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 Solar cells based on organic semicon-
ductors can be cheaply manufactured 
with low-temperature, high-throughput 
techniques that are not available for inor-
ganic semiconductors. Besides, they offer 
much larger fl exibility in the chemical 
manipulation and tailoring of the elec-
tronic properties. In these types of cells 
the primary neutral excitation (or exciton) 
is induced by sunlight in an organic semi-
conductor of suitable bandgap (usually 
a dye or a π-conjugated polymer). The 
excitation energy must then be effi ciently 

used to generate a fl ow of free charge carriers, for the device 
to work as a photovoltaic unit. At variance with fi rst genera-
tion cells based on doped silicon, or III-V semiconductor junc-
tions, in which the driving force for the charge separation is the 
intrinsic electric fi eld generated by charge depletion across the 
junction at the equilibrium, organic devices have signifi cantly 
smaller dielectric constant, and therefore much higher exciton 
binding energies. For this reason their operation relies on dif-
ferent mechanisms for the charge separation to be performed 
effectively. 

 To date, big efforts have been spent in designing and synthe-
sising molecular systems made of electron donor and acceptor 
moieties, both to mimic photosynthetic reaction centers, and 
to improve the performances of existing photovoltaic architec-
tures by chemically engineering their structures. In this quest, 
the often adopted trial and error optimization strategies must 
be supported by a detailed understanding of how the photoin-
duced charge separation actually proceeds at a microscopic 
level. Most of the natural systems which are a source of inspira-
tion are too complex to provide practical guidelines for artifi cial 
devices. 

 In order to understand the fundamental processes, it is cru-
cial to consider the simplest and smallest possible system that 
shows the same behavior as natural reaction centers (or the 
equivalent for photovoltaic effect). [ 3,4 ]  This line of thought was 
followed for example by groups whose pioneering works lead to 
the creation of supramolecular donor–acceptor or donor-bridge-
acceptor compounds. [ 5–7 ]  These systems were so far the most 
elementary units for which simple analytical models could be 
checked against fully ab initio theories and simulations. More-
over recent 2D optical spectroscopy observations reinforced the 
idea that quantum physics could seriously affect the effi ciency 
of energy transfer in those systems. [ 8 ]  

 In recent works some of us have studied the quantum 
aspects of light-driven charge dynamics in such systems on a 
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  1.     Introduction 

 The quest for new materials for clean energy production and 
storage is one of the most compelling research fi elds of our 
times. The challenge of understanding fundamental processes 
in natural and man-made systems has an immediate potential 
for societal benefi ts, and is therefore of primary importance 
both from the scientifi c and from the technological point of 
view. 

 During the last twenty years there has been a clear focus 
shift of frontier research from the study of solid-state crystal-
line semiconductor devices to the investigation of new classes 
of devices based on organic or hybrid components. This break-
through was fi rst driven by the paradigm change introduced 
by the invention of dye-sensitized [ 1 ]  and bulk heterojunction 
organic solar cells. [ 2 ]  
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sub 100 femtosecond (fs) timescale after photoexcitation. [ 9,10 ]  
Both in the case of a covalently linked caroteno-porphyrin-
C 60  triad, and in the case of the P3HT:PCBM blend we found 
experimental evidences of quantum coherent behavior, and we 
could provide fi rst principle theoretical support that the strong 
coupling of the electrons and nuclei was responsible for driving 
wavelike oscillations in the electronic system. 

 However both the synthesis and the accurate simulation 
of such arrays requires signifi cant effort. The need for more 
straightforward synthesis protocols and for more elementary 
model systems has prompted us to seek for smaller and more 
functionally fl exible compounds. Having at hand a modular 
unit would allow us to build from scratch a series of nanosized 
“all in one” prototypical photovoltaic cells and to control their 
structural details according to the desired effects on the overall 
functionality of the device. 

 For this purpose we turn our attention to a diaminotereph-
thalate, a recently developed molecular organic scaffold origi-
nally meant for combinatorial chemistry. [ 11 ]  

 Diaminoterephthalates have four sites for binding up to 
four different effector groups and, therefore, are suitable for 
different applications in biochemistry, physics and physical 
chemistry. They can, for example, be designed as “turn-on” fl u-
orescent probes and were employed as tools for investigating 
conformational changes of neuronal proteins in dependence of 
Ca 2+ -concentrations. [ 12 ]  The scaffold can also be conveniently 
bound to electron donors, acceptors, gold or glass surfaces, or 
proteins. 

 In this paper we propose to attach a diaminoterephthalate 
unit to C 60  fullerene by a pyrrolidine linker in order to form 
a donor–acceptor dyad. By means of theoretical computa-
tions, we address the question if this structure can be a useful 
building block for a molecular photovoltaic nano-sized unit. 
Our methods of choice are density functional theory (DFT) and 
its time-dependent generalization (TDDFT) together with the 
Ehrenfest path method for nuclear dynamics. [ 14,15 ]  Our inves-
tigation involves three main steps: i) determining the stable 
structures of the system and its components (see Section 2.1); 
ii) determining their optical absorption spectra and identifying 
the chromophore excitations (see Section 2.2); iii) exciting the 
ground state of the dyad and propagating its quantum state 
in time to seek evidences of charge transfer from the donor 
(chromophore) to the acceptor (fullerene) (see Section 2.3). 

 From the outset, we should clarify that the type of processes 
we are interested in differ substantially from instantaneous 
optical charge transfers (in which a system is optically promoted 
from a neutral ground state directly into an excited, charge-sep-
arated state). Charge transfer may also occur from an excited 
state of donors to an excited state of acceptors if mediated by 
nuclear dynamics on a time scale of several tens of fs. Here, 
the meaning of “excited state” should be understood, dynami-
cally, beyond the standard Born-Oppenheimer description in 
terms of strongly coupled electronic and vibrational states (see 
below). In order to help avoiding confusion, we shall often refer 
to such nuclei-mediated charge transfers briefl y as to charge 
separation processes. We should also remark that well-known 
failures of local and semi-local density functional approxima-
tions which apply to instantaneous optical charge transfers tend 
to rule out the same processes rather than supporting them. 

It is crucial to appreciate that the same failures may not apply 
straightforwardly to nuclei-mediated charge separations. In 
fact, we have recently found that TDDFT predictions of nuclei-
mediated charge separation processes based on the Ehrenfest 
path method agree reasonably well with experimental observa-
tions in some important instances. [ 9,10 ]   

  2.     Results and Discussion 

  2.1.     Building Blocks 

 In the present work we study the compound depicted in 
 Figure    1  a, simply referenced as “dyad” throughout the paper. 
This dyad is obtained by connecting a diaminoterephtha-
late molecule (shortly addressed as “chromophore”, shown in 
Figure  1 c) to an electron acceptor, such as one of the function-
alized variants on the fullerene theme. In our case we have 
chosen the pyrrolidine-C 60  unit depicted in Figure  1 d. As antici-
pated in the previous section the chosen chromophore is par-
ticularly convenient as it can be easily functionalized with up to 
four different groups. For instance, thiol or silane groups can 
be used for binding it to gold or glass surfaces, and biomole-
cules could be immobilized at the surface with an alkyne or 
azide moiety, allowing complete control on the local environ-
ment. The pristine chromophore in Figure  1 c is a colored, fl uo-
rescent compound. Its optical properties can be controlled by 
appropriate substituents. For example, a reaction with thiols 
can be designed such that a non-fl uorescent species is turned 
into a fl uorescent one which emits orange light with a quantum 
yield of 80%. [ 13 ]  The length and conjugation of the bridge con-
necting the donor and the acceptor may be tailored as well. [ 16 ]  
Those factors are well known to affect the transfer rate, as dem-
onstrated, e.g., by measurements performed on donor-bridge-
acceptor systems built from tetracene (donor), pyromellitimide 
(acceptor), and oligophenylenevinylenes (bridge). These meas-
urements show that upon selective photoexcitation of the 
donor, the electron-transfer rate fi rst drops abruptly when the 
size of the bridge is increased, and then starts growing again to 
reach much higher values for longer bridge chains. [ 17 ]   

 The synthetic strategy for the title compound is briefl y 
resumed in Figure  1 b: Catalytic hydrogenation would yield the 
free mono-carboxylic acid which could then be coupled with 
benzylic alcohol bearing a dimethylacetal-protected aldehyde 
function in its  para -position. After deprotection, the liberated 
benzaldehyde function is submitted to 1,3-dipolar cycloaddition 
with fullerene C 60  and sarcosine (i.e.,  N- methylglycine) forming 
an intermediate azomethine-ylide and subsequently the pyrro-
lidine ring (after decarboxylation) as the linker between benzyl 
ester and C 60 . However, the synthesis depicted in Figure  1 b was 
accomplished, but not yet optimized fi nally. This synthetic route 
could be adapted to allow us to optimize the linker. The length 
and conjugation of the “bridge” unit could then be engineered 
to vary the length of the electron path, to control the amount of 
electronic coupling between the donor and the acceptor, and to 
investigate the role of different channels for charge separation – 
such as through bond hopping as opposed to through space 
tunneling. Here, we consider the shortest bridging conjugate 
group, i.e., a  para -phenylene unit. 

Adv. Funct. Mater. 2015, 25, 2047–2053

www.afm-journal.de
www.MaterialsViews.com



FU
LL P

A
P
ER

2049wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

 The optimized geometries of the dyad and of its isolated moi-
eties have been calculated in gas phase with DFT [ 18 ]  by using 
the hybrid B3LYP exchange-correlation functional [ 19 ]  and the 
standard Pople basis set 6-31G(d,p). [ 20 ]  The selected dyad geom-
etry corresponds to an absolute minimum of the energy in the 
calculations, but the nuclear confi guration shown in Figure  1 a 
is very close to a set of degenerate arrangements involving free 
rotations around the C–C bond connecting the chromophore to 
the benzyl group, and around the contiguous C–O single bond. 
Indeed, the total ground state energy difference with respect 
to a confi guration in which the chromophore moiety is rotated 
180° around the C–C bond is only −0.014 eV. We therefore 
expect all those confi gurations to be simultaneously active in 
a room-temperature solution sample. The relaxed geometries 
of the dyad components, i.e., a pyrrolidine-C 60  acceptor, and 
the diaminoterephthalate moiety are also shown in Figure  1 d 
and  1 c, respectively. In the following section, we determine and 
compare the electronic properties of the dyad with those of its 
isolated moieties.  

  2.2.     Electronic Structure and Optical Properties 

 In order to address the possible excitation pattern of the dyad 
we have fi rst calculated the ground state optical response of the 
chromophore alone. In  Figure    2   we show the absorption spectra 
of the chromophore (see Figure  1 c for the structure) calculated 
within the linear response time-dependent DFT (LR-TDDFT) [ 21 ]  
at the B3LYP level in vacuo and in a dichloromethane (CH 2 Cl 2 ) 
solution. Solvation effects in the ground and excited states are 

accounted for in the framework of the conductor-like polariz-
able continuum model (C-PCM). [ 22,23 ]  The PCM formalism 
allows us to map the intractable problem of considering explic-
itly the CH 2 Cl 2  solvent molecules into a problem in which 
the chromophore interacts electrostatically with an infi nite 
polarizable medium characterized by its static (ε s  = 8.93) and 
high-frequency (ε ∞  = 2.02) dielectric constants. [ 24 ]  The absorp-
tion spectra are obtained by computing the excitation energies 
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 Figure 1.    Optimized molecular structure of a) and synthetic strategy for b) the dyad. Molecular structures of the diaminoterephthalate chromophore 
as c) dimethyl ester (donor) and d) the pyrrolidine-C 60  (acceptor). The color code for the elements is red for O, blue for N, grey for C, and white for H.

 Figure 2.    Absorption spectra of the chromophore calculated in vacuo 
(dash line) and in a CH 2 Cl 2  solution (solid line) with LR-TDDFT at the 
level of B3LYP/6-31G(d,p). The isosurfaces of the highest occupied 
(HOMO) and lowest-unoccupied (LUMO) solvated molecular orbitals 
are superimposed. Plotted intensities are normalized respect to the 
absorption maximum in solvent.
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(poles of the density-density response function) and the oscil-
lator strengths of the fi rst twenty excited states of the chromo-
phore. The main absorption features of the spectrum of the 
chromophore are also reasonably well described at the LDA 
level. Of course some quantitative differences can be spotted by 
closely comparing the LDA spectra (see red line in Figure 4) 
with the ones obtained with the B3LYP functional. In particular, 
the LDA spectra are red shifted, as expected, indicating the well-
known tendency of LDA to underestimate long-range exchange-
correlation energies. However, both theory levels agree that 
the absorption edge is due to a predominant pure transition 
between the highest occupied (HOMO) and the lowest unoc-
cupied (LUMO) molecular orbitals.  

 Both in vacuo and in solution the calculations show two dis-
tinct absorption bands, one in the visible region and the other 
in the ultraviolet range. The main features of the absorption, for 
the solvated molecule, are centered at 464 nm (2.67 eV), 239 nm 
(5.18 eV) and 210 nm (6.1 eV) and are slightly red shifted 
by about 0.1 eV compared to the gas phase results, as it was 
expected given the low polarity of CH 2 Cl 2 . On the other hand, 
we notice that the solvent polarization increases the intensity of 
all the absorption resonances. The optical absorption onset at 
464 nm corresponds to the lowest-lying excited state showing 
a dominant excitation amplitude for the transition between the 
HOMO and LUMO. The isosurfaces of these orbitals respon-
sible for the absorption in the visible appear in the inset of 
Figure  2 . The chromophore can therefore be suitably excited 
both by visible and UV radiation even though the former is the 
most relevant channel for photovoltaic applications. 

 Next we have computed the optical absorption spectrum of 
the precursor molecule used for the synthesis plan of Figure  1 b, 
whose structure can be obtained by replacing one hydrogen 
atom of the methyl group in the diaminoterephthalate by an 
aromatic hydrocarbon. In order to compare the computed 
absorption cross section with the experimental data we have 
detached the precursor structure from the dyad and optimized 
its geometry from scratch in the gas phase. The structure is 
shown in  Figure    3   together with the spectrum.  

 The computed absorption confi rms that the two-band absorp-
tion scenarios described for the chromophore is unaffected 
by the presence of this bridge in the ground state. In the UV 
region of the spectrum the LR-TDDFT calculations at the B3LYP 
level predict absorption maxima superimposed with the meas-
ured resonances. For the optical absorption onset we obtain 
a peak centered at 469 nm (2.64 eV) which is in fairly good 
concordance with the experimental value of 486 nm (2.55 eV), 
as reported in Figure  1 b and seen in Figure  3  (dashed line). We 
also observed that the CAM-B3LYP functional overestimates the 
lowest-energy resonance for the precursor by 0.45 eV. 

 As we have mentioned above, absorption spectra can also be 
obtained with TDDFT beyond the linear response regime by 
propagating in time the Kohn-Sham system from its ground 
state, in presence of a wide band electric dipole perturbation. 
In comparison to the linear response approach, this method 
has the advantage to avoid explicit reference to unoccupied 
states. In fact the only orbitals that need to be propagated are 
those that are already occupied in the initial state. At this stage, 
the nuclei are clamped at their equilibrium positions as their 
motion is not crucial to determine the ground state optical 
absorption. 

 We performed calculations at the local-density-approxima-
tion (LDA) level with Slater exchange [ 26,27 ]  and Perdew and 
Zunger correlation [ 28 ]  using the OCTOPUS code. [ 25 ]  We remark 
that the width of the peaks obtained with this method is basi-
cally determined by the total time of propagation (see Section 
4 for details). At present, this is not a critical issue, as we are 
predominately interested in the average position of the main 
absorption bands and in their relative strengths. 

 We now turn our attention to the optical absorption of the 
full dyad. Along the lines of previous works [ 9,10 ]  we explore the 
optical response of the system at the LDA level.  Figure    4   shows 
the theoretical absorption spectrum of the dyad, superimposed 
with the spectra for the chromophore, and for the acceptor (the 
latter is taken from Spallanzani et al. [ 30 ] ). The physical picture 
which is emerging is compatible with a scenario of weakly 
interacting moieties. The optical excitation can be decomposed 
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 Figure 3.    Theoretical (LR-TDDFT at the level of B3LYP/6-31G(d,p)) (solid 
line) and experimental (dash line) absorption spectra for the precursor 
molecular system in solvent (CH 2 Cl 2 ). The optimized structure of the 
calculated molecule is superimposed.

 Figure 4.    Absorption spectra of the dyad (solid line), the chromophore 
(dash line) and the pyrrolidine-C 60  (dot-dash line) calculated by propa-
gating in time the Kohn-Sham systems within the local density approxi-
mation. Plotted intensities are normalized with respect to the absorption 
maximum of the dyad.
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into a visible absorption green-yellow band dominated by the 
chromophore absorption, and several bands in the ultraviolet 
having either pure acceptor character, or having contributions 
from both moieties. This scenario corresponds to two possible 
independent excitation paths, a high energy (UV) pathway, 
exciting both the donor and the acceptor, and the low energy 
(visible) one, which selectively excites the chromophore. Com-
parison with experimental data basically confi rms this scenario, 
even though the inaccuracy of LDA at estimating the optical 
gap induces a clear red shift in the absorption edge. Therefore, 
we are very interested in investigating if useful charge separa-
tion mechanisms would occur. We note that the absorption in 
the visible is not particularly strong and also not very broad-
band. Although a device built on this precise system may be 
expected to have a low incident photon to current conversion 
effi ciency, [ 31 ]  we may assume that the harvesting properties 
could be further enhanced by altering the molecular compo-
nents. We devise two possible strategies for that, both exploiting 
the availability of four binding sites on the scaffold, namely: 
lengthening the linker group by means of di- or tri-phenylene 
spacers, or attaching one or more additional chromophores 
having different absorption edges such as carotene derivatives. 
In the following section we focus on the charge separation 
dynamics of the simplest dyad, starting from a D*A type initial 
state, so to establish a baseline to which the photophysical prop-
erties of more complex supramolecules can be compared.    

  2.3.     Charge Separation 

 The calculations presented in the previous section ultimately 
provide us with all the information we need to set up a reason-
able initial state for the simulation of the photoexcited dynam-
ical properties of the system. 

 In order to investigate whether or not a charge separation 
can occur in the dyad, we carried out unperturbed propagations 
of the coupled electron-nuclei dynamics according to the Ehren-
fest scheme. [ 14,15 ]  Ehrenfest path molecular dynamics, together 
with TDDFT electron propagation is a useful tool to estimate 
the effect of the electron-nuclei coupling on the light-induced 
charge separation dynamics, since it provides a mean-fi eld 
electronic contribution to the nuclear forces beyond the Born-
Oppenheimer approximation. This method suffers from known 
limitations such as the lack of detailed balance, and cannot 
reach the accuracy of full nonadiabatic wave-packet dynamics. [ 32 ]  
Nevertheless it provides a good compromise between accuracy 
and computational effi ciency as long as the nuclear potential 
energy landscape does not cross conical intersections. Simula-
tions performed with this method light-induced charge separa-
tion proved to be very useful for analyzing recent experiments 
reporting vibronic oscillations during the charge separation in 
other similar cases. [ 9,10 ]  

 We started from a Kohn-Sham excited state involving a 
single excitation from the chromophore HOMO to the chromo-
phore LUMO. The calculations of the previous section have 
shown that this initial state is indeed accessible within LDA 
as a sudden change in the charge density and that it is opti-
cally active in the chromophore (almost no charge is displaced 
to the fullerene side). Initially, the nuclei were given random 

velocities from a Boltzmann distribution corresponding to 
a temperature of 300 K. At our level of the theory, we do not 
describe energy dissipations / couplings of the system to the 
environment, that is, the excitation energy that was put into the 
system stays in the system. Thus, no relaxation channels are 
available for the molecule to stabilize the charge on the very 
long run. 

 The propagation was carried out with a time step of about 
1 attosecond (as) for both electrons and nuclei for a propaga-
tion time of up to 85 fs. In order to minimize possible spu-
rious modulations in the time-dependent behavior of the rel-
evant quantities, we fi ltered the pseudo-potentials so that they 
no longer contained Fourier components larger than the mesh 
itself. [ 33 ]  The charge motion was tracked by numerical inte-
gration of the particle density in a volume containing the C 60  
acceptor moiety. The same evolution was computed by sup-
pressing the electron-nuclei coupling, leaving the nuclei fi xed 
at their equilibrium positions. 

 From the structural analysis in Section 1 we concluded 
that a manifold of quasi-degenerate confi gurations exists for 
which the chromophore is rotated with respect to the electron 
acceptor. The question then arises if the  syn  and  anti  confor-
mations, which interconvert at room temperature, might con-
tribute differently to the charge separation dynamics, or sup-
press it at all. For this reason we include in the simulations an 
 anti- dyad chemically identical to the original  syn -dyad, but in 
which the chomophore is rotated by 180° around the C-C bond 
between the chromophore and the bridge. The structures are 
shown in  Figure    5  . While in the  syn  variant both through bonds 
and through space mechanism could be active, in the  anti  con-
former the direct hopping probability of an electron via through 
space tunneling from the chromophore to the acceptor would 
be strongly suppressed. These may then be considered as two 
extreme cases within the continuum of intermediate instances 
mixed in a real-world sample.  

  Figure    6   depicts the variation in time of the number of elec-
trons ∫ [ ]( ) ( ) ( )Δ = −, ,0N t n r t n r dr calculated in terms of the 
time-dependent particle density on the acceptor side for both 
dyads. Evidence of charge separation is observed in both cases. 
After a 10 fs transient the charge motion from the chromo-
phore to the acceptor sets in and proceeds unambiguously. The 
initial transient witnesses quick energy relaxation and partial 
back bounce of the charge towards the excited moiety. It is also 
apparent from this plot that the charge separation in the two 
dyads proceeds differently. Differences may be ascribed to the 
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 Figure 5.    Quasi degenerate molecular structures ( syn - and  anti -confor-
mations) of the dyad at room temperature.
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different initial conditions of the nuclear velocities in the two 
confi gurations. It is also apparent from this plot that the charge 
separation in the two dyads proceeds differently. In the  syn  
conformation (chromophore facing the acceptor) it is quantita-
tively more prominent, reaching an average rate of 0.014 e/fs vs 
0.005 e/fs in the anti-dyad. Besides, oscillations with a period 
of about 45 fs are clearly visible in the  anti - conformation while 
for the  syn- dyad these oscillations are not exhibited due to the 
high transfer rate. The distance between donor and acceptor 
in the  anti  conformation is higher than in the  syn  conforma-
tion, the corresponding electrostatic driving force is therefore 
smaller. The two conformations behave in a qualitatively dif-
ferent way, ranging from a regime of coherently driven charge 
separation when the polarization is initially weak, to a regime 
of much stronger binding, for which the separation occurs in 
an overdamped, non-oscillating regime.  

 As shown by the dashed lines in Figure  6 , both charge-sep-
aration pathways are completely frozen when the nuclei are 
kept fi xed. This implies that, in absence of structural vibrational 
motion, the direct tunnel probability from the donor HOMO 
to the acceptor LUMO is negligible, and unable to displace the 
charge.  

  3.     Conclusions 

 We have thoroughly examined the structural, electronic and 
optical properties of a dyad composed by a diaminotereph-
thalate molecule and a pyrrolidine-C 60  molecule bridged by 
a  para -phenylene-pyrrolidine linker. Our aim was to explore 
the possibility of using this novel compound as a candidate 
for a nano-sized charge separating unit, behaving in essence 
as a miniature molecular solar cell. The main purpose of this 
investigation was to provide a simple model system, whose 
chemistry would be fl exible enough to allow us to test sev-
eral possible variants in a controlled way, and to progress 
towards the understanding of the charge separation process. 

Our theoretical results support our interest in the novel com-
pound and call for further investigations, such as the need for 
more accurate methods, able to overcome the limitations of 
the current approach. 

 In summary we have found that DFT can provide a descrip-
tion of the chromophore in excellent agreement with the 
observed absorbance: the chromophore absorption onset is 
in the band of green light wavelength, close to the peak solar 
spectral irradiance. The binding of the chromophore to a well-
known electron acceptor is found to be chemically stable, and 
its ground state level alignment is thermodynamically compat-
ible with photoinduced charge separation. The ground state 
structures show that the compound is made by two basically 
rigid units, but a free rotation degree of freedom is present 
in the linking group. This fact raises the question whether 
two different electron transfer patterns could coexist in room-
temperature samples solutions. Experimental optical spectra 
together with TDDFT results provide a description of the 
excited states of the dyad as made by weakly interacting spe-
cies. Two different channels for optically active excited states 
are observed: one corresponding to the chromophore absorp-
tion edge, the other in the UV band, corresponds to Fullerene 
and chromophore excitations. No optical signatures of charge 
transfer are observed in the linear absorption. We have 
explored the charge dynamics assuming an initial excited state 
corresponding to a pure chromophore HOMO-LUMO transi-
tion. From this starting point we have observed that charge is 
fl owing from the chromophore to the Fullerene. We have also 
shown that the charge separation dynamics strictly depends 
on the relative orientations of the donor and acceptor moieties 
in the dyad. We have evidence that the ultrafast component 
of the photoinduced current is related to the freedom in the 
nuclear motion. Nevertheless, in this case, due to the competi-
tion of different transmission channels, we do not expect that 
a coherent signal would be easily observable in pump-probe 
experiments, although we do expect that a substantial frac-
tion of the electrons could undergo charge separation on a 
100-fs time scale at room temperature. As next steps we plan 
to further engineer the molecule in order to improve the light-
harvesting effi ciency of the system in the visible region and 
to isolate the different charge separation pathways and charac-
terize them from both a theoretical and an experimental point 
of view.  

  4. Experimental Section    
 In DFT the observables, in particular the ground state energy, are 

expressed and computed as functionals of the ground-state particle 
density. The single-particle orbitals of the Kohn-Sham (KS) system 
reproduce the particle density of the interacting system exactly – if the 
exact exchange-correlation functional would be known. The same orbitals 
are also useful to extract valuable information on the molecular orbitals 
and corresponding excitations. The energy differences of the KS orbitals 
represent the zero-order approximations (in the strength of the electron-
electron interaction) of neutral excitations. For the actual excitations, one 
must move from the DFT to TDDFT. Here the observables are expressed 
as functional of the time-dependent particle density, its history, and 
the initial state. Given that one can introduce a TD KS system, the 
excitations of the system may be determined in two fashions. In the 
fi rst approach one works with the linear responses (LR) of the systems, 
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 Figure 6.    Variation of the number of electrons ∫ [ ]( ) ( ) ( )Δ = −N t n r t n r dr
V

, ,0
within a volume V including the acceptor. Red (blue) lines refer to the  syn -
dyad ( anti -dyad) depicted in Figure  5 . Solid lines show the dynamics cal-
culated with full electron-nuclei coupling (at the Ehrenfest level). Dashed 
lines refer to electron dynamics with clamped nuclei.
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as the exact interacting response function can be expressed in terms 
of the LR of the KS system plus corrections (that may account the 
effects of interaction to all orders). In the second approach, one may 
directly propagate the KS system under the effect of a perturbation to 
determine the time-evolved density. Real time propagation is a crucial 
ingredient to study charge separation in all the cases in which the energy 
exchange among electrons and nuclei is important. In fact, this class of 
phenomena can be investigated by coupling the nuclear dynamics on 
the Ehrenfest path to the electron propagation in the time-dependent 
Kohn-Sham scheme. Here, the nuclei are evolving as classical 
particles under the action of the average fi eld caused by the (quantum-
mechanical) electrons and, in turn, the electrons are acted upon by 
the Kohn-Sham potential which includes the time-dependent potential 
generated by the same moving nuclei. Our analysis is restricted to the 
adiabatic approximation for the electrons. This means that the TDDFT 
exchange-correlation functionals are approximated by evaluating the 
DFT exchange-correlation functionals on the instantaneous density 
(and instantaneous single-particle orbitals – if the functionals depend 
also on the KS orbitals explicitly). As it is well-known, this approximation 
is admissible as long as memory effects do not play an important role 
and as long as the excitations have mostly single-particle character 
or collective behaviors such as plasmons. All real time propagations 
presented were performed with the OCTOPUS code, [ 25 ]  by means of a 
real-space discretized representation of wave functions and operators. 
For the chromophore we used a time step of 1.5 as and propagated 
up to 33 fs. For the dyads we employed a time step of about 1 as and 
propagated up to about 85 fs. In order to reduce the required number 
of grid points to describe the cores of the carbon, nitrogen, and oxygen 
atoms, we employed Troullier-Martins pseudopotentials [ 29 ]  as specifi ed 
by the defaults of the code. The simulation Box was chosen to be of 
minimal type; i.e., each atom was contained in a sphere, whose radius 
was here set to 5.0 Å. The grid-spacing, in each direction, was set to 
0.19 and 0.15 Å for the chromophore and for the dyads, respectively. The 
B3LYP level computations were performed with the GAMESS software 
package. [ 34 ]  The LR response spectra were broadened with a Lorentzian 
of half-width at half-maximum of 0.2 eV. 

 Finally, it is well known that, the electron transfer rate due to the 
formation of an indirect exciton is prone to important errors due to wrong 
asymptotics of LDA and semilocal functionals. Therefore, consideration 
of long-range corrected functionals is of great importance in cases in 
which purely electronic charge-transfer states are present. [ 35–37 ]  It will be 
most interesting to evaluate the effect of these corrections in the charge-
separation processes studied in this work.  
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