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Fullerenes have been a main focus of scientific research since their discovery due to the interesting
possible applications in various fields like organic photovoltaics (OPVs). In particular, the derivative
[6,6]-phenyl-C60-butyric acid methyl ester (PCBM) is currently one of the most popular choices due
to its higher solubility in organic solvents compared to unsubstituted C60. One of the central issues in
the field of OPVs is device stability, since modules undergo deterioration (losses in efficiency, open
circuit voltage, and short circuit current) during operation. In the case of fullerenes, several possibilities have been proposed, including dimerization, oxidation, and impurity related deterioration.
We have studied by means of density functional theory the possibility of oxygen adsorption on the
C60 molecular moiety of PCBM. The aim is to provide guidelines for near edge X-ray absorption fine
structure (NEXAFS) and X-ray photoelectron spectroscopy (XPS) measurements which can probe the
presence of atomic or molecular oxygen on the fullerene cage. By analysing several configurations
of PCBM with one or more adsorbed oxygen atoms, we show that a joint core level XPS and
O1s NEXAFS investigation could be effectively used not only to confirm oxygen adsorption but
also to pinpoint the bonding configuration and the nature of the adsorbate. C 2015 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4907012]

I. INTRODUCTION

Organic photovoltaics (OPV) are becoming a viable
alternative to other emerging technologies, especially by
offering the possibility of large-scale production of regular
as well as novel flexible devices. The materials employed
can be easily deposited onto plastic substrates by techniques
such as the roll-to-roll printing which encompasses a low
production cost and low environmental impact.1,2
In recent years, the record power conversion efficiencies
(PCE) achieved by single junction OPVs have surpassed
8%,3 with most of the devices reaching up to 4%-5% PCE.2
Moreover, modules with 5% PCE show a short energy
payback time (EPBT) and high energy return factors (ERF)2,4
which, alongside the fast processability, make polymer solar
cells competitive with technologies currently on the market.2
However, one very important problem that still needs to be
solved before this type of devices becomes effective is their
stability.
The active layer of an OPV consists of a donor-acceptor
blend. There are a large number of organic polymers that can
be used as electron donors but so far the class of electronacceptor materials has been limited to fullerenes, with one
particular C60 derivative, the phenyl-[6,6]-C60-methyl-ester
(PCBM), as the most widely used in actual devices.5,6 It has
been shown by numerous studies that OPVs, as well as their
organic constituents separately, undergo deterioration during
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device operation7–13 (a good review of stability issues in
polymer photovoltaics is Ref. 13).
Several studies have focused on the deterioration of
either the polymer:fullerene blend or the fullerene derivative
separately. In the specific case of PCBM, Reese et al.,9
by performing mobility measurements in combination with
matrix assisted laser desorption/ionization time of flight mass
spectroscopy (MALDI-TOF) of P3HT:PCBM blends exposed
to light in air, suggested as a possible deterioration mechanism
the chemisorption of atomic oxygen to the C60 cage. On the
contrary, Bao et al.,14 by core level and valence band xray photoelectron spectroscopy (XPS) observe no chemical
bonding between oxygen and the C60 cage of PCBM molecules
exposed to an O2 atmosphere.
As shown by Volonakis et al.15 in a theoretical study of the
PCBM crystal, the presence of oxygen can create new states
in the band gap which act as traps and recombination centres
reducing charge mobility and thus the OPV’s efficiency. In
this study, we have focused on the interaction of atomic and
molecular oxygen with the single PCBM molecule and have
investigated by means of density functional theory (DFT) the
influence of oxygen adsorption on the O1s XPS and near-edge
x-ray absorption fine structure (NEXAFS) spectra. The aim is
to offer guidelines for X-ray spectroscopy experiments which
can probe oxygen adsorption to the molecule. We show that
by a joint O1s XPS and NEXAFS investigation, it is possible
to determine not only if either atomic or molecular oxygen
is attached to the cage but also the configuration in which
the atoms are adsorbed, forming an epoxide (the oxygen
across two neighbouring hexagons, denoted here as a 6-6
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configuration) or an open isomer (the O across a pentagon and
hexagon: 5-6 configuration). Our study is relevant not only for
photovoltaics but also in the field of fullerene chemistry, since
the combination of O1s XPS and NEXAFS can be used to
indicate which PCBM-O isomer is formed under a particular
reaction.
II. COMPUTATIONAL METHODS

The geometry of several configurations of PCBM with
one or two oxygen atoms adsorbed on the fullerene cage
(Fig. 1) was optimized using the B3LYP functional16 in
combination with the 6-31G(d,p) basis set17 implemented in
the Gaussian 09 quantum chemistry software.18 The optimized
geometry was then used to determine the O1s NEXAFS
spectra by calculating the transition probabilities from oxygen
1s orbitals to unoccupied molecular levels. These transition
matrix elements were calculated by means of the gradientcorrected DFT software StoBe19 in the dipole approximation
using the exchange functional by Becke20 and the correlation
functional by Perdew.21 The transition potential method which
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assumes that the core excited level is half occupied was used
to account for relaxation effects.22,23 A single NEXFAS
spectrum was obtained for each oxygen atom in the molecule.
Each spectrum was shifted to the Kohn-Sham ionization
potential (IPKS) calculated as the difference between the total
energy of the molecule in presence of a core hole on the
specific atom and the ground state energy. The IPKS was
used in addition to construct the core level XPS spectra.
After the shift, the single-atom NEXAFS spectrum was
broadened using a gaussian function of variable full width
half maximum (fwhm) as performed in our previous study.24
The total spectrum was obtained by averaging the signal of
the component atoms. In the case of the XPS spectra, a
gaussian broadening with a constant full width half maximum
of 1.0 eV was performed in order to simulate the spectrometer
resolution and to facilitate the comparison to experiment.
The total core level XPS was obtained by summing up the
single-atom spectra. Both XPS and NEXAFS spectra were
shifted in order to match the experimental first peak. All the
XPS spectra were shifted by 5.2 eV towards lower binding
energies, while the NEXAFS spectra were shifted by 0.6 eV

FIG. 1. Optimized geometries of
PCBM with one adsorbed oxygen
atom (a), with 2 oxygen atoms (b),
and with an adsorbed oxygen molecule
(c). C atoms are depicted in grey,
pristine-PCBM O atoms are depicted
in blue (C–O–C) and purple (O==C),
while the additional O atoms are either
orange (6-6 configuration) or yellow
(5-6 adsorption site). The inset contains
the average bond lengths in pristine
PCBM alongside a representation of
the molecule. In the inset, C–C bonds
across two hexagons (double bonds)
are dark grey, while bonds across a
pentagon and a hexagon (single bonds)
are light grey.
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towards higher photon energies. The shift of 0.6 eV in the
case of the NEXAFS spectrum accounts for relativistic effects
(mass velocity and Darwin term).25
Figure 1 depicts the optimized geometries of the PCBM
with oxygen configurations that were analysed. Before
describing each of them, it is important to enumerate a
few structural properties of the fullerene cage. The C60
molecular moiety of PCBM consists of 60 carbon atoms
disposed in 20 hexagons and 12 pentagons. The atoms in
the cage are approximately sp2 hybridized with the exception
of the two carbons at the attachment point which form 4σ
bonds and present therefore sp3 character.26 As demonstrated
by several different experimental and theoretical studies,27–34
the bonds across two hexagons (6-6) are shorter than the
bonds across a pentagon and a hexagon (5-6). Therefore, the
most stable Kekulé structure of C60 consists of alternating
double bonds at the junction between hexagons and single
bonds at the pentagon-hexagon junctions.26,35 According to
our calculations, in the pristine PCBM molecule, the 6-6 bonds
are shorter by approximatively 0.05 Å than the 5-6 bonds.
This is in line with a series of experimental measurements
performed on the C60 fullerene which obtained differences in
bond length of approximately 0.05 Å–0.10 Å31–34 between the
two types of bonds, with the 6-6 ones longer.
When it comes to oxygen adsorption, three distinct cases
have been analysed: (a) 4 configurations with one chemisorbed
oxygen atom (PCBM-O, Fig. 1(a)), (b) 6 configurations
involving two chemisorbed atoms (PCBM-2O, Fig. 1(b)), and
(c) 3 configurations where the undissociated O2 molecule was
either chemisorbed or placed in the vicinity of the fullerene
cage (PCBM-O2, Fig. 1(c)). The adsorption was performed
on a 6-6 site (across two hexagons - Fig. 1 a1, a3, a4, b1,
b4, and c1), on a 5-6 site (across a pentagon and a hexagon Fig. 1 a2, b3, b6, and c2), or on a combination of both (Fig. 1
b2 and b5). The atoms were placed either on the opposite
side, in the middle of the cage, or close to the side-chain. In
the case of the O2 molecule placed 4 Å away from the C60
molecular moiety, both the singlet and the triplet electronic
configurations for the oxygen were analysed. For the triplet
state, separate calculations were performed for the spin up
(majority - α) and spin down (minority - β) electrons with the
total spectrum being obtained as the sum (XPS) or weighted
sum (NEXAFS) of the single atom components as described
above.
The structures were compared to each other from the
point of view of their relative binding energies, geometries,
and lowest unoccupied molecular orbital (LUMO) position.
The relative binding energy per oxygen atom, (E R ), was
defined as
1
E R = EPCBM + EO2 − EPCBM−O,
2

1
E R = EPCBM + EO2 − EPCBM−2O ,
2

1
E R = EPCBM + EO2 − EPCBM−O2 ,
2

EPCBM−O2 are the calculated energies of the PCBM with the
adsorbed oxygen. E R represents the energy difference between
the system (PCBM with adsorbed oxygen) and its isolated
parts (PCBM, O2) normalized to the number of adsorbed
atoms.
Zero-point corrections were also performed and the
corresponding corrected relative binding energies (E Z PC )
were calculated using the same equations (Eqs. (1)–(3)).
The particular structures (Table I) were chosen in order
to shed light on the influence of adsorption site, placement on
the cage, and the nature of the adsorbate (atomic or molecular
oxygen) on the O1s XPS and NEXAFS spectra.

III. EXPERIMENTAL METHODS

Thin films of PCBM were prepared by spin-coating from
a PCBM (99.5%, Solenne BV, The Netherlands) solution
in chloroform with a concentration of 12 mg/ml. The spincoating was performed in protected atmosphere in a glove-box
under yellow light with a spin speed of 3000 rpm during 60 s.
Prior to spin-coating, the solutions, prepared in glove-box,
were heated over night at 60 ◦C. The substrates were n-type
Si(0 0 1) with a resistivity of 0.001-0.003 Ω cm that were
cleaned according to the standard RCA method without the
final HF-etching step.36–38 The films were protected from
ambient light and air until measurement by using a custom
built transfer box to the UHV system.
NEXAFS measurements were done at beam-line D1011
of the MAX-lab National Laboratory for Synchrotron
Radiation in Lund, Sweden. Total electron yield spectra
(TEY) were obtained by collecting the sample drain current.
The spectra were measured at the magic angle, 55◦ incidence
relative to the sample surface. The spectra were divided by
the corresponding spectrum of a freshly in situ Ar-sputtered
Au/Mica sample and then normalized in the high photon
energy region according to the “Stable monitor method.”39,40
The XPS measurements were performed using the same
equipment as for NEXAFS with the difference that the
photoelectrons were collected with a VG Scienta SES200
analyser in the sample normal direction. The binding energy
scale in XPS spectra was referenced to the Fermi level, as
measured on a freshly in situ Ar-sputtered Au/Mica sample.

TABLE I. Overview of the studied structures.
Placement
Name

Adsorbate

Opposite

Middle

Tail
6-6

(1)

PCBM-O

1 O atom

6-6
5-6

6-6

(2)

PCBM-2O

2 O atoms

6-6 6-6
6-6 5-6
5-6 5-6

6-6 6-6
6-6 5-6
5-6 5-6

(3)

where EPCBM is the calculated ground state energy of the
pristine molecule; EO2 is the ground state energy of an oxygen
molecule in the triplet state; and EPCBM−O, EPCBM−2O, and

PCBM-O2

O2 molecule

6-6
5-6
at 4 Å 1O2
at 4 Å 3O2
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TABLE II. Relative binding energies per oxygen atom (E R ), zero-point corrected relative energies (E Z PC ), and
LUMO position for all the studied PCBM-O structures.

Adsorbate

Placement and
adsorption site

ER (eV)

EZPC (eV)

LUMO (eV)

None

Pristine PCBM

...

...

−3.091

1 O atom

Opposite 6-6
Opposite 5-6
Middle 6-6
Tail 6-6

0.59
0.68
0.53
0.68

0.55
0.65
0.49
0.63

−3.19
−3.14
−3.12
−3.19

2 O atoms

Opposite 6-6 6-6
Opposite 6-6 5-6
Opposite 5-6 5-6
Middle 6-6 6-6
Middle 6-6 5-6
Middle 5-6 5-6

0.69
0.74
0.23
0.61
0.65
0.67

0.65
0.70
0.21
0.57
0.61
0.64

−3.27
−3.22
−3.29
−3.22
−3.17
−3.22

O2 molecule

Opposite 6-6
Opposite 5-6
Opposite at 4 Å 1O2
Opposite at 4 Å 3O2

−0.05
−0.47
−1.85
0.002

−0.09
−0.50
−0.85
0.001

−3.27
−3.71
−4.76
−3.093

The spectra intensity was normalized to photon flux and a
Shirley background was removed.

IV. RESULTS

In the following, we present a thorough characterization
of the calculated results for the three cases of PCBM with
adsorbed oxygen (PCBM-O, PCBM-2O, and PCBM-O2). In
the first section, all the optimized structures are described and
compared, while the last two sections treat, case by case, the
calculated O1s XPS and NEXAFS spectra.
A. Optimized geometries
1. PCBM-O

The optimized structures of PCBM with one O atom
adsorbed to the fullerene cage are represented in Figure 1(a),
alongside the most relevant bond lengths. The corresponding

electronic properties, including the binding energies, are
displayed in the first section of Table II. The bond lengths at
the adsorption site are given in Table III. From a structural
point of view, the three epoxide isomers (6-6 adsorption site,
Fig. 1 a1, a3, and a4) are similar. The C–O bond is in all cases
1.42 Å, while the C–C bond at the adsorption site is stretched
to approximately 1.54 Å for all three structures (Table III).
This value suggests that the π bond across two hexagonal
faces in pristine PCBM (1.4 Å) breaks and the atoms remain
connected only by a σ bond.
In contrast, the adsorption of an oxygen atom on a 5-6
site (open isomer) affects the cage structure more strongly
and results in completely breaking the single bond at the
pentagon-hexagon junction. The two carbon atoms involved
are pushed to approximately 2.15 Å away from each other
and the C–O bond is shorter by 0.3 Å, as compared to the 6-6
case.
Energetically, the open isomer is predicted to have a
higher relative binding energy by 0.09 eV (Table II) than

TABLE III. C–C, C–O bond lengths at the adsorption site for the analysed PCBM-O structures.
Adsorbate

Placement and site

Figure

C–C (Å)

C–O (Å)

1 O atom

Opposite 6-6
Opposite 5-6
Middle 6-6
Tail 6-6

1 a1
1 a2
1 a3
1 a4

1.54
2.15
1.55
1.53

1.42
1.39
1.42
1.425

2 O atoms

Opposite 6-6 6-6
Opposite 6-6 5-6
Opposite 5-6 5-6
Middle 6-6 6-6
Middle 6-6 5-6
Middle 5-6 5-6

1 b1
1 b2
1 b3
1 b4
1 b5
1 b6

1.53 1.53
1.57 2.18
1.58 1.58
1.54 1.54
1.54 2.15
2.15 2.15

1.425 1.425
1.42 1.38
1.425 1.425
1.42 1.42
1.42 1.39
1.39 1.39

O2 molecule

Opposite 6-6
Opposite 5-6
At 4 Å 1O2
At 4 Å 3O2

1 c1
1 c2
1 c3
1 c3

1.57
1.59
Pristine
Pristine

1.45
1.46
4.0 (unoptimized)
4.0 (unoptimized)
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FIG. 2. A simplified model of the oxygen adsorption process and the rearrangement of the π components of the double bonds in the case of [5,6]PCBM-2O (a) and [5,6]-PCBM-O2 (b). Single bonds are depicted in light
grey, while double bonds are depicted as two parallel lines (dark grey and
red). The black arrows mark the oxygen adsorption. The inset contains the
relevant calculated bond lengths before and after oxygen adsorption. The
shorter bonds (i.e., double bonds in character) are marked in bold in the table.

the epoxide. This appears to be in contrast to studies of
C60O showing that the formation of the epoxide is more
probable.41–43 In our calculations, in fact, if the additional
atom is not specifically placed across a 5-6 bond, the PCBM
with oxygen relaxes to the epoxide, suggesting a larger energy
barrier between the pristine molecule and the [5,6]-PCBM-O
even if the overall binding energy is higher in the latter.
2. PCBM-2O

The optimized geometries show similar trends as the
PCBM with one oxygen case. More specifically, a 6-6 adsorption results in the breaking of the π component of the double
bond with the sp2 hybridized C atoms becoming sp3 hybridized. On the other hand, the oxygen adsorbed on a 5-6 site
breaks the C–C single bond, pushing the C atoms, which remain sp2 hybridized, as far apart as 2.18 Å as seen in Table III.

The exception is the case of two separate oxygen atoms
adsorbed on 5-6 sites from the same hexagon (Fig. 1 b3).
In this case, the O chemisorption results in the breaking of
the π component of the adjacent double bonds instead of the
single ones across the pentagon-hexagon at the adsorption
site (Fig. 2(a)). The result is similar to the 6-6 case as the
carbons involved in C–O bonds become sp3 hybridized. This is
possible because the two double bonded C atoms in the pristine
molecule form single bonds with a different O atom in PCBM2O at the same time. The process is illustrated in Figure 2(a),
while the calculated bond lengths before and after oxygen
adsorption can be found in the figure inset. The process will
provide insight in the analysis of the O1s XPS and NEXAFS
spectra to be discussed in the following sections.
3. PCBM-O2

The optimized structure of the PCBM with an O2 molecule
adsorbed on a 5-6 site is very similar to the [6,6]-PCBM-O2
geometry. The O–O bond length is in both cases 1.5 Å, the
C–O is 1.45-1.46 Å while the C–C is 1.57 Å in the case of the
6-6 adsorption site and 1.59 Å in the case of the 5-6 one. In
both cases therefore, the sp2 hybridized carbon atoms become
sp3 hybridized. The explanation is straightforward in the 6-6
structure, since the formation of two new C–O bonds leads to
the scission of the π component in the double bond with only
a σ bond remaining. In the case of the 5-6 structure, the C
atoms are pushed away from each other, but the single bond
at the pentagon-hexagon junction does not break. Instead, the
adjacent double bonds are affected and rearrange as depicted
in Figure 2(b). The 6-6 carbon atoms remain σ bonded, while
the π components of the double bonds move to the empty 5-6
sites of the hexagon to which O2 is adsorbed.
In the cases when O2 is placed 4 Å away from the C60
molecular moiety (Fig. 1 c3), the structures are not optimized.
A singlet and, respectively, a triplet O2 molecule with the
O double bonded at 1.21 Å were positioned away from the

TABLE IV. Peak positions for the calculated O1s XPS spectra. In the case of PCBM with two adsorbed atoms,
when only 1 value is given, the two coincide. When two values are given, the first corresponds to the first
adsorption site, while the second corresponds to the second adsorption site.
Adsorbate

Placement and site

C–O–C (eV)

O= C (eV)

533.41

531.50

1 O atom

Opposite 6-6
Opposite 5-6
Middle 6-6
Tail 6-6

533.43
533.42
533.41
533.41

531.52
531.51
531.50
531.53

532.30
532.79
532.28
532.19

2 O atoms

Opposite 6-6 6-6
Opposite 6-6 5-6
Opposite 5-6 5-6
Middle 6-6 6-6
Middle 6-6 5-6
Middle 5-6 5-6

533.45
533.44
533.45
533.44
533.43
533.42

531.55
531.54
531.54
531.53
531.52
531.59

532.39
532.40 532.83
532.29
532.32 532.34
532.78 532.79
532.79 532.78

O2 molecule

Opposite 6-6
Opposite 6-5
At 4 Å 1O2
At 4 Å 3O2

533.46
533.46
533.48
533.41

531.55
531.54
531.57
531.50

532.12
531.84
531.79 531.71
532.55α 532.27 β

Pristine

Extra oxygen(s) (eV)
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fullerene cage of the pristine PCBM previously optimized.
Only a single-point energy calculation was performed and the
XPS and NEXAFS spectra were determined for comparison
with the two chemisorbed cases.
4. Optimized geometries overview

It is important to summarize the results of the preceding
paragraphs and highlight a number of general conclusions
which will become relevant for the analysis of the O1s XPS
and NEXAFS spectra. First of all, the adsorption of an oxygen
atom on a 6-6 site on the fullerene cage results in the scission
of the π component of the C–C double bond. In other words,
the sp2 hybridized C becomes sp3 hybridized when it binds
to an O atom. In contrast, the chemisorption onto a 5-6 site
determines the breaking of a C–C single bond, meaning that
the two atoms directly connected to the oxygen adsorbate
remain sp2 hybridized carbons. This conclusion does not hold
if two O atoms sit on 5-6 sites from the same hexagon. In
this case, the C–C single bond does not break, instead the π
components of the adjacent C–C double bonds are the ones
affected. In the case of molecular oxygen chemisorption, the
6-6 and 5-6 structures are very similar, since in both cases the
C atoms bonded to oxygen become sp3 hybridized.
B. O1s XPS
1. Pristine PCBM and PCBM-O

The pristine PCBM O1s XPS spectrum is presented in
Figure 3(a) in comparison with experimental data measured
using a photon energy of 590 eV. The signal consists of two
peaks denoted 1 and 2 in the figure. The first peak is centred
around 533.41 eV binding energy (Table IV) and is related
to the ionization of the 1s state of the single bonded oxygen
(C–O–C) of the pristine PCBM side-chain (represented in blue
in Fig. 1). The second peak arises at lower binding energy
(532.05 eV in the experiment) and originates in the ionization
of 1s electrons from the double bonded oxygen (O==C) in the
side-chain of the pristine molecule (represented in purple in
Fig. 1). The calculated position of peak 2 is lower in energy
(by 0.55 eV) as compared to the experiment (note that the

J. Chem. Phys. 142, 054306 (2015)

calculation was shifted to match the experimental first peak by
5.2 eV towards lower binding energy accounting for the work
function), but nonetheless, the experiment-theory comparison
is good and allows for clear peak assignment.
The XPS spectra of PCBM with one O atom are presented
in Figures 3(b) and 3(c). The two epoxides having the
O atom placed in the equatorial region of the C60 cage
and, respectively, in the vicinity of side-chain show XPS
signals which are very similar to the [6,6]-PCBM-O with the
oxygen opposite to the tail. These two spectra are included
in the supplementary material,44 Fig. 1. In all cases, the
peak originating from the adsorbed oxygen is situated in
between the two side-chain peaks. Moreover, there is a clear
difference between the epoxide (Fig. 3(b)) and the open isomer
(Fig. 3(c)). An oxygen adsorption on a 6-6 site results in the
emergence of an additional XPS band closer in energy to
the peak corresponding to the O double bond (O==C), thus
enhancing peak 2 in the total spectrum. On the contrary, the
oxygen atom chemisorbed on a 5-6 site contributes largely to
the first peak in the total spectrum, since the additional peak is
closer in energy to the C–O–C band at higher binding energy.
2. PCBM-2O

The O1s XPS spectra of PCBM having two O atoms
attached to the fullerene cage are similar in trends to the
PCBM-O case. The atoms adsorbed on a 6-6 site give rise
to lower binding energy peaks, while the 5-6 adsorbed
O contribute to the higher binding energy region. More
specifically, when both atoms chemisorb on a 6-6 site
(Fig. 4(a)), the total spectrum presents a largely enhanced
2nd peak. In the case of a combination of both 6-6 and 5-6
adsorption (Fig. 4(b)), the result is a total spectrum with less
well resolved peaks and a relatively more enhanced 1st peak.
The reason for this enhancement is the fact that the 5-6 band
is closer in energy to the C–O–C than is the 6-6 band to the
O==C.
When both oxygen atoms are adsorbed on a 5-6 site,
two distinct cases were identified. First of all, when the two
atoms are adsorbed in different hexagons of the fullerene cage
(Fig. 4(d)), the result is similar to the PCBM-O case. The
two extra oxygen atoms both contribute to the higher binding

FIG. 3. O1s XPS calculated spectra of pristine PCBM (a) and two configurations of PCBM with one oxygen adsorbed on the fullerene cage: opposite of the
side-chain in a 6-6 site (b) and opposite of the side-chain in a 5-6 site (c). The experimental spectrum of PCBM is shown in comparison with the calculated
spectrum of the pristine molecule (a). The arrows mark the peak being enhanced due to the presence of the additional O atom. The band originating from the
5-6 oxygen is depicted in yellow (c), while the band originating from the 6-6 oxygen is marked in orange (b). The peaks related to the side-chain oxygen atoms
are blue and purple, respectively, consistent with the colouring used in Fig. 1.
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FIG. 4. O1s XPS calculated spectra of
several configurations of PCBM with
two O atoms adsorbed on the fullerene
cage: opposite of the side-chain with
both atoms on 6-6 sites (a), opposite of
the side-chain, one O on a 6-6 site, one
on a 5-6 site (b), opposite to the sidechain, both atoms on 5-6 sites from the
same hexagon (c), and in the equatorial
region, both atoms on 5-6 sites (d).

energy side of the spectrum, resulting in a total signal with a
largely enhanced peak 1.
In contrast, if the O atoms are located on 5-6 sites from
the same hexagon (Fig. 4(c)), the total signal is very similar
to the epoxide isomer cases (adsorption on a 6-6 site). This
can be explained by the fact that the local geometry of the
[5,6]-PCBM-2O isomer with the 2 O in the same hexagon is
very similar to the PCBM-O with the adsorbate on a 6-6 site.
The O chemisorption does not break the C–C single bond at
the adsorption site but affects the adjacent π bonds instead.
3. PCBM-O2

For the PCBM-O2 structures, the chemisorbed oxygen
cases (Figs. 5(a) and 5(b)) give rise to XPS signals, which
are very similar to the singlet O2 calculated spectrum
(supplementary material,44 Fig. 3). In all these three cases,
the additional oxygen signal contributes largely to peak 2.
The total spectrum consists therefore of two well resolved
peaks, the lower binding energy one being greatly enhanced.
The fact that there is no clear difference between a 5-6 and

a 6-6 adsorption can be explained by the similarity in their
optimized geometries. During O2 chemisorption on a 5-6 site,
the single bond across the pentagon and hexagon does not
break. The C atoms at the adsorption site remain σ bonded,
while the π bonds rearrange in the hexagonal ring. On the other
hand, the triplet oxygen placed 4 Å from the cage gives rise to
a slightly asymmetric total spectrum, more intense in the peak
2 region but with low resolution of peaks 1 and 2 (Fig. 5(c)).
The reason for this is that the calculated IP values differ in
the case of the spin up electrons (majority - α) and spin down
electrons (minority - β) by 0.22 eV. Ionizing from the spin up
gives rise to a peak located at higher binding energies closer in
energy to the C–O–C band, while an ionization of an O1s spin
down electron results in the emergence of an additional peak
slightly closer to the O==C band. This difference in IPs arises
from the difference in the exchange interactions involving the
α and β electrons of the open-shell O2 molecule. The removal
of a spin up electron leads to the formation of a doublet ionic
state (having a 1/2 total spin), while the removal of a spin
down electron results in a quadruplet final state (having a 3/2
total spin).39

FIG. 5. O1s XPS calculated spectra of three configurations of PCBM with molecular oxygen adsorbed to the cage opposite of the side-chain: (a) the O2 molecule
chemisorbs on a 6-6 site, (b) the chemisorption takes place on a 5-6 site, and (c) the O2 is placed at 4 Å away from the C60 cage.
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4. XPS results overview

In brief, by comparing the three sets of results (PCBM-O,
PCBM-2O, and PCBM-O2), it is possible to draw a number
of general conclusions. First of all, the adsorption of either
an oxygen atom or a molecule results in the emergence of an
additional peak situated in between the two O1s peaks of the
pristine PCBM.
Second, in all the cases, where the C–C single bond at the
5-6 adsorption site breaks, the additional O1s band contributes
to the higher binding energy peak in the total spectrum. On
the other hand, when only π C–C bonds are affected, the extra
oxygen contributes to the lower binding energy region. The
O1s XPS can thus be used to reveal if any C–C single bond
breaks during oxygen chemisorption on the fullerene cage.
The adsorption of molecular oxygen in the singlet state
is related to a strong enhancement of the well-resolved peak
2 in the total spectrum. The triplet (ground state) oxygen
determines instead a slightly asymmetric total spectrum, with
the second band (O==C) region more intense and a low
resolution between the two bands.
Even though the O1s XPS can offer valuable insight
into the breaking of cage carbon single bonds, it is by
itself not enough to uniquely point towards the type of
adsorption site or the nature of the adsorbate. An additional
spectroscopy is needed for gaining this extra information.
We have therefore calculated the theoretical NEXAFS spectra
since this technique can probe the energies of the unoccupied
molecular orbitals, and in addition, is more sensitive to the
chemical environment around the core excited atom.
C. O1s NEXAFS
1. Pristine PCBM and PCBM-O

The calculated NEXAFS spectrum of the pristine
molecule is shown in Figure 6(a), alongside the experimental
spectrum of the unexposed PCBM film. The measured signal
presents four bands denoted with numbers (1-4) in the figure.
Two separate regions are identified by π ∗ (the 1st peak
followed by peaks 2 and 3) and σ ∗ (peak 4 and above).39 The
calculated total spectrum compares well to the experiment
(note that a 0.6 eV shift towards lower photon energies was
performed to align the calculated spectrum of the pristine
molecule to the experimental first peak; this shift is related to
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relativistic effects not accounted for by the calculation25) and
the analysis of the separate contributions (O==C and C–O–C)
allows for clear peak assignment. The first experimental band,
centred around 531.0 eV, originates exclusively in the double
bonded oxygen of the side-chain (in purple, Figs. 1 and 6(a)),
while peaks 2 (533.7 eV), 3 (535.6 eV), and 4 (538.9 eV)
are mainly due to excitations of 1s electrons from the single
bonded oxygen of the PCBM side chain (in blue, Figs. 1 and
6(a)).
The calculated NEXAFS spectra of PCBM with one O
atom adsorbed on the cage in positions opposite to the side
chain are depicted in Figures 6(b) and 6(c). The other two
6-6 positions on the cage are presented in the supplementary
material44 and give rise to NEXAFS spectra very similar
to the [6,6]-PCBM-O isomer (Fig. 6(b)). The individual
contribution of the additional atom is marked in orange (for a
6-6 adsorption) or yellow (for a 5-6 adsorption). Irrespective of
the placement on cage, chemisorption on a 6-6 site (Fig. 6(b))
results in the emergence of a shoulder to peak 1 (denoted
S in the figure), approximately 1 eV higher in energy. In
addition, another common feature to these three cases is the
enhancement of peak 3. From being lower in intensity in the
pristine molecule, it becomes as intense as peak 4 as a result of
6-6 adsorption. On the other hand, the 5-6 structure (Fig. 6(c))
almost completely lacks shoulder S and has a largely enhanced
peak 4 with essentially no change in the intensity of peaks 2
and 3.
It is important to note that in the calculated NEXAFS
spectra of all the four PCBM-O structures, the contribution
of the additional oxygen atom is very similar in shape to
the C–O–C contribution. More specifically, it lacks the strong
π ∗ peak, having instead several lower intensity bands in the
region of peaks 2 and 3 (6-6 adsorption) or in the σ ∗ region
(5-6 adsorption). This is consistent with the fact that the
additional O, bridging between carbon atoms of the cage, is
involved in two single bonds with these atoms just as the
side chain single bonded oxygen forms bonds with 2 carbons
(C–O–C).
2. PCBM-2O

As it was the case with the O1s XPS, the trends observed
in the NEXAFS of PCBM-2O (Fig. 7) are similar to the ones
of PCBM-O. The atoms adsorbed on 6-6 site develop the S

FIG. 6. Calculated O1s NEXAFS spectra of pristine PCBM (a) and two configurations of PCBM with one oxygen adsorbed on the fullerene cage, opposite of
the side-chain: on a 6-6 site (b), and on a 5-6 site (c). The experimental TEY NEXAFS spectrum of PCBM is shown in comparison with the calculated signal of
the pristine molecule (a). The arrows mark the emerging additional peaks due to the adsorbed O atom.
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FIG. 7. Calculated O1s NEXAFS spectra of several configurations of PCBM
with two O atoms adsorbed on the
fullerene cage: opposite of the sidechain, both atoms on 6-6 sites (a), opposite of the side-chain, one O on a 6-6
site, the other on a 5-6 site (b), opposite
to the side-chain, both atoms on 5-6
sites from the same hexagon (c), and in
the equatorial region, both atoms on 5-6
sites (d).

shoulder and contribute to peak 3, while the 5-6 adsorbed
atoms have a strong band in the σ ∗ region, contributing in the
majority of cases to peak 4.
In detail, the adsorption of both O atoms on 6-6 sites
(Fig. 7(a)) determines the emergence of shoulder S in the
vicinity of the 1st peak, 1 eV higher in energy. Moreover,
peak 3 increases in intensity and becomes comparable to
peak 4.
The adsorption of one atom on a 6-6 site and the other
on a 5-6 site (Fig. 7(b)) results in a combination of the two
effects described in the PCBM-O paragraph: the emergence
of the S-shoulder and enhancement of peak 3 on the one
hand, and the strong growth in the intensity of peak 4 on the
other hand. The analysis of the separate contributions from the
additional oxygen atoms reveals that the 6-6 O is the origin of
the shoulder and of the peak 3 enhancement, while the 5-6 O
is responsible for the intensity growth of peak 4 (Fig. 7(b)).
Finally, when both atoms adsorb on 5-6 sites (Figs. 7(c)
and 7(d)), two different cases can be identified. The structure
with the two atoms located in distinct hexagons highly
resembles the corresponding PCBM-O case, in other words,
the intensity of peak 4 grows significantly. On the other hand,
when the oxygen atoms are adsorbed in the same hexagon
(Fig. 7(c)), there is no increase in peak 4. Instead, a new
feature emerges in between peaks 3 and 4, accompanied by a
slight increase in the 2nd peak’s intensity. Important to note
is the fact that both cases described above almost completely
lack shoulder S (which thus becomes a fingerprint of the 6-6
adsorption) in the total spectrum.

lower photon energy than the O==C band. The σ ∗ region
becomes quite low in intensity when compared to the new
feature. This is an indication that the LUMO in the presence
of the half core hole is shifted to higher binding energies and
becomes localized at the adsorption site during core excitation
(supplementary material,44 Fig. 7).
The PCBM-O2 structure having the molecule chemisorbed on a 6-6 site (Fig. 8(a)), in addition to the features
already described, presents a shoulder at the high energy
side of the π ∗ peak (0.6 eV higher) similar to the other 6-6
structures discussed in the previous paragraphs. This shoulder
is nonetheless closer in energy to the π ∗ than it is in these
other cases.
When O2 is placed in the vicinity of the cage (Fig. 8(c)),
a strong peak develops 1 eV before the π ∗. The new feature is
more intense and located at lower photon energy (by 0.5 eV)
as compared to the same band from the chemisorbed cases.
Nevertheless, this highly intense peak is characteristic to all
the four O2 structures and is in this case a fingerprint of the
oxygen-oxygen bond.
In the case of the triplet O2, excitations from the
α (majority) and β (minority) electrons give different
contributions to the total signal. It is in fact the spin down ( β)
electrons which are exclusively responsible for the strong low
photon energy peak, while the spin-up electrons contribute
only to the σ ∗ region. This is because the transition of a
spin-up electron to the singly occupied molecular orbital
in the triplet O2 valence band is not allowed by the Pauli
exclusion principle and the dipole selection rules39 and only
the spin-down electrons can undergo this excitation (Fig. 8(d)).

3. PCBM-O2

All the four structures with molecular O2 adsorbed to
the fullerene cage are very similar to each other (Fig. 8 and
supplementary material44 Fig. 6). The additional oxygen is
responsible for the emergence of a very strong peak at slightly

4. NEXAFS results overview

The comparison of the three distinct oxygen adsorption
structures (PCBM-O, PCBM-2O, and PCBM-O2) reveals a
number of general trends. First, in all cases where oxygen
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FIG. 8. Calculated O1s NEXAFS spectra of three configurations of PCBM
with molecular oxygen adsorbed to the
cage opposite of the side-chain: the O2
molecule chemisorbs on a 6-6 site (a),
the chemisorption takes place on a 56 site (b), and the triplet O2 is placed
at 4 Å away from the C60 cage (c).
A schematic representation of the electronic levels of an isolated O2 molecule
in the triple state39 is represented alongside (d).

is adsorbed onto a 6-6 site, a new shoulder emerges at
approximately 1 eV higher photon energies than the π ∗
NEXAFS peak (the value is 0.6 eV in the case of [6,6]PCBM-O2). This shoulder could be used as a fingerprint of
the 6-6 adsorption.
Second, when oxygen is adsorbed on a 5-6 site, the shoulder is absent and an increase in intensity in the σ ∗ region,
especially peak 4, is observed instead. Enhancement of the σ ∗
could be used therefore as an indication of 5-6 adsorption of
atomic oxygen.
The presence of molecular oxygen, either chemisorbed
on the cage or placed in its vicinity, results in the emergence
of a highly intense peak situated at lower photon energy than
the π ∗, the total spectrum being in addition characterized by a
low intensity σ ∗ region.

V. DISCUSSION

The spectroscopic signatures in O1s XPS and NEXAFS
can be used for fingerprinting the type of chemical interaction
when the exclusive presence of oxygen is known or controlled.
To be more specific, we have shown that the occurrence of
oxygen, either chemisorbed or present in the vicinity of the
cage is related to an asymmetry between peaks O==C and
C–O–C in the XPS (note that our study only includes pure
oxygen and no other molecular groups containing O atoms).
The molecular oxygen adsorption is clearly indicated by
the emergence in the NEXAFS spectrum of a strong peak
situated at lower photon energy compared to the π ∗ band and

by the low intensity of the σ ∗ region, while an adsorption
on a 6-6 site results in the emergence of a higher photon
energy shoulder to the π ∗. We have demonstrated as well that
NEXAFS spectroscopy can be used to identify 5-6 adsorbed
oxygen atoms since this type of adsorption leads to strong
enhancement of the σ ∗ region, in particular, peak 4. Moreover,
a highly intense peak 2 (C–O–C) in the O1s XPS indicates
that a C–C single bond has been broken at the adsorption site.
The formation of PCBM-O or PCBM-O2 can compromise
the performance of OPV devices since the interaction with
each oxygen atom is responsible for a slight increase in the
LUMO binding energy.9 The LUMO of the electron acceptor
is directly linked to the maximum open circuit voltage (Voc)
that can be obtained by the solar cell and a shift downwards
in the LUMO position means a decrease in Voc.45 In addition,
the modification of the LUMO could also mean a stronger
localization and the creation of traps favourable to electronhole recombination15 leading to losses in current for the OPV
device. It is therefore crucial to determine whether oxygen
adsorbs to PCBM before or during device functioning and
the combination of O1s XPS and NEXAFS spectroscopies
provides a reliable method to do so.

VI. CONCLUSIONS

In summary, we have analysed the O1s XPS and NEXAFS
spectra of pristine PCBM and of several configurations of
PCBM with one oxygen atom, two oxygen atoms, and, respectively, one oxygen molecule adsorbed to the C60 molecular
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moiety. Two different possible sites for oxygen adsorption
were studied for each structure: O adsorption onto 6-6 sites
and onto 5-6 sites. Our results show that the combination of
O1s XPS and NEXAFS can give important insight into not
only the nature of the adsorbate (atomic or molecular oxygen)
but also into the type of adsorption site and the nature of the
bonds that break in the fullerene cage as a result of O chemisorption.
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