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We demonstrate that attenuated luminescence and lasing in optically
excited organic thin films is a sensitive probe to vapours of explosives,
such as trinitrotoluene (TNT). The combined chemosensing gains from
organic amplifying materials and the lasing action, promise to deliver
sensors that can detect explosives with unparalleled sensitivity.

1. Need for High Sensitivity Chemosensors

As highlighted by recent worldwide conflicts and terrorist events, improvised explosive
devices (IEDs) defy conventional methods of defense. To mitigate this risk, it would be
beneficial to equip soldiers, first responders, and security personnel with the vapor
detection capabilities of a canine, allowing them to “sniff” out IEDs before they are
detonated. However, a detector with an extremely high sensitivity is required to sense the
trace levels of vapor emanating from the bulk explosive contained in a concealed device.
Unfortunately, most commercially available detection instruments fall short of the
requisite sensitivity. Typical chemical detection systems employ ion-mobilization
spectroscopy (IMS) to identify explosives, a technique which requires at least 100 pg of
analyte for assessment. The relatively low sensitivity of IMS technology necessitates
collection of analyte particles, not vapor, from air,
or from swabbed surfaces, which in many
detection scenarios is impractical, unlikely or
unsafe. For example, the standard IMS detection
techniques are not suited for detection of buried
landmines, or standoff detection, limiting their
applicability. Consequently, there is a present
need for more sensitive explosives detectors, in
order to achieve or exceed the sniffing capabilities
of a canine, the current gold standard in
explosives detection, and circumvent particle
collection. In fact, orders of magnitude sensitivity
enhancement over existing devices are required to
achieve true vapor sensing capabilities, requiring
detectors capable of sensing analyte quantities in
the low femtogram range.

Figure 1 - FidoXT hand-held explosives
detector produced by Nomadics, Inc.
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2. Conjugated Polymers for Explosives Detection

Swager and co-workers in 1998
demonstrated that luminescence
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of target analytes. Nomadics, Inc., in collaboration with the Swager lab, engineered and
produced lightweight and portable hardware to measure and quantify the response of
Swager polymers to trinitrotoluene (TNT). The current generation of this handheld
device, named FidoXT™ (Fig. 1), has recently seen duty in war zones of Afghanistan and
Iraq as well as in homeland security operations. In side-by-side field use, the
performance of FidoXT is comparable to dogs (i.e. able to reliably detect 10-100
femtogram quantities of analytes [2]) while offering the reliability and reproducibility of
an electronic device.

Figure 2 - Quenching mechanism of CP in response to TNT.

The high selectivity and sensitivity to TNT 1is derived from the chemosensitive
conjugated polymer film. When TNT molecules physically absorb into the CP film, they
interact with a specific site along the chain of a CP, generating a new energy level that
could reside within the CP bandgap. The relative alignment of the energy levels of the
polymer/analyte molecular orbitals dictates to which compounds a particular polymer
will be sensitive, providing for selective response. High sensitivity is afforded through
n-bonding in the CP backbone that enables exciton diffusion and delocalization along the
polymer chain. Consequently, an exciton generated on any chromophore along the CP
chain will be affected by the presence of the TNT-induced state, which can cause exciton
quenching. The exciton delocalization effectively “amplifies” the transduction event
over that observed in solutions of monomeric materials.” The amplification enables
detection of trace amounts of TNT at an unprecedented 10-100 femtograms level,
affording vapor phase detection of nitroaromatic explosives. The FidoXT sensor is,
consequently, thousand times more sensitive than any other commercially available
explosives detector.

The operative TNT sensing transduction mechanism is a photoinduced charge transfer
event from the CP to a TNT molecule. More specifically, upon photoexcitation, the
excited state of the electron-rich CP will interact with the electron-deficient TNT
molecule (Fig. 2). This interaction introduces a non-radiative decay pathway for the
excitation whereas in the absence of TNT, the excitation would decay radiatively,
emitting a visible photon. The likelihood of the non-radiative excitation decay increases
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with analyte introduction and therefore the presence of analyte manifests in diminished
photoluminescence intensity of these characteristically brightly luminescent CP film.

FidoXT’s sensitivity is also enabled by the chemical
design of the CP that maximizes the luminescence
efficiency of the CP thin films. Typically, in solid
state thin films, self-quenching due to aggregation of
packed CP chains lowers the quantum yield of CPs in
the solid-state. To prevent aggregation, the Swager
group designed and synthesized polymers containing
iptycene units (Fig. 3). The rigid iptycence scaffold
also allows efficient analyte intercalation into the CP
film, maximizing the analytes interaction with the CP Figure 3 - Structure of a
backbone, and minimizing unquenched background | chemosensitive conjugated polymer
fluorescence upon analyte exposure. [1] As a result, that exhibits sensitivity to TNT.
these materials are highly fluorescent in thin films
and due to their open, pourous structure, demonstrate reversible fluorescence attenuation
upon exposure to TNT. The combination of these design characteristics enables sub-
equilibrium vapor pressure detection of TNT necessary for concealed explosives
detection where other efforts have fallen short.[4]

3. Amplification Through Lasing Detection

Further ‘amplifying’ the high sensitivity provided by CPs is a continuing goal of ongoing
investigations. Additional amplification can lower detection limits of FidoXT, allowing
vapor phase detection of less volatile explosives such as RDX. We have employed
several strategies to enhance sensitivity, including multilayered structures [5] and ordered
aggregation.[6] In a compliment to all these techniques, we recently reported that
quenching of stimulated emission of chemosensitive polymer films can provide orders of
magnitude greater response over that observed in the above fluorescence quenching
approach.[7] Because lasing action itself is an amplified phenomenon, then ‘turning off’
the stimulated lasing signal, rather than the spontaneous emission of fluorescence, can
greatly increases quenching signal to background signal ratio. In addition, light emitted
from lasing structures is spectrally coherent and highly directional, optimizing signal
collection. Our recent demonstration of chemosensory lasing action in conjugated
polymers is among the first practical applications of lasing action in organic thin films
and offers the potential to further increase FidoXT’s utility.

Once high photoluminescence (PL) efficiencies are realized, lasing appears to be a rule
rather than exception for CPs [8] as well as small molecule organics. [9] The typically
low lasing threshold measured for organic thin films is primarily due to a large Stokes
shifts that minimize the light reabsorbtion losses and generates an idealized four-level
lasing system. The presence of impurities in these systems can introduce additional
nonradiative decay mechanisms that compete with population inversion needed for lasing
action. These contaminants therefore decrease the efficiency of luminescence, and an
increase in the lasing threshold of the organic films. Indeed, impurity-induced quenching
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sites and fast exciton migration to them delayed initial demonstrations of solid-state
lasing in neat conjugated thin films.[10] In our TNT sensing schemes, our target analyte
induces nonradiative decay. Therefore, TNT vapors efficiently prevent lasing emission,
which we interpret as an amplified chemosensory response.

3.a Materials Design

For chemically sensitive CP lasing structures that operate in ambient air, a low lasing
threshold is essential for extending operational lifetimes and discriminating between
sensory response and photobleaching. Indeed, we observed at high pump powers,
competitive photo-oxidative processes can significantly degrade the polymer
performance. Our best candidate for an air-stable, chemically sensitive lasing CP is P1
(Fig. 4). Its solid-state luminescence spectrum peaks at wavelength 4 =505 nm and the
excited state has a radiative lifetime of 7 = 650 ps. Due to the materials remarkable
stability, it maintains a bright luminescence even when dispersed in water (Fig. 4). Rapid
radiative relaxation results in the high fluorescence efficiency of the spin-cast thin films
of @ = 0.80, when compared to a standard of 9, 10 diphenylanthracence in PMMA (®f =
0.83). P1’s sensitivity to nitroaromatics is inherent in its electron-rich backbone. The
quenching which results from its interaction with 2,4-dinitrotoluene (DNT) is easily
visualized by eye (Fig. 4).

Of particular interest, molecular modeling indicated the pendant aromatic groups direct
the alkyl sidechains parallel to the polymer backbone. This orientation can facilitate
exciton diffusion by increasing m-orbital interactions in the solid state. Diffusion lengths
as long as 100 A have been measured in similar material systems. Pendant aromatic
groups are also known to impart rigidity in the solid state, minimizing aggregation of
chromophore sites when compared to analogues with only straight chains.[11] It is
important in designing CPs for lasing applications that competitive photoinduced
absorption processes are minimized in order for net gain to be achieved. Well known
morphological effects, such as aggregation in the solid state, can increase the extent of
photoinduced absorption processes due to the formation of non-emissive interchain
species.[12] Owur polymer design indeed had a significant impact on its stimulated
emission properties resulting in a material with one of the lowest lasing thresholds

Quenched when Exposed to DNT

Figure 4 - P1 chemical structure (left) and luminescence of P1 dispersed in water under UV excitation
(middle). (right) Photoluminescence of a P1 thin film before and after exposure to DNT.
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Figure 5 - Pump power in (“Input power”) vs. laser power out (“Emission intensity”) for the AFP polymer
currently in FidoXT (left) and P1 (right). P1 lasing threshold is three-fold lower.

reported to date (Fig. 5).[9] For comparison, the CP used in current generation FidoXT
devices exhibits about three times higher lasing threshold than P1. The low threshold of
P1 enabled the measurements reported here and underscores the important role of solid-
state effects in the design of chemosensory materials.

3.b Chemosensory Measurements

We sought to demonstrate the minimum quench in photoluminescence with a significant
quench of stimulated emission peak in response to exposure to TNT and its synthetic
byproduct, DNT. Lasing action was generated by optically exciting thin films of P1 with
a nitrogen laser that emitted 4 ns long pulses of A= 337 nm at the operating frequency of
30 Hz. The beam was focused into a 9 by 0.9 mm stripe with a cylindrical lens and
emission collected at a 60° angle away from the excitation beam which impinged normal
to the substrate. In initial lasing structures, asymmetric waveguides were formed by spin
casting thin films of P1 from 50 mg/mL hexane solution onto glass substrates, with film
thickness ranging from 300 A to 4000 A. For films thicker than 500 A, multimode
stimulated emission peaked at A = 535 nm, coinciding with the first vibronic transition of
P1, as governed by the reabsorption within the thin film.

In the case of DNT exposure, only one pump energy was probed to eliminate
photobleaching so that the small reduction in emission can then be assigned to analyte
response. Rapid quenching by DNT demanded the shortest exposure time possible with
our set-up. For one-second exposure times to DNT vapor (<100 ppb), significant
attenuation in the stimulated emission peak (A =535 nm) is chronicled concomitant with
no measurable attenuation in the spontaneous peak (A= 505nm) (Fig. 6). Here, the
measured response was still well above detection limit of our spectrometer, much shorter
exposure times and/or smaller DNT doses would likely be effective.

While lasing attenuation was readily measured in response to DNT, assessing the TNT
sensitivity of these structures proved more challenging. This discrepancy is likely due to
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Figure 6 - emission spectra of P1 thin film before and after 1s exposure to saturated DNT vapor
pressure (left), and 1.5 minute exposure to saturated TNT vapor pressure (right).

DNTs higher vapor pressure (100 ppb for DNT vs. 5 ppb for TNT) and its deeper
penetration depth within the relatively thick polymer films needed for lasing. Therefore,
in order to chronicle TNT response, thinner active layer devices were pursued
incorporating distributed feedback gratings, and P1 coated optical fibers (Fig. 7).
Enhanced feedback provided by these structures allowed us to induce ASE in thinner
active layers. As a result, in a dip coated fiber optic structure, response to a 1.5 minute
exposure to saturated TNT vapor (<5 ppb), resulted in dramatic attenuation of the
stimulated emission peak while spontaneous emission spectrum remained nearly
unattenuated.

4. Future prospects

The devices chosen for initial studies are easily fabricated and convenient for evaluating
and comparing the lasing characteristics of different CPs. However, these cavities
displayed low Q-factors, which limited lasing performance. High Q-factors indicate
efficient confinement or a low level of photon loss per round trip in the cavity. Because
nonradiative decay induced by the presence of analytes contributes to losses in the cavity,
other losses must be minimized so that the quenching due to explosives vapor is more
pronounced. In addition, higher Q-factors are targeted because they serve to lower
device operating powers, lengthen device lifetimes, and reduce the lasing threshold
allowing thinner CP active layers. Thinner active layers are expected to provide
increased sensitivity and faster analyte response times. Such improvement could be
directly applied to the detection of explosives with low volatility such as RDX.
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