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ABSTRACT: This work explores Coulomb explosion (CE) dissociation pathways
in multiply charged cations of para-nitrotoluene (PNT), a model compound for
nitroaromatic energetic molecules. Experiments using strong-field ionization and
mass spectrometry indicate that metastable cations PNT2+ and PNT3+ undergo CE
to produce NO2

+ and NO+. The experimentally measured kinetic energy release
from CE upon formation of NO2

+ and NO+ agrees qualitatively with the kinetic
energy release predicted by computations of the reaction pathways in PNT2+ and
PNT3+ using density functional theory (DFT). Both DFT computations and mass
spectrometry identified additional products from CE of highly charged PNTq+

cations with q > 3. The dynamical timescales required for direct CE of PNT2+ and
PNT3+ to produce NO2

+ were estimated to be 200 and 90 fs, respectively, using ultrafast disruptive probing measurements.

1. INTRODUCTION
Electronic excitation, ionization, and electron-ion coupling play
crucial roles in shock initiation of energetic materials.1−3 In
particular, ionization of the parent energetic molecules lowers
the barrier to molecular dissociation in explosives including
TNT, RDX, and PETN, thereby facilitating the initiation of
detonation.4,5 Moreover, laser initiation of photoactive
explosives produces electronic excited states and ions to
selectively initiate detonation.6−8 Hence, knowledge of the
initial dissociation pathways of ionized energetic molecules is
important for advancing the understanding of initiation
mechanisms in energetic materials and designing safer
photoactive explosives.
Strong-field ionization (SFI) with intense femtosecond laser

pulses coupled to mass spectrometry has been used for decades
to study unimolecular dissociation pathways in ionized nitro-
organic energetic molecules.9−12 The extremely high intensities
produced by SFI have enabled detection of fragmentation
products produced from both singly- and multiply-charged
cations in the explosive TNT13 and model systems including
nitrobenzenes, nitrotoluenes, and nitromethane.12−15 In
particular, Coulomb explosion (CE) of multiply charged
precursor ions has been identified in the NO2

+ and NO+

signals from these nitro-organic molecules upon SFI, on the
basis of the characteristic splitting of peaks in the mass
spectrum around the nominal m/z value.13−15 The kinetic
energy released by CE to produce NO+ and NO2

+ has been
measured for multiple nitroaromatic molecules,13 and the
computed energetics of nitromethane dication dissociation to
produce CH3

+ and NO2
+ were found to match the experimental

kinetic energy release.15 However, both the CE reaction

pathways and their dynamical timescales in nitroaromatic
molecules have yet to be elucidated.
Time-resolved “pump−probe” measurements using an

intense pump to induce SFI, followed by a weak probe pulse
to electronically excite cations, also called “ultrafast disruptive
probing”,16 can identify timescales involved in dissociation
pathways of singly- and multiply-charged cations. Using this
technique, our group recently found that nitro-nitrite
rearrangement in the nitromethane cation with subsequent
NO+ loss occurs in ∼440 fs17 and identified coherent
vibrational motions in nitrobenzene and nitrotoluene cations
with ∼400 fs period, that facilitates direct C−N bond
cleavage.18−21 Others have used ultrafast disruptive probing
to determine timescales required for H3

+ formation from
dications of small alcohols22−24 and pump−probe measure-
ments with extreme-ultraviolet pump pulses to determine CE
timescales in methanol,25 N2O,26 and CO2.

27

In this work, we use SFI and ultrafast disruptive probing
with complementary quantum chemical calculations to
determine CE reaction pathways and dynamical timescales
for dissociation of multiply charged cations of para-nitro-
toluene (PNT), a model compound for the explosive TNT.
Analysis of the CE ion signals of NO2

+ and NO+ indicate that
SFI under our experimental conditions produces both PNT
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dication (PNT2+) and trication (PNT3+) that undergo rapid
CE. The experimental kinetic energy released from CE of
PNT2+ and PNT3+ agrees qualitatively with the reaction
pathways computed by DFT. Ultrafast disruptive probing
measurements indicate that direct CE to produce NO2

+ occurs
in approximately 200 fs for PNT2+ and 90 fs for PNT3+.

2. METHODS
2.1. Experiment. The full experimental setup has been

described in detail in our previous work.21 Briefly, a
commercial Ti:sapphire regenerative amplifier (Astrella,
Coherent, Inc.) producing 30 fs, 800 nm, 2.2 mJ pulses is
used to pump an optical parametric amplifier (OPA, TOPAS
Prime) to produce 20 fs, 1300 nm pump pulses. 1300 nm was
selected as the pump wavelength because wavelengths in the
1200−1600 nm range are widely observed to decrease
molecular dissociation, relative to 800 nm due to an enhanced
contribution of adiabatic tunneling ionization, relative to
nonadiabatic multiphoton ionization.28−31 To achieve a 400
nm probe pulse, a portion of the 800 nm output beam that was
split with a 90:10 (r:t) beam splitter before the OPA was
frequency-doubled with a BBO crystal. Pump energy
attenuation from 60 to 5 μJ was accomplished by adjusting
an achromatic half-wave plate placed before a polarizing cube,
resulting in peak laser intensities in the range of 2 × 1013 W
cm−2 to 2 × 1014 W cm−2. The probe intensity was selected to
be 6 × 1012 W cm−2, sufficient to electronically excite ionized
species but too low to create ions on its own. Pump and probe
beams were focused into the extraction region of a linear time-
of-flight (TOF) mass spectrometer with an f = 20 cm fused
silica lens. The linear polarization of the laser electric field was
parallel to the ion TOF axis. The 400 nm probe pulse duration
was estimated as 70.5 fs from the fwhm of the cross-correlation
of the O2 signal from air in the mass spectrometer with 1300
nm pump/400 nm probe excitation, keeping in mind that the
fwhm is determined by the longer of the two pulses and is
directly related with the temporal resolution of the experi-
ment.21 PNT (99%, Sigma-Aldrich) was introduced into a
vacuum chamber via an effusive inlet with gentle heating. Mass
spectra were recorded and averaged with a 1 GHz digital
oscilloscope (LeCroy WaveRunner 610Zi). Under these
conditions, the 2 ns resolution of the TOF acquisition resulted
in a resolution of ∼0.4−1.6 eV in the kinetic energy release we
can measure, depending on the fragment (c.f., Section 3.2).
2.2. Theory. Our computations were performed by using

density functional theory (DFT) with a hybrid long-range
corrected exchange−correlation functional ωB97X-D with
damped atom−atom dispersion corrections,32 which was
found to provide the best agreement with the experiment
among several other methods for ortho-nitrotoluene.19 The
augmented correlation-consistent Dunning’s basis set aug-cc-
pVTZ33 was chosen to be consistent with our previous work
on multiply charged nitromethane cations.15 The adiabatic
ionization energy computed for PNT at the ωB97X-D/aug-cc-
pVTZ level is 9.32 eV and compares quite well with the
accepted experimental value of 9.46 ± 0.05 eV.34

Extensive search was performed for isomers of PNTq+ up to
q = 8. Each geometry optimization was followed by harmonic
frequency computations to confirm that the state with this
geometry corresponds to a local minimum on the potential
energy surface. It was found that metastable isomers do exist
up to q = 7 (Supporting Information, Figures S1−S6).
However, when optimization starts with the geometry of

neutral ground-state PNT, the charge states with q ≥ 4+ are
unstable (vide infra). The lowest energy isomers of both PNT+

and PNT2+ are formed by moving a hydrogen atom from the
CH3 moiety to oxygen of the NO2 group to form NOOH, and
the lowest-energy PNT3+ isomer has a nearly planar zigzag-
type shape. The states of PNT+, PNT2+, and PNT3+ with the
neutral PNT topology are higher by +0.77, +2.45, and +3.38
eV, respectively, than the lowest energy isomers for each
charge state.
To check the robustness of the results obtained for the

charged states, we performed computations of the vertical
ionization energies of PNT using the Pople’s 6-311+G* and 6-
311+G(3df) basis sets.35 As can be seen from Table 1, the

results obtained using three different basis sets and the ωB97X-
D functional agree to within 0.1 eV. The adiabatic ionization
energies (Supporting Information, Table S1) show a similar
dependence on the basis set. Although the adiabatic ionization
energies computed with Pople’s basis sets compare slightly
better with experiments, we prefer to use the more flexible aug-
cc-PVTZ basis.
The energies and oscillator strengths for transitions to

electronic excited states in PNT cations were performed by
using time-dependent DFT (TDDFT)36 and equation of
motion coupled cluster with single and double excitations
(EOM-CCSD),37 as realized in Gaussian 16.38 The TDDFT
calculations used the ωB97X-D functional with the aug-cc-
PVTZ basis, while the non-augmented cc-PVTZ basis was used
in our EOM-CCSD calculations.
To explore stability of PNT2+ and PNT3+ toward the loss of

NO+ and NO2
+, we performed the search for the corresponding

dissociation pathways from initial to final states. The modified
conjugate gradient algorithm developed by Schlegel39 was used
for search of transition states (TSs) possessing a single
imaginary frequency. The intrinsic reaction coordinate (IRC)
method, connecting a TS to initial and product states,40,41 was
used to find dissociation pathways. Charges on atoms were
determined from the NBO analysis.42

3. RESULTS AND DISCUSSION
3.1. Multiple Ionization of PNT. Figure 1 shows the

vertical and adiabatic ionization energies for PNT to produce
cation states up to PNT3+. The intact PNT+ cation has been
observed in multiple SFI mass spectrometry investiga-
tions,10,14,18,20,21 and according to our previous calculations,
PNT+ is stable to NO2 loss by 1.89 eV at the B3LYP/
Def2TZVPP level.20 According to our present computations at
the ωB97X-D/aug-cc-PVTZ level, the cation states PNT2+ and
PNT3+ are metastable with respect to NO2 loss by at least 0.2
eV (Supporting Information, Figure S7), so the adiabatic
ionization energy for each state is well defined. For all three

Table 1. Computed Vertical Ionization Energies in eV of
PNT Cations Using ωB97X-D

initial PNTq+ final PNTq+ 6-311+G* 6-311+G(3df) aug-cc-PVTZ

0 1 9.71 9.65 9.63
1 0 15.17 15.12 15.08
1 2 15.42 15.37 15.34
2 3 20.31 20.28 20.26
3 2 26.00 25.98 25.95
3 4 25.40 25.38 25.36
4 5 30.40 30.47 30.40
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cation charge states, the NO2 group rotates out-of-plane with
respect to the benzene ring. Moreover, the large adiabatic
corrections to the ionization energies for both the dication and
trication can be attributed to their additional geometry changes
with respect to those of the neutral PNT: the NO2 group in
PNT2+ exhibits C−O bonding, and an H atom from the methyl
group migrates to the benzene ring in PNT3+. Although the
tetracation PNT4+ with the neutral topology is geometrically
stable at the ωB97X-D/aug-cc-PVTZ level (Supporting
Information, Figure S5), it is metastable to NO2 loss by only
0.05 eV (Supporting Information, Figure S7), so it is not
included in Figure 1.
Figure 2 shows the decay products obtained from highly

charged PNTq+ cations with q = 5−10 upon optimization of
the polycations, starting with the neutral PNT ground state
geometry. Numerous small charged fragments including O+,
CH+, C+, and H+ are formed from various initial charge states.
The benzene ring remains partially intact (excepting hydrogen
losses) for charge states up to q = +9e but completely
fragments at q = +10e.
To assess the stability of PNTq+ cations and identify CE

products experimentally, SFI mass spectra were recorded using
1300 nm, 20 fs pulses at intensities ranging from 2 × 1013 to 2
× 1014 W cm−2. Figure 3 displays the mass spectra of PNT
recorded at 8 × 1013 W cm−2 (blue, top) and 2 × 1014 W cm−2

(red, bottom). At both intensities, the parent PNT+ ion is
more than twice as intense as the C7H7

+ fragment, which
confirms that SFI at 1300 nm induces less nonadiabatic
dissociation of PNT+ than that found in earlier studies using
SFI at 800 nm.11−14 The enhanced yield of intact PNT+ is
consistent with the increasing contribution of adiabatic
electron tunneling ionization, which results in enhanced
population of cations in their electronic ground state.18,28−31

Nevertheless, no intact PNTq+ ions with q ≥ 2 are observed.
Instead, substantial fragmentation due to CE is observed,
particularly at high intensity, where NO2

+, NO+, C+, and H+ are
produced in high yields.
The inset panels (a−f) in Figure 3 magnify specific m/z

regions of ions produced by CE, which have split peak

structures at each m/z value corresponding to fragments
ejected toward and away from the detector. At a moderate
laser intensity of 8 × 1013 W cm−2, CE is evident in both the
C7Hn

+ (m/z 84−91, Figure 3c) and C7Hn
2+ (m/z 42.5−45.5,

Figure 3b). The peak at m/z 43 is assigned to C7H2
2+ on the

basis of the identification of this species and other C7Hn
2+ from

X-ray photoionization of toluene43 and in a previous SFI study
of meta-nitrotoluene.12 The higher laser intensity of 2 × 1014
W cm−2 results in numerous C2Hn

+ and CHn
+ fragmentation

products with either well-defined split-peak structures or
substantial peak broadening indicative of CE (Figure 3e,f),
along with multiply charged atoms C3+, O3+, C2+, N2+, and O2+

(Figure 3d). These fragments and multiply charged atoms have
also been observed with SFI at 800 nm,12 albeit at an order of
magnitude higher laser intensity than that used in our
experiments. The higher laser intensities required to observe
multiply charged atoms using 800 nm SFI arise because the
transition from multiphoton ionization to tunneling ionization
occurs at substantially higher intensity at 800 nm.28 We also
observe the multiply charged molecules C4H3

2+ (Figure 3f) and
potentially C4H3

3+ (Figure 3e), although we cannot rule out
contributions from OH+ to the m/z 17 peak assigned to
C4H3

3+. Nevertheless, calculations at the ωB97X-D/aug-cc-
PVTZ level (Supporting Information, Figure S8) indicate that
C4H3

q+ is geometrically stable up to q = 4.
Unlike the hydrocarbon fragments and atoms that exhibit a

single pair of CE peaks, both the NO+ (Figure 3a) and NO2
+

(Figure 3b) fragments exhibit two distinct pairs of CE peaks
labeled by the red and green circles, respectively. Previous
studies of PNT and related nitroaromatics using 800 nm SFI

Figure 1. Vertical and adiabatic ionization energies of PNT,
computed at the ωB97X-D/aug-cc-PVTZ level.

Figure 2. Decay products of highly charged PNTq+ cations (q = 5−
10) obtained upon optimizations beginning with the neutral ground
state geometry at the ωB97X-D/aug-cc-PVTZ level. The spin
multiplicity was 2S + 1 = 1 and 2 for the systems with even and
odd numbers of electrons, respectively.
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only observed a single pair of CE peaks in NO2
+ and NO+

signals.13,14 The presence of two pairs of CE peaks in a specific
ion signal indicates that the ion can be formed by two distinct
CE pathways that release different kinetic energies (KEs).
Previous investigations of CE in N2

44 and CH3I
45 have

assigned the separate pairs of peaks to different initial charge
states of the precursor ion, where the peaks associated with
higher KE release were assigned to a higher initial charge state.
Considering a PNT cation with initial charge q+ undergoing

cleavage of the C−N bond through CE, the pathways can be
written as PNTq+ → NO2

+ + C7H7
(q−1)+. On this basis, we assign

the low-KE peaks (red) to q = 2 and the high-KE peaks
(green) to q = 3 for both the NO+ and NO2

+ signals.
To confirm these charge state assignments, the intensity

dependence of the CE yields of NO+ and NO2
+, along with the

hydrocarbon fragments C7H2
2+ and C7H7

+ are plotted in Figure
4. The yields of intact PNT+ and the central peak of C7H7

+ (i.e.,
originating from a singly charged precursor) are plotted for

Figure 3. SFI mass spectrum of PNT at 8 × 1013 W cm−2 (blue, top) and 2 × 1014 W cm−2 (red, bottom) with insets showing selected
fragmentation products produced by CE: NO+ (a); NO2

+ and C7Hn
2+ (b); C7Hn

+ (c); multiply charged atomic ions (d); CHn
+ (e); and C2Hn

+ (f). Red
and green circles in panels (a,b) denote CE peaks assigned to different precursor charge states, as explained in the text.
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comparison. To resolve the two pairs of CE peaks in NO+ and
NO2

+, along with the CE and non-CE contributions to C7H7
+

and C7H2
2+, the ion signals were fit to a series of Gaussian

functions using literature methods.44,45 Examples of fitting
results for each ion shown in Figure 4 are provided in the
Supporting Information, Figure S9. In Figure 4, PNT+ and
non-CE C7H7

+ (black symbols) appear at intensities below 30
TW cm−2, where only singly charged PNT+ is formed. At 35
TW cm−2 (vertical dotted line), both low-KE signals for NO+

and NO2
+ and CE signals from C7H7

+ appear. The high-KE
signals for NO+ and NO2

+ first appear at a higher intensity of 42
TW cm−2 (vertical dashed line). These distinct threshold
intensities support the assignment of the low-KE CE peaks to
precursor PNT2+ and the high-KE CE peaks to PNT3+. C7H2

2+

first appears at a higher intensity of 55 TW cm−2, which
indicates that it requires an initial charge state of at least
PNT3+, although we cannot rule out the possibility that its
formation requires an initial charge state of PNT4+ or higher.
3.2. CE Pathways of PNT2+ and PNT3+. Having assigned

the pairs of low-KE and high-KE CE peaks in the NO+ and
NO2

+ ion signals to initial PNTq+ charge states with q = 2 and q
= 3, respectively, we consider two possible dissociation
pathways from each initial precursor: a “direct” pathway
producing NO2

+ (eqs 1 and 2) and a “rearrangement” pathway
producing NO+ (eqs 3 and 4)

++ + +PNT NO C H2
2 7 7 (1)

++ + +PNT NO C H3
2 7 7

2
(2)

++ + +PNT NO C H O2
7 7 (3)

++ + +PNT NO C H O3
7 7

2
(4)

Computation of these pathways shows that both the direct and
rearrangement pathways for PNT2+ and PNT3+ occur through
single TSs (Figure 5). The small barriers to dissociation are

inside the range between 0.24 and 1.12 eV. Therefore, the
excess energy imparted from vertical ionization to PNT2+ or
PNT3+ makes both direct and rearrangement pathways
spontaneous, which accounts for the lack of intact multiply
charged PNT cations seen in the mass spectra. We note that
only C7H7

+ from the pathway in eq 1 is definitively observed as
CE peaks in the mass spectra (Figure 3c), although a small
amount of C7H7

2+ appears to be present at m/z 45.5 but mostly
obscured by the adjacent NO2

+ signal (Figure 3b). No direct
evidence of C7H7O+ or C7H7O2+ was found in the mass
spectra, which suggests that these species further dissociate
into smaller fragments.
The computational results shown in Figure 5 indicate that

direct CE upon vertical ionization should release 3.26 eV of KE
for PNT2+ and 6.72 eV for PNT3+. Similarly, the rearrange-
ment pathways should release 5.12 eV for PNT2+ and 9.85 eV
for PNT3+. For comparison to these calculated values of energy
release, we can evaluate the experimental KE distributions of
ion signals obtained from CE by transforming the flight time
axis into the kinetic energy via the formula44

=E
zeF

m
t t

( )
2

( )k

2

0
2

(5)

Figure 4. Yields of selected ion signals as a function of laser intensity.
Proposed intensity thresholds for formation of PNT2+ and PNT3+,
indicated by dotted and dashed lines. Figure 5. Pathways to the loss of NO+ (“rearrangement”, left) and

NO2
+ (“direct”, right) from PNT2+ (a, top) and PNT3+ (b, bottom),

computed at the ωB97X-D/aug-cc-PVTZ level. The vertical
ionization energies (indicated as IEv) exceed each TS energy, making
all pathways spontaneous.
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where z is the charge of the fragment, e is the elementary
charge, F is the electric field strength between the ion repeller
and extraction plates, m is the mass of the fragment, t is the
flight time, and t0 is the flight time corresponding to zero
kinetic energy release.
Figure 6 shows the KE distributions obtained from the CE

ion signals of NO+, NO2
+, C7H7

+, and C7H2
2+. Fitting these

distributions to one (for C7H7
+ and C7H2

2+) or two (for NO+

and NO2
+) Gaussian functions yielded the mean KE release and

fwhm values indicated on the plot. The NO2
+ ion signals

explode with somewhat higher KE release than that computed
for direct CE in both PNT2+ (4.1 ± 1.7 eV vs 3.26 eV) and
PNT3+ (9.4 ± 2.7 eV vs 6.72 eV). In contrast, the KE release
from the NO+ ion signals is slightly lower than the computed
values for rearrangement of CE for both PNT2+ (4.6 ± 2.4 eV
vs 5.12 eV) and PNT3+ (9.6 ± 5.0 eV vs 9.85 eV), although
both calculated values are within the experimental uncertainty.
For comparison, C7H7

+ explodes with 1.7 ± 1.8 eV and C7H2
2+

explodes with 6.9 ± 5.9 eV. C7H7
+ is attributed to direct CE via

eq 1, which brings the total estimated KE release from this
pathway to ∼5.8 eV. Although C7H2

2+ cannot definitively be
assigned to CE of PNT3+, as discussed earlier, if this signal is a
secondary product from eqs 2 and/or 4, it would bring the
total KE release from both CE pathways of PNT3+ to ∼16 eV.
3.3. Dynamical Timescales of Direct CE Pathways.

Ultrafast disruptive probing16 was used to monitor the
transient yields of the CE ion signals to gain a greater
understanding of the dynamical timescales involved in CE of
the metastable PNT2+ and PNT3+ ions. Because the precursor
ions cannot be detected directly in TOF-MS, we must rely on
the transient signals of the CE product ions to infer the
metastable lifetimes of PNT2+ and PNT3+ prior to CE. This
strategy of inferring CE timescales of metastable precursors,
using pump−probe measurements, to disrupt dissociation

processes yielding observed product ions has previously been
employed to study the dynamics of CE pathways in the small
molecules N2O, CH3OH, and CO2,

25−27 and the formation of
H3

+ from dications of small alcohols.22−24

To most efficiently disrupt the spontaneous CE of the
metastable PNT2+ and PNT3+, it is necessary to choose a
suitable probe wavelength that can electronically excite both
metastable species. Computations of the excited electronic
states of both PNT2+ and PNT3+ at the EOM-CCSD/cc-PVTZ
level show that 400 nm (3.1 eV) photons can efficiently excite
both PNT2+ and PNT3+ from their ground states (Figure 7).

We assume that the probe pulse interacts with ground-state
PNT2+ and PNT3+ because even if the pump pulse initially
populated electronic excited states of these ions, relaxation to
the ground electronic state most likely occurs on a shorter
timescale than the 70 fs temporal resolution of the experi-
ment.46 The 400 nm probe provides nearly enough energy to
excite PNT2+ in the S0 state to S1, with a moderate oscillator
strength f 01 = 0.028. The 400 nm probe pulse is also nearly
resonant with the D0 → D4 transition in PNT3+ with
moderately strong coupling of f 04 = 0.086. We note that
TDDFT computations of the low-lying PNT2+ and PNT3+

excited states at the ωB97X-D/aug-cc-PVTZ level produce
excitation energies within 0.4 eV of the EOM-CCSD results
and consistent assignments of bright states (Supporting
Information, Tables S2−S4). Hence, we chose 400 nm for
the probe wavelength in our experiments.
Pump−probe measurements were conducted using our

previously reported setup21 with 1300 nm, 1014 W cm−2

pump and 400 nm, 6 × 1012 W cm−2 probe pulses. As
expected, based on the predicted electronic structures of
PNT2+ and PNT3+, the CE ion signals of NO2

+, C7H7
+, and

C7H2
2+ are sensitive to the pump−probe delay, although the

NO+ signal exhibits less change (Supporting Information,
Figure S10). The transient ion signals as a function of pump−

Figure 6. Kinetic energy release distributions computed via eq 5 from
NO+, NO2

+, C7H7
+, and C7H2

2+ ion signals (dots) with Gaussian fits
(solid lines). The indicated KE release values denote the mean and
fwhm of each Gaussian fit component. Figure 7. Energy levels of PNT2+ and PNT3+, calculated at the EOM-

CCSD/cc-PVTZ level. Oscillator strengths for excited states with
non-negligible coupling to the ground state are indicated. The energy
of a 400 nm photon is shown for reference.
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probe delay τ were fit using the method introduced by Jochim
et al.16
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where s = 42.4 fs is obtained from the width of the cross-
correlation function fwhm = =s2 ln 2 70.5 fs. The first term
in eq 6 simulates the instrument response function from the
cross-correlation signal. The remaining terms P(τ, Ti) are given
by
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where each time constant Ti corresponds to a specific
dynamical time scale. Td defines a time constant associated
with exponential decay of the signal, whereas Tr defines a time
constant associated with exponential rise. The time constant
Tlong = 105 fs accounts for constant depletion or enhancement
of the ion signal as τ → ∞, relative to its initial yield (i.e., at
negative pump−probe delay). The coefficients a through d,
along with Td and Tr, are determined by least squares curve
fitting.
Figure 8 shows the transient CE ion signals of selected ions:

(top panel) NO2
+ assigned to initial PNTq+ charge states q = 2

(red) and q = 3 (green); (middle panel) C5H2
+ (orange) and

CH2
+ (cyan); and (bottom panel) C7H7

+ (magenta) and C7H2
2+

(blue). All signals are normalized to their yields at negative
delay because the probe pulse produced no ions when the
pump was blocked. The fit of each transient signal to eq 6 is
shown as a solid line fit to the data points, along with the
extracted time constants Tr and Td (if present). All fit
coefficients are given in Table 2. The mass spectral signals of
these ions at selected pump−probe delays are given in the
Supporting Information, Figures S10 and S11.
The time constant Tr is associated with the recovery of the

ion signal near to its initial value after depletion at short
positive delays. This transient depletion and recovery is due to
the probe pulse disrupting the spontaneous dissociation of the
multiply charged precursor ion.16,22−26 Similarly, transient
enhancement and decay with time constant Td are associated
with the initial enhancement of an ion signal due to excitation
of the multiply charged precursor by the probe pulse, followed
by decay due to depletion of the precursor population at longer
delays. In this context, it is notable that the NO2

+ signal
assigned to the q = 2 precursor has a substantially longer Tr =
191 ± 5 fs than NO2

+ assigned to the q = 3 precursor with Tr =
89 ± 5 fs. These distinct timescales suggest that the respective
precursor ions have different lifetimes before CE, namely,
PNT2+ survives for up to ∼200 fs, whereas PNT3+ undergoes
CE within less than 100 fs. Moreover, the dynamics of C5H2

+

and CH2
+ nearly mirror those of NO2

+ assigned to q = 2 and q =
3, respectively. The enhancement of C5H2

+ and CH2
+ at short

delays mirrors the depletion of both NO2
+ signals, and the Td =

260 ± 20 fs for C5H2
+ and Td = 100 ± 20 fs for CH2

+ roughly
match the Tr values for the q = 2 and q = 3 signals from NO2

+,
respectively. Hence, we propose that excitation of the PNT2+

and PNT3+ by the probe pulse, prior to CE, forms C5H2
+ and

CH2
+, respectively, although it is likely that additional fragments

are also produced.
Further evidence for the ∼200 fs lifetime of PNT2+ comes

from Tr = 240 ± 70 fs for its complementary ion C7H7
+, which

matches the Tr for NO2
+ assigned to the q = 2 precursor and the

Td for C5H2
+ to within the fitting error. We note that the

presence of the additional Td = 110 ± 50 fs time constant is
likely an artifact of the uncertainty in fitting the depleted C7H7

+

signal at short pump−probe delays because the CE peaks
nearly disappear into the baseline noise (Supporting
Information, Figure S10). Meanwhile, the substantially shorter
Tr = 50 ± 30 fs for C7H2

2+ is consistent with its formation from
a shorter-lived precursor like PNT3+ or possibly PNT4+.
Finally, the transient dynamics of the NO+ signals assigned to q
= 2 and q = 3 precursors also support the conclusion that
PNT2+ has a longer lifetime than PNT3+. We note that the
extracted time constants for NO+ do not match those of NO2

+

Figure 8. Transient ion signals (dots) of (top panel) NO2
+ assigned to

q = 2 (red) and q = 3 (green); (middle panel) C5H2
+ (orange) and

CH2
+ (cyan); (bottom panel) C7H7

+ from CE (magenta) and C7H2
2+

(blue). Fits to eq 6 (solid lines) and extracted time constants Td and
Tr are indicated with errors denoting 95% confidence interval.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.2c04395
J. Phys. Chem. A 2022, 126, 6617−6627

6623

https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c04395/suppl_file/jp2c04395_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.2c04395/suppl_file/jp2c04395_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c04395?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c04395?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c04395?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c04395?fig=fig8&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c04395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Supporting Information, Figure S12). This discrepancy
suggests that the rearrangement pathways proceed from
different initial PNT2+ and PNT3+ electronic states, as
compared to the direct pathways, which would be consistent
with the weaker response of NO+ signals to the probe pulse
(Supporting Information, Figures S10 and S12).
Unlike the transient NO2

+ signals that recover to their initial
yields once the CE is complete, both C7H7

+ and C7H2
2+ signals

remain substantially depleted from their initial yields at long
positive time delays. This permanent depletion suggests that
the C7H7

+ and C7H7
2+ (a possible precursor to C7H2

2+) are
themselves subjected to further excitation by the probe pulse
after they are formed by CE. Indeed, previous spectroscopic
and computational work on the benzylium C7H7

+ structure with
[C6H5−CH2]+ topology indicates a moderately strong S0 → S1
transition ( f = 0.026) at around 410 nm, whereas the more
stable tropylium 7-membered ring structure only absorbs
wavelengths below 300 nm.47 To explore the hypothesis that
C7H7

+ and C7H7
2+ can be further excited by the probe, their

structures with the C6H4−CH3 topology, which have higher
energy than the lowest-energy isomers of each charge state by
at least 2 eV (Supporting Information, Figure S13), were
considered. The electronic excited states of these structures
were computed at the ωB97X-D/aug-cc-PVTZ level using the
TDDFT method (Supporting Information, Table S5). This
level of theory is expected to adequately capture the low-lying
excited states in both species on the basis of the qualitative
agreement between TDDFT and EOM-CCSD results seen for
PNT2+ and PNT3+ (Supporting Information, Tables S2−S4).
Figure 9 indicates low-lying excited states of both species

with non-negligible coupling to the ground state, along with
the 400 nm photon for reference. In C7H7

+, the 400 nm photon
exceeds the energy of the weakly allowed S0 → S2 transition
( f 02 = 0.0005), which can account for the modest ∼15%
depletion of C7H7

+ at long pump−probe delays. In C7H7
2+, the

400 nm photon can access the D1 through D3 states with weak
coupling, which accounts for the extremely low yield of C7H7

2+,
as seen in Figure 3b.
The ability of C7H7

2+ to absorb 400 nm photons can
rationalize the complexity of the observed C7H2

2+ dynamics in
Figure 8. The presence of fast Tr and slower Td time constants
indicates that C7H2

2+ results from sequential dissociation
involving an intermediate, I, for example

+ +PNT I C Hq
7 2

2
(8)

The C7H2
2+ depletion at very early times (<100 fs) arises

because the probe excites the PNTq+ to prevent the sequential
reaction in eq 8. As the PNTq+ undergoes CE, the reduced
efficiency of probe excitation leads to a rise in the C7H2

2+ signal,
corresponding to Tr = 50 ± 30 fs. At longer probe delays, the
intermediate I absorbs 400 nm photons and further fragments
into other species, resulting in a depleted C7H2

2+ signal with Td
= 160 ± 80 fs. Although we cannot definitively assign the initial

charge state PNTq+ or I in eq 8, the fact that C7H7
2+ can absorb

400 nm photons makes it a plausible species for I, and the
short Tr makes PNT3+ a plausible initial state. However, we
cannot rule out the possibility that C7H2

2+ is formed by a
different pathway, from a more highly charged PNTq+

precursor. Finally, we note that the 400 nm photon cannot
excite the linear C7H2

2+ species because computations of its
excited states at the ωB97X-D/aug-cc-PVTZ level indicate no
allowed transitions with energies lower than 5.5 eV
(Supporting Information, Table S6).

3.4. Discussion. The combination of ultrafast disruptive
probing measurements and theoretical computations in this
work has revealed key new insights into the dissociation
pathways and dynamics of multiply charged PNT cations, as
summarized in Figure 10. In contrast to PNT+, which is stable
unless excited to specific electronic excited states as discussed
in our earlier work,21 both PNT2+ and PNT3+ are metastable
with respect to NO2

+ and NO+ loss (Figure 5) and have
estimated lifetimes of ∼200 fs for PNT2+ and ∼90 fs for PNT3+

(Figure 8). Moreover, ionization to higher charge states
PNTq+, q ≥ 3, produces a plethora of singly and multiply
ionized dissociation products (Figures 2 and 3). Although
these species and CE signatures in ion signals of NO2

+ and NO+

have previously been observed in nitroaromatic molecules
upon SFI,10−14 neither pairs of CE ion signals in NO2

+ and
NO+ associated with formation of PNT2+ and PNT3+ nor the
timescales required for these CE processes have been reported
previously.

Table 2. Coefficients Extracted from Fitting Transient Ion Signals in Figure 8 to Eq 6

signal A b Td (fs) c Tr (fs) d

NO2
+ (q = 2) 0.24 ± 0.01 −0.34 ± 0.01 191 ± 5 −0.004 ± 0.001

NO2
+ (q = 3) 0.18 ± 0.02 −0.48 ± 0.03 89 ± 5

C5H2
+ 0.16 ± 0.01 0.17 ± 0.01 260 ± 20 0.042 ± 0.002

CH2
+ 0.22 ± 0.03 0.15 ± 0.03 100 ± 20 0.062 ± 0.003

C7H7
+ 0.11 ± 0.02 0.3 ± 0.2 110 ± 50 −0.3 ± 0.2 240 ± 70 −0.099 ± 0.003

C7H2
2+ 0.25 ± 0.05 0.2 ± 0.1 160 ± 80 −0.4 ± 0.1 50 ± 30 −0.133 ± 0.003

Figure 9. Energy levels of C7H7
+ and C7H7

2+, calculated at the ωB97X-
D/aug-cc-PVTZ level. Oscillator strengths for excited states with non-
negligible coupling to the ground state are indicated. The energy of a
400 nm photon is shown for reference.
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This application of ultrafast disruptive probing to determine
CE timescales in PNT demonstrates the power of the
technique for capturing dissociation dynamics of large multiply
charged molecules beyond the small alcohols22−25 and
triatomic molecules26,27 studied previously. Although CE
upon SFI of numerous complex molecules, including
hexamethyldisilane,48 metal carbonyls,49 and 3,5-dibromo-
3′,5′-difluoro-4-cyanobiphenyl,50 have been reported, no
dynamical timescales of CE or other dissociation pathways
have been experimentally measured previously for any multiply
charged cation larger than propanol.23 Hence, this work
suggests that ultrafast disruptive probing can provide a
powerful complementary experimental technique for the ab
initio molecular dynamics computations that are widely used
to estimate dissociation timescales in dications of complex
polyatomic molecules.51−54 We note that future investigations
of molecular dynamics simulations and ion−ion coincident
imaging22 could further confirm the CE pathways and
timescales reported here for PNT cations and clarify the
origin of ions such as C7H2

2+; however, these studies are
beyond the scope of the present work.
Finally, our results motivate further use of ultrafast

disruptive probing to measure CE dynamics in energetic
molecules. In particular, the clear resolution of the timescales
required to produce NO2

+ from direct CE of PNT2+ and PNT3+

suggests that this technique could determine direct CE
timescales in nitroaromatic explosives such as dinitrobenzene,
dinitrotoluenes, and TNT, in which direct CE to produce NO2

+

has been observed upon SFI.13 Ultimately, this knowledge of
ultrafast CE dynamics in energetic molecules can inform
understanding of both shock and laser initiation mechanisms in
energetic materials that involve transient formation of charged
species.

4. CONCLUSIONS
This work explored CE dissociation pathways in multiply
charged cations of PNT, a model compound for nitroaromatic
energetic molecules like TNT. For the first time, we have
observed experimental evidence of the metastable ions PNT2+

and PNT3+ that undergo CE to produce NO2
+ and NO+. The

experimentally measured released kinetic energies in NO2
+ of

4.1 ± 1.7 and 9.4 ± 2.7 eV from PNT2+ and PNT3+,
respectively, agree with the computed energies of 3.26 and 6.72
eV to within experimental uncertainty. Similarly, the measured
released kinetic energies in NO+ of 4.6 ± 2.4 and 9.6 ± 5.0 eV
from PNT2+ and PNT3+ agree within the error to the
computed energies of 5.12 and 9.85 eV, respectively.
Additional charged fragments identified by computed dis-
sociation of highly charged PNTq+ ions with q > 3 were
observed in the mass spectra. We were further able to identify
the dynamical timescales required for direct CE of PNT2+ and
PNT3+, using ultrafast disruptive probing measurements, which
identified timescales of ∼200 and ∼90 fs for direct CE of
PNT2+ and PNT3+, respectively. These results indicate that
ultrafast disruptive probing can be a useful technique for
probing dissociation pathways in multiply charged cations in
energetic materials and for other applications.
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