Dopant-induced solvation of alkalis in liquid helium nanodroplets
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Abstract

Alkali metal atoms and small alkali clusters are classic heliophobes and when in contact with
liquid helium they reside in a dimple on the surface. Here we show that alkalis can be induced
to submerge into liquid helium when a highly polarizable co-solute, Ceo, is added to a helium
nanodroplet. Evidence is presented that shows that all sodium clusters, and probably single
Na atoms, enter the helium droplet in the presence of Ceo. Even clusters of cesium, an extreme
heliophobe, dissolve in liquid helium when Ceo is added. The sole exception is atomic Cs,

which remains at the surface.



Helium droplets provide a unique, low temperature liquid environment in which to explore a
variety of physical and chemical phenomena at the nanoscale.!> Dopants such as atoms and
molecules can be added to these droplets and most submerge into the liquid helium because of
the favorable potential energy delivered by an interior location, even though helium is a very
poor solvent. However, alkali atoms and small alkali clusters are notorious exceptions.>”
These dopants reside in a dimple on the surface of the droplet because their diffuse valence
electron density is prohibitive to submersion, since more energy is required to displace helium
atoms to create room for the dopant than is gained by the additional (exceptionally weak)
attractive interactions with the surrounding helium atoms.

As the size of the alkali cluster increases, the energetics become more favorable for an
interior location and so the possibility exists for submersion into liquid helium beyond a
critical cluster size. This threshold cluster size was first predicted by Stark and Kresin using a
phenomenological model which combined a classical treatment of the van der Waals
attractive and repulsive energies between the metal and the helium with incorporation of
surface tension effects for liquid helium.!® When sufficiently large the alkali cluster possesses
a polarizability that can create a favorable net attractive interaction with the liquid helium,
thus causing the cluster to sink into the liquid rather than stay at the surface. The threshold
cluster sizes predicted for sodium and potassium have recently received experimental support
using data extracted from electron ionization mass spectrometry.'!"!> These experiments were
able to demonstrate that sufficiently large Na, and K, clusters do indeed submerge and
approximate threshold cluster sizes of » > 20 and n > ~ 80 where determined, which are
remarkably close to the theoretical predictions.!”

Intuitively, one might expect the energetic balance between surface and interior

locations for small alkali clusters to be altered by the addition of a second dopant located
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inside the helium droplet. This follows from the modification of the van der Waals
interactions caused by the presence of a second dopant and could, if sufficiently attractive,
induce the alkali to submerge. The only previous experimental evidence for such behavior
was obtained in a study by Lugovoj et al. of the chemiluminescence reaction between a Ba
atom and N>O.!3 Ba atoms are known to reside on the surface of a helium droplet for reasons
similar to those of the alkalis. When N>O was added it reacted with Ba to form BaO and the
resulting chemiluminescence spectrum from this molecule was characteristic of a hot BaO
molecule ejected into the gas phase. However, when a sufficient number of Xe atoms were
added to make a Xe, cluster prior to the addition of Ba and N>O, the chemiluminescence
spectrum became characteristic of a vibrationally cold BaO molecule, suggesting that reaction
had now taken place inside the helium droplet. In other words, the Ba atom was assumed to
be ‘dragged’ inside the droplet through interaction with a highly polarizable Xe, cluster
(estimated to contain ~15 Xe atoms on average) and subsequent reaction with NoO was
followed by rapid vibrational quenching of the electronically excited BaO by the surrounding
liquid helium. In a different study the effect of Xe on the location of an alkali atom, Rb, was
explored using density functional theory.'* For a droplet containing 500 helium atoms there
was insufficient attraction between the Xe atom and a Rb atom to induce submersion of the
latter, demonstrating that Rb is strongly heliophobic.

In this study we show for the first time that the location of alkali atoms and alkali
clusters in a helium nanodroplet can be altered by the addition of a strongly polarizable
molecule. The molecule chosen here is Cgo and two alkalis were investigated, Na and Cs. The
apparatus employed for these experiments has been described in detail previously.!! A beam
of helium droplets with a mean size in the region of 5 x 10° atoms was passed through two
pick-up cells in series, the first containing C¢o vapor and the second holding vapor of the

chosen alkali. It is known that Ceo readily enters helium droplets. However, since alkali
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clusters may be inside the droplet or on the surface, we need a method to distinguish between
these locations. The method adopted is electron ionization mass spectrometry. In particular
we exploit the fact that species at the surface of a helium droplet tend to be ionized via a
Penning process involving electronically excited helium atoms. These excited helium atoms
are generated by electron impact and are preferentially located near the surface of helium
droplets. Ionization by this route has a threshold energy near 20 eV in the gas phase. On the
other hand, dopants that are deep inside helium droplets are more likely to be ionized by He"
and will therefore have an energy threshold close to 25 eV. Full details of this means of
assigning a dopant location can be found elsewhere.!! Note also that the journey from the
final pick-up zone to the ionization region is ~ 500 us, so the doped droplets have plenty of
time to re-equilibrate after dopant pick-up before being subject to electron bombardment.

We have collected data for a variety of (Ceo)n cluster sizes and for illustration, Figure
1 shows the findings obtained by detecting ions with N = 2. However, it is important to note
that the key findings are unaffected by the value of N.!> The lower panel in Figure 1 shows
data obtained when sodium was added to the helium droplets after Cso was added. Yields for
several ions are presented as a function of electron kinetic energy and there is a striking
difference between the ion yield curves with and without Ceo. The ion yield curve for HeNa”
is essentially identical to those for other Na-containing ions (not shown), such as bare Nay"
and larger cluster ions up to n ~ 20.!> We choose to present the findings for the complex
between Na" and He in Figure 1 rather than bare Na* in order to eliminate any background
contributions from Na vapor that might drift into the mass spectrometer: the HeNa" ions can
only come from Na atoms in contact with a helium droplet. The threshold for production of
Na" is close to 21 €V and is characteristic of Penning ionization, thus showing that Na atoms

and small Na, clusters reside at the surface of a helium droplet, as demonstrated in earlier



work.!! The onset is close to 21 eV rather than 20 eV because additional energy is needed to
inject an electron into liquid helium.'®

On the other hand, complexes between Na, and Ceso show a small onset in ion
production near to 22 eV but at energies above 25 eV the cross section undergoes a steady
rise with incident electron energy, showing that dopant ionization in this case is dominated by
charge transfer from He" inside the helium droplets. It is conceivable that such complexes
could be formed by a multi-step process, starting with (Ceo)y inside the droplet and with Na,
on the surface. Initial ionization of Cep may then lead to Na, being pulled into the droplet
through an ion-induced dipole interaction. This route seems most unlikely for several reasons
but the most obvious objection is that no comparable process is seen for Cs (see below), even
though it is known that Cs" is stable inside helium droplets.!” Thus small Na, clusters, and
most probably even individual Na atoms, are drawn into the helium droplets by the presence
of the highly polarizable Ceo molecule. The mass spectra do not allow us to be certain about
the actual threshold cluster size because fragmentation is possible on ionization.

The findings for Cs show some similarities, but also some important differences, when
compared with Na. As with Na the ion signals from droplets containing only Cs and small Cs,
clusters (no added Ceo) show an ionization threshold characteristic of Penning ionization, with
no evidence of any secondary threshold arising from ionization by He" near 25 eV. This

demonstrates the surface location of Cs atoms and small Cs, clusters and is entirely consistent

10,18,19 17,20-22

with theoretical predictions, spectroscopic studies of doped helium nanodroplets,

and experimental measurements of the non-wetting of metallic Cs by superfluid helium.?-?
However, the signal for a single Cs" ion in combination with one or more Cg molecules now
shows an ion yield curve which is indicative of Penning ionization, in marked contrast to the

Na case. The most likely explanation is that ionization first occurs by production of Cs™ at the

surface by Penning ionization. Once the ion is formed it can, as explained in the preceding
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paragraph, enter the droplet. This creates the opportunity for Cs" and a (Ceo)nv cluster to
collide, generating (Ceso0)nCs ", before being released into the gas phase.

The behavior seen for Cs," cluster ions for n > 2 is dramatically different. The ion
yield curves for Cs;" and larger cluster ions in the presence of Cso show a response
characteristic of interior ionization by He". The interpretation of these observations is that all
clusters of Cs, beginning with the simplest, Csz, submerge into the helium when one or more
Cso molecules is already present. This is a remarkable observation given that superfluid
helium does not wet pure Cs. The mass spectral data imply (assuming ion fragmentation is
negligible) that only a single Cs atom is able to resist this dopant-induced wetting process.

There are two plausible mechanisms that could account for our findings. The first is
that the entrance of the alkalis into helium is dictated by a simple balance of forces. Such
arguments have been used previously to account for the submersion of large alkali clusters
into liquid helium.!'®!? For this model the van der Waals attraction between the alkali and Ceo
is assumed to be sufficient to overcome the energy barrier required to insert the heliophobic
alkalis into liquid helium, with the exception of atomic Cs. The two dopants first need to
approach close enough for a significant attractive force to occur. Molecular dynamics
simulations show that dopants can undergo widely ranging excursions within helium droplets
after pick-up,?” which is a consequence of the relatively flat confining potential for molecules
in helium droplets away from the surface.?® The strong dispersion interaction between alkalis
such as Na and Cs with Ceo is known to deliver a low energy scattering cross section which is
more than an order of magnitude larger than the hard sphere cross section in the case of Na.?
It is therefore possible that Ceo could be guided towards the alkali atom or cluster by the
resulting long-rang potential energy gradient until close enough to induce submersion.
However, while this is an appealing picture, it has its difficulties. In particular we might

expect the balance of forces to alter with the number of Cso molecules added to the helium
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droplet. A cluster containing multiple Cso molecules is a more polarizable entity than a single
Cso molecule and so the attractive forces should increase substantially in the former case.
However, we see no detectable change in submersion behavior whether there is one Ceo
molecule or even as many as five Cgo molecules in the droplet. For this reason we think the
simple submersion model is unlikely to apply here.

An alternative model involves what amounts to a chemical reaction between the alkali
and the Ceo. In particular we propose that a long-range electron transfer (harpoon reaction)
can occur between the alkali at the surface and a Cso molecule (or cluster), which leads to the
formation of a salt, such as Na"Ceo". This could be preceded by the aforementioned long-range
dispersion interaction between the alkali and the Ceo, which draws the two dopants close
enough to allow harpooning to occur. To try and explain why Cs; can submerge in this model
but Cs cannot, we have used density functional theory to predict the potential energy curves
for the interaction of these dopants with Ceo. Details of these calculations can be found in the
Supplemental Material.!> For Cs, there are two possible spin states, singlet and triplet,
resulting from a combination of two Cs atoms. The expectation is that the triplet state will
dominate in our experiments because the energy release when the stronger bond forms in the
singlet state tends to cause evaporation of the dimers from the helium droplet surface.’%!
Nevertheless, calculations have been performed for both spin states of Cs> along with the
ground (?S) state of atomic Cs and Figure 2 shows the resulting potential energy curves.
These curves document a very strong intermolecular interaction which has its origin in charge
transfer from the alkali to Ceo. The ionic character of M"Cgo” molecules in the gas phase has
been confirmed through measurements of the electric dipole moments for M = Li — Cs.>?

For Cs> the binding energy with Ceo is substantially deeper in both spin states when
compared with the interaction of atomic Cs. Furthermore, in the triplet state, the minimum

occurs at a much shorter distance than for atomic Cs. Preliminary calculations performed at
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different Cs, bond lengths show a strong dependence of the Cs>-Cso binding energy on the
dimer geometry, while the actual spin state of Cs> has a negligible effect on the energy. The
increased binding energy for Csz with Cgo when compared to atomic Cs is therefore a
consequence of the higher polarizability and lower ionization energy of Csa, i.e. it is more
electropositive than Cs. This makes submersion into helium an energetically more favorable
event for Csz and helps to explain why this cluster dissolves in helium in the presence of Ceo
whereas Cs does not. However, a detailed DFT benchmark study on He-Ceso predicts a
relatively strong binding energy of about 52 cm™.*>* Consequently, we anticipate that a firm
layer of helium atoms will form around the Cso molecule which will impede direct contact
with the alkali.

Providing the two species come within a critical distance, which is defined by the
crossing point of the neutral van der Waals and ionic potential energy curves, long range
electron transfer can occur from the alkali to the Cgo and the harpoon mechanism®* will draw
the two species together. This process will occur at longer range for Cs> than for Cs and
therefore the lack of solvation of atomic Cs can be explained by assuming that the critical
distance for Cs + Cep lies inside the tightly bound helium layer around the Ceo.

The anticipated mechanism is illustrated in cartoon form in Figure 3. In the upper part
of the figure we start with a single Cs atom on the helium droplet surface and a single Ceo
molecule inside the droplet. Penning ionization of the Cs atom at the surface of the droplet
leads to Cs* formation and subsequent combination of this ion with Ceo, either via submersion
of the Cs" or through combination with the Ceo when the latter approaches the droplet surface.

For Cs> the scenario is different, as illustrated in the lower images in Figure 3. Here
long range electron transfer occurs when Cgo moves close to the alkali near the droplet surface.
The resulting strongly attractive force between the ions then leads to displacement of the

helium and allows the Cs>" and Ceo” to make contact. This ion-pair can then dissolve in the
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liquid helium and will subsequently be ionized for mass spectrometric detection by charge
transfer from He" after electron ionization of the droplet.

To conclude, the addition of a strongly polarizable and electrophilic dopant, Ceo, has
been shown to induce small alkali clusters, and in the case of sodium even single atoms, to
dissolve in liquid helium. However, a single Cs atom is resistant to this submersion process.
Given these observations it would be interesting to explore this unusual effect in more detail
by choosing a wider range of co-dopants with different polarizabilities and different electron
affinities to combine with the alkalis. Furthermore, simulations that can provide more

mechanistic detail about how the dissolution process proceeds would be particularly welcome.

Acknowledgements
This work was given financial support by the Austrian Science Fund (FWF) via grants 1978
and P26635. AWH thanks Marti Pi for helpful discussions at the MOLIM WG3 meeting in

Bratislava, Slovakia, supported by the COST Action CM1405 ”Molecules in Motion”.

References

1. J.P. Toennies, A. F. Vilesov, Angew. Chemie. Intl Ed. 43, 2622 (2004).

2. S.Yang, A. M. Ellis, Chem. Soc. Rev. 42,472 (2013).

3.  F. Stienkemeier, J. Higgins, C. Callegari, S. I. Kanorsky, W. E. Emst, G. Scoles, Z.
Phys. D 38, 253 (1996).

4.  F. Ancilotto, E. Cheng, M. W. Cole, F. Toigo, Z. Phys. B. 98, 323 (1995).

5. A.Nakayama, K. Yamashita, J. Chem. Phys. 114, 780 (2001).

6. J. Higgins, C. Callegari, J. Reho, F. Stienkemeier, W. E. Ernst, K. K. Lehmann, M.

Gutowski, G. Scoles, J. Phys. Chem. A 102, 4952 (1998).

10



10.

11.

12.

13.

14.

15

16.

17.

18.

19.

20.

21.

22.

23.

J. H. Reho, J. Higgins, M. Nooijen, K. K. Lehmann, G. Scoles, M. Gutowski, J. Chem.
Phys. 115, 10265 (2001).

J. Tiggesbdumker and F. Stienkemeier, Phys. Chem. Chem. Phys. 9, 4748 (2007).

G. E. Douberly, R. E. Miller, J. Phys. Chem. A 111, 7292 (2007).

C. Stark, V. V. Kresin, Phys. Rev. B 81, 085401 (2010).

L. An der Lan, P. Bartl, C. Leidlmair, H. Schobel, R. Jochum, S. Denifl, T. D. Mirk, A.
M. Ellis, P. Scheier, J. Chem. Phys. 135, 044309 (2011).

L. An der Lan, P. Bartl, C. Leidlmair, H. Schébel, S. Denifl, T. D. Mirk, A. M. Ellis, P.
Scheier, Phys. Rev. B 85, 115414 (2012).

E. Lugovoj, J. P. Toennies, A. Vilesov, J. Chem. Phys. 112, 8217 (2000).

J. Poms, A. W. Hauser, W. E. Ernst, Phys. Chem. Chem. Phys. 14, 15158 (2012).

See Supplemental Material at [URL will be inserted by publisher] for experimental data
for (Ceo)v (N =1-6) in combination with atomic Cs and small Cs, clusters, as well as
details on the DFT calculations performed in this work.

A. Mauracher, M. Daxner, J. Postler, S. E. Huber, P. Scheier, J. P. Toennies, J. Phys.
Chem. Lett. 5, 2444 (2014).

M. Theisen, F. Lackner, W. E. Ernst, J. Chem. Phys. 135, 074306 (2011).

E. Cheng, M. W. Cole, W. F. Saam, J. Treiner, Phys. Rev. Lett. 67, 1007 (1991).

F. Ancilotto, A. M. Sartori, F. Toigo, Phys. Rev. B 58, 5085 (1998).

O. Biinermann, M. Mudrich, M. Weidemdiller, F. Stienkemeier, J. Chem. Phys. 121
8880 (2004).

A. Pifrader, O. Allard, G. Auboeck, C. Callegari, W. E. Ernst, R. Huber, F. Ancilotto, J.
Chem. Phys. 133, 164502 (2010).

M. Theisen, F. Lackner, W. E. Ernst, J. Phys. Chem. A 115, 7005 (2011).

P. J. Nacher, J. Dupont-Roc, Phys. Rev. Lett. 67,2966 (1991).

11



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

J. E. Rutledge, P. Taborek, Phys. Rev. Lett. 69, 937 (1992).

J. Klier, P. Stefanyi, A. F. G. Wyatt, Phys. Rev. Lett. 75, 3709 (1995).

D. Ross, J. E. Rutledge, P. Taborek, Science 278, 664 (1997).

A. W. Hauser, A. Volk, P. Thaler, W. E. Ernst, Phys. Chem. Chem. Phys. 17, 10805
(2015).

K. K. Lehmann, Molec. Phys. 97, 645 (1999).

V. V. Kresin, V. Kasperovich, G. Tikhonov, K. Wong, Phys. Rev. A 57, 383 (1998).

F. Stienkemeier, W. E. Ernst, J. Higgins, G. Scoles, J. Chem. Phys. 102, 615 (1995).

W. E. Emst, R. Huber, S. Jiang, R. Beuc, M. Movre, G. Pichler, J. Chem. Phys. 124,
024313 (2006).

R. Antoine, D. Rayane, E. Benichou, Ph. Dugourd, M. Broyer, Eur. Phys. J. D 12, 147
(2000).

A. Hesselmann, T. Korona, Phys. Chem. Chem. Phys. 13, 732 (2011).

J. L. Magee, J. Chem. Phys. 8, 687 (1940).

12



Figure captions

Yields of various cations as a function of the kinetic energy of added electrons. The
lower plot shows data obtained for Na vapor added to helium droplets. The blue line
derives from Na atoms (and potentially Na, clusters) in the absence of Cgo and
corresponds to the signal derived from detection of HeNa" ions. The other curves in
the lower plot were obtained when Cgo was added prior to the sodium. In the upper
plot ion yield curves are shown for experiments where Cs vapor was used instead of

Na.

Calculated potential energy curves for the Cs-Cso and Cs»-Ceo systems. The distance
shown on the horizontal axis is the separation between the centers of mass of the two
interacting partners. The structures of Cs; and Ceo were held constant in these
calculations. Two spin states for Cs, can be distinguished. In the case of the singlet
state, the Cs-Cs distance was fixed at the equilibrium value for the free singlet dimer.
For the triplet state, the Cs-Cs equilibrium distance is longer than the singlet case and
to generate the potential energy curve this was also fixed. Note that the triplet dimer

shows a much stronger binding to Ceo than singlet Cs,.

[lustration of the mechanism for ionization of droplets doped with a Cs/Cgo mixture.
The upper series of images illustrate the sequence of events when only one Cs atom is
present whereas the lower series shows the different ionization mechanism posited for
Csz. Note that dissociation of the Cs> following charge transfer is proposed on the

basis of calculations described in the Supplemental Material.'®
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Figure 1
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