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High Level ab initio Investigation of the Catalytic Effect of Water on Formic
Acid Decomposition and Isomerization†

Mark E. Wolfa, Justin M. Turneya, and Henry F. Schaefer IIIa∗

Formic acid (FA) is a ubiquitous molecule found in the atmosphere, and it is important to many
important processes. The FA molecule generally exists as the trans isomer, which can decompose into
H2O and CO (dehydration). It can also exist in the less favorable cis isomer which can decompose into
H2 and CO2 (decarboxylation). Our work examines the complexes formed between each isomer of FA
with water. We present geometries and vibrational frequencies obtained at the reliable CCSD(T)/aug-
cc-pVTZ level of theory for seven FA· · ·water complexes. We utilize the focal point method to
determine CCSDT(Q)/CBS plus corrections binding energies of 7.37, 3.36, and 2.02 kcal mol−1

plus 6.07, 3.79, 2.60, and 2.55 kcal mol−1 for the trans-FA· · ·water and cis-FA· · ·water complexes,
respectively. Natural bond orbital analysis is used to further decompose the interactions in each
complex and gain insight into their relative strengths. Furthermore, we examine the effect that a
single water molecule has on the barrier heights to each decomposition pathway by optimizing the
transition states and verifying their connectivity with intrinsic reaction coordinate computations and
utilizing a kinetic model. Water lowers the barrier to dehydration by at most 15.78 kcal mol−1 and
the barrier to decarboxylation by up to 15.90 kcal mol−1. Our research also examines for the first
time the effect of one water molecule on the interconversion barrier and we find that the barrier
from trans to cis is not catalyzed by water due to the strong FA and water interactions. Our results
highlight some instances where different binary complexes result in different decomposition pathways
and even a case where one binary complex can form the same decomposition products via two distinct
mechanisms. Our results provide a reliable benchmark of the FA· · ·H2O system as well as provide
insight into future studies of similar atmospheric systems.

1 Introduction

Over the past century scientific research has made great progress
in understanding the chemistry of earth’s atmosphere. Relatively
recent realizations of the negative health and environmental ef-
fects of atmospheric imbalances has motivated research on sci-
entific, humanitarian, and environmental levels.1–4 The study of
atmospheric organic compounds has been of particular signifi-
cance to understanding the chemical interworkings of the atmo-
sphere.5–7 Atmospheric organic compounds existing in the gas
phase are suggested to play a central role in the nucleation of at-
mospheric aerosols via the formation of noncovalent complexes.8

These aerosols have been shown to affect breathable air quality,
earth’s radiation budget, the formation of atmospheric ice, and
the meteorological behavior of clouds.9,10 It is an open research
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question to understand the mechanism for which these organic
compound begin to nucleate and how their noncovalent interac-
tions impact chemical reactions that may significantly influence
environmental science and human health.

One of the most ubiquitous organic molecules in the earth’s at-
mosphere is formic acid. Formic acid is the simplest carboxylic
acid and is thought to be one of the most significant contribu-
tors to atmospheric acidity, of central importance to the organic
compound oxidation cascade, and a respiratory irritant.11,12 The
primary sources of formic acid in the atmosphere are from the
general biomass, natural vegetation, and the burning of fossil-
and bio-fuels. Formic acid is also indirectly produced as a prod-
uct of many atmospheric chemical processes.13–17 The prevalence
and importance of formic acid in the atmosphere is undeniable
and easily motivates the study of important chemical pathways
related to its formation or decomposition.

Formic acid (HCOOH), henceforth reffered to as FA, exists in
either a cis or trans conformation depending on the orientation
of the hydroxyl group.18 The cis conformer is 3.90 kcal mol−1

higher in energy than the trans conformer, resulting in approx-
imately a 1:800 relative abundance at room temperature.18,19
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Fig. 1 The two decomposition pathways that formic acid can undergo.
The trans isomer follows the dehydration pathway and breaks into CO
and H2O, while the cis isomer follows the decarboxylation pathway break-
ing into CO2 plus H2. The two isomers are linked by a transition state
that interconverts the two.

Because of formic acid’s role in the production of acid rain, it
is important to understand its decomposition mechanisms. Sav-
age and Akiya noted that the determining factor of a formic acid
molecule undergoing either decarboxylation or dehydration (Fig-
ure 1) is its proclivity to be in the in the cis or trans conformation,
respectively.20 The dehydration mechanism has been experimen-
tally shown to be the dominant pathway; however the similar bar-
rier height of the decarboxylation pathway has raised the question
why this is the case.21,22 Hu and coworkers reported theoretical
results that indicate formic acid in the presence of H2 enhances
the dehydration pathway significantly relative to the decarboxyla-
tion route.23 They also motivate how important the noncovalent
interaction of H2 is with FA which might have a large influence on
the CO/CO2 product ratio of the reaction. Machado and cowork-
ers recently published theoretical RRKM kinetic results in 2020
that provided evidence that the isomerization reaction is the key
step to explaining why the dehydration step is dominant for un-
catalyzed decomposition.21

Atmospheric conditions often allow for binary complexes to
form between various combinations of small molecules including
FA. Abundant research has been conducted both theoretically and
experimentally to characterize the complexes that FA can form
with H2O24–27, CO2

26, SO2
28, H2O2

29, hydroxyl radical30, hy-
droperoxyl radical31, formic acid32,33, and many other relevant
atmospheric molecules.34–43 Accurate geometric and interaction
energy computations of these binary complexes are particularly
useful to understand their fundamental molecular interactions.
However, a far more interesting question is whether these binary
complexes play a catalytic role in the decomposition of FA. Hu
and coworkers examined the catalytic influence of H2 on FA de-
composition at the CCSD(T)/6-311++G**//MP2/6-311++G**
level of theory and found that the interaction with H2 is a primary
reason for the enhancement of the dehydration pathway. The
catalytic effect of water has also been proposed and studied for

formic acid decomposition in various theoretical studies.20,22,44

Two studies have computationally examined the role of multi-
ple water molecules on the selectivity of formic acid decompo-
sition routes.22,44 Both studies found that the barriers to decar-
boxylation and dehydration are lowered as the number of water
molecules increases which is a reasonable considering that a sig-
nificant portion of atmospheric water exists as a dimer. For the
purposes of our research, we will closely examine the role of a sin-
gle water molecule on the energetics and kinetics of formic acid
decomposition. The Hu study demonstrated that H2 would hinder
the interconversion of FA or enhance the dehydration pathway in
certain conformations.23 This finding indicates that it is critical
to study the decomposition and interconversion pathways of all
binary complexes between FA and water, which the previously
mentioned studies did not include.

The FA· · ·H2O complexes have been previously studied exper-
imentally and theoretically at various levels of theory. In 1995
Nelander and coworkers determined the vibrational structure of
the three trans-FA· · ·H2O complexes.45 Shortly thereafter, Jor-
gensen and coworkers computationally optimized the same three
structures with two additional cis complexes at the B3LYP/6-
31+G(d(X+),p) level of theory.46 Five years later, Bauder and
coworkers used rotational spectroscopy to determine the geomet-
ric parameters of the lowest energy trans-FA· · ·H2O complex.25

Zhou and coworkers also studied the FA· · ·H2O complex, find-
ing the three trans complexes as well as three cis complexes at
the MP2/6-311++G(2d,2p) level of theory.47 It is interesting to
note that the interaction energy for each cis-FA· · ·H2O complex
they report is significantly higher than the difference in energy
between the cis and trans conformers of formic acid, increasing
the thermodynamic favorability of the cis in the presence of wa-
ter. In 2003 Sander and George perfomed a matrix isolation and
ab initio (MP2/aug-cc-pVTZ) study on the FA· · ·H2O complex and
found the three previously mentioned trans-FA· · ·H2O complexes
but make no comment on any of the cis complexes. They highlight
that a complex with the strongest interaction energy exists for a
cyclic geometry with two hydrogen bonds.24 In 2007, Rasanen
and coworkers studied how hydrogen bonding in the cis-FA· · ·H2O
can make the cis-FA conformer energetically favorable, if the in-
teraction energy of cis-FA· · ·H2O is significantly larger than the
energy difference of the trans-FA and cis-FA conformers.27 Fur-
ther explanation of the bonding nature of these complexes or any
new complexes would continue the decades long discussion in-
volving FA· · ·H2O complexes. The question still remains as to how
the various conformers influence the formic acid decomposition
pathways.

The uncatalyzed decomposition of formic acid has been well
studied by experiment and theory.48–58 The most most reliable
computations on the uncatalyzed decomposition to date appear
to be those of Vichietti and coworkers at the CBS//CCSD/cc-pVTZ
level of theory.49 Akiya and Savage, in 1998, published the first
theoretical research studying water as a heterogeneous catalyst in
the decomposition of FA at the HF/3-21G(d,p) level of theory.20

They found that a single water molecule lowered the barriers to
dehydration and decarboxylation by 11.4 and 19.9 kcal mol−1,
respectively. The addition of one water molecule makes the cis-
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FA-H2O complex lower in energy than the separated trans-FA +
H2O and the barrier to decarboxylation lower than the barrier
to dehydration. A related study published in 2008 by Chen and
coworkers at the G2M//B3LYP/6-311+G(3df, 2p) level of theory
found that the the addition of a water molecule lowered the bar-
rier to dehydration and decarboxylation by 16.9 kcal mol−1 and
15.7 kcal mol−1, respectively.44 From these results, the barrier to
decarboxylation is slightly lower by 0.3 kcal mol−1. Chen also
studied the addition of one to three water molecules and report
that the catalytic effect is greater as more water molecules are
included. The most recent theoretical study of this system was
published in 2014 by Inaba.22 He reports complexes at the G4
composite level of theory with up to five molecule water clus-
ters. Inaba found that one water molecule lowers the barriers
to dehydration and decarboxylation by 17.36 kcal mol−1 and
15.79 kcal mol−1, respectively. This results in a slightly larger
barrier to decarboxylation by less than 0.2 kcal mol−1.

Each of these previous studies overlook some critical de-
tails that influence the potential impact of their results. First,
each study concentrates on demonstrating how additional water
molecules continues to lower the activation barriers of FA de-
composition. This overlooks the fact that it is more likely for
a reaction to occur in the presence of one water molecule or
dimer even though it is possible for a water cluster to accumu-
late around a FA molecule and catalyze its decomposition as a
unimolecular process. More importantly, each study only con-
siders one FA· · ·H2O binary complex for each reaction pathway
which may miss some of the effects of different conformers as
described by Hu and coworkers.23 Inadequate consideration is
given to how different conformations may result in different path-
ways and barrier heights. Previous literature also makes no men-
tion of water catalyzed interconversion reactions (between the cis
and trans isomers of formic acid), which might have an influence
on their relative abundances as well. In this work, we present
reliable decomposition pathways for all possible water catalyzed
decarboxylation and dehydration pathways for FA. Our work lays
a firm foundation for future research looking at the catalytic ef-
fects of noncovalent interactions in systems that form multiple
binary complexes.

With the prevalence of water and FA in the atmosphere, it
is of supreme importance to understand the interactions and
the complexes formed between them. From the aforemen-
tioned FA· · ·H2O studies, we have additional motivation to study
the higher energy cis-FA· · ·H2O complexes, that appear signif-
icantly more favorable than the dissociated cis-FA and H2O
molecules. During our research we performed extensive au-
tomated conformer searches in order to find any additional
FA· · ·H2O complexes not previously reported in the literature. We
have optimized each geometry at the “gold standard" ab initio
CCSD(T)/aug-cc-pVTZ level of theory and performed focal point
analyses to produce highly reliable CCSDT(Q)/CBS plus correc-
tions interaction energies and barrier heights.

2 Methods
Each structure presented in our research was initially found uti-
lizing the Conformer-Rotomer Ensemble Sampling Tool (CREST)

package by Stefan Grimme.59 CREST uses a combination of
molecular dynamics sampling, Z-matrix crossing, and normal
mode following to provide an ensemble of candidate structures.
Previous literature, our CREST results, and our own “manual"
scans provided a rigorous base of candidate structures for which
a subset we were able to optimize at a high level of theory. All
geometries were optimized at the CCSD(T) level of theory with
a Dunning aug-cc-pVTZ basis set to capture long range interac-
tions.60–64 Harmonic vibrational frequencies were obtained at
the same level of theory to confirm the nature of each station-
ary point as either a minima or a transition state. Both geometry
optimizations and harmonic vibrational frequency computations
utilized the CFOUR2.0 software.65 Intrinsic reaction coordinate
(IRC) scans were performed on all transition states to ensure
proper connectivity of the minima using the software package
PSI4.66

Highly reliable interaction energies were determined using the
focal point analysis method of Allen and coworkers to extrapo-
late the energy of our computed geometries to the complete basis
set limit.67–72 The aug-cc-pVXZ (X=T,Q,5) Hartree–Fock energies
were extrapolated using the three-point formula of Feller (Equa-
tion 1).73 For post-Hartree–Fock, aug-cc-pVXZ (X=Q,5) energies
were extrapolated to the CBS limit with the two point formula of
Helgaker (Equation 2).74

EHF (X) = E∞
HF +ae−bX (1)

Ecorr(X) = E∞
corr +aX−3 (2)

A series of additive corrections were appended to the CBS ener-
gies to account for assumptions made within our previous compu-
tations using a combination of the software packages: CFOUR2.0,
PSI4, and Molpro 2010.65,66,75 The zero-point vibrational en-
ergy (ZPVE) was added using our harmonic frequencies to ac-
count for the vibrational energy of the ground state. This con-
verts all of our stationary point energies to zero kelvin enthalpies.
(H0K). A frozen core correction (∆FC) was included to account
for the exclusion of core electrons from post-Hartree–Fock com-
putations. The ∆FC value is defined as the difference between the
CCSD(T)/aug-cc-pwCVTZ76 energy computed with all electrons
correlated and the energy computed with the core electrons ex-
cluded from the correlation energy. To account for relativistic ef-
fects of inner core electrons, a scalar relativistic correction (∆Rel)
was included. ∆rel was computed using the exact two-component
one-electron (X2c-1e) relativistic method and was defined as the
difference between the energy computed with X2C-1e and with-
out X2C-1e at the CCSD(T)/aug-cc-pCVTZ level of theory.77 To
test for any conical intersections or nearby surface crossings, a
diagonal Born–Oppenheimer correction (∆DBOC) was included
at the HF/aug-cc-pVTZ level of theory.78,79 Finally, CCSDT80,81

(∆T) and CCSDT(Q)82,83 (∆ 1
2 (Q)

) corrections were added to ac-

count for higher-order correlation effects. The (∆T) correction is
defined as the difference between a CCSDT and CCSD(T) compu-
tation at an aug-cc-pVDZ basis set. The (∆ 1

2 (Q)
) is slightly differ-
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ent and is defined as half of the difference between the CCSDT(Q)
and CCSDT energies computed using a 6-31+G* basis set.84–86

The 1
2 factor on the (Q) correction is to rectify an over compen-

sation of the quadruple excitation description in the perturbation
theory. This has been previously noted in the literature71 and was
justified with a small benchmark on the uncatalyzed reactions.
The final corrected relative enthalpy for each species is given by
Equation 3 relative to the separate water and trans-FA molecules.

∆H0K = ∆ECCSDT/(CBS)+∆ZPVE +∆FC +∆Rel +∆DBOC +∆ 1
2 (Q)

(3)

The noncovalent interactions between water and formic acid
were further studied using Natural Bond Orbital analysis utilizing
NBO6.087,88 as interfaced with the ORCA software package.89

The NBO computations were all performed using an aug-cc-pVDZ
basis set and the B3LYP functional.90 We present E(2) results
(from the NBO computations) which is defined in Equation 4.
Fi j is the Fock matrix element between i and j natural bond or-
bitals, ε is the orbital energy and q is the orbital occupation. This
value gives an indication of the strength of different NBO orbital
overlaps and allows for a clear qualitative interpretation of the
bonding interactions.

E(2) = qi[
F2

i j

ε j− εi
] (4)

3 Results

3.1 Geometries and Energetics

Each geometry presented has been optimized at the
CCSD(T)/aug-cc-pVTZ level of theory. Cartesian coordi-
nates are provided in the supplementary information section
along with their respective harmonic vibrational frequencies. The
∆H0K for each stationary point is plotted in Figure 2 and these
values are relative to separated trans-FA plus water.

The additive corrections overall behaved similarly for each
species with a few exceptions. The magnitudes of the ZPVE cor-
rections ranged from 0.22 kcal mol−1 to 7.69 kcal mol−1. With
the mean around 2.0 kcal mol−1 for all binary complexes and
4.0 kcal mol−1 for each transition state. The ∆FC and ∆Rel val-
ues were small, with the highest magnitude corrections being
0.34 kcal mol−1 and 0.17 kcal mol−1, respectively, and much
smaller for the vast majority of the stationary points. The DBOC
correction was approximately 0.01 kcal mol−1 for the majority
of stationary points, with a few transition states having a sightly
larger DBOC around 0.08 kcal mol−1, not indicative of nearby
electronic states. The ∆T corrections were quite small and never
above 0.33 kcal mol−1 and usually less than 0.10 kcal mol−1 for
all of the structures studied. The ∆ 1

2 (Q)
values were slightly larger,

but never more than 0.37 kcal mol−1 in the worst case scenario.
These results give us confidence to make a conservative estimate
for our energetic uncertainty to be no more than 1 kcal mol−1.

The natural starting point for the discussion of geometries in

this study is to first examine the formic acid structures. Formic
acid has two conformers which will be denotes as Trans and Cis
for the monomer species. The Trans is named as such because the
hydroxyl group is directed opposite from the α-hydrogen with
respect to the C-OH bond. If the hydroxyl group is instead ori-
ented towards the α-Hydrogen, the the formic acid is described
as the Cis and is predicted to lie 4.00 kcal mol−1 higher in energy
than the Trans conformer (Table 1). The two are separated by
an interconversion transition state ( Labeled Inter on Figure 2)
11.53 kcal mol−1 higher in energy than the trans-FA structure. A
more in depth discussion of the interconversion can be found in
the section entitled “Interconversions".

Our computations found seven weakly bound noncovalent
complexes between water and FA. Three of these complexes con-
tain the trans conformer of formic acid and are denoted as, T1,
T2, and T3, ordered from lowest to highest energy and can be
seen in Figure 3 along with their focal pointed relative energies
in Table 2. Each complex involves two interactions between wa-
ter and two of the three distinct FA functional groups. Likewise,
there are four complexes between water and the cis conformer of
formic acid (C1, C2, C3, C4). Each of the trans structures along
with C1, C2, and C4 were previously characterized.47 However,
C3 is a new FA· · ·H2O complex that has not been reported in the
literature.

The lowest energy stationary point is T1 which has a large pre-
dicted binding energy of 7.37 kcal mol−1. The most comparable
theoretical work to date for the trans complexes is from Sander
and George.24 They optimized the three trans structures at the
MP2/aug-cc-pVTZ level of theory. For T1, they reported a ZPVE
corrected binding energy of –8.0 kcal mol−1. The strong binding
energy is explained by the structure of T1 which consists of a pair
of hydrogen bonds between water and formic acid. The first hy-
drogen bond exists between a water hydrogen and the carbonyl
group and its distance is 2.011 Å, which is 0.009 Å longer than
the MP2 values reported by Sander and George. The second bond
exists between the hydroxyl group and the oxygen of water, with
a distance of 1.785 Å compared to the much shorter MP2 length
of 1.768 Å.

The next trans-FA· · ·water complex is much higher in energy
with a binding energy of only 3.36 kcal mol−1 which is slightly
weaker than the predicted MP2 binding energy of 3.8 kcal mol−1.
T2 is a Cs structure that also features a pair of hydrogen bonds.
The first is between a water hydrogen and the carbonyl group,
and the second is between the α-hydrogen and the water oxygen.
The hydrogen bond with the carbonyl seems to be the dominant
interaction with an internuclear separation of 2.013 Å which is
0.01 Å longer then the MP2 value. The hydrogen bond with the
α-hydrogen is much longer at 2.564 Å. The structure of T2 is
quite similar to T1, but the binding energy of T2 is likely much
smaller because the water molecule is sterically hindered from its
most favorable orientation with respect to the second hydrogen
bond.

The final trans complex, T3, is characterized by a Cs geometry
and a binding energy of 2.02 kcal mol−1. This is less than the re-
ported MP2 binding energy of 2.5 kcal mol−1. T3 consists of two
interactions between water and trans-FA. The first is a hydrogen
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cis

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ +4.85 -0.58 –0.02 –0.03 –0.04 [+4.18]
aug-cc-pVTZ +4.75 –0.51 +0.01 –0.04 [–0.04] [+4.18]
aug-cc-pVQZ +4.71 –0.47 +0.02 –0.04 [–0.04] [+4.18]
aug-cc-pV5Z +4.71 –0.46 +0.02 –0.04 [–0.04] [+4.20]
CBS LIMIT [+4.72] [–0.44] [+0.02] [–0.04] [–0.04] [+4.22]

ECCSDT/CBS+∆ =4.22–0.22 –0.00–0.00+0.00+0.01 = 4.00

Inter

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ +12.28 +0.77 –0.77 +0.22 –0.02 [+12.48]
aug-cc-pVTZ +12.15 +0.82 –0.71 +0.24 [–0.02] [+12.48]
aug-cc-pVQZ +12.16 +0.89 –0.69 +0.24 [–0.02] [+12.58]
aug-cc-pV5Z +12.17 +0.92 –0.69 +0.24 [–0.02] [+12.62]
CBS LIMIT [+12.17] [+0.96] [–0.69] [+0.24] [–0.02] [+12.66]

ECCSDT/CBS+∆ =12.66–1.25+0.01+0.01+0.01+0.01= 11.45

cis-TS

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ +93.05 –19.79 +5.99 –3.63 –0.00 [+75.62]
aug-cc-pVTZ +92.65 –19.63 +6.50 –3.98 [–0.00] [+75.53]
aug-cc-pVQZ +92.62 –19.53 +6.63 –4.05 [–0.00] [+75.67]
aug-cc-pV5Z +92.65 –19.51 +6.65 –4.07 [–0.00] [+75.72]
CBS LIMIT [+92.67] [–19.48] [+6.68] [–4.10] [–0.00] [+75.77]

ECCSDT/CBS+∆ =75.77 –6.16 –0.18+ 0.15 –0.10+0.09= 69.57

trans-TS

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ +87.06 –20.11 +5.71 –3.86 –0.11 [+68.69]
aug-cc-pVTZ +88.29 –19.31 +6.38 –4.25 [–0.11] [+71.00]
aug-cc-pVQZ +88.42 –19.14 +6.64 –4.31 [–0.11] [+71.50]
aug-cc-pV5Z +88.47 –19.01 +6.73 –4.33 [–0.11] [+71.75]
CBS LIMIT [+88.50] [–18.88] [+6.82] [–4.36] [–0.11] [+71.98]

ECCSDT/CBS+∆ =71.98–5.03–0.33+0.29–0.16–0.00 = 66.75

CO2 +H2

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ +87.06 –20.11 +5.71 –3.86 –0.11 [+68.69]
aug-cc-pVTZ +88.29 –19.31 +6.38 –4.25 [–0.11] [+71.00]
aug-cc-pVQZ +88.42 –19.14 +6.64 –4.31 [–0.11] [+71.50]
aug-cc-pV5Z +88.47 –19.01 +6.73 –4.33 [–0.11] [+71.75]
CBS LIMIT [+88.50] [–18.88] [+6.82] [–4.36] [–0.11] [+71.98]

ECCSDT/CBS+∆ =71.98–7.69–0.00–0.05–0.11+0.02 = –5.10

CO +H2O

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ +1.19 +5.62 –2.59 +0.86 –0.17 [+4.91]
aug-cc-pVTZ +1.88 +7.76 –2.27 +0.95 [–0.17] [+8.14]
aug-cc-pVQZ +1.59 +8.23 –2.20 +1.00 [–0.17] [+8.45]
aug-cc-pV5Z +1.57 +8.36 –2.19 +1.01 [–0.17] [+8.58]
CBS LIMIT [+1.59] [+8.49] [–2.17] [+1.02] [–0.17] [+8.75]

ECCSDT/CBS+∆ =8.75+3.07–0.35+0.35–0.17–0.01 = 3.85

Table 1 Focal point results for all reactants and products of the un-
catalyzed decomposition reactions. The bold energy values are the
∆H0K = ∆ECCSDT/(CBS)+∆ZPVE +∆FC +∆.5(Q)+∆Rel +∆DBOC energies rela-
tive to trans-FA plus H2O. See the Methods section for detailed descrip-
tions of these additive corrections.

Fig. 3 Trans structures and the corresponding dehydration transition
states. The dominant noncovalent interactions are labeled A and B for
each complex, with A having the stronger bonding character of the two.

bond between a water hydrogen and the hydroxyl group exhibit-
ing a length of 2.181 Å, 0.012 Å larger than the MP2 value. The
second, is an interaction between the α-hydrogen and the oxygen
of water with a length of 2.463 Å which is shorter than the MP2
result by 0.015 Å.

There are four complexes formed between cis formic acid and
water which can be seen with their corresponding transition
states in Figure 4 along with their focal pointed relative ener-
gies in Table 2. The first three have been previously reported
in the literature, but the third is a novel result of our computa-
tions. The most reliable computations to date for the cis com-
plexes are from a theoretical study of Zhou and coworkers, who
optimized geometries at the MP2/6-311++g(d,p) level of theory
and further refined the resulting energies with CCSD(T) single
point computations. However, they did not include zero point vi-
brational energy corrections, so we can only make comparisons
to the geometries they present. The lowest energy cis structure,
C1, has a binding energy of 6.07 kcal mol−1. The structure has
Cs symmetry with a single hydrogen between the hydroxyl group
and the oxygen of water. The bond length that we compute is
1.815 Å which is very close to the MP2 distance of 1.817 Å.

Slightly higher in energy is the C2 complex which has a binding
energy of 3.79 kcal mol−1. C2 also has a planar geometry which
exhibits two weak interactions between the formic acid and water.
First is a hydrogen bond between the water hydrogen atom and
the carbonyl. The second is an interaction between the water
oxygen and the α-hydrogen. The distances associated with these
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Fig. 4 Cis structures and their corresponding decarboxylation transition
states. The dominant noncovalent interactions are labeled A and B for
each complex, with A being the stronger of the two.

interactions are 2.008 Å and 2.508 Å, respectively. The hydrogen
bond we report is over 0.05 Å shorter than the previously reported
MP2 distance.

The final two complexes are closely related. Both C3 and C4
contain a single hydrogen bond between the hydrogen of water
and the carbonyl. Each geometry exhibits Cs symmetry with the
the only difference being the orientation of the non-interacting
water hydrogen atom pointed towards the hydroxyl oxygen (C3)
or away from the FA molecule (C4). The former complex has not
previously been reported in the literature. The predicted binding
energies for C3 and C4 are 2.60 and 2.55 kcal mol−1, respectively.
This correlates with the length of the hydrogen bonds for which
C4 is 0.0305 Å longer.

Natural bond orbital (NBO) Analysis is a helpful tool to under-
stand the nature of the noncovalent interactions in each of the bi-
nary complexes presented. Table 3 presents the dominant contri-
butions to the second order perturbation interaction energy (E(2))
between water and formic acid in each complex. These values es-
timate the energetic importance of each interaction between all
donor and acceptor NBOs by means of second order perturbation
theory. It is key to note that these estimates are not quantitative
predictions of the actual interaction energy, but instead provides
a means for qualitative comparisons between between different
NBO interactions. The dominant interaction is labeled with an A
and the weaker secondary interaction is labeled with a B, as de-
picted in Figures 3 and 4. It should be noted that the E(2) values

T1

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ –6.99 –3.51 +0.72 –0.73 +0.02 [–10.49]
aug-cc-pVTZ –6.62 –3.94 +0.72 –0.75 [+0.02] [–10.57]
aug-cc-pVQZ –6.56 –3.94 +0.76 –0.76 [+0.02] [–10.47]
aug-cc-pV5Z –6.50 –3.90 +0.77 –0.76 [+0.02] [–10.36]
CBS LIMIT [–6.47] [–3.87] [+0.78] [–0.76] [+0.02] [–10.28]

ECCSDT/CBS+∆ =–10.28+2.61 +0.35–0.05+0.03–0.03 = –7.37

T2

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ –4.14 –1.62 +0.22 –0.32 +0.02 [–5.84]
aug-cc-pVTZ –3.67 –1.88 +0.21 –0.33 [+0.02] [–5.64]
aug-cc-pVQZ –3.63 –1.84 +0.24 –0.33 [+0.02] [–5.54]
aug-cc-pV5Z –3.61 –1.81 +0.25 –0.32 [+0.02] [–5.47]
CBS LIMIT [–3.59] [–1.77] [+0.25] [–0.32] [+0.02] [–5.41]

ECCSDT/CBS+∆ = –5.41+1.72+0.36–0.03+0.02–0.02 = –3.36

T3

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ –2.31 –1.72 +0.17 –0.27 +0.01 [–4.13]
aug-cc-pVTZ –1.91 –1.88 +0.17 –0.28 [+0.01] [–3.89]
aug-cc-pVQZ –1.86 –1.84 +0.20 –0.28 [+0.01] [–3.77]
aug-cc-pV5Z –1.84 –1.79 +0.20 –0.28 [+0.01] [–3.70]
CBS LIMIT [–1.82] [–1.75] [+0.20] [–0.28] [+0.01] [–3.64]

ECCSDT/CBS+∆ =–3.64+1.29+0.35 –0.02–+0.01–0.01 = –2.02

C1

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ –2.05 –2.33 +0.37 –0.40 –0.00 [-4.41]
aug-cc-pVTZ –1.96 –2.37 +0.36 –0.38 [-0.00] [-4.34]
aug-cc-pVQZ –1.92 –2.27 +0.40 –0.38 [–0.00] [–4.17]
aug-cc-pV5Z –1.88 –2.22 +0.40 –0.37 [–0.00] [–4.07]
CBS LIMIT [–1.85] [–2.17] [+0.41] [–0.37] [–0.00] [–3.99]

ECCSDT/CBS+∆ =–3.99+1.60+0.35 –0.05+0.03–0.02 = –2.07

C2

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ +0.13 –2.20 +0.23 –0.35 –0.02 [–2.21]
aug-cc-pVTZ +0.55 –2.42 +0.25 –0.37 [–0.02] [–2.01]
aug-cc-pVQZ +0.55 –2.37 +0.29 –0.37 [–0.02] [–1.91]
aug-cc-pV5Z +0.58 –2.31 +0.29 –0.37 [–0.02] [–1.83]
CBS LIMIT [+0.60 [–2.26] [+0.29] [–0.37 [–0.02] [–1.75]

ECCSDT/CBS+∆ =–1.75+1.61 +0.38 –0.03+0.02–0.01= 0.22

C3

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ +1.26 –1.76 +0.17 –0.29 –0.02 [–0.64]
aug-cc-pVTZ +1.37 –1.80 +0.19 –0.29 [–0.02] [–0.55]
aug-cc-pVQZ +1.35 –1.69 +0.22 –0.29 [–0.02] [–0.43]
aug-cc-pV5Z +1.38 –1.64 +0.22 –0.28 [–0.02] [–0.35]
CBS LIMIT [+1.40] [–1.59] [+0.23] [–0.28] [–0.02] [–0.27]

ECCSDT/CBS+∆ =–0.27+1.32 +0.36–0.03+0.01–0.00 = 1.40

C4

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ +1.60 –1.97 +0.17 –0.32 –0.02 [–0.55]
aug-cc-pVTZ +1.77 –2.06 +0.20 –0.33 [–0.02] [–0.45]
aug-cc-pVQZ +1.76 –1.97 +0.23 –0.33 [–0.02] [–0.34]
aug-cc-pV5Z +1.79 –1.92 +0.24 –0.33 [–0.02] [–0.25]
CBS LIMIT [+1.81] [–1.87] [+0.24] [–0.33] [–0.02] [–0.17]

ECCSDT/CBS+∆ = –0.17+1.28 +0.36–0.02+0.01–0.00= 1.45

Table 2 Focal point results for all H2O· · ·FA complex minima. The bold
energy values are the ∆H0K =∆ECCSDT/(CBS)+∆ZPVE+∆FC+∆.5(Q)+∆Rel+

∆DBOC energies relative separated trans-FA plus H2O. See the Methods
section for detailed descriptions of these additive corrections.
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Complex Distance A Distance B E(2)
A E(2)

B E(2)
Total CCSDT(Q)/CBS EInt

T1 1.785 2.011 18.5 5.6 24.1 7.37
T2 2.013 2.564 5.4 0.5 5.9 3.36
T3 2.181 2.463 1.7 1.2 2.9 2.02
C1 1.815 16.4 16.4 6.07
C2 2.008 2.508 5.6 0.7 6.3 3.79
C3 2.012 2.5 2.5 2.60
C4 2.047 4.0 4.0 2.55

Table 3 Relevant information (Å, kcal mol−1) for each noncovalent inter-
action exhibited by the seven H2O· · ·FA complexes. For complexes with
two interactions, the stronger interaction is labeled A and the weaker
B, which are shown in Figures 3 and 4. The first two columns are the
interaction bond lengths in Å. The next three columns are the second-
order perturbation energy (E(2)) for the dominant NBO orbital overlap
in kcal mol−1 for interaction A, B, and the total, respectively. The final
column is the interaction energy computed from our focal point method
in kcal mol−1.

correlate well with the interaction energies from our focal point
analysis. The only exception is C3 and C4, which is understand-
able given their close CCSDT(Q)/CBS energies and the qualitative
nature of the NBO analysis.

The T1 complex has a significantly stronger binding energy
than the other complexes. The most obvious explanation for this
is the existence of two strong hydrogen bonds with E(2) values of
18.5 and 5.6 kcal mol−1 for interactions A and B, respectively. We
are confident that each interaction is a hydrogen bond, since in
each case they exhibit donation from a lone pair of oxygen into an
antibonding O-H orbitals (nO → σ∗OH). For comparison, just the
weak hydrogen bond of T1 is larger than the strongest interaction
of T2 and almost larger then the sum of both interactions in T2.
According to the NBO analysis, only the A interaction is signifi-
cant in T2 and the contribution of the second hydrogen bond is
negligible with a E(2) of only 0.5 kcal mol−1. This is likely due to
the fact that water oxygen is now trying to interact with a hydro-
gen that is far more geometricly constrained relative to the rather
flexible hydroxyl hydrogen. The last complex, T3, consists of two
very weak hydrogen bond interactions of 1.7 and 1.2 kcal mol−1

which result in the smallest total interaction energy of the three
trans structures.

The cis complexes present a much simpler NBO analysis with
all complexes consisting of a single interaction except for C2. In
each case, the nature of the orbital donation is again a hydrogen
bond characterized by a nO→ σ∗OH interaction. The strongest in-
teraction energy belongs to the single hydrogen bond of C1 with
an E(2) value of 16.4 kcal mol−1 which, unsurprisingly, has the
shortest hydrogen bond distance of 0.193 Å for all of the cis com-
plexes. C2, despite being a complex with two noncovalent inter-
actions, only has a total E(2) of 6.3 kcal mol−1. The dominant
hydrogen bond, to the carbonyl group, is the primary component
with an E(2) value of 5.6 kcal mol−1. The final two structures
are closely related and have the weakest hydrogen bonds with
E(2) values of 2.5 and 4.0 kcal mol−1 for C3 and C4, respectiv-
ley. Note that these two structures do not correspond to the order
predicted by the coupled cluster results, but this is unsurprising
because the CCSDT(Q)/CBS energies are within 0.15 kcal mol−1

of each other and the NBO results are not that precise.
To provide some insight into how entropic considerations might

effect these systems, and additive Gibbs free energy correction
was calculated for each structure from the harmonic vibrational
frequency results at 200 K and are presented in the ESI. The
Gibbs free energy corrections were at least 3 kcal mol−1 for all
binary complexes resulting in only T1 and C1 predicted as favor-
able complexes relative to separated FA and water. This does not
negate the importance of the other complexes, but emphasizes
that they may not be detectable in an appreciable concentration
at 200 K. However, the less favorable complexes could still influ-
ence FA decomposition and would become increasingly relevant
at even lower temperatures.

3.2 Dissociation Pathways

One of the principle findings of this study is that the the different
noncovalent complexes formed between formic acid and water
can have a significant influence on the catalytic effect for the de-
carboxylation or dehydrogenation pathways. Previous research
has shown that one or more water molecules can greatly lower
the barrier to either pathway. However, these studies did not con-
sider how different conformers of formic and water may play a
role in this process. All of the complexes discussed in the previous
section are significantly lower in energy than separated water and
the respective FA isomer, indicating that they are all reasonable
catalyzed pathways that may influence the selectivity of the de-
hydration or decarboxylation pathway. The CCSDT(Q)/CBS rela-
tive enthalpies for each water catalyzed decomposition transition
state is presented in Table 4.

The dissociation pathways of the cis and trans-FA monomers
has been well characterized. Figure 1 presents the transition
states of each pathway. The dehydration pathway is experimen-
tally thought to be the dominant pathway. and proceeds through
a transition state that breaks symmetry as the hydroxyl group
bends out of the plane of the molecule and begins to abstract the
alpha hydrogen to form H2O and CO. At the CCSD(T)/aug-cc-
pVTZ level of theory, this process has a harmonic frequency mode
of 1680i cm−1 and a barrier height of 66.75 kcal mol−1. The cis-
FA molecule can undergo a concerted dissociation into CO2 and
H2 via a Cs transition state with a vibrational mode of 2264i cm−1

and a barrier height of 69.57 kcal mol−1. One more key pathway
to consider is the rotational barrier of the hydroxyl group that al-
lows for interconversion between the two species. The transition
state is also shown in Figure 1 and has a vibrational mode of 600i
cm−1 and a barrier of 11.45 kcal mol−1. The high interconver-
sion barrier is a primary reason for the observed dominance of
the dehydration pathway.

One of the motivating points of this paper is to understand how
the inclusion of water affects the barrier heights for the transition
states of the complexes relative to the formic acid molecule. This
is best expressed by the change in the barrier height (∆BH) value,
which is defined in Equation 5. This will be extremely relevant to
the kinetic results that will be discussed later. It is important to
note that ∆BH is the result of two competing effects. The first is
that the presence of the water molecule lowers the energy of the
transition state as expected. At the same time, the water molecule
interacts quite strongly with formic acid such that the complex is
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T1-TS

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ +85.78 –23.81 +6.28 –4.60 –0.07 [+63.57]
aug-cc-pVTZ +87.31 –23.37 +7.00 –5.00 [–0.07] [+65.87]
aug-cc-pVQZ +87.51 –23.15 +7.29 –5.07 [–0.07] [+66.51]
aug-cc-pV5Z +87.60 –23.00 +7.39 –5.09 [–0.07] [+66.83]
CBS LIMIT [+87.65] [–22.83] [+7.49] [–5.12] [–0.07] [+67.12]

ECCSDT/CBS+∆ = 67.12–3.24+0.00 +0.28–0.14–0.03= 64.01

T2-TS

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ +84.69 –20.17 +5.51 –3.96 –0.10 [+65.97]
aug-cc-pVTZ +86.20 –19.35 +6.17 –4.33 [–0.10] [+68.60]
aug-cc-pVQZ +86.36 –19.14 +6.43 –4.38 [–0.10] [+69.17]
aug-cc-pV5Z +86.43 –18.99 +6.52 –4.40 [–0.10] [+69.47]
CBS LIMIT [+86.47] [–18.82] [+6.61] [–4.42] [–0.10] [+69.74]

ECCSDT/CBS+∆ = 69.74–4.28+0.03 +0.29–0.15–0.00= 65.63

T3-TSa

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ +70.97 –24.53 +6.09 –4.17 –0.03 [+48.34]
aug-cc-pVTZ +72.47 –24.45 +6.71 –4.56 [–0.03] [+50.15]
aug-cc-pVQZ +72.89 –24.20 +7.01 –4.64 [–0.03] [+51.04]
aug-cc-pV5Z +73.02 –23.98 +7.09 –4.65 [–0.03] [+51.45]
CBS LIMIT [+73.08] [–23.75] [+7.17] [–4.67] [–0.03] [+51.80]

ECCSDT/CBS+∆ = 51.80–3.08+0.26+0.15–0.12–0.06 = 48.95

T3-TSb

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ +80.64 –21.06 +5.65 –4.08 –0.10 [+61.04]
aug-cc-pVTZ +82.38 –20.41 +6.30 –4.44 [–0.10] [+63.72]
aug-cc-pVQZ +82.53 –20.08 +6.59 –4.49 [–0.10] [+64.45]
aug-cc-pV5Z +82.63 –19.89 +6.69 –4.51 [–0.10] [+64.81]
CBS LIMIT [+82.68] [–19.69] [+6.78] [–4.52] [–0.10] [+65.15]

ECCSDT/CBS+∆ =65.15–3.10+0.04+0.25–0.14–0.03 = 62.16

C1-TS

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ +70.33 –23.60 +7.02 –4.53 +0.10 [+49.31]
aug-cc-pVTZ +70.33 –23.77 +7.46 –4.88 [+0.10] [+49.23]
aug-cc-pVQZ +70.46 –23.70 +7.62 –4.97 [+0.10] [+49.51]
aug-cc-pV5Z +70.56 –23.60 +7.64 –4.99 [+0.10] [+49.71]
CBS LIMIT [+70.61] [–23.48] [+7.66] [–5.02] [+0.10] [+49.87]

ECCSDT/CBS+∆ =49.87–2.47 +0.16 +0.05–0.04+0.03= 47.59

C2-TS

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ +90.47 –21.60 +6.25 –3.91 +0.03 [+71.24]
aug-cc-pVTZ +90.60 –21.81 +6.76 –4.27 [+0.03] [+71.30]
aug-cc-pVQZ +90.64 –21.73 +6.92 –4.34 [+0.03] [+71.52]
aug-cc-pV5Z +90.70 –21.69 +6.95 –4.36 [+0.03] [+71.63]
CBS LIMIT [+90.74] [–21.64] [+6.99] [–4.39] [+0.03] [+71.72]

ECCSDT/CBS+∆ = 71.72–4.52+0.17 =+0.12–0.08+0.06= 67.48

C3-TS

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ +91.37 –20.55 +6.08 –3.79 +0.01 [+73.12]
aug-cc-pVTZ +91.08 –20.51 +6.57 –4.12 [+0.01] [+73.03]
aug-cc-pVQZ +91.10 –20.33 +6.71 –4.18 [+0.01] [+73.31]
aug-cc-pV5Z +91.15 –20.27 +6.74 –4.20 [+0.01] [+73.43]
CBS LIMIT [+91.19] [–20.20] [+6.77] [–4.22] [+0.01] [+73.54]

ECCSDT/CBS+∆ = 73.54–5.10+0.18+0.13–0.09+0.08 = 68.74

Table 4 Focal point analysis for all H2O· · ·FA dissociation transi-
tion states. The bold energy values are the ∆H0K = ∆ECCSDT/(CBS) +

∆ZPVE+∆FC+∆.5(Q)+∆Rel+∆DBOC energies relative to trans-FA plus H2O
in kcal mol−1. See the Methods section for the detailed description of
these additive corrections.

Complex EComplex
interaction ETS

complex−ETS
uncatalyzed Barrier Height ∆Barrier Height

T1-TS 7.37 –2.74 71.38 4.63
T2-TS 3.36 –1.12 68.99 2.24
T3-TSa 2.02 –17.80 48.95 –15.78
T3-TSb 2.02 –4.59 64.18 –2.57
C1-TS 6.07 –21.97 49.66 –15.90
C2-TS 3.79 –2.08 67.27 1.70
C3-TS 2.60 –0.83 67.34 1.77

Table 5 Relevant information (kcal mol−1) for the transition states per-
taining to the dehydration and decarboxylation mechanisms for each
H2O· · ·FA complex at the CCSDT(Q)/CBS plus corrections level of the-
ory. The first column is the interaction energy of the minima complexes.
The second columns is the difference of the energy of the water catalyzed
transition state and the energy of the uncatalyzed transition state. The
third column is the barrier height followed by the fourth column which
shows the change in the barrier height relative to the uncatalyzed de-
composition barrier height.

much lower in energy than the separated formic acid and water
molecules. The sum of these values will result in ∆BH and pro-
vide insight into why the barrier height is lowered or raised in
each case. All results are summarized for each transition state in
Table 5. The following sections provide an in depth analysis of
the catalytic effects of a water molecule to these processes. Such
results may provide insight into the selectivity of each pathway.

∆BH = BHwater catalyzed−BHuncatalyzed (5)

3.3 Dehydration
Each of the trans minima is able to follow the same dehydration
reaction mechanism that would otherwise occur with the uncat-
alyzed decomposition of trans-FA. Let us begin with T1-TS, which
has a vibrational mode of 1749i cm−1. We compute a ∆BH of
4.63 kcal mol−1 which is primarily the result of a huge interac-
tion energy of the initial complex (7.37 kcal mol−1). The water
molecule does significantly lower the transition state energy by
2.47 kcal mol−1, as it is directly interacts with the hydroxyl group
during the decomposition, but it is not enough to overcome the
two hydrogen bonds formed in T1.

The results are similar for T2-TS, but with much smaller mag-
nitude. T2-TS has a vibrational mode of 1644i cm−1. T2-TS was
difficult to optimize and as a consequence has a second negligi-
ble vibrational mode of 31i cm−1 because the CCSD(T)/aug-cc-
pVTZ surface is likely very shallow. C2-TS was also found to have
a small imaginary mode, but a relaxed optimization found such
a small mode inconsequential to the energy or geometry of our
system. The ∆BH for T2-TS, 2.24 kcal mol−1, is about half the
∆BH for T1-TS. The interaction energy of T2 is still significant at
3.36 kcal mol−1, but T2-TS is only 1.12 kcal mol−1 lower in en-
ergy than Trans-TS. This is no surprise as the water molecule is
interacting with the carbonyl group, which has little to do with
the active site of the transition state.

The T3 complex can proceed through both the standard de-
hydration mechanism (T3-TSb) discussed above and an alter-
nate mechanism (T3-TSa) to from the same products. T3-TSb
is the only pathway to lower the barrier height of the standard
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dehydration pathway relative to Trans-TS with a ∆BH value of –
2.75 kcal mol−1. T3-TSb is characterized by a vibrational mode of
1556i cm−1 and a barrier height of 64.18 kcal mol−1. T3 has the
weakest interaction of the three binary complexes, giving it more
energy as a starting point. The water molecule is positioned to in-
teract with the hydroxyl group and the α-hydrogen, which gives
it greater influence on active site of the transition state. T3-TSa is
completely different with a larger imaginary mode of 1702i cm−1

as the water and formic acid molecules form a five membered
ring that greatly lowers the barrier by 15.78 kcal mol−1 relative to
Trans-TS resulting in a barrier height of 50.97 kcal mol−1. Stud-
ies by Inaba and Chen and coworkers presented a barrier height
of 48.81 kcal mol−1 at the B3LYP/6-311+G(3df, 2p)//G2M(CC1)
and 47.5 kcal mol−1 at the Gaussian 4 level of theory, respec-
tively for this mechanism.22,44 This is an extremely interesting
result and highlights the fact that there is not necessarily a one to
one correspondence between decomposition pathways and non-
covalent complexes that still produce the same products. In this
case, it is quite important to characterize both as the difference
between the transition states is over 13 kcal mol−1.

3.4 Decarboxylation

Transition states for the decarboxylation were found for the first
three cis complexes, but none could be found for C4, despite ex-
tensive scans. In contrast to the dehydration transition states in
which the complexes can follow the same dehydration mecha-
nism as the uncatalyzed reaction, C1-TS deviates from the mech-
anism that Cis-Ts follows. First, we will discuss the other two
complexes that do proceed through the expected pathway.

In both cases, C2-TS and C3-TS increase the barrier height to
decarboxylation relative to the uncatalyzed case. They exhibit
Cs geometries that proceed through a vibrational modes of 2176i
cm−1 and 2246i cm−1, respectively. The potential energy surface
for C3-TS is extremely shallow and resulted in a vibrational mode
of 14i cm−1 corresponding to a symmetry breaking mode. Sym-
metry was relaxed and the transition state was re-optimized to
remove this second mode and the results were negligible to both
the energy and geometry, thus we present the final C3-TS struc-
ture as Cs. The C2-TS and C3-TS transition states both have a
positive ∆BH, but have the smallest change of any complex (1.70
and 1.77 kcal mol−1,respectively). The C2-TS ∆BH is small be-
cause the lone pair from water interacts with the dissociating H2

and the C3-TS ∆BH is small because it has one of the smallest
binding energies of all the complexes.

The C1-TS transition state does correspond to a decarboxyla-
tion process, but is of a different sort than the others presented
thus far. This is easily noticed by its vibrational mode of 1513i
cm−1 which is much smaller then the vibrational mode of 2264i
cm−1 corresponding to the Cis-TS. Visual inspection of the geom-
etry and following of the IRC indicates that the decarboxylation
mechanism is similar to that of T3-TSa as a dual hydrogen ab-
straction The water molecule releases a hydrogen to form H2 and
abstracts another hydrogen from the hydroxyl group. The tran-
sition state becomes a six member ring which greatly lowers the
barrier height. Despite C1 having the second highest binding en-

ergy of any complex presented in this study at 6.07 kcal mol−1,
the formation of the six member ring transition states immensely
lowers the barrier to decarboxylation.

Inter1

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ +6.04 –1.19 –0.28 –0.20 +0.01 [+4.38]
aug-cc-pVTZ +6.05 –1.28 –0.24 –0.16 [+0.01] [+4.38]
aug-cc-pVQZ +6.11 –1.15 –0.21 –0.15 [+0.01] [+4.60]
aug-cc-pV5Z +6.15 –1.09 –0.20 –0.15 [+0.01] [+4.72]
CBS LIMIT [+6.18] [–1.02] [–0.20] [–0.15] [+0.01] [+4.82]

ECCSDT/CBS+∆ =4.82+0.43+0.37–0.04+0.03–0.01= 5.60

Inter2

HF +δ MP2 +δ CCSD +δ (T) +δ T NET
aug-cc-pVDZ +8.26 –0.76 –0.53 –0.09 +0.00 [+6.88]
aug-cc-pVTZ +8.61 –0.95 –0.48 –0.08 [+0.00] [+7.10]
aug-cc-pVQZ +8.66 –0.85 –0.44 –0.08 [+0.00] [+7.28]
aug-cc-pV5Z +8.69 –0.79 –0.43 –0.08 [+0.00] [+7.39]
CBS LIMIT [+8.71] [–0.71] [–0.43] [–0.07] [+0.00] [+7.49]

ECCSDT/CBS+∆ =7.49+0.44+0.37–0.02+0.02–0.01= 8.30

Table 6 Focal point analysis for all H2O· · ·FA interconversion transi-
tion states. The bold energy values are the ∆H0K = ∆ECCSDT/(CBS) +

∆ZPVE+∆FC+∆.5(Q)+∆Rel+∆DBOC energies relative to trans-FA plus H2O
in kcal mol−1.

Fig. 5 The three water catalyzed interconversion transition states be-
tween the trans and cis conformers. Inter1 links C1 and T1. Inter2 links
C2 and T2

3.5 Interconversions
Previous studies have indicated that the interconversion reaction
between the cis and trans conformers may be relevant to regulat-
ing the decomposition pathways. There have been no theoretical
studies published that have examined if water can play a role in
the catalysis of this interconversion. We present two new tran-
sition states that link various trans and cis complexes via one a
single transition state. Theoretically all wells can be connected
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but this is an an exceedingly difficult task and beyond the scope
of this work to identify all the connectivities. Both of these will
be compared to the uncatalyzed transition state of formic acid
Inter which has a barrier of 11.45 kcal mol−1. The first is In-
ter1 that links C1 and T1 via a transition state where the water
molecule follows the hydroxyl group as it rotates and has a barrier
of 12.97 kcal mol−1 and a vibrational mode of 379i cm−1 ) (See
Figure 5 and Table 6). Inter2 is quite different and connects T2
and C2 via a transition state where the water is interacting with
the carbonyl and α-hydrogen. This pathway proceeds through
a vibrational mode of 618i, cm−1 and also has a relatively large
barrier of 11.66 kcal mol−1. Both interconversion transition states
with an interacting water molecule are lower in energy than the
uncatalyzed interconversion of formic acid. However, because the
trans-FA· · ·H2O complexes are also lowered in energy due to the
presence of the water molecule none of the water catalyzed tran-
sition states lower the barrier to trans and cis interconversions
and in fact Inter1 greatly increases the barrier relative to Inter.

3.6 Kinetics

In order to quantify the catalytic importance of each FA· · ·H2O
conformer on the decomposition pathways, a simple kinetic
model was utilized. Using a model similar to the one employed by
Inaba22, we use the canonical transition state theory to compute
rate constants at various temperatures at the high pressure limit.
Equation 6 describes the model which produces rate constants in
units of s−1. The asymmetric Eckart function was used to obtain
tunneling factor (κ).91,92 The qts and qcomplex terms are the par-
tition functions of the transition state and the FA· · ·H2O complex
(or just FA in the uncatalyzed case.), respectively. kb is the Boltz-
man constant, T is the temperature, and h is Planks constant. The
barrier to reaction is defined as Ebarrier.

k = κ
qts

qcomplex

kbT
h

exp(−Ebarrier

kbT
) (6)

We note that the purpose of this model is to simply observe quali-
tative differences in decomposition rates for each water catalyzed
pathway and compare them to the uncatalyzed decomposition,
not necessarily to provide highly rigorous kinetics results. Addi-
tionally, we want to compare to the work of Inaba and determine
how sensitive the reaction pathways are to conformation as op-
posed to number of water molecules.

The decarboxylation pathways have nearly identical rate con-
stants relative to Cis-TS except for C1-TS which significantly in-
creases the rate of reaction. At low temperatures C1-TS is more
than four orders of magnitude faster than the other decarboxyla-
tion pathways while, the dehydration pathway rates show a bit
more catalytic diversity. Trans-TS, T2-TS, and T1-TS all have
very similar rates with T1-TS being the only decomposition route
that is slightly slower than the uncatalyzed dehydration reaction
which is most likely a consequence of the strongly bound T1 bi-
nary complex. T3-TSb exhibits a slightly larger catalytic effect
but is likely irrelevant as the T3 complex will primarily proceed
through the lower T3-TSa barrier. As was the case with C1-TS,
the T3-TSa pathway significantly increases the rate of dehydra-

Fig. 6 Rate constants in units of Log(s−1) for each decarboxylation,
dehydration, and interconversion pathway as a function of inverse tem-
perature.
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tion relative to the Trans-TS pathway with a nearly 15 order of
magnitude speedup making dehydration more favorable at low
temperatures in the presence of a water molecule.

The interconversion reactions, as expected, are many orders of
magnitude larger than either decomposition rate. The single wa-
ter molecule has almost no catalytic influence on the FA intercon-
version and would have negligible impact on the equaillibrium
ratio of the trans and cis isomers. In fact, T1 has such a strong
binding energy that Inter1 is actually slightly slower at low tem-
peratures than the uncatalyzed Inter process. The Inter2 rate is
essentially the same as Inter as well, so water has no discernible
catalytic effect on the interconversion process.

Our kinetic data shows some clear results that elucidate the
impact of formic acid dehydration and decarboxylation in the at-
mosphere. We confirm the fact that the specific conformers of
FA· · ·H2O can play a significant role in lowering the barrier and
increasing the rate of both of these processes, more so favoring
dehydration. This is primarily due to the certain orientations al-
lowing for an alternative mechanism to produce the same prod-
ucts as in T3b-TS and C1-TS. The effect of the other conform-
ers on the overall rates has little significance and in certain cases
(e.g. T1-TS) lowers the decomposition rates. We also note that
the effect of additional water clusters as shown in the work of
Inaba has a much larger catalytic effect than does changing the
FA· · ·H2O complex structure. The water clusters are quite rel-
evant due to the relatively high abundance of the water dimer
in the atmosphere.93 Our work does highlight that it is impor-
tant to search for complexes that follow different lower energy
paths to the same decomposition products. It may be the case
that both catalytic effects could be capitalized on where multiple
water molecules lower the decomposition barriers and also open
the possibility to a diverse set of undiscovered conformers and
mechanisms.

Overall, the decomposition of FA following the decarboxyla-
tion and dehydration pathways are likely too slow to significantly
impact atmospheric concentrations. Even though the various
FA· · ·H2O complexes can significantly lower the barrier, it is likely
still too small to influence the atmospheric FA budget in a signif-
icant way. Prior research has found that atmospheric FA has a
lifetime of approximately 3.2 days and is primarily removed by
wet and dry decomposition, photochemical oxidation, and reac-
tion with the OH radical all of which are faster than formic acid
decomposition rates even in the presence of water.94–97 For exam-
ple, the rate of reaction for FA with the OH radical is 3.2×10−13

cm3 molecules−1 s−1 95,96 at atmospheric conditions which cor-
responds to residence times of at least a week. The dry and wet
deposition mechanisms are expected to be even faster than this
indicating that the these processes will dominate compared to FA
water catalyzed decomposition.97 By comparison, even at 298 K,
the largest rates of reaction for the water catalyzed decarboxy-
lation and dehydration are approximately on the order of only
10−15 s−1 and 10−20 s−1, respectively.

4 Conclusions
The research we present provides novel insights into the nonco-
valent complexes formed between formic acid and a single wa-

ter molecule. We also examine the catalytic effect of a water
molecule on formic acid decomposition and isomerization, taking
into consideration all possible conformations which had not been
done before. Our work characterized three trans-FA· · ·H2O and
four cis-FA· · ·H2O complexes, of which C3 is entirely new to the
literature. We computed highly reliable geometries and harmonic
vibrational frequencies at the CCSD(T)/aug-cc-pVTZ level of the-
ory and binding energies ranging from 2.02 to 7.37 kcal mol−1

and 2.55 to 6.07 kcal mol−1 at the CCSDT(Q)/CBS level of the-
ory for the cis and trans complexes, respectively. Each complex
was further examined by NBO analysis. Our research also in-
cludes the first characterization of water catalyzed isomerization
reactions (between trans-FA and cis-FA).

Our research thoroughly describes the catalytic effect of a sin-
gle water molecule on the decomposition mechanisms of formic
acid. We find that a single water molecule catalysis favors the
dehydration pathway, agreeing with experiment, but cannot cat-
alyze any decomposition mechanism to be competitive enough
with the other processes that remove FA in the atmosphere. Ad-
ditionally, considering all conformers at best results in a fifteen
order of magnitude increase at low temperatures in the rate of
decomposition, but this is less than the catalytic effect of larger
water clusters presented in previous work. We find that due to
the strong FA· · ·H2O interactions, that there is no water assisted
interconversion pathway that is significantly faster than the the
uncatalyzed interconversion, therefore a single water molecule
will not influence the ratio of trans-Fa to cis-FA in the atmo-
sphere. We do highlight two very important findings that may
guide similar studies on the catalytic effect of noncovalent binary
complexes. 1) In the case of C1-TS and T3-TSa, the presence
of a water molecule allows for alternate decomposition mecha-
nisms via ring-like transition states that greatly lower the barriers
to 49.66 kcal mol−1 and 50.97 kcal mol−1 for decarboxylation
and dehydration, respectively. This demonstrates the importance
of considering alternate reaction pathways which likely become
more complicated in the presence of more than one small non-
covalent catalyst. 2) We found that T3 can proceed through a
dehydration mechanism similar to the uncatalyzed dehydration
process (T3-TSb) and the alternate ring-like transition state pre-
viously mentioned (T3-TSa). The difference in barrier heights
between the two transition states is 13.22 kcal mol−1 indicating
how important it is to correctly characterize all transition states
that may be accessible to a given binary complex. We hope that
this work can serve as a rigorous benchmark of the ubiquitous
FA· · ·H2O system and help guide future work on other similar at-
mospheric reactions.
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