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The decomposition mechanism in shocked pentaerythritol tetranitrate (PETN) was examined using time-

resolved emission spectroscopy. PETN single crystals were subjected to stepwise loading along [100] and
[110] to peak stresses between 2 and 13 GPa. Due to concurrent changes in the optical transmission of PETN,
emission spectra were analyzed using the absorption data acquired separately under the same loading conditions.

Analyses of the corrected emission data revealed two bands in the speeBa@and~2.4 eV. Both bands
were observed in every experiment regardless of stress or crystal orientation. However, their relative and

absolute intensities, and temporal behavior revealed stress and orientation dependence. The emission was

identified as chemiluminescence from the nitronium ion,,N®n the basis of its electronic structure and
properties. N@" electronic structure was analyzed using ab initio calculations, which showed transition energies

matching those of the emitting intermediate observed experimentally. Several chemical pathways compatible

with the formation of N@" are considered and evaluated. Finally, a four-step chemical initiation mechanism
in shocked crystalline PETN is proposed and discussed in detail.

I. Introduction the changes in PETN was observed when the crystal was
shocked along the [110] and [001] orientatidris:*15Based

on available data, this emission was tentatively assigned to
chemiluminescence associated with PETN decomposition in the
early stages of initiatioh.An accurate determination of the

Understanding decomposition mechanisms associated with
shock initiation of high explosives (HE) is important for
improvements in HE performance and for mitigation of hazards

In storage and_ handling. For th‘?se reasons, shock initiation Oforigin of the emission was not possible due to the limited amount
HEs has r?ce"’ed much attentlon in the ﬁaAlthough the of data? the lack of time-resolved measurements, and the needed
macroscopic (thermal and mec_hanlcal) behaw_o_r of HEs has _beencomplimentary absorption datdConsequently, the decomposi-

examined extens!vely, chemical decomposition meCh.an'TQ‘mStion chemistry responsible for emission could not be determined.
under shock Joading are not well understood. A combination In the present work, we address the deficiencies indicated in

qf continuum measuremerjts (pressurg, particle velocny) and prior studies by fully characterizing light emission from shocked
time-resolved spectroscopic methods is needed to provide thePETN Among the new features introduced in this work are
Ir;encca,issaryrcr)’g?:rzgsgcr)]?;c ggribrmgjosgc’p:g;gﬁ'gg m;cr)tit:lﬁaﬁhal_ time-resolved emission measurements and analytical corrections
lenging p ; PP . P Y of the emission spectra due to concurrent changes in absorption
!”?F"”.‘a“t for S.Ol'd HEs where the mecshanlcal response and of shocked PETN. Furthermore, our experiments are designed
initiation chemistry are strongly coupléd to explore the possibility of using this emission to identify

In this work, we sought to characterize the decomposition cpemical changes to the sample. The results are analyzed using
mechanism in single crystals of pentaerythritol tetranitrate gy initio computational methods.

(PETN, 1,3-propanediol, 2,2-bis(nitroxy)methyl-, dinitrate (s- o remainder of this paper is organized as follows. Sample

Eﬁr))' Usﬁ Of sTgIe crystalsf ?‘Vr?'ds the mherentl_gompt:le)_(ltlles in reparation and experimental techniques are described in the
emecd anica (;esponsep n orrgjogegeoysslmf m? egas, SUC’ﬁext section. Section Il presents the experimental results,
as powders and composites, and Is desirable for fun amentacovering both absorption and emission measurements. In section

.StUd'e.S' P'.ETN IS a cryst_alllne HE gsed exter_15|vely as an |y e discuss the origin of the emission, identify the emitting
ingredient in many explosive formulations. Previous work on intermediate, and propose a plausible reaction mechanism in

PETN has concentrated primarily on its mechanicql respénse shocked PETN. The main findings of this work are summarized
and the shock to detonation transition (SB'®)The time and in section V

run distance to detonation in PETN crystals depends strongly
on the orientation along which the crystal is shocked. Also, it
was found that along the [110] orientation, crystals are more
sensitive near 4.2 GPa than at 8.5 GPa! The observed A. Sample Preparation. The PETN single crystals used in

anisotropy and the SDT anomaly for the [110] orientation are these studies were grown at Los Alamos National Laboratory
not well understoo:'213Strong light emission accompanying as described in ref 17. The samples were optically clear and
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II. Experimental Methods
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contained less than 100 ppm of organic impurities as indicated TABLE 1: List of Experiments

by NMR and chromatography. The crystals were cut using a sample  projectile calc. final
diamond saw into thin (ca. 1 mm) slabs with either the [110] crystal thickness  velocity stress
or [100] crystal axis orthogonal to the face of the slab. The expt orientation (um) (km/s) (GPa)
crystal orientation was maintained to better than 1 degree. The absorption
slabs were cleaved into smaller pieces, typically rectangular in A1 (99-021) [100] 400 0.860 10.1
shape, with lateral dimensions of approximatelyl® mm. Each A2(98-050)  [100] 375 0.669 7.7
piece was ground down and polished using a progression of A3(98-046)  [100] 460 0.454 5.1
aluminum oxide lapping sheets (30, 10, 1, and 0.3 micron, Fiber ﬁg (98-051) [100] 475 0.253 2.1
. i (99-022)  [110] 405 0.879 10.4
Optics Center, MA) and an aqueous solution of detergent as a pg (99-014)  [110] 400 0.656 75
lubricant. This procedure resulted in optically clear crystal slides A7 (99-007)  [110] 460 0.442 4.9
with a thickness from 350 to 50@m. Typically, the thickness A8 (99-028) [110] 475 0.211 2.3
across the sample was maintained to better tham&nd the emission
surfaces were flat to ca. 5 wavelengths of visible light. E1(99-017) [100] 430 0.855 10.0
In all emission and absorption experiments, the PETN slides E2 (99-015) [100] 420 0.661 7.6
' Lo E3 (98-044) [100] 405 0.453 5.1
were sandwiched between two LiF windows. The front and back g4 (98-048) [100] 400 0.207 25
windows were 25.4 and 19 mm in diameter and 3 and 5 mm in g5 (99-060) [110] 380 1.08 13.0
thickness, respectively. The sample was centered on the E6 (99-016) [110] 420 0.852 9.7
windows using a plastic mask cut to the exact shape of the E7 (98-053) [110] 415 0.667 7.7
sample. Liquid glycerol (spectrophotometric grade, 994 Eg 8&82;; [[1111(%] ffg ggssg 77 E?
Aldrich Chemical) was used to fill the smalk@ «m) gaps E10 (98-049)  [110] 440 0.449 50
between the sample and windows. In a separate set of control g11 (99-006fp [110] 410 0.445 50
experiments, we verified that glycerol remains optically trans- scattering
parent and chemically inert under the loading conditions of g3 (99-031p  [100] 380 0.320 25
interest.

. aReverse configuratior?.LiF impactor andz-cut quartz windows
B. Impact Experiments. Shock waves were generated by \yere used. g P a

impacting a piece of-cut sapphire mounted on a projectile

onto the LiF front window of a sample cell. The projectile was Sapphire LiF
accelerated to the desired velocity using a single-stage light- Impactor Windows
gas gunt® After traversing the front window, the shock wave // PD

reverberated between the windows bringing the PETN sample
to the final stress and temperature in approximately three steps
and 300 ns. The lateral dimensions of the sample allowed for
at least 800-ns recording time, after the entry of the shock wave
in the sample, before release waves arrived from the sample
edges. Stress histories in the sample in each experiment were

calculated using a one-dimensional wave propagation code, —>

COPS!9 The calculations used a material model describing the PETN SP

shock response of sapph#®LiF,2! and PETN. The latter is Crystal SC

currently under development in our laborat8fExperimental

details are summarized in Table 1. MCP
Emission Measurementsight emitted from shocked PETN cch

was collected as illustrated schematically in Figure 1. The light

was delivered .through optical fibers (40fh core diameter) to Figure 1. Schematic diagram of the experimental configuration. Shock
a faSt. photodiode (DETZ'_SL Thorlabs) and to the spectral ayes are launched by impact between a sapphire impactor and the
detection system shown in Figure 1. The output of the frontwindow of the sample cell. Light emitted from the shocked PETN
spectrometer (SpectraPro-150, Acton Research Corporation) wasrystal is collected into an optical fiber and delivered to the detection
dispersed temporally~<50 ns resolution) by an electronic streak System consisting of a spectrometer (SP), streak camera (SC), micro-
camera (Imacon 500, Hadland) producing a two-dimensional channel plate (MCP), and charge coupled detector (CCD). Temporal
image (intensity vs time vs wavelength) on the phosphor SCreenproﬁle of the emission is recorded by a fast photodiode (PD).

of the streak camera. This image was amplified by a micro- sapphire piece. The configurations are compared in Figure 2.
channel plate intensifier and recorded by a CCD detector (Pl |n the reverse configuration, the signal is collected through the
CCD, 1024 x 1024 back-illuminated chip). The photodiode sapphire and in a direction that is opposite to the initial shock
signal at a 4-ns sampling rate was used as an overall intensitypropagation direction. The reasons for using the reverse con-
monitor and a tlmlng diagnOStiC. A|th0ugh both sets of data figuration are discussed in section Ill.
can be recorded with higher time resolution, the higher To obtain true emission spectra, the recorded spectra were
resolution was not needed in this work. first corrected for the spectral response of the detection system.
All emission experiments, except for experiments E9 and E11, This was accomplished by calibrating the spectral sensitivity
were performed in the configuration described above. We refer of the entire system (collection, dispersion, and acquisition
to this configuration as the standard configuration. Experiments combined) using a tungsten-filament quartz halogen lamp (EN-
E9 and E11 were carried out in a configuration that we refer to 101, Eppley) as a standard light source. The instrumental
as the reverse configuration. In contrast to the standard correction function or spectral respon&¥4), was determined
configuration, the sample assembly in the reverse configuration as a ratio of intensities of the tabulated source spectrum provided
is mounted on a projectile and impacted onto a stationary by the lamp manufacturer and the same spectrum measured
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Figure 2. Experimental configurations: (A) standard, (B) reverse. The
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using our detection system. This function was consequently used
to correct the experimental data.

In addition to the instrumental correction, an additional
correction to the data was necessary since the shocked PETN
absorbs light quite strongR?.Therefore, light attenuation inside
the sample had to be taken into account. The latter required

Intensity, a.u.
o
»
]

knowledge of the light extinction in the sample, which had to 02

be measured separately. Further details about this correction 0.0 : : . .

are given in section Il B. -100 0 100 200 300 400
Absorption MeasurementBor each emission experiment, a Time, ns

matching_ extin_ction experiment was pe_rforr_ned (see Table 1). Figure 4. Intensity of scattered light at 514 nm as a function of time.
The configuration for time-resolved extinction measurements pgTN is shocked along the [100] direction to a final stress of 2.5 GPa.

was similar to that used in our earlier wotk@°A pulsed xenon At 0 ns shock enters the sample; at 100 ns the shock wave hits the
flashlamp was used as the light source. The output was filtered,sample/back window interface.

collimated, and directed through the sample. The transmitted

light was delivered to a streak camera/spectrometer/CCD systend!!- Results

that recorded time-resolved transmission spectra with 50 ns time A, Absorption. At ambient pressure, the UWis absorption
resolution. These spectra were then converted to extinction dataspectrum of PETN consists of three bands: 193.5, 260, and
as described in ref 26. 290 nm. The corresponding transitions are all localized on the

Since two different physical processes, absorption and scat-—NO, groups of PETN and have been assigned te- 7*, n
tering, could cause light extinction in the sample, we used a — z*, andn— 7* transitions, respectivel§? Within the spectral
separate experiment to determine directly the possible contribu-range accessible to us, only the band edge of the 290-nm band
tion of scattering from the sample. A beam of laser light (514.5 could be seen at ca. 310 nm. Samples were transparent above
nm) was sent through the PETN sample along its normal, and 310 nm. Absorption spectra for a typical experiment are shown
the elastically scattered light was collected at 45 degrees to thein Figure 3.
normal in a backscattering geometry. The intensity of the As seen in Figure 3, after the shock wave enters PETN a
scattered light was monitored using a fast photod#§d&cut very broad featureless absorption band in the visible begins to
quartz windows were used in the scattering experiment becausegrow. Four experiments at different final stresses (ca. 2.5, 5,
quartz remains elastic up to 6 GParhe elastic response of 7.5, and 10 GPa) were performed for each of the [110] and
the quartz windows eliminates any potential contribution to the [100] orientations. These experiments provided the time-resolved
scattering signal from the windows. The result of this experiment absorption data necessary for proper analysis of the emission
is presented in section Il A. data.

As indicated in Table 1, a total of 20 experiments (11 In a control scattering experiment (S1, Table 1), we verified
emission, 8 absorption, and 1 scattering) were carried out in that light attenuation in shocked PETN is caused by absorption
this work. The final stress in the PETN sample in each of the and not by scattering. The result of this experiment is shown in
experiments could be determined very accurately (withi2%) Figure 4. The initial scattering signal € 0) originated from
because this stress is related only to the projectile velocity andthe two sample/window interfaces and small imperfections on
the known shock response of the impactor and windé\gs27 the sample surface. Its intensity was 6 to 7 orders of magnitude
To support the emission data analyses, the same loadingless than the excitation laser beam intensity. When the shock
conditions were employed in emission and extinction experi- wave reached the front interface tat= 0, it compressed the
ments. gap, reducing the amount of scattering. From 0 to 100 ns, the
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Figure 5. Time-resolved emission spectra of PETN shocked to 7.6

GPa along the [100] direction (experiment E2). The spectra have beenFigure 6. Temporal profiles of absorption and emission. The curves
corrected for the detector sensitivity. At 0 ns shock enters the crystal; represent photodiode records for experiments A6 and E7. Shock enters
by ~350 ns the final stress is reached. Spectra were taken with 50 nsthe samples at O ns.

resolution.

5 T i J

shock wave traversed the sample. Effectively, there was no
change in scattering during that time interval while transmission
through the sample was decreasing by ca. 60% (prior measure-
ment). When the shock wave reached the back interface, the
scattering signal decreased sharply again due to compression
of the back interface. After that, there was no further change in
scattering while transmission through the sample kept decreasing
down to a few percent. From the result in Figure 4, we
concluded that light attenuation observed in extinction experi-
ments was indeed due to absorption; the contribution of
scattering did not exceed 0.001% and could be ignored for all
practical purposes. Since the experiment revealed no scattering,
the terms “absorption” and “extinction” can be used inter-
changeably in the present work. 7 7 T

The observed absorption in shocked PETN is not fully 0 200 400 600 800
understood at the present time. The subnanosecond time scale
of the process causing absorption may _indicate an electronic igure 7. Temporal profiles of emission for the standard (solid line)
process, such as stress or deforngtlon induced change of thgnd reverse (dotted line) configuration. The following experiments are
electronic band structure of PETH compared: E10 and E11 (5 GPa, low emission intensity), E7 and E9

B. Emission.Light emission from both the [110] and [100]  (~7.6 GPa, high emission intensity). Shock enters the sample at O ns.
orientations of PETN was observed when the crystal was

subjected to stepwise shock loading with final stresses as low correction one must know the spatial distribution of the emitting
as 5 GPa; the precise lower limit was not established. Thereand absorbing species across the sample (see Appendix).
was no emission at 2.2 GPa for the [100] orientation (experiment Experimental or theoretical determination of the spatial distribu-
E4). In previous studie}**5light emission was observed only  tions is a complex problem since a shock wave constitutes a
for crystals shocked along the [110] and [001] directions; no moving discontinuity. Hence, no two locations inside the sample
emission was found for the [100] crystal orientation. The will have the same history of stress and temperature. The
apparent discrepancy with our results is most likely due to the resulting spatial distributions of the absorbing/emitting species
lower sensitivity of the previous detection systems. will reflect the time-dependent processes that give rise to
Typical time-resolved emission spectra of shocked PETN absorption/emission and the history of these changes in the
(experiment E2) are shown in Figure 5. As can be seen, theshocked sample.
emission covers a broad spectral range from 300 to beyond 700 Despite this complexity, some qualitative conclusions could
nm (700 nm was the long wavelength limit of our detection still be drawn from the data presented in Figures 6 and 7. Figure
system). The emission onset occurs-d460 ns and the emission 6 compares the temporal profiles of absorption (Exp. A6) with
intensity increases while the shock wave is still reverberating emission (Exp. E7) that are typical for the set of experiments
in the sample. It continues to increase after the final stress is presented here. It indicates that at the onset of emission the
reached at-300 ns. absorbance has already reached a plateau. Further absorption
As discussed in the preceding section, shocked PETN absorbghanges are fairly small and slow for the entire duration of
light throughout the entire visible range. Because this absorption emission. This behavior implies that the absorbing species has
overlaps spectrally and temporally with the emission, the latter attained a steady state across the sample and the spatial
is attenuated before the radiation exits the sample. Therefore,distribution is close to uniform.
to obtain true emission spectra, the recorded spectra must be Figure 7 compares emission results obtained in the standard
corrected for light reabsorption in PETN. To implement this and reverse configurations (see Figure 2). It has been suggested

Emission Intensity, a.u.

Time, ns
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Figure 8. Result of corrections for a typical emission spectrum: (a)
recorded spectrum, (b) after instrument&{A)) correction only, (c)
after applying eq 1.

that the emitting region may be narrow and concentrated near
the shock front.In such a scenario, emission signals should be

different in these two configurations since the emitted light has

to travel different optical paths to reach the detector. On the

other hand, if the emitting region is broad and includes the entire
shocked sample, the difference between the two configurations
should be small. Figure 7 shows that the emission traces coincid
almost exactly, indicating the broad spatial distribution.

€
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Figure 9. Temporal profile of global emission intensity from PETN
shocked along two different crystallographic directions. Shock direction
and final stress values are shown. Time resolution is 50 ns; shock enters

Based on the data and arguments presented above, Wehe sample at 0 ns.
assumed that both the emitting and absorbing species are

distributed uniformly in the bulk of shocked PETN. With this
assumption, an expression for “true emissidr{4, t), can be
easily derived (see Appendify:

ADIg(4,1) In10
C(A)(1 — 10 A4y

I(Lt) = (1)

where C(1) is the spectral response of the detection system,
Ir(4, t) is the recorded emission intensity, aA, t) is the

measured absorbance of the sample. Figure 8 shows the effec

of the corrections on a typical emission spectrum acquired using

our detection system. It is seen that the spectrum becomeg©r the . . - .
¢LEB to the HEB increases continuously with stress. At high

broader and shifts to higher energies. All the data presente
below have been corrected using eq 1.

As indicated, emission appears after an induction period of
at least 100 ns relative to when the shock wave enters the
sample. The results in Figure 9 demonstrate that the induction

period depends on both the crystal orientation and the final stressPETN can arise from three potential sources:

in the sample. The traces shown were obtained from emission

energy band (HEB) located at3.0 eV, which emerges first.

The second component, low-energy band (LEB), locateelad

eV, appears~50 ns later. Intensity of the LEB grows faster
than the HEB, with both bands shifting gradually to lower
energies as time progresses. However, the observed separation
between the bands;0.6 eV, appears to be constant regardless
of the shift. This behavior is illustrated in Figure 11.

The absolute and relative intensities, and the positions of the
low and high-energy bands also change with stress, as shown
jn Figure 12. Similar to the induction period, the absolute
intensity of both bands goes through an extremum at 7.7 GPa
[110] orientation. However, the intensity ratio of the

stresses, the emission becomes dominated by the LEB.

IV. Discussion

A. Origin of Emission. Light emission occurring in shocked
(i) thermal
emission, (ii) electronically excited PETN molecules, or (iii)

spectra by integrating the area under the curve from 300 to 700excited intermediates. Several factors suggest that the observed
nm. In general, the induction periods are shorter for the [110] emission cannot arise from thermal emission. First, the emission
orientation than for the [100] orientation. Also, the effect of appears at stresses as low as 5 GPa. The estimated temperature
stress on the induction period is different for the two orienta- increase in PETN at this stress is on the order of 1G8which
tions. For the [100] orientation, the induction period decreases is not sufficient to produce thermal emission in the visible.
monotonically as the stress increases. In contrast, it goes throughFurthermore, the emission spectra cannot be fitted satisfactorily
a local minimum at 7.7 GPa (final stress) for the [110] to Wien’s law. Finally, the maximum of the emission spectrum
orientation. (at 5 GPa) would correspond to a temperature of 6700 K, which
Emission spectra change significantly with time and/or stress. is unreasonably high even for a fully developed detonation wave
However, both crystallographic orientations produce very similar (3400-4100 K)&31
spectral features. As illustrated in Figure 10, the spectral shape The next possibility, emission originating from shock induced
of the emission shows a tendency to broaden and to shift to electronic excitation of PETN, can be ruled out on the basis of
lower energies with time. Analysis of this spectral evolution the following arguments. First, emission does not appear at the
reveals that the spectra consist of two components that can benstant of shock wave entry into the sample, as it would be
fitted well by Gaussian peaks. The first component is the high- expected for this kind of process. Second, the luminosity reaches
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that the emission most likely originates from the same chemical
processes that drive the shock to detonation transition. Given
(1)'0 ] the above factors, the observed emission can be identified as
-8 1 ¥ 1 . . . . .
chemiluminescence from the excited intermediates that are
produced in the course of PETN decomposition.
B. Emission Components.The two components in the
1.2 7 emission spectra separated in time and energy imply two
different chemiluminescent processes. The HEB component
appears first after a short induction period. Existence of the
0.6 induction period suggests that the initial decomposition step is
not chemiluminescent. This is reasonable because the first
reaction in HE decomposition is usually rate limiting and largely
0.0 endothermic, while the following reactions are relatively fast

and exothermié® A longer induction period for the second

component indicates that either one extra step is involved in
Wavelength, nm the process, giving rise to the LEB compared to the HEB, or

Figure 10. Evolution of emission spectrum in time for PETN shocked the respective reaction is slower. However, since the LEB grows

to 7.6 GPa along the [100] direction (experiment E2). Dashed and dotted fasteér than the HEB, the first alternative appears to be more

lines correspond to the low- and high-energy components of the reasonable.

spectrum, respectively. Shock enters the sample at 0 ns; the spectra Figure 14 gives a qualitative energy diagram that is consistent

were collected at times shown. with the kinetic profile just described and the expected ther-
mochemistry of these processes. Reactlois endothermic.

its maximum after the final state has been reached and whenReaction2 produces the first emitting intermediate. Although

there are no shock waves propagating in the sample. Finally,the combined energy of this intermediate and other reaction

the emission spectra differ significantly from the photolumi- products cannot be determined with certainty, it is likely to be

nescence spectrum of PETN. The photoluminescence has a vergimilar to that of the transition state, TS2. Therefore, it is

low quantum yield and the resulting luminosity would be very probably higher in energy than the products of reaction

weak. Also, the maximum of the photoluminesceneé20 nm Reaction3 represents the extra step between the two emitting
at amble.nt pressure) exhibits a blue shn‘t with preséﬁMIle intermediates. It is likely exothermic and is shown as such in
a red shift is observed for the shock-induced emission. Figure 14. Its activation energy can either be lower than that of

Figure 13 compares the behavior of reciprocal run distance Reaction2, as shown in the figure, or higher. Reactidn
to detonation (RDD)!2 to the integrated emission intensity produces the second emitting intermediate and is similar to
(summed over a time interval of 800 ns) and to the reciprocal Reaction2. Reactionss and 6 depict electronic transitions of
induction period for the [110] orientation. There is a clear the intermediates to the ground states producing the HEB and
correlation between these three quantities. In particular, all of LEB, respectively.
them go through a maximum near 5 GPa (input stress). This  Although there appears to be two chemiluminescent reactions,
correlation between the emission parameters and RDD suggestshe number of chemiluminescing intermediates may or may not



Shock Wave Induced Decomposition Chemistry of PETN J. Phys. Chem. B, Vol. 106, No. 2, 200253

12 T T T
8 - e
£
41 a
T
0 -5
18 T T T 0.012
S 5 Py
© o h 2
Z 12 > s
£ £ 08 A > 10008 T
c c A o
g g -~
= £ - &
c 67 c £
2 S 04 - O L0004 ©
[7] 7] -
X ] 8
£ R}
W 0- I.IEJ O 2
6 T T T 0.0 T T T 0.000
2 4 6 8 10
4 - Input Stress, GPa
Figure 13. Correlation of run distance to detonation (RDD) and
emission data (intensity and induction period) for the [110] orientation.
2 - The top panel displays RDD data of ref 6 (circles) and the solid line
represents a polynomial fit to the data. The bottom panel shows total
emission intensity (squares) and induction period (triangles) measured
0 - in this work.

Wavelength, nm

Figure 12. Stress dependence of the emission spectra for the [110]
orientation. The spectra were recorded at 650 ns after the shock wave
entered the sample. Dashed and dotted lines show the two components
(LEB and HEB) of the spectra.

Energy

be two. In principle, it is possible that two different excited
states of the same intermediate give rise to the two emission
components. For this to occur, two requirements need to be Reaction Coordinate ————=

satisfied: (1) the potential energy surface (PES) of each reactionrigure 14. Qualitative energy diagram for reactions in shocked PETN.
must cross with the corresponding excited state of the inter- TS# denotes the transition state for each reaction. Each bold horizontal
mediate and (2) internal conversion between the excited statedine represents either the transition state or products/intermediates

must be slow compared to the radiative transition to the ground formed at each decomposition step. The vertical arrows depict chemi-
state luminescence that brings one of the species from an excited state, in

_ . . . which it is formed, down to the ground state. A photon is emitted in
C. Emitting Intermediate. It is well-known that highly = this transition. More details are given in the text.

exothermic reactions producing small molecules are more likely
to result in chemiluminescence since the energy would be Instead, after considering the electronic structure ot Nénd
difficult to accommodate within the limited degrees of freedom analyzing it in terms of our emission data, we propose that the
of such productg? Therefore, it is reasonable to look for the nitronium ion, NQ™, is the emitting species.
emitting species among the small molecules expected to form The nitronium ion is a first-row, closed-shell triatomic and
in the course of PETN decomposition. Previously, nitrogen is among the simplest polyatomic cations. However, the
dioxide, NQ, was tentatively suggested as the emitting spécies. available information for N@' is limited primarily to its ground
However, only the LEB is close in energy to the transition state3®4! To determine the electronic transition energies and
energy of nitrogen dioxide (2 eV; %&;) — A(?B,) transi- geometry of the excited states we carried out ab initio calcula-
tion).35-37 The HEB cannot be explained by N®ecause the  tions employing single excitation configuration interaction (CIS)
2B, state of NQ has a dissociative limit of 390 nm. This and the 6-31%+G(d, p) basis set implemented in Gaussiartd8.
emission cutoff is not present in our experiments. Figure 15 shows the PES for the ground and three lowest excited
Emission from NO was suggested to account for light below states. The ground state is line&{") and the ON bond length
390 nm? However, the NO XqT1/,) — B(4l13)) transition peaks is 1.122 A% |n contrast, the excited states are bent; their
at 320-340 nm38 which does not match the HEB either. Also, properties are detailed in Table 2. The two lower excited states
the presence of NO in the early decomposition products would are stable as verified by vibrational analyses. The upper
not be consistent with the ionic character of decomposftion. excited state has one imaginary frequency indicating that the
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12 ONO. ONO,
OzNO 2 (1) ©NQ )
- + + NOj
ONO,
. O,NO Oz2NO™ 1
2 ©)
= 6 (2) | PETN
o O,NO
g DV
w O,NO ONO,
3 21
ONO; ONO.
ovo_ ™o ™
+ Y+ NO('Bp)
J ONO,
0 - O,NO O,NO
T T T T 2 2 [4]
90 120 150 180 (4) | PETN 5)
ONO Angle, deg.
Figure 15. Electronic structure of N@. The ground state and three
lowest excited states are shown. oG N02+(1zg+) + hvy
2
TABLE 2: Geometry, Vibrational Frequencies, and Energy ono,  Q ONO,
of NO,* Excited States® 2 .\ + NO('A)
1 1 ; 1 ONO.
lower A, B, higher!A, O,NO O,NO 2
ON length, A 1.161 1.163 1.161 4] 6
ONO angle, deg. 131.5 129.3 167.2 ( )
vibrational frequencies, cr
w1(B2) 775 627 1847 N02+(1>;g+) + hvy
w2(A1) 794 810 1428
w3(A1) 1626 1627 870 Figure 16. Proposed initiation mechanism in shocked PETN. More

vertical-down transition, eV (nm) 2.35 (528) 2.98 (415)
2 CIS/6-31H-G(d,p) model chemistry

details are given in the text.

and polar products. This will affect transition energies through
ion—ion, ion—dipole, and dipole-dipole interactions. Since the
ground state of N@ is linear, it has zero dipole moment. In
The vertical-up and vertical-down transitions have different contrast, the excited states possess sizable dipole moments due
transition energies by-3 eV because of a large mismatch in to the bent geometry. Thus, greater energy stabilization is
the geometry of the ground and the two stable excited states.expected for the excited states than for the ground state. This
The up transitions are located in the UV while the down will manifest itself as a red shift of the corresponding transitions.
transitions are in the visible. For the purpose of this discussion, The transition bands are expected to maintain their separation
we will be concerned with the down transitions only. Remark- because both states are very similar in terms of their geometry,
ably, the transitions from th#B, and lower'A; states closely dipole moment, and, therefore, energy stabilization.
match the energies of the HEB and LEB, respectively. The 0.6  Although there is no information available in the literature
eV separation between the states is also in agreement with theabout the rate of interstate conversion in NQOsome conclu-
experimental data. These findings provide the first supporting sions about it can be reached from the data available for the

state is dissociative. The cation will dissociate into N® O
from this state.

point for the identification of the nitronium ion as the emitting
species.
Although the Franck Condon principle does not strictly apply

isoelectronic molecule COChemiluminescence from G®as
been observed in several reactions, with the @f@rglow being
studied the most. The emission spectrum of,Gifterglow

to chemical reactions, a similar constraint is expected. The consists of two bands located at ca. 400 and 525'his
geometry of the reactant will not change much during the instant indicates that two excited states contribute to the chemilumi-
when the excited state is formed. Hence, if the nuclear geometrynescence and that the nonradiative crossing from the higher
of the transition state resembles the electronically excited energy excited state to the lower one is slow and cannot compete
product rather than its ground state, it will favor entry into the with the radiative transition to the ground state. Since the
excited staté® The ONO angle in the PETN nitro groups is electronic structures of each molecule are very similar, the same
~130.4445 This value is very similar to the angles in the should be true for Ng as well.
equilibrium geometry of both stable excited states oL, NGee These evaluations of the electronic structure, geometry, and
Table 2). Although the molecular conformation and/or volume properties of the nitronium ion are consistent with the experi-
may be different in the transition state relative to the ground mental data and have led us to conclude that,N@ the
state, it is unlikely to significantly affect the ONO bond angle. chemiluminescing species. Therefore, the nitronium ion is
In contrast, this value does not conform to the linear ground inferred as an intermediate in the decomposition process in
state. Therefore, Ng satisfies the geometric constraints for shocked crystalline PETN.
the chemiluminescing species. D. Reaction Mechanism Given the identification of an
Furthermore, the emission band shifting (see Figure 11) intermediate and the qualitative reaction scheme of Figure 14,
observed in our experiments is also consistent with the expectedwe are now in a position to propose the reaction mechanism in
behavior of NQ*. Since the decomposition mechanism is likely shocked PETN. This mechanism is shown in Figure 16.
ionic (see section 1V D), the polarity of the medium will increase ~ The dominant reaction of nitrate esters at ambient pressure
as the decomposition progresses due to the formation of chargeds homolysis of the &NO, bond?#” Under high pressure, a
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competing reaction mechanism emerges in which the first step A

is the formation of a carbocation and the nitrate 4&rt° For Ne(x, 2 ) P

PETN this is reactiorl in Figure 16. lonic reactions have a S

typical activation volume of ca-20 cn#¥/mol and, as such, they R,

are promoted by pressure while homolysis is retarded by
pressurél-52 The ascendancy of heterolysis over homolysis is
gradual with the turning point around 0.5 GBalthough there
are no direct data for PETN, it is reasonable to assume that it —
follows the same pattern as other nitrate esters. Therefore, the o AW | Detector a2, 1)
operative mechanism in PETN at stresses of eal®GPa is
likely to be ionic. Reactiorl in the gas phase is endothermic
by about 180 kcal/mol as estimated usifayll semiempirical
calculations. The amount of endothermicity is likely to be
reduced significantly in a polar environmént. 0 x d X

Carbocation [1] is a primary carbocation. As such, it is prone Figure 17. One-dimensional model of the experimental geomexry.
to rearrangement to tertiary carbocation [2] via reactoim is the coordinate axis andis an arbitrary location inside the sample.
Figure 165 Reaction3 is exothermic by about 22 kcal/mol (as ~ The sample occupies the region from= 0 to x = d. The detector is
estimated usindM1). Further reactions of carbocations [1] and placed at infinity andr(4,t) is the emission intensity recorded by the

. . . detector as a function of wavelength,and time,t. The dashed and
[2] are less certain. However, on the basis of our experimental dashed-dotted lines represent the distributions of the emitting and

results these reactions must yield NOA helpful consideration  apsorbing specieye(x4.t) and a(x,A,t), respectively.
here is the following reaction:

»

V. Summary
ONO, ONO, i o .
O2NQ, H ONQ . Time-resolved emission spectroscopy was used to examine
+ ” % + NO2 (A) the decomposition mechanism in shocked PETN single crystals.
O,NO ONO, O,NO PETN was shocked to peak stresses as high as 13 GPa using
3] 4] stepwise loading. Emission spectra were measured for thin

crystalline samples shocked along two different crystallographic

Cation [3] can be obtained via abstraction of the hydride ion, directions, [100] and [110]. ) o , ,
H-, from PETN. Itis unstable (IRC calculati#hhand eliminates Emission data were analyzed in conjunction with absorption
the nitronium ion to produce [4], the trinitrate aldehyde data, due to the concurrent changes in the optical transmission
derivative of PETN. Both carbocations [1] and [2] can serve as Of PETN. The absorption data were acquired separately under
hydride ion acceptor® However, because of the intrinsic the same loading conditions. The raw emission data were
instability of [3], an abstraction step is likely to occur concur- corrected analytically by assuming spatial uniformity of the
rently, with reaction (A) as a bimolecular reaction providing emitting/absorbing species. The appllcablllty of this assumption
two separate pathways to NO as shown in Figure 16 by  Was tested and verified in separate experiments. Analysis of
reactions2 and 4. the corrected emission data reveals two bands in the spectra:
Reaction€ + 5 and4 + 6 are exothermic by ca. 38 and 25  the high-energy band (HEB) at3.0 eV and the low-energy
kcal/mol, respectively, (as estimated usiigl1). To satisfy the ~ band (LEB) at~2.4 eV. Both the HEB and LEB are observed
energy balance necessary to produce excited states gf,NO in every experiment regardless of stress or crystal orientation.
the transition state in these reactions must lie above the productdiowever, their relative and absolute intensities and kinetics
by at least 70 and 55 kcal/mol, respectively. The latter translates'€Vealed stress and orientation dependence.
into an activation energy of30 kcal/mol, which is very The emission is identified as chemiluminescence from the
reasonable for this type of reaction. The heats of reacohs ~ Nitronium ion, NG, on the basis of the electronic structure
5 and4 + 6 are different by~13 kcal/mol or~0.6 eV. This and properties of Ng. Nitronium ion was analyzed using ab
value matches the energy separation between the emission band8itio calculations, which revealed transition energies matching
and explains the presence of two emission components. Thethose of the emitting intermediate observed experimentally.
amount of energy in reactiof is sufficient only to populate Several chemical reactions compatible with the formation of
the lowest excited state of NO On the other hand, reactiéh NO," were considered and evaluated. Finally, a four-step
has an extra 0.6 eV available, which makes the next excited chemical initiation mechanism in shocked crystalline PETN is
state accessible from the transition state (see also Figure 14)Proposed and discussed in detail.
As discussed in the preceding section, geometric constraints and . . .
slow interstate conversion will lead to emission from both _Acknc_)vv_ledgment. Dr. J. M. W|ney_ is thanked for sharing
excited states. Although the amount of Nan reacting PETN his preliminary results on the equation of state of PETN. D.

cannot be determined with certainty, it is reasonable to conclude S2vage and K. Zimmerman are thanked for their assistance in
that this strong electrophile known for its high reactivity may the experimental effort. This work was supported mainly by
play an important role in the reaction growth and propagation. ONR grants N000149310369 and N000149911014, and in part

Together with the results of section IV C, the scheme of by DOE grant DEFG0397SF21388.
Figure 16 provides an interpretation of the experimental results .
presented in this paper. This interpretation is self-consistent andAppend|x
is also consistent with the physical and chemical data available Emission intensity recorded from a radiating object can be
in the literature. Combining all the experimental evidence and markedly different from the intensity actually emitted if parts
analyses presented above, we conclude that the mechanisnof the object can reabsorb the emitted radiation. In the one-
shown in Figure 16 best describes the decomposition processdimensional case illustrated in Figure 17, the recorded emission
in shocked PETN crystals. intensity, Ir(4,t), can be expressed as follows:
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_ d (20) Thea-axis sapphire used in this work has shown to have an elastic
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examined in Barker, L. M.; Hollenbach, R. HB. Appl. Phys.197Q 41,
. . : 4208.
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: : : . : : (29) Kunz, A. B.Mater. Res. Soc. Symp. Pra996 418, 287.
Of phyS|caI_|nterest, however, is the_ true emission |nf[en5|ty, (30) Since in our experiments collection of light takes place from a small
I1(4,1), that is unaltered by reabsorption. It can be defined as solid angle €0.13 sr), the one-dimensional approximation employed is
follows: sufficiently accurate. The analysis presented can be easily adapted to any
arbitrary direction.
d (31) Mader, C. L.Numerical Modeling of Detonatigoriniversity of
+(A,t) = L/; Ng(x,4,t) dx (A3) California Press: Berkeley, 1970; p 48.
(32) Dreger, Z. A.,; Gupta, Y. M.; White, J. O.; Drickamer, H. G.,
i . L . . L. unpublished results.
For arbitrary spatial distributions of the absorbing and emitting  (33) Cheret, RDetonation of Condensed Explosi Springer-Verlag:
species, the system of eqs AA3 is convoluted and difficult ~ New York, 1993

to untangle. However, in the special case of uniform distribu- _ (34) Gundermann, K. D.; McCapara, Ehemiluminescence in Organic
Chemistry Springer-Verlag: Berlin, 1987.

tions, Ne(x4,t) = Ne(4,t) anda(xA,t) = a(4.1), it can be easily (35) Hsu, D. K.; Monts, D. L.; Zare, R. NSpectral Atlas of Nitrogen
integrated. The result of this integration is given by eq 1 in the Dioxide 5530 to 6480 AAcademic Press: New York, 1978.
text. (36) Gillespie, G. D.; Khan, A. U.; Wahl, A. C.; Hosteny, R. P.; Krauss,

M. J. Chem. Phys1975 63, 3425.
Ref 4 Not (37) Gillespie, G. D.; Khan, A. UJ. Chem. Phys197§ 65, 1624.
elerences and Notes (38) Frosch, R. P.; Robinson, G. W. Chem. Phys1964 41, 367.

(1) See proceedings of thrst through Eleenth Symposia (Interna- (39) Bryant, G; Jiang, Y.; Grant, E2hem. Phys. Let.992 200, 495.

tional) on Detonation Office of Naval Research: Arlington, Virginia, (40) Lee, T. JChem. Phys. Letl992 188 154.
1951—)1998. A 9 9 (41) Lee, T. J.; Rice, J. El. Phys. Cheml1992 96, 650.

(2) Gupta, Y. M.J. Phys. IV, Colloque1995 5, C4—345. (42) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
(3) Dick, J. J.Appl. Phys. Lett1984 44, 859. M. A; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
(4) Dick, J. J.; Mulford, R. N.; Spencer, W. J.; Pettit, D. R.; Garcia, Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.

E.; Shaw, D. CJ. Appl. Phys1991, 70, 3572. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
(5) Gruzdkov, Y. A.; Gupta, Y. MJ. Phys. Chem. 200Q 104, 11169. M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
(6) Dick, J. J.,J. Appl. Phys1997 81, 601. Ochterski, J.; Petersson, G. A;; Ayala, P.Y.; Cui, Q,; Morokuma, K.; Ma!lck,
(7) Tarver, M. C.; Breithaupt, R. D.; Kury, W. J. Appl. Phys1997, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;

81, 7193. Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
(8) Yoo, C. S.; Holmes, N. C.; Souers, P. C.; Wu, C. J.; Ree, F. H.; P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-

Dick, J. J.J. Appl. Phys200Q 88, 70. Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe,
(9) Halleck, P. M.; Wackerle, dI. Appl. Phys197§ 47, 976. M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W_; Andres,‘J. L.;

(10) Craig, B. G. InLASL Explosie Property Data Gibbs, T. R.; Gonzalez, C., Head-Gordon, M.; Replogle, E. S.; Pople, JGaussian

Popolato, A., Eds.; University of California Press: Berkeley, 1980; pp 301, 98, Reision A.7 Gaussian, Inc.: Pittsburgh, PA, 1998.

318. (43) Rauhut, M. M.AAcc. Chem. Red.969 2, 80.

(11) Soulard, L.; Bauer, F. IBhock Compression of Condensed Matter, (44) Cady, H. H.; Larson, A. CActa Crystallogr. B1975 31, 1864.
1989 Schmidt, S. C., Johnson, J. N., Davison, L. W., Eds.; Elsevier:  (45) Gruzdkov, Y. A.; Gupta, Y. MJ. Phys. Chem. 2001, 105, 6197.

Amsterdam, 1990; p 817. (46) Gundermann, K. D.; McCapra, Ehemiluminescence in Organic
(12) Dick, J. J.; Ritchie, J. Rl. Appl. Phys1994 76, 2726. Chemistry Springer-Verlag: Berlin, 1987; p 75.
(13) Jindal, V. K.; Dlott, D. D.J. Appl. Phys1998 83, 5203. (47) Hiskey, M. A.; Brower, K. R.; Oxley, J. Cl. Phys. Chem1991,
(14) Spitzer, D.; Samirant, M[enth Symposium on Detonatjddffice 95, 3955.

of Naval Research: Arlington, VA, 1993; p 831. (48) Naud, D. L.; Brower, K. RJ. Org. Chem1992 57, 3303.

(15) Spitzer, D., Ph.D. Thesis, Universite Louis Pasteur de Strasbourg,  (49) Davis, L. L.; Brower, K. RJ. Phys. Chem1996 100, 18775.
993. (50) Davis, L. L.Reactions of Organic Compounds in Expl@sDriven

(16) Dreger, Z. A.; Gruzdkov, Y. A.; Gupta, Y. M.; Dick, J. J. 8hock Shock Waes Ph.D. Dissertation, New Mexico Institute of Mining and
Compression of Condensed Matter, 1988rnish, M. D., Chhabildas, L. Technology, 1996.

1

C., Hixson, R. S., Eds.; AIP: New York, 2000; p 933. (51) Asano, T.; le Noble, W. hem. Re. 1978 78, 407.
(17) Dick, J. J.J. Appl. Phys1982 53, 6161. (52) Klarner, F. G.; Diedrich, M. K.; Wigger, A. E. I@hemistry under
(18) Fowles, G. R.; Duvall, G. E.; Asay, J.; Bellamy, P.; Feistmann, F.; Extreme or Non-Classical Conditiongan Eldik, R., Hubbard, C. D., Eds.;
Grady, D.; Michaels, T.; Mitchell, RRev. Sci. Instrum197Q 41, 984. Wiley: New York, 1997; p 103.

(19) Gupta, Y. M. COPS code; Stanford Research Institute: Menlo Park,  (53) Morrison, R. T.; Boyd, R. NOrganic Chemistry5th ed.; Allyn
CA, 1976, unpublished. and Bacon: Boston, 1987; Chapters 5, 6, and 7.



