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New reaction mechanisms are presented and the corresponding reaction rate constants are calculated for
the homogeneous gas-phase reaction N2O5+ nH2O$ 2HNO3+ (n� 1)H2O with n ¼ 1,2,3 using ab initio
methods and canonical variational transition state theory including tunneling corrections. The reaction
barriers for the new mechanisms are 21.1 kcal mol�1 for n ¼ 1, 18.9 kcal mol�1 for n ¼ 2 and for the two
mechanisms with three water molecules 14.2 and 19.2 kcal mol�1. Using the new reaction mechanism the rate
constant for N2O5 hydrolysis with n ¼ 1 is k1 ¼ 5.2� 10�25 cm3 molecule�1 s�1 at 298 K, which is in much
better agreement with the experimental value being only two orders of magnitude smaller, compared to the old
mechanism which is ten orders of magnitude smaller than the experimental value. Also the rate constant for the
third order process—second order with respect to [H2O]—is in better agreement with experiment compared
with the old mechanism (seven compared to approximately twelve orders of magnitude). For possible future
confirmation of the new reaction mechanisms we determined kinetic isotope effects for the reactions and
obtained KIEs of 1.55 and 1.09 for n ¼ 1 and n ¼ 2 water molecules, respectively, compared to 1.11 and
1.44 for the old mechanisms.

1 Introduction

Nitrogen oxides (NOx) play an important role in atmospheric
chemistry, being involved in several processes. Prominent
examples are the formation of nitric acid (HNO3) in both
the stratosphere and troposphere or the involvement in strato-
spheric ozone depletion.1–4 One of the key compounds in
atmospheric nitrogen oxide chemistry is dinitrogen pentoxide
(N2O5) which is an important reservoir species for NOx .

1,5

Formation of N2O5 is accomplished by the reaction of nitro-
gen dioxide with nitrogen trioxide5

NO2 þNO3 0N2O5 ð1Þ
The equilibrium of reaction (1) lies on the right side after sun

down due to higher NO2 levels compared to day time, since
NO2 photolysis is shut down and NO is quickly oxidized to
NO2 by O3 .

6–9

NOx and stratospheric ozone destruction are coupled
together by several mechanisms. For instance, NOx is part of
the ‘‘odd nitrogen catalytic cycle ’’ which is responsible for
homogeneous ozone depletion.10–12 However, this effect on
total ozone destruction is minute compared to the conse-
quences denitrification has on the active halogen concentration
in the stratosphere and thus on ozone destruction: The conver-
sion of actively ozone destroying halogen radicals (mainly
ClOx) into their less active reservoir form (ClONO2) requires
an abundance of NO2 according to the reaction13,14

ClOþNO2 0ClONO2 ð2Þ
Permanent removal of nitrogen oxides from the stratosphere

is accomplished by conversion into nitric acid

N2O5 þH2O0 2HNO3 ð3Þ

followed by sedimentation.1,15 Different kinds of aerosols
and polar stratospheric clouds offer a widespread field for
heterogeneous conversion reactions of N2O5 in the strato-
sphere: hence several studies have been performed (the results
are summarized in Atkinson et al.16 and by the IUPAC Sub-
committee for Gas Kinetic Data Evaluation for Atmospheric
Chemistry).
Besides heterogeneous reactions there are also several studies

on homogeneous reactions of N2O5 . One of the first investiga-
tions on the kinetics of N2O5 hydrolysis in the gas phase was
carried out by Morris and Niki.17 They obtained an overall sec-
ond order rate constant for the reaction of N2O5 with H2O of
k1 ¼ 1.3� 10�20 cm3 molecule�1 s�1 (at 298 K), which is about
one order of magnitude larger than the rate constants obtained
later on by Tuazon et al., Atkinson et al. and Hjorth et al. (1.3–
1.5� 10�21 cm3 molecule�1 s�1, 298 K).18–20 However, the lat-
ter rate constants are still larger than the most recent ones due
to the contribution of heterogeneous effects that have an enhan-
cing effect on the apparent overall reaction rate. In detailed
kinetic studies in a large reaction chamber Mentel, Wahner
and co-workers found a second order rate constant for the reac-
tion of N2O5 with H2O of k1 ¼ 2.5� 10�22 cm3 molecule�1 s�1.
Additionally, they propose an overall third order reaction rate
constant (first order in [N2O5] and second order in [H2O]) of
k2 ¼ 1.8� 10�39 cm6 molecule�2 s�1 (293 K).21,22

Aside from experimental investigations there are also a few
theoretical studies dealing with the reaction of N2O5 .

23–25

These studies demonstrated that additional water molecules
lower the reaction barrier for hydrolysis. McNamara and
Hillier25 found slightly different structures for the N2O5

hydrates with higher numbers (i. e. n ¼ 3, 4) than Snyder
et al.24 However, both groups observed the same overall trend
of a lower reaction barrier with increasing n, and thus a cata-
lytic effect of water.
This catalytic effect on the reaction of N2O5+H2O has only

been quantified in terms of reaction barriers but not in terms of
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reaction rates. A detailed quantitative comparison between the
theoretical and the experimental homogeneous gas-phase reac-
tion of N2O5 with H2O is therefore not possible. In this study
we provide reaction dynamics calculations on the N2O5 hydro-
lysis in the presence of n ¼ 1, n ¼ 2, and n ¼ 3 water mole-
cules by applying variational transition state theory and
ab initio methods. We deduce the mechanism of the most likely
reaction and evaluate the influence of quantum mechanical
tunneling on the course of this conversion. Additionally, we
determine the kinetic isotope effect for the different reactions.

2 Computational details

2.1 Stationary points

Stationary points were calculated by hybrid density functional
theory [B3LYP/6-31+G(d)].26 The nature of the stationary
points was confirmed by vibrational analysis. Saddle points
were optimized with the three-structure quadratic synchronous
transit guided approach.27 Due to the underestimation of reac-
tion barriers by (hybrid) density functional theory (DFT)
methods such as B3LYP,28–30 we employed high level methods
to evaluate more accurate reaction barriers. Reaction barriers
are crucial for describing reaction rates by transition state the-
ory due to an exponential relationship between reaction barrier
and reaction rate. Therefore we used Gaussian-2 theory
[G2(MP2)]31,32 and Gaussian-3 theory [G3, G3(MP2)//
B3LYP and G3//B3LYP]33,34 for most of the studied systems
to get more accurate barriers. Both Gaussian-2 and Gaussian-
3 theory employ quadratic configuration interaction with sin-
gle, double and perturbational triple excitations [QCISD(T)]
but with different basis sets. G2(MP2) uses the triple zeta 6-
311G(d,p) basis set while G3 uses the moderate double zeta
6-31G(d) basis set. The quality of these calculations is
improved significantly by basis set extrapolation methods
employing MP2 and MP4, respectively, and empirical correc-
tions (these are explained in detail in the original work by
Pople and co-workers31–33). With these basis set extrapolation
methods one gets very good approximations for high level
QCISD(T) calculations with the 6-311+G(3df,2p) basis set
[for G2(MP2)] and with the G3large basis set [for G3], which
is a modified version of the 6-311+G(3df,2p) basis set that
includes more polarization functions for the second row
(3d2f), less on the first row (2df) and core polarization func-
tions.33 G3 and G2(MP2) use MP2(Full)/6-31G(d) geometries
and scaled HF/6-31G(d) frequencies for further calculations,
whereas G3//B3LYP [or G3B3] and G3(MP2)//B3LYP [or
G3(MP2)B3] use B3LYP/6-31G(d) geometries and scaled fre-
quencies for further calculations. In a given test set (G2/97)
the average absolute deviation from experiment of G3//
B3LYP is 0.99 kcal mol�1, of G3 is 1.02 kcal mol�1, of
G3(MP2)//B3LYP is 1.25 kcal mol�1 and of G2(MP2) is
1.89 kcal mol�1.33–35 As a fifth high level method we used
coupled cluster theory with single, double, and perturbational
triple excitations [CCSD(T)/aug-cc-pVDZ]36 on the geome-
tries we obtained at the MP2/aug-cc-pVDZ37,38 level of theory
[CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ]. To test for
an appropriate choice of the HF reference wave function the
performance of CCSD(T)/aug-cc-pVDZ was tested by the
T1 diagnostic.

39

Normal mode vibrational analysis revealed low frequency
vibrations for a few structures. The harmonic oscillator
approximation to determine vibrational frequencies often fails
for low frequency modes that represent hindered internal rota-
tion.40 Thus, frequencies that represent hindered internal rota-
tion were identified41 and the partition functions were
determined according to an approximation developed by
Truhlar.42 Considering the number of systems and their size,
we used the recommended ‘‘Co single frequency ’’ scheme of

Chuang and Truhlar.40 In this model the effective moment of
inertia Ij is determined by a curvilinear (C) model and the bar-
rier for internal rotation Wj is determined from the equation
Wj ¼ 2Ij(oj/M)2 where oj is obtained from an electronic struc-
ture calculation.

2.2 Reaction path

The reaction path was calculated as the steepest descent path
starting from the transition state in mass-scaled coordinates
where a scaling mass of 1 u was used. To create this so-called
minimum energy path (MEP) the local quadratic approxima-
tion algorithm of Page and McIver43 at a step size of 0.050
a0 (0.026 Å) together with B3LYP/6-31+G(d) was used. Dis-
tances on the potential energy surface from the transition state
are denoted as s, where s is positive on the product side and
negative on the educt side. Second derivatives of the energy
with respect to the coordinates and partition functions were
calculated every third point along the potential energy surface.
Calculation of the path was carried out along both sides of the
transition state until the gradient had almost vanished and
stable minimum structures were reached. Since B3LYP in gen-
eral describes geometries and energy hypersurfaces well, but
underestimates barrier heights (as mentioned previously), we
interpolated the B3LYP/6-31+G(d) hypersurface to the
energy values of the stationary points determined at the
G3B3 and G3(MP2)B3 level of theory. Calculating the reac-
tion path and thus reaction rates by variational transition state
theory based on two different levels of theory is termed
dual-level and the interpolation procedure is called variational
transition state theory with interpolated corrections. The
shorthand notation for this procedure is G3B3///B3LYP/
6-31+G(d) and the interpolation procedure is based on a
logarithmic procedure.44

2.3 Reaction rates and quantum mechanical tunneling

Reaction rates were obtained using variational transition state
theory (VTST)45 as implemented in Polyrate9.0.46,47 Theoreti-
cal details and equations can be found elsewhere:45,48–52 here
we just outline some details. A variational approach for TST
with a canonical ensemble was used to obtain a rate constant
kCVT (CVT ¼ canonical variational TST) minimized with
respect to barrier crossings. When all bound degrees of free-
dom are described quantum-mechanically, motion along the
reaction coordinate cannot be treated quantum-mechanically.
Therefore, quantum mechanical effects (mainly tunneling-
effects) along the reaction coordinate are treated in good
approximation by semiclassical methods to evaluate transmis-
sion probabilities. Inclusion of the quantum mechanical effects
on the reaction rate constant is carried out by multiplication of
the rate constant kCVT with a ground state transmission coeffi-
cient k. The transmission coefficient is evaluated by different
methods (that minimize the action integral), which consider
that the system tunnels along shorter paths in the course of
the reaction that are more demanding in terms of energy.
The methods we consider are the small curvature tunneling
(SCT) and the large curvature tunneling (LCT) approaches.
SCT is investigated by means of the centrifugal dominant
small curvature semi-classical adiabatic ground state tunneling
method according to the concept of Marcus and Coltrin.53–55

The LCT correction assumes that tunneling occurs by using
a series of straight line connections between the educt and
the product valley in the so-called reaction swath. Polyrate
employs the large curvature ground state approximation ver-
sion 4 (LCG4)56 for LCT. Depending on the curvature of
the reaction path and the temperature either SCT or LCT
become predominant; thus, one uses the maximum of these
methods to evaluate the tunneling corrections and multiplies
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it with kCVT. This approach is termed microcanonical opti-
mized multidimensional tunneling (mOMT).
According to the experimental homogeneous gas-phase

reaction findings of first and higher order dependence on water
vapor pressure and first order dependence on N2O5 pressure,
the rate of hydrolysis can be considered to be made up
of the sum over all nth order dependences on water vapor
pressure

� d½N2O5�
dt

¼
Xi

n¼1

kn � ½N2O5�½H2O�n ð4Þ

with n ¼ 1 and n ¼ 2 being the important mechanisms. The
rate constant kn is composed of the tunneling correction factor
(kmOMT), the equilibrium constant for the pre-association
(Kpreass) and the the unimolecular rate constant (kCVTST)

kn ¼ kmOMT � Kpreass � kCVTST ð5Þ

The pre-association equilibrium constant was determined
from DGpreass values calculated at the G3B3 and
G3(MP2)B3 levels and converted to the corresponding units
by multiplication with the factor f ¼ (1.363� 10�22 T )n cm3n

atmn (see also Loerting and Liedl.57). Additionally we deter-
mined the kinetic isotope effect (KIE) for these reactions.
The KIE was calculated as the ratio between the ‘‘normal ’’
and the deuterated reaction rate constants, and for this pur-
pose the minimum energy path was calculated again and the
unimolecular rate constant was determined by VTST, as
described above.
Calculations were performed with the Gaussian9858 pro-

gram package and with Polyrate9.046 and with Gaussrate9.0,47

which is an interface between Gaussian98 and Polyrate9.0.

3 Results and discussion

3.1 Evaluation of the methods

We determined the pre-association energies for reaction-com-
plex formation and the reaction barriers of N2O5 hydrolysis
with n ¼ 1,2,3 water molecules at several levels of theory
(see Tables 1 and 2). For the pre-association energies almost
all methods yielded similar results, with the strongest deviation
being for reaction channel 2b where G2(MP2) and G3B3 devi-
ate by 1.7 kcal mol�1. The standard state free energy changes
for pre-association (see Table 1) deviate slightly more, with the
largest difference between G3 and G3(MP2)B3 being for reac-
tion channel 2a. In general, the energy values based on DFT
geometries, i.e. B3LYP, G3(MP2)B3 and G3B3, are in slightly
better agreement with each other than with the energy values
based on MP2 geometries, i.e. G2(MP2) and G3.
While the behavior of the different ab initio methods shows

very good agreement for calculating preassociation energies, it
shows more scattering for calculating reaction barriers, espe-
cially for the B3LYP/6-31+G(d) results. This is not unex-
pected, since DFT is well documented for underestimating
reaction barriers (see Methods section). Comparing the Gaus-
sian methods one finds that all methods coincide within 2 kcal
mol�1 and the computationally most elaborate methods,
namely G3 and G3B3, coincide within less than 0.5 kcal mol�1.
The coupled-cluster values are smaller throughout, possibly
due to the different basis set. Transition states hardly converge
for MP2 in some systems, independent of whether we used the
6-31G(d) or the aug-cc-pVDZ basis set. For further considera-
tion we are therefore restricted to using methods based on
B3LYP geometries. Thus, we use G3B3 values for the systems
with n ¼ 1 and n ¼ 2 water molecules and G3(MP2)B3 values
for the larger systems, since G3B3 would require an excessive
amount of computer time and disk space for such systems.
G3(MP2)B3 performs much better than B3LYP/6-31+G(d):

it converges for all systems and it provides barriers that are
within 1.5 kcal mol�1 compared to G3B3, so usage of
G3(MP2)B3 seems justifiable. One can also expect, since there
are no experimental reports on gas-phase reactions with more
than two water molecules, that such processes will be of minor
importance; thus the accuracy of the reported barriers are
sufficient for our purposes.
The coupled-cluster [CCSD(T)/aug-cc-pVDZ//MP2/aug-

cc-pVDZ] calculations were examined by the T1 diagnostic,
to find out whether the single determinant Hartree–Fock refer-
ence wave function describes the system satisfactorily.39 The
largest T1 value of 0.023 was obtained for the transition state
of the n ¼ 1 systems. T1 values of that size are clearly within
the limit of 0.04 for CCSD(T).39,59 Thus, the single determi-
nant approach as used in coupled-cluster calculations is appro-
priate for the studied system.
Reaction barriers, but also preassociation energies, are cru-

cial for predicting kinetic properties. Therefore, one has to be
aware that within the accuracy of G3 and G3(MP2)B3 there is
an error limit of a few kcal mol�1. Assuming a total deviation
of 3 kcal mol�1 we have to consider an error in terms of reac-
tion rate constants of about two orders of magnitude at 300 K.
To qualitatively compare theory with experiment this error
limit is within an acceptable range. On the basis of the N2O5

molecule we compared geometrical parameters and vibrational
frequencies with previous results of theoretical and experimen-
tal studies. These results are summed up in Tables 3 and 4. The
B3LYP results for bond lengths are in better agreement with
experiment than the MP2 results. Since energy calculations
are very sensitive to small changes in the geometry, energy cal-
culations based on B3LYP geometries are likely to be closer to
the experimental value. This reaffirms our decision to use
G3B3 and G3(MP2)B3 energies. The vibrational frequencies
at the B3LYP/6-31+G(d) level of theory are in very good
agreement with a previous theoretical study of Zhun et al.,
who also also used B3LYP but the larger triple-zeta
6-311+G(2d) basis set. The B3LYP/6-31+G(d) frequencies
are in reasonable agreement with the experimental ones, which
was also found in a previous study.23 (Tao and co-workers23,24

Table 1 Upper table: electronic energies of preassociation

[N2O5+ nH2O.N2O5(H2O)n] calculated at different levels of theory.

Lower table: Gibbs standard state free energies for the preassociation

at temperature 298.15 K, pressure 1.0 atm.23

DEpreass/kcal mol�1

n B3LYP G2(MP2) G3 G3(MP2)B3 G3B3

1a �3.78 �3.36 �3.45 �4.45 �4.84

1b �3.79a �3.09 �3.34 �4.16 �4.59

2a �11.76 �10.55 �11.28 �11.16 �12.20

2b,c �13.03a �11.75 �12.30 �12.44 �13.41

3a �17.50 �16.85 — �17.03 —

3b �22.45 �20.05 — �20.42 —

3c �17.42 �16.81 — �17.03 —

3d �17.4a

DG0
preass/kcal mol�1

n B3LYP G2(MP2) G3 G3(MP2)B3 G3B3

1a 4.30 4.47 4.36 5.11 4.71

1b 4.62 3.55 3.81 4.44 4.09

2a 7.62 8.16 6.88 10.09 9.02

2b 7.52 5.52 4.96 7.23 6.35

3a 13.02 10.17 — 14.43 —

3b 9.45 7.18 — 11.56 —

3c 13.04 10.13 — 14.32 —

a See also Tao and co-workers.23,24
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reported also that the B3LYP/6-31+G(d) values converged
with respect to basis set for geometries and energies since the
results obtained with the 6-31+G(d) basis set are in excellent
agreement with the 6-311++G(d,p) basis set.) The HF/
6-31G(d) frequencies (as used in the Gaussian approaches),
however, are worse than the DFT results. Yet, scaling of the
Hartree–Fock values by 0.89,32,33 as performed in the G2
and G3 approaches, make the Hartree–Fock harmonic
frequencies almost as good as the B3LYP/6-31+G(d) frequen-
cies. Due to the good performance of B3LYP/6-31+G(d) we
used the harmonic frequencies at this level of theory along
the minimum energy path.

3.2 Stationary points

3.2.1 N2O5+ 1H2O. We characterized two different reac-
tion channels or mechanisms of the hydrolysis of N2O5 with
one molecule of water and consequently two transition states
(see Figs. 1 and 2). The different mechanisms are termed 1a
and 1b and the analogous nomenclature will be used through-
out the rest of this study. Structurally, the reaction complex
(RC) in 1a differs from the RC in 1b since in 1a the water
molecule is almost perpendicular to the bridging oxygen
atom of N2O5 , whereas in 1b the water molecule is nearly
perpendicular to one of the NO3 groups. Mechanism 1b is
equivalent to the one reported by Hanway and Tao,23 whereas
1a has not been described in the literature yet. The energies of
association for both RC 1a and RC 1b differ by less than 0.3
kcal mol�1 (see Table 1, G3B3 values). The standard state free
energy of association at 298.15 K (DG0

preass) is endergonic for
both complexes, and 1b is energetically lower by 0.6 kcal
mol�1, making it the slightly more favorable complex at stan-
dard conditions even though the pure electronic energy favors
RC 1a (see Table 1). The mechanism and geometrical details of
reaction channel 1b have already been characterized in detail:
thus we refer to the studies of Tao and co-workers23,24 and
highlight the new mechanism in comparison to the old one.

In both mechanisms the reaction proceeds via a nucleophilic
attack by the water molecule on N2O5 (see Fig. 1). The transi-
tion state (TS) structures are similar, yet, in 1a, one nitrate
group rotates approximately 60� more along one N–O bond
than in 1b (see Fig. 2). Due to this rotation the water molecule
forms a complex with the NO2 acceptor group which, in turn,
will react with the OH moiety of water to form the first HNO3

molecule. At the same time the remaining water H forms a
linear hydrogen bond with the NO3 group that will form the
second HNO3 . The corresponding hydrogen bond in 1b is
deformed from linearity by 30�. Thus, the TS in 1a is more
stabilized by this hydrogen bond. This, in turn, lowers the
reaction barrier remarkably from 29.8 kcal mol�1 (1b) to
21.1 kcal mol�1 (1a). Even though formation of the RC 1b is
favored by 0.3 kcal mol�1 compared to RC 1a the higher bar-
rier of 8.7 kcal mol�1 makes reaction channel 1a the more
likely one.

3.2.2 N2O5+2H2O. Similarly, we found two different reac-
tion channels for the hydrolysis of N2O5 with n ¼ 2 water
molecules named 2a and 2b (see Fig. 1). Unfortunately, we
were not able to characterize the same reaction mechanism
as was described by Hanway and Tao23 (2c) since the transi-
tion state did not converge. Yet, interestingly the RC 2b
described in this study is identical to RC 2c of Hanway and
Tao, even though the corresponding transition state 2b differs
from 2c. Apparently, this reaction complex is connected with
two different transition states and thus two different minimum
energy paths. Hanway and Tao described mechanism 2c at the
B3LYP/6-31+G(d) level, which is identical to one of our levels
and found a barrier of 19.5 kcal mol�1. At this level, both of
the new mechanisms have much lower barriers and both are
saddle points of first order with one imaginary frequency each
[217.7i and 496.6i, B3LYP/6-31+G(d)]. Unfortunately it is not
possible to compare the barriers at higher levels of theory but
at least the energy of pre-association is known at the different

Table 2 Reaction barriers for the unimolecular transformation [N2O5(H2O)n$ 2HNO3(H2O)n�1] at different levels of theory. (Note: CCSD(T)/

VDZ energies were calculated with the aug-cc-pVDZ basis set based on the geometries obtained at MP2/aug-cc-pVDZ; all values are without zero-

point correction; values denoted with an asterisk (*) could not be obtained due to convergence problems for the transition state at the MP2 level)

Reaction barrier/kcal mol�1

n ¼ 1 B3LYP/6-31+G(d) CCSD(T)/VDZc G2(MP2) G3 G3(MP2)B3 G3B3

1a 13.91 18.76 (0.023) 20.14 20.88 22.26 21.07

1b 24.30a 27.79 (0.023) 28.97 29.81 30.77 29.81

2a 12.4 17.29 (0.022) 18.23 18.37 20.03 18.85

2b 17.49 * * * 25.05 23.41

2c 19.46a

3a 9.90 — * * 14.23 —

3b 11.51b — * * 19.01 —

3c 13.50 — * * 19.23 —

3d 10.4a

a See also Tao and co-workers.23,24 b See McNamara and Hillier.25 c T1 values at the transition state in parenthesis.

Table 3 Geometric parameters for N2O5 in comparison with previous theoretical and experimental studies

B3LYP MP2

Expt.c6-31+G(d)a b 6-311++G(d,p)a 6-31G(d)a 6-31G(d)b aug-cc-pVDZb

r (N–O) 1.508 1.512 1.505 1.528 1.539 1.492(4)

r (N=O) 1.196 1.189 1.196 1.207 1.203 1.183(2)

c r O=N=O 133.3 133.4 133.2 133.8 134.0 133.2(6)

c N–O–N 114.7 115.0 114.4 111.9 111.5 111.8(2)

c O–N=O1 116.6 116.4 116.7 116.2 116.0 –

a Values taken from Hanway and Tao.23 b Values from this study. c Values from McClelland et al.64
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levels. The standard state free energy for pre-association favors
2b and 2c by 2.7 kcal mol�1 over 2a and also the energy of pre-
association is in favor of 2b and 2c.
From the mechanistic point of view, 2a and 2c are reactions

of N2O5 with two molecules of water, one of which is the
reaction partner and the other a spectator that catalyzes the
reaction through its hydrogen bonds (see also Fig. 2). In
mechanism 2b both water molecules participate actively in
the reaction where one molecule transfers one of its protons
to the second water molecule and the remaining one forms
HNO3 with the NO2� subgroup. The protonated water mole-
cule in turn transfers one of its own protons to the nitrate
group and forms the second HNO3 entity.

3.2.3 N2O5+ 3H2O. Again, two new mechanisms could be
identified. Tao and co-workers24 have characterized a mechan-
ism (which we will refer of 3d) which we were again not able to
characterize due to convergence problems at the transition
state. A second mechanism for N2O5 hydrolysis with three
water molecules has been reported by McNamara and Hillier25

which we also characterized and which we term 3b (see Fig. 1).
The RC for this mechanism turned out to be the lowest lying
minimum structure of all four reaction complexes. However,
this reaction mechanism is not the one with the lowest reaction
barrier, which is the one for mechanism 3a. Unlike our barrier
for mechanism 3b, McNamara and Hillier report a value of
13.4 kcal mol�1 at their highest level of theory [MP2/6-
311++G(3df,3dp)//B3LYP/6-311++G(d,p)] which is 7.5
kcal mol�1 lower than our best guess. It is difficult to judge
which value is ‘‘better ’’; however, for the purpose of compar-
ison and since there were several difficulties with convergence
at the MP2 level, we use our G3(MP2)B3 results in the rest
of this study.
The reaction barrier of the mechanism reported by Snyder

et al.24 is quite low at the B3LYP/6-31+G(d) level (10.4 kcal
mol�1) and it is probable that at higher levels of theory it
would be higher. Mechanistically, in none of the reaction chan-
nels do all three water molecules participate actively in the
course of the reaction. In mechanisms 3a and 3b only one
water molecule acts as a spectator whereas in 3c two water
molecules are passive during the reaction. 3c is an extension
of 2b and the effect of the additional water molecule lowers
the reaction barrier by almost 6 kcal mol�1. 3a is an extension
of mechanism 1a and the barrier is lower by 8 kcal mol�1.

3.3 Reaction rate constants

Previous theoretical studies on N2O5 hydrolysis have described
reaction barriers but no reaction rate constants. Additionally,
these studies did not include reactions that start from a slightly
higher lying local minimum but have lower barriers. To
accurately predict reaction rates the reaction barrier is not suf-
ficient even if we are only interested in a qualitative and not a

Table 4 Vibrational frequencies of N2O5 in comparison with experi-

ment and previous experimental studies

B3LYP

Assignmenta Expt. 6-31+G(d) 6-311+G(2d)b HF/6-31G(d)

n1 , n11 1728 1830 1792 2011

n1 1728 1787 1792 1958

n2 1338 1398 1382 1619

n12 1247 1303 1286 1501

n13 860 877 886 1068

799 811 994

n3 , n14 743 741 753 964

724 740 863

n4 614 670 683 837

n9 577 562 568 782

379 381 575

n5 353 347 345 506

217 219 277

n6 85 63 62 89

51 48 9

a Assignment of vibrations and experimental values according to

Hisatsune et al.65 b Values at B3LYP/6-311+G(2d) level are taken

from Zhun et al.66

Fig. 1 Qualitative representation of the stationary points of the hydrolysis reaction of N2O5 with one, two, and three water molecules. Mechan-
isms 1a, 2a, 2b, 3a and 3c are new (this study), whereas 1b is the same as in Hanway and Tao23 and 3b is the same as in McNamara and Hillier.25

(Left: reactants; middle: transition states; right: products.)
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quantitative picture. An accurate calculation of rate constants
for reactions involving hydrogen atom transfer requires a
quantum mechanical treatment of the motion along the reac-
tion coordinate. Thus, information on the potential energy sur-
face beyond the barrier height is required. It turned out that
tunneling can increase the reaction rate by many orders of
magnitude60–63 if there is at least one proton transfer involved.
Therefore we determined tunneling contributions on the reac-
tion rates for the described reactions.
Fig. 3 shows the unimolecular rate constants of the N2O5

hydrolysis supported by n ¼ 1 to n ¼ 3 water molecules as a
function of temperature. The reaction rate constant increases
with an increasing number of water molecules due to the low-
ering of the reaction barrier. However, the unimolecular rate
constant considers the reaction rate constant only after forma-
tion of a reaction (or preassociation) complex. Additionally,
identification and an appropriate treatment of internal hin-
dered rotations has a strong influence on the overall reaction
rate constant. To compare theoretical and experimental values,
one has to consider the whole reaction, including formation of
the reaction complex. In Fig. 4 the second, third, and fourth
order reaction rate constants for the N2O5 hydrolysis accord-
ing to the mechanisms

N2O5 þH2O. 2HNO3 ð6Þ
N2O5 þ 2H2O. 2HNO3 þH2O ð7Þ
N2O5 þ 3H2O. 2HNO3 þ 2H2O ð8Þ

are shown which include the preassociation equilibrium for the
reaction complex formation; the results are compared to the
experimental values.

The results with one water molecule show that the rate con-
stant determined with the new mechanism (1a) is in much bet-
ter agreement with experiment than with the old mechanism
(1b) (see Table 5).23,24 Compared to experiment, the reaction
rate constant at 293 K of the old mechanism is almost ten
orders of magnitude smaller than the currently best experimen-
tal value. For the new mechanism the rate constant is only two
orders of magnitude smaller22 (see Table 5). Under standard
conditions mechanism 1a is the predominant reaction mechan-
ism. Without treating hindered rotations adequately, the rate
constants are 5.4� 10�28 (298 K) for 1a and 9.9� 10�34 (298
K) for 1b. The large difference of three orders of magnitude
for mechanism 1a pinpoints the necessity to take hindered
rotations into consideration.
With two water molecules it is more difficult to judge which

mechanism will be the predominant one. Compared to experi-
ment, reaction channel 2a and 2b both are about seven orders
of magnitude smaller. Since we were not able to determine the
exact rate constant for 2c, we can only estimate the reaction
rate for this mechanism in comparison to the others. Assuming
that a high level barrier would be 6.1 kcal mol�1 higher than
the B3LYP/6-31+G(d) value, the proposed mechanism would
have an estimated barrier of 25.6 kcal mol�1. The value of 6.1
kcal mol�1 is the mean deviation of the barrier determined at
the B3LYP/6-31+G(d) level compared with the best guess.
With this value we can do a conservative TST guess which
would yield a rate constant of 5.9� 10�51 cm6 molecule�2

s�1 at 298 K. This value is more than three orders of magni-
tude slower than the other two mechanisms (see Table 5).
We have also investigated mechanisms with three water

molecules even though it is quite unlikely that four molecules
meet randomly to form a reaction complex. Mechanism 3a

Fig. 2 Structure of the transition states of the different hydrolysis mechanisms. In mechanisms 2a, 3a and 3b only one water molecule is actively
involved in the reaction whereas the remaining water molecule(s) are spectators. In 2b and 3c two water molecules are actively involved in the
reaction where the second water molecule donates one of its own protons after is protonated by the first water molecule. The third water molecule
in 3c is again just a spectator molecule.
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would be the most important one, being about two orders of
magnitude faster than the other two mechanisms. 3d might
be equally important: however, with the limited data this is
difficult to judge.

3.4 Kinetic isotope effects

One way to find out which reaction mechanism predominates
could be to determine the kinetic isotope effects (KIE) of this
reaction and to compare experimental and theoretical values.
Unfortunately, there have been no reports on experimental
KIEs.
Table 6 lists the theoretical KIEs for all investigated reaction

mechanisms at standard conditions. The values for the KIE
are all relatively small, so we took a more detailed look at
the the contribution of quantum mechanical tunneling on the
reaction rate constants. At standard conditions the tunneling
contributions are small—all below a factor of 1.6 (see Table
7). At lower temperatures, however, tunneling is much more
important and at 190 K, for instance, the tunneling correction
becomes 3.2 for reaction 1b, which indicates that the rate of
reaction is enhanced by 220% due to tunneling. The most
important form of tunneling is small-curvature tunneling
throughout all mechanisms, which seems not surprising on
inspection of Fig. 5. The minimum energy paths of all reac-
tions are relatively broad, which is typical for reactions where
small curvature tunneling is predominant.

4 Conclusion

The reaction of N2O5 with water has been investigated theore-
tically by ab initio methods and variational transition state

theory. New reaction mechanisms for the reaction with
n ¼ 1, n ¼ 2 and n ¼ 3 water molecules are shown. Especially
the second order rate constant (first order with respect to
[H2O] and first order with respect to [N2O5]) deduced from
the new mechanism is in better agreement with the currently
best experimental upper limit rate constant than the rate con-
stant deduced by the old mechanism. The difference between
theory and experiment is not disconcertingly large. Wahner
et al.22 report that there is only a small error potential left in

Fig. 3 Unimolecular reaction rates of the reaction N2O5(H2O)n.
2HNO3(H2O)n�1 as obtained by VTST/mOMT. Mechanism a full, b
dotted and c broken line. Mechanism a is fastest for all systems. The
unimolecular reaction rate constants increase with increasing number
of water molecules but this effect is not very great.

Fig. 4 Comparison of the bi-, tri-, and tetramolecular reaction rate
constants of N2O5 hydrolysis. The values denoted with an � are the
experimental values as summed up in Table 5. The new mechanism
with one water molecule is in much better agreement with the experi-
mental value than with the old mechanism. The mechanisms with two
water molecules are almost equally important. For three water mole-
cules, again mechanism a is the fastest one, as for the unimolecular rate
constants, whereas for mechanism 3c the tetramolecular rate constant
becomes slower than 3b, in contrast to the unimolecular rate constants
(a full line, b dotted line, c broken line).

Table 5 Comparison between experiment and theory of the reaction

rate constants for the reaction of N2O5+ nH2O. 2HNO3+ (n� 1)-

H2O. The rate constants are first order with respect to N2O5 and nth

order with respect to H2O. The two ‘‘ theory’’ values for n ¼ 2 corre-

spond to mechanisms 2a and 2b. (Pre-association complex obtained at

G3B3 level of theory, unimolecular reaction rates obtained at a

G3B3///B3LYP/6-31+G(d) hypersurface.)

n ¼ 1 /

cm3 molecule�1 s�1
n ¼ 2 /

cm6 molecule�2 s�1

Morris and Niki, 197317 1.3� 10�20 (298 K) —

Tuazon et al., 198318 1.3� 10�21 (298 K) —

Atkinson et al., 198619 �1.5� 10�21 (298 K) —

Mentel et al., 199621 2.6� 10�22 (293 K) 1.9� 10�39 (293 K)

Wahner et al., 199822 2.5� 10�22 (293 K) 1.8� 10�39 (293 K)

Theory (this work) 5.2� 10�25 (298 K) 4.3� 10�46 (298 K)

2.2� 10�47 (298 K)
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the experimental approach. However, there are uncertainties
of 2–3 kcal mol�1 in the theoretical approach and thus there
is an error potential of two orders of magnitude in terms of
reaction rate constants. Presently it is not possible to clarify
whether the proposed mechanism is also the predominant
one in experimentation. From the experimental point of view
KIEs or a broader investigated temperature range might give
first evidence whether the proposed reaction channels are the

most important ones and if they compare well with experi-
ment. From the mechanistic point of view, in reaction channels
with more than one water molecule, water was found either to
participate actively mediating proton transfer or to be just a
spectator that stabilizes the transition state. Energetically it
was found that there are reaction mechanisms that are more
likely than others, even though the reaction complex is in a
‘‘higher ’’ local minimum that is still populated under standard
conditions. Several low frequency vibrations were identified as
hindered rotations. Treating these hindered rotations with the
approximation developed by Truhlar42,44 had a strong effect
on the rate constants, lowering the discrepancy between theory
and experiment from six to only two orders of magnitude. It
was also shown that B3LYP/6-31+G(d) performs very well
in predicting vibrational frequencies and geometries but it fails
to predict reaction barriers accurately. Perturbation theory
(MP2) proved to be problematic with respect to convergence
in transition state geometry optimization.
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