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Insights into vibrational and electronic properties of
(6,6)-phenyl-C61-butyric acid methyl ester (PCBM) chemical bonding

with (CuO)n clusters: a DFT study

C E Martinez-Nuñez1∗, Y Delgado-Beleño1, M Cortez-Valadez2, O Rocha-Rocha1,
Ramón A B Alvarez 1, M Flores-Acosta2

Density functional theory (DFT) was used to study the electronic and vibrational proper-
ties of the chemical bond between the [6,6]-phenyl-C61-Butyric acid methyl ester (PCBM)
and (CuO)n clusters. After chemical adsorption, the HOMO orbitals of PCBM primarily
shifted towards (CuO)n, leading to a noticeable reduction in the band gap. Similarly, the
bond established is responsible for the spatial redistribution of boundary orbitals, mainly
towards the clusters. In addition, the orbital analysis revealed that the primary contribu-
tions to the chemical bond originated from the Cu atoms. The PCBM Raman intensity
shows a meaningful enhancement consequence of the chemical bond established with the
clusters. In addition, new normal modes of PCBM are observed in the Raman activity
spectrum after the chemical adsorption.

I Introduction

Experiments carried out by Kroto et al. led
to the discovery of a special type of fullerene
known as buckminsterfullerene, C60 [1, 2]. Conse-
quently, several experimental and theoretical inves-
tigations have been realized to determine its geo-
metrical, chemical, physical, and biological proper-
ties, among others [3–5]. The inherent properties
of C60 have been used to develop a great number
of applications in different fields of science [6]. Re-
cent reports show some fullerenes’ derivatives ex-
hibit outstanding biological properties, such as an-
tioxidant and antibacterial, as a consequence, and
have been used in therapies for conditions such as
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osteoporosis and HIV, among others [7, 8]. Simi-
larly, studies have been carried out on the devel-
opment of renewable energies [9, 10]. Among the
C60 derivatives, the [6,6]-phenyl-C61-Butyric acid
methyl ester, PCBM, [11] has been used to syn-
thesize efficient organic solar cells, nano biological
devices, and other applications due to its thermal
and optical properties [12–17]. Additionally, theo-
retical research using the density functional theory,
DFT, and time-dependent density functional the-
ory, TD-DFT, [18] has been employed to study the
optical and vibrational properties of PCBM and
its complexes [19, 20]. Additionally, Surface En-
hanced Raman Spectroscopy (SERS) studies have
been made to analyze the PCBM vibrational prop-
erties using gold nanoparticles, AuNPs [21]. The
intraband and interband electron transition conse-
quence of the surface plasmon resonance, SPR, of
AuNPs was studied using the DFT. In same way,
studies of the SERS effect complexes of PCBM with
silver nano-prisms have been made for solar cell
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applications [22]. The overall contribution to the
SERS effect in the later research was attributed to
the active SPR of the silver nano-prisms. Other
SERS mechanisms using semiconductor nanopar-
ticles have been used to study the vibrational
properties of PCBM experimentally and theoreti-
cally [23, 24]. The chemical bonding mechanism,
CB, was considered to explain the overall contribu-
tion to the SERS effect by the presence of semicon-
ductor nanoparticles employing the DFT. However,
the underlying properties of CB continue to be a re-
search interest. This work considers some underly-
ing properties of the chemical bonding mechanism
between PCBM and copper oxide clusters, (CuO)n,
n = 2, 4 and 6. Accordingly, the DFT calculations
were carried out to study the electronic and vibra-
tional properties of the complex PCBM-(CuO)n.
The CB mechanism is studied as the main contri-
bution to the SERS effect of PCBM, consequence
of the bond established with (CuO)n clusters.

II Computational methods

The structure of C60 was made with the advanced
molecule editor and visualizer software Avogadro
following the Schlegel diagrams [5, 25]. Then, the
ligand phenyl and butyric acid methyl ester (PBM)
were placed between two 6-membered rings of C60

[6,6], and the (CuO)n clusters were located op-
posite the PBM and near a 6-membered ring of
C60. The calculations were performed in gas phase
and the alignment of (CuO)n respect to PCBM
molecule math the default x-axis of GaussView
software. The geometric optimization and vibra-
tional calculations were carried out with the com-
mercial software Gaussian 09 [26], using the theory
level DFT [27], the hybrid B3LYP functional [28],
and the LanL2DZ basis set [29–31]. The Gaussian
output files were analyzed using the software Multi-
functional Wavefunction Analyzer (Multiwfn) [32].
The orbital composition analysis was carried out
using the Mulliken population method [33] imple-
mented in Multiwfn. Similarly, the Hirshfeld popu-
lation analysis [34–36] was used to perform the or-
bital study [37]. In contrast, all the isosurfaces pre-
sented in this work were rendered using the molecu-
lar visualization software Visual Molecular Dynam-
ics (VMD) [38].

With the purpose of comparing the Raman in-

tensity of PCBM before and after the chemical
adsorption of (CuO)n clusters, the integral Ra-
man enhancement, EFint, was used [39]. This
quantity is defined in terms of the ratio of to-
tal Raman cross-section of the complex PCBM-
(CuO)n, I

total
PCBM-(CuO)n

, and the free PCBM struc-

ture, ItotalPCBM . In consequence, EFint is given
by [39]:

EFint =
ItotalPCBM-(CuO)n

ItotalPCBM

=

∑
k I

k
PCBM-(CuO)n∑
j I

j
PCBM

(1)

where IkPCBM-(CuO)n
and IjPCBM are the differen-

tial Raman cross-section of the kth and jth normal
modes of the PCBM-(CuO)n complex and PCBM,
respectively.

The bond properties between the PCBM and
(CuO)n was determined using the potential energy
density, V(r), the gradient kinetic energy density,
G(r), and the total electronic energy density, H(r),
at the bonding critical point, defined as [40]:

H(r) = V (r) +G(r) (2)

where H(r) is negative for interactions with sig-
nificant sharing of electrons and reflects the cova-
lent character of the interaction [41]. V(r) and G(r)
are related with the electron density, ρ(r), for a sta-
tionary state as follows [40]:

(
h̄2

4m

)
∇2ρ(r) = 2G(r) + V (r) (3)

The dimensionless |V (r)|/G(r) ratio is com-
monly used to determine the characteristic bonding
regime [42]. When |V (r)|/G(r) > 1, this gives ev-
idence of relatively stable bonding dominated by
the potential energy [43].
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Figure 1: Optimized geometry of PCBM and PCBM-
(CuO)n complexes obtained with DFT.

III Results

i Orbital analysis

The electronic properties of the complex PCBM-
(CuO)n, could be affected by the starting geometry;
in consequence, the optimization was made accord-
ing to the configuration proposed by N. Van den
Brande et al. [20]. This means the (CuO)n clusters
were oriented to the opposite side of the functional
group PBM and place at [6,6] type C-C bond, coin-
ciding with the Ricardo Pino-Rios et al. study [44],
which indicates this bond shows a higher tendency
for electrophilic attack and consequently reacts by
forming strong bonds.

The optimized geometries of PCBM and PCBM-
(CuO)n, n = 2, 4 and 6, were obtained using
the DFT calculations (see Fig. 1). To analyze
the spatial distribution before and after the chem-
ical adsorption of the (CuO)n clusters, the highest
and lowest occupied molecular orbital, HOMO and
LUMO, of PCBM and PCBM-(CuO)n were used
(see Fig. 2). The HOMO and LUMO of PCBM
are meanly located at C60 with an energy level of
−6.3 and −3.7 eV, respectively. After the chem-
ical adsorption, HOMO is mostly distributed at
(CuO)n clusters. Specifically, the distribution of
HOMO and LUMO in PCBM-(CuO)4 exhibits sig-
nificant distinctions when compared to the other
complexes (see Fig. 2). This distinction arises due
to the chemical adsorption of (CuO)4, where two
bonds were formed between distinct carbon, C, and
copper, Cu, atoms. This process contrasts with the
method employed for the other clusters (see Fig. 1).
However, Fig. 3 demonstrates a significant shift in
the energy levels of HOMO and LUMO, along with
a substantial reduction in the band gap, GAP, con-

Figure 2: HOMO and LUMO orbitals i) PCBM and
ii-iv) PCBM-(CuO)n, n = 2, 4 and 6

sequence of CB established with the clusters. The
case of PCBM -(CuO)4 shows an energy shift of
HOMO and LUMO towards higher values, this be-
havior being a consequence of the cluster chemical
adsorption as previously described. The reduction
and the energy shift of PCBM orbitals due to the
effects of chemical interactions have been similarly
reported by N. Van den Brande et al. [20].

To study the effects of an external electric field
over the electronic and vibrational properties of
PCBM-(CuO)4 complex, an electric dipole field,
Ex, of magnitude 0.001 u.a. was applied in calcu-
lation. This complex was selected because it shows
the HOMO highly distributed at cluster regions
(see Fig. 2-iii). The electrostatic potential surface,
EPS, was taken to visualize the charge density be-
fore and after the application of Ex. The red and
orange regions correspond to higher electron den-
sity and the blue region to lower. The calculation
reveals major contributions of (CuO)4 to HOMO as
described before; however, a significant quantity of
electron density is observed at the C60 region (see
SI-Fig.1-i and 1-ii in Supporting Information (SI)).
The HOMO and LUMO energy levels were raised
to higher values of −4.2 and −3.97 eV, respectively.
The energy gap was significantly reduced to 0.23 eV
compared to the calculation results obtained prior
to Ex application (see Fig. 3). Additionally, a sig-
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Figure 3: Gap HOMO-LUMO of PCBM and PCBM-
(CuO)n, n = 2, 4 and 6

nificant part of the HOMO isosurface is located at
the PCBM region, and the LUMO isosurface is re-
distributed to the PBM ligand (see SI-Fig.1-iii).

Figure 4 shows the critical points, CPs, of the
complexes PCBM-(CuO)n, n = 4, 6. These CPs
correspond to the spatial points where the gradi-
ent of electron density, ρ(r), vanishes, which means
∆ρ(r) = 0 [40]. The CPs were used to study the
orbital properties between PCBM and (CuO)n, n
= 4, 6 clusters. The CP between the bonds Cu-C
involved in the CB corresponds to a bond critical
point, BCP, and the CP inner (3, 4)-membered Cu-
C ring is known as ring critical point, RCP, [37,40].

Table 1: Energy density parameters at BCPs. Where
CP, ρ(r), V(r), G(r) and H(r) correspond to critical
point, electronic, potential, kinetic and total energy
density, respectively. Units are a.u.

PC ρ(r) V(r) G(r) H(r) |V(r)|/G(r)

PCBM-(CuO)4
BPC1 0.27 −0.09 0.07 −0.006 1.08
BPC2 0.28 −0.08 0.08 −0.007 1.09

PCBM-(CuO)6
BPC1 0.29 −0.08 0.06 −0.004 1.05
BPC2 0.28 −0.08 0.07 −0.005 1.07

Figure 4: Electrostatic potential surface (EPS) of
HOMO and LUMO orbitals of PCBM and the com-
plexes PCBM-(CuO)n, n = 4, 6.

The BCPs with ρ(r) > 0.2 au and the negative sign
of H(r) indicate the presence of a shared covalent
bond [40, 41]. The values of ρ(r) from the BCP1
and BCP2 related to the bonds between PCBM
and (CuO)4 cluster correspond to 0.27 and 0.28

Table 2: Occupied Orbitals contributions to bond criti-
cal points (BCPs) and Ring critical points (RCP) of a)
PCBM-(CuO)4 and b) PCBM-(CuO)6

CP Orb. E (eV) %∗ CuO (%)†

PCBM-(CuO)4

BPC1
HOMO - 55 −10.2 70 20.2
HOMO - 39 −9.02 11 85.6

BPC2
HOMO - 110 −13.6 67 17.3
HOMO - 36 −8.7 13 88.3

RPC

HOMO - 55 −10.2 18 20.2
HOMO - 40 −9.07 16 98.3
HOMO - 41 −9.12 16 98.2
HOMO - 110 −13.6 14 17.3

PCBM-(CuO)6

BPC1
HOMO - 125 −13.62 48.5 14.2
HOMO - 17 −7.84 16.4 95.5
HOMO - 125 −7.82 11.5 80.8

BPC2
HOMO - 110 - - - - - - - - -
HOMO - 17 - - - - - - - - -
HOMO - 15 - - - - - - - - -

RPC
HOMO - 125 - - - - - - - - -
HOMO - 17 - - - - - - - - -
HOMO - 175 −21.76 12.6 1.75

Contribution from occupied orbitals of PCBM-(CuO)n

complex (∗) and (CuO)n cluster (†).
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Figure 5: Color-filled map of electron density of: i-ii) Planes XY (Z = 0.2 Borh) and YZ (Y = 2.0 Bohr) of
PCBM-(CuO)4, respectively; and iii-iv) Planes XY (Z = 0.2 Borh) and YZ (Y = 0.2 Bohr) of PCBM-(CuO)6,
respectively.

a.u (see Table 1). For both BCPs, H(r) is negative
and |V (r)|/G(r) > 1, which means the chemical
bond Cu-C corresponds to a covalent bond. Simi-
lar behavior is observed for the bond character of
PCBM-(CuO)6 complex. Table 2 shows the or-
bital contributions of (CuO)n clusters to BCPs and
RCPs. The occupied orbitals with higher contribu-
tions to BCP1 and BCP2 of the complex PCBM-
(CuO)4 came from the orbitals HOMO - 55 (70%)
and HOMO - 110 (67%) with energy levels −10.2
and−13.6 eV respectively. The charge contribution
from (CuO)4 to these orbitals corresponds to 20.2
and 17.3% respectively. On the other hand, the or-
bitals HOMO - 39 and HOMO - 36 manifest the
lower charge contributions to BCPs, corresponding
to 11 and 13% respectively. However, the (CuO)4
cluster exhibits the higher charge contributions to
these orbitals. The case of RCP evidences a differ-
ent behavior; despite the fact charge contribution
from occupied orbitals is lower ∼16%, the calculate
ρ(r) have a similar magnitude to BCPs, 0.23 a.u.,
even though the charge contribution from (CuO)4

is higher. With respect to the PCBM-(CuO)6 com-
plex, the major occupied orbital contributions to
BCP1 and BCP2 came from the orbitals HOMO
- 125 (48.5%) and HOMO - 17 (16.4%) with en-
ergy levels −13.62 and −7.84 eV respectively. The
(CuO)6 cluster contributes 14.2% and 95.5% to
these orbitals, respectively, showcasing distinct be-
havior compared to the (CuO)4 cluster. The or-
bitals with higher contributions to BCPs from the
(CuO)4 and (CuO)6 clusters are shown in SI-Fig.2
and SI-Fig.3. Fig. 5-i and 5-ii, show the color-
filled map of PCBM-(CuO)4 electron density in
the planes X-Y (Z = 0.2 Bohr) and X-Z (Y = 2.0
Bohr), respectively. The figures illustrate a mean-
ingful ρ(r) of the covalent bond Cu-C described in
the BCPs analysis. Similar behavior is observed in
the covalent bond between PCBM and the (CuO)6
(see Fig. 5-iii and 5-iv).

To obtain a clear illustration of the bound-
ary orbital contributions to CB from the (CuO)n
clusters, the discrete energy levels of the PCBM-
(CuO)n complexes were broadened using normal-
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Figure 6: Total and partial density of states (TDOS and PDOS) of i) PCBM, ii) PCBM-(CuO)4, iii) PCBM-
(CuO)4+Ex, iv) PCBM-(CuO)6

ized Lorentzian functions. Consequently, the den-
sity of states (DOS) was obtained to analyze its
electronic structure. Fig. 6-i shows the total den-
sity of states (TDOS) of PCBM and the partial
density of states (PDOS) of C60 and the ligand
PBM. Vertical dash line indicates the HOMO en-
ergy level. The figure exhibits overall contribution
to the boundary orbitals from C60, whereas the con-
tribution from PBM is meaningless, as described by
Cairong Zhang et al. [18]. After the chemical ad-
sorption of the (CuO)4 cluster, the PDOS reveals a
collective contribution to the TDOS originating pri-
marily from C60 orbitals. Nonetheless, the (CuO)4

cluster exhibits a notable impact on the boundary
orbitals, particularly attributable to the presence
of Cu atoms (see Fig. 6-ii). This fact aligns with
the energy reordering as detailed by N. Van den
Brande et al. [20]. The peak centered at −8.1
eV corresponds to the PDOS of Cu atoms encom-
passing the occupied orbitals ranging HOMO – 41
to HOMO - 39 and HOMO - 36 with energy lev-
els between −14 and −6 eV. These orbitals have
the main charge contributions to BCPs and RCP,
as described before in the CPs analysis (Table 2).
Fig. 6-iii reveals the TDOS of PCBM-(CuO)4 under
the action of Ex. The PDOS indicates an increase
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Figure 7: Raman intensity spectrum of the vibrational modes of i) PCBM, ii) PCBM-(CuO)4, iii) PCBM-
(CuO)4+Ex, iv) PCBM-(CuO)6

of the contribution to (CuO)4 cluster to BCPs or-
bitals, mainly from the Cu atoms. Furthermore, an
increase is observed in the orbital contribution of
oxygen atoms to the HOMO from the (CuO)4 clus-
ter, attributed to the effect of Ex. The peak with a
maximum at −7.24 eV encompasses orbitals rang-
ing in energy levels from −12 to −5 eV, involving
the occupied orbitals with higher contributions to
BCPs. Similar behavior in TDOS and PDOS is ob-
served in PCBM-(CuO)6 (see Fig. 6-iv), however,
due to the CB established, there is an observable
downward shift in the HOMO energy level to −6.38
eV, closely resembling the HOMO energy level of

PCBM prior to chemical adsorption. The Peak at
−9.25 eV encompasses the set of orbitals involved
in CB with a significant charge contribution from
Cu atoms of the (CuO)6 cluster.

ii Raman activity analysis

Fig. 7-i shows the Raman activity spectrum of the
PCBM vibrational modes. Most of the modes were
assigned to C60 according the nomenclature pro-
posed by Weeks and Harter [45–47] based on the
irreducible representation labels of each vibrational
mode. For example, the radial vibrational mode,
or breathing mode, of C60 is labelled as Ag mode.
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The frequency, Raman intensity, and the vibra-
tion type of PCBM corresponding to this work,
the theoretical and experimental results reported
by H. Kuzmany et al. and V. Schettino [48,49] are
presented in SI-Table 2-i. The vibrational spec-
trum is characterized by two intense modes, one
Ag(2) at 1523.3 cm

-1, and the other Hg(8) at 1609.9
cm-1 as previously described by Cairong Zhang [18].
Other modes with less intensities correspond to
Hg(1), Ag(1) and T1u(2) in the frecuency range of
200− 600 cm-1, characteristic modes of the phenyl
and butyric acid groups, C-C-O and C6H5, in the
range 800 − 1050 cm-1, the modes Hg(5), Gu(5)
and Gg(5) in the range 1050 − 1400 cm-1 and the
C – C vibrational mode of the ligand to fullerene
bond at 1417 cm-1. Most of the vibrational modes
described above show a shift compared to the ex-
perimental and theoretical reports, possibly by the
coupling ligand to fullerene. The Raman activity
after the chemical adsorption of the(CuO)n clus-
ter is observed in Fig. 7-ii. The Raman lines
correspond mainly to C60 vibrational modes and
show the same shift consequence of the coupling
to phenyl group and the clusters [18]. Overall the
spectrum shows meaningful enhancements, espe-
cially the modes Ag(2), Hg(8), and the inactive
modes Gu(3) and T2g(3) in the range 600 − 800
cm-1, T2g(4) and Gu(6) in the range 1350 − 1500
cm-1 due to the CB established (see SI-Table 2-
ii). The vibrational modes attributed to the phenyl
group and the C-C bond, ligand to fullerene, do
not exhibit notable intensities. The Raman activ-
ity of the PCBM-(CuO)4 complex after applying
Ex is shown in Fig. 7-iii. The vibrational spec-
trum is dominated mainly by enhancements of the
modes Hg(2), Hg(3), Gu(2), Hg(5), Hg(6), Hu(6),
T2g(4), Hg(7) and Hu(7) some of then inactive after

Table 3: Integral Raman enhancement, EFint, calcula-
tions of the complexes PCBM-(CuO)n, n = 2, 4, and 6
concerning the PCBM Raman intensity.

Complex EFint

PCBM-(CuO)2 2.03
PCBM-(CuO)4 7.13
PCBM-(CuO)4+Ex 7.76
PCBM-(CuO)6 18.16

Ex (see SI-Table 2-iii). The higher enhancements
of PCBM Raman lines were obtained by the pres-
ence of the (CuO)6 cluster, especially the modes in
range 1400−1600 cm-1. The stretching and bending
modes of O-Cu-O and Cu-O-Cu are also significant
in the overall spectrum (see Fig. 7-iv and SI-Table
2-iv).

Table 3 presents the integrated Raman enhance-
ment, EFint, values calculated from the PCBM-
(CuO)n complex in comparison to the isolated
PCBM molecule. The obtained values of EFint

vary from 2.03 for the smallest cluster to 18.16
for the largest. EFint from PCBM-(CuO)4 has
similar value before and after applying the Ex,
this means the contributions to overall enhance-
ments may come mainly from the CB established
rather than the effects of an external field, be-
sides the meaningful charge distribution observed
at PCBM in the complex (Fig. 3-iv). The au-
thor Zhao et al., reported EFint values from 2.54 to
5.83 of silver clusters, Ag6 and Ag8, chemically ad-
sorbed at the organic molecule Pyridine, Py [50,51].
Higher values of 8.65 were obtained for bigger clus-
ter such as Ag20 and Ag68 [50, 51]. Additionally,
the overall contribution to the Raman enhancement
was reported due to the energy difference between
the HOMO of the cluster and the LUMO of the
molecule, rather than the amount of charge trans-
ferred. In this sense, we suppose the contribution to
the overall enhancement of PCBM is mainly a con-
sequence of the effects of the CB established with
the (CuO)n cluster due to the HOMO of PCBM-
(CuO)n complexes being mainly located to (CuO)n
regions and the LUMO being mainly distributed to
the PCBM region. Additionally, a significant re-
duction of energy gap was observed.

IV Conclusions

We obtain relevant electronic and vibrational prop-
erties of PCBM and the complexes PCBM-(CuO)n
using the DFT calculations. Calculated Raman
spectrum of PCBM is characterized by C60 vibra-
tional modes affected for the coupling with phenyl
and butyric acid groups and the presence of (CuO)n
clusters. Intensity enhancements of PCBM vibra-
tional modes were observed because of the chem-
ical bond established with (CuO)n clusters. Ad-
ditionally, new normal modes in the Raman lines
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spectrum of PCBM were identified after the chem-
ical adsorption of the clusters. Spatial distribution
of HOMO is mainly observed at (CuO)n clusters
before the chemical adsorption. CPs, DOS and
PDOS studies reveal the major electronic contri-
bution of (CuO)n at CB came from the boundary
orbitals, especially from the Cu atoms. Action of
an electric dipole field in x-direction does not pro-
duce significant increases, but was, however, useful
to stimulate certain vibrational modes of PCBM,
as for instance the Hg family modes. The inte-
grated Raman enhancement values obtained from
PCBM-(CuO)n complexes were significant consid-
ering other studies like the interaction of Ag cluster
with Py molecule. The overall contribution to the
increase of PCBM Raman lines is attributed to the
effects of CB mechanism established with (CuO)n
clusters.
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bandgap polymer: PCBM solar cell, J. Phys.
Chem. B, 114, 742, (2010).

[17] C. H. Chiang, C. G. Wu, Bulk heterojunction
perovskite-PCBM solar cells with high fill fac-
tor, Nat. Photonics, 10, 196, (2016).

[18] C. Zhang, et al., DFT Study on
Methanofullerene Derivative [6,6]-Phenyl-
C61 Butyric Acid Methyl Ester, Acta Physico
- Chimica Sinica, 24, 1353, (2008).

[19] J. P. Mart́ınez, M. Solà, Open-Circuit Volt-
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