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We have used a facile method to prepare azobenzene- and (bio-inspired) thymine (T)-functionalized con-
jugated copolymers (PTCAz-T) through Suzuki coupling polymerization and click reactions. The glass
transition temperature of PTCAz-T is increased after performing the click reactions, compared with that
of its precursor T-free PTCAz-N3z conjugated copolymer, because the strong T-T interactions restricted
the molecular motion, decreased the free volume, and provided a more stable morphology. The presence
of the azobenzene units in the main chain of the conjugated polymer presenting the T units resulted in
amorphous phase behavior without macro-phase separation, and allowed the preparation of homo-
geneous photo-controllable thin films exhibiting stimuli-responsive behavior through photo-induced
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trans-to-cis isomerization. In addition, we use the conjugated copolymer PTCAz-T to prepare surface
relief gratings displaying long-range-ordered interference patterns. Thus, such materials have potential
applications in optical storage media while also providing a pathway for further supramolecular
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Introduction

Stimuli-responsive polymers have received much interest for
their uses in biosensing, actuators, and drug delivery because
of their wunique surface properties and self-assembly
behavior."™ Supramolecular materials inspired by Nature are
useful tools for molecular designs mediated through noncova-
lent interactions (e.g., ionic, coordinate, and hydrogen
bonds).®® Hydrogen-bonded supramolecular polymers featur-
ing DNA-like guanine (G), cytosine (C), thymine (T), and
adenine (A) nucleobases have been used to prepare biomimetic
materials and extend the applications of traditional
polymers.®>*?

Conjugated polymers have been wused extensively in
materials science; their light-emitting ability and semiconduct-
ing properties have been particularly applicable in organic
photovoltaic devices, display technologies, and optical storage
media.”>” In addition, the photoresponsive behavior of azo-
benzene derivatives is readily exploitable in photoswitching
applications."® ' Azobenzene compounds can photo-isomer-
ize reversibly, with t¢rans-to-cis isomerization induced by UV
irradiation (wavelength: ca. 350 nm) and cis-to-trans isomeriza-
tion by harmless visible light or heat, with both processes
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potentially resulting in significant changes in dipole moment,
visual color, and molecular orientation.>”> Such geometric
changes provide azobenzene-containing materials with many
applications in micropatterning, light-triggered nanocarriers,
host/guest materials, and optical storage media.>***

The photoresponsive behavior of azobenzene-functiona-
lized materials can, therefore, be used for polarization holo-
graphy or data storage. Accordingly, azobenzene-containing
conjugated polymers are also suitable candidates for appli-
cation in holographic storage.’® > Nevertheless, because of
relatively low glass transition temperatures (Tg), some azo-
benzene-functionalized polymers and related compounds
possess poor thermal stability, which must, therefore, be taken
into account when designing responsive systems.*
Furthermore, an additional criterion for photoinduced mass
migration is a sufficiently strong interaction between the
chromophore and the conjugated polymer backbone through
covalent or noncovalent bonding (e.g., hydrogen bonding).**

As a result, we prepared azobenzene- and T-functionalized
conjugated polymers, through Suzuki coupling polymerization
and click reactions that form stimuli-responsive materials that
operate through a combination of covalent and noncovalent
interactions in this study. In a previous study, we found that
the light emitting ability featuring an arylamine backbone led
to a remarkable enhancement.'® Therefore, we incorporated
azobenzene units in the main chain of this kind of conjugated
polymer (PTC) to enhance the surface-modulation depth
during trans-to-cis isomerization under UV light and, there-
after, increase the diffraction efficiency. In addition, the com-
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bination of stimuli-responsive azobenzene units and the
strong T-T multiple hydrogen bonding interactions provided
these new conjugated polymers with tunable photophysical
and thermal properties. As a result, we used this approach to
prepare a stimuli-responsive conjugated polymer possessing a
unique surface structure that allowed the generation of a
surface relief grating (SRG).

Experimental section
Materials

4-Butylaniline, 1,6-dibromohexane, 4-iodoaniline, 1-bromo-4-
iodobenzene, propargyl bromide (80 wt% in toluene), and
1,10-phenathroline were purchased from Alfa. Carbazole,
pentamethyldiethylenetriamine (PMDETA, 99%),
2-isopropoxytetramethyldioxaborolane, sodium azide, sodium
hydroxide, T, ammonium chloride, potassium carbonate, pot-
assium hydroxide, tetrahydrofuran (THF), CH,Cl,, methanol
(MeOH), dimethylformamide (DMF), and acetonitrile (MeCN)
were purchased from Sigma-Aldrich. n-Butyllithium (2.5 M in
n-hexane) was purchased from Chemetall. 3,6-Dibromo-9H-car-
bazole, 9-(6-bromohexyl)-3,6-dibromo-9H-carbazole, 9-(6-azido-
hexyl)-3,6-dibromo-9H-carbazole, 4-butyl-N,N-bis(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolane-4-phenyl)aniline, and propargyl
thymine (PT) were synthesized using previously reported pro-
cedures [Schemes S1(a) and S1(b){].'**>”

(E)-1,2-Bis(4-iodophenyl)diazene

4-Todoaniline (3.00 g, 13.7 mmol) was placed in a two-neck
reaction flask with DCM (80 mL) and stirred under a N, atmo-
sphere for 30 min. KMnO, (5.10 g, 32.2 mmol) and
CuS0,4-5H,0 (5.10 g, 20.4 mmol) were added and then the
stirred at room temperature for 72 h
(Scheme S1(c)t). The resulting mixture was passed through
silica gel to remove excess KMnO, and CuSO,-5H,0; after con-
centration, the residue was purified through column chrom-
atography (CH,Cl,/hexane, 1/4) and dried under the vacuum to
provide an orange powder (0.54 g, 18%). FTIR (cm™"): 532, 831
(C-H bending, cis-isomer), 1394, 1466 (C-C bending, cis-
isomer), 556, 851 (C-H bending, trans-isomer), and 1415, 1490
(C-C bending, trans-isomer) (Fig. S71). 'H NMR (500 MHz,
CDCl;, 6/ppm): 7.6 (d, ArH), 7.8 (d, ArH) (Fig. S81). *C NMR
(125 MHz, CDCl;, 8/ppm): 98, 125, 139, 151 (Fig. $97).

mixture was

PTCAz-N,

9-(6-Azidohexyl)-3,6-dibromo-9H-carbazole (0.280 2,
0.660 mmol), 4-butyl-N,N-bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)phenyl)aniline (0.820 g, 1.48 mmol), (E)-1,2-bis(4-
iodophenyl)diazene (0.280 g, 0.660 mmol), Aliquat 336®
(6 drops), aqueous K,CO; (2 M, 2 mL), and anhydrous THF
(10 mL) were placed in a flame-dried Schlenk tube. The
mixture was subjected to three freeze/pump/thaw cycles.
Tetrakis(triphenylphosphine)palladium (34 mg, 0.02 mmol)
was added and then the mixture was heated under reflux at
65 °C for 4 days. The copolymers were precipitated by pouring
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the reaction mixture into a large amount of cold MeOH; they
were collected, redissolved in THF, and passed through a
Celite column to remove the palladium catalyst. After Soxhlet
extraction with MeOH and acetone, a red-orange powder was
recovered (60% yield). "H NMR (500 MHz, CDCl;, §/ppm):
7.10-8.30 (br, ArH), 4.30 (br, CH,), 3.20 (br, CH,N3) 1.91 (br,
CH,), 1.50-1.05 (br, CH,), 0.87 (br, CH3).

PTCAz-T

A mixture of PTCAz-N; (0.15 g, 0.25 mmol) in anhydrous THF
(10 mL), PT (0.16 g, 0.97 mmol) in anhydrous DMF (10 mL),
and Cu(1)Br (3 mg) was subjected to a freeze/pump/thaw cycle.
PMDETA (20 pL) was added into the reaction vessel, which was
then heated at 45 °C for 24 h. The resulting mixture was
passed through a column of aluminum oxide and concen-
trated. Three cycles of dissolving in DMF and precipitating in
MeOH provided a deep-red product (90% yield). '"H NMR
(500 MHz, CDCl;, §/ppm): 8.23 (br, NH), 7.10-8.00 (br, ArH),
5.12 (br, CH,), 4.88 (br, CH,), 4.20 (br, NCH,), 2.62 (br, CH,),
1.65 (s, T CH,), 1.50-1.00 (br, CH,), 0.92 (br, CH,).

SRG

A thin film of the dye-doped T-functionalized conjugated
polymer PTCAz-T was prepared under polarized green light
(532 nm) from a diode-pumped solid state (DPSS) laser at an
intensity of 20 mW cm™>. This laser light was collimated and
then passed through a polarized beam splitter; the incident
angle (3.5°) of the reference beam was maintained under the
air (see Scheme 2). A transverse-electric polarized He-Ne laser
beam (632 nm) was used to probe the surface grating.

Characterization

Nuclear magnetic resonance (NMR) spectroscopy was per-
formed using an Agilent Unity Inova 500 spectrometer with
DMSO-ds or CDCl; as the solvent. Fourier transform infrared
(FTIR) spectroscopy was performed using a Bruker Tensor 27
FTIR instrument; the samples were prepared using the KBr
disk method; 32 scans were recorded at a resolution of 4 cm™.
Molecular weights were measured using a Waters 510 gel per-
meation chromatography (GPC) system equipped with three
Ultrastyragel columns (100, 500, and 1000 A) connected in
series; DMF was the eluent (flow rate: 0.6 mL min™'; 50 °C);
DMF-insoluble polymers were characterized using THF as the
eluent and equipping the instrument with a JASCO RI-2031
detector and a Styragel HR4 column. Differential scanning
calorimetry (DSC) was performed using a TA Instruments Q-20
apparatus; the samples (5-8 mg) were sealed in an aluminum
pan and scanned from 30 to 200 °C at a heating rate of
20 °C min~" under a N, atmosphere. UV-Vis spectroscopy was
performed using an HP 8453 diode-array spectrophotometer.
Photoluminescence (PL) emission spectroscopy was performed
in solution at room temperature using a Hitachi F-4500 fluo-
rescence spectrometer and monochromatized Xe light. Atomic
force microscopy (AFM) was performed using a Dimension
3100 apparatus (Digital Instrument), operated in the tapping
regime mode, at room temperature.

This journal is © The Royal Society of Chemistry 2018
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Results and discussion
Synthesis and characterization of PTCAz-T

Scheme 1 displays the synthesis of the dye-doped
T-functionalized conjugated polymer PTCAz-T through Suzuki
coupling polymerization of 9-(6-azidohexyl)-3,6-dibromo-9H-
carbazole, 4-butyl-N,N-bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxabor-
olan-2-yl)phenyl)aniline, and (E)-1,2-bis(4-iodophenyl)diazene,
followed by a click reaction. Fig. 1 displays the FTIR spectra of
PTCAz-T, PTCAz-N;, and PT recorded at room temperature.
The characteristic peak of the C=C unit of PT appeared at
2120 cm™*, while that of the side chain azido unit of PTCAz-N;
appeared at 2095 cm™ . Both of these signals disappeared after
performing the click reaction of PTCAz-N; with PT. The spec-
trum of the conjugated polymer PCTAz-T featured a signal for
the C=0 groups of the T units at 1680 cm™'. Fig. S1-S4f
present the 'H and "*C NMR spectra of 9-(6-azidohexyl)-3,6-
dibromo-9H-carbazole and 4-butyl-N,N-bis(4-(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)phenyl)aniline. The signal of
the CH, protons connected to the azide unit of PTCAz-N;
appeared at 3.20 ppm (peak ¢, Fig. S51); it shifted to 4.90 ppm
(peak b, Fig. 2) after formation of the 1,2,3-triazole units of
PCTAz-T. Furthermore, the signal of the alkyne unit of PT (at
2.43 ppm) disappeared completely and the signal of the CH,
group connected to the T unit (peak m, 4.57 ppm, Fig. S67)
shifted to 5.10 ppm after the click reaction, indicating the suc-
cessful synthesis of the conjugated polymer PTCAz-T. Table 1
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Fig. 1 FTIR spectra of (a) PTCAz-T, (b) PTCAz-N3, and (c) PT, recorded
at room temperature.

summarizes the molecular weight data of the conjugated poly-
mers PTCAz-N; and PTCAz-T, determined through GPC ana-
lyses; the increase in the molecular weight upon proceeding
from PTCAz-N; to PTCAz-T suggests that the side chain graft-
ing had occurred.
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Scheme 1 Preparation of the conjugated polymers (a) PTCAz-N5 (through Suzuki coupling polymerization) and (b) PTCAz-T (through click reactions

of PTCAz-Nz with PT).
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Fig. 2 H NMR spectrum of the conjugated polymer PTCAz-T.

Table 1 Characterization data for the PTCAz-Nz and PTCAz-T copoly-
mers prepared in this study

Polymer M, M, PDI
PTCAz-N;-2 K¢ 2830 4130 1.46
PTCAz-T-2 K 2920 4180 1.43
PTCAz-N;-4 K* 4170 6330 1.51
PTCAz-T-4 K 4750 6660 1.40
PTCAz-N;-6 K* 6180 9400 152
PTCAz-T-6 K 7330 9800 1.34

“2 K, 4 K, and 6 K indicate the molecular weight of the PTCAz-N; and
PTCAz-T copolymers prepared in this study from GPC analyses.
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Fig. 3
hydrogen bonding interactions, of PTCAz-T.
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Thermal properties of T-functionalized conjugated polymers

We used DSC to examine the thermal properties of the conju-
gated polymers PTCAz-N; and PTCAz-T (Fig. 3). We did not
detect any obvious crystallization or melting peaks during the
cooling or heating procedures, due to the poor packing ability
of the triphenylamine units. The glass transition temperature
of PTCAz-N; [129.5 °C, Fig. 3(a)] was higher than that of
PTC-N; (109.4 °C),>° presumably because of the extra rigid
structure imparted by the azobenzene units in PTCAz-N;. The
value of T, increased to 141.7 °C for PTCAz-T [Fig. 3(b)],
suggesting that the strong T-T interactions [see Fig. 3(c)]
restricted the molecular motion and, thereby, decreased the
free volume. Such interactions would presumably also lead to
a more stable morphology of the conjugated polymer PTCAz-T
under relatively high temperatures.

Photoresponsivity of azobenzene-containing conjugated polymers

To examine the photoresponsivity of the conjugated polymers
PTCAz-N; and PTCAz-T, we recorded their UV-Vis spectra
before and after UV irradiation at 365 nm and measured the
results until the photostationary states had been reached.
Fig. 4 reveals that, for both PTCAz-N;-4 K and PTCAz-T-4 K, the
intensity of the absorbance at 445 nm (n-n*) decreased as a
result of the trans-to-cis isomerization that occurred under UV
irradiation at 365 nm for 1 min. The degree of isomerization
(7) from the trans to the cis form was determined by using the
equation n = 1 — (A4/A,), where A and A, are the intensities of
the absorbance at 445 nm for the photo-stationary and pristine
states, respectively. The degrees of isomerization for the conju-
gated polymers PTCAz-N;-4 K and PTCAz-T-4 K were 26.3 and
26.7%; thus, T-functionalization of the conjugated polymer
had minimal effect on this value. This cis forms of the azo-
benzene units of PTCAz-N;-4 K and PTCAz-T-4 K returned to
their original trans forms after heating (50 °C) the polymers
and placing them in the dark for 2 days. A quick trans-to-cis
isomerization, but slow cis-to-trans isomerization, is typical of
azobenzene-functionalized compounds.®’ Fig. 5 presents the
PL spectra of the conjugated polymers PTCAz-N;-4 K and
PTCAz-T-4 K in dioxane (107> M), before and after UV
irradiation at 365 nm. PTC-N; and PTC-T, the corresponding

(a, b) DSC thermograms of (a) PTCAz-N3z and (b) PTCAz-T. (c) Schematic representation of the physical crosslinking, through T---T multiple

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 PL spectra of the copolymers (a) PTCAz-N3-4 K and (b) PTCAz-T-4
room temperature.

polymers prepared without azobenzene units, displayed aggre-
gation-caused quenching (ACQ) types of luminescence.’® The
PL intensity increased for both the conjugated polymers
PTCAz-N;-4 K and PTCAz-T-4 K after UV irradiation at 365 nm
for only 40 s, indicating that the t¢rans-to-cis isomerization
enhanced the PL intensity. We suspect that the cis forms of
the azobenzene units had greater difficulty packing than did
the trans forms; thus, the ACQ phenomena decreased and
then the PL intensity increased. Because the conjugated
polymer PTCAz-T exhibited uniform photoresponsive behavior,
we suspected that its supramolecular physically crosslinked
network structure might display photochemical reversibility
and the flexibility to design smart materials.

400 500 600
Wavelength (nm)

K after illumination with UV light (365 nm) for various lengths of time at

Photoinduced fabrication of SRGs from azobenzene-
containing supramolecular conjugated polymers

To fabricate SRGs, we prepared transparent thin films of the
conjugated polymers PTCAz-N; and PTCAz-T through a drop-
coating method onto clean glass substrates [Scheme 2(a)]. The
azobenzene-containing conjugated polymers presented clear
spots after illumination with light from a polarized green laser
(532 nm) for 30 min [Fig. 6(b)], implying that the refractive
indices had changed. A one-dimensional diffraction pattern
featuring strong fourth-order diffraction points was evident
[Scheme 2(b)] after forming the grating. Fig. 6(c) and (f)
display optical microscopy (OM) images of the SRGs formed

Scheme 2

This journal is © The Royal Society of Chemistry 2018

(a) Experimental set-up for fabrication of SRG films. (b) Diffraction pattern of an SRG film probed with a laser beam.
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https://doi.org/10.1039/c8py00439k

Published on 20 April 2018. Downloaded by National Sun Y at Sen University on 4/23/2020 6:49:54 AM.

Paper

PTCAz-N;-4K (d)
(©)

PTCAz-T-4K
®

View Article Online

Polymer Chemistry

Fig. 6 (a, b) Photographic images of typical films of the copolymer PTCAz-T (a) before and (b) after exposure to laser light. (c, f) OM, (d, g) 2D AFM,
and (e, h) 3D AFM images of films of (c—e) PTCAz-Nz-4 K and (f—h) PTCAz-T-4 K after exposure to laser light.

on the films of the conjugated polymers PTCAz-N;-4 K and
PTCAz-T-4 K, respectively. The grating pattern was clearly
evident in the OM images measured 24 h after fabrication. The
grating spatial period in the films of both PTCAz-N; and
PTCAz-T was approximately 5 pm, with surface-modulation
depths of 154 nm for the PTCAz-N;-4 K film [Fig. 6(d) and (e)]
and 86 nm for the PTCAz-T-4 K film [Fig. 6(g) and (h)], based
on AFM imaging. Furthermore, the surface of the PTCAz-T-4 K
film [Fig. 6(f)] was smoother than that of the PTCAz-N;-4 K film,
which had a cracked structure [Fig. 6(c)], suggesting that the
strong T-T interactions provided a more stable morphology. The
AFM images revealed the long-range order of an alternative lamel-
lar structure, with bright lines being the crests of the waves from
the trans form of the azobenzene unit and the dark lines being
the valleys of the waves from the cis form. We determined the
theoretical period length using the Bragg equation: 2d sin 6 = n4,
where 7 is equal to 1, 4 is 532 nm for the polarized green light,
and 0 is the incident angle (3.5°) of the reference beam. The
d-spacing of the theoretical period length of the interference
fringe was 4.35 pm, close to the experimental result displayed in
Fig. 6(d) and (g). We also examined the effects of different mole-
cular weights of the conjugated polymers PTCAz-N; and PTCAzT
(Table 1) on their fabricated SRGs (Fig. 7). The surface-modu-
lation depth decreased upon increasing of molecular weights of

2818 | Polym. Chem., 2018, 9, 2813-2820

both PTCAz-N; and PTCAz-T. This behavior is consistent with the
trans-to-cis isomerization becoming more difficult, and requiring
more energy to reach completion, upon increasing the molecular
weight of each azobenzene-containing conjugated polymer.
Similarly, the surface-modulation depth of PTCAz-T was lower
than that of PTCAzNj;, because the strong T-T interactions
further restricted the molecular motion and inhibited the trans-
to-cis isomerization.

Grating stability is a key issue for holographic storage; the
application of traditional azobenzene-containing polymers
has, therefore, been restricted by their poor stability during
storage, the result of relatively low values of T, and their ten-
dency to decompose over time. We suspected, however, that
the multiple hydrogen bonding interactions of the homo-
geneous amorphous conjugated polymer PTCAz-T might make
it suitable for holographic storage, because of its superior
value of T,. The physical crosslinking through multiple hydro-
gen bonding interactions did indeed result in a more fixed
molecular orientation, resulting in the recorded film being
stable after storage for at least six months under an ambient
atmosphere. Fig. 8 displays the diffraction efficiencies for
various diffraction orders in films of both PTCAz-N; and
PTCAz-T after various recording times. The diffraction
efficiency increased upon increasing the recording time, with

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Height profiles in the AFM images of various PTCAz-N3 and PTCAz-T copolymers after exposure to laser light.
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Fig. 8 Diffraction efficiencies of films of (a, b) PTCAz-N3-4 K and (c, d) PTCAz-T-4 K after exposure to laser light: (a, c) first- and (b, d) second-

order diffraction peaks.

that of the first order being higher than that of the second order,
as expected. In addition, the diffraction efficiency for the first
order of PTCAz-T-4 K (10.1%) was higher than that of PTCAz-N;-
4 K (7.8%) after recording for 160 min. These values are two to
three times greater than the ones we had observed previously
after using noncovalent bonding to attach azobenzene units to
the side chains of amorphous polymers.®® It appears that incor-
porating azobenzene units on the main chains of these amor-
phous conjugated polymers enhanced the surface-modulation
depth during the transto-cis isomerization and, thereby,
increased the diffraction efficiency. In addition to the combi-

This journal is © The Royal Society of Chemistry 2018

nation of T and azobenzene units in the conjugated polymer
resulting in stimuli-responsive behavior, the strong T-T inter-
actions stabilized the surface morphology to such a degree that
the trans-to-cis isomerization could be expanded to provide this
real application of a supramolecular conjugated polymer.

Conclusions

We have successfully synthesized the T-functionalized, azo-
benzene-containing conjugated polymers through a combi-
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https://doi.org/10.1039/c8py00439k

Published on 20 April 2018. Downloaded by National Sun Y at Sen University on 4/23/2020 6:49:54 AM.

Paper

nation of Suzuki coupling polymerization and a click reaction.
This supramolecular azobenzene-functionalized conjugated
polymer displayed enhanced thermal properties and possessed
a stable morphology. Because azobenzene units were present
in the main chains of these conjugated polymers, they under-
went trans-to-cis isomerization when irradiated with laser
light. Furthermore, we prepared SRG micro-patterns from
our supramolecular azobenzene-functionalized conjugated
polymer, with long-range order of the interference patterns,
suggesting that they might have potential applications in
optical storage media, while also suggesting new pathways for
the development of supramolecular materials.
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