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triazatruxene-functionalized
pyrene derivatives as efficient organic laser gain
media†

Ming Sang,a Sizhen Cao,a Jianpeng Yi,a Jinjin Huang,a Wen-Yong Lai*ab

and Wei Huang*ab

A set of pyrene derivatives substituted with multiple triazatruxene at the 1, 6- and 1, 3, 6, 8-positions, namely

Py-2TAT and Py-4TAT, was synthesized and characterized. Their thermal, photophysical, and

electrochemical properties were investigated in comparison with those of the pyrene and triazatruxene

units to explore the relationship between the molecular architectures and corresponding properties. It is

found that introducing a triazatruxene unit onto the rigid pyrene chromophore can effectively depress

the crystalline nature of the pyrene and triazatruxene units, which endow the resulting materials with

improved morphology properties, enhanced thermal stabilities, and favorable solution processiblity.

Particularly, due to the integration of triazatruxene functional units, the resulting materials exhibit high-

lying HOMO energy levels that are well matched with that of the PEDOT:PSS/ITO anode, leading to an

improved hole-injection property. Solution-processed non-doped films exhibited prominent amplified

spontaneous emission (ASE) and lasing characteristics. Low ASE thresholds of 150 nJ per pulse (1.4 kW

cm�2) at 508 nm for Py-2TAT and 450 nJ per pulse (4.1 kW cm�2) at 530 nm for Py-4TAT were

recorded. Consequently, one-dimensional (1D) distributed feed-back (DFB) lasers with low lasing

threshold of 21 nJ per pulse (8.6 kW cm�2) was demonstrated. The selection of different combinations

of grating periods and film thicknesses has provided the opportunity to fine tune the lasing wavelength

of the DFB lasers in the range of 484–556 nm. The results indicated that construction of multi-

substituted triazatruxene-pyrene architectures was beneficial to improving the electrical properties and

thermal stabilities without largely sacrificing the optical properties, manifesting the potential of

triazatruxene-functionalized pyrenes as efficient gain media for electrically pumped organic lasers.
Introduction

Great progress has been made, particularly in the past decade,
in the search for organic semiconductor materials with attrac-
tive optoelectronic properties for applications in the next
generation of optoelectronic devices.1,2 Recently, solution-
processed organic emitters with desirable optical and elec-
trical properties have attracted much attention for applications
in organic light-emitting diodes (OLEDs)3–5 and organic
lasers.6–8 To date, despite signicant progress has been achieved
in OLEDs, electrically pumped organic lasers have not been
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tion (ESI) available. See DOI:
realized yet.9–14 In this context, the rational design and synthesis
of novel organic emitters with excellent optical gains, high
carrier mobility and enhanced thermal stability are highly
demanded. Most of the existing organic emitters generally
suffer from their intrinsic low carrier mobility despite the
higher optical gains and lower threshold energy relative to their
inorganic counterparts.8 Generally, high carrier mobility and
high luminous efficiency are contradictory for organic emitters.
Thus, a search for new efficient organic emitters as organic laser
gain media with superior optical and electrical properties and
a better understanding of the relationship between molecular
structures and device properties are highly required.

As far as we are concerned, high luminous efficiency is an
important prerequisite to obtain high optical gains, which can
be achieved by polycyclic aromatic units such as uorene,15–17

anthracene18–20 and pyrene.21–23 Among these, pyrene has stood
out as a promising building block because of its high photo-
luminescence quantum yields (PLQYs), high charge carrier
mobility and excellent thermal stability.23 However, pyrene itself
and its derivatives normally tend to aggregate, resulting in red-
shied emission and low PLQYs in solid states.21–23 The pyrene
This journal is © The Royal Society of Chemistry 2016
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aggregation can be suppressed by introducing bulky groups and
star-shaped structures.23 From a structural perspective, the
facile chemical modication of the pyrene structure makes it
possible to induce novel molecular architectures via intro-
ducing various substitutions, thus varying corresponding
optoelectronic properties. For instance, Krotkus et al. developed
a series of pyrenyl-disubstituted uorene and carbazole
compounds which demonstrated promising ASE performance
with low ASE threshold (down to 20 kW cm�2) with pyrene
derivatives dispersed in the inert polystyrene matrix at a rather
large optimal (3–5 wt%) chromophore concentration.24

Although the electrical properties can be ne modulated via
incorporating electroactive carbazole units onto pyrene cappers
structures, the optimal performance was achieved in a blend
system.

Triazatruxene (TAT) comprising three overlapping carbazole
fragments has attracted increasing recent interests.25–27 High
mobility has been recorded from triazatruxene derivatives.28

Ziessel et al. developed a series of monosubstituted triazatrux-
enes dyes which showed large uorescence quantum yields and
electrochemical properties as well as high hole mobility.29

Meanwhile, it is also reported that the thermal stability of the
compounds can be greatly enhanced by incorporating triaza-
truxene in the molecular structure.30,31 In our previous work, we
have developed a novel series of monodisperse star-shaped
conjugated macromolecules based on truxene or triazatruxene
core with oligouorene arms, which exhibited promising elec-
troluminescence, optical gain, and lasing performance.31–36

As a matter of fact, facile solution processibility of polymers
is signicant to reduce the concentration quenching in the
device fabrication. In contrast to polymers, small molecules
have demonstrated great advantages as they can possess well-
dened structures and high purity. Combined with both
advantages mentioned above, monodisperse conjugated oligo-
mers have been proven to be the most potential system, which
provide a valuable platform to clarify the relationship between
structures and properties. Furthermore, these oligomers can be
easily fabricated into the amorphous and homogeneous lms,
showing high morphological stability in the device manufac-
ture. Therefore, multifunctional compounds based on pyrene
moieties have been developed and studied for the state-of-art,
solution-processed OLEDs. Recently, Qin et al. developed
monodisperse pyrene derivatives containing four peripheral
triphenylene dendrons and triphenylamine surface groups
which can be used as blue emitters with high luminance and
high operational stability.37

Inspired by the promising characteristics of pyrene and tri-
azatruxene, we intended to introduce the two building blocks
into a monodisperse star-shaped architecture with the aim to
accomplish high electrical properties and thermal stabilities
while maintaining favorable optical characteristics. Thus, a set
of compounds which integrated the triazatruxene functional
units onto the planar rigid pyrene chromophore at 1, 6- and 1, 3,
6, 8-positions (Py-2TAT and Py-4TAT) were designed and
synthesized. Introduction of the alkyl chain onto the triaza-
truxene moiety enabled the resulting molecules to be solution
processible. The thermal, photophysical, and electrochemical
This journal is © The Royal Society of Chemistry 2016
properties of Py-2TAT and Py-4TAT were investigated to explore
the relationship between the molecular architectures and
properties. The lasing wavelength of the distributed feed-back
(DFB) lasers can be ne-tuned in the range of 484–556 nm via
an appropriate choice of grating periods and lm thicknesses.
Consequently, for Py-2TAT, promising lasing performance with
low ASE threshold of 150 nJ per pulse (6.8 mJ cm�2) and low
lasing threshold of 21 nJ per pulse (8.6 kW cm�2) was
demonstrated.
Results and discussion
Synthesis and characterization

Synthesis of triazatruxene-functionalized pyrene derivatives
Py-nTAT is depicted in Scheme 1. 1,3,6,8-Tetrabromopyrene was
synthesized according to the ref. 38. 1,6-Dibromopyrene was
purchased from J&K Scientic Ltd. China. Triazatruxene (TAT)
was prepared by reported methods39 and bromination of tri-
azatruxene with N-bromosuccinimide (NBS) was synthesized
according to the ref. 27. Pyrene derivatives substituted with tri-
azatruxene at the 1,6-(Py-2TAT) and 1,3,6,8-positions (Py-4TAT)
were efficiently obtained by consecutive two-step synthesis
through boronic pinacol esters of monobrominated triazatrux-
ene followed by mutiple Suzuki coupling reactions.36 The
molecular structures and purities were adequately conrmed by
1H and 13C NMR spectroscopy, and MALDI-TOF mass
spectrometry.
Thermal and morphology properties

Thermal stabilities of triazatruxene-substituted pyrene deriva-
tives were estimated using thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC), respectively. As
shown in Fig. S1 and S2,† Py-2TAT and Py-4TAT exhibited good
thermal stability with 5% weight loss decomposition tempera-
ture (Td) up to 378 �C and 376 �C, respectively. The glass tran-
sition temperature (Tg) for Py-4TAT is 89 �C, which is higher
than Py-2TAT (57 �C). The thermal characteristics of the
resulting molecules are summarized in Table 1. To identify the
crystallinity of Py-nTAT materials, wide-angle X-ray diffraction
(WXRD) was performed. From the WXRD patterns (Fig. 1), we
clearly observe a transition from a polycrystalline to an amor-
phous state by increasing the triazatruxene substitutions from
Py-2TAT to Py-4TAT. In contrast, sharp peaks for the pyrene core
(Py) and triazatruxene unit (TAT) were observed. It is implied
that integration the triazatruxene unit onto rigid pyrene chro-
mophore can depress the crystalline nature of pyrene and tri-
azatruxene units.

Atomic force microscopy (AFM) images of the compounds
were recorded on spectrosil substrates to investigate their
morphological stability (Fig. 2). The thin lms were prepared by
spin-coating without any treatment. The thin lm had a smooth
surface morphology with a root-mean-square (RMS) roughness
of 0.475 for Py-2TAT and 0.546 nm for Py-4TAT, respectively. For
comparison, the lms of TAT and Py were prepared, which
showed rather coarse surface due to their high crystallinity. The
trends are consistent with the XRD analysis. The results indicate
RSC Adv., 2016, 6, 6266–6275 | 6267
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Scheme 1 Synthetic routes towards Py-nTAT. Reagents and conditions: (a) NBS, DMF, acetonitrile, 0 �C; (b) bis(pinacolato)diboron, Pd(dppf)Cl2,
KOAc, 1,4-dioxane, 100 �C; (c) Pd(PPh3)4, K2CO3, H2O, 1,4-dioxane, 100 �C.
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View Article Online
that construction of multi-substituted triazatruxene-pyrene
molecular architectures is helpful for improving the amor-
phous properties and lm-forming properties that would largely
facilitate the fabrication of muchmore homogeneous thin lms
by solution processing, which is desirable for organic opto-
electronic devices.
Photophysical properties

The photophysical properties of TAT, Py and Py-nTAT were
measured by UV-vis absorption and photoluminescence (PL)
spectra in THF and in thin lms (Fig. 3). TAT and Py show well-
resolved absorption in dilute THF, whereas their absorption
6268 | RSC Adv., 2016, 6, 6266–6275
spectra in the thin lm exhibit a strong p–p* transition with
a broad tail at low energy, which might be related to excimers or
aggregates of the rigid monomer molecules. In the lm states,
PL spectra of TAT and Py are relatively broader and red-shied
compared with those recorded in THF. Additionally, a weak
shoulder at near 450 nm for TAT and a strong uorescence band
around 460 nm for Py can also be observed, which are attributed
to the emission from aggregates formed by the rigid monomer
molecules in the solid states.

Py-nTAT exhibit prominent short and long wavelength
absorption peaks (see Fig. 3c and d and Table 1). The shorter
wavelength bands at 300–350 nm may originate from the
This journal is © The Royal Society of Chemistry 2016
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Table 1 Thermal and photophysical properties of Py-nTAT

Compound Tg
a, �C Td

b, �C
labs,
nm (THF)

3, [105 L mol�1 cm�1]
(log 3)

lPL,
nm (THF)

labs,
nm (lm)

lPL,
nm (lm) PLQYc

Py-2TAT 57 378 302, 399 0.9 (4.95), 0.29 (4.46) 487 322, 413 487 0.16
Py-4TAT 89 376 304, 417 2.21 (5.34), 0.47 (4.67) 493 322, 427 514 0.66

a Scan rate 10 �C min�1, N2 atmosphere. b Heating rate 10 �C min�1, N2 atmosphere. c Fluorescence quantum yields in solid state lms, measured
on quartz plates using an integrating sphere.
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triazatruxene moiety, while the longer bands at 350–480 nm are
ascribed to the p–p* transition of the pyrene moiety. In THF
solution, Py-4TAT shows red-shied wavelength absorption
maxima (lmax) at 304 nm and a shoulder peak at 417 nm in
comparison to Py-2TAT (l ¼ 302 and 399 nm, respectively),
owing to its slightly more extended conjugation lengths. In the
lm state, both Py-2TAT and Py-4TAT exhibit two characteristic
absorption peaks, which are relatively red-shied from those
recorded for THF solutions. Both compounds show green
emissions with the peaks at 487 and 493 nm for Py-2TAT and
Py-4TAT, respectively. The lm PL spectra for Py-2TAT are
almost identical to those obtained in solution, while Py-4TAT
displays emission peak at 514 nm, which are red-shied about
21 nm relative to its solution spectra, indicating weak inter-
molecular interactions in thin lms. Apparently, constructing
multi-substituted architectures can effectively depress the
p-stacking/aggregation tendency of the planar TAT units and
the rigid Py core structure in the solid state. Photoluminescence
quantum yields (PLQY) of these materials in the solid states
measured on quartz plates using an integrating sphere are 0.16
for Py-2TAT and 0.66 for Py-4TAT. As a result, PLQY of tetra-
substituted pyrene compound Py-4TAT is much higher than
that of disubstituted pyrene compound Py-2TAT, showing
Fig. 1 WAXD patterns (5–50�) of TAT, Py and Py-nTAT powders. All
samples were tested under the same conditions, and each pattern was
demonstrated at its original intensity.

This journal is © The Royal Society of Chemistry 2016
a comparable level to other tetrasubstituted pyrene derivatives
but with more simple synthetic architectures.40,41

Fluorescence transients of TAT, Py and Py-nTAT were inves-
tigated to get further insight into the excited state relaxation
processes. The transients measured at the uorescence band
maxima of the studied compounds in the dilute solutions and
the neat lms are presented in Fig. S3 and S4.† The emission
decays of Py and TAT are recorded by employing two discrete
exponentials in THF with excellent ts (Table S1†). In THF
solution, single exponential decays are evident for both Py-2TAT
and Py-4TAT with excited state lifetimes (s) of 3.32 and 3.96 ns,
respectively. The decay times are similar to those reported for
1-pyrene substituted derivatives24,42,43 and pyrene-cored den-
drimers44,45 in the monomeric state.

The uorescence transients of the neat lms were fairly well
described by using a double exponential decay model yielding
two decay components with different fractional intensities, that
is, different contributions to the overall decay prole, pointing
out several different origins of the radiative transitions. In the
lms, Py-nTAT compounds possess two lifetime components,
probably originating from their similar uorescent backbones.
The fast decay component (s1) of the neat lms is less than 1 ns
(0.83 ns for Py-2TAT and 0.98 ns for Py-4TAT), which has
a dominant contribution (fractional intensity 69–72%) in their
uorescence decay dynamics. The fast component may result
Fig. 2 AFM topographic images of (a) Py-2TAT, (b) Py-4TAT, (c) TAT
and (d) Py.

RSC Adv., 2016, 6, 6266–6275 | 6269
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Fig. 3 Normalized absorption and emission spectra of (a) TAT, (b) Py, and Py-nTAT in (c) THF and (d) film states.
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from exciton migration, and/or the migration-induced exciton
quenching.24 Bearing in mind the formation of molecular
aggregates in the neat lms, as evidenced from their uores-
cence bands, the slow relaxation component with s2 (2.38 ns for
Py-2TAT and 2.55 ns for Py-4TAT) can be attributed to the
aggregated states.24 In addition, Table S2† shows the average PL
lifetimes (s) for Py-2TAT and Py-4TAT are 1.30 and 1.42 ns,
respectively. Reduced c2 values, which are used together with
weighted residuals as the goodness-of-t criteria, do not exceed
1.2, ensuring a reliable description of the experimental data.
Fig. 4 CVs of Py-nTAT.
Electronic and electrochemical properties

The molecular structures of the Py-nTAT were optimized using
density functional theory (DFT) method (B3LYP) with 6-31G (d)
basis set by GAUSSIAN 09. For simplicity and clarity, the lengthy
alkyl chains were replaced by methyl in the model structures. It
was assumed that such a change would not affect the calcula-
tion results for relevant discussion here. The optimized geom-
etries and calculated frontier orbitals of Py-2TAT and Py-4TAT
are depicted in Fig. S5.† The highest occupied molecular orbital
Table 2 Cyclic voltammetric a and DFT calculated data of Py-nTAT

Compound Eox
b, (V) Ered

b, (V) EcvHOMO
c, (eV) EcvLUMO

c, (

Py-2TAT 0.46 �2.34 �5.17 �2.37
Py-4TAT 0.50 �2.39 �5.21 �2.32

a Cyclic voltammogram curves of drop-coated lms measured in 0.1 M
temperature (versus Ag/Ag+). b Onset oxidation potentials versus Ag/Ag+. c

EcvHOMO ¼ �e(Eox + 4.71 V) and EcvLUMO ¼ �e(Ered + 4.71 V). d Eoptg (optical
1240/lonset.

e HOMO and LUMO calculated with B3LYP/6-31G(d,p) level.

6270 | RSC Adv., 2016, 6, 6266–6275
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
values calculated with B3LYP/6-31G(d,p) level for Py-nTAT are
summarized in Table 2.
eV) Eoptg
d, (eV) EcalHOMO

e, (eV) EcalLUMO
e, (eV) Ecalg

e, (eV)

2.79 �4.78 �1.46 3.32
2.63 �4.58 �1.59 2.99

Bu4NPF6 acetonitrile solution at a scan rate of 50 mV s�1 at room
Estimated from the onset oxidation and reduction potential by using
gap) calculated from the onset of absorption used the formula: Eoptg ¼

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Absorption, emission and ASE spectra (excited at 355 nm) of Py-
nTAT films.
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The optimized geometries show that the pyrene core and
triazatruxene substitutions are signicantly twisted, rendering
the chair-shaped Py-2TAT molecule and bowl-shaped Py-4TAT
molecule with a twisted nonplanar structure. The different
numbers of triazatruxene attached to the pyrene core result in
different molecular packing. Obviously, Py-4TAT causes more
pronounced steric hindrance effects and, thus, is more favor-
able for preventing molecular aggregation in the solid state
than Py-2TAT. Meanwhile, this assumption has been conrmed
by thermal and morphology analysis as mentioned above. For
Py-2TAT, the LUMO is dominated by the pyrene unit, while the
HOMO is mainly delocalized on the whole molecule. However,
for Py-4TAT, an obvious overlap exists between the HOMO and
LUMO, indicating that delocalization occurs across over the
pyrene core structure.

The electrochemical characteristics of Py-nTAT were studied
by cyclic voltammetry (CV) to further reveal the electronic
properties. The data are collected in Table 2, in comparison
with those calculated with B3LYP/6-31G (d). As shown in Fig. 4,
the onsets of the oxidation potentials were found to be 0.46 and
0.56 V for Py-2TAT and Py-4TAT, respectively. In Table 2, the
Fig. 6 (a) The dependence of the FWHMof the emission spectra on the p
the total emission intensity from the edge of the same Py-2TATwaveguid
emission spectra on the pump energy density for a Py-4TAT film of (250
the same Py-4TAT waveguide versus pump energy density.

This journal is © The Royal Society of Chemistry 2016
HOMOs of Py-2TAT and Py-4TAT are calculated to be �5.17 and
�5.21 eV, respectively. The LUMO levels are deduced to be
�2.37 and �2.32 eV from the reduction potentials. Noticeably,
it is found that integration of triazatruxene functional units
onto the pyrene core endows the materials with HOMO levels
that are well matched with that of the poly(3,4-
ethylenedioxythiopene):poly (styrenesulfonate) (PEDOT:PSS)/
ITO anode (�5.20 eV),46 leading to a signicantly improved
hole-injection property. Based on the red edge of the longest
absorption wavelength for the solid-state sample, the optical
band gaps (Eg) of Py-2TAT and Py-4TAT were estimated to be
2.79 and 2.63 eV, respectively. All the results indicate that DFT
calculations follow similar trends as revealed in the CV study.
Amplied spontaneous emission

To reveal the optical gain properties, amplied spontaneous
emission (ASE) properties of the triazatruxene-functionalized
pyrene compounds Py-2TAT and Py-4TAT were examined
without utilization of external resonators or patterned distrib-
uted feedback grating structures. As a simple and appropriate
technique, ASE measurements are widely applied to compare
the performance of different materials for lasing application
excluding effects of resonant cavity.6,47

When the sample was pumped at high excitation densities,
we observed ASE from the edge of the Py-2TAT lm, with a line-
narrowed spectrum (Fig. 5) peaked at 508 nm, close to the 0–1
vibronic peak of the PL emission. This is consistent with
a quasi-four-level vibronic system allowing low-threshold oper-
ation.7 Simultaneously, ASE from the edge of the Py-4TAT lm
was seen at 530 nm. Fig. 6 shows the full-width at half-
maximum (FWHM) line width of the emission spectrum and
relative output power as a function of the pump intensity.
According to the results, the FWHM of Py-2TAT has dropped
dramatically from 66 nm to 12 nm when pumped above
a threshold intensity EASEth of 150 nJ (1.4 kW cm�2). As shown in
the inset of Fig. 6a, the output emission is amplied when the
energy of pumped laser pulse is above the threshold. In Fig. 6b,
ump energy density for a Py-2TAT film of (188� 5) nm thickness; (inset)
e versus pump energy density. (b) The dependence of the FWHMof the
� 5) nm thickness; (inset) the total emission intensity from the edge of

RSC Adv., 2016, 6, 6266–6275 | 6271
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Fig. 7 (a) Schematic diagram of the DFB laser structure. (b) Laser emission spectra for 1D order.

Fig. 8 (a) Py-2TAT laser threshold of 21 nJ (8.6 kW cm�2) at the emission wavelength of 494 nm. (b) Py-4TAT laser threshold of 60 nJ (24.5 kW
cm�2) at the emission wavelength of 547 nm.
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Py-4TAT has the same ASE characteristics as Py-2TAT, while the
FWHM of the emission spectrum of Py-4TAT decreases to 8 nm
with a line-narrowed spectrum peaked at 530 nm and
a threshold intensity of 450 nJ (4.1 kW cm�2). Therefore,
Py-2TAT has the lowest EASEth , which is comparable to other
pyrene derivatives24 and much better than perylene derivatives
(15–20 kW cm�2) under analogous conditions.48–50 It is worth-
while to note that non-doped organic lasers have great advan-
tages over small molecules because they suffer little from the
concentration quenching.
Organic lasing properties

One-dimensional (1D) distributed feedback (DFB) lasers were
fabricated by spin-coating thin lms of Py-nTAT on top of
etched nano-printed 1D gratings (Fig. 7a). Their performances
were tested under the same pulsed optical excitation as used for
ASE studies. Above the laser threshold, the surface-emission
Table 3 ASE and lasing properties of Py-nTAT

Compound
lASE

a

(nm)
EASEth

(nJ per pulse)
FWHMb

(nm)

Py-2TAT 508 150 12
Py-4TAT 530 450 8

a ASE peak wavelength. b Minimal full width at half-maximum of the ASE

6272 | RSC Adv., 2016, 6, 6266–6275
spectrum has narrowed to a single peak of line width 0.1–
0.3 nm line width. Typical laser spectra are shown in Fig. 7b for
various lasers. By selecting different combinations of grating
periods and lm thicknesses, the lasing wavelength of the DFB
lasers could be ne tuned in the range of 484–505 nm and 535–
556 nm for Py-2TAT and Py-4TAT, respectively. For a grating
with period of 290 nm, ll factor of 50%, and etch depth of 30
nm, low lasing threshold of 21 nJ per pulse (8.6 kW cm�2) was
achieved for a laser based on Py-2TAT operating at 494 nm with
a lm thickness of 125 nm (Fig. 8a). For Py-4TAT (Fig. 8b), lasing
threshold values of 60 nJ per pulse (24.5 kW cm�2) by using
a grating with period of 350 nm, ll factor of 50%, and etch
depth of 30 nm were recorded, which was 3-fold higher than
that of Py-2TAT. Consequently, these lasing results match well
with the ASE results and suggest that Py-2TAT exhibits superior
ASE and lasing characteristics. The results suggest more bulky
triazatruxene functional units integrated onto the pyrene core
are detrimental to optical gain (Table 3).
llaser
(nm)

Elaserth

(nJ per pulse)
Elaserth

(kW cm�2)@llaser (nm)

484–505 21 8.6@494
535–556 60 24.5@547

band.

This journal is © The Royal Society of Chemistry 2016
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Py-nTAT DFB lasers with different grating periods. For Py-
2TAT, lasing from 484 (1), 494 (2) and 505 nm (3) are from 280,
290 and 300 nm period 1D grating, respectively. For Py-4TAT,
lasing from 535 (4), 547 (5) and 556 nm (6) are from 340, 350 and
360 nm period 1D grating, respectively. Film thicknesses:
125 nm for Py-2TAT and 100 nm for Py-4TAT.
Conclusions

In summary, we have designed and synthesized a set of new
pyrene derivatives substituted with triazatruxene at 1,6- and 1,
3, 6, 8-positions. The combination of pyrene and triazatruxene
units into a monodisperse multi-substituted molecular archi-
tecture results in improved thermal stabilities, facile solution
processability, and enhanced electrical properties while main-
taining promising optical gain properties. Specically, integra-
tion of triazatruxene functional units onto the pyrene core
endows the materials with high-lying HOMO energy levels that
are well matched with that of the PEDOT:PSS/ITO anode (�5.20
eV), leading to an improved hole-injection property. Non-doped
organic lasers based on these materials by solution processing
exhibit highly efficient luminescence and promising lasing
characteristics. Meanwhile, the selection of different combina-
tions of grating periods and lm thicknesses has provided the
opportunity to ne tune the lasing wavelength of the DFB lasers
in the range of 484–556 nm. In this way, low ASE threshold of
150 nJ per pulse (1.4 kW cm�2) and low lasing threshold of 21 nJ
per pulse (8.6 kW cm�2) were demonstrated for triazatruxene-
disubstituted pyrene derivatives. The results indicated that
such a design strategy was benecial to improving the electrical
properties and thermal stabilities without largely sacricing the
optical properties, manifesting the great potential of
triazatruxene-functionalized pyrenes as efficient gain media for
electrically pumped organic lasers.
Experimental section
Materials

All the reagents used were purchased from Sigma-Aldrich, J&K
or Xiya Reagent (China). When necessary, solvents and reagents
were puried using standard procedures.
Characterization

NMR spectra were recorded on a Bruker Ultra Shield Plus
400 MHz NMR (1H: 400 MHz, 13C: 100 MHz). The matrix
assisted laser desorption ionization time of ight mass spec-
troscopy (MALDI-TOF MS) measurements were carried out with
a Shimadzu AXIMA-CFR mass spectrometer. UV-visible
absorption spectra were recorded on a Shimadzu UV-3600
UV-vis-NIR spectrophotometer. Photoluminescence (PL)
spectra were measured using a RF-5301 PC spectro-
uorophotometer. Lifetimes were measured using an Edin-
burgh FLSP920 lifetime spectrometer with a 375 nm laser
(typical pulse width: 55 ps; pulse repetition frequencies:
20 MHz); the uorescence quantum yields of lms were
measured with an integration sphere. Electrochemical behavior
This journal is © The Royal Society of Chemistry 2016
was investigated by cyclic voltammetry (CV) with a standard
three-electrode electrochemical cell in a 0.1 M tetra-n-buty-
lammonium hexauorophosphate (Bu4NPF6) in nonaqueous
acetonitrile at room temperature under nitrogen with a scan-
ning rate of 50 mV s�1. A platinum working electrode, a glassy
carbon electrode, and an Ag/AgNO3 (0.1 M) reference electrode
were used. The CV curves were calibrated using ferrocene/
ferrocenium (Fc/Fc+) redox couple (4.8 eV below the vacuum
level) as the internal standard. The formal potential of Fc/Fc+

was measured as 0.09 V against Ag/Ag+. Thus, the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) energy levels could be calculated
according to: EHOMO ¼ �e(Eox + 4.71 V), ELUMO ¼ �e(Ered +
4.71 V); where Eox and Ered is the onset oxidation and reduction
potential, respectively. Differential scanning calorimetry (DSC)
and thermo-gravimetric analysis (TGA) were done on Shimadzu
DSC-60A and DTG-60A equipment, respectively. The surface
morphology of the lms was investigated by atomic force
microscopy (AFM, Bruker Dimension Icon). The molecular
structures of the Py-nTAT were optimized using density func-
tional theory (DFT) method (B3LYP) with 6-31G (d) basis set by
GAUSSIAN 09.

Device fabrication and measurements

Thin-lm samples (100–225 nm thickness) for optical
measurements (absorption and PL spectra, PLQY, PL decay, and
ASE measurements) were prepared by spin-coating starburst
solutions (comprising 35 mgmL�1 of Py-2TAT or 20 mgmL�1 of
Py-4TAT in CHCl3) onto precleaned spectrosil substrates. DFB
lasers were fabricated by nanoimprint lithography (NIL)
method and then Py-2TAT and Py-4TATwere spin-coated on top.

For ASE measurements, the samples were optically pumped
with the pulsed (5 ns, 10 Hz, 355 nm) output of a Q-switched
Nd:YAG laser pumped optical parametric amplier (Spectron
SL 450) focused with a cylindrical lens to form a 4 mm �
0.55 mm stripe-shaped excitation area on the sample. For DFB
lasers, the pump excitation area employed for monitoring laser
emission was a circular spot with 250 mm in diameter (4.9 �
10�4 cm2 in area). The pulse energy incident on the sample was
adjusted by the insertion of calibrated neutral density lters
into the beam path. The laser emission was monitored with
a ber-coupled spectrograph and a charge coupled device (CCD)
detector. The pump laser beam was incident on the sample at
an angle of 45� to the surface normal in order to allow spatial
separation at the CCD detector of the DFB laser output (emitted
normal to the lm plane) and reected light from the strong
pump.

Synthesis

3-Bromo-5,10,15-trihexyl-10,15-dihydro-5H-diindolo[3,2-a:30,20-
c]carbazole (2). 5,10,15-Trihexyl-10,15-dihydro-5H-diindolo[3,2-
a:30,20-c]carbazole (TAT) (1) (0.50 g, 0.85 mmol) in acetonitrile
(20 mL) was stirred at 0 �C, and then N-bromosuccinimide (NBS)
(0.25 g, 0.74 mmol) in 15 mL N,N-dimethylformamide (DMF) was
added dropwise. The mixture was stirred at that temperature for
1 h and then stirred overnight at room temperature. The solvent
RSC Adv., 2016, 6, 6266–6275 | 6273
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was evaporated under reduced pressure and the residue was
extracted with dichloromethane (CH2Cl2). Aer CH2Cl2 was
evaporated, the resulting crude product was puried by column
chromatography, eluting with petroleum (PE)/CH2Cl2 (10 : 1) to
get 2 as a white solid (0.35 g, 60%). MALDI-TOFMS (m/z): calcd for
C42H50BrN3, exact mass: 675.32, mol. wt.: 676.77; found: 675.46.
1H NMR (400 MHz, CDCl3): d 8.25 (dd, 2H, J ¼ 14.8, 8.0 Hz), 8.06
(d, 1H, J ¼ 8.6 Hz), 7.72 (s, 1H), 7.62 (t, 2H, J ¼ 7.1 Hz), 7.52–7.38
(m, 3H), 7.35 (t, 2H, J ¼ 6.4 Hz), 4.93–4.74 (m, 6H), 1.96 (s, 6H),
1.47–1.09 (m, 18H), 0.82 (s, 9H). 13C NMR (100 MHz, CDCl3):
d 141.9, 141.0, 139.0, 138.4, 123.3, 122.4, 121.6, 119.7, 116.0, 113.3,
110.9, 103.1, 47.1, 31.4, 29.7, 26.2, 22.7, 14.1.

5,10,15-Trihexyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)-10,15-dihydro-5H-diindolo[3,2-a:30,20-c]carbazole (3). In
a 50 mL ame dried two-necked ask, 2 (1.07 g, 1.58 mmol),
bis(pinacolato)diboron (0.75 g, 2.96 mmol), and Pd(dppf)2Cl2
(0.05 g, 0.05 mmol), anhydrous potassium acetate (4.44 g,
0.44 mmol) were added and subjected to three vacuum/
nitrogen ll cycles. Nitrogen-degassed freshly distilled 1,4-
dioxane was subsequently added. The mixture was stirred for
24 h at 100 �C. Water was added to quench the reaction and the
organic layer was extracted with CH2Cl2. CH2Cl2 was subse-
quently removed under reduced pressure. The resulting crude
product was puried by column chromatography, eluting with
PE/CH2Cl2 (3 : 1) to produce compound 3 as a pale yellow oil
(0.54 g, 51%). MALDI-TOF MS (m/z): calcd for C48H62BN3O2,
exact mass: 723.49, mol. wt.: 723.84; found: 723.84. 1H NMR
(400MHz, CDCl3): d 8.30 (d, 3H, J¼ 7.9 Hz), 8.11 (s, 1H), 7.81 (d,
1H, J ¼ 8.0 Hz), 7.64 (d, 2H, J ¼ 8.0 Hz), 7.46 (t, 2H, J ¼ 7.5 Hz),
7.36 (d, 2H, J ¼ 4.1 Hz), 5.03–4.96 (m, 6H), 4.96–4.87 (m, 6H),
2.13–1.89 (m, 12H), 1.46 (s, 18H), 0.95–0.74 (m, 9H). 13C NMR
(100 MHz, CDCl3): d 141.0, 140.9, 140.5, 139.6, 139.3, 138.9,
125.9, 123.5, 123.4, 122.7, 121.6, 121.4, 120.6, 119.7, 119.6,
116.9, 110.5, 110.4, 103.2, 83.7, 77.3, 77.0, 76.7, 47.1, 47.0, 31.5,
31.4, 31.3, 29.7, 26.4, 26.3, 26.2, 25.0, 22.5, 22.4, 13.9.

5,10,15-Trihexyl-2-(6-(5,10,15-trihexyl-10,15-dihydro-5H-diin-
dolo[3,2-a:30,20-c]carbazol-3-yl)pyren-1-yl)-10,15-dihydro-5H-
diindolo[3,2-a:30,20-c]carbazole (Py-2TAT). To a stirred solution
of compound 3 (0.22 g, 0.5 mmol) in 1,4-dioxane (30 mL) was
added 1,6-dibromopyrene (0.072 g, 0.2 mmol), potassium
carbonate (0.83 g, 3 mmol), H2O (10 mL), and Pd(PPh3)4 (28 mg,
0.025 mmol). The resulting mixture was stirred at 100 �C under
nitrogen atmosphere for 36 h. The solvent was evaporated
under reduced pressure and the residue was treated with water
(80 mL), extracted with CH2Cl2. The organic layers were
combined and washed twice with water and once with brine,
dried over anhydrous magnesium sulfate. Aer removing the
solvent under reduced pressure, the residue was puried by
column chromatography, eluting with petroleum (PE)/CH2Cl2
(4 : 1) to afford Py-2TAT as a yellow-green solid (0.17 g, 60%).
MALDI-TOFMS (m/z): calcd for C100H108N6, exact mass: 1392.86,
mol. wt.: 1393.97; found: 1394.28. 1H NMR (400 MHz, CDCl3):
d 8.47 (d, J ¼ 9.4 Hz, 4H), 8.33 (t, J ¼ 7.9 Hz, 6H), 8.24 (d, J ¼
7.8 Hz, 2H), 8.15 (d, J ¼ 9.4 Hz, 2H), 7.92 (s, 2H), 7.68 (t, J ¼
7.7 Hz, 6H), 7.49 (dd, J ¼ 14.4, 7.1 Hz, 4H), 7.37 (dd, J ¼ 14.2,
7.0 Hz, 4H), 5.08–4.93 (m, 12H), 2.16–1.99 (m, 12H), 1.35–1.21
(m, 36H), 0.87–0.80 (m, 18H). 13C NMR (100 MHz, CDCl3):
6274 | RSC Adv., 2016, 6, 6266–6275
d 141.2, 141.1, 141.0, 139.4, 139.0, 138.8, 138.7, 135.8, 130.4,
129.3, 127.3, 125.5, 124.8, 124.4, 123.8, 123.5, 123.4, 123.0,
122.7, 121.5, 121.2, 119.7, 112.7, 110.5, 103.3, 103.1, 77.3, 77.2,
77.0, 76.7, 47.1, 31.5, 31.4, 29.9, 29.8, 26.4, 26.3, 22.5, 22.4, 13.9.

1,3,6,8-Tetrakis(5,10,15-trihexyl-10,15-dihydro-5H-diindolo
[3,2-a:30,20-c]carbazol-3-yl)pyrene (Py-4TAT). To a stirred solu-
tion of compound 3 (0.84 g, 1.16 mmol) in 1,4-dioxane (45 mL)
was added 1,3,6,8-tetrabromopyrene (0.1 g, 0.19 mmol),
potassium carbonate (0.83 g, 3 mmol), H2O (15 mL), and
Pd(PPh3)4 (28 mg, 0.025 mmol). The resulting mixture was
stirred at 100 �C under nitrogen atmosphere for 36 h. The
solvent was evaporated under reduced pressure and the
residue was treated with water (80 mL), extracted with CH2Cl2.
The organic layers were combined and washed twice with
water and once with brine, dried over anhydrous magnesium
sulfate. Aer removing the solvent under reduced pressure,
the residue was puried by column chromatography, eluting
with petroleum (PE)/CH2Cl2 (2 : 1) to afford Py-4TAT as
a yellow solid (0.26 g, 54%). MALDI-TOF MS (m/z): calcd for
C184H206N12, exact mass: 2583.65, mol. wt.: 2585.68; found:
2583.92. 1H NMR (400 MHz, CDCl3): d 8.59 (s, 4H), 8.56–8.46
(m, 6H), 8.32 (d, J¼ 7.9 Hz, 8H), 8.07 (s, 4H), 7.82 (d, J¼ 8.2 Hz,
4H), 7.66 (t, J¼ 7.7 Hz, 8H), 7.47 (dd, J ¼ 15.1, 7.5 Hz, 8H), 7.36
(dd, J ¼ 16.3, 8.2 Hz, 8H), 4.97 (dd, J ¼ 22.9, 15.4 Hz, 24H),
2.16–1.97 (m, 24H), 1.25 (ddd, J ¼ 29.4, 27.4, 17.1 Hz, 72H),
0.96–0.69 (m, 36H). 13C NMR (100 MHz, CDCl3): d 141.3, 141.0,
139.4, 139.0, 138.8, 135.8, 130.5, 128.6, 126.5, 125.7, 123.5,
123.4, 122.8, 122.7, 121.5, 121.2, 119.7, 112.7, 110.5, 103.3,
103.1, 47.1, 34.7, 33.1, 31.5, 31.4, 29.9, 29.8, 26.9, 26.4, 26.3,
22.5, 22.4, 13.9, 13.8.
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B. Gómez-Lor, Chem. Mater., 2013, 25, 117–121.
This journal is © The Royal Society of Chemistry 2016
29 T. Bura, N. Leclerc, S. Fall, P. Lévêque, T. Heiser and
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