the polymer matrix
causes an increase in the refractive index value.

The refractive index n(l) and susceptibility x
for different compositions of polymers with nitro
groups were determined. The values of suscepti-
bility x are from 1.48 3 1029 to 1.64 3 1029 (esu)
for wavelengths from 400 to 1000 nm.

CONCLUSIONS

NLO polymers comprising special monomers
were obtained by simple reactions, which can also
be applied on an industrial scale. Good mechani-
cal, thermal, and optical properties of the com-
pounds obtained were found from the physical–

Table IV Glass Transition Temperature of
Selected Polymers

Special Monomer
Content (%)

Glass Transition
Temperature (°C)

o-NO2 m-NO2 p-NO2

1 214.1 203.3 189.9
3 177.2 175.9 174.3

Figure 5 Transmission spectrum for polyarylate p-NO2 (1%) and quartz.
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chemical studies carried out. All the new poly-
mers dissolve well in chlorinated solvents and
exhibit good film-forming properties.

Polymer solutions exhibit high limiting viscos-
ity number values, from 0.087 to 1.375 (100 cm3

g21). An increase in the concentration of the spe-
cial monomer in the polymer causes most often a
decrease in the polymer molecular weight.

The glass transition temperature values deter-
mined, from 174.3 to 214.1°C, indicate good ther-
mal properties of the new NLO systems. These
polymers should also exhibit good thermal stabil-
ity, since all of them show Tg values above 120°C,

which was the assumption when designing these
polymers.

Tensile-strength studies of polymer films con-
firm their good mechanical strength, similar to
that of a polyarylate not containing chromophores
(58.86 MPa). The tensile strength values obtained
range from 21.2 to 71.1 MPa. The polymer films
obtained on a quartz base show good optical prop-
erties: low refractive index values (1.48–1.64) and
low light absorption coefficient values (21–40
cm21) for the 400–1000-nm wavelength. Thus, it
seems that the polymers obtained are good can-
didates for applications in nonlinear optics.

Figure 6 Refractive index for polyarylate p-NO2 (1%) film deposited on quartz.

Figure 7 Absorption spectrum for polyarylate p-NO2 (1%) film deposited on quartz.
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6. Kamiński, R. Macromol Rep A 1994, 31, 217–223.
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