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II. PROJECT DESCRIPTION 

A. Overview and Signi icance

Detection of trace quantities of explosives in the gas phase is a pressing societal issue, of special importance 
to homeland security and a signi icant challenge to analytical chemistry. The low vapor pressure of most ex-
plosives, in the parts per billion (ppb) to parts per trillion (ppt) ranges at room temperature, pushes the lim-
its for most methods. Modern luorescent techniques are capable of detection in this range [1-3] and this has 
been adapted in a variety of ways for explosives detection for many years [4-33]. Improved methods for trace 
explosives detection is desirable, and studies to improve the sensitivity by enhancing the luorescent signal 
or to improve selectivity by using arrays of luorophores have been reported [18, 34-38], but all of these ap-
proaches require expensive or generally unavailable materials. Thus, our objective is to design sensors that 
can detect explosives in the gas phase at natural vapor pressures while using readily available components.

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

We had discovered that xanthene dyes interact with a variety of explosives and related molecules in dimethyl 
formamide (DMF) solution and these can be detected by changes in the emission. The xanthenes were chosen 
because they are readily available and inexpensive laser dyes with high quantum yields. Concurrently, we be-
gan testing one of the xanthene dyes, rhodamine 6G (Rh6G), on various substrates to explore the possibility 
of using this class of materials for gas phase sensing. To our surprise, we found that by using a three layer 
system of substrate, transparent polymer and luorophore, the emission signal could be enhanced by 2 or 3 
orders of magnitude, depending on the speci ic structure. This makes detecting changes in the luorescence 
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more reliable and increases the sensitivity enormously. One of the challenges is that the interaction between 
the xanthenes and the analytes appears to be irreversible.
An array approach to detecting a variety of explosive analytes and related molecules is being developed. We 
use a three layer structure consisting of a glass substrate, two different polymers (polymethylmethacrylate 
(PMMA) and polyvinylidene di luoride (PVDF)) and ive different xanthene dyes. The PVDF polymers are 
deposited with different thickness and this changes the observed response. All of the sensors are exposed 
to room temperature analytes and the responses are much stronger than observed in DMF solution, with 
changes ranging from 100 % quenching to greater than 100 % enhancement of the luorescent signal. The 
luorescence difference spectrum of each of the analytes is unique, allowing identi ication of several common 

explosives, including TNT, RDX, HMX, PETN and TATP. The combined sensitivity and selectivity is unique.

C. Major Contributions

Scheme 1 on the next page shows the general structure of the three layer sensor. A mechanical substrate, a 
glass slide about 1 mm thick, is spin-cast with a transparent polymer to give a layer that is a few hundred 
nm thick. The spin-coater was kept under a nitrogen atmosphere to reduce the humidity levels, which is 
known to affect the surface roughness of the polymer [39]. Then the luorophore was spin-cast onto the 
polymer layer, which was a few nm thick. The structures of the dyes and polymers are also shown in Scheme 
1. Two polymers were chosen, PMMA and PVDF. PVDF can form in at least three different phases and the 
structures of the nonpolar -phase (where the C-C single bonds alternate between s-trans and s-gauche) and 
the ferroelectric -phase (where all of the C-C bonds are s-trans) are shown in Scheme 1. -PVDF, the third 
common phase, is polar and the C-C chain is a sequence of three s-trans bonds and one s-gauche bond.  The 
spin-casting method does not control the phase of the PVDF and with these very thin ilms, it is possible that 
any of the three phases are formed. Direct observation of the polymer phase by infrared (IR) spectroscopy 
is inconclusive because the diagnostic peaks are obscured by absorption by the glass substrate. Therefore, 
two thicknesses of PVDF were used; the irst is very thin and might have a mixture of phases; and the other is 
thicker and should be primarily -phase. The xanthene dyes have a similar chemical structure but the charge 
varies: Rh6G and Rh560 are cationic; SRhB and Rh640 are zwitterionic; and Fl548 is anionic. 
For samples with PMMA, the polymer layer was about 450 nm, with a sample-to-sample variance of ±40 nm. 
This was measured by the fringing pattern in the absorption spectra and itting the optical constants of the 
re lection spectra. For the samples with PVDF, two layer thicknesses were used: 380 nm (variance±40 nm) 
and 440 nm (variance ±100 nm). The PVDF samples had a strong scattering pro ile in the absorption spec-
trum and no fringing, so the thicknesses were obtained solely from the re lectance reliable spectrum. The 
luorophore thicknesses could not be reliably measured but are estimated to be on the order of 1 – 10 nm 

thick. The lower limit of thickness measurements from the re lectance spectra are typically 10 – 20 nm and 
these ilms were thinner than that. The thickness could not be determined by AFM since a step-edge could 
not be formed. The baseline corrected absorbance spectra (vide infra) had absorption maxima in the 0.005 to 
0.01 range. While none of the solid-state absorption coef icients are known for these chromophores, a typical 
estimate for a -* transition is 105 – 106 cm–1. Thus, thicknesses in the 1 nm range are expected for these 
samples. For these thicknesses, the xanthene dyes are no more than 1 or 2 monolayers thick.
Typical absorption spectra (baseline corrected) for each sample are shown in Figure 1 on the following page. 
In each case, the xanthene dye was spin-cast from a 1×10–4 M solution with the same spinning parameters 
onto the polymer layer. The substrate has varying effects on each dye. For Rh640, the polymer layer has mini-
mal in luence on the absorption spectrum, as all of the spectra overlay. In contrast, the polymer layer changes 
both the intensity and the line shape of Rh6G and SRhB. In the cases of Fl548 and Rh560, the underlying poly-
mer induces small but measurable changes. All of the absorption spectra were it to a sum of two Gaussian 
peaks (except Rh560, where a single Gaussian gave acceptable its). A minimum of 10 different samples were 
it for each composition and the it parameters are given in Table 1 on the following page. In general, the 
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higher energy peak was found to be broader and the lower energy peak, narrower. The standard deviations of 
the intensity parameters were typically around 10%, which is probably accounted for by the reproducibility 
of the spin-coating method. The thickness of the PVDF layer had a signi icant effect on Rh6G, where the peak 
maxima shifted more than 20 nm to the red for the thicker ilm. Whether this is due to the phase composition 
of the PVDF or some other reason is not known.

Scheme 1: General structure of the three layer sensor.
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Figure 1: Typical absorption spectra (baseline corrected) for each sample. 
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Sample 
1
  (nm) 

1
 (nm) a

1


2
 (nm) 

2
 (nm) a

2

Fl548/450 nm PMMA 478 (2) 16 (3) 0.0004 

(0.0001)

513 (9) 41 (4) 0.00103 

(0.00002)

Fl548/380 nm PVDF 474 (2) 29 (3) 0.00199 

(0.00017)

509.4 (0.4) 13.5 (0.7) 0.00152 

(0.00015)

Fl548/440 nm PVDF 474 (1) 25 (1) 0.00190 

(0.00007)

509.6 (0.7) 13.7 (0.5) 0.00166 

(0.00011)

Rh560/450 nm PMMA 512 (5) 28 (4) 0.00481 

(0.0041)

Rh560/380 nm PVDF 504 (2) 26 (2) 0.00899 

(0.00092)

Rh560/440 nm PVDF 501.3 (0.8) 37 (1) 0.00593 

(0.00018)

Rh6G/450 nm PMMA 500 (1) 12 (2) 0.00307 

(0.00053)

535.5 (0.4) 18.7 (0.6) 0.0138 

(0.0004)

Rh6G/380 nm PVDF 498 (7) 26 (8) 0.0077 

(0.0027)

529 (1) 20 (2) 0.0167 

(0.0022)

Rh6G/440 nm PVDF 520 (2) 29 (1) 0.00891 

(0.00028)

553 (1) 14 (1) 0.0029 

(0.0011)

SRhB/ 450 nm PMMA 546 (4) 38 (2) 0.0183 

(0.0024)

561.4 (0.4) 13 (1) 0.0145 

(0.0017)

SRhB/380 nm PVDF 535 (1) 34 (1) 0.01100 

(0.00034)

574 (1) 17.9 (0.5) 0.0096 

(0.0011)

SRhB/440 nm PVDF 528 (9) 25 (5) 0.0083 

(0.0013)

570 (4) 22 (3) 0.0143 

(0.0041)

Rh640/450 nm PMMA 530 (3) 15 (3) 0.00095 

(0.00024)

573.6 (0.7) 22 (1) 0.00389 

(0.00030)

Rh640/380 nm PVDF 538 (4) 26 (5) 0.00146 

(0.00014)

574.9 (0.8) 19.7 (0.5) 0.00370 

(0.00030)

Rh640/440 nm PVDF 539 (5) 27 (10) 0.00196 

(0.00068)

576 (2) 19 (1) 0.0045 

(0.0020)

The emission spectra are given in Figure 2 on the next page. The substrate can affect either the emission in-
tensity or the maximum peak position. Although the luorophores are all nominally the same thickness, the 
intensity can vary by as much as a factor of 4 for different substrates. A signi icant shift of the emission max-
imum (~20 nm) is observed for Rh560 on PMMA compared to PVDF. Rh6G showed unusual behavior in that 
the emission maximum shifted not only between PMMA and PVDF substrates but also was different for the 
different thicknesses of PVDF; for the thin PVDF layer (380 nm), the emission maximum was 564 nm, 15 nm 
higher than the maximum for the thick PVDF (440 nm), where the maximum was found at 550 nm. All of the 
emission spectra could be deconvoluted into two Gaussian components. The results for these its are given in 
Table 2 on the following page. All of the luorophores have a narrower high energy peak corresponding to the 
observed emission maximum and a wider lower energy peak. 

Table 1: Fit parameters for the absorption spectra of the fi ve xanthene dyes on diff erent substrates. 
1 

are the absorp-

tion maxima, 
1
 are the half-width at half-height and a

i
 are the intensities. The values in parentheses are the standard 

deviations found from a minimum of 10 diff erent samples for the indicated composition.
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Figure 2: The emission spectra for each sample. 
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Sample 
1
 (nm) 

1
 (nm) a

1


2
 (nm) 

2
 (nm) a

2

Fl548/450 nm PMMA 538.1 (0.3) 14.8 (0.3) 1.5×105 

(0.2×105)

558 (1) 40.6 (0.7) 1.4×105 

(0.2×105)

Fl548/380 nm PVDF 533.0 (0.4) 13.1 (0.5) 2.1×105 

(0.3×105)

548 (2) 38 (1) 1.5×105 

(0.3×105)

Fl548/440 nm PVDF 532.7 (0.7) 12.1 (0.7) 4.1×104 

(0.7×104)

539 (4) 42 (2) 4.8×104 

(0.6×104)

Rh560/450 nm PMMA 528 (1) 17.9 (0.3) 1.8×105 

(0.4×105)

555 (2) 34.5 (0.4) 8.1×104 

(1.9×104)

Rh560/380 nm PVDF 507.9 (0.5) 17 (3) 6.4×105 

(1.3×105)

517 (5) 43 (1) 7.9×105 

(1.7×105)

Rh560/440 nm PVDF 507.6 (0.6) 11 (2) 7.2×105 

(3.4×105)

497 (5) 55 (5) 1.3×105 

(0.4×105)

Rh6G/450 nm PMMA 570.5 (0.5) 17.1 (0.2) 2.0×106 

(0.5×106)

599.2 (0.8) 38.3 (0.5) 1.1×106 

(0.3×106)

Rh6G/380 nm PVDF 564.0 (0.5) 29.1 (0.5) 7.0×106 

(1.3×106)

588.7 (0.9) 57.6 (0.9) 3.1×106 

(0.7×106)

Rh6G/440 nm PVDF 549.5 (0.8) 33.8 (0.4) 4.2×106 

(0.2×106)

575 (1) 64.2 (0.5) 2.0×106 

(0.1×106)

SRhB/ 450 nm PMMA 583.5 (0.3) 15.3 (0.1) 2.4×106 

(0.4×106)

607.7 (0.3) 44.6 (0.3) 1.3×106 

(0.2×106)

SRhB/380 nm PVDF 586.5 (0.6) 15.2 (0.2) 9.3×105 

(3.9×105)

610 (1) 45.2 (0.7) 5.2×105 

(1.6×105)

SRhB/440 nm PVDF 584.2 (0.6) 15.4 (0.4) 3.2×106 

(2.5×106)

608 (1) 44.4 (0.8) 1.6×106 

(1.2×106)

Rh640/450 nm PMMA 600.6 (0.5) 17.5 (0.1) 6.8×105 

(1.8×105)

635 (2) 39 (2) 2.4×105 

(0.6×105)

Rh640/380 nm PVDF 595.4 (0.8) 16.8 (0.5) 7.4×105 

(5.9×105)

623 (4) 59 (10) 3.4×105 

(3.1×105)

Rh640/440 nm PVDF 598 (2) 17.3 (0.2) 2.5×106 

(3.5×106)

630 (4) 46 (3) 9.4×105 

(1.4×106)

Each of the polymer/ luorophore combinations was exposed to 11 different analytes composed of explosives 
or explosive-related molecules. The sensing was done at room temperature with no heating of the analyte. 
Exposure times varied between 10 minutes and 24 hours but no changes were observed after 10 minutes. 
After the exposure, the absorption and emission spectra for each sample were re-measured. Most of the 
emission spectra exhibited intensity changes after exposure to an analyte. The normalized emission differ-
ence spectra are shown in Figure 3 on the next page.
The majority of the emission spectra show signi icant intensity changes upon exposure to the analytes. The 
difference spectra displayed in Figure 3 on the next page show both quenching and enhancement. While pre-
vious work in DMF solution [18] suggested that these emission changes should occur, the unexpected result 
is that the gas phase exposure gives much larger changes than the solution phase exposure. In DMF solution, 
the emission changes were typically a few percent or less, except for TNT and TNB, which showed large 

Table 2: Fit parameters for the emission spectra of the fi ve xanthene dyes on diff erent substrates. 
1 

 are the emission 

maxima, 
1
 are the half-width at half-height, and a

i
 are the intensities. The values in parentheses are the standard de-

viations found from a minimum of 10 diff erent samples for the indicated composition.
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changes because they reacted with the solvent. The results here show that the emission changes are typically 
on the order of a few tens of percent. This is despite the fact that, in the solution, the relative concentration 
of the analyte was orders of magnitude higher than the gas phase exposures presented here. The pattern of 
responses across the array is unique for each analyte except 2, 3-DNT and 3, 4-DNT, which both either quench 
or have no response with each luorophore/polymer combination.

The mechanism of the luorescence response must be an excited state interaction, at least in most cases, since 
the absorption spectra are generally not in luenced by the presence of the analyte. Whether this excited-state 
interaction is through the gas phase analyte or a particulate on the surface is not known. Clearly, the nature 
of the interface is important; in many cases, the same luorophore on a different polymer substrate changes 
the response. For example, 4-NT causes Rh6G to quench when placed on PMMA but enhances the Rh6G emis-
sion on PVDF. Even the thickness of the PVDF can cause a change in the response. For example, TNT causes 
quenching of Fl548 on a thin layer of PVDF but causes enhancement of Fl548 on a thicker layer of PVDF. 
While the causes for these observations need further study to understand, it does provide a simple method 
to create an array of sensors that can distinguish a large number of analytes using only a few components.
Initial investigations of the mechanism of the sensing responses have begun. A detailed study of Rh6G on a 
glass substrate has revealed that the maximum luorescence response is found from the thinnest ilms, as 
shown in Figure 4 on the next page. As the average thickness is reduced to below ~1.3 nm (denoted by the red 
arrow on the inset of Fig. 4), the emission intensity increases dramatically. A thickness of 1 – 1.4 nm consti-
tutes a monolayer (depending on the speci ic geometry of the Rh6G on the surface); so for ilms greater than 
1.3 nm, the Rh6G is self-quenching, leading to the decreased emission. This is ideal for a sensor application. 

Figure 3: The emission diff erence spectra, showing both quenching and enhancement. 
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When the nominal thickness is ~0.5 nm, about 40 – 50 % of the surface is covered and the emission signal is 
maximized. When an analyte molecule interacts with the luorophore on the surface, the relative change in 
the signal is large because a large percentage of the surface molecules are affected.
The thicker ilms can also be exploited for sensing. If the ilm is one monolayer thick and an analyte impinges 
on the ilm, it is possible that the analyte disrupts the self-interaction between the luorophores. If this case 
occurs, then the emission intensity will increase. This may explain the luorescence enhancements observed 
in some cases.

D. Milestones

Two major objectives need to be achieved:
• Understanding the mechanism of the sensing activity.

Details of the transducing mechanism will allow for optimization of the sensor. Evaluation of the struc-
tural and chemical parameters for each luorophore/polymer combination will provide a predictive tool 
for determining the sensitivity and selectivity of the sensor array.

• Creation and testing of an array of sensors on a single substrate.
Currently, each sensing event is done with individual sensors that are evaluated one at a time. A working 
system needs to be formed as an array with simultaneous detection of every pixel. This is the design cri-
terion required for a real-time device.

E. Future Plans

The sensor platform being developed has three components: substrate, polymer and luorophore. None of 
these have been optimized and each needs to be. The sensor currently consists of individually fabricated 
structures, and an array containing all of the pixels needs to be designed and developed.

Figure 4: Emission intensioty as a function of Rh6G thickness. The inset shows an expanded view of the low thickness 

region. The arrow indicates the thickness of one monolayer.
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E.1.  Optimization of the substrate

Our current research has used glass substrates primarily because they are inexpensive and easy to use. We 
know from previous research [17] that lat silicon surfaces give greater luorescence signals but the origin 
of this is unknown. We also need to consider other substrates that can be used for commercialization. The 
sensor array will need to be printed using a chemical printer and glass and silicon are not ideal substrates for 
this. Better options would be paper or light stock cardboard so these substrates will be investigated.

E.2.  Optimization of the polymer layer

A series of questions about the polymer layer need to be answered:
• What is the best thickness for the polymer layer?
• Are there more than one optimal polymer thicknesses?
• Does the polymer thickness depend on the chemical composition of the polymer? If so, how?
• Does the surface roughness of the polymer matter? If so, can we control this?
• Does the phase of the polymer matter?
• Is it better for the polymer to be crystalline or amorphous?
Spin-coating the polymer under different conditions (primarily the concentration of the polymer deposition 
solution or the spinning speed) allows us to control the polymer thickness to ±50 nm. The chemical composi-
tion and phase of a polymer can be determined by FTIR spectroscopy. In the case of PVDF, we can control the 
phase composition by the use of metal salts, which induce -phase formation. The role of surface roughness 
has not been investigated previously but this parameter can be controlled by the deposition conditions; the 
gas phase humidity in luences the surface roughness in PVDF [39]. The surface roughness is also related to 
the real surface area, so the amount of luorophore that can be deposited onto the surface can be changed, 
which may affect sensitivity.

E.3.  Optimization of the luorophore layer

Similar questions can be asked about the luorophore layer:
• What is the best thickness for the luorophore?
• Does each luorophore have a different optimal thickness?
• What is the structure of the luorophore on the polymer surface? Does this matter?
• What are the best excitation and emission wavelengths for detection?
• Can all of the different luorophores be excited with a single source wavelength?
• What causes quenching vs. enhancement? Can this be controlled?
We use three methods to deposit the luorophore onto the polymer layer: spin-coating, dip-coating and 
drop-coating. Spin-coating and dip-coating give the most uniform layers and the deposition parameters can 
be used to control the amount of luorophore. Determining the optimal spectroscopic wavelengths will be ac-
complished by measuring absorption, emission and excitation spectra for structures with different polymer 
thicknesses and luorophore thicknesses, with polymer thicknesses ranging from ~100 nm to ~1000 nm and 
luorophore thicknesses ranging from < 1nm to ~10 nm. This will provide the data to create an empirical 

model to determine the optimum conditions. Establishing the luorophore surface structure and how this 
might in luence the sensing characteristics is more challenging. The electronic spectroscopy demonstrates 
that there are differences in surface structure, especially when transitioning from sub-monolayer to multilay-
er ilms. Exploiting this for sensing will be done by exposing different structures to various analytes.
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E.4.  Sensor array

Once optimum conditions for the various luorophore/polymer combinations are determined, then a sensor 
array can be created. This will be done using a chemical printer that can deposit polymer or luorophore 
onto a substrate at controlled locations and with controlled thicknesses. However, the deposition conditions 
(primarily, solution concentrations) for printing may be different than for spin-coating, so these will need to 
be determined. Once this is done, the pixel size for each sensing element will need to be established. The goal 
is to ind the smallest pixel size that still gives suf icient signal-to-noise for the optical detection. As the pixel 
size becomes smaller, more pixels can be put onto a substrate, which gives the array better selectivity and 
adaptability for new analytes.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

The objective is to create a sensor system that is: (1) sensitive enough to detect explosives at or below their 
natural room temperature vapor pressure; (2) selective enough to distinguish a variety of threats; (3) adapt-
able enough to be trained for new threats; and (4) inexpensive. The system could be developed as a handheld 
device for use by personnel or as part of a passive system integrated into portals or HVAC systems.

B. Potential for Transition

Successful transition will be the development of a handheld, or smaller device capable of detecting a broad 
spectrum of explosives.  The results of the research have been revealed to two companies, under nondis-
closure agreements: FLIR and DetectaChem. Both felt that the results were promising but required further 
development.

C. Transition Pathway 

Transition to customers will require an interest by a detection company to transform the detection concept 
into a device. The results of the research have been revealed to two companies, under nondisclosure agree-
ments: FLIR and DetectaChem. Both felt that the results were promising but required further development.

D. Customer Connections

Initial discussions with DetectaChem and FLIR were initiated. Both felt that the results were promising but 
required further development. No follow up has occurred. 
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