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Abstract: We have designed and synthesized a new curved π-

conjugated molecule, 1,1-difluorosumanene (1), which possesses 

two fluorine atoms on the same benzylic carbon of unsubstituted 

sumanene, producing a large dipole moment along the in-plane 

direction. Thermal analyses, variable-temperature X-ray diffraction, 

and IR measurements indicated a 120° in-plane motion of 1 in the 

stacking columns, which did not cause any phase transition in the 

crystalline state. Indeed, dielectric measurements on powder and 

single-crystal forms of 1 showed that both the real (ε1) and imaginary 

(ε2) parts of the dielectric constant were enhanced above ~360 K at 

1 MHz with a Debye-type dielectric relaxation, confirming that 1 

underwent a pendulum fluctuation induced by the external electric 

field. 

Introduction 

Organic-molecule-based crystalline dielectric materials have 

recently attracted widespread attention from chemists wishing to 

develop new organic-electronic devices.[1] In designing such 

materials, a molecular motion induced by an external dielectric 

field is required to maximize the polarization effect in the 

materials to realize a large dielectric constant. In general, 

molecular motions in rotor-like structures,[2] in-plane motions of 

planar units in π-stacking columns[3,4] or supramolecular units,[5] 

and dynamic motions of polar globular molecules[6] are often 

investigated (Figure 1a). Such molecular motions in the solid 

state can be roughly categorized into four types: free rotation, 

rotational diffusion, jump rotation, and libration.[7] For example, 

perdeuterated benzene trapped in tri-ortho-thymotide shows an 

in-plane rotation (almost a 2π/6 jump model), together with 

restricted libration of the molecular plane in the temperature 

range 96–293 K.[8] Such detailed aspects of the molecular 

motions are significantly affected by the molecular structure, in 

particular, the intermolecular interactions involved in the system. 

The molecular motions of curved-π aromatics and their 

supramolecular complexes, especially those containing C60 

fullerenes, often show characteristic smoothness. For example, 

C60 is known to rotate isotropically in the solid state.[9] Its smooth 

motion is also maintained in a system in which C60 is contained 

in a finite single-wall carbon nanotube, even at low temperatures 

in the single-crystalline state. This results from nondirectional 

van der Waals interactions between C60 and the tubular 

molecule, which has an inflection-free surface.[10] Such  
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Figure 1. a) Typical molecular motions in organic-molecule-based crystalline 

dielectric materials. b) Molecular structures of 1, 2, and 3. b) Schematic 

diagrams of 1D-column formation and bowl inversion of 2. c) Model structures 

of in-plane motion of the bowl exhibiting a dielectric response in an electric 

field. 

examples show that curve-to-curve contacts in curved-π 

aromatics can afford smooth molecular motions in the solid state. 

Sumanene (2) is a representative example of a buckybowl[11] 

that has unique properties derived from its unusual bowl shape 

(Figure 1b).[12] In particular, 2 forms unidirectionally arranged π-

stacking columns in the solid state that show an anisotropic 

electron mobility along the stacking column[13] and a large 

Seebeck co-efficient at right angles to the column;[14] moreover, 

2 can operate as a liquid-crystalline mesogen.[15] This 

background clearly shows that the sumanene skeleton has 

considerable potential as a core for functional materials. It is 

also known that 2 shows bowl inversion along the dipole in the 

solution state. Such bowl flipping is attractive as a potential 

switching trigger for control of physical functions. However, its 

activation energy in the solid state is too high because of the 

formation of tightly-packed 1D-columns; consequently, the 

application of the bowl-flipping motion of sumanene was first 

realized in a sulfur analogue, 1,4,7-trithiasumanene, which 

possesses much a shallower bowl than 2.[16] 

In this context, we focused on the in-plane motion of 2 in its 

columnar form, in which convex–concave-type curve-to-curve 

contacts exist, and we attempted to use this motion to bring out 

some physical functions. It had already been revealed that the 

dominant intermolecular interaction present in the crystal 

packing of sumanene are inter- and intracolumnar weak CH–π 

interactions between benzylic sp2 carbons and the π-bowl, 

rather than intracolumnar π–π interactions (the distance 

between the two centroids of the bottom six-membered rings in 

a stacking column of 2 is 3.87 Å).[17] The presence of this π–π 

interaction that is weaker than that in a conventional planar π-

conjugated molecule is expected to provide a higher flexibility for 

in-plane motion in the column. Meanwhile, the presence of a 

CH-π interaction should contribute to stabilization of the 

molecular packing, as occurs in a Saturn-like C60/macrocycle 

complex,[18] increasing the activation energy for in-plane motion. 

Clarification of such opposing effects in the crystal packing of 2 

would be significant for further applications of functional 

sumanene derivatives, especially those utilizing their in-plane 

motions.  

We therefore focused on a dielectric response that might be 

induced through the introduction of polar substituents as a probe 

for the ease of in-plane motion (Figure 1c). Previously reported 

1,1,4,4,7,7-hexafluorosumanene (3), which contains two fluorine 

atoms on each of the three benzylic carbons, was an important 

inspiration for this purpose.[19] Single-crystal X-ray analysis 

revealed that the crystal packing of 3 is isostructural to 2, 

indicating that, because of the small size of the fluorine atom, 

the introduction of fluoro groups onto the sumanene skeleton 

does not significantly affect its packing pattern. On the basis of 

this assumption, we have designed and synthesized 1,1-

difluorosumanene (1), which contains two fluorine atoms on one 

benzylic carbon of 2, inducing a strong dipole along the in-plane 

direction. As we had expected, a single crystal of 1 showed a 

molecular packing isostructural to that of 2 and 3. In addition, a 

remarkable anisotropy of the temperature-dependent dielectric 

response of 1, attributable to its in-plane motion in the stacking 

column as a result of the two competing interactions, was 

confirmed from the dielectric spectra of a single-crystalline 

sample. 

Results and Discussion 

1,1-Difluorosumanene 1 was synthesized by a modified form of 

a reported procedure (Scheme 1).[19] Protection of the carbonyl 

group of previously reported sumanenen-1-one[20] as a 

dithioacetal by treatment with butane-1,4-dithiol the presence of 

BF3∙OEt2 gave 4 in 95% yield. Fluorination of 4 with 250 mol% of 

NBS and 2.5 mol% HF∙pyridine at −30 °C gave 1 in 77% yield. 

 

Scheme 1. Synthesis of 1,1-difluorosumanene 1. 

To investigate the effect of introducing two fluorine atoms 

onto the sumanene skeleton, we first evaluated the structural 

and the electronic properties of 1 by DFT calculations at the 

B3LYP/6-31G(d,p) level of theory (Table 1 and Figure 2).[21] The 

optimized structure of 1 showed the presence of a bowl that is 

slightly deeper (1.16 Å) than that of unsubstituted sumanene 2 

(1.12 Å), but shallower than that of hexafluorosumanene 3 (1.23  
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Table 1. Structural parameters of 1, 2 and 3. The values in parentheses are 

those calculated at the B3LYP/6-31G(d,p) level of theory.[21] The figure below 

shows the definitions of the bowl depth and POAV angle. 

Compound 1 2 3 

Bowl depth (Å) 1.16 (1.15) 1.11[17] (1.12) 1.24[19] (1.23) 

POAV angle (°) 8.9 (9.0) 8.9[17] (8.7) 9.4[19] (9.3) 

Dipole moment (D) (3.62)  (1.94) (1.22) 

 

 

Figure 2. Electronic structures of 1, 2, and 3 from DFT calculation at the 

B3LYP/6-31G(d,p) level of theory. a) Calculated dipole-moment directions of 1, 

2, and 3. Gray: C, pale-blue: F. Hydrogen atoms are omitted for clarity. b) 

Electrostatic potential maps for 1, 2, and 3. 

Å). This was supported by the larger π-orbital axis vector 

(POAV) angle of 1 (8.9°) compared with that of 2 (8.7°); this is a 

useful parameter for discussing the curvature of curved-π 

aromatics.[22] The electrostatic potential of 1 clearly showed the 

presence of an electronegative region due to presence of the 

two fluorine atoms on one benzylic carbon atom, which induce a 

high degree of polarization of 1 (Figure 2a). As a result, 1 has 

the largest dipole moment among 1, 2, and 3, with a value of 

3.62 D, whereas in 2 and 3, the in-plane dipoles tend to cancel 

one another out because of the high degree of structural 

symmetry of these molecules (Figure 2b). As expected, the 

presence of highly electronegative fluorine atoms causes a 

significant decline in both HOMO and LUMO levels compared 

with those of 2, whereas they are higher than those of 3 [see the 

Supplementary Information (SI); Figure S1]. This electronic 

perturbation resulting from the introduction of fluorine atoms was 

well reflected in the results of UV-vis spectroscopy and cyclic 

voltammetry (CV) experiments. The UV-vis spectrum of 1 (SI; 

Figure S2) showed an absorption maximum at 273 nm, together 

with a broad peak at about 350 nm that corresponded to the 

HOMO–LUMO transition; the positions of both peaks were 

between those of the corresponding peaks for 2 and 3.[19] CV 

data for 1 in MeCN with tetrabutylammonium perchlorate as a 

supporting electrolyte showed a positive shift in the reduction  

 

Figure 3. Crystal structures of 1. a) Thermal displacement ellipsoid plot of 1 in 

the crystal structure at 50% probability. Occupancy factors of F1 and F2 are 

0.33 each. b) View from the a axis. c) View from the c axis. Blue dotted lines: 

CH···π interactions; red dotted lines: F–F interactions. Gray: C; light-green: F. 

Hydrogen atoms are omitted for clarity. 

peak in comparison with that of 2. Irreversible reduction waves 

were observed at the peak potentials Ep
red1 = −2.37 V and Ep

red2 

= −2.58 V vs. the ferrocene/ferrocenium couple (Fc0/Fc+) (SI; 

Figure S3). This indicated that 1 has a stronger electron-

accepting nature than 2 (−2.60 V).[23] 

The structural details of 1 were confirmed by a single-crystal 

X-ray diffraction experiment at 100 K. Suitable single crystals of 

1 were prepared by slow evaporation of a chloroform solution of 

1. Despite 1 having lower molecular symmetry than C3-

symmetric 2, crystals of 1 show the same packing pattern as 

that observed in crystals of 2, due to the small size of the 

fluorine atom. A disorder of the fluorinated moiety was observed 

in its occupancy factor of 0.33 (Figure 3a), which indicated a 

canceling of the dipole moment of 1 in the in-plane direction. The 

sumanene skeleton of 1 has a bowl structure with a bowl depth 

of 1.16 Å and a POAV angle of 9.0°, which is slightly deeper 

than that of unsubstituted 2 (1.11 Å; Table 1).[17] The trends in 

these structural parameters are well-matched by the simulated 

values. In the packing structure, the bowl-to-bowl distance of 1 is 

3.945 Å; this is defined as the distance between the two 

centroids of the six-membered rings at the bottom of adjacent 

sumanene skeletons in a stacking column (Figure 3b). This 

value was longer than that for 2 (3.790 Å),[17] probably due to the 

deeper bowl depth of 1 compared with 2. All the columns were 

connected to each other through CH···π-type interactions (3.935 

Å) between benzylic carbon atoms and neighboring aromatic 

carbon atoms with a partial contribution from F···F interactions 

(2.589 Å) to stabilize the packing structure (Figure 3c). Notably, 

the distance between the two closest adjacent column axes was 

9.662 Å (Figure 3c), whereas the corresponding distances in 

crystals of 2 and 3 are 9.570 Å and 9.852 Å, respectively. 

Because the expected stacking structure was successfully 

obtained, thermal analyses were performed to confirm the 

stability of the material and to identify the presence of any 

thermal phase transitions (SI; Figure S4). However, no clear 

peak attributable to a phase transition was observed, although 

specific-heat measurements showed a clear peak at around 350 

K (SI; Figure S5), indicating the presence of some structural 

motion that did not affect to overall molecular packing. 
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Figure 4. Thermal effects on the molecular motions of 2 in the solid state. a) 

TD-PXRD patterns of powdered crystalline 1. The small arrow indicates a 

peak that shows a change in intensity at 380 K. b) Schematic representation of 

temperature-dependent molecular motion in the stacking column of 1. The 

white dotted line shows that the molecular orientation (the position of the three 

benzylic carbons) is retained in the crystal. 

The effect of temperature on the structure was also 

evaluated by variable-temperature powder X-ray diffraction 

analysis (VT-PXRD) (Figure 4). Although no significant peak 

shift indicating a marked change in packing structure was 

observed on heating, a sudden change in peak intensity at 

around 2 = 25°, corresponding to 202 reflection, was observed 

at 380 K (SI; Figure S6a). This temperature is almost the same 

as that for the apparent peak observed in the heat-capacity 

measurement. The structural analysis based on the simulated 

pattern generated from the single-crystal data revealed that the 

crystal plane corresponding to the diffraction peak exits to cut 

the intracolumnar interactions (SI; Figure S6b). Therefore, this 

sudden peak sharpening indicates a weakening of the 

intermolecular interactions on heating, followed by peak 

equalization resulting from much faster molecular motion. We 

also collected diffraction data for a single crystal of 1 at 413 K 

(SI; Figure S7). These diffraction data revealed a slightly larger 

cell size than that observed at 100 K, whereas all the bond 

lengths of 1 and the bowl depth were almost unchanged (SI; 

Figures S7 and S8). The cell-parameter magnification was 

reflected by increases in the intercolumnar distance (9.662 to 

9.741 Å) and the bowl-to-bowl distance (3.945 to 4.085 Å), 

indicating the presence of weaker intermolecular interactions. 

Heating also caused a magnification of the displacement 

parameters of each atom and the long-axis directions of their 

thermal ellipsoids correspond to the in-plane motion (SI; Figure 

S9). However, no apparent rotational disorder was observed. 

These results strongly suggest that the focusing molecular 

motion at high temperatures involves an in-plane motion with 

retention of specific molecular orientations, namely a 120° in-

plane pendulum fluctuation in which all the benzylic C–H and C–

F bonds continue to have the same types of interactions as 

those in the low-temperature structure (Figure 4b). Indeed, the 

intermolecular interactions in the system at 413 K as visualized 

by an energy-framework analysis using the CrystalExplorer 

program, indicated the presence of weak intercolumnar 

interactions, together with a much stronger intracolumnar 

interaction (SI; Figure S9).[24] This structural feature of 1 

supports the assumption that the intracolumnar π–π and CH–π 

interactions might be the main cause of the observed hindered 

motion. 

This was further investigated by the variable-temperature IR 

method (SI; Figure S10). Absorption data for a KBr pellet 

containing 1 placed on a purpose-built heater showed a slight 

peak broadening on heating. In addition, a distinct peak spread 

of around 1030–1200 cm−1, corresponding to a C-F stretching 

mode, showed a slight shift to a lower-wavenumber region at 

higher temperatures above 100 °C. Notably, another band at 

around 780–810 cm−1, attributable to a C–H out-of-plane 

bending mode, also similarly shifted to a lower wavenumber. 

These observations indicated that the molecular motions 

changed at about 100 °C, although the overall intermolecular 

interactions remained at higher temperatures. This assumption 

matches the discussion derived from the thermal analyses and 

TD-XRD results.  

With clear proof that 1 shows dynamic motion in the 

crystalline state on thermal activation, dielectric measurements 

were first performed on a compressed pellet of powdered 

crystalline 1 and its hexafluoro analogue 3 at several 

frequencies (SI; Figures S11 and S12). In the case of 1, both 

real (ε1) and imaginary (ε2) parts of the dielectric constant were 

enhanced at above ~360 K at 1 MHz, with a Debye-type 

dielectric relaxation (SI; Figure S11). This temperature range 

was in reasonable agreement with the other experimental 

observations. The ln(τ)–Tp1
−1 plots of 1 indicated a linear 

correlation (SI; Figure S13), where Tp1 is the dielectric ε1-peak 

and the τ-value is the relaxation time of the inverse of the 

measured f-values of τ = 1/(2πf), suggesting an activation 

energy for the thermally activated motion of 1 of Ea = 65 kJ/mol. 

However, no clear dielectric response was observed in highly 

symmetric 3 (SI; Figure S12) because of cancelation of the 

dipole along the in-plane direction. 

To obtain a more precise relationship between the molecular 

motions and the dielectric nature of 1, we subjected a large 

single crystal of 1 to dielectric measurements by the two-

electrode method (Figures 5a and SI, S14). The π-stacking 

direction of crystal 1 along the c axis (the red arrow direction in 

Figure 5a) showed no clear dielectric response (Figures 5b and 

5c) In contrast, the direction vertical to the π-stacking axis (blue 

arrow direction in Fig. 5a) showed clear ε1 and ε2 responses with 

a Debye-type dielectric relaxation, as observed in the single 

crystal of 1 (Figures 5d and 5e). The activation energy estimated 

from the Arrhenius plot of the relaxation time τ vs. Tp1
−1 was 62 

kJ/mol for the dielectric relaxation, which is almost the same 

value as that obtained for the powdered crystalline sample (SI; 

Figure S13). These experimental results were consistent with 

the induction of an anisotropic dielectric response through a 

thermally activated in-plane motion of 1. Although of course it is 

impossible to make a direct comparison with previously reported 

charge-transfer-type π-planar stacking systems, the activation 

energy that we obtained is comparable to those of π-planar  
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Figure 5. a) Schematic model of the relationship between the single-crystal 

shape of 1 and the applied electric field. b) to e) Temperature dependence of 

b), d) the real part (ε1) and c), e) the imaginary part (ε2) of the dielectric 

constant of 1 in a single-crystalline form measured at various frequencies. The 

direction of the electric field applied for b) and c): parallel to the c axis; for d) 

and e): orthogonal to the c axis.  

systems (48–56 kJ/mol) that can be described by an order–

disorder model.[4b,c] Our experimental results clearly indicate that 

the reduction of intracolumnar interactions, especially CH···π 

interactions, is an important key to the development of new 

switching materials based on sumanene through utilization of its 

in-plane motion. 

Conclusion 

In conclusion, we have designed and synthesized a new curved 

π-conjugated molecule, 1,1-difluorosumanene 1, in which two 

fluorine atoms are present on one benzylic carbon of sumanene 

2. DFT calculations showed that 1 has a larger dipole moment 

along the in-plane direction than those of unsubstituted 2 or 

symmetrical 1,1,4,4,7,7-hexafluorosumanene 3. On heating, 1 

exhibited a 120° in-plane pendulum fluctuation that did not 

cause a phase transition in the crystalline state. These unique 

thermal properties of 1 realized an anisotropic dielectric 

response with a Debye-type dielectric relaxation in the single-

crystalline state, which also indicated an in-plane motion of 1 in 

the stacking columns. These results, focusing on the in-plane 

molecular motion in the π-stacking column of a buckybowl, will 

help to provide a better understanding of the dynamics of solid-

state curved-π systems and will accelerate their application in 

functional materials. 
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1,1-difluorosumanene, which possesses two fluorine atoms on the same benzylic carbon of unsubstituted sumanene, producing a 

large dipole moment along the in-plane direction was designed and investigated. It showed a 120° in-plane pendulum motion in the 

stacking columns at above 380 K. This dynamic motion in the solid state enabled the anisotropic dielectric relaxation induced by the 
external electric field. 
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