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ABSTRACT: Time dependent density function theory (TD-
DFT) has been utilized to calculate the excitation energies and
oscillator strengths of six common explosives: RDX (1,3,5-
trinitroperhydro-1,3,5-triazine), f-HMX (octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine), TATP (triacetone triperoxide),
HMTD (hexamethylene triperoxide diamine), TNT (2,4,6-
trinitrotoluene), and PETN (pentaerythritol tetranitrate). The
results were compared to experimental UV—vis absorption
spectra collected in acetonitrile. Four computational methods
were tested including: B3LYP, CAM-B3LYP, wB97XD, and
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PBEO. PBEO outperforms the other methods tested. Basis set effects on the electronic energies and oscillator strengths were
evaluated with 6-31G(d), 6-31+G(d), 6-31+G(d,p), and 6-311+G(d,p). The minimal basis set required was 6-31+G(d);
however, additional calculations were performed with 6-311+G(d,p). For each molecule studied, the natural transition orbitals
(NTOs) were reported for the most prominent singlet excitations. The TD-DFT results have been combined with the IP,
calculated by CBS-QB3 to construct energy level diagrams for the six compounds. The results suggest optimization approaches
for fluorescence based detection methods for these explosives by guiding materials selections for optimal band alignment
between fluorescent probe and explosive analyte. Also, the role of the TNT Meisenheimer complex formation and the resulting
electronic structure thereof on of the quenching mechanism of II-VI semiconductors is discussed.

1. INTRODUCTION

The detection and quantification of explosive molecules
continues to be an active area of research with various security
and military applications. Many laboratory-based approaches
have been developed to detect these types of molecules
including pulse laser ionization time-of-flight mass spectrosco-
py,' > laser induced photofragmentation,* ion mobility
spectrometry,”® HPLC-diode array detection,”® LC/MS-
atmospheric pressure chemical ionization,” and Raman.'”"" In
addition, detection methods based on colorimetry'>" and
fluorescence'*'® have been developed. Although laboratory-
based methods offer high sensitivity and specificity, colorimetric
and fluorescence methods are both lower in cost and easier for
field deployment. Colorimetric methods utilize a reagent that
produces a color change when reacted with the target analyte.
Fluorescence-based approaches typically monitor luminescence
intensity changes of a probe exposed to an explosive analyte.
Although there have been several reports utilizing different
fluorescent probes, quantum dots (QDs) made from CdSe,'®
CdTe,'”'® CdTe/CdS,”” CdSe/ZnS,* and ZnS:Mn®' have
received increasing attention due to their size tunable emission
spectrum, high fluorescence quantum yield, and stability against
photobleaching. A recent report using QD as the fluorescence
probe reported the detection of TNT on manila envelope
substrates achieving detection limits of 5 ng mm™2."7 The
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application of QD based detection methods has been limited to
TNT, wherein the binding mechanism to the QD probe has
been through the formation of Meisenheimer complexes in
which QD bound primary amine capping ligands bond with the
electron deficient TNT molecule at the same ring site as the
methyl group.”” Conjugated fluorescent polymers have proven
to be very effective in the detection of TNT in the gas phase™
and surfaces,”* and to the detection of a wide range of other
explosives,” >® whereas thin layer chromatographic plates
containing a fluorescent polymer are effective in increasing
selectivity while maintaining low detection limits.”” For both
probe types described above, the mechanism of detection is
through luminescence quenching. That is, the amount of
quenching is directly related to the concentration of the target
analyte. One possible fluorescence quenching mechanism
involves the photoexcitation to an excited state of a probe
molecule or QD with subsequent excitation transfer to a nearby
analyte that has an electronic acceptor state energetically below
the excited state of the probe. The relaxation that follows is
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nonradiative and is typically back-transfer to the ground state of
the probe. Therefore, detailed knowledge of the energy levels of
the target analyte and its vertical and adiabatic electron affinities
(EAy and EA,, respectively) is critical to understanding this
mechanism further.

For many of the above-described methods, the absorption of
light by the target analyte plays a critical role in the detection
methodology. For most energetic molecules, the absorption of
light is in the UV to deep UV region. Consequently, pulsed
laser induced photoionization can utilize multiphoton ioniza-
tion from a low energy excitation source.”%3! Of course,
nonlinear absorption is very sensitive to pump fluence,*
making knowledge of the ionization energy critical to the
optimization of target ionization while minimizing background
interference.

As a companion to our previous study in which we reported
the IP and EA for the same six explosives,>> we have
characterized the singlet transitions bzf TD-DFT and report
the natural transition orbitals (NTOs)** associated with the UV
to deep UV excitations for six explosives: RDX (hexogen), -
HMX (octogen), TATP (triacetone triperoxide), HMTD
(hexamethylene triperoxide diamine), TNT (2,4,6-trinitroto-
luene), and PETN (pentaerythritol tetranitrate). Their
molecular structures are shown in Figure 1. The excited state
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Figure 1. Molecular structure of the six explosives studied: RDX,
HMX, TNT, PETN, TATP, and HMTD.

orbitals may play an important role in understanding
fluorescence quenching, as adequate orbital overlap of the

acceptor state in the analyte is critical for efficient electron
transfer and related fluorescence quenching.>* The combination
of IP, EA, and absorption energies can provide a more complete
picture of these molecules fluorescence quenching mechanisms.
Herein, we report the experimentally determined absorptivity
of the six molecules and the calculation of the component
oscillators from geometry optimized ground states with the
application of B3LYP,** CAM-B3LYP,” »B97XD,*® and
PBE0.*” This class of compounds offers a test of current
DFT methods, as the systems are highly correlated and involve
charge transfer excitations. Each functional was tested against
all six explosives with four basis sets to evaluate the effects on
both the absorption energy and oscillator strength including: 6-
31G(d), 6-31+G(d), 6-31+G(d,p), and 6-311+G(d,p). Uti-
lization of PBEQ for TD-DFT calculations has been shown to
be very effective’ and was found to have the least mean
absolute error in a study comparing 500 compounds and 29
functionals.*' Long range corrected funcitonals like ®B97X and
CAM-B3LYP have been re 3};orted to improve the prediction of
charge transfer excitations.”” We find good agreement between
experimental and TD-DFT determined absorption energies.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS

2.1. Chemical Preparation and Optical Absorption.
Solutions (1 mg/mL) of 1,3,5-trinitro-1,3,4-triazinane (RDX),
1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX), 2-methyl-1,3,5-
trinitrobenzene (TNT), 3-nitrooxy-2,2-bis(nitrooxymethyl)-
propyl nitrate (PETN), 3,3,6,6,9,9-hexamethyl-1,2,4,5,7,8-hex-
oxonane (TATP), and 3,4,8,9,12,13-hexaoxa-1,6-
diazabicyclo[4.4.4]tetradecane (HMTD) were made in acetoni-
trile (CHROMASOLV HPLC gradient grade). Further 1:50
dilutions were prepared for all compounds except TNT, which
was diluted 1:100 for UV—vis analysis. UV—vis absorption
spectra were collected using a Hewlett-Packard 8452A diode
array UV—visible spectrometer with a spectral resolution of 2
nm in a 1 cm quartz cuvette.

2.2. TD-DFT of Singlet Excited States. All calculations
were performed using the Gaussian09** program on a Sunfire
X2200 M2 x64 server (2x Opteron quad core). Calculations
were performed on geometry optimized structures in the gas
phase. The geometries of the six organic explosive molecules
(RDX, f-HMX, TATP, TNT, PETN, and HMTD) were
minimized using B3LYP/6-31+G(d,p). The minimized geo-
metries were verified by calculating the vibrational energies to
confirm there were no imaginary frequencies. Four TD-DFT
methods were compared including: B3LYP, CAM-B3LYP,
wB97XD, and PBEOQ. For each method, four basis sets were
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Figure 2. Experimentally determined UV—vis absorption spectra for six explosives: RDX (black), HMX (purple), PETN (cyan), TNT (green),
TATP (yellow), and HMTD (red) in the full (A) and expanded (B) perspectives.
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Figure 3. TD-DFT predicted absorption spectra for the six explosives (RDX, HMX, TNT, PETN, TATP, and HMTD) as calculated by B3LYP
(green), CAM-B3LYP (dashed-purple), ®B97XD (cyan), and PBEO (red) using the 6-311+G(d,p) basis set. Spectra were calculated by fitting the
predicted oscillators with 0.333 eV HWHM Gaussian peaks and summed to give each trace. Experimentally determined UV—vis spectra were

provided in black.

tested for each of the six molecules including: 6-31G(d), 6-
31+G(d), 6-31+G(d,p), and 6-311+G(d,p). Vertical absorption
energies and oscillator strengths were extracted and fit with a
series of Gaussian peaks with a half-width at half-maximum
(HWHM) of 0.333 eV, followed by summation of the Gaussian
series. This value proved effective at emulating the experimental
data. This standard operation was completed using Gauss-
View$. Natural transition orbital analysis was conducted using
PBE0/6-311+G(d,p).

3. RESULTS AND DISCUSSION

3.1. Optical Absorption. The UV—vis electronic absorp-
tion spectra of six explosives were collected in acetonitrile and
shown in Figure 2. RDX, HMX, and TNT all exhibited a strong
absorption peak near 230 nm. TNT had an additional shoulder
around 260 nm and relatively low absorption that extended out
to 400 nm. PETN has an absorption maximum at or below 190
nm, whereas TATP and HMTD had an absorption maximum
below 190 nm. Each spectrum was fit with a series sum of
Gaussian peaks to identify the absorption maximum of separate
absorption components. The spectral fits were reported in
Figure S1, Supporting Information. The RDX and HMX
spectra exhibited similar absorption peaks at 236 and 230 nm
with absorptivity of 10 570 and 22 460 M~ cm™’, respectively.
The two compounds have negligible absorption at wavelengths
longer than 300 nm. PETN exhibited absorption below 235 nm
and an absorption max <190 nm, with an absorptivity 10230
M~ cm™ at 210 nm. The TNT spectrum was more complex
than that of the other molecules studied. To model this
spectrum, we used a series of five Gaussian peaks with
absorption maxima and absorptivity of 198 nm (14370 M~
cm™'), 229 nm (14 020), 254 nm (10 030), 298 nm (2710),
and 326 nm (2670). It is unlikely the 298 nm fit feature is
significant, as it could be eliminated through Lorentzian or
Voigt fitting. The measured absorptivity at 254 nm was 12 160
M~' cm™. The low absorption region of the TNT spectrum at
wavelength longer than 300 nm can be more easily examined in
the expanded absorption spectrum shown in Figure 2(B).
TATP had very little recorded absorption (see Figure 2B), with
an absorptivity of 260 M™' cm™' at 200 nm. The spectrum

6045

could be fit with two Gaussians with absorption maxima at 194
and 220 nm. HMTD exhibited a very similar absorption
spectrum to TATP; however, it had approximately 8 times the
absorptivity at 200 nm measured to be 2040 M~ cm™". The
spectrum could also be fit with two Gaussians with absorption
maxima at 188 and 226 nm.

3.2. Predicted UV—Vis Spectra. Basis set effects were first
evaluated using 6-31G(d), 6-31+G(d), 6-31+G(d,p), and 6-
311+G(d,p), in which it was determined a minimal basis set 6-
31+G(d) was sufficient to remove significant errors (see Figure
S2, Supporting Information, in which PBEO results of the
absorption energies and oscillator strengths as a function of
basis set were reported); however, we decided to conduct
subsequent calculations with the larger 6-311+G(d,p). For each
of the explosives studied, the predicted UV—vis spectra as
calculated by TD-DFT methods: B3LYP, CAM-B3LYP,
®B97XD, and PBEO using the 6-311+G(d,p) basis set were
plotted against the experimental UV—vis spectra and reported
as Figure 3. The resultant oscillator strength and peak position
from the TD-DFT calculations were fit with Gaussian functions
and summed to generate the predicted spectra.

B3LYP consistently predicted the lowest transition energies,
whereas CAM-B3LYP and wB97XD were consistently higher
than the other methods. The latter two methods produced
essentially identical results for all the compounds studied, as
can be seen in the RDX, HMX, TATP, and PETN spectra.
Slight variations between CAM-B3LYP and @wB97XD in
oscillator strength were seen for TNT and HMTD; however,
the absorption energies were the same. All the methods failed
to predict the 240 nm absorption peak position of RDX and
HMX accurately. Instead, this peak appears as a shoulder in the
RDX spectra at 225 nm. The oscillator strength of this feature
was relatively underpredicted by ®B97XD and CAM-B3LYP
but was predicted well by PBEO and B3LYP. wB97XD and
CAM-B3LYP did not duplicate the 254 nm peak absorption
energy that can be seen in the TNT spectrum, whereas PBEO
was in excellent agreement with the experiment.

As PBEO was in essence an average of the methods tested
and performed better in calculating the TNT spectra, we have
used this method to study the molecular orbitals involved in
selected transitions for the six explosives by NTO analysis.

dx.doi.org/10.1021/jp312492v | J. Phys. Chem. A 2013, 117, 6043—6051
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PBEO has been previously reported to provide improved results
over other DFT functionals.*’ The explosives under study are
expected to have solvatochromic behavior which is the likely
source of error between experimental and predicted spectra.
Future studies may improve results by explicitly including the
first solvation shell by MD simulations, as well as including a
PCM model in the TD-DFT calculations; see Figure S3,
Supporting Information.

3.3. Molecular Orbital Analysis Using Natural Tran-
sition Orbitals. 3.3.7. TNT. The experimentally determined
absorption spectrum of TNT is presented in Figure 4. As
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Figure 4. Upper: UV—vis absorption spectra of TNT (black line) as fit
by four Gaussian peaks, 1 (green), 2 (blue), 3 (purple), 4 (orange),
and S (cyan), and the sum of the fit peaks (open gray circles). Also
included is the PBE0/6-311+G(d,p) predicted absorption spectra
(red), including relative oscillators (vertical lines). (See Figure S2,
Supporting Information, for actual values.) Markers A—D point to
transitions with the most significant oscillator strength. Lower: natural
transition orbitals of the hole and electron orbitals for the transitions
corresponding to markers A—D.

previously mentioned, the spectrum was fit with a series of
Gaussian functions to deconvolute the component transitions
(see Supporting Information Figure S1 for fit). For TNT, five
Gaussian line shapes were needed with 4., at 198, 229, 254,
298, and 326 nm. As previously mentioned, it is not clear from
this data that the 298 nm peak is a significant feature or if it is
an artifact of the data fitting procedure, as the intensity is low

relative to the other Gaussian functions used. The PBEQ/6-
311+G(d,p) predicted absorption energies and relative
oscillator strengths were displayed as vertical red lines. By
using a sum of 0.333 eV HWHM Gaussian functions (which is
a standard fitting protocol in the GaussView software) for each
of the vertical transition energies, the predicted absorption
spectrum was generated (solid red line). The resulting
spectrum agrees very well with the experimental absorption
spectrum. Of the many predicted transitions, four have been
selected that are both relatively large in oscillator amplitude and
correlate well with the fit peaks. For these four transitions,
natural transition orbitals were calculated and plotted in the
lower panel of Figure 4.

Transition A (194 nm) has a ground state made up of
primarily of O (2p) nonbonding (n) electrons located at the
2,6 positions, whereas the excited state is of O—N=0 z*
orbitals at the 2, 6, and 4 position nitro groups forming a charge
transfer (CT) excitation. Transition B (230 nm) has a more
complicated ground state of ring aromatic 7 orbitals and O (n)
character, whereas the excited state is of 7* states within both
the NO, and ring groups. Transition C (260 nm) has very
similar MO structure both the ground and excited states at the
transition B. The 7% <« 7 assignment is consistent with
previous reports and solvent dependent absorption energy of
this peak.43 The low oscillator strength transition D (329 nm),
which causes the broadening of the absorption spectrum in that
region, is of O (n) orbitals at the 2,6 nitro groups in the ground
state and NO, #* orbitals of the same 2,6 nitro groups.

3.3.2. RDX. The experimentally determined UV-—vis
absorption spectrum of RDX (black trace) is presented in
Figure 5. The spectrum was fit with two Gaussian functions
(green and blue traces) with 4, at 196 and 237 nm. The latter
transition has been described to be due to 7% « 7 transition**
with the former being attributed to o, 7, 6%, 7%, and n states.®
Transition A (198 nm) has a ground state made up of a
complicated mixture of states as predicted. It is mostly n in
character, with the n states on the oxygens and nitrogens, which
mix to form an extended pseudo-7 system across the whole
molecule. The excited state is simply the N—NO, 7* states, the
transition of which as a result is clearly CT in nature. Likewise,
transition B (214 nm) is an interesting 7 system created by the
ring N atoms mixed with C—H and C—C ¢ bonds and some
occupation due to O n states. Once again, the excited state is
due to the N—NO, #* orbitals; however, it is more equally
distributed across the molecule than transition A. Finally,
transition C (227 nm) is made up of mostly O n states mixed
with the ring N n states; however, there is also some N—N and
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Figure S. Left: UV—vis absorption spectra of RDX (black line) as fit by two Gaussian peaks, 1 (green) and 2 (blue), and the sum of the fit peaks
(open gray circles). Also included is the PBE0/6-311+G(d,p) predicted absorption spectra (red), including relative oscillators (vertical lines). (See
Figure S2, Supporting Information, for actual values.) Markers A—C point to transitions with the most significant oscillator strength. Right: natural
transition orbitals of the hole and electron orbitals for the transitions corresponding to markers A—C.
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Figure S2, Supporting Information, for actual values.) Markers A—C point to transitions with the most significant or relevant oscillator strength.
Right: natural transition orbitals of the hole and electron orbitals for the transitions corresponding to markers A—C.
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Figure 8. Left: UV—vis absorption spectra of HMTD (black line) as fit by two Gaussian peaks, 1 (blue) and 2 (green), and the sum of the fit peaks
(open gray circles). Also included is the PBE0/6-311+G(d,p) predicted absorption spectra (red), including relative oscillators (vertical lines). (See
Figure S2, Supporting Information, for actual values.) Markers A and B point to transitions of interest. Right: natural transition orbitals of the hole
and electron orbitals for the transitions corresponding to markers A and B.

C—H o bond character as well. The excited state is again the
N—NO, #* orbitals.

3.3.3. HMX. The UV—vis spectrum for HMX is presented in
Figure 6 (black trace) along with a two Gaussian functions fit
using A, at194 and 229 nm. The PBE0/6-311+G(d,p)
predicted absorption energies and relative oscillator strengths
are reported (red vertical lines) as well as the reconstructed
absorption spectrum (red trace). Three absorption energies of
interest were selected (A—C). The molecular orbitals relating
to each transition are shown in Figure 6 as well.

Transition A (209 nm) has a complicated ground state
electronic structure consisting of O and N nonbonding with a
small portion of C—H ¢ bonding electrons. The excited state is
from N—NO, 7* orbitals of the nitro groups which were planar
to the ring structure. Much of the electron density in the A

6047

ground state is ring centered, whereas the electron density of
the excited state is localized on the NO, groups as a CT type
excitation. The ground state of transition B (221 nm) was made
up of O and ring N n states, whereas the excited state was again
made up of the N—NO, 7* orbitals of the perpendicular nitro
groups this time. Interestingly, there was a ¢ bond formed
between the two ring N atoms made by the p orbitals, which
with respect to the N—NO, group were antibonding but to
each other formed a bonding interaction. Finally, transition C,
which was low in oscillator strength in comparison to the
others discussed, had a ground state made of the planar nitro
group n states of O, whereas the excited state was again the
planar N—NO, 7* states.

3.3.4. TATP. Figure 7 shows electronic absorption of TATP
(black track) . The molecule had negligible absorptivity

dx.doi.org/10.1021/jp312492v | J. Phys. Chem. A 2013, 117, 6043—6051
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compared to the other molecules studied. The experimentally
determined spectrum was not fit as the result would be
meaningless. The predicted absorption energy and relative
oscillator strength as calculated by PBE0/6311+G(d,p) was
presented, as well as the reconstructed absorption spectrum
(red). MO analysis of the transition labeled A shows a ground
state of a mixed # and &* character derived from the
nonbonding oxygen orbitals, whereas the excited state is a
O—O0 ¢* bond. The oscillator labeled B was due to a transition
between O nonbonding states and an O—O ¢* bond.

3.3.5. HMTD. Electronic absorption of HMTD (black trace)
is shown in Figure 8 and fit with two Gaussian functions
centered at 188 and 226 nm (blue and green traces). Although
this fit is certainly not unique, it did match nicely to the
predicted spectrum and was left in for Figure 8 as a visual aid.
The PBE0/6-311+G(d,p) predicted absorption energies and
relative oscillator strengths, as well as the reconstructed
absorption spectrum, is presented (red) in which two
transitions, A and B, have thusly been labeled. The molecular
orbitals for these two labeled transitions are also presented.

The ground state of transition A (189 nm) has an interesting
structure made of a relatively small contribution from C-O ¢
bonds, but a majority contribution from two N atoms n orbitals
that point into the center of the molecule. The excited state was
the O—O o¢* orbital, with a small component due to a localized
antibonding ¢* configuration between the two N atoms.
Transition B shows contributions from both N and O
nonbonding orbitals to the O—O o¢* states in the excited state.

3.3.6. PETN. The experimental UV—vis spectrum of PETN
(black trace) is shown in Figure 9 along with a single Gaussian

2.0 .
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Figure 9. Left: UV—vis absorption spectra of PETN (black line) as fit
by one Gaussian peak (green). Also included is the PBEO0/6-
311+G(d,p) predicted absorption spectra (red), including relative
oscillators (vertical lines). (See Figure S2, Supporting Information, for
actual values.) Marker A points to the only transition. Right: natural
transition orbitals of the hole and electron orbitals for the transitions
corresponding to A.

fit centered at 194 nm. The absorption in this region has been
assigned to a 7% « 7 transition with CT from the carbon
backbone to the NO, groups.® The PBEO 6-311+G(d,p)
absorption energies and reconstructed absorption spectrum is
presented in Figure 9 as well. It should be noted that previous
reports™ have found a shoulder in the absorption spectrum at
260—290 nm due to a 7* « n transition of the —NO, groups;
however, none of the TD-DFT methods tested calculated a
nonzero oscillator in this region (though a zero oscillator was
calculated for a 256 nm transition, which did correspond to an
7* « n transition). A shoulder appearing at ~260 nm was
observed in our absorption spectrum at very low relative
intensity (see Figure 2 expanded view). The transition labeled
A (198 nm) also corresponded to a ground state of C—H o
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bonding and O nonbonding states, whereas the excited state
was O—NO, #* antibonding orbitals in which charge was
transferred from the carbon backbone to the distal NO, groups.

3.4. Energy Levels. By combining the vertical ionization
potentials (IPy) calculated by CBS-QB3 with Koopmans’
theorem in our previous work™ and the absorption energies
calculated herein, we have constructed an energy level diagram
for each of the six explosive molecules, as shown in Figure 10.

Bimill
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14

RDX HMX TATP HMTD TNT PETN

Figure 10. Calculated energy level diagrams for the six explosives:
RDX, HMX, TATP, HMTD, TNT, and PETN. Ground state energy
(HOMO) is considered equal to the vertical ionization potential (IPy)
taken from Cooper et al>* as calculated by CBS-QB3. Excited states
were calculated herein by TD-DFT with PBE0/6-311+G(d,p). Letters
labeling transitions are the same labels used in Figures 4—9 to

highlight significant contributions to the absorption spectrum.

For ease of comparison, the transitions described in Figures
4—9 have been indicated in Figure 10. For RDX, TATP,
HMTD, and PETN, the lowest 15 singlet transition energies
are shown, whereas for HMX and TNT, the first 40 are
indicated. The lowest energy shown is the highest occupied
molecular orbital (HOMO) and the first vertical transitions
with significant oscillator strength (see Figure S2, Supporting
Information) for HMX, TATP, HMTD, and TNT is the lowest
unoccupied molecular orbital (LUMO). For RDX and PETN,
the LUMO transition is dark, having zero oscillator strength.

These results should be useful in the design and optimization
of explosives detection methods utilizing fluorescence quench-
ing, as the unoccupied energy levels can act as acceptor states
from the fluorescent probe. For II-VI QD probes, the CB
energies for CdTe, CdSe, CdS, ZnTe, ZnSe, and ZnS are all <5
eV vs vacuum,***’ making them all likely candidates for
fluorescence quenching by the explosive analytes, as all the
explosives have a manifold of acceptor states in this range;
however, possible issues in designing such systems are worth
mentioning.

One potential issue could be that RDX, HMX, TNT, and
PETN all have exothermic electron affinities between 0.1 and
0.75 eV, whereas TATP and HMTD have identical
endothermic affinities of —1.12 eV. Additionally, RDX, HMX,
TATP, and HMTD Jwere seen to have unstable geometries in
their reduced forms.>® Therefore, the charge transfer step from
QD — explosive could cause degradation of RDX and HMX
analyte consequently resulting in a different fluorescence
quenching mechanism than has been previously discussed
insofar that the energy level alignment for electron transfer and
back transfer between QD and explosive may not be applicable
and thus warrants further investigation.

A second issue could be band alignment with the VB of the
QD, as an injected electron from the QD to an acceptor state in
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the explosive could decay to the LUMO level rapidly before
back-transfer can take place. To minimize potentially
destructive reduction of the analyte by the QD and to optimize
the QD quenching stability over time, the back electron transfer
should be favorable. This would place a restriction on materials
with VB levels below the LUMO level of the explosive analyte.
PETN has a LUMO level of 9.00 eV excluding any II-VI
semiconductor. RDX, HMX, and TNT (see section 3.5 about
TNT-Meisenheimer complexes) have similar LUMO levels at
about 8 eV, which leaves ZnO as the only candidate of II-VI
semiconductors. For TATP, the LUMO was calculated to be
6.35 eV; II-VI materials with VB edges lower than the LUMO
are ZnS, ZnSe, CdS, and CdSe. HMTD has more flexibility in
materials choices having a LUMO level of 5.08 eV, which
includes the above listed materials plus ZnTe and CdTe.
Assuming fluorescence quenching is possible with TATP and
HMTD and that the CB energy is relevant to the mechanism,
one could design a fluorescence assay to distinguish between an
unknown sample of peroxide based explosive.

3.5. Meisenheimer Complex. As previously stated, QD
based methods targeting TNT have utilized surface bound
primary amines, which when exposed to TNT form a
Meisenheimer complex, Scheme 1."”'*** From our predictions,

Scheme 1. Formation of a Meisenheimer Complex from the
Reaction of 2,4,6-Trinitrotoluene with a Primary Amine

O CHy O R
3 - NH.
o e > HG 2§
o% ~ 7N* N‘\ ]
+ R—NH, — o o
+
Nao +
o~ o Ny
o~ o

it does not appear that TNT is capable of quenching materials
like CdSe, CdS, ZnSe, or ZnS. Therefore, the formation of this
complex could be more significant to the quenching mechanism
than previously thought. The rational design of using QD
surface bound primary amines has been proposed as a binding
mechanism of the TNT to the QD surface so efficient
quenching can take place; consequently, it is likely the resulting
energy levels of the TNT change dramatically to allow for
electron transfer to occur.

To confirm this point, we have investigated the Meisen-
heimer complex formed between 2,4,6-trinitrotoluene and
propylamine (TNT-M). Optimization of the structure was
performed with B3LYP/6-31+G(d,p) and a vibrational
spectrum was calculated to confirm that the minimized
structure was reached. The reaction enthalpy of Scheme 1
where R = (CH,CH,CHj;) as calculated with B2PLYPD/6-
311+G(3df,2p) was —20.22 kJ mol™". Assuming the contribu-
tion from entropy to be small, the equilibrium constant (K.g)
for this reaction would be 3.5 X 10% in vacuum. This value is in
good agreement with Sharma et al.*® in which the TNT +
isopropylamine complex K,, was reported to be 2.94 x 10* in
DMSO.

The ionization energy (IE) was calculated using Koopmans’
theory®® by MP2/6-311+G(3df,2p) and found to be 8.727 eV
and the exothermic electron affinity (EA) was 0.093 eV. The IE
energy of the complex represents a 2.74 eV shift compared to
TNT whereas the EA of the two were within 0.1 eV of each
other. TD-DFT calculations were performed using PBEO0/6-
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311+G(d,p) in which the absorption energies and oscillator
strength, given in parentheses, for the first 4 singlet excitations
were found to be 2.64 eV (0.1987), 3.46 eV (0.2069), 3.62 eV
(0.0004), and 3.76 eV (0.0001). The predicted UV—vis spectra
of TNT and TNT-M were reported in Figure 11. These results

o CHy [} ,
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Figure 11. Predicted UV—vis spectrum of TNT (black) and a TNT
Meisenheimer complex with propylamine (blue) with TD-DFT
PBE0/6-311+G(d,p). Solid traces correspond to units of absorptivity
(left axis), and vertical lines relate to the oscillator strength (right axis).

place the HOMO and LUMO level at 8.727 and 6.09 eV,
respectively. With this shift in the LUMO energy level,
quenching of QD systems is much more likely. This
observation apparently confirms our conclusions regarding
semiconductor selections and the role of the Meisenheimer
complex in the quenching reaction.

Additional observations of QD fluorescent quenching by
2,4,6-trinitrophenol (picric acid) have been reported. The
Meisenheimer complex formed between picric acid (PA) and
propylamine was examined in which the reaction enthalpy was
calculated with B2PLYPD/6-311+G(3df,2p) and was —8.86 kJ
mol™". This is 11.36 kJ mol™ less than the Meisenheimer
complex formed with TNT. Therefore, the expected ratio of
Meisenheimer formation of TNT to PA is ~10:1. The IE and
EA of PA were calculated by MP2/6-311+G(3df2p) which
were 11.214 and 0.583 eV as well as the picric acid
Meisenheimer complex (PA-M), which were 9.121 and 0.194
eV, respectively. The first four singlet excitation absorption
energies and (oscillator strengths) were calculated with TD-
DFT PBE0/6-311+G(dp) and were 2.82 €V (0.203), 3.61
(0.186), 3.74 (0.003), and 3.824 (0.000). The predicted UV—
vis spectra of both the PA and PA-M complex were reported in
Figure 12. The LUMO level shift of the PA is very similar to
that of the TNT-M complex. These results indicate that PA will
quench QD PL less effectively than TNT, which is consistent
with some'®***® and contradictory to other”' reports. The
energy level diagram of the TNT, TNT-M, PA, and PA-M was
presented in Figure 13.

4. CONCLUSIONS

We have calculated the singlet excitations of six common
explosives, RDX, f-HMX, TATP, HMTD, TNT, and PETN,
by TD-DFT methods including PBEO, @B97XD, CAM-B3LYP,
and B3LYP with several basis sets including 6-31G(d), 6-
31+G(d), 6-31+G(d,p), and 6-311+G(d,p). The best agree-
ment between experimentally determined absorption energies
and those calculated by TD-DFT was with the PBEO functional,
with the smallest basis set of 6-31+G(d); however, all analysis
was performed at the higher 6-311+G(d,p). In general, the
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Figure 12. Predicted UV—vis spectrum of picric acid (black) and a
picric acid Meisenheimer complex formed with propylamine (red)
with TD-DFT PBE0/6-311+G(d,p). Solid traces correspond to units
of absorptivity (left axis), and vertical lines relate to the oscillator
strength (right axis).
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Figure 13. Energy level diagram of TNT, TNT Meisenheimer
complex formed between TNT and propylamine (TNT-M), picric
acid (PA), and picric acid Meisenheimer complex with propylamine
(PA-M). The lowest energy level, corresponding to the HOMO, was
calculated by MP2/6-311+G(3df2p) and determined using Koop-
mans’ theory. Unoccupied energy levels were determined by TD-DFT

PBE0/6-311+G(d,p).

long-range corrected @wB97XD and CAM-B3LYP functionals
performed identically in most cases and tended to predict
higher absorption energies than PBEO or B3LYP, whereas
B3LYP predicted the lowest energy excitations. Natural
transition orbitals were calculated for the major contributing
oscillator components to the absorption spectra with PBE0/6-
311+G(d,p). The results offer visualization of the hole and
electron densities associated with UV to deep UV absorption.
By combining IPy at the CBS-QB3 level and TD-DFT, energy
level diagrams were reported for each of the six compounds.
The energy level diagram can be utilized to assist in designing
fluorescence quenching detection methods that utilize a donor/
acceptor model like those proposed in QD and fluorescent
polymer probe studies. Analysis of TNT and picric acid (PA)
Meisenheimer complexes indicate the energetic shift of the
HOMO level is responsible for the QD PL quenching observed
whereas the uncoordinated TNT and PA are not predicted to
be efficient quenchers for any II-VI semiconductor system
except ZnO.
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Figures of fits for experimental UV—vis spectra, of absorption
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