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Abstract

Graphene nanoribbons exhibit excellent light-absorbing properties, but often exhibit short
excited-state lifetimes that prevent their applications in photocatalysis. Here, we report a long-
lived charge-transfer triplet excited state in a well solubilized, chlorinated graphene nanoribbon
(CI-GNR) with edges modified by bipyrimidine (bpm) moieties. The photophysical behavior of
CI-GNR was observed and characterized by steady-state UV-vis absorption and emission
spectroscopy, transient absorption spectroscopy on the ps-ms timescale, and density functional
theory (DFT) calculations. Both the CI-GNR and its monomeric subunit, chlorinated graphene
quantum dot (CI-GQD), were synthesized using bottom-up techniques to produce the H- analogs
of the compounds followed by edge-chlorination to achieve soluble products. The absorption
spectra of CI-GQD and CI-GNR appear in the UV-vis range with lowest-energy peaks at 375
and 600 nm, respectively. The excitons in CI-GNR were found to exhibit charge-transfer
character with the bpm edges serving as electron acceptors. DFT calculations indicate that the
excitons are relatively localized, spreading over at most two monomeric units of the GNR.
Transient absorption spectroscopy shows that singlet excited states of CI-GQD and CI-GNR
undergo intersystem crossing with ~300 ps lifetime to form triplet states that last for 15.7 ps (Cl-
GQD) and 106 ps (CI-GNR). These properties, combined with the ability of the bpm sites to
coordinate transition metals, make CI-GNRs promising light-harvesting motifs for photocatalytic
applications.
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Introduction

Nanographenes, such as graphene quantum dots (GQDs) and nanoribbons (GNRs), are light-
harvesting chromophores that exhibit desirable excitonic properties for application in
photocatalysis. The relative size of GQDs and GNRs constrain their excitons to a size that is
smaller than the essentially infinitely large exciton Bohr radius of bulk graphene.
Consequentially, excitons in these systems are quantum-confined, enabling size-tunable energy
gaps.! Size-dependent tunability of the energy gap has been shown both theoretically? and
experimentally,’ demonstrating the versatility of light-harvesting in nanographenes. For example,
triangular GQDs of varying size exhibit a progressive redshift of their ultranarrow absorption
and emission bands with increasing size.? Nanographene size/shape can also be utilized to tune
their optical properties (and chemical stability) and is best described by the chemically intuitive
Clar’s sextet rule of polycyclic aromatic hydrocarbons which states that the more aromatic
sextets (that is, the more benzene-like subunits) in the molecule, the larger the optical gap and
higher the stability.* Computational results confirm the sextet rule when comparing armchair-
and zigzag-edged nanographenes. Zigzag derivatives contain more nodes and less sextets than
their armchair analogs, which results in the destabilization of their HOMO levels and a
narrowing of their energy gaps.> Chemical functionalization with electron-donating groups have
also been used to systematically engineer the energy gap of GQDs for application in
photocatalytic water splitting and CO» reduction.® These photocatalytic reactions have also been
demonstrated for GQDs used in 0D/2D van der Waals heterojunctions with graphene.” GQDs
can also self-assemble into nt-stacked structures that efficiently harvest light along the stack®1°.
Furthermore, the photocatalytic properties of GQDs are enhanced upon coordination of a metal
catalyst, such as cobaloximes for hydrogen evolution chemistry.!! Unlike GQDs, application of
GNRs remains relatively unexplored, yet these compounds show great potential in photocatalysis
since their absorption profiles cover much of the visible light region, making them efficient solar
light absorbers. In addition to their excellent light harvesting, GNRs exhibit high charge carrier
mobilities'? which are expected to enable efficient delivery of charge carriers to the oxidation
and reduction catalytic sites for photocatalysis.

Recent developments in bottom-up nanocarbon synthesis methods have enabled the preparation
of well-defined nanocarbons with tunable size, shape, and functional groups.'*!* These methods
often start with the synthesis of soluble polyphenylene precursors using Diels-Alder
addition/decarbonylation,'> Suzuki-Miyaura'®, or Yamamoto!” coupling reactions. The
aromatization of these soluble polyphenylenes is achieved using oxidative cyclodehydrogenation
to form insoluble nanographene products.'® More recently, one-shot annotative m-extension has
been developed as a useful ‘growth from template’ method to selectively modify K, L and bay-
regions of nanographenes using Diels-Alder or C-H activation chemistry.!?° These synthetic
tools have enabled numerous studies on the effect of nanographene size, shape and heteroatoms
on the electronic and optical properties of well-defined carbon materials.?!-*

Only a limited number of studies report the optical properties of GNRs.!423-34 Using wet
chemical synthetic methods discussed above, several GNRs with 0.5-2 nm ribbon widths (where
width is defined as the shortest edge-to-edge distance in the ribbon) were prepared and their



optical bandgaps were reported to fall off with increasing ribbon width in the 1-2 eV range. Such
width-dependent optical properties are consistent with theoretically predicted quantum
confinement effects in GNRs. Theoretical calculations also indicate that the width dependence
on GNR bandgap depends on C, the number of carbon atoms across the ribbon width. In GNRs
with C=3p+1 (p is an integer), the fall-off of the optical bandgap with the ribbon width is more
pronounced than that for GNRs with C=3p and 3p+2.2* The optical gap was also found to be
affected by the solubilizing alkyl chains, owing to their steric effects which induce nanoribbon
non-planarity and a reduction in the bandgap.? The optical excitation of GNRs has been found to
be dominated by excitonic features,?® which is consistent with their quantum confinement and
low dielectric screening, both of which prevent exciton dissociation into free charge carriers.
Using time-resolved THz spectroscopy, free charge carriers were observed when the excess
energy from the excitation pulse after excitation exceeded the exciton binding energy in GNRs
(~ 700 meV).?” These free carriers were found to exhibit excellent mobilities (up to 1,000
cm?/V-s range), but short lifetimes (few picoseconds).%3>3¢ Excitons were also found to be
highly mobile as demonstrated by the presence of biexcitonic features in pump-fluence
dependent experiments.>* However, the exciton lifetimes were found to be relatively short-lived
due to excimer formation and the presence of dark states.??*3

As part of our ongoing interest in the light-harvesting properties of nanographenes®!!-37, we

investigate here the photophysical properties of hydrogenated and chlorinated GQDs and GNRs
that contain bipyrimidine moieties in their edges (Scheme 1). Here, H-GQD and CI-GQD can be
thought of as the basic building blocks of H-GNR and CI-GNR, respectively. In a previous
electrochemical (non-photophysical) study, we showed that bipyrimidine units behave as redox-
active electron accepting moieties, undergoing efficient proton-coupled electron transfer
processes.*® In this study, we show that GQD and GNR exhibit excited states with charge-
transfer character where bipyrimidine units serve as electron acceptors, an important property for
efficient photoinduced charge separation required in photocatalytic applications. Furthermore,
we find that edge-chlorination has a beneficial effect on the excited-state lifetimes of GNRs, due
to the significant reduction in the non-radiative decay pathways associated with m-stacking
between aromatic cores. These prolonged lifetimes also enable efficient intersystem crossing
(ISC) to produce long-lived (106 ps) triplet states, a behavior that has never been observed
previously in the graphene nanoribbon literature. These excellent photophysical properties,
combined with the fact that GNRs absorb a broad range of visible frequencies and that the
bipyrimidine sites can serve as coordinating sites for transition metal-based catalysts, makes
these nanographenes excellent building blocks for future photocatalytic applications.

H-GQD: R=H




Scheme 1. Structures of hydrogenated (H-GQD and H-GNR) and chlorinated (ClI-GQD and CI-
GNR) nanographenes with bipyrimidine sites highlighted in blue..

Results and Discussion
Synthesis and characterization.

The synthesis of GQDs and GNRs is summarized in Scheme S1 and involves Diels-Alder
chemistry,*® Yamamoto coupling polymerization*’ and chlorination*! reactions that have been
reported previously for similar substrates. The Diels-Alder reaction between cyclopentadienones
1 and acetylide 2, followed by a loss of CO, resulted in the formation of polyphenylene 3. The
oxidative dehydrogenation of 3H using FeCl; yielded H-GQD, while the subsequent
chlorination using iodine-monochloride resulted in the formation of CI-GQD. The NMR and MS
analysis of CI-GQD indicates that C-H group between two N-center of the bipyrimidine unit are
not chlorinated while the remaining C-H groups are mostly chlorinated (~80%). The
polymerization of 3-Br via Yamamoto coupling yields polymer-3, which is then oxidized to H-
GNR using FeCls. The MS characterization of polymer-33 indicates that ribbons up to ~20 nm
in length (~16 3H units) are formed, while longer polymer-3 units, which may exist in the H-
GNR sample, are not expected to get ionized and detected in the mass spectrometry. The ICI
chlorination methods yield CI-GNR, which have been characterized using XPS and NMR
(Section S1, SI).

Computational studies.

While H-GNR was found to be insoluble in all solvents, it can be solubilized in aqueous
solutions using surfactants, such as sodium dodecyl benzene sulfonate (SDBS). The UV-vis
absorption spectra of H-GQD and H-GNR in aqueous SDBS solutions are shown in Figure 1a
and consist of broad, structureless features that span a large portion of the UV and visible
regions. H-GNR exhibits a lowest-energy absorption peak ( A=600 nm) that is red-shifted
relative to that of H-GQD (A=360 nm), as expected based on the quantum confinement effect.
To illustrate the effect of GNR length on its optical properties, we calculated electronic transition
energies for GNR fragments with sizes in the monomer to pentamer range (Figure 1b,
computational details are available in Section S4, SI). The calculated monomer spectrum consists
of two absorption bands centered at 280 and 360 nm. Geometry optimizations reveal substantial
folding in the trimer and tetramer such that their structures are not entirely planar (Figure S14,
SI). As the length of the model GNR increases from monomer to pentamer, both transitions
undergo a red-shift and merge into one peak with an absorption band centered at 510 nm for the
pentamer. The red shift seems to saturate for GNR models longer than a tetramer, indicating that
the exciton coherence length does not exceed beyond the length of ~ 3.8 nm. The lowest energy
bright transitions are associated with the formation of a charge-transfer (CT) excited state where
the electron density shifts to the bipyrimidine edges, as illustrated in the difference density plots
shown in Figure 1c. For trimer and tetramer GNR models, the inner bipyrimidine units
accumulate the electron density while the bipyrimidine units located on the periphery exhibit a
slight depletion of electronic density, however, the majority of electron density depletion occurs
within the aromatic core. The match between calculated (360 nm, 3.44 eV) and experimental



(355 nm, 3.49 eV) absorption wavelengths for H-GQD is excellent, while the comparison of the
H-GNR absorption band at 610 nm with the calculated data indicate that the H-GNR solution
consists of GNRs with lengths that are longer than 5 monomer units.
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Figure 1. (a) Steady-state UV-vis absorption spectrum of H-GQD and H-GNR in aqueous
solution with 1% wt. SDBS. (b) Time-dependent density functional theory (TD-DFT) calculated
absorption spectra of H-GQD oligomers (monomer to pentamer). Calculations were performed
at the B3LYP/6-31+G(d,p) level of theory with water solvation modeled by a polarizable
continuum (iefpcm). (¢) TD-DFT calculated difference density plots visualizing the ground-to-
excited state electron density shift for the lowest-energy allowed transitions in monomer, dimer,
trimer, and tetramer models.

The exciton size in GNRs was further investigated, computationally, using a one-particle
transition density matrix approach developed previously.*? In this method, the exciton size dexc is
defined as the root-mean-square separation between instantaneous hole and electron positions
(x, and x,, respectively):

Aexe = \/<|£h - fe|2>exc (1)

The value is calculated using transition density matrices for each excited state, under the
assumption that the one-electron transition density matrix can be used as a representation of the
exciton wavefunction.*? This approach was used to calculate dexc for N-mers with sizes ranging
from N = 1 to 4 (Figure 2). The results show that the exciton size increases from dexc=5.3 A in
the monomer to 7.1 A for the tetramer and the value seems to level off with only a modest
increase in size with N-mer length. These results indicate that the exciton size in GNRs likely
does not exceed beyond a dimer and are consistent with the previous calculations on a similar
all-carbon GNR analog.*? At a first glance, these results appear contradictory to the continual




red-shift observed in calculated UV-vis absorption spectra from monomer to pentamer. Such red-
shifting has often been interpreted in the literature as a measure of exciton size (where the
oligomer size at which the red-shift is no longer observed is used as an estimate of dexc).**
However, our exciton size calculations in Figure 2 clearly show that the exciton size does not
exceed beyond a dimer, even though the red-shift in Figure 1 is observed up to the pentamer
model. Despite this, the TD-DFT spectra in Figure 1 will still capture shifts due to the
electrostatic environment continuing to change as more material is added on either side, slowly
converging according to the asymptotic tail of the coulomb force. The calculated natural
transition orbitals (NTOs) also indicate that the exciton is not delocalizing past the dimer (Figure
2b). We obtained similar results in calculations of dexc in one-dimensional n-stacks of graphene
flakes,® indicating that the excitons do not delocalize significantly in these carbon-based
chromophores, irrespective of the direction of their growth (along the m-stack in graphene flakes
or via in-plane bonding in graphene ribbons). It may be noted that the particle-accepting NTO in
the trimer appears to be localized over one monomer unit and therefore potentially smaller than
the particle NTO of the dimer. However, the hole-leaving NTO is concomitantly larger in the
dimer as well, allowing for the total hole-particle displacement to be smaller in the dimer than
the trimer. To illustrate further the degree of hole-particle separation further, transition density
matrices in the tetramer were decomposed into contributions from natural atomic orbitals*’; these
may be found in the SI (S16).
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Figure 2. (a) Calculated exciton size as a function of the number of monomer units in the N-mer

with structures shown in the inset. (b) Natural transition orbitals (NTO) of hole (transparent) and

electron (opaque) of largest contribution are plotted over the structures for the lowest-energy
bright state in each species. Calculation details are presented in the Section 4 of the SI.



Steady-state spectroscopy.

Photoluminescence of H-GQD and H-GNR in aqueous surfactant solutions is very weak, as
evident from the spectra presented in Figures 3a and b. Since it is known that n-stacking causes a
significant increase in excited-state nonradiative decay rates in aromatic chromophores,®92 we
hypothesize that the use of aqueous surfactants results in solubilization of m-stacked aggregates
of H-GQD and H-GNR, rather than fully dissolved isolated molecular species. Therefore, we
attribute the steady-state spectroscopic signatures of H-GQD and H-GNR in Figure 3 to
aggregates. To decrease n-stacking and improve solubilization of our nanographenes, we utilized
the chlorination methodology previously shown by Miillen and co-workers to be an effective
strategy for functionalization of nanographene edges.*! The effect of chlorination on the
nanographene structure is best observed when comparing the DFT-calculated structures of H-
GQD and CI-GQD (Figure 3c). While H-GQD is a planar molecule, the steric repulsion
between chlorine atoms in CI-GQD results in significant non-planarity. The chlorination of our
model compounds significantly improved their solubility in organic solvents, such as toluene and
trichlorobenzene, indicating reduced m-stacking interactions. Interestingly, the chlorination
results in surprisingly small changes in the calculated UV-vis absorption spectra (Figure S15).
CI-GQD exhibits a modest bathochromic (to higher wavelength) and hyperchromic (to higher
intensity) shift relative to H-GQD, while the calculated difference density plots indicate that the
lowest-energy transitions of both GQD derivatives are of the charge-transfer character (with
bipyrimidine moieties acting as charge accepting sites). We also experimentally demonstrate the
charge-transfer nature of the observed singlet excited state by collecting emission spectra of Cl-
GQD in different solvents with varying polarity indices (Figure S11, SI). The range of solvent
polarities was limited due to low solubility of CI-GQD. However, the first emission peak at
~475 nm progressively red-shifts as the polarity of the solvent increases, indicating a
stabilization of a CT-like state in more polar solvents. The experimental UV-vis absorption
spectra are consistent with calculated predictions: H-terminated nanographenes H-GQD and H-
GNR exhibit absorption spectra with absorption maxima located at similar energies as the
spectra of CI-GQD and CI-GNR, respectively (Figures 3a and 3b), with slightly red-shifted
absorption maxima. However, the effect of chlorination is more drastic when the
photoluminescence spectra are compared. While H-GQD and H-GNR exhibit almost negligible
emission, relatively strong emission peaks are observed for CI-GQD and CI-GNR in the visible
range (quantum yields are 1% and 15%, respectively. See Section S2 for more detail). The
emission is assigned to the fluorescence from singlet excited states of CI-GQD and CI-GNR,
based on their insensitivity to oxygen (Figure S10).
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Figure 3. (a) UV-vis absorption (solid lines) and emission (dashed lines) spectra of H-GQD in
aqueous 1% wt. SDBS (purple) and CI-GQD in toluene (blue). Emission spectra were collected
upon excitation at Aexc=360 nm (H-GQD) and 375 nm (CI-GQD). (b) UV-vis absorption (solid
lines) and emission (dashed lines) spectra of H-GNR in aqueous 1% wt. SDBS (yellow) and Cl-
GNR in trichlorobenzene (red). Emission spectra were collected upon excitation at Aexc=500 nm.
(c) Structures of H-GQD (top) and CI-GQD (bottom) optimized at the B3LYP/6-31+G(d,p)
level of theory.

Steady-state excitation/emission spectroscopy provides some evidence for sample aggregation,
even for nanographenes with chlorinated edges. Figure 4 shows 2D emission/excitation maps for
CI-GQD and CI-GNR, along with excitation and emission spectra at selected wavelengths. In
the case of CI-GQD, this effect is best observed in the normalized emission spectra in Figure 4b,
which show that the excitation at 360 nm gives rise to an emission spectrum dominated by the
sharp feature maximum at 490 nm and a weak contribution from the broad features at 625 nm.
As the excitation wavelength moves towards lower energy, the relative intensity of the 625 nm
feature increases. Quite similar emission profiles consisting of intense and skinny bands in the
higher energy range and broad emission features at lower energies have been observed by us and
others in concentration-dependent emission spectra of analogous GQDs.®33->° Based on this
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similarity, we assign the 500 nm band to the emission from monomeric CI-GQD, while the
emission at 625 nm is assigned to the m-stacked aggregate of CI-GQD. The absorption profiles
of monomeric and aggregated CI-GQD can be derived from the excitation spectra collected at
monomer emission (490 nm) and aggregate emission (625 nm) wavelengths. The excitation
spectrum assigned to the monomeric species exhibits an absorption maximum at 375 nm. The
excitation spectrum assigned to the aggregate exhibits a much broader, featureless signature that
ranges from 300-475 nm. Again, these excitation profiles are similar to the electronic transitions
observed in the variable-concentration absorption spectra reported previously for analogous
GQDs,333753 further confirming our assignment.

Similar sample heterogeneity was observed in emission excitation maps of CI-GNR. Figure 4e
shows that the relative intensity of emission peaks at 650 and 775 nm changes with the excitation
wavelength and we accordingly assign the 650 nm emission to monomeric nanoribbons and the
775 nm emission to aggregated CI-GNR. The excitation spectra collected at the wavelengths for
monomer and aggregate emission (Figure 4f) indicate that both species contain a main
absorption feature at ~500 nm and a shoulder at 600-700 nm. The aggregate absorption features
are slightly red-shifted and significantly broader, which is commonly observed in nt-stacked
aggregates. The kinetic profiles for the emission at the two bands (collected at 630 and 770 nm,
Figure S10, SI) also differ, confirming the sample heterogeneity. . The 630 nm emission kinetics
were fit to a monoexponential decay with 1.05 ns lifetime, while the 770 nm emission kinetics
were fit to a monoexponential growth-then-decay model with rise time of 0.35 ns and decay
lifetime of 2.1 ns. Since CI-GNR samples consist of ribbons with different lengths, the
heterogeneity observed in CI-GNR emission/excitation maps may also be associated with the
emission from non-aggregated ribbons of different lengths. However, given the similar
heterogeneous emission observed in CI-GQD and CI-GNR, it is more likely that the observed
behavior originates from aggregation effects. This is also supported by the calculated absorption
spectra for different ribbon oligomers (Figure 1b), which indicate that any ribbon longer than
four monomer units is expected to exhibit very similar photophysical properties.
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Figure 4. 2D emission/excitation maps of (a) CI-GQD in toluene and (d) CI-GNR in
trichlorobenzene. Emission spectra at various excitation wavelengths for (b) CI-GQD and (e) CI-
GNR. Excitation spectra at various emission wavelengths for (¢) CI-GQD and (f) CI-GNR with
absorption spectra overlaid.

Femtosecond transient absorption (TA) spectroscopy was employed to study the time-resolved
photophysics of our H- and Cl- compounds (Figure 5). Transient features of all four samples at
early probing times consist of ground-state bleach signals at ~400 nm (for GQD samples) and
~500/600 nm (for GNRs) with broad and featureless excited-state absorption bands in the redder
part of the visible range. We assign the positive features to the excited-state absorption of singlet
S1 states of GQDs and GNRs. Despite similar spectra features at early times, the temporal
evolution of H-compounds is drastically different from Cl-compounds. While most of the
transient signal of H-compounds decays back to ground state within a few hundreds of
picoseconds, the decays of Cl-compound S; states are longer and associated with a growth of a
new long-lived transient species with absorption at ~550 nm (for CI-GQD) and ~700 nm (for Cl-
GNR). These results are consistent with the increased fluorescence quantum yields observed for
chlorinated compounds in Figure 3 and further confirms that the chlorination of nanographene
edges represents an efficient method to prevent excited-state lifetime shortening associated with
the n-stacking of aromatic units.>®
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Figure 5. Transient absorption (a) spectra and (b) kinetics plots for H-GQD, CI-GQD, H-GNR,
and CI-GNR. Both H- compounds were measured in aqueous solution with 1% wt SDBS, Cl-
GQD in toluene, and CI-GNR in trichlorobenzene. All samples were excited at 400 nm.

The formation of a long-lived transient species with absorption at ~550 nm in CI-GQD occurs
with a lifetime of 350 + 10 ps, as determined using target analysis of the experimental data
(Figure 6a). The kinetic model used in target analysis was a simple 1 — 2 — 3 sequential model
and the resulting component spectra match the evolving features at 550 and 700 nm in the
experimental data (Figure 6b). The temporal evolution of the long-lived transient was probed
using nanosecond transient absorption spectroscopy (Figures 6¢ and d). The transient spectrum
obtained at early times of the nanosecond instrument matches very well with the spectrum
obtained at the end of the femtosecond instrument (probed 1.3 ns after the excitation pulse),
confirming that the same intermediate is monitored across the two instrumental setups. The
nanosecond instrument reveals that the long-lived intermediate decays with a lifetime of 15.7 us
in the N2-purged sample and is significantly shortened in the presence of molecular oxygen (0.76
us, Figure 6d). The long-lived nature of this transient, coupled with its sensitivity to oxygen,
indicates that this transient is likely the triplet excited T, state of CI-GQD. The Jablonski
diagram in Figure 6¢ summarizes the observed photophysical behavior of CI-GQD.
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Figure 6. (a) Femtosecond transient absorption (TA) spectra of CI-GQD in toluene probed at
different times after the Aexc = 400 nm excitation pulse; inset shows kinetic traces of the
femtosecond data at bleach wavelength (550 nm) and excited state absorption wavelength (700
nm) (b) Component concentrations as a function of time (top) and component spectra (bottom)
obtained via target analysis using a sequential 1 — 2 — 3 kinetic model. (c) Jablonski diagram
describing the kinetic model used in the global fitting analysis. Note the color coordination
between the states given in the diagram with the traces given in the temporal and spectral
component profiles. (d) Nanosecond transient absorption spectra of CI-GQD in toluene obtained
at different time delays after the Aexc = 410 nm excitation pulse; inset shows fitting of kinetic
trace at 550 nm with (red) and without (black) oxygen present.

The observation of efficient intersystem-crossing in CI-GQD is somewhat unusual considering
the molecule consists of light elements that cannot induce significant spin-orbit coupling via the
common heavy-atom effect.>’ In general, the rate of intersystem crossing can be expressed
within the Fermi golden rule approximation as:>®

kisc = 2m Za|<‘1’sa|ﬁ50|q’7qb>|f,0P(Eaj) 2)
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Where ¥ and 7, are the initially populated singlet state and ISC-formed triplet state,
respectively. s, is the spin-orbit operator and p(Ea j) is the vibrational density of states at the
energy of the initial state, ¥ . The subscript g, denotes that the integral is solved for when ¥ _
and ¥r, have the same equilibrium geometry, i.e. the crossing point of their potential energy
surfaces. Based on this expression, the rate of ISC can be enhanced by one of the two
parameters: (i) by increasing the spin-orbit coupling matrix element or (ii) by increasing the
density of states with small S-T splitting (AE=Es-Et). The spin-orbit coupling matrix was shown
both experimentally and computationally to increase in non-planar polyaromatic hydrocarbons,
such as helicenes.>*%° Given that chlorination of GQDs results in a loss of planarity in CI-GQD
(Figure 3c), we considered the possibility that the observed efficiency of intersystem crossing
arises due to the nonplanarity of CI-GQD. This hypothesis was tested by comparing the
photophysical behavior of H-GQD and CI-GQD in organic solvents. The solubility of H-GQD
(unlike H-GNR) in organic solvents (such as o-dichlorobenzene) was sufficient to enable a
direct comparison of transient absorption features of the planar H-GQD (Figure S12) and
nonplanar CI-GQD (Figure 6). Interestingly, H-GQD in organic solution exhibits similar
photophysical behavior as CI-GQD, with an intersystem crossing time constant of 350+13 ps
(the value is ~200 ps for H-GQD). The long-lived character observed of H-GQD in organic
solvent allows us to conclude that the compound had better solubility than in aqueous solution.
Based on this finding, we conclude that the nonplanarity of GQDs is not responsible for the
observed triplet state formation. Thus, we assign the observed triplet formation yields to the
second term in the equation 2: an increased density of states with small S-T splitting (in the weak
coupling regime, the “energy gap law” dictates an exponential decay of the transition probability
as AE increases.’® The increased delocalization in graphene quantum dots is known to result in
improved intersystem-crossing rates, which was attributed to a decrease in the S-T energy gaps.®!
We hypothesize that a similar effect explains the efficient triplet formation in CI-GQD.

Like CI-GQD, the CI-GNR exhibits long-lived photogenerated intermediates (Figure 7).
Transient absorption spectra of CI-GNR consist of two ground-state bleach peaks at 500 and 600
nm, as well as a broad excited-state absorption feature at ~700 nm. The 500 and 600 nm bleach
bands undergo red and blue-shifts, respectively, during the first nanosecond after the excitation
pulse (Figure 7a) while the measurements in the longer time-window show a decay of the signal
on the microsecond timescale (Figure 7d). Global fitting of these transient features using a
parallel kinetic model provided satisfactory reproduction of the kinetic behavior (solid lines in
the insets of Figures 7a and 7d) with the following lifetimes: 0.5 ps, 8.1 ps, 290 ps and 106 ps.
The 0.5 ps, 290 ps and 106 ps lifetimes are like those observed in CI-GQD and are accordingly
assigned to the S, — S; internal conversion (0.5 ps), St — T1 ISC (290 ps) and T1 — So
deactivation (106 ps), as summarized by the Jablonski diagram in Figure 7¢ with component
concentrations and spectra shown in Figure 7b. The assignment of the long-lived 106 us
component to the T state of CI-GNR is consistent with the spin-forbidden nature of the
deactivation back to the singlet ground state and is supported by its sensitivity to molecular
oxygen (Figure 7d). We note that the sensitivity to oxygen can also be explained by the
photodegradation of CI-GNR. However, collection of steady-state UV-vis absorption spectra



15

before and after TA measurement (Figure S9) confirms that the sample did not photodegrade and
the shortening of the excited state lifetime is indeed attributed to quenching of the triplet state by
molecular oxygen.

The 8.1 ps component is unique to CI-GNR samples and has not been observed in CI-GQD. We
considered the possibility that this kinetic component is associated with the recombination of
free charge carriers formed upon photoexcitation. Previous reports indicate that the exciton
binding energies in nanographenes range from 0.1 to 0.6 eV for GQDs%”%2 and 0.5 to 2.5 eV for
GNRs.% Furthermore, time-resolved THz photoconductivity experiments show that free carriers
are formed in nanographenes when excitation pulse energies exceed the exciton binding energy
and that these carriers recombine on picosecond timescales.?” To explore whether our 8.1 ps
decay is associated with recombination of free charge carriers, we performed TA experiments
using different excitation pulse energies (Figure S13, SI). If this component arises due to charge
carrier recombination, it will disappear from the spectra obtained at low excitation energies,
because the excitation pulse is not energetic enough to dissociate excitons into free carriers. Our
data clearly show that the 8.1 ps component does not disappear from the transient decays, even
when a very low energy excitation pulse (Aexc=600 nm) is used, indicating that this process is not
associated with free charge-carriers. A more plausible origin of the 8.1 ps component is the
excited-state decay of aggregated CI-GNR. Based on the observed aggregation of nanoribbons in
2D excitation/emission spectra of CI-GNR, it is quite likely that the observed transient data
contain contributions from both isolated and aggregated ribbons. Since the aggregated ribbons
are expected to exhibit short excited-state lifetimes,®>3->*64 the 8.1 ps component is assigned to
the excited states of aggregated CI-GNRs (Figure 7c). This assignment is consistent with our
observations of H-GNR which exhibits rapid decay on the single to tens of picoseconds
timescale.
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probed at different times after the Aexc = 500 nm excitation pulse; inset shows kinetic traces of the
femtosecond data at bleach wavelengths (500 and 600 nm) and excited state absorption
wavelength (700 nm). Spheres represent experimental data, while the solid lines represent the fits
obtained using target analysis. (b) Temporal (top) and spectral (bottom) profiles of components

obtained via target analysis using a parallel kinetic model. (c) Jablonski diagram of the proposed
kinetic model. The model used in global fitting analysis was a simple sequential model. Note the
color coordination between the states given in the diagram with the traces given in the temporal

and spectral component profiles. (d) Nanosecond TA spectra of CI-GNR in trichlorobenzene

obtained at different time delays after the Aexc = 500 nm excitation pulse. Inset shows fitting of
kinetic trace at 500 nm with (red) and without (black) oxygen present. Dashes represent
experimental data, while the solid lines represent the fits obtained using target analysis.

The observed formation of long-lived triplet states in CI-GNR is quite unique. All previous
studies of GNR photophysics report relatively short-lived singlet excited states with lifetimes on
the order of ~100 ps.?’-** The observed 106 ps lifetime is excellent for potential photocatalysis

applications where long-lived excited states are required to provide sufficient time for useful

chemical reactions to take place. The charge-transfer character of H-GNR excited states (Figure
lc) is a direct consequence of electron accepting properties of the bipyrimidine moieties®® and
enables spatial separation of electrons and holes within the exciton, which is useful for
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photoinduced electron transfer processes that initiate most photocatalytic reactions. We expect
similar charge-transfer states in CI-GNR given the similarities between H-GQD and CI-GQD
difference density plots (Figure S14, SI). In addition to exhibiting long-lived triplet excited
states, CI-GNR absorbs very well in the visible range (Figure 3), making it an excellent light-
harvesting chromophore. Based on the computational results presented here, we speculate that
the triplet states in CI-GNR are charge-transfer in character and, therefore, well-suited for
application in photocatalysis. Furthermore, the observed optical bandgap in CI-GNR (~2 eV) is
ideal for solar fuel applications, such as photochemical water splitting or CO2 reduction, as it
provides enough energy for required reaction thermodynamics (for example, 1.23 eV for solar
water splitting) and for associated kinetic overpotentials (usually few hundred meVs). Finally,
the bipyrimidine edges on CI-GNR can serve as coordination sites for molecular transition metal
catalysts for future applications in photocatalysis, as many of reported catalysts utilize
polypyridyl ligands.®>7° Given all these arguments, the photophysical findings presented here
illustrate the potential of CI-GNR for applications in solar energy conversion systems.”!

Conclusion

In conclusion, we report a detailed investigation of the electronic properties of two
nanographenes, GQD and GNR. We find that these model compounds can be solubilized into
aqueous solutions using surfactants and into organic solvents using edge chlorination. The
nanographenes in aqueous media were found to aggregate, causing significant shortening of their
excited-state lifetimes. The chlorinated samples, despite a certain degree of aggregation, were
found to exhibit long-lived charge-transfer excited states. Our computational studies indicate that
the excitonic features in GNRs are delocalized over at most two monomeric units and that they
exhibit charge-transfer character with the bipyrimidine moieties acting as electron-accepting
units. The absorption spectra of GNRs span a large portion of the visible region, up to 700 nm,
making them promising light-harvesting motifs. Time-resolved experiments reveal that CI-GQD
and CI-GNR undergo efficient ISC, probably facilitated by large density of electronic states, to
form long-lived triplet excited states (15.7 and 106 us, respectively). While GQDs have been
shown to undergo ISC in the past’!, we note that our demonstration of a long-lived triplet state in
a GNR is novel. We anticipate that this study will inspire future work involving coordination of
metal catalysts to the bipyrimidine sites of CI-GNR and further investigations into the
fundamental photophysics of such GNR/catalyst assemblies and their applications in
photocatalysis.

Supporting Information

Details on general methods, synthesis, characterization, steady-state spectroscopy, transient
absorption spectroscopy, and computational methods. This material is available free of charge
via the Internet at https://pubs.acs.org.
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