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In atmospheric aerosol particles, the chemical surface composition governs both heterogenous chemical
reactions with gas-phase species and the ability to act as nuclei for cloud droplets. The pH in aerosol
particles is expected to affect these properties, but it is very challenging to measure the pH in individual
droplets, precluding the investigation of its influence on the particle's surface composition. In this work,

we use photoelectron spectroscopy to explore how the surface composition of aqueous solutions
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Accepted 2nd March 2022 containing inorganic salt and amino acids changes as a function of pH. We observe a change by a factor

of 4-5 of the relative distribution of inorganic ions at the surface of a liquid water jet, as a function of

DOI: 10.1039/d1€a00104c solution pH and type of amino acid in the solution. The driving forces for the surface enhancement or

rsc.li/esatmospheres depletion are ion pairing and the formation of charged layers close to the aqueous surface.

Environmental significance

Liquid-gas interfaces are commonplace in the atmosphere in the atmosphere, mostly as the surface of aerosol. Depending on the origin and type of aerosol, this creates
droplets with a wide variety of compositions. Their chemical surface composition determines the role of these particles in the atmosphere, e.g. as a substrate for chemical
reactions with gas-phase species and as cloud condensation nuclei. One of the largest groups of non-anthropogenic aerosol is sea spray aerosol. These particles are already
liquid during their generation and contain a mixture of inorganic salt (mostly NaCl) and organic compounds, many of which are surfactants. Sea water, the medium from
which these particles generated, is slightly basic, yet measurements find that sea spray aerosol is often acidic, so the pH in aerosol changes. Moreover, aerosol ageing due to
chemical reactions with gases might also contribute. Due to the small size of aerosol, measuring the pH inside of them is very challenging, let alone the determination of the
PH at the particle surface. Very recently, a few groups succeeded to conduct such measurements and we begin to understand the complexity of the interplay between charge
states, pH, and the interactions between ions (often mediated by water). Our present work expands this knowledge by using the strengths of photoemission spectroscopy
(XPS) applied to aqueous surfaces: high surface resolution combined with chemical sensitivity. Therefore, XPS complements other techniques already being used in the field
such as sum frequency generation and surface tension measurements. In brief, our data suggest that the surface propensity of halides is connected to the pH of a solution/
within the aerosol particle if specific organic surfactants are present. In the context of atmospheric chemistry, this could mean that the pH of a particle introduces “pH
breaking points” at which the surface concentration of halides increases. These “breaking points” are the pK, of common functional groups in the organic surfactants. An
increase/decrease of such ions would shift equilibria for chemical reactions at the particle surface (e.g: reaction of Cl™ in solution and OH radicals in the gas phase). In the
context of cloud nucleation, these “breaking points” may affect the hygroscopicity of these particles, again due to changes in the surface composition. Whether these
“breaking points” really exist in natural aerosol, containing a mixture of organic species, or whether it is more of an incremental change of the particle properties can only be
answered by dedicated research on more realistic systems. Our fundamental study suggests the possibility of their existence.

Introduction the source.of the aerosol, t.helr size and comp0s1t%on vary and

they can pick up water while they are suspended in the atmo-
Water is omnipresent in the earth's atmosphere as vapour, rain ~ sphere. Two of their most important functions in the atmo-
droplets or in aerosol particles of various origin. Depending on  sphere are their role as cloud condensation nuclei'” and as
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substrates for chemical reactions at the particle-gas interface.*
Both of these functions strongly depend on their surface
composition. A chemical reaction at the particle surface can
only take place if reactants are present, and the ability to act as
cloud condensation nuclei is characterized by the hygroscop-
icity of the particles, which is also dependent on the chemical
surface composition.™” As they are exposed to chemical reac-
tions and radiation, the total composition of aerosol particles in
the atmosphere changes over time, what is often referred to as
ageing of aerosol. The longer aerosol particles remain sus-
pended in the atmosphere, the more sulphuric and nitric acid
they pick up, which results in changes of their composition.®’

Sea spray aerosol in particular is produced from slightly
basic sea water, and one might expect the particles to exhibit
a basic pH, measurements, however, indicate that they are
acidic.®** Measuring pH in aqueous aerosol is challenging since
they are much smaller than the available probes. Only recently,
some groups have begun to utilize spectroscopic techniques to
measure the pH of aerosol.”™* Wei et al. even found a pH
gradient within basic aerosol particles.**

Variations of the pH in the droplets cause changes in the
protonation state of functional groups of solvated organic
molecules and thus in their charge state. Many of these mole-
cules are surfactants and interact with inorganic ions present in
the solution through their functional groups,®?° thus they
potentially link the presence of inorganic ions at the surface to
the pH of the particle. This correlation has implications for
chemical reactions at the particle surface, which involve inor-
ganic ions. Prominent examples for such a reaction are the
production of Cl, from OHg.as and Clgyface ,> the ozone deple-
tion through a reaction with iodide and bromide®** or the
reaction between N,0s(g) and Br™ (aq).>*

The main concern of this work is to learn about the inter-
actions at aqueous surfaces, and thus we used photoelectron
spectroscopy (XPS) for our investigation. This method combines
chemical sensitivity with a very high surface sensitivity due to its
electron energy dependent probing depth. We estimate the
probing depth in our experiments to about 2 nm. This covers
what we consider as the ‘surface’ of the solution - a volume,
which is affected by the surfactants and surface-induced effect
but can vary depending on the properties and contents of the
solution.

The interplay of organic surfactants and pH on the surface
composition of mixed ionic solutions has been addressed only
recently.”®?*** Our work attempts to further fill this gap and
expand our knowledge to the role amino acids play. We chose to
use amino acids as organic component in our study as a surro-
gate for organic solutes in aerosol for several reasons. On one
hand, amino acids are present in aerosol particles,*® and on the
other hand, they possess two functional groups, whose
protonation characteristics behave oppositely to changes of the
pH. Moreover, the surface propensity of different amino acids
varies. By carefully selecting amino acids we aim to mimic
a variety of other organic species present in aerosol with
different surface propensity and charge. Amino acids at
aqueous surfaces have been simulated using molecular
dynamics (MD). These simulations show that amino acids
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containing hydrophilic side chains, such as glycine (GLY),
serine and alanine prefer to be in the bulk. Hydrophobic and
amphiphilic amino acids, like valine (VAL), methionine (MET)
and phenylalanine (PHE) strive towards the surface.?” The six
amino acids included in this study are glycine, valine, phenyl-
alanine, proline (PRO), cysteine (CYS) and methionine. The
structures of these amino acids and the bulk pK, values of their
functional groups are shown in Fig. 1a. Due to the amino acids
possessing different surface propensities, our measurements
required us to use solutions of varying amino acid concentra-
tion in order to ensure a sufficiently high signal intensity.
Though we avoided using concentrations close to the solubility
limit, this resulted the amino acid concentrations to differ by up
to one order of magnitude.

This way we could both study amino acids with hydrophobic
side chains (VAL, PHE, MET) and without (GLY, CYS, PRO).
Amongst these, GLY is expected not to be surface enriched,
independent on the pH,*®* whereas for PHE and VAL the
surface enrichment is affected by the charge state of the mole-
cule.”® CYS and MET are included in the study since these are
the two amino acids containing sulfur and CYS has the ability to
lose both the carboxylic hydrogen and the thiol hydrogen.
Overall, we are interested in the impact of amino acids with
varied side chains, which is reflected in our choice of the
samples. Our focus is on the behaviour of chloride, and we
chose to use KCl in our study due to technical reasons (further
discussed in the ESIT). NaCl would be a more natural fit in the
context of atmospheric science. Though KCI can be found at
high concentrations in certain kinds of atmospheric aerosol,
these do not originate from sea spray.>**

Methods

Sets of X-ray photoelectron spectroscopy (XPS) measurements
were carried out at the plane grating monochromator (PGM)
U11 beamline of the Brazilian synchrotron light laboratory
(LNLS),*> with the SOL’® endstation® at the beamline U49-1
PGM1 at the synchrotron light source BESSY II,** Berlin, Ger-
many, and at the beamline PLEIADES* of the synchrotron
SOLEIL in France, using a liquid microjet set up at all three end
stations.

The experimental setups at LNLS and at BESSY II are similar
in design and have been described in previous publications in
more detail.***® Both machines utilize a High Pressure Liquid
Chromatography (HPLC) pump to push the liquid solution from
a reservoir through a quartz glass nozzle with inner diameter
between 22-25 pm. Pump flow rates vary between 0.6-1
ml min~' and a thin, liquid filament with laminar flow is
created inside the experimental chamber. The synchrotron
radiation perpendicularly intersects and ionizes the sample
about 1-2 mm downstream from tip of the nozzle, before the jet
breaks up into droplets. The emitted electrons pass through
a skimmer, which is mounted ~2 mm away from the liquid
surface, perpendicular to the direction of flow of the liquid jet
and the direction of the synchrotron radiation. The kinetic
energy of the electrons is measured using a hemispherical
electron energy analyzer (Scienta Omicron R-4000 at LNLS,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Displays the structure of the amino acids used in this study. The bulk pK; values of their functional groups are depicted next to the

respective groups.®* The K 2p/Cl 2p ratio (Ry,c) for the respective aqueous solutions is shown in (b). All of the ratios have been derived from fits to
the K 2p and Cl 2p levels recorded with XPS. We consider a solution containing only 0.3 M KCl (black) as a reference for the behaviour of Ry

without the influence of surfactants. The reference solution has Ry,

= 0.7 indicated by the thin dotted line. The behaviour of Ry in the

presence of a surface enriched amino acid is best represented by the solution containing phenylalanine (purple). Due to the hydrophobic side
chain, PHE is always enriched at the surface. The large vertical colored bars indicate the error bars; we describe in detail how we obtain these in

the ESL}

Scienta Omicron R-4000 HIPP-2 at BESSY II). The temperature
of the jet is kept at 6 °C before entering the vacuum chamber.

At SOLEIL, the photoelectron spectra were recorded using
a wide-angle lens Scienta Omicron R-4000 electron spectrom-
eter mounted in a 90° angle relative to the polarization of the X-
rays. The configuration of the microjet source coupled to the
spectrometer is very similar to the one described by Céolin
et al.*” Instead of a cold trap, a heated catcher of inner diameter
about 500 um is employed to collect the used sample inside the
vacuum chamber. The catcher is placed about 6 mm away from
the glass nozzle and the liquid is pumped into a container
outside the experimental chamber. Here, the sample is deliv-
ered into the experimental chamber through a glass nozzle of 40
pm inner diameter using a HPLC pump at a flow rate of 1.4
ml min~".

The sample solutions are prepared by dissolving commer-
cially purchased potassium chloride (KCI) (Alfa Aesar, purity,
>98%) and high purity amino acids (phenylalanine and cysteine
from Sigma Aldrich with purity, >98%; valine, glycine, proline
and methionine from Alfa Aesar, purity, >98%) in MilliQ (18.2
MQ cm ") water. The pH of the sample solutions was adjusted
with concentrated HCI such that the bulk solution pH is below
the pK, of the carboxyl functional group of the respective amino
acid. Note that the deprotonation behaviour of organic acids at
the liquid-gas interface can differ from the bulk and depends
on the presence of co-solvated cations''?*® and the concen-
tration of the organic molecules.** Measurements were also
taken from samples without any further pH adjustments,
usually resulting in a pH around 6. The concentration of the
amino acids and the pH values for the individual measurements
are tabulated in the ESL}

To determine the influence of amino acids on the surface
propensity of ions, a reference sample of aqueous 0.3 M KCI

© 2022 The Author(s). Published by the Royal Society of Chemistry

solution was also measured. The surface enrichment of K" and
Cl” in different amino acid solutions are monitored by
measuring the signal from 2p levels of potassium (binding
energy (BE) = 300.8 eV, 298 eV) and chloride (BE = 204.6 €V,
203 eV) ion along with carbon 1 s signal.

The incident X-ray photon energy is kept constant for each
set of measurements in order to avoid changes in photon flux
due to movements of the beamline optics. This ensures that the
intensities within one data set are comparable. This procedure
results in varying electron kinetic energies for electrons origi-
nating from different atomic levels. Consequently, the electron
mean free path of electrons originating e.g. from a K 2p level
and a Cl 2p level differs slightly, however not to a degree that
this effect invalidates our data.* The range of the electron mean
free path in our experiments is about 1-2 nm and a table of
electron kinetic energies and the resulting estimates of the
electron mean free path in liquid water is given in the ESL.{ The
energy calibration of the spectra is done against the BE of 1b,
(highest occupied molecular orbital) of liquid water (BE = 11.16
eV)*! to account for the generally unknown work function of the
sample solution** and the streaming potential of the jet.*

The analysis of the spectra is carried out using Spectrum
Analysis by Curve Fitting (SPANCF)** macro package for Igor Pro
(WaveMetrics, Inc., Lake Oswego, USA). All the peaks are fitted
using a Voigt profile where the Lorentzian width was set to
0.1 eV and the Gaussian profile was free to vary but kept same
for the spin-orbit components of the peaks. Areas under the
photoelectron (PE) peaks were determined from peak fits. The
peak areas, except for the water 1b, level, have further been
normalized by molarity, photon flux and photoionization cross
section. Data obtained from LNLS have also been normalized to
the synchrotron ring current, as LNLS had been operated in
decay mode, whereas the BESSY II and SOLEIL ran in top up
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mode. Data shown in Fig. 1b has further been normalized to the
variation of the asymmetry factors (8) of K 2p and Cl 2p at
different photon energies using the data base provided by ref.
45 (these data base on ref. 46 and 47).

Error bars shown in the figures have been obtained from the
fits to the measured data. A detailed description of how we
obtain these, including example figures of the intermediate
steps, is provided in the ESL.f Our raw data is available at
https://doi.org/10.5281/zenodo.4062156.

Before we delve into the discussion of our results, we have to
clarify what we mean by “surface” in the context of our work.
This is important since we use XPS in the kinetic energy range
below 500 eV, which results in a probing depth of only about
2 nm.*” Commonly, such a probing depth is considered to
already probe both the surface and the bulk of a solution. We
consider the “surface” to be the volume of the liquid, which is
appreciably influenced by the presence of the amino acid layer
on top, including possible charge compensation layers.** Note,
that it is in general very difficult to give an exact number on how
deep the surface reaches into the liquid, since several effects
have an influence, e.g. the composition of a solution or even the
surface microstructure.

Results and discussion

To quantify the relative concentration of ions, we use the
parameter Ry, derived as the ratio of the normalized peak areas
of the photoelectron spectra measured for the 2p level of the
respective ions. Ry in Fig. 1b shows the relative surface
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distribution of the K" and CI~ of all samples as a function of the
bulk pH value. The ratio for the reference solution is about ~0.7
and reflects the slight surface enrichment of chloride ions. We
expect this ratio to change due to the presence of organic
surfactants.*>* Solutions containing amino acids deviate from
the reference value at acidic pH where the functional groups of
amino acids are protonated (-COOH and -NH,"). Here, the Ryc|
is lower than the reference value for all amino acids but GLY and
PRO. Around pH 6 the K 2p/Cl 2p peak area ratio is similar to the
reference within the error limits for all samples except PRO.

Ry/c1 is very useful to capture of the overall trend of the
interaction between organic surfactants and pH on the surface
composition of the ions. In order to ascertain the reasons
behind the deviations from the reference, we employ a different
parameter: Ry o, which is also derived from the peak area (Axzp,
ClZp/1bl) of the ions, but here we use the 1b; level of water as
reference value i.e. we are concerned with the ratios Cl 2p/1b,
and K 2p/1b;. As we are interested in changes at acidic pH, we
further only consider the relative change of these ratios relative
to the ratio at pH ~ 6:

Ak /CI2 Ak /CI2
Ru.o= (# _ [ ZRep/Elp (1)
’ Alb] pHI...2 Alb] pH~6

The Ry o can be found in Fig. 2. In essence, a value above
0 indicates that an ion is surface enriched under acidic condi-
tions compared to a solution at pH ~ 6.

We begin our discussion of the results with PHE, which we
consider the clearest case. Phenylalanine has a very high surface
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Fig.2 The Ry,o is the ratio between the peak area of Cl 2p (K 2p) levels and the water 1b, level relative to the same ratio at pH around 6 for each
solution. The first column depicts Ry, for the reference solution (0.3 M KCl), and shows values around 0. This indicates that the ion concen-
tration with respect to water is similar at all pH values. The presence of some amino acids changes the concentration of K" and Cl~ at the liquid

surface, which is reflected in changes of the Ry 0.
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propensity due to the large hydrophobic side chain and thus
PHE is surface enriched independently of the pH. The changing
charge of the functional groups of PHE therefore gives rise to
the formation of a charged layer at the liquid-gas interface. In
acidic conditions, the net charge on PHE is positive due to the
protonated amino group, which results in a positively charged
surface layer. Hence, Cl~ is attracted to the surface, and Ry/c
drops below the reference value. Ry o in Fig. 2 shows that this
change is due to an increased surface concentration of Cl, not
due to K" being repelled from the surface, despite the positively
charged surface layer. At pH 5.58 PHE is a zwitterion without net
charge, and Ry is about the same as that of the reference
solution. Neither of the inorganic ions is particularly attracted
to the surface beyond a level observable in the reference
solution.

The behaviour of Rk, in PHE is shared by MET, VAL and CYS
(Fig. 1b), accordingly, we assume that these amino acids are also
enriched at the aqueous surface in acidic conditions and struc-
ture the K" and Cl~ concentration through the same effects as
PHE. Taking a closer look at the Ry o of these four amino acids,
though, it becomes apparent that the shared general trend of R,
a1 has different reasons for different amino acids. While PHE
predominantly affects Cl~, VAL additionally influences K*. MET
and CYS have a much smaller effect on the Ry © than the two
other amino acids, but affect the relative surface concentration of
both types of ions (Rgsc), t00. Rgc of GLY and PRO shows
a much different behaviour from the rest. Both of these amino
acids are much more soluble than the other samples except CYS.
Glycine in particular could be seen as a plausibility check, since it
should not be surface enriched.”***> Neither GLY nor PRO show
any profound impact on R/ in acidic solutions, which suggests
that none of these two amino acids is surface enriched. Around
PH 6, the Ry in PRO solutions exceeds the value of the refer-
ence, although by a very small margin. A possible explanation for
this behaviour could be found in the protonated NH group in the
pyrrolidine ring side chain. The positive excess charge upon
protonation can be screened by T electrons in the ring, and as
aresult the probability of the -NH, " interacting with Cl~ in acidic
PRO solutions is lower as the -NH;"---Cl~ interaction in the
other amino acids. What remains is the interaction between the
carboxylate group and K', leading to a small surface excess of K"
at pH ~ 6. We want to stress, though, that the effect in the our
data is so small that it might be an artifact.

Another rather surprising, yet small effect is the Ry o of GLY
(Fig. 2). Our data suggest, that both K" as well as C1~ are reduced
in acidic conditions compared to pH 6. Since both ions exhibit
the same trend at a similar magnitude, this behaviour is not
expressed in Ryc. Simulations and experiments have shown
that GLY remains mostly in the bulk,**** which is corroborated
by the Ry o of the carbon signal of glycine (figure inset in 2).
Therefore, the simultaneous surface depletion of both inor-
ganic ions in acidic solutions cannot stem from a surface
enrichment of GLY. Presently, we can only speculate if the
inorganic ions are drawn into the bulk solution by the highly
soluble GLY cations or if collective ion-ion interactions could
be the cause of the simultaneous depletion of the inorganic
ions. Moreover, this effect is also quite small. A dedicated study,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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combining several experimental techniques with calculations
would certainly offer more insight.

Conclusions

The pH-dependent surface propensity of K" and Cl~ in presence
of amino acids is mediated by the charge state of the organic
molecules if they reside at the surface of the solution. The K"
and Cl™ surface propensity in a co-solution of PHE and KCI can
be considered as a typical example. Due to the charge state of
the amino acid, a positively charged layer forms at the surface of
the liquid, which attracts Cl™ in acidic conditions. At neutral
PH, none of the inorganic ions is surface enriched with respect
to a pure KCI solution. Co-solutions of KCI with either methi-
onine, valine and cysteine exhibit the same general behaviour.
Co-solutions with glycine and proline apparently have no
impact on the K'/CI™ ratio at the surface, most probably
because these amino acids are highly soluble and reside
predominantly in the bulk, even in their cationic form.

It is remarkable, that the effect of the K'-repulsion seems to
be much weaker than the attraction of Cl™ to cationic amino
acids. This might be due to a stronger attractive interaction
between the NH,;" and Cl~, but based on our current data, we
only have indirect evidence for this. For the interaction of the
other functional group of amino acids, COO ™, with cations, ion
pairing has been found.'* We expect the interaction between
COO~ and cations to be different from the interaction of NH;"
and ClI” due to the different orientation of solvating water
molecules in the solvation shells of the ions. This underscores
the necessity to improve our understanding of the driving forces
behind the surface enrichment of ions, in particular since ion
pairing can modify the surface propensity of organic species.”

The potential implications of our findings for aqueous aerosol
is the pH-dependence of the surface composition, and hence its
potential importance for atmospheric chemistry. In particular
reactions involving halide ions at the particle surface will be
affected. We have chosen to conduct our study using KCl, where
Cl™ is a representative for halide ions. It is the most abundant of
the three halides common in atmospheric aerosol (I, Br~ and
Cl7) but it is also the one that is expected to be the least surface
enriched, and therefore it is particularly relevant to focus on how
organic ions affect the surface enrichment of Cl™. Recent work by
Moreno et al. on the ozone depletion reaction with I~ proposed
that CI™ might act as a catalyst but their modelling efforts were
hampered by a severe lack of knowledge about the surface
concentrations of halides in aerosol particles.*»** This calls for
a dedicated study of the competition of halides for the surface of
aqueous solutions in the presence of organic species.

Our understanding of other processes sensitive to the surface
composition of aerosol particles, like hygroscopic growth, will
also benefit from our findings. Connected to hygroscopic growth
is the ability of aerosol particles to act as cloud condensation
nuclei. Modified surface propensities due to the interaction of
ions and organic species can affect the surface composition of
solutions. Therefore, the impact on hygroscopicity of the parti-
cles may differ from what one would infer from their total
chemical composition. Moreover, as the pH in aqueous aerosol
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particles can change over time, so can the surface propensity of
ions and parameters dependent on them. If the functional
groups of a majority of surfactants in aerosol have similar pK,
values, one might speculate that the pH-dependence we observe
introduces pH breaking points for particle properties dependent
on the chemical surface composition. If such breaking points
really exist in natural aerosol remains questionable until found,
given their very complex composition. Motivated by similar
considerations, a few other groups have recently begun to
investigate the connection between organic molecules, ion-
organic ions and pH at aqueous surfaces and our findings here
can be considered to be an extension of their results, despite
using a different experimental method.**>%%

Studies such as ours should be expanded to alkaline solu-
tions, divalent cations and anions such as Ca** and SO,>", and
other organic species. We have used amino acids as a proxy for
several kinds of organic species here, since they exhibit two
polar moieties with opposite protonation behaviour. This serves
the purpose of obtaining a general understanding, but for the
direct application for models, similar experiments such as ours
with more relevant organics in an atmospheric context would be
desirable. Expanding the experiments to basic solutions would
likely support findings from other groups conducted with
surface tension measurements**® and sum frequency genera-
tion."™'*'® The advantage XPS offers in contrast to the other
methods is that one obtains signal directly from the inorganic
ions and simultaneously gathers information about the chem-
ical surface composition on a nm-scale. A combination of
several experimental methods and calculations would certainly
prove to be very powerful and greatly advance our knowledge
about the physical chemistry of aqueous surfaces.

Though we stress the ramifications of our findings for
atmospheric chemistry here, the implications of our results are
broader. Any aqueous interface at which organic molecules
interact with inorganic ions can potentially exhibit similar pH-
driven effects.
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