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Abstract

In atmospheric aerosol particles, the chemical surface composition governs over both
heterogenous chemical reactions with gas-phase species and the ability to act as nuclei
for cloud droplets. The pH in aerosol droplets can be expected to affect these properties,
but it is very challenging to measure the pH in individual droplets and thus little is
known about its influence on the particle’s surface composition. In this work, we
explore with photoelectron spectroscopy how the surface composition of aqueous model
solutions 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 solution pH and dependent on the amino
acid in the solution. The driving forces for the surface enhancement or depletion are ion
pairing and the formation of charged layers close to the aqueous surface. Our findings
apply to any aqueous interface at which organic species with charged functional groups
are present.

Introduction

Water is omnipresent in the earth’s atmosphere as vapour, rain droplets or in aerosol
particles of various origin. Depending on the source of the aerosol, their size and
composition vary and they can pick up water while they are suspended in the
atmosphere. Acting as cloud condensation nuclei [10,[11L[35] and being substrates for




chemical reactions at the particle-gas interface are two of the most important roles
of atmospheric aerosol and both strongly depend on their surface composition. A
chemical reaction at the particle surface can only take place if the reactants are present,
and the ability to act as cloud condensation nuclei is characterized by the hygroscopicity
of the particles, which is also dependent on the chemical surface composition .

The composition of aerosol particles in the atmosphere changes over time as they are
exposed to chemical reactions and radiation. A prominent example of such processes is
the ageing of sea spray aerosol. The longer sea spray aerosol particles remain suspended
in the atmosphere, the more sulphuric and nitric acid they pick up, resulting in changes
of their composition Eﬂ Besides the composition, the pH of aqueous aerosol particles
changes, too. Sea spray aerosol is produced from slightly basic sea water, but
measurements of the aerosol pH indicate acidic conditions . 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 . Moreover, Wei et al. found a pH gradient within basic
aerosol particles .

With the changing pH in the droplet, the protonation state of functional groups of
solvated organic molecules changes and thus their charge state. Many of these molecules
are surfactants and actively interact with inorganic ions present in the solution through
their functional groups [6,[16l[33], and thus they potentially link the presence of

inorganic ions at the surface to the pH of the particle, as the sketch in figure [I] implies.

This link has implications in particular for chemical reactions at the particle surface,
which involve inorganic ions. A prominent example for such a reaction is the production
of Cly from OHgy4, and CIL \\

sur face

Figure 1. Organic surfactants in liquid aerosol, in this sketch phenylalanine, change
the charge of their functional groups depending on the pH of the solution. Such changes
influence the ions they interact with at the surface but to what degree?

To what degree the interaction between organic surfactants shapes the surface
composition of a liquid as a function of pH is currently often unexplored. Our work
attempts to fill this gap. We chose to use amino acids as organic component in our
study as a place holder for organic solutes in aerosol due to many reasons. On one hand,

20

21

22

23

24

25

26

27

28

29

30

31

32

33



amino acids are present in aerosol particles [36], and on the other hand, they possess
two functional groups, which behave oppositely to changes of the pH. Moreover, the
surface propensity of different amino acids varies. By carefully selecting amino acids in
our study, we aim to mimic a variety of other organic species present in aerosol with
different surface propensity and charge. The focus of our interest here is on the
behaviour of chloride, and we chose to use KCI in our study due to technical reasons,
though KCI can be found at high concentrations in certain kinds of atmospheric
aerosol [28,/30].

Results and Discussion

We have used synchrotron-based X-ray photoelectron spectroscopy (XPS), an
element-specific and surface-sensitive technique suitable for probing surfaces.
Photoelectron spectra of the K 2p, Cl 2p, C 1s, S 2p levels from the solutes and the
valence levels of water were recorded. The data we show in the following originate from
normalized fit area ratios of these spectra. Ratios in figures [2b and [3| are based on the
ratio of the indicated peak areas, which reflect in the chemical composition of the
surface. We describe the method of obtaining these ratios in more detail in the methods
section and the supporting information.
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Figure 2. Figure |2a displays the structure of the amino acids used in this study. The

pK, values of their functional groups are depicted next to the respective groups [23].

The K 2p / CI 2p ratio (Rg/c;) for the respective aqueous solutions is shown in . All

of the ratios have been derived from fits to the K 2p and CI 2p levels recorded with XPS.

We consider a solution containing only 0.3 M KCI (black squares) as a reference for the
behaviour of Ry /c; without the influence of surfactants. The behaviour of Rx /¢y in the
presence of a surface enriched amino acid is best represented by the solution containing
phenylalanine (dark blue squares). Due to the hydrophobic side chain, PHE is always
enriched at the surface, which is not the case for all other amino acids we investigated
here.

We used valine (VAL), methionine (MET), phenylalnine (PHE), cystiene (CYS),
proline (PRO) and glycine (GLY) (figure [2h) in our study and the pH of the solution is
adjusted such that at the particular pH all functional groups of an amino acid are either
protonated or deprotonated (compare with pK, values given in figure ) We

complement these data with a similar measurement of pure 0.3 M KCl reference solution.
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The K 2p / Cl 2p ratios (Rg/¢;) in figure 2p show the relative surface distribution
of the KT and ClI~ of all samples for the respective pH values. The ratio for the
reference solution changes slightly with values between ~ 0.7 and ~ 1. Taking into
account the size of the error bars, this indicates that the surface propensity of K+ and
Cl™ in a pure KCI solution does not change significantly with pH. The solutions
containing amino acids show deviations from the reference value for extreme pH values
of the solution. At acidic pH, where the functional groups of amino acids are protonated
(-COOH and -NH3), R cq is lower than the reference value. At higher pH, where the
functional groups are deprotonated (-COO™ and -NHy), R /¢y is significantly higher
for all samples except CYS. 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.

The difference ratio between the ion 2p levels and water Ry,o sheds further light on
the ion distribution close to the liquid surface. The Ry,o in figure [3| are the comparison
of either the K 2p or the Cl 2p signal with the signal from the 1b; level of liquid water,
respectively. Furthermore, the value at pH ~ 6 has been subtracted from the ones at
acidic and basic pH. In essence, figure [3| shows how much the ion / water ratio changes
at acidic (basic) pH with respect 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 propensity due to the large hydrophobic side
chain (see figure 2h), and thus PHE is surface enriched in aqueous solution
independently of the pH. The changing charge of the functional groups of PHE therefore
give 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, KT is repelled from the surface, and
Rpc; drops below the reference value. At pH 5.58 PHE is a zwitterion without net
charge, and R ,c; is about the same as that of the reference solution. Neither of the
inorganic ions is attracted to the surface beyond a level observable in the reference
solution (black squares in figure ) Phenylalanine is an anion in a basic environment,
and the solution possesses a negatively charged surface layer. Accordingly, C1~ is
repelled from the surface, while K* is attracted. Ion pairing between KT and the
carboxylate group of PHE might further support the presence of K at the

surface [27,[32]. The Rp,o in figure |3| further clarifies that C1~ surface concentration
increases in acidic conditions and decreases at basic pH, while the surface concentration
of K* follows the opposite trend.

The behaviour of Rp,o in PHE is shared by MET and VAL and their Rg /¢ (figure
) also show a similar trend within limits. Accordingly, we assume that MET and VAL
are also enriched at the aqueous surface between pH 1 and pH 12 and structure the K+
and Cl~ concentration throught the same effects as PHE. Differences in Rg /¢ and
R0 between PHE, MET and VAL are likely due to unequal absolute surface
concentrations of the three amino acids.

CYS, GLY and PRO deviate from the behaviour of the other amino acids in one
respect or another. While Ry /¢, of CYS is clearly below the reference value in acidic
conditions, just as in the case of PHE, it does not increase above the reference value at
high pH values. Instead, the R ,c; of CYS remains on approximately the same level as
at pH ~ 5. In GLY solutions the Ry, partially deviates from the behaviour described
for PHE. While KT is surface enriched in basic solutions, as is the case in PHE, the Cl~
surface concentration does not increase in acidic conditions. Finally, the Ry ,c; of PRO
differs from the behaviour of the other amino acids at around pH 6 (see red triangles in
figure ) In the following we will discuss possible reasons for the above differences for
each amino acid separately.

We attribute the deviating behaviour of the Ry,o in CYS (figure 2b) to the thiol
group in the side chain of CYS. The pK, value of thiol functional group in cysteine is
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Ru,0 [arb. u.]

Figure 3.

Glycine is the simplest amino acid with a ’side chain’ containing H only. Simulations
and experiments have shown that GLY remains mostly in the bulk , yet we
observe the Ry /¢ of co-solvated ions at surface is influenced by the presence of glycine
(see figure [2b). The influence on R /¢; is more pronounced in basic solutions, where
the impact of GLY is comparable to even the very surface enriched amino acids like
PHE. At acidic pH the Rk /¢, in the glycine solution does not differ by a very large

8.14 , and at pH above 9, the CYS solution contains some cysteine with NH?{, S
and -COO~ , resulting in a higher charge density on such molecules. These highly
charged molecules interacts strongly with the surrounding water and it is energetically
favourable for them to reside in the bulk of the solution. At pH 11 the thiol groups of
even more CYS molecules are deprotonated than at pH 9. This leads us to the
conclusion that the behaviour of Rk /¢ in the CYS solution is governed by different
processes, depending on the pH of the solution. At acidic pH, the CYS molecules are
slightly enriched at the liquid surface and the -NH3 group attracts Cl~ ions to the
surface. This is supported by the Ry,o of Cl1~ depicted in figure |3} At around pH 6,
CYS molecules possess no net charge and neither of the inorganic ions is attracted or
repelled from the water surface. Deprotonation of the thiol group leads to an increase of
the solubility of CYS at high pH, and the amino acid is no longer surface enriched,
therefore no longer impacts the Ry /¢
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The Rp,o is the ratio between the peak area of Cl 2p (K 2p
and the water 1by level relative to the same ratio at pH around 6 for each solution:
Ru,0 = (AKQP/ClZP/Albl)pHX - (AKgp/Clzp/Albl)pHG. Red symbols indicate values
from acidic solutions, and blue ones from basic solutions. The first column depicts Ru,0
for the reference solution (REF), and shows values around 0. This indicates that the
ion concentration with respect to water is similar at all pH values of the solution. The
presence of most amino acids changes the concentration of K+ and Cl1~ at the liquid

surface, which is reflected in changes of the Ry,o.
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degree from the reference KCI solution. We speculate that the surface is not completely

devoid of glycine molecules, and hence glycine interacts with the ions in close proximity.

This interaction seems to affect the K+ more strongly than the C1~, which is also
reflected in the Rp,o. The interaction between the carboxylate group and inorganic
cations has been reported before to have a profound influence on the surface structure
of solutions containing long chain fatty acids [32] and we speculate that this is also the
reason for the behaviour we observe here. Why glycine impacts the ion ratio close to
the surface, however, remains elusive from our data.

The anomalous behaviour of PRO can be attributed to its molecular structure.
Proline has the protonated NH group in a pyrrolidine ring side chain, and the positive
excess charge upon protonation can be screened by 7 electrons in the ring. Therefore
the probability of the -NHJ interacting with Cl~ in acidic PRO solutions is lower as
compared to the —NH;‘ ---Cl™ interaction for the other amino acids and what remains is
the interaction between the carboxylate group and K. This can also be seen from the
Rpy,o in figure @ where the area of K 2p is much higher compared to other solutions
and almost the same as that of CI 2p peak area.

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 KT and Cl~ surface propensity in a co-solution of surface enriched PHE
and KCI can be considered as a typical example. Due to the charge state of the amino
acid, Cl~ is surface enriched in acidic conditions, and surface depleted in basic
conditions. KT follows the opposite trend, respectively. At neutral pH, none of the
inorganic ions is surface enriched with respect to the other. The driving force for this
behaviour is the charge of the amino acid and ion pairing between the carboxylate
group and K*. Co-solutions of KCI with either methionine or valine exhibit the same
behaviour, co-solutions with glycine and proline show this effect to some degree.
Cysteine, however, influences the K™ /Cl~ distribution differently close to the surface.
This is attributed to a different screening of charges (proline) and the changing
solubility of cysteine.

The potential implications of our findings for aqueous aerosol is the pH-dependence
of the surface composition, and hence on the chemistry related to aerosol surfaces in the
atmosphere. 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 atmorpheric
aerosol (I7, 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 C1~.

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

and it may differ to what we can currently infer from their total chemical composition.

Moreover, the change in pH may add a time development to these properties.

Studies such as ours should be expanded to divalent cations such as Ca?* and a
potentially stronger influence of ion pairing between the cation and the organic
molecules. A pH dependence of the surface enrichment introduced to co-solvated
organic molecules on anions with a high inherent surface propensity like I~ or small
organic acids is another area to explore with potentially far-reaching implications for
our understanding of aqueous surfaces.

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

Materials and Methods

Sets of XPS (X-ray Photoelectron Spectroscopy) measurements were carried out at the
plane grating monochromator (PGM) U1l beamline of the Brazilian synchrotron light
laboratory (LNLS) [8], with the SOL? endstation [31] at the beamline U49-1 PGM1 at
the synchrotron light source BESSY II [17], Berlin, Germany and at the beamline
PLEIADES (Polarized Light source for Electron and Ion Analysis from Diluted Excited
Species) [24] 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 [3,/31]. 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 ym. Pump
flow rates vary between 0.6 — 1 ml/min and a thin, liquid filament with laminar flow is
created inside vacuum by the nozzle. The synchrotron radiation perpendicularly
intersects and ionizes the sample about 1-2 mm downstream from tip of the nozzle,
before the jet breaks 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, 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
VG-Scienta R4000 electron spectrometer 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 in [7]. Instead of a cold trap, a heated
catcher of inner diameter about 500 pm 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 delivered into the experimental chamber through a glass nozzle of 40 um inner
diameter using a HPLC pump at a flow rate of 1.4 ml/min.

The sample solutions are prepared by dissolving commercially purchased potassium
chloride (KCl) (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 where adjusted using a strong acid (HCI) and a strong base (KOH
and NaOH). The pH of the solution is adjusted such that at acidic pH, it is below the
pK, value of carboxyl functional group of the respective amino acid. Likewise, in basic
solutions the pH was kept above the pKj of the amine groups. Measurements where also
taken from samples without any further pH adjustments, resulting usually in a pH
around 6. We term these conditions 'natural’ pH throughout our paper. The
concentration of the amino acids, the pH values used and the photon energy used for
measurements are tabulated and presented in the Supplementary Information.

To remove all the solid particles which would block the flow in the microjet, all the
samples are filtered using syringe filters with 0.45 pm pore size prior to pumping it into
the experimental chamber at LNLS. For the samples measured at SOLEIL, the solutions
are filtered using filter paper of 6 um pore size. To determine the influence of amino
acids on the surface propensity of ions, a reference sample of aqueous 0.3 M KC1
solution is also measured.
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The surface enrichment of K™ and CI™ 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 eV, 203¢V) ion along with carbon 1s signal.

In addition to these orbitals for CYS and MET, sulfur 2p is also probed.

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 originating 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 are slightly different, however not to a degree that this effect
invalidates our data [34]. A table with electron kinetic energies and the resulting
estimates of the electron mean free path in liquid water is given in the SI. The energy
calibration of the spectra is done against the BE of 1b; (highest occupied molecular
orbital) of water. (BE = 11.16eV) [38] to account for the generally unknown work
function of the sample solution |26] and the streaming potential of the the jet [29].

The analysis of the spectra is carried out using Spectrum Analysis by Curve Fitting
SPANCF |[20] 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 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 the ones for the water 1b; level have further been normalized by
molarity, photon flux and photoionization cross section. Data obtained from LNLS have
further 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 mode. Data shown in
figure |2b 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 [1] (table
bases on [39,40]).

Error bars shown in the figures have been obtained from the fits to the measured
data. A detailed description of this process, including figures of the intermediate steps,
is provided in the supplementary information.

Supporting Information

Fitting of the experimental data

All experimental data have been fitted with Voigt profiles. Examples for the valence, Cl
2p, K 2p, S 2p (if applicable) and C 1s regions are shown in figure |4l Valence band fits
only served the purpose to obtain the area of the 1by level of liquid water. As the
valence data in figure |4| a) demonstrates, the signals from multiple levels overlap in the
valence region, and one is forced to fit the entire valence region in order to attain the
area of the liquid water 1b; level. The data shown in figure [4 originates from the LNLS,
and the experimental resolution of these measurements was particularly low (compare
peak width of the 1b; levels from the liquid and gas phase).

Calculation of the Error Bars

The fit errors given by the fitting packages we are using, SPAN-CF [20] and the Igor
Pro built-in fit procedures, produce too small errors for the fit parameters. Often, even
for a fit to very noisy data the errors on the fit parameters are extremely small and thus
we decided to disregard these pre-build routines for the error estimation and employ a
technique, which produces more plausible errors. The underlying idea is that the fit
residue (i.e. the real data minus the fit to it) intrinsically contains the information
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Figure 4. The panels above depict the fits to one data set (0.1 M Phe + 0.3 M KCl
solution at pH 1.8; red circles). Data shown in these panels is shown as measured. i.e.
no energy calibration or normalization has been applied. The blue curve at the bottom
of the figure is the fit residue, which has been used subsequently to obtain error bars.
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Number of counts Electron kinetic energy [eV]
Figure 5. This is en example of a projection of the intensity values of a fit residuum
being projected into a histogram. The fit residuum shown on the right originates from
the fit of two Voigt profiles to the Cl 2p level of a 0.1 M Phe 4 0.3 M KCI solution at
ph 1.8. The data including the fit is shown in figure [d] The data in the histogram is
subsequently fit with a Gaussian, 2¢ is the full width at half maximum of the Gaussian.

about the range of the fit parameters. Therefore, our starting point is the fit residue
and ’extract’ a range for the fit parameters.

The first step is to sort all values on the ordinate of the fit residue into a histogram.

We decided to sort the intensity values of the fit residue into 30 bins; an example of the
resulting histogram together with the fit residue is shown in figure [5| for the chloride 2p
level in a 0.1 M Phe + 0.3 M KCI solution at pH 1.8. The data in the histogram was fit
with a Gaussian of which the full width at half maximum (2¢) is considered to be the
range of the majority of the signal fluctuations in the measured data. Note that in this
approach the background noise on the data as well as contributions to the fit residue
due to inadequate fits are convoluted.

Since we consider 2¢ around the fit to represent the the interval in which most of the
original data points can be found, we produce two artificial data sets from & and the
original data in the following manner: In one case, we add € to the signal in the original
data and in the other case we subtract ¢ from the signal in the original data. The noise
background of the original data remains unaltered by this procedure. Note that the
criterion where the ’signal’ separates from the 'background’ is arbitrary to some degree.
Here, we produced a linear fit using the average of the first five points and the last five
points of each spectrum. Only if a point of the original data is 2¢ above that linear
function, it is considered as ’signal’. This method assumes that the first and last points
of a spectrum only contain background and no real signal, and that the background can
be assumed to be a linar function. In our particular case, these assumptions hold, but
they are not generally ture. The result of this procedure for the CI 2p level of 0.1 M Phe
+ 0.3M KCl at pH 1.8 is shown in figure [6]

We fitted the artificial data sets anew, again with Voigt profiles. In these fits, we
kept the peak positions fixed to the values we obtained from the fits to the original data,
so that only the intensity and the broadening could vary - the two important
parameters for the calculation of the peak area. Finally, we compared the peak areas of
the fits to the original data with the two peak areas obtained from the fits to the
artificial data. The larger difference between the peak area of the original data and the
peak areas derived from the artificial data is considered to be the error.
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0.1 M Phe + 0.3 M KCl at pH 1.8

o Cl2p
—Cl2p +¢
—Cl2p -¢

Photoelectron signal [arb. u.]

152 154 156 158 160
Electron kinetic energy [eV]
Figure 6. The figure above shows the original data and the two artificial data sets we
produced from the fit residue.

LNLS BESSY II SOLEIL
hw = 360eV hw = 400eV hw = 420eV
Level Eiin [€V] | MFP [nm] | Egiy, [eV] | MFP [nm] | Ejp [€V] | MFP [nm]
water 1bq 349 1.86 389 2.06 409 2.17
S 2p 197 1.30 - - - -
Cl 2p 158 1.25 198 1.31 218 1.35
C1s 71 1.20 111 1.23 131 1.24
K 2p 63 1.20 103 1.22 123 1.23

Table 1. All numbers given for the electron mean free path (MFP) are estimates
from [34].

Estimates of the Electron Mean Free Path / Probing Depth

Due to the different binding energy of the atomic levels we probed X-rays of the same
energy, the electrons originating from them have different kinetic energy, which results
in a variation of the probing depth of our method depending on the kinetic energy of
the electrons. In the energy regime we employed here, the difference in probing depth is
negligible when comparing the signal from K 2p and Cl 2p levels. Comparison to the
water 1b; state yields a small difference, but this leads to the resulting factor (Rpy,0)
underestimating the effect as the probing depth for electrons originating from the water
valence band is higher. All values given in table [1| are estimates and base on the work of
Thiirmer et al. [34].
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