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Silicate-based meteoric smoke particles (MSPs) resulting from extraterrestrial dust impacting on the
upper atmosphere are likely involved in seeding the formation of mesospheric ice-based noctilucent
clouds (NLCs). However, the detailed physicochemical properties of MSP seeds remain elusive.
Considering that ice formation is sensitive to MSP charging efficiency, here we focus on species which
can efficiently capture charge. As in situ MSP characterisation is highly challenging, we mimic
atmospheric MSP formation using laser ablation and collisional cooling to produce small anionic
magnesium silicate clusters. Our detailed experimental and theoretical characterisation shows that
these clusters have unusual oxygen-rich structures. Moreover, the corresponding neutral clusters
have extraordinarily high adiabatic electron affinities and 3-18% charging efficiencies, which is
remarkably consistent with estimates required by models to simulate atmospheric measurements.
Overall, our highly oxidised anionic silicate clusters exhibit all necessary chemical, electronic and
optical properties to be highly credible MSP-based seed candidates for NLC nucleation.

Noctilucent clouds (NLCs) are a spectacular high-altitude ice-based
phenomenon with an earliest recorded observation in 1885'. NLCs are the
highest clouds in Earth’s atmosphere, occurring in the upper mesosphere
(~82-85 km). This near space region interacts significantly with incoming
radiation and cosmic dust, while also being sensitive to changes in the
lower atmosphere. The increased availability of atmospheric water vapour
due to the anthropogenic-induced increase in methane (which is oxidised
to H,O in the middle atmosphere), together with radiative cooling
induced by increasing greenhouse gases, has been linked to increasing
frequency and brightness of NLCs in recent decades’™*. The NLC ice mass
is predicted to surge in the coming decades, which, due to the resulting
increase in absorption of solar radiation, is likely to affect the photo-
chemistry of the upper atmosphere’. For water vapour to condense into ice
crystals, suitable seed particles are required®. The detailed nature of NLC
condensation seeds is currently unknown, but they are widely thought to
be nanosized meteoric smoke particles (MSPs)’, that are derived from
ablated cosmic dust particles® . As in situ characterisation of such species
is extremely challenging'’, here we employ dedicated cluster beam
experiments to mimic the MSP formation process. A systematic evalua-
tion of the structures and properties of the formed clusters reveals that

they appear to fulfil the criteria required to be compelling candidate
NLC seeds.

The Earth’s upper atmosphere is under continual bombardment with
around 30 tonnes of dust particles entering the atmosphere every day'>"".
These particles are typically silicate-rich with radii <250 um, and enter at
hyperthermal velocities so that ~30% of the incoming mass ablates between
80 and 105 km altitude'”. The ablated atoms (mainly Si, Mg and Fe) cool
through collisions with gas molecules and then undergo chemical reactions
with O3, O,, H,0 and CO,". Subsequent aggregation of these species leads
to the formation of MSPs. For MSPs to remain suspended above 80 km for
more than a few hours against gravitational settling, they should be smaller
than 2 nm in radius'’. MSPs have been measured as heavy ions by sounding
rocket payloads'®'” and detected by incoherent scatter radar'®"’; they are
found to have a typical size range between 0.5 and 2 nm radius, in accor-
dance with models*”'. The production of such MSPs s likely to be common
to many planetary bodies which can hold an atmosphere (e.g. Venus, Mars,
Titan, exoplanets)".

Incoming ionising solar radiation also leads to an abundance of free
electrons in Earth’s upper mesosphere (70-90 km). Below 85 km the elec-
trons are typically depleted (by over 2 orders of magnitude) with respect to
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positive ions, due to their capture by strongly electronegative species™”.

MSPs are a potential electron sink and, indeed, negatively-charged MSPs
have been detected using Faraday cups on sounding rocket payloads™**>".
The charging of MSPs would help these small species to overcome the
Kelvin effect™ (i.e., increased vapour pressure for particles with a small
radius), making them more effective nucleation seeds. Such MSPs have been
proposed as providing recombination sites for O and H, to explain the
unexpected presence of water vapour in the mesosphere”. Based on
detection data, models estimate that around 6% of all MSPs need to be
charged at an altitude between 80 and 90 km, where the plasma and MSP
densities are similar”’. This implies that some MSPs have very high electron
attachment rates while being resistant to various electron detachment
processes.

To mimic the ablation and recondensation formation processes of
negatively charged MSPs in a controlled laboratory setting, we use laser
ablation of a Si/Mg surface to produce thermally excited atomic/ionic spe-
cies which we react with a low concentration of gaseous oxygen, all the while
collisionally cooling them with helium to form small negatively charged
Mg,Si,O, clusters. We identify the structures of a range of size-selected
Mg,Si, O, clusters by comparing experimental infrared multiple photon
dissociation (IR-MPD) spectra with those from accurate quantum chemical
calculations for candidate structures. Our formed Mg,Si,O,” species are
found to be unexpectedly oxygen-rich (i.e. z > 2(x + y)), where some oxygen
is present as superoxo-like O, or ozone-like O; molecules as well as oxygen
radicals. Our analysis reveals that the electron affinities (EAs) of the cor-
responding neutral ‘over-oxidised” Mg,Si,O, clusters are extremely high
(typically >4.2 eV), indicating an oxidation-induced increase in electronic
stability. Based on kinetic considerations of electron attachment/detach-
ment rates, we also show that these high-EA species have a charging effi-
ciency of 3-18%, in good agreement with average values needed by models
to simulate atmospheric measurements. Overall, these small, highly

oxidised magnesium silicate clusters are thus highly credible candidate NLC
nucleation seeds. Incorporation of the properties of such species in atmo-
spheric/climate models should lead to an improved understanding of the
chemistry of the upper atmosphere and help clarify the link between NLC
formation and climate change.

Results

IR-MPD spectra of negatively charged Mg,Si,O,  clusters
Anionic magnesium silicate clusters were produced by pulsed laser ablation
of a binary Mg,Si target in the presence of a 1% O,/He gas mixture and
subsequently studied by IR-MPD spectroscopy, quantified in spectra as the
depletion yield as a function of wavenumber (see Section S1 of the Sup-
porting Information (SI)). In the following we present in detail the spectrum
of MgSiOg” as the simplest system by comparing it with calculated spectra of
several isomeric structures, and subsequently evaluate structure growth by
considering spectra of MgSi,Og  (SiO, added), MgSi,O, (4SiO),
Mg,SiO¢ (+Mg), and Mg,SiO;  (+MgO) (Fig. 1). Spectra with isotopically
labelled '®0, vibrational mode assignment and further isomeric structures
can be found in section S2 of the SI.

The IR-MPD spectrum of MgSiOg~ shows seven bands (labelled I-VII)
in the 225-1400 cm™ spectral region. The lack of any bands above
1400 cm™" (Figure S6 of the SI) already indicates a rather strong binding of
all oxygen (the vibrational frequency of free oxygen molecules is 1580 cm™)
and the absence of any loosely bound O, units. This sharply contrasts with
what was previously observed for highly oxidised magnesium silicate cluster
cations”™. The calculated lowest energy isomer of MgSiOs~ (isomer 1,1,6-ain
Fig. 1) consists of a MgSiO,  monomer with two superoxide-like O, units
(total charge ~—0.5 |e|). The computed spectrum does not fully agree with
the experimental one; specifically, the strong predicted band at ~1100 cm™*
(Si-O, stretching vibration) is not observed in the experiment and the
experimental band I is not reproduced by the calculations. However, a

Fig. 1 | Experimental IR-MPD spectra (in grey) of
various Mg,Si, O, together with the DFT-
calculated spectra (in blue; PBEO functional,
relative energies in eV) of the lowest energy iso- \Y%
mers. The red curves represent the O; modes of the
shown structures obtained with the PBE func-
tional. The IR-MPD spectra were measured in two
independent runs and are the average of five
(650-1800 cm ) and six (225-700 cm ") individual
spectra, respectively, and a 3-point adjacent average
of the individual data points. To achieve intensity
match of the two spectra, the experimental spectrum
in the high wavenumber range was multiplied with a
factor of 3.9. The chosen naming x,y,z — n denotes
the elemental composition of Mg,Si,O, and n = a,b,c

indicates the isomer sorted in order of increasing
energy (further isomers can be found in section S2 of
the SI). Mg, Si, and O atoms are depicted as blue,
yellow, and red spheres, respectively.

1,1,6-a 1,2,7-a
I:>u<:><:I .
1 .
vir VI v
1,1,6-b 2,1,6-a
—e +0.09
: : e 1,2,8-a 2.17-a
e 12,8 2,1,7-d
+0.06 \ +0.60

1
300 600

— — — 7
1200 300 900 1200

wavenumber / cm™

—
900

npj Climate and Atmospheric Science| (2025)8:153


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-01019-7

Article

second almost isoenergetic isomer (1,1,6-b) was found, consisting of a
MgSiO;™ monomer with a terminally bound oxygen radical and an ozone-
like O; unit. This structure is similar to the recently found structure of the
cationic MgSiOy ", but with the O; unit attached to the Mg rather than the Si
atom®®. The predicted vibrational spectrum of 1,1-6-b accounts for all seven
experimentally observed bands, although the intensity of bands IIT (SiO5
symmetric stretch) and IV (O; bending) are underestimated by the calcu-
lations and the frequency of the latter is predicted to be ~30 cm ™ too high.
This intensity mismatch suggests a rather poor treatment of the O unit by
the PBEO functional (similar to weakly bound O, units as recently observed
for cationic clusters™), while MgO and SiO modes are very accurately
described. Indeed, a considerably improved match between the experi-
mental and theoretical spectra can be achieved when calculating the O;
modes with the PBE functional (red curve; since the PBE functional only
improves the description of the O; bands but worsens the MgO and SiO
modes, we restrict the red curve to the relevant O; modes): the intensity of
the O; symmetric stretching vibration increases and the mode shifts from
1192 cm™" (very low intensity with PBEO) to 966 cm ™' and, most impor-
tantly, the Os; asymmetric stretching vibration shifts from 956 cm™ to
816 cm ™' leading to a very good match with band III. A minor dissonant is
that the O; bending vibration, a match for band IV, maybe shifts too much
with PBE (714 cm ™" vs. 653 cm ™" with PBEO). The potential formation of
isomer 1,1,6-b is further strengthened by the spectra obtained with iso-
topically enriched oxygen, MgSi"*Og~ (Fig. S7 of the SI). A possible expla-
nation for the favoured formation of isomer 1,1,6-b is the preferential
formation of MgSiO;~ monomer with respect to MgSiO, . This scenario is
supported by the large binding energy of an O atom to the MgSiO,~
monomer (~8 eV). Therefore, this formation path would likely prevent the
formation of isomer 1,1,6-a, leading to the observed predominance of iso-
mer 1,1,6-b. We also note that the predicted very small energy difference
between 1,1,6-a and 1,1,6-b is likely to be within the error of the theoretical
calculations.

Adding a SiO, and SiO unit, respectively, to MgSiOs~ leads to chain-
like structures consisting of a MgSiO, and a Si,O, ring. In the case of
MgSi,Og~ the terminal oxygen radical and the O; unit are retained (isomer
1,2,8-a), whereas in the case of MgSi,O; the O; unit is replaced by a
superoxo-like O, unit (isomer 1,2,7-a). The calculated vibrational spectrum
of 1,2,8-a can explain all of the experimentally observed features, especially
with the O; modes recalculated with the PBE functional (red curve). A
second almost isoenergetic isomer 1,2,8-b with a more compact structure
clearly fails to explain the IR-MPD spectrum. The disappearance of O in
isomer 1,2,7-a is in agreement with the absence of the intense band around
830 cm ™" (band I1I for MgSiOs ). Instead, the superoxo-like O, (total charge
~—0.5 leJ, d(0-0)=133A) results in an O-O stretching mode at
1194 cm ™!, which, however, has such a low intensity that it cannot be seen in
the vibrational spectrum. All other predicted modes are in favourable
agreement with the IR-MPD spectrum and can account for all experi-
mentally observed bands, as well as in the isotopically labelled experiments
(Fig. S9 of the SI).

Next, we investigated the structural evaluation of the magnesium
silicate clusters by addition of an Mg atom or an MgO unit. The lowest
energy structure of Mg,SiOs~ (isomer 2,1,6-a) consists of a six-membered
Mg,SiO;-ring with a terminal oxygen atom and a superoxide-like O, (total
charge ~—0.5 |e|) bound to one of the Mg atoms, similar to the previously
predicted neutral olivine monomer Mg,SiO,”. This structure predicts
extremely well all features of the IR-MPD spectrum, with confirmation
found in the spectra of the isotopically labelled Mg,Si**O~ (Fig. S10 of the
SI). Addition of a further oxygen atom, yielding Mg,SiO; ", leads to some
distortion of the six-membered Mg,SiO; ring due to the bridge-binding of
this oxygen atom (isomer 2,1,7-a; d(O-O)=1.54 A, 0-0 stretching at
824 cm™"). This isomer can account for most of the experimentally observed
features but clearly fails to explain the two intense bands around 760 cm ™
and 825 cm ™. However, we found a higher energy (4-0.60 V) isomer 2,1,7-
d (the somewhat lower energy isomers 2,1,7-b,c shown in Figure S11 of the
SI do not match the spectrum) that is formed from 2,1,6-a by replacing the

Table 1 | Computed vertical and adiabatic electron affinities
(EAs) of some Mg,Si,0, clusters representing the neutral
analogues to the anionic structures identified via IR-MPD
spectroscopy and DFT calculations as well as their
energetically low-lying isomers

Species EA (vertical) EA (adiabatic) Reference
MgSiOg (1,1,6-a) 3.53 4.55 This work
MgSiOg (1,1,6-b) 4.35 4.82 This work
MgSi»0- (1,2,7-a) 3.51 5.23 This work
MgSi,»Os (1,2,8-a) 4.03 5.20 This work
MgSi»Os (1,2,8-b) 3.66 4.88 This work
Mg,SiOg (2,1,6-a) 3.96 4.48 This work
Mg.SiO- (2,1,7-a) 2.27 4.22 This work
Mg.SiO- (2,1,7-b) 3.78 5.21 This work
Mg,SiO- (2,1,7-d) 3.75 4.44 This work
FeSi,O; 3.01 4.68 This work
Cl 4.58 4.58 This work
NO; 3.66 3.86 This work
HCO3 2.80 3.45 This work
(MgO), 0.70-1.62 Ref. 33
Si,Oy 0-3.75 0.46-2.6 Refs. 34-37
olivine (Mg,SiO,), 0.6-1.1 1.98-2.65 Refs. 20,37
pyroxene 0.7-1.9 1.569-2.83 Refs. 20,37
(MgSiOg)n

The structures of the neutral clusters (cf. Fig. S12) are very similar to the anionic analogues, with the
exception of 2,1,7-a that shows some structural rearrangements upon removing the extra electron.
For comparison EAs are also given of some highly electronegative species in the mesosphere (Cl,
NOgz, HCOg), the MgO-, SiO- and MgSiO-clusters reported in the literature, as well as the iron-
containing FeSi,O;. All values are in eV.

superoxo-like O, with an ozone-like Oj; this isomer is in excellent agree-
ment with the experimental spectrum when the Os; modes are calculated
with the PBE functional. Although the co-existence of 2,1,7-a in the mole-
cular beam cannot be excluded based on the vibrational spectrum, the high
intensity of the 760 cm ™' band (which stems from the loss of >90% of all
Mg,SiO; ™ clusters when irradiating at this frequency) indicates that 2,1,7-d
is the only isomer present in the experiment. This leads us to speculate that
2,1,7-d is preferably formed and interconversion into the lower energy
structure 2,1,7-ais hindered. This observation is in line with previous studies
of anionic bare and deuterated silicon clusters and titanium oxide
clusters™"', where high vertical EAs of neutral clusters determine the
observed anions, rather than the energetic stability of the anions. This was
rationalised by a cluster formation mechanism starting with neutral species,
followed by electron attachment from the plasma created in a pulsed arc or
laser vaporisation source, respectively, and which favours isomers with high
vertical EAs. If the interconversion into lower energy isomers is kinetically
hindered, the clusters only relax to metastable structures on the time scale of
the experiment. The isomers experimentally observed in the present study
are the ones with the highest vertical EAs (1,1,6-b, 1,2,8-a, and 2,1,7-d), as
will be discussed below (cf. Table 1), although other isomers are energetically
more stable or (almost) isoenergetic.

In summary, comparison of the experimental IR-MPD spectrum with
the calculated vibrational spectra of several isomers leads us to conclude that
MgSiOs  consists of a pyroxene monomer and an ozone-like species,
(MgSiO;)O5 . Addition of a SiO, or SiO unit yields chain-like structures
containing four-membered MgSiO, and Si,O, rings, while addition of Mg
or MgO yields six-membered Mg,SiO; ring. All clusters contain terminally
bound oxygen radicals and tend to form ozone-like O units when sufficient
oxygen is present. Only when the clusters lack one oxygen atom, the O; unit
is replaced by a superoxo-like O,.
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Table 2 | Rate coefficients and reaction enthalpies for various reaction processes (rows 2-6) and resulting fraction of anionic

clusters with respect to neutral clusters (row 7)

Reaction MgSi, 07 Mg.SiO; Mg.SiO; FeSi,0;
(isomer a) (isomer a) (isomer b)
Mt,Si,0, + e — Mt,SiyO, Kep® 2.18 x 107° (T/200) °5'° 1.49 x 10°%(T/200)*"" 1.02x10°5(7/200) % 1.58 x 10°%(T/200)°"®
Mt,Siy0,” + O — Mt,Si,0,,1 + e~ AHO ©® 2.56 0.69 0.51 1.60
Mt,Siy0,” + O — Mt,Si,0,, 1+ e~ AHO © 3.01 1.13 0.96 2.07
Mt,SiyO,” + hv — Mt,Si,0, + e kg © 6.6x107* 1.4x10°° 2.0x107° 3.4x107°
Mt,SiyO,” + I — M{,Si,0, + | Ky @ 3.8x10°° 3.1x10°® 2.4x10°8 3.3x10°8
MSLO ] keale™] (e) 0.16 0.05 0.03 0.02

M65,0,] — Kog + oyl ]

Bimolecular reactions in units cm® molecule 's™".

Enthalpy in eV at 0 K.

°Enthalpy in eV at 220 K and the typical pressure in the mesosphere of 10~° bar.
4Unimolecular reaction in units s, obtained by using adiabatic electron affinities;
°[I*] is the total plasma density.

Mt = Mg or Fe.

Atmospheric relevance

Although the number densities and reaction time scales in the present
experiment and in the atmosphere are different, the formation mechanisms
are likely not dissimilar with the helium adopting the role of coolant that air
molecules have in the atmosphere, ensuring near-thermal equilibrium and
dissipating excess energy in between the sequential adsorption steps in the
growth process. Evidence for this ‘cold’ chemistry was found, for instance, in
the structure determination of pure copper clusters, where each cluster of n
atoms was shown to retain the structure of the cluster with one atom less™.
Even in the case of isomer 2,1,7, where we do not observe the thermo-
dynamic minimum, the formation of the neutral thermodynamic mini-
mum, followed by electron attachment appears a fully plausible growth
scenario in the upper atmosphere.

Measurements with rocket-borne particle detectors have revealed the
existence of negatively charged MSPs with typical radii ranging between 0.5
and 2 nm in the upper mesosphere'*"”*. Of particular interest is the fraction
of MSPs that are charged in this region where the plasma density and MSP
density are similar. Models of dust plasmas predict that only around 6% of
MSPs are charged between 80 and 90 km, so that the total MSP con-
centration—which is the important geophysical quantity—has to be esti-
mated by multiplying the number measured by a significant factor (~16)*.
However, these models are sensitive to the MSP charging efficiency, which is
poorly understood. To address this problem, we use the above studied
anionic magnesium silicate clusters, which represent appropriate analogues
for MSPs with respect to both size and elemental composition, to study their
charging efficiency under conditions of the upper mesosphere by kinetic
modelling of electron attachment to neutral clusters as well as of potential
competing processes leading to subsequent cluster destruction.

The neutral analogues to the anionic structures identified via IR-MPD
spectroscopy and DFT calculations, as well as their energetically low-lying
isomers (<0.3 eV of the respective minimum energy structures), all have very
high adiabatic electron affinities (EAs) ranging between 4.22 and 5.21 eV.
These EAs are not only considerably higher than the EAs of electronegative
species in the mesosphere such as Cl, NO;, HCO; (cf. Table 1), but also than
the EAs of magnesium oxide clusters”, stoichiometric and oxygen-rich
silicon oxide clusters”™, and stoichiometric olivine- (Mg,SiO4) and
pyroxene-like (MgSiOs) silicate clusters™””. We attribute the extremely high
EAs of the clusters found herein to the high oxidation leading to superoxo-
and ozone-like ligands. We note that the adiabatic EA relates to the energy
difference between the optimised ground state geometry of a neutral species
and its anion after full relaxation. Unlike the vertical EAs (also provided in
Table 1) where no relaxation is considered, adiabatic EAs better represent the
thermodynamics of electron capture and are more relevant for chemical and
physical processes where relaxation can occur.

For calculating the charging efficiency, three clusters were chosen as
model systems: MgSi,O (isomer 1,2,7-a) and Mg,SiO; (isomer 2,1,7-b), the

two clusters with the highest EAs, and Mg,SiO; (isomer 2,1,7-a), the cluster
with the lowest EA (Table 1). For comparison we have also calculated the
charging efficiency for FeSi,O; to evaluate the potential role of iron, which is
likely present in MSPs. The necessary physical parameters for the anionic
and neutral clusters were obtained by DFT calculations (Table 1 and S6-S8).
The rate constants for electron attachment k,, calculated by RRKM theory
are very large and close to the Langevin high-pressure-limits k; at the
pressure of the upper mesosphere (10 °bar)” (see Eq. 1 in the Methods
section and Table 2). These large rate coefficients can be attributed to the
high densities of the rovibrational states, in turn caused by both the large
EAs and the rather large number of low-frequency vibrational modes (see
Table S7), as well as their sizable polarizabilities and dipole moments (see
Table S6). It is interesting to compare these rate coefficients with the
expression from Natanson™ (KX, Eq. 2). For kX' to equal k., the particle
radius ;¢ would need to be 0.70, 0.57 and 0.45 nm for MgSi, O (isomer a),
Mg,SiO; (isomer a) and Mg,SiO; (isomer b), respectively. These values are
somewhat larger than the effective geometric radii of these molecules
amounting to ~0.42 nm for MgSi,O;, and ~0.30 nm for both Mg,SiO;,
isomers, which is consistent with the significant long-range forces caused by
the large dipole moments and polarizabilities of the Mg-silicate molecules.
Note that dissociative electron attachment could also occur, e.g.
Mg,SiO; + e~ — Mg,SiOs™ + O, is exothermic. However, if this did occur,
Mg,SiOs~ would rapidly recombine with atmospheric O, to yield
Mg,SiO; . Moreover, the rate of electron attachment is already essentially at
the high-pressure limit in the upper mesosphere, and dissociative electron
attachment would also be governed by the same long-range capture rate.

Once the anionic clusters have formed, they can potentially be
destroyed by several processes: associative detachment with atomic oxygen,
photodetachment, or via a neutralisation reaction with a positive ion I" (see
Table 2). Among these, associative detachment with atomic O, which has a
high concentration in the upper mesosphere', is calculated to be endo-
thermic (see Table 2) for all of the studied clusters both at 0 and 220 K and
thus not a likely process at low temperatures 220 K). We note that the
reverse reactions are exothermic and correspond to dissociative electron
attachment reactions, which can also produce Mg-silicate anions. To esti-
mate the rate constant k,,; for photodetachment—which could occur during
daytime—the absorption cross sections were calculated as a function of
wavelength as shown in Fig. 2. Due to the large EAs, the thresholds for
photodetachment lie at unusually low wavelengths in the near UV. Con-
volving these cross sections up to their respective thresholds with the solar
actinic flux (averaged over a solar cycle) from the semi-empirical
SOLAR2000 model” gives very low photodetachment rates, kg, on the
order of 10™*— 107s™" (Table 2; for comparison a value of 0.3s™" was
obtained for O, ).

Finally, rate constants for the reaction with positive ions were calcu-
lated using the expression derived by Natanson™ under assumption of a
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Fig. 2 | Calculated absorption cross sections for anionic MgSi,O;~ (isomer 1,1,7-
a; black curve), Mg,SiO; " (isomer 2,1,7-a; red curve) and Mg,SiO; (isomer
2,1,7-b; blue curve) as a function of the wavelength. The arrows indicate the
electron photodetachment thresholds calculated as the energy difference between
the anionic and neutral clusters, both in their relaxed geometries.

mean positive ion mass of 100 amu and the above estimated . At a
temperature of 200K the rate constants k,, are on the order of
(24-3.8) x 10 "*cm® mol 's™" (see Table 2). Considering all of these pro-
cesses the fraction of charged particles can be calculated. Under assumption
of an electron density of 50 cm™ at 80 km height (a typical plasma density at
this height is 1000 cm , with an electron density that is ~5% of this*****') the
fraction is 0.18 for MgSiO; , 0.05 for Mg,SiO, ™ isomer a, as well as 0.03 for
isomer b. It should be noted that replacing Mg by Fe does not notably change
the EA, rate constants, and charging efficiency, validating our model of
magnesium silicate particles.

Considering the uncertainties and assumptions in the dust plasma
models used to estimate the 0.06 charged fraction, our values 0.03-0.18
based on accurate calculation of the properties of well-characterised
experimental anionic MSP analogues are consistent with current estimates,
which validates the view that the negative heavy ions measured by rocket-
borne payloads and radar are a small fraction of the total MSP
population”****’. Overall, this systematic analysis shows that the properties
of our oxygen-rich MSP analogues comply with all the necessary criteria for
being viable nucleation seeds for NLCs.

Discussion
In summary, we produced anionic magnesium silicate clusters by laser
ablation of a solid Si/Mg precursor material in the presence of a He gas with
low O, concentration, mimicking the ablation and recondensation process
of negatively charged silicate MSPs in the upper mesosphere. Subsequent
characterisation of the formed species via a combination of mass spectro-
metry, IR-MPD spectroscopy, and quantum-chemical calculations revealed
the preferred formation of oxygen rich clusters (Mg,Si,O,” with z > 2(x +
y)) in which some oxygen is bound as oxygen radicals, superoxo-like O,
and/or ozone-like O; units to four- and six-membered MgSiO rings. Fur-
thermore, we show that the corresponding neutral counterparts have
extraordinarily high adiabatic electron affinities (>4.2 €V), a necessary pre-
requisite for their formation and survival in the upper mesosphere. Indeed,
kinetic modelling of electron attachment to the highly oxidised neutral
clusters in competition with various anion destruction processes reveals a
significant charging efficiency of 3-18%, depending on the exact cluster size
and composition. To match mesospheric observations, simulations require
that the average charging efficiency should be around 6%. The good
agreement between these independently obtained values underlines the
potential atmospheric relevance of our clusters

The main overall finding our work is that highly oxidised anionic
silicate clusters exhibit all the necessary chemical, electronic and optical
properties to be highly credible candidates for MSP-based NLC nucleation
seeds in the upper mesosphere. Our study thus provides fundamental new

insights into the potential nature and properties of MSPs and could help
towards providing a molecular-level understanding of MSP charging effi-
ciency. In addition to these physicochemical results, incorporation of our
results into atmospheric/climate models should also lead to an improved
understanding of NLC formation and the wider chemistry of MSPs in the
upper mesosphere.

Methods

Experimental methods

Anionic magnesium silicate clusters were produced by pulsed laser ablation
of a rotating MgSi rod target (Mg:Si=2:1 molar ratio) using the second
harmonic of a Nd:YAG laser (532 nm). The ablation took place in a 3 mm
diameter and 60 mm long growth channel in the presence of a short pulse of
helium carrier gas seeded with 1% oxygen. The gas mixture was then
expanded into vacuum forming a molecular beam, which was shaped by a
2 mm diameter skimmer and a 0.45 mm slit aperture, before entering the
intracavity region where it interacted with the IR laser beam of the Free
Electron Laser for Intra Cavity Experiments (FELICE, 225—1800 cmla
10 ps macropulse with picosecond duration micropulses at 1 GHz repetition
rate; spectral width set to ~0.5% FWHM of the central wavenumber)
crossing it at an angle of 35°. A few microseconds after interaction with
FELICE, all ions were extracted by a set of pulsed high-voltage plates into a
reflectron time-of-flight mass spectrometer and detected with a micro-
channel plate detector***’. To correct for long-term source fluctuations, the
experiment was operated at twice the FELICE repetition rate, allowing for
the recording of reference mass spectra in between successive FELICE
pulses.

Whenever the IR frequency was in resonance with an IR-active
vibrational mode of a given complex, multiple IR photons were absorbed
sequentially, leading to a heating of the complex and finally to its frag-
mentation, and consequently to a depletion of the detected signal in the
mass channel of the complex. The IR-MPD spectra shown in this con-
tribution represent the depletion yield Y(7) at wavenumber v, obtained
via the equation Y(7) = —In[I(v)/1,]/P(V) where I(V) and I, are the
mass peak intensities with and without laser light, respectively, and P(v)
is the macropulse energy. In the linear absorption approximation, the
absorption probability is the product of IR absorption cross section and
photon flux. In reconstructing the photon flux from the macropulse
energy, the wavelength dependence of the beam geometry and of the
photon energy cancel out, but the dependence of spectral bandwidth on
wavelength must be corrected for. Therefore, to obtain a more faithful
comparison between experimental and calculated band intensities, the
latter are divided by the wavenumber.

Computational methods

In our initial searches for stable anionic magnesium silicate clusters, we
assumed that the experimentally obtained clusters consisted of an anionic
silicate core interacting in a non-bonded fashion with oxygen molecules.
Following this idea, we obtained low-energy candidates for the anionic cores
using the Monte Carlo basin hopping algorithm** (MCBH) in combination
with a polarisable classical interatomic potential (IP)*. This approach has
previously been shown to be effective in finding low-energy silicate cluster
isomers”. Once the low-energy cluster core structures were obtained, we
systematically sampled different positions for the surrounding oxygen
molecules. The General Utility Lattice Programme (GULP)" was used to
perform the IP-based local optimisations needed during the MCBH
searches.

In addition to our IP-based searches, we also used Global Optimisation
with First-principles Energy Expression (GOFEE)* searches to obtain low-
energy cluster candidates. GOFEE uses single-point calculations to widely
sample the potential energy landscape of cluster configurations while
dynamically training a surrogate machine learning energy model. We
performed this sampling using Density Functional Theory (DFT) based
calculations. Using the surrogate model, GOFEE can efficiently evaluate
forces and perform energy minimisations with an accuracy approaching the
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level of the single-point DFT sampling. The DFT calculations employed the
PBEO hybrid exchange-correlation functional® and a light-tier 1 numerical
atom-centred orbital basis set’. Although computationally more expensive
than our IP-based searches, the GOFEE approach does not depend on a
specific IP parameterisation.

The structures of all obtained cluster candidates from both sets of
searches were reoptimized using DFT-based calculations using the PBEO
functional and a tight-tier 2 numerical atom-centred orbital basis set™. We
note that PBE0-based DFT calculations have been shown to be accurate for
computing the energetics of small oxide clusters interacting with oxygen
molecules, with respect to renormalized second-order perturbation theory
calculations™. Non-bonded dispersive interactions were also considered
using the Tkatchenko-Scheffler method™. All DFT-based calculations were
carried out using the Fritz Haber Institute Ab Initio Molecular Simulations
package (FHI-AIMS)™.

For the 5-10 lowest energy cluster isomers found for each composition,
we also used the PBEO/tight-tier 2 level of DFT theory to calculate their
harmonic IR spectra. Previous studies have shown that DFT calculations
using PBEO provide accurate IR spectra but tend to systematically slightly
overestimate the computed frequency values when compared with accurate
theoretical data for pyroxenic and olivinic neutral monomers™, and experi-
mental values for cationic nanosilicates™, and bulk crystalline olivinic™® and
pyroxenic”’” materials. To compensate for this effect, we apply a constant 3%
redshift (i.e. a 0.97 scaling factor) to all our calculated frequencies. Addi-
tionally, for a better visual comparison with the experimentally obtained
spectra, we broadened each computationally obtained signal by convolving it
with a Gaussian lineshape function with a full width at half maximum of
20 cm ™. For specific vibrations involving bound O; moieties, DFT calcula-
tions using the PBE functional™ were employed to correct the known defi-
ciencies of using the PBEO functional for such cases (e.g. ozone™).

Adiabatic EAs were calculated as the energy difference between the
optimised structures of the neutrals and anions. The structures of the neutral
clusters were obtained by DFT-based (PBEO/tight-tier 2) relaxation of the
anionic structures with one electron less. Vertical electron affinities (EA) were
calculated from the energy difference between the optimised neutral cluster
structure and the anion at the same geometry. We note that the vertical
electron detachment energy (VDE) relates to the opposite process (i.e. the
energy required to remove an electron from an anion to form a neutral
species, assuming that the geometry of the anion remains unchanged).

Determination of rate constants

The rate coefficients for electron attachment to these molecules were cal-
culated using Rice-Ramsperger-Kassel-Markus (RRKM) theory with an
inverse Laplace transform solution of the Master Eq.”. Electron attachment
occurs through formation of an excited adduct anion; this can either dis-
sociate again to the neutral and an electron, be stabilised by collision with a
third body (which is N, or O, in the mesosphere/lower thermosphere), or
dissociate to anion and neutral products i.e. dissociative attachment (which
we do not include in the RRKM calculation). For these reactions, the internal
energy of the adduct was divided into a contiguous set of grains (width
60 cm ™), each containing a bundle of rovibrational states. Each grain was
then assigned a microcanonical rate coefficient for dissociation, using
inverse Laplace transformation” to link directly to the high pressure-
limiting of the electron-molecule recombination rate coefficient k; given by
modified Langevin theory according to:

[«
k; = 2mey dmeo (1)

where « is the volume polarizability of the Mg-silicate, e is the electronic
charge, €, is the vacuum permittivity, ptis the reduced mass of the e~ - silicate
collision pair and y is a correction for s-wave scattering'. Due to the large
dipole moments (particularly for MgSi,O,), the calculated Langevin rate is
increased compared to Eq. (1) using the parameterisation from Su and

Chesnavich for polar molecules®.

The density of states of the adduct was calculated using the
Beyer-Swinehart algorithm for the vibrational modes (without correcting
for anharmonicity), and a classical densities of states treatment for the
rotational modes. The vibrational frequencies and rotational constants for
the three Mg-silicate molecules and their respective anions are given in
Tables S7 and S8 of the SI. For comparison, rate constants were also cal-
culated using the expression from Natanson™:

8k, T &2
Kt = B (14— 2)
“ Msp m, 8¢y ryspksT

where kg is the Boltzmann constant, 1, is the mass of an electron, and r,sp
the radius of the particle.

Data availability

The following data is available in the Supporting Information: (i) assign-
ment of mass peaks, (i) IR-MPD spectra of Mg,Si,'°O,” and Mg,Si,*O, ",
(iii) calculated spectra for further isomers, (iv) calculated properties of
selected neutral and anionic clusters.
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