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Gas-phase reactions between aluminum particles and Teflon fragments were studied to develop a fundamental
understanding of the decomposition reactions and combustion processes of the Al—Teflon composites. The
reactions were investigated theoretically using ab initio calculations at the MP2/aug-cc-pVDZ level, with the
final thermokinetic data obtained with coupled cluster theory (CCSD(T)/aug-cc-pVTZ). Among reactions
under oxygen-lean conditions, CF; + Al — CF, + AIF channel is the fastest, followed by the CF, + Al —
CF + AIF and CF + Al — C + AIF channels. Under oxygen-rich conditions, reactions of COF with aluminum
are probed to be faster than those involving COF, species. Reaction path multiplicity has been considered.
Our results show that multiplicity plays a very important role in determining the reaction order, that is first
order or addition—elimination reactions of Al with CF; are predicted to be faster than those proceeding through
direct abstraction or second order. In addition, the present kinetic model suggests that CF; + Al — CF, +
AIF with m = 1 and COF + Al — CO + AIF channels are very competitive under the same thermal conditions.
The computed enthalpies of reaction are systematically compared with the available literature. The predicted
kinetic model and its time constants (7) are in good qualitative agreement with experimental observations of
the reactions between Al nanoparticles and Teflon for the 500—1200 K temperature range.

1. Introduction

Energetic materials include propellants, explosives, and
pyrotechnics. These materials can be thought of as controllable
storage systems for chemical energy. Energetic materials have
numerous military and industrial applications. There is a
continuing need for improved energetic materials. In developing
new energetic materials, one seeks optimal trade-offs in energy
content, energy release, safety, and cost. There are significant
costs associated with development of a new material. Therefore,
it is important to reduce the amount of trial and error in new
material development by predicting energetic material properties
and behavior. The energy content of an energetic material often
determines its practical utility. The useful energy content is
determined by the anticipated release mechanism. Thus, the
thermodynamics and the time scale of the chemical reactions
involved are crucial to understand the chemistry behind these
materials and the associated fundamental mechanism. It is still
largely unknown which bond in the molecule of a certain
energetic material breaks first and what type of chemical
reactions (unimolecular versus bimolecular, etc.) occur first.
However, applications of ultrafast spectroscopic methods hold
great promise for understanding these basic mechanisms at the
molecular level through spectroscopic measurements. Review
of previous work in this field can be found in the literature.'

Energetic materials exist in a higher energy state than their
lowest-energy decomposition products. Thus, energetic mol-
ecules are often termed metastable. Kinetic stability, however,
guarantees that decomposition is sufficiently slow at ambient
conditions so that the species are long-lived. A new class of
thermites referred to as metastable intermolecular composites
(MIC) has been described as “mixtures of nanoscale powders
of reactants that exhibit thermite (high exothermicity) behav-
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ior”.2 This new class of composites utilizes nanoscale powders
that result in much higher propagation rates and ignition
sensitivity than their micro-scale counterparts.>* One particularly
interesting MIC is that composed of Al nanoparticles embedded
in a Teflon oxidizer, Al—Teflon. This is one of the most
exothermic compositions suitable for nanoenergetic materials
with a theoretical heat of combustion of 21 kJ/cm?>° compared
for instance to only 8 kJ/cm? for TNT.”

Numerous studies of the decomposition reactions and com-
bustion processes of the Al/Teflon composites have been
published. Parker et al.® investigated the Al—Teflon combustion
by high-pressure time-resolved absorption spectroscopy. In that
work, the authors suggested that the complete reaction of
Al—Teflon can be described by a two-step global reaction where
aluminum particles undergo combustion in the Teflon matrix
and then condensation of carbon occurs to form graphite. In
the kinetics study of the prototype reaction Al + SF¢ by Nelson
et al.,” rate constants as a function of temperature were measured
by monitoring the relative concentrations of either the reactant
Al or the primary product AIF using laser-induced fluorescence
spectroscopy. From the results, they were able to establish that
the reaction proceeds through an atom abstraction transition state
under pseudo first-order conditions. In previous work,’> Dlott
and co-workers used time-resolved spectroscopy to look at the
Al nanoparticle aggregates termed ALEX in nitrocellulose.
Using coherent anti-Stokes Raman scattering to monitor ONO,
stretching transitions of nitrocellulose, they observed that Al—
nitrocellulose chemistry occurred in two stages. In the faster
stage, the energy release rate was ~2 ns. Thus, their ALEX
studies provided a preliminary indication of the time dependence
of reaction propagation. The spatial dependence problem was
nicely addressed by the same authors in a separated publica-
tion.'? Very recently, Zamkov et al.® reported a study of the
chemical reactions initiated by flash-heating a nanoenergetic
material consisting of Al nanoparticle fuel in a TeflonAF oxidizer.
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In their study, they used ultrafast mid-infrared spectroscopy to
monitor the IR absorption transients of CF;, CF,, and COF
vibrations. The authors found a faster time constant of (k;)~! =
50 = 20 ps for the reaction of Al with COF, and a slower time
constant of (k;)"' = 0.7 & 0.1 ns for reactions of Al with CF;
or CF,. This shows that the reactions with COF are more than
10 times faster than the reactions with CF; or CF,. They finally
suggested that reactions of Al with CF; and CF, have the same
apparent rate. Thus, they proposed the possibility of describing
the Al + Teflon*F chemistry with just two processes, a slower
process involving Al + CF, or CF; and a faster process
involving Al + COF.

Because aluminum burns as a vapor, the first step of this
process involves gas-phase reactions between Al and the
oxidizers, or between aluminum and the reaction intermediates
or reaction products. In this regard, various experimental and
theoretical studies have been carried out. Experimentally, the
studies range from investigations of the combustion reactions
and the intermediate species profiles of hydrofluorocarbons!!
to the kinetics of Al atoms interacting with O,.'> As for the
theoretical aspect, Catoire'® and co-worker and Griece at al'*
reported on the thermochemistry of aluminum species for
combustion modeling. Detailed theoretical studies of the Al +
O, reaction have been also reported by Pak et al.!> and Behler
et al.!® Reactions are also expected to occur on the surface of
the aluminum particles as is well documented by the work of
Osborne et al.!” and this heterogeneous chemistry must also be
included in a complete model.

In the present study, we report the results of high-level ab
initio quantum chemical calculations for the Al species observed,
or expected to be present, in the gas phase during Al particle
combustion in Teflon. Although the chemistry between Al and
Teflon is very complicated, we will only concentrate on the
Al—Teflon elementary reactions and will discuss the reaction
pathways between aluminum particle and Teflon fragments. We
combined the information from the predicted thermochemistry
and rate constants to shed light on the mechanism associated
with these elementary reactions under both oxygen-rich and
oxygen-lean conditions.

2. Computational Methods and Reaction Channels

The ab initio calculations were carried out using the Gaussian
03 suite of programs.'® Geometry optimizations and calculation
of harmonic vibrational modes for reactants, products, and
transition-state structures were performed at the MP2 level"
using the Pople-type 6-3114++G(d,p) and aug-cc-pVDZ basis
sets.”0722 Single-point energies were computed using the
coupled-cluster technique with single and double excitations and
evaluations by perturbation theory for triple contributions,
CCSD(T)**?* with the aug-cc-pVTZ? 22 basis set. We used the
Synchronous Transit-Guided Quasi-Newton (STQN) methods,>?
for locating transition structures, as implemented in Gaussian
03. Intrinsic reaction coordinate (IRC)?’ calculations were carried
out to establish the link between transition structures and
intermediates. For calculations on species with doublet and
triplet spin multiplicity, the value of (§?) was less than 0.78
and 2.05, respectively. This indicates the good quality of the
wave function used for the calculations.”® We also attempted
to carry out density functional theory (DFT) calculations using
the popular B3LYP functional, but consistent transition state
structures could not be located for some reaction channels, for
instance, the CF, + Al — CF, + AIF channel.

Transition-state theory, introduced by Eyring, Evans, and

Polanyi?*3? in 1935, provided the first theoretical attempt to
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determine absolute reaction rates. In this theory, a transition
state separating reactants and products is used to formulate an
expression for the thermal rate constant. A number of assump-
tions are made in deriving the TST rate expression. The two
most basic assumptions are the separation of electronic and
nuclear motions, equivalent to the Born—Oppenheimer ap-
proximation in quantum mechanics, and that the reactant
molecules are distributed among their states in accordance with
the Maxwell—Boltzmann distribution. Here, we use the con-
ventional transition-state theory model in which the transition
state is located at the saddle point on the potential energy surface
and by assuming that a quasi-equilibrium between transition-
state species and reactants exists. The rate constants, k(7), for
the temperature ranges of 500—900 and 1000—2000 K were
calculated with the following expression,

kT Org —E,

KD =T 5 exp( ka) (1)
where Qrs and Qr are the total partition functions for the
transition state and reactants or intermediates at temperature 7,
respectively. E, is the energy barrier including zero-point
vibrational correction, k;, is Boltzmann’s constant, and % is
Plank’s constant. Here, we adopt the simple Wigner®' method
in the calculation of all possible tunneling corrections for the
reactions:

1 (hv\2
r=1+5(17) @)
Here, v is the imaginary frequency at the saddle point.

In this study, we put forth a plausible group of reaction
channels for the thermokinetics model of the reaction chemistry
in Al—Teflon composites. Accordingly, we explore five different
energetic reaction channels between Al and Teflon that might
be expressed as

CF, + Al—CF, + AIF @
CF, + Al—CF + AIF 1)
CF+ Al—C+AIF 11y
COF, + Al— COF + AIF Iv)
COF + Al— CO + AIF V)

Reaction channel III can be decomposed into two subchannels:

CF + Al— (AI-C-F)M—C—AI-F (Il1a)
C—Al-F—C+Al—-F (11Ib)

Here channels I, II, and III are for oxygen-deprived conditions.
With respect to combustion reactions, the reaction of C,F, with
atmospheric oxygen to yield COF, and COF has to be
considered as well. Channels IV and V describe the scenario
for oxygen-rich conditions.

3. Assessment of the Computational Methods

The calculated thermochemistry (enthalpies of reaction)
of the Al—Teflon reactions studied in this work, for which
experimental data are available, are tabulated in Tables 1
and 2. There is a very good agreement between the calculated
values at the MP2/aug-cc-pVDZ level and the corresponding
experimental ones in Table 1.

The enthalpies of reaction predicted by the two levels of
theory [MP2 and CCSD(T)] in Table 2 are close to each other
and are also in good agreement with the experimental values.
All of the calculated enthalpies of reaction obtained from the
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TABLE 1: Reaction Set for Proposed Combustion Mechanism, Enthalpies of Reaction (in kcal/mol) and Activation Energies (in

cal/mol) for the Al—Teflon Chemistry

rate constant ref

reaction AH* AHP
Thermal decomposition:
CFy — CF, + CF, 68.5 70.2
C,Fy — CF; + CF 104.8 105.7
C,Fy + O — COF, + CF, —94.5 —89.0
F,—F+F 36.9 33.0
0,—0+0 117.9 117.4
Oxidation:
CF; + O — COF, + F —76.6 —73.4
CF; + O, — COF; + O 21.0¢ 254
CF, + O — COF + F —38.0° —38.4
CF, + O, — COF, + O —45.1 —41.8
CF+0—CO+F —127.8 —128.0
CF + O, — COF + O —43.0 —42.8
CF+0,—CO, +F —135.6 —136.8
COF + O — CO, + F —94.0° —-939
COF+0,—CO, +F+ 0O 25.0¢ 23.6
Al + O, — AlIO + O —-3.3 16.2
Destruction:
CF + F — CF, —122.7 —121.3
CF+F,—CF, +F —85.7 —87.8
COF + F — COF, —121.0c —120.3
COF + F, — COF, + F N/A¢ —86.8
COF + COF — COF, + CO N/A¢ —87.9
AIF + 2F — AlF; —261.6 —258.3
AIF + F, — AlF; —224.6 —224.8

8.49 x 10" exp(—47085/RT) (1) 32
2) this work
8.13 x 10" exp(—1260/RT) 3) 32
2.12 x 10" exp(—33723/RT) 4) 32
6.08 x 10T ! exp(—118097/RT) 5) 32
1.87 x 10" 6) 30
2.26 x 10°T'* exp(—21402/RT) @) 33
7.00 x 10" exp(—1000/RT) ®) 33
2.01 x 10" exp(—26500/RT) 9) 28
4.00 x 10" exp(—1000/RT) (10) 33
2.00 x 10" exp(—1800/RT) (11) 33
9.63 x 10 (12) 31
6.00 x 10" (13) 32
2.00 x 10" exp(—24000/RT) (14) 33
1.05 x 10"T%% exp(14.5/RT) (15) 37
1.00 x 10" exp(—2000/RT) (16) 32
2.65 x 10" exp(—2510/RT) (17) 32
7.1 x 10" (18) 32
5.01 x 10 (19) 32
6.00 x 10" (20) 33
2.35 x 10" (21) 31
7.65 x 10" 22) 32
2.71 x 10'° (23) 32
2.23 x 10" exp(—318/RT) 24) 35
(25) this work
(26) this work

“From CCCBDB Data Base, NIST. Release 14 Sept. 2006, Standard reference Database 101. ? Calculated at the MP2/aug-cc-pVDZ level of
theory. ¢ Enthalpy of reaction taken from ref 33. ¢ No data given in the NIST Thermochemical Tables.

level of theory used in this study are accurate to within +1 to
43 kcal/mol. The most notable exception to this is the enthalpy
of reaction for the Al + O, — AlO + O process, for which the
MP2/aug-cc-pVDZ level overestimates it and predicts an
opposite sign relative to the experimental value. In general, the
enthalpies of reaction predicted by the various levels of theory
for the set of reactions in Tables 1 and 2 are in very good
agreement with the available experimental values. Without more
precise experimental thermochemical and especially gas-phase
kinetics data for aluminum reactions with fluorinated com-
pounds, with the exception of SFs and NFs,’ it is not possible
to establish which method performs better for this class of
compounds.

3.1. Unrestricted Hartree—Fock Reference. The electronic
structure calculations for both local minima and transition states
has been carried out based on restricted Hartree—Fock or
unrestricted Hartree—Fock wave functions for closed-shell and
open-shell systems, respectively. For instance, the triplet state
calculations are based on a spin-unrestricted Hartree—Fock
(UHF) reference wave function. The spin contamination at the
SCF level is very mild for this state ({(S*)ygr = 2.0137) and
becomes negligible after correlation corrections. It is in fact well-
known that electron correlation decreases the spin contamination
of the UHF reference states.’ Thus, based on this discussion
we are confident regarding the good quality of the UHF wave
function of the triplet states.

3.2. Rigid Rotor Harmonic Approximation. Without ac-
curate spectroscopic data it is almost impossible, at this point,
to determine at what temperature the molecular species con-
sidered here are excited enough that the rigid rotor-harmonic
oscillator approximation begins to become unsatisfactory. As
it is well-known, the leading deviations from the RRHO

behavior may be attributed to low-frequency torsional motions
about single bonds. Two theoretical studies by Truhlar® et al.
and Lluch et al. have nicely addressed the statistical thermo-
dynamics and the dependence of the rate constants on the
treatment of internal rotation modes. In view of their findings
and the fact that no pure torsional motions were identified in
our transition state structures, the RRHO approximation is fairly
good for the temperature ranges considered in this work.
Nonetheless, benchmark calculations of accurate partition func-
tions for the molecules considered here are desirable to test the
assumptions made in our present study.

4. Results and Discussion

4.1. Combustion Chemistry of C,F4 and Aluminum Par-
ticles. The combustion mechanism of the Al1—Teflon composite
requires at first the knowledge of the thermal decomposition of
Teflon, polytetrafluoroethylene (PTFE). Decomposition of PTFE
begins slowly at 533 K; however, for noticeable decomposition
to occur, temperatures above 673 K are needed.* Simon and
Kaminsky*® pyrolized PTFE at 773—873 K using steam.
According to these authors, the primary decomposition products
are tetrafluoroethylene (C,F,) and difluorocarbene radicals (CF,).
The constituents of the thermal decomposition reaction in air
are mainly carbonyl difluoride, COF,, C,F,, and CF,, as establish
by Baker® et al. Carbonyl fluoride was also detected in the
combustion process of PTFE.?” The mass spectrometry analysis
of the final product of the thermal degradation of PTFE in tube
reactors’® at temperatures ranging from 583 to 793 K shows an
appreciable concentration of several fragments C, CF, CF,, and
CF;. On the basis of this discussion, we can put forth a plausible
group of reaction channels taking place in the combustion
process of C,F, as the major Teflon decomposition product. The
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= set of reactions compiled in Table 1 is taken from the chemical
= . . . .
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S8 < 55 5533 g g° rich and -lean conditions.
= = 222 > ° e ) ) )
g E ZE Z83L T &7 The oxidation reactions of aluminum atoms are of consider-
=S E -= =g ‘é S able interest in combustion because aluminum compounds are
2 N ©g used as an ingredient in propellant and explosive formulations.
£% |8 -8 8-~ 3 IE . ne prop BN tons.
g% 2 o8 R383 T L= Our goal is not to present a systematic study of the reaction o
g § ) % a2 Smu= & 2 g aluminum with oxygen, which has been extensively studied both
Ené s $8 8888 & 37T theoretically'>#¥!%15 and experimentally.'>**~2 Rather, we focus
é’ 2 |3 4 ssTT A 4 E on the chemistry of reaction 15 in Table 1 and its potential role
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2 2 :;5 very low exothermicity of 3.3 kcal/mol compared to the rest of
::% SgeLegd o 8 the oxidation reactions in Table 1. A further aspect of this
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IS b+ ! 6 “ A theoretical study of the reaction mechanism by Pak and
g = S :_ Gordon'> predicted that the reaction paths leading to AIO + O
= = s 8% £+ appear to go through the dissociation of AlO,, instead of being
b3 5 L3 . . .
g sd 24 X E A formed directly from the Al + O, reaction. The importance of
= 2 <t A S\~ O = . . . . .. .
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E : %’ p= ° @ Q 9egQ 873 COF, and COF; species formed in the earlier steps of the
S§5 4 S <o 0 o g Al—Teflon combustion process.
— S 2 . .
i & ;«: § k= 4.2. Al-Teflon Reaction Channels. The key energetic
=3 SV =0T O SE properties calculated are the enthalpy of reaction in Table 1
w3 g TSN oA R < . .. . . .
-%.’_s v T Ao =g Lo and the adiabatic vibrational barrier height, E, the entropy of
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Sr S TTT S S S5 between the transition state and the intermediate energies added
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E g s § g T 2 I 2 25 Unless otherwise noted, the results discussed below are those
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Figure 1. Main reaction paths for the proposed combustion mechanism of the Al—Teflon reactions.

4.2.1. Potential Energy Surfaces of The CF, + AL, x = 1
— 3 Reactions. A first step toward obtaining a kinetic model is
to calculate and characterize both intermediates and transition-
state molecular structures for each of the proposed reaction
channels. According to the number of electrons of the molecules
involved in the reaction channels, we have for their multiplicity
the following options: Al—CFs: 46¢, m = 1 or 3; A1—CF,: 37e,
m = 2; AI—CF: 28¢, m = 1 or 3; AI—COF,: 45¢, m = 2; and
for AlI—COF: 36e, m = 1 or 3, respectively. Thus, we have
explored the following possibilities: (i) for channels I, III, and
V, reaction paths following both multiplicity 1 and 3, (ii)
for channels II and IV, reaction paths following only
multiplicity 2.

The potential energy surfaces of the pathways corresponding
to reaction channels I, II, and III predicted from the highest
level ab initio calculations, single point CCSD(T)/aug-cc-pVTZ
at the optimized MP2/aug-cc-pVDZ geometries, are shown in
Figure 2. (a) channel I im = 1), CF; + Al — CF, + AIF: The
reaction through channel I is exothermic by 73.2 kcal/mol and
has a barrier of 3.56 kcal/mol. The structures are displayed in
Figure 2. The reaction proceeded through the attack by the
aluminum atom to CF; carbon and formed a stable intermediate,
Al—CF; (IM, m = 1), as shown in the upper panel of Figure 2.
The saddle point can be described as the formation of the new
Al—F bond, and the breach of the C—F bond, (TS, m = 1).
Elimination of the newly formed AIF molecule along with the
production of CF, radical end this reaction channel. (b) channel
I (m = 3), CF; + Al — CF, + AIF: Unlike the reaction with m
= 1, there is no intermediate. Thus, the channel proceeds
through an atom abstraction transition state (TS, m3), with an
activation energy of 30.78 kcal/mol. This energy value is almost
9 times higher than that proceeding with m = 1. On the basis
of this mechanism, this channel can be described by a bimo-
lecular reaction kinetics. (¢) channel II (m = 2), CF, + Al —
CF + AIF: For this reaction, the predicted barrier is 11.7 kcal/
mol, 3.3 times higher than that of the channel I with m = 1.
The channel is exothermic by 34.8 kcal/mol, which is half of
the exothermicity exhibited by I. The reaction starts by the same
Al—C interaction and continues to a transition structure, formed

by the same forming and breaking process of bonds. It follows
the production of AIF and CF radical. (d) channel III (m = 3),
CF + Al — C + AIF: Unlike reaction channels I and II, this
reaction passes through two transition states until carbon and
aluminum fluoride are formed. Russell’ and co-workers sug-
gested that the complete reaction of Al—Teflon can be described
by a two-step global reaction where aluminum particles undergo
combustion in the Teflon matrix and then condensation of carbon
occurs to form graphite. Although the global enthalpy of reaction
is exothermic, —29.5 kcal/mol, its associated barriers are very
high (~30 kcal/mol) compared to those for channels I (m = 1)
and II. Thus, one might conclude that the formation of graphite
needs substantial amounts of energy. It seems to be that the
exothermicity of the Al—Teflon reaction is an energy-balance
outcome between the energy needed to form carbon and that
being released by the AIF formation.

Figure 3 displays the two possible Al—Teflon reaction
channels under oxygen-rich conditions. Unlike the mechanism
for the oxygen-lean reactions, here the formation of intermediate
structures is through the interaction between the aluminum and
the oxygen atoms. The corresponding enthalpies of reaction are
—35.9 and —123.8 kcal/mol and their barrier heights, 7.89 and
1.61 kcal/mol, respectively. As in the case of reactions under
oxygen-lean conditions, the formation of Al—F and breaking
of O—Al bonds drive the reaction mechanism. A summary of
the predicted thermochemistry is provided in Table 2. From the
tabulated values, reaction channel I is the most exothermic
followed by channels II and III. In the case of reactions probable
under oxygen-rich conditions, channel V is by far the most
exothermic. This predicted exothermicity along with the values
for the barrier height suggest that channels I and V are expected
to react faster under oxygen-deprived and oxygen-rich condi-
tions, respectively. We also attempted to identified reaction paths
with m = 1 and m = 3 for channels III and V respectively but
both intermediate and transition states could not be located.

4.2.2. Rate Constants. The results of the ab initio calculations
have been used to calculate unimolecular rate constants between
500—900 and 1000—2000 K temperature ranges using eq 1.
For each reaction channel, Arrhenius parameters such as
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Figure 2. Potential energy surface profile for reaction channels I (upper
path for m = 3, dashed-dotted trace and lower path for m = 1, dashed
trace), II, and III calculated at the CCSD(T)/aug-cc-pVTZ//MP2/aug-
cc-pVDZ level. In the graphs, IM and TS indicate intermediates and
transition state of the respective elementary step.

activation energy, E, and preexponential factors, A, were
extracted. The predicted values of these Arrhenius parameters
are tabulated in Table 2. Among the results of Table 2, we also
provide the enthalpy of reaction AH, entropy of activation, AS¥,
the activation energy E,, and the preexponential factor A. All
five reactions are exothermic with activation energies ranging
from 1.85 for channel V to 36.0 kcal/mol for channel III, as
predicted by the calculations at the CCSD(T)/aug-cc-pVTZ//
MP2/aug-cc-pVDZ level of theory. The predicted preexponential
factors for both temperature ranges are reasonable, knowing that
the upper limit for unimolecular rate constants at 298 K is
roughly 10'3 s™!. In the bimolecular case, channel I (m = 3),
the predicted preexponential factor (4.60 x 10 cm? mol™! s71)
for the temperature range 500—900 K, is comparable with the
experimentally measured [(4.10 £ 1.1) x 10" cm® mol™! s7!]
for the reaction of aluminum with SF6 as reported by Nelson
et al.’
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Figure 3. Potential energy surface profile for reaction channels IV
and V calculated at the CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVDZ
level. In the graphs, IM and TS indicate the intermediates and transition
state of the respective elementary step.
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The rate constants determined from the ab initio calculations
are plotted in Arrhenius form in Figure 4. The predicted
Arrhenius plots within the 500—900 K temperature range show:
(1) On the one hand, reaction channels I with m = 1 and V are
the fastest among the five proposed reactions. On the other hand,
channel I with m = 3 is predicted to be unlikely at the
temperature ranges of this study, supported by its very negative
entropy of activation value of —20.61 cal mol™! K. (2)
Channels IIla and IIIb are predicted to be the slowest among
the unimolecular reactions. (3) It is interesting to see that the
present kinetic model suggests two competitive reaction chan-
nels, namely I with m = 1 and V. This could be a plausible
scenario, as long as both radical species, CF; and COF, have
significant population under the same thermal conditions. The
same can be said for channels II and IV. In the 1000—2000 K
range, the kinetic model predicts a tighter scenario for these
reaction channels. The branching ratios, that is the ratio of a
given channel over the sum of the other channels will give a
quantitative picture of the relative efficiencies of the individual
reactions as a function of temperature. This is currently a part
of our ongoing investigation.

Regression analysis for both temperature ranges yielded the
rate constants tabulated in Table 3. For each set of rate constants,
Arrhenius parameters were extracted. A summary of the
thermokinetic computational results is provided in Table 2.

4.2.3. Comparison with Experiment. Zamkoyv et al.% studied
the chemical reactions initiated by flash-heating a nanoenergetic
material consisting of Al nanoparticle fuel in a Teflon*" oxidizer.
Their experimental findings encouraged us to probe our
predicted kinetic model. We first define the quantity = (ps) to
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TABLE 3: Rate Constants (in s! and cm® mol™! s™!, for Unimolecular and Bimolecular Reaction, Respectively) from
Regression Analysis Using the Calculated Date at the CCSD(T)/aug-pVTZ //MP2/aug-pVDZ Level of Theory (Activation

Energies in cal/mol)

reaction 500—900 K 1000—2000 K
Unimolecular:
I(m=1) k(T) = 1.359 x 10'3 exp(—4010/RT) k(T) = 1.442 x 103 exp(—4020/RT)
Il (m=2) k(T) = 1.068 x 10'3 exp(—12 150/RT) k(T) = 1.247 x 103 exp(—12 900/RT)
Illa (m = 3) k(T) =1.112 x 10'3 exp(—27 800/RT) k(T) = 1.345 x 103 exp(—28 130/RT)
IIIb (m = 3) k(T) = 1.0983 x 10 exp(—36 710/RT) k(T) =1.2018 x 10'* exp(—36 880/RT)
IV (im = 2) k(T) = 1.50 x 10'? exp(—8520/RT) k(T) =1.71 x 10"? exp(—8750/RT)
Vim=1) k(T) = 5.58 x 10'? exp(—1850/RT) k(T) = 5.63 x 10'? exp(—1870/RT)
Bimolecular:
I (m=23) k(T) = 4.60 x 10" exp(—31 630/RT) k(T) =1.20 x 10" exp(—32 980/RT)

be 7 = 1/k(T) in picoseconds. We then used the predicted rate
constants for channels I, II, IV, and V to estimate the
corresponding 7 of each reaction channel. By doing so, we were
able to plot 7 versus 7. The results are displayed in Figure 5
and Figure 6. Figure 5 shows the behavior of 7 in the 500—900
K temperature range. As shown in the left panel, the reaction
channel V (COF + Al) is faster than the channel I with m = 1
(CF; + Al). This agrees qualitatively well with the experimental
findings of Zamkov et al.® From the right panel, one can see
that COF, + Al reaction is faster than the CF, + Al one. Unlike
the conclusion drawn in ref 6 that reactions of Al with CF, and
CF; have the same apparent rate, the present kinetic model
predicts different rates for CF; and CF,. In fact, the model shows
that there is a difference of roughly 3 and 2 orders of magnitude
between them for the 500—900 and 1000—2000 K temperature
ranges, respectively. Passing to the 1000—2000 K temperature
range as shown by Figure 5, now our model interestingly
predicts CF; + Al with m = 1 and CF, + Al reaction channels
to be faster than COF + Al and COF, + Al. Although the

calculated rate constants, k(7), for temperatures > 1200 K give
some insight into the kinetics of the system, clearly they must
be used judiciously due to the inherent limitations and the
approximations used in this study.

5. Conclusions and Remarks

The rate constants for the gas-phase reactions of the Al—Teflon
composite were calculated. The reaction channel I, m = 1 (CF;
+ Al) is faster than channels II and III under oxygen-lean
conditions, whereas channel V, COF + Al is the faster among
the oxygen-rich ones. In addition, the predicted model suggests
two competitive reaction channels, namely I and V, as long as
they have a significant population under the same thermal
conditions. All reaction channels are predicted to be highly
exothermic ranging from —29.5 for channel III to —123.8 kcal/
mol for channel V, predicted by the most accurate calculations
(CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVDZ) carried out in this
work. The predicted time constants for first-order reactions of
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Figure 4. Overall Arrhenius plots for the reaction channels I through V within temperature ranges 500—900 and 1000—2000 K, from the regression
analysis at the CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVDZ level of theory.
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Figure 5. Predicted time constants (7) for reaction channels I and V (left panel) and reaction channels II and IV (right panel) in the 500—900 K
range, calculated at the CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVDZ level of theory.
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Figure 6. Predicted time constants (7) for reaction channels I and V (left panel) and reaction channels II and IV (right panel) in the 1000—2000
K range, calculated at the CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVDZ level of theory.

Al with CF; and COF molecular species are in good agreement
with experiment for the 500—1200 K range. On the basis of
the present study, the complete reaction of Al—Teflon can be
described by a three-step global reaction:

(1) Thermal decomposition of Teflon is facilitated by interac-
tions between alumina surface and fluorine atoms from Teflon.
This is an important (not studied in the current work) step toward
formation of fluoromethane (CF;), fluoromethylene (CF,),

carbonyl fluorides (COF, and COF) under various concentrations
of atmospheric oxygen (combustion) that takes part in subse-
quent reactions.This combustion process is highly exothermic,
—120 kcal/mol (reactions 6—14 in Table 1).

(2) Aluminum particles undergo combustion in both oxygen,
reaction 15 and in carbonyl fluorides and fluoromethane—
methylene to produce AlO + O and AlF, CO, and CO, gases.
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The formation of AIF is as exothermic as the previous step,
—130 kcal/mol (reactions I—V).

(3) The newly formed AIF molecules will react with fluorine
atoms to generate AlF;, the final product of the aluminum
fluorination reactions. This last step is believed to account for the
very high exothermicity of the Al—Teflon reaction, as its enthalpy
of reaction is predicted to be —258 kcal/mol (reactions 25—26).

Experimental measurements of the enthalpies of reaction and
more importantly rates of reaction are required to assent the
predictions of the ab initio methods employed in this study.
However, the methods used here provide both thermochemical
and kinetics parameters of good accuracy to provide preliminary
kinetic models of aluminum reacting with fluorinated com-
pounds. These models can be used to identify crucial species,
for which additional experimental and theoretical studies can
be carried out.

Results from this study will be used to guide the ongoing
investigations in our laboratory. Calculations of aluminum
surface and alumina clusters are being performed to estimate
the importance of size effects and the potential role of the Al,O5
oxide layer in the combustion fluorination reactions. Extension
of the present TST kinetic model to more accurate methods,
such as variational transition state theory,* is being pursued
(Figure 6).
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