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Photon stimulated ion desorption (PSID) and Near-edge X-ray absorption fine structure (NEXAFS) studies
have been performed on poly(vinyl chloride) (PVC) and poly(vinyl dichloride) (PVDC) around the chlorine
1s-edge. Experiments were performed using a synchrotron source operating in the single-bunch mode
and a time-of-flight mass spectrometry for ion analysis. Cl+ ion yields, as a function of the photon energy,
reproduce the photoabsorption spectrum, showing significant increase at the 1s-resonance. Edge-jump
ratios, defined as the ratio between edge-jumps (intensity ratio of the yields between above and below
the absorption edge) of two different transitions, for Cl+ ion yields were much higher than the equivalent
electron yields, indicating site-selectivity in C–Cl bond breaking for both polymers, as a result of efficient
spectator Auger decay. The expected isotope ratio of 3:1 for chlorine was measured for PVC. The interpre-
tation of the NEXAFS spectrum was assisted by quantum mechanical calculations at a multireference per-
turbation theory level.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Chlorinated polymers have already shown a wide variety of
applications, such as in the pharmaceutical, food package and cos-
metic industries [1,2]. Their thin films have been also applied to
produce biocomposites and sensors [3,4].

Ion desorption generated by photoexcitation at shallow and
deep core levels has already proved to be an attractive topic in sur-
face science since it is a surface phenomena that allows to investi-
gate composition, electronic structure and site-selective
fragmentation. Mainly interested in fundamental aspects, our
group has performed several previous studies using small chlori-
nated molecules [5] or polymers, such as poly(vinyl chloride)
(PVC) and poly(vinyl dichloride) (PVDC) [6–10], using electrons
or high energy photons as excitation sources. In particular, our pre-
vious photon stimulated ion desorption (PSID) studies performed
on PVC and PVDC films with photon energies covering the valence,
Cl 2p and C 1s energy ranges showed element-selectivity as
evidenced by an increase in the chlorine ion yield around the Cl
2p-edge as compared to the other excitation energies. This feature
was associated to a resonant Auger process along the Cl 2p-edge
[9,10]. Similar ion desorption results were obtained for PVDC
[10]. Positive and negative electron stimulated ion desorption
(ESID) performed on PVC films as a function of the electron energy
indicated that at higher electron energies, inner-shell ionization
processes followed by Auger decay play an important role in the
positive ion desorption of chlorine species. On the other hand,
the formation of negative chlorine ionic species was strongly en-
hanced around the Cl 2p-edge [8].

Studies applying low energy ion bombardment have shown that
PVC surfaces are also sensitive to this kind of radiation. The extent
of surface modification is dependent on the radiofrequency power
to excite the discharge and the amount of energy deposited on the
solid surface. Polymers may become more hydrophilic or hydro-
phobic than the pristine material depending on the process condi-
tion [11].

A number of studies have demonstrated that following excita-
tion or ionization of an inner-shell electron and the corresponding
relaxation through the Auger process, which predominates for
light elements, fragmentation is observed around the atom to
which the inner-shell electron is closely associated [12]. This is

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.chemphys.2013.01.003&domain=pdf
http://dx.doi.org/10.1016/j.chemphys.2013.01.003
mailto:csilva@inmetro.gov.br
http://dx.doi.org/10.1016/j.chemphys.2013.01.003
http://www.sciencedirect.com/science/journal/03010104
http://www.elsevier.com/locate/chemphys


146 C. Arantes et al. / Chemical Physics 415 (2013) 145–149
very well described in the literature [13,14] and can explain ion
desorption in different organic and polymeric films due to the for-
mation of localized positive holes in valence orbitals, leading to
fragmentation and desorption through the Coulomb explosion
mechanism. The importance of the spectator Auger decay in induc-
ing selectivity in chemical bond breaking has already been
stressed, even in deep core-level photoexcitation around the K-
edges of adsorbed molecules containing third-row elements [15].
The indirect process named X-ray induced electron stimulated
desorption (XESD) also contributes to ionic desorption. In this pro-
cess desorption from surface species due to valence excitations and
ionizations is induced by low energy electrons inelastically scat-
tered inside the sample.

In the present study, NEXAFS (Near-edge X-ray absorption fine
structure) and PSID spectra were acquired at the chlorine 1s-edge
for PVC and PVDC, two chlorinated polymers containing a different
number of chlorine atoms, in order to gain insight into the photo-
fragmentation process induced by a deep core level, by comparing
the contributions from direct (Auger) and indirect (secondary elec-
trons) mechanisms to ionic desorption. Also the purpose of the
work is to complement fragmentation studies performed previ-
ously on these films covering other energy intervals, ranging from
valence to shallow inner-shell excitations [6–10]. The Cl 1s-edge
was selected in order to evaluate possible improvements in the
site-selectivity fragmentation of the C–Cl bond caused by chlorine
core–shell excitation, since it is expected that excitation of local-
ized electrons may favor selective bond breaking. It is worthwhile
mentioning that the only structural difference between these two
chlorinated polymers is the addition of one chlorine atom in the
PVDC structure (insert: Fig. 1).

Additionally, ab initio calculations are reported, showing to be
quite helpful in the interpretation of the NEXAFS spectra and also
PSID ion yields. It is worth emphasizing that the accurate descrip-
tion of inner-shell states of a polymer represents an enormous
challenge to ab initio methods. In principle, one has to consider
the description of a periodic (infinite) system. In the case we are
dealing with, this can be easily circumvented by rationalizing the
polymer spectrum in terms of the spectrum of the corresponding
monomer. The theoretical description of the monomer has some
intrinsic difficulties as well, since relaxation, correlation and,
sometimes, localization effects have to be properly taken into ac-
count. For chlorine 1s states, relativistic effects are important and
should also be considered.

Both direct and indirect processes are invoked to explain PSID
results of PVC and PVDC. Clear evidence of chemical bond breaking
controlled by a deep core level excitation is presented.
Fig. 1. Cl K-edge TEY NEXAFS spectra of (dash line) PVC and (solid line) PVDC films.
The inset shows the molecular structure of PVC and PVDC.
2. Experimental details

Thin films of PVC and PVDC were deposited onto a stainless-
steel substrate by the spin-coating technique. The samples were
attached to an aluminum support which, on its turn, was mounted
onto an X–Y–Z sample manipulator.

NEXAFS and PSID spectra were acquired at the Brazilian syn-
chrotron light source (LNLS), during a single-bunch operation
mode of the storage ring with a period of 311 ns and width of
60 ps. The sample chamber was attached to a soft X-ray spectros-
copy (SXS) beamline (790–4000 eV) featuring a double-crystal type
monochromator. When using the InSb (111) plane, an energy res-
olution of �2.8 eV at 4 keV was attained [16]. A schematic diagram
of the experimental setup used at LNLS for PSID measurements can
be found in previous publication [17].

Photoabsorption (NEXAFS) spectra were recorded by measuring
the drain current at the sample (total electron yield – TEY) simul-
taneously with a photon flux monitor (Au grid). The final data were
normalized to these flux spectra in order to correct for fluctuations
in beam intensity. The energy calibration was performed by taking
the well-known value for the LIII transition (2p3/2 ? 4d) of metallic
molybdenum [18].

Ion analysis was performed using a time-of-flight mass spec-
trometer (TOF-MS), consisting basically of an electrostatic ion
extraction system, a collimating electrostatic lens, a 25 cm drift
tube and a pair of microchannel plate (MCP) detectors, disposed
in a chevron configuration [19]. The extracted positive ions travel
through three metallic grids (each of which with a nominal trans-
mission of 90%), before reaching the MCP. The output signal of the
detector was processed by a standard pulse counting system and
used to provide the stop signal to the TDC (Time-to-Digital Con-
verter), with a maximum time resolution of 1 ns per channel. The
trigger of the experiment and also the start signal for the TDC were
obtained by a 1/148 divider used to take the SR pulse timing from
the 476.066 MHz frequency signal from the microwave cavity of
the storage ring. Positive ions were extracted from the sample
biased at +1.5 kV through the entrance grid of the TOF-MS placed
at �2.0 kV and were further collimated and transmitted through
the drift tube, which was kept at a potential of �2.0 kV. Finally,
the ions were detected by the MCP, biased at �4.5 kV. The program
SIMION 3D 6.0 [20] was used in order to simulate the ion flight
times and assign the positive ion masses, using a procedure de-
scribed in detail elsewhere [21].
3. Theoretical details

As mentioned above, theoretical calculations were performed on
the monomers, i.e., chloroethane, and 1,1-dichloroethane. Proper-
ties of interest are transition energies and oscillator strengths. The
theoretical description adopted here was the following. First, a
state-averaged multiconfigurational self consistent field (MCSCF)
calculation is performed. The configurations in this MCSCF calcula-
tion includes the Hartree–Fock (HF) configuration for the ground
state and as many configuration as needed for a HF-like description
of the core–hole excited state. For chloroethane, this means only one
configuration while for 1,1-dichloethane, two configurations are
employed, each one corresponding to an excitation from each chlo-
rine atom. This method may also be considered as a state-averaged
Hartree–Fock. Subsequently, correlation effects are treated by gen-
eral multiconfiguration self-consistent field quasi-degenerate per-
turbation theory (GMC-QDPT) [22], taking the previous MCSCF as
zeroth-order function. Scalar relativistic contribution to the transi-
tion energy and oscillator strengths is calculated by Douglas–
Kroll–Hess [23,24] method corrected to third order [25].



C. Arantes et al. / Chemical Physics 415 (2013) 145–149 147
All calculations were done with Dunning’s aug-cc-pVTZ basis
set and using the GAMESS [28] software.
4. Results and discussion

Photoabsorption (NEXAFS) spectra of PVC and PVDC films mea-
sured at the Cl 1s-edge are presented in Fig. 1. These spectra show
features, labeled B–E, which correspond to transitions from the 1s
chlorine electron to unoccupied orbitals. The intense peak B at
2822 eV, for both polymers, may be related to a transition to an
antibonding molecular orbital, while the other features are associ-
ated to transitions to valence and Rydberg states, as observed in
other chlorinated molecules [5]. PVDC film presents lower relative
intensity by a factor of 0.23 for the first transition energy (B), as
well as a shift of 1.7 eV and 2.4 eV for the D and E transitions to
higher photon energies, respectively. The two chlorine atoms in
the PVDC induce a higher repulsion between valence electrons.
An electron in a Rydberg state will suffer a greater repulsion as
well and will tend to be more loosely bound. This explains the shift
to higher energies when passing from PVC to PVDC. Calculated C–
Cl bond distance at MP2 level for chloroethane and 1,1-dichloro-
ethane are 1.78 and 1.77 Å, respectively. The difference is within
the precision of the method. So, they should be considered as
equal.

An interesting feature apparent in Fig. 1 is the observed inten-
sity difference at peak (B). Naively, one could imagine that PVDC
would present a more intense absorption due to the presence of
an additional chlorine atom but actually the opposite is true, i.e.,
Fig. 2. Final orbital for chloroethane (left) and 1,1-dichloroethane (right). Grey and
white colours represent different sign (positive or negative) of the wave function.
Antibonding character is recognized in the node along C–Cl axis. For 1,1-dichlo-
roethane the orbital is distributed along both C–Cl bonds.

Fig. 3. PSID spectra obtained for (a) PVC at 2800 eV; (b) PVC a
PVC presents the most intense peak. In order to clarify this point,
we have performed calculations for this transition. It corresponds
to the first singlet-to-singlet transition. Our theoretical results for
the oscillator strengths are 0.0058 for chloroethane and 0.0045
and 0.0008 for 1,1-dichloroethane, respectively. In the 1,1-dichlo-
roethane case, two states lie quite close. They correspond to config-
urations representing transition from each Cl 1s orbital to the same
final orbital. It is worth emphasizing that although localized orbi-
tals have been used, the total symmetry is recovered since both
configurations contribute to the final state. The oscillator strength
in the latter case should be summed and compared to that of chlo-
roethane. The values are 0.0058 and 0.0053 for chloroethane and
1,1-dichloroethane, respectively. We therefore conclude that even
after summing up both contributions in 1,1-dichloroethane, the
intensity of absorption is still smaller than that of chloroethane.
The experimental values presented in Fig. 1 show the same trend.

The calculated transition energies are 2831.39 eV for chloroeth-
ane and 2825.53 and 2825.57 eV for 1,1-dichloroethane. These val-
ues differ from the experimental value for peak (B) in Fig. 1, which
lies at 2822 eV. These differences can be related to several causes.
First, we only took into account the relativistic effects considered
in the Douglas–Kroll Hamiltonian. Besides, correlation is only par-
tially taken into account and the spectrum is considered to be sim-
ilar to the spectra of the monomers. At any rate, the maximum
deviation for the transition energy is less than 0.5%.

Another important result obtained from our calculation is the
confirmation of the antibonding character of the molecular orbital
involved in the first Cl 1s-electronic transition. It is concentrated in
the C–Cl bond in the case of PVC and distributed along both C–Cl
bonds for PVDC as can be clearly seen in Fig. 2.

PSID spectra for PVC and PVDC films were acquired at the ener-
gies labeled A–F in Fig. 1. PSID spectra for both chlorinated poly-
mers measured at 2800 eV (A) and 2822 eV (B) are presented in
Fig. 3(a)–(d). The spectra present many fragments, whose assign-
ments are listed in Tables 1 and 2, using a procedure described
elsewhere [21]. H+ and Cl+ isotopes can be seen directly from the
spectra. Larger hydrocarbon fragments, as well as chlorine-based
fragments are labeled in Tables 1 and 2.

In order to determine the 35Cl:37Cl isotope ratio expected for the
Cl+ species, we have fitted and deconvoluted the isotope peaks
with Gaussian functions and a constant baseline as background.
35Cl:37Cl ratios obtained from peak areas were 2.6 and 1.7 for
PVC and PVDC films, respectively. This indicates that PVC presents
around the 3:1 isotope ratio as expected [26]. PVDC presents lower
relative intensity for 35Cl species as compared to PVC.

Studies performed by our group [8] using high energy electron
incidence on PVC films have shown that species with masses high-
er than m/z 65 are either not formed or are reneutralized on the
t 2822 eV; (c) PVDC at 2800 eV and (d) PVDC at 2822 eV.



Table 1
Possible ions generated from Cl 1s-edge photoexcitation of PVC.

Peak TOF exp (ns) Mass (a.m.u) Possible assignment

I 30.8 79 C3H7Cl+

II 61.2 67 C5Hþ7
III 76.8 1 H+

IV 116.7 35 35Cl+

V 137.6 19
70

H3O+

Clþ2
VI 154.1 27

36
C2Hþ3
HCl+

VII 180.9 37
59

37Cl+

C2Cl+

VIII 227.9 29
49
61
74

C2Hþ5
CH2Cl+

C2H2Cl+

C3H2Cl+

IX 249.9 39
50
62
75

C3Hþ3
CH3Cl+

C2H3Cl+

C3H3Cl+

X 259.2 15
30
90
106
123

CHþ3
C2Hþ6
C8Hþ6 , C4H7Cl+, C4H5Cl+

C5H6Cl+

C10Hþ2 , C4H4Clþ2 , C7H4Cl+

XI 281.3 63 C2H4Cl+

Table 2
Possible ions generated from Cl 1s-edge photoexcitation of PVDC.

Peak TOF exp (ns) Mass (a.m.u.) Possible assignment

I 52 C4Hþ4
9.3 78 C6Hþ6

II 37.9 79 C6Hþ7 , C3H7Cl+, C3H5Cl+

III 67.7 67 C5Hþ7
IV 78.0 1 H+

V 93.0 68 C5Hþ8
35 35Cl+

VI 123.9 69 C5Hþ9
83 CHClþ2

VII 144.9 70 Clþ2
13 CH+

27 C2Hþ3
VIII 160.2 36 HCl+

85 CH35;37Clþ2
100 C8Hþ4 , C5H5Cl+

IX 195.5 37 37Cl+

2 Hþ2
29 C2Hþ5

X 234.3 49 CH2Cl+

61 C2H2Cl+

74 C3H2Cl+

15 CHþ3
30 C2Hþ6

XI 266.1 50 C4Hþ2
62 C2H3Clþ

75 C3H3Clþ

Fig. 4. Desorption ion yield curves for Cl+ for (a) PVC and (b) PVDC films as a
function of the photon energy.

Table 3
Edge jumps (B, D and E) and edge jump ratios (B/D and B/E) of electron and ion yields
calculated for Cl+ species from PVC and PVDC films.

Photon energy PVC film PVDC film

Electron yield Ion yield Electron yield Ion yield

B 41.5 14.4 34.2 5.30
D 31.0 8.23 31.2 3.66
E 27.8 8.10 27.0 3.94
B/D 1.34 1.75 1.10 1.45
B/E 1.49 1.78 1.27 1.34
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surface, and cannot be detected. Due to this observation and to its
valence mass spectra [26], the observed PSID peaks were assigned
considering only mass to charge ratios up to 100.

Desorption ion yield (DIY) curves for Cl+ species desorbed from
chlorinated polymeric films are plotted as a function of the photon
energy in Fig. 4. In order to present both DIY curves in the same
graph, the PVDC curve has been multiplied by a factor of 3. Both
chlorinated polymer films show a maximum in the ion yield at
the Cl 1s-resonance energy. Contributions from the XESD process
to the generation of the Cl+ photofragmentation and desorption
due to single and multiple valence excitations and ionizations
should also be considered, since the XESD signal is proportional
to the electron yield in the NEXAFS spectrum.

In order to evaluate the XESD contribution to the Cl+ desorption,
we estimated the ratio of electron yield (from NEXAFS spectrum)
and ion yield (from PSID spectrum) above and below the absorp-
tion edge (edge-jump) [12], whose values are presented in Table 3,
namely, B, D and E.

Comparison between ion and electron yield ratios obtained
from the ratio between the edge-jumps of the different transitions
in the spectrum, namely, B/D and B/E (edge-jump ratios) given in
Table 3 shows that the two chlorinated polymers present higher
ion yield ratios, indicating site-selectivity in breaking the C–Cl
bond at the Cl 1s absorption resonance, as observed and discussed
in the literature for other chlorinated molecules [12,27]. Similar re-
sults were obtained for these polymers at the chlorine 2p absorp-
tion edge [15], which once again exemplify the important
contribution of the spectator Auger decay to break chemical bonds
selectively [12].
5. Conclusions

Two chlorinated polymeric films, PVC and PVDC, have been
investigated using PSID and NEXAFS techniques around the chlo-
rine 1s-edge. The spectator Auger decay plays an important role
for the desorption of the Cl+ species at the chlorine 1s-resonance,
as observed previously at the chlorine 2p-edge. This behavior
was not observed at valence or carbon 1s-edge excitations. By
comparing the two chlorinated polymers, a decrease of the relative
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intensity of Cl+ species occurs for PVDC, a direct consequence of the
fact that the photoabsorption signal is enhanced for PVC as corrob-
orated by our theoretical calculations, which also demonstrated
the antibonding character of the molecular orbital involved in
the first Cl 1s-electronic transition. The expected 3:1 isotope ratio
is clearly observed for the PVC film, as obtained previously by elec-
tron stimulated ion desorption. The enhancement in the Cl+ ion
yields as compared to the electron yield was observed at the first
resonance for both chlorinated polymers and the spectator Auger
decay was invoked to interpret these results. On the other hand,
the production of H+ and molecular fragments observed in all pho-
ton energies is induced mainly by the indirect process. Clear evi-
dence of chemical bond breaking controlled by a deep core level
excitation is presented.
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