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CHAPTER I 

INTRODUCTION 

 

1.1 General introduction 

The photochemistry of molecules in the gas and condensed phases has been 

extensively studied in the past decades, with the best topic being the photodissociation 

of small molecules in the Earth’s atmosphere, which leads to serious environmental 

problems (Seinfeld and Pandis, 2016); solar radiation induces photochemical 

reactions through the formations of the reactive molecules; radicals, anions and 

cations. To study photodissociation reactions, modern spectroscopic techniques, such 

as fluorescence, resonance-enhanced multiphoton ionization (REMPI) and time-

resolved vibrational spectroscopy, in combination with quantum chemical methods, 

such as TD-DFT, CASPT2, have proven to be powerful tools (Gonzalez, Escudero 

and Serrano-Andres, 2012)  to describe the chemical structures and electronic 

properties of molecules in the ground state and, especially in the excited state. 

The photodissociation of methanol (CH3OH) has received special interest 

because the product radicals, e.g., the methoxy ([CH3O]˙), hydroxymethyl 

([CH2OH]˙), methyl ([CH3]˙) and hydroxyl ([OH]˙) radicals, are reactive intermediate 

 in atmospheric, combustion and industrial processes (Seinfeld and Pandis, 2016; 

Gilbert, 2002); for example, in the Earth’s atmosphere, [CH3O]˙ or [CH2OH]˙ 
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can be generated through the oxidation of methane (CH4)
 (Ravishankara, 1988). The 

experimental study of the reaction of O(1D) with methane using a crossed molecular 

beam showed the formation of [CH3O]˙ or [CH2OH]˙ radicals by H elimination 

(Casavecchia,  Buss, Sibener and Lee, 1980). The photolysis of CH3OH in the gas 

phase has been extensively studied using various theoretical and experimental 

techniques (Sonntag and Schuchmann, 1977), among which the dissociation paths, 

radical intermediates and products, electronic states and associated absorption spectra 

have been of general interest. Theoretically, at least five unimolecular dissociation 

channels exist for CH3OH in the gas phase (Saebo, Radom and Schaefer, 1983; 

Satyapal, Park, Bersohn and Katz, 1989). They are illustrated with their standard 

enthalpies of dissociation (H°) in Figure 1.1 Channels (1), (2) and (3) occur through 

the homolytic cleavage of covalent bonds (O–H, C–H and C–O dissociations, 

respectively) and generate radical pair products, whereas molecules in their electronic 

ground states are the products of channels (4) and (5) (Satyapal, Park, Bersohn and 

Katz, 1989).  
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Figure 1.1 Proposed dissociation channels for CH3OH in the gas phase (Saebo, 

Radom and Schaefer, 1983; Satyapal, Park, Bersohn and Katz, 1989). H0 = standard 

dissociation enthalpy. 

 

The photofragmentation of CH3OH in the lowest singlet-excited state (S1) has 

received special attention due to the experimental observations; for example, a 

photoexcitation of CH3OH at 193 nm method and the chemical activation method, 

involving the insertion of an O(1D) atom into C-H bond of methane, showed the same 

results that the major channel of CH3OH dissociation is to methoxy radical and 

hydrogen atom (channel (1)). Furthermore, the branching ratio of channel (1) is 

significantly higher than that of channel (3) (Satyapal, Park, Bersohn and Katz, 1989), 

although the standard enthalpy of dissociation of the former is higher than that of the 
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latter (H° = 432 and 389 kJ/mol, respectively). For an alcohol in the electronic 

ground state, the average bond dissociation energy of C–O bond is generally weaker 

than the O–H bond (~109 kJ/mol) (Buenker, Olbrich, Schuchmann, Schuermann and 

Sonntag, 1984). In contrast, an infrared multiple photon dissociation (IRMPD) 

experiment of CH3OH by CO2-laser light in a molecular beam configuration under 

collision-free condition (Schmiedl, Meier and Welge, 1981) and under collisional 

conditions in the bulk experiment (Bialkowski and Guillory, 1978). revealed that the 

dominant products of CH3OH dissociation are the same as those found from thermal 

excitation (Sonntag and Schuchmann, 1977) regardless of the excitation energy, 

namely, [CH3]˙ and [OH]˙ in channel (3). To study the branching ratio of channels (1) 

and (3), two-dimensional (2D) potential energy surfaces in the S0 and S1 states were 

constructed using the complete active-space self-consistent field (CASSCF) method 

(Marston, Weide, Schinke and Suter, 1993). This theoretical investigation emphasized 

on the influence of the initial vibrational excitation in the electronic ground state on 

the fragmentation process of methanol (CH3OH) and the results showed that the 

dissociation in the vibrational ground state generates [CH3O]˙ and [H]˙ exclusively 

(channel (1)), whereas exciting the CH3O mode prior to S0S1 excitation increases the 

quantum yield for hydroxyl radical ([OH]˙), in which at least five or six quanta are 

required to obtain a reasonably large yield.  

The photodissociation of CH3OH through channel (3) was experimentally 

studied at 157 nm using the velocity map imaging technique with the detection of 

methyl radical ([CH3]˙) by resonance-enhanced multiphoton ionization (REMPI) 

(Chen, Eppink, Jiang, Groenenboom, Yang and Parker, 2011). The experimental 
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results suggested a two-step dissociation process, in which the generation of [CH3O]˙ 

via O–H bond cleavage in CH3OH is the primary process and the photodissociation of 

the nascent [CH3O]˙ by the probe laser into [CH3]˙ is the secondary process. The 

proposed dissociation steps were supported by the potential energy surfaces in the S0 

and S1 states obtained from ab initio multireference single- and double-excitation 

correlation interaction (MRD-CI) calculations with a freeze-scan method and a 

photolysis experiment of CH3OH at 185 nm (Buenker, Olbrich, Schuchmann, 

Schuermann and Sonntag, 1984), which suggested that the homolytic cleavage of the 

O–H bond is found to be a dominant process for photolysis of saturated alcohols as 

proposed by Kassab, Gleghorn and Evleth (Kassab, Gleghorn and Evleth, 1983) 

which occurs along a purely repulsive potential energy curve and is associated with 

the conversion of the 3s Rydberg orbital into a 1s atomic orbital (AO) of the 

dissociating hydrogen atom.  

In contrast, the C–O bond cleavage occurs along a low energy barrier 

pathway, which results from “a sharply avoided crossing between the respective 

Rydberg and valence electronic configurations” (Buenker, Olbrich, Schuchmann, 

Schuermann and Sonntag, 1984). The freeze-scan potential energy surfaces (Buenker, 

Olbrich, Schuchmann, Schuermann and Sonntag, 1984) also suggested that the C–H 

dissociation in channel (2), which leads to [CH2OH]˙ and [H]˙, is not preferential in 

the S1 state, whereas in the second preferential process, i.e., the formation of 

formaldehyde (CH2O) in channel (5), the elimination of H2 occurs on a low barrier 

surface. Since the S0 and S1 potential energy curves for the formation of CH2O and H2 
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do not intersect at separated distances (R ≥ 3 Å), the authors attributed the generation 

of these two molecules to “surface-hopping effects” between the S0 and S1 states. 

The photodissociation of CH3OH vapor through channels (1)-(3) and (5) was 

studied at wavelengths below 200 nm using scavengers and deuterated methanol 

(CD3OH) (Porter and Noyes, 1959). The experimental results showed that the main 

products of the photolysis were hydrogen (H2), formaldehyde (CH2O), and ethylene 

glycol (C2H6O2) as well as small amounts of CO and CH4. In the presence of 

scavengers and CD3OH, there are at least two primary processes; the formation of 

CH2O and H2 in channel (5) was concluded to be one of these primary processes. 

Additionally, CH2O could also be formed by the thermal decomposition of [CH3O]˙ 

or [CH2OH]˙, whereas a dissociation into [CH3]˙ and [OH]˙ in channel (3) could be 

neglected due to the small amount of methane (CH4) detected, although  such a 

dissociation could be predominantly found for short wavelengths (Terenin and 

Neujmin, 1935). In addition, although the dissociations through channels (1) and (2) 

cannot easily be distinguished in experiments, the authors anticipated that [CH2OH]˙ 

could be formed from CH3OH through the hydrogen abstraction of [CH3O]˙ (Porter 

and Noyes, 1959). The predominance of channel (5) is in accordance with the results 

in Patat and Koch work (Patat and Koch, 1935) in which CH2O and H2 were observed 

in equal amounts, whereas [CH2OH]˙ and [H]˙ were detected only in the initial stage 

of the mercury-sensitized reaction.  

The photodissociation in channel (4) has been of interest because methylene 

(CH2) can be formed in the atmosphere by the direct photolysis of CH4 and because 

the singlet and triplet methylene (abbreviated 1[CH2] and 3[CH2], respectively) are the 
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smallest prototypical carbenes, which play important roles in various radical reactions 

(Kirmse, 1971; Shainyan, Kuzmin and Moskalik, 2013) such as alkene insertion in 

which carbenes react with alkenes to form cyclopropanes (De Frémont, Marion and 

Nolan, 2009). Experiments have shown that in the gas phase, 1[CH2] can be obtained 

from ketene by laser flash photolysis at 308 nm (Blitz, Pilling and Seakins, 2001), 

whereas 3[CH2] can be produced by collision-induced intersystem crossing with He or 

H2. The intersystem crossing between 1[CH2] and 3[CH2] through a collision is likely 

possible due to the small energy gap of approximately 38 kJ/mol between the singlet 

and triplet states (Leopold, Murray, Miller and Lineberger, 1985; McKellar, Bunker, 

Sears, Evenson, Saykally and Langhoff, 1983). Although ab initio calculations, at the 

CI(SD) level with a DZ and a DZP basis set (Bauschlicher and Shavitt, 1978), and 

experiments suggested that 3[CH2] is stable in the electronic ground (T0) state and 

1[CH2 ] is stable in the lowest singlet-excited (S1) state, the hydrogen-bond (H-bond) 

complex formed from 1[CH2] and [H2O] is 10-13 kJ/mol more stable than that formed 

from 3[CH2] and [H2O] (Standard, 2016); the H-bond interaction energies were 

obtained based on single-point CCSD(T)-F12 and MRCI+Q calculations using the 

equilibrium structure obtained from the B3LYP-D3/aug-cc-pVTZ geometry 

optimizations.  

 In this work, the mechanisms of the photodissociations of single isolated 

CH3OH in the S1 state were studied using ab initio calculations at the complete active-

space second-order perturbation theory (CASPT2) level. Our investigation considered 

single-photon photodissociation with the emphasis on nonradiative relaxation 

processes that bring the S0S1 vertically excited molecule to the products in their 
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respective electronic ground states. To study the interplay between the structures and 

energetics in the S0 and S1 states, the potential energy curves for the 

photodissociations in channels (1)-(5) were constructed using a relax-scan method. 

The information on the electronic configurations in the dissociation processes was 

obtained from the analyses of the correlation interaction (CI) coefficients of the 

characteristic structures on the S0 and S1 potential energy curves. The theoretical 

results are discussed in comparison with available theoretical and experimental data. 

 

 



CHAPTER II 

COMPUTATIONAL METHODS 

 

2.1 Ab initio calculations 

Since the photodissociation of CH3OH involves the breaking and formation of 

covalent bonds, closed-shell and open-shell configurations must be considered in ab 

initio calculations (Gonzalez, Escudero and Serrano-Andres, 2012). To account for 

the multiconfigurational characteristics of the photolysis of CH3OH, ab initio 

calculations were performed using the CASPT2 method, which has been accepted to 

be one of the standard methods used in excited-state calculations (Schreiber, Silva-

Junior, Sauer and Thiel, 2008). Since the large-scale ab initio CI calculations 

suggested that the S1 state of CH3OH is represented by a Rydberg-like character 

(Kassab, Gleghorn and Evleth, 1983), which results from an adiabatic S0S1 (n3s) 

excitation, all of the S1 state calculations were conducted adiabatically and restricted 

to C1 symmetry. The use of C1 symmetry is supported by the results of quantum 

chemical calculations, which showed that [CH3O]˙ possesses a Jahn-Teller distorted 

structure (Carter and Cook, 1991). 

In this study, since the energy gradients with respect to the degrees of freedom 

had to be computed extensively, to optimize the computational resources, the aug-cc- 

pVDZ basis set was used. The augmented basis sets with diffuse functions were 

proven to be suitable for singlet-state calculations (Schreiber, Silva-Junior, Sauer and
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Thiel, 2008); CASPT2 calculations with the aug-cc-pVDZ basis set were shown in 

our previous study to yield reasonable potential energy curves and S0S1 vertical 

excitation energies for small water clusters (Suwannakham, Chaiwongwattana and 

Sagarik, 2018). As previous ab initio calculations (Wadt and Goddard, 1976) and our 

preliminary CASPT2 calculations showed that a single photon only excites an oxygen 

lone-pair of CH3OH, CASPT2 calculations were performed by assigning four 

electrons (n = 4) in seven active orbitals (m = 7), whereas the rest were assigned in 

seven doubly occupied orbitals (close = 7), abbreviated CASPT2(4,7). To confirm 

that the complete active space chosen did not lead to serious errors in the excitation 

energies and shapes of the potential energy curves, some CASPT2 calculations were 

performed with an extended complete active space (CASPT2(16,12); n = 16, m = 12 

and close = 2). For the CH3OH molecule, CASPT2(4,7) and CASPT2(16,12) 

calculations involved 196 and 169,884 configuration state functions (CSFs), 

respectively. 

To characterize the S0S1 excited species, spatial distributions of the natural 

orbitals were computed and displayed with the same value of the isosurface (0.11) 

using GABEDIT software (Allouche,2011). The information on the electronic 

configurations of structures in the S0 and S1 states was obtained from the analyses of 

the CI coefficients. All of the CASPT2 calculations were performed using the 

MOLPRO software package (MOLPRO, V.2015.1, 2015) with a state-specific 

method. The Werner-Meyer-Knowles nonlinear optimization method (Knowles and 

Werner, 1985; Werner and Knowles, 1985; Werner and Meyer, 1980) was used in the 

orbital/state optimizations. The details of the CASPT2 methods employed in this 

work are summarized in Table 2.1. 
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Table 2.1  The number of configuration state functions (CSFs) considered (N e-internal) and those generated by the 

CASPT2 methods (N-1 and N-2 e-internals) used in the calculations of CH3OH. The values of the HOMO-1, HOMO and 

LUMO isosurfaces are 0.11. 

 

n = number of active electrons; m = number of active orbitals; [..] = value obtained from CASPT2(16,12) calculations.
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2.2 Equilibrium geometries and potential energy curves 

To obtain fundamental information on the photodissociation processes, 

equilibrium geometries of CH3OH in the S0 and S1 states were optimized using 

CASPT2(4,7) calculations with the quadratic steepest decent (QSD) method (Sun and 

Ruedenberg, 1994) included in the MOLPRO software package. Due to strong 

fluctuation in the electronic-excitation energy, the transition structure at the saddle 

point on the potential energy surface cannot be optimized within reasonable 

convergence criteria, e.g., the total energy fluctuation within 1.0×10-6 au and the 

maximum norm of the Cartesian gradient smaller than 1.0×10-4 au (TURBOMOLE 

V7.2, 2018). To search for the transition structures in dissociation channels (1)–(3), 

the S1 potential energy curves with respect to the O–H, C–H and C–O coordinates 

were constructed. In contrast to previous studies, which employed freeze-scan 

methods (Buenker, Olbrich, Schuchmann, Schuermann and Sonntag, 1984; Marston, 

Weide, Schinke and Suter, 1993; Cheng, Bahou, Chen, Yui, Lee and Lee, 2002; Wen, 

Segall,  Dulligan and Wittig, 1994), the present work used a relax-scan method, in 

which all of the important structural parameters on the S1 potential energy curves 

were optimized using CASPT2(4,7) calculations. 

Since preliminary CASPT2(4,7) calculations showed that the C–H bond 

lengths did not significantly change on the S1 potential energy curves, to reduce the 

computational efforts, the C–H bond distances were constrained at the equilibrium 

value in the S0 state (RC–H = 1.10 Å). In addition, because the O–H dissociation is the 

most preferential process in the S1 state, the S1 potential energy curves for the C–H 

and C–O dissociations were tentatively constructed by constraining the O–H distance 

at the equilibrium value in the S0 state (RO–H = 0.97 Å).          The S1 potential energy  
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curves with a constrained O–H distance were calculated to search for the precursors 

in the S0 state, from which the S0S1 vertical excitations lead to the transition 

structures for the C–H and C–O dissociations in the S1 state. 

Since isomerization-mediated dissociation is one of the most common radical 

reactions, unimolecular [CH3OH][CH2OH2] isomerization, which leads to the 

[CH2] and [H2O] products in channel (4), was constructed. While constraining the O–

H distance at 0.97 Å, the intramolecular isomerization was simulated by transferring 

one of the hydrogen atoms from the CH3 group to the OH group. Since previous 

theoretical and experimental studies confirmed that in the electronic ground state 

3[CH2] is more stable than 1[CH2] and because the single-point single-reference 

CCSD(T)-F12 method predicted that the 1[CH2]–[H2O] H-bond complex is more 

associated than the 3[CH2]–[H2O] H-bond complex, the singlet-triplet intersystem 

crossing and the H-bond formation were taken into account in channel (4) by 

performing CASPT2(4,7) geometry optimizations on the [CH2]–[H2O] H-bond 

complex in the S0 and T0 states. In addition, because formaldehyde formation was 

suggested to involve a nonconcerted process, in which the dehydrogenation proceeds 

after the O–H dissociation (Buenker, Olbrich, Schuchmann, Schuermann and 

Sonntag, 1984), to discuss the mechanism in channel (5), the S1 potential energy 

curve for the H2 elimination was constructed using the O–H dissociated products in 

channel (1) ([CH3O]˙ and [H]˙) as the precursors. All of the constrained structural 

parameters and degrees of freedom used in the calculations of the S1 potential energy 

curves are summarized in Figure 2.1. 
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Figure 2.1 a) Equilibrium structure of CH3OH in the S0 state obtained from 

CASPT2(4,7) geometry optimizations. b)-f) Constrained structural parameters used in 

the calculations of the S1 relax-scan potential energy curves for dissociation channels 

(1)–(5), respectively. Double sided arrows represent the degrees of freedom used in 

the calculations of the S1 relax-scan potential energy curves. Distances are in Å. 



CHAPTER III 

RESULTS AND DISCUSSION 

 

To facilitate the discussion, characteristic structures of CH3OH in the S0 and 

S1 states are labeled with a three-character code, e.g., Gk-[l] and Ek-[l]ǂ or Ek-[l]*, 

where G = structure in the S0 state; E = structure in the S1 state; and k = dissociation 

channels (1)-(5). Different CH3OH structures in the same dissociation channel are 

distinguished by [l]. * and § denote the vertically excited structures and structures at 

the intersection of the S0 and S1 potential energy curves, respectively, whereas ǂ labels 

transition structures. For example, based on this three-character code, structures G1-

[1]* and E1-[1]* are the same structures (l = 1) computed in the S0 and S1 states, G and 

E, respectively. They are involved in the O–H dissociation in channel (1) (k = 1). 

Structures E4-[1]* and E4-[2]ǂ are different structures (l = 1 and 2) on the S1 potential 

energy curve for the [CH3OH][CH2OH2] isomerization (k = 4). They are vertically 

excited (*) and transition structures (ǂ), respectively. 

The characteristic structures and energies for the O–H dissociation as well as 

the three leading electronic configurations and CI coefficients (cut-off = 0.05) 

obtained from CASPT2(4,7) calculations are given as examples in Table 2.1, where 

Ψ0 and C0 = electronic ground state;      Ψa
r  and Ca

r
 = ar singly excited state (S-type);   

and Ψa,b
r,s

 and Ca,b
r,s

 = ar and bs doubly excited state (D-type). The indices a and b 

along with r and s label occupied  and virtual or unoccupied spin orbitals, respectively;     



16 

     

a bar or lack of a bar is to denote beta () and alpha () spin orbitals, respectively. 

The potential energy curves with respect to the O–H, C–O and C–H coordinates as 

well as variations of selected structural parameters are shown in Figures 3.1-3.3 

respectively. The potential energy curves for the [CH3OH][CH2OH2] isomerization 

and formaldehyde formation are shown in Figure 3.4 and Figure 3.7 respectively. The 

energies and structural parameters of the characteristic structures of CH3OH on the 

potential energy curves are summarized in Table 3.1. The three leading electronic 

configurations and CI coefficients of the characteristic structures are included in 

Tables 3.3-3.6. 
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Table 3.1 Characteristic structures, structure parameters and energetics of CH3OH, observed on the potential energy curves 

obtained from CASPT2(4,7) calculations. 

  

ETot
 

 

EEx
 

 

C-H 

 

RC(1)O(5) 

 

RO(5)H(6) 

 

 

∠H(2)C(1)O(5) 

 

 

∠H(4)C(1)O(5) 

 

 

∠H(2)C(1)H(3) 

 

 

∠H(2)C(1)H(4) 

 

 

∠H(6)O(5)C(1) 

RC(1)H(2) RC(1)H(4) 

 

 

 

 

-115.1694 

[-115.1890] 

 

0.2477 

(6.74) 

[0.2382] 

[(6.48)] 

 

 

1.10 

[1.10] 

 

 

1.10 

[1.10] 

 

 

1.42 

[1.44] 

 

 

0.97 

[0.97] 

 

 

112 

[112] 

 

 

107 

[107] 

 

 

109 

[109] 

 

 

108 

[108] 

 

 

108 

[107] 

 

 

 

 

-115.1749 

 

 

 

0.2353 

(6.40) 

 

 

1.10 

 

 

1.10 

 

 

1.42 

 

 

0.97 

 

 

105 

 

 

108 

 

 

106 

 

 

116 

 

 

108 

  

 

-115.2061 

 

 

 

0.1389 

(3.67) 

 

 

1.10 

 

 

1.10 

 

 

1.39 

 

 

1.40* 

 

 

107 

 

 

113 

 

 

106 

 

 

112 

 

 

105 

 

 

 

 

 

 

-115.2472 

 

 

 

 

0.0008 

(0.02) 

 

 

 

 

 

1.10 

 

 

 

1.10 

 

 

 

1.39 

 

 

 

2.60 

 

 

 

108 

 

 

 

114 

 

 

 

106 

 

 

 

110 

 

 

 

93 

E1-[2]ǂ 

     

E1-[3]§ 

 

E1-[1]* 

 

G1-[1] 

 

 

1
7 
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Table 3.1 (Continued) Characteristic structures, structure parameters and energetics of CH3OH, observed on the potential energy 

curves obtained from CASPT2(4,7) calculations. 

  

ETot
 

 

EEx
 

 

C-H 

 

RC(1)O(5) 

 

RO(5)H(6) 

 

 

∠H(2)C(1)O(5) 

 

 

∠H(4)C(1)O(5) 

 

 

∠H(2)C(1)H(3) 

 

 

∠H(2)C(1)H(4) 

 

 

∠H(6)O(5)C(1) 

RC(1)H(2) RC(1)H(4) 

 

 

 

 

 

-115.2471 

 

 

 

0.0003 

(0.01) 

 

 

 

1.10 

 

 

 

1.10 

 

 

 

1.39 

 

 

 

2.60 

 

 

 

108 

 

 

 

113 

 

 

 

106 

 

 

 

110 

 

 

 

97 

 

 

 

 

 

-115.1749 

 

 

 

0.2352 

(6.40) 

 

 

 

1.10 

 

 

 

1.10 

 

 

 

1.42 

 

 

 

0.97 

 

 

 

105 

 

 

 

108 

 

 

 

106 

 

 

 

116 

 

 

 

108 

  

 

 

-115.1190 

 

 

 

 

0.2465 

(6.71) 

 

 

1.10 

 

 

1.50* 

 

 

1.44 

 

 

0.97 

 

 

105 

 

 

102 

 

 

111 

 

 

116 

 

 

105 

 

 

 

 

 

 

 

-115.1191 

 

 

 

 

 

0.2290 

(6.23) 

 

 

 

 

 

1.10 

 

 

 

 

1.70 

 

 

 

 

1.44 

 

 

 

 

0.97 

 

 

 

 

99 

 

 

 

 

87 

 

 

 

 

99 

 

 

 

 

130 

 

 

 

 

106 

(4) 

E1-[4]§ 

 

E2-[1]* 

 

E2-[2]ǂ 

     

E2-[3]§ 

 

 

1
8
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Table 3.1 (Continued) Characteristic structures, structure parameters and energetics of CH3OH, observed on the potential energy 

curves obtained from CASPT2(4,7) calculations. 

  

ETot
 

 

EEx
 

 

C-H 

 

RC(1)O(5) 

 

RO(5)H(6) 

 

 

∠H(2)C(1)O(5) 

 

 

∠H(4)C(1)O(5) 

 

 

∠H(2)C(1)H(3) 

 

 

∠H(2)C(1)H(4) 

 

∠H(6)O(5)C(1) 

RC(1)H(2) RC(1)H(4) 

  

 

 

-115.1749 

 

 

 

 

0.2354 

(6.41) 

 

 

 

 

 

1.10 

 

 

 

1.10 

 

 

 

1.42 

 

 

 

0.97 

 

 

 

105 

 

 

 

108 

 

 

 

106 

 

 

 

116 

 

 

 

108 

 

 

 

 

 

-115.1692 

 

 

 

 

0.2319 

(6.31) 

 

 

 

 

 

1.10 

 

 

 

1.10 

 

 

 

1.60* 

 

 

 

0.97 

 

 

 

102 

 

 

 

102 

 

 

 

112 

 

 

 

118 

 

 

 

107 

  

 

 

-115.2309 

 

 

 

 

0.0495 

(1.35) 

 

 

 

 

 

1.10 

 

 

 

1.10 

 

 

 

2.30 

 

 

 

0.97 

 

 

 

100 

 

 

 

99 

 

 

 

118 

 

 

 

119 

 

 

 

178 

  

 

 

 

 

-115.1747 

 

 

0.2353 

(6.40) 

 

 

1.10 

 

 

1.08 

 

 

1.41 

 

 

0.97 

 

 

105 

 

 

106 

 

 

106 

 

 

117 

 

 

108 

(4) (4) 

E4-[1]* 

 

E3-[3]§ 

 

E3-[2]ǂ 

     

E3-[1]* 

 

 

1
9
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Table 3.1 (Continued) Characteristic structures, structure parameters and energetics of CH3OH, observed on the potential energy 

curves obtained from CASPT2(4,7) calculations. 

  

ETot
 

 

EEx
 

 

C-H 

 

RC(1)O(5) 

 

RO(5)H(6) 

 

 

∠H(2)C(1)O(5) 

 

 

∠H(4)C(1)O(5) 

 

 

∠H(2)C(1)H(3) 

 

 

∠H(2)C(1)H(4) 

 

∠H(6)O(5)C(1) 

RC(1)H(2) RC(1)H(4) 

  

 

 

-115.1396 

 

 

 

 

0.2381 

(6.48) 

 

 

 

 

 

1.10 

 

 

 

1.05 

 

 

 

1.40* 

 

 

 

0.97 

 

 

 

108 

 

 

 

80 

 

 

 

111 

 

 

 

122 

 

 

 

111 

 

 

 

 

 

-115.2390 

 

 

 

 

0.0237 

(0.64) 

 

 

 

 

 

1.10 

 

 

 

1.20 

 

 

 

2.64 

 

 

 

0.97 

 

 

 

105 

 

 

 

21 

 

 

 

110 

 

 

 

116 

 

 

 

123 

  

 

 

-115.2434  

 

 

 

0.0101 

 (0.27) 

 

 

 

 

 

1.09 

 

 

 

2.30 

 

 

 

3.26 

 

 

 

0.97 

 

 

 

106 

 

 

 

- 

 

 

 

143 

 

 

 

106 

 

 

 

108 

(4) (4) (4) (4) 

E4-[4] 

 

E4-[3] 

 

E4-[2]ǂ 

 

 

2
0
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Table 3.1 (Continued) Characteristic structures, structure parameters and energetics of CH3OH, observed on the potential energy 

curves obtained from CASPT2(4,7) calculations. 

  

  

ETot
 

 

EEx
 

 

C-H 

 

RC(1)O(5) 

 

RO(5)H(6) 

 

 

∠H(2)C(1)O(5) 

 

 

∠H(4)C(1)O(5) 

 

 

∠H(2)C(1)H(3) 

 

 

∠H(2)C(1)H(4) 

 

∠H(6)O(5)C(1) 

RC(1)H(2) RC(1)H(4) 

  

 

-115.2427 

 

 

0.0024 

(0.06) 

 

 

 

1.10 

 

 

1.11 

 

 

1.39 

 

 

3.26 

 

 

108 

 

 

108 

 

 

107 

 

 

110 

 

 

52 

 

  

 

 

-115.2270 

 

 

 

 

0.0557 

(1.52) 

 

 

 

 

 

1.10 

 

 

 

1.31 

 

 

 

1.37 

 

 

 

2.93 

 

 

 

111 

 

 

 

111 

 

 

 

111 

 

 

 

112 

 

 

 

46 

 

 

 

 

 

-115.2445 

 

 

 

 

 

0.0964 

(2.62) 

 

 

 

 

 

1.10 

 

 

 

2.93 

 

 

 

1.35 

 

 

 

- 

 

 

 

114 

 

 

 

114 

 

 

 

120 

 

 

 

- 

 

 

 

- 

(4) (4) (4) (4) 

E5-[2]ǂ 

 

E5-[3] 

 

E5-[1] 

 

 

2
1
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3.1 Equilibrium structures 

The equilibrium structure of CH3OH in the electronic ground state obtained 

from CASPT2(4,7) calculations is shown in Figure 2.1a (structure G1-[1] with RO(5)–

H(6) = 0.97 Å, RC(1)–H(2) = 1.10 Å, RC(1)–O(5) = 1.42 Å, H(2)C(1)H(3) = 109º, and 

H(6)O(5)C(1) = 108º). The values are comparable with those obtained from the 

microwave and millimeter wave spectrum (RO(5)–H(6) = 0.95 Å, RC(1)–H(2) = 1.09 Å, 

RC(1)–O(5) = 1.42 Å, H(2)C(1)H(3) = 108º and H(6)O(5)C(1) = 108º) (Gerry, Lees and 

Winnewisser, 1976). The structural parameters obtained from CASPT2(16,12) 

geometry optimizations are approximately the same (RO(5)–H(6) = 0.97 Å, RC(1)–H(2) = 

1.10 Å, RC(1)–O(5) = 1.44 Å, H(2)C(1)H(3) = 109º, and H(6)O(5)C(1) = 107º). The S0S1 

vertical excitation energies obtained from CASPT2(4,7) and (16,12) calculations are 

6.74 eV (184 nm) and 6.48 eV (191 nm), respectively. These values are in excellent 

agreement with ab initio MRD-CI calculations (Buenker, Olbrich, Schuchmann, 

Schuermann and Sonntag, 1984) and the experiments (Cheng, Bahou, Chen, Yui, Lee 

and Lee, 2002)  at 6.94 eV (179 nm) and 6.75 eV (183 nm), respectively. 

For the structure G1-[1], the shapes of the HOMO-1 (norb = 8), HOMO (norb = 

9) and LUMO (norb = 10) in Table 2.1 show the electron density distributions for the 

O–H bonding, lone-pair and O–H anti-bonding natural orbitals, respectively. The CI 

coefficients obtained from CASPT2(4,7) calculations reveal that in the S0 state, the 

ground state configuration Ψ0 dominates with a small contribution from the singly 

excited configuration Ψ9̅
12̅̅̅̅

 (C0 = 0.9829 and C 9
12

 = 0.0730), whereas in the S1 state, the 

singly excited configuration Ψ9̅
10̅̅̅̅

 is dominant with a small contribution from the 

doubly excited configuration Ψ  9, 9̅
10,12̅̅ ̅

 (C9̅
10̅̅ ̅

 = 0.9850 and C 9,  9̅
10,12̅̅ ̅

 = 0.0909). 
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3.2 The O–H dissociation 

 The S1 potential energy curves with respect to the O–H coordinates obtained 

from the CASPT2(4,7) and (16,12) methods are illustrated in Figure 3.1. The total 

energies of the CASPT2(16,12) method were calculated at the CASPT2(4,7) 

geometries. It appears that the shapes of the S1 potential energy curves obtained from 

both methods are approximately the same; the S0 and S1 potential energy curves 

obtained from CASPT2(16,12) calculations are systematically lower than those 

obtained from CASPT2(4,7) calculations. These findings confirm the applicability of 

the CASPT2(4,7) method in the calculations of the potential energy curves of 

CH3OH, and only the CASPT2(4,7) results were discussed in this study. 

The S1 potential energy curves in Figure 3.1 reveal that the S0S1 vertical 

excitation of structure G1-[1] leads to structure E1-[1]*. Structure E1-[1]* is 

transformed into structure E1-[2]ǂ, in which the O–H dissociation occurs at RO(5)–H(6) = 

1.40 Å. The shape of the LUMO in Figure 3.1 suggests that structure E1-[2]ǂ is a 

[CH3O]˙···[H]˙ radical pair (diradical), which is dissociated into the [CH3O]˙ and [H]˙ 

products in their respective electronic ground states at the intersection of the S0 and S1 

states at RO(5)–H(6) = 2.60 Å (structure G1-[3]§ with EEx ≈ 0 eV). Figure 3.1 also shows 

that the extension of the O–H bond in the S1 state is accompanied by a shortening of 

the C–O bond from RC(1)–O(5) = 1.42 Å in structure E1-[1]* to RC(1)–O(5) = 1.39 Å in 

structures E1-[2]ǂ and E1-[3]§. 
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Figure 3.1 The relax-scan potential energy curves with respect to the O–H 

coordinate obtained from CASPT2 calculations. The energies, distances and angles 

are in au, Å and degrees, respectively. The values of the HOMO and LUMO 

isosurfaces are 0.11. ERel = energy release; Eǂ = energy barrier; ǂ = transition 

structure; § = structure at the intersection of the S0 and S1 potential energy curves; 

Gr_(4,7) and Ex_(4,7) = total energies obtained from CASPT2(4,7) calculations in the 

S0 and S1 states, respectively; and Gr_(16,12) and Ex_(16,12) = total energies 

obtained from CASPT2(16,12) calculations in the S0 and S1 states, respectively.  
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Since the transformation of structure E1-[1]* into E1-[3]§ in the S1 state occurs 

through homolytic cleavage of the O–H bond along a purely repulsive potential 

energy curve, based on the approximation that structure E1-[1]* is dissociated into the 

[CH3O]˙and [H]˙ products in their respective electronic ground states at RO(5)–H(6) = 

2.60 Å, the energy release due to the exothermic process could be approximated as 

ERel = -189 kJ/mol. This value is in excellent agreement with the available energy 

(188 kJ/mol) following the production of [CH3O]˙and [H]˙ in the experiment via the 

absorption of a 193 nm photon (Satyapal, Park, Bersohn and Katz, 1989). Since the 

experiment showed that 82% of the energy release (ERel) is the translational energy 

(Satyapal, Park, Bersohn and Katz, 1989), the maximum kinetic energy of 155 kJ/mol 

(equivalent to 18,640 K) could be transferred to another CH3OH molecule. 

In the electronic ground (S0) state, the energy barrier (Eǂ) for the O–H 

dissociation amounts to 426 kJ/mol, which is also in excellent agreement with the 

experimental value of 422 kJ/mol (Harding, Schlegel, Krishnan and Pople, 1980); in 

the S0 state, ab initio MRD-CI calculations based on a freeze-scan method yielded a 

slightly smaller energy barrier of Eǂ = 418 kJ/mol (Buenker, Olbrich, Schuchmann, 

Schuermann and Sonntag, 1984). Therefore, the O–H dissociation in channel (1) is 

confirmed to be the most favorable in the S1 state, which is in accordance with all of 

the previous theoretical and experimental studies (Satyapal, Park, Bersohn and Katz, 

1989; Marston, Weide, Schinke and Suter, 1993; Chen, Eppink, Jiang, Groenenboom, 

Yang and Parker, 2011; Baker, Butcher, Dyke and Morris, 1990).  

The values of the CI coefficients in Table 3.2 show the dependence of the 

electronic configurations on the O–H distance. Especially in the S0 state, while the CI 
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coefficient of Ψ0 gradually decreases from C0 = 0.9830 for structure G1-[1]* to C0 = 

0.9511 for structure G1-[2]ǂ and to C0 = 0.4241 for structure G1-[3]§, the contribution 

of the singly excited configuration Ψ8̅
10̅̅ ̅

 is increased in the transition structure and 

becomes dominant at the intersection of the S0 and S1 states, where C8̅
10̅̅ ̅

 = 0.1997 and 

0.8581 for structures G1-[2]ǂ and G1-[3]§, respectively. The situation seems to be 

different in the S1 state, in which only the CI coefficient of the singly excited 

configuration Ψ9̅
10̅̅̅̅

 dominates and varies only in a narrow range on the S1 potential 

energy curve; the contribution of Ψ9̅
10̅̅̅̅

 varies from C 9̅
10̅̅ ̅

 = 0.9850 for structure E1-[1]* 

to C 9̅
10̅̅ ̅

 = 0.9639 for structure E1-[2]ǂ and to C 9̅
10̅̅ ̅

 = 0.9746 for structure E1-[3]§. It 

should be noted that at the intersection of the S0 and S1 states (at long O–H distances), 

the lone-pair natural orbitals of the oxygen atom are degenerate; the energies and 

shapes of the HOMO-1 (norb = 8) and HOMO (norb = 9) are approximately the same. 

Therefore, the singly excited states Ψ8̅
10̅̅ ̅

 and Ψ9̅
10̅̅ ̅

 of structures G1-[3]§ and E1-[3]§ are 

equivalent. 

Analysis of the CI coefficients in Table 3.2 also shows that in the S0 state, the 

electronic configuration inversion, in which the singly excited state Ψ8̅
10̅̅ ̅

 with a higher 

energy becomes more important than the electronic ground state Ψ0 with a lower 

energy, results in an increase in the total energy and leads to the convergence of the S0 

and S1 potential energy curves at long O–H distances. Therefore, the electronic 

configuration inversion Ψ0Ψ8̅
10̅̅ ̅

 can be considered as characteristic of the O–H 

dissociation, with RO(5)–H(6) = 1.40 Å (structure E1-[2]ǂ) being the “threshold structural 

parameter” for the inversion. The electronic configuration inversion explains why the 
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O–H dissociation is a strong endothermic process (with a high Eǂ) in the S0 state, 

whereas the lack of electronic configuration inversion in the S1 state results in a 

purely repulsive potential energy curve.  
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Table 3.2   Characteristic structures of CH3OH on the S0 and S1 potential energy curves for the O–H dissociation. The electronic 

configurations and CI coefficients were obtained from CASPT2(4,7) calculations in the S0 and S1 states. The values of the LUMO 

isosurfaces are 0.11. 

 

Structure S1 
Structure 

S0 

Conf. CI Coeff. Conf. CI Coeff. 

 

E1-[1]* 

 Ψ9̅
10̅̅ ̅

 0.9850  

G1-[1]* 

Ψ0 0.9830 

Ψ  9, 9̅

10,12̅̅ ̅
 0.0890 Ψ9̅

12̅̅ ̅
 0.0723 

Ψ  9,̅  8,̅̅ ̅  8
10,̅̅ ̅̅  11,̅̅ ̅̅ 11

 0.0715 Ψ 8̅ , 8
11̅̅ ̅,11

 0.0698 

 

E1-[2]ǂ 

 
Ψ9̅

10̅̅ ̅
 0.9639  

G1-[2]ǂ 

Ψ0 0.9511 

Ψ 9̅  ,8
10̅̅ ̅,10

 0.2262 Ψ8̅
10̅̅ ̅

 0.1997 

Ψ9̅
11̅̅ ̅

 0.0496 Ψ 8̅ , 8
10̅̅ ̅,10

 0.1719 

 

E1-[3]§ 

 
Ψ9̅

10̅̅ ̅
 0.9746  

G1-[3]§ 

Ψ8̅
10̅̅ ̅

 0.8581 

Ψ 9̅  ,8
10̅̅ ̅,10

 0.1973 Ψ0 0.4241 

Ψ  9,̅  8,̅̅ ̅  8

10,̅̅ ̅̅  12,̅̅ ̅̅ 12
 0.0604 Ψ 8̅ , 8

10̅̅ ̅,10
 0.2688 

 

2
8
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3.3 The C–O dissociation 

 Due to the predominance of the O–H dissociation in the S1 state, to study the 

C–O dissociation (channel (3)), the O–H dissociation must be temporarily suppressed. 

The S1 potential energy curve with respect to the C–O coordinate was constructed by 

constraining the O–H distance at the ground-state equilibrium distance (RO(5)-H(6) = 

0.97 Å). The S1 potential energy curve in Figure 3.2 shows that starting from the 

S0S1 vertically excited structure E3-[1]* with RC(1)–O(5) = 1.42 Å, the C–O 

dissociation occurs through a transformation of the CH3 structure from a pyramidal 

(structure E3-[1]*) to planar structure (structure E3-[3]§), with the C–O bond cleavage 

at approximately RC(1)–O(5) = 1.60 Å (structure E3-[2]ǂ) and the energy barrier Eǂ = 

15.0 kJ/mol. The relaxation of structure E3-[2]ǂ to structure E3-[3]§ at RC(1)–O(5) = 2.30 

Å is an exothermic process with ERel = -227 kJ/mol and is accompanied by a 

decrease in H(4)C(1)O(5) from 109º in structure E3-[1]* to 97º in structure E3-[3]§. 

It should be noted that the S1 potential energy curve for the C–O dissociation 

was calculated by constraining the O–H distance at RO(5) –H(6) = 0.97 Å, and without 

this constraint, the reaction will preferentially proceed on the O–H dissociation path. 

To confirm that the transition structure for the C–O dissociation is structure E3-[2]ǂ 

with RC(1)–O(5) = 1.60 Å, CASPT2(4,7) geometrical optimizations without any 

geometrical constraints were performed on structure E3-[2]ǂ, starting from the RC(1)–

O(5) distances slightly shifted, where RC(1)–O(5) = 1.55 and 1.65 Å. The results show that 

for RC(1)–O(5) = 1.55 Å, structure E3-[2]ǂ relaxes to structure E1-[3]§ (the O–H 

dissociated structure), whereas for RC(1)–O(5) = 1.65 Å, the C–O dissociation occurs, 

leading to the [CH3]˙and [OH]˙ products (structure E3-[3]§) in their respective 
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electronic ground states. Therefore, RC(1)–O(5) = 1.60 Å can be regarded as the 

threshold structural parameter for the C–O dissociation. 
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Figure 3.2 The relax-scan potential energy curves with respect to the C–O 

coordinate obtained from CASPT2 calculations. The energies, distances and angles 

are in au, Å and degrees, respectively. The values of the HOMO and LUMO 

isosurfaces are 0.11. ERel = energy release; Eǂ = energy barrier; ǂ = transition 

structure; § = structure at the intersection of the S0 and S1 potential energy curves; 

Gr_(4,7) and Ex_(4,7) = total energies obtained from CASPT2(4,7) calculations in the 

S0 and S1 states, respectively; and Gr_(16,12) and Ex_(16,12) = total energies 

obtained from CASPT2(16,12) calculations in the S0 and S1 states, respectively. 
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These pieces of information suggest that the photodissociation of the C–O 

bond cannot proceed through the S0S1 vertical excitation of the ground-state 

equilibrium structure (structure G1-[1]). However, the S0 and S1 potential energy 

curves in Figure 3.2 reveal an alternative path, namely, before the S0S1 vertical 

excitation, a precursor for the C–O dissociation can be generated by thermal 

excitation in the S0 state, structure G3-[2]ǂ with RC(1)–O(5) = 1.60 Å (at the threshold 

distance) and an energy barrier ofEǂ = 24 kJ/mol. As the precursor, structure G3-[2]ǂ 

is S0S1 vertically excited (EEx = 6.31 eV (196 nm)) to the transition structure E3-[2]ǂ, 

which is then dissociated on the barrier-less S1 potential energy curve into the [CH3]˙ 

and [OH]˙ products at the intersection of the S0 and S1 states, structure E3-[3]§. Based 

on the Boltzmann distribution and the approximation that all of the kinetic energy 

release in channel (1) (-155 kJ/mol, 18,640 K), is transferred to structure G1-[1], 46% 

of structure G1-[1] can be thermally excited to structure G3-[2]ǂ. 

The proposed mechanism supports the laser-induced fluorescence experiment 

at 193 nm (Satyapal, Park, Bersohn and Katz, 1989), which showed that the C–O 

dissociation in channel (3) is a minor process and the thermal excitation of the CH3O 

mode prior to the S0S1 excitation increases the quantum yield for the C–O 

dissociation into [CH3]˙ and [OH]˙ (Marston, Weide, Schinke and Suter, 1993). Our 

theoretical results suggest that the branching ratio for channel (3) is increased because 

the population of the precursor in the electronic ground state (structure G3-[2]ǂ) is 

growing upon thermal (vibrational) excitation prior to the photoexcitation. The 

suggestion that the thermal excitation leads to an increase in the [CH3]˙ and [OH]˙ 

products is also in accordance with the state-selective laser photofragment 
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spectroscopic results in Schmiedl, Meier and Welge work (Schmiedl, Meier and 

Welge, 1981). 
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Table 3.3   Characteristic structures of CH3OH on the S0 and S1 potential energy curves for the C–O dissociation. The 

electronic configurations and CI coefficients were obtained from CASPT2(4,7) calculations in the S0 and S1 states. The 

values of the LUMO isosurfaces are 0.11. 

Structure 

S1 
Structure 

S0 

Conf. CI Coeff. Conf. CI Coeff. 

 

E3-[1]* 

 

 Ψ 9̅
10̅̅ ̅

 0.9849  

G3-[1]* 

Ψ0 0.9830 

Ψ  9, 9̅

10,12̅̅ ̅
 0.0902 Ψ 9̅

12̅̅ ̅
 0.0724 

Ψ 9̅  ,8
10̅̅ ̅,10

 0.0686 Ψ 8̅ , 8
11̅̅ ̅,11

 0.0699 

 

E3-[2]ǂ 

 
Ψ 9̅

10̅̅ ̅
 0.9803  

G3-[2]ǂ 

Ψ0 0.9781 

Ψ  9,̅  8,̅̅ ̅  8
10,̅̅ ̅̅  11,̅̅ ̅̅ 11

 0.1064 Ψ8̅
11̅̅ ̅

 0.0865 

Ψ  9, 9̅

10,12̅̅ ̅
 0.0937 Ψ9̅

12̅̅ ̅
 0.0763 

 

E3-[3]§ 

 
Ψ8̅

10̅̅ ̅
 0.9877  

G3-[3]§ 

Ψ9̅
10̅̅ ̅

 0.9929 

Ψ0 0.0916 Ψ  9,̅  8,̅̅ ̅  8
10,̅̅ ̅̅  11,̅̅ ̅̅ 11

 0.0661 

Ψ  9,̅  8,̅̅ ̅  9

10,̅̅ ̅̅  12,̅̅ ̅̅ 12
 0.0657 Ψ  9,  8,̅̅ ̅  9̅

10,11,̅̅ ̅̅  12̅̅ ̅
 0.0502 

 

3
3
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The values of the CI coefficients in the S0 and S1 states in Table 3.3 show the 

dependence of the electronic configurations on the C–O distance. As in the case of the 

O–H dissociation, the electronic configuration inversion occurs in the S0 state when 

structure G3-[1]* is transformed into structures G3-[2]ǂ and G3-[3]§ (the [CH3]˙ and 

[OH]˙ products). On the S0 potential energy curve, the contribution of the electronic 

ground state Ψ0 is gradually decreased from C0 = 0.9830 for structure G3-[1]* to C0 = 

0.9781 for structure G3-[2]ǂ. Meanwhile, the contributions of the singly excited states 

associated with the excitation of an electron out of the lone-pair natural orbital (Ψ9̅
12̅̅ ̅

 

and Ψ9̅
10̅̅ ̅

) are increased from C9̅
12̅̅ ̅

 = 0.0724 for structure G3-[1]* to C9̅
12̅̅̅̅

 = 0.0763 for 

structure G3-[2]ǂ and to C9̅
10̅̅̅̅

 = 0.9929 for the C–O dissociated structure G3-[3]§. The 

electronic configuration inversion Ψ0Ψ9̅
10̅̅̅̅

 in the S0 state leads to a substantial 

increase in the total energy and eventually to the intersection of the S0 and S1 states at 

long C–O distances. This finding explains why the C–O dissociation in the S0 state 

requires rather high energy (Eǂ = 405 kJ/mol). 

In the S1 state, while the singly excited configuration Ψ9̅
10̅̅̅̅

 dominates for the 

vertically excited and transition structures, structures E3-[1]* and E3-[2]ǂ with C9̅
10̅̅̅̅

 = 

0.9849 and 0.9803, respectively, the contribution of the electronic configuration 

associated with the excitation of an electron out of the HOMO-1 natural orbital (Ψ8̅
10̅̅̅̅

) 

is outstanding for the C–O dissociated structure, structure E3-[3]§ with C8̅
10̅̅ ̅

 = 0.9877. 

Although in the S1 state the electronic configuration inversion occurs between the 

singly excited configurations Ψ9̅
10̅̅̅̅

Ψ8̅
10̅̅̅̅

, the relaxation of structure E3-[2]ǂ into 

structure E3-[3]§ is with barrierless energy. This is because the lone-pair natural 
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orbitals of the oxygen atom (norb = 8 and 9) in the dissociated structure E3-[3]§ are 

approximately degenerate. Therefore, the electronic configuration inversion in this 

case does not lead to an increase in the total energy on the S1 potential energy curve. 

 

3.4 The C–H dissociation 

Although previous theoretical and experimental studies suggested that channel 

(2) is not important (Buenker, Olbrich, Schuchmann, Schuermann and Sonntag, 1984; 

Kassab, Gleghorn and Evleth, 1983), to search for a possibility for the unimolecular 

C–H dissociation, the S1 potential energy curve with respect to the C–H distance was 

tentatively constructed by suppressing the O–H dissociation (RO(5)–H(6) = 0.97 Å). The 

outstanding features of the S1 potential energy curve in Figure 3.3 are the existence of 

a minimum at RC(1)–H(4) = 1.10 Å (structure E2-[1]*) and a transition structure, in 

which the C–H bond breaks at RC(1)–H(4) = 1.50 Å (structure E2-[2]ǂ) with an energy 

barrier of Eǂ = 146 kJ/mol; the value of Eǂ is the same as that obtained from ab 

initio MRD-CI calculations (Buenker, Olbrich, Schuchmann, Schuermann and 

Sonntag, 1984).  
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Figure 3.3 The relax-scan potential energy curves with respect to the C–H 

coordinates obtained from CASPT2 calculations. The energies, distances and angles 

are in au, Å and degrees, respectively. The values of the HOMO and LUMO 

isosurfaces are 0.11. ERel = energy release; Eǂ = energy barrier; ǂ = transition 

structure; § = structure at the intersection of the S0 and S1 potential energy curves; 

Gr_(4,7) and Ex_(4,7) = total energies obtained from CASPT2(4,7) calculations in the 

S0 and S1 states, respectively; and Gr_(16,12) and Ex_(16,12) = total energies 

obtained from CASPT2(16,12) calculations in the S0 and S1 states, respectively. 
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Although in the S0 state the Boltzmann distribution and the kinetic energy 

release in channel (1) (-155 kJ/mol) suggest that 32% of structure G1-[1] could be 

thermally excited to structure G2-[2]ǂ Eǂ = 117 kJ/mol), the unimolecular C–H 

dissociation into the [CH2OH]˙ and [H]˙ products in their respective ground states via 

the S0S1 vertical excitation of structure G2-[2]ǂ seems to not be feasible due to the 

lack of the intersection of the S0 and S1 potential energy curves at long C–H distances. 

To confirm this, CASPT2(4,7) geometry optimizations without geometry constraints 

were performed on structure E2-[2]ǂ starting from RC(1)–H(4) = 1.55 Å. It appeared that 

structure E2-[2]ǂ relaxed on the O–H dissociation path resulting in structure E1-[3]§. 

This finding is in line with the reported experimental and theoretical studies (Buenker, 

Olbrich, Schuchmann, Schuermann and Sonntag, 1984; Kassab, Gleghorn and Evleth, 

1983), which suggested that [CH2OH]˙ is preferentially formed from a bimolecular 

reaction, e.g., [CH3O]˙ and CH3OH (Takezaki and Takeuch, 1954), or the 

isomerization of [CH3O]˙ in the presence of catalysts (Sarkar, Mallick, Deepak, 

Kumar and Bandyopadhyay, 2017). 

The analysis of the electronic configurations in Table 3.4 shows different 

trends of the CI coefficients as a function of the C–H coordinate compared with those 

of the O–H and C–O dissociations. In this case, the leading CI coefficients do not 

significantly change upon the C–H dissociation in the S0 and S1 states characterized 

by Ψ0 and Ψ9̅
10̅̅̅̅

, respectively. In the S0 state, C0 decreases gradually from 0.9830 for 

structure G2-[1] to 0.9753 for structure G2-[2]ǂ and to 0.9553 for the C–H dissociated 

structure G2-[3], and in the S1 state, C9̅
10̅̅̅̅

 decreases from 0.9850 for structure E2-[1]* 
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to 0.9758 for structure E2-[2]ǂ and to 0.9669 for the C–H dissociated structure E2-[3]. 

The lack of electronic configuration inversion, especially in the S0 state, makes the 

intersection of the S0 and S1 potential energy curves at long C–H distances unlikely 

and confirms that the unimolecular photodissociation of the C–H bond of CH3OH into 

[CH2OH]˙ and [H]˙ in their respective ground states is not feasible in the S1 state. 



39 

     

Table 3.4   Characteristic structures of CH3OH on the S0 and S1 potential energy curves for the C–H dissociation. The 

electronic configurations and CI coefficients were obtained from CASPT2(4,7) calculations in the S0 and S1 states. The 

values of the LUMO isosurfaces are 0.11. 

Structure 

S1 
Structure 

S0 

Conf. CI Coeff. Conf. CI Coeff. 

 

E2-[1]* 

 
Ψ9̅

10̅̅ ̅
 0.9850 

 

G2-[1]* 

Ψ0 0.9830 

Ψ  9, 9̅

10,12̅̅ ̅
 0.0899 Ψ9̅

12̅̅ ̅
 0.0722 

Ψ  9,̅  8,̅̅ ̅  8
10,̅̅ ̅̅  11,̅̅ ̅̅ 11

 0.0715 Ψ 8̅ , 8
11̅̅ ̅,11

 0.0698 

 

E2-[2]ǂ 

 
Ψ 9̅

10̅̅ ̅
 0.9758  

G2-[2]ǂ 

Ψ0 0.9753 

Ψ  9,̅  8,̅̅ ̅  8
10,̅̅ ̅̅  11,̅̅ ̅̅ 11

 0.1691 Ψ 8̅ , 8
11̅̅ ̅,11

 0.1682 

Ψ 9̅  ,9
12̅̅ ̅,12

 0.1196 Ψ9̅
12̅̅ ̅

 0.0917 

 

E2-[3] 

 

 

 

 

 

Ψ9̅
10̅̅ ̅

 0.9669  

G2-[3] 

Ψ0 0.9553 

Ψ  9, 9̅

10,12̅̅ ̅
 0.1160 Ψ 8̅ , 8

10̅̅ ̅,10
 0.1919 

Ψ  9,̅  8,̅̅ ̅  8
10,̅̅ ̅̅  11,̅̅ ̅̅ 11

 0.0936 Ψ 8̅ , 8
11̅̅ ̅,10

 0.1445 

3
9
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3.5 Isomerization-mediated C–O dissociation 

Although previous studies (Sarkar, Mallick, Deepak, Kumar and 

Bandyopadhyay, 2017; Buszek, Sinha and Francisco, 2011) anticipated that the 

formation of [CH2] and [H2O] in the S1 state occurs through bimolecular reactions and 

the intramolecular isomerization in [CH3O]˙ is enhanced by catalysts, a possibility for 

[CH3OH][CH2OH2] isomerization in a single isolated molecule is of interest in this 

work. To study the formation of [CH2] and [H2O] in channel (4), an isomerization-

mediated C–O dissociation potential energy curve was constructed by constraining the 

O–H distance at RO–H = 0.97 Å. The [CH3OH][CH2OH2] isomerization was 

simulated by transferring one of the H atoms (H(4)) from the CH3 group to the OH 

group. The S1 potential energy curve with respect to the H(4)–O(5) coordinate in Figure 

3.4 reveals that the intramolecular isomerization initially leads to the transition 

structure E4-[2]ǂ with RH(4)–O(5) = 1.60 Å and Eǂ = 92 kJ/mol, and it is followed by 

the homolytic cleavage of the C–O bond and formation of the [CH3]˙–[OH]˙ H-bond 

structure, structure E4-[3] with RH(4)–O(5) = 1.58 Å, RC(1)–O(5) = 2.64 Å, and EEx = 0.64 

eV (62 kJ/mol). 

As in the case of the C–O dissociation in channel (3), to confirm that structure 

E4-[2]ǂ is the transition structure for the [CH3OH][CH2OH2] isomerization, 

CASPT2(4,7) geometry optimizations without geometry constraints were performed 

on structure E4-[2]ǂ with RH(4)–O(5) slightly shifted. Similar results were observed, 

namely, starting from structure E4-[2]ǂ with RH(4)–O(5) = 1.65 Å, CASPT2(4,7) 

geometrical optimizations yielded structure E1-[3]§ (the O–H dissociated structure), 

whereas starting from structure E4-[2]ǂ with RH(4)–O(5) = 1.58 Å, the C–O dissociation 
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and intermolecular proton transfer from [CH3]˙ to [OH]˙ generate the [CH2]–[H2O] H-

bond complex in the S1 state, structure E4-[4] in Figure 3.5 with EEx = 0.28 eV (26 

kJ/mol), RC(1)–O(5) = 3.26 and RC(1)–H(4) = 2.30 Å. It should be noted that in the 

electronic ground state, 3[CH2] (the T0 state) is more stable than 1[CH2] (the S0 state) 

(Leopold, Murray, Miller and Lineberger, 1985; McKellar, Bunker, Sears, Evenson, 

Saykally and Langhoff, 1983). Therefore, to complete the nonradiative S1T0 

relaxation in channel (4), the [CH2]–[H2O] H-bond complex was fully optimized in 

the S0 and T0 states using the CASPT2(4,7) method. 
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Figure 3.4 The relax-scan potential energy curves for the [CH3OH][CH2OH2] 

isomerization obtained from CASPT2(4,7) calculations by transferring the H(4) atom 

from the CH3 group to the OH group. 

 

The results in Figure 3.5 reveal that the C–H distances and the HCH angles 
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CCSD(T)-F12/aug-cc-pVDZ//B3LYP-D3/aug-cc-pVTZ method (Standard, 2016), 

especially in the S0 state, where RC(1)–O(5) = 0.16 Å (Standard, 2016). The H-bond 

interaction energies (EHB) of structures G4-[5] and 3G4-[5] are -33.0 and -5.5 

kJ/mol, respectively, with a singlet-triplet energy gap of EST = 30 kJ/mol. The values 

of EHB are lower, whereas EST is higher than those obtained from CCSD(T)-

F12/aug-cc-pVDZ//B3LYP-D3/aug-cc-pVTZ calculations (Standard, 2016). EHB 

values in the S0 and T0 states are -13.9 and -2.3 kJ/mol, respectively and EST = 27.4 

kJ/mol. The discrepancies are partly because the reported EHB and EST (Standard, 

2016) were obtained based on single-point single-reference CCSD(T)-F12 

calculations using the equilibrium structures obtained from the B3LYP-D3/aug-cc-

pVTZ geometry optimizations. In addition, the analysis of the CI coefficients in 

Figure 3.5 suggests that the neglect of the multiconfigurational character of the wave 

functions could also lead to the discrepancies inEHB and EST, especially in the S0 

state (Standard, 2016). For structure G4-[5], the doubly excited configuration 

(Ψ  9̅,  9
10̅̅̅̅ , 10

), which is characteristic of the singlet carbene (1[CH2]), contributes 

approximately 15% of the closed-shell electronic ground-state configuration Ψ0. 
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Figure 3.5  Equilibrium structures of the [CH2]–[H2O] H-bond complexes in the S0 and T0 states, obtained from CASPT2(4,7) 

calculations. The values in parentheses are the results reported by Standard (Standard, 2016).  The energies, distances and angles 

ETot = -115.243443 au 

EHB = -21.29 kJ/mol 

μ = 2.43 D 

Conf. CI Coeff. 

Ψ 9̅
10̅̅ ̅

 0.9902 

Ψ  9,̅  8,̅̅ ̅  8
10,̅̅ ̅̅  11,̅̅ ̅̅ 11

 0.1007 

ETot = -115.280408 au 

EHB = -33.02 kJ/mol 

μ = 3.53  D 

Conf. CI Coeff. 

Ψ0 0.9748 

Ψ 9̅ , 9
10̅̅ ̅,10

 0.1582 

ETot = -115.291969 au 

EHB = - 5.51 kJ/mol 

μ = 3.62  D 

Conf. CI Coeff. 

Ψ 9̅
10

 0.9992 

Ψ 8̅
10

 0.0399 

S0 T0 S1 

2.2
0.9

3.18 

103.

(3.02) 

(2.05) 

(0.98) 

(102.7) 

1.1
(1.10) 

2.3

0 

0.9

7 

3.2

6 

143 

1.0

9 

(3.21) 
3.26 

(2.25) 
2.30 (0.97) 

0.96 

(135.7) 
133.3 

1.08 
(1.08) 

2 

3 

1 
5 4 

6 

E4-[4] G4-[5] 
3G4-[5] 

 

4
4
 



45 

     

are in au, Å and degrees, respectively. The values of the HOMO and LUMO isosurfaces are 0.11. ERel = energy release; Eǂ = 

energy barrier; ǂ = transition structure; and Gr_(4,7) and Ex_(4,7) = total energies obtained from CASPT2(4,7) calculations in the 

S0 and S1 states, respectively. 

 

4
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These results and the fact that the S1 potential energy curve in Figure 3.4 was 

computed by constraining the O–H distance at RO–H = 0.97 Å lead to the conclusion 

that the intramolecular isomerization-mediated C–O dissociation in channel (4) can 

occur when the equilibrium structure in the electronic ground state (structure G1-[1]) 

is thermally excited to structure G4-[2]ǂ (Eǂ = 85 kJ/mol); the kinetic energy release 

in channel (1) could initiate the [CH3OH][CH2OH2] isomerization by exciting 37% 

of structure G1-[1] to structure G4-[2]ǂ. Then, structure G4-[2]ǂ is S0S1 vertically 

excited (EEx = 6.47 eV or 192 nm) to the transition structure E4-[2]ǂ, which is 

transformed into the [CH2]–[H2O] H-bond complex in the S1 state (structure E4-[4] in 

Figure 3.5). Due to that the energy gap of the total energies of structures E4-[4] and 

G4-[4] is only 26.0 kJ/mol and that between structures G4-[4] and 3G4-[5] is -101 

kJ/mol, the nonradiative relaxation of structure E4-[4] to structure 3G4-[5], which 

includes the S0T0 intersystem crossing between structures G4-[5] and 3G4-[5] 

through a collision (EST = 30 kJ/mol), is an exothermic process with ERel ≈ -127 

kJ/mol. The trends of the CI coefficients in Table 3.5 confirm the role played by the 

electronic configuration inversion. In the S0 state, the electronic configuration 

inversion Ψ0Ψ8̅
10̅̅ ̅

 increases the total energy on the [CH3OH][CH2OH2] 

isomerization potential energy curve, structure G4-[2]ǂ to G4-[3], leading to a decrease 

in the energy gap between the S0 and S1 states. The energy gap between structures E4-

[3] and G4-[3] is 62 kJ/mol, and the threshold distance for the electronic configuration 

inversion RH(4)–O(5) = 1.60 Å.  
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Although both channels (3) and (4) involve C–O bond cleavage, the CI 

coefficients in Table 3.3 and Figure 3.5 reveal different characteristic electronic states 

of the products. In channel (3), structure G3-[3]§ is dominated by the singly excited 

state Ψ9̅
10̅̅̅̅

 with C9̅
10̅̅̅̅

 = 0.9929, confirming that the homolytic cleavage of the C–O bond 

leads to the [CH3]˙ and [OH]˙ radicals, represented by one outstanding S-type 

configuration with two open shells (Ψ9̅
10̅̅̅̅

). In channel (4), the 1[CH2]–[H2O] H-bond 

complex (structure G4-[5]) is characterized by the electronic ground state Ψ0 with C0 

= 0.9748 and a small contribution of the electronic configuration of the singlet 

methylene, the doubly excited state Ψ  9̅, 9
10̅̅ ̅,10

 with C  9̅, 9
10̅̅̅̅ ,10

= 0.1582, whereas the 3[CH2]–

[H2O] H-bond complex (structure 3G4-[5]) is characterized by the open-shell 

configuration Ψ 9̅
10

 with C 9̅
10

 = 0.9992, which is characteristic of the triplet methylene.    
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Table 3.5    Characteristic structures of CH3OH on the S0 and S1 potential energy curves for the intramolecular    

[CH3OH][CH2OH2] isomerization. The main electronic configurations and CI coefficients were obtained from CASPT2(4,7) 

calculations in the S0 and S1 states. 

Structure S1 
Structure 

S0 

Conf. CI Coeff. Conf. CI Coeff. 

 

E4-[1]* 

 
Ψ9̅

10̅̅ ̅
 0.9850  

G4-[1]* 

Ψ0 0.9830 

Ψ  9, 9̅

10,12̅̅ ̅
 0.0898 Ψ9̅

12̅̅ ̅
 0.0721 

Ψ  9,̅  8,̅̅ ̅  8
10,̅̅ ̅̅  11,̅̅ ̅̅ 11

 0.0716 Ψ 8̅ , 8
11̅̅ ̅,11

 0.0699 

 

E4-[2]ǂ 

 Ψ 9̅
10̅̅ ̅

 0.9858  

G4-[2]ǂ 

Ψ0 0.9859 

Ψ  9, 9̅

10,11̅̅ ̅
 0.1220 Ψ9̅

11̅̅ ̅
 0.0936 

Ψ  9,̅  8,̅̅ ̅  8

10,̅̅ ̅̅  12,̅̅ ̅̅ 12
 0.0878 Ψ 8̅ , 8

12̅̅ ̅,12
 0.0878 

 

E4-[3] 

 
Ψ 9̅

10̅̅ ̅
 0.9494  

G4-[3] 

Ψ 8̅
10̅̅ ̅

 0.6630 

Ψ 9̅  ,8
10̅̅ ̅,10

 0.2928 Ψ0 0.6473 

Ψ  9,̅  8,̅̅ ̅  8

10,̅̅ ̅̅  12,̅̅ ̅̅ 12
 0.0583 Ψ 8̅ , 8

10̅̅ ̅,10
 0.3564 

 

4
8
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Table 3.5 (Continued) Characteristic structures of CH3OH on the S0 and S1 potential energy curves for the intramolecular 

[CH3OH][CH2OH2] isomerization. The main electronic configurations and CI coefficients were obtained from 

CASPT2(4,7) calculations in the S0 and S1 states. 

Structure S1 
Structure 

S0 

Conf. CI Coeff. Conf. CI Coeff. 

 

 

E4-[4] 

 
Ψ 9̅

10̅̅ ̅
 0.9902  

 

G4-[4] 

Ψ0 0.9452 

Ψ  9,̅  8,̅̅ ̅  8
10,̅̅ ̅̅  11,̅̅ ̅̅ 11

 0.1007 Ψ 9̅ , 9
10̅̅ ̅,10

 0.2912 

- - Ψ 8̅ , 8
11̅̅ ̅,11

 0.0962 

 

3E4-[5] 

 
Ψ 8̅

10
 0.9992  

3G4-[5] 

Ψ 9̅
10

 0.9992 

Ψ 9̅
10

 0.0399 Ψ 8̅
10

 0.0399 

- - - - 

 

4
9
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3.6 Rotational-mediated C–H dissociation 

 Formaldehyde could be formed from various radical reactions, e.g., the 

bimolecular reaction between [CH2OH]˙ or [CH3O]˙ and O2 (Ravishankara, 1988), as 

well as the C–H dissociation of [CH3O]˙ (Porter and Noyes, 1959). In this work, we 

are interested in the possibility of generating formaldehyde directly from single-

isolated CH3OH. Although the freeze-scan potential energy curve in the lowest 

singlet-excited state obtained from ab initio MRD-CI calculations (Buenker, Olbrich, 

Schuchmann, Schuermann and Sonntag, 1984) showed a low energy barrier for the H2 

elimination (approximately 52 kJ/mol), the S0 and S1 potential energy curves for the 

dehydrogenation do not intersect at large CH2O and H2 separations, and thus, the high 

percentage of CH2O and H2 in their respective electronic ground states observed in 

the experiment cannot be explained. The energy gap between the S0 and S1 states at R 

= 3 Å amounts to 262 kJ/mol (Buenker, Olbrich, Schuchmann, Schuermann and 

Sonntag, 1984). The lack of the intersection of the S0 and S1 states implies that the 

CH2O and H2 products are still in the electronic excited state. This could be due to the 

freeze-scan method and the degrees of freedom chosen in the calculations of the S0 

and S1 potential energy curves. The dehydrogenation was hypothesized by Buenker et 

al. (Buenker, Olbrich, Schuchmann, Schuermann and Sonntag, 1984) to occur 

through a concerted reaction, in which the hydrogen atom of the OH group and one 

hydrogen atom of the CH3 group are coplanar and leave the CH2O moiety at the same 

rate. 

Based on the observation that the O–H dissociation is the most preferential 

process in the S1 state and the anticipation that the H2 elimination involves a two-step 

nonconcerted mechanism (Buenker, Olbrich, Schuchmann, Schuermann and Sonntag, 
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1984), formaldehyde was hypothesized in this work to form from the O–H dissociated 

structure E1-[3]§. To search for an appropriate precursor, the S1 and S0 potential 

energy curves with respect to the C–O rotation were constructed for structure E1-[3]§. 

Starting from structure E1-[3]§, the variation of the dihedral angle H(4)C(1)O(5)H(6) 

from 180 to 120 degrees yielded structure E1-[4]§, in which two hydrogen atoms (H(6) 

of the OH group and H(4) of the CH3 group) are coplanar, with barrierless energies in 

both the S1 and S0 states, e.g., in the S1 state, Eǂ = 0.27 kJ/mol and EEx = 0.01 eV, as 

showing in Figure 3.6.  
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Figure 3.6 The relax-scan potential energy curves for the C–O rotation obtained 

from CASPT2(4,7) calculations. The energies, distances and angles are in au, Å and 

degrees, respectively. The values of the HOMO and LUMO isosurfaces are 0.11. § = 

structure at the intersection of the S0 and S1 potential energy curves; and Gr_(4,7) and 

Ex_(4,7) = total energies obtained from CASPT2(4,7) calculations in the S0 and S1 

states, respectively. 

Then, the S1 and S0 potential energy curves for the dehydrogenation were 

constructed from structure E1-[4]§ by variation of the H(4)–H(6) distance from 2.66–

0.73 Å. The S0 and S1 potential energy curves in Figure 3.7 suggest two possibilities 
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for formaldehyde formation through H2 elimination, in the S1 state through the 

transition structure E5-[2]ǂ with Eǂ = 53 kJ/mol or in the S0 state through the 

transition structure G5-[1]ǂ with Eǂ = 6.29 kJ/mol. Since the precursor (structure E1-

[4]§) is energetically at the intersection of the S1 and S0 states (EEx = 0.01 eV) and the 

formation of the transition structure G5-[1]ǂ involves a much lower energy barrier, the 

reaction is anticipated to occur more preferentially in the S0 state with an energy 

release of ERel = -245 kJ/mol. These pieces of information confirm that the 

formaldehyde formation is a two-step nonconcerted process and explain in detail why 

the formation of formaldehyde and H2 in their respective electronic ground states is 

the second preferential reaction. 
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Figure 3.7 The relax-scan potential energy curves for formaldehyde formation 

from the O–H dissociated structure (structure E1-[4]§) obtained from CASPT2(4,7) 

calculations. The energies, distances and angles are in au, Å and degrees, respectively. 

The values of the HOMO and LUMO isosurfaces are 0.11. ERel = energy release; 

Eǂ = energy barrier; ǂ = transition structure; § = structure at the intersection of the S0 

and S1 potential energy curves; and Gr_(4,7) and Ex_(4,7) = total energies obtained 

from CASPT2(4,7) calculations in the S0 and S1 states, respectively. 
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Table 3.6   Characteristic structures of CH3OH on the S1 relax-scan potential energy curve for the elimination of H2. 

The electronic configurations and CI coefficients were obtained from CASPT2(4,7) calculations in the S0 and S1 states. 

The values of the LUMO isosurfaces are 0.11. 

 

Structure 

S1 
Structure 

S0 

Conf. CI Coeff. Conf. CI Coeff. 

 

E5-[1] 

 Ψ9̅
10̅̅ ̅

 0.9712  

G5-[1]ǂ 

Ψ8̅
10̅̅ ̅

 0.8594 

Ψ 9̅  ,8
10̅̅ ̅,10

 0.1944 Ψ0 0.4157 

Ψ8̅
10̅̅ ̅

 0.0756 Ψ 8̅ , 8
10̅̅ ̅,10

 0.2635 

 

E5-[2]ǂ 

 
Ψ 9̅

10̅̅ ̅
 0.9457  

G5-[2] 

Ψ0 0.8963 

Ψ 9̅  ,8
10̅̅ ̅,10

 0.3039 Ψ8̅
10̅̅ ̅

 0.3227 

Ψ  9,̅  8,̅̅ ̅  8

10,̅̅ ̅̅  12,̅̅ ̅̅ 12
 0.0523 Ψ 8̅ , 8

10̅̅ ̅,10
 0.2726 

 

E5-[3] 

 
Ψ 9̅

10̅̅ ̅
 0.9569  

G5-[3] 

Ψ0 0.9298 

Ψ 9̅  ,8
10̅̅ ̅,10

 0.2675 Ψ8̅
10̅̅ ̅

 0.2551 

Ψ  9,̅  8,̅̅ ̅  8

10,̅̅ ̅̅  12,̅̅ ̅̅ 12
 0.0472 Ψ 8̅ , 8

10̅̅ ̅,10
 0.2285 

 

5
5
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Analysis of the electronic configurations and CI coefficients of the structures 

on the S0 and S1 potential energy curves in Table 3.6 confirms the role played by the 

electronic configuration inversion. In this case, the transformation of structure E1-[4]§ 

into G5-[3] (the CH2O and H2 molecules) is more preferential on the S0 potential 

energy curve because the electronic configuration inversion in this case involves the 

inversion of the singlet electronic state Ψ8̅
10̅̅̅̅

 with a higher energy to the electronic 

ground state with a lower energy Ψ0. 

 

3.7 The interplay between the thermal excitation and photoexcitation 

Based on the discussion on the structures and energetics as well as the 

electronic configurations on the S0 and S1 potential energy curves, the 

photodissociation mechanisms of CH3OH in the S1 state are summarized in Figures 

3.8-3.10. Since the S0S1 vertical excitation energies (EEx) are approximately the 

same and because the thermally excited structures in the S0 state are the precursors for 

the formations of the transition structures in the S1 state as well as the products in 

their respective electronic ground states, one can conclude that the thermal excitation 

in the electronic ground state plays the most important role in determining the 

photodissociations in channels (3) and (4). Figures 3.8-3.10 illustrates that photons 

with approximately the same energy, 6.3–6.5 eV or 192–196 nm, can generate the 

transition structures for the photodissociations in channels (3) and (4). In other words, 

the photodissociation processes of CH3OH in the S1 state are thermally selective.  

In addition, because the O–H dissociation is with barrierless energy and the 

formation of CH2O and H2 involves a very low energy barrier, the photodissociations 
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in channels (1) and (5) are kinetically controlled, whereas the photodissociations in 

channels (3) and (4) are thermodynamically controlled. The C–O dissociation and 

[CH3OH][CH2OH2] isomerization require higher thermal energies to generate the 

precursors in the S0 state, but the total energies of the products in channels (3) and (4) 

are considerably lower than that in channel (1), where the relative energies (ERel) in 

Figures 3.8-3.10 are 405, 305 and 428 kJ/mol, respectively.  
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Figure 3.8 Mechanisms of the unimolecular photodissociations of CH3OH 

obtained from the analysis of the S0 and S1 potential energy curves obtained from the 

CASPT2(4,7) method. The relative energies are with respect to structure G1-[1]. The 

energy releases (ERel) and energy barriers (Eǂ) are in kJ/mol. ǂ = transition structure 

and § = structure at the intersection of the S0 and S1 potential energy curves. a) 

Channels (1)-(3). b) Channel (4). c) Channel (5). 
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Figure 3.9 Mechanisms of the unimolecular photodissociations of CH3OH obtained from the analysis of the S0 and S1 

potential energy curves obtained from the CASPT2(4,7) method. The relative energies are with respect to structure G1-[1]. The 

energy releases (ERel) and energy barriers (Eǂ) are in kJ/mol. ǂ = transition structure and § = structure at the intersection of the S0 

and S1 potential energy curves. 
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Figure 3.10 Mechanisms of the unimolecular photodissociations of CH3OH obtained from the analysis of the S0 and S1 

potential energy curves obtained from the CASPT2(4,7) method. The relative energies are with respect to structure G1-[1]. The 

energy releases (ERel) and energy barriers (Eǂ) are in kJ/mol. ǂ = transition structure and § = structure at the intersection of the S0 

and S1 potential energy curves. 
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CHAPTER IV 

CONCLUSION 

 
 

In this work, the mechanisms of the photodissociations of single-isolated 

CH3OH in the lowest singlet-excited (S1) state were systematically studied using the 

CASPT2 method with the aug-cc-pVDZ basis set. The theoretical study considered 

single-photon photodissociations in the five proposed channels, with an emphasis on 

nonradiative relaxation that bring the S0S1 vertically excited structures to the 

products in their respective electronic ground states and on the interplay between the 

thermal excitation and photoexcitation. 

The S1 relax-scan potential energy curves confirmed that the O–H dissociation 

is the predominant exothermic process, whereas the formation of the formaldehyde 

(CH2O) and hydrogen (H2) molecules is the second preferential process, in which the 

O–H dissociated species becomes the precursor in the S0 state (Eǂ = 6 kJ/mol). For 

the C–O dissociation, the relax-scan potential energy curves suggested a thermally 

excited precursor (Eǂ = 24 kJ/mol) in the S0 state, from which the S0S1 vertical 

excitation leads to a transition structure and the formation of the [CH3]˙ and [OH]˙ 

products in their respective electronic ground states. The CASPT2 results also 

revealed a possibility for the [CH3OH][CH2OH2] isomerization dissociation, in 

which another thermally excited precursor (Eǂ = 85 kJ/mol) is vertically excited  to 

generate a transition structure  in the S1 state, from which the C–O dissociation  
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and intermolecular proton transfer from [CH3]˙ to [OH]˙ leads to the [CH2] and [H2O] 

products. The O–H dissociation with barrierless energy and the formation of CH2O 

and H2 with a low energy barrier are kinetically controlled, whereas the C–O 

dissociation and [CH3OH][CH2OH2] isomerization with higher energy barriers are 

thermodynamically controlled.  

Analysis of the electronic configurations and CI coefficients suggested that the 

precursors and transition structures for the photodissociations are characterized by 

electronic configuration inversions in the S0 state, which lead to the intersection of the 

S0 and S1 potential energy curves and the products in their respective electronic 

ground states, and the C–H dissociation, which generates [CH2OH]˙ and [H]˙, is 

unlikely to be unimolecular because of the lack of the electronic configuration 

inversion and the intersection of the S0 and S1 potential energy curves. The present 

theoretical results revealed that photons with approximately the same energy can 

generate all of the products in their respective electronic ground states in channels (1) 

and (3)-(5), and they provide insights into the thermal selectivity and interplay 

between the thermal excitation and photoexcitation as well as the importance of the 

multiconfigurational characters in the covalent bond dissociation, which can be used 

as guidelines for further theoretical and experiment studies. 
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