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Abstract

Exciton size and dynamics were studied in assemblies of two well-defined graphene quantum dots
of varying size: HBC, where the aromatic core consists of 42 C atoms and CQD with 78 C atoms.
The synthesis of HBC and CQD were achieved using bottom-up chemical methods, while their
assembly was studied using steady-state UV/Vis spectroscopy, X-ray scattering and electron
microscopy. While HBC forms long ordered fibers, CQD was found not to assemble well. The
exciton size and dynamics were studied using time-resolved laser spectroscopy. At early time
(~100 fs), the exciton was found to delocalize over ~1-2 molecular units in both assemblies, which
reflects the confined nature of excitons in carbon-based materials and is consistent with the
calculated value of ~2 molecular units. Exciton-exciton annihilation measurements provided the

exciton diffusion lengths of 16 nm and 3 nm for HBC and CQD, respectively.

Size: ~1-2 molecules
Diffusion length: 3 — 16 nm




Natural antennas, such as the LH2 complex of photosynthetic purple bacteria, are impressive
light harvesting systems.!® The strong electronic coupling (~300 cm™) between assembled
chromophores in LH2 permits electronic coherence between chromophores and the formation of
excitons composed of as little as one and as many as eighteen molecular units (at low
temperatures).* Subsequent energy transfer between these delocalized sites occurs either by
incoherent hopping or by wave-like coherent transport,® enabling rapid and directional transfer of
excitations to the reaction center, where charge separation takes place.

Driven by potential applications in light-emitting diodes,® photovoltaic cells” and imaging,® a
number of artificial chromophore aggregates were investigated in terms of their excitonic behavior.
For example, aggregation in conjugated polymers leads to the formation of 2D excitons that
delocalize along the polymer chain and along the n-stack of the polymer aggregate. The absorption
and emission bands of these excitonic states exhibit vibronic line strengths that reveals information
regarding the exciton size.® While initially formed excitons tend to be highly delocalized and cause
ultrafast charge separation,'%*! the exciton coherence generally tends to collapse in less than 100
fs.12 Nonetheless, subsequent migration of localized excitons occurs more rapidly between the
polymer chains than along the polymer backbone,®® confirming the significance of molecular
aggregates in light harvesting applications. Other chromophore aggregates,'* such as cyanine
dyes,’>18 perylene bisimides'’*® and porphyrins,’*2° are excellent light-harvesting systems with
usual exciton diffusion lengths on the nanometer scale.

Graphene quantum dots (GQDs) represent an interesting class of polyaromatic hydrocarbon
chromophores whose optical properties can be readily tuned by size?-?? and their preparation can
be achieved using bottom-up synthetic methodologies developed by Miillen.? The self-assembly

of GQDs can be achieved by a careful control of the solvent, size of the aromatic unit and the size



and polarity of side chain groups.?*?° These assemblies are expected to exhibit excitonic features,
as hinted by the changes observed in the steady-state UV/Vis absorption and emission spectra of
GQDs.?%2 While optoelectronic properties of GQD aggregates have been explored in solar cell,
LED and bioimaging applications,?®*? only a limited number of studies addresses fundamental
photophysics of excitons in GQDs and their assemblies.

Here, we present the light-harvesting characteristics of two such GQDs (Scheme 1) that were
prepared with different aromatic core sizes using bottom-up synthetic methods. X-ray scattering,
electron microscopy, time-resolved laser spectroscopy and density functional theory calculations
were utilized to determine the structure of the assembled GQDs, as well as their exciton size and
dynamics. Our findings illustrate that the exciton size at early times extends over up to 3 molecular
units and that both chromophore assemblies undergo energy transfer over several nanometers. The
comparison of two model systems reveals improved exciton diffusion lengths for the smaller GQD

structure, due to longer lifetime and diffusion coefficient of mobile excitons in HBC.

Scheme 1. Molecular structures of HBC and CQD.

The synthesis of HBC and CQD was achieved using a combination of Diels-Alder, Scholl and

Suzuki reactions, as described in the Section S2 of the Supporting Information (SI). At low



concentrations in solution, the spectra exhibit narrow excitation and emission bands that likely
arise from the monomeric species (red and orange spectra in Figures 1A and B). The excitation
and emission bands of CQD are red-shifted relative to HBC, which is consistent with the larger
CQD aromatic core and the quantum confinement effect.®® The Stokes shift is significantly larger
for HBC (0.78 eV) than CQD (0.57 eV), and is likely due to the partial symmetry forbiddance of
the first excited state in HBC. In specific, time-dependent DFT (Section S8A, SI) was utilized to
calculate the electronic transitions for HBC and CQD models (vertical red lines in Figures 1A and
B). In the case of HBC, calculations show that the electronic transition responsible for the main
absorption band at 354 nm arises due the Ss and Se excited states, while the S; state is expected to
have a weak absorption at 395 nm (Table S7, SI). Based on the Kasha’s rule, it is likely that the
excited HBC emits from the S state, causing the observed Stokes shift. Similar effect has been
observed in other polyaromatic hydrocarbons, such as azulene and pyrene.3* The S; state of CQD
has a higher calculated oscillator strength, consistent with the experimental observation of a small
Stokes shift.

As the concentration of HBC or CQD is increased, absorption and emission spectra undergo a
notable red shift (Figures S1 and S2, Sl), which is consistent with increased intermolecular
interactions and molecular aggregation. The aggregation occurs at relatively high concentrations
for HBC, while CQD appears to be aggregated even at sub-micromolar concentrations. Similar red
shift is observed in the excitation and emission spectra of HBC and CQD thin films drop-cast from
the corresponding solutions (blue and green spectra in Figures 1A and B). It is tempting to assign
these spectral changes to the excitonic features, where the electronic coupling between molecular
units causes the observed perturbation. While excitonic effects certainly play a role in modulating

the spectroscopic signatures of HBC and CQD, it is interesting to note that most of the observed



spectral changes seem to be explained by the structural out-of-plane deformation of the aromatic
core that occurs upon aggregation. The structures of HBC and CQD dimers optimized using DFT
are consistent with the expected attractive n-stacking interactions between aromatic cores and the
repulsive steric interactions between alkyl groups (Figures 1C and D), while the calculated
electronic transitions qualitatively predict the experimentally observed red shift (blue vertical
lines, Figures 1A and B). Interestingly, very similar electronic transitions were obtained for the
calculations involving monomeric HBC when it was frozen into the geometry that it adopts in the
dimer (Table S8, SlI). Upon dimerization, the aromatic core of HBC becomes slightly concave

(Figure S7, Sl), causing the red shift in the spectral features.
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Figure 1. Steady-state excitation and emission spectra of A) 1-10® M HBC in toluene (emission
spectra: orange; Aexc= 360 nm, excitation spectra: red; Aem= 465 nm) and HBC thin film on the
quartz substrate (emission spectra: green; Aexc= 415 nm, excitation spectra: blue; Aem= 600 nm);
B) 1-10® M CQD in 1-cyclohexyl-2-pyrrolidone (emission spectra: orange; Aexc= 440 nm,
excitation spectra: red; Aem= 600 nm), and CQD thin film on the quartz substrate (emission spectra:

green; Aexc= 550 nm, excitation spectra: blue; Aem= 690 nm). The vertical red and blue lines



represent the calculated electronic transitions for monomer and dimer respectively. Optimized
dimer structure of C) HBC and D) CQD model dimers at the B3LYP/6-31g(d,p),

IEFPCM=acetonitrile level of theory.

The structural information on HBC and CQD aggregates in solution was obtained using small
angle X-ray scattering (SAXS). The Porod analysis® (Section S4, SI) yielded the power law
exponent values close to ~3.5 for both CQD and HBC, indicating that particles tend to adopt coil-
like structure. The SAXS spectra of HBC also exhibited several sharp peaks at characteristic
spacing values of 3.9, 2.7 and 2.4 nm, indicating a high degree of crystallinity in the aggregate.
The spacing values are different from those obtained in the solid state (red spectrum, Figure 2A),
indicating that the solvent molecules affect the structure of the aggregate. In the case of CQD, only
one sharp peak was observed at the specific spacing of 3.2 nm, and it matches the peak observed
in the solid state (Figure 2B), suggesting that CQD exhibits a much lower degree of order than
HBC. The Scherrer analysis® was utilized to estimate the size of crystalline domains and values
were on the order of 50-100 nm for HBC and 30 nm for CQD (Section S4, Sl).

The higher order of packing in HBC relative to CQD is also evident from scanning electron
microscopy (SEM) images of films that were drop-casted from the corresponding solutions
(Figures 2C and D). While HBC forms tens of micrometer-long fibers with a diameter of 100 nm,
CQD forms disordered blobs. In both cases, transmission electron microscopy confirms the
presence of layers at m-stacking distances (4.2 A and 4.8 A for HBC and CQD, respectively,
Figures 2E and F). CQD does not form ordered structures, even though rn-stacking interactions are
expected to be more pronounced due to larger aromatic core. We hypothesize that the lack of long-
range order arises due to poor solubility of smaller CQD aggregates, which precipitate from

solution before larger structures can grow. The differences in the assembly behavior of two GQDs



may be due to different aromatic-to-aliphatic carbon atom ratios (0.9 and 1.6 for HBC and CQD,
respectively). Our future studies will explore previously demonstrated approaches to improve the
long-range order in CQD, such as the possibility of functionalization with bulkier ligands®’ or
conversion to anionic species.*®
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Figure 2. SAXS spectra of A) HBC powder (red) and 0.75 mM HBC in toluene (black). B) CQD
powder (red) and 0.25 mM CQD in 1-cyclohexyl-2-pyrrolidone (black). Scanning electron
microscopy images of C) HBC and D) CQD. Transmission electron microscopy images of E) HBC

and F) CQD.

Transient absorption spectroscopy was utilized to evaluate exciton size in HBC and CQD thin
films. Transient spectra of both samples (Figures 3A and B) consist of ground state bleach and
excited-state absorption features that appear throughout the entire visible region. The signals at all

wavelengths decay with identical kinetics, indicating that only one species is being probed. We



assign the observed transients to lowest-energy excitons of HBC and CQD. The magnitude of
ground-state bleach observed at the earliest probing time was particularly important for our study,
because it can be directly related to the exciton size of a system under investigation. Based on the
phase space filling model,* the magnitude of the ground state bleach AA® depends linearly on
the pump beam intensity absorbed by the sample per unit area, lass, where the exciton size €, can
be determined from the slope of the line:

i €e'OmTa'V
AT = == = labs 1)

Here, AA?" presents the ground state bleach obtained at t=0 with pump and probe beams parallel
to each other. To convert this value into the isotropic AA, the anisotropy correction factor ra was
used. The number of HBC and CQD molecules per unit length of the chromophore assembly (e,,,)
was experimentally obtained using the m-stacking distances observed in grazing-incidence wide-
angle X-ray scattering (GIWAXS) measurements (Figure S5, S1). The absorption cross-section per
molecule of HBC or CQD (om) was obtained from the absorption of the sample at a given
wavelength. The wavefunction envelope factor y was set to a value of one, assuming a rectangular

wavefunction. Additional model details are presented in the Section S6 of the SI.
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Figure 3. Transient absorption spectra for A) HBC and B) CQD thin films in poly (methyl
methacrylate) matrix. Samples were excited at Aexc=405 nm, pump intensity was at 500 nJ per
pulse with parallel pump and probe beam polarization. (C) and (D) Circles represent AA* (t=0)
values obtained by probing at 367 and 467 nm (for HBC (C) and CQD (D), respectively) as a
function of the absorbed pump intensity lass. Solid lines present the fits using the model described
in the manuscript. (E), (F) and (G) Results from the DFT calculations on the exciton size in
oligomers of the HBC model: dependence of the lowest charge-transfer exciton energy (E), size
(F) and charge transfer character (G) on the oligomer size N. (T=total, NN=nearest neighbor,

N+1=neighbor + 1 and N+2=neighbor+2).

The experimental dependence of the bleach signal on the absorbed pump intensity was indeed
linear (Figures 3C and D), and the slope of the fit enabled the calculation of the exciton size. The
model assumes that no excited-state absorption occurs at bleach wavelengths and that no excited-

state deactivation takes place within the duration of the pump pulse. These assumptions are likely
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not fully valid in our case and will result in an under-estimate of the exciton size. The €, values
for HBC and CQD (Table 1), indicate that the exciton delocalizes over one to two molecular units
in CQD and HBC, respectively. This value is not surprising, particularly considering the time
resolution of our instrument (~100 fs). In specific, the nuclear motion is known to cause the
dynamic disorder in the energies of molecular units that results in time-dependent exciton
decoherence. This exciton “self-trapping” often occurs on the femtosecond timescale.? *° For
example, the exciton size in B850 (a ring-like assembly of 18 strongly interacting
bacteriochlorophyll, chromophores found in photosynthetic purple bacteria) was studied using
single molecule spectroscopy at T=1.2 K.* Under such conditions, the fluorescence excitation
spectra of B850 indicate that the exciton delocalizes over the entire ring, which is consistent with
strong electronic coupling (~300 cm™) and weak disorder (~125 cm™). At room temperature, the
exciton is initially delocalized over 5-13 molecules, while it rapidly (within 100 fs) decoheres into
exciton size of 4 molecular units.** Artificial chromophore assemblies also tend to exhibit large
static disorder, as exemplified with perylene bisimide assemblies, where the exciton size shrinks
to a value of 1.5 monomer units within 100 fs.}” Thus, the observed N~1-2 molecules value in
HBC and CQD indicates fast decoherence in studied assemblies.

To gain a better understanding of excitons in graphene quantum dot assemblies, density
functional theory calculations were performed on HBC model oligomers with varying number of
molecular units (from N=1 to 6). To reduce the computational time, monomer coordinates were
frozen at the geometry optimized at the wB97X-D/6-31g(d) level of theory, while only the
intermolecular distance and tilt angle were varied in oligomers (more detail is provided in Section
S8B, SI). The exciton size in each oligomer was evaluated using the methodology developed

previously,*? where the one-particle transition density matrix formalism is used to derive the root-
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mean-square electron-hole separation. Calculated exciton sizes for the first 20 states of the HBC
hexamer are presented in Table S9 (SI) and show two types of states: linear combinations of
excitations local to single HBC molecule and charge-transfer states that involve substantial
electron transfer over multiple units. The variation of the exciton energy and size with the number
of oligomer units is shown in Figures 3E and F for the lowest-energy charge-transfer exciton. The
exciton energy decreases, while the exciton size increases with the oligomer length. Both values
converge at the exciton coherence length of 3.9 A, which is consistent with the exciton delocalizing
over 2 molecular units. Figure 3G shows the charge transfer character of the exciton and illustrates
that most of the charge (~90%) is located between nearest neighbors, a small fraction of charge
“leaks” into the second neighbor (~9%), while only a minor fraction of the charge delocalized onto
the third neighbor (<1%). This result is consistent with the experimental values and with the low
dielectric constant in organic systems, which prevents electron-hole pair screening and leads to

large exciton binding energies that correlate with small exciton size (Frenkel excitons).3%-4

Small exciton size found in our study is consistent with theoretical predictions for exciton
coherence lengths in molecular aggregates. Namely, computational studies suggest that exciton
coherence lengths in molecular aggregates are generally small, due to relatively weak electronic
coupling between molecules and a high degree of static disorder which causes energy de-tuning of
molecular eigenstates.***** Furthermore, time-resolved spectroscopy experiments'’ indicate that
the initially formed excitons decohere on sub-picosecond timescales, limiting the role of ballistic
energy transport in these materials. Our experimental and computational findings are consistent
with these studies but are in stark contrast with the recent reports of long-range energy transport

using fluorescence and transient absorption microscopies, which was explained in terms of
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efficient coherent energy transfer.?® 4> Additional experiments and calculations are needed to

evaluate the reasons for these contradicting results.

Exciton mobility was evaluated using the exciton-exciton annihilation approach commonly used
to evaluate exciton diffusion lengths in molecular aggregates.?® 464" Data could not be analyzed
using a simple model involving only one type of excitons. Instead, the kinetic profiles were fit to
a model that involves two types of excitons: initially formed mobile excitons (with density N1 and
lifetime t1) that undergo trapping to form immobile excitons (N2 and t2). This model is consistent
with the previous studies on other molecular aggregates,’®*° which report exciton via
intermolecular torsional motion occurring on a picosecond timescale. This torsional motion leads
to the loss of exciton energy, making the exciton immobile (“self-trapped”). Thus, the overall

number of excitons per unit volume N is modeled as follows:

N(t) = Nl(t) + Nz(t) + Noffset (2)
dN,(8) _  Ni(&)  Ni(®)  [2D 2
at T1 Ttr \/; Nl(t) (3)
ANR(8) _ N4(8)  Np(t) (4)
at Ttr Ty

Here, 1 is the lifetime associated with the trapping of initially formed excitons, while D is the
diffusion coefficient of mobile excitons. The Nofsset parameter was used to account for the long-
lived signal observed in the case of CQD. The t and D values obtained from the fit were used to
derive the exciton diffusion length Lp (calculation details are presented in Section S6B, Sl). The
experimental and fitted Kinetic profiles are presented in Figure 4, while the fitted values are

tabulated in Table 1.
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Figure 4. Exciton-exciton annihilation fitting for A) HBC and B) CQD thin film samples excited
at Aexc=405 nm with pump intensities varying from 100 to 500 nJ and probed at 367 nm for HBC
and 467 nm for CQD. The circles represent transient absorption data at magic angle geometry of

pump and probe beams at different pump intensities. The solid lines are the fits obtained from

equation 3.

Exciton diffusion lengths Lp in model compounds are only several nanometers, indicating that
HBC and CQD are relatively inefficient light harvesting systems. For example, HBC can sample
only ~30 molecules within the lifetime of mobile excitons. The Lp value is even lower for CQD.
This result is somewhat surprising, considering the previous reports of efficient light harvesting
by graphene quantum dots of similar size.*® It appears that the light harvesting efficiency is

strongly dependent on the nature of solubilizing side chains, which modulate the degree of
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electronic coupling between the molecular units. While strong electronic coupling is favorable for
efficient energy transfer, it also enables the formation of new deactivation pathways that shorten
excited-state lifetimes. Furthermore, solubilizing groups also control the 3D architecture of the
assembled material (for example columnar vs tubular structures), which may have sizeable
consequences on light harvesting efficiencies. Future experiments on well-defined molecular
structures are needed to gain a better understanding of structure-property relationships involving
light-harvesting in molecular aggregates.

Table 1: Summary of exciton size and dynamics in thin film samples of HBC and CQD

AaBs  AEm  Stokes €, T1 T2 Tor  Noffset D Lo
shift
(hm) (nm) (molecules) (ps)  (ps)  (ps) (nm?l (nm)
(eV) ps)
HBC 367 611 1.35 2+05 75 750 70 0 1.8 16

CQD 573 690 0.37 0.8+0.2 20 50 15  10% 0.3 3

The reported excitonic behavior of HBC and CQD indicate that these graphene quantum dot
assemblies are relatively inefficient light-harvesting systems. Both assemblies exhibit excitons
delocalized over a small number of molecular units, which is likely due to a large degree of static
disorder in our assemblies. The compound with smaller aromatic core, HBC, exhibits more
efficient exciton hopping along the aggregate, which is justified by slightly longer lifetime and
higher diffusion coefficient of mobile excitons in HBC. Our result contrasts with the previous
reports of light harvesting in graphene quantum dots and points to the important role that
solubilizing side groups play in the electronic coupling between chromophores. We anticipate that
this work will motivate future research on structure-property relationship involving molecular

aggregates and their light-harvesting efficiency, which can in turn pave the road towards utilization
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of catalyst-grafted graphene quantum dots in artificial photosynthesis and other photochemical

processes.
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