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Reaction barriers were calculated by using ab initio electronic structure methods for the reductive dechlorination
of the polychlorinated ethylenes:,Cls, C;HCI3, trans-1,2-GH,Cl,, cis-1,2-GHCl,, 1,1-GH,Cl, and GH3-

Cl. Concerted and stepwise cleavages ef & bonds were considered. Stepwise cleavages yielded lower
activation barriers than concerted cleavages for the reduction®if,, GC;HCI3;, andtrans-1,2-GH,CI, for

strong reducing agents. However, for typical ranges of reducing strength concerted cleavages were found to
be favored. Both gas-phase and aqueous-phase calculations predCleth Gave the lowest reaction barrier.
Additionally, the reduction of ¢gHCl; was predicted to show selectivity toward formatiorcef1,2-GHCIy*

over the formation ofrans-1,2-GHCI", and 1,1-GHCI,® radicals.

I. Introduction attachment reaction leading to the formation of a polychloro-

Some of the fundamental concepts that are central to Ourethylene-l-yl radical and a chloride ion.

theoretical and mechanistic understanding of reactivity have also
profound practical implications in environmental chemistry.

These concepts include the distinction between inner- vs outer-_l_h 4 ET for the hvd vsi " I th |
sphere precursor complexes, electron vs atom transfer, and, € S€CON or the hydrogenolysis reaction allows the newly

concerted vs stepwise bond cleavage. All three of theseformed radical to bind to a proton to form a neutral compound,

CHCl, ,+e —CHCl, ' +CI 3)

distinctions are relevant to reductive transformations of chlo- el o

rinated aliphatic compounds such as carbon tetrachloride, 1,1,1- J +¢

trichloroethane, and trichloroethylene, which are among the most / o~ Nt

common environmental contaminants due to their widespread®’? \ "3 f

. + e + H
use as solvents, degreasers, etc. The reduction of these — @

compounds has been studied extensively, often in chemical or® o \(Hm P / e i)
biomimetic model systems that allow fairly rigorous analysis -
and interpretation of the reduction of these chlorinated

—9
compounds. and the second ET for the elimination reaction results in the

Hydrogenolysis, or reductive dechlorination, is a potential loss of another chloride and the formation of a tripte Cbond.
pathway for degradation of chlorinated ethylenes in any (more

or less) anaerobic environment, including groundwater, sedi- HCL “+e -

. . : o +e —CHLCI,_, + ClI
ments, wet soils, sludges, éttin this reaction, the addition of CHCla +e CHCly + C ®)
two electrons results in release of chloride and the formation
of a new C-H bond on the chlorinated ethylene, i.e.

(Hl CI(H)

It is believed that the rate-limiting step in both types of degra-

dation reactions is the first ET (eq 8)However, the details of

_ 4 _ this first ET step are not fully established. Two possible mech-
CH,Clyy+ 28 +H = CH,;,Cly, + Cl @) anisms have been identified for eq 3: a stepwise mechanism

) ~and a concerted mechanigfi? In the stepwise mechanism a

forx=0, 1, 2, 3. Degradation may also occur by a reductive staple radical anion intermediate is formed which then subse-

elimination reaction that involves two electrons and results in quently undergoes dissociation. For the concerted mechanism,

the release of two chloride ions and the formation of a triple the ET and dissociation occur simultaneously. The distinction

C—C bond. between these two mechanisms is illustrated in eq 6.
B 3 The electronic structure of the radical anion intermediate in
CH(CI, ,+2e —CHCI, ,+2Cl (2 the stepwise mechanism can be described as a 3-electron

2-orbital state ofr character with carbon atoms that aré sp
Both these dechlorination processes are assumed to occur imather than sphybridized with a dangling lone pair of electrons
two sequential electron-transfer (ET) steps: the first electron on one carbon atom and an unpaired radical electron on the
transfer to the polychlorinated ethylene is a dissociative electron other carbon atom. Several experimental and computational
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. . . . . \ State
studies have confirmed the existence of such an intermediate

for C,Cls in the gas phas®-20 However, for GHClz and GH,- 409
Cl, the existence of such an intermediate is less certain.
Although thermal electron attachment negative ion mass spec-
trometry studies by Chen et al. suggest their existéhée, o
similar studies by Johnson et al. do Aband until recentl§*
ab initio studies have failed to find a stabi# radical anion it \LLLR‘CD.:
for C;HCIz?2 and GHCl,. This is somewhat surprising because b
electron transmission spectroscopy stutfiés!’18have unam- 0
biguously shown evidence for bofandIT anion resonance 1 1.5 2 25 3 3.5
states, and that dissociative electron attachment usually proceeds R-Cl bond (A)
through thell anion resonance state. _ _ o
Which of the two reaction mechanisms shown in eq 6 is Figure 1. lllustration of curve crossing in dissociative electron
. S . attachment.
pertinent is in general not known for the chlorinated ethylenes,
as it depends on factors including the degree of chlorination
the type of solvent, and the strength of the reductafit?
However, recent cyclic voltammetry experiments in solution
have supported the idea of the first ET teGQL, C,HCI3, and
C,H,Cl, proceeding via a stepwise mechaniSnm addition, a
recent theoretical study in which the formation of theradical
anion was found to be nearly isoenergetic with other intermedi-

ate radical anior¥$ has also buttressed the possibility of a program suit® was used to perform the RHF-RCCSD(T)

stepwise mechanism. calculations reported in section Il
Several groups have been interested in applying the methods P )

of computational chemistry to study the environmental degrada- In general, the 5(_)Ivat|on energies for r|g_|d solutes that do
tion of simple and larger organochlorine compouAdis?2 2541 not react strongly with water can be approximated as a sum of
In the present study, we extend a previous study in which we noncovalent electrostatic, cavitation, and dispersion enefiés.

reported the thermochemical properties of chlorinated ethyl- In this study, the cavity and djspgrsion contributions were not
enes?! to now provide estimates of the activation barrier as a calculated, because the activation energy calculations only

function of the strength of the reducing agent for the concerted ne_ed(_ad the_relatlve solvation energies between n_eutral a_nd
and stepwise reaction mechanisms for all the chlorinated anionic species of the same structure. The electrostatic solvation

ethylenes in the gas phase and in aqueous solution. energies were estlmatgq using the self-con5|§tent reaction field
The computational methods used in this work are described the_ory of Klamt and SC““ma”f? (COSM(.)?’S with the cavity
in section Il. Calculations for the activation barriers of the defined by a set of o_verlapplng atomic spheres with radii
concerted and stepwise reaction pathways are reported inSuggested by Steefanov!ch anq Truong (H 1.172 A, C 1.635 A,
sections Il and 1V, respectively. The activation barriers are and Cl 1'750. AF® The d|glectr|c constant OT water.used for all
estimated using a strategy suggested by Saveant&¥dPThe of the solvation _calculatpns was 78_.4_. _Thls continuum model
barriers are determined by finding the crossing point between can be used with a variety of ab initio electronic structure

ab initio generated potential energy curves for the neutral speciesrmathods in the NWChem program suite including DFT.

C,H,Cla_y and the radical anions,8,Cls_c~ as a function of Calculated gas-phase geometries were used to perform these

30 A

' to be of near-quantitative accuracy $&et? We note that the
emphasis in the present investigation was not the comparison
of results with different basis sets. Rather we used the RHF-
RCCSD(T) method to critically assess the spurious effect of
spin polarization in the description of the radical anion species.
Most of the ab initio calculations in this study were performed
with the NWChem program suifé. However, the MolPro

a reaction coordinate parameter (the-C bond length). fcalculitlons. fThe sfolventl cavity dlsk(]:retlzatr;on Wﬁs ge_nera;ed

Concluding remarks are given in section V. rom the surface of overlapping spheres through an iterative
refinement of triangles starting from a regular octahedfon.

Il. Ab Initio and Continuum Solvation Calculations Three refinement levels, which is equivalent to 128 points per

o ] o ~ sphere, were used to define the solvent cavity in these
The ab initio calculations in this study were performed with ~gjculations.

Density Functional Theory (DFTJ and restricted open shell
coupled-cluster calculations (RHF-RCCSD(1))The Kohn-
Sham equations of DPY were solved using the gradient
corrected B3LYP%47exchange-correlation functional using the The activation energy of a concerted ET reaction of chlori-
6-3114-+G(2d,2p) basis séf4°The RHF-RCCSD(T) calcula-  nated ethylenes (eq 3) is estimated by finding the crossing point,
tions used the aug-cc-pVTZ basis 8&The DFT calculations (*acs Eac), between the dissociation potential energy curves for
included most of the basis set ingredients (double polarization the neutral R-Cl species{c,n,c1,_(dc—c1)) and the radical anion
functions and diffuse functions) found in the RHF-RCCSD(T) R—CI*~ (Uc,n,cis_+cr(dec-ci)) as a function of the €CI bond
calculations. This basis set, used in our earlier Wik known length353742where R= C,H,Cls_y, as illustrated in Figure 1.

[ll. Activation Barriers for Concerted Reaction Pathways
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Figure 2. Gas-phase potential energy curves for (a) the neug@l,&Gnd (b) the radical anion/Cls~ calculated at B3LYP/6-3Ht+G(2d,2p)
and RHF-RCCSD(T)/aug-cc-pVTZ. The dashed lines show the corrected gas-phase potential energy curves for radic@llanicalctilated at
B3LYP/6-311+G(2d,2p) and RHF-RCCSD(T)/aug-cc-pVTZ.

The solid curve is the dissociation potential energy surface for neutral curves near the minimum (8.1 A). The same is not
a generic G-Cl bond in chlorocarbons plus the energy of an true for the anion curves, because relative to the highly accurate
electron in vacuum (which is set to zero). The dashed curve is RHF-RCCSD(T)/aug-cc-pVTZ curve the lower-level theory can
the dissociative potential energy surface of the anion upon anbe different by as much as 10 kcal/mol. Interestingly, the RHF-
attachment of an electron. For this reaction the anion structure RCCSD(T)/aug-cc-pVTZ and B3LYP/6-33HG(2d,2p) curves
is not stable and the electron transfer occurs when the neutralfor the anion parallel each other abovd.7 A. This observa-
molecule adopts a structure close to the one at the crossing pointfions also applies to the other chlorinated ethylenes (not shown),
at which point it may capture the electron and dissociate into a which suggests that a correction scheme may be used to correct
chlorocarbon radical and a chloride ion. A limitation of this the B3LYP/6-31#+G(2d,2p) curve.
model is that it does not explicitly include the zero-point and  Two key sources of error which could be used to correct the
entropic changes associated with the other vibrational modescurves are errors in the bond dissociation energy-e€Cbond,
besides € Cl stretching. However, the other vibrational changes AD¢(C—CI), and in the electron affinity of chlorind\EA(CI).
that are orthogonal to the-€ClI vibrational mode ought to be  The dashed lines in Figure 2 show the B3LYP/6-3#1G(2d,-
small, because the primary zero-point and entropic changes2p) and RHF-RCCSD(T)/aug-cc-pVTZ,Cl,~ anion curves
during the course of the reaction will be associated withGT with the Ay correction added,
stretch.
The potential energy profilesJc,n,.cl, (de-c1) andUcncls Ay = AD(C—CI) — AEA(CI) @)
~cr(dc—c1)) were calculated at the ab initio levels of theory
B3LYP/6-31H1+G(2d,2p), and RHF-RCCSD(T)/aug-cc-pVTZ//  With this correction, wher®¢(C—Cl)nigh-level-theoryiS €Stimated
B3LYP/6-31H+G(2d,2p) (i.e., RHF-CCSD(T)/aug-cc-pVTZ  from results of a previous studythe B3LYP/6-313#-+G(2d,-
energies were computed at the B3LYP/6-3W(2d,2p) opti- 2p) and RHF-RCCSD(T)/aug-cc-pVTZ curves agree very well
mized geometries). These curves were constructed using awith one another. In the range between 1.7 and 2.5 A the average
series of constrained geometry optimizations, with internal absolute difference between the two corrected anion curves was
coordinates, atlc_c) distances of 1.5 A through 3.0 A with an 1.0 kcal/mol, and the worst case difference was found to be
increment of 0.1 A. Th&Jc,.c1, ,(de—ci) andUc el +cr(de—ci) ~1.7 kcal/mol at a €CI distance of 2.0 A.
data at the various ab initio levels are given as Supporting Our estimate of activation energies places a strong emphasis
Information. on the calculations of anion curves near the crossing point. We
Even though the above model is simple, the ab initio theory must point out that at €CI distances shorter than that of the
used to calculate the potential energy curves must be chosercrossing point, the anion curves are not accurate representations
with care. Previous work has shown that the activation energy of the diabatic stat&!586%-65 These parts of the curves are
or “crossing point” for the concerted ET reaction in the gas shown in Figure 3 for gHszCl*~. The problem is that in the
phase is highly dependent on the ab initio level, and several range of these shorter-€CI distances the radical anion energy
authors have suggested that ab initio calculations with high- is higher that the energy of the neutral system plus a free
levels of correlation are needed to get accurate re¥uif$’5° electron, so that the radical anion preferred configuration is that
An example of dissociation curves calculated at the RHF- of a neutral molecule plus a free electron. The bound character
RCCSD(T)/aug-cc-pVTZ and B3LYP/6-31H-G(2d,2p) levels of the radical anion appearing to come out of the calculations
for the neutral and radical anion species of chloroethylege, C is an artifact of the finite localized basis set methodology that
Cly, is shown in Figure 2. From this figure it can be seen that confines the electron near the molecule. This difficulty has been
the level of theory does not have a significant effect on the previously analyzed by Bertran et al. for @E%° and Simons
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Figure 3. Highest occupied molecular orbital of theH3CI*~ radical anion at €Cl distances of 1.7, 2.1, and 3.0 A.

the B3LYP/6-31%+G(2d,2p) level.

R(C<CI) Angstroms

7
15 18 1L.r 18 19 ”2_0 21 22 23 24 25 26 27 28 9. 30
’

Activation Point

Calculations performed at

50

L L . T

45

+a
=
T

e
L

lad
=

CH,C

1 .2-::25--C3H3C]2
1.1-C,H,Cl,

1.2-trans-C,H,CL, |:
L1-CHCl,
trans-C,HCI,
cis-C,HCI,

c,el,

(]
L

3]
=
TTTT:TTTT

activation energy (kcal/mol)

o
N

p—
o

TTTTTTT,

0

iIIIIEIIII!IIIIi

I E E Cegndi ol T f
!

0 N P A

-20 -15

Figure 4. Activation free energies of the concerted gas-phase reactions versus the ionization potential of the reducing agent at the corrected

B3LYP/6-31H+G(2d,2p) level.

et al. for other radical ion®:%> This artifact manifested itself

-10

-5

0

5

10

ionization potential (kcal/mol)

15

the crossing point between the neutral curve and the radical
throughout this work whenever an anionic species had higher anion curve (see Figure 3) the electronic structure of the anion
energy than the neutral species with the same structure. Beyonds completely valid insofar as the anion displays a repulsive
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TABLE 1: Reaction Enthalpies, Activation Enthalpies and Activation Distances of the Gas-Phase Dissociative Electron
Attachment Reactions of the Chlorinated Ethylenes versus the lonization Potential of the Reductant at the Corrected
RHF-RCCSD(T)/aug-cc-pVTZ Level

C2C|4 +e — C2C|3 + CI~ CzH3C| +e — CzH3 + CI~

w Erxn Eact Xact w Ern Eact Xact
(eV) (kcal/mol) (kcal/mol) A (eV) (kcal/mol) (kcal/mol) A
-0.5 —-7.6 2.9 1.83 -0.5 -1.9 17.6 2.09

0.0 3.9 7.7 1.92 0.0 9.6 255 2.20

0.5 154 135 2.01 0.5 21.2 33.9 2.30

1.0 27.0 20.6 2.10 1.0 32.7 43.1 2.43

1.5 38.5 29.0 2.20 1.5 44.2 53.2 2.58
CzHC|3 +e — CiS—CzHC|2 + ClI~ CiS—C2H2C|z +e — CiS—C2H2C| + CI-

w Enn Eact Xact w Erxn Eact Xact
(eV) (kcal/mol) (kcal/mol) A (eV) (kcal/mol) (kcal/mol) A
-0.5 -2.0 6.6 1.92 -05 1.6 13.6 2.01

0.0 9.5 12.3 2.01 0.0 13.1 21.4 2.10

0.5 21.0 19.1 2.10 0.5 24.6 29.8 2.21

1.0 32.6 27.2 2.21 1.0 36.2 39.3 2.32

1.5 44.1 36.9 2.34 1.5 47.7 49.8 2.46

CHCl; + e — transC,HCl, + CI~ tran-GH,Cl, + e~ — transC,H.Cl + CI~

w Enn Eact Xact w Erxn Eact Xact
(eV) (kcal/mol) (kcal/mol) A (eV) (kcal/mol) (kcal/mol) A
-0.5 -1.3 7.0 1.91 -0.5 1.1 10.2 1.97

0.0 10.2 14.4 2.02 0.0 12.7 18.0 2.08

0.5 21.7 22.0 2.11 0.5 24.2 25.9 2.18

1.0 33.3 30.9 2.23 1.0 35.7 34.7 2.29

1.5 44.8 41.4 2.36 1.5 47.2 44.5 2.42

CzHClg +e — l,l-CzHClg + ClI~ 1,1-C2H2C|2 +e — 1,1-Cszc| + ClI-

w Erxn Eact Xact w Erxn Eact Xact
(eV) (kcal/mol) (kcal/mol) A (eV) (kcal/mol) (kcal/mol) A
-0.5 1.4 8.8 1.93 -0.5 —-2.2 10.6 1.99

0.0 12.9 15.5 2.02 0.0 9.3 18.2 2.10

0.5 24.5 23.1 2.12 0.5 20.9 26.4 2.21

1.0 36.0 31.8 2.22 1.0 324 36.0 2.34

1.5 47.5 41.8 2.34 1.5 43.9 46.9 2.49

interaction with the unpaired electron of the radical species. It this framework, the activation barriers are then a function of

is also valid at shorter distances than at the crossing point,ionization potentialV, because they are determined by finding

essentially all the way up to the point where the radical anion the crossing points betwe&it,n.cl, ,(dc—ci), andUcn,clscr

curve turns over into a local minimum with its energy higher (dc-c)) + W, energy profiles.

than the energy of the neutral species. For the most part this Table 1 reports the overall reaction ener@y), activation

part of the radical anion curve is not needed in the subsequentbarrier E,c) and activation distance{,) at a variety of reducing

analysis. However, for extremely strong reducing agents (vide agent ionization potentiald\() at the corrected RHF-RCCSD-

infra) this error will result in a slight underestimation of the (T)/aug-cc-PVTZ level. The relationship between g and

activation barrier. W for all the chlorinated ethylenes in the gas phase at the
Up to this point, we have assumed the reducing agent is acorrected B3LYP/6-31++G(2d,2p) level is shown Figure 4.

free electron (i.e., has an ionization potential (IP) energy of The locations of the activated states were obtained from the

zero). However, some ionization potential energy is required (linearly extrapolated) crossing points of the energy profiles.

to extract an electron from most reducing agents. Reducing At all levels of theory, the lowest barrier to reduction was found

agents in these processes may be accommodated by includindor the reaction

the ionization potential energ\WW” , of the reducing agent into

the curve for the neutral species, by rewriting the potential CCl,+e —CCl, "+ CI" (8)

energy profiles of the products &$c,m,cl, ,+cr(de—c)) + W.

(Similarly, one could instead rewrite the potential energy profiles At the corrected B3LYP/6-31t+G(2d,2p) level the activation

of the reactants alc,n.ci, (dc—c)) — W.) The differences in  barrier of this reaction varied from 0.7 kcal/mol for-20 kcal/

energy between the two asymptotic dissociation products aremol (—0.87 eV) ionization potential, to a 22.3 kcal/mol barrier

now the electron affinity of chlorine plus the ionization potential for a 25 kcal/mol (1.08 eV) ionization potential. The next lowest

of the reductant. The more reducing the reductant, the more barrier was found for the 1Cl; degradation reaction

willing it is to give away its electron to the chlorocarbon and

the more exothermic the reduction process. Decreasing the C,HCl;+e —cis— C,HCI, + CI™ 9)

height of the anionic curve (reducing agent with negative IP)

will decrease the height of the activation barrier, and conversely At the corrected B3LYP/6-3Ht+G(2d,2p) level, the activation

increasing the height of the anionic curve (reducing agent with barrier for this reaction varied from 3.3 kcal/mol for-20 kcal/

positive IP) will increase the height of the activation barrier. In  mol ionization potential, to a 28.4 kcal/mol barrier for a 25 kcal/
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mol ionization potential. For the rest of the reactions,

C,HCl;+ e —trans1,2-CHCL," + CI™ (10)
C,HCl,+e —1,1— C,HCL, + CI” (11)

trans— 1,2-CH,Cl, + e —transC,H,CI' + CI" (12)
1,1-CH,Cl, + e —1,1-CH,CI"+ CI~  (13)
cis-1,2-CH.Cl, + e —cisCH,CI'+ CI"  (14)
C,H,Cl+ e — C,H, +CI” (15)

the activation barriers at a20 kcal/mol and 25 kcal/mol
ionization potential were 3.2, 4.0, 5.3, 5.2, 6.5, and 14.0 kcal/
mol and 32.8, 32.8, 35.2, 37.7, 40.5, and 48.3 kcal/mol,
respectively.

Not surprisingly, the chlorinated ethylenes with a larger
degree of chlorination are predicted to have a lower activation
barrier. Somewhat more surprisingly, the reduction gfiCl3
is predicted to have a significant amount of selectivity for
formation ofcis-1,2-GHClIy® over formations of thérans-1,2-
C,HCIy* and 1,1-GHCIy* radicals. This may account for the
strong selectivity towardis-1,2-GH,Cl, seen in the solution
phase measurements ofHLCI; dechlorinatior?:66-6° Such a

J. Phys. Chem. A, Vol. 112, No. 16, 2008717

strong selectively towardis-1,2-GHCI,* is remarkable given
that very little difference is seen between enthalpies of formation
of cis-1,2-GHCIy* and trans1,2-GHCI,® radicals <1 kcal/
mol).21 This suggests that the selectivity is driven by the strong
tendency of theis-1,2-GHCI,*---Cl~ ion-dipole complex over
thetrans-1,2-GHCIy*-+-Cl~ ion-dipole complex{5 kcal/mol).

A significant amount of selectivity is also predicted for
CoHoCly. In this case, the lowest barrier is for the reduction of
trans-1,2-GH,ClI, followed by 1,1-GH,Cl, andcis-1,2-GH>-

Cla.

When the solvent effects are included, the energy curve
for C—Cl dissociation in the neutral species is not significantly
affected, whereas the anion curve is dramatically
stabilized®46-48.58 due to the strong solvation of the anionic
species Cl. This is expected because the charge on the anionic
species strongly polarizes the solvent in contrast to a neutral
molecule; e.g., the solvation energy of a chloride-ig5 kcal/
mol whereas the solvation energy of a chlorine atom is only
0.66 kcal/mol. However, in aqueous reduction reactions this
stabilization is countered by the energy required to extract an
electron from reducing species to the gas phase, because the
neutral curve was generated by setting the energy of the electron
to zero.

Table 2 and Figure 5 show the relationship between the
activation barrier and the strength of the reducing agent for all
the aqueous-phase chlorinated ethylenes at the corrected RHF-
RCCSD(T)/aug-cc-pVTZ and corrected B3LYP/6-311tG(2d,-
2p) levels, respectively. The ionization potential for the solvated

TABLE 2: Reaction Free Energies, Activation Free Energies and Activation Distances of the Aqueous-Phase Dissociative
Electron Attachment Reaction for the Chlorinated Ethylenes versus the SHE Reduction Potential of the Reductant at the

Corrected RHF-RCCSD(T)/aug-cc-pVTZ Level

C.Cls+ e — CClz+ CI~

CHsCl+e — CH; + ClI~

w Erxn Eact Xact w Ern Eact Xact
(eV) (kcal/mol) (kcal/mol) A (eV) (kcal/mol) (kcal/mol) A
-2.0 —26.2 8.3 1.94 —-2.0 —-21.2 16.1 2.13
—-15 —14.7 13.4 2.02 -15 —9.6 22.0 2.22
-1.0 —-3.1 19.5 2.10 -1.0 1.9 28.8 2.34
—0.5 8.4 26.9 221 —-0.5 13.4 36.2 2.48

0.0 19.9 35.5 2.34 0.0 25.0 44.2 2.68

C,HCl3 + e — cis-C,HCl, + CI~ cis-CoH.Cl, + e — cis-CoH,Cl + CI~

w Ern Eact Xact w Erxn Eact Xact
(eV) (kcal/mol) (kcal/mol) A (eV) (kcal/mol) (kcal/mol) A
—-2.0 —21.2 10.6 2.00 —-2.0 —18.7 16.1 2.07
-15 —-9.7 16.0 2.09 -15 7.1 225 2.17
-1.0 19 22.4 2.18 -1.0 4.4 29.9 2.28
—-0.5 13.4 29.8 231 -0.5 15.9 38.1 2.40

0.0 24.9 38.4 2.46 0.0 27.5 47.0 2.57

C,HCI; + e — trans-C;HCl, + CI~ tran-GH,Cl, + e~ — trans C,H.CIl + CI~

W Erxn Eact Xact w Erxn Eact Xact
(eV) (kcal/mol) (kcal/mol) A (eV) (kcal/mol) (kcal/mol) A
—-2.0 —-21.3 13.3 2.01 —-2.0 —18.7 14.9 2.07
—-15 -9.8 19.9 211 -15 —7.2 21.2 2.16
-1.0 17 27.3 2.22 -1.0 4.4 28.4 2.26
—-0.5 13.3 36.1 2.35 —-0.5 15.9 36.4 2.39

0.0 24.8 46.1 2.52 0.0 27.4 45.3 2.54

CHClz;+e —1,1-GHCI, + CI~ 1,1-GH.Cl, + e — 1,1-GH,CI + CI~

W Erxn Eact Xact W Er>(n Eact Xact
(eV) (kcal/mol) (kcal/mol) A (eV) (kcal/mol) (kcal/mol) A
—-2.0 -17.1 14.3 2.03 —-2.0 —21.7 13.3 2.06
—-15 —-55 20.7 211 —-15 —10.2 19.3 2.15
-1.0 6.0 28.1 221 -1.0 14 26.3 2.27
-0.5 17.5 36.0 2.33 -0.5 12.9 34.2 2.42

0.0 29.1 45.3 2.47 0.0 24.4 43.0 2.62



3718 J. Phys. Chem. A, Vol. 112, No. 16, 2008 Bylaska et al.

redox potential - SHE scale (volts)

5{-}2.97 -2.54 -2.11 -1.67 -1.24 -0.81 -0.37 0.06
__IIII;I'IIIEIIII;IIIIEIIIIEIIIlillllillllsllllillllsl[IIEIIIIEIIIIEIIII__
z <isCHCL | ¢ ¢ i i i i i i i 3
5[ omen sl HCY, ez : : : :
(o 1,1-CHCl, :
40 = 112_11.““3_(‘11.[}-[: .......
s CHC : :
S 35[--- LlLCHCL
£ F|--. daschol
= E g
i 30 o] S C:CI-I
§ 25 [ ___________ v_
5 F : s :
é 20 i 3
g8 F
o {
§ 15 eeeeeeees ;‘ ............................ 1
10 § ...:
5 i s o i - —-:
0Illiz:lIlIEIIIlgIlllgllllglIII'EIIIIEllllgllII:IIIIgttlliilllgllllillll:

30 35 40 45 50 55 60 65 70 75 80 85: 90 95 100
: ionization potential (kcal/mol) :

v
v

reductant=solvated electron reductant=Co(I1)/Co(I)

Figure 5. Activation free energies of the concerted reactions in the aqueous phase versus the ionization potential of the reducing agent at the
corrected B3LYP/6-311+G(2d,2p) level. The conversion of the ionization potential to standard hydrogen electrode redox potential is shown on
the topx-axis.

species is defined using the standard state for the COSMOof the aqueous barriers is not so simply rationalized; e.g., the
solvation model, which is defined as the energy of taking an highest activation barrier is now feis-1,2-GHCl, rather than
electron from the reductant in solution to the vacuum. The CzHsCl.

ionization potential is chosen to range from potentials near the

strength of a solvated electronGye~) = —34.6 kcal/mol®7?) IV. Activation Barriers for Stepwise Reaction Pathways
to a standard hydrogen electrodg,(= 98.6 kcal/mol, calcu- The activation energy for the three likely stepwisé
lated from AGy(H*) = —263.98 kcal/madtt and AG{(Hy,) = reactiond!

362.58 kcal/mdP). Typically, standard thermodynamic tables

report reduction potentials in solution relative to the standard & - c ©

hydrogen electrode, which is defined as taking an electron from + € — = \_—'\ cl (16)

the reductant in solution to the standard hydrogen electrode. fof

The ionization potential\V, can be converted to the standard ¢l cl

hydrogen electrode redox potential simply by subtracting the

true free energy of the hydrogen electrode procA&= W — cl Cl o ©

B so —> N—%a
In general, solvation significantly reduced the relative activa- H

tion barriers, and changed to some extent which reactions were Cl H

most favorable. The relative barriers between the 8 compounds

are within 5-10 kcal/mol of each other, which is down H ~ o H

significantly from the 15-25 kcal/mol spread seen in the gas + & - L (18)

phase. The lowest activation barrier is again for reduction of H

C.Cl4, and the reduction of £1Cl; is still predicted to have a d H

significant amount of selectivity towards-1,2-GHCI,* over

the corresponding reactions leading totilaas 1,2-GHCI,* and is estimated by finding the crossing point between potential

1,1-GHCIy radicals. More changes are seen for the chloroet- energy curves for the reactants kGCls—x + €7) and the
hylenes with higher barriers. The third lowest barrier is now products (GH.Cls—x'") as a function of the nuclear reaction
for the reduction of 1,1-g4,Cl, rather than other dichloro  coordinate. A linearized reaction coordinaigis used to define
radicals found in the gas phase. This result is not entirely the following nuclear reaction coordinate,

unexpected because the overall aqueous-phase reactive energies

also predict this initial trend: However, the overall ordering q=(1-8)as+ &0 (19)
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Figure 6. Activation free energies of the stepwis® reactions in the gas phase versus the ionization potential of the reductant at the corrected

B3LYP/6-31H+G(2d,2p) level. For comparisons, results are incorporated from Figure 4 for the concerted reactions inv@4gng<KC,HCls,
and 1,2transC,H.Cl,.
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Figure 7. Activation free energies of the stepwigé reactions in the aqueous phase versus the ionization potential reductant at the corrected
B3LYP/6-31H-+G(2d,2p) level. The conversion of the ionization potential to standard hydrogen electrode redox potential is shown on the top

x-axis. For comparisons, results are incorporated from Figure 5 for the concerted reactions inveBlingi€C,HCls, and 1,2trans-C,H.Cl,.

whereqga is the optimized geometry of the neutradHGCls—«
andgg is the optimized geometry of 8Cls—x~. The electron

radical anions, respectively, and at the B3LYP/6-8315(2d,-
2p) level they are-14.88,—4.30, and 14.73 kcal/maéL When

transfer occurs when the neutral molecule adopts a structurethe B3LYP/6-31%+G(2d,2p) GCls*~ curve was corrected by
close to the one at the crossing point, at which point it captures Ay = —8.45— (—14.88)= 6.43, the average absolute difference
the electron and then follows the product potential energy from the RHF-RCCSD(T)/aug-cc-pVTZ curves was found to

surface into ar* radical anion.

be 0.7 kcal/mol. The worst case difference was found teB&

The potential energy curves calculated at the B3LYP/6- kcal/mol at the linearized reaction coordinatefof 0.2.

311++G(2d,2p) and RHF-RCCSD(T)/aug-cc-pVTZ levels for
the neutral andr* radical anion species of chloroethylenes; C
Cly, CoHCI3*~ and 1,2trans C,H,Cl*~ are given as Supporting

Figures 6 and 7 show the relationship between the activation
barrier and the strength of the reducing agent for the three
different stepwise reactions in the gas phase and aqueous phase

Information. The level of theory does not have a significant at the corrected B3LYP/6-3#1+G(2d,2p) level. For compari-
effect on the neutral curves. The same is not true for the anionsons, results are incorporated from Figures 4 and 5 for the
curves. However, the RHF-RCCSD(T)/aug-cc-pVTZ and B3LYP/ concerted ET reactions involving,Cly, cis-C,HCl3, and 1,2-
6-311++G(2d,2p) curves parallel each other, which suggests transC,H,Cl,. These results show that for strong reducing
that a correction scheme may be used to correct the B3LYP/agents the activation energy for stepwise reaction mechanism
6-311++G(2d,2p) curve. The major source of error that could is lower than the corresponding concerted mechanism. The

be used to correct the curves is errors in the energy ofrthe

aqueous-phase results agree to some extent with the assertion

radical anion. Enthalpies of formation calculated at the RHF- by Costentin et al! that the first ET to GCls, C;HCl3, and

RCCSD(T)/aug-cc-pVTZ level are8.45, 1.10, and 18.25 kcal/
mol for the GCls~, CHCIz*~, and 1,2trans-CoH.Cly~ 7*

C,H,Cl, proceeds via a stepwise mechanism, except that the
crossover from stepwise to concerted occurs at a strong reducing
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potential of~55 kcal/mol for GCly andcis-C,HCl3;, and~45 were performed on the MPP2 computing system at the Molec-
kcal/mol for 1,2transC,H,Cl,. However, there is significant  ular Science Computing Facility in the William R. Wiley

amount of uncertainty in crossover values, because the nearEnvironmental Molecular Sciences Laboratory (EMSL) at
degeneracy of these profiles, along with the uncertainty in our PNNL. EMSL operations are supported by the DOE’s Office
thermodynamic estimates, can result in large changes in theof Biological and Environmental Research. We also thank the

crossover value. For example, errors on the order-€5 Rcal/ Scientific Computing Staff, Office of Energy Research, and the

mol can effect the location of the of the crossover value by as U.S. Department of Energy, for a grant of computer time at the

much as 30 kcal/mol. National Energy Research Scientific Computing Center (Ber-
keley, CA).

VI. Conclusion
Supporting Information Available: Potential energy sur-

Ab initio electronic structures methods were used to calculate t5ces for the concerted and stepwise pathways calculated at a
activation barriers for the reductive dechlorination of the yariety of ab initio levels. This material is available free of

polychlorinated ethylenes: ;Cls, C;HCls, trans-1,2-GHCly, charge via the Internet at http://pubs.acsBrg.
cis-1,2-GH,Cl,, 1,1-GH,Cl,, and GH3ClI. Both concerted and
stepwise cleavages were considered. References and Notes
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