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Abstract
In this study, we prepared bio-inspired multiple-hydrogen-bonded blends of a thymine (T)-functionalized PTC-T conjugated
polymer, synthesized through Suzuki coupling polymerization, and an adenine (A)-functionalized polystyrene (PVBA) homo-
polymer, synthesized through free radical polymerization, in each case applying also alkylene–azide click reactions. The resulting
PTC-T/PVBA blends displayed a single glass transition temperature at all blend compositions (as determined using differential
scanning calorimetry), suggesting that the miscibility arose because of the strong multiple hydrogen bonding between the A and
T groups of the PVBA and PTC-T components, respectively. 1H NMR and FTIR spectroscopy provided evidence for such A–T
binary hydrogen bonding in the PTC-T/PVBA miscible domains, both in solution and in the solid state. Furthermore, the
incorporation of PVBA into PTC-T affected the photophysical properties of the luminescent film: the physically crosslinked
structure formed from the multiple hydrogen bonding interactions improved the quantum yield through phase-miscible behavior.
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Introduction

Miscible polymer blends have been studied for at least four
decades for their applications in, for example, coatings, fuel
cells, solar cells, and electronic devices [1–7]. Because the
highmolecular weights of polymer blend systems usually lead
to small entropies of mixing, miscibility is often imparted by
enhancing the enthalpic term through, for example, the intro-
duction of hydrogen bonding interactions [8–11].
Furthermore, relative to random coil polymers, rigid-rod–like
polymers are less likely to exhibit miscibility; accordingly,
mixtures of rod-like and random coil polymers typically

display macrophase-separation behavior, with the random coil
polymer excluded from the anisotropic phase due to the en-
tropic part of the mixing free energy [12, 13].

In general, attaching flexible side chain to the rigid-rod
polymer enhances their miscibility in blend systems. For ex-
ample, Heitz et al. grafted polystyrene (PS) onto the side
chains of a liquid-crystalline polymer to enhance its miscibil-
ity with a PS homopolymer [14]. Another method to improve
the miscibility of rod/coil mixtures is the preparation of rod/
coil diblock copolymers or graft copolymers through covalent
bonding [15–18]. The main drawback of these approaches is
that the synthesis of diblock copolymers can be time-
consuming and difficult; the miscible blend method is, there-
fore, preferred for modification of rigid-rod polymers to en-
hance their flexibility and versatility [19–22].

Conjugated polymers have been investigated widely as
functional rigid-rodpolymers becauseof their excellent elec-
trical and optical properties, arising from extensive delocali-
zationofπ-electrons andconformational restriction [23–26].
The miscibility of conjugated copolymers is a major factor
affecting their photophysical properties and morphological
behavior [27, 28]. Vohra et al. prepared polyfluorene blends
with PS for use in organic light-emitting diodes; they found,
however, that the fluorescence spectrum of the blend system
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didnot exhibit anypolarizationdependence [29]. In addition,
Xinetal.usedanelectrospinningtechniquetopreparepoly(p-
phenylenevinylene)/polyvinylpyrrolidone blend systems
having a beaded fiber morphology [30]; here, the formation
ofbeadstructureswasinducedthroughphaseseparationofthe
random-coil and conjugated polymers. High-affinity
bonding—for example, multiple hydrogen bonding—of
polymers is another efficient approach towardmiscible poly-
mer blends exhibiting desirable physical properties [31–35].

For this study, we selected the PTC copolymer, incorpo-
rating triphenyl amine (TPA) and carbazole (Car) units, as
our model conjugated polymer. To improve the miscibility
of PTC with PS homopolymers, we appended them both
with units capable of multiple hydrogen bonding.
Accordingly, we used click reactions to synthesize a thymine
(T)-functionalized PTC-T conjugated polymer and an ade-
nine (A)-functionalized PVBA homopolymer. The presence
of A–T multiple hydrogen bonding can enhance the thermal
stability and distinct luminescent properties of polymeric
systems in solution. In this study, we used DSC, FTIR and
NMR spectroscopy to examine the miscibility and multiple
hydrogen bonding of our PTC-T/PVBA blends.

Experimental section

Materials

Styrene, benzoyl peroxide (BPO), propargyl bromide, thy-
mine (T), adenine (A), vinylbenzyl chloride (VBC),
copper(I) bromide (CuBr), pentamethyldiethylenetriamine
(PMDETA), sodium azide (NaN3), and K2CO3 were

purchased from Aldrich. Propargyl adenine (PA), propar-
gyl thymine (PT), poly(vinylbenzyl chloride) (PVBC),
and poly(vinylbenzyl azide) (PVBN3) were synthesized
as described previously (Scheme 1) [34–38]. 4-Butyl-
bis(tetramethyl-dioxaborolane-phenyl)aniline (2) and
azidohexyl-dibromocarbazole (5) were also synthesized
as described previously (Scheme 2) [39–41].

PVBA

PA (0.46 g), PVBN3 (0.40 g), and CuBr (0.060 g) were
dissolved in dimethylformamide (DMF, 80 mL) and
stirred at room temperature. PMDETA (0.14 mL) was
added and this mixture was then degassed by three
freeze/thaw/pump cycles over 24 h at 60 °C. The sam-
ple was passed through the neutral alumina column to
remove CuBr. The DMF was evaporated and the residue
was stirred in methanol. The solid was filtered off and
dried under the vacuum oven to give the PVBA homo-
polymer as a powder.

PTC-t

A mixture of 2 M aqueous K2CO3 (5.4 mL) and THF
(8 mL) was added in to a mix tu re o f 4-bu ty l -
bis(tetramethyl-dioxaborolane-phenyl)aniline (0.83 g,
1.3 mmol), azidohexyl- dibromocarbazole (0.58 g,
1.3 mol), freshly prepared Pd(0)(PPh3)4 (0.030 g,
26 mmol), and Aliquat 336® (several drops). The mixture
was stirred for 96 h at 65 °C and then poured slowly into
the MeOH/H2O (10:1, v/v). The precipitated copolymer
was collected, dissolved in CHCl3, and precipitated from

Scheme 1 Synthesis of the
PVBA homopolymer from the
VBC monomer through free
radical polymerization, azidation,
and a click reaction
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acetone several times to remove the catalyst and any pos-
sible monomer residues. The resulting PTC-N3 copolymer
was dried under vacuum to provide a brown solid (yield:
70%). Next, a mixture of PTC-N3 (0.6 g, 1.1 mmol of
N3 units), PA (0.54 g, 3.4 mmol), and CuBr (8 mg) was
subjected to the freeze/pump/thaw cycle. PMDETA
(10 μL) was also added into a reaction vessel, which
was heated at 50 °C for 24 h. This mixture was also
passed through the aluminum oxide column and dialyzed
wi t h MeOH and d i l u t e HCl . Th r ee cyc l e s o f
reprecipitation in MeOH given the PTC-T copolymer as
a yellow powder (yield: 95%).

PVBA/PTC-T blend complexes

Various compositions of PVBA and PTC-Twere dissolved in
DMF solvent and then the blend solutionwas stirred for 3 days
at room temperature. The DMF was then evaporated slowly at
90 °C under vacuum for 5 days.

Characterization

NMR spectra of samples in d6-DMSO were recorded using a
Varian Unity Inova 500 FT-NMR spectrometer operated at
500 MHz. FTIR spectroscopy was performed using the
Bruker Tensor 27 FTIR spectrophotometer and the typical
KBr disk method; 32 scans were collected at a spectral reso-
lution of 1 cm−1. The sample film was sufficiently thin to
follow the Beer–Lambert law. The molecular weight and cor-
responding polydispersity were recorded by using gel perme-
ation chromatography (GPC) at 80 °C; the Jasco PU-980 ap-
paratus was equipped the UVand RI detectors; DMF was the
eluent (flow rate: 0.6 mL/min). The glass transition tempera-
tures of the PVBA/PTC-T blend samples were measured
using a TA Q-20 instrument; the temperature was ramped
from 25 to 250 °C at a heating rate of 20 °C/min under a N2

atmosphere. UV–Vis absorption spectroscopy was performed
using a Jasco V-770 spectrometer; the solution was placed in a
small quartz cell (dimensions: 4.5 × 1.0 × 0.2 cm3). The con-
centration of the blend sample in the organic solvent was

Scheme 2 Synthesis of the conjugated polymer PTC-T through Suzuki coupling polymerization and a click reaction
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maintained at 10−4 M. Photoluminescence (PL) emission
spectra were recorded from 200 to 800 nm using a
LabGuide X350 fluorescence spectrometer and a Xe light
source; the concentration of the blend sample was also
10−4 M range.

Results and discussion

Synthesis of PVBA and PTC-C

We used simple free radical polymerization to prepare the
PVBC homopolymer, with BPO as the initiator for the thermal
solution polymerization of the monomer VBC at 110 °C in
toluene; we then converted the PVBC to the PVBN3

homopolymer through treatment with NaN3 [42]. The
PVBA homopolymer was obtained after a click reaction of
PVBN3 with PA in a DMF solution containing PMDETA
and CuBr (Scheme 1). Figure 1 displays the FTIR spectra of
PVBN3, PVBA, and PA, recorded at room temperature. The
characteristic absorption band of the azido units at 2093 cm−1

was evident for the PVBN3 homopolymer [Fig. 1(a)], with the
C ≡C absorption of PA located at 2106 cm−1 [Fig. 1(c)]. Both
of these absorption bands disappeared after performing the
click reaction of PVBN3 with PA to form PVBA [Fig. 1(b)],
suggesting that the N3 and C ≡C functionalities participated in
this post-functionalization transformation. 1H NMR spectra
confirmed in the success of the reaction as displayed in
Fig. 2. The signal for the CH2 units adjacent to the side chain
N3 units of PVBN3 appeared at 4.24 ppm [Fig. 2(a)]; this
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signal shifted to 5.41 ppm after the click reactionwith PA [Fig.
2(b)]. The characteristic signals of PA appeared at 7.23 (NH2)
and 8.14–8.18 (aromatic protons) ppm. The signal for the H-
C ≡C unit of PA at 3.44 ppm disappeared and the signal for
the CH2 group adjacent to the A unit shifted from 5.00 ppm
[Fig. 2(c)] to 5.41 ppm after the click reaction formed the
PVBA homopolymer. The corresponding molecular weight
(Mn) and PDI of the PVBA homopolymer, measured through
GPC analysis, were 5700 and 1.56, respectively.

Similarly, we synthesized the PTC-T copolymer through
the click reaction of the PTC-N3 copolymer with PT
(Scheme 2). Figure 3 presents the FTIR spectra of PTC-N3,
PTC-T, and PT, measured at room temperature. The signal for
the side chain azido groups of PTC-N3 appeared at 2093 cm

−1;
the signals for the C=O and C≡C units of PTappeared at 1680
and 2123 cm−1, respectively. The signals for the N3 and C ≡C
units disappeared after performing the click reaction of PTC-
N3 with PT; the FTIR spectrum of PTC-T retained the signal
for the C=O units of T group at 1680 cm−1. NMR spectra
confirmed the success of this click reaction. The signal for
the CH2 group adjacent to the side chain N3 units was located
at 3.22 ppm for PTC-N3 [Fig. 4(a)]; it shifted to 4.25 ppm after
the click reaction with PT [Fig. 4(b)]. Furthermore, the signals
of the T unit of PT in d6-DMSO appeared at 1.76 and
11.26 ppm, representing the CH3 and NH units, respectively
[Fig. 4(c)]; these signals remained in the spectrum of the PTC-
T copolymer, whereas the signal for the C ≡C units from PT,
originally at 2.50 ppm, had disappeared. Taking into account

all these data, we conclude that the PTC-T copolymer had
been synthesized through the click reaction; GPC analysis
provided a value of Mn of 16,800 and a PDI of 1.42.

Thermal analyses and multiple hydrogen bonding
interaction of PVBA/PTC-T blends

DSC is a general method of thermal analysis for examining
the miscibility behavior of polymer blends. Figure 5(b) dis-
plays DSC thermograms of PTC-T/PVBA blends of various
compositions. For PTC-N3, the glass transition temperature
(Tg) was 109.4 °C (for brevity, not shown here). The thermo-
gram for pure PTC-T exhibited a single value of Tg at
161.7 °C; we did not observe any obvious melting or crystal-
lization peaks during the heating or cooling processes, sug-
gesting the poor packing ability of the TPA units of the PTC-T
copolymer. The relatively higher value of Tg for the PTC-T
copolymer suggested that the strong multiple T···T interac-
tions restricted the molecular motion and then decreased the
free volume. Furthermore, the thermogram for the pure PVBA
homopolymer exhibited its value of Tg at 169.1 °C; relative to
that of PS (Tg = 100 °C), we attribute the significantly higher
glass transition temperature to the strong hydrogen bonding of
A···A binary pairs, which also restricted the molecular motion
and decreased the free volume. A single value of Tg was ob-
served for all of the PTC-T/PVBA blends, indicating that
completely miscible blend formed the homogeneous phase.
Furthermore, each single Tg value was greater than those of
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both the individual PTC-T and PVBA polymers; the large
positive deviation from the linear rule is consistent with strong
intermolecular A···T hydrogen bonding between these two
polymers. The Kwei equation is typically used to predict the
glass transition temperatures of miscible polymer blends sys-
tem featuring strong intermolecular interactions [43]:

Tg ¼ W1Tg1 þ kW2Tg2

W1 þ kW2
þ qW1W2 ð1Þ

where Wi is the weight fraction, Tgi represents the glass tran-
sition temperature of PTC-T or PVBA, and k and q are fitting
constants. The fitting results displayed in Fig. 5(a) reveal that
the highest value of Tg was that (187.5 °C) for the PTC-T/
PVBA = 50/50 blend. This value was approximately 26 °C
higher than that of the pure PTC-T. Scheme 3 depicts the
possible physical crosslinking, induced by multiple hydrogen
bonding, in the supramolecular structure of the PTC-T/PVBA
complex. Furthermore, we obtained the values of k and q of 1

and 75, respectively, based on nonlinear least-squares best-fit
analysis. The positive value of q indicated that strong inter-
molecular interactions in the PTC-T/PVBA complex system
were directly responsible for the significantly increases in the
Tg values of the blends.

In general, such multiple hydrogen bonding interactions
can also be characterized using NMR and FTIR spectroscopy.
In previous studies [31, 44], we used 1H NMR spectroscopic
titration to characterize VBT/VBA and AC-16/TC-16 binary
pairs, obtaining an inter-association equilibrium constant (Ka)
of 534 M−1 for the monomer in CDCl3 [31]; we examined
these monomers because the PVBA or PTC-T polymers could
not dissolve in such a low-polarity solvent. Here, we moni-
tored the PTC-T/PVBA complex directly in d6-DMSO to ex-
amine its inter-association behavior. As mentioned above, the
signal for the NH units in PTC-T was located at 11.26 ppm
[Fig. 6(a)]; this signal shifted downfield slightly to 11.30 ppm
in the presence of 75 wt% PVBA [Fig. 6(d)]. In addition, the
signal for the NH2 units in PVBA was located at 7.26 ppm
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[Fig. 6(e)]; this signal also shifted downfield to 7.30 ppm [Fig.
6(b)], consistent with complementary multiple hydrogen
bonding occurring in the PTC-T/PVBA blend system.
Because the pure PTC-T and PVBA dissolved both only in
d-DMSO, a highly polar solvent, the changes in chemical shift
and the value of Ka would be smaller than those obtained
previously using model compounds in CDCl3 solution [44].

FTIR spectral analysis is also another useful characteriza-
tion for understanding the multiple hydrogen bonding in the
solid state to eliminate the effects of solvents. Figure 7(a) dis-
plays FTIR spectra of the PTC-T/PVBA blend system, mea-
sured at room temperature. A broad absorption signal ap-
peared for NH stretching in the range from 3200 to

3600 cm−1. The signal for the free NH units appeared near
3445 cm−1; this band shifted at 3320 cm−1 when the A
interacted with the T groups. Furthermore, the signal appeared
at 3180 cm−1, corresponding to the NH absorption of the T
interacting with the A units [45–47]. Figure 7(b) presents the
C=O absorption signals of PTC-T blended with the PVBA
homopolymer. The spectrum of the pure PTC-T exhibited
several major peaks, including (i) signals for multiple hydro-
gen bonded and free C4 = O groups of the T units of PTC-T, at
1668 and 1681 cm−1, respectively, and (ii) a signal for the free
C2 = O groups of the T units of PTC-T at 1711 cm−1 [45–47].
The characteristic signal of PVBAwas located at 1642 cm−1,
due to the NH2 scissor vibration. Because the signals for the
multiple hydrogen bonding of the T and A units were located
between 1665 and 1655 cm−1, it was difficult to measure the
area fraction of each peak; instead, we paid attention only to
the area fraction of the signal for the free C2 = O groups at
1711 cm−1. This area fraction decreased from 0.33 for the free
C2 = O groups of the pure PTC-T to 0.12 for PTC-T/PVBA =
25/75, consistent with the presence of multiple hydrogen
bonding between T and A units in the PTC-T/PVBA blend
systems.

UV and PL spectral analyses of PTC-T/PVBA blends

We used UV and PL spectra to examine the absorption and
emission properties of the PTC-T/PVBA blends. Figure 8(a)
displays the UV spectra of the PTC-T/PVBA blends in DMF
at a concentration of 10−4 M. The UVabsorption intensity of
PTC-T decreased upon increasing the concentration of PVBA
in the blend system, as expected; the maximum absorption
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length of 337.5 nm for the pure PTC-T became broad and red-
shifted upon increasing the concentration of PVBA, indicative
of the multiple hydrogen bonding in the blend system induc-
ing the red-shift through polymer chain restriction. Figure 8(b)
presents PL spectra of the PTC-T/PVBA blends in DMF at a
concentration of 10−4 M, with a wavelength of 350 nm select-
ed for excitation. The quantum yield, calculated based on the
PL spectra, was highest (0.1109) for the blend PTC-T/
PVBA = 50 /50 (cf. values of 0.0763 and 0.0792 for the
PTC-T/PVBA = 75/25 and 25/75 blends, respectively), con-
sistent with polymer chain restriction enhancing the quantum
yield through the strong hydrogen bonding interactions [48].

Conclusion

We have used Suzuki coupling, free radical polymerization,
and click reactions to synthesize a T-functionalized conjugat-
ed polymer (PTC-T) and an A-functionalized homopolymer
(PVBA). These PTC-T/PVBA blends exhibited a single glass
transition temperature at each composition, suggesting that
their miscibility arose from strong complementary multiple
hydrogen bonding of their A···T binary pairs. Furthermore,
PL spectroscopy indicated that the photophysical properties
of the luminescent PTC-T/PVBA blend films were strongly
affected by the presence of these multiple hydrogen bonding
interactions inducing physically crosslinked structures, with

improvements in quantum yields arising from the phase-
miscible behavior.
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