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ABSTRACT 
Real-time detection of intermediate species and final products at the surface and near-surface in interfacial 
solid-gas reactions is critical for an accurate understanding of heterogeneous reaction mechanisms. In this 
contribution, an experimental method that can simultaneously monitor the ultrafast dynamics at the surface 
and above the surface in photoinduced heterogeneous reactions is presented. The method relies on a 
combination of mass spectrometry and femtosecond pump-probe spectroscopy. As a model system, the 
photoinduced reaction of methyl iodide on and above a cerium oxide surface is investigated. The species 
that are simultaneously detected from the surface and gas-phase present distinct features in the mass spectra, 
such as a sharp peak followed by an adjacent broad shoulder. The sharp peak is attributed to the species 
detected from the surface while the broad shoulder is due to the detection of gas-phase species above the 
surface, as confirmed by multiple experiments. By monitoring the evolution of the sharp peak and broad 
shoulder as a function of the pump-probe time delay, transient signals are obtained that describe the ultrafast 
photoinduced reaction dynamics of methyl iodide on the surface and in gas-phase. Finally, SimION 
simulations are performed to confirm the origin of the ions produced on the surface and gas-phase. 
 

I. INTRODUCTION 
Understanding the mechanism of heterogeneous reactions at the solid-gas interface is crucial to perceive 
many reactions occurring in nature as well as to understand, control, and improve various chemical 
processes that have a high technological and industrial significance. For example, heterogeneous catalytic 
reactions at the solid-gas interface are responsible for about 90% of chemical production processes and 
more than 20% of all industrial products.(1 and Refs. therein)  

Efforts to decipher heterogeneous catalytic process have begun decades ago, employing model 
catalysis, which provides a good understanding of various elementary steps of the surface reaction on well-
defined and characterized model catalyst samples under ultra-high vacuum (UHV) conditions.2 To address 
the “pressure gap” between the UHV model catalysis investigations and the high pressure involved in 
industrial heterogeneous reactions, operando techniques have been developed, which characterize 
simultaneously the properties of the catalyst surface and the surface chemistry at pressures closer to those 
involved in real applications.3-6 Recent efforts have also been made to develop techniques to monitor and 
understand the role of the gas-phase chemistry above a solid catalyst,7 because in some solid-gas 
heterogeneous reactions that operate at pressures relevant for practical applications, reactive intermediate 
species formed on the catalyst surface could escape to the gas-phase, or be re-adsorbed at a different location 
on the catalyst surface.(ref. 7 and refs. therein) These intermediates can further react in the gas phase or on the 
surface and consequently influence the overall reaction outcome. Therefore, experimental methods that can 
track in real-time the dynamics of highly unstable intermediate species and final products simultaneously 
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at the surface and near-surface, i.e. nanometers to millimeters in the gas-phase above the surface, can be 
revolutionary in understanding complex heterogeneous reactions at solid-gas interfaces.    

An experimental technique based on mass spectrometry in conjunction with femtosecond pump-
probe spectroscopy that was introduced more than three decades ago,8 is currently still used in many 
laboratories to track the ultrafast molecular dynamics in gas-phase. This technique was subsequently 
adapted to track the ultrafast dynamics of intermediate species and final products in photoinduced reactions 
on solid surfaces.9  

In this work, an experimental technique is presented that can simultaneously monitor the ultrafast 
molecular dynamics at the surface and in gas-phase near-surface in photoinduced heterogeneous reactions 
at solid-gas interfaces. The technique relies on a combination of mass spectrometry and femtosecond pump-
probe spectroscopy. To test the versatility of this technique, the photoinduced reaction dynamics of methyl 
iodide on a cerium oxide surface is investigated. The methyl iodide molecule is selected as a model system 
for photoinduced interfacial reactions, because its gas-phase photodissociation has been studied both 
experimentally10-16 and theoretically.17-24 Furthermore, the photoinduced reaction dynamics of methyl 
iodide has been investigated with femtosecond resolution in gas-phase25-29 as well as on insulating,30-32  
metallic,33 and semiconducting34 surface. The photoinduced reaction dynamics of methyl iodide was also 
investigated with time, mass, and energy resolution on cerium oxide films like those used in this 
investigation, providing a base of comparison of the current and previously reported results.34    
 In this work, a detailed account of experimental setup employed to monitor photoinduced reactions 
at the gas-solid interface is provided. The ultrafast molecular dynamics experiments are performed using 
deuterated methyl iodide (CD3I) dosed on a cerium oxide surface. Additional experiments in which methyl 
iodide (CH3I) is dosed on insulating, semiconducting, and metal surfaces are performed to confirm the 
origin of the ions, i.e. surface vs gas-phase, and to estimate the local pressure near-surface. The exact type 
of molecule used in each experiment is mentioned in text and on each figure. SimION simulations are 
performed to confirm the origin of the ions produced on the surface and gas-phase.        
 
II. EXPERIMENTAL METHODS 
A. Experimental Setup 
The experimental setup consists of an UHV surface science chamber equipped with various tools for surface 
preparation and characterization, as well as a femtosecond laser system. Details about the surface science 
chamber and the laser system are presented in the Supplementary Material. 
 
B. Time-of-flight mass spectrometer  
To investigate the ultrafast molecular dynamics at the solid-gas interface and distinguish between the 
reactions that occur at the solid surface and in gas-phase, a home built Wiley/McLaren-type time-of-flight 
mass spectrometer35 (TOF-MS) is employed together with a continuous gas admission system. Except a 
few electrodes, which are in-house machined, the ion optics of the TOF spectrometer is constructed using 
“eV Parts” from Kimball Physics Inc., i.e., stainless steel plates, stainless steel cylinders, alumina spacers, 
alumina tubes, stainless steel compression lock rings, etc. Figure 1(a) displays a schematic cross-sectional 
view in the longitudinal-vertical plane of the TOF-MS head in which details on the spectrometer 
construction, surface, and gas tube positions are provided. A schematic representation of the whole TOF-
MS is displayed in Figure S1 in the Supplementary Material. Figure 1(b) displays a cross-sectional view in 
the longitudinal-horizontal plane of a three-dimensional (3D) SimION simulation36 of the ion trajectories 
through the TOF-MS ion optics after their formation on the laser path on the surface and near-surface. 

The surface, which represents the repeller electrode of the TOF-MS is grounded and positioned 
perpendicular to the longitudinal spectrometer axis at 8 mm from the entrance electrode (E1 in Figure 1). 
Gas-phase molecules are continuously dosed with a gas tube that has an internal diameter of 4.6 mm and 
ends at 12 mm from the sample surface (cf. Figure 1(a)). The pump and probe laser beams collinearly 
irradiate the surface at an incidence angle of about 45°. Positive ions formed on the laser path, on the 
surface, and above the surface are accelerated into the spectrometer by a static electric field, i.e., the first 
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acceleration region of the TOF-MS, formed 
between the grounded surface and the spectrometer 
entrance electrode (E1 in Figure 1) on which -600 V 
is applied. A potential of -2000 V is applied on 
electrode E3 (cf. Figure 1), to create the second 
acceleration region of the spectrometer. Both E1 
and E3 electrodes are circular holes with a diameter 
of 3 mm on which Ni meshes with a transparency 
of 90% are attached. An electrostatic lens, (E2 in 
Figure 1) is positioned between electrodes E1 and 
E3 to collimate ions and hence to increase the 
intensity of the detected ion signal. The electrode 
E3 also represents the entrance in the free field 
region of the TOF. An einzel lens that can slightly 
increase the transmission of the TOF-MS (by up to 
5% ) by collimating the ion beam is also built into 
the free field region of the spectrometer. In this 
study, all einzel lens elements as well as the field-
free drift tube are kept at -2000 V and therefore, 
they do not influence the trajectory or time-of-flight 
of positive ions. The total length of the TOF-MS 
field-free region is 700 mm. The ions pass the field-
free region with different velocities according to 
their mass-to-charge ratio and are subsequently 
detected by a microchannel plate amplifier detector 
arrangement as a function of their time-of-flight. 
The signal acquisition is carried out by a 10 GHz 
multichannel scaler electronics (FAST ComTec, 
MCS6A).  
 

 
C. Characterization of the local pressure 
near-surface 
Temperature programmed desorption (TPD) is 
employed to estimate the local pressure in front of the 
surface at the location in which the surface is 
positioned when pump-probe molecular dynamics 
investigations are performed using the TOF-MS. TPD 
is a technique that is routinely employed in our 
laboratory to investigate the interaction between 
adsorbed molecules and the surface.34, 37, 38 

First, a series of TPD spectra are recorded 
from a Si(111) surface on which CH3I molecules are 
dosed with the gas tube while the surface sample is 
positioned close to the ion gauge detector, which is far 
from the gas tube so that the pressure can be accurately 
measured in the vicinity of the surface. Figure 2. 

 
Figure 1 (a) Schematic cross-sectional view in the 
longitudinal-vertical plane of the TOF-MS head, 
display details on the TOF construction, and the 
position of the surface and gas tube. (b) Cross-
sectional view in the longitudinal-horizontal plane 
of a 3D SimION simulation of the TOF-MS 
displaying the incident and reflect ion beams, ion 
trajectories (black curves) and equipotential 
surfaces (red curves).      
 
 

 
Figure 2. Area of the CH3I TPD signal as a 
function of exposure of a Si(111) surface with 
CH3I gas close to the ion gauge ( squares) and in 
front of the TOF-MS (circles). The black straight 
line is a linear fit of the data points taken close to 
the ion gauge.  
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displays the surface areas of the CH3I signal desorbed from the surface as a function of CH3I exposure in 
units of Langmuir (1L=1s × 1 × 10−6 Torr). As can be seen in Figure 2, the area of the CH3I signal 
increases linearly with the CH3I exposure. Second, two TPD spectra are recorded after dosing the Si(111) 
surface with CH3I molecules in front of the TOF-MS at the exact position used during pump-probe 
molecular dynamics investigations (cf. Figure 2). Finally, to find the local pressure in front of the TOF-MS, 
the CH3I exposures that lead to the same desorption area for the two sample positions are compared. The 
area of the TPD peaks obtained after dosing the Si(111) surface with CH3I molecules in front of the 
TOF-MS roughly corresponds to the area obtained by exposing the surface to a 45 times higher dose close 
to the ion gauge detector. Therefore, the local pressure in front of the surface during pump-probe molecular 
dynamics investigations performed with the TOF-MS is estimated to be 45 times higher than the pressure 
measured with the ion gauge detector.  
 
III. PHOTOINDUCED REACTIONS AT THE GAS-SOLID INTERFACES 
A. Ultrafast photoinduced reaction dynamics  
As mentioned above, a model system consisting of methyl iodide or deuterated methyl iodide molecules 
and an amorphous cerium oxide surface is employed to investigate the ultrafast molecular dynamics at the 
solid-gas interface and distinguish between the reactions that occur at the solid surface and in the gas-phase 
near-surface. Details about the preparation and characterization of the cerium oxide surface are presented 
in the Supplementary Material. Methyl iodide molecules are continuously dosed with the gas tube onto the 
cerium oxide surface. The pump laser pulse (266 nm, 25 mW/cm2, p-polarized) excites the methyl iodide 
molecules into the dissociative A-band, which leads to the formation of methyl and iodine neutral 
fragments. Subsequently, the probe laser pulse (266 nm, 300 mW/cm2, p-polarized) is used to ionize the 
neutral fragments and reaction products that are formed on the laser path, on the surface and above the 
surface.  

 Figure 3 displays mass spectra recorded from 
CD3I continuously dosed on a 3.6 nm thin cerium 
oxide film grown on Si(100) at 5×10-9 Torr and 
4×10-8 Torr. The CD3I partial pressure is measured 
with an ion-gauge detector placed far from the sample 
and inlet gas tube. For the mass spectra displayed in 
Figure 3, to restrict the amount of CD3I molecules on 
the surface at sub-monolayer (ML) coverage and 
maintain this coverage constant during the surface 
reaction, the cerium oxide sample temperature is kept 
at 160 K as demonstrated in one of our recent 
publications.34 The mass spectra in Figure 3 display 
four peaks corresponding to CD3

+, I+, I2
+, and CD3I+

. 
The CD3

+, I+, and CD3I+
 appear as narrow peaks when 

CD3I is dosed at pressures below 5×10-9 Torr. When 
the CD3I pressure is increased to 4×10-8 Torr, low 
intensity, broad shoulders appear after the CD3

+, I+, 
and CD3I+

 narrow peaks (cf. insert in Figure 3). 
Interestingly, the I2

+mass peak is narrow and does not 
present a shoulder dependent on the CD3I gas-phase 
pressure. The sharp peaks resemble the mass spectra 
obtained from surface chemical reactions reported in 
our previous publications in which molecules are 
dosed with a pulsed valve that is synchronized with a 
laser shutter, which stops the laser irradiation while 
molecules are dosed to avoid the detection of species 
from gas-phase,9, 30, 31, 33, 39, 40 or when molecules are 

 
Figure 3. Time-of-flight mass spectra obtained 
from CD3I continuously dosed at a partial 
pressure of 5×10-9 Torr (red curve) and 
4×10-8 Torr (black curve) on a 3.6 nm thin cerium 
oxide film grown on Si(100) at a pump-probe time 
delay of 4 ps.  The surface is kept at 160 K during 
the measurement to restrict the number of 
molecules at the surface. Inset: Magnified view of 
the 125-260 amu spectral region. The spectra are 
obtained by summing the mass signals over 1 × 
106 laser shots.   
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continuously dosed using a leak valve that 
maintains a low gas-phase pressure during pump-
probe surface molecular dynamics investigations.34 
Several factors suggest that the broad shoulders 
originate from gas-phase reactions: (i) the broad 
shoulders of CD3

+, I+, and CD3I+
 are only visible 

when the CD3I gas-phase pressure is increased, 
which enhances the probability of detecting ions 
originating from the gas-phase; (ii) I2

+ signal 
appears only as a sharp peak in the mass spectra 
independent of the CD3I gas-phase pressure. This 
indicates that I2 is only formed at the surface, 
because bimolecular reactions are not possible in 
the gas-phase at the pressures employed in this 
experiment, due to (a) the low density of I atoms in 
the gas-phase, which leads to a low probability of 
collisions between I atoms above the surface and 
hence a low probability of a bimolecular reaction in 
the gas-phase, and (b) low density of gas-phase 
molecules, which reduce the possibility of I atoms 
produced in the gas-phase to lose their excess 
translational energy released through the 
photodissociation process, and hence a low 
probability of I atoms that collide to form stable 
bonds in the gas-phase. As demonstrated in one of 
our recent publications,34 I atoms produced via A-
band photodissociation of methyl iodide at the 
surface are highly energetic and require multiple 
collisions with the surface and adjacent molecules 
to get thermalized to form I2 31, 34. (iii) The intensity 
of the broad shoulders does not scale with the 
intensity of the narrow peaks, which indicates that 
these have different origins.  

To demonstrate that the narrow peaks in the 
mass spectra correspond to surface chemical 
reactions while the broad shoulders correspond to 
gas-phase chemical reactions, their pump-probe 
transient evolution is investigated. Figures 4(a) 
display mass spectra recorded at various pump-
probe time delays in the 12.55 μs to 12.90 μs TOF 

region, which corresponds to I+. To record the data displayed in Figure 4, CD3I is continuously dosed on 
an amorphous cerium oxide surface at a pressure of 2×10-8 Torr as measured with the ion gauge detector, 
while the surface is maintained at 160 K to restrict the amount of CD3I molecules on the surface to 
submonolayer.34 To monitor the transient evolution of the surface and the gas-phase (near-surface) chemical 
reactions, the surface areas of the narrow peak below 12.6 μs and broad shoulder between 12.62-12.8 μs 
are plotted as a function of the pump-probe time delay (cf. Figure 4(b)). The pump-probe time dependence 
of the I+ narrow peak (black squares in Figure 4(b)) displays the lowest intensity below 100 fs. Subsequently 
the signal intensity increases, reaches a maximum at 4 ps, and finally decays. This transient signal resembles 
the unimolecular dissociation dynamics of CD3I on a cerium oxide surface, obtained by monitoring the I+ 
transient signal, which was recently reported by this laboratory.34 The dashed line in Figure 4(b) is a 
simulation of the measured I+ surface transient signal.  For the simulation, a model consisting of the delayed 

 
Figure 4. (a) Mass spectra recorded at various 
pump-probe time delays in the 12.55-12.9 μs time-
of-flight range corresponding to I+. The insert in (a) 
shows a magnified view of the 12.6-12.9 μs time-of-
flight range corresponding to the I+ broad shoulder 
originating from the gas phase. The spectra are 
obtained by summing the mass signals over 2 × 105 
laser shots. (b) Surface area of the sharp peak (black 
squares) and broad shoulder (red circles) as a 
function of the pump-probe time delay. The red 
curves are simulations of the measured data (see text 
for details).  
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exponential rise and exponential decay functions convoluted with the pump-probe autocorrelation function 
is employed, in which parameters similar to those obtained in Ref. 34 for the rise (τrise = 2 ps) and decay 
(τdecay = 8 ps) time constants of I+ and the minimum dissociation (t0=125 fs) of CD3I on a cerium oxide 
surface are used. Indeed, this simulation matches well the measured data, which demonstrates that the 
narrow peak in Figure 4(a) corresponds to atomic iodine obtained through the photoinduced CD3I 
dissociation at the surface.  
 The time dependence of the I+ broad shoulder (black circles in Figure 4(b)) displays the lowest 
intensity below 100 fs and a constant high intensity at all other pump-probe time delays measured in this 
experiment. This transient signal is well reproduced (cf. solid curve in Figure 5(b)) by a model consisting 
of a delayed step function convoluted with the pump-probe autocorrelation function, in which a coherent 
delay t0 of 120 fs41 is used, representing the gas-phase dissociation time of methyl iodide through the 3Q0 
state, which is the strongest optically allowed transition between the ground state and A-band. Indeed, the 
time dependence of the I+ broad shoulder in Figure 5(b) resembles the previously reported transient signals 
obtained during the unimolecular dissociation dynamics of methyl iodide molecule in the gas-phase after 
the A-band excitation,25-29 demonstrating that the broad shoulder is due to a gas-phase reaction.  
 The data presented in Figure 4 clearly demonstrates that the employed experimental method is not 
only able to distinguish between photoinduced gas-phase and surface chemical reactions at interfaces, but 
it can also accurately and simultaneously monitor the ultrafast reaction dynamics at the surface and near-
surface. Another example that leads to the same conclusion is presented in Section S3 of the Supplementary 
Material, in which the ultrafast evolution dynamics of the CD3I sharp peak and broad shoulder (cf. inset in 
Figure 3) are simultaneously monitored.  

 
B. Confirming the origin of narrow and broad peaks in the mass spectra 
To further demonstrate that the narrow peaks in the mass spectra correspond to surface chemical reactions 
while the broad shoulders correspond to gas-phase chemical reactions, additional investigations are 
performed. By controlling the gas-phase pressures and surface temperatures experimental conditions can 
be obtained that facilitate either the adsorption of the molecules on the surface and a negligible density of 
molecules in the gas-phase or vice versa, i.e., a large density of molecules in gas-phase and a negligible 
amount on the surface. An example is displayed in Figure S3 in the Supplementary Material.   

The result of another experiment that unambiguously demonstrates the origin of the narrow peaks 
and broad shoulders is displayed in Figure 5. In this 
experiment, mass spectra are recorded from CH3I 
dosed on the surface of a stainless steel repeller 
plate at different pressures as well as through a hole 
drilled in the repeller plate while the signal 
corresponding to CH3

+ is monitored. The repeller 
plate is attached to the sample holder, below the 
sample surface on which all experiments presented 
in this work are performed (cf. insert in Figure 5).   

 When the repeller is exposed to a CH3I 
partial pressure of 8 ×10-8 torr, a significant amount 
of molecules are adsorbed on the surface and 
present above the surface, and therefore, a CH3

+ 

sharp peak followed by a broader shoulder is 
observed. When the gas-phase pressure is reduced 
to 1x10-9 Torr, molecules are adsorbed on the 
surface while their concentration above the surface 
is negligible, which results in a mass spectrum that 
displays only a sharp peak. When the CH3I partial 
pressure above the repeller electrode is high and the 

 
Figure 5. CH3

+ region of mass spectra recorded 
from CH3I dosed on the surface of a stainless steel 
repeller held at 100 K at different pressures as well 
as through a hole drilled in the repeller plate. Insert: 
Picture showing the repeller plate attached to the 
sample holder, the sample, and the entrance 
electrode in the TOF-MS.  
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laser light is carefully directed through the hole 
of the repeller plate, only a broad peak is 
detected, corresponding to the detection of gas-
phase ions.      

It needs to be mentioned that sharp 
peaks followed by broad shoulders were 
observed in photoinduced interfacial reactions 
for various combinations of molecules such as 
CH3I, CD3I, CH3COCH3, Fe(CO)5, and solid 
surfaces such as semiconductors, insulators, and 
metals. This indicates that this technique can be 
used for a large variety of interfacial 
photoinduced reactions to simultaneously 
monitor the ultrafast dynamics at the surface and 
above the surface. The gas-phase contribution 
become noticeable at partial pressures of 2 ×10-

8 Torr and higher, as measured with the ion 
gauge detector.      

As observed in the mass spectra 
displayed in this work, the narrow peaks 
corresponding to surface chemical reactions 
always appear in the mass spectra in front of the 
broad shoulders that correspond to gas-phase 
chemical reactions. This means that ions 

produced in gas-phase above the surface, which are closer to the TOF-MS, need a longer time-of-flight to 
be detected than the ions produced at the surface, which are further away from the TOF-MS. 

To provide an explanation for the time-of-flight of these ions, SimION simulations36 are performed 
in which the trajectories of 45 ions are simulated and the time-of-flight of each ion is plotted as a function 
of the ion starting point (cf. Figure 6). The first ion (Ion #1 in Figure 6) has a starting point on the surface 
along the longitudinal axis of the TOF-MS. All the other ions have the starting points on the incident laser 
beam, each ion being displaced on the horizontal and vertical axis by 0.0375 mm relative to the previous 
ion. The initial kinetic energy of all ions is 1 eV. Two initial velocities of the ions are considered; one in 
which the initial velocity of the ions is in the direction of the laser polarization (P-polarization) and one in 
which the ions are directed toward the spectrometer, with the velocity parallel with the longitudinal axis of 
the spectrometer. Details on the initial velocities of the ions are presented in Section S5 of the 
Supplementary Material. As can be seen in Figure 6, the starting direction of the ions has a less significant 
effect on the time-of-flight than the starting position of the ions. Ion #1, which has the starting point on the 
surface has the shortest time-of-flight, while all ions originating from the gas-phase have a time-of-flight 
that gradually increases as their starting position is shifted away from the surface. Ion # 45, which has the 
starting point nearest to TOF-MS, has the longest time-of-flight. The simulation presented in Figure 6 is in 
very good agreement with the mass spectra displayed in this study (e.g. Figure 5). It confirms that ions 
originating on the surface that are further away from the TOF-MS have a shorter time-of-flight than the 
ions formed in the gas-phase, which are formed closer to the TOF-MS. This is attributed to the 
inhomogeneous electric field between the surface and entrance electrode of the TOF-MS. The positive ions 
produced at the surface and above the surface will follow the electric field vectors (not shown), which are 
perpendicular to the equipotential lines displayed in Figure 6. Therefore, ions formed on the surface are 
directed along the longitudinal axis of the spectrometer, which is the shortest and the fastest path towards 
the center of the TOF-MS entrance and detector. Ions formed on the laser path above the surface are directed 
toward the TOF-MS entrance and detector on a curved trajectory, which requires a longer time-of-flight 
than the ions formed on the surface.  

 

 
Figure 6. (a) SimION simulation of the time-of-flight of 
CH3

+ formed at the surface and in the gas phase as a 
function of ions starting point on the incident laser beam 
path. Inset: SimION simulation displaying the surface, 
TOF-MS entrance electrode, incident and reflect laser 
beams, the ion starting points and their trajectories 
(black curves) as well as the equipotential lines (red 
curves). See text for details.     
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IV. CONCLUSIONS 
This contribution describes an experimental method that can monitor simultaneously the ultrafast dynamics 
at the surface and near-surface in photoinduced heterogeneous reactions at the solid-gas interface. The 
method relies on a combination of mass spectrometry and femtosecond pump-probe spectroscopy. As a 
model system, the ultrafast photoinduced reaction dynamics of methyl iodide at the surface and above the 
surface of cerium oxide films are investigated. The species that are simultaneously detected from the surface 
and above the surface present distinct features in the mass spectra, such as a sharp peak followed by an 
adjacent broad shoulder. The sharp peak is attributed to the species detected from the surface while the 
broad shoulder is due to the detection of gas-phase species above the surface, as confirmed by several 
experiments. The evolution of the sharp peak and broad shoulder as a function of the pump-probe time 
delay resemble transient signals available in the literature that describe the ultrafast reaction dynamics of 
methyl iodide on a cerium oxide surface34 and the ultrafast dissociation dynamics of methyl iodide in gas-
phase.25-29 In the end, SimION simulations are performed to understand why the ions produced in the gas-
phase, close to the TOF-MS entrance need a longer time-of-flight to reach the TOF-MS detector than the 
ions produced on the surface which are produced further away from the TOF-MS entrance. The simulations 
revealed that the difference in the time-of-flight of the ions is due to the inhomogeneous electric field which 
favors the ions originating on the surface to take the shortest and fastest path toward TOF-MS entrance and 
spectrometer.          
 
SUPPLEMENTARY MATERIAL 
Details of the experimental setup, sample preparation and characterization, SimION simulation, as well as 
additional mass spectra and pump-probe transient signals are provided in the Supplementary Material. 
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