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1. Experimental details
The cluster experiments were carried out on the CLUster Beam (CLUB) apparatus in the J. Heyrovsky Institute
of Physical Chemistry in Prague described in our previous reviews [1–3] and references cited therein. The details
particular to the present experiments are outlined below.

In the pickup experiments, the water clusters were produced by a supersonic expansion of water vapor through
a divergent conical nozzle of 90 µm diameter with a length of 2 mm and 30◦ full opening angle into a high
vacuum. The water reservoir with the attached nozzle was placed in the source vacuum chamber and heated
to independent controlled temperatures TR and TN , respectively. The reservoir temperature TR determined the
water vapor pressure and the nozzle temperature TN was kept somewhat higher to prevent the water condensation
in the nozzle. The mean size N̄ of the water clusters (H2O)N was well established in previous experiments with
the same water cluster source, [4] and could be calculated from the expansion conditions according to a modified
Hagena’s formula [4,5]. In the present experiments, the mean cluster sizes were from N̄ ≈ 30 to 470, and for the
spectrum shown in the main article in Fig. 1, it was N̄ ≈ 180. After passing through a skimmer of 1 mm in
diameter, the water cluster beam entered a differentially pumped pickup chamber filled with HNO3/H2O vapor
at a pressure of about 1×10−4 mbar. The pickup conditions are analyzed below and correspond to the probability
of less than one for the pickup of an HNO3 molecule by an average (H2O)N̄ , N̄ ≈ 180, cluster.

The expansion conditions to produce the mixed HNO3/H2O clusters in the comparative experiments were
essentially the same as in our previous studies of the mixed (HNO3)M (H2O)N clusters. [6–8] The clusters were
generated in the co-expansion of vapor from HNO3 solution (65%, Sigma-Aldrich) with a buffer gas (He, 99.996%,
Messer). The reservoir and nozzle temperatures were TR/TN = 70◦C/100◦C and the helium buffer pressure was
1 bar. These conditions correspond to an HNO3/H2O gas phase ratio of ≈0.4 in the reservoir as can be derived
from the measurements of the vapor phase above HNO3/H2O solutions. [9] After recording the mass spectra for
the concentrated nitric acid (65%, 3 mL), the solution was diluted by adding water (3 mL, then 6 mL) through
the inlet line into the source reservoir. Thereby, solutions with a nitric acid concentration of ≈ 33% and 16%,
respectively, were produced as determined from the ratio of HNO3 and H2O in the vapor phase. [9]

The clusters generated in a supersonic expansion passed through the skimmer, and subsequently the beam
passed through three differentially pumped vacuum chambers until it reached a perpendicularly mounted reflec-
tron time-of-flight mass spectrometer (TOF). The flight path from the end of the pickup chamber to the ionization
region of the TOF was approximately 1.5 m corresponding to the clusters flight time of about 1 ms (the measured
cluster velocity was about 1400 ms−1).

In the TOF ionizer, the cluster beam was crossed by an electron beam from a pulsed electron gun. The beam
was operated at an 8 kHz frequency with a 2 µs pulse duration, followed by a 0.5 µs delay after each pulse to
avoid any ionization by scattered electrons accelerated by the extraction voltage. The negative ions were then
extracted by a +5 kV pulse, which was applied for 2 µs. After extraction, the ions were accelerated with +8 kV
and passed through an ≈ 95 cm long TOF flight path. The spectra were subsequently recorded with a Photonics
MCP detector. The mass spectra were recorded in electron energy scanning mode in the range 0 − 15 eV with
a 0.20 eV step. From these spectra, the electron energy-dependent ion yield curves were obtained for different
ions. The electron-energy scale was calibrated using the 4.4 eV and 8.2 eV resonance in the O− generation from
CO2. [10] Although we use a weak permanent magnetic field to guide the electron beam through the ionization
region, our electron gun was not originally designed to work at very low electron energies. Due to the space
charge, the electron energy and current cannot be very reliable at electron energies below approximately 1.5 eV,
and thus the ion yield (normalized by the electron current) below 1.5 eV is omitted in our spectra as discussed
also in our previous work. [8] For a high signal-to-noise ratio, the mass spectra presented in Fig. 1 in the main
article were recorded for a longer time at a constant electron energy of 1.5 eV.

1.1. Mass discrimination
The perpendicular TOF arrangement leads inevitably to a mass discrimination. In a supersonic expansion, all
the neutral clusters attain essentially the same velocity. In the present case of pure water vapor expansion, the
cluster beam velocity was v ≈ 1400 ms−1, [11] and v ≈ 1800 ms−1 for the HNO3/H2O co-expansion, [12] with the
speed ratio S ≈ 1.6 × v/∆v ≈ 20-30. This narrow velocity distribution leads to very different kinetic energies
for clusters of different sizes, i.e. with different masses. Since the clusters, after their ionization, are extracted
perpendicularly to the beam velocity direction, a deflection voltage has to be applied to compensate for the
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cluster momentum in the direction of the neutral beam velocity. Nevertheless, the spatial spread of the clusters
of different sizes (masses) is relatively large and can be only partly compensated by recording the ions on a large
area MCP detector (4 cm in diameter). Our previous investigations of water clusters have shown that a portion of
the mass spectra of about 0-600 m/z can be recorded without any discrimination. [13] Indeed, this range could be
shifted along the m/z axis to larger m/z, but then the smaller masses would be discriminated. Thus, the entire
cluster size distribution of the relatively large clusters spanning several thousands of m/z units investigated in
the present experiment cannot be recorded without mass discrimination. Nevertheless, this does not influence the
present results since the relative changes in the cluster size distribution are apparent in the recorded part of the
spectrum.

1.2. Number of picked-up HNO3 molecules
We can determine the mean number of collisions between a water cluster and a HNO3 molecule for the (H2O)N
cluster of the mean size N̄ ≈ 180. To this end, we first calculate the cluster geometrical cross section using
equations (1) and (2), where R0 = 0.198 nm can be calculated from the water ice density. [6] From the cluster
cross section σ, we can evaluate the number of the cluster collisions ncol with the vapor molecules in the pickup
chamber on the flight path length L = 17 cm using equation (3). We consider the pickup pressure p = 4×10−4 mbar
and the temperature T = 300 K (kB is the Boltzmann constant). However, it has to be considered that not all the
molecules in the vapor in the pickup cell are HNO3 molecules, since we evaporate HNO3/H2O mixture into the
cell. Therefore, we divide the number of collisions ncol for pure HNO3 by the vapor pressure ratio a = 2.47 between
H2O and HNO3 in the gas phase for the 65% nitric acid at the evaporation temperature of 50◦C, [9] equation (4).
Thus the number of collisions of an average size cluster with the HNO3 corresponds to ncol,HNO3 ≈0.6 , i.e., the
probability of the pickup of an HNO3 molecule by the average cluster is less than one and thus it can be safely
assumed that the majority of the clusters investigated here adsorbed only one HNO3 molecule.

RN = N
1
3R0 (1)

σ = πR2
N (2)

ncol = σL
p

kBT
(3)

ncol,HNO3
=

ncol

a
(4)

It should be mentioned that in our previous investigations we have realized that the pickup cross section can
exceed the geometrical cross section for water clusters. [11] In addition, there are larger clusters in the entire
cluster size distribution, which could undergo more than one collision with the HNO3 molecules in the pickup cell.
Nevertheless, it is possible that not all collisions with the HNO3 are sticky and, more importantly, we analyze
rather smaller clusters from the entire cluster size distribution in the mass spectra (see the mass discrimination
above). Therefore, it can be safely assumed that the majority of the clusters investigated here, picked up just a
single HNO3 molecule.

2. Isobaric ions
When discussing the mass spectra, mass coincidences (isobaric ions) should be considered, since m/z = 126 is the
same for 2×HNO3 and 7×H2O. This mass coincidence is of particular importance when it comes to the series with
an odd number of HNO3 molecules and one NO−

3 ion, as it would coincide with the OH− series in our spectra,
i.e., (HNO3)2k+1(H2O)nNO−

3 peaks coincide with (H2O)n+7k+6OH− peaks. These isobars pose a challenge for
our data evaluation, and their assignment to single species is important, as the NO−

3 and OH− series represent
the fingerprints of acid dissociation and non-dissociated HNO3 molecules, respectively. There are further mass
coincidences within the NO−

3 and OH− series separately, which play a less important role in our case, where
the clusters can contain either 2k× HNO3 or 7k× H2O molecules, i.e., (HNO3)2k(H2O)nNO−

3 coincides with
(H2O)n+7kNO−

3 , and (HNO3)2k(H2O)nOH− has the same mass as (H2O)n+7kOH−.

3



In order to exclude the contribution of isobars in our spectra, we conducted a thorough investigation of the ion
peaks that were suspected to be the result of mass coincidences. Our approach and findings can be summarized
as follows:

(i) We determined the mean number of collisions between a water cluster and an HNO3 molecule by calculations
above (Section 1.2). As outlined above, the pickup of more than one HNO3 is highly unlikely and the contri-
bution from isobars resulting from clusters containing multiple HNO3 molecules, i.e., (HNO3)m(H2O)nNO−
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with m ≥ 1, is negligible.

(ii) We recorded a high resolution spectrum in which we were able to distinguish the exact masses, i.e., (HNO3)2H+

at m/z = 126.999 from (H2O)7H+ at m/z = 127.082, previously. [6] Thus we performed the high resolution
scan for the present spectra as well. Indeed, the corresponding intensities are significantly lower when the TOF
is tuned to the high resolution mode. The spectrum of peaks suspected to contain isobaric ions is displayed
in Figure 1. If the peaks were composed of two contributions with comparable intensities separated by about
0.1 m/z, it should be reflected in the present peak shape, which is not the case.

(iii) We investigated the peak intensity dependence on the HNO3 pickup pressure (see Fig. 2). The peaks corre-
sponding to the HNO3 pickup should exhibit a different dependence on the pickup pressure than the peaks
issuing simply from the water clusters. There is no significant difference in dependence between peaks that
could possibly contain an isobar contribution, such as at m/z = 143 ((H2O)7OH− or HNO3(H2O)NO−

3 ) and
those unambiguously assigned to one product, e.g., (H2O)6OH−.

Therefore we argue that the discussed ion peaks that we observe in our mass spectra can be exclusively assigned
to the (H2O)nOH− and (H2O)nNO−

3 series separately.
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Figure 1. High resolution mass spectrum of the mass peaks suspected to contain isobaric ions.
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Figure 2. Pickup pressure dependence of several peaks suspected to contain an isobar contribution. The spectra have been normalized to
the (H2O)21− peak intensity.

3. Metastable clusters
In the mass spectrum in Fig. 1 in the main paper, the pure water clusters exhibit metastable mass peaks labeled
by stars. They correspond to the evaporation of a water molecule from the already ionized cluster in the first field
free region of the TOF. Immediately after the ionization, the clusters may fragment on a time scale significantly
shorter than the time spent by the ion in the extraction region of the TOF (≤1 ns). These cluster ion fragments
appear at the mass spectrum at the exact m/z corresponding to the cluster ions (strictly speaking, the cluster ions
that fragment fast still on their way out of the extraction region appear as ’peak tails’ towards higher masses).
However, individual water molecules can evaporate from the cluster ions during their flight time in the first field-
free region of the TOF, which takes place on the time scale of tens of microseconds. Thus, they enter the reflectron
as different masses from the original ones, which were accelerated in the ion source. These mass peaks appear
typically at fractional masses. The position of these peaks with respect to the stable ions depends on the volt-
ages in the reflectron, which can be exploited in their identification, which we have done for the pure water clusters.

This method to investigate metastable fragmentation using a reflectron time-of-flight mass spectrometer was
described previously in Ref. 14 and in references cited therein. The evaporation of one to several water molecules
from the cluster ions on the µs-time scale, termed metastable fragmentation, was observed for positively charged
water clusters (H2O)nH+ previously. [15] Recently, we have done similar experiments with both positively and
negatively charged large water clusters, which confirmed the peaks labeled by stars in Fig. 1 in the main article
as the metastable peaks, i.e., corresponding to the (H2O)−n ions from which one water molecule was evaporated
during its flight time through the first field free region of the TOF, which takes up to about 20 µs.
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4. Cluster size and temperature
In the main manuscript, we showed and discussed mainly the HNO3 pickup spectrum corresponding to a reser-
voir/nozzle temperature of TR/TN = 130◦C / 160◦C, i.e., N̄ ≈ 180. We also conducted additional HNO3 pickup
experiments at varying expansion conditions (see Table 1). The main aim was to examine the dependence of the
occurring processes on the cluster size and eventually on their temperature. The mass spectra at each condition
are displayed in Figure 3. Qualitatively, all the spectra are essentially the same, exhibiting the same ion series.
The cluster temperatures from the literature were based on semiempirical model [16] and as such can be only
regarded as approximate. Therefore, we do not derive any conclusions about the degree of the acid dissociation
from the spectra correlated with the cluster temperature.

Table 1. Various investigated experimental conditions. The (H2O)nNO−
3 to (H2O)nOH− peak intensity ratio (last column) is an average

for n = 10− 30.

Condition Compounds TR (°C) TN (°C) pH2O (bar) N rN
[6] (Å) TC

[16] (K) NO−
3 : OH−

A H2O + HNO3 100 160 0.99 30 6.63 177[a] 0.300
B H2O + HNO3 130 160 2.63 180 12.05 106[b] 0.398
C H2O + HNO3 130 140 2.63 220 12.88 - 0.400
D H2O + HNO3 150 160 4.62 470 16.59 93[c] 0.474

[a] literature value for pH2O = 1.2 bar and N = 47. [b] literature value for pH2O = 2.6 bar and N = 181. [c] literature value for pH2O =
4.8 bar and N = 526.
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Figure 3. Mass spectra of HNO3 pickup experiments conducted at several conditions. The mean cluster size increases from Condition A
to D. The black circles represent (H2O)n−, the blue upward triangle (H2O)nOH− and the red downward triangle the (H2O)nNO3

− peak
series.
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