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a b s t r a c t

We present a detailed study of the molecular conformations, vibrational spectra and thermochemistry of
the CF2(OH)CF2OONO2 and CF3CF2OONO2 peroxynitrates. In addition, we studied the CF2(OH)CF2OO,
CF2(OH)CF2O, CF3CF2OO and CF3CF2O radicals, formed by the rupture of OAN and OAO bonds of the above
peroxynitrates. The geometric structures of the most stable conformations were determined by density
functional theory calculations. At the B3LYP/6-311++G(3df,3pd) level of theory, both peroxynitrates pre-
sent dihedral angle COON values of about 104�. At the best levels of theory employed, G3(MP2)B3 and
G4(MP2), the standard enthalpies of formation at 298 K derived from isodesmic reactions, are �265.6,
�248.6 and �248.5 kcal mol�1 for CF2(OH)CF2OONO2, CF2(OH)CF2OO and CF2(OH)CF2O respectively;
while for CF3CF2OONO2, CF3CF2OO and CF3CF2O the values of�268.2, �252.6 and�251.9 kcal mol�1 were
obtained. Bond dissociation enthalpies of 25.1 and 35.0 kcal mol�1 have been predicted for the first time
for CF2(OH)CF2OOANO2 and CF2(OH)CF2OAONO2 and of 23.7 and 34.2 kcal mol�1 have been estimated for
CF3CF2OOANO2 and CF3CF2OAONO2. The obtained result of the dissociation enthalpy of CF3CF2OOANO2 is
in excellent agreement with the available experimental determination. Therefore, the OAN bond fission is
the primary thermal dissociation pathway for both studied peroxynitrates.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Since long time there are evidences of the atmospheric degrada-
tion of chlorofluorocarbons, CFCs [1,2]. Several hydrochloroflu-
orocarbons, HCFCs, and hydrofluorocarbons, HFCs, where neither
chlorine nor bromine are present, have been proposed as substi-
tutes of CFCs. This therefore implies the need of counting on with
thermodynamic and kinetic information of degradation processes
of those compounds and of the radicals formed from them. In
particular, various fluorinated radicals are expected to be inter-
mediates in the atmospheric oxidation of HCFCs and HFCs
[3–11]. Subsequently, under atmospheric conditions these radicals
add O2 to form fluoroperoxy radicals [12–14]. Then, they can react
with NO, NO2, HO2 or other peroxy radicals. The reaction with NO2

gives the corresponding peroxynitrates, ROONO2, which may act as
reservoir of both RO2 as NO2 radicals being able to transport NO2

over large distances from polluted to unpolluted areas [15,16].
To date, several fluoroperoxynitrates are known, as for example

CF3OONO2 [13,17], CF3C(O)OONO2 [18], CF3CF2OONO2 [19], and
CF3CF2C(O)OONO2 [20]. In a work about the kinetics of the gas-
phase reactions of tetrafluoroethylene with the OH and NO3 radi-
cals, the observed spectral features allowed to identify a new
peroxynitrate, CF2(OH)CF2OONO2 [21]. To our knowledge, no
experimental or theoretical data about conformations, molecular
structure or thermochemistry of CF2(OH)CF2OONO2 and related
CF3CF2OONO2 peroxynitrate have been reported. Therefore, this
work is concerned with a quantum chemical study of the
characterization of the above peroxynitrates and the radicals gen-
erated by the rupture of the OAO and OAN bonds. In particular, the
molecular conformations, vibrational spectra and thermochem-
istry of CF2(OH)CF2OONO2, CF2(OH)CF2OO and CF2(OH)CF2O
species have been determined for the first time.
2. Computational details

All quantum-chemical calculations were carried out using the
Gaussian 09 computational package [22]. The potential energy
curves for the internal rotations of the CF2(OH)CF2OONO2,
CF2(OH)CF2OO, CF2(OH)CF2O, CF3CF2OONO2, CF3CF2OO and
CF3CF2O species were computed at the B3LYP level of theory using
the 6-311++G(3df,3pd) triple split valence basis set [23]. This
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well-known Becke’s three-parameter hybrid functional [24,25] is
coupled to the correlation functional of Lee, Yang and Parr [26].
The selected basis set represents appropriately both the region
between the bonded atoms, and the region that is far from the
nuclei. Molecular geometries were fully optimized using analytical
gradient methods, while harmonic vibrational frequencies were
derived via analytical second derivatives methods. These frequen-
cies, used to evaluate the zero-point energies (ZPE) and the vibra-
tional contribution to the thermal correction at 298.15 K, were not
scaled. The geometric parameters and vibrational frequencies were
also computed using the M06-2X functional, which offers double
amount of nonlocal exchange (2X) [27]. This functional is recom-
mended most highly for the study of the structures and
thermochemistry of the main-group elements [27].

Hybrid approaches were compared with those derived from the
more accurate G3(MP2)B3 [28,29] and G4(MP2) [30] ab initio
methods. The G3(MP2)B3 model employs the B3LYP functional in
combination with the 6-31G(d) basis set to compute the optimized
geometric parameters and harmonic vibrational frequencies
(scaled by a factor 0.96). Then, a set of single-point energy evalua-
tions are included and the final energy is comparable to that com-
puted at the high-level QCISD(T, full)/G3Large. Thus, the average
absolute deviation from well-known experimental enthalpies of
formation is 1.13 kcal mol�1 [28]. This model accounts for spin–or-
bit, core and higher-level corrections [28,29]. On the other hand,
the G4(MP2) procedure is based on G4 theory, in which the MP3
and MP4 large basis set calculations are eliminated [30]. Its aim
is to approximate at the CCSD(T) level with a large basis set,
through a series of single point energy calculations at lower levels
of theory using geometric structures and harmonic vibrational fre-
quencies (scaled by 0.9854) computed at the B3LYP/6-31G(2df,p)
level. The G4(MP2) model is very successful in improving the pre-
diction of thermochemical properties, with an average absolute
deviation of 1.04 kcal mol�1 [30].

3. Results and discussion

3.1. Torsional barriers

CF2(OH)CF2OONO2 presents five internal rotations around the
CAOH, CAC, CAOO, OAN and OAO bonds and may adopt several
conformations. To determine the most stable conformer, the
potential energy for all internal rotations were calculated at both
B3LYP/6-311++G(d,p) and B3LYP/6-311++G(3df,3pd) levels of the-
ory allowing the molecular geometry to relax on changing the tor-
sion angles between 0� and 360� in steps of 15�. In addition, the
molecular structures at the minima (different rotational con-
formers) and at the maxima (transition states) of potential energy
curves were fully optimized at the B3LYP/6-311++G(3df,3pd) level
of theory. Thus, it was possible to identify the seven different con-
formers shown in the Fig. 1. For comparative purposes, a similar
study for the related CF3CF2OONO2 molecule was done. This
peroxynitrate presents four internal rotations around the CAC,
CAO, OAN and OAO bonds.

In a similar way, we studied the internal rotations of the
CF2(OH)CF2OO, CF2(OH)CF2O, CF3CF2OO and CF3CF2O radicals,
generated by the rupture of OAN and OAO bonds in
CF2(OH)CF2OONO2 and CF3CF2OONO2, respectively. The
CF2(OH)CF2OO radical presents three internal rotations around
CAOH, CAC and CAOO bonds, while CF2(OH)CF2O exhibits only
two rotations about CAOH and CAC bonds. In the case of
CF3CF2OO and CF3CF2O radicals it is observed the same internal
rotations except those corresponding to the CAOH bonds.

The calculated rotational potentials curves at the B3LYP/6-
311++G(3df,3pd) level of theory, shown in the Figs. 2–6, were fitted
to a truncated Fourier expansion,
VðUÞ ¼ a0 þ Rai cosðiUÞ þ Rbi sinðiUÞ ð1Þ

where V is the relative energy at torsional angle U and i = 1–4. For
all cases, the squared correlation coefficients r2 values better than
0.99 were obtained. The resulting values for the ai and bi coefficients
at the B3LYP/6-311++G(3df,3pd) level of CF2(OH)CF2OONO2 are
listed in Table A and the corresponding to CF2(OH)CF2OO and
CF2(OH)CF2O radicals in Table B of the Supplementary material.

Both peroxynitrates present practically identical potential bar-
riers for internal rotations. Thus, we only discuss the potential
energy curves computed for the novel CF2(OH)CF2OONO2

peroxynitrate and the corresponding radicals, while the potential
curves for CF3CF2OONO2, CF3CF2OO and CF3CF2O (Figs. A–D) and
values for the ai and bi coefficients at the B3LYP/6-311+G(3df) level
of theory (Tables C and D) are given in the Supplementary material.

Fig. 2a shows the calculated rotational barriers around the
CAOH bond for CF2(OH)CF2OONO2. As can see, the symmetrical
potential curve presents three minima at CCAOH dihedral angle
of 181�, 59� and 302� (conformers 1, 2 and 3 of Fig. 1, respectively)
separated by barriers of 1.4 kcal mol�1 (at 112� and 251�) and
2.0 kcal mol�1 (at 358�) at the B3LYP/6-311++G(3df,3pd) level.
The imaginary vibrational frequencies for these transition states
are m = 261i, 244i and 303i cm�1, respectively. The minima possess
a difference of energy with regard to conformer 1 of 0.69 and
0.72 kcal mol�1, as it is indicated in the Fig. 1. The corresponding
potentials of CF2(OH)CF2OO and CF2(OH)CF2O radicals are shown
in the Fig. 2b. The potential curve of CF2(OH)CF2OO presents char-
acteristic very similar to the previous one but the barrier height at
about 360� is higher (2.5 kcal mol�1 and m = 329i cm�1), while the
aspect of the curve of CF2(OH)CF2O is completely different. In the
latter case, the interaction between fluorine and hydrogen atom
of OH group appears to be the determinant aspect in the form of
the potential. This potential curve presents two minima at the
same energy and two barriers of 2.7 and 3.2 kcal mol�1 (m = 423i
and 135i cm�1) at the B3LYP/6-311++G(3df,3pd) level.

The calculated rotational barriers around the CAC bond are
shown in Fig. 3. This rotation leads to three different conformers
for CF2(OH)CF2OONO2 at FCACO dihedral angles of 65�, 182� and
303� (Fig. 3a), being the first the most stable conformer (conformer
1). The other conformers are 0.04 and 0.27 kcal mol�1 less stable as
calculated at the B3LYP/6-311++G(3df,3pd) level (conformers 4 and
5). The barriers in this curve, at dihedral angles of 124�, 243� and
296�, are of 3.6 kcal mol�1 with m = 56i cm�1 at the same level.
Additionally, in Fig. 3b are shown the calculated rotational poten-
tials around CAC bond for CF2(OH)CF2OO and CF2(OH)CF2O radicals.
The form of these potential curves are very similar to the
corresponding to CF2(OH)CF2OONO2. In the case of CF2(OH)CF2OO,
the barrier heights are slightly higher, of 3.8 kcal mol�1

(m = 62i cm�1), but for CF2(OH)CF2O are about 60% higher
(5.7 kcal mol�1 and m = 60i cm�1) at the B3LYP/6-311++G(3df,3pd)
level.

Fig. 4 shows the potential curves computed for the rotation
about CAO bond in both (a) CF2(OH)CF2OONO2 and (b)
CF2(OH)CF2OO. These potentials present three minima and three
maxima. The conformers 6 and 7 (at CCAOO dihedral angles of
76� and 283�) of CF2(OH)CF2OONO2 are 1.80 and 2.76 kcal mol�1

less stable than conformer 1 (at 183�) and the barriers at about
126�, 243� and 355� present values of 3.6 (41i cm�1), 4.5
(52i cm�1), and 4.7 kcal mol�1 (48i cm�1), respectively. In the case
of CF2(OH)CF2OO, the minima show smaller energy difference each
other, of 0.9 and 0.7 kcal mol�1 at 81� and 286� with regard to the
most stable at about 181� at the B3LYP/6-311++G(3df,3pd) level.
And the transitions states appear at similar dihedral angles (of
124�, 237� and 5�) but the barrier heights also are smaller, of 1.7,
1.8 and 3.4 kcal mol�1 respectively (with m values of 79i, 80i and
94i cm�1).
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Fig. 1. Molecular geometries and relative energies of the different conformers of CF2(OH)CF2OONO2 optimized at the B3LYP/6-311++G(3df,3pd) level of theory.
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Fig. 2. Potential energy barriers for internal rotation around CAOH bond for (a)
CF2(OH)CF2OONO2 and (b) CF2(OH)CF2OO and CF2(OH)CF2O radicals. In (a), black
circles: B3LYP/6-311++G(d,p), open circles: B3LYP/6-311++G(3df,3pd). In (b), open
circles: CF2(OH)CF2OO at the B3LYP/6-311++G(3df,3pd) level, open squares:
CF2(OH)CF2O at the same level. Triangles: full optimized at the B3LYP/6-
311++G(3df,3pd) level. Lines: Fourier analysis with the coefficients of Tables A
and B of the Supplementary material.
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Fig. 3. Potential energy barriers for internal rotation around CAC bond for (a)
CF2(OH)CF2OONO2 and (b) CF2(OH)CF2OO and CF2(OH)CF2O radicals. In (a), black
circles: B3LYP/6-311++G(d,p), open circles: B3LYP/6-311++G(3df,3pd). In (b), open
circles: CF2(OH)CF2OO at the B3LYP/6-311++G(3df,3pd) level, open squares:
CF2(OH)CF2O at the same level. Triangles: full optimized at the B3LYP/6-
311++G(3df,3pd) level. Lines: Fourier analysis with the coefficients of Tables A
and B of the Supplementary material.
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In the case of the rotation around the OAN bond, the symmetric
potential energy curve of the Fig. 5 was calculated. Rotational bar-
riers of 9.1 kcal mol�1 (m = 84i cm�1) were computed at the B3LYP/
6-311++G(3df,3pd) level and the observed two minima are equiva-
lent (conformer 1). This is because of rotating group, NO2,
possesses an axis of symmetry and its rotation does not lead to dif-
ferent conformers.

Finally, Fig. 6 shows the typical potential energy curve calcu-
lated for internal rotation around OAO bond in a peroxynitrate
or in a peroxide [31–33]. This rotation leads to two minima (optical
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Fig. 4. Potential energy barriers for internal rotation around CAO bond for (a)
CF2(OH)CF2OONO2 and (b) CF2(OH)CF2OO radical. Black circles: B3LYP/6-
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Tables A and B of the Supplementary material.
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Fig. 6. Potential energy barriers for internal rotation around OAO bond for
CF2(OH)CF2OONO2. Black circles: B3LYP/6-311++G(d,p), open circles: B3LYP/6-
311++G(3df,3pd), triangles: full optimized at the B3LYP/6-311++G(3df,3pd) level.
Line: Fourier analysis with the coefficients of Table A of the Supplementary
material.

Table 1
Geometrical parameters of CF2(OH)CF2OONO2, CF2(OH)CF2OO and CF2(OH)CF2O
calculated at the B3LYP/6-311++G(3df,3pd) and M06-2X/6-311++G(3df,3pd) levels
of theory (bond lengths in Angstroms and angles in degrees).

Parameter CF2(OH)CF2OONO2 CF2(OH)CF2OO CF2(OH)CF2O

B3LYP M06-2X B3LYP M06-
2X

B3LYP M06-
2X

r(C1AC2) 1.560 1.544 1.555 1.542 1.674 1.586
r(C1AF)mean 1.355 1.342 1.356 1.343 1.331 1.330
r(C1AO) 1.344 1.341 1.344 1.340 1.341 1.343
r(OAH) 0.966 0.965 0.966 0.965 0.967 0.965
r(C2AF)mean 1.340 1.329 1.329 1.321 1.364 1.345
r(C2AO) 1.388 1.383 1.428 1.410 1.270 1.315
r(OAO) 1.406 1.383 1.320 1.303 – –
r(NAO) 1.538 1.468 – – – –
r(N@O)mean 1.182 1.177 – – – –
\(FC1C2)mean 108.4 108.2 108.4 108.3 108.1 108.4
\(C1C2F)mean 109.8 109.9 110.4 110.3 105.2 107.5
\(OC1C2) 109.6 109.4 109.5 109.2 108.8 110.3
\(C1C2O) 106.9 106.9 107.1 107.3 106.3 107.9
\(C1OH) 109.6 109.6 109.8 110.0 110.0 110.1
\(C2OO) 109.0 108.3 110.7 110.2 – –
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isomers). They are separated by a high electronic barrier of
16.4 kcal mol�1 (m = 179i cm�1) at a dihedral angle of about 0.7�
and a lower barrier of 4.5 kcal mol�1 (m = 54i cm�1) at about 180�.

3.2. Molecular structures and harmonic vibrational frequencies

As Fig. 1 shows, the most stable conformation of
CF2(OH)CF2OONO2 corresponds to CCOH and CCOO dihedral angles
of about 180�. The geometrical parameters together with the
corresponding to CF2(OH)CF2OO and CF2(OH)CF2O radicals, derived
at the B3LYP/6-311++G(3df,3pd) and M06-2X/6-311++G(3df,3pd)
levels are presented in Table 1. The skeleton is very similar to
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Fig. 5. Potential energy barriers for internal rotation around OAN bond for
CF2(OH)CF2OONO2. Black circles: B3LYP/6-311++G(d,p), open circles: B3LYP/6-
311++G(3df,3pd), triangles: full optimized at the B3LYP/6-311++G(3df,3pd) level.
Line: Fourier analysis with the coefficients of Table A of the Supplementary
material.

\(OON) 109.0 108.9 – – – –
\(ON@O)mean 112.5 113.1 – – – –
DIH(FC1C2O) 64.6 64.6 62.6 63.1 -54.1 �52.4
DIH(HOC1C2) �178.6 �178.6 �179.0 �179.3 63.6 60.4
DIH(C1C2OO) �177.5 �173.6 �179.5 �179.4 – –
DIH(C2OON) 103.9 100.8 – – – –
DIH(OON@O) 178.5 178.6 – – – –
the predicted for the CF3CF2OONO2 whose structural parameters,
together with those corresponding to related radicals, are listed
in Table 2. Both peroxynitrates present COON dihedral angles of
104� at the B3LYP/6-311++G(3df,3pd) level, as it is usual for this
type of species. For comparison, CF3OONO2 possesses a COON dihe-
dral angle of 105.1� [17].

The novel peroxynitrate CF2(OH)CF2OONO2 exhibits a rather long
OAN bond of 1.538 Å and a short OAO bond of 1.406 Å at the B3LYP/
6-311++G(3df,3pd) level. Both values are very close to the related
peroxynitrates CF3CF2OONO2 (Table 2) and CF3OONO2 (1.523 and
1.414 Å) [17]. The difference between those bonds suggests a pri-
mary thermal dissociation pathway for CF2(OH)CF2OONO2 into
CF2(OH)CF2OO and NO2.

Calculated harmonic vibrational frequencies, infrared intensi-
ties and approximate mode assignments for the most stable



Table 2
Geometrical parameters of CF3CF2OONO2, CF3CF2OO and CF3CF2O calculated at the
B3LYP/6-311+G(3df) and M06-2X/6-311+G(3df) levels of theory (bond lengths in
Angstroms and angles in degrees).

Parameter CF3CF2OONO2 CF3CF2OO CF3CF2O

B3LYP M06-2X B3LYP M06-
2X

B3LYP M06-
2X

r(C1AC2) 1.561 1.546 1.556 1.543 1.606 1.569
r(C1AF)mean 1.330 1.320 1.330 1.321 1.330 1.318
r(C2AF)mean 1.339 1.328 1.328 1.320 1.358 1.337
r(C2AO) 1.385 1.380 1.425 1.408 1.315 1.332
r(OAO) 1.406 1.383 1.321 1.304 – –
r(NAO) 1.547 1.473 – – – –
r(N@O)mean 1.180 1.176 – – – –
\(FC1C2)mean 109.8 109.6 109.8 109.6 109.5 109.5
\(C1C2F)mean 109.5 109.7 110.2 110.0 107.6 108.2
\(C1C2O) 106.6 106.5 106.8 106.8 106.8 106.9
\(C2OO) 109.1 108.4 110.7 110.2 – –
\(OON) 108.9 108.8 – – – –
\(ON@O)mean 112.3 113.0 – – – –
DIH(FC1C2O) 61.4 62.1 60.3 60.2 60.6 60.3
DIH(C1C2OO) �178.1 �174.4 �179.6 �180.0 – –
DIH(C2OON) 104.0 101.0 – – – –
DIH(OON@O) 178.3 178.3 – – – –
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conformers of CF2(OH)CF2OONO2, CF3CF2OONO2 and related oxy
and peroxy radicals are listed in Tables 3 and 4. A comparison
between computed and experimental frequencies for
CF3CF2OONO2 leads to mean deviations of 46 and 111 cm�1 at
the B3LYP/6-311+G(3df) and M06-2X/6-311+G(3df), respectively.
Table 3
Harmonic vibrational frequencies (in cm�1), approximated assignments and infrared inten
CF2(OH)CF2O at the B3LYP/6-311++G(3df,3pd) and M06-2X/6-311++G(3df,3pd) levels.

Approximated assignments CF2(OH)CF2OONO2

B3LYP M06-2X

Str. OAH 3784 (106) 3853 (132)
Str. asym. NO2 1830 (412) 1888 (498)
Str. CAC 1447 (31) 1503 (24)
Str. sym. NO2 1358 (255) 1420 (254)
Str. CAOH 1247 (272) 1313 (317)
Str. sym. C1F2 1235 (119) 1291 (56)
Str. asym. C1F2 1175 (263) 1261 (293)
Str. asym. C2F2 1130 (60) 1212 (125)
Str. asym. C1F2 1109 (415) 1196 (354)
Str. sym. C1F2 1019 (243) 1092 (72)
Str. OAO 965 (10) 1050 (117)
Str. C2AO 839 (7) 878 (40)
Bend. NO2 806 (188) 862 (208)
Out of plane N 733 (11) 792 (11)
Bend FCOH 718 (58) 752 (7)
Bend NOO 679 (20) 737 (74)
Bend FCO 605 (0.3) 631 (4)
Bend CF2 590 (11) 623 (9)
Bend. FCOH 548 (19) 585 (11)
Out of plane O1 524 (16) 555 (17)
Str. OAN 493 (14) 542 (8)
Bend. FCC 392 (4) 418 (7)
Bend. CF2 367 (6) 384 (10)
Rock. NO2 316 (4) 342 (3)
Out of plane O2 302 (2) 320 (14)
Bend. COO – –
Bend. COH 253 (50) 300 (73)
Bend FCC – –
Torsion CAOH 245 (55) 281 (14)
Wag. CF2 225 (2) 229 (0.9)
Bend. CCO 178 (0.7) 187 (0.7)
Deformation – –
Wag. CF2 – –
Torsion OAO 97 (0.03) 100 (0.02)
Torsion OAN 75 (0.1) 80 (0.1)
Torsion CAC 54 (0.1) 58 (0.1)
Torsion CAO 47 (0.5) 50 (0.2)
At these levels of theory, the frequency scaling factors are expected
to be close to unity [34]. Mode assignments were obtained from
the animation of the normal modes and by comparison with spe-
cies with similar groups. However, most of the modes are strongly
mixed and therefore given assignments are only approximate.
The asymmetrical NO2 stretching mode of both peroxynitrates
are located at wavenumbers slightly higher than other alkyl-
peroxynitrates but the calculated values are similar to observed
for fluorinated acyl-peroxynitrates, like CF3CF2C(O)OONO2 (at
1849 cm�1) [17,20]. In particular, the calculated value of
1830 cm�1 for CF2(OH)CF2OONO2 result about 6% higher than the
observed value of 1718 cm�1 [21]. However, the symmetrical
NO2 stretching modes agree very well with wavenumbers
observed for other fluorinated alkyl-peroxynitrates like
CF3CF2CF2OONO2 (1302 cm�1) [35], CF3CF2OONO2 (1304 cm�1)
[19] and CF3OONO2 (1314 cm�1) [17]. Also the CAO and OAO
stretching modes appear at about 850 and 950 cm�1, like other flu-
orinated peroxynitrates [17,35]. Finally, the calculated frequencies
for the CF2(OH)CF2OO, CF2(OH)CF2O, CF3CF2OO and CF3CF2O radi-
cals are observed at wavenumbers similar to the corresponding
modes in CF2(OH)CF2OONO2 and CF3CF2OONO2.
3.3. Thermochemistry

To estimate the enthalpy changes for the possible decom-
position channels of CF2(OH)CF2OONO2 and CF3CF2OONO2, the
standard enthalpies of formation at 298 K, DHf,298, for both
peroxynitrates and related oxy and peroxy radicals were first
sities (between parenthesis, in km mol�1) for CF2(OH)CF2OONO2, CF2(OH)CF2OO and

CF2(OH)CF2OO CF2(OH)CF2O

B3LYP M06-2X B3LYP M06-2X

3784 (104) 3835 (124) 3778 (148) 3846 (134)
– – – –
1456 (29) 1513 (22) 1334 (168) 1340 (309)
– – – –
1246 (353) 1308 (75) 1243 (288) 1285 (159)
994 (249) 1053 (195) 1388 (167) 1418 (175)
1208 (264) 1287 (247) 1109 (259) 1199 (255)
1258 (58) 1315 (334) 1074 (176) 1156 (181)
1109 (205) 1206 (165) – –
1063 (141) 1150 (242) 1006 (341) 1097 (280)
1165 (45) 1240 (96) – –
821 (2) 863 (2) 877 (50) 971 (42)
– – – –
– – – –
718 (50) 740 (56) 735 (78) 819 (15)
– – – –
601 (0.1) 621 (0.2) 588 (9) 610 (5)
591 (4) 615 (4) 591 (3) 696 (15)
544 (16) 558 (20) 523 (11) 531 (3)
499 (10) 520 (12) – –
– – – –
388 (4) 406 (5) 488 (40) 520 (13)
374 (4) 387 (4) 538 (55) 602 (4)
– – – –
– – – –
348 (2) 360 (3) – –
– – – –
300 (2) 312 (2) 230 (2) 234 (7)
240 (101) 246 (113) 327 (62) 346 (1)
225 (8) 230 (0.2) 391 (85) 387 (32)
173 (0.3) 179 (0.3) 352 (2) 365 (22)
– – 290 (12) 318 (78)
– – 206 (8) 218 (9)
– – – –
– – – –
63 (0.01) 73 (0.004) 71 (0.8) 71 (0.8)
104 (0.03) 132 (0.04) – –



Table 4
Harmonic vibrational frequencies (in cm�1), approximated assignments and infrared intensities (between parenthesis, in km mol�1) for CF3CF2OONO2, CF3CF2OO and CF3CF2O at
the B3LYP/6-311+G(3df) and M06-2X/6-311+G(3df) levels.

Approximated assignments CF3CF2OONO2 CF3CF2OO CF3CF2O

B3LYP M06-2X Exp. [19] B3LYP M06-2X B3LYP M06-2X

Str. asym. NO2 1839 (412) 1895 (499) 1764 – – – –
Str. CAC 1368 (102) 1451 (22) 1375 (31) 1460 (24) 1277 (132) 1349 (199)
Str. sym. NO2 1347 (194) 1418 (262) 1304 – – – –
Str. asym. CF3 1219 (321) 1303 (333) 1244 1223 (504) 1305 (493) 1235 (344) 1306 (333)
Str. asym. CF3 1215 (192) 1298 (218) 1188 1221 (165) 1304 (195) 1223 (254) 1303 (193)
Str. asym. CF2 1176 (150) 1267 (125) 1085 1206 (9) 1288 (18) 1120 (177) 1232 (159)
Str. sym. CF2 1164 (266) 1242 (265) 1022 (284) 1098 (302) 670 (8) 712 (43)
Str. sym. CF3 1079 (376) 1144 (315) 1184 (248) 1259 (211) 1083 (380) 1188 (307)
Str. OAO 969 (20) 1075 (20) 1119 (47) 1199 (82) – –
Str. CAO 841 (5) 879 (29) 822 (0.6) 864 (0.2) 917 (25) 1049 (28)
Bend. NO2 804 (192) 860 (217) 790 – – – –
Umbrella CF3 746 (35) 791 (14) 745 (27) 769 (34) 774 (27) 833 (1)
Out of plane N 730 (9) 772 (29) – – – –
Bend NOO 678 (13) 743 (20) – – – –
Bend FCO 605 (0.3) 630 (4) – – 582 (4) 608 (1)
Bend CF2 588 (7) 622 (7) 599 (0.01) 620 (0.04) 599 (0.6) 619 (0.4)
Bend CF2 538 (10) 583 (12) 591 (3) 614 (2) 516 (3) 532 (7)
Out of plane O1 520 (11) 547 (7) 495 (4) 514 (6) – –
Bend FCO – – – – 509 (1) 516 (3)
Str. OAN 486 (19) 535 (2) – – – –
Wag. CF2 387 (0.2) 411 (0.01) 370 (0.002) 384 (0.001) 352 (0.002) 369 (0.0)
Bend. CF2 359 (0.8) 376 (0.7) 534 (6) 548 (8) – –
Bend. COO – – 384 (0.4) 399 (0.8) – –
Rock. NO2 317 (2) 341 (2) – – – –
Out of plane O2 300 (5) 316 (3) – – – –
Deformation 248 (2) 283 (0.7) 344 (0.5) 356 (0.6) 328 (0.4) 363 (0.005)
Wag. CF2 218 (2) 222 (2) 217 (2) 222 (0.001) 210 (2) 344 (0.1)
Bend. FCC – – 300 (1) 310 (2) 342 (1) 228 (2)
Deformation 175 (1) 183 (1) – – – –
Bend. CCO – – 170 (2) 173 (2) 228 (1) 217 (2)
Torsion OAO 95 (0.04) 100 (0.01) – – – –
Torsion OAN 74 (0.1) 82 (0.2) – – – –
Torsion CAC 53 (0.01) 57 (0.02) 62 (0.01) 61 (0.03) 62 (0.004) 62 (0.003)
Torsion CAO 45 (0.001) 50 (0.07) 103 (0.2) 133 (0.3) –

Table 5
Isodesmic reactions, calculated enthalpy changes and enthalpies of formation at 298 K (in kcal mol�1) for CF2(OH)CF2OONO2, CF2(OH)CF2OO and CF2(OH)CF2O.
B: 6-311++G(3df,3pd).

CF2(OH)CF2OONO2

(1) C2H6 + 2 CF3OH + HOONO2 ? CF2(OH)CF2OONO2 + CF2H2 + CH4 + H2O
(2) C2H6 + 2 CF3OH + HONO2 + H2O2 ? CF2(OH)CF2OONO2 + CF2H2 + CH4 + 2 H2O
(3) C2F6 + 2 CH3OH + HOONO2 ? CF2(OH)CF2OONO2 + 2 CH3F + H2O

CF2(OH)CF2OO
(4) C2H6 + 2 CF3OH + H2O2 + OH ? CF2(OH)CF2OO + CF2H2 + CH4 + 2 H2O
(5) C2H6 + 2 CF3OH + H2O2 + CH3O ? CF2(OH)CF2OO + CF2H2 + CH4 + H2O + CH3OH
(6) C2H6 + 2 CF3OH + HOO ? CF2(OH)CF2OO + CF2H2 + CH4 + H2O

CF2(OH)CF2O
(7) C2H6 + 2 CF3OH + OH ? CF2(OH)CF2O + CF2H2 + CH4 + H2O
(8) C2H6 + 2 CF3OH + CH3O ? CF2(OH)CF2O + CF2H2 + CH4 + CH3OH
(9) C2F6 + 2 CH3OH + OH ? CF2(OH)CF2O + 2 CH3F + H2O

Reaction B3LYP/B M06-2X/B G3(MP2)B3 G4(MP2)

DHr,298 DHf,298 DHr,298 DHf,298 DHr,298 DHf,298 DHr,298 DHf,298

1 20.1 �263.5 20.9 �262.7 16.8 �266.8 18.9 �264.7
2 13.8 �263.6 16.1 �261.3 10.3 �267.1 12.7 �264.7
3 �3.8 �262.1 �4.4 �262.7 �6.8 �265.1 �6.6 �264.9

Average �263.1 �262.2 �266.3 �264.8
4 �11.7 �247.1 �7.0 �243.4 �11.1 �246.5 �13.9 �249.3
5 4.7 �245.4 7.1 �243.0 1.9 �248.1 0.2 �249.8
6 21.7 �246.0 24.8 �242.9 19.9 �247.8 17.7 �250.0

Average �246.2 �243.1 �247.5 �249.7
7 11.3 �250.4 17.5 �244.2 14.2 �247.5 11.9 �249.8
8 27.6 �247.8 31.5 �243.9 27.3 �248.1 26.0 �249.4
9 �12.5 �249.0 �7.8 �244.3 �9.4 �245.9 �13.6 �250.1

Average �249.1 �244.1 �247.2 �249.8
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Table 6
Isodesmic reactions, calculated enthalpy changes and enthalpies of formation at 298 K (in kcal mol�1) for CF3CF2OONO2, CF3CF2OO and CF3CF2O. B: 6-311+G(3df).

CF3CF2OONO2

(1) CH3CF3 + CF3OH + HOONO2 ? CF3CF2OONO2 + CH3F + H2O
(2) C2F6 + CH3OH + HONO2 + H2O2 ? CF3CF2OONO2 + CH3F + 2 H2O
(3) 2 CHF3 + CH3CH2OH + HOONO2 ? CF3CF2OONO2 + CH3F + CH4 + H2O

CF3CF2OO
(4) C2H6 + CF3OH + HOO + CF2H2 ? CF3CF2OO + 2 CH4 + H2O
(5) C2F6 + H2O2 + CH3O ? CF3CF2OO + CH3F + H2O
(6) C2F6 + CH3OH + HOO ? CF3CF2OO + CH3F + H2O

CF3CF2O
(7) CH3CF3 + CH3O + CF2H2 ? CF3CF2O + 2 CH4

(8) C2F6 + CH3O ? CF3CF2O + CH3F
(9) C2F6 + CH3OH + OH ? CF3CF2O + CH3F + H2O

Reaction B3LYP/B M06-2X/B G3(MP2)B3 G4(MP2)

DHr,298 DHf,298 DHr,298 DHf,298 DHr,298 DHf,298 DHr,298 DHf,298

1 28.2 �265.2 28.5 �264.9 25.1 �268.3 26.5 �266.9
2 �5.4 �266.6 �4.5 �265.7 �8.6 �269.8 �7.8 �269.0
3 3.8 �263.7 1.4 �266.1 �1.0 �268.5 0.8 �266.7

Average �265.2 �265.6 �268.9 �267.5
4 1.1 �248.0 �1.0 �250.0 �2.7 �251.8 �5.2 �254.3
5 �14.5 �248.4 �15.7 �249.5 �16.8 �250.7 �20.2 �254.1
6 2.4 �249.1 2.1 �249.4 1.1 �250.4 �2.7 �254.2

Average �248.5 �249.6 �251.0 �254.2
7 �1.1 �246.9 �3.5 �249.2 �4.5 �250.3 �7.0 �252.8
8 8.8 �250.4 9.4 �249.8 8.6 �250.7 5.6 �253.6
9 �7.7 �253.2 �4.6 �250.2 �4.6 �250.1 �8.6 �254.1

Average �250.2 �249.7 �250.4 �253.5

Table 7
Enthalpies of formation at 298 K [42].

Species DHf,298 Species DHf,298

OH 8.93 ± 0.03 CH3OH �48.04 ± 0.14
HOO 2.94 ± 0.06 C2H6 �20.04 ± 0.07
H2O �57.798 ± 0.009 CH3F �57.1 ± 0.2
H2O2 �32.48 ± 0.05 CF3OH �217.2 ± 0.9
NO2 8.12 ± 0.02 CHF3 �165.6 ± 0.5
NO3 17.9 ± 0.3 CH3CH2OH �56.1 ± 0.1
HOONO2 �12.9 ± 0.6 CF2H2 �108.2 ± 0.2
HONO2 �32.1 ± 0.1 CH3CF3 �178.2 ± 0.4
CH4 �17.82 ± 0.01 C2F6 �321.3 ± 0.8
CH3O 5.0 ± 0.5
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determined. To this end, we employed the working isodesmic and
isogyric reactions listed in the Tables 5 and 6. In these hypothetical
reactions, the number of chemical bonds and the spin multiplici-
ties are conserved. Therefore, some systematic errors due to
incompleteness of the basis set and deficiencies in the treatment
of the electron correlation energy are cancelled to a great extent
[36,37]. The calculated isodesmic enthalpy changes, DHr,298, and
estimated enthalpies of formation at the employed levels of theory
are also included in Tables 5 and 6. In these calculations we have
used the reliable experimental enthalpies of formation listed in
Table 7 [42]. It should be noted that despite the isodesmic enthalpy
change values for the different reactions being quite different
(positive or negative), the derived DHf,298 values are very close.
At the best levels of theory employed here, G3(MP2)B3 and
G4(MP2), slightly more negative values than those derived from
functionals are obtained. At mentioned levels, the average values
of �265.6, �248.6 and �248.5 kcal mol�1 for enthalpies of forma-
tion of CF2(OH)CF2OONO2, CF2(OH)CF2OO and CF2(OH)CF2O were
derived; and the average values of �268.2, �252.6 and
�251.9 kcal mol�1 for enthalpies of formation of CF3CF2OONO2,
CF3CF2OO and CF3CF2O were estimated. The uncertainties in the
employed quantum-chemical methods (close to 1 kcal mol�1) and
the corresponding to well established enthalpies of formation of
the Table 7 (maximum error close to 1 kcal mol�1) suggest con-
servative error estimates of ±2 kcal mol�1.

For comparison, the standard enthalpies of formation at 298 K
were also derived from estimated atomization energies. In this
approach the enthalpies of formation at 0 K, DHf,0K, were first cal-
culated by subtracting the computed total atomization energies,
RD0, from the experimental enthalpies of formation of fluorine
(18.47 ± 0.07 kcal mol�1), carbon (169.98 ± 0.1 kcal mol�1), nitro-
gen (112.53 ± 0.02 kcal mol�1), oxygen (58.99 ± 0.02 kcal mol�1)
and hydrogen atoms (51.63 ± 0.001 kcal mol�1) [38]. Then, esti-
mated thermal contributions and H298 � H0K values for fluorine,
carbon, nitrogen, oxygen and hydrogen atoms of 1.05, 0.25, 1.04,
1.04 and 1.01 kcal mol�1 were employed to transform the DHf,0K

values to 298 K [39]. The computed RD0, DHf,0K and DHf,298 values
for CF2(OH)CF2OONO2, CF3CF2OONO2 and oxy and peroxy radicals
are presented in Table 8. This method requires an accurate
determination of the energetics of both molecule and constituent
atoms [32,33]; therefore it is limited to high level quantum chemi-
cal methods and only results derived from the G3(MP2)B3 and
G4(MP2) levels of theory are presented here. In fact, with previous
methods, good agreement between the enthalpies derived from
both total atomization energies and isodesmic reactions
approaches is apparent.

The main thermal decomposition channels for both studied
peroxynitrates are the breaking of the OAN and OAO bonds.
Therefore, to analyze the thermal stability of CF2(OH)CF2OONO2

and CF3CF2OONO2, we calculated the dissociation enthalpies of
the above mentioned bonds. To this, we use the average DHf,298

values derived from isodesmic reactions at the G3(MP2)B3 and
G4(MP2) levels of theory and the experimental values for NO2

and NO3 of the Table 7. In this way, the values of 25.1 and
35.0 kcal mol�1 were obtained for the dissociation enthalpies of
CF2(OH)CF2OOANO2 and CF2(OH)CF2OAONO2, respectively. And,
for the CF3CF2OOANO2 and CF3CF2OAONO2 breakings, the values
of 23.7 and 34.2 kcal mol�1 were estimated. These results indicate
that, as for other peroxynitrates, the OAN bond fission is the more



Table 8
Calculated atomization energies, RD0, and enthalpies of formation at 0 and 298 K for CF2(OH)CF2OONO2, CF2(OH)CF2OO, CF2(OH)CF2O, CF3CF2OONO2, CF3CF2OO and CF3CF2O (in
kcal mol�1).

Level CF2(OH)CF2OONO2 CF2(OH)CF2OO CF2(OH)CF2O

RD0 DHf,0K DHf,298 RD0 DHf,0K DHf,298 RD0 DHf,0K DHf,298

G3(MP2)B3 1135.0 �262.0 �266.2 888.0 �245.5 �248.3 830.1 �246.6 �249.0
G4(MP2) 1131.9 �259.0 �263.2 889.6 �247.2 �250.0 831.3 �247.8 �250.3

CF3CF2OONO2 CF3CF2OO CF3CF2O

RD0 DHf,0K DHf,298 RD0 DHf,0K DHf,298 RD0 DHf,0K DHf,298

G3(MP2)B3 1047.4 �266.6 �270.0 800.3 �250.0 �252.0 742.4 �251.1 �252.8
G4(MP2) 1044.3 �263.5 �267.1 801.9 �251.6 �253.7 743.6 �252.3 �254.1
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propitious dissociation channel [31,32,40]. Bossolasco and cowork-
ers studied the synthesis and characterization of CF3CF2OONO2

[19]. They determined the rate constant for the thermal decom-
position of that peroxynitrate at room temperature as a function
of the total pressure and show that reaction is in high-pressure
limit above about 80 mbar. The determined activation energy at
250 mbar of 23.11 kcal mol�1 is in excellent agreement with the
value of 23.7 ± 2 kcal mol�1 calculated here. To our knowledge,
no experimental or theoretical data about CF2(OH)CF2OONO2 have
been reported so far. Therefore, the estimations of present work for
this new peroxynitrate were derived for the first time. In addition,
both determined OAN bond dissociation enthalpies are very close
to the value of 25 ± 1 kcal mol�1, proposed for peroxynitrates
CX3OONO2, with X = F, Cl [41].

The previous dissociation enthalpies of the most probable thermal
decomposition channels of CF2(OH)CF2OONO2 and CF3CF2OONO2,
allow for an estimation of their thermal stability at room temperature.
Assuming for both peroxynitrates a high pressure pre-exponential
value of 2.37� 1015 s�1 [19], as was experimentally determined for
CF3CF2OONO2, lifetimes of about 18 and 2 min are obtained
respectively for CF2(OH)CF2OONO2 and CF3CF2OONO2 at 298 K.
These values suggest that the new peroxynitrate is, at least up about
room temperature, a relatively stable species.

4. Conclusions

The present quantum chemical study allowed the structural and
thermochemistry characterization of the new peroxynitrate
CF2(OH)CF2OONO2 and of the related CF3CF2OONO2, as well as of
the CF2(OH)CF2OO, CF2(OH)CF2O, CF3CF2OO, and CF3CF2O radicals.
The calculated geometric structures and harmonic vibrational fre-
quencies of the most stable conformations of the both peroxyni-
trates present characteristic very similar to other fluorinated
peroxynitrates. On the other hand, G3(MP2)B3 and G4(MP2) model
chemistry calculations were employed to estimate enthalpies of for-
mation of the studied peroxynitrates and radicals at 298 K. From the
isodesmic reaction approach, average values of �265.6, �248.6,
�248.5, �268.2, �252.6 and �251.9 kcal mol�1 were obtained for
CF2(OH)CF2OONO2, CF2(OH)CF2OO, CF2(OH)CF2O, CF3CF2OONO2,
CF3CF2OO and CF3CF2O, respectively, at the mentioned levels of the-
ory. In addition, employing previous enthalpies of formation,
dissociation enthalpies of 25.1 and 35.0 kcal mol�1 were respec-
tively calculated for CF2(OH)CF2OOANO2 and CF2(OH)CF2OAONO2,
while for CF3CF2OOANO2 and CF3CF2OAONO2 values of 23.7 and
34.2 kcal mol�1 were estimated. The results present here for the
new peroxynitrate CF2(OH)CF2OONO2 may aid in its experimental
determination.
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Appendix A. Supplementary material

Coefficients of the Fourier expansion for torsional potentials of
CF2(OH)CF2OONO2, CF2(OH)CF2OO and CF2(OH)CF2O at the
B3LYP/6-311++G(3df,3pd) level of theory; Potential energy barriers
for internal rotations of CF3CF2OONO2, CF3CF2OO and CF3CF2O; and
Coefficients of the Fourier expansion for torsional potentials of
CF3CF2OONO2, CF3CF2OO and CF3CF2O at the B3LYP/6-311+G(3df)
level. Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.comptc.2015.
03.024.
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