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ABSTRACT: For efficient conversion of light into useful energy sources, it is very hv
important to study and describe the first steps of primary charge-transfer process in natural
structures and artificial devices. The time scale of these processes in artificial photosynthetic
and photovoltaic devices is on the order of femto- to picoseconds and involves vibronic
coupling of electrons and nuclei and also nuclear alleviation to enhance charge separation.
Here we present an atomistic description of the photoexcited electron dynamics in a
noncovalently bonded system formed by an hydrogenated nanodiamond as donor and a
perylene diimide as an acceptor. The complex shows extremely fast charge transfer,
separation, and stabilization within 90 fs. This stabilization is purely electronic in nature. To
the best of our knowledge, these results show for the first time that it is possible to stabilize
charge without polaron formation or nuclear relaxation, reaching a steady state enhanced by
a pure electronic reorganization.

Light-induced charge transfer and subsequent charge junction solar cells is fullerene derivatives (like [6,6]-phenyl-
separation are fundamental processes for a variety of Cg,-butyric acid methyl ester, PC4,BM, and [6,6]-phenyl-C71-

phenomena including artificial and natural photosynthesis and butyric acid methyl ester, PC,,,BM),"® commonly blended with
solar energy conversion in photovoltaic cells. It is well known an acceptor conjugated polymer like poly(3-hexylthiophene)
that the excitation of the “special pair” and the primary process (P3HT). Experimental results using transient absorption
in photosynthesis are followed by a series of secondary spectroscopy for the study of the charge-transfer process in
reactions involving electron transfer. These secondary these blends show that the charge carriers are generated within
reactions are faster than charge recombination processes, the time resolution of the instrument (~100 fs).'” Brabec et al.
allowing an efficient charge separation. As a result of this have also revealed an ultrafast charge-transfer process in a bulk
process, photosynthetic organisms can obtain useful chemical heterojunction with a time constant of ~45 fs using ultrafast
redox energy from electronic excitation in the reaction center.’ spectroscopic techniques.”” In both cases, the coherent nature
Following nature’s strategy, several dyads and triads based of the oscillations is associated with phonon modes coupled to
on porphyrin derivatives have been synthesized and studied. the electronic excitation of the conjugated polymer. Recent
From the first dyads, based on porphyrin covalently linked experimental and theoretical studies confirm that coherent
with quinone, Cg,, carotenoid, or aromatic imides,” ® to triads vibronic coupling between electrons and nuclei is of key
based on carotenoid—porphyrin—quinone or carotenoid— importance for the first steps of charge separation in
: 7,8 : . 21 22 . .
porphyrin—Cg,.”* The first charge separation event in these covalent,” noncovalently”” linked organic systems and also
systems occurs within 3 ps to ~40 £~ This kind of in inorganic materials like vertically stacked transition-metal
supramolecular structures was used to fabricate single-material dichalcogenide-23’24 In the last several years, the PCE for this
organic solar cells (SMOCs) for light to electricity conversion kind of organic solar cells surpassed 10% by developing novel
applications'* but with low power conversion energy (PCE, p-type semiconductors_(%onors) but maintaining fullerenes as
record of 2.2%"%), probably due to the fast charge the acceptor material. >
recombination they present.m In recent years, there was particular interest in developing
Another approach to organic solar cells (OSCs) is bilayer new acceptor materials due to limited visible-light absorption,
heterojunctions and bulk heterojunction architectures, where difficult functionalization, high production COSt;l . and bad
the active layer is formed by a blend of donor and acceptor mechanical properties of the fullerene derivatives. = 3,4,9,10-
materials. The bulk heterojunction is the most popular and
efficient architecture due to the higher donor—acceptor Received: April 4, 2018
interface area, where charge separation occurs.'” Nowadays, Accepted: June 11, 2018
the most common acceptor material used in bulk hetero- Published: June 11, 2018
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Perylenetetracarboxylic acid diimides (PDIs) and their
derivatives are promising acceptor materials due to their high
visible-light absorption, good electron-accepting ability, high
electron mobility, and strong thermal, chemical and photo-
chemical stabilities.”” Li et al. reviewed recent progress in
nonfullerene acce;)tors for efficient OSC,*® showing PCE of
8.3* and 9.15%° for blends composed of a widely used
polymer donor and PDI derivatives as acceptors.

In this work, we present a computational study of a
supramolecular arrangement composed of a hydrogenated
nanodiamond interacting with a PDI molecule. The system
shows ultrafast charge transfer on the scale of a few tens of
femtoseconds after photoexcitation of the acceptor. This
system therefore belongs to the same class of systems as the
dyads and triads mentioned above. After the charge-transfer
process, the system reaches a stable steady state showing
extremely efficient charge separation, avoiding charge
recombination processes in the studied time window. Because
our method does not take into account nuclear motion, a pure
electronic reordering of the of the system after charge
separation is the reason for the irreversibility of the ultrafast
charge-transfer process. A novel component of the system we
show is that the hole acceptor is a nanosized diamond particle.
Nanodiamonds are outstanding materials with properties like
high surface area, surface structure tunability, excellent
mechanical and optical properties, biocompatibility, and
chemical stability.”" The surface chemistry of nanodiamonds
allows us to attach many different functional groups to their
surface when compared with other carbon-based materials like
nanotubes. For example, hydrogenated nanodiamonds can be
obtained”” as well as reactive C—F and C—Cl surfaces for wet
chemistry functionalization.*® This chemical versatility would
allow us to further elaborate on the basic structure we show to
ensure efficient and time-stable charge separation. Within light
capture, nanodiamonds have attracted considerable interest as
material for solar cells,”* including applications as anodes,”” p-
type semiconductor’® in OSC, and light-scattering material’”
in dye-sensitized solar cells (DSSCs).

The irreversibility of the light-induced charge-separation
process is given by a three-stage mechanism. First, an electron
hole pair is formed in the PDI molecule within the first 20 fs.
This is then followed by electron transfer from a manifold of
nanodiamond states (with energy tuned within the optical gap
of the acceptor) within the next 20 fs. Then, pure electronic
stabilization of the charge-separated state is caused by energy
detuning between donor and acceptor states. Given the very
large chemical hardness of diamond, its charging induces a
large change in the relative energies between the donor states,
whereas the acceptor state is only slightly modified in energy
upon hole annihilation. This relative change in energy is the
cause of rapid detuning of donor and acceptor states,
stabilizing the charge-separated state. The mechanism works
in a trap-door like fashion, in which an electron is transferred
from the ND to the PDI but Rabi oscillations of the electron
back to the nanodiamond are prevented by electrostatic
detuning.

Diamond surface energies were calculated using a slab
structure of at least 16 periodically repeated carbon layers and
allowing 6 layers on each side of the slab to relax. This method
was used by Kern and Hafner, who presented ab initio local-
density-functional calculations of the electronic structure of
clean and hydrogenated diamond (110) surfaces.”® Here we
performed the same calculations for three clean diamond low-
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index surfaces within the density functional tight-binding
approach. Table 1 shows the diamond surfaces energies in

Table 1. Surface Energies of Low-Index Diamond Surfaces
(in eV per surface site) Calculated with DFTB Model”

b

diamond surface present result reference
100 2db“ 3.46 3.63
110 1db° 1.68 1.66
111 3db“ 4.03 4.63

“Values obtained are compared with those presented in reference.
YKern and Hafner.>* “db: dangling bonds.

comparison with the values obtained by Kern and Hafner. The
results shows good agreement with ab initio results. Hence, our
tight-binding approach can reproduce the structures and
energies obtained with density functional theory (DFT).

It could be observed that the smallest surface energy
corresponds to the 110 diamond face (1.68 eV per surface
site). Taking this fact into account, we built nanodiamond
structures of different sizes in a shape that maximizes the 110
surface-exposed. We observe previously that structures with
multiple faces exposed show instability, probably due to a high
edge energy between different faces for crystals of this size. The
structures were hydrogen-passivated, obtaining stable nano-
diamonds of irregular octahedral shape (similar to structures
previously reported in literature®”*’). These structures are
shown in Figure la. To study the electronic properties, we
calculated the density of states of the nanodiamonds (see
Figure 1b). The DOS shows a typical “insulator” material with
a large band gap. The quantum confinement effect is observed,
which is in accordance with the trend observed by Fokin and
Schreiner in ab initio band gap calculations of hydrogen-
terminated nanodiamonds.*® The larger the size, the smaller
the band gap—from 10.9 eV for the smallest ND (C,sH;,) to
8.7 eV for the biggest ND (Cq0H, ;) studied here.

To study the optical properties, absorption spectra of the
NDs were calculated and are displayed in Figure lc. A decrease
in the energy of the lowest energy excitation is observed as the
nanodiamond size decreases. This agrees with the quantum
confinement effect on the nanometer scale and the lowering of
the band gap observed in Figure 1c (b).

Next, we build a donor + acceptor complex composed of a
perylene tetracarboxylic diimide interacting with a hydrogen-
terminated ND by London dispersion forces (see Figure 2a).
Figure 2b displays the evolution of the Mulliken charge
distributions in the ND (donor) and the PDI (acceptor) upon
photoexcitation of the complex with time-dependent electric
field pulse perturbation at 2.2 eV in resonance with the
HOMO-LUMO transition of the PDI (as can be seen in the
absorption spectra in Figure S2) and with an intensity of 0.1 V
A~'. From Figure 2b, we observe that the acceptor molecule
(PDI) becomes increasingly negatively charged as a function of
time during the duration of the pulse; this charge transfer
continues for a short time after the pulse, reaching a steady
state after 90 fs. The opposite process occurs in the donor. A
net charge is transferred from the ND to the PDI molecule. A
similar process can be observed in an analogous covalently
linked system (see Figure Slab). As can be seen from Figure
S2, the lowest energy band that appears in the absorption
spectrum is the PDI HOMO—-LUMO transition; furthermore,
no new bands appear upon the formation of the complex. This
evidence suggest the absence of spurious charge-transfer
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Figure 1. (a) Irregular octahedral nanodiamonds of different sizes.(b) Density of states for the ND structures. (c) Calculated spectra of the NDs.
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Figure 2. (a) Donor—acceptor complex, hydrogenated-ND + PDI (b) Charge as a function of time for donor (black) and acceptor (blue). The
squared-sinusoidal pulse perturbation in tune with the HOMO—LUMO transition of the acceptor is represented in red.

excitations in this particular system and that the calculated
excited-state structure is correct. We must stress that the
described charge-transfer process occurs once a significant
population has been transferred from the HOMO to the
LUMO of the PDI. It does not correspond to a charge-transfer
excitation but to a dynamic process of energy reorganization
that happens after the excitation and therefore outside the
scope of a linear response description. Monitoring the dipole
moments of the donor and the acceptor, we see that the steady
state is a dynamic state because the dipole moment of the
acceptor keeps oscillating after charge-transfer process is
complete (see Figure S3).

Three things are remarkable in this process. The first one is
the amount of charge transferred, one full electron. The second
is the time scale of the process; <90 fs is needed to complete
the transference, and 80% of the charge is transferred within
<50 fs. Third, the system reaches a stable steady state after the
pulse perturbation ends, which lasts for the whole simulation
time. In other words, the charge separation seems to be
extremely efficient in the system proposed, avoiding any charge
recombination process on these time scales. The evidence
discards a charge-transfer excitation because at the excitation
energy at which the pulse is tuned the only active excitation is
the HOMO—LUMO excitation of the acceptor (and the time
scale of a charge-transfer excitation would be on the order of a
few femtoseconds). The time scale of the process and the fact
that nuclear motion is not taken into account point to a new
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photoinduced charge transfer mechanism. All of these data
leads us to believe that there must be a pure electronic
reordering of the electronic structure of the system that
enhances charge separation, preventing charge recombination
and leading to a stable steady-state in a trap-door like
mechanism.

We also have studied the process dependence with the field
intensity and pulse duration. As the field intensity increases,
the positive charge reached for the donor at the steady-state
increases (see Figure S4). As the pulse width increases, the
positive charge reached for the donor at the steady-state
increases as well, but it takes more time to achieve the charge
separated state (see Figure S5). The amount of transferred
charge exponentially depends on the distance between donor
and acceptor, as can be expected from the decrease in
electronic coupling between the two; see Figure S6. We
additionally investigate the dependence of the process on the
nanodiamond size, observing a decrease in the steady-state
charge as the nanodiamond size decreases (see Figure S7).
This decrease in steady-state charge with size is related to the
lower density of ND donor states within the optical gap for
smaller structures. To discard the possibility that a particular
arrangement causes this unusual process, we studied the
configuration space of the smallest complex (C,H;+PDI).
We performed Born—Oppenheimer molecular dynamics at
500 K, took random configurations from this trajectory, and
performed the corresponding electron dynamics. (For further
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details of the molecular dynamics, see Section S2.6 in the
Supporting Information.) We find that the charge-transfer
process is not a characteristic of a particular configuration but
that it is geometry-independent to the extent explored by the
performed sampling (see Figure S8).

To further investigate the charge-transfer mechanism, we
studied the evolution of the density matrix in the molecular
orbital basis set. This study provides a more detailed
understanding of the nature of the excitation. We have used
this method in previous works for a complete characterization
of the type of injection mechanism in DSSC*' and for a deeper
understanding of the molecular orbitals involved in the
excitation of photosynthetic pigments outside the scope of
the Fermi golden rule.*”

Figure 3 (lower graph) shows the time-dependent molecular
orbital populations for the donor + acceptor complex (Figure
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Figure 3. (Upper graph) Donor charge as a function of time. (Lower
graph) GS orbital population as a function of time for the donor—
acceptor complex. The basis used is constructed from the molecular
orbitals of the ground state.

2a, left) when a pulse perturbation in tune with the excitation
energy of the acceptor is applied. The upper graph in Figure 3
shows the evolution of the donor charge (ND). From Figure 3,
we can divide the process into three stages. The first stage is a

preparation step (from 0 to 20 fs); the charge of the donor
remains close to zero during this stage, but population transfer
can be observed from the HOMO to the LUMO of the
acceptor (black and red curves). After that, we can see a whole
reorganization of several states in the charge—transfer stage
(from 20 to SO fs). Many states are involved in this process.
Finally, we found the stabilization stage, where the charge of
the donor reached a steady state (see Figure 2b) over 100 fs
with an accompanying change in a broad manifold of the
molecular orbitals. After the steady state is reached, molecular
orbital populations remain steady around an average value,
with fast oscillations that correspond to the carrier frequency of
the pulse (not shown in the Figure).

To gain insight into the electronic nature of the process, we
calculated the projected density of states (PDOS) of the
ground state and the corresponding cationic and anionic states
of the system. Figure 4a,b shows the evolution of the PDOS as
the negative and positive charge of the system increases,
respectively. At the neutral state, the nanodiamond has plenty
of states to donate charge, located at the optical gap of the
acceptor, enhancing the charge-transfer process. As the system
charges, an electronic reordering takes place, which leads to an
energy change of the states. The nanodiamond states change
their energies, leaving the optical gap. The number of states
that leaves the gap for the largest system studied is 45 for the
case of a negatively charged system and 13 for the case of a
positively charged system. This reduction in the states within
the optical gap avoids the inverse transfer process, rapidly and
irreversibly reaching the steady state we have seen in Figure 2b.
In other words, these states can transfer charge to the acceptor
until they detune from the optical gap.

The random surface substitution of H atoms by F strongly
affects the charge dynamic of the system. We built ND + PDI
complexes with different F percentages in the nanodiamond
surface (see Section S3.1 in the Supporting Information).
Then, we calculated the charge transfer upon photostimulation
and compared the dynamics obtained with the purely
hydrogenated-ND + PDI complex.

Figure 5 shows the evolution of the Mulliken charge
distribution in the ND (donor) upon the photoexcitation of
the fluorinated complexes with a pulse time-dependent electric
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Figure 4. Projected density of states (PDOS) for the hydrogenated-ND + PDI complex for different partial amounts of charge. (a) Negative partial
charge values. (b) Positive partial charge values. Nanodiamond PDOS in red, PDI PDOS in green, total DOS in black. Charges are decremented or
incremented in 0.2 e steps. The rectangles in each Figure highlight the optical gap of the acceptor molecule (PDI). In all cases, the PDOS are

referenced to the LUMO energy of the system.
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Figure 5. Donor charge as a function of time for different fluorination
percentages of the nanodiamonds.

field perturbation in tune with the acceptor excitation energy.
The charge transferred decreases strongly as the F percentage
on the surface increases, reaching an order of magnitude
difference between the fully hydrogenated-ND and the fully
fluorinated-ND. Besides the decrease in the amount of charge
transferred, fluorinated-NDs do not reach a steady-state within
the 200 fs simulation window as the hydrogenated-NDs do.

These results show the effect of the surface fluorination in
the electronic properties of the ND. The strong electro-
negativity of the F moves the ND surface states energies to
more negative values, as shown in Figure S10 for the PDOS
evolution of the anion and cation total fluorinated-ND + PDI
complex. It can be observed that for the neutral complex there
are no nanodiamond states in the optical gap of the acceptor.
This fact avoids the charge-transfer mechanism described
above, showing a completely different charge dynamic through
time, as can be seen in Figure 5. As a consequence, the system
does not reach a steady state within the simulated time window
and significantly decreases the total transferred charge.

The evidence allows us to propose a three-stage trap-door-
like irreversible charge transfer in which an electron hole pair is
first created at the PDI, then the hole is filled by available
electrons from a manifold of ND states that are close in energy,
which then detune. This detuning process upon charge
separation is the key for the trap door mechanism. The
working principle requires that donor and acceptor have
adequate ionization energies and electron affinities to ensure
the directionality of charge transfer. Furthermore, the chemical
hardness of the donor (2.41 eV) and acceptor (5.51 eV)
systems differs substantially. The hardness is calculated as®

1(9 I-4 Co
= —(—”) = ——, where I and A are the ionization energy
2\oN 2

and electronic affinity, respectively. This difference in hardness
ensures that charging of the donor produces a large change in
relative energies between donor and acceptor, causing a
sudden detuning of these states, which is the cause for the
observed irreversibility of the process.

Our simulations do not take into account the possibility of
nuclear motion. Given the fact that most of the charge transfer
happens over a very short period of time, we would expect,
based on our experience of how systems react to such sudden
changes in electronic structure, coherent breathing oscillations
to be launched impulsively in both systems.** The effect of
these would increase the detuning (given by the sudden
nuclear motion) on one side (helping the transfer) but lower
the hardness of the ND on the other side (because a new
degree of freedom over which the system can relax would be
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added). It is very hard to assess the relative importance of
these two processes. An estimation of the importance of the
second effect can be assessed perturbatively by recalculating
the values of hardness by relaxing the geometries of the
respective anion and cation. The new values of hardness are
3.12 and 4.61 eV for the PDI and ND, respectively. This would
indicate that incorporating nuclear motion might reduce the
amount of transferred charge via a reduction of the effective
hardness difference between donor and acceptor.

Within the present work, we have studied the charge-transfer
process between irregular octahedral nanodiamond structures
(as donor) and an organic common dye like PDI (as acceptor),
performing simulations of the time-evolving electronic
structure under visible irradiation. The main result shows an
ultrafast charge transfer in the hydrogenated-ND + PDI
complex. The system reaches a stable steady-state in <90 fs,
transferring one electron from the donor to the acceptor after
the pulse irradiation. The charge separation is extremely fast
and efficient in this system, related to a resonance and the
subsequent separation of states. These results show that is
possible to obtain an stable charge-separated state enhanced
only by a pure electronic reorganization of the system, without
polaron formation or nuclear relaxation, by a purely electronic
trap-door like mechanism in which donor and acceptor orbitals
dynamically respond to the transferred charge, suddenly
detuning precluding charge recombination. To the best of
our knowledge, this is the very first time that this phenomenon
has been described.

Our information at present, limited by the time windows of
the simulation, does not allow us to reach into longer times
and assess the importance of processes such as back-electron
transfer that may occur on the picosecond to nanosecond time
scales. We believe that the present system (as is the case of the
triads that are described in the first paragraphs of the paper) is
just a possible component of a bigger light-harvesting structure
that stabilizes and further separates the charge via, for example,
a chain of redox reactions or other mechanisms, such as those
that take place in photosynthetic reaction centers and dye-
sensitized or organic solar cells.

A trap-door like mechanism is proposed by which the
charge-transfer state is stabilized electrostatically in a dynamic
fashion by the charge-separation-induced detuning of donor
and acceptor states. The mechanism requires the combination
of a donor—acceptor pair with very different chemical
hardness. In the case shown here, the PDI system is chemically
soft and can accommodate charge easily, but the nanodiamond
system states respond strongly to charging. This difference in
response between the two systems provides the driving force
for the purely electronic stabilization of the charge-transfer
state. Another requisite is that the donor has a manifold of
states initially in tune with the acceptor optical gap that can
transfer charge; this manifold acts as a reservoir that can fill the
hole while detuning. (A single donor state would immediately
detune.) The hard system is then also required to be a
nanosystem with a large density of states in tune with the
acceptor.

This phenomenon could be extremely useful in electronic
applications where the efficient irreversible charge separation is
critical, like light-harvesting devices. We demonstrate that the
process strongly depends on the ND surface structure, showing
that fluorinated NDs never reach a steady state within the
simulated time window and transfer an order of magnitude less
charge than the hydrogenated ND under the same conditions,
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pointing to the fact that the charge-transfer efficiency can be
tuned using surface modifications with differing electro-
negativity. Further comprehension of this kind of stabilization
is now needed. There are opened questions like: Are there
other systems where we can observed this phenomenon? Can
we observe the same experimentally? We believe that the
presence of nanodiamonds in a PDI solution should cause
strong quenching of the PDI fluorescence. This could be a first
step toward an experimental verification of the studied
phenomenon.

B COMPUTATIONAL METHODS

The self-consistent-charge density-functional-tight-binding
(SCC-DFTB) method was used to describe the electronic
structure of the ground state (GS) in all studied systems. "’
On the basis of a controlled approximation of DFT, this
method has been used with success to describe quantum
properties and electronic structures of large organic and
bioinorganic systems.””** We compute the GS Hamiltonian
(Hgs) and overlap matrix (S) using the DFTB+ package,49
which is an implementation of the SCC-DFTB method. With
the Hgg and the S matrix, we can obtain the initial GS reduced
single-electron density matrix (p). The pbc-0-3 DFTB
parameter set was employed to obtain the electronic structure
of the nanodiamonds and organic molecules presented in this
work.

Starting from the initial p, we can obtain the excited-state
properties of a system, applying an external perturbation and
monitoring the evolution of the density matrix through time.
In other words, a real-time propagation of the reduced single-
electron density matrix (p) under the influence of a time-
varying external field allows us to describe electronic dynamics
of the whole system. This method has been used and described
in the past by us*""***°~*” and others by propagating molecular
orbitals instead of the single-electron density matrix™ and in a
linear response framework.”’ The light—matter interaction in
the DFTB approach that we use is incorporated in the
Hamiltonian in the dipole approximation as

I:I(t) — I:IDFTB

(6(t)) — A-E(t)
where fI is the operator that, when traced with the density
matrix, generates the dipole moment of the Mulliken charges

Tr[ﬁﬁ] = 2 rlaq,‘

1

In this way, the time-dependent external electric field enters
the dynamics explicitly on the atomic orbital basis.

In particular, the absorption spectra of the systems presented
in this work were obtained after the application of an initial
perturbation in the shape of a delta Dirac. The intensity of this
perturbation was 0.001 V A™' (within the linear response
regime). The nonequilibrium properties, as the charge-transfer
processes, were calculated after the application of an initial
perturbation in the shape of a squared-sinusoidal pulse of 50 fs
in all cases. The intensity of this perturbation was 0.1 V A7,
equivalent to 1.35 X 10" W/cm? (out of the linear response
regime).
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