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Structures of unprotonated [(NFI(n = 1-6)] and protonated [NHNH3)..1(n = 1-6)] ammonia cluster cations

have been optimized with ab initio Hartree-Fock (HF) and second-orgierilesset (MP2)/6-31+Glevels

and the harmonic vibrational frequencies have also been evaluated. In unprotonated cluster catims)NH

as a central core of the first ammonia solvation shell. In protonated cluster catigrferiNgias a central core.

In unprotonated dimer and trimer cations, there are two types of isomers (hydrogen-bonded and head-to-head
interactions). In both cluster cations, the hydrogen-bonded isomers are more stable. In the hydrogen-bonded
dimer cation, the proton transfer reaction takes place from-BWH.) to (NH;-NH,). But in the other un-
protonated cluster cations, the proton transfer does not take place. In unprotonated pentamer and hexamer, a
NHs core has both interactions in a complex. On the other hand, in unprotonated tetramer a core has only the
hydrogen-bonded type combined with neutral ammonia molecules. With increasing cluster cation size, the
bond lengths [Riny] between two nitrogen atoms and the distancgs iR of the hydrogen-bond increase reg-

ularly. In the calculated infra-red absorption bands for ammonia cluster cations, the characteristic peaks of the
bridged NH vibration of the hydrogen-bonded clusters appear near 250@\th increasing size, the peaks

shift from 2306 crit* to 2780 crit.

Introduction tonated cations. On the other hand, Feikal® investigated
the single photon ionization experiments of unprotonated
Recently, photoionization experiments of ammonia clusteiand protonated ammonia clusters without the relaxation of
cation have been performed by electron impadsingle  the intermediate excited states. In this experiment, they
photon>® and multiphoton resonarf ionization spectro- observed the peaks of unprotonated monomer and dimer
scopies. In these experiments, a main component is protammonia cation.
nated ammonia cluster cations [§{{NHs),], while unpro- Although the existence of unprotonated ammonia cluster
tonated ammonia cluster cations [ are also detected cations via the photoionization and photodissociation pro-
as a by-product. The unprotonated cluster cations are founmksses have been studied by many grétiishe structures
to be directly produced from neutral ammonia clustgs and relative stabilities of unprotonated ammonia cluster cat-
photoionization processes. On the other hand, the protonatéshs were rarely found. Due to the limited information on
cluster cations are found to be produced by two other mechthese unprotonated cluster cations, further studies of their
anisms. In one mechanism, the unprotonated cluster cation $tructures and stabilities seem to be worth carrying based of
formed and then it is divided into the protonated cation andhe following points. i) Does the stable structures of unproto-
NH.. In the other, the excited ammonia cluster K  nated cations exist or not? In recent experiments, the unpro-
(HsN"-HNH,) is formed from the predissociative state of antonated cluster cations [(N)i] were rarely observed except
ammonia molecule in the cluster through the multiphotorfor n=1 and 2. In particular, the peak of unprotonated pen-
absorption process and then the photoionization and photéamer cation is very weak as a noise. ii) Does the proton
dissociation take place. transfer reaction takes place in all unprotonated cluster cat-
Nishi et al®® suggested the schematic diagram for theions? Experiments by Nishi suggest that the proton transfer
mechanism of unprotonated and protonated cluster catioria all cluster cations takes place from unprotonated to proto-
via the molecular beam mass spectroscopy and electromated cations. iii) Are there any structural isomers in unpro-
impact methods. According to the results, the unprotonatetbnated cations? To answer these questions, we optimized
cations [(NH)s] are very unstable. As a result, the peakthe geometrical structures of ammonia cluster cations at the
intensities of unprotonated cluster cations are very weakdF and MP2 levels and also analyzed the harmonic frequen-
Potential energy representations of the multiphoton ionizaeies of the structures to find the local minimum of the struc-
tion processes of unprotonated and protonated cluster cdtire.
ions were constructed by Castleman, ér. al>101315
According to the ionization processes, unprotonated cluster Computational Methods
cation is produced by the resonant enhanced multiphoton
process and these cations [()f{ dissociate into the proto- The geometrical structures of unprotonated ammonia
nated cation (Nb),:H" + NH, along the cationic potential cations [(NH)i(n=1-6)] as well as protonated ammonia
curves with small energy barrier. Therefore, the peaks otlusters [NH(NHs)..1(n=1-6)] are fully optimized using
unprotonated cations are very weak compared with the prahe restricted and unrestricted Hartree-Fock (RHF, UHF)
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Table 1. Bond lengths (A) of unprotonated and protonated ammonia cluster cations

MP2 MPZ2 exptP
Raw r fee I Bridged Rin..H) Ry I e I %oridged Rn..H) e
NH3 1.021
NHs 1.012 0.991 1.012
NH; 1.023 1.012 1.032
unprotonated ammonia cations
(NHa); (H-H) 2.174 1.014 2.204 1.017
(NHa); (H-B) 2.791 1.022 1.068 1.723 2.770  1.023 1.07 1.70 2.8
(NHa)3 (H-H) 2.504 1.008
(NHa)3 (H-B) 2.752 1.017 1.083 1.669
(NH3)x 2.844 1.056 1.788
(NHg)s 2.598
2.915 1.039 1.876
(NH3)e 2.738
2.938 1.034 1.904
protonated ammonia cations
(NH2) (NH5) 2.706 1.020 1.112 1.593 2.732 1.008 1.085 1.647
(NH2) (NHs)2 2.833 1.018 1.064 1.769 2.828 1.006 1.051 1.777
(NH2) (NHz)s 2.914 1.017 1.047 1.866 2.902 1.005 1.036 1.860
(NH2) (NHz)a 2.976 1.039 1.938 2.967 1.027 1.940
(NH2) (NHs)s 2.991 1.036 1.955

3Reference 3ZPReference 40Bond length between two nitrogen atoms of the core and ammonia monomer is nqtggl #BaRd length of the free
N-H bond in the core NH and NH ions.®Bond length of the bridged N-H bond of the cdBand length of the hydrogen-bond between N and H.
9Reference 38Bond length between two nitrogens in the head-to-head interdBtfarence 17Reference 27H-H indicates isomer of the head-to-
head typeH-B indicates isomer of the hydrogen-bonded type.

and second-order Moller-Plesset perturbation (MP2; allwhile the distances [R.+)] of the hydrogen-bond increase
electrons) methods with the 6-31%Gbasis set. After the regularly. But, by the proton transfer of the hydrogen-bond
optimization, the harmonic vibrational frequencies are evaliype of unprotonated dimer cation, the geometical parame-
uated to confirm the existence of the stable structure at thiers are in a irregularity.
HF and MP2 levels. The program used is GAUSSIAN'94.  In the head-to-head type of unprotonated dimer cation, our
Ry (2.174 A) is shorter than that (2.204 A) of Ameir
Results and Discussion al.l” calculated with the MP2/DZP level, but longer than that
(2.151 A) of Radonet al*®? using the MP2/6-31Gevel.
Geometrical structures of unprotonated ammonia clus-  In the hydrogen-bonded type, oug (2.791 A) is longer
ter cations [(NHs)4(n = 1-6)]. Optimized bond lengths of than some results [2.770 A from Anetral,}”2.776 A from
unprotonated and protonated ammonia cluster cations afomoda2*?? and 2.783 A from Tachibanat al*®] but
listed in Table 1. Optimized geometrical structures and bindshorter than others [2.877 A from Tachikawa and Tombda,
ing energies of unprotonated ammonia cluster cations wer2.80 A from Tomoda and Kimufd,2.80 A from Cacet
listed in Ref. 25. The isomers of the head-to-head and thal.,>* and 2.816 A from Gill and Raddfh In this cation, the
hydrogen-bonded types are notedHabl andH-B, respec- proton-transfer takes place. As a result, the geometical
tively. parameters [[Rn), lree MNoridges @Nd Ru..+] are in an irregular
The bond length between two nitrogen atoms of the coréashion.
and ammonia monomer and bond length of the hydrogen- Spectra of the calculated infra-red absorption bands of
bond between N and H are noted aswRand Rn.+). The  unprotonated ammonia cluster cations are drawn in Figure 1.
bond lengths of the free and bridged N-H bonds of the cor&-axis is a frequency scale from 0 to 4000 tand Y-axis
NH3 and NH cations are indicated a@gee andruwigges The  is a relative IR intensity scale. To compare the frequency
bond lengths of the free N-H bond of §IHNHs, and NH  shifts between a NiHcore and complexes, the frequencies
are listed as a reference. In ammonia cluster cations, the cat: NH3 are indicated as a reference. The characteristic peaks
ions are the ion-neutral interaction complexes. As the clustesf the symmetric and asymmetric stretching vibrational
size increases, the charge-dipole interaction becomes weakmodes of the core involving the hydrogen-bonds- (M)
and the bond lengths {R)] between two nitrogen atoms were drawn with black stick. The others have been indicated
increase regularly. Ry of unprotonated cluster cations hav- with a white square. In unprotonated cations, the spectra are
ing a planar NK core are shorter than those of protonateddivided into three groups. The first one is the stretching
cations having a tetrahedral Bidore. With increasing clus- mode of the free N-H between 3000 ¢rand 4000 cnt.
ter size,rmidged Of the bridged N-H bond decrease stepwise,With increasing cluster size, the stretching modes are gradu-
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Figure 1. Stick spectra of the calculated infra-red absorption bands of unprotonated ammonia cluster cati@i{s {NF6)] at the MP2/
6-31+G" level. X-axis is a frequency scale from 0 to 4000'@nd Y-axis is a relative IR intensity scale.

ally red-shifted. The second one is the bending modeand 816 crit, the other modes are found. With increasing
between 1000 cmhand 2000 cit. The last one is the others the stretching bands of the free N-H and the other modes
(such as the wagging and twist modes of the ammonié&he wagging and twist modes) change little.
monomer unit in a complex) at the low frequency region. In the head-to-head type of dimer and trimer cations, since
From dimer to hexamer, the characteristic peaks of théhe complexes have only the N-N bonds combined by the
stretching motions of the core involving the hydrogen-bondsharge-dipole interactions, the characteristic peaks are not
are shifted from 2306 to 2780 c¢in trimer cation, two found. The stretching modes of the free N-H bonds are
peaks with strong IR intensity are found, while in the otherfound between 3538 ctrand 3725 cnit. The bending
cations one peak is represented. modes are observed between 1105*@nd 1660 ciit and

In the hydrogen-bonded type of dimer cation, the geomeare divided by two subgroups. The low subgroup arises from
try has an interaction of hydrogen-bonded type betweetthe bending as in a out-of plane motion of ammonia mono-
NHz and NH. A central NH core of dimer cation is quite  mer. The higher subgroup corresponds to the inner motions
different from the NH core of the other cations. As a result, of ~HNH angle of monomer.
a characteristic peak is found at 2435%crfihe peak is red- Geometrical structures of protonated ammonia cluster
shifted to a higher frequency region than those of the othergations [NHz(NH3)n.1(n = 1-6)]. Optimized geometrical
In unprotonated trimer cation, two hydrogens of thesNH structures of protonated ammonia cluster cations are drawn
core are hydrogen-bonded with two ammonia monomerin Figure 2. NH is located at a central core of protonated
and the third one is free. As a result, two characteristic peakduster cations. With increasing cluster size, four hydrogen
(2306 cm*and 2339 c) arise from the symmetric and atoms of the Niicore are gradually combined with the neu-
asymmetric stretching modes of the core involving thetral ammonia molecule to make the hydrogen-bonded com-
hydrogen-bonds. A weak peak is the symmetric stretgh ( plexes. Our optimized geometrical structures of the
of the core, while a strong peak is the asymmetric stretchingrotonated cations are in good agreement with the other
modes (). theoretical** and experimentét*! results. In protonated

From tetramer to hexamer cations, thesNire has three  dimer cation, the geometrical structure with-§/mmetry is
hydrogen-bonds. Therefore, the characteristic peak of theptimized at the MP2 level, that is, a nitrogen atom of neu-
symmetric stretching modes of the core involving the hydrotral ammonia is bound to a hydrogen of the \Nidre. The
gen-bonds (N--H) is inactive, that is, the intensity is zero. hydrogen atom between the monomers is located at one side.
The asymmetric stretching mode is infrared active and théleanwhile, the structure withspsymmetry is found to be a
IR intensity is strong. In our frequency analysis, the symmettransition state with an imaginary frequency in the MP2 fre-
ric and asymmetric stretching modes correspond;tand  quency analysis. At the CCSD(T) level, the geometrical
v’; of ammonia monomer, respectively. Due to the symmestructure with Qyr-symmetry can not be optimized. But,
try of the geometrical structure from unprotonated tetramePriceet al*® have concluded that a stable geometrical struc-
cation to hexamer, the characteristic peaks of the calculatedre of protonated dimer cation issEBymmetry.
infra-red absorption bands are similar to each other. With In protonated trimer cation, two hydrogens of the core
increasing cluster size, the characteristic peaks are graduallyteract with two monomers and two hydrogens are free. In
blue-shifted from 2586 cmto 2780 cmt'. The stretching tetramer cation, three ammonia monomers are bonded to
modes of the free N-H bond are found between 3534 cm each of the hydrogen atoms of the central core. In pentamer
and 3675 cm. The bending modes between 1269'@nd  cation, each of the hydrogen atoms of the central e
1711 cm* are divided into two subgroups. Between 14'cm combines with four ammonia monomers. That is, the first
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Figure 2. Optimized geometrical structures of protonated ammoni
cluster cations [NH(NHz),.1(n = 1-6)] at the MP2/6-31+G level.
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the strong intensity results from a stable geometrical struc-
ture [NH4(NHs),] due to a closed solvation shell.

In protonated hexamer cation, the sixth ammonia mole-
cule is located at the second ammonia solvation shell, that is,
a nitrogen of the sixth ammonia molecule is bound to a
hydrogen of the fifth ammonia (bridged ammonia) of the
first ammonia shell. The distanceRy = 2.155 A] of the
hydrogen-bond between the sixth ammonia and the bridged
ammonia of the first shell is longer than that (1.857 A)
between the core and the bridged ammonia. The distance
(1.857 A) of the hydrogen-bond between the bridged ammo-
nia and the core is shorter than that (1.955 A) between the
free ammonia and the core. And the distance (1.024 A) of a
bridged N-H bond of the bridged ammonia is shorter than
that (1.047 A) of a bridged N-H bond of NH

Optimized bond lengths of protonated ammonia cluster
cations are listed in Table 1. With increasing cluster cation
size, Runy and Ra. Of intermonomer increase regularly.
As shown in Ref. 25, the binding energies decrease stepwise
with size. In protonated hexamer cations, although the sixth
monomer is located at the second shell, the binding energy
decreases in a regular fashion.

Spectra of the calculated infra-red absorption bands of
protonated ammonia cluster cations are drawn in Figure 3.
The notations are the same as in Figure 1. To compare the
frequency shifts between a Nidore and complexes, the
frequencies of Nkland NH; are indicated as a reference.
With increasing cluster sizes, the characteristic peaks of the
symmetric and asymmetric stretching modes of the core
having the hydrogen-bond are found to be blue-shifted regu-

aiarly While, the stretching modes of the free N-H bond of

the core are gradually red-shifted. And the bending and the

ammonia solvation shell is completed. Kassab and E¥leth wagging and twist modes change little.

optimized the geometrical structure withs, 8ymmetry,
using the RHF/4-31G level, while Hiraoet al* optimized
the structure with Fsymmetry, using the RHF/6-31G

In protonated dimer cations withs&Symmetry, a charac-
teristic peak made from the symmetric stretching mode of
the core is found at 2033 cinThe stretching modes of the

level. Experimentally, Echet al® observed a peak with free N-H bond are found between 3503 tamd 3656 citt.
strong intensity for the pentamer cation. They concluded thathe bending modes between 1321 camd 1807 criit and

Relative IR intensity

NHj,

NH,*(NH3))

1000 2000 3000

Frequency(em™ 1 )

4000

NH,*(NH3)3

0.0 *mﬁgg‘j—y—a—%y‘ll—y—@—‘
NH,*(NH3)4

|

7.0

NH4*(NH3)5
3.5
0.0 . o

0 1000

o T
2000

Ll
T

3000 4000

F‘requency(cm'l)

Figure 3. Stick spectra of the calculated infra-red absorption bands of protonated ammonia cluster cafifMis\Ni{n = 1-6)] at the
MP2/6-31+G’ level. X-axis is a frequency scale from 0 to 4000'@nd Y-axis is a relative IR intensity scale.
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the other modes (the wagging and twist modes) at low frefNHs)n(n=1-6)] and protonated [NHNH3),.1(n = 1-6)]
guency region are found. In trimer cation, two hydrogens oammonia cluster cations and evaluated the harmonic vibra-
NH; are hydrogen-bonded with two ammonia monomerstional frequencies. In unprotonated cations, a planay NH
and the others are free. As a result, two characteristic peakan is located at a central core of the first ammonia solvation
(2500 cm*and 2518 cit) are made by the symmetric and shell. In dimer and trimer cations, there are two types of iso-
asymmetric stretching modes of the core. In Schwarz'sners, like hydrogen-bonded and head-to-head interactions.
experiment? two peaks are observed to be broad and weakn both isomers, the hydrogen-bonded complex is more sta-
between 2400 cihand 2600 crit, respectively. ble. In hydrogen-bonded dimer cation, the proton transfer

In protonated tetramer, three vibrational modes ar@eaction takes place from {N-HN"H,) to (NH;-NH,). But
observed from the symmetric stretching vibrational modein the other unprotonated cluster cations, proton transfer
(v, of the core and two asymmetric stretching modesdoes not take place. In pentamer and hexamer, the central
formed from the free N-H bona {) of the core and from the NHjz ion hydrogen-bonds with the ammonia monomers and
hydrogen-bond ). In the experiment by Pricet al, the  simultaneously faces to the other NiHrough the head-to-
frequencies of the symmetric and asymmetric stretchindiead interaction in a complex. On the other hand, in unpro-
modes ¢}, V) are 2660 ciitand 2692 cit, respectively.  tonated tetramer cations the hydrogen-bonded isomer exists
The frequency ofv; with strong intensity is 2615 ¢ only. With increasing cluster size, the charge-dipole interac-
Meanwhile, in our frequency of the tetramer cation, twotion is weaker. The bond lengthsjR] between two nitro-
characteristic peaks are analyzed from the symmetric angen atoms and the distances[R)] of the hydrogen-bond
asymmetric stretching modes. One (2627 Jnis weak increase regularly. And the binding energies of cluster cat-
peak, which is the symmetric stretching modg) (of the  ions decrease stepwise.
core. The other (2670 ¢# is a strong peak, which is made In the calculated infra-red absorption bands for ammonia
from the degeneracy of the asymmetric stretching modesluster cations, the characteristic peaks of the hydrogen-
(va, V7). Our results are similar to those of Schwirz. bonded clusters appear near 2500ciwith increasing n,

In protonated pentamer, the first solvation shell of the cor¢he peaks are shifted from 2306 ¢to 2780 crit. In unpro-
cation is completed. Therefore, the characteristic peak of th®nated dimer cation with a NHtore, the peak is red-shifted
symmetric stretching modes of the core is inactive. Thanore than that of trimer.
asymmetric stretching mode is infrared active and the IR In protonated ammonia cluster cations, a;Nth forms a
intensity is strong. Our frequency of the asymmetric stretcheentral core of the first ammonia solvation shell clusters. All
ing is 2762 crit. By the experimental results of Priee  clusters are the hydrogen-bonded complexes and the proton-
al.,® and Schwar? the frequencies of the asymmetric and charge-transfer do not take place. The first ammonia sol-
stretching modes are found at 2867 tand 2865 cnit, vation shell is completed with the pentamer configuration. In
respectively. the protonated cations, the peaks of the stretching mode of

In protonated hexamer cation, the structure gytnme-  the core having the hydrogen-bonds red-shift from 2030
try has three different environmental hydrogen-bonds. As am™to 2783 crit with increasingn. In protonated hexamer
result, three characteristic peaks are made from the three difation with the second ammonia solvation shell, three char-
ferent stretching modes. The middle one (2735ris acteristic peaks are found at the frequency region.
made from the symmetric stretching mode of the core. This Acknowledgment The author thanks Professor Sun for
peak has weak intensity. The lowest one (2650%ciB the invaluable help.
made from the asymmetric stretching mode of the core due
to the hydrogen-bond between a bridged monomer and the
sixth monomer. This peak first appeared at hexamer. By the
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