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Oligotriphenylene Nanofiber Sensors for Detection

of Nitro-Based Explosives

Yao Zu Liao, Veronica Strong, Yue Wang, Xin-Gui Li,* Xia Wang,* and Richard B. Kaner*

Blue light-emitting oligotriphenylene nanofibers are synthesized by oxidizing
triphenylene using ferric chloride. By adjusting the monomer concentra-
tion, the acid used, and the temperature employed, the average diameter
and length of the nanofibers can be readily tuned from 50 to 200 nm and

0.5 to 5 um, respectively. Structural characterization, electrical conductivity,
thermal stability, and fluorescence of oligotriphenylene, along with a pro-
posed nanofiber formation mechanism, are presented. Both oligotriphenylene
nanofiber dispersions and oligotriphenylene/polysulfone composite films
are developed as fluorescent sensors for detecting traces of nitro-based
explosives including nitromethane, nitrobenzene, and 2,4,6-trinitrophenol,
as well as an electron-deficient metal ion, Fe(lll). The sensors exhibit

much better selectivity and sensitivity compared to conventional sensors,

as one of the leading candidates for the
fabrication of low-dimensional electronic
devices such as photoconductors,¢23
light-emitting diodes,*-2224 and discotic
liquid crystals.?>2 In particular, oligo-
triphenylene has a long delocalized n—m
conjugation, and is known to exhibit
greatly enhanced electronic and photonic
properties compared to the triphenylene
monomer.””] Interactions of oligotriphen-
ylene with nitro-based compounds such
as nitrobenzene (NB), dinitrobenzene
(DNB), 2,4,6-trinitrotoluene (INT), and
2,4,6-trinitrophenol (TNP) are also a sub-
ject of considerable interest. Note that
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with detection limits down to 1.0 nm with a detection range covering
~4 orders of magnitude. The detection mechanism of the fluorescent

sensors is also disscussed.

1. Introduction

One-dimensional (1D) m-conjugated nanosystems have received
much attention as advanced electronic and photonic mate-
rials and devices.'™ Conjugated polycyclic aromatic hydro-
carbons (PAHs) are well-known for exhibiting the ability to
self-assembly into 1D nanostructures through strong n—m
stacking interactions.”~'% Triphenylene represents the smallest
example of an all-benzenoid PAH,'-UI and its derivatives
exhibit unique electro/photoluminescence,'*!°! charge-carrier
mobility,1¢~18 energy migration,'*2l and thermal and chemical
stability.?"?2l Triphenylene-based materials have thus emerged
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TNP is an even more violent explosive
than its well known counterpart TNT even
at picomolar concentrations. The conju-
gated oligotriphenylene opens up the pos-
sibility of fabricating advanced sensors,
which might find applications for readily
detecting nitro-based explosives.

Oligotriphenylene was initially synthesized by electropolymer-
izing the triphenylene monomer.?’-3% Other triphenylene related
copolymers or dendritic polymers have been synthesized using
microwave-assisted Suzuki-Miyaura polymerizations?1?231 and
Diels—Alder reactions.}?l However, simple routes to strong blue
light-emitting oligotriphenylene nanofibers and attempts to
develop them as sensors for the detection of nitro-based explo-
sives have so far met with only limited success.

In this work, strong blue light-emitting oligotriphenylene
nanofibers are readily synthesized by oxidizing triphenylene
using ferric chloride (FeCls) without any templates, surfactants,
or functional dopants. The nanostructures of oligotriphenylene
can be readily tuned by controlling the monomer concentra-
tion, the acid used, and the temperature employed. Dedoped
oligotriphenylene nanofibers exhibit good thermal stability,
high fluorescence quantum yield, and stable fluorescence. The
oligotriphenylene nanofibers are shown as effective fluorescent
sensors for detecting nitro-based explosives such as nitroben-
zene (NB), dinitrobenzene (DNB), and 2,4,6-trinitrophenol
(TNP) as well as an electron-deficient metal ion, Fe(III).

2. Results and Discussion

2.1. Syntbhesis, Structure, and Morphology

The synthetic route, oligomerization mechanism, and pro-
posed structure for oligotriphenylene are shown in Scheme 1.
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Scheme 1. Synthetic route and oligomerization mechanism to oligotriphenylene.

Structural analyses for oligotriphenylene were carried out by
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI/TOF MS), ultraviolet-visible (UV-vis)
spectroscopy, Fourier-transform infrared (FT-IR) spectroscopy,
proton nuclear magnetic resonance (‘H NMR) spectroscopy,
thermal analysis (TA), and elemental analysis (EA).

The UV-vis spectrum of triphenylene monomer shows weak
absorptions at 320 and 335 nm owing to Sy—S; and n—m* tran-
sitions of an individual triphenylene moiety (Figure 1).[1433-36]
In contrast, the polymerized product, in addition to showing the
m—7" transition at 325 nm, also exhibits three new absorptions at
380, 405, and 435 nm, which can be attributed to the n-n* tran-
sition of the bridged triphenylene moieties. This implies that
extended 7-conjugation of oligomers has been created by chem-
ically oxidizing triphenylene. A MALDI/TOF mass spectrum
of the product shows three typical peaks at 906.1, 680.3, and
454.5 g mol™! with an average mass differential between adja-
cent peaks of 226 g mol™! (Figure S1 in the Supporting Infor-
mation). This indicates that the polymerization product has a
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limited molecular weight and consists of 2 to 4 triphenylene
moieties, which make this material a collection of oligotriphen-
ylene rather than polytriphenylene. Element analyses reveal
the presence of C (91.62 wt%), N (0.05 wt%), and H (4.38 wt%)
in oligotriphenylene. The C/H ratio is calculated to be 1.74. This

__ 054
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Figure 1. UV-vis spectra of triphenylene (TP) and dedoped oligotriphen-
ylene (OTP) nanofibers dispersed in N-methyl-2-pyrrolidone (NMP).
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value is consistent with the theoretical C/H ratio of the pro-
posed oligotriphenylene (1.71), implying that the main chem-
ical composition of the observed oligotriphenylene is Cy,Hyg,.
Additionally, an FT-IR spectrum of the triphenylene monomer
exhibits three strong peaks near 619, 735 and 850 cm™!, which
can be attributed to the vibrations of four adjacent C-H bonds
in the benzene rings (Supporting Information Figure S2).37]
These peaks visibly disappear or weaken in the oligotriphe-
nylene spectrum as a result of dehydrogenation during oli-
gomerization. Note that, two new peaks at 812 and 870 cm™,
appear in the oligotriphenylene spectrum, which correspond to
the vibrations of two adjacent C-H bonds in para-disubstituted
benzene rings.3340 Additionally, both triphenylene and oligo-
triphenylene exhibit three peaks at 1431, 1496, and 1615 cm™},
that represent vibrations of C=C and C-C bonds due to the
presence of ortho-substituted benzene.*’”l All this spectroscopic
information signifies three types of C-H bonds: four-adjacent
carbon-hydrogen, two-adjacent carbon-hydrogen, and one-
adjacent carbon-hydrogen that make up the oligotriphenylene.
The protons in triphenylene at sites of 2, 3, 6, 7, 10, and 11
tend to possess a higher negative charge com-
pared to protons found at other sites (i.e., 1, 4,
5, 8,9, and 12),27l and therefore they will be
easier to initiate by an nucleophilic reagent,
i.e. FeCls. Thus, oxidative polymerization will
occur initially between 2- and 2’-carbon posi-
tions, and then 2- and 6’-carbon positions
of the triphenylene monomer. This allows
a chain to grow during the polymerization
process leading to the formation of triphen-
ylene dimer, trimer, and tetramer with a
linear oligomeric chain structure, as illustrated
in Scheme 1. This proposed mechanism is
consistent with the MALDI/TOF mass spec-
trometry analysis. The chemical structures of
the oligotriphenylene are further confirmed
by using a 'H NMR technique (Supporting
Information Figure S3). The triphenylene
monomer displays multiple peaks at 7.65-7.86
and 8.63-8.82 ppm, which can be attributed
to the chemical shifts of protons at sites of
2,3,6,7,10, and 11, and 1, 4, 5, 8, 9, and
12, respectively. The oligotriphenylene shows
a singlet peak at 9.12 ppm, a doublet peak at
8.90 ppm, a triplet peak at 8.86 ppm, a singlet
peak at 8.82 ppm, a doublet peak at 8.75 ppm,
and a doublet peak at 7.75 ppm, which can be
attributed to the chemical shifts of H,, Hg,
H, Hs H,, and Hy, respectively. In addition,
the area of these peaks follows the ratio: 1: 3:
1: 3: 2: 4, confirming that the real chemical
composition of oligotriphenylene is very sim-
ilar to the proposed structure. The generation
of oligotriphenylene can also be confirmed by
thermal stability and conductivity measure-
ments. The significantly enhanced electronic
properties (~1073 S cm™ versus <1071° S cm},
after doping with iodine vapor) and thermal
stability (26% char yield versus 2% char yield,
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after heating at 1100 °C, Supporting Information Figure S4)
of oligotriphenylene compared to triphenylene are most likely
related to the formation of an extended m-conjugation.

The morphology of as-synthesized oligotriphenylene can be
tuned from 3D aggregates to 2D nanosheets, to 1D nanofibers
by controlling the following reaction parameters: the monomer
molar concentration, the acid used, and the temperature
employed, as shown by both scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The
quality and uniformity of the nanofibers are especially sensitive
to the monomer molar concentration. Basically, low monomer
molar concentrations (0.01-0.04 M) preferentially yield
bulk quantities of nanofibers (Figure 2a,b). Nanofibers with
diameters of <50 nm were produced when a 0.01 M monomer
concentration was used (Figure 2a). When the monomer con-
centration was increased to 0.08 M, the nanofibers formed
flake-like sheets with a thickness of <100 nm (Figure 2c). When
the monomer concentration was further increased to 1.0 M,
nanofiber formation was completely suppressed and the mor-
phology became large sheets (Figure 2d). The quality of the

Figure 2. a—d) SEM images of oligotriphenylene synthesized with the following monomer con-
centrations: a) 0.01 m, b) 0.04 m, c) 0.08 m, and d) 1.0 m at room temperature; e—f) SEM images
of the nanofibers synthesized at (e) 50 °C and (f) 60 °C with the same monomer concentration
0.07 m. The inset in (b) shows a TEM image of the oligotriphenylene nanofibers.

Adv. Funct. Mater. 2012, 22, 726-735



M

www.MaterlalsVIews.com

nanofibers thus depends on the monomer molar concentration,
which is consistent with the results from a dilute polymeriza-
tion method to make polyaniline nanofibers.*'*? During dilute
polymerization, a large amount of oligotriphenylene was able to
be continuously deposited onto the active nuclei leading to bulk
quantities of nanofibers. This is in contrast to the polymeriza-
tion using a high concentration of monomer in which a large
number of oligomers readily form and precipitate, followed
immediately by secondary growth leading to sheets.

The temperature and the doping acid used also play significant
roles in the synthesis of oligotriphenylene and can therefore also
be used to control the nanofibrillar morphology. When the oli-
gomerization temperature was increased from room temperature
to 50 °C and then further increased to 60 °C, a large amount of
agglomerated nanofibrillar structures are produced (Figure 2e,f).
Although, nanofibrillar structures will form regardless of the
doping acid used, the chosen acids such as camphorsulfonic
acid (CSA), methanesulfonic acid (CH3;SOsH), and trifluor-
omethanesulfonic acid (CF;SO3;H) have a significant influence
on the morphology. For example, CSA enhances the alignment
and length of the oligotriphenylene nanofibers up to ~5 um
with diameters of ~200 nm (Supporting Information Figure S5).
When the oligomers are doped with an acid, the oligomeric
chains become protonated and the negatively charged dopant
anions reside near the positively charged oligomers due to ionic
attractions. The size and charge density of the doping acids thus
influence the interchain packing distance and ultimately the
supramolecular morphology. This explains why the oligotriphen-
ylene exhibits dopant-induced nanoscale controllability.

2.2. Formation Mechanism of Oligotriphenylene Nanofibers

In order to more fully understand the formation mechanism
for oligotriphenylene nanofibers, an investigation into the crys-
tallinity of triphenylene and oligotriphenylene was carried out
(Figure 3a). A powder X-ray diffraction (XRD) pattern of the
triphenylene monomer shows several sharp peaks at Bragg
angles 260 of 8.6, 13.5, 17.3, 21.0, and 25.9°. The diffraction
pattern of dedoped oligotriphenylene nanofibers exhibit three
strong peaks at 20 = 12.0, 21.2, and 26.4°. When compared to
triphenylene, it appears that the oligotriphenylene nanofibers

a b
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form a new ordered polycrystalline arrangement. Note the sharp
new peak of oligotriphenylene at 26 = 26.4°, which is essentially
absent in the triphenylene and can be attributed to the
oligomeric molecular 7 stacking with a d-spacing of 3.97 A.

The existence of lamellar 77 stacking in oligotriphenylene
is confirmed by both high resolution TEM and a fast Fourier
transform (FFT) pattern. The FFT pattern of oligotriphenylene
nanofibers demonstrates four diffraction rings and a clearly
delineated six-fold symmetry (Figure 3b). This suggests a poly-
crystalline oligomer arranged in a planar orientation. A high-
resolution TEM image of a single nanofiber shows typical
lattice fringes due to the oligotriphenylene molecular stacking
(Figure 3c). Previous studies on PAHs such as pentacene,P!
perylene, ! and coronenel!?! derivatives as well as conjugated
polymers/oligomers such as polythiophene,*3 polyphenylene,
and oligo(p-phenylenevinylene)*”! have shown similar 1D
nanostructures made by self-assembly resulting from strong
-1 stacking between packed molecules. Analogously, the
self-assembly along the -7 stacking direction with a d spacing
of 3.97 A, is believed to be the dominant driving force for the
growth of 1D oligotriphenylene nanofibers.

2.3. Fluorescence and Sensors

When a UV lamp excites oligotriphenylene nanofibers dis-
persed in N-methyl-2-pyrrolidone (NMP), a highly visible and
stable blue background photoluminescence appears. The blue
photoluminescence is completely stable in air and can be
sustained for at least six months. The fluorescence spectrum of
oligotriphenylene nanofibers shows a maximum emission band
at A, = 436 nm, and several additional bands at A = 422, 445,
and 462 nm, as well as a remarkable long-wavelength tail that
ends at ~600 nm (Figure 4), thus fulfilling the requirements
for a blue light-emitting polymer. The fluorescence intensity
of the oligotriphenylene nanofibers is ~7 times stronger than
that of the triphenylene monomer. After oligomerization,
both maximum excitation and emission wavelengths of the
oligotriphenylene nanofibers red shift by 92 and 71 nm, respec-
tively, due to the extended conjugation length. Fluorescence
quantum yield (@) of the oligotriphenylene nanofibers in solu-
tion can be calculated using the following equation:*l

Figure 3. a) X-ray diffraction (XRD) patterns of triphenylene (TP) and dedoped oligotriphenylene (OTP) nanofibers. b,c) A fast Fourier-transform
(FFT) pattern (b) and a high-resolution TEM image (c) of a single oligotriphenylene nanofiber. The arrows in (c) indicate the lattice fringes from the

nanofiber.

Adv. Funct. Mater. 2012, 22, 726-735
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Figure 4. Excitation and emission fluorescence (FL) spectra of triphen-
ylene (TP) monomer and dedoped oligotriphenylene (OTP) nanofiber
dispersion at a concentration of 0.1 g L.
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where n is the refractive index of the solvent, A is the absorb-
ance at the excited wavelength, and I is the integrated area of
emission. Triphenylene with a @ value of 0.08-0.09,*"~%% was
used as a reference material and NMP was used as the solvent
for both triphenylene and oligotriphenylene. The fluorescence
quantum yield of oligotriphenylene nanofibers is calculated to
be ~0.5, which is more than 5 times that of the triphenylene
monomer.

To make use of the excellent fluorescent properties of
oligotriphenylene nanofibers, photoluminescent composite
films were prepared by making a blend with
polysulfone. The influence of different oligo- a)
triphenylene weight compositions, i.e., 0.3,
0.8, 1.5, and 4.5 wt% (relative to polysulfone),
on the transparency and photoluminescence
of the as-prepared composite films were
investigated. Yellow solutions consisting of a
mixture of oligotriphenylene nanofibers and
polysulfone were found to exhibit strong blue
light emission when excited by a UV lamp
(Figure 5a). Highly transparent thin com-
posite films were prepared by dipping the
glass slides into the yellow solutions and then
drying at 50 °C overnight. The composite
films display transparencies of >75% in the
visible region (Figure 5d). The composite
films show a prominent fluorescence peak at
450 nm accompanied by three shoulder peaks
at 433, 475, and 525 nm. Upon increasing
the amount of oligotriphenylene in the com-
position, the fluorescence becomes stronger
with the highest transparency occurring
when 0.8 wit% oligotriphenylene was used
(Figure 5b—e). Note that the prominent emis-
sion peak of the composite film has a 14 nm
red shift compared to that of oligotriphen-
ylene nanofiber dispersion. This is likely due
to the oligotriphenylene chains in the film
exhibiting more linear configurations with

= - —

0.3% 0.8%
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longer conjugation lengths. However, the half width of the
emission spectra of the film and the dispersion are quite close
(85 nm versus 82 nm), indicating that weak chain aggregations
exist in the solid film,P® and that oligotriphenylene is well
dispersed in the polysulfone matrix.

Rapid detection of trace amounts of nitro-based explosives is
crucial for environmental cleaning, military operations, home-
land security, and humanitarian efforts.’!2 Oligotriphenylene
nanofibers have now been demonstrated to show high fluores-
cence quantum yield in dispersion and favorable emission prop-
erties in the solid state. Fluorescent conjugated polymers with
extended aromatic systems are known to be excellent electron
donors.P3 Their donor ability can be further enhanced when
irradiated by a photon such as UV light due to their delocalized
7" excited states.’4 Electron-deficient chemicals, in particular,
nitro-based explosives such as nitrobenzene (NB), dinitroben-
zene (DNB), 24-dinitrotoluene (DNT), 2,4,6-trinitrotoluene
(INT), and 2,4,6-trinitrophenol (TNP), can act as electron
acceptors for photo-excited electrons from the oligotriphenylene
leading to a rapid and amplified fluorescence quenching.
With this in mind, both dispersions and composite films of
oligotriphenylene nanofibers were examined for their ability to
detect nitro-based explosives as well as metal cations at trace
concentrations, by characterizing the fluorescence quenching
efficiency upon addition of the quenchers.

When 1.0 X 1073 m concentrations of the nitro-based explo-
sives including nitromethane (NM), nitrobenzene (NB), and
2,4,6-trinitrophenol (TNP) were added to the oligotriphen-
ylene nanofiber dispersions, the photoluminescence inten-
sity decreased markedly as is evident by comparison to the
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Figure 5. a) Blue light emission from NMP solutions of oligotriphenylene (OTP)/polysulfone
(PSF) composites prepared with the following weight compositions of OTP relative to PSF:
0.3, 0.8, 1.5, and 4.5 wt%. A typical transparent thin film of an oligotriphenylene/polysulfone
composite with 0.8 wt% composition of oligotriphenylene excited by sun-light (b) and UV light
(365 nm) (c). d,e) Transmittance (d) and emission fluorescence (FL) (e) spectra of oligotriphen-
ylene/polysulfone composite films prepared with different compositions of oligotriphenylene
after excitation at 399 nm.
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Figure 6. a) Photographs of 3 mL oligotriphenylene NMP dispersions (0.1 g L™") in a glass cuvette excited by sun-light and UV light (365 nm) after

the addition of 0.2 mL of the following analytes (1.0 x 1073

v) dissolved in NMP: methylbenzene (MB), chlorobenzene (CB), nitromethane (NM),

nitrobenzene (NB), and 2,4,6-trinitrophenol (TNP), the photographs were taken with a high resolution advanced camera using UV-vis light filters.
Concentration-dependent fluorescence (FL) quenching of an oligotriphenylene NMP dispersion (0.1 g L") excited at 399 nm after adding different
concentrations of nitromethane (NM) (b), nitrobenzene (NB) (c), and 2,4,6-trinitrophenol (TNP) (c).

negligible effects of adding reference materials such as methyl-
benzene (MB) or chlorobenzene (CB) (Figure 6a). The fluores-
cence spectral responses of oligotriphenylene to NM, NB, and
TNP in NMP are shown in Figure 6b—d. The emission fluores-
cence intensity progressively decreased with an increase in the
concentrations of the quenchers. On the basis of fluorescence
titration, the limits of detection for NM, NB, and TNP using
an oligotriphenylene dispersion are 1.0 x 107, 1.0 x 1077, and
1.0 x 107 M, respectively. The quenching behavior is charac-
terized by the quenching efficiency (F/F,) and the quenching
constant (Kgy) as determined by the Stern-Volmer equation:>

Fo/F = 1+ Ksy[Q] (2)

where F, is the initial fluorescence intensity maximum without
a quencher, F is the fluorescence intensity maximum with an
added quencher of concentration [Q], and Kgy is the quenching
constant.

Oligotriphenylene dispersions exhibit different photolumi-
nescence quenching efficiencies (Q. = Fy/F-1) for NM, NB, and
TNP. The smallest 1/(Q. + 1) value is observed when TNP is
used, while values of 1 are found when the reference materials
are added (Figure 7a). This implies that the quenching efficiency
of oligotriphenylene follows the order: TNP >> NB >> NM >
CB = MB. Thus, the oligotriphenylene sensors have a high
selectivity for different nitro-based explosives resulting in widely
varying responses. The quenching constants (Kgy) of oligo-
triphenylene dispersion sensors calculated from the linear part

Adv. Funct. Mater. 2012, 22, 726-735
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of the Stern—Volmer plots are 4.5 x 10! M~! for NM, 1.9 x 10> M~!
for NB, and 2.8 x 10* M™! for TNP (Figure 7b-d). Both the
detection limit and the Kgy values for NB and TNP are com-
parable to values reported for the useful, but costly, polymers:

0.5
a)1.0 ve 1D e
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<06 u 03
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Figure 7. a) Fluorescence quenching efficiency (Q.) (Fo/F -1) of
oligotriphenylene sensors towards the following analytes: methylbenzene
(MB), chlorobenzene (CB), nitromethane (NM), nitrobenzene (NB), and
2,4,6-trinitrophenol (TNP). (b—d) Stern—Volmer plots of oligotriphenylene
sensors with the following analytes: b) NM, c) NB, and d) TNP.
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Figure 8. Concentration-dependent fluorescence (FL) quenching of
oligotriphenylene/polysulfone composite films by the addition of different
concentrations of 2,4,6-trinitrophenol (TNP) in DI water. The top right
inset shows a Stern—Volmer plot of the oligotriphenylene film sensor.

polymetalloles,® hydrosilylated poly(vinylene)s,*® and poly-
siloles.’”] Note that the linear detection range of 2,4,6-trinitro-
phenol covers ~4 orders of magnitude of concentrations from
1.0 x 107 t0 6.0 X 107 m.

Strongly photoluminescent oligotriphenylene/polysulfone
composite films were also developed for the rapid detection
of TNP in aqueous solution. Compared to oligotriphenylene
dispersion sensors, film sensors can be recycled and are
solvent-free, leading to a more convenient and environmen-
tally friendly detection method. The fluorescence response of
the composite film to TNP is shown in Figure 8. The fluores-
cence intensity decreases monotonically with an increase in the
concentrations of TNP; the limit of detection is 1.0 x 107% m
based on a fluorescence titration. From the linear part of the
Stern—Volmer plot, the quenching constant (Kgy) is calculated
to be 1.3 x 10°> M~". Relatively less interaction exists between the
film and the analyte, which may explain why the film sensors
exhibit a lower sensitivity, compared to the dispersion sensors
(1.0 x 1078 M versus 1.0 x 10~ m). However, the limited interac-
tions may lead to a certain quenching mechanism, i.e., either
a static process or a dynamic process, resulting in a relative
higher quenching constant (1.3 x 10° m~" versus 2.8 x 10* m7%).
Another important aspect of the sensors is their relative insen-
sitivity to interferents. Control experiments in which aqueous
inorganic acids including 0.5 M hydrochloric acid, sulfuric acid,
and nitric acid were added into the aqueous TNP solutions pro-
duced negligible changes in the photoluminescence of the films
(Supporting Information Figure S6). This signifies that the as-
prepared sensors possess good selectivity toward TNP among
the nitro-based compounds investigated.

Additionally, upon introduction of the same concentration
(30 um) of metal cations: K(I), Ca(Il), Mg(Il), Al(I1I), Zn(II),
Cr(III), Cu(Il), Fe(III), Ag(I), and Hg(II) into the oligotriphenylene
dispersion (0.1 g L), the fluorescence intensity was decreased
markedly by Fe(Ill) in comparison to negligible changes
observed with the other metal cations (Supporting Information
Figure S7a). According to the fluorescence spectra (Figure S7b),
the quenching efficiencies of K(I), Ca(II), Mg(II), Al(III), Zn(II),

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. Time-dependent fluorescence decay data of oligotriphenylene
in N-methyl-2-pyrrolidone (NMP) dispersions at concentrations of 3.1 x
10 g mL™" (a) and 3.1 x 1077 g mL™" (b) and upon addition of trinitro-
phenol (TNP) NMP solutions at the following concentrations: 0, 0.01,
0.1, 1,10, 100, 150 and 300 um. The top-right inset shows the normalized
time-dependent fluorescence decay data.

Cr(IIl), Cu(Il), Fe(Ill), Ag(l), and Hg(Il), are calculated to
be 0.02, 0.04, 0.07, 0.06, 0.08, 0.07, 0.08, 0.92, 0.07, and 0.05
(Figure S7c), respectively. These results imply that the oligo-
triphenylene could be used as an Fe(IlI)-selective sensor with
high sensitivity.

2.4. Detection Mechanism

In order to elucidate the detection mechanism of the sensors,
the fluorescence lifetimes of oligotriphenylene NMP dispersions
in the absence and presence of TNP were measured. The fluo-
rescence lifetimes were calculated by fitting the time-dependent
fluorescence decay data (Figure 9) to a single-exponential decay
using the equation:

I(t)= Ie™" 3)

where I(t) is the fluorescence intensity at time (t), I, is the
initial fluorescence intensity, and 7 is the fluorescence life-
time. The oligotriphenylene dispersion at a concentration of
3.1 x 10* g mL™ has a fluorescence lifetime of 26 ns, which
decreases to 9.2 ns when diluted to a concentration of 3.1 x
107 g mL~". This may be due to a large amount of NMP over-
shadowing the fluorescence of the oligotriphenylene. When
0.01, 0.1, 1, 10, 100, and 150 um of TNP were added into
3.1x 107 g mL™" of an oligotriphenylene dispersions (9.2 ns), the
lifetimes of the sensors were 10.1, 9.3, 9.2, 10.3, 9.0, 8.9, 10.0, and
10.1 ns (Figure 9, inset), respectively. The fluorescence lifetimes
of the sensors remained almost unchanged upon addition of
TNP. In contrast, the fluorescence intensity of the sensors largely
depends on the concentrations of TNP, as shown in Figure 9.
Clearly, the addition of TNP decreases the fluorescence yield, but
has no change on the fluorescence lifetime of the oligotriphen-
ylene. The sensors and TNP thereby appear to form a nonfluo-
rescent complex in a ground state through a static quenching
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interaction.’®! In addition, by multiplying the Stern—Volmer con-
stant and fluorescence lifetime,”” the quenching rate constant
(Kg) of the sensors for TNP is calculated to be 2.6 x 10° ns M™".
Such a high K, further implies that the static quenching process
is dominant in the oligotriphenylene sensors.

For conjugated polymer fluorescent sensors, Swager et al.>
proposed that binding one receptor site results in an efficient
quenching of all emitting units in an entire conjugated poly-
meric molecule. This amplification, known as the “molecular
wire” effect, leads to electron donors and acceptors forming
m-electron or charge transfer complexes between the oligo-
triphenylenes and their quenchers, as shown in Scheme 2a. The
stereo structure generated by the above mentioned protocol was
subjected to a molecular dynamics simulation using Chem3D
Ultra8.0 software, which identifies the most probable minimum
energy conformation (Scheme 2b). The results indicate that the
oligotriphenylene forms a spiral-like architecture. This unique
structure could readily capture electron-deficient analytes
forming stable static complexes. We therefore believe that a
static quenching process is dominant for the oligotriphenylene
sensors through formation of a charge-transfer complex between
the fluorophores and electron-deficient compounds. Note
that, (1) charge densities (D) follow the order: Dgeyyy (6.09) >

Scheme 2. a) A model of the m-electron transfer complex believed to be
formed between the oligotriphenylene and quenchers (Q, blue balls),
where the red solidline and magnenta dotted line represent the “mole-
cular wire” pathway for transfer of the m-electrons; b) the 3D model of the
above complex near the minimal energy state as found using Chem3D
Ultra8.0 software.
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Dy (5-40) >> Deynyy (3.08) > Dyiqyy (1.45) > Deyqy (1.28) >
Dynqy (1.18) > Deayy (0.40) > Dyggyy (0.36) > Digyyy (0.12) > Dy
(0.10) (the calculation for charge density is given in the sup-
porting information), and standard potentials (¢) follow the
order: Py (0.85 V) > Pagqy (0.80 V) > dpequryy (0.77 V) > Peuquy
(0.34 V) >> ¢y (-0.41 V) > dznqyy (-0.76 V) > dpynyy (—1.66 V)
> Gugan (<2:36 V) > dcay (287 V) > by (2,93 V), implying
that (1) Fe(III) is the most electron-deficient ion and possesses
the highest electron-affinity; and (2) the paramagnetic property
of Fe(Ill) with unpaired d electrons (d°) provides additional
metal-centered electrons, orbitals, and charge-transfer bands
that can provide nonradiative decay pathways for the excited
state of fluorophores.[*¢1 Both effects lead to the formation of
the more stable m-electron-metal complexes between Fe(III)’s
and the oligotriphenylene oligomeric chains. This may explain
why the oligotriphenylene sensors exhibit the most sensitivity
and selectivity towards Fe(III).

3. Conclusions

Blue light-emitting spiral-like oligotriphenylene nanofibers have
been readily synthesized using FeCl; as the oxidant without any
templates, surfactants, or functional dopants. By controlling the
monomer concentration, the doping acid used, and the reaction
temperature employed, the average diameter and length of the
nanofibers can be tuned from 50 to 200 nm and 0.5 to 5 um,
respectively. Strong 77 stacking of oligotriphenylene molecules
produces the driving force for growth of the nanofibers. Conju-
gated oligotriphenylene nanofibers exhibit multifunctionality
including good thermal stability, high fluorescence quantum
yield, and stable fluorescence. Fluorescent sensors based on both
dispersions and composite films of oligotriphenylene nanofibers
enable the trace detection of nitro-based explosives including
nitromethane, nitrobenzene, and 2,4,6-trinitrophenol as well as
Fe(III). The Stern-Volmer constant (Kgy) values for the disper-
sion sensors are 4.5 X 10! m7! for nitromethane, 1.9 x 10? m~!
for nitrobenzene, and 2.8 x 10* m~! for 2,4,6-trinitrophenol. Thin
film sensors demonstrate very high sensitivity and selectivity for
2,4,6-trinitrophenol in aqueous solution with a detection limit as
low as 1.0 x 108 m and a Kgy as high as 1.3 x 10° m~!. Fluores-
cence lifetime and UV-vis absorption measurements together with
molecular dynamic simulations indicate that, the static quenching
process is dominant for the oligotriphenylene sensors through
formation of a charge-transfer complex between the fluorophores
and electron-deficient compounds. Oligotriphenylene sensors
therefore hold promise for use in environmental cleaning, mili-
tary operations, homeland security, and humanitarian efforts due
to their high sensitivity, good selectivity, and easy operation.

4. Experimental Section

Materials: All chemicals including triphenylene and polysulfone beads
(M, ~22,000) were purchased from Sigma-Aldrich and used as received.
All the analytes including methylbenzene (MB), chlorobenzene (CB),
nitromethane (NM), nitrobenzene (NB), 2,4,6-trinitrophenol (TNP) used
in this work were analytical grade.

Synthesis of Oligotriphenylene Nanofibers: In a typical synthesis of
oligotriphenylene nanofibers, 0.5 mmol of triphenylene was dissolved in
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50 mL of dichloromethane, while 10 mmol of anhydrous ferric chloride
(FeCl3) as the oxidant was dissolved in 75 mL of nitromethane. The
two solutions were rapidly mixed and shaken for ~15 s. The reaction
was then sonicated for 30 min and further magnetically stirred for
two days. Upon mixing of the monomer and oxidant solutions, the
colorless monomer solution turned dark-brown. During sonication,
the viscosity of the reaction system slowly increased and cotton-like
solids precipitated out. After several hours of stirring, the viscosity
decreased and uniformly dispersed fine particles were observed in the
reaction solution. Finally, as-made nanofibers (in situ doped by FeCls)
were obtained after purification by centrifugation using nitromethane.
Dedoped nanofibers with a 72% yield were obtained by further washing
the as-made nanofibers with 0.1 m hydrochloric acid, 0.1 M ammonium
hydroxide, and finally DI water.

Preparation of Oligotriphenylene/Polysulfone Composite Films: The
oligotriphenylene nanofibers and polysulfone beads were dissolved in
NMP by magnetic stirring at 50 °C, forming composite solutions with
different oligotriphenylene compositions (0.3, 0.8, 1.5, and 4.5 wt%).
These solutions were then drop-cast onto glass slides and heated at
50 °C overnight to remove the solvents and produce transparent films.

Instrumentation and Measurements: Samples for field emission SEM
(JEOL JSM-6700) were prepared on silicon wafers. Samples for TEM
(PHILIPS CM120) were prepared on Formvar-coated copper grids (Ted-
Pella). FFT patterns were obtained by directing the incident electron
beam perpendicular to a single nanofiber. UV-vis absorption spectra of
the monomer and polymer nanofibers dispersed in NMP were recorded
on an HP 8453 spectrometer. Solid state FT-IR spectra of the samples as
KBr pellets were carried out on a JASCO FT/IR-420 spectrometer. Powder
XRD patterns were scanned on a Philips X'pert Pro spectrometer using
copper-monochromatized CuKo: radiation (A= 1.54178 A). The molecular
weights of the oligotriphenylene nanofibers were determined using a
Voyager DE MALDI-TOF spectrometer with dihydroxybenzoic acid as
the matrix. Proton ("H) NMR spectra were obtained using a Bruker ARX-
400 spectrometer with CDCl; as the solvent. The C/N/H compositions
of the oligotriphenylene were characterized by elemental analysis (EA)
performed by Columbia Analytical Services, Inc.. Thermogravimetric
analysis/differential thermogravimetric analysis (TGA/DTGA) scans were
carried out on a Perkin Elmer TGA Pyris 1 by heating the samples from
room temperature to 1100 °C at a rate of 10 °C min~". The fluorescence
spectra of oligotriphenylene nanofiber dispersions and composite films
were acquired on a PTI 3200 fluorescence spectrometer using a cuvette
holder. For thin film measurements, each glass slide with the composite
deposited on top was cut into an optimal dimension which can just
fit into a 3 cm X 5 cm cuvette. Solution fluorescence quenching was
performed by sequentially adding 0.2 mL of different analytes including
NM, NB, TNP, MB, CB, K(I), Ca(ll), Mg(ll), Al(l1l), Zn(I1), Cr(I11), Cu(ll),
Fe(ll1), Ag(l), and Hg(ll) to 3 mL of an oligotriphenylene NMP dispersion
(0.1 g L7"). The fluorescence lifetime measurements were carried out
under the control of FeliX32 software from the Easylife X filter based
lifetime system. Caution: 2,4,6-trinitrophenol (TNP, known as picric acid)
is an even more violent explosive than 2,4,6-trinitrotoluene (TNT) even at
picomolar concentrations. It is very sensitive to heat and also forms shock
sensitive compounds with heavy metals. It should be handled only in small
quantities. Film fluorescence quenching was carried out by fitting a glass
slide with a composite film into a cuvette and then adding 3.2 mL of
a TNP aqueous solution.The fluorescence spectrum was obtained after
the film had soaked in the solution for ~10 min. The glass slide was
cleaned by MilliQ water at least 3 times before carrying out fluorescence
measurements.

To investigate electrical conductivity, dedoped oligotriphenylene
nanofibers were redoped in iodine vapor at 60 °C for two days. The
conductivities of sheet-like oligotriphenylene powders were measured
using a two-point probe method.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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