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The mechanisms for the water-catalyzed decomposition of formic acid in the gas phase and aqueous phase
have been studied by the high-level G2M method. Water plays an important role in the reduction of activation
energies on both dehydration and decarboxylation. It was found that the dehydration is the main channel in
the gas phase without any water, while the decarboxylation becomes the dominant one with water catalyzed
in the gas phase and aqueous phase. The kinetics has been studied by the microcanonical RRKM in the
temperature range of 200—2000 K. The predicted rate constant for the (H,O)s-catalyzed decarboxylation in
the aqueous phase is in good agreement with the experimental data. The calculated CO,/CO ratio is 200—74
between 600—700 K and 178—303 atm, which is consistent with the average ratio of 121 measured

experimentally by Yu and Savage (ref 3).

Introduction

Carboxylic acids such as formic acid are an important
intermediate in the oxidation of organic hydrocarbons in both
atmospheric chemistry! and aqueous phases.>? It is well-known
that there are two reaction channels in the decomposition of
formic acid: (1) dehydration and (2) decarboxylation.

HCOOH — H,0 + CO (1
—CO,+ H, 2)

Many studies on the unimolecular decomposition of formic acid
in the gas phase have been reported both experimentally*” and
theoretically.®-1? In the gas phase, the dehydration starting from
Z-conformer formic acid is the main dissociation channel,
whereas the decarboxylation starting from E-conformer formic
acid is less competitive. The measured activation energies (E,)*”
of dehydration and decarboxylation are in a wide range: the E,
values of dehydration and decarboxylation are 32—66 and
48—68 kcal/mol, respectively. Only the highest E, values of
experiments are supported by the high-level calculations.3-11-14
In contrast, the decarboxylation reaction becomes more signifi-
cant in the aqueous-phase experiments.>!>1® To explain the
difference between the gas and aqueous phases, water as a
homogeneous catalyst has been studied by several theoretical
researchers.! 12141718 Ryelle et al.'%!! showed that using water
as a catalyst reduces the activation barrier of the decarboxylation
reaction. Later, Melius et al.,'* Akiya et al.,!° and Wang et al.!?
studied the effect of water on both dehydration and decarboxy-
lation and illustrated those pathways are catalyzed by water.
Particularly, the barrier height of the decarboxylation decreases
dramatically and becomes the favored channel.

As presented above, many investigations for the decomposi-
tion of formic acid with and without water catalyzed in the gas
phase have been performed. However, there have been no high-
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level ab initio studies on the mechanisms in the aqueous
conditions. In the present, we report the water-catalyzed
decomposition mechanisms of formic acid in the gas phase and
aqueous phase by the high-level G2M method. We carry out
the polarizable continuum model (PCM)?%2! in water solution
for the aqueous phase. Accordingly, we also predict the rate
constants for decomposition of formic acid in the aqueous
conditions. The results are presented in the following sections
in detail.

Computational Methods

The optimized geometries of the reactants, intermediates,
transition states, and products for the formic acid decomposition
in the gas phase and aqueous phase have been calculated at the
B3LYP/6-311+G(3df, 2p) level.?>* The vibrational frequencies
were calculated at this level for characterization of stationary
points’ zero-point energy (ZPE) corrections. To obtain more
reliable values of energies for PES and rate constant predictions,
we performed a series of single-point energy calculations for
each stationary points with the modified Gaussian-2 method,
G2M(CC1) scheme,® based on the optimized geometries at the
B3LYP/6-311+G(3df, 2p) level. The G2M(CC1) composite
scheme is given as follows:

+ AE(+) + AEQdf) + AE(CC) +
A+ AEHLC, CC1) + ZPE

E[G2M(CC1)] =E,

where
E,,,= E[PMP4/6-311G(d, p)]
AE(+) = E[PMP4/6-311 + G(d, p)] — E,
AE(2df) = E[PMP4/6-311 + G(2df, p)] — E,
AE(CC) = E[CCSD(T)/6-311 + G(d, p)] — E,

bas

A= E[PMP2/6-311 + G(3df, p)] — E[PMP2/6-311 +
G(2df, p)] — E[PMP2/6-311 + G(d, p)] +
E[PMP2/6-311G(d, p)]

as
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Figure 1. The optimized geometries of the intermediates of the decomposition of formic acid calculated in the gas phase and aqueous phase at the
B3LYP/6-311+G (3df, 2p) level. The values in parentheses are calculated by PCM for the aqueous phase.

The higher level correction AE(HLC, CC1) is given by —5.77ng
— 0.19n4 in millihartree, where ny and ng are the numbers of a
and f valence electrons, respectively.

For the aqueous-phase calculations, the polarizable continuum
model (PCM)?2! as implemented in Gaussian 03 was used to
account for the continuum solvation effects. The united atom
for Hartree—Fock (UAHF) model was used to build the cavity
in PCM, denoted as PCM/UAHF. Water with a dielectric
constant of 78 was selected to represent a highly polar
condensed-phase medium. All calculations have been carried

out using the Gaussian 03 program package.?®

Results and Discussion

The calculated geometries of the intermediates and transition
states for decomposition of formic acid in the gas phase and
aqueous phase at B3LYP/6-3114+G (3df, 2p) are summarized
in Figures 1 and 2, respectively. Figures 3 and 4 present the
potential energy surface decomposition of formic acid in the
gas phase and aqueous phase (PCM calculations) at G2M level,
respectively. In these figures, bond distances are given in
angstroms, angles in degrees, and energies in kcal/mol, respec-

tively. A comparison with previous studies of barrier heights
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Figure 2. The optimized geometries of the transition states of the decomposition of formic acid calculated in the gas phase and aqueous phase at
the B3LYP/6-3114+G (3df, 2p) level. The values in parentheses are calculated by PCM for the aqueous phase.

for the dehydration and decarboxylation decomposition in the
gas phase and aqueous phase is compiled in Table 1. In the
present calculations, four models are assumed in the gas and
aqueous phases: (A) unimolecular, (B) H,O-catalyzed, (C)
(H20),-catalyzed, and (D) (H,O)s3-catalyzed. The mechanisms
are presented in the following sections in detail.

1. Decomposition of Formic Acid in Gas Phase. A. Uni-
molecular. As shown as Figure 3, the heat of reaction and barrier
height of the Z-HCOOH — E-HCOOH isomerization are
predicted to be 3.9 and 11.3 kcal/mol, which are in good

agreement with the experimental values?’?8 of 3.9 and 10.9 kcal/
mol, respectively. In the dehydration starting from Z-HCOOH,
it occurs by a concerted step passing a three-centered ring
transition state, TS1, to produce H,O + CO over a 67.4 kcal/
mol barrier. From E-HCOOH, the decarboxylation first takes
place via a four-centered transition state TS2 to generate CO,
and H; with a barrier height of 65.9 kcal/mol. The calculated
barriers of the favored dehydration and decarboxylation are 67.4
and 69.8 kcal/mol, which are in good agreement with the
experimental data of 62—65 and 65—67 kcal/mol, respectively

8095
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Figure 3. Schematic energy diagram for the decomposition reaction of formic acid in gas phase calculated at the G2ZM(CC1)//B3LYP/6-311+G

(3df, 2p) level, where energy is given in kcal/mol.
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Figure 4. Schematic energy diagram for the decomposition reaction of formic acid in aqueous phase calculated by PCM at the G2ZM(CC1)//

B3LYP/6-311+G (3df, 2p) level, where energy is given in kcal/mol.

(see Table 1). Our G2M (CCl) results are also in good
agreement with high level calculations listed in Table 1.

B. H,0-Catalyzed. The role of water is as a catalyst and
simultaneously as a proton donor and acceptor, which makes
the hydrogen-bond network ring with the formic acid. As shown
in Figure 3, the H,O-catalyzed reaction starts by the formation
of the intermediates M1m and M2m. In M1m (see Figure 2),
Z-HCOOH and H,0 are combined with two hydrogens bonding,
while M2m involves E-HCOOH and H,O with only one
hydrogen bonding. The H-bond OHsomic acid** * Owater Of M2m
is 0.374 A shorter than the H-bond Owater* * *HOrormic acia of M1m.

This result corresponds with the binding energy D, of inter-
mediates M1m and M2m; the binding energy of M2m is 0.2
kcal/mol larger than that of M1m. It is inconsistent with the
unimolecular HCOOH reaction that Z-HCOOH is more stable
than E-HCOOH. From M1m, the process undergoes a dehydra-
tion process, producing 2H,O + CO by the transition state
TS1m. TS1m shows a two hydrogen transfer process as a five-
centered ring, shown in Figure 2. At TS1m, the breaking bond
of C—O0 is simultaneous with hydrogen transfer from C to Oyater
and from Oyaer t0 Oformic acid- The breaking bond of C—O is
1.853 A. The decarboxylation process stars from M2m to form
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TABLE 1: Comparison of the Calculated Activation Energies of the Unimolecular and Water-Catalyzed Decomposition of
Formic Acid in the Gas Phase and Aqueous Phase with Previous Studies

reactions this work theoretical studies experimental
Dehydration
unimolecular 67.4 67.5 MP4SDTQ/6-31%*//MP2/6-31G**)4 60.5"
(72.9)F 70.1 (BAC-MP4 method)” 62—65¢8
63.0 (PMP4/6-311++G**//UMP2/6-311G**)¢
68 (DZ + P CCSDT- 1//DZ + P CCSD)*
64.6 (B3LYP/6-311++G(3df, 3pd))*
H,0-catalyzed 48.0 44.0 (BAC-MP4 method)”
(60.3)% 45.5 (B3LYP/6-311++G(3df, 3pd))*
(H,0),-catalyzed 37.0 27.7 (BAC-MP4 method)”
(52.5)k 34.7 (B3LYP/6-311++G(3df, 3pd))*
(H,0)3-catalyzed 26.2
(48.8)F
Decarboxylation
unimolecular 69.8 64.9 (BAC-MP4 method)” 65—68¢
(58.9)F 65.2 (PMP4/6-311++G**//UMP2/6-311G**)°
71 (DZ + P CCSDT- 1//DZ + P CCSD)¢
66.6 (B3LYP/6-311++G(3df, 3pd))*
H,O-catalyzed 47.5 48.7 (MP4SDTQ/6-31#%//MP2/6-31G**)4
(47.2)F 37.3 (BAC-MP4 method)”
41.6 (B3LYP/6-311++G(3df, 3pd))*
(H,0),-catalyzed 35.1 21.5 (BAC-MP4 method)”
(43.5)F 32.5 (B3LYP/6-311++G(3df, 3pd))*
(H0);3-catalyzed 23.4
(41.8)F
Decarboxylation ,
water-catalyzed 25.3
water-catalyzed 33.6 +17.2

@ Reference 11. ¢ Reference 14. < Reference 8. ¢ Reference 9. ¢ Reference 12. / Reference 4. ¢ Reference 5.  Reference 16.  Reference 3. ¥ The

values in parentheses are calculated by PCM for the aqueous phase.

CO; + H; + H,0 by the transition state TS2m. TS2m is a one
hydrogen transfer process as a six-centered ring (see Figure 2).
At TS2m, the forming bond of H—H is 1.023 A, which is 0.280
A longer than that of H,. The barrier heights for the dehydration
and decarboxylation reactions are 48.0 and 47.5 kcal/mol,
respectively. As compared to the unimolecular reaction, the
H,O-catalyzed reaction is about 20 kcal/mol lower in barrier
for both dehydration and decarboxylation reactions, respectively.

C. (H;0);-Catalyzed. Similar to the H,O-catalyzed reaction,
the reaction starts by the formation of the intermediates M1d
and M2d. M1d and M2d have seven-centered ring structures
with three hydrogen-bonded complexes. The H-bond CHjormic
acid***Owaer Of M1d is 0.246 A shorter than the H-bond
O, **HCformic acia of M2d. This result corresponds with the
binding energy (D,) that the D, of M1d is 2.6 kcal/mol larger
than that of M2d. The dehydration process from M1d produces
3H,0 + CO by the transition state TS1d. TS1d is a seven-
centered ring containing a three hydrogen transfer process (see
Figure 2). At TS1d, the breaking bond of C—O is 1.764 A,
which is slightly shorter than that in TS1m. The decarboxylation
process starts from M2d to form CO, + H, + 2H,O by the
transition state TS2d. TS2d is an eight-centered ring containing
a two hydrogen transfer process (see Figure 2). At TS2m, the
forming bond of H—H is 1.030 A, which is 0.0287 A longer
than that of H,. The barrier heights for the dehydration and
decarboxylation reactions are 37.0 and 35.1 kcal/mol, respec-
tively. The (H,O),-catalyzed reaction is about 30.6 and 34.5
kcal/mol lower in barrier for both reactions.

D. (H,0);-Catalyzed. M1t and M2t have nine-centered ring
and eight-centered ring structures with four hydrogen-bonded
complexes. M1t and M2t are more stable than the reactants due
to forming more hydrogen bonds. The strong hydrogen bonds
in M2t result in a binding energy D, of M2t (17.3 kcal/mol)

that is larger than that of M1t (12.2 kcal/mol). M1t undergoes
a dehydration process, producing 4H,O + CO by the transition
state TS1t. TSIt is a nine-centered ring containing a four
hydrogen transfer process, shown in Figure 2. The breaking bond
of C—0'is 1.691 A, which is 0.162 A shorter than that in TS 1m.
The decarboxylation process starts from M2t to from CO, +
H, + 3H,0 by the transition state TS2t. TS2t is a 10-centered
ring containing a three hydrogen transfer process (see Figure
2). At TS2t, the forming bond of H—H is 1.001 A, which is
0.022 A shorter than that of TS2m. The barrier heights of Tslt
and TS2t for dehydration and decarboxylation reactions reduce
to 26.2 and 23.4 kcal/mol, respectively.

As a result, the addition water molecules are significant for
both dehydration and decarboxylation decomposition. However,
the energy barrier of the decarboxylation is lower than that of
dehydration by about 0.5—2.8 kcal/mol, suggesting decarboxy-
lation becomes significant in the presence of water. As shown
in Table 1, it is noticed that the energy barriers of TS2d and
TS2t are in good agreement with experimental values of 33.6
+ 17.2 and 25.3 kcal/mol.>!® This result is consistent with the
experimental observations®!3!6 that decarboxylation is dominant
under hydrothermal conditions.

2. Water Solvent: PCM Calculations. To demonstrate the
difference in the selectivity in the gas phase and aqueous phase,
we carried out PCM calculations with water as a solvent. This
may allow one not only to simulate exact experimental
conditions, but also to estimate the effect of the medium on the
mechanism of the reaction in more detail and to make some
predictions. In the PCM calculations, four models, as described
above, are considered. All of the intermediates and transition
states for decomposition of formic acid in PCM calculations
are reoptimized at B3LYP/6-3114+G (3df, 2p) level of theory
and summarized in Figures 1 and 2, respectively (see the values
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in the parentheses). All transition states are verified by the
number of imaginary frequencies (NIMG) with NIMG = 1. The
imaginary frequencies are 1463.4i, 538.8i, and 289.2i and
1239.01, 1149.31, and 1001.4i for TS1x and TS2x (x = m, d,
and t), respectively. We are not able to locate TS2 in PCM
calculation. Thus, the energy of TS2 is calculated on the basis
of the optimized geometry in the gas phase. The PES of PCM
calculations applied at the G2M//B3LYP/6-311+G(3df, 2p)
optimized energy are presented in Figure 4. It is noticed that
the relative energies of all intermediates including zero-, one-,
two-, and three-water-molecular-coordinated species are smaller
than 1.0 kcal/mol with respect to reactants (Z-HCOOH +
(H20)y = 0-3). As shown in Figure 4, the barrier heights of the
dehydration are 72.9, 60.3, 52.5, and 48.8 kcal/mol, while the
barrier energies of the decarboxylation are 58.9, 47.2, 43.5, and
41.8 kcal/mol for unimolecular, H,O-, (H,O);-, and (H,O)3-
catalyzed reactions, respectively. The barrier of the unimolecular
decarboxylation is 14 kcal/mol lower than the dehydration in
the aqueous phase (in PCM calculations), whereas the barrier
of the unimolecular dehydration is 2.4 kcal/mol lower than the
decarboxylation in the gas phase. As compared to the gas-phase
system, the barriers for both pathways do not decrease dramati-
cally, but the decarboxylation becomes the main channel. In
PCM calculations, the barrier energy of the decarboxylation is
much lower than that of dehydration by about 7—14 kcal/mol,
indicating the decarboxylation becomes more significant in the
aqueous phase. As shown in Table 1, it is worth noting that the
energy barriers of decarboxylation reactions are also in good
agreement with the experimental value of 33.6 + 17.2 kcal/
mol,? indicating that the decarboxylation is the dominant channel
under hydrothermal conditions.

3. Rate Constant Calculation. The microcanonical Rice—
Ramsperger—Kassel—Marcus (RRKM) theory?*3? was em-
ployed to calculate the rate constants for the decomposition of
formic acid reaction with three waters in the aqueous phase.
The optimized formic acid—water complexes are almost the
same as the sum of their individual reactants in energy; they
can be regarded as single molecule entities. We treated the
reaction as practically unimolecular in this study. The effect of
quantum-mechanical tunneling has been considered (on the basis
of the Eckart approach implemented in the ChemRate pro-
gram’?®). All calculations were done in the temperature range
200—2000 K at high-pressure limit and low-pressure limit.

The calculated Arrhenius expressions for dehydration (k;) and
dehydrogenation (k) at high-pressure limit and low-pressure
limit for the temperature range 200—2000 K are given as:

At high-pressure limit,

k7 =4.97x10'" exp(—47.51 kcal mol ™ '/RT) s~
k5 =5.04x 10° exp(—38.13 kcal mol "'/RT) s~
At low-pressure limit,

k) =3.00% 107 7% x » N
exp(—46.56 kcal mol /RT) cm” mol " s

ky=3.77x10°" 7% x B s
exp(—39.30 kcal mol /RT) cm” mol " s
The predicted parameters of log A = 9.7 and E = 38.1 kcal/
mol for the decarboxylation reaction are in good agreement with
experimental values'® of log A = 9.3 and E = 33.6 kcal/mol in
the temperature range of 320—420 °C, respectively. Comparing
the CO,/CO ratios with the experimental values reported by
Savage and co-workers,!? the calculated values are between 200
and 74 at temperature of 600—700 K and pressure of 178—303

Chen and Chang

atm, which are in agreement with the average ratio of 121
measured experimentally!® at a temperature of 380 °C and
pressure range of 178—303 atm. In the previous study,!? we
have calculated the unimolecular decomposition kinetics of
formic acid in the gas phase. The predicted rate constants for
unimolecular dehydration and decarboxylation in the gas phase
are given by k° = 4.05 x 10" exp(—52.98 kcal mol™!/RT)
cm’® mol™! s7! and k% = 1.69 x 10'5 exp(—51.11 kcal mol™!/
RT) cm?® mol~! s~!, which are in good agreement with the
experimental results.>%3* The calculated CO/CO, ratio, 13.57—13.90,
between 1300 and 2000 K, is in good agreement with the
experimental ratio of 10 measured by Hsu et al.?

Conclusion

The decomposition mechanisms of formic acid by water
catalyzed in the gas phase and aqueous phase have been studied
by the high-level G2M method. Water behaves as a homoge-
neous catalyst, which reduces the activation energies for both
dehydration and decarboxylation. Our results show that dehy-
dration is the main pathway in the gas phase, while the
decarboxylation becomes dominant in the water-catalyzed gas
phase and aqueous phase. The predicted rate constant for the
(HO)s3-catalyzed decarboxylation in the aqueous phase is in
good agreement with the results of Savage and co-workers. The
predicted parameters of log A = 9.7 and E = 38.1 kcal/mol for
the decarboxylation reaction are consistent with the experimental
values of log A = 9.3 and E = 33.6 kcal/mol, respectively.
The calculated CO,/CO ratios are 200—74 between 600 and
700 K and 178 and 303 atm, which are in agreement with the
average ratio of 121 measured experimentally.
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