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Astable triple ion, (AXA’)" [A, A’ = alkali metal atoms; X = halogen atom] was identified by fast atom bombard-
ment (FAB) mass spectrometry (MS). It is interesting for scientists in secondary ionization mass spectrometry
(SIMS) and MS to determine whether the structure of the ion (AXA’)" in vacuum is linear or triangle. We will,
then, examine the existence and structure of'the triple (NaCIK)" and (NaBrK)" ions from the stabilization energies
using ab initio Hartree-Fock MO calculations with 6-311G* bases. We suggest from the calculations that the

linear structure of the ions is more stable, and the triangle is also stable, since stabilization energies of both linear
and triangle structures for (NaCIK)" and (NaBrK)" ions were obtained as (-692.8, -688.5) and (-669.2, -664.2) kJ/

mol, respectively.

1.Introduction

Fuoss and co-worker [1] had proposed the existence of
the triple ion in low dielectric constant media. After that, the
triple positive and negative ion aggregates, such as (LiXLi)'
and (XLiX) 1ons in the condensed phase were also sug-
gested from analysis of the concentration-dependent fre-
quency shifts in Raman spectra [2]. On the other hand, Isa
and co-workers were very interested in the existence of the
triple ions in gas phase using fast atom bombardment mass
spectrometry (FABMS) method, after the ions were formed
in concentrated electrolyte solutions. They, then, measured
the triple (AXA’)" 1ons and the correlated ions by FABMS
method, and, furthermore, fragmented the positive ions with
tandem mass spectrometry (MS/MS) [3]. In the collisionally
activated dissociation (CAD) spectra of the triple (AXA’)’
ion, they observed the A", (A’)", AX", A’X", X', and (AA’)'
ions [4]. They, thus, assumed that all (AXA’)" ions are not
only linear, but also partly triangle, because (AA’)" 1on is
obtained in the CAD spectrum. Then, in the present work,
we aim to clarify the existence and structure of the triple
(AXA’)" ions in gas phase from ab initio MO calculations.

As a fundamental investigation, it is very important for
scientists in secondary ionization mass spectrometry (SIMS),
and MS to provide information on the existence and struc-
ture of the ions in gas phase. So far as we know, there is no

work for such investigation from a theoretical viewpoint.
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Here we demonstrate the existence and structure of the triple
1ons (NaCIK)" and (NaBrK)" from the stabilization energy
using the Hartree-Fock (HF) SCF MO method.

2.Experimental

The mass spectra were obtained with a Jeol DX 303 EBE
type (E and B represent electro-static and magnetic sectors,
respectively) double-focusing mass spectrometer and a DA
5000 data system. The triple ions (AXA’)" were generated
by FAB ionization using argon as the bombarding gas with
an atom gun energy of 6 keV and a FAB gun emission cur-
rent of approximately 20 mA. In the collisionally activated
dissociation (CAD) unit (107 mbar), a triple (AXA’)" ion at
the high energy collides with an argon atom at the static
state, 1s divided into several ions, and the ions travel inde-
pendently without the recombination of the ions. Then we
can observe A", (A’)", AX", A X", X*, and (AA’)" ions in the
next MS unit. Fig. 1 b) showed fragment ions (Na*, K, NaK",
Br', NaBr’, and KBr") in the CAD spectrum of the triple
(NaBrK)" ion. We can thus assume that all (NaBrK)" ions are
not only linear, but also partly triangle, because the NaK*
ion was obtained in the CAD spectrum.
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Fig. 1. a) (NaBrK)" ion mass spectrum in the range of 100 ~ 200 m/z. b) Fragment ions (Na", K*, NaK", Br", NaBr", and KBr")

in the CAD spectrum of the triple (NaBrK) " ion.
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Fig. 2. Geometrical arrangement of the triple ion interaction system for the A"X vector to the A"(A’)" axis vector. The lengths
of the A'X:, and the A"(A’)" axis vectors were set as 7 and R, and the angle between the A"X vector and the A"(A’) " axis

vector as 0 .

3. Computational Details

All calculations were performed by ab initio Hartree-Fock
(HF) MO calculations with 6-311G* bases in GAUSSIAN 94
program [5]. The geometric structures of the triple (AXA’)"
ions are given by considering a crystal plane of the octahe-
dral rock-salt structure. Fig. 2 shows the geometrical arrange-
ment of the triple ion interaction system for the A"X vector
to the A"(A’) " axis vector. We defined the lengths of the
A'X, and the A"(A’)" axis vectors as  and R, and the angle
between the A"X vector and the A"(A’)" axis vector as 6.
For the interaction system, we estimated the total energies
of the triple ions with varying the intermolecular distances,
rand R and the angle, #1in the HF SCF calculations.

In the minimum point of the total energy for each interac-
tion system, we obtained the stabilization energy, AF, in the

following equation;

AE=FE

(Axay

L (1)

(AT +(AY +X7)

where E(A)g/r)* and E(A+ +(ay +x - denote the total energy
of the triple ion, and sum of the total energy for each ion,
respectively. We defined the energy in the atomic unit ( a.u.
)(1.0000a.u.=27.211eV=2625.19kJ/mol).

4. Results and Discussion

In order to determine the existence and structure of the
triple (NaBrK)" and (NaCIK)" ions from the stabilization en-
ergy using Hartree-Fock (HF) SCF MO method, we first cal-
culated total energies of individual ions in Table 1. Further-
more, we considered the geometrical arrangement in Fig. 2,
to obtain the stabilization energies. Fig. 3 shows the three-

dimensional potential surfaces of the total energy axis to the
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axes of the intermolecular distance r and angle & between
the A"X vector and the A'(A’)" axis at R=5.4A for the triple
(NaBrK)" ion. In the figure, we can see the minimum point in
the potential surface of -3333.36 a.u. in the interatomic dis-
tance of 2.6 A, and at the angle of 0°. From similar calcula-
tions, we showed the minimum total energies and the stabi-
lization energies of the triple (NaBrK)" and (NaCIK)" ions at
the interatomic distances, (R and r), and the angle, &1n Table
2. The largest stabilization energies of the linear types for
the triple (NaBrK)" and (NaCIK)" ions were estimated as -
0.2549 a.u. (-669.2 kJ/mol), and -0.2639 a.u.(-692.8 kJ/mol),
respectively. On the other hand, we obtained the stabiliza-

tion energies of the trianglar types as about (-664.2~-654.0)
and (-688.5 ~ -674.4) kJ/mol, respectively. Those stabiliza-
tion energies are much larger than chemi-sorption energy (-
85~ -420 kJ/mol), physical adsorption energy (-42 kJ/mol),
and hydrogen-bond energy (-5.4~ -34 kJ/mol). Thus, we can
confirm that the linear and triangle structures for the ions
are very stable from the calculated energies. This corre-
sponds to the experimental analysis for the existence of both
linear and triangle structures of the stable triple ion, (AXA’)".

Table 1. Total energies of individual ions for (AXA’)" in Hartree-Fock MO calculations with 6-311G* bases.

lon Total Energy (a.u.)
Na* -161.66423
K* -599.00189
Cl— -459.56405
Br— -2572.43740
Na™+K~+ClI- -1220.23017
Na™+K*+Br -3333.10352

1.0000 a.u.=27.211eV=2625.19kJ/mol
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Fig. 3. Three-dimensional potential energy surface to the axes of the intratomic distance 7 and the angle & at R=5.4 A for

the (NaBrK)" ion.
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Table 2. Total and stabilization energies of the triple (AXA’)" ions in Hartree-Fock MO calculation with 6-311G* bases.

(AXA) R r 0 Total Energy StabilizationEnergy
ions (A) (A)  (degrees)  (a.u.) (a.u.) (kJ/mol)
(NaBrK)*
5.0 2.6 30 -3333.35262 -0.24910 -654.01
52 2.6 25 -3333.35467 -0.25115 -659.39
5.4 2.6 15 -3333.35650 -0.25298 -664.20
5.6 2.6 -3333.35814 -0.25462 -668.50
5.8 2.7 0 -3333.35841 -0.25489 -669.21
6.0 2.7 0 -3333.35687 -0.25335 -665.17
(NaCIK)*
4.8 24 25 -1220.48702 -0.25685 -674.36
5.0 24 20 -1220.48970 -0.25953 -681.39
52 24 5 -1220.49242 -0.26225 -688.54
5.4 2.5 0 -1220.49406 -0.26389 -692.84
5.6 2.6 0 -1220.49305 -0.26288 -690.19
5.8 2.6 0 -1220.49061 -0.26044 -683.78

5. Conclusions

We determined the existence and structure of the triple
(NaBrK)"and (NaCIK)" ions in gas phase from the stabiliza-
tion energy using Hartree-Fock (HF) SCF MO method.

We obtained the largest stabilization energies of the lin-
ear types as -669.2, and -692.8 kJ/mol for the triple (NaBrK)"
and (NaCIK)" ions, res-pectively. On the other hand, the
stabilization energies of the trianglar types for the triple
(NaBrK)"and (NaCIK)" ions are obtained as about (-664.2 ~
-654.0) and (-688.5 ~-674.4) kJ/mol, respectively. Thus, we
conclude that the linear and triangle structures of the ions in

gas phase exist.
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Excerpt from the discussions with the reviewers, added by
the editor (in Japanese)

Reviewer: AWH LTS Triple ion EWHE
BT -RAEITLEIODN280EOBMENH Y,
three atom ion7e EDFNRRALEET. HEIC
AT ThHE, MEHY A,

Authors: triple ion &WHEHIL (LFEXRTE
WBICAWSLNTWET.

Reviewer: 3.Table.2 C/Rd stabilization en—
ergy T9 723, linear N BEEMLL TWET. £
X LT, ZRUIEEREDL VDO Ttri-
angle Db DL HLHENH) TENFWVTZWDOIZER
WETN. ZOFOHEMIETIE, MR ERE
EDNEALIZRWE LT, MR EETR/VF—
HERLODWEWOSHIRRHV ET. 25019
ERIZRHLT, +9I0Z2 9 2RWAH Y £5 02
ZOPDTIRAEMZIZHFNBENDTEZRZNWTL &
D2

Authors: ZOFHETEHELNILZETF/LF—
DfE — 650 ~ —700 (kJ/mol) IZFEERICHESN
LHBEERELERN OB LN LHILFRE TV
X— (-85~ -420 kJ/mol), ¥MHEET R/ILF—
(—42 kJ/mol) RUVKRE G = /L F— (-5, 4~
=34 kJ/mol) F LV FHKRE VD THEREI R L O
ELTHIGESEDLZ ENTEET. ZITUTD
L) RXEEZALIIEEMAZRELTELELE.
Those stabilization energies are much larger than chemi-
sorption energy (-85~ -420 kJ/mol), physical adsorption en-
ergy (-42 kJ/mol), and hydrogen-bond energy (-5.4~-34 kJ/
mol). Thus, we can confirm that the linear and triangle struc-
tures for the ions are very stable from the calculated ener-

gies.

Reviewer: CAD X, /1 A a2Fm T ALY LHES
HHIETT T AL METDHHFETH D LB
LTWET. T2 O#EEN Linear 22 LThH, &
FEDOBMEICLVFEENETILL, ZDH®%T T T A
VMETABEWHIBRIIEZLNRVDOTL LD
Me2boHETHE, HEBHICEERN NI LI
o T LEWVWET. HERMOBENREINHIR
WERDHLORHNITEZIMATZFNEVO T
RWTLX M2
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Authors: CAD (IZB T DFANTE S TRN272d
LLEHA. ZZTUTOLICEEELELE
In the collisionally activated dissociation (CAD) unit (10-7
mbar), a triple (AXA’)" ion at the high energy collides with
an argon atom at the static state, 1s divided into several ions,
and the 1ons travel independently without the recombina-
tion of the ions. Then we can observe A", (A’)", AX", AX",
X", and (AA’)" ions in the next MS unit.

Reviewer: AFaidA 4> D% M0 FHE TH
NEbDOTHY, HRIFAE TH V OB RDO b
HHDTHLEEZ LD, BEE#HE N LE
T L LR D, K#@wE” Surface Analysis”
IILEZEEGRO Y FHA. READH THRHWD A 4
VOREE#ERLELOTHY, ZOVY—F L
DHEFEILS EHZ2DDTHIVEREZR W E B
FT0, REZESTITHH T V.

Authors: TERIAALV I NEFVEHI ZSWVEL
7.

ZOWETERTDHEZADB— TN o
TehbENEEA. ZZ THEERFTICEALT, fERS
NeEZABLBRELTEZELELL.

Z OWFZE T Surface Science |[ZEET A DX SIMS
BROSEOHZE BVWET.

% Z T EMXLTabstract & introduction [ZLATF
DEIBRLITEZELELL.

“It 1s an interesting thing for scientists in secondary ioniza-
tion mass spectrometry (SIMS) and MS to determine whether
the structure of the ion (AXA’)" in vacuum is linear or tri-

angle.”
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