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Impact of packing arrangement on the optical
properties of C60 cluster aggregates

Mufasila Mumthaz Muhammed,a Junais Habeeb Mokkath *b and Ali J. Chamkhac

The packing arrangement of organic p-conjugated molecules in a nanoscale material can have a strong

impact on their optical properties. Here, using real-time-propagation time dependent density functional

theory (rt-TDDFT) calculations with the support of transition contribution maps, we study how

modifications in the packing arrangement (cubic-like and chain-like aggregates composed of eight C60

molecules) and packing density (assembled at close distances with center-to-center inter-fullerene

distances (d) varying from 9 Å to 11 Å) of C60 molecules affect the optical properties of cluster

aggregates. The important conclusions drawn from this work are summarized as follows. For d = 9 Å,

the charge transfer excitons produced by cubic and chain-like C60 cluster aggregates have highly

different optical characteristics, as evidenced by the transition contribution maps. On the other hand, for

d = 10 Å and 11 Å, both kinds of aggregates produce qualitatively similar optical features with the

emergence of Wannier-like delocalized excitons having distinct degrees of localization and spatial

distribution. The theoretical findings in this study elucidate the optical excitations in C60 cluster

aggregates and could help in the design of more efficient organic devices.

1 Introduction

Materials made from organic p-conjugated molecules (for instance,
fullerenes and their derivatives)1–3 have attracted much attention
over the past few years as the active components in optoelectronic
devices including field-effect transistors, solar cells, and light-
emitting diodes, to mention a few examples. Among fullerenes,
C60 buckminsterfullerene has attracted much attention due to its
application in new bulk heterojunction organic solar cells4–15 due to
the unique properties, including high electron mobility, suitable
band gaps, and good compatibility with other semiconducting
materials. In a related context, optical excitations in p-conjugated
molecules depend strongly on the packing configuration of the
basic building blocks.16–20 For example, the electron affinities and
optical gaps in organic electronic devices vary by several tenths of an
eV depending on the packing configuration of primary molecular
units. We remark that the recent work on above-threshold light
emissions in electromigrated tunnel junctions offers new avenues
for energy harvesting applications.21 Also, first-principles DFT cal-
culations show that the charge transfer state energy can vary by as
much as 0.8 eV depending on the number of building blocks

involved in the charge transfer state and their relative
orientations.22 Thus, understanding the influence of packing
configuration on optical excitations is important for guiding the
design of novel organic electronic devices.

It is imperative to understand theoretically how the different
packing arrangements of building units impact the optical
properties of p-conjugated cluster aggregates. Therefore, by
means of quantum simulations via the rt-TDDFT technique,
we study the impact of packing arrangements on optical
excitations in cluster aggregates made of C60 molecules. From
the theoretical perspective, an accurate calculation of optical
excitations in cluster aggregates demands a quantum mechan-
ical formulation that can satisfactorily describe both the intra-
molecular and intermolecular optical excitations. In this
context, the many-body Bethe-Salpeter equation (BSE) techni-
que is a method of choice. However, it renders a poor scaling
with the increasing system size.23,24 In this context, TDDFT
calculations with long-range corrected exchange–correlation
functionals are an alternative method of choice, thanks to the
balance of accuracy and computational cost. Note that TDDFT
has been implemented in two alternative ways: in frequency
domain (lr-TDDFT technique25–27) and in time domain
(rt-TDDFT technique28,29). rt-TDDFT has several benefits over
lr-TDDFT. As extensively shown in the past, the former is
particularly capable of dealing with bigger systems.30

In this work, we report on a comprehensive theoretical
investigation focusing on the impact of packing configuration
on optical excitations in C60 cluster aggregates. More
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specifically, we discuss the influence of different packing con-
figurations (cubic-like vs. chain-like) and packing densities
(assembled at close distances with center-to-center inter-
fullerene distances in the range of 9 Å to 11 Å) on optical
excitations. We reveal that cubic-like and chain-like C60 cluster
aggregates having d = 9 Å produce charge transfer excitons. In
contrast, for d = 10 Å and 11 Å, both aggregates produce
qualitatively similar optical features with the emergence of
Wannier-like delocalized excitons having distinct degrees of
localization and spatial charge distributions. We envision that
the results presented herein, in particular, the optical modula-
tions with respect to the packing arrangement and packing
density, could help engineer new optical devices at the extreme
nanoscale. This paper is organized as follows. First, we describe
the geometrical features of cubic-like vs. chain-like C60 cluster
aggregates we modelled and the computational methodology
applied. We show our results and discuss them in the next
section, addressing how the packing configuration and packing
density impact the photoabsorption spectra and transition
contribution maps. The Conclusion and outlook section closes
the paper.

2 Model and computational aspects

We have modelled cubic-like and chain-like C60 cluster aggre-
gates composed of eight C60 molecules assembled at close
distances with the center-to-center inter-fullerene distance (d)
varying in the range of 9 Å to 11 Å, illustrated in the inset of Fig.
1 and 2. A C60 cluster aggregate consists of 480 carbon atoms
and 1920 free electrons. Note that the optimal d value reported
in the previous studies is 10 Å.31–34 Also, it is important to
mention that the cubic-like and chain-like configurations
shown in the inset of Fig. 1 and 2 are not the minimum energy
structures but serve as representative systems. Additionally, we
employed pre-optimized C60 units since we wanted to preclude
the structure relaxation effects on the optical response. All
calculations are performed using DFT and rt-TDDFT techni-
ques (based on the projector-augmented-wave (PAW) method)35

implemented in open-source real-space grid-based GPAW code
(version 1.5.2) together with transition contribution maps
(TCMs: a post-processing tool for an easy analysis of the
electron–hole contributions in peaks of photoabsorption
spectra).36–42 Note that TCM is an alternative scheme to the
widely used visualization schemes such as the transition den-
sity matrix and particle hole map.43–46 Electronic wave func-
tions were expanded as linear combinations of atomic orbitals
(LCAO).39 We used the double-z polarized (dzp) basis sets for
describing the wave functions. The pseudo wavefunctions were
evaluated in real space with a grid spacing of 0.3 Å and the
electron density and potentials were evaluated on a doubly fine
0.15 Å grid. The C60 cluster aggregates were surrounded by at
least 6 Å of vacuum. Our computational methodology in
this work consists of the following steps. First, we performed
ground state DFT calculations using the long-range corrected
LRC-PBE47 exchange–correlation functional with a D3

dispersion correction.48 In the case of a single C60 molecule,
our calculated HOMO–LUMO gap of 1.80 eV is in very good
agreement with the experimental HOMO–LUMO gap (in the
range of 1.60 to 1.85 eV49) and previous DFT calculations.50 It is
worth mentioning that LRC functionals render a physically
correct asymptotic description of the long-range Coulomb
interactions and can describe excitons in organic molecular
systems.51 In contrast, both local or semi-local functionals
cannot describe excitons since they lack appropriate long-
range behavior. Now, regarding the calculation details, we
compute the Hartree potential with a multi-grid Poisson solver.
The convergence threshold for the energies was a change of less
than 0.50 meV per electron during the last 15 iterations. In the
second step, we run rt-TDDFT calculations starting from the
converged ground state DFT calculations. We will only present
a short summary of the method herein. Our rt-TDDFT calcula-
tions consist of recording the induced time-dependent dipole

Fig. 1 rt-TDDFT calculated photoabsorption spectra (in the absorption
range of 0 to 5 eV) of cubic-like C60 cluster aggregates with d = 9 Å, 10 Å
and 11 Å. For an insightful comparison, the photoabsorption spectrum of a
single C60 molecule is also given.

Fig. 2 rt-TDDFT calculated photoabsorption spectra (in the absorption
range of 0 to 5 eV) of chain-like C60 cluster aggregates with d = 9 Å, 10 Å
and 11 Å. For an insightful comparison, the photoabsorption spectrum of a
single C60 molecule is also given.
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moment following the application of a delta-peaked uniform
electric field (which equally excites all the transitions) of
strength 1 � 10�5 a.u. (small to ensure that C60 cluster
aggregates remain in the weak perturbation regime). The
perturbed wave function was propagated for 20 000 steps via
the Crank–Nicholson propagator.52 We propagated the systems
for a total propagation time of 400 femtoseconds and a time
step of 20 attoseconds. All these parameters were carefully
checked for convergence and accuracy of the results. The
NumPy53 and Matplotlib54 Python packages and VESTA55 soft-
ware were used for processing and plotting data.

3 Results and discussion

We start the discussion by analyzing the modulations in the
photoabsorption spectra of cubic-like and chain-like C60 cluster
aggregates as a function of d = 9, 10 and 11 Å, see Fig. 1 and 2,
respectively. Note that, in Fig. 1 and 2, we also present the
photoabsorption spectrum of a single C60 molecule. It is worthwhile
to analyse/discuss first the photoabsorption spectrum of a single
C60 molecule since the previous studies have reported that a single
C60 molecule does not absorb in the visible region of the electro-
magnetic spectrum (as a consequence of Laporte’s rule56 demand-
ing that in a single C60 molecule the optical excitations in the visible
region are symmetry forbidden) but can absorb in the blue and
ultraviolet regions.57,58 In principle, our results are in agreement
with Laporte’s rule, since no photoabsorption peaks appear in the
visible region of the electromagnetic spectrum. More specifically,
Fig. 1 shows that the photoabsorption spectrum of a single C60
molecule is characterized by a couple of peaks centered at around
3.52 eV (having a total absorption value of 2.20 eV�1) and 4.61 eV
(having a total absorption value of 4.80 eV�1). It is worthwhile to
compare the present results with the available results. The

Table 1 C60 cluster aggregate absorption peaks and the corresponding
absorption strengths

(C60)cube: 9 Å 1.74 eV (5.3) 2.57 eV (8.8) 3.65 eV (14) 4.47 eV (16)
(C60)cube: 10 Å 1.77 eV (1.1) 2.78 eV (2.4) 3.51 eV (20) 4.59 eV (38)
(C60)cube: 11 Å 3.52 eV (18) 4.59 eV (40)
(C60)chain: 9 Å 1.54 eV (44) 3.25 eV (33) 3.60 eV (26) 4.08 eV (22)
(C60)chain: 10 Å 1.79 eV (4.0) 2.71 eV (4.5) 3.48 eV (30) 4.55 eV (56)
(C60)chain: 11 Å 3.50 eV (26) 4.56 eV (53)

Fig. 3 Transition contribution maps of the cubic-like C60 cluster aggregates with d = 9 Å. Red (blue) spots represent the constructive (destructive)
contribution to photoabsorption and the colour intensity indicates the magnitude of the electron–hole contribution. The maps are augmented with the
corresponding total density of states. The induced charge density distributions are shown in the inset with a cyan (yellow) colour that indicates the
electron accumulation (depletion) regions.
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experimental study of C60 in n-hexane solution by Leach and
coworkers59 has reported a couple of peaks centered at around
3.78 and 4.84 eV. This result is consistent with our results despite a
slight increase in the experimental peak positions.

Having discussed/analysed the photoabsorption spectrum
of a single C60 molecule, next we discuss/analyse the photo-
absorption spectra of cubic-like C60 cluster aggregates, see
Fig. 1. One finds notable similarities and differences in the
photoabsorption spectra of a single C60 molecule and cubic-
like C60 cluster aggregates with different d values. As a
similarity, one finds that the photoabsorption spectrum of a
cubic-like C60 cluster aggregate with d = 11 Å is qualitatively
similar (regarding the energetic position of the photoabsorp-
tion peaks) to the single C60 molecule. As a notable difference,
the cubic-like C60 cluster aggregate with d = 9 Å and 10 Å
exhibits several new photoabsorption peaks in comparison to
the photoabsorption spectrum of a single C60 molecule. The
aforementioned results suggest that the packing density has a
strong impact on optical excitations in C60 cluster aggregates.
Now let us start discussing in detail the photoabsorption
features of the cubic-like C60 cluster aggregates with d = 9 Å.
From our inspection, the photoabsorption spectrum is

distributed in the whole absorption range (from 0.30 eV to
5.0 eV) with the peaks centered at around 1.54 eV, 3.25 eV,
3.60 eV, and 4.08 eV having a total absorption value of 44 eV�1,
33 eV�1, 26 eV�1, and 22 eV�1, respectively, see Table 1. This
kind of enhanced broadening and spreading of the photoab-
sorption peaks is expected since for d = 9 Å, C60 molecules are
tightly packed and result in increased inter-fullerene interac-
tions and photoinduced inter-fullerene electron transfers. The
aforementioned scenario for d = 9 Å is dramatically different for
d = 10 Å, see Fig. 1. One finds that the photoabsorption
spectrum is characterized by several focused and well-
separated peaks centered at around 1.77 eV, 2.78 eV, 3.51 eV,
and 4.59 eV having a total absorption value of 1.1 eV�1,
2.4 eV�1, 20 eV�1, and 4.59 eV�1, respectively; see Table 1. As
expected, moving from d = 9 Å to 10 Å produced a sizable blue
shift in the absorption onset due to somewhat reduced inter-
fullerene interactions and photoinduced inter-fullerene elec-
tron transfers. For d = 11 Å, the photoabsorption spectrum is
made of two peaks centered at around 3.52 eV and 4.59 eV. The
energetic location of the peaks is somewhat similar to that of
the single C60 molecule case. However, there is a huge differ-
ence in the absorption strengths, see Fig. 1. Now let us focus on

Fig. 4 Transition contribution maps of the chain-like C60 cluster aggregates with d = 9 Å.
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the photoabsorption spectra of chain-like C60 cluster aggre-
gates, see Fig. 2. For d = 9 Å, one finds a set of focused peaks
centered at around 1.54 eV, 3.25 eV, 3.60 eV, and 4.08 eV having
a total absorption value of 44 eV�1, 33 eV�1, 26 eV�1, and
22 eV�1, respectively, see Table 1. Note that, the photoabsorp-
tion spectra of cubic-like and chain-like C60 cluster aggregates
for d = 9 Å exhibit significant differences in the peak locations
and absorption strengths. Naively, the origin of the differences
stems from differences in the inter-fullerene bonding. To
understand the aforementioned differences in more detail,
analysis based on TCMs and induced electron density distribu-
tions is required. Interestingly, the photoabsorption features
(in particular, the location of absorption peaks) of cubic-like
and chain-like C60 cluster aggregates with d = 10 Å are
qualitatively similar but show enhanced absorption strength
for the latter. This similarity in the photoabsorption spectra is
more discernible by inspecting the photoabsorption features of
cubic-like and chain-like C60 cluster aggregates with d = 11 Å.
To close this discussion, we find that cubic-like and chain-like
C60 cluster aggregates with d = 9 Å produce highly distinct
photoabsorption features. Nevertheless, they are less distinct
for d = 10 Å and 11 Å. Briefly, the results shown in Fig. 1 and 2

provide useful insights into the impact of the packing arrange-
ment and packing density on optical excitations.

To obtain further insight into the impact of packing arrange-
ment on the photoabsorption spectra of C60 cluster aggregates,
next we analyse the two-dimensional TCMs corresponding to
d = 9 Å (see Fig. 3 and 4), d = 10 Å (see Fig. 5 and 6) and d = 11 Å
(see Fig. 7). It is worth mentioning that recent studies have
reported the importance of fullerene aggregation in relation to
device performance suggesting that fullerene aggregation influ-
ences charge separation.60,61 Now, regarding the two-
dimensional TCM plot, the x- and y-axes represent the energy
of the occupied orbitals and the energy of the unoccupied
orbitals, respectively. Therefore, the relative contribution of
all the individual electron–hole transitions to a photoabsorp-
tion peak can be computed at once. The electron–hole transi-
tions are represented by red and blue spots on the TCM plane
such that red (blue) spots correspond to transitions with a
constructive (destructive) contribution to the photoabsorption
peak. The brightness of the spot at the location of every
electron–hole transition scales with the relative weight of the
electron–hole transition, whereas the extent is given by the two-
dimensional Gaussian broadening function (width = 0.05 eV).

Fig. 5 Transition contribution maps of the cubic-like C60 cluster aggregates with d = 10 Å.
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Note that we applied a cut-off of 0.01 eV to the transition
contribution. Before heading to a detailed TCM analysis, it is
worthwhile to recall that unlike in inorganic semiconductors in
which light absorption results in the formation of mobile
electrons and holes, photoexcitation of organic semiconductors
results in Coulombically bound electron–hole pairs (excitons).
This is due to reduced charge screening resulting from the low
dielectric constant of organic materials and due to weak
electronic interactions between adjacent organic molecules
that cause spatial confinement of the wave function of the
charge carriers. As a concrete example, we now begin our TCM
analysis starting from Fig. 3 by inspecting TCMs of cubic-like
C60 cluster aggregates with d = 9 Å. First, we analyse the main
features that appear in the TCMs of cubic-like C60 cluster
aggregates corresponding to the peaks centered at around
1.74 eV, 2.57 eV, 3.65 eV and 4.47 eV. Remarkably, for all the
shown photoabsorption peaks, the corresponding induced
charge density distributions (given in the inset of TCM plots)
are distributed over the entire extent of the structure, particu-
larly in the gap regions. Apparently, the significant presence of
induced charge density distributions in the gap regions
indicates that TCMs corresponding to these peaks represent
intermolecular charge transfer excitons.62–64 This is clearly

visible from the TCM plots corresponding to the different
photoabsorption peaks since one finds mixed red and blue
spots on the TCM plane. Notably, there is a systematic
reduction in the number of red and blue spots on the TCM
plane by moving from the low energy peak centered at around
1.74 eV to the high energy peak centered at around 4.47 eV. This
indicates the gradual reduction of the charge transfer character
of the excitations. Now let us analyse TCMs of the chain-like
C60 cluster aggregates with d = 9 Å corresponding to the
photoabsorption peaks centered at around 1.54 eV, 3.25 eV,
3.60 eV and 4.08 eV, see Fig. 4. One can easily conclude that
unlike the induced charge density distributions of the cubic-
like C60 cluster aggregates with d = 9 Å, the chain-like C60
cluster aggregates with d = 9 Å yield a somewhat reduced
amount of induced charge density distributions in the gap
regions. Consequentially, one finds a highly reduced number of
red and blue spots on the TCM planes and results in reduced
charge transfer character in the optical excitations.

After having analysed/discussed the TCM plots corres-
ponding to the cubic-like and chain-like C60 cluster aggregates
with d = 9 Å, in what follows, we explore the d = 10 Å case, see
Fig. 5 and 6. Upon inspection of the induced charge density
distributions of both cubic-like and chain-like C60 cluster

Fig. 6 Transition contribution maps of the chain-like C60 cluster aggregates with d = 10 Å.
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aggregates, one can easily find that the charge density distribu-
tions are almost fully localized at the individual C60 molecules
and no traces of induced charge density distribution are pre-
sent in the gap regions. Strikingly, this could be an interesting
result with huge implications for the excitonic nature of optical
excitations. We argue that for d = 10 Å, instead of intermole-
cular charge transfer excitons, Wannier-like delocalized exci-
tons could emerge, as reported previously for C60 aggregates.63

This is indeed the case for all the TCMs shown in Fig. 5 and 6
except for 1.79 eV peak of chain-like C60 cluster aggregates
where the features of intramolecular excitons appear. Note the
unique distribution of the red and blue spots on the TCM plots.
Obviously, the delocalization of excited states of organic semi-
conductors is particularly advantageous since it is directly
related to their efficiency in devices. The Wannier-like deloca-
lized excitons might be the reason for a radical enhancement in
absorption around 2.80 eV observed in C60 films, based on an
earlier report by Shirley and coworkers.63

Having analysed the TCM plots corresponding to the cubic-
like and chain-like C60 cluster aggregates with d = 9 Å and
d = 10 Å, next we analyse the TCMs for d = 11 Å, see Fig. 7. Note
that TCM plots corresponding to the cubic-like and chain-like

C60 cluster aggregates for d = 11 Å are given on the top panel
and bottom panel, respectively. As mentioned earlier, the cubic-
like C60 cluster aggregates with d = 11 Å exhibit a couple of well-
focused photoabsorption peaks located at around 3.52 eV and
4.59 eV. And the chain-like C60 cluster aggregates with d = 11 Å
also exhibit a couple of well-focused photoabsorption peaks
located at around 3.50 eV and 4.56 eV. Notably, in all the cases,
the induced charge density distributions are localized at the
individual C60 molecules and no induced charge density dis-
tributions are present in the gap regions. This observation
suggests the possible entrance of Wannier-like delocalized
excitons with distinct degrees of localization and spatial charge
distributions. Now, regarding the TCM plots, the distribution of
the red and blue spots shows clear differences in the case of the
first absorption peak, however, qualitatively similar in the case
of the second absorption peak. Now it is worthwhile to compare
the obtained results with the previous experimental results.
Vandewal and coworkers have reported that excitons with
energies greater than the HOMO–LUMO gap are ideally sepa-
rated to electrons and holes from their experiments where the
quantum efficiency of organic photovoltaics using C60-rich
bulk hetero-junctions became close to 100% at energies greater

Fig. 7 Transition contribution maps of the cubic-like (top panel) and chain-like (bottom panel) C60 cluster aggregates with d = 11 Å.
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than 2.70 eV.65 Interestingly, Hahn and coworkers, based on their
experiments on the excitation energy dependence of the internal
quantum efficiency of single C60 devices, reported that the excitons
with energy greater than the HOMO–LUMO gap mostly separate to
electrons and holes by losing their energies after thermalization.66

The aforementioned two experiments considered that the excitons
with exciton energy greater than the HOMO–LUMO gap were charge
transfer excitons. However, our main prediction is the formation of
Wannier-like delocalized excitons. These Wannier-like delocalized
excitons could be the prime reason for the strong absorption of C60
around 2.80 eV in the aforementioned experiments. The improved
performance of organic photovoltaics obtained using C60-rich bulk
hetero-junctions with C60 contents from 80% to 95% can also be
explained by Wannier-like delocalized exciton generation. Finally,
experiments reported that C60 cluster aggregates have essentially
broader absorption bands compared to a C60 monomer. In addi-
tion, the absorption ranges of the C60 cluster aggregates can be
progressively shifted to lower energies under compression.67 We
remark that the results shown in Fig. 1 and 2 are in agreement with
the experimental findings. Additionally, it is reported that 1-
dimensional, 2-dimensional and 3-dimensional C60 cluster aggre-
gates can be produced under different pressure and temperature
conditions. Under compression, C60 cluster aggregates undergo a
transition from a face-centered cubic (fcc) structure into a simple
cubic (sc) structure.68–71

4 Conclusion and outlook

Besides fundamental interest, the study of fullerenes opens
potential opportunities in organic electronics, thanks to the ener-
getic bandgap, ease of processing, and good compatibility. In this
work, based on real-time-propagation time dependent density
functional theory calculations and transition contribution maps,
we have studied the impact of packing arrangement and packing
density of C60 molecules on the optical excitations of C60 cluster
aggregates. We have shown that, for d = 9 Å, both cubic-like and
chain-like C60 cluster aggregates produce charge transfer excitons.
On the other hand, for d = 10 Å and 11 Å, both aggregates produce
qualitatively similar optical features with the emergence of Wannier-
like delocalized excitons. The Wannier-like delocalized excitons
could be the prime reason for both the strong absorption around
2.80 eV and the enhanced performance of organic photovoltaics
achieved using C60-rich bulk hetero-junctions. We hope that the
findings in this work may aid in the rational design of inexpensive
and efficient organic electronic devices.
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