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The  apparent  mass  shift  of  the  CsI  cluster  ions  (CsI)nCs+ and  (CsI)nI− observed  in high  resolution  mass
spectra  by  TOF-SIMS  of  CsI  crystal  has  been  investigated  in terms  of  the  kinetic  energy  of  the  ions.  The
sharp  peak  of  CsI cluster  ion  showed  apparent  mass  shifts,  which  cannot  be corrected  by  usual  method.
The  kinetic  energy  analysis  has  shown  that  the  initial  kinetic  energy  depends  on  the  cluster  size,  and  this
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is the  reason  for  apparent  mass  shifts.  The  unimolecular  dissociation  of  CsI  cluster  ion in field-free  drift
region  that  gives  the  broad  peaks  has  been  assigned  by  the  analysis  of  the  kinetic  energies.  The  precursor
ion  (CsI)pCs+ or  (CsI)pI− emits  one  or  two CsI  units  at a  time  and  the  branching  ratio  Rp =  kp→p−2/kp→p−1

strongly  depends  on  the  cluster  size.  It becomes  large  when  p  −  2  is  the  magic  number  (6,  9,  13)  of  the
cluster  ion,  and  small  when  p =  7. The  result  was  compared  with  the  DFT  calculations.
nimolecular dissociation reaction

. Introduction

The use of cluster ion beams and static conditions is expected
o lead the applications of the time-of-flight secondary ion mass
pectrometry (TOF-SIMS) to the analyses of a variety of samples
ncluding functional polymers and biomaterials [1–4]. Since in
OF-SIMS the ion mass is indirectly determined by converting the
easured traveling time of the ion, a calibration of the relationship

etween the measured time and the mass is essential. When an
ccuracy on the order of 10 ppm (parts per million) is required for
he mass measurement, we need a standard sample which gives
ons whose mass is the same order of the target ion and the chemi-
al compositions can be determined easily. For this purpose organic
olecules seem to be inadequate for the calibration in the high
ass region because they tend to decompose to fragments, and it is

ard to determine the chemical composition of these fragment ions
hen the mass is larger than 100 u/e. The inorganic compounds that

onsist of heavy atoms and no hydrogen atom seem to be suited for
his purpose. We  examined metal cluster complex and alkali halide
luster ions as the candidates for the standard sample, and found
ridium cluster carbonyl complex Ir4(CO)12 can be used for the mass
alibration in 1000–2000 u/e region [5].

It is well known that CsI gives large cluster ions [6,7], and there

re many researches about the structure and reactions [8–14], and
lso there are studies about the mass calibration using CsI clus-
er ion [15,16].  In the case of the mass spectrum of CsI crystal
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measured by TOF-SIMS we observed the signals of CsI cluster ions
in the wide mass range up to 10,000 u/e at every 260 u/e, however,
almost all of them showed apparent mass shift and cannot be used
as the mass standard [5].  The apparent peak shift seemed due to
the effect of the reaction of the cluster ions. It seems useful to study
the reactions of the CsI cluster ions in a apparatus of a high resolu-
tion TOF-SIMS for the search of other standard samples as a mass
marker. The kinetic energy measurement gives useful information
about the reactions. In the present work we  measured the kinetic
energy of the cluster ions by changing the post acceleration poten-
tial instead of controlling the reflector potential because the latter
method gives critical effect on the performance of the high resolu-
tion TOF-SIMS. Present method does not give any critical effect on
the high resolution TOF-SIMS except the relative intensity of the
mass signal.

In this paper we measured the high resolution mass spectra of
CsI crystal by TOF-SIMS. The effects of the reactions on the mass
spectra have been analyzed considering the observed kinetic ener-
gies and the stabilities of the cluster ion calculated by the DFT
method.

2. Experimental

A commercial optical crystal of CsI was used for the measure-
ment. Using a TOF-SIMS system (TOF-SIMS 5 by Ion-TOF GmbH.),
the mass spectra of the sample were measured by Toray Research

Center as a commercial analysis service. The primary ion beam was
reported to be Bi3++ at 25 kV with a pulse width of 4.3 ns before
bunching which yields high mass resolution of an order of ppm.
Both positive and negative secondary ions were measured in the

dx.doi.org/10.1016/j.ijms.2011.11.014
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:t.nakanaga@aist.go.jp
dx.doi.org/10.1016/j.ijms.2011.11.014
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Fig. 1. A close-up of the mass spectrum of the CsI cluster ion around M = 2470. The
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Fig. 2. Schematic diagram of the TOF-MS with a reflectron, and the origin of the

ions observed in the low mass region. It is clear that there are
apparent mass shifts in the peak positions. Fig. 3b summarizes the
observed shift in the mass peaks for n = 0–9 of the positive ion. The
error exceeds 50 ppm at 2000 u/e. We  tried to fit the observed time
harp peak is assigned to the cluster ion (CsI)9Cs+. Three extra peaks indicated by *
re  assigned to the product ion of the unimolecular dissociations of the larger cluster
ons.

ass range of 0–11,000 u/e. The acceleration voltage was  2 kV.
ach spectrum was calibrated by means of extrapolation using the
ignals of Cs+, (CsI)2Cs+, (CsI)4Cs+ for positive ion spectra and I−,
CsI)2I−, (CsI)4I− for negative ion spectra.

To achieve the high detection efficiency of the micro-channel-
late (MCP) detector, the TOF-SIMS system has post acceleration
otential in front of the detector. Three values of the post acceler-
tion potential, 2.5 kV, 5.0 kV and 10.0 kV, were used to determine
he relative kinetic energies of the CsI cluster ions.

The stabilization energy and the structures of the most stable
somers of (CsI)nCs+ and (CsI)nI− cluster ions were calculated using
3LYP method with LanL2DZ basis set (Gaussian 03 program [17]).

. Results and discussion

.1. TOF-SIMS spectra of CsI crystal

The broad overview of the TOF-SIMS positive ion spectrum of
sI was similar to that reported by Campana et al. [6].  The signals
f (CsI)nCs+ cluster ion were observed up to 10,000 u/e. Since there
s no isotope both for 133Cs and 127I, the mass spectrum is simple
nd signal peaks are observed at every 260 u/e. The famous magic
umbers of n = 9, 13, 22 were clearly observed. The negative ion
pectrum resembled to the positive ion spectrum. These features
ay suggest that CsI cluster ion can be used as a mass marker in the

ow resolution mass spectrometry. High resolution mass spectrum,
owever, showed that the spectrum is not so simple that CsI cluster

on cannot be used as a mass standard for the high resolution mass
pectrometry [5].

Fig. 1 shows a close-up of the observed mass spectrum around
480 u/e of a positive ion spectrum. A sharp peak is observed near
he calculated mass of the cluster ion (CsI)9Cs+, and there are three
xtra broad peaks (indicated by * in Fig. 1) around the sharp peak.
his kind of peaks is known to appear when the cluster ion disso-
iates in the free fright tube in the reflectron. A schematic diagram
f the TOF-MS with a reflectron is shown in Fig. 2. Secondary ions
re created at E0 and accelerated in acceleration field between E0
nd E1. They fly in field-free drift region between E1 and R1 and
nter the reflector at R1. They are reflected in the reflecting field,
nter the field-free drift region at R1 and finally reach to the detec-
or. Let us consider unimolecular dissociation in the field-free drift
egion between E1 and R1, where the product ion is spontaneously
enerated from the precursor ion. Since the velocity of the product
on is almost the same as that of the precursor ion and constant
n the field-free drift region, the flight time of the product ion

oes not depend on where the dissociation occurs between E1 and
1. The product ion has different stagnation time in the reflector
rom the precursor ion. These are the reason for the three extra
eaks observed in Fig. 1. The extra peak becomes broad because the
broad peaks observed in the mass spectrum. E0, E1, R0, R1,  D0,  D1 are the electrodes.
The product ions generated in the field-free drift region between E1 and R1 give the
broad peaks.

TOF-SIMS is optimized to achieve high mass resolution for the pre-
cursor ions and also there is a translational energy distribution of
the product ion originated from the unimolecular dissociation.

These extra broad peaks cannot be used for the mass calibration.
The disturbance of the broad peaks becomes serious as the cluster
size n increases. Actually the sharp peak of (CsI)nCs+ with n > 13 was
not recognized in the mass spectrum. This fact limits the available
mass range of calibration with the sharp peaks of CsI cluster ion to
less than 3000 u/e.

Apart from the disturbance by the broad peaks, the sharp peaks
themselves also showed a problem that limited the usefulness of
the CsI cluster ion as a standard sample. Fig. 3a shows the close-
up of the sharp peaks of (CsI)nCs+ (n = 0–7). The vertical broken
line shows the mass of the cluster ion calculated by the standard
method in which the calibration was performed using the small
Fig. 3. The apparent mass shift of (CsI)nCs+ cluster ions observed in the mass spec-
trum of CsI crystal measured by TOF-SIMS. (a) Close-up mass spectra of the CsI
clusters. (b) Deviations from the calculated values of the mass signals. (c) The resid-
ual error of the observed TOF to the standard equation t − t0 = k

√
M.
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of the precursor ion. As mentioned above the absolute value of
the kinetic energy of the cluster ion determined by PA method is
not necessary the same as the kinetic energy in the drift tube. For

Table 1
An example of the result of the least squares calculation of TOF of cluster cations.

Series P1 P2 P3

T0 (10 kV)/�s 175.8660 175.8218 176.1868
T0 (5 kV)/�s 177.6212 177.7056 178.1916
T0 (2.5 kV)/�s 179.4822 179.7640 180.4268
Res.  (n = 9) 1.7 2.1 0.2
ig. 4. (a) The effect of the post acceleration potential on the mass spectrum of CsI
on.  (b) A simple model of the post acceleration and flight time of the ion.

f flight (TOF) of the cluster ions (CsI)nCs+ (n = 0–9) to their mass
M) using the usual relation t − t0 = k

√
M. Fig. 3c shows the resid-

als of the least square fit of the TOF to the equation. Apparently
here is a systematic error which cannot be corrected by the stan-
ard method. This fact suggests that even the sharp peaks cannot
e used for the mass calibration without making the origin of this
hift clear. Similar apparent shifts of (CsI)nI− were also observed in
he negative ion spectrum.

.2. The effect of the post acceleration potential in front of the
etector and the kinetic energy of the ions

The post acceleration method is used to get high sensitivity of
he MCP  detector in the high mass region [18]. As shown in Fig. 2
he electrodes are set in front of the detector, and this electrodes
an be used as a low resolution linear TOF or an energy analyzer of
he ions. In the present work we estimated the kinetic energy of the
luster ions by changing the post acceleration potential instead of
ontrolling the reflector potential because the latter method gives
ritical effect on the performance of the high resolution TOF-SIMS.
resent method does not give any critical effect on the resolution of
OF-SIMS except the relative intensity of the mass signal is affected.

Fig. 4a shows the effect of the applied post acceleration potential
n front of the detector on the mass spectrum of (CsI)9Cs

+ region.
he horizontal axis is TOF of the cluster ion in �s. In the figure, the
eries of peaks noted by P1 corresponds to the sharp peak observed
ear the mass position of (CsI)9Cs+. It is apparent that TOF became

onger when lower PA voltage was applied, and also the change of
OF depends on the ion. To analyze the change of TOF, a simple
odel of the post acceleration was assumed as shown in Fig. 4b.

OF of a cluster ion whose mass is m and velocity at the entrance
f the post acceleration electrode D1 is v0 is given by

1 − T0 = mLPA

qVPA

(
−v0 +

√
v2

0 + 2qVPA

m

)
, (1)

here T0 and T1 is the time when the ion arrives at the entrance
nd MCP  detector, respectively. LPA is the distance between the
ntrance of the PA electrodes D1 and the MCP  detector and VPA
s the applied post acceleration voltage. LPA was fixed to 117 mm

aking the flight time of the small ions into account. The kinetic
nergy of small ions was calculated to be about 725 eV, which is
onsiderably lower than the applied extraction potential of 2 kV.
his inconsistency is due to the fact that the model used in the
er ions measured by TOF-SIMS. Sharp peak (P1) is assigned to the (CsI)9Cs+ cluster

calculation was too simple. For example there may  be a repulsive
potential before the post acceleration electrodes to avoid the noise
caused by the stray ions, which reduces the apparent kinetic energy.
In the present work, we  will use the simple model in Fig. 4b. The
relative value of the kinetic energy seems to be still reliable even if
we use this simple model.

In the analysis of the cluster ion, an appropriate value of n, the
number of CsI molecules in the cluster, was  assumed, and T0 and v0
were determined by least square fitting to the observed T1 values.
Then we adopted the cluster size n that gave the smallest residual
of the least square fitting. Table 1 shows a part of the results of the
analysis of the flight time of the cluster ions observed in Fig. 4a.
The cluster size has been determined to be 9 for all three series
P1–P3 observed in the TOF spectra in Fig. 4a. The kinetic energy of
the ion that gives the sharp peak (P1) is determined to be 717 eV,
which approximately agrees with that of the small ions in the low
mass region (∼725 eV). On the other hand the kinetic energies of the
ions that give broad peaks are definitely smaller. This is explained
by the unimolecular dissociation of the cluster ion in the field-free
drift region.

When a cluster ion dissociates into two  fragments, the prod-
uct ion and neutral fragment, the kinetic energy of the product ion
KEproduct is approximately proportional to the ratio of the mass of
the product ion to its precursor ion,

KEproduct ≈ KEprecursor

(
Mproduct

Mprecursor

)
, (2)

because the velocity of the product ion is almost the same as that
Res.  (n = 8) 6.3 6.7 9.7
Res.  (n = 10) 8.8 10.0 8.4
K.E./eV 717.5 579.8 475.6
nprecursor ion 9 10 11
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on the cluster size have been discussed.
As mentioned in the previous sections, we can determine the

sizes of the precursor and the product ions of the unimolecular
dissociations in the field-free drift region by measuring the kinetic
ig. 5. The dependence of the kinetic energy of the (CsI)nCs+ and (CsI)nI− cluster io
n  the settings of the apparatus.

xample the barrier to eject the stray ions is neglected in the model
alculation. If the K.E. in Table 1 is adjusted by the equation

Eproduct ion = K.E. + 690 (3)

he cluster sizes of the precursor ions are calculated to be integer
alues, 10 and 11, respectively for P2 and P3. Eq. (3) is also effective
or all of the observed broad peaks of (CsI)nCs+ up to n = 20. This low
inetic energy actually seems due to the potential barrier to eject
he stray ions in the apparatus. A similar analyses were also done
or the negative ion clusters.

.3. The apparent mass shift of the sharp peak of the cluster ion

As discussed in the previous chapter, the sharp peak of the clus-
er ion (CsI)nCs+ shows an apparent mass shift in TOF-SIMS (Fig. 3),
nd it cannot be corrected by the standard method. A similar shift
as also observed in the negative ion spectrum. The magnitudes

f the shifts were smaller than those observed in the positive ion
pectra, but the apparent mass shifts also could not be corrected by
he standard method.

In order to clarify the reason of the apparent mass shift, the
inetic energy of the cluster ion that gives the sharp peak in
he mass spectrum has been estimated by the post acceleration

ethod. Fig. 5a and b shows the results of the positive and negative
on clusters, respectively. The vertical bars show the standard devi-
tion in the least squares calculations. The reliability of the data is
ctually limited by the line width of the mass signal. For the small
lusters the accuracy is about 0.5 eV. It becomes worse with the
ncrease of the cluster size to about 2 eV at n ∼ 9. The reliability
ecame worse in the larger clusters because the line becomes broad
nd overlapping by the broad peaks became serious. The absolute
alue of the kinetic energy depends on the settings of the apparatus
s discussed in the early part of this paper, and not important for
he present purpose.

It is interesting that the kinetic energy becomes lower with the
ncrease of the cluster size. The kinetic energy of the small clus-
er (n = 1–3) is definitely higher than that of the larger clusters
n = 9–13) by about 8 eV. Comparison of the plots in Fig. 5 with the
pparent mass shifts in Fig. 3b shows that there is a clear correla-
ion between the kinetic energy and the cluster size. This is true
lso for the negative ion clusters. This fact strongly suggests that
he origin of the apparent mass shift is the different kinetic energy
f the cluster ions.
This kinetic energy dependence on the cluster size can be under-
tood by the collision cascade model of the static SIMS [19]. Fig. 6
llustrates schematically the case of CsI. The temperature at the cen-
er of the primary ion bombardment rises much higher than that
 the cluster size n. The absolute value is not important because it strongly depends

of the surrounding area where it is also elevated but rather mod-
erate. To generate atomic ions or small cluster ions, high energy
is required to break most of the bonds between the atoms. So
these ions are expected to be generated at the high temperature
region near the center of the ion bombardment. On the other hand
larger cluster ions are generated at the peripheral region where
the temperature is not high enough to break all the bonds. The
kinetic energy of the secondary ion at the surface is one of the free-
dom of the translational energy, and it becomes high when the
temperature of the surface is high.

3.4. Unimolecular dissociation of CsI cluster ion

Several authors studied the unimolecular dissociation reactions
of (CsI)nCs+ cluster ions in various conditions and discussed the
branching of the reactions[8–14]. Present results agreed with their
results qualitatively, but PA method enables us to measure the uni-
molecular dissociation reactions of the cluster ions in the wide mass
range under the same experimental conditions, and also it is easy
to measure the reaction of the negative cluster ions. In this chapter,
the branching ratio of the unimolecular dissociations of (CsI)nCs+

and (CsI)nI− have been measured in the wide mass range under a
similar experimental conditions, and the dependence of the ratios
Fig. 6. A schematic explanation of the origin of the different kinetic energy observed
for  the CsI cluster ions. The temperature near the center of the bombardment
becomes high, and small fragment ions are generated. In the surrounding area, the
temperature moderately increase, and large cluster ions are generated.
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Cs+ is not very different from that of I− and the ionic interaction
determine the structure and the nature of the CsI cluster ions.

In Fig. 8, the observed branching ratio Ip→p−2/Ip→p−1 takes max-
imum value at p = 15 and minimum value at p = 7. The large value at
ig. 7. The assignment of the broad peak to the unimolecular dissociation reactio
nergies of the corresponding ions. Note that the n represents the size of the produ

nergies of the product ions. Fig. 7 summarizes the assignments of
he fragment ions observed in the mass spectrum of the positive
on to the unimolecular dissociation reaction,

CsI)pCs+ → (CsI)nCs+ + �n(CsI) (4)

here p and n is the cluster size of the precursor and the product
on, respectively, and �n  = p − n is the number of CsI units disso-
iated in the reaction. The assignments of p, n and �n  are made
y the least square analysis similar to that shown in Table 1 for the
luster ions of (CsI)nCs+ for n = 6–16. It is interesting that the signals
f the product ions appear near the calculated mass of the product
on. Since the velocity of the product ion should be significantly less
han that of the secondary ion of the same mass which did not dis-
ociate in the flight path, the flight time of the product ion could be
uch longer than that of the secondary ion. This is partly cancelled

y the design of the reflector of the TOF-SIMS system in which the
ffect of the distribution of the kinetic energies of the secondary
ons is minimized. Similar analyses were also made for the nega-
ive cluster ions (CsI)nI−, and the results were very similar to those
f the positive cluster ions.

Present method enables us to determine the number of CsI
olecules released from the precursor ion (CsI)pCs+ between the

xit of the acceleration region (E1 in Fig. 2, ≈2 �s after the primary
on bombardment) and the entrance of the reflector (R1 in Fig. 2,
100 �s). In most cases, the number of CsI molecules released from

he cluster ion is one or two. It is expected that �n = 2 reaction is
ot the two-step reaction of �n  = 1 dissociation, because the (CsI)2
imer is stabilized by the dipole–dipole interaction and the two
tep reaction of �n  = 1 reaction needs large excess energy.

Fig. 8 shows the dependence of the branching ratio
p→p−2/Ip→p−1, of the unimolecular dissociations on the cluster size
f the precursor ion p

CsI)pCs+ → (CsI)p−1Cs+ + CsI (5)

CsI)pCs+ → (CsI)p−2Cs+ + (CsI)2 (6)

or positive ion clusters, and
CsI)pI− → (CsI)p−1I− + CsI (5′)

CsI)pI− → (CsI)p−2I− + (CsI)2 (6′)
the cluster ions (CsI)pCs+ → (CsI)nCs+ + �nCsI by the measurements of the kinetic
.

for negative ion clusters. The relative intensity, Ip→p−2/Ip→p−1, was
estimated from the signal intensity of the mass spectrum measured
with the post acceleration potential VPA = 10 kV. When the peaks
overlapped with each other, the intensity was estimated from the
mass spectra measured with VPA = 2.5 kV and VPA = 5 kV in which
the corresponding peak was observed separately. The reliability
of the branching ratio in Fig. 8 is limited by the sensitivity of the
MCP  detector, which depends on both the mass of the ions and the
applied post acceleration potential [18]. In the present case the dif-
ference of the mass of the precursor and product ions is one or two
CsI units, which is small compared with the total mass of the pre-
cursor ions. As long as the intensities measured with the same post
acceleration potential were compared, the error originated from
the sensitivity of MCP  detector is expected to be less than a few ten
percents.

It is interesting that both the positive and negative cluster ions
show quantitatively same dependence of the branching ratio on
the cluster size. This seems due to the fact that the ion radius of
Fig. 8. The dependence of the branching ratio of the reactions of
(CsI)pCs+ → (CsI)p−1Cs+ + CsI and (CsI)pCs+ → (CsI)p−2Cs+ + (CsI)2 on the cluster
size  of the precursor ion (CsI)pCs+.
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Fig. 9. The most stable isomers of cluster ions calculated by DFT method. (a)
(CsI)7Cs+; (b) (CsI)nI− . The structure of the second stable isomer of positive ion
resembles to that of the negative ion.

Fig. 10. (a) Calculated stabilization energy per CsI molecule of (CsI)nCs+ and (CsI)nI− .

the plot. It is interesting that the stabilization energy of (CsI)5Cs+

is small compared with the neighboring clusters. These features
coincide with the positive and the negative peaks in the branching

Table 2
Calculated stabilization energy and the enthalpy change (in eV).

n (CsI)nCs+ (CsI)nI−

�E(n) E(n)/n �E1 �E2 �E(n) E(n)/n �E1 �E2

1 1.582 1.582 1.708 1.708
2 2.886 1.443 1.304 1.247 3.064 1.532 1.356 1.425
3  4.703 1.568 1.817 1.482 4.907 1.636 1.843 1.560
4  6.349 1.587 1.646 1.824 6.551 1.638 1.644 1.848
5  7.876 1.575 1.527 1.534 8.114 1.623 1.563 1.569
6  9.785 1.631 1.909 1.797 10.038 1.673 1.924 1.848
7  11.314 1.616 1.529 1.799 11.565 1.652 1.527 1.812
8  12.903 1.613 1.589 1.479 13.167 1.646 1.602 1.490
9  14.771 1.641 1.867 1.817 15.028 1.670 1.861 1.824

10  16.342 1.634 1.571 1.800 16.596 1.660 1.568 1.790
11  17.994 1.636 1.652 1.584 18.253 1.659 1.656 1.585
12  19.777 1.648 1.784 1.796 20.050 1.671 1.797 1.814
13  22.287 1.714 2.510 2.654 22.564 1.736 2.514 2.672
T. Nakanaga et al. / International Jour

 = 15 seems to be due to the stability of the cluster ion (CsI)13Cs+,
he well-known magic number of the alkali halide clusters [6].  Simi-
ar peaks are also observed at p = 8 and p = 11, which also correspond
o the magic number clusters of (CsI)6Cs+ and (CsI)9Cs+. From these
acts the positive peak at p in the plot of the branching ratio suggest
hat (CsI)p−2Cs+ cluster is a stable cluster.

It is interesting that the branching ratio at p = 14 does not show
arge negative peak. Since (CsI)13Cs+ cluster is stable compared with
ther clusters, we could expect that the 14→13  reaction is much
avored than 14→12  reaction, and that the branching ratio should
ave a minimum peak at p = 14. Actually this is not true, and per-
aps the transition energy or other factors should be considered.

 similar phenomenon is also found at p = 10. On the other hand
he peak at p = 8 is somewhat different from the former two cases.
here is a negative peak at p = 7. Considering the case of p = 15 and

 = 11, the negative peak at p = 7 seems not due to the stability of
CsI)6Cs+ but due to the relative unstability of (CsI)5Cs+. In order
o discuss the reaction more precisely, the stabilization energies of
he clusters were calculated by DFT method.

.5. DFT calculations of the CsI cluster ions

The structures and the energies of the most stable isomers of the
luster ions of (CsI)nCs+ and (CsI)nI− up to n = 17 were calculated
y using Gaussian 03 program [17]. The structures of the cluster

on whose cluster size n was less than 13 were optimized by the
ollowing way. Firstly some probable structures were assumed, and
ptimized them using HF method with CEP-4G basis set. Then the
onverged structures were again optimized using B3LYP method
ith LanL2DZ basis set. In the case of larger cluster ions (n > 13),

he existence of the cubic unit (CsI)13Cs+ or (CsI)13I− in the cluster
as assumed in the first step, and optimization was  performed in

he same scheme as that used for the small cluster ions. As for the
eutral clusters (CsI)n similar calculations were performed up to

 = 16.
Aguado et al. reported the ab initio calculations of (CsI)nCs+ clus-

er ions (n = 1–14) [20] and recently Fernandez-Lima reported the
FT calculations of smaller cluster ions (n = 1–8) [21]. The calcula-

ions give the same structures for the most stable isomers of the
ositive ion cluster except for (CsI)5Cs+. The structure given by
guado et al. slightly differed from the other two calculations. Since
ur calculation agreed with that given by Fernandez-Lima et al. the
iscrepancy seems due to the difference of the basis set or calcu-

ation method. Anyway the difference of the calculated energies of
he two isomers is only 0.01 eV in our calculations, this difference
ill not affect the following discussions about the unimolecular
issociation reactions of the cluster ions.

The structures of the most stable isomers of the negative ion
lusters (CsI)nI− have been also calculated. The optimized struc-
ures are essentially the same as those of the positive ion clusters if
he atoms Cs and I are replaced with each other. This seems due to
he fact that the ion radius of Cs+ is not very different from that of
− and the ionic interaction determine the structure of the cluster
ons. One exception is found at n = 7. Fig. 9a and b shows the most
table isomers of (CsI)7Cs+ and (CsI)7I− cluster ions, respectively.
he structure of (CsI)7Cs+ is slightly different from other clusters. It
onsists of two parts of cubic and hexagonal structures, and small
hange of ionic distance can make this structure unstable. The cal-
ulation shows, however, that the energy difference between the
ost and the second stable isomers is about 0.05 eV, which is much

maller than the difference of the stabilization energy (see Fig. 10).
The stabilization energy of the clusters were calculated as
+(n) = E((CsI)nCs+) − nE(CsI) − E(Cs+) (7)

−(n) = E((CsI)nI−) − nE(CsI) − E(I−) (8)
See text for the definitions. (b) The difference of the enthalpy change of the reactions
of  �n  = 1 and �n  = 2. There is no significant difference between the positive and
negative cluster ions.

where E((CsI)nCs+), E((CsI)nI−), E(CsI), E(Cs+), and E(I−) are the cal-
culated energies of the cluster cation, cluster anion, CsI monomer,
Cs+ and I−, respectively. Table 2 summarizes the calculated stabi-
lization energy of E(n) and also the stabilization energy per CsI unit,
EC(n)/n and E(n)/n. Fig. 10a  shows the dependence of the stabiliza-
tion energy of CsI cluster ions per CsI unit on the cluster size n.
The feature of the magic numbers n = 6, 9, 13 is clearly observed in
14  23.278 1.663 0.991 1.862 23.569 1.683 1.005 1.880
15 25.100 1.673 1.822 1.174 25.375 1.692 1.806 1.172
16  26.958 1.685 1.859 2.041 27.237 1.702 1.862 2.029
17 28.570 1.681 1.612 1.831 28.854 1.697 1.618 1.840
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atio of the unimolecular dissociations of the cluster ions discussed
n the previous section (Fig. 8).

To see the unimolecular reactions more precisely the difference
f the enthalpy changes between two reactions �H21 = �H2 − �H1,
here �H1 and �H2 are the enthalpy changes of the �n  = 1 and
n  = 2 reactions, respectively, were calculated. Since the stabiliza-

ion energy of the neutral dimer (CsI)2 is 1.64 eV, which is about
he same as that of CsI cluster ions, �H21 is small except the magic
umber cluster is concerned. Fig. 10b  shows the dependence of
H21 on the cluster size. It is interesting that there is no significant

ifference between �H21 of the positive and negative ion clusters.
his result agrees with the experimental result that there is no sig-
ificant difference between the branching ratios of the positive and
egative ion clusters (Fig. 8).

As expected from the stability of the magic number cluster
CsI)13Cs+, there is a large minimum at n = 14 and a large maximum
t n = 15. If the unimolecular dissociation reactions are mainly con-
rolled by the enthalpy difference, the plot should show the good
orrelation with that of the branching ratio. However as discussed
arlier there is a maximum at n = 15 in the plot of the branching
atio, while the expected minimum at n = 14 is not clear. This fact
uggests that the estimation of the entropy factor or investigation
f more precise reaction mechanism is needed to understand the
nimolecular dissociation reaction.

. Conclusions

CsI cluster ion cannot be used as a mass marker for the high res-
lution mass spectrum measured by TOF-SIMS. In the high mass
egion (>3000 u/e), the original peak assignable to the secondary
on becomes very weak and overlapped by broad peaks due to
he unimolecular dissociation of the cluster ions. Even in low mass
egion, it cannot be used as the mass marker because of the appar-
nt mass shifts originated from the initial kinetic energy, or the
onditions of the initial step of the generation of the secondary ion
lusters.

The kinetic energy measurement by using post acceleration
lectrode has been probed to be a good tool for studying the reac-

ions of the secondary ions including the unimolecular dissociation
f the large cluster ions. The CsI cluster ion emits one or two CsI unit
t a time, and the branching ratio shows the good correlation with
he stability of the cluster ions.
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