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Electron impact ionization of helium nano-droplets containing several 10* He atoms and doped with
CCly or SFg molecules is studied with high-mass resolution. The mass spectra show significant clustering
of CCl4 molecules, less so for SFg under our experimental conditions. Positive ion efficiency curves as a
function of electron energy indicate complete immersion of the molecules inside the helium droplets
in both cases. For CCl4 we observe the molecular parent cation CCls* that preferentially is formed via
Penning ionization upon collisions with He*. In contrast, no parent cation SFg* is seen for He droplets
doped with SFs. The fragmentation patterns for both molecules embedded in He are compared with gas
phase studies. lonization via electron transfer to He* forms highly excited ions that cannot be stabilized by
the surrounding He droplet. Besides the atomic fragments F* and CI* several molecular fragment cations
are observed with He atoms attached.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

He droplets provide an ultra-cold temperature bath since vapor-
ization of hot surface atoms keeps the temperature of the droplet at
0.37 K at which they are superfluid [1]. Upon collisions atoms and
molecules are easily picked up by these droplets and in most cases
the dopants are transferred to the center of the droplets [2]. They
are quickly thermalized and form clusters inside the He droplet.
The thermal energy and binding energy of the clusters transferred
to the He droplet may result in the vaporization of a large number of
He atoms since the binding energy of He in a droplet is 0.6 meV [3].
Helium droplets have been used for spectroscopy for many years
because they offer a unique matrix for isolation of molecules [3,4].

Electron impact ionization of molecules trapped inside helium
droplets has been investigated for several molecules. The projectile

* Corresponding author. Fax: +43 512 507 2932.
E-mail address: Paul.Scheier@uibk.ac.at (P. Scheier).
T Also at: Department Plasma Physics, Comenius University, 84248 Bratislava,
Slovakia.

1387-3806/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijms.2008.07.009

electrons hit with high probability a He atom on the surface or
inside the droplet [5-7]. Electron transfer from neutral atoms to
the ionized species transfers the charge by a random walk to the
interior of the droplet where it becomes localized upon ionizing an
embedded dopant molecule. The ionization energy of molecules is
much lower than that of He which leads to the release of several eV
of excess energy by this ionization process. In the gas phase charge
transfer from He* to molecules often is associated with extensive
fragmentation [8], however, inside a He droplet the excess energy
may also be dissipated by evaporative loss of helium atoms. This can
cool the parent cation and thereby reduce fragmentation [9,10].
Janda and co-workers reported for electron impact ionization of
dimers of NO, that the dimer parention remains largely intact when
ionized in helium droplets composed of >15,000 helium atoms [7].
In contrast this dimer almost exclusively decays when ionized with-
out the surrounding He droplet. Miller and co-workers compared
the fragmentation patterns upon electron impact ionization of bare
triphenylmethanol with that dissolved in He droplets [11]. In addi-
tion they studied the effect of the droplet size on the reduction
of fragmentation, which they called “softening”, and reported a
direct but less than linear correlation of the reduction of fragmen-
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tation with the number of the atoms in the He droplet. Ellis and
co-workers recently investigated the softening of electron impact
ionization of molecules inside He droplets for haloalkanes, includ-
ing CCly [12] and clusters of alcohol [13,14] and ether [14]. For
alcohols the most important difference to gas phase studies was
a strong enhancement of the loss of a neutral H atom. Furthermore,
the parent cations are more abundant for most alcohols compared
with the gas phase. For the haloalkanes CHCI; and CCly Ellis and co-
workers could not observe a noticeable yield of the corresponding
parent cations [12] which they explained by the large difference in
the ionization energy of these molecules and He. Electron impact
ionization of small chloroform clusters (CHCl3), embedded in He
droplets was also investigated very recently by Denifl et al. [15].
Again no parent cations were reported but in contrast to [12] CCl3™*
was observed with relatively high abundance. Moreover, it is inter-
esting to note that for several atomic and a few small molecular
cations He atoms attached to the ionic core have also been reported
upon electron impact ionization of doped He droplets [7,16-20]. In
contrast all larger molecular cations produced in this way have been
observed only as bare ions.

In recent years, our group has pioneered the mass spectromet-
ric study of electron attachment to molecules embedded in helium
droplets[15,21,22]. For the chloride anion we observed a clear series
of peaks where several He atoms remain attached to the anionic
core [21].In our electron attachment studies, a standard procedure
in order to calibrate electron energy scales is to perform a prelim-
inary experiment with either CCly or SFg [23,24]. The importance
of SFg and CCly as calibrants for basically all electron attachment
studies motivates the investigation of these molecules embedded
in He droplets [25]. For all electron attachment studies in doped
He droplets [15,21,22] we probe the cluster size distributions first
in the positive ion mode. Electron impact ionization studies to He
droplets doped with both molecules were published previously by
other authors [9,12]. The present results will be compared with
these earlier investigations [9,12] and special emphasis is given to
the stabilization of parent cations and product ions that have He
atoms attached. In order to separate ions with nominally the same
mass per charge ratio but with different composition the 2-sector
field mass spectrometer is operated in high-mass resolution mode.

2. Experimental setup

Since the main parts of the experimental set-up have already
been described elsewhere [26,27], we will give here just a short
overview. The helium droplets are formed by supersonic expan-
sion of high-pressure (23 bar), high-purity helium gas (>99.9999%),
which passes through a 5um aperture into vacuum. Before
expansion, the gas is additionally cleaned and pre-cooled by a
liquid-nitrogen cold trap and cooled down to ~10K by a closed
cycle helium cryostat. The pressure in the chamber where expan-
sion takes place is kept below 10~2 Pa by a 12001/s turbo-molecular
pump. Under these conditions, the average droplet size is expected
to be several 104 atoms [3].

The flow of the helium droplets and He gas emerging from
the aperture is skimmed 10 mm downstream to block most of the
He gas while letting through the inner, colder part of the expan-
sion plume. The unperturbed central beam of helium droplets then
passes into another vacuum chamber that contains a small pick-up
cell. This cell is approximately 10 cm long and 5 cm wide, and has
at the entrance and exit 5 mm apertures to allow the passage of the
helium droplet beam. The pressure of gas inside the pick-up cell is
estimated indirectly by the pressure of the vacuum chamber that
contains it, which in turn is pumped by a 2601/s turbo-molecular
pump, reaching a base pressure of 10~> Pa when the cell is not oper-

ated and the He beam is on. The sample of CCl4 (Sigma-Aldrich,
stated purity 99.95%) liquid is placed in a small stainless steel tube
that is connected to the gas line of the pick-up cell with a nee-
dle valve. Several freeze-pump cycles are performed to remove
atmospheric contamination from the container. CCly has a suffi-
ciently high-vapor pressure that it is sufficient to open the needle
valve with the liquid at room temperature to produce an adequate
flow of molecules into the collision cell. SFg (Linde, stated purity of
99.999%) is already a gas and the introduction to the pick-up cell
is straightforward. Optimum conditions (yield) are obtained for a
dopant pressure between 10-3 and 2 x 103 Pa in the pick-up cell.

After the passage through a second skimmer, the helium
droplets enter another vacuum chamber where they intersect an
electron beam of a Nier-type ion source. The energy resolution of
the electron gun is around 1 eV, while the electron current is set
to 400 pA for measuring mass spectra and 20 A for measuring
ion efficiency curves. The mass spectrometer is a modified 2-sector
field Varian-MAT CH5, which provides a mass resolution Am/m of
around 200 with open slits (ion efficiency curves) and about 1000
with closed slits (mass spectra).

3. Results and discussion
3.1 CCly

In Fig. 1 we present a high-resolution mass spectrum of the pos-
itive ions formed upon electron impact ionization of He droplets
doped with CCly. The upper diagram shows the mass range from
28 to 180 Thomson which includes signals of the low-mass frag-
ment CI* up to the monomer ion CCl4*. The most prominent peaks
are the fragments CCl3* and CCl,*. The middle diagram shows the
mass range from 180 to 330 Thomson. Also for the dimeric cations
the most abundant ions are the fragments formed upon loss of one
and two chlorine atoms. The mass spectrum was measured at an
electron energy of 120 eV and an electron current of 400 pwA. The
He droplet source was operated at a pressure of 23 bar and a noz-
zle temperature of 10 K. The mass resolution was set to a value of
m/Am ~ 1000 which is sufficiently high to separate product ions of
CCl, from He,* and hydrocarbon ions, originating from the residual
gas, due to the large different deviations from unit mass between
H (1.0078 Da) and He (4.0026 Da) compared to 12C (12 Da) and 3°Cl
(34.9689 Da) [28]. Up to the fragment ion CCl,* the mass spectrum
is dominated by pristine He,* cluster ions (masses of multiple of 4).
Note that in Fig. 1 the CCl,* parent ion cannot be seen immediately
(see below). This is consistent with electron impact ionization of
bare CCl4 [29]. For CCl4 and CF4 Deutsch et al. [30] reported a weak
metastable decay of the parent cations loosing a halogen atom a
few microseconds after the ionization process. Shortly thereafter,
a very weak signal for CCl4* was observed in the mass spectrum
of CCly by other authors [31-33]. Drewello et al. [32] reported the
kinetic energy release for metastable Cl-loss to be large (160 meV).
In [33] the relative abundance of the parent cation is reported to be
3.5+0.5 x 10-6 of the most abundant fragment CCl;* (117 Da, base
peak).

Figs. 2-4 show enlarged sections of the CCl4 mass spectrum of
Fig. 1. All productions of CCl4 are compared with the corresponding
calculated isotopic pattern shown as open bars. The upper diagram
of Fig. 2 shows the two isotopes of CI* (open bars with solid line)
and HCI* (open bars with dashed line). The latter ion is a product
upon ionization of doped He droplets that contain traces of water.
The relatively large abundance of HCI* indicates a high efficiency for
the formation of this reaction product inside the He droplets. Fur-
thermore, water or its fragments attached to other product ions of
CCly are present only as extremely weak signals in the mass spec-
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Fig. 1. Upper and middle diagram: positive ion mass spectra of He droplets
doped with CCly. Electron energy 120eV, electron current 400 wA, CCly pres-
sure 2 x 103 Pa, 23 bar He and 10K. Lower diagram: positive ion mass spectrum
of He droplets doped with SFg. Clusters of the form (SFs),SFs*, (SFs),SFs* and
(H20)m(SFg)nSFs* are peaking out of the He,* series. Electron energy 120eV, elec-
tron current 400 A, 23 bar He and 10 K. For the long mass range spectrum the SFg
pressure was set to 2 x 10-3 Pa and all slits were kept open. For the inset the SFg
pressure was set to 5 x 10~ Pa and the mass resolution was increased by closing the
slits to a value of m/Am ~1000.

trum. It is remarkable that besides Cl* also HCI* quite efficiently
binds He atoms (see center diagram). Moreover, Cl,* (see lower
diagram of Fig. 2) is formed from doped He droplets with almost
2% of the most intense product, i.e., CCl3* and its existence is not
reported in the gas phase mass spectrum taken from the literature
[29]. Cl3* is formed in the doped He droplets as well with about an
order of magnitude less intensity. The formation of the Cls3* cation
was reported in the literature by chlorine chemical ionization via
the exothermic reaction of CI* transfer from Cl,2* to chlorine or by
the endothermic reaction of Cl,* with chlorine [34]. In He droplets
doped with clusters of CCl4 the same reactions are likely to occur
as Cl, and Cl,* can be formed via collisions of CCl4 with He* and
He*.

Fig. 3 shows the non-fragmented monomer (upper diagram)
and dimer (lower diagram) cations of CCly. The close distance of
C35Cl,4* and C35C1,37Cl,* to the relatively intense He clusters Hesg*
and Hesg™, respectively, results due to the limited resolution only
in shoulders at the low-mass side of the He cluster peaks for these
parent cations. However, the yield of these shoulders as well as the
other more accessible peaks match perfectly well with the calcu-
lated isotopic pattern of CCly. The total yield of the monomer cation
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Fig. 2. Enlarged sections of the positive ion mass spectrum of He droplets doped
with CCly shown in Fig. 1. The upper diagram shows the ions CI* and HCI*. The
latter ion is formed upon ionization of droplets containing CCl4 and traces of H,O.
The center diagram shows HeCl* and HeHCI* and the lower diagram Cl,*. Electron
energy 120eV, electron current 400 p.A, CCly pressure 2 x 10-3 Pa, 23 bar He and
10K.

is about 0.3% of the yield of CCl3* which is about three orders of
magnitude higher than the value reported earlier for the gas phase
[33]. For the dimer cation more peaks can be identified and the
yield of this product cation relative to the most intense dimer ion,
i.e.,, CCl4CCl3* is 0.2%. Fig. 4 shows in addition two examples of
dimeric fragment ions that can only be identified with high-mass
resolution.

In the upper diagram of Fig. 5 the relative abundance of all
monomeric (solid bars) and dimeric (open bars) product cations
are plotted and compared to the data calculated from the gas phase
mass spectrum taken from [29] (hatched bars). In order to account
for the different isotopic patterns the ratios were derived from the
sum of all isotopomers divided by the sum of all corresponding
production peaks. It is interesting to note that the present values for
CCI*, CCl,* and CCl3* (monomeric fragments) agree extremely well
(better than 10%) with the values published by Ellis and co-workers
for He droplets doped with CCl,. In He droplets the fragment CCl,*
is formed about five times more abundantly compared to the gas
phase. Furthermore, the ions Cl,*, Cl3* and CCly* are not formed
(or extremely weak) in gas phase experiments. In addition, also CI*
is more efficiently formed in He droplets. Thus, electron impact
of He droplets doped with CCl4 forms carbon-free chlorine with
higher abundance compared to gas phase which means that more
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Fig. 3. Enlarged sections of the positive ion mass spectrum of He droplets doped
with CCly shown in Fig. 1. The upper diagram shows the parent ion CCl4* and the
lower diagram the dimer (CCls),*. Electron energy 120 eV, electron current 400 A,
CCly pressure 2 x 103 Pa, 23 bar He and 10K.

C-Cl bonds are broken in the droplet. Parallel carbon rich fragments
such as CCI* and CCl,* show reduced yield when formed in doped
droplets compared to the gas phase.

Furthermore, Fig. 6 shows the threshold region of the ion effi-
ciency curves of CCly* (solid squares) and CCl4CCl,* (solid circles)
measured with an electron current of 20 pA. The electron energy
scale is calibrated with the threshold of the ion efficiency curve
of He measured under the same conditions. Both ions show the
presence of two common formation processes, a weak contribu-
tion with a threshold close to 20 eV and a dominant channel with
a threshold around 25 eV. The latter can be assigned to the reac-
tion sequence where a He atom (ionization energy 24.58 eV [29])
is ionized and the charges move by random hopping to the center
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Fig. 4. Enlarged sections of the positive ion mass spectrum of He droplets doped
with CCly shown in Fig. 1. The upper diagram shows the section around the cluster
fragment C,Cly*. The lower diagram shows the section around the cluster fragment
C,Cls*. Electron energy 120 eV, electron current 400 wA, CCl, pressure 2 x 1073 Pa,
23 bar He and 10K.
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where a highly exothermic charge transfer reaction to CCly takes
place [5-7]. At electron energies above 70 eV this process is by far
the dominating channel. The appearance energy of the most abun-
dant fragment ion CCl3* is 11.47 eV [29] and thus an excess energy
of 14 eV has to be shared in this ionization process among the two
initially formed fragments, i.e., CI" and CCl5*. A substantial part of
this energy will remain in the polyatomic fragment and may break
further C-Cl bonds. The high amount of Cl,* (n=1, 2 and 3) and the
reduced yield of CCl3* products from doped He droplets (see Fig. 5
upper diagram) support this explanation and indicate that cooling
by the He droplet is not fast enough to stabilize the highly excited
CCl3* intermediate.

The production of CCly* with a threshold of about 20eV, we
assign as Penning ionization of CCly via electronically excited He".
This process is operative for electron energies higher than about
20 eV. In contrast to the electron transfer reaction to He* described
above the energy difference between He* and CCl, can be carried
away by the emitted electron which leads to the formation of sub-
stantially less excited ions, similar to electron impact ionization of
bare CCl4 where lifetimes of CCl4* in the order of s were reported
[30-33]. Delayed fragmentation reactions are strongly suppressed
by the efficient cooling of the surrounding He droplet which in the
present case stabilizes CCl4* being formed upon Penning ioniza-
tion via He*. CCl4* is also formed via the electron transfer to He™,
however, compared to all other product ions this channel is less
important.

The upper diagram of Fig. 7 shows ions of the form He,X* (with
n=0-20) where X is a product ion of CCly. For CI* both isotopes
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electron impact ionization of He droplets doped with CCly (circles) and SFg (squares)
plotted as a function of the number of atoms in the bare cation X*.

dissolve in He equally well which is reflected in the constant shift
between the two corresponding curves in the semi-logarithmic
plot. From n=11-12 the intensity of the chlorine cations dissolved
in He drops by almost an order of magnitude, thus indicating the
closure of a first shell at n=11. This is different from a coordina-
tion number of 12 that can be assigned to an icosahedral structure
which often is observed for pristine rare gas cluster ions [35-37].

We define the helium affinity (HA) of a given ion X* as the ratio
of the sum of the ion yields of all ions He,X* (n>1) and the yield
of the bare ion X*:

> i(Henx")
+ n>1

HA(X") = ) (M

Fig. 8 shows the helium affinity of product ions X* of He droplets
doped with CCly and SFg. All X* ions binding at least one He atom
that can be identified in the high-resolution mass spectra for CCly
(Fig. 1, upper diagram) and SFg (Fig. 1 inset of the lower diagram)
doped He droplets are included in Fig. 8. The helium affinity non-
linearly depends on the number of atoms of the X* ion and is largest
for atomic ions in agreement with the literature [7,16-20]. It is
interesting to note that the relative abundance of bare ions with
a high-helium affinity is increased in He droplets compared to that
for electron impact ionization of gas phase molecules.

3.2. SFg

The lower diagram of Fig. 1 shows a mass spectrum of cations
formed upon electron impact ionization of He droplets doped with
SFg. The electron energy was set to 120eV, the electron current
was 400 A and all slits were fully open which results in a mass
resolution m/Am ~ 200. The conditions of the He cluster source
were 23 bar He pressure and 10 K nozzle temperature. The pressure
of SFg in the pick-up chamber was 2 x 1073 Pa. The most abun-
dant product by far is SFs*. 18 mass units higher the ion H,O-SF5*
can be identified. Another 18 mass units higher even two water
molecules attached to SFs* can be identified. The yield of these
hydrated species is surprisingly high and we checked three different
cylinders of SFg and two different gas inlets to identify the source
of this water contamination. Apparently it is originating from the
residual gas, however, for other systems like CCl4 (see above) the
relative abundance of hydrated ions is much lower. Clusters of the
form (SFg)nSFs* and their hydrated species are also visible in Fig. 1
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(lower diagram) up to n=>5. For clusters hydration becomes much
more abundant. The inset in the lower diagram of Fig. 1 shows the
low-mass range up to SFs* measured with high-mass resolution. In
addition the SFg pressure in the pick-up chamber was reduced to
5 x 10~ Pa. This minimizes the flow of bare SFs molecules into the
ion source.

The lower diagram of Fig. 5 shows the relative abundance of
the product ions formed upon electron impact ionization of bare
SFg and that from He droplets doped with SFg (taken from the
inset of the lower diagram of Fig. 1). For each fragment ion the
ion yield (sum of all isotopomers) was normalized with the sum
of the ion yield of all fragment ions of SFg up to the mass of SFs*.
The solid bars represent the fragment ions of SFg from doped He
droplets. The dashed bars are derived from the gas phase mass spec-
trum published in [29]. In contrast to CCly (see above) and some
earlier studies on SFg in the literature [9] we do not observe the
parent cation SFg* within the limits of the sensitivity of our exper-
iment (<10~8 of the most intense fragment SFs*). This agrees well
with photoionization experiments of He droplets doped with SFg
[38]. SF4* and SF3* are strongly reduced when formed from doped
He droplets compared to electron impact ionization of gas phase
molecules. At the same time F*, SF,* and SF5* are slightly enhanced.

The mass spectrum shown in the inset of the lower diagram of
Fig. 1 is measured with sufficiently high-mass resolution to distin-
guish isobaric fragments of the form He,X* with X=F*, SF*, SF,*
and SFs* from other ions in the mass spectrum including pristine
He cluster cations and ions originating from the residual gas. As in
the case of CCly all ions that are formed with higher abundance in
doped He droplets compared to electron impact ionization of gas
phase SFg bind He atoms. Although SF;* and SF4* are formed more
efficiently than F* it is impossible to observe He,SF;* or He; SF4*
within the detection limit of the instrument. In Fig. 8 the helium
affinities for SF3* and SF4* are at least two orders of magnitude
lower than that of SF5*. The lower diagram of Fig. 7 shows the ion
yield of product ions of SFg that bind He as a function of the number
of He atoms attached. Like in the case of CCl4 the atomic halogen
ion F* has the highest affinity to bind He atoms. The ion yield of
He,F* drops clearly for n > 10, thus indicating a shell closure atn =10
which again does not match with an icosahedral shell closure. The
He affinity of F* is almost an order of magnitude higher than that
of CI* (see Fig. 8). However, molecular product ions of SFg have a
lower He affinity compared to molecular CCl4 productions. The line
in the double logarithmic plot in Fig. 8 is a linear fit to the helium
affinities of all product ions of SFg and CCl, that bind at least one
He atom.

4. Conclusions

We have presented an exploratory study on positive ion for-
mation by electron impact on helium droplets doped with CCly
and SFg. For CCl4 the parent cation CCl4* can be stabilized effi-
ciently by the surrounding He, especially if the ion is formed
via Penning ionization. However, charge transfer from He* breaks
more C-Cl bonds compared to electron impact ionization of bare
CCl4 molecules. SFg*, however, cannot be stabilized if ionized in
He droplets independent on the ionization mechanism operative,
i.e., Penning ionization and electron transfer to He*. Besides the
atomic fragments F* and CI* several molecular fragment cations are
observed with He atoms attached. Ions with a high affinity to He are
enhanced as bare ions formed from doped He droplets compared
to electron impact ionization of gas phase molecules. In addition
the present work provides important information required for an
upcoming study about negative ion formation of He droplets doped

with CCl, and SFg, two of the most intensely investigated molecules
concerning electron attachment. Besides knowledge about the size
distribution of clusters of dopant molecules inside the He droplets
inelastic scattering and Penning ionization are two reaction chan-
nels that provide secondary electrons in the energy range where
attachment reactions are operative [39].
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