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■ ABSTRACT: The atmospheric oxidation of vinyl alcohol (VA) produced by photo-isomerization of acetaldehyde (AA) is thought to be a source of formic acid (FA). Nevertheless, a recent theoretical study predicted a high rate coefficient k1(298 K) of  ≈10-14 cm3 molecule-1 s-1 for the FA-catalyzed tautomerisation reaction (1) of VA back into AA, which suggests that FA buffers its own production from VA. However, the unusually high frequency factor implied by that study prompted us to re-investigate reaction (1). On the basis of a high-level ab initio potential energy profile we first established that transition state theory is applicable, and derived a k1(298 K) of only ≈2 ( 10-20 cm3 molecule-1 s-1, concluding that the reaction is negligible. Instead, we propose and rationalize another important VA sink: its uptake by aqueous aerosol and cloud droplets followed by fast liquid-phase tautomerization to AA; global modelling puts the average lifetime by this sink at a few hours, similar to oxidation by OH.
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Recently, the atmospheric fate of vinyl alcohol (VA) has received considerable attention as it has been proposed
 and later supported by theoretical calculations
 that its oxidation by hydroxyl radicals (OH) produces formic acid, a major source of cloud and rainwater acidity in remote environments. Current state-of-the-art models underestimate the atmospheric abundances of formic acid by at least a factor of two
,
,
  suggesting, most likely, one or more large, missing HC(O)OH sources, presumably through the oxidation of other volatile organic compounds, such as vinyl alcohol. Besides being a known combustion byproduct,
 VA has recently been shown to be formed by the photo-isomerization of acetaldehyde (AA),
,
 through keto-enol tautomerization of the excited AA with quantum yield estimated at 21 ± 4%.7 As acetaldehyde is a very common atmospheric carbonyl with a global budget exceeding 200 Tg per year,
 the source strength of VA through this mechanism should be considerable5  and the potential for formic acid production from VA oxidation therefore substantial (of the order of 15 Tg/year globally), if VA did not have any other significant sink.


Whereas the uncatalyzed reverse tautomerization of gas-phase VA back into AA is believed to be negligible,
 catalysis by gas-phase carboxylic acids was proposed to greatly enhance tautomerization by da Silva,
 who theoretically predicted the bimolecular rate coefficient of the formic acid-catalyzed tautomerization of VA,



CH2=CHOH + HC(O)OH → CH3CHO + HC(O)OH

(1)
to be as high as k1 = 1.30 × 10-14 cm3 molecule-1 s-1 at 298 K, which would result in a short atmospheric VA lifetime of less than one hour at an average HC(O)OH mixing ratio5 of a few ppbv. Note that in that study, the reaction was considered as “chemically activated” and the kinetics were evaluated using RRKM- and master-equation approaches, applying a zero-curvature tunneling correction (ZCT) assuming an asymmetric Eckart barrier. In another, more recent theoretical study of the tautomerization of VA catalyzed by HC(O)OH as well as by inorganic oxo-acids, Karton 
 computed enthalpy barrier heights ΔH≠ and transition-state free energies ΔG≠ at high levels of theory, but did not evaluate rate coefficients; it was concluded that the investigated acids can efficiently catalyze the tautomerization, specifically mentioning that inorganic second-row acids H2SO4, HClO4 and H3PO4 lead to submerged energy barriers, but remaining unclear about the expected efficiency of HC(O)OH.  
The high theoretical rate coefficient k1(298 K) reported by da Silva11 has been adopted, among others, in the very recent modelling study on missing HC(O)OH sources by Millet et al.5 The resulting large impact of (R1) on the modeled HC(O)OH led Millet et al. to conclude that the efficiency of acetaldehyde photo-tautomerization as a source of atmospheric HC(O)OH must be inversely related to the abundance of HC(O)OH itself and that therefore HC(O)OH in fact buffers its own production by this mechanism.5 
However, there are serious grounds to question such a high k1 value.11  The reported11 enthalpy ΔH≠298 = +5.6 kcal mol-1 of the rate limiting transition state (TS) relative to the reactants, and the corresponding TS energy E0≠ = +6.6 kcal mol-1 (using E0≠  or ΔH≠(0 K) = ΔH≠(298 K) + 1.0 kcal mol-1, computed by Karton;12 see below),  implies a low Boltzmann fraction exp(-E0≠/kBT) of only ≈10-5 at room temperature, such that the reported k1 value would require an excessively high bimolecular frequency factor A(T) of  order 10-9 cm3 molecule-1 s-1. Allowing for a tunneling factor κ(T) of order 10 (see below), this is about 5 orders of magnitude higher than the expected A(T) of order 10-15 to 10-14 cm3 molecule-1 s-1 for a reaction between polyatomic molecules through a tight TS involving a concerted double H-shift ― as characterized by both da Silva11 and Karton12. That the TS is indeed highly rigid and the A(T) factor accordingly very low can be inferred from the strongly negative entropy of activation as derived from the enthalpy of activation, ΔH≠(298 K) = 6.26 kcal mol-1, reported by Karton and the Gibbs energy of activation, ΔG≠(298 K) = 18.95 kcal mol-1 (standard state 1 atm), listed in the Supporting Information of his paper.12 The strongly negative ΔS≠(298 K) of -42.6 cal mol-1 K-1 (standard state 1 atmosphere) retrieved in this way implies an A(T) (without tunneling correction) even below 10-15 cm3 molecule-1 s-1, clearly incommensurate with the high k1 predicted by da Silva.11 The prime objective of the present work is therefore to theoretically re-evaluate the rate coefficient of reaction (R1). 
In order to assess whether the reaction should be treated either as a thermal or as a chemically activated process, the detailed overall reaction mechanism should first be examined. The potential energy surface (PES) based on the studies of da Silva and Karton as well as this work is schematized in Figure 1. The structures and the relative adiabatic potential energy data at 0 K, denoted by E, shown on the figure are taken from this work (see below), but the following description will mention the relative enthalpy data ΔH(298 K) reported by da Silva11 and by Karton12 ― which our E results generally agree with taking into account that the relative TS energy E0≠ = ΔH≠(298 K) + 1.0 kcal mol-1 for this case.12 
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Figure 1. Adiabatic potential energy surface of the tautomerization of Vinyl Alcohol (VA) to Acetaldehyde (AA) catalyzed by Formic Acid (FA). Adiabatic energies E (at 0 K): VA + FA, TS and AA + FA at 3-point extrapolated CBS-UCCSD(T)//UQCISD/6-311++G(d,p) level (see text); Reactant Complex RC and Product Complex PC at level UCCSD(T)/aVTZ//UQCISD/6-311++G(d,p); ZPVE from UM06-2x/6-311++G(3df,2p) harmonic vibrational frequencies scaled by factor of 0.957.

Da Silva11 and Karton12 concur that the first step is the barrier-less formation of a pre-reaction complex (RC) between the reactants HC(O)OH and CH2=CHOH, stabilized for 10.4 11 or 7.9 12  kcal mol-1 (ΔH298 K) by hydrogen bonding. The reactant complex RC faces a barrier of 16.0 11 or 14.2 12 kcal mol-1 (enthalpy barrier, 298 K) to convert by a concerted double H-shift through a tight transition state TS (relative ΔH≠298 of  +5.6 11 or 6.3 12 kcal mol-1) into an H-bonded product complex (PC) between HC(O)OH and CH3-CHO lying 20.3 11 or  17.7 12 kcal mol-1 (ΔH298 K) below the reactants. The H-bonded PC breaks up quickly into the separated end products, with relative ΔH298 K of -9.5 11 or -9.8 12 kcal mol-1.  The molecular mechanism of the critical double H-shift, described in more detail by da Silva,11 is illustrated by the structures shown on Figure 1. However, of paramount importance for the overall kinetics, product formation through the rigid, high-lying TS is only a very minor fate of the reactant complex RC that will much more rapidly revert to the lower-lying original reactants, through a loose, variational bottleneck. Obviously, given its energetic and entropic advantage, redissociation of RC into the reactants is many orders of magnitude faster than its forward reaction through TS to the products, even accounting for the tunneling factor of order 10 at 298 K (see below). As a result, the formation and re-dissociation of the reactant complex will be quickly quasi-equilibrated, in all conditions. Then, all structures up to and including the rate controlling transition state will be in thermal equilibrium with the reactants,
 such that the prerequisite for applying straightforward thermal transition state theory (TST) is fully satisfied, though with a proviso for the tunneling factor, as shown and clarified by Alvarez-Idaboy et al.
,
 and now generally applied for reactions through a pre-reaction complex with TS energy well above the reactant level (see for example Hermans et al.
) or slightly below (Mansergas and Anglada et al.
). Recently, TST theory was shown to agree reasonably with experiment even for a well-submerged, tight TS (Smith et al.
). The above shows that reaction (1) does not have to be treated as “chemically activated” and there is no need to use the more involved RRKM- and master-equation approaches. In fact, the term “chemically activated reaction” is generally used only when a reactant does not require thermal energy to overcome a TS, and clearly does not apply here as this TS lies about 7 kcal mol-1 above the (thermal) reactants. 
Still, anticipating on the sharp disagreement between the RRKM-ME k1 results of da Silva11 and the TST-evaluated k1 from this work, below, and given the general importance of this kinetics issue, it is useful to summarize here the general proof for the validity of TST theory for a system A + B ( RC ( PC ( D + E  in which re-dissociation of the complex RC into A + B is much faster than its forward reaction to the products. For such a case, the RC will quickly attain quasi-perfect thermodynamic equilibrium with the reactants and hence also a Boltzmann energy distribution in detailed balance with the thermal reactants, such that the RC concentration can be expressed as:
[RC]eq = [A][B]Keq = [A][B](QRC/QA(QB)(exp[-(ERC - EA+B)/kBT] 

 (2)

in which QA, QB and QRC are the respective total partition functions and ERC - EA+B is the energy difference (at 0 K) between complex RC and the separated reactants. The rate of the thermal product-forming reaction RC ( D + E can be found from TST theory:
Rate = [RC]eq (  κ(T) ( (kBT/h) ( (QTS/QRC) ( exp[-(ETS – ERC)/kBT] 
 (3)

with similar meanings as above for ETS – ERC and QTS. Substitution of equation (2) in (3) leads to the overall rate coefficient k1(T) ≡ Rate/([A][B]):  

k1(T) = κ(T) ( (kBT/h)(QTS/QA(QB) exp[-(ETS – EA+B)/kBT]


 (4)

in which ETS – EA+B is the effective energy barrier for the overall reaction, denoted above as E0≠. Equation (4) becomes indeed the conventional TST expression for a direct thermal reaction A + B ( D + E  through a TS with relative energy E0≠. As a general remark, it is readily rationalized that (i) (quasi-)equilibration A + B ( RC, as prerequisite for the validity of TST, will be satisfied when the overall rate coefficient is much smaller than that for the formation of the pre-reaction complex, and (ii) the subsequent step RC → Products can only result in steady-state populations of RC at all vibration energies smaller than the thermal equilibrium populations, such that there is no question of superthermal chemical activation, and that TST theory will in principle always give an upper limit of the overall rate coefficient. The only ―  and often minor ― effect of the pre- and post-reaction complexes is that the tunneling factor κ(T) is in fact that for the step RC ( PC (see Figure 1 and equation (3)), i.e. through a barrier with forward and reverse heights ETS - ERC  and ETS - EPC, respectively. 
Essential for the evaluation of the rate coefficient are therefore the relative TS energy E0≠ and the partition function ratio QTS/QA(QB. Estimation of κ(T) following the asymmetric Eckart-barrier ZCT tunneling approximation, as da Silva,11 requires the imaginary frequency of the TS, and secondly also the energies of RC and PC that determine the heights of the barrier (see above). A consistent set of energy data and vibration-rotation parameters needed to implement equation (4) ― presently not available ― was obtained in this work at levels of theory ensuring sufficient precision for our goal, i.e. without aiming for highest-accuracy energy data as obtained by Karton at the W1-F12 level12 ― which we will use in any case to implement an alternative TST formulation, below. The geometries of all stationary points on the PES (see Figure 1) were first optimized at the UM06-2X/6-311G++(3df,2p) level of DFT theory,
 abbreviated below as M06-2X, the minima being characterized by all real vibration frequencies and the TS by one imaginary frequency. The M06-2X harmonic vibrational frequencies, scaled by 0.957,
  and corresponding zero-point vibration energies (ZPVE), as well as the M06-2X rotational constants, were used to derive the harmonic-oscillator vibration and rigid-rotor rotation partition functions for calculating the TST rate coefficient. The geometries of the lowest-energy conformers of all structures were then re-optimised using the Quadratic Configuration Interaction method, UQCISD/6-311G(d,p),
 and refined single-point energies were computed using the high-level UCCSD(T)/aug-cc-pVTZ method.
,
,
 The coupled-cluster energies obtained in this way, and including the ZPVE at M06-2X level, are denoted further as CC//QC energies.  The crucial relative energy of the TS, as well as that of the products, was then extrapolated to the complete basis set limit (CBS)
 using the UCCSD(T) energies for the aug-cc-pVDZ, -pVTZ and -pVQZ basis sets. The alternative 2-point extrapolation using only the latter two energies, gives 0.1 - 0.2 kcal mol-1 lower results. The adiabatic potential energies, denoted by E, and always including the ZPVE, are given in Table 1 and Figure 1. All calculations were carried out with the Gaussian 09 program suite
 and the Molpro 2012.1 program.
 
The UQCISD geometries of this work, depicted in Figure 1, are generally intermediate to those reported by da Silva11 and Karton.12 The crucial relative energy of the TS  or effective barrier, E0≠,  is  7.34 or 7.15 kcal mol-1 at the 3-point or 2-point CBS-CC//QC levels, respectively (see Table 1), the former closest to the higher-level 7.3 kcal mol-1 result of Karton12, and somewhat greater than the 6.6 kcal mol-1 of da Silva11 taking into account that here E0≠ or ΔH≠(0 K) = ΔH≠(298 K) + 1.0 kcal mol-1.12 The (less important) relative energies E of the reactant- and product complexes and of the final products, all at the CC//QC level, are within 1.2 kcal mol-1 of the earlier ΔH(298 K) results; note that for these loose complexes and the products, the difference ΔH(0 K) - ΔH(298 K) is ≤0.3 kcal mol-1.12 The forward and reverse barriers from this work (CC//QC level) used for calculating the tunneling factor κ(T) in the asymmetric Eckart-barrier approximation are ≈14.4 and ≈25.0 kcal mol-1, respectively.
Table 1: Relative adiabatic potential energies E a) of all structures (see Figure 1) in the tautomerization of Vinyl Alcohol (VA) to Acetaldehyde (AA) catalyzed by Formic Acid (FA), in kcal mol-1 

	Methods

Structures
	UM06-2x/

 6-311++

G(3df,2p)
	UCCSD(T)/

aVDZ b)
	UCCSD(T)/

aVTZ b)
	UCCSD(T)/

aVQZ b)
	CBS- c)

UCCSD(T) 

	VA + FA 
	0.0
	0.0
	0.0
	0.0
	0.0

	RC
	–9.25
	​–8.67
	-8.32
	
	

	TS
	3.99
	5.65
	6.03
	6.82
	7.34 (7.15)

	PC
	–17.50
	–20.16
	–18.95
	
	

	AA + FA 
	–9.15
	–11.47
	–10.48
	–10.05
	–9.79 (-9.87)


a) Relative energies E include zero-point vibrational energies (see Table S1) obtained from UM06-2x/6-311++G(3df,2p) harmonic vibrational frequencies scaled by a factor of 0.957. 
b)  Single-point UCCSD(T)/aug-cc-pVnZ energies (with n =D, T and Q)  based on UQCISD/6-311++G(d,p) optimized geometries.
c) “Complete Basis Set” UCCSD(T) energies, by extrapolation of the UCCSD(T) values for the aug-cc-pVnZ basis sets, with n = D, T and Q; in parentheses: energies obtained by 2-point extrapolation using only the n = T and Q data. 

The scaled M06-2X imaginary frequency of the TS is ν≠im = i × 1435.5 cm-1, not too different from ν≠im = i × 1354.3 cm-1 reported by da Silva.11 Such a fairly low value is expected for a concerted double H-shift with effective reduced mass µ ≈ 2 amu; it is close to the ν≠im values around  i × 1400  cm-1 found at the M06-2X level for deuterium atom shifts facing similar barriers in peroxy radicals from deuterated isoprene.
 The resulting κ(298 K) of 17.7, evaluated using the Eckart tunneling code of Coote et al.,
 is somewhat higher than the κ(298 K) = 12.4 value found when adopting the Eckart-barrier parameters reported by da Silva.11 Table 2 lists the tunneling factor κ(T), the total partition function ratio QTS/(QA(QB), and the rate coefficient k1(T) calculated using equation (4) for selected temperatures in the range 280-320 K. The QTS/(QA(QB) ratio based on our M06-2X ro-vibration parameters, and including the reaction path degeneracy of 2 (as there are two equivalent TS enantiomers), is found to be 4.09 × 10-29 molecule-1 cm3 at 298 K; the low ratio for a bimolecular reaction reflects the rigidity of the tight TS with high vibration frequencies for the transition modes, and is in quantitative agreement with the strongly negative ΔS≠(298 K) of  -42.6 cal mol-1 K-1 (standard state 1 atmosphere) retrieved from Karton’s data12 (see above). The TST prefactor ATST ≡ κ(T) ( (kBT/h) ( QTS/(QA(QB) turns out to be 4.51 ( 10-15 cm3 molecule-1 s-1 at 298 K, of the expected low magnitude. 
Table 2: Partition function ratio QTS/(QVA QAF), 

tunneling factor κ(T)  and rate coefficient k1(T) for

tautomerization of Vinyl Alcohol (VA) to

Acetaldehyde (AA) catalyzed by Formic Acid (FA)

at selected temperatures T in the range 280 to 320 K
	T/K
	QTS/(QVA QAF),a)

cm3 molecule-1
	κ(T) b)
	k1(T), 
cm3
 molecule-1 s-1


	280
	4.27E-29
	32.24
	1.50 ( 10-20

	285
	4.22E-29
	26.84
	1.58 ( 10-20

	298
	4.09E-29
	17.74
	1.86 ( 10-20

	315
	3.95E-29
	11.61
	2.43 ( 10-20

	320
	3.91E-29
	10.44
	2.64 ( 10-20


a) partition function ratio includes reaction path degeneracy 

    of 2 (two equivalent transition state enantiomers)

b) tunneling factor κ(T) for double-H shift from RC to PC, 

    following the asymmetric Eckart-barrier approximation
Using the 3-point extrapolated CBS-CC//QC result E0≠ = 7.34 kcal mol-1, TST expression (4) yields the rate coefficient at 298 K: k1(298 K) = 1.86 ( 10-20 cm3 molecule-1 s-1. Clearly, k1 is much smaller than the rate coefficient for the barrierless formation of RC, meaning that A + B ( RC is quasi-fully equilibrated and TST theory does indeed apply. The k1(T) results for the 280 – 320 K range in Table 2 can be fitted within +/- 3% by the Arrhenius expression:


k1(T) = 1.36 ( 10-18 ( exp(-1270/T) cm3 molecule-1 s-1

 (5)

The 2-point extrapolated E0≠ of 7.15 kcal mol-1 yields an only slightly different k1(298 K) of  2.56 ( 10-20 cm3 molecule-1 s-1. 
When using the lower E0≠ = 6.6 kcal mol-1 and ν≠im =  i × 1354.3 cm-1 from da Silva, but the vibration-rotation parameters (not available from da Silva) of this work, one obtains a 2 to 3 times higher k1(298 K) of  4.8 ( 10-20 cm3 molecule-1 s-1. By adopting the free energy of activation ΔG≠(298 K) = 18.95 kcal mol-1 (standard state 1 atm) from Karton’s Supporting Information,12 in combination with the κ(298 K) = 17.7 of this work, k1 can also be evaluated using the thermodynamic TST formulation (4’), which can be similarly derived for this type of reaction as above: 
  k1(T)  =  κ(T) × (kBT/h) × exp[-ΔG≠(T)/RT] × T × 1.363×10-22 cm3 molecule-1 K-1    (4’)
 
in which the reciprocal of the factor (T × 1.363×10-22 cm3 molecule-1 K-1) converts pressure in atm to concentration in molecule cm-3. The resulting k1(298 K) = 5.64 × 10-20 cm3 molecule-1 s-1 is somewhat higher than our k1 values above, likely due to Karton’s B3LYP-D3 calculated TS geometry12 being slightly less rigid than the M06-2X geometry of this work. In any case, all four k1 results above are more than 5 orders of magnitude lower than the k1(298 K) of 1.30 × 10-14 cm3 molecule-1 s-1 reported by da Silva.11 The reason for the latter high result is not clear.
It must therefore be concluded on the basis of the present results, supported by data from Karton,12 that the vinyl alcohol → acetaldehyde tautomerization catalyzed by formic acid, even at the highest tropospheric HC(O)OH mixing ratios of ≈10 ppvb or [HC(O)OH] ≤ 2.5 × 1011 molecule cm-3, occurs at a rate of only 10-8 s-1, meaning that this process should be entirely negligible in the atmosphere, in all conditions. Given that the other carboxylic acids in the atmosphere, mainly CH3COOH, have similar concentrations as HCOOH and should react with VA by an identical mechanism as HCOOH ― the methyl/alkyl group and the C-H hydrogen of HCOOH both being merely bystanders (see TS geometry, Figure S1) ― one expects very similar rate coefficients and therefore likewise negligible atmospheric contributions.
Interestingly, the gas-phase VA → AA conversion reactions catalyzed by gas-phase inorganic oxoacids (HNO3, H2SO4, HClO4 and H3PO4) were also investigated by Karton,12 who found that the latter three acids with a second-row central atom lead to (nearly-)submerged barriers and should therefore be much more efficient than HC(O)OH. Based again on ΔG≠(298 K) data in Karton’s Supporting Information,12 and adopting tunneling factors of order 10 as for reaction (1), the k(298 K) can be estimated to range from ≈10-15 (H3PO4) to ≈10-14 (H2SO4) cm3 molecule-1 s-1, much higher than k1 above. However, of the three oxoacids affording these high rate coefficients, only H2SO4 is known to be present in the atmosphere, and then only in very low measured gas-phase concentrations of order 105 to 107 molecule cm-3,
,
 offsetting the higher k and resulting in a first-order rate of only 10-9  to 10-7 s-1 for that case. Therefore, these reactions too are expected to have a negligible effect on VA in the atmosphere.
On the other hand, we propose vinyl alcohol → acetaldehyde conversion on wet aerosols and in cloud droplets as an efficient process in the atmosphere. In aqueous solution, VA is well known to revert to its much more stable AA form near-instantly, at a minimum rate of ≈1.5 10-2 s-1 near pH = 4 to 5, and much faster at both lower and higher pH, explained by acid- or base catalysis.
 Therefore, the limiting factors for conversion of atmospheric VA to AA in an aqueous phase, e.g. a cloud droplet or an aqueous aerosol, are gas-phase diffusion toward the aerosol/droplet surface and uptake upon collision. In absence of specific data for VA uptake on aqueous aerosols, the accommodation coefficient might be approximated by the measured temperature-dependent coefficient for ethanol uptake on water,
 about 0.01-0.02 at lower tropospheric temperatures. Using submicron aqueous (inorganic+organic) aerosol surface area densities calculated by a global chemistry transport model and validated against in situ measurements,
 the first-order VA sink due to aerosol uptake, calculated following Schwartz,
 is estimated to range between 5×10-5 and 5×10-4 s-1 in the continental boundary layer, with an annual and global average of ca. 1.2×10-4 s-1, corresponding to a lifetime of about 2 hours. As seen on Figure 2, the modelled heterogeneous VA sink over continents is of the same order as (although generally somewhat below) the gas-phase photochemical sink due to the reaction with OH calculated using the same model when adopting the reported theoretical rate constant estimate2 kOH ≈ 6.8  × 10-11 cm3 molecule-1 s-1. The modelled VA lifetime due to the two sinks considered is somewhat less than 1 hour. With global acetaldehyde emissions (92 Tg yr-1) and photochemical production (102 Tg yr-1) similar to a previous modeling study,9 the photo-isomerization of AA is estimated to generate about 23 Tg VA yr-1, of which, neglecting dry and wet deposition, about one third (8 Tg yr-1) is predicted to be converted back to AA due to heterogeneous uptake.
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Figure 2. Annually and vertically averaged sink of vinyl alcohol (in hour-1) due to (a) reaction with OH, and (b) uptake by aqueous aerosols and clouds and subsequent tautomerization to acetaldehyde. 

Adopting the ca. 60% HC(O)OH yield predicted for the reaction of VA with OH,2 the global production of formic acid due to the reaction of VA with OH is estimated at ca. 10 Tg HC(O)OH yr-1. Note however that the newly proposed VA conversion would generally turn out slightly faster than the VA + OH reaction when the lower kOH of  2.6  × 10-11 cm3 molecule-1 s-1 estimated by the AOPWIN EPA program
 would be used in the model; also, this would result in substantially more VA converting to AA and less formic acid from the VA + OH reaction than above.
In conclusion, in this work, the formic-acid catalyzed tautomerization of vinyl alcohol (VA) to acetaldehyde (AA) is shown to be a very slow process with rate coefficient at ambient temperatures predicted to be as low as a few times 10-20 cm3 molecule-1 s-1  ― orders of magnitude slower than an earlier theoretical estimate11 ― and therefore entirely negligible in the atmosphere, while from the recent work of Karton12 it can be construed that the catalysis by inorganic second-row oxoacids in the gas phase is likewise unimportant because of the very low atmospheric mixing ratios of such compounds. On the other hand, it is argued that the heterogeneous uptake of VA by aqueous aerosols and cloud droplets, followed by fast liquid phase conversion to AA, should be an important VA sink of similar strength as its gas-phase reaction with OH that forms partly HC(O)OH, resulting in an overall atmospheric VA lifetime as short as 1 hour on average, and leaving little room for any other chemical conversions of VA. 
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Figure 1. Adiabatic potential energy surface of the tautomerization of Vinyl Alcohol (VA) to Acetaldehyde (AA) catalyzed by Formic Acid (FA). Adiabatic energies E (at 0 K): VA + FA, TS and AA + FA at 3-point extrapolation level CBS-UCCSD(T)//UQCISD/6-311++G(d,p) (see text); Reactant Complex RC and Product Complex PC at level UCCSD(T)/aVTZ//UQCISD/6-311++G(d,p); ZPVE from UM06-2x/6-311++G(3df,2p) harmonic vibrational frequencies scaled by factor of 0.957.

Figure 2. Annually and vertically averaged sink of vinyl alcohol (in hour-1) due to (a) reaction with OH, and (b) uptake by aqueous aerosols and clouds and subsequent tautomerization to acetaldehyde.
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