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Abstract

The photoexcitation, photoionization and photofragmentation of gaseous CF;CF,C(O)OH

were studied by means of synchrotron radiation in the valence and inner energy regions.

Photofragmentation events were detected from 11.7 eV through formation of COH", C,F,*
and the parent species M*. Since the vertical ionization potential has been reported at 11.94
eV, the starting energy used in this study, 11.7 eV, falls just inside the tale of the ionization

band in the photoelectron spectra.

The information from the Total Ion Yield spectra around the C 1s, O Is and F 1s ionization
potentials allows the energies at which different resonance transitions take place in the
molecule to be determined. These transitions have been assigned by comparison with the
results of the analysis of similar compounds. In the inner energy region both kinetic energy
release (KER) values and the slope and shape of double coincidence islands obtained from
PhotoElectron-Photolon-Photolon-Coincidence  (PEPIPICO) spectra allow different

photofragmentation mechanisms to be elucidated.
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Introduction

Fluoro- and perfluoro-organic compounds have found a wide variety of applications. As a
result, particular representatives of this family, namely the perfluorocarboxylic acids, are
spread throughout the environment; they have been found in human and animal tissues,!
wastewater plants,” environmental waters>* and in the atmosphere.>® Their
bioaccumulation’® and environmental persistence, along with their potentially harmful
nature for animals, including humans, have caused attention to be focused on them as a

chemical family, mainly in the last decade.®!0:11.12

Ellis and coworkers studied the atmospheric degradation of fluorotelomer alcohols as a
likely source of perfluorinated carboxylic acids in the environment.'> Moreover, Andersen
et al. reported another reaction path, between C,Fs;C(0)0O, and HO,, that would explain, at

least in part, the presence of perfluorinated acids in the environment.'#

Sekiguchi and coworkers have already used sonochemical methods and UV irradiation to
study the effect of the degradation of hydrophobic perfluoroctane.!> In a related way, Li and
coworkers have used nanoparticles of modified TiO, to decompose an emerging pollutant,

perfluorooctanoic acid.'¢

Perfluoropropionic acid, CF;CF,C(O)OH (PFPA), may not accumulate to the same extent
as the longer chain perfluorinated carboxylic acids;”® neither have its natural sources been
identified so far. That it has been detected in rainwater,!”!8:19 however, stresses its role as

an environmentally active molecule.

Our research group has been involved for many years in photochemical studies of very
simple species, using both non-ionizing and ionizing radiation. Thus, the determination of
photevolution mechanisms in a wide energy range became possible together with the

detection of the involved intermediates.2%-2!

Here we present the results of a photolysis study of PFPA using a wide range of
synchrotron radiation extending from VUV to X-Ray in the electromagnetic spectrum.
Valence (11.7-21.4 eV) and inner shell (278.0-750.0 eV) energies were investigated, as
were Total Jon Yield (TIY), PhotoElectron-Photolon-Coincidence (PEPICO), and
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PhotoElectron-Photolon-Photolon-Coincidence (PEPIPICO) spectra, in order to follow both
excitation and ionization processes. From an analysis of these data, moreover, a number of

fragmentation mechanisms were deduced.

Experimental section

The LNLS?? facilities were used to perform the experiments detailed below. TGM and
SGM beamlines were employed in two campaigns along with coincidence technique

spectra. The experimental set-up has been previously described elsewhere.?

Perfluoropropionic acid 97 % was purchased from Sigma Aldrich and used as received.

The experiments were performed at the Brazilian Synchrotron Light Source (LNLS),
located at Campinas, Brazil. For the low photon energy range, below 22 eV, we made use
of the Toroidal Grating Monochromator (TGM) beamline. Although this is the oldest
beamline in operation at LNLS, a relatively recent development was incorporated in the
beamline, which makes it one of few vacuum ultraviolet beamlines with an efficient high

harmonics filter.

For the soft X-ray region, we made use of the Spherical Gratting Monochromator (SGM)
beamline, which provides photons with energies ranging from 250 eV to 1000 eV. The
photons that come out from this beamline have an energy resolution E/AE in the order of
3000 and due to the mirrors reflection angles the high harmonics contamination is almost
insignificant and can be completely dismissed for energies above 500 eV.

All the photoionization experiments were performed using a Wiley McLaren Time-of-
Flight (TOF) mass spectrometer. In this mass spectrometer, following the photoionization
process, the electrons and the positive ions are directed in opposite directions by static
electric fields and collected by micro-channel plates. The sample is introduced in the
chamber as an effusive beam. The electrons are detected without energy analysis and their
electronic signals are the marker for the TOF spectrum. The software and the electronics
allow us to perform multi-stop signal analysis, that is, one electron can be correlated to

more than one ion fragment. In this way, we can analyze not only PhotoElectron-Photolon-
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Coincidence (PEPICO) events, related to single ionic fragment production, but also
PhotoElectron-Photolon-Photolon-Coincidence (PEPIPICO) events, where more than one
ionic fragment is generated by only one photon. The time resolution of the TOF spectra are
limited by the hardware that performs the time to digital conversion, with a resolution of 1

ns.

Computational calculations

The Gaussian 03 package®* was used for all the quantum chemical calculations presented in
this work. The optimizations of both neutral PFPA and cationic PFPA™ were achieved using
B3LYP/6-311+g(d) and UB3LYP/6-311+g(d) levels of approximation, respectively. A
conformational search was performed for the neutral species by varying concurrently both
05-C2-011-H12 and C4-C3-C2-0S5 torsion angles. The conformer gauche-syn, gauche
with respect to the C4-C3-C2-0O5 and syn regarding the O5-C2-O11-H12 torsion angles,
with a computed abundance of 85 % at room temperature, using the B3LYP/6-3111+g(d)
approximation, will be selected for the further studies. The conformer syn-syn with an
estimated abundance of 15 % at ambient temperature will not be further considered along
this discussion. The molecular orbitals for the gauche-syn form were obtained from the
optimized structure of PFPA by computing the NBO through the MP2 method along with
the 6-311+g(d) basis set.

Results and discussion
Valence region

Several PEPICO spectra were measured around the reported first vertical ionization
potential (11.94 eV).2> The generation of ionic fragments in PEPICO spectra (Figure 1) at
energies ranging between 11.7 and 11.8 eV — a little bit lower than the ionization potential
of PFPA — can be explained by the fact that these values lie just inside the tale of the broad
ionization band of the photoelectron spectrum. An autoionization process offers an
alternative but plausible explanation for this behavior. 2?7 In the present case, such a

secondary process would lead to electron emission by the decay of a highly excited neutral
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system, followed by different processes giving COH*, C,F," and the parent species M* as
distinctive events. This autoionization event would be initiated by the generation of a super-
excited electronic state (PFPA™) with an internal excitation energy that has been known in
other cases even to exceed the first ionization potential.?® Other conceivable photoevolution
channels could occur via an adiabatic ionization mechanism followed by
photofragmentation events. Although the adiabatic ionization potential of PFPA has not yet
been established, a lower value than the reported vertical IP would be expected as a result
of the significant changes in geometry likely to occur between the fundamental (PFPA) and
the excited ionic (PFPA™) species. Table S1 lists the computed geometry differences
between both normal and ionized species. As already mentioned, the first band observed in
the photoelectron spectrum? of PFPA occurs in the region of 12 eV. This process formally
implies the removal of an oxygen lone pair (2p) electron through the supply of the
ionization energy that is fairly well reproduced by our computations (Table S2). The
parameters most affected (Figure S1) after ionization are the O11—C2 and C2—C3 bond
distances, the O11-C2—05 and C2—C3—C4 bond angles, and the O11—-C2—C3-C4,
011-C2-C3-F6, O11-C2—C3-F7, C4-C3—-C2-05, F6—C3—-C2—-05 and F7-C3—-C2-05
torsion angles, all of them closely related to the removal of the oxygen lone pair electron in
the first ionization process of the species. These changes in the molecular geometry after
ionization are consistent with the expected difference between the adiabatic and vertical

ionization values.
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Figure 1. PEPICO spectra of PFPA taken in the valence energy region.

Three peaks can be observed in the spectrum collected at the lowest available energy at the
LNLS (11.7 eV): the parent ion (M*, m/z=164) in one process, and the fragments C,F,"
(m/z=100) and COH* (m/z=29) as the products of two alternative photofragmentation
channels. In the light of the increase of the C—C bond length of the CF;CF,—C(O)OH ionic
species compared with the neutral molecule (Table S1), the events that leads to the
formation of C,F,* on the one hand and COH* on the other hand through the rupture of the
CF;CF,—C(O)OH bond are understandable.

Zha and coworkers studied in the gas phase the unimolecular photofragmentation of
CH3C(O)OH and CH;C(O)OD in the electronic valence region (10.5-17.0 eV) using
threshold photoelectron photoion coincidence mass spectrometry.?’ An ionic fragment
corresponding to m/z=29, but not to m/z=30 in the case of CH;C(O)OD, was observed,
thereby excluding the formation of COH*. The perfluorinated composition of PFPA and the
existence of a fragment with m/z=29 indicates that its photofragmentation mechanism
differs from that of acetic acid. Thus, the COH" fragment could be detected in the
photofragmentation of PFPA. In order to confirm this new channel, complementary

evidence is needed, however, before the existence of roaming mechanisms can be excluded.
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At energies higher than the reported vertical ionization potential (about 12 eV) other photo-
channels become accessible. Thus a clear change in the fragmentation mechanisms is
evidenced from the PEPICO spectra. The different photochannels that are evidenced by the
increase in energy imply a decrease in the relative intensity of the already existing species
at lower light beam energies. Here the intensity of the M* molecular ion and COH*
fragment begins to decrease as the peak corresponding to the COOH™ fragment (m/z=45)
becomes significant. Starting at 15 eV, different fragmentation processes take place
according to the results of these spectra. New fragments identified are CF;CF,C(O)",
CF;CF,", CF;CO*, CO*, CF*, CF,*, CF,OH", and CF5".

Inner region
TIY spectra

Figure 2 presents Cls, Ols and Fls TIY spectra. All three spectra resemble the ISEEL
spectra reported for CF3C(O)OH in the same energy regions.’® The formal difference
between CF;C(O)OH and CF;CF,C(O)OH, corresponds to the insertion of a —CF,— unit, so
that good agreement is to be expected between the two spectra. For instance, the peak
located at 288.0 eV in the TIY of PFPA corresponds to the C 1s — n*(C=0) resonance
transition assigned by comparison with the 288.46 eV peak reported for CF;C(O)OH? and
the 287.4 eV peak in the TIY of CF;CF,CF,C(0O)Cl.?

When compared with CF;C(O)OH, the chain elongation of PFPA provides more signals
with the resultant overlapping of different peaks in the 292.0-300.0 eV energy region.3°
These absorptions emerge from resonance electronic transitions from C 1s to distinctive

6*(C—C) and o*(C—F) molecular orbitals.
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Figure 2. Total ion yield

spectra of PFPA in the regions corresponding to the ionization of C 1s, O 1s and F 1s and

some antibonding moelcular orbitals computed at the MP2/6-311+g(d) level of approximation.

The signal located at 531.7 eV is straightforwardly associated with a transition of an O 1s
to *(C=0) transition.?3* Moreover, the O 1s ionization potential is around 539 eV, similar
to that in trifluoroacetic acid.’® The higher energy absorptions at 543.0 and 547.0 eV
(Figure 2) are assigned to Rydberg transitions from the O 1s orbital to oxygen Rydberg

atomic orbitals of PFPA 233

The region of 695 eV, typical of a number of F 1s — ¢ *(C—F) resonance electronic
transitions, appears congested, but its shape, determined by the proximity of several

transitions, resembles that observed for other, related fluorine-containing molecules.?* The

F 1s ionization potential appears at 697.7 eV in PFPA (Figure 2).
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PEPICO spectra

Photoelectron Photoion Coincidence spectra of PFPA were measured at 278.0, 288.0 (C 1s
resonance), 299.0 (IP of C 1s), 340.0, 520.0, 531.7 (O 1s resonance), 539.4 (IP of O 1s),
590.0, 680.0, 692.8 (F 1s resonance), 697.7 (IP of F 1s) and 750.0 eV with the results
depicted in Figure 3. Table 1 lists the evolution of the ionic fragmentations as a function of
different energies. The general tendency is a growth in atomization processes at higher
energies and the concomitant diminution of processes affording heavier fragments (m/z >
45). No clear behavior is detected for CF*, CCF*, CF,*, C,F," and C,F;*. They can be

sourced by several different fragmentation mechanisms. Neither doubly charged ions nor

specific fragmentations?! were evidenced in the course of our experiments.
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Figure 3. PEPICO spectra of PFPA taken at energies between 278 and 750 eV.
Table 1. PFPA branching ratios (%) in PEPICO spectra
Energy / eV
m/z | Assignment
278.0 | 288.0 | 299.0 | 340.0 | 520.0 | 531.7 | 539.4 | 590.0 | 680.0 | 692.8 | 697.7 | 750.0
1 H* 595 | 621 | 659 | 6.13 | 7.61 | 6.73 | 7.34 | 7.87 | 8.17 | 6.85 | 6.58 | 7.37
12 C* 8.06 | 8.16 | 8.75 | 10.21 | 12.31 | 9.98 | 10.69 | 10.77 | 11.59 | 11.64 | 10.32 | 12.55
16 o* 425 | 474 | 434 | 461 | 989 | 656 | 594 | 7.32 | 559 | 6.06 | 576 | 6.47
17 OH* 3.00 | 3.90 | 451 | 575 | 239 | 3.74 | 6.18 | 495 | 8.14 | 3.82 | 3.42 | 4.02
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19 F* 9.64 | 9.86 | 11.71 | 11.90 | 13.76 | 11.66 | 11.55 | 12.01 | 11.37 | 14.02 | 15.56 | 15.40
24 C,* 366 | 419 | 455 | 492 | 566 | 473 | 509 | 542 | 554 | 5.61 | 565 | 6.26
28 Cco* 576 | 581 | 658 | 7.05 | 6.80 | 578 | 6.46 | 7.02 | 6.94 | 6.19 | 596 | 6.45
29 COH" 2.77 | 3.18 | 3.65 | 334 | 293 | 3.53 | 291 | 3.10 | 2.79 | 3.20 | 3.92 | 3.55
31 CF* 21.63 | 23.03 | 23.17 | 22.04 | 20.01 | 21.28 | 21.54 | 20.21 | 19.83 | 23.72 | 23.17 | 21.49

43 CCF* 234 | 1.86 | 1.46 | 1.55 | 2.24 | 256 | 233 | 231 | 220 | 241 | 131 | 1.67

45 COOH" 1039 | 7.57 | 7.71 | 7.40 | 459 | 5.79 | 4.69 | 438 | 404 | 535 | 589 | 4.72

50 CE," 798 | 847 | 875 | 751 | 640 | 724 | 746 | 746 | 7.18 | 6.56 | 7.40 | 6.28

62 C,Fy* 0.14 | 025 | 0.24 | 0.21 | 0.14 | 0.20 | 032 | 0.22 | 0.00 | 0.22 | 032 | 0.14

69 CF5* 853 | 9.04 | 638 | 569 | 428 | 7.86 | 6.08 | 563 | 557 | 3.76 | 4.01 | 3.23

78 CF,CO* 0.18 | 0.20 | 0.08 | 0.13 | 0.00 | 0.13 | 0.00 | 0.00 [ 0.00 | 0.00 | 0.00 | 0.00

81 C,F5* 033 ] 035 | 025 | 019 | 0.16 | 0.21 | 033 | 0.26 | 0.00 | 0.17 | 0.24 | 0.00

97 CF;CO* 1.30 | 0.37 | 020 | 0.28 | 0.16 | 0.11 | 0.11 | 0.08 | 0.09 | 0.00 | 0.06 | 0.00

100| CF,CFy* 257 | 1.86 | 0.83 | 0.76 | 049 | 145 | 0.76 | 0.81 | 0.75 | 038 | 035 | 0.31

117 | CF,CF,0H" | 0.25 | 0.00 | 0.05 | 0.06 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

119| CFsCFEF,* 126 | 098 | 021 | 0.29 | 0.18 | 0.45 | 0.21 | 0.19 | 0.21 | 0.05 | 0.08 | 0.09

Fragmentation mechanisms
Kinetic energy release (KER)

KER values constitute an important source of information for establishing the mechanism
of a given fragmentation. When the photolysis of a molecule produced by ionizing light
occurs the charged species acquire a kinetic energy dependent on the formation process.
The sum of the kinetic energies of the charged species formed in a given event expresses
the KER of this process. Although the value of KER is a function of the properties of the
ground state wave function of the molecule as well as the shape of the potential energy
surfaces in which the charged species was formed, in the present case, the information of
the KER will be used to contribute to the determination of the origin of the fragments
observed in the PEPICO spectrum, that is, if they are a consequence of a photolysis process
in which the precursor was simply or doubly charged. Experimentally this information can
be collected from the analysis of the width of the TOF peak, which is proportional to the

energy spread of the given charged fragment.

10
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Table 2 lists a number of kinetic energy release values for cationic species originating in
the fragmentation of PFPA at different incident energies and determined by analysis of
their PEPICO spectra The fragments CF;CF,*, C,F,OH", C,F4" and CF;CO" present KER
values close to the thermal energy (0.05 e€V) for all the incident energies.?? Fragments with
energies lower than 0.20 eV are expected to be formed by fragmentation of singly charged
ions, generating simultaneously neutral fragments that cannot be detected with our
experimental setup.’® Accordingly, the given charged fragment seems to be generated by
the same mechanism at all energies. On the other hand, the KER values corresponding to
the atomic fragments F*, O, C* and H" and CF,", CF*, COH", CO*, C," and OH" are
higher than 0.20 eV at energies exceeding 278.0 eV, implying that these ions are produced
by fragmentations involving at least one other ionic fragment (see next section). A
combined analysis of the branching ratios and the KER values of the C,F;*, CF;" and
COOH" fragments shows interesting results. The branching ratios reflect, in principle, not
one but two fragmentation processes initiated in species either singly or doubly charged.
For instance, the CF*/CF5" coincidence found in the PEPIPICO spectrum at higher energies
confirms this hypothesis since both fragments must be derived from a doubly charged
species (see next section, PEPIPICO spectra). However, the CF;* fragment must come from
singly charged fragments at lower energies since the KER values suddenly decrease from
0.28 eV at incident energy of 299 eV to 0.07 and 0.08 eV for incident energies of 278.0 and
288.0 eV, respectively. The fragment COOH™ coincidentally shows a similar behavior.

Table 2. Kinetic Energy Release of cationic fragments of PFPA obtained by analysis of its PEPICO spectra taken at

several incident energies (eV)

Assignment Energy / eV

278.0 288.0 299.0 340.0 520.0 531.7 5394 590.0 680.0 692.8 697.7 750.0
H* 191 181 190 193 237 201 226 217 235 199 201 215
c* 054 049 051 058 063 059 057 060 060 056 058 0.64
ot 1.16  1.01 1.06 1.13 132 121 134 140 161 1.17 127 138
OH" 061 057 079 072 110 0.71 1.09 099 093 069 0.69 0.84
F* 1.78 192 156 162 204 195 198 186 184 165 167 1.84
C,* 042 038 035 035 040 037 038 038 042 035 039 039
co* 055 045 056 053 074 050 057 070 071 046 053 0.64

COH* 031 033 048 062 051 039 048 044 047 040 050 049

11
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CF* 025 023 035 040 044 031 033 041 041 029 038 042
COOH" 0.08 0.09 057 060 052 047 054 062 058 051 063 0.64
CEF,* 032 021 035 037 039 029 030 036 036 028 037 037
CF5* 0.07 0.08 028 029 032 028 026 036 035 029 033 034
C,F;5* 0.09 0.07 008 0.14 006 0.05 017 020 012 0.00 0.06 0.00
CF;CO* 0.03 003 002 003 004 002 003 003 002 001 000 0.02
C,F,* 0.03 0.04 009 0.05 010 0.04 011 0.14 0.14 0.14 0.10 0.07
C,F,OH" 0.03 0.02 002 0.01 000 0.02 000 0.01 000 0.00 0.00 0.00
CF5CF,* 0.02 002 002 0.02 002 0.02 002 0.04 003 0.02 002 0.01

PEPIPICO spectra

According to the formalism proposed by Eland, the relationship between the slope and the
shape of a particular double coincidence island found in a PEPIPICO spectrum contains
important information about the photofragmentation mechanism whereby both fragments
are produced.’**3*3 Since the collection of a PEPIPICO spectra is very time-consuming, the
697.7 eV region has been selected for thorough measurements. At this energy the
coincidences involving H" ions in the PEPIPICO spectrum present without exception ovoid
shapes which imply a concerted dissociation. The fragments C*, CF" and CF," in
coincidence with H* generate the most intense islands, that is, with a higher number of

events. The remaining coincidence islands present parallelogram shapes with different

slopes. Table 3 lists the parallelogram-shaped coincidences with their experimental slopes

(Figure 4) and the proposed mechanisms suggested by the theoretical slopes.
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36 Table 3. Experimental and theoretical slopes of different PEPIPICO parallelogram-shaped coincidence islands and the
37 proposed mechanisms obtained at 697.7 eV following Eland’s formalism.
38 o Experimental ~ Theoretical .
39 Coincidences Proposed Mechanism
40 Slope® Slope
2; O*/CF* 20.71(1) 20.72 SD-DCS
43 OH*/CF* -0.69(10) -0.62 SD-DCS
2;1' F*/CF* -0.45(10) -0.45 SD-DCS
46 CO*/CF* -1.00(8) -1.00 DCS
47
48 COH*/CF* -0.99(8) -1.00 DCS
49 CF*/COOH* -1.61(8) -1.61 SD-DCS
50
51 CF'/CF,* -1.06(8) -1.00 DCS
52 CF'/CF5* -1.37(10) -1.39 SD-DCS
53
54 SD-DCS: Secondary Decay after a Deferred Charge Separation, DCS: Deferred Charge Separation.
55 a)Values given in parentheses are 3 times standard deviations obtained from least-squares analysis.
56
57
52 13
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All parallelogram-shaped coincidences correspond to Secondary Decay after Deferred
Charge Separation (SD-DCS) and Deferred Charge Separation (DCS) fragmentation
mechanisms, listed in Tables 4 and 5, respectively. It should be noted that the ionic
fragments shown in bold are the only results provided by the experimental set-up used.
Both experimentally non-observed neutral fragments and intermediate ionic species are
assigned in agreement with the mechanism deduced from the experimental slope and the

shape of the island.

We have already reported a COHY/CF" coincidence in the photofragmentation of
CF;CH,OH (TFE) at 294.5 eV. This island has an oval shape indicative of a concerted
dissociation.?® For PFPA the intensity of the COH'/CF" coincidence island, with a slope of
—0.99 and a parallelogram shape implying a Deferred Charge Separation according to
Eland’s formalism, remains invariant at different energies. Thus, both CF;CH,OH and

CF;CF,C(O)OH produce the same photofragments but through different mechanisms.

Table 4. DCS mechanisms giving rise to CO*/CF*, COH*/CF* and CF*/CF," coincidence islands

Coincidence  DCS mechanism

CO*/CF* CF;CF,C(O)OH?" — CF; + CF,C(O)OH?"
CF,C(O)OH?>" — F + O + H + CFCO*"
CFCO?*" — CF*+ CO*

COH'/CF* CF;CF,C(O)OH?" — CF; + CF,C(O)OH?
CF,C(0O)OH?*" — F + O + CFCOH?*
CFCOH?** — CF* + COH*

CF*/CF,* CF;CF,C(0)OH?" — CF;CF,*"+ C(O)OH
CF;CF?" — F + F + CF,CF**
CF,CF**— CF* + CF,"

Table 5. SD-DCS mechanisms giving rise to the O"/CF*, OH*/CF*, F*/CF*, CF*/C(O)OH" and CF*/CF;* coincidence

islands

Coincidence SD-DCS mechanism

O'/CF* CF;CF,C(0)OH2" — CF; + F + OH + CFC(O)2"
CFC(O)* — O* + CFC*
CFC* — CF* +C

OH'/CF* CF3CF,C(0)OH2" — CF; + CF,C(0)OH2"

14
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CF,C(0)OH2" — OH* + CF,C(0)"
CF,C(0)" — CF* +F + CO

F'/CF* CF3CF,C(0)OH2* — CF;CF,2* +C(O)OH
CF;CF** — F* + CF;5CF*
CF;CF* — CF* + CF,

CF*/C(O)OH" CF;CF,C(0)OH2* — CF; +CF,C(0)OH2"
CF,C(0)OH>— C(O)OH* + CF,*
CF3CF2* — CF* + CFs

CF*/CF;* CF;CF,C(0)OH2* — CF;CFC* +F + O + OH
CF3CFC*— CF5* + CFC*
CFC* — CF*+F

For a molecule with molecular weight 164, doubly ionized fragments that might be realized
in the PEPICO spectra are limited to a value of m/z < 82. Just one heaviest fragment is
detected in the PEPICO spectra in this region, being therefore a candidate proceeding from
a coulombic explosion, and this with a value of m/z = 81 corresponding to C,F;*. Table 2
lists the KER behavior of this fragment which at 590 eV exhibits a KER value of 0.26,
consistent with a doubly ionized precursor. There is no sign of its counterpart with m/z = 83

in the PEPIPICO spectra.

As already mentioned, ions with m/z > 82 must be generated from fragmentation of a
singly charged ion. The fact that their KER values do not exceed 0.20 lends weight to this

conclusion.

The photoevolution of PFPA gives the observed ionized and neutral species constituted, for
instance, by fragments or molecules like CF;, F, OH, O, F,, C(O)OH, CF,, C and H. After
photolysis the recombination products formed in each case can lead to a number of long-
lived fluoro- or perfluoro-chemicals made thermally and chemically stable by the strength

of their C—F bonds.

Conclusions

The photoevolution of perfluoropropionic acid (PFPA) was studied under the influence of

synchrotron radiation in the range from 11.7 to 715.0 eV. Photofragmentation events were

15
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detected at the limit of the vertical ionization potential (11.94 ¢V)?3 corroborating the
formation of COH*, C,F," and the parent M* ion. The evidence associated with the display
of these fragments below the reported ionization potential might point to either auto- or
adiabatic ionization. At much higher energies the TIY spectra around the C 1s, O 1s and F
1s levels were measured with results in total agreement with the previously reported TIY
spectra of related fluorinated species. PEPICO spectra acquired at valence and inner energy
regions are also presented in this work. The measured KER values in the higher energy
region of the PEPICO spectra, along with the PEPIPICO spectra taken at 697.7 eV, allow
us to elucidate different photofragmentation mechanisms. It should be noted that the study
of the vibrational spectra of PFPA carried out by Crowder’’ establishes the partial
association of this acid in the vapor phase. However, without being able positively to rule
out a role for the dimer of PFPA in the interpretation of our experiments, all the signals
reported here can be explained as originating in the monomer, the heaviest fragment to be

detected being the parent M* ion at 164 m/z.

Acknowledgement

The authors are especially grateful to Prof. Dr. Anthony J. Downs of the University of
Oxford, who, due to his infinite generosity, preferred to share this work enlightened by his

knowledge from this position.

The work described in this paper is based on the experiments performed at the Laboratorio
Nacional de Luz Sincrotron (LNLS) under the proposals TGM-15163 and SGM-17920. We
would like to thank the LNLS institution and their staff for accepting our proposals and for
helping us during our measurements. We also thank the Facultad de Ciencias Exactas of the
Universidad Nacional de La Plata and Consejo Nacional de Investigaciones Cientificas y
Técnicas (CONICET) for the financial support. ANPCYT is also gratefully acknowledged
for the grants PICT 2014-2957 and PICT 2017-3230.

16

ACS Paragon Plus Environment

Page 16 of 21



Page 17 of 21 The Journal of Physical Chemistry

Supporting information available:

This contains the computed parameters corresponding to the optimized structures of PFPA
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and PFPA™ (Table S1), the 51 lowest energy molecular orbitals (MO) corresponding to
2 PFPA calculated with the NBO MP2/6-311+g(d) approximation in its C; point group of
11 symmetry (Table S2) and the atomic numbering of PFPA and PFPA™" used in Table SI
13 (Figure S1).
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