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Abstract

In this work, water dispersible crosslinked flua@st poly(triphenylaminee-benzothiadiazole)s
(PTPABT) nanoparticles have been synthesiged Suzuki-type coupling (A+ B) in a
toluene/water miniemulsion. Dialysis method wasdusepurify the PTPABT nanopatrticles with
a diameter range of 40-70 nm. The good dispersiopgsty of the polymer in water could be
attributed to the small sizes of the PTPABT nantiglas. The obtained PTPABT nanoparticles
possess microporous characteristic and displayhbrigd emission in aqueous solution, which
makes them possible to detect the nitro-aromat@osive in aqueous media by monitoring the
photoluminescence. The sensing property of the rpety nanoparticles towards 1,3,5-
trinitrobenzene (TNB) in aqueous media has beerearebed, resulting a Stern-Volmer
quenching constantdlof 1.22x16 M. The most attractive character of the conjugatsgnper
nanoparticles is the combination of both physidalbsity and solution-processability, thus

making them good candidates for sensors and ojtoatec applications.

Keywords Polymerization in miniemulsion; Crosslinked fluscent polymer; Porous

nanoparticles; Explosive detection



1. Introduction

The detection of nitro-aromatic explosives is oéajr importance for global security and
environmental protection in the past few decade®].[1t is well known that nitro-aromatic
explosives are not only dangerous component imhémels but also identified as pollutants in soll
or water, which may cause harmful damage to huneawves and visceral organs [3-5]. Therefore,
the realization of the detection of nitro-aromagiplosives in agueous phase is very attractive
and important [6-10]. Different methods have beewetbped to detect nitro-aromatic explosives
in vapor or solution, such as gas chromatographbj, [lon mobility spectrometry [12],
electrochemical method [13,14], field-effect traasr and photoluminescence (PL) sensing based
on various fluorescent materialad. conjugated polymers) [15-21]. Among them, PL seqsi
has drawn the most attention for its high sensytj\stability and easy operation. Because of the
strong electron-accepting capacity of nitro-aromatimpounds, the excited states of fluorescent
materials could be affected when treating withaagromatic molecules, thus leading to the PL
guenching [22,23]. In most cases, the fluorescenjugated polymers with high PL quantum
yield (PLQY) possess low polarity, thus when deternitro-aromatic explosives in aqueous
media by monitoring the PL, conjugated materialgelta face a serious dispersion issue. A lot of
efforts have been paid to solve this problem. Bangle, the occurrence of water soluble
conjugated polymeric materials with strong polaougps brought the possibility for aqueous
phase PL sensing [24,25]. The preparation of natiofes is another effective way, with
dispersing fluorescent materials in aqueous med@ding small sized conjugated polymers
nanoparticles [26,27], carbon-based quantum dote&nosheets [28,29]. Especially, aggregation
induced emission (AIE)-active polymer nanopartickes/e been widely used to detect nitro-

aromatic explosives in mixed organic-aqueous smhutir pure agueous solution for their high



PLQYs in the aggregated state [30-34]. In additipolymer films with stable crosslinked
chemical structure could be used in agueous medizet [35,36].

Conjugated microporous polymers (CMPs) are prorgisandidates for the applications in gas
desorption [37], heterogeneous catalysis [38], ggnatorage [39ktc., because of their large
specific surface area and multiple reactive sibesrfolecular recognition [40]. Especially, CMPs
exhibited a great potential in the field of fluozeace sensing, due to their good fluorescent
property and intrinsic porosity. However, the CMRynthesized from conventional
polymerization methods are normally insoluble pomsdevhich are difficult to process and even
more difficult to realize aqueous phase detectinrthis work, a CMP poly(triphenylamines-
benzothiadiazole)s (PTPABT) nanoparticles with goapersibility were prepared by Suzuki-
type coupling (A + By) in a toluene/water miniemulsion, followed by g&k purification to
obtain surfactant-free PTPABT nanopatrticles. Unlda@mpletely insoluble porous conjugated
polymer solids synthesized by conventional Suzukiupting, the obtained PTPABT
nanoparticles with average sizes of 40-70 nm cheldeadily dispersed in both aqueous and
organic solvents. The sensing properties of the ABIIP nanoparticles towards 1,3,5-

trinitrobenzene (TNB) in pure aqueous media weseagched.

2. Experimental

CAUTION! 1,3,5-Trinitrobenzene (TNB) is highly explosivedashould be handled carefully
only in small amounts.
2.1 General information

The fourier transform infrared spectroscopy (FT-BR)PTPABT was obtained on a WQF-
510A FT-IR spectrometer with KBr pellet as the refee.'H NMR spectra were recorded on a

Bruker AVANCE 400 or AVANCEIII 600, with tetrametlgilane (TMS) as an internal standard.
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Atmospheric Pressure Laser lonization (APLI) meeswnt was carried out on a Bruker
Daltronik Bremen with micrOTOF. Thermal gravimetaoalysis (TGA) was undertaken on a
TGA/DSC1 STAR System (Mettler Toledo) at a heatrate of 10 °C/min and an argon (Ar)
flow rate of 50 mL/min. Nitrogen isotherms were abed at 77 K on a Micromeritics Tri-star
3000 analyzer. Samples were pretreated by degafsiri@ h at 150C. The morphology was
observed by field emission scanning electron mowpyg (FE-SEM) on a JSM-6700F electron
microscope (JEOL, Japan). AFM measurement was qpeef using a dilnnova microscope from
Bruker in the tapping mode at room temperature uadwient conditions. An ALV/CGS-3 light
scattering spectrometer equipped with an ALV/LSB4énultiplet digital correlator was used in
the Dynamic Light Scattering (DLS) measurement. Wd&ible absorption spectra were recorded
on a Jasco V-670 spectrometer, and PL spectraHIDRIBA Scientific FluroMax-4. The PLQY
of PTPABT dispersion was measured with an integgasiphere. The HOMO (highest occupied
molecular orbital) levels were estimated on a Srfanalyzer MODEL AC-2 on RIKEN, given
as the threshold where photoelectron emissiondosutrs.
2.2 Materials

All chemicals and reagents were used as received frommercial sources without further
purification. The water used throughout all expemts was purified through a Millipore system.
The used organic solvents were purified accordingfdandard procedures.
2.2.1 Synthesisof PTPABT nanoparticles
2.2.1.1 Synthesis of tris(4-(4,4,5,5-tetramethyl-1,3,2-dioxabor olan-2-yl)phenyl)amine

1.93 g (4.00 mmol) Of tris(4-bromophenyl)amine wigssolved in anhydrous tetrahydrofuran
(THF) (60 mL), the solution was degassed and stiae-78°C. 4.86 mL (13.61 mmol) Of-
butyllithium solution (-BuLi, 2.8 M in hexane) was added to the above wometunder Ar

atmosphere and the resulting solution was stiroe@th at -78C. 5.83 mL (28.58 mmol) Of 2-
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isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolam&s added to the solution and the mixture
was kept at -78 °C for another 1 hour and themestiat room temperature for 48 h. The reaction
was quenched with water, and the organic layer evdsacted with dichloromethane (DCM).
After dried over MgSQ@ the solution was concentrated and the solventureéxof DCM/hexane
(3:2) was used as eluent for silica gel column gfamgraphy to isolate the product. The
obtained product was further purified by recrystation from chloroform (CHG)/ethanol to
give a white solid in 55% yieldH NMR (600 MHz, GD,Cl,): & (ppm) 1.30 (s, 36H), 7.03 (d,
6H), 7.64 (d, 6H). MS (APLI)m/z calcd 623.3778; found 623.3667.

2.2.1.2 Synthesis of PTPABT nanoparticles by Suzuki-type coupling in miniemulsion

187 mg (0.30 mmol) Of tris(4-(4,4,5,5-tetramethyd,2-dioxaborolan-2-yl)phenyl)amine, 132
mg (0.45 mmol) of 4,7-dibromobenzif[L,2,5]thiadiazole and 10 mg (0.009 mmol) of
tetrakis(triphenylphosphine) palladium(0) (Pd(B)®hwere dissolved in toluene (20 mL). 248 mg
(2.80 mmol) Of KCO; and 200 mg (0.69 mmol) of sodium dodecyl sulf&B®$) were dissolved
in water (2 mL) with stirring and sonification. Tlagueous phase was then added to the organic
phase and the mixture was ultrasonicated for 2tmprepare a stable miniemulsion. Afterwards,
the miniemulsion was heated at ®5under Ar atmosphere for 24 h. The obtained regatsion
was stirred open to air for 1 day to evaporatecioduand then dialyzed in deionized water for 15
days to remove the surfactant and unreacted morsomsing a semi-permeable dialysis
membrane with a cutoff of averagg, B500 g/mol.

To obtain solid PTPABT for characterization, thargye dispersion after polymerization was
poured into a saturated NaCl aqueous solutionCih@l; and ethanol were added to the mixture.
The organic layer was separated and concentratedotayy evaporation. The residue was
precipitated into methanol and finally the solidsallected by centrifugation. The yield is 85%.

2.2.2 Synthesisof PTPABT solid powder by conventional Suzuki coupling
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187 mg (0.30 mmol) Of tris(4-(4,4,5,5-tetramethys;2-dioxaborolan-2-yl)phenyl)amine, 132
mg (0.45 mmol) of 4,7-dibromobenzjf[L,2,5]thiadiazole, 0.69 g (5 mmol) oL,RO; and 16 mg
(0.014 mmol) of Pd(PRMy were dissolved in toluene (7.5 mL) and water (Bl5. The mixture
was degassed and then heated at®%or 24 h. The precipitate was collected by ftiva and
washed with water, methanol, acetone and DCM, msedy. Finally the obtained red solid was
washed by Soxhlet extractor with methanol, acetetieyl acetate and DCM for 1 day each,

respectively. The yield for PTPABT powder is 90%.

3. Results and discussion
3.1 Synthesisand char acterizations

Herein, we prepared well-defined nanoparticles byzuRi-type polymerization in
miniemulsion followed by dialysis treatment, aswhan Scheme 1. Tris(4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)phenyl)amine was obtainedy bthe treatment of tris(4-
bromophenyl)amine with an excessmBuLi followed by the addition of 2-isopropoxy-4945-
tetramethyl-1,3,2-dioxaborolane.  4,7-Dibromobec}a[2,5]thiadiazole was synthesized
according to the reported procedures [41]. The Huzpe polymerization was controlled
between monomer A tris(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolary@phenyl)amine, and
monomer B, 4,7-dibromobenza@][1,2,5]thiadiazole in a water/toluene miniemulsiowith
Pd(PPBh), as the catalyst, CO; as the base and SDS as the surfactant, respgctiied two
compounds (A and B) were chosen as the monomers for the polymerizdiecause of their
intrinsic crosslinking ability and good fluorescengature as building blocks. After the reaction
at 85°C for 24 h, stable PTPABT nanoparticles dispersionld be obtained. Dialysis treatment

in deionized water was applied to purify the prddacd resulted in stable aqueous dispersion



with uniform nanopatrticles. It is worthy to notethhe obtained nanoparticles could be dispersed

not only in water but also in common organic sotsesuch as THF, DCM and CHc.
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Scheme 1. Synthesis route to nanoparticles compais&gphenylamine-based porous polymer
PTPABT.

The conventional Suzuki polymerization in toluene PTPABT was also done with the same
monomers for comparison. In the miniemulsion polgiraion, there were no solid precipitates
even after the reaction at 85 for 24 h. However, red precipitates were obseimezh. 3 h in the
conventional Suzuki polymerization, and more preaips emerged with increasing
polymerization time. The reaction of the used moam{A; + B,) results in the polymer chains
with crosslinked structure, which would precipitat®m the toluene solution when the
aggregates become big enough. The obtained cresdlpolymer powder could not be dissolved
or dispersed in common organic solvents, thusilmithe application in PL sensing as film or in
solution.

The structure of PTPABT was determined by FT-IR soeament. As shown in Fig. 1,
PTPABT nanoparticles and PTPABT powder show alndsihtical peaks, demonstrating the
similar chemical structures with different polyneation methods. The peaks at 1592, 1507 and
1474 cm' come from the C=C stretching of the phenyl ringkjle the C-H stretching of the

phenyl rings occurs at 1264, 1184, 1087, 817, 6% %85 cril. The peaks at 1352 and 1317



cm'are attributed to the C-N vibration of aromatidisely amine. And the S-N vibration occurs

at 882 cn.
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Fig. 1. The FT-IR spectra of PTPABT nanoparticled RTPABT powder.

Further characterization of PTPABT nanoparticles warried out byH NMR measurements.
The 'H NMR spectra of the two monomers and PTPABT in,22ttetrachloroethang;
(C.D,Cl,) were shown in Fig. 2. The two monomers show ctdemical structure with exact
assignments of hydrogen atoms from thiéir NMR spectra. As for the polymetH NMR
spectrum is complicated compared with the monombkexause of the highly crosslinked
chemical structure. Importantly, it is necessarntbe that there are no obvious signals of the

monomers in the spectrum of PTPABT, thus demomsgréihe successful preparation of polymer

PTPABT nanopatrticles.
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Fig. 2. The’'H NMR spectra of the two monomers and the polymiBPABT nanoparticles in
C2D.Cl,.
3.2 Thermal property

In order to investigate the thermal stability prdpeof the obtained polymer nanoparticles,
TGA of PTPABT nanoparticles was measured under #moaphere. There was no obvious
decomposition before 25T and a 6% weight loss occurred at the temperatiu829°C. These
data demonstrate the good thermal stability of diesslinked PTPABT framework, which is
important for the practical application.
3.3 Porous structure

The surface areas were measured to confirm theaugostructures. As shown in Fig. 3; N
sorption isotherms were carried out at 77 K. ThenBuer-Emmett-Teller (BET) surface areas of
PTPABT nanoparticles and powder from physisorption are 66 and 3Z/q, respectively and
the pore volumes are 0.31 and 0.2C/gnrespectively. The pore size of PTPABT nanophasi
was determined to be ca. 1.46 nm. These resultominate the CMP nanoparticles have been
obtained. The final surface areas are not highuseraf the structures of the monomers, however,
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the obvious increase of surface area of the PTPABoparticles compared with the powder
from conventional polymerization demonstrates that beneficial to obtain porous structwie
the miniemulsion method, because much denser stascimay be generated in the process of

crosslinking polymerization in the organic solvent.
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Fig. 3. The nitrogen adsorption/desorption curvePDPABT (a) nanoparticles and (b) powder
samples at 77 K. Inset shows the pore width digtioim profile of PTPABT nanoparticles.

The morphology of PTPABT nanoparticles was assebye8EM and AFM measurements.
The PTPABT dispersion was deposited on a silicatepfor SEM (Fig. 4a). The SEM image
demonstrates well-defined nanoparticles have béésirned. At the same time, a thin film was
obtained by spin-coating PTPABT dispersion on artguplate and used for AFM. The 3-
dimensional AFM image is shown in Fig. 4b, whichllicates a 3-dimensional graph of the
nanoparticles covered surface over an area of Sxubnum. The diameters of the obtained
nanoparticles range from 40 to 70 nm. Fig. 4c shidvesDLS characterization of PTPABT

nanoparticles, and the average hydrodynamic rd&i)svas measured as 42.2 nm.
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Fig. 4. (a) SEM image of PTPABT nanoparticles. epimensional AFM image of PTPABT
nanoparticles spin-coated on a quartz plate. (e)iyjdrodynamic radius distribution of PTPABT
agueous dispersion.
3.4 Photophysical properties

The UV-visible absorption and PL spectra of PTPA®BInoparticles in aqueous solution are
shown in Fig. 5a. The maximum absorption peak Exat 323 nm and there is a broad
absorption band around 483 nm, which are correspgntb the TPA and BT structures,
respectively. The solution shows red emission peplkit 617 nm, due to the complete intra-
molecular energy transfer from TPA to BT. The U\éile absorption and PL spectra of
PTPABT film are shown in Fig. 5b. The film showmdar absorption and PL emission with that
in aqueous solution, with a slight red shift in@ipdion and a broader PL spectrum, which can be

attributed to the aggregation of the nanoparticidhe solid state.
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Fig. 5. The normalized UV-visible absorption and $plectra of PTPABT (a) in aqueous solution
(0.03 mg/mL, excitation wavelength for PL: 483 namd (b) as film (excitation wavelength for
PL: 483 nm).

PTPABT owns the intra-molecular charge transferTjlCharacteristic because of its typical
donor-acceptor chemical structure, which is denratedi by the obvious solvatochromism for
PTPABT nanoparticles as shown in Fig. 6. The emmssyets red-shifted as the solvent
permittivity increases, with the maximum PL wavejmfrom 612 nm in toluene to 670 nm in
acetone, and the corresponding full width at halkimum also increases from 118 nm in toluene

to 179 nm in acetone.
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Fig. 6. The normalized PL spectra of PTPABT nanbgas in different solvents (excitation
wavelength for PL: 483 nm).
3.5 Explosive detection based on PTPABT nanoparticles

For the good dispersion of the obtained fluoresc@MP nanoparticles in pure aqueous
solution, polymer PTPABT nanoparticles show a gmesapplication for the detection of nitro-
aromatic explosives in aqueous media. The aquedWABT dispersion was diluted to a
concentration of 0.03 mg/mL for carrying out the B&nsing towards TNB. The PL quantum
yield of the PTPABT nanoparticles aqueous solutiees determined to be 0.55% with an
integrating sphere. Different amounts of TNB (02D%tmol) were added into the PTPABT
agueous solution (0.03 mg/mL, 2 mL), and the PLssions were recorded with an excitation
wavelength of 480 nm, as shown in Fig. 7a. The gomsintensity of the PTPABT aqueous
dispersion decreases progressively with the incrgasontent of TNB. The limit of detection
was calculated to be x80° M [42]. It is noteworthy that as the content of Bihcreases, the
PL spectra are blue-shifted from 617 nm (0 mol TN&)596 nm (1 umol TNB) while the
intensity decreases. In contrast, pure THF wasddde the solution and no blue-shift in the PL
spectra occurred. Therefore, the blue-shift in ¢basing experiment may be attributed to the

interaction between PTPABT nanoparticles and TNBemdes.

(a) 500 - (b) 8
PTPABT + TNB/10™ mol
400+ 6
2 300- -
2 < 44
3 —
f 200-
e 24 /./'
1004 A
04 -"'/.
480 560 640 720 800 880 0 2 4
Wavelength (nm) TNB concentration (10 M)
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Fig. 7. (a) Evolution of emission spectra of PTPABiSpersion (0.03 mg/mL in 2 mL water)
with increasing amounts of TNB. The content of TH&n top to bottom is 0, 0.05, 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.8, 1.0 and 2.0 pmol, respectiv@ly Stern-Volmer plots of PL intensity(l1) of
PTPABT dispersions. TNB concentration of 0.025-0.45 mM.

The PL quenching of PTPABT dispersion towards ThBvgs a linear response in the Stern-
Volmer plots in the range of 0.025-0.45 mM witharelation coefficient R square of 0.9963. A
linear regression equation ofy/() — 1 = —0.30 + [1.22x1Y) Cryg is obtained (Fig. 7b). The
Stern-Volmer quenching constant,Ks high among the PL sensing towards the explasine
water [27,43-51]. The electron-rich TPA moitiespalymer PTPABT and the porous spherical
structure of the polymer nanoparticles are berddfifcr the interaction of PTPABT with TNB
explosive and the diffusion/transport of the TNBalgte inside the polymer nanoparticles, thus
leading to the high sensitivity in TNB detection.

Actually, few reports have focused on red-emissiaerials for nitro-aromatic explosives
detection. Since the basic working principle for $8nsing towards nitro-aromatics is the charge
transfer from the LUMO of sensing materials to tbexplosives, most of the sensing materials
own much higher LUMO than the explosives, and tieesponding band gaps usually result in
blue or green emission. For the sensing mechanasedoon PTPABT dispersion, there is no
overlap between the absorption spectrum of TNB #red emission spectrum of PTPABT
aqueous dispersion (Fig. 8a), indicating the PLnghang is not attributed to Forster-type energy
transfer between PTPABT and TNB. On the other h#mel HOMO of PTPABT was estimated
to beca. -5.4 eV (AC-2 method), and combining the opticahth gap (2.2 eV) from the onset of
its UV-visible absorption, the LUMO of PTPABT islcalated to beca. -3.2 eV, which is very
close to that of TNB (-3.1 eV). Since there is ng barrier between the LUMO of conjugated

polymer PTPABT and electron-deficient explosive THBalyte, it is considered that the photo-
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induced electron transfer could easily happen betwTPABT and TNB (Fig. 8b), which would

hinder the radiative transition of PTPABT, thusuléag in an effective fluorescence quenching

[52-56].
@ 1, ®
' [\ ——UV of TNB ' —4—
—<—PL of PTPABT Y
! d < 0. LUM LUMO
. 0.8 0.8 R (_32 e\% TNB (-3.1ev)
& 0.6- 062
E £ hv
g&m//\ OAd
0.2/ \ L0.2
b HOMO —
0.0+ RaRE22202055550550555522 9201 -0.0 PTPABT

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 8. (a) Normalized absorption spectrum of TNBJ &L spectrum of PTPABT aqueous
dispersion. (b) Schematic representation of thetedkcstate electron-transfer process from
PTPABT to TNB.

To test the onsite detection of nitro-aromatic ezples based on PTPABT nanoparticles,
paper strips with the deposits of PTPABT were pregpay dipping the filter paper into the
PTPABT dispersion, followed by drying them in aihe original test paper and the papers after
dropping TNB solution with different concentrationsder UV irradiation are shown in Fig. 9.
When a TNB solution (concentration: 0.001, 0.008,100.05, 0.1 and 0.2 mg/mL, respectively)
was dropped onto the test paper, the fluorescerictheo PTPABT paper was quenched
progressively. Importantly, the quenching effect ba recognized when TNB concentration is as
low as 0.001 mg/mL, which shows the feasible detaadf micromolar TNB concentrations. In
addition, the sensing behavior of PTPABT test pdpesards TNB vapor was checked as well,
with the strip over TNB powder for 5 min. From F®&. it can be seen that the fluorescence of

PTPABT was distinctly quenched. Therefore, the ioleth PTPABT nanoparticles demonstrated
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a great potential for fabricating solid sensor egalizing onsite detection towards nitro-aromatic

explosives.

original 0.001 0.005 0.01 0.05 0.1 0.2 vapor
P

A

-

Fig. 9. Paper strips of PTPABT before and aftepgdineg a TNB solution (0.001, 0.005, 0.01,

0.05, 0.1 and 0.2 mg/mL, respectively) and over TpdB/der for 5 min.

4. Conclusions

Porous conjugated polymer PTPABT nanoparticles wdtfable structure and good
dispersibility in pure aqueous media were preparadsuzuki-type coupling in a miniemulsion
with consecutive dialysis process. The PTPABT nantpes display intra-molecular charge
transfer excited states with red-emission in agsetdispersion. The electron-rich TPA units
inside PTPABT and stable porous structure makeptiigmer nanoparticles promising for the
detection of electron-deficient nitro-aromatic caupds. PTPABT aqueous dispersion has been
used to detect the TNB analyte and exhibits a bagtsitivity towards TNB with a Stern-Volmer
quenching constantof 1.22x16 M™. This method opens a new way for the fabricatibn o

stable polymer nanoparticles and realizing vargerssors in pure agueous media.
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Highlights:

Crosslinked PTPABT nanoparticles were synthesized by Suzuki coupling in

miniemulsion.

PTPABT nanoparticles can be well dispersed in both water and common organic

solvents.
The uniform PTPABT nanoparticles own stable and porous structure.

The PTPABT dispersion can realize agueous TNB detection with high sensitivity.



