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Formic acid decomposes primarily to CO and H,O in the gas phase, but to CO, and
H, in the aqueous phase. Ab-initio quantum chemical calculations were performed,
using Hartree-Fock and density functional methods, to seek an explanation for this
behavior. The effect of water on the two decomposition pathways and on the isomeriza-
tion of formic acid was determined. The transition state structures were fully optimized
and include up to two water molecules. In the absence of water, dehydration is more
favorable than decarboxylation. The presence of water reduces the activation barriers for
both decomposition pathways, but decarboxylation is consistently more favorable than
dehydration. The water molecules actively participate in the bond-breaking and bond-
forming processes in the transition state. The reduction in the activation barriers with
the addition of water indicates that water acts as a homogeneous catalyst for both
dehydration and decarboxylation, whereas isomerization of formic acid occurs indepen-
dently of water. Water has a strong effect on the relative stability of the formic acid
isomers, acid—water complexes, and transition states. The relative stability of the transi-

tion states plays an important role in determining the faster decomposition pathway.

Introduction

Carboxylic acids are important elements in the preparation
of various commercial products, resulting in appreciable
quantities of carboxylic acids in waste streams (Mishra et al.,
1995). In addition, carboxylic acids are frequently observed
intermediate products from the oxidation of organic wastes
in both gas and aqueous phases (Thornton and Savage, 1990).
Hence understanding the decomposition kinetics and mecha-
nisms for these organic acids is important.

Decomposition of formic acid, the simplest carboxylic acid,
has been studied both experimentally and theoretically. Al-
though many mechanisms have been suggested in the litera-
ture, including free-radical chemistry, ionic chemistry, and
surface catalysis, molecular elimination is considered the most
important mechanism in both the gas phase (Blake and Hin-
shelwood, 1960; Hsu et al., 1982; Saito et al., 1984; Goddard
et al., 1992; Francisco, 1992) and in the presence of water
(Ruelle et al., 1986; Melius et al.,, 1990). It is generally agreed
that the reaction network consists of two parallel pathways:

)
@

HCOOH - CO, +H, decarboxylation

HCOOH -» CO+H,0 dehydration.

Several experiments on formic acid decomposition have
been reported for both the gas phase (Blake and Hinshel-
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wood, 1960; Blake ct al., 1971; Hsu et al., 1982; Saito et al.,
1984) and the aqueous phase (Bjerre and Sgrensen, 1992; Brill
et al, 1996; Yu and Savage, 1998). The gas-phase experi-
ments show that the CO yield is substantially greater than
the CO, yield, which indicates that dehydration is the pri-
mary pathway. On the other hand, the aqueous-phase experi-
ments point to decarboxylation as the main pathway.

This difference in the selectivity in the gas phase and the
aqueous phase could possibly be explained by water being a
homogeneous catalyst for the decarboxylation pathway
(Ruelle et al.,, 1986). One way to address this issue of water’s
potential catalytic role is theoretical investigation. Several ab
initio quantum chemical calculations for formic acid and its
decomposition have been reported (Ruelle et al., 1986; Ru-
elle, 1987; Melius et al., 1990; Goddard et al., 1992; Fran-
cisco, 1992; Kumaresan and Kolandaivel, 1995). Francisco
(1992) and Goddard et al. (1992) studied the gas-phase reac-
tion in the absence of water and showed that the activation
energy for decarboxylation was slightly higher than that for
dehydration, which is consistent with the higher yield of CO
observed in gas-phase experiments.

Ruelle et al. (1986) also studied the gas-phase reaction and
suggested that the decarboxylation step in the gas phase is
catalyzed by water produced in the dehydration step. They
showed that including a single water molecule in the decar-
boxylation transition-state structure substantially reduced the
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activation barrier for decarboxylation. The quantitative relia-
bility of their calculation has been questioned, however, since
some of the transition states they found for formic acid de-
composition may be flawed (Francisco, 1992).

Melius et al. (1990) studied the effect of water at high den-
sity as a solvating agent and catalyst for the water gas shift
reaction (CO+H,0 = CO, +H,), which they took to pro-
ceed through a formic acid intermediate. They included up to
two water molecules in the transition states for dehydration
and decarboxylation and demonstrated that both pathways are
catalyzed by water. They found that decarboxylation is the
favored pathway for all cases considered, even in the absence
of water, which is inconsistent with the data obtained from
gas-phase experiments (Blake and Hinshelwood, 1960; Blake
et al., 1971; Hsu et al., 1982; Saito et al., 1984) and the calcu-
lations by Francisco (1992) and Goddard et al. (1992). Since
their focus was on the water gas shift reaction rather than the
formic acid intermediate, Melius et al. (1990) did not make
any distinction between the different isomers of formic acid.
Accounting for the relative stability of the cis and trans iso-
mers could affect the activation barriers and hence the selec-
tivity. Furthermore, Melius et al. did not optimize the struc-
ture of formic acid stabilized by water molecules to calculate
the energy of the hydrated formic acid molecules. Instead,
they determined the total energy of the hydrated formic acid
as the sum of the energies calculated separately for formic
acid and water molecules, Since formic acid and water inter-
act by forming hydrogen bonds, it is unlikely that the total
energy of the hydrated formic acid would simply be the sum
of the energies of its individual components.

The recent appearance of new experimental data for formic
acid decomposition in an aqueous phase (Brill et al., 1996;
Yu and Savage, 1998) and the inability of any of the previous
theoretical studies to explain fully all of the available experi-
mental data for formic acid decomposition motivated the
present study of the effect of water on formic acid decompo-
sition. We considered three scenarios: formic acid and the
decomposition transition states stabilized with (1) zero, (2)
one, and (3) two water molecules. Case (1) represents the
gas-phase decomposition, and cases (2) and (3) the hy-
drothermal decomposition. The present work differs from
previous theoretical studies in that the formic acid isomers
are treated as distinct species, the effect of their relative sta-
bility on the activation barriers is considered, and hydrated
formic acid isomers are optimized individually to calculate
their energies more accurately.

Computational Methods

Ab-initio calculations were performed with Gaussian 94 re-
vision B.3 (Frisch et al., 1995). The equilibrium geometries of
reactants and products were fully optimized with the Berny
optimization method (Schlegel, 1982). We used the syn-
chronous transit-guided quasi-Newton method (Peng et al.,
1996; Peng and Schlegel, 1993) to locate the transition state
structures. Frequency calculations using the analytic second
derivatives were performed to compute various thermody-
namic quantities as well as the thermal energy corrections to
the total electronic energy. We performed the frequency cal-
culations at a temperature (7') and pressures ( p) representa-
tive of the experimental reaction conditions: T =700 K, p =1
atm (gas phase)/300 atm (hydrothermal).

Geometry optimizations and frequency calculations were
performed with Hartree-Fock theory and the 3-21G(d,p) ba-
sis set. We performed single-point energy calculations on the
optimized geometry, using Becke’s three-parameter hybrid
method (Miehlich et al., 1989; Becke, 1993) with the Lee,
Yang, and Parr correlation functional (Lee et al., 1988) and
the 6-311 + G(2d,p) basis set. This combination of the theory
and basis set was chosen based on the results from a study
conducted by Foresman and Frisch (1996), which compared
various model chemistries with experimental data. Although
all the structures are singlets, bond dissociations occur at
transition states, which suggests that the unrestricted method
may be required to describe them properly. We conducted
several test calculations using both the restricted and unre-
stricted methods. The results were identical for both meth-
ods, even when the HOMO and LUMO were mixed to de-
stroy the spin symmetry for the initial guess of the Hartree-
Fock wavefunction. Therefore, all the results reported in this
article are based on calculations using the restricted method.
All of the calculations were conducted for molecules in a
medium of zero dielectric constant. The dielectric constant of
water at 700 K and 300 atm is about 3.9 (Haar et al., 1984),
however, so we performed several calculations using the
self-consistent reaction field methods for reactions in solu-
tion and observed no significant change in the numerical re-
sults.

Results and Discussion
Molecular structures

Tables 1 and 2 summarize the optimized and experimental
ground-state geometries of the trans and cis formic acid iso-

Table 1 Optimized and Experimental Ground-State Geometries for Formic Acid Isomers in the Absence of Water (H,CO,0,H,)

(A, deg)

Coordinate Trans (Calc.) Trans (Exp.)* Cis (Calc.) Cis (Exp.y**
r(0;=0) 1.198 1.202 +0.010 1.192 1.1945 +0.0031
r(C—H,) 1.074 1.097+0.005 1.081 1.1050 £+ 0.0043
r(C-0,) 1.354 1.343+0.010 1.358 1.3520+0.0028
r(0, —H,) 0.945 0.972+0.005 0.940 0.9555+0.0053
£(0,=C-0,) 124.6 1249+1 122.3 122.12+0.37
Z(H,-C-0,) 109.4 111.0+27 113.8 114.64 +0.56
£Z(H,-C=0)) 126.0 124142 1239 123.23+0.58
£(C~0, -H,) i11.8 106.2+1 113.3 109.68 +0.44
£(H,-C-0,-H,) 180.0 180.0 0.0 0.0

«Kwei and Curl (1960).
**Bjarnov and Hocking (1978).

+Estimated uncertainty. This angle was not given in the original reference.
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Table 2. Optimized and Experimental Ground-State Geome-
tries for Decomposition Products (A, deg)

Species Coordinate Calc. Exp.
(6(0) r(C-0) 1.129 1.128*
CO, r(C-0) 1.156 1.160**
H, r(H-H) 0.737 0.739¢
H,O r(O-H) 0.941 0.958*
£(H-O-H) 105.8 104.5*

*Francisco (1992).
**Graner et al. (1986).
TJeppesen (1933)

mers and their decomposition products. Experimental uncer-
tainties are given where they are available. Despite the low
level of theory and small basis set used for optimization, Ta-
bles 1 and 2 show that the predicted and experimental ge-
ometries are consistent.

Visualization of the molecular structures provides helpful
insight into the reaction mechanism. Figures 1 and 2 show
the structures of the formic acid isomers and the transition
states for the two decomposition pathways in the absence of
water. These and all the molecular structures were con-
structed using the visualization program Xmol, developed by
the Minnesota Supercomputer Center (Xmol, 1993). Xmol
displays small solid rectangles between atoms that it consid-
ers to be close enough to be chemically bonded. We added
dashed lines between some atoms to enhance the clarity of
the transition-state structures. It is apparent in Figures 1 and
2 that formic acid must be in the appropriate configuration
for each decomposition pathway to proceed. In other words,
it is the frans isomer of formic acid (Figure 1a), in which the
two hydrogen atoms are on opposite sides of the CO bond,
which leads to the dehydration transition-state structure (Fig-
ure 1b). In this transition state, formic acid is distorted such
that the hydrogen atom bonded to the carbon atom ap-
proaches the hydroxyl group, which foreshadows the eventual
cleavage of the CH bond and formation of water and carbon
monoxide molecules. Similarly, the cis isomer (Figure 2a), in
which the two hydrogen atoms are on the same side of the

(b)

Figure 1. Predicted structure for: (a) trans formic acid
in the absence of water; (b) dehydration tran-
sition state connecting trans formic acid with
CO+H,0.
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Figure 2. Predicted structure for: (a) cis formic acid in
the absence of water; (b) decarboxylation
transition state connecting cis formic acid
with CO, +H,.

CO bond, is the precursor for the decarboxylation transition
state structure (Figure 2b). In this case, the two hydrogen
atoms approach each other, suggesting the formation of car-
bon dioxide and hydrogen molecules.

(b)

Figure 3. Predicted structure for: (a) trans formic acid
with one water molecule (Configuration A); (b)
dehydration transition state connecting the
trans formic acid plus H,0 with CO +2H,0.
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(b)

Figure 4. Predicted structure for: (a) cis formic acid with
one water molecule (Configuration A); (b) de-
carboxylation transition state connecting the
cis formic acid plus H,0 with CO, +H, +H,0.

This type of isomer-specific selectivity for different decom-
position pathways seen in absence of water is also observed
for water-assisted decomposition. Figures 3 and 4 show the
optimized formic acid isomers and transition-state structures
stabilized with one water molecule, which was initially placed
on the side of formic acid opposite the carbonyl oxygen atom.
Although the net consumption of water molecules in these
reactions is zero, the identity of the atoms in that water
molecule is not conserved as a result of water’s participation
in the bond-breaking and bond-forming processes. In the case
of dehydration (Figure 3), one hydrogen atom in the water
molecule joins the hydroxyl group in the trans formic acid to
form a new water molecule, while the hydrogen bonded to
carbon in the acid breaks off to regenerate a water molecule.
Similarly, in the case of decarboxylation (Figure 4), one hy-
drogen atom from the water molecule joins the hydrogen atom
bonded to the carbon atom to form a hydrogen molecule,
while the hydrogen atom from the acid hydroxyl group regen-
erates the water molecule. Figures 5 and 6 show that the de-
composition reactions are assisted by two water molecules in
a manner similar to that when only one water molecule is
present.

Relative energies for the decomposition pathways

Table 3 presents the total energies of reactants, products,
and transition states involved in formic acid decomposition.
The total energy is the sum of the electronic energy and the
thermal energy correction, which accounts for the energy
arising from nuclear motion at a specified temperature and
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Figure 5. Predicted structure for: (a) trans formic acid
with two water molecules (Configuration A);
(b) dehydration transition state connecting the
trans formic acid plus 2H,0 with CO +3H,0.

pressure. Based on this information, the heats of reaction and
activation energies were calculated for formic acid decompo-
sition. Since the total energy is temperature dependent, the
activation energies are also temperature dependent, that is,
they are not Arrhenius activation energies. The relative ener-
gies are presented in Figures 7 through 9. Figure 7 is the
energy diagram for the gas-phase reactions, constructed with
the trans formic acid isomer as the reference point. Figures 8
and 9 are the energy diagrams for the water-assisted path-
ways, with the cis formic acid isomer as the reference point.
If the activation energies were to be calculated as the dif-
ference between the total energies of the transition state and
the formic acid isomer that directly transforms to that transi-
tion state structure (i.e., the decarboxylation transition state
and the cis isomer), decarboxylation would have a lower acti-
vation barrier than dehydration in all cases. Such a result,
however, would be inconsistent with the experimental obser-
vation that dehydration is the favored pathway in the absence
of water. This potential inconsistency is circumvented, how-
ever, by recognizing that the relative stability of the two formic

Vol. 44, No. 2 AIChE Journal



0.950

0.940

(b)

Figure 6. Predicted structure for: (a) cis formic acid with
two water molecules (Configuration A); (b)
decarboxylation transition state connecting
the cis formic acid plus 2H,0 with CO, +H,
+2H,0.

acid isomers becomes an important factor in determining
which decomposition pathway is more favorable. For exam-
ple, Figure 7 shows that the trans isomer is 4.1 kcal /mol more
stable than the cis isomer in the absence of water. This en-
ergy difference is within 0.1 kcal /mol of previous experimen-
tal determinations (Lide, 1966; Hocking, 1976) and electronic
structure calculations (Francisco, 1992; Goddard et al., 1992).

Table 3. Total Energies (Hartrees) for Reactants, Products,
and Transition-State Structures for Formic Acid

Decomposition
Structure n=0 n=1 n=2
CO+(n+DH,0 —189.77140 —266.20147 —342.63152
Dehydration TS —-189.67828 —266.13479 —342.58408
trans-HCOOH - nH,0 —189.78475 —266.20980 —342.64486
¢is-HCOOH ~ nH,0 —189.77822 —266.21426 —342.64665
Decarboxylation TS —189.67674 —266.14677 —342.59139
CO, +H, + nH,0 —189.79522 —266.22528 —342.65533
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Figure 7. Energy diagram for formic acid decomposi-
tion and isomerization in the absence of wa-
ter.

-6.57

CO; +H,

Since the trans isomer is more stable, most of the formic acid
will be in that form. For decarboxylation to take place, frans
formic acid must first isomerize to cis formic acid before the
appropriate transition-state structure can be formed. Thus, in
the absence of water, the effective activation energy for de-
carboxylation is 67.8 kcal/mol (63.68 +4.10), which exceeds
the activation energy for dehydration (66.8 kcal/mol). This
result is consistent with the experimental observation that de-
hydration is the favored pathway in the absence of water.
Note that the result of the ab-initio calculations agree with
the selectivity observed experimentally only when one ac-
counts for the relative stability of the formic acid isomers.
The addition of one and two water molecules to formic
acid and the transition-state structure lowers the activation
barriers for both dehydration and decarboxylation, as shown
in Figures 8 and 9. Water acts as a catalyst for both decom-
position pathways by altering the transition states, as shown
in the b sections of Figures 3-6. Note, however, that the de-
carboxylation transition state is lower in energy than the de-
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Figure 8. Energy diagram for formic acid decomposi-
tion assisted with one water molecule.
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Figure 9. Energy diagram for formic acid decomposi-
tion assisted with two water molecules.

hydration transition state for both water-assisted scenarios,
which indicates that decarboxylation is the preferred decom-
position path in the presence of water. This trend is consis-
tent with the experimental observation that decarboxylation
is the main pathway for hydrothermal decomposition of
formic acid (Brill et al., 1996; Yu and Savage, 1998).

2.021
0.948
1.735
_———
0.962
0.941
2177
0.942
0.941
(b)

The only configurations of formic acid—water complexes
considered thus far are those in the a sections of Figures 3-6,
which give rise to the transition states that lead to the dehy-
dration and decarboxylation products. We refer to these re-
active configurations as Configuration A in this section. We
recognize, of course, that a formic acid molecule can interact
with water molecules in a variety of ways in addition to the
configurations considered up to this point. It is possible that
some other formic acid-water configuration has a lower en-
ergy, in which case the effective activation energies for formic
acid decomposition need to be calculated with respect to this
lower energy complex. Therefore, alternative formic
acid—water complexes that include one and two water
molecules were optimized, and they appear in Figures 10 and
11. In these complexes, termed Configuration B, the water
molecules are placed facing the CO bond of formic acid,
whereas in Configuration A the water molecules are posi-
tioned away from the CO bond.

The energies of all the configurations of mono- and dihy-
drated formic acid isomers considered in this study are shown

0953 1.807
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Figure 10. Predicted structure for: (a) trans formic acid
with one water molecule (Configuration B);
(b) cis formic acid with one water molecule
(Configuration B).
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Figure 11. Predicted structure for: (a) trans formic acid
with two water molecules (Configuration B);
(b) cis formic acid with two water molecules
(Configuration B).
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Figure 12. Energy diagram of all the configurations of
the monohydrated formic acid isomers con-
sidered in this study.

in Figures 12 and 13, respectively. Note that in the presence
of both one and two water molecules, the most stable formic
acid—water complex is the zrans (B) configuration. Since the
majority of the formic acid molecules in water will be in the
trans (B) configuration, we must account for the energy dif-
ference that arises when the trans (B) formic acid-water
complex converts to either of the reactive formic acid-water
complexes (the trans (A) or cis (A)) when calculating the ef-
fective activation energies.

Table 4 summarizes the activation energies for the decom-
position pathways calculated relative to the most stable reac-
tant, trans formic acid in the gas phase (n=0) and trans (B)
formic acid-water complex for the water-assisted pathways
(n=1,2), and compares them with the activation energies

7* [J 1178

trans A
b

Energy (keal/mol)

z
2
e
=
e
<
z
=

v 7 0.00

, trans B

Figure 13. Energy diagram of all the configurations of
the dihydrated formic acid isomers consid-
ered in this study.

from previous studies. Experimental uncertainty is available
only for the activation energy reported by Yu and Savage
(1998). The gas-phase activation energies determined in this
study are in good agreement with both experimental data and
other theoretical studies. The activation energies for water-
assisted decomposition obtained in this study are roughly 10
to 20 kcal/mol higher than those reported by Melius et al.
(1990). This difference is attributed in part to our accounting
for the hydrogen bonding that stabilizes the hydrated formic
acid complexes and leads to the lower energy formic
acid~water configurations. For their energy calculations,
Melius et al. used the formic acid and water molecule(s) at
infinite separation as the reference state, which corresponds
to a dilute gas-phase mixture. Since the transition states cal-

Table 4. Comparison of Activation Energies with Previous Studies (kcal/mol)

This Previous
Reaction Study Study Source

Dehydration (n = () 66.8 60.5 Experimental; Blake et al. (1971)

62—-65 RRKM calculations; Hsu et al. (1982)

67.1 Ab-initio calculations; Ruelle et al. (1986)

70.1 Ab-initio calculations; Melius et al. (1990)

63.0 Ab-initio calculations; Francisco (1992)

68 Ab-initio calculations; Goddard et al. (1992)
Decarboxylation (n = 0) 67.8 65-68 RRKM calculations; Hsu et al. (1982)

64.9 Ab-initio calculations; Melius et al. (1990)

65.2 Ab-initio calculations; Francisco (1992)

71 Ab-initio calculations; Goddard et al. (1992)
Dehydration (n = 1) 55.4 44.0 Ab-initio calculations; Melius et al. (1990)
Decarboxylation (n=7?) 253 Experimental; Brill et al. (1996)

336+17.2 Experimental; Yu and Savage (1998)
Decarboxvlation (n = 1) 479 48.7 Ab-initio calculations; Ruelle et al. (1986)

37.3 Ab-initio calculations; Melius et al. (1990)
Dehydration {n = 2) 49.9 27.7 Ab-initio calculations; Melius et al. (1990)
Decarboxylation (n = 2) 453 21.5 Ab-initio calculations; Melius et al. (1990)
Isomerization (n = 0) 10.9 10.9 Experimental, Miyazawa and Pitzer (1959)

13.8 Experimental; Hocking (1976)

11.7 Ab-initio calculations; Francisco (1992)

12 Ab-initio calculations; Goddard et al. (1992)
Isomerization (n =1) 12.0
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culated in this study and by Melius et al. (1990) appear to be
comparable, the activation barriers become greater when we
account for the greater stability of the formic acid—water
complexes.

Isomerization

This change in relative stability of the isomers with the po-
sition of the water molecule formed the basis for investigat-
ing the possibility of isomerization, in the presence of one
water molecule, occurring between the most stable forms of
the hydrated formic acid isomers, namely cis (A) and trans
(B) acid-water dimers. In the absence of water, formic acid
isomerization occurs by internal rotation of the hydroxyl
group about the CO bond. Formic acid stabilized by water
could possibly isomerize by a different mechanism, since the
water molecules surrounding formic acid may hinder the in-
ternal rotation. Figure 14 shows the transition state struc-
tures for isomerization both in the absence and in the pres-
ence of one water molecule. The similarity in the formic acid
portion of the two structures suggests that even in the pres-
ence of water, isomerization occurs via internal rotation of
the hydroxyl group about the CO bond and that the water
molecule merely responds to that rotational movement. In-
deed, further analysis showed that as the OH bond rotates,
the oxygen atom of the water molecule diligently follows the
hydrogen atom of the hydroxyl group. The activation energies
for isomerization from trans to cis formic acid in the absence
of water (10.9 kcal/mol) and in the presence of one water
molecule (12.0 kcal/mol) appear in Table 4 along with those
reported in previous studies. The similarity in these activa-
tion energies confirms that formic acid isomerization is nei-
ther catalyzed nor hindered by the presence of a water
molecule. The predicted activation energy relative to the trans
isomer in the absence of water is in agreement with both the
experimental data and other theoretical studies.

Rate constants

Rate constants for elementary reactions can be determined
from transition-state theory (Laidler, 1987). We will treat all

C) (b)

Figure 14. Predicted structure for: (a) isomerization
transition state connecting trans and cis
formic acids; (b) isomerization transition
state connecting trans formic acid +H,0 (B)
and cis formic acid +H,0 (A).
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reactions in this study as being nominally unimolecular. This
approach is reasonable because the optimized formic
acid—-water complexes are lower in energy than the sum of
the energies of their individual components and they can be
viewed as single molecular entities. For a unimolecular reac-
tion, the transition-state theory rate constant, k, is expressed

as
_ keT\(drs Ky
I ool - ) ©

where kg is Boltzmann’s constant, /4 is Planck’s constant, g
and g, are the partition functions for the transition state and
the reactant, respectively, and E; is the threshold energy.
The threshold energy is a hypothetical activation energy at
absolute zero (Laidler, 1987) and is calculated by taking the
difference between the total electronic energies of the reac-
tant and the transition-state species, corrected with the zero-
point vibrational energy. The values of the partition functions
are determined as part of the frequency calculation in Gauss-
ian 94, from statistical mechanical expressions for an ideal
gas in the canonical ensemble. All the calculations were done
at the temperature of 700 K.

Since formic acid decomposition, with or without water,
involves proton transfer, quantum mechanical tunneling may
have a significant effect on the rate constants. Tunneling cor-
rections were estimated for each reaction using the high-tem-
perature asymptotic form (Shavitt, 1959) of the tunneling cor-
rection factor derived for the Eckart barrier (Johnston, 1966).
The range of the estimated correction factors was between
1.3 and 2.5. The presence of water reduced the effect of tun-
neling. In addition, the effect of tunneling was consistently
greater for decarboxylation than dehydration, with or without
water.

Since transition-state theory applies strictly to elementary
reaction steps, each step in the decomposition pathways must
be considered explicitly. Therefore, we calculated the rate
constants for decarboxylation and dehydration by taking the
reactants to be the configurations of formic acid isomers, with
or without water, that lead directly to decarboxylation and
dehydration transition states, respectively. Note that this con-
figuration is not necessarily the most stable configuration.
Table 5 shows the preexponential factors, which include the
tunneling corrections. Table 6 shows the threshold energies.
The rate constants are calculated from the preexponential
factors and the threshold energies, and they are listed in Table
7.

Table 5 shows that in the absence of water (n =0) all the
preexponential terms are nearly 10'* s™!, as expected for a
unimolecular reaction. For the water-assisted decomposition
pathways (n = 1,2) the preexponential factors are one to two
orders of magnitude smaller, which is consistent with the in-

Table 5. Log,, of Preexponential Term at 700 K (s ~')

Reaction n=0n=1n=2

trans-HCOOH — nH,0 - CO+(n+1)H,0 13.8 120 116
cissHCOOH ~ nH,0 - CO, +H, + nH,0 13.6 114 121
trans-HCOOH — nH,0 - cis-HCOOH-nH,O0 131 141 —
cissHCOOH ~ nH,0 — trans-HCOOH - nH,0 13.0 129 —
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Table 6. Threshold Energies (kcal /mol)

Reaction n=0 n=1n=2
trans-HCOOH — nH,0 - CO+(n +1)H,0 65.9 485 40.0
cis-HCOOH - nH,0 - CO, +H, + nH,0 635 442 363

trans-HCOOH - nH,0 - cis-HCOOH - nH,0 11.5
¢is-HCOOH - nH,0 — trans-HCOOH-nH,0 7.5

119 —
75 —

creasing complexity of the reactions. On the other hand, both
the preexponential factors and the threshold energies for iso-
merization in the presence and absence of water are all about
the same, which is consistent with water being largely a spec-
tator during formic acid isomerization.

The rate constants reported in Table 7 agree with the ex-
perimentally measured rate constants. The high-temperature
rate expression for unimolecular dehydration in the gas phase
reported by Blake et al. (1971) gives 3.25% 10~7 s ! at 700 K,
which is similar to the dehydration rate constant of 2.03 X
1077 57! calculated in this study. The first-order rate con-
stants at 700 K of 0.894 s~! and 0.630 s~ ! can be calculated
from experimental results reported by Brill et al. (1996) and
Yu and Savage (1998), respectively, for hydrothermal decom-
position of formic acid. These experimental first-order rate
constants for hydrothermal decomposition fall between the
predicted rate constants of 0.00438 s ! and 5.27 s~! for de-
carboxylation assisted with one and two water molecules, re-
spectively.

Product ratios

Having determined the kinetics of the decomposition and
isomerization paths, we can now calculate the ratio of prod-
uct yields as a ratio of reaction rates. The gas-phase decom-
position pathways are given below:

kg
cis-HCOOH -

kp $ k_y

kC
trans-HCOOH —

CO, +H,

CO+H,0

The ratio of the yield of CO relative to the yield of CO, is
given by

CO reo Kk [trans] @
co, rco, ok lcis]

Table 7 shows that the forward and reverse rate constants for
isomerization are much larger than those for decomposition.
Thus, we can take the isomerization step to be in a quasi-
equilibrium state and thereby equate the ratio of the concen-

trations of cis and trans formic acid with the isomerization
equilibrium constant:

Cco k

CO, kK,

<

&)

where K, is the equilibrium constant for isomerization,
k,/k_,. Substituting the numerical values of the rate con-
stants reported in Table 7 for n =0 into Eq. 5 gives CO:CO,
= 5:1. The order of magnitude of this ratio is consistent with
the ratio of 10:1 measured experimentally by Blake et al.
(1971) for the gas-phase decomposition of formic acid.

The elementary processes involved in formic acid decom-
position in the presence of water are outlined below:

kﬂ
cis-HCOOH (A) —

CO, +H, +H,0
5
trans-HCOOH (B)
k.
k
trans-HCOOH (A) - CO+2H,0

The situation is more complex when a water molecule is
present because isomerization is now modeled as a two-step
process that involves a change in the position of the water
molecule relative to trans formic acid, in addition to the iso-
merization itself. Recognizing that interconversion of the dif-
ferent formic acid-water dimers is rapid relative to decom-
position, and using the same approach outlined for the gas-
phase reactions, we calculate the CO,/CO ratio by the fol-
lowing expression:

CO, k,K,

k4 6
CO K.k, ®

where K, is the equilibrium constant for isomerization, and
K, is the equilibrium constant for the interconversion of the
two trans formic acid—water dimers, A and B. The n =1 col-
umn in Table 7 provides the values of k,, k,, and K,, which
is the ratio of the forward and reverse rate constants for iso-
merization. Rate constants are not available to calculate K,
however, since the interconversion of the fans formic
acid—water dimers is not a true chemical reaction. Rather,
the process involves movement of the water molecule from
one side of formic acid to the other side. We determined K,
from the difference between the Gibbs free energies of trans

Table 7. Rate Constants at 700 K (s ~1)

Reaction n=0 n=1 n=2
trans-HCOOH — nH,0 - CO +(n + DH,0 2.03%x10°7 7.57%x1074 144%x10°!
cis-HCOOH — nH,0 - CO, +H, + nH,0 5.63%x1077 438x10°° 527x10°
trans-HCOOH — nH,0 — cis-HCOOH — nH,0 3.10x10° 2.39x10%° —
¢is-HCOOH — nH,0 — trans-HCOOH - nH,0 4.35x10% 3.43x101° —
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(A) and frans (B) formic acid—water dimers, whose values are
determined from frequency calculations at 700 K and 300 atm:

@)

AG
)

K=exp(*

The change in free energy for interconversion of the trans
formic acid—water dimers is 6.48 kcal/mol, so the value of K,
is 9.47x1073. Based on this equilibrium constant and the
rate constants in Table 7, Eq. 6 gives CO,:CO = 425:1. The
order of magnitude of this result is consistent with the aver-
age CO,/CO ratio of 121:1 measured experimentally by Yu
and Savage (1998) for hydrothermal decomposition at a tem-
perature of 380°C and pressures ranging from 178 to 303 atm.

Conclusions

The two decomposition pathways, decarboxylation and de-
hydration, and the isomerization of formic acid in the pres-
ence of water were studied by means of ab initioc quantum
chemical calculations. The predicted activation energies for
dehydration and decarboxylation in the absence of water are
66.8 and 67.8 kcal/mol, respectively. These values are in
agreement with both the data from gas-phase experiments
and the values reported in previous ab-initio studies. The ac-
tivation energies for dehydration and decarboxylation with
one water molecule are 55.4 and 47.9 kcal/mol, respectively,
and with two molecules are 49.9 and 45.3 kcal/mol, respec-
tively.

The reduction in the activation energies with the addition
of water suggests that water behaves as a homogeneous cata-
lyst for both dehydration and decarboxylation, whereas iso-
merization occurs independently of water. Although both de-
composition pathways are water-assisted, decarboxylation is
the favored pathway in the presence of water. The optimized
transition-state structures for the decomposition pathways
show that water molecules facilitate the bond-breaking and
bond-forming processes that lead to product formation. Wa-
ter also has a strong effect on the relative stability of the
transition states, which determines which decomposition
pathway is favored energetically.

This study has demonstrated the utility of ab-initio meth-
ods in gaining insights into how a solvent may influence the
reaction kinetics and mechanisms. There are, however, some
limitations inherent to these methods. All the calculations
presented in this study involve only up to two solvent
molecules. Although such calculations provide some informa-
tion about the reaction kinetics and valuable insights into the
reaction mechanisms on a molecular level, they cannot accu-
rately and completely describe the effect of water as a solvent
on the reaction kinetics. In addition, only two types of config-
urations of hydrated formic acid were considered in this study.
There are, however, numerous other possible ways in which a
formic acid molecule can interact with surrounding water
molecules, some of which could be lower in energy than the
configurations considered in this study. For these reasons, the
kinetic parameters reported in this study may not correspond
exactly to experimentally accessible values.

Further efforts must be made to address the solvent effect
completely. To obtain a more detailed picture of the role of
water in the reaction, it is necessary to include more than just
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two water molecules in the formic acid—water cluster. It is
computationally infeasible, however, to use ab-initio methods
to explicitly consider all possible configurations of hydrated
formic acid with multiple water molecules. A more tractable
way of approaching this problem is to study the reaction by
molecular simulations, either Monte Carlo or molecular dy-
namics. Molecular simulations allow one to study the aver-
aged effect of a solvent on a reaction. For example, molecu-
lar simulations can determine the structure of solvent
molecules surrounding the reactive solute, which provides in-
sights into the nature of the solute—solvent interactions and
the reaction environment at a molecular level. In addition,
molecular simulations can calculate the potential of mean
force, from which a reaction profile can be constructed.
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