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ABSTRACT

The synthesis of a series of highly luminescent, functional dithienophospholes via a click reaction is reported. Slight modification of the lateral
aromatic substituents leads to a significant difference in their solid-state organization. In addition, a novel water-soluble β-cyclodextrin hybrid is
demonstrated to be an effective sensor for picric acid.

By virtue of their unique bonding and electronic proper-
ties, the incorporation of main-group elements (e.g., B, Si,
P) offers great opportunities for efficiently tuning the
optoelectronic properties of π-conjugated materials at
the molecular level.1�3 Phosphole-based π-conjugated
compounds, in particular, have attracted significant atten-
tion because of the versatile reactivity of the P center that
endows these materials with tunable photophysical and
redox properties, as well as interestingmolecular organiza-
tion and self-assembly.3 Systematic studies by others and
our group have revealed that the LUMO energies of the
phosphole derivatives are stabilized through σ*�π* orbi-
tal coupling, which also makes phosphole-based materials
very promising electron-acceptor materials.3

Over the past decade, we have established the dithieno-
[3,2-b:20,30-d]phosphole (Figure 1) as a unique building
block for the development of highly emissive materials.4

To date,most efforts have invested on theP-phenyl species
(I) for tuning the optoelectronic and self-assembly proper-
ties of the system via introduction of different aromatic
groups on the conjugated backbone (at R1 and R2), or
simple modification of the phosphorus center (E = lone
pair, O, S, Meþ, BH3, and metals).4e In doing so, we were
able to successfully utilize this intriguing building block
in a variety of different functional materials such as
white-light emitting species,5 sensors,6 liquid crystals, and
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organogels.7 In addition, we have revealed that replace-
ment of the P-phenyl group with other polyaromatic
hydrocarbon substituents (e.g., II) or the electron-donat-
ing triphenylamine (III) leads to charge- and electron-
transfer properties, as well as interesting molecular
packing.8 Very recently, we have reported a novel class
of phospholes with an alkynyl group at the P center (IV),
by which the self-assembly behavior can easily be tuned
using the highly efficient “click” reaction. This synthetic
strategy affords a P-triazole substituent, which was pro-
posed to simply behave as a linker, akin to its P-phenyl
congener.9

Herein, we further elucidate the molecular structures of
P-triazole dithienophospholes and the role the triazole
plays for their solid-state organization. In this context,
the tunability of the photophysical properties via lateral
substituents (1�3) was also investigated (Scheme 1). In
addition, we report a novel water-soluble dithienophosp-
hole 4 by hybridization with a β-cyclodextrin (β-CD) that
is a well-known supramolecular host to bind a variety of
organicmolecules,10 aswell as its application as fluorescent
sensor for picric acid in aqueous media.
Compounds 1�4 were synthesized in high yield

(80�90%) via a Huisgen click reaction from the precursor
dithienophosphole (A) with corresponding azides, accord-
ing to our previously reported procedure.9 Details on the
synthesis are given in the Supporting Information. All
new compounds were fully characterized by 1H, 13C, and
31P NMR spectroscopy, as well as high-resolution mass
spectrometry. Transforming the alkynyl moiety (δ31P A:
�10.9 ppm) into a triazole (1�4: 4.0�6.6 ppm), leads to a
significant downfield shift of the 31P NMR signals, similar
to our previous report.9 Suitable single crystals for X-ray
crystallography of compounds 1 and 3 were obtained
from slow evaporation of their concentrated solutions in
acetone or methanol at room temperature, respectively
(Figure 2). The bond lengths and angles (Supporting
Information) are in good agreement with previously re-
ported P-phenyl dithienophosphole oxides.4 The unit
cell of compound 1 exhibits two independent molecules.

Notably, intermolecular PdO---H�C (triazole) hydrogen
bonding (HB) interactions at distances of 3.2 and 3.0 Å
(between O and C) for 1 and 3, respectively, clearly
illustrate the noninnocent nature of the triazole unit. The
shorter distance in 3 indicates strongerHB interaction, as a
result of the electron-withdrawing features of the C6F5

moiety. The torsion angles of 1 (36.1� and 21.5�) between
the triazole and the P-substituent are smaller that that of 3
(56.6�), partly because of an additional, weaker HB inter-
action between PdO and H�C (P-phenyl). Weak π�π
stacking between two neighboring planar dithienophosp-
hole scaffolds is observed for both compounds (d=3.54 Å
for 1, 3.82 Å for 3).
Interestingly, in the packingof3, six pentafluorobenzene

rings form the perimeter of a nanoporous tube with a
diameter of ∼8 nm, which is partially (ca. 15�20%)
occupied by disordered methanol molecules (Figure 2b).
The pore volume corresponds to ∼12% of the total
volume. The effect of the fluorinated benzene ring thus
suggests some potential for the engineering of self-as-
sembled materials using these species as building blocks
in the context of gas capture and storage.11

The photophysical data of the new phosphole com-
pounds are summarized in Table 1. The compounds are
highly fluorescent in solution; in CH2Cl2, compounds 1�3

show very similar absorption (λabs = 365�367 nm) and
emission (λem = 453�456 nm) features, with comparable
quantum yields of about φPL = 0.6. The different lateral
aromatic substituents do not exhibit an obvious effect on
the photophysical properties, suggesting the unlikeliness of
charge-transfer processes from the lateral moiety to the
dithienophosphole, which was observed for the triphenyl-
amine system III (Figure 1).8a This can be attributed to the
poor electronic communication between the two units, as

Figure 1. Structures of dithieno[3,2-b:20,30-d]phospholes.

Scheme 1. Synthesis of P-Triazole Dithieno[3,2-b:20,
30-d]phospholes via Azide�Alkynyl Click Reaction
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confirmed by DFT calculations (vide infra). A modest
solvatochromic effect is observed for 1�3 in solvents with
different polarity (hexanes, CH2Cl2, CH3CN, DMF,
CH3OH), as shown in Figure 3. The Lippert�Mataga plot
for 1�3 is shown in Figure S3, Supporting Information.12

In protic solvents, i.e., MeOH, a red shift ofΔλem∼ 12 nm
is observed for the emission and tentatively assigned to the
stabilization of the excited state byHBbetween the solvent
and the triazole moiety.13

Cyclodextrins (CDs) are promising macrocyclic hosts
due to their unique hydrophobic cavity allowing for
efficient extraction and binding of organic molecules
in water.10 It is well-known that the attachment of

fluorophores to the CD scaffold is not only capable
of improving the water solubility of the former, but they
can also act as fluorescent sensors for organic guest
molecules.10 In this context, we have targeted the new
CD-functionalized dithienophosphole 4. Hybridization
with β-CD significantly improves the water solubility of
4 but at the same time maintains its pronounced lumines-
cence. A slight decrease in the quantum yield of 4 (φPL =
0.45) is attributed to the nonrigidCDmoiety that opens up
nonradiative relaxation pathways.13 Because of the short
CH2 linker between CD and the dithienophosphole, the
luminophore cannot enter the hydrophobic cavity of CD.
This is confirmed by the red shift in both the absorption
(Δλabs= 6 nm) and emission (Δλem= 20 nm) of 4 inH2O,
compared to that of 1 in CH2Cl2, and which is consistent
with the solvatochromism of 1�3. The fixated location of
the dithienophosphole should thus allow easy access to the
CD cavity for guest molecules without competing with the
attached luminophore.10

The detection of explosives is a major security concern
and development of effective sensory materials to this end
is consequently highly valuable.14 To test the utility of 4 as
effective sensory material for explosives, we have selected
picric acid as target analyte for our study. As shown in
Figure 4, addition of picric acid to an aqueous solution of 4
produced significant fluorescence quenching, with the
intensity ratio (IF/I0) of 0.39, 0.16, 0.07, and 0.04 in the
presence of 1, 2, 3, and 4 equiv of picric acid, respectively,
allowing for an easy detection, even with the naked eye.
The emission quenching is attributed to an energy and/or
electron transfer from 4 to the picric acid acceptor, trig-
gered by the inclusion of the picric acid inside the CD
cavity (Figure S5, Supporting Information).A comparable
feature has also been observed in other luminescent
explosives sensors.14 Notably, however, this is the first
example of a phosphole-based sensor for detection of
nitroaromatics in aqueous medium.15 The binding con-
stant (logKs= 4.80( 0.02) was obtained froma nonlinear
least-squares fit for 1:1 binding (Figure S6, Supporting
Information).16 This value is comparable to the previously
reported phosphole oxide sensor system by Shiraishi
el al.15 Importantly, the detection limit for picric acid lies
in the nanomolar range and the response time is very fast
(seconds). Moreover, the extent of emission quenching of
4 in the presence of 1 equiv of picric acid after 30 s is
practically identical to that after 2 h (FigureS7, Supporting
Information), confirming the persistence of the inclusion
complex.
To obtain a better understanding of the photophysical

and electronic properties, density functional theory (DFT)

Figure 2. Molecular structures, intermolecular interaction, and
supramolecular organization of 1 (a) and 3 (b) in the solid state
(50% probability level). Selected bond lengths and angles are
shown in Figures S1 and S2, Supporting Information.
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calculations (B3LYP/6-31G(d)) were performed.17 The
HOMO and LUMO orbital diagrams and energy levels
of 1�3 are shown in Figure S8 (Supporting Information)
and Table 1. The HOMO orbitals represent the π-systems
of the conjugated backbone and the lone pair on the
oxygen atom. The LUMO orbitals mainly consist of the
π*-systems of the conjugated backbone and some minor
contribution from the triazole moiety. Almost no contri-
bution from the aromatic groups connected to triazole unit
is observed, suggesting the absence of anypotential charge-
transfer processes. As expected, increasing the electron-
acceptor properties of the lateral aromatic groups leads to
a stabilization of both the HOMO and LUMO energies.
However, the calculated energy gaps (Eg), 1 (3.91 eV) = 2

(3.91 eV) > 3 (3.89 eV), are fully consistent with the
observed photophysics (λem: 1 = 2 < 3). Furthermore,
the calculated UV/vis spectra from time-dependent DFT
(TD-DFT) also agree verywell with the experimental data.
The UV/vis absorptions mainly come from π�π* HOMO
�LUMO transitions, with significant contributions of
83�84%.
In summary, we have reported the synthesis of func-

tional dithienophospholes and a cyclodextrin-based sensor

for detection of nitroaromatic-based explosives in water.
Due to poor electronic communication, the effect of the
lateral aromatics on the photophysical properties of the
main scaffold is negligible. However, the slight change
from phenyl to pentafluorophenyl as lateral aromatic
group leads to significantly different molecular packing
in the solid state, highlighting the promising potential of
this new class of compounds for the crystal engineering of
functional solid-state materials.
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Table 1. Photophysical and DFT Data for 1�4

TD-DFT[c] DFT[c]

compd λabs/nm
a (ε/dm3 mol�1 cm�1) λem

a/nm ΦPL
[b] λ/nm f transition[d] LUMO HOMO Eg

1 365 (5431) 453 0.61 372 0.1857 HfL (83%) �1.91 �5.82 3.91

2 365 (5878) 453 0.63 371 0.1871 HfL (83%) �1.84 �5.76 3.92

3 367 (6162) 456 0.62 374 0.1751 HfL (84%) �2.04 �5.93 3.89

4 371 (6446) 473 0.45

a InCH2Cl2 solution at 298K. [b]Fluorescence quantumyield, relative to quinine sulfate (0.1MH2SO4 solution); excitation at 365 nm. [c]Calculated
with Gaussian 09, revision A.02; B3LYP/6-31G(d) level of theory. [d] λ=wavelength, f= oscillator strength, H=HOMO, L= LUMO; coefficient
percentage of orbitals involved in the transition.

Figure 3. Normalized emission spectra for the solvatochromic
studies of 1(a) and 3 (b).

Figure 4. Changes in the emission color(a) and emission spectra
(b) of 4 (5.0 � 10�5 M) in water upon addition of picric acid,
excitation at 365 nm.
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