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Polymers have been prepared by the polycondensation of 4,4′-(butane-1,4-diylbis(oxy)) bis(butane-4,1-diyl)
bis(4-aminobenzoate) and 5,10,15,20,25,30,35,40,45,50,55,60-dodecaoxatetrahexacontane-1,64-diyl bis(4-
aminobenzoate) (PBBA 1200) with three dianhydrides based on naphthalene, perylene and phthalic moieties,
respectively. This has resulted in five novel aliphatic–aromatic polyimides. The polyimides differed in aliphatic
chain length and whether the imide ring was five- or six-membered. The chemical structure of the polyimides
has been confirmed by 1H NMR and FTIR spectroscopy and by elemental analysis. The optical and electrical
properties of the polyimides have been studied using current–voltage measurements, and the effect of the polyimide
structure on thermal and mesomorphic behaviour investigated by differential scanning calorimetry and polarising
optical microscopy. Wide-angle X-ray diffraction at different temperatures was employed to confirm the structural
properties of the polyimides. All the novel polyimides, with the sole exception of that obtained from PBBA1200
and 3,4,9,10-perylenetetracarboxylic dianhydride, showed liquid crystalline properties. As far as we are aware, this
is the first time that six-membered polyimides exhibiting liquid crystalline properties have been reported.

Keywords: polyimide; polynaphthimide; perylene moieties; thermotropic liquid crystals

1. Introduction

Polyimides play a key role in a number of applica-
tions, ranging from dielectric films for the electronic
industry and orientation layers liquid crystal indus-
try, lightweight load-bearing heat-resistant composites
and adhesives for the aerospace industry, to gas-
separation membranes. Their importance arises from
their chemical resistance and their outstanding ther-
mal, mechanical and electrical properties [1, 2].

The polyimides investigated can be divided
into those containing either five-membered or six-
membered imide rings. Among the varieties of poly-
imides investigated, those with six-membered imide
rings, obtained from naphthalene tetracarboxylic
dianhydride (NTDA) and perylene tetracarboxylic
dianhydride (PTDA), were particularly interesting.
Perylene and naphthalene diimides are important due
to their photochemical behaviour, excellent thermal
and photo-stability and their photo-conductive prop-
erties [3–5]. Recently they have received attention due
to their tendency to form n-type organic semiconduc-
tors [6–9].

Both the five- and the six-membered aromatic
imide groups are almost planar, and are also rigid,
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polar and thermostable. They are therefore promis-
ing as components of liquid crystalline (LC) polymers,
regardless of their thermotropic or lyotropic charac-
ter [10]. Thermotropic liquid crystals (TLC) possess a
number of unique properties and have received con-
siderable attention, and significant efforts have been
focused on the synthesis of new compounds [11, 12].
Polyimides are widely used in LC alignment layers
to induce uniform unidirectional alignment, which
is critical to the optical and electrical performance
of industrial LC flat-panel display devices [13, 14].
In addition, polyimides may themselves exhibit liq-
uid crystalline properties, and among the TLC poly-
mers previously studied a variety of five-membered
LC polyimides have been examined [10, 15–23]. An
example is a LC copoly(amide-imide) synthesised
from pyromellitic dianhydride, terephthaloyl chlo-
ride and 1,3-bis[4-(4′-aminophenoxy)cumyl]benzene,
which transforms from smectic C to smectic A
phase [19]. A LC polyimide has also been obtained
from 4,4′-terphenyltetracarboxylic acid and 1,11-
diaminoundecane [20].

A series of poly(ester-imide)s has been found to
show mesomorphism [12, 13, 18]. Typical examples of
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1348 E. Schab-Balcerzak et al.

LC poly(ester-imide)s have been obtained from 1,4-
bis[4-(4-aminophenoxy)phenoxy]benzene and 3,3′,
4,4′-biphenyltetracarboxylic dianhydride (BPDA) and
these show nematic and smectic A mesophases. BPDA
has similarly been used in reactions with α,ω-bis
(4-aminophenoxy)alkanes, with five or six ethylene
oxide units as spacers. Transition temperatures
for these compounds lie in the range 230–324◦C
when n = 5 and 235–300◦C when n = 6. Most LC
poly(ester imide)s containing cinnamoyl moieties
and chiral groups exhibit mesomorphism up to
200◦C with nematic, chiral nematic or Grandjean
(blue) texture [22]. A series of copoly(ester imide)s
synthesised by the esterification of N,N ′-dodecane-
1,12-diylbis(trimellitimide) with varying proportions
of 4,4′-dihydroxybiphenyl and hydroquinone show
enantiotropic smectic C phases [23].

The first example of an all-aromatic LC poly(ether
imide), synthesised from BPDA and 1,4-bis[4-(4-
aminophenoxy)phenoxy]benzene, is found to melt into
a nematic phase [17]. Films prepared from this poly-
mer by stretching the LC phase adopt the smectic A
phase. A poly(siloxane imide) obtained from hydro-
quinone bis[(N-alkylphthalimide)-4-carboxylate] and
1,1,3,3-tetramethylsiloxane has shown a mesophase in
the range 107–197◦C [24].

On the other hand there have been few, if any,
publications describing LC polyimides containing six-
membered imide rings. Such polymers can be prepared
from naphthalene dianhydrides, for example, 1,4,5,8-
naphthalenetetracarboxylic dianhydride (NTDA)
and 3,4,9,10-perylene tetracarboxylic dianhydride
(PTDA). The naphthalene-1,4,5,8-tetracarboxylic
imide unit is a highly symmetric mesogen and
its L/D ratio is lower than those of typical short
mesogens [25]. Kricheldorf has obtained polymers
containing naphthalimide units, ester linkages and
various lengths of aliphatic chain, but LC properties
were not observed [25]. LC compounds containing
perylene units have been investigated only as low
molecular mass diimides, namely perylene diimides
[26]. Generally speaking, the majority of publications
relating to LC compounds based on naphthalene
imide rings are equally related to diimides [7, 27].

It has been found that polymers containing pery-
lene diimide or naphthalene diimide residues have
potential applications in opto-electronic materials,
including high efficiency solar cells and polarised light-
emitting diodes [3, 28], and are particularly promising
in photonic technology [29, 30]. It is important to
combine the TLC and electrical properties of the poly-
imides to find practical applications for this group of
polymers in LC semiconductors for producing elec-
tronics devices by the solution process.

The objective of the present work was to synthesise
novel thermotropic five- and six-membered polyimides
and study their photo-physical and (LC) properties. In
this contribution we summarise the chemical (nuclear
magnetic resonance (NMR) and Fourier transform
infrared spectroscopy (FTIR)), thermal (differential
scanning calorimetry (DSC) and thermo-gravimetric
analysis (TGA), polarising optical microscopy (POM),
X-ray (T)), optical (UV–Vis absorption spectroscopy)
and electrical (current–voltage, I–V ) characterisation
of new thermotropic calamitic LC polyimides, includ-
ing the first published examples of LC polyimides
based on a six-membered imide ring.

2. Experimental

2.1 Materials
All chemicals and reagents were used as received from
Aldrich.

2.2 Synthesis of polyimides from 4,4′-(butane-1,4-
diylbis(oxy))bis(butane-4,1-diyl) bis(4-aminobenzo-
ate) (PBBA 470)
2.2.1 Polyimide P1A

Into a round-bottomed flask, PBBA 470 (0.472 g,
1 mmol), N-methylpyrrolidone (NMP; 1.6 ml) and
1,2-dichlorobenzene (0.4 ml) were charged. After
the PBBA 470 had dissolved, 1,2,4,5-benzenetetra-
carboxylic dianhydride (pyromellitic dianhydride,
PMDA; 0.218 g, 1 mmol) was added. The mixture
was heated under an argon atmosphere at 170◦C
for 24 h and then cooled to room temperature. The
resulting brown solid was filtered off and washed with
acetone. After drying under vacuum at 50◦C for 2 h,
the polyimide was obtained in 81% yield.

1H NMR (300 MHz, DMSO, TMS) [ppm] δ

8.36 (m, 8H, HAr [phenylene]); 8.11 (m, 4H, 2 ×
HAr–C(O)O); 7,70 (m, 4H, 4 × HAr–N); 4,34
(m, 4H, 2 × CH2–C(O)O); 3.28–3.33 (m, 8H,
4 × CH2–O); 1.53–2.20 (m, 12H, 3 × (CH2)2).
FTIR (KBr) [cm−1] ν 2936–2798 (aliphatic
C–H), 1786, 1724 (imide C=O stretch), 1584
(C=C stretch), 1399 (C–N stretch), 761 (imide
ring deformation).
Calc. for (C36H34N2O10)n (mol. wt. 654.66): C,
66.05; H, 5.23; N, 4.28. Found: C, 65.18; H,
5.63; N, 4.48.

2.2.2 Polyimide P2A

Into a round-bottomed flask, PBBA 470 (0.236 g, 0.5
mmol), m-cresol (2.1 ml) and triethanolamine (TEA;
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0.2 ml, 1.5 mmol) were charged. After the PBBA had
dissolved, 1,4,5,8-naphthalenetetracarboxylic dianhy-
dride (NTDA; 0.134 g, 0.5 mmol) and benzoic acid
(0.01 g, 0.08 mmol) were added. The mixture was
heated under an argon atmosphere at 80◦C for 20 h,
at 180◦C for 5 h, and then cooled to room temper-
ature. The resulting dark brown solution was poured
into acetone (150 ml). The resulting solid was filtered
off and washed with acetone. After drying under vac-
uum at 35◦C for 3 h, the polyimide was obtained as a
light brown solid in 75% yield.

1H NMR (300 MHz, DMSO, TMS) [ppm]
δ 8.68 (m, 4H, [naphthalene]); 8.11 (s, 4H,
2 × HAr–C(O)O); 7.61 (s, 4H, 4 × HAr–N);
4.36–4.38 (m, 4H, 2 × CH2–C(O)O); 3.36–
3.51 (m, 8H, 4 × CH2–O); 1.55–1.82 (m,
12H, 3 × (CH2)2); FTIR (KBr) [cm−1] ν

2937–2798 (aliphatic C–H), 1716, 1677 (imide
C=O stretch), 1582 (C=C stretch), 1347 (C–N
stretch), 768 (imide ring deformation).
Calc. for (C40H36N2O10)n (mol. wt. 704.72): C,
68.17; H, 5.15; N, 3.98. Found: C, 66.72; H,
5.31; N, 3.71.

2.3 Synthesis of polyimides from 5,10,15,20,25,30,
35,40,45,50,55,60-dodecaoxatetrahexacontane-1,64-
diyl bis(4-aminobenzoate) (PBBA 1200)
2.3.1 Polyimide P1B

Into a round-bottomed flask, PBBA 1200 (0.596 g,
0.5 mmol), NMP (0.8 ml) and 1,2-dichlorobenzene
(0.2 ml) were charged. After the PBBA 1200 had dis-
solved, PMDA (0.109 g, 0.5 mmol) was added. The
mixture was heated under an argon atmosphere at
175◦C for 23 h and then cooled to room temperature.
The resulting solution was poured into acetone (100
ml) and the precipitate filtered off and washed with
acetone. After drying under vacuum at 75◦C for 1 h,
the polyimide was obtained as a light brown solid in
93% yield.

1H NMR (300 MHz, DMSO, TMS) [ppm]
δ 8.37 (m, 8H, HAr [phenylene]); 8.12–8.14
(m, 4H, 2 × HAr–C(O)O); 7.69–7.72 (s, 4H,
4 × HAr–N); 4.36 (m, 4H, 2 × CH2–C(O)O);
3.28–3.33 (m, 8H, 4 × CH2–O); 1.89–2.50 (m,
52H, 13 × (CH2)2). FTIR (KBr) [cm−1] ν

2927–2798 (aliphatic C–H), 1786, 1727 (imide
C=O stretch), 1608 (C=C stretch), 1398 (C–N
stretch), 721 (imide ring deformation).
Calc. for (C76H114N2O19)n (mol. wt. 1359.72):
C, 67.13; H, 8.45; N, 2.06. Found: C, 62.81;
H, 8.24; N, 2.02; Mn = 6,740 g mol−1, Mw =
19,440 g mol−1, Mw/Mn = 2.9.

2.3.2 Polyimide P2B

Into a round-bottomed flask, PBBA 1200 (0.596 g,
0.5 mmol), m-cresol (2.1 ml) and TEA (0.2 ml,
1.5 mmol) were charged. After the PBBA 1200 had
dissolved, NTDA (0.134 g, 0.5 mmol) and benzoic
acid (0.01 g, 0.08 mmol) were added. The mixture was
heated under an argon atmosphere at 80◦C for 20 h, at
180◦C for 5 h and then cooled to room temperature.
The resulting dark brown solution was poured into
acetone (150 ml). The resulting solid was filtered off
and washed with acetone. After drying under vacuum
at 35◦C for 3 h polyimide PB2 was obtained as a light
brown solid at 75% yield.

1H NMR (300 MHz, DMSO, TMS) [ppm]
δ 8.72 (m, 4H, [naphthalene]); 8.11 (s, 4H,
2 × HAr–C(O)O); 7.62 (s, 4H, 4 × HAr–N);
4.33–4.38 (m, 4H, 2 × CH2–C(O)O); 3.34–
3.46 (m, 8H, 4 × CH2–O); 1.51–1.84 (m,
12H, 3 × (CH2)2); FTIR (KBr) [cm−1] ν

2940–2797 (aliphatic C–H), 1713, 1675 (imide
C=O stretch), 1582 (C=C stretch), 1343 (C–N
stretch), 768 (imide ring deformation).
Calc. for (C80H116N2O19)n (mol. wt. 1409.78):
C, 68.16; H, 8.29; N, 1.99. Found: C, 66.75;
H, 8.03; N, 1.94. Mn = 6,820 g mol−1, Mw =
24,600 g mol−1, Mw/Mn = 3.6.

2.3.3 Polyimide P3B

Into a round-bottomed flask were charged PBBA 1200
(0.596 g, 0.5 mmol) and pyridine (4 ml). After the
PBBA 1200 had dissolved, PTDA (0.196 g, 0.5 mmol)
was added. The mixture was heated under an argon
atmosphere at 110◦C for 24 h and then cooled to room
temperature. The resulting solution was filtered and
poured into acetone (100 ml), and the precipitate fil-
tered off and washed with acetone. After drying under
vacuum at 75◦C for 2 h, polyimide P3B was obtained
as a black solid at 60% yield.

1H NMR (300 MHz, DMSO, TMS) [ppm] δ

8.62 (m, 4H, [perylene]); 7.62 (s, 4H, 2 × HAr–
C(O)O); 7.26 (s, 4H, 4 × HAr–N); 4.25 (m,
4H, 2 × CH2–C(O)O); 3.15 (m, 48H, 12 ×
CH2–O); 1.13–2.01 (m, 52H, 13 × (CH2)2);
FTIR (KBr) [cm−1] ν 2936–2862 (aliphatic C–
H), 1703, 1662 (imide C=O stretch), 1594, 1578
(C=C stretch), 1359 (C–N stretch), 809 (imide
ring deformation).

2.4 Measurements
FTIR spectra were obtained on a BIO–RAD FTS
40 A spectrometer in transmission mode using KBr
pellets.
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1350 E. Schab-Balcerzak et al.

Proton nuclear magnetic resonance (1H NMR)
spectra were recorded on a Bruker AC 300 MHz
spectrometer using dimethyl-d6 sulphoxide (DMSO-
d6) as solvent.

UV–Vis absorption spectra were recorded in solu-
tion and the solid state from films cast on glass, using
a Jasco V570 UV–V–NIR spectrometer.

DSC was conducted on a TA–DSC 2010 appa-
ratus under a nitrogen atmosphere, using sealed alu-
minium pans. The heating/cooling rate was 0.5◦C
min−1 from –20◦C to above the clearing point. The
transition temperatures were noted at the endothermic
and exothermic peaks.

Thermo-gravimetric analysis was carried out on a
Q–1500 apparatus at a heating rate of 20◦C min−1 over
the range 20–820◦C under a nitrogen atmosphere.

The textures of the LC phase were observed using
a POM system, comprising a Leica DMLM micro-
scope (2.5×, 5×, 10×, 20× and 50×), operating in
both transmission and reflection modes, a LINKAM
LTS350 (–196◦C to +350◦C) hot-plate with CI94
temperature controller, and a JVC Numeric 3–CCD
KYF75 camera (resolution: 1360 × 1024).

Current–voltage measurements were performed on
an indium tin oxide (ITO)/polymer/Alq3/Al device.
The polyimide NMP solution was spin-cast on to
an ITO-covered glass substrate at room temperature.
Residual solvent was removed by heating the film in
vacuo. The Alq3 layer was prepared on the compound
film surface by vacuum deposition at a pressure of 2 ×
10−4 Pa and the Al electrode was vacuum deposited
at a similar pressure. The area of the diodes was 9
mm2. Current–voltage characteristics were recorded
on a Keithley 6715 electrometer.

Wide-angle X-ray diffraction (WAXD(T)) pat-
terns were recorded using powder on a Pulveraceous
Diffractometer Dron – 2. Co-radiation filtered by Fe
was applied.

The weight-average molecular weight and molecu-
lar weight distribution (Mw/Mn) values of the poly-
mers were determined by size-exclusion chromatog-
raphy (SEC), using the diode array detector of a
Hewlett–Packard 1100 Chemstation equipped with a
300 × 7.5 mm Polymer Labs PLgel Mixed D 5 µm
10−4 Å column, using tetrahydrofuran (THF) as eluent
and standard polystyrene for calibration.

3. Results and discussion

In this study polyimides with five- and six-membered
imide rings, respectively, were synthesised and charac-
terised. The polymers also differed in the length of the
aliphatic chain between the imide units.

3.1 Synthesis and characterisation
Novel polyimides were prepared by high solution
temperature polycondensation of each of the three
dianhydrides, PMDA, NTDA and PTDA, with flexi-
ble diamines containing ester and ether linkages and a
long aliphatic chain. The synthetic pathways and the
chemical structure of the polyimides synthesised in the
present study are indicated in Figure 1.

It is well known that polyimides prepared from
PTDA or NTDA have poor solubility in organic
solvents, and this normally limits their applicability.
However, as mentioned earlier, polyimides based on
perylene and naphthalene are important due to their
photochemical behaviour and their excellent thermal,
optical and photo-conductive properties. Introduction
of PBBA moieties increases the solubility and process-
ability of the polyimides, and additionally introduces
mesomorphic behaviour.

All the polyimides in the present study formed
transparent films of good optical quality. Their struc-
ture was confirmed by elemental, FTIR and NMR
analysis. Figure 2 illustrates a typical FTIR spectrum
for the imide group, using polymer P2A as an example.

The structure of the polyimides synthesised was
confirmed from the FTIR spectra by noting the dis-
appearance of the anhydride C=O vibration bands
at 1792 and 1767 cm−1 in PMDA, at 1780 and 1768
cm−1 in NTDA (cf. Figure 2(a)) and at 1774 and
1743 cm−1 in PTDA. In addition, the appearance
of imide C=O stretching vibration bands at 1778
and 1724 cm−1 correspond to asymmetrical and sym-
metrical stretching, respectively, in the five-membered
imide ring. Similarly, those at 1716 and 1677 cm−1

(1703 and 1662 cm−1 in P3B), correspond to asym-
metrical and symmetrical stretch in the six-membered
imide ring (cf. Figure 2(a)). All the polymers exhib-
ited absorption bands in the region of 1360 cm−1

(C–N stretch) and 770 cm−1 (imide ring deforma-
tion), together with absorption bands in the range
2940–2797 cm−1 attributed to aliphatic groups.

A typical 1H NMR spectrum for the polyimides
in DMSO–d6 is illustrated in Figure 2b. The naph-
thalic and perylene protons, as well as phthalic protons
between imide rings, appear at the most downfield
point as a singlet. The spectral data were in accor-
dance with the formulae expected. SEC measurements
on the polymers soluble in THF (P1B and P2B) pro-
vided weight average molecular weight (Mw) values of
19,440 g mol−1 for P1B and 24,600 g mol−1 for P2B.

Polymer solubility was qualitatively determined by
dissolving of 0.05 g of the solid polymer in 1 ml of
organic solvent at room temperature and at 50◦C.
Table 1 shows the solubility of the polyimides in a
selection of organic solvents.
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Figure 1. Synthetic route to the polyimides.

It is seen that the novel polyimides varied in sol-
ubility behaviour in different organic solvents. Most
of them (apart from P1A and P3B) were readily sol-
uble at room temperature in polar aprotic solvents
such as NMP. The solubility increases with temper-
ature, and the polyimides (expect P1A) were soluble
or partially soluble even in low-boiling ether-type sol-
vents such as THF. Comparing the influence of the
chemical constitution of the polymer backbone on
the solubility it is concluded that polyimides obtained
from PBBA 1200 exhibited better solubility than those
derived from diamines with a shorter alkoxy chain,
such as PBBA 470. It was found that polyimide P2B,
synthesised from NTDA and PBBA 1200, exhibited
higher solubility than the others. On the other hand
P1A, derived from PMDA and PBBA 470 had poor
solubility.

3.2 Optical properties
Electronic spectra of the polyimides were determined,
both in solution and in the solid state as thin films cast

on a glass substrate. The range of UV–Vis measure-
ments was limited by the transparency of the solvent
and the substrate. The results of the optical absorption
measurements of the polyimides are summarised in
Table 2.

Absorption properties in the UV–Vis range of all
polymers were investigated in solution in NMP at a
concentration of 10−5 mol l−1. The absorption spectra
of the polymers P1B, P2B and P3B in NMP solution
are illustrated in Figure 3(a).

Polymer P2B showed two strong absorption peaks
at 361 and 381 nm and a hump at 345 nm. A sim-
ilarly shaped UV–Vis spectrum was observed with
P3B, but in this case the bands showed a red-shift of
more than 100 nm compared with P2B (see Figure
3(a) and Table 2). Polymer P1B, on the other hand,
showed only one strong absorption peak, at 280 nm.
These observations clearly demonstrate the influence
of the dianhydride structure on the optical absorption
characteristics of the polyimides. On the other hand,
the diamine structure did not appear to influence
the position of the absorption bands, confirming that
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Figure 2. (a) FTIR and (b) 1H NMR spectra of P2A (the FTIR spectrum of the dianhydride, NTDA, is included for
comparison).

the optical properties of the polyimides were mainly
influenced by the structure of the dianhydride.

Additionally, the solvatochromism of one typical
polyimide, P2B, was evaluated by UV–Vis absorption

spectroscopy. This was carried out in three different
solvents, NMP, pyridine and m-cresol, and the
results are presented in Figure 3(b). It will be seen
that in NMP or pyridine, P2B does not exhibit
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Table 1. Solubility of the polymers.

Solvent

Polyimide NMP DMSO m-cresol pyridine THF CP NB

P1A − ± ++ − − + ±
P1B + ± ++ ++ ++ ++ ++
P2A + ++ + ++ ± + ++
P2B + ++ + + ++ + +
P3B ± ± ± ± ± ± ±

Notes: Solubility was tested qualitatively on 0.05 g samples in 1 ml
solvent: + indicates soluble at room temperature, ++ soluble on
heating, ± partially soluble on heating, and – insoluble on heating.
DMF: N,N-dimethylformamide; DMSO: dimethylsulphoxide;
THF: tetrahydrofuran; CP: p-chlorophenol; NB: nitrobenzene.

solvatochromism. The UV–Vis spectrum of this poly-
imide in a protic solvent such as m-cresol demon-
strated how the solvent can influence the shape of
the absorption maximum band, in this case resulting
from interaction between the hydrogen atom in the
hydroxyl group of m-cresol and the polyimide chain.
The changes in optical absorption spectra when the
solvent was varied may be attributed to modification
of the planarity of the polymer chain.

The absorption spectra of the polymers in solu-
tion were compared with those obtained from film
(Table 2). UV–Vis absorption bands obtained from
thin polymer films cast from NMP showed a red-shift
in comparison with those from NMP solution. This
seems to indicate that the chain conformation is dif-
ferent in solution and in films cast from the same
solvent. This probably occurs when the transition
dipole moments of the molecules are perpendicular,
leading to the formation of so-called J-aggregates, and
characterised by a bathochromic shift of bands in the
UV–Vis absorption spectra.

In addition, the influence of solvent type on
the UV–Vis absorption properties of the polyimides
was investigated, and the results are also shown in
Table 2. Figure 4 presents UV–Vis spectra of poly-
imides P2B and P3B cast on glass slides from different
solvents.

No significant difference could be observed in the
position or shape of the absorption bands in polyimide
films cast from a variety of solvents.

3.3 Thermal properties
The thermal stability of polymers P1A, P1B and P2B
was evaluated by thermo-gravimetric analysis (TGA)
under a nitrogen atmosphere. The results are sum-
marised in Table 3.

It is clear that the thermal properties of the poly-
imides depended strongly on their structure, in this
case on the microstructure of the polymer backbone.
Taking into account the chemical constitution of the
polyimides used in the present study, one might expect
that they should exhibit relatively poor thermal stabil-
ity due to the long aliphatic elements in the repeat unit.
However, the data presented in Table 3 show that these
polymers exhibited good thermal stability. The initial
decomposition (Td) (based on 5% weight loss) and the
temperature at which 10% weight loss occurred (T10%),
which is usually considered the criterion for assessing
the thermal stability of high-temperature polymers, lay
within the range 360–390◦C and 390–410◦C, respec-
tively. The polymer (P1A) obtained from PBBA470
began to decompose at a lower temperature than the
polymer (P1B) from PBBA1200. However, in terms
of carbonised residue, the percentage char yield at
800◦C was higher for polymer P1B than for P1A. The

Table 2. Absorption maxima (λmax) of the polymers in NMP solution and of films cast on glass
slides.

λmax [nm]/[eV]

In solution Cast film

Polymer in NMP from NMP from CP from m-cresol

P1A 274, 285, 308∗/
4.52, 4.35, 4.02

nm 341/3.64 340, 370/3.65, 3.35

P1B 275, 285/4.51, 4.35 306, 376/4.05, 3.30 nm nm
P2A 345∗, 361, 381/ 3.59,

3.43, 3.25
nm nm 339∗, 364, 378/

3.66, 3.41, 3.28
P2B 345∗, 361, 381/

3.59, 3.43, 3.25
330, 341, 375, 395/

3.76, 3.64, 3.31, 3.14
nm 346∗, 363, 381/

3.58, 3.41, 3.25
P3B 461∗, 489, 524/

2.69, 2.53, 2.37
nm 370, 378, 503, 558/

3.35, 3.28, 2.46, 2.22
340∗, 375, 502, 548/

3.65, 3.31, 2.47, 2.26

Notes: ∗The position of the absorption band was calculated using the second derivative method: the
minimum of the second derivative of the absorption corresponds to the absorption maximum.
CP: p-chlorophenol; nm: not measured.
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Figure 3. UV–Vis absorption spectra of (a) polyimides P2A, P3B and P1B in NMP solution, and (b) P2B in a range of solvents.

greatest percentage of residue at 800◦C was exhib-
ited by polymer P2B, which contained naphthalene
units.

The main aim of introducing the PBBA structure
into the polyimides was the possible generation of
LC properties. The phase transitions and mesogenic-
ity of the polyimides were studied by DSC and POM.
All the DSC thermograms for the polyimides (apart
from P3B) showed multiple melting peaks, indicating
the presence of mesophases. Contrary to expectations,
polymer P3B did not exhibit liquid crystalline proper-
ties. The DSC scans for P2A and P1A are shown in
Figure 5.

P3B apart, it can be seen that DSC/POM analysis
showed that the polyimides exhibited complex meso-
morphic transitions, namely crystal-to-mesophase
(Cr/M), mesophase–to–mesophase (M/M) and

mesophase-to-isotropic (M/I). Details of the transi-
tion temperatures and associated enthalpy change of
the polyimides determined by DSC are summarised
in Table 4, and Table 5 identifies the phase variants
of all the polyimides (other than P3B) determined by
POM.

Tables 4 and 5 reveal that all the polyimides except
P2B had clearing point temperatures above 270◦C,
and P2B had the lowest temperature of isotropi-
sation. On the other hand, bearing in mind the
length of the aliphatic region in the polyimides,
we found that increasing rod length was accompa-
nied by a decrease in the number of phase tran-
sitions, particularly in the case of P2A and P2B
(Table 5).

It is also worth noting that the DSC measurements
indicated an increase in melting temperature in the
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Figure 4. UV–Vis absorption spectra of polymer films (a) P2B and (b) P3B (each cast from m-cresol and NMP), and (c) P3B
(cast from m-cresol and 4-chlorophenol).

order: P2A (123◦C) < P1B (191◦C) < P2B (205◦C)
< P1A (245◦C). A similar sequence was observed in
the melting temperatures of the polyimides from POM
measurements (Table 5). The clearing temperatures
were in a somewhat different sequence: P2B (230◦C) <

P1B (265◦C) < P2A (270◦C) < P1A (350◦C) (Table 5).

The phase transitions were additionally analysed
in terms of their enthalpy values. The melting process
has the highest enthalpy values (Table 4). The enthalpy
values decreased from 6.95 J mol−1 K for P2A to the
minimal values 0.66 and 0.90 J mol−1 K for P2B and
P1B, respectively.
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Table 3. Thermal properties of the polymers.

Polyimide
Td

(◦C)
T10%

(◦C)
T15%

(◦C)
T20%

(◦C)
T30%

(◦C)

Residue
at 800◦C

(%)

P1A 360 390 400 410 425 25
P1B 390 410 420 425 440 15
P2B 390 400 410 420 430 40

Notes: Td: temperature at which 5% weight loss occurred.
T10%–T30%: Temperatures at which 10%–30% weight loss occurred.
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Figure 5. DSC scans for (a) P2A and (b) P1A during
heating (h) and cooling (c).

Figure 6 shows microphotographs illustrating the
texture of some of the polyimides studied.

Preliminary POM observations showed that
the polyimides P1A, P1B and P2B exhibited one
mesophase at high temperature (see Table 5). On
cooling, P1A exhibited a broad LC phase in the range
330–250◦C. Full isotropisation of P1A at about 350◦C
was observed and remained within a temperature
range of about 20◦C (Table 5). On the other hand,
polymer P1B also showed one broad mesophase, in
the range 245–175◦C. Full isotropisation of P1B was
observed at a lower temperature (about 260◦C) than
for P1A, and it too persisted over a temperature range
of about 20◦C (Table 5). The photomicrograph in

Table 4. Phase transition temperature of the polyimides
detected by DSC (enthalpy values (�H) given in brackets).

Code DSC (temperature, ◦C; �H, J g−1)

P1A 244.92 (4.96), 284.65 (1.56)
P1B 190.57 (3.42), 270.56 (0.90)
P2A 122.81 (4.77), 231.46 (6.95), 283.26 (1.44)
P2B 205.03, 217.73 (5.93), 235.91 (0.66)

Table 5. Thermal parameters of the polyimides determined
by POM.

Code Phase transitions detected on cooling, by POM (◦C)

P1A I ∼ 350, M1 330, Cr 250
P1B I > 265, M1 245, Cr 175
P2A I > 270, M3 265, M2 242.5, M1 232.5, Cr 170
P2B I 230, M1 215, M2 or Cr 205

Notes: M: mesophase; I: isotropisation; Cr: crystallisation.

(a)

(c)(b)

Figure 6. Photomicrographs showing the optical texture of
mesophases obtained for (a) P2A (at 250, 240 and 220◦C,
respectively), (b) P2B (at 215◦C) and (c) P1B (at 205◦C)
(colour version online).

Figure 6(c) shows the optical texture of the mesophase
for P1B at 205◦C.

It was curious that polymer P2B also exhibited
one fairly narrow mesophase in the range 215–205◦C.
Full isotropisation of P2B was observed at a lower
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temperature (about 230◦C) than in the case of P1B
and existed over a temperature range of about 15◦C
(Table 5). The photomicrograph of the optical texture
of the mesophase obtained for P2B at 215◦C is given
in Figure 6(b).

Rich polymorphism was found in P2A, the poly-
imide prepared from NTDA and PBBA 470. In the
POM study P2A exhibited three quite narrow liquid
crystal phases, M1, M2 and M3, in the range 265–
170◦C. Mesophase M1 was observed in the range
232–170◦C (a 62◦C temperature range), mesophase
M2 occurred in the range 242–232 ◦C (a 10◦C range),
and mesophase M3 in the range 270–265◦C (a range
of 5◦C) (Table 5). Full isotropisation of P2A was
observed at about 270◦C and existed over a temper-
ature range of about 5◦C. Photomicrographs of the
optical textures of the mesophases obtained for P2A
at 250, 240 and 220◦C are presented in Figure 6(a).

POM measurements revealed textures which could
indicate smectic (Sm) and/or nematic (N) mesophases.
The SmA mesophase of P2B probably had a focal
conic fan texture (Figure 6(b)). Identification of
mesophases and the sequence of phase transitions
were based on information provided by two references
on liquid crystals [31, 32] and confirmed by repeat
POM and DSC experiments.

3.4 Wide-angle X-ray diffraction (WAXD) studies
In order to investigate the structural changes occurring
during the transitions detected by DSC measurements,
X-ray diffractograms of the polymers were recorded at
the temperature concerned, for example the temper-
ature dependence of the X-ray solid-state diffraction
patterns of P1B and P2A between values of 2θ of 8◦
and 45◦ are shown in Figure 7.

For polymer P1B the peaks at 2θ = 22.27◦, 25.27◦,
31.66◦ and 42.68◦ observed at 22◦C shifted to lower
values above 125◦C. Additional heating from 125◦C
to 240◦C generated diffraction peaks of higher inten-
sity, at 2θ = 21.54◦, 24.85◦, 30.79◦ and 41.49◦. The
shift in the four diffraction peaks in P1B to lower
values of 2θ could be ascribed to a crystallisation–
mesophase transition. The WAXD observations were
in good agreement with the POM results and con-
firmed the LC properties of P1B (Table 5). The X-ray
diffraction profile in the lower 2θ region between 4◦
and 10◦ is shown in Figure 7; major shifts in the peaks
with increasing temperature were not observed.

The temperature dependence of the X-ray solid
state diffraction patterns in P2A is shown in
Figure 7(b). At temperatures of 22◦C and 100◦C a
broad diffraction halo was observed at 2θ = 30.47◦.
On heating from 100◦C to 235◦C, at 170◦C two
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Figure 7. Temperature dependence of X–ray diffraction patterns of (a) P1B and (b) P2A between values of 2θ of 8 and 45◦,
and (c) X–ray diffraction patterns of P1B between values of 2θ of 20 and 23◦ (left-hand side) and between values of 2θ of 23
and 26◦ (right-hand side).
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peaks were observed, at 2θ = 29.31◦ and 19.24◦, and
remained at 235◦C. This X-ray behaviour confirmed
the Cr–M1 transition of P2A (Table 5). Additional
heating from 235◦C to 255◦C caused the diffraction
peaks to disappear, which suggests that transition
between mesophase M1 and mesophase M3 had taken
place (Table 5).

All the diffraction peaks in the WAXD range of
X-ray scattering are reversible during heating and
cooling and disappeared in the same relatively narrow
temperature range of the isotropisation transition of
P2A; the same diffraction peaks reappeared simulta-
neously during cooling.

The scenario for the phase transitions in P1B (dur-
ing a cooling scan: I > M1 > Cr), and in P2A (during a
cooling scan: I > M3 > M2 > M1 > Cr) was thus fully
confirmed, and supported by DSC, POM and WAXD.

3.5 Current–voltage characteristics
One type of sample architecture was used to demon-
strate that the connection of organic and inorganic
compounds improved the electrical properties of
devices used as solar cells or organic light-emitting
diodes (OLEDs). We fabricated a series of OLED
devices with an Alq3 green-emitting layer and an
additional hole-transporting layer (HTL), compris-
ing a thin film of polymer inserted between the ITO
anode and the Alq3 layer. (The abbreviation Alq3

denotes tris(8-hydroxyquinolinato)aluminium, a com-
pound with the formula Al(C9H6NO)3. This is a coor-
dination complex in which aluminium is bonded in
a bidentate manner to the conjugate base of three
8-hydroxyquinoline ligands.)

I–V measurements were performed on an
ITO/polymer/Alq3/Al device. A schematic illus-
tration of the device is presented in Figure 8(b). A
solution in NMP was spin-cast on to an ITO-covered
glass substrate at room temperature. I–V curves of
ITO/polymer/Alq3/Al are shown in Figure 8(a). It
can be seen that the current increased with increase in
the applied voltage.

As an example, at room temperature with-
out illumination the turn-on voltage of the device
ITO/P2A/Alq3/Al was observed at about 7 V. On
the other hand, the turn-on voltage of the device
ITO/P3B/Alq3/Al occurred at around 10 V at room
temperature, and for the device ITO/P2B/Alq3/Al
without illumination it was found at about 13 V. The
turn-on voltage of the device ITO/P1B/Alq3/Al at
room temperature was about 18 V.

This behaviour confirmed the influence of polymer
structure on the I–V characteristics of the polyimides.
The differences are caused by the change in planarity
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Figure 8. (a) Current–voltage curves of ITO/polymer/
Alq3/Al systems, and (b) a schematic diagram of the device
used in the study.

in the structure of the polymers, and different confor-
mations in film.

4. Conclusions

A novel series of thermotropic aromatic–aliphatic
polyimides has been obtained by polycondensation of
PBBA470 and PBBA1200 with each of three dian-
hydrides based respectively on naphthalene, perylene
and phthalic moieties. Five new examples of aliphatic–
aromatic polyimides have resulted and have been char-
acterised by FTIR, NMR, DSC, POM, WAXD, UV–
Vis and I–V . The conclusions to be drawn from the
study are as follows:

• The polyimides exhibited good thermostability,
with temperatures of initial decomposition within
the range 360–390◦C;

• The I–V characteristics of devices of the type
ITO/polymer/Alq3/Al confirmed the semicon-
ducting nature of the polymer thin films; and

• All the polyimides other than P3B exhibited meso-
morphic behaviour. Polymer P3B, which was based
on perylene units, was exceptional and did not
exhibit LC behaviour. Rich polymorphism was
found in the case of P2A.
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This is believed to be the first time that thermo-
tropic six-membered polyimides have been reported.
The polyimides exhibited mesophases over a broad
temperature range and could potentially be used in
opto-electronic applications such as OLEDs and solar
cells, by the use of imide-based HTLs, emissive layers,
and electron-transporting layers (ETLs). Additionally,
these polyimides could be used in mixtures with other
LCs in displays.
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