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ABSTRACT: Two H-bonded acceptor (H-acceptor) homopolymers 14 and 17 were suc-
cessfully prepared by polymerization of fluorescent pyridyl monomers PBT and
PBOT (12 and 13), which were synthesized via Sonogashira coupling and Wittig-
Horner reactions. To increase the glass transition temperatures as well as reduce the
p-p stacking of the photoluminescent (PL) H-acceptor copolymers and their H-bonded
polymer complexes, fluorescent monomers 12 and 13 were copolymerized with N-
vinylcarbazole monomer CAZ (23) to produce H-acceptor copolymers 15–16 and 18–
19. Supramolecular side-chain and crosslinking polymers (i.e., H-bonded polymer
complexes) obtained by complexation of light-emitting H-acceptor polymers 14–19
with various proton donor (H-donor) acids 20–22 were further characterized by DSC,
POM, FTIR, XRD, and PL measurements. The mesomorphic properties can be tuned
from the nematic phase in H-acceptor homopolymers (14 and 17) to the tilted smectic
C phase in their H-bonded polymer complexes (14/20–21 and 17/20–22) by the intro-
duction of H-donor acids (20–22). Moreover, the PL properties of light-emitting H-
acceptor polymers can be adjusted not only by the central structures of the conju-
gated pyridyl cores but also by their surrounding nonfluorescent H-donor acids. In
general, redder shifts of PL emissions in H-bonded polymer complexes occurred
when the light-emitting H-acceptor polymers were complexed with H-donors having
smaller pKa values. VVC 2009 Wiley Periodicals, Inc. J Polym Sci Part A: Polym Chem 47:

2734–2753, 2009
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INTRODUCTION

Supramolecular chemistry is a new and exciting
branch of chemistry encompassing systems held
together by noncovalent bonds, and such com-
plexes have considerable application potentials in

the rapidly developing fields of molecular elec-
tronics and optoelectronics.1,2 More recently, the
concept of supramolecular chemistry has been
applied to the design of liquid crystalline (LC)
polymers in the expectation that molecular inter-
actions may be amplified into macroscopically
observable phenomena of self-assembled phases,
that is, liquid crystallinity.3 Supramolecular liq-
uid crystals are molecular complexes generated
from complexation of molecular species throughJournal of Polymer Science: Part A: Polymer Chemistry, Vol. 47, 2734–2753 (2009)
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noncovalent interactions, for example, hydrogen
bonding. Kato et al. first exploited two different
and independent components to generate liquid
crystals through intermolecular hetero-hydrogen-
bonding interaction, and this concept in turn
resulted in numerous findings of such supramo-
lecular liquid crystals.4–9 The mesomorphic prop-
erties can be easily modified by miscellaneous pro-
ton donors and acceptors, and new LC properties,
which are different from those of their original
moieties, can be easily obtained by the introduc-
tion of supramolecular structures. Many kinds of
H-bonds and building elements have been
explored in the H-bonded structures to stabilize
LC phases.10–17 Therefore, side-chain LC poly-
mers consisting of polymer backbones, flexible
spacers, and mesogenic pendants have great
potentials in various utilizations as novel techno-
logical materials, such as optical switching ele-
ments, optical storage devices, and information
displays. Among these approaches, intermolecular
H-bonding is simply acquired by complexation of
H-bonded donor (H-donor) carboxylic (or benzoic)
acid groups with H-bonded acceptor (H-acceptor)
pyridyl moieties. Several series of H-bonded poly-
mer complexes and side-chain LC polymers
through intermolecular H-bonding (interaction
between benzoic acid and pyridine) have been
reported lately.18–30

The advantages of using organic materials to
manufacture electroluminescent (EL) devices are
their excellent film-forming properties, process-
ing feasibilities of flexible devices, highly effi-
cient EL properties, and low costs of fabrica-
tion.31 As we know, poly(N-vinylcarbazole) (PVK)
has attracted attention due to its applications
related to polymer light-emitting diodes (PLEDs)
in which the hole transporting layer is formed by
PVK or it can be blended with other light-emit-
ting materials. Such PLED devices have shown
remarkably high luminescence efficiencies and
relatively facile color tunabilities.32–34 In con-
trast to PVK, Romero et al.35 observed an
increase in the external quantum efficiency of
PLED devices based on the copolymerization of
carbazole units with short thiophene segments,
so carbazole units were also used to copolymerize
with fluorescent pyridyl moieties in our study.
Moreover, tuning emission colors in organic
light-emitting materials have been established
through the supramolecular interactions, for
example, H-bonds, in organic, dendritic, and
polymeric H-bonded complex systems.36–38

In this report, fluorescent pyridyl H-acceptors
as pendent groups were incorporated into the
side-chain polymeric structures rather than as
small molecules in our previous studies.36–38 The
purpose of the present study for side-chain conju-
gated pyridyl polymers is to explore the self-
assembled utilization of singly and doubly H-
bonded structures (as shown in the schematic
illustration of Fig. 1) in preparing for supramolec-
ular side-chain and crosslinking polymers, respec-
tively. As shown in Schemes 1 and 2, fluorescent
H-acceptor monomers PBT and PBOT (12 and
13) and their corresponding H-acceptor homopoly-
mers (14 and 17) containing three-conjugated aro-
matic rings (including two lateral substituted
methyl and methoxy groups with one pyridyl ter-
minus) were prepared, and both pyridyl H-
acceptor monomers 12 and 13 were further
reacted with different molar ratios of carbazole
monomer CAZ (23) to produce copolymers 15–16
and 18–19, respectively. Thus, the glass transition
temperatures of the H-acceptor polymers can be
controlled by the contents of pendent carbazole
monomer CAZ (23) in H-acceptor polymers (14–
16 and 17–19). In addition to the syntheses of
such fluorescent H-acceptor monomers and poly-
mers, two series of different H-acceptor polymers
PBT1-PBT3 (14–16) and PBOT1-PBOT3 (17–
19) were complexed with asymmetric monofunc-
tional H-donors OBA (20) and ONA (21) as well
as symmetric bifunctional H-donor THDA (22),
respectively, (as shown in Fig. 2). By incorporat-
ing of H-acceptor polymers to H-donor acids with
different pKa values, the light-emitting properties
of the supramolecular polymer complexes can be
easily adjusted. Singly/doubly H-bonded processes
of side-chain/crosslinking H-bonded polymers
were confirmed and investigated by means of
their LC properties, X-ray diffraction (XRD) pat-
terns, and photoluminescent (PL) properties.

EXPERIMENTAL

Materials

N-vinylcarbazole CAZ (23) was purchased from
Aldrich Chemical Co. and used without further
purification. Azobisisobutyronitrile (AIBN) was
purchased from Kanto Chemical Co. and recrys-
tallized from ethanol at 40 �C followed by drying
in a vacuum oven. Proton donors OBA (20) and
ONA (21) were identified as the required materi-
als by 1H and 13C NMR spectroscopy and elemen-
tary analyses, which were reported in our previous
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results,38 and proton donors thiophene-2,5-dicar-
boxylic acid THDA (22) was purchased from
Aldrich Chemical Co. Chemicals and solvents
were reagent grades and purchased from Aldrich,
Acros, TCI, and Lancaster Chemical Co. Dichloro-
mathane and Tetrahydrofuran (THF) were dis-
tilled to keep anhydrous before use. The other
chemicals were used without further purification.

Syntheses of H-Acceptor Monomers PBT (12) and
PBOT (13)

The synthetic route of monomer PBT (12) is
shown in Scheme 1, and its synthetic procedures
are described as follows:

4-Bromo-2,5-dimethylbenzaldehyde (2)

2,5-Dibromo-p-xylene 1 (6.9 g, 26.3 mmol) was
dissolved in 60 mL of dry THF purged with nitro-
gen. A solution of n-BuLi (13.7 mL, 34.2 mmol,
2.5 M in hexane) was added dropwise to a rapidly
stirred THF at �78 �C. The rate of addition was
adjusted to keep the temperature below �78 �C.

After the solution was stirred to react for 2 h at
�78 �C, a solution of DMF (4.1 mL, 52.6 mmol)
was added dropwise to keep at the same tempera-
ture. After 2 h, the reaction was quenched with
water and extracted with ethyl acetate. The or-
ganic extracts were dried over Na2SO4, and then
evaporated. The crude product was purified and
recrystallized from n-hexane to give a white crys-
tal. Yield: 5.0 g (90%).

1H NMR (ppm, CDCl3): d 10.19 (s, 1H), 7.63 (s,
1H), 7.47 (s, 1H), 2.60 (s, 3H), 2.43 (s, 3H).

4-Bromo-2,5-dimethylbenyl Alcohol (3)

To a stirred solution of compound 2 (5.0 g, 23.7
mmol) in 100 mL of THF/MeOH (1:1), NaBH4 (0.9
g, 23.7 mmol) was added very slowly and reacted
at room temperature. After 1 h, the solution was
cooled to 0 �C by ice bath, acidified with dilute
HCl solution, and extracted with ethyl acetate.
The resulting extracts in organic phase were com-
bined and washed with water. Then, the organic
extracts were dried over Na2SO4 and evaporated.
The crude product was purified and recrystallized

Figure 1. Schematic illustration of singly/doubly H-bonded processes for H-bonded
side-chain/crosslinking polymers. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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from dichloromethane/2-propanol to give a color-
less crystal. Yield: 4.1 g (80%).

1H NMR (ppm, CDCl3): d 7.33 (s, 1H), 7.21 (s,
1H), 4.61 (s, 2H), 2.35 (s, 3H), 2.27 (s, 3H).

1-Bromo-4-chloromethyl-2,5-dimethoxybenzene (4)

A stirred solution of compound 3 (4.1 g, 19 mmol)
in 1,4-dioxane (150 mL) was added with

Scheme 1. Synthetic routes of monomer PBT (12).
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concentrated HCl (20 mL, 3 N), and then the mix-
ture was refluxed for 10 h. After the reaction was
completed, the crude mixture was added with
water. The organic layer was extracted with ethyl
acetate, dried over Na2SO4 and evaporated. The
crude product was purified by flash column chro-
matography (silica gel, n-hexane/ethyl acetate
40:1) to give a white solid. Yield: 4.0 g (89%).

1H NMR (ppm, CDCl3): d 7.36 (s, 1H), 7.15 (s,
1H), 4.51 (s, 2H), 2.36 (s, 6H).

4-Bromo-2,5-dimethylbenzyldiethylphosphonate (5)

Compound 4 (4.0 g, 17.1 mmol) was mixed with
an excess of triethylphosphite (20 mL) and heated

to reflux for 12 h under reduce pressure. The
excess of triethylphosphite was removed after
reaction. The crude product was purified and
washed with hot hexane to give a white solid.
Yield: 5.1 g (90%).

1H NMR (ppm, CDCl3): d 7.28 (s, 1H), 7.07 (s,
1H), 4.08–3.95 (m, 10H), 3.06 (s, 1H), 2.99 (s, 1H),
2.28 (s, 3H), 2.26 (s, 3H).

1-Bromo-2,5-dimethyl-4-[2-(4-pyridyl)
ethenyl]benzene (6)

Compound 5 (5.1 g, 15.1 mmol) was dissolved in
60 mL of dry THF purged with nitrogen. A
solution of lithium diisopropylamide (22.7 mL,

Scheme 2. Synthetic routes of H-acceptor polymers.
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45.3 mmol, 2.5 M in hexane) was added dropwise
to a rapidly stirred solution at �78 �C. The rate of
addition was adjusted to maintain the temperature
below �78 �C. After the solution was stirred to
react for 30 min at �78 �C, a solution of pyridine-
4-carboxaldehyde (2 mL, 21.1 mmol) was added
dropwise and stirred for 30 min to come back to
room temperature. After that, the mixture was
stirred to react for 18 h at room temperature. The
reaction was quenched with water and extracted
with dichloromethane. Subsequently, the organic
layer was dried over Na2SO4 and evaporated. The
crude product was purified by column chromatog-
raphy (silica gel, dichloromethane/acetone 20:1) to
give a yellow solid. Yield: 3.7 g (85%).

1H NMR (ppm, CDCl3): d 8.56 (d, J ¼ 4.8 Hz,
2H), 7.42 (s, 1H), 7.40 (d, J ¼ 16.2 Hz, 1H), 7.36
(s, 1H), 7.35 (d, J ¼ 4.8 Hz, 2H), 6.88 (d, J ¼ 16.2
Hz, 1H), 2.38 (s, 3H), 2.35 (s, 3H).

10-(4-Bromophenoxy)-decan-1-ol (8)

A mixture of 4-bromophenol 7 (4.9 g, 28.5 mmol),
potassium carbonate (8.7 g, 62.7 mmol), 10-bro-
modecanol (7.4 g, 31.4 mmol), and a few amount
of potassium iodide in acetone (200 mL) was
heated to reflux and stirred under nitrogen for 48
h. After cooling to room temperature, the solvent
was removed under reduced pressure. The resi-
due was taken up in water and extracted with
ethyl acetate. Then, the organic layer was dried
over Na2SO4 and evaporated. The crude product
was purified by column chromatography (silica
gel, n-hexane/ethyl acetate 3:1) to give a white
solid. Yield: 8.3 g (88%).

1H NMR (ppm, CDCl3): d 7.33 (d, J ¼ 9.0 Hz,
2H), 6.75 (d, J ¼ 9.0 Hz, 2H), 3.89 (t, J ¼ 6.3 Hz,

2H), 3.62 (t, J ¼ 6.6 Hz, 2H), 1.78–1.69 (m, 2H),
1.59–1.50 (m, 2H), 1.41–1.29 (m, 12H).

4-[4-(10-Hydroxy-decyloxy)-phenyl]-2-methyl-3-
butyn-2-ol (9)

A solution of compound 8 (8.3 g, 25.3 mmol), PPh3

(13.1 mg, 0.51 mmol), and CuI (73 mg, 0.38 mmol)
in dry triethylamine (80 mL) was degassed with
nitrogen for 5 min. 2-Methyl-3-butyn-2-ol (3.7 mL,
38 mmol) and Pd(PPh3)2Cl2 (180 mg, 0.25 mmol)
were added to the solution at room temperature
and the mixture was stirred to react at 70 �C for
12 h. The mixture was filtered and the solvent
was removed in vacuum. Afterward, the crude
mixture was extracted using dichloromethane.
The organic solution was washed with water, and
then dried over Na2SO4 and evaporated. The
crude product was followed by purifying with col-
umn chromatography (silica gel, n-hexane/ethyl
acetate 2:1) to give a light yellow solid. Yield: 4.7
g (56%).

1H NMR (ppm, CDCl3): d 7.31 (d, J ¼ 9.0 Hz,
2H), 6.79 (d, J ¼ 9.0 Hz, 2H), 3.92 (t, J ¼ 6.6 Hz,
2H), 3.62 (t, J ¼ 6.6 Hz, 2H), 1.77–1.70 (m, 2H),
1.60 (s, 6H), 1.58–1.50 (m, 2H), 1.42–1.29 (m,
12H).

4-Ethynyl-1-(10-hydroxydecan-1-yloxy)-
benzene (10)

A solution of compound 9 (4.7 g, 14.2 mmol) and
finely powdered KOH (2.39 g, 42.6 mmol) in 1,4-
dioxane (80 mL) was refluxed under nitrogen for 3
h. After cooling to room temperature, the solvent
was removed under reduced pressure. The residue
was taken up in water and extracted with ethyl
acetate, and then acidified with 150 mL of HCl (3
N). The organic solution was washed with water,
and then dried over Na2SO4 and evaporated. The
crude product was purified by column chromatog-
raphy (silica gel, n-hexane/ethyl acetate 4:1) to
give a light yellow solid. Yield: 3.6 g (92%).

1H NMR (ppm, CDCl3): d 7.39 (d, J ¼ 9.0 Hz,
2H), 6.80 (d, J ¼ 9.0 Hz, 2H), 3.92 (t, J ¼ 6.6 Hz,
2H), 3.62 (t, J ¼ 6.6 Hz, 2H), 2.97 (s, 1H), 1.80–
1.70 (m, 2H), 1.57–1.50 (m, 2H), 1.42–1.29 (m,
12H).

10-{4-[2,5-Dimethyl-4-(2-pyridin-4-yl-vinyl)-
phenylethynyl]-phenoxy}-decan-1-ol (11)

A mixture of compound 6 (3.7 g, 12.7 mmol),
PPh3 (170 mg, 0.64 mmol), and CuI (120 mg,

Figure 2. Mono-acid (singly H-bonded) and bisacid
(doubly H-bonded) donors used in supramolecular
side-chain/crosslinking polymers, respectively.

STUDY OF SUPRAMOLECULAR POLYMERS BY COMPLEXATION 2739

Journal of Polymer Science: Part A: Polymer Chemistry
DOI 10.1002/pola



0.64 mmol) in dry triethylamine (80 mL) was
degassed with nitrogen for 5 min. Compound 10
(3.6 mL, 13.3 mmol) and Pd(PPh3)2Cl2 (90 mg,
0.13 mmol) were added to the solution at room
temperature, and afterward the reaction mix-
ture was stirred to react at 70 �C for 12 h. The
mixture was filtered and the solvent was
removed in vacuum. Next, the crude mixture
was extracted using dichloromethane. The or-
ganic solution was washed with water, and then
dried over Na2SO4 and evaporated. The crude
product was purified by column chromatogra-
phy (silica gel, dichloromethane) to give a light
yellow solid. Yield: 4.4 g (72%).

1H NMR (ppm, CDCl3): d 8.61 (d, J ¼ 6.0 Hz,
2H), 7.56 (d, J ¼ 15.9 Hz, 1H), 7.51 (s, 1H), 7.49
(d, J ¼ 8.7 Hz, 2H), 7.44 (d, J ¼ 6.0 Hz, 2H), 7.36
(s, 1H), 6.98 (d, J ¼ 15.9 Hz, 1H), 6.90 (d, J ¼ 8.7
Hz, 2H), 4.00 (t, J ¼ 6.6 Hz, 2H), 3.68 (t, J ¼ 6.6
Hz, 2H), 2.53 (s, 3H), 2.44 (s, 3H), 1.82 (m, 2H),
1.60 (m, 2H), 1.49–1.16 (m, 12H).

2-Methyl-acrylic acid 10-{4-[2,5-dimethyl-4-(2-
pyridin-4-yl-vinyl)-phenylethynyl]-phenoxy}-decyl
Ester PBT (12)

Compound 11 (1.0 g, 2.1 mmol), vinyl methacry-
late (1.24 mL, 0.01 mmol), 1,3-dichloro-1,1,3,3-
tetrabutyldistannoxane (92 mg, 0.83 mmmol),
2,6-di-tert-butyl-4-methyl phenol (27 mg, 1.3
mmmol), and 2 mL of THF were added to a
round-bottom flask. The solution was stirred at
50 �C for 48 h. Finally, the crude product of
monomer PBT (12) was purified by column
chromatography (aluminum oxide, n-hexane/
dichloromethane 4:1) to give a light yellow solid.
Yield: 0.54 g (47%).

1H NMR (ppm, CDCl3): d 8.57 (d, J ¼ 5.4 Hz,
2H), 7.51 (d, J ¼ 16.2 Hz, 1H), 7.46 (s, 1H), 7.44
(d, J ¼ 8.7 Hz, 2H), 7.39 (d, J ¼ 5.4 Hz, 2H), 7.31
(s, 1H), 6.93 (d, J ¼ 16.2 Hz, 1H), 6.85 (d, J ¼ 8.7
Hz, 2H), 6.08 (s, 1H), 5.53 (s, 1H), 4.12 (t, J ¼ 6.9
Hz, 2H), 3.96 (t, J ¼ 6.9 Hz, 2H), 2.49 (s, 3H), 2.39
(s, 3H), 1.93 (s, 3H), 1.77 (m, 2H), 1.65 (m, 2H),
1.49–1.20 (m, 12H). 13C NMR (ppm, CDCl3): d
159.30, 149.92, 145.09, 137.62, 134.60, 133.63,
133.60, 132.96, 130.52, 127.20, 126.47, 125.20,
123.72, 121.00, 115.30, 114.59, 94.65, 87.04, 77.52,
77.10, 76.67, 68.09, 64.84, 29.49, 29.46, 29.37,
29.25, 29.21, 28.62, 26.03, 25.99, 20.39, 19.20,
18.37. MS (EI): m/z [Mþ] 549.3, calcd m/z [Mþ]
549.32. Anal. Calcd. for C37H43NO3: C 80.84, H
7.88, N 2.55. Found: C 80.56, H 7.95, N 2.77.

1-{[4-(10-Methacryloyloxy-decyloxy)-phenyl]-
ethynyl}-2,5-dimethoxy-4-[2-(4-pyridyl)ethenyl]-
benzene PBOT (13)

The synthetic procedures of monomer PBOT (13)
were described in our previous report.39

1H NMR (ppm, CDCl3): d 8.57 (d, J ¼ 4.5 Hz,
2H), 7.66 (d, J ¼ 16.5 Hz, 1H), 7.50 (d, J ¼ 9.0 Hz,
2H), 7.39 (d, J ¼ 4.5 Hz, 2H), 7.11 (s, 1H), 7.04 (d,
J ¼ 16.5 Hz, 1H), 7.04 (s, 1H), 6.87 (d, J ¼ 9.0 Hz,
2H), 6.10 (s, 1H), 5.55 (s, 1H), 4.14 (t, J ¼ 6.6 Hz,
2H), 3.97 (t, J ¼ 6.6 Hz, 2H), 3.96 (s, 3H), 3.89 (s,
3H), 3.62 (t, J ¼ 6.6 Hz, 2H), 1.95 (s, 3H), 1.81-
1.75 (m, 2H), 1.58–1.53 (m, 2H), 1.42–1.30 (m,
12H). HRMS (EI): calcd for C37H43NO5, 581.3141;
found 581.3146. Anal. Calcd for C37H43NO5: C,
76.39; H, 7.45; N, 2.41. Found: C, 76.15; H, 7.37;
N, 2.44.

Syntheses of Polymers

The synthetic routes of polymers are shown in
Scheme 2.

Homopolymers of PBT1 (14) and PBOT1 (17)

Monomers (1.0 g) of PBT (12) and PBOT (13)
were dissolved in THF (5 mL), and then AIBN (3
mol %) was added as an initiator. After 24 h of
reaction, the polymerization was terminated and
the polymers were precipitated by a large amount
of ether. The crude products were redissolved sev-
eral times in THF and reprecipitated into a large
amount of ether to afford 0.56 g of polymers. The
yields were 65�49%.

Copolymers PBT2-PBT3 (15–16) and
PBOT2-PBOT3 (18–19)

Monomers (total amount 1.2 g) of PBT (12)/CAZ
(23) or PBOT (13)/CAZ (23) with the desired
molar ratios were dissolved in THF (6 mL), and
then AIBN (3 mol %) was added as an initiator.
The reaction mixtures were flushed with nitrogen
for 5 min and then heated in a water bath at 60
�C to initiate polymerization. After 24 h of reac-
tion, the polymerization was terminated and the
copolymers were precipitated by a large amount
of ether. The products were redissolved several
times in THF and reprecipited in ether.

PBT1 (14)

Yield: 49%. 1H NMR (ppm, d-dioxane): d 0.89–
1.75 (b, 18H), 1.93 (s, 3H), 2.33 (s, 3H), 2.46 (s,
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3H), 3.84–4.03 (b, 4H), 6.78–7.61 (m, 10H), 8.51
(s, 2H).

PBT2 (15)

Yield: 55%. 1H NMR (ppm, d-dioxane): d 0.88–
1.85 (b, 19H), 1.95 (s, 3H), 2.34 (s, 3H), 2.48 (s,
3H), 3.80–4.03 (b, 4H), 6.81–8.20 (m, 18H), 8.51
(s, 2H).

PBT3 (16)

Yield: 50%. 1H NMR (ppm, d-dioxane): d 0.92–
1.88 (b, 19H), 1.96 (s, 3H), 2.36 (s, 3H), 2.49 (s,
3H), 3.80–4.05 (b, 4H), 6.82–8.22 (m, 18H), 8.53
(s, 2H).

PBOT1 (17)

Yield: 58%. 1H NMR (ppm, d-dioxane): d 0.88–
1.78 (b, 18H), 2.08 (s, 3H), 3.79–4.02 (m, 10H),
6.79–7.78 (m, 10H), 8.50 (s, 2H).

PBOT2 (18)

Yield: 62%. 1H NMR (ppm, d-dioxane): d 0.90–
1.83 (b, 19H), 2.10 (s, 3H), 3.80–4.05 (m, 10H),
6.78–8.19 (m, 18H), 8.50 (s, 2H).

PBOT3 (19)

Yield: 65%. 1H NMR (ppm, d-dioxane): d 0.87–
1.85 (b, 19H), 2.16 (s, 3H), 3.83–4.10 (m, 10H),
6.65–8.21 (m, 18H), 8.51 (s, 2H).

Preparation of Supramolecular Complexes

In all cases, all proton donors (as shown in Fig. 2)
and acceptor polymers were dissolved in THF to
make a clear solution. After that, most of the sol-
vents were evaporated under ambient conditions,
which were followed by drying in a vacuum oven
at 60 �C for several hours. The complexation of
H-donor acids and H-acceptor polymers through
hydrogen bonding occurred during the solvent
evaporation. The complexes of all H-acceptor poly-
mers with H-donor acids OBA (20) and ONA (21)
had the equal molar amount of pyridyl H-acceptor
and carboxylic acid H-donor groups (in 1:1 M ra-
tio) to form singly H-bonded supramolecules (H-
bonded side-chain polymers), and with THDA
(22) had the double amounts of pyridyl H-
acceptor groups to those of carboxylic acid
H-donor groups (in 2:1 M ratio) to form doubly

H-bonded supramolecules (H-bonded crosslinking
polymers).

Measurements and Characterization

1H NMR spectra were recorded on a Varian
unity 300 MHz spectrometer using CDCl3 and
d-dioxane as solvents. Elemental analyses were
performed on a HERAEUS CHN-OS RAPID ele-
mental analyzer. Fourier transform infrared
(FT-IR) spectra were performed a Nicolet 360
FT-IR spectrometer. The textures of mesophases
were characterized by a polarizing optical
microscope (POM, model: Leica DMLP)
equipped with a hot stage. Temperatures and
enthalpies of phase transitions were determined
by differential scanning calorimetry (DSC,
model: Perkin-Elmer Pyris 7) at the second
heating and cooling scans with a rate of 10 �C/
min under nitrogen. Thermogravimetric analy-
ses (TGA) were conducted on a Du Pont Ther-
mal Analyst 2100 system with a TGA 2950 ther-
mogravimetric analyzer at a heating rate of 20
�C/min under nitrogen. Gel permeation chroma-
tography (GPC) analyses were conducted with a
Water 1515 separations module using polysty-
rene as a standard and THF as an eluant. UV-
visible absorption spectra were recorded in
dilute THF solutions (10�6 M) on a HP G1103A
spectrophotometer, and photoluminescence (PL)
spectra were obtained on a Hitachi F-4500 spec-
trophotometer. Thin films of UV-vis and PL
measurements were spin-coated on quartz sub-
strates from THF solutions with a concentration
of 1 wt %. The PL quantum yields (UPL) of poly-
mers were measured with 9,10-diphenylanthra-
cene as a reference (in cyclohexane, UPL ¼
0.9).40 Synchrotron powder XRD measurements
were performed at beamline BL17A of the
National Synchrotron Radiation Research Cen-
ter (NSRRC) in Taiwan, where the X-ray wave-
length used was 1.32633 Å. X-ray diffraction
XRD data were collected using imaging plates
(IP, of an area ¼ 20 � 40 cm2 and a pixel resolu-
tion of 100) curved with a radius equivalent to
the sample-to-image plate distance of 280 mm,
and the diffraction signals were accumulated for
3 min. The powder samples were packed into a
capillary tube and heated by a heat gun, where
the temperature controller was programmable
by a PC with a PID feed back system. The scat-
tering angle theta values were calibrated by a
mixture of silver behenate and silicon.
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RESULTS AND DISCUSSION

Synthesis and Characterization of Polymers

As shown in Scheme 1, monomer PBT (12) was
successfully synthesized via Sonogashira cou-
pling and Wittig-Horner reactions to obtain
three-conjugated aromatic rings. To synthesize
the designed methacrylate monomer containing
end-capping pyridine, it is crucial to avoid H-
bonding of the pyridine moiety, and thus no
acidic reactants can be used. Therefore, vinyl
methacrylate (instead of methacryloyl chloride)
was finally used as a reactant according to the
literature41 to get a high yield of methacrylate
PBT (12), where 1,3-dichloro-1,1,3,3-tetrabu-
tyldistannoxane was required as a catalyst to
proceed this reaction and the polymerization of
PBT was avoided by using an inhibitor 2,6-di-
tert-butyl-4-methyl phenol. Two analogous se-
ries side-chain polymers composed of monomers
PBT (12) and PBOT (13) with different lateral
methyl and methoxy groups in central cores
were synthesized. Finally, methacrylate mono-
mers PBT (12) and PBOT (13) were in con-
junction with N-vinylcarbazole CAZ (23) dur-
ing the conventional synthesis of random free
radical copolymerization, where the contents of
CAZ units in the copolymers were determined
by 1H NMR. All of these polymers were dis-
solved in high polar organic solvents (such as
THF and DMF) to form good transparent films
on glass substrates. The average molecular
weights obtained from GPC are illustrated
in Table 1. The number-average molecular
weights (Mn) of polymers are between 8800 and
15,000 g/mol with polydispersity indexes (PDI)
between 1.47 and 2.93.

FT-IR Spectroscopy of H-Bonded
Polymer Complexes

All H-bonded polymer complexes consisting of
appropriate (fully H-bonded) molar ratios of H-
acceptor polymers (14–19) and H-donors (20–22)
were prepared by slow evaporation of THF solu-
tions and followed by drying in vacuo. The forma-
tion of hydrogen bonding in supramolecular side-
chain and crosslinking polymers containing
donors OBA (20), ONA (21), and THDA (22) was
confirmed by FT-IR spectroscopy. As shown in Fig-
ure 3, IR spectra of PBOT2 (18), THDA (22),
and H-bonded polymer complex PBOT2/THDA
(18/22) are compared with analyze the hydrogen
bonds in the supramolecular crosslinking struc-
ture of PBOT2/THDA (18/22). In contrast to the
OAH band of pure THDA (22) (H-bonded cross-

Table 1. Molecular Weights and Thermal Properties of H-Acceptor Polymers

H-Acceptor Polymer Composition (% CAZ)a Mn
b Mw

b PDIb Td
c (�C) Phase Transitionsd (�C)

PBT1 (14) 0 8,800 20,400 2.31 389 G 51 Ne

PBT2 (15) 40 12,200 32,100 2.63 373 G 63 Ne

PBT3 (16) 66 9,200 13,600 1.47 359 G 130 Ke

PBOT1 (17) 0 10,100 20,100 1.99 362 G 61 Ne

PBOT2 (18) 38 9,700 19,100 1.96 341 G 70 Ne

PBOT3 (19) 70 15,000 44,000 2.93 335 G 103 Ke

aThe content of CAZ groups in copolymers (mol %) were determined by NMR.
bMolecular weight determined was by GPC in THF, based on polystyrene standards.
c Temperature (�C) at 5% weight loss was measured by TGA at a heating rate of 20 �C/min under nitrogen.
dGlass transition temperature (�C) was determined by DSC at the second heating scan with a rate of 10 �C/min. G, glassy

state; K, crystalline; N, nematic.
e The isotropization temperatures were not observed in DSC even up to 250 �C.

Figure 3. Infrared spectra for PBOT2 (18), THDA
(22), and H-bonded polymer complex PBOT2/THDA
(18/22) at room temperature.
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linker) at 2652 and 2552 cm�1, the weaker OAH
band observed at 2535 and 1926 cm�1 in H-
bonded polymer complex PBOT2/THDA (18/22)
is indicative of stronger hydrogen bonding
between the pyridyl group of PBOT2 (18) and
the carboxylic acid of THDA (22) in the H-bonded
polymer complex. On the other hand, a C¼¼O
stretching vibration appeared at 1719 cm�1 in H-
bonded polymer complex PBOT2/THDA (18/22),
which shows that the carbonyl group was in a less
associated state than that in pure THDA (22) (H-
bonded cross-linker) with a weaker C¼¼O stretch-
ing vibration appeared at 1670 cm�1. Both results
suggest that hydrogen bonds were formed
between H-acceptor PBOT2 (18) and H-donor
THDA (22) in the solid state of H-bonded polymer
complex PBOT2/THDA (18/22). Some other
supramolecular polymers also have the similar
consequences of H-bonding formation as the H-
bonded polymer complex demonstrated here.42

Thermal Behavior

The phase transition temperatures and corre-
sponding enthalpy changes of all polymers and H-
bonded polymer complexes were characterized by
DSC and POM, where the mesomorphic proper-
ties (the nematic and Sc phases) were affected by
the type of H-donor acids and H-acceptor pyridyl
polymers (containing lateral methyl- and
methoxy-substituted groups). The thermal stabil-
ities of the polymers evaluated by TGA under
nitrogen are summarized in Table 1. TGA analy-
ses indicate that the degradation temperatures
(Td) with 5% of weight loss under nitrogen are
between 335 and 389 �C. The results of TGA show
that the Td values of the polymers are gradually
decreased by increasing the molar ratio of the
CAZ units in both series of polymers PBT1-
PBT3 (14–16) and PBOT1-PBOT3 (17–19). In
addition, lateral methyl-substituted polymers
PBT1-PBT3 (14–16) have higher Td values than
analogous lateral methoxy-substituted polymers
PBOT1-PBOT3 (17–19), respectively. The glass
transition temperatures (Tg) of the polymers
determined by DSC under nitrogen are also listed
in Table 1. The glass transition temperatures of
all polymers are between 51 and 130 �C, whereas
their isotropization temperatures were not
observed up to 250 �C. As shown in Figure 4, the
Tg values of the polymers are gradually enhanced
by increasing the molar ratio of the CAZ units,
that is, PBT3 (16) [ PBT2 (15) [ PBT1 (14)
and PBOT3 (19)[ PBOT2 (18)[ PBOT1 (17).

This obviously indicates that the presence of the
bulky and rigid CAZ moieties in the copolymers
will enhance the steric hindrance of the pendants
and suppresses the free volume of the copolymers
effectively. Generally, the lateral methoxy-substi-
tuted polymers show higher glassy transition
temperatures (Tg) than the corresponding methyl-
substituted polymers, which might be because the
higher polarity of the lateral methoxy groups in
the H-acceptor pyridyl pendants may stabilize the
frozen smectic layered structure by the succeed-
ing mesophasic arrangement. As for the phase
behavior of polymers PBT1-PBT3 (14–16) and
PBOT1-PBOT3 (17–19) shown in Table 1, it sug-
gests that the incorporation of CAZ units in
copolymers (14–19) is detrimental to the forma-
tion of the nematic phase, so copolymers PBT3
(16) and PBOT3 (19) with the highest concentra-
tion of CAZ units (ca. 70% molar ratio) do not pos-
sess any mesophase in both series. This phenom-
enon could be explained by that the CAZ units
with nonmesomorphic property may dilute and
hinder the molecular packing of the LC arrange-
ments.

All H-bonded polymer complexes consisting of
appropriate (fully H-bonded) molar ratios of H-
acceptors (polymers) and H-donors were prepared
by slow evaporation of THF solutions and followed
by drying in vacuo. The thermal properties of all
H-bonded polymer complexes are illustrated in
Figure 5 and Table 2. Similar to polymers PBT1-
PBT3 (14–16) and PBOT1-PBOT3 (17–19), the
phase transition temperatures of these H-bonded
polymer complexes have the same tendency. To
investigate the effects of H-donors to form various

Figure 4. DSC heating curves (second scans) of
H-acceptor polymers 14–19.
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supramolecular structures, three different H-
donors, that is, two asymmetric monofunctional
H-donors OBA (20) and ONA (21) along with one
symmetric bifunctional H-donor THDA (22),
were utilized in the H-bonded side-chain/cross-

linking polymers. These H-donors consist of three
different rigid cores, such as phenylene, naphtha-
lene, and thiophene groups, where THDA (22)
containing a thiophene unit serves as a double
H-donor (kinked H-bonded cross-linker). Some or

Figure 5. Phase diagrams (upon second heating) for (a) H-bonded polymer com-
plexes of PBT and (b) H-bonded polymer complexes of PBOT.

2744 LIANG AND LIN

Journal of Polymer Science: Part A: Polymer Chemistry
DOI 10.1002/pola



emitters through H-bonds. H-bonded polymer
complexes in Figure 5 and Table 2 exhibit melting
temperatures (Tm) but without Tg, indicating
their crystalline nature. In contrast to the ne-
matic phase of pure H-acceptor polymers PBT1-
PBT2 (14–15) and PBOT1-PBOT2 (17–18), the
smectic phase is introduced in their corresponding
H-bonded polymer complexes due to the extended
H-bonded mesogens by the combined rigid cores
of H-donors. However, the nematic phase is recov-
ered in the H-bonded cross-linking polymers com-
posed of double H-donor THDA (22) and H-
acceptor copolymers with a medium concentration
of CAZ units, that is, PBT2/THDA (15/22) and
PBOT2/THDA (18/22), where the rod–rod inter-
actions of H-bonded mesogens are reduced due to
the dilution effect from the copolymerization of
CAZ units in H-acceptor copolymers PBT2 (15)
and PBOT2 (18). In addition, due to the nonme-
somorphic property of H-acceptor polymers PBT3
(16) and PBOT3 (19), no mesomorphism is
observed in all H-bonded polymer complexes con-
taining H-acceptor copolymers PBT3 (16) and
PBOT3 (19) with the highest concentration of
CAZ units.

Comparing the phase transition temperatures
of the H-bonded polymer counterparts containing
different H-donors OBA (20), ONA (21), and
THDA (22), it demonstrates that longer and
more rigid H-bonded structures will have higher
isotropization temperatures (Ti), that is, H-
bonded polymer complexes containing THDA
(22) [ those containing ONA (21) [ those con-
taining OBA (20). For example, the Ti values of
analogous H-bonded polymer complexes are in
the order of PBT1/THDA (14/22) [ PBT1/ONA
(14/21) [ PBT1/OBA (14/20), that is, 200.8 �C,
174.2 �C, and 149.1 �C, respectively. Moreover,
comparing analogous H-bonded polymer com-
plexes consisting of the same H-acceptor poly-
mers, the highest isotropization temperatures
(Ti) and the broadest mesophasic ranges were
observed in the supramolecular cross-linking
polymers containing double H-donor THDA (22).
For instance, the H-bonded polymer networks
PBT1/THDA (14/22) and PBOT1/THDA (17/
22), where double H-donor THDA (22) acts as H-
bonded cross-linkers (acceptor:donor ¼ 2:1) have
the highest Ti values and the broadest smectic
phase ranges in the analogues of H-bonded

Table 2. Thermal Properties of H-Bonded Polymer Complexesa,b

H-Bonded Polymer
Complex Heating Cooling

PBT1/OBA (14/20) K 72.7 (2.0) Sc 149.1 (3.3) I I 145.5 (�3.1) Sc 67c K
PBT1/ONA (14/21) K 102.4 (3.96) Sc 174.2 (7.79) I I 171.5 (�8.06) Sc 91c K
PBT1/THDA (14/22) G 65.4 Sc 200.8 (6.21) I I 174.9 (�5.83) K
PBT2/OBA (15/20) K 107.3 (1.71) Sc 129c I I 124c Sc 105.7 (�1.53) K
PBT2/ONA (15/21) K 97.8 (1.21) Sc 143.9 (1.54) I I 141.4 (�1.68) Sc 91c K
PBT2/THDA (15/22) G 85.8 N 181.6 (7.1) I I 180c N 82.1 (�6.85) G
PBT3/OBA (16/20) K 78.1(3.6) I I 72c K
PBT3/ONA (16/21) K 78.1 (1.55) K0 102.9 (2.3) I I 96c K
PBT3/THDA (16/22) G 109.3 K 168.6 (2.3) I I 159c K 106.6 G
PBOT1/OBA (17/20) K 74.2 (0.7) K0 110.7 (3.24) Sc 127.7 (0.07) I I 120.3 (�0.06) Sc 108.3 (�3.13) K
PBOT1/ONA (17/21) G 58.8 K 114.1 (1.85) Sc 138.0 (2.83) I I 133.1 (�2.51) Sc 106.3 (�0.91) K0 83.5

(�1.11) K
PBOT1/THDA (17/22) G 87.1 Sc 211.2 (5.7) I I 195c Sc 86.3 G
PBOT2/OBA (18/20) K 75.4 (1.75) Sc 127.3 (0.06) I I 120.8 (�0.05) Sc 62.1 (�2.06) K
PBOT2/ONA (18/21) G 66.6 K 105.4 (2.15) Sc 131.2 (3.85) I I 127c Sc 103.9 (�2.15) K0 79.6 (�1.64) K
PBOT2/THDA (18/22) G 109.8 N 168.6 (3.4) I I 157c N 105.8 G
PBOT3/OBA (19/20) K 77.5 (3.9) I I 60.2 (�3.2) K
PBOT3/ONA (19/21) K 79.4 (�1.7)K0 99.5 (2.0) I I 90c K
PBOT3/THDA (19/22) G 82.3 K 157c I I 148c K 78.2 G

aTransition temperatures (�C) and enthalpies (in parentheses, kJ/mol) were determined by DSC at the second heating and
cooling scans with a rate of 10 �C/min.

bG, glassy state; K, crystalline; Sc, smectic C; N, nematic; I, isotropic.
c The phase transition temperatures were obtained from POM.
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polymer complexes, respectively. In general, the
phase transition temperatures of H-bonded side-
chain/cross-linking polymers will be enhanced
while the H-bonded central cores are longer and
more rigid.

Interestingly, by increasing the molar ratios of
CAZ units in the H-bonded polymer networks,
the smectic phase disappears but the nematic
phase forms in PBT2/THDA (15/22) and
PBOT2/THDA (18/22), which is attributed to the
CAZ segments in H-bonded polymer complexes
PBT2/THDA (15/22) and PBOT2/THDA (18/22)
(containing PBT2 (15) and PBOT2 (18) with a
medium concentration of CAZ segments, c.a. 40%
molar ratio) eliminate the layered arrangement of
the H-bonded smectogens. However, in contrast to
the nematic phase in supramolecular cross-link-
ing polymers PBT2/THDA (15/22) and PBOT2/
THDA (18/22), supramolecular side-chain poly-
mers PBT2/OBA-PBT2/ONA (15/20–15/21) and
PBTO2/OBA-PBOT2/ONA (18/20–18/21) con-
taining PBT2 (15) and PBOT2 (18) maintain
the smectic phase, which are originated from the
stronger p–p interactions of linear rods in
the more linear H-bonded side-chain structures
with pendent H-donors OBA (20) and ONA (21)
rather than the weaker rod–rod interactions in
the more kinked cross-linking structures with
double H-donor THDA (22). Furthermore, the
mesophases even disappear in all H-bonded poly-
mer complexes containing H-acceptor polymers
PBT3 (16) and PBOT3 (19) due to the most con-
centrated CAZ segments in copolymers PBT3
(16) and PBOT3 (19) (with the highest concen-
tration of CAZ segments, c.a. 70% molar ratio),
which destroy the mesophasic arrangements com-
pletely. Besides, compared with PBT2/OBA (15/
20) and PBT2/ONA (15/21), analogous supramo-
lecular side-chain polymers PBT1/OBA (14/20)
and PBT1/ONA (14/21) containing H-acceptor
homopolymer PBT1 (without CAZ units) have
higher Ti values (i.e., 149.1 and 174.2 �C higher
than 129 and 143.9 �C, respectively) and broader
smectic phase ranges (i.e., 76.4 and 71.8 �C
broader than 21.7 and 46.1 �C, respectively). Sim-
ilar trends of reduction in Ti values occur for
supramolecular crosslinking polymers as increas-
ing CAZ contents in the H-acceptor polymers.
Hence, it is demonstrated that the mesophasic
ranges and Ti values of these H-bonded polymer
complexes are apparently reduced with increasing
CAZ contents in the H-acceptor polymers.

In terms of lateral substitutions, the lateral
methoxy groups in the H-bonded polymer com-

plexes containing H-acceptor homopolymer PBT1
are larger than the lateral methyl groups in the
H-bonded polymer complexes containing H-
acceptor homopolymer PBOT1 to hinder the mo-
lecular packing, and thus to cause the reduction
of the mesophases and Ti values prominently. For
instance, in contrast to PBT1/OBA (14/20) and
PBT1/ONA (14/21) containing H-acceptor homo-
polymer PBT1 (with lateral methyl groups), anal-
ogous H-bonded polymer complexes PBTO1/OBA
(17/20) and PBOT1/ONA (17/21) containing H-
acceptor homopolymer PBOT1 (with lateral
methoxy groups) have lower Ti values (i.e., 127.7
and 138.0 �C lower than 149.1 and 174.2 �C,
respectively) and narrower smectic phase ranges
(i.e., 17.0 and 23.9 �C narrower than 76.4 and
71.8 �C, respectively). Thus, the steric effect plays
an important role on the mesomorphic and ther-
mal properties, where the larger lateral substitu-
tion may be detrimental to the molecular packing
as well as the mesophasic ranges and Ti values.
Above all, by utilization of H-acceptor polymers
(mainly possess the nematic phase), various meso-
morphic properties as shown in Figure 6 can be
introduced to the H-bonded polymer complexes,
including H-bonded side-chain/crosslinking poly-
mers complexed with asymmetric monofunctional
and symmetric bifunctional H-donors. The smec-
tic and nematic phases in the H-bonded polymer
complexes were not only identified by POM but
also could further be confirmed by XRD measure-
ments.

X-Ray Diffraction Analysis

To elucidate the structure of the mesophases,
XRD measurements were accomplished at the
temperature ranges of mesophases for all H-
bonded polymer complexes (see Table 3). To prove
the formation of the supramolecular structures,
the smectic layer arrangements can be character-
ized to evaluate the H-bonded architectures. How-
ever, the calculations of tilt angles by Chemoffice
in Table 3 did not consider their Van der Waals
radii. Moreover, the measurements of the lengths
for the H-bonded complexes were made in the
rigid and all-trans conformations, which might be
not exactly what occur in the mesophases, so the
theoretical molecular lengths and tilt angles pre-
sented here are only rough estimates. Based on
the theoretical geometries estimated by CS Chem-
Office, the molecular lengths of H-bonded poly-
mer complexes PBT1/OBA (14/20), PBT1/ONA
(14/21), and PBT1/THDA (14/22) are 55.7, 58.1,
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Figure 6. Liquid crystalline textures of H-bonded polymer complexes observed by
POM (a) the Sc phase in PBT1/ONA (14/21) at 160 �C (cooling), (b) the Sc phase in
PBT2/ONA (15/21) at 110 �C (cooling), (c) the nematic phase in PBT2/THDA
(15/22) at 180 �C (cooling), (d) the Sc phase in PBOT1/THDA (17/22) at 160 �C
(cooling).

Table 3. The d-Spacing and Tilt Angle Values of the Sc Phase in H-Bonded Polymer Complexes

H-Bonded Polymer
Complex Phase

Measured d
Spacing (Å) (Cooling)

Theoretical Molecular
Length (Å)a Tilt Angle (�)

PBT1/OBA (14/20) Sc 46.9 (130 �C) 55.7 32.7
PBT1/ONA (14/21) Sc 50.1 (160 �C) 58.1 30.4
PBT1/THDA (14/22) Sc 61.8 (165 �C) 75.4 35.0
PBT2/OBA (15/20) Sc 42.2 (130 �C) 55.7 40.7
PBT2/ONA (15/21) Sc 50.3 (110 �C) 58.1 30.0
PBT2/THDA (15/22) Nb – – –
PBOT1/OBA (17/20) Sc 49.3 (115 �C) 55.7 27.7
PBOT1/ONA (17/21) Sc 50.0 (120 �C) 58.1 30.6
PBOT1/THDA (17/22) Sc 63.0 (160 �C) 75.4 33.3
PBOT2/OBA (18/20) Sc 43.0 (120 �C) 55.7 39.5
PBOT2/ONA (18/21) Sc 46.9 (120 �C) 58.1 36.2
PBOT2/THDA (18/22) Nb – – –

aThe theoretical molecular lengths of H-bonded polymer complexes were estimated by the sum of molecular projection
lengths of the H-bonded components along the rigid cores through molecular modeling.

bNematic phase was observed by POM and confirmed by XRD (no layer d-spacing peaks).
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and 75.4 Å, respectively, which are calculated
from the molecular projection lengths of the fully
extended molecular lengths along the rigid cores.
As shown in Table 3 and Figure 7(a), the XRD
patterns of H-bonded polymer complexes PBOT1/
OBA (17/20), PBOT1/ONA (17/21), and PBOT1/
THDA (17/22) indicate that the layer d-spacing
values at 115, 120, and 160 �C are 49.3, 50.0, and
63.0 Å, respectively. In general, the XRD data
demonstrate the d-spacing values at different
temperatures, from which the individual tilt
angles can be estimated. According to these find-
ings in XRD experiments, the tilt angles of are
27.7�, 30.6�, and 33.3�, respectively, as H-acceptor

polymer PBOT1 (17) was H-bonded to H-donors
OBA (20), ONA (21), and THDA (22). These
results support that most H-bonded polymer com-
plexes are suitable to be identified as the tilted
smectic C phase by XRD measurements, and their
tilt angles in Table 3 can be calculated from the
theoretical molecular model. In contrast to the
longer (even though kinked) doubly H-bonded
rods of supramolecular cross-linking polymers
containing bifunctional H-donor THDA (22) (as a
H-bonded cross-linker), the supramolecular side-
chain polymers containing monofunctional H-
donors OBA (20) and ONA (21) always have
smaller d-spacing values due to their shorter sin-
gly H- bonded rods. Moreover, compared with
OBA (20), H-donor ONA (21) possesses a longer
rigid naphthyl group, so the d-spacing values of
the H-bonded polymer complexes containing
ONA (21) will be a little longer (c.a. 2.4 Å) in con-
trast to those containing OBA (20). Regarding
the H-bonded polymer complexes containing H-
acceptor polymers with different contents of CAZ
units in Table 3, it is interesting that all d-spacing
values of H-bonded polymer complexes bearing H-
acceptor homopolymers PBT1 (14) and PBOT1
(17) (without CAZ units) are larger than those
bearing H-acceptor copolymers PBT2 (15) and
PBOT2 (18) bearing CAZ units, respectively. As
described previously, the CAZ segments reduce
the molecular packing of smectogens, so the
smaller d-spacing values are induced by that the
smectic layers are more disordered and the pend-
ent mesogens are separated (and diluted) by CAZ
units. Furthermore, the lack of small angle XRD
patterns (for smectogens) in the mesophase of H-
bonded polymer complexes PBT2/THDA (15/22)
and PBOT2/THDA (18/22) support the existence
of the nematic phase [see Fig. 7(b)]. As shown in
Figure 8, the diffraction patterns of H-bonded
polymer complex PBT1/ONA (14/21) indicate the
diffraction peak is increased upon cooling from
the isotropic phase (180 �C) to the crystalline
state (50 �C), so the layer d-pacing value (in the
inset of Fig. 8) reduces from 50.1 Å (at 160 �C) to
49.7 Å (at 120 �C), which could be due to the
increase of tilt angle by decreasing temperature.
The disappearance of small-angle diffraction peak
at 180 �C indicates the absence of the layered
smectic structure in the isotropic phase.

Optical Properties

The absorption and PL spectral data of all lumi-
nescent H-acceptor polymers PBT1-PBT3 (14–

Figure 7. X-ray diffraction patterns of H-bonded
polymer complexes (a) the Sc phase in PBOT1/OBA
(17/20) at 115 �C, PBOT1/ONA (17/21) at 120 �C,
and PBOT1/THDA (17/22) at 160 �C; (b) the nematic
phase in PBT2/THDA (15/22) and PBOT2/THDA
(18/22) at 130 �C.
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16) and PBOT1-PBOT3 (17–19) (in both THF
solutions and solid films) as well as all H-bonded
polymer complexes (in solid films) are summar-
ized in Tables 4–5. The PL quantum yields (UPL)
of polymers PBT1-PBT3 (14–16) and PBOT1-
PBOT3 (17–19) in solutions were excited at the
maximum absorption peak as listed in Table 4. As
shown in Figure 9(a), the maximum absorption
peaks of PBT and PBOT series are 350 and 384
(322) nm, respectively. The absorption bands of
PBT1-PBT3 (14–16) in THF solutions at c.a.
294, 330, and 344 nm are originated from the
combined absorption bands of CAZ pendent
groups. The additional absorption bands of poly-
mers PBOT1-PBOT3 (17–19) at 320–322 nm are
assigned to the n–p* transition43 contributed from
the lateral methoxy groups in conjugated chromo-
phores. Similarly, PBOT1-PBOT3 (17–19) have

the same tendency by increasing the content of
CAZ units. In Figure 9(b), the PL spectra of H-
acceptor polymers PBT1-PBT3 (14–16) emitted
blue light c.a. 431–440 nm in THF solutions. In
comparison with luminescent homopolymer
PBT1 (14), the slightly blue-shifted PL spectra of
copolymers PBT2 and PBT3 (15 and 16) can be
explained by the dilution effect of the incorpo-
rated CAZ units to reduce the aggregation of the
pyridyl chromophores, which also can enhance PL
quantum yields (UPL ¼ 40–59%) by copolymeriza-
tion with CAZ units. Correspondingly, similar
blue-shifted PL spectra (kPL,sol ¼ 445–449 nm)
and enhanced PL quantum yields (UPL ¼ 49–63%)
were observed in THF solutions of analogous H-
acceptor polymers PBOT2-PBOT3 (18–19 with
lateral methoxy groups) due to the dilution effects
of CAZ units in copolymers. Furthermore, in con-
trast to polymers PBT1-PBT3 (14–16), polymers
PBOT1-PBOT3 (17–19) have more red-shifted
PL emissions due to the stronger electron

Figure 8. X-ray diffraction patterns for H-bonded
polymer complex PBT1/ONA (14/21) upon cooling
from the isotropic phase (180 �C) to solid (50 �C).

Table 4. Absorption and Photoluminescence
Spectral Data of H-Acceptor Polymers

H-Acceptor
Polymer

kabs,sol
a

(nm)
kPL,sol

a

(nm)
kPL,film
(nm)

UPL,sol
b

(%)

PBT1 (14) 350 440 487 40
PBT2 (15) 345 435 479 51
PBT3 (16) 344 431 471 59
PBOT1 (17) 322,384 449 494 49
PBOT2 (18) 320,384 447 492 56
PBOT3 (19) 320,382 445 485 63

aAbsorption and PL emission spectra were recorded in
dilute THF solutions at room temperature.

b PL quantum yield in THF and 9,10-diphenylanthrance
is the reference of quantum yield.

Table 5. Photophysical Properties of H-Acceptor
Polymers and H-Bonded Polymer Complexes
in Solid Films

H-Acceptor Polymer
or H-Bonded Polymer

Complex
kPL,sol
(nm)

kPL,film
(nm)

DkPL,film
a

(nm)

PBT1 (14) 440 487 –
PBT1/OBA (14/20) 517 30
PBT1/ONA (14/21) 521 34
PBT1/THDA (14/22) 565 78
PBT2 (15) 435 479 –
PBT2/OBA (15/20) 512 33
PBT2/ONA (15/21) 514 35
PBT2/THDA (15/22) 553 74
PBT3 (16) 431 471 –
PBT3/OBA (16/20) 505 34
PBT3/ONA (16/21) 511 40
PBT3/THDA (16/22) 546 75
PBOT1 (17) 449 494 –
PBOT1/OBA (17/20) 543 49
PBOT1/ONA (17/21) 542 48
PBOT1/THDA (17/22) 587 93
PBOT2 (18) 447 492 –
PBOT2/OBA (18/20) 535 43
PBOT2/ONA (18/21) 537 45
PBOT2/THDA (18/22) 582 90
PBOT3 (19) 445 485 –
PBOT3/OBA (19/20) 536 51
PBOT3/ONA (19/21) 534 49
PBOT3/THDA (19/22) 571 86

aThe difference of PL emissions between the H-acceptor
polymer and its H-bonded polymer complex.
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donating effect of lateral methoxy groups, which
induce smaller energy band gaps in chromo-
phores. In Figure 9(c), comparing polymers
PBT1-PBT3 (14–16 with lateral methyl groups)
and PBOT1-PBOT3 (17–19 with lateral methoxy
groups), the PL spectra in solid films are more
red-shifted than those in THF solutions, which
indicate that more serious p–p stacking and mo-
lecular aggregation occur in solid films. Addition-
ally, due to the larger separation of chromophores
by the larger size of lateral methoxy groups in
PBOT1-PBOT3 (17–19), they have higher PL
quantum yields (UPL ¼ 49–63%) than PBT1-
PBT3 (14–16) with lateral methyl groups (UPL ¼
40–59%), respectively.

As shown in Table 5, the H-donor acids play an
important role to induce the PL emission shift of
light-emitting H-acceptor polymers in H-bonded
polymer complexes because of their different acid-
ities being able to tune the emission colors (kmax)
by H-bonds. The proton donors in the H-bonded
polymer complexes do not have PL properties due
to lacking of conjugated structures, so they only
offer the solid solvent environments with different
pKa values [OBA (20): pKa � 4.21: ONA (21):
pKa � 4.17; THDA (22): pKa � 3.49]. Thus, dif-
ferent degrees of H-bonding occur in H-bonded
polymer complexes for various acids H-bonded
with light-emitting H-acceptor polymers, that is,
different electron densities and energy band-gaps
of light-emitting H-bonded polymer complexes are
induced by the H-bonding of distinct solid H-
donors. In Table 5, compared with H-acceptor
polymers PBT1-PBT3 (14–16), their H-bonded
polymer complexes can generate 30–40 nm of red-
shifted PL emissions in kmax as H-bonded to the
asymmetric monofunctional H-donors OBA (20)
and ONA (21), and up to 74–78 nm of red-shifted
PL emissions in kmax as H-bonded to the symmet-
ric bifunctional H-donor THDA (22). The redder-
shifted PL emissions are originated from the
stronger H-bonded effect of H-donor acids with
smaller pKa values and thus to generate stronger
H-bonding in corresponding H-bonded polymer
complexes. Similarly, the PL emission peaks of
the H-bonded polymer complexes containing H-
acceptor polymers PBOT1-PBOT3 (17–19) are
red-shifted about 43–51 nm as complexed with
OBA (20) and ONA (21), and red-shifted 86–93
nm as complexed with THDA (22). For instance,
compared with H-acceptor polymers PBT2 (15)
and PBOT2 (18), different extents of red-shifted
PL emissions occurred in solid films of their
H-bonded polymer complexes PBT2/OBA-PBT2/

Figure 9. (a) Absorption spectra, (b) PL spectra
(excited at the maximum absorption wavelengths) in
THF solutions, (c) normalized PL spectra (excited at
the maximum absorption wavelengths) of H-acceptor
polymers 14–19 in solid films.
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THDA (15/20–15/22) and PBOT2/OBA-PBOT2/
THDA (18/20–18/22) (were excited at the maxi-
mum absorption wavelengths) in Figure 10. In
general, by decreasing pKa values of proton
donors, more red-shifted wavelengths of PL emis-
sions of H-bonded polymer complexes were
observed. In comparison with H-bonded polymer
complexes containing PBT1-PBT3 (14–16), those
containing H-acceptor polymers PBOT1-PBOT3
(17–19) possess larger red-shifted PL emissions
by the formation of H-bonded polymer complexes
due to their stronger electron donating effect of
lateral methoxy groups. Besides, H-bonded poly-
mer complexes containing H-acceptor polymers
with different CAZ contents appear to have simi-
lar degrees of red-shifted PL emissions in analo-

gous H-bonded polymer complexes. Hence, the
pKa values of H-donors are more important than
the steric effect of CAZ contents in the H-bonded
polymer complexes. Consequently, the results
demonstrate that more red-shifted PL emissions
happen in the H-bonded polymer complexes as H-
donors with smaller pKa values are H-bonded to
the light-emitting H-acceptor polymers. There-
fore, PL emission colors, that is, kmax values, of H-
bonded polymer complexes can be tuned not only
by adjusting the light-emitting conjugated pyridyl
cores but also by changing the nonemitting
H-donors with different pKa values.

CONCLUSIONS

In conclusion, H-donors (asymmetric monofunc-
tional H-donors and symmetric bifunctional H-
donor) and H-acceptor polymers were utilized to
control the mesomorphic and PL properties effec-
tively by the concept of supramolecular architec-
ture. The H-acceptor copolymers were composed
of different molar ratios of pendent N-vinylcarba-
zole units and light-emitting H-acceptor groups
randomly to increase the glass transition tem-
peratures and to reduce the p-p stacking of the
conjugated H-acceptor chormorphores in the
copolymers as well as in their H-bonded polymer
complexes. The supramolecular architectures of
H-bonded side-chain/crosslinking polymers were
also confirmed by FTIR and XRD measurements.
They have distinct mesomorphism and phase
transition temperatures related to their supramo-
lecular structures with different nonlinearities
and rigidities. The mesomorphic properties were
changed from the nematic phase to the smectic C
phase by the introduction of H-bonds to the supra-
molecular polymers, and then shifted to the ne-
matic and nonmesophases by various H-donor
acids and H-acceptor copolymers with correspond-
ing supramolecular side-chain/crosslinking struc-
tures. In addition, the emission color of light-emit-
ting H-acceptor polymers can be tuned by their
surrounding nonemitting H-donors. Redder shifts
in PL emissions were observed in the H-bonded
supramolecules with H-donors having smaller
pKa values.

The authors are grateful to the National Center for
High-performance Computing for computer time and
facilities. The powder XRD measurements are sup-
ported by beamline BL17A (charged by Jey-Jau Lee) of
the National Synchrotron Radiation Research Center

Figure 10. Normalized PL spectra (excited at the
maximum absorption wavelengths) of (a) H-acceptor
polymer PBT2 (15) and its H-bonded polymer com-
plexes PBT2/OBA (15/20), PBT2/ONA (15/21), and
PBT2/THDA (15/22) in solid films; (b) H-acceptor
polymer PBOT2 (18) and its H-bonded polymer com-
plexes PBOT2/OBA (18/20), PBOT2/ONA (18/21),
and PBOT2/THDA (18/22) in solid films.
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