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ABSTRACT: The mechanism for sublimation of NH,N(NO,), (ADN) has been
" 13.9 keal/mol

investigated quantum-mechanically with generalized gradient approximation plane- ;
wave density functional theory calculations; the solid surface is represented by a slab f [NH;|-[HON(O)NNO,] (g)
model and the periodic boundary conditions are applied. The calculated lattice " | 29.4 keal/mol

constants for the bulk ADN, which were found to consist of NH,"[ON(O)NNO, ]~ Sublimation

units, instead of NH4+[N(NOZ)2] ~, agree quite well with experimental values. Results | NH,0N(O)NNO,, ADN (s)

show that three steps are involved in the sublimation/decomposition of ADN. The | solid ADN sublimation mechanism and kinetics |
first step is the relaxation of the surface layer with 1.6 kcal/mol energy per

NH,ON(O)NNO, unit; the second step is the sublimation of the surface layer to form a molecular [NH;]—[HON(O)NNO, ]
complex with a 29.4 kcal/mol sublimation energy, consistent with the experimental observation of Korobeinichev et al.’® The last
step is the dissociation of the [H;N]—[HON(O)NNO,] complex to give NH; and HON(O)NNO, with the dissociation energy
of 13.9 kcal/mol. Direct formation of NO, (g) from solid ADN costs a much higher energy, 58.3 kcal/mol. Our calculated total
sublimation enthalpy for ADN(s) — NH;(g) + HON(O)NNO,) (g), 44.9 kcal/mol via three steps, is in good agreement with
the value, 42.1 kcal/mol predicted for the one-step sublimation process in this work and the value 44.0 kcal/mol computed by
Politzer et al.'' using experimental thermochemical data. The sublimation rate constant for the rate-controlling step 2 can be
represented as kyy, = 2.18 X 10" exp (—30.5 kcal/mol/RT) s™!, which agrees well with available experimental data within the
temperature range studied. The high pressure limit decomposition rate constant for the molecular complex H;N---HON(O)-
NNO, can be expressed by kg, = 3.18 X 10" exp (—15.09 kcal/mol/RT) s~". In addition, water molecules were found to
increase the sublimation enthalpy of ADN, contrary to that found in the ammonium perchlorate system, in which water

molecules were shown to reduce pronouncedly the enthalpy of sublimation.

1. INTRODUCTION

Ammonium dinitramide, NH,N(NO,), (ADN), a powerful
oxidizer, is a potential halogen-free replacement for ammonium
perchlorate as a solid rocket propellant.'™> ADN is known to
exist in two polymorphic forms: & and 8.* The a-ADN phase
existing only in the low-pressure regime has been resolved by
X-ray diffraction measurements.” The crystal structure of the
unit cell is monoclinic with four ([NH,]*[N;0,]”) molecules
per unit cell. This phase is stable up to 2.0 GPa over a large
range of temperatures. Because of the fact that only the a-ADN
has been experimentally characterized and the S-ADN exists
only at higher pressures (P > 2.0 GPa);* therefore, we only
considered the a phase in the present study.

The activation energy for ADN sublimation is highly
dependent on the experimental conditions, and it is reported
to be between 26 and 43 kcal/mol.°~"* Korobeinichev et al.'’
have carefully studied the thermal decomposition of ADN with
time-of-flight (TOF) and a quadrupole mass-spectrometry
(MS) at pressures of 107 6, 100 Torr, and 1 atm within the
temperature range of 353—673 K under isothermic and
nonisothermic conditions. Their results show that 90% ADN
sublime in a flow reactor under the conditions of 353—413 K
and 6 Torr pressure. Gaseous ADN decomposes into

-4 ACS Publications  © 2012 American Chemical Society

dinitraminic acid (HD) and ammonia at 433—673 K. Their
experiment proved for the first time the existence of gaseous
ADN and HD, the mechanism can be expressed as:'’

ADN, — [NH;] — [HN(NO,), ];or[NH;]
— [HON(O)NNO, ],
d NH3(g) + HN(NOZ)Z(g)OI' HON(O)NNOZ(g)

The sublimation enthalpy has been estimated to be 44 kcal/
mol by Politzer et al.'' combining the computational heat of
formation of HN(NO,), (g) and experimental heats of
formation of NH; (g) and ADN(s). The mechanism and the
energetics for the decomposition of the gaseous ADN have
been computationally studied in detail by Mebel et al,'?
whereas the kinetics for the dissociation of the HN(NO,), acid
had been theoretically predicted by Park et al."> However, the
kinetics and mechanism for the initial sublimation, one of the
most important stages involved in the layer of burning surface
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for ADN combustion, has not been elucidated. To understand
the combustion mechanism and develop a comprehensive
combustion model for this important class of energetic material,
it is essential to have quantitative data for the products and
energetics of the individual steps. Recently, we have studied the
kinetics and mechanisms for the sublimation and decom-
position of solid NH,Cl,'* and NH,CIO,(AP)" by first-
principles and statistical-theory calculations. Our studies have
illustrated convincingly that the generalized gradient approx-
imation with the plane-wave density functional theory within
the periodic boundary condition can not only reliably
reproduce the experimental molecular parameters and the
physicochemical characteristics of ammonium salts but also
their sublimation kinetics.

In the present work, we have carried out the first quantum-
chemical calculation on ADN sublimation in an attempt to
elucidate the mechanism and kinetics for the process. The
predicted results are compared with existing experimental data.

2. COMPUTATIONAL METHODS

The calculation has been carried out with the Vienna Ab-initio
Simulation Package (VASP),'"*”" which evaluates the total
energy of periodically repeating geometries on the basis of DFT
with the pseudopotential approximation. For the periodic
boundary condition, the valence electrons were expanded over
a plane-wave basis set. The core electron calculations are
performed with the cost-effective pseudopotentials imple-
mented in VASP. The expansion includes all plane waves
with their kinetic energies smaller than the chosen cutoff
energy, that is 7 n’k*/2m < E_,, where k is the wave vector, m
is the electronic mass, and E_, is the chosen cutoff energy. In
this study, a cutoff energy of 500 eV was used.

Generalized gradient approximation (GGA)***' with PW91
exchange-correlation functional was used for the present
calculation. The Brillouin-zone (BZ) integration is sampled
with 0.05 X 2 (1/A) spacing in reciprocal space by the
Monkhorst-Pack scheme,** with k-points grid of 4 X 2 X 4 and
the Fermi-smearing ¢ = 0.1 eV. The equilibrium structure of
the crystals is obtained by full relaxation of the ionic positions
inside the unit cell with the monoclinic space group, P2,/c. To
minimize the interaction between the distinct slab surface in
this infinitely periodic model system, a vacuum region of 40 A
was used to separate the top and bottom surfaces of the slabs.

3. RESULTS AND DISCUSSION

3.1. Lattice Constant and Geometric Parameters. To
select a computationally practical and reasonable model,
supercells including 4 and 8 units of NH,N;0, were employed
for the bulk calculations and all atomic positions of the
molecules were relaxed. In the ADN solid, the HN(NO,), acid
exists as HON(O)NNO, through H--O hydrogen bonding.
The calculated lattice constants are a = 7.104, 6.960 A; b =
9.783, 11.529, A; ¢ = 7.335, 5.428 A for the above models,
respectively. Our results show that the calculated Ilattice
constants, bond lengths and bond angles with 8 molecules/
ion pairs (Figure 1) are in good agreement with the
experimental values® (Table 1). Therefore, we use this model
to represent the ADN crystal and the subsequent calculations
are based on this model, and in the following section we mainly
consider the formation mechanism of NH; + HON(O)NNO,
instead of NH; + HN(NO,),.

10837

Figure 1. Optimized configuration for the relaxed 010 surface model
with 8 NH,N(NO,), molecules/ion pairs.

Table 1. Comparison of the Experimental and Calculated
Structural Parameters for ADN in Crystal Environment,
Calculated by VASP with 8 NH,N(NO,), Unit Cells;
Distances in Angstroms and Angles in Degrees

s

parameters calculated expt
lattice a = 6.960 a = 6914
constants b =11.529 b=11.787
¢ =5428 c=5.614
R(N1-N2) 1367 1.376
R(N1-N3) 1.359 1.359
R(N2-01) 1.259 1236
R(N2-02) 1246 1227
R(N3-03) 1275 1252
R(N3-04) 1.242 1.223
N2—-N1-N3 114.9 113.2
0O1-N2-02 123.3 123.3
O1-N2—-N1 113.2 113.0
02—N2—-N1 123.3 123.3
03-N3-04 122.0 122.1
04—N3—-N1 125.2 125.1

3.2. Sublimation Enthalpy Change. The sublimation
energy of the ADN crystal was calculated as the energy
difference between a single fully optimized NH,ON(O)NNO,
molecule in the crystal and that of the gas-phase products, NH;
+ HON(O)NNO,; that is,

AH,,, = E[NH;(g) + HON(O)NNO,(g)]
— [E(supercell)]/X

where X is the number of NH,N;O, units in the supercell. The
value obtained by one-step calculation is 42.1 kcal/mol using
the 8 unit of NH,N;0, model. On the basis of the three step
processes shown in Figure 2, the enthalpy change is predicted
to be 44.9 kcal/ml, which is in excellent agreement with the
value mentioned above as well as the thermochemical value of
44.0 kcal/mol predicted by Politzer et al.'' from the
computational and experimental data.

3.3. Sublimation/Decomposition Energies of NO, and
H;N---HON(O)NNO, from the Relaxed Top Layer. In the
mass-spectrometric measurement by Korobeinichev et al.'® for
the ADN sublimation and decomposition at low pressures, the
most intensive peaks are M/Z 46, 17 (NH,), 18 (H,0), 30
(NO) and a weak mass peak at M/Z 44 (N,O). The ratio of
the mass peaks 30 and 46 (I,/I,s) is about 0.5, which is much
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NH,*ON(O)NNO;", ADN (c)

Figure 2. Schematic energy diagram (in unit kcal/mol) for the
sublimation/dissociation processes of NH,N(NO,),. Where NH,
N(NO,), (c) refers to NH, N(NO,), in the crystal environment;
NH,N(NO,), (s) represents NH,N(NO,), on the relaxation surface
and NH; (g), NO, (g) and H;N--[HON(O)NNO,] (g) represent
those products in the gas-phase.

smaller than 6.2 in NO, mass-spectrum; therefore, the authors
suggested that the peak with mass 46 should not be assigned to
NO, but to ADN(g) with the peak ratios of I);:l;p: 441y =
0.35:0.5:0.1:1. We consider both NO,(g) and ADN(g) as
potential sublimation and decomposition products because, in
principle, they can compete in the first stage of sublimation/
decomposition processes. The sublimation and decomposition
energies Eg,, and Eg,. for the H;N--HON(O)NNO, complex
and NO, molecule desorbing from the relaxed 010 surface
respectively are defined as:

E,y, = [E(bole) + E_,(g)] — Egy

Edec = [E(hOIe) + ENOZ(g)] - Eslab

The relaxed 010 surface here means the 010 surface created by
cleaving the surface layer from the bulk material and the
subsequent surface optimization to relax its atoms to reach their
minimum energy positions with 40 A vacuum space. E(hole) is
the energy of the slab after eliminating an individual molecule
[H;N--HON(O)NNO,] or (NO,); Exo,(g) and E_,(g) are the

energies of the isolated NO, and H;N---HON(O)NNO, in the
gas phase respectively calculated in a 25 X 25 X 25 A® cubic
box; Eg,, is the total energy of the slab with the 40 A vacuum
space. E4. for the direct NO, production was predicted to be
58.3 kcal/mol, whereas E,, for H;N---HON(O)NNO,
desorption from the relaxed surface was predicted to be 29.4
kcal/mol. These data as shown in Figure 2 clearly indicate that
the decomposition of NO, from the relaxed first surface layer
cannot compete with the sublimation of H;N--HON(O)-
NNO, molecular pair because the former involves breaking a
strong N—N bond. Our calculated result is in agreement with
the experimental observation of Korobeinichev et al,'® but in
their work they assigned the sublimation complex as H;N—
HN(NO,),, which has the same mass as H;N--HON(O)-
NNO, and cannot be differentiated from the former. A similar
conclusion has been reached for the sublimation of NH,CI"*
and NH,ClO,,"* in which the H;N--HCI and H,N---HCIO,
molecule pairs desorb preferentially from the relaxed surfaces,
instead of the acid and base molecules desorbing individually as
was assumed previously.

In our calculations for the sublimation of H;N--HON(O)-
NNO, as a pair, one of the top layer NH,N;O, molecules was
pulled off along the Z axis from the relaxed 010 surface (Figure

1). The distance between the N atom (N1’) of the leaving
NH,N;O, in the first layer and another N atom (N2’) in the
second layer of NH,N;0, is defined as R. The minimum
energy path (MEP) of sublimation (open symbol) as a function
of the separation (R) is plotted in Figure 3. With the exception
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Figure 3. Relative energy for one of NH,N(NO,), molecules
desorbing from the relaxed crystal surface, where R represents the
distance between N1’ and N2’ as the configuration indicated in the
Figure 1; the open circle symbol is the calculated value.

of the N1'—N2’ distance, the other structural parameters of
each point along the curve was fully optimized. No distinct
intrinsic transition state was found in the calculation as in the
NH,Cl and NH,CIO, cases. The result indicates that the
proton gradually transfers from the NH," moiety to the N;O,~
moiety as R is increasing during the sublimation process. At R =
11-15 A, the sublimation energy curve reaches the asymptote
with energy around 15.8 kcal/mol, which is lower than the
value of 29.4 kcal/mol at R = oo. The energy difference (13.6
kcal/mol) between the sublimation path and end point
simulations arises from the slab spatial constraint. We
confirmed this by recalculating the gas-phase H;N---HON(O)-
NNO, energy in a smaller 6.96 X 51.5 X 10.86 A® box with
which the sublimation energy was computed. On the basis of
the energy of H;N--HON(O)NNO, in this box, the
sublimation energy is 19.3 kcal/mol. If H;N---HON(O)NNO,
are optimized as a gas phase in a 30 X 30 X 30 A’ box, the
energy difference becomes 10.1 kcal/mol, which is close to the
above deviation, 13.6 kcal/mol. Because of the interaction
between the slabs along the X and Y directions, the geometry of
H,N--HON(O)NNO, in the slab of 6.96 X 51.5 X 10.86 A®
with the computationally affordable 40 A vacuum space in the Z
direction does not really reach that predicted in the gas phase.
This calculation can quantitatively explain why the sublimation
energy of this system given in Figure 3 at the asymptotes is
lower than that of at R = oo in Figure 2. Similar results were
noted in the sublimation processes of NH,CI'* and NH,CIO,
systems,'® in which H;N--HCl and the H;N--HOCIO; pairs
above their surfaces at R = 20.0 A do not reach their real gas-
phase values at R = oo for 3 dimensions due to the interactions
between the slabs along the X and Y directions.

3.4. Proposed Sublimation/Dissociation Mechanism.
On the basis of the results presented above, we suggest that the
sublimation/dissociation reaction of ADN is a multistage
process, taking place as shown in Scheme 1, where (c) refers
to ([NH,]*[N;0,]7) in the crystal environment (bulk); (s)
refers to the relaxed surface, and (g) refers to the gas phase.

dx.doi.org/10.1021/jp307714d | J. Phys. Chem. A 2012, 116, 10836—10841
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Scheme 1

i 1 i
NH4 N304 (6) === NH{'N3O4 () H,N-—HON(O)NNO,(g)

33

NH;(g) + HON(O)NNO,(g

The energy diagram for this process is plotted in Figure 2.
Similar to the NH,Cl and NH,CIO, systems,"*"* the result of
our calculations indicates that three steps are involved in the
sublimation/decomposition process as illustrated in Scheme 1
and in Figure 2. In the first step, the NH,*'[ON(O)NNO,]~
molecules relax from their crystal structure on the surface with
only 1.6 kcal/mol relaxation energy, which is close to the value,
0.1 kcal/mol, for the NH,ClO, system, but it is much lower
than the value 18.7 + 1.0 kcal/mol predicted for the NH,Cl
system; the result may be attributed to the loose lattice
structures of ADN and AP. In the second step, one of the
NH,*[ON(O)NNO,]™ ion pairs on the surface undergoes
proton transfer to form a H;N--HON(O)NNO, complex and
desorbs with 29.4 kcal/mol endothermicity. Our calculated
results indicate that the sublimation complex H;N---HON(O)-
NNO, is a more stable isomer than H;N--HN(NO,), by 1.3
kcal/mol at the CCSD(T)/6-311+G(3df,2p)//B3LYP/6-
311+G(3df, 2p) level; H;N--HON(O)NNO, can readily
convert to H;N--HN(NO,), with only a 5.2 kcal/mol energy
barrier. The difference between the NH,*[ON(O)NNO,]~ and
[NH,]* [N(NNO,)]™ structures is shown in SI-I of the
Supporting Information I In the last step, the molecular
complex H;N--HON(O)NNO, (g) dissociates in the gas
phase to NH;(g) and HON(O)NNO, (g) with a relatively
small energy of 13.9 kcal/mol. The energy change in the whole
process, 44.9 kcal/mol, is in good agreement with the value,
42.1 kcal/mol, predicted by one-step calculation for ADN(s) —
NH;(g) + HON(O)NNO,(g) as discussed in the previous
section and it is also very close to 44.0 kcal/mol predicted by
Politzer et al. based on a thermochemical estimation."'

3.5. Effect of H,0 on the Sublimation Process. In our
previous study of the AP sublimation process, we investigated
the effect of 1-3 H,0 molecules on the enthalpies of
sublimation.”® The results show that the sublimation energies
of (H,0),~NH,/CIO, (n = 0, 1, 2, 3) molecular complexes
from the surface decrease with the numbers of H,O increasing:
28.1, 21.4, 18.6, and 14.2 kcal/mol, respectively. The lowering
of the sublimation enthalpies can be attributed to the formation
of NH,"CIO,” ionic pairs in the presence of the complexing
water molecules during the desorption process as revealed by
the predicted molecular structures.>’ In this work, we have
studied the effect of H,O on the sublimation of ADN also with
1—-3 H,0 molecules. The calculated sublimation enthalpies are
summarized and compared with those of AP in Table 2.
Interestingly and contrarily to AP, the sublimation enthalpy
increases in the case of ADN from 29.4 kcal/mol without water
to 32.6 and 32.8 kcal/mol with 1 and 2 H,O molecules
involved; in the 3 H,O case, the sublimation enthalpy slightly
decreases to 30.0 kcal/mol. Our results can be qualitatively
compared with the experimental finding that when a small
amount of water was added to the ADN, the decomposition
first decreased but later increased when the amount of water
exceeded 5%.%%%

The qualitatively different H,O effects on AP and ADN may
be explained from the structures changed as shown in SI-II of

Table 2. Comparison of H,O Effect on the Sublimation
Enthalpies for (H,0),~NH,/ClO, and (H,0),"NH,/N,0,
Pairs from the AP and ADN Surfaces

Sublimation Enthalpy (kcal/mol)

(H,0), ADN AP
n=0 29.4 28.1
n=1 326 21.4
n=2 32.8 18.6
n=3 30.0 142

the Supporting Information without H,O and with 2H,0 on
the surface as an example. Without H,O, the sublimation of the
top layer NH,*ClO,” and NH,'N;0, form molecular
complexes, Hy;N--HOCIO; and H;N--HON(O)NNO,, re-
spectively with similar sublimation energies, 28.1 and 29.4 kcal/
mol. However, in the 2 H,O molecules case, the sublimation
product of AP is an ionic complex, 2H,0---NH,"/ClO,~, the
structural parameters of this super molecule complex
(2H,0--NH,*/ClO,") are similar to those in the AP crystal;
however, in ADN, H,O induces proton transfer from NH," to
N;0,” to form the H3;N--HON(O)NNO,2H,0 complex,
which costs more energy and is different from the complex
formed in AP. By examination of the hydrogen bonds in
2H,0--NH,/ClO,” and H;N--HON(O)NNO,--2H,0, one
finds that the hydrogen bonds in the 2H,0--NH,"/ClO,”
complex are stronger than those of in the NH,"--ON(O)-
NNO,™--2H,0 complex resulting in the lower sublimation
energies in AP.

3.6. Rate Constant Calculations. Sublimation Process.
The sublimation process, [(NH,ON(O)NNO,]y —
[(NH,ON(O)NNO,]y* — [(NH,ON(O)NNO,Jy_, +
H;N---HON(O)NNO,(g), is a barrierless desorption reaction
as calculated above for X = 8. The potential energy along the
MEP (minimum energy path) is shown in Figure 3. We
compute the rate constant based on the canonical variational
transition state theory,*

kT Q*

kg K Q exp(—Ey/kyT) (1)
Here kg is the Boltzmann constant, T is the temperature, h is
Planck’s constant, E; is the energy of activation per molecule at
0 K, Q% and Q are the molecular partition function for the
transition state and the reactant, respectively. The computa-
tional method for 5prediction of the rate constant has been
discussed before'*"> and is briefly presented below.

For the barrierless (not well-defined) transition states, the
parameters were evaluated canonically for each temperature for
the critical separation, r*(T), based on the maximum Gibbs free
energy criterion as described in refs 24 and 2S. The result
shows that in the temperature range of 350—800 K within
which most of the experimental temperatures lie, the transition
state locates at nearly the same point at R = 13.058 A. In the
sublimation process, only the structures and frequencies of the
subliming NH,/N;O, pair undergo a significant change along
the reaction coordinate, other parts of the relaxed surface have
minor changes. Therefore, only the frequencies of the
subliming NH,/N;O, pair in the relaxed surface (reactant)
and at the transition points are included in the rate constant
calculation; the frequencies of vibrations of other atoms of the
reactant and the transition state are effectively canceled in the
partition function ratio Q*/Q in the above-mentioned eq 1.

dx.doi.org/10.1021/jp307714d | J. Phys. Chem. A 2012, 116, 10836—10841
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The key vibrational frequencies for the NH,/N;O, pair in the
relaxed surface and in the transition state involved in the
sublimation process are listed in SI-III of the Supporting
Information.

The rate constant was calculated by the ChemRate code®®
with D, = 29.4 kcal/mol at R = oo. The predicted values
presented in Figure 4 lie within the scattered experimental
data.”'® The calculated result can be represented as: kq, = 2.18
X 10"%exp (—30.5 kcal/mol/RT) s,

b
1x107 3
1
1x10°

10-‘14 ! T ’ T T T T T T T M T T T 1
0.5 1.0 1.5 2.0 2.5 3.0 35
1000/T (K"

Figure 4. Predicted ADN sublimation/dissociation rate constant. Solid
line is the calculated value; symbols are taken from the experimental
data: @, ref 9 and A, ref 10.

H;N---HON(O)NNO,(g) Decomposition. After sublimation,
the H;N--HON(O)NNO,(g) molecular complex can readily
fragment to HON(O)NNO,(g) + NH;(g) with 13.9
endothermicity predicted at the CCSD(T)/6-311+G(3df,
2p)//B3LYP/6-311+G(3df,2p) level at 0 K. We also calculate
the dissociation energy of H;N--HON(O)NNO,(g) using high
level CBS-APNO>* and CBS-QB3*® methods, calculated values
are 14.1 and 14.3 kcal/mol at the above two levels, respectively.
These 0 K values are slightly larger than the reported
experimental activation energy 11.5 kcal/mol'’ in the temper-
ature range of 353 —413 K due to the nature of the variational
transition states whose entropy of activation (or equivalently
the A-factor) becomes smaller at higher temperatures resulting
in a smaller value of activation energy than the predicted 0 K
energy barrier.

The dissociation rate constant for this complex is calculated
by using the variational RRKM theory”’~>* implemented in the
Variflex code.®® The molecular parameters employed in the
calculation are listed in SI-IV of the Supporting Information;
SI-V displays the variational dissociation curve computed at
the B3LYP/6-311+G(3df, 2p) level and the fitted values using
the Morse potential. Energies at the CCSD(T)/6-311+G(3df,
2p)//B3LYP/6-311+G(3df2p) level are used in the rate
calculation. Figure 5 compares the calculated rate constants
in the range of 107 to 760 Torr Ar pressure and the available
experimental values measured under 107° to ~100 Torr
pressure;'® the agreement appears to be reasonable. The
predicted result shows a strong pressure dependence as one
would expect, although such an effect was not clearly revealed
by the flow study of Korobeinichev and co-workers.'® As also
anticipated, this process is considerably faster than the
desorption of the H;N--HON(O)NNO, complex in step 2
due to the more than 1S5 kcal/mol lower barrier. The high

E
1 i T
107 4 b S
1 - ke -~
4 TR, - ~.
10 ] i = -‘-"‘-l. ki --“'h.
— 1 .., "-.760 Torr
:I_n_‘ . 1 Torr
= 10
] : =107 Torr
27 10 * Torr
107 LA
1 ©.10° Torr
1
10° . . . T : . .
0.8 1.2 1.6 2.0 24 28 32 3.6
-1
1000/T (K"

Figure S. Decomposition rate for H;N--HON(O)NNO, (g) — NH;
(g) + HON(O)NNO, (g). Open circle (O) values are the
experimental measured data in 107 to ~100 Torr Ar (ref 10); open
triangle (A) data taken from the suggested equation (ref 10) k = 10° x
exp (=115 kcal/mol/RT) s~'. Lines from bottom to top are the
calculated values in this work from 1076 to 760 Torr Ar.

pressure limit rate constant for this dissociation of the
molecular complex can be expressed by kg, = 3.18 X 10"
exp (—15.09 kcal/mol/RT) s~

4. CONCLUSIONS

In this article, we have performed first-principles calculations
using the plane-wave DFT for elucidation of the sublimation/
dissociation mechanism of NH,N(NO,),. The result of our
calculations indicates that three distinct steps are involved in
the sublimation process. In the first step, NH,"N;0,”
molecules relax from their crystal structure on the surface
with 1.6 kcal/mol relaxation energy; in the second step, one of
the surface NH,"N;O0,” molecules undergoes proton transfer
and desorbs as the molecular complex Hy;N--HON(O)NNO,
with a 29.4 kcal/mol barrier without an intrinsic transition
state; in the last step, the molecular complex H;N--HON(O)-
NNO, dissociates rapidly to NH; and HON(O)NNO, with
13.9 kcal/mol endothermicity also without a distinct barrier.
The rate constant for the last two steps have been calculated.
The predicted overall sublimation activation energy and the
rate constant are in reasonable agreement with most of the
available experimental data. Furthermore the effect of water on
ADN sublimation is quite different from that on AP; the
sublimation enthalpies for (H,0),--NH,/N;0, (x =0, 1, 2, 3),
29.4, 32.6, 32.8, and 30.0 kcal/mol, are larger than the values
28.1, 21.4, 18.6, and 14.2 kcal/mol for (H,0),—NH,/ClO, (x
=0,1,2, 3).
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