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ABSTRACT The products following CI atom initiated reactions of FC(O)OOC(O)OCHj; in 50-
760 Torr of N, at 296 K were investigated using FTIR. Reaction of Cl atoms with methyl
fluoroformyl peroxycarbonate proceeds mainly via attack at the methyl group, forming
FC(O)OOC(O)OCHj;" radicals. Further reaction of this kind of radicals with Cl, forms three new
compounds: FC(O)OOC(O)OCH,Cl; FC(O)OOC(O)OCHCI, and FC(O)OOC(0O)OCCls, whose
existence was characterized experimentally by FTIR spectroscopy assisted with ab-initio
calculations at the B3LYP/6-31++G(d,p) level. Relative rate techniques were used to measure
ket + Feyoocoypocis) = (4.0 = 0.4) x 10 cm® molecule™ s and ki + re(oyoocojoccny = (3.2 £
0.3) x 10™"* cm’ molecule” s”'. When the reaction is run in presence of oxygen the paths giving
chlorinated peroxide formation are suppressed and oxidation to (mainly) CO, and HCI takes
place through highly oxidized intermediates with lifetimes long enough to be detected by FTIR

spectroscopy.
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1. Introduction

The use of hydrofluorocarbons (HFCs) in the last two decades has promoted exhaustive studies
of the mechanisms, intermediates, and final products of the degradation reactions of this kind of
compounds.’ Also, in the past two decades, much work has been devoted to the study of the
properties and reactions of many compounds and radicals containing only F, C, and O atoms,
that can be formed in the laboratory as a result of the degradation of HFCs in the presence of
oxygen and high concentrations of CO. The study of these reactions afforded many new
compounds to be synthesized and used as precursors of atmospherically relevant radicals which
were thus isolated.”® Several such compounds have been known for many years (e.g.,
CF;0C(0)O0CF;> and FC(O)OOC(O)F®), and many others have been discovered and
characterized  recently (e.g, CF30C(O)OOC(O)OCFs,”  CF;0C(0)O00C(0O)OCF;,*
CF;0C(0)0O0C(0)E,” and EC(O)OOOC(O)E').

Methyl fluoroformyl peroxycarbonate (FC(O)OOC(O)OCH;) is synthesized from the thermal
reaction between FC(O)OOC(O)F and CH3;OH, and it has been isolated and characterized
recently."’ Such molecule is of interest since it couples a fluorinated and a hydrogenated radical
together, whose combined properties could therefore represent a transition from a purely
fluorocarbooxygenated molecule to a hydrogenated one. Its thermal decomposition has been
studied by Berasategui et al.'> The rate constants of the homogeneous first-order thermal
decomposition fits the Arrhenius equation key, = (5.4 £ 0.2) X 10" 57" exp[—(27.1 £ 0.6 keal
mol '/RT)]. The proposed mechanism for the thermal decomposition goes through a loose
transition state where the O—O bond cleavage takes place to produce CH3;0CO, and FCO,

radicals.
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On the other hand, extensive studies on the oxidation of volatile organic compounds (VOCs)
initiated by Cl radicals are performed continuously and are highly significant in atmospheric
chemistry.*'® Chlorine atom initiated oxidation of VOCs contribute to the generation of ozone
and organic aerosols in the coastal areas and marine boundary layer, nevertheless many recent
studies have emphasized the significant role of Cl atom as an oxidant in polluted urban
atmospheres.'”?' According to the first steps of the mechanisms the reaction of Cl atoms with
VOC:s is similar to that of OH radical, because they proceed through H abstraction from the alkyl
groups or addition to double bonds in unsaturated hydrocarbons. However, the rate constants for
Cl reactions are about one order of magnitude higher than those for OH.*

In this paper we present the results of the reaction of Cl atoms with FC(O)OOC(O)OCH3;. Rate
constants for the replacement of H by Cl in the CHj; fragment were measured, the new
chlorinated molecules were detected by FTIR spectroscopy and their identification was assisted
by Ab-initio calculations. The mechanism of the reactions sequence is discussed and supported

with a kinetic model simulation.
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2. Experimental Section
Caution! Although this study was conducted without mishap, it is important to take
appropriate safety precautions when manipulating peroxyfluorinated compounds. Reactions

involving these substances should be carried out only in millimolar quantities.

2.1. Instrumentation.
(a) Vibrational Spectroscopy. Gas-phase infrared spectra in the range of 4200550 cm™ were
recorded with a resolution of 2 cm™ from 32 co-added interferograms using a FTIR instrument

(Bruker IFS66V).

(b) Nd: YAG Laser. A Q-switched pulsed Nd-YAG laser (Quantel, Brilliant B) was used as a
photolizing source of Cl,. It was operated at a repetition rate of 10 Hz with 5 nsec pulse width.
The Nd: YAG laser is coupled with second (SHG) and third harmonic generation (THG)
modules for producing 532 and 355 nm pulses. It was operated at a regime where only single
photon absorption takes place. The photoreactions were initiated with the THG and the
corresponding maximum output energy was about 200 mJ. The size of the photolysis beam was
~7x7 mm and the volume ratio (irradiated / cell) is 0.16. If we consider a cross section of
1.65x10™" cm*/molecule for the absorption of Cl, at 355nm and ¢=1 for the reaction Cl, +
hv(355nm)— 2 Cl, then the total density of Cl atoms produced in the irradiated volume after
each pulse was ~4.8x10"> molecules cm™ which is three orders smaller than the total density of

Cl, at 100 mbar (~2.4x10'® molec cm™).
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(¢) Computational Details. First principles calculations were carried out using the MP2 and
B3LYP methods in combination with different basis sets. They are specified in the First
Principle Calculation section for each system. The highly accurate energy method Gaussian-2
(G2)* was used for the calculation of thermodynamic properties. All calculations were run with

the Gaussian 09** program package.

2.2. General Procedures.

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
to a stainless steel reactor which had in parallel a double-jacketted stainless steel IR gas cell
(optical path length 200 mm, KBr windows) placed in the sample compartment of a Fourier
transform infrared (FTIR) instrument. The cell and the reactor were interconnected by PTFE
pipes through Swagelok's valves and connectors. This arrangement made it possible to follow
either the course of the synthesis or the purification of substances.

As the FC(O)OOC(O)OCH3 decomposition is catalyzed in the presence of Si-containing
surfaces, the photochemical reactions were performed in stainless steel reactors, thus avoiding
any contact with glass surfaces. The reaction was investigated by irradiating
FC(O)OOC(O)OCH3/Cl, mixtures at 800 Torr of total pressure of N, at 296 + 2 K. The Nd-
YAG laser was used to start the bond cleavage reaction of CI—CIl. The laser beam went in and
out the cell through KBr windows. After 150 pulses (which correspond to 750 ns of net

irradiation during a lapse of 15 seconds), the cell was placed in the optical path of the FTIR
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equipment, and its content was analyzed. This procedure was repeated until completion of the
experiment.
Most of the products obtained (CO,, CO, HF, HCI, etc.) were identified and quantified from

reference spectra of pure samples.

2.3. Chemicals.

The synthesis of FC(O)OOC(O)OCH; was carried out following the recipe in''. Briefly, the
reactor was loaded with CH3;0H and an excess of FC(O)OOC(O)F. The reaction stopped when
CH;OH was consumed at about 30 min, then FC(O)OOC(O)OCH; was distilled in situ by
immersion of the whole reactor in ethanol baths at =100 and —60 °C to carefully remove excess
of FC(O)OOC(O)F and byproducts. With this method the purity of the sample was better than
98%. Cl, was obtained from the liquid phase reaction between KMnO,4 and concentrated HCI,
and purified in the glass vacuum line. Bath gases were obtained from commercial sources at the

following purities: N, (>99.9%, Linde) and O, (>99.9%, Linde).

2.4 Determination of rate constants.

The rate constant of the reaction of Cl atoms with FC(O)OOC(O)OCH3; was measured relative
to different reference reactions with known rate constants. The relative rate method is a well-
established technique for measuring the reactivity of Cl atoms with organic compounds®.
Kinetic data are derived by monitoring the change of IR signal of the peroxyde relative to the
change of a reference compound which could be CH4, CH,Cl, or CHCls. The decays of the

reactant and reference are then plotted using the expression:
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11’1( [PGI'OX]tO/ [PGI'OX]t) = kPerox/ kref ln([reﬂto/ [I'Cf]t)

where [Perox]y, [Perox];, [ref]y and [ref]; are the concentrations of peroxyde and reference at
times 0 and t, kperox and ke are the rate constants for reactions of CI atoms with the peroxyde and
reference, respectively. Plots of In([Perox]/[Perox];) vs. In([ref]i/[ref];) should be linear, pass
through the origin and have a slope of kperox/krer. The loss of the reactant and reference
compounds was monitored by FTIR spectroscopy within the 20 cm path length cell. The
concentrations of reactant and reference compounds were determined with a precision of + 1% of
their initial concentrations. Initial reagent concentrations were 5—10 mTorr of peroxyde, 540
mTorr of reference, and 50—100 mTorr of Cl, and N, diluent at total pressure of 700 Torr. Every
experiment consisted of filling the cell with a mixture of peroxyde/reference/Cl,/N, and
subjecting the mixture to the already mentioned 150 pulses of laser radiation. After each set of

pulses, the chemical composition in the chamber was analyzed using FTIR spectroscopy.

3. Results and Discussion

3.1. Rate constant of the reaction (Cl + FC(O)OOC(0O)OCHs3).

Cl atoms generated by photolysis

Cl, +hv—2Cl (1

were used to study the kinetics between Cl and methyl fluoroformyl peroxycarbonate reaction
(2). Three other reactions (3), (4) and (5), whose rate constants are well characterized have been

used as reference reactions in order to minimize the error associated with k.
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Cl + FC(O)OOC(0O)OCH3 — products (2)
Cl + CH4 — products 3)
Cl + CH,Cl, — products 4)
Cl + CHCl; — products 4

The disappearance of the reagent was followed using the absorption band at 2973 and
corroborated with the band at 1264 cm™ corresponding to O-C-O vibration of the CH;0C(0)O-
group. This band is not overlapped with any absorption band of the products.

Figure 1 shows plots of the loss of FC(O)OOC(O)OCHj3 versus CH4, CH,Cl, and CHCl;
following exposure to Cl atoms in 700 Torr of N, at 296 K. Linear least-squares analysis of the
data gives rate constant ratios ky/ks = 0.3695 £ 0.0022; ky/ks = 0.1098 £+ 0.0012 and ky/ks =
0.5359 + 0.0100 (quoted errors are two standard deviations). The relative rate data can be placed
upon an absolute basis using k3 = 1.08 x 10'13, ky=3.57x 10" and ks = 7.64 x 107 [26] to give
ky =(3.99 + 0.02) x 107, (3.92 + 0.04) x 10™"* and (4.09 + 0.08) x 10"* cm® molecule™ s
(where the uncertainties come from the errors of the quotients). The values of &, obtained using
the three different reference compounds were indistinguishable within the experimental
uncertainties, suggesting the absence of substantial systematic errors associated with the use of
individual reference reactions. We have chosen to quote a final value of k, which is the average
of the individual measurements, estimating that potential systematic errors associated with
uncertainties in the reference rate constants contribute an additional 10% to the uncertainty
range. Hence, the final 4, value would be (4.0 + 0.4) x 10" cm® molecule™ s

To get a better understanding of the mechanism of oxidation of FC(O)OOC(O)OCH3;, the

reaction between Cl atoms and fluoro methyl formate was studied under similar conditions. The
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synthesis of FC(O)OCH; was carried out following Burgos et al. recipe.”” Relative rate

experiments were performed to study the kinetic of reaction (6) relative to reactions (3) and (4).

Cl + FC(O)OCH; - products 6)

Using the same arguments as for the peroxide for the bands at 1845 and 2974 cm™ of
FC(O)OCHs, the rate constant found was ks = (8.1 + 0.8) x 10" cm® moleculas™ s™'. This value
is within the order of magnitude to the one found for FC(O)OOC(O)OCH3;. The slight increase in
the value of the rate constant may be an indication of its dependence on the group bounded to the

common CH;0C(O)- moiety.

3.2. Determination of intermediates and products of the reaction Cl +
FC(0)OOC(0O)OCH;.

After the initiation of the photolysis HCl was detected at 2820 cm™ and showed an increasing
concentration with time. This is in fact, the expected result since it is well established that Cl

18,22

atoms produce hydrogen abstraction from alkyl groups in saturated compounds. Taking this

into account, reaction (7) is proposed as the first step in the mechanism.

FC(0)OOC(0)OCH:; + Cl — FC(0)OOC(0)OCH, + HCI 7)

The alkyl radical FC(O)OOC(O)OCH; may decompose to form sub-products (as stated in

reaction 8), or react with CI, to generate a new chlorinated compound as indicated in reaction

).
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FC(0)0OOC(O)OCH, — 2 CO, + CH,0 + F (8)

FC(0)OOC(O)OCH; + Cly — FC(0)OOC(0YOCH,Cl + Cl 9)

Because neither CH,O nor any other product ascribable to the oxidation of this radical was
observed, the occurrence of reaction (8) was discarded. Other possibilities to consider in the
system are radical-radical and radical-Cl reactions. To evaluate these possible reactions we run a
simulation with initial concentrations of Cl,, Cl and FC(O)OOC(O)OCH; taken from an
experimental run. Because of the lack of rate constants to evaluate the mechanism, those of
CH;-CH3 and CH;3-Cl were used, which could be taken as upper limits of the present reactions.
Figure S1 shows the evolution of the system and it can be observed that 98% of the radicals
undergo channel 9 in the time scale of the experiment.

The concentration of the initial peroxide was followed by its FTIR band at 2973 cm™ because
absorption at this region does not overlap with bands from products.

Figure 2 shows the IR absorption bands in the 1980 — 1150 cm™ range at different extents of
reaction. Spectrum “a” corresponds to the initial peroxide before the photoreaction is initiated;
spectrum “b” was obtained after half of the reactant has disappeared (after the band at 2973 cm™
was reduced to the half) and spectrum “c” was measured after FC(O)OOC(O)OCH3; has
completely disappeared. The sequence of spectra shows changes in the shape, intensities and
frequencies of the bands. The two bands at 1834 and 1908 cm™ are shifted to higher
wavenumbers. In the range 1310 — 1360 cm™ two new bands appear in trace “b” and change their
relative intensities in trace “c”. A new band appears at 1238 cm™ and the high intensity band at

1190 cm™ is red shifted to 1176 cm™. All these changes are a clear evidence of intermediates or
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final species with enough lifetimes to be detected by FTIR that are produced in the course of the
photolysis.

In order to explain the formation of intermediate species, the Cl atoms produced by reactions
(1) and (9) could react in a chain reaction with the chlorinated peroxide formed in reaction (9) to

replace the second and third hydrogen of the original —CHj3 fragment, according to reactions

(10)-(13).
FC(0)00C(0)OCH,CI + Cl — FC(0)O0C(0)OCHCI + HCI (10)
FC(0)00C(0)OCHCI + Cl, — FC(0)00C(0)OCHCI, + CI (11)
FC(0)OOC(0)OCHCI, + Cl — FC(0)00C(0)OCCl, + HCI (12)
FC(0)OOC(0)OCCl, + Cl, — FC(0)00C(0)OCCl; + Cl (13)

As long as we are concerned, these three (mono, bi and tri)-Chloromethyl Fluoroformyl
Peroxycarbonate molecules have not been reported yet.

The molecular structures and the infrared spectra of these peroxides were simulated using the
B3LYP/6-311++G(d,p) level of theory. The molecular parameters for the most stable
conformers are presented in Table S1. The most relevant structural parameters are the dihedral
(O)C—0O—0—C(0O) and the peroxidic bond length O—O. These parameters have been
measured by gas electron diffraction (GED) techniques for other peroxy-dicarbonyl compounds
like FC(O)OOC(O)F*®, CF3C(0)OOC(0)CF;* and CF;0C(0)OOC(0O)OCF;.*° For the three
peroxides only a single syn-syn conformation with both C=0O bonds in syn orientations were
observed by GED.>' In the chlorinated peroxides here proposed, these orientations were also

predicted for the most stable conformers. The dihedral angle C—O—O—C experimentally
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found for peroxides with two sp® substituents are smaller than 90° ie. 84(2)° in
FC(0)OOC(O)F*® and 87(2)° in CF;0C(0)OOC(O)OCF;™. For the chlorinated peroxides the
values obtained from the -calculations are 88.8° in FC(O)OOC(O)OCH,Cl, 89.6° in
FC(O)OOC(O)OCHCI, and 91.2° in FC(O)OOC(O)OCClIs, that is, an increase of the dihedral
with chlorine substitution. The O—O bond length for the new peroxides are 1.43 A, slightly
longer than the experimental value for the fluorinated peroxides which are between 1.403 —
1.426 A. According to the theoretical method used for calculation of geometrical parameters,
Oberhammer®' has pointed that MP2 gives better results than B3LYP for FC(O)OOC(O)F but
B3LYP gives better agreement with experiment than MP2 for CF;0C(O)OOC(O)OCFs. A
systematic investigation with different theoretical methods and basis sets and GED studies of the
present new peroxides are highly desirable.

Table S2 presents the calculated harmonic vibrational frequencies of the intermediates and
final product, as well as our experimental results. The changes observed in the sequence of
spectra shown in Fig 2 are in agreement with the mechanism proposed on account of the
quantum calculations for the different peroxides. The C=O stretching experimental bands of
FC(0)OOC(0O)OCH; at 1834 and 1908 cm™ appear at 1868 and 1947 cm™ in the calculation.
The corresponding bands calculated for FC(O)OOC(O)OCH,CI are 1879 and 1950 cm™; for
FC(O)OOC(O)OCHCI, are 1877 and 1953 and for FC(O)OOC(O)OCCI; are 1901 and 1955 cm”
! Despite the error associated with the calculated frequencies, when the chlorination reaction
evolves in time, it is expected that the bands at 1834 and 1908 shift to higher wavenumbers, as
observed. The two low intensity bands observed at 1350 and 1325 cm™ shown in figure 2 could
be assigned to the H—C—CI vibration of the intermediates mono and dichloro- respectively,

since the calculated frequencies are 1387 and 1355 cm™ for FC(O)OOC(O)OCH,CI and
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FC(O)OOC(O)OCHCI,. Besides in the experimental sequence of spectra, the band at 1325 cm’
grows up at the expense of the band at 1350 cm™, as expected considering the formation of the
dichloride from the monochloride peroxide. The band observed in the experimental spectra at
1238 cm™ can be attributable to the O—C—O vibration of the intermediates, since that mode is
calculated at 1244 cm™. The frequencies calculated for the most intense band of each one of the
peroxides are 1187 cm™ for FC(O)OOC(O)OCH3, 1180 cm™ for both FC(O)OOC(0O)OCH,Cl
and FC(O)OOC(O)OCHCL, and 1162 cm™ for FC(O)OOC(O)OCls. Then the sequential

chlorination moves this band to the red, as is also experimentally observed.

3.3. Rate constants for the reactions between Cl and molecular intermediates
FC(0)OOC(0)OCH,Cl, FC(O)OOC(0)OCHCl,.

The reaction of H atom abstraction by a CI atom to form HCI and a radical is always followed
by a faster reaction where the radical reacts with CI, (due to its high concentration in the system)
and forms either a partially chlorinated intermediate or the fully chlorinated FC(O)OOC(O)OCl;
peroxide. In any case the rate determining step to the formation of these “stable” peroxides is
always the reaction that forms HCI, that is, reactions 7, 10 and 12. With this in mind, the
measurement of the concentration of each intermediate (FC(O)OOC(O)OCH,CI,
FC(O)OOC(O)OCHCI,) as function of reaction progress should give information about the
kinetics. Nevertheless, the partially chlorinated peroxides are substances with peculiar time
variations. Two methods were used to find the rate constant k. In the first one we used the
approach described by Meagher et al.*” to obtain the rate constant for a process where the same

compound is used as a precursor and reference. In the present case this molecule is
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FC(O)OOC(O)OCH;. The functional form between the rate constants kjo/k; and the

concentration of precursor and FC(O)OOC(O)OCH,Cl is given by the equation:

[FC(0)00C(0)OCHClly — a B _ {klo/k _1} ~
[FC(0)00C(0)OCH5]y 1_k10/k (1-x) [(1 x) 7 1 M
7

where x is defined as:

_ 4 _ [Fc(oo00c(0)ocH;]:
x=1 [FC(0)00C(0)0CH3], (ID

The value of a is the yield of FC(O)OOC(O)OCH,Cl from FC(O)OOC(O)OCH;. In this
system o was supposed to be approximately 1 because the only reaction of the radical
FC(O)OOC(O)OCH; under the present conditions is the formation of FC(O)OOC(O)OCH,Cl
(reaction 9) as was already mentioned. Figure 3 shows the plot of [FC(O)OOC(O)OCH,CI]; /
[FC(O)OOC(O)OCHs]p vs. A[FC(O)OOC(O)OCH;]/[FC(O)OOC(O)OCHs]p with different
pressures of Cl,. The o parameter and the rate constant ratio kjo/k; were obtained using
nonlinear fit of equation (I) to the experimental data shown in the figure. The experimental value
found for a is (1.00 + 0.02) which is in excellent agreement with the absence of CH,O as a
product in reaction (8). The value from the fitting for kjo/k; was (0.74 £ 0.02) and the rate
constant kjo obtained from this method was (3.0 + 0.1) x 10* cm® molecules™ s (where the
error limit corresponds to the standard deviation of the fitting).

The second procedure followed to calculate kjy was the following: it was assumed that the
reagent reacted with Cl to form the monochlorinated peroxide which is deprived from
decomposing. Thus, a curve was constructed that showed the amount of FC(O)OOC(O)OCH,Cl
as a function of time that was an ever growing (eventually reaching a plateau) curve. The

difference (at each measured time) of this curve with the actual concentration (given by the

absorption band at 1350 cm™) indicated the amount of FC(O)OOC(O)OCH,CI that had reacted
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to form the dichlorinated peroxide. From these values, figure S2 was constructed taking the
reagent, CHy4 or CH,Cl as reference compounds, the slope returned the rate constant relative to
the each reference. Interesting to note is the consistence of the values measured at different initial
pressures and even with different IR bands. Using the least squares method from the linear
regression for each reference we obtained the quotient for the rate constants k;o/k; = 0.86 = 0.09,
kio/ks = 0.321 + 0.004 and k;¢/ks = 0.092 + 0.002. Considering the experimental values of &7, k3
and k4, and using a similar approach, already mentioned for k7, we found the value for the rate
constant of the reaction FC(O)OOC(O)OCH,Cl + Cl, ko= (3.4 £ 0.3) x 10™"* cm’ molec™ s™.

The two values of kjp obtained from the different methods are in agreement within
experimental errors. Taking an average of both values, the rate constant ko has a value of (3.2 +
0.3) x 10" cm’ molec™ s™ with a 10% error. This rate constant is slightly lower than the one
found for reaction (7), so the concentration of the intermediate will never reach higher than the
concentration of FC(O)OOC(O)OCHs.

Based on the rate constants found for reactions (7) and (10), we performed a kinetic simulation
considering all the reactions involved using the Kintecus program package.” For reactions (9),
(11) and (13) we used bibliographic rate constant values for similar radicals (NIST,34 kcws +cn =
1.55 x 1072 ¢cm® molecule™ s'l,35 kcmoct + cn = 2.54 x 10" cm® molecule™ s'],36 and kcucn + cp =
2.25 x 10" cm® molecule™ s™),*” and for the thermal decomposition we used the rate constant
obtained by Berasategui et al.'> Besides, the experimental concentration of reagent, intermediates
and products were introduced in the model; HCI, CO, and FC(O)OOC(O)OCHj3 were quantified
using the integration of the bands at ~2820, ~2358 and 2973 cm' respectively. The concentration
of the intermediate FC(O)OOC(O)OCHCI, was obtained using the experimental band at 1325

cm™. Using these data as input parameters, the Kintecus program solved the kinetic equations
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with kj, as the only variable. Figure 4 presents the variation in concentrations of the reactant,
intermediates and products involved in the mechanism as a function of the progress of reaction.
The experimental points are represented by squares, diamonds, etc., while the curves result from
the simulation with the mechanism proposed. The concentrations of the intermediates
FC(O)OOC(0O)OCH,CI and FC(O)OOC(O)OCHCI, were estimated from the comparison of the
absolute maxima of the simulation curves. Table 1 presents the reactions and the rate constants
used for each step. It is important to highlight the remarkable matching of the simulation with
the experimental evolution. From this, we obtained the rate constant for reaction (12) to be kj; =

(1.7 £ 0.6) x 10" cm’ molecule™ s

It can be seen from figure 4 that HCI concentration grows monotonically and its concentration
at t,, is three times the concentration of FC(O)OOC(O)OCH; and the concentration of the
intermediates evolve as expected for consecutive reactions. On the other hand, the appearance of
CO; and Cl,CO after 70% consumption of FC(O)OOC(O)OCH; is an indicative of reaction (14).

FC(O)OOC(0)OCCl, — CC1,0 +2 CO, + F (14)

The exothermicity of (14), calculated with B3LYP/6-31++G(d,p), is 20 kJ mol™ higher than
that for reaction (8), which may explain why CCI,O and CO, appear at long times in the system
while no CH,O was observed. Reaction (14) was also included in the mechanism and the
simulated unimolecular rate constant was 1.5 x 10° s™.

For the group of molecules studied in this work, it is evident that the rate constant for the
abstraction of one hydrogen from a H3;C— fragment is higher than for a H,CCl—, which is
higher than for HCCl,—, the same is observed for CIC(O)OCH; (1.1 x 10" cm® molecule™ s™)

and CIC(O)OCH,CI (3.0 x 10" ¢cm® molecule” s).* Steric and electronic effects should be
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taken into account to analyze this tendency, the former being evident because the exposure of a
hydrogen atom is in some way “shielded” by chlorine after the first replacement has taken place,
and the last effect shows that the H—C covalent bond is weakened by the presence of atoms with

high electronegativity bonded to the same carbon.

3.4. Additional mechanistic studies from the products of Cl initiated oxidation of
FC(0)OOC(0O)OCHj3; in presence of O;.

In order to investigate the products of the Cl atom initiated oxidation of methyl fluoroformyl
peroxycarbonate, we performed experiments in which FC(O)OOC(O)OCH3/Cl,/O,/N, mixtures
were exposed to UV laser irradiation. IR spectra were acquired after each period of irradiation.
Experiments were performed at a total pressure of 760 Torr, with O, partial pressure higher than
50 going up to 250 Torr. The main products identified were: HCI, HF, CO and CO,. Figure 5
shows the initial (before exposure to UV light) and the final spectra.

Under these experimental conditions the reaction showed no indication of the formation of any
chlorinated peroxide, so the occurrence of reaction (9) is suppressed after the abstraction of the
hydrogen by the chlorine radical. Since the partial pressure of O, in the chamber is high, reaction

(15) 1s more likely to occur

FC(0)OOC(0)OCH, + 0, — FC(0)00C(0)OCH,00 (15)

Many authors have proposed that the fate of these peroxy-radicals is to be converted into oxy-

radicals by either forming O,, according to reaction (16), or reaction with FC(O)OOC(O)OCH,

radicals (reaction 17).*°*
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2 FC(0)OOC(0)OCH,00 — 2 FC(0)OOC(0)OCH,0 + 0, (16)

©CoO~NOUTA,WNPE

FC(0)OOC(0)OCH, + FC(0)00C(0)OCH,00 — 2 FC(0)OOC(0)OCH,0 (17)

15 After the disappearance of the reactant, three bands are observed between 1800 and 1900 cm™,
18 as shown in figure 5. This bands may be indicative of the presence of a molecule containing
20 three C=0 groups. In addition, a band at ~1178 cm™ was observed, indicating the presence of a

C—H bond, so the mechanism may continue through reaction (18):

27 FC(0)0OC(0)OCH,0 + Cl — FC(0)OOC(0)OC(O)H + HCI (18)

32 Another possible path for oxidation is the direct removal of OH from the peroxy-radical

34 FC(0)OOC(0)OCH,00 as indicated in reaction (19).

39 FC(0)0OC(0)OCH,00 — FC(0)00C(0)OC(O)H + OH (19)

43 . .
a4 Reaction (18) has been proposed for other related species**

and reaction (19) is also
46 supported by other authors who proposed the hydrogen shifting from the carbon atom to the
48 terminal oxygen. In our case, the radical HOOCHOC(O)OOC(O)F would be produced which
51 will ultimately end up producing H(O)COC(O)OOC(O)F and OH.*

53 We performed frequency calculations for the H(O)COC(O)OOC(O)F molecule, finding three

characteristic bands at 1953 (29), 1898 (16) and 1863 (40) cm™ corresponding to the three
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carbonyl groups in the molecule (relative intensities in parenthesis). In addition, two bands at
1177 (100) and a smaller one at 1234 (14) cm™ were obtained and correspond to the O-C-O and
O-C-F bendings.

This molecule could be susceptible of being attacked by Cl atoms and will most likely react to

produce three molecules of CO; and a fluorine atom, as indicated in reactions (20) and (21).

H(0)COC(O)OOC(O)F + Cl — C(0)OC(0)OOC(O)F + HCI (20)

C(0)OC(0)OOC(O)F — 3 CO, +F Q1)

Fluorine may abstract hydrogen from the reagent, FC(O)OOC(O)OCHj3;, forming HF as can be
seen in figure 5. The great increase in the concentration of CO, showed in the figure is another

evidence for the proposed mechanism in the presence of oxygen.

4. Conclusions

The reaction of the peroxide FC(O)OOC(O)OCH; with Cl atoms generated by the laser
photolysis of Cl,, in the absence of oxygen, results in the intermediates FC(O)OOC(O)OCH,Cl,
FC(O)OOC(O)OCHCI; and the product FC(O)OOC(O)OCCIs; three novel compounds detected
for the first time, using FTIR spectroscopy in conjunction with first principle calculations. The
reaction proceeds by sequential chlorine substitution of hydrogen atoms with rate constants (4.0;
3.2 and 1.7) x 10 cm® molecule™ s™ for the first, second and third abstraction respectively. A
kinetic model was employed to simulate the evolution of the system confirming this sequence of

reactions. From a statistical point of view the probability ratio for replacement in a —CHj
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fragment of the first and second hydrogen atoms is 3:2 = 1.5 and for the third is 3:1 = 3. The
ratios of rate constants for these replacements in the title molecule are (4.0 : 3.2 = 1.25) and (4.0

: 1.7 = 2.35) indicating that the replacement reactions are somewhat different from the statistical

©CoO~NOUTA,WNPE

probability. When the reaction is run in presence of oxygen the replacement reactions of Cl are
13 suppressed and oxidation to (mainly) CO, and HCI takes place through highly oxidized

15 intermediates with enough lifetime to be detected by FTIR spectroscopy.
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Figure 1. Rate constants of the reaction Cl + FC(O)OOC(O)OCHj3 relative to CHCl3 (green),

CH,Cl,; (blue) y CHy4 (red) with a total pressure of 700 torr using N, as bath gas.
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Figure 2. IR Spectrum progression of the reaction between FC(O)OOC(O)OCHj3; and Cl. ¢, (0

us) <ty (4.5 ps) <t (7.5 ps).
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Figure 3.

A(FC(O)OOC(0O)OCH;3)/( FC(O)OOC(0O)OCHj3)o under different pressures of Cl, (O 5 mbar, A

Plot

The Journal of Physical Chemistry

of  (FC(0)0OC(O)OCH,Cl)/(FC(0)OOC(O)OCH3)o

VS.

30 mbar, <> 60 mbar, y ¥¢ 100 mbar, [J 130 mbar), following the bands 2973 cem’ for the

precursor/reference and 1350 cm™ for the FC(O)OOC(O)OCH,CI.
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Figure 4. Concentrations vs reaction progression. Filled lines represent the simulation results at
25 °C using N, as gas bath. To calculate the concentrations of the different species the following

bands were used: 0 2973, € 2821, A 1350, ¥ 1325, @ 2358 and o 842 cm’!
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Figure 5. Initial (a) and final (b) IR Spectra of the reaction between FC(O)OOC(O)OCH; and ClI

in the presence of O,.
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Table 1. Reaction mechanism and rate constants used in the simulation.

Rate constant / Ref.
cm® molecule™ s

Reactions

©CoO~NOUTA,WNPE

FC(O)OOC(O)OCHj + Cl — FC(0)00C(0)OCH; + HCI

4.0 x 10

This work

FC(0)OOC(0)OCH, + Cl, — FC(O)OOC(O)OCH,CI + CI

1.55 x 10

[35]

FC(O)OOC(O)OCH,CI + Cl — FC(0)0OC(0)OCHCI + HCI

3.2x 10

This work

FC(O)OOC(O)OCHCI + Cl, — FC(O)OOC(O)OCHCI, + Cl

254 x 1078

[36]

FC(0)OOC(0)OCHCI, + Cl — FC(0)00C(0)OCCl, + HCI

1.7 x 101

From
simulation

FC(0)OOC(0)OCClI, + Cl, — FC(O)OOC(0)OCCl; + Cl

1.95x 10

[37]

FC(0)OOC(0)OCCl, — CI,CO +2 CO, + F

1.5 x 10°2

From
simulation

FC(O)OOC(O)OCH; — H,CO + 2 CO, + HF

1.8x107°2

[12]

®Rate constant for the unimolecular decomposition (s™)
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