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Geometrical structures and molecular adsorption reactions
of alkali-halide cluster ions investigated by ion mobility-mass spectrometry

Salt Production

Abstract
Structures of small sodium halide nanocrystal (cluster) cations and anions, Na,Fn.",

Nanln-1*, Nan.1F,, and Nas1l,, have been studied by ion mobility mass spectrometry coupled
with quantum chemical calculations. In this spectrometry, structural information of atomic and
molecular cluster ions was obtained from the measurement of collision cross sections of the
ions with a buffer gas in an ion drift cell. As a result of the comparison between the
experimental cross sections thus measured and those obtained by theoretical calculations, it
was found that the Na,F.+" cluster ions have substructures of bulk face-centered-cubic
crystals in most of the cluster size. Among such structures, we predominantly observed cuboid
ions with near regular hexahedron such as n = 14 (3x3x3) and 23 (3%x3%5) as magic numbers
in the mass spectra. In addition, non-rock-salt “cage” type structures in which one sodium
atom is encapsulated into the sodium fluoride cuboid lattice were also found to be stable for n
=7 and 10. Also the stable geometric structures of above four cluster systems were examined
systematically in order to obtain the dependence of composite ion sizes on the stable
structures. As for the Na,.1F, anions and the Na,l..1* cations, cage type structures similar to
those of NasF¢" and Na1oFy* were observed at n = 7 and 10. However, similar cage structures
were not detected for n = 7 and 10 of Nan.1l, anions. This result indicates that the cage
structures are sensitive to the radius of caged ions (excess atomic ions): Inclusion of I (ionic
radius of 2.06 A) causes large distortion in the structure, whereas they are stable for small
caged ions such as Na* (1.16 A) and F (1.19 A). The experiment of water and methanol
adsorption reactions on Na,F,.* ions also showed that the water molecule is highly reactive
at specific cluster size, e.g., n =13 and 22.

Keywords: Nanocrystal, Cluster, Adsorption reaction, Sodium halide, Mass spectrometry, lon
mobility spectrometry

Introduction

Clusters, defined as small aggregates of up to several hundreds of atoms or molecules, are
considered as microscopic model systems of bulk phases. Because of this importance, the
clusters have been studied extensively especially as a function of the number of constituent
particles, that is, the cluster size. In particular, size-selected alkali halide clusters in the gas
phase have been investigated by spectroscopic and mass spectrometric techniques for more
than 30 years in addition to theoretical calculation studies [1-28]. As a result, the following
knowledge was already obtained: (1) The cluster consists of alkali cations and halogen anions.
In a sodium fluoride cluster, for example, a neutral cluster has a predominant composition of
Na.F,, whereas the positive and negative ions have forms of Na,F.:" and Nas.F,,
respectively. (2) The cluster has a stable geometry which is close to a partial structure of bulk
rock-salt-type, face-centered-cubic crystals. That is, the cluster becomes a good model of the
bulk crystal. For this reason, this cluster is often called a nanocrystal. (3) Among the structures
similar to bulk crystals, perfect cuboid structures are extraordinarily stable because of the
minimum surface energy. A variety of cluster size n can constitute the cuboid structures for
neutral clusters such as Na,F,. However, cuboids only form for ionic clusters, e.g. Na,Fn.1*
and Na,.1F, for a limited number of values of n. For example in Na,F..1*, the (j x k x /) cuboid
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structure (j, k, / indicates the number of atoms of each side) is formed only if all of the numbers
j» k, and I are odd, because the number of Na* ions are one more than that of F. Thus the
cuboid structures are only formed for the sizes such as n=14 (3 x 3 x 3), 23 (3 x 3 x 5), and
38 (3 x 5 x 5). The ions with these n values were actually observed to have higher intensities
than those with adjacent cluster sizes in mass spectrum (magic numbers). (4) From the studies
of adsorption reactions [6,9,18,28], high reactivity was observed for the sizes n with one
smaller than those forming cuboid structures. This observation was explained by the fact that
the defect structures serve highly reactive adsorption sites, and the fact was also supported
by the results of theoretical calculations.

In the present study, stable structures were first assigned for cluster cations and anions of
sodium fluoride and sodium iodide by ion mobility mass spectrometry (IM-MS). As noted
above, water adsorption on alkali halide clusters gives a model of initial stage of dissolution or
deliquescence of bulk salt crystals. Therefore, in addition to the structure analysis of bare
cluster ions, we also discussed the adsorption reactivity on the sodium fluoride cations by
observing collisional reactions with water or methanol using the same experimental setup. The
IM-MS, which is a combination of ion mobility spectrometry (IMS) and mass spectrometry
(MS), is a powerful technique for determining the structures of gas-phase ions [29-32]. In a
conventional drift-tube type IMS, pulsed ions are injected into an ion-drift cell in which buffer
gas such as He is introduced and the electric field is applied so as to accelerate ions
downstream. In the ion-drift cell, due to a balance of acceleration of ions by the electric field,
E, and deceleration by collisions with buffer gas atoms, a drift velocity of the ions, v4, becomes
a constant value proportional to E, i.e.,

Ve = KE, (1)

in which the coefficient K is termed the ion mobility. The mobility K of thermalized ions drifting
through the buffer gas under the weak electric field was given from the kinetic theory of ion
transport [29,30] as:

12
K 3e 2 111 @
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where e is the elementary charge, N is the number density of the buffer gas atoms, ks is the
Boltzmann constant, x is the reduced mass of the ion and the buffer gas atom, and Q""" is a
collision integral representing an average over collision energy, orientations and inelastic
collisions. When we treat the ion and neutral as hard spheres without internal states, Q"
reduces to the hard-sphere collision cross section, Q. Although the eq. (2) was derived for the
collisions of atomic ions with atoms, this equation has been widely applied to the system of
polyatomic ions in the buffer gas atoms. The term T, the effective temperature of the ions,
is given by Tse + msv4?/3ks, where Ty is the buffer gas temperature and mg is the mass of
buffer gas. From egs. (1) and (2), the time that the ion spends in the ion-drift cell is thus
inversely proportional to K and directly proportional to Q. Therefore, Q was evaluated by
measuring the vy of the ions in the ion-drift cell. The collision cross section (collision integral)
can also be determined for the ion structures optimized in a quantum chemical calculations.
From the comparison of the experimental and theoretical cross sections, we assigned the
structure of each cluster ion observed in the present measurement.

Experimental and calculation details

Experiment was performed with a five-stage differentially evacuated vacuum chambers
containing a cluster ion source, an ion drift cell for mobility spectrometry, and a reflectron-type
time-of-flight mass spectrometer (TOF-MS), as shown in Fig. 1. The setup was already
reported in detail elsewhere [33-35]. Sodium fluoride/iodide cluster cations and anions were
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Fig. 1. Schematic view of the present experimental apparatus.

produced by laser vaporization of a sodium rod and subsequent reaction with SFe/He or
CHsl/He mixed gas from a pulsed valve. The generated cluster ions were injected into the
ion-drift cell with a kinetic energy of 50 eV by a pulsed electric field. The ion-drift cell was filled
with He buffer gas at 0.80 Torr and was cooled to 180 K. After exiting the cell, the ions were
re-accelerated in an acceleration region of the reflectron TOF-MS at a given time At later from
the ion-injection pulse. This delay time, At, was hereafter denoted as “arrival time”. Finally the
ions were mass-analyzed by the TOF mass spectrometer. In the IM-MS measurement, we
obtained a series of TOF mass spectra sequentially by scanning At. As a result, cluster ions
with different cross sections were separately detected at different arrival times in a two-
dimensional plot of TOF vs. arrival time.

The collision cross section Q between the ion and a He atom was determined from this
measurement using eqgs. (1) and (2). The ion flight time in the drift cell ty was first determined
by subtracting the time flying the outside regions of the cell, which was calculated with solving
the equations of motion of the ions, from the peak of the arrival time distribution of the ion.
Then the drift velocity v4 and thus the ion mobility K were determined from ¢t and eq. (1). Finally
Q was determined from the eq. (2). A TOF mass spectrum was also obtained from the two-
dimensional plot of TOF vs. arrival time noted above. In the present apparatus, after injection
into the cell by a pulsed electric field, cluster ions diffuse spatially in their running direction
depending on their cross sections before reaching the acceleration region of the TOF mass
spectrometer. Therefore, the TOF mass spectrum was obtained by summing up all the TOF
spectra measured at every arrival time because of the spread of arrival time distribution of the
cluster ions.

In the molecular adsorption experiment, the ion-drift cell was filled with He buffer gas and a
small amount of the reaction gas (water: 0.2% and methanol: 1%). The total pressure and the
temperature of the drift cell were fixed at 0.80 Torr and at room temperature.

Quantum chemical calculations for the geometry optimizations of sodium fluoride and
sodium iodide cluster ions were performed prior to calculations of collision integrals which can
be compared with the collision cross sections of the ions. The geometry optimizations were
carried out with M06-2X/aug-cc-pVDZ-pp level in Gaussian 09 [36]. The singlet spin state was
considered in these calculations. The collision integral of the ion with a He atom was calculated
by the trajectory method which is included in the MOBCAL program [37].
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Results and discussion
Geometrical structures of sodium halide cluster
cations and anions

As noted in the experimental section, collision
cross sections of sodium halide cluster ions with
helium buffer gas were determined by ion mobility
mass spectrometry. Fig. 2 shows the plots of
cross sections for sodium fluoride and sodium
jiodide cluster cations and anions, Na,F..1*, Nanl.
1", Nan1Fn’, and Nap.4l,", with n up to 23 for sodium
fluoride and 14 for sodium iodide. Following
features were observed from this figure: (1) The
collision cross section increased with increasing
cluster size in all sodium halide ion systems,
whereas the increment was dependent upon the
system. (2) The sodium fluoride clusters Na,F,*
and Na,.1F, had a common tendency that the
cross sections reached ceilingsatn=4,7, 10, 14,
and 19. (3) The peaking trend observed in NaF
systems noted in (2) was not discernable in Nal
cluster ions. However, the cross sections hit the
maxima atn =7 and 10 for Na,l..:* ions. (4) In Na,.
1l»", no tendency reaching ceilings at n =7 and 10
which were observed in the other systems were
not observed in Fig. 2.

In order to discuss the above observed features
from geometrical structures of the nanocrystal
ions, the collision integrals with a He atom were
calculated independently for the most stable
structures optimized by quantum chemical
calculations as note in the Experimental and
calculation details section. The results were also
plotted in Fig. 2 as Qcac. As a result, the Qcarc
values were found to agree with Qe within errors
except for Na,l,.«" ion systems. On the other hand,
discrepancies were obtained between
experimental and theoretical cross sections in
Nanl~-1*. The source of the gap observed for Qexp
and Qcac in Nanl,1® was not clear at present,
however, we concluded that all of the ions
examined in the present study was explained by
the most stable structures, because the detailed
size dependence was consistent between Qexp
and Qcac even in the Nal,.+* ions.

Most of the assigned stable structures have the
same geometry for the above four sodium halide
cluster cations and anions. Such structures have
partial structures of rock-salt type crystals.
However, we reported that the Na,F..1* ions with
n =7 and 10 have characteristic “cage”-type, non-
rock-salt structures in which one sodium atom is
encapsulated into the sodium fluoride cuboid
lattice [34]. In the present study the structures at
these sizes were compared for the four different
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Fig. 2. Collision cross sections of (a)
Na,Fn.1*, (b) Nan1F,, (c) Nasl.1*, and
(d) Nap-1ly. (@) and (b); n =2-23, (c) and
(d); n = 2-14.

sodium = =
halides n=7 n=10
m . B
Na,Fp.1* N ¢
Cage Cage
Nan.1Fp" Efx L % %3
Cage Cage
sts r %4" J
Naplp4* t}}‘ Na" {cft‘
Cage Cage
& .
e re £
- 3 [ 4 '}3- L5
Nap.1ln &4t «’3
Distorted cage Distorted cage

Fig. 3. Assigned structures of sodium
halide cluster ions for n =7 and 10.
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sodium halide cluster cations and anions, as summarized in Fig. 3. The result indicated that
the “cage” structures similar to Na,F.1* were obtained for n = 7 and 10 of Na.l..«* and Na,.+F,
. As noted above, these structures are compact with relatively small collision cross sections.
Although the ions of Na,.1l,” also have cage structures at n = 7 and 10, those were found to
have fairly distorted structures than other systems. In fact these structures were no longer
compact, and thus there were no tendency reaching ceilings at n = 7 and 10. This difference
can be explained by the large ionic radius of the I" ion which should be encapsulated in Na,.
11, compared with the radii of other atomic ions, Na* and F: The radius of I', 2.06 A, was
nearly twice of the radius of Na* (1.16 A) or F (1.19 A) [38], and therefore, the Na,.1l, cluster
ions had distorted structures at n = 7 and 10 in order to keep the cage structures.

Size dependence of adsorption reactivity of water and methanol molecules

Fig. 4 shows TOF mass spectra of Na,F..+* reacted with H.O and CH3sOH in addition to bare
cluster ions, all of which were obtained from the 2D plots of TOF and arrival time. Magic
numbers were observed for bare Na,F,.«* cluster ions in these mass spectra, such as n = 14
(3x3%3) and 23 (3x3x5). Water- or methanol-
adsorbed ions were also observed for limited
cluster sizes which were especially near the magic
numbers mentioned above. As for water, one-
molecule adsorbed ions were observed for n =13,
16, 21, 22, 25, and 27. It was already reported
that a water molecule was efficiently adsorbed on .
Na,F,1* with one n smaller than the magic

n=13 19 21
numbers, such as n = 13 and 22 [6,9,28]. This JJJMJM 6
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Fig. 4. TOF mass spectra of Na,F.1*
cluster ions for n = 12-28 at different
ion-drift cell conditions. (a) Without
reactions (only He buffer gas), (b)
reacted with water (0.2 % in He), and
(c) reacted with methanol (1 % in He).
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Conclusion

Structures and adsorption reactions were studied for sodium halide cluster ions. As for
geometrical structures, NaFn.1+*, Nasln-1*, Na,-1F,, and Na,.1l,, was examined for n up to 14
by a combination of ion mobility mass spectrometry (IM-MS) and quantum chemical
calculations. The comparison between the experimental cross sections measured in IM-MS
and theoretical ones, most of the ions have substructures of bulk face-centered-cubic crystals.
Cuboid ions with near regular hexahedron such as n = 14 (3x3x3), 23 (3x3x5), and 38 (3x5x5)
were also assigned as magic numbers in the mass spectra. In addition, non-rock-salt “cage”
type structures in which one excess atom is encapsulated into the sodium halide cuboid lattice
were also found to be stable for n =7 and 10 in Na,F..1*, Naal..1*, and Na,.1F,". Also the stable
geometric structures of above four cluster systems were examined systematically in order to
obtain the dependence of composite ion sizes on the stable structures. As for the Na,.1F,
anions and the Nayl..«* cations, the cage type structures similar to those of Na;Fs" and Na+oFs*
were observed at n = 7 and 10. However, fairly distorted cage structures were assigned for
any size of Nasl;” and Naglio™ anions than other systems. The normal cage structures are
unstable for the nanocrystal ions with large caged ions (excess atomic ions) of I (ionic radius
of 2.06 A), whereas they are stable for small caged ions such as Na* (1.16 A) and F~ (1.19 A).
The experiment of water and methanol adsorption reactions on Na,F.1" ions also showed that
the water molecule is highly reactive at specific cluster size, e.g., n = 13 and 22.
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