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ABSTRACT: We designed and synthesized molecular tweezers consisted of nitrogen-embedded buckybowl subunits.  The judicious choice 
of the covalent linkers modulated their binding strength with C60 or C70 in solution.  Titration studies by optical and 1H NMR analysis re-
vealed a 1:1 composition of the resulting complexes.  X-Ray diffraction analysis elucidated their solid-state structures in which two 
azabuckybowl units surround one molecule of fullerenes.  The large association constants stabilize the complexes under redox reactions and 
purification process on silica-gel column chromatography.  The linker enabled to tune the cavity size for binding fullerenes, achieving com-
plementary fullerene host between C60 and C70: the carbazole-bridged dimer preferentially associates with C70 over C60, while the phenan-
threne-bridged dimer interacts with C60 more strongly than C70.  Electrochemical analysis in combination with DFT calculations indicated the 
existence of intermolecular charge-transfer interactions between the buckybowl units and fullerenes.  Nonlinear optical measurements exhib-
ited that the two-photon absorption cross-section values of the molecular tweezers are enhanced upon association with fullerenes. 

Introduction 
Molecular tweezers, i.e., noncyclic hosts capable of binding a 

guest molecule via non-covalent interactions such as π–π interac-
tions, hydrogen bonds, and metal coordination, have been widely 
investigated as molecular sensors.1,2  Their structural flexibility 
enables reversible binding that has been applied to supramolecular 
polymers and drug delivery systems.3 Among a number of molecu-
lar tweezers, fullerene receptors have been intensively studied in 
order to selectively extract C60 or other fullerenes from carbon 
soot.4,5  To date, planar molecules such as porphyrins have been 
employed for popular hosts in this context.6-8  However, the planar 
structure does not adapt the complexation with spherical fullerenes, 
thus diminishing association constants and hence through-space 
electronic communication. 

Against this background, bowl-shaped π-conjugated molecules 
such as subphthalocyanines,9 subporphyrins,10 and corannulenes11 
have been investigated as platforms to host C60.12  However, their 
relatively low electron-donating properties compared with that of 
porphyrins usually requires the presence of additional electron-
donating substituents in order to enhance their binding ability to-
ward fullerenes in solution. Alternatively, the “buckycatcher” strat-
egy with the aid of two corannulene units is successful to enhance 
the association with C60, as reported by Sygula and co-workers 
(Figure 1).13-15 

 
Figure 1. Fullerene receptors based on bowl-shaped π-conjugated 
molecules together with their association constants toward C60. 

Recently, we and Nozaki group have independently synthesized 
the pyrrolic nitrogen embedded azabuckybowl 1 (Figure 1).16  We 
also disclosed that its concave surface and remarkable electron-
donating properties lead to a large association constant with C60 in 
solution (3800 M–1 in o-dichlorobenzene and 62000 ± 4000 M–1 in 
toluene).  The resulting inclusion complex exhibited intermolecu-
lar charge-transfer interactions between the azabuckybowl and C60.  
With this electron-donating bowl-shaped C60 receptor in hand, we 
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designed molecular tweezers to construct supramolecular donor–
acceptor–donor (D–A–D) systems upon binding with C60 and C70.  
Such D–A–D systems should generate quadrupolar characteristics 
due to intermolecular charge transfer, which should enhance the 
two-photon absorption (TPA) cross-section values. 17,18  TPA prop-
erties using host-guest D–A–D systems have not been examined 
experimentally.19 Here we report the synthesis of two novel mo-
lecular tweezers, which showed complementary binding of C60 and 
C70.  In addition, we demonstrated that TPA properties of the host 
molecules were modulated by binding with fullerenes. 

Results and Discussions 
Synthesis and characterizations of azabuckybowl dimers. We 

chose fused biphenylene linkers as a π-spacer in order to connect 
two azabuckybowl units (Scheme 1).  The size of the cavity, i.e., the 
space between the two π-bowls, can be readily tuned by a judicious 
choice of the moiety X.  In order to choose suitable π-spacers, we 
performed density functional theory (DFT) calculations at the 
M06-2X/6-31G(d) level of theory. The calculations predicted that 
the use of 3,6-carbazole and 3,6-phenanthrene spacers generated 
tweezers (2a and 2b) with a suitable cavity for C60. The synthesis of 
2a (50%) and 2b (68%) was accomplished via the cross-coupling 
of 2-borylated azabuckybowl 3, which was prepared according to 
our previous report,16a and 3,6-dibromocarbazole or 3,6-
diiodophenanthrene. 

Scheme 1. Synthesis of azabuckybowl dimers. 

 
Figure 2a shows the UV/Vis absorption and emission spectra of 

1, 2a, and 2b in CH2Cl2, which revealed slight bathochromic shifts 
for the lowest energy absorption bands and emission maxima of 2a 
and 2b compared to that of 1.  The fluorescent quantum yields 
(Φf) of 2a (0.18) and 2b (0.18) are almost identical to that of 1 
(0.17). 

 

Figure 2. (a) UV/Vis absorption (solid line) and emission (dotted 
line) spectra of 1 (blue), 2a (red), and 2b (black) in CH2Cl2. (b) 
Change of the UV/Vis/NIR absorption spectra of 2a upon gradual 
addition of C60 in toluene. 

Binding behaviors with fullerenes. To examine the potential 
utility of 2a and 2b as fullerene receptors, titration experiments 
were carried out. A gradual change of the absorption bands of 2a in 
toluene was observed upon addition of C60 (Figure 2b). In particu-
lar, the generation of a broad absorption band in the near-IR region 
under concomitant quenching of the emission (Figure S7) was 
observed, indicative of the existence of intermolecular electronic 
interactions between 2a and C60. Judging from a Job's plot, a 1:1 
stoichiometry between 2a and C60 predominates in solution. 

The binding behavior of 2a with C60 was monitored by its 1H 
NMR spectrum.  Upon addition of 0.5 equiv of C60 to a toluene-d6 
solution of 2a, broadening of the aromatic proton signals was ob-
served.  In contrast, upon addition of 1.0 equiv of C60, sharp, upfield 
shifted signals were observed (Figure 3a).  In particular, a singlet 
peak for the carbazole linker (Ha in Scheme 1) was observed at 7.99 
ppm, which is upfield shifted relative to that of 2a (8.48 ppm) due 
to the shielding effect of C60. Moreover, the symmetric feature of 
the carbazole proton signals confirms a 1:1 composition in solution. 
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Figure 3. 1H NMR spectra of (a) 2a and (b) 2b in toluene-d8, contain-
ing 0 equiv of fullerenes (top), 1.0 equiv of C60 (middle), and 1.0 equiv 
of C70 (bottom). 

Table 1. Summarized association constants of 1, 2a, and 2b. 

compound 
association constants (M–1) 

C60 C70 

toluene ODCB toluene 
1 (6.2 ± 0.4) × 104 3.8 × 103 – 

2a (4.4 ± 0.4) × 107 (3.0 ± 0.3) × 105 (7.0 ± 3.1) × 108 
2b (3.0 ± 1.1) × 108 (2.2 ± 0.7) × 106 (6.3 ± 0.8) × 107 

 

Similar spectral changes were also observed in the case of 2b 
(Figure S9, S10).  On the basis of titration experiments, association 
constants of (3.0 ± 0.3) × 105 (2a) and (2.2 ± 0.7) × 106 M–1 (2b) 
were determined in o-dichlorobenzene (ODCB).  The larger asso-
ciation constant for 2b than that of 2a indicates that 2b has a more 
suitable cavity to catch C60.  The binding strength depends on the 
solvent (Table 1).  In toluene, the association constant of 2b [(3.0 
± 1.1) × 108 M–1] is by a factor of 50,000 higher than that of Jaw's 
porphyrins, and comparable with rhodium(III) porphyrin cages 
(3.4 × 105 M–1 in ODCB and 2.4 × 107 M–1 in benzene).20,21  The 
stability of 2b•C60 was substantially high in CH2Cl2, enabling puri-
fication of the complex by column chromatography on silica gel. 

These azabuckybowl tweezers also showed efficient binding with 
C70 in the solution state.22  The similar tendencies for UV/vis ab-
sorption and emission spectroscopy were observed upon titration 
experiments with 2a and 2b (Figure S8, S11).  1:1 Stoichiometries 
of the binding complexes were confirmed by Job's plot analysis.  
According to these titration studies, the binding constants were 
determined to be (7.0 ± 3.1) × 108 M–1 for 2a and (6.3 ± 0.8) × 107 
M–1 for 2b in toluene.  Consequently, the binding preference of the 
hosts was reversed in the case of C70 compared to the case of C60.  
Figure 3b displays 1H NMR spectra of 2a and 2b in the presence of 
C70.  As well as the case of C60, the addition of C70 induced upfield 
shifts of all aromatic protons of 2a or 2b.  In particular, the signal of 
Ha shows larger shifts than others, indicating the similar binding 
mode for C70 to that of C60.  Notably, Ha of 2a•C70 appeared in the 
lower field than that of 2a•C60.  This situation is opposite to those 

observed in the case of 2b.  The larger shift of Ha indicates that a 
fullerene unit places closer to a linker.  This tendency also confirms 
the more efficient binding of C70 for 2a than 2b. 

 

Table 2. Summarized diffusion coefficients and Stokes–
Einstein radii of 2a, 2b, 2b•C60, and 2b•C60. 

 2a 2a•C60 2a•C70 2b 2b•C60 2b•C70 

Da 5.12 5.34 6.17 4.74 5.71 5.15 

rb 7.36 7.06  6.10  7.95 6.56 
(7.87)c 

7.33 
(7.84)c 

a: unit: 10–10 m2 K–1, b: unit: Å, c: calculated from X-ray data 

 

The formation of 1:1 complexes in solution was also confirmed 
by 2D DOSY NMR and ESI-TOF MS analysis (Figure S14, S15).  
Table 2 summarizes diffusion coefficients (D) and Stokes–Einstein 
radii (r) for 2a, 2a•C60, 2a•C70, 2b, 2b•C60, and 2b•C70 obtained 
by DOSY experiments.  The diffusion coefficients of 2a and 2b 
were increased upon binding C60 and C70.  The increased D values 
indicate that 2a and 2b shrank by folding azabuckybowl units upon 
binding fullerenes.  The radii were estimated to be 7.06 for 2a•C60 
and 6.60 Å for 2b•C60, which are consistent with the 1:1 binding 
complexes.  In the case of 2a, binding C70 also increased the D value 
as in the case of C60.  On the other hand, the diffusion coefficient 
became smaller for 2b on binding C70 than that for C60.  Consider-
ing the smaller cavity of 2b for C70, the binding C70 increase the 
volume of the complex, resulting in decrease of diffusion coefficient. 
In the case of 2a, the cavity was more adaptable for C70 than C60, 
resulting in the larger D value. 

The solid-state structure of 2b•C60 and 2b•C70 were unambigu-
ously determined by single-crystal X-ray diffraction analysis (Figure 
4), which revealed 1:1 compositions similar to those observed in 
solution. In the crystalline state, C60 and the azabuckybowl units 
mutually interact in a concave-convex fashion.23,24  The penetration 
depth of C60 into 2b measured from the centroid of the pyrrole ring 
of 2b to the centroid of C60 is 6.83 Å, which is consistent with that 
of 1.  The closest distance between C60 and an azabuckybowl unit 
was 3.14 Å.  The center of C60 is displaced relative to the position of 
the phenanthrene linker (Figure 4b).  Noted that the C60 molecule 
in crystal is disordered, indicating that the rotation of C60 is not 
restricted.  On the other hand, C70 molecule is fixed and showed no 
rotation in crystal.  Notably, the C70 is obliquely placed to the C2 
symmetrical axis of 2b.  The penetration depths defined as the dis-
tance between the centroids of the pyrrole ring and the center of 
C70 are 7.345 Å and 7.055 Å, which are longer than that in the case 
of C60.  The closest distances between each azabuckybowl unit and 
C70 are 3.147 Å and 3.173 Å, respectively.  Both are within the sum 
of van der Waals radii of carbon atoms, indicating the presence of 
π–π interaction.  The angle Z1-X1-Z2 was 136.9 Å, narrower than 
that of 2b•C60 (143.4°)(Table 3).  The narrower angle indicates 
that the host covers the smaller convex surface of the fullerene, 
providing larger volume of the complex.  This result is consistent 
with the larger diffusion coefficient of 2b•C70 than 2b•C60.     
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Figure 4. (a) Side and (b) top view of the X-ray crystal structure of 
2b•C60 and (c) side and (d) top view of the X-ray crystal structure of 
2b•C70. Thermal ellipsoids are set at 50% probability (hydrogen atoms 
omitted for clarity). 

Table 3. Selected distances and angles of 2b•C60 and 2b•C70. 

 

compounds 
distances (Å) angles (°) 

a b α 

2b•C60  6.841 6.815 143.35 

2b•C70  7.345 7.055 136.91 

 

To obtain insights into the electronic structure of the hosts and 
the inclusion complexes, we performed an electrochemical analysis 
by cyclic voltammetry.  Oxidation and reduction potentials for 2a, 
2b, 2a•C60, and 2b•C60 were obtained by cyclic voltammetry in 
CH2Cl2 (Figure S16). The obtained potentials are summarized in 
Table 4.  The first oxidation potentials of the complexes were in 
both cases increased compared to the corresponding hosts.  In 
particular, the first reduction potential of 2b•C60 was observed at –
1.28 V, which is shifted to more negative potential than that of 
pristine C60 (–1.00 V).  These results support the existence of sig-
nificant through-space electronic interactions between 2b and C60.  
It is also noteworthy that the first oxidation and reduction poten-
tials of 2b•C60 are reversible, indicating high stability of the com-

plexes during the redox processes.  The similar trend was also ob-
served in the case of C70.  The first oxidation potentials of host mol-
ecules on binding C70 became slightly higher than that for C60. 

 

Table 4. Summarized oxidation and reduction potentials of 2a, 
2b, 2b•C60, and 2b•C60.a 

Compound Eox
2 Eox

1 Ered
1 Ered

2 

2a — 0.162 — — 

2b 0.266 0.177 — — 

2a•C60 0.252 0.182 –1.24c — 

2b•C60 0.272 0.207 –1.28 –1.44 

2a•C70 0.252 0.197 –1.23 –1.48 

2b•C70 0.284 0.216 –1.24 –1.51 

C60
b — — –1.00 — 

C70
b — — –0.98 –1.38 

a: Potentials are referenced against Fc/Fc+; in CH2Cl2; b: Measured 
in o-dichlorobenzene/acetonitrile; c: Determined by differential pulse 
voltammetry. 

 

Theoretical calculations. The electronic structure of 2b•C60 
was further investigated by theoretical calculations.  The simulated 
electronic absorption spectrum of 2b•C60 obtained from time-
dependent (TD) DFT calculations at the B3LYP-D3/6-31G(d) 
level of theory was almost identical to the experimental result.  The 
lowest energy absorption band was attributed to the HOMO–
1→LUMO+1 transition (Figure S17). Molecular orbitals (MOs) 
and energies were obtained from DFT calculations at the same 
level of theory. Figure 5a illustrates the HOMO–1, and LUMO+1 
of 2b•C60. The HOMO–1 is localized on one of the azabuckybowl 
units, while the LUMO+1 is located on C60. This result supports 
the presence of intermolecular charge-transfer interactions.  In the 
case of 2b•C70, the simulated absorption spectrum indicated that 
the lowest energy band is attributed as HOMO→LUMO transition 
(Figure S18). The MOs displayed in Figure 5c and 5d also support 
the CT characteristic of this transition.  The gaseous phase binding 
geometries of 2a•C60, 2a•C70, 2b•C60 and 2b•C70 were optimized 
by DFT calculations at the same level of theory.  In the optimized 
structures, the orientation of C70 molecule is almost identical to the 
crystal structure.  The sum of calculated Mulliken charge on 
azabuckybowl units for all complex exhibited positive value, indi-
cating their positively charged characteristics (Table S10).  On the 
other hand, those of fullerenes are negative for 2a•C70, 2b•C60 and 
2b•C70.  These results support that the presence of through-space 
charge-transfer interaction between two moieties. 

(a) (b)

(c) (d)

a bα
Z1 Z2

X1



 

 
Figure 5. (a) HOMO–1, and (b) LUMO+1 of 2b•C60, and (c) 
HOMO and (d) LUMO of 2b•C70.  These orbitals were calculated at 
the B3LYP-D3/6-31G(d) level. 

Transient absorption and two-photon absorption measure-
ments. To gain further insight into the intermolecular interactions 
between 2b and C60, we measured the femtosecond transient-
absorption (TA) spectra of 2b and 2b•C60 (Figure 6).25  Upon 
photoexcitation at 470 nm, obvious changes in the TA spectra of 
2b were not observed relative to its steady-state electronic absorp-
tion spectrum.  On the other hand, the TA spectra of 2b•C60 clearly 
showed new bands at ca. 530, 690, and 1090 nm, which were as-
signed to absorption bands of a radical cation of the azabuckybowl 
unit (530 and 690 nm) and a radical anion of the C60 moiety (1090 
nm).16a  This result indicates that the excited-state electron transfer 
occurs between 2b and C60.26  In comparison with 2b, the lifetime 
of the singlet excited state of 2b•C60 (160 ps) decreased upon 
complexation with C60.  In particular, the ultrafast rise dynamics 
(0.6 ps) in the decay profile of 2b•C60 indicate electron transfer 
from the azabuckybowl unit to C60. Based on these TA results, we 
confirmed a photo-induced electron-transfer process in 2b•C60. 

 
Figure 6. Femtosecond transient-absorption spectra of (a) 2b and (b) 
2b•C60 in CH2Cl2 under photoexcitation at 470 nm. 

We also measured the TPA cross-section values of 2a, 2b, 
2a•C60, 2a•C70, 2b•C60, and 2b•C70 using a nondegenerate TPA 
method (Figure 7).27  We used white light continuum  probe pulses 
as the λ2 pulse to enable the multichannel detection of TPA spectra. 
The femtosecond near-infrared pump pulse (1600 nm) was used as 
the λ1 pulse to induce nondegenerate TPA at λ1 + λ2.  Negligible 
TPA cross-section values were observed for the host molecules 2a 
and 2b. Both host exhibited enhancement of TPA cross-sections on 
binding fullerenes.  In particular, apparent enhancement of TPA 
cross-section were observed for 2b•C60 (~200 GM) around 450 
nm.  The steady-state absorption strength is almost unchanged 
upon binding, excluding the effect of the first order absorption 
coefficient upon this TPA enhancement.  The TD-DFT calcula-
tions indicated that the one-photon absorption band at ~450 nm is 
attributed to the charge-transfer transition.  Accordingly, this result 
suggests that the formation of a D–A–D electronic supramolecular 
structure upon binding with C60 enhances the third-order nonlinear 
optical effect.  Complex 2b•C70 also exhibited enhanced TPA 
cross-section around 500 nm (200 GM).  Although 2a•C60 and 
2a•C70 also showed TPA around 400 nm (~200 GM), the degree 
of the enhancement was smaller than those with 2b (~280 GM).  
This result indicates that 2b is a more suitable host for generation 
of TPA characteristic.  
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Figure 7. Nondegenerate two-photon absorption spectra of (a) 2a, (b) 
2b, (c) 2a•C60, (d) 2b•C60, (e) 2a•C70, and (f) 2b•C70 (red marks) 
along with the corresponding one-photon absorption spectra (black 
solid lines) in CH2Cl2. 

Conclusion 
In summary, we have designed and prepared two molecular 

tweezers, which contained two azabuckybowl units that acted as 
strong fullerene receptors.  In the presence of C60 in toluene, both 
tweezers afforded 1:1 complexes with large intermolecular charge-
transfer interactions. The phenanthrene-linked molecular tweezers 
2b exhibited a higher stability in CH2Cl2, and could thus be purified 
by column chromatography on silica gel.  These molecular tweezers 
also captured C70 effectively in solution.  The structures of the 
complexes were clearly determined by X-ray diffraction analysis.  
Further study by electrochemical and theoretical investigations 
revealed the presence of through-space charge-transfer interaction 
between azabuckybowl units and fullerenes, resulting in construc-
tion of quadrupolar electronic state.  The stability of the complexes 
enabled us to conduct a non-linear optical analysis, which demon-
strated that the supramolecular D–A–D assemblies could have 
enhanced their TPA properties.   These findings in the present 
research would lead to new design concepts of responsive TPA 
materials. 
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