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ABSTRACT: Pentaerythritol tetranitrate (PETN), a high explosive, initiates with traditional shock
and thermal mechanisms. In this study, the tetrazine-substituted derivative of PETN,
pentaerythritol trinitrate chlorotetrazine (PetrinTzCl), is being investigated for a photochemical
initiation mechanism that could allow control over the chemistry contributing to decomposition
leading to initiation. PetrinTzCl exhibits a photochemical quantum yield (QYpc) at 532 nm not
evident with PETN. Using static spectroscopic methods, we observe energy absorption on the
tetrazine (Tz) ring that results in photodissociation yielding N,, CI-CN, and Petrin—CN as the
major photoproducts. The QYp- was enhanced with increasing irradiation intensity. Experiment
and theoretical calculations imply this excitation mechanism follows sequential photon absorption.
Dynamic simulations demonstrate that the relaxation mechanism leading to the observed
photochemistry in PetrinTzCl is due to vibrational excitation during internal conversion.
PetrinTzCl’s single photon stability and intensity dependence suggest this material could be stable
in ambient lighting, yet possible to initiate with short-pulsed lasers.
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B INTRODUCTION should have high photochemical yield, initiate on fast time
scales, have highly exothermic reactions, and be photochemi-
cally accessible from commonly available laser wavelengths.
Herein we use a tetrazine-substituted derivative of pentaer-
ythritol tetranitrate (PETN),> henceforth called PetrinTzCl,
and associated materials PETN and tetrazine dichloride

Most high explosives (HEs) are not photoactive in the visible
wavelength range; many are nitramines with large heats of
combustion and white to off-white coloring, which character-
istically absorb only in the ultraviolet (UV). The targeted
design of photoactive high explosives can be obtained by

tailoring/controlling the material’s optical properties through (TzCl,) (see Figure 1) to establish the characterization and
synthesis. Tetrazine (Tz) is an ideal chromophore, due to its theoretical methods necessary for enhanced understanding of
high heat of formation," that can be synthetically linked to -
existing high explosives to optimize their photoactivity2 without o\ﬁ/ 0
compromising their energetic performance. |

Tetrazines are organic fluorophores with large heats of c N\N o o, 0
formation due to their C—N and N—N bonds.! They have a Y rl‘ H
high electron afﬁnitz and are known as the most electron poor N )\ o“ o o o
C—N heterocycles’ and have a typically forbidden n—z* N c
transition located on the Tz ring.* They range in color from

TzCl, PETN o

purple to red to orange depending upon how they are
substituted. Substitution of Tz has been shown to increase N

1. . e -0 T
thermal stability and give longer fluorescence lifetime and larger o 0
. 5,6 . (o]] N

fluorescence quantum yield (QYy).”® Tetrazines have been XN 0,NO.
investigated for a wide range of apglications such as protein |

L7 . . 8—1 11-1s . N
folding,” antibacterial/antitumor, sensors and high- N F

2,16—18 N O ONO,

energy density materials such as high explosives.
Current optical initiation mechanisms of conventional

explosives are indirect thermal or shock processes that require PetrinTzCl ONO,

high laser energies.19_26 An optically active HE could open the

door toward direct optical initiation through an excited state

photodecomposition mechanism. Novel photoactive HEs could

Figure 1. Chemical structures of TzCl,, PETN, and PetrinTzCl.
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the material’s photoactive response and associated energy
transfer leading to photochemistry/photoproducts.

B EXPERIMENTAL METHODS

To elucidate the photochemical quantum yield and associated
photoproducts of PetrinTzCl, TzCl,, and PETN, four experi-
ments were completed: ultraviolet—visible (UV—vis) absorp-
tion, fluorescence quantum yield (QYy), photochemistry QY
and mass spectrometry. The following paragraphs present the
methods used in each experiment as well as methods used for
the associated theoretical calculations.

UV—Vis. UV—vis absorption spectra of PetrinTzCl, TzCl,,
and PETN were obtained using an Agilent Technologies 8453
UV—vis spectroscopy system. Materials were ground with
potassium bromide (KBr: Fisher Infrared grade) and pressed
into 7 mm diameter pellets using an International Crystal
Laboratories Port-A-Press. Pellets were further mounted to an
Al mount with a 3 mm diameter hole, where the most optically
clear region was selected for investigation. Concentrations were
chosen such that a maximum 532 nm absorption was <0.5, and
all pellets used in the intensity-dependent measurements were
within +5% of each other in peak absorbance. The number of
molecules in a 3 mm diameter pellet for TzCl, was ~5 X 10"
molecules, PetrinTzCl was ~5.3 X 10' molecules, and PETN
was ~2.3 X 10'7 molecules.

QY;. The QYy for PetrinTzCl was determined using the
Rhodamine 6G perchlorate (Acros Organics laser grade 99.0%
pure) in ethanol standard of ®; = 0.95.>” A 10 mm quartz
cuvette was filled with the respective material and excited with a
continuous wave 405 nm, 89.8 mW (£0.2 mW) diode laser.
Emission spectra were obtained using a focusing lens attached
to a fiber connected to a spectrometer (Ocean Optics USB
2000+). The 405 nm excitation laser was blocked from the
collected emission spectra with a 405 nm notch filter. A 1.4 X
10* M solution of PetrinTzCl in acetone (Acros spectroscopic
grade) was investigated to keep absorption <0.1. Acetone was
chosen as the solvent due to PetrinTzCl’s poor dissolution in
ethanol.

QYpc. The photochemical quantum vyield, QYpc, for
continuous wave (CW) and pulsed 532 nm laser light was
measured for the three materials. Molecular reactivity/photo-
degradation was measured via difference Fourier transform
infrared (FTIR) spectra before and after photoirradiation. An
FTIR spectrometer (Thermoscientific Nicolet iS S) was
modified to allow in situ CW or pulsed 532 nm irradiation
and IR spectroscopy. A frequency-doubled diode pumped solid
state (CNI model MGL-III-532) 532 nm CW laser and a
Continuum Minilite (Q-switched, 5.7 ns full width at half-
maximum (FWHM), <15 Hz pulsed 532 nm) laser were
utilized to irradiate the materials. Pulsed 532 nm power was
adjusted through a waveplate and polarizer. Both lasers were
sent through a telescoping lens system to optimize the beam
profile to a Gaussian configuration for consistent intensity/
power irradiation with 2 mm FWHM.

Mass Spectrometry. A Stanford Research Systems residual
gas analyzer (RGA-200) quadrupole mass spectrometer was
employed to measure the gaseous photoproducts from
PetrinTzCl, TzCl,, and PETN under CW (74 mW average
power) and pulsed (64 mW average power, 15 Hz) 532 nm
laser irradiation. Sample pellets (7 mm diameter) were
prepared as described in the UV—vis section and placed within
a vacuum cell. Samples were evacuated to <107° Torr using a
Varian turbo-V70 pump, and mass spectra were obtained before
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and during laser irradiation, while continuously pumping the
cell. Continuous pumping provided the highest level of
background stability. Mass spectra from 1 to 200 mass/charge
ratio were acquired every 40 s, with three scans averaged. Mass
spectra were compared to the NIST Chemistry WebBook.*®

B COMPUTATIONAL METHODS

Linear and Nonlinear Optical Spectra. Quantum
chemical calculations of optical spectra were gerformed with
the Gaussian 03 and 09 software packages.””*" Following the
method of Masunov and Tretiak,> optimized ground state
geometries were calculated at the HF/6-31+G* level, and
vertical excitation energies were calculated using time-depend-
ent density functional theory (TD-DFT) at the B3LYP/6-31G*
level. When compared to experimental data HF geometries are
expected to be less accurate than some DFT geometries,”” but a
combination of HF geometries with TD-B3LYP approach
produces consistent results for calculations of linear and
nonlinear optical spectra across a wide range of molecular
sizes.”® Transition dipoles between the first and higher lying
excited states were calculated using the collective electronic
oscillator (CEQ) formalism.>*

To simulate the sequential absorption spectrum from the first
excited state to higher excited states, the transition energies
were broadened by a Gaussian function with FWHM of 0.05
eV. The resulting peaks were then weighted by the oscillator
strengths calculated from the transition dipoles and summed,
after which the total spectrum was normalized. A similar
method was used to simulate the absorption spectrum for
ground to excited state transitions using the corresponding
oscillator strengths.>’ The nonlinear two-photon absorption
(TPA) cross section was calculated in units of Goeppert—
Meyers (GMs). The methods for this calculation were
extensive and are detailed in ref 31.

Nonadiabatic Excited State Molecular Dynamics. The
excited state dynamics of TzCl, and PetrinTzCl were explored
using the previously developed nonadiabatic excited state
molecular dynamics (NA-ESMD) framework described in
detail elsewhere.> ™ Briefly, the NA-ESMD approach
combined the fewest switches surface hopping (FSSH) method
with semiempirical Austin model 1 (AM1) and configuration
interaction singles (CIS) description of the excited states*’ with
on the fly calculation of the electronic energies, gradients, and
nonadiabatic coupling vectors for the excited states. The
electronic degrees of freedom were treated quantum mechan-
ically, and the nuclear motions were treated classically. The
probability for a quantum transition to another excited state
depended on the strength of the nonadiabatic couplings
calculated at each integration step along the trajectory. This
approach allowed us to model the relaxation of a photoexcited
wave packet from the excited state according to the following
procedure. First, we ran molecular dynamics in the ground
electronic state starting from the ground state oPtimized
geometry for 300 ps with a time step of 5t = 0.5 fs.*"** The
system was then heated and allowed to equilibrate to a final
temperature of 300 K during the first 10 ps using the Langevin
thermostat™ with a friction coefficient of 20.0 ps~'. From the
remaining 290 ps, we collected 190 configurations for TzCl,
and 290 configurations for PetrinTzCl sampled at 1 ps intervals,
which provided initial geometries and momenta for excited
state simulations. Twenty TzCl, and 25 PetrinTzCl lowest
energy electronic excited states and their oscillator strengths
were then calculated for every configuration to determine
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energetic positions of the sequential two-photon state (located
~2.5 eV above the lowest energy excited S, state; see Results
and Discussion). The initial excited state was chosen according
to a Frank—Condon window defined as g, = exp[—T*(Ej ;e —
Q,)*], where E,, represents the excitation energy and Q,
represents the computed energy of state a (expressed in units
of fs™'). The laser temporal profile was Gaussian f(t) =
exp(—t*/2T?), T = 42.5 fs corresponding to a FWHM of 0.05
eV. The initial excitation was selected according to the relative
values of g, weighted by the oscillator strengths of each state.
The NA-ESMD simulations were then started allowing internal
conversion (IC) through coupled Born—Oppenheimer surfaces
to be followed as the system returned to S,. The swarm of
independent trajectories was propagated via energy-conserving
Newtonian dynamics for 1 ps (TzCl,) and 4 ps (PetrinTzCl)
using a classical time step of 6t = 0.1 fs and three quantum steps
per classical step. The quantum time step was further reduced
by a factor of 40 to locate trivial unavoided crossings,* and the
electronic decoherence was included by resetting the quantum
coefficients following every attempted hop.>®

B RESULTS

Synthetically linking TzCl, to PETN changes the PETN from
white to a bright pink/orange color enhancing the material
absorption around 325 and 500 nm (see Figure 2). Note in
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Figure 2. UV—vis spectra of PetrinTzCl, TzCl,, and PETN in KBr

pellets.

Figure 2 that the continuously increasing absorption with
decreasing wavelength in PETN is due to scattering in the KBr
pellet; scattering has been partially subtracted out by setting the
absorption at 600 nm equal to zero. The n—7z* transition in
PetrinTzCl has substantial absorption at 532 nm permittin
excitation at an easily obtained commercial laser wavelength®*

A 1.4 x 107* M solution of PetrinTzCl in acetone (Acros
spectroscopic grade) exhibited a 0.18 + 0.008 QY (see
emission spectrum Figure SI1). This moderate QYj is far larger
than that observed for s-tetrazine, suggesting stabilization of the
lowest energy electronic excited state for the substituted
material. **

The number of molecules reacted per photon absorbed for
CW and pulsed 532 nm laser irradiation was measured for
PetrinTzCl, TzCl,, and PETN. The QYpc was directly
calculated from the number of molecules irradiated within
the 3 mm sample, the laser irradiance, and determination of the
rate of molecular reactivity/photodegradation resulting from
irradiation. The molecular reactivity was acquired via difference
Fourier transform infrared (FTIR) spectra taken before and
after photoirradiation at regular intervals.

4848

Irradiated spectra were subtracted from initial reactant
spectra to display the material vibrational changes that occurred
due to photochemistry (difference spectra). Photoproduct
vibrational spectra were determined by adding back a fractional
amount, @, of the reactant spectra to the difference spectra such
that negative peaks were removed. The concentration of initial
material that had reacted, a, was determined in an automated
process by minimizing the magnitude of the autocorrelation
peak between the final product spectrum and the initial
spectrum. If the trial @ was too small, negative peaks would be
apparent in the product spectrum, and there would be a
negative autocorrelation peak. If a was too large, the
autocorrelation peak would become positive. By calculating
the magnitude of the autocorrelation as a function of a in steps
of 0.25% material reacted, we determined the fraction reacted
and the final product spectrum according to eq 1. Figure 3
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Figure 3. FTIR spectra of PetrinTzCl before (reactant) and
photoproduct spectrum after 532 nm irradiation with CW (70 mW)
and pulsed (70 mW, 15 Hz) light.

shows the reactant, CW product, and pulsed product spectra
for PetrinTzCl. Specific peaks detailing the photochemistry will
be discussed below, but first we utilize the spectra to determine
the fraction of material that has reacted under different
irradiation conditions.

products = difference spectra + a-reactants

(1)

To test the effect of intensity, new pellets of PetrinTzCl,
TzCl,, and PETN were subjected to various pulsed laser
irradiances and compared to CW irradiation. The fraction of
material reacted and product spectra were determined for each
incremental increase in irradiation.

Figure 4 shows the resulting fraction of material reacted as a
function of total energy absorbed and irradiance value. Both
PetrinTzCl and TzCl, show a nonlinear/multiphoton intensity
dependence®™ with 532 nm irradiation.** There was no
measurable photoreaction of PETN following 10 000, 1.8 m],
5.7 ns pulses of 532 nm irradiation, due to its lack of absorption
at that wavelength. The nonlinear effect of intensity on QYpc
for PetrinTzCl is shown in Figure S. PetrinTzCl presented a
19x increase in QYpc from 1.3 X 107* (CW) to 2.5 X 1073
(pulsed) while TzCl, revealed a 54X increase from 7.1 X 107
(CW) to 039 (pulsed). As observed in Figure 2, 532 nm
excites the first optically active electronic state resonantly,
allowing sequential absorption of a second photon prior to
relaxation with increasing probability as the intensity increases.
This higher excited state appears to have a much greater
photochemical reactivity, which is not surprising considering
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Figure 4. (top) Fraction of material photoreacted vs energy absorbed
(J) for CW and increasing pulse irradiance for PetrinTzCl for 5.3 X
10" molecules in the sample and 2.7 X 10'® photons/]. (bottom)
Fraction of material photoreacted vs energy absorbed (J) for CW and
maximum pulse irradiance for TzCl, for 5.0 X 10'7 molecules in the
sample and 2.7 X 10'® photons/J.
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Figure S. Nonlinear effect of photochemistry quantum yield vs
intensity for PetrinTzCL

the substantial increase in excess energy following absorption of
two photons.

To determine the nature of the two-photon process,
theoretical calculations were performed to differentiate between
sequential absorption and nonlinear TPA. The standard
absorption spectrum from the ground to excited state is
calculated to be close in maximum to experiment, i.e. 570 nm,
with an error of approximately 40 nm likely caused by dielectric
environmental effects in experimental spectra that are not
accounted for in theory. The calculated TPA cross section is
relatively small with a maximum of less than 2 GMs for
PetrinTzCl and below numerical precision for TzCl, (Figure
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SI2). Under the laser conditions of the experiment, the TPA
was ~6 orders of magnitude smaller than the one-photon
absorption and can be neglected. The sequential absorption
from the first excited state has significant absorption
probability, which intersects with the ground-to-excited state
absorption. In Figure 6, the relevant spectra are shown (one-
photon absorption and sequential absorption from the first
excited state). The highest sequential absorption probability is
close to the 532 nm range and likely has a similar error (~40
nm) as the calculated absorption probability from the ground
state. This sequential absorption can lead to a total excess
electronic energy of 4.5—5 eV above the ground electronic
state, corresponding to the 6—8th B3LYP singlet excited states.
These states cannot be optically excited by one-photon
absorption (Figure 6, right panel) but can be optically excited
by sequential absorption from the first excited electronic state
(Figure 6, right panel). These states do not have significant
two-photon absorption cross section (Supporting Information
Table 1). It is concluded that sequential two-photon absorption
is the primary method of excitation to higher energy excited
states in these experiments.

In efforts to determine the energy transfer pathways
associated with the photochemistry, additional analysis of the
reactant and product spectra of PetrinTzCl, TzCl,, and PETN
was performed (Figure 7). PETN was not photoreactive at 532
nm and therefore had no product spectra while TzCl,
presented negligible product spectra in the infrared that could
be the result of CW irradiation induced photochemistry. In
general, the product (CW or pulsed) spectrum of PetrinTzCl
was similar to the reactant vibrational spectra. The most
prominent distinction between the two was the overall decrease
in peak intensity and some overall broadening. Specifically, the
PetrinTzCl vibrations associated with the NO, stretch (1695
cm™'), CH scissors (1483 cm™'), CH, wag (1387 cm™"), and
O—N stretch (862) all remained after irradiation. There is also
enduring evidence of the Tz ring contribution around 925 and
1198 cm™!, although the 925 cm™" vibration shifts slightly to
930 cm™' in the product spectra.

A noted vibrational peak not evident in the TzCl, or PETN
but present in the PetrinTzCl is the 1352 cm™' peak. It is
suggested that this vibrational peak is due to the C—O-C
connection between the Tz and Petrin. The 1352 cm™!
vibrational peak decreases significantly in both CW and pulsed
product spectra although a larger decrease is observed in the
CW product spectra.

New vibrational peaks are observed in both the CW (2340
cm™") and pulsed (2209, 2250, and 2340 cm™") product spectra
of PetrinTzCl and the pulsed product spectra of TzCl, (2209
cm™"). The 2209 cm™" peak is suggestive of a CI—-CN vibration,
and the broad 2250 cm™" peak is most likely due to Petrin—CN
following previous mechanistic Tz decomposition results.**”**
A sharp 2340 cm™" peak is observed in both CW and pulsed
PetrinTzCl but not in TzCl,. This peak is likely from an
isocyanate or nitrile species that is currently unidentified or
potentially a complex with N, products.

The product spectra results demonstrate CN triple-bond
formation, consistent with chemistry localized on the tetrazine
moiety of PetrinTzCl. To further confirm this result, mass
spectra of the gaseous photoproducts from PetrinTzCl and
TzCl, under CW (74 mW) and pulsed (64 mW, 15 Hz) 532
nm laser irradiation were measured. Energy transfer leading to
photodecomposition of the PETN portion of PetrinTzCl would
lead to NO, and larger Petrin fragment gaseous photoproducts

DOI: 10.1021/acs jpca.5b02092
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Figure 6. (left) Simulated ground to excited and excited to excited state absorption spectra for PetrinTzCl and TzCl,. Ground to excited state
absorption strength is multiplied by 10 for comparison. (right) Excitation energy diagram for PetrinTzCl and TzCl,. Ranges of possible excitation
according to the spectra on the right are shown with excited state absorption shifted to exhibit the higher lying states excited by this process.
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Figure 7. Reactant and product spectra for PetrinTzCl, TzCl,, and
PETN.

with prominent peaks expected at m/z of 46 and 76.® Figure 7
shows the mass spectroscopy results for the irradiated materials.

CI-CN, N,, and Cl are detected in TzCl, for pulsed and CW
conditions and for PetrinTzCl for only pulsed conditions. Cl—
CN and CI are not observed from CW irradiated PetrinTzCl,
presumably due to the low QYp¢, but H,O is detected, possibly
from water absorbed in the KBr. There was no appreciable NO,
or larger PETN subspecies (CH,NO;) present in the gas phase.
There are some signatures of increased NO and CO, or N,O
production that would have to involve the PETN portion of
PetrinTzCL

B DISCUSSION

An ideal photoactive HE material would exhibit a multiphoton/
nonlinear QYpc. This characteristic would increase explosive
photoinitiation safety by preventing unwanted photodegrada-
tion due to single photon absorption of visible light from
room/sunlight and low intensity laser light. It has been debated
that the photochemistry of s-tetrazine falls within one of two
photodecomposition mechanisms.****° Mechanism one exhib-
its a one-photon absorption followed by IC with dissociation
on the ground state via a concerted separation, as presented in
reaction a. Mechanism two shows sequential two-photon
absorption with dissociation through an excited state
intermediate (X) as displayed in reaction b.

s-Tz — 2HCN + N, (a)

1Ag s-Tz —> 1B3v s-Tz —» X s-Tz — 2HCN + N, (b)

Further, it has been shown that the fluorescence, electro-
chemistry, and photochemistry depend upon the nature of the
tetrazine derivative.*”** The measured nonlinear photo-
chemical response of PetrinTzCl suggests that derivatizing Tz
with the conventional high explosive PETN produces a
photoactive material, which is more stable than tetrazine
dichloride. It also suggests that the decomposition follows a
sequential two-photon absorption mechanism. The following
paragraphs discuss computational results, which substantiate
cascaded sequential dissociation through an excited state

DOI: 10.1021/acs jpca.5b02092
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intermediate of tetrazine dichloride and suggest a similar
photochemical decomposition mechanism for PetrinTzCL
Our experimental results exhibit PetrinTzCl undergoes
decomposition through the Tz ring, while the Petrin moiety
remains primarily intact. This occurs at a lower photochemical
quantum yield than the analogous process in TzCl,. The
mechanism for this selective decomposition is a complex
interplay of photoinduced pathways of internal conversion (IC)
and/or intermolecular vibrational relaxation (IVR). The exact
photophysical processes responsible for this cannot be clearly
separated, given the current experimental data. From TD-
B3LYP calculations, the excited states with significant
sequential absorption probability are Sq, S, and Sg with S,
having ~10 times higher probability of absorption. Excited state
geometry optimizations with an open shell formalism at the
uB3LYP/6-31G* level were attempted but were not possible
because of an apparent dissociation of —NO, from the Petrin
moiety preventing convergence to a minimum-energy structure.
This suggests an adiabatic photochemical dissociation of NO,.
However, no evidence of NO, production is present in Figure
8, although there is a signal for NO. It may be that NO is the
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Figure 8. Mass spectra of CW and pulse irradiated PetrinTzCl (top)
and TzCl, (bottom). The partial pressures of atomic mass units above
80 are multiplied by 100. Note that NO, (46 amu), NO; (62 amu),
and CH,NO; (76 amu) are missing from PetrinTzCl mass spectra,
suggesting we are not directly observing Petrin dissociation.

final product present at long times related to the NO, reactions
observed in simulation. The fact that the decomposition of the
Petrin moiety is not experimentally observed may be due to
rapid internal conversion (IC) involving multiple nonadiabatic
transitions. To simulate these effects, nonadiabatic excited-state
molecular dynamics was utilized.>>™ To start these simu-
lations, we have identified a single sequentially active state (S,
« S,) with large oscillator strength in the semiempirical AM1/
CIS model chemistry used by NA-ESMD. This state is
analogous to the state (S;) obtained with TD-B3LYP and is
localized on the tetrazine moiety.
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Dynamic simulations predict ultrafast decomposition of the
tetrazine ring in TzCl, with a quantum yield of 0.56 for the
dissociation of a C—N bond. A second C—N bond dissociation
resulting in the release of N, from the tetrazine ring was
observed in a few of the trajectories exhibiting photochemistry.
Notably, simulations of our trajectories typically stop after the
first bond breakage due to the closed shell theoretical
description of electronic excited states used here, which cannot
describe radical anion intermediates. Because of this, we were
not able to obtain the specific yield of the N, release or observe
the final N—N bond cleavage in simulation. Molecular
geometries collected along a representative NA-ESMD
trajectory are shown in Figure 9. The ring-opening and loss
of N, represent the first and second steps, respectively, of the
cycloreversion process responsible for the production of Cl—
CN and N, observed experimentally. For the PETN-substituted
compound PetrinTzCl, C—N bond dissociation within the
tetrazine ring was observed in a single trajectory out of 290
following 4 ps of NA-ESMD simulation time. Thus, the
quantum yield for tetrazine photochemistry in PetrinTzCl is
significantly reduced compared to TzCl, suggesting stability of
the tetrazine moiety. NO, dissociation from the PETN
functional group was observed with a simulated quantum
yield of 0.06.

Molecular geometries along representative NA-ESMD
trajectories for PetrinTzCl are shown in Figure 9. The tetrazine
ring-opening and the Petrin NO, dissociation are shown in the
middle and bottom panels, respectively.

These simulations support a photophysical mechanism
responsible for the reactions in TzCl, and PetrinTzCl. As the
system relaxes from the initial tetrazine localized sequentially
excited electronic state ~2.5 eV above S; back to S,
nonradiatively, the excess electronic energy from photo-
excitation is dissipated as vibrational kinetic energy in the IC
process.

Figure 10 shows the simulated nonadiabatic relaxation
process in TzCl,. The plot displays energies averaged over
the ensemble of trajectories that display photochemistry. The
S, excess electronic energy (green dashed line) is computed as
the difference between the total potential energy and the lowest
energy excited state S, energy, E;‘iffl(t) — E;(t), and represents
an ultrafast influx of the electronic energy into vibrations during
IC. The S, excess energy goes to zero as the system relaxes back
to S), and the relaxation is complete within ~200 fs, indicating
that the initial sequential two-photon state has a short lifetime.
At the same time, the average vibrational kinetic energy of the
tetrazine ring portion of TzCl, increases substantially, while the
average kinetic energy of the chlorine substituents remains
relatively unchanged. The vibrational energy is selectively
directed into the tetrazine ring, supporting the experimentally
observed photochemistry.

The relaxation process in PetrinTzCl is shown in Figure 11.
Here, the vibrational relaxation is more complex as the excess
electronic energy can be dissipated into the tetrazine portion or
the Petrin portion of the molecule. The evolution of the §;
excess electronic energy and the contributions to the vibrational
kinetic energy from the tetrazine ring and the Petrin group for
the single representative trajectory in which ring-opening
occurs is shown in Figure 11 (top) for one trajectory. Here, the
system returns to S; within ~15 fs, and the dissipated energy is
transferred to vibrational motion in the tetrazine ring. The
kinetic energy of the tetrazine ring shows a dramatic increase
corresponding to the decrease in excess potential energy.
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Figure 9. Molecular configurations along representative NA-ESMD trajectories demonstrating photochemistry. (top) TzCl, tetrazine ring-opening
and subsequent release of N,. (middle) Tetrazine ring-opening in PetrinTzCl. (bottom) NO, dissociation from the Petrin functional group in
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Figure 10. Evolution of the average excess electronic energy and
vibrational kinetic energy contributions from tetrazine ring and
chlorine substituents for TzCl, NA-ESMD simulations.

Meanwhile, the kinetic energy of the Petrin fragment remains
relatively unchanged. Figure 11 (bottom) displays the same
quantities averaged over the simulated ensemble of trajectories
that undergo NO, dissociation from the Petrin group. In that
case, the electronic relaxation to S, is complete within 100 fs,
suggesting a short lifetime of the initially excited sequential
two-photon tetrazine state, and the dissipated electronic energy
is preferentially transferred to the Petrin group leaving the
tetrazine ring with very little vibrational kinetic energy and
increasing only the vibrational kinetic energy of the Petrin
fragment.
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s-Tetrazine, having a photochemical quantum yield of unity,

5,48 Two

has been studied mechanistically for some time.
mechanisms have been suggested: either decomposition
through IC to a vibrationally excited ground state after one-
photon absorption to S; or sequential absorption of two
photons and subsequent photodecomposition through IC to
the S, surface.>**!
suggest that photochemical decomposition of TzCl, and

PetrinTzCl can occur through sequential two-photon absorp-

Our theoretical and experimental results

tion to higher lying excited states and rapid IC to the S, excited
state.

In simulations, dissociation of NO, occurs in PetrinTzCl at a
higher calculated quantum vyield than ring-opening of the
tetrazine moiety. It is important to note that nonadiabatic
simulations do not include the possibility for IC to occur from
S, to the ground state, which may involve an increase in the
yield of tetrazine chemistry. It is also possible that dissociation
of NO, could result in the NO observed in experimental
measurements. On the other hand, the Petrin moiety may
provide a deactivation mechanism for the excited state rather
than an additional photochemical pathway. This discrepancy
between theory and experiment could be due to the lack of an
effective medium in quantum chemical simulations and/or
caging effects in nanocrystalites of PetrinTzCl in experiment,
effectively prohibiting NO, dissociation. In either case, it seems
that the reduced photochemical quantum yield in PetrinTzCl
versus TzCl, is due to an alternative pathway presented by the
Petrin moiety.
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Figure 11. Evolution of the excess electronic energy and vibrational
kinetic energy contributions from tetrazine ring and Petrin fragment
for PetrinTzCl NA-ESMD simulations. (top) A representative
trajectory in which ring-opening is observed and (bottom) average
energy for the ensemble of trajectories exhibiting NO, dissociation.

B CONCLUSIONS

PETN, a conventional high explosive, is not optically active in
the visible. The energetic Tz chromophore has been
successfully synthetically coupled to PETN increasing its
photoactivity at the commonly available laser wavelength of
532 nm. This derivatized material, PetrinTzCl, follows a
multiphoton intensity dependent 532 nm absorption that
increases its photon quantum yield by 19 times at the
maximum intensity employed here, which is easily achieved
by small nanosecond lasers. The high-intensity photodecompo-
sition primarily follows a Tz ring photodecomposition, which
yields CI-CN, Petrin—CN, and N,. Theoretical calculations on
two-photon absorption confirm the resonant cascaded process
is dominant at the intensities employed. The two-photon
cascaded absorption is highly selective allowing the system to
access electronic states that are otherwise inaccessible through
linear one-photon absorption. NA-ESMD calculations suggest
that reaction occurs due to ultrafast (~100—200 fs) internal
conversion where the excess electronic energy from the highly
excited sequential two-photon state is dissipated into vibra-
tional kinetic energy as the system relaxes to S;. The addition of

Petrin to the energetic tetrazine chromophore stabilizes the
tetrazine, making it more stable to ambient light, while
maintaining the potential to initiate photochemistry through
multiphoton processes with intense pulsed light. These insights
are suggestive for design of the future generation of functional
photoactive high explosives initiated optically.
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