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A study of the atmospheric photochemical reaction of CF; radical with CO and O, was performed by
using a homemade ultraviolet photoelectron spectrometer-photoionization mass spectrometer (PES-
PIMS). The electronic structures and mechanism of ionization and dissociation of CF;0C(O)OOC(0O)-
OCF; were investigated. It was indicated that the two bands on the photoelectron spectrum of
CF3;0C(0O)O0C(O)OCF; are the result of ionization of an electron from a lone pair of oxygen and a fluo-
rine lone pair of CF; group. The outermost electrons reside in the oxygen lone pair. The experimental
and theoretical first vertical ionization energy is 13.21 and 13.178 eV, respectively, with the PES and
OVGF method. They are in good agreement. The photo ionization and dissociation processes were
discussed with the help of theoretical calculations and PES-PIMS experiment. After ionization, the
parent ions prefer the dissociation of the C—O bond and giving the fragments CF;0CO" and CF3. It
demonstrated that the ultraviolet photoelectron and photoionization mass spectrometer could be ap-

plied widely in the study of atmospheric photochemical reaction.

photochemical reaction, CF; radical, ultraviolet photoelectron and photoionization mass spectroscopy, transient species

It is now well established that the chlorofluorocarbons
(CFCs) are responsible for the catalytic destruction of
the ozone in the atmosphere and global warming™. As
substitutes for one class of these stable compounds,
various hydrochlorofluorocarbons (HCFCs) and hydro-
fluorocarbons (HFCs) are presently being considered.
Their degradation takes place in the troposphere through
a series of photochemical reactions®!. At present, it is
important to study the mechanism, intermediate, and
products in the process of the degradation of HCFCs and
HFCs24. Ultraviolet photoelectron spectroscopy (UPS)
is an important method to study gaseous transient spe-
cies®®. To improve our ability on studying transient
species, our group has built up a photoelectron spectrome-
ter-photoionization mass spectrometer (PES—PIMS)[H.
The modification of the spectrometer was based on the
Hel photoelectron spectrometer. Using this new appara-

tus, we can not only obtain a direct measure of elec-
tronic structure and energy levels of stable and unstable
molecules, but also provide the information on the com-
plicated process of reaction, ionization, and dissocia-
tion >,

In this work, we combined a newly-made on-line
photochemical reactions apparatus to our homemade
PES-PIMS, and studied the application of this new ap-
paratus in the study on the photochemical reactions of
CF; radicals with CO and O,. With the help of quantum
chemical calculation, we investigated the electronic
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structure and mechanism of ionization and dissociation
on the important transient species CF;0C(O)OOC(O)-
OCF;. The results indicate the potential applications of
the new apparatus and method in the study of atmos-
pheric photochemical reactions.

1 Experimental

1.1 Reagent

(CF5CO0O),0: Aldrich chemical Co. Inc.; CO (>99.99%),
0, (>99.99%): Beijing AP Beifen Gases Industry Co.,
Ltd. As CF; radical source, perfluoroacetic anhydride
was chosen, because its absorption cross section at the
emission line of the mercury lamp at 254 nm is quite
hight%.

1.2 Experimental apparatus and process

The schematic diagram of the PES-PIMS for the atmos-
pheric photochemical study of transient species is shown
in Figure 1. The homemade photochemical reaction ap-
paratus consists of the vacuum system, sample system,
and photoreaction system connected to the PES-PIMS
through three U-traps. The processes of photoreaction
and purification of products follow related refer-
ences &M,

The photoreactor consisted of a 15 W low-pressure

mercury lamp surrounded by quartz tubes, which were
placed in the middle of a 5 L glass round-bottom flask.
The outside of the flask was cooled to about 0°C and
connected to the vacuum line equipped with capacitance
pressure gauges. After evacuation of the photoreactor,
the inner surface was conditioned with (CF;CO),0 va-
por for 2 h to remove residual water from the surface. In
a typical experiment, the bulb was charged with partial
pressures of 3 mbar (CF;C0O),0 (0.6 mmol), 10 mbar
CO (2 mmol), and 20 mbar O, (4 mmol). The photolysis
was performed at 0°C for 6 h, and every hour about 2
mmol of additional CO was introduced into the photo-
reactor. After finishing the photolysis, the product was
studied by the PES-PIMS through trap-to-trap condensa-
tion.

The PES-PIMS consists of two parts: one part is the
double-chamber UPS-II machine, and the other is a
time-of-flight mass spectrometer. The photoelectron
spectrum was recorded on the double-chamber UPS-II
machine which was built specifically to detect transient
species at a resolution of about 30 meV as indicated by
the Ar'(*Py3) photoelectron band™®. Experimental ver-
tical ionization energies were calibrated by the simulta-
neous addition of a small amount of argon and methyl
iodide to the sample. Mass analysis of ions was achieved
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Figure1 Schematic diagram of the PES-PIMS apparatus designed for the atmospheric photochemical study of transient species.
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with the time-of-flight mass analyzer mounted directly
to the photoionization point. Due to the relatively soft
ionization provided by single-wavelength Hel radiation,
the PIMS could provide strong parent ions. The frag-
ments could provide the information on the molecular
structure and dissociation.

1.3 Calculation

Because the values and the order of the molecular orbital
(MO) energies depend on the molecular geometry, the
geometries of the neutral ground state and lowest-lying
cationic state of parent molecule and fragments were
optimized using density functional theory (B3LYP) at
the 6-31G basis sets level. To assign the PE spectrum,
the outer-valence Green's function (OVGF) calcula-
tions™, which include sophisticated correlation effects
of the self-energy, were applied to the molecules to give
accurate results of the vertical ionization energies. All
calculations were carried out using the Gaussian series
of pro grams[m.

2 Results and discussion

The atmospheric degradation of HFCs leads in the first
instance mainly to FC(O)Ox and CF;04 (x=1,2) radicals,
which may interact with atmospheric trace gases in dif-
ferent ways. The reaction with NO, in which peroxyni-
trates are formed is important in this regard. The per-
oxynitrates FC(O)OONO,!2,  CF;00NO,"®,  and
CF;C(0)OONO,M, which are all fully characterized,
may serve as reservoir molecules for either peroxy or
NO, radicals. Peroxy radicals are also effective catalysts
for the CO oxidation. In particular the catalytic cycle of
CO oxidation by CF;0y (X = 1,2) radicals has been in-
vestigated in several laboratories™®—2%. The reactive
intermediates  bis(trifluoromethyl)peroxy dicarbonate,
CF;0C(0)O0C(0O)OCF; have been studied by NMR,
vibration, and UV spectroscopyw. Recently, the ge-
ometry structure™! (Figure 2) and pyrolysis[m have also
been reported. By using a homemade ultraviolet photo-
electron spectrometer-photoionization mass spectrome-
ter (PES-PIMS), we investigated the photochemical re-
action of CFj; radicals with CO and O,. The electronic
structures and mechanism of ionization and dissociation
for the product collected at —60°C, CF;0C(0)O0C(0)-
OCFj3, were studied.

2.1 Photoionization mass spectrum
The PIMS results of the reactant (CF;CO),0 and the

product CF;0C(O)OOC(0O)OCF; collected at —60°C by
the traps are shown in Figure 3.

Figure 2 Structure of CF;0C(0)00C(O)OCFs;.
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Figure 3 Hel photoionization mass spectra of the reactant (CF;CO),0
(a) and the product CF;0C(0)OOC(0O)OCF; (b).

As shown in Figure 3(a), the reactant (CF;CO),0
dissociates directly into fragments CF ; and CF5CO" af-
ter one-electron ionization by the radiation of ultraviolet.
It is in agreement with the result of EI source™. How-
ever, the fragment CF3CO" disappears in the PIMS of
the product. This indicates that the photolysis of the reac-
tant (CF;CO),0 takes place completely in the condition
of our experiment. The spectrum of CF;0C(0O)O0C(0O)-
OCF; shows two peaks: CF; and CF;0CO", with the
dominant features being the CFs peaks.
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In order to understand the mechanism of ionization
and dissociation of CF;0C(0O)OOC(O)OCF;, the ge-
ometries of parent molecule and fragments were opti-
mized using density functional theory. The energetics of
the dissociation of the parent ion into possible fragments
was calculated. From Figure 4, we can see that the en-
ergy for the dissociation of parent molecule into the
radical CF;0C(0)O (0.87 eV) is much lower than that
of heterolysis to form the radical CF;0C(O) (3.07 eV).
However, under the radiation of Hel light, the parent ion
generated by the one-electron ionization prefers the het-
erolysis (0.43 eV) and dissociation of the C—O bond to
form CF;0C(0)". Therefore, there are no signals of the
parent ion and CF;OC(O)O'. Furthermore, the weak
CFs signal can be formed by the subsequent dissociation
of CF;0C(0)’, as well as by direct dissociation of the
parent ion.

CF,0C(0)0’ 231
CE,0C 0)0 043
(0)O* —_— :
’ CF,0C(0)00C(0)OCF; CF,0C(0)00
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+
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Figure 4 Schematic energy profile showing ionization and dissociation
pathways of CF;0C(O)OOC(O)OCF; (in eV).

2.2 Photoelectron spectrum

The Hel photoelectron spectra of the reactant (CF;CO),0
and the product CF;0C(O)OOC(O)OCF; are presented
in Figure 5.

From Figure 5(a), we can see that there are three
bands in the low ionization region below 14.0 eV, and a
broad band in the high ionization region. The first verti-
cal ionization is 12.21 eV. Table 1 lists the PES experi-
mental vertical ionization energies, the theoretical verti-
cal ionization energies, the molecular orbital (MO)
symmetries, and the characteristics of the outer valence
shells for (CF5CO),0 from the OVGF calculations. The
analysis of orbital characteristics shows that the three
highest molecular orbitals are characterized by the oxy-
gen lone pair.
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Figure 5 Hel photoelectron spectra of the reactant (CF5CO),0 (a) and
the product CF;0C(0O)OOC(O)OCF; (b).

Table 1 Experimental and calculated vertical ionization potentials and
molecular characteristics for (CF;CO),0

Exptl. Calcd.

Iv(eV) —£(eV) MO Character
12.21 12.596 25b (51) no
13.02 13.450 26a (50) no
13.41 14.011 24b (49) no
15.05 15.908 25a(48) Tco
15.79 16.034 23b (47) Gee

16.101 24a (46) Tco

Compared with the spectrum of the reactant, the
spectrum of the product shows remarkable change with
two broad bands (Figure 5(b)): one is centered at 13.21
eV with an ionization onset of 11.23 eV; the other is
located at 16.35 eV with an ionization onset of 14.73 eV.
Table 2 lists the experimental and theoretical vertical
ionization energies. Some theoretical vertical ionization
energies from different orbitals are very close, which
could cause the overlapping of bands corresponding to
different orbitals. The first calculated adiabatic ionization
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energy, by taking the difference between the energy of
the neutral and the ion, is 11.45 eV, in agreement with

Table 2 Experimental and calculated vertical ionization potentials and
molecular characteristics for CF;0C(0)OOC(O)OCF;

the experimental result. According to C, symmetry, the Ilj’?z%) o (li\zlgd. o
molecular orbital of the valence shell would be in the
i . . o o 5 13.21 13.178 31b (63) 1o (c=0)
following order of increasing energy: ~27b728a29a 13323 32a(62) no o)
28b°30a°29b*31a?30b32a’31b°. Combined with DFT 13.200 300 (61) hoo0 o,
theoretical analysis, we designate that the first band of 14.038 31a (60) Mo (000,
CF;0C(0O)O0C(0O)OCF; is the overlapped results of 14311 29b (59) o (c-00-0)
removal of the electron from the 30a, 29b, 31a, 30b, 32a, 14.354 30a (58) o (c—0)
and 31b orbitals. All the six highest molecular orbitals 16.35 15.831 28b (57) nr
are characterized by the oxygen lone pair (see Table 2). 16.123 29a (56) ng
The second band with an ionization onset of 14.73 eV 16.147 28a.(55) Ny
and the weak band at 17.61 eV correspond to the ioniza- 16.301 270 (59) N
tion of electron of the fluorine lone pair. The character 16302 27a(33) o
of molecular orbitals of valence shell is shown in Figure 16.691 26b (52) e
6. 16.713 26a (51) ng
16.775 25b (50) g
. 16.797 25a (49 1F, Go—o0
3 Conclusion 17.61 17.351 24b 248; ng
The atmospheric photochemical reaction of CF; radical 17.516 24a.47) o
with CO and O, was investigated by the homemade i;'éii zz: 22 EF
. . . . F
PES-PIMS with the new on-line photochemical appara- 17791 22b (44) e

tus. The electronic structure and mechanism of ioniza-
tion and dissociation of the product CF;0C(O)OOC(O)-
OCF; were studied. With the help of theoretical calcula-
tion, the two bands on the PES of CF;0C(0O)O0C(0)-
OCF; were assigned to be the ionization of an electron
from a lone pair of oxygen and a fluorine lone pair of
CF; group, respectively. The experimental and theoreti-
cal first vertical ionization energies are in good agree-
ment. With the spectroscopic and theoretical investiga-

tions, it is indicated that CF;0C(O)OOC(O)OCF; pre-
fers dissociation of C—O bond after one-electron ioni-
zation by the Hel radiation to form the fragment CF;
and CF;0CO". This fact proves that our homemade
PES- PIMS can be used as a powerful tool for the inves-
tigation of transient species in the atmospheric
photochemical reaction.

‘**!ff'*“"*#‘f‘ Agg L3S Aegaen et

32a (62) 306 (61) 3la (60) 295 (59) 30a (58)
28b (57) 29a (56) 28a (55) 27b (54) 27a (53) 26b (52)
26a (51) 25b (50) 25a (49) 24b (48) 24a (47) 23b (46)

Figure 6 Characteristics of the first eighteen highest occupied molecular orbitals for CF;0C(O)OOC(O)OCF;.

YAO Li et al. Sci China Ser B-Chem | Apr. 2008 | vol. 51 | no. 4 | 316-321



Molina M J, Rowland F S. Stratospheric sink for chlorofluoro-
methanes: chlorine atoms catalyzed destruction of ozone. Nature,
1974, 249: 810—812[DOI]

Good D A, Francisco J S. Atmospheric chemistry of alternative fuels
and alternative chlorofluorocarbons. Chem Rev, 2003, 103(12): 4999 —
5023[DOI]

Zhong J X, Yang W X, Mu Y J, Liu Y. Photolysis characteristics of
HCFC-22 in the present of hydrogen peroxide. Environ Sci (in Chi-
nese), 1996, 17(3): 54—56

Chen Z M, Zhang Y H, Tang X Y, Shao K S, Li J L. The study of
atmospheric photochemical reaction of HCFC22 using long path
FTIR. Environ Chem (in Chinese), 1997, 16(3): 252—257

Pasinszki T, Westwood N P C. Ground, excited and ionic states of
unstable molecules. J Electron Spectrosc Relat Phenom, 2000,
108(1-3): 63—73[DOI]

Pasinszki T, Westwood N P C. Gas-phase spectroscopy of the unstable
acetonitrile N-oxide molecule. J Phys Chem A, 2001, 105(8): 1244 —
1253[DOI]

Yao L, Wang W G, Zeng X Q, Ge M F, Du L, Sun Z, Wang D X, Liang
F, QuH B, Li H Y. An ultraviolet photoelectron spectrometer-time of
flight mass spectrometer for in-situ study of transient species and
radicals. Anal Instrum (in Chinese), 2006, (1): 5—9

Yao L, Zeng X Q, Ge M F, Wang W G, Sun Z, Du L, Wang D X. First
experimental observation of gas-phase nitrosyl thiocyanate. Eur J
Inorg Chem, 2006, (12): 2469—2475

Wang W, Ge M F, Yao L, Zeng X Q, Sun Z, Wang D X. Gas-phase
spectroscopy of the unstable sulfur diisocyanate molecule S(NCO),.
ChemPhysChem, 2006, 7(6): 1382—1387 [DOI]

Argiiello G A, Willner H, Malanca F E. Reaction of CF; radicals with
CO and O, Isolation of bis(trifluoromethyl)peroxydicarbonate,
CF;0C(0)O0C(0O)OCF;, and identification of bis(trifluoromethyl)
trioxydicarbonate, CF;0C(O)OOOC(O)OCF;. Inorg Chem, 2000,
39(6): 1195—1199[DOI]

Hnyk D, Machacek J, Argiello G A, Willner H, Oberhammer H.
Structure and conformational properties of bis(trifluoromethyl) per-
oxydicarbonate, CF;0C(0O)O-OC(O)OCF;. J Phys Chem A, 2003,
107(6): 847—851[DOI]

Sun Z, Zheng S J, Wang J, Zhu X J, Ge M F, Wang D X. First ex-
perimental observation on different ionic states of the tert-butoxy
[(CH;);CO] radical. Chem Eur J, 2001, 7(14): 2995—2999[DOI]

von Niessen W, Schirmer J, Cederbaum L S. Computational methods
for the one-particle green’s function. Comput Phys Rep, 1984, 1(2):
57—125[DOI]

Frisch M J, Trucks G W, Schlegel H B, Scuseria G E, Robb M A,

YAO Li et al. Sci China Ser B-Chem | Apr. 2007 | vol. 51 | no. 4 | 316-321

15

16

17

18

19

20

21

22

Cheeseman J R, Montgomery J A, Vreven T, Kudin K N, Burant J
C, Millam J M, lyengar S, Tomasi J, Barone V, Mennucci B, Cossi
M, Scalmani G, Rega N, Petersson G A, Nakatsuji H, Hada M, Ehara
M, Toyota K, Fukuda R, Hasegawa J, Ishida M, Nakajima T, Honda
Y, Kitao O, Nakai H, Klene M, Li X, Knox J E, Hratchian H P,
Cross J B, Adamo C, Jaramillo J, Gomperts R, Stratmann R E,
Yazyev O, Austin A J, Cammi R, Pomelli C, Ochterski J, Ayala P
Y, Morokuma K, Voth G A, Salvador P, Dannenberg J J, Zakrzewski
V G, Dapprich S, Daniels A D, Strain M C, Farkas O, Malick D K,
Rabuck A D, Raghavachari K, Foresman J B, Ortiz J V, Cui Q, Ba-
boul A G, Clifford S, Cioslowski J.; Stefanov B B, Liu G, Liashenko
A, Piskorz P, Komaromi I, Martin R L, Fox D J, Keith T, Al-Laham
M A, Peng C Y, Nanayakkara A, Challacombe M, Gill P M W,
Johnson B, Chen W, Wong M W, Andres J L, Gonzalez C, Replogle,
E S, Pople J A. Gaussian 03, revision B.04. Gaussian, Inc.: Pitts-
burgh, PA, 2003

Scheftler D, Schaper I, Willner H, Mack H G, Oberhammer H. Prop-
erties of fluorocarbonyl peroxynitrate. Inorg Chem, 1997, 36(3): 339—
344[DOI]

Kopitzky R, Willner H, Mack H G, Pfeiffer A, Oberhammer H. IR and
UV absorption cross sections, vibrational analysis, and the molecular
structure of trifluoromethyl peroxynitrate, CF;00NO;. Inorg Chem,
1998, 37(24): 6208 —6213[DOI]

Kopitzky R, Beuleke M, Balzer G, Willner H. Properties of
trifluoroacetyl peroxynitrate, CF;C(O)OONO,. Inorg Chem, 1997,
36(10): 1994—1997 [DOI]

Meller R, Moortgart G K. CF;C(O)C1: temperature-dependent (223
—298 K) absorption cross-sections and quantum yields at 254 nm. J
Photochem Photobiol A, 1997, 108(2-3): 105—116 [DOI]

Malanca F E, Argiiello G A, Staricco E H, Wayne R P. The photolysis
of CF;COCl in the presence of O, and CO: Catalytic oxidation of CO
to CO, and the formation of polyoxygenated intermediates. J Photo-
chem Photobiol A, 1998, 117(3): 163—169 [DOI]

von Ahsen S, Garcia P, Willner H, Paci M B, Argiiello G A. The
open-chain trioxide CF;0C(0O)OOOC(O)OCEF;. Chem Eur J, 2003,
9(20): 5135—5141 [DOI]

von Ahsen S, Hufen J, Willner H, Francisco J S. The trifluorometh-
oxycarbonyl radical CF;0CO. Chem Eur J, 2002, 8(5): 1189—1195
[DOI]

Linstrom P J, Mallard W G, eds. NIST Chemistry WebBook, NIST
Standard Reference Database Number 69, National Institute of Stan-
dards and Technology, Gaithersburg MD, 2003 (http://webbook.nist.
gov)

321


http://dx.doi.org/10.1038/249810a0
http://dx.doi.org/10.1021/cr020654l
http://dx.doi.org/10.1016/S0368-2048(00)00146-8
http://dx.doi.org/10.1021/jp002851z
http://dx.doi.org/10.1002/cphc.200600084
http://dx.doi.org/10.1021/ic991265l
http://dx.doi.org/10.1021/jp021523r
http://dx.doi.org/10.1002/1521-3765(20010716)7:14<2995::AID-CHEM2995>3.0.CO;2-D
http://dx.doi.org/10.1016/0167-7977(84)90002-9
http://dx.doi.org/10.1021/ic960847p
http://dx.doi.org/10.1021/ic980776p
http://dx.doi.org/10.1021/ic9612109
http://dx.doi.org/10.1016/S1010-6030(97)00094-4
http://dx.doi.org/10.1016/S1010-6030(98)00322-0
http://dx.doi.org/10.1002/chem.200304942
http://dx.doi.org/10.1002/1521-3765(20020301)8:5<1189::AID-CHEM1189>3.0.CO;2-J

