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Abstract 

Light-Emitting Molecular Gear:  

Photophysical Consequences of Correlated Bond-Rotating 

Motions 

 

Sungmoon Ji 

Department of Chemistry 

The Graduate School 

Seoul National University 

 

Intramolecular motions in the excited state can elicit significant changes in the 

photophysics of luminescent molecular systems, such as quantum yield and 

emission wavelength. Such excited-state structural dynamics continue to attract 

extensive interest for the design of light-emitting molecular rotors. Mechanical 

movements, such as shuttling and gearing, are usually observed in the electronic 

ground-state of artificial nanoscale machinery. However, attempts to  
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derandomize excited-state bond-rotating motions into large-scale mechanical 

movements have rarely been made, which raises the question of what effects the 

mechanical motion might have on the photophysics of luminescent molecules. This 

thesis discloses photophysical consequences of gearwheel-like correlated rotatory 

motions occurring in the excited states.  

A sterically overcrowded polyheteroaromatic molecule is prepared by installing six 

propeller-like iptycenyl fragments around a three-fold symmetric core. Constructed 

with 25 aryl rings, this molecule has only six rotatable bonds, the correlated 

torsional motions of which translates to exceptionally large ( = 255 nm) Stokes 

shift in the fluorescence emission, along with unusual thermo-optical behavior. 

Through tight van der Waals contacts between symmetrically-disposed non-

collapsible rotor units, this new class of molecular gear derandomizes excited-state 

motions into large-scale mechanical movements. The mode of operation and its 

photophysical consequence were investigated by a combination of X-ray 

crystallographic, spectroscopic, and DFT computational studies. 

Keyworkds: Molecular gear, Correlated bond-rotating motion, Stokes shift  

Student Number: 2019-22212 
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Ⅰ. Introduction 

Molecular motions in the excited state can profoundly impact photophysics of 

light-emitting molecular systems. For examples, dynamical fluctuations involving 

bond rotations and vibrations facilitate non-radiative decay, rendering the 

molecules non-luminescent.1,2 On the other hand, in the twisted intramolecular 

charge-transfer (TICT) or planarized intramolecular charge-transfer (PLICT) 

mechanism, torsional motion around a single bond can mediate a large geometric 

relaxation from the initial Franck-Condon (FC) state to the emissive state, thereby 

producing large spectral shifts between excitation and emission.3,4 Utilizing such 

excited-state molecular motions continue to attract extensive interest in the design 

of advanced light-emitting molecular rotors in biological viscosity sensors, cellular 

imaging, and electroluminescent devices.5–7  

Mechanical movements, such as shuttling and gearing motions, have usually 

been observed in the electronic ground state of artificial molecular machine.8,9 

However, such mechanical movements have been rarely explored in the 

photoexcited states. In this context, there is still no definitive answer as to the 

question of what effects the excited-state mechanical movements can have on the 
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photophysical properties of light-emitting molecular systems. 

How can we make the random excited-state molecular motions into correlated 

machine-like movements? To overcome random thermal motions, an architectural 

design that can restrict the degree of freedom is needed.8,9 Typical architectures are 

mechanically interlocked or sterically crowded systems, which can restrict the 

translational/rotational freedom to enable molecular-level shuttling 10,11 and 

gearing movements.12,13 In a previous study, shuttling motions could be 

implemented with a mechanically interlocked system that restricts translational 

freedom of the macrocycle in the photoexcited states to produce fluorescence 

emission with significant spectral shift.14 In this work, we exploited a sterically 

congested system that can effectively restrict the freedom of intramolecular bond 

twisting/rotating motions. Within an overcrowded platform, the twisting/rotating 

motion of juxtaposed yet unconnected chemical bonds can be correlated to each 

other like a macroscopic mechanical gear. The steric interdependence enables 

multiple single-bonds to twist/rotate simultaneously, thereby producing large 

conformational changes. A significant geometric relaxation following initial 

photoexcitation makes the energy gap between the ground- and excited-state 

narrower, which results in a large spectral shift between excitation and emission.15–
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18 The large spectral shift can minimize the inner-filter effect, which is an important 

consideration in fluorophore design.19,20 To implement this concept, we designed a 

propeller-shaped extended π-conjugation having symmetrically disposed gear-like 

moving parts (Figure 1). The rotating motions of juxtaposed yet unconnected 

chemical bonds are correlated by tight van der Waals contacts. Such gear-like 

motions can amplify local structural distortions into global conformational changes. 

Many artificial gears have been designed to mimic macroscopic mechanical 

motions at the molecular scale (Figure 1). In most systems, interdependent bond-

rotating motions are observed at the electronic ground state. 

 In this work, we investigated the photophysical properties of a previously 

unknown class of molecular gear that operates in the excited state. A sterically 

overcrowded G6 was conceived, which brings six triazoliptycene (G1) rotors 

around a C3-symmetric hexaazatrinaphthylene (HATNA) core (Figure 1). The 

mechanically coupled system (G6) displays an exceptionally large Stokes shift, the 

underlying molecular mechanism of which was investigated by a combination of 

X-ray crystallographic, spectroscopic, and DFT computational studies. We found 

that mechanically coupled molecular motions play a critical functional role in 

producing large conformational changes in the excited-states.  
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Figure 1. Design of hexaiptycenyl molecular gear. 
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Ⅱ.  Design Principles 

To transmit local molecular motions to large-scale conformational changes, it is 

necessary to minimize the number of rotating bonds to suppress uncorrelated 

motions of structurally rigid building blocks. Polyaromatic systems having rigid 

ring-fused skeletons can support bulky peripheral groups undergoing restricted 

torsional motions. The non-covalent intramolecular interactions between these 

units can be reinforced by the molecular symmetry. We have previously 

demonstrated the correlated movements of rotating fragments in C3-symmetric 

molecular settings built around hydrogen bond-assisted pseudo polyaromatic 

cores.21,22 To further restrict torsional freedom while still exploiting symmetrically 

disposed and interdependent non-covalent intramolecular contacts, we exploited a 

C3-symmetric polyheteroaromatic core as a stator and installed six rigid rotor 

components around it to enforce gear-like mechanical motions between adjacent 

units (Figure 1). 

Bulky three-dimensional rotors exert significant steric constraint to twist the 

polyaromatic core away from planarity (Figure 1). As the rotor component of G6, 

we chose triptycene motif. The propeller-shaped triptycene scaffolds have been 
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widely utilized as molecular rotors by extending rotatable axles from the 

bridgehead positons.12,13 The three-toothed blades can rotate just like a 

macroscopic gear. In our design, we took a different approach of utilizing one of 

the iptycene blades to install rotating axis. As shown in figure 1, triazoliptycene 

(G1) is a heteroaromatic derivative of the privileged triptycene structure.23 This 

pre-built propeller motif can readily be installed on to various aromatics via 

efficient C–N cross-coupling reactions.24 The axis of rotation resides at the vertex 

of the pentagonal triazole ring to furnish a C2-symmetric two-toothed rotor moving 

around a C–N single bond (Figure 1), which is different from C3-symmetric three-

toothed rotor of typical iptycene-based molecular gears. Moreover, mechanical 

motions occurring at the iptycene blades can be transmitted directly to the triazole 

fluorophore unit of G1. 

With these design principles in mind, we built an overcrowded 

polyheteroaromatic molecule G6 (Figure 1). Tight van der Waals contacts between 

symmetrically disposed rotors enforce unidirectional tilting of the gear units, the 

conformational interdependence of which drive large-scale geometric relaxation. 

Constructed with 25 aryl rings, G6 has only six rotatable bonds, which undergo 

correlated gear-like motions in the excited-state to produce an exceptionally large 
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Stokes shift, the underlying molecular mechanism of which is discussed in the 

following sections.  
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Ⅲ. RESULTS AND DISCUSSION 

Ⅲ.1. Synthesis and structural characterization 

A preliminary computational modeling of G6 suggested that severe steric 

congestions between neighboring G1 units would significantly distort polycyclic 

core out of planarity. It thus appeared difficult to install all six G1 units around the 

C3-symmetric core. We thus devised a stepwise route by preparing the G1-

substituted precursor first, and subject it to a triple condensation reaction with 

hexaketocyclohexane at the final step (Scheme 1).  

Using Pd-catalyzed C–N cross-coupling reactions, two G1 units were installed 

at the 4- and 7- position of the benzothiadiazole ring to furnish 1 in good yield 

(85 %). A cobalt-catalyzed reduction reaction with NaBH4 furnished 2 (yield = 

81 %), which was condensed with glyoxal to afford G2 (yield = 65 %). Under 

similar acidic conditions, we attempted to make six imine bonds by reacting 4 equiv 

of 2 with hexaketocyclohexane. The simple 1H NMR spectral pattern of the isolated 

product (yield = 60 %) suggested the formation of a highly symmetric structure, 

the chemical structure was unambiguously established by single-crystal X-ray 

diffraction (SC-XRD) study (Figure 3). Despite severe steric constraints, sextuple 
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Schiff base condensation reactions between 2 and hexaketocyclohexane furnished 

the desired compound with six G1 fragments surrounding the 

hexaazatrinaphthylene (HATNA) core. 

 

 

Scheme 1. Synthesis of G6 and G2 using iptycenylated diaminobenzene 2 as a 

common building block. 
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Ⅲ.2. Gear-like rotatory motions: Solid-state structure and solution dynamics. 

As shown in the X-ray structure (Figure 2), bulky propeller structures surround 

the HATNA core of G6. As judged by dihedral angles between phenyl ring (Ph) 

planes surrounding the six-membered ring core (Figure 2), G6 features the most 

twisted HATNA so far prepared. The dihedral angles are up to 59.7(1)°. Such a 

remarkable deviation from the coplanarity reflects the severe steric crowding 

between neighboring G1 groups (Figure 2). The X-ray structure of G6 (Figure 2) 

allowed us to observe different modes of gearing, by which neighboring blades of 

G1 rotors engage with each other in the sterically overcrowded environment.  

As shown in Figure 3, blades at each G1···G1 contacts consistently adopt 

essentially orthogonal special relationship to each other. To aid quantitative 

understanding of this interdigitated conformation, dihedral angles between the 

neighboring triazole ring (Tz) planes at the G1···G1 contacts are measured (Figure 

3). Although each of the six G1 fragments can twist independently around the C–

N bonds, the dihedral angles are distributed within a narrow range (𝜃Tz-Tz = 55.4(1)°, 

56.7(1)°, 61.6(1)°, Figure 3), reflecting the limited conformational freedom of the 

six iptycenyl blades that are subjected to tight steric interactions. Close van der 
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Waals contacts between G1 units enforce unidirectional twisting of the HATNA 

core to accommodate alternating “up” and “down” positioning of six G1 units 

around the C3-axis (Figure 2). This structural property implies that the 

symmetrically disposed fragments within G6 have conformational 

interdependence with each other, so that C–N bond rotations of the G1 rotors can 

be amplified into global conformation changes of the entire molecule. 

 

 

Figure 2. Solid-state structure of G6. ORTEP diagrams with thermal ellipsoids at 

the 50% probability level (left; hydrogen atoms have been omitted for clarity) and 

space-filling model (right). Deviation of the HATNA core (denoted with a dotted 
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circle) from the idealized plane is quantified by the interplanar angles between 

adjacent quinoxaline benzene rings (gray shaded; Qx···Qx). 

 

 

Figure 3. Solid-state structure of G6. Capped-stick representation viewed along 

three pseudo C2-axes perpendicular to the central C3-axis, with the G1···G1 

contacts highlighted by overlaid vdW surfaces. The angular relationship is 

quantified as the interplanar angle (Tz···Tz) between adjacent triazole rings (blue 

shaded in Figure 2).   
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The gear-like arrangement of the G1 blades within G6 (Figure 3) prompted us to 

investigate the solution dynamics by 1H-NMR spectroscopy. Large steric barrier 

could suppress the rotational motion of G1 units in G6 to produce inequivalent 

magnetic environment for the iptycenyl ring protons that point toward (H1 and H2, 

Figure 4) vs away from (H1’ and H2’, Figure 4) the neighboring G1 blade. However, 

the 1H-NMR spectrum of G6 in dichloromethane at T = 298 K showed a simple 

spectral pattern suggesting high molecular symmetry resulting from rapid bond-

rotating motions of G1 units at the NMR timescale (Figure 4a). 

Compared with the spectrum of G2 (Figure 4a), the G1 proton resonances of G6 

(protons H1 and H2) are up-field shifted from those of G2 (∆δproton = 0.15–0.29 ppm) 

due to the shielding effects of adjacent aromatic rings. The magnitude of aromatic 

shielding is also commensurate with the spatial proximity of the iptycenyl benzene 

rings. A systematic increase in the ∆δ values is observed along H3 → H2 → H1, as 

the proton is located deeper inside the G1···G1 contact. 
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Figure 4. (a) 1H-NMR spectra of G6 and G2 in CD2Cl2 at T = 298 K. (b) X-ray 

structure of G6 showing the close positioning of iptycene protons subjected to 

aromatic shielding. (c) Schematic representation of gearwheel-like correlated 

rotatory motions of interlocked iptycene blades, and the X-ray crystal structure of 

G6.  

 

To further investigate the solution dynamics of G6, we carried out variable 

temperature (VT) 1H NMR studies in CD2Cl2 at T = 233–298 K. Upon lowering 

the temperature (Figure 5), the proton resonances of G1 undergo gradual 
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broadening. In contrast, the sharp and well-resolved NMR spectra of G2 remained 

essentially invariant even at low temperature (Figure 6). The temperature-

dependent magnetic exchange of G6 reflects the thermal barrier of the gearwheel-

like motion (Figure 4c), which most heavily impacts the “inner” protons H1 and H2 

showing significant broadening upon lowering temperature, which reflects 

considerably different magnetic environment of the each side of G1s depending on 

their proximity to the adjacent aromatic rings at the slow conformational exchange. 

The outermost proton H3 is little shielded by interlocking (Figure 4b), and less 

sensitive to site exchange, thus remaining well-resolved even at low temperature 

(Figure 5). As shown in Figure 5, these resonances begin to broaden at different 

temperatures, but without clear signs of coalescence, thus making it less than 

straightforward to estimate the rotation energy barrier of the gearwheel motion. 
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Figure 5. Variable-temperature (VT) 1H NMR spectra of G6 in CD2Cl2 at T = 233–

298 K. 

 
Figure 6. Variable-temperature (VT) 1H NMR spectra of G2 in CD2Cl2 at T = 233–

298 K. 
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Ⅲ.3. Photophysical properties of the light-emitting gear 

The UV–vis spectrum of G6 has absorption bands at λmax, abs = 290 nm and 370 

nm, along with shoulder at around λ ≈ 450 nm (Figure 7a). The local site model G2 

has the main absorption band at λmax, exc = 370 nm (Figure 7b). Considering the 

absence of absorption band at λ = 450 nm in the UV–vis spectrum of G2, the weak 

shoulder peak of G6 seems to arise from the π-conjugated HATNA core. As shown 

in the normalized UV–vis spectra (Figure 8a), the electronic excitations of G6 and 

G2 at λmax, abs = 370 nm are essentially superimposable. Furthermore, the molar 

absorptivity of G6 at λ ≈ 370 nm is approximately three times that of G2 (ƐG6, 370nm 

= 3.6 × 104 M–1 cm–1, ƐG2, 370 nm = 1.1 × 104 M–1 cm–1), suggesting that electronic 

absorption of G6 originates predominantly from three G2 units that are covalently 

linked through C–C bonds yet behave as electronically decoupled light-absorbing 

units.  

Unlike the similar absorption (Figure 8a), however, the fluorescence behaviors 

of G6 and G2 are strikingly different (Figure 8b). Compound G6 exhibits 

remarkably red-shifted emission at λmax, em = 655 nm with an unusually large Stokes 

shift (Δν = 11 800 cm-1) relative to the local site G2 displaying green fluorescence 
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at λmax, em = 505 nm (with Δν = 7 230 cm-1) in dichloromethane solution. Both 

molecules emit fluorescence at different wavelengths depending on the polarity of 

solvents, indicating the involvement of intramolecular charge-transfer (ICT)-type 

transition (Figure 9). The excitation spectra (Figure 8b) support the notion that the 

red emission of G6 originates mainly from the excited states accessible by the G2 

fragments. After photoexcitation, however, the chromophores seem to take 

different de-excitation pathways to display strikingly different energy windows of 

emission. The excitation spectrum of G6 suggests that the absorption at λmax, exc = 

370 nm is predominantly responsible for the emission at λmax, em = 655 nm (Figure 

8b). 

 

Figure 7. UV–vis absorption spectra of (a) G6 and (b) G2 in dichloromethane T = 

298 K. 
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Figure 8. (a) Normalized UV–vis absorption and (b) fluorescence emission (λexc = 

370 nm), and excitation spectra of G6(red) and G2(green). 

 

 

Figure 9. (a) Normalized fluorescence spectra of (a) G6 (λexc = 370 nm), (b) G2 

(λexc = 370 nm) obtained at T = 298 K in different solvents. 
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Ⅲ.4. DFT computational studies to understand the photophysical properties  

To find the origin of the radiative channels responsible for the unusual large 

Stokes shift of G6, the local site G2 was subjected to density functional theory 

(DFT) and time-dependent DFT (TD-DFT) computational studies at the B3LYP/6-

31G(d,p) level of theory. As shown in Figure 10, two dipole-allowed vertical 

excitations are mainly allowed for G2, which is in agreement with the UV–vis 

spectrum (Figure 7b). The calculated absorptions occur at λ = 291 nm (oscillator 

strength  f = 0.986) and 413 nm (oscillator strength  f = 0.442), which are red-

shifted compared with the experimental values of λmax, abs = 260 and 370 nm. After 

vertical excitation, large structural changes occur upon relaxation from S1,FC to  

S1, min. 

 

 The most prominent changes involve the dihedral angles between the triazole 

(Tz) and the quinoxaline (Qx) rings. At the energy-minimized ground state 

geometry, both triazole planes are highly twisted away from coplanarity with plane 

with dihedral angles of 45.67° and 45.69° (Figure 10). This computational 

prediction corroborates with the crystal structure of G2 having large dihedral 

angles of 48.35(14)° and 35.69(11)° (Figure 11a). As shown in the molecular 
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electrostatic potential (MEP) map (Figure 11b), a large electrostatic repulsion 

between the nitrogen lone pair electrons of triazole and quinoxaline rings is 

relieved by adopting the twisted conformation. At the S1,min geometry, however, the 

three rings are brought closer to coplanarity with dihedral angles of 28.34° and 

28.36° (Figure 10). This geometry relaxation at the S1 potential energy surface 

entails rotatory motions around the C–N bond. The result suggest that the G1 units 

of G2 rotate by a large (≈18°) angle in excited state, in a manner reminiscent of 

PLICT-type fluorophores. This large conformational twisting translates to 

significant changes in the frontier molecular orbital energy levels. Compared with 

the S0 geometry, the LUMO of S1,min is stabilized by 0.18 eV, while the HOMO 

energy level is raised by as much as 0.44 eV (Figure 10). Consequently, the 

emission is predicted to occur at a longer wavelength of λ = 512 nm, which is in 

good agreement with the fluorescence spectrum of G2 with λmax, em = 505 nm in 

CH2Cl2. Rotation of the G1 units in the excited state is thus responsible for a largely 

red-shifted emission (Figure 10). 
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Figure 10. TD-DFT calculations at the B3LYP/6-31G(d,p) level of theory on the 

excitation and de-excitation of G2. Schematic energy level diagram of the energy-

minimized ground state (S0) and excited-state (S1,min) geometries involved in the 

vertical excitation and emission. θTz-Qx denotes the dihedral angle between triazole 

ring (yellow) and quinoxaline ring at each geometries. Dichloromethane was used 

as the solvent (PCM model). 
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Figure 11. (a) ORTEP diagrams of G2 with thermal ellipsoids at the 50% 

probability level, (b) Molecular electrostatic potential (MEP) maps of G2 

calculated at the B3LYP/6-31G(d,p) level of theory. The circled region (in black) 

denotes electrostatic repulsion between nitrogen lone-pair electrons of adjacent Tz 

and Qx rings.  

 

Ⅲ.5. Gear-like motions as the origin of large Stokes shift 

What could be the origin of the exceptionally large Stokes shift of G6? We 

propose that the unusually large Stokes shift of G6 originates from the gear-like 

motion. As in the G2, if G1 blades of G6 rotate during the relaxation from S1,FC to 

S1,min, the gear-like motions would occur in the excited state due to the tightly 



24 

 

interlocked nature of the neighboring blades. Such interdependency should amplify 

the structural changes to significantly shift the nuclear coordinates, thereby 

reducing the energy gap between the S0 and S1 states. Due to the steric hindrance 

between the neighboring G1 blades, this rotational relaxation process needs to 

overcome a thermal energy barrier, which is hinted by the VT-1H NMR 

spectroscopic studies. To test the feasibility of this mechanistic model, we 

proceeded to investigate the photophysical properties under the condition that 

either accelerate or suppress intramolecular bond rotational motions. 

To confirm whether the intramolecular bond rotations are involved in the large 

Stokes shift, we carried out temperature-dependent fluorescence measurements in 

EtOAc. As shown in Figure 12, G6 and G2 display strikingly different fluorescence 

behavior with increasing temperature from 298 K to 333 K. As anticipated, the 

fluorescence intensity of G2 is decreased with increasing temperature (Figure 12), 

which is consistent with opening of the non-radiative thermal decay channels 

through bond rotating motions. Upon similar conditions, however, the fluorescence 

quantum yield of G6 is increased at higher temperature (Figure 12). Such an 

unusual behavior was observed consistently across different solvents (THF, CH2Cl2, 

EtOAc, and CHCl3) having varying polarity and functional groups, thus ruling out 
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the possibility of specific interactions with the solvent molecules. The involvement 

of thermally activated delayed fluorescence (TADF)-type process via reverse 

intersystem crossing is also less likely. The lifetime of TADF is usually on the 

microsecond scale, whereas G6 has τ1/2 = 4.0 ns, which is comparable to that of G2 

(τ1/2 = 6.7 ns) displaying “normal” temperature dependence (Figure 13). 

The unusual fluorescence phenomenon is consistent with the proposed 

mechanistic model. At high temperatures, the gearwheel-like intramolecular 

motions would be more thermally activated, thereby promoting the non-radiative 

relaxation process to the lower-lying emissive state that produces significantly red-

shifted emission. However, at the same time, the multiple bond-rotating motions 

will also contribute to the non-radiative thermal decay. As a result, the red-shifted 

emission is enhanced to a small extent at high temperatures. On the contrary, the 

emission intensity of G2 drastically reduced at high temperatures because they only 

undergo the non-radiative thermal decay. 
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Figure 12. Temperature-dependent changes in the fluorescence quantum yields of 

G2 (green) and G6 (red) in EtOAc. 

 

 

Figure 13. Time-correlated single photon counting (TCSPC) spectra of G6 (red) 

and G2 (green) in dichloromethane solution at T = 298 K. 
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To investigate the effects of surrounding matrix on the dynamics of molecular 

gearing motions, we measured the emission of G6 dispersed in a rigid polymer 

matrix. A sample of G6 (0.1 wt %) in PMMA (poly(methyl methacrylate) was 

prepared by a CH2Cl2 solution mixture on to a quartz substrate. Compared with the 

solution state, the thin film of G6 in PMMA exhibited a significantly blue-shifted 

(∆λ=75 nm) emission (Figure 14b) with an enhanced fluorescence quantum yield 

(ФPMMA = 15 %; ФDCM = 2 %). The results are consistent with our mechanistic 

model.. In the solution state that allows free bond-rotating motions, large structural 

changes could occur during the relaxation process from S1,FC to S1,min, resulting in 

the red-shifted emission (λmax, DCM = 655 nm). At the same time, non-radiative 

decay processes would be facilitated by thermal de-excitation with bond-rotating 

motions to diminish the fluorescence quantum yield. In the polymer matrix 

suppressing internal rotations bond, however, large structural changes are not 

allowed during the relaxation process. As a consequence, the radiative pathway 

producing the large Stokes shift is effectively blocked. With the bond-rotating 

motions frozen out, non-radiative decay is also suppressed, so that G6 takes a new 

radiative pathway to display a significantly blue-shifted emission with a higher 

quantum yield. A similar behavior was observed for G2 trapped within PMMA film 
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(Figure 14a), albeit with smaller blue-shift (∆λ= 35 nm). Due to the involvement 

of charge-transfer (CT) type transitions, the emissions of both compounds also 

change depending on the local environment of the medium (Figure 9). But G6 

showed a larger energy difference (∆ EPMMA – Solution) in various solutions (THF, 

EtOAC, CH2Cl2) than G2 (Table 1). The large Stokes shift is clearly related to the 

intramolecular rotations that induce the large structural change. 

 

 

 

Figure 14. Fluorescence spectra of (a) G2 and (b) G6 in dichloromethane solution 

(red, solid line) and 0.1 wt % doped PMMA film (blue, solid line) 
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Table 1. Relative energy differences between emissions at maximum intensity in 

THF, EtOAc, and CH2Cl2 solutions versus in PMMA. 

 

 

 

 

 

 

 

 

∆EPMMA – Solution (cm –1) THF EtOAc CH2Cl2 

G6 1 490 1 240 1 970 

G2 868 658 1 470 
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Ⅳ. Conclusion 

As a novel approach to design unusual photophysical properties, correlated bond-

rotating motions of individual light-emitting rotors were exploited. A 

symmetrically interdigitated arrangement of structurally rigid subunits amplifies 

the local movement of rotors to global conformational changes. The overcrowded 

molecular structure enforces tight van der Waals contacts between symmetrically 

disposed rotor units, thereby maximizing their mechanical interdependence. Unlike 

conventional molecular machines, this propeller-shaped molecular gear operates in 

the excited states to produce a large difference in the excitation and emission energy 

as a large Stokes shift (Δν = 11 800 cm-1). Comparative spectroscopic studies with 

the local site G2 helped elucidate the critical functional role of mechanical 

interdependence of individual fluorogenic units that produce large conformational 

changes in the excited-states. Efforts are currently underway in our laboratory to 

expand the scope of this concept by structure elaboration of light-emitting rotor 

units to effectively transduce mechanical motions to optical motions signaling 

event.  
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Experimental Section 

General Considerations. All reagents were obtained from commercial suppliers 

and used as received unless otherwise noted. Toluene used for synthesis of 1 was 

saturated with nitrogen and purified by passage through activated Al2O3 column 

under nitrogen (Innovative Technology SPS PureSolv MD4). The compound G1 

was synthesized according to the previously reported procedure.1 All air-sensitive 

manipulations were carried out under argon atmosphere by standard Schlenk-line 

techniques. Spectroscopic grade solvents were used for UV–vis and fluorescence 

measurements. 

 

Physical Measurements. 1H NMR and 13C NMR spectra were recorded on a 850 

MHz Bruker Avance III HD spectrometer, a 500 MHZ Varian/Oxford As-500 

spectrometer, and a 400 MHZ Agilent 400-MR DD2 Magnetic Resonance System. 

Variable-temperature (VT) 1H NMR spectra were recorded on a 500 MHZ Bruker 

Avance III spectrometer. Chemical shifts were referenced to the residual solvent 

peaks.2 High-resolution electrospray ionization (ESI) mass spectra were obtained 

on an ESI-Q-TOF mass spectrometer (Compact, Bruker Daltonics Inc). High-
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resolution fast atom bombardment (FAB) mass spectra were obtained on a JMS-

700 (JEOL, Japan) spectrometer. FT-IR spectra were recorded on a PerkinElmer 

Spectrum Two N FT-NIR Spectrometer. Electronic absorption spectra were 

recorded on an Agilent 8453 UV–vis spectrophotometer with ChemStation 

software. Fluorescence spectra were recorded on a Photon Technology 

International QuantaMaster 400 Spectrofluorometer with FelixGXsoftware. 

Quantum yields were determined by using an integrating sphere attached to the 

instrument. Time-resolved photoluminescence (PL) decay measurements were 

made on an Edinburgh FLS-920. 

 

Computational Studies. All calculations were carried out with Gaussian '09 

Revision E.01 software.3 Ground-state geometry optimization of G2 was carried 

out by using B3LYP density functional with 6-31G(d,p) basis set. Excited-state 

geometry optimization of G2 was carried out by using time-dependent DFT (TD-

DFT) functional with 6-31G(d,p) basis set. The energy gap between the S0 ground 

state and the S1 excited state (i.e., excitation energy) was calculated by using TD-

DFT functional with 6-31 G(d,p) basis set on the optimized S0 state geometry (for 

absorption) and the S1 geometry (for fluorescence), respectively. In all calculations, 
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solvent (CH2Cl2) was considered as a polarizable continuum method (PCM). 

 

4-((9s,10s)-9,10-Dihydro-9,10-[4,5]epitriazoloanthracen-13-yl)-7-(9,10-

dihydro-9,10-[4,5]epitriazoloanthracen-13-yl)benzo[c][1,2,5]thiadiazole (1). 

A 4-mL shell vial was charged with Pd2(dba)3 (13 mg, 0.014 mmol) and 

Me4tBuXPhos (16 mg, 0.033 mmol) in the glovebox under argon atmosphere. Dry 

toluene (1.6 mL) was delivered via syringe. The resulting mixture was heated at 

120 ℃ for 5 min. A 4-mL vial was loaded with G1 (242 mg, 0.987 mmol), 4,7-

dibromobenzo[c]-1,2,5-thiadiazole (102 mg, 0.347 mmol), K3PO4 (387 mg, 1.82 

mmol). The reaction mixture was heated at 120 ℃ for 2.5 h under argon atmosphere. 

The reaction mixture was cooled to r.t., washed with water (3 × 20 mL), dried 

over anhyd MgSO4, filtered, and concentrated under reduced pressure. Flash 

column chromatography on SiO2 (with CH2Cl2 eluent) furnished 1 as a yellow solid 

(183 mg, 0.294 mmol, yield = 85 %). 1H NMR (500 MHz, CD2Cl2, 298 K): δ 7.98 

(s, 2H), 7.49 (m, 8H), 7.09 (m, 8H), 5.70 (s, 4H).13C NMR (214 MHz, CD2Cl2, 298 

K): δ 158.28, 148.50, 144.79, 130.75, 126.48, 124.97, 120.29, 46.95. FT-IR (ATR, 

cm–1): 3016, 2921, 1735, 1610, 1519, 1487, 1456, 1419, 1307, 1264, 1196, 1150, 
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1084, 1021, 965, 934, 912, 862, 786, 701, 635, 621. HRMS (ESI) calcd. for 

C38H22N8S [M + Na]+ 645.1586, found 645.1582.  

 

3-((9s,10s)-9,10-Dihydro-9,10-[4,5]epitriazoloanthracen-13-yl)-6-(9,10-

dihydro-9,10-[4,5]epitriazoloanthracen-13-yl)benzene-1,2-diamine (2). 

In an oven-dried 50 mL round-bottom flask, a mixture of 1 (161 mg, 0.259 mmol) 

and CoCl2·6H2O (35 mg, 0.15 mmol) was suspended in 8.5 mL of absolute EtOH 

at 0 ℃. A portion of sodium borohydride (181 mg, 4.78 mmol) was delivered in 

several portions. The reaction mixture was heated at reflux for 2.5 h, cooled to r.t., 

and filtered through Celite. The filter cake was washed with dichloromethane, and 

the combined filtrate was concentrated under reduced pressure. Flash column 

chromatography on SiO2 (hexane:EtOAc:Et3N = 200:100:2 to 0:100:2, v/v) 

furnished 2 as a white solid (125 mg, 0.210 mmol, yield = 81 %). 1H NMR (400 

MHz, CD2Cl2, 298 K): δ 7.46 (m, 8H), 7.19 (s, 2H), 7.06 (m, 8H), 5.62 (s, 2H), 

4.91 (br, 4H).13C NMR (214 MHZ, CD2Cl2, 298 K): δ 156.36, 145.27, 129.34, 

126.24, 126.12, 124.81, 112.96, 47.01. FT-IR (ATR, cm–1): 3418, 2922, 2852, 1732, 

1620, 1507, 1482, 1456, 1417, 1372, 1340, 1244, 1124, 1021, 912, 787, 743, 623. 
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HRMS (ESI) calcd. for C38H26N8 [M + H]+ 595.2359, found 595.2355.  

 

5-((9s,10s)-9,10-Dihydro-9,10-[4,5]epitriazoloanthracen-13-yl)-8-(9,10-

dihydro-9,10-[4,5] epitriazoloanthracen-13-yl)quinoxaline (G2). 

In an oven-dried 50 mL round-bottom flask, a mixture of 2 (59 mg, 0.099 mmol) 

and glyoxal solution (40 wt. % in H2O, 1.0 mL, 8.7 mmol) was suspended in 8 mL 

of acetic acid. The reaction mixture was heated at 55 ℃ for 24 h, cooled to r.t, and 

concentrated under reduced pressure. The residual material was taken up in 

dichloromethane (100 mL), washed with water (3 × 20 mL), dried over anhyd 

MgSO4, filtered, and concentrated under reduced pressure. Flash column 

chromatography on SiO2 (hexane : EA = 100 : 0 to 50 : 50, v/v) furnished G2 as a 

light green solid (40 mg, 0.065 mmol, yield = 65%). 1H NMR (400 MHz, CD2Cl2, 

298 K): δ 8.89 (s, 2H), 7.93 (s, 2H), 7.49 (m, 8H), 7.10 (m, 8H), 5.68 (s, 4H). 13C 

NMR (214 MHZ, CD2Cl2, 298 K): δ 158.00, 145.95, 145.10, 137.79, 137.36, 

126.39, 125.93, 124.96, 46.99. FT-IR (ATR, cm–1): 3441, 3018, 2923, 2852, 1736, 

1608, 1508, 1478, 1421, 1388, 1331, 1262, 1194, 1149, 1096, 1026, 996, 869, 838, 

704, 618. HRMS (ESI) calcd. for C40H24N8 [M + H]+ 617.2202, found 617.2198. 
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1,4,7,10,13,16-Hexakis(9,10-dihydro-9,10-[4,5]epitriazoloanthracen-13-

yl)diquinoxalino 

[2,3-a:2',3'-c]phenazine (G6). 

In an oven-dried 50 mL round-bottom flask, 2 (50 mg, 0.084 mmol) and triquinoyl 

hydtrate (4 mg, 0.02 mmol) was suspended in 3 mL of acetic acid. The reaction 

mixture was heated at reflux for 20 h, cooled to r.t, and concentrated under reduced 

pressure. The residual material was taken up in dichloromethane (100 mL), washed 

with water (3 ×  20 mL), dried over anhyd MgSO4, filtered, and concentrated 

under reduced pressure. Flash column chromatography on SiO2 (hexane : EtOAc : 

MeOH = 60 : 10 : 5 to 0 : 100 : 5, v/v) furnished G6 as an orange solid (26 mg, 

0.014 mmol, yield = 60 %). 1H NMR (400 MHz, CD2Cl2, 298 K): δ 7.98 (s, 6H), 

7.34 (m, 24H), 7.08 (m, 24H), 5.39 (s,12H). FT-IR (ATR, cm–1): 2956, 2919, 2851, 

1733, 1462, 1377, 1258, 1243, 1010, 1074, 1021, 910, 802, 789, 745, 729, 720, 

624. HRMS (FAB) calcd. for C120H66N24 [M + H]+ 1843.5981, found 1843.6000.  

 

 



42 

 

X-ray Crystallographic Studies on 1.  

Single crystals of 1 were obtained by diffusion of n-pentane vapor into a 

chloroform solution of this material at r.t. A yellow crystal (approximate 

dimensions 0.2 × 0.08 × 0.03 mm3) was placed onto a nylon loop with Paratone-

N oil under cold nitrogen stream at T = 100 K. The diffraction data measured using 

synchrotron radiation (λ = 0.71073 Å) employing a PLSH-2D SMC on a Rayonix 

MX225HS CCD area detector with high precision one-axis goniostat at Pohang 

Accelerator Laboratory, Korea. The PAL BL2D-SMDC4 program was used for data 

collection, and HKL3000sm (Ver.717)5 was used for cell refinement, reduction, and 

absorption correction. A total of 48398 reflections were measured (5.004° ≤ 

2θ ≤  6 8.36°). The structure was solved with the SHELXT6 structure solution 

program using intrinsic phasing, and refined with the SHELXL7 refinement 

package of OLEX28. A total of 14266 unique reflections were used in all 

calculation. 

 

X-ray Crystallographic Studies on G2. 

Single crystals of G2 were obtained by diffusion of n-hexane vapor into a 
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chloroform solution of this material at r.t. A green crystal (approximate dimensions 

0.09 × 0.02 × 0.03 mm3) was placed onto a nylon loop with Paratone-N oil, and 

mounted on a Rigaku XtaLAB PRO single-crystal diffractometer. The data 

collection was carried out using Cu Kα radiation (λ = 1.54184 Å), and the crystal 

was kept at T = 93 K. A total of 27565 reflections were measured (9.346° ≤ 2θ 

≤  158.452°). The structure was solved with the SHELXT6 structure solution 

program using intrinsic phasing, and refined with the SHELXL7 refinement 

package of OLEX2. 8 A total of 7999 unique reflections were used in all calculation. 

 

X-ray Crystallographic Studies on G6. 

Single crystals of G6 were obtained by slow diffusion of 1,2-dichloroethane vapor 

into a dichloromethane solution of this material at T = 0 ℃. A orange crystal 

(approximate dimensions 0.09 ×  0.02 ×  0.03 mm3) was placed onto a nylon 

loop with Paratone-N oil under cold nitrogen stream at T = 100 K. The diffraction 

data measured using synchrotron radiation (λ = 0.900010 Å) employing a PLSH-

2D SMC on a Rayonix MX225HS CCD area detector with high precision one-axis 

goniostat at Pohang Accelerator Laboratory, Korea. The PAL BL2D-SMDC4 
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program was used for data collection, and HKL3000sm (Ver.717)5 was used for 

cell refinement, reduction, and absorption correction. A total of 52939 reflections 

were measured (2.424°  ≤  2θ ≤  46.304°). The structure was solved with the 

SHELXT6 structure solution program using intrinsic phasing, and refined with the 

SHELXL7 refinement package of OLEX2.8 A total of 14047 unique reflections 

were used in all calculation.  
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Table 1. Summary of X-ray Crystallographic Data. 
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Figure 1. 1H NMR (500 MHZ) spectrum of 1 in CD2Cl2 (T = 298 K). 

Figure 2. 13C NMR (214 MHZ) spectrum of 1 in CD2Cl2 (T = 298 K). 



48 

 

 
Figure 3. 1H NMR (400 MHZ) spectrum of 2 in CD2Cl2 (T = 298 K). 

 
Figure 4. 13C NMR (214 MHZ) spectrum of 2 in CD2Cl2 (T = 298 K). 
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Figure 5. 1H NMR (400 MHZ) spectrum of G2 in CD2Cl2 (T = 298 K). 

 

 
Figure 6. 13C NMR (214 MHZ) spectrum of G2 in CD2Cl2 (T = 298 K). 
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Figure 7. 1H NMR (400 MHZ) spectrum of G6 in CD2Cl2 (T = 298 K). 
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Light-Emitting Molecular Gear: 

Photophysical Consequences of Correlated  

Bond-Rotating Motions 

 

빛을 내는 분자 기어:  

상호 연관된 결합 회전 운동의 광학적 효과 

 

 

국문 초록 

들뜬상태에서 일어나는 분자의 운동은 빛을 내는 분자 시스템의 

광학적인 성질(형광수율, 발광파장)에 큰 영향을 끼친다. 이러한 

분자운동 효과는 발광 분자로터(molecular rotor)의 설계에서 

지속적으로 많이 활용되어 왔다. 셔틀링(shuttling) 운동이나 

기어(gear)운동과 같이 나노수준에서 구현된 기계적인 움직임은 주로 

인공적인 분자기계의 바닥상태에서 관찰되어왔다. 반면, 이와 같은 

거시적인 기계운동을 분자의 들뜬 상태에서 구현한 사례는 거의 없다. 

이는 들뜬상태에서 일어나는 분자의 기계적인 운동이 발광 물질의 
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광학적인 성질에 어떤 영향을 미칠 수 있는지에 대한 의문을 남긴다. 

본 논문에서는 들뜬상태에서 일어나는 기어와 같은 상호 연관된 

회전운동이 물질의 광학성에 미치는 효과에 대해서 밝히고자 한다. 

 

논문에서 소개할 입체적으로 과밀집된 폴리헤테로방향족(polyheteroar- 

omatic) 분자(G6)는 3중 대칭적인 형태의 코어 주위에 6개의 프로펠러 

모양의 입티신(iptycene) 모티프를 도입하여 합성되었다. 25개의 

아릴(aryl) 고리로 구성된 이 분자는 오직 회전할 수 있는 결합의 수는 

6개뿐이며, 이들 사이의 상호 연관된 운동으로 인해 형광 방출에서 

매우 큰 스토크스 시프트(Stokes shift)와 함께 특이한 열광학적 거동을 

보인다. 구조적으로 견고한 특성을 가지며 대칭적으로 배치된 입티신 

회전자들은 서로 긴밀한 반데르발스(van der Waals) 접촉을 통해 

들뜬상태에서 기어와 같은 기계적인 운동을 한다. X선 결정학, 분광학 

및 DFT 계산을 통해 이러한 기계적인 작동 모드와 이로 인해 나타나는 

광학적인 효과를 연구하였다. 

 

주요어: 분자기어, 상호 연관된 결합 회전 운동, 스토크스 시프트 

학  번: 2019-22212 
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말씀을 드립니다. 그리고 학부인턴과정에서 화학의 재미에 대해 

알려주시고 저에게 많은 교훈을 주신 윤호섭 교수님께도 감사의 

말씀을 드립니다. 

연구실 구성원 모든 분들에게도 많은 배움을 얻었습니다. 모두의 

도움이 없었다면 석사과정을 마치기 힘들었을 것입니다. 제 연구에 
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항상 많은 관심을 가져주시고, 먼저 다가와 조언을 해주신 현창이형, 

충렬이형에게 가장 먼저 감사의 말씀을 드리고 싶습니다. 대학원에 

입학하면서 모르는 것이 많았는데, 귀한 시간 내서 많이 알려주시고 

도와주셔서 정말 많이 배울 수 있었습니다. 덕분에 낯선 환경에 

적응하고, 학문적으로 많이 깨우칠 수 있어 논문에 잘 투고할 수 

있었습니다. 그리고 옆에서 실험 방법에 대해 많이 알려주신 

수형이형에게도 감사의 말씀을 드립니다. 덕분에 융통성 있고 

효율적으로 실험을 하는 방법에 대해서 많이 배울 수 있었습니다. 

그리고 트리아졸립티신 합성방법에 대해 알려준 태원이형, 

홍식이에게도 감사의 말씀을 드립니다. 먼저 졸업하신 세용이형, 

중환이형, 현창이형, 수빈누나, 성민이, 현호, 그리고 종민이까지 

감사드리고 좋은 일만 가득하시길 바랍니다. 석일이형, 충렬이형, 

현이형, 희찬이, 영훈이, 중정이, 그리고 성률이에게도 감사의 말씀을 

올립니다. 좋은 분들과 함께 연구할 수 있어서 영광이었고 덕분에 

행복했습니다. 감사합니다. 

마지막으로 그 누구보다 저를 응원해주신 부모님과 누나들에게 

감사하다는 말을 전하고 싶습니다. 저희 가족들이 있기에 어려움이 

있어도 버텨내고 잘 끝낼 수 있었습니다. 다른 분들에게도 미처 전하지 
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못한 감사의 말이 너무나 많습니다. 석사과정동안 도와주신 모든 분께 

다시 한 번 감사의 말씀을 올리며 이 글을 마치겠습니다. 

 

2021년 8월 

지성문 올림.  
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