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ABSTRACT: Trace vapor detection of hydrogen peroxide
(H,0,) represents a practical approach to nondestructive
detection of peroxide-based explosives, including liquid mixtures
of H,0, and fuels and energetic peroxide derivatives, such as
triacetone triperoxide (TATP), diacetone diperoxide (DADP),
and hexamethylene triperoxide diamine (HMTD). Development
of a simple chemical sensor system that responds to H,0O, vapor
with high reliability and sufficient sensitivity (reactivity) remains a
challenge. We report a fluorescence ratiometric sensor molecule,
diethyl 2,5-bis((((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
benzyl)oxy)carbonyl)amino)terephthalate (DAT-B), for H,0,

H,0O, Vapor Energy Transfer

that can be fabricated into an expedient, reliable, and sensitive sensor system suitable for trace vapor detection of H,O,.
DAT-B is fluorescent in the blue region, with an emission maximum at 500 nm in the solid state. Upon reaction with H,O,,
DAT-B is converted to an electronic “push—pull” structure, diethyl 2,5-diaminoterephthalate (DAT-N), which has an emission
peak at a longer wavelength centered at 574 nm. Such H,0,-mediated oxidation of aryl boronates can be accelerated through the
addition of an organic base such as tetrabutylammonium hydroxide (TBAH), resulting in a response time of less than 0.5 s under
1 ppm of H,O, vapor. The strong overlap between the absorption band of DAT-N and the emission band of DAT-B enables
efficient Forster resonance energy transfer (FRET), thus allowing further enhancement of the sensing efficiency of H,O, vapor.
The detection limit of a drop-cast DAT-B/TBAH film was projected to be 7.7 ppb. By combining high sensitivity and selectivity,
the reported sensor system may find broad application in vapor detection of peroxide-based explosives and relevant chemical
reagents through its fabrication into easy-to-use, cost-effective Kits.
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B INTRODUCTION

Development of simple, cost-effective, and sensitive sensor
systems to approach trace explosive detection becomes more
critical with increasing concern over homeland security and
military operational safety as well as environmental and
industrial concerns.'™ Of the explosive detection methods
developed thus far, vapor detection has proven to be one of the
practical, nondestructive ways suitable for both trace and bulk
explosive monitoring. > Several methods have been applied
to developing novel vapor detection systems for explosives,

. . 69,19,21-2 .
including fluorescence spectroscopy,””*” ® colorime-
14,163%4,25 1 262
try,"*'%***> jon mobility spectrometry (IMS),*°™** and
7,10,30—

electrochemical methods. > Among the current vapor
detection technologies, fluorescence spectroscopy is superior in
its simple operation system, fast response, and high sensitivity.

Recently, fluorescence “turn-on” molecular sensors have
drawn increasing attention for explosive detection in both the
liquid and gas phases.'”*"**7% However, the influence of
sensor concentration, local environment, and excitation
intensity on fluorescence enhancement has limited the
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development of these molecular sensors.>® In general, these
challenges can be overcome by the exploitation of ratiometric
fluorescence sensors via Forster resonance energy transfer
(FRET) between the pristine and reacted sensor molecules.
FRET is a fundamental photophysical process and is widely
used for developing ion sensors,”” >° pH sensors,*** and
explosive sensors®>*7*® in solution because of the ability of
FRET to enhance the sensitivity and reliability of these
sensors.” The employment of energy transfer can benefit from
dual emission wavelength monitoring to improve the reliability
and to reduce the background noise to improve the sensitivity.
However, there are few reports on the FRET-based fluorescent
sensors for vapor detection.

Peroxide explosives (e.g, triacetone triperoxide (TATP),
diacetone diperoxide (DADP), and hexamethylene triperoxide
diamine (HMTD)) can be easily made from commercially
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available products, and they represent one class of the most
elusive explosives. However, development of efficient sensors
toward these explosives has been hindered because of the lack
of a nitro group, the nonfluorescence, and the minimal UV—vis
absorption of these explosive compounds.”*® Hydrogen
peroxide (H,0,) is typically taken as a signature compound
for peroxide-based explosives,“s’49 which comes from either the
impurity of the explosives (as starting material) or the UV
decomposition of peroxides. An appropriate trace vapor
detection method for H,O, will facilitate security monitoring.50
There are various reports on the detection of H,O, vapor, for
example, using electrochemical,***' colorimetric,"*'® and
fluorimetric'®*"** methods. However, the vapor detection of
H,0, at trace levels (e.g, ppb) remains challenging, mainly
because of the combined difficulty of molecular design and
materials engineering to produce a sensor system that not only
features strong binding with H,0, (for efficient vapor
sampling) but also an expedient, selective reaction with H,O,
to transduce a readable signal. Although there are a few recent
papers reporting fluorescent vapor sensors for H,0,,*"** the
stoichiometric response and single channel output limit their
improved sensitivity and reliability. There is a critical need to
develop a simple, expedient, reliable fluorescence sensor system
that can detect H,0, vapor, ideally down to a few parts per
billion.

B MATERIALS AND GENERAL METHODS

4-(Hydroxymethyl)phenylboronic acid pinacol ester, triphosgene, and
4-dimethylaminopyridine (DMAP) were purchased from Sigma-
Aldrich and used as received. All solvents were purchased from the
manufacturer and used as received unless otherwise noted.

UV—vis absorption spectra were measured on a PerkinElmer
Lambda 25 spectrophotometer or an Agilent Cary 100. The
fluorescence spectra were measured on a PerkinElmer LS S5
spectrophotometer or an Agilent Eclipse spectrophotometer. 'H and
BC NMR spectra were recorded on a Varian Unity 300 MHz
spectrometer at room temperature in appropriate deuterated solvents.
All chemical shifts are reported in parts per million (ppm). ESI-HRMS
spectra were recorded on a Micromass Quattro II triple quadrupole
mass spectrometer, and the solvent used was methanol. All FTIR
spectra were collected by Magna IR 750 spectrometer (Nicolet
Company) with a resolution of 1 cm™, and 100 scans were
accumulated to obtain an acceptable S/N ratio; the samples were
prepared with KBr pellets. The wavenumber range recorded was 400—
3900 cm™".

The synthetic route for sensor molecule DAT-B and the possible
mechanism of the reaction between DAT-B and H,0, are shown in
Scheme S1.

Diethyl 2,5-diaminoterephthalate (2, DAT-N). DAT-N was
synthesized according to a literature procedure.’’ 'H NMR (CDCl,,
300 MHz, ppm): § 7.25 (2 H, s, Ar-H), 431-4.38 (4 H, q, CH,),
1.37—-142 (6 H, t, CH;).

Diethyl 2,5-bis((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
benzyloxy)carbonylamino )terephthalate (3, DAT-B). DAT-B was
synthesized following the method previously reported to synthesize
a similar compound.>® Triphosgene solution (58.8 mg, 0.198 mmol in
S mL of anhydrous toluene) was added dropwise to a mixture solution
(4 mL of anhydrous toluene) of DAT-N (50 mg, 0.198 mmol) and
DMAP (72.6 mg, 0.595 mmol). This mixed solution was heated to
reflux for 3 h. After cooling to room temperature, the reaction mixture
was diluted with 6 mL of anhydrous CH,Cl, and filtered. The filtrate
was added the boronated benzyl alcohol (51 mg, 0.218 mmol) and
stirred at room temperature for an additional 3 h. The reaction was
then concentrated and purified by flash column chromatography (silica
gel, CHCl;/MeOH). The product was obtained as light yellow powder
(42 mg, 27.4%). '"H NMR (Figure S1, CDCl,, 300 MHz, ppm): &
10.35 (2 H, s, NH), 9.07 (2 H, s, Ar-H), 7.81-7.84 (4 H, d, Ar-H),
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741743 (4 H, d, ArH), 524 (4 H, s, CH,), 437—4.44 (4 H, q,
CH,), 1.40—1.44 (6 H, t, CH;), 1.34 (24 H, s, CH;). *C NMR
(Figure S2, CDCl,, 75 MHz, ppm): § 167.2, 153.4, 139.0, 135.0, 135.0,
1272, 121.1, 119.8, 83.8, 77.4, 47.0, 76.6, 66.7, 62.6, 24.8, 14.1. ESL-
HRMS m/z: [M + H]" caled, 772.3550; found, 773.3628.

The vapor sensing tests were performed with thin films of DAT-B
deposited on quartz slides. Briefly, 25 uL of an ethanol solution of
DAT-B at different concentrations (also containing appropriate
concentrations of TBAH as indicated) was drop-cast uniformly onto
a 2.5 X 2.5 cm” quartz slide to form a 1.0 X 1.0 cm” solid film (guided
by Scotch tape) followed by drying at room temperature in vacuum for
1 h. The optimum molar amount of DAT-B was determined to be 0.25
pumol, as shown in Figure S3.

B RESULTS AND DISCUSSION

Herein, we present a fluorescent ratiometric sensor, diethyl 2,5-
bis((((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)-
oxy)carbonyl)amino)terephthalate (DAT-B), for H,O,
(Scheme 1) that enables efficient FRET between the pristine

Scheme 1. (a) Chemical Reaction between the Sensor
Molecule (DAT-B) and H,0,, Leading to the Formation of
DAT-N; (b) Ilustration Showing the Intrinsic Fluorescence
Emission of DAT-B and the FRET Process between DAT-B
and DAT-N*

(a)

o
,B{ >ﬁ
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—( )-B
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Energy Transfer
HDAT-N

“Photographs at the bottom of panel b show the fluorescence emission
change of the DAT-B film deposited on a quartz slide (0.25 ymol
DAT-B and 1.25 ymol TBAH, 1.0 X 1.0 cm?) after exposure to 225
ppm of H,0, for 5 min.

and reacted states in solid films and serves as a highly sensitive
and selective sensor for H,O, vapor. The sensing mechanism
lies in the oxidization of the boronate group of DAT-B,
resulting in turning on the intramolecular charge-transfer
(ICT) band at longer wavelengths (Figure $4).>® This
fluorescent molecule has a blue emission centered at 500 nm
in a drop-cast film (Scheme 1b), which is attributed to the
central 77-conjugation of DAT-B. Upon reaction with H,0O,, the
aryl boronate group in DAT-B is transformed to a phenol
group followed by a rearrangement of the side benzene group,
producing an amino group at the core (Figure SS). The
product thus formed, diethyl 2,5-diaminoterephthalate (DAT-
N), has an electron donor—acceptor (“push—pull”) structure.
The formation of a push—pull structure turns on the ICT
transition (ie., fluorescent emission in the longer wavelength
band; A, at 574 nm). This new, red-shifted emission makes
DAT-B a suitable ratiometric fluorescence sensor for H,0O,
detection.”* The two emission bands at 500 and 574 nm can be
monitored concurrently to measure the FRET process between
DAT-B and DAT-N. Such dual band monitoring will enhance
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the detection reliability, whereas the FRET measurement will
further increase the detection efficiency (Figure 2).

Recent work has shown that various functionalized DAT-N
derivatives containing only one benzene ring as the aromatic
component serve as novel fluorophores and emit intense visible
light with excellent quantum yields (>90%) in the solid state.>®
Taking advantage of the push—pull structure, the emission
colors can be tuned in the range from blue to red simply by
modifying the side chain substituents.”>~>” The combination of
the high-solid-state quantum yield and facile structure
modification is highly conducive to the development of solid-
state sensors that can be tuned to afford efficient FRET to
further enhance the detection efficiency. The boronate group
was chosen to functionalize DAT-B because of its highly
selective reaction with H,0,.>* Moreover, the strong electron-
withdrawing capability of the amide group weakens the
electron-donating strength of the amino group, thus blocking
the ICT transition with DAT-B.

The H,0, mediated oxidation of boronate (shown in
Scheme la) was investigated in detail through both UV—vis
absorption and fluorescence spectral measurements of DAT-B
and DAT-N in drop-cast films. As shown in Figure 1, the main
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Figure 1. Absorption (black) and fluorescence (red) spectra of a
DAT-B film (0.25 umol of DAT-B blended with 1.25 ymol of TBAH,
1.0 X 1.0 cm?) deposited on quartz slides before (solid lines) and after
(dashed lines) exposure to H,O, vapor (225 ppm, 15 min).

absorption of the reaction product, DAT-N, shifts to a longer
wavelength by ca. 103 nm. This red-shifted absorption band
corresponds to the ICT transition between the amino groups
and carbonyl modified 7-conjugation core. The conversion
from an electron-accepting group (amide) to an electron-
donating group (amino) renders formation of a push—pull
structure in the molecule, which results in an ICT transition
located at the longer wavelength absorption.”> Before reacting
with H,0,, the drop-cast film of DAT-B mixed with
tetrabutylammonium hydroxide (TBAH) emits a blue emission
centered at 500 nm, which is attributed to the 7z—z* transition
of the molecule’s core. The significant spectral overlap between
the absorption of DAT-N (acceptor) and the emission of DAT-
B (donor) enables FRET between the two molecules. When
cast in a solid film, the short distance between the molecules
may produce a high efficiency of FRET, which can in turn
enhance the sensing sensitivity, as discussed later. Because of
the intrinsic reaction specificity of the bonorate group with
H,0,, the sensor molecule, DAT-B, demonstrated no obvious
fluorescence shifts or quenching upon exposure to the vapor of
water or to common organic reagents such as alcohols, hexane,
acetone, and others (Figure S6).
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The reaction speed of the H,O,-mediated oxidation of aryl
boronates was greatly accelerated by the addition of a base,
which assists the formation of HO,™ anion (acting as a
nucleophile) from H,0, and then reacts with the boronate
group (a strong electrophile).* We chose TBAH as the base to
produce both the basic conditions needed for the oxidation
reaction and a hydrophilic film surface for eflicient
condensation of H,0, vapor (Figure S7). The DAT-B/
TBAH film shows minimal spectral changes compared to that
of the pure DAT-B film within at least 7 days, which proves the
stability of the composite film (Figure S8). The optimal molar
ratio of TBAH to DAT-B in the composite film was determined
to be 5:1, regarding both the reaction speed and the total
amount of DAT-B converted (Figure S9). Less TBAH gives
incomplete oxidization of H,0,, and excess TBAH decreases
the surface concentration of DAT-B molecules.

To demonstrate the efficient FRET between the sensor
molecule, DAT-B, and its reaction product, DAT-N, systematic
absorption and emission spectral measurements of DAT-B/
TBAH films were performed as shown in Figure 2. Figure 2a
shows the spectra of the DAT-B/TBAH film after being
exposed to 500 ppb of H,0O, vapor and is compared to the
spectra recorded over the directly blended DAT-B/DAT-N/
TBAH film. Upon exposure to H,0, vapor, the major
absorption peak of DAT-B at 353 nm decreases by about
13% along with an increase in the region around 420 nm. In
contrast, the emission intensity of DAT-B at the main peak
(500 nm) decreases by more than 75%, along with a new
emission band that emerges at a longer wavelength. This large
fluorescence quenching of DAT-B cannot be explained by the
stoichiometric reaction, which otherwise should be around
13%, as indicated by the absorption measurement. The greatly
enhanced quenching efficiency is attributed to FRET between
the pristine DAT-B molecule and the reaction product, DAT-
N.

To confirm the occurrence of FRET in the film further, we
prepared a film with DAT-B directly blended with DAT-N
(molar ratio of DAT-B/DAT-N = 9:1) and measured the
absorption and emission spectra. Consistent with the 10%
decrease in concentration of DAT-B in the blended film, the
absorption at the 353 nm peak was decreased by about the
same percentage (Figure 2c). However, the emission intensity
of DAT-B was decreased by more than 80% compared to that
of the DAT-B film without DAT-N. This extending of
fluorescence quenching is 8 times larger than the percentage
of the concentration decrease of DAT-B, clearly indicating the
existence of a FRET quenching process between DAT-B and
DAT-N. Such FRET-based amplification of fluorescence
quenching has been utilized in sensing applications, which
has been proven to effectively lower the detection limit.*®
However, a similar quenching amplification has rarely been
applied in vapor detection systems, for which the major
technical challenge lies in the molecular design and materials
engineering that afford both efficient FRET and a suitable
interface for the effective collection of analyte molecules. It
would be interesting to compare the fluorescence quenching
data shown in Figure 2b,d. Considering the comparable extent
of the emission intensity’s decrease in the two cases (both
about 80%), we argue that the concentration of DAT-N
produced in Figure 2b upon exposure to H,0, vapor should be
approximately the same as that blended in the film in Figure 2d
(i.e,, 0.02S pmol). This corresponds to only 10% of DAT-B
(initially 0.25 ymol) converted to DAT-N, although this small
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Figure 2. Absorption (a) and fluorescence (b) spectra of a pristine DAT-B film (black) and the same film after expose to S00 ppb of H,O, vapor for
360 s (red) (0.25 pumol of DAT-B and 1.25 pumol of TBAH). Absorption (c) and fluorescence (d) spectra of DAT-B (black, 0.25 umol of DAT-B
and 1.25 ymol of TBAH) and the DAT-B/DAT-N blended film (red, 0.225 umol of DAT-B, 0.025 yumol of DAT-N, and 1.25 umol of TBAH). All
films were deposited to form a 1.0 X 1.0 cm* square on quartz slides and were excited at 353 nm.
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Figure 3. Fluorescence spectra of DAT-B coated on a 1.0 X 1.0 cm® quartz slide (containing 0.25 gmol of DAT-B and 1.25 umol of TBAH)
recorded at various time intervals after exposure to 1 ppm of H,O, vapor (1, = 427 nm). (b) Emission intensity increase, Al, measured at 574 nm
(Aex = 427 nm) as a function of exposure time, for which the data points are fitted following a first-order surface reaction between DAT-B and H,0,
(see the Supporting Information for detail of the kinetics fitting). The error bars are based on the standard deviations of the measured emission

intensities.

fraction of conversion generates a fluorescence quenching as
large as 80%. Using a well-calibrated fluorometer, we can
measure a 1% decrease in emission intensity, meaning only a
0.1% conversion of DAT-B within the thin film. This will
enable us to significantly shorten the sensor response time
under the same vapor pressure level of H,0,.

The fluorescence spectral change of the DAT-B film was also
investigated by exposing it to 1 ppm of H,0, vapor for different
time intervals to demonstrate the response speed of this sensor
system. The reaction was monitored by measuring the
fluorescence emission of DAT-N. As shown in Figure 3, the
fluorescence emission peak at 574 nm increases gradually with
exposure time (corresponding to the generation of DAT-N),
and at the same time, the emission peak at 500 nm
(corresponding to the consumption of DAT-B) gradually
decreases. The reaction kinetics plotted as the emission
intensity increase versus the exposure time (shown in Figure
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3b) are fitted to a pseudo-first-order reaction kinetic.>® Three
times the standard deviation (6 = 0.9) of the noise floor was set
as the threshold of a detectable emission level. The
corresponding response time for this sensor system obtained
from the fitted data in Figure 3b is less than 0.5 s. Such rapid
response toward H,O, vapor meets the urgent need of real-
time in-field detection of peroxide-based explosives. This
expedient sensor response toward low concentrations of
H,0, vapor (as low as 1 ppm) is likely due to the surface
properties of the film, which are conducive to fast sampling of
hydrophilic gas analytes.

To explore the advantage of this DAT-B sensor system
further, the optimal sensor composite of DAT-B (blended with
TBAH within a drop-cast film) was expected to afford a
competitive detection limit. To determine the detection limit of
this system, the DAT-B composite was exposed for 10 min to
the vapor of an aqueous solution of H,0O, at various
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concentrations (which correspondingly provides different vapor
pressures of H,0,),” and the increases in the fluorescence
intensity at 574 nm (relative to the value measured under pure
water vapor) were recorded. The fluorescence intensity
increases with the H,0, vapor pressure (Figure 4). Assuming
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Figure 4. Plot showing the fluorescence intensity increase (AI)
measured at 574 nm (A, = 427 nm) as a function of the vapor
pressure of H,O,, for which the data points are fitted following the
Langmuir adsorption model (see the Supporting Information). The
error bars are based on the standard deviations of the measured
emission intensities.

that a quasi-equilibrium was reached within 10 min of exposure
(as implied by the result in Figure 3b), the results shown in
Figure 4 follow the Langmuir adsorption model (see the
Supporting Information). After fitting the experimental data
into the Langmuir equation, the detection limit of this sensor
system is projected to be 7.7 ppb by defining an intensity
increase of 3 times the standard deviation as the detectable
signal. It should be noted that such high detection sensitivity
(about 2 orders of magnitude better than a commercial
fluorescence detector) was obtained simply through a drop-cast
film. Further improvement in the sensitivity can be achieved by
spin-casting the sensor material into an optical tube coupled to
a photodetector, as previously demonstrated by Swager et al.
with the Fido detector system.*’

B CONCLUSIONS

We have developed an expedient fluorescence ratiometric
sensor system for trace vapor detection of H,0,. The sensing
mechanism is based on H,0,-mediated oxidation of a boronate
fluorophore, DAT-B, which is then converted to an amino-
substituted product, DAT-N. The emission of the DAT-B film
is blue (centered at S00 nm), whereas the emission of DAT-N
within the same film is significantly red-shifted to 574 nm. The
red-shifted emission band is due to the ICT band of DAT-N.
The spectral overlap of the DAT-B emission and DAT-N
absorption bands results in an efficient FRET process, which
can be exploited to enhance the sensor performance in terms of
both sensitivity and response speed. Considering the over 70
nm separation between the emission bands of DAT-B and
DAT-N, the sensor system thus developed will also be well-
suited for dual channel (wavelength) monitoring to enhance
the reliability of detection, particularly when compared to that
of conventional fluorescence sensors based on single wave-
length monitoring (quenching or turn-on). By blending the
DAT-B sensor with a hydrophilic organic base at the
appropriate molar ratio, the sensor composite demonstrated
effective vapor sampling (absorption) of H,0,, resulting in
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both high detection sensitivity (down to 7.7 ppb) and fast
sensor response (down to 0.5 s under 1 ppm of H,0,). The
exploitation of FRET in solid films broadens the development
of sensors for trace vapor detection, providing great potential
for improving the detection limit.

B ASSOCIATED CONTENT
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Proposed sensing mechanism; NMR spectra of DAT-B;
optimization of film preparation; absorbance and fluorescence
spectra of DAT-B and DAT-N in solution; IR spectra of DAT-
B and DAT-N; selectivity test; contact angle measurements;
stability test; and data fitting. This material is available free of
charge via the Internet at http://pubs.acs.org.
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