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The thermal decomposition of methyl and ethyl formates has been extensively studied due to their importance
in the oxidation of several fuels, pesticidal properties and their presence in interstellar space. We hitherto
present the study of the thermal decomposition of methyl and ethyl fluoroformates, which could help in the
elucidation of the reaction mechanisms. The reaction mechanisms were studied using FTIR spectroscopy in the
temperature range of 453-733 K in the presence of different pressures of N, as bath gas. For FC(O)OCHsz two
different channels were observed; the unimolecular decomposition which is favored at higher temperatures
and has a rate constant krcioocr, = (5.3 & 0.5) x 10" exp[—(246 + 10 kJ mol™/RT)] (in units of s™) and a
bimolecular channel with a rate constant krcojoch, = (1.6 & 0.5) x 10™ exp[—(148 + 10 kJ mol™/RT)]
(in units of s* (mol L)™Y). However for ethyl formate, only direct elimination of CO,, HF and ethylene
operates. The rate constants of the homogeneous first-order process fit the Arrhenius equation
kecioocH,ch, = (2.06 £ 0.09) x 10" exp[—(169 + 6 kI mol/RT) (in units of s™%). The difference between
the mechanisms of the two fluoroformates relies on the stabilization of a six-centered transition state
that only exists for ethyl formate. First principles calculations for the different channels were carried out
to understand the dynamics of the decomposition.
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1. Introduction CH;OH — CH,O + H, ()

Jain and Murwaha® reported that the decomposition of
methyl formate does not involve free radical reactions and
occurs via the hydroxymethylene (HCOH) intermediate accord-
ing to the following reactions

The reaction between RC(O)F and alcohols can be thought of as
a potential sink for methanol or ethanol in the atmosphere
following the work by Argtiello et al. who studied the mecha-
nism and the kinetics of FC(O)F and FC(O)OOC(O)F with
methanol at different temperatures.” They proposed that the HC(O)OCH; — CH,0 + HCOH 3)
reaction may be catalyzed heterogeneously by aerosols, particulate

matter, water droplets, efc., giving a mean lifetime of 6 min at HCOH — CH,O (4)
25 °C for CH;0H when the reaction was carried out on an active
surface. The main products of these reactions are HF and the
corresponding formate, RC(O)OCH3.

Several studies on thermal decomposition of methyl formates
have been performed using different techniques. In particular,
HC(O)OCHg3, the simplest member of the ester family, is a well-

known reagent used as a precursor of many organic compounds

Francisco'' examined this mechanism with the ab initio mole-
cular orbital theory and found, besides the channel described
in (1), two new ones

HC(O)OCH; — CH, + CO, (5)

HC(O)OCH; — 2CH,0 (6)

like formic and acetic acids and has been found to be a byproduct
of the oxidation of several proposed fuel alternatives.®” The major
products of its thermal decomposition observed are methanol,
carbon monoxide, and formaldehyde.®° Based on these products,
Steacie proposed the following mechanism [8]

HC(O)OCH3 — CH3;0H + CO (1)
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for which their transition states were found. Based on the
activation energies, the main mechanism proposed by Francisco
comprises channels (1) and (6) while channel (5) may become
important only at higher energies. His results agree with those of
shock tube/laser absorption studies by Ren et al."?

Waddington and Ramsperger® studied the thermal decomposi-
tion of trichloromethyl chloroformate at temperatures between 533
and 583 K. The main product of this reaction is CCL,0, while in the
condensed phase it may produce CCl, and CO,."*" The reaction
has been found to be first order and homogeneous. The rate
constant found for the reaction CIC(O)OCCl; — 2CCl,O follows
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the expression kcicojocct, = 1.4 x 10" exp[—(60.7 k] mol~'/RT)]
(in units of s~*). Johnson et al.*® studied the pyrolysis of CIC(O)OCH;
in the presence of inhibitors between 698 and 753 K and found
methyl chloride and carbon dioxide as products according to
the following homogeneous molecular reaction

CIC(0)OCH; — CH;Cl + CO, (7)

The rate constant is given by k, = 1.4 x 10043+%2) exp[—251 +
2 k] mol™"/RT] s~ and the reaction proceeds by a four-center
transition state. They also found that at temperatures above
700 K the reaction produces byproducts assigned to hetero-
geneous processes.

As long as we are concerned, although there are many studies
on XC(O)OCH; molecules (with X = H and Cl), no studies on the
thermal decomposition of FC(O)OCH; have been conducted.
This molecule is the most polar of the family and its study
may clarify the mechanism of pyrolysis of the XC(O)OCH; family.

On the other hand, little is known about ethyl fluoroformate,
FC(O)OCH,CHj. Previous studies'””'® reported the synthesis in
the condensed phase by the use of different solvents or surface
catalysis. Here we propose a new synthetic method from the
direct reaction between CF,0 and ethanol in the gas phase and
at room temperature to produce FC(O)OCH,CH; and HF in
high yield and purity.

In contrast, ethyl formate, HC(O)OCH,CHj3, has been widely
studied. It is produced naturally in a variety of products,'®?°
and it has shown insecticidal, fungicidal, larvicidal and
pesticidal properties.”’ Due to its intrinsic advantage of
being volatile, ethyl formate has been used for fumigation of
commodities and for pests associated with dried fruit.>*
Besides, it has been found to be formed in the photooxidation
of diethyl ether with yields between 66 and 92%.>>*® The
detection of ethyl formate in the interstellar space has also
been reported by Belloche et al.>” Therefore, the unimolecular
reactions of ethyl formates are crucial for understanding
interstellar chemistry as well as atmospheric processes. Chou
studied the unimolecular decomposition of HC(O)OCH,CH3; in
the S, state.”®*° He proposed that this reaction may occur by a
six center transition state. Blades, who confirmed Chou’s six
center TS, obtained an experimental rate constant expression
of k =2.13 x 10" exp[—184.6 + 0.4 k] mol "/RT] s, with an
entropy for the transition state of —10.7 ] mol " K" at 800 K,*°
which is entirely consistent with the TS proposed.

Herein we present a thorough study of the thermal decom-
position of FC(O)OCH; and FC(O)OCH,CHj; at different tem-
peratures and total pressures that were also supported by high
level ab initio calculations in an attempt to shed light on the
chemistry of the atmospheres.

2. Experimental section
2.1. Instrumentation

(a) Vibrational spectroscopy. Gas-phase infrared spectra in
the range of 4500-400 cm ™' were recorded with a resolution
of 2 em™ " from 32 co-added interferograms using an FTIR
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instrument (Bruker IFS66V) equipped with a photoconductive
MCT detector. The OPUS® software was used to analyze and
manipulate the IR spectra. Due to the fast decomposition of the
sample at temperatures higher than 720 K (FC(O)OCHj; fully
decomposes in less than 50 seconds), we used the Rapid-Scan
FTIR Time-Resolved method to obtain enough spectra for kinetic
analysis. In this method the mirror was moved at velocities
higher than 0.1 cm s™*, allowing a resolution time of only a few
seconds for our experiments. Single-sided interferograms were
acquired only during the forward movement of the mirror. The
spectral range for these experiments was 4000-700 cm ™' and the
spectral resolution was maintained at 2 cm™ .

(b) Infrared cells. In order to minimize heterogeneous reactions
when achieving the required temperatures (563-733 K), we used
a stainless steel cell (optical path length 100 mm) with silicon
windows, wrapped with an electrical resistor connected to an
Instrelec® temperature controller (NC201-V) and isolated with
ceramic fibers from the environment.

() Computational details. First principles calculations
were carried out using DFT, with the Becke’s three-parameter
hybrid functional method using the Lee-Yang-Parr correlation
functional (B3LYP) in combination with different basis sets.
The superiority of DFT methods over conventional Hartree-Fock
methods for the study of fluoro-carbon-oxygenated compounds
has previously been demonstrated, and the determination of
geometric parameters for this kind of systems yielded accurate
results in comparison with gas electron diffraction experiments
shown.?’* As DFT methods take into account the electron
correlation energy only in part,* we think that the 6-31++G(d,p)
and 6-311++G(3d,2p) basis sets should be adequate to describe the
relative energies for the isomers. Additionally, harmonic vibra-
tional frequencies and zero-point energies (ZPE) were calculated
at the same level of theory to check whether the stationary points
obtained were either isomers or first-order transition states. All
calculated conformers had only real frequencies. The determina-
tion of the Hessian matrix also enabled the calculation of the
thermochemical quantities for the conformers at 298.15 K.

The Mpoller-Plesset expansion truncated at second-order
(MP2), and the high accuracy energy method Gaussian-4 (G4)
was also used for the calculation of the activation energies for a
more complete comparison. All symmetry restrictions were
turned off in the calculations. Intrinsic Reaction Coordinate
(IRC) calculations were carried out for all the transition states
in order to guarantee the connection between the latter and the
minima in the PES. All calculations were run with the Gaussian
09 program package.*

2.2. General procedures and reagents

Volatile materials were manipulated in a glass vacuum line
equipped with two capacitance pressure gauges (0-760 Torr,
MKS Baratron; 0-70 mbar, Bell and Howell), three U traps, and
valves with poly(tetrafluoroethylene) stems (Young, London).
The vacuum line was connected directly to the stainless steel IR gas
cell placed in the sample compartment of the FTIR instrument.
For thermal decomposition experiments, typically 5-10 mbar of
the reagent (FC(O)OCH; or FC(O)OCH,CH,3) was loaded into
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the reaction cell and the final pressure was reached with N,.
The experiments were repeated at different temperatures in the
range of 563-733 K.

The reaction between CF,0 and CH3;OC(O)OCH; was carried
out in a stainless steel thermal reactor to avoid the heterogeneous
reaction of CF,O with the silicon windows at the working tem-
peratures (513-573 K). Small amounts (less than 5%) of the
sample were added into the IR cell every 5 minutes to follow
the course of the reaction. The cell and the reactor were connected
by a PTFE pipe using stainless steel Swagelok’s® valves and
connectors to avoid secondary reactions with silicon surfaces.

Most of the products obtained (CO,, CO, HF, HCI, etc.) were
identified and quantified from the reference spectra of pure
samples.

2.3. Chemicals

The synthesis of CF,O was carried out by the photolysis of
(CF3C(0)),0 (~50 mbar) in the presence of 150 mbar of CO and
500 mbar of O, (>99.9%, Air Liquide). The photoreactor
consisted of a one-neck 12 L glass round-bottom flask with a
30 cm-long double-walled water-jacketed quartz tube inside, in
which a 40 W low-pressure mercury lamp (Heraeus, Hanau) was
placed. The sample was purified by fractional distillation at low
temperatures until ~99% of CF,0O was obtained."
FC(O)OCH,CH; and FC(O)OCH; samples were synthesized
from the reaction between CH3;CH,OH (>99.5%, Dorwil) and
CH;OH (99.9%, OPTIMA-Fisher), respectively, with excess
of CF,O at room temperature. The reactor used consisted of a
one-neck 12 L glass round-bottom flask. After evacuation of
the reactor, the inner surface was conditioned with CF,O
(100 mbar) for a couple of hours to remove residual water from
the surface. The reactor was loaded with partial pressures of
40.0 mbar for CF,O and 20.0 mbar for the alcohol (CH;OH and
CH;3;CH,OH). The excess of CF,O prevented the formation of
CH;0C(0O)OCH; or CH3;CH,0C(O)OCH,CHj respectively. Every
15 min, a small amount of the gas mixture (0.8% of the reactor
content) was analyzed by IR spectroscopy. In particular, the bands
at 1947 (CF,0), 1055 (CH;OH), and 1066 cm™ ' (CH;CH,OH)
were suitable for monitoring their disappearance. The reaction
was stopped when the band of the alcohol had disappeared
(about 1 h in both cases). The contents of several batches were
collected by slowly passing the content of the reactor through
three U traps kept at —196 °C. To purify the collected raw
products, they were kept at —80 °C and small batches were
pumped out. In this manner, the more volatile compounds
(CF,0 and HF) were first monitored by their IR bands (1947 cm ™"
for CF,0, and ~4000 cm™* for HF) and then discarded. The
pre-purified sample was afterward repeatedly splitted through
three U traps held at —40, —80, and —120 °C in dynamic
vacuum until almost pure (>99,5%) FC(O)OR was obtained.
The overall yield was >98% with respect to the initial CF,O.
The IR absorption cross section for some bands of the title
molecules was obtained from the pressure dependence of the
absorbance. For the band at 1860 cm ™" of FC(O)OCH; the slope of
the calibration curve was (2.006 & 0.003) x 10~>° cm® per molecule,
with zero intercept. Considering that the infrared cell used for
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this measurements has a path length of 23 cm, the absorption
coefficient found at room temperature was (8.7 + 0.1) X
107** cm® per molecule (int. cross section 4.75 + 0.5 x
1072° cm per molecule). For the band at 1852 cm ' of
FC(O)OCH,CHj; the slope of the curve was (1.818 + 0.005) X
107*° em® per molecule, so the absorption coefficient was
(7.9 £ 0.1) x 107** cm® per molecule (int. cross section
2.35 £ 0.03 x 107%° cm per molecule).

CH;0C(0)OCH; was obtained from commercial sources
(=99%, Sigma-Aldrich) and used without further purification.
N, (>99.9%, Linde) used as bath gas was also obtained from
commercial sources.

3. Results and discussion

3.1. Thermal decomposition of FC(O)OCH;

In order to determine the products of the decomposition
reaction, 10.8 + 0.1 mbar was loaded into the cell at 698 K
and the sample was analyzed by IR spectroscopy at 20 s intervals.
Fig. 1 shows the reagent and products of the thermal reaction
after 400 seconds. It is evident that the main products
found were CO, and CH;F, as well as minor concentrations of
CH;0C(0O)OCH;, CH;0CH; and SiF, from the comparison of
the “products” trace with reference spectra used for identifi-
cation, all of which are shown in the figure. Based on these
products, the main channel proposed for the decomposition
mechanism consists of the following concerted step

FC(O)OCH, — CH,F + CO, (8)

Fig. 2 shows the time evolution of the concentration of FC(O)OCH3,
CO, (left scale in the figure) and the addition of both (right scale).
Should reaction (8) be the only channel, without side processes,
the sum of reagent and CO, concentrations should be constant
with time; nevertheless, the evolution of this sum has a mini-
mum around 650 s, indicating the presence of other channels.
A secondary reaction path is proposed

2 FC(0)OCH; = CH;0C(0)OCH; + CF,0 (9)

PR ——CH,OCH_* Aok 3
: —co, /'\ :
E ——SiF.? ] JN:

E —— CH,0C(0)OCH,” A }k
E M\— CHF*

‘ Products ((t = 4x1 0 s) 1

:M\ﬂyw\mi_

7 Reagent (t=0s)
T T T
3000 2000 1000
wavenumber / cm”

L

BB P

Absorbance

Fig. 1 Spectra comparison of the reagent (FC(O)OCH5) and the products at
698 K after 400 seconds ®from the NIST database, °From our own inventory.
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Fig. 2 Time dependence of the relative concentrations of FC(O)OCHsz
and CO,. Blue diamonds correspond to the addition of both concentra-
tions. Solid lines correspond to the kinetic simulation.

In this case, two molecules of FC(O)OCH; combine to produce
CH;3;0C(O)OCHj; and CF,0. Although CF,0 was not detected by
IR spectroscopy, it could be reacting with the silicon windows
resulting in the formation of SiF, and CO. Small concentrations
of SiF, were detected in the region of 1000-1050 cm™". The
formation of this product becomes evident when the IR spec-
trum of CH;F is subtracted from the spectrum of the products,
this is shown in Fig. S1 (ESIT). Another evidence of reaction (9)
is the fact that, at lower temperatures the concentrations of SiF,
and CO increase as CH3F and CO, decrease (also showed in
Fig. Si(a), ESIf). Based on these observations, it can be
assumed that at temperatures lower than 660 K the predomi-
nant reaction is (9). A similar two channel mechanism has been
proposed by Pepino et al. in the thermal decomposition of
2,Cl-ethyl isocyanate in the gas phase.*® Even though the
authors did not observe the presence of the product of the
dimerization reaction - imine formation, they proposed a
mechanism based on the IR results.

In order to further confirm this path, we carried out the reverse
thermal reaction by mixing pure samples of CH;0C(O)OCH; and
CF,0 (Fig. S1(b), ESIt), observing the appearance of FC(O)OCHj;.
This is an indication that reaction (9) occurs.

Finally, CH;0C(O)OCH; may be decomposed into CH;0CHj
and CO, as Peukert et al. have proposed?®’

CH;0C(0)OCH; — CH3;0CH; + CO, (10)

In this manner, the anomalous increase of CO, after 180
seconds, as well as the appearance of CH;OCHj;, would be
explained. The complete mechanism for the thermal decom-
position of FC(O)OCH; was simulated with the Kintecus pro-
gram package.’® The input parameters were the experimental
rate constant of reaction (8), and the concentration of the
reactant and CO, while the fitted rate constants obtained were
k9=8.34+0.8x 10 *Lmol s 'and kyp=3.8+0.4 x 10 > s .
The solid lines in Fig. 2 correspond to the time evolution
obtained from the simulation. As it can be seen, the agreement
with the experimental data is excellent.

To study the thermochemical kinetic parameters involved in
this process, the experiment was repeated at different tempera-
tures between 563 and 733 K. The reaction was followed by
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monitoring the 1860 cm ™' band of FC(O)OCH;. No pressure
dependence of the rate constant was observed when 10 mbar of
FC(O)OCH; was diluted with different pressures of N, to reach
total pressures of 260, 392, 525 and 1000 mbar (though only
experiments run at some selected pressures are plotted in
Fig. 3(b)). For each temperature the reaction order for the
disappearance of the reagent was evaluated using the half-life
method. The relation between the initial concentration of the
reagent and the half-life is given by the following equation:

20=1)

log(t12) = log(

-;:T%;—(n—lﬁochu»OCHgo

where n is the reaction order and can be obtained from the
slope of the plot log (¢1/,) vs. log ([FC(O)OCHz]p). This is shown
for four different temperatures in column (a) of Fig. S2 (ESIt). It
is observed that the reaction order tends to two for lower
temperatures and to one for higher temperatures. In addition,
in Fig. S2(b) (ESIt) the kinetic law for the decomposition of the
unimolecular reaction is plotted (In(4) vs. time) and in Fig. S2(c)
(ESIY) the kinetic evolution for a bimolecular reaction is plotted
(1/A vs. time). In the first case, the linearity of the data points
is reached at higher temperatures, whereas in the second
case it is reached at lower temperatures. This is an indication
that at lower temperatures the decomposition goes through
the bimolecular reaction (9), but at higher temperatures the
unimolecular channel (reaction (8)) is dominant.

To evaluate the uni- and bi-molecular rate constants at each
temperature, the time evolution of the disappearance of the
reagent was modeled considering reactions (8) and (9). In this
model, kg and ko are the adjustable parameters to fit the experi-
mental data points (red solid lines in Fig. S2(b) and S2(c), ESIY).

Fig. 3(a) shows the temperature dependence of the reaction
order for the whole range. A sigmoidal tendency is observed
and fitting was performed using the equation as shown in the
figure. As the reaction is too slow at lower temperatures, the
half-life method could not be performed for the three lowest
points. For this reason they were obtained from the fitting
(denoted in blue circles), and used to get rate constants kg and
ko for each temperature.

With each pair of rate constant Arrhenius analysis was per-
formed to obtain the activation energy and pre-exponential factor
for each path. In Fig. 3(b) both Arrhenius plots are displayed, as
well as the rate constant was obtained considering the reaction as
a unimolecular process. From the linear fitting of ks the activation
energy and pre-exponential factor of (246 + 2) k] mol™' and
(5.3 £ 0.2) x 10" s~ were obtained and from k,, (148 + 1) k] mol "
and (1.6 + 0.1) x 10" s~ (mol L) " respectively. Although these
errors were taken from the deviation of the linear fitting, we
consider a ~ 5% error to be more reliable with the experimental
procedure, so the value of the E, is (246 + 10) k] mol " for kg and
(148 £ 10) kJ mol " for k.

Comparing the values obtained for the unimolecular decom-
position (kg) with those for the thermal decomposition of
HC(O)OCH3, carried out in the range of temperatures 1202-
1607 K (E, =242 k] mol " and 4 = 4.4 x 10'" s7"),"* it is evident
that the activation energies are very similar for both molecules.
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(a) Reaction order (n) as a function of temperature (K). The experimental values were fitted with a sigmoidal function. The blue dots were taken

from the fitted curve. (b) Logarithm of the rate constants as a function of T~. Red empty circles correspond to the second-order rate constants and blue
empty circles correspond to the first-order rate constants obtained from the kinetic simulation. Black empty symbols correspond to the rate constants
obtained using a direct first-order treatment (the values of the rate constants are presented in Table S1, ESI¥).

The difference in the pre-exponential factor indicates that the
transition state for the decomposition of HC(O)OCHj; is tighter
compared with FC(O)OCH3;.

Considering the pre-exponential factor for the bimolecular
channel, the corresponding activation entropy is (—117.5 £ 0.8)
J mol~* K. This is a clear indication that the reaction occurs
by means of a much ordered transition state than at higher
temperatures.

For the thermal decomposition of a related molecule,
CIC(O)OCHg, the informed value at 513 K is k = (5.3 + 0.2) X
10~ s~ considering the reaction as unimolecular decomposition.*
The authors also found that, only ~63% follows the CIC(O)JOR —
RCI + CO, path. In general, for the decomposition at temperatures
lower than 540 K, authors postulate that heterogeneous
reactions are involved. Nevertheless, in the present work it is
evident that the bimolecular reaction (9) predominates at these
temperatures for FC(O)OCHj;.

Table 1 presents the transition state’s enthalpy, entropy and
Gibbs free energies for the two channels (8) and (9) in the range
of 563-733 K obtained from the kinetic analysis of the experi-
mental Arrhenius plot. For a direct comparison, values for
HC(O)OCH; and CIC(O)OCHj3; are also presented. The activation
entropies for the unimolecular channels do not follow a clear
tendency. In the case of the chlorinated molecule, the activa-
tion entropy informed is too low compared with the fluorinated
one. This may be because the bimolecular channel was not
considered for CIC(O)OCH;. However, the values of activation
enthalpy are very similar.

3.2. Thermal decomposition of FC(O)OCH,CH;

Thermal decomposition of FC(O)JOCH,CH; was also studied in
the range of temperatures 433-623 K. Fig. 4 shows the reactant
(10,1 + 0.1 mbar) and the products of the thermal reaction after
300 seconds at 573 K. The main products found and the
corresponding partial pressures after total decomposition were
CO, (10.0 + 0.1 mbar), CH,CH, (9,3 + 0.1 mbar) HF and CH,CH,F
(undetermined pressures). Unlike the thermal decomposition of
FC(O)OCH3, no evidence of the bimolecular reaction products
was observed (i.e. CH;CH,OC(O)OCH,CH3). Even more, when a
mixture 1/1 of FC(O)OCH; and FC(O)OCH,CH3; reacts at 603 K,

T T T

40\ M

/ TR \

Co,

HF

Absorbance

] ——CHCH}?
Products (3.10° s)
—— Reactive (0 s)

A,

2800 2100
wavenumber / cm’”
Fig. 4 IR spectra of FC(O)OCH,CH3 before (bottom) and after (middle)
thermal exposure at 573 K. ®Taken from the NIST database.

T T
3500 1400

Table 1 Arrhenius parameters and thermodynamic values for the transition states for the thermal decomposition of RC(O)OCH=. R = F at 698

FC(O)OCH;
Thermodynamics Bimolecular Unimolecular FC(O)OCH,CHj, HC(O)OCH,* CIC(0)OCH;”
E, (k] mOl_l) 148 £ 10 246 £ 10 169 £ 6 242 251
AH" (k] mol ) 142 + 10 240 + 10 164 £ 6 229 238
AS” (J mol™* K™%) —47 +6 +25 + 6 —0.9 £ 3.7 —41.8 +0.6
AG* (k] mol™?) 174 £ 15 22249 165+ 6 288 238

“ From ref. 12. * From ref. 16. FC(O)OCH,CHj at 553 K.

This journal is © the Owner Societies 2018

Phys. Chem. Chem. Phys., 2018, 20, 12817-12826 | 12821



Paper

the major products formed were CH;0C(O)OCHj3, CH3F, CO,,
HF and CH,CH,. No evidence of CH3;CH,OC(O)OCH,CH3 nor
CH;0C(0O)OCH,CH; was observed.

Based on the products found, two concerted reaction paths
are proposed.

FC(O)OCH,CH; — CO, + HF + CH,CH,

(11)

FC(O)OCH,CH; — CO, + CH;CH,F (12)

Okada et al. studied the thermal decomposition of CH;CH,F at
996-1137 K, and CH,CH, and HF were the main products.*’

CH,CH,F — HF + CH,CH, (12)

In order to discard the step wise mechanism (reactions (12)
and (12")) in our system, some considerations about the
kinetic parameters of reaction (12') will be addressed. Matsugi
et al. studied the thermal decomposition of fluoroethane
by shock tube using infrared laser absorption detection
of hydrogen fluoride®' obtaining an expression for the rate
constant of 3.3 x 10° (7/298)"*°* exp[—316.7 k] mol '/RT]
[em® molecule * s*], which would give an approximate value
of k ¥ 1 x 107** s7" at 573 K. This rate constant is too small to
consider the formation of C,H, and HF from CH;CH,F. There-
fore, ethylene can be safely ascribed to the occurrence of
reaction (11).

The kinetic parameters for the thermal decomposition of
FC(O)OCH,CHj; were obtained from Fig. 5(a) and (b). The rate
constants from the linear regressions of the first order plots
are presented in Table S2 (ESIt). The Arrhenius parameters
were obtained from Fig. 5(b), with the activation energy
E, = (161 4+ 6) kJ] mol™" and the pre-exponential factor
A = (2.07 £ 0.09) x 10" s™". In this case, no deviation from
linearity was observed from the Arrhenius fitting in the whole
range of temperatures studied that include other points which
are not shown in Fig. 5a. The value of activation energy is lower
than the one found for FC(O)OCH;.

The thermodynamic parameters for the transition state
are shown in Table 1. The entropy is negative, unlike the case
of FC(O)OCH;. This is an indication of a more ordered
transition state.

™y

g O 453K
8 O 503K
e A 513K
(SR & 853K
i 0O 563K
O, 573K
=

0 50 300

250

150 200
time /s

100

Fig. 5
of T~! at different total pressures.
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3.3. First principles calculations

Methyl fluoroformate. The FC(O)OCH; molecule presents
two conformers, cis (syn, Z) and trans (anti, E) in agreement with
the calculations made by Metcalfe et al for the methyl
formate.*” The cis rotamer (O—C-O-C dihedral angle of 0°) is
more stable by 13.9 k] mol ™" than the trans rotamer (0=C-O-C
dihedral angle of 180°), with an interconversion barrier Z = E
of 31 k] mol ™.

In order to obtain the heat of formation of methyl fluoro-
formate, we propose the isodesmic reaction:

FC(O)OCH; + CH;C(0)CH; — CH,C(O)OCH; + FC(O)CH,

(13)

where the calculated reaction enthalpy at the G4 level of theory
is —37.1 £ 0.6 k] mol '. Together with the enthalpies of
formation (AHjy) of CH;C(O)F = —445 + 2,** CH,;C(O)CH; =
—217.9 4+ 0.7,* and CH;C(O)OCH; = —413.5 + 1.2,* this yields
AH((298.15 K) of —603 + 16 kJ mol ™" for the cis-conformer of
methyl fluoroformate. As far as we are concerned, the experi-
mental values of this enthalpy of formation have not been
reported yet.

With the enthalpy just obtained and using the composite
method G4, the bond dissociation energies were computed just
to show that all single bond scission reactions in methyl
fluoroformate have substantially higher barriers (>60 kJ mol )
than the transition states proposed as described in the next
paragraph. The results are shown in Table 2, where we have also
included ethyl fluoroformate.

Five unimolecular concerted channels were found for the
gas-phase decomposition of methyl fluoroformate at different
levels of theory. Fig. S2 (ESIt) shows the structure of these five
transition states at the B3LYP level of theory, and Table 3
presents the barrier heights for each channel at the various
levels of theory. These barrier heights are expressed relative
to the Z-conformer of methyl fluoroformate and it is observed
that all transition states overestimate the energy of the barrier
when compared with the experimental result of 246 kJ mol .
A similar situation was observed for methyl formate as studied by
Dooley et al.*® Ab initio molecular orbital calculations performed
by Francisco,'" and calculations of the rate constants performed

Ea =169 kJ mol”

A=79x10"s"

b) |
—— Linear fitting
O NoN,
0O P, =458 mbar
w P, =1000 mbar

T T T
1.6 1.8 2,0 2,2 24

1T/ 10°% K

(a) Logarithm of the concentration of FC(O)OCH,CHzs vs. time (in seconds), (b) Arrhenius plot of the logarithm of the rate constants as a function
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Table 2 Bond dissociation energies (kJ mol™ for FC(O)JOCH5 and
FC(O)OCH,CHj5 at different levels of theory

Bond B3LYP® MP2° G4

D(F-C(O)OCHz) 497.8 518.1 508.3
D(FC(0)-OCH3) 420.1 469.6 429.6
D(FC(0)O-CH3) 361.2 433.1 369.6
D(FC(O)OCH,-H) 4451 441.2 416.5
D(F-C(O)OCH,H,) 499.0 518.3 507.5
D(FC(0)-OCH,H3) 419.2 472.4 4304
D(FC(0)O-CH,CHj3) 362.8 445.3 379.2
D(FC(O)OCH,-CHj3) 386.6 417.9 377.3
D(FC(O)OCH,CH,-H) 457.8 447.2 422.5

“ Basis set: 6-31++G(d,p).

Table 3 Calculated transition state energies (kJ mol™) of the thermal
decomposition of FC(O)OCHj5 at different levels of theory

B3LYP MP2

6-31++G(d,p) 6-311++G(3df,2pd) 6-31++G(d,p) G2 G4

TS-1-M 260 263 288 271 276
TS-2-M 303 296 304 290 298
TS-3-M 379 376 401 375 379
TS-4-M 430 433 461 440 442
TS-5-M 523 525 451 — 423
TS-6-M 212 219 199 207 209

later by Metcalfe et al.,** overestimate the activation energy for
the transition states of the three main channels, especially the
one for the four center transition state that produces CH, and
CO, (equivalent to the TS-1-M transition state in this work).
They used a variety of methods and bases ranging from the
simplest MP2 and B3LYP to multilevel methods like G3 and
CBS-APNO to obtain consistent energies to describe the reaction
mechanism, but they were all above the experimental energies
found by Ren et al.'® The activation energy calculated by Metcalfe
for the formation of CO, and CH, was 348.3 + 3.5 k] mol™*
compared to the experimental energy of 241.8 k] mol~* found in
shock tube/laser absorption studies of the direct high-temperature
rate measurements for methyl formate decomposition. Even
when the ab initio calculations overestimate the activation
energy for these reaction channels, they can be used for the
description of the reaction mechanism.

We have carried out B3LYP, MP2, G2MP2 and G4MP2
computations for all channels in order to give a qualitative
description assisted by the ab initio method. The lowest energy
path for the unimolecular channel corresponds to TS-1-M with
all methods. Vibrational frequency calculations show that all
the transition states are first-order saddle points, characterized
by one imaginary frequency.

Even when this TS has the lowest activation energy, the
methods overestimate the barrier height with an average of
~25 kJ mol . An inspection of the values in Table 3 shows that
the energy calculated with B3LYP and MP2 methods are very
different than the values for G2 and G4 indicating that the
electron correlation is important for this system. We consider
271 4+ 20 k] mol ™" to be the more appropriate theoretical value
considering an overall error smaller than 10%. Within the
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error, this value agrees reasonably with the experimental value
of 246 + 10 k] mol . Intrinsic reaction coordinate calculations
(IRC) at the B3LYP/6-311++G(3d,2p) level of theory shows that
TS-1-M and TS-2-M connect the E-rotamer of FC(O)OCHj3;,
whereas TS-3-M, TS-4-M and TS-5-M connect the Z rotamer
according to the following reactions:

E-FC(O)OCH; — TS-1-M — CH;F + CO, (14)
E-FC(O)OCH;3 — TS-2-M — HF + CH, + CO, (15)
Z-FC(O)OCH; — TS-3-M — CHFO + CH,O  (16)
Z-FC(O)OCH; — TS-4-M — FCOH + CH,O0  (17)
Z-FC(O)OCH;3 — TS-5-M — FCO + CH30 (18)

In addition, a sixth transition state was found for the bimolecular
reaction, TS-6-M, where two molecules of methyl fluoroformate
react to form a four center transition state. The final products of
this channel found by IRC calculations are carbonyl fluoride and
dimethyl carbonate:

2FC(0)OCH; — TS-6-M — CF,0 + CH;0C(0)OCH;  (19)

Three structures were obtained for TS-6-M depending on the
parent conformers Z + E; E + E and the dihedral C*-0'-C?-0%",
The most stable structure comes from the reaction of Z + E with
dihedral C"-0"-C*-0* equal to —174.5°, which is more
stable by 14.5 k] mol~" than the E + E structure. Taking into
account the energy of this structure, the average calculated
activation energy for this channel is 207 + 15 kJ mol *
Once again, this value is very close to the Gn energies. The
experimental activation energy informed in this work for
the bimolecular channel is 148 + 10 k] mol~* which is around
60 k] mol ™! below the calculated one. It should be mentioned
that the experimental value for FE, relies mainly on lower
temperatures points (Fig. 3(b)). As the reaction is too slow
under these conditions, the rate constants are less accurate.
The calculated reaction path, TS-6-M, has the lowest activation
energy of the six transition states found in this work, and would
explain the appearance of CH;0C(O)OCH; in our system. In addi-
tion, the calculated entropies for TS-1-M, AS* = +12.1 J K~* mol %,
and TS-6-M, AS” = —63.7 ] K~ mol™?, are very similar to those
of the experimental values. Scheme 1 summarizes the two most
important channels found by ab initio calculation methods and
the products of the reaction.

9
299 o “‘
D00 s e
' -1-M a7
w® 9 TS6M
970 207
2,
3,
5 0 — 14
S i e 31
syn + anty CHLOC(0)0CH, o o ° % 2
a o o0 o’ ’ €O, + CHF
Sosm anti

Scheme 1 Theoretical calculation of the most probable path for the
FC(O)OCHs3 thermal decomposition. IRC calculations were performed
for each transition state.
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Ethyl fluoroformate. The dihedral C-C-O-C in the molecule
FC(O)OCH,CH; is 180.0, so this molecule presents only two
conformers, cis (syn, Z) and trans (anti, E). In agreement with
methyl fluoroformate, the cis rotamer (O—C-O-C dihedral
angle of 0°) is more stable by 13.4 k] mol™" than the trans
rotamer (O—C-O-C dihedral angle of 180°), with an inter-
conversion barrier Z = E of 44 k] mol ', slightly higher than
that for FC(O)OCHj;.

Similarly to the treatment for methyl fluoroformate, the
enthalpy of formation, which is described for the first time,
was calculated using the isodesmic reaction (20) with the
reaction enthalpy AH, = —35,6 + 0.6 k] mol ' at the G4 level;
in conjunction with AHCH;C(O)OCH,CH;) = —445.43 +
0.84."” This yields AH((298.15 K) of —637 + 17 k] mol " for
the ethyl fluoroformate.

FC(O)OCH,CH; + CH3;C(0O)CH; — CH;3C(O)OCH,CHj;
+ FC(O)CH3 (20)

Bond dissociation energies for this molecule are ~120 kJ
higher than the transition states proposed so that all unimolecular
scission were therefore discarded (Table 2).

Six TS structures similar to the FC(O)OCH; system were
found for the ethyl fluoroformate. Fig. S3 (ESIf) shows the
structures of all TSs and Table 4 presents the activation
energies for each one. Again, the calculations overestimate
the energy of the barriers by ~36 k] mol™"; therefore their
comparison should be taken carefully as an indication of their
relative positions in the PES but not as quantitative values.

From the transition states found for the unimolecular
decomposition, and the IRC calculations, we can postulate
the reactions:

FC(O)OCH,CH; — TS-1-E — CH;CH,F + CO,

FC(O)OCH,CH; — TS-2-E — HF + CH,CH, + CO,

FC(O)OCH,CH; — TS-4-E — CH;C(O)H + FCOH

(21)
(22)
FC(O)OCH,CH; — TS-3-E — CH,C(O)H + FCHO (23)
(24)
FC(O)OCH,CH; — TS-5-E — FCO + CH;CH,0  (25)
(26)

2FC(0)OCH,CH; — TS-6-E — CF,0 + (CH;CH,0),CO

Table 4 Calculated transition state energies (kJ mol™) of the thermal
decomposition of FC(O)OCH,CH3 at different levels of theory

B3LYP MP2

6-31++G(d,p) 6-311++G(3df,2pd) 6-31++G(d,p) G2 G4

TS-1-E 232 234 245 235 239
TS-2-E 199 200 214 207 208
TS-3-E 342 342 353 334 334
TS-4-E 426 429 436 427 424
TS-5-E 527 529 435 412 422
TS-6-E 242 248 240° — —

“ Optimization performed with MP2/3-21G; energy calculation per-
formed with 6-31++G(d,p).
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Scheme 2 Theoretical calculation of the most probable path for
FC(O)OCH,CHs thermal decomposition. IRC calculations were performed
for each transition state.

It is interesting to note that the transition state for the
bimolecular reaction (TS-6-E) do not have the lowest activation
energy. The two more probable channels, based on the TS
energies, are (21) and (22), which agree with the experimental
products found. From the experimental ratio of concentrations
(pressures) [CH,CH,]/[COyJotal We can assume that 94 + 2% of
the reaction undergoes channel (22) and therefore only 6 + 4%
follows channel (21).

Scheme 2 summarizes the mechanism proposed indicating
the main structures of the PES. Both transition states proceed
from the E-conformer. TS-1-E is a four-center transition state,
while TS-2-E is a six-center structure. The stability of six-center
structures over the four-center transition state is well known for
this kind of processes.*®*® As stated before, the major path in
this case (channel (22)) is a unimolecular concerted reaction.
This could explain the fact that no deviation in the Arrhenius
plot was observed for the thermal reaction of FC(O)OCH,CHs.
The calculated entropy for TS-2-E is —6 ] mol ™" K~' compared
with the experimental value of —1 + 4 ] mol ' K, are similar
within the error.

Conclusions

The thermal decomposition of the two smaller members of the
family of fluoroformates was investigated using FTIR spectro-
scopy and first principles calculations.

In the case of FC(O)OCH; the experimental data indicate two
different channels. At temperatures higher than 660 K, reaction
(8) is the main channel and the products are CH3F and CO,.
There is no indication of formation of radicals, so the mecha-
nism proposed is an elementary reaction with a four center TS.
At lower temperatures the decomposition is dominated by the
bimolecular reaction (9), which produces CH;0C(O)OCH3; + CF,0.
Both channels have been explored by kinetics simulations and
first principles calculations. This second channel has not been
informed for the decomposition of methyl formates.

The thermal decomposition of ethyl fluoroformate proceeds
mainly through reaction (22) which produces HF, C,H, and CO,.
All the experimental data points lie on a straight line on the
Arrhenius plot in the temperature range studied. The mechanism
proposed for this channel involves a six center TS. Nevertheless, as
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CH;CH,F was detected as a minor product, reaction (21) has to

be

considered as the secondary channel.
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