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The present manuscript reports the synthesis of benzoquinone (BQ) modified polythiophene (PTh) by

chemical and microwave-assisted polymerization techniques. The synthesized oligomers were
investigated for their spectral, morphological and thermal properties via FTIR, UV-visible, scanning
electron microscopy (SEM) and thermogravimetric (TGA) analyses. Theoretical calculations were
performed by using Gaussian 09 software via the DFT/B3LYP method with the 6-311G basis set. FTIR
confirmed the formation of hydroquinone modified PTh when the polymerization was carried out by
magnetic stirring and ultrasonication, while the formation of BQ modified PTh was obtained by
microwave irradiation. The electronic transitions obtained via experimental UV-visible studies were also
found to be in close agreement with the theoretical spectra. SEM revealed a well-formed morphology
comprising needle shaped rods for the oligomer synthesized under microwave irradiation. The TGA-DTA
studies revealed low char content for the above oligomer, while the florescence studies revealed intense
emission around 450 nm. The highest quantum yield was found to be 0.024, which also showed high
singlet oxygen generation tendency as well as a high single oxygen quantum yield of 0.30 and could be

utilized to design imaging probes applicable in photodynamic therapy.

Introduction

Conjugated polymers have been extensively investigated for
their opto-electronic properties and find potential application
in electro-chromic displays,* light-emitting devices,> integrated
circuits,® sensors* and solar cells.® The electronic properties and
the charge transport phenomena can be easily tailored via the
introduction of donor/acceptor molecules and hence, these
polymers have been the subject of intense investigation over the
past few decades.® The redox behaviour of quinones and their
derivatives have attracted significant attention; however, it has
been scarcely explored in combination with heterocyclic
conjugated polymers.” Several authors have reported the poly-
merization of polyanthraquinones and poly(p-benzoquinone)
through organometallic polycondensation reactions.*® Various
results have been reported, based on the mode of synthesis of
donor-acceptor polymers and the mechanism of polymeriza-
tion, but the details regarding the control of the structure as
well as morphology resulting from the synthetic conditions are
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still unexplored, and they are not well-explained even by
computational studies. Hence, with the aim to investigate the
influence of polymerization conditions on the electronic struc-
ture, opto-electronic properties as well as the morphology of
donor-acceptor polymers, the present work reports m-conju-
gated oligomers composed of thiophene (acceptor) and benzo-
quinone (donor) units synthesized by different chemical
polymerization methods: magnetic stirring, ultrasonication and
microwave irradiation. Thiophene was chosen as an acceptor
moiety due to its remarkable electro-chromic and optoelec-
tronic properties, which have been scarcely investigated in
combination with benzoquinone.'*** The chemical and phys-
ical properties of the synthesized oligomers were studied by
experimental as well as theoretical IR, UV-visible spectroscopy,
while the morphology was explored by the SEM studies. The
thermal properties were determined by TGA-DTA analysis and
the singlet oxygen generation studies were carried out in order
to establish the potential application of these polymers in
photodynamic therapy.

Experimental
Materials and methods

Thiophene (Loba Chemie Pvt. Ltd, India), 1,4-benzoquinone
(Sigma Aldrich, USA), ferric chloride (FeCl; -6H,0) (Sd Fine
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Chem Pvt. Ltd., India), chloroform (CHCl;) (Merck, India)
palladium acetate (Merck, India) tetrahydrofuran (THF) (Merck,
India), methanol (CH;O0H) (Merck, India), and distilled water
were used without further purification.

Polymerization of thiophene with benzoquinone via chemical
oxidant method by magnetic stirring and ultrasonication

Thiophene (10 ml, 0.118 mol) and 1, 4 benzoquinone (5 g, 0.046
mol) were added to an Erlenmeyer flask containing 50 ml of
CHCI;. The mixture was stirred with a magnetic stirrer at room
temperature and ferric chloride (5 g) was added to the above
solution after which there was a purge of N, gas in the above
reaction. The reaction mixture switched to black color indi-
cating polymerization of the two moieties. The reaction was
further stirred on a magnetic stirrer at a temperature between
0-5 °C for 4 h and kept overnight in a deep freezer. The product
was washed several times with distilled water by centrifugation
and dried in a vacuum oven at 72 °C in order to ensure the
removal of impurities and water. The obtained polymer was
designated as PTh/BQ-MS. Similar procedure was adopted for
the polymerization of thiophene with 1,4-benzoquinone by
ultrasound-assisted technique and the polymer was designated
as PTh/BQ-US.

Polymerization of thiophene with benzoquinone by Suzuki
reaction via microwave irradiation method

Thiophene (10 ml, 0.118 mol) and 1, 4 benzoquinone (5 g, 0.046
mol) were added to an Erlenmeyer flask containing 50 ml of
THF. The mixture was stirred for 5 min at 25 °C. Then, the
polymerization was started by injecting a solution of
Pd(IPr)(OAc), (0.05 ml, 0.02 M in THF). The reaction was sub-
jected to microwave irradiation for 20 min at 25 °C. The polymer
obtained was purified by precipitation from methanol solvent.
The polymer was then collected by filtration and dried in
a vacuum oven at 70 °C. The polymer obtained was designated
as PTh/BQ-MW.

Characterization
Spectral studies

IR spectra of polymers were taken on a Shimadzu spectropho-
tometer Model IRA Affinity-1 in the form of KBr pellets. UV-vis
spectra were taken on a UV-vis spectrophotometer (Shimadzu,
Model UV-1800).

Morphological studies

Scanning electron micrographs (SEM) were recorded on Leo
Supra 50VP, Carl Zeiss scanning electron microscope. Fluores-
cence images were obtained by using a Laser Confocal Micro-
scope with Fluorescence Correlation Spectroscopy (FCS)-
Olympus FluoView FV1000 equipped with a He-Ne laser and
oil immersion objective. The A.x for laser excitation was
410 nm.
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Computational studies

All theoretical calculations were computed by using the
Gaussian 09 package. Optimizations of PTh/BQ geometries were
carried out without symmetry constraints by using hybrid
functional DFT/B3LYP method with 6-311G basis set."*** The
geometric optimization was carried out by taking 3 units of
thiophene, coupled with 3 wunits of benzoquinone/
hydroquinone. The frequency calculations (IR spectra) were
computed by using same method, while the electronic transi-
tions were calculated by using the time-dependent DFT (TD-
DFT) method with 6-311G basis set.

Thermal analysis

TGA analysis of the polymers were carried out on a thermogra-
vimetric analyser model TA/DTA 6300, EXSTAR 6000, a heating
rate of 10 °C min ™" over a temperature range of 35-800 °C under
N, atmosphere was employed.

Singlet oxygen generation studies

Singlet oxygen photo-generation was investigated by using
0.05 mM solution of 1,3-diphenylisobenzofuran (DPBF) in
ethanol. The absorbance of DPBF at 410 nm was monitored by
using the Shimadzu Model 1800 UV-vis spectrometer as per
method reported in our previous studies.™

Result and discussion

Conformation of electronic transitions by experimental and
theoretical UV-visible studies

The UV-visible spectra of PTh/BQ-US and PTh/BQ-MS, Fig. 1(a),
reveals peaks at 280 nm and 450 nm, respectively corresponding

UV-VIS Spectrum
18

06 70000
(a) o 155
05| —— PTh/BQ-MS 50000 2 2
——PTh/BQ-US S 40000 108
/\‘ 2 08 Y
. \ 063

| ‘ AN N

043
027

100 200 300 400 500 600 700
Excitation Energy (nm)

Absorbance

200 300 400 500 600 700
Wavelength (nm)

07
(b)

~—Cow

0.6 | —— PTh/BQ-MW UV-VIS Spectrum

35000 080

M Fom ©

05 = I\ Foo £

8 S 2000 /(l {3\ foso 2

E 04 2 150 NN w?

® o I\ / 030 =

8 10000 1\ 00 8

8 03 5000 / 010 3
o
<

02 0 100 A0 X0 40 50 &0 700 80
Excitation Energy (nm)
01

0.0

250 300 350 400 450 500 550 600
Wavelength (nm)

Fig.1 UV-visible spectra of (a) PTh/BQ-MS, PTh/BQ-US and (b) PTh/
BQ-MW.
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Scheme 1 Polymerization of PTh/BQ by different methods.

to m-m* of BQ and n-w* of PTh. The peak at 280 nm corre-
sponds to the presence of hydroquinone, which was obtained
when the synthesis was carried out in water medium, under
magnetic stirring as well as sonication. The theoretical spec-
trum also reveals peaks at 286 nm and 455 nm, which were
found to be in close agreement with the experimental spectra.
Similarly, the UV-visible spectrum of PTh/BQ-MW, Fig. 1(b)
reveals peaks at 350 nm and 500 nm, which show a major red
shift of the peaks corresponding to BQ and PTh. The theoretical
spectrum of the same polymer reveals peaks at 345 nm and
508 nm. Hence, it is concluded that the synthesis conditions,
significantly affects the structure of BQ which is converted to
hydroquinone when the polymerization is carried out under
ultrasonic irradiation/magnetic stirring, while the structure of
BQ is retained when the reaction is carried out under microwave
irradiation via the Suzuki method, as shown in Scheme 1. This
phenomena was further confirmed from the experimental as
well as theoretical IR spectra of the oligomers.

IR analysis of PTh/BQ-MS, PTh/BQ-US and PTh/BQ-MW

The experimental as well as the theoretical IR spectra of PTh/
BQ-MS, PTh/BQ-US and PTh/BQ-MW are provided in the ESI
as shown in Fig. S1(a—c).t The IR spectrum of PTh/BQ-MS, Table
1 shows the O-H stretching vibration peak at 3169 cm ™" asso-
ciated with the presence of hydroquinone, while the peak
observed at 1611 cm™ " was attributed to the C=C stretching
vibration of PTh. The peaks corresponding to the benzenoid
ring are observed at 1404 cm ™" and 1321 cm ™', respectively.*®
The C-S-C stretching vibration peak is observed at 1190 cm™?,

Table 1 IR data of PTh/BQ-MS, PTh/BQ-US and PTh/BQ-MW
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while the characteristic peaks at 1114 cm™ " and 1045 cm ™', are
attributed to the aromatic OH of BQ. The absorption bands at
791 cm™ %, 786 cm ' and 688 cm ' are associated with the C-S
out of the plane bending vibrations of PTh. The theoretical
spectrum of the oligomer reveals the OH stretching peak at
3160 cm™ ', while the C=C stretching peak is observed at
1601 cm ™. The C-S-C stretching vibration peak is observed at
1185 ecm ™~ '. The aromatic OH bending peak of BQ is observed
around the characteristic peaks of 1111 cm ™', 1040 cm ™', while
the C-S out of the plane bending vibrations of PTh are observed
at793 cm ', 780 cm ' and 687 cm ™. Likewise, the IR spectrum
of PTh/BQ-US reveals an intense broad peak at 3160 cm™ ' and
a shoulder at 3047 cm™ " due to the presence of OH of hydro-
quinone. The C=C conjugated alkene stretching vibration peak
is observed at 1640 cm ', while the peaks of benzenoid ring
stretching vibrations are observed at 1488 cm ™" and 1420 cm "
respectively. The characteristic OH peak of phenol group is
observed at 1122 cm™', 1038 cm ' and the peak around
954 cm™ " correlates with the presence of substituted benzene
ring. The C-S stretching vibration peak of PTH is observed at
793 em ™" and 679 cm ™. Interestingly the IR spectrum of PTh/
BQ-MW reveals no peak in the OH region, thereby confirming
the formation of BQ. The peaks observed at 1641 cm ' and
1580 cm ™' correlate with the presence of C=C conjugated
alkene of PTh. The multiple peaks observed at 1481 cm !,
1443 em™" and 1412 ecm ™" are ascribed to the benzenoid in the
BQ rings. The presence of the C-S stretching of PTh is
confirmed through the absorption at 1199 cm ‘. The OH
bending peak is observed at 1122 ecm ™' and 1038 cm ™', while
the peaks of the substituted benzene ring and C-S bending are
observed at 954 cm ™%, 893 cm ™' and 679 cm ™ *. The above peaks
confirmed the formation of PTh/BQ in different forms as shown
in Scheme 1. Interestingly, the spectrum of PTh/BQ0-MW did
not reveal OH stretching peak, but a small band is observed at
1720 em™ " which confirms the presence of carbonyl group, and
is found to be absent in PTh/BQ-MS and PTh/BQ-US. Moreover,
the theoretical spectrum also reveals the carbonyl peak at
1732 ecm ™. The C=C conjugated alkene stretching vibration
peak is observed at 1641 cm ™" and 1580 cm ™, while the peaks
of benzenoid ring stretching vibrations are observed at
1481 cm™ ', 1443 cm ™' and 1412 cm™ ', respectively. The peak

PTh/BQ-MS peak position exp.

Functional group (theor.) em™*

PTh/BQ-US exp. (theor.) cm™"  PTh/BQ-MW exp. (theor.) cm™*

O-H stretching 3169 (3160)

C=O0 stretching —

C=C stretching (conjugated alkene) 1611 (1601)

C-C benzenoid 1404 (1400) 1321 (1328)

1286
1190 (1185)

1114 (1111), 1045 (1040)

791 (793), 786 (780), 688 (687)

C-O stretching

C-S stretching

Aromatic OH bending (phenol)
Substituted benzene ring and C-S
bending
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3047 (3045) —
— 1720
1640 (1638) 1641

1732)
1642), 1580 (1588)

(
(
1488 (1481), 1420 (1418) 1481 (1480), 1443 (1444), 1412
(1408)
1283 (1285), 1235 (1243) 1233 (1237)
1199 (1194) 1199 (1190), 1113 (1112)

1122 (1117), 1038 (1033) —
954 (950), 893 (893), 679 (690) 953 (950), 844 (840), 791 (790), 693
(690)
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around 1113 cm ™" and 1199 cm ™" correlates with the presence
of C-S stretching vibration peak, while the substituted benzene
ring and C-S bending peaks are observed at 953 cm
844 cm ™', 791 ecm " and 693 cm ™. The structures of the olig-

omers are therefore, confirmed.

Computational studies

The optimized structures of PTh/BQ-MS, PTH/BQ-US and PTh/
BQ/MW are given in, Fig. 2(a) and (c). The C-C and C=C
bond lengths for PTh/BQ-MS/US are 1.44 A and 1.35 A respec-
tively, while the C-S bond length is computed to be 1.78 A. The
C-0 bond length is found to be 1.36 A. The C-C and C=C bond
lengths for optimized structure of PTh/BQ/MW are computed to
be 1.45 A and 1.33 A respectively, while the C-S and C=0 bond
lengths were found to be 1.80 A and 1.21 A, respectively. The
C-S-C bond angle is computed to be 89.49°, while the C-S-C
bond angle for PTH/BQ/MS/US was found to be 90.02°. The
structures were noticed to be planar in both cases. The charge
distribution in PTH/BQ-MS/US, Fig. 2(b) is observed to be
concentrated on all carbon atoms, except the ones linked to the
OH group and similar charge distribution is observed for PTh/
BQ-MW, Fig. 2(d). The molecular electrostatic potential,
however, is noticed to be different for the two oligomers,
Fig. 2(e) and (f). For PTH/BQ-MS/US, a negative diffusion region
is observed, while for PTH/BQ-MW, positive diffusion region is
observed around the oligomer with positive diffusion centre
around the C=0 group.
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Fig. 2 (a) Optimized geometry of PTh/BQ/MS/US, (b) Mulliken charge
distribution in PTh/BQ/MS/US, (c) optimized geometry of PTh/BQ/
MW, (d) Mulliken charge distribution in PTh/BQ/MW, (e) molecular
electrostatic potential (MEP) in PTh/BQ/MS/US, (f) molecular electro-
static potential (MEP) in PTh/BQ/MW.
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The HOMO and LUMO orbitals were observed to be highly
delocalized in case of PTh/BQ-MS/US, Fig. 3(a), which
confirmed high extent of spatial overlap between the two
orbitals. This would result in the reduction of the band gap, and
facilitate the charge injection of electrons into the LUMO or
holes into the HOMO orbitals. The HOMO-LUMO band gap for
PTh/BQ-MS/US was calculated to be 3.21 eV, while it was found
to be 2.15 eV for PTh/BQ-MW, Fig. 3(b). The band gap is found
to be low for the PTh/BQ-MW oligomer due to the presence of
carbonyl linkages that facilitate the charge transfer through the
chain.

Morphological analysis

The SEM of PTH/BQ-MS, Fig. 4(a), reveals a sea coral-like
morphology, comprising of elongated agglomerates of bright
particles, associated with PTh, while the dark particles are
correlated to the BQ. The morphology of PTh/BQ-US, Fig. 4(b),
exhibits a spherical cluster of highly dense bright particles,
while the SEM of PTh/BQ-MW, Fig. 4(c), shows formation of rod
shaped structures of uniform length.
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Fig. 5 TGA profiles of (a) PTh/BQ-MS, (b) PTh/BQ-US (c) PTh/BQ-
MW.
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Thermal analysis

The thermal stability of PTh/BQ-MS, PTH/BQ-US and PTh/BQ-
MW was investigated in the temperature range of 35-800 °C
as shown in Fig. 5. The oligomer PTH/BQ-MS exhibits a weight
loss of 20% in the temperature range of 100-200 °C due to the
elimination of moisture, while a sharp endothermic DTA peak
is observed around this temperature range. The second
decomposition event is observed at 295 °C with total weight loss
of 67% due to the dissociation of C=0, C-H, and C-S bonds
and random scission within the oligomeric chain and a broad
endothermic peak is also observed in the said region. The char
residue, noticed at 800 °C is observed to be 33.89%. The TGA-
DTA profile of PTh/BQ-US also reveals a sharp decomposition
event at 75 °C with a total weight loss of 10%. An intense DTA
peak is also found in this range, which is attributed to the loss
of water molecules. A small DTA peak is noticed in the
temperature range of 250 °C, exhibiting 20% weight loss, while
the char residue at 800 °C is noticed to be 41.40% confirming
a slightly higher thermal stability of this polymer as compared
to others. Interestingly, the TGA-DTA profile of PTh/BQ-MW
shows a 20 wt% loss at 200 °C, which is attributed to the
decomposition of some branched chains of the oligomer, while
almost 30 wt% loss is observed at 300 °C, due to the dissociation
of C=0, C-H, and C-S bonds and the random scission within
the oligomeric chain. The char content is observed to be 13%, in
this case, confirming almost complete degradation of the
polymer at 800 °C. Hence, it can be concluded that the thermal
stability of the oligomers of PTh/BQ-MS and PTh/BQ-US are
observed to be higher than PTH/BQ-MW, which is attributed to
the intermolecular hydrogen bonding due to the conversion of
benzoquinone to hydroquinone, while in the case of PTH/BQ-
MW, a steep decomposition profile is obtained and the olig-
omer shows a relatively fair thermal stability up to 300 °C,

29100 | EXcitation wavelength 350 nm PTh/BQ-MW

19400

9700

Excitation wavelength 350 nm

PTh/BQ-US

PTh/BQ-MS

360 390 420 450 480 510 540 570 600 630 660 690
Wavelength (nm)

Fig. 6 Fluorescence emission spectra of PTh/BQ synthesized by
different methods.
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Table 2 Fluorescence and singlet oxygen quantum yield values of PTh/BQ

Singlet oxygen values

Polymer Peak position Integrated peak area Quantum yield (9) Rate constant (k) s ™" Quantum yield (&)
PTh/BQ-MS 425 1.45 x 107 0.0094 4.280 x 10°* 0.013
PTh/BQ-US 430 1.23 x 10° 0.014 9.877 x 10~ * 0.014
PTh/BQ-MW 450 1.88 x 10° 0.024 1.38 x 107° 0.304

beyond which the decomposition is observed to be rapid,
leaving about hardly 13% residue at 800 °C.

Fluorescence emission and confocal studies

Upon excitation at 350 nm, the fluorescence emission spectrum
of PTh/BQ/MS, Fig. (6), reveals a broad and pronounced peak at
420 nm, while for PTh/BQ-US, the peak is noticed at 425 nm.
Both of the peaks correspond to the S; — S, transition. The
emission spectrum of PTh/BQ/MS exhibits a broad and intense
peak at 450 nm, and its intensity is found to be higher
compared to peaks observed in case PTh/BQ-MS and PTh/BQ-
US. The quantum yields (@) were calculated as per the re-
ported method by using Rhodamine B as a reference.”>™.

The @ values were obtained as 0.0094, 0.014 and 0.024
respectively for PTh/BQ/MS, PTh/BQ/US and PTh/BQ/MW,
Table 2.

The confocal image of PTH/BQ-MS, Fig. 7(a), reveals a weak
emission in the red region, while the confocal image of PTH/BQ-
US, Fig. 7(b), shows intense red agglomerated particles. Inter-
estingly, the confocal image of PTh/BQ-MW, Fig. 7(c), displays

Fig. 7 Confocal images of (a) PTh/BQ-MS (b) PTh/BQ-US, (c) PTh/
BQ-MW.

This journal is © The Royal Society of Chemistry 2020

scattered tiny red particles and the intensity of the red emission
is observed to be higher than the other two oligomers. Hence, it
can be concluded that the microwave-assisted Suzuki method,
significantly improved the fluorescence emission as well as the
intensity of the emission in the red region.

Singlet oxygen generation studies

The 'O, generation of polymers in ethanolic solution was
investigated under a red laser light irradiation which was
measured by using 1,3-diphenylisobenzofuran (DPBF) as a 'O,
quencher. The absorbance peak of DPBF at ~410 nm unusually
decreases within 1 min in the presence of polymers under red
laser light (2 = 650 nm), suggesting 'O, generation (given in ESI
as Fig. S2(a-d)).¥

The PTh/BQ-MW exhibits considerably higher 'O, generation
efficiency than PTh/BQ-MS and PTh/BQ-US, Fig. 8(a) and (b). The
kinetics plot reveals the fact that the k values were obtained as
0.00138 s %, 4.280 x 10~* s' and 9.877 x 10~* s~ ! for PTh/BQ-
MS, PTh/BQ-US and PTh/BQ-MW respectively, Table 2. The
highest k value is obtained for PTh/BQ-US. The 'O, quantum
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Fig. 8 Singlet oxygen generation plot of (a) A/Aq vs. time (b) In A/Ag vs.
time.
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yield () for PTh/BQ-MW was found to be ~0.30, which was
found to be higher than PTh/BQ-MS, PTh/BQ-US.

Conclusion

Co-oligomers of thiophene with benzoquinone were success-
fully synthesized by magnetic stirring, ultrasonication and
microwave irradiation. IR analysis confirmed the formation of
hydroquinone incorporated PTh via magnetic stirring, ultra-
sonication, while the formation of benzoquinone-incorporated
PTh, took place via microwave irradiation. The structures
observed were in agreement with the theoretical FTIR. Similarly,
UV-visible studies supported the formation of hydroquinone-
based PTh, obtained via magnetic stirring, ultrasonication,
which was found to be in agreement with the theoretical UV
spectra. The band gap values for PTh/BQ-MW were found to be
lower than that of PTh/BQ-MS and PTh/BQ/US. The morphology
was found to be self-assembled for PTh/BQ-MW, showing the
formation of uniform rods. The thermal stability of PTh/BQ-MS
and PTh/BQ/US was found to be higher than PTh/BQ-MW. The
fluorescence studies revealed intense emission around 450 nm
upon excitation at 350 nm, while the confocal images showed
intense signal for PTh/BQ-MW as well as high 'O, generation
and could therefore be utilized as an effective fluorescence
imaging agent in photodynamic therapy.
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