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1. Introduction

2,2,2-Trifluoroethanol (TFE) is a colourless liquid with a wide
variety of applications, ranging from chemical reagents and
polar organic solvents to biochemical and industrial uses. TFE
is extensively used as a co-solvent because it promotes or sta-
bilises the formation of the secondary structure of peptides
and proteins;[1, 2] this property has resulted in several studies
on the structure and interactions present in the liquid phase.[3]

TFE presents several industrial applications, such as pharma-
ceutical uses as a starting material for some inhalation anaes-
thetics,[4] use in the preparation and treatment of nylon,[5] and
as a working fluid for heat engines.[6]

Fluorinated alcohols, and TFE in particular, are considered to
be potential industrial alternative compounds for chlorofluoro-
carbons and hydrochlorofluorocarbons; these are the species
responsible for ozone depletion in the stratosphere with high
global warming potential.[7–11] In this context, the potential en-
vironmental effect of TFE was evaluated.[7, 8, 12] Because this mol-
ecule is photochemically stable when exposed to light avail-
able in the troposphere,[13] the main loss process in this region
is the reaction with the OHC radical. According to studies re-
ported in the literature, TFE has a tropospheric lifetime of

106[12]–117[7] days, and a negligible contribution towards global
warming.[7, 12] TFE was also found as a product of the photolysis
of 3,3,3-trifluoropropaldehyde in air, either from the self-reac-
tion of CF3CH2O2 radicals or through the reaction of CF3CH2O
radicals with CF3CH2CHO.

[14] The atmospheric surface abun-
dance of TFE was modelled, and showed three distinctive
maxima over industrialised regions of the northern hemisphere
that reflected surface emissions. Variation of the concentration
with altitude was also predicted.[7]

Contaminants with a relatively high tropospheric lifetime,
such as TFE, can reach the ionosphere, which is the atmos-
phere region lying above the stratosphere dominated by pho-
toionisation and photofragmentation processes originating
from the interaction of the molecules with vacuum ultraviolet
(VUV) and soft X-ray radiation. Synchrotron radiation is an ideal
mimic of solar light, and hence, a very important tool for at-
mospheric studies.[15]

TFE exists in the gas phase as a mixture of gauche and trans
conformers, as determined by vibrational spectroscopy;[16, 17]

the gauche form is the preferred conformer and is stabilised by
strong H···F hydrogen-bond interactions. The first ionisation
potential of TFE was determined by photoelectron spectrosco-
py at 11.74 eV.[18] Although core-electron excitation and ionisa-
tion studies of TFE in the gas phase were not previously re-
ported, an investigation into the ionisation of C 1 s electrons of
a monolayer of TFE chemisorbed on a Si(100) surface was per-
formed and site-specific fragmentation proposed.[19]

Herein, and as part of a general project aimed at elucidation
of the photofragmentation mechanisms of compounds rele-
vant for atmospheric chemistry by using synchrotron radiation,
we present the study of TFE by using synchrotron radiation be-
tween 10 and 1000 eV. Valence electrons, as well as C 1 s, O 1 s
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and F 1 s electrons, were excited and the positive ions formed
after ionisation were detected by means of coincidence tech-
niques.

2. Results and Discussion

2.1. Photoionisation and Photofragmentation of TFE in the
Valence-Electron Energy Region

A molecular beam of TFE was exposed to synchrotron mono-
chromatic light between 10 and 21 eV. Simultaneously, the
electron and cationic fragments produced upon photoionisa-
tion, and eventually subsequent fragmentation events, were
collected in coincidence. The relative intensities of the positive
ions were plotted against their m/z ratio in a photelectron
photoion coincidence (PEPICO) spectrum. The pressure of the
sample was maintained below 2.10�6 mbar during the experi-
ments, which assured that only fragments arose from unimo-
lecular mechanisms. The presence of more than one signal in
the PEPICO spectra originated from alternative fragmentation
mechanisms; thus, the relative intensity of the fragment in the
spectrum indicated the relative probability of the mechanism.

Selected PEPICO spectra of TFE excited with synchrotron
light in the valence-electron energy region are shown in
Figure 1. Table 1 lists the relative intensities of the cationic
fragments for different irradiation energies. Below 12 eV, no
signals are detected in the spectra, as expected from the re-
ported value of 11.74 eV for the first ionisation potential of the
molecule.[18] The first positive ion to appear in the spectra cor-
responds to a fragment with m/z 31, which is coincident, in
principle, with either CH2OH+ and/or CF+ species. As explained
later, the signal is most plausibly assigned to the former ion, al-
though a small proportion of the latter cannot be discarded.

The m/z 31 signal remains the most intense one in all spectra
measured in this energy region; this reveals that the rupture of
the C�C bond is the most important mechanism [Eq. (1)] . On
the other hand, no evidence of the molecular ion is observed
in the spectra, even at energies just above the first ionisation
potential, which reveals the instability of M+ C and its tendency
towards fragmentation.

CF3�CH2OHþ C ! CF3 C þ CH2OHþ ð1Þ

As the excitation energy increases, alternative fragmentation
channels are opened, as observed in Table 1. In addition to
CH2OH+ , CF3CH2

+ is the only detected fragment originating
from the rupture of only one bond. The other mechanisms in-
volve the breaking of two (CFCH2OH+ , CF2

+ , CHOH+ and O+)
or three (COH+) bonds, and also atomic rearrangements
(CF2H2

+ and CH2F+). To better understand the fragmentation
mechanisms, both the calculated relative energies of the possi-
ble fragments with respect to the molecular ion and the pre-
dicted energy and character of the HOMO orbitals were ana-
lysed.

Considering the breaking of only one of the five different
bonds of M+ C (C�C, C�O, O�H, C�H or C�F), ten mechanisms
are feasible, depending on which of the two fragments main-
tains the positive charge after rupture (see Figure 2). The
energy differences between the products of these ten mecha-
nisms and the molecular ion were calculated by using the
UB3LYP/6-311 + G(d,p) theoretical approximation. Each species
was optimised by simultaneous relaxation of all geometrical
parameters. The optimised structure of TFE+ C presents the
gauche conformation, whereas the anti form does not corre-
spond to an energy minimum for the cation. A comparison be-
tween the calculated geometrical parameters of TFE+ C and the
gauche and anti forms of neutral TFE is presented in Table S2
in the Supporting Information.

The calculated energy differences for the different mecha-
nisms are depicted in Figure 2. The energetically favoured frag-
ments correspond to those produced by the mechanisms de-
picted in Equation (1), 1.54 eV above M+ C, in coincidence with
experimental findings. The other possibility for C�C breaking,

Figure 1. PEPICO spectra of TFE irradiated with 13, 18 and 20 eV synchrotron
light.

Table 1. Branching ratios [%] for positive ions extracted from PEPICO
spectra as a function of the photon energies between 13 and 21 eV for
TFE.

m/z Assignment
Energy [eV]

13 14 16 18 20 21

16 O+ – – – – – 2.1
28 CO+ – – 3.4 79.6 1.2 11.7
29 COH+ – – 2.8 14.4 23.4 35.2
30 COH2

+ – – 2.2 3.2 1.8 3.0
31 CH2OH+ 100.0 100.0 100.0 100.0 100.0 100.0
32 CFH+ 5.2 4.9 1.6 22.6 1.8 5.1
33 CH2F+ – – 3.6 27.4 29.8 33.2
50 CF2

+ – – – 1.3 2.9 2.8
52 CF2H2

+ – – 4.0 12.5 10.0 8.9
62 CFCH2OH+ – – 11.3 10.6 8.3 7.4
83 CF3CH2

+ – – 5.4 3.9 6.3 5.8
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in which CF3
+ is formed, is predicted to have higher energy,

which explains the lack of this ion in the spectra. CF3CH2
+ for-

mation, as well as the absence of OH+ , is also consistent with
the calculated energy differences for each mechanism that fol-
lows rupture of the C�O bond with respect to M+ C (2.08 and
9.27 eV, respectively). On the other hand, the production of H+

(either from the rupture of O�H or C�H bonds) and F+ (from
the rupture of one of the C�F bonds) are disfavoured with re-
spect to CF3CH2O+ , CF3CHOH+ and CF2CH2OH+ , respectively.
However, none of these three fragments were detected in the
spectra. One possible explanation would be the subsequent
fragmentation of these ions, for example, CFCH2OH+ and CF2

+ ,
which could originate from CF2CH2OH+ ; CHOH+ could origi-
nate from CF3CHOH+ ; and O+ could originate from CF3CH2O+ .

Variation of the ion branching ratios in the PEPICO spectra
with the excitation energy presents a curious discontinuity for
the spectrum recorded at 18 eV. As observed from the results
given in Table 1 and Figure 1, there is a clear increase in the
proportion of CO+ and CFH+ with respect to the ion branch-
ing ratios observed for spectra taken at other energies. To ex-
plain this unexpected behaviour, the character of the molecu-
lar orbitals (MOs) with energies close to the incident radiation,
which could be selectively excited, were considered. Although
the photoelectron spectrum of TFE was previously reported,[18]

the energy values of the valence-electron ionisations, with the
exception of the first ionisation potential, and the character of
these electrons were not mentioned. A later photoelectron
study of compounds containing the trifluoromethyl group re-
ported only a correlation diagram, which showed that the orbi-
tals of the CF3 group of the TFE molecule were below 17 eV.[20]

For this reason, the HOMOs of TFE were calculated by using
the OVGF and P3 methods, together with the 6-311 + G(d,p)

basis set, on the gauche molecu-
lar structure optimised at the
B3LYP/6-311 + G(d,p) level. The
calculated vertical ionisation en-
ergies, assignment, and sche-
matic representation of the 10
HOMOs of TFE are given in the
Supporting Information. In par-
ticular, HOMO-7 and HOMO-8,
with predicted vertical ionisation
energies of 17.88 and 18.08 eV,
are assigned to electrons formal-
ly located at the bonding s(C�H)
MOs. Thus, the selective excita-
tion of these electrons could be
the first step in the mechanisms
responsible for the high yield of
the CO+ and CFH+ fragments
observed when the sample is ir-
radiated with 18 eV light. Anoth-
er fragment formed by atomic
rearrangements plausibly origi-
nates from C�H ruptures to form
CF2H2

+ , which also presents
a relative intensity maximum at
18 eV.

2.2. Photoionisation and Photofragmentation of TFE in the
Core-Electron Energy Regions

The fragmentation mechanisms of TFE after excitation and/or
ionisation of core electrons (C1 s, O1 s and F1 s) were also stud-
ied. In the first place, the energies of resonant electron excita-
tions, as well as the ionisation edges for each of the core elec-
trons, were determined by detecting the positive ions pro-
duced as a function of the photon energy, without discrimina-
tion of the m/z ratio of the ions [total ion yield (TIY) spectra] .

Figure 3 presents the average of three TIY spectra of TFE be-
tween 280 and 310 eV, recorded at energy intervals of 0.1 eV
between 290 and 300 eV and intervals of 0.5 eV for the ranges
280–290 and 300–310 eV, with an acquisition time of 3 s at
each energy step. In this energy region, electrons located at
the 1 s core levels of the carbon atoms are excited and/or ion-
ised. The assignment of features observed in the TIY spectrum,
as summarised in Table 2, was performed based on reports of
related molecules, and are also in accordance with predictions
obtained by theoretical calculations (see below).

Selective core-electron excitation and ionisation is observed
for each of the carbon atoms of the molecule. The ionisation
threshold of the 1 s electrons of the methylene carbon atom,
C(H) 1 s, is observed at 291.5 eV, whereas that corresponding to
the trifluoromethyl carbon, C(F) 1 s, occurs at 298.0 eV.[21] The
6.5 eV energy difference exactly coincides with the energy ob-
served for CF3CH3,[19, 22] and with the general behaviour of dif-
ferent fluorinated saturated and unsaturated organic mole-
cules, for which a chemical shift of about 2.2 eV per fluorine
atom was determined.[19, 23, 24] Below the C(H) 1 s threshold, three

Figure 2. Relative energies for different possible fragments of TFE+ C calculated with the UB3LYP/6-311 + G(d) ap-
proximation.
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resonances were detected at 288.2, 289.3 and 290.7 eV, which
were assigned to C(H) 1 s!s*(C�O), C(H) 1 s!s*(C�C) and C(H)

1 s!s*(C�H) transitions, respectively. The most intense bands
of the spectra, at 293.9, 294.5 and 296.5 eV, were associated
with transitions of C(F) 1 s!s*(C�F) and C(F) 1 s!s*(C�C). The
intensification of C(F) 1 s!s* transitions in C 1 s spectra upon
fluorination was previously reported; in some cases, with even
greater oscillator strength than C(F) 1 s!p*.[24]

The C 1 s site-specific excitation is also in agreement with
the two broad features observed in the photoelectron spectra
of a monolayer of TFE chemisorbed on a Si(100) surface, which
was assigned to C(H) 1 s!s* and C(F) 1 s!s*.[19] Although the
energy of these transitions was not reported, approximate
values of 290.5 and 297.0 eV for the transitions originating
from the C(H) 1 s and C(F) 1 s orbitals, respectively, could be infer-
red from the total electron yield spectrum; this is in complete
accordance with our results.

The TIY spectrum of TFE around the O 1 s energy is depicted
in Figure 4. Three spectra were averaged, recorded with an
energy interval of 0.2 eV between 533 and 540 eV and an inter-
val of 1.0 eV for the ranges 525–533 and 540–555 eV, with an
acquisition time of 2 s at each energy interval. The spectrum
presents two strong resonances, localised at 534.9 and
537.7 eV, which are assigned to O 1 s!s*(C�O) and O 1 s!
s*(O�H) transitions, and the ionisation threshold is observed
at 541.8 eV (see Table 2). A low intensity signal at 552.8 eV was
associated with the O 1 s!Rydberg transition.

Figure 5 presents the TIY spectrum in the F 1 s energy
region. The average of three spectra measured with an energy
interval of 0.2 eV between 687 and 700 eV and an interval of
1.0 eV for the ranges 670–687 and 700–720 eV, at an acquisi-
tion time of 2 s at each energy interval, was plotted. The spec-

Figure 3. Total ion yield (TIY) spectrum of TFE in the C 1 s energy region.

Table 2. Energies [eV] and proposed assignment of the features observed
in the TIY spectra of TFE excited in the C 1 s, O 1 s and F 1 s regions.

Energy [eV] Assignment[a]

288.2 C(H) 1 s!s*(C�O)
289.3 C(H) 1 s!s*(C�C)
290.7 C(H) 1 s!s*(C�H)
291.5 IP C(H) 1 s
293.9 C(F) 1 s!s*(C�F)
294.5 C(F) 1 s!s*(C�F)
296.5 C(F) 1 s!s*(C�C)
298.0 IP C(F) 1 s
534.9 O 1 s!s*(C�O)
537.7 O 1 s!s*(O�H)
541.8 IP O 1 s
552.8 O 1 s!Rydberg
692.0 F 1 s!s*(C�F)
694.2 F 1 s!s*(C�C)
695.2 IP F 1 s

[a] IP = ionisation potential.

Figure 4. TIY spectrum of TFE in the O 1 s energy region.

Figure 5. TIY spectrum of TFE in the F 1 s energy region.
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trum presents a strong resonance at 692.0 eV, which is as-
signed to F 1 s!s*(C�F) transitions, and an unresolved feature
at approximately 694.2 eV associated with a F 1 s!s*(C�C)
transition. The F 1 s ionisation threshold is observed at
695.2 eV.

The relative energies and approximately character of the
LUMOs were calculated for the gauche and anti conformers of
TFE at the B3LYP/6-311 + G** level of approximation. No signifi-
cant differences were found for either conformer. The three
lowest LUMOs, LUMO, LUMO + 1 and LUMO + 2, correspond to
s*(C�F) orbitals. Small differences of 0.01–0.02 eV, which are
out of range of experimental resolution of the TIY spectra, are
predicted for these MOs. This prediction is in accordance with
lowering of the s*(X�F) orbitals reported for molecules con-
taining fluorine atoms, and is known as the weak-bond
effect.[24, 25] LUMO + 3 and LUMO + 4 present s*(C�O) and
s*(C�C) character ; the two next MOs correspond to s*(C�H)
with energy differences of about 0.01 eV, as predicted for the
s*(C�F) orbitals ; and LUMO + 7 corresponds to s*(O�H) MO.

The data extracted from the TIY spectra of TFE (Table 2) can
be combined to construct an experimental MO picture. The
observed transitions are illustrated in Figure 6, and the energy

differences between the LUMOs calculated from these data.
The order of the antibonding sigma orbital deduced from the
experimental values coincides with the prediction of the theo-
retical calculations described above.

The core hole states originating from excitation or ionisation
of 1 s electrons can relax by emission of Auger electrons and
subsequent formation of a doubly charged ion. This highly
charged ion usually results in two singly charged fragments
and eventually also in neutral species. The PEPICO spectra
present only the lightest ion in coincidence with the ejected
electron (again, the low sample pressure maintained in the ex-

perimental chamber guarantees only signals arising from uni-
molecular processes).

PEPICO spectra of TFE were measured at resonant and
threshold excitation energies of C 1 s, O 1 s and F 1 s electrons,
as described above. Figure 7 shows the spectrum measured at

294.5 eV, together with the assignment of the most abundant
peaks. Spectra taken at different energies and a complete list
of the fragments, their assignment and relative abundances
are presented in Table 3 and Figure S1 in the Supporting Infor-
mation.

All fragments with m/z>50 (M+ C= 100) must arise from
a single ionisation process. The most intense of this group of
signals corresponds to CF3

+ (m/z 69), as observed in Figure 7.
The mechanism described by Equation (2), which was not de-
tected for excitation in the valence region, was then opened at
core-electron photon energies.

CF3�CH2OHþ C ! CF3
þ þ CH2OHC ð2Þ

The relative abundance of CF3
+ clearly varies with the excita-

tion energies and reaches a maximum of approximately 14 %
for the C(F) 1 s!s*(C�C) resonance and a minimum (�1 %)
when the C(H) 1 s electrons are selectively excited. Other ions
due to single ionisations detected are as follows: CF2CH2OH+ ;
CFxHy

+ , with (x,y) = (3,2), (2,2) and (2,1) ; CFCH2O+ ; and CF2H+ .
The last fragment, which originates from only an atomic re-
arrangement, presents an enhancement of approximately four
times that of the C(F) 1 s!s*(C�C) resonance, and completely
disappears for the F 1 s excitation.

The signal at m/z 50 can be assigned to either CF2
+ or

FCH2OH+ ions (strictly speaking, the signal can also be attribut-
ed to TFE2 + , but this seems very improbable upon considering
the 8–9 % observed abundance of this fragment). The lack of

Figure 7. PEPICO spectrum of TFE measured at 294.5 eV.

Figure 6. MO scheme constructed with data extracted from the TIY spectra
of TFE.
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a coincidence of two ions with m/z 50 in the PEPIPICO spectra,
as discussed below, confirms that this fragment comes from
a singly charged molecular ion. However, there is no experi-
mental evidence to decide which fragment (CF2

+ , FCH2OH+ or
both) contributes to the m/z 50 signal.

Several signals are observed in the PEPICO spectra with m/z
<50: C2HnF+ , n = 0–2; C2H2OH+ ; F2

+ ; FO+ ; CHnF+ , n = 0–2;
CHnO+ , n = 0–3; C2Hn

+ , n = 0–3; HF+ ; F+ ; OHn
+ , n = 0–2; CHn

+ ,
n = 0–3; and Hn

+ , n = 1–3. CH2OH+ and COH+ are the most in-
tense ions, with abundances higher than 15 and 11 %, respec-
tively, at all studied energies, except when the sample is irradi-
ated at the C(H) 1 s resonances, for which the most intense frag-
ments of the spectra are CH2

+ (27 %) and O+ (23 %). The pro-
duction of CH3

+ , HF+ , CHF+ , CH2F+ , FO+ and F2
+ ions can

only be explained by atomic rearrangement. FO+ is selectively
formed in the O 1 s!s*(C�O) resonance (�1.5 %) and the for-
mation of F2

+ is favoured after F 1 s ionisation. In addition to
H2

+ , very weak features of H3
+ are observed in the spectra.

From the complete list of relative branching ratios presented
in Table 3, moderate site-specific fragmentation can be as-
sumed.

The photoelectron photoion photoion coincidence (PEPIPI-
CO) technique detects the lightest ion (in the T1 domain) and
the second lightest ion (in the T2 domain) produced by unimo-
lecular photofragmentation as a consequence of a double pho-
toionisation process in coincidence with ejected electrons. The
shape and slope of the coincidence islands of the PEPIPICO
spectra contain valuable information about the fragmentation
dynamics.

Bi-dimensional PEPIPICO spectra of TFE were measured at
each resonance and ionisation thresholds of the C 1 s, O 1 s
and F 1 s edges. The shape and slope of the most intense coin-
cidences were almost independent of the incident radiation,
which indicated that the dynamic of the fragmentations, but
not their probability, were not site specific. The spectra are do-
minated by islands that correspond to the coincidence of H+

with several charged fragments. Figure 8 shows the T1 and T2

projections of the PEPIPICO spectra of TFE recorded at
294.5 eV.

The photofragmentation mechanisms of TFE were inferred
from analysis of the shapes and slopes of the coincidences be-
tween two charged fragments in the bi-dimensional PEPIPICO
spectra, following the formalisms proposed by Eland.[26] In
these formalisms, the requirement for conservation of the
linear momentum of the fragments allows the deduction of
the theoretical slope of the coincidence islands, according to
different proposed mechanisms. Inspection of the spectra re-
veals that the fragmentation channels involve the rupture of
more than one chemical bond, with the exception of the
mechanism in Equation (3):

CF3�CH2OH2þ ! CF3
þ þ CH2OHþ ð3Þ

Figure 8. T1 and T2 projections of the PEPIPICO spectrum of TFE recorded at
294.5 eV

Table 3. Branching ratios [%] for fragment ions extracted from PEPICO
spectra of TFE as a function of the photon energies in the C 1 s, O 1 s and
F 1 s energy regions.

m/
z

Assignment
Energy [eV]

288.2 294.5 296.5 534.9 537.7 692.0 707.0

1 H+ 5.0 5.2 4.6 6.9 6.4 5.4 5.9
2 H2

+ 0.2 0.2 0.2 0.4 0.2 0.2 0.2
3 H3

+ <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
12 C+ 1.7 4.7 4.2 6.0 5.6 6.6 6.4
13 CH+ 1.2 2.7 2. 2.8 3.1 3.2 2.9
14 CH2

+ 27.4 2.6 2.2 2.6 3.0 2.6 3.4
15 CH3

+ 0.0 0.3 0.2 0.4 0.3 0.2 0.2
16 O+ 23.1 2.6 0.2 4.6 5.6 3.1 4.0
17 OH+ 1.8 3.4 2.2 2.5 3.3 3.8 4.0
18 H2O+ 0.7 0.7 0.2 0.0 0.1 0.8 0.0
19 F+ 3.9 8.0 6.2 9.1 9.0 12.4 10.2
20 HF+ 2.8 0.4 0.6 0.0 0.0 0.0 0.0
24 C2

+ 0.4 2.0 1.6 1.3 2.2 2.0 1.9
25 C2H+ 0.6 1.9 1.6 0.4 1.7 2.0 1.1
26 C2H2

+ 0.3 0.7 0.5 0.6 0.8 0.9 0.4
27 C2H3

+ 0.0 0.0 0.6 0.0 0.0 0.0 0.0
28 CO+ 4.1 3.5 3.1 1.9 2.0 4.0 2.6
29 COH+ 7.4 15.4 13.5 11.7 11.0 14.7 15.4
30 CH2O+ 1.4 <0.1 0.5 0.3 0.2 0.2 0.2
31 CH2OH+/

CF+

9.3 18.1 15.9 17.3 15.5 18.8 19.3

32 CFH+ 1.8 1.5 1.4 2.8 2.2 0.9 1.4
33 CH2F+ 0.9 1.4 0.9 1.2 1.3 0.6 0.8
35 FO+ 0.0 0.6 0.5 1.5 0.2 0.1 0.2
38 F2

+ 0.0 <0.1 0.1 0.0 0.1 0.1 0.2
40 C2O+ 0.0 0.3 0.6 0.4 0.3 0.3 0.3
43 C2H2OH+ 0.0 0.7 0.8 0.2 1.1 0.9 1.1
44 C2FH+ 0.4 1.7 2.4 0.9 2.6 1.6 1.2
45 C2FH2

+ 0.0 0.3 0.2 1.0 0.7 0.4 0.5
50 CF2

+/
FCH2OH+

3.2 9.8 8.2 8.9 9.0 7.5 8.6

51 CF2H+ 0.0 1.1 4.5 1.9 1.2 0.0 0.0
61 C2FOH2

+ 0.3 0.4 0.5 0.3 0.2 0.1 0.1
63 C2F2H+ 0.0 0.5 0.9 0.4 0.8 0.4 0.6
64 C2F2H2

+ 0.2 0.3 0.5 1.0 0.7 0.4 0.4
69 CF3

+ 1.2 7.8 13.8 8.02 8.4 4.1 5.3
81 CF2CH2OH+ 0.0 0.4 0.7 0.00 0.1 0.2 0.2
83 CF3CH2

+ 0.0 0.1 0.2 0.24 0.3 <0.1 0.2
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As in case of the mechanisms described by Equations (1)
and (2) for the fragmentation of the singly charged molecular
ion, this channel originates from C�C bond breaking in a con-
certed dissociation (CD) channel. The parallelogram shape and
experimental slope, aexptl = 1.00, of the CH2OH+/CF3

+ island co-
incides with the expected slope for this two-body concerted
mechanism.

Figures 9 and 10 depict the contour maps of the COH+/CF3
+

and COH+/CF2
+ islands, respectively. Both coincidences pres-

ent a parallelogram shape and aexptl = 1.06, which can be ex-
plained by secondary decay (SD; acalcd = 1.06) and secondary
decay after deferred charged separation (SD-DCS; acalcd = 1.06)
mechanisms, respectively [Eqs. (4) and (5)] .

CF3CH2OH2þ ! CF3
þ þ CH2OHþ

CH2OHþ ! CHOHþ þ H
ð4Þ

CHOHþ ! COHþ þ H

CF3CH2OH2þ ! CF2CH2OH2þ þ F

CF2CH2OH2þ ! CF2
þ þ CH2OHþ

CH2OHþ ! CHOHþ þ H

CHOHþ ! COHþ þ H

ð5Þ

The signal at m/z 31 can correspond, in principle, to either
CH2OH+ or CF+ fragments. The bi-dimensional PEPIPICO spec-
tra show that both ions are produced because the CH2OH+

/CF+ , CH2OH+/CF2
+ and H+/CF+ coincidences are observed.

The most abundant islands of the PEPIPICO spectra involve
a H+ fragment, which arrives in coincidence with H+ , H2

+ ,
CHx

+ (x = 0, 1, 2), O+ , OH+ , F+ , COH+ , CF+ , CF2
+ and CF3

+

(Figure 11). All of these islands present an ovoid shape, as de-
picted, for example, for the H+/CF+ coincidence in Figure 12;
this indicates a concerted mechanism [Eq. (6)] .

CF3CH2OH2þ ! CFþ þ Hþ þ neutral fragments ð6Þ

Figure 9. Contour map of the COH+/CF3
+ coincidence island in the PEPIPI-

CO spectrum of TFE recorded at 294.5 eV.

Figure 10. Contour map of the COH+/CF2
+ coincidence island in the PEPIPI-

CO spectrum of TFE recorded at 294.5 eV.

Figure 11. T2 projections of the PEPIPICO spectrum of TFE in coincidence
with H+ in T1, recorded at 294.5 eV.

Figure 12. Contour map of the H+/CF+ coincidence island in the PEPIPICO
spectrum of TFE recorded at 294.5 eV.
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The shape of the island H+/H2
+ is also coincident with con-

certed mechanisms, which additionally involve an atomic rear-
rangement. All fragmentation channels of TFE2+ that form
a proton also result in breaking of the C�C bond.

3. Conclusions

The photoexcitation, photoionisation and photofragmentation
mechanisms of gaseous TFE were studied by using synchro-
tron radiation in the valence electron and C, O, and F K-shell
energy regions by using coincidence techniques. Irradiation of
the sample with a photon energy just above the first ionisation
potential resulted in rupture of the C�C bond and formation
of the CH2OH+ fragment; this was in agreement with the ener-
getically favoured mechanism, according to density functional
theory calculations. Although alternative channels are opened
at higher energies, CH2OH+ remains the most important frag-
ment. A discontinuity is observed for the excitation with 18 eV,
with a strong enhancement of CO+ and, to a lesser extent, of
CFH+ . These preferred mechanisms at a particular energy were
proposed to arise from the resonance of the excitation energy
with the ionisation of electrons located at the s(C�H) MOs.

The energies of the excitations of K-shell electrons to vacant
MOs, as well as their ionisation edges, were determined by TIY
spectra. Selective excitation and ionisation of the 1 s electron
of each of the carbon atoms of the molecules was observed. In
accordance with previous reports,[23] a 6.5 eV energy difference
for C(F) 1 s and C(H) 1 s, about 2.2 eV per F atom, was deter-
mined. By combining the resonances from the three core
shells to the vacant orbitals, a scheme with the relative energy
order of the LUMOs could be proposed.

Several different fragmentation mechanisms after core exci-
tation of TFE were detected. Although moderate site-specific
fragmentation was observed, the dynamics of the mechanisms
were independent of the incident radiation. The most probable
channels involved a proton and another positive fragment,
which originated from concerted mechanisms. The behaviour
of TFE differed from that of its analogue ethanol,[27] since the
molecular ion is observed in the latter even after core-electron
excitation.

Although H3
+ was detected in fragmentation studies after

core ionisation in other alcohols, for example, CH3OH[28] and
CH3CH2OH,[27] it was attributed to the rearrangement of H
atoms of the CH3 unit. In TFE, the formation H3

+ must involve
the H atoms of the CH2 and OH groups.

Experimental Section

The purity of a commercial sample of TFE was confirmed by means
of its vapour-phase IR spectrum. The synchrotron radiation was
used at the Laborat�rio Nacional de Luz S�ncrotron (LNLS), Campi-
nas, Sao Paulo, Brazil, in three campaigns.[29] Linearly polarised light
monochromatised by a toroidal grating monochromator (TGM
beamline, from 10 to 310 eV) or a by a spherical grating mono-
chromator (available at the SGM beam line in the range 250–
1000 eV)[30] intersected the effusive gaseous sample inside a high-
vacuum experimental station[31] at a base pressure in the range of
10�8 mbar. During the experiments, the pressure was maintained

below 2 � 10�6 mbar. The resolution was DE/E<200. The intensity
of the emergent beam was recorded by a light-sensitive diode.
High-purity VUV photons were used; the problem of contamina-
tion by high-order harmonics could be suppressed by the gas-
phase harmonic filter recently installed at the TGM beam line at
the LNLS.[32–34] The ions produced by the interaction of the gaseous
sample with the light beam were detected by means of a time-of-
flight (TOF) mass spectrometer of the Wiley–McLaren type for both
PEPICO and PEPIPICO measurements.[35, 36] This instrument was con-
structed at the Institute of Physics, Brasilia University, Brasilia,
Brazil.[37] The axis of the TOF spectrometer was perpendicular to
the photon beam and parallel to the plane of the storage ring.
Electrons were accelerated to a multichannel plate (MCP) and re-
corded without energy analysis. This event started the flight time
determination process for the corresponding ion, which was conse-
quently accelerated to another MCP for both PEPICO and PEPIPICO.
MO calculations were performed by using the Gaussian 03 pro-
gram package,[38] with the OVGF[39] and P3[40] methods, together
with the 6-311 + G(d,p) basis set.
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Ionic Fragmentation Mechanisms of
2,2,2-Trifluoroethanol Following
Excitation with Synchrotron Radiation

Breaking it down: The most important
photofragmentation channel of gaseous
2,2,2-trifluoroethanol (TFE) after photo-
ionization in the valence-electron
energy region results in CH2OH+ and
CF3C (see figure). After core-shell electron
excitations, several fragmentation mech-
anisms involving two positive ions are
observed; the most abundant of which
produce H+ .
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