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Chapter 3 
 

Continuous Rotary Motion in Aggregates: A Bulky 

Second-Generation Molecular Motor and the 

Application for Controlling Cargo-Release Rate 
 

 

The concept of incorporating stimuli-responsive molecules into larger assemblies is 

of great interest for the development of functional materials. The molecular 

performance in those assemblies is usually impeded by the inner confinement. We 

have reported that a bulky first-generation molecular motor ceased to rotate within 

bowl-shaped aggregates formed from THF/water due to the corresponding 

confinement. Here, we carefully design a second-generation molecular motor with 

two bulky groups pending to its stator part. With lower energy of activation and 

smaller size of rotor, this motor retains its photochemical isomerization as well as 

the thermal helix inversion (THI) in the aggregates even at ƒw =100%. Furthermore, 

triggered with light, the aggregated molecular motor is able to enhance the release 

rate of an incorporated fluorescent dye at ƒw =90%. Our system demonstrates the 

possibility of continuous rotation of aggregated molecular motors in water and 

provides a novel insight into performing a specific function via the utilization of the 

rotary motor. 
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3.1 Introduction 
 

Artificial photoswitches, i.e. diarylethenes, azobenzenes, spiropyrans, and molecular 

motors, have been reported to function in confined environment such as gels,1-5 thin 

films,6-9 liquid crystalline,10-13 and bulk crystals 14-17 which inspired the development 

of a variety of smart materials such as confined catalysts,18-21 cargo delivery 

systems,22-27 electronics,28, 29 as well as artificial muscles.30, 31 However, the molecular 

behavior exerted with confinement might differ from that in solution.14, 32, 33 Our 

earlier investigation revealed that a bulky first-generation molecular motor formed 

bowl-shaped aggregates in THF/water mixture which showed shrinking or swelling 

reversibly by adding non-solvent or solvent, respectively.34 Recent studies have also 

revealed that particles with diameter < 1 µm could be potential drug carriers due to 

their effective uptake by cells. 35-38 Moreover, aggregates have been widely studied 

as drug carriers, 39-46 however, controlling the release process of aggregate-based 

systems is mainly by pH and reduction/oxidation. 40-42, 44 In particular, 

photopharmacology has attracted increasing attention 47-49 because light as an energy 

source is noninvasive, clean, and allows remote control. Combined aggregate-based 

carriers with light-powered molecules, an aggregated molecular motor might be a 

strong candidate for the application in photoresponsive cargo-release systems. 

Especially, the continuous conformational change of molecular motor during 

unidirectional rotation is non-reciprocal which holds great promise to produce 

molecular propulsion at low Reynolds number where the viscous force dominates, 50 

which may help in the release process. Nevertheless, the previously reported bulky 

first-generation motor ceased to rotate in water due to the high extent of confinement, 

leading to a corresponding blocking of the thermal forward rotary step. 34 So far, 

achieving continuous molecular rotation in aggregates and use this behavior to do 

work, i.e., accelerate a cargo-release process, have not been demonstrated. 

Here, we design a new molecule which comprises a second-generation motor core 

with two pending bulky groups. Compared to the first-generation motor, the second-

generation benefits from its asymmetric structure with a smaller rotor. Furthermore, 

the energy barrier of the thermal helix inversion (THI) of the new design is lower 

than that of the first-generation motor. Thus, we successfully address the 

phenomenon that this new motor retains its photochemical isomerization as well as 

THI in aggregates with high extent of confinement in water. Furthermore, by loading 

a fluorescent dye into the aggregates of rotary motor, we achieve an acceleration 

over the dye release when the aggregates are continuously triggered using UV light. 
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3.2 Results and Discussion 
 

3.2.1 Molecular design and synthesis 
 

The design of molecular motor 3.1 is depicted in Figure 3.1. It consists of a second-

generation molecular motor as the rotary core which has five-membered rings at both 

ends of the central double bond. This motor backbone has a half-life of THI within 

min range at room temperature, 51 which is moderately fast however still affords the 

characterization of its rotary behavior at room temperature. The bulky groups are 

exploited to avoid the stacking of the motor core and facilitate the formation of bowl-

shaped aggregates in THF/water. 34 Importantly, both bulky groups are attached on 

the lower stator to minimize the space demanded for the geometric rearrangement of 

the rotor during rotation. Based on the design, we hypothesize that the upper rotor is 

to some extent shielded by the bulky moieties, reducing the interference with the 

surrounding environment.  

 
 

Figure 3.1 The chemical structure of bulky molecular motor 3.1. The rotary core is a second-generation 

molecular motor (green); two bulky aromatic groups (orange) are appended onto the lower part of motor 

with amide linkers. 

 

The synthesis of molecular motor 3.1 is depicted in Scheme 3.1 (for details, see 

Experimental Section 3.5.2). It started with a dibromo fluorenone 3.2 which was 

treated with hydrazine monohydrate under reflux to yield the hydrazone 3.3. After 

oxidizing it using MnO2, we obtained diazo 3.4 which would subsequently be used 

in the coupling step. For the synthesis of the upper half, cyclic ketone 3.5 was 

converted to thioketone 3.6 by treating with Lawesson’s reagent, which was further 

reacted with diazo 3.4 in toluene for a Barton-Kellogg cross-coupling. The following 

addition of PPh3 resulted in the desulfurization to obtain the dibromo motor 3.7. 

Next, two ester substituents were introduced via Pd-catalyzed esterification to give 

compound 3.8, which was followed by hydrolysis under basic condition to provide 

carboxylic acid 3.9. Compound 3.9 was subsequently treated with oxalyl chloride  
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Scheme 3.1 Synthesis of bulky second-generation molecular motor 3.1. 

 

with a catalytic amount of DMF, and the corresponding carbonyl chloride was mixed 

with the aniline 2.6 (also see Chapter 2), 52 to afford the target motor 3.1. 

 

3.2.2 Rotary behavior in solution 
 

To ascertain its rotary function, 3.1 was first studied in solution via 1H NMR and 

UV/vis analysis. The rotary cycle of molecular motor 3.1 is depicted in Figure 3.2A. 

Upon irradiation with 365 nm UV light, the central double bond undergoes a trans-

cis isomerization to generate a metastable isomer. This process is indicated by the 

downfield shift of all aliphatic protons in 1H NMR spectra (Figure 3.2B) as well as 

the red shift in UV/vis spectra (Figure 3.3). From Figure 3.2B, we also identify a 

photostationary state (PSS) which comprises stable and metastable 3.1 with a ratio 

of 58: 42. Following photochemical isomerization, an irreversible THI occurs while 

two halves of motor sliding past each other. As a consequence, it regenerates stable 

3.1 due to the symmetry of the lower half, which is proven using 1H NMR spectrum 

whereby a full recovery to stable 3.1 is observed after heating (Figure 3.2B). The 

thermodynamic parameters of THI were investigated using kinetic UV/vis study, 

which gave the standard Gibbs energy of activation to be 88.8±4.4 kJ •mol-1 as well 

as a half-life of approximate 7 min at 298.15K (Figure 3.3). As anticipated, the rotary 

speed of motor 3.1 is not significantly decreased compared to its parent without 

substituents on the fluorene moiety which has a half-life of 3 min. 36 A similar half-
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life may be attributed to the same rotor, hence its inherent similar geometric 

rearrangement. In addition, the bulky groups are each spaced by an amide linker, 

avoiding interference with the fjord region (the space between the rotor and stator). 

 

 

Figure 3.2 The rotary cycle of molecular motor 3.1. A) Schematic rotary cycle; B) 1H NMR spectral 

change from stable 3.1, to PSS by irradiating with 365 nm UV light at -20 oC, then back to stable 3.1 

after warming up to room temperature for 2 h. All the spectra were recorded in d8-THF, at -20 oC. 
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Figure 3.3 Kinetic measurements of the thermal isomerization of 3.1 in DCM. (A) UV/vis spectral 

changes during THI at 0 oC. (B) The linear fitting of ln (k/T) by 1/T using Erying equation 

. The rate constants of the first-order decay k were obtained from equation 

A/Ao = e-kt, at -10 oC,  -5 oC, 0 oC, 5 oC,  and 10 oC. (C) The calculated standard enthalpy Δ‡Ho, entropy 

Δ‡So, Gibbs energy Δ‡Go of activation, and the half-life of metastable 3.1 at 298.15 K. 

 

3.2.3 Rotary behavior in confined space 

 

Having verified 3.1 as a functioning rotary motor in solution, we turned our 

attention to its behavior in confined environment. However, the 1H NMR analysis 

reveals that 3.1 ceases to rotate in solid state (Figure 3.4 and 3.5). Since we failed to 

obtain single crystals of 3.1, the studies were conducted by irradiating a thin layer of 

the powder of motor 3.1 over excessive time. The result showed that there was no 

obvious signal of the metastable isomer (Figure 3.4). Furthermore, heating the 

powder containing both stable and metastable 3.1 did not lead to the increase of the 

stable isomer (Figure 3.5). These results indicate that both photoisomerization and 

THI were prohibited which is attributed to the lack of free volume in the solid state. 
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Figure 3.4 1H NMR spectrum (CD2Cl2) of 3.1 after irradiating a thin layer of solid powder of 3.1 at -

50 oC for 6 h. The NMR sample was prepared by dissolving the irradiated solids at -20 oC followed by 

measurement at 0 oC. 

 

 

 

 
 

Figure 3.5 1H NMR spectra (d8-THF) of 3.1 for THI at solid state. (A)The solids of a mixture of stable 

and metastable 3.1. The solids were prepared by irradiating stable 1 in DCM at -20 oC for 1 h, followed 

by fast evaporation of the solvent in vacuo at 0 oC; (B) The solids in (A) after being placed at r.t. for 48 

h. Both NMR samples were prepared by dissolving the solids in d8-THF at -20 oC and the NMR 

measurements were conducted at -20 oC. 
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Since both photochemical and thermal rotary steps were blocked in the solid 

powder, we next investigated these steps in aggregates by dispersing the bulky motor 

3.1 into THF/water mixture, 34 where the extent of confinement inside aggregates 

can be adjusted by adding water or THF. Similar to our previous results, 34 aggregates 

were obtained by initially dissolving motor 3.1 in THF followed by the addition of 

water. UV/vis studies showed that motor 3.1 started to aggregate from 50% water 

volume fraction (ƒw), which was indicated by the emergence of a scattered baseline 

(Figure 3.6). Transmission electron microscopy (TEM) images also verified the 

formation of bowl-shaped aggregates at both 50% and 90% ƒw, as shown in Figure 

3.7. The average radius of aggregates was determined using dynamic light scattering 

(DLS), revealing a value of 224 nm at 50% ƒw and a shrinking to 65 nm at 90% ƒw 

(Figure 3.8). In addition, the stability of the bowl-shaped aggregates was checked 

using TEM (Figure 3.7). After 2 d of aging, the morphologies showed no significant 

deformation at both 50% and 90% ƒw. 

 

 
 

Figure 3.6 UV-vis absorption spectra of 3.1 in THF/water mixture with different ƒw ([3.1] = 1 × 10-5 

M). 
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Figure 3.7 Spheres from the molecular motor 3.1 imaged by negative staining TEM. (A)(C) at 50% ƒw 

and (B)(D) at 90% ƒw. (C) and (D) are samples after 2 d of aging. Scale bars represent 500 nm (black) 

and 100 nm (white), respectively. ([3.1]=10-4 M) 

 

 

 

 

Figure 3.8 The size distribution of aggregated 3.1 in THF/water with different ƒw using DLS 

measurements, [3.1]=10-5 M. (A) At 90% ƒw, the radius is 65nm, with a polydispersity of 21.9%; (B) 

At 80% ƒw, the radius is 68nm, with a polydispersity of 25.0%; (C) At 70% ƒw, the radius is 72nm, with 

a polydispersity of 22.6%; (D) At 60% ƒw, the radius is 81nm, with a polydispersity of 25.8%; (E) At 

50% ƒw, the radius is 224nm, with a polydispersity of 66.1%.  
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To investigate the rotary behavior inside the aggregates, we started with the 

photochemical isomerization. 1H NMR spectrum (Figure 3.9A) showed that the 

aggregated motor was still able to respond to light to generate its metastable isomer 

when the extent of confinement was raised to 100% ƒw as in water (for details, see 

Figure 3.9 caption). This result suggests that the photoisomerization in the 

aggregates is not substantially prohibited at high ƒw values, which is similar with the 

bulky first-generation motor 2.1 (see Chapter 2). 34  

On the other hand, for the study of THI, the aggregates were prepared from the 

solution of stable/metastable 3.1 mixture. After being kept at room temperature for 

24 h, the isolated aggregates resulted in merely the stable isomer even at 100% ƒw 

(Figure 3.9B). Note that the preparation method of metastable-3.1-containing  
 

 
Figure 3.9 1H NMR spectra (d8-THF) showing the rotary behavior in aggregates of 3.1 at 100% ƒw.  (A) 

The aggregated 3.1 after in situ photochemical isomerization. The sample was prepared by adding 9 

mL D2O to 1 mL solution of stable 3.1 (5 mg) in d8-THF, followed by twice of centrifugation and 

washing with D2O (2 mL). After decanting the clear solution, the precipitates were redispersed in D2O 

(2 mL). The resulting mixture was irradiated with 365 nm for 1 h at 5 oC. After centrifugation of the 

mixture, the aggregates were isolated for NMR analysis. (B) The study of THI of the post-aggregated 

metastable 3.1 at 100% ƒw. A solution of stable 3.1 (5 mg) in d8-THF (1 mL) was irradiated with 365 

nm at -20 oC for 1 h, followed by adding D2O (9 mL, 5 oC) and fast centrifugation. After washing with 

D2O (2×2 mL, at 5 oC) and centrifugation, the clear solution was decanted and the aggregates were 

redispersed in D2O (2 mL). The resulting suspension was placed at r.t. for 24 h, which was centrifuged 

to obtained the aggregates. NMR measurements were conducted at 0 oC. 
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aggregates for the studies of photochemical isomerization and that of THI were 

different. The former was prepared by in situ irradiation of the aggregates of stable 

3.1, while in the latter case the irradiation was performed in solution. This difference 

of operation was due to the fact, for the latter study, we wanted to circumvent a 

thermal backward isomerization (also see Chapter 2) 34 which needed in situ 

photochemical isomerization in aggregates as a prerequisite. These findings revealed 

that both the photochemical isomerization and THI of motor 3.1 were not precluded 

in aggregates even at 100% ƒw, which was distinct from the first-generation motor 

2.1 (see Chapter 2) of which THI was blocked at >90% ƒw. 34  

The half-life of metastable 3.1 in aggregates was estimated using kinetic UV/vis 

studies (Figure 3.10). Interestingly, the results showed that the half-life time was not 

greatly prolonged until 100% ƒw where a drastic increase occurred, with a value of  

 

 
Figure 3.10 Kinetic measurements of the thermal isomerization at 298.15K of 3.1 in aggregates at 

(A)(B) 90% ƒw ([3.1] = 2 × 10-5) and (C)(D) 100% ƒw. The rate constant of the first-order decay k was 

obtained as 0.000844 at 90% ƒw and 0.000176 at 100% ƒw, by fitting the absorbance at 410 nm. The 

samples were prepared by irradiating the solution of 3.1 in THF, followed by adding water at 5 oC until 

90% ƒw. After centrifugation, the precipitated aggregates were redispersed in THF/water mixture for 

UV/vis measurements. 
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66 min comparing to that of 14 min at 90% ƒw (7 min in DCM). This deceleration 

indicates that, at 100% ƒw, the confinement inside aggregates will affect motor’s 

rotation more than that at 90% ƒw, which can be rationalized by the higher extent of 

confinement in aggregates at higher ƒw. 34 

Taken together, we assume that the retained photoisomerization and THI in 

aggregates are due to not only the existing THF in aggregates, 34 but also the 

relatively lower ∆G of THI as well as the smaller size of rotor comparing to those of 

the bulky first-generation motor. 34 The similar half-life (when ƒw ≤ 90%) is also 

consistent with our earlier hypothesis that the rotor could be to some extend shielded 

by the bulky groups. The photochemical and thermal isomerization of aggregated 

3.1 at 90% ƒw were performed repeatedly, with the change in absorbance monitored 

at 410 nm (Figure 3.11). The excellent reversibility of the spectral change showed 

that there was no obvious fatigue for the photoisomerization and THI at 90% ƒw, 

indicating a continuous rotation of motor 3.1 in the corresponding aggregates. 

Overall, our studies provided evidence that 3.1 could still function as a rotary motor 

in aggregates with high extent of confinement, showing a perspective for the 

application as a photoresponsive carrier in cargo-release systems. 

 

 
 

Figure 3.11 The absorbance of aggregated 3.1 at 410 nm during five cycles of photochemical and 

thermal isomerization. The photochemical step was done by irradiation with 365 nm for 10 min (the 

white region) while the thermal isomerization was performed by placing the sample at r.t. for 2 h (the 

gray region). (ƒw= 90%)   
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3.2.3 Acceleration of cargo-release 
 

With photoisomerization and THI of motor 3.1 retained in the aggregates, we 

hypothesized that the overall rotary motion would accelerate the release of loaded 

cargo from the aggregates. According to Purcell’s theory, only non-reciprocal 

movement, such as motor’s rotary motion, can make net propulsive movement at 

low Reynolds number. 50 Additionally, active enzymes can enhance the diffusion of 

surrounding molecules via momentum transfer, 53-56 which is assumed to be caused 

by catalysis-driven conformational changes. 55, 57-59 Based on these theories, we 

assumed that the rotary motion of motor 3.1 in aggregates would transfer momentum 

to the encapsulated/co-aggregated molecules (the cargo), leading to an enhancement 

of diffusion of the cargo out of the carrier.  

Instead of covalently binding to the carrier, 40-42 the cargo was encapsulated by a 

co-aggregating process. 46 In our system, fluorescein was used as a cargo because it 

dissolves in THF as well as water, and contained an aromatic moiety which could 

aid in the encapsulation due to the π-π interaction of fluorescein and motor 3.1. In 

brief, fluorescein and motor 3.1 were dissolved together with a weight ratio of 1:1 in 

THF, and the co-aggregates were formed by gradually adding water. We assumed 

that by steady increasing ƒw a shrinkage of spheres would occur and an inherent 

decrease of free volume inside the co-aggregates could trap the fluorescein inside. 

Then, by redispersing the co-aggregates into THF/water mixtures, a reswelling 

process would lead to the release of loaded fluorescein. The preparation of the 

fluorescein-loaded aggregates of motor 3.1 was described in Experimental Section 

3.5.3. After extensive washing of the co-aggregates with D2O, we observed a 

successful loading of fluorescein in aggregates with a loading capacity of 44 wt% 

using 1H NMR spectrum (Figure 3.12).  
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Figure 3.12 1H NMR spectrum (d8-THF) of the aggregates of motor 3.1 loaded with fluorescein after 

excessive washing. The NMR sample was prepared from aggregates formed by adding 9 mL D2O to 1 

mL solution of 3.1 (3 mg) and fluorescein (3 mg), which was then washed with 6×2mL D2O, until no 

obvious fluorescein was detected by NMR. The integration corresponding to one proton in fluorescein 

is 2.59 while that of motor 3.1 is 1.00, thus the weight ratio of fluorescein/motor 3.1 is calculated to be 

0.44: 1 (calibrated).  

 

 

Next, the dye-loaded aggregates were subjected to a dialysis bag 46 with a 

molecular weight cut-off of 3500Da and the release of fluorescein with/without 

irradiation using 365 nm light in THF/water mixtures was monitored using 

fluorescence (FL) spectroscopy (for sample preparation and experimental setup, see 

Experimental Section 3.5.3). The results are shown in Figure 3.13. Without UV 

irradiation, diffusion of fluorescein from the aggregates occurs at all ƒw due to the 

reswelling of aggregates (since there is no reswelling process at 100% ƒw, the 

increase of FL intensity might be due to a leakage of fluorescein from the aggregates 

into the aqueous environment, which reached an equilibrium in approximately 10 h). 

Regarding the co-aggregates with irradiation of 365 nm light in the first 30 min of 

the release process, comparing to those without irradiation, no obvious increase of 

FL intensity was observed in all release aliquots except for that at 90% ƒw. As seen 

in Figure 3.13B, the FL intensity with 365 nm light (the black curve) increases faster 

than the one without irradiation (the red curve) within the first 10 h, whereas the 

difference in FL intensity will be gradually compensated during the following 38 h.  
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Figure 3.13 Release of fluorescein from the dye-loaded aggregates of motor 3.1. Release curves by 

monitoring the FL maxima at (A) 100% ƒw, (B) 90% ƒw, and (C) 80% ƒw over 48 h of release; (D) 70% 

ƒw, (E) 60% ƒw, and (F) 50% ƒw over 24 h of release. 

 

To further verify this phenomenon, we investigated the release process as a 

function of the irradiation time. To avoid photobleaching of fluorescein, we adjusted 

the irradiation time of 365 nm light to 10 min and 5 ×10 min in the first 10 h. As 

illustrated in Figure 3.14, with only 10 min irradiation in the beginning, the FL 

intensity of the release aliquot (the black curve) increases faster than that without 

irradiation (the red curve) in the first 10 h, similar as in Figure 3.13B. In addition, 

when the irradiation time was extended to 5 × 10 min in the first 10 h, the release 

rate is further accelerated (the grey curve in Figure 3.14), indicating that this 
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acceleration of release is a light-triggered phenomenon. However, there was a delay 

of the responding time for the acceleration process comparing to the half-life time of 

THI of motor 3.1. Namely, based on the rate of isomerization within 1 h, more than 

90 % of light-generated metastable 3.1 would recover to its stable state. On the other 

hand, the acceleration of release lasted for approximately 10 h (the black curves in 

Figure 3.13B and Figure 3.14). We assume that this delay is due to the equilibration 

time of the dialysis bag. Namely, the simultaneously generated extra amount of 

fluorescein, which is triggered by rotary motor, will transport through the dialysis 

membrane over hours to reach the equilibrium. Nevertheless, the dialysis bag is 

necessary because it facilitates the FL measurements of the release process by 

excluding the strong FL signals from the co-aggregates.  

 
 

 
Figure 3.14 The release curves as a function of different irradiation time at 90% ƒw. The corresponding 

irradiation time for ‘Irradiation 1’ is 10 min at 0 h, and for ‘irradiation 2’ is 5 × 10 min at 0 h, 2 h, 4 h, 

6 h, and 8 h.   

 

Except for 90% ƒw, the light-triggered acceleration of release was obscure in all 

the other release aliquots (Figure 3.13A, 3.13C, 3.13D, 3.13E, and 3.13F). This 

observation can be rationalized by the competition between molecular rotation and 

the built-in diffusion rate. At 100% ƒw, due to no reswelling of the aggregates, only 

limited fluorescein molecules can be affected by rotary motor and get released. In 

addition, the free volume in the aggregates at 100% ƒw is limited, leading to 

inefficient rotation of motor 3.1 which is also reflected in a much longer half-life 

time of THI (Figure 3.10D). Regarding ƒw< 90%, e.g., at 80% ƒw, the aggregates 

reswell to a higher extent where the diffusion becomes too fast to be accelerated by 

the rotary motor with a half-life time of THI in min range, leading to a negligible 

difference of the FL intensity with/without UV light (Figure 3.13C, 3.13D, 3.13E, 

and 3.13F). To compare the diffusion rate at 80% and 90% ƒw, we characterized the 

amount of fluorescein remained in aggregates after 48 h of release. 1H NMR spectra  
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Figure 3.15 1H NMR spectra (d8-THF) of the dye-loaded aggregates after 48h of release at (A) 90% ƒw 

and (B) 80% ƒw. The aggregates were isolated by centrifuging the suspension in the dialysis bag, 

followed by drying in vacuo. The integrations corresponding to one proton in fluorescein are 1.21 at 

90% and 0.43 at 80% ƒw, thus the weight ratios of fluorescein/motor 3.1 are calculated to be 0.21: 1 

and 0.04: 1, respectively (calibrated).  

 

 

showed that the remaining amounts of fluorescein were 21 wt% at 90% ƒw and 4 wt% 

at 80% ƒw, respectively (Figure 3.15). The lower remaining amount of dye in 

aggregates represents a higher release amount within the same period of time, 

indicating a higher diffusion rate at 80% ƒw which supports our hypothesis. 

To assure the role of rotary motor and exclude the effects of thermal heating, 60-62 

we conducted release studies on a control compound 3.10 (Figure 3.16A, for 

synthesis, see Experimental Section 3.5.2). Without the rotor part of motor 3.1, 

compound 3.10 cannot perform unidirectional rotation, however, it can form co-

aggregates with fluorescein in THF/water mixtures visualized via TEM (Figure 

3.16B and 3.16C). After irradiation with 365 nm light in the first 30 min, the release 

rate of the fluorescein from the 3.10-containing co-aggregates did not show an 
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acceleration at 90% ƒw comparing to the aliquot without irradiation (Figure 3.17), 

indicating an insignificant effect of the local heating by the absorption of 365 nm 

light. On the other hand, to exclude release by the collapse of the aggregate carrier, 

63-65 the morphologies of dye-loaded co-aggregates before and after the release 

process were also investigated using TEM and DLS (Figure 3.18). While the TEM 

images showed no clear deformation of the aggregate particles (Figure 3.18A and 

3.18B), DLS data exhibited that the particle size decreased from 144 nm to 109 nm 

in radius after the release process (Figure 3.18C). Furthermore, the solution outside 

the dialysis bag contains no motor 3.1 based on NMR analysis (Figure 3.19). The 

TEM images, DLS analysis, and NMR spectrum indicated that there was no 

thermodynamic disassembly of the aggregate-based carriers.  

 

 

 

 
 

Figure 3.16 Compound 3.10 and corresponding aggregates loaded with fluorescein in THF/water at ƒw 

= 90%. (A) The chemical structure of compound 3.10.TEM images of (B) freshly prepared aggregates 

of 3.10 loaded with fluorescein and (C) the aggregates after 2 d of release. Scale bars represent 500 nm 

(black) and 100 nm (white), respectively. (ƒw = 90%) 
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Figure 3.17 Release curves of fluorescein and compound 3.10 coaggregates over 24 h at 90% ƒw. The 

irradiation was performed using 365 nm during the first 30 min of release. 

 

 

 

 
 

Figure 3.18 Morphologies of aggregated motor 3.1 loaded with fluorescein. TEM images of (A) freshly 

prepared dye-loaded aggregates and (B) the aggregates after 2 d of release (ƒw = 90%). Scale bars 

represent 100 nm (white). (C) The size distribution of dye-loaded aggregates of motor 3.1 before and 

after 48 h of release at 90% ƒw using DLS measurements. Before release, the radius is 144 nm, with a 

polydispersity of 35.8%; after release, the radius is 109 nm, with a polydispersity of 38.3%. 
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Figure 3.19 1H NMR spectrum of the release solution of dye-loaded aggregates of motor 3.1 outside 

the dialysis bag after 48 h of release at 90% ƒw (d8-THF). 

 

 

Taken together, we have shown that, upon irradiation with 365 nm light, the 

fluorescein-loaded co-aggregates underwent an acceleration of release, which was 

correlated with the duration of UV irradiation. In addition, this acceleration of 

release seems to have negligible dependence on the local heating indicated by 

conducting a control experiment on the lower part of motor 3.1. Finally, our studies 

also indicated that this acceleration was not caused by the collapse of carrier. Thus, 

we assume that the rotary motion of molecular motor 3.1 lead to this phenomenon 

by enhancing the diffusion of loaded cargo out from the carrier, which might point 

to a  related effect similar as observed for continuous conformational changes of 

active enzyme that can enhance the diffusion of surrounding molecules. 55, 57-59 

 

 

3.3 Conclusions 
 

In summary, we have designed a bulky second-generation molecular motor. With a 

small rotor and relatively low THI energy barrier, this motor retains its continuous 

rotary motion within the aggregates formed in THF/water even with high extent of 

confinement. By incorporating the aggregated motor with a fluorescent dye, we 

successfully achieved a photoresponsive acceleration of the release of loaded dye at 

90% ƒw. It is proposed that this acceleration effect is caused by the rotation of 

molecular motor, via momentum transfer to the loaded cargo. Our study also shed 
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light on the ability to perform work via dynamic non-reciprocal movement at the 

molecular level, which might distinguish the molecular motor from other 

photoresponsive molecules. Future work can focus on carriers using faster motor and 

aim to achieve more efficient enhancement of the release process.  
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3.5 Experimental Section 
 

3.5.1 General remarks 
 

For general comments, see chapter 2. 

 

3.5.2 Synthesis 
 

Compound 3.3 66 

 

To a suspension of compound 3.2 (336 mg, 1 mmol) in methanol (10 mL), 1 mL 

hydrazine monohydrate was added. The mixture was heated at reflux for 3 h. After 

cooling, the solvents were removed in vacuo and the residue was purified by column 

chromatography (DCM : methanol = 10: 1) to yield 3.3 as a yellow solid (300 mg, 

86 %). 1H NMR (400 MHz, Chloroform-d) δ 8.03 (d, J = 1.3 Hz, 1H), 7.86 (d, J = 

1.8 Hz, 1H), 7.65 – 7.53 (m, 2H), 7.51 – 7.40 (m, 2H), 6.53 (s, 2H). This data is in 

accordance with Ref. 66. 

 

Compound 3.4  

 

Compound 3.3 (300 mg, 0.86 mmol) was dissolved in 10 mL THF. MnO2 (300 mg, 

3.45 mmol) was added and the mixture was stirred at room temperature for 1 h. After 

completion, the reaction mixture was filtered over celite and the celite was then 

washed with DCM. The filtrate was dried by rotary evaporation and the crude 3.4 

(300 mg, 0.86 mmol) was used in next step without further purification. 1H NMR 

(400 MHz, Chloroform-d) δ 7.76 (d, J = 8.3 Hz, 1H), 7.64 (s, 1H), 7.44 (d, J = 8.3 

Hz, 1H). 
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Coumpound 3.7  

 

Lawesson’s reagent (2.02 g, 5 mmol) was added to a solution of compound 3.5 [3] 

(392 mg, 2 mmol) in toluene (30 mL) and the resulting mixture was heated at reflux 

for 3 h. The mixture was concentrated in vacuo, after which the residue was purified 

using flash column chromatography (pentane:  EtOAc=10: 1) to give 3.6 as a green 

solid. Compound 3.4 (696 mg, 2 mmol) and the aforementioned compound 3.6 were 

dissolved in toluene (30 mL) and the mixture was heated at 70 oC for 16 h. PPh3 

(1.05 g, 4 mmol) was added and the mixture was stirred at 110 oC for another 2 h. 

After cooling down to room temperature, the solvent was removed in vacuo and the 

crude product was purified by column chromatography (pentane:  EtOAc=10: 1) to 

yield 7 as a yellow solid (704 mg, 70 %). 1H NMR (400 MHz, Chloroform-d) δ 8.08 

(d, J = 1.7 Hz, 1H), 7.98 (d, J = 8.3 Hz, 2H), 7.67 (d, J = 8.1 Hz, 1H), 7.64 – 7.56 

(m, 3H), 7.55 – 7.49 (m, 2H), 7.45 – 7.37 (m, 1H), 7.33 (dd, J = 8.1, 1.7 Hz, 1H), 

6.74 (d, J = 1.7 Hz, 1H), 4.34 – 4.21 (m, 1H), 3.60 (dd, J = 15.2, 5.6 Hz, 1H), 2.82 

(d, J = 15.2 Hz, 1H), 1.41 (d, J = 6.7 Hz, 3H). 13C NMR (101 MHz, Chloroform-d) 

δ 154.47 , 148.41 , 141.40 , 138.55 , 137.90 , 137.33 , 135.48 , 132.81 , 132.13 , 

129.84 , 129.70 , 129.59 , 129.17 , 129.12 , 128.14 , 127.27 , 127.17 , 127.09 , 125.78 , 

124.06 , 121.21 , 121.01 , 120.24 , 120.20 , 45.37 , 42.11 , 19.49. HRMS (ESI+, m/z) 

calculated for C27H19Br2 [M + H]+ 547.0219, found 547.0212.  

 

Compound 3.8  

 

To a solution of 3.7 (300 mg, 0.6 mmol), Pd(P(t-Bu)3)2 (31 mg 0.06 mmol), and 

trimethylamine (333 µL, 2.4 mmol) in toluene (5 mL), phenyl formate (653 µL, 6 

mmol) was added. The resulting solution was stirred at 85 oC for 24 h. After cooling 

down to room temperature, the mixture was poured into water and extracted with 

EtOAc. The combined organic layers were washed with brine and dried over Na2SO4. 

The solvents were removed in vacuo and the residue was purified using column 

chromatography (pentane:  EtOAc=3: 1) to give 3.8 as a yellow solid (219 mg, 62 %). 
1H NMR (400 MHz, Chloroform-d) δ 8.95 (s, 1H), 8.33 (d, J = 8.0 Hz, 1H), 8.12 (d, 

J = 8.0 Hz, 1H), 8.07 (d, J = 8.0 Hz, 1H), 7.98 (d, J = 8.0 Hz, 1H), 7.93 (d, J = 8.6 

Hz, 2H), 7.72 (d, J = 8.4 Hz, 1H), 7.63 – 7.57 (m, 2H), 7.52 – 7.43 (m, 3H), 7.41 – 

7.28 (m, 7H), 7.19 (d, J = 7.5 Hz, 1H), 6.86 (d, J = 7.5 Hz, 2H), 4.53 – 4.43 (m, 1H), 

3.64 (dd, J = 15.3, 5.6 Hz, 1H), 2.86 (d, J = 15.3 Hz, 1H), 1.52 (d, J = 6.9 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 165.68 , 165.05 , 155.14 , 151.24 , 150.84 , 

148.69 , 143.16 , 142.54 , 140.78 , 137.95 , 135.53 , 132.87 , 132.27 , 129.87 , 129.66 , 

129.24 , 129.13 , 128.94 , 128.90 , 128.87 , 128.33 , 127.94 , 127.92 , 127.17 , 127.05 , 
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126.26 , 126.05 , 125.69 , 125.61 , 124.07 , 121.89 , 121.59 , 120.64 , 119.97 , 45.54 , 

42.12 , 19.62. HRMS (ESI+, m/z) calculated for C41H29O4 [M + H]+ 585.2060, found 

585.2051. 

 

Compound 3.9  

 

Compound 3.8 (100 mg, 0.17 mmol) was dissolved in a mixture of THF (2 mL), 

Methanol (2 mL), and aq. NaOH (1M, 2 mL), followed by heating at 65 oC for 16 h. 

After cooling to room temperature, the mixture was titrated using aq. HCl (1 M) to 

pH 3, followed by extraction with EtOAc. The combined organic layers were washed 

using brine and dried over Na2SO4. After concentration in vacuo, the residue was 

purified by column chromatography (DCM: MeOH=96: 4). The resulting yellow 

solid provided 3.9 (71 mg) with 96 % yield. 1H NMR (400 MHz, Methanol-d4) δ 

8.78 (s, 1H), 8.13 (d, J = 8.0 Hz, 1H), 8.05 – 7.95 (m, 3H), 7.93 (s, 2H), 7.72 – 7.59 

(m, 2H), 7.45 (t, J = 7.6 Hz, 1H), 7.41 (s, 1H), 7.28 (d, J = 8.2 Hz, 1H), 4.49 – 4.33 

(m, 1H), 3.63 (dd, J = 15.3, 5.6 Hz, 1H), 2.86 (d, J = 15.3 Hz, 1H), 1.46 (d, J = 6.7 

Hz, 3H). 13C NMR (151 MHz, Chloroform-d) δ 169.07, 168.53, 153.85, 147.93, 

142.33, 141.92, 140.09, 137.45, 135.22, 132.53, 131.47, 129.73, 129.42, 128.43, 

128.40, 128.23, 127.98, 127.33, 126.52, 126.43, 125.38, 125.03, 123.48, 119.76, 

119.04, 45.10, 41.55, 18.78. HRMS (ESI+, m/z) calculated for C29H21O4 [M + H]+ 

433.1434, found 433.1433. 

 

Compound 3.1  

 

To a solution of 3.9 (53 mg, 0.12 mmol) in THF (2 mL), DCM (2 mL), and a drop 

of DMF was added oxalyl chloride (0.2 mL, 2.5 mmol) and the resulting mixture 

was stirred at 0 oC for 1 h. After fully removing the solvents and excess amount of 

oxalyl chloride, the acid chloride was subsequently dissolved in dry DCM (5 mL). 

To the aforementioned solution of acid chloride, compound 2.6 51 (152 mg, 0.27 

mmol) and triethylamine (0.1 mL) were added at 0 oC. After stirring at room 

temperature for 16 h, the resulting solution was washed with water, brine, and dried 

over Na2SO4. The organic solvents were evaporated in vacuo, and the resulting 

residue was purified by column chromatography (pentane: DCM=1: 3) to yield 3.1 

as a yellow solid (126 mg, 0.08 mmol, 69 %). 1H NMR (400 MHz, Chloroform-d) δ 

8.54 – 8.44 (m, 2H), 8.05 (d, J = 7.9 Hz, 1H), 7.96 (d, J = 8.3 Hz, 1H), 7.89 – 7.80 

(m, 3H), 7.76 – 7.67 (m, 4H), 7.63 – 7.58 (m, 13H), 7.57 – 7.50 (m, 14H), 7.45 – 

7.38 (m, 24H), 7.36 – 7.27 (m, 10H), 7.26 – 7.22 (m, 2H), 7.01 (s, 1H), 6.51 (s, 1H), 

4.32 – 4.20 (m, 1H), 3.32 (dd, J = 15.5, 5.5 Hz, 1H), 2.65 (d, J = 15.5 Hz, 1H), 1.37 
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(d, J = 6.6 Hz, 3H). 13C NMR (151 MHz, Chloroform-d) δ 166.55, 165.99, 153.95, 

149.39, 145.94, 143.13, 142.73, 141.92, 141.48, 140.70, 140.65, 138.81, 138.79, 

137.30, 136.29, 135.93, 135.58, 134.57, 132.93, 132.85, 132.14, 131.95, 131.59, 

131.54, 129.74, 129.44, 128.92, 128.90, 127.94, 127.80, 127.42, 127.38, 127.13, 

127.12, 126.72, 126.41, 126.39, 125.89, 125.43, 124.96, 123.82, 123.17, 120.33, 

120.17, 119.72, 119.31, 64.11, 45.37, 42.02, 19.51. HRMS (ESI+, m/z) calculated 

for C115H83N2O2 [M + H]+ 1524.6483, found 1524.6464. 

 

Compound 3.10  

 

To a solution of 9-fluorenone-2,7-dicarboxylic acid (28 mg, 0.1 mmol) and 2.6 51 

(123 mg, 0.22 mmol) in DMF (3 mL), were added EDCI (57 mg, 0.3 mmol), HOBt 

(40 mg, 0.3 mmol), and DIEA (39 mg, 0.3 mmol). The resulting mixture were stirred 

at room temperature overnight. After evaporating the solvent in vacuo, the residue 

was dissolved in DCM and washed with water and brine, then dried with Na2SO4. 

After removing DCM, compound 3.10 (62 mg, 0.046 mmol, 46 %) was obtained by 

column chromatography (pentane: EtOAc = 1: 1) as light yellow solids. 1H NMR 

(400 MHz, Chloroform-d) δ 8.12 (d, J = 7.9 Hz, 2H), 8.04 (d, J = 10.7 Hz, 4H), 7.67 

– 7.58 (m, 18H), 7.54 – 7.49 (m, 12H), 7.44 – 7.31 (m, 34H). 13C NMR (151 MHz, 

Chloroform-d) δ 164.41, 146.31, 145.83, 143.64, 140.67, 138.85, 136.65, 135.70, 

135.21, 134.72, 132.02, 131.58, 128.90, 127.40, 127.13, 126.42, 122.30, 121.59, 

119.70, 108.10, 64.17. HRMS (ESI+, m/z) calculated for C101H71N2O3 [M + H]+ 

1360.5493, found 1360.5424. 

 

3.5.3 Dye-release 
 

The dye loaded samples were prepared by dissolving the carrier molecules (motor 

3.1 or control compound 3.10, 3 mg) and fluorescein (3 mg) in THF (1 mL), followed 

by adding water (9 mL). The resulting suspension was centrifuged, followed by 

decanting the upper layer of the clear solution. The obtained aggregate particles were 

further washed with water (2 × 3 mL) and redispersed into water (3 mL). The 

suspension was then placed in a dialysis bag (regenerated cellulose, with a molecular 

weight cut-off of 3.5kD, from Spectra/Por) which was put in water (50 mL). For 1H 

NMR studies, deuterated solvents were used as indicated.  

For the preparation of release aliquots, the abovementioned suspension (0.5 mL) 

was disperse into THF/water mixtures (4.5 mL) with varying ratio to reach the final 
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ƒw= 100%, 90%, 80%, 70%, 60%, and 50%. Then two 2 mL suspensions were placed 

into two dialysis bags separately, which each were immersed into THF/water 

mixture (50 mL) with the same ƒw value inside the dialysis bag. The sample during 

irradiation has an optic fiber (connected with 365 nm LED) inserted into the dialysis 

bag. After the irradiation, the bag was sealed with a clip. During release, the outside 

solution was stirred at r.t. and the glass bottle was closed with a lid. The molecular 

porous membrane tubing (dialysis bag, made from regenerated cellulose) with a 

molecular weight cut-off (MWCO) of 3.5kD was purchased from Spectra/Por. The 

irradiation experiments were carried out using a Thorlab model M365F1 high-power 

LED (4.1 mW). 

The release curves were recorded monitoring the emission maxima at different 

ƒw values, namely, 512 nm, 514 nm, 517 nm, 518 nm, 520 nm, and 521 nm for ƒw= 

100%, 90%, 80%, 70%, 60%, and 50%, respectively. 
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