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Atomically defined nanographenes (NGs) feature size-dependent
energy gaps induced by, and tuneable through, quantum confine-
ment. Their energy-tunability and robustness make NGs appealing
candidates as active elements in sensitized geometries, where NGs
functionalize a metal oxide (MO) film with large-area-to-volume
ratio. Despite the prominent relevance of NG/MO interfaces for
developing novel architectures for solar energy conversion, to
date, little information is available regarding the fundamentals of
electron transfer (ET) processes taking place from NG donors to
MO acceptors. Here, we analyze the interplay between the size of
atomically precise NGs and ET dynamics at NG/MO interfaces. We
observe that as the size of NG decreases, ET from the NG donating
state to the MO acceptor state speeds up. This dependence can be
rationalized from variations in the donor-to-acceptor interfacial
overpotential as the NG size (HOMO-LUMO gap) is reduced
(increased), and can be rationalized within the framework of
Marcus ET theory.

Sensitized metal oxides (MOs) represent a relevant geometry
for the development of solar energy conversion schemes (e.g.
solar cell and fuel devices). In these architectures, the sensi-
tizers, acting as photon absorbers, enable the metal oxide to
harvest photogenerated charge carriers below its generally
wide insulating bandgap. The photogenerated exciton within
the sensitizer can be dissociated at the sensitizer/MO interface
following an electron transfer (ET) process from the sensitizer
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donor to the MO acceptor. Once the electron is populating the
MO, it can either be extracted to an external circuit (in solar
cells) or trigger chemical reactions at the MO surface (in solar
fuels). From this simple description, it is clear that kinetic
competition at the sensitizer/MO interfaces determines photo-
conversion efficiency in related devices. This aspect has been
readily acknowledged for MOs sensitized by molecular dyes'™
and colloidal inorganic quantum dots.”* The choice of a sensi-
tizer for a given MO is critical towards photoconversion
efficiency. Generally speaking, it must fulfill several require-
ments; the absorption onset for the sensitizer should maxi-
mize charge carrier generation upon light irradiation (e.g. an
absorption onset of ~1.4 €V under solar irradiation®”); the
sensitizer/MO interfacial energetics should allow for efficient
donor-to-acceptor charge transfer;® the sensitizer should be
unaffected by photodegradation,” and should ideally be made
of abundant and non-toxic elements.” To date, the most widely
analyzed sensitizers for solar cell and fuel geometries are
ruthenium-based organometallic dyes'® and colloidal in-
organic quantum dots (CQDs).""'> CQDs are characterized by
larger extinction coefficients when compared with Ru-based
dyes, enabling thinner devices and hence reducing device
costs. Importantly, and unique to CQDs, their optoelectronic
properties, such as absorption onset and workfunction, can be
finely tuned by controlling their size and surface compo-
sition.”® A drawback of CQDs, when compared with molecular
dyes, is the requirement for efficient surface passivation
schemes,'® complicating sensitizer/MO interfacial chemistry
and introducing non-radiative recombination pathways within
the sensitizer, which can have a detrimental impact in photo-
conversion efficiency. A troublesome issue regarding both sen-
sitizers (Ru-based dyes and CQDs) refers to the common
employment of toxic and expensive elements on their syn-
thesis. Recently, nanographenes (NGs), large polycyclic aro-
matic hydrocarbons (i.e., with size >1 nm), also referred to as
graphene quantum dots, have been introduced as an appeal-
ing alternative to conventional sensitizers.'*'® NGs, while
being metal-free molecular sensitizers, display larger extinc-
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tion coefficients and higher stability when compared with con-
ventional dyes."” Notably NGs, defined by atomically precise
structures, feature finite size-dependent energy gaps induced
by quantum confinement effects.'®° While this feature paral-
lels the observables made for inorganic CQDs, the achievable
monodisperse molecular character for atomically precise NGs
make their gaps to be uniquely defined (unlike their inorganic
counterparts where a distribution of sizes is often obtained).
Furthermore, apart from the exquisite control that can be
achieved over their sizes, edge structures of NGs can be also
tailored and even functionalized;'®'® factors that further allow
for fine-tuning of their optoelectronic properties.”’>* These
combined features make NGs very appealing candidates as
sensitizers of MO electrodes.

Despite the relevance of NG/MO interfaces for developing
novel solar energy conversion architectures, to date, little infor-
mation is available regarding the fundamentals of ET process
from NG donors to MO acceptors (that, as stated previously, do
determine the photoconversion efficiency in related devices).
In this work, we analyze the interplay between the size of
atomically precise NGs and related ET dynamics at NG/MO
interfaces. We resolve that as the size of NG decreases, the ET
rates between the NG donor and MO acceptor become faster, a
result that is rationalized within Marcus theory. These results
demonstrate that the selection of a given size and edge of NG
sensitizer (with a defined absorption onset) determines ET
process efficiency, the latter being determined by the kinetic
competition between ET towards the oxide electrode and com-
peting decay channels at the NG/MO interface.

The set of molecular NGs structures used in this study are
summarized in Fig. 1a. These NGs were synthesized through
oxidative cyclodehydrogenation of corresponding tailor-made
polyphenylene precursors, following our previously reported
procedures.'®**™*° In this work, we name our samples as C#/R,
where C# denotes the number of carbons contained in the
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core structure and R the number of fused rings. Note that
many NG configurations are possible for a given number of
carbons and/or rings, these has been previously categorized by
the percentage of compactness (degree of condensation)
ranging between 0% (cata-compounds) up to 100% for pure
peri-condensed systems.'® The set of samples analyzed here
are characterized by a high degree of compactness, with
figures ranging between 81 and 87% (see ESI}). Fig. 1b shows
as square open dots, the dependence of highest occupied
molecular orbital (HOMO)-lowest unoccupied molecular
orbital (LUMO) gaps (AEy._1) as a function of NG number of
fused rings, inferred from absorption measurements for the
analyzed set of samples dispersed in toluene (see ESIf). Fig. 1b
also presents, as blue open stars, the theoretical estimates cal-
culated from ZINDO/S on NGs for pure peri-condensed (circu-
lar) systems.'® The results are consistent with the dependence
expected for a quantum-mechanical particle in a two-dimen-
sional box, where the energies scale with the area of the box;
in this case the number of fused rings R. A global fit to all the
data (including open stars and squares) provides an overall
relationship between NG HOMO-LUMO gap and number of
fused carbon rings of AEgp = 5.46(x0.2)R™****%°'"in good
agreement with theoretical estimates.'®3%7%?

Mesoporous metal oxide films (~10 pm thick) from SnO,
nanopowders (<100 nm average particle size, Sigma-Aldrich
refft 549657) were deposited onto 1 mm thick fused silica sub-
strates by the doctor blading technique and sintered at 450 C
for 2 h. The resulting MO films were sensitized with NGs
defined by different sizes by immersing them for 12 h in dis-
persions of NGs in toluene. The films were subsequently
rinsed several times with toluene to remove any excess of NGs
not adsorbed to the MO surface (the absorbance of sensitized
samples is given in the ESIt). Interfacial ET rates in these sen-
sitized films were subsequently determined using optical
pump-THz probe (OPTP) spectroscopy; sample preparation
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(a) Chemical structures of the NGs analyzed in this work. The samples are labelled as C#/R, where # denotes the number of carbons con-

tained in the core structure and R the number of fused rings. (b) HOMO—-LUMO gap inferred from absorption spectra, as black open squares, as a
function of number of fused carbon rings for the samples sketched in panel a (dispersed in toluene). The theoretical estimates calculated from
ZINDO/S on NGs with 100% compactness'® are shown as blue open stars. The red line represents a power law dependent global fit (see main text)

to the presented data.
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and measurements under
atmosphere.

We and others have previously demonstrated the unique
suitability of OPTP spectroscopy to quantify ultrafast inter-
facial ET dynamics in dye”**® and QD*"*° sensitized oxide
systems. OPTP is capable of time-resolving the evolution of the
photoconductivity of a given system following above-bandgap
optical excitation with sub-ps resolution and in a contactless
fashion.”® The ~2 THz bandwidth probe pulse is primarily sen-
sitive to free carrier motion (i.e. photoconductivity, c = g x N X y,
where g is the electron charge, N the number of absorbed
photons and g the mobility of photogenerated carriers). The
OPTP signal is insensitive to excitons in NGs and therefore
neatly probes the emergence of photoconductivity in the MO
electrode after selective optical excitation of the sensitizer. As
such, OPTP traces reveal the arrival of electrons from the sensi-
tizer's populated molecular orbitals (e.g. LUMO) into the
oxide’s conduction band (CB); that is, it resolves unambigu-
ously the ET process from the NG donor to the MO acceptor.

Fig. 2a shows normalized OPTP dynamics for the samples
analyzed in this study. The samples were excited at 400 nm
with a fluence of 40 pJ cm™>. This fluence ensured single exci-
tation in NGs; the wavelength guaranteed selective excitation
of NGs. No OPTP response was observed for a bare meso-
porous SnO, film, demonstrating that the signal presented in
Fig. 2a only reflects ET from the NG donor to the MO acceptor.
As evident from Fig. 2a, the sensitization of mesoporous SnO,
by the NGs sensitizers — physisorbed at the oxide surface®' -
provides biphasic dynamics in all the cases. As such, all the
OPTP line traces can be well described by a bi-exponential ET
model (solid lines in Fig. 2a). A summary of the deduced ET
rate constants as a function of NG number of fused carbon
rings is shown in Fig. 2b, where black open circles and blue
open diamonds represent the fast and slow ET rate constants
for each sensitizer. From the plot it is clear that ET dynamics
are slowed down as the NG size increases; this applies to both
rate constants (the fast and slow components). Qualitatively,
this result can be rationalized by taking into account that
reduced NG sizes are characterized by larger optical energy
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gaps (see Fig. 1). This feature promotes larger excess energy
offsets between donating and accepting states at the NG/MO
interface (i.e. larger driving energy for ET, generally denoted as
AQG). Such dependence, which has been previously reported in
other MO systems sensitized with dyes**** and inorganic col-
loidal quantum dots,**** can be modeled using Marcus theory
(see below). On the other hand, biphasic ET dynamics have
been previously reported for dye- and QD-sensitized oxide
systems,****>! and in a recent paper by us analyzing the role
of physisorption and chemisorption at NGs/MO interfaces.*"
Bi-phasic dynamics indicate two distinct transfer channels
from the NGs towards the oxide electrode. In the following, we
discuss the probable origin for the biphasic nature of the
process.

Our previous work analyzing ET rates on colloidal inorganic
quantum dots (CQDs) sensitizing the same MO electrode
(Sigma-Aldrich, refff 549657) revealed that ET from the CQD
LUMO to the MO was always well characterized by a monopha-
sic ET component for systems where intra-band CQD relax-
ation within the sensitizer was kinetically faster than ET
towards the oxide.*”*> When CQD hot-electron intraband
relaxation was kinetically competing with ET, bi-phasic ET
dynamics were obtained from, respectively, hot and cold elec-
trons populating the sensitizer.’”>* The relative weight of hot
and cold ET was determined by CQD intra-band relaxation
kinetics. Beyond inorganic CQDs, hot and cold ET has also
been reported in dye/MO systems,*">* and has been related by
several authors, in first approximation, with the presence of a
frequency offset between dye absorption and emission.>>”° An
energy onset between absorption and emission might indicate
that, after photon absorption in the NG, there is substantial
energy relaxation within the sensitizer prior to radiative emis-
sion. Under these circumstances, the relative rate of this intra-
molecular relaxation process vs. ET towards the oxide will
determine whether hot ET towards the MO is possible in a
given system. All NGs in this work exhibit a large Stokes shift
(see ESIY), this alone might support the scenario where ET
toward the MO is taking place from hot and cold states in the
analyzed NGs. Furthermore, this hypothesis is consistent with
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(@) Normalized OPTP dynamics from different sized NGs to the MO electrode. Solid lines are bi-exponential fits. The inset shows the same

kinetics over a 1 ns time window. (b) ET rate constants vs. the number of NG fused rings for the fast (black dots) and slow (blue dots) kinetic

components.
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previous reports analyzing carrier dynamics on NGs, where
carrier cooling has been reported to be rather slow (with hot-
electron lifetimes as long as ~100 ps for C132/48 NGs®’). Hot
electrons in NGs do have a large probability of emitting both
phosphorescence and fluorescence at room temperature.®”™>°
Indeed, the long lifetimes of hot carriers in NGs have allowed
researchers to demonstrate efficient sub-ps hot-electron trans-
fer in C132 NG sensitizing a planar TiO,(110) rutile surface.®
Taking into account the discussion made above, we rationalize
the presence of slow and fast components in NG/MO inter-
facial OPTP dynamics with cold and hot ET transfer com-
ponents inherently linked to each NG sensitizer. That is, in
first approximation cold ET is assumed to take place from the
absorption ground state (following intramolecular vibrational
relaxation) while hot ET takes place prior to any energy dissi-
pation process taking place within the NG.

Assuming that the biphasic nature of the process is linked
with hot and cold ET channels, we model our results within
the Marcus theory. Following this model, the rate constant
(kgr) of electron transfer between a localized donor state towards
an accepting continuum of states can be expressed as:**

2 [ BB e TR (1)
kor = & [ dEp(E)|Hon (E)]? ———e 47T 1
T Jo A \/ AnrkgT

where the ET rate for a given temperature (7T) is defined by: (1)
AG, the energy difference between donating state and the
bottom of the accepting MO conduction band, commonly
referred as the ET driving force; (2) |Hpa(E)|?, the coupling
strength, which reflects the wavefunction overlap between
donor and acceptor states; (3) p(E), the density of states in the
conduction band of the acceptor; and (4) 4, the reorganiza-
tional energy that accounts for energy fluctuations in the
systems due to charge transfer. To model the kinetic data pre-
sented in Fig. 2b by eqn (1), we approximate the density of MO
accepting states by an E'? dependence. The wave function
overlap |Hag(E)|> between donating and accepting states is
assumed to follow a power-law relationship with energy.*® As
the bi-phasic ET dynamics are interpreted here as hot and cold
ET channels, we need to define AG.,q and AGy, for each sen-
sitizer. For the slow component, we infer AG.,4 conventionally
as the energy onset between NG LUMO (obtained from gas
phase DFT, see ESIf) and the SnO, CB workfunctions
(estimated from ultraviolet photoelectron spectroscopy™!).
For the fast component, AGy is deduced as AGpot = AGeold +
(hy PU™P — AEy ;) (where hv PUP refers to the employed
400 nm photon pump energy). Fig. 3 summarizes the resolved
ET rate constants (for hot and cold components) as a function
of derived AGs. The red line in Fig. 3 represents the best
description of the data using eqn (1). Apart from a scaling
factor, the only adjustable parameter in eqn (1) is the reorgani-
zational energy, which is found to be 1 = 1 + 50 meV for the
analyzed system. This small value is in very good agreement
with the results obtained for inorganic CQDs sensitizing
MOs,***® and will imply that vibronic and solvation effects do
not significantly affect ET in the studied systems. The theore-

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 ET rate constants as a function of the ET driving energy AG for
the fast and slow components (black and blue dots respectively). In the
inset we show an scheme illustrating these two channels at the interface
between NG and MO.

tical curve describes the experimental data fairly well,
suggesting the validity of the Marcus model for describing ET
at NG/MO interfaces. In any case, it is clear from Fig. 3 that
further work is needed to fully validate whether Marcus model
applies or not for these systems. Particularly, studying ET for
even larger molecules (smaller gaps) might provide a larger
range of AG values and therefore a more reliable fit to the
model. Furthermore, a better description for the interaction
between NG and oxide is also needed in order to accurately
determine AGs. Finally, an analysis for the temperature depen-
dence of ET vs. NG size might offer insights on the adiabatic
or non-adiabatic nature of the process. All these studies are
underway in our labs and will be reported elsewhere.

In summary, size-dependent ET rates from nanographenes
to metal oxide nanoparticles reveals two ET channels, which
can be rationalized by hot and cold ET processes. The depen-
dence of ET rates on NG size can be reasonably well described
by Marcus theory, where ET rates from the NG towards the MO
become faster as the NG size is reduced (i.e. as the energy gap
of the NGs become larger). Regarding the exploitation of NG/
MO interfaces in photocatalytic and photovoltaic devices, it is
worth commenting that faster ET processes enabled by smaller
NGs (larger bandgaps and then AG over-potentials) will not
necessarily be the best recipe. First, to boost charge carrier col-
lection under solar illumination, one should select larger NGs,
which possess smaller gaps, with an optimum of 1.4 eV follow-
ing the Shockley-Queisser limit (that is for NGs made peri-con-
densed systems made of ~50 fused rings, see Fig. 1b).
However, as evident from our results, larger NGs exhibit lower
ET rates (Kgr) that might eventually compete with e.g. radiative
relaxation (K;,q) within the NGs, thereby reducing the electron
collection efficiency. Clearly, a compromise between absorp-
tion onset and NG/MO interfacial ET must be found; the
optimum will be defined by the NG revealing the narrowest
HOMO-LUMO gap while keeping Kgr > Kiqg.

Nanoscale, 2020, 12,16046-16052 | 16049
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