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Abstract:  

 

The detection of intermediate species and the correlation of their ultrafast dynamics with the 

morphology and electronic structure of a surface is crucial to fully understand and control 

heterogeneous photoinduced and photocatalytic reactions. In this work, the ultrafast 

photodissociation dynamics of CH3Br molecules adsorbed on variable size Au clusters on 

MgO/Mo(100) is investigated by monitoring the CH3
+ transient evolution using a pump-probe 

technique in conjunction with surface mass spectrometry. Furthermore, extreme-ultraviolet 

photoemission spectroscopy in combination with theoretical calculations are employed to study 

the electronic structure of the Au cluster on MgO/Mo(100). Changes in the ultrafast dynamics of 

CH3
+ fragment are correlated with the electronic structure of Au as it evolves from monomers to 

small nonmetallic clusters to larger nanoparticles with a metallic character. This work provides a 

new avenue to a detailed understanding of how surface photoinduced chemical reactions are 

influenced by the composition and electronic structure of the surface.  
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Gold clusters and nanoparticles have sparked intense interest over the years because of their size 

dependent electronic, optical, and chemical properties,1-2(and ref. therein) with applications in sensors,3 

probes,4 biological systems and medicine,5-7 as well as energy conversion, which includes solar 

cells,8-10 catalysis,11-13 (and ref. therein) and photocatalysis.14 Not surprisingly, theoretical and 

experimental studies of small clusters have been performed to investigate their electronic15-19 and 

geometric structure,17, 20-32 as well as their catalytic properties,11 with a vast amount of 

investigations focusing on the CO oxidation reaction.19, 33-38 Large gold nanoparticles were often 

studied and employed in various applications because of their optical properties as facilitated by 

the localized surface plasmon resonance  effect.3, 7-8, 14, 39 

Despite the large number of experimental and theoretical investigations that explored 

properties of free and supported gold nanoparticles, which have led to various scientific 

breakthroughs and technological applications,3, 39-40 there is a lack of knowledge on how small 

gold clusters that do not present localized surface plasmon resonances could influence 

photoinduced chemical reactions at surfaces. With the above in mind, the present investigation 

explores photoinduced chemical reactions on oxide surfaces decorated with gold clusters, in the 

size range close to the nonmetal-to-metal transition.  

 To investigate the molecular photodissociation dynamics of the CH3Br molecules on 

magnesia supported gold clusters, a technique is employed that combines femtosecond (fs) laser 

pump–probe spectroscopy with multiphoton ionization a n d  time-of-flight mass spectrometry.41 

The technique relies on the dissociation of the adsorbed CH3Br molecules via two-photon pump 

excitation of the A-band followed by three-photon probe resonance multiphoton ionization at the 

surface to detect the CH3 fragments by mass spectrometry of the desorbed ions.42 The center 

wavelength of the pump and probe laser beams are 266 nm and 333 nm, respectively. Details 

about the experimental setups and the pump-probe technique used in this investigation are 

presented in the Supplementary Information (see section 1 and 2 in the Supplementary 

Information).  

Figure 1 displays a series of transient signals monitoring the photodissociation dynamics 

of CH3Br dosed on the surface at 100 K temperature by detecting the emerging methyl cation 

signal as a function of the pump-probe time delay. The transients are recorded from MgO surfaces 

prepared with different amounts of gold between 0.065 monolayer equivalent (ML) and 0.15 ML. 

For reference, in each case a CH3
+
 transient was recorded from the bare magnesia surface just 
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before gold deposition (blue circles in Figure 1). The methyl bromide coverage, which is 0.25 ML, 

and the laser parameters are kept constant for all recorded transient signals. 

On the bare magnesia thin film, the transient methyl signal starts with an initial delay of 

150 ±50 fs and exhibits a single exponential rise with a time constant of 320 ±60 fs, which are in 

a perfect agreement with the previous CH3Br photodissociation measurements on MgO thin 

films.43-46 The initial coherent delay of 150 ±50 fs reflects the minimal time needed for the 

liberation of the methyl fragments from the molecular force field and from the force field of the 

magnesia surface. This time is longer than the A-band dissociation time of CH3Br in the gas phase, 

i.e. 116 ±25 fs,47 due to the molecular adsorption geometry in which the C–Br axis is almost 

parallel to the MgO substrate, which facilitates collision of the CH3 fragment with the adjacent 

molecule just before being released into gas phase.(45 and refs. therein) The subsequent growth of the 

methyl signal with a time constant of 320 ±60 fs, which is obtained from data fitting with a 

‘delayed exponential rise’ function convoluted with the pump-probe cross correlation function48 

(red curve in Figure 1a)  is attributed to the average lifetime of all trajectories leading to the release 

of the methyl fragment.  

The transient methyl signal obtained from the photodissociation of CH3Br (dosed at 100 K) 

on magnesia covered by 0.065 ML Au, deposited previously at 100 K, displayed in Figure 1a 

(black squares) is essentially similar to the one obtained from the bare MgO surface (Figure 1a - 

blue circles). After deposition of 0.1 ML Au on the magnesia surface, the transient methyl signal, 

which is displayed in Figure 1b, also exhibits an exponential rise, but in addition it displays a new 

peaked structure with a maximum at 240 fs. Fitting the experimental data with a model that 

consists of an exponential ‘rise and decay’ in conjunction with a ‘delayed exponential rise’, 

convoluted with the laser cross correlation48 (red curve in Figure 1b) gives 190 ±30 fs for the rise 

and decay of the peaked structure, attributed below to gold particles on the surface. For the 

subsequent exponential rise at longer delay times, the time constant matches with the one obtained 

from the bare MgO surface. 

 Figure 1c shows the transient methyl signal obtained from the photodissociation of CH3Br 

on magnesia covered by 0.13 ML Au. In this transient signal, the peaked structure at early delay 

times with a maximum intensity at 270 fs is even more apparent and is followed by an exponential 

rise. The best fit with the same model as in Figure 1b to the experimental data (Figure 1c - black 

squares) gives similar time constants of 200 ±30 fs for the rise and the decay components of the 
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observed peaked structure in time. For the subsequent exponential rise at longer delay times, the 

time constant matches again with the one obtained from bare MgO surface. The CH3
+
 transient 

peaked structure observed in Figure 1 b,c appears only on magnesia substrates prepared with gold 

particles (coverages between 0.1 and less than 0.15 ML). The photodissociation of CH3Br on 

MgO/Mo(100) covered by 0.15 ML Au leads to a dramatic increase of the methyl cation signal 

intensity (factor of six) compared to the signal obtained from the bare magnesia surface (cf. 

Figure 1d).  However, no time dependence of the CH3
+
 signal is observed any more. These new 

features are all assigned to the dissociation of methyl bromide molecules adsorbed on the gold 

clusters.  

For the interpretation of the transient data in Figure 1(b-d), the size dependent structure of 

the gold clusters on MgO is considered, which was previously investigated via scanning tunneling 

microscopy (STM) and electron paramagnetic resonance (EPR) spectroscopy by Freund and 

coworkers.49-50 According to the STM and EPR investigations, at low gold coverages up to 

0.06 ML on 8 ML MgO/Mo(100), at 100 K, mostly gold atoms are observed on the surface. 

Consequently, it can be assumed that in the present investigation, isolated gold atoms and very 

small clusters are present on the MgO surfaces for an Au coverage of 0.065 ML (cf. Figure 1a), 

and these do not lead to a CH3
+
 transient peaked structure. This conclusion is further supported by 

an experiment in which Au atoms produced by a mass-selected cluster source, coupled to the 

investigation chamber, were soft landed on 10 ML MgO/Mo(100) surface (Au coverage of about 

0.03 ML). In this experiment, no CH3
+
 transient peaked structure is observed (not shown here). 

Furthermore, Popolan et al,51 demonstrated that isolated, small gold clusters, i.e. Au1-Au3, Au5, 

and Au7, interact strongly with CH3Br, break the C-Br bond and subsequently liberate the CH3 

radicals, while the Br atoms remain attached to the clusters. Therefore, it is assumed that very 

small gold clusters, produced by evaporation of 0.065 ML Au on MgO at 90 K, dissociate the 

CH3Br molecules directly and trap the Br atoms.  Consequently, the CH3
+ transient pump-probe 

laser signal in Figure 1a originates just from CH3Br molecules adsorbed on the MgO surface and 

not from CH3Br adsorbed on small Au clusters on MgO.  

Small Au clusters are expected to form on the magnesia surface, as the Au coverage is 

increased above 0.065 ML. Apparently, in contrast to magnesia supported Au atoms, the CH3Br 

photodissociation on small Au clusters on MgO/Mo(100) leads to the appearance of the CH3
+
 

transient peaked structure in the laser pump-probe experiment, as shown in Figure 1b,c. The 
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dramatic increase of the methyl cation signal intensity detected from the magnesia surface when 

covered by 0.15 ML Au (Figure 1d) is attributed to the photodissociation on larger Au particles, 

which might have electronic properties different from the Au particles obtained at lower coverages.  

STM investigations of Freund and coworkers demonstrate that large three dimensional Au 

particles are formed via sintering, if MgO samples decorated with gold atoms (Au coverages below 

0.06 ML) are annealed to 300 K.49 Therefore, in order to confirm the hypothesis that large particles 

are responsible for the change of the methyl signal at coverages above 0.15 ML Au (Figure 1d), 

the magnesia sample with 0.13 ML Au (Figure 1c) was briefly heated to 800 K to induce the 

formation of larger Au particles via sintering. Subsequently, CH3Br molecules are dosed on the 

surface at 100 K, and a CH3
+
 transient signal is recorded. The result is displayed in the inset of 

Figure 1c. Indeed, the peak structure and exponential rise measured before the annealing (Figure 

1c) are not observed anymore. Instead, an intense methyl signal is obtained that does not exhibit a 

time dependence, similar to the case of 0.15 ML coverage in Figure 1d. This result supports the 

hypothesis that the presence of a considerable fraction of large Au nanoparticles are responsible 

for the different signal in Figure 1d. 

By reducing the intensity of both pump and probe laser pulses by a factor of three, a time 

dependent measurement of CH3Br photodissociation on the surface decorated with large Au 

particles is possible. Figure S2 in the Supplementary Information displays the CH3
+
 transient signal 

recorded with reduced pump and probe beam laser intensities from a MgO/Mo(100) surface 

covered by 0.13 ML Au and annealed to 800 K. The CH3
+
 transient signal presents a broad peak 

(1.1 ps at the FWHM) structure with a maximum located at about 450 fs. Due to the high noise 

level, only a Gaussian function (solid line in Figure S2) is drawn to guide the eye. The reduced 

laser intensity used to record the CH3
+ transient signal and the shape of this transient signal further 

indicates a similar excitation and detection mechanism as for CH3Br adsorbed on an extended Au 

surface.42 As mentioned above, two photons at 266 nm are necessary to induce the CH3Br 

photodissociation on a 10 ML MgO/Mo(100) surface, while three photons at 333.3 nm are 

necessary to detect the CH3 fragments through (2+1) REMPI.43 On an extended Au surface, power 

dependence measurements reveal that a single pump photon at 266 nm is absorbed, while the CH3 

ionization-detection is accomplished by two probe photons at 333.3 nm.43 The reduced number of 

photons necessary for the photoexcitation of CH3Br and detection of CH3
+
 from an Au surface is 

attributed to a red-shift of the CH3Br A-band by about 1.5 eV,42 as also observed for CH3Br 
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adsorbed on Ag(111).52 The CH3
+
 transient signal, i.e. peaked structure, recorded on the Au surface 

is attributed to the following pump-probe schema: (i) a single pump photon at 266 nm excites the 

CH3Br molecule into the dissociative A-band; (ii) before the molecule dissociates, two-probe 

photons at 333 nm further excite the molecule from the A-band into a cationic dissociative state 

which decomposes and leads to the CH3
+
 transient signal.42 It is assumed that the CH3

+
 transient 

peaked structure observed at about 240 fs and 270 fs in Figure 1 (b and c) has a similar excitation 

and detection mechanism as for CH3Br on the extended Au surface; this indicates that non-metallic 

Au particles consisting of several atoms are also capable of perturbing the electronic structure of 

the CH3Br molecules. Because of the low number of photons necessary to record the CH3
+ transient 

signals from extended Au surfaces and Au particles with a metallic character, only an intense, non-

time dependent CH3
+ signal is observed in Figure 1d and insert in Figure 1c.  

In order to correlate the ultrafast dissociation dynamics of the CH3Br molecules with the 

electronic structure of the Au clusters on MgO/Mo(100) and also to understand the dramatic 

increase of the methyl cation signal observed in Figure 1d as the Au coverage exceeds 0.15 ML, 

the electronic structure of the Au/MgO/Mo(100) system is studied using static femtosecond 

extreme ultraviolet (XUV) photoemission spectroscopy.53-55  

Figure 2(a) displays the photoemission spectra of the bare Mo(100) substrate, of 10 ML 

MgO grown on Mo(100), and photoemission spectra recorded from various amounts of Au, 

ranging from 0.01 ML to 1.00 ML, deposited on 10 ML MgO/Mo(100). The photoemission 

spectra are recorded using the 23rd harmonic (35.65 eV) of the Ti:Sapphire laser fundamental 

wavelength for photoexcitation. The binding energy in Figure 2 is referenced to the Fermi level 

(EF = 0), which is approximately at the center of the Fermi Dirac distribution of the Mo(100) 

substrate.53-54 The photoemission onset of Mo(100) coincides with the photoemission onset of 

0.15 ML- 1.00 ML Au/MgO/Mo(100), which is located at 0.08 eV above the Fermi level.  

When 10 ML MgO are grown on Mo(100) the photoemission onset shifts to -3.4 eV below 

the EF (larger negative numbers refer to greater binding energies), as determined by the intersection 

point where the extrapolation of the linear portion of the MgO rising edge intersects the straight 

line describing the background (see red dashed line in Figure 2a).55-56 The occupied electronic 

states below -3.4 eV are attributed to the photoemission from the O-2p states that make up the 

valence band of MgO. No photoemission peaks are observed at binding energies between 0 eV 
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and -3.4 eV, which corresponds to the portion of the MgO band gap that can be accessed via 

photoemission spectroscopy, indicating that the MgO film is fully oxidized.  

When gradually increasing amounts of Au are evaporated on the 10 ML MgO film, the 

photoemission progressively shifts to lower binding energy. The shift of the photoemission to 

lower binding energy as the amount of gold is increased (cf Figure 2(a)), is attributed to a lowering 

of the work function of the combined system, i.e. Au/MgO/Mo(100). This shift is expected to be 

due to the electrostatic interaction between the photoemitted electrons and the negative charges 

that accumulate at the cluster-oxide interface, which increases with the number of Au atoms in 

direct contact with the oxide surface.57 

To explore the change in the electronic structure of the Au particles as their size is 

increased, and to eliminate the influence of the substrate, in Figure 2(b) the photoemission 

spectrum of the bare MgO/Mo(100) substrate is subtracted from the photoemission spectra of 

Au/MgO/Mo(100). Distinct photoemission features centered at -1.35 eV, -2.2 eV (cf. Figure 2(b)) 

and -3.30 eV (cf. Figure 2(a)) are observed. As the amount of Au on MgO/Mo(100) is varied, these 

features change their relative intensities but do not shift in energy (cf. Figure 2(b)). The highest 

intensity of the photoemission feature centered at -2.2 eV is observed for Au coverages of 

0.02 ML, while the feature centered at -1.35 eV is most prominent for Au coverages of 0.06 ML 

to 0.12 ML. The photoemission feature at -2.20 eV fades out for Au coverages larger than 

0.07 ML, while the -1.35 eV feature diminishes for coverages larger than 0.12 ML Au. The 

photoemission feature at -3.30 eV is visible only at high Au coverages, i.e. 0.38 ML and 1.00 ML. 

In addition, a low intensity photoemission feature centered at -0.75 eV is observed in Figure 2(b) 

for low Au coverages of 0.01-0.10 ML. Note that the photoemission features at -2.2 eV, -1.35 eV, 

and -0.75 eV discussed above are not present in the photoemission spectra of bare Mo(100) or 

10 ML MgO/Mo(100).  

The peak at -3.30 eV is attributed to the photoemission from large Au particles, since this 

peak is visible only at high Au coverages. The distinct features at -2.2 eV, -1.35 eV, and -0.75 eV 

are attributed to photoemission from Au atoms and clusters composed of very few atoms on 

MgO/Mo(100). Since the photoemission feature at -2.2 eV displays the highest intensity at Au 

coverages of 0.01-0.06 ML, the result suggests that this photoemission feature originates from Au 

atoms on MgO/Mo(100). This is in agreement with the STM and EPR investigations,49-50 which 

reveal that mostly gold atoms are present on the MgO/Mo(100) surface decorated with Au 
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coverages lower than 0.06 ML. Moreover, theoretical investigations of Pacchhioni and coworkers 

show that Au atoms on 3 ML of MgO(100) have the Au-5d density of states located between              

-1.5 eV and -2.5 eV, below the Fermi level.58 In a different theoretical investigation, by Häkkinen 

and coworkers, it was shown that the Au atoms at hollow sites on 3 ML MgO/Mo(100) have the 

Au 5d electrons centered at -2 eV below the Fermi level.59 Therefore, the feature at -2.2 eV in 

Figure 4(b) is attributed to the photoemission from Au-5d states belonging to Au atoms on 

MgO/Mo(100). The peak at -1.35 eV might be due to the Au-5d electrons of Au clusters composed 

of a few atoms, since this peak is visible between 0.06-0.12 ML Au and is barely visible at 

coverages below 0.06 ML Au. The low intensity feature at -0.75 eV is attributed to photoemission 

from the Au-6s states of Au atoms. This photoemission feature matches the predicted energetic 

position and relatively low intensity of the Au 6s electrons of Au atoms.58-59  Furthermore, the 

photoemission feature initially centered at -0.75 eV systematically expands toward lower binding 

energies, as the amount of gold is increased above 0.1 ML, lowering the onset energy of the 

photoemission spectra.  

For Au coverages up to 0.12 ML the photoemission onsets are located below the Fermi 

level, indicating that the Au clusters have a non-metallic character, while for a Au coverage of 

0.15 ML, the photoemission onset shifts to +0.08 eV above the Fermi level, similar to the 

photoemission from metals. The photoemission onset does not change for Au coverages larger 

than 0.15 ML and coincides with the photoemission onset of the Mo(100) substrate. This clearly 

indicates that Au particles formed at Au coverages of 0.15 ML or greater have a metallic character. 

Consequently, the transition of Au clusters from nonmetal to metal on a 10 ML MgO film grown 

on Mo(100) occurs at Au coverages of about 0.15 ML.  

The static fs-XUV photoemission data obtained from various amounts of Au on 10 ML 

MgO/Mo(100) (cf. Figure 2) strongly suggest that the dramatic increase in the CH3
+ signal 

observed when 0.15 ML Au is evaporated on the surface is due to the formation of Au particles 

that have a metallic character. The photodissociation mechanism of the CH3Br molecule on 

metallic Au particles is expected to be broadly similar to the photodissociation mechanism on an 

extended Au surface,42 due to the red-shift of the CH3Br A-band by the metal structure, as 

discussed above. Certainly, the morphology of various Au particles that have a metallic character 

might also play a role in the photodissociation of CH3Br, however, the changeover of Au from 

non-metal to metal plays the essential role.    
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To correlate the Au particle size with the photoemission experiments and ultimately with 

the changes observed in photodissociation dynamics as the Au loading on MgO/Mo is varied, 

density functional theory (DFT) investigations have been performed to estimate the size at which 

the Au clusters become metallic on the MgO support. Details about the DFT calculation as well as 

the calculated density of states (DOS) of gold clusters consisting of 13, 19, 43, 55, 79, and 135 

atoms on MgO, with and without including the DOS of MgO are presented in the Supplementary 

Information (see Figures S1 and S3). The theoretical investigation reveals that no occupied 

electronic states are present in the vicinity of the Fermi level for Au13, Au19 and Au47. However, 

for Au clusters containing 55 or more atoms, occupied electronic states are detected at the Fermi 

level (Figure S3), indicating that these clusters have a metallic character. Therefore, from the 

photoemission experiments (cf. Figure 2) and theoretical investigations (cf. Figure S3) we can 

conclude that the evaporation of 0.15 ML Au on MgO leads to the formation of Au clusters that 

have at least 55 atoms. These metallic Au clusters drastically influence the photodissociation 

dynamics of CH3Br due to the perturbation of the excited states of the molecule as explained above.  

In summary, the ultrafast photodissociation dynamics of CH3Br molecules on magnesia 

films decorated with variable size Au clusters is investigated by monitoring the transient evolution 

of the CH3
+ signal via pump-probe femtosecond-laser mass spectrometry technique. To correlate 

the CH3Br photodissociation dynamics with the electronic structure of the surface and the Au 

cluster size on the MgO/Mo(100) surface, fs-XUV photoemission experiments and DFT 

calculations have been performed.   

No difference between the CH3
+ transients obtained from bare MgO and MgO films 

decorated mostly with Au monomers (i.e. 0.065 ML Au/MgO/Mo(100)) is observed, because such 

small Au clusters composed of a few atoms break the CH3Br molecule bond, release the CH3 

fragment and trap the Br atom, as previously demonstrated.51 For Au coverages of 0.15 ML, which 

coincides with the formation onset of Au particles that have a metallic character, a large increase 

in the CH3
+ signal intensity and a loss of a time dependent signal is observed due to a change in 

the pump-probe mechanism. Reducing the intensity of both pump and probe laser beams by a 

factor of three, leads to a time dependent CH3
+ signal that resembles the transient signal obtained 

from extended Au surfaces. DFT investigations show that the non-metal to metal transition of 

magnesia supported Au clusters occurs as the cluster size exceeds 55 atoms, providing an estimate 
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of the particle size at which the photodissociation dynamics of CH3Br is drastically influenced by 

the Au clusters.  

At intermediate Au coverages of 0.10 ML and 0.13 ML, clusters consisting of tens of 

atoms, i.e. sizes larger than a few atoms, but smaller than particles that have a metallic character 

(> 55 atoms) are formed. The CH3
+ transient peak structure detected from 0.10 ML and 0.13 ML 

Au/MgO/Mo(100) indicates that non-metallic Au clusters do perturb the electronic structure of the 

CH3Br molecule.  

This work presents an example in which the evolution dynamics of the intermediate species 

of a photoinduced surface reaction are monitored in real time and correlated with the morphology 

and the electronic structure of the surface. Understanding the interplay between the elementary 

steps of surface reactions and surface properties could open new avenues to control surface 

photoinduced and photocatalytic chemical reactions through a rational design of the surface on 

which the reaction occurs.  
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Figure 1. Femtosecond time-resolved pump-probe mass signals of methyl cations detected after 

photodissociation of CH3Br adsorbed on the bare MgO/Mo(100) substrate (blue circles) and from 

CH3Br adsorbed on tha same MgO/Mo(100) surface covered by gold particles (black squares). 

The transient signals are normalized to the highest intensity.The gold coverages are (a) 0.065 ML 

Au; (b) 0.10 ML Au; (c) 0.13 ML Au; (d) 0.15 ML Au. The transient signals were obtained with 

6 mW/cm² pump (266 nm) and 600 mW/cm² probe laser power (333 nm). The red curves are the 

best fit of a ´delayed exponential rise´ model in panel (a) and a ´peak´ in conjunction with a 

´delayed exponential rise´ model to the experimental data in panels (b) and (c). The inset in (c) 

displays the relative intensity of the CH3
+ signal recorded from a magnesia film covered with 

0.13 ML Au that was briefly annealed at 800 K (black squares) together with the CH3
+ transient 

signal signal recorded from the bare magnesia surface (blue circles).  The inset in panel (d) shows 

the relative intensity of the CH3
+ signal recorded before (blue circles) and after covering a 

magnesia film with 0.15 ML Au (black squares). All pump-probe experiments, Au deposition, and 

CH3Br dosage are performed at a surface temperature of 100 K.  
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Figure 2.  (a) Photoemission spectra recorded from various ammounts of Au evaporated on 

10 ML MgO(100)/Mo(100) at 100 K. The light grey and dark gray filled curves are the 

measured photoemision spectra of bare Mo(100) and of 10 ML MgO grown on Mo(100), 

respectively. The legend shows the Au coverage in monolayer equivalent. The dashed line 

represents the linear extrapolation of the O-2p rising edge used for the determination of the 

valence band maximum of the MgO(100) thin film. All photoemission spectra were recorded 

with the 23rd harmonic (35.65 eV) of the fundamental wavelength of Ti:Sapphire femtosecond 

laser. (b) Difference between the photoemission spectra obtained from Au/MgO/Mo(100) and 

the photoemission spectrum obtained from MgO/Mo(100). The vertical dashed line indicates 

the Fermi level. Colored curves in (b) are smoothed spline interpolations of the raw data points 

ploted in light gray.  
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