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a b s t r a c t

A dithieno[3,2-b:20 ,30-d]pyrrole-based luminogen 1 has been synthesized by appending two twisted
triphenylamine units to the rigid conjugated dithieno[3,2-b:20,30-d]pyrrole core. This compound exhibits
reversible mechanochromic luminescence in the solid state and near-infrared electrochromic switching
behavior in solution. A reversible switching in fluorescence color between yellow-green and green can be
observed through mechanical grinding and vapor fuming of solid powdered 1, which involves an
interconversion between a crystalline form and an amorphous phase according to X-ray diffraction
analysis. The associated oxidized species of 1 show intense redox-switchable near-infrared absorption
and different fluorescence colors in solution in spectroelectrochemical and luminescence measurements.
Density functional theory calculations have confirmed that there is considerable electron delocalization
between the dithieno[3,2-b:20 ,30-d]pyrrole linker and two triphenylamine redox-active termini during
the oxidation process.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The study of systems that exhibit facile bridge-mediated elec-
tron transfer between organic, organometallic, and inorganic
termini has received considerable recent attention due to their
application prospects in building highly functionalized molecular
electronic devices [1e10]. Specifically, compounds with two redox-
active groups linked by a rigid p-conjugated bridge are considered
among the most promising systems serving as molecular wires
because of their easy functionalization, tunability, and the low cost
of the requisite molecules [11e16]. More interestingly, these sys-
tems usually show strong changes in their electronic spectra in the
near-infrared (NIR) region and different colors associatedwith their
different oxidation states. Accordingly, the above NIR electro-
chromic phenomenon, as an intelligent response to an external
), chshliu@mail.ccnu.edu.cn
stimulus, might be applied to the control of both light transmission
(windows) and reflection (mirrors), and used in diverse switchable
display devices, biological sensing, data storage, and so on [17e20].
Meanwhile, the mechanochromic phenomenon, as another inter-
esting kind of intelligent response, has also been extensively
studied in recent years [21,22]. In particular, mechanochromic
luminescent materials that change their solid-state fluorescence
characteristics upon mechanical stimulus have many potential
applications in the fields of sensors, security inks, and memory
devices. To date, a number of organic and metal-bearing mecha-
nofluorochromic materials have been found [23e32].

Because of their fused, rigid backbone and good molecular
planarity, dithieno[3,2-b:20,30-d]pyrrole (DTP) structural motifs
have sparked immense interest concerning their applications in a
variety of materials [33]. It has been well documented that the
introduction of DTP units imparts enhanced conjugation, high
conductivity, and high charge carrier mobility to electronic mate-
rials, such as organic light-emitting diodes (OLEDs) [34], organic
photovoltaic devices (OPVs) [35,36], and organic field-effect tran-
sistors (OFETs) [37], as well as enhanced solution and solid-state
fluorescence to organic materials [38]. Meanwhile, the propeller-
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shaped triphenylamine (TPA) moiety has been widely used for the
construction of diverse optoelectronic materials, due to its strong
electron-donating ability, good hole-transporting capability, and
high light-to-electrical energy conversion efficiency [39,40]. In
addition, TPA-based derivatives with twisted molecular confor-
mation have recently been reported to display stimuli-responsive
solid-state fluorescence switching behavior [41,42]. The intriguing
possibility of integrating the DTP unit with electro-active triphe-
nylamine termini with a unique twisted molecular conformation
attracted our interest. The resulting systemwas expected to exhibit
integrated dual- or even multifunctional intelligent responses to
external stimuli, including at least electric andmechanical forces. In
this work, a DTP derivative (1, Chart 1) bearing two triphenylamine
termini has been synthesized by Suzuki coupling of dibromo-
substituted dithienopyrrole and triphenylamine boronic acid. The
two-factor electrochromic and mechanochromic responsive be-
haviors of 1 have been systematically investigated by means of
photoluminescence spectroscopy, electrochemistry, and spec-
troelectrochemistry, supplemented by DFT calculations.

2. Materials and methods

2.1. General materials and synthesis

All manipulations were carried out under a dry argon atmo-
sphere using standard Schlenk techniques, unless stated otherwise.
Solvents were pre-dried and distilled under argon prior to use,
except those used directly for spectroscopic measurements, which
were of spectroscopic grade. The starting material 2,6-dibromo-4-
butyl-4H-dithieno[3,2-b:20,30-d]pyrrole was prepared according to
procedures described in the literature [43]. Other reagents were
purchased and used as received.

2,6-Dibromo-4-butyl-4H-dithieno[3,2-b:20,30-d]pyrrole
(235 mg, 0.60 mmol) and (4-(diphenylamino)phenyl)boronic acid
(532 mg, 1.38 mmol) were dissolved in toluene (15 mL) under N2. 2
M aqueous K2CO3 solution (4 mL) was added, N2 was bubbled
through the mixture for 30 min, and then Pd(PPh3)4 (23 mg,
0.02 mmol) was added. After stirring overnight at 110 �C, the re-
action mixture was cooled to room temperature and extracted with
CH2Cl2. The combined organic layers were dried over Na2SO4. The
solvent was removed in vacuo, and the residue was purified by
chromatography on silica gel (petroleum ether/CH2Cl2, 8:1). The
product was precipitated from a solution in CH2Cl2 by the addition
of MeOH to give 388 mg (78%) of a yellow powder. 1H NMR (C6D6,
400 MHz, ppm): d¼ 0.71 (t, J¼ 8 Hz, 3H), 1.08 (m, 2H), 1.50 (m, 2H),
3.67 (s, 2H), 6.88 (m, 2H), 7.02e7.12 (m, 22H), 7.47 (d, J ¼ 8 Hz, 4H);
13C NMR (C6D6, 100 MHz, ppm): d ¼ 14.5, 21.0, 31.2, 47.4, 106.9,
115.2, 123.6, 125.0, 125.1, 127.0, 130.0, 130.9, 142.5, 145.8, 147.6,
148.4; elemental analysis calcd. (%) for C48H39N3S2: C 79.85, H 5.44,
N 5.82; found: C 79.59, H 5.22, N 5.78.

2.2. Physical measurements

1H and 13C NMR spectrawere collected on a VarianMercury Plus
400 spectrometer (400 MHz). 1H and 13C NMR chemical shifts are
relative to TMS. Elemental analyses (C, H, N) were performedwith a
Vario El III CHNSO instrument. Electrochemical measurements
were performed on a CHI 660C potentiostat (CHI, Austin, TX, USA).
A three-electrode single-compartment cell was used for the solu-
tion of complex and supporting electrolyte in dry CH2Cl2. The so-
lution was deaerated by argon bubbling on a frit for about 10 min
before the measurement. The analyte and electrolyte (n-Bu4NPF6)
concentrations were typically 10�3 and 10�1 mol dm�3, respec-
tively. A 500-mm diameter platinum disk working electrode, a
platinum wire counter electrode, and an Ag/Agþ reference
electrode were used. Spectroelectrochemical experiments at room
temperature were performed with an airtight optically transparent
thin-layer electrochemical (OTTLE) cell (optical path length of ca.
200 mm) equipped with a Pt minigrid working electrode and CaF2
windows [44]. The cell was positioned in the sample compartment
of a Shimadzu UV-3600 UV-vis-NIR spectrophotometer.
Controlled-potential electrolyses were carried out with a CHI 660C
potentiostat. The sample concentrations were ca.
2 � 10�3 mol dm�3, and 10�1 M n-Bu4NPF6 was used as the sup-
porting electrolyte. Compound 1 was oxidized in a stepwise
manner, increasing the anodic potential in steps of 10 or 20 mV.
Fluorescence spectra were recorded on a Hitachi F-4500 fluores-
cence spectrophotometer or a Fluoromax-P luminescence spec-
trometer (Horiba�Jobin-Yvon Inc., Edison, NJ, USA). XRD studies
were conducted on a Shimadzu XRD-6000 diffractometer using Ni-
filtered and graphite-monochromated Cu-Ka radiation (l ¼ 1.54 Å,
40 kV, 30 mA).

2.3. X-ray crystallography

Intensity data were collected on a Nonius Kappa CCD diffrac-
tometer with Mo-Ka radiation (0.71073 Å) at room temperature.
The structures were solved by a combination of direct methods
(SHELXS-97) [45] and Fourier difference techniques and refined by
full-matrix least-squares techniques (SHELXL-97) [46]. All non-H
atoms were refined anisotropically. Crystallographic data for the
structure in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication CCDC-
1478249.

2.4. Computational details

DFT calculations were performed with the Gaussian 09 program
[47] at the B3LYP/6-31G* level of theory. Geometry optimizations
were performed without any symmetry constraints, and frequency
calculations on the resulting optimized geometries showed no
imaginary frequencies. Electronic transitions were calculated by
the time-dependent DFT (TD-DFT) method. The MO contributions
were generated using the Multiwfn2.6.1_bin_Win package and
plotted using GaussView 5.0. Solvation effects in dichloromethane
are included in some of the calculations by applying the conductor-
like polarizable continuum model (CPCM) [48,49].

3. Results and discussion

3.1. Synthesis and characterization

The 2,6-dibromo-4-butyl-4H-dithieno[3,2-b:20,30-d]pyrrole
precursor was synthesized by the method reported in the literature
[43]. The target compound 1 was prepared in good yield through a
Pd-catalyzed Suzuki coupling reaction between the 2,6-dibromo-
dithieno[3,2-b:20,30-d]pyrrole precursor and 4-(diphenylamino)
phenyl)boronic acid, as shown in Scheme 1 (for details, see the
Experimental Section).

3.2. Mechanofluorochromic behavior

The mechanochromic luminescence behavior of 1 was investi-
gated by photoluminescence (PL) spectroscopy. As shown in Fig. 1,
the PL spectrum of the initial solid 1 showed two emission bands
with maxima (lmax) at 516 and 550 nm, respectively. Correspond-
ingly, yellow-green fluorescence was observed under UV light at a
wavelength of 365 nm. However, upon grinding the solid powdered
1 with a pestle in a mortar, a broad emission band with
lmax ¼ 518 nm, as well as an obvious change in emission color from



Scheme 1. General synthetic routes to compound 1. Reagents and conditions: (i) LDA (lithium diisopropylamide), CuCl2, THF, at 0 �C; (ii) [Pa2(dba)3] (tris(dibenzylideneacetone)
dipalladium(0)), dppf (1, 10-bis(diphenyl-phosphino)ferrocene), n-butylamine, in toluene, reflux for 24 h; (iii) NBS, in DMF, at 0 �C; (iv) (4-(diphenylamino)phenyl)boronic acid,
Pd(PPh3)4, K2CO3, in toluene/H2O, reflux for 24 h.

Fig. 1. (a) PL spectra of compound 1 before grinding, after grinding, and after treatment with dichloromethane vapor. Excitation wavelength: 365 nm. Fluorescence images of 1
under irradiation with 365 nm UV light: (b) the initial solid sample; (c) the ground solid sample; (d) the dichloromethane-fumed ground solid sample.
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yellow-green to green, was clearly observed. This interesting phe-
nomenon indicated that compound 1 exhibited luminescence
mechanochromic behavior. Furthermore, the bright yellow-green
fluorescence was recovered when the ground solid sample was
fumed with dichloromethane vapor for 1 min. Therefore, the
mechanochromic luminescence behavior of compound 1 was also
reversible. It is well known that the mechanochromic property can
usually be attributed to a variation in molecular morphology
[50e53]. Thus, in order to probe this possible mechanochromic
mechanism in compound 1, powder X-ray diffraction (XRD) mea-
surements were carried out. As shown in Fig. 2, the XRD pattern of
the initial solid sample 1 exhibited a number of clear and intense
peaks, consistent with its crystalline nature. After grinding, how-
ever, these intense reflection peaks could no longer be observed,
indicating that an amorphous phase had been generated. Following
fuming treatment of the ground sample with dichloromethane
vapor, the initial intense peaks were restored, which implied that
this treatment resulted in an amorphous to crystalline phase con-
version. Hence, the powder XRD results confirmed that a reversible
conversion between a crystalline state and an amorphous state is
responsible for the interesting mechanochromic luminescence
behavior of compound 1.
3.3. X-ray crystal structure

Fortunately, crystals of compound 1 suitable for X-ray structure
analysis could be obtained by recrystallization from dichloro-
methane/methanol. Detailed crystal data can be found in Table S1
(ESIy). The corresponding bond angles and distances are provided
in Table S2 (ESIy). As can be seen from the structural organization of
compound 1 (Fig. 3), weak intermolecular C-H$$$p interactions
(d ¼ 2.700 Å, 2.524 Å, Fig. 3) facilitate the molecular packing.
However, the twisted molecular conformation and the absence of a
strong intermolecular force lead to a loose packing motif of com-
pound 1 [54,55]. Thus, the ordered crystal packing may readily
collapse upon exposure to external pressure. As a result, the fluo-
rescence color of compound 1 changed fromyellow-green to green.



Fig. 2. XRD patterns of compound 1: unground, ground and after treatment with
dichloromethane vapor.

Fig. 4. Cyclic voltammogram (black line, CH2Cl2/0.1 M n-Bu4NPF6, 298 K at 0.1 V s�1)
and square-wave voltammogram (red line, f ¼ 10 Hz) of compound 1. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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3.4. Electrochemical behavior

Subsequently, in order to explore the electronic properties of
compound 1, we carried out electrochemical measurements (cyclic
voltammograms and square-wave voltammograms) [56,57]. As
shown in Fig. 4, compound 1 exhibited two consecutive reversible
redox processes at 0.08 V and 0.47 V vs. ferrocene/ferrocenium (Fc/
Fcþ). These can be ascribed to oxidations centered on the amine
terminal and thienopyrrole bridge, respectively, based on com-
parisonwith the anodic potentials of the dibromo precursor (0.60 V
vs. Fc/Fcþ) and triphenylamine (0.49 V vs. Fc/Fcþ) (Fig. S1). The first
step of the two-electron oxidation process involved both TPA
termini to equal extents. Therefore, we carried out calculations on
the monocationic state in the following section for brevity. Ac-
cording to DFT calculations on 1þ, the relatively low potential of the
amine-based oxidation in compound 1 may possibly be attributed
to the considerable electron delocalization throughout the whole
Fig. 3. The structural organ
molecular framework (vide infra) [58,59].
3.5. Spectroscopic investigations on the oxidized forms

To gain further insight into the electron-transfer process, in situ
spectroelectrochemical studies were carried out by increasing the
anodic potential in steps of 10 or 20 mV in an optically transparent
thin-layer electrochemical (OTTLE) cell. As presented in Fig. 5,
during the first two-electron oxidation process, several new ab-
sorption bands appeared at around 600 nm and continually
increased, and strong absorptions in the near-IR region
(800e2000 nm) appeared simultaneously. According to the pre-
diction of TD-DFT calculations (Fig. 6), the lower-energy absorp-
tions in the NIR region are mainly associated with b-HOSO/b-
LUSO and a-HOSO/a-LUSO excitations, being attributed to inter-
ligand charge-transfer (CT) transitions with some admixed ligand
(TPA)/N_þ component. The lower-energy transitions in the visible
region (around 600 nm) can be primarily assigned to a-HOSO/a-
LUSO and b-HOSO-3/b-LUSO transitions with prominent intra-
ization of compound 1.



Fig. 5. UV-Vis-NIR absorption spectra of 1 (black), 12þ (red) and 13þ (green) in CH2Cl2/
0.1 M n-Bu4NPF6 at 298 K within an optically transparent thin-layer electrochemical
(OTTLE) cell. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 7. PL spectra of luminogen 1 (red), 12þ (green), and 13þ (blue) recorded in the
course of stepwise oxidation of 1 by adding 0, 2 and 3 equivalent of oxidant [N(C6H4-
Br-4)3]þ[SbCl6]- in CH2Cl2 at room temperature (1.0 � 10�5 mol L�1). Excitation
wavelength ¼ 365 nm. Inset: fluorescence images of 1, 12þ, and 13þ under 365 nm UV
light (1.0 � 10�5 mol L�1). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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ligand CT, inter-ligand CT, and appropriate N/N_þ character. The
above observations confirmed remarkable delocalization
throughout the DTP and TPA units, and that the contribution from
the DTP core is significant during the oxidation process. Following
Fig. 6. Spin orbitals involved in the major electronic excitat
further oxidation to 13þ, all of the absorption features associated
with the TPA framework disappeared, and a new band appeared at
ions in 1þ (D ¼ doublet). B3LYP/6-31G*/CPCM/CH2Cl2.



Chart 1. The molecular structure (top) and single crystal structure (bottom) of compound 1.
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around 1050 nm due to localized oxidation of the DTP core. The
above spectral changes upon stepwise oxidation and reduction
proved to be essentially reversible (Fig. 5). More intriguingly,
compound 1 exhibited different emission behaviors in different
oxidation states in solution, as shown in Fig. 6, and different
associated fluorescence colors under UV light at a wavelength of
365 nm (Fig. 7). The above observations indicate that this com-
pound may potentially be used as an electroswitchable electro-
chromic material.
4. Conclusions

A DTP derivative with two twisted TPA termini has been
developed. It exhibits two consecutive oxidation steps at relatively
low anodic potentials as a result of a high level of electron delo-
calization between the TPA groups. The rigid DTP linking core
makes a significant contribution to the oxidation process, based on
the results of electrochemistry, spectroelectrochemistry, and DFT
calculations. UV/Vis/NIR spectroelectrochemical studies have indi-
cated that the associated oxidized species of compound 1 show
strong redox-switchable NIR absorptions in solution, accompanied
by an obvious change in luminescence color. Mechano-
fluorochromic studies have shown that mechanical grinding of
powdered 1 leads to an obvious change in its fluorescence color
from yellow-green to green, as a result of the collapse of weak
intermolecular C-H$$$p interactions. XRD analysis has revealed
that the observed reversible fluorescence switching is associated
with an interconversion between a crystalline state and an amor-
phous phase. Dichloromethane vapor fuming of the amorphous
phase leads to reversion to the crystalline phase. Therefore, our
studies have indicated that this compound might serve as a
promising electrochromic and mechanochromic switching mate-
rial. More importantly, this workmay be helpful for the exploration
of new intelligent materials displaying multifunctional responsive
behaviors.
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