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ABSTRACT: Combined-type thermotropic liquid crystalline (LC) homo- and copolyisophthalates having nitro-

and methoxyazobenzene units and three aliphatic spacers (hexamethylene, octamethylene and decamethylene) in the

side chain and biphenyl unit in the main chain were prepared by melt polycondensation and relationships between poly-

mer structures and LC and optical properties were discussed. Differential scanning calorimetry (DSC) measurements,

optical texture observations using polarizing microscopy and powder X-Ray analyses indicated that the homopoly-

isophtalates with the nitroazobenzene unit form highly ordered smectic E phase and the other homo- and copolymers

show less ordered smectic B or smectic C phase. The temperature ranges of smectic LC phases in the polymers de-

creased with increasing the methoxyazobenzene content. In these polymers, specific interaction such as electron do-

nor–acceptor interaction between the nitro- and the methoxyazobenzene units plays no role in the formation and the

stabilization of smectic LC phases. All the polymers displayed UV–vis absorption peak maxima on the basis of the

azobenzenes or the biphenyl in solutions and in films, but no fluorescent properties were found, probably due to intra-

and intermolecular quenching. [DOI 10.1295/polymj.36.607]
KEY WORDS Combined-type Polyisophthalate / Melt Polycondensation / Liquid Crystalline

Property / Optical Property / Azobenzene / Biphenyl / Differential Scanning Calorimetry / Smectic
Phase /

It is well known that there are three types of poly-
mers in thermotropic liquid crystalline (LC) polymers:
(1) main-chain polymers, (2) side-chain polymers and
(3) combined-type polymers.1 The combined-type
polymers, which have calamitic mesogens such as bi-
phenyl, diphenyls and azobenzenes both in the side
and the main chains, tend to have broader LC temper-
ature ranges of mesophases than the parent main-chain
and side-chain polymers and to show nematic phase to-
gether with smectic phases owing to the synergy effect
of mesogens in the side and the main chains.2 Re-
searches on the combined-type LC polymers are still
not adequate,3 although a number of literatures on
chemical and physical properties of main-chain and
side-chain LC polymers have been reported.4,5

On the other hand, side-chain azobenzene-contain-
ing polymers have attracted much attention because
of potentials as polymers for photonics applica-
tions7–16 in addition to LC properties.4,17 The azoben-
zene derivatives have been known for displaying no
photoluminescence (PL), but it has been found that
the azobenzene derivatives18 and poly(p-phenylenevi-
nylene)s (PPV)19 having side-chain methoxyazoben-
zene unit emit PL light, having very low quantum
yields.18 Our previous paper20 has described that novel
combined-type semi-rigid homopolyisophthalates

having biphenyl or 2,5-diphenyl-1,3,4-thiadiazole
(DTD) unit in the main chains and azobenzene moie-
ties in the side chains are synthesized by melt poly-
condensation and that most of them form stable smec-
tic LC (B, C and E) phases without showing nematic
phase in spite of the presence of different mesogens
both in the side and the main chains, although unfortu-
nately the polymers show no PL emission. Combined-
type polymalonates having the main-chain biphenyl
and the side-chain methoxyazobenzene units have
been reported to form higher ordered smectic phases
in addition to smectic A and C phases.2,21 Kodaira
et al. disclosed that copolymalonates with the side-
chain nitroazobenzene and methoxybiphenyl units
have wider temperature ranges of nematic phase than
the homopolymalonates, where electron donor–ac-
ceptor interaction between the mesogens with elec-
tron-donating and electron-withdrawing groups acts
an important role.22 In addition, copolymers contain-
ing monomer units with specific interaction such the
electron donor–acceptor interaction have been found
to form smectic mesophases.23,24

The purpose of this work is to examine the LC and
optical properties of combined-type homo- and co-
polyisophthalates 5a–g, (m ¼ 6), 6a–g (m ¼ 8) and
7a–g (m ¼ 10) constituted of aliphatic chains with
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different lengths and the above-mentioned main-chain
biphenyl unit and two side-chain azobenzene (nitro
and methoxy) moieties, which were prepared using
six diethyl isophthalates 3 of azobenzenes as mono-
mers, in order to disclose relationships between poly-
mer structures and LC and optical properties in com-
bined-type polyesters having different mesogens both
in the side and the main chains in more detail. It is ex-
pected that these combined-type homo- and copoly-
isophthalates 5b–f, 6a–g and 7b–f exhibit interesting
properties and wider temperature ranges of LC (smec-
tic) phases compared with our above-described homo-
polyisophthalates 5a, 5g, 7a and 7g with the main-
chain biphenyl or DTD unit and the side-chain azo-
benzenes,20 because they bear both the electron-with-
drawing nitroazobenzene and the electron-donating
methoxyazobenzene units spaced by aliphatic chains
(Schemes 1 and 2).

EXPERIMENTAL

Characterization
1H NMR spectra were obtained on a LEOL LMN

EX270 spectrometer in deuteriated chloroform
(CDCl3). FT IR spectra were recorded with a Jasco
FT/IR 5300 spectrometer by KBr disk method. Ultra-
violet–visible (UV–vis) and PL spectra were meas-
ured on a Jasco V-560 UV/VIS spectrometer or
Shimadzu UV–vis 3100 spectrophotometer and on a
Hitachi 850 fluorescence spectrometer, respectively.

Differential scanning calorimetry (DSC) measure-
ments were performed on a Shimadzu DSC 60 calo-
rimeter at a heating and a cooling rate of 10 �C/min
in nitrogen. Optical textures were observed with a Ni-
kon polarizing microscope equipped with a hot plate
(magnification: �200). X-Ray analyses of polymers
quenched from the LC states were carried out using
a Rigaku Denki RINT 2200 generator with CuK� irra-
diation. Number average molecular weights (Mn) and
molecular-weight distributions were estimated by size
exclusion chromatography (SEC) with a Jasco 830-RI
refractometer and a column combination (K-803/K-
804) (Shodex), using polystyrene standards in chloro-
form as an eluent.

Materials
Acetone was purified by distillation after dryness.

Commercially available potassium carbonate and zinc
acetate were used as received. Diethyl 5-hydroxy-
isophthalate7 1, 11,110-(4,40-biphenylenedioxy)diunde-
canol25 4, 1-nitro-4-[4-(6-bromohexyloxy)phenylazo]-
benzene26 2a-6, 1-nitro-4-[4-(8-bromooctyloxy)phen-
ylazo]benzene27 2a-8, 1-nitro-4-[4-(10-bromodecyloxy)-
phenylazo]benzene26 2a-10, 1-methoxy-4-[4-(6-bromo-
hexyloxy)phenylazo]benzene27 2b-6, 1-methoxy-4-[4-(8-
bromooctyloxy)phenylazo]benzene26 2b-8 and 1-me-
thoxy-4-[4-(10-bromodecyloxy)phenylazo]benzene28

2b-10 were prepared according to the literatures.
Diethyl 5-{6-[4-(4-nitrophenylazo)phenoxy]hexyloxy}-
isophthalate 3a-6, Diethyl 5-{10-[4-(4-nitrophenylazo)-

Scheme 1. Synthesis of monomers 3.
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phenoxy]decyloxy}isophthalate 3a-10, Diethyl 5-{6-
[4-(4-methoxyphenylazo)phenoxy]hexyloxy}isophthal-
ate 3b-6 and Diethyl 5-{10-[4-(4-methoxyphenyl-
azo)phenoxy]decyloxy}isophthalate 3b-10 were syn-
thesized by our previously-reported procedures.20

Monomer Syntheses
Diethyl 5-{8-[4-(4-Nitrophenylazo)phenoxy]octyl-

oxy}isophthalate (3a-8). Isophthalate compound 1
(5mmol, 1.19 g) and bromooctyloxyazobenzene de-
rivative 2a-8 (5mmol, 2.17 g) were refluxed in ace-
tone (20mL) in the presence of potassium carbonate
(7.5mmol, 1.04 g) under nitrogen. After reaction for
one day, the mixture was cooled and poured into wa-
ter to precipitate the azobenzene compound 3a-8. The
precipitate was filtered off and washed thoroughly
with water. Then the product 3a-8 was recrystallized
from acetone three times and dried at 60 �C for 12 h
under vacuum. Yield: 72%. m.p.: 113–115 �C.
(C32H37N3O8) (591.7) Calcd. C 64.96, H 6.30, N

7.10%; Found C 64.93, H 6.24, N 6.98%.
1H NMR (CDCl3): � 8.35 (2H, d), 8.26 (1H, s), 7.97

(4H, q), 7.74 (2H, s), 7.04 (2H, d), 4.40 (4H, q), 4.06
(4H, m), 1.84 (4H, m), 1.57 (6H, m), 1.41 ppm (8H,
m).
FT IR (KBr): 2945, 2875 (CH stretching), 1718,

1715 (ester C=O), 1600, 1578, 1498 (N=N or aro-
matic C=C), 1520, 1340 (NO2), 1236 cm

�1 (C–O–C).
Diethyl 5-{8-[4-(4-Methoxyphenylazo)phenoxy]oc-

tyloxy}isophthalate (3b-8). The compound 3b-8
was prepared from bromooctyloxyazobenzene deriva-
tive 2b-8 (5mmol, 2.10 g) and isophthalate 1 (5mmol,
1.19 g) in acetone (20mL) in nitrogen by the same

method to that for the nitroazobenzene derivative
3a-8 and recrystallized from acetone three times.
Yield: 79%. m.p.: 114–115 �C.
(C33H40N2O7) (576.7) Calcd. C 68.78, H 6.99, N

4.86%; Found C 68.82, H 7.00, N 4.85%.
1H NMR (CDCl3): � 8.26 (1H, s), 7.87 (4H, q), 7.74

(2H, s), 7.01 (4H, m), 4.40 (4H, q), 4.04 (4H, m), 3.89
(3H, s), 1.83 (4H, t), 1.57 (6H, t), 1.41 ppm (8H, m).
FT IR (KBr): 2940, 2855 (CH stretching), 1726

(ester C=O), 1603, 1580 (N=N or aromatic C=C),
1501, 1233 cm�1 (C–O–C).

Synthesis of Polymers 5a–g, 6a–g and 7a–g
Typical synthetic procedure for copolyester 5e was

described. A mixture of isophthalate 3a-6 (0.2mmol,
0.113 g) and 3b-6 (0.3mmol, 0.110 g) taken in a def-
inite feed mole ratio and monomer 4 (0.5mmol,
0.263 g) was stirred at 180–190 �C for 2 h in the pres-
ence of zinc acetate (5mg) as a catalyst in nitrogen at-
mosphere. The reaction temperature was raised at
200–210 �C during 30min and then the reaction mix-
ture was reacted at 200–210 �C for 30min at 16 Torr.
Finally the system was reacted at the same tempera-
ture for 1.5 h below 1Torr. After the completion of
polymerization, the resulting solid was dissolved in
chloroform and the solution was poured into methanol
to reprecipitate the polymer 5e. The precipitated prod-
uct was filtered off, washed thoroughly with water and
refluxing methanol three times and dried at 60 �C for
1 d at a reduced pressure. Yield: 83%.

Scheme 2. Synthesis of polymers 5a–g, 6a–g and 7a–g.
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RESULTS AND DISCUSSION

Polymer Syntheses
Polyisophthalates 5b–f, 6a–g and 7b–f except for

homopolyisophthalates 5a, 5g, 7a and 7g reported
in our previous paper were prepared from a mixture
of isophthalate monomers 3a-6, 3a-8, 3a-10, 3b-6,
3b-8 and 3b-10 of azobenzenes and dioxydiundeca-
nol 4 of biphenyl taken in various feed mole ratios
in the presence of zinc acetate by melt polycondensa-
tion according to our published procedure.20 The syn-
thetic results are listed in Tables I–III, which show
that number average molecular weights (Mn) and mo-
lecular weight distributions (Mw=Mn) of the polymers

are 11400–20300 and 2.15–5.02, respectively. The
polymers, which were yellow-to-orange solids ob-
tained in yields of 70–86%, were soluble in common
organic solvents like chloroform and dichloroacetic
acid (DCAA) at room temperature and flexible films
were able to be cast from the chloroform solutions.
The assigned structures of polymers were character-
ized by 1H NMR and FT IR spectra, and elemental
analyses. The 1H NMR and FT IR spectra of poly-
mers 5b–f, 6a–g and 7b–f were similar to those of
our previously-reported polyesters20 and suggest that
the desired polyisophthalates are successfully ob-
tained. Typical 1H NMR spectrum of copolyester 6e
in CDCl3 is shown in Figure 1, where proton signals
for benzene rings at 6.91–8.37 ppm, –OCH2– at

Table I. Synthetic results for polyesters 5a–g

Polym. x:y
Yield

Mn
a Mw=Mn

a Elem. Form. Elem. Anal. (%)

(%) (Mol. Weight) C H N

5ab 1:0:0 82 17100 3.60 (C60H75N30O10)n Calc. 72.19 7.57 4.21

(998.3)n Found 72.01 7.56 4.12

5b 0:8:0:2 78 17200 3.49 (C60:2H75:6N2:8O9:8)n Calc. 72.65 7.66 3.98

(995.3)n Found 72.89 7.80 3.88

5c 0:6:0:4 83 13300 2.22 (C60:4H76:2N2:6O9:6)n Calc. 73.11 7.74 3.67

(992.3)n Found 73.36 7.95 3.61

5d 0:5:0:5 87 20300 3.42 (C60:5H76:5N2:5O9:5)n Calc. 73.34 7.78 3.53

(990.8)n Found 73.35 7.78 3.48

5e 0:4:0:6 83 17100 2.66 (C60:6H76:8N2:4O9:4)n Calc. 73.57 7.83 3.40

(989.3)n Found 73.58 7.78 3.32

5f 0:2:0:8 71 11400 2.15 (C60:8H77:4N2:2O9:2)n Calc. 74.04 7.98 3.12

(996.3)n Found 74.12 7.92 3.29

5gb 0:1:0 86 21600 2.10 (C61H78N2O9)n Calc. 74.51 8.00 2.85

(983.3)n Found 74.37 7.97 2.84

aMn: Number-average molecular weights, Mw=Mn: molecular-weight distributions. Measured in chloroform

using as a standard at room temperature. bOur previously-reported data.20

Table II. Synthetic results for polyesters 6a–g

Polym. x:y
Yield

Mn
a Mw=Mn

a Elem. Form. Elem. Anal. (%)

(%) (Mol. Weight) C H N

6a 1:0:0 80 14300 3.93 (C62H79N3O10)n Calc. 72.56 7.76 4.09

(1026.3)n Found 72.37 7.64 3.84

6b 0:8:0:2 70 14100 4.40 (C62:2H79:6N2:8O9:8)n Calc. 73.01 7.84 3.83

(1023.3)n Found 72.71 7.72 3.80

6c 0:6:0:4 76 15000 3.33 (C64:8H80:2N2:6O9:6)n Calc. 74.18 7.71 3.47

(1049.2)n Found 73.23 7.80 3.57

6d 0:5:0:5 79 16800 3.67 (C62:5H80:5N2:5O9:5)n Calc. 73.68 7.96 3.44

(1018.8)n Found 73.23 7.82 3.44

6e 0:4:0:6 71 16700 3.35 (C64:2H80:8N2:4O9:4)n Calc. 74.39 7.86 3.24

(1036.6)n Found 74.03 7.87 3.04

6f 0:2:0:8 76 17900 3.01 (C63:8H81:4N2:2O9:2)n Calc. 74.60 8.01 3.01

(1024.0)n Found 74.32 7.96 3.06

6g 0:1:0 73 17800 2.41 (C63H82N2O9)n Calc. 74.82 8.17 2.77

(1011.4)n Found 74.68 8.06 2.53

aMn: Number-average molecular weights, Mw=Mn: molecular-weight distributions. Measured in chloroform

using polystyrene as a standard at room temperature.
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3.96 ppm, –C(O)OCH2– at 4.32 ppm, –OCH3 at
3.87 ppm and –(CH2)m– chains at 1.31–1.77 ppm were
observed. In the FT IR spectra, characteristic absorp-
tion bands based on azobenzene unit near 1600 cm�1

and ester linkage at around 1722 cm�1 were recog-
nized together with those of CH stretching at 2852–
2927 cm�1, C–O–C linkage at 1238–1242 cm�1 and
nitro group at 1523 and 1340 cm�1. The elemental
analysis data for expected polymers are in very good
agreement with the calculated ones. These data con-
firm the production of polyesters 5b–f, 6a–g and
7b–f.

Mesomorphic Properties
Our previously-reported paper20 described that

combined-type homopolyisophthalates 5a, 5g, 7a
and 7g having the side-chain nitro- or methoxyazo-
benzene unit form smectic B, C or E phase in spite
of the presence of different mesogenic moieties both
in the main chain and in the side chain. It has been
reported that multiple-step process from smectic to
isotropic transitions occurs in combined-type poly-
malonates having the methoxyazobenzene unit by
Ringsdorf et al.2,21 In very recent years, polyketones
bearing side-chain azobenzene unit were disclosed to

Table III. Synthetic results for polyesters 7a–g

Polym. x:y
Yield

Mn
a Mw=Mn

a Elem. Form. Elem. Anal. (%)

(%) (Mol. Weight) C H N

7ab 1:0:0 79 18100 3.70 (C64H83N3O10)n Calc. 72.91 7.93 3.99

(1054.4)n Found 73.03 8.05 4.06

7b 0:8:0:2 86 14100 5.02 (C64:2H83:6N2:8O9:8)n Calc. 73.38 8.02 3.73

(1050.8)n Found 72.72 7.63 3.28

7c 0:6:0:4 76 17100 3.24 (C64:4H84:2N2:6O9:6)n Calc. 73.78 8.10 3.47

(1048.4)n Found 73.01 7.86 3.07

7d 0:5:0:5 77 19000 2.92 (C64:5H84:5N2:5O9:5)n Calc. 74.00 8.14 3.34

(1046.9)n Found 74.21 8.21 3.38

7e 0:4:0:6 75 16400 3.29 (C64:6H84:8N2:4O9:4)n Calc. 74.16 8.18 3.22

(1045.4)n Found 73.15 7.95 2.99

7f 0:2:0:8 79 17900 3.13 (C64:8H85:4N2:2O9:2)n Calc. 74.67 8.26 2.96

(1039.4)n Found 73.90 8.05 2.59

7gb 0:1:0 75 16000 2.11 (C65H86N2O9)n Calc. 75.11 8.34 2.70

(1039.4)n Found 74.52 8.27 2.74

aMn: Number-average molecular weights, Mw=Mn: molecular-weight distributions. Measured in chloroform

using polystyrene as a standard at room temperature. bOur previously-reported data.20

Figure 1. 1H NMR spectrum of copolyester 6e in CDCl3.
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form smectic LC phase.29 In this way, many side-
chain or combined-type polymers having the azoben-
zene moieties exhibit smectic phases.
In this work, thermotropic LC properties of homo-

and copolyisophthalates 5b–f, 6a–g and 7b–f were ex-
amined by means of DSC measurements, optical tex-
ture observations by using a polarizing microscope
and powder X-Ray diffraction in order to disclose re-
lationship between polymer structure and smectic LC
property in combined-type polyisophthalates in more
detail. It is of interest how coexistence of side-chain
electron-withdrawing (nitro) and electron-donating
(methoxy) groups and aliphatic spacers with different
chain lengths (m ¼ 6, 8 and 10) in the polymer chains
affect formation of smectic ordered phases.
Phase Transition Behaviors and LC Textures. In

the DSC curves of homo- and copolyisophthalates
5a–g, 6a–g and 7a–g on the first and the second heat-
ing runs, two or three endothermal peaks based on sol-
id-to-solid (Tk) at 61 �C (5g), 68 �C (6b) and 91 �C
(7g), solid-to-LC phase (Tm) at 68–108 �C (5a–g),
77–128 �C (6a–g) and 74–93 �C (7a–g) and LC
phase-to-isotropization (Ti) at 131–143 �C (5a–g),
134–141 �C (6a–g) and 133–141 �C (7a–g) together
with glass transition (Tg) steps at 40–43 �C (5a–g),
41–60 �C (6a–g) and 47–54 �C (7a–g) were observed
in most of the polymers. The transition enthalpies
(�Hm and �Hi) were 0.14–21.3 J g�1 and 13.4–
22.5 J g�1, respectively. On the first cooling scans,
the corresponding two exothermal peaks on the basis
of Ti and LC phase-to-solid (Tc) transitions were de-
tectable.
Typical DSC curves for homo- and copolyesters

7a–g are shown in Figure 2. The phase transition data
of polymers 5a–g, 6a–g and 7a–g on the second heat-
ing runs are listed in Table IV together with the data
reported in our previous paper,20 which reveals that
the phase transition temperatures (Tm and Ti) of co-
polymers 5b–f, 6b–f and 7b–f change linearly with
the copolymer composition independent of the ali-
phatic chain lengths in the side chains. The homopoly-
mers having electron-withdrawing group 5a, 6a and
7a have wider LC temperature ranges (�T) than those
for electron-donating group 5g, 6g and 7g. The Tms
tend to increase with increasing the methoxyazoben-
zene content, and the Tis and the �Ts decrease re-
versely. Relationship between copolymer composition
and phase tansition temperature in homo- and copoly-
mers 7a–g with the side-chain decamethylene spacer
are presented in Figure 3. The polarizing microscope
observations showed that all the polymers form enan-
tiotropic thermotropic fine texture between Tm (Tc)
and Ti on heating and cooling. Figure 4 shows a polar-
izing microphotograph of polymer 7e at 130 �C on
cooling.

X-Ray Analyses. The powder X-Ray diffraction
patterns and the data of X-Ray reflections at middle
and wide angles (Table V) of polymers 5a–g, 6a–g
and 7a–g quenched from the LC states indicate that
the homo- and copolyisophthalates 5a–g, 6a–g and
7a–g form thermotropic LC smectic (B, C or E) phase,
in which the first and the second order sharp reflec-
tions at middle angles (5a–g: 2� ¼ 2:52{2:80� and
5.12–5.68�, 6a–g: 2� ¼ 2:40{2:69� and 4.90–5.40�,
7a–g: 2� ¼ 2:30{2:52� and 4.72–5.15�) and sharp or
broad reflections at wide angles (5a–g: 2� ¼
20:3{28:2�, 6a–g: 2� ¼ 20:2{24:5�; 7a–g: 2� ¼
20:2{22:2�) are found. The X-Ray diffraction patterns
of polymers 6a–g are shown in Figure 5. The homo-
polymer 6g shows broad reflection at around
2� ¼ 15{30� and two sharp (the first (2� ¼ 2:66�)
and the second (2� ¼ 5:16�)) reflections at middle an-
gles, which is similar to that of previously-reported
polymer 5g forming smectic C phase. In the homo-
polymer 6a, three sharp reflections were recognized
at 2� ¼ 20:2{24:5� together with the sharp reflections
at middle angles (2� ¼ 2:42 and 4.90�). This X-Ray

Figure 2. DSC curves of homo- and copolyesters 7a–g on the

second heating runs.
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diffraction pattern is generally considered to be due to
the smectic E phase as observed in homopolymers 5a
and 7a.
In the copolymers 5b–f, 6b–f and 7b–f, all the co-

polyesters show the X-Ray diffraction patterns for
smectic B phase, independent of the copolymer com-
position and the chain length of aliphatic spacer in the
side chain, as well as the homopolyisophthalate 7g,
where one or two sharp reflections at middle angles
(2� ¼ 2:30{2:67� and 4.72–5.51�) and sharp reflec-

Table IV. Phase transition data of polyesters 5a–g, 6a–g and 7a–g for DSC curves on the second heating runsa

Polym.
Tg
(�C)

Tk
(�C)

Tm
(�C)

�Hm

(J/g)
Ti
(�C)

�Hi

(J/g)
�T

(�C)
LC phase

5ab 68 3.29 143 17.9 75 Smectic E

5b 40 69 0.14 143 18.0 74 Smectic B

5c 40 72 0.49 141 19.8 69 Smectic B

5d 43 70 0.46 140 17.4 70 Smectic B

5e 43 73 0.35 140 18.0 67 Smectic B

5f 40 98 6.68 131 14.6 33 Smectic B

5gb 61 108 21.3 133 14.9 25 Smectic C

6a 77 3.60 141 17.4 64 Smectic E

6b 68 81 0.94 140 18.1 59 Smectic B

6c 41 84 0.91 140 17.6 56 Smectic B

6d 43 85 1.72 140 17.7 55 Smectic B

6e 50 86 1.51 139 22.5 53 Smectic B

6f 51 107c 123 7.64 137 13.4 14 Smectic B

6g 60 128 8.39 134 8.33 6 Smectic C

7ab 74 3.11 141 20.1 67 Smectic E

7b 47 87 1.20 140 18.6 53 Smectic B

7c 47 92 1.91 140 18.2 48 Smectic B

7d 49 91 2.66 140 20.1 49 Smectic B

7e 54 93 2.89 139 21.3 46 Smectic B

7f 54 91 4.36 135 18.2 44 Smectic B

7gb 53 91 101 1:0> 133 18.3 32 Smectic B

aTg: Glass transition temperature, Tk: solid-to-solid transition temperature, Tm: solid-to-smectic phase

transition temperature, Ti: smectic phase-to-isotropization transition temperature, �T ¼ Ti � Tm: temper-

ature range of smectic phase, �Hm: transition enthalpy for Tm, �Hi: transition enthalpy for Ti.
bOur pre-

viously-reported data.20 cCold crystallization.

Figure 3. Relationship between copolymer composition and

phase tansition temperature in polyesters 7a–g.

Figure 4. Polarizing microphtograph of copolyester 7e at

130 �C on cooling (magnification: �200).
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tions at 2� ¼ 20:5{21:4� were recognized. The nitro
group-rich polymers tend to have longer d-spacing
values than those of the methoxy group-rich polymers,
whose values decrease with increasing the methoxy-
azobenzene content in the copolymers. The polymers
7a–g having longer aliphatic spacers in the side chain
possess higher d-spacing values than the correspond-
ing ones 5a–g and 6a–g with shorter chains. These da-
ta suggest that all the combined-type homo- and co-
polyesters 5a–g, 6a–g and 7a–g in this work form
smectic phase (smectic B, C or E) in spite of the pres-
ence of different mesogens both in the main chain and
in the side chain.
The homopolymers 5a, 6a and 7a with electron-

withdrawing (nitro) group have a tendency to form
highly ordered smectic phase (smectic E), probably
due to stronger intermolecular interaction between
the side-chain nitroazobenzene, and the 1,3-phenylene
and the biphenyl rings in the main chain and the
homopolymers 5g, 6g and 7g with electron-donating
(methoxy) group form smectic C or B phase, because
of weaker intermolecular interaction between the side-
chain methoxyazobenzene unit and the aromaric rings
in the main chain. The mesophases change in the
order of smectic E, smectic B and smectic C with
increasing the side-chain aliphatic chain length
(m ¼ 6, 8 and 10) and the methoxyazobenzene con-
tent, which means that intermolecular interaction by
nitroazobenzene unit becomes weak with the incre-
ment of the methoxyazobenzene unit.

The copolymers 5b–f, 6b–f and 7b–f display less
ordered (smectic B) phase than the homopolymers
5a, 6a and 7a (smectic E), but more ordered
(smectic B) phase than the homopolymers 5g and 6g
(smectic C). This means that the ordering of polyester
chains gradually increases with the increment of the
nitroazobenzene content and the homopolymers 5a,
6a and 7a have the highest ordered state in these
polyesters 5a–g, 6a–g and 7a–g.
These data suggest that the specific interaction such

as electron donor–acceptor interaction between elec-
tron-withdrawing (nitro) and electron-donating (me-
thoxy) groups has no role in the formation and the sta-
bilization of smectic LC phases in these copolymers
5b–f, 6b–f and 7b–f contrary to our expectation. It
is probably due to that steric effect of the main-chain
1,3-phenylene unit or aggregation effect of the aro-
matic rings in the main chain and the side-chain azo-
benzenes hinders overlapping of the electron-with-
drawing and the electron-donating azobenzene units,
and suppresses the specific electron donor–acceptor
interaction because these copolyesters 5b–f, 6b–f

Table V. Data of X-Ray reflections for polyesters 5a–g, 6a–g

and 7a–g quenched from mesophases

Polym.
Small angle Wide angle

2�/� d-spacing/ �A 2�/�

5a 2.54, 5.12 34.7, 17.2 20.3, 22.5, 28.2

5b 2.52, 5.21 35.1, 16.9 20.8

5c 2.59 34.1 20.7

5d 2.74, 5.51 32.2, 16.0 21.0

5e 2.68 33.0 20.5

5f 2.76, 5.30 31.9, 16.7 21.4

5g 2.80, 5.68 31.6, 15.6 21.8

6a 2.42, 4.90 36.5, 18.0 20.2, 22.4, 24.5

6b 2.40, 4.92 36.7, 18.0 20.8

6c 2.56, 5.08 34.5, 17.4 20.8

6d 2.52, 5.11 35.0, 17.3 20.8

6e 2.63, 5.34 33.5, 16.5 20.7

6f 2.69, 5.40 32.8, 16.3 20.7

6g 2.66, 5.16 33.1, 17.1 22.5

7a 2.34, 4.75 37.7, 18,6 20.2, 22.2

7b 2.30, 4.72 38.4, 18.7 20.8

7c 2.30, 4.77 38.4, 18.5 20.8

7d 2.50, 4.90 35.3, 18.0 20.9

7e 2.40, 4.87 36.8, 18.1 20.7

7f 2.45, 5.05 36.1, 17.5 20.7

7g 2.52, 5.15 35.0, 17.2 20.9

Figure 5. Powder X-Ray diffraction patterns of polyesters

6a–g.

M. SATO and M. MIZOI

614 Polym. J., Vol. 36, No. 8, 2004



and 7b–f have the rigid-rod biphenyl unit in the main
chain, unlikely the copolymalonates composed of the
flexible aliphatic chains in the main chain and the
side-chain azobenzene units.22 The introduction of
1,3-phenylene ring as linking site of the main chain
and the side chain in the combined-type copolymers
is assumed to lead to no stabilization of thermotropic
LC phases. It is necessary for obtaining combined-
type polymers having wider temperature ranges of
thermotropic smectic LC phases to investigate the
polymer structure-LC property relationship in more
detail.

Optical Properties
Absorption and fluorescent properties of the poly-

mers 5a–g, 6a–g and 7a–g in chloroform solutions
and in films were examined. In the UV–vis spectra
of polymers in the solutions, absorption peak maxima
(�max) based on �–�� transition of the azobenzene
units were observed in the range of 358.5 and
379.5 nm, where the homopolymers 5a, 6a and 7a
with the nitroazobenzene unit show the �max at
379.5 nm and those 5g, 6g and 7g with the methoxy-
azobenzene moiety at 358.5–361.5 nm. The �max

changed systematically and were blue-shifted with in-
creasing the methoxyazobenzene content. Broad and
weak absorptions due to n–�� transition of the azo-
benzene units were also recognized at around 450–
460 nm. The solid states UV–vis spectra of polymer
films cast from the chloroform solutions showed
�max at 359.5–366.0 nm. The homopolymers 5a, 6a
and 7a having the nitroazobenzene unit displayed
the �max at longer wave lengths than the methoxyazo-
benzene-containing homopolymers 5g, 6g and 7g and
the �max of copolymers 5b–f, 6b–f and 7b–f have a
tendency to be blue-shifted with increase of the me-
thoxyazobenzene content as well as those in the solu-
tions. In the nitroazobenzene-rich copolymers, the
�max were observed at lower wave lengths than those
in the chloroform solutions, probably due to the inter-
molecular interaction between polymer chains with
the nitroazobenzene unit in the films, but the me-
thoxyazobenzene-rich copolymers show the �max at
similar wave lengths to those of the homopolymers
5g, 6g and 7g composed with the methoxyazobenzene
unit. The UV–vis spectral data for polymers 5a–g, 6a–
g and 7a–g in the solutions and in the films are tabu-
lated in Table VI. The UV–vis spectra for polymesters
6a–g in the chloroform solutions are illustrated in
Figure 6.
The PL spectra of homo- and copolyesters 5a–g,

6a–g and 7a–g were tried to be measured in the
chloroform solutions and in the films. Unfortunately
all the polymers in this work showed no fluorescence
both in the solutions and in the films as well as our

previously-reported homopolymers 5a, 5g, 7a and
7g,20 although the PPV having the side-chain me-
thoxyazobenzene unit has been reported to emit fluo-
rescence by Wang et al.19 The reason why the polyest-
ers in this work do not fluoresce might be considered
that nonradiative decays from the photoexcited poly-
ester chain to the azo and/or nitro groups, especially
intra- and intermolecular quenching, occur and result
in no fluorescence. Because the PPV composed of

Figure 6. UV–vis spectra of polyesters 6a–g in chloroform

solutions.

Table VI. UV–vis spectral data for polyesters

5a–g, 6a–g and 7a–g

Polym.
Solution in CHCl3 Film

�max/nm �max/nm

5a 379.5 362.5

5b 376.0 362.5

5c 373.5 359.5

5d 369.0 360.0

5e 363.0 361.0

5f 360.0 360.5

5g 361.0 361.0

6a 379.5 366.0

6b 376.5 363.0

6c 373.0 362.5

6d 370.5 362.5

6e 364.0 361.0

6f 360.0 361.0

6g 358.5 360.5

7a 379.5 365.5

7b 376.5 364.0

7c 373.0 363.0

7d 370.0 362.0

7e 365.0 362.0

7f 360.5 361.0

7g 358.5 361.0
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the methoxyazobenzene unit has the longer conjugat-
ed chains in the backbones and their transition ener-
gies are lower than those in the azobenzenes, the en-
ergy transfer process involving the luminescence
proceeds probably more effectively than the nonradia-
tive decays to the azobenzenes, followed by fluores-
cence without quenching in the PPV.

CONCLUSIONS

(1) The homopolyesters having electron-withdraw-
ing nitro group displayed highly ordered smectic E
phase and the ones with electron-donating methoxy
group formed smectic B or C phase. All the copo-
lyesters formed less ordered phase than the homo-
polyesters having the nitro group, but more ordered
phase than those with the methoxy group. The LC
temperature ranges of copolymers decreased linearly
with increasing the methoxyazobenzene content inde-
pendent of the copolymer composition owing to steric
or aggregation effect of the main-chain aromatic rings.
(2) All the polyesters exhibited the absorptions on

the basis of �–�� transition in the solution and the sol-
id-state UV–vis spectra, and the �maxs of copolymers
were systematically blue-shifted with increase of the
methoxyazobenzene content. Unfortunately they ex-
hibited no fluorescence, probably due to nonradiative
decays, especially intra- and intermolecular quench-
ing.
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