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The determination of depth profiles across interfaces is of primary importance in many scientific and
technological areas. Photoemission spectroscopy is in principlewell suited for this purpose, yet a quantitative
implementation for investigations of liquid-vapor interfaces is hindered by the lack of understanding of
electron-scattering processes in liquids. Previous studies have shown, however, that core-level photoelectron
angular distributions (PADs) are altered by depth-dependent elastic electron scattering and can, thus, reveal
information on the depth distribution of species across the interface. Here, we explore this concept further and
show that the experimental anisotropy parameter characterizing the PAD scales linearly with the average
distance of atoms along the surface normal obtained bymolecular dynamics simulations. This behavior can be
accounted for in the low-collision-number regime.We also show that results for different atomic species canbe
compared on the same length scale. We demonstrate that atoms separated by about 1 Å along the surface
normal can be clearly distinguished with this method, achieving excellent depth resolution.

DOI: 10.1103/PhysRevLett.130.156901

Photoemission spectroscopy (PES) has become an impor-
tant technique for the investigation of liquid-vapor interfaces
[1–4], especially since the advent of liquid microjets. PES
provides fundamental, molecular-level information on these
interfaces. For instance, the electronic energetics of solvated
species can be determined [5,6], allowing for an accurate
determination of ionization energies aswell aswork-function
measurements [7–9]. Ultrafast processes, e.g., nonlocal
decay pathways [10] or electron delocalization [11] after
excitation were also investigated. Basic yet important ques-
tions in chemistry, such as the surface propensity and surface
protonation state of solutes can be addressed. More chal-
lenging measurements, for instance the investigation of
heterogeneous reactions with trace gases, are also now
becoming possible [12].
An important property of the liquid-vapor interface is the

depth distribution and concentration of surfactants and
dissolved species in the interfacial region, which can

significantly differ from that in the bulk. Depth profiles
via PES can be obtained through varying the escape depth
of the photoelectrons, either by changing their take-off
angle relative to the surface normal (which is only possible
under specific experimental conditions, not met, in par-
ticular, by cylindrical microjets) or the photoelectron
kinetic energy (eKE) by changing the incident photon
energy. The eKE influences the inelastic mean free path
(IMFP) of the electrons, i.e., the mean distance electrons
travel between inelastic-scattering events. Inelastic scatter-
ing results in a loss of kinetic energy of the photoelectrons
(in this context a loss of several eV) and hence their
removal from the photoelectron signal of interest. The
IMFP is, thus, related (in a nonstraightforward way) to the
escape depth.
The dependence of PE signal intensities on the escape

depth has been widely used in liquid-phase PES [13,14] to
reveal the depth distribution of species at the interface. It
has, however, been hampered by several issues. First and
foremost, exact values of the IMFP and escape depths in
liquid water are still debated [15–19], in particular at low
eKE. Even at higher eKE, the uncertainty is still too large to
allow for a reliable calculation of depth profiles from PE
signal intensities [1]. Another underexplored quantity is the
photoionization cross section of the relevant core levels of
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the solutes, which relies on calculated atomic data.
Ionization cross sections are, for instance, known to exhibit
oscillations in molecular, including condensed-phase, sys-
tems [20]. For these reasons, obtaining precise and reliable
depth profiles from eKE-dependent measurements is often
not possible.
Alternative PES-based depth-profiling techniques for the

solid state are peak-shape analysis [21] or x-ray standing
wave [22] techniques, which are, however, not suitable for
liquids and also have their own drawbacks. A few other
techniques exist to obtain molecular-scale depth profiles of
liquid-vapor interfaces. For example, x-ray reflectivity
(XRR) probes the electron density along the surface normal
with a resolution down to 3 Å, andwhen used resonantly can
achieve some degree of elemental specificity [23]. Its
application to liquid-vapor interfaces is well established
[24]. Another less common technique is neutral-ion back-
scattering [25], which can similarly achieve a 2–3 Å reso-
lution depth profile, although it requires complex data
analysis to extract element-specific profiles. These two
techniques nonetheless lack the chemical specificity of PES.
Depth profiling based on photoelectron angular distri-

butions (PADs) from core levels has been explored in a few
previous studies [26,27]. In the condensed phase, the
nascent (intrinsic molecular) PAD is modified by elastic
electron scattering, which reduces the inherent anisotropy
by randomizing the electron trajectories. The PAD for
randomly oriented molecules and linearly polarized x rays
is described by [28]

PADðθÞ ∼ 1þ β

2
½3cos2ðθÞ − 1� ð1Þ

where θ is the angle between the linear polarization vector
of the incident beam and the electron emission direction,
and β is the so-called anisotropy parameter, characterizing
the angular distribution of photoelectron emission, ranging
from β ¼ 2 to −1. At the so-called magic angle (54.7°),
photoemission becomes independent of β. Elastic electron
scattering leads to a reduction of the measured β value as
compared to that of the nascent distribution, βnasc. Since the
average number of elastic collisions encountered increases
with increasing travel distance to the surface, a given
reduction in anisotropy can, in principle, be assigned to
a given distance to the surface of the point of origin of the
photoelectrons.
In this Letter, we show how measured PADs can be used

to distinguish the average relative depth of atoms within a
molecule with a precision of 1 Å. We also show that the
relationship between the anisotropy parameter and the
probing distance along the surface normal is linear, at least
near the interface, and explain this behavior.
Experiments were performed at two different liquid-jet

setups installed respectively at the PLEIADES beamline
(SOLEIL) and the UE52_SGM beamline (BESSY II) [29].
At both beamlines, the linear polarization vector of the soft

x rays can be freely varied to form an angle between 0° and
90° with respect to the measurement direction, allowing us
to measure PADs without reorienting the setup, detector, or
sample. More experimental details are available in the
Supplemental Material (SM) [30] and in previous works
[7,27,29,31].
The present study is devoted to perfluorinated penta-

noic acid (PFPA) surfactants on an aqueous solution.
Perfluorinated surfactants are widely used in industry [32],
but are very persistent pollutants and have become a major
environmental concern [33]. For our purpose, perfluorinated
carboxylic acids possess favorable spectroscopic properties
compared to regular hydrogenated molecules. Owing to the
large electronegativity of the fluorine atom, the CF3 and CF2
carbons are easily distinguished in PES, and both peaks are
also well separated from the COOH carbon peak, as can be
seen in the C 1s gas-phase spectrum of PFPA in Fig. 1. This
makes it possible to distinguish both ends of the molecule.
When in solution, the molecule dissociates (the pKa is close
to 0 [34]) to its deprotonated form (perfluoropentanoate or
PFP). PFP exhibits a fourth distinguishable carbon peak in
theC 1sPE spectrum (Fig. 1), since theCOO− peak is shifted
to lower binding energy compared to COOH, as expected,
and a shoulder at the low-binding-energy side of the CF2
peak can be attributed to the nearest-neighbor CF2 carbon of
the COO− group. The molecule can, thus, be probed at four
different sites along the molecular axis.
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FIG. 1. C 1s PE spectra of gaseous perfluorinated pentanoic
acid (PFPA) and of an aqueous solution of 100 mM perfluoro-
pentanoate (PFP) at pH 6 measured with a photon energy of
350 eV, corresponding to a kinetic energy of ∼50–60 eV, and at
the magic angle. Peak assignments are labeled. Both spectra are
aligned on the binding-energy axis at the CF3 peak position; the
binding-energy axis is not calibrated. Gas-phase peaks were fitted
using two Gaussians for each peak, to account for vibrational
asymmetry.
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We also performed measurements of the O 1s level,
where the peak of the oxygen atoms from COO− can be
distinguished from that of liquid and gas-phase water. O 1s
spectra together with additional spectra are shown in the
SM. Since we expect the surfactant molecules to accumu-
late at the interface and orient with the hydrophilic COO−

group towards the interface while the hydrophobic per-
fluorinated tail points towards the vacuum, we are able to
probe atoms at different well-defined distances along the
surface normal. These assumptions are confirmed with the
help of molecular dynamics (MD) simulations that will be
presented below.
First, we need to measure the nascent βnasc of the

molecule in the gas phase, before considering the
anisotropy reduction in the condensed phase. For closed,
purely atomic core s orbitals a value of β ¼ 2 is expected at
all eKEs. However, intramolecular scattering and possible
changes in orbital character already modify the anisotropy
of the PAD of the isolated molecule in the gas phase. To
quantify these effects, we performed gas-phase PAD
measurements, which we consider to represent the nascent
distributions of the liquid-phase molecule. This approxi-
mation is discussed in the SM. We have already observed
previously [27] that βgas can be different in value for
different functional groups of a given molecule. Here, we
measured PADs at three different eKEs: 50 eV, 150 eV, and
350 eV. βgas is found to be different for the CF3, CF2, and
COOH carbons at all eKEs (values are given in the SM),
highlighting the necessity of these gas-phase measurements
for proper analysis of liquid-phase results. For the remain-
der of this Letter, we will consider the reduction factor in
anisotropy from gas to liquid, Rβ ¼ βliq=βgas, as the
relevant quantity instead of raw β values. For instance,
Rβ ¼ 0.8 corresponds to a 20% reduction in anisotropy of
the nascent PAD caused by elastic scattering. All measured
raw values of βgas and βliq are tabulated in the SM.
Rβ values for a 100 mM PFP solution at different eKEs

are displayed in Fig. 2. Rβ decreases progressively from the
CF3 carbon to the COO− group carbon, which is the
expected behavior for a molecule standing up relative to
the surface, with the COO− group (partly) solvated and the
CF3 pointing towards vacuum. We observe that Rβ

decreases linearly with carbon position for all eKEs. If
we assume equal spacing along the surface normal between
all carbons, this means that there is a linear relationship
between the average position along the surface normal of
the carbon atoms and Rβ.
Before addressing this point in more detail, let us further

discuss the results of Fig. 2. One can observe that the slope
for the eKE ¼ 50 eV data is higher than that for
eKE ¼ 150 eV, which in turn is slightly higher than that
for eKE ¼ 350 eV. This behavior is indeed qualitatively
expected, since the slope should mainly depend on the
number of elastic-scattering events per unit of distance, and

thus on the inelastic to elastic mean free path ratio, which
increases with decreasing eKE.
Another notable finding is the behavior of Rβ for the CF3

group. In the very simple picture sketched in the inset of
Fig. 2, it may seem surprising that even the outermost
carbon atom experiences scattering (intramolecular scatter-
ing being already taken into account by the normalization).
However, due to the cylindrical geometry of the jet, the
signal is sampled over a wide range of electron take-off
angles relative to the surface normal. Furthermore, some
disorder is inherent to the liquid surface, where molecules
are not necessarily standing straight up and the surface is
not atomically flat. Electrons may, thus, scatter on neigh-
boring surfactant molecules even when they originate from
the CF3 group.
To gain more insights into the interface arrangement of

the perfluorinated surfactant, we performed MD simula-
tions of NaPFP on a water slab. Details can be found in the
SM [35–60]. Vertical distributions of the C and O atoms
along the z axis (i.e., the global surface normal) were
determined relative to the instantaneous surface of the polar
phase [61]. Figure 3(a) displays these distributions, modi-
fied by an exponential attenuation factor to account for the
fact that the measured signal is exponentially attenuated
with depth. We chose an effective attenuation length (EAL)
of 12 Å, a reasonable value at 50 eV eKE for water [19], as
an approximation. This exponential attenuation does not
significantly change the distribution amplitudes as the size
of PFP is small compared to the EAL. The nonattenuated
distributions are shown in Fig. S5 in the SM.

FIG. 2. Relative anisotropy parameter Rβ of the different
carbon sites for a 100 mM PFP solution at pH 6, measured at
different eKEs. Results are given for carbon positions 1 to 5
indicated in the structural formula of PFP in the inset, which also
shows the expected interface arrangement of the molecule with
respect to the water surface. Since carbon 2 and 3 cannot be
resolved, the corresponding data point is plotted at position 2.5. A
linear trend was fitted to the data.
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Figure 3(b) displays the same Rβ parameters at the C 1s
edge for eKE ¼ 50 eV reported in Fig. 2, but with the
x axis now corresponding to the (EAL-modified) average
distance relative to the interface derived from Fig. 3(a). The
value for the COO− oxygen atoms from the O 1s data is
included as well. The linear decrease of Rβ with increasing
distance to the interface is confirmed and the Rβ value for
the COO− oxygen atoms aligns well with the linear trend
for the carbon atoms. Figure 3 demonstrates that PADs of
different core levels from different atomic species align on
the same scale, and confirms the linear trend for Rβ as a
function of distance to the interface.
The sensitivity of the measurement derived from the

slope in Fig. 3 is ∼0.045 per Å. Full error bars, on the other
hand, range between 0.04 and 0.06 per Å. Repeated
measurements at eKE ∼ 150 eV (see Fig. 2) over multiple
campaigns were stable within these uncertainties (see SM).
The resolution achieved in this experiment is therefore of
the order of 1 Å or less under favorable conditions. Indeed,

for all (classes of) carbon atoms Rβ can be well distin-
guished above the error bars, and the carbon atoms are
separated on average by 1.5 Å along the surface normal.
The sensitivity will vary depending on the details of the

PAD measurements, such as the probed core level and the
incident photon energy. For instance, the slope of Rβ and
thus the sensitivity of the measurement depends on eKE
(see Fig. 2). Ultimately, it will depend on the elastic-
scattering properties of the system. The achievable sensi-
tivity will also be affected by the precision with which Rβ

values can be determined.
We now come back to the linearity of the Rβ scale and

discuss its physical origin. To understand this behavior, we
need to consider how the PAD is affected by elastic
scattering. The differential cross section (DCS) for elastic
scattering, which gives the probability of a deviation from
the original trajectory by an angle θ in a single scattering
event, is what relates elastic scattering to anisotropy
reduction. For an average number of elastic collisions n,
Thürmer et al. in their work on the O 1s PADs of liquid
water expressed the modified distribution I�ðθÞ as the
n-fold convolution of the initial distribution IðθÞ with
the DCS: I�ðθÞ ¼ IðθÞ � ½DCSðθÞ�n [19]. This one-
dimensional approach ignores specific geometric effects
such as the finite angular acceptance of the electron
analyzer, but it is sufficient for our purpose. Thürmer et al.
showed that the DCS for water can be reasonably approxi-
mated by a simple Gaussian of the form exp(−θ2=2ϕ2),
with a “width” of ϕ ¼ 17°, reproducing the measured gas-
phase DCS for water satisfactorily. We will adopt the same
approximation here, i.e., evaluate the modification of the
nascent PAD after n average elastic collisions by calculat-
ing the convolution product given above for a Gaussian
DCS. One can then deduce the anisotropy parameter β� of
the new distribution as a function of the initial β:

β� ¼ β
e−2nϕ

2

1þ β
4
ð1 − e−2nϕ

2Þ ð2Þ

For a low number of collisions (n → 0), Eq. (2) reduces to

β�

β
¼ 1 −

�
1þ β

4

�
2nϕ2: ð3Þ

The difference between the exact formulation [Eq. (2)]
and a linear approximation [Eq. (3)] for ϕ ¼ 17° is 2% for
n ¼ 1, 9% for n ¼ 2, and only reaches a significant value
of 26% for n ¼ 3. Thus, we can consider that for an average
number of elastic collisions n < 2, β� scales linearly with
n. For an atom located at a specific depth z along the
surface normal, n is directly proportional to z. From this
simple model, we can account for the observed linear
behavior of the measured Rβ as a function of z.
While Eqs. (2) and (3) were calculated for the Gaussian

approximation of the DCS, they turn out to be valid for
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FIG. 3. (a) MD-simulations-derived atomic distributions as a
function of the distance to the water surface, modified by an
exponential attenuation factor with characteristic length of 12 Å
(see the text for details). The position of z ¼ 0 is defined in the
simulations according to the instantaneous interface (see Ref. [62]
and the SM). (b) Anisotropy parameter Rβ (normalized to the gas
phase) of the C 1s carbon peaks and COO− O 1s peak of the PFP
molecule, as a function of the average atomic distance to the
surface obtained from panel (a).
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other DCSs, with only the effective value of ϕ changing.
This is discussed in the SM [63–65]. There are, however,
other limitations of this model, such as the fact that the
interface exhibits a complex structure with potentially
different scattering properties in the surfactant layer below
and above the average water level. In fact, one could expect
a different behavior above and below z ¼ 0, as atoms are no
longer surrounded by water molecules. Above z ¼ 0,
contributions to scattering only include backscattering on
and within the water surface and scattering on other
neighboring surfactant molecules. However, as far as can
be inferred from the limited number of points and the error
bars, no variation in the slope is observed at z ¼ 0, which
may imply that the scattering properties in water and within
the PFP surfactant layer are not sufficiently different to
observe a marked change. We note again that the cylin-
drical geometry of the jet combined with the relative
disorder of the surfactant layer likely averages out any
specific geometric effect.
While it is not possible to derive quantitative information

from the slopes observed in Fig. 2, we can qualitatively
account for the observed linear relationship between Rβ and
the average distance to the interface, which is the important
conclusion here. Indeed, at a photoelectron kinetic energy
of 50 eV, we can assume an elastic MFP on the order of
5–8 Å for both water and the surfactant, although the exact
value is not known. Within the PFP layer, elastic electron
scattering should, thus, remain in the single-scattering
regime (n ¼ 1), where linearity is expected. On the other
hand, for electrons experiencing many scattering events,
i.e., in case of large elastic-scattering cross sections and/or
atoms deep within the interface, the linear relationship
should break down.
In conclusion, we have demonstrated a promising depth-

profiling technique based on core-level PAD measure-
ments, and made the following observations: (i) The
average distance of the origin of a set of photoelectrons
to the interface relates linearly with the reduction of its β
parameter relative to the gas phase, Rβ. (ii) A common Rβ

scale can be established for all atomic species based on
measurements of different core levels. (iii) Å-scale re-
solution can be achieved, i.e., distinguishable PE peaks
originating at an average depth difference of 1 Å can exhibit
a difference in Rβ exceeding the one-standard-deviation
error in this quantity. The sensitivity depends on the
experimental conditions.
Compared with other methods mentioned in the intro-

duction of this Letter, core-level PAD depth profiling
achieves better depth resolution and is not only element
specific but also sensitive to the chemical environment. On
the other hand, it only accesses the average depth and not the
full depth profile. Nonetheless, our results show that core-
level PAD measurements are a powerful tool to study liquid
interfaces. The technique should also be applicable to solid-
vacuum or solid-vapor interfaces of similarly amorphous
systems.
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