
 

 

 -49-	
  

 

 

 

 

 

	
  

	
  

	
  

Figure	
  2.11	
  Schematic	
  view	
  of	
  the	
  non-­‐inverting	
  operational	
  amplifier	
  circuit.1 
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hapter IV – Modified King and Wells 

reactivity modulation  

 

 

Section 4.1 – Introduction 

 

As a central area of heterogeneous catalysis, reactions at the gas-surface interface 

are an important topic for study. There have been many methods established during 

the past decades to probe the reaction probability of gas-phase molecules incident 

on and adsorbed to surfaces. The King and Wells (K&W) method was originally 

designed by D. King and M. Wells in 1972 to measure the absorption probability of 

N2 on a tungsten surface.1 It is an efficient method for quantifying reactivity in 

reactions with high sticking probability (≥ 1%). In K&W experiments, people use MS 

to monitor the partial pressure change of the reactant while dosing, so no post-dose 

measurements and calibrations are required. Quantitatively, it can be expressed as 

Equation 4.1, 



S0 
P2 P1

P2


Drop

Maximum Baseline
                                   Eq. 4.1 

where P1 and P2 are indicated in Figure 4.1. Another advantage is that the method 

provides absolute reaction probability without need for calibration measurement. 

 

 

C 
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Figure 4.1 Sample spectrum of King and Wells measurement  
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The key measureable in state-resolved reactivity measurements is the difference in 

reaction probability with and without laser excitation, as shown in Equation 4.5. 

Measuring this difference directly, rather than independently measuring reactivity 

with and without laser excitation and calculating the difference between these 

quantities, is always desirable in measurements of state-resolved reactivity. Firstly, 

it will drastically reduce the experimental time. Secondly, errors are reduced in the 

calculation of state-resolved reactivity if the experimental condition for laser-on and 

laser-off measurements are exactly the same. However, it is not easy to achieve. It 

needs real-time detection since both laser-on and laser off measurements lead to the 

same surface-bound product. Temporally modulating the excitation laser and 

measuring resulting change in non-reactively scattered methane molecules provides 

a means of doing so. Here, we describe this method to measure the state-resolved 

reactivity in a single measurement, and we demonstrate it for measurements of 

state-resolved reactivity of CH4 (ν3) on Ni(111). We perform one set of 

measurements under conditions that also permit conventional AES-based 

measurements of product yield and reaction probability and compare the 

modulation method with previously published data. After validating the method, we 

obtain state-resolved reaction probabilities at a high surface temperature where the 

short lifetime of surface-bound carbon precludes conventional AES-based methods 

of detection.  
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This new scheme to detect state-resolved reactivity is based on the K&W method. 

We monitor the partial pressure change of CH4 during the reaction and modulate 

laser excitation using a frequency-controlled shutter placed in the laser beam line. 

By doing so, laser-on and laser-off reactivity is measured in a square-wave form 

with the frequency set by a generator. The height of the square-wave modulation of 

methane partial pressure in the chamber gives the difference in reactivity with and 

without laser excitation, which is the key component required for calculating the 

state-resolved reactivity.   

 

This detection scheme not only provides key advantages of K&W method, such as 

efficiency,  real-time detection, and an absolute measure of reaction probability, but 

also extends measurements of state-resolved reactivity to a wider range. For 

example, some adsorbents are not stable on a high-temperature surface. They may 

dissociate and diffuse into the bulk of the crystal or desorb as different chemical 

species, where they cannot be ‘seen’ in post-dose measurements. Now the new K&W 

scheme makes it easier to measure the reactivity in such systems, and expands the 

range of experimental conditions accessible to state-resolved measurements. 

 

In this chapter, the details of new K&W scheme will be addressed. We validate this 

new method by comparing its results with well-established post-dose 

measurements, which took much longer to acquire. In addition, we discuss 

problems encountered and plans for the future of this promising method.       
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Section 4.2 – Experimental details 

 

We performed experiments in our differentially pumped beam-surface scattering 

apparatus, which has been introduced in Chapter II and elsewhere2-5. Here, we 

summarize key details and highlight the new detection scheme.  

 

We used a beam with 1% CH4 seeded in H2 (both gases from Airgas, Inc. with a 

purity of 99.99% and 99.9999%, respectively). The beam expanded continuously 

and supersonically through a temperature-controlled nozzle into a high vacuum 

chamber. A continuous wave (CW), single frequency infrared (IR) laser intersected 

the molecular beam in the first stage and excited a fraction of CH4 molecules to J=1 

state of the anti-symmetric C-H stretching vibration (3) via the R(1) transition at 

3038.5 cm-1. A shutter in the laser path chopped the laser at a typical frequency of 

0.4 Hz, which produces laser modulation in square-wave form as shown in the top 

panel of Figure 4.2. We quantify the IR absorption of CH4 molecules with a 

pyroelectric detector (PED) translated into the molecular beam path in the second 

stage, and the fraction of excited molecules (fexc) measured is listed in Table 4.1, 

which will be explained in detail in Section 4.3.  
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Figure 4.2 Mechanism of molecular beam reactivity modulation: K&W signal trace 

(m/z=15) has been modulated with laser on and off. The height of modulation 

represents the reactivity differences between laser on and laser off dose 
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Table 4.1 fexc of CH4 (ν3) excitation at different nozzle temperatures 

 

 

 

 

 

 

 

TN Beam fexc (%) 

550K 1% CH4/H2 17.2±1.3 

600K 1% CH4/H2 16.2±2.5 

700K 1% CH4/H2 15.2±2.7 

800K 1% CH4/H2 11.5±2.4 
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The triply differentially pumped molecular beam impinged on a Ni(111) crystal 

housed in an ultra-high vacuum (UHV) chamber. Methane’s long IR radiative 

lifetime and collision-free condition in the 1% mixture beam ensured that the 

optically excited molecules impinged on the surface in their initially excited state. 

Vibrational energy redistribution did not occur until methane began to experience 

the gas-surface interaction potential, typically a few hundred femtoseconds prior to 

reaction or non-reactive scattering. At surface temperatures (Ts) higher than 475K, 

dissociated H atoms recombine and desorb promptly as H2, while C atoms diffuse 

into bulk of the crystal at temperatures above 600K. With laser modulation, CH4 

molecules with and without laser excitation alternatively impinge the surface at the 

frequency of the shutter, which produces a high-low-high trace of CH4 partial 

pressure monitored by MS, as shown in the lower trace in Figure 4.1. The height 

between different laser-on and laser-off levels in the MS trace represents the 

difference of CH4 reactivity with and without laser excitation (



S0
Laseron  S0

Laseroff), 

which is the key quantity required to calculate the state-resolved reactivity.  
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Section 4.3 - Excitation of CH4 into 3 

 

An important parameter when calculating the state-resolved reactivity is the 

excitation factor (fexc). Based on its definition, we can use equation 4.2 to express 

this important quantity. 



fexc  f pop  f2                                                       Eq 4.2 

where fpop is the fraction of all molecules in the beam that are in the ground 

rovibrational state of the desired transition, and f2 is the fraction of those molecules 

that are pumped to the desired excited state, as measured with the PED.  

 

A methane molecule has three distinct rotational symmetries which are described as 

A, E and F. Due to nuclear spin statistics, not all rotational species are present in 

each rotational level, especially for low angular momentum (J) levels. In the 

vibrational ground state, symmetry species A can populate levels J = 0,3,4, 

symmetry species F can populate levels J = 1,2,3,4, and symmetry species E can 

populate levels J = 2,4.6-8 We find that in our supersonic expansions at low nozzle 

temperatures, the rotational cooling is complete. This means that the rotationally 

high J states will cool to lower J states within same nuclear spin symmetry, as the 

selection rule for collisional cooling does not allow for changes in the nuclear spin 

state of the molecule.  Therefore, all rotational A species will cool to J = 0, E species 

will cool to J = 2 and F species would cool to J = 1.9 Based on nuclear spin 

degeneracies and statistics, the ratio of A, E, and F will be 5:2:9 respectively. Thus, 
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under supersonic expansions, complete cooling will result in 9/16 of the methane 

molecules residing in J = 1 level. The extent of rotational and vibrational cooling plus 

this nuclear spin factor determines fpop, the fraction of molecules in the ground state 

of the desired transition. When cooling is complete, fpop = 9/16 for the v=0, J=1 

transition we pump.  

 

In this experiment, we measure fexc based on the absolute value from the PED (as 

introduced in Chapter II). The bolometer in the PED uses LiTaO3, which is a 

pyroelectric crystalline solid capable of measuring small changes in temperature. 

The PED is attached to a linear feedthrough that allows precise positioning of the 

detector in the center of the molecular beam. When measuring the PED value, the 

laser is chopped at a frequency of 4 Hz, which allows the use of a lock-in amplifier to 

filter noise and measure the IR absorption as a change in the internal energy of the 

molecular beam. When the laser is off resonance, modulating the laser has no effect 

on the internal energy of the molecules impinging on the pyroelectric detector and 

no signal is detected. When the laser is on resonance, the internal energy of the 

beam increases due to absorption of IR light and the resulting increase in vibrational 

energy content of molecules in the beam. The magnitude of the pyroelectric detector 

signal is proportional to the number of molecules excited. At low incident laser 

power, optical absorption increases linearly with increasing laser intensity. As the 

laser power increases, the absorption (PED) signal approaches an asymptotic value 

associated with optical saturation..  
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Figure 4.3 Laser saturation curve of 1% CH4/H2 beam at different nozzle 

temperatures. 
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Figure 4.3 shows laser saturation measurements for a 1% CH4/H2 beam at different 

nozzle temperatures. The value from PED, which indicates the fraction of CH4 

molecules in the desirable rovibrational ground state and the excitation fraction, 

changes with the nozzle temperature and the composition of molecular beam. The 

measurements of PED values with a series of laser power provide a valid way to 

probe fexc. We can estimate fexc using PED values (known as laser saturation 

measurements) as Equation 4.3. 

                                        



fexc 
PED

PEDMAX

9

16

1

2
                                               Eq. 4.3 

where PEDMAX is the asymptote from the fitting curve of sequential measurements 

over the range of experimentally accessible laser powers performed at a fixed 

nozzle temperature. The 9/16 term is the maximum population of CH4 molecules in 

J = 1 if rotational cooling in the molecular beam was complete and the 1/2 term 

comes from f2,∞, which is the ratio of degeneracy of the upper state to the sum of the 

degeneracy of each state as expressed in Equation 4.4.  

 



f2, 
g2

g1 g2
                                                      Eq. 4.4 

For the ν3 R(1) transition in methane, the effective degeneracy of the upper state is 

same as the initial state since only transitions with ΔMJ = 01 are allowed in linearly 

polarized laser. Thus, f2,∞ equals 1/2. The fexc at different nozzle temperatures are 

summarized in Table 4.1.  Based on the well-established rovibrational knowledge of 

                                                             
1 MJ is the projection of angular momentum vector, J, onto a fixed-space axis 
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CH4, fexc determined using PED values are proved to be a reliable measurement of ν3 

excitation fraction in CH4.10, 11   
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Section - 4.4 Results and Discussion 

 

In order to obtain state-resolved reactivity, the ensemble-averaged reactivity with 

and without laser excitation ( LaserOnS0  and LaserOffS0 , respectively) is measured. The 

sticking probability for a certain quantum state (



S0
 3 ) is given by Equation 4.5. 

  0

0
00

0
3 


 v

exc

LaserOffLaserOn

S
f

SS
S
  

The sticking probability of the vibrational ground state (   
   ) is often negligible 

due to the large enhancement in reactivity by laser excitation. Monitoring the partial 

pressure of CH4 reflected from the surface while applying a square wave modulation 

to the laser permits a direct measurement of ( LaseroffLaseron SS 00  ). We fit the data in 

Figure 4.2 by an squarewave fitting program in Igor, which has been included in 

Appendix I.   

 

Figure 4.4 shows the state-resolved reactivity of CH4 (3) on Ni(111) at Ts = 475K as 

a function of Etrans measured by the new scheme, as well as post-dose Auger electron 

spectroscopy (AES) measurements. The new K&W scheme and well-established 

post-dose S0 measurements12 show good consistency. More importantly, in contrast 

to weeks of experiments for a sticking curve via post-dose measurements, now only 

a few days are needed to obtain a similar sticking curve with the new K&W scheme.  

 

 

Eq. 4.5 
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Figure 4.4 Comparison of S0 from reflectivity measurement and traditional AES 

measurements12 
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Post-dose measurements quantify stable products resulting from the reaction 

studied. If products from the reaction are not stable enough to permit post-dose 

measurements, we are unable to obtain the sticking probability by traditional 

methods. As shown in Figure 4.5, our new scheme extends state-resolved 

measurements of CH4 sticking probability on Ni(111) with surface temperatures as 

high as Ts = 800K, which could never be reached by post-dose measurements due to 

the diffusion of C into the bulk of the crystal. With the new K&W scheme, for the first 

time we are able to compare the state-resolved reactivity of CH4 with elevated 

surface temperatures, which further confirms the trend of the surface atom motion 

effect to overall reactivity that was forecasted in both theoretical13 and 

experimental10 studies at lower surface temperatures.  

 

In Figure 4.5, we find a 2-fold increase of S0 at 800 K surface than that at 475 K 

surface when Etrans < 100 kJ/mol, whereas no increase for S0 at a higher surface 

temperatures when Etrans > 100 kJ/mol. Campbell et al. found a significant surface 

temperature effect for CH4 (ν3) on Ni(111).10 Now we can extend this trend to 800 K 

surface. At TS = 800K, S0 shows a different slop than the slop at TS = 475K. It is 

consistent with theoretical models of surface temperature effects using electronic 

structure studies and quantum scattering by Nave et al..14-19 The smaller slope of S0 

curve at TS = 800K is due to abundant surface phonons, which reduce the effective 

barrier.  
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Moreover, the real-time information provided by the new K&W scheme can be used 

to monitor changes in reaction probability during the reaction. It reveals the 

coverage dependence of reactivity. When site-blocking effects are significant, this 

approach helps ensure that measurements are truly being made in the low-coverage 

limit. This new method also provides improved reproducibility of measured S0. One 

of the major problems for post-dose S0 measurement is that slight changes in 

experimental conditions from one experiment to the next can interfere with 

measurements when laser-on and laser-off measurements differ by a small amount. 

By continually recording the difference between these quantities, the effects of long-

term drift can be minimized. In short, the reflectivity modulation measurements are 

less affected by changes of chamber condition from time to time, which is the main 

source of error in traditional post-dose methods. 

 

Besides the unique advantages mentioned above, this method also has its 

limitations. First, as a method that quantifies reactivity as the difference between 

the incident and non-reactively scattered flux of molecules, it has a relatively high 

detection limit for sticking probabilities. It is hard to detect sticking probabilities 

lower than 0.5% via this scheme. Second, for lower surface temperatures where C 

diffuses into the bulk slower than CH4 dissociates, the modulation feature is no 

longer in square-wave form. Instead, the adsorbed surface-bound C reaction 

products block surface sites and decrease the reaction probability as surface 

coverage increases, as shown in Figure 4.6. These data need to be fit to a model that 

includes the coverage-dependent effects of site blocking. Otherwise the difference 
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between laser-on and laser-off sticking probability will be underestimated. Finally, 

we noticed that cryopumping by the cold trap on the diffusion pump can damp rapid 

partial pressure changes and reduce the initial partial pressure drop in K&W 

measurements, which causes a smaller height of modulation and results in 

underestimating the state-resolved reactivity.   
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Figure 4.5 Reactivity of CH4 (3) dissociation on Ni(111) at Ts=800K, compared 

with reactivity of same reaction at Ts=475K 
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Section - 4.5 Conclusion and Future work 

 

We described a real-time detection scheme for measuring state-resolved reactivity 

with significantly reduced experimental time and improved reproducibility. Its real-

time detection permits us to extend state-resolved reactivity measurements to a 

wider range of experimental conditions, especially for reactions with unstable 

products that are impossible to measure by post-dose quantifications. With this new 

scheme, we can gain more insight into key features of energy flow during the 

methane activation on surfaces, and data to assess the generality of non-statistical 

behavior in gas-surface reactions. 

 

As mentioned in Section 4.4, two factors have limited the widespread applicability of 

this approach, and addressing those factors will be a subject for future work. At 

lower surface temperatures, when the diffusion speed of carbon atoms is slower 

than the dissociation speed of CH4the modulation feature shows a coverage-

dependent decrease in reactivity that asymptotically approaches the signal for a 

non-reactive system. In such cases, our squarewave fitting on the modulation 

feature can significantly underestimate the state-resolved reactivity even if we fit 

only on the first couple of modulation features. In order to better account for this 

effect, we need a better modeling scheme that properly accounts for site blocking 

effects. We have begun using this model to fit the coverage dependence of 

measurements without laser modulation, and it works well, as shown in Figure 4.6 
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Reaction probability toggles between LaserOnS0  and LaserOffS0  with laser modulation, so 

the rate of C deposition changes as the laser is modulated. Properly accounting for 

site blocking in this situation requires a more sophisticated model, which will be 

developed in the future.  We expect that using a turbomolecular pump on our main 

chamber during the K&W measurement will eliminate the effects of our liquid 

nitrogen trap and improve the time response of the molecular beam reflectivity 

traces.  



 

 

 -92- 

 

 

 

 

 

Figure 4.6 K&W spectra fittings by Langmuir site-blocking model. 
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hapter V - State resolved CH4 (2+4) 

reactivity on Ni(111)  

 

 

Section 5.1 – Introduction 

 

Supersonic molecular beams provide independent control over many factors 

affecting the reactivity in gas-surface reactions. For instance, people can access a 

wide range of well-defined translational energies (Etrans) in supersonic beams by 

varying molecular seed ratio and nozzle temperature (TN). On the other hand, 

optical (vibrationally) excited molecules can play a central role in a gas-surface 

reaction. State-resolved reactivity measurements, a combination of supersonic 

molecular beam and state-selective optical excitation, can provide more details for 

dynamics of gas-surface reaction. They can reveal the mode-selective behavior of 

CH4 dissociation on metal surfaces in which the identity of the vibrationally excited 

state, and not just the kinetic energy, dictates reactivity, and bond-selective 

behavior, where the nature of the vibrational excitation affects which bond breaks, 

and therefore the identity of reaction products. 

 

Methane’s dissociative chemisorption on metal surfaces is a benchmark system for 

this kind of study.1-3 Understanding energy flow in this reaction has both 

C 
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fundamental and practical impact as introduced in Chapter I. Earlier studies by Lee 

et al.4 and Holmblad et al.5 suggested the measured reactivity of CH4 dissociation on 

Ni(111) and Ni(100) may be dominated by the reactivity from excited vibrational 

states when they demonstrated the strong effect of nozzle temperature on the 

overall reactivity. Recently, people reported several state-resolved reactivity 

measurements for CH4 dissociation on Ni(111) and Ni(100).6-8 These reports 

demonstrated that methane molecules prepared in excited vibrational states are 

more reactive than those in ground state. As a polyatomic molecule, methane has 

four distinct stretching and bending vibrations, which are named 1 (symmetric 

stretch) or 3 (anti-symmetric stretch) and 2 (doubly degenerate bend) or 4 (triply 

degenerate bend), respectively. Up to now, publications have reported state-

resolved reactivity of CH4 excited to 3, 23, and 34 vibrational states on Ni(111) in 

which most of them are stretching states. However, we still need direct evidence to 

further uncover the details in lower vibrational states and combinations of different 

vibrational modes. For example, a direct comparison between bending and 

stretching states in the same polyad (as introduced in previous chapters, CH4 

vibrational states group into polyads of similar vibrational energy) is still missing.  

 

In this chapter, we are going to introduce our state-resolved reactivity 

measurements of methane (2 + 4) on Ni(111) and quantify reaction probability 

(S0) over a wide range of Etrans. In order to make a direct comparison between 

bending and stretching state in the same polyad, we compare our results with 
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published results of methane excited to anti-symmetric stretch (3) and anti-

symmetric bend (34). The comparison confirms that the stretching vibration 

couples into the reaction coordinate more effectively than the bending vibration, 

and suggests that the doubly degenerate bending mode (2) is less effective than the 

triply degenerate bend (4) in promoting methane dissociative chemisorption on 

Ni(111). 
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Section 5.2 – Experimental details 

5.2.1 Overview 

The experimental apparatus has been described in Chapter II and elsewhere3, 9. 

Here, we only summarize key details for this project. Mixtures of CH4 seeded in H2 

(1%, 3% and 5% from Airgas, Inc) expanded continuously and supersonically 

through a temperature-controlled nozzle and into a high vacuum chamber. The 

triply differentially pumped beam impinged on a Ni(111) crystal housed in an ultra-

high vacuum (UHV) chamber. As explained in elsewhere3, control experiments 

verified that our results were not influenced by the adsorption of background gases 

or impurities in the beam or main chamber. Surface temperatures (Ts = 475K or 

550K) investigated here were well above the temperature at which physisorbed CH4 

molecules and chemisorbed H atoms desorb from the surface. Reactivity is 

measured in the limit of low surface coverage (<0.10 ML), so site-blocking by 

adsorbed C atoms is minimal and negligible. 

 

Our approach to the state-resolved reactivity benefits from a precise control over 

reagent energy. Laser excitation prepares gas-phase methane in a single rotational 

and vibrational quantum state with precisely defined internal energy. The narrow 

Etrans distribution (∆Etrans/Etrans < 5%) in molecular beam, which was verified by 

time-of-flight measurements (see Section 5.2.2), provided a tight control over 

translational energy. Methane molecules in the beam had a vibrational state 

distribution related to a Boltzmann distribution at the nozzle source temperature 
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and the vast majority were in the vibrational ground state.10 Direct infrared 

absorption measurements of molecules in the beam showed that rotational cooling 

was nearly complete for nozzle temperatures below 570 K. At higher nozzle 

temperatures, we used IR absorption to measure the extent of rotational cooling and 

accounted for incomplete cooling in our calculation of fexc, the fraction of molecules 

excited by the laser. Frequency-stabilized infrared (IR) light from a continuous 

wave, narrow band laser intersected the molecular beam and excited (from 6 to 

10%) CH4 to a single internal quantum state, J = 2 of the 2 + 4 vibration, via the 

R(1) transition at 2868.72 cm-1. A pyroelectric detector translated into the 

molecular beam quantified IR absorption for both room temperature and heated 

nozzle expansions. Methane has a long IR radiative lifetime, so molecules prepared 

in a rovibrational eigenstate of the gas-phase molecule impinged on the 475 K 

Ni(111) surface in their initially prepared state. In the other words, intramolecular 

vibrational redistribution (IVR) did not occur until methane began to experience the 

gas-surface interaction potential, which typically occurred a few hundred 

femtoseconds prior to reaction or non-reactive scattering. The UHV chamber 

contained standard surface-science instruments including a quadruple mass 

spectrometer for time-of-flight beam characterization and temperature 

programmed desorption (TPD) detection, Auger electron spectroscopy and argon 

ion sputtering for surface characterization and cleaning. Radiative heating provided 

better than ± 1 K control over the surface temperature.  
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We measured reaction probability with (



S0
Laseron) and without (



S0
Laseroff) laser 

excitation by exposing a beam of known flux to the surface for a fixed time.  Then we 

quantified the surface bound C reaction products using oxygen titration, introduced 

in Chapter II and elsewhere11. Mass spectrometry monitored the partial pressure of 

desorbing CO while the 550 K surface was held in a 1.4×10-8 Torr background 

pressure of O2. The monolayer (ML) coverage (between 6 and 9% ML) of carbon on 

the surface was calibrated with saturated ethylene (4% C2H4 in Ar) doses, which 

leads to a well defined and self-limiting saturation coverage (43% ML) of carbon on 

Ni(111) 5.    

 

Our measurements of the sticking probability with and without laser excitation 

allow us to calculate a state-resolved reactivity for the particular laser-excited state 

2 + 4. Equation 5.1 relates the state-resolved reactivity (



S0
 2  4 ), to the reactivity 

with laser (



S0
Laseron), without laser (



S0
Laseroff), the fraction of molecules excited (fexc), 

which we measure directly, and the vibrational ground state reactivity (



S0
V 0) 3, 12 



S0
 2  4 

S0
Laseron  S0

Laseroff

fexc
 S0

V 0                                   Eq. 5.1 

When Etrans is relatively low, 



S0
V 0  contributes negligibly to 



S0
 2  4  and can be 

neglected.  

 

5.2.2 Time-of-flight (TOF) Measurements 
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We use TOF measurements to characterize the distribution of velocities in our 

supersonic molecular beam and precisely measure Etrans for the S0 curve. The setup 

has been described elsewhere.13 The path length is 50.0 cm for molecules flying in a 

straight line from the chopper wheel, which spun at 300Hz, to QMS ionizer. A 

multichannel scaler with 2 µs dwell time records TOF spectra (1500 channels per 

single scan, and 20,000 added scans). We use the SBVH for our TOF experiments 

since it can limit the beam size to fit entirely into the QMS ionizer. To extract the 

average velocity and velocity spread in the molecular beam, we use a non-linear 

least-squares fitting to the TOF data, which has the correct form for a velocity 

distribution from a supersonic expansion and corrects for electronic delays 

associated with our timing electronics. A delay of 14.5 µs was verified by performing 

TOF experiments with and without an extension part in main chamber. The 

difference in arrival time with and without the extension, which elongates the 

neutral flight path, provides an independent measure of flight time that is 

independent of electronic delay. Figure 5.1 shows TOF spectra for all nozzle 

temperatures and molecule seeding used in this project, and Table 5.1 summarizes 

Etrans calculated from these TOF measurements.  
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Table 5.1 Calculation of TOF measurements 

 

Beam TN Speed (m/s) Etrans (kJ/mol) 

5% CH4/H2 290 2271.74 41.3 

5% CH4/H2 350 2488.10 49.5 

3% CH4/H2 400 2824.32 63.8 

3% CH4/H2 500 3166.67 80.2 

3% CH4/H2 570 3370.97 90.9 

1% CH4/H2 550 3603.45 103.9 
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Figure 5.1 TOF spectra at different nozzle temperatures and beam concentrations 

of methane in the hydrogen carrier gas. 
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5.2.3 Spatial Deposition of Carbon 

 

The O2 titration method, which we used to probe methane’s sticking probability in 

this project, determines carbon coverage by correlating the integrated area under 

the CO desorption feature to ML of C. Therefore, we need to avoid non-uniform 

deposition of laser-excited molecules on the Ni(111) surface. As a basic condition of 

using Equation 5.1 to calculate the state-resolved reactivity, laser excited molecules 

should have a same dosing profile on the surface as molecules in laser-off doses. 

Prior studies show that the combination of our narrow-linewidth laser source and 

inhomogeneous Doppler broadening of the infrared absorption transition in the 

molecular beam can result in spatially localized deposition on the surface.14 Based 

on these concerns, we employ AES to map the carbon profile on the Ni(111) surface 

after laser-on and laser-off doses with same dosing condition. Fortunately, the much 

larger power provided by the new Aculight laser system makes it possible to extend 

the laser enhanced areal density across the entire molecular beam imaged on the 

crystal for the laser on experiments.  We do this by adjusting the multipass mirror 

alignment to produce a fan pattern of laser-molecular beam crossings, so that each 

Doppler subset of molecules in the beam is resonant with the laser. The AES mapped 

carbon spatial deposition for both laser-on and laser-off experiments can be found 

in Figure 5.2. 
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For a uniformly excited CH4 beam, the carbon spatial distribution is expected to 

have a top hat horizontal distribution. As can be observed in Figure 5.2 there 

appears to be a slightly different shape to that expected. This is due to the 

convolution of the finite-sized electron beam spot (ca. 1 mm) and the image of 

carbon deposited near the edges of the MBVH footprint as discussed elsewhere.15 

Given this effect, the data in Fig. 5.2 show that carbon deposition is uniform across 

the dosed area for laser on doses, as it is for laser off doses.  
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Figure 5.2 AES mapping of carbon on crystal with and without laser excitation.  
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5.2.4 Excitation of CH4 into 2+4 

 

Once carbon deposition is quantified, fexc is the remaining key quantity required to 

calculate state-resolved reactivity. Equation 5.2 relates fexc  to two quantities that we 

measure in our experiments, 9, 13, 16 



fexc  f pop  f2                                                        Eq 5.2 

where fpop represents the fraction of CH4 molecules in the rovibrational ground state 

for the infrared pumping transition, and f2 is the fraction of those molecules excited 

to the excited state. The fpop term is the product of the fraction of molecules in the 

desired initial rotational state (frot) and vibrational state (fvib). 



f pop  frot  fvib                                                   Eq. 5.3 

For fvib, we need to calculate the population of molecules in vibrational ground state 

(v=0). As we explained in Section 3.3, the vibrational states in methane fall into 

groups, or polyads. The polyad number equals to the sum of the number of quanta of 

bending states (vb) and twice the number of stretching states (vs) as in Equation 5.4, 



P  (2Ns Nb)                                                  Eq. 5.4 

Large gaps between polyads inhibit inter-polyad collisional cooling during 

supersonic expansion, but intra-polyad cooling is possible.10 Thus, the lowest energy 

states in a polyad, which are usually combinations or overtones of bending 

vibrations, tend to be more highly populated than the higher energy states in a 

polyad. The total vibrational energy (Evib) and the ground vibrational state 

population are nearly same as would be calculated from a Boltzmann distribution at 
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TN since vibrational states in a polyad have similar energy.13, 16 Due to collisional 

cooling among states of the same polyad, it may not be very accurate to use 

statistical calculations to predict the populations of individual states, but Boltzmann 

calculations predict integrated populations of each polyad well, as has been verified 

by direct IR absorption studies of a methane supersonic expansion.10  

 

We use statistical mechanics to calculate the thermal distribution of vibrational 

states in our expansion.16 We calculate the vibrational energy of each state as a sum 

of the energy of each fundamental mode multiplied by the quantum number (Nνi) for 

that mode as Equation 5.5 assuming no coupling of modes and the energies are in 

harmonic portion of the intramolecular potential.  



Ei  (N1  E1 ) (N 2  E 2 ) (N 3  E 3 ) (N 4  E 4 )               Eq. 5.5 

The total Evib is the sum of the population-weighted energies of each individual 

states up to 16,000 cm-1, where has no significant contributions to Evib. We have 

confirmed that higher energy states have negligible contribution and do not 

contribute significantly to the overall vibrational energy of the beam.  



Evib 
ni

Qvibi0

16,000cm 1

 E i                                           Eq. 5.6 

where the Boltzmann factor



ni  gi  exp 
E i

kTN









, the degeneracy of the ith vibration 

is gi, and Qvib is the vibrational partition function, which is the product of the 

partition functions for each fundamental mode.  



Qvib Q1 Q 2 Q 3 Q 4                                          Eq. 5.7 



 

 

 -110- 

where Qνi is calculated as  



Q i 
1

1 exp 
E i

kTN





















g i ,v1
                                          Eq. 5.8 

The ratio of ni and Qvib gives the fractional population of a given state. The total 

wavefunction is the product of the wavefunctions of the four fundamental modes, so 

the degeneracy for each state, gi, is given by Equation 5.9. 



gi  g1  g 2  g 3  g 4                                          Eq. 5.9 

We summarize wavenumbers for each fundamental mode and their degeneracy in 

Table 5.2. Now we can calculate fvib for the vibrational ground state based on the 

analysis above.  
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Table 5.2 Fundamental vibrational-modes for CH4 

 

Mode Band Center (cm-1) Symmetry Degeneracy, gν 

Symmetric Stretch 
(1) 

2914 A1 1 

Doubly degenerate 
bend (2) 

1524 E 



N
2
1  

Anti-Symmetric 
Stretch (3) 

3020 F2 



1

2
N

3
1 N

3
2  

Triply degenerate 
bend (4) 

1306 F2 



1

2
N

4
1 N

4
2  
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As mentioned in Section 4.3, methane has three distinct nuclear spin symmetries, A, 

E, and F. Selection rules prohibit interchanges between different symmetries.17 

Thus, only following interchanges are possible, 



A A;  



E E ;  



FF                                          Eq. 5.10 

These three distinct rotational levels make the calculation of frot more complicated 

than fvib, so we cannot use the statistical mechanics used in fvib calculation. We have 

to calculate the rotational partition function (Qrot) and the Boltzmann factors (ni) to 

predict the populations of individual states. Qrot is defined in Equation 5.11. 



Qrot  gJ exp 
hcE J

kTrot











J 0

50

                                       Eq. 5.11 

Trot represents rotational temperature, which characterizes the rotational state 

distribution in the supersonic expansion. Juurlink13 and Smith16 measured and 

calculated Trot for a series of H2 seeded and pure CH4 beams at different TN. Equation 

5.12 shows an empirical relationship found by Smith16 between fraction of CH4 in 

the molecular beam (FCH4) and Trot for beams seeded with H2. 



Trot 16.34  FCH4 10.49                                      Eq. 5.12 

Back to Equation 5.11, EJ is the energy of rotational level J, and gJ is degeneracy of 

that level. Including centrifugal distortion of a rotating molecule, EJ is calculated via 

Equation 5.13. 



EJ  B0J(J 1) D0J
2(J 1)                                  Eq. 5.13 

where B0 is the rotational constant, D0 is the centrifugal distortion constant for the 

vibrational ground state. As the three distinct nuclear spin symmetries, gJ needs to 

involve the effect of nuclear spin statistics as shown in Equation 5.14. 
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

gJ J (2J 1)                                                  Eq. 5.14 

where 



 J  n


 , and εΓ is the nuclear spin statistical weight, nΓ is the number of 

levels of a certain symmetry. CH4 has a nuclei spin (I) of ½ , so the statistical weights 

for A:E:F is 5:2:3. As all symmetry species are non-interchangeable, we can use 

separate partition function for each symmetry species and get the total Qrot by 

summing them together.  



Q  n
J 0

50

 J(2J 1)exp 
hcE J

kTrot









                         Eq. 5.15 



Qrot  Q



 QA QE QF                              Eq. 5.16 

We can now calculate frot in the desired initial state for each J and symmetry species 

as a function of Trot. Combining fvib and frot gives us fpop of the initial state.  

 

Finally, we use an experimental method to find how many molecules we can actually 

pump out from the initial state. The f2 term in Equation 5.2 represents the fraction of 

molecules that are actually pumped to the selected excitation state. It is an 

expression of how well the photons intersecting the molecular beam saturate the 

selected transition. It has an exponential dependence on the radiation density, , 

and can be expressed as Equation 5.17. 



f2 
g2

g1  g2
1 exp 

A21

8hv2
g1  g2

g1









t






















                       Eq. 5.17 

 



 

 

 -114- 

where g1 and g2 represent degeneracies of the ground and excited state of the 

desired transition, respectively; A21 is the Einstein coefficient; v is the frequency of 

the transition; t is the transit time, a ratio of the diameter of the laser beam and the 

velocity of molecules. , defined by Equation 5.18, is dependent on laser power, the 

diameter of the laser beam, and the line width of the laser.  



 
4Pl

cd 2v
                                                   Eq. 5.18 

Based on its definition, we can also express f2 as Equation 5.19 if we use f2,∞ to 

present f2 when t becomes large and fsat to express the saturation fraction, the extent 

to which we saturate the desired transition.  



f2  f2,  fsat                                                     Eq. 5.19 

We measure the absorption of photons in the molecular beam (PED value) as a 

function of laser power (and hence ) to determine the fsat. We attenuate laser 

power with a rotational waveplate and measure the PED values at each laser power. 

We then model the exponential function and asymptote using Equation 5.20. 



y  yMAX 1exp(A1(P  A2))                                Eq. 5.20 

where y represents PED value and P represents for laser power. A1 and A2 in 

Equation 5.20 are adjustable fitting parameters, and yMAX is the asymptote of the 

laser saturation curves. Then we can calculate fsat via Equation 5.21. 



fsat 
y

yMAX
                                                        Eq. 5.21 
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The last term to achieve fexc is f2,∞. As mentioned in Section 4.3, our laser is linearly 

polarized, so only transitions with ΔMJ = 0 are allowed.18 This restriction sets the 

same degeneracy for the upper and lower state (g1 = g2). Thus f2,∞ is expressed in 

Equation 5.22.  



f2, 
g2

g1  g2


g1

g1  g1
1/2                                          Eq. 5.22 

With approaches discussed above, we can now calculate f2 with a single adjustable 

parameter (η) as shown in Equation 5.23.  

  



f2  f2, 1exp(t)                                            Eq. 5.23 

In this stage, we have all terms needed to calculate fexc for desired transition at 

certain beam conditions.  

 

Besides the long traditional approaching to fexc introduced earlier, we can now use 

our new laser system, which has much more power than the old color-center 

system, to scan all possible transitions of certain symmetry species. We use this 

method to determine the fexc used in our measurements of ν2 + ν4 state-resolved 

reactivity. With HITRAN database,19 we are able to find all possible ν2 + ν4 

transitions with the same symmetry (F) as the R(1) transition of 2868.72 cm-1 used 

in our reactivity measurements. Since all beam conditions1 used here have a nozzle 

temperature below 570 K, in which the rotational cooling in the beam is nearly 

complete, populations of rotational levels with J ≥ 5 can be neglected. We list all ν2 + 

ν4 transition in F symmetry and R transition with J < 5 in Table 5.3. We scanned all 
                                                             
1 Beam composition and nozzle temperature used 
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these transitions and recorded absorbance with PED signal for all beam conditions 

used in our measurements. We then measure the height of Gauss fittings of 

absorbance. The ratio between the value of height at 2868.72 cm-1 and the sum of all 

heights measured at the beam condition gives the population information. When 

times the maximum fraction of F symmetry (9/16) species in a supersonic CH4 

beam, it can provide the population fraction of ground state (fpop). Therefore, we can 

calculate fexc via Equation 5.24.  



fexc 
1

2
 f pop  fsat                                        Eq. 5.24 

where fsat represents the laser saturation fraction measured in Figure 5.3. Data of fexc 

are summarized in Table 5.4. 
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Table 5.3 ν2 + ν4 transitions with F rotational symmetry and R transition for J < 5 

states from HITRAN database19 

Frequency (cm-1) Transition Type Symmetry Einstein A-coefficient (s-1) 

2868.72 R(1)  



F1 F2  3.54E-01 

2867.11 R(2) 



F2 F1 3.87E-01 

2875.65 R(3) 



F1 F2  3.00E-01 

2877.17 R(3) 



F2 F1 3.39E-01 

2886.12 R(4) 



F1 F2  2.73E-01 

2888.56 R(4) 



F2 F1 3.41E-01 



 

 

 

 

 

 

 

Figure 5.3 Laser saturation curves of molecular beams with different nozzle 

temperatures and beam seeding measured for R(1) excitation of ν2 + ν4 at 2868.72 

cm-1 
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Table 5.4 fexc calculated from all possible transitions under J < 5 

 

Beam TN (K) Etrans (kJ/mol) fsat fpop fexc 

5% CH4/H2 290 41.3 0.738 0.308 0.114 

5% CH4/H2 350 49.5 0.648 0.287 0.093 

3% CH4/H2 400 63.8 0.562 0.287 0.081 

3% CH4/H2 500 80.2 0.523 0.252 0.066 

3% CH4/H2 570 90.9 0.487 0.219 0.053 

1% CH4/H2 550 103.9 0.473 0.249 0.059 
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Section 5.3 – Results and Discussion 

 

We have summarized our results of ν2 + ν4 excited CH4 dissociation on Ni(111) in 

Table 5.5. As mentioned in Section 5.1, calculations of the transition state for 

methane dissociation on nickel and other transition metals show significant 

distortions from methane’s gas phase geometry. These distortions result in a “late” 

barrier for reaction and introduce a bias in which certain vibrational excitations in 

the gas-phase reagent may enjoy enhanced transition state access.20-23 Both 

theoretical calculations based on density functional theory (DFT)24, 25 and 

experimental data26-28 suggest and show mode-selective reactivity in which 

different vibrational modes promote S0 differently.  

 

Measured dissociative chemisorption efficacies for methane’s symmetric (1)27 and 

antisymmetric (3)12 C-H stretching vibrations on Ni(100) show that the symmetric 

1 state has a significantly higher efficacy. This observation is consistent both with a 

vibrationally adiabatic model of reactivity29 that has been invoked to explain mode-

selectivity in bimolecular gas-phase methane reactions30, 31 and with quantum 

wavepacket scattering calculations.27, 29, 32, 33 In general, these calculations point to a 

relative ranking of vibrational efficacy for dissociative chemisorption of 1 > 3 > 2 

≈ 4. A more recent reaction path Hamiltonian calculation from Jackson and 

coworkers24 provides further insight into the origin of mode-selective behavior. If 

vibrationally excited molecules can undergo a transition to a lower-lying (or the 
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vibrational ground state) during a gas-surface encounter, energy freed by 

vibrational relaxation can convert into motion along the reaction path, which results 

in a large reactivity enhancement. The gas-phase vibrational symmetries of the 

doubly degenerate 2 (E) and the triply degenerate 4 (F2) bending vibrations differ 

in their ability to couple to lower-energy vibrations, and therefore have different 

efficacies for promoting dissociative chemisorption. In fact, 2 practically behaves as 

a spectator to dissociative chemisorption on Ni(100).  

 

To date, measured reaction probabilities for the 1 and 3 vibrational fundamentals 

(v=1 levels) and the second overtone of 4, 34, are consistent with these trends, but 

the data presented here are the first measurements for a mode containing 

significant 2 vibrational character and incident on a Ni surface. If we were to 

assume that 2 has the same efficacy for promoting reaction as does 4, we would 

expect ∆Etrans for 2 + 4 to be 74% of the 34 kJ/mol observed for the 34 state, or 25 

kJ/mol, based on relative vibrational energies. The solid line in Figure 5.4 shows the 

S0 curve we would expect if 2 + 4 and 34 shared the same efficacy. The 2 + 4 data 

clearly are not consistent with the efficacies for the two bending states being equal. 

Instead, Figure 5.5 shows ∆Etrans for 2 + 4 is only 15 kJ/mol, which is 60%, or just 

over half of the ∆Etrans predicted on the basis of the 34 overtone. While it is not clear 

that the ∆Etrans shifts for vibrations in an overtone or combination state are always 

additive, it is likely that ∆Etrans for the 4 fundamental is at least 1/3 that of the 34 

overtone, or about 11 kJ/mol. That is because each additional quantum in a given 
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vibrational coordinate will likely provide incrementally less additional transition 

state access.12, 34, 35 Therefore, if we assume the ∆Etrans shifts for the 2 and 4 

coordinates to be additive, we would conclude that 18kJ/mol of Evib in 2 

contributes 4 kJ/mol or less to the ∆Etrans = 15 kJ/mol observed for 2 + 4. That 

leads to an inferred efficacy for 2 of 



vi b
 2  ≤ 0.22, the lowest observed for any 

vibrational mode in methane’s dissociative chemisorption and more than a factor of 

six less that that reported for the 3 antisymmetric C-H stretch. The particularly low 

efficacy for 2 is consistent with the predictions of Jackson’s reaction path 

calculations.  

 

Our ability to quantify S0 for 2 + 4 allows us to consider another aspect of energy 

flow during methane’s dissociative chemisorption. Methane’s vibrational states 

group in polyads of similar total energy. This structure arises from the near 2:1 

resonance between the bend and stretch vibrational frequencies. In general, the 

energy gap between polyads is much greater than that between states in a given 

polyad. In studies of collisional energy transfer, intrapolyad energy transfer is much 

more efficient than interpolyad relaxation due to propensities that favor relatively 

small changes in Evib. The reactivity data presented here are the first for a bending 

state that belongs to the pentad polyad in CH4. The pentad also contains the 

previously studied 1 and 3 C-H stretching fundamentals, along with the 22 and 

24 bending overtones. The fact that the efficacy for 2 + 4 is much less than that for 

the 3 C-H stretch state shows that the gas-surface collision is not sufficient to 
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significantly scramble excitation between stretching and bending states in the same 

polyad.  
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Table 5.5 State-resolved reactivity of CH4 (ν2 + ν4) on Ni(111) 

 

Beam TN (K) Etrans (kJ/mol) fexc S0ν2+ν4 2σ of S0ν2+ν4 

5% CH4/H2 290 41.3 0.114 1.78E-05 1.00E-05 

5% CH4/H2 350 49.5 0.093 3.03E-05 1.71E-05 

3% CH4/H2 400 63.8 0.081 1.49E-04 6.48E-05 

3% CH4/H2 500 80.2 0.066 1.97E-03 7.96E-04 

3% CH4/H2 570 90.9 0.053 3.76E-03 1.40E-03 

1% CH4/H2 550 103.9 0.059 1.10E-02 4.50E-03 
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Figure 5.4 Sticking curves for (2 + 4) excited methane (triangles) and non-laser 

exited methane no Ni(111) (circles). Expected S0 curve is estimated based on the 

assumption of the same efficacy between (2 + 4) and 34 
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Figure 5.5 Sticking curves for 3, 34, 2 + 4 excited and ground state (v=0) CH4 on 

Ni(111).2 

                                                             
2 3 and v=0 data from ref. 6, 34 data from ref. 25. 



Section 5.4 – Conclusion and Future Work 

 

Data reported here deepen our understanding of vibrational activation in CH4 

dissociation on a nickel surface. We have measured the state-resolved reaction 

probability for methane molecules excited to the 2 + 4 combination vibration and 

incident on a Ni(111) surface with translational energies ranging from 45 to 100 

kJ/mol. Relative to the vibrational ground state, 2 + 4 decreases the Etrans threshold 

for reaction by 15 kJ/mol, corresponding to a vibrational efficacy of     
      of 0.44, 

which is significantly less that that of the 3 antisymmetric C-H stretch or the 34 

overtone of the triply degenerate bending state. We estimate the efficacy of the 2 

quantum in the vibration to be much less than that of all other vibrational 

fundamentals in methane based on our prior measurements of the 34 state on this 

surface. The wide range of vibrational efficacies observed for methane dissociation 

on Ni(111) suggest that purely statistical theories are unreliable predictors of 

reactivity at the quantum-state resolved level. Instead, it is likely that the dynamics 

of vibrational energy flow during the brief gas-surface encounter are the key to 

understanding the origin and generality of vibrational mode- and bond selective 

reactivity on metal surfaces. Finally, the large difference in efficacy for the 3 and 2 

+ 4 states, both of which belong to the same polyad, suggest that energy transfer 

between bending and stretching vibrations in the same polyad are not fast enough 

to influence reactivity.  

 



 

 

 -128- 

In order to better understand the role of 4 and 2 bending mode in the overall 

reactivity, we expect that an S0 curve of state-resolved reactivity of CH4 (24) on 

Ni(111) would be very useful. It in the same polyad as 2 + 4 state and it can 

provide direct comparison between 4 and 2 bending mode. Moreover, along with 

the state-resolved reactivity of CH4 (34) on Ni(111), it may further uncover the 

mechanism of combination of vibrational quanta and modes. It will be a meaningful 

project to further explore the dynamic details of CH4 dissociation on Ni surfaces.  
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hapter VI Bond- and mode-selectivity of 

CH2D2 on Ni(111) 

 

Section 6.1- Introduction 

 

Controlling the products and yields of chemical reactions is always the goal of 

chemists. Experiments in this thesis use the selective deposition of energy into 

reactants and rely on restrictions on energy redistribution in the reactive system to 

achieve such control. In ideal cases, bond-selective chemistry can create products 

not normally accessible by cleavage of a selected bond in a molecule.1 With the 

development of high-power, narrow-bandwidth lasers, albeit is now possible to 

selectively activate specific bonds in a molecule that would not react without laser 

excitation.2 In this way, we can achieve fine control of reactions where the reaction 

site is selected by the chemist, not just by nature.  

 

Studies of gas-phase reactions provide an easy way to understand the relationship 

between optical excitation and reactivity. In such situations, people don’t need to 

worry about the energy exchange with solvent molecules. People can prepare long-

lived excited reagents and measure the reactivity of the state-selected molecules. By 

doing so, the effects of vibrational excitation and collision energy on reactivity have 

C 
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been demonstrated. Atom abstraction reactions are particularly amenable for such 

studies. For example, experiments of hydrogen abstraction from H2O or CH4 

isotopomers by Cl or H have demonstrated that the vibrationally excited reactant 

can control the identity and energy distribution of products from the reaction. The 

first example of optical excited bond-selective chemistry is provided by Sinha et al. 

with the abstraction of H/D from DOH by an incident H atom.3 Singly deuterated 

water, DOH, has vibrational states whose motion is localized in either the O–H or the 

OD bond.4 In Sinha’s experiment, gas-phase DOH molecules were excited to 04 

state, in which four O–H stretch quanta are localized in the O-H bond. Then they 

used H atoms to collide with the excited DOH molecules. Laser induced fluorescence 

(LIF) detection of the hydroxyl fragment showed that only H was abstracted from 

the O–H excited DOH molecules producing H2 and OD hydroxyls Vibrational 

excitation remained localized in O-H bond and there was no internal vibrational-

energy redistribution (IVR) happened between the O–D and O-H bonds on the time 

scale of reaction. Further experiment by Metz et al. showed that vibrational 

excitation of the O–D bond results in OD bond cleavage, which produces O–H 

products.5 These experiments demonstrated that products could be controlled by 

selective excitation of a bond in reactants and suggested a way for further 

exploration of the effects of vibrational excitation on reactivity. 

 

Water is one of the simplest polyatomic molecules. Methane provides a more 

complicated vibrational structure as well as a less localized vibrational excitation, 
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which may result an incomplete projection of vibrational energy on the reaction 

coordinate. Thus, it’s better to use vibrational modes, rather than localized C–H 

stretch oscillators to represent the excitation of methane. Methane is used as a 

prototype to study the effect of different vibrational modes on reactivity and bond-

selective chemistry.6-9 For example, Simpson et al. reported that reaction rate for H 

abstraction by Cl atoms colliding with CH4 prepared in the antisymmetric C–H 

stretching (ν3) state increased 30-fold relative to the rate for CH4 molecules in the 

vibrational ground state. In contrast, Kim et al. reported CH4 in the  (ν2 + ν4) bending 

state is only ~15% as reactive as CH4 in the ν3 state when reacted with Cl atoms.10 

Both states have similar vibrational energy but different enhancements on 

reactivity, which indicates their vibrational energies project differently on reaction 

coordinate.  

 

Bechtel et al. measured the vibrational state of products of Cl atoms with CH2D2 

prepared in C-H stretching state. They reported that the product state distribution 

was decided by the initial vibrational state of CH2D2.11 In their experiments, CH2D2 

molecules were excited into two overtone C-H stretch states with similar vibrational 

energy but different nuclear motions, the |20 and the |11 state. The |20 state has 

two stretch quanta localized in one C-H bond, whereas each C-H bond contains one 

stretch quantum in the |11 state. Their results showed that the reaction of Cl with 

the |20 excited CH2D2 yields the H atom abstraction product CHD2 in the vibrational 

ground state, whereas the |11 excited CH2D2 yields CHD2 with one quantum of C-H 
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stretch excited. Thus, C-H excitation in the non-reactive bond behaved like a 

spectator to reaction. This experiment demonstrated that minimal IVR of CH2D2 

happened during the time scale of the reaction, and suggested vibrational excitation 

contributes in a bond-specific way to promoting the methane reaction.  

 

The above examples show how vibrational excitation affects the outcome for an 

isolated gas-phase reaction. Recent progress on state-selected methane dissociation 

on nickel surfaces shows that gas-surface reactions, which have many possible 

quenching and relaxation channels, can have similar results as these gas-phase 

studies. The first example of vibrational mode-specific behavior in a gas-surface 

reaction was reported by Beck et al. by studying CH2D2 dissociation on Ni(100).12 In 

analogy to the CH2D2 + Cl gas-phase reaction, Beck et al. excited CH2D2 molecules to 

the 20 and 11 states, and measured their relative reaction probability for 

dissociation and chemisorption on the surface. Their results are also same - the 20 

state, whose vibrational energy is more localized, was significantly more reactive 

than the 11 state though both states have identical total energy, therefore 

demonstrating mode-selective reactivity. Does the other result of the gas-phase 

studies, bond selective chemistry,  hold true for a gas-surface reaction? Killelea et al. 

studied the bond-selective chemistry of CHD3 dissociation on Ni(111). They excited 

CHD3 to ν1 C-H stretch state, which results an exclusively C-H cleavage in contrast to 

a mixture of C-H and C-D cleavage without laser excitation. This result indicates the 

vibrational energy remains localized in the excited bond on the reaction timescale. 
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Another example is reported by Chen et al., who probed the branching ratio of CHD3, 

CH2D2, and CH3D on Pt(111) with reflection absorption infrared spectroscopy 

(RAIRS). Their result also indicated the vibration energy is localized and bond-

selectivity resulted by laser excitation. 

 

The results summarized here as well as the efficacies of different vibrational modes 

summarized in Table 1.1 show that vibrational excitation can drastically affect the 

outcome of chemical reaction. Earlier reports showed a mode selective preference 

for CH4 dissociation on Ni(100). Juurlink et al. observed an efficacy of 1.0 for CH4 in  

anti-symmetric stretch (ν3) excitation on Ni(100).13 Maroni et al. found an efficacy of 

1.4 for CH4 in symmetric stretch (ν1) excitation on the same surface.14 The reason 

caused this distinct difference on efficacies is still uncertain. Besides having a 

different vibrational symmetry, symmetric stretch (ν1) of CH4 doesn’t have a dipole 

moment change in its vibration, whereas dose anti-symmetric stretch (ν3). In order 

to test whether symmetry alone is determining factor, we will explore two 

vibrational excitations of CH2D2, ν1 (symmetric stretch) and ν6 (anti-symmetric 

stretch), which both have changes of dipole moments in their vibrations. The 

comparison between their enhancements to the reactivity of CH2D2 dissociation on 

Ni(111) will provide clues to better understanding the vibrational symmetry effect 

in methane dissociation.   
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Section 6.2 - Approach to Anti-symmetric Stretch of CH2D2 (ν6) 

 

As a less abundant isotopologue of CH4 in nature, infrared transitions for CH2D2 are 

not included in the current HITRAN Database. As a result, we rely on the literature 

and on published spectroscopic constants to identify the wavenumber and quantum 

numbers for the transitions we desire. Deroche et al. tabulated all IR transitions 

near 3000 cm-1 for CH2D2 following excitation of v=0 to the  ν1 symmetric C-H 

stretching vibration,15 but only spectroscopic constants are provided for transitions 

to the ν6 antisymmetric C-H stretch vibration. Thus we need to calculate the 

wavenumbers of transitions resulting in ν6 excitation.  

 

First, let us take a close look at a CH2D2 molecule. CH2D2 is the only asymmetric top 

molecule among the isotopologues of CH4. It belongs to the symmetry point group 

C2v with one C2 axis and two mutually perpendicular symmetry planes σxy and σxz as 

shown in Figure 6.1. Two hydrogen nuclei lie on the σxy plane and two deuterium 

nuclei are on σxz plane. The X axis represents the C2 axis. As an asymmetric top, 

CH2D2 has three unique moments of inertia, Ia, Ib, and Ic, with Ia < Ib < Ic. 

Consequently, Ia is parallel to the Z axis, Ib is collinear to X axis, and Ic is parallel to 

the Y axis.  

 

In the symmetric rotor limit, the projection of the total angular momentum along 

the molecule-fixed symmetry axis (K = Ka for prolate top) is a good quantum 
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number, but in the asymmetric rotor, it’s no longer a good quantum number. So we 

use Equation 6.1 (for diagonal elements) and Equation 6.2 (for off-diagonal 

elements) to build a matrix to represent the rovibrational eigenstates in the basis of 

a prolate symmetric rotor.  
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Figure 6.1 Geometry of the CH2D2 molecule. The origin of the coordinate system is 

the center of mass in the molecule. 
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Eq. 6.1 

 

Eq. 6.2 

In above equations, V, J, K are the vibrational, rotational, and prolate top quantum 

numbers (K=Ka), Av, Bv, Cv are the effective rotational constants about the molecule-

fixed a, b, and c inertial axes of the molecule. The , ,  are symmetric rotor 

centrifugal distortion constants.  and  are the quartic distortion coefficients. 

All parameters used in the calculation are summarized in Table 6.1. Diagonalization 

of this matrix yields the rotational energy eigenvalues and eigenvectors of the 

asymmetric rotor levels expressed as function of the symmetric rotor basis.1 We 

build a matrix for each J (J ≤ 15), and calculate a set of eigenvalues for each value of 

J. A correlation diagram for the asymmetric rotor state energy levels associated with 

J=3 is shown in Figure 6.2, and a sample matrix for J = 3 is shown in Table 6.2. As 

indicated in Figure 6.2, the asymmetric parameter for CH2D2 is calculated as -0.27 

via Equation 6.3, 



 
2B  A C

A C
                                                  Eq. 6.3 

where A, B, C are the rotational constants of the molecule. 

                                                        
1 We do not include sextic distortion coefficients here since they are negligible for 

the low-J and K levels we access in our molecular beam studies.  



v,J,KHv,J,K 
1

2
BV CV  J J1 K2 AVK

2 DV
JJ2 J1 

2
DV

J KJ J1 K2 DV
KK4


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Table 6.1 Rotational constants for CH2D2.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                        
2 Data from ref. 13 

Constants ν1 (cm-1) ν6 (cm-1) 

A 4.265293 4.281663 

B 3.488743 3.488911 

C 3.047177 3.036024 

Dj 0.000035 0.000049 

Djk 0.000014 -0.000023 

Dk 0.000048 0.000071 

Hk 0.000000 0.000000 

δJ 0.000010 0.000010 

δK -0.000012 -0.000022 
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Table 6.2 Matrix constructed using Equation 6.1 and 6.2 for J = 3 

 

 

  

K (J=3) 3 2 1 0 -1 -2 -3 

3 48.3121 0.0000 0.8769 0.0000 0.0000 0.0000 0.0000 

2 0.0000 43.2193 0.0000 1.2402 0.0000 0.0000 0.0000 

1 0.8771 0.0000 40.1620 0.0000 1.3586 0.0000 0.0000 

0 0.0000 1.2402 0.0000 39.1426 0.0000 1.2402 0.0000 

-1 0.0000 0.0000 1.3586 0.0000 40.1620 0.0000 0.8771 

-2 0.0000 0.0000 0.0000 1.2402 0.0000 43.2193 0.0000 

-3 0.0000 0.0000 0.0000 0.0000 0.8769 0.0000 48.3121 
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Figure 6.2 Correlation diagram for the asymmetric rotor state energy levels for J ≤ 3 
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 Matrix diagonalization provides the eigenvalues, or energies, for the asymmetric 

rotor states in the molecule.  To calculate infrared transition wavenumbers, we 

identify the energy eigenvalue for the desired upper state (the eigenvalue of the 

corresponding state from matrix with coefficients for the vibrationally excited state) 

and subtract the ground vibrational state wavenumber (eigenvalue of the 

corresponding state from matrix with coefficients of ground state). Finally, we add 

the vibrational wavenumber, v0 (from the reference paper). Doing so allows us to 

create a table containing the wavenumber all calculated transitions we desire.   

 

Based on the eigenvalues from matrices, we can estimate Boltzmann factors for each 

eigenstate. The rotational partition function is given by Equation 6.4, 

                                            Eq. 6.4
 

where EJ is the energy (eigenvalues of matrixes, in cm-1) and gJ is the statistic weight 

of each rotational level J. It’s given by Equation 6.516, 

                                                  Eq. 6.5 

where εJ is the total nuclear spin weight. At high temperatures, this statistical weight 

approaches via Equation 6.6, 



g j  (2J 1)2                                                     Eq. 6.6 

However, under the condition of supersonic expansion, where the molecules are 

cooled to rotational temperature on the order of ten’s of degrees, we must account 



Nr  gJ
0

15

  exp
hcEJ

kBTr ot













gJ J (2J1)
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for the nuclear spin degeneracy in order to calculate accurate rotational 

populations. 

 

The nuclear spin degeneracy for each rotational level is determined through the 

symmetry species contained within each level according to Equation 6.7 17 

                                                  Eq. 6.7
 

where nτ is the number of levels and ετ is their nuclear spin weight3. The Boltzmann 

factors for each rotational level up to J=15 are calculated according to Equation 6.8, 

                                          Eq. 6.8
 

where EJ is determined for each level from the eigenvalue of matrix calculations. 

Table 6.3 shows that the rotational partition function calculated in this work agrees 

well with with previous published results.18 We also calculate transition 

wavenumbers for ν6 excitation of CH2D2, and list transitions originating in the low J 

states in Table 6.4., where primes denote the rotational quantum numbers for the 

excited vibrational state and J, Ka, and Kc denote the rotational levels of v=0. The 

selection rules for ν1 and ν6 transitions are summarized in Table 6.5. 

                                                        
3 According to ref 16, εΓ=15 for symmetric spin and 21 for anti-symmetric spin. 



J   n



nr  gJ  exp
hcE J

kBTrot










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Table 6.3 Comparison of the rotational partition function (QΓ) calculated in current 

work and published results 

Rotational Temperature (K) Calculated QΓ Observed QΓ from ref.18 

10 97.35 97.44 

20 259.08 259.73 

30 466.07 467.26 

40 710.09 711.92 

50 986.23 988.76 

60 1291.10 1294.43 

70 1622.25 1626.44 

80 1977.75 1982.86 

90 2356.03 2362.13 

100 2755.81 2762.97 
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Table 6.4 Calculated frequencies of ν6 transitions of CH2D2 

J' ka' kc' J ka kc Calculated frequency (cm-1) 

1 1 0 0 0 0 3020.0328 

1 1 1 1 0 1 3013.0242 

2 1 1 1 0 1 3026.9783 

1 0 1 1 1 1 3011.4346 

2 2 1 1 1 1 3028.5591 

0 0 0 1 1 0 3004.4541 

2 0 2 1 1 0 3023.8815 

2 2 0 1 1 0 3028.2490 

1 1 0 2 0 2 3000.5134 

2 1 2 2 0 2 3012.6561 

3 1 2 2 0 2 3034.1523 

3 3 0 2 0 2 3041.1666 

2 0 2 2 1 2 3011.6826 

2 2 0 2 1 2 3016.0501 

3 2 2 2 1 2 3035.4745 

1 0 1 2 1 1 2997.4125 

2 2 1 2 1 1 3014.5370 

3 0 3 2 1 1 3029.3797 

3 2 1 2 1 1 3034.7578 

1 1 1 2 2 1 2995.8154 

2 1 1 2 2 1 3009.7695 

3 1 3 2 2 1 3027.2211 

3 3 1 2 2 1 3036.8902 

1 1 0 2 2 0 2996.1214 

2 1 2 2 2 0 3008.2641 

3 1 2 2 2 0 3029.7603 

3 3 0 2 2 0 3036.7746 

 



 

 

 -151- 

 

 

 

 

 

 

 

Table 6.5 Selection rules of ν1 and ν6 transitions of CH2D2 15, 16  

Vibrations 

type 
Band type 

Selection rules on 

symmetry 
Selection rules for the most intense 

transitions 

ν1 B-type 



e  e o o

o  e e o
 



J  0,1;Ka  1;Kc  1; 

ν6 C-type 



e  e o  e

e o o o
 



Kc  0 :J  1;Ka  1;Kc  0;

Kc  0 :J  0,1;Ka  1;Kc  0;
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Section 6.3 - Experimental details 

 

6.3.1 Experimental Setup 

Our goal is to explore the role that the vibrational symmetry of a C-H stretching 

vibration plays in activating CH2D2 dissociation on Ni(111). With this goal, we 

perform state-resolved chemisorption measurements with CH2D2 prepared in the ν1 

(symmetric stretch) and ν6 (anti-symmetric stretch) states. The experimental 

apparatus has been introduced in Chapter II and elsewhere.19 The UHV chamber 

contained standard surface-science instruments including a quadruple mass 

spectrometer for time-of-flight beam characterization and temperature 

programmed desorption (TPD) detection, Auger electron spectroscopy and argon 

ion sputtering for surface characterization and cleaning. Radiative heating provided 

better than ± 1 K control over the surface temperature. The Ni(111) surface is 

cleaned and preloaded with bulk D atoms prior to CH2D2 doses as described in 

Section 2.6. Surface D atoms are removed by the CIRD process with an energetic 

Xe/He beam. After surface preparation, 1.3% of CH2D2 seeded in He (99.99% CH2D2 

gas from Cambridge Isotope Laboratories, Inc) expanded continuously and 

supersonically through a temperature-controlled nozzle and into a high vacuum 

chamber. The triply differentially pumped beam impinged on the Ni(111) crystal 

housed in an ultra-high vacuum (UHV) chamber.The surface temperature during 

CH2D2 dosing is kept as 95 K. At that temperature, the nascent methyl group and 

H/D atoms from CH2D2 dissociation can stay on the surface without decomposition 
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for post-dose detection. Reactivity is measured in the limit of low surface coverage 

(<0.05ML), so site-blocking effects are negligible. 

 

As mentioned earlier, our state-resolved reactivity measurements provide precise 

control over reagent energy. Laser excitation prepares gas-phase CH2D2 in a single 

rotational and vibrational quantum state with precisely defined internal energy. The 

narrow Etrans distribution (∆Etrans/Etrans < 5%) in molecular beam, which was verified 

by time-of-flight measurements (see Section 6.3.2), provided a tight control over 

translational energy. Direct infrared absorption measurements of molecules in the 

beam showed that rotational cooling was nearly complete for nozzle temperatures 

below 550 K. Frequency-stabilized infrared (IR) light from a continuous wave, 

narrow band laser intersected the molecular beam and excited CH2D2 to a single 

internal quantum state, J = 2 of the 1 or 6 vibration, via the P(1) transition at 

2868.7 or 3013.4 cm-1, respectively. In order to minimize the potential for error 

resulting from different thermal populations in the v=0 rotational level, the two 

transitions we chose originated in the same rotational level of the v=0 state. The 

PED translated into the molecular beam quantified IR absorption for both room 

temperature and heated nozzle expansions. Long IR radiative lifetimes ensured that 

CH2D2 prepared in the selected rovibrational eigenstate impinged on the Ni(111) 

surface in its initially prepared state.  
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We measured reaction probability with ( ) and without ( ) laser 

excitation by exposing a beam of known flux to the surface for a fixed time. Then we 

quantitatively probed the surface bound fragments from CH2D2 dissociation using 

our bulk D titration method and TPD as introduced in Chapter II and elsewhere.19 

We monitored six components (m/z=19, 18, 17, 16, 15 and 4) during the TPD 

process while the surface is heated at a rate of 2 K/s. The monolayer (ML) coverage 

of carbon on the surface was calibrated in the following way. We first measured a 

saturation curve for CH4 doses as shown in Figure 6.3. The curve is made by a series 

of bulk H titration experiments with different dosing time of 5% CH4 seeded in He at 

TN = 625K. The yield of titration products begins to saturate at long dose time, and 

we use that saturation coverage to calibrate the integrated area of the methane TPD 

feature. This procedure parallels that outlined by Killelea et al., who correlated AES 

and bulk H titration measurements to establish the saturation coverage for this 

system.   

 

The calibration experiment produces solely CH3 radicals. Titration with bulk H 

forms CH4 (m/z=16), so 100% of the reaction products desorb as CH4, whose MS 

cracking pattern appears in Table 6.6 The product for CH2D2 dissociation following 

C-H bond cleavage and D atom titration is CHD3 (m/z=19). We account for the 

different MS cracking patterns of CH4 and CHD3 using the experimentally measured 

cracking patterns for our MS and tabulated in Table 6.6. These cracking patterns 

were measured by leaking the select gas into the chamber via a leak valve and then 
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LaserOn

  

S0

LaserOff
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analyzed by MS. In this way, we relate the integrated counts of the CHD3 TPD peak 

to the relative number on the CH4 saturation curve which has a saturation coverage 

of 0.25 ML on Ni(111) at 95 K.20 
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Figure 6.3 Carbon saturation curve from CH4 doses (5% CH4/He, TN = 625K) 
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Table 6.6 Cracking patterns for CHD3, CH2D2 and CH4 

 

m/z 
CHD3 CH2D2 CH4 

Abs % Relative % Abs % Relative % Abs % Relative % From ref21 

12 <1 0 <1 0 1.1 2.3 2.1 

13 <1 0 <1 0 3.3 6.9 7.7 

14 <1 0 <1 0 8.0 16.7 16.0 

15 3.3 7.2 5.5 11.8 39.8 83.3 84.0 

16 6.3 13.9 16.4 34.9 47.8 100.0 100.0 

17 25.3 55.6 30.9 65.7 N/A N/A N/A 

18 19.6 43.0 47.1 100.0 N/A N/A N/A 

19 45.5 100.0 N/A N/A N/A N/A N/A 

 



 

 

 -158- 

6.3.2 Time-of-flight Measurements 

We use TOF to characterize the distribution of velocities in our supersonic 

molecular beam and precisely measure Etrans for sticking curves.21 The path length is 

50.0 cm for molecules flying in a straight line from chopper wheel, which spun at 

300Hz, to the QMS ionizer. A multichannel scaler with 2 µs dwell time records TOF 

spectra (1500 channels per single scan, and 20,000 added scans). We use the SBVH 

for our TOF experiments since it limits the beam size to fit entirely into the QMS 

ionizer. To extract the average velocity and velocity spread in the molecular beam, 

we use a non-linear least-squares fitting to the TOF data, which has the correct form 

for a velocity distribution from a supersonic expansion and corrections for 

electronic delays. TOF measurements made with and without a chamber extension 

provide arrival times for two different flight distances. The difference in arrival 

times for the two flight path lengths provide a measure of beam velocity that is 

independent of electronic delay. We use these results to establish the velocity 

distribution for a particular expansion. We then verify that the electronic delay we 

use to correct for the delay between our start pulse and the time at which the center 

of the chopper slot passes through the center of the beam allows us to obtain self-

consistent tof characterizations when measuring arrival times with our mass spec in 

its usual position. We find that a 15.0 µs delay applied to the measurements 

described here. Figure 6.4 shows TOF spectra for all nozzle temperatures used in 

this project, and Table 6.7 summarizes Etrans calculated from these TOF 

measurements.
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Figue 6.4 TOF spectra for 1.3% CH2D2 / He beams at different nozzle temperatures
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Table 6.7 Etrans from TOF measurements 

 
Gas Mixture TN (K) Speed (m/s) Etrans (kJ/mol) 

1.3% CH2D2/He 293 1710 26.3 

1.3% CH2D2/He 380 1934 33.6 

1.3% CH2D2/He 425 2039 37.4 

1.3% CH2D2/He 475 2158 41.9 

1.3% CH2D2/He 525 2267 46.2 

1.3% CH2D2/He 570 2371 50.6 

1.3% CH2D2/He 600 2430 53.1 

1.3% CH2D2/He 640 2490 55.8 

1.3% CH2D2/He 675 2562 59.1 

1.3% CH2D2/He 725 2635 62.5 
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6.3.4 Laser Excitation of CH2D2  

The transition we used for ν1 and ν6 excitation of CH2D2 has been summarized in 

Table 6.8. In order to compare state-resolved reactivity from the two excitations, ν1 

and ν6, we have to prove they have same spatial deposition profile following laser 

excitation, which means the excitation must be uniform and the same-size in both 

excitations.4 We use multiple doses with different SBVH positions to verify the 

excitation profile in the molecular beam. The SBVH allows a dosing area of 6.6 mm2 

on crystal, and our normal dosing area with MBVH is 38.5 mm2 on crystal. We 

choose three different positions for the SBVH within the diameter of MBVH and 

check their laser-on carbon coverage with O2 titrations. If doses with all three SBVH 

positions produced same results at certain excitation, then excitation is uniform and 

both excitations have the same profile. The diagram is shown in Figure 6.5 and we 

show the isothermal desorption of CO obtained during O2 titrations in Figure 6.6. As 

we expected, the laser profile is uniform for both ν1 and ν6 excitations. 

  

It is always important to measure fexc in state-resolved reactivity measurements. For 

CH2D2, there is no completed database available to use in order to find all possible 

transitions. We select ν1 and ν6 transitions with a same initial state, which provides 

the identical fpop for both fexc. Thus, we can use f2, which can be measured by laser 

saturation experiments5, instead of fexc in comparison of ν1 and ν6 reactivities based 

                                                        
4 Refer to Section 5.2.3  

5 Refer to Section 4.3  
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on the definition of fexc6. We calculated state-resolved reactivities of CH2D2 in Figure 

6.9 by Equation 6.9.                          



S0

 i 
S0

LaserOn  S0

LaserOff

fsat
                                               Eq. 6.9 

where fsat is the ratio of maximum PED value observed and the asymptote from laser 

saturation curve at current beam condition as shown in Figure 6.7.  

 

For the state-resolved reactivity comparison between CH2D2 and CH4, we couldn’t 

simplify the fexc. In order to find the absolute fexc, we need to find the population 

fraction of desired initial state under select nozzle temperature, fpop. Here, we use 

thermal distribution to estimate fpop by the Boltzmann factor of the desired initial 

state. As mentioned in Section 5.2.4, the rotational temperature can be estimated by 

an empirical relationship of Trot/TN ≈ 0.0265.22 For example, calculated Boltzmann 

factors for rovibrational states with J ≤ 5 at Trot = 15K are shown in Table 6.9. The 

symmetry factor (fsymmetry) in the table is given by Equation 6.10.  



fsymmetry  (1)Kc                                              Eq. 6.10 

We then calculate the population fraction of Boltzmann factor of the select initial 

state, which gives fpop, via Equation 6.4 to Equation 6.8. Therefore, we can calculate 

the absolute fexc by Equation 5.2, where f2 is from with laser saturation curve 

measurements as introduced in Section 4.3 as well as Section 5.2.4. We summarize 

the fexc and 



S0

 6  for different beam conditions in Table 6.10.  

                                                        
6 See Equation 5.2 
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Table 6.8 ν1 and ν6 transitions used in CH2D2 excitation 

 

Mode Description Transition (cm
-1

) J’KaKc JKaKc Symmetry 

ν1 
CH2 Symmetric 

stretching 
2974.21 101 110 A1 

ν6 
CH2 Anti-symmetric 

stretching 
3023.88 202 110 B1 



 

 

 -164- 

Table 6.9 Thermal statistics of CH2D2 rovibration states (J ≤ 4) at Trot =15 K  

 

                                                        
7 -1 represents for anti-symmetric, and 1 represents for symmetric 

J Ka Kc fsymmetry7  εΓ gj  nj  fpop 

0 0 0 1 15 15 1.50E+01 8.65E-02 

1 0 1 -1 21 63 3.37E+01 1.94E-01 

1 1 1 -1 21 63 3.12E+01 1.80E-01 

1 1 0 1 15 45 2.14E+01 1.23E-01 

2 0 2 1 15 75 1.16E+01 6.71E-02 

2 1 2 1 15 75 1.11E+01 6.40E-02 

2 1 1 -1 21 105 1.36E+01 7.87E-02 

2 2 1 -1 21 105 1.09E+01 6.26E-02 

2 2 0 1 15 75 7.65E+00 4.41E-02 

3 0 3 -1 21 147 3.67E+00 2.11E-02 

3 1 3 -1 21 147 3.59E+00 2.07E-02 

3 1 2 1 15 105 1.98E+00 1.14E-02 

3 2 2 1 15 105 1.66E+00 9.59E-03 

3 2 1 -1 21 147 2.19E+00 1.26E-02 

3 3 1 -1 21 147 1.42E+00 8.17E-03 

3 3 0 1 15 105 1.01E+00 5.82E-03 

4 0 4 1 15 135 3.03E-01 1.75E-03 

4 1 4 1 15 135 3.01E-01 1.73E-03 

4 1 3 -1 21 189 2.78E-01 1.60E-03 

4 2 3 -1 21 189 2.48E-01 1.43E-03 

4 2 2 1 15 135 1.51E-01 8.73E-04 

4 3 2 1 15 135 1.04E-01 6.02E-04 

4 3 1 -1 21 189 1.43E-01 8.26E-04 

4 4 1 -1 21 189 7.51E-02 4.33E-04 

4 4 0 1 15 135 5.36E-02 3.09E-04 
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Table 6.10 Estimated fexc of CH2D2 anti-symmetric stretch (ν6)  

 

Beam TN Trot fpop fsat fexc 



S0

 6  

1.3% CH2D2/He 380 26.6 0.150 0.745 0.112 1.15E-5±3.10E-6 

1.3% CH2D2/He 425 32.3 0.144 0.723 0.104 4.76E-5±1.54E-5 

1.3% CH2D2/He 475 36.1 0.137 0.599 0.082 1.54E-4±4.10E-5 

1.3% CH2D2/He 525 39.9 0.130 0.481 0.063 4.61E-4±1.65E-4 

1.3% CH2D2/He 570 43.3 0.123 0.384 0.047 1.04E-3±4.40E-4 

1.3% CH2D2/He 725 55.1 0.102 0.372 0.038 2.50E-3±8.90E-4 
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Figure 6.5 Diagram of SBVH doses at different position. Blue areas represent the 

dosing area through SBVH. We use MBVH in our state-resolved measurements, so it 

represents the size of molecular beam. Position 1 represents 0.36” on the scale of 

the 1-D manipulator that positions the sliding beam valve, 2 for 0.41”, and 3 for 

0.46”. 
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Figure 6.6 O2 titration spectra for 1.3% CH2D2/He at TN = 570 K, TS = 550 K, and t = 

1200 sec: a) ν1 excited CH2D2 with different SBVH positions; b) ν6 excited CH2D2 

with different SBVH positions. 

b) 

a) 
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Figure 6.7 Laser saturation curves at different TN for  

a) ν1 excitation at 2974.21 cm-1; b) ν6 excitation at 3023.88 cm-1. 

a) 

b) 
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Section 6.4 - Results and Discussion 

 

Our measurements of the sticking probability with and without laser excitation 

allow us to calculate a state-resolved reactivity for the particular laser-excited state 

1 or 6. Equation 6.12 relates the state-resolved reactivity ( ), to the reactivity 

with laser excitation ( ), without laser laser excitation ( ), the fraction of 

molecules excited (fexc), which we measure directly, and the vibrational ground state 

reactivity ( ) 13, 23 

                                     

           Eq. 6.12 

When Etrans and Ts are relatively low,  contributes negligibly to  and can be 

neglected. is an upper limit on , so when it is much smaller than , 

it can be neglected too.  

 

Our bulk D titrations show a strong bond selectivity for CH2D2 dissociation with 

either ν1 or ν6 C-H excitations. The integrated product yield for C-H and C-D bond 

cleavage channels is more than 20:1 as shown in Figure 6.8. The preference for C-H 

cleavage following excitation of a C-H stretching vibration is also shown in CH2D2 

dissociation on Ni(100)12 and CHD3 dissociation on Ni(111)19. In both cases, the 

exclusive cleavage of C-H bond is believed due to the localized quanta on C-H bond 

and lack of IVR during the reaction time scale. The similar bond selectivity in the 

dissociation of v=1 excited CH2D2 on Ni(111) suggested the single quanta 
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vibrational energy is also localized on C-H bond and no IVR happened at the initial 

of process. This bond-selectivity also suggests ν1 or ν6 C-H excitation is weakly or 

non-coupled with other modes in CH2D2. We summarized all sticking probabilities 

measured for both ν1 and ν6 excitations in Table 6.9 and plotted S0 vs. Etrans in Figure 6.9. 

From Figure 6.9 we can find that the selective dissociation probability for the symmetric 

stretch vibration (ν1) and anti-symmetric stretch vibration (ν6) are identical within 

experimental error.  

 

This result is somewhat unexpected. Reports of state-resolved reactivities for the 

symmetric (ν1) and anti-symmetric C-H stretching states (ν3) of CH4 on Ni(100) show  1 

to be significantly more reactive than the 3 state.
13, 14

 These results were interpreted as 

being consistent with a vibrationally adiabatic picture
24

 where the symmetric C-H 

stretching state, being the lowest frequency C-H stretch in the gas phase, has preferential 

access to the softened C-H bond that participates in reaction.  In this model, the triply 

degenerate 3 state correlates adiabatically with excitation in the methyl fragment.  In the 

experiments described here, the 1 state would once again be expected to be more 

reactive within this adiabatic model, but we find that its reactivity is identical to that of 

the antisymmetric 6 C-H stretching state.  
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Figure 6.8 Bond selectivity of CH2D2 dissociation on Ni(111) with laser excitation
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For CH4 on Ni(100), both studies were performed on 475 K surfaces, which have 

extensive surface atom motion promoting the reactivity. Our CH2D2 doses were 

performed on 95 K surface, which minimizes the thermal excitation of the surface. 

In order to better explore the effect of surface temperature, and to obtain an Etrans 

threshold energy for the 1 and 6 states of CH2D2, we performed our experiments at 

this low temperature. We can compare our results to S0 data for CH4 (ν3) 

dissociation on a Ni(111) surface at 475 K25 and at 90 K. In Figure 6.10, we can see 

the S0 of CH4 (ν3) at 90K surface has an identical sticking probability as our CH2D2 in 

both stretch modes. In addition, the ‘turn-off’ point, or threshold Etrans for reaction 

where S0 drops suddenly, is exactly the same for all three excitations. This suggests 

all three C-H excitations couple similarly to the reaction coordinate and that surface 

atom motion plays a very important role. The Etrans threshold for reaction represents 

the effective barrier for C-H breaking on a Ni(111) surface with minimal thermal 

excitation of the surface atoms.  

 

Beck et al. studied the dissociative chemisorption of two overtone (v=2) C-H 

stretching states of CH2D2 on Ni(100. Their results showed that the anti-symmetric 

overtone stretching state (2ν6) is more reactive than the combined stretching mode 

of ν1 + ν6 state. The mechanism is believed to be same as the gas-phase reaction we 

mentioned in Section 6.1 where Cl reacted with CH2D2 in the same two vibrational 

states. At the v=2 level of excitation (and above), anharmonicity causes the C-H 

stretching eigenstates to more closely resemble localized bond excitations. The |20 
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and |11 states differ significantly in their vibrational character, because the |20 

state has 2 quanta of C-H stretch localized in a single C-H bond of CH2D2, whereas 

the |11 state as a single quantum of excitation localized in each of the two C-H bond. 

In both cases, the preference for reactivity is due to a more localized vibration on a 

single C-H bond. At the v=1 level of excitation, the C-H stretching states more closely 

resemble normal mode excitations where the vibrational energy is distributed 

between both bonds for both 1 and 6, but the two states differ in the relative phase 

of motion of the two C-H bonds. In both gas-phase and surface studies of C-H 

stretching states with one quantum of excitation, vibrational symmetry, and its 

effect on coupling to the reaction coordinate, has been commonly invoked to explain 

reactivity differences. Since symmetric stretch and anti-symmetric stretch show no 

difference in promoting reactivity in our measurements, it may suggest that other 

factors, such as the presence of a transition dipole moment in the 6 state, may also 

play a role. The answer to this question will best be addressed by quantum 

calculations that accurately identify and assess the role of vibrational coupling in the 

entrance channel to the reaction, such as those reported by Jackson and Nave for 

CH4 dissociation on NI(111).26 
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Table 6.11 State-resolved reactivity of CH2D2 dissociation on Ni(111) (TS = 95K) 

 

Beam Excitation TN (K) Etrans (kJ/mol) fsat S0ν - relative 

3% CH2D2/He ν1 450 38.5 0.530 4.28E-6 ± 2.68E-7 

3% CH2D2/He ν1 500 42.7 0.480 1.92E-5 ± 2.70E-6 

3% CH2D2/He ν1 550 47.3 0.470 4.48E-5 ± 1.03E-5 

3% CH2D2/He ν1 600 51.3 0.443 6.86E-5 ± 2.39E-5 

1.3% CH2D2/He ν1 675 61.0 0.371 2.10E-4 ± 4.55E-5 

3% CH2D2/He ν1 725 65.4 0.357 1.78E-4 ± 7.99E-5 

1.3% CH2D2/He ν6 380 34.7 0.745 1.73E-6 ± 4.64E-7 

1.3% CH2D2/He ν6 425 38.3 0.723 6.85E-6 ± 1.16E-6 

1.3% CH2D2/He ν6 475 42.7 0.599 2.10E-5 ± 5.64E-6 

1.3% CH2D2/He ν6 525 47.3 0.481 6.03E-5 ± 2.16E-6 

1.3% CH2D2/He ν6 570 51.3 0.384 1.27E-4 ± 2.72E-5 

1.3% CH2D2/He ν6 725 65.4 0.372 2.55E-4 ± 8.22E-5 
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Figure 6.9 S0 of CH2D2 selective dissociation on Ni(111) with ν1 and ν6 excitations.  
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Figure 6.10 Comparison of state-resolved reactivity of CH2D2 (ν6) and CH4 (ν3) 

dissociation on Ni(111) at different surface temperature.8 

                                                        
8 CH4 data come from ref. 23 and 24. 
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Section 6.5 – Conclusion and Future Direction  

In this chapter, we have demonstrated bond-selective control in a heterogeneous 

catalytic reaction. We use an IR laser to excite CH2D2 molecules to v=1 of the ν1 

symmetric C–H stretching state and ν6 anti-symmetric C–H stretching state. Excited 

CH2D2 molecules react exclusively by C–H bond cleavage, and almost no 

enhancement to C–D cleavage, which indicates minimal energy flow between C-H 

and C-D stretching motion on the reaction timescale. The bond selectivity also 

suggests the ν1 and ν6 C-H excitations of CH2D2 are weakly or non-coupled to other 

modes in the molecule. On the other hand, the bond-selective control also benefits 

from the short interaction time of a direct gas-surface reaction, which prevents 

energy ‘leaking’ out from the molecule with prepared vibrational states.  

 

We compared state-resolved reactivity of CH2D2 with two excitations of different 

symmetry types. Our results show that the surface temperature is a dominant effect 

to reaction on a low-temperature surface. In such a condition, modes and symmetry 

effects appear to be minimal. Compared to CH2D2 experiments with overtone 

excitation ν1 and ν6 C-H vibrations do behave as normal mode excitations, and have 

identical efficacies for promoting reaction. The absence of a clear reactivity 

difference between symmetric and antisymmetric C-H stretching states suggests 

that vibrational symmetry alone does not explain mode selectivity differences 

observed for C-H stretching states of methane. However, there is still a long way to 

make a clear conclusion regarding the role of vibrational symmetry and mode 
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selectivity. Detailed computational studies and future state-resolved experiments 

that quantify CH3D or CHD3 dissociation on Ni(111) will help advance our 

understanding of this important problem. With these data and our current CH2D2 

results, we can uncover more details in symmetry and mode effects.     
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Appendix I - Igor Pro Function for Squarewave Fitting of K&W 

Modulation 

 

Function Modulation (w,x) 

Wave w; variable x  

Variable datapoint,xvalue, gatevalue 

Wave model = GateWave 

xvalue = x2pnt(model,x) 

if (model[xvalue]<-0.05)  

  gatevalue = 1 

 else 

  gatevalue = 0 

 endif 

 datapoint = w[0] + (w[1]*x) + (w[2]*gatevalue) 

 return datapoint 

 End 

 

| Variables: 

| w_0: Y value at the starting cursor 

| w_1: Time constant 

| w_2: Modulation height 

 




