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Thin films of poly(methyl methacrylate) and poly(vinyl chloride) of different thickness are used to
investigate the effect of spatial confinement on the efficiency of bond breaking induced by 2 MeV Hþ and
2.1 GeV Bi ions. Effective cross sections for oxygen and chlorine loss are extracted for films down to a
thickness of about 5 nm and are compared to theoretical estimations based on radial energy density profiles
simulated with GEANT-DNA. The cross sections are to a large extent thickness independent, indicating that
bond breaking is dominated by short-range processes. This is in contrast to the strongly reduced efficiencies
found recently for cratering induced by high-energy ions in similar ultrathin polymer films [Phys. Rev. Lett.
114, 118302 (2015)].
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Polymers and other organic materials, including biologi-
cal tissues, are very sensitive to ionizing radiation and
degrade easily at relatively small doses [1,2]. This may
result in a loss of functionality and dramatic changes in
their original properties or, in the case of living matter, in
severe biological effects. Among high-energy radiations,
heavy ions have the highest levels of local energy transfer
and hence very large damage efficiencies, usually estimated
by measuring cross sections for the different processes
involved [3–7]. Such an ability of energetic ions to severely
transform the chemical structure of organic matter has been
explored in a wide range of applications from the engineer-
ing of new materials and nanostructures [8,9] to cancer
treatment [10] and has important implications to space
exploration [11,12] and astrophysical issues [3].
Here we concentrate on fast ions for which the energy

loss is dominated by electronic excitation. In this regime,
bond breaking and the production of new chemical species
is mainly controlled by the distribution of energy deposited
by the emitted secondary electrons [12–16]. For very thin
films, when the thickness is smaller than the extent of
the secondary electron cascades, a fraction of such elec-
trons may escape the material, reducing the local dose.
Therefore, the damage yield may also decrease, a critical
issue already noted in radiation effects at small target
volumes such as cells or DNA [17,18]. Indeed, we have
recently shown that cratering induced by individual ion
impacts is substantially weakened in polymer ultrathin
films because of the suppression of long-range cooperative
effects that contribute to the total energy and momentum
density deposited at the near surface [19]. Here, we address

the fundamental problem of bond-breaking efficiency—a
crucial aspect underlying the overall response of organic
materials to radiation—under the spatial confinement con-
ditions of ultrathin films. Contrary to cratering efficiency,
we found bond-breaking cross sections in poly(methyl
methacrylate) (PMMA) and poly(vinyl chloride) (PVC)
thin films to be insensitive to thickness reductions, even in
layers as thin as 5 nm.
Solutions at different concentrations of nearly mono-

disperse PMMA and PVCwere spun onto silicon substrates
to obtain films of initial thicknesses h varying from ∼2
up to 290 nm. The samples were bombarded at normal
incidence by 2.1 GeV Bi ions with charge state distribution
around equilibrium at the UNILAC accelerator of GSI
(Darmstadt, Germany) or with 2 MeV Hþ ions at the 3 MV
Tandetron at Porto Alegre, Brazil. The fluence range was
1010 to 7 × 1011 Bi=cm2 or 1014 to 2.8 × 1015 Hþ=cm2.
For both projectiles, the energy deposition in the films is
dominated by electronic processes, and the ions are stopped
deep in the Si substrate. X-ray photoelectron spectroscopy
(XPS) was performed on a ThermoFisher K-α spectrom-
eter. Details of experimental procedures are given in
Supplemental Material [20].
Figure 1 shows the C1s XPS spectra of PVC and PMMA

films of different thicknesses before and after bombardment
with 2 MeV Hþ and 2.1 GeV ions. The C1s PVC spectra
[21,22] were deconvoluted to four peaks [Fig. S1(a) [20]],
C1─C (∼286 eV) and C2─Cl (∼287 eV), and two addi-
tional components due to unsaturated carbon bonds (C3 at
285 eV) and oxidized carbon groups (C4 at 288–289 eV).
The C1s PMMA spectra [23,24] were fitted with four peaks
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assigned to the aliphatic hydrocarbon (C1─C and C1─H at
285.0 eV), the ester oxygen-induced β-shifted carbon
(C2─C ¼ O, 285.7 eV), the methyl ester (C3─O,
286.8 eV), and the carboxyl carbon (C4 ¼ O, 288.9 eV).
Bond breaking induced by irradiation of PMMA has

already been extensively studied, and general trends for
thick films seen here are in agreement with previous results
[5,25,26]. The main effect on PMMA is the loss of oxygen-
rich moieties from the side chain (Fig. 1). For PVC, there is
a marked change in the C bonding state due to strong
dehydrochlorination (seen by the reduction in the C2─Cl
and Cl2p peaks) and to the formation of carbon double
bonds (associated with an increase and energy shift of the
C3 peak).
Here our interest is to evaluate the bond-breaking

efficiency of the energetic ions in films of different
thicknesses. To this end, we measured the areas of the
C─Cl (PVC) and C─O (PMMA) XPS peaks as a function

of irradiation fluence ϕ. This requires a careful investiga-
tion of the changes in the sample conditions (thickness and
porosity) and of the contribution of carbon grown during
irradiation, especially when ultrathin layers are analyzed.
The carbon contamination was estimated measuring the
C1s peak intensities on highly irradiated Si substrates. The
results (Fig. 1) are compatible with a layer of about 1 nm of
carbon, with a low content of oxygenated species (addi-
tional data are given in Supplemental Material [20]). This
gives an upper limit to the carbon contamination layer
expected on the polymer films. For quantitative analysis,
we considered only samples with a total carbon area 3 times
larger than the peak of carbon contaminants on highly
irradiated silicon. This limited the minimum analyzable
initial thickness to 4 nm for 2 MeV Hþ irradiations. For the
2.1 GeV Bi beam, the pronounced thinning of the films [27]
requires samples with a minimum initial thickness of
20 nm, if the quantification criterion is to be met for the
full set of fluences.
The relative intensity I of the XPS signal was obtained

in the case of PVC taking the ratio of the total chlorine to
the total carbon peaks. For PMMA, the ratio of the C3 or
C4 areas to the sum of the C1 and C2 peaks was used.
Analyzing intensity ratios based on a reference element
minimizes variations of the XPS signal due to changes in
thickness induced by the irradiation. The values of I as a
function of fluence ϕ and for different film thicknesses h
are shown in Fig. 2. The solid lines are exponential fits to
extract the cross sections σ for bond breaking:

IðϕÞ ¼ I0 expð−σϕÞ; ð1Þ
FIG. 1. C1s XPS spectra irradiated thin films of PVC (a)–(c)
and PMMA (d)–(f). For PVC, spectra from (a) 100, (b) 25,
and (c) 5 nm films irradiated with 2 MeV Hþ are shown.
For PMMA, spectra from (d) 100, (e) 20, and (f) 13 nm
films irradiated with 2.1 GeV Bi ions are depicted. The
black lines are the spectra of Si substrates irradiated either
with 2.5 × 1015 H=cm2 or 7 × 1011 Bi=cm2.

FIG. 2. Relative intensity of deconvoluted C1s XPS peaks as a
function of fluence for various thicknesses. (a) C3 (CH3─O) and
(b) C4 (C ¼ O) peaks of PMMA irradiated by 2 MeV Hþ. (c) C3

and (d) C4 peaks of PMMA irradiated by 2.1 GeV ions.
(e) Chlorine peak of PVC irradiated by 2 MeV Hþ using the
ratios Cl∶ðC1 þ C3 þ C4Þ and (f) Cl∶Ctotal.
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where σ represents the effective area around the ion path
where a given bond is destroyed [4] and is a measure of the
radiolytic efficiency.
The signal intensity of samples of PVC and PMMA

bombarded by 2 MeV Hþ could be well fitted by Eq. (1)
(Fig. 2). The extracted damage cross sections for oxygen
and chlorine loss are shown in Fig. 3. For the 2 MeV Hþ
irradiations, no significant variations in σ are observed in
the entire range of thicknesses. The σ values may change
slightly, if different ways of estimating IðϕÞ are used, as
shown in Fig. 3(a) for the PVC data, but not the dependence
of σ on h. The data for the 2.1 GeV Bi irradiations were
more difficult to analyze. The high dE=dx of these ions
provokes substantial material loss due to sputtering, and
the thinnest films are completely eroded (except for the
adventitious carbon), before high levels of chemical dam-
age are introduced in the samples. Therefore, the XPS data
shown in Figs. 2(c) and 2(d) do not reach the typical
exponential form needed for a precise fitting using Eq. (1).
Cratering also induces porosity in the films [27], adding
further uncertainties in the XPS analysis. As a result, the
error bars of the extracted σ of carbon-oxygen bonds for the
Bi beam shown in Fig. 3(c) are rather large. There is a trend
of σ to decrease at h ¼ 20 nm, but differences are within
the uncertainties of the measurements.
The present finding of film thickness independence is

very different from our previous results on crater and
hillock formation in similar polymer films. Such radiation

effects are substantially reduced for h < 40 nm, because
they depend on the sum of excitations along the ion track
length [19]. Here, on the contrary, bond breaking is
dominated by local, short-range processes: Material exci-
tation at deep layers is of no relevance for the near-surface
chemistry seen by XPS. However, as noted previously,
even the local deposited energy is expected to decrease in
very thin layers. In order to estimate such changes and the
impact on the damage cross sections, we performed
Monte Carlo (MC) simulations using GEANT4-DNA (version
10.02 path 01), a code especially designed to model
radiation processes at the nanoscale and widely
used in radiobiology [28–31]. As interaction cross sections
for protons and electrons are so far validated only for water
and beams of Bi ions are not available, we run, as a first
approximation, simulations in thin layers of water
(2 < h < 200 nm, 1 g=cm3) on a water substrate bom-
barded by 2 MeV Hþ. A total of 105 incident ions were
simulated in order to obtain the longitudinal and radial
deposited energy distributions in the tracks. More details
are given in Supplemental Material [20].
The simulated linear energy transfer ΔEðzÞ=Δz (the

mean energy deposited in a slice of thickness Δz at a
depth z inside the film), and the mean radial energy density
ϵðr; hÞ ¼ ΔEshell=Vshell (where ΔEshell is the average
energy deposited in the volume Vshell of a thin cylindrical
shell of radius r, thickness Δr, and length h) are shown in
Fig. 4. ΔEðzÞ=Δz is strongly reduced at points close to the
surface (up to ∼50%) and reaches the typical values of bulk
PMMA only when the thickness is close to the maximum
range of the δ rays [Fig. 4(a)]. In addition, at a given radial
distance r from the impact point, the radial energy density
ϵðr; hÞ is systematically smaller the thinner the film is
[Fig. 4(b)]. This decrease is more pronounced at large r
(e.g., at r ¼ 50 nm, there is a reduction by a factor of ∼10
between films of h ¼ 2 and h ¼ 100 nm).
The influence of ϵðr; hÞ on the cross section for bond

breaking σðhÞ can be evaluated, noting that in the cylin-
drical geometry of an ion track

σðhÞ ¼ 2π

Z
Ru

0

Pðr; hÞrdr; ð2Þ

where Pðr; hÞ is the probability of breaking a bond at a
distance r and Ru is the maximum range of the secondary
electrons. Pðr; hÞ is directly related to ϵðr; hÞ and can be
estimated in different ways. Here we tested two schemes:
the approach derived from the hit model [4] and a standard
activated process [7] described, respectively, by

Pðr; hÞ ¼ f1 − exp½−ϵðr; hÞ=ϵ0�gm; ð3aÞ

Pðr; hÞ ¼ exp½−ϵ00=ϵðr; hÞ�; ð3bÞ

where ϵ0 and ϵ00 are critical energy densities for bond
breaking and m is the number of hits necessary to damage

FIG. 3. Chemical damage cross sections σ of PVC and PMMA
films of different thicknesses h. (a) Cross sections of chlorine loss
(C─Cl bonds) in PVC irradiated by 2 MeV Hþ deduced from the
ratio of the total chlorine to the total carbon peaks Cl∶Ctotal (blue)
or from the ratio Cl∶ðC1 þ C3 þ C4Þ (green). Carbon-oxygen
bonds from PMMA irradiated by (b) 2 MeV Hþ and (c) 2.1 GeV
ions. The uncertainties given are fitting errors.
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the sensitive target. The simulated curves of ϵðr; hÞ were
used to estimate Pðr; hÞ and σðhÞ for the proton beam,
having ϵ0 as a free parameter. The curves of PðrÞ as a
function of the energy density for each model are presented
in Fig. S6 [20]. The cross sections obtained using the two
probability functions of Eqs. (3a) and (3b) are shown as
lines in Fig. 4(c). Good agreement can be obtained between
experimental and calculated cross sections, with a suitable
choice of ϵ0, ϵ00, and m. The constraint applied to compare
models was to force cross sections at h ¼ 15 nm to be equal
to the experimental values. This thickness was chosen
because it corresponds roughly to the maximum XPS
sampling depth in a polymer. The fitting parameters obtained
under such condition are given in Fig. 4(c).
Overall, the calculated σ vary little with thickness

(except for the one-hit model, when used to fit the PVC
data). The weak dependence of σ on h stems from the fact
that the variation of ϵðr; hÞ with thickness is pronounced
only at relatively large r [Fig. 4(b)], where ϵðr; hÞ is already
too small to contribute substantially to bond breaking. In
the one-hit model (m ¼ 1), PðrÞ decreases much more
slowly at small ϵðrÞ than in the activation scheme (Fig. S6);
hence, events at large r still make a significant contribution
to σ, resulting in the stronger dependence of σ with h seen
in Fig. 4(c). We also note that, in the simulations, electrons
crossing the interface of the sensitive volume with the
substrate still travel in the same material. In a real polymer-
Si interface, electron backscattering may be larger and
make energy suppression by spatial confinement even less
evident, as the remarkable constancy of the experimentally
measured σ suggests.
It is not surprising that for the 2 MeV Hþ beam very

little differences in σ were observed in films down to a
thickness of ∼5 nm. Most of the bond breaking and Cl and
O loss seen by XPS originates from low-energy (< 50 eV)
secondary electrons with ranges below 5 nm. In addition,
for the 2 MeV Hþ beam, only the energy deposition events

close to the track core (which are least affected by thickness
reductions) contribute significantly to σ. The rarer energy
deposition events occurring at large r, which are clearly
suppressed in thinner films, play a minimal role in the type
of bond breaking probed here. They might, nevertheless, be
important for other processes requiring lower activation
energies. For heavier ions at larger velocities, thickness-
dependent effects are expected to show up in thicker films,
because regions far from the core [where the variation of
ϵðrÞ with h is stronger] can still make significant contri-
butions to bond breaking. The results of the 2.1 GeV Bi
ions irradiations [Fig. 3(c)] indicate this trend but are too
“noisy” to allow a definitive answer. We note that effects of
energy suppression at small length scales are also expected
in the regime where ballistic damage dominates, because
the damage is small at the start of the collision cascades and
becomes significant only when the ions slow down deeper
in a solid [32]. Nuclear stopping, however, plays a mini-
mum role in our case.
In conclusion, confining a polymer in one of its spatial

dimensions, as in ultrathin films, does not change signifi-
cantly the efficiency of bond breaking induced by high-
energy ions. This is evidenced both experimentally and in
calculations based on simulated thickness-dependent radial
energy density profiles calculated with GEANT4-DNA. In our
experiments, radiolysis linked to heteroatom loss was
probed. This involves relatively strong rearrangements of
the chains and multiple bond breaking. Such processes
occur mostly close to the ion path center, where changes in
the deposited energy density with the thickness are small.
Additional experiments targeting more sensitive, long-
range probes for bond breaking (e.g., molecular weight
distributions) are needed to test a spectrum of milder
radiolytic processes, for which stronger spatial confinement
effects are expected.

The brazilian agencies CNPq, CAPES, and FAPERGS
are acknowledged for financial support.

FIG. 4. Results from MC simulations of 2 MeV Hþ in water films. (a) Linear energy transfer [ΔEðzÞ=Δz] as a function of depth z;
(b) deposited energy density as a function of radial distance r from the track center; (c) damage cross sections calculated from the
simulated ϵðrÞ curves of (b) using different laws of bond-breaking probability. Experimental cross sections for the polymer films are also
shown for comparison. The ϵ0 values for Cl loss are 73.6 (hit model, m ¼ 1), 6.0 (hit model, m ¼ 2), and 4.8 eV=nm3 (activation
model), and for O─CH3 bonds are 344.3 (hit, m ¼ 1), 13.7 (hit, m ¼ 2), and 7.6 eV=nm3 (activation).
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