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The quantum effects on the proton-transfer reaction in the N2H7
+ cluster has been studied using the classical

ab initio Monte Carlo method and a one-dimensional model for the quantum wave packet dynamics on the
ab initio MP2/6-31+G* potential energy surface. The optimized stable structure hasC3V symmetry, in which
the proton is bound to one NH3 molecule in such a way that the proton feels bistable potential. In contrast,
we found that the proton was located at the center of two NH3 molecules withD3d symmetry due to the
quantum effects of the proton kinetics. The quantum simulations indicate that the reason the experimental
spectra predict N2H7

+ to have a symmetricD3d structure, contrary to the ab initio results, is that the quantum
effects of the proton motion is completely neglected in the previous theoretical calculations. The vibrational
frequency for the N-H stretching mode which corresponds to the proton transfer is estimated to be 706.7
cm-1 by including proton quantum effects in contrast with 2100.1 cm-1 obtained by the conventional ab
initio MO method for theC3V structure.

1. Introduction

The proton-transfer reaction plays an important role in many
molecular systems such as cluster,1-9 liquid,10 crystal,11 and so
on, which are of particular interest with respect to the quantum
phenomena. The proton-transfer processes are also related with
the proton tunneling effects or proton disorder in hydrogen-
bonded system observed in biomolecules. With these interests,
hydrogen-bonded systems have been the subject of experimental
and theoretical chemistry. In this respect, ammonia can be used
as a prototype of the hydrogen-bound molecule.

Ammonia liquid has been studied using the Monte Carlo or
molecular dynamics (MD) simulation,12,13 and many intermo-
lecular potential functions have been proposed.6,14However, the
conventional classical simulations are not applicable to quantum
problems even if we have good potential functions.

In this paper, we have investigated quantum effects on the
bound proton in the N2H7

+ clusters. Ammoniated ammonium
ions NH4

+(NH3)n are appropriate complexes as a prototype of
weak hydrogen-bonded systems15 because the vibrational spectra
have been measured experimentally16 and the model of the
structure have been proposed forn ) 1-1017. In the theoretical
point of view, Scheiner et al.5 reported that the calculation at
the HF level with a minimal basis set gave the results that the
hydrogen-bonded proton in N2H7

+ was midway between two
nitrogen atoms. Increasing the basis set, on the other hand, the
calculation gave a double-well potential with an energy barrier
whose height decreased by the inclusion of polarizable electron
correlation effect. Hirao et al.18 predicted an asymmetricC3V
structure using 3-21G basis set and Jaroszewski et al.6 showed
that the potential depends largely on the N-N separation rather
than on the proton position. Recently, Jursic19 reported the
geometries and energies of the N2H7

+ clusters as well as H5O2
+

using the ab initio HF, MP2, G1, G2 methods with the
6-311G+(2d,2p) basis set, and the DFT methods with several

different exchange-correlation functionals. They mentioned that
the low-level ab initio and DFT methods resulted in geometries
for the complex composed of a proton and two ammonia
molecules. However, the G2 calculation did not compute a
symmetrical double ammonia complexed proton. Thus, the
potential energy was considered to be extremely flat, therefore,
it is very difficult to address the exact form. Interestingly, the
experimental vibrational predissociation spectra by Price et al.16

suggest that the equilibrium structure is described by the formula
H3N‚‚‚H+‚‚‚NH3 rather than NH4+‚‚‚NH3 despite this extremely
flat potential energy surface.

The aim of the present work is to clarify quantum effects on
the proton motion. We have used the quantum wave packet
dynamics on the ab initio potential. To compare the structural
results of the quantum simulation with that of the classical one,
the classical MO-MC methods20 have also been used.

2. Method

The ab initio MO calculations were carried out with the
GAUSSIAN94 program.21 The geometry optimizations of the
isomers, and the proton-transfer potential calculations for the
wave packet dynamics were carried out using the MP2/6-31+G*
level of theory. The zero-point energy (ZPE) were scaled by a
recommended empirical factor of 0.91.22 In MC simulations, a
huge number of energy calculations are required, then classical
ab initio MC simulations were carried out at the HF/6-31G level
of theory. To examine the quantum effects of the proton motion,
the classical Monte Carlo calculations and the wave packet
dynamics simulations were performed.

2.1. Classical MO-MC Simulation.We proposed a hybrid
procedure of the ab initio molecular orbital (MO) and the
classical Monte Carlo (MO-MC) samplings in the previous
work. Details of the MO-MC algorithm were presented else-
where.20 For this MC samplings, both the rigid model and the
nonrigid model are applied for trial moves. In the nonrigid model
the unit for movement is an atom, whereas in the rigid model* Author to whom correspondence should be addressed.
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the unit is a molecule. Whether the rigid model or the nonrigid
model is selected randomly at each movement. Because mo-
lecular units may be changed after the nonrigid model, the
molecular units have to be redefined. To define the unit, a cluster
analysis method with a threshold interatomic distance is used.
The threshold used is 1.5 Å in this study. By this threshold, we
confirmed that each molecular unit is reasonably defined at all
steps in this study.

2.2. One-Dimensional Model for the Proton-Transfer
Wave Packet Dynamics.The simplest model for the quantum
wave packet dynamics for the proton-transfer reaction is a one-
dimensional model on a potential energy surface along the
intrinsic reaction coordinate (IRC). The one-dimensional discrete
time-dependent Schro¨dinger equation is

whereφn(t) is the wave function at timet. If we rewriteφn(t)
as |φ;t〉, eq 1 is solved as

Using the Taylor expansion, eq 2 can be written as

In our wave packet dynamics, the time development of the initial
wave function was followed up the second order of∆t in eq 3.

The HamiltonianH can be divided into two parts;

Here, then × n discrete representation of Hamiltonian matrix
for the free particleH0 becomes

where,∆x is the interval between neighboring positionsxi

andxi+1 andm is the reduced mass.∆x ) 0.005 Å,n ) 205,
andm ) 0.886 u are used in this study.

The potential energy matrixV can be expressed as

In the limit ∆x f 0, these equations give the usual time-
dependent wave equation;

The proton-transfer potential energy curve mainly depends on
the intermolecular distancerNN and the proton positionx shown
in Figure 1. In our IRC calculations, all structural parameters
are optimized with respect tox. Usually, these are bistable

potentials as pointed out by Jaroszewski et al.6 Since the
potential curve is calculated around the energy minimum to be
valid in the range 0.80< x < 1.82 Å, the potential energy is
modeled to be infinity at outside of this range.

3. Results and Discussion

3.1. Optimized Structure. The optimized stable and transi-
tion state structures of the N2H7

+ cluster were calculated using
the ab initio HF, MP2, QCISD, and G2MP2 calculations with
various basis sets. Table 1 summarized the structural parameters
obtained by these calculations with the normal mode vibrational
frequencies, the zero-point energy for the N-H stretching mode
which corresponds to the proton transfer and the relative energy
of the transition state based on each stable structure. At the
G2MP2 level, only the optimized structure was obtained. The
optimized stable structure was a linearly arranged NH4

+‚‚‚NH3

form with C3V symmetry with a small barrier for the proton
transfer already pointed out by Hirao et al.18 The N-H bond
lengths,r1, r2, andr4, became longer by inclusion of the electron
correlation effects resulting that the bound proton slightly moved
to the center of the N-N bond. However, the hydrogen atom
between the monomers is located at one side. The anglesa1

anda2 did not significantly depend on the computational level
in our calculations except for HF/6-31G result. Our optimized
geometrical structures were in good agreement with the other
theoretical results. On the other hand, the transition state
structure had the linear arrangement proton bound NH3‚‚‚H+‚
‚‚NH3 form with D3d symmetry. In a recent paper, Park23

mentioned that the proton transfer did not take place in the
N2H7

+ cluster.
It is clear that the activation energy∆E for the proton transfer

process is largely dependent on the computational level as shown
in Table 1, which is decreased by the polarizable electron
correlation calculations. Accidentally, HF/6-31G result indicates
the smallest activation energy in our HF calculations. We should
notice that the ZPE are higher than the activation energy for
the HF/6-31G, MP2/6-31+G*, MP2/6-311++G**, and QCISD/
6-311++G** calculations. These results suggest that the
quantum effects on the proton transfer are quit important for
this cluster.

3.2. Classical Monte Carlo Results.The MP2/6-31++G**
level is almost 200 times time-consuming for single-point energy
evaluations relative to the HF/6-31G level. To save the
computational time for the ensemble averages, the HF/6-31G
level of theory is applied on the following classical Monte Carlo
simulations.
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Figure 1. Model system and definition of the proton-transfer coordinate
with the normal mode vector corresponding to the N-H stretching
vibrational mode for the proton transfer.
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To achieve the thermodynamic equilibrium condition, the first
50 000 moves are disregarded and the following 100 000 moves
are used in this study. The radial distribution functions for N-H
distancesrNH and N-N distancesrNN at T ) 100 K are shown
in Figures 2a and 2b, respectively. The distribution functions
rNH can be roughly classified into two groups. One is for the
distance between the nitrogen atom and three connected
hydrogen atoms directed to the outer side of cluster ranging
from 0.95 to 1.05 Å, and the other is for the center hydrogen
atom bridging two nitrogen atoms ranging from 1.00 to 1.15
Å. The peaks in the distribution function are close to the N-H
distance of the optimized geometries. The peak positions for
the center hydrogen atom is longer than that for the outside
hydrogen atoms. The fluctuations are 0.1 and 0.15 Å for the
terminal and bridge hydrogen, respectively. However, the proton
transfer did not take place and the proton remains trapped in
the reactant well during our simulation runs atT ) 100 K. The
peak of N-N radial distribution function is located at 2.74 Å,
which is almost the same as the optimized structures, with rather
large fluctuation from 2.6 to 2.9 Å. Thus, the equilibrium
geometries can be concluded as the NH4

+‚‚‚NH3 form from the
classical simulations.

The classical simulations for this kind of system has already
reported by Li et al.24 In their recent investigation, the combined
AM1/TIP3P molecular dynamics (MD) simulation atT ) 25
°C was carried out for the proton-bound ammonia dimer in
aqueous solution for the N2H7

+ model. In the same work, the
distance between nitrogen atoms has been fixed at 2.62 Å, which
is closer than the equilibrium position of 2.75 Å as shown in
Table 1, so that proton-transfer events occur every 10-20 ps
in average. These models are regarded as not realistic, because
the N-N distance for the proton-transfer transition state is about

2.6 Å. Their model is too favorable to take the transition
structure. In addition, the quantum effect for the proton kinetics
are completely ignored. In our simulations atT ) 25 °C, the
proton transfer events was rarely observed although the fluctua-
tion of intermolecular distance between NH4

+ and the NH3

molecule became significant.
3.3. Wave Packet Dynamics.The eigen vector for the normal

mode associated with the proton-transfer reaction and the
definition of the proton-transfer coordinatex are shown in Figure
1. Since there exists a large amplitude N-H stretching motion
and very small motions of other atoms, we have applied a simple
one-dimensional model for the proton-transfer process. In the
following analysis we have used the one-dimensional potential
curve calculated by ab initio MO method using the MP2/6-
31+G* level of theory along with the intrinsic reaction
coordinate (IRC). In the calculations, the structure optimization
was carried out at each N-H distancex with the discrete step-
size∆x ) 0.005 Å.

The Hamiltonian matrix given in eq 4 was diagonalized to
obtain the eigen states and the corresponding eigen values for
the proton motion. Figure 3 illustrates the probability of
appearance, which are square of eigenfunctions, and its eigen
values together with the IRC potential curve. The IRC potential
curve has bistable shape with a transition state. As all structural
parameters are optimized at each N-H distance, the potential
minimum and the transition state structure correspond toC3V
andD3d symmetry, respectively.

The calculated eigen states confirm the importance of the
quantum effect of the proton motion. Interestingly, the ground
state, which has the energy of 1.79 kcal/mol, is not located at
the optimized structure. However, there are broad peaks for the
probability of appearance for the ground-state proton wave

TABLE 1: The Structural Parameters with the Normal Mode Vibrational Frequencies for the N2H7
+ Clustera

r1 (Å) r2 (Å) r3 (Å) r4 (Å) a1 (deg) a2 (deg) E (au) freq (cm-1)
ZPE

(kcal/mol) ∆E (kcal/mol)

Stable Structure
HF/6-31G 1.008 1.080 1.666 1.004 109.7 109.5-112.72769 2189.1 3.13
HF/6-31G* 1.010 1.060 1.755 1.006 110.1 112.6 -112.75700 2540.5 3.63
HF/6-31+G* 1.010 1.054 1.792 1.006 110.0 112.7 -112.75894 2620.5 3.75
HF/6-311++G** 1.009 1.057 1.766 1.005 110.0 112.6 -112.81044 2544.4 3.64
MP2/6-31+G* 1.025 1.098 1.675 1.022 110.3 112.9 -113.10849 2100.1 3.00
MP2/6-311++G** 1.021 1.120 1.574 1.019 110.6 113.1 -113.21511 1769.5 2.53
QCISD/6-311++G** 1.022 1.101 1.624 1.020 110.5 113.3 -113.24409 1996.0 2.85
G2MP2 1.025 1.115 1.616 1.021 110.5 112.8 -113.27456

Transition State Structure
HF/6-31G 1.006 1.295 1.295 1.006 110.0 110.0-112.72423 2.17
HF/6-31G* 1.008 1.298 1.298 1.008 111.5 111.5 -112.75031 4.20
HF/6-31+G* 1.008 1.297 1.297 1.008 111.6 111.6 -112.75130 4.79
HF/6-311++G** 1.007 1.295 1.295 1.007 111.6 111.6 -112.80443 3.77
MP2/6-31+G* 1.024 1.308 1.308 1.024 111.8 111.8 -113.10575 1.72
MP2/6-311++G** 1.020 1.299 1.299 1.020 111.9 111.9 -113.21398 0.71
QCISD/6-311++G** 1.020 1.299 1.299 1.020 112.0 112.0 -113.24207 1.27

a E is the energy. freq and ZPE mean the normal mode frequency and the zero-point energy for the N-H stretching mode for the proton transfer,
respectively.∆E is the relative energy based on each optimized structure.
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function, and its maximum appears at the transition state
structure at about 1.3 Å. These results lead to the conclusion
that the ground-state structure is not the optimized structure but
the transition state obtained from the ab initio MO calculation
without quantum effects of proton. In the other words, the reason
the experimental spectra by Price et al. predict N2H7

+ to have
a symmetricD3d structure, contrary to the ab initio results, is
that the quantum effects of the proton motion is completely
neglected in the previous theoretical calculations.

The first excitation state lies at the energy of 3.81 kcal/mol
and shows a double peak centering around 1.10 and 1.51 Å
corresponding to optimized structures. The stable structure
obtained by ab initio MO calculations is expected to be the first
excitation state considering the quantum effect of motion. In
the first excitation state, the probability of appearance at the
transition state structure becomes zero to give the orthogonality
relation between two eigen states. The second excitation state
lies at 8.09 kcal/mol which have three peaks at 1.02, 1.30, and
1.58 Å. Figure 3 shows the proton motion in this IRC potential
curve looks like the trapped free particle motion in the harmonic
potential well. The important point to note is that the transition

state structure has the relative energy of 1.72 kcal/mol from
the stable structure, which is almost the same energy of the
ground state for the quantum proton motion of 1.79 kcal/mol.
In this case, the quantum effects is not negligible and the
observable structure may be affected.

From the energy difference 2.02 kcal/mol between the ground
state and the first excitation state, the frequency for the periodic
motion of the proton-transfer reactionω+- can be determined.
The frequency of de Broglie wave is related with the energy
difference∆E between the given two states:

where,h means Planck constant.
From the eigen state in Figure 3 the period of the proton

transfer has been determined as 1/ω+- ) 47.2 fs at low energy.
This results indicate that the proton transfer is a very quick event
than the assumption of 10-20 ps estimated by Li et al.24

The realistic behavior is more complicated than this simple
model taking only two eigen states into account, because many
eigen states would be affected to the quantum dynamics as the
energy of the system increased. Then, we have carried out the
quantum wave packet dynamics. The initial wave packet can
be arbitrarily generated, however, the coherent state obtained
by operating the translation operator on the ground-state wave
function is used in our simulation. The five different initial states
are considered. The expected values of the Hamiltonian for each
initial wave packet are 1.79, 1.98, 2.74, 4.83, and 16.52 kcal/
mol, respectively.

Figure 4 shows the time development of the wave packet for
100 ps with the energy of 2.74 kcal/mol. The distribution of
protons has changed significantly for each time with the large
principle vibration. The maximum position of the wave packet
shifts to the potential well direction rather than the transition
state at this energy for the most of the time.

The time development of the N-H distance for 300 ps is
given in Figure 5 in which the distance is calculated between
the N atom and the center of the mass for the bound proton
wave packet. Figure 5 shows more clear periodic motions of
the proton-transfer reaction. The center of mass for the ground-

Figure 2. The radial distribution functions of the classical N2H7
+

cluster. Results are shown for simulations at 100 K where the protons
were treated classically. (a) The N-H distance distributions. Ther1

distribution denoted by the solid line, ther2 by the dashed line, and
ther4 by the dotted broken line (See Table 1). Ther2 distribution peak
at about 1.07 Å corresponds to the optimized structure. (b) The N-N
distribution which shows relatively large fluctuation about the optimized
N-N distance.

Figure 3. The IRC potential energy curve obtained by the MP2/6-
311++G** level of theory (solid line), the probability of appearance
for the bound proton (dotted broken line), which are square of the
eigenfunctions, and the corresponding eigen values (dashed line). The
IRC potential has bistable shape with a transition state which is just
lower than the ground-state energy of the bound proton.

hω+- ) ∆E (8)
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stateE0 is located at 1.31 Å corresponding to the transition state
at any time. Increasing the energy fromE1 to E4, increasing the
amplitude of the proton motion. Though the amplitude of the
proton motion largely depend on the energy considered, the
period is almost the same for each energy. The period of the
proton transfer is estimated to be about 45 fs which is coincident
with the results 47.2 fs estimated above using only the ground
state and the first excited state. We should notice that the
amplitude of the proton motion can be easily changed even if
only two lowest eigen states are taken into consideration. It is
influenced by the mixing ratio of each state. It seems reasonable
to suppose that Figure 5 includes two different components.
One is the principal vibrational behavior corresponding to the
proton transfer, which is mainly influenced by the lowest two
eigen states, and the other is the small deviation affected by
other relatively high energy eigen states. It can be concluded
that the system energy changes the amplitude of the proton
motion, however, it has rather small contribution on the period
of the proton transfer in our study.

The vibrational frequency for the proton-transfer N-H
stretching is estimated to be 706.7 cm-1 applying 1/ω+- ) 47.2
fs in contrast with 2100.1 cm-1 obtained by ab initio MO
calculation for theC3V optimized structure.

4. Summary

The quantum effects of the proton-transfer reaction in the
N2H7

+ cluster has been studied using the classical ab initio
Monte Carlo and a one-dimensional model for the quantum
wave packet dynamics on the ab initio MP2/6-31+G* potential
energy surface. The optimized stable structure hasC3V symmetry,
in which the proton is bound with one NH3 molecule in such a
way that the proton-transfer process feels bistable potential. In
contrast, we found that the proton is located at the center of
two NH3 molecules withD3d symmetry due to the quantum
effects of the proton kinetics. The energy barrier for the proton-
transfer process in N2H7

+ cluster is 1.72 kcal/mol, which is
almost the same energy of the ground state for the quantum
proton motion of 1.79 kcal/mol. In this case, the double well
potential curve looks like the single harmonic potential well,
therefore the quantum effects are not negligible and the
observable structure may be affected. The reason the experi-
mental spectra by Price et al. predict N2H7

+ to have a symmetric
D3d structure, contrary to the ab initio results, is that the quantum
effects of the proton motion are completely neglected in the
previous theoretical calculations. The results of the wave packet
dynamics indicate that the system energy changes the amplitude
of the proton motion, however, it has rather small contribution
on the period of the proton transfer to be about 45 fs. The
vibrational frequency for the N-H stretching mode which
corresponds to the proton transfer is estimated to be 706.7 cm-1

in contrast with 2100.1 cm-1 obtained by the ab initio MO
method for theC3V structure.
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