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Gas phase thermal decomposition of;0E(O)OOC(O)F and GO C(O)OOCK was studied at temperatures
between 64 and 98C (CROC(O)OOC(0O)F) and 1306165°C (CROC(0O)OOCK) using FTIR spectroscopy
to follow the course of the reaction. For both substances, the decompositions were studied avith GO
as bath gases. The rate constants for the decompositions®EEE)OOC(O)F in nitrogen and carbon monoxide
fit the Arrhenius equationky, = (3.1 4 0.1) x 10" exp[—(29.0 £ 0.5 kcal motY/RT)] and keo = (5.8 =
1.3) x 10" exp[—(29.4 + 0.5 kcal mofY/RT)], and that for CEOC(O)OOCK fits the equatiork = (9.0 +
0.9) x 10" exp[—(34.0+ 0.7 kcal mot/RT)] (all in units of inverted seconds). Rupture of the-O bond
was shown to be the rate-determining step for both peroxides, and bond energies df &9d 34.0+ 0.7
kcal mol* were obtained for CfOC(O)OOC(O)F and GIOC(O)OOCE. The heat of formation of the GF
OCO; radical, which is a common product formed in both decompositions, was calculated by ab initio methods
as—229 4 4 kcal mol®. With this value, the heat of formation of the title species and ofGZO)OOC-
(O)OCF; could in turn be obtained ag\H3.(CFROC(O)OOC(O)F)= —286 + 6 kcal mol?, As
H3, CFOC(O)OOCE) = —341 + 6 kcal mol?, and AiH34(CROC(0O)OOC(O)OCE) = —430 + 6 kcal
molt.

Introduction for just a few compounds such as LLFOCHR,'2 CROOO0CK,13
and CROC(O)OOC(O)OCE In the present work, thermal

Since the replacement of chlorofluorocarbons (CFCs) by decomposition rate constants have therefore been measured as
compounds commonly designated as hydrofluorocarbons (HFCs), P . : .
a function of temperature and in the first-order region fog-CF

there have been exhaustive studies of the mechanism, intermedi- 2
ates, and final products of the HFC degradation reacfions. doaft:éotgoa%g(t?t';eag?/a(ilzﬁli(g;gga%%sthus providing new
Along with these, in the past decade, much work has been )

. . One common primary dissociation product of these two
devoted to the study of the properties and reactions of many - . . .
compounds and radicals containing only F, C, and O atoms, peroxides should be the radical LRCOy', about which very

o 15 . . :
that can be formed in the laboratory as a result of the degradation!Ittle is known.® We contribute a theoretical study about this

of HFCs in the presence of oxygen and high concentrations of Important and elugive radical with the goal .Of dgriving some
CO. The study of these reactions afforded many new Compoundspropertles such as its structural parameters, vibrational spectrum,
to be synthesized and used as precursors of atmosphericall nd heat of formation.
relevant radicals which were thus isolafed. Several such
compounds have been known for many years (e.gsOCF
(O)OOCK? and FC(O)OOC(0)H, and many others have been ~ CF30C(O)OOC(O)F. The thermal decomposition of GF
discovered and characterized recently (e.g.;GFHO)OOC- OC(O)OOC(O)F was evaluated at 14 different temperatures
(O)OCR;,” CROC(0)0O00C(0)OCE?E CROC(0)O0OC(0)R, between 64 and 98C using N or CO as bath gases, at total
and FC(0)OOOC(O)®). CFROC(0O)OOCEK has been known  pressures of 1000 mbar in,Nand 500 mbar in CO. No
since 1973,and it is nowadays easily obtained as a byproduct discernible effect of either total pressure or nature of the diluent
of the CROC(O)OOC(0)OCEsynthesid. It was characterized ~ gas was observed on the decomposition rate. The disappearance
by the team who first synthesized it, but its structure is still of the reagent was followed using its absorption bands at 1874
unknown. CEOC(O)OOC(O)F, in turn, was first mentior'éd and 969 cm? after subtraction of the interfering products. The
a couple of years ago, and it has been isolated only recéntly. data were analyzed according to first-order kinetics:

Kinetic data on thermal decomposition are needed in order

Results

to have reliable estimates of bond energies and to help in the _ d[CF3OC(O)OOC(O)F]=
elucidation of mechanisms and in the calculation of thermody- dt
namic properties. Nevertheless, for fluorocarbonoxygenated Kexptl CF3OC(O)OOC(O)F] (1)

peroxides and trioxides, this kind of studies has been reported
Figure 1 shows plotting of the logarithms of absorbance

* Corresponding author. E-mail: gaac@fisquim.fcg.unc.edu.ar. versus time for reactant loss inpMds diluent (plots for CO as
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TABLE 1: First-Order Rate Constants from Decomposition of the Peroxides in N or CO at Different Temperatures?

CR0C(0)O0C(O)F CEOC(O)OO0CK
in N in CO in N inCO
T k T k T k T k
64.0 (6.11+0.12)x 10°* 62.0 (5.07£ 0.74)x 1074 130 (3.80+ 0.25)x 10°° 130 (3.66+ 0.07)x 10°°
71.0 (1.66+ 0.02) x 10°° 72.0 (1.714+0.01)x 1072 140 (1.26+ 0.05) x 104 135 (6.83+ 0.26) x 1075
78.0 (4.06+ 0.43)x 1073 79.0 (3.13+£ 0.04)x 1073 150 (3.02+ 0.06) x 1074 140 (1.13+0.02)x 104
83.0 (6.43+ 0.07)x 1072 88.0 (6.324+ 0.19)x 1072 160 (7.22+ 0.13)x 104 144 (1.81+ 0.07)x 10
88.0 (9.73£ 0.07)x 1078 93.0 (1.20+ 0.04) x 1072 149 (4.32+0.33)x 10
98.0 (3.20+ 0.06) x 102 155 (4.82+0.12)x 104
159 (7.19+ 0.15)x 10
160 (5.81+0.28)x 104
165  (1.21£0.02)x 1073
aTemperature irfC. First-order constantg, in s™.
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Figure 1. First-order kinetic curves at selected temperatures for the (1/T) x10° [K']

decomposition of CFOC(O)OOC(O)F in N as diluent. Figure 2. Arrhenius plot for the decomposition of @BC(0)OOC-
(O)F in N; and CO diluents.

diluent are of the same quality). Good straight lines were

obtained in all cases. At each temperature studied, the first-

order rate constant was calculated from the plot by a least-

squares method. Average rate constants are given in Table 1 Croz \ CF0
along with the values obtained for CO as diluent gas.

CF,00C(O)F
—

The rate constants are also graphically shown in Figure 2 in S 104
the form of an Arrhenius plot. The least-squares analysis of the °
data gave the expressions 2 o CF,00C(O)F
<< 0,51

/ CF,0C(O)F

Kexpt n,[CF3OC(O)OOC(O)F=

1
(3.1+0.9) x 1055 exp[_ 29.0+ o.;|T<ca| mol ]

T T T 1
1500 1200 900 600

18’00
Wavenumber /cm’

Figure 3. IR spectra of the products obtained in the decomposition of
CROC(0O)OOC(O)F in M (A) and CO (B) diluents.

T T
2400 2100

Kexpt,cdCFsOC(O)OOC(O)F=
_ (29.4+ 0.5) kcal mor*
RT

(5.8+1.3)x 10°s* exp[ 2)

pressure of 1000 mbar using,Mr CO as bath gases. The
disappearance of the reagent was monitored via its absorption
band at 1884 cmt. As in the case of COC(O)OOC(O)F, the

data were analyzed in terms of first-order kinetics.

where it can be seen that the first-order constants jram
CO are the same within experimental error, and thegy =
(3.1+ 2.0) x 10'® st exp[—(29.2+ 0.5 kcatmol"Y/RT)].
Figure 3 shows the IR spectra of the products when the In Figure 4, first-order plots for the decompositions in N
reactions are carried out in,Npart A) and CO (part B). These  are presented. In all cases, the experimental points and the linear
spectra were obtained at the end of the reaction after suitablefit are in very good agreement. Table 1 shows the first-order
subtraction of the reagent. As seen in Figure 3, wheislthe constants obtained from these plots.
bath gas, CEOC(O)OOC(O)F decomposition results in the  Tg evaluate the Arrhenius parameters, all of the determined
formation of CQ (2300 cnt?), CROOC(O)F (1922, 1296,  rate constants were used to construct an Arrhenius plot,
1245, and 1172 cm), and CRO (773 cm?), while an irrespective of the bath gas used. Linear least-squares analysis
additional product, CFOC(O)F (1258 and 1179 cm), appears  of the data in Figure 5 gives
when CO is the bath gas. Some new bands are also observed
which could not be unambiguously assigned (1848, 1818, and —
1055 o guously assigned ( Kexpd CF2OC(0)OOCH] =
CF30C(0O)OO0CFs. The kinetics of CEOC(O)OOCK de-
composition was studied between 130 and 165at a total

34.04 0.7 kcal mol*
B RT (3)

(9.0+0.9) x 10%s? exp[
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TABLE 2: Pre-exponential Factors and Entropy of
Activation for Selected Molecules

_2’6_
molecule Afactors AS (eu) ref
5 2,8 CROC(0O)O0OC(0O)F 166 10.5 this work
®© CR0C(0)0O0CR 10189 2.0 this work
g CFR0C(0)00C(0)OCFK 10145 5.5 14
¢ 301 m 130°C CROC(0)0O00C(0)OCF 1029 1.0 8
3 . 120G CH,C(0)O0C(O)CH 10142 3.7 47
< 3ol A 150°C C:HsC(O)OOC(O)GHs 10144 45 48
S v 160°C C3H-C(0)OOC(0)GH; 10143 40 48
'3’4', , . , . , , The measured Arrhenius parameter is entirely reasonable for
0 2000 4000 6000 8000 10000 12000 a homogeneous gas phase decomposition of a large molecule
time /s. into two smaller free radical fragments. The high A factor
Figure 4. First-order kinetic curves at selected temperatures for the gptained (16P-6s71) reflects the increase in entropy associated
decomposition of CFOC(O)OOCK in N as diluent. with the formation of a loose transition state in which free

rotation about the breaking bond can occur and two relatively
large fragments are generated.

The thermal decomposition of @BC(O)OOCHK has been
investigated carrying out experiments to cover the range between
165 and 13C0C and for pressure ranges that ensure first-order
behavior. The derived activation energy is 34.0 kcal/mol, and
the extrapolated A factor is 189 thus giving an activation
entropy of 2.0 eu. The A factor is somewhat lower than the
one for CROC(O)OOC(O)F; nevertheless, we still believe the
decomposition directly provides two smaller fragments in a
simple bond fission. The difference in A factors could be

In k

23 23 24 24 24 25 rationalized in terms of the stabilization afforded by the two
301 fragments formed. In Table 2, the pre-exponential factors of
(1/T)x10°/K
] ) N closely related molecules are presented. It can be seen that the
Figure 5. Arrhenius plot for the decomposition of GBC(O)OOF. hydrogenated peroxides have almost the same A factor (ranging
0,6+ from 1042 to 104 as the fluorinated peroxide @BC(O)-

OOC(0O)OCE (with an A factor of 18*9). All of these peroxides
form two equally bulky and delocalized carboxy radicals when
decomposed. In the case of £LFC(O)OOC(O)F, two contribu-
tions toxr stabilization are possible: one through the RCO
radical® and the other through GBCO;". Nevertheless, when
only one of these delocalized radicals is formed, there seems
to be a lowering in the A factor, as can be seen for bot-CF
OC(O)OOCEk and the trioxide CFOC(O)OOOC(O)OCE
Furthermore, the decomposition reaction for the trioxide has
been proved to be a simple bond fission by performing low
temperature matrix experimeftsvhere the CEOC(O)OO
2400 2100 1800 1500 1200 900 600 radical could be trapped despite the low A factor measBired.
Wavenumber /cm” We present below the mechanism for the pyrolysis of each
Figure 6. IR spectra of the products obtained from the decomposition peroxide that would account for egs 2 and 3 and for the products
of CROC(0O)OO0CE in N, (A) and CO (B) diluents. obtained. In agreement with the above arguments, the first step
in the decomposition process should be the breaking of the
Figure 6 shows the IR spectra of the products obtained using peroxide bond, which is the weakest in the molecule.
N2 (part A) and CO (part B) as diluents. In the former case, the CF30C(O)OOC(O)F. The O-0 rupture in CEOC(O)OO0C-
decomposition gives GPOCF; (1285, 1262, and 1167 cr), (O)F produces CIOCO,* and FCQ radicals
CFR,0, CO,, and Sik (1028 cntl), and in the latter case, besides
the products obtained before, (§FC(O)) (1820, 1114, and CF,0C(0)O0C(0O)F— CF,0CO,” + FCQ,”  (4)
1080 cntl) and CROC(O)CR (1850 and 1184 cni) are
formed.

CF,00CF,

0,4-

o
N
1

Abs/a.u.

0,04

Both carboxy radicals are susceptible to decarboxylation;
however, our IR results indicate that the more abundant products
formed bear the FCOThus, the decarboxylation process should
CROC(0O)OOC(O)F decomposition was studied at total be faster for CEOCO,* than for FCQ:. The half-life for FCQ*
pressures of 1000 and 500 mbar of &hd CO, respectively.  has been reported to 3e3 s at room temperatufé while for
Since the rate constants were independent of total pressure, iICFROCO,* it was assumed to berl0~* s. This value corre-
is assumed that these data are in the high pressure region, asponds to the decarboxylation of the {LR,* radical, since the
expected for such a complex molecule. Examples of similar rate constant for GJOCO, decomposition has not been
species that achieve their first-order values at pressures of aroungneasured so far and it is a common practice to resort to similar
500 mbar are (CFOC(0)O),14 (CHsC(O)O),1* CROO0OCKR,Y” specieg! Though arbitrary, the value for the half-lifey,, is
and CHC(O)OONG.18 entirely consistent with experiments carried out in our lab and

Discussion
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reported elsewherg€,in which only below room temperature
can the radical stabilize. The next step in the mechanism is
probably the decarboxylation of the €PCO, radicals to
produce CEO* and CQ

CF,0CO; — CO, + CF,0" (5)

Within the temperature range studied in this wdkk should
leave no chance of reaction4 occurring. We can conclude
that the rate limiting step in the mechanism must be reaction 4 Figure 7. Calculated structure (B3LYP/6-31G*) of the CROCO;*
to which all the parameters measured forsGE(O)OOC(O)F radical.
correspond.' . TABLE 3: Ab Initio Geometrical Parameters of the

When using N as diluent, CEOOC(O)F and C_EO are CFs0CO, Radical
formed; the appearance of the former could be easily explained

through the reaction of GB* and the longer-lived FC® B3LYP MP2(FULL) CBS-4M
6-31G  6-31%G* 6-311+G*
CF,0"+ FCQ,” — CF,00C(O)F (6) Bond Lengths (A)
O(1)-C(1) 1284  1.233 1.325 1.176
; - 0(2)-C(1) 1260  1.251 1.192 1.368
wher(.aas CFO comes from the unimolecular decomposition of C(1-0(3) 1387 1356 1373 1369
CRO 0(3)-C(2) 1.405  1.390 1.378 1.368
C(2-F(2) 1362  1.324 1.317 1.320
CRO —CFRO+F ) C(2)-F(2) 1.376  1.333 1.331 1.335
C(2)-F(3) 1376  1.333 1.331 1.335
When CO was used as bath gas, the products were the sam% (1)-C1)-0@) 1BignglAnglfls7(iig) 12265 19513
as W|t_h N plus C50|C(O)F gndhgn unidentified substantlze. C()-0B3)-C(2) 12198 12048 12128 126.32
Reactions 47 certainly occur in this system, but CO can also  o(3)-c(2)-F(1) 106.64 106.33 106.67 107.98
react with both CEO* radicals to form CEOC(O)y—a reaction F(2)-C(2)-F(3) 108.50 108.94 108.24 108.05
that has proved to be efficient and fds&—and with F atoms O(1)-C(1)-0(3)-C(2) —0.02  0.00 —-0.75 —-14.18
to form FCO in the reactions O(2)-C(1)-0O(3)-C(2) 179.98  180.00 179.31 166.42
C(1)-0O(3)-C(2)-F(1) —179.98 —180.00 —179.93  —179.19
CO+ CRO — CROC(O) ©) In CO as diluent, CEOC(OY radicals are formed through
CO+ F — FC(O} ) Ega)t)ctlon 8, and their recombination gives the oxalate;(WI~
2
CFROC(O)F could be formed through the combination of
CRO* and FC(O), as is shown in reaction 10. The unknown 2CR0C(0J — (CF,0C(0)), (15)
substance could result from the combination 0§GE(OY and
FCQO¢ (x = 1 or 2) radicals (reactions 11 and 12) At the rather high temperatures used for decomposition, the
reaction of CEO* with CO also produces GFradical@?
CF,0" + FC(O) — CF,0C(O)F (20)

CF,0" + CO—CF,;" + CO, (16)

CF,0C(O} + FC(OJ — CF,OC(O)C(O)F (1)
which react with CEOC(OY to yield the CEFOC(O)CF; obtained

CF,0C(OJ + FCO, — CF,0C(0)OC(O)F  (12)
_ _ CF,0C(OJ + CF, — CF,0C(O)CR, 17)

Future work should be done either to confirm the above-
proposed mechanism or to prove the existence of these new Thegretical Calculations of the CROCO,* Radical. Since
FCO molecules. The isolation and bulk manipulation of this j; js gjfficult to obtain experimental data about spectroscopic

kind of molecules could be of great help for atmospheric 41 thermochemical properties for short-lived species, like the
chemistry studies, since they could act as clean sources®f CF cr,0c0o» radical, theoretical models based on electronic

OCOy and FCQr (x = 0, 1, or 2) radicals. . , structure have become a proper tool for investigation and
CF;0C(O)OOCF;. The first step in the pyrolysis mechanism  prediction of such properties. In the next sections, we provide
produces CFOCO," and CRO" radicals geometrical parameters, vibrational frequencies, and heats of

. N formation of this radical by using different ab initio methods.
CF,0C(0)O0CE — CF,0CG," + CF0 (13) Geometrical Parameters. At first glance, there are two

) ) different possibilities for the conformation of the acyloxy radical,
Occurrence of the back reaction (reacﬂqr{l:%) can be ruled both comprising the€Ss symmetry group. The plane formed by
out, once again because of the k_)W stability of the;QEOy the —CO, moiety could be parallel (A) or perpendicular (B) to
radicals at the temperatures studied and the fact that there wagne c-0—C—F chain. However, calculations starting with B
no difference between the decomposition rate constants obtaineyeometry converged to A in all cases. The geometry obtained
with the different diluents. The fate of GB* radicals in N is through the B3LYP/6-31G* method is presented in Figure 7,
either their decomposition (reaction 7) or recombination (reac- where atom labeling is used to identify the different geometrical
tion 14) parameters.
. Table 3 shows the structural parameters found with the
2CR0O" — CR,00CHK (14) different methods studied. In a general overview, small differ-
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ences can be observed for B3LYP values with both basis sets.reproduced with the B3LYP and MP2(FULL)/6-3tG* meth-
Significant differences in the dihedral angles are found with ods, but the latter gives a difference which is too small; both
the MP2(FULL) and CBS-4 methods. These observations bond lengths are almost equal when using the CBS-4M method.
confirm that geometrical parameters have a strong dependence qualitative explanation can be given for the difference in terms
on the methods used. Since no experimental bond lengths andbf a partial delocalization effect between the three oxygen atoms
angles are available for the acyloxy radical, the calculated datain the O-CO, moiety. Since the electron correlation and the
are compared with the results of previous studies. Fortunately, basis set are very important factors affecting delocalization, the
the geometry of some compounds formed by F, C, and O hasCBS-4 method (where geometries are calculated with a HF wave
been precisely elucidated by the gas electron diffraction (GED) function) does not describe it properly.
technique in conjunction with theoretical calculations. Molecules  c—F bond distances are well reproduced by all methods.
such as (CEOC(0)O},** CROOC(O)F? CROC(O)F, and  Typical GED values are 1.322 A (GBC(O)F)261.315 A (Ck-
CROC(O)OCR?® can be taken as model compounds to check OC(0)OCE),?6 and 1.317 A ((CEOC(0)O)).%*
the calculated geometrical parameters 0tQ€Q;". It can be concluded that, for the geometrical parameters of
The most interesting features of this radical are the bond thjs radical, B3LYP methods give better results than the others.
lengths associated with theCO, moiety (O(1)-C(1)—0(2)). The resonance effect between the G{CY1)-0O(2) atoms,
The s character of the radical has recently been demonsﬁ‘éted, which was demonstrated experimenta”y by using isotopica”y
and this indicates that due to a resonance effect batOC  marked compound$,is reproduced only by B3LYP methods
distances should be equal. As can be seen from Table 3, withfgr which interatomic C(1}O(1 or 2) bond lengths and the
the B3LYP method, these distances are quite similar for both O(1)-C(1)-0(2) angle are similar and comparable with the
basis sets. Typical GED values for double bondeeGCatoms same parameters in the F@Qadical. The rest of the geo-
in fluorocarbooxygenated molecules are 1.177 A{QE€(O)- metrical parameters agree quite well with what is expected for

OO0C(0)OCF),#1.188 A (CEOC(O)F and CEOC(0)OCF), an “F—C—0" radical compared with experimental values of

values are 1.364 A (GPC(O)F), 1.377 A (CEOC(O)OCFR),%
and 1.361 A (CEC(O)OOC(O)CR).2” Thus, the G-O bond
lengths for the resonant-CO, moiety are expected to be
somewhere between the above values. For the JF&fdical . .
with Cy, symmetry, at the QCISD/6-31G* level, arfCO) Assuming Cs symmetry for the CR)C_OZ‘ radlcal,_all 18
distance of 1.245 A was calculated and an experimental value_f”nd""m_ental modes s_,hould be _IR-aptlve gccor_dlng to the
of 1.288 A was suggesté@Only theoretical values have been irreducible representation of the vibrations given in eq 18:
reported for the C¥CO;* radical. At the UMP2/6-31G* level, . , .
two values were obtaingd:r(CO) = 1.209 A andr(CO) = Iip = 12A(IR,Ra p)+ 6A"(IR, Ra dp) (18)
1.337 A. Von Ahsen et dl.have recalculated the GEO,*
radical with the B3LYP/6-311(d,p) method, but unfortunately, Due to the similar masses and comparable bond strengths of
no geometrical parameters have been reported. all atoms, the modes in the radical are strongly mixed, except
As can be seen from Table 3, B3LYP values fors;OEQ;* for the carbonyl stretching. In Table 4, an approximate descrip-
with both basis sets agree with what is expected for the length tion of each mode is given in terms of the dominant coordinate-
of a resonant bond, although the difference between both CO(S)-
lengths,Ar(CO) (O(1)—C(1)—0(2)—C(1))), is smaller for the Table 4 also shows the fundamental modes of the related
6-31HG* (Ar(CO) = 0.018 A) than for the 6-31GAr(CO) radicals CEOC(0y,* CROC(0)Qy*,2 and FCQ".1° Considering
= 0.024 A) basis set. The MP2 and CBS-4M values gave the CRO— fragment as a pseudo-halogen, the properties of the

Vibrational Frequencies. The vibrational frequencies for the
CROCO; radical obtained at the B3LYP/6-315G* level are
presented in Table 4.

differences in the bond lengths that correspond toradical —CO, moiety should be similar in both FGGand CROCO;".
with one oxygen double bonded and the other single bonded tolndeed, the wavenumbers of (—CO, stretching) are similar
C(1). for these radicals and are red shifted (around 400%mwith

It is also important to notice that B3LYP differs from MP2  respect tas; (the C=0 stretching) for CEOC(Oy and CEOC-
and CBS-4 in the value obtained for the O£T)(1)—0(2) bond (O)Oy. This vibration is predicted to be at higher wavenumbers
angle. In the first case, 118.91 and 117.4te predicted with N CROCO;" than in FCQ', since the force constant for the
6-31G and 6-311G*, respectively, in good agreement with mode is affected by the group attached to the carbon atom.
the OCO angle for the FC®radical, for which 119+ 1° was Fluorine should have a higher withdrawing effect than that of
reported as the experimental vaffanith the MP2(FULL)/6-  the CRO— group on the unpaired electron, lowering the force
311+G* and CBS-4 methods, 122.65 and 125.48 obtained,  constant of the-CO; vibration.
respectively. These last two values correspond to &CO0 In the region between 1300 and 850 Tinsix stretching
angle where one oxygen is double bonded to the carbon atom.modes are expected. The most intense bands at 1255, 1208,
Some experimental values for the=@—O angle are 1274 1202, and 1128 cnt are assigned t@,, vi3, v3, andv4 and
(CROC(0)O0C(0)0OCE),%#128.5 (CFROC(0)OCFR), 130.3 described as €F/C—O stretching, as in the case of other similar
(CROC(O)F)26 and 129.6 (CROOC(0O)F)%® radicals with a CEO— fragment. The other two stretching

Bond lengths associated with-@(sp¥) and O-C(sp?) bonds modesys andvg, correspond mainly to the-80—C asymmetric
present differences which are too small, for example, ia-CF and symmetric vibrations.
OC(O)F, O-C(sp) = 1.379 A and G-C(sp) = 1.349 A, in Heat of Formation of the CF:0CO,* Radical. To obtain
CF;0C(0)OCFR, O—C(sp®) = 1.389 A and G-C(sp?) = 1.365 the heat of formation of this radical, two approaches were used.
A, and in CROOC(O)F, G-C(sp) = 1.393 A and O-C(sp) One is based on isodesmic reaction 19. Due to the fact that in
= 1.376 A. As can be observed,~@(s) bonds are shorter this kind of reactions the reactants and products contain the same
than O-C(sp) bonds. For CEOCQy", this tendency is well number of bonds of the same type, errors due to limitation in
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TABLE 4: Ab Initio Calculated Frequencies (B3LYP/6-31+G*) and Approximate Assignment of IR Modes of the CROCO,*
Radical and Related Compounds

b

CROC(Oy CROC(0)Gp ttt! CROCO, FCO* assignment acc s
exptl calcd exptl calcd calcd exptl calcd symmetry
vem™D intd v(em?) int modv(cm™) int v(em) int modv(cm™) int modv(cm) int v(cm1) int mod description

1857 16 1927 36 A 1895 62 1945 43 A 1528 65 A 1475 100 1494 100 alvy vCO:
1280 83 1282 84 A 1295 100 1286 41 A 1255 78 A 960 42 983 19 al v, vsCR
1203 100 1191 100 ‘A 1207 35 1206 15 A 1202 45 A 519 9 521 7.2 al v3 vCR/ICO,
997 52 1026 53 A 1170 75 1178 37 A 1128 100 A 1098 47 1047 74 blwvs vsCR
902 11 903 86 A 1087 59 1115 100 A 1056 44 A 474 9 491 42 bl vs v,C-0O-C
720 1.3 718 19 A 936 24 935 20 A 856 26 A 735 9 731 16 b2 v v»sC—O-C

612 0.8 608 0.92 A 895 1.9 892 041 A 738 6 A V7 0oopO—C'O2
457 0.5 472 0.56 A 740 1.4 758 043 A 724 15 A rg 0 CR/OCO
418 29 415 0.56 A 694 75 692 45 A 622 8.6 A vg  0sCRs
191 0.40 A 557 0.02 A 539 0.78 A vio 0sChs
1236 45 1230 73 A 401 1.4 397 0.34 A 403 0.28 A vi1 pCO2
612 0.8 612 0.46 A 376 0.12 A 372 0.00 A v12 pCRs
430 0.02 A 308 0.16 A 1208 73 A viz vaCR
187 09 A 151 0.14 A 604 0.15 A via 0aCRs
86 0.00 A’ 1254 81 1245 49 A 423 0.09 A v15 o CRs
717 10 723 36 A 163 0.08 A vig 0 COC
607 0.09 A 89 0.07 A v17 tFCOC
428 0.05 A 58 0.00 A v1g T FCICO,
138 000 A V19
82 0.06 A’ V20
62 0.00 A Va1

a According to ref 37° According to ref 38¢ According to ref 359 Relative intensities.

the basis set and electron correlation energy nearly cancel. reaction 20. Using the following experimental heats of formation
at 298 K (JPL library?? units in kilocalories per mole): O (59.62
CF,0CQO," + 2CH,OH — + 0.02), F (19.00+ 0.07), C (171.5£ 0.1), OH (8.9+ 0.1),
. CROH (2184 2), CG, (—94.14+ 0.02), CHOCH; (—44.0
CH,OCH; + CO, + CF,OH + OH' (19) + 0.1), and CHOH (—48.1+ 0.1), the heat of formatiork;
) L . H3.(CFROCOy) is —231 4+ 2 kcal mol?! for isodesmic
The other approacgl 's based on atomization reaction 20. rezgg(tion 19 an33—227:l: 2 kcal mol? for atomization reaction
Vflskcilczt a:jnd B;ace§l hz\_/e lstudled thﬁf tintha:]p)ll of for?wztlg_r; 20. The uncertainties are mainly due to the experimental values
ﬁ s€ ecbe .ca(; onylra 'CZS’ sorre 0 | erln . aogr(]anahe : efy(CF30H in particular). The enthalpy of formation for the radical
ave o taine very good resu tS. calcu atl_ng the . eats 9% should be obtained as the average valdds,(CROCOy") =
formation according to an atomization reaction (version B in —229+ 4 kcal molL, The predicted value and the valuds
ref 29) that requires the experimental enthalpies of formation He{CFOY) — —149 .kcal ot and AT GO - ~04.14
for the appropriate atoms at 298 K. The atomization reaction kczgl mol lead to a reaction enthalpy (;?14 keal molL for
for CROCQ;" is reaction 22

CF,0CQ,’ — 2C+ 3F+ 30 (20) CF,0CO, — CF,0" + CO, (22)

According to this reaction, the atomization enthalpy at 298 K
is obtained from the computed total energies, including zero
point energies, and the thermal corrections for each species.
The enthalpy of formation of G©CO;* is calculated according

to

This decarboxylation enthalpy can be compared with that for
reaction FC@ — F* + CO,. The enthalpy obtained, usink
H3o(FCOy*) = —86 kcal mot1,3is 11 kcal mot™. The more
exothermic reaction is precisely the decarboxylation of thg CF
OCOy radical, whose lifetime decreases because of this
o o _ o o ropensity to form more stable species.
AfHze CROCO;) = 3 x AHzei(0) + 3 x AiHzedF) + P EF\)/aIuation of the Heats of FormF:ation of CROC(0)00C-
2 x AfH30(C) — AH3Zeq (21) (O)F, CFs0C(0O)OOCF;, and CF;0C(0)OOC(0)OCFs. The
heats of formation of COC(O)OOC(O)F and GOC(O)-
Viskolcz et al?® concluded that the enthalpies of formation OOCF; were derived from the rate constants by performing
of species with halogen containing R groups are best charactersecond law calculations. Within this approach, the heat of
ized by the CBS-4 method by comparison with other models formation is obtained from the Arrhenius activation energy,
based on complete basis set extrapolation, such as G2(MP2,yhich provides the heat of reactidgH°® = RT2(3 In ky/aT) for
SVP). The CBS-4 model was assessed using the G2 neutrakeactions 4 and 13.
test set of 148 molecul&sby Curtiss et af! The calculated For CROC(O)OOC(O)FEa = A, H° = 29 kcal mot and
enthalpies of formation showed an absolute deviation of 3.06 AfH3qg are obtained from the expréssion
kcal mol~! with experiment. The average absolute deviation
obtained from Table 1 of ref 31 using only the fluorinated o o .
species is 3.32 kcal mol. In the present gaper){ the atomization Az CROC(O)OOC(O)F)= AHzod CROCE,) +
and isodesmic reaction energies were evaluated at the CBS-4 AH30FCO,)) — AH°
level.
The reaction enthalpies computed at 298 K agd® = —20 Using for AfH3,CROCGQGy") the value obtained in this work
kcal mol™! for reaction 19 and\H$; = 806 kcal mot? for and for AiH3,FCO;*) —86 kcal mol?, the heat of formation
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of CROC(O)OOC(O)F is AiH5,CROC(O)OOC(O)F) = with CO. After the reaction was started, a series of in situ timely

—286 & 6 kcal mol ™. spaced IR spectra were obtained. The data processing of the
By a similar procedure, but using reaction 13, we obtained Kinetic measurements was done using the absorption bands at

—341+ 6 kcal mol? as the heat of formation of GBC(O)- 969 and 1874 cmi. The first was integrated over the range

OOCF. We also calculated the heat of formation for the 980-954 cn1?, and for the second, only the height of the band
symmetric peroxide GJOC(O)OOC(O)OCE; which upon dis- was considered. The IR spectra of the products were subtracted
sociation gives two CIOCO;* radicals as-430+ 6 kcal mofl™. in all cases because of their interference with the absorption
A general overview of the bond energies for the three bands used for the analysis.
peroxides-CFOC(0)O0OC(0)OCE CROC(0O)OOC(O)F, and The thermal decomposition of @C(O)OOCK was studied
CR0OC(0O)O0CK (29, 29, and 34 kcal mot, respectively)- using a 2 L glass round-bottom flask thoroughly cleaned and
clearly shows that they increase when the peroxydic bond is immersed in a temperature-controlled bath of glycerin. The
directly attached to a group having a large electron withdrawing temperatures ranged between 130 and A®5Sith an uncer-
capacity. In addition to that, the bond energies show how the tainty of £0.5 °C. The reactor was loaded with different
carbonyl group blocks the withdrawing effect of either the F mixtures of CEOC(O)OOCK diluted with either N or CO in
or CRO— groups (whose influence should be almost the same a ratio of 1:50 and with total pressures of up to 1000 mbar.
due to the pseudo-halogen character of theGEFadical). The The decomposition was started at a specified temperature by
three compounds could be used in the laboratory as good thermalmmersing the reactor in the bath, leaving the reaction to take
sources of CEOr radicals at room or higher temperatures, while place for a certain time and stopping it by sudden immersion
the possibility of obtaining the GBCO,* radical is conditioned of the reactor in an icewater bath. A measured amount of the
by the use of appropriate light and temperature low enough to reaction mixture (the same for each experiment) was then
induce the rupture and low temperatures that prevent the allowed to expand into the IR cell to record one spectrum. The
decarboxylation of the radical, as reportédrhe availability height of the absorption band at 1885 ¢rwas used to measure
of the heats of formation for the GBCO; radical and for these ~ the decay without any subtraction because in this case the
peroxides will probably help to further complete databases for products did not interfere.

atmospheric purposes. Most of the products obtained (GOCFROOCK;, (CROC-
(O))2, CRO, etc.) were identified from reference spectra of pure
Experimental Section samples.

Perfluoroacetic anhydride (PCR, 98%) (AGA, 99.999%),

i Al vo!atiledma_\ttﬁrtials were Tanipulated in a glass ngLljlumdoz (AGA, 99.9%), and CO (Praxair, 99%) were obtained from
ine equipped with two capacitance pressure gauges (Bell an commercial samples and used without further purification.

Howell and MKS Baratron 220) and three U-traps connected Computational Details. Geometrical parameters and the heat

et e mstcaor . ool e, offmato of e CEOCOr radical were oiained by b i
and a double-walled IR gas cell F()optical pathylength 20 cm. Si calculations. Three approaches were used to compare how some
. . . '~ properties are described with different methods. Some calcula-

windows 0.5 mm thick) placed in the sample compartment of 4 " (0”00 o i the B3LYP methd#:3 since a lot of

?FSFZO;)”(_:'I_rhigi?f;ﬁ”gdg:ﬁﬁ: déFitTIT))ss?lggigiglec:\?vrei(tﬁgktire computational studies exist where the density functional theory
: 9 P was successfully applied to molecules with C, O, arfg 741

course of the synthesis, the purification processes, or the thermakNave function methods based on basis set extrapolation have

decay of substances. . . .
been successfully applied to obtain the thermochemical proper-
Oé‘é ﬂ;ﬁ synthgses of QBtCéOb)OfOC(O)IT an% C?%C(O)'t_ ties of simple hydrogenated and halogenated carbonyl radfcals,

. F3 _have been reported betore, only a briet descriplion 5, herefore, some calculations were done with the CBS-4
will be given here. I_30th were carried out in a 12 L_ round- method?2 Finally, we also employed the widely used MP2-
bottom glt?ss fladSk’ Vﬁ'.thha cgntrvslldouble-walleg, V\I/ater-j?_(':ketted (FULL)#3-45 method. The radical geometries were optimized
quartz tube inside which a 40 W low pressure Hg lamp (Heraeus using standard convergence criteria without symmetry restric-

Hanau, (I??erntw)any) was ?gﬁ:dE' The flasif Wa(sj ﬁon%elcted .t(? thetions. Frequencies were evaluated to check that the calculated
vacuum finé by means o stopcocks and flexible stainless o,y corresponded to a minimum in the potential energy

steel bellows. The experiments were usually performed at surface and to evaluate the zero poi
o point energy. The 6-31G and
temperatures close 1620 °C. CROC(O)OOC(O)F was ob- 6-311+G* basis sets were used with the B3LYP method. All

tained from the simultaneous photolysis in the gas phase of ... ati d ith the G ian 98 &iit
perfluoroacetic anhydride (5 mbar) and oxalyl fluoride (10 mbar) o orons Were done with fhe faussian 9e program Slte.

in the presence of C.:O (100 mbar) and 200 mbar). CEOC' Acknowledgment. We gratefully acknowledge financial
(O)OOCH was obtained as a byproduct .Of the synthesis C&QF support from FundacimAntorchas and CONICET, Argentina.
OC(O)OOC(O)OCE from the photolysis of perfluoroacetic  \; A B p. wishes to thank CONICET for his postdoctoral

anhydride (10 mbar) diluted in CO (10 mbar) and (300 fellowship. P.G. wants to thank PROALAR project for covering

mbar). o . _ his travel expenses to Argentina. The authors thank Unidad de
Due to their different thermal stabilities, each peroxide had patentdica y Fsica of the Facultad de Ciencias @uicas for

to be studied under different temperature conditions. The thermal computer-cluster time. Language assistance from Karina Plasen-

decomposition of CFOC(O)OOC(O)F was studied using the i3 is gratefully acknowledged.

double-walled IR cell in the sample compartment of the
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