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ABSTRACT: The syntheses, spectroscopic characterization, and fluorescence quenching efficiencies of 1,1-
silole- and 1,1-silafluorene-phenylenedivinylene polymers are reported. Model dimeric metallole compounds
containing a phenylenedivinylene bridge have been synthesized to provide detailed structural and spectroscopic
insight into conformational effects and electron delocalization. Poly((tetraphenyl)silole-phenylenedivinylene)
and poly(silafluorene-phenylenedivinylene) both maintain a regioregulartrans-vinylene Si-C backbone with
σ*-π/π* conjugation. Various hydrosilylation catalysts were screened to evaluate their ability to produce high
molecular weight polymers and to direct a strictlytransproduct. Molecular weights (Mw) for these polymers are
in the range of 8400-9600. Fluorescence spectroscopy shows a significant bathochromic shift for the silafluorene
polymer from solution to the solid state. A surface detection method for the analysis of solid particulates of TNT,
DNT, PA, RDX, HMX, Tetryl, TNG, and PETN by fluorescence quenching was explored. The blue-emitting
silafluorene polymer exhibited improved sensitivity for detecting explosive particle residues as compared to
previously reported metallole polymers. Detection limits as low as 100 pg cm-2 for TNT are obtained. The
Stern-Volmer equation quantitatively models the fluorescence quenching of these polymers by TNT, RDX, and
PETN in thin solid-state films.

Introduction

The recent rise in global terror threats and the general
availability of high explosives and precursors thereof have
increased demand for improved explosives screening processes.
Current detection methods include but are not limited to gas
chromatography coupled with mass spectrometry,1 gas chro-
matography-electron capture detection,2 surface-enhanced Ra-
man spectroscopy,3 mass spectrometry,4 X-ray imaging, nuclear
quadrupole resonance, thermal and fast neutron analysis, and
ion mobility spectrometry,5 colorimetric methods,6 and fluori-
metric detection.7 The recent success of amplified fluorescence
quenching with conjugated polymers to detect nitroaromatics8

has prompted the development of new polymeric materials for
explosives detection. Luminescent polymers offer rapid response
times, low detection limits, intuitive interpretation, and cost-
efficient solutions. The properties of luminescent polymers can
be altered through tuning of the HOMO and LUMO energy
levels through chemical modification of the polymer backbone
and the degree ofπ-conjugation.9 By extending the conjugation
length, properties such as electron-hole mobility, emission
wavelength, crystal packing (excimer emission), and amplified
chemosensor response can be altered. Poly(p-phenyleneethy-
nylene)s have been widely studied because of their highly rigid
and delocalized structures. The use of acetylenic polymers can
be problematic in solid-state applications due to self-quenching,
so bulky pendent groups are required to prevent theπ-stacking
that leads to quenching; however, this often requires lengthy
syntheses.

Another approach is to use a more flexible vinylene frame-
work that maintains orbital conjugation while inhibitingπ-stack-
ing in thin-films. Polymers consisting ofp-vinylene units are
among the most popular due to their strong emissive properties.10

Techniques used to access these vinylic functionalities include

Heck coupling,11 Wittig condensation,12 the Gilch route,13 and
the Suzuki-Heck cascade.14 These reactions either require
multistep synthetic procedures, harsh reaction conditions, and
specific precursors or are incompatible with various functional
groups. To maximize conjugation, a regular trans-stereochemical
framework is essential. A lack of regioregularity can shorten
the length of the conjugated segments within the polymer and
inhibit exciton mobility along the polymer backbone. Charac-
terization of the stereochemistry of the important vinylene bridge
is often difficult due to broadening in the aromatic region of
the 1H NMR spectrum of high molecular weight polymers.

Silane-phenylenedivinylene copolymers have recently been
synthesized by hydrosilylation and palladium-catalyzed coupling
of dihydridosilanes with unsaturated carbon linkers (Figure
1a).15-18 These copolymers are slightly delocalized throughσ-π
conjugation in the silicon-carbon framework. Silicon-doped
poly(vinylenes) are also promising OLED and preceramic
materials.19-23 The inclusion of silicon into the polymer
framework stabilizes the structure and creates a more flexible
and soluble polymer.24 Delocalization is limited in these
polycarbosilanes because of minimal conjugation between
π-systems through the silicon atom and the mixture of geometric
isomers often produced during the hydrosilylation reaction
(trans, cis, gem). These polymers also lack the visible photo-
luminescence (PL) properties required for imaging applications
as fluorescent chemosensors.

Siloles, or 1-silacyclopentadienes, and poly(tetraphenyl)siloles
have attracted attention because of their unique photolumines-
cent properties.25,26 Applications include electron-transporting
materials27 and inorganic polymer sensors,28-31 which take
advantage of theσ*-π* conjugation between theσ* orbital on
the silicon centers of the polymer backbone and theπ*
molecular orbital of the butadiene moiety in the metallole ring.
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Dehydrocoupling32 and Wurtz coupling33 approaches have been
used to prepare these materials, which are short chain oligomers
that are susceptible to photobleaching from the weak Si-Si
backbone. Hydrosilylation has also been used to create short
polymer chain conjugated silole and silafluorene polymers that
incorporate a vinylene-bridged Si-C backbone (Figure 1b).34

These polymers have shown promise as a new class of robust,
conjugated vinylene polymers for chemical sensor and UV-
emitting applications. However, visualization of these polymers
is not optimal due to their predominant UV-emission properties.
Silafluorene is attractive as a fluorophore because of its ability
to sense a wide range of explosive analytes.34 It also provides
improved thermal stability and eliminates g-band (green emis-
sion) defects often seen in fluorene-based UV-blue-emitting
materials.35 The copolymerization of silafluorene in the 1,1-
positions with an unsaturated organic comonomer offers the
possibility of a new type of stable blue-emitting material.

This paper focuses on the synthesis of silole and silafluorene
copolymers by catalytic hydrosilylation of 1,4-diethylnylbenzene
(DEB) for use in explosives detection. These materials form a
new class of easily synthesized phenylene-divinylene conju-
gated polymers. Model dimeric complexes were synthesized and
characterized by single-crystal X-ray diffraction to provide
insight into the structural conformation and orbital overlap in
these systems. Catalyst and reaction temperatures were varied
to optimize formation of the regioregulartrans product. The
photoluminescence properties of these materials were character-
ized both in solution and in thin films. The blue-emitting
silafluorene copolymer exhibits excellent detection for a wide
range of common high explosives. The ease of synthesis,
processability, and enhanced detection limits obtained for a
range of explosives make them attractive alternatives to current

particle sensing technology. The thin-film stability, extended
conjugation, and conformational flexibility also make these
polymers promising new materials for blue-emitting photolu-
minescence and possibly electroluminescence applications.

Results and Discussion

To test whether hindered siloles would undergo catalytic
hydrosilylation, 1-methyl-1-trans-(2-trimethylsilyl)ethenyl-
2,3,4,5-(tetraphenyl)silole (1) was synthesized by the H2PtCl6
(CPA)-catalyzed hydrosilylation of trimethylsilylacetylene with
1-methyl-1-hydrido(tetraphenyl)silole (Scheme 1). The starting
material is consumed within 10 min, as indicated by the
disappearance of the Si-H proton resonance and appearance
of vinylic protons in the1H NMR spectrum. The crystal structure
reveals exclusivecis-â-addition (yielding thetransproduct) to
the trimethylsilylacetylene group, which is promoted by steric
crowding between the metalloid center and the 2,5-phenyl
groups on the silole unit (Figure 2). Withâ-addition favored,
this approach held promise for the stereospecific synthesis of
regular copolymers by catalytic hydrosilylation.

Model dimeric complexes were then synthesized to aid
structural characterization of new phenylenedivinylene polymers
(Scheme 2). Synthesis of 1,4-di(1-methyl-1-trans-ethenyl-
2,3,4,5-(tetraphenyl)silole)benzene (2) produced a regioregular
structure using CPA catalyst in toluene at temperatures ranging

Figure 1. Chemical structures of silicon-containing vinylene polymers.
(a) Silane-phenylenevinylene polymers with irregular stereochemistry
about the vinylene moieties. (b) Silole- and silafluorene-vinylene
polymers withσ*-π/π* conjugation through the silicon center.

Scheme 1. Hydrosilylation of Trimethylsilylacetylene by
1-Hydrido-1-methyl-(tetraphenyl)silole Using H2PtCl6

Figure 2. Thermal ellipsoid plot of1 at the 50% probability level.
Selected bond lengths (Å): Si1-C1 1.856(2), C1-C2 1.866(1), Si2-
C2 1.358(2) and angles (deg): Si1-C1-C2 93.21(6), C1-C2-Si2
107.4(1), C3-Si1-C1 107.0(1), C4-Si1-C7 116.1(1). The phenyl ring
bound to C7 was modeled with a disorder model using two conforma-
tions.

Scheme 2. Synthesis of 2 and 3 by Catalytic Hydrosilylation
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from 25 °C to its boiling point (Scheme 2). A strictlytrans
product was confirmed by X-ray diffraction (Figure 3). The
synthesis of 1,4-di(1-methyl-1-trans-ethenyl-silafluorene)ben-
zene (3) was first attempted by refluxing the starting materials
in toluene; however, the1H NMR spectrum revealed a mixture
of cis (doublet at 6.41 ppm,J ) 19 Hz),gem(two doublets at
6.03 and 5.83 ppm,J ) 2.4 and 2.4 Hz), andtrans-vinyl (two
doublets at 7.07 and 6.51 ppm,J ) 19.2 and 19.2 Hz) isomeric
products. However, by stirring the starting materials at room
temperature for 12 h, thetrans-only product3 was obtained in
79% yield. X-ray quality crystals were obtained by slow
evaporation of a hexane solution, and the structure was found
to adopt a regioregulartrans structure for both vinylene
functionalities (Figure 4). The effect of reaction temperature
on the stereochemistry of3 is explained by the sterically less
demanding environment at silicon for the silafluorene moiety
as compared with the (tetraphenyl)silole. On oxidative addition
to the platinum center, 1,2-insertion of the Si-H bond across
the coordinated triple bond of DEB exhibits reduced steric
control in the case of the silafluorene. Therefore, a reduced
temperature is necessary to select the kinetically favoredtrans
product.

To test the importance of steric crowding, we synthesized
an iptycene-substituted silafluorene (Figure 5). The iptycene
functionality provides a bulky framework around the silafluorene
core unit. Attempts to polymerize this siliptycene monomer by
both dehydrocoupling and catalytic hydrosilylation of 1,4-

diethynylbenzene failed over a range of temperatures and
catalysts. The lack of reactivity observed at the silicon center
supports the notion that catalytic hydrosilylation in these systems
is susceptible to control by steric effects.

Thetrans-vinylene bond lengths of 1.325(2) Å in2 are typical
carbon-carbon bond lengths. The torsion angles for Si1-C6-
C7 (silole-vinyl) and C6-C7-C8 (vinyl-phenyl) are 125.69-
(15)° and 127.13(18)°, respectively. The out-of-plane angle
between the vinylene groups and the bridging phenylene
functionality is only 7.0°. However, the vinylene unit plane for
2 lies at 84.8° with respect to the face of the silole unit. This
near-orthogonal alignment suggests minimal orbital overlap
between the vinylene unit and theσ* orbital of the silicon center.
The poor alignment at the silicon center should reduce exciton
delocalization along the chain in the polymer if a similar
structure is adopted as for the dimer.

Dimer 3 shows a similar structure as2 with a trans-vinylene
bond length of 1.337(3) Å and torsion angles of 123.14(16)°
and 126.13(18)° for Si1-C14-C15 (silafluorene-vinyl) and
C14-C15-C16 (vinyl-phenyl), respectively. The torsion
angles are slightly smaller than the ones observed in2 due to
the less sterically demanding silafluorene moiety. The out-of-
plane angle between the vinylene groups and the bridging
phenylene functionality is 20.9°. The plane of the vinylene unit
in 3 is at 71.0° with respect to the plane of the silafluorene
unit. This allows theπ-orbitals of the vinylene unit to better
face the silacyclopentadiene, creating partial overlap with the
σ* orbitals of the silicon center. Since theσ* orbitals at silicon
have a major contribution to the LUMO of this photoluminescent
monomer, conjugation in the silafluorene polymers is expected
to be better than in the (tetraphenyl)silole analogue. Figure 6
contains the superimposed structures of the dimers.

With the stereochemical regularity of the hydrosilylation
reaction optimized through kinetic control, poly((tetraphenyl)-
silole-phenylenedivinylene) (4) and poly(silafluorene-phe-
nylenedivinylene) (5) were synthesized in good yield (>80%)
with the CPA catalyst (Scheme 3). Isolated yields are lower
than the spectroscopic yields due to the removal of low
molecular weight oligomers through multiple precipitations.
Although CPA is a commonly used heterogeneous catalyst for
hydrosilylation reactions, several other catalysts were screened
for the copolymerization of 1,1-dihydrido(tetraphenyl)silole (H2-
silole) and 1,1-dihydridosilafluorene (H2SF) with DEB in an
attempt to improve polymer yields and to increase molecular
weights. The catalysts screened include Wilkinson’s catalyst
(RhCl(PPh3)3), Pd(PPh3)4, and Karstedt’s catalyst (platinum-
divinyltetramethyldisiloxane) (Table 1). All polymers were
analyzed using1H NMR and GPC to characterize polymer
stereoregularity and molecular weights, respectively. Although
the Pd(PPh3)4 catalyst forms4 and5 in high yields, and with
comparable molecular weights (Table 1), the removal of the
homogeneous catalyst presents a purification challenge. Wilkin-
son’s catalyst produces slightly lower molecular weights with
lower yields. This could be due to competitive polymerization
pathways as it is also an effective catalyst for dehydrocoupling.32

Karstedt’s catalyst produces the lowest molecular weights and

Figure 3. Thermal ellipsoid plot of2 at the 50% probability level.
Hydrogen atoms and solvent molecules omitted for clarity. Selected
bond lengths (Å): Si1-C6 1.8461(18), C6-C7 1.325(2), C7-C8
1.473(2) and angles (deg): C1-Si1-C4 92.57(8), Si1-C6-C7 125.69-
(15), C6-C7-C8 127.13(18).

Figure 4. Thermal ellipsoid plot of3 at the 50% probability level.
Hydrogen atoms omitted for clarity. Selected bond lengths (Å): Si1-
C14 1.848(2), C14-C15 1.337(3), C15-C16 1.476(3) and angles
(deg): C2-Si1-C13 91.08(9), Si1-C14-C15 123.14(16), C14-C15-
C16 126.13(18).

Figure 5. Chemical structure of 1,1-dihydrido-4,5,8,9-bis(triptycene)-
silafluorene (siliptycene). The experimental procedure for its synthesis
is provided in the Supporting Information.
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yields of the four catalysts studied. This liquid platinum
disiloxane catalyst is inconvenient and separation from the
product is problematic. Overall, CPA produces the highest
molecular weights and yields, and it is separated easily from
the polymer by filtration. Polymers4a and5a seen in Table 1
were chosen for all the photoluminescence and explosives

detection studies and will hereafter be referred to as4 and5,
respectively.

Photoluminescence.Photoluminescence (PL) data for all the
compounds synthesized in this study are listed in Table 2. For
the silole-containing materials, there is no shift in the fluores-
cence emission from monomer (H2silole) to dimer2 (Figure
7). There is only a slight bathochromic shift of 5 nm (213 cm-1)
for the corresponding polymer4. These results are consistent
with the structural analysis, which revealed an orthogonal
alignment of the bridging organicπ-system and the Si-C σ*-
orbitals in dimer2. The flexibility of the phenylene-divinylene
units in solution for high molecular weight materials, such as
polymer4, may allow population in the solution phase of some
conformers with improved alignment. In contrast, the silafluo-
rene dimer revealed a better alignment for conjugation of the
bridging organicπ-system and the Si-C σ*-orbitals. The
fluorescence emission of dimer3 is red-shifted 5 nm (419 cm-1)
from the H2SF monomer (Figure 7), and polymer5 is red-shifted
another 11 nm (880 cm-1) from dimer 3. There is also
significant peak broadening in the emission spectrum of polymer
5 as compared to H2SF and3. This suggests that polymer5 has
a partially delocalized structure and is a better candidate for
fluorescence detection applications with improved exciton
mobility.

Figure 6. Superimposed crystal structures of2 (gray atoms) and3
(black atoms). Structures were aligned according to the phenylene
subunit. Top: a side view of the structures. Hydrogen atoms and phenyl
rings for 2 were omitted for clarity. Bottom: a view down the plane
of the phenylene ring with half of the structures omitted for clarity.
The large out-of-plane angle for3 as compared to2 allows for better
orbital overlap between the vinylene group (π/π*) and the silicon center
(σ*).

Scheme 3. Synthesis of 4 and 5 by Catalytic Hydrosilylation

Table 1. Polymerization Results for 4 and 5 Prepared by Catalytic
Hydrosilylation with Various Catalysts in Toluene for 24 h

entry conditions catalysta
yieldb

(%)
Mw

(GPC)
Mw/
Mn

c

4a reflux H2PtCl6 51 8400 1.8
4b reflux Wilkinson’s catalyst 49 6000 1.8
4c reflux Karstedt’s catalyst 67 5600 1.5
4d reflux Pd(PPh3)4 75 5500 1.3
5a room temp H2PtCl6 68 9600 2.0
5b room temp Wilkinson’s catalyst 63 4400 1.7
5c room temp Karstedt’s catalyst 69 3700 2.1
5d room temp Pd(PPh3)4 51 5300 1.8

a Reactions performed with following quantity of catalyst (mol %):
H2PtCl6 (0.2), Wilkinson’s (2.0), Karstedt’s (1.0), Pd(PPh3)4 (1.0). b Cal-
culated after three precipitations from methanol.c Calculated by GPC.

Figure 7. UV-vis and fluorescence spectra of siloles (H2silole, 2,
and 4) and silafluorenes (H2SF, 3, and 5) showing a bathochromic
emission shift for the polymers, and peak broadening of5.
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Quantum yield measurements show that the silafluorene
materials are efficient emitters in solution. Polymer5 has a
fluorescence quantum yield of∼4%, which is an order of
magnitude greater than polymer4. However, polymer4 has a
higher solution fluorescence quantum yield than previously
prepared (tetraphenyl)silole polymers.32 Conformational flex-
ibility in solution is known to increase nonradiative decay
pathways, lowering the fluorescence quantum yields in solution
as compared to the solid state.36 Thus, the rigid siliptycene
monomer (Figure 5) has the highest solution emission quantum
yield (27%). It is well-known that solid-state emission intensities
of the (tetraphenyl)silole polymers are often 20-30 times larger
than in solution, an effect called aggregation-induced emission
(attributed to restricted phenyl ring rotation in the solid state).

Solid-state fluorescence studies were conducted to gain insight
into the thin-film PL properties of polymers4 and5. Previous
studies with (tetraphenyl)silole and silafluorene-containing
polymers show that silica thin-layer chromatography (TLC)
plates serve as an effective, low-cost medium for the analysis
of thin-film PL properties.34,37Polymers4 and5 were developed
onto silica TLC plates (Whatman PE SIL G/UV) using
chloroform (4 mg mL-1). The area developed was maintained
at 6 cm2 for each sample. Dimers2 and3 were examined for
comparison. Figure 8 shows the fluorescence emission com-
parison between dimers and polymers in the thin films. Polymer
4 shows no significant shift in the emission spectrum from its
dimer 2 or from its solution-phase emission (Figure 7). This
supports the conclusion that there is limited conjugation through
the backbone of this polymer and that the sterically demanding
phenyl substituents prevent interchain stacking and excimer
emission.37 In contrast, the thin-film fluorescence spectrum for
polymer5 is shifted 88 nm (5484 cm-1) from its solution-phase
emission spectrum. This is consistent with formation of a

partially ordered film whereπ-stacking interactions between
polymer chains create a network of overlapping frontier mo-
lecular orbitals, facilitating excimer emission. There is a change
from a predominantly high-energy UV emission in solution to
a blue emission in solid films. This dramatic red-shifted
luminescence is an important feature for solid-state emitting
applications and improves visualization of the polymer film for
imaging sensor applications.

Explosives Detection.Important high explosives for fluo-
rescence quenching detection applications contain nitroaromatic,
nitrate ester, or nitramine functionalities.38 Fluorescence detec-
tion takes advantage of the relatively low LUMO energies of
these explosive materials, which can accept an excited-state
electron from the fluorophore. Fluorescence detection studies
were carried out with a range of explosives materials including
2,4,6-trinitrotoluene (TNT), picric acid (PA), 2,4-dinitrotoluene
(DNT), cyclotrimethylenetrinitramine (RDX), cyclotetramethy-
lene-tetranitramine (HMX), 2,4,6-trinitrophenyl-N-methyl-
nitramine (Tetryl), trinitroglycerin (TNG), and pentaerythritol
tetranitrate (PETN). Detection of explosive particulates and solid
film residues were a focus, rather than detection of vapors, since
the explosives studied have very low vapor pressures. Vapor
pressures of production-line explosive mixtures can be further
reduced by a factor 1000 when sealed in plastics.38aThe method
explored here focuses on visual imaging of trace explosive
particles through a fluorescence quenching process.

Previous investigations using DFT calculations have shown
that explosive analytes have a large range of LUMO energies,
rendering it difficult to detect the broad class with one
fluorescent sensor.34 We recently have had success using UV-
emitting silafluorene materials that incorporate a high-energy
1SOMO (singlet singly occupied donor molecular orbital) that
lies above the LUMO energy of a larger range of explosives
than for previous fluorescence sensors.34 However, visualization
of these predominantly UV-emitting polymer films was difficult
due to the low emission intensity in the visible region of the
spectrum. Polymer5 was designed to maintain a high-energy
1SOMO with a slightly lower energy band gap for enhanced
visible blue emission and easier visualization. Dilute standards
of each explosive were prepared in toluene and stored in amber
vials to prevent photodegredation. The explosive solutions were
spotted onto Whatman filter paper or a porcelain tray at the
desired concentration level with use of a glass microsyringe.
Two surfaces were examined to determine any effect of substrate
porosity on the explosive detection process. A solvent blank
was included next to each analyte as a control. All solution spots
were a 5µL volume, producing a spot of∼1 cm in diameter.
After solvent evaporation, the substrate was airbrushed with a
solution of polymer (0.5 mg of polymer mL-1 in 2:1 toluene:
acetone) at a rate of 0.5 mL s-1. The addition of toluene
facilitates dissolution of explosive analytes for effective mixing
with the polymers to form a solid solution on drying. Polymers
4 and 5 were visualized using a UV-B (λem ) 302 nm) light
source with a UV-transmitting filter to eliminate background
radiation. Polymer4 exhibits a yellow-green luminescence, and
polymer 5 emits a bright blue luminescence. To verify that
detection also worked for authentic bulk commercial explosives,
a series of thumbprints containing production-line PETN
(NEWTEC Services Group Inc.) were also examined, so the
resultant contamination resembles what one may encounter in
the field.

For visual assessment, a double-blind test was carried out
using two spots of the explosive material at each concentration,
spotted randomly onto three locations along with solvent blanks.

Figure 8. Solid-state fluorescence emission spectra for siloles (2 and
4) and silafluorenes (3 and5). Inserted figures depict the luminescence
observed under a UV lamp (302 nm) for thin films of2-5 on silica
TLC plates.
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Illuminated samples were examined in a double-blind process
by an independent observer, who judged when quenching was
discernible. Dark spots in the luminescent film indicate quench-
ing of the polymer by the analyte (Figure 9). Detection limits
are reported as the lowest amount of explosive necessary for
the independent observer to discern quenching visually and
accurately (>95% accuracy) in the correct locations. A summary
of the detection limits is provided in Table 3. Lower detection
limits for polymer 4 were obtained on the smooth porcelain
substrate as compared with the porous filter paper. However,
polymer 4 is only able to detect the nitroaromatic explosives
TNT, DNT, PA, and Tetryl. This is expected due to the
unfavorable energy matching between the green-emitting (tet-
raphenyl)silole materials and the nonaromatic explosives with
high-energy LUMOs.34 Polymer5 shows better detection limits
for the nitroaromatic explosives than polymer4. The improved
conjugation of5 over4 may play a role in the increased exciton
migration and the amplified fluorescence quenching effect.
Polymer5 also shows the ability to detect the entire range of
nitramine, nitroaromatic, and nitrate ester explosives studied at
the same or better detection limits than achieved with previous
polymers.34,39 Several factors play a role in these results.
Polymer5 is highly luminescent in the visible blue region of
the spectrum when placed in thin films. The spacing between
silafluorene units in this phenylene-divinylene polymer is also
greater than in the vinylene polymers, allowing room for better
analyte-to-polymer interactions (Figure 10). These binding
interactions take place at the Lewis acidic silicon center;
therefore, less steric encumbrance surrounding these centers can
lead to better detection limits.34

Surface detection of explosives particulates is inherently
difficult to quantify. The human eye detection approach provides
a practical, but qualitative, forensic test. To better quantify
quenching efficiency at the molecular level, Stern-Volmer
quenching constants were determined for solid-state detection.
Silica TLC plates were chosen as the substrate due to the
consistency and reliability of the thin-film PL results. This
method offers a good imitation of a porous sampling substrate,
such as filter paper, often used for the collection of unknown

particulates. The analytes chosen for this solid-state study
include TNT, RDX, and PETN, each representing a different
class of nitrogen-based explosives. Solutions containing a
dissolved explosive and either polymer4 or 5 (4 mg mL-1 in
CHCl3) were individually developed onto the TLC plate with
varying explosive concentrations. This creates a thin-film solid
solution of polymer containing uniformly distributed explosive
analytes. While the Stern-Volmer equation is usually applied
to model a diffusing emitter and quencher, it also applies to

Figure 9. Examples of fluorescence quenching of a thin film of polymer5 by solid particulates of various explosives imaged with a Sony 2.0
megapixel digital camera under continuous UV excitation (302 nm). (A) Detection of TNT particulates (a) 64, (b) 32, (c) 16, and (d) 3 ng cm-2

on filter paper. A toluene blank was spotted as a control. (B) Detection of tetryl particulates (a) 64, (b) 32, (c) 16, and (d) 3 ng cm-2 on a porcelain
tray. The analyte was randomly place in 2 of 3 wells, and observed quenching was confirmed by an independent observer. (C) Detection of five
successive thumbprints on filter paper contaminated with production-line PETN particulates. Successive prints were placed in succession without
further handling of the explosive material.

Table 2. Summary of Photoluminescence Data for Monomers, Dimers, and Polymers

entry λabs(nm)a εmax (L mol-1 cm-1) solutionλflu (nm)a thin-film λflu (nm)c Φflu (%)d

H2silole 305 7500 482 485 0.13
H2SF 288 7700 343 365 24
2 306 14000 482 482 0.65
3 290 31000 348 380 17
4 322 7600b 487 478 0.60
5 294 14000b 359 447 4.0

a UV-vis and fluorescence taken in toluene.b Absorptivities are calculated per mole of silicon.c Emission maximum for thin layer of fluorophore absorbed
onto TLC plate.d Quantum yield (Φflu) of fluorescence(30%, relative to 9,10-diphenylanthracene in toluene.

Table 3. Summary of Solid-State Detection Limits (ng cm-2) for
Various Explosives by Fluorescence Quenching of Polymers 4 and 5a

a Dashed lines represent no detection at 64 ng cm-2 or less.
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static quenching where the emitting species binds the quencher.
The latter situation effectively applies in a solid solution.
Another quantitative technique to measure the efficiency of a
static fluorescence quenching process is the Perrin formulation.
However, this method requires the measurement of absolute
fluorescence quantum efficiencies in the bound and unbound
state. These quantities are difficult to obtain for solid-state, thin-
film analyses due to the lack of reliable reference materials.
Therefore, the Perrin formulation is usually applied to highly
concentrated solutions where the donor and acceptor moieties
are covalently linked. To our knowledge, the Stern-Volmer
analysis has not been used previously to model quenching
efficiencies in solid solutions. A typical graph of the fluores-
cence from each film is provided in Figure 11, showing
increasingly reduced emission in films containing increasing
amounts of explosives. By plotting the change in fluorescence
intensity vs the concentration of analyte in the solid solution,
the Stern-Volmer constant is obtained for solid-state quenching
from the slope of the line.

The observed quenching by TNT, RDX, and PETN reveals
good agreement with the Stern-Volmer equation withR2 values
>0.98. A summary of the Stern-Volmer constants (KSV) is

given in Table 4. As expected, TNT is detected by both4 and
5 with KSV of 3.5× 10-2 and 4.0× 10-1 ppth-1 (ppth) parts
per thousand by weight of the explosive dissolved in the polymer
film), respectively. Since as little as 6 ppth of explosive can
quench about 90% of the emission in polymer5, exciton
delocalization (both inter- and intrapolymer chain) in the solid
state must be significant. Polymer4 failed to demonstrate
fluorescence quenching in the presence of either RDX or PETN,
consistent with the results from filter paper and porcelain solid-
state detection studies. The fluorescence from polymer5 is
quenched in the presence of both PETN and RDX. However,
the KSV for these nonaromatic explosives are an order of
magnitude lower than observed for TNT, similar to the visual
filter paper and porcelain solid-state detection studies. Thus,
the process of depositing solid solution films by evaporation of
solutions of both analyte and fluorophore proved to be a simple
and advantageous method of quantifying quenching efficiencies
in the solid state. It also suggests possible algorithms for the
estimation of explosive particles from the spray-on imaging
method.

Insensitivity to common interferents is another important
consideration when developing an explosive sensing polymer.
Interference arises when fluorescence quenching results from a
substance other than the targeted analyte. Polymers4 and5 show
no change in luminescence when the polymer films are exposed
to common organic solvents such as THF, toluene, benzene,
acetonitrile, acetone, and methanol. There is some interference
from spotted benzophenone and benzoquinone, but only at
quantities exceeding 16 ng cm-2. These oxidizing aromatic
organic molecules, though not typically found in nature, are
typical interferents for other fluorescence quenching polymers.40

Overall, detection of the targeted explosive analytes was
achieved with excellent sensitivity. The strained silacycle of
both the (tetraphenyl)silole and silafluorene comonomers act
as Lewis acid centers that promotes binding of nitro- and nitrate-
containing explosive analytes.34 The incorporation of flexible
phenylene-divinylene units prevents self-quenching processes
in the thin films and maintains delocalization for fluorescence
quenching. Polymer5 shows a large bathochromic shift in the
solid state, creating a bright blue emission at low surface
concentrations. These new conjugated polymers show promise
as stable and efficient fluorescing materials for chemosensor,
photoluminescent, and possibly electroluminescent applications.

Experimental Section

General.Caution: TNT and picric acid are high explosiVes and
should be handled only in small quantities. Picric acid also forms
shock sensitiVe compounds with heaVy metals. Purchased explosiVe
standards were handled as dilute solutions to eliminate their
explosion hazard.All synthetic manipulations were carried out
under an atmosphere of dry argon gas using standard Schlenk
techniques. Dry solvents were purchased from Aldrich Chemical
Co. Inc. and used after purification with an MBraun Auto Solvent

Figure 10. Schematic representation of explosive analyte binding
events with polymer5. Planar aromatic molecules such as TNT (red)
as well as aliphatic explosive molecules such as RDX (blue) can readily
access the silicon centers by Lewis acid/base interactions in part due
to the spacing between silicon units created by the phenylene-
divinylene framework.

Figure 11. Solid-state fluorescence quenching of4 (top) and5 (bottom)
by TNT on silica TLC plates. The concentration of explosive is reported
in ppth of explosive-to-polymer (ppth) parts per thousand by weight).
The inset in the upper right of each plot represents the linear regression
analysis of the Stern-Volmer equation.

Table 4. Summary of Solid-State Stern-Volmer Constants (KSV) for
the Fluorescence Quenching of Polymers 4 and 5 by TNT, RDX,

and PETN on Silica TLC Platesa

KSV (ppth-1)

explosive 4 5

TNT 3.5× 10-2 4.0× 10-1

RDX 5.6× 10-2

PETN 5.0× 10-2

a Values reported in ppth-1 (ppth) parts per thousand by weight of the
explosive dissolved in the polymer film). No quenching was observed for
polymer4 with RDX and PETN.
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Purification System. Spectroscopic grade toluene from Fisher
Scientific was used for the fluorescence measurements. Trimethyl-
silylacetylene and 1,4-diethynylbenezene (97%) were purchased
from Aldrich Chemical Co. Inc. 1,4-Diethynylbenzene was sublimed
before use (30°C at 0.5 Torr). The following were prepared by
literature methods: 1-hydrido-1-methyl(tetraphenyl)silole,41 1,1-
dihydrido(tetraphenyl)silole,32 1-hydrido-1-methylsilafluorene,42 and
1,1-dihydridosilafluorene.43 NMR data were taken on 300, 400, and
500 MHz spectrometers. UV-vis spectra were obtained with the
use of a Hewlett-Packard 8452A diode array spectrometer. A
Perkin-Elmer LS 45 luminescence spectrometer was used to
recorded fluorescence emission and excitation spectra. IR spectra
were obtained on a Nicolet Magna-IR 550 spectrometer. GPC data
were obtained with the use of a Viscotek GPCmax VE 2001 GPC;
molecular weights were recorded relative to polystyrene standards
and low molecular weight silole monomers and dimers.

X-ray Crystal Structure Determinations. Diffraction intensity
data were collected with a Bruker P4/CCD Smart Apex CCD
diffractometer at 100 K for1 and 203 K for2 and3. Crystal, data
collection, and refinement parameters are given in Table 5. The
space groups were chosen on the basis of systematic absences. The
structures were solved by direct methods, completed by subsequent
difference Fourier syntheses, and refined by full matrix least-squares
procedures onF2. The data were integrated using the Bruker SAINT
software program and scaled using the SADABS software program.
Solution by direct methods (SIR-2004) produced a complete heavy-
atom phasing model consistent with the proposed structure. All non-
hydrogen atoms were refined anisotropically by full-matrix least-
squares (SHELXL-97). All hydrogen atoms were placed using a
riding model. Their positions were constrained relative to their
parent atom using the appropriate HFIX command in SHELXL-
97. All software and sources of scattering factors are contained in
the SHELXTL (5.10) program package (G. Sheldrick, Bruker XRD,
Madison, WI).

1-Methyl-1-trans-(2-trimethylsilyl)ethenyl-2,3,4,5-(tetraphe-
nyl)silole (1).1-Hydrido-1-methyl(tetraphenyl)silole (500 mg, 1.25
mmol), trimethylsilylacetylene (1 mL, 7 mmol), and 0.1-0.5 mol
% H2PtCl6 were vigorously refluxed in toluene (5 mL), under argon
for 10 min. The dark orange solution was filtered through a sintered
glass frit and evaporated to dryness. The remaining solid was
dissolved in 1 mL of THF and precipitated with 10 mL of methanol,
and the yellow powder was obtained by vacuum filtration on a
sintered glass frit. The product was recrystallized from hot pentane,
yielding yellow crystals (0.43 g, 68%).1H NMR (400.053 MHz,
CDCl3): δ 6.71-7.09 (m, 22H, silole Ph, and)CH-Si), 0.55 (s,
3H, CH3), 0.065 (s, 9H, CH3-Si). 13C{1H} NMR (100.59 MHz,
CDCl3): δ 157.4, 143.0 (t,)CH-Si), 154.9, 140.3, 139.6, 138.9
(q, carbons on silole ring and Ph), 130.0, 129.0, 127.8, 127.43,
126.2, 125.5 (q, Ph),-1.1 (s, (CH3)3-Si), -6.2 (s, CH3). 29Si{1H}

NMR (99.37 MHz, INEPT, CDCl3, TMS (δ 0.00)): δ -2.96,
-7.33. UV: λabs) 286, 366 nm. Fluorescence:λem ) 478 nm, at
λex ) 360 nm; mp) 118-119 °C. Calcd for C34H34Si2: C 81.8,
H 6.87. Found: C 81.2, H 6.95.

1,4-Di(1-methyl-1-trans-ethenyl-2,3,4,5-(tetraphenyl)silole)-
benzene (2).1-Hydrido-1-methyl(tetraphenyl)silole (500 mg, 2.6
mmol), 1,4-diethynylbenezene (170 mg, 1.3 mmol), and 0.1-0.5
mol % H2PtCl6 were vigorously refluxed in toluene (10 mL), under
argon for 10 min. The dark orange solution was filtered through a
sintered glass frit and evaporated to dryness. The remaining solid
was dissolved in 1 mL of THF and precipitated with 10 mL of
methanol, and the yellow powder was obtained by filtration on a
sintered glass frit. The product was recrystallized from hot benzene,
yielding yellow crystals (0.26 g, 72%).1H NMR (400.053 MHz,
CDCl3): δ 7.40 (s, 4H, benzyl), 6.83-7.10 (m, 42H, silole Ph,
and)CH-Si), 6.64 (dd, 2H,)CH-Ph), 0.65 (s, 6H, CH3). 13C-
{1H} NMR (100.59 MHz, CDCl3): δ 155.1, 147.4, 140.1, 139.5,
138.8, 138.1, 129.9, 129.0, 127.9, 127.5, 126.9, 126.3, 125.7, 122.8,
-5.5.29Si{1H} NMR (99.37 MHz, INEPT, CDCl3, TMS (δ 0.00))
δ -1.40. Calcd for C68H54Si2: C 88.1, H 5.87. Found: C 87.7, H
6.89.

1,4-Di(1-methyl-1-trans-ethenyl-silafluorene)benzene (3).1-Hy-
drido-1-methylsilafluorene (311 mg, 1.6 mmol), 1,4-diethynylben-
ezene (311 mg, 0.8 mmol), and 0.1-0.5 mol % H2PtCl6 were stirred
in toluene (5 mL) at room temperature, under argon for 12 h. The
light yellow solution was passed through a sintered glass frit and
evaporated to dryness. The remaining solid was purified by flash
chromatography on silica gel using hexanes-dichloromethane as
the eluent. Colorless crystals were collected from hexanes (0.325
g, 79%). 1H NMR (400.053 MHz, CDCl3): δ 7.86 (d, 4H,
silafluorene-Ph), 7.57 (d, 4H, silafluorene-Ph), 7.44 (t, 4H,
silafluorene-Ph), 7.36 (s, 4H, Ph), 7.29 (t, 4H, silafluorene-Ph),
7.07 (d, 2H, CdCH), 5.51 (d, 2H, CdCH), 0.60 (s, 6H, CH3). 13C-
{1H} NMR (100.59 MHz, CDCl3): δ 148.5, 147.0, 137.6, 133.5,
130.7, 127.8, 127.1, 126.8, 123.5, 121.2, 111.6,-5.08. 29Si{1H}
NMR (99.37 MHz, INEPT, CDCl3, TMS (δ 0.00))δ -8.8. Calcd
for C36H30Si2: C 83.3, H 5.90. Found: C 82.9, H 6.25.

Poly((tetraphenyl)silole-phenylenedivinylene) (4).1,1-Dihy-
drido(tetraphenyl)silole (100 mg, 0.26 mmol), 1,4-diethynylbenzene
(36 mg, 0.28 mmol), and 0.2 mol % H2PtCl6 (4a) or 2% Wilkinson’s
catalyst (4b) or 1% Karstedt’s catalyst (4c) or 1% Pd(PPh3)4 (4d)
were vigorously refluxed in toluene (5 mL), under argon for 24 h.
The dark orange solution was filtered through a sintered glass frit
and evaporated to dryness. The remaining solid was dissolved in 2
mL of THF, and a yellow solid was precipitated with 22 mL of
methanol. The precipitation procedure was repeated three times to
remove low molecular weight oligomers. A yellow powder was
collected by vacuum filtration (69 mg, 51%). Polymer4a was used
for the detailed characterization.1H NMR (300.075 MHz,

Table 5. Summary of X-ray Crystallographic Data

1 2 3

formula C34H34Si2 C92H78Si2 C36H30Si2
formula weight 498.81 1239.72 518.78
space group P21/n P-1 Pbca
a, Å 6.0014(4) 11.500(3) 14.3625(12)
b, Å 15.5685(11) 13.326(3) 13.0470(11)
c, Å 30.818(2) 13.958(3) 15.3108(13)
R, deg 90 62.081(4) 90
â, deg 93.6220(10) 74.553(4) 90
γ, deg 90 72.412(4) 90
V, Å3 2873.6(3) 1781.7(7) 2869.1(4)
Z 4 1 4
crystal color, habit colorless, block yellow, block colorless, prism
F(calc), g cm-3 1.153 1.155 1.201
µ(Mo KR), mm-1 0.144 0.097 0.147
temp, K 100(2) 203(2) 203(2)
reflections measured 24 815 12 819 7100
reflections ind. 6505 [Rint ) 0.0269] 8187 [Rint ) 0.0252] 3288 [Rint ) 0.0336]
R(F) (I > 2σ(I))a 0.0493 0.0596 0.0524
R(wF2) (I > 2σ(I))b 0.1310 0.1563 0.1350

a R ) ∑||Fo| - |Fc||/∑|Fo|. b R(ωF2) ) {∑[ω(Fo
2 - Fc

2)2]/∑[ω(Fo
2)2]}1/2; ω ) 1/[σ2(Fo

2) + (aP)2 + bP], P ) [2Fc
2 + max(Fo,0)]/3.
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CDCl3): δ 6.60-7.20 (br, 24H, silole Ph,)CH-Si, and)CH-
Ph), 7.40 (br, 4H, phenylene Ph). IR (KBr):νC≡C, Si-H 2142 cm-1,
νC≡C-H 3290 cm-1 (acetylinic hydrogen suggests polymer end
groups are terminal CtCH). Calcd for C38H28Si‚2H2O: C 83.2, H
5.88. Found: C 83.2, H 5.80.

Poly(silafluorene-phenylenedivinylene) (5).1,1-Dihydridosi-
lafluorene (100 mg, 0.55 mmol), 1,4-diethynylbenzene (79 mg, 0.62
mmol), and 0.2 mol % H2PtCl6 (5a) or 2% Wilkinson’s catalyst
(5b) or 1% Karstedt’s catalyst (5c) or 1% Pd(PPh3)4 (5d) were stirred
at room temperature in toluene (4 mL), under argon for 24 h. The
orange solution was filtered and evaporated to dryness. The
remaining solid was dissolved in 4 mL of THF and precipitated
with 40 mL of methanol. The precipitation procedure was repeated
three times to remove low molecular weight oligomers. A white
powder was collected by vacuum filtration (122 mg, 68%). Polymer
5a was used for the detailed characterization.1H NMR (300.075
MHz, CDCl3): δ 7.20-8.00 (br, 12H, silafluorene H-Ph), 7.00
(br, dd, trans-vinyl). IR (KBr): νC≡C, Si-H 2077 cm-1 (no CtCH
stretch indicates end groups are terminal Si-H). Calcd for C22H18-
Si‚H2O: C 81.0, H 5.56. Found: C 80.8, H 5.47.
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