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Conjugated polymers have recently emerged as a new class of photocatalysts. However, many conjugated

polymer photocatalysts are not as effective as inorganic materials due to the limited electronic properties of
their LUMO and HOMO and low long-term stability caused by the degradation of the conjugated backbone.
In the present study, we have demonstrated, for the first time, the superior Visible (Vis) light-driven
photocatalytic activity of conjugated polymer nanocrystals (NCs) of polydiacetylene (PDA) derivatives,
namely, p-DCHD NCs for the photodegradation of Rhodamine B (RhB) compared with that of the state-
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of-the-art P25 TiO, nanoparticles (NPs). In addition, we have revealed the morphological effects of p-

DCHD NCs, long-term stability, and the photocatalytic degradation mechanisms. These results will open
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1. Introduction

Photocatalysts are important materials for various industries,
including water treatment and hydrogen production.”* Currently,
most photocatalysts are oxide-based inorganic materials, among
which titanium oxide (TiO,) is the most superior due to its low-
cost, high efficiency, and good long-term stability.* However,
the main drawback of TiO, is the inability to utilize Visible (Vis)
light, which accounts for 43% of the solar energy available on the
earth surface,** due to its wide bandgap.® For over three decades,
much efforts have been made toward extending the photo-
catalytic activity of these inorganic materials from the ultraviolet
(UV) region toward the Vis region through various techniques,
including energy band modulation by elemental doping (for
example, N, C, and S)”® and dye sensitization as well as density
functional theory (DFT) computer simulation to design new
semiconductor materials with suitable electronic band struc-
ture.”* Moreover, conjugated polymers have recently emerged as
a promising class of photocatalysts because of their narrow band
gap, low-cost synthesis, and flexible mechanical properties.'>*
Despite great efforts toward the potential use of conjugated
polymers as photocatalysts, many early reports indicated poor
electronic properties and high rates of electron and hole (e-h)
recombination, which provided significant challenges for the
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a new pathway for the further development and understanding of conjugated polymer photocatalysts
toward various potential applications.

development of organic photocatalysts.”***> Although the pho-
tocatalytic activity of non-crystalline organic nanostructures
including amorphous or 2D and 3D porous network structures
have been reported,'® to the best of our knowledge, the pho-
tocatalytic activity of “conjugated polymer crystal” nano-
structures has not been explored so far.

In the present study, we have presented a conjugated polymer
crystal nanostructure, termed as “conjugated polymer nanocrystals
(NCs)”, as a novel design approach toward the realization of high-
performance conjugated polymer-based photocatalysts. More
specifically, we have provided the first experimental evidence of
poly[1,6-di(N-carbazolyl)-2,4-hexadiyne] (p-DCHD) NCs, which are
typical one-dimensional conjugated polymer NCs of poly-
diacetylene (PDA) derivatives,* as highly effective photocatalysts
even when compared with the state-of-the-art P25 TiO,. PDA
derivatives synthesized by solid-state polymerization in a crystal
state are basically single crystals® and are well known as one of the
most promising nonlinear optical materials.*® We will discuss Vis-
light-driven photocatalytic activity and the long-term stability for p-
DCHD NCs as highly potential photocatalysts as well as their
photodegradation mechanism compared with that of P25 TiO,
nanoparticles (NPs). This demonstration of a conjugated polymer
NCs system is an essential first step toward the development of
high-performance conjugated polymer-based photocatalysts.

2. Experimental section
2.1 Materials

1,6-Di(N-carbazolyl)-2,4-hexadiyne (DCHD), dioctyl sulfosuccinate
sodium (AOT), and Rhodamine B (RhB) were purchased from
Wako Pure Chemical Industries, Ltd. TiO, NPs (P25 TiO,: avg.
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diameter = 30 nm, specific surface area = 50 m> g~ ') was supplied
by Degussa Co. All the chemicals were of analytical reagent grade
and used without further purification, except for DCHD, which was
recrystallized for purification. Deionized and distilled water used
in this study were further purified up to 18.2 MQ cm using a water
purification system (Sartorius Atrium 611 UV).

2.2 Preparation of p-DCHD NCs

p-DCHD NCs were prepared by the conventional reprecipitation
method and solid-state polymerization with minor modified
conditions, as illustrated in Fig. S1:7** 4 mL of DCHD (5.0 mM,
24.5 mM)-THF solution containing 7.5 mM of AOT was injected
into vigorously stirred water (200 mL) as a poor solvent at a given
temperature using a pulseless pump (ISCO, 260D Syringe Pump).
After 30 min of retention time, DCHD NCs were solid-state poly-
merized by UV irradiation (A = 254 nm) for ca. 90 min. The
resulting aqueous dispersion liquid of p-DCHD NCs was then
filtered through a hydrophilic poly(tetrafluoroethylene) membrane
(pore size: 0.05 um) and washed several times with distilled water
to ensure the removal of added surfactants. Finally, p-DCHD NCs
were stably re-dispersed in an aqueous medium. The resulting
samples were assigned as samples 1-6 (Table S1t).

2.3 Characterizations

The size and morphology of the p-DCHD NCs were evaluated via
scanning electron microscopy (SEM) using JEOL JSM-6700F.
The samples were sputtered with platinum by JEOL JFC-1200
prior to SEM observation. Vis absorption spectrum and IR
spectrum were measured using a UV-Vis spectrometer (JASCO,
V-550) and an ATR-FT-IR spectrometer (AVATAR, 360 FT-IR),
respectively. Crystal structure of the p-DCHD NCs was evalu-
ated using a powder X-ray diffractometer (XRD) (Bruker, D8-
advance X-ray diffractometer).

2.4 Photocatalytic evaluation

The initial dispersion concentration of the p-DCHD NCs was fixed
at 0.04 mg mL™" (0.1 mM). 3.0 mL of p-DCHD NCs dispersion was
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mixed with 12 pL of RhB aqueous solution (5.12 mM) in a quartz
cell with an optical path length of 10 mm, resulting in 0.010 mg
mL~" (2.1 x 107> M) of the initial concentration of RhB. The
mixed sample was stirred for 30 min under dark condition to
ensure an equilibrium state, and then irradiated for a given time at
25 °C by UV, Vis, and UV-Vis light using a Xenon lamp (USHIO SX-
UI 501XQ, 500 W) equipped with the following suitable optical
filters: UV: A = 300-400 nm (filters: HA50 + U330); Vis: 2 = 420-
700 nm (filters: HA50 + L42); UV-Vis: A = 300-700 nm (filters:
HA50). The photocatalytic degradation of RhB was monitored with
the changes in absorbance at a fixed wavelength A = 554 nm in the
Vis absorption spectra. Similarly, photocatalytic degradation was
performed using TiO, NPs. When an inert and non-oxidizing
condition was required, N, gas (>99.99%) was purged through
the mixed dispersion liquid for 2 h prior to the light irradiation.
The following scavengers were utilized to investigate the photo-
catalytic degradation mechanism of RhB by p-DCHD NCs: Cu®*
(CuS0,-5H,0) as the electron scavenger,> MeOH as the hydroxyl
radical scavenger,* and benzoquinone as the superoxide radical
scavenger.” In addition, the dependence of the photocatalytic
activity for the p-DCHD NCs on wavelength in the Vis region was
investigated using an ASAHI SPECTRA MAW-302 equipped with
a suitable band-pass filter (450 nm, 500 nm, 550 nm, 600 nm,
650 nm, and 700 nm). The intensity of incident light was almost
the same (37.4 mW cm ™ ?) at any wavelength in the Vis region.

3. Results and discussion
3.1 Characterization of p-DCHD NCs

Fig. 1 shows the SEM images of the as-prepared p-DCHD NCs,
corresponding to samples 1-6 with various morphologies
having different diameter (d) and length (L) by adding surfac-
tant AOT and/or by changing the temperature of the poor
(water) medium.?® As summarized in Fig. S2,} the value of d was
in the range of ca. 40-60 nm, while L changed from 70 nm to
several pm for samples 1-6. In general, PDA can be formed
through a solid-state polymerization process in both nano and
bulk crystal states. p-DCHD is a typical PDA derivative produced

d=60.8nm .
[=111.0 nm.

Sample 4

-d=50.3 nm
L=391.1 nm

Sample 5

Fig. 1 SEM images of p-DCHD NCs (samples 1-6) with different length (L) and diameter (d).
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Fig. 2 Vis absorption spectra of p-DCHD NCs (samples 1-6).

by a peculiar monomer single crystal-to-polymer single crystal
phase transition.??* All of the solid-state polymerized p-DCHD
NCs samples 1-6 were not amorphous but crystalline with the
same crystal structure as the bulk crystal, as confirmed by
powder XRD measurements (Fig. S37).

The color of dispersions of all the samples 1-6 is deep blue,
which originated from the excitonic absorption peak at around
A =650 nm and the phonon sideband at around A = 600 nm in
the extended m-conjugated backbone of PDA, as shown in
Fig. 2.°**' The excitonic absorption peak intensity clearly
increased relative to the phonon sideband from sample 1 to
sample 6.>® The red-shift of the excitonic absorption peak was
also observed as the value of L became larger, as listed in the
second column of Table S2.1** These phenomena are mainly
due to the extension of the effective conjugated length of PDA,
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which is closely related to the morphology (size and shape) of
p-DCHD NCs, resulting in the delocalization of the excitons
along the conjugated backbone, as discussed in detail
elsewhere.?>?

3.2 Photocatalytic activity of p-DCHD NCs

Fig. 3(a) shows the typical Vis absorption spectral changes of
RhB during the photodegradation reactions in presence of p-
DCHD NCs (sample 3) under UV-Vis irradiation condition.
Throughout the photocatalytic degradation process, the
absorption peak positions were blue-shifted, and the absor-
bance was reduced gradually. As described in the literature,*¢
there are two competitive processes for RhB photodegradation:
one is the stepwise de-ethylation of the RhB molecules, and the
other is the direct degradation of the fused aromatic ring
structure. These two reaction processes are considered to be the
main routes for the photocatalytic degradation of RhB even in
the presence of p-DCHD NCs. Herein, the photodegradation of
RhB was monitored by measuring the absorbance at A = 554 nm
as a function of irradiation time and then, the apparent rate
constant (k) of photocatalytic degradation for RhB was experi-
mentally determined by assuming a pseudo-first order reaction
model.** Thus, the value of k was evaluated from the slope of the
plot of In(C/Cy) as a function of irradiation time, where C was
the molar concentration of RhB at a given time and C, was the
initial concentration. The calculated values of k are listed in the
last column of Table S2.1

Fig. 3(b) displays the correlation of k values and the
morphology of the as-prepared p-DCHD NCs (samples 1-6) in
the case of UV-Vis irradiation. The horizontal axis in Fig. 3(b)
indicates the excitonic absorption peak positions of p-DCHD
NCs (samples 1-6) (Table S27). Interestingly, the value of k is
dependent not simply on the excitonic absorption peak posi-
tions but on the morphology of p-DCHD NCs. As a result,
sample 3 provided the highest and maximum k value. In fact,

0.05
4
0.04 1 :
? 0.03 | R Samble3
£ : : aA
£ Sample 2 P
x 0.021: 4 P
Sample 1 Sample 4: ! !
0.01 4 Sample 5 |
Sample 6
0.00 T T T T
635 640 645 650 655 660

Excitonic absorption peak
position (nm)

Fig. 3 (a) Vis absorption spectral changes during the photocatalytic degradation of RhB (2.1 x 107> M) dispersed in aqueous p-DCHD NCs
(sample 3: 0.04 mg mL™Y) dispersion liquids as a function of UV-Vis irradiation time, and (b) the plots of apparent rate constants of the pho-
tocatalytic degradation (k) for RhB vs. excitonic absorption peak positions of p-DCHD NCs (samples 1-6).
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the value of k is an apparent parameter and affected by many
factors such as crystallinity, specific surface area, crystal
defects, delocalization of the exciton, and charge-separated
electron (e)-hole (h) pairs from the excitons.>°

The increase in k values for samples 1-3 is due to the
improved efficient absorption of the extended conjugated back-
bone. However, we can see a significant decrease in the & value for
samples 4-6. This reduction in photocatalytic activity, despite the
stronger Vis absorption, is speculated to be due to the following
two reasons: one is the decrease in specific surface area and
reaction site,* and the other is the higher recombination prob-
ability of charge-separated e-h pairs in the photo-excited state.*
As discussed in detail later, the charge separation process from
the photoexcited e-h pairs (the exciton) is a key step in the
photocatalytic degradation activity of p-DCHD NCs.** In any case,
the most important point is to suitably control the morphology,
that is, to optimize the conjugation length for p-DCHD NCs in the
reprecipitation method so as to realize the highly effective pho-
tocatalytic activity. Hereafter, we will only focus on “sample 3” of
the p-DCHD NCs photocatalysts.

Fig. 4 exhibits the photocatalytic activity of the p-DCHD NCs
(sample 3) under (a) Vis, (b) UV, and (c) UV-Vis light irradiation
conditions compared with that of the commercially available
P25 TiO, NPs. First, we can see that RhB did not photodegrade

a
1.00 Semmg—— -
== without catalyst
- > P25 TiO;
o ¥ p-DCHD NCs
%,050 1
Q
= 0.25 A
0.00 T T T : . T
0O 5 10 15 20 25 30 35
Vis light irradiation time (min)
c
1.00

C/Co(RhB)
© ©
3 o

o
N
o

0.00 T L} T T T T T
0 5 10 15 20 25 30 35 40

UV-Vis light irradiation time (min)

View Article Online

Paper

under any light irradiation conditions in the absence of
photocatalysts.

Under Vis light irradiation conditions (Fig. 4(a)), RhB was not
photodegraded by P25 TiO, NPs due to the wide bandgap energy
of TiO, (3.2 eV).*” Interestingly, the apparent rate constant of the
photocatalytic degradation for RhB by p-DCHD NCs (kp-pcup =
2.57 x 10~ %> min~ ') was significantly higher than that by P25 TiO,
NPs (kpps = 0.13 x 107> min~ ') and about 89% of RhB was
photodegraded after 30 min of Vis light irradiation. In contrast,
as expected, the photocatalytic degradation activity of P25 TiO,
NPs (kpps = 1.53 x 10~ min~') was superior under UV light
irradiation condition (Fig. 4(b)), and p-DCHD NCs (k,-ncup =
0.85 x 10> min ") also demonstrated photocatalytic activity to
some extent under UV light irradiation condition. Consequently,
about 91% of RhB was photodegraded by P25 TiO, NPs after
60 min, while about 51% of RhB was photodegraded by p-DCHD
NCs after 120 min. In addition, the p-DCHD NPs (kp.pcap = 4.79
x 107> min~") showed photocatalytic activity of about three
times higher than that of P25 TiO, NPs (kpo, = 1.75 X
102 min ") under UV-Vis light irradiation condition (Fig. 4(c)).

Fig. 4(d) displays the degree of photocatalytic degradation of
RhB under UV, Vis, and UV-Vis light irradiation conditions for
30 min. These facts clearly demonstrated the superior perfor-
mance of p-DCHD NCs under both UV-Vis and Vis light
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Fig. 4 Relative concentration changes (C/Co) of residual RhB photodegraded by p-DCHD NCs and/or P25 TiO, NPs as photocatalyst under (a) Vis
light (420-700 nm), (b) UV light (300—-400 nm), and (c) UV-Vis (300-700 nm) irradiation conditions. (d) Degree of photocatalytic degradation of RhB
after 30 min of irradiation by UV, Vis, and UV-Vis light sources. The concentrations of p-DCHD NCs and P25 TiO, NPs dispersed in an aqueous
medium were 0.04 mg mL~%. The initial concentrations of RhB (Co) were 2.1 x 10~° M. The legend in (a) are the same as symbols in both (b) and (c).
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irradiation compared with that of P25 TiO, NPs. This suggests
that p-DCHD NCs could be regarded as a new class of Vis-light-
driven photocatalysts.

The overall superior photocatalytic activity of p-DCHD NCs is
likely due to two main factors: the intrinsic electronic property of
the conjugated p-DCHD backbone and the high degree of crys-
tallinity. Previous studies on conjugated polymer photocatalysts
have elucidated that a more linear and longer conjugated chain
would result in the enhancement of photocatalytic activity of
such polymer systems by reducing charge-trap sites and
increasing excitonic absorption.**** On the contrary, p-DCHD
NCs possess unique physicochemical properties, namely,
a narrow bandgap (2.33 eV),* high excitonic absorbance, good
charge mobility along the conjugated backbone (6 x 10° cm* V™"
s~ 1), and a high degree of crystallinity that emerges from single
crystal-to-polymer single crystal phase transition, as described in
Fig. 1.>>*° These excellent properties could be responsible for the
high photocatalytic activity of p-DCHD NCs.
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In other words, the crystal lattice of p-DCHD NCs is ther-
mally softened and relatively strain-free during solid-state
polymerization,”®*® and the conversion usually reaches ca.
100%.>* p-DCHD NCs with a high degree crystallinity are
almost defect-free. In fact, p-DCHD bulk crystals provided much
low photocatalytic activity due to their low specific surface area,
crystal lattice defects, and polycrystalline domains*” (Fig. S47).

3.3 Long-term stability and post-catalysis characterization

The photocatalytic activity of p-DCHD NCs could be successfully
maintained over 10 successive recycling experiments (Fig. S57).
There were no changes in the Vis absorption spectra, SEM
images, FT-IR spectra, and powder XRD patterns within exper-
imental errors before and after the recycling experiments
(Fig. S67), in contrast to the previously reported low long-term
recovery of PPP" due to the degradation of the conjugated
backbone by reactive oxygen species (ROS). Such long-term
stability and good physicochemical resistance of the p-DCHD

b
100
10 ==
X
Sg 75
© c
g
EB 50
oS T
5
°®
38
5o 25 1
O D
[ake]
0 -
non-purged N2-purged
d
1
# p-DCHD NCs
\ < p-DCHD NCs + MeOH (0.1M)
N
0.75 4 \\\
)
z
= 0.5 A
3
0.25 4
0 ¥ T T T T T
0 5 10 15 20 25 30 35

UV-Vis light irradiation time
(min)

Fig. 5 (a) Degree of the photocatalytic degradation of RhB in the presence of p-DCHD NCs with and without Cu?* (1 x 10> M) under UV-Vis
light irradiation, (b) comparison of the degree of photocatalytic degradation of the RhB with and without N, purging treatment before UV-Vis
light irradiation for 15 min, (c) and (d) the C/C, (RhB) decay curves under UV-Vis light irradiation by adding benzoquinone (1 x 107> M) and

methanol (0.1 M), respectively.
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NCs are mainly due to the high degree of crystallinity and close-
packed (or defect-free) rigid structure in the crystal lattices of
the p-DCHD NCs, which would protect and prevent the reaction
of ROS with the polymer backbone.*® Moreover, such a polymer
structure also contributes to the high thermal stability of p-
DCHD NCs even above 250 °C (Fig. S7t).*

3.4 Proposed photocatalytic degradation mechanism of
Rhodamine B by p-DCHD NCs

In general, the photocatalytic degradation of RhB involves the
charge separation of e-h pairs and the subsequent formation of
ROS such as hydroxyl radicals (OH') and superoxide anion
radicals (O, "), which are formed by the reaction of O, with
the photoexcited electrons at the conduction band (CB). Finally,
organic dyes such as RhB are decomposed and degraded by
these ROS.**** Selected scavengers were employed to qualita-
tively discuss the degradation mechanism of RhB under the
presence of p-DCHD NCs, although electron spin resonance
(ESR) measurements could be more useful in directly detecting
ROS.**

Fig. 5(a) shows a significant decrease in photocatalytic
activity of p-DCHD NCs under the co-existence of Cu®". After
30 min of UV-Vis light irradiation, the degree of photocatalytic
degradation of RhB remained ca. 55% with the addition of Cu*",
a typical electron scavenger.'® Probably, the electron charge
separated from the exciton was quenched with Cu** to yield
Cu". In addition, Fig. 5(b) indicates the photocatalytic activity
for the aqueous dispersion sample containing p-DCHD NCs and
RhB, purged by nitrogen gas before UV-Vis light irradiation. The
degree of photocatalytic degradation of RhB became distinctly
lower, which suggested that the reduction in the ROS concen-
tration was due to the removal of oxygen molecules dissolved in
an aqueous medium.

Contrary to the case of TiO,, OH" could not be generated
directly from the hole reacting with H,O* in the case of the p-
DCHD NCs system. Since the redox potential of p-DCHD (VB:
+1.27 eV vs. SHE)* is more negative than that of OH"/OH
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£
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X
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0.0E+00 . . . T1—11
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Fig. 6 Plots of k values for RhB degradation vs. wavelength in the Vis
region.
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(+1.99 eV),* OH' cannot be formed via p-DCHD NCs in the same
manner as generated via TiO, NPs. Thus, OH" might not be the
main ROS for the photocatalytic degradation of RhB. Hence, the
photocatalytic activity was evaluated to reveal the above-
mentioned hypothesis using benzoquinone as a known O, ™
scavenger (Fig. 5(c))** and MeOH as a known OH" scavenger
(Fig. 5(d)).*” It became apparent that benzoquinone consider-
ably affected the decay curve of C/C, (RhB), but MeOH scarcely
had an influence. These results suggest that the O," species
was mainly responsible for the photodegradation of RhB in the
present case rather than OH" as in the case of the TiO, catalyst.>

We further considered the dependence of photocatalytic
activity on wavelength in the Vis region. Fig. 6 displays the plots
of k values for RhB degradation vs. wavelength. Sample 3 was
the most efficient among other samples, as already discussed in
Fig. 3(b), but all the samples did exhibit photocatalytic activity
at a maximum wavelength of around 450 nm, a region which
almost corresponded to the increase in photocurrent in the
action spectrum of p-DCHD.*® Evidently, it was found that the
charge separation of e-h pairs generated in the photoexcited p-
DCHD NCs was an initial process.

4. Conclusions

We have successfully demonstrated promising photocatalytic
activity of conjugated polymer nanocrystals, namely, p-DCHD
NCs. In particular, the p-DCHD NCs have provided superior
Vis-light-driven photocatalytic activity when compared with that
of P25 TiO, NPs. Interestingly, the photocatalytic activity was
strongly affected by the morphology (size and shape) of p-DCHD
NCs due to high crystallinity and the corresponding electron
state, for example, the charge separation of e-h pairs (exciton)
generated in photo-excited p-DCHD NCs. The excellent photo-
catalytic activity and the good long-term stability of p-DCHD
NCs could lead to new advances in conjugated polymer-based
photocatalysts for various applications, including water purifi-
cation, CO, reduction, and water-splitting.
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