
R2-C.1: Thin Film Fluorescent Sensors for 
Explosives Detection

Abstract— A fl uorescence sensor array is being developed to detect explosives at ambient tempera-
ture and atmospheric conditions. The sensor platform uses a multilayer substrate that serves to 
amplify the emission signal by more than three orders of magnitude, improving the sensor response 
accordingly. Studies to understand the mechanism of the signal amplifi cation are being undertaken 
so that the sensor system can be optimized.
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II. PROJECT OVERVIEW AND SIGNIFICANCE

A thin ilm of a luorophore with a high quantum yield shows enhanced luorescence when placed on the ap-
propriate substrate structure. These emission enhancements can be over a factor of 1000 nm, which gives 
the potential for signi icant sensitivity improvements for a luorescence-based sensor. To provide selectivity, 
an array of luorophores can be used that each give a distinctive response to an analyte. Standard pattern 
recognition techniques can be used on the array response to identify unknowns. The sensor array is sensitive 
enough to detect explosives with vapor pressures in the parts per trillion or less range.

III. RESEARCH ACTIVITY

A. State-of-the-Art and Technical Approach

The sensor device being developed is a three layer structure that causes the luorescent enhancement. Fab-
rication is simple: the substrate is a rigid solid; on top of this is spin-cast, a transparent polymer with a 
thickness in the 100 to 1000 nm range; inally, a thin layer, 10 – 30 nm, of a luorophore is spin-cast onto the 
polymer layer.
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The mechanism of the luorescence enhancement is not known and is the subject of investigation. Each layer 
in the composite structure does affect the emission of the luorophore. To date, the following variations have 
been looked at:
1. Substrate: glass, lat silicon, porous silicon, silver coated porous silicon
2. Polymer: polymethylmethacrylate (PMMA), polyvinylidene di luoride (PVDF), poly(vinylidene di luoride-
co-tri luoroethylene) (co-polymer), polystyrene (PS)
3. Fluorophore: rhodamine 6G (Rh6G), methoxy-ethylhexoxy-polyphenylenevinylene (MEH-PPV), rhoda-
mine 560 (Rh560), luorescein 546 (Fl546)
When the substrate is a glass slide, the enhancement maximizes at ~35 when PVDF is the polymer. Structures 
with the co-polymer and PMMA only show enhancements of less than 5. In contrast, when the substrate is 
lat silicon, the enhancements are much larger: ~1600 when the transparent layer is the co-polymer, ~1000 

for PVDF and ~700 for PMMA. A simple model of internal re lection can account for the magnitude of the ob-
served enhancement when the substrate is glass. In this model, some of the light is re lected at each interface, 
which allows the light to bounce along the polymer layer. The internal re lection then provides more opportu-
nities for the incident light to be absorbed, and subsequently emitted, by the luorophore. When the substrate 
is a glass slide, calculations can be done that show the maximum enhancement when PVDF is the polymer 
is 45 – 50, consistent with our data. The model also predicts a sinusoidal variation of the enhancement as a 
function of the PVDF thickness, which is not observed. The model fails completely when the substrate is sili-
con. Using PVDF as the polymer and silicon as the substrate, the model predicts a maximum enhancement of 
~70, well below the observed enhancement of ~1000.
Combining the thin ilm sensor platform described above with a variety of luorophores can lead to a sen-
sor array with unprecedented capabilities. The luorophores chosen have high quantum yields, which will 
natively give strong signals. In addition, using the signal enhancement that can be designed into the array 
the emitted light level can be increased by a factor of 1000 or more. Moreover, the polymer layer beneath the 
luorophore layer also in luences the nature of the emission response to an analyte. 

B. Major Contributions 

Year 1- Initial studies to determine fabrication parameters and initial testing for explosives was done. The 
methods to control the thicknesses of the polymer and luorophore layers were established. Photophysical 
data for the different luorophores was measured. There is a pronounced effect of the underlying polymer 
layer on the photophysical properties of the luorophores that needs to be further understood.

B.1 Sensor array

The initial design of a sensor array for explosives was developed. The platform consists of a glass substrate, 
a polymer ilm and luorescent dye. Three different polymers were used: polymethylmethacrylate (PMMA), 
polyvinylidene luoride (PVDF) and polystyrene (PS). The polymers were deposited by spin coating onto the 
glass slide with thicknesses of ~300 nm for PMMA, ~300 nm and ~600 nm for PVDF and ~200 nm for PS. 
Three luorophores were used: rhodamine 6G (Rh6G), rhodamine 560 (Rh560) and luorescein 548 (Fl548). 
The luorescent spectrum of each sample was measured before and after exposure to a gas phase analyte. The 
analytes chosen were: trinitrotoluene (TNT), trinitrobenzene (TMB), pentaerythritol tetranitrate (PETN), 
1,3,5-trinitroperhydro-1,3,5-triazine (RDX), 1,3,5,7-tetranitorperhydro-1,3,5,7-tetrazocine (HMX), triac-
etone triperoxide (TATP), 2,3-dinitrotoluene (2,3-DNT), 2,4-dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene 
(2,6-DNT), 3,4-dinitrotoluene (3,4-DNT) and 4-nitrotoluene (4-NT). The results of this array of measure-
ments are shown as difference spectra in Figure 1 on the next page. 
The results indicate that this array of sensing transducers can distinguish all 11 analytes probed - the re-
sponse pattern is different for each analyte. The array can be adapted to more explosives by adding more 

ALERT  
Phase 2 Year 1 Annual Report

Appendix A: Project Reports 
Thrust R2: Trace and Vapor Sensors 

Project R2-C.1



molecules to the training set, so the sensor design is adaptable to new threats. Further, all of these measure-
ments were taken with the explosives at their room temperature vapor pressure. Thus, explosives with very 
low vapor pressures, such as RDX or HMX, are readily detected (for example, HMX causes a 30-fold enhance-
ment of the luorescence of Fl548 when deposited on 300 nm of PVDF, which is extraordinary). Even though 
the luorescence enhancement on the glass substrate is modest, 5 – 35 times depending upon the polymer, 
the sensitivity to the explosives is signi icant.
The data in Figure 1 also led to a number of 
questions. In many cases, there is a luorescence 
enhancement upon exposure to the analyte. This 
is useful for pattern recognition but is unusual 
– most luorophores are quenched when inter-
acting with other molecules. So this leads to the 
question: what is the underlying mechanism 
that induces the luorescence change, especially 
for the enhancements? Answering this question 
is critical to optimizing the sensor platform. 
Another unusual feature in Figure 1 is that the 
response of the luorophore to the analyte de-
pends, at least in part, upon the thickness of the 
underlying polymer layer. An obvious example 
of this is TNT (the top row in Fig. 1), where any 
of the luorophores on 300 nm of PVDF show a 
small quench to no response, while the same set 
of dyes on 600 nm of PVDF show a signi icant 
increase in the emission intensity when expose 
to the TNT. The dye layers are all approximately 
the same thickness, 2 – 3 nm, so the underlying 
polymer must also be in luencing the analyte/
luorophore interaction. Thus, the next question 

is: what is the role of the substrate polymer in 
the response of the sensing system? Again, understanding this fundamental scienti ic question will lead to an 
optimization of the sensor. Another observation about the data in Figure 1 is that the samples with a PS layer 
all have low signal to noise. While not obvious in Figure 1, this arises because the luorophores are quenched 
when deposited onto PS. So the question that arises is: what is the mechanism of quenching induced by the 
PS and can this be utilized to create a turn-on sensor? Increasing the signal intensity from an initial state that 
is near zero is usually preferential because it leads to better sensitivity in the sensor, which is always a goal 
for detecting explosives.

B.2 Structure and photophysics of rhodamine 6G thin ilms

Rh6G was used as the prototypical dye system to begin inding answers to the questions above. Rh6G (the 
structure of Rh6G is shown at the top of Fig. 2, on the next page) has been heavily studied in solution and 
much is known about the solution chemistry and photophysics of this molecule. In dilute solutions (less than 
10–4 molar), Rh6G is monomeric and has a single absorption peak in the visible spectrum and a single emis-
sion peak with a lifetime of a ~4 ns. As the concentration is increased, the Rh6G begins to aggregate with 
two possible structures, and H-dimer and a J-dimer. The two dimers differ by the relative orientation of the 
aromatic rings. In the H-dimer, the rings are face-to-face and in the J-dimer, the rings are edge-to-edge, as il-
lustrated in the cartoon diagram in the middle of Figure 2. The interaction between the rings in the dimers 
causes a splitting in the excited state energies so that the dimers can be distinguished by either absorp-

Figure 1: Diff erence spectra of sensor confi gurations upon 

exposure to indicated analytes; all diff erence spectra have been 

corrected for exposure to a blank.
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tion or emission spectroscopy. In the H-dimer, a new absorption 
peak at higher energy than observed in the monomer is found 
but emission is quenched. This is because the transition from 
the ground state to the lower excited state of the split energies 
is forbidden. No emission seen from the higher energy state is 
observed because internal conversion to the lowest energy ex-
cited state is a much faster process than emission. In contrast, 
the J-dimer shows the opposite spectroscopic properties. The 
allowed J-dimer transition is at lower energy than the monomer, 
so an absorption peak is found at longer wavelength. Further, 
there also is a new emission peak at lower energy than found 
in the monomer. All of these transitions are shown in the lower 
part of Figure 2. 
Upon forming a thin ilm of Rh6G, the anticipated structure was 
that H-dimers would dominate, independent of the underlying 
substrate. If the Rh6G preferred to lay lat on the substrate, the 
interaction in the plane of the substrate would be J-type. How-
ever, the second layer of Rh6G would then be face-to-face with 
the irst layer, leading to the H-type interaction. In contrast, if 
the irst layer had a preference of the Rh6G ring being perpen-
dicular to the substrate, then nearest neighbors along the sub-
strate plane would be face-to-face, while the second layer would 
be edge-to-edge. In either scenario, the face-to-face interaction 
was likely larger because the distance between rings would be 
smaller in the face-to-face orientation. Thus, the H-dimer photo-
physics was expected.
To our surprise, our predictions were incorrect. Depending upon the deposition conditions, thin ilms of 
Rh6G could be formed that were either monomer or aggregates and the aggregated structure could be either 
H-type or J-type. The key lay in the structure of the solution used to deposit the ilm onto the substrate.
Figure 3 on the next page shows the absorption and emission spectra of Rh6G deposited on a glass slide by 
spin-casting as a function of the solution concentration. At low concentration, the absorption spectrum can 
be it to two peaks at 492 (weak) and 525 nm. Based on the strong emission from this sample, the assignment 
is that the 525 nm absorption is from the monomer. The weak 492 nm peak may be from a small amount of H-
dimer present in the sample or from a vibronic component on the monomer peak. This is a surprising result: 
although the initial solution is certainly primarily (or all) monomer, as the solution evaporates it would be 
expected that the increasing concentration should lead to aggregates that then are the primary structure in 
the thin ilm. Since the thin ilm structure is largely monomer, this implies that the evaporation kinetics dur-
ing spin-casting are suf iciently fast that there is not enough time for dimers to form before the ilm structure 
is set.

Figure 2: Top: structure of Rhodamine 6G; 

middle: cartoon representations of an 

H-dimer (left), monomer (middle), and J-dimer 

(right); bottom: energy level diagram for each 

structure showing allowed and forbidden 

transitions.
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As the concentration of Rh6G increases in the spin-casting solution, the absorption spectra of the thin ilm 
changes considerably. The peak maximum shifts to longer wavelength and a prominent shoulder located at 
the wavelength of the monomer maximum is observed. Deconvolution of the absorption spectrum of the ilm 
derived from the most concentrated solution shows that a moderately good it can be found using 3 peaks 
(two are ixed to match the monomer spectrum): 492 nm (weak), 525 nm, and 559 nm. The peak at 559 nm 
is assigned to a J-dimer, although this does not agree with the emission spectrum, which is largely quenched 
for this ilm. This can be explained if the peak at 492 nm is from an H-dimer and there is a resonance energy 
transfer from the excited J-dimer to the H-dimer, which is then nonemissive. Based on the energies of the its, 
the nonemissive state of the H-dimer is 118 cm–1 lower in energy than the emissive state of the J-dimer.
Figure 4 on the next page shows the effect of dip-coating at various pull rates on the thin ilm spectra of 
Rh6G. Again, signi icant changes are observed under different deposition conditions. For the data shown in 
Figure 4, the concentration of the Rh6G in solution is constant and high so that it is expected that the solution 
has a large amount of dimers present. As the pull rate increases, the absorption spectra shows an increase 

Figure 3: Absorption (top) and emission (bottom) spectra of Rh6G thin fi lms on glass as a function of solution 

concentration; the solutions were spin-cast onto glass slides at 1200 rpm. The insets show the maximum intensity and 

wavelength as a function of Rh6G concentration in the casting solution.
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in the peak associated with the J-dimer. But again, the emis-
sion spectra are contradictory to this conclusion, where the 
emission intensity decreases as the pull rate increases, which 
typically signals H-dimer formation. As discussed above, this 
implies that both J-dimers and H-dimers are present and that 
there is a resonance energy transfer to quench the emission.
The dip-coating experiment is slow compared to the spin-
casting method. This implies that evaporation rate cannot be 
the only controlling parameter in determining the structure 
of the thin ilm. It appears that the shear rate imposed on the 
developing ilm is also important in determining the ratio of 
dimers to monomers.
A comparison of the absorption spectra of ilms deposited by 
spin-casting and dip-coating is shown in Figure 5. The spectra 
of the ilms created by spin-casting at 1200 rpm dip-coating 
at 200 mm/min are similar. The shear rates between the spin-
casting experiment and the dip-coating experiment are very 
different but the ilm results are similar. This suggests that the 
in luence of shear rate is limited, asymptotically approaching 
the maximum effect at a pull rate not far above 200 mm/min. 

B.3 Effect of polymer

The role of the polymer characteristics in the sensor design is being studied, as well. In the enhancement 
of the luorescence the thickness of the polymer layer must have some in luence on the optical properties. 
Further, in the sensing experiment (see Fig. 1), the polymer thickness also affects the interaction of the ana-
lyte with the luorophore. For these reasons, control of the thickness (and perhaps other properties) of the 
polymer layer is critical.
Our initial experiments in understanding the role of the polymer layer have been with PMMA. PMMA has 
a simple phase behavior compared to PVDF and the thickness is readily measured by interference fringing 
in the visible spectrum. Spin-casting from solution is the ilm deposition of choice for making polymer thin 
ilms. Figure 6 on the next page shows the thickness of PMMA thin ilms as a function of the concentration of 

the casting solution and the spin rate. Thicker ilms can be formed by using a higher concentration of PMMA 
or a slower spinning speed. By controlling these two parameters, PMMA ilms ranging in thickness from 
~250 nm to ~ 900 nm can be formed on demand. 

Figure 4: Absorption (top) and emission (bottom) 

spectra of Rh6G as a function of the pull rate 

when deposited by dip-coating; the Rh6G 

solution was 9×10–4 M.

Figure 5: Absorption spectra of spin-cast and dip-coated thin fi lms.
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C. Future Plans

In the next year, studies will continue to understand the mechanism of the luorescence enhancement. Sev-
eral avenues will be pursued, as detailed below.
One of the surprising things discovered in the last year was that the solution structure of the luorophore 
was retained upon spin-casting onto the polymer layer. The luorophores used here can exist as monomers at 
low concentrations or aggregates at high concentrations in solution. The expectation was that as the solvent 
evaporated, the increase in concentration would always lead to aggregated structures. However, we were 
able to deposit monomers using low concentrations, which may provide different behavior when interacting 
with explosive analytes. The photophysical properties (absorbance, emission, lifetime) of the luorophores 
will be examined as a function of solution concentration, choice of polymer substrate and thickness.
We also will study using different coating methods for depositing the luorophore. We found that dip-coating 
and spin-casting give different thin ilm structures, even when using the same initial solution. A comparison 
of the photophysical parameters, as a function of deposition conditions, will be examined for the whole family 
of xanthine dyes that we use as luorophores.
One of the polymers used is PVDF, which has multiple phases that can be attained. Normal casting conditions 
give a combination of α- and β-phases but the more interesting phase is the β-phase, which is ferroelectric. 
However, addition of simple metal salts to the casting solution induces β-phase formation, which can then be 
used in the sensor platform. The electric moment associated with the β-phase is expected to have a profound 
effect on the photophysics of the luorophores, which will be studied in detail.
Finally, a new luorophore system will be investigated. CdSe quantum dots will be used as the luorophore, 
which will give us the advantage of being able to tune the emission wavelength without changing the chemis-
try of the emissive layer. The initial studies will be to determine if the luorescence enhancement is generated 
with the quantum dots and if exposure to explosives gives a signi icant response.

IV. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS enterprise

The technology may be adapted into a trace sensor for explosives detection in airports, train stations, etc.

Figure 6: PMMA thickness as a function of PMMA solution concentration and spin-casting rate.
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B. Anticipated end-user technology transfer

If commercialized, a broadly applicable trace explosives sensor would be realized.

VII. PROJECT DOCUMENTATION AND DELIVERABLES

A. Transferred Technology/Patents

1. Inventions Disclosed
a. "A Chemical Sensor Based on an Array of Fluorophores with Enhanced Emission". This disclo-

sure was on April 17, 2014 at URI and was accepted.
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