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ABSTRACT: A series of optically active main-chain poly-
esters were synthesized by high-temperature polycondensa-
tion from biphenolic azo chromophores, (2R,3R)-(+)-diethyl
tartrate and terephthaloyl chloride. The polyesters showed
glass transition temperatures in the range of 100-135°C and
were thermally stable to 350°C. The second harmonic gen-
eration efficiency of the polyesters was studied by the pow-
der method and as thin films with 2-methyl-4-nitroaniline as
a reference. The SHG efficiency of the polymers was com-

pared with that of low molecular weight chromophores. The
polymers with chiral units showed good second harmonic
generation efficiency. The SH signal also showed good tem-
poral stability. © 2003 Wiley Periodicals, Inc. ] Appl Polym Sci 89:
2468-2473, 2003
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INTRODUCTION

Polymeric main-chain systems which exhibit an effi-
cient second-order nonlinear optical property or sec-
ond harmonic generation (SHG) have received consid-
erable attention in the development of photonics-
based technologies. The major advantages of such
systems are their ultrafast response, high mechanical
and dimensional stability, flexibility of chemical struc-
tural modification, etc. For a nonvanishing macro-
scopic response in polymers, the donor-acceptor
m-conjugated segments or chromophores must be in-
corporated into noncentrosymmetric structures such
as poled polymers, LB films, and supramolecular he-
lical organizations. With such an approach, molecular
dipole moments have a net orientation along the polar
axis of the macroscopic sample or the material pos-
sesses a polar order."™*

A promising development in the field of nonlinear
optical polymers is the use of chiral main-chain poly-
mers incorporating donor-acceptor m-conjugated seg-
ments or chromophores. Chiral polymers can provide
a noncentrosymmetric media with a nonvanishing
second-order susceptibility and polar ordering of
chromophores can be achieved through chemical syn-
thesis. The permanent dipole moment of such a struc-
ture is very large due to the coherent addition of
segmental dipole moments.”>'* In this article, we re-
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port the synthesis and characterization of a series of
optically active polyesters and their second harmonic
generation ability, determined by powder and thin-
film methods.

EXPERIMENTAL
Measurements and shg experimental setup

IR spectra were recorded on a Perkin—-Elmer Model
882 IR spectrometer. UV-vis spectra were recorded on
an Schimadzu UV-2100 spectrophotometer. 'H-NMR
spectra were obtained using a JEOL JNM-EX270 spec-
trometer with TMS as the internal standard. DSC mea-
surements were performed on a Perkin-Elmer DSC-7
instrument at a heating rate of 10°C min~". Thermo-
gravimetric analyses were done using a Metler 851
Model SDTA/TGA instrument at a heating rate 10°C
min~'. Optical rotations were measured using an
ELICO Model polarimeter PA-21. Reagent-grade reac-
tants and solvents were used as received. Terephtha-
loyl chloride and diethyl tartrate were obtained from
E. Merck (Darmstadt, Germany). Extremely dry sol-
vents were prepared by adopting standard proce-
dures. Spectroscopic-grade solvents were used for all
measurements.

The experimental setup consists of a Q-switched
Nd:YAG laser (Spectra Physics, 1064 nm, 11 ns, 400 m]J
pulse) and is illuminated to the sample through the
UV-vis cut filter. The second harmonic signal at 532
nm was detected by a photomultiplier tube and dis-
played on a CCD. Measurements were done by both
the thin-film method and the powder method. For
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laser light

film

Figure 1 Film geometry.

powder measurements, the samples were ground and
graded using standard sieves (100-150 um) and
loaded onto a microscopic slide with a sample thick-
ness of 1 mm. 2-Methyl-4-nitroaniline (MNA) sam-
ples, used as standards, were also powdered and
sieved (100-150 wm) after drying under a high vac-
uum. They were also mounted with the same thick-
ness as that of the polymer sample. The laser beam
was directed unfocused onto the sample kept at a 45°
angle to the laser beam; the emission was collected
from the front face of the sample at a 90° angle.

The solutions were filtered through a 0.5-um sy-
ringe filter, spin-coated on a clean glass substrate, and
dried at 100°C in a vacuum for 30 h. The thickness
obtained, measured with a profilometer, was in the
range of 1 um. The film geometry is shown in Figure
1. The SHG intensity was detected by varying 0, which
is changed by rotating the sample with regard to an
axis X in the film plane.

Synthesis of polymers
Synthesis of polyesters (TPE-1 and -5)

Terephthaloyl chloride (3) (1 equiv) was dissolved in
hot dry N,N-dimethylacetamide (DMAc). To this so-
lution was added the chromophore (1a or b) (1 equiv).
A few drops of pyridine were added. The mixture was
heated under stirring for 50 h at 160°C. The product
was precipitated in cold methanol and filtered. The
dark-colored solid obtained was washed with metha-
nol and acetone. After filtration and drying, the prod-
uct was obtained as a brown solid.

TPE-1. UV (DMF): 370 (N==N ), 320 (NO,). IR (KBr,
cm~ 1): 1755 (C=O0 str. ester), 1345, 1535 (N—O
str. NO,). '"H-NMR (DMSO-d): 5.3 (s, methyl-
ene), 8.8-7.3 (m, aromatic). *C-NMR (DMSO-
dg): 172 (ester carbon), 34 (methylene carbon),
120-157 (aromatic ring carbons).

TPE-5. UV-vis (DMF, nm) : 365 (N=N), 329 (NO,).
IR (KBr, cm ™ !): 1758 (C=0 str. ester), 1350, 1538
(N—O str. NO,). 'H-NMR (DMSO-d,): 8.9 (s,
aromatic), 8.5, 8.1, 7.7, 7.8, 7.4 (d, aromatic). *C-
NMR (DMSO-d,): 173 (ester carbon), 120-157
(aromatic ring carbons).

Synthesis of polyesters (TPE-2, -3, -4, -6, -7, and -8)

Terephthaloyl chloride (1 equiv) was dissolved in hot
DMAc. To this solution was added appropriate mol
percentages of the chromophore (1a or b) and diethyl
tartrate (2). A few drops of pyridine were added. The
mixture was heated under stirring for 50 h at 120°C.
The product was precipitated in cold methanol and
filtered. The dark-colored solid obtained was washed
with methanol and acetone. After filtration and dry-
ing, the product was obtained as a brown solid.

The spectral patterns of TP-2, -3, and -4 are similar:

UV-vis (DMF, nm): 365 (N=N), 320 (NO,). IR
(KBr): 3000, 2960, 2900 (C—H str. in tartrate
unit), 1755-1760 (C=O str. in ester formed by
phenolic unit), 1736-1740 (C=0 str. ester group
in diethyl tartrate), 1720-1725 (C=0 str. in ester
formed by tartrate), 1345-1350, 1530-1535
(N—O str. NO,), 1465-1470 (C—H bend of CH,
group), 1380-1385 (C—H bend of CH; group).
TH-NMR (DMSO-d,): 1.2 (t, CH; in tartrate unit)
4.1-4.3 (q, CH, in tartrate unit], 5.1-5.4 (s, CH in
tartrate), 5.7 (s, methylene), 8.8-7.3 (aromatic).
I3C-NMR (DMSO-d,): 174-177 (ester carbon in
tartrate unit), 170-173 (carbon in ester formed by
phenolic unit), 164-167 (carbon in ester formed
by tartrate), 122-160 (aromatic ring carbon
atom), 76-74 (CH), 60-64 (CH,), 14-16 (CHj;),
34-38 (methylene).

The spectral patterns of TPE-6, -7, and -8 are simi-
lar:

UV-vis (DMF, nm): 370 (N==N), 315 (NO,). IR (KBr,
cm ™ 1): 3050, 2970, 2900 (C—H str. in tartrate
unit), 1755-1760 (C=O0O str. in ester formed by
phenolic unit), 1735-1740 (C=0 str. ester group
in diethyl tartrate), 1720-1725 (C=0 str. in ester
formed by tartrate), 1345-1350, 1530-1535
(N—O str. NO,), 1340-1350, 1150-1155 (S—O
str. 50O,), 1465-1470 (C—H bend of CH, group),
1380-1385 (C—H bend of CH; group). "H-NMR
(DMSO-dg): 1.3 (t, CHj; in tartrate unit) 4.1-4.5 (q,
CH, in tartrate unit], 5.0-5.4 (s, CH in tartrate),
8.8 (s, aromatic), 8.5-7.3 (d, aromatic). *C-NMR
(DMSO-dg): 174-177 (ester carbon in tartrate
unit), 170-173 (carbon in ester formed by phe-
nolic unit), 164-167 (carbon in ester formed by
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Scheme 1 Synthesis of polyesters.

tartrate), 118-160 (aromatic ring carbon atom),
76-74 (CH), 60-64 (CH,), 14-16 (CH,).

RESULTS AND DISCUSSION
Polymer synthesis and characterization

The polyesters were synthesized by high-temperature
polycondensation of biphenolic chromophores, bis(4-
hydroxyphenylazo)-2,2’-dinitrodiphenylmethane (1a)
and bis(4-hydroxyphenylazo)-2,2’-dinitrodiphenyl-
sulfone (1b)*>'® with (2R3R)-(+)-diethyl tartrate (2)
and terephthaloyl chloride (3) (see Scheme 1). Polyes-
ters containing tartrate units are optically active. The
optical rotation increased with the increase in the com-
position of diethyl tartrate units (see Table I). All
polyesters except TPE-1 and -5 showed three strong
peaks between 1725 and 1760 cm ™. The peaks corre-
spond to the carbonyl stretching vibration due to three
types of ester bonds. The peaks can be assigned as
1735-1740 cm ™' (due to ester group in tartrate), 1720
1725 cm ™" (due to ester bonds formed by tartrate), and
1755-1760 cm™ (due to ester bonds formed by biphe-

nols). The frequency of C=0 stretching is reduced in
the case of ester bonds formed by tartrate, which is
due to conjugation with the phenyl ring. In the case of
ester bonds formed by phenolic units, the phenyl
group attached to oxygen can reduce the extent of
conjugation. Polyesters TPE-1 and -5, which contain
no diethyl tartrate group, showed only one peak in
this region between 1755 and 1760 cm™' given by
phenolic ester units.

The percentage composition of chiral units and
chromophore units in a terpolymer can be determined
from the IR spectrum in the absorbance mode."" Let
the two units give two different ester carbonyl peaks
atxcm ™' and y cm ™!, respectively. On the basis of the
Beer-Lambert law, it is possible to relate the absor-
bance of carbonyl groups to their concentration in the
polymer as (by neglecting the effect of chemical sur-
roundings)

-1
AC:O (x cm ) (e Cchiral unit

-1
AC=O (]/ cm ) o Cchromophore



STUDIES ON SECOND HARMONIC GENERATION EFFICIENCY

2471

TABLE 1
Composition and Properties of Polyesters
Target Measured
TPE composition® composition® [a]Zc ng (°C) IDTe (°C)
1 100:0 100:0 0 135 340
2 75:25 80:20 —-11.3 128 325
3 50:50 56 : 44 —155 117 317
4 25:75 23:77 —23.0 110 310
5 0:100 0:100 —30.0 80 260
6 100:0 100:0 0 129 367
7 75:25 78:22 —12.1 123 358
8 50:50 57 :43 —16.2 114 350
9 25:75 24:76 —22.7 105 341

@ Feed composition (chromophore:diethyl tartrate).
° From IR spectrum (chromophore:diethyl tartrate).

¢ Concentration 1 g L™
4 From DSC.

¢ Temperature at which decomposition starts (from TG plot).

Percentage composition of chiral unit

Ac—o(x cm™)

" Acolrem ) + Aco (yem )

Percentage composition of chromophore unit

_ Ac—o (yem™)
Acolxem™) + Ac_o(y cm™)

The ratio of chromophore and chiral units in the
polymer can be determined from the area of the ab-
sorbance of peaks corresponding to the carbonyl vi-
bration at 1755-1760 cm ™' and 1720-1725 cm™". The
ratio of chromophore and diethyl tartrate in the feed
and the measured, from IR spectra, are given in Table L

The 'H-NMR spectrum of chiral polyesters showed
peaks between 4.1 and 4.5 (quartet, CH,), 1.4-1.2 (trip-
let, CHj), and 5-4.9 (singlet, CH) given by the tartrate
groups in the chain. The absence of peaks correspond-
ing to OH and COOH protons can be taken as an
indication of high molecular weight. The '*C-NMR
spectrum of TPE-1 and -5 showed only one peak
above 160 ppm at 170-173 due to the ester carbonyl
carbon atom since the polymer contains only one type
of ester bonds formed by phenolic units. In the case of
polyesters incorporating diethyl tartrate units, two
more signals were observed in this region. The signals
between 174 and 177 ppm were due to the ester bond
in diethyl tartrate. The other between 164 and 167 was
due to the ester bond formed by diethyl tartrate. The
polyesters incorporating chiral units showed signals at
74, 61, and 14 ppm due to CH, CH,, and CHj; groups.

The DSC plots showed that the polymers possess a
relatively high glass transition temperature range
from 105 to135°C. The TG analysis showed that the
initial decomposition temperature (IDT) of the poly-
mers varied from 260 to 367°C. Therefore, the polyes-
ters are stable to these temperatures. As the relaxation

of long-range order in polymers is related to segmen-
tal motion, the high glass transition temperature and
the thermal stability of a polymer can give a sufficient
temperature window for NLO measurements even at
elevated temperature.'>'* The T, values and the IDT
values are given in Table 1.

Shg studies
Powder method

The second harmonic generation efficiency was mea-
sured in comparison with that of 1-methyl-2-nitroani-
line (MNA). The laser beam (1064 nm) was directed
unfocused onto the sample kept at a 45° angle to the
laser beam; the emission (532 nm, green light) was
collected from the front face of the sample at a 90°
angle. The intensity of green light emitted by MNA
was taken as 1. The intensity of the green light emitted
by all polymers was compared with that of MNA at
the same angle. This gives the SHG efficiency of the
polymer. The results are given in Table II. Some chiral
polymers showed better activity when compared to
MNA. The role of supramolecular organization of the
polymer matrix in the orientation correlation of the

TABLE II
SHG Activity of Polyesters by Powder Method
TPE SHG efficiency E
1 0.38 1.5
2 0.85 34
3 1.31 52
4 1.20 42
5 0.42 1.9
6 0.92 42
7 1.29 59
8 1.17 54

Film thickness is 1.0 um.
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NLO chromophores was demonstrated by comparing
the B values of the polymer and the chromophore,
respectively.'® For this, the SHG activity of the chro-
mophores and that of polymers obtained by the pow-
der method were compared. The ratio E defined as

SHG activity of polymer

~ SHG activity of chromophore

gives the enhancement in SHG activity when the chro-
mophores are polymerized with chiral compounds to
form optically active polymers. SHG efficiency of
chromophores 1a and 1b are 0.25 and 0.22, respec-
tively, by the powder method. The hyperpolarizabili-
ties of the polyesters were found to be much larger
than those of the respective chromophores. The four to
six times enhancement in SHG activity is noticeable
even when the strong —OH donor in the chro-
mophore is converted to a weak ester donor group in
the polymer. This finding indicates that the chro-
mophores are organized in a noncentrosymmetric en-
vironment when they are incorporated in to a main-
chain chiral polymer.

As thin films

In this method, the SHG efficiency of the polymers
was also determined by taking MNA as the standard.
A laser beam of wavelength 1064 nm was passed
through the film. The intensity of the green light (532
nm) was measured at 6 = 45° (0 as given in Fig. 1).
This intensity was given a value of 1. The intensity of
the green light emitted by all the polymer films at
different angles was compared with that of MNA. This
gives the SHG efficiency of the polymer at different
angles.

The SHG efficency of the polyesters was measured
at different values of angle 6 (Table III). All polyesters
were SH inactive at # = 0°. The achiral polyesters,
TPE-1 and -5, which contain no chiral units, showed
no second harmonic generation even at other angles.
This is due to the absence of polar order along the

TABLE III
SHG Activity of Polyesters in Thin Films

SHG activity

Polyesters 6=0° 6 = 45° 6 = 60°

1 0 0 0

2 0 1.00 1.25
3 0 1.45 1.70
4 0 1.20 1.35
5 0 0 0

6 0 1.10 1.30
7 0 1.60 1.80
8 0 1.25 1.40

Film thickness is 1.0 um.
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Figure 2 Variation of SHG intensity with time at 100°C.

plane of the thin film. As the composition of the chiral
monomer in the polyesters increased, they became
SHG active. The value was found highest for TPE-3
and -7 at values of all angle of incidence. For TPE-4
and -8, the values of SHG efficency were less than
those of TPE-3 and -7 even though they had a high
chiral monomer concentration. This lowering may be
due to the low chromophore density along the poly-
mer axis. The SHG efficiency of chiral polyesters in-
creased with an increase in 6. This increase showed
that the film of chiral polyesters has a polar order
along the plane of the film. A macroscopically isotro-
pic medium, that is, no polar order, containing micro-
scopic chiral molecules can show a second-order NLO
property, but only sum and difference frequency gen-
erations. The permutation symmetry of the nonlinear
susceptibility tensors forbids second harmonic gener-
ation in such materials.” Since the thin films of the
polyesters showed second harmonic generation, there
is a polar order in these films.

In the above systems as the concentration of the
chiral units increased, the SHG activity increased only
to 50%. Above this composition, even though the
chiral order increases, the SHG activity decreased due
to the decrease in chromophore density. Thus, in the
present systems, polymers containing chiral units and
chromophore in the ratio 50:50 optimizes the condi-
tions of chiral order and chromophore density. Since
we lack experimental facilities to study the detailed
conformational behavior of the polymers, we are un-
able to explain the influence of diethyl tartrate units in
the polymer conformation. The chance for the exis-
tence of a long-range helical order in such terpolymer
systems is rare since the arrangement of chiral units
and chromophore is highly random.

The thermal stability of the SHG signal of the film
was studied by monitoring the intensity of I, at 100°C
for 25 h. The SH intensity was reduced only to 85% of
the initial intensity (Fig. 2). Thus, the SHG in the thin
films of chiral polymers also possesses a high tempo-
ral stability and indicates the thermal stability of the
dipole orientation in the polymer.
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CONCLUSIONS

A series of chiral polyesters containing donor-accep-
tor substituted w-conjugated segments in the main
chain were synthesized with a view to find that they
act as a potential noncentrosymmetric medium for
second harmonic generation. The polyesters contain-
ing chiral units showed an enhanced SHG activity
compared to that of others. The SHG activity of the
chromophores was increased by four to six times
when incorporated into the polymer. This shows that
chromophore segments are in a noncentrosymmetric
supramolecular organization and each segment con-
tributes coherently to the hyperpolarizability of the
polymer. The variation of SHG efficiency with the
angle of incidence showed that there exists a polar
order along the axis of the film. The temporal stability
shows that the chiral organization and, hence, the
dipole orientation are stable in these systems. The high
T, value of the polymers also supports the thermal
stability of the orientation. Thus, chiral polymers in-
corporating donor—acceptor substituted m-conjugated
segments can offer themselves as promising materials
in the field of nonlinear optics.

2473

References
1. Burland, D. M.; Miller, R. D.; Walsh C. W. Chem Rev 1994, 31,
94,
2. Marks, T. J.; Ratner, M. A. Angew Chem Int Edit 1995, 34, 155.
3. Nalwa, H. S.; Miyata, S. Nonlinear Optics of Organic Molecules
and Polymers; CRC: New York, 1997.
4. Prasad, P. N.; Williams D. Nonlinear Optical Effects in Mole-
cules and Polymers; Wiley: New York, 1991.
5. Pu, L. Macromol Rapid Comm 2000, 21, 795.
6. Bahulayan, D.; Sreekumar, K. ] Mater Chem 1999, 9, 1425.
7. Samyn, C.; Verbiest, T.; Persoons A. Macromol Rapid Comm
2000, 21, 1.
8. Verbiest, T.; Elschoult, S. V.; Persoons, A.; Nuckolls, C.; Philips,
K. E,; Kartz T. J., Langmuir 2001, 17, 4685.
9. Kauranen, M.; Verbiest, T.; Persoons, A. ] Nonlinear Opt Phys
1999, 8, 171.
10. Philip, B.; Sreekumar, K. Polym Int 2001, 50, 1318.
11. Rainaldi, I; Cristallini, C.; Ciardelli, G.; Guisti, P. Polym Int
2000, 49, 63.
12. Cowie, J. M. J. Polymers: Chemistry and Physics of Modern
Materials; Chapman and Hall: New York, 1991.
13. Heldmann, C.; Warner, M. Macromolecules 1998, 31, 3519.
14. Philip, B.; Sreekumar, K. ] Polym Mater 2001, 18, 365.
15. Kauranen, M.; Verbiest, T.; Boutton, C.; Teerenstra, M. N.; Clays,

K.; Schouten, A.]J.; Nolte, R. J. M.; Persoons, A. Science 1995, 270,
966.



