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ABSTRACT OF THE THESIS 

 

An Experimental and Theoretical Investigation of Atmospheric Hydrogen Bonded 

Systems in the Gas Phase 

 

by 

 

Matthew Kenneth Louie 

Master of Science in Chemistry 

 

University of California, San Diego, 2014 

Professor Amitabha Sinha, Chair 

 

 The influence of hydrogen bonding in affecting the photochemistry and reactivity 

of several molecular systems that are atmospherically relevant has been investigated. 

Specifically, this thesis focuses on three different molecular systems in the gas phase 

including: the influence of intramolecular hydrogen bonding on the UV photochemistry 

of peroxyformic acid, the ability of formic acid to exploit intermolecular hydrogen 

bonding to catalyze the hydration of ketene, and the ability of water molecules to make 

use of intermolecular hydrogen bonding to catalyze the addition of amines to 



 

xiv 

formaldehyde. For peroxyformic acid, we find that the presence of intramolecular 

hydrogen bonding results in a planar equilibrium structure in both its ground and first 

excited electronic states. This in turn affects the rotational energy imparted to the OH 

photofragments upon UV photodissociation. In the case of ketene hydration to form 

acetic acid, we have used ab-initio calculations to investigate the effectiveness of water 

versus formic acid in catalyzing the ketene hydration reaction.  The energetics associated 

with two separate mechanisms was examined: one that led directly to acetic acid 

formation and another indirect path, which first forms an ene-diol intermediate. Lastly, 

the effect of water catalysis on the addition of a series of amines to formaldehyde in the 

gas phase was also studied using ab initio calculations. We compared the relative barrier 

heights for the addition of NH3, methylamine and dimethylamine to formaldehyde. The 

barrier height decreased along the series and ultimately the water-catalyzed 

dimethylamine reaction was found to be barrierless in the gas phase. 
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Chapter 1 

Introduction 

Atmospheric chemistry is an ever-growing field of science due to its importance 

in improving an understanding of global climate change. However, much of the 

information about the chemistry that occurs in the atmosphere is still incomplete or 

poorly understood.
1-3

 This thesis primarily focuses on one small, but important, aspect of 

atmospheric chemistry which involves the role of hydrogen bonding in influencing the 

chemistry of gas phase molecules. H-bonding, although weak,  has been shown to affect 

the photochemistry, reactivity and structural stability of several atmospheric systems.
1,4-7

 

These hydrogen bonds have been found in molecular complexes
4,5

 (intermolecular 

hydrogen bonds) as well as within isolated single molecules
6,7

 (intramolecular hydrogen 

bonds), both of which can be important in the atmosphere. The effect of the hydrogen 

bond, as stated above, is similar in either case. For example, water dimers ((H2O)2), 

which exhibit intermolecular H-bonding, has a binding energy of approximately 5 kcal 

mol
-1

.
5
 Similarly, the lowest energy conformer of peroxyformic acid (HC(O)OOH), a 

molecule found in the troposphere and exhibits intramolecular H-bonding, is 

approximately 3 kcal mol
-1

 lower than that of its other non-hydrogen bonding 

conformers.
6
  The exact effects of H-bonded systems in the atmosphere are an active area 

of ongoing research and these weak interactions have been suggested to be important in 

fully understanding the Earth’s atmospheric chemistry and climate.
1,4-7

  

When studying the effects of hydrogen bonding in the atmosphere, it is also 

important to understand what molecules contribute significantly to atmospheric 

chemistry. Organic compounds are ubiquitous in the atmosphere as they arise from both 
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anthropogenic (human activities) and biogenic (natural) sources. Although most organic 

compounds are found in trace amounts, they have been the subject of a multitude of 

research because of their significant impact in the atmosphere.
8
 It is well known that they 

play an important role both with regards to gas phase chemistry as well as in secondary 

aerosol formation. Aerosol are known to influence the absorption and scattering of solar 

radiation in the Earth’s atmosphere.
8,9

 Organic compounds are also implicated to be 

important in cloud formation due to their ability to condense from the gas phase, 

enhancing aerosol growth which, in turn, can increase the water uptake of the aerosol.
8,9

 

Below we provide a brief overview of the molecular systems that comprise the main 

focus of this thesis. 

One important group of molecules that have been shown to have an important 

impact in the atmosphere are hydroperoxides.
10,11

 The main reason for their importance is 

that hydroperoxides are sources of OH radicals. The weak O-O bond in the peroxide 

functional group is known to photodissociate in the near UV region.
12,13

 The general 

photodissociation scheme is as follows: 

ROOH + hν (λ<370 nm) → RO + OH   (1) 

where R is a hydrocarbon group. Although hydrogen peroxide (HOOH) and methyl 

hydroperoxide (CH3OOH) have been found to be the most abundant hydroperoxides in 

the atmosphere
10

, the photochemistry of other hydroperoxides is still a topic of much 

interest because of their absorbance in the near UV region and their ability to produce 

OH radicals.
15, 16

 Because of this, photodissociation studies of these other hydroperoxides 

are often carried out and the results compared to those of either HOOH or CH3OOH.
15,16 
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 The hydroxyl (OH) radical, although it typically only has a concentration in the 

atmosphere of ~0.1 ppt
12,14

, has been extensively studied both for its spectroscopic 

properties
17

 as well as its role in atmospheric chemistry
18

. In particular, OH radicals are 

known to oxidize many chemicals (including organic molecules) in the atmosphere, 

creating products that are more easily removed from the atmosphere by dry or wet 

deposition.
12,18

 The OH radical is also able to regenerate, or propagate, itself through 

many different mechanisms which sometimes includes photochemical processes. For 

example, the oxidation of carbon monoxide to carbon dioxide is as follows
18

: 

 CO + OH → CO2 + H     (2) 

The hydrogen atom that forms can react with an O2 molecule to form HO2, which in turn 

can then react with NO or ozone (O3, which can itself form OH after photodissociation in 

the presence of water) to reform OH radicals. The HO2 radical can also form a peroxide, 

like HOOH or CH3OOH. Although this is considered a termination step, as stated 

previously, peroxides have strong absorption in the UV region, leading to the reformation 

of OH radicals in the presence of UV light. The high reactivity of OH radicals and their 

ability to oxidize atmospheric molecules explains why understanding the sources and 

sinks of the OH radicals is such a significant topic in atmospheric chemistry.  

Another important group of organic molecules are those containing the carbonyl 

functional group, namely aldehydes, ketones and carboxylic acids. The polarity of the 

carbonyl group lends itself well in forming hydrogen bonds in the atmosphere. This 

makes these molecules more susceptible to interacting with water molecules in both the 

gas phase and in the aerosol phase. In fact, it has been argued that organic compounds 

with multiple oxygen containing groups will be affected more by water in aerosols.
9,19
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Another important property of carbonyl-containing compounds is that they do not need to 

be directly emitted to the atmosphere and are readily formed in the atmosphere through 

atmospheric oxidation processes.
8
 One of the main processes that organic compounds 

undergo in the atmosphere is oxidation reactions involving the OH radical.
8
 Although the 

final products from complete oxidation are H2O and CO2, products formed during the 

intermediate stages of the oxidation process, like aldehydes and carboxylic acids, can  

also potentially affect atmospheric chemistry. Despite being ubiquitous, little is known 

about the atmospheric chemistry of these compounds and the reactions they undergo. 

Thus, generating a deeper understanding of these compounds is of critical importance.
8,9

  

More recently, the chemistry of amines is also becoming an important research 

topic in the atmospheric sciences. Amines are similar to other organic molecules in that 

they undergo many of the same processes in the atmosphere, such as undergoing 

oxidation and photochemical reactions.
2
 Since amines are nitrogen-containing 

compounds, they can also exhibit hydrogen bonding in the atmosphere, similar to the 

carbonyl compounds mentioned earlier. However, the basicity of amines differentiates 

them from other organic molecules, which tend to be more acidic, leading to research into 

what role amines have in the atmosphere, both in the gas phase and in aerosols.
2
 A major 

part of research has gone into acid-base reactions involving amines, but the lack of data 

about amines leaves many questions unanswered about how they affect atmospheric 

chemistry. 

In addition to using experimental or field studies, computational chemistry is 

another important tool available for investigating atmospheric systems. Computational 

chemistry can be divided into two different categories: ab initio calculations (which do 
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not use any experimental data) and semi empirical calculations (which use some 

experimental data as parameters). Using computational methods allows us to investigate 

many different properties, such as electronic state energies
20

 or the energy barrier
21

 

associated with a certain mechanism, of a particular reaction when it would normally be 

difficult to do so using an experimental setup. It also allows us to calculate stable 

structures of a system
20

, giving us a deeper understanding of the system’s chemistry at 

the molecular level. Computational analysis of a system can also act as a supplement to 

experimental data, either by supporting the experimental results or by giving evidence for 

a different interpretation of experimental results. With the prevalence of even personal 

computers that are able to run chemical calculations in a few hours to a few days, 

computational chemistry is a powerful tool that can help us to obtain insight in to the 

complexities of atmospheric chemistry. 

 In Chapter 2 of the thesis, the rotational state distribution and absorption cross 

section of peroxyformic acid (PFA), a molecule that exhibits intramolecular hydrogen 

bonding, is presented. Although the main chromophor investigated is the same as in other 

hydroperoxides (–OOH), the presence of a carbonyl group changes the lowest energy 

conformer of PFA. The presence of intramolecular H-bond between the carbonyl (C=O) 

oxygen and the peroxide hydrogen, restricts the lowest energy structure of PFA to be 

planar. This also means that the minimum in the torsional potential associated with the  

R-O-O-H occurs at 0°, which was found to affect the rotational distribution of the OH 

fragments resulting from photodissociation. The PFA results are then compared to other 

hydroperoxides, mainly hydrogen peroxide, in order to uncover the differences resulting 

from having internal hydrogen bonding versus having no hydrogen bonding. 
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 In Chapter 3 we give theoretical results investigating multiple mechanisms for the 

hydration reaction of ketene (H2C=C=O) catalyzed by formic acid to form acetic acid. In 

each case that formic acid is introduced as a catalyst, it serves a dual purpose: it acts as 

both a hydrogen atom donor and acceptor. This is because the –COOH group has both an 

electronegative site (the carbonyl oxygen) and an electropositive site (the hydrogen) 

where H-bonding can occur simultaneously, adding some stability to the transition state 

and thus reducing the energy barrier to the reaction. Our results are compared to earlier 

work on the hydration of ketene and some discussion is given on the changes in the 

mechanism and energetics of this reaction arising from organic acid catalysis. 

 Theoretical investigation of amine addition to formaldehyde catalyzed by a single 

water molecule is presented in Chapter 4. Although the catalyst is a water molecule 

instead of a carboxylic acid, the function of the catalyst is similar in both cases. Water 

was found to serve as both a hydrogen atom donor and acceptor, analogously to the 

results in Chapter 3. Because of the strong ability of water molecules to exhibit H-

bonding, the energy barrier for the reaction was reduced for all three amines that were 

studied. 
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Chapter 2 

UV Photochemistry of Peroxyformic Acid (HC(O)OOH): 

An Experimental and Computational Study Investigating 355 

nm Photolysis 

 
2.1. Introduction 

Peroxyformic acid (PFA), also called performic acid, is a hydroperoxide molecule 

generated in the atmosphere through the gas phase reaction of ozone with chloroethene 

and the photo-oxidation of hydrocarbons.
1,2

 PFA is also an important oxidant used in 

chemical processing, synthesis and bleaching, and is a well-known disinfectant utilized in 

the medical and food industries.
3-9  

Photodissociation is an important pathway for the 

removal of volatile compounds from the atmosphere. Absorption of UV light by 

hydroperoxides such as hydrogen peroxide,
10-12

 methyl hydroperoxide,
13,14

 ethyl 

hydroperoxide,
15

 and tert-butyl hydroperoxide
15,16,17

 are known to generate OH radical 

fragments as a primary photoproduct resulting from the breaking of the weak peroxide O-

O bond.  In some ways one expects the UV photochemistry of PFA to be similar to that 

of the other hydroperoxides, thus leading to OH radical formation upon UV excitation.  

However in addition to the peroxide chromophor, PFA also has a carbonyl chromophor 

which can potentially exert its own unique influence on the molecule’s near U  

photochemistry.   To date, only the ground electronic state of PFA has been 

investigated
18-22 

and to the best of our knowledge the electronic photochemistry of PFA 

has not been previously reported. The absorption cross section of the related compound, 

peroxyacetic acid, has been reported in the literature and its photodissociation 

investigated at 240 and 266 nm.
23,24

  However, no information regarding the identity of 
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the electronic excited state(s) accessed upon UV excitation of peroxyacetic acid have 

been reported.  The present work investigates the photodissociation of PFA at 355 and, to 

a lesser extent, at 282 nm. Because of its structure, peroxyformic acid is not only a 

potential source of tropospheric OH radicals through photodissociation, but it is also the 

simplest stable organic hydroperoxide to exhibit internal hydrogen bonding (see Fig. 

2.1).
18-22

Since the bond dissociation energies (kcal/mol) and corresponding threshold 

wavelengths (T in nm) for breaking the O-O, C-O, O-H, and C-H bonds in PFA are 

estimated to be respectively 45.8 (T =624 nm), 82.0 (T =349nm), 85.5(T =334 nm), and 

89.2(T =321 nm),
25 

a UV photon at355 nm is only sufficiently energetic to break the O-

O bond and make the HCO2 and OH fragments. Our goal in the present study is to 

investigate the near UV photochemistry of PFA and the potential influence of internal 

hydrogen bonding on its OH fragment product state distribution resulting from 

photodissociation. We do this by comparing the OH fragment rotational state distribution 

associated with PFA with those of hydrogen peroxide (HOOH), which corresponds to a 

prototypical hydroperoxide molecule that does not exhibit hydrogen bonding and whose 

UV photochemistry has been extensively studied.
10-12

 We probe the quantum state 

distribution of the nascent OH fragments by exciting the A-X transition of the radical at 

308 nm and investigate the partitioning of available energy among its translational, 

rotational, and vi rational degrees of freedom as well as Λ-doublet and spin-orbit states. 

Further, we use ab initio molecular orbital calculation at the EOM-CCSD level to 

investigate the low lying excited electronic states of PFA and their associated R-O-O-H 

torsional potentials. These computations allow us to characterize the electronic excited 

state(s) of PFA participating in the near UV photochemistry and understand the influence 
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of the torsional potential on the OH fragment rotation.  Finally we use the known 

experimental UV absorption cross section and quantum yield of HOOH to provide the 

first estimate of the absorption cross section of PFA over the over the atmospherically 

important actinic region between 355-282 nm. 

2.2. Experimental Method 

The experiment was performed in a flow cell using collinear pump-probe 

geometry. The 355 nm photolysis laser beam was generated from the third harmonic of a 

seeded Nd:YAG laser (Spectra Physics: GCR-270) and the probe laser light from the 

frequency doubled output of a dye laser (Continuum: ND60) pumped by the second 

harmonic of a second Nd:YAG  laser (Continuum: NY81-20).  The bandwidth of the 

probe laser was characterized by recording LIF spectra of thermalized OH radicals 

generated using a microwave discharge and was determined to be 0.42 cm
-1 

(FWHM) at 

308 nm. Typical energies of the photolysis and probe lasers were respectively around ~1 

mJ and ~2 J. The 355 nm photolysis and the 308 nm probe laser beams were introduced 

into the photolysis chamber through a S1-UV Brewster angle window and a set of baffles 

to minimize scattered light. Both laser beams were gently focused at the center of the cell 

and the intersection region of the two beams viewed by a photomultiplier (PMT) using a 

lens system located at right angle to both laser beams. The fluorescence was collected 

using an f/1 lens system and imaged onto an end-on photomultiplier tube (EMI 9813QB). 

A combination of filters (one UG-11, a Semrock band pass filter model# FF01-315/15-50 

and a 355nm edge filter) placed between the lens and the PMT allowed collection of total 

OH fluorescence and rejection of scattered light from the photolysis laser and background 
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room light. Signal from the PMT was sent to a gated charge integrator (LeCroy, 2249SG 

analog-to-digital converter) and digitized for computer data collection.  

The OH fragments were detected by exciting the A
2
Σ

+
  X

2
Π diagonal (0,0) and 

(1,1) bands and monitoring the subsequent total fluorescence. Scattered light from the 

probe laser was reduced by setting the gate for the fluorescence collection at a delay of 

~15 ns relative to the firing of the probe laser. The laser induced fluorescence (LIF) 

excitation spectra were recorded with the time delay between the photolysis and probe 

lasers set to ~30 ns and the measured LIF signal normalized to the laser power. Saturation 

of the OH transitions was avoided by working at low probe laser powers and the absence 

of saturation was verified by looking at the peak to satellite area ratio of the Q1(4) and 

Q1ˊ(4) transitions of a thermalized OH sample. Two-photon dissociation of 

hydroperoxides in the UV is known to be possible.
26,27 

The absence of multi-photon 

dissociation was confirmed by noting the linearity of the OH LIF signal with photolysis 

laser power as well as looking at the OH translational and rotational energy release at 

several different photolysis laser powers and observing no change in fragment energy 

release with laser power for both PFA and HOOH. Two-photon dissociation would result 

in a significant increase in the available fragment translational energy and non linear 

dependence of the OH LIF signal on photolysis laser power. For the 282 nm photolysis 

experiments, a second dye laser (Continuum: ND60) pumped by the second harmonic of 

another Nd:YAG laser (Continuum: NY82-20) generated 564 nm radiation which was 

then frequency doubled using a KDP crystal to produce the 282 nm light. The ~1mJ of 

282 nm photolysis light was collimated using two irises and introduced into the cell 

without focusing in order to prevent two-photon dissociation of the HOOH and PFA 
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samples. Vapor phase PFA was flowed through the chamber at a static pressure of ~60- 

80 mTorr. All connection tubing used to introduce the sample into the cell was made of 

either glass or Teflon in order to reduce sample decomposition.  

PFA is not commercially available as it is decomposes quickly, so a fresh PFA 

sample was synthesi ed just prior to starting each day’s experiment using the procedure 

outlined by Hazra et al.
22

 Briefly, hydrogen peroxide (0.55 ml, ~95%) was added drop 

wise  into sulfuric acid (1.10 ml, 99.5%), kept in a 100 ml round-bottom flask cooled to 

ice temperature. The mixture was stirred with a magnetic stirring bar. Subsequently 

formic acid (0.85 ml, 99.5%) was slowly added to the mixture and the mixture stirred at 

ice temperature for approximately 1 hour. Thereafter, the mixture was stirred for an 

additional one hour at room temperature using a water bath. The synthesized PFA was 

purified through several freeze-pump-thaw cycles using liquid nitrogen in order to 

remove volatile impurities such as CO2 and formic acid.  As it decomposes quickly in the 

liquid state, we used a salt (NaCl) ice-bath (-3-0 C) to keep the PFA sample at the 

desired temperature during the experiments. Previous studies have shown that the vapor 

phase samples of PFA prepared in this way have a purity of  >90%.
22

 Only small amounts 

of the sample were synthesized during each run as PFA is known to be unstable and can 

potentially lead to violent explosions.
28

  Concentrated hydrogen peroxide was prepared 

by prolonged (~2 week) bubbling of N2 gas through commercially available 30% H2O2 

sample in order to remove water impurity. The removal of water was evident by the 

gradual change in volume of the H2O2 sample and the bubbling was stopped when the 

sample volume remained fairly constant. This procedure is known to produce hydrogen 

peroxide samples that are >95% pure.
29
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2.3. Results 

2.3.1. Experimental Results 

Photodissociation of PFA at 355 nm produces OH radicals as a primary 

photoproduct by breaking the weak O-O bond. The OH fragment was probed state 

selectively using LIF through the (0,0) and (1,1) diagonal transitions of the A
2
Σ

+
 ←X

2
Π 

band system. We did not observe any fluorescence signal from the (1,1) band which 

indicates that within our detection limit, the OH radicals are formed exclusively in their 

vibrational ground state.  Figure 2.2a shows a section of the raw LIF spectrum associated 

with the OH (0,0) band resulting from the dissociation of PFA at 355 nm. As can be seen 

from the variation in peak intensities appearing in the figure only rotational levels up to 

N=5 are populated and observed for the Q1(N) branch.  For comparison, a portion of the 

corresponding OH spectra resulting from H2O2 photolysis also at 355 nm is shown in Fig. 

2.2b. Clearly many more OH fragment rotational states are populated in the case of 

HOOH photodissociation. The measured rotational lines were assigned using the work of 

Dieke and Crosswhite.
30

 The relative population of each OH rotational level was 

extracted from the measured LIF intensities by normalizing for laser intensities, sample 

pressure, and Einstein B coefficients taken from the work of Chidsey and Crosley.
31

 LIF 

signal from the Q1, P1, and Q2-branches of OH were collected in order to characterize the 

population distribution in the 
2
Π ground electronic state.  he rotational state population 

distribution of  the PFA OH X
2
Π3/2 (v=0) state,  extracted from probing the Q1 (N) and 

P1(N) branches, are shown in Fig. 2.3a. These measurements highlight the population 

distribution for the lower 
2
3/2 spin-orbit state and exhibit a maximum at N=2 and 

extend only up to the N=5 rotational level. The Q2(N) branch probe population in the 
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higher energy 
2
1/2 spin-orbit state of OH and is also shown in the same figure. As some 

of the lines in this branch overlap due to a combination of factors such as the close 

proximity of spectral transitions, Doppler broadening, and finite probe laser linewidth, 

the rotational distribution for the 
2
1/2 spin orbit state has a slightly larger error bar 

associated with it.  The average rotational energy of the OH fragments resulting from the 

dissociation of PFA was determined to be respectively 0.32 and 0.35 kcal mol
-1

 from the 

Q1 and P1 branches and 0.38 kcal mol
-1

 from the Q2 branch lines.  We next discuss the 

relative population of the OH fine-structure states. The 
2
Π electronic state has two Λ-

doublet components arising from the interaction between electronic orbital angular 

momentum and nuclear rotation. This leads to a difference in the relative orientation of 

the  molecular orbital containing the unpaired electron with respect to the rotational 

plane of the molecule for the two Λ-doublet components.
32

 In the high J limit, Π( ) 

states have the  orbital lobes parallel to the rotational plane (i.e in the plane of rotation), 

whereas the Π( ) states have the  orbital perpendicular to rotational plane. However, 

for low J values, the Λ-dou let states are a mixtures of these two (Π( )
 
and Π( ) ) 

limiting cases.  lthough the two Λ-doublet components are closely spaced in energy, 

population in the two Λ-doublet components are easily probed experimentally because 

selection rules restrict the P and R  ranch to pro ing the Π( ) component while the Q 

 ranch pro es the Π( ) component.
32-34

 In the upper panel of Figure 2.3  the Λ-doublet 

population ratio, obtained from taking the ratio of the population extracted from the P1 

and Q1 transitions, is presented as a function of the rotational quantum number N. If the 

dissociation proceeds through a planar configuration, one expects a preference for the 
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Π( ) states in the limit of high rotational angular momentum.
32-34

  In the case of PFA, 

photodissociation at 355 nm produces only the low N” rotational levels of OH and hence 

this preference is not readily expressed. However the trend displayed by the measured 

points over this limited range (N”=2 to N”=5), shown in  ig. 2.3b, indicates that the 

Π( )/Π( ) population ratio increases slightly with N”  and thus suggests an increasing 

preference for the (A) state as N increases. Given the lack of strong propensity for 

either the Π( ) or Π( ) lambda doublet states in the 
2
3/2 manifold, we did not measure 

the lambda doublet ratio for the 
2
1/2 state. In coming up with the percentage populations 

estimates shown in Fig. 2.3a we assumed that the lambda doublet ratio for the upper spin 

orbit state to be similar to that found in the lower spin-orbit state. Finally, as already 

noted, the 
2
Π electronic state has two spin orbit components corresponding to the, 

2
Π3/2 

and 
2
Π1/2 levels. Whereas the P1and Q1 transitions probe the 

2
Π3/2 level, the Q2 branch 

probes the higher energy 
2
Π1/2 spin orbit state. The ratio of the populations in the 

2
Π3/2 

and 
2
Π1/2, states is shown in the lower panel of Fig. 2.3b; where the population ratio has 

been multiplied by the degeneracy factor,  N/(N + 1), for normalization and plotted as a 

function of  the rotational quantum number N. From the spin-orbit population ratio, we 

find that there is no definite preference for either spin orbit state in the photodissociation 

of PFA at 355 nm.       

The average translational energy was determined from the widths of Doppler 

broadened rotational lines in the LIF spectrum. The raw Doppler profiles for the isolated 

Q1(4) and P1(4) transitions resulting from 355 nm photolysis are shown in Fig. 2.4. The 

corresponding line widths were extracted by fitting the raw data to a Gaussian profile and 
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deconvoluting out the UV probe laser linewidth. Given the UV line width of the probe 

laser (0.42 cm
-1

), the relatively low available energy, and the pump/probe geometry of the 

experiment, vector correlation was not observed in these measurements. The 

deconvoluted Doppler linewidth D is related to the average translational temperature 

TOH through the following equation: 
35

 

 
OH

OH
D m

T
0

7102.7      (1) 

In the above equation ν0 and mOH represent respectively the center frequency of the 

transition in cm
-1

 and the mass of the OH fragment in atomic mass unit. Further, the 

average translational energy of the OH fragment, ET(OH), is related to the translational 

temperature TOH bythe equation:
36

 

  OHT kTOHE
2

3
      (2) 

The OH fragment translational temperature was determined to be 7200  600 K from the 

355 nm photolysis of PFA and corresponds to an average translational energy of 21.5  

1.8 kcal mol
-1

 being released into this fragment. The overall fragment energy release data 

is summarized in Table 2.1. 

Next an estimate of the absorption cross sections of PFA in the near UV was 

made by comparing the yields of OH from PFA with that from H2O2 at both 355 and 282 

nm using the known absorption cross section and quantum yield of H2O2 at these 

wavelengths.
37,38 

The yield of nascent OH fragments in the 
2
3/2(N”=2) level was 

monitored in back-to-back photodissociation measurements from both sample and the 

reference compound at a known sample pressure and same photolysis laser power using 
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the Q1(N”=2) transition at  oth wavelengths.  he measured Q1(N”=2) relative signals 

was then related to the total OH population distribution for the two molecules (PFA and 

H2O2).  or the 355 nm measurements this was achieved using the P   OH(N”) rotational 

state distribution given in Fig. 2.3a  in conjunction with the OH(N”) data from H2O2 

photolysis at 355 nm obtained by A. J. Alexander.
39

  For the 282 nm measurement, which 

accesses the same excited electronic state of PFA as at 355 nm (see below) and produces 

a rotational distribution for the Q1(N)  branch very similar to that found at 355 nm (see 

Fig. 2.5a), we assumed that the rotational population distributions in the other OH fine 

structure states from 282 nm photodissociation to be similar to that found at 355 nm. We 

believe this to be a reasonable approximation to get a coarse estimate of the absorption 

cross section (i.e. within ~30%). For the OH population distribution resulting from 

hydrogen peroxide photodissociation at 282 nm, we measured the Q1(N) rotational 

distribution directly, shown in Fig. 2.5b, and also found published literature data over the 

280-290 nm range giving the full OH fine structure distribution.
40

 We note that no 

significant preferences or differences between the various fine structure state populations 

were  reported for the OH fragments from photolysis of H2O2 over these wavelegths.
40

  

Further for both 355 and 282 nm, the quantum yield for OH formation from 

hydrogen peroxide was taken to be two,
37

 while for PFA we assumed it to be unity. The 

assumption that the OH quantum yield from PFA is unity at 355 nm is based on energetic 

grounds as the OH fragmentation channel is the only one energetically open at this 

wavelength.  For 282 nm, even though other channels are energetically possible, we 

assume that the OH quantum yield is unity at this wavelength because molecular orbital 

calculations (see below) indicate that the orbitals involved in the near UV excitation of 
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PFA are of antibonding character localized on the peroxide O-O bond; hence upon near 

UV excitation O-O bond breakage is expected to be dominant. The absolute cross 

sections for H2O2 was taken to be 1.80 × 10
−20

 cm
2
 at 282 nm and 1.79 × 10

−22
 cm

2
 at 355 

nm as determined from an interpolation of the available data.
37,38

 By using these known 

cross sections, we estimate the absorption cross sections for PFA to be (8  2 ) × 10
−21

 

cm
2
 at 282 nm and (0.34  0.10) × 10

−22
 cm

2
 at 355 nm. The smaller measured absorption 

cross-section of PFA relative to H2O2 is also consistent with the results of our ab-initio 

calculations which find the oscillator strengths for excitation to the first excited electronic 

state of these two molecules to be respectively 0.002 and 0.005 (see Table 2.2 and 2.3).  

As photolysis in the absorption tail of hydroperoxides can be an important source of 

atmospheric OH radical at high solar zenith angles,
41 

we provide an approximate estimate 

of the absorption cross section for PFA over the entire 282 to 355 nm range by 

interpolating between the two measured points using a Gaussian function (Fig. 2.6). The 

choice of this functional form was motivated by the reflection principal
42

 and was tested 

using data for two reference hydroperoxides, H2O2 and peroxy acetic acid, over the same 

spectral region where their absorption cross sections are known. The Gaussian functional 

form used to fit the absorption tail is given in Eq. 3: 

 σ(λ) =         (3) 

In the a ove equation σ () is the absorption cross section in cm
2
 per molecule at a 

particular wavelength,  is the wavelength in nm, 0 is the “effective” peak a sorption 

cross section in cm
2
 per molecule, a is the “effective” wavelength of this a sorption 

maximum in nm and b determines the width of the Gaussian also in nm. 
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In order to determine how well this 3 parameter functional form is able to fit 

hydroperoxide cross section data in the absorption tail region, fits were carried out for 

hydrogen peroxide (H2O2) and peroxyacetic acid (PAA). For H2O2 data from the JPL 

website
37

 covering the wavelength region between 280 – 350 nm and data from Kahan et 

al.
38

 for the wavelength between 350 – 360 nm were used. For PAA the data of Orlando 

and Tyndall from 280-340 nm was used.
23

 Optimum values for the effective parameters 

0, a, and b were found by fitting the available data while minimizing the sum of squared 

differences (σ(λ)actual – σ(λ)Gaussian). The values of the parameters for H2O2 and PAA 

obtained from these fit are given in Table 2.4. As Fig. 2.6 shows, the Gaussian functional 

form works well in fitting the available data in the absorption tail for both the 

hydroperoxide reference molecules, giving us confidence for its applicability for PFA 

over the same wavelength range. For peroxyformic acid, where the cross section data was 

limited to just two points, the fits were also carried out using Eq.3 but with only the 2 

parameters a and b being allowed to vary. For the PFA fit, the 0 parameter was held 

fixed to the 0 value found for H2O2 but scaled down by the ratio of the computed ab-

initio oscillator strengths for the first excited singlet electronic state of the two molecules 

(i.e. o(PFA)=0(H2O2) x ab-initio scale factor ratio). As noted earlier, the computed 

oscillator strength for the first excited singlet states are respectively 0.005 and 0.002 for 

H2O2 and PFA (see Tables 2.2 and 2.3). The values of a and b obtained from this 

constrained fit through the PFA data are also given in Table 2.4 and the results shown in 

Fig. 2.6. As all the hydroperoxide samples were expected to be greater than 90% purity, 

no correction for sample purity was applied. 

2.3.2. Computational Results 
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In order to obtain insight into the UV photochemistry of PFA and the resulting 

rather cold OH rotational product state distribution, we have carried out ab initio 

calculations to examine the ground and excited electronic state potentials of the molecule. 

These calculations were performed using the Gaussian 09 software.
43

 We also carried out 

excited state calculations on H2O2 at the same level of theory.  As the excited electronic 

states of H2O2 are well characterized, the results from H2O2 provide some level of 

validation for the methodology used in calculating the excited state properties of the yet 

uncharacterized PFA molecule. The equilibrium structure of H2O2 has been examined 

both experimentally and theoretically by several groups.
44-49

 Most recently Watts et al. 

used quadratic configuration interaction singles-and-doubles and non-iterative triples 

method [QCISD(T)] along with augmented correlation-consistent polarized valence 

triple-zeta basis set (aug-cc-pVTZ) for optimizing the ground state structure of H2O2 and 

found it to be in good agreement with prior results.
49

 We have used the Møller−Plesset 

(MP2) method in conjunction with the aug-cc-pVTZ basis to optimize the ground state 

structure of H2O2 and our results match quite well with the prior calculations.  Geometry 

optimization for the ground state of PFA was also performed at the MP2/aug-cc-pVTZ 

level. As earlier studies suggest that the internally hydrogen bonded planar structure is 

the lowest energy conformer of PFA, we constrained the molecular geometry to Cs 

symmetry during optimization of the ground state. Figure 2.1 shows the optimized 

structure of the PFA molecule. 

The vertical excitation energies of the electronic excited states are quite sensitive 

to initial starting geometry, basis sets, and ab initio method used. In the case of H2O2, 

Watts et al. used the QCISD(T)/aug-cc-pVTZ level optimized ground state geometry to 
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calculate vertical excitation energies at the EOM-CCSD/aug-cc-pVDZ level.
49

 Based on 

their results, the EOM-CCSD excitation energies tend to be quite reliable for describing 

electronic excitations in the hydroperoxides  they studied, which included both H2O2 and 

CH3OOH.
49 

In the present study we have used the ground state geometries of both H2O2 

and PFA computed at the MP2/aug-cc-pVTZ level as the starting structures for 

calculating vertical excitation energies of both molecules using the EOM-CCSD/aug-cc-

pVDZ calculations. The vertical excitation energies calculated for the ten lowest singlet 

states of H2O2 and PFA, starting from their equilibrium geometry, are given respectively 

in Table 2.2 and Table 2.3 of the while those for the first six triplet states of each 

molecule are given in Table 2.5 and 2.6 there. Our computed vertical excitation energies 

for H2O2 are in good agreement with the energies reported by Watts et al.
49

 This validates 

our approach in using the EOM-CCSD method for calculating the excitation energies of 

other hydroperoxides. As can be seen from Table 2.3, the first excited electronic singlet 

state of PFA is the 1
1
A state and it is calculated to be 5.878 eV above the ground state. 

This is to be compared with a value of 6.079 eV calculated for the first excited state of 

H2O2 at the same level of theory (Table 2.2). 

As we are interested in dissociation along the O-O stretching coordinate to form 

OH fragments, we also computed cuts through the ground and excited state potentials of 

H2O2 and PFA along this coordinate. Potential energy scans along the O-O stretch 

coordinate were calculated using the EOM-CCSD method in conjunction with the aug-

cc-pVDZ basis. For these scans all geometrical parameters, other than the O-O bond 

distance, were fixed at their equilibrium value computed at the MP2/aug-cc-pVTZ level. 

Figure 2.7 shows the computed diabatic potential energy curves of H2O2 and PFA as a 
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function of their respective O–O bond distance.  As can be seen from Fig. 2.7, there are 

certain values of the O-O bond distance for which excited electronic states of the same 

symmetry cross in both H2O2 and PFA. For example in H2O2, the 1 
1
B excited crosses the 

2 
1
B state at a O-O distance of ~1.5 Å. In order to get the correct diabatic electronic curve 

on both sides of the crossing, we further investigated the regions of these crossings by 

taking much smaller steps (0.01 Å) along the O-O coordinate and looking at the 

amplitudes of the molecular orbitals before and after the crossing. In the EOM-CCSD 

method each electronic state consists of a mixture of several molecular orbitals. Further 

for both our molecules (H2O2 and PFA), we found that each excited electronic state is 

characterized by one molecular orbital that has the largest coefficient. We made sure that 

we were following the correct electronic state through the crossing by connecting 

electronic states with the same leading molecular orbitals (largest coefficient) on one side 

of the crossing with electronic states that have the same largest molecular orbitals after 

the crossing. In this way the potential energy data points associated with the correct 

diabatic electronic states could be connected to generate the curves shown. Our computed 

potential energy curves for H2O2 match with those reported in the earlier work by Watts 

et al. and others.
10,48,49

 The electronic states in the figure are numbered in a manner 

similar to Watts et al. with the numbering of each electronic state of a given symmetry 

being dictated by their relative energy just above the ground state equilibrium position. 

The two lowest excited singlet states of H2O2, 2
1
A and 2

1
B, are repulsive and correlate 

with ground state OH fragments. The 4
1
A and 3

1
B excited states are also repulsive and 

correlate with a product channel where one of the OH fragments is formed in its 

electronically excited state.
10 

The other two excited states, 3
1
A and 1

1
B, presumably 
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correlate with a product channel where both OH fragments are electronically excited. 

Although it is difficult to see from Fig. 2.7a, the repulsive 5
1
A excited state of H2O2 

correlates with ground state products. This is confirmed through the previous work of 

Gericke et al. where the potential energy curve of the 5
1
A state is presented for larger O-

O distances reaching up to 5.2 Å.
10 

Similar to H2O2, the potential energy curves of the 

ground and six low-lying excited singlet states of PFA as a function of the O–O bond 

distance are shown in Figure 2.7b. From the figure it is seen that the 1
1
A, 3

1
A, and 2

1
A 

excited electronic states are repulsive and correlate with ground electronic state OH 

fragments. By contrast the 2
1
A and 3

1
A excited states correlate with the A

2
 

electronically excited state of the OH fragment, which is ~4 eV above OH X
2
Π ground 

state. The 4 
1
A  excited state appears at longer O-O bond distances and from the 

energetics calculated up to a O-O distance of 3.2 Å, it is expected to correlate with 

ground state OH products. Apart from the OH fragment, the partner fragment resulting 

from O-O bond dissociation of PFA is the weakly bound HCO2 radical. The electronic 

states of HCO2 are complex with several low lying states having similar energy and being 

strongly mixed due to pseudo Jahn –Teller distrotion.
50-55

 The CASPT2 approach predicts 

that for C2v symmetry the ground state is the 
2
A1 state, followed by 

2
B2 state and the 

2
A2 

excited states.
50,55

 Recent studies suggest that the 
2
B2 and 

2
A2 excited states are 

respectively just 0.04eV and 0.5eV above the ground electronic state.
55

  Because the 

energy of the first few electronic states of HCO2 are very close together, we are unable to 

unambiguously determine whether the first excited state  of PFA (1
1
A) correlates with 

the 
2
A1 state or to 

2
B2 state of the HCO2 product.  In addition we point out that although 

electronic states computed using the EOM-CCSD method are expected to be fairly 
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reliable in the Franck-Condon region, the methods ability to describe asymptotic regions 

of the potential associated with bond breakage is less reliable, specially compared to 

multi-reference treatments. 

Apart from the O-O coordinate, the other coordinate that can potentially influence 

the dissociation dynamics of hydroperoxides is the torsion angle  (ROOH). The 

calculated potential energy curves for the ground and first two excited states (2
1
A and 

1
1
B) of H2O2 as a function of the torsion angle  (HOOH) are shown in Figure 2.8a. 

These curves agree with those reported earlier by Gericke et al.
10

 and show that the 

equilibrium torsional angle are significantly different for the ground and first two excited 

states of H2O2. Figure 2.8b shows the corresponding torsional potential for PFA. As 

expected, the presence of internal hydrogen bonding leads to a value of =0 for the 

equilibrium torsion angle in the ground electronic state. Interestingly, as the upper part of 

Fig. 2.8b shows, the first excited electronic state of PFA also exhibits an equilibrium 

torsional angle of  = 0°. The second excited state, however, has an equilibrium torsion 

angle that is shifted to a value of  = 110
o
. Further, we investigated the effect of O-O 

bond extension on the torsional potential for both the ground and first excited state of 

PFA. These results are shown in Figure 2.9. From these results we find that extending the 

O-O bond from its equilibrium value of 1.44 Å to 1.60 Å has no effect on the value of the 

equilibrium torsional angle for either the ground or first excited electronic state of PFA. 

Finally, we have also investigated the nature of the molecular orbitals involved in 

excitation to the first electronic excited state of PFA (1
1
A). As the EOM-CCSD/aug-cc-

pVDZ level of calculation does not provide a simple picture of these orbitals, we used the 
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configuration interaction singles (CIS) level of theory followed by natural transition 

orbitals (NTOs) treatment with the same basis set to obtain a visualization of the 

approximate molecular orbitals involved in the electronic transition.
56 

The NTO analysis 

performs unitary transformation of the occupied molecular orbitals (MOs) and virtual 

MOs separately in such a way that the new set of orbitals (equivalent to original set) 

maximizes the description of the selected ground to excited state transition density with 

the lowest possible number of single excitation determinants. Thus, this is a useful 

approach for visualizing and assigning the orbitals involved in the electronic transition 

which are typically very mixed when computed using the EOM-CCSD method. The 

molecular orbitals involved in the transition from the ground to the first excited electronic 

(1
1
A ) sate of PFA are depicted in Figure 2.10. Based on these results we assign the 

excitation to be a (O-O)  n(O) transition, involving excitation of an electron from the 

occupied nonbonding (n) orbital of oxygen to a virtual anti-bonding sigma () orbital on 

the O-O bond. The orientation of the electronic transition moment associated with 

excitation to the first three excited electronic states of PFA is given in Fig. 2.11. 

2.4. Discussion 

We have investigated the photochemistry of PFA at 355 nm, corresponding to a 

spectral region where the carbonyl and peroxide chromophors are typically active in 

many molecules.
57

 Although peroxyformic acid contains both these chromophors, the 

present study suggests that its near UV photochemistry is dominated by the chromophor 

associated with the peroxide moiety. Our calculations confirm that the electronic excited 

state accessed at 355 nm corresponds to the 1
1
A state (see Fig. 2.7b), involving 

excitation of an electron from the occupied nonbonding (n) orbital of the peroxide 
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oxygen atoms to a virtual anti-bonding sigma () orbital on the same two atoms (Fig. 

2.10). In this sense the near UV photochemistry of PFA is similar to that of other 

hydroperoxides such as HOOH and CH3OOH. An examination of the molecular orbitals 

associated with the excited states of PFA indicates that the *n transition, which 

typically characterizes carbonyl group photochemistry, occurs at much higher energy and 

is associated with excitation to the 2
1
A excited state. Further from the computed 

potential energy curves shown in Fig. 2.7b, it appears that the energy associated with a 

355 nm photon is insufficient to initiate a direct vertical Franck-Condon transition to the 

1
1
A excited state starting from the ground state equilibrium geometry. Thus based on the 

present level of theory, the computational results suggest that for photons at this 

wavelength transition to the first excited electronic state probably occur from molecular 

configurations corresponding to an extended O-O bond distance where the ground and 

first excited electronic states approach closer in energy. Such extended configurations 

likely arise from O-O stretching hot band states (8≈833 cm
-1

) populated in these room 

temperature measurements or possibly the decaying tail region of the ground vibrational 

level wavefunction.  

Given the repulsive nature of the 1
1
A excited state and the fact that it correlates 

with ground state OH products, one expects a significant fraction of the available energy 

to be channeled into fragment translation upon photodissociation. The total available 

energy for distribution among the fragments (Eavl) is given by Eq.4 which takes into 

account the photon energy (h), the initial internal thermal energy (ETherm) of the parent 
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molecule, and the bond dissociation energy (D0) required to break the O-O bond in PFA 

and generate the HCO2 and OH fragments in their ground state: 

   OODPFA
Therm

Eh
avl

E 
0

    (4) 

Using available heats of formation data for PFA,
50,58

 HCO2,
50,54

 and OH
37

 at 0
 
K, we 

estimate the O-O bond dissociation energy (D0) for PFA to be 44.8  3 kcal mol
-1

. The 

internal energy (ETherm) of the parent molecule at 298K is estimated from the output of a 

G-09 MP2/ aug-cc-pVTZ level calculation to be ~1.6 kcal mol
-1

. Thus, the maximum 

available energy, Eavl, at 355 nm is 37.3 kcal mol
-1

. The fraction of this available energy 

found partitioned into the translational (fT), rotational (fR) and vibrational (fV) degrees of 

freedom is summarized in Table 2.1. The entries are determined directly for the OH 

fragment using data from the LIF measurements and indirectly for the HCO2 fragment by 

applying momentum and energy conservation. The average total translational energy 

release, ET(Total), associated with the dissociation process at 355nm is estimated to be 

29.6 kcal mol
-1

 and corresponds to 79% of Eavl. The fact that the OH fragments are found 

to have a large fraction of the available energy in translational is consistent with the 

dissociation occurring from a repulsive electronic state such as the 1
1
A state. Table 2.1 

also gives the results of applying a simple impulsive model.
59

 We use the impulsive 

model of Tuck which assumes that all the available energy initially goes into translation 

of the two oxygen atoms of the dissociating peroxide bond.
59

 Other assumptions of the 

direct impulsive model can  e found in  uck’s paper.
 59

 The impulsive model predicts a 

value of 17.5 kcal mol
-1

 for the translational energy release in PFA which is lower than 

the measured value of 21.5 kcal mol
-1

. Measurements reported on other hydroperoxides 
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also show large translational energy release upon UV photodissociation.
10-17,24

 For 

example photodissociation of H2O2 at 266 nm generates OH fragments with 90% of the 

available energy in translation,
10

 while the dissociation of peracetic acid at 266nm,
24

 

methyl hydroperoxide at 193nm (248 nm),
13,14

 and tert-butyl hydroperoxide at 248 nm
17

 

produce translational energies releases corresponding respectively to 67.7%, 65% (67%), 

and 60% of the available energy. From the above results we notice the trend that as the 

molecular complexity increases in going from H2O2 to the larger alkyl peroxides, a larger 

fraction of the available energy is deposited in the internal degree of freedom of the co-

photofragment partnered with the OH radical. Since the complexity of PFA is roughly in 

between H2O2 and peracetic acid, our observed trend in translational energy release is 

consistent with the translation energy release decreasing along the series: H2O2 > PFA > 

peracetic acid. Given that 79% of Eavl goes into translation, the remaining 21% must go 

into internal degrees of freedom of the OH and HCO2 fragments.   

We did not observe any vibrationally excited OH from PFA at 355 nm and the 

average rotational energy of the OH fragment, determined from probing the Q1, P1, and 

Q2–branches, is ~0.35 kcal/mol. As Table 2.1 shows, this amount of OH rotational 

excitation is less than that predicted by the impulsive model.  Combining the energy in 

translation for the two fragments with the amount in internal excitation of the OH, energy 

conservation then suggests that about 7 kcal/mol remains for internal excitation of the 

HCO2 fragment. As noted above, ab-initio calculations show that HCO2 has a complex 

set of electronic excited states some of which are low lying.
50-55

 Thus the 7 kcal/mol 

available to it could result in some fraction of the HCO2 fragments being formed in its 

first excited electronic state. The present measurements are unable to confirm whether the 
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first electronic excited state of HCO2 is formed at 355 nm.  Another striking observation 

that needs to be addressed is that in the photodissociation of PFA at 355 nm, the OH 

fragments are generated with relatively low rotational excitation (see Fig. 2.2). Further, 

this rotational excitation increases only slightly when the PFA dissociation energy is 

increased by going to 282 nm as shown in Fig. 2.5a. The rather low OH rotational 

excitation arising from the dissociation of PFA becomes even more evident when 

compared with the results from the dissociation of H2O2 at 355 nm and 282nm, as shown 

respectively in Fig. 2.2 and Fig. 2.5b. Although the two molecules, PFA and H2O2,  have 

similar O-O bond dissociation energies, the OH distribution from H2O2 extends up to 

N=10 and N=12 from respectively 355 and 282 nm photodissociation while that from 

PFA only extends only up to N=5 at both wavelegths.
39

 A similar trend is also observed if 

the OH fragment rotational distribution from PFA is compared with those obtained from 

the dissociation of tert-butyl and ethyl hydroperoxide at 362nm, which corresponds to a 

wavelength longer than 355 and 282 nm.
15

 Thus, the OH rotational distribution from PFA 

is always found to be colder compared to those from other hydroperoxides photolyzed 

over the 282-355 nm range. The three main sources of fragment rotation are the initial 

rotation of the parent molecule due to thermal energy, the zero-point vibrational energy 

of the disappearing bending and torsional mode of the parent molecule and final state 

interactions due to torques generated on the excited electronic surface arising from the 

dependence of the excited state potential on angular coordinates.
42 

In the case of 

hydroperoxides such as H2O2 and CH3OOH, vector correlation studies in conjunction 

with ab-initio calculations suggest that the dominant source of OH fragment rotation 

arises from the anisotropy of the excited potential with respect to the H-O-O-X ( where 
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X=H or CH3) torsional coordinate. 
10,13

 We have looked into the extent to which this later 

factor influences fragment rotation in PFA by calculating the electronic excited and 

ground state torsional potentials of PFA and comparing it with those for H2O2.  

As shown in Fig. 2.8a the ground state of H2O2 has an H-O-O-H equilibrium torsion 

angle () corresponding to 112
0
, while the 1

1
B and 2

1
A electronic excited states have 

their equilibrium torsional angle at respectively =0 and =180. Thus UV excitation of 

H2O2 from the ground state equilibrium configuration to these electronic excited states 

leads to displacement along the torional coordinate and hence excitation of torsional 

motion which maps onto the OH fragment rotation. In contrast to the situation in H2O2, 

internal hydrogen bonding in PFA results in the R-O-O-H equilibrium torsional angle 

being =0 for the ground electronic state. We have investigated the torsional potential of 

the first two electronic excited states of PFA (Fig. 2.8b) and find that for the first excited 

state (1
1
 ″) the equili rium torsional angle also corresponds to =0 while for the second 

excited state (2
1
 ″) =110.  Further, for the first excited state the equilibrium torsional 

angle remains at =0 even for extended O-O bond distances, corresponding to likely 

configurations from where the electronic absorption takes place at 355nm (Fig. 2.9) in 

PFA. Thus, unlike the case of H2O2, for PFA there is no significant displacement along 

the torsional coordinate upon UV excitation to 1
1
A state and consequently the observed 

OH fragment rotation is dictated primarily by initial parent rotation and the zero-point 

energy of the disappearing bending mode. Further, given that the repulsive force 

generated upon photodissociation of PFA is directed along the O-O bond, which passes 

close to the center of mass of the O-H fragment, the released energy is not expected to 
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generate a significant torque; this explains why only a modest amount of rotational 

excitation is generated in the OH fragment at both 355 and 282 nm.  By contrast, our 

computational results predict that there will be significant OH rotational excitation upon 

UV excitation of PFA at shorter wavelengths corresponding to excitations to the higher 

energy 2
1
 ″ excited state.  he present results also suggest an analogous  ehavior with 

respect to OH fragment rotation resulting from the photodissociation of peroxyacetic 

acid, which is a related molecule exhibiting internal hydrogen bonding.
24,60

 

2.5. Conclusion 

Absorption of 355 nm light by PFA leads to excitation to the repulsive 1
1
A 

excited electronic state involving (O-O)  n(O) transition. Upon photodissociation, most 

of the available energy appears in fragment translation. The OH fragments are produced 

in their vibrational ground state with only modest rotational excitation due to 

intramolecular hydrogen bonding. Unlike the situation in other hydroperoxides such as 

H2O2 and CH3OOH, the source of the OH rotation from the near UV photodissociation of 

PFA is not due to the anisotropy of the excited state potential with respect to the torsional 

angle. The magnitude of the absorption cross section for PFA in the region between 280-

355 nm falls in between those of H2O2 and peroxyacetic acid. 
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Table 2.1: Energy partitioning for the OH and HC(O)O photofragments of PFA resulting 

from photodissociation at 355 nm and 282 nm.  

 

Energy Type 

 

Photolysis at 355 nm 

(kcal mol
-1

) 

Photolysis at 282 nm 

(kcal mol
-1

) 

Photolysis energy 80.5 101.4 

Eavl 37.3 58.2 

ET(OH) (measured) 21.5 ± 1.5 38.1 ± 1.5 

ET(OH) (impulsive model) 17.5 27.3 

ET(Total) 29.6 ± 2.0 (fT = 0.79) 52.5 ± 2.0 (fT = 0.90) 

ER(OH) (impulsive model) 1.0 1.6 

ER(OH)(measured) 0.32 ± .02 (Q1) 

0.35 ± .02 (P1) 

0.38 ± .07 (Q2) 

0.45 ± .03 (Q1) 

EV(OH)(expt) ~ 0  ~ 0  

Eint(HC(O)O) (energy 

conservation) 

7.3 5.2 
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Table 2.2: EOM-CCSD vertical excitation energies (eV), approximate transition 

descriptions, and oscillator strengths of the first ten singlet electronic states of hydrogen 

peroxide at the MP2/aug-cc-pVTZ equilibrium geometry. 

 

Excited 

Singlet 

State 

State 

Designation 

EOM-CCSD/ 

aug-cc-pVDZ 

Approximate Transition 

Description 

Oscillator 

Strength 

0 

(Ground) 

X 
1
A - - - 

1 
1
A 6.079 912 

920 

914 

911 

0.0050 

2 
1
B 6.917 910 0.0067 

3 
1
B 7.238 812 

820 

814 

811 

0.0097 

4 
1
A 7.908 810 

911 

0.0148 

5 
1
A 8.335 911 

810 

919 

0.0051 

6 
1
B 9.357 811 

819 

0.0278 

7 
1
B 10.072 913 0.0993 

8 
1
A 10.306 912 

914 

0.0091 

9 
1
B 10.597 913 

812 

714 

0.0864 

10 
1
A 10.959 710 

719 

0.0312 
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Table 2.3: EOM-CCSD vertical excitation energies (eV), approximate transition 

descriptions, and oscillator strengths of first ten singlet electronic states of Peroxyformic 

acid at the MP2/aug-cc-pVTZ equilibrium geometry. 

 

Excited 

Singlet 

State 

State 

Designation 

EOM-CCSD/ 

aug-cc-pVDZ 

Approximate Transition 

Description 

Oscillator 

Strength 

0 

(Ground) 
X 

1
A - - - 

1 1
A 5.878 1624 

1623 

1618 

1631 

0.0020 

2 1
A 6.326 1522 

1519 

0.0016 

3 1
A 7.324 1622 

1619 

0.1070 

4 1
A 7.959 1617 

1618 

1621 

0.0113 

5 1
A 8.043 1518 

1524 

1523 

1517 

0.0011 

6 1
A 8.485 1617 

1618 

0.0111 

7 1
A 8.897 1517 

1524 

0.0431 

8 1
A 9.040 1424 

1418 

1423 

0.0001 

9 1
A 9.336 1619 

1622 

0.0767 

10 1
A 9.434 1518 

1521 

1622 

0.0701 
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Table 2.4: Optimized values for the 0, a, and b parameters of H2O2, PAA, and PFA for 

the Gaussian functional form given by Equation 3 (see text). The parameters for each 

molecule allow an estimate its absorption cross section over the indicated wavelength 

range.
 

 

 0 (10
-21

 cm
2
 / 

molecule) 
a (cm

-1
) b (cm

-1
) 

H2O2 (280-360 nm) 115 ± 5 44600 ± 100 4730 ± 20 

PAA (280-340 nm) 41 ± 3
 

43900 ± 100 4000 ± 20 

PFA  (282-355 nm) 46
 

42500 ± 300 3770 ± 100 
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Table 2.5: EOM-CCSD vertical excitation energies (eV), approximate transition 

descriptions, and oscillator strengths of first six triplet electronic states of hydrogen 

peroxide at the MP2/aug-cc-pVTZ equilibrium geometry. 

 

Excited 

triplet 

State 

State 

Designation 

EOM-CCSD/ 

aug-cc-pVDZ 

Approximate Transition 

Description 

Oscillator 

Strength 

1 
3
A

 
4.994 920 

912 

914 

0.0000 

2 
3
B

 
6.063 820 

812 

814 

0.0000 

3 
3
B

 
6.707 910 0.0000 

4 
3
A

 
7.636 810 

911 

0.0000 

5 
3
A

 
8.142 911 

810 

919 

0.0000 

6 
3
B

 
8.468 720 

712 

714 

0.0000 
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Table 2.6: EOM-CCSD vertical excitation energies (eV), approximate transition 

descriptions, and oscillator strengths of first six triplet electronic states of Peroxyformic 

acid at the MP2/aug-cc-pVTZ equilibrium geometry. 

 

Excited 

triplet 

State 

State 

Designation 

EOM-CCSD/ 

aug-cc-pVDZ 

Approximate Transition 

Description 

Oscillator 

Strength 

1 3
A

 4.740 1624 

1631 

1623 

0.0000 

2 3
A

 5.957 1522 

1519 

0.0000 

3 3
A

 5.996 1622 

1619 

0.0000 

4 3
A

 7.781 1618 

1617 

1621 

0.0000 

5 3
A

 7.824 1518 

1524 

1523 

0.0000 

6 3
A

 7.944 1422 

1419 

0.0000 
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Figure 2.1: Peroxyformic acid (PFA) with internal hydrogen bonding. Structure 

constrained to Cs symmetry and optimized at MP2/aug-cc-pVTZ level of theory. 
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Figure 2.2: a) LIF spectrum of the OH (v"=0) Q1(N ") branch resulting from 

photodissociation of PFA at 355 nm; b) LIF spectrum of the OH (v"=0) Q1(N ") branch 

resulting from photodissociation of H2O2 at 355 nm. Note that the OH line intensity and 

hence population extend to higher rotational levels from H2O2, indicating a hotter 

rotational temperature. 
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Figure 2.3: a) OH rotational population distributions from 355 nm photolysis of PFA: the 
2
Π3/2 state is probed using the Q1 and P1 branches while the 

2
Π1/2 state probed using the 

Q2 branch. b) OH (
2
Π3/2 v"=0) -doublet population ratio and OH(v"=0) spin-orbit state 

population ratio versus rotational quantum number (N′′) resulting from the 

photodissociation of PFA at 355 nm. The percentage population shown on the vertical 

axis of Fig 3a is determined by approximating the unmeasured -doublet ratio in the OH 
2
Π1/2 state as being identical to that found in the 

2
Π3/2 state. 
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Figure 2.3: Continued 
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Figure 2.4: a) Doppler profile of the OH Q1(4) transition from 355nm photolysis of PFA; 

b) Doppler profile of the OH P1(4) transition from 355nm photolysis of PFA. These 

measured profiles are convoluted with the probe laser line width in order to extract the 

corresponding translational energy. 
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Figure 2.5:  a) Comparison of OH fragment Q1(N") rotational state distribution from the 

photodissociation of PFA at 355 and 282 nm; b) Comparison of OH fragment Q1(N") 

rotational product state distribution from the photodissociation of PFA and H2O2 at 282 

nm. 
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Figure 2.6: Interpolation of UV cross section data in the absorption tail region for PFA, 

H2O2 and peroxyacetic acid (PAA). Data for all three hydroperoxide were fit using the 

 aussian functional form: σ(λ) = . For fits to the H2O2 and PAA data all 

three parameters were varied. For PFA, only a and b were varied while 0 was fixed at 

4.6 × 10
-20

 cm
2
 per molecule (see text). The best fit values of the parameters found for all 

three molecules are listed in Table 2. 
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Figure 2.7: a) The potential energy curves of the ground and low-lying excited singlet 

states of H2O2 as a function of the O–O bond distance, b) The potential energy curves of 

the ground and low-lying excited singlet states of PFA as a function of the O–O bond 

distance. All other coordinates for both molecules are fixed at their equilibrium value. 

The distance is in Å, and the energies are in eV and are relative to the minimum energy 

of the ground state equilibrium geometry. The potential energies of the excited states 

were obtained using the EOM-CCSD method. 
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Figure 2.8: a) Torsional potential energy curves for the ground and two low-lying 

excited states of H2O2 as a function of the torsion angle  (HOOH), b) Torsional 

potential energy curves of the ground and low-lying excited states of PFA as a function 

of the torsion angle  (COOH). The angle is in degrees and the energies are in eV 

measured relative to the respective ground state equilibrium geometries. The potential 

energies of the excited states were obtained by using the EOM-CCSD method. All other 

coordinates are fixed at their equilibrium values. 
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Figure 2.9: The potential energy curves of the ground and low-lying excited states of 

PFA as a function of the torsion angle  (COOH) for an extended O-O bond distance of 

1.60 Å. All other coordinates were taken at the equilibrium value. The angle is in degree, 

and the energies are in eV and are relative to the minimum energy of the ground state at 

equilibrium geometry. The potential energies of the excited states were obtained using 

the EOM-CCSD method. 
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                       Occupied nonbonding (n) orbital 
 

 

 

 

                 Virtual anti-bonding sigma () orbital 
Figure 2.10: The molecular orbitals involved in the transition to the first excited state 

of PFA. The molecular orbitals shown are obtained from the natural transition orbitals 

(NTO) analysis at CIS level using aug-cc-pvtz basis set (isovalue = 0.07) and are 

assigned as a transition from an occupied nonbonding (n) orbital to a virtual anti-

bonding sigma () orbital. 
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Ground state 

dipole moment 

 

 
X 

1
A2 

1
A 

Transition dipole moment 

 

 
X 

1
A1 

1
B 

Transition dipole moment 

 

Figure 2.11: a) The orientations of the ground state dipole moment and the electronic 

transition dipole moment for the excitation from ground to first two excited electronic 

states of H2O2. b) The orientations of the ground state dipole moment and the electronic 

transition dipole moment for the excitation from ground to first three excited electronic 

states of PFA. 
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1
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Figure 2.11: Continued 
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Chapter 3 

 

Hydration of Ketene Catalyzed by Formic Acid: Modification 

of Reaction Mechanism and Energetics with Organic Acid 

Catalysis 
 

3.1. Introduction 

Organic acids are important trace components of the troposphere that are 

generated via the oxidation of volatile organic compounds and the burning of fossil 

fuels.
1-5

 They are important in the formation of atmospheric aerosols
6,7 

and impact the 

acidity of rain water.
8,9

 Kinetic models significantly underestimate the atmospheric 

concentrations of these acids and hence suggest that our present understanding of the 

mechanisms that produce these acids is incomplete.
1,10

  As a result there is interest in 

discovering additional missing pathways for organic acid formation.
4
 Acetic acid is 

among the most ubiquitous of the organic acids and is present in the atmosphere at 

concentrations ranging from 0.1 to a few parts per billion by volume, depending on 

location.
11-14

 Previous studies have shown that the pyrolysis of cellulose and lignins, 

which are the principal components of plants, produce various organic compounds which 

upon further pyrolysis generate ketene as a major byproduct.
15-21

 Since it is well known 

that the hydration of ketene in the aqueous phase generates acetic acid, there has been 

interest in determining whether the gas phase hydration of ketene, generated  in the 

atmosphere through forest fires, might potentially be an additional source of tropospheric 

acetic acid.
22, 23

 Because ketene is also a molecule of importance in organic chemistry, 

the solvation of ketene and its derivatives in the aqueous phase has been extensively 

studied both experimentally and theoretically.
24-31

 These results have been reviewed by 
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Tidwell
24,25 

as well as by Nguyen.
26

 The earlier studies suggest that the addition of H2O 

to ketene takes place preferentially at the carbonyl group (>C=O) to form an ene-diol 

rather than at the alkene group (>C=C<) to directly form acetic acid.  Once the ene-diol is 

formed, it is then able to undergo tautomerization with the aid of available water 

molecules to form acetic acid. Support for this two step mechanism for acetic acid 

formation not only comes from computational studies, but also from experiments that 

have isolated and detected the ene-diol intermediates arising from the hydration of 

substituted ketenes.
28

 With regards to gas phase studies, recent high level calculations of 

Nguyen et al.
23

 have confirmed results of previous computational studies at lower levels 

which suggest that the barrier for gas phase hydration of ketene is rather high. 

Consequently ketene is expected to react slowly with H2O in the gas phase.
23,26

 Earlier 

experimental study investigating the gas phase hydration of ketene revealed a surface 

reaction that produced acetic acid, as well as a homogeneous reaction between ketene 

with one water molecule catalyzed by a single acetic acid molecule.
31

 More recently, 

Kahan et al.
22

 have reported the observation of acetic acid as a primary product when gas 

phase ketene is combined with water vapor at room temperature.  

Previous work from our lab as well as by others has shown that organic acids can lower 

the barriers for certain hydration reactions.
32-36

 However to the best of our knowledge, 

there have been no computational studies investigating the hydration of ketene in the gas 

phase aided by organic acids. In this study we investigate the hydration of ketene 

catalyzed by a single formic acid (FA) molecule. We find that the barrier for the 

hydration reaction involving one water molecule plus a formic acid is greatly reduced 

relative to that involving two water molecules. Further when an additional water 
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molecule is introduced i.e.  H2C2O + FA+2H2O, the barrier is sufficiently lowered to 

make the reaction energetically feasible under atmospheric conditions. In addition with 

formic acid as a catalyst we find that the mechanism for the hydration reaction changes, 

with the addition of water across the C=C double bond being progressively favored over 

its addition across the C=O bond as the number of partner water molecules is increased 

from one to two molecules. For the purpose of direct comparison, we have also 

investigated the hydration of ketene catalyzed by two water molecules at the same level 

of theory. The present findings are significant as the results provide insight into the 

potential for organic acid catalyzed hydration of ketene leading to acetic acid formation 

under atmospheric conditions. Once formed, the acetic acid itself can act as a catalyst for 

the hydration of additional ketene molecules (i.e auto catalysis). Also such reactions 

occurring on the surface of aerosol particles can potentially contribute toward 

accelerating aerosol growth as well as catalyzing the hydration of other carbonyl 

compounds.
32,33

 

3.2. Computational Methods 

Gaussian-03/09 suite of programs
37,38

 has been used to carry out all the quantum 

chemistry calculations presented here. The calculations have been performed using 

Density Functional Theory (DFT), second order Møller–Plesset (MP2) perturbation 

theory, and the QCISD method all in conjunction with the 6-311++G(3df,3pd) basis set. 

 ull geometry optimi ations were performed for all three approaches using Schlegel’s 

method
39

 with tolerances of better than 0.001 Å for bond lengths and 0.01° for angles and 

with a self consistent field convergence of at least 10
-9

 of the density matrix. The residual 

root-mean-square (rms) forces were < 10
-4

 au.  Moreover, the MP2 geometry 
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optimizations were performed with all orbitals active, referred to as MP2=Full. It is 

important to note that geometry optimizations using the larger basis set are required to 

reduce basis set superposition error (BSSE), even though full (100%) counterpoise 

corrections often underestimate binding energies of dimeric complexes.
40-42 

For the DFT 

calculations, the popular  ecke’s three parameter hy rid functional in conjunction with 

the Lee-Yang-Parr correlation (B3LYP) has been used.
43,44

 Transition states (TS) for the 

water and FA assisted reactions have been located using the OPT=TS routines as 

implemented in the Gaussian-03/09 program. Furthermore, intrinsic reaction coordinate 

(IRC) calculations were performed at the DFT level to unambiguously verify that the 

transition states found connect with the desired reactants and products. In addition we 

have also performed single point energy calculations at the CCSD(T) level in conjunction 

with the 6-311++G(3df,3pd) basis set to refine our energy estimates for the various 

stationary points. These single point calculations have been performed on the fully 

optimized geometries obtained at the QCISD/6-311++G(3df,3pd) level. The computed 

total electronic energies (Etotal) along with the zero-point energy (ZPE) corrected 

electronic energies [Etotal(ZPE)] of the monomers, complexes, and the transition states 

obtained at the DFT, MP2, QCISD and CCSD(T) levels are given in Table 3.1. The z-

matrices for the optimized structures at the MP2/6-311++G(3df,3pd) can be found in the 

Appendix. Normal-mode vibrational-frequency calculations at both the B3LYP/6-

311++G(3df,3pd) and MP2/6-311++G(3df,3pd) levels have also been performed to 

estimate the respective zero point energy (ZPE) corrections for the reactants, products, 

and TS. The computed Etotal(ZPE) corrections for both the QCISD and CCSD(T) levels 

use the ZPE associated with the MP2/6-311++G(3df,3pd) level vibrational calculations. 
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Furthermore, the frequency calculations established the nature of the stationary points by 

confirming that the stable minima have all positive vibrational frequencies and the 

transition states have only one imaginary frequency (see Table 3.2). 

3.3. Results and Discussion 

3.3.1. Hydration of ketene involving two water molecules and ene-diol formation 

As the hydration of ketene involving two water molecules has been previously 

discussed in the literature, we carried out calculations on this system to provide a point of 

comparison with the earlier studies.
23-27 

These previous studies have shown that acetic 

acid formation from the hydration of ketene occurs in two steps. In the first step, the 

addition of water occurs at the carbonyl group of ketene (H2C=C=O) to form an ene-diol. 

Subsequently, the ene-diol is converted to acetic acid through water assisted 

tautomerization. Thus for ketene hydration involving two water molecules, the relevant 

reactions for the first step can be explicitly written as:  

H2C2O + 2H2O ⇌ H2C2O
…

H2O + H2O ⇌ H2C2O
…

H2O
…

H2O  CH2C(OH)2
…

H2O ⇌ 

CH2C(OH)2
  
+ H2O          (2) 

H2C2O + 2H2O ⇌ H2C2O + H2O
…

H2O ⇌ H2C2O
…

H2O
…

H2O  CH2C(OH)2
…

H2O ⇌ 

CH2C(OH)2 + H2O          (3) 

The above equations represent the two pathways by which the ene-diol can form. 

Basically, either the H2C2O
…

H2O dimeric reactant complex can undergo a bimolecular 

collision with H2O (Eq.2) or ketene (H2C2O ) can collide with the water dimer 

(H2O
…

H2O) (Eq.3).  In both cases the pre-reactive trimeric H2C2O
…

H2O
…

H2O entrance 

channel association complex is formed, which then isomerizes over a barrier to generate 

the product channel complex involving the ene-diol and a water molecule 
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(CH2C(OH)2
…

H2O). Although the H2C2O
…

H2O
…

H2O association complex can also be 

formed through ternary collision involving H2C2O and two
 
H2O molecules, the 

probability of this three-body collision occurring is expected to be relatively low. In order 

to explore the energetics for ene-diol formation catalyzed by water, we begin by first 

focusing on Eq.2 and optimize the geometry of the H2C2O
…

H2O dimeric reactant 

complex involving ketene and water.  The interaction between ketene and water 

molecules has been studied previously and consistent with these earlier studies we find 

that the 1:1 dimeric complex involving ketene and water can occur via several geometries 

that basically differ with respect to the relative orientation of the water and ketene 

subunits. The geometries of these H2C2O
…

H2O dimeric reactant complexes fully 

optimized at the MP2/6-311++G(3df,3pd)  level of theory are shown Fig. 3.1 (Structure-

I, II and III). The ZPE corrected binding energies of these H2C2O
…

H2O structures at the 

same level of theory are also shown there. As the binding energies of the lowest two 

dimeric reactant complexes (Structure- II and III ) are comparable, energetically both 

structures might be expected to contribute equally to the formation of the ene-diol. 

However, in the present work we focus only on the reaction energetics associated with 

Structure-III as the hydration of the >C=O functional group in ketene to form the ene-

diol requires proper orientation of the water molecule with respect to >C=O functional 

group in the H2C2O
…

H2O reactant complex in order to minimize the reaction barrier. An 

orientation is considered favorable if it facilitates the simultaneous transfer of a hydrogen 

atom from the water molecule to the oxygen atom of the carbonyl group while the 

remaining OH moiety of the water molecule binds to the carbonyl carbon atom through 

the formation of a carbon-oxygen single bond. Thus, based on the above considerations 
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Structure-III is found to be more effective in promoting ene-diol formation as it requires 

the least amount of reorientation compared to the other two structures. Having decided on 

the structure of the H2C2O
…

H2O reactant complex we next introduce the second water 

molecule, again keeping in mind that only orientations that will readily promote the 

formation of the ene-diol through hydrogen atom transfer will be important. These 

considerations lead to the preferred geometry of the trimeric H2C2O
…

H2O
…

H2O entrance 

channel complex being Structure IV as shown in Fig. 3.1.   The optimized geometries of 

the entrance and exit channel complexes as well as the TS for the ene-diol formation 

reaction involving two water molecules are given in Fig. 3.2a  and a schematic diagram 

of the  corresponding potential energy profile computed at the CCSD(T)/6-

311++G(3df,3pd)// QCISD/6-311++G(3df,3pd) level is shown in Fig. 3.2b. The binding 

energies of the various species involved in the above ene-diol formation step is given in 

Table 3.3. Similar considerations also apply to the alternate pathway involving the 

reaction of ketene with the water dimer as represented by Eq.3.  Here, the reactant 

entrance complex represented by Structure IV can be formed by the bringing together an 

optimized water dimer (Structure V) towards ketene. The main energetic difference 

between the two paths, represented by Eqs. 2 and 3, is that for Eq. 3 the reactants start at 

a slightly lower energy due to the larger binding energy of the water homo dimer relative 

to the ketene-water hetero dimer as indicated in Fig. 3.2b. Based on the energetics 

summarized in Fig. 3.2b, it is clear that a single water molecule acting as a catalyst does 

not reduce the barrier sufficiently to allow the hydration of ketene to occur readily under 

typical atmospheric conditions. Indeed at the CCSD(T)/6-311++G(3df,3pd)// QCISD/6-

311++G(3df,3pd) level we find that the effective barriers for the hydration reaction either 
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via the H2C2O
…

H2O + H2O and/or H2C2O + H2O
…

H2O pathways to form the ene-diol are 

respectively ~18.3 and ~19.5 kcal/mol. The relative energies of the transition states and 

corresponding barrier heights are summarized in Table 3.4. The present results are 

consistent with earlier studies which found the barrier height for ene-diol formation from 

this reaction to be 16.1 kcal/mol at the CCSD(T)/CBS(aVTZ, aVQZ)  level of theory and 

thus concluded that the rate for ketene hydration involving two water molecules will be 

slow.
23

  For the H2C2O+2H2O reaction we did not investigate the barrier for the direct 

path, involving addition of water across the C=C double bond, as it is expected to be 4.6 

kcal/mol higher compared to that for the ene-diol formation path.
23

 We have also 

investigated the second step, corresponding to acetic acid formation from the 

rearrangement (i.e. tautomerization) of the ene-diol with the aid of two water molecules. 

This is represented by Eq.4 

CH2C(OH)2 + 2H2O CH3C(O)OH + 2H2O  (4) 

This reaction can occur either via the bimolecular collision of an ene-diol/water hetero 

dimer complex, CH2C(OH)2 
...

H2O (Structure VI in Fig. 3.1), colliding with a water 

molecule or the collision of a water dimer with the ene-diol. The optimized geometries of 

the entrance and product channel complexes as well as the TS for this tautomerization 

reaction are given in Fig. 3.3a and the corresponding potential energy curve in Fig. 3.3b. 

Consistent with earlier studies we find that once the ene-diol is formed, the barrier for 

converting it to acetic acid is lowered with the help of water molecules. As shown in Fig. 

3.3b, we find that with two water molecules the barrier for converting the ene-diol to 

acetic acid is 6.6 kcal/mol relative to the CH2C(OH)2
…

H2O + H2O reactants and 4.1 

kcal/mol relative to CH2C(OH)2 + H2O
…

H2O.  If instead of two water molecules only one 
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water is used to convert the ene-diol to acetic acid in the second step, the barrier is 

roughly 16 kcal/mol.
23

 Thus taken together, the barrier heights for ene-diol formation and 

subsequent tautomerization suggest that the hydration of ketene with water alone will be 

extremely slow in the gas phase, especially for atmospherically relevant temperatures.  

3.3.2. Hydration of ketene involving one water molecule and formic acid 

We next consider the scenario where one of the water molecules in the previous 

reaction is replaced by formic acid (i.e. H2C2O + H2O + FA). This reaction with formic 

acid as a catalyst can occur via three different paths involving either the bimolecular 

collision of the H2C2O
…

H2O + FA or H2C2O
….

FA + H2O or FA
…

H2O + H2C2O.  In the 

present study, we have primarily focused on the first reaction pathway, H2C2O
…

H2O + 

FA, as it involves the lowest barrier. In order to explore the energetics associated with 

this reaction path we first start with the structure of the H2C2O
…

H2O reactant complex, 

given by Structure III in Fig. 3.1, and next introduce the FA molecule keeping in mind, as 

before, that only orientations that will readily promote the formation of the ene-diol 

through hydrogen atom transfer and OH addition at the carbonyl site will be important. 

The relevant starting reactant structure for this process along with those of the 

corresponding TS and product channel complex are shown in Fig. 3.4a. Further the 

energy profile for the H2C2O
…

H2O + FA reaction to form the ene-diol is shown in Fig. 

3.4b. As Fig. 3.4b shows, the barrier for ene-diol formation through this pathway is 6.4 

kcal/mol and thus is significantly lower than that for the H2C2O + 2H2O reaction 

discussed in the previous section. Once formed, the ene-diol can be subsequently 

converted to acetic acid via one of three different low energy pathways involving either: 

a) catalysis by water alone as discussed in the previous section, b) catalysis by FA alone 
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or c) catalysis by FA plus a water molecule acting together. As the first scenario has 

already been discussed in the previous section, we focus on the conversion of the ene-diol 

through the latter two paths. With the aid of a single formic acid molecule, the barrier for 

tautomerization of the ene-diol to acetic acid is found to be negative, as shown in Fig. 

3.5a and 3.5b. This tautomerization barrier height is substantially lower compared to the 

16 kcal/mol barrier arising when a single water molecule is the catalyst.
23

 With the 

combination of formic acid plus a water molecule, the tautomerization barrier becomes 

even further negative as shown in Fig. 3.6a and 3.6b. Thus with formic acid present, not 

only is the barrier for the ene-diol formation step lowered relative to that involving just 

water alone, but also the barrier for the subsequent tautomerization step,  which converts 

the ene-diol to acetic acid, is reduced as well. We note that the ability of formic acid to 

lower the barrier for various isomerization reactions is well known and has been 

previously discussed in the literature.
45-48

 With formic acid acting as the catalyst we have 

also re-examined the possibility of the direct path for acetic acid formation through the 

addition of water across the C=C double bond of ketene. These results are shown in Fig. 

3.7a and 3.7b. Interestingly the barrier for the direct path associated with the H2C2O + 

H2O + FA reaction is determined to be ~ 6.4 kcal/mol and thus is now competitive with 

that associated with the formation of the ene-diol which, as we have seen, for the same 

reagents also involves overcoming a 6.4 kcal/mol barrier. Thus with formic acid present 

the direct path to acetic acid formation, involving addition of water across the ketene 

C=C double bond becomes competitive with the indirect path involving initial formation 

of the ene-diol through addition of water across the C=O bond followed by 

tautomerization. Since the ~6.4 kcal/mol barrier height associated with the H2C2O
…

H2O 



67 

 

 
 

+ FA hydration reaction is still too high for it to be an energetically accessible source of 

acetic acid under atmospheric conditions, we next consider adding an extra water 

molecule in order to explore the extent to which the hydration reaction barrier is further 

reduced and also determine the extent to which the extra water affects the relative 

energetics at the C=C and C=O reaction sites of ketene. 

3.3.3.  Hydration of ketene involving two water molecules plus formic acid 

The hydration of ketene to form the ene-diol in the presence of two water 

molecules and FA (H2C2O + 2H2O + FA) was analyzed in a manner analogous to that 

described for the previous situations.  As before, the criterion used in forming the 

entrance channel complexes for the ene-diol pathway was to consider configurations in 

which formic acid is able to effectively facilitate the hydration reaction in terms of 

simultaneously promoting carbon-oxygen bond formation and transfer a hydrogen atom 

from the water molecule to the >C=O functional group. We found two possible paths for 

the ene-diol formation which differ from each other by the location of the FA molecule 

relative to the two water molecules. In Case I the FA is at the end, H2O
…

H2O
…

FA, while 

in Case II the FA is in the middle, H2O
…

FA
…

H2O. The details for Case I, which happens 

to correspond to the lower energy path, are shown in Fig 3.8a and 3.8b. The 

corresponding figure for Case II is given in the supporting information (Fig. 3.9). In 

coming up with the entrance channel structures we started with the optimized structure of 

the isolated ketene molecule and then sequentially added the two water molecules to it to 

form the basic H2C=C=O
…

H2O
…

H2O framework (Structure IV). Then FA at its 

equilibrium geometry was introduced to this H2C=C=O
…

H2O
…

H2O structure. The barrier 

for ene-diol formation in Case I is found to be 5.0 kcal/mol while that for Case II is 8.4 
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kcal/mol at the CCSD(T)/6-311++G(3df,3pd)// QCISD/6-311++G(3df,3pd) level. Thus, 

comparing the results of Fig 3.8b with those given in Fig 3.4b we find that the addition of 

an extra water molecule in the case of the H2C=C=O +FA+2H2O reaction lowers the 

barrier for ene-diol formation by 1.4 kcal/mol relative to that involving H2C=C=O 

+FA+H2O. Once formed, the ene-diol can be readily converted to acetic acid by one of 

the schemes discussed previously (see Fig. 3.5b and  Fig. 3.6b). We next compare the 

energetics of this ene-diol path with the direct path for acetic acid formation involving 

addition of water across the C=C double bond. The energetics for the direct path 

involving H2C=C=O +FA+2H2O is shown in Fig. 3.10a and 3.10b and our analysis finds 

that the barrier associated with this path to be 2.5 kcal/mol at the CCSD(T)/6-

311++G(3df,3pd)// QCISD/6-311++G(3df,3pd) level; this barrier is lower by 2.5 

kcal/mol relative to that for the corresponding ene-diol path (Fig. 3.8b). Further, the 

barrier for the direct path is now sufficiently small for the reaction to be energetically 

accessible under atmospheric conditions. Finally it is worth noting that even though the 

concentration of the dimeric H2C2O
…

H2O complexes will likely be small, contribution 

from the above mechanism involving formic acid catalysis is expected to be particularly 

significant in water restricted environments where the nominal aqueous phase hydration 

mechanisms are absent or hindered (see discussion below). 

3.4. Discussion 

The hydration of ketene (H2C=C=O) is of considerable interest both because of its 

importance as a nucleophilic addition reaction in the field of organic chemistry as well as 

for its potential for being a source of atmospheric acetic acid. Even though ketene and 

formic acid are present in our atmosphere in significant trace levels,
 
the gas phase 
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hydration of ketene catalyzed by formic acid has previously not been explored using high 

level computational methods. Results from the present study show that the barrier for 

hydration is substantially lowered with formic acid as a catalyst compared to that for the 

corresponding water catalyzed reaction. Although not discussed in the previous section, 

we have also explored the possibility of whether formic acid can react directly with 

ketene to form formic acetic anhydride (HC(O)OH + H2C2O  HC(O)-O-C(O)CH3). 

The results of these calculations, at the B3LYP/6-311++G(3df,3pd)  level, are presented 

in the supporting information (Fig. 3.11) and confirm that the barrier for this process is 

fairly high both for the direct reaction (~45 kcal/mol) and one aided by a single water 

molecule (~19 kcal/mol). Thus under atmospheric conditions formic acid can act as a true 

catalyst for ketene hydration without itself being consumed in the reaction. Further, with 

formic acid as a catalyst we find that the barrier for the addition of water across the C=C 

double bond in ketene is significantly lowered relative to that involving addition of water 

across the carbonyl group to form the ene-diol.  In the presence of water alone, previous 

studies have shown that a two-step mechanism involving addition of water across the 

carbonyl bond to form the ene-diol followed by tautomerization of the ene-diol to form 

acetic acid as the preferred pathway. Our present findings for the H2C2O+ H2O+ FA and 

the H2C2O+2H2O+FA reactions show that the barrier for addition of water across the 

C=C double bond are respectively equal to and 2.5 kcal/mol lower than that for addition 

of water across the corresponding C=O bond to form the ene-diol.  In the case of the 

H2C=C=O + H2O + FA reaction the barrier for acetic acid formation through the direct 

mechanism is found to be roughly 6.4 kcal/mol (i.e. the energy difference between the 

H2C=C=O
…

H2O + FA reactants and corresponding TS) and this barrier drops to 2.5 
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kcal/mol with the addition of a second water molecule (i.e. the energy difference between 

the H2C=C=O
…

H2O
…

H2O + FA reactants and corresponding TS). The relatively low 

barrier associated with this reaction suggests that formic acid, which is present in the 

atmosphere at fairly significant levels,
 49-51 

can act as an effective catalyst for ketene 

hydration in the presence of just a few (i.e. two) water molecules and hence can assist in 

the formation of atmospheric acetic acid under water restricted conditions.  We point out 

that the present acid catalysis mechanism differs from that normally associated with bulk 

aqueous phase acid-base chemistry in that no ions are involved in the reaction. Further 

given the structural similarity between acetic and formic acid carboxyl groups, our results 

also suggest that in the absence of formic acid, though the initial mechanism for 

hydration will involve addition of a water molecule across the carbonyl bond to form the 

ene-diol, the subsequent production and accumulation of acetic acid as the reaction 

proceeds will likely alter the preferred pathway to one involving addition of water across 

the ketene double bond in the later stages of reaction. We note that the reported detection 

of ene-diol in the aqueous phase hydration of substituted ketene
28

 does not contradict our 

proposed mechanism, as the observation of the ene-diol in itself does not rule out the 

possibility of contribution to acetic acid formation also coming from the direct reaction 

path involving addition of water across the C=C double bond with the aid of the organic 

acid. In the atmosphere this new mechanism will be most important in water restricted 

environments which include low humidity gas phase reaction conditions such as that 

observed in laboratory studies of methyl glyoxal and ketene hydration,
22,52

as well as 

reactions occurring on certain secondary organic aerosol (SOA) interfaces.
53-57

 Aerosols 

often contain significant organic matter and depending on their exact composition and 
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ambient conditions, SOA particles may be solid, liquid or in an amorphous state.
53-57 

Measurements by Virtanen et al.
54

 for example, show that biogenic SOA particles formed 

during  new particle formation events over boreal forests are primarily in an amorphous 

semisolid state, which is consistent with the observed presence of oligomers and other 

organic compounds having high molecular weight and low volatility.  The presence of 

SOA in such solid and/or amorphous state has important implications for their 

atmospheric processing and chemical reactivity since in the solid phase the reactants are 

essentially confined to the SOA surface, whereas for liquid particles they are able to 

rapidly mix throughout the bulk.
55,56

 As a result, chemical reactions can be impeded in 

highly viscous or glassy aerosol particles with mass transport (diffusion) of reactants 

within the bulk of the aerosol becoming the rate-limiting step. Consequently chemical 

reactions in highly viscous and/or solid particles are typically surface-limited, with the 

heterogeneous reactions occurring only on the particle surfaces.
59,60

 The importance of 

interfacial chemistry has also been highlighted in laboratory studies investigating the 

influence of various organic species at the air-aqueous interface on physical and chemical 

processes occurring there compared to that taking place at a pure water-air interface and 

in the bulk liquid. Donaldson and coworkers, for example, have examined the effect of 

organic coatings on the hydration of nitric acid and ammonia at the air-water interface.
57

 

They find that a monolayer and sub-monolayer coatings of 1-octanol suppresses 

hydration in the interfacial region relative to that at the clean air–water interface. The 

suppression of interfacial hydration in these experiments was attributed to the reduced 

availability of water molecules at the interface due to the presence of the organic 

coating.
57

 Although the above studies do not involve ketene, we expect that an analogous 
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behavior is also likely for ketene hydration. Thus if ketene is adsorbed onto the interface 

of a SOA, the nominally hindered  hydration reactions can be facilitated on these water 

restricted environments by the co-adsorption of formic acid through the mechanism 

outlined above.  Once formed the acetic acid may be able to escape into the vapor phase 

or possibly contribute towards the subsequent further growth of the aerosol even in the 

absence of a fully aqueous environment.
7, 32,33,35,36

 Thus the present mechanism provides 

a potential new pathway for ketene hydration and hence acetic acid formation under a 

wider range of atmospheric conditions.  

3.5. Conclusion 

Formic acid is found to be an effective catalyst for the hydration of ketene. While 

in the presence of water alone the two step indirect mechanism involving addition of 

water across the C=O bond to form an ene-diol followed by tautomerization of the ene 

diol to form acetic acid is the lowest energy pathway, with formic acid present 

contribution from the direct path involving addition of water across the C=C double bond 

to directly form acetic acid becomes progressively important. Specifically for the 

H2C2O+2H2O reaction involving only water, previous studies have shown that the barrier 

for addition of water across the C=O bond to form the ene-diol is ~ 16 kcal/mol which in 

turn is 4.6 kcal/mol lower than that for the addition of water across the C=C double 

bond.
23

 However, if one of the water molecules is replaced with formic acid in the 

previous reaction and consider the H2C2O + H2O + FA reaction, we find that not only are 

the barriers for both the direct and indirect paths significantly lowered, but they are also 

identical, having a value of 6.4 kcal/mol. Further when an extra water molecule is added, 

we find that for the H2C2O + 2H2O + FA reaction the barrier height for the direct path is 
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only 2.5 kcal/mol and is 2.5 kcal/mol lower than that for the indirect path involving ene-

diol formation. Thus with an organic acid such as formic acid present, the mechanism and 

energetics for ketene hydration are significantly altered relative to water alone. The 

present results are consistent with our earlier studies on formic acid catalyzed hydration 

of other carbonyl containing molecule such as formaldehyde and glyoxal which taken 

together suggest, more generally, that catalysis by atmospheric organic acids can be an 

efficient mechanism for the hydration of atmospheric carbonyl compounds in water 

restricted environments. 
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Table 3.1: Calculated total electronic energies for monomers, their complexes, and 

transition states (TS) at the B3LYP, MP2, QCISD, and CCSD(T) levels. Zero point 

energy (ZPE) corrections are given at the B3LYP and MP2 levels. 

Species B3LYP/6-

311++G(3

df,3pd) 

ZPE 

(B3LYP) 

MP2= 

Full/6-

311++G(3

df,3pd) 

ZPE 

(MP2) 

QCISD/6-

311++G(3

df,3pd) 

CCSD(T)/6-

311++G(3df

,3pd) 

H2O -76.465 0.021 -76.348 0.022 -76.330 -76.337 

H2C2O -152.663 0.032 -152.394 0.032 -152.336 -152.361 

HCOOH -189.842 0.034 -189.544 0.034 -189.482 -189.506 

H2C2(OH)2 -229.139 0.061 -228.756 0.062 -228.682 -228.714 

CH3COOH -229.182 0.062 -228.800 0.062 -228.726 -228.758 

CH3C(O)OC(O)H 

(from PCS3) 
-342.536 0.070 --- --- --- --- 

CH3C(O)OC(O)H 

(from PCS4) 
-342.536 0.070 --- --- --- --- 

H2C2O
…

H2O (Structure 

I) 

-229.131 0.055 -228.746 0.055 --- --- 

H2C2O
…

H2O (Structure 

II) 

-229.130 0.054 -228.746 0.055 --- --- 

H2C2O
…

H2O (Structure 

III) 

-229.130 0.054 -228.746 0.055 -228.670 -228.703 

H2C2O
…

H2O
…

H2O 

(Structure IV) 

-305.607 0.080 -305.107 0.081 -305.013 -305.054 

H2O
…

H2O (Structure 

V) 

-152.937 0.046 -152.704 0.047 -152.667 -152.683 

H2C2(OH)2
…

H2O 

(Structure VI) 

-305.614 0.085 -305.117 0.087 -305.023 -305.064 

H2C2O
…

H2O
…

H2O 

(RC1) 

-305.607 0.080 -305.107 0.081 -305.013 -305.054 

H2C2O
…

H2O
…

H2O 

(TS1) 

-305.570 0.081 -305.072 0.082 -304.971 -305.016 

H2C2(OH)2
…

H2O (PC1) -305.614 0.086 -305.117 0.087 -305.023 -305.065 

H2C2(OH)2
…

H2O
…

H2O 

(RC2) 

-382.095 0.111 -381.485 0.113 -381.370 -381.420 

H2C2(OH)2
…

H2O
…

H2O 

(TS2) 

-382.069 0.103 -381.457 0.105 -381.333 -381.388 

CH3COOH
…

H2O
…

H2O 

(PC2) 

-382.131 0.111 -381.520 0.112 -381.408 -381.456 

H2C2O
…

H2O
…

HCOOH 

(RC3) 

-418.986 0.091 -418.307 0.093 -418.168 -418.226 

H2C2O
…

H2O
…

HCOOH 

(TS3) 

-418.965 0.091 -418.286 0.094 -418.142 -418.203 

H2C2(OH)2
…

H2O (PC3) -418.996 0.097 -418.320 0.099 -418.181 -418.239 

H2C2(OH)2
…

HCOOH 

(RC4) 

-418.998 0.097 -418.323 0.099 -418.182 -418.241 
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Table 3.1: Continued 

Species B3LYP/6-

311++G(3

df,3pd) 

ZPE 

(B3LYP) 

MP2= 

Full/6-

311++G(3

df,3pd) 

ZPE 

(MP2) 

QCISD/6-

311++G(3

df,3pd) 

CCSD(T)/6-

311++G(3df

,3pd) 

H2C2(OH)2
…

HCOOH 

(TS4) 

-418.989 0.092 -418.312 0.093 -418.166 -418.228 

CH3COOH
…

HCOOH 

(PC4) 

-419.037 0.097 -418.361 0.099 -418.224 -418.281 

H2C2(OH)2
…

H2O
… 

HCOOH (RC5) 

-495.478 0.122 -494.688 0.124 -494.528 -494.595 

H2C2(OH)2
…

H2O
… 

HCOOH (TS5) 

-495.467 0.117 -494.674 0.118 -494.509 -494.579 

CH3COOH
…

H2O
… 

HCOOH (PC5) 

-495.515 0.122 -494.725 0.124 -494.567 -494.633 

H2C2O
…

H2O
…

HCOOH 

(RC6) 

-418.986 0.092 -418.310 0.093 -418.168 -418.227 

H2C2O
…

H2O
…

HCOOH 

(TS6) 

-418.964 0.090 -418.287 0.091 -418.137 -418.201 

CH3COOH
…

HCOOH 

(PC6) 

-419.032 0.097 -418.356 0.098 -418.218 -418.276 

H2C2O
…

H2O
…

H2O
… 

HCOOH (RC7) 

-495.462 0.116 -494.668 0.118 -494.510 -494.576 

H2C2O
…

H2O
…

H2O
… 

HCOOH (TS7) 

-495.441 0.116 -494.650 0.118 -494.484 -494.555 

H2C2(OH)2
…

H2O
…

H2O
…

HCOOH (PC7) 

-495.471 0.122 -494.682 0.124 -494.524 -494.591 

H2C2O
…

H2O
…

H2O
… 

HCOOH (RC8) 

-495.458 0.116 -494.667 0.118 -494.507 -494.574 

H2C2O
…

H2O
…

H2O
… 

HCOOH (TS8) 

-495.446 0.116 -494.655 0.118 -494.487 -494.559 

CH3COOH
…

H2O
… 

HCOOH (PC8) 

-495.512 0.122 -494.722 0.124 -494.565 -494.631 

H2C2O
…

H2O
…

H2O
… 

HCOOH (RCS1) 

-495.471 0.117 -494.678 0.119 -494.518 -494.585 

H2C2O
…

H2O
…

H2O
… 

HCOOH (TSS1) 

-495.435 0.113 -494.643 0.116 -494.476 -494.547 

H2C2(OH)2
…

H2O
…

H2O
…

HCOOH (PCS1) 

-495.475 0.123 -494.684 0.125 -494.526 -494.594 

H2C2O
…

HCOOH 

(RCS2) 

-342.510 0.067 --- --- --- --- 

H2C2O
…

HCOOH 

(TSS2) 

-342.435 0.064 --- --- --- --- 

CH3C(O)OC(O)H 

(PCS2) 

-342.541 0.070 --- --- --- --- 

H2C2O
…

HCOOH
…

H2O 

(RCS3) 

-418.989 0.092 --- --- --- --- 
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Table 3.1: Continued 

Species B3LYP/6-

311++G(3

df,3pd) 

ZPE 

(B3LYP) 

MP2= 

Full/6-

311++G(3

df,3pd) 

ZPE 

(MP2) 

QCISD/6-

311++G(3

df,3pd) 

CCSD(T)/6-

311++G(3df

,3pd) 

H2C2O
…

HCOOH
…

H2O 

(TSS3) 

-418.955 0.088 --- --- --- --- 

CH3C(O)OC(O)H
… 

H2O (PCS3) 

-419.009 0.094 --- --- --- --- 

H2C2O
…

HCOOH
…

H2O 

(RCS4) 

-418.990 0.092 --- --- --- --- 

H2C2O
…

HCOOH
…

H2O 

(TSS4) 

-418.955 0.088 --- --- --- --- 

CH3C(O)OC(O)H
… 

H2O (PCS4) 

-419.009 0.094 --- --- --- --- 
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Table 3.2: Imaginary frequencies of all transition states at the B3LYP/6-311++g 

(3df,3pd) and MP2=Full/6-311++g(3df,3pd) levels of calculation. 

Transition State Imaginary Frequencies (cm
-1

) 

B3LYP/ 

6-311++g(3df,3pd) 

MP2=Full/ 

6-311++g(3df,3pd) 

H2C2O
…

H2O
…

H2O (TS1) 1089 998 

H2C2(OH)2
…

H2O
…

H2O (TS2) 1543 1524 

H2C2O
…

H2O
…

HCOOH (TS3) 551 360 

H2C2(OH)2
…

HCOOH (TS4) 1246 1361 

H2C2(OH)2
…

H2O
…

HCOOH 

(TS5) 

1008 1080 

H2C2O
…

H2O
…

HCOOH (TS6) 1097 984 

H2C2O
…

H2O
…

 H2O
…

HCOOH 

(TS7) 

533 431 

H2C2O
…

H2O
…

 H2O
…

HCOOH 

(TS8) 

628 525 

H2C2O
…

H2O
…

 H2O
…

HCOOH 

(TSS1) 

941 897 

H2C2O
 …

HCOOH (TSS2) 551 --- 

H2C2O
 …

HCOOH
…

H2O (TSS3) 1291 --- 

H2C2O
 …

HCOOH
…

H2O (TSS4) 1241 --- 
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Table 3.3: Zero Point Energy (ZPE) Corrected Binding Energies
a
 (kcal/mol) of All 

Relevant Complexes at Various Levels of Theory 

Complexes B3LYP/ 

6-311++g 

(3df,3pd) 

MP2=Full/ 

6-311++g 

(3df,3pd) 

QCISD/ 

6-311++g 

(3df,3pd) 

CCSD(T)/ 

6-311++g 

(3df,3pd) 

H2C2O
…

H2O (Structure I) 1.0 1.4 --- --- 

H2C2O
…

H2O (Structure II) 0.9 1.9 --- --- 

H2C2O
…

H2O (Structure III) 0.8 1.9 1.7 1.9 

H2C2O
…

H2O
…

H2O (Structure 

IV) 

5.4 7.5 6.9 7.6 

H2O
…

H2O (Structure V) 2.7 3.2 2.8 3.1 

H2C2(OH)2
…

H2O (Structure 

VI) 

5.0 6.0 5.0 5.6 

H2C2O
…

H2O
…

H2O (RC1) 5.3 7.7 7.0 7.7 

H2C2(OH)2
…

H2O
…

H2O 

(RC2) 

12.3 15.8 13.3 14.7 

H2C2O
…

H2O
…

HCOOH 

(RC3) 

7.6 10.4 9.6 10.4 

H2C2(OH)2
…

HCOOH (RC4) 9.1 12.2 9.9 11.1 

H2C2(OH)2
…

H2O
…

HCOOH 

(RC5) 

16.7 20.1 17.6 19.3 

H2C2O
…

H2O
…

HCOOH 

(RC6) 

7.3 11.7 9.4 10.6 

H2C2O
…

H2O
…

 

H2O
…

HCOOH (RC7) 

12.7 16.2 14.8 16.0 

H2C2O
…

H2O
…

 

H2O
…

HCOOH (RC8) 

9.9 15.5 13.1 14.6 

H2C2O
…

H2O
…

 

H2O
…

HCOOH (RCS1) 

17.7 22.0 19.4 21.3 

H2C2(OH)2
…

H2O (PC1) 4.7 6.1 5.3 5.9 

CH3COOH
…

H2O (PC2) 9.0 11.3 10.0 10.9 

H2C2(OH)2
…

HCOOH (PC3) 8.4 10.5 9.2 10.1 

CH3COOH
…

HCOOH (PC4) 7.5 9.2 8.5 9.0 

CH3COOH
…

H2O
…

HCOOH 

(PC5) 

13.4 16.9 15.1 16.3 

CH3COOH
…

HCOOH (PC6) 4.1 6.3 5.5 6.1 

H2C2(OH)2
…

H2O
…

HCOOH 

(PC7) 

12.9 17.8 15.4 17.0 

CH3COOH
…

H2O
…

HCOOH 

(PC8) 

11.9 15.5 13.7 15.0 

H2C2(OH)2
…

H2O
…

HCOOH 

(PCS1) 

14.3 18.4 16.1 17.8 

a 
ZPE corrections for B3LYP and MP2 are taken from frequency calculations of their 

respective level of theory. ZPE corrections for QCISD and CCSD(T) are taken from the 

MP2 frequency calculations. 
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Table 3.4: Zero Point Energy (ZPE) Corrected Energy Barriers (kcal/mol) for the 

Various Unimolecular Isomerization Reactions at the B3LYP, MP2, QCISD, and 

CCSD(T) Levels of Theory
a 

Transition State B3LYP/ 

6-311++g 

(3df,3pd) 

MP2=Full/ 

6-311++g 

(3df,3pd) 

QCISD/ 

6-311++g 

(3df,3pd) 

CCSD(T)/ 

6-311++g 

(3df,3pd) 

H2C2O
…

H2O
…

H2O 

(TS1)
b 

23.0 (18.5)
d
 

[20.4]
e 

22.6 (16.9)
d
 

[18.1]
e 

26.8 (21.5)
d
 

[22.6]
e 

24.1 (18.3)
d
 

[19.5]
e 

H2C2(OH)2
…

H2O
…

H2O 

(TS2)
c 

11.7 (4.3)
f 

[2.0]
g 

12.8 (3.0)
f 

[0.0]
g 

18.4 (10.2)
f 

[8.0]
g 

15.7 (6.6)
f 

[4.1]
g 

H2C2O
…

H2O
…

HCOOH 

(TS3)
b 

13.5 (6.6)
h
 13.7 (5.3)

h 
17.2 (9.3)

h 
14.9 (6.4)

h 

H2C2(OH)2
…

HCOOH 

(TS4)
c 

2.4 (-6.8)
i 

3.2 (-9.0)
i 

6.8 (3.1)
i 

5.0 (-6.1)
i 

H2C2(OH)2
…

H2O
…

HCO

OH (TS5)
c 

3.4 (-8.3)
j 

5.2 (-9.8)
j 

8.5 (-4.1)
j 

6.8 (-6.9)
j 

H2C2O
…

H2O
…

HCOOH 

(TS6)
c 

12.5 (5.9)
h 

13.0 (3.2)
h 

18.1 (10.4)
h 

15.1 (6.4)
h 

H2C2O
…

H2O
…

 

H2O
…

HCOOH (TS7)
b 

13.3 (6.0)
k 

11.4 (2.9)
k 

16.3 (8.5)
k 

13.3 (5.0)
k 

H2C2O
…

H2O
…

 

H2O
…

HCOOH (TS8)
c 

7.8 (3.2)
k 

7.3 (-0.6)
k 

12.5 (6.4)
k 

9.4 (2.5)
k 

H2C2O
…

H2O
…

 

H2O
…

HCOOH (TSS1)
b 

20.3 (8.0)
k 

20.2 (5.8)
k 

24.6 (12.1)
k 

22.0 (8.4)
k 

a
 Energy barriers given are energies of the transition states (TS) relative to their 

respective reactant complexes (RC). Energy barriers given in parentheses are relative to a 

prereactive complex. 
b
 TS leading to formation of diol. 

c
 TS leading to formation of acetic 

acid. 
d 

Energy barrier relative to H2C2O
…

H2O + H2O reactants. 
e
 Energy barrier relative to 

H2O
…

H2O + H2C2O reactants. 
f
 Energy barrier relative to H2C2(OH)2

…
H2O + H2O 

reactants. 
g
 Energy barrier relative to H2O

…
H2O + H2C2(OH)2. 

h
 Energy barrier relative to 

H2C2O
…

H2O + HCOOH reactants. 
i
 Energy barrier relative to H2C2(OH)2 + HCOOH 

reactants. 
j
 Energy barrier relative to H2C2(OH)2

…
H2O + HCOOH reactants. 

k
 Energy 

barrier relative to H2C2O
…

H2O
…

H2O + HCOOH reactants. 
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Figure 3.1:   Structures of several possible H2C=C=O
…

H2O complexes (Structure-I, II 

and III) and other complexes used in investigating the ketene hydration reaction (see 

text). The optimized structures shown along with their zero point corrected energies were 

computed at the MP2=Full/6-311++G(3df,3pd) level. 
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Figure 3.2: a) Optimized geometries of entrance reactant complex, transition state and 

product complex associated with the H2C=C=O
 
+ 2H2O reaction leading to ene-diol. b) 

Potential energy profile for the H2C=C=O
 
+ 2H2O reaction leading to ene-diol formation. 

The geometries of Structures III and V are given in Fig. 1. The energy profile has been 

calculated using the stationary point energies computed at the CCSD(T)/6-

311++G(3df,3pd)// QCISD/6-311++G(3df,3pd) level and applying ZPE correction using 

their corresponding MP2=Full/6-311++G(3df,3pd) vibrational frequencies. 
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Figure 3.3: a) Optimized geometries of entrance reactant complex, transition state and 

product complex associated with conversion of the ene-diol to acetic acid aided by water 

(CH2C(OH)2 + 2H2O). b) Potential energy profile for ene-diol formation for the CH2C(OH)2 

+ 2H2O reaction. The geometries of Structures V and VI are given in Fig. 1.The energy 

profile has been calculated using the stationary point energies computed at the 

CCSD(T)/6-311++G(3df,3pd)// QCISD/6-311++G(3df,3pd) level and applying ZPE 

correction using their corresponding MP2=Full/6-311++G(3df,3pd) vibrational 

frequencies. 
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Figure 3.4: a) Optimized geometries of entrance reactant complex, transition state and 

product complex associated with the H2C=C=O
 
+ H2O + FA reaction leading to ene-diol. 

b) Potential energy profile for the H2C=C=O
 
+ H2O + FA reaction leading to ene-diol 

formation. The geometry of Structure III is given in Fig. 1. The energy profile has been 

calculated using the stationary point energies computed at the CCSD(T)/6-

311++G(3df,3pd)// QCISD/6-311++G(3df,3pd) level and applying ZPE correction using 

their corresponding MP2=Full/6-311++G(3df,3pd) vibrational frequencies. 
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Figure 3.5: a) Optimized geometries of entrance reactant complex, transition state and 

product complex associated with conversion of the ene-diol to acetic acid aided by formic 

acid: CH2C(OH)2 + FA. b) Potential energy profile for ene-diol formation for the 

CH2C(OH)2 + FA reaction. The energy profile has been calculated using the stationary 

point energies computed at the CCSD(T)/6-311++G(3df,3pd)// QCISD/6-

311++G(3df,3pd) level and applying ZPE correction using their corresponding 

MP2=Full/6-311++G(3df,3pd) vibrational frequencies. 
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Figure 3.6: a) Optimized geometries of entrance reactant complex, transition state and 

product complex associated with conversion of the ene-diol to acetic acid aided by formic 

acid plus water: CH2C(OH)2 + FA + H2O. b) Potential energy profile for ene-diol formation 

for the CH2C(OH)2 + FA + H2O reaction. The geometry of Structure VI is given in Fig. 

1.The energy profile has been calculated using the stationary point energies computed at 

the CCSD(T)/6-311++G(3df,3pd)// QCISD/6-311++G(3df,3pd) level and applying ZPE 

correction using their corresponding MP2=Full/6-311++G(3df,3pd) vibrational 

frequencies. 
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Figure 3.7: a) Optimized geometries of entrance reactant complex, transition state and 

product complex associated with the H2C=C=O
 
+ H2O + FA reaction leading directly to 

acetic acid formation. b) Potential energy profile for the H2C=C=O
 
+ H2O + FA reaction 

leading directly to acetic acid formation. The geometry of Structure III is given in Fig. 

1.The energy profile has been calculated using the stationary point energies computed at 

the CCSD(T)/6-311++G(3df,3pd)// QCISD/6-311++G(3df,3pd) level and applying ZPE 

correction using their corresponding MP2=Full/6-311++G(3df,3pd) vibrational 

frequencies. 
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Figure 3.8: a) Optimized geometries of entrance reactant complex, transition state and 

product complex associated with the H2C=C=O
 
+ 2H2O+ FA reaction leading to ene-diol 

(case I). b) Potential energy profile for the H2C=C=O
 
+ 2H2O+ FA reaction leading to 

ene-diol formation. The geometry of Structure IV is given in Fig. 1.The energy profile 

has been calculated using the stationary point energies computed at the CCSD(T)/6-

311++G(3df,3pd)// QCISD/6-311++G(3df,3pd) level and applying ZPE correction using 

their corresponding MP2=Full/6-311++G(3df,3pd) vibrational frequencies. 
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Figure 3.9: a) Optimized geometries of entrance reactant complex, transition state and 

product complex associated with the H2C=C=O
 
+ 2H2O + FA reaction leading to ene-diol 

(case II). b) Potential energy profile for the H2C=C=O
 
+ 2H2O + FA reaction leading to 

ene-diol forrmation. The energy profile has been calculated using the stationary point 

energies computed at the CCSD(T)/6-311++G(3df,3pd)// QCISD/6-311++G(3df,3pd) 

level and applying ZPE correction using their corresponding MP2=Full/6-

311++G(3df,3pd) vibrational frequencies.
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Figure 3.10: a) Optimized geometries of entrance reactant complex, transition state and 

product complex associated with the H2C=C=O
 
+ 2H2O + FA reaction leading directly to 

acetic acid formation. b) Potential energy profile for the H2C=C=O
 
+2 H2O + FA reaction 

leading directly to acetic acid formation. The geometry of Structure IV is given in Fig. 

1.The energy profile has been calculated using the stationary point energies computed at 

the CCSD(T)/6-311++G(3df,3pd)// QCISD/6-311++G(3df,3pd) level and applying ZPE 

correction using their corresponding MP2=Full/6-311++G(3df,3pd) vibrational 

frequencies. 
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Figure 3.11: a) Optimized geometries of entrance reactant complex, transition state and 

product complex associated with the H2C=C=O
 
+ FA reaction leading to anhydride. b) 

Optimized geometries of entrance reactant complex, transition state and product complex 

associated with the H2C=C=O
 
+ FA + H2O reaction leading to anhydride. (C) Potential 

energy profile for both the H2C=C=O + FA and H2C=C=O
 
+ FA + H2O reactions leading 

to anhydride formation. The energy profile has been calculated using the stationary point 

energies and ZPE corrections computed at the B3LYP/6-311++G(3df,3pd) level.
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3.7. Appendix 

 

Z-Matrices for optimized structures at MP2=Full/6-311++G(3df,3pd) 
 

H2O 

O 

 H,1,B1 

 H,1,B2,2,A1 

      Variables: 

 B1=0.95764425 

 B2=0.95764425 

 A1=104.17443515 

 

C2H2O 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

      Variables: 

 B1=1.31317511 

 B2=1.16247535 

 B3=1.0753442 

 B4=1.07534475 

 A1=179.98540468 

 A2=118.99728071 

 A3=118.9990045 

 D1=-170.64949302 

 D2=9.27526164 

 

HCOOH 

 C 

 H,1,B1 

 O,1,B2,2,A1 

 O,1,B3,3,A2,2,D1,0 

 H,4,B4,1,A3,3,D2,0 

      Variables: 

 B1=1.09201706 

 B2=1.19989306 

 B3=1.33967805 

 B4=0.96700402 

 A1=125.07690709 

 A2=125.15124484 

 A3=106.60427089 

 D1=180. 

 D2=0. 
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C2H2(OH)2 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,2,A4,3,D3,0 

 H,6,B6,1,A5,2,D4,0 

 H,3,B7,1,A6,2,D5,0 

      Variables: 

 B1=1.33180595 

 B2=1.34242586 

 B3=1.07613233 

 B4=1.07464618 

 B5=1.35570856 

 B6=0.96023513 

 B7=0.96130748 

 A1=123.11209888 

 A2=120.45719321 

 A3=119.5454834 

 A4=126.45778841 

 A5=108.77113043 

 A6=107.64503564 

 D1=-179.96459031 

 D2=0.0125159 

 D3=179.99252831 

 D4=-0.0535551 

 D5=-179.86050842 

 

CH3COOH 

 C 

 O,1,B1 

 O,1,B2,2,A1 

 H,3,B3,1,A2,2,D1,0 

 C,1,B4,2,A3,3,D2,0 

 H,5,B5,1,A4,2,D3,0 

 H,5,B6,1,A5,2,D4,0 

 H,5,B7,1,A6,2,D5,0 

      Variables: 

 B1=1.2050718 

 B2=1.35073639 

 B3=0.96591596 

 B4=1.49346053 

 B5=1.0868066 

 B6=1.08634888 

 B7=1.08227206 

 A1=122.53890885 
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 A2=105.84385385 

 A3=126.21512544 

 A4=109.52177022 

 A5=109.52506335 

 A6=109.64151344 

 D1=0.04755876 

 D2=-179.96727518 

 D3=121.12424524 

 D4=-121.10525063 

 D5=0.10407812 

 

CH3C(O)OC(O)H (from PCS3)
a 

 C 

 O,1,B1 

 O,1,B2,2,A1 

 C,2,B3,1,A2,3,D1,0 

 C,4,B4,2,A3,1,D2,0 

 O,4,B5,2,A4,1,D3,0 

 H,5,B6,4,A5,2,D4,0 

 H,5,B7,4,A6,2,D5,0 

 H,1,B8,3,A7,2,D6,0 

 H,5,B9,4,A8,2,D7,0 

      Variables: 

 B1=1.37148851 

 B2=1.18647797 

 B3=1.40704798 

 B4=1.49731272 

 B5=1.1868966 

 B6=1.08502304 

 B7=1.08934058 

 B8=1.0964281 

 B9=1.09066092 

 A1=126.17856532 

 A2=121.60259283 

 A3=109.88551809 

 A4=122.45225546 

 A5=109.61774978 

 A6=110.10332101 

 A7=125.65869734 

 A8=109.30066964 

 D1=22.31435136 

 D2=-148.16757763 

 D3=34.54169979 

 D4=-172.70129372 

 D5=-50.9772147 

 D6=-176.509061 

 D7=66.69284485 
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CH3C(O)OC(O)H (from PCS3)
a 

 C 

 O,1,B1 

 O,1,B2,2,A1 

 C,2,B3,1,A2,3,D1,0 

 C,4,B4,2,A3,1,D2,0 

 O,4,B5,2,A4,1,D3,0 

 H,5,B6,4,A5,2,D4,0 

 H,5,B7,4,A6,2,D5,0 

 H,1,B8,3,A7,2,D6,0 

 H,5,B9,4,A8,2,D7,0 

      Variables: 

 B1=1.37148709 

 B2=1.18647805 

 B3=1.40704898 

 B4=1.49731251 

 B5=1.18689645 

 B6=1.08502319 

 B7=1.08934094 

 B8=1.09642819 

 B9=1.09066082 

 A1=126.17856715 

 A2=121.60242209 

 A3=109.88546474 

 A4=122.45221317 

 A5=109.61782515 

 A6=110.1029697 

 A7=125.65868624 

 A8=109.30102356 

 D1=22.31356862 

 D2=-148.16733919 

 D3=34.54209635 

 D4=-172.70493936 

 D5=-50.98127713 

 D6=-176.50911413 

 D7=66.68869507 

 

C2H2O
…

H2O (Structure I) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,3,B5,1,A4,2,D3,0 

 H,6,B6,3,A5,1,D4,0 

 H,6,B7,3,A6,1,D5,0 
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      Variables: 

 B1=1.30977376 

 B2=1.16545199 

 B3=1.07568944 

 B4=1.07568935 

 B5=3.0514501 

 B6=0.96011412 

 B7=0.95736502 

 A1=179.67907235 

 A2=118.98388423 

 A3=118.98389232 

 A4=124.44121925 

 A5=6.21001524 

 A6=110.48582972 

 D1=-90.37300156 

 D2=90.51214868 

 D3=-179.99017174 

 D4=-179.76909655 

 D5=179.78333055 

 

C2H2O
…

H2O (Structure II) 

 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,6,B7,1,A6,3,D5,0 

      Variables: 

 B1=1.31294232 

 B2=1.1637749 

 B3=1.07507956 

 B4=1.07544934 

 B5=2.99006826 

 B6=0.95850418 

 B7=0.9585078 

 A1=179.02870404 

 A2=117.94637698 

 A3=118.93940793 

 A4=94.06722113 

 A5=103.90670635 

 A6=103.58884153 

 D1=179.86645617 

 D2=-0.1356359 

 D3=179.80155061 
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 D4=54.34517595 

 D5=-54.25299008 

 

C2H2O
…

H2O (Structure III) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,6,B7,1,A6,3,D5,0 

      Variables: 

 B1=1.31147811 

 B2=1.16445223 

 B3=1.07535291 

 B4=1.07522901 

 B5=2.89162481 

 B6=0.958012 

 B7=0.95904378 

 A1=179.59474895 

 A2=117.8004103 

 A3=119.27772116 

 A4=83.81416701 

 A5=174.11606397 

 A6=81.32007719 

 D1=-179.81953934 

 D2=0.17959634 

 D3=-179.82394618 

 D4=179.96547575 

 D5=-0.02455602 

 

C2H2O
…

H2O
…

H2O (Structure IV) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,6,B7,1,A6,3,D5,0 

 O,6,B8,1,A7,3,D6,0 

 H,9,B9,6,A8,1,D7,0 

 H,9,B10,6,A9,1,D8,0 

      Variables: 

 B1=1.3089337 

 B2=1.1676021 
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 B3=1.07562877 

 B4=1.07598098 

 B5=2.96984962 

 B6=0.95726773 

 B7=0.96778686 

 B8=2.83868422 

 B9=0.96234858 

 B10=0.95812183 

 A1=179.08258801 

 A2=119.19260864 

 A3=117.28679003 

 A4=94.08671226 

 A5=132.83977028 

 A6=85.44341615 

 A7=75.08673892 

 A8=92.13927717 

 A9=124.39357682 

 D1=-8.40165702 

 D2=170.6996508 

 D3=164.64831165 

 D4=75.30211392 

 D5=-30.35736884 

 D6=-29.07511421 

 D7=8.81006011 

 D8=-101.15319455 

 

H2O
…

H2O (Structure V) 

 H 

 O,1,B1 

 H,2,B2,1,A1 

 O,2,B3,1,A2,3,D1,0 

 H,4,B4,2,A3,1,D2,0 

 H,4,B5,2,A4,1,D3,0 

      Variables: 

 B1=0.9568727 

 B2=0.96499636 

 B3=2.89473889 

 B4=0.95880358 

 B5=0.95881045 

 A1=104.48745591 

 A2=108.97124721 

 A3=110.48190603 

 A4=110.25721134 

 D1=-0.08431343 

 D2=122.40892939 

 D3=-122.46228315 
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C2H2(OH)2
…

H2O (Structure VI) 

 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,2,A4,3,D3,0 

 H,6,B6,1,A5,2,D4,0 

 H,6,B7,1,A6,2,D5,0 

 O,6,B8,1,A7,2,D6,0 

 H,3,B9,1,A8,2,D7,0 

 H,9,B10,6,A9,1,D8,0 

      Variables: 

 B1=1.33801336 

 B2=1.34461297 

 B3=1.07584144 

 B4=1.07516928 

 B5=1.34499913 

 B6=0.9732589 

 B7=3.36871596 

 B8=2.75565328 

 B9=0.96172063 

 B10=0.96277866 

 A1=122.08485032 

 A2=120.14193083 

 A3=119.30717584 

 A4=126.60809857 

 A5=108.29914963 

 A6=105.58932749 

 A7=97.39198765 

 A8=106.8540122 

 A9=88.21588167 

 D1=-170.9954504 

 D2=2.03627041 

 D3=179.4963455 

 D4=22.81328973 

 D5=43.14651791 

 D6=31.6823316 

 D7=-172.00623647 

 D8=19.94009196 

 

C2H2O
…

H2O
…

H2O (RC1) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 
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 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,6,B7,1,A6,3,D5,0 

 O,6,B8,1,A7,3,D6,0 

 H,9,B9,6,A8,1,D7,0 

 H,9,B10,6,A9,1,D8,0 

      Variables: 

 B1=1.30892827 

 B2=1.16760724 

 B3=1.07598483 

 B4=1.07562732 

 B5=2.96981422 

 B6=0.95726719 

 B7=0.96778865 

 B8=2.8386859 

 B9=0.96234882 

 B10=0.95812312 

 A1=179.08572983 

 A2=117.28634963 

 A3=119.19673072 

 A4=94.09910617 

 A5=132.84585601 

 A6=85.42934094 

 A7=75.07384201 

 A8=92.14376131 

 A9=124.35555799 

 D1=-170.73253941 

 D2=8.36747813 

 D3=-164.66559137 

 D4=-75.24675454 

 D5=30.40094931 

 D6=29.1231972 

 D7=-8.82634689 

 D8=101.1283996 

 

C2H2O
…

H2O
…

H2O (TS1) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,6,B7,1,A6,3,D5,0 

 O,6,B8,1,A7,3,D6,0 

 H,9,B9,6,A8,1,D7,0 
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 H,9,B10,6,A9,1,D8,0 

      Variables: 

 B1=1.33914312 

 B2=1.25031242 

 B3=1.07537161 

 B4=1.07570973 

 B5=1.55627356 

 B6=0.96315741 

 B7=1.16796879 

 B8=2.35883865 

 B9=1.06373559 

 B10=0.96089205 

 A1=137.39613798 

 A2=121.2624491 

 A3=118.32653274 

 A4=110.57763759 

 A5=107.27880918 

 A6=103.11476959 

 A7=91.63630651 

 A8=73.16636286 

 A9=115.49945107 

 D1=-174.74727248 

 D2=1.72684945 

 D3=-179.93021925 

 D4=-135.44752875 

 D5=-14.77995103 

 D6=-13.33900209 

 D7=8.8235609 

 D8=111.40534673 

 

C2H2(OH)2
…

H2O (PC1) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,6,B7,1,A6,3,D5,0 

 O,3,B8,1,A7,2,D6,0 

 H,3,B9,1,A8,2,D7,0 

 H,9,B10,3,A9,1,D8,0 

      Variables: 

 B1=1.33391979 

 B2=1.32965456 

 B3=1.07646869 

 B4=1.07472599 
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 B5=1.36873443 

 B6=0.96024725 

 B7=2.16046465 

 B8=2.76069639 

 B9=0.97490189 

 B10=0.95851559 

 A1=123.9795543 

 A2=120.6449491 

 A3=119.42307575 

 A4=111.65010494 

 A5=107.91509559 

 A6=114.46130314 

 A7=102.73343663 

 A8=109.81843329 

 A9=122.19793404 

 D1=-179.16472641 

 D2=0.74364678 

 D3=-179.73976539 

 D4=-177.77624017 

 D5=0.30186541 

 D6=-177.97806004 

 D7=-177.50758912 

 D8=-112.8177972 

 

C2H2(OH)2
…

H2O
…

H2O (RC2) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,2,A4,3,D3,0 

 H,6,B6,1,A5,2,D4,0 

 H,6,B7,1,A6,2,D5,0 

 O,6,B8,1,A7,2,D6,0 

 H,3,B9,1,A8,6,D7,0 

 H,9,B10,6,A9,1,D8,0 

 O,9,B11,6,A10,1,D9,0 

 H,12,B12,9,A11,6,D10,0 

 H,12,B13,9,A12,6,D11,0 

      Variables: 

 B1=1.34280511 

 B2=1.34397476 

 B3=1.07664627 

 B4=1.07568485 

 B5=1.33473388 

 B6=0.98351546 

 B7=3.32540136 
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 B8=2.67605761 

 B9=0.96207995 

 B10=0.9746314 

 B11=2.73152696 

 B12=0.97313625 

 B13=0.95829217 

 A1=121.56909741 

 A2=119.67605222 

 A3=119.0707135 

 A4=127.02091488 

 A5=110.27457158 

 A6=119.79033164 

 A7=106.51824935 

 A8=106.79880209 

 A9=96.58976478 

 A10=83.67291053 

 A11=86.26605381 

 A12=129.60172513 

 D1=-172.20904728 

 D2=-1.90716195 

 D3=-179.3719549 

 D4=13.02774266 

 D5=22.67732556 

 D6=19.70829469 

 D7=4.07062863 

 D8=53.23279222 

 D9=43.89671239 

 D10=-35.06208126 

 D11=71.65891808 

 

C2H2(OH)2
…

H2O
…

H2O (TS2) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,6,B7,1,A6,3,D5,0 

 O,6,B8,1,A7,3,D6,0 

 H,3,B9,1,A8,6,D7,0 

 H,9,B10,6,A9,1,D8,0 

 O,9,B11,6,A10,1,D9,0 

 H,12,B12,9,A11,6,D10,0 

 H,12,B13,9,A12,6,D11,0 

      Variables: 

 B1=1.39474989 
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 B2=1.34446751 

 B3=1.08178004 

 B4=1.07871586 

 B5=1.26989553 

 B6=1.29129944 

 B7=2.89199392 

 B8=2.404981 

 B9=0.96461495 

 B10=1.17435219 

 B11=2.38711866 

 B12=1.13477124 

 B13=0.96135249 

 A1=117.39337229 

 A2=114.81366571 

 A3=116.33650217 

 A4=115.9630237 

 A5=112.59429883 

 A6=124.30967903 

 A7=109.37328698 

 A8=105.60810963 

 A9=95.45998618 

 A10=89.66846677 

 A11=87.87604765 

 A12=116.82236859 

 D1=-152.78851192 

 D2=-11.83124428 

 D3=175.39069666 

 D4=-153.29428066 

 D5=-138.5592121 

 D6=-149.93977072 

 D7=2.40339365 

 D8=31.27936709 

 D9=25.97072879 

 D10=-30.45371301 

 D11=78.45499756 

 

CH3COOH
…

H2O
…

H2O (PC2) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,6,B7,1,A6,3,D5,0 

 O,6,B8,1,A7,3,D6,0 

 H,3,B9,1,A8,6,D7,0 
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 H,9,B10,6,A9,1,D8,0 

 O,9,B11,6,A10,1,D9,0 

 H,2,B12,1,A11,6,D10,0 

 H,12,B13,9,A12,6,D11,0 

      Variables: 

 B1=1.48778521 

 B2=1.3398166 

 B3=1.08429972 

 B4=1.08367558 

 B5=1.21464926 

 B6=1.81685438 

 B7=3.28163027 

 B8=2.76807169 

 B9=0.9665529 

 B10=1.86676169 

 B11=2.80991671 

 B12=1.08954151 

 B13=0.95682816 

 A1=112.93183219 

 A2=109.5616479 

 A3=111.09295092 

 A4=121.43150671 

 A5=116.01946906 

 A6=126.65726245 

 A7=111.25915387 

 A8=106.2756723 

 A9=91.09616095 

 A10=86.12228965 

 A11=107.59921433 

 A12=115.60760182 

 D1=-149.95233195 

 D2=-26.72494099 

 D3=178.7527112 

 D4=-164.14935742 

 D5=-161.62342081 

 D6=-162.04085261 

 D7=1.49525798 

 D8=45.9705966 

 D9=43.31990632 

 D10=-85.5883183 

 D11=132.13630475 

 

C2H2O
…

H2O
…

HCOOH (RC3) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 
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 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,6,B7,1,A6,3,D5,0 

 C,3,B8,1,A7,2,D6,0 

 H,9,B9,3,A8,1,D7,0 

 O,9,B10,3,A9,1,D8,0 

 O,9,B11,3,A10,1,D9,0 

 H,12,B12,9,A11,3,D10,0 

      Variables: 

 B1=1.30695428 

 B2=1.16938648 

 B3=1.07571457 

 B4=1.07595561 

 B5=2.83587587 

 B6=0.95720041 

 B7=0.96658959 

 B8=3.55916138 

 B9=1.09169565 

 B10=1.2074565 

 B11=1.32259823 

 B12=0.97549724 

 A1=178.43508934 

 A2=117.46419591 

 A3=118.99012897 

 A4=93.01294519 

 A5=141.08875803 

 A6=92.60848236 

 A7=116.60371356 

 A8=157.65869222 

 A9=78.92586689 

 A10=47.20055315 

 A11=109.33840562 

 D1=176.82557122 

 D2=-4.17158906 

 D3=-177.13880739 

 D4=-75.08649779 

 D5=42.12062409 

 D6=128.11645996 

 D7=-131.72568893 

 D8=48.70743751 

 D9=-131.08124071 

 D10=0.10357233 

 

C2H2O
…

H2O
…

HCOOH (TS3) 

 C 

 C,1,B1 
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 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,6,B7,1,A6,3,D5,0 

 C,3,B8,1,A7,2,D6,0 

 H,9,B9,3,A8,1,D7,0 

 O,9,B10,3,A9,1,D8,0 

 O,9,B11,3,A10,1,D9,0 

 H,12,B12,9,A11,3,D10,0 

      Variables: 

 B1=1.33815714 

 B2=1.24286847 

 B3=1.07590691 

 B4=1.07555548 

 B5=1.55450911 

 B6=0.96524259 

 B7=1.08598685 

 B8=3.15320821 

 B9=1.08955991 

 B10=1.24071548 

 B11=1.27552987 

 B12=1.06645836 

 A1=138.03641482 

 A2=122.00664099 

 A3=118.08968454 

 A4=109.74634876 

 A5=109.05848065 

 A6=108.26756943 

 A7=103.86856243 

 A8=160.24610675 

 A9=80.96992101 

 A10=45.91700083 

 A11=111.85697882 

 D1=174.72843668 

 D2=-2.00461376 

 D3=178.34592527 

 D4=158.02151735 

 D5=39.14269201 

 D6=145.17757446 

 D7=-158.83529222 

 D8=23.88725815 

 D9=-154.85336341 

 D10=0.82288487 

 

C2H2(OH)2
 …

HCOOH (PC3) 
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 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,6,B7,1,A6,3,D5,0 

 C,6,B8,1,A7,3,D6,0 

 H,9,B9,6,A8,1,D7,0 

 O,9,B10,6,A9,1,D8,0 

 O,9,B11,6,A10,1,D9,0 

 H,3,B12,1,A11,2,D10,0 

      Variables: 

 B1=1.33270766 

 B2=1.32406311 

 B3=1.0765191 

 B4=1.07472397 

 B5=1.37698901 

 B6=0.96121519 

 B7=1.76747015 

 B8=3.36364681 

 B9=1.09079508 

 B10=1.31812388 

 B11=1.21148821 

 B12=0.97769322 

 A1=124.57770029 

 A2=120.74836453 

 A3=119.28877797 

 A4=112.11942858 

 A5=108.04820578 

 A6=131.66486473 

 A7=109.85644823 

 A8=162.71695987 

 A9=51.59967933 

 A10=74.01668371 

 A11=111.90746494 

 D1=-178.06864954 

 D2=1.4525534 

 D3=-179.53286864 

 D4=-176.84327447 

 D5=9.13991039 

 D6=0.41462087 

 D7=176.97419401 

 D8=166.1938514 

 D9=-10.87672509 

 D10=-174.06809418 
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C2H2(OH)2
…

 HCOOH (RC4) 

 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,3,B7,1,A6,6,D5,0 

 C,6,B8,1,A7,3,D6,0 

 H,9,B9,6,A8,1,D7,0 

 O,9,B10,6,A9,1,D8,0 

 O,9,B11,6,A10,1,D9,0 

 H,12,B12,9,A11,6,D10,0 

      Variables: 

 B1=1.34620763 

 B2=1.3383604 

 B3=1.0769001 

 B4=1.07581986 

 B5=1.33298208 

 B6=0.9813307 

 B7=0.96275604 

 B8=3.3971927 

 B9=1.09117885 

 B10=1.21479926 

 B11=1.31440171 

 B12=0.99319745 

 A1=121.66968782 

 A2=119.28277562 

 A3=119.13697979 

 A4=112.14574537 

 A5=108.88820514 

 A6=107.07797552 

 A7=90.56015038 

 A8=157.28924202 

 A9=45.10590394 

 A10=84.17109294 

 A11=109.40562947 

 D1=-167.842705 

 D2=-1.07081021 

 D3=179.09251647 

 D4=-156.74244364 

 D5=8.01174913 

 D6=-133.61870961 

 D7=154.12944925 
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 D8=-140.51160874 

 D9=19.80976271 

 D10=-22.36230434 

 

C2H2(OH)2
…

 HCOOH (TS4) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,3,B7,1,A6,6,D5,0 

 C,6,B8,1,A7,3,D6,0 

 H,9,B9,6,A8,1,D7,0 

 O,9,B10,6,A9,1,D8,0 

 O,9,B11,6,A10,1,D9,0 

 H,12,B12,9,A11,6,D10,0 

      Variables: 

 B1=1.39115435 

 B2=1.3229745 

 B3=1.08142332 

 B4=1.07822424 

 B5=1.28406569 

 B6=1.07645507 

 B7=0.96596592 

 B8=3.18250446 

 B9=1.09311959 

 B10=1.24862525 

 B11=1.27026773 

 B12=1.22624901 

 A1=119.76317368 

 A2=114.63289629 

 A3=116.18613787 

 A4=115.58470418 

 A5=109.44236922 

 A6=107.26629632 

 A7=91.42721431 

 A8=156.90516224 

 A9=43.54561785 

 A10=84.7493974 

 A11=110.62370634 

 D1=-149.07554182 

 D2=-8.03627466 

 D3=174.62079516 

 D4=-154.09154857 

 D5=5.22765753 
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 D6=-137.74448471 

 D7=170.30679715 

 D8=-148.14492696 

 D9=18.0430109 

 D10=-27.62705285 

 

CH3COOH
…

 HCOOH (PC4) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,3,B7,1,A6,6,D5,0 

 C,6,B8,1,A7,3,D6,0 

 H,9,B9,6,A8,1,D7,0 

 O,9,B10,6,A9,1,D8,0 

 O,9,B11,6,A10,1,D9,0 

 H,2,B12,1,A11,6,D10,0 

      Variables: 

 B1=1.48769929 

 B2=1.33921135 

 B3=1.08708856 

 B4=1.08706574 

 B5=1.21432192 

 B6=1.74517598 

 B7=0.96650498 

 B8=3.49774564 

 B9=1.0934257 

 B10=1.3226722 

 B11=1.20744417 

 B12=1.08338128 

 A1=112.4883071 

 A2=108.98358946 

 A3=109.00982357 

 A4=121.20783238 

 A5=131.35252061 

 A6=106.5626813 

 A7=114.69095758 

 A8=155.02056127 

 A9=44.65237125 

 A10=81.46508148 

 A11=109.96704195 

 D1=-58.62102778 

 D2=58.3034962 

 D3=179.975395 
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 D4=-179.97431537 

 D5=-0.02112182 

 D6=-179.91732143 

 D7=-179.85209454 

 D8=-179.8636198 

 D9=0.12117088 

 D10=-0.11093143 

 

C2H2(OH)2
…

H2O
…

HCOOH (RC5) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,2,B7,1,A6,6,D5,0 

 C,2,B8,1,A7,6,D6,0 

 H,9,B9,2,A8,1,D7,0 

 O,9,B10,2,A9,1,D8,0 

 O,9,B11,2,A10,1,D9,0 

 H,3,B12,1,A11,6,D10,0 

 O,6,B13,1,A12,3,D11,0 

 H,14,B14,6,A13,1,D12,0 

 H,14,B15,6,A14,1,D13,0 

      Variables: 

 B1=1.34763655 

 B2=1.33976679 

 B3=1.07636962 

 B4=1.07653345 

 B5=1.32822241 

 B6=0.98830634 

 B7=1.93589248 

 B8=3.67921347 

 B9=1.09219084 

 B10=1.31173962 

 B11=1.21344158 

 B12=0.96253147 

 B13=2.64027803 

 B14=0.97523718 

 B15=0.95801038 

 A1=121.25654092 

 A2=119.49081011 

 A3=118.58593347 

 A4=111.89899557 

 A5=110.02104327 

 A6=91.95225659 
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 A7=95.24391888 

 A8=156.23300115 

 A9=45.95891135 

 A10=81.09704268 

 A11=107.05099954 

 A12=106.20957851 

 A13=99.97191827 

 A14=124.20078078 

 D1=-172.15696422 

 D2=-5.50110642 

 D3=178.48045599 

 D4=-172.90921807 

 D5=-87.22706515 

 D6=-70.63290873 

 D7=-103.05130085 

 D8=-87.68677293 

 D9=87.00309575 

 D10=3.80149995 

 D11=-168.30271582 

 D12=61.45328319 

 D13=178.58405184 

 

C2H2(OH)2
…

H2O
…

HCOOH (TS5) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,2,B7,1,A6,6,D5,0 

 C,2,B8,1,A7,6,D6,0 

 H,9,B9,2,A8,1,D7,0 

 O,9,B10,2,A9,1,D8,0 

 O,9,B11,2,A10,1,D9,0 

 H,3,B12,1,A11,6,D10,0 

 O,6,B13,1,A12,3,D11,0 

 H,14,B14,6,A13,1,D12,0 

 H,14,B15,6,A14,1,D13,0 

      Variables: 

 B1=1.4016378 

 B2=1.31694775 

 B3=1.08128063 

 B4=1.08004479 

 B5=1.27892021 

 B6=1.06887526 

 B7=1.30438892 
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 B8=3.39819547 

 B9=1.0979966 

 B10=1.26786414 

 B11=1.24539948 

 B12=0.96616113 

 B13=2.43907946 

 B14=1.02390084 

 B15=0.95893358 

 A1=118.8870486 

 A2=114.40780752 

 A3=114.24345687 

 A4=115.44697629 

 A5=111.07932054 

 A6=101.13256937 

 A7=104.97080705 

 A8=155.45888504 

 A9=42.97256576 

 A10=85.68178189 

 A11=107.83683789 

 A12=108.27506382 

 A13=105.70779443 

 A14=118.10696132 

 D1=-154.7390703 

 D2=-17.73007938 

 D3=175.04104828 

 D4=-172.44646232 

 D5=-78.79800549 

 D6=-60.55419895 

 D7=-117.30620652 

 D8=-87.28331837 

 D9=82.28801064 

 D10=3.61329516 

 D11=-170.90218683 

 D12=53.96789043 

 D13=173.03475298 

 

CH3COOH
…

H2O
…

HCOOH (PC5) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,2,B7,1,A6,6,D5,0 

 C,1,B8,6,A7,3,D6,0 

 H,9,B9,1,A8,6,D7,0 
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 O,9,B10,1,A9,6,D8,0 

 O,9,B11,1,A10,6,D9,0 

 H,3,B12,1,A11,6,D10,0 

 O,12,B13,9,A12,1,D11,0 

 H,12,B14,9,A13,1,D12,0 

 H,14,B15,12,A14,9,D13,0 

      Variables: 

 B1=1.48794654 

 B2=1.33631408 

 B3=1.08276587 

 B4=1.08791501 

 B5=1.21460536 

 B6=1.74957921 

 B7=1.08462363 

 B8=3.96020668 

 B9=1.09391088 

 B10=1.2095777 

 B11=1.31889925 

 B12=0.96607996 

 B13=2.66743377 

 B14=0.9925456 

 B15=0.95794396 

 A1=112.25443023 

 A2=110.01291536 

 A3=108.79913876 

 A4=121.593702 

 A5=116.43360043 

 A6=109.06709989 

 A7=83.21825377 

 A8=145.67045997 

 A9=22.94915694 

 A10=103.46682673 

 A11=106.42455454 

 A12=109.22183195 

 A13=109.26376507 

 A14=120.07242976 

 D1=174.59072889 

 D2=-64.69741548 

 D3=-178.21770332 

 D4=-154.26281566 

 D5=-128.29377955 

 D6=107.38398915 

 D7=-136.77500299 

 D8=-151.67412528 

 D9=36.65626164 

 D10=2.66692457 

 D11=3.54169762 
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 D12=3.38207079 

 D13=-144.77458233 

 

C2H2O
…

H2O
…

HCOOH (RC6) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,6,B7,1,A6,3,D5,0 

 C,6,B8,1,A7,3,D6,0 

 H,9,B9,6,A8,1,D7,0 

 O,9,B10,6,A9,1,D8,0 

 O,9,B11,6,A10,1,D9,0 

 H,12,B12,9,A11,6,D10,0 

      Variables: 

 B1=1.32470681 

 B2=1.15614178 

 B3=1.0779126 

 B4=1.07706353 

 B5=2.82428381 

 B6=0.96809803 

 B7=0.95720552 

 B8=3.73235926 

 B9=1.09213968 

 B10=1.20914694 

 B11=1.32013377 

 B12=0.98691104 

 A1=176.45382915 

 A2=117.17750377 

 A3=116.75496215 

 A4=99.04762351 

 A5=92.98207053 

 A6=135.66802692 

 A7=74.45979151 

 A8=157.68914542 

 A9=34.64111526 

 A10=91.71353942 

 A11=110.02200193 

 D1=59.33996171 

 D2=-141.54616273 

 D3=-120.49402357 

 D4=97.66608241 

 D5=-17.30171444 

 D6=106.52082575 
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 D7=-155.83958746 

 D8=-154.14365995 

 D9=25.22651811 

 D10=-0.63073991 

 

C2H2O
…

H2O
…

HCOOH (TS6) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,6,B7,1,A6,3,D5,0 

 C,6,B8,1,A7,3,D6,0 

 H,9,B9,6,A8,1,D7,0 

 O,9,B10,6,A9,1,D8,0 

 O,9,B11,6,A10,1,D9,0 

 H,12,B12,9,A11,6,D10,0 

      Variables: 

 B1=1.38633282 

 B2=1.17857944 

 B3=1.0811734 

 B4=1.0796632 

 B5=1.69523922 

 B6=1.06709847 

 B7=0.96633379 

 B8=3.29082272 

 B9=1.09234967 

 B10=1.24400397 

 B11=1.27324684 

 B12=1.16226779 

 A1=144.34140323 

 A2=113.44047379 

 A3=115.3824026 

 A4=111.55414804 

 A5=106.17377634 

 A6=103.81958302 

 A7=87.30388686 

 A8=156.50403301 

 A9=39.09521046 

 A10=88.41741765 

 A11=112.29466395 

 D1=18.37629367 

 D2=156.76829261 

 D3=-169.64737738 

 D4=116.55784498 
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 D5=2.80009815 

 D6=118.71863114 

 D7=-154.41730847 

 D8=-171.04135561 

 D9=14.89446695 

 D10=10.22915786 

 

CH3COOH
 …

HCOOH (PC6) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,6,B7,1,A6,3,D5,0 

 C,6,B8,1,A7,3,D6,0 

 H,9,B9,6,A8,1,D7,0 

 O,9,B10,6,A9,1,D8,0 

 O,9,B11,6,A10,1,D9,0 

 H,2,B12,1,A11,3,D10,0 

      Variables: 

 B1=1.48803068 

 B2=1.20055265 

 B3=1.08224561 

 B4=1.08738584 

 B5=1.3702239 

 B6=1.84135029 

 B7=0.96679736 

 B8=3.54862627 

 B9=1.09266946 

 B10=1.32899792 

 B11=1.20504695 

 B12=1.08810443 

 A1=127.62427621 

 A2=109.44391686 

 A3=109.441782 

 A4=121.00056216 

 A5=128.01185545 

 A6=105.75908933 

 A7=111.35882649 

 A8=157.03166393 

 A9=46.8843026 

 A10=78.81188806 

 A11=109.12088971 

 D1=0.68946642 

 D2=121.57416603 
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 D3=179.90052995 

 D4=150.79865635 

 D5=0.2389272 

 D6=143.31986536 

 D7=169.88806669 

 D8=163.48297654 

 D9=-14.22128943 

 D10=-120.74916868 

 

H2C2O
…

H2O
…

H2O
…

HCOOH (RC7) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,3,B5,1,A4,2,D3,0 

 H,6,B6,3,A5,1,D4,0 

 H,6,B7,3,A6,1,D5,0 

 C,3,B8,1,A7,2,D6,0 

 H,9,B9,3,A8,1,D7,0 

 O,9,B10,3,A9,1,D8,0 

 O,9,B11,3,A10,1,D9,0 

 H,12,B12,9,A11,3,D10,0 

 O,6,B13,3,A12,1,D11,0 

 H,14,B14,6,A13,3,D12,0 

 H,14,B15,6,A14,3,D13,0 

      Variables: 

 B1=1.30741338 

 B2=1.16935238 

 B3=1.07548959 

 B4=1.07620714 

 B5=4.01346563 

 B6=0.95743199 

 B7=0.96772423 

 B8=3.64143305 

 B9=1.09158736 

 B10=1.20797311 

 B11=1.31976733 

 B12=0.97586922 

 B13=2.77126264 

 B14=0.95711452 

 B15=0.97204516 

 A1=177.62136493 

 A2=117.61229612 

 A3=118.64431501 

 A4=89.73998902 

 A5=137.5664835 
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 A6=62.50176188 

 A7=128.42591854 

 A8=152.34821142 

 A9=84.34465765 

 A10=41.90016731 

 A11=109.90442814 

 A12=52.29225205 

 A13=106.16983272 

 A14=2.81034092 

 D1=174.72104678 

 D2=-5.04578343 

 D3=149.59940513 

 D4=-49.59444955 

 D5=-131.76395397 

 D6=97.92140693 

 D7=-119.10227543 

 D8=57.76274335 

 D9=-124.30732199 

 D10=-1.84765235 

 D11=46.91295462 

 D12=113.35406978 

 D13=167.94764013 

 

H2C2O
…

H2O
…

H2O
…

HCOOH (TS7) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,6,B7,1,A6,3,D5,0 

 C,3,B8,1,A7,2,D6,0 

 H,9,B9,3,A8,1,D7,0 

 O,9,B10,3,A9,1,D8,0 

 O,9,B11,3,A10,1,D9,0 

 H,12,B12,9,A11,3,D10,0 

 O,1,B13,3,A12,2,D11,0 

 H,14,B14,1,A13,3,D12,0 

 H,6,B15,1,A14,3,D13,0 

      Variables: 

 B1=1.3397124 

 B2=1.26171652 

 B3=1.07520114 

 B4=1.07632641 

 B5=2.9498938 

 B6=0.96141147 
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 B7=1.02578493 

 B8=3.22080021 

 B9=1.09204627 

 B10=1.23181483 

 B11=1.28179062 

 B12=1.05915595 

 B13=1.49826738 

 B14=0.96825123 

 B15=1.18269344 

 A1=136.44021207 

 A2=120.56450847 

 A3=118.7741901 

 A4=96.06585918 

 A5=112.04554108 

 A6=76.87147576 

 A7=102.64697365 

 A8=156.14297113 

 A9=84.72582328 

 A10=43.32405989 

 A11=114.44684454 

 A12=110.67445653 

 A13=102.71784774 

 A14=33.70277575 

 D1=179.20131323 

 D2=2.68504115 

 D3=-121.87431811 

 D4=153.18402024 

 D5=50.47034671 

 D6=68.84714212 

 D7=-128.34191516 

 D8=52.96818086 

 D9=-126.44793773 

 D10=0.41929444 

 D11=-175.24854307 

 D12=-27.16982816 

 D13=-112.43430963 

 

H2C2(OH)2
…

H2O
…

HCOOH (PC7) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,2,A4,3,D3,0 

 H,6,B6,1,A5,2,D4,0 

 H,6,B7,1,A6,2,D5,0 

 C,6,B8,1,A7,2,D6,0 
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 H,9,B9,6,A8,1,D7,0 

 O,9,B10,6,A9,1,D8,0 

 O,9,B11,6,A10,1,D9,0 

 H,3,B12,1,A11,2,D10,0 

 O,1,B13,2,A12,3,D11,0 

 H,14,B14,1,A13,2,D12,0 

 H,6,B15,1,A14,2,D13,0 

      Variables: 

 B1=1.33216692 

 B2=1.33886142 

 B3=1.07560778 

 B4=1.07536409 

 B5=3.01003314 

 B6=0.95878285 

 B7=1.71966616 

 B8=3.59519353 

 B9=1.09178688 

 B10=1.30979266 

 B11=1.21376575 

 B12=0.98011351 

 B13=1.36640187 

 B14=0.96353847 

 B15=0.96723744 

 A1=127.88508406 

 A2=119.68201589 

 A3=119.77213705 

 A4=101.36368354 

 A5=134.35517508 

 A6=78.31423641 

 A7=70.7989534 

 A8=147.82113873 

 A9=37.38485507 

 A10=90.14385622 

 A11=108.31349068 

 A12=121.22991566 

 A13=106.0647019 

 A14=39.13832643 

 D1=-178.74005984 

 D2=2.5932861 

 D3=101.29226789 

 D4=53.6675147 

 D5=-58.05176886 

 D6=-66.23014664 

 D7=152.10531411 

 D8=143.23908802 

 D9=-32.7638156 

 D10=30.70207642 
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 D11=176.97135332 

 D12=171.04305561 

 D13=105.92440009 

 

H2C2O
…

H2O
…

H2O
…

HCOOH (RC8) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,6,B7,1,A6,3,D5,0 

 H,2,B8,1,A7,3,D6,0 

 O,6,B9,1,A8,3,D7,0 

 H,10,B10,6,A9,1,D8,0 

 H,10,B11,6,A10,1,D9,0 

 C,6,B12,1,A11,3,D10,0 

 H,13,B13,6,A12,1,D11,0 

 O,13,B14,6,A13,1,D12,0 

 O,13,B15,6,A14,1,D13,0 

      Variables: 

 B1=1.32021389 

 B2=1.16029457 

 B3=1.07782032 

 B4=1.07631125 

 B5=2.70903547 

 B6=0.96489425 

 B7=0.96454268 

 B8=2.07471879 

 B9=2.87806329 

 B10=0.9605435 

 B11=0.95815133 

 B12=3.73203722 

 B13=1.09234128 

 B14=1.20708559 

 B15=1.32444375 

 A1=175.82179448 

 A2=117.48462672 

 A3=117.12272444 

 A4=95.2234258 

 A5=103.18208979 

 A6=99.87795885 

 A7=94.56547423 

 A8=84.32723505 

 A9=88.09139768 

 A10=127.76865078 
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 A11=78.71119515 

 A12=158.75983848 

 A13=38.34536543 

 A14=88.92857673 

 D1=33.14930941 

 D2=-164.08085461 

 D3=-144.5590912 

 D4=111.42108712 

 D5=3.09314717 

 D6=-70.50698551 

 D7=2.18392914 

 D8=-6.31055691 

 D9=-113.82794 

 D10=113.14631412 

 D11=-144.81757998 

 D12=178.57119842 

 D13=10.64567616 

 

H2C2O
…

H2O
…

H2O
…

HCOOH (TS8) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,6,B7,1,A6,3,D5,0 

 H,2,B8,1,A7,3,D6,0 

 O,6,B9,1,A8,3,D7,0 

 H,10,B10,6,A9,1,D8,0 

 H,10,B11,6,A10,1,D9,0 

 C,6,B12,1,A11,3,D10,0 

 H,13,B13,6,A12,1,D11,0 

 O,13,B14,6,A13,1,D12,0 

 O,13,B15,6,A14,1,D13,0 

      Variables: 

 B1=1.38270612 

 B2=1.20946196 

 B3=1.07917914 

 B4=1.07971791 

 B5=1.5379916 

 B6=1.0637889 

 B7=0.99889322 

 B8=1.5614422 

 B9=2.60193748 

 B10=0.97285118 

 B11=0.95871453 
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 B12=3.27983367 

 B13=1.09108147 

 B14=1.23935607 

 B15=1.27934499 

 A1=137.13512452 

 A2=115.292297 

 A3=116.70957283 

 A4=114.14061534 

 A5=107.80036716 

 A6=106.19765275 

 A7=98.64848277 

 A8=94.89270998 

 A9=80.16570604 

 A10=126.32416665 

 A11=88.44285839 

 A12=157.00064391 

 A13=39.55552525 

 A14=88.00845818 

 D1=14.34062846 

 D2=158.76658959 

 D3=-172.55882299 

 D4=120.73091066 

 D5=2.59098851 

 D6=-99.09638221 

 D7=3.83858677 

 D8=-4.67297451 

 D9=-107.90912364 

 D10=119.86228404 

 D11=-154.78150584 

 D12=-178.17020225 

 D13=10.01409232 

 

H2C2(OH)2
…

H2O
…

HCOOH (PC8) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,1,B5,3,A4,2,D3,0 

 H,6,B6,1,A5,3,D4,0 

 H,6,B7,1,A6,3,D5,0 

 H,2,B8,1,A7,3,D6,0 

 O,6,B9,1,A8,3,D7,0 

 H,10,B10,6,A9,1,D8,0 

 H,10,B11,6,A10,1,D9,0 

 C,6,B12,1,A11,3,D10,0 

 H,13,B13,6,A12,1,D11,0 
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 O,13,B14,6,A13,1,D12,0 

 O,13,B15,6,A14,1,D13,0 

      Variables: 

 B1=1.48853159 

 B2=1.21180201 

 B3=1.08235462 

 B4=1.08739109 

 B5=1.34893213 

 B6=1.81021327 

 B7=0.98740261 

 B8=1.08835891 

 B9=2.67112896 

 B10=0.96905846 

 B11=0.95834161 

 B12=3.52321234 

 B13=1.0929639 

 B14=1.32743844 

 B15=1.20561219 

 A1=125.61816758 

 A2=109.7218522 

 A3=109.45466832 

 A4=122.0562794 

 A5=127.0060567 

 A6=107.5167796 

 A7=108.82510311 

 A8=95.28082142 

 A9=79.73655281 

 A10=129.98788003 

 A11=110.66000899 

 A12=156.77691696 

 A13=46.62323279 

 A14=79.22180191 

 D1=1.98650733 

 D2=123.20564121 

 D3=179.9951584 

 D4=152.18324011 

 D5=0.43851961 

 D6=-119.37664065 

 D7=2.30372418 

 D8=-4.14367401 

 D9=-106.83707864 

 D10=143.59700217 

 D11=166.05133014 

 D12=159.76506042 

 D13=-17.92965853 

 

H2C2O
…

H2O
…

H2O
…

HCOOH (RCS1) 
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 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,3,B5,1,A4,2,D3,0 

 H,6,B6,3,A5,1,D4,0 

 H,6,B7,3,A6,1,D5,0 

 C,6,B8,3,A7,1,D6,0 

 H,9,B9,6,A8,3,D7,0 

 O,9,B10,6,A9,3,D8,0 

 O,9,B11,6,A10,3,D9,0 

 H,6,B12,3,A11,1,D10,0 

 O,6,B13,3,A12,1,D11,0 

 H,14,B14,6,A13,3,D12,0 

 H,14,B15,6,A14,3,D13,0 

      Variables: 

 B1=1.31075139 

 B2=1.16576034 

 B3=1.07553854 

 B4=1.07591141 

 B5=3.0487963 

 B6=0.97607371 

 B7=1.63069973 

 B8=3.3740371 

 B9=1.09230204 

 B10=1.21615144 

 B11=1.30732944 

 B12=0.96047422 

 B13=2.71265478 

 B14=0.95781236 

 B15=0.9758539 

 A1=179.07991222 

 A2=118.58767979 

 A3=118.82298909 

 A4=91.48828138 

 A5=72.35356783 

 A6=102.51023025 

 A7=98.80302856 

 A8=156.72886192 

 A9=81.43236425 

 A10=45.60218362 

 A11=38.25410128 

 A12=71.85389295 

 A13=129.68271061 

 A14=85.23553307 

 D1=139.78886848 
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 D2=-40.80838872 

 D3=-78.77228259 

 D4=-70.99239276 

 D5=30.13718505 

 D6=10.48349989 

 D7=103.42790172 

 D8=-76.86379996 

 D9=103.22933779 

 D10=143.82017172 

 D11=-56.66349527 

 D12=-137.57609657 

 D13=115.41892003 

 

H2C2O
…

H2O
…

H2O
…

HCOOH (TSS1) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,3,B5,1,A4,2,D3,0 

 H,6,B6,3,A5,1,D4,0 

 H,6,B7,3,A6,1,D5,0 

 C,6,B8,3,A7,1,D6,0 

 H,9,B9,6,A8,3,D7,0 

 O,9,B10,6,A9,3,D8,0 

 O,9,B11,6,A10,3,D9,0 

 H,6,B12,3,A11,1,D10,0 

 O,1,B13,3,A12,2,D11,0 

 H,14,B14,1,A13,3,D12,0 

 H,14,B15,1,A14,3,D13,0 

      Variables: 

 B1=1.33722077 

 B2=1.26147204 

 B3=1.07528299 

 B4=1.07581078 

 B5=2.45237095 

 B6=0.95877006 

 B7=1.25386763 

 B8=3.32327014 

 B9=1.09042316 

 B10=1.24930813 

 B11=1.26140152 

 B12=1.0513724 

 B13=1.51022224 

 B14=0.96720211 

 B15=1.1547833 

 A1=136.92929213 
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 A2=120.68877945 

 A3=118.51375475 

 A4=101.49568219 

 A5=112.12311432 

 A6=109.77813681 

 A7=97.73938829 

 A8=148.91632881 

 A9=94.81097377 

 A10=34.38025721 

 A11=4.83213161 

 A12=110.89608372 

 A13=102.88618541 

 A14=108.8470109 

 D1=-177.92750103 

 D2=-0.85314253 

 D3=-93.0627084 

 D4=-145.15769822 

 D5=-17.6617538 

 D6=-22.57796228 

 D7=165.03184782 

 D8=-18.60779117 

 D9=159.05037919 

 D10=170.72824178 

 D11=176.70407046 

 D12=14.01373671 

 D13=-103.37804916 

 

H2C2(OH)2
…

H2O
…

HCOOH (PCS1) 

 C 

 C,1,B1 

 O,1,B2,2,A1 

 H,2,B3,1,A2,3,D1,0 

 H,2,B4,1,A3,3,D2,0 

 O,3,B5,1,A4,2,D3,0 

 H,6,B6,3,A5,1,D4,0 

 H,6,B7,3,A6,1,D5,0 

 C,6,B8,3,A7,1,D6,0 

 H,9,B9,6,A8,3,D7,0 

 O,9,B10,6,A9,3,D8,0 

 O,9,B11,6,A10,3,D9,0 

 H,3,B12,1,A11,2,D10,0 

 O,1,B13,2,A12,3,D11,0 

 H,14,B14,1,A13,2,D12,0 

 H,11,B15,9,A14,6,D13,0 

      Variables: 

 B1=1.32938226 

 B2=1.34222441 
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 B3=1.07508614 

 B4=1.07477313 

 B5=2.77224736 

 B6=0.95750088 

 B7=0.97769413 

 B8=3.6252802 

 B9=1.09132922 

 B10=1.31021874 

 B11=1.21503579 

 B12=0.97068517 

 B13=1.37386518 

 B14=0.97015562 

 B15=0.98943934 

 A1=123.91090843 

 A2=119.65515737 

 A3=119.36655115 

 A4=95.65966148 

 A5=137.39958381 

 A6=107.99249946 

 A7=91.12580765 

 A8=155.9585406 

 A9=92.93024348 

 A10=33.78257397 

 A11=109.84972952 

 A12=120.60019325 

 A13=109.11659847 

 A14=110.66606847 

 D1=-175.15257592 

 D2=3.76754574 

 D3=-166.35264155 

 D4=-156.36020495 

 D5=59.1676906 

 D6=43.70939377 

 D7=136.73744111 

 D8=-44.09711273 

 D9=135.53247738 

 D10=-160.87801346 

 D11=179.93930143 

 D12=-169.82622688 

 D13=1.17756289 

 

C2H2O
 …

HCOOH (RCS2)
a 

 C 

 O,1,B1 

 O,1,B2,2,A1 

 H,3,B3,1,A2,2,D1,0 

 C,3,B4,1,A3,2,D2,0 
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 C,5,B5,3,A4,1,D3,0 

 O,5,B6,3,A5,1,D4,0 

 H,6,B7,5,A6,3,D5,0 

 H,6,B8,5,A7,3,D6,0 

 H,1,B9,2,A8,3,D7,0 

      Variables: 

 B1=1.20035572 

 B2=1.33565416 

 B3=0.9796362 

 B4=3.70805774 

 B5=1.31274521 

 B6=1.15527172 

 B7=1.08069545 

 B8=1.07913454 

 B9=1.09685412 

 A1=125.58964098 

 A2=108.83598416 

 A3=111.84875804 

 A4=57.20671035 

 A5=121.47858331 

 A6=119.35313847 

 A7=119.02899642 

 A8=124.35929491 

 D1=0.11962549 

 D2=16.13913804 

 D3=-65.34692306 

 D4=114.94582718 

 D5=82.2579182 

 D6=-108.43297248 

 D7=-179.98791846 

 

C2H2O
 …

HCOOH (TSS2)
a 

 C 

 O,1,B1 

 O,1,B2,2,A1 

 H,3,B3,1,A2,2,D1,0 

 C,3,B4,1,A3,2,D2,0 

 C,5,B5,3,A4,1,D3,0 

 O,5,B6,3,A5,1,D4,0 

 H,6,B7,5,A6,3,D5,0 

 H,6,B8,5,A7,3,D6,0 

 H,1,B9,2,A8,3,D7,0 

      Variables: 

 B1=1.21710738 

 B2=1.29964851 

 B3=1.51942063 

 B4=2.406039 
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 B5=1.40418791 

 B6=1.12927855 

 B7=1.08980647 

 B8=1.08980641 

 B9=1.10841435 

 A1=126.42628707 

 A2=142.48790903 

 A3=163.35046218 

 A4=75.84926984 

 A5=111.60284519 

 A6=110.08575635 

 A7=110.08577312 

 A8=120.39701235 

 D1=0.00150036 

 D2=179.99335696 

 D3=-179.99352336 

 D4=0.00661057 

 D5=117.6481439 

 D6=-117.64979422 

 D7=180. 

 

CH3C(O)OC(O)H (PCS2)
a 

 C 

 O,1,B1 

 O,1,B2,2,A1 

 H,3,B3,1,A2,2,D1,0 

 C,3,B4,1,A3,2,D2,0 

 C,5,B5,3,A4,1,D3,0 

 O,5,B6,3,A5,1,D4,0 

 H,6,B7,5,A6,3,D5,0 

 H,6,B8,5,A7,3,D6,0 

 H,1,B9,2,A8,3,D7,0 

      Variables: 

 B1=1.18700425 

 B2=1.3796764 

 B3=2.61186113 

 B4=1.38980606 

 B5=1.49696012 

 B6=1.19483836 

 B7=1.08483855 

 B8=1.08988491 

 B9=1.09289278 

 A1=120.35968919 

 A2=158.46693847 

 A3=119.08748373 

 A4=109.8364014 

 A5=123.2518085 
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 A6=109.61519426 

 A7=109.6630976 

 A8=126.51398155 

 D1=113.90117925 

 D2=-179.99701773 

 D3=179.99048153 

 D4=-0.00572605 

 D5=179.97578368 

 D6=-58.74228461 

 D7=-179.9993865 

 

C2H2O
 …

HCOOH
…

H2O (RCS3)
a 

 C 

 O,1,B1 

 O,1,B2,2,A1 

 H,3,B3,1,A2,2,D1,0 

 C,2,B4,1,A3,3,D2,0 

 C,5,B5,2,A4,1,D3,0 

 O,5,B6,2,A5,1,D4,0 

 H,6,B7,5,A6,2,D5,0 

 H,6,B8,5,A7,2,D6,0 

 H,1,B9,2,A8,3,D7,0 

 O,3,B10,1,A9,2,D8,0 

 H,11,B11,3,A10,1,D9,0 

 H,3,B12,1,A11,2,D10,0 

      Variables: 

 B1=1.20602676 

 B2=1.32251244 

 B3=3.31650816 

 B4=4.12292358 

 B5=1.31222887 

 B6=1.15607344 

 B7=1.07947948 

 B8=1.08403309 

 B9=1.09742471 

 B10=2.7231152 

 B11=0.97315941 

 B12=0.9918082 

 A1=126.20910009 

 A2=120.22929506 

 A3=135.76734309 

 A4=43.27592741 

 A5=136.42459184 

 A6=118.59424746 

 A7=119.4502174 

 A8=123.22101085 

 A9=111.43637388 
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 A10=110.19062126 

 A11=110.56676494 

 D1=11.84479943 

 D2=18.02266277 

 D3=-103.46076243 

 D4=74.50252018 

 D5=178.9118345 

 D6=-13.30804745 

 D7=179.96892062 

 D8=-0.92818908 

 D9=5.61295436 

 D10=-0.2127433 

 

C2H2O
 …

HCOOH
…

H2O (TSS3)
a 

 C 

 O,1,B1 

 O,1,B2,2,A1 

 H,3,B3,1,A2,2,D1,0 

 C,2,B4,1,A3,3,D2,0 

 C,5,B5,2,A4,1,D3,0 

 O,5,B6,2,A5,1,D4,0 

 H,6,B7,5,A6,2,D5,0 

 H,6,B8,5,A7,2,D6,0 

 H,1,B9,2,A8,5,D7,0 

 O,3,B10,1,A9,2,D8,0 

 H,11,B11,3,A10,1,D9,0 

 H,11,B12,3,A11,1,D10,0 

      Variables: 

 B1=1.25315922 

 B2=1.25979823 

 B3=2.90221404 

 B4=1.96985027 

 B5=1.38113015 

 B6=1.15198047 

 B7=1.08659 

 B8=1.07996828 

 B9=1.0997376 

 B10=2.42420282 

 B11=1.18551623 

 B12=1.1419044 

 A1=128.78972173 

 A2=125.75190313 

 A3=126.76770105 

 A4=101.84339894 

 A5=105.66392794 

 A6=111.72301464 

 A7=115.16281359 
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 A8=115.68381819 

 A9=119.21216408 

 A10=96.60596821 

 A11=1.88195292 

 D1=31.35312304 

 D2=19.85071362 

 D3=-85.02870525 

 D4=90.54752871 

 D5=-165.90572648 

 D6=-30.71362744 

 D7=-160.49232069 

 D8=11.24322594 

 D9=0.49807961 

 D10=-162.09875789 

 

CH3C(O)OC(O)H
…

H2O (PCS3)
a 

 C 

 O,1,B1 

 O,1,B2,2,A1 

 H,3,B3,1,A2,2,D1,0 

 C,2,B4,1,A3,3,D2,0 

 C,5,B5,2,A4,1,D3,0 

 O,5,B6,2,A5,1,D4,0 

 H,6,B7,5,A6,2,D5,0 

 H,6,B8,5,A7,2,D6,0 

 H,1,B9,3,A8,2,D7,0 

 O,3,B10,1,A9,2,D8,0 

 H,6,B11,5,A10,2,D9,0 

 H,11,B12,3,A11,1,D10,0 

      Variables: 

 B1=1.35312068 

 B2=1.194445 

 B3=3.49909215 

 B4=1.42413291 

 B5=1.4909485 

 B6=1.18501725 

 B7=1.08531281 

 B8=1.0885501 

 B9=1.09553505 

 B10=2.91807628 

 B11=1.0910839 

 B12=0.9677103 

 A1=126.32093877 

 A2=119.86676354 

 A3=121.58331186 

 A4=110.13676707 

 A5=121.00972454 
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 A6=109.62790461 

 A7=110.62495105 

 A8=124.51152223 

 A9=109.55532864 

 A10=107.64859658 

 A11=16.62833448 

 D1=22.55822011 

 D2=22.65582504 

 D3=-140.83210867 

 D4=41.81829158 

 D5=-166.59499757 

 D6=-44.03198502 

 D7=-176.79718316 

 D8=32.59160944 

 D9=74.1620712 

 D10=-169.35052548 

 

C2H2O
 …

HCOOH
…

H2O (RCS4)
a 

 C 

 O,1,B1 

 O,1,B2,2,A1 

 H,3,B3,1,A2,2,D1,0 

 C,2,B4,1,A3,3,D2,0 

 C,5,B5,2,A4,1,D3,0 

 O,5,B6,2,A5,1,D4,0 

 H,6,B7,5,A6,2,D5,0 

 H,6,B8,5,A7,2,D6,0 

 H,1,B9,2,A8,3,D7,0 

 O,3,B10,1,A9,2,D8,0 

 H,11,B11,3,A10,1,D9,0 

 H,3,B12,1,A11,2,D10,0 

      Variables: 

 B1=1.20617339 

 B2=1.32221604 

 B3=3.30015518 

 B4=4.08828691 

 B5=1.31124888 

 B6=1.157017 

 B7=1.07937875 

 B8=1.08398191 

 B9=1.0975939 

 B10=2.72011165 

 B11=0.97288398 

 B12=0.99235047 

 A1=126.22005345 

 A2=120.01946948 

 A3=135.2997362 
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 A4=44.78662877 

 A5=134.75512207 

 A6=118.87210668 

 A7=119.33077587 

 A8=123.19322859 

 A9=111.5973362 

 A10=109.59018115 

 A11=110.64181588 

 D1=-12.99006476 

 D2=23.26829257 

 D3=-105.77589652 

 D4=72.22518004 

 D5=176.33870029 

 D6=-14.06295584 

 D7=-179.9808417 

 D8=0.42374451 

 D9=-4.94196352 

 D10=-0.06420269 

 

C2H2O
 …

HCOOH
…

H2O (TSS4)
a 

 C 

 O,1,B1 

 O,1,B2,2,A1 

 H,3,B3,1,A2,2,D1,0 

 C,2,B4,1,A3,3,D2,0 

 C,5,B5,2,A4,1,D3,0 

 O,5,B6,2,A5,1,D4,0 

 H,6,B7,5,A6,2,D5,0 

 H,6,B8,5,A7,2,D6,0 

 H,1,B9,2,A8,5,D7,0 

 O,3,B10,1,A9,2,D8,0 

 H,11,B11,3,A10,1,D9,0 

 H,11,B12,3,A11,1,D10,0 

      Variables: 

 B1=1.25561242 

 B2=1.25794461 

 B3=2.94102521 

 B4=1.91826899 

 B5=1.38013234 

 B6=1.15695029 

 B7=1.08587606 

 B8=1.07949915 

 B9=1.09901814 

 B10=2.42274057 

 B11=1.16653931 

 B12=1.14068538 

 A1=128.85126353 
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 A2=127.92190215 

 A3=125.76165908 

 A4=103.15343119 

 A5=106.54005647 

 A6=112.36556429 

 A7=115.99648694 

 A8=115.38096905 

 A9=119.22728198 

 A10=96.38376944 

 A11=2.9347099 

 D1=-2.99172535 

 D2=20.51673339 

 D3=-86.78028895 

 D4=88.49922393 

 D5=-165.00494652 

 D6=-27.86716541 

 D7=-159.80492766 

 D8=15.30911003 

 D9=-8.97624672 

 D10=-137.69865096 

 

CH3C(O)OC(O)H
…

H2O (PCS4)
a 

 C 

 O,1,B1 

 O,1,B2,2,A1 

 H,3,B3,1,A2,2,D1,0 

 C,2,B4,1,A3,3,D2,0 

 C,5,B5,2,A4,1,D3,0 

 O,5,B6,2,A5,1,D4,0 

 H,6,B7,5,A6,2,D5,0 

 H,6,B8,5,A7,2,D6,0 

 H,1,B9,3,A8,2,D7,0 

 O,3,B10,1,A9,2,D8,0 

 H,6,B11,5,A10,2,D9,0 

 H,11,B12,3,A11,1,D10,0 

      Variables: 

 B1=1.35331402 

 B2=1.19433706 

 B3=3.50149303 

 B4=1.42398176 

 B5=1.4909566 

 B6=1.18507438 

 B7=1.08529438 

 B8=1.08855733 

 B9=1.09552157 

 B10=2.91749592 

 B11=1.09105506 
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 B12=0.9677082 

 A1=126.32184037 

 A2=119.99198116 

 A3=121.56902309 

 A4=110.15295245 

 A5=121.00974557 

 A6=109.6213127 

 A7=110.62086485 

 A8=124.5273945 

 A9=109.79052893 

 A10=107.66230898 

 A11=16.80877098 

 D1=22.31558868 

 D2=22.50567257 

 D3=-140.66244724 

 D4=41.99067654 

 D5=-166.68295489 

 D6=-44.12367994 

 D7=-176.8016377 

 D8=32.42636091 

 D9=74.07209932 

 D10=-168.32690373 

 
a
 Optimization at B3LYP/6-311++g(3df,3pd) level of theory 
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Chapter 4 

 

Computational Study of the addition of Amines to Carbonyls: 

A Case Study with Dimethylamine and Formaldehyde 
 

4.1. Introduction 

 Many studies have looked at how amines play an important role in atmospheric 

chemistry.
1-5

 Amines can be found in both urban and rural areas, with sources including 

animal husbandry, automobiles, marine organisms, and biomass burning, among many 

others.
2,3

 The concentrations of amines vary widely depending on the location and 

proximity to a major source of amines, although the ambient concentrations are typically 

found to be at least one order of magnitude less than that for ammonia.
2,5

 Despite the fact 

that ammonia and other low molecular weight amines, such as methylamine and 

dimethylamine, have high vapor pressures, they also have high water-solubility, which is 

one explanation for why amines have been found in both the gas phase as well as in 

aerosols.
6,7

 Oxidation of amines via OH radicals, acid-base reactions of amines and 

H2SO4 or HNO3, and formation of nitrosamines are a few examples of atmospheric amine 

reactions that have previously been studied.
3-5

 Although the ubiquitous nature of amines 

has led many to conclude that they are important in the atmosphere, many questions 

about their atmospheric chemistry and the role they play in aerosol formation lie 

unanswered.
2
  

 Formaldehyde, the prototypical organic carbonyl compound, also has a substantial 

concentration in the atmosphere.
8,9

 It can be formed through both primary (emitted 

directly) and secondary (formed in the atmosphere) sources, including motor vehicle 
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emissions and photochemical reactions of organic compounds.
8-10

 In fact, formaldehyde 

readily forms free radicals in the atmosphere, which in turn oxidizes other volatile 

organic compounds ( OC’s), leading to the formation of more formaldehyde.
11

 Because 

of the relative abundance of formaldehyde and its reactivity in the atmosphere, many 

studies have looked at the mechanisms for both how formaldehyde is formed and lost.
8-11 

One reaction that apparently has not been studied in the context of atmospheric 

chemistry is the reaction of an amine with carbonyl compounds to form a hemiaminal. 

The general reaction involving formaldehyde is as follows: 

NHR2 + H2CO → NR2CH2OH (1)  

where R is either a hydrogen atom or alkyl chain. There are previous theoretical studies 

on this gas phase reaction for ammonia and methylamine, but not in the context of 

atmospheric importance.
12-17

 Several studies also highlight this reaction occurring in 

comets and interstellar ice systems as a mechanism for molecular complexity in 

interstellar mediums.
12,15,16,18-20

 The reaction involving ammonia and formaldehyde is of 

particular astrobiological significance because the product (NH2CH2OH) is a precursor 

for amino acid.
12,15,18,19

 Previous studies all showed that a single water molecule 

significantly reduced the activation energy barrier to hemiaminal formation for the 

reaction  of formaldehyde with either ammonia or methylamine, but the barrier heights 

were still too high for the reactions to readily occur in the atmosphere.
12-16

 If the 

hemiaminal is formed, however, the product could potentially be important in aerosol 

growth since the higher molecular weight of the  product compared to the reactants would 

likely decrease its vapor pressure, aiding in aerosol growth. Additionally, the product 

could continue to react as an amine in reaction (1) until the nitrogen atom no longer has a 
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hydrogen attached (meaning ammonia can react up to three times and methylamine 

twice), further increasing its molecular size.  

We present theoretical calculations of the water catalyzed, gas phase reactions of 

formaldehyde with respectively ammonia, methylamine, and dimethylamine; the latter 

two respectively being a primary and secondary amine. We demonstrate the catalytic 

nature of the water molecule which is able to stabilize the reaction complexes through 

hydrogen bonds, resulting in a dramatic decrease in the activation barrier. A trend 

involving a decrease in the energy barrier was found in going up the series from ammonia 

to dimethylamine. In fact for dimethylamine the reaction was found to be barrierless and 

so can readily occur under atmospheric conditions. Although the reaction of 

formaldehyde with ammonia and methylamine have been previously studied, we have 

calculated the potential energy surfaces of both reactions at higher levels of theory, as 

described in the Methods section.  

4.2. Computational Methods 

 The computational methods used in this Chapter are similar to the methods used 

in Chapter 3. A brief description follows. The Gaussian 09 program
21

 was used for all ab 

initio calculations presented in this study. For all density functional theory (DFT) 

calculations,  ecke’s three-parameter hybrid functional in conjunction with the 

Lee−Yang−Parr correlation (B3LYP) was used.
22

 Second order Møller–Plesset (MP2) 

perturbation theory was used to optimize molecular structures with all orbitals active, 

referred to as MP2=Full. Both DFT and MP2=Full optimized structures were also used to 

calculate corresponding frequencies. To refine energy estimates further, single point 
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energies of the MP2=Full structures were also calculated using couple cluster theory 

(CCSD(T)).  

Transition state (TS) structures were first optimized at B3LYP/6-31+G(d,p). 

Intrinsic reaction coordinate (IRC) calculations were run for all TS structures to identify 

the corresponding reactant (RC) and product (PC) complexes at B3LYP/6-31+G(d,p) 

level of theory. However, a larger basis set is required for reducing basis set 

superposition error (BSSE)
23

, so each structure was further optimized at B3LYP/6-

311++G(3df,3dp) level, then optimized again at MP2=Full/6-311++G(3df,3dp) level. All 

other structures, such as monomers and dimers, were also optimized at both DFT/6-

311++G(3df,3dp) and MP2/6-311++G(3df,3dp) levels. The z-matrices for the optimized 

structures at the MP2/6-311++G(3df,3pd) can be found in the Appendix. CCSD(T)/6-

311++G(3df,3dp) level of theory was used to calculate single-point energies of the 

MP2/6-311++G(3df,3dp) optimized structures. The zero point energy (ZPE) correction 

for all CCSD(T)/6-311++G(3df,3dp) energies are given by the respective MP2/6-

311++G(3df,3dp) ZPE. Electronic energies and ZPE for all structures in this study are 

given in Table 4.1. Furthermore, frequency calculations established the nature of the 

stationary points by confirming that the stable minima have all positive vibrational 

frequencies and the transition states have only one imaginary frequency (see Table 4.2). 

4.3. Results and Discussion  

Table 4.3 summarizes the activation energies calculated at all three levels of 

theory used for this study. For all three levels of theory, we found that the activation 

energies of reaction (1) decreased in this order: ammonia, methylamine, and 

dimethlyamine. Of particular note is the reaction of dimethylamine and formaldehyde 
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catalyzed by a single water molecule. All three levels of theory predict that the water 

catalyzed reaction for dimethylamine lowers the activation barrier by at least 20 kcal/mol, 

making that reaction feasible under atmospheric conditions. In fact, both the MP2 and 

CCSD(T) calculations show that the reaction has a negative barrier. We believe this to be 

an important finding because of the relative abundance of water in the atmosphere and 

that only a single water molecule is sufficient to catalyze the reaction. Previous studies, 

by this lab
24, 25

 as well as others
12, 14, 15, 26

, of gas phase carbonyl addition and hydrolysis 

reactions have shown that a single water molecule acting alone as a catalyst does not 

typically lower the energy sufficiently enough to make reactions that are unfeasible in the 

atmosphere, feasible. The remainder of the discussion will mainly consider the CCSD(T) 

results, since this is the highest level of theory used in this paper. The following sections 

summarize the results for ammonia, methylamine, and dimethylamine separately. 

4.3.1. Ammonia 

 Several studies have shown that the activation barrier to hemiaminal formation 

from ammonia and formaldehyde in the gas phase is far too high to occur in the 

atmosphere.
12,14,15

 This section will compare values to those obtained by Courmier et al.
12

 

since the level of theory used in their study is the closest to our study. Courmier et al.
12

 

showed that the ZPE corrected activation barrier without any water molecules is 36.8 

kcal/mol and adding a single water molecule for catalysis reduces the barrier to 19.0 

kcal/mol at the CCSD(T)/6-311+G**//MP2/6-311+G** level. Our calculations show a 

slightly smaller ZPE corrected barrier of 16.3 kcal/mol at the CCSD(T)/6-

311++G(3df,3dp)//MP2/6-311++G(3df,3dp) level, as shown in Figure 4.1. The small 

drop in activation energy could be due to the larger basis set that our calculations use. 
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These energies are calculated with respect to the complex of all the reactants (RC). Since 

we are concerned with the gas phase reaction and termolecular reactions are extremely 

rare, we also report the energy of the TS relative to the H2CO∙∙∙H2O + NH3 reactants 

(effective activation barrier) as 12.0 kcal/mol.  

 Williams
14

 showed that the transition state of hemiaminal formation without any 

water molecules forms a four membered ring involving the nitrogen atom and a 

connecting hydrogen with the carbonyl group from formaldehyde, which explains the 

high activation barrier. The use of a single water molecule serves multiple purposes and 

significantly lowers the energy barrier. As seen in Figure 4.1, the transition state complex 

(TS1) no longer is a four membered ring, but a six membered ring, reducing the ring 

strain of the uncatalyzed reaction. Also, the water acts as both a hydrogen acceptor from 

ammonia and a hydrogen donor to formaldehyde, which agrees with the structures found 

in Courmier et al.
12

, Williams
14

, and Woon.
15 

The subsequent reactions of NH2CH2OH and NH(CH2OH)2 with formaldehyde 

are shown in Figures 4.2 and 4.3, respectively. The results show that the activation barrier 

with respect to the H2CO∙∙∙H2O + NH3 reactants drops for both subsequent reactions to 

4.5 kcal/mol and 4.3 kcal/mol. The drop in activation energy for the second reaction with 

ammonia is possibly due to the increased electron donating ability of the –CH2OH group 

compared to –H. Although we expected a further drop in activation energy for the third 

reaction, it was similar to the activation energy of the second reaction. This could be due 

to steric effects of having the larger –CH2OH substituents. Woon
16

 demonstrated that the 

formaldehyde could potentially add to the hydroxyl O, but the activation barrier was 

found to be much larger than addition at the amine N, so that pathway is not considered 
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in this work. Another subsequent reaction to note is the formation of an imine via loss of 

–H2O, but this reaction is unlikely in the gas phase, which will be discussed in the 

Methylamine section. 

4.3.2. Methylamine 

 Similar to the ammonia case, methylamine addition to formaldehyde is catalyzed 

substantially with one water molecule. Again, the water molecule acts as both a hydrogen 

acceptor and donor, while also relieving the four membered ring that is required for the 

uncataly ed reaction, as seen in Hall and Smith’s
13 

study. Hall and Smith
13

 also report the 

activation barrier for the one-water-catalyzed reaction in the gas phase to be 37.6 kJ/mol 

with respect to the reactant complex, which is reduced from 112.3 kJ/mol. As seen in 

Figure 4.4, this is similar to our calculations that find the TS energy relative to the 

reactant complex is 9.3 kcal/mol, which is equivalent to 38.9 kJ/mol. Unlike the ammonia 

case, the methylamine reaction has an effective energy barrier of 3.7 kcal/mol relative to 

the H2CO∙∙∙H2O + CH3NH2 reactants, which is low enough for the reaction to likely be 

possible in the gas phase, albeit a slow reaction. The effective energy barrier for the 

subsequent reaction involving CH3NHCH2OH improved to 2.0 kcal/mol, which implies 

that this reaction can occur in the gas phase more easily than the reaction with 

methylamine can. However, the atmospheric concentration of CH3NHCH2OH is likely to 

be much lower than that of methylamine, meaning the rate of reaction of the second step 

could be slow as well.  

 We have also found that each of the methylamine reactions, shown in Figures 4.4 

and 4.5, has two stationary points for the reactant complex leading to the same transition 

state. The reactant complex with a lower minimum energy (RC4a and RC5a) has a 
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structure similar to that of the ammonia reaction, with a planar formaldehyde interacting 

with the N of methylamine and a H of water. The second reactant complex (RC4b and 

RC5b) has a higher minimum energy, due to the trigonal pyramidal shape of 

formaldehyde. This shape of formaldehyde is much closer to the shape of formaldehyde 

in the TS and is thus only 1.9 kcal/mol less than the TS4 saddlepoint.  

 As stated earlier, imine formation via loss of –H2O could potentially occur after 

hemiaminal formation.
13,17

 However, Hall and Smith
13

 investigated gas phase ab initio 

calculations for this reaction and find that the activation barrier is quite high. Even when 

two water molecules were used as catalysts, the activation barrier does not drop enough 

for the reaction to be facilitated in atmospheric conditions in the gas phase. This does not 

seem to be the case for the condensed phase though. De Haan et al suggest that 

methylamine will react with glyoxal
27

 and methylglyoxal
28

 in cloud droplets or aerosol 

surrogates to form high molecular mass oligomers with repeated imine units. 

4.3.3. Dimethylamine 

 Since this reaction has not been previously studied for dimethylamine, we present 

the uncatalyzed reaction as well as the catalyzed reaction involving one water molecule. 

We find that the uncatalyzed reaction is very similar to the ammonia and methylamine 

cases studied in Courmier
12

 and Hall and Smith.
13

 Figure 4.6 shows the optimized 

structures found at the MP2/6-311++G(3df,3dp) level and ZPE corrected energies found 

at the CCSD(T)/6-311++G(3df,3dp)//MP2/6-311++G(3df,3dp) level. TS6 shows a four 

membered ring structure in order to shift a hydrogen from the N atom to the O atom, 

similar to the ammonia and methylamine cases.
12,13

  This results in a high energy barrier 

of 23.4 kcal/mol. Despite this lower barrier compared to the uncatalyzed reaction with 
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ammonia or methylamine, it is still far too high for this reaction to take place in the gas 

phase under atmospheric conditions. We do not consider imine formation in this case 

because, unlike the products from ammonia or methylamine addition to formaldehyde, 

the product from dimethylamine addition cannot form an imine due to the lack of a 

hydrogen atom on the nitrogen. 

The single water molecule catalyzed dimethylamine addition to formaldehyde 

follows a similar reaction path as the ammonia and methylamine case; this is shown in 

Figure 4.7. Again, the water molecule reduces the ring strain from a four membered TS 

and serves as both a hydrogen acceptor and donor, significantly reducing the activation 

barrier. In this case, however, the effective activation energy is reduced to a negative 

barrier (-1.9 kcal/mol) with respect to the H2CO∙∙∙H2O + (CH3)2NH reactants. The 

lowered barrier also opens up a different pathway for this reaction to occur. For the 

previous reactions, the reactants were not given relative to amine∙∙∙H2O + H2CO because 

the water molecule is hydrogen bonded to the N atom, blocking the formaldehyde from 

coming in to create the correct reactant complex. This makes that pathway less likely as 

well as increases the effective activation energy. However, the (CH3)2NH∙∙∙H2O + H2CO 

reactants only need to overcome a 0.7 kcal/mol effective barrier. If the formaldehyde 

molecule is able to displace the water molecule and attach to the N atom, this reaction is 

still likely to occur.  

Because of the similarities between the reactions shown in this work, it is likely 

that other systems of amine + aldehyde/ketone could work as well. In fact, work by Kua 

et al.
29

 found similar reaction pathways for the addition of methylamine with both 

formaldehyde and glyoxal, a common dicarbonyl found in the atmosphere, to form 
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oligomers in the condensed aqueous phase, the first step of which is the reaction studied 

in this work. Further reactions could also occur after the hemiaminal is formed. 

Dimethylamines (and amines in general) can be photo-oxidized to form a new aldehyde, 

as seen in Nielsen et al.
4 

The last step to formation of the aldehyde is as follows
4
:  

 CH3NHCH2O + O2 → CH3NHC(O)H + HO2 (2) 

If the hemiaminal is similarly oxidized to form another aldehyde, then it could potentially 

react with another amine to form a new hemiaminal, and the process can start again 

leading to larger molecules that have lower vapor pressure as required for aerosol growth. 

4.4. Conclusion 

The reactions of amines in the atmosphere are of considerable interest because of 

their relative abundance both in the troposphere and on aerosols.
1,2

 The calculations in 

this work for water catalyzed hemiaminal formation from the reaction of formaldehyde 

with a series of nitrogen containing molecules: ammonia, methylamine, and 

dimethylamine,  has give us additional insight regarding how amines might help 

contribute towards the growth of  aerosol particles. In particular, a single water molecule 

is enough to effectively eliminate any barrier to the addition of dimethylamine to 

formaldehyde, whereas ammonia and methylamine have higher barriers to overcome for 

the analogous reaction. From the similarities found for each of the reactions, we predict 

that water catalyzed hemiaminal formation in the atmosphere is likely to be an important 

general reaction in the gas phase. Future studies could include studying the reaction of 

glyoxal, an important α-dicarbonyl in the atmosphere, and amines to see if a similar trend 

occurs. 
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Table 4.1: Calculated total electronic energies for monomers, their complexes, and 

transition states (TS) at the B3LYP, MP2, and CCSD(T) levels. Zero point energy (ZPE) 

corrections are given at the B3LYP and MP2 levels. 

Species B3LYP/6-

311++G(3df

,3pd) 

ZPE 

(B3LYP) 

MP2=Full/6-

311++G(3df, 

3pd) 

ZPE 

(MP2) 

CCSD(T)/6-

311++G(3df, 

3pd) 

H2O -76.464513 0.021317 -76.347699 0.021655 -76.3374558 

H2CO -114.549946 0.026543 -114.354571 0.026934 -114.3362435 

NH3 -56.587547 0.034165 -56.480024 0.034725 -56.4766533 

CH3NH2 -95.901471 0.063792 -95.707154 0.06496 -95.7002941 

(CH3)2NH -135.220187 0.092017 -134.941503 0.09367 -134.9303483 

NH2CH2OH -171.155384 0.069278 -170.859 0.070591 -170.8349108 

NH(CH2OH)2 -285.730284 0.103404 -285.248959 0.10544 -285.2033866 

N(CH2OH)3 -400.30647 0.137603 -399.644981 0.140217 -399.5774659 

CH3NHCH2OH -210.473357 0.097477 -210.093151 0.099269 -210.0648348 

CH3N(CH2OH)2 -325.044432 0.130461 -324.48178 0.132785 -324.4313893 

(CH3)2NCH2OH -249.792934 0.125134 -249.331875 0.127264 -249.2985136 

H2CO
…

H2O -191.021663 0.050848 -190.71134 0.051818 -190.6825782 

NH3
…

H2O -133.061964 0.058995 -132.838698 0.059977 -132.824709 

CH3NH2
…

H2O -172.376622 0.088527 -172.067604 0.090135 -172.0499155 

(CH3)2NH
…

H2O -211.695394 0.11668 -211.303013 0.118708 -211.2808893 

NH3
…

H2O
…

H2CO (RC1) -247.6173 0.088539 -247.201817 0.089751 -247.1692171 

NH3
…

H2O
…

H2CO (TS1) -247.594328 0.089704 -247.182843 0.091651 -247.1451409 

NH2CH2OH
…

H2O (PC1) -247.632698 0.094993 -247.222564 0.096703 -247.1877933 

NH2CH2OH
…

H2O
… 

H2CO (RC2) 
-362.186782 0.122431 -361.583127 0.124528 -361.529982 

NH2CH2OH
…

H2O
… 

H2CO (TS2) 
-362.165674 0.123452 -361.572845 0.125694 -361.5135719 

NH(CH2OH)2
…

H2O 

(PC2) 
-362.202461 0.128467 -361.608756 0.130983 -361.5527285 

NH(CH2OH)2
…

H2O
… 

H2CO  (RC3) 
-476.761953 0.15682 -475.976574 0.160022 -475.9020006 

NH(CH2OH)2
…

H2O
… 

H2CO  (TS3) 
-476.73721 0.158097 -475.963091 0.160829 -475.8826502 

N(CH2OH)3
…

H2O (PC3) -476.785532 0.16279 -476.010138 0.165577 -475.9315183 

CH3NH2
…

H2O
…

H2CO 

(RC4a) 
-286.932057 0.117988 -286.431639 0.119964 -286.395026 

CH3NH2
…

H2O
…

H2CO 

(RC4b) 
-286.93205 0.117982 -286.427314 0.123867 -286.3871124 

CH3NH2
…

H2O
…

H2CO 

(TS4) 
-286.916086 0.118411 -286.422808 0.120516 -286.3807964 

CH3NHCH2OH
…

H2O 

(PC4) 
-286.950636 0.123087 -286.457421 0.125168 -286.4182984 

CH3NHCH2OH
…

H2O
… 

H2CO (RC5a) 
-401.502204 0.150862 -400.817093 0.153515 -400.7591024 
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Table 4.1: Continued 

Species B3LYP/6-

311++G(3df

,3pd) 

ZPE 

(B3LYP) 

MP2=Full/6-

311++G(3df, 

3pd) 

ZPE 

(MP2) 

CCSD(T)/6-

311++G(3df, 

3pd) 

CH3NHCH2OH
…

H2O
… 

H2CO (RC5b) 
-401.502204 0.150862 -400.8143 0.157381 -400.7521302 

CH3NHCH2OH
…

H2O
… 

H2CO (TS5) 
-401.484798 0.151144 -400.810978 0.153794 -400.7469949 

CH3N(CH2OH)2
…

H2O
 

(PC5) 
-401.519916 0.155861 -400.845606 0.158441 -400.7842142 

(CH3)2NH
…

H2CO (RC6) -249.774571 0.120635 -249.304051 0.122632 -325.625592 

(CH3)2NH
…

H2CO (TS6) -249.732115 0.12037 -249.271998 0.122541 -325.6189971 

(CH3)2NCH2OH  (PC6) -249.792924 0.125081 -249.331875 0.127264 -325.6527236 

(CH3)2NH
…

H2O
…

H2CO 

(RC7) 
-326.251269 0.146083 -325.66697 0.148491 -249.2738568 

(CH3)2NH
…

H2O
…

H2CO 

(TS7) 
-326.238892 0.146246 -325.666165 0.148562 -249.236444 

(CH3)2NCH2OH
…

H2O 

(PC7) 
-326.270228 0.150546 -325.697223 0.152991 -249.2985155 
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Table 4.2: Imaginary frequencies of all transition states at the B3LYP/6-311++g 

(3df,3pd) and MP2=Full/6-311++g(3df,3pd) levels of calculation. 

Transition State Imaginary Frequencies (cm
-1

) 

B3LYP/ 

6-311++g(3df,3pd) 

MP2=Full/ 

6-311++g(3df,3pd) 

NH3
…

 H2O
…

H2CO (TS1) 1069 964 

NH2CH2OH
…

H2O
…

H2CO (TS2) 1187 1170 

NH(CH2OH)2
…

H2O
…

H2CO 

(TS3) 

780 828 

CH3NH2
…

H2O
…

H2CO (TS4) 991 946 

CH3NHCH2OH
…

H2O
…

H2CO 

(TS5) 

958 904 

(CH3)2NH
…

 H2CO (TS6) 1567 1441 

(CH3)2NH
…

H2O
…

H2CO (TS7) 903 910 
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Table 4.3: ZPE Corrected Effective Activation Energies
a
 for the Catalyzed Hemiaminal 

Formation Reaction NHRR'+H2CO+H2O→NRR'CH2OH+H2O
b 

Transition State B3LYP/6- 

311++G(3df,3d

p) 

(kcal/mol) 

MP2/6- 

311++G(3df,3d

p) 

(kcal/mol) 

CCSD(T)/6- 

311++G(3df,3d

p) 

(kcal/mol)
c 

NH3∙∙∙H2CO∙∙∙H2O 12.3 8.6 12.0 

NH2CH2OH∙∙∙H2CO∙∙∙H2O 9.2 0.5 4.5 

NH(CH2OH)2∙∙∙H2CO∙∙∙H2O 11.7 0.5 4.3 

CH3NH2∙∙∙H2CO∙∙∙H2O 6.8 -0.4 3.6 

CH3NHCH2OH∙∙∙H2CO∙∙∙H2

O 

8.2 -2.4 2.0 

(CH3)2NH∙∙∙H2CO
d 26.5 20.0 23.4 

(CH3)2NH∙∙∙H2CO∙∙∙H2O 4.0 -6.4 -1.9 
a
 Relative to H2CO∙∙∙H2O + amine reactants. 

b
 R is –H, –CH3, or –CH2OH. 

c
 Corrected 

with MP2 ZPE. 
d
 Uncatalyzed reaction; activation energies given relative to reactant 

complex 

 



159 

 

 
 

 

Figure 4.1: a) Optimized geometries of entrance reactant complex, transition state and 

product complex associated with the NH3 + H2O + H2CO reaction. b) Potential energy 

profile of NH3 + H2O + H2CO gas phase reaction. Energies shown are at the CCSD(T)/6-

311++G(3df,3dp) //MP2/6-311++G(3df,3dp) level of theory and apply ZPE correction 

using their corresponding MP2=Full/6-311++G(3df,3pd) vibrational frequencies. 
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Figure 4.2: a) Optimized geometries of entrance reactant complex, transition state and 

product complex associated with the NH2CH2OH + H2O + H2CO reaction. b) Potential 

energy profile of NH2CH2OH + H2O + H2CO gas phase reaction. Energies shown are at 

the CCSD(T)/6-311++G(3df,3dp) //MP2/6-311++G(3df,3dp) level of theory and apply 

ZPE correction using their corresponding MP2=Full/6-311++G(3df,3pd) vibrational 

frequencies. 
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Figure 4.3: a) Optimized geometries of entrance reactant complex, transition state and 

product complex associated with the NH(CH2OH)2 + H2O + H2CO reaction. b) Potential 

energy profile of NH(CH2OH)2 + H2O + H2CO gas phase reaction. Energies shown are at 

the CCSD(T)/6-311++G(3df,3dp) //MP2/6-311++G(3df,3dp) level of theory and apply 

ZPE correction using their corresponding MP2=Full/6-311++G(3df,3pd) vibrational 

frequencies. 
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Figure 4.4: a) Optimized geometries of entrance reactant complex, transition state and 

product complex associated with the CH3NH2 + H2O + H2CO reaction. b) Potential 

energy profile of CH3NH2 + H2O + H2CO gas phase reaction. Energies shown are at the 

CCSD(T)/6-311++G(3df,3dp) //MP2/6-311++G(3df,3dp) level of theory and apply ZPE 

correction using their corresponding MP2=Full/6-311++G(3df,3pd) vibrational 

frequencies. 
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Figure 4.5: a) Optimized geometries of entrance reactant complex, transition state and 

product complex associated with the CH3NHCH2OH + H2O + H2CO reaction. b) 

Potential energy profile of CH3NHCH2OH + H2O + H2CO gas phase reaction. Energies 

shown are at the CCSD(T)/6-311++G(3df,3dp) //MP2/6-311++G(3df,3dp) level of theory 

and apply ZPE correction using their corresponding MP2=Full/6-311++G(3df,3pd) 

vibrational frequencies. 
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Figure 4.6: a) Optimized geometries of entrance reactant complex, transition state and 

product complex associated with the (CH3)2NH + H2CO reaction. b) Potential energy 

profile of (CH3)2NH + H2CO gas phase uncatalyzed reaction. Energies shown are at the 

CCSD(T)/6-311++G(3df,3dp) //MP2/6-311++G(3df,3dp) level of theory and apply ZPE 

correction using their corresponding MP2=Full/6-311++G(3df,3pd) vibrational 

frequencies. 

 



165 

 

 
 

 

Figure 4.7: a) Optimized geometries of entrance reactant complex, transition state and 

product complex associated with the (CH3)2NH + H2O + H2CO reaction. b) Potential 

energy profile of (CH3)2NH + H2O + H2CO gas phase reaction. Energies shown are at the 

CCSD(T)/6-311++G(3df,3dp) //MP2/6-311++G(3df,3dp) level of theory and apply ZPE 

correction using their corresponding MP2=Full/6-311++G(3df,3pd) vibrational 

frequencies. 
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4.6. Appendix 

Z-Matrices for optimized structures at MP2=Full/6-311++G(3df,3pd) 

H2CO 
C 

 H,1,B1 

 H,1,B2,2,A1 

 O,1,B3,2,A2,3,D1,0 

      Variables: 

 B1=1.09960318 

 B2=1.09960256 

 B3=1.20633412 

 A1=116.4324509 

 A2=121.78384087 

 D1=180. 

 

NH3 
N 

 H,1,B1 

 H,1,B2,2,A1 

 H,1,B3,2,A2,3,D1,0 

      Variables: 

 B1=1.01053518 

 B2=1.01053469 

 B3=1.01053884 

 A1=106.92841078 

 A2=106.90841578 

 D1=114.22189144 

 

CH3NH2 
C 

 H,1,B1 

 H,1,B2,2,A1 

 H,1,B3,2,A2,3,D1,0 

 N,1,B4,4,A3,2,D2,0 

 H,5,B5,1,A4,4,D3,0 

 H,5,B6,1,A5,4,D4,0 

      Variables: 

 B1=1.08671138 

 B2=1.09262246 

 B3=1.0867105 

 B4=1.45732833 

 B5=1.01030235 

 B6=1.01030247 

 A1=108.09323309 

 A2=107.31614328 

 A3=109.08832525 

 A4=110.57137201 

 A5=110.57174938 

 D1=-116.36529288 

 D2=118.05888482 

 D3=62.6892721 
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 D4=-179.63998616 

 

(CH3)2NH 

C 

 H,1,B1 

 H,1,B2,2,A1 

 H,1,B3,2,A2,3,D1,0 

 N,1,B4,4,A3,2,D2,0 

 H,5,B5,1,A4,4,D3,0 

 C,5,B6,1,A5,4,D4,0 

 H,7,B7,5,A6,1,D5,0 

 H,7,B8,5,A7,1,D6,0 

 H,7,B9,5,A8,1,D7,0 

      Variables: 

 B1=1.0889179 

 B2=1.09776532 

 B3=1.08705918 

 B4=1.44963697 

 B5=1.0102094 

 B6=1.44938907 

 B7=1.08707388 

 B8=1.0889203 

 B9=1.09780415 

 A1=107.70955301 

 A2=107.8734649 

 A3=109.92438123 

 A4=109.36055487 

 A5=111.73639032 

 A6=109.93851981 

 A7=109.06535613 

 A8=113.49407298 

 D1=117.0594028 

 D2=-118.82924719 

 D3=-54.95238008 

 D4=-176.1910587 

 D5=176.27514828 

 D6=-65.64127472 

 D7=54.42685987 

 

NH2CH2OH 
C 

 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,3,A2,2,D1,0 

 O,1,B4,4,A3,2,D2,0 

 H,5,B5,1,A4,4,D3,0 

 H,4,B6,1,A5,5,D4,0 

 H,4,B7,1,A6,5,D5,0 

      Variables: 

 B1=1.09197223 

 B2=1.09011425 

 B3=1.44279057 

 B4=1.40527303 

 B5=0.96098441 
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 B6=1.00991197 

 B7=1.01043191 

 A1=108.60492747 

 A2=114.60593082 

 A3=110.03197129 

 A4=105.94042988 

 A5=111.8374828 

 A6=111.50310505 

 D1=-120.11657281 

 D2=-121.4532184 

 D3=44.60751517 

 D4=-161.38911185 

 D5=76.90793295 

 

NH(CH2OH)2 
C 

 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,3,A2,2,D1,0 

 O,1,B4,4,A3,2,D2,0 

 H,5,B5,1,A4,4,D3,0 

 H,4,B6,1,A5,5,D4,0 

 C,4,B7,1,A6,5,D5,0 

 H,8,B8,4,A7,1,D6,0 

 H,8,B9,4,A8,1,D7,0 

 O,8,B10,4,A9,1,D8,0 

 H,11,B11,8,A10,4,D9,0 

      Variables: 

 B1=1.09274202 

 B2=1.08577334 

 B3=1.43469204 

 B4=1.41432582 

 B5=0.96266368 

 B6=1.01030659 

 B7=1.4233362 

 B8=1.08682053 

 B9=1.08883243 

 B10=1.43517608 

 B11=0.95992072 

 A1=108.95050507 

 A2=109.34465641 

 A3=115.11831188 

 A4=105.9050621 

 A5=111.54828051 

 A6=115.25901213 

 A7=108.60091472 

 A8=109.05677851 

 A9=115.78967553 

 A10=108.1217215 

 D1=-116.64664154 

 D2=-123.46907245 

 D3=55.34874868 

 D4=58.5422687 

 D5=-71.87772086 
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 D6=-59.21781183 

 D7=-178.18836548 

 D8=57.31284888 

 D9=74.41358072 

 

N(CH2OH)3 
C 

 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,3,A2,2,D1,0 

 O,1,B4,4,A3,2,D2,0 

 H,5,B5,1,A4,4,D3,0 

 C,4,B6,1,A5,5,D4,0 

 H,7,B7,4,A6,1,D5,0 

 H,7,B8,4,A7,1,D6,0 

 O,7,B9,4,A8,1,D7,0 

 H,10,B10,7,A9,4,D8,0 

 C,4,B11,1,A10,5,D9,0 

 H,12,B12,4,A11,1,D10,0 

 H,12,B13,4,A12,1,D11,0 

 O,12,B14,4,A13,1,D12,0 

 H,15,B15,12,A14,4,D13,0 

      Variables: 

 B1=1.09085076 

 B2=1.08697057 

 B3=1.43251467 

 B4=1.42593225 

 B5=0.96463074 

 B6=1.43251997 

 B7=1.08697069 

 B8=1.09085066 

 B9=1.42593203 

 B10=0.96463091 

 B11=1.43252049 

 B12=1.09085094 

 B13=1.0869707 

 B14=1.42592865 

 B15=0.96463149 

 A1=109.36940968 

 A2=109.22566971 

 A3=114.58777759 

 A4=105.52451796 

 A5=114.31992455 

 A6=109.22564417 

 A7=108.09663316 

 A8=114.58879565 

 A9=105.52374519 

 A10=114.31911126 

 A11=108.09602702 

 A12=109.22576225 

 A13=114.58786394 

 A14=105.52498352 

 D1=-118.11893971 

 D2=-123.34618995 
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 D3=61.01100591 

 D4=-73.82614996 

 D5=-57.12326267 

 D6=-176.03629275 

 D7=60.61758703 

 D8=61.01137493 

 D9=60.61492127 

 D10=49.52383588 

 D11=168.43688111 

 D12=-73.82092364 

 D13=61.01371103 

 

CH3NHCH2OH 
C 

 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,2,A2,3,D1,0 

 C,4,B4,1,A3,2,D2,0 

 H,5,B5,4,A4,1,D3,0 

 H,5,B6,4,A5,1,D4,0 

 H,5,B7,4,A6,1,D5,0 

 O,1,B8,4,A7,5,D6,0 

 H,9,B9,1,A8,4,D7,0 

 H,4,B10,1,A9,9,D8,0 

      Variables: 

 B1=1.092198 

 B2=1.09472023 

 B3=1.4373859 

 B4=1.45311437 

 B5=1.0861814 

 B6=1.09554948 

 B7=1.08644761 

 B8=1.40716786 

 B9=0.96101687 

 B10=1.00968525 

 A1=108.91616184 

 A2=107.93940222 

 A3=113.39609803 

 A4=108.90376533 

 A5=113.02304965 

 A6=109.71487315 

 A7=110.66535444 

 A8=105.93743945 

 A9=110.20180675 

 D1=123.43619582 

 D2=-161.40364853 

 D3=-60.77707044 

 D4=59.39801293 

 D5=-178.96809413 

 D6=76.43705588 

 D7=48.76996412 

 D8=-158.27992915 

 

CH3N(CH2OH)2 
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C 

 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,3,A2,2,D1,0 

 C,4,B4,1,A3,3,D2,0 

 H,5,B5,4,A4,1,D3,0 

 H,5,B6,4,A5,1,D4,0 

 H,5,B7,4,A6,1,D5,0 

 O,1,B8,4,A7,5,D6,0 

 H,9,B9,1,A8,4,D7,0 

 H,4,B10,1,A9,9,D8,0 

 C,4,B11,1,A10,9,D9,0 

 H,12,B12,4,A11,1,D10,0 

 H,12,B13,4,A12,1,D11,0 

 O,12,B14,4,A13,1,D12,0 

      Variables: 

 B1=1.09091784 

 B2=1.08665823 

 B3=1.42883576 

 B4=1.45387575 

 B5=1.09382748 

 B6=1.08771129 

 B7=1.08580035 

 B8=1.42460323 

 B9=0.95876758 

 B10=2.42181259 

 B11=1.43869314 

 B12=1.09503134 

 B13=1.09505472 

 B14=1.40436269 

 A1=109.32020665 

 A2=108.44509293 

 A3=113.29190895 

 A4=112.07507101 

 A5=109.35775355 

 A6=108.9281866 

 A7=115.48982713 

 A8=108.57538256 

 A9=139.84988367 

 A10=113.78069918 

 A11=107.55917492 

 A12=112.90028031 

 A13=111.34946987 

 D1=-117.99822575 

 D2=-55.83329383 

 D3=-62.59016688 

 D4=58.09060439 

 D5=176.66566516 

 D6=61.47855133 

 D7=78.40552838 

 D8=-127.05574407 

 D9=-68.4099835 

 D10=-35.03481204 

 D11=85.11284612 
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 D12=-157.28437677 

 

(CH3)2NCH2OH 

C 

 H,1,B1 

 H,1,B2,2,A1 

 C,1,B3,2,A2,3,D1,0 

 H,4,B4,1,A3,2,D2,0 

 H,4,B5,1,A4,2,D3,0 

 H,4,B6,1,A5,2,D4,0 

 N,1,B7,4,A6,6,D5,0 

 C,8,B8,1,A7,4,D6,0 

 H,9,B9,8,A8,1,D7,0 

 H,9,B10,8,A9,1,D8,0 

 H,9,B11,8,A10,1,D9,0 

 O,1,B12,8,A11,4,D10,0 

 H,13,B13,1,A12,8,D11,0 

      Variables: 

 B1=1.09287288 

 B2=1.09851649 

 B3=2.37557407 

 B4=1.10028122 

 B5=1.08758832 

 B6=1.08806714 

 B7=1.44135404 

 B8=1.45075494 

 B9=1.08562853 

 B10=1.10032673 

 B11=1.08763697 

 B12=1.40271772 

 B13=0.96081957 

 A1=108.68958627 

 A2=82.56816953 

 A3=94.02199469 

 A4=143.95481725 

 A5=90.30600242 

 A6=34.78490147 

 A7=110.84025035 

 A8=109.63259723 

 A9=111.58600307 

 A10=109.61540025 

 A11=111.46625363 

 A12=106.22554777 

 D1=97.30496859 

 D2=-98.85347092 

 D3=132.65917839 

 D4=9.7534286 

 D5=-3.61765593 

 D6=-122.95804769 

 D7=-54.51210478 

 D8=65.81429946 

 D9=-173.91998426 

 D10=-168.58430874 

 D11=53.0486292 
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H2CO
…

H2O Complex 
C 

 H,1,B1 

 H,1,B2,2,A1 

 O,1,B3,3,A2,2,D1,0 

 O,4,B4,1,A3,3,D2,0 

 H,5,B5,4,A4,1,D3,0 

 H,5,B6,4,A5,1,D4,0 

      Variables: 

 B1=1.09734228 

 B2=1.09712661 

 B3=1.21099161 

 B4=2.84385752 

 B5=0.96509321 

 B6=0.95680957 

 A1=117.60067928 

 A2=121.28107152 

 A3=91.02841281 

 A4=19.86214256 

 A5=124.76919812 

 D1=179.99613299 

 D2=-0.15916374 

 D3=179.90041258 

 D4=179.20380304 

 

NH3
…

H2O Complex 
N 

 H,1,B1 

 H,1,B2,2,A1 

 H,1,B3,3,A2,2,D1,0 

 O,1,B4,3,A3,2,D2,0 

 H,5,B5,1,A4,3,D3,0 

 H,5,B6,1,A5,3,D4,0 

      Variables: 

 B1=1.011753 

 B2=1.01123846 

 B3=1.01125164 

 B4=2.91472472 

 B5=0.95667967 

 B6=0.97140859 

 A1=107.00719798 

 A2=107.23052301 

 A3=117.79225055 

 A4=110.70263876 

 A5=5.97590584 

 D1=-114.52915089 

 D2=111.3826808 

 D3=61.63152715 

 D4=61.86268143 

 

CH3NH2
...

H2O 
C 

 H,1,B1 
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 H,1,B2,2,A1 

 H,1,B3,2,A2,3,D1,0 

 N,1,B4,2,A3,4,D2,0 

 H,5,B5,1,A4,2,D3,0 

 H,5,B6,1,A5,2,D4,0 

 O,5,B7,1,A6,2,D5,0 

 H,8,B8,5,A7,1,D6,0 

 H,8,B9,5,A8,1,D7,0 

      Variables: 

 B1=1.08605982 

 B2=1.09056669 

 B3=1.08605945 

 B4=1.4632102 

 B5=1.01106778 

 B6=1.01106909 

 B7=2.84845626 

 B8=0.9747227 

 B9=0.95673355 

 A1=108.72734649 

 A2=107.35436668 

 A3=108.8292712 

 A4=110.48868336 

 A5=110.48917727 

 A6=92.29194154 

 A7=10.1573026 

 A8=114.94979825 

 D1=-117.46002266 

 D2=-117.63498784 

 D3=179.43352161 

 D4=-62.73886155 

 D5=58.33004693 

 D6=179.96203438 

 D7=179.95377783 

 

(CH3)2NH
…

H2O 

C 

 H,1,B1 

 H,1,B2,2,A1 

 H,1,B3,2,A2,3,D1,0 

 N,1,B4,4,A3,2,D2,0 

 H,5,B5,1,A4,4,D3,0 

 C,5,B6,1,A5,4,D4,0 

 H,7,B7,5,A6,1,D5,0 

 H,7,B8,5,A7,1,D6,0 

 H,7,B9,5,A8,1,D7,0 

 O,5,B10,1,A9,7,D8,0 

 H,11,B11,5,A10,1,D9,0 

 H,11,B12,5,A11,1,D10,0 

      Variables: 

 B1=1.08826017 

 B2=1.09524899 

 B3=1.08683877 

 B4=1.45478405 

 B5=1.01076566 
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 B6=1.45534203 

 B7=1.08661421 

 B8=1.08832342 

 B9=1.09515169 

 B10=2.81240149 

 B11=0.97701886 

 B12=0.95682123 

 A1=108.33147492 

 A2=108.02113339 

 A3=109.80861869 

 A4=109.55600075 

 A5=111.68422777 

 A6=109.75338806 

 A7=108.74961702 

 A8=112.91668047 

 A9=100.69586618 

 A10=11.561479 

 A11=116.28324953 

 D1=117.77290286 

 D2=-118.42914739 

 D3=-54.69628518 

 D4=-176.17511986 

 D5=176.21451658 

 D6=-65.92330425 

 D7=54.40114021 

 D8=-100.60206015 

 D9=-114.60185869 

 D10=-104.26929919 

 

NH3
…

 H2O
…

H2CO 1
st
 Stage RC1 

C 

 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,2,A2,3,D1,0 

 H,4,B4,1,A3,2,D2,0 

 O,1,B5,4,A4,5,D3,0 

 O,6,B6,1,A5,4,D4,0 

 H,7,B7,6,A6,1,D5,0 

 H,7,B8,6,A7,1,D6,0 

 H,4,B9,1,A8,6,D7,0 

 H,4,B10,1,A9,6,D8,0 

      Variables: 

 B1=1.09432921 

 B2=1.09546116 

 B3=2.78702472 

 B4=1.0154701 

 B5=1.21312251 

 B6=2.79765688 

 B7=0.96827123 

 B8=0.956927 

 B9=1.0114377 

 B10=1.01177898 

 A1=116.83751168 

 A2=76.29552348 
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 A3=85.05916077 

 A4=102.20102794 

 A5=96.89312903 

 A6=17.27362782 

 A7=122.48808612 

 A8=136.98787826 

 A9=108.71701522 

 D1=85.37594098 

 D2=71.24149543 

 D3=-48.84923993 

 D4=48.12882603 

 D5=149.97263741 

 D6=157.54459189 

 D7=-159.04634068 

 D8=57.23746853 

 

NH3
…

 H2O
…

H2CO 1
st
 Stage TS1 

C 

 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,3,A2,2,D1,0 

 H,4,B4,1,A3,3,D2,0 

 O,1,B5,4,A4,5,D3,0 

 O,6,B6,1,A5,4,D4,0 

 H,7,B7,6,A6,1,D5,0 

 H,7,B8,6,A7,1,D6,0 

 H,4,B9,1,A8,6,D7,0 

 H,4,B10,1,A9,6,D8,0 

      Variables: 

 B1=1.10048999 

 B2=1.09396056 

 B3=1.55607479 

 B4=1.10129246 

 B5=1.3284562 

 B6=2.38084969 

 B7=1.17504412 

 B8=0.95763661 

 B9=1.01454217 

 B10=1.01446196 

 A1=109.44834058 

 A2=106.25033818 

 A3=100.00406287 

 A4=107.68465905 

 A5=91.32131772 

 A6=11.18032006 

 A7=118.24375732 

 A8=114.30412849 

 A9=109.04328426 

 D1=-109.87287079 

 D2=-167.04117164 

 D3=-44.21474752 

 D4=43.68510496 

 D5=159.67012699 

 D6=-151.37802012 
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 D7=-166.00673728 

 D8=70.17443378 

 

NH2CH2OH
…

H2O 1
st
 Stage PC1 

C 

 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,3,A2,2,D1,0 

 H,4,B4,1,A3,3,D2,0 

 O,1,B5,4,A4,5,D3,0 

 O,4,B6,1,A5,6,D4,0 

 H,6,B7,1,A6,4,D5,0 

 H,7,B8,4,A7,1,D6,0 

 H,4,B9,1,A8,6,D7,0 

 H,4,B10,1,A9,6,D8,0 

      Variables: 

 B1=1.09208661 

 B2=1.08927074 

 B3=1.46228072 

 B4=1.90600013 

 B5=1.39366091 

 B6=2.79681432 

 B7=0.96715287 

 B8=0.95736335 

 B9=1.01273707 

 B10=1.01251321 

 A1=108.90315555 

 A2=113.07876684 

 A3=95.63523497 

 A4=110.23899035 

 A5=85.68864113 

 A6=106.78443448 

 A7=122.5912109 

 A8=110.68392093 

 A9=109.67321235 

 D1=-118.66116997 

 D2=-171.68987147 

 D3=-53.45688954 

 D4=-53.22952227 

 D5=60.80197659 

 D6=146.52784597 

 D7=-173.27603883 

 D8=67.97001132 

 

NH2CH2OH
…

H2O
…

H2CO  2
nd

 Stage RC2 
C 

 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,3,A2,2,D1,0 

 O,1,B4,4,A3,2,D2,0 

 H,5,B5,1,A4,4,D3,0 

 H,4,B6,1,A5,5,D4,0 

 H,4,B7,1,A6,5,D5,0 

 C,5,B8,1,A7,4,D6,0 
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 H,9,B9,5,A8,1,D7,0 

 H,9,B10,5,A9,1,D8,0 

 O,9,B11,5,A10,1,D9,0 

 O,12,B12,9,A11,5,D10,0 

 H,13,B13,12,A12,9,D11,0 

 H,13,B14,12,A13,9,D12,0 

      Variables: 

 B1=1.09096479 

 B2=1.09053687 

 B3=1.43339751 

 B4=1.42045796 

 B5=0.96183794 

 B6=1.0083439 

 B7=1.01325452 

 B8=3.29415081 

 B9=1.0982762 

 B10=1.0959815 

 B11=1.21490369 

 B12=2.8263428 

 B13=0.9696122 

 B14=0.95713755 

 A1=108.93459076 

 A2=113.88651967 

 A3=109.98912246 

 A4=104.56222182 

 A5=111.95911322 

 A6=110.85224531 

 A7=110.30341135 

 A8=124.36877121 

 A9=6.41998756 

 A10=115.45108451 

 A11=115.36592368 

 A12=4.04442593 

 A13=108.71202566 

 D1=-121.75204285 

 D2=-120.66340393 

 D3=35.72746641 

 D4=-148.63809565 

 D5=88.8700341 

 D6=-95.31684449 

 D7=-146.03353414 

 D8=-156.9249801 

 D9=32.72450959 

 D10=-0.5580726 

 D11=163.92419872 

 D12=171.12492952 

 

NH2CH2OH
…

H2O
…

H2CO 2
nd

 Stage TS2 
C 

 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,3,A2,2,D1,0 

 O,1,B4,4,A3,2,D2,0 

 H,5,B5,1,A4,4,D3,0 
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 H,4,B6,1,A5,5,D4,0 

 H,4,B7,1,A6,5,D5,0 

 C,4,B8,1,A7,5,D6,0 

 H,9,B9,4,A8,1,D7,0 

 H,9,B10,4,A9,1,D8,0 

 O,9,B11,4,A10,1,D9,0 

 O,12,B12,9,A11,4,D10,0 

 H,12,B13,9,A12,4,D11,0 

 H,13,B14,12,A13,9,D12,0 

      Variables: 

 B1=1.09508308 

 B2=1.08794061 

 B3=1.48015795 

 B4=1.38078108 

 B5=0.97974254 

 B6=1.01579776 

 B7=1.14674764 

 B8=1.52575782 

 B9=1.09455914 

 B10=1.09713223 

 B11=1.35549742 

 B12=2.37935777 

 B13=1.2312461 

 B14=0.9591785 

 A1=109.42485436 

 A2=108.62131786 

 A3=110.25610308 

 A4=106.01989384 

 A5=111.14600271 

 A6=111.30048915 

 A7=110.90918987 

 A8=107.05248221 

 A9=104.96146952 

 A10=107.70176041 

 A11=89.60734416 

 A12=99.90065375 

 A13=115.94669424 

 D1=-116.77594761 

 D2=-122.80667922 

 D3=40.996239 

 D4=169.57109697 

 D5=43.02107509 

 D6=-65.71689451 

 D7=-49.79905621 

 D8=-166.11751178 

 D9=71.84036767 

 D10=44.29269197 

 D11=48.56919476 

 D12=-142.8638289 

 

NH(CH2OH)2
…

H2O 2
nd

 Stage PC2 
C 

 H,1,B1 

 H,1,B2,2,A1 
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 N,1,B3,3,A2,2,D1,0 

 O,1,B4,4,A3,3,D2,0 

 H,5,B5,1,A4,4,D3,0 

 H,4,B6,1,A5,5,D4,0 

 H,4,B7,1,A6,5,D5,0 

 C,4,B8,1,A7,5,D6,0 

 H,9,B9,4,A8,1,D7,0 

 H,9,B10,4,A9,1,D8,0 

 O,9,B11,4,A10,1,D9,0 

 O,12,B12,9,A11,4,D10,0 

 H,12,B13,9,A12,4,D11,0 

 H,13,B14,12,A13,9,D12,0 

      Variables: 

 B1=1.09748646 

 B2=1.0861585 

 B3=1.45159465 

 B4=1.40202704 

 B5=0.96303018 

 B6=1.01144826 

 B7=1.9506134 

 B8=1.45317684 

 B9=1.09320065 

 B10=1.09146979 

 B11=1.4033858 

 B12=2.80665281 

 B13=0.97084093 

 B14=0.9584391 

 A1=109.13728207 

 A2=108.86604959 

 A3=111.56510926 

 A4=105.891383 

 A5=111.44463384 

 A6=109.29376514 

 A7=112.85926945 

 A8=112.08393438 

 A9=107.98913716 

 A10=110.2742655 

 A11=88.79669317 

 A12=106.44668135 

 A13=120.54361225 

 D1=-120.70678638 

 D2=117.47176875 

 D3=60.5291046 

 D4=150.61279187 

 D5=22.73296683 

 D6=-83.92547175 

 D7=-50.34729877 

 D8=-170.80301334 

 D9=66.65182107 

 D10=47.97666852 

 D11=61.14860123 

 D12=-132.49617997 

 

NH(CH2OH)2
…

H2O
…

H2CO  3
rd

 Stage RC3 
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C 

 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,3,A2,2,D1,0 

 O,1,B4,4,A3,2,D2,0 

 H,5,B5,1,A4,4,D3,0 

 H,4,B6,1,A5,5,D4,0 

 C,4,B7,1,A6,5,D5,0 

 H,8,B8,4,A7,1,D6,0 

 H,8,B9,4,A8,1,D7,0 

 O,8,B10,4,A9,1,D8,0 

 H,11,B11,8,A10,4,D9,0 

 C,4,B12,1,A11,5,D10,0 

 H,13,B13,4,A12,1,D11,0 

 H,13,B14,4,A13,1,D12,0 

 O,13,B15,4,A14,1,D13,0 

 O,16,B16,13,A15,4,D14,0 

 H,17,B17,16,A16,13,D15,0 

 H,17,B18,16,A17,13,D16,0 

      Variables: 

 B1=1.09345423 

 B2=1.08667905 

 B3=1.44035337 

 B4=1.41213171 

 B5=0.96468841 

 B6=1.01434986 

 B7=1.43670273 

 B8=1.0879201 

 B9=1.09023551 

 B10=1.42112921 

 B11=0.96635007 

 B12=3.36613016 

 B13=1.09695573 

 B14=1.09737572 

 B15=1.2139468 

 B16=2.82916169 

 B17=0.96898101 

 B18=0.95756089 

 A1=108.81884372 

 A2=109.44253432 

 A3=114.70603866 

 A4=105.80118784 

 A5=109.34142008 

 A6=113.552378 

 A7=108.23928853 

 A8=108.95788112 

 A9=115.02548781 

 A10=104.92379447 

 A11=152.71897713 

 A12=28.97791469 

 A13=147.22790622 

 A14=92.36182702 

 A15=125.26017737 

 A16=6.94657413 
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 A17=111.66694164 

 D1=-116.68418616 

 D2=-123.44377637 

 D3=47.3669775 

 D4=52.62854588 

 D5=-69.87896361 

 D6=-54.92013747 

 D7=-173.40922681 

 D8=63.36945079 

 D9=74.00801795 

 D10=140.85746707 

 D11=38.56000391 

 D12=38.74621389 

 D13=-141.27742303 

 D14=2.75574167 

 D15=-178.67086632 

 D16=153.28831073 

 

NH(CH2OH)2
…

H2O
…

H2CO  3
rd

 Stage TS3 

C 

 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,3,A2,2,D1,0 

 O,1,B4,4,A3,2,D2,0 

 H,5,B5,1,A4,4,D3,0 

 H,4,B6,1,A5,5,D4,0 

 C,4,B7,1,A6,5,D5,0 

 H,8,B8,4,A7,1,D6,0 

 H,8,B9,4,A8,1,D7,0 

 O,8,B10,4,A9,1,D8,0 

 H,11,B11,8,A10,4,D9,0 

 C,4,B12,1,A11,5,D10,0 

 H,13,B13,4,A12,1,D11,0 

 H,13,B14,4,A13,1,D12,0 

 O,13,B15,4,A14,1,D13,0 

 O,16,B16,13,A15,4,D14,0 

 H,16,B17,13,A16,4,D15,0 

 H,17,B18,16,A17,13,D16,0 

      Variables: 

 B1=1.09282681 

 B2=1.08715673 

 B3=1.46930224 

 B4=1.38811427 

 B5=0.96577143 

 B6=1.05226497 

 B7=1.49476301 

 B8=1.08775403 

 B9=1.08682875 

 B10=1.38792361 

 B11=0.97806043 

 B12=1.54395486 

 B13=1.10017249 

 B14=1.09727844 

 B15=1.3366728 
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 B16=2.39126717 

 B17=1.1999145 

 B18=0.95752899 

 A1=109.5785651 

 A2=108.37120915 

 A3=110.88454174 

 A4=108.63559445 

 A5=111.11121986 

 A6=112.6124044 

 A7=108.20725886 

 A8=105.91501894 

 A9=109.14946131 

 A10=103.89784744 

 A11=116.6488234 

 A12=102.85076311 

 A13=106.19793053 

 A14=108.57384489 

 A15=98.89347202 

 A16=106.56235269 

 A17=120.21372981 

 D1=-116.83993587 

 D2=-123.70607051 

 D3=44.12694718 

 D4=44.15252497 

 D5=-70.06017676 

 D6=-37.22519278 

 D7=-156.79557773 

 D8=81.13156294 

 D9=66.62651341 

 D10=159.63245561 

 D11=-48.37509613 

 D12=66.12493499 

 D13=-171.37693489 

 D14=25.94577302 

 D15=30.71344914 

 D16=128.0150591 

 

N(CH2OH)3
…

H2O 3
rd

 Stage PC3 
C 

 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,3,A2,2,D1,0 

 O,1,B4,4,A3,2,D2,0 

 H,5,B5,1,A4,4,D3,0 

 H,5,B6,1,A5,4,D4,0 

 C,4,B7,1,A6,5,D5,0 

 H,8,B8,4,A7,1,D6,0 

 H,8,B9,4,A8,1,D7,0 

 O,8,B10,4,A9,1,D8,0 

 H,11,B11,8,A10,4,D9,0 

 C,4,B12,1,A11,5,D10,0 

 H,13,B13,4,A12,1,D11,0 

 H,13,B14,4,A13,1,D12,0 

 O,13,B15,4,A14,1,D13,0 
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 O,5,B16,1,A15,4,D14,0 

 H,16,B17,13,A16,4,D15,0 

 H,17,B18,5,A17,1,D16,0 

      Variables: 

 B1=1.09096254 

 B2=1.0872496 

 B3=1.42484265 

 B4=1.43382585 

 B5=0.96853878 

 B6=1.76333721 

 B7=1.43070151 

 B8=1.08759116 

 B9=1.09072644 

 B10=1.42810961 

 B11=0.96745846 

 B12=1.43968902 

 B13=1.09036924 

 B14=1.08817203 

 B15=1.41638736 

 B16=2.69555606 

 B17=0.97167706 

 B18=0.95670243 

 A1=109.33171709 

 A2=109.5386535 

 A3=115.68309585 

 A4=105.33701489 

 A5=115.04941085 

 A6=114.14473436 

 A7=109.65743047 

 A8=108.39484804 

 A9=113.60105331 

 A10=104.62652379 

 A11=118.28221899 

 A12=108.11099347 

 A13=107.64605379 

 A14=115.22899723 

 A15=111.21033446 

 A16=108.21230331 

 A17=119.23965853 

 D1=-118.08293834 

 D2=-121.76919846 

 D3=46.11333862 

 D4=-74.03343181 

 D5=-66.24185353 

 D6=-53.60058411 

 D7=-173.12228194 

 D8=64.1386935 

 D9=58.90773381 

 D10=71.54105348 

 D11=40.13548395 

 D12=158.04776246 

 D13=-84.42280934 

 D14=-66.9162323 

 D15=89.28541258 
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 D16=-91.41212054 

 

CH3NH2
…

H2O
…

H2CO 1
st
 Stage RC4a 

C 

 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,2,A2,3,D1,0 

 H,4,B4,1,A3,2,D2,0 

 C,4,B5,1,A4,2,D3,0 

 H,6,B6,4,A5,1,D4,0 

 H,6,B7,4,A6,1,D5,0 

 H,6,B8,4,A7,1,D6,0 

 O,1,B9,4,A8,6,D7,0 

 O,10,B10,1,A9,4,D8,0 

 H,11,B11,10,A10,1,D9,0 

 H,11,B12,10,A11,1,D10,0 

 H,4,B13,1,A12,10,D11,0 

      Variables: 

 B1=1.09431492 

 B2=1.09509076 

 B3=2.6013729 

 B4=1.01419059 

 B5=1.45859624 

 B6=1.087764 

 B7=1.08749142 

 B8=1.09136122 

 B9=1.21564851 

 B10=2.7900703 

 B11=0.96896908 

 B12=0.95701222 

 B13=1.01093822 

 A1=116.75263991 

 A2=81.93684019 

 A3=90.37269462 

 A4=100.96420218 

 A5=108.81652598 

 A6=109.37560465 

 A7=114.25248414 

 A8=100.45084232 

 A9=95.61933654 

 A10=17.17625231 

 A11=122.52151988 

 A12=135.00010317 

 D1=86.05960126 

 D2=55.39952382 

 D3=165.41441753 

 D4=-29.26599954 

 D5=88.26363397 

 D6=-150.11243383 

 D7=44.4865986 

 D8=51.66953392 

 D9=148.88445597 

 D10=151.84274424 

 D11=178.97817925 
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CH3NH2
…

H2O
…

H2CO 1
st
 Stage RC4b 

C 

 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,3,A2,2,D1,0 

 H,4,B4,1,A3,3,D2,0 

 C,4,B5,1,A4,3,D3,0 

 H,6,B6,4,A5,1,D4,0 

 H,6,B7,4,A6,1,D5,0 

 H,6,B8,4,A7,1,D6,0 

 O,1,B9,4,A8,6,D7,0 

 O,10,B10,1,A9,4,D8,0 

 H,11,B11,10,A10,1,D9,0 

 H,11,B12,10,A11,1,D10,0 

 H,4,B13,1,A12,10,D11,0 

      Variables: 

 B1=1.10520677 

 B2=1.10509869 

 B3=1.68059023 

 B4=1.02722753 

 B5=1.46466228 

 B6=1.08597519 

 B7=1.08584044 

 B8=1.08541832 

 B9=1.2804345 

 B10=2.56770643 

 B11=1.00320276 

 B12=0.95618474 

 B13=1.0151006 

 A1=110.14469288 

 A2=99.73985018 

 A3=102.14125756 

 A4=109.49222797 

 A5=106.46964082 

 A6=109.03132651 

 A7=111.26313835 

 A8=108.90840858 

 A9=91.85918453 

 A10=15.1856862 

 A11=121.41460725 

 A12=111.88533983 

 D1=-102.84265593 

 D2=178.60999984 

 D3=-64.82098616 

 D4=-45.87658342 

 D5=72.1150949 

 D6=-166.34731294 

 D7=59.06349098 

 D8=49.47826446 

 D9=155.26902313 

 D10=178.1182491 

 D11=-175.32532933 
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CH3NH2
…

H2O
…

H2CO 1
st
 Stage TS4 

C 

 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,3,A2,2,D1,0 

 H,4,B4,1,A3,3,D2,0 

 C,4,B5,1,A4,3,D3,0 

 H,6,B6,4,A5,1,D4,0 

 H,6,B7,4,A6,1,D5,0 

 H,6,B8,4,A7,1,D6,0 

 O,1,B9,4,A8,6,D7,0 

 O,10,B10,1,A9,4,D8,0 

 H,10,B11,1,A10,4,D9,0 

 H,11,B12,10,A11,1,D10,0 

 H,4,B13,1,A12,10,D11,0 

      Variables: 

 B1=1.1003724 

 B2=1.09612463 

 B3=1.54651268 

 B4=1.09170548 

 B5=1.46684491 

 B6=1.08480516 

 B7=1.08628334 

 B8=1.08529332 

 B9=1.3335058 

 B10=2.3793559 

 B11=1.22661306 

 B12=0.95746037 

 B13=1.01489202 

 A1=109.51801231 

 A2=105.9379711 

 A3=99.52527062 

 A4=111.85614688 

 A5=106.91798321 

 A6=109.909978 

 A7=110.1133543 

 A8=108.29157178 

 A9=91.23174589 

 A10=101.17477804 

 A11=119.10941194 

 A12=111.50433737 

 D1=-110.45103965 

 D2=-168.02880309 

 D3=-52.27894163 

 D4=-49.77434908 

 D5=69.29984941 

 D6=-169.34761349 

 D7=70.15720381 

 D8=43.69059404 

 D9=47.3369423 

 D10=-152.87725205 

 D11=-163.52167993 

 

CH3NHCH2OH
…

H2O 1
st
 Stage PC4 
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C 

 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,3,A2,2,D1,0 

 H,4,B4,1,A3,3,D2,0 

 C,4,B5,1,A4,3,D3,0 

 H,6,B6,4,A5,1,D4,0 

 H,6,B7,4,A6,1,D5,0 

 H,6,B8,4,A7,1,D6,0 

 O,1,B9,4,A8,6,D7,0 

 O,10,B10,1,A9,4,D8,0 

 H,10,B11,1,A10,4,D9,0 

 H,11,B12,10,A11,1,D10,0 

 H,4,B13,1,A12,10,D11,0 

      Variables: 

 B1=1.09245081 

 B2=1.09355664 

 B3=1.45713553 

 B4=1.87900506 

 B5=1.45767787 

 B6=1.08575993 

 B7=1.09429325 

 B8=1.08656361 

 B9=1.39561279 

 B10=2.85085244 

 B11=0.96726189 

 B12=0.95739416 

 B13=1.01232124 

 A1=109.17921582 

 A2=111.903845 

 A3=95.80672933 

 A4=112.34677704 

 A5=108.72132785 

 A6=112.61253871 

 A7=109.70048436 

 A8=110.97699128 

 A9=85.13531577 

 A10=106.8023454 

 A11=129.72864621 

 A12=108.90158089 

 D1=-118.58941191 

 D2=-169.61191152 

 D3=-47.00186243 

 D4=-61.67360398 

 D5=58.22407941 

 D6=179.68878459 

 D7=70.73192121 

 D8=50.04571892 

 D9=60.52997173 

 D10=-129.25969445 

 D11=-166.86313764 

 

CH3NHCH2OH
…

H2O
…

H2CO 2
nd

 Stage RC5a 
C 
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 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,2,A2,3,D1,0 

 H,4,B4,1,A3,2,D2,0 

 C,4,B5,1,A4,2,D3,0 

 H,6,B6,4,A5,1,D4,0 

 H,6,B7,4,A6,1,D5,0 

 H,6,B8,4,A7,1,D6,0 

 O,1,B9,4,A8,6,D7,0 

 O,4,B10,1,A9,10,D8,0 

 H,10,B11,1,A10,4,D9,0 

 H,11,B12,4,A11,1,D10,0 

 H,4,B13,1,A12,10,D11,0 

 C,4,B14,1,A13,10,D12,0 

 H,15,B15,4,A14,1,D13,0 

 H,15,B16,4,A15,1,D14,0 

 O,15,B17,4,A16,1,D15,0 

      Variables: 

 B1=1.09195957 

 B2=1.09426285 

 B3=1.43885259 

 B4=3.92416317 

 B5=1.45465858 

 B6=1.08693124 

 B7=1.09470072 

 B8=1.08747058 

 B9=1.40874541 

 B10=3.04105846 

 B11=0.96009175 

 B12=0.96838809 

 B13=1.01471179 

 B14=2.68821772 

 B15=1.09515065 

 B16=1.09594996 

 B17=1.21433052 

 A1=108.89057289 

 A2=107.88411852 

 A3=126.66334281 

 A4=113.12924882 

 A5=109.15678712 

 A6=112.63113224 

 A7=109.48635478 

 A8=111.21377319 

 A9=127.03928737 

 A10=106.44412766 

 A11=83.54918382 

 A12=109.98703475 

 A13=135.94783111 

 A14=81.56075112 

 A15=90.68708364 

 A16=99.63817403 

 D1=122.96930869 

 D2=-36.97731456 

 D3=-162.14208622 
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 D4=-59.2901725 

 D5=61.00131958 

 D6=-178.05294145 

 D7=75.38128023 

 D8=-151.80712522 

 D9=53.1843702 

 D10=158.5799171 

 D11=-161.18471988 

 D12=-59.08216007 

 D13=-49.92612819 

 D14=67.2456767 

 D15=-170.81222447 

 

CH3NHCH2OH
…

H2O
…

H2CO 2
nd

 Stage RC5b 
C 

 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,3,A2,2,D1,0 

 H,4,B4,1,A3,3,D2,0 

 C,4,B5,1,A4,3,D3,0 

 H,6,B6,4,A5,1,D4,0 

 H,6,B7,4,A6,1,D5,0 

 H,6,B8,4,A7,1,D6,0 

 O,1,B9,4,A8,6,D7,0 

 O,4,B10,1,A9,10,D8,0 

 H,10,B11,1,A10,4,D9,0 

 H,11,B12,4,A11,1,D10,0 

 H,4,B13,1,A12,10,D11,0 

 C,4,B14,1,A13,10,D12,0 

 H,15,B15,4,A14,1,D13,0 

 H,15,B16,4,A15,1,D14,0 

 O,15,B17,4,A16,1,D15,0 

      Variables: 

 B1=1.09048082 

 B2=1.08790124 

 B3=1.46719857 

 B4=3.55536267 

 B5=1.4657559 

 B6=1.08517335 

 B7=1.0870422 

 B8=1.0860855 

 B9=1.39106396 

 B10=2.71160146 

 B11=0.95932322 

 B12=1.01013174 

 B13=1.03364493 

 B14=1.64727024 

 B15=1.11129598 

 B16=1.10581419 

 B17=1.28713729 

 A1=109.65838479 

 A2=109.0187356 

 A3=123.092548 

 A4=114.39975211 
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 A5=108.70112197 

 A6=110.17614567 

 A7=106.79470014 

 A8=111.804157 

 A9=129.2138573 

 A10=109.0295659 

 A11=68.98539175 

 A12=109.63034128 

 A13=113.69849466 

 A14=98.88720659 

 A15=101.11550394 

 A16=109.865203 

 D1=-116.69153981 

 D2=84.68354942 

 D3=-56.88370318 

 D4=-53.48726023 

 D5=67.3517429 

 D6=-172.64554728 

 D7=61.10956102 

 D8=-164.34195834 

 D9=75.18320072 

 D10=134.3357015 

 D11=-176.27117615 

 D12=-65.44432735 

 D13=-44.20134831 

 D14=67.95419423 

 D15=-168.15855037 

 

CH3NHCH2OH
…

H2O
…

H2CO 2
nd

 Stage TS5 
C 

 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,3,A2,2,D1,0 

 H,4,B4,1,A3,3,D2,0 

 C,4,B5,1,A4,3,D3,0 

 H,6,B6,4,A5,1,D4,0 

 H,6,B7,4,A6,1,D5,0 

 H,6,B8,4,A7,1,D6,0 

 O,1,B9,4,A8,6,D7,0 

 O,4,B10,1,A9,10,D8,0 

 H,10,B11,1,A10,4,D9,0 

 H,11,B12,4,A11,1,D10,0 

 H,4,B13,1,A12,10,D11,0 

 C,4,B14,1,A13,10,D12,0 

 H,15,B15,4,A14,1,D13,0 

 H,15,B16,4,A15,1,D14,0 

 O,15,B17,4,A16,1,D15,0 

      Variables: 

 B1=1.08983751 

 B2=1.08692192 

 B3=1.46493349 

 B4=3.24444232 

 B5=1.46835843 

 B6=1.08610061 
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 B7=1.08647136 

 B8=1.08512501 

 B9=1.39372648 

 B10=2.50632072 

 B11=0.95924819 

 B12=1.19076161 

 B13=1.09179463 

 B14=1.54606432 

 B15=1.10588856 

 B16=1.09655969 

 B17=1.33274131 

 A1=109.6996425 

 A2=108.14378822 

 A3=115.66195384 

 A4=113.58943631 

 A5=109.27127933 

 A6=109.37037217 

 A7=107.16720645 

 A8=112.24912858 

 A9=126.0408676 

 A10=109.13429297 

 A11=67.94015899 

 A12=110.855874 

 A13=113.51318725 

 A14=102.69004253 

 A15=105.92990419 

 A16=109.21568144 

 D1=-116.51197994 

 D2=85.45464808 

 D3=-54.18598283 

 D4=-55.17373169 

 D5=65.62883018 

 D6=-175.14993469 

 D7=63.75784234 

 D8=-164.29506663 

 D9=79.67403756 

 D10=134.25547454 

 D11=-173.6589036 

 D12=-63.71284758 

 D13=-38.84861967 

 D14=75.74117156 

 D15=-161.61548557 

 

CH3N(CH2OH)2
…

H2O
 
2

nd
 Stage PC5 

C 

 H,1,B1 

 H,1,B2,2,A1 

 N,1,B3,3,A2,2,D1,0 

 H,4,B4,1,A3,3,D2,0 

 C,4,B5,1,A4,3,D3,0 

 H,6,B6,4,A5,1,D4,0 

 H,6,B7,4,A6,1,D5,0 

 H,6,B8,4,A7,1,D6,0 

 O,1,B9,4,A8,6,D7,0 
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 O,4,B10,1,A9,10,D8,0 

 H,10,B11,1,A10,4,D9,0 

 H,11,B12,4,A11,1,D10,0 

 H,11,B13,4,A12,1,D11,0 

 C,4,B14,1,A13,10,D12,0 

 H,15,B15,4,A14,1,D13,0 

 H,15,B16,4,A15,1,D14,0 

 O,15,B17,4,A16,1,D15,0 

      Variables: 

 B1=1.09168998 

 B2=1.08709407 

 B3=1.43687937 

 B4=3.36576157 

 B5=1.45836311 

 B6=1.09276791 

 B7=1.08775133 

 B8=1.08538599 

 B9=1.41860457 

 B10=2.79726461 

 B11=0.95863714 

 B12=1.98054899 

 B13=0.9789359 

 B14=1.4574571 

 B15=1.09611407 

 B16=1.09425087 

 B17=1.3926079 

 A1=109.36775814 

 A2=108.23067879 

 A3=105.20329427 

 A4=112.71607193 

 A5=111.69307258 

 A6=109.22825174 

 A7=108.74089611 

 A8=115.25228145 

 A9=119.56764602 

 A10=108.84688358 

 A11=60.64304265 

 A12=16.85652754 

 A13=112.34192985 

 A14=106.84991666 

 A15=111.41746968 

 A16=111.92259658 

 D1=-117.68856907 

 D2=75.62564689 

 D3=-56.52775546 

 D4=-61.81202128 

 D5=58.79210872 

 D6=177.54715278 

 D7=60.99480259 

 D8=-168.30292088 

 D9=80.2321278 

 D10=136.9933353 

 D11=-38.99870045 

 D12=-65.95973714 
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 D13=-42.6157411 

 D14=76.39974979 

 D15=-165.50111866 

 

(CH3)2NH
…

 H2CO RC6 

C 

 H,1,B1 

 H,1,B2,2,A1 

 C,1,B3,3,A2,2,D1,0 

 H,4,B4,1,A3,3,D2,0 

 H,4,B5,1,A4,3,D3,0 

 H,4,B6,1,A5,3,D4,0 

 N,4,B7,1,A6,3,D5,0 

 H,8,B8,4,A7,1,D6,0 

 C,8,B9,4,A8,1,D7,0 

 H,10,B10,8,A9,4,D8,0 

 H,10,B11,8,A10,4,D9,0 

 H,10,B12,8,A11,4,D10,0 

 O,1,B13,8,A12,4,D11,0 

      Variables: 

 B1=1.09812163 

 B2=1.09799278 

 B3=3.1938783 

 B4=1.08945372 

 B5=1.09600155 

 B6=1.08728696 

 B7=1.45185429 

 B8=1.01146671 

 B9=1.45111377 

 B10=1.08725305 

 B11=1.0889489 

 B12=1.09669663 

 B13=1.20963693 

 A1=115.98609287 

 A2=112.55861463 

 A3=90.90200924 

 A4=161.24645581 

 A5=64.19782569 

 A6=57.71889926 

 A7=108.98737815 

 A8=112.04425531 

 A9=109.94371182 

 A10=109.01634202 

 A11=113.38016365 

 A12=102.51348334 

 D1=-84.74560672 

 D2=122.1598614 

 D3=-55.54622704 

 D4=-128.1602195 

 D5=10.25677591 

 D6=-96.863761 

 D7=141.82863994 

 D8=176.4448919 

 D9=-65.30981014 
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 D10=54.68646556 

 D11=-48.59799687 

 

(CH3)2NH
…

 H2CO TS6 

C 

 H,1,B1 

 H,1,B2,2,A1 

 C,1,B3,2,A2,3,D1,0 

 H,4,B4,1,A3,2,D2,0 

 H,4,B5,1,A4,2,D3,0 

 H,4,B6,1,A5,2,D4,0 

 N,4,B7,1,A6,2,D5,0 

 H,8,B8,4,A7,1,D6,0 

 C,8,B9,4,A8,1,D7,0 

 H,10,B10,8,A9,4,D8,0 

 H,10,B11,8,A10,4,D9,0 

 H,10,B12,8,A11,4,D10,0 

 O,1,B13,8,A12,4,D11,0 

      Variables: 

 B1=1.1003471 

 B2=1.1003354 

 B3=2.5339133 

 B4=1.08928542 

 B5=1.08728145 

 B6=1.08642728 

 B7=1.45799936 

 B8=1.1884291 

 B9=1.45800556 

 B10=1.08643292 

 B11=1.08928067 

 B12=1.08728 

 B13=1.34920544 

 A1=109.26312665 

 A2=76.75150712 

 A3=98.92160225 

 A4=141.35230038 

 A5=84.31258264 

 A6=33.35419224 

 A7=116.47314372 

 A8=113.89144027 

 A9=108.44853072 

 A10=110.58269948 

 A11=109.60226889 

 A12=97.41819252 

 D1=121.60846438 

 D2=-56.98955379 

 D3=166.22587971 

 D4=52.01698718 

 D5=-171.11192179 

 D6=-83.51467759 

 D7=136.57330157 

 D8=177.65036905 

 D9=-62.14687758 

 D10=58.26918802 
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 D11=-112.03582821 

 

(CH3)2NCH2OH  PC6 
C 

 H,1,B1 

 H,1,B2,2,A1 

 C,1,B3,3,A2,2,D1,0 

 H,4,B4,1,A3,3,D2,0 

 H,4,B5,1,A4,3,D3,0 

 H,4,B6,1,A5,3,D4,0 

 N,1,B7,4,A6,7,D5,0 

 H,1,B8,8,A7,4,D6,0 

 C,8,B9,1,A8,4,D7,0 

 H,10,B10,8,A9,1,D8,0 

 H,10,B11,8,A10,1,D9,0 

 H,10,B12,8,A11,1,D10,0 

 O,1,B13,8,A12,10,D11,0 

      Variables: 

 B1=1.09849317 

 B2=1.09287895 

 B3=2.38130315 

 B4=1.1003071 

 B5=1.08763263 

 B6=1.08562756 

 B7=1.44144107 

 B8=1.90876781 

 B9=1.44801643 

 B10=1.0880655 

 B11=1.10026063 

 B12=1.08758437 

 B13=1.40267537 

 A1=108.69566747 

 A2=141.38190194 

 A3=95.03671089 

 A4=143.76842381 

 A5=88.15224079 

 A6=34.70809528 

 A7=92.81651788 

 A8=110.60464333 

 A9=110.01692418 

 A10=112.43285938 

 A11=109.38566747 

 A12=111.4595638 

 D1=-111.64373215 

 D2=104.56771534 

 D3=-26.76682687 

 D4=-146.94055824 

 D5=-129.8753615 

 D6=-91.18958143 

 D7=-122.94955653 

 D8=-58.82124591 

 D9=62.27775106 

 D10=-177.77046468 

 D11=168.57681344 
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(CH3)2NH
…

H2O
…

H2CO RC7 

C 

 H,1,B1 

 H,1,B2,2,A1 

 C,1,B3,2,A2,3,D1,0 

 H,4,B4,1,A3,2,D2,0 

 H,4,B5,1,A4,2,D3,0 

 H,4,B6,1,A5,2,D4,0 

 N,4,B7,1,A6,2,D5,0 

 H,8,B8,4,A7,1,D6,0 

 C,8,B9,4,A8,1,D7,0 

 H,10,B10,8,A9,4,D8,0 

 H,10,B11,8,A10,4,D9,0 

 H,10,B12,8,A11,4,D10,0 

 O,1,B13,8,A12,4,D11,0 

 O,14,B14,1,A13,8,D12,0 

 H,15,B15,14,A14,1,D13,0 

 H,15,B16,14,A15,1,D14,0 

      Variables: 

 B1=1.09490316 

 B2=1.09556512 

 B3=3.52983879 

 B4=1.08951228 

 B5=1.0963982 

 B6=1.08754836 

 B7=1.44923938 

 B8=1.0139154 

 B9=1.4494679 

 B10=1.08786439 

 B11=1.08992011 

 B12=1.09540828 

 B13=1.21858609 

 B14=2.77266955 

 B15=0.97032041 

 B16=0.95703551 

 A1=116.46553071 

 A2=74.28847029 

 A3=92.21160988 

 A4=146.50588229 

 A5=89.55568187 

 A6=33.41320236 

 A7=110.5297687 

 A8=112.64488224 

 A9=109.39720844 

 A10=109.19291634 

 A11=113.0901884 

 A12=102.96897146 

 A13=95.44565471 

 A14=17.14023486 

 A15=122.55662822 

 D1=68.62212899 

 D2=-118.56019091 

 D3=113.7664404 
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 D4=-10.36262751 

 D5=118.53685273 

 D6=-110.54738248 

 D7=127.24951616 

 D8=-179.66247363 

 D9=-61.29832139 

 D10=58.99307219 

 D11=-179.48979068 

 D12=50.47354205 

 D13=147.31058435 

 D14=152.24363723 

 

(CH3)2NH
…

H2O
…

H2CO TS7 

C 

 H,1,B1 

 H,1,B2,2,A1 

 C,1,B3,3,A2,2,D1,0 

 H,4,B4,1,A3,3,D2,0 

 H,4,B5,1,A4,3,D3,0 

 H,4,B6,1,A5,3,D4,0 

 N,4,B7,1,A6,3,D5,0 

 H,8,B8,4,A7,1,D6,0 

 C,8,B9,4,A8,1,D7,0 

 H,10,B10,8,A9,4,D8,0 

 H,10,B11,8,A10,4,D9,0 

 H,10,B12,8,A11,4,D10,0 

 O,1,B13,8,A12,4,D11,0 

 O,14,B14,1,A13,8,D12,0 

 H,14,B15,1,A14,8,D13,0 

 H,15,B16,14,A15,1,D14,0 

      Variables: 

 B1=1.10198342 

 B2=1.09811099 

 B3=2.49928448 

 B4=1.0888088 

 B5=1.08651626 

 B6=1.08592025 

 B7=1.4592256 

 B8=1.08557854 

 B9=1.466503 

 B10=1.0849538 

 B11=1.088734 

 B12=1.08619747 

 B13=1.33484829 

 B14=2.37968581 

 B15=1.20961841 

 B16=0.95777421 

 A1=109.08072616 

 A2=93.04928295 

 A3=90.54978858 

 A4=144.37151976 

 A5=89.96702436 

 A6=34.63827933 

 A7=113.01780898 
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 A8=113.01943397 

 A9=107.5671116 

 A10=109.18657322 

 A11=109.50053878 

 A12=109.21057229 

 A13=93.42372951 

 A14=102.13649878 

 A15=120.1641295 

 D1=-79.35531252 

 D2=10.45761715 

 D3=-115.18340284 

 D4=119.97107435 

 D5=-114.61876581 

 D6=-111.11542356 

 D7=125.78799024 

 D8=-175.74803356 

 D9=-56.13188355 

 D10=64.43946934 

 D11=-166.7093992 

 D12=38.28915487 

 D13=44.22251654 

 D14=101.60482202 

 

(CH3)2NCH2OH
…

H2O PC7 

C 

 H,1,B1 

 H,1,B2,2,A1 

 C,1,B3,2,A2,3,D1,0 

 H,4,B4,1,A3,2,D2,0 

 H,4,B5,1,A4,2,D3,0 

 H,4,B6,1,A5,2,D4,0 

 N,4,B7,1,A6,2,D5,0 

 H,8,B8,4,A7,1,D6,0 

 C,8,B9,4,A8,1,D7,0 

 H,10,B10,8,A9,4,D8,0 

 H,10,B11,8,A10,4,D9,0 

 H,10,B12,8,A11,4,D10,0 

 O,1,B13,8,A12,4,D11,0 

 O,8,B14,4,A13,1,D12,0 

 H,14,B15,1,A14,8,D13,0 

 H,15,B16,8,A15,4,D14,0 

      Variables: 

 B1=1.09387265 

 B2=1.09726053 

 B3=2.38138527 

 B4=1.09857894 

 B5=1.08757427 

 B6=1.08844266 

 B7=1.45091015 

 B8=1.84661654 

 B9=1.45474866 

 B10=1.08534147 

 B11=1.09844876 

 B12=1.08758286 
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 B13=1.39196581 

 B14=2.76877954 

 B15=0.96722564 

 B16=0.95743263 

 A1=108.78940084 

 A2=83.68402744 

 A3=92.82042538 

 A4=144.64250585 

 A5=90.26012474 

 A6=35.16122291 

 A7=118.37624573 

 A8=110.5769836 

 A9=109.41908018 

 A10=111.23990166 

 A11=109.47359959 

 A12=111.94344438 

 A13=125.23865326 

 A14=107.01666005 

 A15=118.4354012 

 D1=93.3017968 

 D2=-102.35444635 

 D3=130.08866149 

 D4=6.19479279 

 D5=132.15677571 

 D6=-109.1667417 

 D7=122.19442254 

 D8=-177.90176029 

 D9=-57.65008914 

 D10=62.58373537 

 D11=-173.45727336 

 D12=-103.11305644 

 D13=60.05383112 

 D14=5.83977521 
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