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Abstract 
Two novel homo and hetero three-dimensional nanographenes – NG1 and NG2 – 

featuring a cyclooctatetraene core are designed, synthetized, and characterized.  A 

concise and efficient bottom-up methodology was employed during which 24 new 

carbon-carbon bonds were formed.  By means of a Scholl reaction nanographenes with 

53 fused rings are realized, which exhibited good solubility in common organic solvents.  

The resulting saddle-like structures of NG1 and NG2 are electron-rich and show good 

chemical and electrochemical stability.  Their molecular structures are fully elucidated 

by single-crystal X-ray crystallography.  From their crystal structure analysis is concluded 

that both nanographenes are chiral and crystallize as a racemic mixture.  Our work was 

rounded-off by excited state investigations such as electron and energy transfer with 

electron-acceptors and -donors. 
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Introduction 
 
Graphene has captured the imagination of researchers due to its groundbreaking 

chemical and physical properties.1–4  Owing to its unique electronic properties, graphene 

is used in many emerging fields such as batteries,5 organic light-emitting diodes,6 

sensors,7 and photovoltaic devices,8–10 just to name a few.  Notably, single-layer 

graphene is a zero band gap semiconductor; a feature, which imposes severe limitations 

in terms of electronic applications.11  Opening a band gap in graphene, while retaining 

its exceptional properties, which is of paramount importance for its use in electronic 

devices, is a viable strategy to circumvent the aforementioned drawbacks.  Band-gap 

opening in graphene is typically carried out by chemical and/or physical 

methodologies.12  The chemical modification of graphene by means of “top-down” 

approaches alters the lattice of graphene and, as a consequence, not well-defined 

structures or compositions emerge.  In contrast, “bottom-up” approaches using organic 

synthesis offers a wide palette of tools to precisely control with atomic precision sizes 

as well as geometries of the resulting “molecular” nanographenes (NGs).  Importantly, 

the latter allows the fabrication of uniform and well-defined molecular structures, 

which, in contrast to pristine graphene, are strongly fluorescent. 

Molecular NGs are compelling choices for molecular electronics,13 photovoltaic 

applications,14 hydrogen storage,15 and sensing,16 since their molecular structures can 

be precisely designed and synthesized to afford related properties on demand.17  Two 

main strategies for fabricating molecular NGs, with defined chemical structures, have 

been developed in recent years.  On one hand, oxidative cyclodehydrogenation of 

custom-made polycyclic aromatic hydrocarbons (PAHs)18–21 and, on the other hand, on-

surface cyclodehydrogenation have evolved into powerful and groundbreaking 

strategies for the preparation of atomically precise molecular NGs.22–26  To this end, the 

13 fused-benzene rings of hexa-peri-hexabenzocoronene (HBC), which are arranged in 

a 2D disk-shaped fashion, render HBCs the smallest graphene fragment.  Driven by its 

tendency to p-p stacking, highly ordered columnar stacks of HBCs have been exploited 

for several applications.20,27–31 

 

 



Scheme 1. Molecular structures of HBC, NG1 and NG2.  

 

Cyclooctatetraphenylene (COT-Ph) as well as cyclooctatetrathiophene (COT-Th) are p-

conjugated scaffolds, whose three-dimensional (3D) geometries are based on their 

saddle-shape.  Four benzenes or thiophenes are ortho-annelated, forming a central 

eight-membered ring.  Due to the different symmetry of the C6 and the C4S rings, COT-

Ph exhibits a D2d symmetry, whereas COT-Th displays a chiral D2 point group.32–34  Such 

unique and non-planar structures are excellent building blocks for the preparation of 

more sophisticated functional p-conjugated materials and, in turn, further potential 

applications may be expected.35–37  

Herein, we describe an efficient “bottom-up” synthesis of two new four-armed, 

molecular NGs, namely NG1 and NG2, which are based on COT-Ph and COT-Th scaffolds, 

respectively.  NG1 and NG2 both are endowed with four HBCs (Scheme 1) and feature 

a fascinating 3-D geometry.  The detailed geometrical and structural properties, 

determined by X-ray analyses, as well as the optical and electrochemical properties of 

the new molecular NGs, have been rationalized by means of density functional theory 

(DFT) calculations.  Interestingly, the intermolecular excited state interaction between 

NG1 and NG2 were studied in combination with electron accepting materials, such as, 

tetracyanoethylene and C60 and electron donating tetrathiafulvalene. 

Results and Discussion 
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Scheme 2. General synthetic pathway towards (a) homo and (b) hetero, 3D molecular nanographenes.  
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Synthesis. The synthetic routes for the preparation of the molecular NGs were based on 

stepwise syntheses as illustrated in Scheme 2.  Tetraphenylene-2,7,10,15-tetrayl 

tetrakis(trifluoromethanesulfonate) (3), which was prepared in three-steps from 2-iodo-

4,4'-dimethoxy-1,1'-biphenyl,38 was cross-coupled with 4-tert-butylphenylacetylene 

using a palladium-catalyzed Sonogashira reaction to obtain 4.  Microwave-assisted [4+2] 

cycloaddition of 4 with 2,3,4,5-tetrakis[4-(1,1-dimethylethyl)phenyl]2,4-

cyclopentadien-1-one afforded 5, which, subsequently, underwent intramolecular 

cyclodehydrogenation mediated by FeCl3 (i.e., Scholl reaction) to generate 6 in 

moderate yields.  Oxidative cyclodehydrogenation at 0 °C generated only 23 new 

carbon-carbon bonds out of the expected 24 new carbon-carbon bonds and, therefore, 

the fully coupled NG1 was not observed.  Therefore, we carried out the 

dehydrogenation reaction under different oxidative coupling conditions, namely 

trifluoromethanesulfonic acid (TfOH) and 2,3-dichloro-5,6-dicyanobenzoquinone 

(DDQ), which eventually afforded 6 in relatively good yields.  6 was subjected to a further 

one-fold FeCl3-mediated oxidative coupling in refluxing dichloroethane to lead to NG1.  

However, gentle heating was needed to yield the complete fusion of all six-membered 

rings.  Under such optimized reaction conditions, 6 was interconverted into the fully 

coupled NG1.   

The synthetic strategy for NG2 is based on the same methodology than that used for the 

preparation of NG1.  In particular, 2,5,8,11-tetrabromocycloocta[1,2-b:4,3-b´:5,6-

b´´:8,7-b´´´]tetrathiophene (7), which was prepared from 2,2´-dibromo[3,3´]bithiophene 

by an oxidative coupling using CuCl2 according to a previously reported method,35 was 

subjected to a four-fold palladium-catalyzed Sonogashira reaction with 4-tert-

butylphenylacetylene.  8 then underwent a microwave-assisted [4+2] cycloaddition with 

2,3,4,5-tetrakis[4-(1,1-dimethylethyl)phenyl]2,4-cyclopentadien-1-one to give rise to 9.  

Finally, the treatment of the latter species with FeCl3 produced the corresponding fully 

cyclodehydrogenated molecular NG2 in moderate yields. 

Complete structural characterization of NG1 and NG2 plus the corresponding 

intermediates was conducted by using standard spectroscopic techniques, namely 1H 

NMR, 13C NMR, FTIR, and UV−visible (for more details, see the Supporting Information).  

Mass spectrometry (MALDI-TOF) confirmed the presence of the new molecular NG1 and 



NG2 with molecular ion peaks [M]+ at m/z 3201.7474 (calcd 3201.7523) and 3233.6390 

(calcd 3233.6405), respectively.  

 
Figure 1. Aggregate of prismatic crystals of 6 (left), laminar crystals of NG1 (middle), and both prismatic (2poly) and 
laminar (2plate) crystals of NG2 (right). 

 

Single crystal X-ray diffraction. The molecular conformation and crystal packing of NG1, 

NG2, and 6 were unequivocally determined by single crystal X-ray diffraction studies.  

Crystals were obtained by slow diffusion of acetonitrile into their dichloroethane 

solutions (see Section 4 in the Supporting Information for details).  In all cases, the 

molecular NGs cocrystallize with solvent molecules (dichloroethane and water), which 

display various degrees of disorder.  

 
Figure 2. Molecular structures of 6 (left) and NG1 (right), in which hydrogen atoms and t-Bu groups have been omitted 
for clarity. 

The crystals of 6 (see Figure 1, left) appear as aggregates of orange polyhedra.  6 was 

found to crystallize in the triclinic P-1 space group, with a whole molecule in the 

asymmetric unit, depicted in Figure 2 (left).  

The planarity of the four HBCs around the central COT ring was quantified by the 

dihedral angles between the central ring and the peripheral ones (section S 4.5 in the 



SI).  The three HBC fragments in 6, with values ranging from 1.02° to 18.96° are, as 

expected, more planar than the fourth fragment lacking a C-C bond (16.26 to 27.56°).  

The molecular packing of 6 is achieved by CH-p interactions, as the bulky peripheral t-

Bu substituents prevent formation of p-p	interactions. 

Crystals of NG1 adopted a laminar morphology (see Figure 1, middle) and the resulting 

structure is depicted in Figure 2.  It crystallizes in the orthorhombic Pnna space group 

with half a molecule in the asymmetric unit.39  Regarding the planarity of the two 

crystallographically independent arms, the HBC fragment containing carbon atoms C1-

C6, with torsion angles in the range from 7.96° to 16.22°, is considerably less planar than 

the other one (with values ranging from 3.43° to 10.58°).  It is interesting to note that 

although the COT-Ph saddle-shaped motif is not chiral, NG1 is chiral due to the 

disposition of the phenyl rings in the HBC arms around the central 8-membered ring.  

The arrangement of the HBC arms lowers the initial point symmetry to the resulting 

chiral D2 point group as they fail to relate to the mirror planes in D2d.10  Crystals obtained 

from the racemic mixture are, however, not enantiopure and contain both isomers in a 

50:50 ratio.  No close p-p	interactions were observed.  Instead, the packing is governed 

by CH-p interactions established by the t-butyl substituents.  Indeed, the DFT gas-phase 

optimized structure of a model compound of NG1, where the bulky t-butyl groups were 

replaced by methyl groups, confirms the occurrence of the p-p stacking between the 

HBC groups, which further supports the crucial role of the t-butyl groups in preventing 

close p-p interactions. 

On the other hand, two different crystal forms were found for NG2: yellow plates 

(2plate) and dark orange polyhedra (2poly), as depicted in Figure 1 on the right.  Both 

were isolated and their crystal structures were solved by SCXRD.  The polyhedra were 

extremely difficult to handle, because they lost crystallinity rapidly as soon as they were 

removed from the mother liquor. 



 
Figure 3. Molecular structures of 2plate (left) and 2poly (right), in which hydrogen atoms and t-Bu groups have 
been omitted for clarity. 

 
Crystals of 2plate and 2poly crystallize in the triclinic P-1 space group, with an entire 

molecule in the asymmetric unit.  NG2 cocrystallizes with solvent molecules such as 

dichloroethane or water, from which various degrees of disorder evolve.  However, the 

angles between the HBCs are very different in the two of them (Figure 3).  NG2 in 2poly 

displays a more horizontal disposition of the four arms of the central COT, while in 

2plate the substituents are placed in pairs with a V shape.  As a matter of fact, they bend 

to adopt an almost parallel disposition in the case of the fragments containing sulfur 

atoms S1 and S3, and they trap dichloroethane in between them (Figure S22, left).  In 

2poly, we discern similar interactions between two arms and dichloroethane, although 

dichloroethane is held between the arms of two neighboring NG2s (Figure S22, right).  

Regarding the planarity of the arms, they display similar torsion angles for most of the 

rings (see table S3.3 and S3.4 in the SI) with maxima of 30.26°, 29.05°, 26.92°, and 30.38° 

for 2plate and 28.35°, 30.02°, 28.68°, and 27.27° for 2poly.  As concluded for the crystal 

structures of NG1, the bulky peripheral substituents prevent p-p stacking.  The 

molecular packing in 2plate and 2poly is achieved by CH-p interactions, mostly involving 

dichloroethane in the interstices.  NG2 is chiral, like the core fragment COT-Th, but 

crystals of 2plate and 2poly are both racemic.  

The structure of NG2 was further analyzed by means of Density Functional Theory (DFT) 

calculations at the B3LYP-D3/def2-SVP level.  DFT calculations on models of 2plate and 

2poly, where the bulky t-butyl groups were once again replaced by methyl groups, 



indicate that both of them are nearly degenerate in the gas-phase with ∆E » 1 kcal/mol 

(see Computational Details in the Supporting Information).  This is fully consistent with 

the presence of both isomers in the solid-state.  In both cases, the sulfur atoms of the 

thiophenes are placed far from each other to minimize electronic repulsions between 

their corresponding lone-pairs.  In addition, this particular arrangement enables the 

occurrence of stabilizing intramolecular n–π non-covalent interactions between the 

lone-pairs of each sulfur and the adjacent aryl groups of the corresponding HBCs.  This 

is visualized in Figure 4.40  

 
Figure 4. Contour plots of the reduced density gradient isosurfaces (density cutoff of 0.03 a.u.) for NG2 (2poly). The 
green surfaces indicate attractive non-covalent interactions. 

 
Figure 5. Cyclic voltammograms of NGs 1 and 2 and the reference NG hexa-tert-butylhexa-peri-hexabenzocoronene 
(HBC) utilizing 0.1 M TBAPF6/CH2Cl2 as the supporting electrolyte and glassy carbon as the working electrode at a scan 
rate of 100 mV s−1.  



Electrochemical Measurements. The electrochemical properties of NG1, NG2, 6, and 

the reference hexa-tert-butylhexa-peri-hexabenzocoronene (HBC) were studied by 

cyclic voltammetry (CV) and differential pulse voltammetry (DPV) (see Supporting 

Information for further details).  0.1 M of tetrabutylammonium hexafluorophosphate in 

dichloromethane was used as supporting electrolyte and a scan rate of 100 mV s‒1 was 

applied (Figure 5).  The cyclic voltammogram of NG1 shows two oxidations at +0.62 and 

+0.85 V vs. Fc/Fc+.  These oxidations are assigned to two sequential two-electron 

oxidations, in which a total of four electrons are extracted from the HBCs.  The cyclic 

voltammogram of NG2 reveals similar features than those seen for the inchoately 

cyclized form of NG1.  The first oxidation of NG2 is, nevertheless, cathodically shifted by 

0.14 V relative to NG1.  This clearly indicates the stronger electron-donating character 

of NG2 due to the presence of the thiophenes.  The first three reversible oxidations at 

+0.48, +0.66, and +0.79 V correspond to one-, one-, and two-electron transfers, 

respectively, and are tentatively assigned to the sequential electron transfer from the 

thiophene-containing HBCs.  The estimated HOMO energies of NG1, NG2, 6, and HBC 

are ‒5.72, ‒5.58, ‒5.69, and ‒5.72 eV, respectively.  

Table 1: Electrochemical properties of NG1, NG2, and reference HBC. 

Compound E1ox [V][a] E2ox[V][a] E3ox [V][a] E4ox [V][a] EHOMO [eV][b] 

HBC 0.62 1.11 - - -5.72 

6 0.59 0.70 0.82  -5.69 

NG1 0.62 0.85 - - -5.72 

NG2 0.48 0.66 0.79 1.20 -5.58 
[a] E1/2 determined from CV measurements vs. Fc/Fc+. [b] EHOMO is estimated in eV by EHOMO = ‒5.1 eV ‒ Eox1/2. 

 

Steady-state absorption and fluorescence assays.  

 
Figure 6. Absorption spectra of HBC, NG1, and NG2 in chlorobenzene at room temperature. 



We started our spectroscopic investigations of HBC, NG1, and NG2 by means of steady-

state absorption spectroscopy (Figure 6) in chlorobenzene.  The absorption spectrum of 

HBC has characteristic absorption maxima at 329, 345, 362, and 392 nm and two very 

weak signatures at 439 and 446 nm.  In line with the literature,41–44 we assign the 

features at 345, 362, and 392 nm to the vibrational fine structure of the symmetry 

allowed β-transitions, the feature at 329 to the p-bands, and the features at 439 and 

446 nm to the α-bands.  In principal, p- and α-transitions are symmetry forbidden. H 

owever, the p-transitions are enabled by mixing with higher lying excited states or 

symmetry reduction from D6h to D3d through geometric distortions.43–45 

The absorption spectrum of NG1 features an absorption maximum at 373 nm with 

additional fine structure at 398, 410, 429, 437, 447, and 473 nm.  In general, the 

absorption spectrum of NG1 appears significantly broadened relative to that of HBC and 

the absorption maximum is 11 nm red-shifted.  Notably, the absorption of the low-

energy α-bands is slightly enhanced, which relates to the loss of symmetry upon 

substitution.  The extinction coefficients of NG1 are less than four times the 

corresponding values of HBC.  For example, a value of 4.03 x 105 L mol-1 cm-1 at 373 nm 

should be compared to 1.71 x 105 L mol-1 cm-1 at 362 nm.  Overall, the spectral 

broadening may contribute to lower extinction coefficients.  Broad and overlapping 

absorption features are noted for NG2 at 318, 342, 375, 388, 442, and 479 nm.  The 

introduction of thiophenes further reduces the symmetry of the individual moieties, 

which renders the absorption around 440 nm symmetry allowed.46  

 

  



HOMO (–5.19 eV) LUMO (–2.30 eV) 
Figure 7. Computed molecular orbitals involved in the π−π* transitions for NG2 (isosurface value of 0.05 au) 

computed at the B3LYP-D3/def2-SVP level. 

 

The observed red-shifted absorption at 479 nm in NG2 is also very likely due to the 

involvement of the thiophene moieties.  To validate this hypothesis, time-dependent 

(TD) calculations at the PCM-TD-B3LYP-D3/def2-SVP//B3LYP-D3/def2-SVP level were 

carried out on the model compound NG2.  The calculations gave vertical excitation 

energies at 501 nm, which is in good agreement with the observed experimental value 

of 479 nm.  Such a vertical transition is mainly associated with the promotion of one 

electron from the HOMO to the LUMO.  As depicted in Figure 7, the HOMO should be 

viewed as a π-molecular orbital, which is not only located on the HBCs but also involves 

the π-system of the four thiophene fragments.  Similarly, the LUMO is a fully delocalized 

π*-molecular orbital (see Figure 7), which therefore confirms the π-π* nature of the red-

shifted absorption at 479 nm. 

 

 
Figure 6. Steady-state fluorescence spectra of HBC (λEx = 380 nm), NG1 (λEx = 430 nm), and NG2 (λEx = 380 nm) in 
chlorobenzene at room temperature. 

Figure 6 depicts the fluorescence spectra of HBC, NG1, and NG2.  Fine structured HBC-

centered fluorescence is noted for NG1 with distinct maxima at 473, 483, 494, 503, 528, 

and 538 nm.  In direct comparison to HBC, the fluorescence maxima are red-shifted by 

around 8 nm.  Additionally, the relative intensity of the short-wavelength maximum is 

significantly enhanced, which is a manifestation of the reduced symmetry of the 

asymmetrically-substituted HBCs.41  Any noteworthy fine structure is lost in the 

fluorescence spectrum of NG2 and a broad fluorescence maximizing at 533 nm is 



obtained.  We ascribe the loss of the structure to the reduced rigidity and distortions 

within the molecular plane, as suggested by the crystal structures.  

In chlorobenzene, the fluorescence quantum yields of NG1 and NG2 are 0.10 and 0.09, 

respectively, which is about 2.5 times higher than that found for HBC with a quantum 

yield of 0.04 (see Supporting Information for details).  A similar trend was also observed 

for HBC dimers and trimers.20,21  

Transient Absorption Pump-Probe Experiments 

In nanosecond transient absorption pump-probe experiments, we excited NG1 at 430 

nm and probed the deactivation mechanism in Argon-saturated chlorobenzene (Figure 

S28).  Global analysis was based on a two-species kinetic model to fit the raw data.  

Directly after excitation, we note maxima at 470 and 560 nm together with a broad 

maximum in the nIR centered at 1139 nm.  These singlet-singlet absorptions of NG1 

represent the first species.  On a timescale of 30 ns, these features decay and give rise 

to the second species, which is represented by triplet-triplet absorptions at 509 nm and 

a broad maximum in the nIR.  Overall, the spectroscopic markers of NG1 are similar to 

those found for the singlet-singlet/triplet-triplet absorption markers of HBC.  They are, 

however, red-shifted and less structured (Figure S27).  Therefore, we postulate that 

both excited states are predominately located on a single HBC rather than delocalized 

among the four HBCs.  The corresponding singlet and triplet excited state lifetimes were 

determined in the global analysis as 34.5 ns and 302 µs, respectively.  As such, the rate 

constants are 2.6 x 107 s-1 for the intersystem crossing (kISC) and 2.6 x 106 s-1 for the 

radiative ground state recovery (kF) from the singlet excited state.  These are very similar 

to the corresponding rate constants of HBC (Tables S6.1 and S6.2).47,48  The rate constant 

of the triplet excited state decay (kT) is determined as 3.3 x 103 s-1.49  

Similarly, NG2 was excited at 460 nm in deaerated chlorobenzene (Figure S29).  Again, 

a two-species kinetic model was used to fit the transient absorption data.  The first 

species is the fast decaying singlet excited state with its singlet-singlet absorption 

maxima at 531, 679, and 955 nm.  To this end, a rapid intersystem crossing yields the 

triplet excited state, which is the second species, with its absorption maxima at 420 and 

538 nm and a broad transient absorption band in the nIR.  By means of global analysis, 



we calculated the singlet excited state lifetime as 0.6 ns and the triplet excited state 

lifetime as 249 µs, which correspond to rate constants of 1.5 x 109 s-1 for kISC and 4.0 x 

103 s-1 for kT, respectively.47–49  The significantly faster singlet excited state deactivation 

stems from an enhanced intersystem-crossing mediated by the heavy atom effect of the 

sulfur in combination with higher structural flexibility of NG2 relative to NG1. 

Additionally, we probed the intermolecular excited state interactions between HBC, 

NG1, and NG2, on one hand, and electron accepting tetracyanoethylene (TCNE), 

electron donating tetrathiafulfalene (TTF), and electron accepting fullerene (C60), on the 

other hand.50  At first glance, the presence of the aforementioned electron donor and 

acceptors led, for example, in the case of NG1 to much shorter triplet excited state 

lifetimes.  By means of concentration dependent assays, in which we varied the electron 

donor / acceptor concentration from 0 up to 2 x 10-3 M, we verified the diffusion-

controlled nature of the bimolecular processes.  



 
Figure 7. a) Differential transient absorption spectra at time delays between 0 and 350 µs of NG1 (1 x 10-5 M) with 
TCNE (1 x 10-3 M) after 430 nm laser excitation (160 nJ) in argon purged PhCl at room temperature. b) EAS obtained 
by deconvolution of the raw data by means of global analysis. c) Calculation of the bimolecular rate constant k2 from 
the triplet excited state lifetime of NG1 with increasing amounts of TCNE. 

 
A closer look revealed that the presence of TCNE required for the fitting of the transient 

absorption data, a four-species kinetic model.  Relative to NG1 in the absence of TCNE, 

the two additional species give rise to similar absorption characteristics at 461, 503, 546, 

and 865 nm (Figure 7).  In the literature, these markers are described as the 

characteristics of the one-electron oxidized form of HBC.51  Notably, the corresponding 

430 nm absorption maximum of the one-electron reduced form of TCNE is masked by 

the laser excitation.  Still, we take our recent observation of a bimolecular electron 

transfer between photoexcited HBC and TCNE,52 as the basis to postulate an electron 

transfer from the NG1 triplet excited state to TCNE.53  The occurrence of two species 



with comparable spectroscopic features suggests a common electronic nature and we 

assign the two transients to states prior (CSS1) and after diffusional splitting (CSS2) of the 

radical ion pair.54–58  We find rate constants for the diffusive separation in the range 

from 1.4 to 3.7 x 106 s-1. 

 
Figure 8. a) Differential transient absorption spectra at time delays between 0 and 350 µs of NG1 (1 x 10-5 M) with 
TTF (1 x 10-3 M) after 430 nm laser excitation (130 nJ) in argon purged PhCl at room temperature. b) EAS obtained by 
deconvolution of the raw data by means of global analysis. c) Calculation of the bimolecular rate constant k2 from the 
triplet excited state lifetime of NG1 with increasing amounts of TTF. 

 

TTF also quenches the NG1 triplet excited state, without, however, producing any 

detectable radical ion pair state characteristics, that is, the one-electron oxidized from 

of TTF together with the one-electron reduced form of NG1 (Figure 8).  Consequently, 



the radical ion pair state deactivates faster than its formation and, in turn, is invisible to 

us in the transient absorption measurements.  

 
Figure 9. a) Differential transient absorption spectra at time delays between 0 and 350 µs of NG1 (1 x 10-5 M) with 
C60 (2.5 x 10-4 M) after 430 nm laser excitation (130 nJ) in argon purged PhCl at room temperature. b) EAS obtained 
by deconvolution of the raw data by means of global analysis. c) Calculation of the bimolecular rate constant k2 from 
the triplet excited state lifetime of NG1 with increasing amounts of C60. 

 

Finally, we probed the influence of C60 on the excited states of NG1 (Figure 9).  Here, a 

three-species kinetic model was necessary to fit the transient absorption data.  A 

concentration dependent quenching of the NG1 triplet excited state yielded the third 

species, that is, the triplet excited state of C60.  The latter was identified by its 

characteristic triplet-triplet absorption bands at 452, 508, and 753 nm.59,60  Accordingly, 



we conclude a triplet energy transfer from the NG1 triplet excited state to the ground 

state of C60.61 

Table 2. Bimolecular rate constants derived from the concentration dependent quenching of the NG1/NG2 triplet 
excited state by TCNE, TTF, and C60. 

 TCNE TTF C60 

NG1 (6.4 ± 0.7) x 109 M-1 (2.7 ± 0.2) x 109 M-1 (7.8 ± 0.7) x 109 M-1 

NG2 - - (7.4 ± 0.7) x 109 M-1 

 

To conclude, we probed the excited state dynamics of NG1 and NG2 and their excited 

state interactions with TCNE, TTF, and C60.  Table 2 summarizes the bimolecular rate 

constants, which were derived from concentration dependent assays, and, which are in 

the range of diffusion controlled processes.58,62,63  The fact that no electron transfer was 

observed from NG2 to TCNE is, however, a surprise, especially considering that NG2 is a 

better electron donor than NG1.  A possible rationale is based on our phosphorescence 

measurements in frozen MeTHF glass matrices at 80 K (Figures S31-S33).  From the latter 

we derive triplet excited state energies for NG1 as 2.1 eV and for NG2 as 1.8 eV.64  In 

short, the noticeably lower lying triplet excited state of NG2 may render the formation 

of the charge separated state already energetically unfeasible. 

Conclusion 

In summary, two new homo and hetero saddle-shaped molecular nanographenes (NGs) 

based on cyclooctatetraene, were successfully synthesized and characterized in depth.  

Their synthesis allows the formation of 24 new carbon-carbon bonds, increasing the 

number of annelated rings from five to 53, in just a two-step process, which reflects the 

efficiency of the bottom-up synthesis.  The structures of NG1 and NG2 were 

unambiguously determined by single-crystal X-ray diffraction analyses.  As revealed by 

the SCXRD, the addition of the HBC arms breaks the D2d symmetry of the parent 

cyclooctatetraene providing p-extended systems with a chiral D2 point group.  

Furthermore, NG2 displays polymorphism and two different crystal forms were found.  

DFT calculations revealed that the two species found in the NG2 crystals, that is, 2plate 

and 2poly, were nearly degenerate in the gas-phase with ∆E » 1 kcal/mol.  This is in 

sound agreement with the SCXRD studies.  Photophysical assays with NG1 and NG2 



showed that NG1 undergoes a diffusion controlled photoinduced electron transfer from 

its triplet excited state in combination with the strong electron-acceptor TCNE, while 

using C60 with a higher LUMO energy /more negative reduction, results in an efficient 

triplet energy transfer rather than electron transfer.  In stark contrast, no electron 

transfer was observed for NG2, while the triplet energy transfer to C60 still remained an 

active deactivation pathway. 
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