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

Side view on the graphene layer non-covalently functionalized
with a porphyrin molecule.

Copyright line will be provided by the publisher

Functionalization of carbon nanostructures, such asng of the porphyrin fluorescence, while the photolumi-
graphene and carbon nanotubes, is a rapidly developingescence of the nanotubes is strongly enhanced, when the
research field [1-25]. The goal is the design of tailored hy-excitation is tuned into resonance with molecular transi-
brid nanostructures characterized by remarkable pragzerti tions [36—38]. In transient absorption spectroscopy exper
of the carbon substrate [26—31] combined with the strongments, an ultrafast population build-up was observed in
light absorption of adsorbed molecules [32]. This resultscarbon nanotubes after optical excitation of the porphyrin
in a promising application potential for high-efficiency molecules suggesting that the energy transfer occurs on a
photodetectors, biomedical sensors, and photovoltaic detimescale shorter than 100 fs [39]. The underlying energy
vices [24,33-35]. To preserve to a large extent the intrinsi transfer mechanism is expected to be tiesker coupling
properties of the carbon substrate, non-covalent funetion[40] inducing a direct non-radiative transfer of energynfiro
alization based omn-7 stacking is applied [5]. the optically excited molecule to the substrate. The com-

. ) ) _ peting Dexter energy transfer mechanism [41] is expected

First experimental studies on carbon-based hybridio pe small due to its sensitive dependence on the overlap
nanostructures have demonstrated an extremely efficiendf the involved strongly localized orbital functions of the

energy transfer [11,12,24,32]. In particular, hybrid 6tru  carbon substrate and the adsorbed molecules [42].
tures consisting of carbon nanotubes non-covalently func-

tionalized with porphyrin molecules show a total quench-
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Figure 1 Characterization of the investigated hybrid nanostructure consistingphgne non-covalently functionalized with base-free
tetraphenyl porphyrin (TPP) molecules. (a) Top view on the structaehtais been geometrically fully relaxed within the FHI-aims
code including the van der Waals interaction [43,44]. (b) The total bindiveggyF, as a function of the molecule-substrate distance
R. (c) Electronic bandstructure of the hybrid nanostructure at equilibgtaphene-porphyrin distande, exhibits no changes around
the Dirac point with respect to the bandstructure of pristine grapheh@v(ded crossings can be observed, when the molecular
energy levels cross the graphene bands. The almost entirely umchbagdstructure and the relatively small binding energy of 42 meV
per atom in the porphyrin molecule (78 atoms) characterize the nofecd\fanctionalization that is less invasive than the covalent
adsorption of molecules.

In this article, we present a theoretical study on thefunctional [46] including the recently implemented Van
Forster energy transfer mechanisms in the graphene funaer Waals correction [44] to account for the long-rang van
tionalized with base-free tetraphenyl porphyrin (TPP).der Waals interaction. Calculations of the geometrically
First, we perform a characterization of the investigatedrelaxed structure reveal an optimal substrate-molecule
hybrid nanostructure based on calculations within the dendistance of R, = 0.35nm corresponding to the Van der
sity functional theory. The study is performed within the Waals diameter of carbon atoms, cf. Fig. 1(b). The dis-
FHI-aims code package, which is an all-electron full- tance is determined with respect to the central part of
potential electronic structure code including numericalthe molecule. The binding energy é&f, = 3.26 eV cor-
atom-centered orbitals allowing the investigation of stru responds toE, = 42meV per atom in the porphyrin
tures with hundreds of atoms [43]. In the next step, wemolecule (78 atoms). Furthermore, as expected in the
exploit the gained insights for the evaluation of tiigdter  case of non-covalent functionalization, we find only small
energy transfer rate within the Fermi’s golden rule [45].  deviations in the electronic band structure compared to

the electronic properties of the pristine graphene, cfsFig

Figure 1(a) illustrates the top view on the investigated1(c) and (d). The molecules adsorbed wia stacking do
porphyrin-functionalized graphene. The hybrid structare not change the unique linear and gapless band structure
fU”y relaxed USing the Broyden'FletCher-GOldfarb-Shﬂlnn of graphene around the Dirac point_ Their impact is lim-
method minimizing all force components to values smallerjted to regions where the molecular energy levels cross
than10~? eV/A. For graphene, we choose a supercell cov-the graphene electronic states. Here, we observe avoided

ering11x11 unit cells corresponding to 242 carbon atoms crossings in the band structure of the hybrid material, cf.
with a lattice constant of 1.4&. The investigated situation  Fig. 1(c).

corresponds to a moderate functionalization degree with
a negligible molecule-molecule interaction. The calcula- To address the dtster energy transfer, we further-
tions are performed within the PBE exchange-correlationmore calculate the molecular transition dipole moment
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dv = —eg [drdl(r)r ok, (r) with the molecular
HOMO and LUMO wavefunctiong”, (r), ¢!, (r). Evalu-
ating the wave functions obtained in our DFT calculations,
we find for the dipole moment in the units qfren
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with the absolute value af,; = 0.56 egnm. The dipole E
moment is calculated for the porphyrin molecule that has 8 0.001F
been fully geometrically relaxed in the presence of the ™
graphene substrate. Following the approach of Swathi e

al. [45], the Forster transfer rate reads 0o 05 1
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2) graphene layer and the attached porphyrin molecule &iatér
expressing the interaction of the molecular transitioncoupling. At the calculated optimal molecule-substrate distance
dipole dyy located in the electrostatic potentigh®, ~  Ro = 0.35nm, we obtain a Brster rate ofy» = 3.2fs™" sug-
arising from the transition charge density of graphenegesting a very strong energy transfer. For large distances, the
P, (r) = —eo®yr ()P (r). The sums in Eq. (2) are Forster coupling exhibit; eR*“_ dependence - as expected for
performed over all momentum-dependent initial and finalSpatially extended two-dimensional substrates [45, 24].
states of graphene; (r), #§_(r) considering the energy
conservation expressed by the appearing delta function . ) _
that includes the energy of the involved graphene state§0lecular transition dipole moment,d_, the Forster
in the conduction and the valence barfd, . and the Late can be easily extracted also_ fo_r other graphene-based
energyAE,, of the excited molecular transition. ybrid nanostructures. In the limit of Iarg.e.subsarate—
Assuming the nearest-neighbor tight-binding approxi-molecule distanceg, the Forster coupling exh|6b|ts &

mation for the graphene wave functions [47], the transitiond€Pendence in contrast to the well-knowT™ scaling
charge density of graphene can be explicitly calculated al{or the Forster coupling in molecule-molecule complexes

lowing an analytic expression for thé¥fster energy trans- [40]. This can be traced back to the spatially_extended
fer rate [45] two-dimensional graphene substrate [45] and is in good

agreement with recent experimental observations [24]. For
AFy typical distances oR = 1 — 5 nm involving the presences
el 9 o e~ 2alg3 of linker molecules that are sometimes necessary to realize
1r(R) = /0 1287he2 (dl\ +2dl)\/mdq the functionalization [32], we findd¥ster rates in the range
MoTE of vy = 50 — 0.1 ps~!. For small distance® <1 nm,vr
362 d? + 242 exhibits an exponential decay with increasifig For the
0 I for R > 1nm (3) calculated minimal distance @f, = 0.35 nm between the
porphyrin molecule and the graphene substrate, we obtain
) ) a very efficient rate of»(Ry) = 3.2fs~!. The large tran-
with the molecule-substrate distan¢g the momentum  sition dipole moment of the adsorbed porphyrin molecule
transferg, and the slope in the electronic band structurejn combination with the very short substrate-molecule
of graphene/r. The Forster rate explicitly depends on the gistance results in a strong#ter coupling between the
substrate-molecule distanfeand on the square of the par- molecule and the electrons within the graphene layer. Our
allel 4| and the perpendicular componeht of the molec-  results are in agreement with the experimentally observed
ular transition dipole momenty;. The investigated struc-  strong energy transfer in porphyrin-functionalized carbo
ture lies in the x-y plane, i.elf = 0.27 andd? = 0.05€}  nanotubes, in particular with respect to the time-resolved
nn? resulting from Eq (1). Since the geometrically relaxed transient absorption studies revealing that the energgra
porphyrin molecule does not lie flat on the graphene layeffer occurs on a femtosecond timescale [39].
(the four phenyl rings are rotated out of the plane), there  In summary, we have investigated thérgter energy
is also a dipole component perpendicular to the graphen&ansfer in porphyrin-functionalized graphene. After hav
layer. The orientation of the molecular dipole moment en-ing characterized the hybrid nanostructure within a study
ters implicitly into the erster rate in Eq. (3), since the based on density functional theory, we calculate the en-
components of the dipole moment have different weights. ergy transfer rate within the Fermi’s golden rule. For the
Figure 2 illustrates the d¥ster rate as a function of obtained molecule-substrate distance, we find an extremely
the substrate-molecule distande for the porphyrin-  efficient Forster energy transfer between the adsorbed por-
functionalized graphene. Provided the knowledge of thephyrin molecules and the graphene substrate. The pre-
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dicted values in the range ¢fs—! are in agreement with ~ [21] J. D. Correa and W. Orellana, Journal of Applied Physics
recent experimental results. Further studies are needed to ~ 113(17), 174305 (2013).

calculate the Dexter energy transfer mechanism in these[22] G. Berghauser and E. Mati Phys. Status Solidi 50,
hybrid nanostructures. 2678 (2013).
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