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Abstract 

 

 

Calculations of Prebiotic Molecules Formed from O(1D) 

Insertion Reactions 
 

By Thomas Anderson 
 

 

 This work explores the stationary points on the potential energy surface for the 

reactive organic molecules methanediol, methoxymethanol, and aminomethanol. These 

molecules are predicted by astrochemical models to be the small molecular precursors to 

larger, biologically-relevant molecules such as sugars and amino acids in interstellar 

environments. These three molecules are highly unstable and therefore very short-lived 

under regular laboratory conditions.  Yet many such molecules are present in interstellar 

clouds, often at high abundance because their lifetimes are significantly increased at the 

low pressures and temperatures of interstellar environments. To identify a molecule in 

space, a rotational spectrum must be taken in the laboratory and compared to 

observational spectra. Due to the reactivity and instability of these prebiotic precursors, 

however, the gas phase spectra are not easily obtained, and efficient laboratory 

production mechanisms must be explored.  O(
1
D) insertion reactions into C-H bonds of 

stable organic molecular precursors are one possible production route for these molecules 

because these reactions are highly exothermic, and therefore highly efficient.  To 

examine the feasibility of such reactions for laboratory production of these molecules, the 

energies and structures of the singlet and triplet state minima and transition states for 

these three molecules were calculated at the MP2/Aug-cc-pVTZ level of theory.  These 

results will serve as a starting-point for higher-level calculations of the full potential 

energy surface. In addition to the target molecules, the starting material for each insertion 

reaction as well as other potential molecular products were investigated. 
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Chapter 1 

Background 

 

 

1.1 Introduction 

 One of the leading theories for the origin of life is that prebiotic materials from 

the interstellar medium may have been deposited onto early Earth by impacts of comets, 

meteorites, and interplanetary dust particles [1, 2]. The search for the simplest 

biologically-relevant amino acid, glycine, in the interstellar medium has been in progress 

since the late 1970s, and no definitive results have been obtained [2]. Amino acids such 

as glycine and other prebiotic molecules such as sugars are predicted to form in gas-phase 

ion-molecule reactions in interstellar clouds [3]. The unique physical environment in 

interstellar clouds allows for terrestrially-unstable or reactive species to be important and 

observable in astrochemical processes [4, 5], and such species are predicted to be key 

reaction intermediates leading to sugars and amino acids [3]. Searches for these 

precursors, rather than the larger and more difficult to detect biomolecules, offers an 

alternate course in the search for biologically-relevant molecules in the interstellar 

medium.  

 Before such searches can be performed, laboratory spectra are required for the 

major chemical precursors to amino acids and sugars in interstellar clouds.  Electronic 

structure calculations offer the information necessary to guide these laboratory spectral 

studies. The purpose of the work described here is to examine the energetics and 

formation of the prebiotic molecules methanediol (HOCH2OH), methoxymethanol 
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(CH3OCH2OH), and aminomethanol (NH2CH2OH) through ab initio calculations of the 

stationary points on their potential energy surfaces. According to Garrod et al., [3] these 

molecules are predicted to form in interstellar ices and serve as precursor molecules in 

the gas-phase formation of prebiotic materials. However, given the reactivity and 

instability of these molecules under normal laboratory conditions, an efficient, gas-phase 

chemical formation mechanism is required before laboratory studies can be conducted. 

The proposed mechanism for creating these molecules is O(
1
D) insertion into the C-H 

bonds of stable organic precursors. The following reactions are proposed: 

CH3OH + O(
1
D) → CH2(OH)2 Equation 1 

CH3OCH3 + O(
1
D) → CH3OCH2OH Equation 2 

H2NCH3 + O(
1
D) → H2NCH2OH Equation 3 

 

 

1.2 Atomic Oxygen 

 O(
1
D) is an electronically-excited form of atomic oxygen that undergoes 

exothermic insertion reactions into C-H bonds.  O(
1
D) has therefore been used 

extensively in molecular beam experiments to study the nature of simple molecular 

processes that are relevant to environmental and atmospheric processes [6 – 13]. 

 O(
1
D) is the first electronically excited state of oxygen, while O(

3
P) is the ground 

state. The transition to the triplet ground state from the singlet excited state is 15867.862 

cm
-1

 [14, 15], but it is spin-forbidden. While O(
1
D) is highly reactive, it is also long-

lived, with a relaxation time of about 2.5 minutes [16]. When O(
1
D) reacts with organic 

molecules, it has been shown to insert into C-H bonds. These insertion reactions are 
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highly exothermic, and generally the unquenched insertion products quickly degrade, 

primarily forming OH as a product [17 - 19]. At low temperatures, the insertion products 

can be isolated for extended time periods for study [20]. O(
1
D) insertion reactions have 

mainly been used to study the insertion reaction dynamics of atmospheric species.  These 

reactions hold the potential for a new approach to forming unstable reaction intermediates 

in high yield, especially organic molecules that might be important in interstellar 

processes. 

 O(
1
D) is primarily produced from photolysis of simple oxygen containing gases 

such as CO2, NO2, N2O, O3 and O2. Each of these molecules dissociates in the ultraviolet 

region between 100 – 250 nm [21 – 23]. The ultraviolet dissociation of these molecules 

can produce many other species aside from O(
1
D). O2 produces both states of atomic 

oxygen in a 
1
D:

3
P ratio of 40:60 at 132.7 nm, although O(

1
D) has been found to be up to 

70% of the product at certain photolysis wavelengths [24]. Molecules with multiple 

oxygen atoms can produce both O(
1
D) and O(

3
P) simultaneously. Examples of this are 

NO2 and O3. The three channels for NO2 dissociation [26] are:  

 

nm 398    )(NO)P(ONO 23

2 hv  Equation 4 

nm 244   )(NO)D(ONO 21

2 hv  Equation 5 

nm 275    )(O)S(NNO 3

2

4

2 hv  Equation 6 

 

The products of ozone dissociation are shown with their threshold wavelengths in Table 

1.01.   
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Table 1.01. Thermochemical Threshold Wavelengths (nm) for Photodissociation 

Pathways of O3. 

 

 
 

 With the high likelihood of producing O(
3
P) from photodissociation or O(

1
D) 

relaxation, there is a possibility of reactions between the ground state atoms and 

molecules producing triplet states [27 - 30]. Much like O(
1
D), O(

3
P) is also very relevant 

in atmospheric reactions, and its reaction dynamics have been extensively studied in 

molecular beam experiments [31 - 34]. Where singlet oxygen inserts into the C-H bonds 

of organic molecules, O(
3
P) commonly abstracts hydrogens, forming OH [35 - 37].   

 

 

1.3 Methanediol and Methoxymethanol 

 Methylene glycol, also known as methanediol (CH2(OH)2), and methyl 

hemiformal, also known as methoxymethanol (CH3OCH2OH), both form from the 

hydrolysation of formaldehyde in solution [38 - 50]. Formaldehyde is important in 

environmental studies [51 - 53] and for industrial production of resins and acetylene 

chemicals [54]. Formaldehyde is also able to form prebiotic materials such as 

carbohydrates and amino acids [55 - 58], converting to methanediol and 

methoxymethanol as intermediate structures during these reaction pathways. 

Formaldehyde was first identified in space in 1969 [59]. According to Garrod et. al. [3], 

methanediol is predicted to form in the interstellar medium from radical-radical reactions 

*

 
 

*Taken from Reference [i.07], in which Reference [i.19] was cited for the data 
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involving OH and CH2OH produced from methanol photodissociation. Likewise, 

methoxymethanol forms from reaction of two methanol photodissociation products, 

CH3O and CH2OH. In previous experiments, methanediol has been produced by 

hydrolysis of dichloromethane [60]. Likewise, methoxymethanol has been produced in 

the liquid phase by methanol photolysis with a TiO2 catalyst [62] and in the gas phase by 

irradiating methanol with a carbon dioxide laser [61]. Methanol and dimethyl ether 

reactions with O(
1
D)  have also produced methanediol [63] and methoxymethanol [64] in 

cryogenic matrices. 

 

 

1.4 Aminomethanol and N-Methylhydroxylamine 

 Aminomethanol (H2NCH2OH) is formed by reaction of ammonia and 

formaldehyde in the liquid phase [65, 66]. Aminomethanol further reacts to form 

hexamethylenetetramine which is used in the production of explosives and resins [54]. 

Aminomethanol spectra have been taken in the infrared on gas mixtures deposited onto a 

10 K metal surface. When compared to astronomical observational data the signatures 

were indistinguishable due to the high number of peaks within the frequency range [67].  

 A major constitutional isomer of aminomethanol, N-methylhydroxylamine 

(CH2NHOH) is stable in the solid form in a complex with hydrochloride. With the 

stability of N-methylhydroxylamine, there is a need to compare the energies of 

aminomethanol and N-methylhydroxylamine and fully understand the energy differences 

between the two.  
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1.5 Calculations 

 The calculations performed on methanediol, methoxymethanol, aminomethanol, 

and N-methylhydroxylamine will be used to find the geometry of all possible stationary 

points and transition structures of these molecules. The calculated rotational constants 

and dipole moments can be used in assigning the rotational spectra. The energies can be 

used to construct potential energy surfaces for the molecules. The singlet and triplet 

surfaces of each molecule are needed to determine possible geometries and energies in 

which singlet molecules could cross into the triplet system or vice versa. These 

calculations are needed to fully understand and predict the mechanisms of the formation 

of these prebiotic precursors. 
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Chapter 2 

O(
1
D) Insertion Reaction Starting Material 

 

 

2.1 Introduction 

 In order to find the energy released by forming methanediol, methoxymethanol, 

and aminomethanol from organic molecules and atomic oxygen, the energies of the 

organic starting materials are needed to compare with the final singlet and triplet 

structures of the target molecules.  

 The optimizations of the starting materials were performed at the Møller-Plesset, 

MP2 level of perturbation theory [68, 69] with the augmented Dunning correlation 

consistent triple zeta basis set, Aug-cc-pVTZ [70, 71], using the Gaussian 09 software 

package [72]. The initial structure input for each molecule was determined using the 

ACD/ChemSketch software [74]. The geometry optimization function within this 

program uses a molecular mechanics force field, modified from CHARMM 

parameterization [73]. The geometries were then used as the input to Gaussian, and 

individually optimized at increasing levels of theory up to the MP2/Aug-cc-pVTZ level. 

The specific calculation details and the results of these optimizations are given below for 

each molecule. 
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2.2 Atomic Oxygen 

 Due to the multi-reference nature of O(
1
D), an O(

3
P) MP2 calculation is used to 

compute the O(
1
D) energy. A MP2/Aug-cc-pVTZ level calculation on a triplet 

multiplicity atomic oxygen yielded an energy of -74.8610509 hartrees, (-46976.01 

kcal/mol).  

 According to the NIST Atomic Spectral Database the transition energy between 

O(
1
D) and O(

3
P) is 15867.862 cm

-1
 (45.34 kcal/mol) [14, 15]. Using the oxygen 

transition and O(
3
P) energy, the O(

1
D) energy is calculated to be -46930.66 kcal/mol. A 

summary of the energy of atomic oxygen is found in Table 2.01.  

 

Table 2.01. Energy of atomic oxygen. 

 

  Energy 

Gaussian Calculation O(
3
P) -46976.01 kcal/mol 

NIST
[14, 15]

 O(
3
P) → O(

1
D) 45.34 kcal/mol 

 O(
1
D) -46930.68 kcal/mol 

   

 

2.3 Methanol 

 The methanol structure optimization was performed at the MP2 level of theory 

with the following Pople and Dunning basis sets: 6-311+G(2d,p), 6-311+G(2df,pd), cc-

pVTZ, 6-311G(3d2f,3pd), 6-311G(3d2f,3p2d), Aug-cc-pVTZ. The spectral parameters of 

methanol are listed in Table 2.02 and the final structure is shown in Figure 2.01.  
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Table 2.02. Spectral parameters for methanol calculated using MP2 perturbation theory 

and Aug-cc-pVTZ basis set and comparative experimental values. 

 

Parameter Methanol Experimental [75] 

Energy Relative to Methanediol 47150.46 kcal/mol  

A 128.6271561 GHz 127.6219411(400) GHz 

B 24.7600271 GHz 24.69323850(12000) GHz 

C 23.8937795 GHz 23.75685126(12000) GHz 

μx -0.9449 D  

μy -1.5465 D  

μz  0.0000 D  

 

 

Figure 2.01. MP2/Aug-cc-pVTZ optimized structure of methanol.  

 

 These calculations give agreement on the order of 0.067 - 1.005 GHz  with 

experimentally-measured values of the rotational constants [75]. Further structural 

information on methanol can be found in Appendix A. 
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2.4 Dimethyl Ether 

 The dimethyl ether structure optimization was performed at the MP2 level of 

theory with the following Pople and Dunning basis sets: 6-311+G(2d,p), 6-

311+G(2df,pd), cc-pVTZ, 6-311G(3d2f,3pd), 6-311G(3d2f,3p2d), Aug-cc-pVTZ. The 

spectral parameters of dimethyl ether are listed in Table 2.03 and the final structure is 

shown in Figure 2.02.  

 

Table 2.03. Spectral parameters for dimethyl ether calculated using MP2 perturbation 

theory and Aug-cc-pVTZ basis set and comparative experimental values. 

 

Parameter Dimethyl Ether Experimental [76] 

Energy Relative to Methoxymethanol 47149.49 kcal/mol  

A 38.5508496 GHz 38.7893953(109) GHz 

B 10.1982683 GHz 10.0565381(29) GHz 

C 8.9784426 GHz 8.88680566(278) GHz 

μx  0.0000 D  

μy  0.0000 D  

μz -1.4864 D  

 

 

Figure 2.02. MP2/Aug-cc-pVTZ optimized structure of dimethyl ether.  
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 These calculations give agreement with experimentally-determined values to 

within 0.24 GHz [76]. Further structural information on dimethyl ether can be found in 

Appendix A. 

 

 

2.5 Methylamine 

 The methylamine structure optimization was performed at the MP2 level of 

theory with the following Pople and Dunning basis sets: 6-311+G(2d,p), 6-

311+G(2df,pd), cc-pVTZ, 6-311G(3d2f,3pd), 6-311G(3d2f,3p2d), Aug-cc-pVTZ. The 

spectral parameters of methylamine are listed in Table 2.04 and the final structure is 

shown in Figure 2.03.  

 

Table 2.04. Spectral parameters for methylamine calculated using MP2 perturbation 

theory and Aug-cc-pVTZ basis set and comparative experimental values. 

 

Parameter Methylamine Experimental [77]  

Energy Relative to Aminomethanol 47147.434911 kcal/mol  

A 104.0972245 GHz 103.1557485(44) GHz 

B  22.8129272 GHz 22.16936633(30) GHz 

C  21.9331791 GHz 21.29148937(24) GHz 

μx -1.3423 D  

μy  0.4281 D  

μz  0.0000 D  

 



12 

 

Figure 2.03. MP2/Aug-cc-pVTZ optimized structure of methylamine.  

 

 Experimentally determined rotational constants [77] give agreement with these 

calculated values to within 1.0 GHz. Further structural information on methylamine can 

be found in Appendix A. 
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Chapter 3 

Singlet State Product Optimizations 

 

 

3.1 Introductions 

 The singlet state optimizations of the product molecules were performed at the 

Møller-Plesset, MP2 level of perturbation theory [68] [69] with the augmented Dunning 

correlation consistent triple zeta basis set, Aug-cc-pVTZ [70] [71], using the Gaussian 09 

software package [72]. The initial structure input for each molecule was determined using 

the ACD/ChemSketch software [74]. The geometry optimization function within this 

program uses a molecular mechanics force field, modified from CHARMM 

parameterization [73]. Using this simple structure output, the functional groups were 

rotated to give the starting geometries for finding the structural minima. These different 

geometries were then used as the input to Gaussian, and individually optimized at 

increasing levels of theory up to the MP2/Aug-cc-pVTZ level. 

 Transition states were determined at the MP2/Aug-cc-pVTZ level using the 

Synchronous Transit-Guided Quasi-Newton Method [78]. The Gaussian 09 functions 

used were QST2, which formulates a starting point from just the two stable structures, 

and QST3, which requires an additional input structure.  The specific calculation details 

and the results of these optimizations are given below for each molecule.
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3.2 Methanediol 

 Seven initial geometries of methanediol were selected to be optimized. They were 

obtained by rotating the torsion angles of the two hydroxyl groups in 90° increments. The 

optimization calculations on each geometry were performed in the following order: 

B3LYP/6-311+G**, B3LYP/6-311+G(2d,p), MP2/6-311+G(2d,p), MP2/6-

311+G(2df,pd), MP2/cc-pVTZ, and MP2/Aug-cc-pVTZ. The seven geometries 

converged to two distinct geometries after this series of six calculations. The ground state 

geometry showed close agreement with previous lower level computations in the angles 

and hydroxyl orientation [79, 80]. The ground state hydroxyl conformer has H-O-C-O 

dihedral angles of -68° where as the second conformer has dihedral angles of ±78°. 

Figure 3.01 shows the resulting minimum energy structures of the two conformers and 

Table 3.01 shows their relative energies, rotational constants, and dipole moments.  

Further structural information on this molecule can be found in Appendix B. 

 

   

Figure 3.01. Structures of the two methanediol singlet conformations: a) ground state 

conformer having OH groups in opposing directions giving an approximate C2v 

geometry; b) conformer closely resembling a Cs symmetry due to OH groups oriented in 

same direction. 

a) b) 
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Table 3.01. Spectral parameters for the two singlet conformers of methanediol calculated 

in Gaussian 09 using MP2 perturbation theory and Aug-cc-pVTZ basis set. 

 

Parameter Conformer a Conformer b 

Energy 0 kcal/mol 2.68 kcal/mol 

A 41.8847600 GHz 43.3730609 GHz 

B 10.1983735 GHz 9.9012179 GHz 

C 9.0371184 GHz 8.9059764 GHz 

μx 0.0000 D  0.0000 D 

μy 0.0000 D  0.2802 D 

μz 0.0290 D -2.9009 D 

 

 The transition states corresponding to the internal motion of the OH group 

between these two geometries were determined using the QST3 function at MP2/Aug-cc-

pVTZ computation level. The transition state structures are shown in Figure 3.02. A 

diagram of the relative energies of the minima and two transition states is shown in 

Figure 3.03. 

 

  

Figure 3.02. Transition states of methanediol at the following relative energies: c) 3.61 

kcal/mol; d) 3.81 kcal/mol. 

 

c) d) 
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Figure 3.03. Relative energies of the stationary points for singlet methanediol. Labels 

correspond to the geometries shown in Figures 3.01. and 3.02. 

 

 When compared to its starting materials of methanol and O(
1
D), there are 219.78 

kcal/mol of exothermic energy to the ground state of methoxymethanol. Further structural 

information for the stationary points and transition states can be found in Appendix B. 

 

3.3 Methoxymethanol 

 The conformations of methoxymethanol were probed using 24 initial geometries 

obtained by rotating the methyl and hydroxyl groups in 45° increments. All twenty four 

geometries were optimized at the following levels: B3LYP/6-311G**, B3LYP/6-

311++G**, MP2/6-311++G**, MP2/6-311++G(2df,2pd), and  MP2/cc-pVTZ. The 

resulting structures and energies were analyzed and duplicate structures eliminated so as 

to reduce the number of computations required at the MP2/Aug-cc-pVTZ level. 
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Ultimately only four distinct geometries remained. These four were optimized at the 

MP2/Aug-cc-pVTZ level. Calculations from Wrobel et al. [81] show three similar 

structures for stationary points; the fourth geometry found in this calculation is similar to 

a transition state included in this previous work. A frequency calculation at MP2/Aug-cc-

pVTZ level confirmed Wrobel’s conclusions that the fourth structure has a single 

negative frequency and therefore is a transition state. The spectral parameters of the three 

conformers are listed in Table 3.02 and the structures are shown in Figure 3.04. Further 

structural information on this molecule can be found in Appendix B 

 

Table 3.02. Spectral parameters for the three singlet conformers of methoxymethanol 

calculated using MP2 perturbation theory and Aug-cc-pVTZ basis set. 

 

Parameter Conformer a Conformer b Conformer c 

Energy 0 kcal/mol 2.05 kcal/mol 2.64 kcal/mol 

A 17.1548902 GHz 17.0926945 GHz 32.5310742 GHz 

B 5.6237150 GHz 5.6688880 GHz 4.3667976 GHz 

C 4.8517481 GHz 4.7971284 GHz 4.0866261 GHz 

μx -0.2135 D 0.8624 D 1.5855 D 

μy 0.1003 D 1.2271 D 1.0069 D 

μz -0.1162 D 2.1883 D 1.4187 D 
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Figure 3.04. Structures of the three methoxymethanol singlet conformations at the 

following relative energies: a) ground state conformer; b) 2.05 kcal/mol; c) 2.64 

kcal/mol; d) transition state at 6.42 kcal/mol. 

 

 Additional transition states between the three stable structures were found using 

the QST2 function. The structures of the transition states are shown in Figure 3.05 and a 

plot of the relative energies is shown in Figure 3.06. 

a) b) 

c) d) 
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Figure 3.05. Structures of the five methoxymethanol singlet transition states determined 

by QST2 optimization: e) 4.20 kcal/mol transition state between the a and b structures; f) 

7.13 kcal/mol transition state between the a and b structures; g) 4.08 kcal/mol transition 

state between the a and e structures; h) 4.05 kcal/mol transition state between the b and e 

structures; i) 4.38 kcal/mol transition state between the b and e structures. 

e) f) 

g) h) 

i) 



20 

 

Figure 3.06. Relative energies of the stationary points for singlet methoxymethanol. 

Labels correspond to the geometries shown in Figures 3.04 and 3.05. 

 

 Wrobel et al. predicts the d transition structure in Figure 3.04 and e and f in 

Figure 3.05. This previous study does not predict the other three transition states found in 

our work.  To find these additional transition states g, h, and i, the O-C-O-C and O-C-O-

H torsion angles were used to predict structures used in QST3 calculations. 

 When compared to the starting materials of dimethylether and O(
1
D), there are 

218.84 kcal/mol of energy released upon formation of the ground state of 

methoxymethanol. Further structural information on the methoxymethanol stationary 

points and transition states can be found in Appendix B.  
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3.4 Aminomethanol 

 The conformations of aminomethanol were probed using ten initial geometries 

obtained by rotating the hydroxyl group and the amine hydrogens in 90° increments. The 

geometries were optimized at the following levels: B3LYP/6-311+G(d,p), B3LYP/6-

311+G(2d,p), MP2/6-311+G(2d,p, MP2/6-311+G(2df,pd), MP2/cc-pVTZ, and 

MP2/Aug-cc-pVTZ. The spectral parameters of the four stable conformers are listed in 

Table 3.03 and the structures are shown in Figure 3.07 

 

Table 3.03. Spectral parameters for the four singlet conformers of aminomethanol 

calculated using MP2 perturbation theory and Aug-cc-pVTZ basis set. 

 

Parameter Conformer  a Conformer b Conformer c Conformer d 

Energy 0 kcal/mol 0.29 kcal/mol 0.78 kcal/mol 4.36 kcal/mol 

A 38.695424 GHz 38.952998 GHz 38.996584 GHz 40.766228 GHz 

B 9.545985 GHz 9.865754 GHz 9.897697 GHz 9.835920 GHz 

C 8.586625 GHz 8.665098 GHz 8.688179 GHz 8.614444 GHz 

μx 0.3832 D 0.9423 D -2.0000 D -0.4030 D 

μy -0.9982 D 0.7508 D 0.6866 D 2.3996 D 

μz 1.3380 D 0.0000 D -0.2152 D 1.6783 D 
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Figure 3.07. Structures of the four aminomethanol singlet conformations: a) ground state 

conformer; b) 0.29 kcal/mol; c) 0.78 kcal/mol; d) 4.36 kcal/mol. 

 

 Using the QST3 function four transition states were determined and are shown in 

Figure 3.08. An energy diagram is shown in Figure 3.09.  

  

a) b) 

d) c) 
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Figure 3.08. Structures of the four aminomethanol singlet transition states determined by 

QST3 optimization: e) transition state between the a and b states, having a 0.93 kcal/mol 

barrier; f) transition state between the a and d and the c and d states having a 5.36 

kcal/mol barrier; g) transition state between the b and c states having a 4.96 kcal/mol 

barrier; h) transition state between the c and d states having a 4.73 kcal/mol barrier.  

 

 

e) f) 

g) 
h) 
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Figure 3.09. Relative energies of the stationary points for singlet aminomethanol. Labels 

correspond to the geometries shown in Figures 3.07 and 3.08. 

 

Further structural information on the stationary points can be found in Appendix B. The 

potential energy surfaces produced by El-Issa and Budeir [72] guided a further search for 

transition states but no additional states were found. By comparison to their potential 

energy surface, this work indicates an additional stationary point but cannot identify two 

of the six transition structures found in the El-Issa surface [72]. 

 

 

3.5 N-Methylhydroxylamine 

 The conformations of N-methylhydroxylamine were probed using four initial 

geometries obtained by rotating the hydroxyl group by 90° increments. The geometries 

were optimized at the following levels: B3LYP/6-311+G(d,p), B3LYP/6-311+G(2d,p), 

MP2/6-311+G(2d,p, MP2/6-311+G(2df,pd), MP2/cc-pVTZ, and MP2/Aug-cc-pVTZ. 
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The spectral parameters of the three conformers are listed in Table 3.04 and the structures 

are shown in Figure 3.10. 

 

Table 3.04. Spectral parameters for the singlet conformers of N-methylhydroxylamine 

calculated using MP2 perturbation theory and Aug-cc-pVTZ basis set. 

 

Parameter Conformer a Conformer b Experimental [83] 

Energy 0 kcal/mol 3.57 kcal/mol  

Energy Relative to 

Aminomethanol 

38.37 kcal/mol 41.94 kcal/mol  

A 39.1249262 GHz 38.5307458 GHz 38.930771 GHz 

B 10.0315604 GHz 10.1680157 GHz 9.939607 GHz 

C 8.7768030 GHz 8.8333440 GHz 8.690716 GHz 

μx -0.1303 D  1.7156 D  

μy  0.4704 D -0.6803 D  

μz 0.6609 D  2.4515 D  

 

  

Figure 3.10. The two stable structures of N-methylhydroxylamine singlet conformations.  

 

 Experimental data on N-methylhydroxylamine shows agreement with the 

calculated rotational constants to within 0.20 GHz [83]. The microwave spectra also 

suggest a high barrier to internal motion [83]. The barriers between the two stable 

structures were calculated to be between 6 - 7 kcal/mol and the transition states are 

a) b) 
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shown in Figure 3.11. An energy diagram of N-methylhydroxylamine is shown in Figure 

3.12. 

 

Figure 3.11. Transition states of N-methylhydroxylamine at the following relative 

energies: c) 6.36 kcal/mol; d) 6.95 kcal/mol. 

 

 

 

Figure 3.12. Relative energies of the stationary points for N-methylhydroxylamine. 

Labels correspond to the geometries shown in Figures 3.10 and 3.11. 

c) d) 
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 Further structural information on the stable and transition states of N-

methylhydroxylamine can be found in Appendix B. 
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Chapter 4  

Triplet State Product Optimizations 

 

 

4.1 Introduction 

 In order to have a better understanding of the possible energy distribution of the 

target molecules, the triplet states of methanediol, methoxymethanol, aminomethanol, 

and N-methylhydroxylamine were also probed. All sources of O(
1
D) have a probability 

of forming O(
3
P). Because it is in a high energy state, O(

1
D) can relax into the ground 

state from collisions. With the high possibility of producing ground state atomic oxygen, 

there is a high possibility of producing triplet state molecules because a reaction between 

triplet atomic oxygen and the singlet ground states of the starting materials, methanol, 

dimethyl ether, and aminomethanol, would produce a triplet state molecule [27 - 29]. A 

thorough search of the literature finds no theoretical or experimental data on the triplet 

structures of the target molecules for comparison. 

 The optimizations of the triplet states were performed at the Møller-Plesset, MP2 

level of perturbation theory [68, 69] with the augmented Dunning correlation consistent 

triple zeta basis set, Aug-cc-pVTZ [70, 71], using the Gaussian 09 software package [72]. 

The initial structure input for each molecule was determined using the ACD/ChemSketch 

software [74]. The geometry optimization function within this program uses a molecular 

mechanics force field, modified from CHARMM parameterization [73]. The geometries 

were then used as the input to Gaussian, and individually optimized at increasing levels 
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of theory up to the MP2/Aug-cc-pVTZ level. The specific calculation details and the 

results of these optimizations are given below for each molecule. 

 

 

4.2 Methanediol 

 In the same way in which the singlet conformers were optimized, the two 

hydroxyl groups of methanediol were rotated in 90° increments for the initial triplet 

structures. The optimization calculations on each geometry were performed in the 

following order: B3LYP/6-311+G**, B3LYP/6-311++G(2d,p), MP2/6-311+G(2d,p), 

MP2/6-311+G(2df,pd), MP2/cc-pVTZ, and MP2/Aug-cc-pVTZ. Only one structure 

optimization did not fail when the MP2 optimization was attempted, and this structure is 

shown in Figure 4.01 a). Six of the seven structures failed to converge when MP2 

optimization was attempted on the DFT optimized structures regardless of basis set. The 

lack of a minimum structure implies that the molecule has no stable triplet structure and 

any triplet oxygen will react with methanol and fragment the molecule. The optimizations 

continued for the optimized structures found using the B3LYP level of theory with the 

following basis sets: 6-311++G(df,pd), 6-311++G(df,2pd), 6-311++G(2df,pd), 6-

311++G(2df,2pd), 6-311++G(2df,3pd), cc-pVTZ, 6-311++G(3df,2pd), 6-

311++G(3df,3pd), 6-311++G(3df,3p2d), 6-311++G(3d2f,3pd), 6-311++G(3d2f,3p2d). 

These structures converged to structures similar to Figure 4.01 b) with a single H 

extended past 2.0Å indicating dissociation.  
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Figure 4.01. Triplet structures of methanediol: a) 163.04 kcal/mol transition structure 

relative to singlet methanediol; b) H dissociation structure. 

 

 The a) structure is shown to be similar to the a) singlet structure aside from 

differences in the C-O bond lengths. A frequency calculation at MP2/Aug-cc-pVTZ level 

on the a) triplet structure showed it to not be a stable structure but a transition state due to 

a single negative frequency. An energy diagram of singlet and triplet methanediol is 

shown in Figure 4.02. 

 

a) b) 
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Figure 4.02. Relative energy level diagram of the singlet and triplet states of methanediol.  

 

 Further structural information on the stable triplet state of methanediol can be 

found in Appendix C. 
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4.3 Methoxymethanol 

 In the same way in which the singlet conformers were probed, 24 initial 

geometries of methoxymethanol were obtained by rotating the methyl and hydroxyl 

groups in 45° increments. None of the triplet geometries converged using an MP2 level 

of theory, and so the conformers were optimized with B3LYP theory with the following 

basis sets: 6-311+G, 6-311++G, 6-311++G*, 6-311++G**, 6-311++G(2df,2pd), cc-

pVTZ, 6-311++G(3df,3p2d), 6-311++G(3d2f,3p2d), Aug-cc-pVTZ. All 24 geometries 

resulted in dissociation structures with the hydroxyl proton extended past 2.5Å. An 

example structure is shown in Figure 4.03 and an overall energy diagram of the states of 

methoxymethanol and the starting materials are shown in Figure 4.04.  

  

 

 

Figure 4.03. Example triplet dissociation structure of methoxymethanol. 
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Figure 4.04. Relative energy levels of the singlet and triplet states of methoxymethanol 

and the starting reactants, dimethyl ether, O(
3
P), and O(

1
D).  
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4.4 Aminomethanol 

 In the same way in which the singlet conformers were probed, ten initial 

geometries were obtained by rotating the hydroxyl group and the amine hydrogens in 90° 

increments. The geometries were optimized at the following levels: B3LYP/6-311++G**, 

MP2/6-311++G(df,pd), MP2/6-311++G(2df,2pd), MP2/6-311++G(3df,3pd), MP2/6-

311++G(3d2f,3p2d), and MP2/Aug-cc-pVTZ. The optimizations converged to two stable 

structures and several dissociation structures with the hydroxyl or amine protons 

extended past 2.5 Å. A transition between the two stable states was found using the QST2 

function. The spectral parameters of the two stable conformers are shown in Table 4.01 

and the stable structures are shown in Figure 4.05 a) and b), the transition structure is 

shown in Figure 4.05 c), and example dissociation structures are shown in Figure 4.05 d) 

and e). 

 

Table 4.01. Spectral parameters for the two triplet conformers of aminomethanol 

calculated using MP2 perturbation theory and Aug-cc-pVTZ basis set. 

 

Parameter Conformer a Conformer b 

Energy 0 kcal/mol 1.55 kcal/mol 

Energy Relative to 

Singlet Aminomethanol 

132.31 kcal/mol 133.81 kcal/mol 

A 41.7443976 GHz 40.7846665 GHz 

B 10.0083026 GHz  9.6929910 GHz 

C  8.5014276 GHz  8.4239094 GHz 

μx -6.7313 D -4.7221 D 

μy  0.2223 D  0.9481 D 

μz  0.0036 D  0.4864 D 
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a) b) 

d) 

c) 
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Figure 4.05. Triplet structures of aminomethanol optimized at MP2/Aug-cc-pVTZ theory 

level: a) ground state triplet conformer; b) higher energy conformer; c) 1.56 kcal/mol 

barrier between the a and b conformers; d) hydroxyl H dissociation ; e) amine H 

dissociation.  

 

 The amine group of the stable triplet structures is shown to have a trigonal planar 

geometry as opposed to the pyramidal orientation of the singlet structures. An energy 

diagram of the triplet stable and transition states is shown in Figure 4.06.  

  

e) 
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Figure 4.06. Relative energy level diagram of triplet aminomethanol. 

 

 Further structural information on the stable triplet states of aminomethanol can be 

found in Appendix C. 

 

 

4.5 N-Methylhydroxylamine 

 In the same way in which the singlet conformers were probed, the triplet 

conformations of N-methylhydroxylamine were probed using four initial geometries 

obtained by rotating the hydroxyl group by 90° increments. The geometries were 

optimized at the following levels: B3LYP/6-311+G(2d,p), B3LYP/6-311++G(2d,p), 

B3LYP/6-311++G(2df,pd), MP2/6-311++G(2df,pd), MP2/6-311++G(2df,2pd), MP2/6-

311++G(2df,3pd), MP2/6-311++G(3df,2pd), MP2/6-311++G(3d2f,3pd), MP2/6-

311++G(3d2f,3p2d), MP2/cc-pVTZ, MP2/Aug-cc-pVTZ. All of the initial geometries 
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converge to an OH dissociation structure in which the OH fragment is about 2Å from the 

nitrogen, as shown in Figure 4.07.   

 

 

Figure 4.07. Triplet dissociation structure of N-methylhydroxylamine. 

 

 The overall energy diagram of the singlet and triplet states of aminomethanol, N-

methylhydroxylamine, and their starting materials is shown in Figure 4.08.  



39 

 

Figure 4.08. Relative energy levels of the singlet and triplet states of aminomethanol, 

singlet N-methylhydroxylamine, and the starting reactants, methylamine, O(
3
P), and 

O(
1
D).  
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 Figure 4.08 shows a greater energy difference O(
1
D) and aminomethanol, but the 

starting material for the triplet state is much lower in energy and closer in energy to the 

final triplet product.  
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Chapter 5  

Discussion and Conclusions 

 

 

5.1 Introduction 

 The calculations presented here were used to determine the likelihood of 

formation of the target molecules methanediol, methoxymethanol, and aminomethanol 

from O(
1
D) reactions.  In each case, the formation from O(

1
D) is shown to be highly 

exothermic, and the singlet states of the molecules are energetically favored.   

Beyond the reaction energetics, the calculations shown here can be used to 

investigate the anticipated spectral complexity.  This complexity might arise from 

spectral interference from triplet state products as well as from internal motion of the 

methyl groups and hydroxyl groups. A stable triplet state might compete with the 

production pathway of the singlet state, reducing the total yield of the singlet state and 

weakening its spectrum, and also adding spectral complexity from the triplet state. 

However, only one local energy minimum was found on a triplet surface for the target 

molecules.  It is therefore unlikely that triplet states will contribute greatly to the 

observed spectra of these species. 

 Given the lack of interference from triplet states, internal motion contributions 

will dominate the spectral complexity. The results of the calculations presented here can 

be used to determine some of the barriers to internal motion. These barriers can then be 

used to predict the spectral line splitting in the pure rotational spectrum. In microwave 

spectroscopy, the primary tool for predicting and assigning spectra is the CALPGM software 
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suite [84].  SPCAT uses spectroscopic parameters, dipole moments, and partition functions 

from calculations to generate spectral predictions. A root-mean-squared fitting routine, 

SPFIT, that uses a user-defined Hamiltonian with the assigned spectral data can then be used 

to further refine these parameters. This program has recently been upgraded to incorporate 

internal rotation Hamiltonians [85].  

 The implications for each molecule, including the relative energies of the 

stationary points on the potential energy surface, the insertion reaction energetics, the 

expected contributions from the triplet states, and the expected internal motion 

contribution to spectral complexity, are summarized below. 

 

 

5.2 Methanediol  

 Figure 4.02 shows the relative energies of the singlet and triplet states and the 

starting materials. The formation of singlet methanediol is more energetically favored 

than the triplet state. The formation of the singlet product releases 219.8 kcal/mol of 

energy, whereas the formation of the triplet product releases only 11.4 kcal/mol.   

 The only triplet stationary point found for methanediol is a transition state. Since 

all other stationary points found from the triplet calculations are dissociated structures, 

the transition state should lead to those fragmented forms of methanediol.  This reaction 

pathway is unlikely in a supersonic expansion, where the rotational and vibrational 

cooling will likely favor product formation in the singlet state.   

 The barriers between the two stable states of methanediol are about 1300 cm
-1

 

which indicates hindered wagging motion of the hydroxyl groups. While some rotational 
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spectral line splitting may occur, this splitting should be quite small, and the resultant 

spectrum should be straightforward to assign. 

5.3 Methoxymethanol 

 The relative energies of methoxymethanol can be seen in Figure 4.04. The singlet 

structure of methoxymethanol is highly favored due to a 218.8 kcal/mol release of 

energy. The triplet calculations yield no possible stable structures aside from 

dissociations and therefore simplify the possible distribution of products in laboratory 

spectral acquisitions.  

 The barriers to rotation of the methoxy and hydroxyl groups from the minimum 

energy state of methoxymethanol are in the range of 1428 – 2495 cm
-1

, which are 

extremely high and this molecule is therefore expected to be nearly-rigid. Lacking from 

this study were calculations on the methyl rotations, the barrier of which is expected to be 

low and cause spectral splittings.   

 

 

5.4 Aminomethanol and N-Methylhydroxylamine 

 The relative energies of aminomethanol and N-methylhydroxylamine can be seen 

in Figure 4.08. The singlet structure of aminomethanol is energetically favored over 

singlet N-methylhydroxylamine and triplet state aminomethanol. The production of 

triplet aminomethanol yields only 39.1 kcal/mol of energy. There are 216.8 kcal/mol of 

energy released upon formation of the lowest energy singlet conformation of 

aminomethanol. The exothermic energy released from producing singlet N-

methylhydroxylamine is 38.4 kcal/mol less than that of aminomethanol.   
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 The search for triplet N-methylhydroxylamine yielded only dissociation structures 

but two stable structures are found for triplet aminomethanol. Triplet aminomethanol is 

much less favored than the singlet state because the lowest energy conformer of triplet 

aminomethanol is higher in energy than the singlet by 132.3 kcal/mol. In spite of the low 

favorability of the triplet state, the existence of stable triplet structures complicates 

possible laboratory spectra. 

 Another possible complication to the aminomethanol spectra is internal motion. 

All but one barrier of aminomethanol are within the 1380 – 1875 cm
-1

 range and result in 

very hindered motions. The e) barrier is 325 cm
-1

 and indicate reasonably unhindered 

hydroxyl wagging. This internal motion will complicate the rotational spectrum of 

aminomethanol. 

 

 

5.5 Summary 

 The calculations show the most energetically-favored products resulting from the 

reactions of atomic oxygen with methanol, dimethyl ether, and methylamine are the 

singlet states of methanediol, methoxymethanol, and aminomethanol, respectively. Each 

of these insertion reactions is predicted to be highly exothermic. Only the triplet state of 

aminomethanol has stable energy minima, and this triplet surface is considerably higher 

in energy than the singlet surface. The target species in their singlet states will therefore 

be the most favored and likely insertion reaction products, greatly simplifying the 

possible distribution of products in the laboratory studies. 
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 Despite the experimental simplification concerning triplet reaction products, the 

laboratory spectral acquisition for these species will not be straightforward. The most 

severe complication will be from the intricate spectral patterns arising from complex 

internal motion for each of the target molecules. While the assignment of spectral lines is 

more straightforward for molecules with little internal motion, spectral line splitting 

arising from internal motion is often quite helpful in identification of molecules in 

astronomical spectra, as it provide a distinct spectral fingerprint for the molecule. The 

fluxional barriers for methanediol are in the range of 1262-2494 cm
-1

, and so spectral 

complication should be minimal for this molecule. Methoxymethanol will likely have 

splitting due to rotations of the methyl group, but the barrier for this motion has not been 

calculated in this study. Aminomethanol, however, is expected to have a 325 cm
-1

 barrier 

to wagging of the hydroxyl group. This low barrier will extremely complicate the 

spectrum for this molecule. 

 Further investigation of the potential energy surfaces of methanediol, 

methoxymethanol, and aminomethanol are needed to fully characterize the singlet 

and triplet surfaces and find surface crossings. The work presented here provides an 

excellent starting point for more advanced methods of calculation to complete the 

surfaces and also gives the structural information needed to predict and assign the 

rotational spectra of these molecules. 
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Appendix A 

Starting Materials 

 

Table A.01. Methanol geometry optimized at the MP2/Aug-cc-pVTZ theory level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

C(1)       

O(2) C(1) 1.4233     

H(3) C(1) 1.0913 O(2) 111.9352   

H(4) C(1) 1.0859 O(2) 106.4966 H(3) 108.5786 

H(5) C(1) 1.0913 O(2) 111.9352 H(3) 109.1817 

H(6) O(2) 0.9611 C(1) 108.0089 H(3) 61.4792 

 

 

Table A.02. Dimethyl ether geometry optimized at the MP2/Aug-cc-pVTZ theory level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

C(1)       

O(2) C(1) 1.4116     

C(3) O(2) 1.4116 C(1) 110.6626   

H(4) C(1) 1.0952 O(2) 111.1468 C(3) 60.5335 

H(5) C(1) 1.0864 O(2) 107.4242 H(4) 109.2511 

H(6) C(1) 1.0952 O(2) 111.1468 H(4) 108.5863 

H(7) C(3) 1.0952 O(2) 111.1468 C(1) -60.5335 

H(8) C(3) 1.0952 O(2) 111.1468 H(7) 108.5863 

H(9) C(3) 1.0864 O(2) 107.4242 H(7) 109.2511 

 

 

Table A.03. Methylamine geometry optimized at the MP2/Aug-cc-pVTZ theory level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

C(1)       

N(2) C(1) 1.4643     

H(3) C(1) 1.0938 N(2) 114.8866   

H(4) C(1) 1.0881 N(2) 108.9773 H(3) 108.1714 

H(5) C(1) 1.0881 N(2) 108.9773 H(3) 108.1714 

H(6) N(2) 1.0121 C(1) 110.2469 H(3) -58.5081 

H(7) N(2) 1.0121 C(1) 110.2469 H(6) 106.2650 
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Appendix B 

Singlet Molecules 

 

B.1 Singlet Methanediol 

Table B.01. Methanediol a) structure optimized at the MP2/Aug-cc-pVTZ theory level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

C(1)       

O(2) C(1) 1.4064     

O(3) C(1) 1.4064 O(2) 112.7339   

H(4) C(1) 1.0891 O(2) 111.8605 O(3) 105.1278 

H(5) C(1) 1.0891 O(2) 105.1278 O(3) 111.8605 

H(6) O(2) 0.9640 C(1) 107.4118 O(3) -61.7300 

H(7) O(3) 0.9640 C(1) 107.4118 O(2) -61.7300 

 

 

Table B.02. Methanediol b) structure optimized at the MP2/Aug-cc-pVTZ theory level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

C(1)       

O(2) C(1) 1.4071     

O(3) C(1) 1.4071 O(2) 113.7625   

H(4) C(1) 1.0931 O(2) 110.4894 O(3) 110.4894 

H(5) C(1) 1.0845 O(2) 105.8534 O(3) 105.8534 

H(6) O(2) 0.9623 C(1) 108.9307 O(3) -78.7877 

H(7) O(3) 0.9623 C(1) 108.9308 O(2) 78.7866 

 

 

Table B.03. Methanediol c) structure optimized at the MP2/Aug-cc-pVTZ theory level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

C(1)       

O(2) C(1) 1.4074     

O(3) C(1) 1.4134 O(2) 111.9645   

H(4) C(1) 1.0923 O(2) 110.4921 O(3) 109.6133 

H(5) C(1) 1.0869 O(2) 107.3373 O(3) 107.3070 

H(6) O(2) 0.9618 C(1) 108.5231 O(3) -94.3959 

H(7) O(3) 0.9630 C(1) 106.5525 O(2) 18.1128 
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Table B.04. Methanediol d) structure optimized at the MP2/Aug-cc-pVTZ theory level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

C(1)       

O(2) C(1) 1.4186     

O(3) C(1) 1.3934 O(2) 108.9752   

H(4) C(1) 1.0939 O(2) 109.3880 O(3) 110.9567 

H(5) C(1) 1.0891 O(2) 111.2304 O(3) 106.1424 

H(6) O(2) 0.9622 C(1) 108.8677 O(3) 152.9328 

H(7) O(3) 0.9635 C(1) 107.6830 O(2) 61.9556 

 

 

B.2 Singlet Methoxymethanol 

Table B.05. Methoxymethanol a) structure optimized at the MP2/Aug-cc-pVTZ theory 

level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

C(1)       

O(2) C(1) 1.3987     

O(3) C(1) 1.4093 O(2) 113.2539   

C(4) O(2) 1.4227 C(1) 112.1259 O(3) 67.4601 

H(5) C(1) 1.0895 O(2) 105.4929 O(3) 111.5562 

H(6) C(1) 1.0926 O(2) 110.9070 O(3) 105.0630 

H(7) C(4) 1.0856 O(2) 106.7896 C(1) 178.0600 

H(8) C(4) 1.0897 O(2) 111.2776 H(7) 109.7701 

H(9) C(4) 1.0936 O(2) 110.3973 H(7) 109.4427 

H(10) O(3) 0.9639 C(1) 107.3142 O(2) 64.7062 

 

 

Table B.06. Methoxymethanol b) structure optimized at the MP2/Aug-cc-pVTZ theory 

level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

C(1)       

O(2) C(1) 1.3991     

O(3) C(1) 1.4096 O(2) 113.8349   

C(4) O(2) 1.4162 C(1) 112.4437 O(3) 68.6550 

H(5) C(1) 1.0851 O(2) 105.8687 O(3) 106.5735 

H(6) C(1) 1.0971 O(2) 109.6154 O(3) 110.1094 

H(7) C(4) 1.0857 O(2) 107.1083 C(1) 171.8517 

H(8) C(4) 1.0920 O(2) 111.4905 H(7) 108.8648 

H(9) C(4) 1.0956 O(2) 110.8058 H(7) 109.1564 

H(10) O(3) 0.9617 C(1) 108.9034 O(2) -86.5656 
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Table B.07. Methoxymethanol c) structure optimized at the MP2/Aug-cc-pVTZ theory 

level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

C(1)       

O(2) C(1) 1.4099     

O(3) C(1) 1.3900 O(2) 109.2425   

C(4) O(2) 1.4161 C(1) 110.6999 O(3) -178.5491 

H(5) C(1) 1.0992 O(2) 108.8689 O(3) 111.9944 

H(6) C(1) 1.0932 O(2) 110.6120 O(3) 106.5353 

H(7) C(4) 1.0855 O(2) 107.1023 C(1) 179.4387 

H(8) C(4) 1.0941 O(2) 111.1666 H(7) 109.1987 

H(9) C(4) 1.0945 O(2) 111.2790 H(7) 109.2797 

H(10) O(3) 0.9637 C(1) 107.4637 O(2) 59.3301 

 

 

Table B.08. Methoxymethanol d) structure optimized at the MP2/Aug-cc-pVTZ theory 

level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

C(1)       

O(2) C(1) 1.3944     

O(3) C(1) 1.4026 O(2) 104.9473   

C(4) O(2) 1.4150 C(1) 110.5675 O(3) -179.8595 

H(5) C(1) 1.1001 O(2) 109.9682 O(3) 111.2989 

H(6) C(1) 1.1001 O(2) 109.9824 O(3) 111.2987 

H(7) C(4) 1.0853 O(2) 106.9294 C(1) -179.9989 

H(8) C(4) 1.0945 O(2) 111.2574 H(7) 109.2562 

H(9) C(4) 1.0945 O(2) 111.2559 H(7) 109.2593 

H(10) O(3) 0.9628 C(1) 107.9751 O(2) -179.4715 
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Table B.09. Methoxymethanol e) structure optimized at the MP2/Aug-cc-pVTZ theory 

level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

C(1)       

O(2) C(1) 1.3976     

O(3) C(1) 1.4176 O(2) 113.0960   

C(4) O(2) 1.4213 C(1) 112.8560 O(3) 82.2897 

H(5) C(1) 1.0872 O(2) 106.9834 O(3) 107.2635 

H(6) C(1) 1.0960 O(2) 109.8594 O(3) 109.1961 

H(7) C(4) 1.0856 O(2) 106.8400 C(1) 177.5512 

H(8) C(4) 1.0933 O(2) 112.1474 H(7) 108.7840 

H(9) C(4) 1.0925 O(2) 110.6701 H(7) 109.5541 

H(10) O(3) 0.9625 C(1) 107.3799 O(2) -18.5649 

 

 

Table B.10. Methoxymethanol f) structure optimized at the MP2/Aug-cc-pVTZ theory 

level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

C(1)       

O(2) C(1) 1.4221     

O(3) C(1) 1.4021 O(2) 114.9731   

C(4) O(2) 1.4180 C(1) 116.8217 O(3) 4.6835 

H(5) C(1) 1.0882 O(2) 107.4390 O(3) 106.1007 

H(6) C(1) 1.0927 O(2) 107.3262 O(3) 110.8597 

H(7) C(4) 1.0862 O(2) 105.3377 C(1) -177.6866 

H(8) C(4) 1.0893 O(2) 112.2431 H(7) 109.5146 

H(9) C(4) 1.0932 O(2) 112.3185 H(7) 108.4840 

H(10) O(3) 0.9619 C(1) 108.7447 O(2) -82.4849 
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Table B.11. Methoxymethanol g) structure optimized at the MP2/Aug-cc-pVTZ theory 

level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

C(1)       

O(2) C(1) 1.4098     

O(3) C(1) 1.3985 O(2) 110.5918   

C(4) O(2) 1.4174 C(1) 113.3695 O(3) 132.5855 

H(5) C(1) 1.0944 O(2) 108.5696 O(3) 110.9633 

H(6) C(1) 1.0910 O(2) 110.6993 O(3) 105.9874 

H(7) C(4) 1.0860 O(2) 106.9318 C(1) -177.6722 

H(8) C(4) 1.0931 O(2) 110.9069 H(7) 109.3167 

H(9) C(4) 1.0933 O(2) 111.6354 H(7) 108.8705 

H(10) O(3) 0.9635 C(1) 107.5420 O(2) 60.4626 

 

 

Table B.12. Methoxymethanol h) structure optimized at the MP2/Aug-cc-pVTZ theory 

level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

C(1)       

O(2) C(1) 1.4064     

O(3) C(1) 1.3993 O(2) 108.0793   

C(4) O(2) 1.4170 C(1) 111.3080 O(3) -179.9734 

H(5) C(1) 1.0969 O(2) 109.9775 O(3) 109.6179 

H(6) C(1) 1.0969 O(2) 109.9800 O(3) 109.6177 

H(7) C(4) 1.0853 O(2) 107.0544 C(1) 179.9880 

H(8) C(4) 1.0935 O(2) 111.0123 H(7) 109.3566 

H(9) C(4) 1.0935 O(2) 111.0111 H(7) 109.3611 

H(10) O(3) 0.9643 C(1) 105.9048 O(2) 0.0022 
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Table B.13. Methoxymethanol i) structure optimized at the MP2/Aug-cc-pVTZ theory 

level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

C(1)       

O(2) C(1) 1.4090     

O(3) C(1) 1.4012 O(2) 111.3024   

C(4) O(2) 1.4188 C(1) 113.7439 O(3) 122.7363 

H(5) C(1) 1.0883 O(2) 109.3946 O(3) 105.3180 

H(6) C(1) 1.0959 O(2) 109.3198 O(3) 111.3393 

H(7) C(4) 1.0861 O(2) 106.8010 C(1) -174.9056 

H(8) C(4) 1.0938 O(2) 111.4247 H(7) 109.0789 

H(9) C(4) 1.0925 O(2) 111.5899 H(7) 108.9663 

H(10) O(3) 0.9637 C(1) 107.7703 O(2) -58.3779 

 

 

B.3 Singlet Aminomethanol 

Table B.14. Aminomethanol a) structure optimized at the MP2/Aug-cc-pVTZ theory 

level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

N(1)       

C(2) N(1) 1.4375     

O(3) C(2) 1.4225 N(1) 106.6916   

H(4) N(1) 1.0109 C(2) 111.6253 O(3) 78.131 

H(5) N(1) 1.0102 C(2) 111.3719 H(4) 108.781 

H(6) C(2) 1.0926 N(1) 107.7592 O(3) 110.8356 

H(7) C(2) 1.0971 N(1) 114.1456 O(3) 108.8359 

H(8) O(3) 0.9629 C(2) 107.7961 N(1) -162.0924 

 

 

Table B.15. Aminomethanol b) structure optimized at the MP2/Aug-cc-pVTZ theory 

level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

N(1)       

C(2) N(1) 1.4482     

O(3) C(2) 1.4131 N(1) 110.0226   

H(4) N(1) 1.0118 C(2) 111.4199 O(3) 78.2676 

H(5) N(1) 1.0114 C(2) 111.5560 H(4) 108.3865 

H(6) C(2) 1.093 N(1) 107.4542 O(3) 111.3574 

H(7) C(2) 1.0912 N(1) 114.6459 O(3) 104.6985 

H(8) O(3) 0.9651 C(2) 105.7572 N(1) 44.2582 
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Table B.16. Aminomethanol c) structure optimized at the MP2/Aug-cc-pVTZ theory 

level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

N(1)       

C(2) N(1) 1.4262     

O(3) C(2) 1.4369 N(1) 110.65   

H(4) N(1) 1.012 C(2) 110.3004 O(3) -59.3261 

H(5) N(1) 1.012 C(2) 110.3004 H(4) 107.5421 

H(6) C(2) 1.0911 N(1) 108.7071 O(3) 109.7657 

H(7) C(2) 1.0911 N(1) 108.7071 O(3) 109.7656 

H(8) O(3) 0.9642 C(2) 108.4531 N(1) 180.0000 

 

 

Table B.17. Aminomethanol d) structure optimized at the MP2/Aug-cc-pVTZ theory 

level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

N(1)       

C(2) N(1) 1.4355     

O(3) C(2) 1.4305 N(1) 116.1036   

H(4) N(1) 1.0115 C(2) 111.8433 O(3) -67.6085 

H(5) N(1) 1.0119 C(2) 110.7682 H(4) 108.1287 

H(6) C(2) 1.0908 N(1) 108.1846 O(3) 110.2581 

H(7) C(2) 1.0865 N(1) 108.8380 O(3) 104.3084 

H(8) O(3) 0.963 C(2) 108.0326 N(1) 68.9519 

 

 

Table B.18. Aminomethanol e) structure optimized at the MP2/Aug-cc-pVTZ theory 

level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

N(1)       

C(2) N(1) 1.4315     

O(3) C(2) 1.4374 N(1) 113.2722   

H(4) N(1) 1.0122 C(2) 110.5528 O(3) -58.2935 

H(5) N(1) 1.0120 C(2) 110.2824 H(4) 107.3532 

H(6) C(2) 1.0897 N(1) 108.8100 O(3) 109.7554 

H(7) C(2) 1.0890 N(1) 108.1062 O(3) 107.8768 

H(8) O(3) 0.9610 C(2) 108.7781 N(1) 126.0190 
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Table B.19. Aminomethanol f) structure optimized at the MP2/Aug-cc-pVTZ theory 

level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

N(1)       

C(2) N(1) 1.4481     

O(3) C(2) 1.4195 N(1) 107.1705   

H(4) N(1) 1.0136 C(2) 109.5114 O(3)  64.8502 

H(5) N(1) 1.0133 C(2) 109.9402 H(4) 107.0759 

H(6) C(2) 1.0912 N(1) 107.8707 O(3) 111.3600 

H(7) C(2) 1.0961 N(1) 113.6034 O(3) 108.2069 

H(8) O(3) 0.9603 C(2) 108.8218 N(1) 140.4439 

 

 

Table B.20. Aminomethanol g) structure optimized at the MP2/Aug-cc-pVTZ theory 

level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

N(1)       

C(2) N(1) 1.4634     

O(3) C(2) 1.4178 N(1) 111.6210   

H(4) N(1) 1.0132 C(2) 107.6615 O(3) 6.7267 

H(5) N(1) 1.0118 C(2) 110.7370 H(4) 106.1287 

H(6) C(2) 1.0911 N(1) 109.5019 O(3) 109.6496 

H(7) C(2) 1.0891 N(1) 111.3582 O(3) 106.1048 

H(8) O(3) 0.9622 C(2) 107.8657 N(1) 81.8842 

 

 

Table B.21. Aminomethanol h) structure optimized at the MP2/Aug-cc-pVTZ theory 

level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle(de

grees) 

Atom 4 Torsion Angle 

(degrees) 

N(1)       

C(2) N(1) 1.4435     

O(3) C(2) 1.4210 N(1) 109.5196   

H(4) N(1) 1.0113 C(2) 111.9929 O(3) 80.2473 

H(5) N(1) 1.0111 C(2) 111.2311 H(4) 108.4894 

H(6) C(2) 1.0898 N(1) 107.4099 O(3) 108.4485 

H(7) C(2) 1.0954 N(1) 114.0572 O(3) 108.8983 

H(8) O(3) 0.9602 C(2) 108.4198 N(1) -118.5932 
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B.4 Singlet N-Methylhydroxylamine 

Table B.22. N-methylhydroxylamine a) structure optimized at the MP2/Aug-cc-pVTZ 

theory level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

N(1)       

C(2) N(1) 1.4564     

O(3) N(1) 1.4457 C(2) 106.4182   

H(4) N(1) 1.0157 C(2) 107.9347 O(3) 102.5761 

H(5) C(2) 1.0926 N(1) 112.7107 O(3) -49.7308 

H(6) C(2) 1.0869 N(1) 109.0226 H(5) 109.0706 

H(7) C(2) 1.0898 N(1) 107.5675 H(5) 109.5584 

H(8) O(3) 0.9633 N(1) 102.0626 C(2) -125.8409 

 

 

Table B.23. N-methylhydroxylamine b) structure optimized at the MP2/Aug-cc-pVTZ 

theory level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

N(1)       

C(2) N(1) 1.4521     

O(3) N(1) 1.4295 C(2) 109.2075   

H(4) N(1) 1.0163 C(2) 109.4941 O(3) 105.6758 

H(5) C(2) 1.0983 N(1) 113.3318 O(3) -55.3851 

H(6) C(2) 1.0869 N(1) 108.7402 H(5) 108.8582 

H(7) C(2) 1.0894 N(1) 108.0396 H(5) 108.7765 

H(8) O(3) 0.9707 N(1) 106.5295 C(2) 51.7071 

 

 

Table B.24. N-methylhydroxylamine c) structure optimized at the MP2/Aug-cc-pVTZ 

theory level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

N(1)       

C(2) N(1) 1.4548     

O(3) N(1) 1.4549 C(2) 109.1319   

H(4) N(1) 1.0163 C(2) 107.3383 O(3) 101.0466 

H(5) C(2) 1.0964 N(1) 113.3050 O(3) -51.0734 

H(6) C(2) 1.0896 N(1) 108.9588 H(5) 109.4320 

H(7) C(2) 1.0889 N(1) 107.8619 H(5) 109.0939 

H(8) O(3) 0.9655 N(1) 104.9839 C(2) -15.0604 
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Table B.25. N-methylhydroxylamine d) structure optimized at the MP2/Aug-cc-pVTZ 

theory level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

N(1)       

C(2) N(1) 1.4570     

O(3) N(1) 1.4587 C(2) 105.5573   

H(4) N(1) 1.0167 C(2) 107.5265 O(3) 105.6011 

H(5) C(2) 1.0928 N(1) 113.3193 O(3) -55.9024 

H(6) C(2) 1.0867 N(1) 108.3641 H(5) 109.0149 

H(7) C(2) 1.0897 N(1) 107.4380 H(5) 109.9228 

H(8) O(3) 0.9642 N(1) 105.9129 C(2) 122.2019 
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Appendix C 

Triplet Structures 

 

 

C.1 Triplet Methanediol 

Table C.01. Methanediol structure optimized at the MP2/Aug-cc-pVTZ theory level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

C(1)       

O(2) C(1) 1.6698     

O(3) C(1) 1.6698 O(2) 71.4376   

H(4) C(1) 1.0695 O(2) 117.0582 O(3) 105.7301 

H(5) C(1) 1.0695 O(2) 105.7301 O(3) 117.0582 

H(6) O(2) 0.9717 C(1) 105.3511 O(3) -79.6904 

H(7) O(3) 0.9717 C(1) 105.3511 O(2) -79.6904 

 

 

C.2 Triplet Aminomethanol 

 

Table C.02. Aminomethanol a) structure optimized at the MP2/Aug-cc-pVTZ theory 

level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

N(1)       

C(2) N(1) 1.4471     

O(3) C(2) 1.3853 N(1) 113.5390   

H(4) N(1) 1.0474 C(2) 121.1155 O(3) -5.8436 

H(5) N(1) 1.0733 C(2) 119.9091 H(4) 118.8473 

H(6) C(2) 1.0966 N(1) 105.4622 O(3) 114.6120 

H(7) C(2) 1.0922 N(1) 106.5173 O(3) 108.8575 

H(8) O(3) 0.9653 C(2) 109.2302 N(1) 76.3123 
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Table C.03. Aminomethanol b) structure optimized at the MP2/Aug-cc-pVTZ theory 

level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

N(1)       

C(2) N(1) 1.4245     

O(3) C(2) 1.3943 N(1) 108.8180   

H(4) N(1) 1.0376 C(2) 120.3367 O(3) -0.0431 

H(5) N(1) 1.1011 C(2) 118.9276 H(4) 120.7358 

H(6) C(2) 1.0994 N(1) 105.9493 O(3) 114.1628 

H(7) C(2) 1.0994 N(1) 105.9530 O(3) 114.1613 

H(8) O(3) 0.9646 C(2) 108.8891 N(1) 179.8258 

 

 

Table C.04. Aminomethanol c) structure optimized at the MP2/Aug-cc-pVTZ theory 

level. 

 

Atom 1 Atom 2 Bond Length 

(Angstroms) 

Atom 3 Angle 

(degrees) 

Atom 4 Torsion Angle 

(degrees) 

N(1)       

C(2) N(1) 1.4268     

O(3) C(2) 1.3945 N(1) 109.0939   

H(4) N(1) 1.0383 C(2) 120.3879 O(3) -1.0110 

H(5) N(1) 1.0967 C(2) 119.1358 H(4) 120.4726 

H(6) C(2) 1.0985 N(1) 105.9599 O(3) 114.2864 

H(7) C(2) 1.0988 N(1) 105.9069 O(3) 113.7535 

H(8) O(3) 0.9644 C(2) 108.8640 N(1) 158.6363 
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