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A systematic ab initio investigation of the water-assisted decomposition of chloromethanol, dichloromethanol,
and formyl chloride as a function of the number of water molecules (up to six) building up the solvation shell

is presented. The decomposition reactions of the chlorinated methanols and formyl chloride are accelerated
substantially as the reaction system involves additional explicit coordination of water molecules. Rate constants
for the decomposition of chlorinated methanols and formyl chloride were found to be in reasonable agreement
with previous experimental observations of aqueous phase decomposition reactions of dichloromethagol [CHCI
(OH)] and formyl chloride. For example, using the calculated activation free energies in conjunction with the
stabilization free energies from the ab initio calculations, the rate constant was predicted to b& k20*

s ! for the decomposition of formyl chloride in agueous solution. This is in good agreement with the
experimental rate constant of about* 50! reported in the literature. The mechanism for the water catalysis

of the decomposition reactions as well as probable implications for the decomposition of these chlorinated
methanol compounds and formaldehydes in the natural environment and as intermediates in advanced oxidation
processes are briefly discussed.

I. Introduction the glass and the stainless steel chambers may have a hetero-
) . . geneous component, and the reported lifetime of 660 s for the
Chlorinated methanols and formaldehydes are of interest in homogeneous decay was considered to be a lower 3imit.
several areas of chemistty?® Chlorinated hydrocarbons are Subsequent studies for GEI(OH), CHCL(OH), and CCY(OH)
frequent pollutants of drinking water, and their degradation by 5nd that they decayed to their corresponding formaldehyde
a variety of methods and their reaction mechanisms are of 5nq HCI with rate constants of (340.2) x 1073, (5.5+ 0.3)
intense interest. 19 In particular, advanced oxidation processes 1073, and (9.9+ 0.2) x 10-2s°L, respectively, in a gas phase
such as UV/hydrogen peroxide, UV/ozone, ozone/hydrogen chamber at Wuppert&lThe decay rates of these chlorometha-
peroxide, and electron beam radiation produce the highly o5 were observed to increase with increasing contact with the
reactive OH radical to induce decomposition of chlorinated reacior walls indicating that there is some heterogeneous 8ecay.
hydrocarbons in drinking water supplies, and it is important to \1p2/6-31G** calculations for the gas phase homogeneous
understand the mechanism of the oxidative decay cascade thafjecomposition of CG(OH) into CLCO + HCI estimated a rate
can be observed by conductance charig€sTo assign akinetic  constant of 2x 10-1° s-%, which is far different than the
component of a sequence of conductance changes to abyperimental value of (9.9 0.2) x 1073 s7%, and the reason
elementary step in the ozone- or OH radical-caused oxidation ¢o, this difference remains uncle&r.
cascade, it is important to determine the reaction kinetics
independently91° This has been done experimentally for the
kinetics of decomposition of phosgene {CD)'° and formyl
chloride (HCICO)!® Our present study examines the decom-

position of selected chloromethanols and formyl chloride in the (OH) took place withty, < 20 s in aqueous solutiol,which

presence of water. _ . is much faster than the value tf, = 126 s found from the
Chloromethanols have been experimentally observed in both .5t constant of (5.% 0.3) x 10°3 5L measured in the gas
low temperature matricésand the gas phaséand, in both  phases The decomposition of formyl chloride into C® HCI
environments, decompose into formaldehydes and HCI in the proqucts was also measured in the gas phase, and lifetimes were
dark. In the gas phase, the decomposition o, CKDH) into estimated to be 10 min in a 0.1 dmeaction containéf to
H2CO + HCl was observed to have a rate constant of &.6  petween 28 and 190 min in a 480 #meaction containet:
0.1) x 10°°s~*in 30 cm diameter glass chamibeThe decay  These experimental results are similar to those found for the
of CH,CI(OH) was much faster in a smaller 20 cm stainless gag phase lifetimes of chlorometharféland also suggest that
steel chamber, and it was suggested that measurements in botfhere is a heterogeneous component to the formyl chloride
decomposition reaction. Quantum mechanical calculations for
*To whom correspondence should be addressed. (D.L.P.) Tel: 852- the spontaneous homogeneous decomposition of formyl chloride
2859-2160. Fax: 852-2857-1586. E-mall: phillips@hkucc.hku.hk. (C.2) into CO+ HCI products estimated a barrier of 43.95 kcal/mol
Tehﬁi‘%“nﬁ&é‘ﬂfﬁf of Lm'g }fgﬁéhcy@sysu'edu'cn' and a lifetime on the order of 1®years?? which is far too
*Sun Yat-Sen University. long as compared to the experimental gas phase lifetimes of
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The decomposition of formyl chloride in aqueous solutfon
was found to decompose very rapidly into GOHCI with a
rate constant of about 481 and a half-life of about % 105
s. This study also estimated that the decomposition of GHCI
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SCHEME 1 produce its diol [CH(OH),] (reaction 1-2) as shown below.
“//,,,C/OH CH,(OH)CI + nH,0 —
H’ “oH HCHO+ nH,O+ HCI (n=0,1, 2, ..., 6) (1-1)
(1-2) (Hy0)oy HCHO + nH,O0—
(1-1) and (2-1) o
H///' /CI X=H,Cl I X=H co CHZ(OH)Z + (n — l)HZO (n = 1, 2, veny 4) (1-2)
¢ A\ @2) +
x? “oH HCl H X HCl These may be added together to obtain the first overall reaction
x=a 1 given below:
(Hzo)n (Hzo)n

CH,(OH)CI + 2nH,0 —
{ CH,(OH), + HCI +(2n — 1)H,O (1)
OH
The second type of reaction is the decomposition of GHCI
(OH) to formyl chloride (CICHO) and hydrogen chloride (HCI)
in the gas phase and in water (reaction 2-1) followed by
decomposition of formyl chloride into CO and HCI in the gas

(Hy0)0y
(Hy0)p.1

10—-190 mir?®21 and the even shorter lifetime on the order of
104 s in aqueous solutiot?.The rate constant for the gas phase
reaction of HO with formyl chloride (HCICO) was found to
be fastet! than the reaction of D with C,CO, which had an
activation energy of 14 kcal/méf,so one would expect that
the activation energy for the reaction of,® with formyl
chloride would be even smaller. Ab initio calculations for the
reaction of HO with formyl chloride predicted a barrier of about
44 kcal/mol?® and this is too big as compared to the experi-
mental value of<14 kcal/mol?1-24|t was suggested that water

phase and in water (reaction 2-2) as shown below.
CH(OH)CL, + nH,O0—
CICHO+nH,O0+HCI(n=0,1, 2, ..., 6) (2-1)
CICHO+ nH,0—
CO+HCI+nH,0(n=0,1,2,..,4) (2-2)

These two reactions may be added together to obtain the second
overall reaction 2 shown below:

may assist (or catalyze) these reactighs.

The discrepancies between the experimental and the calcu- 2
lated rates of decomposition of chlorinated methanols and formyl ) o .
chloride in the gas phase and the much faster experimentally _The third type of reaction is the decomposition of ChiCl
observed decomposition of these species in aqueous solutioné©OH) into formyl chloride (CICHO) and hydrogen chloride
prompted us to explore the decomposition of these species in(HCI) in the gas phase and in water (note that reaction 3-1 is
the presence of water. In this paper, we report a systematic abS@me as reaction 2-1) followed by the hydration of the formyl
initio study of the chloromethanol, dichloromethanol, and formyl chloride in water to produce chloromethanol diol [CHCI(GH)
chloride reactions with water. We find that even the presence (féaction 3-2). This reaction then proceeds by decomposition
of one water molecule greatly accelerates the decomposition® CHCI(OH), into formyl acid (HCOOH) and HCI in water
of chlorinated methanols and formy! chloride and these decom- (réaction 3-3) as shown below.

osition reactions are further accelerated as more water mol-
gcules are added to the reaction system. Rate constants for tth(OH)CIZ +nH0—
decomposition of chlorinated methanols and formyl chloride CICHO+nH,0+HCI(n=0, 1, 2, ..., 6) (3-1)
from these ab initio studies are shown to be in reasonable
agreement with experimental observations of aqueous phaseCICHO + nH,0 —
decomposition reactions of dichloromethanol [CK{OH)] and CH(CI)(OH), + (n— 1)H,0 (n=1, 2, ..., 4) (3-2)
formyl chloride and probably consistent with gas phase experi-
m?nltal .YESI%HI;. V\ée briefly d?[fscribe th»? mechfatr;jsm for the Wat(ejr CH(OH),CI + nH,0 —
catalysis of the decomposition reactions of these compounds
and discuss probable implications for the decomposition of these HCOOH+ HCI+nH0 (n=0,1) (3-3)
chlorinated methanol compounds and formaldehydes in the
natural environment and in advanced oxidation processes for
the treatment of drinking water.

CH(OH)CL, + 2nH,0 — CO+ HCI + (2n0)H,0

These three reactions may be added to obtain the third overall
reaction 3 as indicated below:

CH(OH)CL, + 3nH,0 —

Il. Computational Details HCOOH + 2HCI + (31 — DH,0 (3)
Second-order MgllerPlesset perturbation theory (MP2) was

used to investigate the gas phase and water-assisted reaction We have considered the effect of water solvent on the

mechanisms of the decomposition of chloromethanol JCH reactions by explicitly adding water one by one into the reactant

(OH)] and dichloromethanol [CHEIOH)] in both the gas phase  complexes (RCs) or the water-solvated clusters. The clusters

and an aqueous solution. We have considered three major typegonsist of reactants CKDH)CI or CH(OH)C} molecules and

of reactions (see Scheme 1). The first reaction type involves one, two, three, four, five, and six water molecules for reactions

the decomposition of C¥CI(OH) to formaldehyde (HCHO) and  1-1 and 2-1 or 3-1. The reactions 1-2, 2-2, and 3-2 were

hydrogen chloride (HCI) in the gas phase and in water (reaction considered for up to four water molecules, in which one water

1-1) followed by the hydration of the formaldehyde in water to molecule is the reactant and all of the other water molecules
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can be regarded as catalysts. The reaction 3-3 was onlythat the current MP2/ MP2/aug-cc-pVDZ (gais)B3LYP/aug-
considered in gas phase (no water involved) and one watercc-pVDZ-DPCM-BONDI (solution) model can provide a good
molecule. estimation of activation free energies for the aqueous solution
All of the reactions have been investigated by optimizing the reactions studied here. Furthermore, to mimic a real aqueous
RC, transition states (TS), and product complexes (PC) with environment for the reactions, we have proposed a simple model
water clusters containing up to six water molecules. The to explain the water catalysis between experiment and theory.

structures of the RC, TS, and PC are denoted asjtRQ@)S)jn,
and (PCj, in the following text, tables, and figures, wheire
represents the number of reactionsgpresents the step of the
reaction, anah is the number of water molecules in the reaction.
For instance, (RG)s represents the reaction complex for the

first step of the second reaction with six water molecules, i.e.,

the reaction complex of CH(OH)gH 6H,O — CICHO +
6H,0 + HCI.

Stationary structures for all RC, TS, and PC were fully
optimized without symmetry constraint€;( symmetry). The
standard 6-31G** basis set was employed in both optimization

The model is described in detail in section D.

Ill. Results and Discussion

The optimized stationary structures (minima, saddle points)
on the potential energy surfaces of the reactions studied here
are depicted schematically in Figures-3. Selected key
geometry parameters (bond lengths given in A) are also shown
in these figures. The detailed structural parameters and energies
for the structures determined in this study are collected in the
Supporting Information. The relative energies including ZPE

and frequency calculations. Five-component d functions were for the different reactions examined here are shown graphically

used in all calculations. Analytical frequency calculations were N Figure 6a-c. The calculated thermodynamic and kinetic
performed in order to confirm the optimized structures to be Parameters for the reactions are tabulated in Tables 1 and 2.

either a minimum or a first-order saddle-point as well as to

The relationship between the reaction barriek&%) and the

obtain the zero-point energy correction for the reactions contain- Stabilization energies of the RC and the P&Egc, AErc)
ing less than four water molecules. The frequency calculations relative to separated reactants and products are shown in Figures
for the reaction systems containing five and six water molecules 7&—C and 8a,b as a function of the number of water molecules
were performed numerically due to limited computer resources in the cluster.

for the MP2 frequency calculations. IRC calculati#naere

A. Decomposition Reactions of Chloromethanol in the Gas

performed for part of the reaction systems to confirm that the Phase and in Aqueous Solutionl. CH(OH)CI + nH,O —
optimized TS correctly connects the relevant reactants andHCHO + HCI + nH,O (Where n= 0, 1, 2, 3, 4, 5, 6)Figure
products. The three main types of reactions include 29 subre-1 displays the optimized geometry found for the reactions of
actions containing different water molecules. Therefore, a total CH,CI(OH) + nH,O — HCHO + HCI + nH0, i.e., (RC)
of 87 stationary structures for RC, TS, and PC were located. = (TShin — (PChin Wheren=0, 1, 2, 3, 4, 5, 6. Examination
To compare with the experimental gas phase and solution Of Figure 1 shows that the gas phase homogeneous decomposi-
phase kinetics data available in the literature, the energies oftion reaction of CHCI(OH) — HCI + HCHO proceeds through
the stationary structures for reactions 1-1, 2-1, and 2-2 were the four-centered cyclic (T$) where the Cl atom is almost

refined by single-point calculations done at the MP2 level of

detached from the carbon atom (the-Cl bond is elongated

theory using a larger basis set aug-cc-pVDZ. In addition to the from 1.797 to 2.586 A) and approaches the hydrogen atom in

explicit coordination of solvent water molecules to the reactions,

the CHCI(OH) H—0 bond (the distance of +Cl is 2.007 A,

bulk solvation effects were also examined with the polarized and the HCl molecule is partially formed in the TS). The four-

continuum solvation model (D-PCHKf) (implemented in the
latest version of Gaussian 03) utilized for water= 78.39)

centered TS is similar to that proposed by Wallington and co-
workers in the gas phase homogeneous decomposition reaction

and applied to reactions 1-1, 2-1, and 2-2. The activation free of CCl(OH) — HCI + CI,CO¥® In the one and two water

energy in the presence of water solvent, nofe@ sy, was
evaluated a\G*soy = AG¥gas + AAG¥son, Where AGFg,s is
the activation free energy at the MP2/aug-cc-pVDZ level of
theory andAAGYs,y is defined as the difference between the
solvation energy of RC and TS from the B3LYP/aug-cc-pVDZ
calculations. Bondi's atomic radii were used in the D-PCM
calculations, in which hydrogen atoms were explicitly consid-
ered to build up the solvation cavity. The utilization of Bondi

catalytic reactions, the water molecules are incorporated into
the leaving group H-Cl through cyclic hydrogen bonds, i.e.,
(O)H[(CH.CI(OH)]+*O—H(H20)n (n = 1, 2)---Cl for (RC)1n,
(TShin, and (PC)in (n = 1, 2). It is worth noting that there
exist systematic structural changes in going from the RC to the
corresponding TS and PC for (R@ — (TShin — (PChmn
wheren = 0, 1, 2. For instance, the-HO bonds [0.967 A for
(RC)110 0.975 A for (RC)14, and 0.979 A for (RG)J and the

radii is advantageous because these radii are obtained fromC—Cl bonds [1.797 A for (RG)o, 1.822 A for (RC)1y, and
crystallographic data and appear more reasonable for condensed.838 A for (RC)17 become systematically elongated for the
phase environments. Moreover, the explicit hydrogen atom (RChin as the number of water moleculey (ncreases from 0
consideration in the model appears reasonable for modeling theto 2. Meanwhile, the distances for the leaving group-éll
solvation process for the water-assisted hydrogen transferbecome shorter [2.860 A for (RG), 2.815 A for (RC)13, and
reactions studied here. We also note that a very recent pape.671 A for (RC)17. The systematic elongation of the-Cl

reported a successful prediction of the absolufg yalues of
organic acids in dimethyl sulfoxide solution by using a PEM
Bondi modeR® All calculations were carried out using the
Gaussian 98 and Gaussian 03 program séft&s. validate the
utilization of B3LYP/aug-cc-pVDZ-DPCM-BONDI level for
calculatingAAG¥s,, we have performed a comparison calcula-
tion for the smaller reaction system (2-2) at both MP2 and
B3LYP levels. It is found that the two levels can predict very

bonds and the shortening of the weak: 1€l interactions for
the RC suggest that there is a systematic trend for activating
the C-CI bonds and partial formation of the+ClI leaving
group as the number of water molecules=€ 0, 1, 2) are
explicitly incorporated to the reaction systems. The®bonds
become elongated from 1.030 A for (T§)to 1.290 A for
(TShi1and 1.362 A for (TS}, indicating that HO* or HsO,™
ions become almost formed in the (T§)and (TS);> We

similar results (see Figure 9 for details). Therefore, we believe note that the (TS): and (TS):» are greatly stabilized by
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Figure 1. Optimized geometry (bond lengths are in Angstroms) for all of the reactants, RC, TS, and PC obtained from the Mi&*/6-31
calculations are shown for the G@H)CI + nH,O — HCHO + nH,O + HCI (n =0, 1, 2, ..., 6) reactions [associated with structures (RC)
(TShu, and (PCyin wheren =0, 1, 2, 3, 4, 5, 6].

the KO CI~ and HO," CI~ pairs, in which the H-ClI smaller H--ClI distances than that in the gas phase). However,
interactions are stronger than that in the gas phase reaction (e.gin the (PC)io, (PCh11, and (PCji, the zwitterions HOTCI™
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n (RC)12n (TS)12 (PC)i2n

2625

“dl 12.026

Figure 2. Optimized geometry (bond lengths are in Angstroms) for all of the reactants, RC, TS, and PC obtained from the M&/6-31
calculations are shown for the HCH® nH,O — CH(OH), + (n — 1)H,0 (n =1, 2, ..., 4) reactions [associated with structures (RC)T Sz,
and (PCjx wheren =1, 2, 3, 4].

and HO,"CI~ will collapse and associate to produce HCIl and different types of cyclic hydrogen bonds are formed, i.e., the
H,0O molecules. cyclic hydrogen bonds €-CO1:--02:--:03-:-Cl, Cl---CO1:--

For the three and four water catalytic reactions, it can be seen©2:+-0O4---Cl, and Ct--03-+-02:+-O4+-Cl for (TShizand Ct
from Figure 1 that cyclic hydrogen bonds are formed with three **CO1:+-02:+-04:--Cl, C|-+-O4--02:--03:--O5+-Cl, Ol---02-
or four water oxygen atoms (02, 03, O4, or O5) and the-CH **03-:05-+01, and &i--CO1L:+-O5-Cl for (TS)4, respectively
CI(OH) oxygen atom (O1) for (RG)s and (RC)1s The RC (the hydrogen atoms are omitted for clarification). It is interest-
show a different hydrogen bond mode as compared to the oneing to note that in (TS)szand (TS)14 the leaving Cl atoms are
and two water-involved reactions, in which the cyclic hydrogen stabilized by two H--Cl interactions. This suggests that there
bonds are formed with the-601, 02, 03, and Cl atoms. The IS a greater stabilization for these TS structures as compared to
C—Cl bonds with lengths of 1.812 A for (RGyand 1.809 A those for the gas phase and the smaller water cluster(, 1,
for (RC)14 are only slightly elongated as compared to that in 2)-in\(olvegl reactions. We shall discuss the energetics of these
CH.CI(OH) since no H--Cl weak interactions are involved for ~ reactions in subsequent sections.
these RCs. The most intriguing feature is that the cagelike TS The cubic water octamer has been well-studied both experi-
are formed for (TS)s and (TS)is in which three or four mentally?®3! and theoreticall$?~3* and found to be the most
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Figure 3. Optimized geometry (bond lengths are in Angstroms) for all of the reactants, RC, TS, and PC obtained from the Mi&*/6-31
calculations are shown for the CH(OH)}Ct nH,O — CICHO + nH,O + HCI (n =0, 1, 2, ..., 6) reactions [associated with structures §RC)

(TSkm, and (PChin wheren =0, 1, 2, 3, 4, 5, 6].

stable neutral water clusters with a much larger binding energy tions, six water molecules were incorporated into the reactant
(per water molecule) than those of the hexamer and heptamemolecule CHCI(OH) to form a cubic structure, in which six
water cluster$ To build larger water cluster-catalyzed reac- water molecules occupy six corners of the cube while the Cl
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Figure 4. Optimized geometry (bond lengths are in Angstroms) for all of the reactants, RC, TS, and PC obtained from the M&/6-31

calculations are shown for the CICH®NnH,O — CO+ HCI+nHO (n=0, 1, 2, ...,

(PCh2n wheren=0, 1, 2, 3, 4].

atom and the CHOH moiety of CHCI(OH) occupy the other
two corners. In this cubic RC, the Cl atom is stabilized by two
H---Cl interactions. This is different from the smaller water-
solvated RC a® goes from 0 to 4 in which only one or no
interaction occurs between H and Cl. In addition, the leaving
H atom in the OH moiety of CLCI(OH) is hydrogen-bonded
to the neighboring water O2 atom while the H atom in the;,CH
group is weakly bonded to the neighboring water O6 atom to
form a C-H---O hydrogen bond. All of the other water
molecules are connected to each other with-@ hydrogen
bonds. Inspection of Figure 1 shows that as the (R@pes to
(TShie the Cl atom becomes detached from the C atom while
the Cl atom is stabilized by two neighboring hydrogen atoms
and become closer together as compared to those ini{RC)
Another interesting feature is that the H atom in the OH moiety
of CH,CI(OH) is shared by the CiI(OH) O1 atom and the

4) reactions [associated with structures §RQT S)zn, and

distances from RC to TS are as large as 0.26 and 0.33 A) would
help compensate the energy needed for cleavage of t#el C
bond. In addition, there is a smaller structural change for the
six-water solvated clusters in going from (R@)to (TShieas

a whole as compared to the large structural rearrangement of
the water clusters for the smaller water cluster-solvated reactions
wheren = 0—4 since the hydrogen bond network of the six-
water solvated cubic structure will not change too much upon
going from the RC to the TS. The five water catalytic reaction
has structural features similar to the six-water solvated cubic
structure except for one corner of the water cubic cluster missing
from the cluster.

It should be noted that there are some general trends for the
structural features of the PC. Most of the PC geometries are
quite similar to the corresponding TS geometries. In the case
of n= 0-3, the proton is transferred from the®t” and HO,™

H,O O2 atom. It appears that the degree of elongation of the like moiety to form the associated neutral HClI molecule.

C—Cl bond from (RCjisto (TShisis greater than those of the
other water-solvated reaction systems where0—4. However,
the two stronger H-Cl interactions (the shortening of-HCI

However, in the case af = 4—6, the BO™CI~ pairs of PCs
retain the same configuration as that in the corresponding TS.
As the number of water molecules increases fiom O to 4,
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Figure 5. Optimized geometry (bond lengths are in Angstroms) for all of the reactants, RC, TS, and PC obtained from the Mi&*/6-31
calculations are shown for the CICH® nH,O — CH(CI)(OH), + (n — 1)H,0 (n =1, 2, ..., 4) and CH(OHELI + nH,O — HCOOH + HCI +
nH,O (n = 0, 1) reactions [associated with structures (BC) TSz, and (PCyx wheren = 1, 2, 3, 4 and (RG)n, (TS)ka, and (PCys, wheren

=0, 1, respectively].

the HCI bond length becomes systematically elongated from

1.284 A for (PC)yo in the gas phase to 1.294 A for (Rg)

1.303 A for (PC)12 and 1.325 A for (PG)s and a separated
H3O"CI~ pair is found for (PC)4 This is quite similar to the
changes observed in the dissociation process of HCIjH
clusters’®—3 The only difference is that one of the product
HCHO molecules is replaced by a® molecule; that is, the

PC can be regarded as HCI(HCHO)(®), clusters.

In summary, the homogeneous decomposition reaction of
CH,CI(OH) — HCI + HCHO in a water-solvated environment
appears to take place by three major processes. In the case of
n=1, 2, the reactions can be regarded as two-dimensional (2D)
cyclic model reactions, in which all of the RC, TS, and PC
have similar cyclic configurations. In the caserof 3, 4, the
reactions can be regarded as the transition from the 2D to the
three-dimensional (3D) solvated reaction models, in which the
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Figure 6. (a) Relative energy profiles (in kcal/mol) obtained from MP2/6+&** ab initio calculations to study the GKOH)CI + nH,O —
HCHO + nH,O + HCI (n=0, 1, 2, ..., 6) and HCHG- nH,O — CH(OH), + (n — 1)H,0 (n =1, 2, ..., 4) reactions associated with structures
(RChn, (TSh, and (PCh, wheren =0, 1, 2, 3, 4, 5, 6 and (R&, (TSha, and (PC)x wheren = 1, 2, 3, 4, respectively, that are shown in
Figures 1 and 2. (b) Relative energy profiles (in kcal/mol) obtained from MP248231 ab initio calculations to study the CH(OH)ECH# nH,O

— CICHO + nHO + HCI (n=0, 1, 2, ..., 6) and CICH& nH,O — CO + HCIl + nH,O (n= 0, 1, 2, ..., 4) reactions associated with structures
(RChn, (TSkn, and (PCYin wheren =0, 1, 2, 3, 4, 5, 6 and (R&), (TS)a, and (PC)x wheren =0, 1, 2, 3, 4, respectively, that are shown in
Figures 3 and 4. (c) Relative energy profiles (in kcal/mol) obtained from MP246231 ab initio calculations to study the CH(OH)EH# nHO

— CICHO + nH,0O + HCI (n =1, 2, ..., 4); CICHO+ nH,O — CH(CI)(OH), + (n — 1)H.0 (h =1, 2, ..., 4); and CH(OHEI + (n — 1)H,O0 —
HCOOH+ HCI + (n — 1)H,0O (n = 1, 2) reactions associated with structures (RC{TS)n, and (PC)in wheren =1, 2, 3, 4; (RCx, (TSkax,

and (PC)a wheren = 1, 2, 3, 4; and (RG},, (TSka, and (PCs, wheren = 0, 2, respectively, that are shown in Figures 3 and 5.

TS and PC proceed to become cagelike 3D structures. Thischarge redistribution occurs upon going from the RC to their
process can be regarded as a partially solvated model reactionassociated TS.
In the case oh = 5 and 6, the reactions can be regarded as a Inspection of Table 1 and Figure 6a shows that the gas phase
fully solvated 3D reaction system (just for the first water solvent decomposition reaction of Gi&I(OH) — HCI + HCHO has
shell), in which all of the RC, TS, and PC have cubic or an activation barrier of 44.7 kcal/mol and is endothermic by
cubiclike structures. The cubiclike water-solvated reaction model about 4.1 kcal/mol. This predicted endothermicity of the
is the most efficient reaction pathway in the solution phase, decomposition reaction for chloromethanol is slightly smaller
and we shall discuss the energetics of these reactions in detaithan the calculatedhH(298.15 K) of 7.8 kcal/mol from MP2/
later. 6-311G(2d,p) calculatiorlsHowever, our calculated value is
To examine the charge distribution of the atoms in going from consistent with the experimental estimation of 233 kcal/
RC to TS and PC, natural orbital analyses were performed for mol®> The activation Gibbs free energy and Gibbs free energy
most of the stationary structures. The charge for the Cl atoms are computed to be 44.5 and 0.9 kcal/mol, respectively, giving
in the RC (RCji, is only slightly negative (from—0.12 to a rate constant of 1.02 1072° s~ and a half-life time of 6.8
—0.20) while the charge of Cl atoms becomes much more x 10° s. The very large enthalpy of activation, small rate
negative (from—0.66 to —0.78) for the corresponding TS constant, and long lifetime for the decomposition of LCTH
(TShi wheren =0, 1, 2. This suggests that a large amount of (OH) — HCI + HCHO suggest that the reaction is unlikely to
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TABLE 1: MP2/6-31+G(d, p) Calculated Energies AE*, AE) (kcal mol~1), Enthalpy (AH*, AH) (kcal mol~%), Free Energies
(AG*, AG) (kcal mol=1), Entropy (AS¥, AS) (cal mol~! K~1), Rate Constant k) (s™1), and Zero-Point Energies Difference
between RC and TS AZPE) (kcal mol~?1), Stabilization Energies of RC and PC AERC, AEFC) (kcal mol—1) Relative to

Separated Species

reaction AEFP AHfc AGHhnspace  AG kd AZPE  AErd  AEpd  AEY AHg AGY AS
1-1: CH(OH)Cl+ nH;0 — HCHO + nH;0 + HCI (n=0, 1, 2, ..., 6)
110 4472 44.68 44.51 056 1.4510%° —2.34 0.00 —4.14 2.90 4.06 0.87  10.69
111 23.27 22.22 2470  —8.35 4.85x10° —347 —7.31 —10.90 3.45 4.28 1.78 8.39
112 18.79 17.32 2112 —12.74 2.04x 103 -3.60 -15.38 —18.38 4.04 4.72 2.71 6.74
113 14.37 13.58 16.09  —8.43 9.94x 10°  —2.64 —2568 —20.34  12.38 9.37 6.18  10.70
114 1220 11.00 1528 —14.36 3.90x 100  —1.56 —33.66 —30.84 9.86 9.53 9.90 —1.24
115 6.57 5.08 9.03 —13.25 1.49<10°  —1.84 —38.46 —39.85 5.65 4.60 7.43 —9.50
116 555  4.16 7.39 —10.81 23710 -2.13 —46.76 —48.75 5.05 4.28 5.58 —4.38
1-2: HCHO+ nH,0 — CHy(OH), + (N — 1)H,0 (n=1, 2, ..., 4)
121 42.28 40.65 4461 —1330 1.23x102°0 ~-043 -3.78 0.00 -3.01 -453 -072 -12.78
122 26.39 24.00 2056 —18.65 133« 10° -045 -11.07 -7.15 -286 -421 -0.87 -11.22
123 2157 1861 2572 —23.83 866x107 —1.65 -19.10 -17.15 —4.84 —6.48 —2.32 -13.96
124  21.01 17.84 2578 —26.62 7.83x 107 -2.78 —26.50 —24.96 —525 —6.62 —2.93 —12.39
2-1: CH(OH)C} + nH;0 — CICHO + nH;0 + HCI (n=0, 1, 2, ..., 6)
210  37.86 37.84 37.62 0.74 164105 272 000 -320 -6.86 -559 —9.78  14.07
211 2119 20.17 2279  —879 1.22x10*% -261 -824 —969 —512 -4.14 -7.28  10.52
212 1513 14.03 16.38  —7.89 6.09x 1°  —2.58 —16.52 —17.95 -509 -4.04 -815  13.77
213 12.28 11.26 1255  —4.30 3.92x 10° 144 —2410 -2531 —4.87 -422 —6.18 6.56
214 1049 961 1114  -516 4.23x10 —0.88 -32.76 -31.70 —-2.60 -2.85 —246 -131
215 411  3.08 496  —6.32 144x10° -1.89 -37.92 -40.00 -574 650 -578 —2.39
216 3.14  1.91 490 —10.01 159« 10° —0.46 —46.48 —49.47 —6.65 —7.17 —6.79 —1.29
2-2: CICHO+ nH,0— CO+ HCl + nH,0 (=0, 1, 2, ..., 4)
220 41.46 4172 41.05 2.26 5.00108 —3.16 0.00 -1.42 -7.70 —6.41 —6.62 0.71
221  26.68 25.36 2013 —12.65 2.74x10° -229 —3.90 -6.62 —9.00 —833 -10.95 8.80
222 18.97 17.54 2119 1225 181x103 -226 -10.26 -13.60 —9.63 —8.91 -11.28 7.96
223 16.77 15.37 19.29 —13.14 4.48<102 —2.08 -17.74 -19.05 -7.59 —655 —9.90  11.24
224  16.02 15.17 18.41 —-10.88 1.98< 10! —3.22 -28.09 —2751 -570 -550 —557 0.23
3-22CICHO + nH,0 — CH(CI)(OH) + (n — I)H0 (=1, 2, ..., 4)
321 46.97 45.23 4999 —15.96 1.40x 102 —072 —3.98 0.00 4.90 3.24 7.90 —15.63
322 2965 27.22 3334 —2051 225102 -028 -11.84 —7.93 4.83 3.44 7.35 —13.11
323 2539 22.67 2058 —23.18 1.28<10° —1.18 —20.07 -17.68 3.32 1.92 5.97 —13.60
324 2518 22.06 3048 —28.24 281x10° -097 -26.23 —25.09 2.06 0.47 454 —13.67
3-3: CH(OH)CI + nH;0 — HCOOH+ HCI + nH,0 (n= 0, 1)
331 2472 2453 2461  —0.27 564x10° —1.77 0.00 -929 -14.14 -13.14 -16.66  11.81
332 11.04 10.01 12.41  —8.03 4.96x 103 -2.01 —8.03 -16.16 -12.98 -12.36 —14.76 8.05

aThe reactions 3-1 are same as 2-1 and are omitted from the fabl€: Energies of activation for the reaction with ZPE correctibpAH*,
AG*: Enthalpies and free energies of activation for the reacti&in.calculated from free energy of activatiohG*. ¢ AZPE= ZPE(TS)— ZPE(RC).
f AErc, AEpc: Stabilization energies for RC and PC relative to corresponding separated species with ZPE cofra&joi, AG: Relative
energies, enthalpies and free enegrgies for the reactions (between RC and PC).

TABLE 2: Calculated Activation Free Energies (AG*, kcal mol~1), Rate Constant k, s %) from Different Levels of Theory and
Experimentally Observed Pseudo-First-Order Rate Constant (s') in Gas Phase

MP2/6-3HG** MP2/aug-cc-pVDZ QCISD(T)/aug-cc-pvDZ exp
AG* K AG* k AG* k Kexp ref

110 44.51 1.45¢ 107%° 38.96 1.64x 10716 36.75 6.86x 1071°

111 24.70 4.85¢ 10°© 19.82 1.79x 102 20.38 6.95x 1073 3.4+0.2x 103 1.6x 10°3 5,6
210 37.62 1.64 1071° 33.90 8.44x 10713 32.42 1.02x 1071

211 22.79 1.2 10* 17.87 4.85x 10! 19.12 5.84x 1072 554+ 0.3x 103 6
220 41.05 5.00< 1078 32.61 7.38x 10712 33.34 2.15x 10712

221 29.13 2.74¢ 10°° 21.06 2.21x 1078 22.48 2.0x 104 <1.2x 10 21

proceed in the gas phase. However, incorporation of one waterby 0.15e as compared to that in the gas phase i.e., from {RC)
molecule into the reaction would dramatically catalyze the to (TSkio The presence of water in the reaction system appears
reaction. As seen from Table 1 and Figure 6a, both activation to significantly stabilize the TS relative to that of the reactants,
enthalpy and activation Gibbs free energy for the reaction of where the localization of charge is not as acute as mentioned

(RCh11 — (TShi1 — (PChi: are decreased by about half of

before. Incorporation of two water molecules reduces the

those in gas phase. The rate constant is increased by 15 orderactivation enthalpy and activation Gibbs free energy by another
while the half-life time is shortened by 15 orders of magnitude. 4.9 and 3.6 kcal/mol, respectively. Both the rate constant and
The significant water catalytic effect could be accounted for the half-life time are changed by another 5 orders of magnitude.
by formation of the strong hydrogen bond between the-CH A third water molecule (frorm = 2 to 3) decreaseAH*;1, by
CI(OH) hydrogen (OH) and water oxygen and the strong an additional 3.7 kcal/mol antiG¥; 4, by an additional 5.0 kcal/
mol. However, the fourth water molecule (from= 3 to 4)
pairs for the transition structure. Another possible reason is thathas only a modest additional catalytic effect in whisH* and

AG* are decreased by only 2.6 and 0.8 kcal/mol, respectively.

stabilization of leaving Cl atom by an interaction o$®Cl~

the NPA charge redistribution from (R)to (TSh1: is smaller
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Figure 7. Plot of the barriers to reaction (in kcal/mol) from the RC to
the TS for the CH{OH)CI + nH,O — HCHO + nH,O + HCI (n = 0,

1, 2, ..., 6) (e.g., solid squares f&vE;n); HCHO + nH,O — CHy-
(OH); + (n —1)H.0 (n=1, 2, ..., 4) (e.g., solid triangles fa¥XE;2);
CH(OH)ChL + nH,O — CICHO + nH,O + HCI (n =10, 1, 2, ..., 6)
(e.g., open triangles fakE;1,); CICHO + nH,O — CO + HCI + nH,O
(n=0,1, 2, .., 4) (e.g.;+ for AEzx); and CICHO+ nH,O — CH-
(CH(OH), + (n— 1)HO (n=1, 2, ..., 4) (e.g., open squares ;)
reactions as a function of the number ofGHmolecules. The lines
give a best-fit exponential function to the barrier heights to the reactions
as a function of the number of,® molecules.

As more water molecules = 5 are added to the reaction,
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Figure 8. (a) Plot of the stabilization energy (in kcal/mol) of the RC
and PC for the Ck{OH)CI + nH,O — HCHO + nH,O + HCI (n =
0,1, 2, .., 6) (e.g., solid squares fAlErc11» and open squares for
AEpciy) and CH(OH)C} + nH,O — CICHO + nH,0O + HCI (n =0,

1, 2, .., 6) (e.g., closed triangles f&\Ercorn and open squares for
AEpc2n) reactions as a function of the number ofdHmolecules. The
lines give best-fit linear function to the stabilization energies for the
RC and PC as a function of the number afHmolecules. (b) Plot of
the stabilization energy (in kcal/mol) of the RC and PC for the HCHO
+ nH,O — CHx(OH), + (n — )H,0 (n =1, 2, ..., 4) (e.g., solid
squares forAErcin and open squares fé&Epciz); CICHO + nHO

— CO+HCI+nHO (h=0,1, 2, .., 4) (e.g., closed triangles for
AEgrcon and open squares fa@xEpcoa); and CICHO+ nH,O — CH-
(CH(OH)+(n—1HO (n=1, 2, ..., 4) (e.g., closed stars fAErcsn

and open stars foAEpcsa) reactions as a function of the number of
H.O molecules. The lines give best-fit linear function to the stabilization
energies for the RC and PC as a function of the number & H
molecules.

catalytic effect in whichAH¥1, and AG*1, are decreased by
only 0.9 and 1.6 kcal/mol, respectively. This is similar to the
case frorm = 3 to 4. It appears the activation energia&t; 1),
barriers AH¥11)), and Gibbs free energyAG*i1m) can be
reasonably described as an exponential decay process as the
number of water goes from= 0 ton = 6 as shown in Figure

7. Note that it is unexpected thaH*;1, and AG*11, for n = 3

and 4 are noticeably larger than those of the other water catalytic
reactions. This may be rationalized by the existence of the strong
hydrogen bonds between GEI(OH) hydrogen (OH) and the

AH¥11, and AG¥q, are significantly decreased by another 5.9 water oxygen (04 or O5) in (Rgk and (RC)14 while no

and 6.3 kcal/mol, respectively. However, the sixth water
molecule (fromn = 5 to 6) has only a modest additional

equivalent hydrogen bonds are formed for the other water-based
RC. The existence of these hydrogen bonds for O1- - -O4 and
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01- - -05 in (RC)1zand (RC)i4can significantly stabilize the 1.0 x 10720 s71; the half-life time is as long as 6.8 109 s,

RC structure and deactivate the-Cl bond [the C-CI bonds and this corresponds to an order of!d@ears for room

in (RCxizand (RC)i4are only slightly elongated as compared temperature unimolecular decomposition! It is very difficult to

to those in the gas phase] more than other hydrogen-bondedexplain why the reaction occurs in gas phase for such a long

RC, therefore resulting in largexH*¥; 1, and AG*11,,. theoretical calculated half-life time. The much shorter measured
We note that both the RCs and the PCs are significantly lifetime and the probable wall effect suggest that traces of water

stabilized by the interaction of the reactantC{OH) molecule could play an important role in its decomposition. It is interesting

or the product molecules HCHO and HCI with the,ad  that the calculated rate constant 062102 s™ at the MP2/

molecules via hydrogen bondlike interactions as discussed in 8-31+G** level for the two-water catalytic reaction shown in

the preceding subsections. The stabilization energies of the [CH 1aPle 1 is comparable to the measured rate constants. The

CI(OH)](H20), cluster or (RCy relative to the separated calculated rate constants are 1902 and 6.95x 103s!
reactants [CHCI(OH) + nH,O] are found to be 0.0-7.3, at the MP2/aug-cc-pVDZ and QCISD(T)/aug-cc-pVDZ levels

—15.4.—25.7.—33.7.—38.5. and—46.8 kcal/mol fom = 0—6 of theory, respectively, for the one-water catalytic reaction.
respectively. The 7.3 kcal/mol of interaction energy between Therefore, we speculate that traces of water in the chamber may

CH,CI(OH) and HO suggests a more stable complex than that be the most possible catalyst of the decomposition reaction. The

found for water dimers, indicating a stronger hydrogen bond one- or two-water-involved cyclic catalytic reaction could be

than that in water dimers. The interaction energy becomes morethe most pos$|ble reaction pathway for the gas phase decom-
position reaction. Different amounts of water on the walls of

negative as further water molecules are incorporated; this is athe different size reaction chambers could affect the reaction
result of the increased strength of the interaction and number ; . .
e - - rate and decay time as shown in Table 1 and Figure 6 and can
of hydrogen bonds formed. The stabilizing effect increases fairly . ) .
possibly explain why the measured experimental rate constants

s:teé;l 22’ dV\gt_h Ac')snIsyh?)vfllr;gir;\“)l/:ilglrjgsrSSata?rIll:eZiE[:t?iIiozfa?[iLgrrlmegn:zmrgies and lifetimes are different in differenF sizes of _reaction ves_%“els.
AErci possess a linear relationshiio with the number of water As more water molecules bgcome m_volved in the reaction, we
molecules f): i.e.. AErciy (kcalimol) ~ —0.229-7.888 expect that the decomposition reactions would become faster.
h . the,nlirﬁ’ber of water molecules in tHe Wate.r-sol\'/ated On_ thg basis of the_ trer_1ds in the activation enthalp|e§ _and
wherenis activation free energies, it can be concluded that, if sufficient

reljlcc:tﬁgt cl_I;ngte'r_? .OThe stat;lgzatlon len_ezg&Rc”g of the PC d water is available or the water concentration is increased, the
I( JHCD(H0)] or (PChun relative to the separate decomposition reaction can proceed via a cooperative mecha-

products (HCHO+ HCI + nH0) are computed to be-4.1, nism in the gas phase and also in aqueous solution. In the gas
—10.9,-18.4, _29'3’ —30.8,-39.9, and—48.$ keal/mol for phase, this mechanism involves active catalysis by one or two
n = 0—6, respectively (Table 1). The behaviors of these PCSs a1 molecules while in the water solution phase, and this
clusters are quite similar to those of RCs and the HEI( mechanism involves active catalysis by five or six (or more)
clusters. It is interesting to compare these results to those\yater molecules. The three- and four-water catalytic reaction
previously found for the dissolution of strong acids (HCI) by  mechanism can be regarded as a mechanism that the water only
H20 molecules™ %It was found experimentaflythatin argon- 4l solvates the reaction system or something between the
matrix _studles a cluster with an HCI to,& rat|o_of 1:3is not  gas phase and the water solution. Therefore, we predict that
yetionic, whereas from 1:4 onward the cluster is best describedthe decomposition reaction can be much faster (the rate constant
as CF—(H20),—HzO" (n > 3). Several recent calculatiols  would be in the order of Foto 10 s* in agueous solution)
have confirmed this experimental result. The interaction energiesgnd can even proceed by a hydration reaction with the
for the most stable isomer of (HCI)¢®)n clusters were found  decomposition product HCHO to produce methanediol {CH

to be—4.1,-10.2,-19.2,-24.5, and-36.1 kcal/mol fom = (OH),]. We shall discuss this reaction in the next subsection.
1-5, respectively® The stabilization energies for (HCI)(R), 2. HCHO+ nH,0 — CH»(OH), + (n — 1) H,O (Where n=
clusters as = 1, 2, 3 are quite close to those of (R&where 4 5 3 4) it has been experimentally shown that formaldehyde
n=0,1,2ifthe HCHO can be regarded as g-moleculein  (cHO) in aqueous solution undergoes water addition to
the (PC)in. However, the stabilization energies of (R Yor produce methanediol [CYOH),].39-41 It is interesting to note

n =3 and 4 are smaller by about 4.0 kcal/mol as compared 10 tht a theoretical investigation of this reaction at the level of
those of (HCI)(HO), wheren = 4 and 5. Itis noted that the  \p2/6-31G* indicates that this reaction may proceed mainly
(HCI)(H20)n clusters prefer a nondissociated structure when  through a cooperative mechanism with thregOHmolecules

= 1-3 while the structure witln = 4 and 5 prefers dissociated  hydrating the carbonyl grouf.This cooperative mechanism is
structure$>3° This is consistent with the fact that the PC  gjmilar to the water-catalyzed GBI(OH) HCI elimination
[(HCHO)(HCI)(H0)n] or (PChun prefers nondissociated struc-  reaction that we studied in the preceding subsection. Our recent

tures withn = 1-3 and prefer dissociated structures with=  experiments have shown that observed ultraviolet photolysis of
4,5, and 6. The behaviors of the PCs are also consistent withjow concentrations of Chl, in water leads to almost complete

the solvation shell, for the reaction becomes built up through conversion into CKH{OH), and 2HI producté3® Ab initio
three major processes mentioned earlier: the 2D solvation shellcomputational results indicate that the £HI species generated
forn=1 and 2, the transition from 2D to 3D for= 3 and 4, by the photolysis of Chl, can react readily with water via a
and the 3D full solvation shell fon =5 and 6. water-catalyzed ©H insertion/HI elimination reaction to

It is instructive to compare our computed thermodynamic data produce CHI(OH) + HI followed by the CHI(OH) product
to those for the experimental gas phase decomposition reactiongnd then undergoes a further water-catalyzed HI elimination
of CH,CI(OH) into HCI + HCHOS36 The experimental rate  reaction to form HC=O + HI. The H,C=0 product further

constant of the reaction ranges from k6103 to 3.4 x 1073 reacts with water to form the other final G@H). product seen
s~1 depending on the different chamber used in the experiments,in the photochemistry experimerfts.
resulting in measured lifetimes ranging from 204 to 438 s. Inspection of Figure 2 shows that a cyclic reaction mechanism

However, the computed gas phase reaction rate constant is onlycontaining 4 water molecules is found from the MP2/6-
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31+G** calculations. This mechanism is quite similar to the
cyclic (cooperative) proposed by Eigen and WdfeThe

J. Phys. Chem. A, Vol. 109, No. 42, 2008665

rate constant of 1.6« 107> and a half-life time of 4.2« 104
s. The rate constant is larger by 5 orders of magnitude, and the

calculated cyclic geometries of RCs, TSs, and PCs shown inlifetime is shortened by 5 orders of magnitude since both the
Figure 2 are also consistent with those proposed by Eigen andactivation barrier and the free energy are smaller by 6.9 kcal/

Wolfe #2 The AE¥, AH*, andAG* with n = 1—2 are quite close
to those in ref 43. Our calculated activation paramefes,
AH*, and AG* at a larger basis set 6-3G** with diffuse

mol as compared to the analogous reaction obCIKOH) —
HCI + HCHO. Another different feature is that the reaction of
CHCIy(OH) — HCI + CICHO is exothermic while the analogue

functions predict some saturation of the catalytic effect as three reaction of CHCI(OH) — HCI + HCHO is slightly endother-

and four water molecules are involved in the reaction. However,
previous calculatiorfd showed that the third water molecule
(from n = 3 to 4) has an inhibitory effect that gave slightly
largerAE¥, AH*, andAG* values fom = 3 than the values for

mic. These activation and kinetics parameters imply that the
decomposition reaction of CHgOH) — HCI + CICHO is
faster than that of CCI(OH) — HCI + HCHO. This is
qualitatively consistent with the experimental observations that

n = 4. This may be due to the smaller basis set effect used the former reaction had a slightly smaller reaction constant than

since no p polarization for hydrogen atoms and no diffuse
functions were considered in the previous calculatiéi@verall,

that of the later reaction® However, the predicted activation
barrier of 37.6 kcal/mol is still too big to compare to the

our present results are in good agreement with the previous Workexperimental rate constant of10~3 156 As expected, water

of Eigen and Wolf¢’2 We note that there exists a good
exponential decay relationship of the valuesAd 12, AH¥ 1,
andAG*12, as a function of the number of water molecules (see
Figure 7a-c). This indicates that a saturation effect will almost

molecules can catalyze these reactions. Incorporation-@f 1
water molecules into the reactant gH(OH) can noticeably
accelerate the decomposition reaction. As demonstrated in
Figure 6b, the activation energies are predicted to be 37.8, 21.2,

be reached as four water molecules are incorporated into thei5'q 123 105 4.1 and 3.1 kcal/mol wiih = 0—6

reaction. The stabilization energy of the RCs and PCs relative
to the separated reactants or products is computed and listed i
Table 1. There exists a good linear relationship of the stabiliza-

tion energies with the number of water as shown in Figure 8b.

We think that as four water molecules are incorporated into the AGH

reaction system, a mostly formed solvation shell could be
established.

B. Decomposition of Dichloromethanol in Gas Phase and
in Aqueous Solution into CO+ HCI. 1. CH(OH)C}k + nHO
— CICHO + HCI + nH,O (Where n=0, 1, 2, 3, 4, 5, 6).

respectively. It is interesting to note that the activation energies

hre systematically smaller than those with the same number of

water molecules for reaction 1, indicating that the former
reaction is faster than the latter. The main features\at and

for reaction 2 are quite similar to those of reaction 1.
Similarly, the activation energies\E¥,1), barriers AH*,1y),

and Gibbs free energy\G*,1,) for reaction 2 can be reasonably
described as an exponential decay as the number of water goes
fromn = 0 ton = 6 as shown in Figure 7. Note that it is
unexpected thatnH*;1, and AG*,1, for n = 4 are noticeably

Figure 3 displays the optimized geometry found for the reactions |4rger than those of the other water catalytic reactions. This can

of CHCIy(OH) + nH,O — CICHO + HCI + nH,0, i.e., (RCn

— (TSkhin — (PCrin wheren =0, 1, 2, 3, 4, 5, 6. Analogous
to the gas phase decomposition reaction ofCKDH) — HCI

+ HCHO, the gas phase decomposition reaction of GHIH)

— HCI + CICHO undergoes a similar four-centered cyclic TS
(TS)k1oto produce the HCl and CICHO products. The structures
for the RC, TS, and PC are quite similar to those of,CH

(OH) gas phase decomposition reaction. In the one- and two-
water catalytic reactions, the RCs, TSs, and PCs are structurally

similar to the corresponding ones found in the decomposition
of CH,CI(OH). However, in the three-water catalytic reaction,
the (RC)13has a different conformation from the corresponding
(RChis In the four-, five-, and six-water catalytic reactions,
the structural features for most of the (RG)and (TS)i, where

n= 4,5, 6 are very similar to those of the analogous (RC)
and (TS)i, wheren = 4, 5, 6. The main difference is that each
of the formyl chloride (CICHO) in the PC (P&) (n =4, 5, 6)
was rotated by about 90and a new H-Cl interaction was
formed between the CICHO hydrogen atom and the leaving ClI

possibly be explained by the existence of the strong hydrogen
bonds between the CH{OH) hydrogen (OH) and the water
oxygen (O5) in the (RG)4while no equivalent hydrogen bonds
are formed for the other water-based RCs. The existence of the
hydrogen bonds for O1---O5 in (R&) can significantly
stabilize the (RG)4 structure and result in large&E* 14, AH 14,

and AG*214 and AEs14 AH214, andAGZM

Although qualitatively reaction 2-1 with the same number
of water molecules is faster than reaction 1-1 and this is
consistent with the experimental observations, it is still hard to
compare the predicted activation data with those experimental
data. As mentioned above, water molecules can noticeably
reduce the reaction barrier and accelerate the reaction. As shown
in Table 1, the one-water catalytic reaction has a slighter smaller
rate constant41.2 x 10~4 s71) than the experimental observa-
tions measured a& & 5.5+ 0.3) x 108 s71 for reaction 2-1

in gas phase® while the two-water catalytic reaction has a larger
rate constant~6.1 x 10° s71). The calculated rate constants

atom while in the other PCs, the leaving Cl atoms have weak are 4.85x 10~ and 5.84x 10 2s ! at the MP2/aug-cc-pVDZ

interactions with the carbon atoms of the products HCHO or
CICHO as shown in Figures 1 and 3.

Examination of Table 1 and Figure 6b shows that the gas
phase decomposition reaction of CH@H) — HCI + CICHO
has an activation barrier of 37.8 kcal/mol and is exothermic by
about 5.6 kcal/mol. This predicted exothermicity of the decom-
position reaction for dichloromethanol is slightly larger than
the calculated\H(298.15) of 2.5 kcal/mol obtained from MP2/
6-311G(2d,p) calculatiorisHowever, our calculated value is
consistent with the experimental estimation of 8.8 kcal/fol.

and QCISD(T)/aug-cc-pVDZ levels of theory, respectively, for
the one-water catalytic reaction. Therefore, the gas phase
reaction of 2-1 can probably be reasonably modeled as one- or
two-water molecule-involved reactions and this is consistent
with the experimental observations.

We note that a recent experimental decomposition reaction
of 2-1 in aqueous solutidhmakes it possible for us to make a
direct comparison between experiment and theory for this
reaction. This study estimated that the decomposition of GHCI
(OH) took place witht;, < 20 us in agueous solutiolf,which

The activation Gibbs free energy and Gibbs free energy are corresponds to a lower limit for the rate constant of 3.30*

computed to be 37.6 and9.8 kcal/mol, respectively, giving a

s71 It can be seen from Table 1 that the decomposition of
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CHCI,(OH) with four water molecules was estimated to be 4.2 tetramer. Most of the TS structures are similar to those found
x 10* s71, in excellent agreement with the experimental for the chloromethanol and dichloromethanol decomposition
observed rate constant in aqueous solution. However, it shouldreactions. The one and two catalytic TS structures are cycliclike
be noted that the experimental measured rate constant was onlywydrogen-bonded conformations, in which the leaving Cl atoms
a lower limit from an approximate estimation. The cubic or are stabilized by the nearby water hydrogen atom. However,
cubiclike model reaction with five or six water molecules was for the three- and four-water catalytic TS structures, the leaving
computed to have a much larger rate constant on the order ofCl atoms are stabilized by two hydrogen atoms in the nearby
~10° s71. Considering the decomposition of CICHO into CO water molecules. It is interesting to note that (£s&nd (TS)24

+ HCI had a rate constakt= 10* s~* and the lower limit k have booklike geometries. This implies that a structural rear-
> 4.2 x 10* s1) for the reaction of 2-1 measured in aqueous rangement will occur in going from (R&)to (TSke4as shown
solution!® we believe that the decomposition of CH(@H) in Figure 4 in that both the transition structures and the PC

into CICHO + HClI in aqueous solution would take place even require two H--Cl interactions.
faster than the subsequent decomposition reaction of CICHO |t is shown in Table 1 that the activation free energy and
into CO+ HCl and most probably the decomposition of CHCI  reaction barrier in the gas phase for the decomposition of
(OH) could have a larger rate constant of abol#400 st in CICHO into HCI and CO are predicted to be 41.05 and 41.46
aqueous solution. The subsequent decomposition reaction ofkcal/mol at the MP2/6-3+G(d,p) level of theory. The reaction
CICHO into CO+ HCI may be the rate-determining step for s exothermic by 6.86 kcal/mol at the same level of theory. The
the overall reaction 2. We shall discuss the decomposition rate constant is predicted to be on the order of'8@1. The
reaction of CICHO in detail in the following subsection. activation free energies become 32.61 and 33.34 kcal/mol for
Similar to the stabilization energiésEgc;n of chlorometha- MP2/aug-cc-pVDZ and QCISD(T)/aug-cc-pVDZ levels of
nol, the stabilization energieAEgc,n wheren =0, 1, ..., 6 theory, respectively, as shown in Table 2. Our calculation results
relative to the separated reactants of dichloromethanol and watesare consistent with the 43.95 kcal/mol of calculated dissociation
molecules possess a similar relationship with the number of barrier to HCI+ CO by Tyrrell and co-worke?3 at the MP2
water molecules with a relation oAErcin (kcal/mol) ~ level of theory and the 41.1 kcal/mol at the PMP4SDTQ level
—0.677-7.68M, wheren is the number of water molecules in  of theory by Franciscé* Our predicted heat of reaction is also
the water-solvated reactant clusters as shown in Figure 8a. ltconsistent with the value of5.9 reported by Francisc.
appears that each water molecule contributes approximately The decomposition of formyl chloride into C& HCI
about 7.7 kcal/mol to the RC clusters for both reactions 1-1 products was measured in the gas phase, and the lifetime of
and 2-1. The stabilization energié€Epcon of PC relative to  HCICO was estimated to be 10 min in a 0.1 dneaction
the separated products of CICHOHCI + nH,0 have a similar ~ containet® and between 28 and 190 min in a 480%m®action
relationship with the number of water molecule$ &s shown container?! The first-order rate constant for the loss of CICHO
in Figure 8a. The stabilization energies AErcin, AEpcin, at the walls was determined to be in the range of 605 to
AErc2mn, andAEpcoy for reactions 1-1 and 2-1 are very similar 4 x 1074 s1.21 The second-order rate constant of the reaction
for the same number of water molecules as shown in the Figureof CICHO with water vapor was predicted to be less than 5
8a, indicating a similar solvation trend for both reactant water 10?2 cmd/s2! If the water concentration of 2.5 107 cm3 was
clusters and product water clusters. Examination of the reactionused, the first-order rate constant for the decomposition of
enthalpies in Table 2 shows that the exothermic properties for CICHO is calculated to be less than x210~4 s~ However,
reaction 2-1 are very close for the different number of water- the calculated rate constants for the decomposition of CICHO
solvated reactions. The endothermic properties for reaction 1-1from the literaturé! and our own calculations at the MP2/6-
have a similar trend except that théd with n = 3 and 4 has 31+G** level of theory for the decomposition of formyl
noticeably larger values as compared to the other water-solvatedchloride into CO+ HCl are all far away from the experimental
reactions. values. Note that the measured lower bound first-order rate
2. CICHO+ nH,O — CO+ HCI + nH,O (Where r= 1, 2, constant of the reaction CICHO with water vapor is in the range
3, 4). Decomposition of formyl chloride into HCl and CO in  of the rate constants reported previously for gas phase decom-
the gas phase and in aqueous solution can be modeled as showposition of CICHO. This and probable wall effects suggest that
in Figure 4, namely, CICHGF nH,O — CO + HCI + nH,O the traces of water on the reaction walls could play an important
or (RChan — (TS — (PChan Wheren =0, 1, 2, 3, 4. The role in the gas phase decomposition of CICHO. As expected,
structural features of the RCs, TSs, and PCs are quite similarthe activation free energy is decreased from 41.05 kcal/mol for
to those of mono- and dichloromethanols. It is shown that the the gas phase decomposition to 29.13 kcal/mol for the one-
two-water catalytic reactant cluster can be regarded as a weaklywater-involved reaction at the MP2/6-8G** level of theory
bonded water cluster between the water dimer and the CICHO as shown in Table 2. The activation free energies are predicted
molecule. The three-water catalytic reaction can be regardedto be 21.06 and 22.48 kcal/mol for MP2/aug-cc-pVDZ and
as the formation of a (R@); by insertion of HCICO molecule ~ QCISD(T)/aug-cc-pVDZ levels of theory, respectively. The
into water trimer (HO)a. Similar to the cases of chloromethanol ~ corresponding rate constants for the loss of CICHO are predicted
and dichloromethanol, the ‘HCI interactions in (RGp; and ~ to be 2.21x 1073 and 2.0x 10~* s™, respectively. This is in
(RC)22 become systematically shortened (from 2.581 to 2.452 good agreement with the gas phase experimental observations.
A). However, the geometry of (R@) is somewhat different It appears that water can dramatically catalyze the decomposition
from the proceeding water-solvated RCs, in which a hydrogen reaction of CICHO.
bond between one of the O2 atom of a cyclic water tetramer By adding water molecules one by one to the RC, the
(H20)4 and H atom of CICHO molecule while the leaving CI decomposition reaction will be further catalyzed as shown Table
atom almost has no interactions with hydrogen atoms in the 1 and Figure 6b. Similar to the cases of chloromethanol and
water tetramer. It should be noted that in (RG}he geometry dichloromethanol, the activation energiesEt,,,), activation
of the cyclic water tetramer (#D), is only slightly perturbed enthalpies AH*,2,), and activation Gibbs free energ&Ga,)
by the interaction of the CICHO hydrogen atom with the water for reaction 2-2 can be described by an exponential decay
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TABLE 3: MP2/aug-cc-pVDZ//IMP2/6-31+G** Calculated Activation Free Energies (AG*ys kcal mol~?), Rate Constant Kgas
s1), and Stabilization Free Energies of RC AGgrcN (No BSSE Correction), AGgrcB (BSSE Corrected), andAGgrc®3MP?)2 (kcall
mol~1)] Relative to Separated Reactants and Products in Gas Phase and the Activation Free Energie®Q*son.? kcal mol—2) and
Rate Constant kson, S°1) in Aqueous Solutions

gas phase model D-PCM model
reaction AGR(;N AGRCB AGRCG3MP2 AG*gaS kgas AG*SOW Ksolv
1-1: CHy(OH)Cl + nH;0 — HCHO + nH,0 + HCI (n=0, 1, 2, ..., 6)
110 38.96 1.64¢ 10716 32.03 1.97x 1071
111 0.89 2.35 1.02 19.82 1.3910°? 15.57 2.33x 10
112 1.45 4.25 1.98 17.33 1.2010° 11.82 1.33x 10*
113 2.44 7.63 2.83 10.55 1.2410° 9.05 1.44x 1C°
114 3.45 9.95 2.87 9.72 456 1C° 9.01 1.53x 1¢°
115 5.65 14.23 6.74 6.52 1.031C° 6.84 5.92x 10/
116 9.15 20.06 9.12 5.15 1.0310° 5.77 3.63x 10°
2-1: CH(OH)C} + nH,O — CICHO + nH,O + HCI(n=0, 1, 2, ..., 6)
210 33.90 8.44¢ 10713 27.38 5.13x 1078
211 —-0.11 1.54 0.26 17.87 485101 14.73 9.70x 10
212 1.26 4.85 1.15 13.05 1.6410° 8.10 7.12x 10°
213 2.38 7.52 1.87 8.58 3.2651C° 7.00 4.52x 10°
214 5.00 12.63 3.53 6.56 9.5210° 5.54 5.39x 10°
215 7.62 16.92 7.92 3.13 3.2610° 4.48 3.21x 1@
216 10.03 21.70 10.03 3.22 2,110 5.13 1.08x 1@
2-2: CICHO+ nH,O— CO+ HCI+nHO (n=0, 1, 2, ..., 4)
220 32.61 7.38< 10712 27.17 7.25x 1076
221 2.94 3.87 3.24 21.06 2241078 16.96 2.24x 10°
222 5.29 7.84 5.02 15.01 6.0310" 11.39 2.75x< 10*
223 7.08 11.01 6.20 13.35 9.961(° 11.61 1.89x 10¢
224 7.24 13.06 6.90 11.81 1.3410 11.76 1.47x 10

2 AGrc®3MPZ  Stabilization free energy from G3MP2 calculatioR&AGsoy = AG¥gas + AAGHson, WhereAGHqasis the activation free energy at
the theory of MP2/aug-cc-pVDZ level amiAG'sy is defined as the difference between the solvation energy of RC and the TS from B3LYP/
Aug-cc-pVDZ calculations. MP2/aug-cc-pVDZ-DPCM-BONDI calculations obtained very similar activation free energies (30.39, 15.73, 10.51,
10.47, and 12.03 kcal/mol fan = 0, 1, 2, 3, and 4) in aqueous solutions for reaction 2-2. The stabilization free energies fes (R®gre
calculated to be 3.11, 4.48, 5.16, and 5.04 kcal/mol, respectively, at the G3 level.

process as the number of waters goes from0 ton = 4 (see zwitterions (HO),H:O"CI~ form in the TS. The overall
Figure 7). This indicates that a smaller number of water improvement in predicting the rate constants by the aug-cc-
molecules, probably equal to or less than four water molecules,pVDZ basis set for both gas phase and solution phase for all
may be needed to build the first solvation shell for the reactions 1-1, 2-1, and 2-2 indicates that it is probably necessary
decomposition reaction of CICHO in aqueous solution as to use a basis set including both polarization and diffuse
compared to those of G&I(OH) and CHC}(OH), in which functions for light and heavy atoms in order to obtain a better
five or six molecules were used to build a solvation shell. We description of charge distributions for the charge-separated
speculate that the difference for usage of water molecules in species found in these HCI elimination reactions.
building the solvation clusters could be due to the different  C. Decomposition of Dichloromethanol in Aqueous Solu-
hybridization of the carbon atom for GBI(OH) and CHC}- tion to Produce HCOOH Product: Reactions of CICHO +
(OH) as compared to CICHO because in CICHO the carbon nH,O — CHCI(OH), + (n — 1) H,O (Wheren =1, 2, 3, 4)
atom has a gghybrid that need less water molecules for building and CHCI(OH), + nH,0 — HCOOH + nH,0 (Where n =
the solvation shell, whereas both gH(OH) and CHC}(OH) 0, 1).In addition to the decomposition reaction of CH@H)
carbon atoms have %pybrids that need more water for building to produce formyl chloride (CICHO) and hydrogen chloride
solvation shells. A similar behavior was found for the stabiliza- (HCI) (2-1) in aqueous solution followed by decomposition of
tion energies relative to separated products and also occur forformyl chloride into CO and HCI (2-2) as demonstrated in
the PC as shown in Figure 8. preceding sections, it is possible to consider anHOnsertion
Although some saturation effects appear to occur when four reaction of formyl chloride (CICHO) in water to produce
explicit water molecules were included in the reaction model chloromethanol diol [CHCI(OH] (3-2) after the reaction (2-
from the AE*22,, AH*22,, andAG¥,2, shown in Figures 6 and 7,  1). This alternative reaction pathway then proceeds by decom-
the calculated rate constant 02101 s~ from the MP2/6- position of CHCI(OH} into formyl acid (HCOOH) and HCl in
31+G** level of theory is still far different as compared to  water (3-3) as shown in Figures 5 and 6c¢. Inspection of Figure
those experimentally observed pseudo-first-order rate constants shows that reaction 3-2 proceeds mainly through a cyclic or
1 x 10* s71.1% However, at the MP2/aug-cc-pVDZ level of cooperative mechanism with up to three;GH molecules

theory, the predicted rate constant of ¥.30*s1 for the four- hydrating the carbonyl group. This is very similar to the water-
water catalytic reaction is in good agreement with the experiment catalyzed hydration reaction of HCHO with water (1-2) that
observations in aqueous solution as shown in Table 3. we studied in a preceding subsection.

It appears that the larger aug-cc-pVDZ basis set with both  Examination of Table 1 and Figure 6c shows that the
polarization and diffuse functions included for both light and hydration reaction of CICHO with water to form a chlorometha-
heavy atoms predicts more stable transition structures with thenol diol CHCI(OH), (3-2) possesses a much higher activation
zwitterionic (HO),H3O'CIl~ species more than the neutral energy than those for the dissociation reaction of CICHO into
reactant clusters as compared to the smaller-6&% basis CO and HCI (2-2) with same number of water molecules in the
set. This is reasonable since the larger aug-cc-pVDZ basis setreaction system. The barrier for the CICHON(H,0) — CHCI-
may provide a better description of charge distributions for the (OH), + (n — 1)H,O wheren = 1, 2, 3, 4 reaction remains
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high (33.34 kcal/mol for one-water molecule, 29.58 kcal/mol Since

for two-water molecules, and 30.48 kcal/mol for three-water

molecules involved) since it is an M insertion reaction  [RC1]= K W][f]; [RC2] = K [w]*[f]; [RC3] =
without an HX leaving group that can be solvated by water K [w][f]; [RC4] = K,[w]“[f]; [RC5] = Kw]°[f]; and
and is thus not significantly water-catalyzed by additiongDH 6
molecules beyond = 2. The predicted larger 30.48 kcal/mol [RCE] = Kelw] "] (3)
activation free energy for the three-water catalytic hydration
reaction by 0.9 kcal/mol than the value for the two-water
catalytic reaction indicates that the reaction has already reache
a saturation limit. However, the subsequent decomposition of C,, = W] + K WI[f] + 2K,[w][f] + 3K[w][f] +
the CHCI(OH} + n(H,O) — HCOOH+ HCI + n(H»0) where 4 5 6

n = 0, 1 reaction, which has an HCI leaving group, proceeds AR W] T + SKW] ] + 6Ke[w] 1]
very easily (12.4 kcal/mol for one water molecule involved) ) 3 4

like the other HCI elimination water-catalyzed reactions of Cr = [f] + KqWIIf + Ko[w]f] + Kg[w]f] + K,[w]"f] +
halomethanols. The high barrier for the CICHO nH,O — KS[W]5[t] + KG[W]G[t] (4)
CHCI(OH), + (n — 1) H,O (wheren = 1, 2, 3, 4) O-H

insertion reactionx 29 kcal/mol) as compared to the low barrier The values of [w] and [f] can be readily solved from the given
for the CICHO+ nH,O — CO + HCI + nH,O (wheren = 1, value of C, and Cy.

2' 3, 4) HCI elimination reaction (about 18 kca|/m0|) at the The overall reaction rate can be obtained from the sum of
MP2/6-31-G** level of theory indicates that the major products the partial reaction rates for all of the pathways:

are CO and !—|CI and the minor products are HCOOH z_;md HCl | — 14 024 03+ 04+ 5+ 06+ o7

for the reaction of CHG(OH) with water. This is consistent

with the recent experimental observations that in aqueous = Kolfl t K[RC1]+ K[RC2] + kg[RC3] + k,[RCA] +

The C,, andC; can be written with regard to the concentration
cPf water and solute monomers:

solutions the generated CICHO by decomposition of GHCI ks[RC5] + ks[RCE]
(OH) was found to decompose into CO and HCI and traces of ) 3

formic acid, HCOOH, and HC¥ The present theoretical study = Kolfl + ky'[W][f] + k' W] f] + k3'Tw]°Tf] +

is also consistent with our recent combination of photochemistry k,'[w] Il + ks'[w] °[f] + ke [W] °[f]
experiments and theoretical calculations that found ultraviolet

excitation of CHBj in water gave almost complete conversion = (ky + ky'[w] + ky'[w]® + ko' [w]® + k' [w]* + ks [w]® +
into three HBr leaving groups and CO (major product) and k6'[W]6)[l‘] (5)

HCOOH (minor product) molecule/§:4

D. Proposed Simple Model to Explain the Water Catalysis ~ Whereky' = kiKn (n =1, 2, 3, 4,5, 6). _
of the Reactions of 1-1, 2-1, and 2-2 and Comparison with Supstltutlon of eq 4 into eq 5 results in the pseudo-first-order
Available Experimental Kinetic Parameters. To mimic areal ~ '€action rate
aqueous environment for the reactions, it is necessary to take v= kG (6)
the concentration of the (Rgz)into account. Therefore, a kinetic
treatment was done on the protocols of reactions 1-1, 2-1, andwhere
2-2 to estimate the relevance of different reaction pathways and
their contributions to each protocol. These results were then k=
compared to the corresponding experimental observations in Ko + k' [w] + K, [w]® + kg [w]® + Kk, [w]* + k' [w]® + k' [w]®
aqueous solutiof? We assumeq that;jEI.)z C.HZCI(.OH), CHCb- 1+ Ky[w] + + Ky[w] 2 + Kaw]® + K w]* + Kgw]® + K w]®
(OH), CICHO, and (RGj) are in equilibrium in an aqueous
solution. On the basis of such an assumption, the contribution The effective activation free energyG*, can be found from
of each pathway to the overall pseudo-first-order rate constantthe Eyring eq 7
for the decomposition of chloromethanol, dichloromethanol, and
formyl chloride in aqueous solution will then depend on the k:Ee—AG#RT @)
equilibrium constant for the formation of (Rf)and the h
activation free energy of each channel with a different number
of water molecules. Our proposed model is quite similar to that
proposed by Eigen and Woff&for understanding the hydration
mechanism of HCHO with water to produce methanediol.

wherekg is the Boltzmann’s constant ahds Planck’s constant.
Table 3 collected the MP2/aug-cc-pVDZ single-point calcula-
tions at the MP2/6-31G** optimized geometries for the
activation free energiedG'gas rate constankgas for each
The relationships between the analytical concentration of reaction channels, stabilization free energies of RGrc™
water Cy)/solute Cr) and the concentrations of each reactant Without BSSE corrections\Ggc® with BSSE corrections, and
species taken into account can be expressed in egs 1 and 2: AGrc®*M"2 from G3MP2 calculatiorfs relative to separated
reactants in gas phase and the activation free energis,,
(see computational details) and rate constagt, for each
C,, = [w] + [RC1] + 2[RC2]+ 3[RC3] + 4[RC4] + reaction channels in aqueous solutions for reactions 1-1, 2-1,
5[RC5]+ 6[RC6] (1)  and 2-2.
The gas phase stabilization free energies for the reactant
C; = [f] +[RCI] +[RC2] + [RC3] + [RC4] + [RC5] + clusters were carried out at the levels of MP2/aug-cc-pVDZ and
[RC6] (2) G3MP2 theory” by the difference between the free energies of
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RC and the separated reactants ®H,0, where S represents
the substrates GI€I(OH), CHCL(OH), and CICHO. Examina-
tion of Table 3 shows that the calculated stabilization free 35 —@—MP2 (Gasphase)
energies (first column in Table 3) for RCs at the MP2/aug-cc- —O— B3LYP_DPCM (solution)
pVDZ level without BSSE corrections are quite similar to those
obtained by higher level G3MP2 calculations for all of the
(RCh11-6, (RChr11-6, and (RC)p1—4. This is somewhat surpris-
ing. We note that both &3 (3.33 and 1.98 kcal/mol for 373
and 298 K) and G3MP¥ (3.64 and 2.24 kcal/mol for 373 and
298 K) calculations reproduced very well the experimental free
energy® (3.34 and 1.95 kcal/mol at 373 and 298 K) for

0k o Reaction (1-1)

30 -

20 -

\
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Reaction barriers (kcal/mol)

. . 10 \8
formation of water dimer from water molecules. Hence, we
decide to obtain the stabilization free energies in gas phase and 5} O\O
agueous solution for the reactant clusters of (RC), (RChi1-s,
and (RC),1-4 by using either MP2/aug-cc-pVDZ or G3MP2 0 ; 5 s . s .
calculations as shown in Table 3. We noted that the stabilization Number of H.O (n)
energies from separated reactants to RC could be overestimated 2
due to the effect of basis set superpostion error (BSSE). It is
often necessary to make such a correction, and the counter- ¥ ]
poise (CP) method is widely used for this purpose. However, a Reaction (2-1)
study on hydrogen-bonded dimers found the estimates of the or —e—MP2 (Gas phase)
effects of the BSSE by the CP method may not lead to better 2 —O—B3LYP_DPCM (solution)

N
[$))
T

results since they do not provide quantitative information about
the basis set deficiencié®.Therefore, the stabilization free
energies with BSSE corrections could be regarded as an upper
bound estimate of stabilities for RCs. We believe that our current
stabilization free energies from the calculations at the MP2/
aug-cc-pVDZ level of theory without BSSE corrections or from
the G3MP2 level of theory probably provide a good estimate
for the stabilities of the RCs in the gas and solution phases.
These results were then used to do further kinetic analysis

nN
o
T

Reaction barriers (kcal/mol)
5 >
T T
/O/
[

(&
T

8\0/0

calculations for comparison with experimental kinetic data. oL . . . . * 7
It is interesting to compare the activation free energies in 0 1 2 3 4 5 6
the gas phase and in aqueous solution vs the number of water Number of H,0 (n)
molecules. Inspection of Table 3 and Figure 9 shows that the
reaction barriers for the solvated reactions with small water %
clusters are reduced by-@ kcal/mol as compared to those of o Reaction (2-2)
the gas phase far < 4. However, the gas and aqueous solution 0k W
results for the barriers become closer after 4. It is evident —&-MP2 (Gas phase)
. . o —O— B3LYP_DPCM (solution)
that for reactions 1-1, 2-1, and 2-2, both the gas and the solution wl —v—MP2_DPCM  (solution)

phase results predict very similar activation free energies for
= 4. The MP2/aug-cc-pVDZ-DPCM-BONDI model gives very
close activation energies for reaction 2-2 as compared to the
MP2/aug-cc-PVDZ+ B3LYP/aug-cc-pVDZ-DPCM-BONDI
model results as shown in Figure 9. However, for reactions 1-1

o

20
O\
V.

Reaction barriers (kcal/mol)

and 2-1, the solvation model has a small inhibitory effectrfor e *—

> 4, in which slightly larger activation free energies were \8 ’; !
obtained as compared to those of gas phase. This implies that ok :8

it is necessary to build up a solvated reactant water cluster by . . . . .
explicitly adding water molecules one by one. Note that at least 0 1 > 3 4

four water molecules on > 4 were needed to build up the

active species that probably makes the predominant ContribUtionFigure 9. Plots of the gas phase and aqueous solution activation free
to the overall reac_tlons In aqueous SOIUt_'O”S_' _ energies at the MP2/aug-cc-pVDZ level vs the number of water
Table 4 summarizes the results of the kinetics model analysis, molecules for reactions (a) (1-1) GI@H)CI + nH,O — HCHO +

usingCy, = 55 M andC; = 1 M. In the gas phase model, the nH;O + HCI; (b) (2-1) CH(OH)C} + nH,O — CICHO + nH;O +
activation free energieAG*yas and stabilization free energies HCI; and (c) (2-2) CICHO+ nH,O — CO + HCI + nH0.

AGrdY, AGrc®, and AGrc®3MP2 of different RCs in Table 3 and in an aqueous solution. In reaction 2-2, both the B3LYP-
were used to compute and mimic the kinetics data in a real DPCM and the MP2-DPCM models were used to calculate the
aqueous environment. In the D-PCM model treatment, the solvation energies for the RCs and TSs.

activation free energieAG¥soy in Table 3 and stabilization free Inspection of Table 4 shows that in the gas phase kinetic
energies from G3MP2 in Table 3 were used to compute and treatment, the effective activation free energies for reaction 2-2
mimic the kinetics data in a real aqueous environment. Figure were predicted to be 11.86 kcal/mol frofG*g,s and AGrcY

9 plotted the reaction barriers vs the number of water moleculesand AGgrc®3MP2 The overall pseudo-first-order reaction rates
(n) at the MP2/aug-cc-pVDZ level of theory in the gas phase were predicted to be 1.2 10* s~1. With the activation free

Number of H,O (n)
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TABLE 4: Concentrations of H,0 and (RC);, and Contributions of the Different Channels, Pseudo-First-Order Rate Constants
(k, s1), and Effective Activation Free Energies AG*, kcal mol~1) Are Collected in This Table?

gas phase cluster model D-PCM model
no BSSE BSSE G3MP2 G3MP2
concn (M) contrib. concn (M) contrib. concn (M) contrib. concn (M) contrib.
1-1: CH(OH)CI+ nH,O —HCHO+ nH O+ HCI(n=0,1, 2, ..., 6)
H20 50.43 53.35 50.84 50.84
(RCh1o 2.09x 10°° 0.0000 2.01x 10! 0.0000 1.64x 1075 0.0000 1.64x 10°° 0.0000
(RCh11 2.35x 104 0.0000 2.03x 10 0.0000 1.49< 104 0.0000 1.49% 104 0.0000
(RChi2 461x 1073 0.0000 4.34¢ 107t 0.0000 1.49« 1073 0.0000 1.49% 1073 0.0000
(RChus 4.34x 1072 0.0000 7.76x 1072 0.0234 1.80x 102 0.0000 1.80x 1072 0.0010
(RChia 4.00x 10t 0.0015 8.16x 1072 0.0986 8.60x 107t 0.0060 8.60x 107t 0.0501
(RChis 4.85x 10t 0.4192 3.14x 1073 0.8538 6.29% 10?2 0.0981 6.29% 10?2 0.1433
(RChis 6.69x 102 0.5792 8.91x 10°© 0.0242 5.73x 102 0.8959 5.73< 102 0.8056
Kealcd 1.19x 1C® 3.78x 1° 6.58 x 10’ 2.63x 10’
AGF 6.43 9.84 6.78 7.33
Kexp NA
2-1: CH(OH)C} + nH,O — CICHO + nH,O + HCI(n=0, 1, 2, ..., 6)
H,0 51.12 53.88 51.18 51.18
(RCao 1.69x 104 0.0000 159« 107t 0.0000 4.02¢< 1075 0.0000 4.02¢< 1075 0.0000
(RChu1 1.03x 102 0.0000 6.35< 10t 0.0000 1.32¢< 1073 0.0000 1.32x 103 0.0000
(RCa2 5.22x 1072 0.0000 1.29% 10t 0.0002 1.50x 1072 0.0000 1.50x 1072 0.0002
(RC)s 4.07x 101 0.0002 7.60x 1072 0.1997 2.27x 101 0.0004 2.27x 10t 0.0208
(RCu4a 2.46x 107t 0.0028 7.34x 1074 0.0584 7.03< 10! 0.0413 7.03< 10! 0.7691
(RCis 1.53x 10 0.5718 2.78< 10°° 0.7312 2.20x 10°? 0.4286 2.20x 10°? 0.1411
(RCus 1.32x 101 0.4253 4.66x 1077 0.0105 3.17 102 0.5297 3.17 102 0.0688
Kealcd 8.42x 10° 1.20x 10° 1.62x 10° 493x 10°
AGF 3.91 9.15 4.88 5.59
kexp 19 >4.0x 10¢
2-2: CICHO+ nH,O — CO+ HCI+nHO (n=0,1,2, ..., 4)

H,0 51.18 54.90 51.15 51.15
(RC20 2.75x 1072 0.0000 9.18< 10! 0.0000 1.54x 1072 0.0000 1.54x 1072 0.0000
(RCh21 9.81x 1073 0.0000 7.32x 1072 0.0000 3.28x 1073 0.0000 3.28x 1078 0.0000
(RCa22 9.55x 1073 0.0000 4,89« 1073 0.0095 8.39x 1073 0.0000 8.39x 1073 0.0156
(RCa2s 2.36x 102 0.0019 1.27< 1073 0.0408 5.83x 102 0.0047 5.83x 102 0.0747
(RC24 9.30x 10 0.9981 2.20x 1073 0.9497 9.15< 107! 0.9952 9.15¢< 10t 0.9097
Kealcd 1.25x 10 3.10x 10* 1.23x 10 1.48x 10
AGF 11.86 15.41 11.86 11.75
Kexp 10 1.0x 10

aThe values of rate constants from experimefig) are also shown here for comparison.

energies AG*so, obtained from the MP2/aug-cc-PVDZ species. It is interesting to note that our results are reasonably
B3LYP/aug-cc-pVDZ-DPCM-BONDI calculations in aqueous consistent with a very recent stuehjin which the water tetramer
solutions and the stabilization free energies from G3MP2 was predicted to have the most negath@® (—1.66 kcal/mol,
calculations, the rate constant was predicted to bex1 B 298 K) for tetramerization of water from monomer at the G3
sl These results are all in excellent agreement with the level. This may be consistent with the water tetramer-based
experimental rate constant of41€1.1° The largest contribution reactive species Rigy or RG4 being the main contributor to

to the overall reaction comes from (Rg)to (TSkas The the decomposition reaction in aqueous solutioh&° values
concentration of the active species is also the largest amongfor the cyclic water pentamer, the cyclic hexamer, the cagelike
the five species (RG)o-s including CICHO or (RChp water hexamer, and the prismlike hexamer were predicted to
However, using the stabilization free energi®&rc® with a be —0.46, 1.77, 3.66, and 4.07 kcal/mol, respectively, at the
BSSE correction, the rate constant was predicted to el 8" G3 level of theory! These stabilization free energies for
s~1 and this underestimates the experimental reittte much. formation of water clusters are comparable with our predicted

As shown in Table 4, the effective activation free energies free energies of the active RCs in Table 3. Therefore, the active
for reaction 2-1 were predicted to be 3.91 and 4.88 kcal/mol, species with four, five, and six water molecules may be expected
respectively, withAG¥as and AGrcY and AGrc®3MP2 for the to mainly contribute to the decomposition reaction of chlo-
gas phase model treatment. The overall pseudo-first-orderromethanols and formyl chloride in aqueous solutiehs.
reaction rates for this reaction were predicted to be>8.40° Reaction 1-1 was predicted to be slightly slower than reaction
and 1.6x 10° s'L. The D-PCM model predicted an activation 2-1. The rate constant was predicted in the range of31&P
energy of 5.59 kcal/mol and a rate constant of £.90% s to~1.2 x 1® s7L. Although there are no aqueous experimental
Considering the lower bound of the experimentally estimated kinetics data for reaction 1-1, the predicted smaller rate constant
rate constant of 4.0x 10* s, the agreement between for 1-1 than reaction 2-1 in aqueous solution is consistent with
experiment and theory is reasonable. The main contribution to the fact that in the gas phase, the decomposition reaction of
this pseudo first-order reaction comes from (R&) depending 1-1 is slower than 2-1.
on the stabilization free energies of RCs predicted at different  In summary, both gas phase cluster and polarized continuum
levels of theory. The biggest contribution to the overall reaction D-PCM models can reasonably model these decomposition
comes from (RGh4 in aqueous solutions, which is predicted reactions of chloromethanols and formyl chloride in aqueous
to have the largest concentration as compared to the other activesolutions by considering at least four explicitly solvated water
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molecules in the reactant clusters. This suggests that the firstobserved by conductance changes in advanced oxidation
4—6 explicitly coordinated water molecules in the solvation shell processes. These advanced oxidation processes such as UV/
of the reacting system make the predominant solvent contribu- hydrogen peroxide, UV/ozone, ozone/hydrogen peroxide, and
tion to these water-assisted reactions. This is consistent withelectron beam radiation are used to induce decomposition of
the water-catalyzed nature of these reactions in which the waterchlorinated hydrocarbons in drinking water supplies, and
solvent molecules act to couple the proton transfer from the chlorinated methanols and formyl chloride have been observed
reactant molecule to the solvation of the-@éaving group in as chemical intermediates in some of these degradation reac-
the HCI elimination reactions. These water molecules directly tions® The work here in conjunction with the previous report
participate in the main reaction coordinate and thus have theindicates that water takes on a rather active participation in the
largest effect on the reaction pathway and the energy of dehalogenation of the chlorinated methanol and formyl chloride
activation. Additional water solvent molecules further away will - intermediates and acts to drive the dehalogenation process. This
have much smaller effects on the reaction pathway and energyhas important implications for the design of energy efficient,
of activation because they do not directly participate in coupling robust, and environmentally friendly catalysts for degradation
the proton transfer from the reactant molecule to the solvation of chlorinated and other halogenated hydrocarbon pollutants in

of the CI- leaving group in the HCI elimination reactions. drinking water supplies. Conceivably, water molecules can be
E. Discussion of the Water-Catalyzed HCI Elimination employed by a suitably designed catalyst to help drive the

Reactions and Likely Implications for Decomposition of reactions and the ionic products used to regenerate the catalysts.

Halomethanols and Haloformaldehyes in Aqueous Environ- One could also use the HX leaving group from the water-

ments. Our results here indicate that water molecules greatly catalyzed decomposition of halogenated methanols or formal-
assist in the decomposition of chlorinated methanols and formyl dehydes to promote acid-catalyzed pathways in the design of a
chloride with the rate of decomposition becoming greater by 7 practical catalyst for the degradation of halogenated hydrocar-
or 8 orders of magnitude in aqueous solution as compared tobons.

the gas phase reaction with one water molecule. This is  Our present results also have some interesting implications
consistent with experimental results in the literature that show for the decomposition of halogenated hydrocarbons in the natural
a similar 7-8 order magnitude enhancement of the rate of environment. In the presence of one or more water molecules,
decomposition of these chlorinated methanols and formyl the chlorinated methanols and formyl chloride examined here
chloride in aqueous solution as compared to their gas phasegecompose much more easily than isolated molecules. A recent
decomposition. Calculations that explicitly coordinate water experimental study observed that the water dimer is present at
molecules and also consider the bulk effect of the water solution 294 K and speculated that larger water clusters with 3—6

on the reaction system were able to predict a rate constant formay also exist in quantities comparable to ambient aerosol in
the decomposition of formyl chloride in aqueous solution that the background troposphet®A very recent theoretical study
was in excellent agreement with the experimentally measured ysed CBS-APNO free energies to estimate the number of higher
value in the literature. For example, the activation free energies order water clusters that found excellent agreement between a

AG'soy Obtained from MP2/aug-cc-pVDZ B3LYP/aug-cc-  computed concentration of 4 10 water dimers/crh as
pVDZ-DPCM-BONDI calculations in aqueous solutions and the Compared to an experimenta| measurement of 604 water

stabilization free energies from G3MP2 calculations were used dimers/cnd at a temperature of 292.4 ®5 Further theoretical

to predict a rate constant of 1:510% s*, which is in excellent  \ork estimated that the concentrations of water trimers, tet-
agreement with the experimental rate constant dfst@.° ramers, pentamers, and hexamers at 298.15 K produced from
Our results indicate that water molecules greatly catalyze (or individual water molecules were 26 1012 5 x 10, 2.5 x
assist) the HCI elimination reactions of chlorinated methanols 100, and 3x 10* clusters/cra®! The estimated concentrations
and formyl chloride. This water catalysis appears to occur by a of the trimer and tetramer water clusters are onky32orders
simultaneous proton transfer of the H atom from the molecular of magnitude smaller than that of the water dimers at ambient
species to the O atom of a water molecule and solvation of the temperatures in the lower troposphere. Our present results for
leaving Cl atom of the molecular species by €l interactions the water-catalyzed decomposition of chloromethanol and
with the water solvent molecules. Thus, the water solvent dichloromethanol found that the rate of decomposition changed
molecules enable the HX elimination reaction to be coupled to by about 4-5 orders of magnitude upon going from reaction
the dissociation of molecular HCI into*Hand Cf" ions [or with two water molecules to three or four water molecules. This
HsO* and CI(H.O), ions], which is exothermic and occurs  combined with the recent estimates of the concentrations of
easily in the presence of water. This coupling of the HCI water dimers and higher oligomers suggests that decomposition
dissociation into its ions in agueous solution with the HCI of chlorinated methanols (and likely other halogenated metha-
elimination reaction helps drive the reaction. This allows nols) via the larger water clusters such as trimers, tetramers,
cleavage of the ©H and C-Cl bonds in chlorinated methanols  and hexamers could be comparable or even larger than found
and the G-H and C-Cl bonds in formyl chloride to occur with  for water dimers. Our present results in conjunction with the
low barriers to reaction in water-solvated environments. Becauserecent estimates of the concentrations of water clusters suggest
C—Br and C-1 bonds are weaker than a«Cl bond and the  that decomposition chlorinated methanols (and likely other
HX (X=ClI, Br, 1) dissociation processes in aqueous solution halogenated methanols) may occur predominantly via reaction
are similar to one another, we think that this type of water with water and water clusters in the atmosphere rather than via
catalysis will be a general phenomena for the HX elimination isolated molecule decomposition reactions. Similarly, our present
reactions of halogenated methanols and halogenated formalderesults for the water-catalyzed decomposition of chloromethanol
hydes in aqueous environments. We expect that this type ofand dichloromethanol found that the rate of decomposition
water catalysis will also occur in HX elimination reactions for  changed by about-47 orders of magnitude upon going from
other molecules, but this remains to be explored in the future. reaction with one water molecules to reaction with three or four
Our present work also has some interesting implications for water molecules. This also suggests decomposition of formyl
the mechanism of the oxidative decay cascade that can bechloride (and likely other formyl halides) via the larger
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oligomers such as trimers, tetramers, and hexamers could bestructure. This material is available free of charge via the Internet
comparable or even larger than found for water dimers. Our at http://pubs.acs.org.
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