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Abstract
The gas phase vibrational spectroscopy of the protonated ammonia dimer N2H7+, a
prototypical system for strong hydrogen bonding, is studied in the spectral region from 330 to
1650 cm-1 by combining infrared multiple photon dissociation and multidimensional quantum
mechanical simulations. The fundamental transition of the antisymmetric proton stretching
vibration is observed at 374 cm-1 and assigned on the basis of a six-dimensional model
Hamiltonian, which predicts this transition at 403 cm-1. Photodissociation spectra of the larger
protonated ammonia clusters NH4+(NH3)n with n=2-4 are also reported for the range from
1050-1575 cm-1. The main absorption features can be assigned within the harmonic
approximation, supporting earlier evidence that hydrogen bonding in these clusters is
considerably weaker than for n=1.
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I. Introduction
Strong hydrogen bonds, characterized by large bond energies of up to 30 kcal/mol and low
barriers for proton transfer, play an important role in ion solvation, proton conductivity, and
proton transfer across biomembranes.1 They are intriguing from a spectroscopic perspective,
because the potential energy surface (PES) governing the displacement of the shared proton is
markedly anharmonic, leading to a strong red-shift of the IR absorption, which is difficult to
describe using standard quantum chemical approaches. Therefore, experimental studies on
isolated model systems in the gas phase yield important benchmarks to test the accuracy of
higher level computational methods.2,3
For example, the complete gas phase IR spectrum of the Zundel cation
H2O···H+···OH2, the prototype of a strongly hydrogen bonded system, has only recently been
fully understood, in particular in the region of the vibrational modes involving the shared
proton (900 – 2000 cm-1).4,5 From the theoretical point of view, the shared proton in H5O2+
highlights many complications encountered in hydrogen bond research, i.e., high-level
quantum chemical PESs are required for which the multidimensional quantum dynamical
problem has to be solved.3 In fact, there are several reports on the spectrum of H5O2+
including a reduced dimensional model,6 classical ab initio molecular dynamics simulations,7
and full-dimensional diffusion Monte Carlo and vibrational configuration interaction
calculations.5 But only recently a full-dimensional quantum dynamical calculation based on
the multiconfiguration time-dependent Hartree (MCTDH) approach has been able to assign
the double peak structure to a combination of the shared proton motion and wagging torsions
of the water molecules.8
The protonated ammonia dimer H3N···H+···NH3 is isoelectronic with the Zundel
cation, but presents a conceptually different scenario. In both cases the proton is equally
shared between two heteroatoms, leading to D3d and C2v equilibrium geometries, respectively.
However, the PES of the Zundel cation exhibits a single minimum at the midpoint between
the oxygen atoms, while the PES of the protonated ammonia dimer has a small classical
barrier (1-3 kcal/mol).9 In the latter case the zero point energy lifts the system over this
barrier, leading to quantum mechanical symmetrization.
The experimental IR spectrum of the protonated ammonia dimer has received
comparably little attention.10-12 Recent IR photodissociation studies12 were able to locate the
fundamental of the antisymmetric combination of the NH3 umbrella modes (1320 cm-1) as
well as the 1⋅νz+1⋅νR combination band, involving the antisymmetric stretching vibration of
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the shared proton (νz) and the symmetric stretching motion of the NH3 subunits (νR) motion,
at 743 cm-1. Further, they did find a reasonable agreement of the band positions between the
infrared multiple photon dissociation (IRMPD) spectrum of the bare ion and the IR
vibrational predissociation spectrum of the messenger atom tagged species N2H7+·Ar,
suggesting that the IRMPD technique does yield reliable vibrational energies in this case,
even though the absorption of many IR photons is required to induce fragmentation of N2H7+
(D0 = 9440 cm-1) to form NH4+ + NH3.13 However, the fundamental of the shared proton
antisymmetric stretching mode νz remains to be identified. This transition, located at ~1000
cm-1 in the Zundel cation4,5, has been predicted to be significantly red-shifted from its
harmonic value (1944 cm-1).9 Anharmonic calculations based on a four-dimensional (4D) ab
initio PES12 place it at 464 cm-1, i.e., significantly below the energies of the νz mode in other
protonated homodimers2 and outside the experimental observation window in Ref. 12.
IR photodissociation studies on larger protonated ammonia clusters, NH4+(NH3)n,
suggest that the shared proton motif is unique to the n=1 species, and clusters with n>1
exhibit a NH4+ core solvated by ammonia molecules.11,14,15 This is in contrast to protonated
water clusters, in which two motifs, the Zundel (H5O2+) and Eigen (H3O+) ion cores, persist
also for larger protonated water clusters.16 Early IR photodissociation investigations11,17 for
n=1-10 in the 2600-4000 cm-1 range revealed that the first solvation shell of NH4+ is
comprised of four ammonia molecules, which exhibit nearly free internal rotation. The spectra
of the larger clusters (n>6) converge and show similarities to that of liquid ammonia. The
spectra of clusters with n=6-9 have also been measured in the 1045-1091 cm-1 region, where
dissociation is observed due to excitation of the collective bending vibrations of NH3
molecules in the second solvation shell.14 The issue of spectral signatures of solvation shell
structures has also been addressed by a free electron laser IR study in the spectral region from
1020-1210 cm-1 for n=5-8 18 and from 1070-1680 cm-1 for n=3, 4.15
There are several theoretical investigations of protonated ammonia clusters by
Meuwly and co-workers19-21 using classical molecular dynamics together with DFT or selfconsistent charge density functional tight-binding derived forces. The focus has been on
proton conduction in free19 and environmentally restricted21 clusters, as well as on the
stability and isomerization of clusters.20 In terms of IR spectroscopy the predictions of Refs.
19,20

are based either on the harmonic approximation or on the assumption of classical nuclei.

For instance, Fourier transformation of the dipole-dipole autocorrelation function along
trajectories at 50 K for N2H7+ gave the shared proton stretching vibration νz at 1610 cm-1, the
NH3 umbrella vibration at 1000 cm-1, and the symmetric stretching vibration νR at 465 cm-1.20
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For n>1 only frequencies above 2000 cm-1 have been reported in Ref. 20. An effective onedimensional model for the assignment of the νz vibration of N2H7+ has been put forward by
Asada et al.9. Their value of 707 cm-1, however, is at variance with the more sophisticated 4D
quantum simulation12 which predicts this transition at 464 cm-1 and also has been the basis for
the assignment of the 1⋅νz+1⋅νR combination band.
In the present contribution our previous work on the protonated ammonia dimer12 is
extended in several respects. IRMPD spectra of N2H7+ are presented down to 330 cm-1 in
order to identify the νz fundamental. The previous 4D model of N2H7+ is improved by
supplementing it by the two-fold degenerate bending vibration of the shared proton. IRMPD
spectra of larger protonated ammonia clusters in the 1050-1575 cm-1 region are also
presented. These systems contain considerably weaker H-bonds and an assignment of the
observed spectral features is already possible within the harmonic approximation.
II. Theoretical Methods and Computational Details
A. Hamiltonian operator for N2H7+
In the following we will provide a reduced dimensional model Hamiltonian for the
N2H7+ cation which is based on selected internal coordinates. We concentrate on that part of
the spectrum which is influenced by the shared proton motion and make two simplifying
assumptions: (i) the focus is on the range of experimental data (300-1700 cm-1) which should
contain the proton stretching and bending vibrations of interest as well the low-frequency
hydrogen bond mode and (ii) symmetry selection rules dominate the anharmonic couplings
especially in this low-energy range. This allows us to assume that the C3 symmetry of the
N2H6 fragment, i.e., excluding the central proton, with respect to the N-N axis will not be
broken. Further, the lengths of the N-H covalent bonds shall be fixed. These constraints leave
seven coordinates as shown in
Figure 1, i.e., the shared proton stretching and bending with respect to the center of
mass of the N2H6 fragment, z, x and y, the relative motion of the center of masses of the
ammonia, R, the umbrella type motion of the two ammonia, θ1 and θ2, and the rotation
(torsion) of the NH3 fragments with respect to each other, φ.
(
Figure 1)
To setup the Hamiltonian for this 7D model we first focus on the kinetic energy
operator. In principle, there are different methods for derivation of kinetic energy operators in
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non-Cartesian coordinates, see e.g. Ref.22, including constraint conditions.23 Here, we use an
approach based on the direct quantization of the classical Lagrangian. For the seven active
coordinates in
Figure 1 the following kinetic energy operator can be derived under the assumptions
that the total angular momentum is equal to zero and there is no kinetic energy coupling
between the shared proton motion and the internal and relative motion of the NH3 fragments
(details are given in Ref. 24):
T=

h2 ⎛ ∂ 2
∂2
∂2 ⎞
h2 1 ∂ 2 ∂
h2
∂2
+
+
R
−
−
2 μ p ⎜⎝ ∂x 2 ∂y 2 ∂z 2 ⎟⎠ 2 μ R R 2 ∂R ∂R 2I rot (θ1 ,θ 2 ) ∂φ 2

(1)

1 ∂ sin θ i ∂
h2
− ∑
2 i =1,2 sin θ i ∂θ i I vib (θ i ) ∂θ i
The reduced masses and moments of inertia in Eq. (1) are defined as follows

2mH (3mH + mN )
7mH + 2mN

(2a)

μ R = (3mH + mN )

1
2

(2b)

⎛
⎞
mN
I vib (θ ) = I 0 ⎜ cos 2 θ +
sin 2 θ ⎟
3mH + mN
⎝
⎠

(2c)

μp =

I rot (θ1 ,θ 2 ) =

I 0 sin 2 θ1 sin 2 θ 2
sin 2 θ1 + sin 2 θ 2

(2d)

2
and RNH=1.017Å is the calculated length of the N-H covalent bonds of
where I 0 = 3mH RNH

the NH3 fragments. Using these coordinates the wave function will be normalized by the
Euclidean volume element dτ = R 2 sin θ1 sin θ 2 dxdydzdRdθ1dθ 2 dφ .
The torsion angle φ of the two NH3 fragments can be separated from the other six
variables if the potential energy does not depend on it. We have confirmed that the ab initio
PES depends only very weakly on this angle (the barrier is as low as 12 cm-1). Moreover,
there is a clear separation between the rotational and vibrational excitation energies. Thus, we
can separate this torsion and replace the operator − ∂2 ∂φ 2 by its expectation value, say, K2.
For the numerical implementation below it is more convenient to use another set of
coordinates and an appropriately modified wave function which simplifies both the kinetic
energy operator and the normalization volume element. Assuming K2=0 we will use the
following six-dimensional (6D) kinetic energy operator
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h2 ⎛ ∂ 2
∂2
∂2 ⎞
∂
∂
h2
h2 ∂ 2
T=
+ 2 + 2⎟ −
−
g(ui )
∑
2
2
⎜
2 μ p ⎝ ∂x
∂y
∂z ⎠ 2 μ R ∂R
∂ui
2I 0 i =1,2 ∂ui

(3)

with the volume element dτ = dxdydzdRdu1du2 and the definitions ui = cosui and
g(u) = (1 − u 2 )(3mH + mN ) / (3mH u 2 + mN ) .
Next we specify the construction of the respective 6D PES. Here, we make use of the
cumulative expansion in terms of different correlation orders 25
V (Q) = ∑ V (1) (Qi ) + ∑ V (2) (Qi ,Q j ) +
i

i< j

∑V

(3)

(Qi ,Q j ,Qk ) + K

(4)

i< j<k

where Q is a vector comprising the six model coordinates and V(n) is the n-th correlation
potential which is defined by the subtraction of all lower order correlations and the
uncorrelated one-dimensional potential V (1) (Qi ) from the n-dimensional PES. Our final
expansion includes all two-mode correlations as well as those three-mode correlations
concerning the z coordinate except V (3) (z,θ1 ,θ 2 ) and V (3) (z, R,θ1/2 ) which are assumed to be
negligible as compared to the contributions involving two proton coordinates like
V (3) (x, z, R) . The 6D dipole moment surface is constructed in the same spirit, that is, for each
of the three vector components we employed the following approximation:

μ (Q) = ∑ μ (1) (Qi ) + ∑ μ (2) (Qi ,Q j ) .
i

(5)

i< j

B. Numerical Implementation

PES and dipole moment surface are calculated using the MP2 method with the aug-cc-pVTZ
and cc-pVTZ basis set for N and H, respectively, using Gaussian 03.26 In total about 10.000
points have been calculated and applying symmetry we obtain more than 90.000 points
spanning the energy range up to 10.000 cm-1. This PES has been fit subsequently to a
polynomial of up to 10th order.
For the solution of the nuclear Schrödinger equation we have used the MCTDH
approach27,28 as implemented in the Heidelberg program package.29 The wave function is
represented as a superposition of Hartree products composed of single particle functions
(SPFs) for either individual or combined degrees of freedom. The single particle functions
themselves are defined on a primitive grid using a harmonic oscillator discrete variable
representation (DVR). The details of the basis set for the MCTDH calculation are collected in
Table 1.
(Table 1)
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We have calculated low lying excited state by the improved relaxation method as detailed in
Ref. 30. The MCTDH equations of motion have been solved using a 6th order Bulirsch-Stoer
method for the SPFs and a 16th order Davidson algorithm for the coefficient vector.27 The
assignment below will be based on variables quite close to certain normal modes, i.e.,
zRθ sθ a xy mnklij = Ψ mnklij (z, R,θ s ,θ a , x, y )

(6)

where m, n, k, l, i, and j are the quantum numbers associated to the coordinates z, R,

θ s = (θ1 + θ 2 ) / 2 , θ a = (θ1 − θ 2 ) / 2 , x, and y, respectively.
C. Larger Clusters: NH4+(NH3)2-4

In principle it would be straightforward to apply the method outlined above to larger clusters
as well. It turns out, however, that the hydrogen bonding in N2H7+ is exceptional insofar as it
is particularly strong compared to NH4+(NH3)2-4. Consequently, the PES for the larger clusters
is considerably less anharmonic. We have calculated the equilibrium geometries of these
clusters using the MP2/6-311++G(d,p) level of theory.
(
Figure 2)
To address the degree of anharmonicity the potential curve along one of the hydrogenbonded N-H stretching coordinates has been determined within the otherwise frozen
structures. The results in
Figure 2 show that upon increasing n the potential becomes less anharmonic. For n=2
it still shows some double minimum topology, although the proton transfer minimum is
considerably less stable. Notice that the actual well depth depends on the level of quantum
chemistry, for instance, it increases slightly if the larger basis set of the previous section is
used. For n=3, 4 there is no stable proton transfer minimum at all. Based on the results in
Figure 2 we will restrict our discussion to the harmonic limit, which proves to be
sufficient for analyzing the size dependence of the experimental spectra. However, one should
note that a more quantitative discussion would require to take into account the anharmonicity,
especially for n=2.
III. Experimental Setup

Most of the experiments were carried out on a previously described tandem mass
spectrometer-ion trap system.32 NH4+(NH3)n clusters are produced by crossing a supersonic
expansion of ~0.2% ammonia in Ar with a 300 μA, 1keV electron beam. The supersonic
expansion is generated by expanding the gas mixture with a backing pressure of 6 bar into
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vacuum through a 20 μm orifice. The cations pass through a 2 mm skimmer, are thermalized
to room temperature by collision with He buffer gas in a radio frequency (RF) ion guide, then
mass-selected by a quadrupole mass spectrometer. Subsequently, the mass-selected ions are
collected in a He filled linear RF hexadecapole ion trap, which is connected to a closed-cycle
helium cryostat and kept at a temperature of <20 K. Collisions with the He buffer gas (~0.03
mbar) slow the ions and cool them to the ambient temperature.
IR photodissociation spectra are obtained by photoexcitation of the trapped ions with
pulsed radiation from the “Free Electron Laser for Infrared eXperiments” FELIX.33
Immediately after irradiation, the trap is emptied and the ions are mass-selectively monitored
using a second quadrupole mass spectrometer. Photodissociation manifests itself as a
depletion of the parent ion signal and production of charged fragments. The mass selected ion
yield of parents and fragments is recorded as a function of FELIX wavelength. This data
acquisition cycle is repeated multiple times for every wavelength step.
The IRMPD spectra of N2H7+ below 600 cm-1 were recorded using a second tandem
mass spectrometer. Its operation is very similar to the spectrometer described in Ref. 31, in
particular similar ion production and trapping settings were used, but it makes use of a
conceptually different ion extraction / mass analyzing strategy. The hexadecapole ion trap and
second quadrupole mass filter are replaced by a ring electrode trap and time-of-flight mass
spectrometer, which more efficiently combines continuous ion production schemes with
pulsed laser experiments on the thermalized ions at defined temperature. A more detailed
description of this instrument will be part of a separate publication.
IV. Results and Discussion
A. N2H7+: PES and Vibrational Ground State

A two-dimensional cut of the 6D PES along the proton transfer coordinate z and the N-N
distance R with other coordinates fixed at transition state, i.e., θ1= θ2=111.7°and x=y=0, is
shown in
Figure 3a. The PES exhibits two minima at R=2.83 Å, which correspond to two equivalent
C3v configurations in which the central proton is not equally shared (z=±0.24 Å). These
minima are connected via a D3h transition state at a slightly compressed N-N distance (R=2.73
Å). The barrier height for the fully relaxed surface is 267 cm-1, which increase to 353 cm-1
when the CCSD(T)/aug-cc-pVTZ energies (at the MP2/ aug-cc-pVTZ geometries) are used.
Independent on the level of quantum chemistry (see also Ref. 9) the barrier is rather low, in
particular, it lies below the zero point energy.
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(
Figure 3)
Calculation of the 6D vibrational ground state yields the reduced probability density
shown in
Figure 3b. The most notable feature is that this function has a single maximum at the
symmetric D3h configuration. In other words, despite the sizable barrier height, the correlated
quantum mechanical zero point energy is large enough to symmetrize the hydrogen bond. This
feature has been discussed previously in the context of the IR spectroscopy in the 2600-4000
cm-1 range in Ref. 11; see also one-dimensional model in Ref. 9 and our previous results in
Ref. 12.
(Table 2)
B. N2H7+: Vibrational Excited States

Vibrational excitation energies and linear absorption intensities below 1600 cm-1 of the 6D
model calculations are listed in Table 2. Excitation energies corresponding to the
fundamentals of the symmetric stretching νR, antisymmetric stretching νz, symmetric
umbrella (νθs), antisymmetric umbrella (νθa), and the doubly degenerate proton bending (νxy)
vibrations are calculated at 403, 409, 1336, 1369, and 1545 cm-1, respectively. Notice that
compared to the harmonic prediction the νz frequency is significantly red-shifted by about
1500 cm-1. The effective one-dimensional calculation in Ref. 9 (707 cm-1) only captures part
of this anharmonicity. In comparison to the result of 4D model calculations (464 cm-1)
reported in Ref. 12 the inclusion of the two bending vibrations of the shared proton in the
present 6D model causes an additional red shift of this transition by 55 cm-1.
Excitation of the νz fundamental is predicted to be the most intense transition, which is
expected, because the displacement of the shared proton along the N-N atom axis produces a
large dipole oscillation. Exclusive excitation of the νR and νθs modes, on the other hand, is
dipole forbidden, which can be derived from the symmetry of the dipole moment operator:

μ (−z, R, −θ a ,θ s , −x, −y) = − μ (z, R,θ a ,θ s , x, y) .

(7b)

However, combined excitation of the symmetric and antisymmetric stretching modes is dipole
allowed, whenever an odd number of quanta of the antisymmetric stretching mode is
involved. Indeed, excited states, corresponding to the 1+1 (713 cm-1), 1+2 (1002 cm-1) and
1+3 (1306 cm-1) combinations of the νz+νR modes, are predicted to have non-zero intensities
(see Table 2).
(
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Figure 4)
The reduced density of the 110000 , 000100 , 100000 , and 000010 wave
functions is shown in
Figure 4. It is interesting to note that the probability density corresponding to the
shared proton stretching motion ( 100000 ) is localized in the two well regions in contrast to
the ground state wave function shown in
Figure 3. The antisymmetric combination character of the νθa mode is obvious from
the reduced density in
Figure 4 ( 000100 ).
(
Figure 5)
C. N2H7+: Experimental IR Spectra

IRMPD spectra of trapped and cooled N2H7+ in the 330-1650 region are shown in
Figure 5. The more recent measurements at longer wavelengths reveal a new, intense
absorption feature below 500 cm-1; a ~60 cm-1 broad band peaking at 374 cm-1 and exhibiting
additional structure on its high-energy tail. Based on our 6D model calculations (see Table 2
and stick spectrum in
Figure 5) it seems reasonable to assign this band, and in particular the maximum at 374 cm-1,
to the fundamental of the νz mode. The only other IR active mode in this frequency range,
albeit of comparably weak intensity compared to the IR active modes above 1250 cm-1 (see
Figure 2d in Ref. 12), is the doubly degenerate wagging vibration of eu symmetry, calculated at
418 cm-1 within the harmonic approximation. The presence of a second IR active transition is
supported by the observation of a relative maximum at 409 cm-1 (labeled a’ in
Figure 6). However, peak a’ together with another, weaker feature at 444 cm-1 (a’’) may also
suggest a progression in a low frequency mode (~35 cm-1), indicating efficient coupling of the
νz mode to a low frequency wagging mode, which is calculated at 34 cm-1 within the
harmonic approximation. These wagging modes were not included in the 6D model and
therefore an assignment of features a’ and a’’ will have to wait until higher dimensionality
calculations become available.
The spectrum shown in the right part of
Figure 5 has been previously reported.12 Briefly, bands A (743 cm-1), C (1097 cm-1),
and Band D (1325 cm-1) are the 1·νz+1·νR and 1·νz+2·νR combination bands and the
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fundamental of the νθa mode, respectively. The present 6D model places these transitions at
713, 1002 and 1336 cm-1. While the agreement for the νθa mode is slightly improved
compared to the 4D model (1354 cm-1), it is less good for the combination bands. Bands F
(1451 cm-1) and G (1545 cm-1) were tentatively attributed to the 1·νz+3·νR combination band
and the fundamental of the νxy mode, respectively. The present 6D model (1542 cm-1)
confirms the assignment of band G to the νxy mode, while it draws into question the previous
assignment of the 1+3 combination band (1306 cm-1).
In summary, the fundamental of the shared proton antisymmetric stretching mode in
N2H7+ has been observed for the first time. In comparison to the previously reported 4D
calculations, the present 6D model yields an improved description of this transition, as well as
of the fundamentals of the antisymmetric umbrella and the shared proton bending motion. On
the other hand, the description of the combined excitation of the antisymmetric and symmetric
shared proton stretching modes deteriorates, spotlighting the limitations of the 6D model.
Smaller absorption features observed in the IRMPD spectra suggest that the wagging modes
may efficiently couple to the stretching motion. Thus, these modes should be included in an
improved model, at least until a full dimensional description of the vibrational spectroscopy
of N2H7+ becomes possible.
C. Larger Protonated Ammonia Clusters: NH4+(NH3)2-4

The experimental IRMPD spectra of cooled NH4+(NH3)n clusters with n=2-4 are shown in
Figure 6 (left panel). Loss of a single ammonia molecule is the main dissociation channel for
all clusters studied here. The dominant absorption peak found between 1100 and 1200 cm-1 is
progressively red-shifted with increasing cluster size. The second most intense feature is a
group of bands centered around 1500 cm-1 whose overall width decreases with cluster size.
Our IRMPD spectra are in satisfactory agreement with the photodissociation spectra
measured recently by Tono et al.15 for n=3 and n=4. These latter spectra were measured for
ions with an internal temperature >200 K under single photon absorption conditions.
(
Figure 6)
In order to assign the main spectral features we performed MP2 calculations.
Simulated linear absorption spectra are shown on right side of
Figure 6. The most intense absorption bands, found at 1182, 1151 and 1135 cm-1 in the
IRMPD spectra of n=2-4, respectively, are assigned to the excitation of the collective ν2
bending modes of the NH3 molecules. The red shift of the ammonia ν2 mode with increasing
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cluster size is due to a weakening of the hydrogen bonds, also reflected in the increase of the
N-N distances with cluster size: 2.82 Å (n=2), 2.9 Å (n=3), and 2.96 Å (n=4). For
comparison, the ν2 mode continuous to be red-shifted in larger protonated ammonia clusters14
from 1080 cm-1 in n=6 to below 1060 cm-1 in n=9 and ultimately appears at 950 cm-1 in the
isolated ammonia molecule.35
The change in the overall widths of the groups of bands around 1500 cm-1 is
qualitatively reproduced by the MP2 calculations. As noted before we do not consider the
harmonic approximation to yield sufficiently accurate results and therefore will not assign
individual peaks in the spectrum. However, in view of the previous work by Tono et al. 15 (for
n=3,4; spectra included in Fig. 6) and by Schwarz 36 as well as Lee an coworkers11 for n=4
these bands should be dominated by the fundamental transitions of the NH4+ ν4 mode as well
as of the collective asymmetric NH3 ν4 -bending vibration. Note, however, that the
photodissociation studies of Tono et al.15 find evidence for these transitions at 1625 cm-1
(n=3) and 1599 cm-1 (n=4), that is, outside our measurement window.

V. Summary

In summary we have given a combined experimental and theoretical study of the gas phase
infrared absorption spectra of protonated ammonia clusters NH4+(NH3)n with n=1-4. The most
interesting case is certainly the protonated ammonia dimer, N2H7+, whose strong hydrogen
bond has been characterized by its spectral features in the region from 330 to 1650 cm-1. For
the first time we report the assignment of the fundamental transition of the antisymmetric
proton stretching vibration which is observed at 374 cm-1. The enormous red-shift as
compared to a free NH stretching vibration clearly stands for the substantial modification of
the potential energy surface upon strong hydrogen bonding which can hardly be described by
few dimensional models. While the performance of the present 6D model is rather good for
some fundamental and combination transitions, the assignment of the full spectrum in this
range calls for an extension to include at least wagging vibration of the terminal NH3 groups.
In comparison the larger clusters NH4+(NH3)n (n=2-4) behave more predictable and the gross
features in the reported range from 1050-1575 cm-1 can be assigned within the harmonic
approximation. This gives evidence that hydrogen bonding in these clusters is considerably
weaker than for n=1.
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Figure Captions
Figure 1: Definition of the seven active coordinates of the reduced N2H7+ model. Note that

compared to our previous model12 we have incorporated the bending vibrations of the shared
proton.
Figure 2: One dimensional MP2/6-311+G(d,p) (solid lines) and MP2/aug-cc-pVTZ (dashed

line) potential energy curves of NH4+(NH3)n cations along an N···H···N proton transfer
coordinate connecting the N-atoms of the NH4+ core and of one of the NH3 ligands.
Figure 3: (a) Two-dimensional cut of the 6D MP2/aug-cc-pVTZ PES. (b) Ground state

reduced probability density (see text). PES contours run from -150 to 1550 cm-1 in steps of
100 cm-1.
Figure 4: Selected low energy wave functions (reduced densities) as indicated by the labels

mnklij , cf. Eq. (6), of the N2H7+ cation. PES contour values: (left column, see
Figure 3), upper right: 200-3000 cm-1 in steps of 200 cm-1, lower right: 200-5000 cm-1 in steps
of 300 cm-1.
Figure 5: Experimental IRMPD spectra (top) and calculated linear absorption spectrum

(bottom) of N2H7 in the region from 350 to 1650 cm-1. The IRMPD spectra (the right trace is
from Ref. 12) were measured by monitoring the NH4+ ion fragment as a function of irradiation
wavelength. Letters index the prominent peaks for reference in Table 2. The black bars reflect
the dipole-allowed transition energies and intensities from the 6D model calculations (see
Table 2).
Figure 6: Experimental IRMPD spectra (left) and simulated linear absorption spectra (right)

of NH4+(NH3)2-4 in the region from 1050 to 1575 cm-1. Two experimental spectra are shown
for n=3, 4: (a) present study, (b) spectrum taken from Ref. 15. The simulated spectra were
derived from MP2/6-311+G(d,p) harmonic frequencies (scaled by 0.95) and intensities and
convoluted using a Gaussian line function with a width of 15 cm-1 (FWHM).
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Table 1. MCTDH parameters for solving the Schrödinger equation (lengths in Å). NDVR:

number of DVR points; NSPF: number of SPFs (Note that us and ua as well as x and y have
been treated as combined modes.). The largest natural orbital population has been 0.01%.
Mode

z

R

ua

us

x

y

min. grid -0.58 2.20 -0.61 -0.61 -0.53 -0.53
max grid

0.58

3.26

0.13

0.13

0.53

0.53

NDVR

59

39

39

39

39

39

NSPF

9

8

9

3
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Table 2. Calculated excitation energies (in cm-1), relative IR intensities (in parentheses) and

their assignment from the anharmonic 6D model for N2H7+ below 1600 cm-1. Excitation
energies from the previously reported anharmonic 4D model12, harmonic MP2/aug-cc-pVTZ
calculations (unscaled) at the C3v minimum (Minharm) and D3h transition state (TSharm)
geometries, as well as experimental IRMPD band positions (Exp) are also listed. The states
are labeled according to Eq. (6).

Excitation Energy (cm-1)

State

TSharm Minharm

Assignment

6D

4D

Exp

│010000>

403 (0.00)

421

565

313*

│100000>

409 (1.00)

464

843i

1944

│020000>

701 (0.00)

729

│110000>

713 (0.37)

765

│030000>

981 (0.00) 1030

│120000>

1002 (0.12) 1091

1097

1νz +2νR

│130000>

1306 (?.??) 1485

1451

1νz +3νR

│000100>

1336 (0.48) 1354

1362

1380*

1325

1νθa

│001000>

1369 (0.00) 1348

1342

1264*

│000010>

1542 (0.46)

1777

1777

1νR
374

1νz
2νR

743

1νz +1νR
3νR

1νθs
1545

* These modes are not exactly the same as the assignments.

Page 19/25

1νxy

Yang et al.: Figure 1

Page 20/25

Yang et al.: Figure 2

Page 21/25

Yang et al.: Figure 3

Page 22/25

Yang et al.: Figure 4

Page 23/25

Yang et al.: Figure 5

Page 24/25

Yang et al.: Figure 6

Page 25/25

