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Ab Initio Studies for Geometrical Structures of Ammonia Cluster Cations
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Structures of unprotonated (N4 (n = 1—6), protonated Ngi"(NH3)n-1 (n = 1—6), and proton-transferred

(NH4 —NH2)(NH3)h—2 (n = 3—7)] ammonia cluster cations have been optimized with ab initio Hartree

Fock (HF) and second-order MgliePlesset (MP2)/6-3tG** levels, and the harmonic vibrational frequencies

have also been evaluated. In ammonia cluster cations! N¥H,", and NH"—NH, form as a central core

of the first ammonia solvation shell, respectively. In unprotonated dimer cation, the totally symmetric structure
with the head-to-head interaction is optimized to be stable. In the hydrogen-bonded dimer cation, the unprotoned
NHs:--NH3* cation is optimized to the protonated-transferred,NHNH, cation. In unprotonated trimer

cation, there are two types of isomers (hydrogen-bonded and head-to-head). The hydrogen-bonded type of
unprotonated trimer cation is more stable. In unprotonated pentamers and hexamegs, @i¢thas both
interactions in a complex. On the other hand, in unprotonated tetramer, protonated, and proton-transferred
cations, a core has only the hydrogen-bonded interaction. In unprotonated tetramer and protonated cations,
isomers do not exist, while, in the proton-transferred cations, some types of isomers are optimized at the
MP2 level. With increasing cluster cation size, the bond leng®g][between two nitrogen atoms and the
distancesRy...4] of the hydrogen bond increase regularly. The binding enerdigs-{) of ammonia cluster

cations decrease with size. For the dissociation reaction of unprotonated heptarget (Ntd protonated
tetramers NH"(NHz)s and NH(NHj3),, the proton-transferred heptamer (INHNH2)(NHs)s is the most stable

one.

Introduction neously. As a result, the peak intensities of unprotonated cluster
o ) ) cations are very weak. Additionally, using a model of the proton
Recently, photoionization experiments on ammonia cluster transfer and dissociation reaction of the ammonia dimer cation,
cations have been extensively performed by electron imipdct,  they also explained the mechanism (proton transfer, dissociation
single photorf,® and multiphoton resonaht® ionization spec-  reaction) of the photoionization of all ammonia cluster cations.
troscopies. In thesg experiments,. a dominant compqnent is Using ultrafast pumpprobe techniques, Fuke and Takisu
protonated ammonia cluster cations NtNH3),-1, while performed the single photon ionization experiments on unpro-
unprotonated ammonia cluster cations g are also detected  yynated and protonated ammonia clusters without the relaxation
as a byproduct. The unprotonated cluster cations are found t0q¢ the intermediate excited states. In this experiment, they

be directly produced from neutral ammonia clusters via pho- h;mped the neutral clusters to a vibronic excited state by a 193
toionization processes. On the other hand, the protonated clustef,y, light, which corresponds to thé = 5 vibrational level of

cations are found to be produced by two other mechanisms. INfee ammonia molecules. And they scanned the delay time of
the first mechanism, the unprotonated cluster cation is formed ¢ probe light and observed the time-of-flight mass spectra.
from the neutral cluster and then it is divided into the protonated By the time profiles of the reaction dynamics of cluster cations,
cation and NH via the proton-transfer reaction in the cluster only the peaks of unprotonated monomer and dimer ammonia
cation. This mechanism is often called AID (absorption  cations were observed. On the other hand, potential energy
ionization_diSSOCiation). In the second one, which is called ADI representations of the mu|tiph0ton ionization processes of
(absorptior-dissociation-ionization), the excited ammonia  ynprotonated and protonated cluster cations have been con-
cluster (NH)n-2(HsN* —H-+*NHy) is formed from the predis-  structed by Castleman, etZl%-13.15According to the ionization
sociative state of an ammonia molecule in the cluster thrOUgh processes, the unprotonated cluster cation is produced by the
the multiphoton absorption process and then the photoionizationresonant enhanced multiphoton process and these cations
and photodissociation take place. It seems not to be clearly [(NH3),t] dissociate into the protonated cation (WK H* +
reported in the literature whether the evaporation ofl\kes NH, along the cationic potential curves with a small energy
place before the photoionization process or after it. barrier. Therefore, the peaks of unprotonated cations are very
The Nishi grouf? first suggested the schematic diagram for weak compared with the protonated cations.
the mechanism of unprotonated and protonated cluster cations Although the geometrical structure and stability of ammonia
via molecular beam mass spectroscopy and electron impactcluster cations via the photoionization and photodissociation
methods. According to the results, the unprotonated cationsprocesses have been investigated by many grbdfdurther
(NHs),* are very unstable. These species are quickly trans- studies of their structures and stabilities seem to be worth
formed into protonated cations NHNH3)n—> + NH, via carrying out on the basis of the following points. (i) Do the
intracluster proton transfer (N#—2(HsN*—H--*NH;) or a stable structures of unprotonated cations exist or not? In recent
dissociative reaction (Nph-1 + NH3 takes place simulta-  experiments, the unprotonated cluster cations FNHwere
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Figure 1. Optimized geometrical structures of unprotonated ammonia cluster cation3,(NHl = 1—6) at the MP2/6-31+-G** level.

rarely observed except for= 1 and 2. In particular, the peak  experimenta®2° studies. Posey et &l. observed a stable

of the unprotonated pentamer cation is very weak as a noise.geometry as a nonsymmetric complex which is separated by
(ii) Are there any structural isomers in unprotonated cations? the positive charge, i.e., a dipeteharge interaction form. They
(iii) Are there any stable geometrical structures of proton- concluded that the system will be split by the exchange
transferred cations? (iv) Does the proton transfer reaction takesinteraction into a double-well potential energy surface for the
place in all unprotonated cluster cations? Experiments by Nishi ground electronic state. Another experimental result observed
suggest that the proton transfer in all cluster cations takes placeby Ganghi et af gives a totally symmetric structure witbgy

from unprotonated to protonated cations. For the dissociation symmetry. In a totally symmetric structure, the respective
of (NHa)7* into NHs"(NH3)s and NH(NHs)z, the potential — nitrogens have a half-charge gW/2*---NW2¥H; Recently,
energy curve has energy barriers as an intermediate. To answethe reaction path and structure of this cation were theoretically
these questions, we optimized the structures of ammonia clustetinvestigated by Ben Amor et &l.and Tomoda et &° According
cations at the HF and MP2 levels and also analyzed theto their results, the geometrical structure is sensitive to the
harmonic frequencies of the structures to find the local minimum geometrical parameters. Particularly, the most stable geometry
of the structure. is depended by the NN internuclear distance. At a short
distance, a totally symmetric form is more stable, while, at a
long distance, a nonsymmetric complex is more stable. Our
optimized geometrical structure of this cation is similar to the

Computational Methods
The geometrical structures of unprotonated gyNH (n =

1-6), protonated N (NH3),—1 (n = 1-6), and proton-
transferred (NH"—NH2)(NH3z),—2 (n = 3—7) ammonia cluster

previous results; that is, the UHF result gives a nonsymmetric
structure withCs symmetry, while the MP2 result gives a totally

cations are fully optimized using the restricted and unrestricted Symmetric structure witDsg.

Hartree-Fock (RHF, UHF) and second-order MglePlesset
perturbation (MP2; all electrons) methods with the 6+-&**

In unprotonated trimer cations, two types of isomers with
the head-to-head or hydrogen-bonded interactions are optimized

basis set. After the optimization, the harmonic vibrational to be stable. The head-to-head type is a sandwich complex with
frequencies are evaluated to confirm the existence of the stableCs, symmetry. A single occupied p-orbital of the NHcore
structure at the HF and MP2 levels. To examine the ap- combines with each lone pair orbital of two Nihonomers at
propriateness of the computational results, the geometrical both sides. An anglEINNTN of three nitrogens of this complex
structures of the cations have also been calculated with coupledis 18C. In the hydrogen-bonded type, two monomers are
cluster with both single and double substitution (CCSD) combined with two hydrogens of a NHcore. The hydrogen-

methods. The program used is Gaussiai®4.

Results and Discussion

Geometrical Structures of Unprotonated Ammonia Clus-
ter Cations [(NH3 ),™ (n = 1—6). Optimized geometrical

bonded complex witlC,, symmetry is more stable.

In unprotonated tetramers, this complex undergoes only the
interaction of the hydrogen-bonded type; that is, three hydrogens
of NH3™ interact with three ammonia monomers. The geo-
metrical structure is a coplanar complex with, symmetry.

structures of unprotonated ammonia cluster cations are shownTo find some local minimum geometries having the head-to-

in Figure 1. In the cations, a planar NHion is located at a

head or both (head-to-head and hydrogen-bond) types in a

core part in the first ammonia solvation shell and the shell is complex, although each nitrogen of two ammonia molecules is

completed ah = 6. In unprotonated dimer cation with a head-

to-head interaction (a positively charged nitrogen of3Nlib
directly interacted with a lone pair orbital of N} two different

forced to approach to the positively charged nitrogen of the core
at both sides (a single occupied p-orbital of the Jdore is
combined with each lone pair orbital of two Nirhonomers at

results for the geometrical structure are reported in previous both sides and a monomer is simultaneously interacted with a
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Figure 2. Optimized geometrical structures of protonated ammonia cluster catiog§NHk),—1 (n = 1—6) at the MP2/6-3+G** level.

hydrogen of the core), the monomers automatically move to With increasing cluster size, four hydrogen atoms of the;NH
the third free hydrogen of the Nfil core to make a hydrogen  core gradually combine with the neutral ammonia molecule to
bond. Therefore, the other isomer in the unprotonated tetramermake the hydrogen-bonded complexes. Our optimized geo-
cation cannot be optimized. metrical structures of the protonated cations are in good
Meanwhile, in unprotonated pentamers and hexamers, bothagreement with the other theoreti€af” and experiment&f-+7
types of interactions exist in a complex. In a head-to-head results. In protonated dimer cation, a geometrical structure with
interaction of unprotonated pentamer, a single occupied p-orbital Cz, Symmetry is optimized at the MP2 level; that is, a nitrogen
of the nitrogen atom of the N#t core directly combines with ~ atom of neutral ammonia is bound to a hydrogen of the;NH
a lone pair orbital of the monomer at one side, while, in the core. A hydrogen atom between two monomers is located at
hexamer, a nitrogen atom combines with two monomers at both one side. Meanwhile, a structure wilhss symmetry is found
sides. As a result, the head-to-head bond of unprotonatedto be a transition state with an imaginary frequency at the MP2
pentamer is stronger. Arigyy of the head-to-head bond of the  frequency analysis. At the CCSD(T) level, the geometrical
pentamer is shorter than that of the hexamer. Pentamers have atructure withDzy symmetry cannot be optimized. But Price et
trigonal pyramid structure, and hexamers have a trigonal al.*® have concluded that a stable geometrical structure of the
bipyramid structure. In unprotonated cations, a magic number protonated dimer cation B34 symmetry.
of the first solvation shell i = 6. On the other hand, in the In the protonated trimer, two hydrogens of the core interact
other unprotonated cluster cations & 3) except for the with two monomers and two hydrogens are free. In the
unprotonated dimer cation, any geometrical structures formed protonated tetramer, three ammonia monomers are bound to
by the proton- and electron-transfer reactions cannot be opti- three hydrogen atoms of the core. In the protonated pentamer,
mized at the MP2 level. each of the hydrogen atoms of NWHcombines with four
Spectra of the calculated infrared absorption bands of ammonia monomers. That is, the first ammonia solvation shell
unprotonated ammonia cluster cations are analyzed, and allis completed. In previous theoretical investigations, Kassab and
values are positive. In unprotonated cations, the spectra areEvlett?! optimized the geometrical structure of the pentamer
divided into three groups. The first one is the stretching mode with C3, symmetry using the RHF/4-31G** level, while Hirao
of the free N-H between 3000 and 4000 ct The second et al33 optimized the structure witliy symmetry using the RHF/
one is the bending modes between 1000 and 2000 .ciihe 6-31G** level. Experimentally, Echt et &%.have observed a
last one is the others (such as the wagging and twist modes ofpeak with strong intensity for the pentamer cation. They
the ammonia monomer unit in a complex) at the low-frequency concluded that the strong intensity results from a stable
region. From the trimer of the hydrogen-bonded type to the geometrical structure NH(NHs), are due to a closed solvation
hexamer, the characteristic peaks of the symmetric and asym-shell.
metric stretching vibrational modes of the core involving the  In the protonated hexamer, the sixth ammonia molecule is
hydrogen bonds (M-H) were found between 2306 and 2780 located at the second ammonia solvation shell; that is, a nitrogen
cm L. The intensities of the peaks are strong. Meanwhile, in of the sixth ammonia molecule is bound to a hydrogen of the
the head-to-head type of trimer cation, the characteristic peaksfifth ammonia (bridged ammonia) of the first ammonia shell.
are not found. The distanceRy...4 = 2.155 A] of the hydrogen bond between
Geometrical Structures of Protonated Ammonia Cluster the sixth ammonia and the bridged ammonia of the first shell
Cations NHz"(NH3)h—1 (n = 1—6). Optimized geometrical is longer than that (1.857 A) between the core and the bridged
structures of protonated ammonia cluster cations are drawn inammonia. The distance (1.857 A) of the hydrogen bond between
Figure 2. NH™ is located at a core of protonated cluster cations. the bridged ammonia and the core is shorter than that (1.955
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A) between the free ammonia and the core. And the distance proton transfers take place sequentially fromaN&{NHs*, and
(1.024 A) of a bridged N-H bond of the bridged ammonia is  finally the complex is also optimized as a hydrogen-bonded type.
shorter than that (1.047 A) of a bridged-Ml bond of NH4'. Our result of the hydrogen-bonded type is in good agreement
Harmonic vibrational frequencies of protonated ammonia With the theoreticdf and experimentél?°results.
cluster cations are also analyzed at the HF and MP2 levels. In  With increasing cluster size, five hydrogen atoms of the core
the cations, the characteristic peaks made from the symmetric(NH,"—NH,) gradually combine with neutral ammonia mol-
stretching mode of the core are also found from 2033 to 2780 ecules. As a result, some types of isomers in a complex are
cm~L. With increasing cluster size, the characteristic peaks are optimized. The type of isomer is decided on the position of the
found to be blue-shifted regularly. While, the stretching modes core combined with the monomers. In a cation, a complex
of the free N-H bond are found between 3503 and 3656 ém combined with two (one and zero) ammonia molecules at the
The bending modes between 1321 and 1807'cand the other NH, core part is denoted as an A-type isomer (B- and C-types).
modes (the wagging and twist modes) at the low-frequency In the proton-transferred trimer, there are two types of isomers
region are found. In the protonated trimer cation, two hydrogens (B- and C-types) withtCs symmetry. The B-type isomer has an
of NH4* are hydrogen bonded with two ammonia monomers. interaction between a hydrogen atom of the Ntart and a
As a result, two characteristic peaks (2500 and 2518 are nitrogen atom of the monomer. And the C-type has an
made by the symmetric and asymmetric stretching modes of interaction between a hydrogen atom of the Nhpart and a
the core. In Schwarz’' experimeffttwo peaks are broad and nitrogen atom of the monomer. The nitrogen atom of the;NH
weak between 2400 and 2600 cthrespectively. side has a positive character, while the nitrogen atom of the
In the protonated tetramer, three vibrational modes are NH2 side has a neutral character. If a hydrogen atom of the
observed from the symmetric stretching vibrational made ( NH4" side interacts with an ammonia molecule, the positive
of the core and two asymmetric stretching modes formed from charge of the core is more neutralized. As a result, the C-type
the free N-H bond ¢'3) of the core and from the hydrogen- isomer combined with a monomer at the Ntside is more
bond ¢''3). In the experiment by Price et al., the frequencies of Stable than the B-type isomer combined with a monomer at the
the symmetric and asymmetric stretching modésg ¢''s) are NH; side.
2660 and 2692 cri, respectively. The frequency ofz with In the proton-transferred tetramer and pentamer, there are
strong intensity is 2615 cm. Meanwhile, in our frequency of  three types ( A-, B-, and C-types) of isomers. Except for the
the tetramer, two characteristic peaks are analyzed. One (2627A-type isomer of pentamer wit6; symmetry, the geometrical
cm™1) is a weak peak which is the symmetric stretching mode structures of both cations have tGgsymmetry. In the C-type
(v'1) of the core. The other (2670 cth) is a strong peak which  isomer, three ammonia monomers are bound to three hydrogen
is made from the degeneracy of the asymmetric stretching modesatoms of the NH' side. The C-type is more neutralized and
(v'3, v'"'3). Our results are similar to those of Schwétz. more stable than the others. That is, the isomer combined with
In the protonated pentamer, the asymmetric stretching modethree ammonia molecules at the Ntside is the most stable
(2762 cn1?) is only active and the IR intensity is strong. By One. In the proton-transferred hexamer, two types (A- and
the experimental results of Price et3&land Schwar?? the B-types) of isomers are optimized at the MP2 level. The B-type
frequencies of the asymmetric stretching modes are found atisomer is more stable. The number of the ammonia monomer
2867 and 2865 cri, respectively. In the protonated hexamer Ccombined with the Ni" side influences the positively charged
cation, three characteristic peaks are made from the threecharacter of the core. In the proton-transferred heptamer, each
different stretching modes. The middle one (2735&ns made ~ Of the hydrogen atoms of the central core (NHNH)
from the Symmetric Stretching mode of the core. The lowest combines with five ammonia monomers. The first ammonia
one (2650 cm?) is made from the asymmetric stretching mode solvation shell of the proton-transferred cation is completed at
of the core due to the hydrogen bond between a bridged the heptamer.
monomer and the sixth monomer. By the experimental redtilts, Harmonic vibrational frequencies of the calculated infrared
the intensity of this peak greatly increases as the number of absorption bands of proton-transferred ammonia cluster cations
solvent molecules at the second shell increases and the positiorare analyzed, and all values are positive. In proton-transferred
of this peak greatly blue-shifts as the number of solvent cations, the spectra are also divided into three groups. From
molecules at the second shell increases. The highest one (278%imer to heptamer, the characteristic peaks of the symmetric
cm~1) is made from the asymmetric stretching mode of the core and asymmetric stretching vibrational modes of the core
due to the hydrogen bond between the core and the bridgedinvolving the hydrogen bonds ¢(NH) were found between 2400
monomer in the first shell. The spectra of the calculated infrared and 2800 cm?. The intensities of the peaks are analyzed to be
absorption bands of the protonated ammonia cluster cation arestrong.

in good agreement with the experimental res#fts? Geometrical Parameters of Ammonia Cluster Cations.
Geometrical Structures of Proton-Transferred Ammonia Optimized bond lengths of ammonia cluster cations are listed
Cluster Cations [(NHs"—NH2)(NH3),—2 (n = 3—7)]. Opti- in Table 1. The bond length between two nitrogen atoms of the

mized geometrical structures of proton-transferred ammonia core and ammonia monomer and bond length of the hydrogen
cluster cations are drawn in Figure 3. (\WH-NH,) is located bond between N and H are notedRag, andRy...4, respectively.

at a central core. The core is a hydrogen-bonded complex whichThe bond lengths of the free and bridged-N bonds of the

is obtained from two kinds of mechanisms. In the first core NH™ and NHy" cations are indicated agee andrprigges
mechanism, a lone pair orbital of the nitrogen atom of3NgH respectively. The bond lengths of the free-N bond of NH™,
directly interacted with a hydrogen atom of N and the NHs;, and NH* are listed as a reference. The isomers of the
proton transfer takes place from iHo NH; without an energy head-to-head and the hydrogen-bonded types of unprotonated
barrier, forming a complex like Nkt---NH;]. In the second cluster cations are noted astH and H-B, respectively. The
one, a single occupied p-orbital of the charged nitrogen of'NH ammonia cluster cations are the ion-neutral interaction com-
is combined with a hydrogen atom of NHThis complex is an plexes. As the cluster size increases, the chadgmle interac-
intermediate state. In this intermediate state, the electron andtion becomes weaker anyn between two nitrogen atoms
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increases regularly. Andpigged Of the bridged N-H bond
stepwisely decrease with size, while the distariRgsy of the

hydrogen bond increase regularyw and Ry...4 of unproto-
nated cluster cations having a planar Ntdore are shorter than
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TABLE 1: Bond Lengths (A) of Ammonia Cluster Cations

Park

MP2 MPZ2 exptb
RNNC rI‘reed rbridgec? RN~--Hf RNNC rfreed rbridgecie RN-~~Hf rI‘reed
NH3* 1.021
NH3 1.012 0.991 1.012
NH,* 1.023 1.012 1.032
unprotonated ammonia cations
(NH3),™ (H—H) 2174 1.014 2.204 1.017
(NH3)," (H—B) 2.791 1.022 1.068 1.723 2770 1.023 1.07 1.70 2.8
(NH3)s™ (H—H) 2.504 1.008
(NH3)s* (H—B) 2.752 1.017 1.083 1.669
(NH3)4* 2.844 1.056 1.788
(NHa3)s* 2.598
2.915 1.039 1.876
(NH3)et 2.738
2.938 1.034 1.904
protonated ammonia cations
(NH4M)(NH3) 2.706 1.020 1112 1.593 2.732 1.008 1.085 1.647
(NH4M)(NH3), 2.833 1.018 1.064 1.769 2.828 1.006 1.051 1.777
(NH4M)(NH3)3 2.914 1.017 1.047 1.866 2.902 1.005 1.036 1.860
(NHsM)(NH3)4 2.976 1.039 1.938 2.967 1.027 1.940
(NH4M)(NH3)s 2.991 1.036 1.955
proton-transferred ammonia cations
(H2N—HNH3")(NH3)(B) 2.99% 1.021 1.041 1.956 1.018
(H2N—HNH3%)(NH3)(C) 1.022 2.806 1.01& 1.070 1.736
(H2N—HNH3")(NH3)2(A) 2.98& 1.034" 1.954 1.017
(H2N—HNH3")(NH3)2(B) 3.06% 1.021 1.036" 2.026 2.840 1.01& 1.06M 1.779
(H2N—HNH3")(NH3)2(C) 1.022 2.894 1.017 1.050 1.844
(HoaN—HNH3")(NH3)3(A) 3.11% 1.032" 2.080 2.872 1.017 1.053 1.821
(H2N—HNH3")(NH3)3(B) 3.104 1.022 1.033" 2.072 2.914 1.017 1.046 1.868
(H2N—HNH3")(NH3)3(C) 1.022 2.96F 1.040 1.921
(H2N—HNH3)(NH3)4(A) 3.15& 1.030" 2,128 2.943 1.017 1.043 1.900
(HoN—HNH3")(NH3)4(B) 3.134 1.022 1.032" 2.103 2.97% 1.037 1.938
(Ho2N—HNH3")(NH3)s(A) 3.19Kk 1.029" 2.162 2.996 1.036 1.960

a Reference 31° Reference 45¢ Bond length between two nitrogen atoms of the core and ammonia monomer is n&ad 48ond length of
the free N-H bond in the core ions N, NH,*, and NH*—NH,. ¢ Bond length of the bridged NH bond of the core iond.Bond length of the
hydrogen bond between N and HReference 47" Bond length between two nitrogens in the head-to-head intera¢iReference 17.Reference
26. H—H indicates the isomer of the head-to-head typeBHndicates the isomer of the hydrogen-bonded tyyiond length between two nitrogen
atoms of the NH core and ammonia monoméBond length of the free NH bond at the Nk core.™ Bond length of the bridged NH bond at
the NH, core. Bond length of the hydrogerbond between N and H at the Nidore.° Bond length between two nitrogen atoms of the Nidore
and ammonia monometBond length of the free NH bond at the NH" core.9 Bond length of the bridged NH bond at the NH" core.” Bond
length of the hydrogen bond between N and H at the;Nébre.

those of protonated cations having a tetrahedral™Nt#re and cluster size, whileryiggeq decreases regularly. In the NH-
proton-transferred cations having a (NH-NHy) core. NH; core, a nitrogen atom of NJ# has the cationic character,

In the head-to-head type of unprotonated dimer cation, its while a nitrogen atom of Nklhas the neutral. As a result, in
stable geometry is not clear still. From one experiment by Posey each cluster cation, the bond lengtRs, Ry...n) between NH
et al.Z7 it was reported that the positive charge of the dimer and ammonia monomer are longer than those betweest NH
cation is localized and the complex@ symmetry, while the and monomer, whileryiggeds between NH and ammonia
other® observed a symmetric complex wifbzy symmetry. monomer are shorter than that between,Ntidnd monomer.
Meanwhile, by the experiment of Tomoda et #Althe geo- Binding Energies and Reactions of Ammonia Cluster
metrical structure of the dimer cation is dependent on the three Cations. A schematic diagram of the binding energi&s (1)
geometrical parameters [angRyn, andrpridged Of the cation. of ammonia cluster cations is shown in Figure 4. Except for
And by the theoretical resulf,the most stable structure of the  unprotonated dimer and protonated cluster cations, the binding
dimer cation is dependent on the bond lengthRqf. In the energies for unprotonated and proton-transferred ammonia
head-to-head type, oRn (2.174 A) is shorter than that (2.204  cations are calculated for the first time here. Thus, our binding
A) of Ben Amor et alt? calculated with the MP2/DZP level,  energies cannot be compared with previously calculated values.
but, longer than that (2.151 A) of Radom et!&#° using the In the head-to-head type of unprotonated dimer cation, our
MP2/6-31G* level. Our results of unprotonated dimer and binding energy of 1.37 eV is larger than those of Ceyer et al.
protonated ammonia cluster cations are in good agreement with(0.79 eV} and Tachibana et al. (1.21 e¥®while it is smaller
the other theoreticil=2531.32and experimentat2° results. than those of the other resul&?-22This value is in line with

In proton-transferred ammonia cluster cations, ammonia other results®12Because of the competitive interaction of two
monomer can be combined with two sides NHNH, of the types (hydrogen-bonded, head-to-head) in unprotonated cluster
core NH;F—NHo. In the core cation, ouRyy (2.791 A) is longer cations, the binding energy decreases sharply fnom2 to 3.
than some results [2.770 A from Ben Amor et’d12.776 A From the unprotonated trimer cation to the hexamer, the binding
from Tomoda2122 and 2.783 A from Tachibana et . but energies are larger than those of the corresponding neutral
shorter than others [2.877 A from Tachikawa and Tom®da, ammonia clusters. In unprotonated pentamer and hexamer
2.80 A from Tomoda and Kimur#, 2.80 A from Cao et ak4 cations, our calculated binding energies are 0.22 and 0.14 eV,
and 2.816 A from Gill and Radot|. In each isomer (A-, B-, respectively. Although the Fuke grotfpand Castleman et
and C-types) of the cluster catiori&y andRy...; increase with al.10-13 gbserved very weak peaks of unprotonated ammonia
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Figure 4. Schematic diagram for the binding energies (eV) ammonia cluster cations at the MP2B3*3tkvel.

cluster except fon = 2, the binding energies are relatively large. e O A

With increasing cluster cation size, the interaction becomes R T N + Ky

weaker. As a result, the binding energies decrease in step. " . o
In protonated cluster cations, the binding energies decrease PELE o

with size. In the protonated tetramer cation, Ceyer €t al. T e

observed a binding energy of 0.28 eV. This value is smaller SR :

than the others. In protonated hexamer cation, since the cationic e N

character of the Nkt core cation is transmitted to the terminal ‘“3”’3“3”'.;;1'“‘“§H oty 1

hydrogen, the growth of the cluster at the second shell is easily (NHe) (HaNH N2 NN

combined without the loss of cationic character. That is, although e

the sixth monomer is located at the second shell, the binding Figure 5. Schematic diagram for the dissociation of unprotonated

energy decreases at a regular rate. Our binding energy of theammonia heptamer cation (NH* into NHs*(NHa)s + NH2(NHa),.

unprotonated dimer and protonated cluster cations is in good Units of relative energies and internuclear distances are electronvolt

agreement with other theoretiéal2>3%37 or experiment- and angstrom, respectively.

all—16.26-29.37-47 ragylts. In proton-transferred cluster cations, the
P ; incdnore stable than that of unprotonated tetramer {NHNH3)3.

The relative energy gap between the proton-transferred and
pnprotonated tetramer is 0.25 eV at the MP2 level.

In the photodissociation of unprotonated pentamer and
hexamer cations into protonated cations, the Nishi gt®uped

LW

the NH;t--*NH; core is optimized from Ngt--NH3"), the
binding energy is assessed from the separated molecules o
NH4" and NH. In proton-transferred cations, the decreasing

ratio of the binding energy is smaller than those of the others. . . ; .
g a9y the photodissociation mechanism of the unprotonated dimer

As a result, the binding energy of the proton-transferred : | £ th | " N
heptamer is as large as that of the protonated hexamer cation@tion as a model. Because of the structural stability 0iNH

In the samen, the decreasing ratio of the binding energy for (NHa)s the unstable (N+l3’6+ cation easily dissociates into NH
protonated cations is larger than those of the unprotonated andNHa)s + NH. (NH315 , transforms into a proton-transferred
proton-transferred cations. That is, the interaction strengths of Structureé, (NH)sHsN™--HNH,, which is bonded between a
the protonated complexes are stronger than those of unprotopos't“’ely charged nitrogen and a hydrogen of the fifth
nated and proton-transferred cations. At the first solvation shell, MOnomer. The above reactions, however, may not occur by the

the protonated ammonia cluster complexes are more stable tharfProton-transfer mechanism. If the proton-transfer takes place,
those of the others. a nitrogen of the central NI ion should be a dication charge.

A schematic diagram for the dissociation reaction of unpro- In the dimer case, the proton-transfer process holds true. But in

tonated heptamer cation [(NE)(NHg)s (1) into protonated  the other cluster cations [(Njh™ (n = 3)], any geometrical
tetramer cation Nit(NHs)s and NH(NHa); is represented in structures forme_d by _the proton transfer and Nkssociation
Figure 5. In the figure, the potential energy of proton-transferred C2nnot be optimized in our calculation.

heptamer (NF"—NH)(NH3)s (11l ) is more stable than that of
unprotonated heptamér The relative energy gap between the
proton-transferredll and unprotonated heptamlers 0.29 eV We optimized the geometrical structures of unprotonated
at the MP2 level. Meanwhile, in the dissociation reaction, the (NH3),™ (n = 1—6)], protonated Ni"(NH3),—1 (n = 1—6), and
proton transfer has a potential energy barrier of 0.41 eV. In the proton-transferred (N —NH3)(NHz)n—2 (n = 3—7) ammonia
dissociation of unprotonated tetramer cation @NHINH3)3 into cluster cations and evaluated the harmonic vibrational frequen-
protonated trimer cation NH(NH3), and NH, the potential cies. In ammonia cluster cations, the NHNH,4", and NHt—
energy of proton transferred tetramer (INHNHy)(NH3), is NH cations are located at a central core of the cation complexes.

Conclusions
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The cation complexes are formed by the chardipole interac- (6) Shinohara, H.; Nishi, N.; Washida, N. Chem. Phys1985 83,
tion between a core ion and the neutral ammonia molecules.193%. _ _ _
Except for the hydrogen-bonded type of unprotonated dimer | V.(7Z). }éﬁ;/ssrblibgi\%,eié%’f Steger, H.; Menzel, C.; Kamke, W.; Hertel,
cation, any geometrical structures formed by the proton- and  (g) Kamke, W.: Herrman, R.: Wang, Z.; Hertel, |. Z. Phys. D1988
charge-transfer reactions cannot be optimized. In the hydrogen-10, 491.

bonded dimer cation, the proton-transfer reaction takes place  (9) Shinohara, H.; Nishi, NChem. Phys. Let1987 141, 292.

from a unprotonated dimer cation I\JHNH3+) to a core NHt— (10) Castleman, A. W., Jr.; Tzeng, W. B.; Wei, S.; Morgan).SChem.
NH,) of a proton-transferred cation. In the head-to-head type Sogil';a@:?ysrr?,nlf}ngjﬁ 33(,3’ éjzlzz‘ S, A- Stanlev. R. J. Castleman. A
of unprotonated dimer cations, a positively charged nitrogen w., Jjr.J. Chem. Phys1992 97, 9480. R T
atom of NH;* directly interacts with a lone pair orbital of NH (12) Wei, S.; Purnell, J.; Buzza, S. A.; Castleman, A. W. JJChem.

At the HF level, a nonsymmetric structure wifly symmetry is Phys.1993 99, 755.

optimized to be stable, while, at the MP2 level, a totally Chgﬁ)lgggngg' i.2;5\(/3V0eI’ S.; Buzza, S. A; Castleman, A. W..JJRhys.
symmetric structure witlDsy is optimized. In unprotonated (14)' Misaizd, F. Hduston, P. L.: Nishi, N: Shinohara, H.: Kondow, T.:
trimer cation, there are two types of isomers formed by the Kinoshita, M.J. Chem. PhysL993 98, 336:J. Phys. Chen1989 93, 7041.
hydrogen-bonded or head-to-head interactions. In two isomers, (15) Buzza, S. A.; Wei, S.; Purnell, J.; Castleman, A. W.JJChem.
the hydrogen-bonded complex is more stable. In unprotonatedPhys.1995 102, 4832.

pentamer and hexamer, a central {Hhydrogen-bonds with (16) Fuke, K.; Takasu, RBull. Chem. Soc. Jprl.995 68, 3309.

the ammonia monomers and simultaneously faces to the otherlofl‘l?og?n Amor, N.; Maynau, D.; Spiegelmann, JChem. Physl996
NH; through the head-to-head interaction in a complex. Onthe  (18) Tachibana, A.; Kawauchi, S.; Kurosaki, Y.; Yoshida, N.; Ogihara,
other hand, the unprotonated tetramer cations have only theT.; Yamabe, T.Chem. Phys1994 182 185;J. Phys. Chem1991, 95,
hydrogen-bonded interaction. In the calculated infrared absorp-96‘(‘l7é) Gill P, M. W.: Radom. L. Am. Chern. So4988 110, 4931

tion banqls'for unprotonated ammonia cluster cations, the (20) Bodma’ W, J.'; Radom', L. Am. Chem. S0d.985 107, 345.
characteristic peaks of the hydrogen-bonded clusters appear near

1 N . . (21) Tomoda, S.; Kimura, KChem. Phys. Lett1985 121, 159.
2500 cn1*. With increasing n, the peaks are shifted from 2306 55) Tomoda, SChem. Phys1986 110 431.

to 2780 cnrl. (23) Tachikawa, H.; Tomoda, £hem. Phys1994 182, 185.

In protonated and proton-transferred ammonia cluster cations, (24) Cao, H. Z; Evleth, E. M.; Kassab, B. Chem. Phys1984 81,
the cation complexes have only the interaction of the hydrogen- 15%225) Ptk J. K. lwata, S). Phys. Chem1997 101 3613

H : ark, J. K.; lwata, . yS. e y .

.bonded pre' In plI'Otonattﬁd a_lmmortua ::atIOI];lS, tZere are _no (26) Buck, U.; Meyer, H.; Nelson, D., Jr.; Fraser, G.; Klemperer JW.
isomers in a complex, while, in proton-transferred ammonia cpem. physiogs 8s, 3028.
cluster cations, three types of isomers are optimized at the MP2 (27 posey, L. A.; Guettler, R. D.; Kirchner, N. J.; Zare, RINChem.
level. And in protonated and proton-transferred cations, the first Phys.1994 101, 3772.
shell is completed with the pentamer and heptamer configura—c (28) Gilgggl,lzl-z:4Wyatt, J.L.; Symons, M. C. B.Chem. Soc., Chem.
: : ommun.. .
tIO?S, refrp])ectlvell(y. l? t;]he Itjrq[tohnated agd F;r?rt]on transgerr.Ed (29) Tomoda, S.; Suzuki, S.; KoyanoJl.Chem. Physl988 89, 7268.
cations, the peaks o €s _re ching mode o € _Core_ aving (30) Frish, M. J.; Trucks, G. W.; Head-Gordon, M. H.; Gill, P. M. W_;
the hydrogen bonds red-shift from 2030 to 2780 énwith Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M.
increasingn. In protonated hexamer cation having a ammonia A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,

monomer at the second ammonia solvation shell, three charac): S- Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.;

Stewart, J. J. P.; Pople, J. Saussian 94Gaussian, Inc.: Pittsburgh, PA,

teristic peaks are found. 1995,

In ammonia cluster cations formed from the chard@ole (31) Kassab, E.; Evleth, E. Ml. Am. Chem. S0d.987 109, 1653.
interaction, the interaction becomes weaker with increasing (32) Park, J. KJ. Chem. Phys1997 107, 6795.
cluster cation size. The bond lengfRgy between two nitrogen (33) Hirao, K.; Fujikawa, T.; Konishi, H.; Yamabe, Shem. Phys. Lett.

; . ; 1984 104, 184.
atoms and the distanc&,...y of the hydrogen-bond increase (34) Pullman, A.: Ammbruster, A. MChem. Phys. Lettl975 36, 558.

regularly. And the binding energies _als_o decrease_ln step. In (35) Meot-Ner(Mautner), M.. Speller, C. \d. Phys. Chem1986 90,
unprotonated hexamer cation, the binding energy is 0.14 eV. g616.

In protonated hexamer and proton-transferred heptamer cations, (36) Deakyne, C. AJ. Phys. Cheml1986 90, 6625.

the binding energies are 0.39 and 0.38 eV, respectively. In the (37) Scheiner, S.; Harding, L. B. Am. Chem. Sod.981, 103 2169.
samen, the binding energy of the protonated ammonia cation __(38) Price, J. M.; Crofton, M. W.; Lee, Y. Tl Phys. Cheml991, 95,

; 2182.
is larger than those of unprotonated and proton-transferred (39) Schwarz, H. AJ. Chem. Phys198Q 72, 284.

cations. For the dissociation of unprotonated heptameg(NH (40) Ichihashi, M.; Yamabe, J.; Murai, K.; Nonose, S.; Hirao, K.;
into protonated tetramers NH(NHz); and NH(NHs),, the Kondow, T. InStructures and Dynamics of Cluste#éondow, T., Kaya,
energy barrier between unprotonated and protonated heptameK., Terasaki, A., Eds.; Universal Academy Press: Tokyo, 1995; Vol. 16,

; ~ ; pp 389-395.
is 0.41 eV. The proton-transferred heptamer is the more stable (41) Robin, M. B. Higher Excited States of Polyatomic Molecyles
one. Academic Press: New York, 1974; Vol. |, pp 26829.
(42) Fuke, K.; Takasu, R.; Misaizu, Ehem. Phys. Lettl994 229
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