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Experimental Section

The experimental measurements were carried out at the University of Innsbruck by means of a
commercial Time-of-Flight mass spectrometer (Tofwerk, H-TOF) coupled with a Nier-type ion
source and a homebuilt helium (He) droplet source.® The droplet source consists of a shielded
closed-cycle cryostat and a mechanically decoupled nozzle block. The Helium is pressurized to 2
MPa and cooled down to temperatures below 10 K along the cryostats cooling stages. The nozzle
block connects to the second cooling stage with copper braids and a line for the Helium. The
temperature of the nozzle block is controlled by a silicone diode and resistive counter heating. Its
position can be adjusted during operation with a stage. Helium is expanded from the tip of the
nozzle block through a 5 pum orifice into the vacuum chamber. The supersonic expansion forms
an ultra-cold (0.37K) neutral beam of He-droplets with a narrow velocity and broad size
distribution. After formation, the beam is skimmed and enters a differentially pumped pick-up
chamber with 20 cm long region. Here the unique ability of He-droplets to pick up foreign
species with high efficiency is then utilized to form clusters of N, and/or CH, molecules.

Gasses are introduced into the pick-up chamber through a regulated leak valve at a constant
partial pressure of 4x10 Pa. For pick-up of both species, a mixture with the desired proportion
is prepared in advance in a separate container. Since both molecules are heliophilic, they move to

the centre of the droplet where they aggregate if multiple dopants are picked up. The
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probabilities for subsequent pick-up follow a Poissonian distribution. During pick-up,
evaporative cooling via loss of He atoms quickly removes excess energy from the system and
keeps the temperature of the droplet at 0.37 K.

The doped droplets then enter a differentially pumped ion source chamber. In the ion source,
the neutral droplet beam is crossed with a 70 eV electron beam. The electrons can form ions in
different ways. Direct electron ionization of the dopant is very unlikely due to the dense Helium
layers surrounding it. Penning ionization via He" is also considered to have a negligible
contribution to the presented measurements. The dopants are located inside the droplet while the
heliophobic He" stays on or close to the surface.? The main contribution is formation of He" and
subsequent charge transfer to the dopant via resonant charge hopping.® This ionization process is
introducing several eV of excess energy into the system which can — dependant on the dopant —
result in fragmentation. Evaporative cooling can lessen the excess energy but not quench
fragmentation entirely. The ionic cluster size distribution consequently differs from the neutral

one.

The ions are accelerated towards the TOF-MS and guided into the extraction region with a
stack of einzel lenses. The mass spectrometer uses a reflectron to enhance the effective mass
resolution so that identification of isobaric ions in the low mass region is possible. For
experiments with He-droplets this is especially important since many ion signals on nominal
masses have several possible compositions such as CO™ (27.994 Th), N,* (28.006 Th) and He;"
(28.018 Th). The ions are finally detected with a multi-channel plate (chevron configuration) in

single-ion counting mode.
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Fig. Schematic of the experimental apparatus. The helium nanodroplets are generated by
supersoinc expansion in the cluster source region (I) and pass through a 10 cm to 20 cm long
pick-up region (Il) before they enter the ionization chamber (IIl). In this chamber the
nanodroplets interact with an electron beam and cations are formed. The resulting cations are

then mass analyzed by a time-of-flight mass spectrometer (1V).

Computational Methods

Geometry optimizations and vibrational frequencies were calculated at the CCSD level
with the 6-311G(2d,p) basis set,” followed by final single point electronic energy calculations at
the CCSD(T) level® with the cc-pVTZ basis set’ and were carried out with the QChem program.®
The binding energies for all dimers include corrections for changes in zero-point vibrational
energy (from CCSD/6-311G(2d,p)) and for basis set superposition error (from CCSD(T)/cc-

pVTZ).
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