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XSW measurements: 

 
The XSW technique, among other applications [1,2], is used to determine the adsorption 

distances of organic adsorbates deposited on the single crystals with chemical sensitivity and high 
precision [3]. Under the Bragg condition, an incoming X-ray beam interferes with its reflected 
beam and creates a standing wave field in the overlapping region, which extends above the 
crystal surface, usually high quality metal single crystals. As the standing wave field is generated 
under the Bragg condition of the taken single crystal, the distance in the field between node (or 
antinode) is the same as the crystal lattice space (dXSW = dhkl). When scanning the photon energy 
around the Bragg condition, the intensity of the local field shifts. Thus, the atoms (of the 
crystal/adsorbate) will experience a varying intensity, subsequently influencing their X-ray 
adsorption. As the photoelectrons are collected by the analysis in the meantime, the peak area 
in the XPS spectra, corresponds to the photoelectron yield, within the dipole approximation, is 
proportional to the X-ray absorption. Therefore, by determining the YP modulation for a given 
species and the photon energy-dependent reflectivity (R) around the Bragg condition, it is able 
to fit the data by:  

𝑌𝑃(ℎ𝑣) = 1 + 𝑆𝑅𝑅 + 2√𝑅𝑓𝐻 cos(𝑣 − 2𝜋𝑃𝐻) 
where 𝑆𝑅  is the factor which corrects the dipolar effect, and 𝑣 is the energy-dependent phase 
factor. 𝑆𝑅  can be determined by 

tan 𝜓 =
𝑆𝑅 − 1

𝑆𝑅 + 1
tan Δ 

the XSW phase 𝜓 is a simple and unique function of the partial phase shift Δ. The coherent 
fraction (𝑓𝐻) and coherent position (𝑃𝐻) are introduced in the main text. Finally, the adsorption 
distance (𝑑𝐻) can be accessed by the relation:  

𝑑𝐻 = 𝑑ℎ𝑘𝑙(𝑛 + 𝑃𝐻) 
The XSW fits are processed by the Scilab [4] script provided by T.-L. Lee, with the non-dipolar 

corrections included. Due to the relatively large acceptance angle of the analyzer, non-dipolar 
correction [5,6] for an emission angle of 15° were included to the fit as a way to account for those 
electrons entering the analyzer away from grazing emission. 
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Figure S1: Thickness-dependent XPS full spectra of F4PEN on Ag(111). The nominal mono- (4 Å) 

and multi- (48 Å) layer curves are highlighted by darker color. The core-level spectra of C 1s and 

F 1s are extracted, with such a larger energy step during measurement, they are only used to 

define the thickness variation.   

 

 
Figure S2: Left: XPS core-level spectra of F 1s (pink curve) and C 1s (green curve) with the chemical 

structure inserted, at low coverage and high coverage, respectively. Right: XSW photoelectron 

yield curves of low coverage and high coverage, “C 1s” includes the area of “C-F” and “backbone” 

peaks of in the XPS fitting spectra. Low coverage indicates the submonolayer (<2 Å) and high 

coverage indicates an almost monolayer (~3 Å). 
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Table S1: Summary of element-specific vertical adsorption information, including coherent 
fraction (fH), coherent position (PH) and adsorption distance (dH/Å) of (fluorinated) pentacene in 
(sub)monolayers on Ag(111) measured with the XSW technique, low coverage indicates the 
submonolayer (<2 Å) and high coverage indicates an almost monolayer (~3 Å). Values for PEN 
and PFP are taken from Refs. [7] and [8], respectively. 

coverage element  PEN F4PEN PFP 

low 

C 

fH 0.65 0.49 0.25 

PH 0.26 0.27 0.34 

dH 2.98 3.00±0.03 3.16 

F 

fH - 0.36 0.27 

PH - 0.30 0.34 

dH - 3.05±0.02 3.16 

high 

C 

fH 0.65 0.37 - 

PH 0.32 0.26 - 

dH 3.12 2.97±0.02 - 

F 

fH - 0.37 - 

PH - 0.45 - 

dH - 2.93±0.01 - 

 

 
Figure S3: LEED pattern of multilayer (48 Å) coverage F4PEN on Ag(111), measured with a beam 

energy of 31 eV. It has the same diffraction pattern as the monolayer regime in Fig 1(e), while 

the diffraction spots are visible points towards Stranski–Krastanov growth.  
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Figure S4: Thickness dependent XPS core-level spectra of F4PEN on Ag(111), C 1s (green) and F 1s 

(pink) spectra are displayed. The nominal mono- (4 Å) and multi- (48 Å) layer curves are 

highlighted by darker color. Dashed lines are added for comparison of the binding energy shift. 

 

 
Figure S5: Thickness-dependent UPS full spectra of F4PEN on Ag(111) with increasing thickness. 

The nominal mono- (4 Å) and multi- (48 Å) layer curves are highlighted by darker color. With 

F4PEN deposition, silver signals gradually submerge and F4PEN signals appear.  
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Figure S6: The sketch of F4PEN adsorbed on Ag(111) explaining the relatively low fH values in the 

experiment. Our simulation suggests that the molecules are tilted less than ~20° around the long 

molecular axis. The schematic show a view along the long molecular axis of F4PEN (molecular 

size ~ 5.44*16.28 Å2). 

 

Table S2: Possible tilt angle based on the obtained coherent fraction (fH), without considering the 
molecular dynamic and the static disorder.  

coverage element 
F4PEN on Ag(111) 

fH PH dH ΔdH tilted angle/° 

low 
C 0.49 0.27 3.00±0.03 0.38 ~22 

F 0.36 0.30 3.05±0.02 0.44 ~19 

high 
C 0.37 0.26 2.97±0.02 0.45 ~26 

F 0.45 0.24 2.93±0.01 0.39 ~17 

 
Generally, there are three factors which influencing the coherent fraction (fH), (A) molecular 

tilt, (B) molecular dynamic and (C) the static disorder, the relation among the three factors is:  
𝑓H = 𝑓tilt × 𝑓dynamic  × 𝑓static  , (0 < 𝑓 < 1) 

In general, all three sources of reduction of the coherent fraction are expected to be present in 
the system, which makes a quantitative deconvolution difficult. Nevertheless, using an 
established procedure [9], we can estimate a maximum difference (ΔdH) of a given atom from 
the average adsorption distance (dH), as summarized in the table above. Based on our simulation 
and the experimental coherent fraction we estimate that the tilt angle around the long axis of 
the F4PEN molecule on Ag(111) is less than 20 degree. We emphasize that this is to be considered 
rather as an upper limit for a tilt about the long axis if the reduction in coherent fraction were to 
be dominated by (A). Considering the other contributions ((B) and (C)), the true tilt is likely to be 
substantially smaller. 
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Figure S7: Left: azimuthal scans (rotation of the sample around the surface normal axis by the 

angle -180° < φ < +180° at different inclination angles (χ) in pole figure geometry) of a nominally 

30 nm thick PFP film on a Ag(111) single crystal. The azimuthal scans are performed at fixed 2θ 

values which are derived from the structure solution found for π-stacked PFP on HOPG [10]; the 

lattice spacings (dhkl) corresponding to the reflections investigated in the pole figures are d-111 = 

5.686 Å, d111 = 4.743 Å, and d0-11 = 4.587 Å in this structure. The angle φ = 0° is set to the angle 

found for the Ag(220) reflection of the single crystal substrate (not shown); the χ-angles with 

respect to the (001) texture plane of PFP on Ag(111), as deduced from specular X-ray diffraction, 

are: χ-111 = 46.511°,  χ0-11 = 30.901°, and χ111 = 38.912°. The experimental φ-values match perfectly 

with the simulated data (right Figure), which allows deriving the epitaxial relationship between 

adsorbate and substrate to: (001)PFP||(111)Ag and [1-10]PFP||[1-10]Ag. From our pole figure 

analysis the growth of PFP in the π-stacked polymorph on Ag(111) becomes evident. Experiments 

have been performed at the German Electron Synchrotron (DESY, Hasylab beamline W1), the 

wavelength was set to λ = 1.2033 Å. 
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Figure S8: A set of XSW measurements of F4PEN on Ag(111) single crystal, C 1s core-level spectra, 

which generates the C 1s YP curve of high coverage in Fig. S1. The X-axis is binding energy, the 

same as in the XPS spectra; Y-axis the intensity, usually of arbitrary unit; Z-axis the difference 

between the photon energy (𝐸) and the Bragg condition (𝐸Bragg ), as each curve is recorded 

around the Bragg condition.  
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