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We present an ambient pressure X-ray photoelectron spectroscopy investigation of the adsorption of
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ammonia on ice over the temperature range of —23°C to —50 °C. Previous flow tube studies showed

significant uptake of ammonia at these temperatures to ice, which was linked to the incorporation

of ammonium into the ice crystal lattice.

Our present investigation shows a significant uptake

of ammonia to the ice interface, with ammonia concentrations exceeding those measured in past

studies for the case of bulk snow and ice. We also have indication that some of the ammonia is

protonated at the ice surface and thus adsorbed there as ammonium ions. The impact of high

ammonia concentrations at the air-ice interface on the surface chemistry of ice clouds is discussed.

The present study lays the groundwork for investigating the reaction of adsorbed ammonia with

other trace gases in the atmosphere, which is demonstrated on the example of a proof-of-principle
experiment of its interaction with acetic acid.

1 Introduction

Ammonia (NH3) plays a central role in determining the pH value
of atmospheric cloud droplets and aerosol particles. T It is the
most abundant alkaline trace gas in the troposphere with typical
atmospheric concentrations in the sub-ppb to tens of ppb range.
The interaction of NH; with acidic trace gases is a key mecha-
nism for the nucleation and formation of secondary aerosols in
the atmosphere. This reaction leads to the formation of ammo-
nium (NH; ) species, a major inorganic aerosol component world-
wide.? It has also been detected, for instance, in Antarctic coastal
snow, after long-range transport and wet precipitation.® Abbatt
et al.2 and Wentworth et al. 19 suggest that the bidirectional NH3
exchange between the atmosphere and the land-ocean surface is
significant and needs to be included in chemical transport mod-
els. This is demonstrated by the fact that NH; was detected in the
Arctic® as well as in the upper troposphere, 1! where cirrus clouds
are well known to adsorb acidic trace gases and thus impact their
atmospheric budget.12?
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Despite its abundance and importance in atmospheric multi-
phase processes and reactions, the acid-base chemistry of NH3 in
contact with ice and snow under conditions relevant to the Earth’s
cryosphere has so far not been studied in detail. This is an impor-
tant gap in our knowledge in view of the rising NH3 concentra-
tions in the atmosphere, in particular over the last decade. The
concentration of NH3 in the atmosphere is expected to continue to
rise due to, e.g., the increased use of nitrogen-containing fertiliz-
ers. This development shifts the composition of atmospheric reac-
tive nitrogen from oxidized nitrogen compounds toward a greater
prevalence of reduced nitrogen compounds like NH;. 1314

It is well known that in aqueous environments NH3 can un-
dergo protonation to form NHJ :

NH; +H,0 == NH, " + OH "~

Our experiments address the question of whether NH3 adsorbs
molecularly on the ice at arctic temperatures (-23 to -52°C) or
whether it undergoes protonation to a significant degree.

Some earlier investigations have addressed the adsorption state
of NHj3 on ice, albeit at temperatures well below those in the Arc-
tic or the upper parts of the troposphere. The study by Ogasawara
et al. indicated a rapid protonation of NH3 when the ice substrate
was heated from -235°C to -153 °C, a result that was also
supported by Monte Carlo simulations.1¢ A subsequent investi-
gation by Lee and Kang'Z was carried out at higher temperatures
(around -70°C), but did not show any indication for the proto-
nation of NHj, which would have been expected if protonation
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is observed already at lower temperatures. Lee and Kang argued
that the protonation observed in the previous investigation was
driven by incomplete wetting of the ice film on the metal sub-
strate and protonation of NH3 was governed by the interaction
with the metal substrate in the presence of water molecules that
foster proton transfer. They also showed that at temperatures of
around 70 °C incorporation of NHj; into the ice bulk was negligi-
ble.

One major pathway for the trapping of atmospheric trace gases
is their incorporation into the bulk of growing ice particles in
clouds. Hoog et al.2® argued that ammonia is efficiently trapped
by growing ice due to the high solubility of NH; in water. Indeed,
NHI and NHj are generally thought to have a high solubility in
ice (about 2 g/1) due to the ability of NHI to substitute for water
molecules in the ice lattice.12 However, it was pointed out that
these measurements are difficult and prone to large uncertain-
ties. 12421 Kircher et al. proposed that trapping of trace gases in
ice is governed by their adsorption at the ice surface and subse-
quent diffusion into the bulk, a process that is also influenced by
the growth rate of the ice crystal.?223 Incorporation into bulk ice
thus provides a pathway for the uptake of very high amounts of
trace gases, compared to trapping mechanisms based on purely
surface adsorption. For the case of ammonia this was shown by
Hoog and coworkers1® who studied the uptake of NHj to ice crys-
tals at temperatures above —20 °C and NHj gas phase concentra-
tions of up to 10 ppm and found that NH; enters the ice phase as
NHj(, which is then incorporated into the ice lattice.

In addition to the bulk, the interface layer (the first few
nanometers) on ice has potentially also a high capacity to capture
trace gases as seen for strong acids such as HCl and HNOj3.242>
To observe this phenomenon, interface-sensitive techniques are
required to determine the concentration of adsorbed species di-
rectly and to evaluate the impact of surface processes on the trap-
ping of trace gases at the ice-air interface. Our present study
thus focuses on the adsorption of ammonia on ice, which we in-
vestigate with ambient pressure X-ray photoelectron spectroscopy
(APXPS) at temperatures relevant to polar regions and the upper
parts of the troposphere (see Fig.[I).

We find evidence that under these conditions NHj is present at
the air-ice interface. We also present a proof-of-principle inves-
tigation of the heterogeneous reaction of adsorbed NH3/NH4"
with a relevant trace gas in the atmosphere, here acetic acid. The
feasibility of APXPS studies of these phenomena paves the way
for in-depth investigations of heterogeneous reactions (e.g. the
chemical nature of adsorbates and reaction products) on ice sur-
faces taking place in polar regions and on frozen aqueous aerosol
particles occuring in the troposphere.

2 Experimental

The experiments were performed at the X07DB In Situ Spec-
troscopy beamline of the Swiss Light Source (SLS) of the Paul
Scherrer Institute using the Ambient Pressure Photoemission end-
station.2® The endstation consists of a differentially pumped
hemispherical electron analyzer (Scienta R4000 HiPP-2) attached
to a reactor cell with a temperature controlled sample holder.
Connected to the reactor cell is a gas dosing system which con-
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Fig. 1 Schematic of NH; adsorption at the ice-vapor interface in our
experimental setup.

trols the partial pressures of the trace gases and water vapor. All
measurements were performed at partial pressures of water up
to 2.5 mbar to maintain the prepared ice samples in equilibrium
with their respective vapor pressure corresponding to the ice tem-
perature. Photon energies were chosen to ensure that spectra
from all relevant core-levels were obtained at similar photoelec-
tron kinetic energies of about 245 eV.

2.1 Sample preparation

Ice samples were grown on a Au-coated sample holder positioned
in the reactor cell at a distance of several millimeters from the
differentially-pumped entrance aperture of the electron analyzer.
In this position any influence of the reduced water vapor pres-
sure right in front of the aperture is avoided during ice growth.
Water vapor was dosed into the reactor cell at a partial pressure
slightly exceeding that of the equilibrium vapor pressure at the
desired ice temperature to establish a slight oversaturation. Sub-
sequently, the temperature of the sample holder was reduced until
the formation of ice nuclei was observed by eye. The formation
of ice was also indicated by a decrease of the water vapor pres-
sure in the reactor cell. Once ice nucleation was established the
ice was allowed to grow slowly for about 1 hour, until a closed
polycrystalline ice film of few hundred micrometer thickness was
formed.

XPS measurements on these ice films were typically performed
in an additional flow of Ar in the experimental cell at partial pres-
sures of about 0.2 to 0.4 mbar. This background gas helped to
minimize perturbations of the ice due to radiative heating from
the reactor cell walls and the aperture of the electron analyzer.2”
In addition, the use of a background gas partially compensates
the charging of the insulating ice film due to electron emission
and offers the possibility to vary the gas phase composition in the
experimental cell at a constant total pressure (pce = constant on
the order of 0.4 to 2.5 mbar). NH3(g) was dosed onto the ice films
from a premixed gas mixture of 3% NHj in He. In that manner
we were able to dose NH3 at partial pressures between 1.2x1073
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mbar to 6.0x10~3 mbar (1.2 to 6 ppm).

2.2 Phototelectron spectroscopy

For each experimental run a set of X-ray photoemission spectra
was first taken of the as-prepared ice film at the temperature of in-
terest, and then during the exposure of the ice surface to NH3. We
also followed the evolution of the surface chemical composition
once the NH; flow into the reactor cell was stopped. Typical dura-
tions for a single experiment varied from 2 to more than 5 hours.
O1s and N 1s spectra were taken at photon energies of 780eV
and 650 eV, respectivley, to ensure that the photoelectrons from
the different core levels have a comparable kinetic energy and
thus comparable electron probing depths, which is about about
1.7 nm for electrons with a kinetic energy of 250 eV detected at
an angle of 30° relative to the surface normal.’28

The spectra were fitted using the KolXPD software package
(Kolibrik.net, Czech Republic). For all spectra a linear back-
ground was subtracted, and Gaussian peaks were used to fit com-
ponents due to substrate and adsorbate species. Peaks due to gas
phase species were fitted using Voigt profiles. Example spectra
and a more detailed description of the fitting routine and con-
straints are shown in the electronic supplemental material” (ESI,
see Figs. S4-S7).

3 Results and Discussion

In the following, we describe the results of the XPS experiments
on the uptake of NHj by ice surfaces. We start with the descrip-
tion of the principal components of the N 1s spectra of as-grown
and ammonia-covered ice surfaces before describing the uptake
experiments.

3.1 Principal components of the N 1s spectra
Fig.[2J(a) shows a representative N 1s spectrum of a freshly pre-
pared ice sample (bottom trace) and that for NH; adsorbed on the
same ice sample during exposure to NHj(,) when a steady-state
of surface adsorption at an ice temperature of —35 °C was reached
(top trace). The freshly-grown ice sample already shows a sig-
nificant contribution of a nitrogen species (grey-shaded peak),
which is due to adventitious contamination, which was present in
all prepared ice samples. The precise nature of this species and its
origin could not be unambiguously determined, though it is likely
due to residual contamination of the reactor cell, which, despite
our best efforts, could not be removed. As we will show in the
following, this species has only a marginal effect on the results of
the investigation since it behaves like a bystander in the uptake
experiments. The electron binding energy (BE) of this species is
402.2(2) eV, referenced to the literature value of the O 1s BE of
polycrystalline ice at 533.8 eV.22 Nitrogen species with a similar
BE were previously observed in APXPS experiments of NO, ad-
sorbed on TiO, and ascribed to reduced nitrogen.?? We refer to
this nitrogen species in the following as N,,,. This N, signature
was invariant over an extended period indicating that it is not ac-
cumulating or subject to beam-induced effects (see ESI' Fig. S2
for details).

The N 1s spectrum after adsorption of NH; on the same ice
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substrate is shown in the upper trace of ﬁg(@&@ TE3hGWs a sig-

nificantly increased total intensity, with the strongest peak at the
low BE side. Since this peak increases with increasing exposure
to NHj,), we assign it to NH;3 adsorbed on ice (blue shaded peak
in Fig.2[@)). The binding energy of adsorbed NHj, referenced
to that of the O 1s peak of solid ice, is 400.7(2) eV, a value simi-
lar to that for NH; adsorbed on silicon and silicate surfaces.21432
The expected position of the gas-phase peak NH;,) peak, based
on literature values (405.5(2) V)3 that are referenced to a BE
of water vapor (539.8(2) eV),24 is around 400eV on the bind-
ing energy scale used in this study and depends on the degree of
charging of the ice. The N1s peak due to NHj, thus overlaps
with the signals of the adsorbates. However, due to the low par-
tial pressure of NHj ) in the reactor cell the intensity of this peak
is negligible within the signal-to-noise ratio in our experiments.

The additional signal at the high BE side of the spectrum (or-
ange shaded peak) is more difficult to assign due to its overlap
with the N,;, signature. This species could reasonably be inter-
preted as a time-dependent increase in the N, intensity, or that
it is due to a new nitrogen species, for instance NH; which is
formed by the protonation of adsorbed NHj3. The latter would be
consistent with observations in previous experiments.12

Since we cannot unambiguously assign this feature to NH, we
label it for the moment as AN, NH - The AN, NH peak has a
binding energy of 402.5(2) eV, i.e. 1.8(2) €V higher than the BE
of NH3, which is in good agreement with the value for NH, in
aqueous solution. >3 The higher binding energy of NH; com-
pared to NHj can be related to its positive charge. The sensitivity
of XPS to the charge state has been used previously to discuss
the protonation of acids at the solution-vapor=Z and air-ice inter-
face.38H41

3.2 Adsorption of NH;

We now turn our attention to the evolution of the N 1s spectra
during the exposure of ice to NH3(g) as a function of time and
partial pressure. To follow and quantify the uptake of NHj by ice,
alternating N 1s and O 1s core level spectra were recorded using
photon energies of 650eV and 780 eV, respectively, to ensure a
comparable probing depth, as described above. The N 1s spectra
provide information on the chemical nature of the adsorbed NHj3
species, while O 1s spectra serve as a reference to quantify the
adsorbate concentration and to monitor potential charging effects
due to the photoemission process.

Fig.2(b) shows the experimentally-determined atomic N/O ra-
tio for the ice film at —35 °C as a function of exposure time at two
different nominal NHj ) partial pressures of p; = 1.2x 103 mbar
and p; = 4.3x 1073 mbar. The N 1s and O 1s intensities were nor-
malized to the respective photoionization cross sections,#2 and
the photon flux. As the photoelectron intensity is directly pro-
portional to the amount of the species of interest in the probed
volume, the normalized N/O ratio serves as a measure of the con-
centration of adsorbed nitrogen species on ice. These data do not
reveal the precise distribution of the adsorbates within the probed
volume at the interface, i.e. whether they are just adsorbed to
the surface or evenly distributed across the probed volume. For
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Fig. 2 (a) N1s spectra of freshly prepared ice (bottom) and NHj/ice (top) at —35°C at a partial pressure p(NH3) of 4.3x 1073 mbar, respectively. The
spectra were scaled to the same background intensity. Subsequently, the linear background was subtracted. (b) N/O ratio and estimated concentrations
of Ny (red) and N4, (grey) as a function of exposure time. Star symbols indicate the data corresponding to spectra shown in (a). Uncertainties
on the x-axis stem from the acquisition times required for a set of N 1s and O 1s spectra. Uncertainties in the y-direction have been evaluated as the
standard deviation (10) from the signal-to-noise ratios of the core-level spectra.

simplicity we present in Fig.[2{(b) the volumetric concentrations
assuming an even distribution of nitrogen species in the near-
surface region.

The estimated volumetric nitrogen concentrations are shown
on the right axis in Fig.[2(b), assuming one N atom per molecule.
The red symbols represent the N/O ratio for the total nitrogen
intensity, here referred to as N;,,. grey symbols show the N/O
ratio of the reduced nitrogen N, determined from the deconvo-
luted N 1s spectra. Shaded background areas indicate the time
intervals in which NH;(,) was dosed onto the ice film. The N1s
spectrum for the freshly prepared ice film in the absence of NH; )
in the reactor cell is shown in Fig.a), bottom trace, and was al-
ready discussed in the previous section. Upon adjusting the par-
tial pressure to p(NH3(g)) =1.2x 1073 mbar, the N/O ratio starts
to increase. Over a time of around 100 min a rise of the N/O
ratio is observed, with the N/O ratio roughly doubling over this
time period. After about 100 min the N/O ratio reaches a plateau,
indicating a steady state of NH3 adsorption/desorption.

When the flow of NHj(,) into the reactor cell is stopped af-
ter about 250 min (see Fig.b)), only a slight decrease in the
N/O ratio is observed, most likely due to the slow pump-out
of NHj(,) from the reactor cell driven by retention and re-
lease from the reactor walls. Subsequently, at about 410 min
the NHj(,) partial pressure was increased to a higher value of
p(NHs(,)) = 4.3x1073 mbar, again resulting in a nonlinear in-
crease in N, eventually leading to a tripling of the original
N/O ratio at about 500 min. The NHj, flow was then stopped
again, upon which a noticeable decrease of the N/O ratio is ob-
served, indicating desorption of N species from the ice surface. A
subset of XPS spectra from which the N/O ratios in Fig.[2(b) are
extracted is shown in the ESIf.

4] Journal Name, [year], [vol.], 1

The fit of the N 1s data using constraints derived from the fit
of the as-grown ice sample (Fig.2[(a)) shows that the peak area
and thus the surface concentration of the adventitious N contam-
ination (N,,,), represented by the grey symbols in Fig.[2(b)), was
constant during the whole time of the adsorption/desorption ex-
periment. The increase in the N, signal as a function of the
exposure time is governed by the adsorption of NHj3, which also
shows reversibility under desorption conditions.

For a detailed look at the NHj; adsorption we plot the N/O
ratios of the deconvoluted N 1s peak areas of NHj3 (blue) and
AN g, n; (orange) as a function of exposure time for the -35°C
ice sample in Fig.[3] The adventitious nitrogen contamination is
not included in this graph. NHj is the main adsorbed species and
thus shows the same behavior with time and exposure as N, in
Fig.b), Le., it displays an increase during NH;(,) dosage and a
noticeable decrease when the NHj ) flow into the reactor cell is
stopped.

The AN, NH species (see Fig. shows a slightly different be-
havior compared to NHj3 during NHj(,) dosing, in particular a
delayed appearance and slower increase in its abundance. This is
observed for both NH3 ) dosing steps, and also for the decrease in
abundance when the NHj,) flow into the reactor cell is stopped.
In particular in the case of desorption following the uptake of
NHj3,) at the higher partial pressure (i.e., after 520 min in Fig.
the decrease in intensity of the AN, v+ peak does not follow
that of the peak due to adsorbed NH3. Possible explanations for
this behavior are (i) that a fraction of the adsorbed NH; under-
goes protonation to NH;, which has a slower desorption kinetics;
and (ii) that the amount of adventitious nitrogen (N,,) increases
over time during the exposure to NHj;,), possibly also due to pho-
tochemical reactions induced by the incident X-rays. While it is
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Fig. 3 N/O ratio and estimated concentrations of NHs3 (blue) and
ANadv,NHj (orange) as a function of exposure time. Uncertainties on

the x-axis stem from the acquisition times required for a set of N 1s and
O 1s spectra. Uncertainties in the y-direction have been evaluated as the
standard deviation (10) from the signal-to-noise ratios of the core-level
spectra.

likely that NH; engages in acid-base chemistry to form NH; as
was observed in other studies,1>118:43 3 change in N, cannot be
completely ruled out due to the strong overlap in binding energy
of the NH, and N, species.

3.3 Estimate of the NH; concentration
The data presented above were obtained for an ice film at —
35°C. In addition, we have performed measurements at a number
of other temperatures ranging from -23°C to -52 °C, with each
measurement starting with the preparation of a fresh ice sample.
From the measured N/O ratios the concentrations of N/, Nuay,
NH3 and ANadvA,NHj are determined and compiled in Tab. The
data show that Cy,, increases with decreasing ice temperature.
We note that the partial pressures of NH3, listed in Tab.[I] are
upper estimates based on the concentration of gas entering the
experimental set-up. Potential wall losses are not accounted for.

The clear separation of the NHj species in the XPS spectra
(Fig.a)) allows us to discuss its concentration within our prob-
ing depth in more detail and set them in the context of literature
values for the uptake of NHj3 by ice and snow. The values for
NH; concentrations from our measurements in Tab.[I] are of the
order of 0.5 to 2.3 mol/1 (i.e., about 8 to 34 g/1). These values
are higher than the upper concentrations for ammonia or ammo-
nium in bulk ice (up to 0.01 mol/1 for NHI).19‘44‘45 They are
also higher than those found by Hoog and coworkers'!® for am-
monium trapped in bulk ice at —20°C, which are <0.1 mg/1 for
similar gas-phase concentrations as in our experiments.

The higher concentration of NHj,yy) in our experiments com-
pared to the literature values obtain from volumetric measure-
ments indicates that NHj is enriched in the surface region, since
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samples. If one assumes that all of the NH3 within our probing
depth of about 1.7 nm is concentrated in a single layer at the
very surface between ice and vapor phase, the 2D concentration
of NH3 would be about 3x10'4 molecules per cm?, i.e. about one
third of the concentration of water molecules in the surface layer.
As we have already pointed out, we do not have information on
the distribution of NHj in the near surface layer, or the poten-
tial influence of the liquid-like layer, so the estimates for a purely
surface layer (3x10'% molecules per cm?) and NHj evenly dis-
tributed throughout the near-surface region (up to 2.3 mol/1) are
limiting cases for possible adsorption behavior scenarios. Either
model shows, however, that the interfacial layer can hold even
higher amounts of ammonium than the total amounts in the bulk
of ice crystals. The fate of this interfacially trapped ammonium
and ammonia over time needs further study to evaluate its impact
on cloud scavenging.

4 Conclusion and Outlook

In this article we showed that ambient pressure X-ray photoelec-
tron spectroscopy is an excellent method to follow the uptake
of ammonia on ice surfaces at atmospherically-relevant temper-
atures. We showed that APXPS is able to quantify the amount
of adsorbed ammonia and to determine the chemical nature of
the adsorbed species via the characteristic N 1s electron binding
energy. The data demonstrate that ammonia adsorbs mainly in
its neutral form (NH3), with some of the molecules most likely
undergoing protonation to NHI.

We were able to make these observation even in the presence
of adventitious nitrogen contamination. This kind of contamina-
tion is a serious issue in any measurement under atmospherically-
relevant conditions, i.e. far away from ultra-high vacuum condi-
tions and at appreciable partial pressures of water vapor without
large pumping speeds. This underlines the need for dedicated
and easily cleanable reactor cells for studies of ice surfaces in the
presence of reactive trace gases.

The present study builds on past experiments on the investi-
gation of trace gas uptake by ice surfaces using APXPS, 22138146147
The success of these measurements opens up opportunities to not
only study the adsorption of a single trace gas species, but also
to investigate the coadsorption and possible reactions of multi-
ple trace gas species, with the ice surface potentially acting as a
catalyst for a heterogeneous reaction between the adsorbates.

We therefore conclude this paper with the result of a proof-
of-principle study of the coadsorption of NH3 with acetic acid
(CH3COOH). The N1s spectra that compare the adsorption of
solely NH; with the case for CH;COOH/NHj; coadsorption are
shown in Fig.[d] The bottom trace shows the initially prepared
NHs/ice surface at p(NH3) =1.2x10 3mbar. The top trace
shows the same ice film after dosing NH3 and CH3COOH si-
multaneously. While the signal contribution of NHj3 (blue) is
more pronounced compared to ANadv,NH; (orange) on NHj/ice,
the ANy N1 intensity significantly increases in the presence of
CH;COOH. In addition a decrease in the NH; intensity was ob-
served. This indicates an interaction of NH3; and CH3COOH at
the ice—vapor interface, likely leading to the formation of ammo-
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Table 1 Compilation of concentrations of nitrogen species on ice film between —23°C and -52°C. The concentratidn® hiUdbedh ‘GHLPHRRAD from
experimentally dertermined N/O ratios using XPS. T is given in °C, p(NH3) in mbar and concentrations are given in mol/l. Asterisks (*) indicate
ice samples prepared in a separate experimental campaign in which N4, was significantly higher.

Ti('e p(NH3) CNwm[ CNadr CNH3 CANudr NHF
VIV
-23 0.0043 1.9(3) 0.9(1) 0.5(1) 0.5(1)
-23 0.006 2.9(4) 0.9(1) 1.2(2) 0.8(1)
-29* 0.0012 7.3(1.0) 4.5(6) 1.8(3) 1.0(1)
-35 0.0012 2.1(2) 1.3(1) 0.5(1) 0.3(1)
-35 0.0043 3.3(3) 1.2(1) 1.5(1) 0.6(1)
—45* 0.0012 7.1(1.3) 5.5(1.0) 1.6(3) 0.0(1)
-45 0.0024 3.6(6) 2.1(3) 1.0(2) 0.5(1)
—45 0.006 4.4(6) 2.2(3) 1.7(2) 0.5(1)
=52 0.0012 5.8(1.1) 3.9(7) 0.7(1) 1.2(2)
-52 0.0024 5.3(7) 3.14) 1.3(2) 1.0(1)
-52 0.006 6.4(8) 3.14) 2.3(3) 0.9(1)
nium acetate. Author contributions
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of 1.2x1073 mbar with (top) and without (bottom) acetic acid as co-
adsorbent. The spectra were scaled to the same background intensity.
The linear background and the N4, signal contribution was subtracted.
The unsubtracted spectra are shown in the ESI.

We believe that this initial result holds promise for future inves-
tigations of more complex reactions at ice surfaces in the presence
of a mix of trace gas species at their atmospheric concentrations
and relevant ice temperatures. The strength of APXPS studies
is that they are able to monitor the chemical nature of the ad-
sorbate, e.g. its protonation state, and provides complementary
information to flow tube studies, which are sensitive to the gas
phase composition of reactants and products.
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