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ABSTRACT
The interaction between ammonia (NH3) and (alumino)silicates is of fundamental and applied importance, yet the specifics of NH3 adsorp-
tion on silicate surfaces remain largely unexplored, mainly because of experimental challenges related to their electrically insulating nature. An
example of this knowledge gap is evident in the context of ice nucleation on silicate dust, wherein the role of NH3 for ice nucleation remains
debated. This study explores the fundamentals of the interaction between NH3 and microcline feldspar (KAlSi3O8), a common aluminosilicate
with outstanding ice nucleation abilities. Atomically resolved non-contact atomic force microscopy, x-ray photoelectron spectroscopy, and
density functional theory-based calculations elucidate the adsorption geometry of NH3 on the lowest-energy surface of microcline, the (001)
facet, and its interplay with surface hydroxyls and molecular water. NH3 and H2O are found to adsorb molecularly in the same adsorption
sites, creating H-bonds with the proximate surface silanol (Si–OH) and aluminol (Al–OH) groups. Despite the closely matched adsorption
energies of the two molecules, NH3 readily yields to replacement by H2O, challenging the notion that ice nucleation on microcline proceeds
via the creation of an ordered H2O layer atop pre-adsorbed NH3 molecules.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0202573

INTRODUCTION

Ammonia (NH3) adsorption on solid surfaces is a matter of
intense applied and fundamental research. It is integral to envi-
ronmental and industrial processes such as NH3 capture for air
pollution reduction, NH3-based fertilizer production, hydrogen
storage, and environmental chemistry.1 Moreover, NH3 is abun-
dant in space, and its adsorption on interstellar grains is studied
to glean insights into the nitrogen chemistry of the interstellar
medium, thought to occur predominantly via gas–grain reactions.2
Fundamentally, NH3 adsorption processes are regulated by acid-
base reactions between different surface sites and NH3. Because of
the exquisite sensitivity of NH3 adsorption to the local properties
of the surface, the adsorption of NH3 is often used to probe the
strength and distribution of surface acidic sites.3 On oxide surfaces,
NH3 binding can occur in three main ways: via the lone pair of its
N atom to a cation that acts as a Lewis acid; by H-bonding via one

of its H atoms to a surface O atom; or by H-bonding via its N atom
to an H atom of surface hydroxyl groups (OH). Other feasible ways
of ammonia adsorption involve the complete proton transfer from a
Brönsted site to create NH4

+ or NH3 dissociation into NH2 (or NH)
and OH species.4

To ensure a uniform collection of adsorption sites, NH3
adsorption studies are ideally conducted on atomically controlled
single crystals prepared under ultra-high vacuum (UHV). To date,
these types of studies have been limited to metals5–8 and various
polymorphs of TiO2,9–13 where NH3 tends to adsorb molecularly on
Ti sites via its N lone pair, although dissociation was observed after
electron bombardment or on defective surfaces.9,12 On the other
hand, investigations on important materials for NH3 capture, such
as metal-organic frameworks (MOFs) and (alumino)silicates, are
typically conducted with porous or amorphous samples.14–16 In such
heterogeneous systems, data interpretation becomes challenging due
to surface defects, hydroxyls, or ill-defined atom surroundings that
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can affect local acidities.12,17 In aluminosilicates, further complexity
is given by the details of their Si–Al framework: the specific dis-
tribution of Al ions can affect the heat of adsorption of NH3.16,18

Another important factor is humidity and the water content of the
sample; this can affect NH3 adsorption through cooperative19 or
competitive20,21 effects between NH3 and H2O, potentially leading
to NH3 replacement by H2O even when the adsorption energy of
NH3 is stronger than that of H2O.20 To explore the fundamentals
of NH3 adsorption and its interplay with H2O on complex systems
such as aluminosilicates, well-defined model systems in the form of
atomically characterized single crystals investigated under pristine
conditions are helpful.

The importance of understanding the details of NH3 adsorp-
tion on aluminosilicates and its interplay with H2O extends to cur-
rent atmospheric research on ice nucleation (IN) on mineral dust,
an important phenomenon affecting the glaciation of clouds with
implications for Earth’s climate. K-feldspars, particularly the micro-
cline polymorph (KAlSi3O8), are crucial IN agents. Microcline’s
exceptional IN activity22–29 is generally rationalized through two
main perspectives: one emphasizing surface chemistry, which would
promote the formation of H-bonded H2O networks,30,31 and the
other focusing on composition and structural heterogeneities or
defects.32–35 Another important factor is atmospheric chemistry.
While traveling in the atmosphere, mineral dust particles are
often embedded within aqueous liquid droplets, which can induce
preferential dissolution,36–38 chemical coatings,39 or net surface
charges,40,41 all of which can impact ice formation. Specifically, it
was found that IN activities are substantially enhanced in the pres-
ence of dilute NH3- and NH4

+-containing solutions.42–44 However,
the underlying reasons are debated. Current interpretations revolve
around the replacement of K+ ions by NH3 or NH4

+ as well as their
adsorption on the surface, which may offer oriented H bonds for
ice growth,40,42,44,45 and the nature of NH4

+ ions, which may replace
H2O within the ice network, increasing the configurational entropy
of ice and decreasing its overall free energy.46,47 Experimental inves-
tigations on NH3 adsorption on microcline single crystals and its
potential interplay with H2O may enable testing these hypotheses.

This work explores the fundamentals of the interaction of
ammonia with microcline feldspar as a prototypical hydroxylated
aluminosilicate. Crystalline microcline samples were cleaved in
UHV to expose the lowest-energy (001) surface and investigated
by atomically resolved non-contact atomic force microscopy (AFM)
and x-ray photoelectron spectroscopy (XPS), complemented by den-
sity functional theory (DFT) calculations. By depositing controlled
amounts of NH3 and H2O molecules at 100 K on microcline (001),
it is found that NH3 adsorbs molecularly by creating H bonds with
its surface silanol (Si–OH) and aluminol (Al–OH) groups, occu-
pying the same adsorption site as H2O with an adsorption energy
reaching almost that of H2O. When H2O is deposited onto the sur-
face with pre-adsorbed ammonia, it partially replaces the adsorbed
NH3 molecules rather than creating H-bonded networks with the
ammonia layer.

MATERIALS AND METHODS

The experiments were carried out in a UHV setup consisting
of two interconnected chambers: a preparation chamber for sam-
ple cleaving and XPS (base pressure below 1 × 10−10 mbar), and

an adjacent chamber for AFM (1 × 10−11 mbar). A natural micro-
cline feldspar from Russia (from Priv.-Doz. Uwe Kolitsch, Natural
History Museum Vienna) was characterized ex situ as detailed else-
where.31 (001)-oriented grains from the main crystal were mounted
onto Omicron-style stainless-steel sample plates and cleaved in the
preparation chamber.31 After cleaving, the samples exhibited strong
surface charges, as was also observed on other cleaved insulators.48

To remediate such charges, the samples were irradiated for one
minute with x rays from the XPS setup.

Water (ultrapure deionized water, MilliQ®, further purified
through three freeze–pump–thaw cycles) and anhydrous ammo-
nia (Linde, 99.999%) were dosed from leak valves while keeping
the sample holder on the preparation chamber’s manipulator at
100 K. The number of molecules deposited is always expressed with
respect to the primitive unit cell of the hydroxylated surface (u.c.,
0.55 nm2). The calibration is based on the amount (partial pressure
× time) needed to obtain a coverage of 1 molecule/u.c. as judged by
AFM, assuming 100% sticking probability. Warming up the sam-
ple to room temperature caused the desorption of all H2O and NH3
molecules from the hydroxylated surface, as evidenced by XPS and
AFM.

XPS was performed with a non-monochromatic dual-anode
Mg/Al x-ray source (SPECS XR 50) and a hemispherical analyzer
(SPECS PHOIBOS 100). Spectra were acquired in grazing emission
(70○ from the surface normal). The intensities and positions of the
Al-Kα-excited XPS peaks were evaluated with CasaXPS after sub-
tracting a Shirley-type background. For the display and analysis of
the XPS data, an energy correction was applied to all spectra to com-
pensate for the charging of the electrically insulating sample. The
Si 2p core-level peak was set to 103.10 eV, as reported in the liter-
ature.49 Fitting procedures and parameters are reported in Sec. S3.
XPS was used to obtain an approximate desorption temperature for
NH3. A nominal coverage of 5 NH3 molecules/u.c. was deposited
on the UHV-cleaved sample at 100 K. The amount was calibrated
based on the dose (pressure × time) needed to observe one NH3
molecule/u.c. in AFM, assuming a 100% sticking probability. The
sample was warmed to increasingly higher temperatures in steps of
10 K, and XPS spectra (N 1s, O 1s, K 2p, and Si 2p for energy cor-
rection) were acquired at each stage. The coverage of the molecular
NH3 was roughly halved at a temperature between 150 and 160 K.

The AFM measurements were performed at 4.7 K using a com-
mercial Omicron qPlus low-temperature (LT) head and a differen-
tial cryogenic amplifier50 in constant-height mode. The qPlus AFM
sensors (k = 2000–3500 N/m, f0 ≈ 32 kHz, Q ≈ 50 000) had a sep-
arate contact for the tunneling current. Before each measurement,
the tips were prepared on an oxygen-exposed Cu(110) single crystal
by repeated indentation and voltage pulses. CuOx-terminated tips
were prepared on the oxygen-induced reconstruction of Cu(110)51

to exhibit a frequency shift smaller than −1.5 Hz. Local contact
potential difference (LCPD) measurements by the Kelvin parabola
method52 were performed to assess residual fields. Residual sur-
face charges were compensated by applying a bias voltage Vs to the
back of the sample plate while keeping the tip potential close to the
ground.

DFT calculations were performed with the Vienna Ab initio
Simulation Package (VASP)53,54 using the r2SCAN-D3 metaGGA
exchange-correlation functional.55 Details about the bulk optimiza-
tion, unit cell, geometries, cutoff energies, and convergence criteria
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are specified elsewhere.31 The AFM images were simulated with the
probe particle model,56,57 which includes Hartree-potential electro-
statics and Lennard-Jones potentials as well as the elastic properties
of the tip based on the methods described in Refs. 56 and 57. CuOx
tips were simulated with the following values of lateral and verti-
cal spring constants and charges: kx,y = 161.9 N/m, kz = 271.1 N/m,
and an effective tip charge of −0.05e.51 The oscillation amplitude for
each simulation always matched the one used in the corresponding
experimental image. Since the exact height of the tip is not known,
simulated AFM images were calculated for different tip heights; the
displayed simulated image is the one fitting the experiment best.
Tip-sample distances are always referenced to the most protruding
surface atom.

RESULTS

Previous studies have shown that microcline (001) readily
hydroxylates.31 Even when the sample was cleaved in UHV, the
water entrapped in the mineral and freed during the cleave was suf-
ficient to create a fully hydroxylated layer that was stable at room
temperature.31 Therefore, the starting point of all the experiments

in this paper was a hydroxylated surface. As shown in Figs. 1(a) and
1(d), such a layer consists of an ordered array of silanol (Si–OH)
and aluminol (Al–OH) groups. When water is dosed below 150 K
onto the hydroxylated surface, it adsorbs molecularly at well-defined
sites, i.e., in between adjacent silanol and aluminol groups, accept-
ing an H bond from the silanol and donating one to the aluminol.31

Figures 1(b) and 1(e) show the DFT-optimized models and the
experimental AFM images obtained for a coverage of one H2O
molecule per unit cell [in addition to the dissociated H2O of the
hydroxylated surface in Fig. 1(a)]. In experiments performed with
CuOx tips,51 the appearance of the water species is very sensitive to
the tip-sample distance [Figs. S1(a)–S1(d)]. At large distances, H2O
appears with a positive frequency shift (bright); as the tip approaches
closer, dark, isolated features suddenly appear. These dark fea-
tures have a rather sharp boundary and a bright rim, as seen in
Fig. 1(b).

Dosing NH3 below 150 K onto the hydroxylated microcline
surface produces a similar structure as the water-exposed one for
comparable coverages [Fig. 1(c)]. One dark feature per unit cell
is visible, appearing larger and smoother than those caused by
H2O molecules and producing a more gradual frequency change

FIG. 1. H2O and NH3 adsorption on microcline (001). (a)–(c) 3.2 × 3.2 nm2 AFM images of the hydroxylated, H2O-, and NH3-exposed microcline (001) surface acquired with
CuOx tips.51 H2O and NH3 were adsorbed at 100 K onto the hydroxylated surface to reach a coverage of one molecule per unit cell (u.c.). (d)–(f) Corresponding DFT models.
SiO4 tetrahedra are gray, and AlO4 tetrahedra are blue. Panels (d) and (e) are adapted from Ref. 31. The AFM simulation obtained from the model in panel (f) is shown in
the inset of panel (c), assuming a tip-sample distance of d = 5.5 Å. White rhombi identify primitive unit cells. Calculated adsorption energies (Eads) are reported below the
corresponding models.
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as a function of the tip-sample distance (for a comparison of
images of the NH3 and H2O taken with the same tip, see Fig. S1).
Figure 1(f) presents the lowest-energy structure found for one
adsorbed NH3 molecule per unit cell. An intact NH3 occupies the
same adsorption site as H2O. The calculated NH3 adsorption energy
(Eads) is only marginally weaker than for H2O (−0.77 vs −0.83 eV),
consistent with the similar desorption temperature of H2O and NH3
(between 150 and 160 K, as inferred from XPS; see Methods). Like
H2O, NH3 accepts an H bond from a silanol group while donat-
ing one to the adjacent aluminol group. One of the two remaining
H atoms points away from the surface; the other one lies within
the surface and points in the same direction as the free H atom of
adsorbed H2O. The corresponding AFM simulation, superimposed
on the experimental image of Fig. 1(c), reproduces the experimental
contrast.

In XPS, the N 1s peak measured on a surface covered by
1 NH3/u.c. sits at 400.4 eV XPS binding energy after correction for
charging31 (see Sec. S3 for details). The peak intensity increases with
ammonia deposition at 100 K while preserving its position and width
until the nominal amount of ≈4 NH3/u.c., after which the inten-
sity saturates (see Sec. S3). This suggests that multilayer adsorption
is possible only below 100 K, consistent with previous temperature
programmed desorption studies on crystalline forsterite (Mg2SiO4)2

and TiO2,13 which observed the multilayer NH3 desorption peak
around 100 K. Warming up the NH3-covered sample to room tem-
perature causes the intensity to decrease and leads to the eventual
disappearance of the N 1s peak without the formation of any shoul-
ders, suggesting that NH3 desorbs from the surface as an intact
molecule.

To test whether adsorbed NH3 can serve as a template for
an ordered and oriented layer of water ice, H2O was deposited at
100 K on the NH3-saturated surface of Figs. 1(c) and 1(f). In XPS
[Fig. 2(a)], the H2O component of the O 1s peak (black) increases as
a function of the H2O coverage, as expected. However, the increase
is significantly smaller than when H2O is deposited directly on the
hydroxylated surface (gray), indicating that fewer H2O molecules
stick to the surface with pre-adsorbed NH3. (While this could also
indicate that 3D clusters are formed, which contribute less to the
XPS intensity, the AFM data discard this hypothesis.) At the same
time, the N 1s signal (green) decreases. Figures 2(b)–2(d) show the
evolution of selected N 1s and the O 1s peaks (see Sec. S3 for details
about the fitting procedures).

The AFM images in Fig. 3 help interpreting the XPS trends.
Dosing a nominal amount of 2.5 H2O/u.c. onto the surface with
pre-adsorbed NH3 produces the surface shown in Fig. 3(a). Most
of it appears as light-gray areas with weak modulations of Δf . When
imaged at closer tip-sample distances [Fig. 3(d)], these areas have
the same appearance as the hydroxylated surface with a mixture of
H2O and NH3 molecules [compare with Figs. 1(b) and 1(c)]. Simi-
lar to the case of single-molecule adsorption, it is evident that in the
mixed phase, the H2O and NH3 molecules occupy the same site as
the unit cell. The deposited H2O has substituted ≈40% of the pre-
adsorbed NH3 molecules. In addition to the areas of coexisting NH3
and H2O, a few isolated darker dots are visible in Fig. 3(a). Darker
contrast indicates a stronger, more attractive interaction with the
AFM tip during constant-height image acquisition. It is attributed
to water species deposited on top of the mixture of NH3 and H2O,
thus sticking out further from the surface. In the top part of Fig. 3(a),

FIG. 2. Substitution of NH3 by H2O measured with XPS. (a) XPS signals as a function of nominal H2O dose for adsorption at 100 K onto an NH3-exposed surface (green,
squares: N 1s; black, upward-pointing triangles: H2O component of O 1s) and over a hydroxylated surface without NH3 (gray, downward-pointing triangles: H2O component
of O 1s). N 1s counts are normalized to the peak area obtained for 1 NH3/u.c.; H2O areas are normalized to the O 1s bulk component of the O 1s peak before any H2O
exposure. Error bars on the intensities are comparable to the symbol sizes. The nominal doses do not account for intrinsic errors due to pumping by the chamber walls. Lines
connecting symbols are meant to guide the eye. (b)–(d) Evolution of selected N 1s and O 1s spectra with corresponding fits. Nominal H2O doses are noted at the sides of
the corresponding panels. For all spectra: Al Kα, 1486.61 eV, pass energy 20 eV, 70○ grazing emission. Binding energy axes were adjusted to account for charging (see
Methods). The O 1s peak was fit as described in Sec. S3.
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FIG. 3. Substitution of NH3 by H2O, AFM. (a)–(f) AFM images of a surface exposed to NH3 at 100 K [gas dose corresponding to 1 molecule per unit cell, as in Figs. 1(c)
and 1(f)], followed by H2O exposure. (a), (d), (e) Nominal gas dose of 2.5 H2O/u.c. (a) The majority of the surface appears as a mixture of H2O and NH3, as seen in more
detail in panel (d). The top portion of panel (a), imaged at a closer tip-sample distance in panel (e), evidences the growth of additional H 2O. (b), (f) Nominal gas dose of
5 H2O/u.c.: The surface is almost fully covered by H2O islands. Small patches remain in which adsorbed H2O and NH3 coexist, two of which are marked by dark outlines. The
area marked by the blue rectangle is imaged at a closer tip-sample distance in panel (f). (c) Nominal gas dose of 7.5 H2O/u.c.: The surface is fully covered by a disordered
H2O layer.

imaged at a closer tip-sample distance in Fig. 3(e), a cluster of such
darker features is visible. This cluster resembles what is observed by
dosing H2O directly onto the hydroxylated surface without any pre-
adsorbed NH3 (Sec. S2). However, in the absence of pre-adsorbed
NH3, the water islands are significantly larger for comparable gas
doses, consistent with the higher H2O signals measured in XPS
[Fig. 2(a)]. Additionally, the water islands resulting from deposited
water only display internal short-range ordering; such ordering is
absent in the water islands of Fig. 3.

The water islands grow bigger with increasing water coverages
[see Figs. 3(b) and 3(c)], where the nominal gas doses correspond
to 5 H2O and 7.5 H2O/u.c., respectively. In Fig. 3(b), the water
islands occupy almost the whole surface (the dark dots are not as
well resolved as in Fig. 3(a) because the image is acquired with the tip
further away from the surface). A few small, bright patches remain
where H2O and NH3 coexist; two of these areas are marked. In
Fig. 3(c), the surface is fully covered by the protruding water islands;
several dark spots with different attractive contrasts and without any
long-range ordering are visible. In XPS [Fig. 2(a)], the NH3 sig-
nal has already reached its minimum at the nominal gas dose of 5
H2O/u.c., indicating that H2O replaces NH3 only to a certain extent.

Therefore, H2O grows atop the mixed layer of NH3 and H2O. Note
that it cannot be excluded that a small fraction of NH3 molecules
participate into the growth of the water islands mentioned earlier.

DISCUSSION
Molecular insights into NH3 adsorption

The (001) surface investigated here is the lowest-energy facet
of microcline. Therefore, it is likely that this is a common sur-
face termination also for mineral dust particles. It serves as a
model system to investigate the adsorption mechanisms of gas-
phase ammonia and water on hydroxylated aluminosilicate sur-
faces. The data reveal that NH3 deposited below 150 K adsorbs
molecularly via H bonds with the available surface hydroxyls.
It is reasonable for molecular adsorption to prevail over the
formation of NH4

+ ions or NH3 dissociation upon adsorption.
The strong energy gain associated with surface hydroxylation
[adsorption energy of ≈ −3.3 eV/H2O, see Fig. 1(b) 31] outweighs
the interaction between NH3 and the hydroxyl groups [adsorp-
tion energy of ≈ −0.8 eV, see Fig. 1(c)], making the transfer
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of protons from silanols to NH3 to create NH4
+ unlikely. The sit-

uation could be different in solution, however, where the ready
availability of protons may stabilize NH4

+ ions while maintaining
the surface hydroxyls. NH3 dissociation is also not expected because
of the lack of available surface O sites that would accept a proton.

The NH3 molecule acts as both an H-bond acceptor and an
H-bond donor in the adsorption configuration on microcline.
According to the general expectation, NH3 should accept H bonds
from surface OH groups by forming an H bond between its N atom
and the H atom of the OH group.4,21 Because of the favorable geom-
etry of surface hydroxyls on the hydroxylated microcline surface,
NH3 here exhibits amphoteric behavior with respect to H bonds: The
NH3 molecule engages with two proximate OH groups by accepting
an H-bond from the silanol and donating one to the aluminol. The
individual behaviors of silanols (H-bond donating) and aluminols
(H-bond accepting) are determined by their coordination chemistry.
The larger charge of silicon compared to aluminum (oxidation state
+4 vs +3) strengthens the Si–OH bond relative to the Al–OH bond,
making it easier to release H from Si–OH than from Al–OH. These
considerations equally apply to the adsorption of H2O, which occu-
pies the same site as NH3 and interacts with proximate OH groups
in a similar manner.31

The results demonstrate the significance of the atomic envi-
ronment in determining the acidity of surface hydroxyls, as already
predicted by previous computational studies on amorphous silica,
where variations in the exact coordination and atomic environment
lead to distinct acid behaviors even for the same hydroxyl type.15,17,58

Extending these reasonings to aluminosilicates, one expects that the
relative density and distribution of aluminol and silanol groups (and
thus, of Si and Al ions in the Si–Al framework) will affect local acidi-
ties. Consistently, zeolites and mesoporous silica evidence changes
in heats of adsorption for NH3 and acidity in response to alterations
in Al concentrations and distributions.16,18,59 Therefore, accurate
acidity measurements on aluminosilicate surfaces necessitate careful
consideration of the distribution and geometric proximity of alumi-
nols and silanols. In this respect, other terminations of microcline
besides the (001) surface investigated here, as well as other poly-
morphs exposing surfaces with different arrangements of silanol and
aluminol groups, are expected to produce adsorption configurations
of ammonia and water differing from those reported here.

Interplay between NH3 and H2O and implications
for atmospheric ice nucleation

Figures 2 and 3 illustrate how a hydroxylated surface pre-dosed
with NH3 changes after exposure to H2O at low temperatures. H2O
does not simply adsorb atop NH3. Instead, it tends to substitute
adsorbed NH3, as judged by the coexistence of H2O and NH3 at
equivalent adsorption sites seen in Figs. 3(a) and 3(d) and by the
XPS trends of Fig. 2(a). For comparable H2O doses, the H2O signals
are larger for the hydroxylated surface without NH3 compared to the
NH3-pre-adsorbed one, suggesting that H2O sticks less to the latter.
Such sticking effects are likely due to the competition of H2O and
NH3 to adsorb on the same site, which promotes the substitution of
the adsorbed species over H2O growth atop NH3. A chemical inter-
action of H2O with NH3 is deemed unlikely. If one of the H atoms
of H2O were to interact with NH3 to transform it, e.g., to NH4

+, a
shift of ≈2 eV in the N 1s peak would be expected,60 which is not

present here. Moreover, an attractive interaction between H2O and
NH3 would favor NH3 to remain on the surface. On the contrary,
the N 1s signal decreases with increasing H2O dose. This indicates
that NH3 and H2O compete for adsorption sites and speaks against
a strong binding between them.

Notably, the substitution occurs despite the minimal energy
differences in the adsorption energies of H2O and NH3 predicted
by DFT (−0.83 vs −0.77 eV). Similar effects have been previously
observed within MOF cages,20 where NH3 molecules bound to metal
centers can be readily substituted by H2O even when NH3 has signif-
icantly stronger adsorption energies. This behavior was attributed to
cooperative effects between the H2O molecules as well as a strong
interaction between H2O and NH3, which can weaken the bond
between NH3 and the metal center while reducing the kinetic barri-
ers to perform the substitution. Similarly, incoming H2O molecules
onto the microcline surface with pre-adsorbed NH3 may interact
with the adsorbed NH3 via H-bonding, weakening the bond between
NH3 and the surface OH and eventually leading to its detachment.
After ≈40% of NH3 has been substituted by H2O, H2O islands grow
atop the mixed NH3–H2O layer.

The current investigation contributes to ongoing discussions
on atmospheric IN on microcline and the role of ammonia in
this process. The mechanisms leading to enhanced IN activities of
microcline upon immersion in ammonia solutions42–44 are currently
debated. Some studies emphasize the role of the direct adsorption
of NH3 or NH4

+ to the surface hydroxyls.42 In this case, the ori-
ented, extra protons offered by the adsorbed NH3 molecules should
favor the formation of ordered H-bonded networks and thus facili-
tate IN.40,42,45 This picture is supported by sum frequency generation
studies on silica surfaces, indicating that adsorbed NH3 enforces a
net orientation of H2O molecules at the ice-silica interface.45 The
present study shows that, during gas–phase interaction under UHV
conditions, H2O does not orderly bind on top of a layer of adsorbed
NH3. Instead, the two species compete for the same adsorption sites,
leading to a partial replacement of NH3 by H2O. In the atmosphere,
NH3 has a drastically lower concentration than H2O, existing in
parts per billion. Under the oversimplified assumption of gas–phase
interactions between microcline and the two substances in the atmo-
sphere, one expects H2O adsorption to prevail over NH3 because
of the concentration differences between the two species and their
comparable binding energies. Therefore, in this context, the mere
adsorption of water over ammonia can be ruled out as a domi-
nant factor for increased IN activities. However, the situation will
be different in liquid and thick ice layers. Effects proposed in the
literature, such as pH-dependent surface charge, ion exchange (K+

for NH4
+),44 or preferential dissolution, may dominate. Moreover,

some studies suggest that the effect of ammonia solutions is related
to the peculiar properties of the NH4

+ ions: NH4
+ is prone to replace

H2O within the ice network while offering an additional proton
for H bonding, increasing the configurational entropy of the ice
structure and thus lowering its free energy.46,47

CONCLUSIONS

This work sheds light on the molecular-scale interaction of
gaseous NH3 with a prototypical aluminosilicate, particularly one
prone to hydroxylation upon exposure to water vapor. Based on
the phase diagram in Ref. 31, the surface of microcline (001) should
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be hydroxylated [as in Fig. 1(a)] under ambient conditions as well.
The stability of the hydroxylated surface makes it pertinent for fun-
damental investigations of environmental processes such as atmo-
spheric ice nucleation. Through atomically resolved AFM imaging
and DFT-based calculations, it was found that NH3 adsorbs molec-
ularly on hydroxylated microcline feldspar (001) by H-bonding to
its surface aluminol and silanol groups. The geometric proximity
and coordination chemistry of the two hydroxyl groups determine
the specific adsorption configuration of NH3, which acts as both an
H-bond donor and an H-bond acceptor. The intimate link between
the adsorption geometry of NH3 and the type and distribution of
surface OH groups evidenced here stresses the importance of deter-
mining the distribution of surface Si and Al tetrahedra for reliable
acidity measurements of aluminosilicates. When water is introduced
onto the surface with pre-adsorbed NH3, it competes for the same
adsorption sites, leading to partial replacement and precluding the
growth of ordered water networks over adsorbed NH3.

SUPPLEMENTARY MATERIAL

Section S1: AFM images at different tip-sample distances.
Section S2: Dosing H2O directly on the hydroxylated surface. Section
S3: XPS spectra.
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Valtiner, F. Mittendorfer, M. Schmid, M. Setvín, and U. Diebold, “Resolving
the intrinsic short-range ordering of K+ ions on cleaved muscovite mica,” Nat.
Commun. 14(1), 208 (2023).
49A. Kyono, M. Kimata, and T. Hatta, “Aluminum position in Rb-feldspar as
determined by X-ray photoelectron spectroscopy,” Naturwissenschaften 90(9),
414–418 (2003).
50F. Huber and F. J. Giessibl, “Low noise current preamplifier for qPlus sen-
sor deflection signal detection in atomic force microscopy at room and low
temperatures,” Rev. Sci. Instrum. 88(7), 073702 (2017).
51B. Schulze Lammers, D. Yesilpinar, A. Timmer, Z. Hu, W. Ji, S. Amirjalayer, H.
Fuchs, and H. Mönig, “Benchmarking atomically defined AFM tips for chemical-
selective imaging,” Nanoscale 13(32), 13617–13623 (2021).
52S. Sadewasser and T. Glatzel, in Kelvin Probe Force Microscopy, Springer Series
in Surface Sciences, edited by S. Sadewasser and T. Glatzel (Springer International
Publishing, Cham, 2012), Vol. 48.
53G. Kresse and J. Hafner, “Ab initio molecular dynamics for liquid metals,” Phys.
Rev. B 47(1), 558–561 (1993).
54G. Kresse and J. Furthmüller, “Efficiency of ab-initio total energy calculations
for metals and semiconductors using a plane-wave basis set,” Comput. Mater. Sci.
6(1), 15–50 (1996).
55S. Ehlert, U. Huniar, J. Ning, J. W. Furness, J. Sun, A. D. Kaplan, J. P. Perdew,
and J. G. Brandenburg, “r2SCAN-D4: Dispersion corrected meta-generalized gra-
dient approximation for general chemical applications,” J. Chem. Phys. 154(6),
061101 (2021).
56P. Hapala, G. Kichin, C. Wagner, F. S. Tautz, R. Temirov, and P. Jelínek,
“Mechanism of high-resolution STM/AFM imaging with functionalized tips,”
Phys. Rev. B 90(8), 085421 (2014).
57P. Hapala, R. Temirov, F. S. Tautz, and P. Jelínek, “Origin of high-resolution
IETS-STM images of organic molecules with functionalized tips,” Phys. Rev. Lett.
113(22), 226101 (2014).
58L. Pérez Ramírez, J. J. Gallet, F. Bournel, F. Lim, S. Carniato, F. Rochet,
O. V. Yazyev, A. Pasquarello, E. Magnano, and F. Bondino, “Hydrogen bond-
ing of ammonia with (H,OH)-Si(001) revealed by experimental and ab initio
photoelectron spectroscopy,” J. Phys. Chem. A 124(26), 5378–5388 (2020).
59H. Landmesser, H. Kosslick, W. Storek, and R. Fricke, “Interior surface
hydroxyl groups in ordered mesoporous silicates,” Solid State Ionics 103, 271–277
(1997).
60C. Guimon, A. Gervasini, and A. Auroux, “XPS study of the adsorption of SO2
and NH3 over supported tin dioxide catalysts used in de-NOx catalytic reaction,”
J. Phys. Chem. B 105(42), 10316–10325 (2001).

J. Chem. Phys. 160, 164312 (2024); doi: 10.1063/5.0202573 160, 164312-8

© Author(s) 2024

 26 April 2024 10:01:41

https://pubs.aip.org/aip/jcp
https://doi.org/10.5194/acp-16-10927-2016
https://doi.org/10.5194/acp-16-10927-2016
https://doi.org/10.5194/acp-13-11175-2013
https://doi.org/10.1021/jp509839x
https://doi.org/10.1021/jp509839x
https://doi.org/10.5194/acp-19-10901-2019
https://doi.org/10.1073/pnas.2022859118
https://doi.org/10.1073/pnas.2022859118
https://doi.org/10.5194/acp-16-11177-2016
https://doi.org/10.5194/acp-16-11177-2016
https://doi.org/10.1130/G38684.1
https://doi.org/10.1021/acs.jpclett.5b01326
https://doi.org/10.1021/acs.jpclett.3c03235
https://doi.org/10.1039/c7cp04898j
https://doi.org/10.1039/c7cp04898j
https://doi.org/10.5194/acp-21-11801-2021
https://doi.org/10.1126/sciadv.aav4316
https://doi.org/10.1126/science.aai8034
https://doi.org/10.1016/j.hydromet.2015.01.012
https://doi.org/10.5194/acp-19-6059-2019
https://doi.org/10.1016/J.EARSCIREV.2006.03.002
https://doi.org/10.1029/96jd00858
https://doi.org/10.1021/acs.jpcc.5b08371
https://doi.org/10.1038/s41570-021-00293-2
https://doi.org/10.5194/acp-2018-46
https://doi.org/10.5194/acp-2018-46
https://doi.org/10.1039/c7sc05421a
https://doi.org/10.1029/2023JD039971
https://doi.org/10.1103/PhysRevB.66.085401
https://doi.org/10.1039/d3fd00097d
https://doi.org/10.1063/5.0084635
https://doi.org/10.1038/s41467-023-35872-y
https://doi.org/10.1038/s41467-023-35872-y
https://doi.org/10.1007/s00114-003-0453-0
https://doi.org/10.1063/1.4993737
https://doi.org/10.1039/d1nr04080d
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1063/5.0041008
https://doi.org/10.1103/PhysRevB.90.085421
https://doi.org/10.1103/PhysRevLett.113.226101
https://doi.org/10.1021/acs.jpca.0c03458
https://doi.org/10.1016/S0167-2738(97)84042-8
https://doi.org/10.1021/jp0108869

