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Abstract: Non-destructive reference-free grazing incidence

X-ray fluorescence (RF-GIXRF) is proposed as a highly effec-

tive analytical technique for extracting molecular arrange-

ment density in self-assembled monolayers. The estab-

lishment of surface density standards through RF-GIXRF

impacts various applications, from calibrating laboratory

XRF setups to expanding its applicability in materials sci-

ence, particularly in surface coating scenarios with molec-

ular assemblies. Accurate determination of coverage den-

sity is crucial for proper functionalization and interaction,

such as in assessing the surface concentration of probes on

plasmonic nanostructures. However, limited synchrotron

radiation access hinders widespread use, prompting the

need for molecular surface density standards, especially

for benchmarking substrates for surface-enhanced Raman

and infrared absorption spectroscopies (SERS and SEIRA)

as well as associated surface-enhanced techniques. Using

reproducible densities on gold ensures a solid evaluation
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of the number of molecules contributing to enhanced

signals, facilitating comparability across substrates. The

research discusses the importance of employing molecular

surface density standards for advancing the field of surface-

enhanced spectroscopies, encouraging collaborative efforts

in protocol development and benchmarking in surface sci-

ence.
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X-ray fluorescence; SERS SEIRA; molecular surface density;
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1 Introduction

Self-assembled monolayers (SAMs) manifest as highly orga-

nized and densely packed two-dimensional molecular

arrangements that spontaneously develop on various sub-

strate surfaces through the bottom-up process of self-

assembly. One of the crucial parameters to evaluate the

quality of the formed self-assembled monolayer is its pack-

ing density. The development of characterization methods

allowing to measure the efficiency of SAMs formation has a

broad impact on various applications.

In fact, the self-assembly approach holds immense

potential for generating innovative molecular architectures

and has become an integral facet of nanomaterial man-

ufacturing. SAMs have garnered significant attention for

their versatile application to surface modifications in var-

ious scientific fields. In the realm of chemistry, the molec-

ular assembly technique finds application in the creation

of novel supramolecular structures, e.g. modifying the wet-

tability, friction, adhesion, and corrosion resistance, of the

substrate material. In the field of biology and medicine,

SAMs have demonstrated important tools for the realiza-

tion of biocompatible surfaces [1], selective immobilization

sites for biomolecules [2], [3], and drug delivery systems [4].
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Analogously, the impact of SAMs in the vast field of nan-

otechnology is extended to the development of chemically-

directed self-assembly as a patterning strategy [5], surface

engineeringmethods for perovskite solar cells efficiency [6],

as well as electronic components such as molecular-scale

transistors and organic electronic materials [7].

For the aforementioned applicative fields of SAMs, dif-

ferent molecular units can be chosen depending on the

desired properties and the substrate material. Thiols con-

stitute a large class of molecules with a sulfur-containing

functional group that readily bonds with various metals,

including noble metals, creating stable and well-organized

monolayers while phosphonic or carboxylic acids are used

for the functionalization of other metal and metallic oxide

surfaces, including alumina and titania. Silanes and amines

are other widely used classes of molecules forming SAMs

on silica-based surfaces and other metallic surfaces, such as

platinum [7].

The mechanism of SAM formation has been the object

of several studies concerning different chemical species and

substrate surfaces, to understand the chemical bond as well

as the packing mechanism of the molecular units leading to

different achievable densities. For a specific molecule, the

quality of the SAM improves with tighter packing. The sur-

face coverage of SAMs is particularly vital, as demonstrated

in the passivation of surfaces [8] and in the functionaliza-

tion of sensing platforms, like surface plasmon resonance

substrates, where SAMs bind proteins, antibodies, and other

biomolecules, influencing immobilization efficiency and

offering control over the process [9]. In organic electronics,

SAMs are used to tailor the work function between source

and drain metal electrodes and to facilitate charge transfer

from the metal electrode to the organic semiconductor [10].

The knowledge of the surface coverage of SAMs is

relevant to offer precise control over interface proper-

ties, enhancing device performance and stability [11]. Alka-

nedithiols SAMs with engineered backbone lengths have

been used to fine-tune the gap distance between plasmonic

gold nanoparticles leading to the controllable onset of

quantum regime properties [12]. In surface-enhanced spec-

troscopies, such as surface-enhanced Raman spectroscopy

(SERS) [13] and surface-enhanced infrared absorption spec-

troscopies (SEIRA) [14] a monolayer of molecules adsorbed

within the distance invested by enhanced electric field can

be used to benchmark the sensor performance for which

surface density of the probes is crucial. In the literature, only

a fewmethods have been proposed to determine the density

of molecular assemblies, e.g. involving inductively plasma-

coupled mass spectrometry [15], electrochemical method

[16], [17], and surfactants adsorption isotherm [18].

In the following, we explore a method known as synch-

rotron-radiation-based X-ray fluorescence under grazing

incidence conditions (GIXRF) [19], schematized in Figure 1.

In GIXRF, a monochromatic and low-divergent X-ray beam

is used at a well-defined shallow angle of incidence which is

varied around the critical angle for total external reflection

of a flat sample to record the variation of the X-ray fluo-

rescence intensity (Figure 1a). For grazing incidence angles

below the critical angle, the interference between the inci-

dent and reflected X-ray beam generates an X-ray standing

wave (XSW) field just above the sample surface, as shown

in Figure 1b, such that the emitted fluorescence from the

atoms depends on their position within the XSW. Moreover,

the grazing incidence conditions substantially reduce X-ray

fluorescence and other background contributions arising

from the sample’s bulk volume. This technique serves as a

non-destructive tool to quantify and depth profile atomic

species, relying on the fundamental parameters approach

derived from Sherman’s equation [20]. In addition, by uti-

lizing physically calibrated X-ray spectrometry instrumen-

tation at the BESSY II synchrotron radiation facility, elimi-

nates the need for a calibration standard or reference sam-

ple in the so-called reference-free (RF) approach [21]. This

advantage of RF-GIXRF has been already reported for the

absolute quantification and depth profiling of doping levels

in semiconductors [22]. Due to these attributes, RF-GIXRF

proves well-suited for establishing standards applicable to

laboratory-based applications and offers a mean to assess

the mass density of target atoms on a surface or at a sub-

surface depth and relate this to the surface density of the

molecular species carrying that atom. The identified target

atom must be distinguishable from the other elements in

the molecular structure or in the substrate and must have

atomic number Z higher than 4. Indeed, the target element

should be different from the other constituents of organic

molecules (C, N, O) and needs to have a detectable character-

istic X-ray fluorescence line with well-known atomic funda-

mental parameters (FPs). RF-GIXRF enables the determina-

tion of themolecular surface density of SAMs in an absolute

manner, ensuring complete traceability to the international

system of units. Considering sulfur as the target element

in thiol molecules, the mass of sulfur per unit flat area 𝜎S

(g cm−2) can be determined through Equation (1) from the

S − Kα,β fluorescence count rates PS,K obtained by decon-

volving the fluorescence spectra (Figure 1c), measured with

a radiometrically calibrated energy-dispersive detector [23].

𝜎S =
1

k
⋅

sin 𝜃

Φ0 ⋅Ω∕4𝜋
⋅

PS,K

𝜀(ES,K) ⋅ IXSW
(
E0, 𝜃

)
⋅ 𝜏S,K

(
E0

)
⋅𝜔S,K

(1)
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Figure 1: RF-GIXRF scheme and results. (a) The schematic representation of the gold-coated silicon substrate is reported, with a self-assembled

monolayer of MPA molecules. The X-ray beam with energy E0 = 2.6 keV impinges on the surface at varying grazing angles 𝜃. The excited fluorescence

radiation, emitted isotropically, is detected above the sample [23]. (b) A close-up scheme shows the presence of the XSW field, responsible for the

excitation of X-ray fluorescence of the atoms above the surface. (c) The deconvolved spectrum, recorded at 0.5◦, is shown and the derived S− Kα,β
count rates are used to calculate the mass density of sulfur. The remaining spectral contributions at about 1.74 keV are due to Si− Kα substrate
fluorescence. (d) Scatter plot reporting the sulfur mass density 𝜎S extracted from two different points on the SAM through RF-GIXRF scanning.

In Equation (1), the FPs accounting for the fluorescence

production cross-section, i.e. the partial photoionization

cross-section 𝜏 and the fluorescence yield 𝜔 for sulfur K

shell, are combinedwith calibrated instrumental and exper-

imental parameters, i.e. grazing incidence angle 𝜃, the solid

angle of detection𝛺/4𝜋, incoming photon flux𝛷0, detector

efficiency 𝜖 and angle-dependent intensity of the XSW field.

The factor k is the ratio between the effective surface area

of the sample and its geometrical area so that 1/k accounts

for the correct distribution of the target element on the

substrate. The molecular surface density μmol can be easily
deduced from the sulfur mass density through Equation (2).

𝜇mol =
1

nS

⋅ 𝜎S ⋅
NA

𝑤S

(2)

where nS is the number of sulfur atoms per molecule,

wS and NA are the sulfur atomic weight and Avogadro’s

number, respectively. The quantification methods can be

applied to determine the packing density of organic com-

pounds with sulfhydryl or phosphonic acid anchor groups

by selecting sulfur and phosphorus as the target atoms,

respectively, provided they are not present elsewhere in the

molecule structure. Additionally, the quantification through

RF-GIXRF could be used for other applications and including

other molecular systems, e.g. phosphorous-based polypep-

toid brush layers used for deterministic doping of semi-

conductors [24], where P can be identified as target ele-

ment, as well as a variety of molecules in SAMs used

as selective contacts in perovskite solar cells [25], such

as 4-bromobenzoic acid or 4-(trifluoromethyl)benzoic acid

where the target atoms could be chosen to be bromine or

fluorine, respectively.

We previously demonstrated the potential of this ana-

lytical method in the determination of the 𝜇mol on complex

gold nanostructures used as SERS substrates, exciting the

fluorescence at 45◦ to probe molecules distributed on the

3D nanostructures, and we validated this result with molec-

ular dynamics (MD) simulations finding comparable val-

ues for the packing of 7-mercapto-4-methylcoumarin (MMC)

as well as comparable enhancement factor values for a



4 — E. Cara et al.: GIXRF supporting SERS and SEIRA substrate benchmarking

three-dimensional nanostructured SERS substrate derived

both experimentally and computationally [26].

In this paper, we report the absolute quantification of

the number of molecules per unit area for three SAMs of

thiol molecules via RF-GIXRF with full traceability to the

international system of units and corroborate these results

withmolecular dynamics simulations.We discuss a possible

application of the derived molecular surface density stan-

dards for benchmarking SERS and SEIRA substrates, provid-

ing a protocol for utilization of such molecular standards.

2 Results and discussion

2.1 Sample preparation

To establish molecular surface density standards experi-

mentally, we identified three probes. These molecules are 7-

methyl-4-mercaptocoumarin (MMC), 3-mercaptopropionic

acid (MPA), and 11-mercaptoundecanoic acid (MUA). The

quantification of SAMs coverage by RF-GIXRF has been con-

ducted on silicon dies coveredwith a 100 nm thick gold layer

(Figure 1a). The gold surface was scanned by atomic force

microscopy (AFM) to determine the k factor in Equation (1),

i.e. the ratio between the surface area and the flat projected

area, finding a value of k = (1.0076± 0.0014). Consequently,

the 1/k correction factor in Equation (1) was evaluated as

(0.9925 ± 0.0014). Each gold-covered substrate was cleaned

with O2 plasma and incubated for 2 h in an ethanol-based

solution at a 0.1 mM concentration of one of the probes

and rinsed copiously with ethanol afterward to remove any

excess.

2.2 Molecular surface density
quantification: experimental and
computational approaches

In the RF-GIXRF experiment, spectra were collected at two

different regions across the surface of each functionalized

samplewith areas corresponding to that excited by theX-ray

beam footprint. One non-functionalized gold surface served

to quantify the sulfur background content resulting from

typical air contamination, which persisted despite meticu-

lous handling and O2 plasma cleaning. This contamination

was detected at the techniques’s lower sensitivity threshold

(few ng/cm2).

The values of the mass density of sulfur, displayed

in Figure 1d, were derived from the sulfur Kα,β photon

counts in the XRF spectra on functionalized substrates, and

were corrected for background contamination and con-

verted through Equation (2) to the number of molecules

Table 1:Molecular surface density values derived from RF-GIXRF

measurements and MD simulations.

MMC MPA MUA

(molecules/nm2) (molecules/nm2) (molecules/nm2)

RF-GIXRF 4.1± 0.6 7.6± 1.1 7.3± 1.1

MD 4.2 6.8 7.1

per unit area assembled on the gold surface. The quan-

tification on substrates incubated with 0.1 mM solutions

of MMC molecules yielded a 𝜇mol value of (4.1 ± 0.6)

molecules per nm2. The other molecular surface densities

are (7.3 ± 1.1) nm−2 for MUA, and (7.6 ± 1.1) nm−2 for

MPA, also summarized in Table 1. These results are compa-

rable within the uncertainties to the MPA density ((6.3 ±
0.6) molecules/nm2) reported in the work by Hinterwirth

et al. for curved nanoparticle surfaces [15]. This suggests

that standard values acquired under controlled conditions

can be reasonably considered comparable across a range

of complex metallic structures. The uncertainties reported

are due to the propagation of uncertainties for independent

measurements. For each of the tested molecules, the values

of the 𝜎S carry a relative uncertainty of 11 %, due to the

single terms in Equation (1) where the largest uncertainty

contribution is given by the fluorescence yield 𝜔 reported

at the denominator [21].

The results from RF-GIXRF measures can be compared

with the densest monolayer models obtained by MD simu-

lations, searching for the highest densities that are dynam-

ically stable at the given temperature. A similar approach

has been previously used for MMC monolayers [27]. The

protonation state of the sulfur atom bonded to the metal is

still debated. Some researchers claim that at least in some

monolayers it keeps the hydrogen giving rise to a thiol (R-

SH) physisorption [28]–[30] although most studies suggest

the chemisorption of radical thiyls (R-S) [31]–[34].

To address this, we previously reported the MD sim-

ulations of both thiol and thiyl monolayers, to investi-

gate if the maximum dynamically stable densities differ

and what agrees better with the spectroscopic data find-

ing a significant predominance of thyil radicals in the SAM

[27].

We considered MMC, MPA, and MUA monolayers. In

all the cases, more and more thiyls were packed randomly

on a flat gold surface, then the system was let to evolve

dynamically for a sufficient time to achieve thermal equi-

librium. Every system reached a maximum density, above

which some thiyls detach from the surface and move to an

unbound state floating over the actual monolayer, as visible

for MMC in Figure 2. We assume that these molecules would
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Figure 2: Molecular dynamics simulations. (a) MMC SAM at a density

lower than 4.1 molecules/nm2. All molecules (light blue) remained

adjacent to the gold surface during the dynamics. (b) MMC SAM

at a density higher than 4.1 molecules/nm2. Some molecules (white)

detached from the gold surface during the dynamics.

be washed away during the synthesis, thus not contributing

to the final density. The maximum stable densities reached

by all the systems are listed in Table 1. The MD results

agree with the RF-GIXRF data within the uncertainty for

chemisorbed thiyl radicals.

2.3 Surface coverage standards for SERS and
SEIRA substrates benchmarking

The progress of surface-enhanced spectroscopies has been

pushed by the development of competitive nano and

microstructured plasmonic antennae. The definitive estab-

lishment of SERS and SEIRA as trustworthy sensing tech-

niques is bound to the standardization of their method-

ology as identified as a priority in a recent review [13].

In this view, an important first European interlaboratory

comparison has addressed the experimental issues related

to accomplishing comparability and reproducibility in SERS

quantitative analyses, especially targeting standard meth-

ods for sample preparation, data acquisition, and analysis

[35]. The evaluation of the performance of the sensors has

been largely debated within the scientific community over

the years [36]–[38]. The parameters that have been mostly

used so far to evaluate and compare the performance of

SERS substrates are the enhancement factor (EF) and the

limit of detection (LOD) [39], [40].

Concerning the former, the agreed definition for the

average EF of a substrate consists in the ratio between the

intensities of the SERS/SEIRA signal and reference signal

acquired innon-enhanced conditions. These are normalized

to the number of molecules N contributing to each of them

across the substrate [14], [41]. The number of molecules

adsorbed on the plasmonic surface and contributing to

the enhanced signal either Raman or infrared absorption,

NSERS/SEIRA, depends on the surface concentration of the ad-

sorbates 𝜇mol, the metallic surface area AM , the density of

metallic structures 𝜇M , and the area A of the excitation due

to the incident radiation as reported in Equation (3) [41],

[42].

NSERS/SEIRA = AM ⋅ 𝜇mol ⋅ 𝜇M ⋅ A (3)

Some critical issues have been identified as open chal-

lenges [37], [43], [44], including the orientation of the adsor-

bates with respect to the metallic surface, their surface den-

sity 𝜇mol, and the surface area in complex nanostructures

AM [42]. The number of active molecules weights strongly

on the uncertainty associated with the EF [45]. In the evalu-

ation of the absolute EF only the molecules localized inside

hot spots are considered because those can actually benefit

from the intensified electric field. However, the determina-

tion of the hot spot volume is usually pursued through ideal

electromagnetic simulation and the current comprehension

is that the extent of the hot spots can vary during the mea-

surement, leading to several assumptions for the evalua-

tion of the number of molecules involved. Underestimating

(overestimating) NSERS/SEIRA hinders the realistic evaluation

of the EF resulting in exceedingly large (low) values and

impeding comparability and reproducibility. As we proved

in our earlier study, the SERS EF varies significantly with

respect to different number densities of the probe molecule

𝜇mol at the hot spots sites, determined either through

geometrical estimations or via synchrotron-radiation-based

reference-free X-ray fluorescence measurements [26]. One-

to-one comparisons of SERS substrates enhancement capa-

bilities are made possible by adopting the same surface

coverage [46], [47] or the same geometrical assumptions

[48], [49] for the evaluation ofNSERS, provided that the same

test molecule is used, as well as other proposed methods

for its experimental determination [50]. However, this prac-

tice is not commonly adopted in the evaluation of the EF,

even when the same probe is utilized. Frequently, disparate

density values [51], [52] or varying assumptions regarding

molecular occupancy [53], [54] are employed to estimate the

number of active molecules.

As emphasized previously [55], choosing standard ana-

lytes for benchmarking substrates could overcome this

issue. The knowledge of standard values of the adsorbates’
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surface density can contribute to the standardization

process. Molecular surface densities determined under con-

sistent and reproducible conditions (e.g. planar gold sur-

face) by RF-GIXRF, offer hands-on support and address the

need for benchmarking sensors based on surface-enhanced

spectroscopies [55]. Themolecules selected for the RF-GIXRF

experiment are suitable candidates for benchmarking SERS

substrates, according to the following criteria: they estab-

lish a stable bond with the metallic surface and do not

present a strong resonance effect, unlike rhodamine 6G

and Raman dyes [55]. These molecules can be adopted for

the initial characterization of any substrate with gold nano

or microstructures to compare all substrates in a robust

manner before moving on to other molecules of interest

with unknown adsorption properties for which different

metrics, such as LOD, may be more relevant. Hereafter,

we discuss the steps, schematized in Figure 3, required to

determineNSERS/SEIRA when standardmolecules with known

surface densities are selected to benchmark SERS sensors

with variegate morphologies. In the formula for NSERS/SEIRA

(also reported in Equation (3)), the metallic surface area

AM of the nanostructure unit on every specific substrate

(Figure 3a) needs to be accurately determined to be able to

convert the surface density to a numerical value. Determing

AM constitutes the most challenging task for the determi-

nation of NSERS when dealing with substrates with complex

morphologies, if the surface coverage is known through the

proposed reference values. Atomic force microscopy can

serve this purpose on rough structures developing mainly

in two dimensions, as in reference [56], [57]. While for 3D

structures with dendritic or branched morphology as the

one in reference [58], gas adsorption analysis using N2 for

monolayer capacity is more effective to determine the sur-

face area.

After functionalizing the substrates for 2 h of incuba-

tion in 0.1 mM ethanol-based solution as detailed in the

Experimental section, standard 𝜇mol can be used for the

corresponding molecule when these are adsorbed on the

rough and nano or microstructured plasmonic surfaces

(Figure 3b). It is then required to carefully evaluate the

illumination conditions to determine the total number of

active nanostructureswithin the excitation spot through𝜇M

Figure 3: Schematic illustration of the workflow to estimate the NSERS/SEIRA from the determined standard surface densities and to compare the EFs.

(a) For different nanostructures, the determination of the metallic surface area AM should be done in every specific case and could be evaluated by AFM

scans. (b) After the substrate functionalization with 0.1 mM solution of the chosen test molecule for 2 h followed by thorough rinsing, the standard

molecular surface density values 𝜇mol (molecules per square nanometer), determined through RF-GIXRF, can be used to benchmark SERS and SEIRA

sensors. The 𝜇M and A factors can be estimated by following references [26], [42]. (c) The enhanced spectrum (here as an example, the SERS spectrum

of MMC) is acquired to determine enhanced signal intensity. (d) The values of EF for the different sensors can be reliably compared if the uncertainty

associated with each value is reported, as schematically illustrated in the scatter plot where the second substrate would have the highest EF

comparable to the third one within the uncertainty.
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andA according to themethods discussed in previousworks

[26], [42]. The derived number of molecules should be used

to normalize the intensity of the enhanced signals of one

or more peaks of the fingerprint spectrum of the molecule

(Figure 3c). The normal Raman conditions contributing to

the EF should be determined according to the methods

discussed in reference [42] while reference conditions in

infrared absorption can be determined through the method

in reference [14]. Additionally, to be able to compare sensors

with different morphologies to one another (Figure 3d), the

uncertainty carried by each term in Equation (3) should be

considered and the total uncertainty should be presented

with the EF, as shown in reference [26].

3 Conclusions

In conclusion, the discussed analytical technique, non-

destructive reference-free grazing incidence X-ray fluores-

cence, proves effective in extracting the density of molecu-

lar arrangement in self-assembled monolayers. The estab-

lishment of surface density standards is useful in calibrat-

ing laboratory XRF setups, thereby extending the applica-

bility of this analytical technique. Additionally, RF-GIXRF

plays a significant role across various domains of mate-

rials science, particularly in scenarios necessitating sur-

face coating with molecular assemblies. Accurately deter-

mining coverage density is essential for ensuring proper

functionalization and interaction with tailored molecules

or complete passivation. Specifically, this technique allows

the determination of surface concentration of probes on

plasmonic nanostructures, addressing a critical factor in

assessing substrates’ performance and enablingmeaningful

comparison. Limited synchrotron radiation access impedes

widespread use of RF-GIXRF, prompting the establishment

of molecular surface density standards, specifically mea-

suring thiols on plasmonic metals or other molecules [59]

suitable for SERS/SEIRA substrates benchmarking. Using

selected molecules with standard densities that can be con-

fidently reproduced on gold contributes to a solid evalua-

tion of NSERS/SEIRA as long as the surface area of the metal-

lic structures and hot spots locations is accurately deter-

mined on each sensor. This guarantees better comparability

of enhancement performances on different substrates, in

addition to reporting results according to pre-established

guidelines or checklists [55], as it happens already for

the efficiency of solar conversion devices [60]. Establish-

ing and implementing transferrable protocols for SERS

and SEIRA sensors benchmarking using well-characterized

molecules is required before moving to unknown analytes

for quantification purposes [61]. To this end, additional

international collaborative efforts facilitate discussions to

establish appropriate performance metrics and consti-

tute a tangible step toward standardization, including the

definition of protocols for signal intensity acquisition. The

RF-GIXRF and the analogous grazing-exit XRF method [62]

still need to be developed to further characterize SAMs in

terms of the molecular orientation with respect to the sub-

strates, which is a relevant quantity for different applica-

tions, including organic electronics, SERS, and SEIRA [14].

4 Experimental section

4.1 Materials

The three thiol molecules used for the SAM formation were

purchased from Sigma-Aldrich Merck, as well as the gold

rods for the thin film evaporation. The silicon wafers were

purchased from MEMC, Novara.

4.2 Self-assembled monolayer preparation

A silicon wafer was diced in rectangles of 1 × 3 cm2, the

shape is necessary to contain the whole X-ray beam foot-

print incident at grazing angles. Electron-beam evaporation

was used to deposit a 100 nm film of gold on the silicon

dies, using a typical e-beam current of 70 mA and deposition

rate of circa 1 Å/s with a residual pressure of 3·10−6 mbar. A
plasma cleaningprocesswas performed inO2 atmosphere at

a residual pressure of 7·10−2 mbar at 40 Wfor 6 min (Plasma

Matrix BDiscom) prior to the incubation in the probe solu-

tions. The samples were then immersed for 2 h in 0.1 mM

solution of each of the threemolecules in ethanol and rinsed

thoroughly with ethanol afterward.

4.3 Atomic force microscopy

The AFM used (Bruker Dimension Icon) for the determi-

nation of the surface area on the gold substrates was cal-

ibrated against an interferometric scanning probe micro-

scope using step height standards to maintain the trace-

ability to the SI. It was equipped with two fresh tips for

hard tapping mode (Bruker RTESPA-525) to account for the

tip convolution and tip wear. Several scans of the gold

surface were carried out on 25 μm2 areas (2,048 × 2,048

pixels) and optimized to reduce noise and prevent level-

ing to affect the statistical results [63]. The surface area

was evaluated through the statistical analysis tool in Gwyd-

dion open-source software [64]. The uncertainty was eval-

uated by combining additional measurements in non-ideal
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conditions and simulations using synthetic tools in Gwyd-

dion [65], considering the variations across the sample

(largest contribution), microscope calibration, feedback

loop faults, leveling, tip convolution, and noise.

4.4 Grazing-incidence X-ray fluorescence

The GIXRF experiment took place at the PTB four-crystal

monochromator (FCM) beamline [66] at the BESSY II elec-

tron storage ring in Berlin, Germany. This beamline is

equipped with a four-crystal monochromator (FCM) that

allows for adjusting the incident X-ray beam’s energy in

the range of 1.75 keV – 10.5 keV. To quantify sulfur, a

low-divergence monochromatic X-ray beam with a pho-

ton energy of E0 = 2.6 keV was employed, exceeding the

X-ray absorption edge for sulfur K shell at 2.472 keV. The

instrumental setup is installed in an ultra-high vacuum

(UHV) chamber [23] and incorporates calibrated photodi-

odes essential for the alignment procedure and measuring

key characteristics of the incoming beam as described in

Equation (1). These measurements include a full-width at

half maximum beam width of (300 ± 20) μm and a photon

flux𝛷0= (4.5± 0.1) · 108 photons per second. The zero-angle
motor position (𝜃0), where the beam is parallel to the sample

surface, was determined for each sample mounted on a

motorized stage. This stage allows the necessary controlled

movement along three translational axes and one rotational

axis, altering the 𝜃 angle of incidence between the beam

and the sample surface within the range of 0◦ – 7◦ with

increments of 0.5◦.

Fluorescence emitted during the process was detected

using a physically calibrated energy-dispersive silicon drift

detector (SDD) positioned at 90◦ with respect to the incident

beam. The solid angle of detection (𝛀/4𝜋) was equal to 0.005

sr in the angular range of the measurement. Understanding

the detector response functions and detection efficiency at

different energies facilitates spectral deconvolution and the

extraction of detected fluorescence intensities for the S, K

fluorescence lines [67]. The strong Au–M peak’s proximity

had no impact on sulfur peak deconvolution, as adjustments

were made for peak height rather than position and shape.

This adjustment reduced the degree of freedom, enhancing

the reliability of the deconvolution process.

4.5 Molecular dynamics

The MD simulations were performed with the GROMACS

software suite, using GROMOS 54A7 force field for all the

parameters, except those involving the interactions sul-

fur/gold which were previously optimized [27]. After an ini-

tial energy minimization to remove spurious close contacts,

the constant number of particles, volume and temperature

(NVT)MD simulation runswere performed for equilibration

(1.0 ns with a 0.5 fs time step), and production (2.0 ns with

1.0 fs time step). A 2 nm cut-off was used for the van der

Waals and electrostatic interactions, using the PME method

for longer distances. During all the simulations, Au positions

were kept frozen.
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