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Mechanism of Amine Sensitization in Shocked Nitromethane
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The mechanism of amine sensitization of shocked nitromethane was investigated using time-resolved optical
absorption spectroscopy in the visible. Neat nitromethane and mixtures of nitromethane with six different
(primary, secondary, tertiary, and di-) amines were shocked to withirlI2A5Pa peak pressure using step

wave loading. Despite the small amine concentrations, profound differences were observed in the absorption
spectra of neat and sensitized nitromethane. The changes in the absorption spectrum of reacting neat
nitromethane consisted of irreversible broad-band (48D nm) loss of transmission through the sample

after a short induction time. In contrast, a transient absorption peak at 525 nm developed in the spectra of
the reacting mixtures. This feature did not depend on the particular amine used. We assign it to a transient
intermediate formed in the shocked mixtures during the early stages of decomposition. On the basis of our
analyses and the data available in the literature, we identify the intermediate as a radical anion of nitromethane,
CH3NO2~. The implications of this on the mechanism of sensitization are discussed. Several possible radical
anion mechanisms are considered and evaluated. The base catalysis by amines is favored as the most plausible
mechanism of sensitization. This mechanism is discussed in detail.

I. Introduction influence of amines on slow thermal decomposition of KIN.

The mechanism of amine sensitization, although widely believed

to be chemical in nature, is not well understood. The different

" hypotheses of sensitization will be reviewed briefly in the next
section. There is no agreement between these hypotheses. The

The understanding of shock-induced chemical decomposition
is important to the development of new energetic materials
studies of shock initiation and buildup to detonation, impact

sensitivity, and explosives safety. The combination of con- objective of this work was to clarify the mechanism of

tinuum measurements (pressure, particle velocity) and time- L S X

resolved spectroscopic techniques is needed to provide the§en5|t|zat|on by fqllovylng in real time the molepular changes
necessary macroscopic and microscopic insight into this chal- in shocked _NM with tlme-resplved spectroscopic methO(_j?"
lenging problem. While continuum measurements on a number _ 1"€ previous spectroscopic work on shocked NM utilized
of energetic materials under shock compression have beenR@man and UV vis absorption (258450 nm) spectroscopies*
carried out for a long timé,real time optical spectroscopic bggagse of thelrgensmvny to .changes in .the bulk material. The
methods are more recehtin this work, we utilize recent  initiation of chemical reaction is characterized by a small extent

developments in time-resolved spectroscopy (particularly ab- Of reaction, and therefore, it requires a technique specifically
sorption measurements) to examine molecular mechanismsS€nsitive to reaction mter_medlates and insensitive to changes
governing shock-induced decomposition of nitromethane. in the bulk_ materlal. Optical absqrptlon spectroscopy further
Nitromethane (NM) is an insensitive high explosive that out in the visible can be used for_thls purpose because unreacted
serves as a good prototypical energetic material; the simplicity NM has no appreciable absorption at wavelengths longer than
of its chemical structure makes it attractive for mechanistic 400 nm at both ambient and high pressiite. In this work,
studies. It is also the simplest member of the family of nitro We extended the accessible wavelengths up to 650 nm. This
compounds that includes nitroglycerin and trinitrotoluene. permitted q§tect|on oftr§n3|ent |ntermed|a.tes formed during the
Furthermore, it is a liquid and, therefore, many complexities d€composition process in shocked Nfmine mixtures and,
associated with solid materials can be avoided. For theseConsequently, delineation of the sensitization mechanism.
reasons, NM is a very well-studied material; good reviews  Background relevant to this work is in the next section.
regarding earlier work on NM may be seen in refs 3 and 4. Section lll summarizes the experimental methods; the results
Thus, information can be drawn from a large body of scientific are presented in section IV. Section V presents a discussion of
literature which includes spectroscopic data at ambient pre$sure, our results including assignment of the transient absorption
static high-pressure datand continuurfhand spectroscopfic!? spectra to the intermediate, analysis of reaction kinetics under
data under shock loading. shock conditions, and the mechanism of sensitization. The main
It has been known since the late 1940s that NM can be findings are summarized in section VI.
sensitized toward detonation by the addition of small amounts
of amines'? Quantitative measures of the degree of sensitization ||, Background
came from failure diameter measurements and gap ¥&dfs.
Differential scanning calorimetry was used to evaluate the A. Absorption Spectra. Time-resolved changes in the
visible absorption spectra (46850 nm) of shocked NM and
T Electronic mail: gruzdkov@mail.wsu.edu; ymgupta@wsu.edu. the NM—amine mixtures are of primary interest. The YVis
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absorption spectrum of neat NM, at ambient conditions, consists new chemical species generated in NM by the sensitiZép=’

of two broad bands. The longer wavelength band at about 270Because of the intrinsically low sensitivity of NMR spectros-
nm (€ ~ 20 M~1cm™1) is assigned to the* transition; 1921 copy, other species formed in nitromethane may not be
the tail of this band extends up to 380 nm. At shock pressures detectable by NMR. Consequently, charge-transfer and hydrogen-
of interest for our work, this tail shifts toward longer wave- bonded complexes were proposed by others as alternatives to
lengths? The shorter wavelength band centered at around 200 the aci-anion hypothesi§:2° Finally, there was no concrete

nm (e ~ 5000 Mt cm™1)19-21js assigned to the—z* transition evidence that the aci-anions were more reactive than the parent
and is not observable in our experiments. molecules'8

The absorption spectrum of the NMimine mixtures, at Politzer et aP® pursued the aci-anion hypothesis further.
ambient conditions, shows a new broad absorption band absentUsing density functional calculations, they found that, of the
in the absorption spectra of the individual componénitsThe various possibilities examined, the most energetically favorable

position of this band depends on the amine and displays goodreaction is the one involving the aci-anion and amine:

linear correlation with the ionization energy of the particular

amine? Because this relationship is typical for organic charge- [CH,NO,]™ + NH; — CH;NH, + NO,~ (3)

transfer complexe®. it was interpreted as evidence for the same

in the NM—amine mixtures:'® The new absorption band of  The key features of this process were emphasized ¥ e

the complex would originate in the electronic transition from 4ctivation barrier less than the-GIO, dissociation energy of

the highest occupied molecular orbital of the amine (the lone N, g net release of energy, and a formation of another amine

electron pair on the nitrogen) to the lowest unoccupied molecular ihat can sustain the reaction.

orbital of NM (the NQ 7 orbltal).4v18_;l'h|s band, however, is Cook and Haskir®8 have questioned the importance of the

too weak (for example ca. 2 M cm™ for ethylenediamine)  acj-anion for sensitization. On the basis of their own calcula-

for detection in our experimental configuration. tions, they proposed that NM formed a hydrogen-bonded
B. Nitromethane—Amine Interactions. NM is considered complex with amines, causing a decrease in theNCbond

a weak acid (Ka = 10.21)2 The liquid is, therefore, in  gissociation energy of NM. Depending on the geometry of the

equilibrium with the aci-anion and the nitronic acid (or aci- complex, either of the following reactions was propod®d:

NM): ’

—_— + -
CHNO, = [CHNO, ™ + H = CHNOH (1) NH, + CH,NO, — CH,NH," + NO, 4)

Upon addition of amines (organic bases), NM is expected to NH; + CH;NO, = CHyNH, + HONO ®)

undergo an acidbase reaction: Politzer et af® analyzed reactions 4 and 5. They did find the

H.NO. + RNH. == [CH.NO.1~ + RNH.* 2 complexes proposed by Cook and Haskins to be weakly stable.
CHNO, 2~ [CHNO, 8 ) However, they did not find a reduction in both homolytic and

As mentioned earlier, another plausible form of Nimine heterolytic C-N bond dissociation energy in the complexes

interaction is the formation of molecular (or charge-transfer) compared to NM. L
complexes. The complex is formed via attraction between the _ O the basis of sllé)w thermal decomposition measurements,
nitro group of NM and aminé. Additionally, because NM has Constar_mnou et &8 proposed that sensitization is due to a
a smaller dielectric constant than water, there is an effect of WeaKenlng of the €N bond of NM, but not through hydrogen
ion pairing2 b_ondlng. They suggested tha_t a chqrge-transfer compl_ex,
Effects of high pressure and temperature on equilibria (1) discussed earlier, was responsible for it. The (_Jleco_mp03|t|on
and (2) and the molecular complex are not well established. _Of_ _charge-tr_ansfer complexes was _thOUth to give rise to the
Some work has been carried out on the effects of static high |n|t|§1l stagg in the thermal decomposition obsgrved for the-NM
pressure on neat N¥F.26 The increased concentration of the amine mixtures. This extra stage was interpreted as an
aci-anion induced by static high pressure was inferred from |nd|ca_t|on of a new reaction pathway. It was shown also t_hat
hydrogen/deuterium isotope exchange betweenNH and the mixtures decqmpose through a process that follows flrst-
CDsNO,.25 It was also calculated, by combining space-filling order kmet.lcs while neat NM decomposes through a cubic
models with a rough two-level statistical mechanical model of autocatalytic process. .
the aci-anion/proton system, that at 5 GPa and 400 K there will S S€en from the above summary, there is no agreement on

be about 80 times more aci-anions present than at ambientN® molecular mechanism of amine sensitization. Clearly,
conditions2® experimental data at the molecular level are necessary to address

C. Sensitization of Nitromethane by Amines. Several this issue. ldeally, the detection and identification of transient

molecular mechanisms have been put forward to explain the INtermediates would help in determining the mechanism of
sensitization of NM. The first explanation was proposed by sensitization. Hgnce, we undertook tlme-re_solved optical
Engelke et af* They suggested that the aci-anion of NM is absorption experiments in shocked Nidmine mixtures.
somehow involved in the rate-determining step. Since the amine
addition will increase the aci-anion concentration via reaction
2, it should lead to sensitization. To support this idea, they = The experimental methods were very similar to those used
argued that other factors known to sensitize NM, such as the previously, and more details can be seen elsewhell!
addition of organic bases, UV irradiation, and static high  A. Materials. All the samples used in this work consisted
pressure, provide higher levels of the aci-anion as Weéil#2528 of neat NM or NM—amine mixtures. Spectrophotometric grade
The aci-anion hypothesis has been questioned by Sothe NM (99+% purity) was obtained from Aldrich Chemical Co.
for the following reasons. First, it did not offer a specific The following amines were used: ethylenediamine (EDA),
mechanism. Second, Engelke et al. relied heavily on the NMR 9% or 99.5+%; n-butylamine (BA), 99%%; diethylamine
data to suggest that the aci-anion of nitromethane was the only(DEA), 99.5%; triethylamine (TEA), 99%; N-methylaniline

[ll. Experimental Method



2324 J. Phys. Chem. A, Vol. 102, No. 13, 1998 Gruzdkov and Gupta

TABLE 1: List of Experiments

cell thickness initial temp projectile shock-up  calc press. calc temp
expt no. sample (um) (K) velocity (km/s)  time? (ns) (GPa) (K)

Al (95-034) NM 251 323 0.931 130 17.2 991
A2 (95-031) NM+ EDA (37.5 mM) 282 ambient 0.535 350 12.1 734
A3 (95-029) NM+ EDA (18.8 mM) 277 ambient 0.617 310 14.0 767
A4 (95-028) NM+ EDA (18.8 mM) 257 ambient 0.543 310 12.2 737
A5 (96-001) NM+ EDA (75.0 mM) 160 ambient 0.535 200 12.1 734
A6 (96-006) NM+ BA (37.5 mM) 165 ambient 0.529 210 11.9 732
A7 (96-020) NM+ DEA (37.5 mM) 147 ambient 0.527 185 11.9 731
A8 (96-024) NM+ MPA (38.0 mM) 155 ambient 0.523 195 11.8 729
A9 (96-021) NM+ TEA (37.5 mM) 168 ambient 0.526 210 11.8 730
A10 (96-025) NM+ DABCO (36.8 mM) 163 ambient 0.526 210 11.8 730

aTime to reach 95% of the final pressure.

(or methylphenylamine, MPA), 99%; 1,4-diazabicyclo[2.2.2]- and directed into the sample through an aperture 4 mm in
octane (DABCO, or triethylenediamine), 98%; all from Aldrich  diameter. The transmitted light was collected into an optical
Chemical Co. All the chemicals were used as received, exceptfiber bundle’ Part of it was delivered to the input slit of a
for EDA (99+%) which was redistilled in the laboratory before grating spectrometer (Spex 1681) coupled to an electronic streak
use. The NM-amine mixtures were prepared in air-2 h camera (Cordin, model 58), and part of it was delivered to a
before each experiment. photomultiplier tube. The photomultiplier tube data served as
B. Impact Experiments. Shock waves were generated by a diagnostic in these experiments. The spectrometer dispersed
impacting a sapphire crystal, mounted on a projectile, onto the the light in wavelength, and the streak camera dispersed it in
sapphire front window of the sample cell. The description of time. The streak camera output (intensity vs time vs wave-
cell design can be seen elsewh&#é. The projectile could be  length) was recorded by a CCD detector (Spex CCD 1024
accelerated to any velocity up to 1.2 km/s using a single-stage 256 in experiments ATA6 and Princeton Instruments TE/CCD-
gas gurs? After impact it takes approximately 280 ns for a 512-TKBM/1 in experiments A#A10) and digitally displayed
shock wave to traverse the front window and enter the sample.as a series of transmission spectra separated by ca. 50 ns time
It subsequently reverberates between the front and back sapphiréntervals. There was sufficient transmitted light intensity for
windows until the sample reaches final pressure in several stepsmeasurements within 42650 nm spectral ang-0.3 to+1.2
The time required for this process depends on the sampleoptical density range. Transmission spectra were converted to
thickness while the final pressure is determined only by the absorption data as described in ref 7.
projectile velocity and the sapphire respo@seDuring rever-
beration of the shock wave, the sample temperature alsolV. Results
?ncreases ina ste_pwise fashion. Final pressure is maintained A Neat Nitromethane. Shock-induced decomposition in
in the sample until release waves come in from the edges of ho5t NM has been studied previously with optical absorption
the sapphire windows. Because the data were obtained onlygneciroscopyl® Briefly, no evidence for a chemical reaction
from the central 4 mm, the sample was in a state of uniaxial a5 found for pressures up to 14 GPa with an initial temperature
strain for approxmately_,us after the shock wave entered_ the 4298 K7 In experiments with a peak pressure of 17 GPa or
sample. In Table 1 we list the parameters for each experiment. ;hove reaction in NM was observél.It manifested itself in
In one experiment (experiment A1, see Table 1) we used a jrreversible broad-band loss of transmission through the sample
LiF front window instead of sapphire to avoid exceeding the after a short induction time. For all these experiments the data
elastic limit of sapphire under shock compression (between 14 were limited to wavelengths of 500 nm or less.
and 17 GPa). Because LiF has a lower shock impedance than Experiment A1 was aimed to extend the spectral range up to
sapphire, the final pressure in the liquid sample can reach 20650 nm and to attempt detection of the intermediatesaating
GPa without exceeding the Hugoniot elastic limit of the sapphire NM. The parameters of this experiment are given in Table 1.
impactor? Some minor changes were made to the cell design The results are shown in Figure 1. As can be seen, a broad-
accordingly. In this experiment we also heated the sample uphand loss of transmission eventually occurred similar to that
to 323 K with a heater coil inserted into the brass cell body. reported by Winey and Gupf. The spectra are essentially
Details of experiments with LiF front windows and heater coils featyreless. They show a flat absorbance that begins to grow
can be found elsewhefe. after an induction period of ca. 300 ns. It turns into nearly
Pressure and temperature histories in the sample, for eachcomplete cutoff of light (absorbance greater than 1) after ca.
experiment, were calculated using the SHOCKUP progiam. 450 ns.
The calculations used a material model describing the shock B. Nitromethane—Ethylenediamine Mixture at 12 GPa.
response of sapphif@ LiF, 3¢ and the equation of state for NM  Unlike neat NM, sensitized NM shows signs of chemical
developed in our laboratofy.Because the impact velocity and  reaction at pressures as low as 10 GPa; a precise lower limit
the shock response of the impactor and cell windows are well- was not establishetl. Absorption spectra of the NMEDA
known, the calculated final pressures were accurate to within mixture shocked to 12.1 GPa (experiment A2) are shown in
1-2%. Recenttemperature measurements in shocked neat NMFigure 2. As can be seen, after the shock enters the sample an
using Raman scattering, showed that the calculated temperatureibsorption band at 525 nm begins to grow. It continues to grow
is accurate to at least withitr10%37 after the final pressure is reached at 350 ns. Other changes to
C. Time-Resolved Optical Absorption Measurements.A the spectra include an appearance of another band’s edge at ca.
pulsed xenon flashlamp (Xenon Corp., model 457) was used450 nm and a growth of flat absorbance seen as vertical
as the light source. The output was filtered with a set of light translation of the spectra after ca. 800 ns. Certainly the most
balancing filters (LA-120, LA-100; Hoya Optics), collimated, striking feature in the spectra is the growth of a new absorption
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Figure 3. Absorption spectrum of NM- EDA (37.5 mM) mixture at

605 ns after the shock wave entered the sample (experiment A2). The
spectrum is fitted to a sum of an exponential function, a Gaussian, and
a constant. Smooth solid lines show the fit and its components.

0.45
Figure 1. Time-resolved absorption spectra of neat NM shocked to
17.2 GPa (experiment Al). At O ns shock enters the sample; by 130 0.36 1 F e0®
ns, the final pressure is reached. Sample was heated t€ B@fore ..
experiment. Spectra were taken with 59 ns resolution. Last four spectra 0.27 4 °®
were acquired when the amount of light transmitted through the sample © '0
was below the dynamic range of the detection system. w ° G
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3 ™~ Figure 4. Kinetics of the components of the spectra of shocked NM
® 0.13 - + EDA (37.5 mM) mixture (experiment A2)F, preexponential factor;
G, Gaussian peak height, constant.
0.00 . where/ is wavelength in nanometer§, is the Gaussian peak
height,1o andA/ are the peak position and width, respectively,
800 650 . ) . -
600 ; 600 F is the preexponential facto€ is the constant, and is the
P 400200 b 550 band edge constant. The three components represented the
"be 0 500 ) absorption band of the intermediate, the tail of a strong UV
”lsy 450 g \} absorption band or combination of bands, and the flat absor-
e\e® bance, respectively. This particular function was chosen

N
We empirically to generalize the description of the absorption spectra
Figure 2. Time-resolved absorption spectra of NMEDA (37.5 mM) in all 10 experiments (A*A10) reported in this work. A
mixture shocked to 12.1 GPa (experiment A2). At 0 ns shock enters representative least-squares fit is shown in Figure 3. The
th_e sample; by 3SQ ns, the final pressure is reached. Spectra were take'barameters of the fits i.eG, F, andC, were taken as quantitative
with 59 ns resolution. measures of the kinetics. It is important to note that, by

band. We assign it to an intermediate formed in the NM definition, the value ofG is proportional to the concentration
EDA mixture during early stages of decomposition. Flat of t_he |nterm_ed|ate. No such S|_mple correspondence can be
absorbance is similar to that observed in neat NM (see derived for eithel or C values. Figure 4 shows the evolution
experiment Al). Band edge appearance is consistent with " tlmethof (E F:[_andg: vaILﬁe.s in ixpgr;fmenttAZ_I:hAs fcan t_)te_
results reported earliér.The results of this experiment clearly seen, t()al :ne ICS Iode?r? tIS qujl e d fetrhen. f erte ore, | Its
indicate that the method used is sensitive to the initial chemical 'ca>0Nabie 1o conclude that €ach one of them retiects concentra-
changes in sensitized NM. Moreover, it can be used to uncoverto" c_:hanges .Of d_|fferent species. Below we will refer to the
the reaction mechanism since the intermediate can be identified>PE¢!€S contnbu.tlng (@, F, and C values as G F’. and C .
eventually through its optical absorption spectrum. species, rgspectlvely. Next, each component is discussed in
Figure 3 shows a typical absorption spectrum of reacting more detail. .
NM—EDA mixture. To obtain the kinetics, we deconvoluted The results of experiments A2 and A3 (see also the next

cachspecum o asum f e compnens: @ Gaussian. afo7) 8 U 182 s X1l St i Hoer
exponential function, and a constant: ) 9 9

and 600 ns and then remains nearly constant through the end
1= 2\2 of experiment. Steady-state behavior implies a small extent of
Al) =G ex;{_(_o) ] + F exp[—a(A — 430)]+ C reaction since the reactants forming G must not be depleted by
AL more than 16-30% by the end of experiment. Although there
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Figure 5. Time-resolved absorption spectra of NMEDA (18.8 mM)

mixture shocked to 14.0 GPa (experiment A3). At 0 ns shock enters 0.20
the sample; by 315 ns, the final pressure is reached. Spectra were taken

with 59 ns resolution.

(g 0.15

is ca. 200 ns delay between the onset of G curve and the time §
when shock wave entered the sample, this corresponds to the N
temperature profile expected in this experiment. In other words, g
S
=

e

0.10

the intermediate G is formed in the first stage directly from
reactant(s) present initially in NMEDA mixture.

The onset of the F curve and its rise until ca. 500 ns are
similar to those of the G curve. However, it continues to grow
even after the G curve has leveled off. Although the inter- 200 (') 2(')0 4(')0 6(')0 8(')0 10'00 1200
pretation of this kinetic behavior is not as straightforward i )
as the previous one, it can be understood as follows: Fthe Time (ns)
value is made up of at least two contributions. Before 350 ns Figure 7. Gaussian peak heigh®} normalized to the sample thickness
its change is, at least partially, caused by the pressure increasef 160 um versus time in experiments A2, A4, and A5. NMEDA
in the sample. It could be a shifting tail from a shorter samples were shocked to about the same final pressure of 12 GPa.
wavelength absorption barfdAfter 350 ns the growth of F is Different EDA concentrations were used: filled circles, 18.8 mM

. . e (experiment A4); open triangles, 37.5 mM (experiment A2); filled
glrjc?c(tec;sthe products that begin to form in the decomposition triangles, 75.0 mM (experiment A5). Solid lines represent the kinetic

fits obtained as described in section VC.
The C value describes flat featureless absorbance similar to
that detected in experiment Al. Its timing is indicative of the D. Dependence on the Ethylenediamine Concentration.
products formed later than F and G. Its presence in both As summarized in section IIC, different authors have proposed
sensitized and neat NM experiments suggests that the reactioryifferent reactions as a first step in NM decomposition. These
schemes likely converge at some point although the initial stagesdifferences would imply different kinetics. As clearly indi-

0.00

may be different. cated above, the G species is formed in the early stages of
C. Nitromethane—Ethylenediamine Mixture at 14 GPa. the reaction in sensitized NM. Thus, by monitoring the G

When sensitized NM is shocked to a pressure of 14 GPa, aspecies, one could directly probe the reaction kinetics. The

greater extent of reaction is expected to be reachedgs In dependence on the amine concentration would be instructive

this subsection, we specifically examine the effects of higher in this case.
pressure/temperature on the intermediates. Figure 5 shows a Two experiments, A4 and A5 (see Table 1), were carried
result of experiment A3 (see Table 1 for parameters). Although out at 12 GPa with EDA concentrations of 18.8 and 75.0 mM,
it differs quantitatively from experiment A2, it is qualitatively  respectively. The results of experiment A2 were also used to
quite similar. All three components of the spectra seen in complete the set. Three-dimensional plots of the data looked
experiment A2 are clearly present in this experiment as well. very similar to that in Figure 2. Again, we analyzed them using
To quantify them, we analyzed the spectra as presented in Figurethe method described above. To compare the different results
6. guantitatively, the kinetic curves were normalized to a cell
As seen from the G curve in Figure 6, the concentration of thickness of 16Qum. The normalizeds values obtained are
the intermediate G goes through a maximum; it becomes very plotted in Figure 7. In all three cases, nearly steady-state
small by the end of experiment. This result clearly establishes kinetics were observed. Different transition times were due to
that species G is indeed a transient intermediate, formed andthe different shock-up times (see Table 1). Least-squares fits
then consumed, in the course of chemical reaction. It also of these data with the kinetic model described in section VC
justifies the interpretation of the G kinetics observed in are shown in Figure 7 with the solid lines.
experiment A2 (and then in experiments-A47, A9, and A10) As mentioned above, th& value is proportional to the
as steady-state kinetics. The F and G curves, as expected, daoncentration of the intermediate formed. It is clearly seen from
not go through a maximum. Figure 7 that the larger concentrations of the intermediate
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Figure 8. Average Gaussian peak heiglids( as a function of EDA
concentration in NM-EDA samples shocked to ca. 12 GPa (experi-
ments A2, A4, and A5). Peak height is normalized to the sample
thickness of 16Qum; averaging time is 6061000 ns. Solid line
represents the least-squares fit by eq 11.

correspond to the larger concentrations of EDA. The stationary
G value,Gg, in turn, is a measure of the steady-state concentra-
tion of the intermediate. To obtai@s, we averaged the points
for each set of data over a 66@000 ns time interval. The
values obtained are plotted in Figure 8. The data were fitted
well to the functionGs ~ [EDA] Y2, the fit is shown in Figure
8 by the solid line. Further discussion of these results is
postponed to section VC.

E. Nitromethane Sensitization by Primary, Secondary, and
Tertiary Amines. In this section we describe the experimental
results obtained using five different primary, secondary, tertiary,

and di- amines. From these experiments we can examine how

differences in chemical structure of the amines influence the
reaction mechanism. This is useful both from an analytical
viewpoint and in identification of the intermediate(s). To permit

meaningful comparisons, we performed the experiments at

comparable pressures and with the same amine concentrations.

Various parameters for these experiments{Ad.0) are listed
in Table 1.

In four of the experiments (A6, A7, A9, and Al10), we
obtained results that were very similar to each other and to the
results for NM-EDA mixtures described in the preceding
sections. A representative 3-dimensional plot, from experiment
A9 with the NM—TEA mixture, is shown in Figure 9. The
one experiment that gave different results was experiment A8
with the NM—MPA mixture. The data from this experiment
are shown in Figure 10.

As seen from Figure 10, the peak at 525 nm did not develop
in experiment A8. The UV band edge, however, appeared.
Therefore, the only meaningful kinetic parameter that could be
obtained from the analysis of these spectra wasts evolution
in time, shown in Figure 11, correlates very well with the
pressure profile in the sample. Thus, we conclude that the-NM
MPA mixture has not started reacting withinus at 12 GPa;
i.e., MPA did not sensitize NM.

In all other experiments the mixtures reacted. The spectra
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Figure 9. Time-resolved absorption spectra of NMTEA (37.5 mM)
mixture shocked to 11.8 GPa (experiment A9). At 0 ns shock enters
the sample; by 210 ns, the final pressure is reached. Spectra were
acquired with 49 ns resolution.

0.32

Figure 10. Time-resolved absorption spectra of N MPA (38.0

mM) mixture shocked to 11.8 GPa (experiment A8). At 0 ns shock
enters the sample; by 195 ns, the final pressure is reached. Spectra
were acquired with 49 ns resolution.

values shown were normalized to the standard sample thickness
of 160 um.

In all cases, steady-state kinetics were observed for interme-
diate G (Figure 13A). We obtained the station@yvalues,
Gs, by averaging the points for each set of data over the-600
1000 ns time interval. The results are shown in Table 2. The
F kinetics are qualitatively similar in all cases (Figure 13B).
There is a pressure-induced part before 200 ns, similar to that
observed in experiment A8 (Figure 11). After 200 Rgrows
linearly in time through the end of the experiments. This can
be interpreted as a steady rate of formation of the F species. It
is difficult to attach much significance to the difference in slopes
since the extinction coefficients are not known. Thkinetics

at 600 ns after the shock wave entered the sample, for the fiveare quite difficult to analyze (Figure 13C). They are presented
experiments, are compared in Figure 12. As clearly seen, theprimarily for completeness. Apparently, a larger extent of
same peak at 525 nm developed in experiments A6, A7, A9, reaction occurred in the case of DEA.

and A10. Moreover, the spectra look strikingly alike. Hence, = The above results show that the same intermediate is formed
we were able to analyze these four spectra, as described inin the course of shock-induced decomposition of NM sensitized
section IVB, and the results are presented in Figure 13. All by five different amines. This indicates that the same sensitiza-
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400 450 500 550 600 650 different amines were used: BA, experiment A6, empty squares; DEA,

experiment A7, filled circles; TEA, experiment A9, empty triangles;
Wavelength (nm) DABCO, experiment A10, filled triangles. (A) Gaussian peak height,
Figure 12. Absorption spectra of NM+ amine mixtures at 600 ns  G; (B) preexponential factorF; (C) constant,C. All values are
after the shock wave entered the sample. The samples were shockediormalized to the sample thickness of 160.

to ca. 12 GPa. Five different amines were used: (1) BA, experiment . . .

AB: (2) DEA, experiment A7; (3) MPA, experiment A8; (4) TEA, TABLE 2: G Values for Nitromethane—Amine Mixtures

experiment A9; (5) DABCO, experiment A10. and pKp Values of the Amines Used
amine Gs pKg?
tion .mechanism is operative in all the NMimine mixtures diethylamine 0.14% 0.007 307
studied. triethylamine 0.148: 0.004 3.1%8
n-butylamine 0.135- 0.007 3.4@°
; ; ; ethylenediamine 0.094 0.002 3.943
V. Analysis and Discussion 1,4-diazabicyclo[2.2.2]octane 0.1820.004 5.18°
A. Intermediate Identification. Understanding the mech- N-methylaniline 0 9.1%

anism of amine sensitization of NM requires an identification 2 pK, values in water® Experiment A2.
of the intermediate (G). Therefore, we summarize the observa-
tions regarding the intermediate G: (a) it forms in shocked NM cm~1. Such a value would be typical for an intramolecular
in the presence of various amines; (b) it has a characteristicdipole-allowed electronic transition.
band at 525 nm (with ca. 60 nm fwhm) in the optical absorption  Although steady-state kinetics are often observed for radical
spectrum which does not depend on the particular amine used;intermediates, we sought to identify the intermediate among any
(c) steady-state kinetics are observed at 12 GPa, and the steadyplausible species. Among possible nonradical species that have
state concentration is approximately proportional to the squarebands in the visible, such as nitroso compounds, diazo com-
root of the amine concentration. Additionally, there is the pounds, etc., we have not found a molecule to match the above
general requirement of sensitization: it is easier for NM to criteria. The analysis for radicals is more formidable because
decompose via the pathway that produces the intermediate Gelectronic absorption spectra of radicals are, in most cases, not
than via the pathway operative in neat NM. readily available. It is generally expected that transitions by
The signature feature of intermediate G is the absorption bandthe unpaired electron between the energy levels of the radical
in the visible. Given the amine concentration used and the require less energy than transitions of the paired electrons of
steady-state kinetics observed, we estimate the extinctionthe parent molecul. A radical, therefore, tends to absorb light
coefficient of this band to be on the order of few thousandM  of longer wavelength than the fully bonded parent molecule,
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and consequently many of the radicals are colored. Still, simple B. Reaction Mechanism. The simplest mechanism to form

neutral radicals conceivably expected from NM or Nivamine radical anions would be a direct electron transfer from the amine:
did not seem to possess an absorption band as far into the visible B .
as 525 nm. Another type of radical that tends to develop an CH;NO, + RNH, — CH;NO," + RNH,’ @)

absorption band of even longer wavelength than neutral radicals

is radical ions. A radical anion of NM, GMO,*~, matched From the point of view of this reaction, an electron is most

well the descriptions of intermediate G. Therefore, we tenta- likely to be donated from the lone pair on the nitrogen atom of

tively assigned the intermediate to be iD,"~. Below we amine to a NM molecule. The efficiency of this process should

discuss this assignment in more detail. be related to the ionization (or redox) potential of the donor
Radical anions of nitro compounds have long been known and electron affinity of the acceptor. It is known that the

to form under electron impact in the gas phase, in electrochemi-ionization potential decreases by ca. 0.8 eV from primary to

cal processes, and under radioly®&is'l Some of them are  secondary and from secondary to tertiary amife$herefore,

known to be deeply coloréd42which implies the absorption it would be expected that tertiary amines could serve as more

band in the visible. To the best of our knowledge, we are effective donors. This, however, is not supported by our data

unaware of published electronic absorption spectra ofNEb4*~ which showed that all of the amines were approximately equally

radicals. Fortunately, some conclusions about the energy oféeffective. Hence, we ruled out the direct electron transfer.

the electronic transitions in these radicals can be formed from Another simple reaction, similar to reaction 7, might be a

the data reported by Lobo et4l. They measured the energy heterolytic dissociation of a NMamine charge-transfer complex

loss spectra of potassium ions formed in collisions between to produce a pair of radical ions:

potassium atoms and NM molecules:

[CH,NO,*RNH,] — CH,NO,”™ + RNH,”"  (8)

+ o-—

K+ CHNO, —~ K™+ CHNG, The counterions formed here are aminium radicals. They are

. . well-established transient intermediatéshey form in a great

The typical spectrum consisted of two convoluted peaks: one nymper of reactions including electron transfer from alky-

at about 6.5 eV and the other at approximately 2 eV higher. |amines, which is reaction 8. Therefore, the detection of

The peaks constituted evidence for the presence of two electronicyminium radicals could have conceivably been attempted in our

states in NM radical anion which were nearly 2 eV apart. The experiments.

lower anql upper peaks were identified as electron transfer from significant body of spectral data is available for aminium

a potassium atom to the ground-states88, (A1) and to 1 gicalst25+53 To permit detection in our experiments, a

the excited states GNO,"™ (°By), respectively’* Therefore,  aqical should possess a strong absorption band in the visible

the energy difference between these two peaks should roughly,ng pe jong-lived. The aminium radicals of DABCO and MPA

co_rrespond to the energy of electronlc transition in the radical geamed to meet these requirements. They have absorption bands

anion. It compares favor.ably with the energy of the band (2.36 around 460 nM2 The aminium radical of DABCO is also

eV) detected in our experiments and provides the first supporting exceptionally long-lived among other aminium radicals because

point for the identification. _ of the significant delocalization of the unpaired elect?ér$s
Furthermore, as follows from the electronic structurseii)ef the it either reaction 7 or 8 was responsible for generation of radical
radical anion, it should fluoresce from th@, excited staté: ions, we should have detected the absorption peaks correspond-

We used this property to verify our identification independently i to the aminium radical counterions in experiments A9 and
in a separate set of expe_rlmeﬁﬁsV\_/e did observ_e the gxpected A10. However, as seen in Figure 12, this did not happen in
fluorescence when the intermediate was excited with the 514 14 c5se of DABCO: MPA did not sensitize NM at all. These
nm laser pulse. These experiments will be reported elsewhere. (ogts indicated that simple mechanisms such as electron
Finally, the above identification is supported by the fact that ransfer from amines or decomposition of charge-transfer
the same intermediate was detected in different-Navhine complexes are not operative in NMmine mixtures.
mixtures because no amine specifics are involved in the radical Tpe result of experiment A9 contains an important piece of
anion formation. . information if we can understand why MPA did not sensitize
It is generally accepted (see the background section) that while all of the other amines did. The data presented in
cleavage of the €N bond is a key step in the decomposition  Tapje 2 suggest that the amine basicity is responsible for
of NM.#9:18.29.30 Sensitization is likely to include a process that  gensitization. Apparently, MPA did not sensitize NM because
lowers the G-N bond dissociation energy in comparison to neat j; s 4 noticeably weaker base than the rest of the amines used.
NM. From this point of view, the radical anion is an attractive |, |ight of this observation, a plausible mechanism of sensitiza-
pathway. Capture of an glgctron by NM elongates theNC tion would be the base catalysis by amines.
bond from 1.475 to 2.0 A% This subsequently lowers the Several plausible base catalytic processes leading to the

dissociation energy from 245 kJ/mol (gHt NOz)****to around  tormation of radical anions may be proposed. One of them
50 kJ/mol (CH + NO,7).3943 Therefore, the unimolecular might be the following:

decomposition of radical anions is expected to occur quite easily:
RNH, + 2CH;NO, —

CHNO,™ — CHy + NO, (6) CH,NO,™ + CH,NO," + RNH," (9)

In addition, NM has a positive adiabatic electron affinity which This reaction is a bimolecular reaction between an amine
is around 50 kJ/mol®4é Hence, the radical anion is more molecule and an NM molecular dimer. Amine molecule acts
favorable thermodynamically than the neutral molecule. This here as a proton acceptor. The dimerization of NM is facilitated
fact further strengthens the arguments in favor of the radical by the G-H---O hydrogen bonding in liquid NRT and effects
anion pathway. Below we analyze several possible radical anionof high pressure. Another plausible catalytic process might
mechanisms. occur via the following two stages:
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CH,NO, + RNH, = [CH,NO,]~ + RNH," 2) Besides the difference in temperature profiles, there is just one
parameter changing in this series, i.e., [EDA]. Therefore, we

- _ o— . incorporated it into the algorithm and fitted all three sets of

[CHNO] ™ + CHNO, = CHNO,™ + CH,NG,™ - (10) data simultaneouslywith a single set of parameters. The
algorithm was run to minimize a sum of weighted square
inep_leviations taken over entire data. A representative fit is shown
v 1N Figure 7 by solid lines. As can be seen, both transient and
steady parts of the kinetics are modeled well with the scheme.
The fitting procedure yielded the activation energy of the rate-
limiting step to be ca. 70 kJ/mol with an estimated standard

The first stage here is an aeithase equilibrium already
discussed above to produce aci-anions and the protonated am
In the second rate-determining stage, aci-anions react with N
to produce radical anions and nitromethyl radicals. Both
catalytic mechanisms are likely to be followed by the decom-
osition of radical anions via reaction 6. -
P Unfortunately, none of the transient species in reactions 2, deV'a“Of? (_)fiZO kJ/mol. . .
6, 9, and 10 besides the radical anion can be detected with the Combining together all the experimental evidence anq
spectral methods at our disposal. Hence, to furtherdiscriminate"j‘r""‘lyseS presenteq above, we conclude.that the mechanism
between possible mechanisms, we use a kinetic approach. Thé:om_pOSEd of reactions 2.’.10’ and 6 describes best the decom-
kinetic data are analyzed in the next section. position process in sensitized NM.

C. Reaction Kinetics. Given the results of Figures 7 and 8,
we are in a position to be able to evaluate different kinetic
schemes of reaction in sensitized NM. The nature of shock The mechanism of amine sensitization of shocked ni-
experiments, however, does not allow to collect a substantial tromethane was investigated using time-resolved optical absorp-
amount of data. Hence, there might be a room for several tion spectroscopy in the visible. Nitromethar@mine mixtures
kinetic models to fit the kinetic data satisfactory. On the other react via formation of an intermediate that gives rise to a
hand, the data are still conclusive enough to rule out quite a transient absorption peak at 525 nm. The same intermediate is
few possibilities. As an example, let us consider reaction 9. detected for nitromethane mixtures with five different primary,
The kinetic scheme compiled for reactions 9 and 6 predicts that secondary, and tertiary amines. At 12 GPa and 730 K the
the steady-state concentration of radical anions will depend steady-state kinetics are observed with the intermediate con-
linearly on the amine concentration. However, this prediction centration proportional to the square root of amine concentration.
contradicts the experimental data of Figure 8, and therefore, On the basis of our analysis and the data available from the
reaction 9 can be ruled out. literature, we identify the intermediate as radical anion of

Several other kinetic schemes were analyzed in a similar nitromethane, CBNO,*~. Possible reaction mechanisms are
fashion. The only scheme that produced a good fit to the kinetic discussed and evaluated. Among the several considered, the
data and, at the same time, was consistent physically andfollowing mechanism is favored:
chemically was the one compiled of reactions 2, 6, and 10:

VI. Concluding Remarks

_ . CHNO, + RNH, == [CH,NO,]~ + RNH,"
CH,NO, + RNH,= [CH,NO,]” + RNH,"  (2)

[CH,NO,]~ + CH,;NO, — CH,NO,” + CH,NO,”  (10) [CHNO,| ™ + CH;NO, — CHNO,™ + CH,NO,
CH,NO,"~ — CH, + NO,” ©6) CH,NO,”™ — CH; + NO,”

If reaction 10 is the rate-limiting stage here, the steady-state The sensitization of NM is brought about by the significantly
concentration, [CENO." ], can be easily derived as lower C—N bond dissociation energy in the radical anion than
in the neutral molecule of NM. The radicals formed as products

[CH,NO, 1 = (kldkﬁ)«/E[CH3NOZ]3/2«/[RNH2] (11) in the processes of formation and decomposition of radical

anions will sustain reaction by starting out chain reactions of
whereKj is the equilibrium constank;o and ks are the rate bulk NM decomposition.
constants of reactions 10 and 6, respectively, ands{GD] Among the mechanisms proposed eadfe®3° none can
and [RNH)] are the concentrations of NM and amine. Least- account for the experimental observations presented in this work.
squares fit of the experimental data by eq 11 is shown by the The aci-anion hypothesis of Engelke et&f42527 stating that
solid line in Figure 8. As can be seen, the scheme could fit the aci-anion of nitromethane is involved in the unspecified rate-
well the data of Figure 8. It is interesting to note that this |imiting step of the decomposition process, is consistent with
mechanism predicts also the similar square root dependence ofthe mechanism shown above. Hence, the experimental results
the amine concentration for the reciprocal failure diameter. In that led to that hypothesis can be considered as an additional
fact, this agrees very well with the failure diameter measure- piece of evidence in support of the mechanism proposed.
ments of EngelkE where he found this relationship empirically.

We attempted to further evaluate this kinetic scheme by  Acknowledgment. D. Savage and K. Zimmerman are
testing its ability to model the data of Figure 7 over the entire thanked for their assistance in the experimental effort. Discus-
1us range. It was done in three steps. First, we obtained thesjons with Dr. J. M. Winey and Dr. G. I. Pangilinan are
temperature profile in the sample by running the SHOCKUP gratefully acknowledged. This work was supported by ONR
codé* and averaging the temperature over the sample thickness.Grant NO0014-93-1-0369.
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