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Preparation of flat films with aromatic molecules 

The Au substrates used for the flat films were prepared via vacuum deposition. The 

SAMs of aromatic thiolate were prepared using the conventional immersion method. 

Single-side polished Si(100) wafers (Electronics and Materials Corporation Ltd.) were cut 

into 10 mm2 and coated with a 5-nm-thick layer of Ti, followed by a 100-nm-thick Au 

layer. The deposition was performed at a low rate of less than 1 Å/s to prevent disordered 

accumulation. Organic contamination on the Au surface was removed via piranha 

cleaning.1,2 Without further roughness assessment, the Au substrates were immediately 

immersed in a 1 mM aromatic thiol solution at 25°C for 1 day, after which their surfaces 

were rinsed with ethanol. 

 

 

 

 

 

Preparation of NP films coated with aromatic molecules 

A 527 nm light beam, generated from a nanosecond-pulsed Nd: YLF laser (Spectra-Physics, 

Empower) with a power output of 9 mJ/pulse was focused through a lens (f = 200 mm) to ablate 

a 10-mm-diameter Au disk (Nilaco, 99.95%) immersed in ethanol solution for 6 hours (Fig. 2 (a)). 

The liquid surface was positioned 8 mm above the Au surface. Following the analytical method 

developed by Haiss et al.,3 the number density and average particle size of the obtained AuNP 

colloidal solution were determined to be ~1010 cm−3 and ~7 nm, respectively, based on ultraviolet-

visible (UV–Vis) spectroscopy (SHIMADZU, UV-1800) measurements (Fig. S1 (a)). The average 

particle sizes were further validated using scanning electron microscopy images (Fig. S1 (b)). 

 

 

 

Figure S1. (a) UV–Vis absorption spectrum of AuNPs. The peak position of surface plasmon 

resonance was observed at 517 nm. (b) Scanning electron microscopy image of AuNPs on a Si 

substrate. 
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The AuNP colloidal solution was mixed with a 1 mM thiol solution in a 1:1 volume ratio and 

then stirred at 1000 rpm at 30°C for 2 days to prepare AuNPs coated with aromatic SAMs. To 

remove residual solute molecules, 1 mL of the solution was centrifuged (Eppendorf Centrifuge 

5425) at 12,000 rpm for 90 min. The aromatic molecule-coated AuNPs were precipitated, the 

supernatant was removed, and the remaining precipitate was diluted in ethanol. After three rounds 

of centrifugation, the original solution was diluted by ~3,000 times, as confirmed via UV–Vis 

spectroscopy. Approximately 1 mL of the solution was dropped onto Au substrates, forming the 

NP films, which were subsequently dried and stored in a nitrogen atmosphere. 

 

 

 

 

 

Experimental setup for TOF-MS measurements 

For multi-bunch operation at PF, SR is a pseudo-continuous light consisting of pulses at 2 ns 

interval. In the hybrid operation mode, on the other hand, high current pulses (red) with 624 ns interval 

are included in the multi-bunch trains (blue), as shown in Fig. 2 (c). By using a pulse selector, these 

high-current pulses were selectively extracted every 7 pulses, and the included low-current multi-

bunch components were about three orders of magnitude lower than the high-current ones. 

Cations desorbed by irradiation of the sample with SR pulses were mass-separated by flight time 

of the drift tube triggered by the pulses at this 4.368 s interval and detected in a microchannel 

plate. 

 

 

 

 

 

Overview of XPS spectra 

The C 1s, S 2p, and Au 4f photoelectron spectra were measured at a photon energy of 396 eV, 

and the O 1s spectra were measured at a photon energy of 650 eV. In the O 1s spectra shown in 

Fig. 3 (a), peaks originating from the oxygen of the carbonyl group (~531.7 eV) and methoxy 

group (~534 eV) were observed.4 The area ratio of the peaks was close to 1:1 for all the NP and 

flat films, corresponding to the number ratio of the carbonyl and ether oxygen atoms of each 

molecule. Three peaks were observed in the C 1s spectra (Fig. 3 (b)),5,6 originating from the 

phenyl ring (~285 eV), C–S bond or methoxy (~287 eV), and carbonyl (~289 eV) carbons.  
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In the S 2p spectra (Fig. 3 (c)), the fitted components of the measured doublet peaks 

corresponded to the spin–orbit splitting of S 2p3/2 and S 2p1/2, exhibiting an energy difference of 

1.2 eV and an intensity ratio of 2:1. The spectra showed two components corresponding to 

different chemical states: the main peaks (2p3/2: ~162 eV) from chemisorbed (S–Au) sulfur, and 

the subpeaks (2p3/2: ~163 eV) from physisorbed (S–H) sulfur or possibly sulfur in molecules 

damaged via soft X-ray irradiation.7 From the fitting analysis, the proportions of physisorption 

for the flat films were obtained to be 35% for MP and 25% for MBP, while those for the NP films 

were determined to be 33% for MP and 24% for MBP. Although the films contain abundant 

physisorption component, the agreement of the proportions indicates that the molecules seemed 

to form a monolayer on the NP surfaces as well as flat surfaces. Compared with the flat films, the 

S 2p XPS spectra of the NP films exhibited broader peaks with spin–orbit splitting not clearly 

observed. This broadening might be attributed to differences in adsorption sites between the S 

atoms. Notably, this broadening, which is absent in molecular-coated AuNPs prepared via 

chemical reduction,9,10 might be ascribed to the synthesis process. 

In the Au 4f spectra (Fig. 3 (d)), two peaks for 4f7/2 (84.0 eV) and 4f5/2 (87.6 eV) were observed 

owing to spin–orbit splitting.8 The NP films exhibited an increased background at higher binding 

energy than the flat films, attributable to the inelastic scattering of photoelectrons. This was 

evident in the wide-scan spectra of the high binding-energy features (Fig. S2). Moreover, peak 

broadening of Au 4f was observed in the NP films, probably attributable to the inherent 

nonuniformity of the AuNP surfaces. 

 

 

 

 

 

Effective thickness of molecular layers 

The effective thickness of aromatic molecules on the NP and flat surfaces was estimated using 

the peak intensities of the C 1s and Au 4f spectra (Fig. S2) by means of thickogram analysis, a 

graphical method to measure film thickness via XPS.11 As shown in the figure, the relative 

intensities of C 1s to Au 4f differed between the NP and flat films. An HD SAM (flat monolayer 

film) with 17.3 Å thickness was used to determine the sensitivity factor of the thickogram.12 

Through the thickogram analysis program COMPRO12,13 the molecular layer thicknesses of the 

flat films were determined to be 7.5 Å for MP and 14 Å for MBP and those of the NP films were 

determined to be 10 Å for MP and 19 Å for MBP. These values for the flat films were almost 

identical to those for SAMs of molecules with the same aromatic backbones.14,15 The thickness of 

MBP was 1.9 times greater than that of MP for both NP and flat films. The chain length 
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dependence of thickness for the NP films matched with that for the flat films, suggesting that 

SAMs had identically been formed on both the NP and flat metal surfaces. The AuNPs used in 

this study have a particle diameter of 7 nm, which is sufficiently larger than the escape depth of 

photoelectrons. Molecules also adsorb on the back surfaces of the NPs, but it is considered that 

the photoelectrons emitted from the backs are not detected via NPs. Thus, the thickness of the 

molecular layers on NPs was successfully measured even under condensed condition. The 

molecular thicknesses of the NP films exceeded those of the flat films. This was attributed to the 

increased effective thickness of the molecules adsorbed on the spherical surfaces in the direction 

of the detector. 

 

 

 

Figure S2. Wide-scan XPS spectra of flat (red line) and NP films (blue line) of MP. The photon 

energy was set to 396 eV and intensities of spectra were normalized at Au 4f7/2.  

 

 

 

 

 

Molecular orientation of flat monolayers via C K-edge NEXAFS  

As shown in Fig.4, the spectra of the flat monolayer films exhibited an evident polarization 

angle dependence, corresponding to the orientation of the molecules on the metal substrates. To 

derive the orientation angles of both MP and MBP molecules in the flat films, we performed a 

fitting analysis to the first 1* peak with Gaussian functions and used an analytical formula for a 

vector-type orbital:  

2 2 21
1 (3cos 1)(3cos 1) sin
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where P denotes the incident SR light polarization,  denotes the angle between the incident light 

and substrate surface, and  denotes the angle between the surface normal and a transition dipole 

moment vector perpendicular to the phenyl ring, which corresponds to the tilting angle of the 

phenyl ring from the surface.16 The intensities of the 1* peak yielded  of 67° for MP and 74° for 

MBP, which almost agree with those reported for aromatic SAMs with various terminal 

substituents.17–19 These results revealed that the aromatic molecules were in an upright orientation 

relative to the substrate surface. 

 

 

 

 

TIY and PIY spectra of NP films 

  

Figure S3. TIY and PIY spectra of (a) MP and (b) MBP NP films prepared from different batches. 

Unlike in Fig. 6, (a) shows satisfactory selectivity of MP and (b) shows poor selectivity of MBP. 
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