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Does HNO3 dissociate on gas-phase ice
nanoparticles?†

Anastasiya Khramchenkova,a Andriy Pysanenko, b Jozef Ďurana, b

Barbora Kocábková, b Michal Fárnı́k *b and Jozef Lengyel *a

We investigated the dissociation of nitric acid on large water clusters (H2O)N, %N E 30–500, i.e., ice

nanoparticles with diameters of 1–3 nm, in a molecular beam. The (H2O)N clusters were doped with sin-

gle HNO3 molecules in a pickup cell and probed by mass spectrometry after a low-energy (1.5–15 eV)

electron attachment. The negative ion mass spectra provided direct evidence for HNO3 dissociation with

the formation of NO3
�� � �H3O+ ion pairs, but over half of the observed cluster ions originated from non-

dissociated HNO3 molecules. This behavior is in contrast with the complete dissociation of nitric acid

on amorphous ice surfaces above 100 K. Thus, the proton transfer is significantly suppressed on

nanometer-sized particles compared to macroscopic ice surfaces. This can have considerable implica-

tions for heterogeneous processes on atmospheric ice particles.

1 Introduction

Acid dissociation is a fundamental chemical process wherein
an acid molecule releases a proton, which associates with water
as an oxonium ion.1,2 Understanding the equilibrium involved
in acid dissociation is essential for assessing the behavior of
acids and their interactions with other molecules in aqueous
solutions or on ice surfaces.1,3 Of particular significance is the
study of acid dissociation on ice particles, which differs from its
behavior in bulk water, as it holds substantial relevance to
atmospheric phenomena.4 For example, ice particles contain-
ing nitric acid actively contribute to the formation of polar
stratospheric clouds (PSCs) and facilitate heterogeneous reac-
tions on their surfaces, which lead to ozone depletion in the
polar regions.5–8 Hence, investigating factors that determine
whether an acid exists in its molecular or dissociated form in/
on these ices is crucial to predict the behavior of these species
in the atmosphere.

Nitric acid (HNO3) is known to be a strong acid in an
aqueous solution that is essentially fully dissociated, yielding
hydrated NO3

� and H3O+ ions.9 Also, it acts as a strong
oxidizing agent.9 Apart from being an essential component of
PSCs, nitric acid is also involved in various other atmospheric

processes. These include the aging of naturally emitted aero-
sols, such as sea salt particles,10,11 and the formation of new
particles in the upper troposphere.12–14 In particular, HNO3-
mediated particle formation is driven by an acid–base proton
transfer, thereby enhancing particle stability and formation
rate.15 Though laboratory experiments have shown particle
formation based on binary HNO3–NH3 to be less efficient
compared to H2SO4–NH3,16 the slower particle formation rates
with nitric acid are compensated by its significantly greater
atmospheric abundance, which is several orders of magnitude
higher than the concentration of sulfuric acid.17 Recent com-
putational study has shown that nitric acid could initiate new
particle formation just as well as sulfuric acid under certain
conditions.18 Furthermore, the injection of HNO3 into the
H2SO4–NH3 nucleation has been found to result in synergistic
effects that significantly increase particle formation rates.19

Likewise, a substantial enhancement in nucleation rates by
nitric acid has also been reported for the sulfuric acid–dimethy-
lamine nucleation in the polluted boundary layer.20

The dissociation mechanism of nitric acid in an aqueous
solution has been the focus of many experimental and compu-
tational studies. X-ray photoelectron spectroscopy experiments
have demonstrated the complete dissociation of HNO3 in bulk
water solutions, with a 20% decrease in dissociation at the
liquid/vapor interface.21 The presence of non-dissociated nitric
acid at the surface is caused by incomplete solvation.22–24

Further experimental evidence for this weak acid behavior at
the liquid/vapour boundary has been reported using sum-
frequency generation (SFG) and infrared spectroscopies.25–28

In general, acid dissociation equilibrium is strongly dependent
on temperature, and for most acids, such as HNO3, strong
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Dolejškova 3, 18223 Prague, Czech Republic. E-mail: michal.farnik@jh-inst.cas.cz

† Electronic supplementary information (ESI) available: Experimental details;
analysis of metastable clusters and isobaric ions; experiments with different
cluster sizes and temperatures. See DOI: https://doi.org/10.1039/d3cp02757k

Received 13th June 2023,
Accepted 11th July 2023

DOI: 10.1039/d3cp02757k

rsc.li/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/3
/2

02
6 

6:
10

:0
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0002-3052-082X
https://orcid.org/0009-0009-9737-7368
https://orcid.org/0009-0001-1162-8261
https://orcid.org/0000-0002-7106-0719
https://orcid.org/0000-0002-1971-2783
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cp02757k&domain=pdf&date_stamp=2023-07-17
https://doi.org/10.1039/d3cp02757k
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D3CP02757K
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP025032


This journal is © the Owner Societies 2023 Phys. Chem. Chem. Phys., 2023, 25, 21154–21161 |  21155

entropic contributions can suppress the exothermic nature of
the reaction.29 Therefore, HNO3 is likely to be more acidic at
lower temperatures, i.e., at the liquid/vapor interface it behaves
as a weak acid at room temperature,21 whereas on the surface of
amorphous ice it dissociates completely down to the tempera-
tures of 100–120 K.30,31 At even lower temperatures, however,
this thermodynamically favored channel becomes inhibited
kinetically. For example, the IR spectroscopy of HNO3 depos-
ited onto the amorphous ice revealed substantial acid dissocia-
tion even at 45 K, but some molecular HNO3 patterns were
identified in the spectrum at these low temperatures as well.
Nevertheless, they disappeared with annealing the ice substrate
above 120 K confirming the complete dissociation at these
temperatures.30

Herein, our aim is to address the question of how the HNO3

dissociation proceeds on/in the finite-size clusters. It is well
established that HNO3 dissociation in small HNO3(H2O)N clus-
ters is strongly dependent on the degree of hydration with
an onset at N = 5–6, determined experimentally32,33 and by
computations.2,34,35 However, more relevant to atmospheric
chemistry is the question of the HNO3 dissociation on
nanometer-sized ice particles, as they can mimic the ultra-
fine ice particles in the atmosphere.

The experimental tool employed in the present study to
reveal the state of HNO3 molecule on the ice nanoparticle is
the slow electron attachment. Our previous studies showed that
the electron-induced processes in HNO3 are strongly influenced
by the presence of water molecules. The dissociative electron
attachment to an isolated gaseous HNO3 molecule led to the
dominant formation of NO2

� ions with an overall yield of more
than 96%.36,37 As the electron was hydrated to form a (H2O)n

�

cluster anion that reacts with gaseous HNO3 molecules in an
ion trap mass spectrometer, the OH� formation was the only
primary reaction channel.38 This drastic change in the reaction
was explained by the greater hydration energy of OH� with
respect to NO2

�. There are two channels driven by thermo-
chemistry, namely NO2

� and OH�, which depend on the degree
of hydration. In principle, the NO3

� formation channel can also
be considered, but it is much higher in energy than the other
two channels, and was observed to yield a negligible 0.03% of
NO3

� from the gas phase HNO3 molecules.36 However, as soon
as the acid is sufficiently hydrated, the ion pair NO3

�� � �H3O+ is
formed, as demonstrated by the electron attachment experi-
ments with the mixed (HNO3)M(H2O)N clusters.36,37 The incom-
ing free electron recombines efficiently with the H3O+ moiety
generating water and releasing the H atom resulting in
(H2O)nNO3

� cluster ions. In other words, regardless of how
much a particular channel was preferred by the thermochem-
istry, the NO3

� was formed. Thus, the electron attachment to
the mixed (HNO3)M(H2O)N clusters was very different from the
other two cases and resulted in the prominent formation
of NO3

� containing cluster ions prevailing the yield of NO2
�

and OH� containing species.36 Further, adding bases like
ammonia39 or dimethylamine40 into the hydrated HNO3 clus-
ters resulted in even higher relative yield of the NO3

� contain-
ing cluster ions due to their high proton affinity.

In the present experiment, gas-phase HNO3 molecules are
picked up by pure (H2O)N clusters, and we let them interact
with the free electrons with well-defined kinetic energies. We
compare the present results to our previous experiments,
where the mixed (HNO3)M(H2O)N clusters were produced by
co-expansion of HNO3/H2O vapor in He buffer gas. In contrast
to the co-expansion experiments, the pickup technique enables
us to control the number of HNO3 molecules taken up by the
ice nanoparticles.41 Our previous understanding of the hydra-
tion effects on electron interactions with HNO3 serves as a
powerful probe to determine the molecular or dissociated form
of the acid on the ice nanoparticle: The hydrated HNO3

produces OH� containing fragments in the mass spectrum,
whereas NO3

� containing clusters indicate the presence of an
ion pair in the cluster.

2 Experimental

The cluster experiments were carried out on the CLUster Beam
(CLUB) apparatus in the J. Heyrovsky Institute of Physical
Chemistry in Prague. The experimental setup and procedures
were described in our previous reviews39,41,42 and references
cited therein. Details of the present experiments are given in
ESI.† The water clusters were produced by a supersonic expan-
sion of water vapor through a divergent conical nozzle into a
high vacuum. The water reservoir with the attached nozzle were
placed in a vacuum chamber and heated to controlled tem-
peratures TR and TN, respectively, which determine the neutral
water cluster (H2O)N mean size %N.43 After passing through a
skimmer, the water clusters entered a differentially pumped
pickup chamber filled with HNO3/H2O vapor. The pickup
conditions are analyzed in ESI† and correspond to the prob-
ability of less than one for the pickup of an HNO3 molecule by
an average (H2O)N cluster. The expansion conditions to produce
the mixed HNO3/H2O clusters in the comparative experiments
were essentially the same as in our previous studies.36,37 The
clusters were generated in the co-expansion of vapor from
HNO3 solution with He buffer gas (see ESI† for details).

The cluster beam passed through three differentially
pumped vacuum chambers (E1.5 m flight path in total
corresponding to a flight time of about 1 ms) until it reached
the ionization region of the perpendicularly mounted reflec-
tron time-of-flight mass spectrometer (TOF). The cluster
beam was crossed by an electron beam from a pulsed
electron gun. The TOF can operate either in a positive or
negative ion mode. After the extraction and acceleration, the
ions passed through an E95 cm long TOF flight path, and
the spectra were recorded. The negative ion mass spectra
were recorded in electron energy scanning mode from 0 eV to
15 eV with a 0.20 eV step. From these spectra, the electron
energy dependent ion yield curves were obtained for different
ions. For a higher signal-to-noise ratio, the mass spectra
presented here were recorded for a longer time at a constant
electron energy of 1.5 eV.
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3 Experimental results
3.1 Mass spectra

Fig. 1 shows an example of the negative ion mass spectra
recorded at 1.5 eV electron energy. The expansion conditions
corresponded to the mean neutral cluster size of %N E 180. The
top spectrum (a) shows the pure water clusters without any
pickup. The spectrum exhibits only the (H2O)n

� series, attrib-
uted to the well-known low energy electron attachment to pure
water clusters.44 The (H2O)nOH� ions are only produced by the
dissociative electron attachment (DEA) at the electron energies
above 6 eV. The spectrum exhibits only small fragments
n oo %N due to the limited mass range dictated by the
perpendicular TOF arrangement (see ESI† for explanation).
The bottom spectrum (b) was recorded under the same experi-
mental conditions with the nitric acid vapor introduced into
the pickup cell. In this experiment, the pickup pressure was set
so that the pickup probability for a (H2O)N cluster of an average
size %N E 180 cluster was less than one to assure that we probe
HNO3(H2O)N clusters with a single HNO3 molecule (see ESI† for
the estimate of the number of adsorbed molecules). This step is
crucial to avoid the contribution to NO3

� moiety that could
be generated by the reaction between OH� and a second
HNO3.38,45 Two new pronounced series occur after the pickup:
the (H2O)n

� series (black open circles) is accompanied by
(H2O)nOH� (blue downward triangles), and (H2O)nNO3

� ions
(red upward triangles) appear in between the water peaks (note
that the possible mass coincidences are discussed in ESI†).

The details of the mass spectra presented in Fig. 1 are
depicted in Fig. 2. Upon closer investigation, the spectrum of
water clusters shown in Fig. 2(a) exhibits a second series of
peaks labeled by stars, which corresponds to metastable water
evaporation. Observation of metastable cluster ion decay in
reflectron TOF mass spectrometers for various clusters was
described elsewhere,46,47 and the metastable fragmentation of
positively charged water clusters was investigated in previous

studies.48 Recently, we have investigated this effect in detail for
the negatively charged pure water clusters as well, confirming
the labeled peaks to be due to the metastable clusters (this
point is also discussed in ESI†). In addition, there are much
smaller peaks in the mass spectra corresponding to the con-
tribution of naturally occurring isotopes.

All features present in the pure water cluster spectrum in
Fig. 2(a) are reproduced in the bottom spectrum (b) after the
HNO3 pickup. Additionally, there are clearly separated
(H2O)nOH� and (H2O)n

� series, and the (H2O)nNO3
� series.

Aside these previously mentioned series, there are further
peaks labeled by stars. Analogous to the pure water spectrum
exhibiting metastable cluster ion fragments (black stars), the
peaks labeled by blue and orange stars correspond to the
metastable cluster ions in (H2O)nOH� and (H2O)nNO3

� series,
respectively. It should be noted that even though the displace-
ment of the metastable peak next to the (H2O)nNO3

� ion is close
to Dm/z E 1, it is not exactly 1 and changes slightly but
regularly with m/z in accordance with the behavior of the
metastable ion peaks. Thus, these peaks correspond to the
metastable (H2O)nNO3

� ions rather than (H2O)nHNO3
�

(although a small contribution of the latter ions cannot be
excluded completely due to the overlap with the metastable
peak). In addition, there is a very small series labeled by open
red diamonds, which can be attributed to the (H2O)nNO2

� ions.
Nevertheless, their assignment is uncertain due to their
low intensities and overlap with the isotope contributions. In
summary, the unambiguously assigned ions resulting from the
electron attachment to (H2O)NHNO3 clusters are (H2O)nOH�

and (H2O)nNO3
�.

To investigate the dependence of the observed processes on
cluster size, we have measured the mass spectra for different
expansion conditions corresponding to the (H2O)N cluster
mean sizes from %N E 30 to 470. Qualitatively, the mass spectra
are essentially the same, i.e., they exhibit the same ion series
(see ESI†). It ought to be mentioned that the clusters generated

Fig. 1 Negative mass spectra at 1.5 eV for (a) pure water and (b) water with
HNO3 pickup.

Fig. 2 Negative mass spectra at 1.5 eV for pure water (top) and with HNO3

pickup (bottom) closeup.
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under varying expansion conditions might have different tem-
peratures between approximately 90 K and 180 K. However,
these cluster temperatures are only approximate, based on a
semiempirical model,49 and cannot be determined experimen-
tally. Thus, we refrain from drawing any conclusions regarding
the temperature dependence of the pickup mass spectra.

3.2 Energy dependence

The above discussed spectra were recorded at the electron
energy of 1.5 eV corresponding to the maximum negative ion
yield. In addition, the electron energy-dependent mass spectra
were measured between 0–15 eV in steps of 0.20 eV. Fig. 3
shows the electron energy dependent ion yield for selected
(H2O)n

�, (H2O)nOH�, and (H2O)nNO3
� ions. The ion yield was

qualitatively independent of the cluster ion size n apart from
the intensity and was therefore integrated for n = 16–26 to
achieve a better signal-to-noise ratio.

The spectra start at 1.5 eV since our electron gun provides
reliable data above this value (see ESI†). Therefore, all the
observed cluster ion fragments have a maximum at electron
energies of 1.5 eV or lower. Upon closer look, the (H2O)nOH�

and (H2O)nNO3
� ions exhibit a slightly increasing intensity

above 6 eV. At these higher energies, OH� can be generated
by the DEA to (H2O)N

44 and NO3
� generation was observed in

our previous investigation of the (HNO3)M(H2O)N clusters gen-
erated in co-expansion,37 where the energy dependencies of
individual ion yields were discussed in detail.

3.3 Co-expansion vs. pickup

We compare the present experiment to the mass spectra of the
hydrated nitric acid clusters generated in co-expansion
previously.36,37 Here, we extend the previous investigations by
changing the concentration of nitric acid in a similar manner
as it was done for positive ion mass spectrometry earlier.33 To

this end, the nitric acid solution of known concentration
is filled in the source reservoir at a constant temperature
TR = 70 1C, and the vapor is carried with He buffer gas at a
stagnation pressure of 1 bar through the nozzle, where the
hydrated HNO3 clusters form (see ESI† for details). The mole
fraction of HNO3 in the vapor can be determined from acid
concentration in solution, reservoir temperature, and stagna-
tion pressure.50

Fig. 4 shows the dependence of the mass spectra on the
HNO3 concentration in co-expansion (a)–(c) in comparison with
the present pickup spectrum (d). At the highest concentration,
Fig. 4(a), the spectrum is dominated by the (HNO3)m(H2O)n

NO2
� and (HNO3)m(H2O)nNO3

� series, corresponding with
observations in our previous investigation under similar
conditions.36 Each pronounced series contains at least one
HNO3 molecule, i.e., m Z 1. As the nitric acid is diluted to
y(HNO3) = 1.3 � 10�5, Fig. 4(b), series with m = 0 occur, i.e.,
(H2O)nNO2

� and (H2O)nNO3
�, with the latter one having a

higher intensity. In contrast to the relatively abundant
HNO3(H2O)nNO2

� ion yield in Fig. 4(a), the prevailing ions in
Fig. 4(b) are (H2O)nOH� and (H2O)n

� series. We suggest the
former one originating most likely from the clusters containing
a single HNO3 molecule, and the latter one attributed to the
clusters of pure water without HNO3. This is even more
pronounced upon further dilution of the nitric acid, Fig. 4(c),
where these two series are absolutely dominating the spectrum.
Aside, there are minor ion series (H2O)nNO2

� and (H2O)nNO3
�

Fig. 3 Intensities of all major series in dependence of electron energy.
The depicted graphs are an average of n = 16–26 spectra for a better
signal-to-noise ratio.

Fig. 4 Mass spectra of HNO3 co-expansion with water (top) and of HNO3

pickup (bottom).
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present. The pickup spectrum, Fig. 4(d), as previously dis-
cussed, consists of the (H2O)n

�, (H2O)nOH�, and (H2O)n

NO3
� ions.

4. Discussion

We can start the discussion with the spectrum of the pickup
experiment displayed in Fig. 1(b). The water ion series (H2O)n

�

originates from the attachment of slow electrons to the pure
water clusters. Since the probability of picking up an HNO3

molecule for an average cluster is less than one, there are also
clusters with no adsorbed HNO3 molecules in the beam. The
electron attachment to these bare clusters yields the (H2O)n

�

ions.44 The clusters with HNO3 can in principle contribute to
this signal, if HNO3 evaporates after the electron attachment.
The (H2O)nOH� ions, on the other hand, cannot be produced
from pure water clusters at the given electron energy of 1.5 eV.44

Thus, the (H2O)nOH� signal originates from the clusters con-
taining HNO3 prior to the electron attachment. Since the
clusters with HNO3 consist of approximately 180 water mole-
cules and only a single HNO3, a previously shown38 possible
pathway involves the generation of a hydrated electron eaq

� in
the water cluster and a subsequent reaction of eaq

� with HNO3

leading to the (H2O)nOH� ion formation. We also observed
(H2O)nOH� ion production as a result of the electron attach-
ment to the mixed (HNO3)M (H2O)N clusters generated by
co-expansion in our previous study.36 The energetically favor-
able pathway to OH� was calculated to lead through the non-
dissociated HNO3 solvated with H2O molecules. Thus, in any
case, the OH� series originates from the non-dissociated HNO3

in the cluster. On the other hand, when the electron attachment
occurs to the cluster containing the ion pair, the most probable
reaction is the neutralization of the oxonium ion H3O+, result-
ing in the observed (H2O)nNO3

� or (HNO3)m(H2O)nNO3
� ions

after evaporation of the H radical and eventually some water
from the cluster, as was also concluded in our previous
work.36,37

The energy spectra in Fig. 3 show that all the observed ions
are formed mainly at very low electron energies below 3 eV. This
is consistent with the generation of (H2O)n

� ions in pure water
clusters,44 as well as with the production of (H2O)nOH� ions in
the reaction of the hydrated electron with an HNO3 molecule.38

Also the (H2O)nNO3
� ions were formed mainly by the low

kinetic energy attachment to the mixed (HNO3)M(H2O)N

clusters.36,37

Next, we can compare the pickup and co-expansion spectra
with regard to the resulting products and possible underlying
chemical processes. Working backwards through the co-
expansion spectra, the most diluted one, Fig. 4(c), is dominated
by the same ion series as the pickup spectrum in Fig. 4(d),
namely (H2O)n

� and (H2O)nOH�. This can be expected, as there
are many pure water clusters in the beam at very low nitric acid
concentration, as demonstrated also in our previous investiga-
tion of the positive (HNO3)M(H2O)N cluster ionization.33 Thus,
the (H2O)n

� ions originate primarily from the pure water

clusters in the beam, while the generation of the (H2O)nOH�

ions at 1.5 eV electron energy requires the presence of an
HNO3 molecule in the clusters. The spectrum suggests
that the clusters containing HNO3 molecule(s) produced by
co-expansion are significantly smaller than those in the pickup
experiment. We assume that the difference in the mean cluster
size between the two experiments is the primary reason for the
presence of (H2O)nNO2

� in the co-expansion experiment, while
this series could not be unambiguously confirmed in the
pickup spectrum. Given the thermodynamic preference for
NO2

� as the product for less hydrated clusters, its absence in
the ion spectrum resulting from clusters containing on average
180 water molecules can be expected.36,51

With increasing HNO3 concentration in the co-expansion,
Fig. 4(b), the contribution of (H2O)n

� ions decreases, pointing
to the lower abundance of pure water clusters in the beam. In
addition, the now most prominent OH� series indicates along-
side (H2O)nNO2

� that the majority of clusters contains at least
one single non-dissociated HNO3. Moreover, it is important
to note, that while the presence of (H2O)nNO3

� in the
co-expansion spectra might be the result of acidic dissociation,
as is the case in the previously discussed pickup experiment,
NO3

� can also be the result of an intracluster reaction of NO2
�

or OH� with a second HNO3 molecule.36 This can occur in the
experiments with higher nitric acid concentration, since clus-
ters containing more than one HNO3 molecule are confirmed
by the HNO3(H2O)nNO2

� series in this spectrum. However, it
cannot be excluded with certainty for the previously discussed
spectrum of the lowest HNO3 concentration, where the neutral
clusters with more than one HNO3 molecules can be also
present although we do not see them in the mass spectra due
to the fragmentation after the DEA.

Lastly, at the highest concentration, Fig. 4(a), there is no
evidence for the presence of pure water clusters in the beam,
and there are no OH� containing ions in the cluster mass range
above m/z 100. This observation is clear evidence for the
majority of clusters containing more than one HNO3 molecule.
Previous investigations32,33 and our calculations36 have shown
that acidic dissociation is energetically favourable in clusters
with more HNO3 molecules. Thus, the majority of the
(HNO3)M(H2O)N clusters generated in co-expansion of concen-
trated nitric acid most likely contains acidically dissociated
HNO3.

Since we have established that in the pickup experiments
the (H2O)nOH� ions originate from the clusters containing a
non-dissociated HNO3 molecule, while the (H2O)nNO3

� ions are
generated in the clusters with an acidically dissociated HNO3

molecule, we may speculate to which extent the HNO3 mole-
cules dissociate after landing on the ice nanoparticles. The
ratio of the integrated intensities of the NO3

� series to the OH�

series varied between 0.3 and 0.5 for different expansion
conditions, i.e., different (H2O)N cluster sizes between %N E 30
and 470 (and possibly different cluster temperatures between
90 K and 180 K). However, one has to be cautious with
quantitative analysis, as the ion intensities reflect not only
the abundance of the clusters with dissociated vs. molecular
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HNO3, but also their ionization and detection probabilities. In
particular, the probability of the electron attachment to clusters
with ion pairs can be significantly higher due to the ion pair
dipole than to the clusters with the covalently bound mole-
cules. Thus, the observed ratios can be interpreted qualitatively,
that the acid dissociation occurs on ice nanoparticles less
frequently than the non-dissociated events.

Our observation that molecular HNO3 accounts for 50–70%
of the amount present in ice nanoparticles, as determined by
mass spectra (but can be even higher when the electron
attachment cross section is accounted for), is notable. It is
particularly interesting when compared to experiments on
amorphous ice, in which substantial quantities of dissociated
HNO3 have been identified at temperatures as low as 45 K, with
traces of molecular HNO3 completely disappearing at higher
temperatures of about 120 K.30 In contrast to these results, our
mass spectrometry analysis revealed that we primarily observe
HNO3 in its molecular form on the ice nanoparticles, even
though we are far above the dissociation onset (recall the
estimated cluster temperature of 90–180 K49). In cluster experi-
ments, the immediate environment of an HNO3 molecule can
be considered very similar to that investigated in the bulk ice
studies. The structure of the ice nanoparticles is expected to be
amorphous, although some crystalline core may emerge for our
largest measured particle size ( %N E 470).52,53 Unlike in macro-
scopic ice, the HNO3 molecule appears to exhibit weak acid
behavior when adsorbed onto ice nanoparticles. This suggests
that significant size effects may occur as particles shrink to the
nanometer scales, leading most likely to a kinetic inhibition of
the acid dissociation.

Further, we discuss our present results in the light of the
quantum chemical computations on small HNO3(H2O)N

clusters, which predict the onset for the HNO3 dissociation at
N Z 5.35 The present clusters are much larger, yet over half of
the HNO3 remains in the molecular form even when adsorbed
on the clusters with an average size of about 500 molecules. The
first principles molecular simulations21 demonstrated that
complete solvation led to the dissociation, while the HNO3

molecules at the water–air interface did not fully dissociate.
They also showed that at higher concentrations, nitric acid
generated hydrogen bonds without dissociating. This some-
what contradicted the structural calculations of small
(HNO3)M(H2O)N clusters,36 showing that even less than 5 water
molecules were required for the dissociation in the clusters
with M Z 2. In any case, the present experiments are performed
upon single collision conditions, i.e., the pickup of more than
one HNO3 molecule by the cluster is unlikely. Previous mole-
cular dynamics simulations of pickup experiments demon-
strated that most dopant molecules interacted with polar
water molecules upon uptake, which prevented their mobility
and migration within the particle.54,55 The dopants remained
isolated at the surface and only adjusted their orientation with
respect to the neighboring water molecules. Consequently, the
acid dissociation can be suppressed by the incomplete solva-
tion in the present case. Upon collision, however, some mole-
cules may submerge into the cluster55 and dissociate.

Furthermore, the temperature is also a well-known factor
influencing proton transfer reactions. For example, ab initio
simulations of small hydrogen chloride–water clusters
HCl(H2O)N with sizes at the onset of dissociation, i.e. N = 4,
demonstrated that the acid dissociated and formed ion pairs at
low temperatures, whereas it recombined back to the molecular
form, which was more stable as the temperature increased.56

However, for HCl adsorbed on a bulk ice the temperature trend
is reversed,57 and similar to the behavior of HNO3 on ice
discussed in the introduction. Our present case of ice nano-
particles is probably somewhere between the small clusters and
bulk ice. Considering that the estimated temperatures of the
larger clusters are considerably lower compared to the smaller
ones (see Table S1 in ESI†),49 it becomes apparent that the
temperature may play a role in addition to the size effects. This
opens up opportunities for further theoretical exploration of
the interplay between cluster size and temperature on the
dynamics of the acid dissociation in finite size clusters.

5 Conclusions

We have examined dissociative electron attachment of water
clusters containing a single HNO3 molecule. The aim was
twofold: (i) to investigate the fundamental process of acid
dissociation on an ice nanoparticle surface at a molecular level;
and (ii) to mimic gas phase processes that may occur on ice
particles in the atmosphere. The products were analyzed using
negative ion mass spectrometry and compared to experimental
results obtained with mixed nitric acid–water clusters
(HNO3)M(H2O)N produced in co-expansion.

The electron attachment at 1.5 eV electron energy yielded
three ion series: (1) (H2O)n

� ions resulting from pure water
clusters in the beam; (2) (H2O)nOH� ions originating from
clusters containing a molecular HNO3; and (3) (H2O)nNO3

�

ions generated from the clusters with the NO3
�� � �H3O+ ion

pairs. We have demonstrated that the HNO3 molecules landing
on the ice nanoparticles can dissociate to a limited extent and
the majority of HNO3 molecules remains non-dissociated on
the ice nanoparticles. The ice nanoparticle temperature cannot
be determined exactly, however, according to various models
and previous experiments,49 it can be safely assumed between
90 and 180 K for the investigated mean cluster sizes of %N E 30
to 470. Our observations are in interesting contrast to the bulk
ice experiments, where the acid dissociation occurs already at
45 K and is complete at 100–120 K. Thus, the fact that we still
see non-dissociated molecules on the ice nanoparticles after
about 1 millisecond of the flight time in the molecular beam
speaks for a kinetic inhibition of the acid dissociation on the
nanometer size ice particles.
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