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ABSTRACT: In crystalline solids, molecules generally have limited mobility due to their densely packed environment. However, 
structural information at the molecular level may be used to design amphidynamic crystals with rotating elements linked to rigid, 
lattice-forming parts, which may lead to molecular rotary motions and changes in conformation that determine the physical proper-
ties of the solid-state materials. Here, we report a novel design of emissive crystalline molecular rotors with a central pyrazine rota-
tor connected by implanted transition metals (Cu or Au) to a readily accessible enclosure formed by two N-heterocyclic carbenes 
(NHC) in discrete binuclear complexes. The activation energies for the rotation could be tuned by changing the implanted metal.  
Exchanging Cu to Au resulted in a ca. 4.0 kcal/mol reduction in the rotational energy barrier as a result of lower steric demand by 
elongation of the axle with the noble metal, and a stronger electronic stabilization in the rotational transition state by enhancement 
of the d–π∗ interactions between the metal centers and the pyrazine rotator. The Cu(I) rotor complex showed a greater electronic 
delocalization than the Au(I) rotor complex, causing a red-shifted solid-state emission. Molecular rotation-induced emission 
quenching was observed in both crystals.  The enclosing NHC rotors are easy to prepare, and their rotational motion should be less 
dependent on packing structures, which are often crucial for many previously documented amphidynamic molecular crystals. The 
platform from the encapsulating NHC cationic metal complexes and the metal-centered rotation-axis provide a promising scaffold 
for a novel design of crystalline molecular rotors, including manipulation of rotary dynamics and solid-state emission.   

Introduction 
Molecules in crystals are generally packed in highly dense 

close-packing environments and show limited atomic and mo-
lecular motion.  However, design elements that generate suffi-
cient volume near axially linked molecular rotators allow for 
large angular displacements, even in the solid phase (Figure 
1a).  With highly ordered structures and fast rotatory dynamics 
precisely defined at the molecular and macroscopic scales, it 
has been suggested that such "amphidynamic crystals"1-5 are a 
promising platform for the development of smart materials and 
molecular machines.2 In these systems, solid-state functions 
arise from molecular rotations and reorientations that cause 
anisotropic changes in most physical properties. Examples 
reported include materials that present useful gas adsorp-

tion/desorption3,5, semiconducting behavior6, tunable optics7-8, 
and mechanically responsive properties9-11,14, among several 
others4,12.  In a recent example, we developed a series of lumi-
nescent amphidynamic crystals where the intensity of their 
solid-state phosphorescence is correlated to time-dependent 
changes in conjugation that result from the rotational motion 
of the aromatic luminophores that are part of Au(I)-containing 
complexes13-14. Crystalline molecular rotors capable of con-
trolling physical properties by altering the molecular rotation 
represent a critical development in solid-state functional mate-
rials, as well as a promising strategy to transduce molecular-
level functions to the macroscopic scale. However, the con-
struction of new structural motifs to control rotary motions in 
solid-state remains a significant challenge. 



 

Gyroscope-like molecular rotors1,2,7,15,16, dumbbell-shaped 
molecules1,2, and porous materials such as metal-organic 
frameworks (MOFs)3,5,12,17-21 have been employed as general 
platforms of amphidynamic crystals.  Molecular gyroscopes 
possessing a functional rotator connected to an enclosing sta-
tor by triple bonds serving as the rotation axle were first pro-
posed by Garcia-Garibay et al. for constructing crystalline 
molecular rotors.1,2 This was followed by the development of 
bridged trityl-based molecular gyroscopes15 by the same 
group, metal complexes with bridgehead diphosphine cages16 

by Gladysz et al., and phenylene rotors shielded by bridging 
silyl cages7 by Setaka et al. (Figure 1a and b). All these exam-
ples were shown to have rotational motion limited by intra-
molecular steric effects with the enclosing stators.1,2 Unfortu-
nately, structural optimization in these examples has been 

limited by the inherent difficulties in the synthesis of their 
multi-bridged macrocyclic structures.  Efficient access to a 
wide range of amphidynamic crystals was shown to be possi-
ble by taking advantage of dumbbell-shaped structures with 
open topologies, as shown by the Garcia-Garibay group (Fig-
ure 1c)1,2.  In this particular design, trityl stators create a con-
vex shape around the central rotator that prevents intra-
molecular steric interactions, but inter-molecular steric shield-
ing has been shown to be largely unpredictable2.  

In contrast to gyroscope-like or dumbbell-shaped close-
packed molecular rotors, highly porous metal organic frame-
works (MOFs) can be built with molecular rotors that have 
minimal steric hindrance3,5. In the case of arylene dicabox-
ylates used both as building blocks and molecular rotators in 
zinc-oxide and paddlewheel MOF structures, electronic barri-

Figure 1. Crystalline molecular rotors built with a concave-shaped NHC group and the implantation of metals to rotation-axis. a) 
Molecular rotation and packing environment in the solid phase. b) Molecular gyroscopes constructed with a central rotator co-
axially linked by an axle to two bridging stators. c) Dumbbell shape molecular rotors possessing trityl-based stator. d) MOF-5 with 
phenyl groups acting as rotators and linkers with high rotational barriers due to the loss of π-conjugation at the transition state. e) 
MOFs with saturated rotators that cycloaliphatic feature with symmetry mismatch of rotator-stator display ultrafast rotation in the 
solid-state. f) Representation of dumbbell-shaped molecular rotor possessing trityl group as a convex-shape stator, and the newly 
designed concave-shaped NHC cationic, luminescent molecular rotors 1 and 2 with Cu(I) or Au(I) metals implanted along the rota-
tional-axis. 



 

ers to rotation are the result of changes in conjugation between 
the central phenylene rotator and the carboxylate groups that 
are coordinated to the metal center. In addition, the axial 
symmetry order of the carboxyl stator and the central-rotator 
affect the  rotational energy profile and the height of the corre-
sponding barriers. For example, a 1,4-phenylene-dicarboxylate 
rotator in MOF-5 showed relatively slow two-fold rotational 
motion due to a high electronic barrier (Ea=11.3±2 kcal/mol) 
that results from the loss of electronic conjugation at the tran-
sition state of the two-fold symmetric potential despite having 
a very low packing density and no steric hindrance in solid-
state (Figure 1d)17. By contrast, non-aromatic or cycloaliphatic 
dicarboxylates with higher rotational symmetry have no con-
jugation and display a stator-rotator symmetry mismatch that 
results in a larger number of energy minima, such that they 
can have insignificant rotational barriers (Ea<0.2 kcal/mol) 
that result in the fastest molecular rotations (~1010 Hz) report-
ed thus far in the crystalline phase, as recently demonstrated 
by Garcia-Garibay et al.21 and by Sozzani et al.22 (Figure 1e). 
The combination of a 4-fold symmetric stators and 3-fold 
symmetric bicyclo[1.1.1]pentane rotator result in 12-fold po-
tential energy profile, which allows for the rotator to reach a 
GHz rotary mobility at extremely low temperature, as detected 
by T1-solid-state NMR and muon spectroscopies at 2 K22b. 

Searching for a new structural entry for the development of 
molecular rotation in the solid-state we envisioned a semi-
enclosed, encapsulating bimetallic complex rotor with a con-
cave-shaped bulky N-heterocyclic carbene (NHC) stator, and 
an aromatic rotator co-axially coordinated to transition metals 
(Cu or Au) along the rotational axis (Figure 1f).  The bulky 
concave-shaped NHC ligands have been used to design organ-
ometallic catalysts due to their shielding effects that protect 
the metal-center during reactions while also providing them 
with steric interactions that control the stereochemistry of 
products23,24. We reasoned that the shielding feature of the 
bulky NHC groups should shield the rotator in a manner that is 
similar to that of the enclosed rotators of molecules gyro-
scopes.  At the same time, the metal-centered axle should be 
able to modulate the rotary motion by altering the steric hin-
drance and electronic interactions between the central rotator, 
the variable metal center, and the carbene carbon.  Under these 
conditions, it should be possible to tune the length of the axle 
by altering the metal atoms as they have different sizes, while 
π-back donation from their filled d orbital to the π* orbitals of 
the ligands can also be influenced by the torsional angles of 
the ligands25,26. Considering the high accessibility and struc-
tural diversity of the NHC ligands, as well as the simplicity of 
complex formation with various transition metals, we hypoth-
esize that this NHC-based design will afford a promising new 
platform for the construction of tunable amphidynamic crys-
tals (Figure 1f). 

To explore this concept, we prepared two novel Cu(I) and 
Au(I) binuclear complexes bridged by deuterated pyrazine, as 
a rotator and internal ligand, with two 1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene (IPr-NHC) groups at the 
two ends (Figure 1f).  The concave-shaped IPr-NHC ligands 
constitute the enclosing stator while the pyrazine ring with π-
accepting ability from the d orbitals of either Cu(I) or Au(I) 
metals plays the role of the central rotator.  Red and blue lu-
minescent crystals of NHC Cu(I) rotor 1 and Au(I) rotor 2, 
respectively, were obtained in good yields, and were shown to 
have the expected structures by single-crystal X-ray diffrac-
tion (XRD).  Variable temperature solid-state 2H NMR con-

firmed that the two crystals are amphidynamic with 2-fold 
rotational motion.  Arrhenius plots built with rotational fre-
quencies obtained by line shape analysis revealed activation 
energies (Ea) of 11.0 kcal/mol and 7.6 kcal/mol for crystals of 
Cu(I) rotor 1 and Au(I) rotor 2, respectively.  DFT calculations 
revealed that the lower rotational barrier in the case of the 
Au(I) rotor 2 is the result of a smaller intra-molecular steric 
repulsion between the bulky NHC ligand and pyrazine rotator 
that correlates with the elongation of the axle, and a larger 
stabilization of the transition state by greater π-back donation 
from the metal to the rotator due to the increased overlap be-
tween the d and π* orbitals. 

 
Results and Discussion 
Synthesis and Characterization. 

Cationic Cu(I) and Au(I) molecular rotors with NHC lig-
ands (1 and 2) were obtained as crystalline solids in 73% and 
68% of yield, respectively, by anion exchange from deuterated 
pyrazine, chloro[1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene]Cu(I) [IPrCu(I)Cl] or chloro[1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene]Au(I) [IPrAu(I)Cl], and 
AgSbF6 (scheme 1 and 2). Crystallizations were performed by 
solvent diffusion from DCM solutions of 1 or 2 into layered 
hexane. Crystals 1 and 2 were shown to emit red and blue 
luminescence, respectively, under UV light (λ=365 nm) at 
ambient temperature as shown in Figures 2a and 2b. Solvent 
inclusion was not observed by either single crystal XRD, or by 
thermogravimetric analysis (TGA) (Figures 2d–g and S1).  
Crystalline samples were characterized in solution by 1H and 
13C NMR spectroscopy, and in the solid-state by elemental 
analysis, TGA, and single-crystal X-ray diffraction (XRD) 
(see Supporting Information).   
Scheme 1. Synthesis of Cu(I) NHC rotor complex 1 

 
Scheme 2. Synthesis of Au(I) NHC rotor complex 2 

 
Single Crystal X-Ray Diffraction of 1 and 2. Single-

crystal XRD measurements confirmed the expected encapsu-
lating structure of the NHC Cu(I) rotor complex 1. The NHC 
Cu(I) complex 1 crystallized in the monoclinic space group 
P21/c with four molecules per unit cell (Z=4) (Table S1). Sev-
eral key structural parameters are described in Figure 2c. The 
concave-shaped IPr-NHC ligand having a cone angle of ca. 
164º, as evaluated by the Tolman cone angle definition, was 



 

coordinated to the Cu(I) atom with a distance of 1.873(2) Å 
(lM-NHC) (Figure 2c and d)23. The pyrazine rotator was coordi-
nated to the two Cu(I) metals with the same length of 1.896(2) 
Å from either pyrazine nitrogen to the Cu(I) center (lM-Py). The 
NHC carbene carbon, the Cu(I) atoms, and the pyrazine rota-
tor were slightly bent (ca. 6.0 º) but co-linearly arranged, as 
though the transition metal had been implanted into the rota-
tional axis with a total length (lM-NHC + lM-Py) of 3.769 Å (Fig-
ure 2d and S2a).  The dihedral angle θ between the NHC plane 
and the pyrazine ring was 15.5º, showing that the rotator was 
slightly rotated from the plane of the NHC (Figure 2d and e). 
The SbF6

–1 anions were positioned between the diiso-
propylbenzene substituents of the alpha and beta side of NHC 
ligands in a molecule with having a distance of 2.505 Å from 
the closest proton of the isopropyl moiety of the NHC ligand 
to the fluorine atom of the SbF6

–1 anion. Additionally, the ani-
ons have a distance of 2.917 Å from the closest fluorine atom 
of the anion to the pyrazine plane, which are relatively far-
away from the bridging pyrazine rotator as compared to that of 
mononuclear Cu(I) cationic complex bearing the NHC moiety 
and pyridine as ligands (Figure 2e and S2b)27. The observed 
geometries of anions near the Cu(I) complex 1 indicated that 
access of the anions to the central rotator was obstructed by 
the bulkiness of the NHC ligands, which provided local vol-
ume for motion of the rotator to occur. 

The crystal structure of the NHC Au(I) rotor complex 2 was 
also obtained by single-crystal XRD, and the structure was 
very similar with that of crystal 1 (Figures 2f–g and S3). The 
Au(I) complex 2 was packed in the space group P21/c, and the 
structure of the metal complex with packing manner of the 
SbF6

–1 anions was homologous to that of the Cu(I) complex 1 
(Figures 2f–g, S3b, and Table S1). Geometry parameters lM-

NHC, lM-Py, and θ of the Au(I) complex 2 showed differences 
from those of the Cu(I) complex 1. The lM-NHC and lM-Py of the 
Au(I) complex 2 were 1.95(2) Å and 2.04(1) Å, respectively, 
indicating that the length of rotational-axis (lM-NHC + lM-Py) was 
ca. 0.2 Å longer than that of the Cu(I) complex 1, reasoned by 
the larger van der Waals radius of Au than Cu atom. A larger 
dihedral angle θ was observed for the Au(I) complex 2 (20.7º) 
than that of the Cu complex 1 (15.5º, Figure 2f–g and Table 
1).  

Single-crystal XRD measurements between 195 K to 350 K, 
with four intermediate points at 250, 275, 300, and 325 K 
(Figure S4–6 and Table S1), revealed no significant structural 
changes and, similarly, differential scanning calorimetry 
(DSC) profiles in the range 195–350 K showed no significant 
peaks indicating that the crystals 1 and 2 have no thermally 
triggered phase transitions (Figure S7).  

 

 

Figure 2. Photographs of a) the Cu(I) crystal 1 and b) Au(I) 
crystal 2 taken under UV light. c) Line formula with the defi-
nition of key structural parameters. Crystal structures of d) 1 
and f) 2 with the NHC ligands shown in stick bar and pyra-
zine rotator highlighted in red. Structure view from the top of 
rotation-axis of rotor e) 1 and g) 2. 

Table 1. Key crystal structural parameters of the NHC 
rotor 1 and 2. 

samples lM-Py / Å lM-NHC / Å θ / º 

1 at 275 K 1.896(2) 1.873(2) 15.5 

1 at 350 K 1.895(2) 1.871(2) 15.1 

2 at 275 K 2.04(1) 1.95(2) 20.7 

2 at 350 K 2.04(1) 1.96(1) 20.5 
 

Characterization of Rotational Dynamics by 
Variable Temperature Solid-State 2H NMR.   
In order to investigate the rotational dynamics of the pyrazine-
d4 rotator in crystals of NHC complexes 1 and 2, we carried 
out variable temperature solid-state (SS) 2H NMR spin-echo 
measurements that were followed by line shape simulations.  It 
has been established that the method is ideally suited to deter-
mine the dynamics of deuterium-enriched moieties with site-



 

exchange rates in the dynamic range of ca. 104–107 s–1 28.  Fig-
ures 3a and b show the experimental spectra (solid black lines) 
measured in the temperature range between 340 K and 275 K.  
Simulated SS 2H NMR spectra (solid red lines) were obtained 
using a quadrupolar coupling constant (QCC) of 110 kHz, a 
cone angle of 60° formed between the rotational 1,4-axis and 
C-D bond vector of the pyrazine, a 10% or 15% static contri-
bution, and a log-Gaussian distribution of the rotational jump-
ing rates having a width σ = 0.5 with Brownian jumps of 180° 
in agreement with the crystal structures (Figure 3c and S8)28.  

 

Figure 3. Variable temperature (VT) solid-state (SS) NMR 
studies of crystals 1 and 2. Experimental SS 2H NMR spectra 
of a) the Cu(I) rotor 1 and b) the Au(I) rotor 2 represented in 
solid black line, and the simulated spectra illustrated in red 
dashed line. c) Representation of the ground and transition 
states of 2-fold rotation in solid-state. d) Arrhenius plot con-
taining error bar with evaluated energy barrier (Ea) and pre-
exponential factor (A) of pyrazine rotator dynamics in crystal 
1 and 2 described in black and blue, respectively.  

 The calculated line shapes provided a reasonable match 
with the experimental spectra, with the Cu(I) complex 1 expe-
riencing dynamics in the intermediate exchange regime as 
given by a simulated rotational frequency of 2.00 MHz at 340 
K. Further measurements at 325, 315, 300 K were simulated 
with rotational exchange frequencies (krot.) centered at 1.00, 
0.60, and 0.23 MHz, respectively (Figure 3a). By contrast, the 
spectra of Au(I) complex 2 measured at 325, 300, 290, and 
275 K were simulated with krot values centered at 12.5, 5.00, 
3.20, and 1.50 MHz, which are clearly greater than those of 
the Cu(I) complex 1. Accordingly, the Arrhenius plots con-
structed from the krot. of 1 and 2 presented a significant differ-
ence in the corresponding activation energy (Ea-Cu and Ea-Au). 
As shown in Figure 3d, the Cu(I) complex 1 showed an Ea-Cu = 
11.0 kcal/mol and a pre-experimental factor A = 2.6 x 1013 s–1.  
In contrast, results from the Au(I) rotor 2 revealed Ea-Au = 7.6 
kcal/mol and A = 1.5 x 1012 s–1.  The calculated A values for 
both compounds are consistent with the values observed for 
phenylene rotators in several dumbbell-shaped molecular ro-
tors (ca. 1010–1014 s–1)2b. We note that the line shapes of both 
complexes measured above 275 K were reasonably well char-
acterized by a simple 180° site exchange model approaching 
the fast exchange regime. 

Investigation into the Origin of Energy Difference in Ac-
tivation Barriers between Rotor 1 and 2.  In order to under-
stand the rotational dynamics of NHC Cu(I) rotor 1 and Au(I) 
rotor 2, we carried out DFT calculations using Intramolecular 
Symmetry-Adapted Perturbation Theory (I-SAPT)29 and Natu-
ral Bond Orbital (NBO) analysis30,31 to gain insights, respec-
tively, into their steric and electronic effects. As illustrated in 
Figure 4a, we considered that steric repulsion between the 
rotator and the NHC ligand should increase the energy of the 
rotational transition state while π-back donation from the filled 
d orbitals of the metal to the π* orbitals of the rotator should 
stabilize it. We hypothesized that Au(I) rotor 2 would experi-
ence a weaker steric effect and a stronger π-back donation 
than those of Cu(I) rotor 1 because of the longer length of the 
rotational axis and the relatively large size of d orbitals of the 
Au(I) atom (Figure 4a). 

To obtain geometries and energy values for the rotational 
ground and transition states (TS) we took the initial geome-
tries of both NHC bimetal cationic complexes from the crystal 
structures, followed by optimizing the positions of H atoms by 
fixing the geometries of heavy atoms using DFT calculation 
with B3LYP/6-31G level32. To avoid complication on the cal-
culations and further analysis, the counter anions were omit-
ted. The geometry-optimized ground states were calculated 
using ωB97XD/6-31G(d) for organic atoms and LanL2DZ for 
metals with all but the carbons and hydrogen atoms of the 
pyrazine rotator fixed in order to simulate the rigidity of the 
local rotator environment32. The TS for the 2-fold rotation of 
rotors 1 and 2 were obtained by the Locally Updated Planes 
(LUP) method, one of the conventional path optimization cal-
culations using the GRRM17 program33-35. The atoms on the 
NHC ligands and metals were fixed, and the calculation for 
the TS set at the same level as that used for the ground state. 

 
 



 

The calculated ground-state geometries of rotors 1 and 2 

Figure 4. DFT calculations with NBO and SAPT analysis of rotor 1 and 2. a) Illustration of qualitative trends of steric and π-back 
donation on the energies of the ground and transition state for 2-fold rotation for Cu(I) rotor 1 and Au(I) rotor 2.  Calculated energy 
diagrams and the obtained structural geometries of ground-state and TS of b) Cu(I) rotor 1 and c) Au(I) rotor 2. d) Evaluated steric 
repulsive interactions on TS for rotor 1 (left) and 2 (right) using I-SAPT analysis and the TS geometries illustrated in the space-
filling model. e) Estimated electronic interaction via π-back donation from d of metals to π* of pyrazine for rotor 1 (left) and 2 
(right). Representation of f) steric repulsion and g) π-back donation effect near the rotator as well as the difference between Cu and 
Au on the rotation-axis. 



 

were analogous to those obtained from the single crystal XRD, 
and the calculated energy barriers qualitatively matched the 
tendency observed from the 2H-SS-NMR analyses. The opti-
mized ground-state geometries of the two rotors showed that 
the pyrazine rings were slightly tilted from the NHC planes 
with dihedral angles θ of ca. 6.0–7.0º, which were ca. 10º 
smaller than those observed in the crystal structures (Figures 
4b–c and S9–10). ).  One possible difference for these geome-
try differences may be the omission of the counter anions dur-
ing the calculations. Transition state calculations indicated that 
the pyrazine rotators are orthogonal to the planes of the NHC 
(β = ca. 90º), with the greatest steric congestion occurring 
between the isopropyl groups on the ligands and the rotator 
(Figures 4b and c). The calculated energy barriers for the rota-
tions were 10.2 kcal/mol for the Cu(I) rotor 1 (ΔEcal.-Cu) and 
6.0 kcal/mol for the Au(I) rotor 2 (ΔEcal.-Au), respectively. The 
ca. 4.0 kcal/mol of higher energy barrier of the Cu(I) rotor 1 is 
consistent with the experimental activation energies deter-
mined by SS-NMR studies, although the calculated values are 

ca. 1.0 kcal/mol lower (Figures 4b and c).  We propose that 
the difference between the SS 2H NMR experiments and cal-
culations may originate from steric interactions with the SbF6

–

1anions, which were omitted in the calculations. 
As seen in the crystal structures, changing the metal from 

Cu to Au increased the length of the rotation-axis by ca. 0.2 Å, 
which is expected to cause a smaller steric effect in the case of 
Au (I) rotor 2. Steric effects quantitatively evaluated by the I-
SAPT analysis method using the TS geometries (Figure 4d 
and S13) indicated that calculated repulsive interactions in 
Cu(I) rotor 1 and Au(I) rotor 2 were 4.2 kcal/mol and 2.6 
kcal/mol, respectively (Figure 4d and Table S2).  

As shown by the NBO analysis of the transition states for 
both rotors in Figure 4e, the stabilization via the π-back dona-
tion from d orbitals of the metals to a π*orbital of the pyrazine 
rotator gives energy values of –5.2 kcal/mol for Cu(I) rotor 1 
and –7.2 kcal/mol for Au(I) rotor 2 (Figure S11–12).  Calcula-
tions indicated that the Au(I)rotor 2 has a larger d orbital as 
well as more d and π* overlap than those of the Cu(I) rotor 1. 

Figure 5. Emission and excitation spectra of the crystal a) 1 and b) 2.  Emission spectra of crystal c) 1 and d) 2 under UV (365 nm) 
irradiation as a function of temperature ranging 113-295K. Frontier molecular orbitals obtained by TD-DFT calculation of the Cu(I) 
rotor e) 1 and the Au(I) rotor f) 2 in crystals.  



 

These results suggest that stabilization via π-back donation in 
the TS can be one of the major factors for determining the 
rotational barriers, and the magnitude can be enhanced by 
changing metals on the rotation-axis from Cu to Au. To evalu-
ate the electronic stabilization on the TS geometry in a differ-
ent way, we investigated the ground and transition states for 
the rotation of model rotor complexes with less steric hin-
drance by introducing methyl groups instead of bulky 2,6-
diisopropylphenyl groups on the NHC rings (Figure S14). 
Notably, the orthogonal conformation between pyrazine and 
NHC ring goes from being the rotational transition state ge-
ometry in the bulky NHC rotors 1 and 2, to become the ground 
state in the non-sterically encumbered models of both Cu(I) 
and Au(I) rotors.  NBO analysis of these geometries indicated 
that the Au(I) rotor has 2.8 kcal/mol larger stabilization energy 
via the π-back donation than the Cu(I) rotor. This difference in 
the electronic stabilization effect for model complexes of 
Cu(I) and Au(I) have the same trend as those observed in the 
actual bulky complexes (Figure S15). The d orbitals interac-
tions with the NHC ligands were ca. 8–16 kcal/mol stronger 
than those between the metals and the pyrazine, as evaluated 
by further NBO analysis of both the actual and modeled ro-
tors. Based on these results, we interpret that the ca. 4.0 
kcal/mol lower rotational barrier of the Au(I) rotors is the re-
sult of ca. 1.6 kcal/mol of the weaker steric repulsive interac-
tions and ca. 2.0 kcal/mol of the stronger stabilization on the 
TS by the π-back donation (Figure 4a, f–g).  These analyses 
suggest that our design strategy based on the encapsulating 
NHC metal complexes does make it possible to modulate the 
stabilization effect from the π-back donation from the metals 
to the rotator.  Unfortunately, a simple numerical analysis of 
the calculated rotation barriers (ΔEcal.-Cu and ΔEcal.-Au) cannot 
be obtained from the energies derived from steric (I-SAPT) 
and π-back donating interactions (NBO) because of the differ-
ent calculation methods as well unaccounted lattice contribu-
tions (Figure S16 for details). 

Solid-State Emission Properties of Rotor 1 and 2. One of 
the most interesting observations of this work is that an ex-
tremely weak emission in solution becomes quite strong in the 
solid state.  This is a feature of many aggregation-induced 
emission systems that have been shown to display motion-
dependent excited state deactivation.  Considering that the 
time constant for emission in the solid state is in the time re-
gime for rotation, it seems likely that rotational motion may be 
involved in processes that deactivate the excited state by going 
through a conical intersection. Recently, pioneering examples 
of luminescent amphidynamic crystals have demonstrate re-
markable control of solid-state emission based on molecular 
rotation-induced emission quenching13,14,37. Also shown in 
Figures 5a–b, crystals of Cu(I) rotor 1 and Au(I) rotor 2 exhib-
ited significantly different emission, red and blue, respective-
ly, under irradiation with UV light (λex = 365 nm) at room 
temperature. As mentioned above, the emissions of 1 and 2 in 
CH2Cl2 solutions were very weak as compared to those in the 
solid-state.  Relatively high quantum yields (Φ) as 0.14 for 
crystal 1 and 0.12 for crystal 2 suggest that their emission 
properties are determined by their aggregated structures (Table 
S3 and Figure S17–19)36. Crystals of Cu(I) rotor 1 showed a 
broad emission with maximum intensity (λem.max) at 600 nm, 
and a broad excitation band with a peak (λex.max) at 380 nm 
(Figure 5a). On the other hand, crystal 2 exhibited the blue-
shifted excitation and emission spectra with shorter λex.max at 

345 nm and λem.max at 420 nm (Figure 5b). This trend was also 
documented with time-dependent (TD) DFT calculations using 
the single-crystal XRD structures of 1 and 2 at room tempera-
ture as the input for the calculations (Figure S21). The calcu-
lated excitations exhibit qualitatively good agreement with the 
measured λex.max of the excitation spectra (Figure S21), and the 
contributed molecular orbitals were identified as transitions 
from HOMO and HOMO-6 to LUMO (Figures 5e–f and Ta-
bles S4–5). The LUMOs of both rotors mainly consisted of 
orbitals on the pyrazine and partial Cu or Au metal participa-
tions, as shown in Figures 5e and f. The HOMO and HOMO-6 
of Cu(I) rotor 1 were distributed over the pyrazine and imid-
azole planes with Cu(I) atoms on the rotation-axis. In contrast, 
those orbitals in Au(I) rotor 2 were majorly localized on the 
NHC ligands and Au(I) atoms where orbitals in the pyrazine 
moiety were scarcely contributed (Figures 5e–f and Tables 
S4–5). These results of the TD-DFT calculation studies indi-
cated that photoexcitation states of both crystalline rotors can 
be characterized as ligand-to-ligand with metal charge transfer 
involvement. The more largely delocalized HOMO and 
HOMO-6 of Cu(I) rotor 1 as compared to that of the Au(I) 
rotor 2 might explain the red-shifted excitation and emission 
bands in the former. 
Crystals of Au(I) rotor 2 exhibited a significant and reversible 
emission enhancement by lowering temperature from 295 K to 
153 K (Figure 5d). An emission decay measured at room tem-
perature was fitted using a double exponential function with 
varying pre-exponentials for the short- (ca. 0.4 µs) and long-
lived components (ca. 1.0 µs), which were used to calculated a 
weighted average lifetime (τav.) of 0.87 µs (Table S3 and Fig-
ure S19), indicating the involvement of excited triplet states in 
the emission process.  We note that the rotational dynamics of 
the pyrazine rotator slowed down significantly in the same 
temperature range, and that phosphorescence occurs in a simi-
lar time scale as molecular the rotations (ca. 0.3 µs for the 
Au(I) rotor 2 at room temperature). Additionally, changes in 
the ratio of the emission intensity Imax,T/Imax,295K between 295 K 
to 113 K of crystal 2 as a function of temperature indicated 
that the greatest changes in emission intensity occur in the 
range of 295 K to 153 K, where molecular rotations are more 
greatly affected, rather than in the interval between 153 K to 
113K (Figure 5d and S20) where rotations may be much slow-
er than the time it takes for the excited state to decay.  In our 
previous luminescent Au(I)-aryl complexes with am-
phidynamic properties we showed that arylene rotations in-
duced efficient emission quenching because changes in the 
geometry of chromophore induces changes in the excited and 
ground electronic states13,14.  We suggest that the observed 
emission enhancement of Au(I) rotor 2 may also correlate with 
the suppression of molecular rotation at lower tempera-
ture13,14,37. 

The emission enhancement of crystal 1 by the lowering the 
sample temperature was also observed, and the change in the 
ratio of emission intensity Imax,T/Imax,295K between 295 K to 113 
K of crystal 1 showed a trend that is similar to that observed 
with crystal 2 (Figure 5c and S20). The weighted average life-
time for emission decay measured at room temperature was 



 

calculated to be 3.06 µs of τav from a double exponential func-
tion with components  of ca. 1.7 µs and 19.0 µs and their cor-
responding pre-exponentials (An) (Table S3). The µs scale of 
emission decay was near the pyrazine rotation time scale (ca. 
5.0 µs for the Cu(I) rotor 1), indicating that conformational 
changes via the rotation may increase the rate of a nonradia-
tive pathway, as observed in the Au(I) rotor 2. We note that a 
ca. 15 nm red shift in the emission maximum of crystal 1 ob-
served upon cooling the sample was not observable in crystals 
of 2, even though our microscope optics truncate the blue-edge 
of the spectrum. Possible reasons for the red-shifted phospho-
rescence emission of Cu(I) rotor 1 may include structural re-
laxations as a function of temperature, or to the participation 
of thermally activated delayed fluorescence (TADF) at higher 
temperatures, 38 which will require additional analysis.  

Conclusion 
We described here a novel platform of crystalline molecular 

rotors by utilizing the concave-shield of NHC groups with 
implanted transition metals (Cu or Au) on the rotation-axis. 
The crystalline rotors were constructed from bulky N-
heterocyclic carbene (NHC) ligand as an encapsulating stator, 
deuterated pyrazine as the rotator having π-accepting ability, 
and Cu(I) or Au(I) metals as a center of the axle. The designed 
encapsulating NHC rotors are easier to synthesize compared to 
previously reported enclosed gyroscopic rotors, and scarcely 
depended on the crystal structures, which are crucial features 
for an encapsulating, dumbbell type design. The rotational 
barriers were reasonably modulated by changing the metals on 
the axle, which routed from steric repulsive interactions near 
the rotator and electronic interaction on the TS via π-back 
donation from the metal to the rotator. DFT calculations re-
vealed that altering the metals from Cu to Au results in both 
the elongation of rotation-axis, reducing the steric hindrance, 
and the largely overlapped d–π* orbitals yielding stronger π-
back donation, which lower energy barrier. The difference in 
electronic delocalization between the Cu(I) and Au(I) rotors 
yielded distinct emission colors in solid-state. Both crystalline 
rotors exhibited emission lifetimes on the µs time scale, which 
could be quenched by the molecular rotations occurring near 
the time scale. A broad library of NHC ligands including 
bulky structures have already been developed with the aim at 
controlling steric and electronic effects near the metal-center 
space. Thus, many NHC metal complex-based molecular ro-
tors can be developed to demonstrate a similarly broad range 
of rotational dynamics and fine-control of rotational barriers in 
solid-state. Our results reveal a general way to use these abun-
dant ligands as functional stators and the metal-ligand coordi-
nation bonds as an adjustable rotation-axis for amphidynamic 
crystals. This platform will enable the further study on these 
exotic materials, which have both high structural integrity and 
high mobility of the molecular components, and greatly en-
hance the development of new functional materials based on 
the molecular dynamics change in the static crystalline solid. 
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