ROYAL SOCIETY

Chemical
Science

OF CHEMISTRY

View Article Online

EDGE ARTICLE

View Journal | View Issue,

Exclusive occurrence of photoinduced energy
transfer and switching of its direction by
rectangular w-extension of nanographenest

i ") Check for updates ‘

Cite this: Chem. Sci., 2019, 10, 6642

8 All publication charges for this article
have been paid for by the Royal Society

p- ¥
of Chemistry )

(iD

B *a 2 Yuki Namura,?

Yuta Takano, °
*ab

Tomokazu Umeyama, (®*2 Takuma Hanaoka,? Hiroki Yamada,
Satoshi Mlzuno Tomoya Ohara,? Jlnseok Baek,? JaeHong Park,
Kati Stranius, 2 Nikolai V. Tkachenko @2 *¢ and Hiroshi Imahori ©

As structure defined cutouts of the graphene lattice, nanographene molecules have gained plenty of
attention because of their high potential for versatile applications in organic electronics and energy
conversion devices and as ideal model systems for the better understanding of intrinsic structure—
property correlations of graphenes. In this study, well-defined nanographenes with sp? carbon networks
of different sizes, hexa-peri-hexabenzocoronene (HBC) and its rectangularly m-extended version, a short
graphene nanoribbon (GNR), have been covalently functionalized with photoactive porphyrin molecules.
On the basis of their spectroscopic studies, the photodynamics of the porphyrin-linked nanographenes
was found to be influenced substantially by the size of the nanographenes. Photoexcitation of the
porphyrin—HBC linked system led to exclusive energy transfer (EnT) from the first singlet excited state
(S1) of the nanographene to the porphyrin, whereas opposite selective EnT occurred from the first and
second singlet excited states (S; and S,) of the porphyrin to the nanographene in the porphyrin—GNR
linked system. In particular, ultrafast efficient EnTs from both the S, and S; states of the porphyrin to
GNR mimic the corresponding ultrafast EnTs from the S, and S; states of carotenoids to chlorophylls in
light-harvesting systems of natural photosynthesis. Such unique photophysical properties will be useful
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Introduction

Nanographenes, characterized by well-defined planar structures
of sp® carbon networks with sizes over 1 nm, have attracted
tremendous attention,' as their extended m-conjugation offers
intriguing characteristics in optical and electronic properties,
such as large extinction coefficients, high photoluminescence
quantum yields, and excellent charge transport abilities.™*
These properties suggest their potential utility as basic
components in various electronic devices including light-
emitting diodes, solar cells, and field-effect transistors.>™®
Along this line, nanographenes with different sizes and edge
configurations have been prepared, demonstrating the possi-
bility of fine-tuning their electronic and optoelectronic
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for the rational design of carbon-based photofunctional nanomaterials for optoelectronics and solar

properties through structural modulation.' Among them, hexa-
peri-hexabenzocoronenes (HBCs) consisting of 42 sp” carbons
in the m-conjugated core can be regarded as the minimum unit
of nanographenes.™ In contrast to nanographene molecules,
other two-dimensional (2D) nanocarbons such as graphenes,
graphene oxides (GOs), chemically converted graphenes (CCGs),
and graphene quantum dots (GQDs) are structurally inhomo-
geneous at the molecular level, containing different 7-conju-
gation sizes, edge structures, and defect sites.'® Nanographenes
can be regarded as part of larger 2D nanocarbons, and there-
fore, -extended HBC derivatives with well-defined structures
are ideal model units to understand the intrinsic structure—
property correlations of the 2D nanocarbons.*

Covalent linking of nanographenes and photoactive mole-
cules is an effective strategy to endow them with new functions,
as well as to examine their optical and photophysical properties,
without changing the nanographene core structures."*™** Various
HBC linked systems with photoactive molecules including
porphyrins,™ perylene diimides," and fullerenes™ were prepared
and their basic optical properties such as steady-state absorption
and fluorescence spectra were investigated. Nevertheless, so far
such covalent functionalization of nanographenes has been
limited to HBCs solely, and, to the best of our knowledge,

This journal is © The Royal Society of Chemistry 2019
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covalently linked systems of photoactive molecule-nano-
graphenes larger than HBC have never been reported. Therefore,
the size and shape effects of nanographenes on the optical and
photophysical properties of nanographene-photoactive molecule
linked systems have yet to be studied systematically.

To this end, we employed two nanographenes as models: the
symmetrical HBC and its m-extended rectangular strip-shaped
nanographene consisting of 114 sp> carbons,*® which is a short
graphene nanoribbon (GNR). They were linked with two zinc-
porphyrin (ZnP) units through a p-phenylene bridge at the
periphery positions (Scheme 1) for the better understanding of
their intrinsic properties. The short, rigid phenylene spacer
ensures a well-defined geometry between the nanographene and
the attached porphyrins. Hereafter, the HBC and GNR reference
molecules are denoted as HBC-ref and GNR-ref, and the
porphyrin linked systems with HBC-ref and GNR-ref are referred
to as ZnP-HBC and ZnP-GNR (Scheme 1). To improve their
solubility in organic solvents, long alkyl chains were introduced
into the HBC and GNR moieties. The HBC core was selected as
a typical, basic example of nanographenes.™® Although various
linked systems of HBC with photoactive molecules including
porphyrins have already been reported,"™ ZnP-HBC linked
systems with a p-phenylene spacer have yet to be synthesized.
Meanwhile the GNR core was chosen because of its closely related
structure to HBC. GNR possesses the same size on the short axis,
but a large size on the long axis compared to HBC. Furthermore,
GNR and HBC have the same edge structures, which provides an
opportunity to focus on the size effect of nanographenes.*** The
symmetric extension of the -conjugation network of HBC in
a regular hexagon shape would be another option, but even the
synthesis is a great challenge."*%** Both HBC-ref and GNR-ref
possess two reactive C-H groups at less sterically hindered
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positions,"” which are useful for introducing the porphyrin units
regioselectively (Scheme 1).

Nanocomposites of porphyrins with 2D nanocarbons such as
graphenes, GOs, CCGs, and GQDs have been synthesized
because of their potential applications in photoelectrochemical
devices, photocatalysts, photodynamic and photothermal ther-
apies, and biosensors.'**' To achieve synergistic effects of the
combinations of porphyrins and 2D nanocarbons on their
performances in the applications, the occurrence of efficient
photoinduced energy transfer (EnT) or electron transfer (ET)
from the attached porphyrins to the 2D nanocarbons or vice
versa is of extreme importance. Systematic investigations on
porphyrin-2D nanocarbon covalently linked systems revealed
that their photodynamics is profoundly affected by the spacer
structures that govern separation distances and mutual orien-
tations between porphyrins and 2D nanocarbons.?*** However,
2D nanocarbons in the porphyrin-linked systems reported so far
consist of complicated mixtures with a range of sizes, shapes,
and defects of the sp” carbon network. In addition, the attach-
ment positions of the porphyrins on the 2D nanocarbons, i.e.,
the center or the edge of the sp> carbon network, are non-
uniform. These factors may also exert a significant influence
on the interaction between porphyrins and 2D nanocarbons in
the excited states. In contrast to the porphyrin-2D nanocarbon
linked systems, ZnP-HBC and ZnP-GNR in the present study
have well-defined molecular structures. Therefore, they are
excellent model systems to investigate the intrinsic photo-
physical properties of porphyrin-2D nanocarbon nano-
composite  materials.  Furthermore, the  porphyrin-

nanographene linked molecules themselves are excellent
candidates as photoactive materials in the above practical
Nevertheless,

applications. the detailed photophysical
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Scheme 1 Synthetic procedures for (a) ZnP-HBC and (b) ZnP-GNR.
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properties of previously synthesized porphyrin-linked HBC
molecules have not been scrutinized using time-resolved spec-
troscopy.”* Herein, we report the photophysical properties of
ZnP-HBC and ZnP-GNR. The size increase in the nano-
graphenes was found to switch the EnT direction together with
the exclusive occurrence of photoinduced EnT.

Experimental

Instruments

NMR spectra were measured with a JEOL JNM-EX400 NMR
spectrometer or JEOL JNM-AL300 NMR spectrometer. Attenu-
ated total reflectance (ATR) FT-IR spectra were recorded on
a Thermo Fisher Scientific Nicolet 6700 FT-IR. High-resolution
mass spectra (HRMS) were obtained with a Thermo Fisher
Scientific EXACTIVE. UV-visible absorption spectra were
measured with a PerkinElmer Lambda 900 UV/vis/NIR spec-
trometer. Steady-state fluorescence spectra were recorded on
a HORIBA SPEX Fluoromax-3 spectrofluorometer. Phosphores-
cence spectra were measured on a HORIBA NanoLOG-TCSPC at
77 K. Cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV) measurements were performed using an ALS 630A
electrochemical analyzer in THF containing 0.1 M tetra-n-
butylammonium hexafluorophosphate (Bu,PFg) as a supporting
electrolyte. Time-correlated single photon counting (TCSPC)
measurements using a HORIBA NanoLOG-TCSPC were con-
ducted for fluorescence lifetime measurements on the nano-
second and subnanosecond time-scale. The time resolution was
ca. 200 ps. Ultrafast fluorescence decays were measured using
a photon up-conversion method described in detail elsewhere,>
with a temporal resolution of ca. 150 fs. In brief, fundamental
pulses of 810 nm produced by a Ti:sapphire laser (TiF50, CDP-
Avesta) at an 80 MHz repetition rate were split into two beams.
One portion underwent second harmonic generation to excite
the sample at 405 or 425 nm, generating emission. Pump-probe
measurements were performed using Libra-F (Coherent) and
Topas-C (Light Conversion) laser systems to produce pump and
probe pulses and an ExciPro (CDP) measurement system to
record the time-resolved absorption spectra.*® Typically, the
time resolution of the instrument was 150 fs. Transient
absorption measurements for nanoseconds to microseconds
were carried out with a laser system provided by Unisoku
according to the following procedure: a sample solution was
excited using a Panther optical parametric oscillator pumped by
a Nd:YAG laser (Continuum, Surelite SLI-10; 4-6 ns fwhm) at A =
410 nm. The photodynamics was monitored by continuous
exposure to a Xe lamp as a probe light and a photomultiplier
tube (Unisoku, PMT for 440-780 nm) and a photodiode (Uni-
soku, NIR-PD1 for 780-1100 nm) as detectors. The output from
the photodiode and photomultiplier tube was recorded with
a digitizing oscilloscope (Iwatsu, Digital Oscilloscope DS-5532).

Theoretical calculations

Geometry optimization and electronic structure calculations
were performed using density functional theory (DFT) at the
spin-restricted B3LYP/6-31G level. Calculations were carried out
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using the Gaussian 09 program.”” All structures were fully
optimized without any symmetry restriction.

Synthesis

All solvents and chemicals were of reagent grade quality,
purchased and used without further purification. Synthetic
details of oligo(p-phenylene)s HPB and PPB-HPB-PPB (Scheme
1) are described in the ESI.T The abbreviations of compounds
are defined in Scheme 1 and the ESL ¥

HBC-ref. To HPB (285 mg, 0.260 mmol) in dichloromethane
(50 mL) was added FeCl; (843 mg, 5.20 mmol) in CH3;NO, (2 mL)
under an argon atmosphere. The reaction mixture was stirred at
room temperature for 1 h. The reaction was quenched with
methanol, and the solvent was removed under vacuum. The
solid residue was purified by column chromatography (SiO,,
chloroform), yielding HBC-ref as a yellow solid (207 mg,
0.191 mmol, 74%). 'H NMR (300 MHz, CDCl,) 6 8.07 (d, J =
7.7 Hz 4H), 7.84 (d,J = 12.8 Hz 10H), 2.68 (m, 8H), 1.67-0.87 (m,
76H). "*C NMR (75.45 MHz, C,D,Cl,, 393 K) 8: 140.3, 129.5,
125.5,124.6,122.8,121.0,119.9, 39.4, 37.3, 34.4, 33.0, 29.4, 27.8,
24.7, 22.4, 19.2. IR (ATR): 2955, 2924, 2905, 2868, 1612, 1585,
1465, 1376, 844 cm ™. HRMS (MALDI-TOFMS, m/z) = 1083.7729
(M + H"); caled for Cg,Hog: 1082.7668.

pinB-HBC. To HBC-ref (15.6 mg, 1.44 x 10~> mmol) and
bis(pinacolato)diboron (49.4 mg, 0.195 mmol) in mesitylene
(0.75 mL) and tert-butyl methyl ether (0.65 mL) were added 4,4-
di-tert-butyl-2,2/-bipyridyl (dtbpy, 3.3 mg, 1.2 x 10~ > mmol) and
[Ir(OMe)cod], (3.9 mg, 5.9 x 10> mmol, cod = cycloocta-1,5-
diene) under an argon atmosphere. The reaction mixture was
heated at 80 °C with stirring for 48 h. The mixture was washed
with water, extracted with dichloromethane and dried with
MgSO,. Then, solvent was removed under vacuum and the solid
residue reprecipitated  (dichloromethane/methanol),
yielding a yellow solid. The crude product (5.7 mg) was used
without further purification in the next step.

ZnP-HBC. To ZnP-Br (10.6 mg, 9.72 x 10 ° mmol) and
pinB-HBC (5.7 mg) in toluene (1 mL) were added Pd(PPh;),
(0.8 mg, 7 x 10~* mmol) and Cs,CO; (15.6 mg, 4.79 x 10>
mmol) under an argon atmosphere. The reaction mixture was
heated at 100 °C with stirring for 24 h. The mixture was washed
with water, extracted with dichloromethane and dried with
MgSO,. Then, solvent was removed under vacuum and the solid
residue was purified by column chromatography (SiO,,
dichloromethane : hexane = 1:2) and gel permeation chro-
matography (toluene), yielding ZnP-HBC as a deep purple solid
(2.4 mg, 7.7 x 10~* mmol, 18%). "H NMR (400 MHz, CDCl;, 333
K) 6 9.50 (s, 4H), 9.30-9.27 (m, 4H), 9.12-9.01 (m, 12H), 8.89 (s,
4H), 8.64 (t, J = 16.6 Hz 4H), 8.57 (s, 4H), 8.16-8.12 (m, 12H),
7.81 (s, 6H), 7.35 (d, J = 3.44 Hz 4H), 3.29 (m, 8H), 2.34-0.74 (m,
130H). IR (ATR): 2950, 2876, 1714, 1442, 1362, 1261, 1182, 1092,
1039, 921, 805 cm ™. HRMS (MALDI-TOFMS, m/z) = 3103.8039
(M™™); caled for Cp15H,46NsZn,: 3103.8078.

GNR-ref. To PPB-HPB-PPB (13.2 mg, 4.22 x 10~ ° mmol) in
dichloromethane (18 mL) was added FeCl; (120 mg, 0.740
mmol) in CH3NO, (1.3 mL) under an argon atmosphere. The
reaction mixture was warmed at 35 °C with stirring for 15 min.

was

This journal is © The Royal Society of Chemistry 2019
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The reaction was quenched with methanol, and solvent was
removed under vacuum. The solid residue was purified by
column chromatography (SiO,, chloroform) and gel permeation
chromatography (toluene), yielding GNR-ref as a purple solid
(4.3 mg, 1.4 x 10~* mmol, 33%). "H NMR (400 MHz, C,D,Cl,,
393 K) ¢ 10.1-8.95 (m, 12H), 8.33-6.51 (s, 10H), 4.37-2.96 (m,
24H), 1.54-0.80 (m, 228H). IR (ATR): 2958, 2920, 2898, 2868,
1723,1619, 1461, 1260, 1088, 801 cm ™~ *. HRMS (APCI-MS, m/z) =
3084.1392 (M™"); caled for Coz4H,54: 3084.1441.

pinB-GNR. To GNR-ref (7.2 mg, 2.3 x 10~° mmol) and
pinacolborane (0.020 mL, 0.138 mmol) in 1,4-dioxane (1 mL)
were added dtbpy (1.7 mg, 6.3 x 10~* mmol) and [Ir(OMe)cod],
(1.6 mg, 2.7 x 10~* mmol) under an argon atmosphere. The
reaction mixture was heated at 100 °C with stirring for 18 h. The
mixture was washed with water, extracted with dichloro-
methane and dried with MgSO,. Then, solvent was removed
under vacuum and the solid residue was reprecipitated
(dichloromethane/methanol), yielding a yellow solid. The crude
product (6.8 mg) was used without any further purification in
the next step.

ZnP-GNR. To ZnP-Br (5.5 mg, 5.0 x 10~ mmol) and pinB-
GNR (6.8 mg) in toluene (0.5 mL) were added Pd(PPhj;), (0.6 mg,
5 x 10~* mmol) and Cs,CO; (6.8 mg, 2.1 x 10~ > mmol) under
an argon atmosphere. The reaction mixture was heated at
100 °C with stirring for 24 h. The mixture was washed with
water, extracted with dichloromethane and dried with MgSO,.
Then, solvent was removed under vacuum and the solid residue
was purified by column chromatography (SiO,, dichlor-
omethane : hexane = 1:2) and gel permeation chromatog-
raphy (toluene), yielding ZnP-GNR as a deep red solid (2.2 mg,
4.3 x 10~* mmol, 22%). '"H NMR (400 MHz, C,D,Cl, 393 K)
610.01-9.62 (m, 12H), 9.21-8.95 (m, 16H), 8.62 (s, 4H), 8.08 (d, ]
= 15.2 Hz 12H), 7.77 (s, 10H), 7.17-7.05 (m, 8H), 3.57-3.35 (m,
24H), 2.25-0.88 (m, 336H). IR (ATR): 2950, 2932, 2919, 2859,
1717, 1617, 1554, 1456, 1363, 1260, 1086, 803 cm ‘. HRMS
(MALDI-TOFMS, m/z) = 5105.1846 (M™); caled for
C370H446NgZn,: 5105.1850.

Results and discussion

Synthetic procedures are depicted in Scheme 1. HBC-ref and
GNR-ref were prepared by a conventional intramolecular oxida-
tion reaction of the corresponding oligo(p-phenylene)s (HPB and
PPB-HPB-PPB) with FeCl; as an oxidant. The iridium-catalyzed
borylation reaction was applied to the less hindered C-H
groups of HBC-ref and GNR-ref,"” and then the Suzuki coupling
reactions between the bis-borylated nanographenes (pinB-HBC
and pinB-GNR) and zinc-porphyrins with a p-bromophenyl
group at a meso-position (ZnP-Br) were conducted to yield ZnP-
HBC and ZnP-GNR, respectively. The UV-visible absorption
spectra of ZnP-HBC and ZnP-GNR are largely the sum of the
spectra of HBC-ref/GNR-ref and a porphyrin reference
(5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)-porphyrinatozinc(u),

ZnP-ref) (Fig. 1). The Soret bands of ZnP-HBC and ZnP-GNR are
slightly red-shifted by ca. 2 nm compared to that of ZnP-ref.
Bearing in mind that two ZnP units are present in ZnP-HBC
and ZnP-GNR, the extinction coefficients (¢) at the maxima of the

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 UV-visible absorption spectra of (a) ZnP-HBC (blue), HBC-ref
(red), ZnP-ref (green), (b) ZNP—GNR (blue), GNR-ref (red), and ZnP-ref
(green) in THF.

Soret bands are decreased by 30% and 44% with respect to ZnP-
ref (Fig. S1t), indicating that the interaction between the ZnP and
nanographene moieties in the ground state is moderate and
more pronounced in ZnP-GNR than in ZnP-HBC due to the
larger size of the GNR unit than the HBC unit.

To evaluate the interactions between ZnP and HBC units in
the excited states of ZnP-HBC, we measured steady-state fluo-
rescence spectra of ZnP-HBC and the references (Fig. 2 and
S2t). When ZnP-HBC and ZnP-ref were excited at A, = 426 nm,
where the absorbances were adjusted to be identical, the
emission spectra showed comparable shapes and intensities
(Fig. S27). Since the HBC moiety has almost no absorbance at
426 nm (¢ < 3.0 x 10> M~ cm™ "), the ZnP moieties (¢ = 2.1 x
10° M~ " em ™) in ZnP-HBC predominantly absorb the excita-
tion light and emit with negligible interaction with the HBC
moiety. In contrast, HBC-ref showed a strong emission in the
region of 460-600 nm with multiple peaks (4., = 360 nm, Fig. 2).
However, the fluorescence spectrum of ZnP-HBC, where the
absorption ratio of ZnP and HBC is 1:4 (A = 360 nm),
exhibited two broad peaks at 604 and 656 nm (Fig. 2) with
efficient quenching of the emission from the HBC unit. This
spectrum matches with that of ZnP-ref. In addition, the nano-
second fluorescence lifetime () of the ZnP moiety in ZnP-HBC
(2.0 ns (100%)), excited mainly at the HBC moiety, was similar
to that of ZnP-ref (2.1 ns (100%)), but differed significantly from
those of HBC-ref (4.6 ns (8%) and 43 ns (92%))*® (Fig. S37).
These results demonstrate the occurrence of EnT from the first

Chem. Sci,, 2019, 10, 6642-6650 | 6645
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Fig. 2 Fluorescence spectra of ZnP—HBC (blue), HBC-ref (red), and
ZnP-ref (green) in THF. The 4., values are 360 nm, where the absor-
bances are identical.

singlet excited state (S;) of HBC ("HBC*) to ZnP in ZnP-HBC, as
reported in other porphyrin-HBC linked systems."* The occur-
rence of EnT is reasonable because the optical bandgap of the
HBC moiety (2.73 eV) is larger than that of the ZnP moiety (2.03
eV). Furthermore, the fluorescence intensities of ZnP-HBC and
ZnP-ref with the same absorbance at A.x = 360 nm are virtually
the same (Fig. 2), indicating the highly efficient, exclusive EnT.
In the picosecond fluorescence of the ZnP moiety in ZnP-HBC,
a rise component (t = 45 ps) was observed (Fig. S4f). This
corresponds to an EnT rate constant (kgnr) of 2.2 x 10" 57,
Given the average lifetime of "HBC* in HBC-ref (40 ns), the
quantum efficiency (¢gnr) of EnT from "HBC* to ZnP in ZnP-
HBC was estimated to be unity (100%).

DFT calculations also disclosed the larger bandgap of the
HBC moiety than that of the ZnP moieties in ZnP-HBC
(Fig. S51). In addition, both the HOMO and LUMO of ZnP-HBC
are distributed solely on the ZnP moieties (Fig. S5T). Consid-
ering the HOMO and LUMO energy levels experimentally esti-
mated by electrochemical measurements and the optical
bandgaps of HBC and ZnP, ET from 'HBC* to ZnP is also
energetically favorable with a driving force (—AGgr) of 0.54 eV in
THF (Fig. S6t1). To get a thorough insight into the interaction
between HBC and ZnP in the excited states, femto- to pico-
second time-resolved transient absorption (TA) spectra
measurements for ZnP-HBC and HBC-ref were conducted at A¢,
= 360 nm (Fig. 3). The TA spectrum of HBC-ref revealed
a positive absorption signal with a peak around 550 nm corre-
sponding to "HBC* (Fig. 3b),* which has a lifetime longer than
the limit of the detection system (6 ns). Meanwhile, even though
the HBC moiety in ZnP-HBC was mainly excited, the positive
peak at 550 nm was not evident even at 0.2 ps delay (Fig. 3a). The
TA spectra of ZnP-HBC at 0.2 and 5 ps delays are similar to the
sum of the TA spectra of HBC-ref (Fig. 3b) and ZnP-ref (Fig. S77).
The TA spectral shapes at 100 ps and 2.1 ns coincide well with
those of ZnP-ref, corresponding to the singlet (*ZnP*) and
triplet (*ZnP*) excited states of ZnP. The characteristic TA signal
for the porphyrin radical anion (ZnP" ™) at 700-750 nm (ref. 29)
was absent in the TA spectrum of ZnP-HBC, implying no
occurrence of ET. This result agrees with the high ¢g,r value of
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at 0.2 ps
at5 ps

at6 ns

ZnP-HBC
600 700
Wavelength (nm)

at 0.2 ps
at5 ps
at 100 ps

at6 ns

HBC-ref
600 700
Wavelength (nm)

Fig. 3 Femto- to picosecond time-resolved TA spectra of (a) ZnP-
HBC and (b) HBC-ref in THF (A, = 360 nm). The delay times of 0.2 ps
to 6 ns are shown.

EnT from 'HBC* to ZnP as estimated by the fluorescence
analysis. Four decay components were obtained from the global
fitting of the TA data for ZnP-HBC (Fig. 4): the transition from
the second (S,) to first (S;) singlet excited state of ZnP (t; = 1.3
ps), EnT from "HBC* to ZnP (7, = 49 ps), the decay of 'ZnP* (;
= 1.7 ns), and that of *ZnP* (7, > 10 ns). The kg, value esti-
mated by TA (2.0 x 10"° s7") also matches well with that ob-
tained from the fluorescence rise component (2.2 x 10 s,

6
— 17u=13ps
o~ 4 — 13=1.7ns
‘I? 2 _ 1= >10ns
<
<0 //V
—2 ZnP-HBC
500 600 700

Wavelength (nm)

Fig. 4 Femto- to picosecond transient absorption decay component
spectra of ZnP—HBC in THF obtained with global four component fit of
the data. The excitation wavelength is 360 nm. Lifetimes of respective
components are given in the figures.
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Fig. S41). This rapid EnT may prevail over ET from "HBC* to ZnP
to generate the HBC radical cation and ZnP'~, although ET is
also energetically favorable.

The nano- to microsecond time-resolved TA spectrum of
ZnP-HBC at 10 ps after the photoexcitation of the HBC moiety
corresponded to that of *ZnP* with a peak at 840 nm (Fig. S87).
The monoexponential decay of the TA signal without forming
any subsequent TA signifies a direct relaxation of *ZnP* to the
ground state. The energy levels of *HBC* and *ZnP* were
determined using the phosphorescence spectra in frozen 2-
methyltetrahydrofuran glass at 77 K (ref. 30 and 31), and the
relaxation pathways of ZnP-HBC are summarized in Fig. S9.1

Unlike ZnP-HBC, the fluorescence spectrum of ZnP-GNR
with the Soret band excitation bears a remarkable resemblance
to that of GNR-ref (Fig. 5). Consistently, the nanosecond fluo-
rescence lifetimes and the component ratio of ZnP-GNR (2.7 ns
(60%) and 25 ns (40%)) at Ax = 416 nm (absorption ratio,
ZnP : GNR = 5 : 1) and a detection wavelength (A.ps) of 650 nm
were virtually identical with those of GNR-ref (3.0 ns (64%) and
27 ns (36%)) (Fig. S107), but were totally different from that of
ZnP-ref (2.0 ns (100%)). These results indicate that the efficient
EnT from 'ZnP* to GNR also takes place in ZnP-GNR, which is
in the opposite direction from that observed in ZnP-HBC and
other porphyrin-linked HBCs." To the best of our knowledge,
this is the first example of well-defined nanographene as an
energy acceptor in covalently linked donor-acceptor systems.
The reverse EnT results from the narrowed optical bandgap of
the GNR moiety (1.84 eV) arising from the rectangularly
extended 7t-conjugation from HBC. A clear rise component with
7= 0.2 ps was detected in the picosecond fluorescence profile of
ZnP-GNR at A, = 425 nm and A,,s = 650 nm, where the
absorption ratio of ZnP and GNR is 6:1 (Fig. S117). This
corresponds to a kg of 5 x 10'? s~ which is much larger than
the rate of EnT from "HBC* to ZnP (kg,r of 2.2 x 10" s,
Fig. S4f). This ultrafast EnT indicates the violation of the
Kasha's rule; EnT takes place mainly from the S, state of 'ZnpP*
to GNR, taking into account the internal conversion rate
constant of S, to S; of 'ZnP* (6.7 x 10™ s, Fig. S7b¥).
Although ultrafast ET from the S, state of 'ZnP* to an acceptor
in donor-acceptor linked systems has been frequently

%161 —— ZnP-GNR
oy — GNR-ref —— ZnP-ref
&12
=
s 8
=
2
< 4
-l
o
0 : .
400 500 600 700

Wavelength (nm)

Fig. 5 Fluorescence spectra of ZnP—GNR (blue), GNR-ref (red), and
ZnP-ref (green) in THF. The ¢, values are 422 nm, where the absor-
bances are identical, respectively.
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observed,”**> the corresponding ultrafast EnT from the S, state
of 'ZnP* to an acceptor is rare.** Meanwhile, in natural light-
harvesting systems ultrafast EnT starting from carotenoids to
chlorophylls is essential for efficient light-harvesting and
subsequent charge separation.®

A DFT calculation provided an insight into the electronic
state of ZnP-GNR, which revealed that the HOMO and LUMO
are localized on the GNR moiety (Fig. S51). This is in sharp
contrast to ZnP-HBC, where the HOMO and LUMO are localized
on the ZnP moieties (Fig. S5T). Considering the experimentally
estimated HOMO and LUMO energy levels and optical bandg-
aps of the GNR and ZnP moieties, ETs from the singlet excited
state of GNR ('GNR*) to ZnP (—AGgr = 0.04 eV in THF) and
from GNR to 'ZnP* (—AGgr = 0.23 eV in THF) as well as EnT
from 'ZnP* to GNR are energetically possible by the excitation
of ZnP-GNR (Fig. S127). To shed light on the possible ET and
EnT processes, the TA spectra of ZnP-GNR and GNR-ref were
measured at A., = 425 nm (Fig. 6). In contrast to HBC-ref, the TA
spectra of GNR-ref did not show clear positive signals in the
visible region, but exhibited a negative peak at 530 nm derived
from the ground state absorption (Fig. 6b). Meanwhile, the TA
spectra of ZnP-GNR largely resembled those of GNR-ref with
a few exceptions (Fig. 6a). The TA spectrum of ZnP-GNR at 0.2
ps has features similar to that of ZnP-ref and GNR-ref at 0.2 ps
(Fig. S71), implying the formation of the S, state of 'ZnP* and
'GNR*, The TA spectra at 5 ps and 100 ps exhibited a negative
peak at 655 nm, which is absent in the TA spectra of GNR-ref.

(a) 4
ZnP-GNR /-ﬂ
0 Y
D
o
Z—4
<
—81——at0.2ps —— 2
— at5ps
500 600 700
Wavelength (nm)
(b) 4
GNR-ref 'MA
0
A
24
< — at 0.2 ps
< N
-8 —_— iT 5¥st~&
— atbns
—124 . ’ '
500 600 700

Wavelength (nm)
Fig. 6 Femto- to picosecond time-resolved TA spectra of (a) ZnP-

GNR and (b) GNR-ref in THF (Aex = 425 nm). The delay times of 0.2 ps
to 6 ns are shown.
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Four components with 7; = 0.2 ps, 7, = 7.0 ps, 73 = 3.2 ns, and 74
> 10 ns were extracted from the TA spectra of ZnP-GNR (Fig. 7).
No characteristic signals of ZnP'~ (ref. 29) were observed, sup-
porting no occurrence of ET from GNR to ZnP.

The first TA decay component (z; = 0.2 ps) corresponds to the
rise component (t = 0.2 ps) in the picosecond fluorescence decay,
which reflects the ultrafast EnT from the S, state of ZnP* to
GNR. Given the good agreement between the second components
of the fluorescence lifetime (z, = 6.5 ps, Fig. S117) and TA (1, =
7.0 ps, Fig. 7), EnT from the S, state of 'ZnP* to GNR also occurs
with kgt = 1.5 x 10 s7*. The overall g, of EnT from 'ZnP* (S,
and S;) to GNR in ZnP-GNR is unity considering the ultrafast
EnTs, exceeding the energetically favorable ET from 'ZnP* to
GNR (—AGgr = 0.23 eV). ET from 'GNR* to ZnP was also absent
probably due to the insufficient driving force (—AGgr = 0.04 eV).
The negative peak at 655 nm in the second decay component
spectrum of ZnP-GNR is presumably ascribed to the bleaching of
the ground state absorption of the GNR moiety in ZnP-GNR,
thereby supporting the formation of 'GNR*. Indeed, the corre-
sponding ground-state absorption at 655 nm is enhanced in ZnP-
GNR relative to that in GNR-ref (Fig. S13t1). The peripheral
functionalization of the GNR unit with ZnP through the p-phe-
nylene bridge may influence the electronic state of the GNR edge
structure, causing the difference in the absorption behaviors of
ZnP-GNR and GNR-ref. Nevertheless, the TA spectrum of ZnP-
GNR at 6 ns is almost identical with that of GNR-ref at 6 ns
(Fig. 6), suggesting the exclusive formation of the excited state of
GNR by the excitation of ZnP-GNR on this time scale. The third
and fourth components of transient absorption decay of ZnP-
GNR (Fig. 7) correspond to the decays of "GNR*. Consistently, the
first components (t = 2.7-3.0 ns) of the nanosecond fluorescence
decays of ZnP-GNR and GNR-ref (Fig. S101) match well with the
third decay component of TA of ZnP-GNR (Fig. 7). Nano- to
microsecond resolved TA spectra of ZnP-GNR and GNR-ref
revealed the direct relaxation of the triplet excited state of GNR
(*GNR*) to the ground state (Fig. $147). Although the energy level
of >*GNR* remains obscure owing to the absence of the phos-
phorescence signal of GNR-ref at 77 K, the relaxation pathways of
ZnP-GNR are illustrated in Fig. S15.}

104 ZnP-GNR
5
5"
o 0
< -5
-10 —17;=02ps —13=3.2n8
_15 —17,=7.0ps =—14>10 NS

600 700
Wavelength (nm)

Fig.7 Transient absorption decay component spectra of ZnP-GNR in
THF obtained with global four component fit of the data. The excita-
tion wavelength is 425 nm. Lifetimes of respective components are
given in the figures.
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It is worthwhile to compare the photodynamics of porphyrin-
linked graphenes and nanographenes. We previously reported
ZnP-linked CCG with a p-phenylene bridge (ZnP-CCG),** which
showed entirely different photodynamic behavior from ZnP-
HBC and ZnP-GNR. The photoexcitation of the porphyrin
moiety in ZnP-CCG yielded an exciplex state, i.e., a mixed state
of the locally excited states (*ZnP* and 'CCG¥*) and charge-
separated state (ZnP''~CCG'~), which rapidly decayed to the
ground state. EnT from 'ZnP* to CCG as well as complete ET did
not occur in ZnP-CCG.>* A stronger electronic coupling between
ZnP and large graphenes than between ZnP and small nano-
graphenes may facilitate the formation of the exciplex state in
ZnP-CCG.”** It is noteworthy that the ZnP groups stand on
a graphene plane with a large tilt angle (ca. 49°) in ZnP-CCG,
whereas the ZnP moieties are attached to the nanographene at
the periphery positions in ZnP-HBC and ZnP-GNR. The
difference in the mutual orientation of ZnP and graphenes or
nanographenes may have an impact on the electronic coupling
and dipole moment interaction and thereby the
photodynamics.

Conclusion

In summary, porphyrins were covalently linked with well-
defined nanographenes as graphene models at the periphery
through a short, rigid p-phenylene spacer. Photoexcitation of
the ZnP-HBC linked system led to exclusive EnT from the HBC
first excited singlet state to ZnP, whereas opposite selective EnT
occurred from the ZnP second and first excited singlet states (S,
and S,) to GNR in the ZnP-GNR linked system. In particular, the
ultrafast EnTs took place from both the S, and S, states of ZnP,
mimicking efficient light-harvesting and EnT from the S, and S
states of carotenoids to chlorophylls in natural photosynthesis.
The size of the m-conjugation system in nanographenes influ-
ences the EnT direction with maintaining exclusive occurrence
of EnT, although the reason for selective occurrence of EnT is
unclear at this stage. In contrast to the covalently linked systems
of ZnP and large, ununiform graphenes with a p-phenylene
bridge, charge-separated and exciplex states were not formed in
the present systems probably owing to the relatively weak
electronic coupling between ZnP and nanographenes. The
results demonstrate that the photophysical properties of pho-
toactive molecule-graphene composites can be tuned by
altering the size of the sp® carbon network in graphenes and the
attachment orientation of the photoactive molecule to the gra-
phene plane. Such unique photophysical properties will be
useful for their future practical applications in optoelectronic
devices, photocatalysts, and biosensors.
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