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We report experimental observations of a chemically bound dimer of 2,4,6-trinitrotoluene (TNT) produced
by high-pressure shock waves. The experimental observations were made with a time-of-flight (TOF) mass
spectrometer within which it is possible to produce strong shock waves by detonating condensed-phase
explosives. The dimer is thought to arise from a DieAdder (DA) cross-linking of two TNT molecules. It

is noteworthy that DA reactions are strongly pressure enhanced. We found that under some shock conditions
a significant fraction of the TNT molecules are dimerized. The dimerization reaction, which is endothermic,
may play a role in the shock insensitivity of TNT. Ancillary experiments in which TNT was evaporated and
expanded through a nozzle into the mass spectrometer are also reported. It was possible in these experiments
to produce a weakly bound TNT dimer in which the binding forces are those characteristic of a crystal. We
show that this type of dimer has a different fragmentation pattern caused by electron impact ionization than
the one produced by a shock wave. A rough estimate of the binding energy of this type dimer is given. The
difference in the fragmentation patterns of the two types of dimer indicates that the dimer produced in the
shock wave experiments is a physically different structure than the weakly bound species produced in the
evaporation experiments. This supports the view that the shock-produced dimer is chemically bound. Two-
dimensional time-dependent reactive hydrodynamic modeling of the shock wave experiments is used to produce
estimates of the pressure and temperature fields in the shocked TNT as a function of space and time. The
calculations, in conjunction with the experimental data, allow us to estimate the time scale of the shock-
wave-produced TNT dimerization reaction as being roughly 10 ns.

I. Introduction The two methods of introducing shock waves into the TNT
pellets produced qualitatively different mass spectra. In the case
with weaker shocking, a large amount of dimerization was
observed. In contrast to this, when the shock wave introduced
produced a propagating detonation, none or only a small amount
of dimer was observed in the mass spectra (see Section IV.

Earlier high-pressure shock wave studies of aromatic struc-
tures indicate that they undergo a characteristic chemical cross
linking reaction (a dimerization) that is associated with the pi-
bonding structure of the underlying ring structure (see Section
Il. Background). The earlier studies of this phenomenon were

; - Results).
done on molecules that are not capable of decomposing with a We also did experiments in which evaporated TNT was
large energy release (e.g., anthracene). In the current study, we P N po

seek to extend such work into the realm of molecules that aremtroduced into the mass spectrometer in order to optaln a
highly energetic; i.e., molecules that can decompose explosively.reference fragmentation pattern for TNT. In these experiments,

We chose 2,4,6-trinitrotoluene (TNT) as the subject of such a we were able to produce a weakly bound dimer. An estimate

o of its binding energy is given in the Appendix.
ztbutg?/n tTP:;nzxc;erfrlilrgnhetngloirff)o:?naastisor?%eiggl?ssscgdp y was used to In Section IV C, the results of two-dimensional reactive

We subjected pellets of solid TNT to high-pressure shock comp(essible-flow calculations of the two types of shock wave
waves. These shock waves were induced into the explosive vigExperiments are presented. These calculatllc.)ns allow one to
electrically driven thin slappers(see Section Ill. Experimental estimate the pressure and temperature cond|t_|ons necessary for
Aspects). The impact of the slappers with the explosive sa’mmplespmduc'ng the chem_|cally bouf‘d dlmer_. An estimate of the time
produced high-pressure (ca. 160 kbar) short-duration (ca. 3psScale of the chemical reaction leading to the shock-wave-
ns) pressure pulses in the struck explosive. produced dimer is given.

Two different shock wave regimes were examined. First, TNT Fln_ally, Itn Sedctloln \I/,t'we drTquW con(t:l_usmn? bta_sefd on the
samples were stimulated by the slapper only. This produced aSXperments ana caicu’ations. ' e most important inerence we

regime in which the shock wave was supported by the gwake IS that TNTbS msggsm\l/)lry to ;hockb}llyave |n|tr|]at|qn (Ijlf
exothermicity it induced, but this exothermicity was not capable etonatlon'may € att.” utable to its a "t.y toc emically
of producing a self-sustaining detonation wave. In the second endothermically cross-link. Such a process is an energy S'T‘k
situation, the slapper was used to detonate a more sensitiv for shock wave energy and, thus, acts to make the material

explosive and the detonation wave thus produced was used to arder to initate.
introduce a stronger shock into the TNT than the slapper alone. II. Background

This arrangement produced a detonation wave in the TNT pellet.
There is a significant body of information that indicates that

* Author to whom correspondence should be addressed. aromatic compounds undergo a characteristic chemical reaction
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Figure 1. This figure shows the &-u, Hugoniots for benzene and e evidence that this isotthe result of solidification, since
toluene; 1 mmis has been subtracted from the\@lues of toluene in th | duction due t lidification i 10 ti I
order to offset it from the benzene Hugoniot. The graphs show the € volume reduction due to SO_' ! 'Ca 1on 'S_ ca. Imes smaller
slope discontinuities characteristic of aromatic structures. The known than the observed effect. Using dielectric measurements on
points for the shock Hugoniots of liqiiand solid TNT are also shown; ~ shocked NB, they found indirect evidence that NB molecules
2 mmis has been added to the; Malues of liquid TNT in order to are associating; they hypothesized that the associated form was
offset it from the other data. The pressures at the 1st and 2nd cusps ory dipole-dipole dimer.
the benzene Hugoniot are at ca. 120 and 200 kbar, respectively. Because of the apparent generality of the cusp behavior in

when strongly shocked (i.e., to pressures greater than ca. 12@hocked aromatics and of the conglusivness qf the Hugoniot
kbar). The earliest evidence of such a reaction was uncoveredeXperiment results, quantum chemical calculations were sub-
when measurements of the shock Hugoniots of some aromaticSequently done on two benzene molecules to try to determine
compounds were made. The principal shock Hugoniot of a What cross-linking reactions were consistent with the data.
material is the locus of all thermodynamic states reachable by Calculations were done on four structurally distinct chemically
a single shock wave from ambient conditions. Bicknd cross-linked dimer8.0One of these structureg,'-dibenzene)
Warne$ experimentally obtained the principal shock Hugoniots 9ave a volume decrease (based on a simple model of the shock-
of the ring structures benzene, toluene, anthracene, phenanCOMPpression process) that was consistent with the experimental
threne, pyrene, 1,4-cyclohexadiene, cyclohexene, and cyclo-Observations. However, the calculated energy required to
hexane up to pressures of ca. 400 kbar. The first five of these Surmount the calculated activation barrier leading to this dimer
structures contain aromatic rings, while the last three do not. Was found to require essentially all of the internal energy change
These observations are of interest becaals¢he molecular ~ Produced by shocking to the 1st cusp on benzene’s Hugoniot;
species that contain aromatic rings showed slope discontinuitiesthis seemed to make the dimerization hypothesis unlikely.
in their principal shock Hugoniots (e.g., see Figure 1), while  Later, it was noted that all the dimers computed in ref 5
the three species without aromatic rings present (mentionedcorresponded to symmetry-forbidden reactions and, therefore,
above) do not. have high-energy transition states. It was further noted that there
When the W—u, data in Figure 1 are replotted in the pressure i a symmetry-allowed DietsAlder (DA) dimerization of
(P) vs specific volume ) plane (see ref 1) one sees that the benzene that leads to the structure shown in Figure 2agje.,
aromatic materials become significantly more compressible at dibenzene-(tricyclo[6.2.2*(ldodeca-3,5,9,11-tetraene). Quantum-
the 1st cusp in the Hugoniot and very incompressible above chemical calculations on the transition state leading to this
the 2nd cusp. That is, aromatic materials soften significantly at structure were consistent with the internal energy changes
the 1st cusprthis behavior points to a rate process in which a Produced by shocking to the 1st cusp on benzene’s Hugbniot.
more compact form of the material is being produced. bick DA reactions have largeegatie volumes of activation and
suggested that a polymerization reaction might be starting atreaction and are strongly pressure enhanced (e.g., by shock
the 1st cusp. Warnésyia chemical analysis of materials Pressurization). Furthermore, analogous reactions can occur in
recovered from experiments in which anthracene was strongly any aromatic structure.
shocked, found molecules of nearly twice anthracene’s molec- We note that Dick also determined the principal Hugoniot
ular weight and suggested that molecular cross-linking could of 1,3-cyclohexadiene up to 411 kbar and found no evidence
be occurring. of cusps on its Hugoniot. This material can undergo a DA cross-
A further point of interest is that Nellis et &have shocked  linking. Our hypotheses on why the DA process is not seen in
benzene to over 710 kbar and found no further slope discon- this material is that steric problems due to the nonplanarity of
tinuities on its Hugoniot; i.e., there are no further rapid changes its ring and the reduction in the number of ways the cross-
in benzene’s compressibility above the 2nd cusp on its Hugoniot linking can occur so decreases the rate of reaction that it does
(at ca. 200 kbar). not occur on the ca. &s time scale of Dick’s experiments.
Yakushev et at.did a study of nitrobenzene’s (NB) Hugoniot At this point what was needed was experimental evidence at
and saw behavior similar to that found with benzene. There is the molecular level that high shock pressure can actually produce
cusp behavior on NB’s Hugoniot at ca. 130 kbar that shows a dimers. This question was addressed in ref 7 where a mass-
marked increase in the material’s compressibility. The volume spectral study of strongly shocked anthracene crystals was
decrease over the cusp region-2.6 cn¥/mol. They found presented. We found that shocking above (below) the 1st cusp
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in anthracene’s Hugoniot did (did not) produce a chemically o ‘ 7220
pound dimer of anthrgce_ne. This is strong experimental evidence *é 15 2998 @ |
in favor of the cross-linking hypothesis. We have also observed & df=+600 V INT
a dimer of toluene, produced by shocking liquid toluene, in the § 140 TNT - OH 140
same apparatus; this work will be discussed elsewhere. 5 \ \

In this paper, we examine whether an analogous cross-linking g 100 100
occurs in the highly energetic (explosive) material 2,4,6- ‘é’ 6 P
trinitrotoluene (TNT). The choice of TNT as the candidate =
energetic material to examine follows from its aromatic structure T 0 ™ 1 00 2 020
and its importance as an explosive. The test of the cross-linking MASS (amu)
reaction using the TNT Hugoniot as a diagnostic is not possible. 200 250 300 350 400 450 500
This is because when one shocks TNT with planewave sustained Condded Scans 39 o 54

300

shocks into the pressure region where cusp behavior is expected
(i.e., > ca. 100 kbar), detonation occurs very rapidly relative
to the time scale of the mechanical experiments (that have been
done to date). Hugoniot data for liqdiind solid TNT are
shown in Figure 1 to illustrate this point.

3000
Shot £072194g (b)
TN df=-300 V
2000 ——TNT - OH 200
TNT DIMER
1000 \ 100
In contrast, the hydrodynamic quenching produced in the
detonation mass-spectrometer experiments to be described is
450 50

rapid—see refs 7 and 10. In addition, in our experiments, one w0 2% 300 330 400

obtains information on the mass of the molecular species that MASS (amu)

are present in the flow produced by the shock wave; such Figure 3. (a) This panel is a scan from a TNT experiment (Shot

information is absent from mechanical measurements. #092998e) in which no dimers were observed; the TNT parent peak is

atm= 227 amu. Note the complexity of TNT’s cracking pattern; some

; of the light mass peaks (e.g., at 18, 28, and 44 amu) are from reacted

Ill. Experimental Aspects TNT. (b) This panel shows results from an experiment where TNT
(A) Shock Experiments. The apparatus and the procedure dimer was observed. The charge in this experiment was initiating

used to study TNT and its dimers are similar to that used in detonating. Data from sixteen scans have been co-added in order to
make visible some of the small daughter peaks that result from cracking

. 0B :
work we reported previousl§i° Briefly \‘{ve fired small E)ellets he TNT dimer (e.g., [TNT dimerNO,] (@ 408 amu), [TNT dimer

of pressed TNT powder, fas';ened tQ a “slapper-barrel detonatorNO] (@ 424 amu), and [TNT dimerH,0] (@ 436 amu). Light mass
assembly,and mounted inside a high vacuum chamber of the molecules from the scan corresponding to the visible fiducial mark
spectrometer. The shock induced into the end of the pellet also appear near the dimer peak; the clearest of these correspond to
(fastened to the barrel) by the slapper, is strong enough to eitherCH/N (@ 447 amu), OH (@ 463 amu), and,®l (@ 468 amu),
detonate the TNT or to partially exothermically react it into an réspectively. Note the large Crl‘(a“%e in the relz;twe r?reas of the 210
adiabatically expanding vapor. In either case, the kinetic energy (TNT—OH) and 227 (TNT) peaks that occurs when the TNT dimer is

. . . present. In the labeling of this figure, df is the deflection voltage applied
is high enough that the expansion of the gases we sampley; e ions.

become highly directed in the shock direction and collisionless.

The apparatus is designed so that we can form_a sample of theST’ne TNT and mixing it with Ar gas. The TNT was heated in a
gases into a molecular beam that is d_|rected Into a TOF MasSgiainjess steel cell at 228 into Ar carrier gas; the total pressure
spectrometer. A mass spectrum ranging from= 0 to m = of the combined gases was ca. 20 KPa. This process results in
290 amu is taken every 12s. This allows us to examine the 5 niyqyre of about 20/80% TNT/Ar (by number density). This
change in the composition of the products from successive layersmixture was expanded through a 0.125-mm diameter nozzle into
_of the shocked TNT charge as they arrive at the ionizer of the o acuum of the TOF spectrometer. By varying the nozzle
Instrument, i temperature from 160 to 23, we could change (inversely)
Whether the pellet vaporizes or detonates depends on theine fractional constituency of TNT dimers in the molecular beam
shock pressure applied to the end of the pellet. Our pellets gntering the detector. We found it necessary to heat the skimmer
contained about 100 mg of material. They were 5-mm diameter 1o ca. 15(°C to prevent condensation of the TNT in the aperture;
and 3-mm long and had a density of 1:59.02 gm/cri. When such condensation cuts off the entry of beam into the detector.
fastened to a slapper/barrel assembly alone, the shock strengtly 54 acquisition for each nozzle temperature was at a slower
produced by the slapper and/or its duration was (were) insuf- (5te than when taking the shock data. In the evaporation
ficient to bring about detonation of the TNT; however, it did experiments, 16 000 scans were accumulated in memory at the
partially react the material. To ensure detonation .of the TNT |ate of 20Qus per scan and digitized at 4 ns per channel. Since
we found it necessary to boost the TNT pellet with a 5-mm 4| gther parameters of the mass spectrometer are the same as
diameterx 0.5- to 1.0-mm thick layer of PETN (pentaerytritol \yhen taking the shock data, about 4800 channels are necessary

tetranitrate) explosive which was inititiated by the slapper/barrel 5 gpserve the TNT evaporation dimerrat= 454 amu.
assembly. This was done by pressing hybrid PETN/TNT pellets.

Since PETN is a more sensitive explosive than TNT, it detonates IV. Results

readily and serves as a booster to the shock introduced into the "

TNT sufficient to produce detonation. In all of the shots we  (A) Shock Wave Experiments.Figure 3a shows a mass

report, the slapper was Kapton plastic #% thick and 3-mm spectrum from aetonatingTNT pellet. Figure 3b shows a mass

in diameter. The slapper speed upon impact with the pellet spectrum that is typical of shots that we characterized as

surface ranged from 3.75 to 4.25 mra/depending on whether initiating, i.e., a spectrum in which the initial shock was

the barrel length of the slapper assembly was 1 or 2 mm. sufficient to vaporize the TNT pellet, but which is insufficient
(B) Evaporation Experiments. We also report results to cause detonation. This behavior is considered in detail in the

obtained by forming a molecular beam by heating (evaporating) section on the fluid dynamic calculations (see Section IV C).

INTENSITY (arbitrary units)

0 0

0
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Above we use the term initiating because it is clear that more 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480
than mere vaporization of the material is involved: chemical 100 ""'SCA'N3;" 100
reactions are occurring in the shocked material that would lead g0 £
to detonation if the shock were of higher pressure or longer : 3
duration. Consequently, the spectra of initiating and detonating 0t E 60
TNT have some similarities, consisting of ions of reaction 40§J 140
products and of undetonated TNT. However, they can be 20 E ' 330
distinguished from each other because the speeds of the resultant 2% 2?“ 2:‘0 2?“'?0 3?0 3?“ 3‘|‘° 3?03?0 4?0 42|0 4:'0 4‘?0 oW
molecular beams are very different. The first molecules to arrive L SCAN 34

at the detector from a detonating TNT pellet occur at scan 10
after the slapper was energized: these molecules have a speed
of about 12 mmis. In contrast, the first molecules to arrive
from an initiating pellet occur at scan 25 and they have a speed
of ca. 4 mmys. In addition, the lateral pressures when the pellet
detonates are much higher than for initiation and, thus, the lateral
expansion of the gas cloud/molecular beam is more rapid.
Consequently, we obtain 13 or 14 useful spectral scans if the
pellet detonates, but 30 or more useful scans if the pellet
initiates. The spectrum shown in Figure 3a is rich because the
TNT molecule fragments extensively upon electron-impact d

ionization. Note that many of the ions with masses 46 amu or " " !
less in this spectrum are reaction products from the shock- 20 TR e A TR TNY: 20
induced chemistry. However, some of the observed ions are 5020?. zf“‘.‘”f“?o 3?“?“‘.‘“?0 3?“?“?“‘.'04?0 .‘.‘soso
fragmentation products of undetonated TNT molecules. lons ]
with masses in the range = 50 tom < 227 are such electron
impact fragmentsm = 227 mass is the parent TNT ion. Each
TNT molecule that ionizes can appear as an ion at any of the
masses in TNT’s fragmentation pattern; this dilutes the apparent
TNT constituency in the product beam. There were no detectable ST Y N AT
TNT dimers in the mass spectrum of the experiment shown in 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480
Figure 3a. MASS (amu)

Important changes in the TNT spectrum occur when dimers Figure 4. Plots from four successive scans of Shot #071698b. The
are present. This is illustrated in the four panels of Figure 4. change in the areas of the 210 and 227 peak areas in going from scan

These panels show the spectra observed in four successive scars, 1© SCan 34 suggests that some dimer is present at scanuBahe
amount remaining unfragmented is too small for us to detect. Scans

of one shot in which the TNT pellet was initiating (i.&0t 35 and 36 show the growing-in of substantial amounts of TNT dimer
detonating). Note the change in the relative proportions of as time progresses. Given the strong evidence of substantial fragmenting
masses 210 and 227 as the intensity of the dimer peak tat of the TNT dimer intom = 210 and 227 amu species, scan 36 is
454) increases in successive scans. When several shots of thigvidence of asubstantialamount of TNT monomer being converted

kind are averaged, we find that the 227 ion signal becomes asinto TNT dimer ininitiating TNT.

large or exceeds that of 210 signals the dimer intensity g e 3n. Some of the TNT dimer daughter peaks are also
becomes as large as the 210 ion signal. Panel b of Figure 3ijentified on this figure. We note that the neutral dimers of TNT
illustrates this point. It is the averaged spectra of 16 scans;y this shot have acquired a kinetic energy of as much as 18
starting at scan 39 of a shot similar to that shown in Figure 4. eV, when the molecular beam became collisionless.
Two shots in particular were fired under instrument conditions  \ve confirmed the identity of the TNT dimer signal and that
that were suitable for quan_titati.ve measurements in the high ¢ ji5 daughters shown in Figure 3b by eliminating any light
mass range. The one used in Figure 4 was one of them. When,,qqes that overlap the late-arriving dimer ions and their
we average over a total of 24 scans, the ion signals at 210, 227 gragments. We accomplished this by repeating the initiation shots
and 454 amu are in the ratio 1.00:1.08:0.81. No other relative it 5 suitable setting of the ion defiection voltages at the ionizer
intensities between other ion signals appear to change thisgaction of the mass spectrometéiVe show the values of the
dramatically when dimer is present. The simplicity of the spectra geflection voltage used to obtain the mass spectrum on each
(see Figures 3b and 4) in the mass region between the dimerpane| of the Figure 3.
and the parent peak of TNT is striking. When the dimer * Gjyen the above observations, it is of interest to examine the
fragments upon ionization, it appears to produce preponderantlyg|ectron-beam fragmentation patterns of other parent molecules
ions of the parent TNT molecule. that are produced by DA reactions to see whether they exhibit
The negative signal @ = 290 in Figure 4 is a fiducial mark;  parallel fragmentation behavior. That is, do molecules produced
such marks appear at the start of each scan of the mass spectrunipy DA reacting a diene and a dienophile tend to produce ions
It appears in this plot because the time-of-flight of the TNT of the diene moiety preferentially when struck by an electron
dimer places it in the early portion of the scan following the beam? The molecule closest in structure to the hypothetical TNT
scan in which the ion is formed. This is due to its high mass dimer parent (see Figure 2a) that we could find in the NIST
and consequent low speed toward the detectors. Some of theChemistry WebBoo¥k collection of fragmentation patterns is
narrow peaks near the dimer parent seen in Figure 3b are fromshown in Figure 2b. This molecule (bicyclo[2.2.2]oct-2-ene) can
light mass ions formed at the start of the scan whose fiducial be formed by the DA reaction of 1,3-cyclohexadiene (the diene)
mark is shown on the figure. The apparent masses of some ofwith ethylene (the dienophile). The predominant ion produced
these low mass ion peaks are given in the figure caption of when a 70-ev electron beam strikes the bicyclo compound is

()
<
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>

L
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1,3-cyclohexadiene; ca. 7.7 times more 1,3-cyclohexadiene than 000 001 002 003 004
the parent bicyclo compound is found in the fragmentation oso b ' ‘ ] ‘ e
pattern of the bicyclo parent. T

Similar strong production of the diene moiety is observed
when such an electron beam strikes cyclohexene and 4-ethenyl-
cyclohexene; i.e., strong signals of the butadiene ion are
observed. Cyclohexene and 4-ethenyl-cyclohexene are obtained
by the DA reactions of butadiene and ethylene and of butadiene
and butadiene, respectively; the diene being butadiene in both
cases. IR PR

These observations support the evidence presented above that 0. 0.01 0.02 0.03 0.04
a significant portion of the shock-produced TNT dimer frag- AREA RATIO (454/210)
ments to produce some of the ion peak intensity we observe atFigure 5. Plot of the trend in the 227/210 peak area ratio as a function
227 amu. Therefore, if one wishes to obtain a quantitative of the 454/210 peak area ratio obtained in the evaporation experiments.
estimate of the amount of TNT dimer produced by a shock Both the slope and intercept parameters of the regression line are
wave, one needs to correct for the loss of TNT dimer signal Stafistically significant; error estimates are. 1
due to this fragmentation process.

(B) The Evaporation Experiments. Because the mass
spectrum of the fragmentation pattern of TNT is complex, it is
advisable to have a reference spectrum that is obtained unde
the same mass spectrometer operating conditions as those o
the shock studies. We obtained such a spectrum by evaporatinqa
TNT into the mass spectrometer. With this spectrum, we can
separate the ion signals that arise from unreacted TNT from
those that arise from chemical reactions caused by the shock
Our evaporation experiment results are qualitatively similar to
those of earlier worker®-14 except for a noteworthy difference
in the reported ratio of the 227/210 ion mass intensities. The
spectra of refs 12, 13, and 14 are in substantial agreement with
each other on this point, each giving the ratio of 227/210 as
about 4%; i.e., they report essentially no parent ion peak (i.e.,
at 227 amu) in their TNT spectra. All of our spectra give this
ratio as much larger. The averaged of this ratio from our shock
data is about 39%, while that of our nozzle work is ca. 48%
i.e., much larger than the ratio found by earlier workers. We
attribute this to our use of nonstandard ionizer operating
parameters (e.g., 90 eV ionization electrons, rather than the mor
usual 70 eV) and, additionally, in the case of the evaporation
dimer, to the weakness of its binding (see the Appendix).

The value of the ratio of the 227/210 ion intensities is an
important quantity for our work, because the presence OfdimersVariable-Reactive—Burn (HVRB) modét, which is purely

Itrl*]n the molr:acula(;_beam r;?s tzatLarget_effect on :h's r?“?ﬁ In tfﬁCt’ empirical, was chosen. This model employs a pressure-depend-
€ gas-phase dimers attect the ratio more strongly than tNos€q 40 yith a time delay before reaction starts. Pressure is used
formed in the shock experiments. Evidently in the gas-phase

. . - as the state variable since it is a measurable mechanical quantity
experiments, as for the Sh.OCk studies, the fragmentation Of.thewhereas the temperature is not. The extent of reaction progress
evaporation dimer predominantly populates the TNT parent ion N is qi b
peak, (A) is given by

A plot of the 227/210 peakarea ratio as a function of the 1 .[P—P)
454/210 peakarea, as obtained from the evaporation experi- A= min(l,gaM), p== f (_') dr
ments, is shown in Figure 5. An extrapolation of the linear fit 070\ P
to the data, shown in the figure, indicates that the 227/210 ratio
would become unity when the 454/210 ratio is 7%. This is about whereM, P;, P;, andz are adjustable parameters calibrated for
10 times less than the amount of shocked dimer needed toa particular explosive andy is chosen to be Ls to makei
change the 227/210 data to the same ratio. We use these changeimensionlessi varies from 0 for no reaction to 1 for complete
in the 227/210 ratio as a function of the 454/210 ratio to estimate reaction and® is the local pressure.
the amount of fragmentation occurring in the ionization of the  The initial computations were done with TNT parameters
dimers found in each of the experiments, shocked or evaporateddeveloped previously and they indicated that the TNT would
If we assume that the ions at masses 210, 227, and 454 arenot detonate under any of the conditions used in the experiments
detected with the same efficiency, and that both dimers fragment(even with the PETN boosting). We adjusted two parameters
mostly to mass 227, we find that the shocked dimers fragment (P, andz) in the simulation of the initiation experiments such
less than'/, as much as the evaporation dimers: i.e., 45% as that the TNT reacted, but did not detonate when the shock wave
compared to 90%. This is good evidence that the dimers had reached the free surface of the charge (see the right panels
produced in the two different experiments are physically of Figure 6). Simulations, using the revised parameters, of the
different structures. If we further neglect any differences in the experiments in which the PETN was added between the slapper

0.70 [

0.60 |-

Slope = 6.94 +/- 0.98
Intercept = 0.53 +/- 0.24

AREA RATIO (227/210)

< L

ionization efficiencies between each kind of dimer ion and the
monomer ion, we find that the highest ratios of dimer to
monomer produced in our shock and evaporation experiments
ere 24% and 9%, respectively.

We make a rough estimate of the binding energy of the
vaporation dimer in the Appendix.

(C) Computed Fluid-Mechanical Results.The CTH wave
propagation codé was chosen to do the fluid-dynamical
‘modeling of the experiments. CTH is a mixed Eulerian/
Lagrangian code; i.e., the problem is set up in the Eulerian frame
and then mapped to the Lagrangian frame, where the fluid
motion is calculated for one time step. The results are then
mapped back into the Eulerian frame. This process is repeated
for each time step. This methodology eliminates some of the
problems associated with cell distortion experienced with pure
Eulerian codes.

All the calculations were done in two-dimensional cylindrical
geometry with the problem setup as close as possible to the
experimental arrangements. In the initiation experiments, the
eshock input to the TNT was ca. 165 kbar; in the detonation
experiments, the shock input to the PETN was ca. 250 kbar.
To simulate the reaction process in the TNT and PETN, a global
(single reaction) rate form was used. This form determines the
way chemical energy is released into the flow. The History-
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Detonation Simulation Initiation Simulation

Pressures, kbar

Materials

|

Kapton

Figure 6. On the left side are several snapshots of the simulation of the detonation experiment at times of 0.0, 0.1, 0.2, 0.5, 0.5§sar@r0.75

the right side are snapshots of the simulation of the initiation experiment at times of 0.0, 0.1, 0.2, 0.4, 0.5, 0.57, asd@n7the right side of

each snapshot the materials are shown (with boundaries) according to the legend in the middle bottom. On the left side of the snapshots are
pressures depicted by colors according to the legend in the middle top (from 5 to 200 kbar). Note that the presence of the PETN in the detonation
experiment introduces a time offset for the wave motion in the TNT.

and the TNT shows that a detonation wave develops in the TNT A simulation was also done of the initiation experiment in
(see the left panels of Figure 6). which the TNT was treated as inert. In this simulation, the short-
The unreacted TNT and PETN equation of state (EOS) forms duration shock pulse generated by the Kapton slapper attenuated
used in all the simulations were a Mi&runeisen form with a rapidly from both the back and the sides to the point that there
constant specific heat and density/Gruneisen parameter productwas essentially no shock present when the wave reached the
The EOS parameters were adjusted to account for the pressedront surface of the charge. This demonstrates that considerable
pellets being less than full density. The TNT and PETN reaction chemical-heat release was present in the experiments where the
product EOSs were tabular forms based on a mixtatemical TNT was “initiating”.
equilibrium model that simulates detonation cylinder expansion  Simulations of the initiation experiments in which the TNT
experimentd’ The Kapton EOS was also a Mi&runeisen was allowed to react show an interesting reaction pattern (see
form. Cell dimensions were 20m in both the radial and axial  the right panels of Figure 6). The input wave, with a pressure
directions; this led to calculations with 160 000 cells. Many of 165 kbar attenuates from the back as well as the sides in the
simulations were done to determine the appropriate HVRB early stages. As the wave moves through the charge, TNT
parameters. reaction occurs behind the front and this mitigates the effects
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TABLE 1: Details from the Computer Simulations 0. 0.6 0.7 0.8 0.9 1.0

6 T ‘ T ‘ I L Y O B B 6
temper- C ]
pressure ature i
explosive Kapton pressure 60um free 60um 5 =5
experi-  setup/ slapper inputto from free surface from free S ]
ment thick speed HE surface speed surface S : i
type (mm) (mmps)  (kbar) (kbar) (mmpsp  (K) 4 Detonation Simulation - 4
initiation ~ TNT/3 3.75 165 170 4.0 2100
detonation PETN/1 425 PETN285 260 5.1 3600 3
TNT/3 TNT 325 Initiation Simulation

aValue at the time when the shock wave reaches the free surface of
the charge.

Free Surface Velocity (mm/ms)
w

of attenuation, causing the wave to build in pressure. This begins
to occur when the wave had traveled ca. 1 mm into the TNT
(between the snapshots at 0.2 andux4f Figure 6). The wave
continues to build to the point that a localized detonation appears
near the centerline of the charge; this occurs when the wave
has traveled about 2 mm into the TNT (shortly after the 4 Figure 7._ I_DI_ot_of the free surf_ace speeds_; as a function of time from
snapshot in Figure 6). This localized detonation grows radially 20t the initiation and detonation simulations.

for a period of time, but then dies out prior to interacting with 05 0.6 0.7 08 0.9 1.0

the free surface (see the snapshot at 8 Df Figure 6). In 4000 ) 4000

this simulation, a free surface speed of ca. 4 psnivas
computed. This is in good agreement with the value of 4.1 mm/ L

\\\‘\\\'\\I[T\\I‘l\\ll\

l\\‘\\i'll\]\\
~

| B BRI AR 0
0.5 0.6 0.7 0.8 0.9 1.0

Time (ps)

us value that was measured in the experiments. The pressure 3000 — — 3000
generated by the wave at a position @@ from the charge- o) " 2 Detonation Simulation
free surface is about 180 kbar. This pressure is significantly e i
higher than that at the 1st cusp in the benzene and toluene ff; 2000 B 2000
Hugoniots (see Figure 1) and, thus, by analogy should cause g L
the cusp-related phenomena in TNT. Summary numerical values E, s
of this simulation are given in Table 1. r

Simulations (using the “initiating” case HVRB parameters) 1000 — ce . 1000
of the experiments with PETN boosting produces a detonation Initiation Simulation ]

in the TNT (see the panels on the left side of Figure 6). In this = g

case, the Kapton slapper imparts a shock into the PETN that e el |
rapidly turns into a detonation (see the snapshot at§)1This 05 06 07 08 05 10
detonation wave, which is only slightly attenuated from the Time (ps)

sides, strongly shocks the TNT and rapidly produces a detona-Figure 8. Plot of calculated temperatures as a function of time for
tion wave in it. The detonation in the TNT, which is slightly Lagrangian points 6@m from the free surface from both the initiation
curved, travels through the TNT with only minor changes in and detonation simulatiqns. Note that the temperature difference
shape (see the snapshot at 0/&§. The detonation wave between the two cases is probably a more valid estimate than the
: - temperatures themselves.
interacts with the free surface and produces a free surface speeol‘3
of 5.1 mmis. Summary numerical values of the detonation temperatures are probably more realistic. The calculations
simulation are given in Table 1. indicate large temperature differences are experienced by the
Based on the results shown in Figure 6, it is clear that the materials in the two types of experiments.
initiating and detonating flows are profoundly different. The We can make a rough estimate of the reaction time charac-
free surface speed/time profiles are shown in Figure 7 for both teristic of the shock produced dimerization as follows. For the
cases. Based on when TNT molecules reached the detectors irshot shown in Figure 3b we found: (1) TNT molecules were
the mass spectrometer, the mass speeds in the initiating andirst observed at Scan 30, (2) TNT dimers were first observed
detonating cases were 4.1 and 9.8 msn/respectively. The  at Scan 38, and (3) the amount of TNT dimer became constant
speeds for the initiation experiment and the simulation are nearly after Scan 42. In other work we have found that one scan of
the same. The HVRB parameters were adjusted to make thisthe spectrometer corresponds to approximateluaDin the
the case. The particle speeds reached in the detonation casexplosive charge. Therefore, the first observation of TNT dimer
simulation were significantly lower than those observed in the and the completed reaction are observed at “particles” that are
experiments. Apparently, this results from deficiencies in the 80 and 12Q:m from the front surface of the charge, respectively.
JWL EOS at the lower pressure portions of the expansion. This Calculations were done in which the pressure and temperature
is not significant for our work since we are interested in the histories of these particles were followed. We found that the
physical states experienced in the high pressure {0 kbar) particle initially at 120Qum from the front surface of the charge
regime. A theoretical discussion of the final state speeds had its pressure held above 120 kbar about 8 ns longer than the
achievable for a detonating material can be found in ref 18. particle at 80um from the front surface. The time these two
The final speed values of ca. 10 mra/derived there are in  cells are held above any “threshold” pressure is not sensitive
good agreement with our observations. to the pressure value assumed; therefore, the value of 8 ns noted
The temperatures calculated in the simulations (see Figureabove is not sensitive to the assumed pressure value of 120
8) can only be considered to be rough estimates because of thé&bar. In this argument we have ignored the fact that the 120
assumptions made with respect to specific heat and Gruneisen’sim particle is at any time about 500 K hotter than the.80
parameters characteristics. However, the relative difference inparticle; this implies that our reaction time estimate is probably
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an under-estimate. It is probably safe to say that the reactionspectrometer. By controlling the temperature of the exit nozzle
time for producing the dimer in our initiation experiments is of the evaporated material, we succeeded in producing a weakly

ca. 10 ns. bound dimer of TNT. We think this dimer is the result of
dipole—dipole and dispersion forces characteristic of those that
V. Conclusions bind a TNT crystal. Note that production of this type of dimer

is weakly exothermic, while production of the DA dimer is
strongly endothermic. We do not believe the weakly bound
h in which the shock q ddimer can survive the rigorous temperature conditions present
_In the TOF mass spectra in which the shock-wave-produced  the shocked material. The fluid dynamic calculations indicate
dimer is observed, only very small quantities of other molecular 5t eyen in the “initiating” case, the temperature present in the
species In the mass region bet_ween the TNT monomer parenigpqered TNT is greater than ca. 1700 K near the front of the
(at 227 amu) aqd the TNT d|m.er parent (aF 454 amu) a'® charge. Our calculation of the binding energy of the dimer
observed (see_ Figure 3b). That is, the experimental e_‘"denceproduced in the evaporation experiments-i&290 + 162 K
supports the view that the shock wave produces essentially on€gee the Appendix). In the evaporation experiments, an increase
SPeces with mass greater than TNT itself. Since the cross-linkedyt e measured nozzle temperature of less than 50 K eliminated
dimer is substantially more compact than two TNT molecules, ¢ eyaporation dimerwithin our ability to detect it. Another

dimer production leads to an increase compressibility of the 5046 nointing to the weakness of the binding of the evaporation
shocked material. This observation correlates with the 1st cusp jimer is the effect its presence has on the relative areas of the

behavior in aromatic materials whose principal shock Hugoniots pectral peaks at 227 and 210 amu. We compute that ca. 7 times

have been measured at pressure in the region of 100 kbar an%ore shock dimer than evaporation dimer is needed to have

higher (see Figure 1). the same effect on the 227/210 area ratio. This is further

_ From the proportion of dimer to monomer we estimate to be gyjgence that the evaporation dimer is very weakly bound.
in the shocked molecular beam material, we compute that ca. 2,4,6-TNT is a quite insensitive solid explosive under the

24% of the TNT monomers are converted to TNT dimer when ¢qnqitions described here (e.g., the initial mass density of the

the TNT is initiating. This degree of conversion for the strongly pe|lets fired). We suggest that, at least, some of this insensitivity
endothermic process which produces the energetically meta-is aitributable to the formation of the strongly endothermic DA
stable TNT dimer is a substantial energy sink for withdrawing gimer we observe when TNT is subjected to an “initiating”
energy from the shock wave, and, thus, for decreasing the spock. This is due to the transformation of shock wave energy

shock's strength. A rough estimate of the degree of this i internal chemical energy caused by dimer production with
endothermicity can be obtained from quantum-chemical calcu- 4 consequent degradation of the shock strength.

lational results for the formation of the analogous benzene Clearly, if this idea is correct, it has implications for other
dimer® These calculations predict that the endothermicity of aromatic-ring-based explosives. For example, the explosive
the reaction of two benzenes to the structure shown in Figure 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) is an even more
2a (with A= B = hydrogen) is ca. 27 kcal/mol. insensitive explosive than is TNT, even though it can produce
Based on earlier experimental and theoretical work on higher detonation speeds and pressures. A possible explanation

shocked nonenergetic aromatic materials (e.g., benzene, tolueneyf TATB’s shock insensitivity is that it also undergoes the DA
anthracene, etc.) and on the present work, we think that the gimerization when shocked. In addition, crystals of TATB
best working hypothesis concerning the molecular structure of ¢ontain an extensive network of hydrogen bonds (due to the
shock-produced TNT dimer is that shown in Figure 2a. This presence of N@and NH, groups). It takes shock wave energy
dimer is the result of a DietsAlder (DA) cross-linking of two  to disrupt this hydrogen bond network and also to produce the
TNT molecules. The position of the N@nd CH groups on  pa dimer. Consequently, this may be the origin of TATB's
the hypothesized structure are inferred from the effect on DA greater insensitivity to shock than TNT’s. We note that dimers
reactions of the electron donating and withdrawing character of TATB have also been observed with our apparatus when
of the side groups. That is, electron-attracting groups (herg NO  TATB is strongly shocked®

on the dienophile facilitate the reaction, as do electron-donating e suggest that such insights are potentially valuable in the

groups (here ClJ on the diené? Clearly, there are many stereo-  gesign of new insensitive, but highly energetic, explosive
isomers possible in the reaction. Therefore, it is possible that materials.

the observed dimer spectra are actually due to a combination

of the basic dimer structure with the side groups at various other Appendix
positions; the present experiments do not cast light on this
question.

In contrast to the case in which the shock is “initiating”, when
the TNT detonated (by addition of a PETN booster), only a
very small amount (or no) TNT dimer is observed. In this A=A+ A @
situation, the molecules that are prominent in the observed 2
spectra are lower mass species that mostly correspond to low-
energy detonation products (e.g., CQ, N,O, CQ,, etc.). This
suggests that when a shock wave of sufficient strength (an
duration) is introduced into TNT, exothermic chemical kinetic o .
processes faster than that which produces the endothermic dimanOd'f'ed his form to
reaction come into play. If this is correct, it has implications
for TNT’s shock insensitivity as a solid explosive; this will be n NA(TD1 2] Nao(T2) {12,} v = T*
discussed further at the end of this section. NA(To)] | Npo(T)J T

To obtain a reference fragmentation pattern for TNT, we also

did experiments in which TNT was evaporated into the mass where A and A represent the TNT dimer and monomer,

We have observed a shock-wave-produced chemically bound
dimer of 2,4,6-TNT.

The Binding Energy of the Evaporation Dimer. One can
make an estimate of the binding energy of the dimer produced
in the evaporation experiments. For a reaction of the type

Moore?! obtains the relationship between the number densities
dof the dimer Na2) and the monomerNp) based on the
equilibrium constant at constant pressure and temperature. We

1 1

T, T

)
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Figure 9. Equilibrium constant data from the evaporation experiments.
This predicts a binding energy of the evaporation dimer of ca. 0.11
eV/molecule. The error estimates on the parametersare 1
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measured nozzle temperature from which we obtained the value
of T quoted above was reduced by a factor of 6.1 to give a
scaled value of 1298 162 K. We consider this to be a lower
limit to the dimer binding energy because the amount of seeding
of TNT into the Ar carrier gas was probably large enough to
alter slightly the TNT speed distribution from that of the Ar by
slippage.

Equation 2 is derived with the assumption of equilibrium
conditions, i.e.that all the molecular and atomic motions are
described by canonical distributions. This can be only ap-
proximately true since the system variables of the nozzle
expansion, local temperature, number density, etc., are time-
dependent in the flow direction. However, our data is satisfac-
torily represented by a straight line (see Figure 9). Moreover,
note that all of the molecular motions important in the
dimerization of TNT are low-energy motions that will relax
about as rapidly as the translational degrees of freedom. For
example, even though the intramolecular vibrations of TNT may

respectively. Equation 2 uses the ratio of Moore’s expression ot pe equilibrated they may not be a serious perturbation to
at two different temperatures. By using this modified form, we ¢ quantities that we are examining.

eliminate the need to rescale our data because of changes in oy calculated value of the binding energy of the evaporation

signal intensity with changes in the nozzle temperature and the gimer js ca. 0.11 eV/molecule (2.6 kcal/mol) and, therefore, it

differences in the ionization cross-sections of the monomer andig not a chemically bound species. Our computed value is
dimer species. In eq 2* is the "binding temperature” of the  ¢onsistent with the binding energies of other ring structures as
dimer, so :(hat its binding energy IAE = kT*, where k is determined by other workers. For example, experimentally

Boltzmann’s constant. The 89 amu peak was used as ancyjibrated theoretical models of the binding energy of weakly

estimator of the TNT monomer number density because it is a yg,nd benzene dimers give values in the range 1160 to 1260 K

strong peak and its intensity was not observed to be strongly tor some geometrical conformets.

influenced by dimer presence (i.e., by fragmentation of the
dimer). The points in Figure 9 are the results of the data
reduction on the evaporation experiments in which significant
dimer signal was observed. The slope of the semilogarithmic
line fit to these data gives a value ©f = 7870+ 990 K. The

temperatures used in plotting the data in Figure 9 were those
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