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ABSTRACT: The self-consistent charge and configuration method for subsystems (SCCCMS) is applied to discuss
the mechanism of hydrogen abstraction from methane and hydrofluoromethanes by hydroxyl radicals. All
calculations are done at the B3LYP level of theory with the 6-311G(d,p) basis set. The results of energy partitioning,
performed for transition-state structures and two additional points on the minimum energy paths, demonstrate that the
perturbation in the external potential (due to nuclei), namely classical/non-classical electrostatic and polarization
energies, is the most important. The formation of a pre-reaction molecular adduct is controlled by electrostatic
interactions due to their long-range character. The charge-transfer energy is unimportant for the hydrogen abstraction
reactions. Copyright © 2002 John Wiley & Sons, Ltd.
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INTRODUCTION

Halons (bromofluorocarbons) and Freons (chlorofluoro-
carbons) were used as refrigerants, foam blowing sub-
stances and aerosol spray propellants. Unfortunately, these
compounds have a strong impact on ozone depletion in the
stratosphelre.l’2 The free radicals, namely, chlorine and
bromine atoms with relatively long lifetimes, produced
during the photolysis, catalyze the destruction of strato-
spheric ozone. Such very undesirable behavior caused both
groups of substances to be withdrawn from commercial use.

Hydrofluorocarbons (HFCs) were designed as possible
replacements of fully halogenated species. These ‘en-
vironmentally friendly’ compounds (HFCs are man-
made ‘greenhouse’ gases and have an impact on the
radiative balance of the Earth) are removed from the
troposphere. The first step in the degradation of HFCs is
hydrogen abstraction by ‘OH radical. This paper reports
theoretical investigations of the mechanism of hydrogen
abstraction from methane and its fluoro derivatives by
"OH radical:

CH,_,F, + OH — CH;_,F, + H,O (1)
where n=0, 1, 2 or 3. Methane, the fluorine-free parent
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molecule, is a natural greenhouse gas, so all the reactants
in Eqn. (1) are of great importance in atmospheric
chemistry. For these reasons, it is not surprising that
many experimental®® and theoretical’™'® studies have
been carried out. The previous theoretical studies have
indicated that large basis sets and high levels of treatment
of electron correlation are required for an adequate
description of the kinetics and energetics for
CH,/"OH'*™** and the remaining systems.'*">

The main goal of the present analysis is to explain the
mechanism of reaction (1). The previous investigations
concentrated on the temperature dependence of rate
constants and on activation energies. Hence the molecu-
lar electronic mechanism of the hydrogen abstraction was
not exactly addressed. Here, we will try to solve this
problem by means of an energy partitioning technique.
The system interaction energy will be decomposed into
electrostatic, exchange, charge-transfer, polarization and
deformation contributions for previously located transi-
tion-state structures'* and two additional points on the
minimum energy paths.

COMPUTATIONAL METHODOLOGY

The interaction energy is decomposed using the self-
consistent charge and configuration method for subsys-
tems (SCCCMS).?** This scheme follows hypothetical
stages of charge reorganization during the course of
reaction. On going from isolated (non-interacting)
species (i) to reactants in a molecular complex (iv), one
has to distinguish additionally rigid (ii) and polarized (iii)
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Figure 1. (a) Scheme illustrating the SCCCMS procedure and
(b) qualitative cut of the energy surface in the population
space Ej;=E;i{qa,gs) along the isoelectronic line: dga=
—dgg = gct= —Nc1. Energies £, E; and Ej; correspond to
the system at initial and intermediate stages in the charge
reorganization. The optimum amount of charge transferred
from B to A is denoted Ncy

reactants. Both intermediate steps, and also the final one
(iv), describe interacting subsystems. In step ii, electron
densities are exactly the same as in step i, so the
calculations are performed for frozen (rigid) interacting
species. In step iii, electron densities of reactants are
allowed to relax and the only constraint is that
subsystems are closed to each other. In other words,
charge transfer between subsystems is forbidden. Finally,
in step iv, there are no constraints (open reactants in
molecular complex). Steps i and iv correspond to
quantum-mechanical calculations for reactants and
supermolecule, respectively. The intermediate steps ii
and iii are modeled by SCCCMS calculations.

In the SCCCMS scheme, the presence of the reaction
partner is approximated by its charge distribution.
Calculations for reactant A (an acid) are performed with
background charges of B (a base), g5 = {¢, ¢5,...).
Similarly, calculations for B are performed with back-
ground charges of A, g, = {¢}, ¢4, ...).This procedure
is shown schematically in Fig. 1(a). Independent
calculations are carried out for both reactants. The
modified electron densities (p, pg) and charge distribu-
tions (g, gg) are the input data for the next iteration. The
final iteration corresponds to mutually polarized reac-
tants. The initial conditions are chosen in such a way that
steps i and ii are naturally included in the computational
scheme. Except for the first iteration, where g, = 0, and
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gy = 0z, the energy of the whole system is not an additive
quantity: E;; #EA + Eg. The additional component Vg
should be introduced in order to eliminate electrostatic
interactions that are doubly counted.

A single SCCCMS run is required to obtain electro-
static (ES) and polarization (P) energies:

Egs = E;; — E; (2)
Ep =E; — Ej; (3)

The difference E;, — E;; combines exchange-repulsion
(EX) and charge-transfer (CT) energies. Further parti-
tioning can be done after constructing an energy surface
in the population space Ej; =E;;(ga,qs), Where ga =
> acadh and gg = Y 5 g} are the overall charges of A
and B, respectively. The cut E;; = E;;(Ncr) along the
isoelectronic line dgs = —dgg =dgct=—Ncr (preser-
ving number of electrons in the whole system) is shown
in Fig. 1(b). The energies E;, E; and E;; obtained for the
reference system (Ncp=0, e.g. neutral reactants) are
plotted as open circles. By definition, E;; — E;; is less
than zero. There is no restriction for the location of E;, so
the difference E;; — E; can be either positive or negative.
The energy lowering E,;, — E;;; defines the CT energy.
Now, the EX energy is obtained from the balance
equation:

Egx = E;, — Ejjj — Ect (4)

Note that the minimum on the energy curve of Fig. 1(b)
does not correspond to the energy of the supermolecule
since SCCCMS works within the polarization approx-
imation. At the Hartree—Fock (HF) level of theory, Egx is
dominated by exchange-repulsion interactions, although
it also includes part of the electrostatic energy (higher
order terms from the multipole expansion) due to the
approximate character of SCCCMS calculations. At the
post-HF and density functional level of theory, it also
includes inter-reactant correlation energy (dispersion
energy). In steps i—iv, reactant geometries are fixed and
are the same as in the combined system. This guarantees
that the external potential (due to nuclei) is constant.
Since the geometries of reactants in the supermolecule
are different from those of reactants in the minimum
energy structure, one has to define the geometry
deformation (DEF) contribution to the interaction
energy:

Epgr = EY — E; (5)

The superscript O denotes that every reactant has the most
stable configuration. Of course, all the above terms sum
to the global (g) interaction energy, Egs + Egx + Ect +
Ep + Epgr = Eint + Epgr = E,. For more detail, see Refs
24 and 25.

All calculations, including SCCCMS calculations,
were carried out using the Gaussian 98 suite of
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programs.”® The B3LYP hybrid functional,”” i.e. the
combination of the Becke’s 1988 exchange functional®
with HF exchange and the correlation functional of Lee,
Yang and Parr,?”*° was used in the Kohn—Sham scheme.
The 6-311G(d,p) basis set’’**> was employed. Energy
decomposition was performed for transition-state geo-
metries and two additional points on the minimum energy
path, i.e. r=1.9 and 2.3 A; as the reaction coordinate (r)
we used the distance between the hydrogen atom from the
CH,_,F, molecule and the oxygen atom from the radical:

F,H;_,CH~~OH. The electrostatically derived
charges were employed in the SCCCMS scheme. The
energy surface in the population space (the cubic
function) was constructed from 16 points (the global
subsystem charge was changed from —1 to +2).

RESULTS AND DISCUSSION

The components of interaction energy obtained at the
B3LYP level of theory are collected in Table 1 and
shown in Fig. 2. A negative (positive) sign indicates a
stabilizing (destabilizing) contribution. By definition, CT
and P energies should stabilize the system, whereas DEF
energy should destabilize the system. This is indeed
reflected by the numerical values given in the table. The
EX component at the HF level of theory is usually
destabilizing for two closed-shell molecules. Here, one of
the subsystems is a radical (open-shell system). More-
over, at the DFT level of theory this energy term also
includes dispersion energy. The repulsive character of
EX energy is stressed at shorter separations. The ES
energy can be either positive or negative.

The chemical process can be seen as a perturbation
either in the number of electrons dN = dN, + dNg or in
the external potential due to nuclei dv(F) = dva(F)+
duvg (7). Note that the variables N5 and v4(7) [Ng and

vg(7)]uniquely define the hamiltonian of reactant A (B).
Changes in the system energy can be approximated by
Taylor expansion:

dE = (g—f/) aN + / ( 55%)@(7)(17
+% (%) (dN)? + % / (%) dv (7)dv(7 )drd7
+ / ( &j?) g—@ dv(F)dFdN + - - - (6)

The relevant expression in the reactant resolution can be
obtained after introducing chain rule transformations
OION =3"x (0IONx)(ONx/ON) and 6/6v(F) = x [ dF[é/
ovx(F)[6vx(F)I6v(F)], where X=A and B, into Eqn.
(6).>* In such a perturbative description, ES and EX are
the first-order classical and non-classical contributions in
dv, P is the second-order contribution in dv and CT
contains first- and second-order contributions in dN, as
well as the mixed dNdv second-order contribution. In the
SCCCMS procedure calculations for A and B are carried
out separately, so dva (¥) and dvg (7) are approximated by
the effective electrostatic potentials of the reaction
partners. The perturbations dNy = —dga and dNg = —dgp
are modeled by different oxidation/reduction states of
reactants.

All energy components should disappear with increas-
ing r. Figure 2 illustrates such behavior; however, the CT
energy is slightly higher for r=2.3 Athanforr=19 A. It
seems that the CT energy reaches an unphysical
asymptotic value owing to a too-small subsystems
coupling.”oNote that this term is almost equal to zero
for r=1.9 A, hence the additional stabilization should be
put in EX energy since it is computed by the balance
equation. The sharpest decrease is seen for DEF energy.
This is the only contribution to E, that can be separated
into reactant contributions. In the case of CH,_,F,/ OH

Table 1. Decomposition of the interaction energy for CH4/OH, CHsF/'OH, CH,F,/OH, and CHFs/‘OH systems at the B3LYP/6—

311(d,p) level of theory®

System r Epgr Egs Ep Ecr Epx Enr
CH,/ OH 1.29 6.4 -2.5 -1.9 —-1.6 2.2 2.6
1.90 0.1 -1.0 —-0.4 —-0.0 0.6 —0.7
2.30 0.0 -0.3 -0.0 —-0.4 -0.2 -1.0
CH;F/OH 1.36 3.6 —4.0 —1.8 —-1.7 2.9 -0.9
1.90 0.1 -3.3 -0.0 -0.0 -0.3 —-3.4
2.30 0.3 -39 —0.6 —0.1 —1.1 —-54
CH,F,/OH 1.37 3.0 -5.1 -1.5 -0.8 3.1 -1.3
1.90 0.1 —-3.1 —1.1 —-0.2 1.5 —2.8
2.30 0.0 —-1.9 —-0.2 —0.3 0.2 -2.2
CHFs/OH 1.27 6.4 —-5.8 -3.1 —-1.2 54 1.6
1.90 0.1 -3.2 —1.1 —0.0 2.2 -2.1
2.30 0.1 —-1.3 -0.0 —-0.1 —-04 —-1.7

 All energies are in kcal mol ', (1 kcal = 4.184 kJ) and the reaction coordinate r is in A. The first row for each molecular system entry corresponds to the

transition-state geometry.
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J. Phys. Org. Chem. 2002; 15: 524-528



HYDROGEN ABSTRACTION FROM HFCs 527

160 1E0)

CH,F/OH

4 18 22 7 14 18 22 7
a) b)

_E(r) 44 E(r)
CH,F/OH

-~

CHF,/OH

=51 ES

1I.4 ' ljS I 2:2 Ir 1'.4 I 1.'8 I 2;2 I’
c) d)

Figure 2. Dependence of global interaction energy and its
components on the mutual separation between hydroxyl
radical and (a) methane, (b) fluoromethane, (c) difluoro-
methane and (d) trifluoromethane. Lines connecting points
are for clarity

systems, almost 100% of the deformation comes from
methane or hydrofluoromethane (stretching of C—H
bond). Thus, the shorter is r, the greater is Epgg.

The global interaction energies for all systems and
inter-reactant separations are listed in the last column of
Table 1. The negative values of E, for CH3;F/OH and
CH,F,/'OH in transition-state structures are indicators of
stable pre-reaction molecular adducts. For the remaining
two systems, CH,/'OH and CHF3/'OH, such complexes
also exist (negative values of E, for other points on the
minimum energy path). The presence of such van der
Waals-type complexes can be attributed to electrostatic
stabilization. The most important interatomic interaction
is between the hydrogen atom from CH,_,F, (positive
partial charge) and the oxygen from 'OH (negative
charge). In fluorinated systems, there is additional
stabilization due to F---H interaction (negative partial
charge on fluorine atom and positive on H atom).

The structures of pre-reaction adducts have been
recently located by El-Taher at the UHF 6-31G* level
of theory.** Hydroxyl radical combines with fluoro-
methanes through a hydrogen bonding either from the H
atom of 'OH to a fluorine atom of F,CH,_,
(OH---F,CH4_,) or from the O atom of 'OH to a
hydrogen atom of H,_,,F,,C (HO"---H4_,,F,,C). The former
adducts are lower in energy than the latter. For CH4/OH
only one adduct appears. The energy surface for

Copyright © 2002 John Wiley & Sons, Ltd.

hydrogen abstraction reaction is very flat. Hence it is
especially difficult to locate HO---HCH;_,F,, adducts.
We have done this in an approximate way by freezing the
geometries of reactants. The inter-reactant separations
obtained are 2.21 A (CH4/OH), 2.04 A (CH3F/OH),
2.43 A (CH,F,/'OH) and 2.27 A (CHF3/'OH).

The most important stabilizing contribution to £, is the
ES component. Figure 2 underlines the long-range
character of electrostatic energy (very slow decrease to
an asymptotic value). In the case of fluorinated systems,
the g and ES curves are very close to each other for long
and intermediate separations (r=2.3 and 1.9 A). Hence
the formation of the pre-reaction molecular adduct is an
ES-controlled process. In the case of CH4/'OH, the
formation of the molecular adduct can also be connected
with electrostatic interactions since the EX energy, due to
the approximate character of the SCCCMS scheme,
contains higher order terms from distributed multiple
expansion. At shorter distances, this picture changes,
owing to larger DEF and EX energies.

The CT and P components are connected with the
charge reorganization. Table 1 and Fig. 2 indicate that the
energy lowering due to P is larger than that due to CT,
except at r=2.3 A, where the differences are negligible.
This picture of interaction is very close to that observed
in other hydrogen-bonded systoems.zs’35 For a large inter-
reactant separation (r=2.3 A) both contributions are
unimportant. For intermediate separation (r=1.9 A),
except for CH3F/OH, the P energy is one order of
magnitude higher than the CT energy. For transition-state
geometries, the differences are less pronounced but still
the P energy is more stabilizing than the CT energy.
Hence charge reorganization due to P is greater than that
due to CT.

Stabilizing contributions to Epyt increase in the order
|Ect| < |Ep| < |Egs| for all systems and inter-reactant
separations. Such behavior clearly indicates that the
hydrogen abstraction is a dv process. The CT energy is
more cosmetic. It is also reflected in the amount of charge
transferred between interacting subsystems; electrons
flow from the organic molecule to the hydroxyl radical
and N¢ is not greater than 0.1.

For all systems, investigated the transition states are
more reactant like.'>!'* In addition, the transition states
for CH3F/'OH and CH,F,/OH are significantly earlier
than those for CH4/OH and CHF3/'OH. This indicates
that the fluorine substituent effect cannot be interpreted
as a simple rule. However, for transition-state structures
one can observe that the more fluorine atoms there are in
the system, the greater is ES stabilization. Except for EX
energy, no other components show such behavior. Thus
only the first-order term in dv shows an ‘additive’
substituent effect on going from the CH,/OH to the
CHF5/'OH system.

Table 2 gives the reaction energies (AE) and barrier
heights (AE%) for the hydrogen abstraction reactions. All
the reactions are exothermic, in agreement with experi-
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Table 2. Reaction energies (AE) and barrier heights (AE%)
obtained at the B3LYP/6-311G(d,p) level of theory for the
hydrogen abstraction from methane and hydrofluoro-
methanes by ‘OH radical: CH4_,F,+ OH— CHs_,F,
+H,0,n=0,1,2and 3

Quantity n=0 n=1 n=2 n=3
AE —8.1 —-13.9 —14.3 -94
AE% 3.6 2.3 2.1 4.6

mental data. The barrier height AE% = E™ — Eddvet (ETS
and E**"" are the energies of transition state and pre-
reaction adduct) decreases smoothly on going from the
CH4/'OH to the CH,F,/'OH system and then increases
sharply and reaches the highest value for the CHF3/ OH
system. Exactly the same behavior is seen in experimen-
tally derived activation energies.”* Thus, the fluorine
substitution effect is correctly, qualitatively reproduced
at the B3BLYP/6-311G(d,p) level of theory. This suggests
that the computational method, in addition to the basis
set, were adequate for describing the electronic mechan-
ism of the hydrogen abstraction from methane and
hydrofluoromethanes by hydroxyl radical.

CONCLUSIONS

We have investigated the mechanism of hydrogen
abstraction from methane and hydrofluoromethanes by
hydroxyl radical. The energy partitioning technique was
carried out for transition-state structures and two
additional points on the minimum energy paths. The
interaction energy was decomposed into deformation,
electrostatic, exchange, polarization and charge-transfer
contributions.

The results obtained indicate the formation of a pre-
reaction molecular adduct. In fluorinated systems, adduct
stabilization is attributed to electrostatic energy. For the
fluorine-free parent system also, exchange energy that
includes part of the electrostatic and dispersion contribu-
tions stabilizes molecular adduct.

The hydrogen abstraction reaction is mainly controlled
by perturbation in the external potential. The perturbation
in the charge-transfer variable is unimportant. The
‘additive’ fluorine-substituent effect is reflected only in
first-order classical and non-classical electrostatic en-
ergies. Other components of the interaction energy do not
show such a regular dependence.
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