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Electronic structure calculations have been performed to investigate the initial steps in the gas-phase
decomposition of urea and urea nitrate. The most favorable decomposition pathway for an isolated urea molecule
leads to HNCO and NH3. Gaseous urea nitrate formed by the association of urea and HNO3 has two isomeric
forms, both of which are acid-base complexes stabilized by the hydrogen-bonding interactions involving the
acidic proton of HNO3 and either the O or N atoms of urea, with binding energies (D0°, calculated at the
G2M level with BSSE correction) of 13.7 and 8.3 kcal/mol, respectively, and with estimated standard enthalpies
of formation (∆fH298°) of -102.3 and-97.1 kcal/mol, respectively. Both isomers can undergo relatively
facile double proton transfer within cyclic hydrogen-bonded structures. In both cases, HNO3 plays a catalytic
role for the (1,3) H-shifts in urea by acting as a donor of the first and an acceptor of the second protons
transferred in a relay fashion. The double proton transfer in the carbonyl/hydrogen bond complex mediates
the keto-enol tautomerization of urea, and in the other complex the result is the breakdown of the urea part
to the HNCO and NH3 fragments. The enolic form of urea is not expected to accumulate in significant quantities
due to its very fast conversion back to H2NC(O)NH2 which is barrierless in the presence of HNO3. The
HNO3-catalyzed breakdown of urea to HNCO and NH3 is predicted to be the most favorable decomposition
pathway for gaseous urea nitrate. Thus, HNCO+ NH3 + HNO3 and their association products (e.g., ammonium
nitrate and isocyanate) are expected to be the major initial products of the urea nitrate decomposition. This
prediction is consistent with the experimentalT-jump/FTIR data [Hiyoshi et al.12th Int. Detonation Symp.,
Aug 11-16, San Diego, CA, 2002].

I. Introduction

Salts composed of an organic cation and an oxygen-rich anion
comprise an important class of energetic materials with the
attractive property that fuel and oxidizer components can be
combined in a single stable compound. By varying the chemical
nature of either or both ions, an energetic material can be tailored
to fit specific requirements. Consideration of environmental
impact and toxicity is particularly important in the design of
energetic materials. Thus, organic nitrates and dinitramides (salts
of HN(NO2)2), which are typically biodegradable and produce
environmentally relatively benign combustion products, are of
prime interest as replacements for conventional inorganic
energetic salts such as ammonium perchlorate.

We report here the results of an electronic structure study of
the mechanisms and energetics of the gas-phase decomposition
of urea and urea nitrate. Urea nitrate (UN) is a relatively stable
and well-studied representative of energetic organic salts. The
practical use of UN as an explosive is limited due to its strong
acidity. Nevertheless, UN is a relatively low-cost, low-sensitiv-
ity, and high-performance energetic material suitable for
experimental and modeling studies of general detonation
phenomena. Its detonation properties have been studied
experimentally1-3 and computationally.4

Two principal decomposition channels have been suggested
for UN(s) (we distinguish solid-phase urea nitrate UN(s) from

an isolated UN(g) molecule) based on aT-jump/FTIR spectro-
scopic study:5

Channel (1) accounts for the formation of HNCO observed in
the early stages of pyrolysis and for the appearance of
ammonium nitrate (NH4NO3) vapor at longer reaction times.
However, if the reaction occurs under harsher conditions, CO2

and N2O are produced in higher concentrations than HNCO,
presumably by a different channel (2). In addition, NH3, H2O,
ammonium isocyanate (NH4NCO), and small amounts of NO
and NO2 have been identified among the products of the UN(s)
pyrolysis. Nitric acid was also observed but only for a very
short time (3-5 s) in the beginning of the decomposition
reaction, probably from the reversible UN dissociation to urea,
NH2C(O)NH2, and HNO3:5

Interestingly, gaseous urea could not be detected at the same
conditions. Its disappearance was explained by a fast rearrange-
ment to NH4NCO. However, the mechanistic details of this
reaction as well as the elementary steps involved in the
decomposition channels (1) and (2) could not be unambiguously
determined from the spectroscopic data.
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UN(g) h HNO3 + NH2C(O)NH2 (4)
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A decomposition pathway for UN(g) was proposed by Kohno
et al.6 on the basis of quantum-chemical calculations at the HF,
B3LYP, and MP2 levels of theory with the 6-31++G(2d,p)
basis set. They found that the isolated UN molecule has the
structure of an eight-membered cyclic acid-base complex
[(NH2)2CO‚‚‚HONO2] stabilized by two hydrogen bonds and
calculated the potential energy profile for the two-step decom-
position sequence (Scheme 1). The first step is (1,3) H-transfer
between the two NH2 groups of urea. Then NH3 is eliminated
from the zwitterionic intermediate formed in the first step.
Finally, NH3 can react with HNCO and HNO3 to produce the
experimentally observed ammonium isocyanate (NH4NCO) and
nitrate (NH4NO3), respectively.5 There is a barrier of 48 kcal/
mol (MP2/6-31++G(2d,p), T ) 0 K) for the urea part to
decompose into NH3 and HNCO fragments. This barrier is much
higher than the dissociation energy of UN(g) to urea and nitric
acid calculated at the same level of theory which is∆(4)H0° )
14.0 kcal/mol, implying that detectable amounts of gaseous urea
and HNO3 should have been produced in the early stages of
the UN pyrolysis.5 As mentioned above, gaseous urea was not
observed in theT-jump/FTIR pyrolytic study5 of urea nitrate,
suggesting that an alternative, more facile process must be
responsible for the rapid conversion of urea to HNCO and NH3

in the presence of nitric acid.
The reverse reaction of urea synthesis from NH3 and HNCO

(or NH4NCO) is the Wo¨hler reaction7 which occurs spontane-
ously in water solution and in solid NH4NCO open to the
atmosphere. Recently, the mechanism of this reaction was
investigated by Tsipis and Karipidis8,9 using quantum-chemical
calculations at the B3LYP/6-31G(d,p) and CBS-QB3 levels of
theory and by Estiu and Merz10 at the solvent-corrected MP2/
6-311++G(d,p) level. The gas-phase bimolecular reaction of
NH3 with HNCO to form urea proceeds via a four-center
transition state for the NH3 addition to the CdN double bond
in HNCO (Scheme 2). The calculated barriers (CBS-QB3,T )
0 K) are 33 and 49 kcal/mol for urea formation and decomposi-
tion, respectively.9 These barriers are too high to allow a rapid
conversion between NH3 + HNCO and urea at normal condi-
tions; however, the theoretical results8-10 predict a significant
catalytic effect of H2O and/or NH3 molecules on this process.
The (H2O)n or (NH3)m catalyst molecules (casesn ) 1, 2 and
m ) 1 were explicitly studied) facilitate the Wo¨hler reaction
through a H-transfer relay mechanism, which involves a
nucleophilic attack of NH3 on the C atom of HNCO concerted

with a series of H-shifts from the NH3 reactant molecule to the
N atom of HNCO via a hydrogen-bonded network of (H2O)n
or (NH3)m catalyst molecules. Scheme 3 illustrates the mech-
anism of urea synthesis from NH3 and HNCO catalyzed by one
H2O molecule via a six-center transition state.

This H2O-catalyzed reaction proceeds in three steps: (1)
reactants associate in a termolecular complexR3; (2) NH3 adds
to the CdN double bond in HNCO via a six-center transition
state TS3(cat) where the H2O molecule mediates the H-transfer
in a relay fashion; (3) the H2O and urea molecules are released
from the complexP3 produced in the previous step. The
effective barrier for the H2O-catalyzed urea synthesis (the energy
of TS3(cat) relative to NH3 + HNCO+ H2O) reported by Tsipis
and Karipidis9 is 10 kcal/mol (CBS-QB3,T ) 0 K), which is
23 kcal/mol lower than the barrier for the uncatalyzed reaction.
A qualitatively similar catalytic effect of water has been reported
by Estiu and Merz10 at the MP2/6-311++G(d,p) level of theory.
The water molecule facilitates the reverse reaction as well. Thus,
previous studies8-10 suggest that at high temperature an equi-
librium is expected between the reactants and products in
Scheme 3 that shifts more toward NH3 + HNCO + H2O with
increasing temperature.

The experimental study of the UN pyrolysis5 indicates that a
rapid conversion of urea to NH3 and HNCO occurs in the early
stages of the pyrolysis in the presence of nitric acid. In view of
a very sizable catalytic effect of water on urea decomposition,8-10

we envisage that nitric acid should serve as a catalyst of this
process, rather than play a spectator role (cf. Scheme 1), which
prompts us to look for alternative lower energy pathways for
UN(g) decomposition.

II. Theoretical Methods

Quantum-chemical calculations were performed with the
GAUSSIAN03 suite of programs.11 Geometric optimization of
the structures and harmonic vibrational frequency calculations
were done with DFT12,13 using the B3LYP hybrid gradient-
corrected approach of Becke14 and the recently proposed BB1K
density functional.15 The latter is a hybrid version of the BB95
density functional that mixes Becke’s 1988 gradient corrected
exchange14b and 1995 kinetic-energy-dependent correlation16

functionals with the fraction of HF exchange optimized for the
prediction of thermochemical kinetics against a data set of
reaction energies and forward and reverse barriers.15 Our choice
of the B3LYP density functional is primarily due to its well-
documented good performance for geometry optimization of
equilibrium structures, where the B3LYP geometric parameters
are typically of the same quality as those obtained at higher
levels of theory, such as MP2 and QCISD.17 The BB1K density
functional, on the other hand, has been shown to provide good
quality molecular and transition state geometries15 as well as
good results for a combination of thermochemical kinetics and

SCHEME 1

SCHEME 2
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nonbonded interactions.18,19 All geometry optimizations em-
ployed a diffuse 6-311++G(d,p) basis set20 to better describe
the long-range hydrogen bonding in the complexes of nitric acid
and the transient structures with ionic character.

The decomposition mechanisms studied here involve proton
transfer. Since DFT calculations are known to underestimate
proton-transfer barriers in the prototypical [H2O+H‚‚‚OH2]21,22

and [H3N+H‚‚‚NH3]23 complexes, more accurate estimations
were obtained with MP2 and higher level calculations. To test
the accuracy of the DFT-optimized structures, we also performed
some geometry optimizations at the MP2 level with the same
6-311++G(d,p) basis set. No geometric constraints were applied
during the optimization calculations, which were done using
the analytical gradient-based Berny24 and modified GDIIS25

algorithms. All stationary points were characterized by the
number of imaginary vibrational frequencies. Transition states
were assigned to elementary reactions in accordance with the
minimum-energy paths (MEPs) calculated by following intrinsic
reaction coordinates (IRC)26 from the transition states to the
reactants and products.

Previous studies27-29 indicate that both B3LYP-DFT and MP2
methods provide accurate molecular parameters and adequate
description of hydrogen-bonding and proton-transfer mecha-
nisms in small ammonium and hydroxylammonium nitrate
clusters. However, higher levels of theory must be employed
to obtain more reliable energetics. Herein, higher-level energetic
parameters were determined for the most important transforma-
tions by the G2M method.30 The G2M family of composite
methods is based on performing high-level single-point energy
calculations on structures optimized at the B3LYP-DFT level.
A number of variations of the G2M method are available,
suitable for systems of different size. For the present molecules
containing up to eight non-hydrogen atoms, the G2M(RCC,MP2)
scheme has been chosen in this study:

This scheme approximates the CCSD(T)/6-311+G(3df,2p)
electronic energy from the base energy,E[CCSD(T)/6-311G-
(d,p)], and a basis set extension correction,∆E(+3df,2p). The
base energy is determined by the closed-shell coupled cluster
singles and doubles theory augmented with a perturbation
correction for triple excitations31-35 with the standard triple-ú
basis set. The∆E(+3df,2p) term evaluated at the MP2 level of
theory corrects for the absence of the diffuse and higher
polarization functions in the basis set used in the calculation of
the base energy. A frozen core approximation is used in the
CCSD(T) and MP2 calculations.

In the present use of the G2M method, all higher-level single-
point calculations were performed on the geometries optimized
by the B3LYP/6-311++G(d,p) method; zero-point vibrational

energy (ZPE) corrections were calculated from the unscaled
vibrational frequencies obtained at the same level; and the
empirical higher level corrections30 (HLCs) were omitted. All
reactions considered in this study are isogyric (have a conserved
number of electron pairs in the reactants, transition states, and
products), in which case HLCs cancel out in all relative energies.

III. Results and Discussion

Urea Decomposition.To better understand the decomposition
mechanism of urea nitrate, we begin by briefly revisiting the
transformations of an isolated urea molecule. Urea (1) has been
the subject of a number of theoretical electronic structure
studies.36-43 Its unimolecular transformations received less
attention, but the mechanisms of the two key reactions have
recently been studied by Tsipis and Karipidis8,9 at the B3LYP/
6-31G(d,p) and CBS-QB3 levels of theory and by Estiu and
Merz10 at the MP2/6-311++G(d,p) level. Those two reactions
are keto-enol tautomerization (eq 5) and deamination (eq 6):

Other possible urea decomposition pathways, such as N-H
or C-N bond scissions or H2 elimination, are not expected to
be competitive. We have investigated the most important
unimolecular transformations of urea (reactions 5 and 6) using
the present methods (section II). In addition, we have also
considered various decomposition pathways originating from
the enolic form of urea (2):

The urea isomer (2) has four conformations (2a-2d) corre-
sponding to different combinations of the OH torsional angle
and cis-trans orientation of the imino-(N-H) bond (see Figure
1). Since each conformation is nonplanar, it exists in two
enantiomeric forms. Molecular structures of conformations2a-
2d and interconversion pathways between them have been
computed earlier by Tsipis and Karipidis8 at the B3LYP/6-31G-
(d,p) level of theory. Similar results are obtained in this work
using higher level methods. Therefore, only a brief account of
the energetics calculated at the highest level of theory will be
given here. Further details can be found in the Supporting
Information for the present and earlier8 studies.

SCHEME 3

E[G2M(RCC,MP2)]) E[CCSD(T)/6-311G(d,p)] +
∆E(+3df,2p)+ ZPE (I)

∆E(+3df,2p)) E[MP2/6-311+ G(3df,2p)]-
E[MP2/6-311G(d,p)] (II)

NH2CONH2 (1)98
TS1-2

NH2C(OH)NH (2) (5)

NH2CONH2 (1)98
TS1-3

NH3 + NHCO (3) (6)

NH2C(OH)NH (2)98
TS2-3

NH3 + HNCO (3) (7)

NH2C(OH)NH (2)98
TS2-4

NH3 + HOCN (4) (8)

NH2C(OH)NH (2)98
TS2-5

H2O + HNCNH (5) (9)

NH2C(OH)NH (2)98
TS2-6

H2O + H2NCN (6) (10)
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Conformation2a is the lowest energy enolic form of urea.
At the G2M level conformations2b, 2c, and2d are predicted
to be less stable by 1.8, 3.2, and 6.9 kcal/mol, respectively.
Transitions from2a to 2b and from2d to 2c involve an internal
rotation of the imino-(N-H) bond about the CdN double bond
hindered by∼20 kcal/mol in both cases. The torsional motion
of the O-H group about the C-O bond in2 is more facile. It
connects conformations2a to 2d and2b to 2c over the barriers
of 8.5 kcal/mol (TS2a-d) and 4.0 kcal/mol (TS2b-c).

Figure 1 shows the complete network of urea isomerization/
decomposition pathways satisfying reactions 5-10. The most
important transformations are designated by wide arrows. The
energetic parameters given in Figure 1 were calculated by the
G2M method, and they are used in the following discussion.
Urea (1) may either isomerize to its tautomeric form2a over a
barrier of 44.2 kcal/mol or eliminate the NH3 molecule after
clearing a slightly higher barrier of 48.6 kcal/mol. Our G2M
estimates of these barriers are in excellent agreement with the
CBS-QB3 values (44.0 and 48.6 kcal/mol) reported by Tsipis
and Karipidis.9 Four conformations of2 may interconvert
between each other and access various decomposition path-
ways: H2O eliminations yielding carbodiimide HNCNH (from
2a and2b) or cyanamide NH2CN (from 2c); NH3 eliminations
leading to either isocyanic acid HNCO (from2c and 2d) or
cyanic acid HOCN (from2a and 2d). Among the latter
processes, the NH3 eliminations to produce HNCO via TS2c-3

and TS2d-3 have the lowest barriers. However, none of the
deamination and dehydration pathways originating from the
enolic forms of urea (2a-2d) are more favorable than their
isomerization back to urea followed by its decomposition to
NH3 and HNCO via TS1-3.

Detailed molecular structures of the species and transition
states shown in Figure 1 as well as the energetics calculated at
various levels of theory are provided in the Supporting Informa-
tion. The predicted thermochemistry of several product channels
can be benchmarked against that derived from the literature
values of the enthalpies of formation (∆fH0°) of urea (-52.7

kcal/mol),44 NH3 (-9.3 ( 0.1 kcal/mol),45 HNCO (-27.6 (
0.2 kcal/mol),46 and HOCN (-3.1( 0.2 kcal/mol).46 The G2M
energies of the NH3 + HNCO (3) and NH3 + HOCN (4)
products relative to urea (1) are in good agreement (within 1.1
kcal/mol) with the reference values (see Figure 1). The energetic
parameters calculated by DFT methods are less accurate. For
instance, the enthalpy of urea decomposition to HNCO and NH3

is underestimated by 3.0 kcal/mol at the B3LYP/6-311++G-
(d,p) level and overestimated by 2.0 kcal/mol by the BB1K
density functional with the same basis set.

Molecular Structure of Urea Nitrate. The crystal structure
of urea nitrate has been determined by neutron47 and X-ray
diffraction.48 According to these experimental studies, crystalline
urea nitrate is a salt composed of the nitrate and protonated
urea ions with an acidic proton attached to the O atom of urea.
The molecular structure of urea nitrate in the gas phase has been
studied theoretically by Kohno et al.6 at the HF, B3LYP-DFT,
and MP2 levels with the 6-31++G(2df,p) basis set. These
calculations revealed that an isolated UN molecule does not
exist as an ionic pair but has the structure of an acid-base
molecular complex stabilized by partial donation of the acidic
proton from HNO3 to the carbonyl group of urea. However,
the isomerism of the gas-phase urea nitrate has not been studied.
In the present work, we explored various possibilities for the
association of urea with nitric acid in the gas phase and found
additional isomeric forms of the molecular complex thus
produced. The corresponding structures and conformational
transitions calculated by B3LYP-DFT and MP2 methods with
the 6-311++G(d,p) basis set are illustrated in Figures 2 and 3,
which also display the geometric parameters for the two major
isomers optimized with BB1K-DFT.

The lowest energy isomer7a is an eight-membered cyclic
acid-base complex stabilized by two hydrogen bonds. The
stronger O(2)-H(a)‚‚‚O(1) hydrogen bond withr(H(a)‚‚‚O(1)) ∼
1.6 Å is between the urea O atom and the hydroxyl group of
HNO3, whereas the weaker N(1)-H(b)‚‚‚O(3) hydrogen bond with
r(H(b)‚‚‚O(3)) ∼ 2.0 Å links one of the urea NH2 groups to the

Figure 1. Urea isomerization, deamination, and dehydration pathways. All energies (T ) 0 K, ZPE-corrected, in kcal/mol) are given relative to
urea (1) as calculated by the G2M method; the reference values are given in square brackets.
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NO2 residue of HNO3. By analyzing the potential energy profile
for internal rotation of HNO3 about the O(2)-H(a)‚‚‚O(1) bond,
we found two additional nearly degenerate local minima,7b
and7c. They are the six-membered hydrogen-bonded complexes
with a N(2)-H(b)‚‚‚O(2)-H(a)‚‚‚O(1) hydrogen-bonding pattern
involving the hydroxyl group of HNO3 in a dual role of the
proton donor (to the carbonyl group of urea) and acceptor (from
the NH2 group of urea). Both forms7b and7care very shallow
minima separated from each other by a torsional barrier ofe0.1
kcal/mol. The conversion of forms7b and7c to 7a also has a
low torsional barrier ofe0.1 kcal/mol. Besides the carbonyl
group, each NH2 group may also be a proton acceptor due to
the presence of a lone electron pair on the N atom. Therefore,
we have also searched for possible isomeric forms of urea nitrate

stabilized by the O(2)-H(a)‚‚‚N(1) hydrogen bond between the
hydroxyl group of HNO3 and the N atom of urea. The complete
torsion potentials for internal rotation of HNO3 about the O(2)-
H(a)‚‚‚N(1) bond are shown in Figure 3. Both MP2 and DFT
optimization methods locate the minimum (8a) atτ ∼ 80°. This
conformation allows for the second hydrogen bond to be formed
between the second NH2 group of urea and the NO2 residue of
HNO3. Thus, in addition to the stronger O(2)-H(a)‚‚‚N(1)

hydrogen bond withr(H(a)‚‚‚N(1)) ∼ 1.8 Å, conformation8a is
also stabilized by the weaker N(2)-H(b)‚‚‚O(3) hydrogen bond
with r(H(b)‚‚‚O(3)) ∼ 2.2 Å. The MP2-optimized torsion potential
shown in Figure 3 has another minimum (8b) atτ ∼ 230°, which
appears as a very small dip on the wide shoulder between form
8aand the torsional barrier TS8a-b. This small dip is not present

Figure 2. Interconversion scheme and molecular structures (bond lengths in Å) of the urea nitrate conformations7a-7c. Energies (T ) 0 K,
ZPE-corrected, in kcal/mol) are given relative to the most stable form7a. Geometric and energetic parameters were calculated using the B3LYP-
DFT (values in italics), BB1K-DFT (values in square brackets), and MP2 (values in parentheses) optimization methods with the 6-311++G(d,p)
basis set.

Figure 3. N(3)-O(2)-H(a)‚‚‚N(1) torsional potential (T ) 0 K, ZPE-correction not included) and molecular structures (bond lengths in Å) of the urea
nitrate conformations8a and8b. Geometries and energies along the torsional profile were calculated using the B3LYP-DFT (solid line, values in
italics), BB1K-DFT (values in square brackets), and MP2 (dashed line, values in parentheses) optimization methods with the 6-311++G(d,p) basis
set.
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in the B3LYP-DFT torsion potential, which otherwise is
qualitatively similar to the MP2-optimized torsion potential.

To summarize, the UN molecule in the gas phase has the
structure of an acid-base complex stabilized primarily by the
hydrogen-bonding interactions due to partial donation of the
acidic proton from HNO3 to urea. In urea the electronegative
O and N atoms can serve as the proton acceptor sites. Thus,
two major isomers7 and 8 can be formed as a result of the
partial protonation of urea by HNO3 at either the carbonyl or
amino groups, respectively. Both isomers have the lowest energy
conformations7a and 8a that are distinctly more stable than
other forms found as shallow local minima on the torsion
potential energy profiles for the urea nitrate isomers. In fact,
these other forms, e.g.,7b, 7c, and8b, are easily converted to
the more favorablea-forms via torsional motions hindered by
barriers of less than 0.1 kcal/mol.

Enthalpy of Formation of Gaseous Urea Nitrate.In the
following discussion, for brevity we will omit letters from the
isomer notations and collectively refer to forms7a-c and8a,b
as isomers7 and8, respectively. Their energetic and molecular
parameters will be taken as those of the most stablea-
conformations. It is worth noting that geometric parameters
optimized in this study by the B3LYP-DFT and MP2 methods
with the 6-311++G(d,p) basis set are very consistent with each
other, and our optimized geometries of the most stable isomer
7 closely agree with those reported by Kohno et al.,6 who used
B3LYP-DFT and MP2 optimization methods with the 6-31++G-
(2df,p) basis set. The structures optimized with the BB1K
density functional have slightly shorter covalent bonds compared
to those predicted by the B3LYP-DFT and MP2 methods; the
differences are in the range of 0.01-0.04 Å. These differences
are consistent with a relatively large fraction (42%) of HF
exchange in the BB1K functional (the HF level of theory
systematically underestimates covalent bond lengths). All
optimization methods predict fairly consistent values for the
lengths of hydrogen bonds in both7 and8.

We can estimate the enthalpies of formation of the urea nitrate
isomers in the gas phase on the basis of their calculated binding
energies and experimental enthalpies of formation of urea44 and
nitric acid.49 Table 1 lists the binding energies for molecular
complexes7 and8 calculated as the enthalpies of the following
reactions:

For comparison, we have also included in Table 1 the
previously calculated binding energies of gaseous ammonium
nitrate (AN)27,29and hydroxylammonium nitrate (HAN)28,29with
respect to their dissociation according to eqs 13 and 14,

respectively:

The basis set superposition error (BSSE) must be accounted
for in order to derive more accurate interaction energies for
molecular complexes. The BSSE results in unphysical lowering
of the complex energy relative to the energies of separate
fragments when finite basis sets are used to calculate the
interaction energy. We applied the standard counterpoise (CP)
correction,50,51 which attempts to correct for energy lowering
of each fragment by extending the basis set with ghost orbitals
of the other fragment. Some reports, however, suggest that this
scheme does not guarantee a systematic improvement of
theoretical predictions.52 Therefore, the binding energies of the
hydrogen-bonded complexes of urea and ammonia with HNO3

were evaluated with and without the counterpoise (CP) correc-
tions; the extended 6-311+G(3df,2p) basis set was employed
to get more accurate estimates. At all theory levels the CP
corrections were applied a posteriori; i.e., they were calculated
for structures optimized on the uncorrected potential energy
surfaces. The results in Table 1 indicate that the magnitude of
CP corrections strongly depends on the computational method
and basis set. The smallest corrections (∼1 kcal/mol) are
calculated for DFT methods with the 6-311++G(d,p) basis, and
the largest CP values of 4-5 kcal/mol apply to MP2 and CCSD-
(T) energies calculated with the 6-311G(d,p) basis set. The CP
corrections decrease with increasing basis set, so that they
amount to only 1-2 kcal/mol for MP2/6-311+G(3df,2p) and
G2M methods. This warrants cautious optimism that the
6-311+G(3df,2p) basis set is sufficiently large to provide
estimates of binding energies accurate to within 2 kcal/mol when
used with correlated levels of theory, such as MP2 and G2M.

Different levels of theory consistently predict that urea nitrate
isomer7 is the strongest bound molecular complex, followed
by the complexes of NH2OH and NH3 with HNO3 and by isomer
8. This in turn suggests that the urea O atom has a stronger
base character than the N atoms in urea, NH2OH, and NH3. At
the highest level of theory (G2M with CP correction) the binding
energies for7, 8, and AN(g) are 13.7, 8.3, and 10.2 kcal/mol,
respectively. These binding energies in combination with the
experimental enthalpies of formation (∆fH0°) of urea (-52.7
kcal/mol),44 ammonia (-9.3 kcal/mol),45 and nitric acid (-29.7
kcal/mol)49 yield the following enthalpies of formation atT )
0 K: ∆fH0°(7) ) ∆fH0°(1) + ∆fH0°(HNO3) - D0°(7) ) -96.1
kcal/mol,∆fH0°(8) ) -90.7 kcal/mol, andDfH0°(AN) ) -49.2
kcal/mol. Including thermal corrections calculated using theo-
retical (B3LYP/6-311++G(d,p)) harmonic vibrational frequen-
cies leads to the following values for the standard enthalpies of

TABLE 1: Binding Energiesa for the Molecular Complexes of Urea, Ammonia, and Hydroxylamine with HNO3

D0°(7) D0°(8) D0°(AN) D0°(HAN)

methodb no CP CP no CP CP no CP CP no CP

B3LYP/6-311++G(d,p) 14.95 14.17 8.46 7.38 12.39 11.24 12.73c

BB1K/6-311++G(d,p) 15.39 14.52 8.81 7.66 12.54 11.40 12.89
MP2/6-311++G(d,p) 13.81 10.89 10.16 7.00 12.27 9.49 12.70c

MP2/6-311G(d,p) 14.88 10.47 12.14 7.37 14.25 9.18 14.61
CCSD(T)/6-311G(d,p)) 15.07 10.60 12.10 7.28 13.87 8.82 14.27
MP2/6-311+G(3df,2p) 15.21 13.53 9.90 8.36 11.74 10.52 13.23
G2M(CC,MP2) 15.41 13.66 9.86 8.27 11.36 10.17 12.90

a ZPE-corrected, in kcal/mol,T ) 0 K. b Geometry optimization was performed at the B3LYP, BB1K, and MP2 levels with the 6-311++G(d,p)
basis set. All other calculations were done using the B3LYP/6-311++G(d,p) geometries and ZPE corrections.c From ref 29. Binding energies are
given for the most stable isomer of hydroxylammonium nitrate (HAN); geometries were optimized by the B3LYP/6-311++G(d,p) method.

7 f NH2C(O)NH2 + HNO3 (11)

8 f NH2C(O)NH2 + HNO3 (12)

AN(g) f NH3 + HNO3 (13)

HAN(g) f NH2OH + HNO3 (14)
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formation of gaseous urea and ammonia nitrates:∆fH298°(7)
) -102.3 kcal/mol, ∆fH298°(8) ) -97.1 kcal/mol, and
∆fH298°(AN) ) -53.8 kcal/mol. These estimates should be
accurate to(3 kcal/mol.

Regarding the performance of other methods listed in Table
1, we can comment that using a large basis set in combination
with the second-order perturbation treatment of electron cor-
relation is sufficient to obtain reliable binding energies for the
molecular complexes studied. B3LYP and BB1K DFT func-
tionals give very similar predictions of binding energies that
are within 2 kcal/mol from the G2M benchmark values.
However, the errors exhibit a nonsystematic behavior. For
instance, DFT methods overestimate the stability of the am-
monia-nitric acid complex and UN isomer7 but underestimate
the binding energy of isomer8.

Catalytic Effect of HNO3 on Urea Transformations.
Molecular complexes7 and 8 are each stabilized by two
hydrogen bonds between the urea and HNO3 parts arranged in
such a manner that makes possible a double proton transfer
within the cyclic hydrogen-bonded structure. Figure 4 illustrates
the mechanism of the double proton transfer in the most stable
a-forms of complexes7 and8, where two endocyclic protons
may shift along the hydrogen bonds within the eight-membered
rings. The double H-shift in7 mediates the prototropic tau-
tomerization of urea (a (1,3) H-shift between the N and O
atoms), whereas the double proton transfer in8 facilitates a (1,3)
H-shift between the two N atoms which leads to the breakdown
of the urea part to the HNCO and NH3 fragments. In both cases,
the HNO3 part of either7 or 8 is left chemically unchanged by
the double proton transfer, so that HNO3 effectively plays a
catalytic role for the (1,3) H-shifts in urea by acting as a donor
of the first, H(a), and an acceptor of the second, H(b), protons
transferred in a relay fashion.

These catalytic reactions are rather peculiar from a mecha-
nistic standpoint because they involve several bond-breaking
and -forming processes for which either a stepwise or a
concerted mechanism could be envisaged. A stepwise mecha-
nism could be initiated by a hypothetical transfer of the single

acidic H(a) proton from HNO3 to urea in either7 or 8, yielding
ion pairs composed of the nitrate and protonated urea ions. Then
another proton (H(b)) would have to be transferred back to the
nitrate ion. These two sequential H-shifts would transform the
urea part of7 to its enolic form, whereas the urea part in8
would become a zwitterion

which could further undergo the C-N bond fission to produce
NH3 and HNCO. On the other hand, a concerted mechanism
implies that all bond-breaking and -forming processes must
occur simultaneously, without any ionic intermediates. As
follows from Figure 4, our calculations indicate that the double
proton transfers in both7aand8aoccur in one step, via TS7a-9a

and TS8a-10a, respectively. To get more detailed mechanistic
insights, we optimized and examined the intrinsic reaction
pathways26 passing through TS7a-9a and TS8a-10a. For example,
Figure 5 illustrates the geometric changes along the reaction
path for the HNO3-catalyzed urea decomposition via the 8-center
TS8a-10a. We have followed the intrinsic reaction coordinate
from TS8a-10a far into the forward and reverse directions. The
reaction pathways calculated at the MP2 and B3LYP-DFT levels
of theory with the 6-311++G(d,p) basis set have very similar
features. For clarity, only MP2 results are given in Figure 5.

The left-hand side of the reaction profile features two
shoulders associated with the double proton transfer on the way
from complex8a to TS8a-10a. In the early stages, the reaction
involves mainly the motion of the acidic proton H(a) from the
O(2) atom of HNO3 to the N(1) atom of urea (here we use the
atomic numbering scheme shown in Figure 4). After the first
proton transfer is essentially complete, molecular structures
along the reaction pathway have a strong ionic character.
However, the electrostatic interactions in the ion pair of
[NH3C(O)NH2

+] and [NO3
-] are not strong enough to stabilize

the ionic form urea nitrate in the gas phase, so it appears as a
shoulder rather than an intermediate on the reaction profile.

Figure 4. HNO3-catalyzed urea transformations: eight-center pathways. All energies (T ) 0 K, ZPE-corrected, in kcal/mol) are given relative to
the reactants (urea+ HNO3) as calculated by the B3LYP-DFT (values in italics), BB1K-DFT (values in square brackets), and MP2 (values in
parentheses) methods with the 6-311++G(d,p) basis set. The best values (in bold) were obtained at the G2M level. The G2M energies identified
with an asterisk were calculated using the MP2/6-311++G(d,p) optimized geometries and ZPE corrections for those structures, which could not
be optimized at the B3LYP/6-311++G(d,p) level.
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Meanwhile, the reaction pathway ascends further as the reaction
coordinate becomes dominated by the motion of the second
proton H(b) from the N(2) atom of urea to the O(3) atom of HNO3.
The second shoulder on the reaction profile signifies the
completion of the second proton transfer. The transient structures
immediately after the double proton transfer in8a are reminis-
cent of the urea zwitterion associated with HNO3. Again, this
zwitterionic structure is unstable in the gas phase, so it appears
only as a shoulder on the reaction profile.

The reaction profile shown in Figure 5 reaches TS8a-10a only
in the final stages when the reaction coordinate is clearly
dominated by the breaking of the C-N(1) bond, which has been
weakly coupled to the first and second proton transfers in the
earlier stages. The C-N(1) bond-breaking yields the NH3,
HNCO, and HNO3 molecules bound together in a termolecular
complex10. The geometry optimization starting from the points
on the right-hand side of the IRC profile ultimately leads to
conformation10a (Figure 4), where the HNCO part can be
viewed as attached to the ammonium nitrate molecular complex.
This is the most stable form of complex10 found in this study,
with a G2M binding energy of 17.1 kcal/mol relative to the
NH3 + HNO3 + HNCO. Although several other (less stable)
conformations of10 have also been found, we did not pursue
their explicit characterization. Performing a detailed conforma-
tional analysis for10 would be a very difficult task given the
flexibility of this termolecular complex with respect to the
internal rotations of its parts, which result in a large number of
plausible conformations and pathways between them. The
common structural feature of various forms of complex10 is
the presence of three components (HNCO+ NH3 + HNO3)
with different mutual orientation. These components and their
bimolecular complexes (e.g., ammonium nitrate and isocyanate)
are expected to be the ultimate products of the urea nitrate
decomposition via TS8a-10a.

Figure 5 reveals that the double proton transfer in8aproceeds
in a relay fashion, which combines the elements of both stepwise
and concerted mechanisms. This reaction is concerted in a sense
that it proceeds in a single step, without any ionic intermediates.
However, the reaction coordinate undergoes substantial changes

on the way from the reactant to the products, almost as if the
mechanism was stepwise. Furthermore, the mechanism of this
reaction will probably become truly stepwise in the condensed
phases (e.g., in solution), where ionic intermediates discussed
above exist as local minima.

For the HNO3-catalyzed urea tautomerization channel (1 +
HNO3 f 7a f TS7a-9a f 9a f 2a + HNO3), we should note
that the local minimum9a (the complex of HNO3 with the enolic
form of urea) and TS7a-9a could be found on the MP2/6-
311++G(d,p) PES; however, these stationary points are com-
pletely washed out on the B3LYP-DFT PES. In fact, even at
the MP2 level of theory the energy of TS7a-9a falls below the
energy level of complex9a after inclusion of the zero-point
vibrational energy corrections. Hence, the HNO3-catalyzed eight-
center urea tautomerization pathway can be simply written as a
two-step sequence:1 + HNO3 f 7a f 2a + HNO3. Neither
the first nor the second steps have a well-defined transition state.
Thus, the conversion of H2NC(O)NH2 (1) to H2NC(OH)NH (2a)
in the presence of HNO3 is controlled solely by the reaction
endothermicity of 15.0 kcal/mol. The reverse reaction assisted
by HNO3 is predicted to proceed without any barrier. Under
such circumstances, the enolic forms of urea (2a-2d) are not
expected to accumulate in any significant quantities. In principle,
they may further decompose by either NH3 or H2O elimination
channels (see Figure 1), but the corresponding reaction barriers
are so high that H2NC(OH)NH is more likely to isomerize back
to urea rather than follow the unimolecular decomposition
pathways.

Besides the eight-center pathways shown in Figure 4, the
HNO3-catalyzed transformations of urea can be accomplished
via the six-center pathways originating from the urea nitrate
conformations7b/7c and8b. These pathways are presented in
Figure 6. They are fairly similar to the eight-center pathways
in a sense that they also involve concerted double proton
transfers, but here the same O(2) atom of nitric acid acts as the
proton donor and acceptor, and the protons are relayed within
the six-center hydrogen-bonding structures. These reactions
involve six-center transition states TS7b-9b and TS8b-10b well-
defined at both the MP2 and B3LYP-DFT levels of theory. The

Figure 5. Energetic profile (T ) 0 K, without ZPE correction) and changes in selected bond lengths along the IRC path for the TS8a-10a calculated
at the MP2/6-311++G(d,p) level of theory with a step size of 0.05 bohr/amu0.5.
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energies of TS7b-9b and TS8b-10b are slightly higher than those
of the eight-center TS7a-9a and TS8a-10a. Nevertheless, the
energy of TS7b-9b falls below the energy level of9b after
inclusion of the zero-point vibrational energy corrections, as
was the case for TS7a-9a and 9a. Thus, the HNO3-catalyzed
conversion of H2NC(OH)NH to H2NC(O)NH2 effectively
proceeds without a barrier via both the six- and eight-center
reaction pathways. The effective G2M barrier for the urea
decomposition to HNCO and NH3 assisted by HNO3 via the
six-center pathway is 16.5 kcal/mol, which is∼2 kcal/mol
higher than the barrier for the analogous eight-center decom-
position pathway via TS8a-10a. This difference is fairly small,
so that both six- and eight-center decomposition pathways are
expected to be competitive. The IRC calculation for the six-
center TS8b-10b in forward direction connects it to the termo-
lecular complex10b, which is stabilized by 10.2 kcal/mol with
respect to the separated fragments (NH3 + HNCO + HNO3).
The latter fragments as well as their bimolecular complexes (e.g.,
ammonium nitrate and isocyanate) are expected to be the
ultimate products of the urea nitrate decomposition via both
the six- and eight-center decomposition pathways.

Nucleophilic Reactions of HNO3 with Urea. In the reactions
of urea with HNO3 considered above, HNO3 effectively plays
a role of a dual acid-base catalyst for urea isomerization and
decomposition. Besides acting as a proton donor, HNO3 may
also attack the carbonyl C atom of urea as a nucleophile. Figure
7 illustrates the mechanisms of two nucleophilic reactions of
HNO3 with urea concerted with proton transfers from HNO3 to
either O or N atoms of urea.

The first pathway originates from the molecular complex7a
and involves a proton transfer from HNO3 to the urea O atom
coupled with a nucleophilic attack of the O(3) nitrate oxygen
atom on the urea C atom. This pathway leads to the addition of
HNO3 to the carbonyl group producing intermediate13 with a
tetrahedral carbon center. This intermediate easily rearranges
back to7aover a barrier of∼3 kcal/mol, according to the MP2/
6-311++G(d,p) and G2M energetics based on the MP2-
optimized structure of13. The latter barrier is reduced to 1.8
kcal/mol at the BB1K/6-311++G(d,p) level, whereas the

B3LYP/6-311++G(d,p) method fails to find a local minimum
corresponding to intermediate13. Its alternative transformations,
such as H2O or NH3 eliminations, are not likely to be
competitive. For example, the NH3 elimination producing an
anhydride of nitric and carbamic acids (14) has a barrier of>30
kcal/mol (see Figure 7).

In the second pathway originating from the molecular
complex8a, the nucleophilic attack of O(3) nitrate oxygen atom
on the urea C atom is concerted with the proton transfer from
HNO3 to the N atom in urea (see Figure 7). The protonation of

Figure 6. HNO3-catalyzed urea transformations: six-center pathways. All energies (T ) 0 K, ZPE-corrected, in kcal/mol) are given relative to the
reactants (urea+ HNO3) as calculated by the B3LYP-DFT (values in italics), BB1K-DFT (values in square brackets), and MP2 (values in parentheses)
methods with the 6-311++G(d,p) basis set. The best values (in bold) are obtained at the G2M level. The G2M energies identified with an asterisk
are calculated using the MP2/6-311++G(d,p) optimized geometries and ZPE corrections for those structures, which could not be optimized at the
B3LYP/6-311++G(d,p) level.

Figure 7. Nucleophilic reactions of HNO3 with urea. All energies (T
) 0 K, ZPE-corrected, in kcal/mol) are given relative to the reactants
(urea+ HNO3) as calculated by the B3LYP-DFT (values in italics),
BB1K-DFT (values in square brackets), and MP2 (values in parenthe-
ses) methods with the 6-311++G(d,p) basis set. The best values (in
bold) were obtained at the G2M level. The G2M energies identified
with an asterisk were calculated using the MP2/6-311++G(d,p)
optimized geometries and ZPE corrections for those structures, which
could not be optimized at the B3LYP/6-311++G(d,p) level.
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urea at the N atom releases a neutral NH3 molecule, while the
ONO2 anion takes its place at the C atom. This pathway
effectively results in the direct nucleophilic substitution at the
C atom in8a, producing anhydride14 over a barrier of 24.4
kcal/mol (G2M) with respect to the energy level of urea and
HNO3. The latter barrier is about 10 kcal/mol higher than that
for the HNO3-catalyzed urea decomposition to HNCO+ NH3

(see Figure 4). Therefore, anhydride14 may be produced only
as a minor coproduct during the gas-phase decomposition of
urea nitrate. At high temperature,14should readily decompose
to CO2 + N2O + H2O.

Similarities of the Reactions of Urea with H2O and HNO3.
It is instructive to compare our results for the reaction of urea
with HNO3 with those for the hydrolysis of urea reported
recently by Tsipis and Karipidis.9 The two reactions proceed
via similar channels, which can be summarized in a single
mechanism shown in Scheme 4. Channel A corresponds to the
HOX-catalyzed (X) H, NO2) urea decomposition to NH3 and
HNCO. Channel B is a two-step addition-elimination se-
quence: (i) HOX addition to the carbonyl group forming an
intermediate with a tetrahedral carbon center; (ii) NH3 elimina-
tion from this intermediate. Channel C is a concerted SN-type

nucleophilic substitution at the urea C atom. The transition states
TSA, TSB1, TSB2, and TSC correspond to TS28-29, TS10-11,
TS9-10, and TS7-12 for X ) H reported by Tsipis and Karipidis9

and to TS8a-10a, TS7a-13, TS13-14, and TS8a-14 for X ) NO2

(see Figures 4 and 7). For simplicity, molecular complexes
formed by the reactants and products are omitted from Scheme
4.

The reliable energies for the urea+ HOX reactions have been
calculated at the high levels of theory: CBS-QB3 for X) H
(from Tsipis and Karipidis9) and G2M for X) NO2 (this work).
Their comparison (see Table 2) reveals that all three initial
reactions of urea with HNO3 have lower barriers than those with
H2O, which is reasonable taking into account the stronger acidity
of HNO3 and the less strained structure of TSA, TSB1, and TSC
for the reactions of urea with HNO3 vs those involved in the
urea hydrolysis. On the other hand, the barrier for NH3

elimination from C(NH2)2(OH)(OX) is fairly high in both cases.
As a result, the concerted substitution (channel C) is more
favorable than the stepwise channel B for the reaction with
HNO3, whereas these two channels have comparable barriers
for the reaction with H2O. However, the most favorable channel
in both cases is the HOX-catalyzed urea breakdown (channel
A). Similar processes to those summarized in Scheme 4 are
expected to be involved in the reactions of urea with other HOX
species, such as alcohols, organic and mineral acids, etc.

IV. Summary of Reaction Pathways and Conclusions

Gas-phase urea nitrate is an acid-base complex stabilized
primarily by partial proton transfer from HNO3 to urea. Two
isomers,7 and8, are formed by hydrogen bonding of the acidic
proton of HNO3 with the carbonyl or amino groups of urea,
respectively. Figure 8 summarizes various reaction pathways
from 7 and 8 computed at the G2M level of theory (only
transformations of the lowest energy conformations are shown).
For comparison, we have also shown the decomposition pathway
7 f TS1f INT1 f TS2f HNCO+ NH3 + HNO3 computed
by Kohno et al.6 at the MP2/6-31++G(2d,p) level of theory.

Molecular complexes7 and8 can undergo relatively facile
double proton transfers within cyclic hydrogen-bonded networks
(see Figure 8). The double H-shift in7 mediates the keto-enol
tautomerization of urea via TS7-9, whereas the double H-transfer
in 8 facilitates the breakdown of the urea part to the HNCO
and NH3 via TS8-10. In these reactions, HNO3 plays a catalytic

SCHEME 4

TABLE 2: Summary of Energetic Parametersa for
Reactions of Urea with H2O and HNO3

X ) Hb X ) NO2
c

species CBS-QB3 B3LYP/6-31G** G2M

H2NC(O)NH2 + XOH 0.0 0.0 0.0
TSA 24.9 16.7 14.3
NH3 + HNCO +XOH 15.2 16.5 14.7
TSB1 47.0 41.6 12.1
C(NH2)2(OH)(OX) 13.5 13.7 9.3
TSB2 41.9 44.6
TSC 47.9 41.3 24.4
H2NC(O)OX + NH3 -1.2 -4.6 9.5

a Relative energies (ZPE-corrected, in kcal/mol,T ) 0 K) are given
with respect to the reactants (urea+ XOH). b From ref 9.c This work.

Figure 8. Schematic potential energy diagram of the urea nitrate decomposition pathways in the gas phase. Energies (T ) 0 K, ZPE-corrected, in
kcal/mol) are given relative to urea+ HNO3 as calculated in this work by the G2M method. The values in parentheses were calculated at the
MP2/6-31++G(2d,p) level by Kohno et al.6
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role for the (1,3) H-shifts in urea by acting as a donor of the
first and an acceptor of the second protons transferred in a relay
fashion, which combines elements of both stepwise and
concerted mechanisms. The HNO3-catalyzed pathways of urea
tautomerization and decomposition have substantially lower
effective barriers than the analogous uncatalyzed reactions,
which require (1,3) H-shifts via more strained four-center
transition states TS1-2 and TS1-3. In particular, the conversion
of urea to its enolic form in the presence of HNO3 is controlled
solely by the reaction endothermicity of 15.0 kcal/mol. However,
the enolic form is not expected to accumulate in significant
quantities in the presence of HNO3 due to its very facile
conversion back to urea, which is barrierless when assisted by
HNO3. Our predicted HNO3-catalyzed pathway for urea break-
down to HNCO and NH3 has an effective barrier of 14.3 kcal/
mol (TS8-10), which is much lower than the barrier involved in
the previously proposed6 decomposition pathway via7, TS1,
INT1, and TS2 (see Figure 8), where HNO3 does not directly
participate in the rate-controlling (1,3) H-transfer step (see
Scheme 1).

Molecular complexes7 and8 may also undergo single proton
transfer from HNO3 to urea coupled with a nucleophilic attack
of the nitrate oxygen atom on the urea C atom. These pathways
lead from7 to the relatively unstable intermediate13, which
easily rearranges back to7, and from8 to the anhydride of nitric
and carbamic acids (14). However, the barrier involved in the
latter process is 10 kcal/mol higher than that for the HNO3-
catalyzed urea decomposition. Thus, HNCO+ NH3 + HNO3

and their association products (i.e., ammonium nitrate and
isocyanate) are expected to be the major initial products of the
urea nitrate decomposition in the gas phase. This prediction is
consistent with the experimentalT-jump/FTIR observations.5

The H2O, CO2, and N2O products observed at higher temper-
atures can be formed from the secondary reactions of HNCO
and HNO3 initiated by the homolytic dissociation of HNO3 to
OH + NO2. The same H2O, CO2, and N2O products can be
expected for the decomposition of anhydride14, but the
pathways involving14 probably play a minor role in the
mechanism of the urea nitrate decomposition.
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