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The thermal decomposition of formic acid was reinvestigated in the gas phase using two types of shock
tubes. It was confirmed that the unimolecular decomposition proceeds through a main channel of dehydration
(k1) and a minor decarboxylation channel (k2). This result is in good agreement with our previous study (J.
Chem. Phys.1984, 80, 4989). Furthermore, it was confirmed that the dehydration process is in the second-
order region and that the decarboxylation is in the falloff region, in the temperature range of 1300-2000 K
and over the total density of (0.5-2.5)× 10-5 mol cm-3. The experimental ratios between the two channels,
k2/k1, are compared with those of theoretical calculations by conventional transition state theory and the Rice-
Ramsperger-Kassel-Marcus theory.

Introduction

The unimolecular decomposition of formic acid is well-known
to occur through the following molecular elimination pathways:

The decomposition of formic acid has been investigated both
experimentally1-8 and theoretically9-15 for a long time. Among
the experimental studies, two different investigations have been
reported using a shock tube at high temperatures. Hsu et al.4

monitored the time-dependent CO concentration by IR absorp-
tion with a CO laser. They obtained comparable second-order
rate constants for these competitive channels,k1,0 andk2,0, where
kn,0 is the second-order rate constant of channeln defined by
kn,0 ) kn/[M], and determined that the Arrhenius parameters
for the two channels were logA1,0 (cm3 mol-1 s-1) ) 15.36,
Ea1,0 ) 50 kcal mol-1 and logA2,0 (cm3 mol-1 s-1) ) 16.18,
Ea2,0) 57 kcal mol-1. On the basis of the results, they estimated
the comparable threshold energies for the two reaction channels
to be E1 ) 62-65 kcal mol-1 and E2 ) 65-68 kcal mol-1,
respectively. They also confirmed that other channels such as
the production of radical species via a simple bond scission were
not important as the initiation reactions. One year later, Saito
et al.5 reported another experiment under the shock conditions
similar to the experiment by Hsu et al. Saito et al. measured
the decomposition rate by monitoring the reactant and product
behavior of the IR emission intensities. The total amount of
the CO2 production was found to be less than 5% of the initial
reactant at the end of the reaction where almost all the reactants
have disappeared. They concluded that the decomposition
actually proceeded via the dehydration and that the rate constant

for the decalboxylation,k2,0, was about 2 orders of magnitude
smaller thank1,0 on the basis of the Rice-Ramsperger-Kassel-
Marcus (RRKM) theory. The Arrhenius parameters of the
second-order rate constant for channel 1 were evaluated to be
log A1,0 (cm3 mol-1 s-1) ) 14.32 andE1,0 ) 40.4 kcal mol-1.
The potential barrier height (E2) for the decalboxylation was
estimated to be 20-30 kcal mol-1 higher than that of the
dehydration. Several experimental works on the laser-induced
decomposition of formic acid6-8 have favored the predominance
of the dehydration channel in the decomposition of formic acid.

Many theoretical investigations have been performed for the
energy barrier heights of the two channels. Earlier studies5,9 of
ab initio molecular orbital (MO) calculations have shown the
difference in barrier heights for the two channels to be about
20 kcal mol-1 due to the low-level approximations. Recent
progress in quantum chemistry has made it possible to estimate
more reliable potential energy surfaces. Typically, Ruelle et
al.,10,11 Goddard et al.,12 and Francisco13 obtained almost the
same barrier heights (within a few kcal mol-1) for the two
channels, although different approximations were used. It is not
curious that they came to suspect our previous experimental
results, especially our shock tube work,5 where the decalbox-
ylation is a few percent of the total decomposition. As a
consequence, they received the results of Hsu et al.4

Water-catalyzed reactions, which may largely lower the
potential barrier on the reaction path, have been studied
theoretically by several researchers.16-18 It seems, however, that
the catalyzed reaction is still the minor one in the homogeneous
thermal decomposition at high temperatures. Another possible
reaction is a direct decomposition from a formic acid dimer
that exists about 30% in the gas phase when ca. 1 Torr (1 Torr
) 133.322 Pa) of formic acid is kept at room temperature.

As described previously, many investigators have so far been
interested in the thermal decomposition of formic acid. Even
at the present stage, there still remains ambiguity on the
branching ratio between the two competing channels. The main
purpose of this study is to check the previous shock tube works.
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Here, we also discuss the experimental and theoretical results
reported hitherto.

Experimental Procedures

Two shock tubes were used in the present study. The first
was a standard type of 9.4 cm i.d.5,19 The test section of the
tube was evacuated to less than 2× 10-6 Torr by a 6 in.
diffusion pump before each run. A pair of CaF2 or MgF2 disks
was mounted on the tube wall at the observing position, 2 cm
apart from the end plate for reflected shock experiments. When
experiments were performed behind the incident waves, an
additional tube of about 16 cm in length was attached to the
end flange. The decomposition of formic acid was monitored
by observing the time-resolved IR radiation from CO (4.63(
0.09 µm) and CO2 (4.23 ( 0.09 µm), and the dissociation of
the formic acid dimer was monitored at 5.66( 0.05µm, which
is the CdO stretching of the monomeric formic acid. The IR
emission was detected by an MCT (mercury-cadmium-
tellurium) photoconductive element (1× 1 mm2) cooled at 77
K. Usually, a slit of 1.0 mm in width was set outside of the
window, and the MCT element was set at the position 80 mm
apart from the slit. The output signals from the MCT and
pressure transducer mounted on the same position of the
windows were recorded simultaneously by a digital oscilloscope.
The time constant of the optical detection systems was about
10 µs. The shock-heated gas mixture for each run was taken
out to a 1 Lglass cylinder and analyzed for the production yields
of CO and CO2 by using an IR gas analyzer (Shimadzu, CGT-
7000) and a gas detector (Kitagawa Style, Model 370S).

Sample gases were treated in a manner similar to the previous
experiment.5 The concentration of dimer (HCOOH)2 was
estimated to be 10-20% of gaseous formic acid at room
temperature depending on the sample pressure.19 This value
cannot be neglected in the present experiment because the
decomposition reaction might also proceed from the dimer
molecule as suggested by several investigators. Therefore, we
examined the behavior of the dimer at high temperatures.

The second shock tube was a magic-hole type.20-23 The
product gas mixtures heated by the single pulse method were
extracted into a preevacuated vessel (50 cm3) through a valve
near the end plate and analyzed by serially connected three gas-
chromatographs (Shimadzu), each of them having a thermal
conductivity detector. The standard gas sample prepared for the
calibration of CO and CO2 concentration by Seitetsu Kagaku
was used for the identification and quantification of each
product. The quantification of each product was carried out using
Ar as a reference material. The amounts of the products were
determined within an accuracy of(4%. An effective heating
time te (reaction time), defined as the time between the arrival
of the reflected shock wave and the 80% point of fall from the
reflected shock pressure, was determined with an accuracy of
(5% using the method described previously.20-22 Thete values
at the representative temperatures were determined from the
relationship between the observedte and reflected shock
temperature. Thete values obtained at the representative
temperatures 1000, 1100, 1200, 1300, 1400, 1500, and 1600 K
were 812, 916, 1021, 1125, 1229, 1333, and 1437µs, respec-
tively. The concentrations of CO and CO2 determined by gas
chromatography were compared with those simulated, assuming
that the reaction was frozen perfectly at the end of the effective
heating time. Thete values increased with increasing the
temperature under our experimental conditions. To obtain the
shock wave with lower temperatures, the concentration ratio of
H2/N2 of the driver gas was lowered. As a result, the heating

time was shortened by lowering the shock temperature. The
cooling rates under our experimental conditions were about 830
and 500 K/ms at 1500 and 1000 K, respectively.

The computer simulation procedure of the shock-heated
reactions was essentially the same as described previously.20-24

The routine of the computations was a Gear-type integration of
a set of differential equations describing the chemical kinetics
under the constant density conditions for a reflected shock wave.
Reverse reactions were automatically included in the computer
program through equilibrium constants computed from ther-
mochemical data. Thermochemical data for Ar, CO, H2, H2O,
and CO2 were adopted from the JANAF tables,25 and those for
HCOOH were given from ref 26.

To estimate the rotationally averaged microcanonical rate
constantsk(E) for two competed channels, the RRKM calcula-
tions were performed using a code UNIMOL developed by
Gilbert et al.27 Structural information for the ground and
transition states were adopted from the results of Takahashi et
al.,14 and other parameters were from the experimental condi-
tions. The temperature and pressure dependence have been
calculated by employing the second part of the UNIMOL
algorithm and using Lennard-Jones parameters adjusted for
formic acid. More specifically, the Lennard-Jones diameterσAB

for reactant-bath gas was taken to be equal to 4.04 Å, and the
Lennard-Jones well depthεAB was equal to 183.9 K using the
parametersσAr ) 3.542 Å,εAr ) 93.3 K, σC2H5OH ) 4.530 Å,
andεC2H5OH ) 362.6 K,28 where the molecular size of ethanol
is considered to be similar to formic acid.

Results and Discussion

Reaction of Formic Acid Dimer. Figure 1 shows a typical
IR emission profile at 5.66µm (upper line) and a pressure
transducer signal (lower line) behind the incident shock wave.
The emission corresponds to the monomeric formic acid and
does not include the contribution from the dimer (the CdO
stretching of the dimer encompasses the wavelengths longer than
5.8 µm). The emission intensity rises up abruptly to about a
half of the total intensity, and then it increases to a constant
level. The initial rise at the shock front is from the original
monomer that exists in the mixture at room temperature, and
the later increase with time is due to the monomer produced
from the dimer dissociation under the incident shock conditions.
The rate constant of the dimer dissociation was determined over
the temperature range of 700-900 K. Figure 2 shows an
Arrhenius plot of the first-order rate constant. The rate is actually
constant with a value of 2× 104 s-1 within the experimental

Figure 1. Typical IR emission at 5.66µm that corresponds to formic
acid monomer. Conditions behind the indent wave areT2 ) 900 K and
F2 ) 5.0 × 10-6 mol cm-3. I.S. indicated the incident shock front.
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error probably due to a narrow temperature range observed.
Since the time resolution of this detection system is on the order
of 10-5 s, the previous rate may be the lower limit for the dimer
dissociation. From the fact that there is no emission (4.63µm)
from carbon monoxide at temperatures lower than 1000 K and
that the emission intensity at 5.66µm monotonically reaches
to a constant level, there are no reaction channels to produce
other products except for the formic acid monomer. The
experiment in the high-temperature region (1300-2000 K),
where the dissociation of formic acid is observed, has been done
behind the reflected shock waves. Since the time between the
arrival of the incident and reflected shock fronts at the
observation window is more than 100µs, the dimer is
completely decomposed to the monomer acid until the arrival
of the reflected shock front.

Reaction of Formic Acid Monomer. Figure 3 shows a
typical emission profile at 4.63µm. This wavelength includes
a fundamental band of CO with a weak contribution from the
high levels of CO2 (ν2 mode). The time dependent emission
intensity,It, gives a simple exponential function (I∞ - It)/I∞ )
exp(-kt), whereI∞ is the intensity obtained after a long reaction
time. Thus, we obtained a value of the time constantk in s-1

from each profile. Although this time constant actually corre-
sponds to the total decomposition rate constant of the reactant,
it is reasonable to postulate thatk1 ≈ k under our shock condition
where the ratiok2/k1 is found to be less than ca. 0.08 (as will
be shown in a later paragraph). Figure 4 shows Arrhenius plots
of k1 (upper two lines) with two different total densities by a
factor 4. Although the total density of the data point in this
figure scatters about 7% over the temperature range, this does
not affect the rate parameters meaningfully. As will be described
later, the values ofk1 determined in this work excellently agree
with the previous experimental results.5 Theoretical rate con-
stants by the RRKM calculations (dashed lines) are also shown
in Figure 4. These are consistent with the experiment, especially

at higher temperature regions. The second-order rate constant
k1,0 is plotted in Figure 5, where a straight line is the previous
experimental data.5 The Arrhenius expression for the channel
1 is given again by

The emission intensity at 4.23µm (CO2 ν3 bands) was so
weak within our observed temperature range when it was
compared to 4.63µm that it was difficult to determine the time
constant of the initial rise from the emission profile. In the
previous experiment,5 the final product concentration of CO2

has been measured to be less than 5% of the total reactant
concentration, by adding 0.2% CO2 in the mixture to measure
the relative CO2 yield from the HCOOH pyrolysis.

Next, as a direct emission detecting method, we tried to
measure the time-resolved emission intensity at 4.23µm relative
to the reactant concentration. The time-dependent concentrations
of CO and CO2 are expressed byk1 andk2 as

and

Figure 2. Arrhenius plot of the dissociation rate constant of formic
acid dimer.

Figure 3. Typical IR emission at 4.63µm that corresponds to the
fundamental band of carbon monoxide. Conditions behind reflected
wave areT5 ) 1695 K andF5 ) 6.3 × 10-6 mol cm-3. R.S. indicates
the reflected shock front.

Figure 4. Arrhenius plots of the first-order rate constantsk1 (upper
two lines) andk2 (lower two lines) for the production of CO and CO2,
respectively. The total density [M] is changed by a factor of 4. Further
details ofk2 are described in the text. Dashed lines with open symbols
designate the unimolecular rate constants by RRKM calculations.

Figure 5. Arrhenius plot of the second-order rate constantk1. A straight
line corresponds to our previous data.

k1,0) 1014.32exp(-40.4 kcal mol-1/RT) cm3 mol-1 s-1

(3)

[CO] )
k1

k1 + k2
[HCOOH]0[1 - exp{-(k1 + k2)t}] (4)

[CO2] )
k2

k1 + k2
[HCOOH]0[1 - exp{-(k1 + k2)t}] (5)
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Here, we have the following relation at any reaction time:

The emission of 4.23µm provides basically the same profile
as that of 4.63µm. However, the intensity of the former was
too weak to measure the rate constant from the profile.
Therefore, to obtain enough intensity, the slit on the window
had to be widely opened by the sacrifice of the time resolution.
Accordingly, the ratio

was determined after a long reaction time by changing the
temperature and total density as shown in Figure 6. A calibration
curve of the emission intensity versus the concentration of CO2

was made in a parallel experiment with CO2/Ar mixtures. As
can be seen from Figure 6, the fraction of CO2 depends on the
total density, that is, it decreases with increasing total density
with a slight temperature dependence. This tendency is different
from the case at 4.63µm (CO bands) where the relative intensity
to [reactant]0 was constant regardless of the total density. Thus,
we can determine the rate constant for channel 2 by the relation
k2 ) k1[CO2]∞/[CO]∞ from eq 6. Arrhenius plots of the first-
orderk2, which show a different density dependence from that
of k1, are also included in Figure 4. Arrhenius parameters for
each line in Figure 4 are summarized in Table 1. From this
table, it appears that the activation energy fork1 is constant
around 41.5( 1 kcal mol-1 regardless of the total density, while
that for k2 varies from 43 to 49 kcal mol-1 by changing the
density by a factor of 4. This difference in the activation energy
against the total density suggests that these two channels are in
different pressure regimes. The theoretical rate constants fork2

are also shown in Figure 4. When they are compared with the
case of channel 1, experimental rate constants for channel 2
are quite different from the theoretical rates. Because direct
observation of the rate constants for channel 2 was very hard
due to the low concentration of CO2, the present experimental

rates could be regarded as the upper limit of channel 2. Figure
7 shows logarithmic plots of the rate constantsk1 andk2 against
the total density at 1500 K. The data points of the previous
experiments5 are also included in thek1 plot. A solid line
indicated on thek1 plot has a gradient of one (i.e.,k1(s-1) is
proportional to [M] (mol cm-3)). Although number of the data
points is limited for thek2, a gradient of thek2 line is found to
be smaller than one. It appears that the rate of the channel 1 is
second-order, and channel 2 is in the falloff region under the
present experimental conditions. The theoretical rate constants
k1 andk2 against the total density at 1500 K are also shown in
Figure 7. It is noted that calculated rate constants are almost
parallel with each other and that both slopes are smaller than
one. We checked the theoreticalk1 and k2 values in a wider
pressure range and found that the RRKM rates for both the
channels 1 and 2 are in the falloff region.

In the present study, another experiment was performed using
the magic-hole type shock tube. The product distributions against
the temperature for the test gas mixtures, 1% HCOOH in Ar
and 4% HCOOH in Ar, are shown in Figure 8. Under our
experimental conditions, the observed products were CO, H2,
and CO2. The CO2 concentration was much lower than CO and
less than 5% of the total reactant concentration. This small
fraction of CO2 production is essentially in agreement with our
previous conclusions. Simulation results (solid curves in Figure
8) by usingk1 ) 2.3× 1015 exp(-50 kcal mol-1/RT) cm3 mol-1

s-1 andk2 ) 1.4 × 1015 exp(-57 kcal mol-1/RT) cm3 mol-1

s-1 may reproduce the product distribution. Here, thek1 value
is taken from that of Hsu et al.,4 but thek2 value is adjusted as
about 1/11 of that by Hsu et al. Figure 8 also shows the results
calculated using 2k1 (dotted curves) and 0.5k1 (broken curves).
Whenk1 ) 2.3× 1015 exp(-50 kcal mol-1/RT) cm3 mol-1 s-1

andk2 ) 1.5 × 1016 exp(-57 kcal mol-1/RT) cm3 mol-1 s-1

reported by Hsu et al.4 were used, the calculated CO2 (broken
curves) is significantly larger than the observed concentration.

It was once suggested by Fransisco13 that the low concentra-
tion of CO2 in our previous experiment was attributed to the
selective quenching of the emission from CO2 in formic acid.
However, the explanation is inconsistent with the present
experimental results. It is thus undoubtedly clear that channel
2 to produce CO2 is not as important as channel 1.

What Is the Cause of the Difference between the Two
Channels?The present experiment verified the validity of the
previous experimental results and is basically consistent with
other experimental results, except for the conclusion of ref 4
that the rates for the two decomposition channels are compa-
rable. In our previous paper on formic acid decomposition,5 the

Figure 6. Plot of the ratio [CO2]∞/[HCOOH]0 against the reciprocal
temperature. The total density is changed as indicated.

TABLE 1: Arrhenius Parameters for the First-Order Rate
Constantsk1 and k2 at Two Total Densities

k1 k1total density
[M]

(mol cm-3) A (s-1)
Ea

(kcal mol-1) A (s-1)
Ea

(kcal mol-1)

2.5× 10-5 7.45× 109 41.2 3.02× 109 48.6
6.3× 10-6 2.88× 109 42.4 1.60× 108 43.3

Figure 7. Logarithmic plots of the first-order rate constantsk1 andk2

and the total density at 1500 K. Results ofk1 include the previous data.
Dashed lines with open symbols designate the unimolecular rate
constants by RRKM calculations.

k2 ) k1

[CO2]

[CO]
(6)

[CO2]∞

[CO]∞
≈ [CO2]∞

[HCOOH]0
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difference in the activation energy for the two channels was
estimated to be about 20 kcal mol-1 using ab initio calculations
at the MP2/6-31G//HF/6-31G level. Since polarization functions
were not included at the stage of geometry optimization, the
rough barrier heights resulted in a large difference between the
two channels. However, potential energy barriers for the
transition states of the two channels were recently recalculated
to be 63.4 kcal mol-1 for channel 1 and 66.3 kcal mol-1 for
channel 2, respectively, with the zero-point energy correction
at the MP4/cc-pVQZ//B3LYP/cc-pVTZ level.14 These values
are in good agreement with those of other investitations.10-13

Then, what is the cause of the difference in the rates between
the two channels? To find the answer for this question, the rate
constants for the two channels were examined on the basis of
thermochemical considerations using conventional transition
state theory (CTST), and the ratio ofk2/k1 was also evaluated
at several temperatures. For the other estimation of rate
constants, RRKM calculations were performed under our
experimental conditions to examine their pressure dependence.
As is generally known, the rate constant for the high-pressure
limit corresponds to that of the CTST.

The results for three experimental and two theoretical analyses
are compared in Table 2. Here, we obtained the comparable
results for thek2/k1 ratio of 0.03 to∼0.07 from both calibrated
IR emission intensity and product analysis of the shock-heated
gas. On the other hand, thek2/k1 ratios from ref 4 are
significantly larger than those of the present work. The ratios
calculated from CTST are also smaller than 1 primarily due to
the difference in the entropy of activation∆Sq for the two
channels, for example,∆Sq is 4.71 cal mol-1 K-1 for channel
1 and -0.43 cal mol-1 K-1 for channel 2 at 1500 K,
respectively. It should also be noted that the difference of the
potential barrier heights (ca. 3 kcal mol-1) is less important in
determining the branching ratio for two channels. Furthermore,

the ratios by the RRKM calculations are also consistent with
the experimental values within a factor of 2 except for weak
sensitivity on the temperature, indicating that the difference of
two theoretical rate constants is enhanced by the fact that
decomposition of formic acid is in the falloff region under the
experimental conditions of the present study. The inconsistence
with the experimental values may be caused by the inadequacy
of some empirical parameters used in the RRKM calculations.
To our knowledge, it is the first observation that the two
channels proceed with different pressure dependences in multi-
channel (parallel) reactions. In acetic acid, the two competing
channels actually proceed with the same rate under the same
pressure dependence.29,30

Conclusion

The thermal decomposition of formic acid was reinvestigated
in the temperature range of 1000-2000 K and in the density
range of (0.5-2.5) × 10-5 mol cm-3 using two shock tubes.
Results showed that the main channel is the dehydration to
produce H2O and CO, and the decarboxylation to produce CO2

and H2 occurs as a minor channel. The present results strongly
support the data of our previous experimental investigation. We
also found that the dehydration process behind the present shock
conditions takes place in the second-order region, but on the
other hand, the decarboxylation is in the falloff region.
Significantly lower values for the experimentalk2/k1 ratio than
those by Hsu et al. were actually supported from the present
CTST and RRKM calculations.
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