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A detailed computational study is performed on the singlet potential energy surface (PES) for possible
isomerization and dissociation reactions of LHO at the DFT (B3LYP/6-31t+G(d,p)) and CCSD(T)/
cc-pVTZ/IB3LYP/6-311-+G(d,p) levels. The pathways around the equilibrium structures can be discovered
by the scaled hypersphere search (SHS) method, which enables us to make a global analysis of the PES for
a given chemical composition. Fourteen isomers inclusive of 11 single-molecules and three “non-stabilized”
oxygen-based ylides, 5 energetically favored complexes, and 79 interconversion transition states have been
found on the singlet PES. Four lowest lying isomers with thermodynamic stability are also kinetically stable
with respect to metastable intermediates. It was revealed that vinyl alcohols, which could be generated by the
tautomerization of acetaldehyde, could undergo dissociation to form acetylene and water. In addition,
recombination channels between some fragments, suckG® # 1CH, and*CHOH + 1CH,, are energetically
accessible via collision complex or oxygen-based ylides. Most of available unimolecular decompositions are
found to be responsible for favorable hydrogen abstraction processes.

1. Introduction

Acetaldehyde, a typical aldehyde molecule of,[El4, O]

studies support the lower activation energy value, e.g., 83 kcal/
mol by G2 and 81 kcal/mol at the B3LYP/cc-pVTZ(-f) level
of theory for the latter cas&:® In addition, there have been

system, is among the key intermediate species in the atmospherigyensive experimental and theoretical studies for the potential
degradation of many volatile organic compounds (VOCs) in the gnergy surfaces and the unimolecular dissociation reaction of
troposphereand is commonly found in air, water, and industrial ethylene oxide ¢C,H4O, oxirane) as well as ring-opened
products. The unimolecular tautomerization of gaseous ethenol yyirqne36-40 Major products observed include ethane, ethylene

to ethanal and hydroxyethylidene, @HCH—-OH < CHCH= \athane, acetylene, acetaldehyde, propane, hydrogen, methyl,
O <> CH;—C—OH, has been the subject of numerous theoretical formy) radical, and so on. These fragment products are of

and expfrimental investigatiofis® In early report$2* the fundamental importance because these molecules exist ubiqui-
[C2H4O]"" system was described and calculated that no fewer o5y not only in the atmosphere but also in interstellar

than 11 isomers exist on potential energy surface.

Various theoretical studies were devoted to the ketool
tautomerism of [GH4O]*" radical cationg>28 The common

molecular clouds, which of them are indicative in elucidating
the origin of life, such as fundamental reactions of carbon
monoxide and methane, bridging small inorganic molecules to

conclusion of these studies was that in complete agreement withcomplicated organic functional groups. Furthermore, industrially,

experimental results ab initio molecular orbital calculations
predict that ionized hydroxycarbene, [EOH]'*, does not only
exist as a stable £1,0°" isomer, but also serves as the key
intermediate during dissociation of ionized vinyl alcohol ([&H
CHOHJ*) and its isomerization to acetaldehyde ({CHIO]™).
Yadav and Goddafd examined the isomerization of GAHO

to CH;COH and CHOCH, and found the energy barriers to be
~90 kcal/mol for CHCOH and~100 kcal/mol for CHOCH.

A similar result may be reached by examining the G1 level of
Smith et al® Recently, proton transport that would interconvert
the GH4O keto—enol isomers and the corresponding radical
cations were characterized in experiméhtnd theory??

the reaction between acetylene and wateHC+ H,O = CH,-
CO + Hy, turning HO into H,, can form so-called water-gas
shift for efficient fuel energy production.

On the other hand, the potential energy surface of the
electrophilic addition reaction of the oxygen atom ®)(with
the simplest alkene, 84 (X*Ag), which plays an important role
in the GH4/O, flames and in hydrocarbon combustion in
general, was theoretically reinvestigated using various quantum
chemical methods, including G3, CBS-QB3, G2M (CC, MP2),
and MRCI#! Moreover, it is well-known that some reactive
fragments, such as GHCHO, H, CHCHO, CH,, H,CO, CHs-
CO, H,CCO, GHa, and so on, are thought to be responsible

The unimolecular decomposition of acetaldehyde was also for photochemical air pollution. These reactions, in which some

studied extensively. Yadav and Godd#rinvestigated the
radical and molecular dissociation of @EHO using SCF
calculations and reported the-€ bond energy in CECHO to
be 76 kcal/mol, while molecular decomposition of §HHO to
CH; and CO requires 84 kcal/mol activation energy. Other

* Corresponding author. E-mail: ohnok@gqpcrkk.chem.tohoku.ac.jp.

combinations are all stoichiometrically the same as acetaldehyde
(CH3CHO), are of fundamental importance in chemical kinetics
and challenging to theoretical chemists because of their com-
plicated reaction mechanism. However, these reports did not
consider the entire system of neutralHzO isomers, nor did
they involve all the relevant intermediates and transition states.
Obviously, it is desirable to know how and which stable forms
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TABLE 1. Relative Energies (kcal/mol) of Various Singlet [G,, Ha, O] Isomers and Isomerization Transition States at the
DFT/B3LYP/6-311++G(d,p) and Single-Point CCSD(T)/cc-pVTZ//DFT/B3LYP/6-31H#+G(d,p) Levels with ZPE Correction

AZPE B3LYP/6-31H+G CCSD(T)/cc-pVTZ/IDFT/
species sym. B3LYP/6-31H+G(d,p) (d,py+ZPE B3LYP/6-31H+G(d,p)}+ZP E
CH;CHO (EQO} C, 0.00 0.00 0.00
transsCH,CHOH (EQ1a) Cs 0.69 11.11 10.67
cis-CH,CHOH (EQ1b) Cs 0.50 12.24 11.99
¢-CH,OCH;, (EQ2) Co 1.19 30.12 27.86
trans:CH;COH (IM1a) Cs —0.19 50.83 50.64
cis-CH3;COH (IM1b) Cs —0.75 54.03 53.34
transCH;OCH (IM2a) Cs —0.25 68.02 67.21
cis-CH;OCH (IM2b) Cs —0.69 72.29 70.66
CH,OCH, (IM3) Co —1.07 72.10 72.79
transCHCH,OH (IM4a) C, —0.38 95.69 93.31
cissCHCH,OH (IM4b) Cy —0.69 99.58 96.82
transHCOHCH, (IM5a) Cs —0.56 160.64 160.33
transHCOHCH; (IM5b) C —0.59 159.70 160.64
cissHCOHCH; (IM5c) C, —0.64 164.78 166.41
TS_0/0 (1)* Cy —0.19 0.88 0.94
TS 1a/lb C, —0.06 15.56 14.87
TS_Cla/Cla* Co -3.07 35.64 34.89
TS_Cla/Clb Cs -3.26 37.88 37.06
TS_IMla/IMla* C —0.38 51.77 51.39
TS_IM1b/IM1b* C, —1.00 55.66 54.47
TS_0/1a Cs -3.20 66.33 67.02
TS_IM2a/IM2a* C —0.44 68.71 67.90
TS_IM2b/IM2b* Ca —0.88 72.73 71.10
TS_la/la (1)* C, —2.07 70.78 73.35
TS_1b/IM1a Ci —-2.20 73.17 74.36
TS_IM2a/IM2b (1) C —5.52 73.39 74.92
TS_IM1a/IM1b (1) C —2.45 75.30 75.74
TS_C2a/C2a (1)* Cs —4.89 76.05 77.06
TS_C2a/C2b Cs —4.58 76.74 77.60
TS_C2a/C2a (2)* Co -5.21 77.06 77.68
TS_la/IM1b C —2.70 77.43 77.75
TS_Cla/C2a Cs —6.28 78.50 77.94
TS_0/IMla C, —3.64 79.50 79.32
TS_0/2 Cy —2.95 89.73 81.76
TS_0/0 (2)* C, —3.95 80.45 82.58
TS_0/DC (1)** Cy -3.83 80.70 83.02
TS_2/IM3 C, —1.63 88.79 83.65
TS_IM1b/DC (1)** Ci —5.96 82.64 84.40
TS_1b/1b (1)* C, —2.57 81.64 85.21
TS_lal/la (2)* Ci —2.45 86.16 86.91
TS_1b/1b (2)* C —2.57 82.96 87.16
TS_IM3/IM3 (1)* Daqg —1.69 84.27 88.41
TS_1b/1b (3)* Cy —-2.51 88.60 89.48
TS_1b/C1b (1) Ci —3.95 89.11 89.48
TS_IM2b/DC** C -3.70 99.46 89.86
TS_1la/la (3)* C, —2.70 89.04 90.11
TS_1b/1b (4)* C —2.57 90.11 90.17
TS_1a/C2b C, —4.71 89.61 90.92
TS_2/IM4a Cy -2.32 99.40 96.20
TS_1b/DC** C, —5.40 94.00 96.51
TS_IM2a/IM2b (2) C —2.07 97.01 97.14
TS_1a/lM4a (1) C, —-1.51 98.20 97.64
TS_1b/IM4a (1) C —-1.51 98.83 97.64
TS_IM3/IM3 (2)* C -2.13 99.96 99.33
TS_0/DC (2)** Ci —7.53 94.88 101.03
TS_2/IM2b C, —2.38 105.23 102.72
TS_0/DC (3)** Ci —8.47 102.66 104.10
TS_IM3/IM3 (3)* C —2.89 107.80 106.30
TS_1b/IM4a (2) Cs -1.13 107.68 108.18
TS_lal/lM4a (2) C —-1.13 110.82 110.82
TS_la/IM4b C —1.38 111.63 111.13
TS_IM1a/DC (1)** C —6.09 106.74 111.19
TS_IM3/C3 C, —6.28 112.95 111.63
TS_IM1a/C2b C -4.20 113.08 112.32
TS_1b/IM4b Cy —1.69 113.26 113.01
TS_IM2a/IM3 C —4.02 113.45 113.64
TS_IM1b/DC (2)** C —6.59 110.57 114.02
TS_0/IM2a Cy —2.45 113.95 114.08
TS_2/DC (1)** C —4.96 116.78 115.33
TS_1a/Clb C —4.71 114.58 118.16
TS_1b/C1b (2) C, —4.77 115.08 119.04

TS_0/DC (4)** C: —4.96 120.42 121.04
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TABLE 1: (Continued)

AZPE B3LYP/6-31H+G CCSD(T)/cc-pVTZ/IDFT/
species sym. B3LYP/6-31H+G(d,p) (d,pr+ZPE B3LYP/6-31HH+G(d,pHZP E
TS_1a/DC (1)** Ci —6.09 118.85 122.43
TS_IM1a/IM1b (2) C: —2.76 116.09 122.74
TS_la/IMla Ci —2.45 121.74 124.25
TS_IM1a/DC (2)** C: —5.08 119.98 126.25
TS_1a/DC (2)** C —5.52 122.49 126.57
TS_1b/IM1b C: —2.95 126.19 127.88
TS_IM1b/DC (3)** C —5.40 123.87 129.39
TS_0/IM4b C: —4.77 142.13 140.43
TS_1b/1b (5)* C: —6.46 145.73 146.08
TS_2/DC (2)** C: —6.40 149.47 150.22
TS_IM5a/IM5b (1) C: —3.01 161.33 161.39
TS_IM4a/IM5b C: —2.82 161.90 162.02
TS_IM2a/IM5b Cs —5.52 162.65 162.15
TS_IM4a/IM5a C —-3.70 164.66 163.15
TS_IM2b/IM4b C: —5.08 167.86 164.91
TS_1b/IM2b C: -5.33 169.24 165.79
TS_IM2a/DC** Cs —7.53 173.38 172.19
TS_IM3/IM5b Cy —4.96 176.08 173.69
TS_IM3/IM5¢ C: —4.58 180.97 174.70
TS_IM5a/IM5b (2) Cs —0.75 179.65 182.04
TS_IM5c/IM5c* Cs -2.32 187.00 189.25

a All values are calculated with regard to the isomer EQO for which the total energiesl&®829282 and-153.533279 au at the B3LYP/
6-311++G(d,p) and single-point CCSD(T)/cc-pVTZ//DFT/B3LYP/6-3#1G(d,p) levels, respectively. The ZPE of the EQO at B3LYP/6-
311++G(d,p) level is 0.052972 al.Self-conversion transition states are symbolized with asterisk (*), while those TSs for dissociation channels
are signed with double asterisks (**).

they can convert each other. To clarify these questions, it is of structures (EQs), respectively. A total of 14 minimum isomers,
interest to reinvestigate global reaction routes using a more 5 dissociation complexes and 79 transition states are ultimately
efficient and powerful theoretical techniques. located at the B3LYP/6-31+G(d,p) level by geometry

In this study, a systematic potential energy surface (PES) optimizations using structures obtained at the low level calcula-
surveys of the singlet neutral §CH,4, O] system containing the  tion as initial guesses. To gain reliable relative energies of each
reaction channels leading to the formation of possible products stationary point on PES, single-point calculations were per-
have thus been constructed making use of the scaled hypersphertormed at the B3LYP/6-31t+G(d,p) optimized geometries by
search (SHS) methé# 44 at highly correlated ab initio coupled- ~ employment of the coupled-cluster level of theory, including
cluster theory, which will be of great assistance in the identifica- the single and double excitations with triple contributions
tion of some new findings. The SHS method can be used to (CCSD(T)}* with the Dunning’s correlation consistent basis
locate all reaction paths resulting in anharmonic downward sets of triple¢ quality (cc-pVTZ)%557 The zero-point vibra-
distortions of the PES. Combining the SHS technique with a tional energy (ZPE) at the DFT/B3LYP/6-3+#G(d,p) with
downbhill-walking algorithm allows a full topographic analysis a scaling factor of 0.96 are also included for energy correction.
of the PES to be obtained for any given chemical composition. Basis set superposition errors (BSSE) calculations were carried
This approach has been found to lead to an efficient and accurateout for those weakly bound complexes. All calculations (except
estimate of new reaction pathways and transition state ref§icls. ~ for the SHS procedures) were implemented using the Gaussi-
We investigate this system in a wider energy range and includedan03 program packagé.
more possible intermediate and transition state species. Our
intention is to give a more complete dynamical picture for 3. Results and Discussion
possible reaction channels so as to interpret or predict the

relevant experimental results., The present calculations have revealed 14 equilibrium

structures, including 4 stable minima and 10 metastable
intermediates numbered as E@nd IMn following stability
order, respectively; 5 weakly bonded complexes denoted;as C

Reaction pathways around the equilibrium structures of and 79 transition states containing interconversion, self-conver-
acetaldehyde (C¥CHO) were first searched on the singlet PES sion and dissociation processes marked asn{8r IMn, Ci)/m
at HF/6-31G level of calculations by the SHS meti&d} in (or IMm, Ci) for connecting directly with E@ (or IMn, Ci)
which harmonic vibrational frequencies at the same level and and EQn (or IMm, Ci). Here, EQs mean equilibrium structures
intrinsic reaction coordinate (IRC) calculatié?$3 were carried that are of saturated valence bond structures. IMs contain
out, to check whether the obtained structure is a minimum or a carbene frameworks, which cause high reactivity relative to EQs.
saddle point and to test whether the transition state connectsComplexes Care related to hydrogen bond or van der waals
the right isomers or not, respectively. interaction. All of them make up [£ H4, O] isomers.

Structures of all the singlet minima obtained as well as those The corresponding symmetries and relative energies of all
of the singlet transition states involved in the SHS method were the species calculated at the DFT/B3LYP/6-3#1G(d,p) and
further refined at the DFT/B3LYP/6-3#1:+G(d,p) level of CCSD(T)/cc-pVTZ/IB3LYP/6-31++G(d,p) levels are sum-
calculation. Vibrational frequency and IRC calculations starting marized in Tables 1 and 2, while the possible dissociation
from each TS on B3LYP/6-3H-+G(d,p) surface were repeated channels and relative energies of dissociation products are listed
to confirm that the critical points located were either minima in Table 3. For the sake of simplicity and easy discussion, the
or transition states and the connection between equilibrium reaction pathways characterized by CCSD(T)/cc-pVTZ//B3LYP/

2. Computational Methods
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TABLE 2: Relative Energies® (kcal/mol) of Complexes and Complexation Energies at the DFT/B3LYP/6-31+G(d,p) and
Single-Point CCSD(T)/cc-pVTZ//IDFT/B3LYP/6-31H+G(d,p) Levels with ZPE and BSSE Correction

B3LYP/6-31H+G CCSD(T)/cc-pVTZIIDFT/ complexation

complexes sym. (d,pt+ZPE B3LYP/6-31H+G(d,pHZPE energie%
CHCH--+H,0 (Cla) Co 35.89 35.01 —2.68 (-2.05)
CHCH---H,0 (C1b) Cs 36.90 36.02 —1.67 (-1.04)
CH,C---H,0 (C2a) Cs 75.99 76.93 —2.96 (-3.02)
CH,C-:-H,0 (C2b) Cs 77.31 77.54 —2.35(1.70)
HCHO---CH, (C3) Cs 112.86 111.63 —0.93 (-1.39)

@ Relative energies of all complexes are referred to the singlet global minimum EQO, for which the total energls3a829282 ane-153.533279
au at the B3LYP/6-31t+G(d,p) and single-point CCSD(T)/cc-pVTZ//DFT/B3LYP/6-3#1G(d,p) levels, respectively. The ZPE of the EQO at
B3LYP/6-31H+G(d,p) level is 0.052972 all.Complexation energies are calculated as the energy difference between the energy of complex and
the total energies of separate monomers at CCSD(T)/cc-pVTZ//DFT/B3LYP/-8ELd,p) Level with ZPE and BSSE correction. The value in
the parentheses is calculated at the B3LYP/64315G(d,p) level.

TABLE 3: Relative Energies (kcal/mol) of the Dissociation Products of [G, H4, O] Isomers and Energy Barriers for the
Possible Dissociation Channels at the DFT/B3LYP/6-31#1+G(d,p) and Single-Point CCSD(T)/cc-pVTZ//DFT/B3LYP/
6-3114++G(d,p) Levels with ZPE Correction?

relative energy of products dissociation energy barrier
B3LYP/ CCSD(T)/ B3LYP/ CCSD(T)/
dissociation channel (DC)//dissociation transition $tate 6-3114++G(d,p) cc-pVTZ//DFT 6-3114++G(d,p) cc-pVTZ//IDFT

CH3CHO (EQO)— CH4 (*A;) + CO (=M)/ITS_0/DC(1) —35.89 —39.91 80.70 83.02
CH3CHO (EQO0)— CH,CO (A1) + Ha (*=4")/ITS_0/DC(2) —3.45 —5.00 94.88 101.03
CH3CHO (EQO0)— CHCHO (A") + H, (*=4*)//TS_0/DC(3) 72.16 72.41 102.66 104.10
CH3CHO (EQO)— CHq4 (*A;) + CO (=)//ITS_0/DC(4) —35.89 —39.91 120.42 121.04
trans-CHCHOH (EQ1la)—~ HCCOH (A') + H, (*Z4")//TS_1a/DC(1) 28.80 28.93 107.74 111.76
trans-CHCHOH (EQla)—~ HCCOH (A") + H, (*24")//TS_1a/DC(2) 28.80 28.93 111.38 115.90
Ccis-CHCHOH (EQ1b)— CH,CO (A1) + H, (*=4")//TS_1b/DC —3.45 —5.00 81.76 84.52
c-CH,OCH, (EQ2)— c-CH,OC (*A") + H, (*=4")/ITS_2/DC(1) 58.36 54.90 86.66 87.47
c-CH,OCH, (EQ2)— CHCHO (A’") + H, (=4")/ITS_2/DC(2) 72.16 72.41 119.35 122.36
trans-CHCOH (IM1a)— HCCOH (A") + H, ((=4")/ITS_IM1a/ 28.80 28.93 55.91 60.55
DC(1)
trans-CHCOH (IM1a)— HCCOH (A") + H, ((=4")/ITS_IM1a/ 28.80 28.93 69.15 75.61
DC(2)
Cis-CH,COH (IM1b)— CH,CO (A1) + H, (=gN//TS_IM1b/DC(1) —3.45 —5.00 28.61 31.06
Cis-CH;COH (IM1b)— HCCOH (A") + H, (2 4M)/ITS_IM1b/DC(2) 28.80 28.93 56.54 60.68
Cis-CHCOH (IM1b)— HCCOH (A") + H, (2 ¢")/ITS_IM1b/DC(3) 28.80 28.93 69.84 76.05
trans-CHOCH (IM2a)— ¢-CHOCH (A') + H, (*24")//ITS_IM2a/DC 58.36 54.90 105.36 104.98
Cis-CHOCH (IM2b)— CH4 (*A1) + CO (=")/ITS_IM2b/DC —35.89 —-39.91 27.17 19.20

aThe total energies of the reference isomer EQO at the DFT/B3LYP/6-3T(d,p) and single-point CCSD(T)/cc-pVTZ//IDFT/B3LYP/6-
311++G(d,p) levels as well as the ZPE at the DFT/B3LYP/6-3%#1G(d,p) level are listed in footnot@of Table 1. The geometries of dissociated
transition states TSYDC(i) are shown in Figure 6.

6-311++G(d,p) calculation are shown in Figures 1 and 2, in is calculated as 1.32 kcal/mol. The structure EQla with two
which possible immediate paths are identified and only the hydrogen atoms located at the reverse direction-60Cbond
channels of the intermediates on energetically favored paths ardés more stable than EQ1b in which hydrogen atoms bonded at
pursued further. Figures 3, 4 and 5 depict schematic energeticC—O lie in the same direction. The fourth lowest-lying
profiles of the singlet PES for the isomerization among stable stationary point EQ2 witlC,, symmetry, namely oxirane with
C,H40 isomers and recombination dissociation channels of an oxygen-bridged bond (i.e., the ring-closed form of ethylene
C,H40, respectively. Figure 6 shows geometries of direct oxide), is predicted to lie 27.86 kcal/mol above the ground state

decomposition transition states of unimoleculaH¢D isomers. of acetaldehyde, in excellent agreement with previous thermo-
All geometries and relative energies of transition states are listedchemical calculations (27.3 kcal/m#if°and ab initio calcula-
in the Supporting Information. tions including electron correlation (29.3 kcal/m&l)lt is

3.1. Equilibrium Structures (EQs) and Complexes of obvious that an accuracy of the present calculation can be
C,H40 System.On the singlet gH,O PES, 8 acyclic isomers,  confirmed.
one monocyclic structure (EQ2), two quasi-cyclic isomers In the present calculations for singletHZO system, ten
(IM4a/4b), and three oxygen-based ylides (IM5a/5b/5¢c) were chemically bonded intermediate chain-structures with reactive
located as minima, while five weekly bonded complexes were carbene atoms have been characterized. These are IM1a/IM1b,
found at CCSD(T)/cc-pVTZ//B3LYP/6-31+G** level, as IM2a/IM2b, IM3, IM4a/IM4b, and IM5a/IM5b/IM5c, as shown
shown in Figures 1 and 2. The classical aldehyde isomer, i.e.,in Figures 1 and 2. IMa and IMhb/c (h =1, 2, 4, 5) have the
acetaldehyde (EQO), is identified as the global minimum same atomic arrangement, but apparent structural differences
followed by two competitive vinyl alcohols (EQla and EQ1b) being rotational position of hydrogen atom at terminal. It can
with Cs symmetry. The energy differences of 10-6[71.99 kcal/ be found that the isomers with hydrogen and methyl group
mol (around 44.6250.12 kJ/mol) between EQO and EQL, linked on the opposite side of-€0 bond are favorable relative
which represents the prototypical ketenol pair, are in good  to those on the identical side; e.g., IM1a and IM2a lie below
agreement with the previous calculation value of 47 kJ#hol IM1b and IM2b by about 2.70 and 3.45 kcal/mol, respectively.
and the experimental value of 44 8 kJ/mol!6 The rotational The situation is similar for IM4a and IM4b, in which the energy
energy difference of oxygen-hydrogen bond for EQla and EQ1b of IM4a with terminal hydrogens on the counter side is
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TS_1b/IMla (Cy)
74 36 kcal/mol
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50.64 kcal/mol
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53.34 kcal/mol
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77.75 kcal/mol
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165,79 kcal/mol
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70.66 kcal/mol

)
TS IM2a/IM2b(1) (C) TS_0/M2a (C)

7852 Joealirmol 114,08 kcal/mol
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o by ——
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72.79 keal/mol 33‘35 tealfmiol 27.86 keal/mol 96.20 keal/mol 93.31 kcal/mol

Figure 1. Topology of the unimolecular isomerization pathways for singlgd/O isomers at the CCSD(T)/cc-pVTZ//B3LYP/6-3t+G(d,p)
level.

3.51 kcal/mol lower than IM4b with those on the same side. to prefer triplet to singlet®4! A similar conclusion may be
cis-IM5 (IM5c) is around 6 kcal/mol higher thattansIM5 reached by the present SHS method, in which singleiGEHO
(IM5a/5b) as well. The stability of IMa with respect to IMb has not been found as a minimum on the singlet potential energy
is possibly due to the fact that the intramolecular steric hindrance surface of GH4O at CCSD/cc-pVTZ//B3LYP/6-31t+G(d,p)
is smaller in these structures. From Table 1, one can see thatevel. It is worthy of note that energy differences between IM2a,
the stability of isomers in which carbene is located in the middle IM2b and IM3 are calculated to be 2.23.58 kcal/mol,
of molecular skeleton is higher as compared with those indicating the possibility of a composite metastable peak in
possessing terminal carbene (relative energies are 50.64 metastable state mass spectra analysis arising from a mixture
53.34 kcal/mol for IM1 and 67.2196.82 kcal/mol for IM, of CH3OCH and CHOCH,. It is in agreement with neutraliza-
n = 2, 3, 4). In addition, conformations with carbene atom tion-reionization experimen#. Our estimate on the relative
separated from oxygen by Spybridized carbon atom (IM4)  energy of hydroxyethylidene (IM1) (212 and 223 kJ/mol for
are thermodynamically unstable relative to those with carbene IM1a and IM1b, respectively) is in line with the previous
bonded to oxygen (IM, n = 1, 2, 3) because of less electron assessments at MP4, QCISD(T), and G1 levels 225 kJ/
delocalization in IM4 framework. mol)3° and the experimental value of 227 8 kJ/mof! very

One of the ring-opened forms of oxirane, IM3 witb, well. IM5a/5b/5¢ are high-energy oxygen-based ylides, which
symmetry, are predicted to considerably less stable with respectare newly predicted in this report.
to the ring-closed form EQ2 (44.93 kcal/mol above EQ2), which  Although there have been a few previous ab initio studies of
is consistent with the previous estimat®$he other ring-opened  various aspects of the potential energy surface connecting the
form of ethylene oxide, CKCH,0, is observed and suggested neutral GH4O isomers®3%-41 no more specific complexes
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Figure 2. Topology of recombination and dissociation processes for singldi@isomers via intermediates and complexes at the CCSD(T)/cc-
pVTZ/IB3LYP/6-31H+G(d,p) level.

concerning with this system have been investigated. The SHSTable 2 shows a small amount of the total interaction energy in
method presented five weakly bonded complexes made up ofall cases at CCSD(T)/cc-pVTZ//DFT/B3LYP/6-3t1#+G(d,p)

stable small molecules or reactive radicals and new transition level with ZPE and BSSE corrections. It can be seen that the
states involving all relevant rearrangement processes, showingdiscovered complex consisted of stable small molecules main-
the expected improvements compared with previously reportedtains relatively thermodynamic stability, such as Cla/1b made
results. Inspection of the complexation energies reported in up of acetylene and water. The remaining complexes are
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Figure 3. Energetic profile (in kcal/mol) of the potential energy surface for unimolecular isomerization pathways of siityetiSomers at the
CCSD(T)/cc-pVTZ//B3LYP/6-313+G(d,p) level.
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Figure 4. Energetic profile (in kcal/mol) of the potential energy surface for dissociation or recombination channels of siHg@tsomers via
intermediates and complexes at the CCSD(T)/cc-pVTZ//B3LYP/6+312&(d,p) level.

combined with distinct components related té epsg hybrided in the XH-Y (Y = oxygen or carbene in our studies)
carbene. C2a/2b are composed of singlet vinylene and water.complexes is controlled by a balance between two main factors
C3 is a complex of formaldehyde and methlyene. These acting in opposite directions: the hyperconjugative interaction
complexes are directly associated with the hydrogen bond (HB) from the lone pair of oxygen or carbene to the (X —H)
interaction except for C2b. antibonding orbital, i.e.,fro* interaction, leading to a length-
The formation and strengthening of the-K---Y HB is ening of the X-H bond; and the increase of tlecharacter
accompanied by an elongation of the-K distance in the and polarization of the XH bond, which could result in a
H-donor monomer whose magnitude usually correlates well with shortening of the X H distance. In complexes investigated in
the strength of the interaction, which is a well-known HB effect. this work, the first effect is dominant. In addition, stronger HB
Using NBO analysis, it can be indicated that the XH bond length effect tends to relatively high absolute value of complexation
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Figure 5. Energetic profile (in kcal/mol) of the potential energy surface for direct decomposition of unimolectizD Gomers at the CCSD-

(T)/cc-pVTZ/IB3LYP/6-31H-+G(d,p) level.

energy, suggesting the stability of HB complexes is larger with

reference to dissociative monomers.
As shown in Figure 2, the thermodynamically stable com-
plexation (C1a) is the-cluster of acetylene and water wi@t,

3.2. Interconversion Pathways among Unimolecular ¢H40
Isomers.Figure 1 shows isomerization pathways among stable
C,H4O systems. The related potential energy diagram is
illustrated in Figure 3.

symmetry, in which the acetylene as an HB donor and the water The lowest-lying isomer EQO, acetaldehyde ¢CHO), is

as an HB acceptor form a straight line of the CHO bond with also kinetically stable relative to all other equilibrium structures,
an H--O HB distance of 2.170 A. It is followed by the with the lowest conversion barrier of 67.02 kcal/mol by a 1,3-
asymmetricr-cluster of acetylene and water (C1b), in which hydrogen migration from carbon to oxygen atom via TS_0/1a
the water as an HB donor is perpendicular to the acetylene as(Cs). The reverse process occurs at an activation energy of 56.35
an HB acceptor to form a T-shaped-like structure. Formation kcal/mol. The SHS method disclosed five independent isomer-
of an HB implies a charge-transfer process from the HB acceptor ization pathways starting from the most stable isomer EQG{CH

to the HB donor. Cla presents a charge transfer from water to CHO) that directly or indirectly result in the formation of other

acetylene molecule—<0.008) because of the oxygen ot®

three stable isomers (EQ1la, EQ1b, and EQ2) and six intermedi-

offering electrons, while C1b shows a charge transfer from ates (IM1a, IM1b, IM2a, IM2b, IM4a, and IM4b).

acetylene to water—0.003) on account of the donation of

Two competitive reaction channels starting from EQO come

m-electrons in the acetylene molecule. Another important result forth in the hydrogen transfer processes. One involves the 1,2-H

of the NBO analysis is that the occupation of tffeantibonding
orbital of the C-H bond in C1a (0.03) is excessive with respect
to that of the G-H bond in C1b (0.02), accounting for relatively
strong HB interaction in Cla. It is in agreement with the larger
extension for the HB donor HCCH in Cla than that for the HB
donor HO in Clb. Therefore, HCCH-H,O complex, which
lies 2.68 and 1.67 kcal/mol below HCCH H,0O for Cla and

shift and a ring closure, with a barrier height of 81.76 kcal/mol
via TS_0/2, to give a cyclic isomar-CH,OCH, (EQ2) pos-
sessingC,, symmetry. The reverse barrier height is calculated
as 53.90 kcal/mol. The other is a rearrangement o§CHO

to the carbene intermediatins-CH;COH (IM1a) that occurs
by a direct 1,2-hydrogen transfer via TS_0/IM1a. The barrier
height is 79.32 kcal/mol, which is lower of only 2.44 kcal/mol

C1b, respectively, is relatively stable as compared with separatethan that of EQG— EQ2. Reaction processes can further take

monomer derived from the HB interaction. The energy differ-

place following transsCHsCOH (IM1a). Over a conversion

ence between two complexes (Cla and C1b) is very small (only barrier of 23.72 kcal/mol, 1,2-hydorgen migration happens from

1 kcal/mol or so0), indicating a facile interconversion.

The complex of C2a is formed in term of the HB interaction
in which sp carbene of singlet vinylene is a Lewis donor (i.e.,
electron donor or HB acceptor), ang®lis a Lewis acceptor
(i.e., electron acceptor or HB donor). C2b is formed by a
nonbondingr-donation with a G+O distance of 2.347 A, in
which the hyperconjugative interaction is from the lone pair of
oxygen in HO molecule to ther* (C—C) antibonding orbital
in the singlet vinylene (i.e.,-frr* interaction), reflecting on
an elongation of the €C bond from 1.291 A to 1.304 A.
Consequently, it is easy to understand instability of C2b with
respect to C2a which are from-ro* HB interaction.

the terminal carbon to the intermediate carbon, as shown by
TS_1b/IM1a, resulting in the formation of vinyl alcohalss-
CH,CHOH (EQ1b) and then easier interconversion to its isomer
transCH,CHOH (EQ1a) with the rotational energy barrier of
2.88 kcal/mol. Also a competitive isomerization can occur due
to a conversion barrier of 25.10 kcal/mol franans-CH;COH
(IM1a) to cissCH3;COH (IM1b), which takes place by a
hydrogen rotation around the oxygen atom on the hydroxyl. As
both the H migration and the hydrogen rotation coexist in this
process,transCH3;COH (IM1a) can convert into the stable
isomer EQ1a at a high barrier height of 73.61 kcal/mol. Similar
to IM1a, another metastable intermediate IM1b can come into
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Figure 6. Geometries of direct dissociation transition states of unimoleculli@ isomers at the CCSD(T)/cc-pVTZ//B3LYP/6-3t+G(d,p)
level.

being the same stable isomers EQla and EQ1b by the H shiftand IM4b can directly transform to low-lying isomers vinyl
or rotation on the different substituent. alcohol (EQ1a and EQ1b). Although IM4agns CHCH,OH)
Other two reaction pathways starting from EQO lie in high- is thermodynamically stable with respect to IM4&is{CHCH,-
energy transition regions. The high-lying transition states, TS_0/ OH) (with corresponding relative energies of 93.31 and
IM2a and TS_0/IM4b (with 114.08 and 140.43 kcal/mol above 96.82 kcal/mol, respectively), it is prone to reside in a very
the global minimum EQO, respectively), relate to the breaking shallow potential well owing to lower barriers of 2.89 (IM4a
and recombining of €C and C-O bond in the EQG~> IM2a — EQ2) and 4.33 (IM4a> EQla/EQ1b) kcal/mol as compared
conversion and the twice H shift from the methyl to the CHO with that of IM4b (the lowest barrier height is 14.31 kcal/mol
in the EQO< IM4b process, respectively. Once the metastable at IM4b — EQ1la), indicating its transient nature in kinetics.
carbene intermediates IM2a and IM4b are formed starting from  3.3. Dissociation or Recombination ProcesseBissociation
EQO, they can be exothermic by 55.22 and 84.83 kcal/mol to or recombination processes offGO isomers via intermediates
convert into the stable vinyl alcohol EQ1b, and by 39.35 and and complexes are schematized in Figure 2, while its energetic
68.96 kcal/mol for the formation of oxirane EQ2 via the identical profile of the potential energy surface is indicated in Figure 4.
intermediatecis-CH3OCH (IM2b), respectively. In addition to  As shown in Figure 2, there are four entrance channels starting
this, oxirane EQ2 can interconvert with vinyl alcohol (EQla from acetaldehyde to produce complexes or fragments via
and EQ1lb) by the two-step mechanism via the unstable carbene or ylide intermediates (IM1a, IM2a, IM3, IM4a, and
intermediate IM4a being of terminal carbene carbon. Both IM4a IM5a/5b/5c), once EQO is formed by GH+ CHO. As
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anticipated, no energy barrier is found in these fragment collision and C1b can take place, in which the calculated barrier energies
processes. are 77.49 and 53.46 kcal/mol for forward and reverse steps,
As acetaldehyde (EQO) is formed through the exothermic respectively.
combination (an exothermic energy of 49.13 kcal/mol at CCSD-  For processes e and f, the forward barriers starting from
(T) level) between radicals GHand HCO, it could undergo intermediates IM2a and IM4a to ylides IM5a/5b are 94.94 and
intramolecular rearrangement to produce other single-molecules68.71-69.84 kcal/mol, respectively, while reverse barrier
that further decompose into fragments by way of single or heights starting from ylides IM5 to intermediates IM2a and IM4a
multistep reactions. The following processes including frag- are only 1.51 and 1.382.82 kcal/mol, respectively. In evidence,
mentation could be of interest for combustion and atmospheric the reverse routes for processes e and f are predominant.
relevance. Their pathways are schematically written as follows: Moreover, IM4a in process f can further isomerize to cyclic
isomer EQ2 (oxirane) by the closing of ring and proton transfer
EQ0— EQla— Clb— C;H, + H,O (@) with the small activation energy of 2.89 kcal/mol. EQ2 can
successively interconverse with EQO, as mentioned above.

1
EQO— EQla— C2b— "CH,C + H,0 (b) Similarly, the forward routes starting from the intermediate IM3
EQO— IMla— EQ1lb— Clb— C,H, + H,O (©) to fragments in processes g and h are unfavorable with respect
to the reverse steps. The range of barrier heights is 38.84
EQO0O— IMla— C2b— 1CH2C + H,0 (d) 101.91 kcal/mol for the forward routes, while only a range of
0.01-13.05 kcal/mol for the reverse steps. Furthermore, IM3
EQO— IM2a— IM5b — 'CHOH + lCH2 (e) seems to prefer to converse into cyclic isomer EQ2 in process
h rather than IM2a in process g arising from the lower activation
EQO— EQ2— IM4a— IM5a//IM5b — *CHOH + 1CH2 energy of 10.86 kcal/mol (an activation energy of 40.85 kcal/
® mol in process g). In summary, the most favorable reaction
EQO0— IM2a— IM3 — C3//IM5b/5¢— H,CO + mechanism between the unimolecular isomers and complexes

or dissociated products could be implicated as follows:
'CH,//'"CHOH + 'CH, (g) P P

EQO— EQ2— IM3 — C3//IM5b/5¢— H,CO + path1: EQO=EQla—C2b— C2a—Cla—
1 1 1 CH,+H,0
CH,//"CHOH + *CH, (h)
path 2: EQ1b= Clb— CH, + H,0

As for the former two processes a and b, the rate-determining 1 1
step should be the direct-€D rupture and hydrogen migration ~ path 3: "“CHOH+ "CH,— IM5 { IM5b b} -

of vinyl alcohol (EQ1la) to produce C1b or C2b, which could IM5a/5

further separate into acetylene and water or singlet vinylene IM2a 2]—’ EQO
and water, respectively. The barrier energies for these two IM4a—EQ

crucial steps are 107.49 (a) and 80.25 kcal/mol (b), indicating path 4: H,CO + 1CH2—> c3

the hydrogen shift from carbon connected with oxygen atom to ' LCHOH -+ 'CH. — IM5c — M3 —
oxygen is preferential in the formation from EQZ1a to complexes, 2

i.e., the conversion b is feasible. In reverse, the conversion EQ2— EQO
barriers from complexes to EQ1a imply that the combination

of vinyl alcohol and water occur prior to that of acetylene and At present, there are no reports about these most probable
water, resulting from lower barrier energy by 68.76 kcal/mol. paths, which are actually important not only in the atmosphere
However, as shown in Figure 2, C2b and C2a can interconvert but also in interstellar molecular clouds. Especially, the dis-
into each other. Particularly, C2b is of transient nature in its sociation of vinyl alcohols (EQ1) into acetylene and water (paths
kinetic stability in the gas-phase due to a barrier of only 1 and 2), and the formation of ethylene oxide (EQ2) via the
0.06 kcal/mol to form C2a, which could synchronously trans- reaction between formaldehyde and singlet methylene (path 4)
form into Cla as a result of the small activation energy of only open up a new prediction and picture for the relevant experi-
1.01 kcal/mol. Sequentially, Cla is apt to disconnect into ment.

acetylene and water. In addition, the reverse pathways for this 3.4. Direct Decomposition of Unimolecular GH4O Iso-
process are unfavorable on account of larger barrier energiesmers. Details of decomposition of single-molecule;HGO
relative to respective forward steps, in which reverse barriers isomers inclusive of corresponding transistion states (TS_n/DC-
are 42.93 and 0.67 kcal/mol for Cta C2a and C2a~ C2b, (i)) are presented in Table 3. The related potential energy
respectively. diagram is illustrated in Figure 5. The corresponding transition

Comparing the first step in all other processes with that in states (TSn/DC(i)) are displayed in Figure 6. As can be seen,
processes a and b, one can notice that the first step in processethe most stable unimolecular isomer EQO (acetaldehyde) can
a/b is energetically much lower than that in processes c/d, e/g,dissociate into some small molecules which exist ubiquitously
and f/h by 12.30, 47.06, and 14.74 kcal/mol, respectively. not only in the atmosphere but also in interstellar molecular
Consequently, it is more necessary to consider the middle andclouds, such as carbon monoxide CQ") and methane CH
reverse steps for all other processes. (*Ay), ketene CHCO (*A;) and hydrogen molecule H=g),

Over a conversion barrier of 23.72 kcal/mol, IM1la can and CHCHO {A') + H (:Z¢%). The G-C bond rupture in the
isomerize into stable isomer EQ1b (vinyl alcohol) in process c, dissociation channels of EQO via TS_0/DC (1) is calculated to
which is preferable with regard to its decomposition in process be lower in energy than other decomposition processes of EQO.
d with a barrier height of 61.68 kcal/mol. The reverse barrier The dissociation energy barrier is 83.02 kcal/mol at the CCSD-
from H,O + HCCH to IM1a is also higher (34.78 kcal/mol).  (T)/cc-pVTZ level, while the reverse barrier is 122.93 kcal/
Apparently, process d is expected to have little contribution. In mol. This activation energy is in complete agreement with the
process c, it can be seen that interconversion between EQ1lkprevious reportd33% The reaction of H addition to HCCHO
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