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Abstract: Molecular motion in the solid state is typically precluded by 
the highly dense environment, and only molecules with a limited range 
of sizes show such dynamics. Here, we demonstrate the solid-state 
rotational motion of two giant molecules, i.e., triptycene and 
pentiptycene, by encapsulating a bulky N-heterocyclic carbene (NHC) 
Au(I) complex in the crystalline media. To date, triptycene is the 
largest molecule (surface area: 245 Å2; volume: 219 Å3) for which 
rotation has been reported in the solid state, with the largest rotational 
diameter among reported solid-state molecular rotors (9.5 Å). 
However, the pentiptycene rotator that is the subject of this study 
(surface area: 392 Å2; volume: 361 Å3; rotational diameter: 13.0 Å) 
surpasses this record. Single-crystal X-ray diffraction analyses of both 
the developed rotors revealed that these possess sufficient free 
volume around the rotator. The molecular motion in the solid state was 
confirmed using variable-temperature solid-state 2H spin-echo NMR 
studies. The triptycene rotor exhibited three-fold rotation, while 
temperature-dependent changes of the rotational angle were 
observed for the pentiptycene rotor. 

Introduction 

The rotational dynamics of large molecules with 
complicated three-dimensional structures such as proteins are 
ubiquitous in nature, and often play fundamental roles in living 
systems.[1-5] In artificial molecules, iptycenes, which are a class of 
aromatic compounds with arene units fused to a 
[2.2.2]bicyclooctatriene bridgehead system, have been widely 
used as key units for developing molecular motion and functional 
properties such as photo-functional, electronic, and molecular-
assembly properties. In particular, triptycene and pentiptycene 
derivatives have found a wide range of applications based on their 
unique structures, which are characterized by three-dimensionally 
fused aromatic moieties and π-rich features (Figure 1a).[6-8] 

Generally, fluid phases allow molecular dynamics to occur, while 
solid phases are considered to be least suitable for the 
mechanical motion of large molecules. The difficulties associated 

with achieving molecular motion in the solid state are mostly due 
to the densely packed environment surrounding the molecules. 
Triptycene and pentiptycene have a large surface area and 
volume due to the multiple three-dimensionally fused arylene 
units, which results in the formation of intermolecular π–π or CH–
π interactions that suppress the mechanical motion in the solid 
state (Figure 1b). However, design elements that generate 
sufficient volume around large molecules may allow for large 
angular displacements, even in the solid phase. 

In the past two decades, molecular rotational motion in the 
solid state with functional properties has been intensely 
investigated using ‘amphidynamic crystals’, which exhibit fast 
molecular rotation with highly ordered structures in the solid 
phase (Figure 1c).[9-16] Amphidynamic crystals, whose physical 
properties can be controlled by altering the molecular rotation, 
represent a critical development in solid-state functional materials, 
as well as a promising strategy to transduce molecular-level 
functions to the macroscopic scale.[11,17-26] The blueprint for such 
crystalline materials involves two bulky stators linked to the rotator 
via an axis moiety. Gyroscope-like molecular rotors, dumbbell-
shaped molecules, and porous materials such as metal–organic 
frameworks (MOFs) have been employed as the structural 
motifs.[10,12,13,15,16] In many cases, the molecular rotation has been 
achieved using phenylenes as rotators. However, the 
construction of crystalline molecular rotors that allow the rotation 
of large molecules with complex structures remains a significant 
challenge.  
When the rotator size is increased compared to the typical 
phenylene unit in such systems, a larger rotational area is 
required in the solid state. In general, large local free volumes are 
unlikely to form during the crystallization process. Thus, it is 
difficult to design a large local free volume around such large 
rotators. Furthermore, large rotators have larger contact faces 
and multiple interactions in the crystal, which are unfavorable for 
achieving molecular motion. Garcia-Garibay et al. have 
succeeded in rotating triptycene in the solid state by using a 
dumbbell-shaped molecular design with a large, bulky, and 
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convex stator (Figure 1d).[27] Additionally, MOFs that bear a ligand 
in which a triptycene moiety is centrally introduced have been 
developed, and rotary motion of the triptycene moieties has been 
observed in the solid state (Figure 1d).[28] Recently, we have 
developed a new platform for crystalline molecular rotors using a 
concave N-heterocyclic carbene (NHC) metal complex as a stator 
to encapsulate the central rotator unit.[29,30] The main advantage 
of this approach is that the rotator moiety can be shielded from 
undesired intermolecular steric hinderance in crystalline media. 

Based on this feature, we envisioned that a larger and bulkier 
NHC ligand could be used to create a large rotational volume for 
the rotation of large rotators such as pentiptycene, having a larger 
volumn and surface area than that of triptycene, in crystals. 

In order to realize this concept, we have designed the giant 
NHC–Au(I) complex molecular rotors 1 and 2 using the 1,3-
bis(2,4,6-tri(diphenylmethyl))imidazo-2-ylidene (IPr#) ligand[31] as 
the concave bulky stator with triptycene and pentiptycene rotators, 
respectively, and observed rotational motion of  these iptycene 

Figure 1. a) Comparison of the molecular size (surface, volume, and rotational diameter) of benzene, triptycene, and pentiptycene. b) Schematic illustration 
of the crystal-packing arrangement of pentiptycene. Multiple π–π and CH–π interactions are able to create form a dense crystal structure. c) Schematic 
illustration of a crystalline molecular rotor. d) Previously reported molecular rotors based on triptycene. e) Chemical structures of molecular rotors 1 and 2. 
The area enclosed by the IPr# ligand is estimated to be 11.8 ×19.5 Å2.  
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derivatives in the crystalline state (Figure 1e). The IPr# ligand was 
introduced given its sterically highly demanding structure, which 
could prevent close rotator–rotator or rotator–ligand packing. Both 
crystalline rotors were characterized using single-crystal X-ray 
diffraction, which revealed that the bulky NHC ligand allows the 
construction of a loose packing environment near the rotators. 2H 
spin-echo solid-state NMR measurements of the crystalline 
samples confirmed that rotational motion occurred in the crystals 
at temperatures above 293 K for rotor 1 and 233 K for rotor 2. 

Results and Discusson 

Giant rotors 1 and 2 were synthesized from the 
corresponding deuterated diethynyl iptycene compounds owing to 
carry out the solid-state 2H NMR measurement and IPr# Au(I) 
chloride using standard alkynation conditions (Scheme 1). Rotor 
1 was obtained in 89% yield under moderate reaction conditions, 
while the synthesis of rotor 2 required high temperature during the 
reaction to achieve 49% yield. Rotor 1 was crystallized by solvent 
diffusion from a dichloromethane solution of 1 layered with 
hexane, yielding crystal 1sol (Scheme 2). For crystallizing rotor 2, 
the vapor-diffusion method was used for a CHCl3 solution of 2 that 
was exposed to Et2O vapor. The crystallization of rotor 2 yielded 
two polymorphs (solvated and non-solvated crystals) in the same 
vial, as confirmed by single-crystal X-ray analysis (SC-XRD), 
described in Figure S1 and S2. The solvated crystal of rotor 2 
(crystal 2sol) was transformed into the non-solvated crystal 2 by 
exposing the crystal to reduced pressure (Figure S1–S3 and S8–

S12, for details, see the Supporting Information). Rotors 1 and 2 
were additionally characterized using 1H and 13C NMR 
spectroscopy, MS-EI-mass spectrometry, and elemental analysis.  

SC-XRD measurements were performed to obtain precise 
structural information for giant rotor 1, achieved by using crystal 
1sol. Rotor 1 crystallizes in the triclinic space group P21/c with four 
molecules per unit cell (Z = 4) (Table S2). Moreover, molecules of 
hexane were found in the crystal structure, with a chemical 
occupancy of 0.5 (Figure 2a). The C–C distances between the 
phenylene groups of the NHC ligand and the triptycene moiety 
varied from 3.34 Å to 3.83 Å (Figure 2b). Although one of the C–
C distance is shorter than the sum of the van-der Waals radii of 
the carbon atoms (3.4 Å), implying a potential π-π interaction, the 
remaining phenyl rings near the rotator are noticeably distanced, 
which suggests reduced steric hindrance between the NHC ligand 
and the rotor and thus a favorable packing manner for the 
molecular motion of triptycene (Figure S7). The packing 
environment around rotor 1 is shown in Figure 2c. The two phenyl 
groups highlighted in purple are close to the rotator. The distances 
between these phenylene moieties and the rotational axis of 
triptycene are approximately 5.59 and 5.91 Å, and thus longer 
than the rotational radius of triptycene (4.75 Å). This packing 
environment around the triptycene rotator indicates that the 
rotation of triptycene should be achievable. However, the 
presence of hexane near the rotator may sterically disturb the 
rotation of triptycene, even though the distance between hexane 
and the rotational center (4.86 Å) is greater than the rotational 
radius of triptycene. In order to promote the rotational motion of 
triptycene, the solvated crystal (crystal 1sol) was exposed to 

Scheme 1. Synthesis of giant rotors 1 and 2 
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reduced pressure under room temperature for 1 day in order to 
remove hexane molecules near the rotators (Scheme 2), and 
complete desolvation was confirmed using TGA analysis (Figure 
S5). The obtained PXRD pattern has several identical main peaks 
to the pattern simulated using the SC-XRD data. Moreover, a 
simulation of the PXRD pattern using the Whole Powder Pattern 
Fitting (WPPF) method revealed that the indexed crystallographic 
parameters are almost identical to the SC-XRD data of crystal 1sol 
(Figures S3–S4 and Table S1). These indicated that no phase 
transition occurred during the desolvation and the crystallinity was 
maintained. In addition, the desolvated crystalline sample showed 
no thermally triggered martensic transitions, determined by 
variable-temperature PXRD measurements and a DSC study in 
the range 200 K–350 K (Figures S3a and S6). The obtained 
results suggest that the steric environment near the triptycene 
rotator of 1 can be expected to remain constant upon changing 
the temperature. 

 

 
Figure 2. a) Structure of giant rotor 1 in crystal 1sol; b) several close C–C 
distances between the phenylene groups of the NHC moiety and triptycene. c) 
Packing geometry around the rotator; phenylene groups colored purple are 
close to the rotator. 

 
Figure 3. a) Structure of giant rotor 2 in crystal 2; the two crystallographically 
independent rotors are denoted as rotor 2a (green) and 2b (orange). b) Crystal-
packing arrangement of rotor 2. c) Selected C–C distances between the 
phenylene groups of the NHC moiety and pentiptycene. d) Packing geometry 
around rotors 2a and 2b shown with distances relative to the rotational axis of 
the central pentiptycene (Au–C bond). Phenylene groups of the NHC ligand 
near of the rotators are colored purple. 

 
An SC-XRD analysis of giant rotor 2 without solvent 

inclusion revealed two independent rotors (denoted as rotor 2a 
and 2b; shown in Figure 3 in green and orange, respectively) per 
unit cell (Z = 2), which packed in the space group P-1 (Figure 3a). 
The pentiptycene rotator is slightly bent relative to the two NHC 
units due to the flexibility of the alkyne axis. In terms of the 
molecular packing structure, rotors 2a and 2b align along the b-
axis and form columnar structures (Figure 3b). Each pentiptycene 

Scheme 2. Preparation of the crystalline samples of rotors 1 and 2 
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is separate and shows almost no interaction with any other 
pentiptycene. This result indicates that the bulky concave NHC 
ligand can be expected to prevent strong stacking between 
pentiptycene units (Figure S11 and S12). The distances between 
the rotators and the phenyl groups of the stators are shown in 
Figure 3c. For rotor 2a, some phenylene groups are very close to 
the pentiptycene moieties (indicated in pink). The distance of 
those phenylene groups from the center of triptycene is 4.18 Å, 
and the shortest distance between a phenylene and the 
pentiptycene is 3.54 Å. In fact, these two phenylene groups are 
able to prevent the dynamic motion of pentiptycene because they 
are located in the path of rotation. The molecular geometry of rotor 
2b is different from that of rotor 2a. The shortest distance from the 
rotator to a neighboring phenylene is 3.68 Å (Figure 3c), indicating 
that the steric hinderance between the phenylene of the stator and 
rotator in 2b should be less than that in 2a. The steric environment 
near the rotators is shown in Figure 3d. For rotor 2a, two phenyl 
rings of the NHC ligand of the same molecule as the rotator and 
two additional phenyl groups from neighboring molecules are 
close to the rotator; these are shown in pink and purple, 
respectively. The shortest distances between the carbon atoms of 
those units and the rotational center of the pentiptycene are 7.03 
Å (purple phenyl groups) and 4.18 Å (pink phenyl groups). The 
distance between the purple phenyl groups and the rotational 
center is slightly longer than the rotational radius of the 
pentiptycene rotator (6.50 Å), while the distances between the 
meta carbon atoms of the two phenyl rings colored in pink and the 
rotational center is shorter than the radius of the pentiptycene 

rotator. It should be noted here that the geometry of the phenyl 
groups near rotor 2a can be expected to be able to assume 
different rotational conformations, which may allow the 
pentiptycene in 2a to exhibit rotational motion (for details, see the 
Supporting Information, Figure S8 and S9). On the other hand, a 
distinct packing environment was found for rotor 2b. The distance 
between the phenylene moieties of the adjacent molecules 
colored in purple and the rotational center (4.31 Å) is shorter than 
the rotational radius of pentiptycene. This steric environment 
around the pentiptycene would prevent its rotational motion in the 
crystal. Moreover, the orientation of the phenyl rings near rotor 2b 
would preclude its rotation, because the rotation axis of the phenyl 
moiety is vertical to the rotation axis of 2b, which should suppress 
the motion of rotor 2b. Based on the crystal-structure analysis, we 
assumed that the crystal of giant rotor 2 would exhibit two different 
molecular motions corresponding to 2a and 2b. The packing 
structure of rotor 2 in the non-solvated crystal was maintained 
during varying the temperature range in 233 K–353 K, determined 
by the variable temperature PXRD measurement and DSC study 
(Figure S3b and S6) 

To investigate the molecular motion of crystalline rotors 1 
and 2, we carried out variable-temperature (VT) solid-state (SS) 
2H NMR spin-echo measurements with line shape simulations. 
This method is ideally suited for determining the dynamics of 
deuterium-enriched moieties with site-exchange rates in the 
dynamic range of ca. 103–107 s–1.[32] The key parameters for the 
rotation of the aromatic groups are the cone angles between the 
C–D bonds and the rotation axis. For rotor 1, two different 

Figure 4. a) Variable-temperature (VT) solid-state (SS) 2H NMR studies of rotor 1 in crystal 1. Experimental SS NMR spectra (black lines) and simulated 
spectra: superposition of the simulated spectra (red dashed lines), static simulated spectra derived from the α-D position (blue solid lines), simulated 
spectrum for the 3-fold 120° jump (green solid lines), and simulated spectra for the 3-fold 30° jump derived the from β-D position (yellow solid lines). b) 
Cone angles experienced by the triptycene C–D bonds at the α-positions (blue) and β-positions (red). Simulated 2H NMR spectra for (c) the α-C–D bonds 
at all exchange frequencies and (d) the β-C–D bonds assuming a 3-fold symmetric rotation: 120° jump (above) and 30° jump (below). (e) Representation 
of the molecular rotation for 3-fold 120° jump (above) and 3-fold 30° jump (below). 
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deuterium atoms would contribute to the 2H NMR spectrum: the 
deuterium atoms at the α-carbon (cone angle = 0°) and the β-
carbon (cone angle = 60°). The deuterium atoms at the α-carbon 
would not be expected to exhibit any line-shape change upon 
molecular rotation, and gave rise to a Pake pattern with two 
shoulders. In contrast, the 2H NMR signal from the deuterium 
atoms at the β-carbon exhibited a molecular-motion-dependent 
line-shape change. In the VT 2H NMR measurements of rotor 1 in 
the desovlated crystalline sample, clear changes in the line shape 
were observed during the heating process from 295 to 348 K 
(Figure 4a and S13a). Based on the line-shape simulations, the 
dynamics of triptycene seem to have a multi-component mode of 
motion with 3-fold 120° Brownian jumping and 3-site 30° jumping. 
The simulated rotational frequencies (krot) for the 3-fold 120° 
jumping were 300, 600, 900, 1200, and 1800 kHz at 273, 295, 
313, 333, and 348 K, respectively (Figure S14 and S15). 
Arrhenius plots were constructed based on the rotational 
exchange frequencies observed at each of the experimental 
temperatures for rotor 1 (Figure S16). The activation energy (Ea) 
for rotor 1 was 4.3 kcal/mol, and the preexponential factor (k0) was 
calculated to be 9.1 × 108 s–1, which is three orders of magnitude 
smaller than the theoretically expected one (5.6 × 1011 s–1).[27,28] 
The smaller experimentally obtained k0 value can be rationalized 
in terms of a correlated motion with the neighboring phenyl 
rings.[14] Although it is hard to accurately compare the rotational 
behavior between previously reported triptycene rotors and 1 due 
to potential effects that may arise from the distinct chemical 
composition, we noted that the central triptycene in crystal 1 
exhibits faster rotation with a lower Ea than that of a triptycene 
rotor with a convex stator.[27] This result suggests that the 
encapsulation strategy based on the concave NHC stator may 

efficiently facilitate the rotation of a bulky rotator in the solid state, 
e.g., in MOFs.[28] 

The spectra obtained for giant rotor 2 also exhibited clear 
line-shape changes, especially around –50 to 50 kHz from 233 to 
313 K, indicating that molecular motion of pentiptycene occurred 
in the solid state (Figure 5 and S13b). The line-shape simulations 
for the spectra of giant rotor 2 took into account the fact that the 
two crystallographically independent pentiptycenes (2a and 2b) 
are located in different packing environments (Figure 5b). The 
simulation patterns of rotor 2a assumed 2-fold site exchanges and 
applied different population-site ratios (Table 1). At lower 
temperatures, rotor 2a showed 2-fold 100° and/or 2-fold 80° 
jumping at krot values of 100–150 kHz. These 2-fold motions 
became 2-fold 90° jumping motions at 273 K, and finally, 4-fold 
90° jumping motions combined with 2-fold 90° jumping at 295 and 
313 K, with krot values of 260 and 400 kHz, respectively (Figure 
5b and S17–S18). Rotor 2b cannot fully rotate due to the strongly 
stacked phenylene, but showed small-angle motion such as 
libration. The line-shape simulation suggested that a 3-site 30° 
jump occurred from 233 to 313 K for rotor 2b with a krot value of 
300-1200 kHz (Figure 5b and S19). It should also be noted here 
that owing to the unique structure concave spaces, multiple 
metastable states can be expected to exist in the crystal, resulting 
in site exchange with different populations. These factors should 
make it difficult to predict the molecular motion of 2a in the solid 
state, and therefore, we cannot dismiss the possibility of other 
molecular motions. However, the clear line-shape change in the 
NMR spectra indicates that molecular motion of pentiptycene 
occurs in the solid state. An Arrhenius plot for rotor 2 could not be 
prepared due to the different motions that occur at each 
temperature. 

Figure 5. a) Various temperature (VT) solid-state (SS) 2H NMR studies of rotor 2 in crystal 2. Experimental SS NMR spectra (solid black lines) and simulated 
spectra: superposition of all simulated spectra (red dashed lines), and simulated spectra for rotor 2a (green and blue solid lines) and rotor 2b (yellow solid 
lines). Packing environment around the rotators and representation of the molecular rotation for b) rotor 2a and c) rotor 2b. 
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Table 1. Simulated rotational motions and their frequency (krot) for rotors 2a and 

2b at various temperatures.   

 rotor 2a rotor 2b 

T [K] green line blue line 
krot 

[kHz] 

yellow 

line 

krot 

[kHz] 

313 
2-fold 90° 

(0.8)a 
4-fold 90° 

(0.2)a 400 3-site, 30° 1200 

295 
2-fold 90° 

(0.7)a 
4-fold 90° 

(0.3)a 260 3-site, 30° 950 

273 2-fold 90° — 200 3-site, 30° 800 

253 
2-fold 100° 

(0.8)a 
2-fold 80° 

(0.2)a 150 3-site, 30° 500 

233 2-fold 100° — 100 3-site, 30° 300 

a: indicating contribution weight of the motions. 

 
 
Conclusion 

Here, we have described the first example of crystalline 
materials in which bulky iptycene derivatives (triptycene for 1, 
pentiptycene for 2) exhibit rotational dynamics in the solid state. 
Single-crystal X-ray diffraction measurements revealed that 
encapsulation by a large concave NHC ligand provides 
reasonable rotational space around the central rotator, whereby 
the formation of intermolecular interactions between the rotators 
and nearby moieties is suppressed. Variable-temperature 2H 
solid-state NMR studies suggested that multiple molecular 
motions occur in both bulky rotors between 233 K and 348 K. 
These results strongly indicate that this platform will enable further 
study and design of systems in which large and complicated 
molecular units exhibit rotational motion while retaining high 
levels of structural integrity and mobility of the molecular 
components, and greatly enhance the development of new 
functional materials based on the dynamics of large molecules in 
crystalline solids. 
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