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Abstract

Hildenbrand and coworkers have shown recently that the vapor above solid ammonium
nitrate includes molecules of NH4NO3, not only NH3; and HNOj as previously believed.
Their measurements led to thermochemical values that imply an enthalpy change of Djgg
=98 + 9 kI mol ™" for the gas-phase dissociation of ammonium nitrate into NHz and
HNO;. Using updated spectroscopic information for the partition function leads to the
revised value Daog = 78 + 21 kJ mol ™' [accompanying paper in this journal by
Hildenbrand, Lau, and Chandra]. In contrast, high-level ab initio calculations, detailed in
the present report, predict a dissociation enthalpy half as large as the original result, 50 +
3 kJ mol™'. These are frozen-core CCSD(T) calculations extrapolated to the limiting
basis set aug-cc-pVooZ, using an anharmonic vibrational partition function and a

variational treatment of the NHj; rotor. The corresponding enthalpy of formation is

A;H;y, (NH,NO,, g) =-230.6+ 3 kI mol '. The origin of the disagreement with

experiment remains unexplained.



Introduction

Ammonium nitrate is a commodity chemical, with annual production of about 7 x 10’ kg
in the United States alone.' It is best known for its importance as an agricultural fertilizer
and as an oxidizer in explosive mixtures, but it is also a significant component of
atmospheric aerosols.”” Despite its importance, it was discovered only recently that
heating the solid material produces gas-phase NH4sNO3z molecules in addition to vapors of
ammonia and nitric acid.* Further experimental investigation led to a determination of

the enthalpy of vaporization and to a value for the gas-phase enthalpy of formation,

AH o, (NH NO,, g) =278 + 9 kI mol '.> This experimental report concluded with an

invitation for computational thermochemistry on this system, which motivated the

present study.

Computational Methods and Results

The aug-cc-pVnZ series of basis sets®’ were used for principal computations. Only
valence electrons were correlated in post-Hartree-Fock calculations. Molecular
geometries and vibrations were from the MP2/aug-cc-pVTZ model. External symmetry
numbers of 3, 1, and 1 were assigned based upon the respective point groups: C,, (NH3),
Cs (HNOs), and Cs (NH4NOs). Harmonic vibrational frequencies were all real-valued,
verifying that stationary points were energy minima. Aside from the internal rotor in
NH4NO:; (see below), vibrational zero-point energies and rotational constants were
determined from anharmonic vibrational calculations using second-order perturbation
theory,® as implemented in the Gaussian03 computer program.”'° Vibrational partition

functions were computed from explicit lists of vibrational levels, up to 6000 cm™, as



determined from the anharmonic spectroscopic constants (truncating when necessary to
avoid unphysical, negative energy increments).

The H3N-HNO; complex has three vibrational frequencies below 200 cm™. The
lowest (m; = 55 cm™, a” symmetry) corresponds to internal rotation of the NH; unit.
This torsional barrier is only 43 cm™ at the MP2/aug-cc-pVTZ level [45 cm™ at
QCISD/6-311+G(d,p), 46 cm™ at MP2/6-31G(d), but 64 cm™ at BALYP/6-311++G(d,p)].
The relaxed torsional potential was mapped in 12° increments and energy levels
computed variationally'' using a value of 2.611x10° u m? for the reduced moment of
inertia. An internal symmetry number of 3 was used for this manifold (ground-state
tunneling-splitting = 4.3 cm™). The second-lowest frequency (o = 73 cm™, a”
symmetry) corresponds to motion of the NH; unit out of the plane of the HNOj5 unit; it
resembles the OH torsion mode of free HNOs3, but with the NH3 moiety attached. This
torsional motion has a barrier of about 2870 cm™, which is high enough for the single-
well treatment to be reasonable. The third-lowest frequency (14 =120 cm™, a”
symmetry) is a bending motion that resembles the reaction path for degenerate, internal
H-atom exchange.™'? Scanning this bending coordinate shows the barrier to be about
4000 cm™', again high enough for standard anharmonic treatment. The well known

inversion of the NH; molecule (barrier ~ 1780 cm™)"*'*

was ignored; this is the most
severe physical approximation made in the present partition functions.
Computed rotational constants for the equilibrium geometry are listed in Table 1.

The anharmonic vibrational treatment provides values averaged over the ground

vibrational state, which are more appropriate for comparison with experimental



measurements. These values are also included in Table 1. No corrections were made for
tunneling of the NHj; rotor.

Harmonic and fundamental vibrational frequencies, vibrational constants, and
torsional levels up to 5000 cm™, are summarized in the Supporting Information, including
comparison with experimental fundamentals tabulated by Shimanouchi'*'* for NH; and
HNOs. As shown in the Supporting Information, our results are similar to those obtained
previously, also using vibrational perturbation theory, by Xantheas'> for HNO; (using the
aug-cc-pVDZ basis sets) and by Kumarasiri et al.'® for all three species, NH3;, HNO3, and
NH4NO; [using B3LYP/6-311++G(d,p) potential energy functions]. Our vibrational
zero-point energies are 7467, 5755, and 13867 cm™! for NH;, HNO;, and NH4NO;
respectively.

Electronic energies were determined by extrapolating Hartree-Fock (HF) and
correlation energies, separately, to the limit aug-cc-pVoZ. HF energies were computed
using aug-cc-pVnZ basis sets (N = 3, 4, 5) and extrapolated assuming exponential
dependence upon n.'” CCSD(T) correlation energies were computed for n = 3 and 4 and
extrapolated assuming n behavior.'"® Energies and atomic coordinates are tabulated in
the Supporting Information.

The present results provide estimates for the thermochemistry for gas-phase
dissociation, reaction (1).

NH,NO,(g) = NH,(g) + HNO,(g) (1)
Predictions are summarized in Table 2. The enthalpy of formation at 298.15 K was

computed via the dissociation reaction by using the reference values A H,,, (NH3) =

—45.94 £ 0.35 kI mol” and A, H},, (HNO3) =—134.3 + 0.5 kJ mol"."** The dissociation



reaction was selected because it shows excellent correlation balance (AEco: = 11 kJ
mol'l), in contrast to the atomization reaction (AEo = —1449 kJ mol'l).21 Although
atomization reactions were not used in this analysis, the present calculations are adequate

to make them tractable. For example, we find A H,, (NH3) =—-44.7 kJ mol™ and

A H?,, (HNO;3) = —132.8 kJ mol™ by atomization, which are both within 2 kJ mol™ of the

reference values cited above. The standard uncertainty associated with our predictions
for NH4NOj is estimated to be somewhat larger, 3 kJ mol™, because of the challenging
vibrational structure. Temperature-dependent thermodynamic functions are summarized
in Table 3. For temperatures other than 298.15 K, enthalpy functions for the elements in
their standard states were taken from the JANAF tables.”

Truncating the vibrational manifold is a mathematical approximation that reduces
the calculated entropy and heat capacity. For example, truncating at 4500 cm™ instead of
6000 cm™', a worse approximation, changes the computed properties of molecular
NH,NO; at T=3500 K: Sby —3.0 Jmol” K, C, by —20.6 J mol™ K!, H(500)-H(0) by
~1.4 kJ mol’!, and AH by -1.3 kJ mol™!. These are substantial changes. However, at T =
400 K the changes are much smaller: S by —0.4 J mol™ K, Cpby —4.51] mol™ K,
H(400)-H(0) by —0.1 kJ mol™', and AH by —0.1 kJ mol". The values at 500 K (kT ~ 348
cm’™") are the most uncertain in the Tables. The errors in the partition functions from
physical approximations, described above, remain unquantified but are probably larger

than that from truncation at 6000 cm".



Discussion
Earlier computations established that free molecules of ammonium nitrate are not ionic,

but strongly hydrogen-bonde g.3-12.16.23-25

This is confirmed by an experimental
microwave study by Ott and Leopold.”® However, detailed structural interpretation of the
microwave data was hindered by the sensitivity of the results to assumed geometries of
the monomers within the complex. Moreover, the A and B rotational constants (but not
C) depend upon the internal NHj rotor. Experimental values of these constants are
compared with the present values in Table 1. The theoretical structure appears to be
slightly too extended.

Literature values of the zero-temperature enthalpy change for reaction (1) are
summarized in Table 4. The present CCSD(T) result, which has been extrapolated to the
aug-cc-pVooZ basis-set asymptote, is in good agreement with more approximate
calculations, as anticipated by Nguyen et al.> However, theory is not in agreement with
the experimental measurement.

Compared with theoretical predictions, the experimental thermochemistry
corresponds to greater stability of gaseous NH4NOs. A possible explanation could be that
dimers, (NH4NOs),, exist in the gas, but that they are overlooked because their mass
spectra do not show parent ions. This would exaggerate the apparent abundance of
NH,NOs in the vapor, causing an increased stability to be inferred. Earlier work'>'®
established that the gas-phase dimer has an ionic structure, unlike the neutral, hydrogen-
bonded monomer, but its energetics has not been investigated. As a check, we performed
routine G3(MP2) calculations®’ to determine the stability of the dimer (expected

uncertainty = 10 kJ mol™"). At 298 K, the prediction for dissociation into two molecules



of NH4NO; is AH® = 58 kJ mol™, AS® =202 J mol” K'!, and AG® = -2 kJ mol”". This

corresponds to an equilibrium constant K =exp(-AG"/RT)=p2__ / Paimer = 2 bar. At
equilibrium, the corresponding pressure is py... = Posomer /K = Prosomer ( Prnonomer /K ) -

Since K = 2 bar and Pmonomer = 1077 balr,5 Pdimer << Pmonomer and the dimer is not expected
to interfere with the experiment. The disagreement between theory and experiment
remains unexplained.

The experimental measurement most directly yields the enthalpy of sublimation,

A® H;,. =107 21 kJ mol™, which is combined with a literature value of the enthalpy of

formation of solid NH4;NOj to yield the corresponding gas-phase value.”® Using the

reference values A, H; (NHsNOs, cr) = -350.6 = 1.0 kJ mol ™ and A, H;,, (NH4NO3, cr) =

-365.6 + 1.0 kJ mol™,* our best computations correspond to sublimation enthalpies of
A®H; =138.5+3 kI mol” and A% Hj,, =135+ 3 kJ mol™.

Expressed in spectroscopic energy units, the dissociation energy [reaction (1)] is
Do =4060 £ 250 cm™ from theory (this work) and Dy = 6400 + 1750 cm™ from
experiment.”® Many two-quantum vibrational levels lie between these two energies.

Thus, spectroscopic studies of the predissociation threshold would be valuable.

Supporting Information

10 Tables: harmonic and fundamental frequencies, anharmonicity constants Xij, atomic
coordinates, and electronic energies for NH3;, HNO;, and NH4NOs3; torsional potential and
energy levels for NH4NO;. This material is available free of charge via the Internet at

pubs.acs.org.
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Table 1. Rotational constants (in GHz) for gas-phase NH4NO:s.

Method A B C ref.
Experiment 12.4382(4) 2.6560627(4) 2.1959697(4) *°
MP2/aug-cc-pVTZ (Ry)  11.975 2.649 2.195 present work
MP2/aug-cc-pVTZ (Re)  12.042 2.673 2.213 present work
MP2/6-311++G(d,p) (R.) 11.984 2.630 2.182 }

Table 2. Ab initio thermochemistry for the gas-phase dissociation reaction, NHsNO; =

NH; + HNO:;s.

T (K) AH(T) AS AG(T)
(kJ mol'l) (J mol™! K'l) (kJ mol'l)
0 48.6 48.6
100 50.5 116.6 38.8
200 50.8 118.9 27.0
298.15 50.4 117.2 154
300 50.3 117.2 15.2
400 49.2 114.0 3.6
500 47.5 110.3 —7.6

Table 3. Enthalpy of formation and ideal-gas thermodynamic functions for ammonium

nitrate, NH4NOs(g), implied by results in Table 2.

T (K) S Co H(T) —H(0)  AH(T)
Jmol' K" (Imol'K") (kImol") (kI mol™)
0 0 212.1
100 261.1 58.7 4.7 -220.6
200 307.8 77.9 11.6 -226.5
298.15 342.4 97.1 20.2 -230.6
300 343.0 97.5 20.3 -230.7
400 373.9 117.8 31.1 -233.1
500 401.8 130.4 43.7 -233.9




Table 4. Zero-temperature dissociation energy of the ammonia-nitric acid complex.

Method AmyHo ref.
(kJ mol™)
Experiment 77+ 21 =

CCSD(T) asymptote 48.6+3  present work

MP2 asymptote 48.9 present work
MP2/6-311++G(d,p)  51.3 12
MP2/6-311++G(d,p)  51.3 3
MP2/6-311++G(d,p)*  54.5 23
MP2/6-31+G(d) 58.5 12

HF asymptote 37.3 present work
HF/6-311++G(d,p)* 50.3 3

HF/4-31G 91.4 =
B3LYP/6-311++G(d,p) 51.8 12

? With counterpoise correction for basis-set superposition error, but no vibrational zero-point correction.
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