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A series of ab initio molecular orbital calculations, in which Hartree-Fock,
second-order Mgller-Plesset perturbation, density functional (B3LYP and
BHandHLYP) levels of theory were used, was performed on the elementary
reactions related to the oxidative decomposition of HFC-32 (CH,F;) by hydroxyl
(OH) radicals in a supercritical water condition (so-called SCWO). The whole
process is written as CH,F,; + 40H — CO; + 2H,0 + 2HF and consists of (1) H
abstraction by OH to form H,0O, (2) OH coupling to C-center, and (3) HF
leaving to form C=0 bond. Molecular geometries were optimized at each level
of theory. The HF leaving was found to be the rate-determining step, but its
barrier height was lowered by the reactive solvation with an extra H;O. Cal-
culations implied that the SCWO of HFC-32 can proceed efficiently.
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1 Introduction

Manifestly, environmental science researchs are getting more and more impor-
tance. Since many environmental problems are caused by the chemical compounds
like halogenated organics and waste plastics containing heavy metals, the counter-
measure and remediation based on the knowledge of chemistry are being of special
interest, where the methods of decomposition and conversion from hazardous to safe
forms should play a key role. In such a field of environmental engineering chemistry,
the supercritical water (SCW) technology has been one of the most promising ways
to attack the problems!™®. SCW has the pronounced differences from the normal
phase water? %, The notable characteristics are (1) diminution of networks kept by
hydrogen bondings, (2) large density fluctuation, (3) low dielectric constant, and (4)
good solvent rather for organics and gases. These properties of SCW could correlate
with a high ability of hydrolysis for organic wastes and pollutants, and alkali addi-
tives enhance the activity. For example, chlorofluorocarbon (CFC) compounds, are
efficiently decomposed in a closed system by using SCW!?. Needless to add, CFC’s
had been quite massively used as coolants and solvents but have been notoriously
known not only as the depleter of stratospheric ozone layer through photochemical
releasing the Cl atoms but also as the greenhouse effector'®. When O, or hydro-
gen peroxide (H203) are introduced, the SCW system shows a power of oxidative
decomposition'?=20), This has been known as the so-called SCW oxidation (SC-
WO) treatment, and investigations on the mechanisms and a variety of applications
have been extensively carried out. Hydroxyl (OH) and hydroperoxyl (HO;) radicals
have been considered as the primary oxidants in SCWO, although the details of
elementary reactions have not been understood. As an alternative method to the

experimental study, ab initio molecular orbital (MO) calculation could provide the
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detailed information associated with SCWO, involving the energetics and nature of
transition state (TS). Understanding based on MO calculations could contribute to
designing optimal processes and/or plants of SCWO.

This brief report presents a series of MO calculations, in which Hartree-Fock
(HF), second-order M¢ller-Plesset perturbation (MP2), and hybrid density func-
tional (B3LYP and BHandHLYP) theories?) are used, on the elementary reactions
of SCWO decomposition of the HFC-32, or CH,F; molecule. The main purpose
is to investigate how reactions proceed. HFC-32 is the smallest hydrofluorocarbon
(HFC) compound of Cl-type. HFC’s have been being produced and consumed in a
massive fashion, as the promised alternatives to CFC’s because of no Cl atoms'?.
However, HFC is still problematic as is CFC since it has also the greenhouse-effect
and F-containing pollutants are released during the decompositions in atmosphere.
Greenhouse-effect ability of not only CFC’s but also HFC’s is much larger than CO,
by more than thousand times. Thus, the recycle and/or decompostion in a closed
loop are inherently desirable for HFC compounds. This is a reason why HFC-32 is
taken as a model case of the SCWOQ decomposition, in the present investigation. OH
radical is being assumed to be the oxidant and to exist much more than do HFC-32
molecules in reaction system. The total process is written as CHyFy + 4OH — CO,
+ 2HF + 2H,0 and consists of (1) H abstraction by OH to form H,0O, (2) OH ad-
dition to C-radical center, and (3) HF leaving to form C=0O bond (rate-determining
step). The calculations will suggest that the total process is highly exothermic and
HFC-32 can be completely decomposed via SCWO. Importance of reactive solvation

in the HF leaving will be illustrated.
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2 Calculation scheme

The scheme of calculation was based on the geometry optimization for each
molecule appearing in the SCWO process, at each level of theory. Gaussian94 suite of
MO programs?' =23 was used in all the calculations. The basis sets were Gaussian’s 6-
31G(d’,p’) and 6-31+G(d’,p’), where the set of diffuse sp-functions were augmented
on C, F, and O atoms in the latter set. Exponents of polarization d-functions
were optimized values: d-exponents for C and F are 0.626 and 1.75, respectively.
Note that the "standard 6-31G(d,p)” has an uniform d-exponent of 0.8 and this is
potentially problematic?!) if the system contains the highly polar bond such as the
present case of C®* —F%~, Note that p-exponent for H is also an optimized value. An
s-contaminant of cartesian d-functions was removed to reduce errors the in energetic
evaluations.

For radical or spin-doublet species, unrestricted types of wavefunctions were used
since the analytic second-derivatives were available, where the spin expectation val-
ue, S? was always less than 0.8 (exact value: 0.75) even for the single HF determinant
and it seemed to be acceptable. No frozen-core approximation was applied in MP2
calculations. Recently, B3LYP has been the most popular choice of hybrid den-

21,23-24)  B3LYP calculations actually provide highly quantitative

sity functionals
results for most cases, but can be less reliable for weakly interacting systems such
as reaction intermediates and/or dispersion-driven complexes. For example, Mohr
et al. calculated the solvation reaction between C,H} cation-radical and H,O and
found a problematic behavior of B3LYP in predicting the TS structure?®). They also
showed BHandHLYP, in which the exact HF exchange portion is larger than B3LYP

(0.5 versus 0.2 in parameter setting?)), is rather favorable in comparison with the

results obtained by calculations of quadratic configuration interaction with singles
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and doubles (QCISD). Note that QCISD takes higher than double excitations into
account and is formally superior to MP2. Thus, both of B3LYP and BHandHLYP
functionals were used in this investigation on this SCWO of HFC-32. To make a
reference, QCISD calculations with 6-31G(d’,p’) basis were also carried out for some
of reactions.

So-called reaction-field type calculations for the polarizable solvent effect were
not done, since SCW has a variable and rather small dielectric constant depending
on the pressure and temperature. Similarly, thermochemical corrections were also
not considered. The SCW condition, in which reactant and environmental-water
molecules can contact closely each other, was modelled through the reactive solvation
by an HyO. In fact, calculations will show that this special solvation can lower the

barrier height of HF leaving step by which C=0O double bond is formed.

3 Results and discussion
3.1 Main path

Preliminary calculations indicated that the main path of SCWO decomposition
consists of six elementary reactions, labeled with (a)-(f). C—C coupling and/or C—H
recoupling among intermediate radicals have been excluded since the interest is being
focused not on an accurate modelling of whole process but on a reaction sequence
toward the complete decomposition. Table I shows the energetic results calculated
by each level of theory for these (a)-(f) reactions, where AE and E, correspond to
the reaction energy (minus sign indicates the exothermicity) and barrier height of
TS in Kcal/mol, respectively. Symbol "+” in the table means 6-314+-G(d’,p’) basis
derived by the addition of diffuse functions onto 6-31G(d’,p’).

The SCWO decomposition is initiated by the H abstraction of (a), CHoF, +
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OH — CHF, + H,0, being similar to the usual cases of combustion®s). Note also
that the first step of atmospheric decompositions of HFC has been well known to
be just the H abstraction by OH radical which originates from water molecules
in air!’27-29_ Some MO studies on H abstraction for C2-type HFC’s have been
published® 3%, From Table I (a), one can sec the poor energetics by the HE level
calculation. Such a situation is unfortunately common in the other entries of Table I
and later. Namely, the necessity of correlated calculations is indicated. However, it
must be pointed out that B3LYP functional provides negative E, for reaction (a). In
contrast, BHandHLYP results are comparable to MP2 or QCISD values. Note that
"standard 6-31G(d,p)” provides -1.7 Kcal/mol as E, for BSLYP. When the basis set
is enlarged to 6-3114+G(2d,2p), it still presents an erratic E, of -0.1 Kcal/mol for
B3LYP. The 6-311+G(2d,2p) values for BHandHLYP and MP2 are +8.8 Kcal/mol
and +9.4 Kcal/mol, respectively. Larger 6-311++G(2d,2p) basis (diffuse s-function
is furthermore added on H) gives 0.0 Kcal/mol for BSLYP and +8.8 Kcal/mol for
BHandHLYP as E,. Unfortunately, no notable improvement due to basis is observed
for B3LYP.

It would be useful to show the TS structure of reaction (a). Table II shows
the key values obtained with 6-31G(d’,p’) basis set. The B3LYP value of R(C—H)
is slightly short and R(H—O) is considerably long relative to the other correlated
methods. Furthermore, the imaginary frequency by B3LYP is pathologically small.
These values indicate that the energy surface modelled by B3LYP is too broad,
providing a seemingly early T'S for reaction (a). BHandHLYP results look better in
correspondence to QCISD and MP2 values. This is a similar situation to the case
reported by Mohr et al®®. Skokov and Wheeler examined the reliability of several

density functionals for a variety of H abstraction reactions®). They reported that
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R(C—H) and R(H—0) at the TS of CH, + OH — CHj + H,0 are 1.274 A and 1.239
A, respectively, by B3LYP/6-31G(d). Corresponding results by MP2 were 1.181 A
and 1.330 A, where the other functionals of BLYP, B3P86, and BP86 provided worse
results than B3LYP. The direction of their structural deviations between B3LYP and
MP?2 is in reverse from the present case of CHyF, in which C-center could be more
positive due to more polar C—F bonds. Note that Skokov and Wheeler did not
encounter a negative E, for BSLYP on CH4/OH reaction although they observed
the basis dependency®®. As a whole, besides B3LYP, a multi-usage of the other
functionals such as BHandHLYP is recommended for safe, if possible.

The reaction (b) is a C—O bond formation by the coupling between OH and
CHF, and is highly exothermic as is shown in Table I (b). Correlated treatments
are shown to be desirable. The next reaction (c) is the second H abstraction of
CHF,(OH) + OH — CF,(OH) + H,0. B3LYP again provides poor results for E,.
This step is followed by the second OH coupling (d), and then CF,(OH), is formed.

The remaining part of SCWO process corresponds to two HF leavings to form
C=0 double bond: reactions (e) and (f). For the later CFO(OH) — CO, + HF, (f),
the reaction proceeds through a typical four-membered TS, as shown in illustration
(a) for reactant and illustration (b) for TS of Fig. 1. The bond breakings of O—H
and C—F and bond formings of H—F and C=0O (7 type) proceed in a concerted
manner in the plane, and the dehybridization takes place at the C atom during the
reaction. A cyclic charge relation of —C%—F%~—H%t—~(0% — matchs the flow of
reacting electrons. Table I shows that both of HF leaving reactions have a fairly
large E, relative to that of H abstraction, especially for reaction (e). Thus, the HF
leaving is revealed to be just the rate-determining step in SCWO of HFC-32. At

each of MP2, B3LYP, and BHandHLYP levels of theory, E, is not so affected by the
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addition of diffuse functions in basis, but AE is shifted to the (more) exothermic side.
The diffuse functions (represented as ”+” in the table) could improve the description
of negatively charged O atom in CO, and F atom in HF. Note that B3LYP provides
no serious difference from MP2 (and QCISD with 6-31G(d’,p’) basis) for the HF
leaving.

When the MP2/6-31+G(d’,p’) values are taken as the most reliable results in
the present investigation, the total exothermicity is as large as -287.7 Kcal/mol.
However, two HF leaving reactions exist as the rate-determining step. Their barrier
heights are estimated to be +39.6 Kcal/mol for the first (e) and +30.7 Kcal/mol for
the second (f). One of reasons why the height is so high may be a structural strain in
the four-membered TS (see illustration (b) of Fig. 1). Table III compiles the struc-
ture parameters of reactant CFO(OH) and TS calculated at the MP2/6-314+G(d’,p’)
level of theory, where the carbonyl O atom is labeled as O, for convenience. The
structural deformation during HF leaving to form CO, is found as expected. The
value of §(F—C—O0) is as small as 88 degree, corresponding to a representative strain
in TS. A certain mechanism should play a role in lowering the height for the totally
high efficiency of oxidative decomposition. That is the reactive solvation, as will be

demonstrated later.

3.2 Branch path

One of energetically probable branch paths, toward the final CO, formation,
starts on the HF leaving of CHFy(OH) — COHF + HF. This reaction is followed
by two successive reactions of the H abstraction by OH and the OH coupling to C-
center. Energetic results are given in Table IV. E, for the HF leaving (g) is slightly

higher than reaction (e) in the main path, where MP2/6-314+G(d’,p’) provides +46.2
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Kcal/mol. B3LYP fails in the H abstraction (h), as was observed for (a) and (c).
Again, BHandHLYP is rather preferable. The branching terminates at the formation
of CFO(OH) by reaction (i).

3.3 Reactive solvation for HF leaving

As has been noted, the SCW condition could provide a close contact between
reactant and environmental-water molecules. Thus, the reactive solvation, in which
the extra H2O plays a catalytic role to lower the barrier height, is considered for the
crucial HF leaving step. Prior to showing the present results, a demonstrative exam-
ple is addressed here. Rice et al. examined kinetically the reactive solvation effect
in the so-called water-gas shift reaction, CO 4+ H,0 & CO, + Hy, in SCW?), based
on the precedent ab initio results by Melius et al®*®). Calculations by Melius et al.
estimated -26.1 Kcal/mol for the lowering of height catalyzed even by an extra H;O.
Rice et al. actually observed a high negative-volume change in activation step, by
which the reactive participation of extra HyO is experimentally justified. It has been
known that the water additions to sulfur trioxide®”’ %% (SO3) and formaldehyde3?—4%
(CH,0) are similarly catalyzed by the second water molecule although both of these
may not directly relate with SCW.

Now, the present cases of HF leaving are discussed. Table V shows how the bar-
rier height is lowered by the reactive solvation with an H,O. The system first obtains
the stabilization since two hydrogen bondings are formed to give an intermediate
complex, as illustrated in illustration (a) of Fig. 2 for reaction (k) of [ CFO(OH)
- CO; + HF ] / HyO. MP2/6-31+G(d’,p’) stabilization energy (or AE’) is -9.8
Kcal/mol and this seems to be reasonable by comparing with the double of typi-

cal hydrogen bonding energy of ~5 Kcal/mol. The form of six-membered ring is
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no longer completely planar. For the complex (and TS) of reaction (k), the key
structural parameters obtained by MP2/6-31+G(d’,p’) are given in Table VI. It is
notable that C—F and O—H bonds start to be weakened due to hydrogen bondings
of F—H(w) and H—Ow, in this formation of six-membered ring, where subscript
”(W)” identifies the reactive water in Table VI

Successively, the system goes to the TS where the HF molecule is being formed
not by the direct coupling of H—F but by Hw)—F and a water molecule is being
reproduced and released as H—O¢w)—Hw)’ (see illustration (b) of Fig. 2). This
may be considered as a variant of ”proton transfer phenomena”. Mulliken charges
calculated by BHandHLYP/6-31+G(d’,p’) for reactive H and H(w) atoms are +0.42
and +0.39, respectively, at T'S. Through such a mechanism, the barrier height (E,’)
is considerably lowered, where the amount reachs up to ~20 Kcal/mol depending
on reactions and theories. The lowering calculated at MP2/6-31+G(d’,p’) level of
theory is as large as -12.7 Kcal/mol in comparison between reactions (f) and (k), and
the height to pass over for HF leaving turns to be only +18.0 Kcal/ ﬁol. Comparison
among TS structures in Tables IIT and VI implies that the strain in TS is lower than
the case (f) without an H,O, especially for angles around the C atom. These facts
could correlate with the lowering of barrier height for HF leaving. E,’ of the first
HF leaving (j) is now +23.2 Kcal/mol by MP2/6-314+G(d’,p’) calculations. B3LYP
and BHandHLYP functionals give the comparable values. The height for branching
initiated by reaction (1) is also lowered. If a sort of D,O-based experiments is
performed, the presently proposed scheme of reactive solvation may be verified. As
a conclusion of the present investigation, the SCWO process of HFC-32, CH,F, +
40H — COy + 2H,0 + 2HF, is expected to easily procced, with a crucial help

of reactive solvation for the HF leaving of rate-determining step. Such a nature of
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special solvation may be general in high activities of SCWO for organic wastes'? 2%,

4 Summary

A series of MO calculations was performed on the elemental reactions for SCWO
of HFC-32 (CH,F;), where the oxidant was assumed to be hydroxyl (OH) radical.
Calculations showed that the total process is highly exothermic toward the final
CO, formation and the barrier height of HF leaving, by which C=0 double bond
is formed, is lowered by the reactive solvation with an H,O. This reactive solvation
seemed to correlate with the high decomposition power of SCWO. The pathological
behavior of B3LYP was found for the H abstraction by OH, and BHandHLYP looked
rather favorable. Multi-usage of density functionals is recommended for a cross

checking,.
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Table I. Calculated energetics for the main path of CHyFy + 4OH — CO, +

2H,0 + 2HF. The process consists of six elementary reactions (a)-(f). Energetics are

evaluated at each level of theory: HF, MP2, B3LYP, BHandHLYP, and QCISD. For

clearance, symbol ”+” indicates 6-31+G(d’,p’) basis. AE and E, are the reaction

cnergy and activation energy (or barrier height) of TS in Kcal/mol, respectively.

Minus sign indicates the exothermicity.

HF MP2 B3LYP BHandHLYP QCISD
(a) CH,F,+OH—CHF»+H,0
AE 6-31G(d’,p’) +7.8 -16.5  -14.7 -11.1 -12.2
+ -21  -179  -155 -10.7
E, 6-31G(d’,p’) +28.1 +99  -1.8 +6.2 +9.1
+ +28.6 +10.2 -0.1 +8.8
(b) CHF,+0OH —CHF,(OH)
AE 6-31G(d’,p’) -90.2 -118.1 -112.7 -110.0 -109.7
+ -789 -116.6 -109.2 -105.8
(c) CHF3(OH)+OH—CF2(OH)+H,0
AE 6-31G(d’,p’) +3.5 -13.0 -11.6 7.7
+ +1.0 -149 -13.1 -7.9
E, 6-31G(d’,p’) +31.8 +126 +14 +9.8
+ +32.3 +94 +3.3 +12.3
(d) CF3(OH)+OH—CF2(OH),
AE 6-31G(d’,p’) -83.6 -118.9 -112.6 -110.8
6-31+G(d’,p’) -79.3  -116.3 -107.5 -105.2
(e) CF2(OH),—CFO(OH)+HF
AE 6-31G(d’,p’) +84 445 4938 +13.3
+ +33  -1.5 +1.0 +6.0
Eq 6-31G(d’,p’) +53.3 +40.6 +37.2 +45.1
+ +51.6 +39.6 +36.3 +44.1
(f) CFO(OH) = CO, + HF
AE 6-31G(d’,p’) -10.0  -146  -4.0 -2.7 -11.3
+ -15.5  -20.5 -12.9 -10.3
Ea 6-31G(d’,p’) +49.8 +32.7 4329 +40.7 +37.7
+ +47.7 +30.7 +31.5 +39.2
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Table II. Characteristics of the transition state structure of the first H abstraction

reaction: CHyFy + OH — CHF, + H50. The values shown here are obtained by

using 6-31G(d’,p’) basis.

HF MP2 B3LYP BHandHLYP QCISD

R(C-H) (ang.) 130 120 117 1.24 1.23
R(H-O) (ang) 120 134 143 1.25 1.27
9(C-H-O) (deg.) 175 171 174 173 173
Imaginary w (cm™!) 3253 2101 273 1865 1834

Table III. Key structural parameters of the CFO(OH) reactant and transition
state toward HF leaving (see text and Fig. 1). The values are calculated at MP2/6-
314+G(d’,p’) level of theory. Both structures are essentially of planar form. Length

and angles are in angstrom and degree, respectively. Subscript ”(C)” for O atom

identifies the carbonyl type.

CFO(OH) transition state

R(C—0(q)) 1.19 1.16
R(C—O) 1.33 1.26
R(C—F) 1.37 1.80
R(O—H) 0.97 1.12
R(F—H) 2.14 1.30

0(0()—C—0) 127 153

8(F—C—O0) 110 88

§(C—O—H) 109 86
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Table I'V. Calculated energetics for the branch path consisting of three elementary
reactions (g)-(i). Entries in this table are similar to those in Table I, except for the

absence of QCISD.

HF MP2 B3LYP BHandHLYP

() CHF,(OH)—»CFOH+HF

AE 6-31G(d’,p’) +11.9  +7.2 +14.0 +17.0
4 +7.3  +1.8  +6.1 +10.3

E. 6-31G(d’,p’) +60.6 +46.6 +43.3 +51.2
+ +59.2 +46.2 +43.3 +51.0

(h) CFOH+OH—CFO+H,0

AE 6-31G(d’,p’) +0.7  -172  -144 -10.4
+ +0.5 -19.1  -15.9 -10.5

E. 6-31G(d’,p’) +30.2 +11.1  -1.7 +7.1
+ +30.8 +114 -0.1 +9.6

(i) CFO+OH—CFO(OH)

AE 6-31G(d’,p’) -84.2 -117.5 -114.0 -111.7
+ -81.8 -1155 -109.7 -107.0
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Table V. Calculated energetics for the HF leaving with the reactive solvation by
an extra H,O, (j)-(1). AE’ and E,’ are the stabilization energy by complex formation
and activation energy from the complex, respectively (sce text). A(E,—E,’) is the

lowering due to reactive solvation. Unit is in Kcal/mol.

HF  MP2 B3LYP BHandHLYP

(4) [CF2(OH),—CFO(OH)+HF]/H,0
AFE’ 6-31G(d’,p’) -89 -11.9 -12.7 -12.3
+ -9.7 -9.8 -9.0 -9.5
B’ 6-31G(d’,p’) +38.0 +235 +19.3 +26.5
+ +37.9 +23.2 +19.2 +26.4
A(E,~E,") 6-31G(d’,p’) -15.3 -17.1 -17.9 -18.6
+ -13.7  -164 -17.1 -17.7
(k) [CFO(OH)—CO,+HF]/H,0
AE’ 6-31G(d’,p’) -109  -13.0 -14.1 -13.9
+ -9.6 -9.8 -9.0 -9.5
E,’ 6-31G(d’,p’) +33.8 +18.2 +16.1 +22.7
+ +33.8 +18.0 +16.5 +23.0
A(E,—E,) 6-31G(d’,p’) -16.0  -145  -16.8 -18.0
+ -13.9  -12.7 -15.0 -16.2
Q) [CHF3(OH)—CFOH-+HF]/H,0
AFE’ 6-31G(d’,p’) -9.2  -125 -13.2 -12.7
+ -7.4 -9.4 -8.8 -9.2
E,’ 6-31G(d’,p’) +42.0 +274 +23.2 +30.5
+ +41.6 +26.7 +23.1 +30.0
A(E,—E,") 6-31G(d’,p’) -18.0  -19.2 -20.1 -20.7

+ -176 - -19.5 -20.2 -21.0
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Table VI. Key structural parameters of the CFO(OH)/H,0 complex and tran-
sition state toward HF leaving (see text and Fig. 2). Length and angles (6 and
) are in angstrom and degree, respectively. The values arc calculated at MP2/6-
314+G(d’,p’) level of theory, as is in Table III. Subscript ”(W)” identifies the extra

water molecule.

complex transition state

R(C—-Oqc)) 1.19 1.18
R(C-O) 1.32 1.24
R(C—F) 1.38 1.72
R(O—H) 0.98 1.27
R(F—H) 2.16 2.23
R(H-O¢w)) 1.72 1.13
R(F—Hw)) 2.78 1.43
R(Hw)—Ow)) 0.96 1.03
R(H{w)—O(w)) 0.96 0.96
0(0(c)—C—0) 129 146
8(F—-C-0) 110 105
6(C—O—H) 110 113
O(H—Owy—Hw)’) 126 112
O(Hew)—Ow)—Hw)’) 106 109
p(F—C—-0O—H) 0 -1
¢(F~Hw)~O(w)~H) 6 -3
(p(C——F——H(W)—O(w)) -8 1
p(F—Hw)=Ow)~ Hw)’) 150 -116
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