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A triazole-conjugated pyrene derivative (DTP) with strong two-photon absorption has been synthesized via
CuAAC reaction. It can readily self-assemble into ultra-long 1D single-crystal nanowires by a one-step
anti-solvent diffusion method, which exhibit exceptional two photon optical waveguides with low optical
loss during light propagation. Single-particle spectroscopy of the nanowires clarifies that one short
wavelength emission band results from the DTP monomer and the other longer wavelength band is
responsible for the aggregate state of DTP. Moreover, DTP monomer and aggregate state emission peaks
intensity of a single nanowire have opposite trends by changing the polarization of the incident light,
owning to the two orthogonal optical transition dipoles. Besides, the excitation wavelength was changing
from 760 nm to 850 nm, resulting in a red-shift of the maximum emission peak from 466 to 522 nm and
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Introduction

Organic micro/nanostructures with desired sizes and ordered
packing have drawn much attention due to their promising
applications such as organic solid-state lasers (OSSLs),"”
sensors,** photodetectors,” organic light-emitting diodes (OLED),?
optical waveguides,” organic field-effect transistors (OFET).'***
Among them, organic single-crystalline nanowires can be used as
fundamental elements in optical circuits, which are capable of
propagating and manipulating light efficiently for potential
applications in miniaturized optical devices. In contrast with their
inorganic and polymer counterparts, organic nanowires show
excellent luminescent properties and can be easily prepared with
desired sizes ranging from hundreds of nanometers to several
microns.” However, most of those optical waveguides are one-
photon driving systems, which need high excitation energy to
stimulate the gain mediums.

In recent years, organic conjugated materials with high
fluorescence quantum yield and large two-photon absorption
(TPA) across section have attracted extensive interests because
of their potential wide-ranging applications such as optical
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power limiting,'® up-converted lasing,”” 3D optical data
storage,' and microfabrication,' bioimaging,**** and photo-
dynamic therapy.” TPA is a process which involves simulta-
neous two photons of half the energy (or twice the wavelength)
to a given excited state of the corresponding one-photon tran-
sition absorption. TPA materials usually has broad two-photon
excitation window, even extend to the near IR region which is
near-transparency window of many biological tissues (700-1000
nm). Thus wavelength of the light for two photon excitation can
penetrate deeper into the target with reduced photo-damage to
the undesired tissues and meanwhile avoid auto-fluorescence
from the biological background.

With the increasing applications, the demands for novel TPA
materials become highly urgent. Many efforts have been
devoted to the investigation of strong two photon absorption
compounds with chromophoric systems (m-center for high
luminescent materials) ranging from the well-known oligo(-
phenylene vinylene)s (OPVs),* perylene diimide (PDI) deriva-
tives®* to m-extended pyrene derivatives.>® Note that -extended
pyrene derivatives is not only planar configuration but also has
emitted significantly red-shifted fluorescence with enhanced
quantum yield compared to the parent pyrene fluorophore by
introducing appropriate structural modification.”® Meanwhile,
m-extended pyrene derivatives usually exhibit strong two-
photon absorption cross-section and the incorporation of tri-
azole moieties is an interesting route to tailor the optical
properties by coordinated with metal ion.*”

Most of the reported TPA materials are focused on
enhancing the TPA cross-section in solution, recently a few
groups clarified that aggregate will enlarge the cross-section of
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the TPA.> However, the spectroscopic emission shape between
these solution and their aggregates looks no discrepancy. It is of
great scientific interest and technological to tune the fluores-
cence colour of organic molecules in the solid states for multi-
color displays and future light-emitting materials. Herein, we
have designed and synthesized a new triazole-conjugated pyr-
ene derivative, 1,6-di(1-butyl-1H-1,2,3-triazol-4-yl)pyrene (DTP)
with high quantum yield in two photon excitation fluorescence.
It can readily self-assemble into ultra-long 1D single-crystal
nanowires by a one-step anti-solvent diffusion method, with
the preferential growth along the crystal [100] direction. These
DTP nanowires exhibit exceptional two-photon optical wave-
guides with a propagation loss of 0.0217 dB um ™. In particular,
not only the aggregate state of DTP but also DTP monomer
emission was observed in the spatially resolved PL spectra of the
nanowires, which is a rare phenomenon in the two photon
excitation fluorescence in solid state. The polarization experi-
ment suggests that the orthogonal optical transition dipoles
between DTP monomer and DTP aggregate were responsible for
the abnormal behaviour. Therefore, we can take advantage of
orthogonal optical transition dipoles to modulate the fluores-
cence emission color by changing excitation wavelength.

Experimental

The DTP nanowires were characterized by SEM (HITACHI S-
4300), TEM (Tecnai G2 F20 U-TWIN), and photoluminescence
(PL) spectra (HITACHI F-4500). PL images were taken with an
Olympus F-1000 inverted micro-scope by exciting the samples
with the UV band (330-380 nm) of a mercury lamp. The XRD
patterns were obtained using ESCALAB220i-XL X-ray diffraction
photometer.

TPA cross section was determined from two-photon-induced
fluorescence with Rhodamine B as a reference. A regenerative
amplifier (Spitfire, Spectra Physics) seeded with a mode-locked
Ti:sapphire laser (Tsunami, Spectra Physics) generated laser
pulses of about 120 fs at a wavelength of 795 nm, which were
used to drive an optical parameter amplifier (OPA-800CF, Spectra
Physics) to obtain a tunable laser in the range of ca. 690-850 nm.
The laser beam was focused into a quartz cuvette having an
optical path length of 10 mm. The two-photon-induced fluores-
cence was collected with a right-angle geometry and detected
with a liquid-nitrogen-cooled charge coupled device (CCD)
detector (SPEC-10-400B/LbN, Roper Scientific) attached to a pol-
ychromator (Spectropro-550i, Acton).

Results and discussion

1. Synthesis of DTP via CuAAC reaction and single crystal
analysis

As shown in Scheme 1, we have synthesized a new triazole-
conjugated pyrene derivative, 1,6-di(1-butyl-1H-1,2,3-triazol-4-
yl)pyrene (DTP), via copper(i)-catalyzed azide-alkyne cycloaddi-
tion (CuAAC) reaction between 1,6-diethynylpyrene and n-butyl
azide in 48% yield. Single-crystal of DTP was obtained by slow
diffusion of toluene to the THF solution at room temperature.
Fig. S1f displays the crystal structure of DTP. Analysis of the
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Scheme 1 Synthesis of DTP via CuAAC reaction.

crystal data demonstrates that DTP crystalizes in the triclinic
space group P1 with an inversion centre with respect to the
centroid of the central pyrene ring. The dihedral angle between
the central pyrene unit and the triazole unit is about 40.37°.
There is a strong 7-m stacking in the crystal structure, owning
to the large planar m-conjugated system of pyrene moiety, which
is further enhanced by the short contacts of C5---H10-C10
(2.830 A), N2---H11-C11 (2.568 A) and N3---H10-C10 (2.478 A)
between the pyrene and triazole units of adjacent interlayered
crystals.

2. Spectroscopic analysis of one photon and two photon
properties in solution

Fig. 1a displays the normalized one-photon absorption and
fluorescence emission spectra of DTP in dichloromethane
(CH,Cl,) solution. The one photon absorption exhibits one
broad and structureless absorption band centred at 365 nm,
which can be ascribed to the absorptive transition from the
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Fig. 1 (a) Normalized one-photon UV-vis absorbance and fluores-
cence emission spectra (Aex = 350 nm). (b) Two-photon-absorption
cross section 8 of DTP dissolved in CH,Cly (1 x 10~* M). The inset
shows the TPE induced fluorescence intensity (/) versus the incident
laser power (P) for DTP molecules at the excitation wavelength of
740 nm. The slope obtained by linear fitting is 2.06 + 0.03.
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ground state S, to the S; state. There is a minor artifact in the
UV-vis absorption spectrum at 365 nm, attributed to the
switching between UV and visible light sources. Besides, the
fluorescence excitation spectrum is similar to the one-photon
absorption spectrum with a maximum at 365 nm (Fig. S27).
While the emission of the DTP solution exhibits a well resolved
feature with emission peaks located at 402 nm (0-0), 424 nm (0-
1) and 452 nm (0-2).

Two-photon absorption (TPA) cross section 6 of DTP
(Fig. 1b) and two-photon excitation fluorescence (TPEF)
spectra of DTP monomers dissolved in CH,Cl, at 740 nm
(Fig. S2t) were measured by the two-photon-induced fluores-
cence measurement technique using a Ti:sapphire laser as the
excitation source over a relatively wide range of wavelengths
between 730 and 820 nm, which avoids possible interference
by excited state excitation. The maximal 6 of DTP is as large as
168 GM (1 GM = 10 >’ cm® s per photon) at the wavelength of
735 nm as shown in Fig. 1b. The dependence of the two-photon
induced fluorescence intensity on the input laser power is
displayed in the inset of Fig. 1b. The experimental points can
be well-fitted to a linear relationship with a slope of 2.06 £
0.03, confirming the TPE origin of luminescence. The Apax/ in
the calculated two-photon absorption spectra is nearly the
same as the one-photon absorption maxima, which predicts
that the two-photon allowed states are similar to those of the
one-photon allowed states. Moreover, the TPEF spectrum
(Fig. S2t) exhibits little difference from that of the one-photon
excitation fluorescence spectrum, revealing that the emission
occurs from the same excited state regardless of the excitation
mode. Besides, the fluorescence quantum yields (@) are also
measured through a relative method for monomer using 9,10-
diphenylanthracene as a reference and quantum yield () of
DTP solution in CH,Cl, is close to unity (0.99).
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Fig. 2 (a) SEM image of DTP nanowires (b) TEM image of DTP nano-
wire; inset: SAED pattern of the nanowire. (c) Predicted Bravais—Frie-
del-Donnay—Harker (BFDH) crystal morphology of DTP using
Materials Studio Software Package. (d) X-ray diffraction patterns of
DTP nanowires and powder.
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3. Nanowire preparation and characteristic

Single-crystal DTP nanowires were prepared by a one-step anti-
solvent diffusion method combined with solvent evaporation
induced self-assembly. Typically, 50 pL of DTP of CH,Cl,/THF
(v/v=1: 1) solution (1 mM) was injected onto a quarts substrate
which was then placed in a closed beaker (100 mL) containing
10 mL of toluene anti-solvent. During the above procedures,
a solvent atmosphere was created and the evaporation speed of
the solvent of DTP solution could be well-controlled. By altering
the anti-solvents, nanowires with different lengths and diame-
ters can be easily obtained (Fig. S37). After complete evapora-
tion of the solvent, well-defined 1D crystalline DTP nanowires
were obtained.

As shown in the scanning electron microscopy (SEM) image
in Fig. 2a, the as-fabricated nanowires have high morphological
purity with smooth surface and defect-free structure. The flat-
ness of the surface is clearly illustrated in the atomic force
microscopy (AFM) image, which has a typical height of 250 nm
and width of 700 nm, as determined by the cross section anal-
ysis (Fig. S4f). The morphology of the wires was further
confirmed by TEM. Inset of Fig. 2b displays the selected-area
electron diffraction (SAED) pattern by directing the electron
beam perpendicular to the flat faces of a single wire, which
exhibits that the wires are single-crystalline rather than poly-
crystalline, as revealed by the sharp spots. The circled set of spot
with d-spacing values of 7.5 A is due to Bragg reflection and
triangle set of spot with a d-spacing of 5.4 A is assigned to
reflections from {100} crystal planes. This result reveals that the
DTP molecules within the wires prefer to arrange themselves
along the crystal [100] direction, that is, the crystallographic a-
axis direction. This is further verified by the X-ray diffraction
(XRD) pattern (Fig. 2d), which is dominated by the {001}
diffraction peak. Combining SAED and XRD results that the
nanowires were determined to grow along the crystal a-axis with
the side surfaces bound by (001) crystal facets. The molecular
arrangement is exhibited as the calculated Bravais-Friedel-
Donnay-Harker (BFDH) crystal morphology of DTP using
Materials Studio Software Package (Fig. 2c¢).

In the photoluminescent (PL) image (Fig. 3b) of DTP nano-
wires under unfocused UV irradiation (330-380 nm), an intense
blue PL along the nanowires bodies with bright spots at both
ends can be obviously observed. It is typical feature of optical
waveguide that the PL energy can propagate efficiently along the
nanowire growing direction. Fig. 3a shows that the two-photon
fluorescence emission images of single nanowire upon
a focused 800 nm femtosecond pulse laser excitation with
bright PL spots at the tips and weaker emission from the bodies.
The spatially resolved PL spectra of the emitted light with
respect to the length travelled (between the excitation spot and
the rod tip) were measured to gain further insight into the
waveguide behaviour with the DTP nanowires (Fig. 3d). The
inset of Fig. 3d displays a logarithmic scale of the whole area-
integral intensity for each waveguided PL spectrum as a func-
tion of the propagation length, which clearly shows a linear
decrease. The optical loss coefficient « of guided PL can be
estimated according to the following equation:
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Fig. 3 (a) Schematic illustration of the experimental setup for optical
waveguide measurement (b) PL image of DTP nanowires excited with
the UV light (330-380 nm) (c) dark-field images were collected at five
different positions of a single DTP nanowire upon excitation at
800 nm. (d) Spatially resolved PL spectra of the waveguided emission
out-coupled at the tip of a single nanowire for different propagation
distance. Inset shows logarithmic plot of the relative PL intensities at
maximum versus the propagation distance. The scale bar is 10 um
labelled in the images. The filter used is 440 nm.

oa=—10 log(lout”in)l’il

where I, and I, are the intensities of incidence and out-
coupled light, respectively; L is the propagation distance. The
value of & 0.0217 dB um™" is much lower than most reported
organic crystalline nano/microstructures such as PFO (poly(9,9-
dioctyfluorene)) nanowires (0.48 dB pum™'),*® PDI microwires
(0.13 dB um™").>® Such excellent waveguide behaviour is benefit
from the high fluorescence efficiency, smooth surface and
apparently flat end facets, making DTP nanowires as potential
extraordinary optical waveguide materials.

4. Polarization of nanowire and fluorescence emission
modulated

To obtain further insight about the optical characteristic of DTP
nanowires, spatially-resolved PL spectra measurement of a single
nanowire with many defects were carried out with an excitation
wavelength of 760 nm. Two obvious fluorescence emission bands
at 400-460 nm and 460-600 nm were observed, when the laser of
excitation wavelength at 760 nm was employed. The former
shorter wavelength emission band was ascribed to the monomer
state of DTP and the latter one centered around 500 nm which
become prominent compared to one-photon solution absorption
in Fig. 1a is assigned to the aggregate state. It is noteworthy that
not only monomer emission band but also aggregation emission
was observed, which is a rare phenomenon in a defect-limited
single crystalline nanowire. Therefore, an entirely possibility
model is proposed from intuition that transition dipoles of
monomer and aggregate are orthogonal to each other.

In order to verify this hypothesis, polarized optical
measurement was conducted. The parameter § refers to the

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Spatially resolved PL spectrum of a single nanowire upon
excitation at 760 nm. (b) Peak intensities at 447 nm (red) and 502 nm
(black) as a function of incident polarization angle. (c) Normalized
solid-state spatially resolved PL spectra of a single DTP nanowire at
various excitation wavelengths, 440 nm short pass filter. (d) The vari-
ation of the CIE coordinates with the different excitation wavelength.

changed angle of linearly polarized light and the incident
polarization, which was adjusted using a half-wave plate. Note
that when the polarized light was changing from 0 to 90°, the
intensity of shorter wavelength emission region was reduced
and simultaneously the intensity of the longer wavelength
region was increased. Fluorescence emission at 447 nm and
502 nm as two representative wavelengths of the two emission
bands are selected to monitor the evolution of emission inten-
sity over the degree ¢ of incidence polarized light changes. The
emission intensity of 447 nm varied in an oscillatory manner
between a maximum 6 = 90° and minimum value § = 0° (180°),
while the emission intensity of 502 nm has the opposite
behaviours, as illustrated in Fig. 4b. It exhibits an orthogonal
polarized emission. This result has implied that DTP monomer
and aggregate have orthogonal optical transition dipole.

Take advantage of orthogonal optical transition dipole
resulting in non-interfering emission bands of the monomer
and aggregate of DTP. It is obvious that changing the excitation
wavelength could adjust the ratio of fluorescence emission
peaks of monomer and aggregate, further modulating the
emission colour of luminescence. In a typical experiment, the
excitation wavelength was changing from 760 nm to 850 nm,
resulting in a red-shift of the main emission peak from 466 to
522 nm. And the CIE coordinates of the emission light calcu-
lated from the PL spectra (Fig. 4d) clearly showed variations of
the output signals, which indicate that the PL emission shifted
gradually from blue to green with the decrease of excitation
energy.

Conclusions

In conclusion, we have prepared single-crystal nanowires based
on a new two-photon absorption derivative DTP, synthesized via
CuAAC reaction. These highly crystalline nanowires have

RSC Adv., 2017, 7, 19002-19006 | 19005
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smooth surfaces and flat end facets, which can act as active
waveguides, with the low optical loss of 0.0217 dB pm™".
Furthermore, single-particle spectroscopy of nanowire clarifies
that one short wavelength emission band ranging 400 to 460 nm
results from DTP monomer and the other longer wavelength
band around 500 nm is responsible for the aggregate state of
DTP. Moreover, the two emission peak intensity of a single
nanowire have opposite oscillatory manners by changing the
polarization of the incident light, owning to the two orthogonal
optical transition dipole of monomer and aggregate. Besides,
the excitation wavelength was changing from 760 nm to 850 nm,
resulting in a red-shift of the maximum emission peak from 466
to 522 nm and the variation of the CIE coordinates from blue to
green. This simple synthesis combining novel optical properties
would make the triazole-conjugated pyrene derivative prom-
ising for applications in nano-optical devices.
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