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We present a theoretical study on the molecule-
substrate interaction within the porphyrin-functionalized
graphene. Recent experiments on porphyrin-
functionalized carbon nanotubes have revealed an
extremely efficient energy transfer from the adsorbed
molecules to the carbon substrate. To investigate the
energy transfer mechanism, we have characterized the
hybrid structure within the density functional theory
including the calculation of the molecular transition
dipole moment, which allows us to determine the
Förster coupling rate. We find a strongly pronounced
Förster-induced energy transfer in the range of fs−1

confirming the experimental observations.
Side view on the graphene layer non-covalently functionalized
with a porphyrin molecule.
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Functionalization of carbon nanostructures, such as
graphene and carbon nanotubes, is a rapidly developing
research field [1–24]. The goal is the design of tailored hy-
brid nanostructures characterized by remarkable properties
of the carbon substrate [25–29] combined with the strong
light absorption of adsorbed molecules [30]. This results
in a promising application potential for high-efficiency
photodetectors, biomedical sensors, and photovoltaic de-
vices [23,31–33]. To preserve to a large extent the intrinsic
properties of the carbon substrate, non-covalent function-
alization based on π-π stacking is applied [5].

First experimental studies on carbon-based hybrid
nanostructures have demonstrated an extremely efficient
energy transfer [11,12,23,30]. In particular, hybrid struc-
tures consisting of carbon nanotubes non-covalently func-
tionalized with porphyrin molecules show a total quench-

ing of the porphyrin fluorescence, while the photolumi-
nescence of the nanotubes is strongly enhanced, when the
excitation is tuned into resonance with molecular transi-
tions [11,34]. In transient absorption spectroscopy exper-
iments, an ultrafast population build-up was observed in
carbon nanotubes after optical excitation of the porphyrin
molecules suggesting that the energy transfer occurs on a
timescale shorter than 100 fs [35]. The underlying energy
transfer mechanism is expected to be the Förster coupling
[36] inducing a direct non-radiative transfer of energy from
the optically excited molecule to the substrate. The com-
peting Dexter energy transfer mechanism [37] is expected
to be small due to its sensitive dependence on the overlap
of the involved strongly localized orbital functions of the
carbon substrate and the adsorbed molecules [38].
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Figure 1 Characterization of the investigated hybrid nanostructure consisting of graphene non-covalently functionalized with porphyrin
molecules. (a) Top view on the structure that has been geometrically fully relaxed within the FHI-aims code including the van der Waals
interaction [39,40]. (b) The total binding energy Eb as a function of the molecule-substrate distance R. (c) Electronic bandstructure
of the hybrid nanostructure exhibiting no changes around the Dirac point with respect to the bandstructure of pristine graphene. (d)
Avoided crossings can be observed, when the molecular energy levels cross the graphene bands. The almost entirely unchanged band-
structure and the relatively small binding energy of 42 meV per atom in the porphyrin molecule (78 atoms) characterize the non-covalent
functionalization that is less invasive than the covalent adsorption of molecules.

In this article, we present a theoretical study on the
Förster energy transfer mechanisms in the porphyrin-
functionalized graphene. First, we perform a characteri-
zation of the investigated hybrid nanostructure based on
calculations within the density functional theory. The study
is performed within the FHI-aims code package, which
is an all-electron full-potential electronic structure code
including numerical atom-centered orbitals allowing the
investigation of structures with hundreds of atoms [39]. In
the next step, we exploit the gained insights for the evalu-
ation of the Förster energy transfer rate within the Fermi’s
golden rule [41].

Figure 1(a) illustrates the top view on the investigated
porphyrin-functionalized graphene. The hybrid structure is
fully relaxed using the Broyden-Fletcher-Goldfarb-Shanno
method minimizing all force components to values smaller
than 10−3 eV/Å. For graphene, we choose a supercell cov-
ering 11x11 unit cells corresponding to 242 carbon atoms
with a lattice constant of 1.42 Å. The investigated situation
corresponds to a moderate functionalization degree with
a negligible molecule-molecule interaction. The calcula-
tions are performed within the PBE exchange-correlation
functional [42] including the recently implemented Van

der Waals correction [40] to account for the long-rang van
der Waals interaction. Calculations of the geometrically re-
laxed structure reveal an optimal substrate-molecule dis-
tance of R0 = 0.35 nm corresponding to the Van der Waals
diameter of carbon atoms, cf. Fig. 1(b). The binding en-
ergy of Eb = 3.26 eV corresponds to Êb = 42 meV per
atom in the porphyrin molecule (78 atoms). Furthermore,
as expected in the case of non-covalent functionalization,
we find only small deviations in the electronic band struc-
ture compared to the electronic properties of the pristine
graphene, cf. Figs. 1(c) and (d). The molecules adsorbed
via π-π stacking do not change the unique linear and gap-
less band structure of graphene around the Dirac point.
Their impact is limited to regions where the molecular en-
ergy levels cross the graphene electronic states. Here, we
observe avoided crossings in the band structure of the hy-
brid material, cf. Fig. 1(c).

To address the Förster energy transfer, we further-
more calculate the molecular transition dipole moment
dM = −e0

∫
drΦl∗

M (r) rΦh
M (r) with the molecular

HOMO and LUMO wavefunctions Φh
M (r), Φl

M (r). Evalu-
ating the wave functions obtained in our DFT calculations,
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we find for the dipole moment in the units of e0nm

dM =
(
dx, dy, dz

)
=

(
− 0.518,−0.043,−0.215

)
(1)

with the absolute value of dM = 0.56 e0nm. The dipole
moment is calculated for the porphyrin molecule that has
been fully geometrically relaxed in the presence of the
graphene substrate. Following the approach of Swathi et
al. [41], the Förster transfer rate reads

γF =
2π

h̄

∑
ki

∑
kf

∣∣dM · ∇φvc
ki,kf

∣∣2 δ(εckf
− εvki

−∆EM ),

(2)
expressing the interaction of the molecular transition
dipole dM located in the electrostatic potential φvc

ki,kf

arising from the transition charge density of graphene
ρvcki,kf

(r) = −e0Φ
v∗
ki
(r)Φc

kf
(r).. The sums in Eq. (2) are

performed over all momentum-dependent initial and final
states of graphene Φv

ki
(r), Φc

kf
(r) considering the energy

conservation expressed by the appearing delta function
that includes the energy of the involved graphene states
in the conduction and the valence band εckf

, εvki
and the

energy ∆EM of the excited molecular transition.
Assuming the nearest-neighbor tight-binding approxi-

mation for the graphene wave functions [43,44], the tran-
sition charge density of graphene can be explicitly calcu-
lated allowing an analytic expression for the Förster energy
transfer rate [41]

γF (R) =

∫ ∆EM
νF

0

e20
128πh̄ϵ20

(d2∥ + 2d2⊥)
e−2qRq3√

∆E2
M − ν2F q

2
dq

≈ 3e20
1024EMπh̄ϵ20

d2∥ + 2d2⊥

R4
for R > 1 nm (3)

with the molecule-substrate distance R, the momentum
transfer q, and the slope in the electronic band structure
of graphene νF . The Förster rate explicitly depends on the
substrate-molecule distance R and on the square of the par-
allel d∥ and the perpendicular component d⊥ of the molec-
ular transition dipole moment dM. The investigated struc-
ture lies in the x-y plane, i.e. d2∥ = 0.27 and d2⊥ = 0.05

e20 nm2 resulting from Eq (1). Since the geometrically re-
laxed porphyrin molecule does not lie flat on the graphene
layer, there is also a dipole component perpendicular to the
graphene layer.

Figure 2 illustrates the Förster rate as a function of
the substrate-molecule distance R for the porphyrin-
functionalized graphene. Provided the knowledge of the
molecular transition dipole moment d∥, d⊥, the Förster
rate can be easily extracted also for other graphene-based
hybrid nanostructures. In the limit of large substrate-
molecule distances R, the Förster coupling exhibits a R−4

dependence in contrast to the well-known R−6 scaling
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Figure 2 Distance dependence of the energy transfer between the
graphene layer and the attached porphyrin molecule via Förster
coupling. At the calculated optimal molecule-substrate distance
R0 = 0.35 nm, we yield a Förster rate of γF = 3.2 fs−1 suggest-
ing a very strong energy transfer. For large distances, the Frster
coupling exhibits a R−4 dependence - as expected for spatially
extended two-dimensional substrates [41,23].

for the Förster coupling in molecule-molecule complexes
[36]. This can be traced back to the spatially extended
two-dimensional graphene substrate [41] and is in good
agreement with recent experimental observations [23]. For
typical distances of R = 1− 5 nm involving the presences
of linker molecules that are sometimes necessary to realize
the functionalization [30], we find Förster rates in the range
of γF = 50− 0.1 ps−1. For small distances R <1 nm, γF
exhibits an exponential decay with increasing R. For the
calculated minimal distance of R0 = 0.35 nm between the
porphyrin molecule and the graphene substrate, we obtain
a very efficient rate of γF (R0) = 3.2 fs−1. The large tran-
sition dipole moment of the adsorbed porphyrin molecule
in combination with the very short substrate-molecule
distance results in a strong Förster coupling between the
molecule and the electrons within the graphene layer. Our
results are in agreement with the experimentally observed
strong energy transfer in porphyrin-functionalized carbon
nanotubes, in particular with respect to the time-resolved
transient absorption studies revealing that the energy trans-
fer occurs on a femtosecond timescale [35].

In summary, we have investigated the Förster energy
transfer in porphyrin-functionalized graphene. After hav-
ing characterized the hybrid nanostructure within a study
based on density functional theory, we calculate the energy
transfer rate within the Fermi’s golden rule. For the ob-
tained molecule-substrate distance, we find an extremely
efficient Förster energy transfer between the adsorbed
porphyrin molecules and the graphene substrate. The pre-
dicted values in the range of fs−1 are in agreement with
recent experimental results. Further studies are needed to
calculate the Dexter energy transfer mechanism in these
hybrid nanostructures.
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