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Reaction of H, and N*Ion under Titan’s Atmosphere
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Abstract The thermochemical properties of reaction N*+H,~NH*+H have been computed under Titan’s atmosphere
conditions. It is observed that this reaction is an endothermic reaction and cannot proceed forward spontaneously under
low temperature. The rate for this reaction at 300 K has been calculated as k=4.16x10™"" cm®+mol™+s™. The reaction
barrier is 109.847 kJ-mol™ at 298.15 K, which is probably too high to allow this reaction to occur in the atmosphere of
Titan. The kinetic properties of the reaction are calculated at a pressure of 90 Pa and a temperature ranging from 1 to
5000 K. It is found that this reaction has very low reaction rate under low temperature in Titan's atmosphere and that
the rate decreases drastically with decreasing temperature. This result should be applicable to interstellar place of the

low temperature values. The results are compared with those obtained from experiments.
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Eight of the nine planets in our solar system have signifi-
cant atmosphere. Of these, four have been investigated by plane-
tary probes and/or rockets equipped with mass spectrometers.
Mass spectrometric analysis has provided details on the atmo-

spheric composition of the outer atmosphere of Venus, Earth,

Mars, and Jupiter down to below the one-Pa pressure level.
There are more than 40 moons that orbit the planets of the solar
system, among these, only three (Titan, lo, and Triton) were shown
to have sufficient atmosphere for mass spectrometric analysis

during a flyby. Titan, orbiting Saturn, has by far the largest at-
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mosphere and is a significant focus of the NASA/ESA Cassini-
Huygens mission to Saturn'. Titan has a well established atmo-
sphere; the composition of this atmosphere near the surface is as
follows: more than 97% is molecular nitrogen, the remainder is
methane and other minor species?. Titan’s upper atmosphere and

[3-6

ionosphere are quite complex chemically®®. Theoretical inves-

tigations have been carried out to describe the structure™ and the

10131 A large amount of informa-

composition of this atmosphere!
tion available from laboratory studies of ion-molecule reactions
relevant to Titan's ionosphere has been collected by Anicich and
McEwan!!), a profile of chemical sources of haze formation in
Titan’s atmoshpere has been described by Wilson and Atreya™,
and a concise review of the understanding of the ionosphere of
Titan, based on observation constraints and theoretical models,
has been presented by Nagy and Cravens!'™. The results of plasma
discharge in the N,-CH, mixture, with ammonia and oxirane
production, have been reported by Bernard et al.'"*'". Bernard et
al. showed that ammonia was the main product in the experi-
ments designed to simulate the upper atmosphere of Titan. They
had experimentally studied the reaction chemistry of a Titan-
simulated atmosphere in the presence of carbon monoxide (x,:
Nay,Ne0=98:2:0.01), and had found that ammonia was clearly
identified as one of the major products in the Titan atmosphere
simulations. According to the Bernard’ s article, no theoretical
models have taken the NH; photochemical cycle into account in
Titan's atmosphere. Atreya (1986) proposed a mechanism to

produce NH; (ammonia) in the ionosphere!':

Nyt+hv(solar EUV)—N*=+N(‘S)+e” 1)
N*+H,—~»NH*+H @)
NH*+H,—NH;+H 3)
NH;+H,—NH;+H )
NH;+H,—NH;+H (5)
NH;i+e—NH+H 6)

Reaction (2) has once again attracted the attention of resea-
rchers for its roles as a possible first step in the synthesis of am-
monia in interstellar clouds. This hydrogen atom transfer reac-
tion has served as a model system in the study of the kinetics
and dynamics of ion-molecule reactions. Knowledge of the tem-
perature dependence and kinetic energy dependence of the reac-
tion is important for modeling the chemistry of nitrogen-contain-
ing species under the conditions of interstellar space. The exper-
imental reaction rates for reaction (2) at 300 K are tabulated in

Table 1. The experiments at very low temperatures have estab-

lished that the reaction rate decreases rapidly with decreasing
temperature!"”. Reaction (2) has been studied from 8 to 70 K in a
supersonic gas jet?” and from 11 to 20 K in a low temperature ion
trap?". In the study by Ervin and Armentrout™, guided ion beam
techniques were used to examine the kinetic energy dependence
of the integral reaction cross sections.

The thermochemical and kinetic properties of above-men-
tioned reaction have not been studied, and hence, the calculated
results are of utmost interest. To bridge this gap, we have decid-
ed to calculate as accurate values as possible, while keeping the
computational cost in mind. Since reaction (2) is almost thermoneu-
tral, the expected temperature dependence of the rate depends on
the magnitude and the direction of the reaction enthalpy!"”. The
thermochemical and kinetic properties of reaction (2) were calcu-
lated in accordance with Titan’s condition™. Recently, the cou-
pled cluster singles and doubles (CCSD) model has been shown to
be highly efficient®. Therefore, in this study, the thermochemical
properties of reaction (2) were calculated at a pressure of 90 Pa
and at different temperatures, respectively, using the CCSD
method together with the standard cc-pvdz basis set implement-
ed in the Gaussian 98 program. The kinetic properties of the re-
actions were calculated at a pressure of 90 Pa and at different

temperatures, respectively, using MP2/6-311g(d) method.

1 Computational methods
During the last decade, the coupled cluster method has

been recognized as the most efficient means to describe the dy-
namical correlation effects for systems dominated by a single
reference configuration. CCSD includes the effects of all single
and double excitations out of the reference configuration, which
is usually chosen as the Hartree-Fock self-consistent-field (SCF)
wave-function. The calculation on the present work was per-
formed in two steps. First, an optimization of geometry was per-
formed using HF/6-31g", b3lyp/6-311++g(3df, 3pd), and ccsd/cc-
pvdz respectively, and the most stationary point was obtained.
At the final geometries, the zero-point vibrational effects were

obtained by calculating Hessians at the ccsd/cc-pvdz level and

Tablel N*+H,>NH'+H experimental reaction rates (300 K)

Rate coefficient Rate coefficient

(cm*-s7) Reference (cmi~s7) Reference
(3.9+0.8)x10™ [19] 4.7x107° [34, 36]
(5.0£0.2)x10™ [1] 4.8x107™ [35]

6.2x107° [32] 6.4x107° [33]
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vibrational frequencies were computed to verify that each reac-
tant and product was at the minimum of its potential energy sur-
face, no structures having imaginary frequencies were found. In
the second step, the E., H, G, and S of each reactant and product
were computed at the ccsd/cc-pvdz level. In this article, the en-
ergies are the ground state energies of each group; especially for
N, its electronic state is *P. The feasibilities of the reactions
have also been discussed.

According to the thermochemical theories, at room temper-
ature and 1.01x10° Pa pressure, the enthalpy of an ideal gas can
be noted as®®!

H=EAE+pV=EAE+RT (E1)
where E, is the electronic structure energy and E, is the molecu-
lar thermal energy. By assuming that any molecule is an ideal
gas, the values of H, E,, and E, can be computed at any tempera-
ture. The Gibbs free energy G is defined as follows:

G=H-TS (E2)
or AG=AH-TAS (E3)
where S is the entropy , and AG is the free energy of the reac-
tion. The partition function from any component can be used to
determine the entropy contribution from that component using
the following relation:

S=Nky+Nkgln( ‘I(X;D YNksT( "1“%(}/’7) )y (E4)

The partition function g(V, T) for the corresponding component of
the partition function includes the translational, rotational,
vibrational, and electronic motions. Because entropy and
enthalpy are both status functions, their calculated values vary
with temperatures. In this article, the enthalpy, Gibbs free
energy, the entropy for each reaction, as well as the equilibrium
constant K(T) were computed using the formula (E5)>:

K(D=e%7 (E5)
The converted temperature of the reaction was also calculated
using the formula (E3). The key equation for calculating the reac-
tion rates is™

_AxA0
k(Ty="FeT e = (E6)
hc

where ¢=1 mol-L™ is used for the concentration, A*G’ is the ac-

tivation free energy of the reaction.

In this article, the energies that were computed are the
ground state energies of each group, for N, its ground state is *P,
and for H,, its ground state is X'3? The deviation of computa-
tional thermochemistry and kinetics is mainly attributed to the
zero-point vibrational energies. The scale factor of frequencies
was determined to be appropriate for reproducing fundamental
frequencies. The minimum factor was equal to 0.893. Thus, the
error bars for activation barriers of reactions are expected to be
considerably better than 11%.

However, in this study, the calculations have been carried

out using the theory of quantum simulation of molecules. This
theory is based on the hypothesis of the Born-Oppenhimer ap-
proximation, and this reaction has been dealt with as an adiabat-
ic process. Electronically, nonadiabatic processes and their dy-
namical effects on chemical reactions have recently become
very interesting issues and considerable efforts have been made
toward the development of experimental techniques and theoret-
ical fields®™!. The endothermic proton transfer reaction has been
investigated over a broad rage of reactant vibrational levels by
Tang et al.®”. The accurate ab initio potential-energy surface has
been investigated by Palmieri et al.®". These theoriesare of con-
siderable interest, and efforts are been made to study the reaction
by considering it as a nonadiabatic process in our subsequent re-

searches.

2 Results and discussion
2.1 The thermochemical properties of reaction (2) at
90 Pa and at different temperatures
Because the pressure of 90 Pa corresponds to the conditions
in Titan's middle stratosphere and the temperature at this pres-

sure level is about 170 K. So, in this article, the thermochemical

Table 2 Thermochemical properties of reaction (2) at

various temperatures (ccsd/cc-pvdz)

TK  AHIKI-mol") AG/KI-mol”)  AS/(J-mol”-K™) K(T)
5 20.217 20.159 11.242 1.58x107"
8 20.213 20.125 11.242 2.93x1071
15 20.217 20.050 11.247 1.20x10™
20 20.217 19.991 8.983 545x10°
40 20.217 19.765 11.247 1.46x10
50 20.213 19.652 11.242 2.89x10°%
70 20.213 19.426 11.251 3.00%10715
100 20.213 19.002 11.247 1.04x107™
150 20.213 18.527 11.242 3.48x107
170 20.213 18.305 11.242 2.34x107
200 20.213 17.966 11.242 2.01x10°
273 20.217 17.142 11.242 5.23x10*
283 20.217 17.033 11.242 7.16x10™
203 20.217 16.916 11.242 9.63x10*
303 20.213 16.807 11.247 1.26x10°
353 20.217 16.426 11.242 3.70x107
453 20.217 15117 11.251 1.79x10*
1000 20.439 8.924 11.510 0.343
1500 21.133 3.029 12.062 0.784
1800 21.627 ~0.636 12.368 1.043
2000 21.953 -3.134 12.544 1.208
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Fig.1 van'’t Hoff plots of the equilibrium K(T') for reaction
N*+H,—»NH'+H

properties of reactions are calculated at a pressure of 90 Pa and a
temperature ranging from 5 to 2000 K at the CCSD/cc-pvdz lev-
el. The data are listed in Table 2.

Reaction (2) is an endothermic reaction with AH >0 and AG >
0, which indicates that it cannot occur forward spontaneously.
The values of AH and AS are positive, and the converted temper-
ature is 1797.6 K. It implies that reaction (2) cannot carry on
forward spontaneously at 7< 1797.6 K. The equilibrium con-
stants K(7) are quite small, especially at lower temperature. Fig.1
shows the van’t Hoff plots for reaction (2). The equilibrium con-
stant of the reaction increases rapidly with the increasing tem-
perature, but the free energies of the reaction decreases with the
increasing temperature, and the free energies of the reaction are
negative when 7' > 1797.6 K. Thus, when 7<1797.6 K, reac-
tion (2) cannot proceed forward spontaneously, whereas at 7' >
1797.6 K, reaction (2) could proceed forward spontaneously.
The barrier of this reaction is also calculated at the ccsd/cc-pvdz
level. Such a barrier of 109.847 kJ-mol™ is probably too high to
allow reaction (2) to occur in the atmosphere of Titan. The rate
of this reaction at 300 K has been calculated as: k=4.16x107"
cm’+mol™ +s7'. Tt suggests that the spontaneity has no influence
on reaction (2) under this condition. The results are compatible
with the results obtained by Ervin et al.!”, and the value of k=

4.16x10™ cm?+mol™+s™ is also in agreement with the results ob-

Table 3 The activation free energies of reaction (2) at

various temperatures (MP2/6-311g(d))

TIK  AGkJ-mol™) T/K  A*G/kJ-mol™) T/K  A*G'/(kJ-mol™)

1 101.713 20 104.370 300 156.268
2 101.826 70 112.683 500 196.895
3 101.939 80 114.441 1000 302.679
4 102.064 100 118.018 2000 520.862
5 102.198 150 127.219 3000 742,982
8 102.600 170 130.993 4000 967.663
11 103.027 200 136.708 5000 1194.310

10°7 /K

Fig.2 van't Hoff plots of the rates of reaction N+H,—»NH'+H

tained by Tichy", Adams®, Kim™, Smith®, and Fehsenfeld"!
et al., respectively (Table 1).
2.2 The kinetic properties of reaction (2) at 90 Pa and
at different temperatures

In this study, the kinetic properties of reactions are calculat-
ed at a pressure of 90 Pa and a temperature ranging from 1 to
5000 K at the MP2/6-311g(d) level. The activation free energies
of reaction (2) at a pressure of 90 Pa and different temperatures
are shown in Table 3. It is clear that the activation energies
of reaction (2) increase with the increasing temperature. The
Arrhenius analysis of these data combined with the different tem-
peratures (Fig.2) indicate that reaction (2) has very low reaction
rates under low temperature, and the rates of reaction (2) decrease
drastically with the decreasing temperature. This result is in good

agreement with the other conclution in literatures.

3 Conclusions

After computing the thermochemical properties of reaction
N*+H,—»NH™H, it is found that this reaction is an endothermic
reaction and that it cannot proceed forward spontaneously. The
rate of this reaction at 300 K is k=4.16x107" cm?+mol™ s, and
the reaction barrier is 109.847 kJ -mol™, which is probably too
high to allow reaction (2) to occur in the atmosphere of Titan. In
addition, the kinetic properties of reactions are calculated at a
pressure of 90 Pa and a temperature ranging from 1 to 5000 K. It
is seen that reaction (2) has very low reaction rates under low
temperature, and the rates decrease drastically with the decreas-
ing temperature. It is in good agreement with the results ob-
tained in the experiments carried out by Ervin and Armentrout.
However, the agreement of the present data with the predictions
makes the experiments useful to provide upper bounds to the

rate of this reaction at very low temperatures.
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