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Abstract: The vaporization of Lil, Lil/C;q and Lil/LIF/Cyq was studied using a
Knudsen cell located in the ionization chamber of a magnetic sector mass
spectrometer in the temperature range from 350 °C to 850 °C. The ion species,
Ligl* (n = 2, 3, 4 or 6) were identified from the mixture Lil/C,y, while the
clusters Liyl* and Li,F" (n = 2, 3, 4, 5 or 6) were detected from a mixture
Lil/LiF/Cy. The intensities of Li,l* were higher than the emission of LiF*
cluster when the ratio of Lil to LiF was 2:1. By contrast, the emission of Li,F*
is favored when the ratio of Lil to LiF was 1:2. These results show that the
vaporization of a mixture Lil/LIF/C; from a Knudsen cell located in the ioni-
zation chamber of a mass spectrometer represents an efficient and simple way
to obtain and investigate clusters of the type Li X, X = F or I. In this work, it
was aso shown that the trends of the In (Intensity, arb. units) versus
temperature for all Li,|* clusters below and above the melting point of Lil were
not same. This suggested that the manner of formation of these clusters could
be different due to changes in temperature.

Keywords:. “superalkali” species; Li,| clusters; LiyF clusters.

INTRODUCTION

A Knudsen cell with mass spectrometry (KCMS) has proven to be one of the
most useful experimental techniques for investigation the equilibrium between
condensed phases and complex vapor. The Knudsen effusion method involves
placing a condensed sample in a Knudsen cell, with an orifice of well-defined
geometry. The Knudsen cell is uniformly heated and held until equilibrium
between the condensed and vapor phases is attained. The orifice dimensions must
be kept less than one tenth of the mean free path of the vapor species. The vapor
is continuously sampled by effusion through a small orifice in the cell. A mole-
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cular beam is formed in the KCMS and directed into a mass spectrometer for
identification.1

The vaporization of alkali halides such as Lil and LiF by the KCMS method
were investigated and discussed in terms of their vapor compositions in equi-
librium with the condensed phases.26 As aresult, Li*, LiX*, LioX* and LigX*
(X = F or 1) ions were detected. The precursor of both Li*+ and LiX* was the
monomer (LiX), whilst LipX* and LigX>t were obtained from the dimer (Li2X>5)
and the trimer (LigX3), respectively.

Since the salts of alkali metal are the strongest ion emitters, the KCMS
method was aso applied for investigations of their homogenous and hetero-
geneous clusters. Studies on metallic clusters are of considerable interest in
research due to their potential application in catalytic processes, materials sci-
ence, biology, and medicine.6-10 Especially, lithium homogenous clusters have
received great attention from physicists and chemists as prototypes for the inves-
tigation of the properties of metalic clusters. The existence of stable Lio, Lis, Lig
and Lis clusters was proved experimentally and their thermodynamic properties
were determined by KCMS.11-13 The first “hypervalent” Li3O cluster was also
found by KCMS in the equilibrium vapor over LioO sat.14 This method was
employed to obtain other small size “hypervalent” lithium clusters, such as LigC,
Li4O, LisS, LigS, LigP, LioCN, LigH (n = 1, 2, 3 or 4) in the equilibrium vapor
over the appropriate salts.15-20 Generadly, “hypervalent” species possess nine or
more valence electrons and these clusters are of particular importance because
they violate stoichiometry based on the octet rule.2l Due to their unusual stoi-
chiometries, “hypervalent” clusters have large values of the first hyperpolarizabi-
lities; therefore, they could be considered a new kind of non-linear optical spe-
cies.22 In addition, earlier investigation revealed that these clusters are important
intermediates in meta cluster and meta surface reactions, which could affect the
catalytic and electronic properties of a metal.23 The most remarkable property of
“hypervalent” clustersis their enormously low ionization energy (IE). Their ioni-
zation energies are lower than the IEs of the akali metals and for this reason,
they are called “superalkali”.2429 Recently, it was theoretically also shown that
“superakali” clusters are of great significance in chemistry because they can
mimic the characteristics of akali metals and maintain their structural and elec-
tronic integrities when assembled with other species. By combining “ superalkali”
with another element or clusters, a new small “superatom” clusters can be
formed. The “superatom” clusters represent potential building blocks for new
cluster-assembled materials with unique structural, electronic, optical, magnetic
and thermodynamic properties.30-35> However, experimental results on “super-
alkali” clusters are scarce.

The present investigation is an extension of previous systematic studies of
the way for obtaining “superalkali” clusters by the evaporation of lithium haloge-
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nated salts using a thermal ionization source and a Knudsen cell in combination
with a mass spectrometer.36-43 In the earlier papers, it was shown that the expe-
rimental setup in which the Knudsen cell was located in the ionization chamber
provides better conditions than the standard experimental setup of the KCMS for
obtaining both the neutral and positively charged “superakali” clusters of the
type LinX, X = For | (n =2, 3, 4, 5 or 6).40-43 However, the effects of the
chemical composition of the samples which are placed in the Knudsen cell on the
production of neutrals and positive ions of these clusters have not been inves
tigated. The focus of this work was an investigation of the conditions for obtain-
ing non-stoichiometric Liyl and Lipln_g clusters, from samples such as lithium
iodide salt, a mixture lithium iodide/fullerene (C7g), a mixture of lithium iod-
ide/lithium fluoride salt and a mixture lithium iodide/lithium fluoride/fullerene
(C70).

The relation between the intensity of the ions from the condensed phase and
the temperature of the cell was aso investigated.

EXPERIMENTAL

The standard experimental setup of the KCMS implies that the cell is placed outside the
ionization chamber. In this work, the Knudsen cell was placed in the ionization chamber of a
magnetic sector mass spectrometer (a 12-inch radius and 90° magnetic sector). The scheme
for theion source is presented in Fig. 1.

electron 1
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! 'w } 1 Fig. 1. Schematic diagram of the ion
L ‘3
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source: 1. ionization chamber; 2. Knudsen
cell; 3. ceramic shields; 4. thermocouple; 5.
heater for chamber; 6. incandescent rhe-
nium cathode; 7. Vehnelt cylinder; 8.
heater for cathode; 9. electron trap; 10.
5 electron beam; 11. ion beam; 12. focusing
electrode; 13. accelerating electrode; 14.
deflectors electrode; 15. potentia repeller.

The nickel Knudsen cell was heated with direct current through a tungsten wire. The

height of the cell was 7 mm, the outside diameter was 6 mm and the orifice diameter was 0.1
mm. The heater was surrounded by a shield made of ceramic material. The temperature was
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measured by a Pt—Pt/Rh thermo-coupl e attached to the cell. A cell temperature stability of +10
K was achieved.

The experimental setup presented in Fig. 1 allows the detection of both the ionic and
neutral components. Neutral species were detected in the conventional way in the electron
impact ionization (EI) mode. Electrons were obtained from a rhenium cathode inside a
Vehnelt cylinder and extracted by a plate at a positive potential of 15 V with respect to the
cathode that was positioned at a distance 2 mm from the cathode. The clusters, electron and
ion beams were mutually perpendicular. In this case, the Knudsen cell was held at the same
voltage as the ionization chamber. The Knudsen cell was placed in the ionization chamber; the
distance from the cell orifice to the electron beam of the ion source was about 2 mm.

In the case when the Knudsen cell was held at voltage of 30 V with respect to the
ionization chamber, the experimental setup permitted the direct identification of positively
charged ionic components generated in the cell, thermal ionization (T1) mode.

In this work, the Knudsen cell was used as a chemical reactor for the production of the
iodine-doped lithium clusters. In al experiments, the samples weighing 0.089 g were placed
into the Knudsen cell at atmospheric pressure. The samples were lithium iodide salt, a mixture
lithium iodide/fullerene (C7), a mixture lithium iodide/lithium fluoride salt and a mixture of
lithium iodide/lithium fluoride/fullerene (C;p). In order to remove the adsorbed moisture, the
cell with the substance was dehydrated directly in the mass spectrometer at 150 °C for severa
hours.

In earlier work, it has been shown that in the vapor over a salt of lithium fluoride the ions
LioF* (mVz 33) and LisF,* (mVz 59) clusters were obtained.? Also, the ions as Li,l* (mVz 141)
and Lisl,* (m/z 276) were identified to be generated from the vapor of Lil.6 As can be
observed, the peaks corresponding to the clusters of lithium fluoride were detected at lower
mass than the mass of clusters of lithium iodide, for this reason, a salt LiF was used as an
additional source of Li*.

RESULTS AND DISCUSSION

In the present work, as the first step, the vaporization of lithium iodide salt
by the Knudsen cell located in the ionization chamber of the magnetic sector
mass spectrometer over the temperature range from 350 to 600 °C was inves-
tigated. The temperature dependence of the natural logarithm of the ion intensity
at an ionizing electron energy of 40 eV for al detectable ionsis shown in Fig. 2.
Similar curves were obtained for other electron energies, such as 20 and 30 V.

The following ion species were detected: |*, 1o, Lit, Lil*, Liolo*, Lislt,
Lislo™ and Ligl3*, which coincides well with previous results obtained using a
standard KCMS.6 The results obtained in the present study are compared in
Table I with those obtained by other researchers.

In the present case, the relative intensities of |, [>%, Lit, Lil™, Liolo™, Liglo™
and Ligl3* to the Liol™ were much larger than the literature values.® This indi-
cates that the experimental setup in which the Knudsen cell is placed in the
ionization chamber provides an efficient way to detect all of the above-men-
tioned ions.

In the second step, when a mixture Lil/C7g was evaporated from the Knud-
sen cell and electron bombardment ionization was performed, the ions I+, 15F,
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Lit, Lil*, Liolo™, Liol™, Liglo™, Liglg*, Liol*, Lisl™, Ligl™ and Ligl* were
observed. The natural logarithm of ion intensity as a function of temperature of
the Knudsen cell for Lisl*, Ligl*, Ligl™, and Ligl* are presented in Fig. 3. The
ions I*, Io*, Lit, Lil*, Liolo*, Lisl*, Lisglot, Lisls* were detected at similar
temperature ranges as in the case of Lil; for this reason, these ions are not shown
inFig. 3.

melting point of Lil

16

14

12

104

In (Intensity, arb. units}

tjeC

Fig. 2. The natural logarithm of theion intensity as a function of the temperature of the
Knudsen cell (In (Intensity, arb. units) versus temperature) for all detectable ions formed from
the vapor over pure lithium iodide salt. These results were measured between
350 to 600 °C at 40 eV ionizing electron energy.

TABLE I. Comparison of results obtained in this work with those obtained previously®

lon Li* I* Lil* Li2|+ |2+ Li2|2+ Li3|2+ Li4|3+ E/eVv
Literature 1641 6.99 428 100 0.95 0.72 1.67 0.19 30
Thiswork 953 919 9194 100 7181 5234 651 38.25 40

The threshold temperature for the start of the observation of ion signal was
found to be about 355 °C for Linyl* (n = 2, 3 and 4) clusters (Fig. 3). Initialy the
ion intensity increased with temperature, then decreased after a maximum at
about 395 °C for Ligl* and Ligl* clusters. Above 455 °C, the emission of Ligl*
finally decreased to an undetectable level. The ion intensity of Ligl*™ clusters
decreased to a minimum at about 455 °C, then dightly increased, and then
dlightly varied with temperature (from 469 to 657 °C). By contrast, the intensity
of Liol* increased to a maximum, had almost constant values in the temperature
range from 467 to 593 °C and then decreased. The emission of this ion was not
observed above 672 °C.
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Fig. 3. The natural logarithm of theion intensity as a function of the temperature of the
Knudsen cell (In (Intensity, arb. units) versus temperature) for all detectable ions formed from
the vapor over a mixture Lil/Cyq. These results were measured from 350 to 600 °C
at 40 eV ionizing electron energy.

The value of threshold temperature for observation of Ligl* is lower than the
temperature for the appearance of Linl* (n = 2, 3 and 4). The intensity vs.
temperature for Ligl™ increases to a maximum at 485 °C, similar as with Liol ™.
The intensity of the Ligl* cluster after the maximum, somewhat decreases and
has amost constant value in the temperature range from 490 to 635 °C. Asit can
be seen in Fig. 3, the order of theintensitieswas Liol* >> Ligl™ > Ligl*, while the
Lisl* cluster was not detected in the temperature range between 455 to 635 °C.

The earlier experimental study showed that Liolo, Lislz and Ligl4 could be
precursors of Liol™*, Liglot and Ligls*, respectively.b In the present work, it is
difficult to assume exclusively precursors of Lipl* (n = 2, 3, 4 and 6) clusters,
based on the results presented in Fig. 3.

However, the presented results clearly show that the plot of the In (intensity,
arb. units) versus temperature trends before and after the melting point of Lil
(469 °C) do not correspond. At temperatures below the melting point of Lil, ina
preliminary experiment, it was shown that the values of the ionization energies
for Linl* (n =2, 3 or 4) were much higher than their theoretical values. This fact
implies that dimer, trimer, tetramer, Lislo*, and Ligl3*t could be precursors of
Liol™*, Ligl* and Ligl™, respectively. Therefore, the appearance energies of Lipl*
could be measured at temperatures below 469 °C. On the other hand, in a pre-
vious work, it was shown that the ionization energies of Lipl™ (n = 2, 4 and 6)
could be determined at temperatures higher than 550 °C.41 These ionization
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energies are in agreement with the |Es obtained by theoretical calculations, mean-
ing that the precursors of Lipl* clusters were not the same as mentioned above.

This observation suggests that the shape of the In (intensity, arb. units)
versus temperature curves are different possibly due to the dissimilarity in for-
mation mechanisms of these clusters in the Knudsen cell, such as the thermal
decomposition of the evaporation species at low temperatures and the reaction of
Li* with undecomposed Lil at high temperatures.

It should be mentioned that in previous studies, it was revealed that the
clusters LinfFt (n =2, 3, 4, 5and 6) and Lipl* (n = 2, 4 and 6) were obtained in
the vapor over a mixture of lithium fluoride and lithium iodide using the experi-
mental setup presented in Fig. 1.4042 For this reason, in step |11, the evaporation
mixtures Lil/LiF/C7q from the Knudsen cell was studied. Both types of clusters,
Linl* and LinF* (n =2, 3, 4, 5 and 6), were obtained using a mixture Lil/LiF/C.
If the ratio of Lil to LiF was 2:1, the signals of the Linl* clusters were higher
than those of the LiyF* clusters. By contrast, if the ratio of Lil to LiF was 1:2,
signals of LinF* in the mass spectrum were higher than those of Lipl™. In this
work, the LinFt were not studied.

At temperatures below the melting point of lithium iodide, I, 15%, Li*, Lilt,
Liolo*, Liglo™ and Ligl3* were detected by the evaporation of a mixture Lil/LiF/
/C70. In both cases, when a mixture Lil/LiF/Cyg or a mixture LilC7g was eva-
porated, the In (Intensity, arb. units) versus temperature for Linl* (n =2, 3 and 4)
had very similar trends. In addition, the intensities of all detectable ions obtained
from a mixture Lil/LiF/C7g were lower than the intensities of ions formed from a
mixture Lil/C7q before the melting point of Lil. This may be due to the simul-
taneous creation of Lipl™ and LinF* clusters from a mixture Lil/LiF/Cg, which
did not occur during the evaporation of a mixture Lil/C7q. For this reason, the
plots of the In (intensity, arb. units) versus temperature of the Lipl™ cluster
presented in Fig. 4 were obtained at temperatures above 460 °C.

Figure 4, part A, illustrates the variation of the In (intensity, arb. units)
versus temperature for the ion clusters of the type Linl* obtained by electron
impact ionization. In Fig. 4, part B, the plots of the In (intensity, arb. units)
versus temperature for Linl*, obtained by thermal ionization in the Knudsen cell
at temperatures above 835 °C, are shown. As can be seen in part B of Fig. 4, the
Ligl* (n = 2, 4, 5, and 6) clusters could be detected using the TI mode at
temperatures higher than the melting point of LiF, while the Ligl* ion was not
detected by the thermal ionization.

From Fig. 4, part A, it can be seen that the intensity of Lisl* and Ligl*
increased from 468 to 616 °C and have amost constant value in the temperature
range 616 to 782 °C. The intensity of Lisl* decreased above 782 °C, while a
decrease in the intensity for Ligl™ was not detected. The intensity versus tem-
perature curve for Ligl* and Lisl* had almost constant values in the temperature

Availabe online at: www.shd.org.rs/JSCS/

(c) 2014 Copyright SCS



320 PUSTEBEK, VELIJKOVIC and VELICKOVIC

range presented in Fig. 4. As can be seen, the order of the intensities was Lisl* >
> Ligl™ or Ligl* > Ligl* > Ligl* at temperatures between 600 and 830 °C. This
result showed that the intensities of Lipl* increase when a salt LiF was added
to amixture Lil/Cyyg.
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Fig. 4. Plots of In (Intensity, arb. units) versus temperature. TheionsLi,l (n=2, 3, 4, 5 or 6)
clusters were obtained in the el ectron impact mode (the temperature range of the Knudsen cell
was 420 to 830 °C) and the positively charged clusters Li,l* (n =2, 4, 5 and 6) were generated
in the Knudsen cell by thermal ionization (the temperature of the Knudsen cell was higher
than 830 °C).

However, it should be noted that the Lisl* and Lislt clusters were not
detected from amixture Lil/LiF.40 In addition, the In (Intensity, arb. units) versus
temperature trend for the mixture Lil/LiF did not correspond to the trend for the
mixture Lil/LiF/C70.40 This implies that the presence of both C7g and LiF pro-
vides optimal conditions for abtainingions Linl*t n=2, 3, 4, 5 and 6. Namdly, in
an earlier experiment, it has been shown that the solid-state reactions of fulle-
renes with various metal fluorides can be performed in a Knudsen cell. For
example, the mass spectra recorded during the KCMS fluorination of C7g with
MnF3 contained C7gFss, C7oF3g and C7gFa0.44 Furthermore, the reaction of
fluorination of C7g is more efficient than the reaction of fullerene with lithium.4>
These facts suggest that the enhanced stability of Lint may be related to the
presence of an additional Li source that remains in the Knudsen cell because the
fluorine atom prefers a strong ionic bound with C7g. From another viewpoint, the
fullerene C7q could form a graphite monolayer on the inner surface of the Knud-
sen cell at higher temperatures. Generally, the existence of a graphite monolayer
decreases the thermal dissociation of the clusters.46
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For clarity, the ions obtained by evaporation from pure Lil, a mixture
Lil/C7g, and a mixture Lil/LiF/C7g, in the temperature range derived from the
curvesin Figs. 2 and 3, are summarized in Table 1.

TABLE II. The ions obtained by the evaporation from pure Lil, from a mixture of Lil/Cq and
from amixture of Lil/LiF/C, and the temperature range of the Knudsen cell

Sample lons lons of thetypeLi,l* Temperature range, °C
Lil I+, 1,%, Lit, Lil*, Liol* 408-581
Liolo*, Liglo®, Liglg®
Lil/Cqg Liol*, 355673
I*, 1,%, Lit, Lil*, Ligl™, 355453
Liolo*, Liglo™, Ligls* Ligl*, 355-658
Ligh* 452-632
Lil/LiF/Cy I+, 1,%, Lit, Lil*, Liol*, 355-837
Liolot, Liglo®, Liglg" Ligl*, 355-758
Ligl*, 355-835
Ligl™, 609-837
Lig* 452-833

Comparing data in the Table I, afew general trends can be noted. First, the
fullerene C7g provide a wider temperature range for the detection of Lipl™
clusters. Second, the addition of the salt LiF to a mixture Lil/Cyg leads to an
increase in the temperature range for the observation of these ions. This suggests
that the formation of cluster ions is favored when the extra sources of lithium
ions were present in the Knudsen cell.

CONCLUSIONS

In this work, the evaporation of Lil, Lil/C7g and Lil/LIF/C7g from a Knud-
sen cell located in the ionization chamber of a magnetic sector mass spectrometer
was studied. The following ion species were detected: I, 1o, Lit, Lil*, Lislot,
Lislo™, Ligls™ and Lipl™ (n > 2). In all of three cases, the intensities of these ions
versus temperature of the Knudsen cell were measured. The principa results
were as follows:

1. The results indicate that the experimental setup where the Knudsen cell
was placed in the ionization chamber provided abundances of all the detectable
ions higher than did those obtained with a standard KCMS.

2. By evaporation of the mixture Lil/Cygq, ions of Liyl (n =2, 3, 4 and 6)
clusters were obtained, while evaporation of the mixture Lil/LiF/C7g gave posi-
tiveionsof Lipl (n=2, 3, 4, 5 and 6). The presence of both C7g and LiF provides
optimal conditions for obtaining Lipl* (n=2, 3, 4, 5 and 6).

3. In all three cases, the most intensive peaks in the spectra were Lisl*. The
clusters with an even number of lithium atoms (Lisl*, Ligl*, Ligl™) were more
stable than the clusters with an odd number of lithium atoms (Ligl* and Lisl™).
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4. Trends of the plot In (Intensity, arb. units) versus temperature for Lipl*
cluster before and after the melting point of Lil do not correspond. It suggests
that way of formation of these clusters could be different due to changes in the
temperature. At temperatures below the melting point of lithium iodide, the
dissociative ionization of (Lil)p, (Lil)3, (Lil)4, Lisl2o*, and Ligl3* could be
responsible for the generation of Lisl*, Ligl* and Ligl*, respectively.
Unfortunately, based on al the detectable ions, the predominant emission
mechanism could not be experimentally determined at temperature higher than
the melting point of lithium iodide.

5. The clusters Lipl and LiyF were obtained by evaporation of the mixture
Lil/LiF/C7g. The intensities of Lipl clusters were higher than the emission of
LinF cluster when the ratio of Lil to LiF was 2:1. In contrast, the emission of
LinF clusters was enhanced, while the emission of Lipl clusters was suppressed
when theratio of Lil to LiF was 1:2.

It could be concluded that a Knudsen cell located in the ionization chamber
of a mass spectrometer provides an appropriate way to obtain and investigate
clusters of thetypeLinX, X =For I.

Acknowledgement. The authors acknowledge the Ministry of Education, Science and
Technological Development of the Republic of Serbia for financial support (Contract No.
172019).

H3BOI

HUCIIUTHUBAKE OTIIAPABAIBA Lil, Lil/C; U Lil/LiF/C;q U3 KHYICEHOBE REJUJE
CMEHNITEHE ¥ JOHHU3ALHMOHY KOMOPY MACEHOT CIIEKTPOMETPA

JACMHUHA BYCTEBEK, MUOMHUP BEJbKOBHE u CY3AHA BEJIMYKOBHR
Huctiuitiyw 3a HykneapHe Hayke Bunua, Ynuseepsutiei y Beoipagy, [Tlowwiancku ¢ax 522, 11001, beoipag

OrnapaBame Lil, Lil/C; u Lil/LIF/C;( je ucnutuBano nomohy Kuyncenose henyje, koja
jé cMellTeHa y jOHU3aLIMOHY KOMOPY MarHeTHOI MAaceHOT CIeKTPOMETPa, Y TeMIIEPaTypCkoM
omcery ox 350 mo 850 °C. Li,I* (n = 2, 3, 4 u 6) BpcTe cy nerekToBaHe u3 cMmenre Lil/Cyg, a
wiacrepu Li,I* u Li,Ft (n = 2 0o 6) cy merekroBaHu HcmapaBamem cmeine Lil/LiF/Cyg.
Hntensuter Li, It duo je Behu op uHTeHsurera Li,F* wacrepa xagma je omHoc Lil u LiF &uo
2:1. C npyre crpane, crBapame Li,F* wiacrepa je daBopusosano kazna je oguoc Lil u LiF Guo
1:2. PesynraTu mokasyjy na ornapaBame cMmeute Lil/LIF/C;o n3 Kayncenose henwje, xoja je
CMelITeHa Y jOHH3aLUOHYy KOMOPY MAaceHOT CIeKTPOMeTpa, MpelcTaBba eUKacaH U jemHo-
CTaBaH HAuWH 3a JoOdHWjawme W WcnuUTHBamwe Kiacrtepa tuna Li,X, X = F unu 1. Y oBom pany
Takohe je moxasaHoO fia ce 3aBUCHOCT IPUPOJHOT JIOTapUTMa HHTeH3uTeTa Li, It Kinacrepa on
TemIeparype pasiukyje Ha TeMIepaTypama Ipe U Iocje Tauke Tollsbewa Lil. OBo ykasyje Ha
TO Ja HauuH HOpMHUpama HaBeleHUX KIacTepa Moxe OUTH Paslu4MT yCiel IpOMeHe TeMIle-
paTtype.

(ITpumsseno 27. jyna 2012, pesunupano 25 jyna 2013)
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