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ABSTRACT: Dibenzo[hi,st]ovalene (DBOV), as a new nanographene, has
demonstrated promising optical properties, such as red emission with a high
fluorescence quantum yield of 79% and stimulated emission, as well as high
thermal stability and photostability, which indicated its promise as a light-emitting
and optical gain material. However, the previous synthetic routes required at least
12 steps. This obstructed access to different derivatives, e.g, to obtain crystals
suitable for X-ray diffraction analysis and to tune the optoelectronic properties.
Here, we report an efficient synthetic pathway to DBOV based on a sequential
iodination-benzannulation of bi(naphthylphenyl)diyne, followed by photochemical
cyclodehydroiodination (PCDHI). This protocol included a fused bischrysene as a
key intermediate and furnished scalable amounts of meso-substituted DBOV
derivatives with different substituents. DBOV with 2,6-dimethylphenyl groups
could be used for single-crystal X-ray analysis, revealing the precise structure of the
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DBOV core. The optoelectronic properties of the DBOV derivatives were investigated by UV—vis absorption and fluorescence
spectroscopy, cyclic voltammetry, and density functional theory calculations. Single-molecule spectroscopy at room and low
temperatures provided novel insights into the photophysics of DBOV embedded in a polymer film. As a result of weak coupling
of the optical transitions to the matrix, single-molecule emission spectra at 4.5 K showed narrow vibronic lines. The fluorescence
autocorrelation function covering 9 orders of magnitude in time displayed high contrast photon antibunching and bunching,
from which the fluorescence decay rate and the triplet population and depopulation rates could be retrieved. Remarkably, the
intersystem crossing rate into the triplet state decreased by more than an order of magnitude at low temperature, demonstrating

that temperature can be a crucial parameter to boost single photon emission of an aromatic hydrocarbon.

B INTRODUCTION

Structural confinement of graphene into nanoscale subunits,
namely, nanographenes, such as graphene nanoribbons
(GNRs) and graphene quantum dots (GQDs), can furnish
discrete electronic energy levels with an open bandgap, thus
allowing their applications in optoelectronic and photonic
=7 Compared with the top-down strategies, such as
“cutting” of graphene®”"’ and “unzipping” of carbon nano-
tubes,"*"> which offer little structural control, sophisticated
bottom-up synthesis can produce nanographenes with atomi-
cally precise and uniform structures.'®™"® In recent years,
numerous nanographenes have been synthesized in this way,
among which nanographene molecules with zigzag edges, i.e.,
large polycyclic aromatic hydrocarbons (PAHs), such as
periacenes'” ™' and anthenes,””” have attracted considerable
attention for their unique properties, including small energy

.9
devices.

-4 ACS Publications  © 2019 American Chemical Society

gaps, unique optical properties, and open-shell biradical
character.”¥*® While nanographene molecules with zigzag
edges are often kinetically unstable and subject to immediate
oxidation,”***”  dibenzo[hi,st]ovalene (DBOV) has recently
been reported as a highly inert nanographene molecule with a
combination of both zigzag and armchair edges.”® It exhibited
strong red emission with a high absolute fluorescence quantum
yield (@) of up to 79%. Moreover, stimulated emission and
amplified spontaneous emission (ASE) could be demonstrated,
highlighting the potential of DBOV for optoelectronic and
photonic applications, such as in light-emitting diodes and
lasers.”” Nevertheless, the total yield of DBOV was only 2%
after a 12-step synthesis.”” This drawback severely hindered
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further studies into chemical derivatization, crystallization for
single-crystal X-ray analysis, and fabrication of optoelectronic
devices.

The synthesis of a great majority of nanographene molecules
has been performed using the Scholl reaction, namely,
intramolecular oxidative cyclodehydrogenation, of prede-
signed, branched oligoarylene precursors.”™>* Whereas
numerous nanographene molecules and GNRs could thus be
achieved, this method entails significant drawbacks, including
the use of excess oxidants, frequently unavoidable peripheral
chlorination, rearrangements through aryl migration, low
efficiency for electron-deficient systems, and limited scope of
functional groups due to the required oxidative condi-
tions.” 7 Alternative synthetic methods have been reported,
such as acid-promoted cyclization of ethynyl derivatives®>*
and metal-catalyzed*”*' or photochemical cyclodehydrohalo-
genation of halogenated precursors.””*’ Nevertheless, syn-
theses of nanographene molecules without Scholl reactions
remain scarce.***°

Herein, we report an efficient synthesis of DBOV through a
sequence of iodination-benzannulation and photochemical
cyclodehydroiodination (PCDHI) without using the Scholl
reaction. In the previous synthetic route, to promote the Scholl
reaction, we had to convert an electron-withdrawing aldehyde
group into an electron-donating acetoxymethyl group (see
Scheme 1) and then convert it back. This complication can be
avoided in the new method, achieving the synthesis of different
DBOV derivatives with alkyl (DBOV-C12), aryl (DBOV-
DMEP, DBOV-TMOP, DBOV-CF3), and triisopropylsilyl
(TIPS)-ethynyl (DBOV-TIPS) groups at the meso-positions in
7 steps, with total yields of 23—41% (see Scheme 2). DBOV

Scheme 1. Synthesis of Fused Bischrysenyl 6 through a
Sequence of ICl-Promoted Iodination-Benzannulation and
PCDHI (Red Arrow) vs the Previous Route’ via the Scholl

Reaction (Blue Arrow)”
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“Reagents and conditions: (a) PtCL,, toluene, 80 °C, 24 h, 45% yield;
(b) FeCl;, DCM, nitromethane, r.t.; or DDQ, triflic acid, DCM, r.t;
or hv, I, benzene, 2 h; (c) NaBH,, THF/methanol = $:1, r.t,, 1 h; (d)
acetic anhydride, TEA, 4-DMAP, DCM, r.t, 2 h, 87% yield in two
steps; (e) DDQ, triflic acid, DCM, r.t., 33% yield; (f) K,CO,;, THF/
methanol = 1:1, r.t., overnight; (g) PCC, DCM, r.t,, 2 h, 59% yield in
two steps; (h) ICl, DCM, —78 °C, 2 h, 76% yield; (i) TEA, acetone,
hv, 2 h, 86% yield. DCM: dichloromethane; DDQ: 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone; THF: tetrahydrofuran; TEA: triethyl-
amine; 4-DMAP: 4-dimethylaminopyridine; PCC: pyridinium chlor-
ochromate.

Scheme 2. Synthetic Routes toward DBOV Derivatives”

DBOV-C12 DBOV-DMEP _DBOV-TMOP DBOV-CF3  DBOV-TIPS

“Reagents and conditions: (a) RMgBr or RLi, THF, r.t. 2 h, then
NH,Cl, H,0; (b) methanesulfonic acid (MSA) or BF;-OEt,, DCM,
r.t. 2 h, then p-chloranil, r.t, 1 h.

with 2,6-dimethylphenyl units (DBOV-DMEP) provided
crystals suitable for single-crystal X-ray analysis. The optical
absorption and emission spectra could be fine-tuned by
attaching electron-donating or electron-withdrawing aryl
substituents, and a redshift of ~40 nm was achieved by
introducing TIPS-ethynyl groups. While the absorption and
emission spectra of DBOV have been well characterized, little
is known about its intrinsic photophysical kinetics. Therefore,
we conducted a comprehensive single-molecule study of
immobilized DBOV-DMEP molecules at room and low
temperatures. A crucial incentive for single-molecule spectros-
copy relates to the fact that spectroscopic and photophysical
properties can be retrieved, which are barely accessible from
the ensemble average. Fluorescence spectra recorded at 4.5 K
displayed sharp vibronic features dominated by a strong purely
electronic zero-phonon line. The fluorescence intensity
autocorrelation function covering 9 orders of magnitude in
time showed high-contrast photon antibunching at short times
and photon bunching due to shelving in the triplet state at long
times. Quantitative analysis of the correlation function of single
DBOV-DMEP molecules provided access to the lifetimes of
the singlet (S,) and triplet (T,) states as well as the
intersystem crossing rate from S; to T,. Remarkably, by
lowering the temperature, the intersystem crossing (ISC) rate
decreased by a factor of ~10, while the triplet lifetime
remained almost constant.

B RESULTS AND DISCUSSION

Photochemical Cyclodehydroiodination (PCDHI). Bi-
(naphthylphenyl)diyne 1 was prepared by CuCl-catalyzed
Glaser self-coupling of (2-ethynylphenyl)naphthalene in air.*’
Afterward, iodination-benzannulation of 1 with ICl at —78 °C
provided iodinated bichrysenyl § in 76% yield (Scheme 1).
Transition-metal-catalyzed cyclization of § to fused product 6
was initially attempted by heating with Pd(PPh,),Cl,-CH,Cl,
in the presence of NaOAc at 140 °C for 12 h,*” which gave
only deiodinated bichrysenyl 2. Pd(PPh,), was next used as a
catalyst and gave the same result. Further attempts to planarize
2 through the Scholl reaction (with FeCly or DDQ/triflic acid)
or photocyclodehydrogenation (I,, hv, benzene) also failed,
most likely due to the electron-withdrawing nature of the
aldehyde groups, consistent with our previous results.”®
Interestingly, we noticed that the color of diiodobichrysenyl
precursor S on the thin-layer chromatography (TLC) plate
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gradually changed to red when the material was exposed to a
hand-held UV lamp, indicating the formation of a large #-
conjugated system. This observation prompted us to explore
the photochemical cyclodehydroiodination (PCDHI)* of §
for the preparation of 6.

The photoreaction of § was initially tried with a
concentration of 6 X 107" M in acetone and aqueous
Na,COy solution (0.1 M, 1.0 equiv per PCDHI reaction),
which had previously been used as standard conditions for
photocyclodehydrohalogenation.”” After irradiation with 16
UV lamps (300 nm, 14 W) for 2 h, product 6 precipitated from
the reaction solution as a red solid in 73% yield. Toluene and
dichloromethane were then tested as solvents, resulting in
relatively low isolated yields of 66% and 60%, respectively
(Table 1). Using acetone as the solvent, the effect of the base

Table 1. Effects of Solvents and Base on Photocyclization
from § to 6“

entry solvent base yieldb (%)
1 acetone 0.1 M Na,CO; 73
2 toluene 0.1 M Na,COs4 66
3 DCM 0.1 M Na,CO4 60
4 acetone TEA 86
S acetone no base 10

“Reaction conditions: Reactions were carried out in the indicated
solvents with a concentration of 10”* M under irradiation of UV light
(300 nm, 224 W) for 2 h. bIsolated yield.

was next investigated, and triethylamine gave a higher isolated
yield of 86%, presumably due to the formation of a
homogeneous solution and its well-known electron-donating
ability in photocyclization.”” The resulting product 6 could be
easily collected by filtration. When no base was added, product
6 further underwent acid-promoted intramolecular Friedel—
Crafts cyclization to give a black insoluble diketone as a
byproduct (see Figure S1). A single crystal of 6, obtained by
slow diffusion of acetonitrile into an o-dichlorobenzene
solution, illustrates its twisted core geometry (see inset of
Scheme 1, Figure $4).*® By using the PCDHI reaction, key
intermediate 6 could be prepared on the gram scale, thus
affording larger amounts of DBOV with different substituents.

Syntheses and Characterization of DBOV Derivatives.
For the synthesis of DBOV derivatives with different
substituents, precursor 6 was first reacted with the correspond-
ing Grignard or organolithium reagents and quenched with
saturated aqueous solution of NH,CI to give diol 7 (Scheme
2). Subsequently, 7 was treated with methanesulfonic acid
(MSA) or BF;-OEt, and oxidized by p-chloranil in situ to
provide the desired DBOV derivatives. Alkyl (DBOV-C,,),
functionalized aryl (DBOV-DMEP, DBOV-TMOP, DBOV-
CF3), and TIPS-ethynyl (DBOV-TIPS) substituents could be
introduced. The products were comprehensively characterized
by NMR spectroscopy and high-resolution matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDL-TOF MS).

The '"H NMR spectra showed a strong dependence on the
solvents, temperature and peripheral substituents. For example,
in deuterated tetrahydrofuran and aromatic solvents (toluene-
dg and o-dichlorobenzene-d,), sharp and well-resolved signals
of DBOV-DMEP were observed, which could be assigned with
the help of 'H,'H-correlation spectroscopy (COSY) and
'H,'H-nuclear Overhauser enhancement spectroscopy

16441

(NOESY) (Figure la and Figure S23—S24). However, in
chloroform-d, the signals became broad, indicating pro-
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Figure 1. (a) '"H NMR spectrum of DBOV-DMEP in tetrahydrofur-
an-dg measured at room temperature (300 MHz); (b) variable-
temperature 'H NMR spectra (500 MHz) of DBOV-DMEP
measured in 1,1,2,2-tetrachloroethane-d, (4.4 X 107> M).

nounced aggregation of the extended aromatic cores (Figure
S2). Variable-temperature "H NMR spectra of DBOV-DMEP
measured in deuterated 1,1,2,2-tetrachloroethane showed one
main broad peak at approximately 7.3 ppm at room
temperature; upon increasing the temperature, aromatic
proton signals of the DBOV core became visible (Figure
1b). However, the peaks were still broad when the temperature
reached 413 K and the resonances moved slightly upfield, as
expected from n—rm stacking. Some of the representative
zigzag—ed§ed nanographene molecules, such as periacenes and
anthenes,”””’ are expected to have smaller energy gaps with
the potential to generate open-shell ground states with a
contribution from thermally accessible triplet biradicals, which
often hamper NMR measurements. However, variable-temper-
ature '"H NMR experiments of DBOV-DMEP in o-
dichlorobenzene-d, showed no obvious signal broadening
when increasing the temperature to 423 K (Figure S3). DFT
calculations conducted at the B3LYP/6-31G(d,p) level of
theory indicated that the closed-shell form of DBOV is
energetically more stable than its open-shell forms, in
agreement with the NMR results, accounting for its high
stability under ambient conditions (see Table S1).

The structure of DBOV-DMEP was further characterized by
X-ray diffraction analysis of crystals obtained by slow diffusion
of methanol vapor into a tetrahydrofuran solution of DBOV-
DMEP and measured at 193 K (Figure 2a). The DBOV-
DMEP molecule adopts C,, symmetry with a rigid, almost
planar core with the two 2,6-dimethylphenyl groups nearly
perpendicular (dihedral angle ~85°) as a result of the steric
effect of the two methyl groups. The bond lengths are

DOI: 10.1021/jacs.9b08320
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Figure 2. (a) X-ray crystallographic structure of DBOV-DMEP
(measured at 193 K): front view (left) and side view (right); (b)
bond lengths from single-crystal analysis and NICS (0) values of each
ring calculated at the GIAO-B3LYP/6-31G(d,p) level of theory using
the Gaussian 09 simulation package; and (c) three resonance
structures of the DBOV core with four Clar’s aromatic sextet benzene
rings indicated with circles and blue background.

essentially uniform in rings A, D, and F, while obvious
alternations within a range of 0.05—0.30 A occur in rings B, C,
and E (Figure 2b). In addition, the DBOV-DMEP molecules
are staggered and exhibit a herringbone 7-stacking motif in a
layered structure. In the crystal, the face-to-face distance
between two DBOV cores is 3.13 A, which is shorter than the
interlayer distance of graphite (3.35 A). Close CH-7 contact
with a distance of 3.25 A is also observed (see Figure SS). Such
close packing and strong intermolecular 7—7 interactions are
key features of high-performance, acene-based organic field-
effect transistors (OFETs),*”*” which suggests the potential of
DBOV-DMEP for applications in electronic devices.

The local aromaticity of individual rings was evaluated by
means of nucleus-independent chemical shift (NICS) values
calculated at the GIAO-B3LYP/6-31G(d,p) level of theory
using the Gaussian 09 simulation package (see Supporting
Information for details).>’ Rings A, D, and F showed negative
NICS values of —7.41, —11.31, and —9.35, respectively,
accounting for the experimentally observed chemical shifts of
up to 9.6 ppm for protons on these three rings. On the other
hand, rings B, C, and E exhibited larger values of —2.06, —4.05,
and 4.46, reflecting decreased aromaticity and antiaromaticity.
Clar formulas could be drawn having benzene rings localized
on these rings with negative NICS values (Figure 2c). Three of
the Clar structures containing four benzene sextets are shown
in Figure 2c. All structures possess two isolated double bonds
in ring B, which cannot be integrated into any benzene rings,
explaining the observed upfield shifts of their proton signals
(H; and H,) (Figure la).

Photophysical and Electrochemical Properties. To
understand the relationship between the peripheral substitu-
ents and the electronic structure of the DBOV core, their
photophysical properties in solution were first investigated.
Figure 3 illustrates the UV—vis absorption and fluorescence
spectra of DBOV derivatives measured in toluene. These
solutions showed well-resolved absorption bands between 450
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Figure 3. UV—vis absorption and fluorescence spectra of the DBOV
derivatives measured in toluene solution at room temperature with a
concentration of 107> M (inset shows photographs of these solutions
(top row) and fluorescence under UV light (bottom row); from left to
right: DBOV-C12, DBOV-DMEP, DBOV-TMOP, DBOV-CF3, and
DBOV-TIPS).

and 700 nm with maximum absorption peaks at 611 nm
(DBOV-C12, molar extinction coefficient & = 6.54 X 10* M™*
cm™), 608 nm (DBOV-DMEP, ¢ = 1.02 X 10° M~! cm™),
609 nm (DBOV-TMOP, ¢ = 2.33 X 10* M~! cm™), 607 nm
(DBOV-TMOP, ¢ = 490 X 10* M™! cm™), and 647 nm
(DBOV-TIPS, ¢ = 7.88 x 10* M™' cm™), which can be
attributed mainly to the HOMO—LUMO transitions based on
time-dependent density functional theory (TD-DFT) calcu-
lations (see Figure S7 and Table S2). At shorter wavelengths,
vibronic replica involving C—C-stretching vibrations appear.”®
The aryl substituents have a negligible influence on the UV—
vis absorption of the DBOV core due to the large dihedral
angles and thus limited #-conjugation. In contrast, the
maximum absorption peak of DBOV-TIPS is red-shifted by
approximately 40 nm, indicating efficient 7z-conjugation
between the DBOV core and ethynyl groups. The absorption
spectra showed no change after storing the solutions under air
for 1 month, indicating the high stability of the DBOV core,
which is an essential requirement for the applications of these
materials in electronic and optical devices.

All derivatives showed strong fluorescence with maximum
emission peaks located at 617 nm (DBOV-C12), 611 nm
(DBOV-DMEP), 617 nm (DBOV-TTMOP), 611 nm
(DBOV-CF3), and 650 nm (DBOV-TIPS). The small Stokes
shifts of only 3—8 nm indicate a rigid structure of the core and
small structural changes between the ground states and excited
states. The fluorescence quantum yields (see Table 2) were
determined against a Nile blue A perchlorate standard by
measuring dilute solutions (A < 0.05) with decreasing
concentrations. DBOV with alkyl or aryl groups exhibit high
fluorescence quantum yields of 0.79—0.89, while the
comparatively low value of 0.67 observed for DBOV-TIPS is
most likely due to the presence of the silylethynyl groups. The
latter increase the vibronic coupling and enhance intersystem
crossing.”” The optical gap of each derivative was estimated
from the wavelength at which its absorption and fluorescence
spectra cross each other, as listed in Table 2.

DEFT calculations were performed to understand the effects
of the substituents on the orbital energies. As shown in Table 2
and Figure S6, DBOV-CF3 possesses HOMO and LUMO
levels at —4.72 and —2.62 eV, respectively, which are lower
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Table 2. Optical and Electrochemical Properties of DBOV Derivatives

Amax Aem Aedge E, (opt)
compound (nm) (nm) (nm) () feV) “
DBOV-C12 611 617 621 0.79 2.02
DBOV-DMEP 608 611 621 0.85 2.03
DBOV-TMOP 609 617 623 0.86 2.02
DBOV-CF3 607 611 622 0.89 2.03
DBOV-TIPS 647 650 661 0.67 191

E, (cal) HOMO (cal) LUMO (cal) HOMO (CV)
eV)? (ev)? (ev)” (ev)©
2.10 —4.46 —-2.37 —4.72
2.09 —4.52 —-2.43 —4.80
2.10 —4.47 —-2.37 —4.57
2.10 —4.72 —2.62 —4.73
1.90 —4.58 —2.68 —4.71

“Optical gaps were estimated based on the wavelength at which the normalized absorption and fluorescence spectra cross each other. *DFT
calculations were performed at the B3LYP/6-31G(d,p) level of theory with the Gaussian 09 calculation package. “The HOMO energy levels were
calculated by using the onset of the first oxidation potential of CV calibrated with Fc/Fc'.

than those of DBOV-C12, DBOV-DMEP, and DBOV-
TMOP, which are at approximately —4.5 and —2.4 eV,
respectively. DBOV-TIPS was calculated to have the lowest
LUMO among the five DBOV derivatives, with an energy of
—2.68 eV, leading to a smaller HOMO—LUMO gap of 1.90 eV
compared to the gaps of approximately 2.1 eV of the other
cases. This trend observed for the calculated HOMO—-LUMO
gaps agrees well with that of the experimental optical gaps. The
electrochemical properties of these DBOV derivatives were
investigated by cyclic voltammetry (CV) in dry dichloro-
methane solutions at room temperature. In the test window of
the CV, reversible oxidation waves were observed (Figure S8).
The HOMO energy levels were calculated from the onset
potential of the first oxidation wave using the following
equation: HOMO = —(4.8 + E,,°™), where the potentials
were calibrated with Fc/Fc'. The electrochemical HOMO
levels approximately agreed with the calculated values (Table
2).

Single-Molecule Spectroscopy of DBOV-DMEP. Single-
molecule spectroscopy at room and low temperatures (4.5 K)
was conducted with DBOV-DMEP embedded at very low
concentrations in thin Zeonex polymer films. Although
aggregation is unlikely under these conditions (¢ ~ 107 M
in solution), we chose this derivative because the 2,6-
dimethylphenyl groups would hinder the aggregation of the
molecules. Benefiting from the large absorption cross-section
and high fluorescence quantum yield of DBOV-DMEP, the
single-molecule experiments provided deep insight into its
photophysics, revealing many parameters previously unknown
for DBOV.

Figure 4a displays the fluorescence emission spectra of two
single DBOV-DMEP molecules (in Zeonex) measured at 296
and 4.5 K. While the room-temperature spectrum closely
resembles the bulk solution spectrum in toluene (see Figure
3), the spectrum at 4.5 K is characterized by a series of narrow
vibronic transitions indicating weak linear electron—phonon
coupling in the Zeonex host. The low-temperature spectrum
clearly reveals that the broad bands observed at room
temperature are composed of many vibronic transitions that
are not resolved as a result of thermal broadening. The
frequencies and relative intensities of the strongest vibrational
transitions to the S, ground state determined from the low-
temperature emission spectrum (Figure 4a, inset) are given in
Table S3. As expected for a rigid planar PAH, the purely
electronic zero-phonon line (ZPL) has by far the highest
intensity reflected in the large Franck—Condon factor of 0.36.
Since a normal-mode analysis is not currently available, we
cannot assign the nature of the different vibrational modes.
Qualitatively, literature data of other PAHs " suggest that
frequencies in the range of 100 cm™" to 650 cm™" belong to

a)
©
(8]
o
[0}
Q
%]
(0]
—
o
>S5
o
IS
—
o
=z
b) 10
G
) t/ns

Delay Timet/s

Figure 4. (a) Fluorescence spectra of two single DBOV-DMEP
molecules embedded in a Zeonex film at 296 K (red; .. = 561 nm)
and 4.5 K (black; A, = 565 nm). The inset shows a magnified version
of the high-resolution spectrum at 4.5 K with the vibronic transitions
on an energy scale relative to the [0,0]-transition. (b) Fluorescence
intensity autocorrelation function g®(z) of a single DBOV-DMEP
molecule over 9 orders of magnitude in time (I, = 4 kW/cm?). The
photon antibunching at short times is displayed in the inset on a linear
time axis (also for negative delay times) together with a
monoexponential fit to the data (T = 296 K; A, = 561 nm).

totally symmetric modes involving movements of larger parts
of the aromatic skeleton. In particular, we tentatively assume
that the modes at ~150 cm™ are related to a long-axis
breathing vibration of the whole molecule.

Since the temporal sequence of photons emitted by a single
molecule constitutes a hallmark of its internal photophysical
transitions, fluorescence correlation spectroscopy is an ideal
tool to measure the rates of these transitions for immobilized
single molecules.”™>” The fluorescence intensity autocorrela-
tion function g(z)(f) of a single DBOV-DMEP molecule at
room temperature covering 9 orders of magnitude in time is
portrayed in Figure 4b. gz)(r) displays the typical features
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expected in the photon statistics of a single organic dye
molecule. At short times, the correlation function approaches
zero, indicating single photon emission or photon antibunch-
ing,58 while at longer times, the decay of the correlation
function reveals photon bunching™ caused by the sequence of
bright and dark periods as a result of transitions between the
singlet and triplet manifolds.

To analyze the room-temperature correlation data, we treat
the DBOV-DMEP molecule as an effective three-level system
(Figure S) and follow the pertinent procedures described in

T=296 K T=4.5K
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Figure S. Simplified energy level scheme to highlight the relevant
photophysical transitions in DBOV-DMEP. At 4.5 K, the zero-field
splitting of the triplet is taken into account. The ¢,,—t_-splitting is not
to scale.

the literature.””””” Since we excite the molecule non-
resonantly into a higher energy vibronic level of S, at elevated
temperature, we need not consider any coherences but can
describe the transitions between levels by a system of rate
equations. First, we want to focus on the behavior of the
correlation function at short times. In the inset of Figure 4b,
this part is displayed on an enlarged scale also for negative
delay times. Without taking into account background
contributions,” which diminish the antibunching contrast,
for the given intensity, g (7) still approaches zero, i.e., g (7 =
0) ~ 0. This fact clearly demonstrates that even at room
temperature, single DBOV-DMEP molecules appear to be
high-contrast single photon emitters. When increasing the
excitation intensity, the contrast grows, and the rise of the
correlation function becomes steeper, as clearly seen in Figure
S9, where g(z)(r) is given for different intensities. The rise of
g(z)(r) at short times has been approximated by the following
expression (see SI):

¢P0) =A01 -+ + B (1)

Ay ® ky; + ki, and k,; and k;, denote the fluorescence decay
and excitation rates, respectively. From the intensity depend-
ence of 4, (1, (I,c = 0) ~ k,,), the fluorescence decay rate can
be obtained.”” The average k,; value of four DBOV-DMEP
molecules is given in Table 3.

In the next step, the photon bunching part (#s—ms) of the
room-temperature correlation data was analyzed to determine
the ISC rate k,3 and the triplet decay rate kj;. g(z)(r) data at
long times were fitted for different excitation intensities by the
following expression:

¢V = ce™ + 1 @)

where C is the contrast and 4, is the decay parameter of the
correlation function. From the intensity dependence of C and
Ay, the rates k,; and k3, were determined by globally fitting the

Table 3. Transition Rates of Single DBOV-DMEP and
Terrylene Molecules”

k5 (s7h) k5 (s7h)
T (K) kyy (5_1) ks (S_l) 55 (S_l) ks (5_1) =1 (5_1)
DBOV-DMEP in Zeonex
296 1.5 x 108 22x10° — 22 X100 -
4.5 - - 20 x 104 — 2.0 X 10°
1.6 x 10° 4.4 x 107
Terrylene in p-Terphenyl
3007 — 9.5 X 10° 6.9 x 10°
1.4%° - - 2.0 X 10° 1.9 x 10°
4.0 x 107 8.0 X 10

“k,,: fluorescence decay rate; k,;: intersystem crossing rate; ks : triplet
decay rate. DBOV-DMEP: 296 K (average of 4 molecules); 4.5 K
(average of 13 molecules).

appropriate equations to the data (see SI). The average values
of both rates for the same four molecules for which the
fluorescence decay rate k,; was determined are given in Table
3.

The experiments described above were conducted under an
argon atmosphere. Preliminary experiments under air have
indicated that both k,; and k;; increase, indicating a quenching
of S, and T, by oxygen.”’ Moreover, photobleaching becomes
much more efficient, most likely caused by a reaction of the
electron-rich PAH with singlet oxygen, which is formed via
quenching of the triplet state T;.%>

¢P(z) at long times was also measured for single DBOV-
DMEP molecules at low temperature (4.5 K). Under these
conditions, the correlation function could be well approxi-
mated by a biexponential decay (Figure 6a), as has been found
in single-molecule studies of other PAHs, such as terrylene®
and perylene.®* At low temperatures, the distributed kinetics of
the triplet sublevels originating from the zero-field splitting of
the triplet state emerge because spin—lattice relaxation is
largely suppressed. Given the low symmetry of the molecule
(Cyp), the splitting should result in three sublevels. As shown
here by X-ray analysis of DBOV-DMEDP crystals, the molecules
adopt a nearly planar core. For planar PAHs—with the
molecular plane as the sufficient symmetry element—it
typically has been found that the out-of-plane sublevel (t,) is
characterized by smaller rates in and out of the triplet state
compared to the two in-plane levels.”>™*® The kinetics of the
latter two are often similar and difficult to distinguish in the
correlation decay. In the remainder of the text, we will treat the
two in-plane levels as a single level t,,, keeping in mind that the
actual relation between the molecular x and y axes and the
magnetic axes is not known for DBOV-DMEP. Accordingly,
the biexponential decay of the correlation function reflects the
population and depopulation kinetics of the triplet sublevels ,,
and t,. The pertinent rates again have been determined from
the intensity dependence of the corresponding contrasts C; and
decay parameters /; of the correlation function, following a
procedure from the literature.®* This analysis is different from
the treatment of the room-temperature data as outlined in the
SI. Moreover, to fit the intensity dependences of C; and 4;
adequately, we had to introduce an additional intensity
dependence of the triplet decay rates leading to apparent
rates K'5; = k5, + a;I,.. We assume that the additional term
results from triplet—triplet absorption, as has been proposed in
other studies.””®” This process shows up in the low-
temperature experiments because we had to use high laser
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Figure 6. (a) Fluorescence intensity autocorrelation function g(z)(f)
of a single DBOV-DMEP molecule at long times (I, = 42 kW/cm?
T = 4.5 K). Monoexponential (dashed line) and biexponential (drawn
line) fits to the data are also shown. (b) Fluorescence counts as a
function of time for two DBOV-DMEP molecules at the given
temperatures. The different appearances of the two traces reflect the
temperature dependence of the ISC rate k,3.

intensities due to the very weak absorption of DBOV-DMEP
at the excitation wavelength.

In Table 3, the average values of the various population and
depopulation rates (K3}, k33, k¥4, k5;) at 4.5 K are listed. The
ISC rates k3 and k3, differ by a factor of 13, and the triplet
decay rates k3] and k3, differ by a factor of S, supporting the
distinction in terms of in-plane and out-of-plane sublevels.

To compare the room and low temperature rates, we refer to
the values of the t,, level for the latter, since those will
dominate the kinetics at elevated temperatures. While k;,
basically did not change between room and low temperature,
ky; decreased on average by more than an order of magnitude
at 4.5 K. (At both temperatures, the molecules were studied
under noble gas atmospheres.) This remarkable change in the
ISC rate is nicely visualized in Figure 6b, where the
fluorescence intensity as a function of time is displayed for
two DBOV-DMEP molecules at the two temperatures. For
these particular molecules, which were studied at comparable
excitation rates to minimize the effects caused by the intensity
dependence of k,;, the ISC rates differed by a factor of 30. At
room temperature, only very short bright intervals are visible
because the molecule quickly crosses from the singlet state S,
into the triplet state T}, and no emission occurs. In contrast,
much longer bright periods are observed at low temperature,
where the probability for ISC is substantially reduced. In other

words, the number of single photons emitted before the
molecule crosses into the triplet state is significantly enhanced.
Obviously, for an ideal single photon emitter, ISC should be
absent. We note that the rates k;; can be directly extracted
from such traces, since the lengths of the dark intervals are
directly related to the T, lifetime.”’

The temperature dependence of S;—T; ISC has been
studied for several PAHS, particularly linear polyacenes such as
naphthalene and anthracene.””’°™"* In general, ISC will be
temperature dependent if higher vibrational levels v of S, (S, ,)
have a different mechanism for the nonradiative transition to
T, than the vibrationally relaxed S, level. In most cases, the
temperature dependence of the ISC rate has been expressed as
a thermally activated process, by which a higher triplet state T,
(n > 1) is populated at elevated temperatures. Typically, such
studies have been based on the measurement of the changes in
the fluorescence quantum yield or intensity with temperature.
We note that such an approach is feasible only when the ISC
rate can compete with the radiative decay rate of S; which is
obviously not the case for DBOV-DMEP. For anthracene
crystals, it was found that in the range of 140—430 K, the
temperature dependence of ISC follows a thermally activated
process with an activation energy of 800 cm™.”" Studies of
brominated anthracenes in 3-methylpentane over a comparable
temperature range gave similar activation energies.72 For
pentacene/p-terphenyl mixed crystals, the temperature de-
pendence of the pentacene ISC rate between 4.2 and 140 K
was attributed to a vibronically induced process due to a low-
frequency (~30 cm™') out-of-plane vibrational mode of
pentacene.”" Although the details of the coupling mechanism
between S, and T; can be quite involved and diverse,® owing
to the varying contributions of, e.g., direct and vibronically
induced spin—orbit coupling for different species, the common
conclusion for the few systems studied appears to be that the
thermal population of higher vibrational levels of S; lowers the
energy gap to higher triplet states T, (n > 1), thereby
increasing the ISC rate.

To date, most of the single-molecule studies in which the
ISC and triplet decay rates have been determined for a
particular dye molecule were performed either at low
temperature or at room temperature by employing the
correlation method.”””*~"® (A compilation of mainly low-
temperature data can be found in the literature.”*) To our
knowledge, only the mixed crystalline system terrylene/p-
terphenyl has been investigated at room temperature and at 1.4
K, but these experiments have been performed in different
laboratories.””*® The k,; and ks, values for single terrylene
molecules at different temperatures are given in Table 3. In this
case, the ky); value decreases by more than 2 orders of
magnitude at low temperature, while the triplet lifetime
changes only slightly. Unfortunately, for this system, a
comparison is also complicated by the fact that the p-terphenyl
crystal undergoes an order/disorder phase-transition at ~190
K, and the relation between molecules from the four low-
temperature sites”> and the molecules in the crystal under
ambient conditions is not clear. Nevertheless, the same trend
as observed for the ovalene is noticed for terrylene.

Since the measurements of DBOV-DMEP were performed
at only two temperatures, the functional form of the
temperature dependence of k,; could not be established. As
discussed above, the increased ISC rate at room temperature
could be caused by the thermal population of vibrational
modes of S;. In addition to an activated process, a static
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distortion of the molecule could lead to increased ISC rates
because in a nonplanar geometry of the ovalene core, spin—
orbit coupling might be enhanced due to o—r interac-
tions.”*’*”” However, DBOV-DMEP is a relatively rigid
structure and was observed to be planar in the crystal. In
addition, it is not obvious why a change in temperature should
affect the degree of static distortion in the rigid Zeonex host.
Although we cannot completely rule out a distortion of the
molecules as the origin of the increased ISC rate at room
temperature, we feel that the description by an activated
process, which has been reported for several PAHs, is more
appealing. To shed more light on this issue, it would be most
helpful to measure the ISC rate over the whole temperature
range from 4.5 to 296 K for a given single molecule. Such an
experiment, however, is challenging due to the enhanced
photobleaching probability at elevated temperatures.

Bl CONCLUSION AND OUTLOOK

In summary, we have achieved efficient syntheses of a series of
DBOV derivatives with different meso-substituents by using a
photochemical cyclodehydroiodination reaction (PCDHI) as
the key step. The number of synthesis steps could be reduced
from 12 to 7, and the total yield was improved from
approximately 2% up to approximately 40%, which enabled
scalable syntheses of different DBOV derivatives. 2,6-
Dimethylphenyl groups as the substituents allowed for the
unambiguous single-crystal X-ray analysis, revealing the planar
structure of the DBOV core. Relatively uniform bond lengths
observed in rings A, D, and F indicated the localization of
aromatic sextets in these benzene rings, in accordance with the
results derived from 'H NMR experiments and NICS
calculations. UV—vis absorption measurements showed that
the aliphatic and aromatic substituents had minor effects on
the electronic properties of the DBOV core, while a redshift of
the optical absorption by approximately 40 nm could be
achieved through the introduction of the TIPS-ethynyl group.
Strong red fluorescence was observed for all DBOVs in toluene
solutions, with a high relative fluorescence quantum yield of up
to 0.89, showing the promise of these molecules in applications
as light-emitting materials.

Our comprehensive single-molecule spectroscopy study of
DBOV-DMEP at room and low temperatures has provided
novel insights into the photophysics of this ovalene derivative.
By analyzing the fluorescence correlation function at long
times, the triplet kinetics could be assessed. While the triplet
decay rate basically did not change between room and low
temperature, the ISC rate decreased by more than an order of
magnitude at low temperature. On the basis of a comparison to
literature data, we concluded that the increase in the ISC rate
at room temperature results from the thermal population of
higher vibrational levels of S;, which decreases the energy gap
to higher-lying triplet states T, (n > 1) and accelerates the ISC.
The observation of high-contrast photon antibunching
combined with a high fluorescence yield and photostability
as well as the presence of intense ZPLs at low temperature
qualify DBOV-DMEP as a promising single quantum emitter,
which is ideally suited for high-resolution, frequency-resolved
single-molecule spectroscopy. While lowering the temperature
typically is considered advantageous mainly because of the
appearance of sharp ZPLs and the increased photostability of
single molecules, our results imply that low temperatures can
also improve the intrinsic dynamics of a single photon emitter.

The current results thus provide not only a reliable synthetic
route to obtain large amounts of various DBOV derivatives but
also deeper insights into its structural, optoelectronic, and
photophysical properties. These findings lay the foundation for
the further development of DBOV as a promising luminescent
nanographene material. Studies on further derivatizations of
DBOV and the reactivity of its peripheral positions as well as
applications in optoelectronic devices are ongoing. With
respect to the photophysics of nanographenes, it would be
most valuable to disclose how the actual rate constants depend
on the chemical structure and energy level scheme of a
particular compound. Along these lines, it will be interesting to
study photophysical changes occurring from bisanthene to the
parent ovalene, whereby a structure with armchair edges
develops into a structure with zigzag edges only.

B EXPERIMENTAL SECTION

Lightly doped polymer films for the single molecule measurements
were prepared by spin-coating a toluene solution of DBOV-DMEP
and the polymer (Nippon Zeon K.K., Zeonex 330R, 20 g/L) at 4000
rpm onto glass substrates. The concentration of the dye in the
solution was ~107'® M. For the room temperature measurements
borosilicate glass substrates were used, while at 4.5 K fused silica was
employed. All substrates were cleaned following standard procedures.

Single molecule measurements at room temperature were done
using a home-built confocal setup. Briefly, the output of a fiber
coupled CW solid state laser (Toptica iChrome CLE, 561 nm) was
collimated and focused onto the sample plane by an oil-immersion
objective (Zeiss, Plan-Apochromat 100%X/1.4), after having passed a
565 nm band-pass filter and being reflected off a beam splitter
(80T:20R). Residual excitation light in the detection path was
blocked by a 594 nm long-pass filter before the fluorescence light was
divided by a beam splitter (SOT:SOR). One-half was split again
(50T:SOR) and detected by two APDs in a Hanbury-Brown Twiss
configuration to circumvent detector dead times. The other half was
dispersed by a spectrograph (Acton Spectra Pro 300, resolution: ~25
cm™') and detected with a CCD camera (Andor, Newton EM-CCD).

Measurements at 4.5 K were performed with a customized variable
temperature confocal microscope (attocube, CFM1). The excitation
light from a CW solid-state laser (Coherent Sapphire, 568 nm) first
was guided through a single-mode fiber for spatial filtering. After
collimation, the beam passed a 565 nm band-pass filter and was
reflected by a beam splitter (80T:20R) into the back aperture of a
low-temperature objective (attocube, LT-APO/VISIR, NA = 0.82),
mounted in the cryostat. The fluorescence, collected by the same
objective, was cleaned up by a 594 nm long-pass filter after passing the
exit window of the cryostat and guided through a multimode fiber
(NA: 0.1). The fluorescence light emerging from the fiber was
collimated and directed to a beam splitter (SOT:SOR). The
transmitted light was focused onto an APD, while the reflected light
was focused onto the entrance slit of a spectrograph (Andor, Spectra
Pro HRS-750-B1-R, resolution: ~1 cm™' in high-resolution mode)
equipped with a CCD camera (Andor, Newton EM-CCD).

In both setups the photon counts of the APDs were fed into a
TCSPC module (PicoQuant, PicoHarp 300, time-tagged time-
resolved (TTTR) mode). Fluorescence intensity autocorrelation
functions were calculated from the time delays between the photon
arrival times.
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