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Abstract   

Molecular motors are capable of producing mechanical work on their environment by 

using their unique capacity to generate non-reciprocal autonomous motions at the 

nanoscale. Although their operating principles are now well understood, artificial 

molecular motors have yet to demonstrate their general capacity to confer novel 

properties on (supra)molecular systems and materials. Here we show that amphiphilic 

light-driven molecular motors can adsorb onto the air-water interface and form Langmuir 

monolayers upon compression. Under irradiation, the surface pressure isotherms of these 

films reveal a drastic shift toward smaller molecular areas as a consequence of their 

motors’ activation. We explain this counterintuitive phenomenon by the rotation-induced 

supramolecular polymerization of the amphiphilic motors, limited by the maximal torque 

they can deliver, and leading to the formation of highly organized patterns. This 

serendipitous discovery highlights the opportunities offered by molecular motors to 

control supramolecular polymerization processes and to form active nanostructures for 

the design of innovative materials. 
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Main 

Molecular machines are (bio)chemical species capable of producing controlled mechanical 

motion to achieve a task. In cells, they support a number of key functions such as the synthesis 

of ATP, the translation of proteins, and the actuation of the cytoskeleton during muscular 

contraction.1 Their actuation principles have been the subject of numerous debates,2,3 and 

important achievements were made in the synthesis of artificial nanomachines over the past 

forty years.4–13 The most advanced representants of molecular machines are molecular motors, 

which use power stroke and ratchet mechanisms as central concepts.14,15 Conversely to 

molecular switches, which move their subparts back and forth between (meta)stable states, 

molecular motors exhibit the peculiar behaviour to generate a unidirectional, cyclic, and 

autonomous sequence of states when fuelled by an external source of energy.16–18 This capacity 

to move out-of-equilibrium along a non-reciprocal spatial trajectory implies that molecular 

motors are able to progressively increase the work they deliver on their environment.19–21 As 

prominent examples, Feringa’s light-driven molecular motors rely on a series of alternating 

photoisomerization and thermal helix inversion (THI) steps to achieve a continuous 

unidirectional movement between a rotor and a stator linked together by a crowded carbon-

carbon double bond (Figure 1a,b).22,23 In a series of structural developments to decrease the 

THI activation barrier, Feringa designed a so-called “second generation” of molecular motors 

capable of producing very high rotation frequencies, up to the MHz regime in ideal conditions.24 

A recent line of intriguing studies have shown that the integration of these light-driven rotary 

motors into mechanical nanodevices and stimuli-responsive materials can push such systems 

out-of-equilibrium and even produce work up to the macroscopic scale.25–27 In order to probe 

the capacity of such motors to rotate in a constrained environment,28–32 we recently became 

interested by their potential incorporation into Langmuir layers. The Langmuir-Pockels trough 

provides a convenient method for the controlled formation and compression of 2D layers of 

amphiphilic molecules at the air-water interface, and the Langmuir-Blodgett technique allows 

to transfer these layers onto solid substrates.33–35 Langmuir films with photoswitchable 

surfactants based on azobenzenes36,37, spiropyrans38,39, dithienylethenes40, stilbenes41 or 

overcrowded alkene switches42 have been extensively studied and show differences in 

molecular packing, orientation, and surface pressures upon switching between two distinct 

configurational states. However, to the best of our knowledge, Langmuir layers were not built 

yet with advanced molecular motors in order to exploit their unique mechanical properties. In 

the present study, we show that the light-activation of amphiphilic molecular motors forming 

Langmuir monolayers can induce their unexpected nano- and microstructurations. We 

demonstrate that this phenomenon is the result of the motors’ rotation that triggers an 

unprecedented type of supramolecular polymerization.43–45 

 

Synthesis of amphiphilic motors 

To access “motorized” Langmuir layers, we first designed two enantiopure amphiphilic rotary 

motors (AM1 and AM2), which can autonomously rotate anticlockwise under UV light 

irradiation (Figure 1a-c). 
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Figure 1. Molecular structures and corresponding chemical syntheses of key motorized 

amphiphiles investigated in this study. (a) The motor core is derivatized from 2nd generation Feringa’s 

motors (with stator in red and rotor in blue), and capable of fast unidirectional 360° anticlockwise 

rotation around its double-bond axis at room temperature by following a non-reciprocal sequence 

comprised of two photoisomerizations and two thermal helix inversion (THI) processes (with 

frequencies reaching the MHz regime in ideal conditions).24 (b) Corresponding energetic diagram 

describing a 180° rotation over 1 photochemical step and 1 thermal step. (c) Final steps of the synthetic 

route giving access to amphiphilic molecular rotary motors AM1 and AM2. (d) Chemical structure of 

the “rotationally locked” amphiphilic episulfide AE. 
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We established a synthetic pathway starting from previously reported tetrasubstituted second 

generation Feringa’s motor 1,25 followed by its derivation with a pair of hydrophobic alkyl 

chains on the stator part and a pair of hydrophilic chains on the rotor part (see supplementary 

information (SI) for all synthetic protocols and products characterization). AM1 and AM2 

differ by the size of the linear alkyl chains attached to their thioxanthene moiety (C22H45, and 

C12H25, respectively). The final steps of this synthetic route start by the Williamson’s 

etherification of the free phenol groups of motor 1 with 1-bromodocosane or 1-bromododecane 

to furnish with excellent yields intermediates 2a and 2b, respectively. After saponification of 

the (R)-lactic acid ethyl esters on the rotor part, and subsequent amidation with acetylene-

triethyleneglycol-amine, compounds 4a,b were engaged in a copper-catalysed Huisgen “click” 

reaction with intermediate 5 to introduce a pair of sodium sulphonate head groups. Overall, 

following this 4-step process, AM1 was obtained with a total yield of 20%, and AM2 with a 

total yield of 35% from 1. An amphiphilic episulfide analogue (AE) was also prepared 

following the same synthetic pathway (Figure 1c). AE cannot rotate under UV activation and 

is used for control experiments in this study. 

 

Formation of Langmuir layers 

Langmuir films of pure molecules AM1, AM2, and AE were obtained by spreading their 

corresponding chloroform solution (c = 1 mg mL-1) onto the air-water interface in a Langmuir 

trough at 25°C. The corresponding surface pressure – area isotherms are summarized in Figure 

2 (and Figure S1). The isotherms without UV irradiation (black curves) show the formation of 

well-condensed films for each amphiphile. Strikingly, direct UV light irradiation (365 nm, 1.86 

mW.cm-2) of the monolayers during the compression shifts the isotherms for motor amphiphiles 

AM1 and AM2 to smaller mean molecular areas (Figures 2a,b, and S1a,b, red curves). This 

behaviour seems counterintuitive at a first glance because one might expect that the rotational 

motion of the motors would lead to larger mean molecular areas on the interface. Therefore, we 

tried to analyse in more details the nature of this drop of the molecular area under light 

irradiation. First, the isotherm for AM1 in the dark shows a plateau around 4.5 mN/m, 

characteristic of a phase transition reminiscent of lipid isotherms and a collapse area around 66 

Å2/molecule.46–49 With UV irradiation, the plateau corresponding to the phase transition cannot 

be observed anymore and the collapse area is shifted to 52 Å2/molecule. Second, the monolayer 

formed by AM2 has a collapse area around 71 Å2/molecule in the dark and its direct irradiation 

leads to a considerable shift of the isotherm to smaller molecular areas with a collapse area 

around 48 Å2/molecule. Third, amphiphilic episulfide AE forms a monolayer with a collapse 

area around 73 Å2/molecule in the dark (Figure 1c). However, direct UV irradiation of the 

episulfide layer does not lead to a detectable shift in the isotherm. In addition, repeating the 

isotherms for motor AM2 and AE with slightly increased or decreased temperatures of the 

subphase does not significantly change the isotherms for both the irradiated and non-irradiated 

layers (Figure S2a and S2b). In addition, by monitoring the temperature of the Langmuir layer 

during light-irradiation with an infra-red thermometer, we could not detect variations higher 

than +/- 2°C (Figure S3). Hence, one can exclude from these control experiments that the shifts 

in the irradiated motorized monolayers arise from a photothermal effect. 
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Figure 2. Formation and light-responsiveness of Langmuir monolayers made from motorized 

surfactants. (a-c) Surface pressure – molecular area isotherms of (a) AM1, (b) AM2 and (c) AE on an 

ultrapure water surface (T = 25°C). Each plot contains a set of isotherms that represents Langmuir films 

prepared from the same stock solution (1 mg/mL) but under two different conditions: i) without light 

irradiation (black) and ii) with a direct irradiation of the water surface with UV light (365 nm, 1.86 

mW.cm-2) during the entire compression (red). (d-f) Surface pressure – molecular area isotherms of 

AM1 (d) with variable UV light power intensities; (e) when the UV irradiation (365 nm, 1.86 mW.cm-

2) was started at different times after the beginning of the compression (i.e. 295.5 Å2/molecule); and (f) 

when the UV irradiation (365 nm, 1.86 mW.cm-2) was turned on at the beginning of the compression 

but stopped at different times during the compression. (g) Evolution of the molecular area over time 

under constant surface pressure at 2 mN/m for AM1 before, during, and after UV light irradiation (for 

5 minutes). Removing the area reached after stopping the UV irradiation (A2) from the area of the 

extrapolation of the initial curve without irradiation at the intersection where the irradiation was stopped 

(A1), represents the net effect of the 5 minutes-irradiation on the formed layers (ΔA = A1-A2) at a 

constant surface pressure. (h) ΔA values for AM1, representing the net effect of UV irradiation on the 

molecular area for different constant surface pressure values. (i) ΔA values for AM2 and AE for 

different constant surface pressure values. The experiments were duplicated, with error bars showing 

the standard deviation. 

To further investigate the impact of the direct UV irradiation, we varied the power of the LED 

light source, and observed that the films made of AM1 and AM2 are dependent on the intensity 

of the UV irradiation and therefore on the number of photons absorbed (Figure 2d and S2c). 

For a maximum power of 1.86 mW.cm-2, the shifts in the compression isotherms are the highest, 

while they are less pronounced below 1 mW.cm-2 (Figure 2d). In addition, we performed 
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experiments in which the irradiation was started or stopped at different times after starting the 

film compression. Starting the UV irradiation of AM1 films at surface pressures above the 

phase transition does not lead to isotherm shifts while starting it at 2 or 4.5 mN/m results in 

smaller but noticeable shifts (Figure 2e). On the other hand, stopping the film irradiation as 

early as 275 Å2/molecule (about 1 min of irradiation) shifts the rise in surface pressure to 

considerably smaller mean molecular areas (as compared to the non-irradiated case) 

accompanied by another important difference:   the absence of a phase transition plateau (Figure 

2f).  The isotherms for AM2 can be similarly shifted when the irradiation is started at surface 

pressures up to 20 mN/m (Figure S2d). While stopping the irradiation after reaching 150 

Å2/molecule leads to no difference in the isotherm compared to the fully irradiated isotherm 

(Figure S2e), stopping it earlier (above 150 Å2/molecule) shifts the isotherms closer to the non-

irradiated state. These results let us conclude that we can activate the motor layers at different 

stages before they become too compact, that is with a potential detrimental impact of the 

compression forces on the efficiency of the motor rotation. To better quantify this peculiar 

effect, we performed light irradiation experiments with constant surface pressures (Figure 2g). 

Important drops of the molecular area (ΔA = A1-A2) of AM1 are observed for surface pressures 

up to 4.5 mN/m, whereas the effect of irradiation becomes negligible from the critical pressure 

of 10 mN.m-1 and above (Figure 2h). Furthermore, for films made of control episulfide AE the 

irradiation-induced shrinking remains negligible at any pressure, whereas this effect is 

pronounced for the shorter motorized analogue AM2 even at 20 mN/m (Figure 2i). These 

experiments suggest that light-driven motors can rotate only for large enough molecular areas 

(lower enough surface pressures). We argue that from a certain threshold pressure imposed in 

the monolayer, the rotary motor becomes arrested by reaching its stall torque, and is not able to 

produce extra work to modify the Langmuir layer. This threshold value can be compared with 

the maximum torque delivered by this particular motor core, which was previously determined 

in the order of 10 pN.nm.28 Very interestingly, it can be estimated that the size of a hypothetical 

blade attached to the motor to stop the rotation under the critical pressure (10 mN/m) 

corresponds to a typical length of ~ 1 nm, effectively in the order of the molecular motor’s size 

(Figure S4 and corresponding discussion). 

 

Supramolecular polymerization through motor’s activation 

We used the Langmuir-Blodgett (LB) technique to characterize the nature of the transferred 

films of AM1 on solid substrates at different points of the non-irradiated and irradiated 

isotherms (Figures 3a and 3f). In particular, AFM was used to analyse the nano- and 

microstructures of the motorized monolayers on silicon wafers, revealing that LB films display 

unexpected and significantly original structural features when irradiated before deposition. For 

instance, films obtained at 2 and 10 mN/m in the dark show the formation of poorly structured 

aggregates (Figure 3b and 3c). Remarkably, the corresponding images of AM1 at 2 and 10 

mN/m, but being irradiated with UV light during the compression period, revealed that a 

monolayer is now composed of soft fibrillar structures which partially fuse side by side to create 

a 2D network (Figure 3g and 3h). 
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Figure 3. Microstructures of Langmuir monolayers made of motorized surfactants, without and 

with UV irradiation. (a,f) Surface pressure – molecular area isotherms of AM 1: (a) without and (f) with UV 

irradiation (365 nm, 1.86 mW) respectively. The arrows indicate at which compression the transfer of the film was 

done by the Langmuir-Blodgett technique. (b-d, g-j) AFM images of Langmuir-Blodgett films on silicon wafers 

of AM 1 transferred at constant surface pressure: (b) 2 mN/m, without irradiation, (c) and (d) 10 mN/m, without 

irradiation and with different magnifications, (e) 50 mN/m without irradiation, (g) 2 mN/m, with UV irradiation 

(for 335 s), (h) and (i) 10 mN/m, with UV irradiation (for 630 s) and with different magnifications, (j) 50 mN/m 

with UV light irradiation (for 735 s). For irradiated films, the UV light was started from the beginning of the 

compression and turned off when the desired surface pressure was reached, followed by the transfer of the film.  
 

 

Compression to 10 and 50 mN/m of the non-irradiated system gives a compact, aggregated film 

(Figure 3c and 3e), whereas at the same compression level the irradiated layer reveals a 

beautifully structured pattern made of defined fibrils (Figure 3h and 3j). Magnification of these 

fibrils (Figure 3i) show the side-by-side alignment of packed monodimensional objects with a 

diameter of ~ 3-5 nm (with a precision limited by the AFM tip convolution) and a lateral period 

of ~ 15 nm. These micrographs suggest that UV irradiation of a film of AM1 leads to a linear 

supramolecular polymerization of the motorized amphiphiles at low surface pressures, followed 

by subsequent 2D morphing and lateral packing of these fibrils for higher compression values. 

To evaluate the effect of the compression on the fibril formation, we further investigated the 

potential initial structures formed before any compression, with a LB deposition of the non-

irradiated surface layer at 295.5 Å2/molecule (0 mN/m) (Figure S5). While patches of poorly 

defined aggregated structures were imaged for non-irradiated samples (Figure S5b), short fibrils 

of homogeneous diameters were revealed after 15 minutes of irradiation (365 nm, 1.86 

mW/cm2) (Figure S5c). The corresponding height profiles of these domains in the dark (Figure 

4a) give a very regular thickness of 2.35 ± 0.15 nm above the silicon wafer, typically 

corresponding to a homogeneous monolayer. With UV irradiation these fibrils have a height of 

around 3.10 ± 0.19 nm, which presents an increase of ~ 32% compared to the non-irradiated 

domains. X-ray reflectometry (XRR) (Figure 4b) and height profiles from AFM measurements 

(Figure 4c and d) of samples at 4.5 mN/m also show an increase in height for the UV irradiated 

sample. The reflectivity spectra on Figure 4b presents clear Kiessig fringes, indicating that a 

layer has been deposited on the Si wafers substrate. The distances between the minima of the 

Kiessig fringes ΔQ is directly related to the overall thickness h of the deposited film via the 

expression 

 ℎ =
2𝜋

𝛥𝑄
  

which is model independent and includes the native silicon oxide layer of the Si wafer.  A direct 

proof that upon irradiation the amphiphilic layer compression leads to a remarkable molecular 

reorganization is the fact that for the irradiated sample (red circles, blue line), the width of the 

Kiessig fringe is shorter than for the non-irradiated one, indicating a thicker deposited layer. 

More precisely, the total thickness of the layer is 57 Å while for the non-irradiated one (black 

circles) it is 50 Å.  Remarkably, the overall thickness for both irradiated and non-irradiated 

sample is less than 63 Å which is the theoretical length of the fully stretched amphiphilic 

molecule, implying the presence of a monolayer. Indeed, the spectra could only be fitted by 

using a single amphiphilic monolayer comprising of an internal bilayer structure (involving 
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hydrophilic and hydrophobic sublayers) on top of a buffer layer made by SiO2 (see SI). The 

values for the total thickness of the layer derived from the fit 

ℎ𝑡𝑜𝑡𝑎𝑙 = h𝑆𝑖𝑂2 + ℎℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑖𝑙𝑖𝑐 + ℎℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑜𝑏𝑖𝑐 

were 50 Å for the non-irradiated sample and 57 Å for the irradiated one, in agreement with the 

corresponding values of the 𝛥𝑄 found by measuring the width of the Kiessig fringe. The 

thickness of the SiO2 buffer layer from the fit was found to be 22.9 Å +/- 0.6 Å. As already 

observed qualitatively we find an increase of ~ 7Å in the amphiphilic monolayer height under 

UV irradiation in line with AFM data. 

 
Figure 4. Thickness of Langmuir films. (a) Histogram of height measurements by AFM from 

Langmuir-Blodgett depositions at 295.5 Å2/molecule without (black) and with previous UV irradiation 

for 15 minutes (red). (b) X-ray reflectometry (XRR) spectra with corresponding fits, of amphiphilic 

monolayers transferred on Si wafer substrates by the Langmuir Blodgett method at surface pressure of 

4.5 mN/m (black circles) and at 4.5 mN/m under UV irradiation (red circles). The width of the 

characteristic Kiessig fringes is noted by 𝛥𝑄 and is inversely proportional to the overal thickness of the 

layer. (c-d) Height profiles by AFM of selected sections of AM1 LB films at 4.5 mN/m: (c) without 

irradiation, (d) with irradiation. 

 

 

These results indicate that only light is necessary to generate linear supramolecular polymers, 

while the compression is only responsible for their further lateral packing, and that the height 

of the monolayer is influenced by light, but not really by the compression. Interestingly, Figure 

S6 shows an AFM image of a naked silicon wafer together with images of adhesion obtained 

from Figures S5b and c, showing important differences in adhesion between the silicon wafer 

and the formed structures, indicating that no further surfactants are present in between the 

structures. We also prepared LB film of AM1 by first compressing the layer to 50 mN/m, and 

by then irradiating for 10 minutes the layer at the air-water interface under pressure control and 
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by finally depositing the film on the silicon surface (Figure S5d). The corresponding AFM 

image (Figure S5g) confirmed the absence of microstructuration, as in the case of the non-

irradiated films, and as expected by the previous isotherms measured above a pressure of 10 

mN/m (Figures 2e,h). In a reverse approach, isotherms were recorded for layers irradiated with 

UV light during 15 or 30 minutes at the open state (295.5 Å2/molecule), followed by 

compression without irradiation (Figure S5e); showing that they resemble isotherms with UV 

irradiation during the entire compression. Furthermore, we prepared a LB film of AM1 by 

irradiating the interface at the open state (295.5 Å2/molecule) for 10 minutes, followed by 

resting in the dark for 2 hours (Figure S5f) and final deposition of the film at 50 mN/m, also 

revealing nano- and microstructurations (Figure S5h,i). This new set of experiments strongly 

suggest that differences in surface pressure result from the rotation of the motor in the low 

surface pressure regime (<10 mN/m) and from the subsequent molecular packing of the 

motorized surfactants in supramolecular polymers, leading to an apparent drop of the molecular 

area at constant compression values.  The AFM images of AM2 transferred at 30 mN/m without 

light irradiation also show non-organized films (Figure S7a). However, despite encouraging 

isotherms (Figure 2b), the LB films of AM2 prepared at 30 mN/m with UV-light irradiation 

during the compression shows only additional aggregated structures with circular shapes but 

with no clear internal nanostructure (Figure S7b,c). NMR analysis of AM2 irradiated in 

aqueous solution does not indicate degradation of the motor or cross-linking between the 

molecules (Figure S9). This suggests that the irradiation of AM2 leads to the formation of 

densely packed amorphous aggregates, which can explain the shift in isotherms to smaller 

molecular areas, but with no evidence of supramolecular polymerization leading to well-

organized patterns. We assume that attraction between AM2 molecules with shorter alkyl tails 

is weaker, and that a loose amorphous structure is formed that densifies approaching 

equilibrium when exposed to UV irradiation. Hence, light-triggered supramolecular 

polymerization requires a fine balance between the different molecular parts of the motorized 

surfactants. 

The mechanical stability and the potential structuration of the monolayer formed from AM1 in 

the dark was then assessed by performing consecutive isotherm cycles under area control 

(Figure 5a) and under surface pressure control up to 50 mN/m (Figure 5b). The maximum 

surface pressure was very slightly dropped (Figure 5a) or shifted to smaller mean molecular 

areas (Figure 5b) after each cycle, indicating a small loss of material, possibly to the water 

subphase. However, the phase transition and the same overall shape of the isotherms can be 

observed for each cycle, which suggests that the formed layers are stable and reversible. AFM 

imaging of a transferred layer after 10 cycles under pressure control (Figure 5c) shows no 

significant difference by comparison with the film observed in Figure 3e. This result proves 

that the fibrils are formed under UV irradiation at low surface pressure, and cannot be obtained 

just after several compressions. In order to investigate if the initial isotherms can be recovered 

after UV irradiation and subsequent decompression, 3 cycles under area and pressure control 

were performed while the layers were irradiated with UV light during the second compression 

only, followed by decompression and relaxation for 15 h without irradiation (Figure 5d and 5e). 
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Figure 5. Multiple compressions of Langmuir monolayers made of motorized surfactants and 

study of the supramolecular growth mechanism. (a) Isotherm cycles of AM1 under area control: 3 

consecutive cycles without light irradiation. (b) Surface pressure – molecular area isotherms of AM1 

under pressure control: 10 consecutive cycles without light irradiation and (c) the corresponding AFM 

image of the final LB AM1 film transferred   at 50 mN/m after the 10th compression. (d) Surface pressure 

– molecular area isotherms of AM1 under area control: 3 cycles with UV irradiation during the second 

compression only (violet background) and the third cycle performed 15h after the second decompression 

was completed. (e) Isotherm cycles of AM1 under pressure control: 3 cycles with UV irradiation during 

the second compression only and a third cycle 15h after the second was performed. (f) AFM image of 

transferred LB films of AM1 after compression to 50 mN/m under UV irradiation, followed by 

decompression and relaxation for 15h at the decompressed state without irradiation and recompression 

to 50 mN/m. (g) Surface pressure – molecular area isotherms of AM1 where the UV irradiation (365 

nm, 1.86 mW/cm2) was stopped at different times after the beginning of the compression. (h) Molecular 

area at 2 mN/m plotted against the irradiation time from the beginning of the compression (cf. the 

corresponding cross-section points with the dashed line in (g)). (i) Evolution of the molecular area over 

irradiation time for AM1 monolayers at 2 mN/m under surface pressure control, for various UV light 

intensities (the irradiation was started 30 seconds after the surface pressure of 2 mN/m was reached). 
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The system did not show a recovery of the initial isotherm nor the plateau of phase transition 

under the described conditions (cf. Fig. 5e). AFM imaging was performed for a layer that was 

first compressed to 50 mN/m under UV irradiation, decompressed and rested for 15h at the 

decompressed state without light and subsequently transferred at 50 mN/m. Much to our 

surprise, a strong thickening of the fibers could be revealed (Figures 5f, S8a), while keeping a 

constant height of 3 nm (Figure S8b) as observed for the initial fibrils (Figure 3j). This 

thickening results from lateral coagulation of several fibrils over time and is also obtained when 

the incubation time was extended to three days (Figure S8c). This suggests that the obtained 

supramolecular structures may be kinetically trapped by lateral coagulation perhaps due to 

better packing of alkyl tails explaining the irreversibility in the isotherms after UV irradiation. 

We further investigated the growth mechanism for the supramolecular polymers formed by 

AM1 at the interface by considering the time of irradiation from the start of the compression 

with different intensities of 1.86 mW/cm2 and 0.40 mW/cm2 (Figure 5g and S10). When 

plotting the molecular area at which a surface pressure of 2 mN/m was reached against the time 

of irradiation from the beginning of the compression, it can be observed that the smooth 

decrease in the area at short times is compatible with a parabolic law (Figure 5h). The absence 

of visible lag time suggests that a highly cooperative nucleation-growth mechanism should not 

rule the supramolecular polymerisation of these motor amphiphiles.48,49 AFM images obtained 

for films irradiated during 30 seconds and 64 seconds after the start of the compression and 

transferred at 50 mN/m also show that, if some elongated structures are present (Figure S11a 

and b, respectively), the organisation of fully elongated structures is not observed as in Figure 

3j taken as a reference (735 s of irradiation). These images further imply that the rotation of the 

motor is necessary for an extended period of time, and is necessary during the polymer growth, 

and not only at a nucleation stage as we would expect for a highly cooperative mechanism with 

kinetically facile elongation.43 Further measurements at a constant surface pressure of 2 mN/m 

under pressure control with full-time irradiation but different UV light intensities display a 

similar short-time parabolic law, reaching plateaus with similar molecular area values in every 

case (Figure 5i). These results show that once the final state of the rearrangements is reached, 

the irradiation has no further influence on the monolayer of AM1.  

To understand the correlations existing between the light-activation of the motor and the 

polymerization process, we investigated the UV and CD spectra of Langmuir layers made of 

AM1. Because AM1 has a symmetric stator part (see blue part in Figure 1c), its E and Z stable 

isomers are degenerated ((R)-P-stable form), and the only differentiation existing between 

states in the rotary cycle takes place between the unstable ((R)-M) and the stable ((R)-P)) helix 

forms. We know that the life-time of the unstable helix in second generation Feringa’s motors 

is very short at room temperature in solution (within the submicrosecond range),24,25 but we 

tried to detect the presence of the unstable form in the monolayer, which could be kinetically 

trapped by compression or stacking of the motor. UV and CD analyses (that are adapted 

methods to differentiate between stable and unstable helical forms) can be compared. The 

absence of new peaks, sign inversion, or isobestic points indicates that both the non-organized 

layers (obtained in the dark) and the supramolecular polymers (obtained with light-irradiation) 

are formed from the stable helix only (Figure S12). Therefore, we conclude that, at the timescale 

of the film structuration, the motors are most of the time in their stable helix conformation, and 

that their supramolecular polymerization relies on their transient rotational activation during 
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light irradiation, and not on their dominant conformational state. This is coherent with other 

rotating systems incorporating second generation Feringa’s motors, and in which the unstable 

helix cannot be observed at room temperature, even in very constrained conditions.28,30,32 

Putting together the experimental results described above, we propose a simplified mechanism 

of the entire supramolecular polymerization process at work in these motorized Langmuir layers 

(Figure 6), which is further supported by a theoretical model discussed in the SI (section S4). 

 

 
Figure 6. Proposed mechanism of the UV-driven supramolecular polymerization of motorized 

amphiphiles AM1 taking place within Langmuir monolayers. The first row (a,b) of sketches 

represents states with large molecular areas, followed by the layer compression (the second row of 

sketches (c-e)) accompanied with lateral spatial organization of the formed fibers, with the 

corresponding AFM images shown below (f-h).  

 

 

For large mean molecular areas, AM1 is condensed in poorly organized islands that further 

aggregate when compressing the layer to give a stable film of ~ 2.35 nm thickness. In addition 

to the amorphous material, the proposed theoretical model predicts that these islands and films 

can contain a certain proportion of small ring-like structures based on the isotactic π-π stacking 

between the aromatic cores of the motor with intrinsic curvature. During the irradiation process, 

the rotation of AM1 can transiently modify its conformation in the ~1 Hz regime and provides 

sufficient activation energy (~ 125 kBT) to break these rings, which can recombine differently 

– with a high gain of interfacial energy (~ 70 kBT) – into rigid double columnar stacks composed 

of two fibrils with opposite intrinsic curvatures. These stretched double columnar stacks with 

an increased thickness of ~ 3.10 nm (+0.7nm) can then grow by merging with other double 

columnar stacks or by further association of supplementary unimers coming from amorphous 

material, explaining the requirement of UV irradiation all along the supramolecular 

polymerization. The length of these supramolecular polymers is therefore concentration 

https://doi.org/10.26434/chemrxiv-2024-qbd2q ORCID: https://orcid.org/0000-0003-4093-3000 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-qbd2q
https://orcid.org/0000-0003-4093-3000
https://creativecommons.org/licenses/by-nc-nd/4.0/


14 
 

dependent, increasing during compression, while their thickening is induced by lateral 

coagulation of several linear fibres. 

 

Conclusion 

The present article reports on the first example of a supramolecular polymerization induced by 

the unidirectional rotation of molecular motors. The mechanistic control over supramolecular 

polymerization processes has become an important topic in modern chemistry, with the 

objective to access entirely new classes of stimuli-responsive, adaptive, and even “life-like” 

soft materials.50 By making supramolecular polymers from active molecular motors, we have 

shown that one can shape their structure and modify their dynamics of growth by playing with 

the autonomous out-of-equilibrium motion of their monomers, provided the system is fuelled 

with an appropriate source of energy – here photons, but red-ox or chemical fuels can also be 

envisioned with other motors. The present self-assembly mechanism, limited by the stall torque 

of the motor (~ 10 pN.nm), is profoundly different from those involving molecular switches 

that can influence polymer structures by flipping between their different states. Here, on 

average, the motors stay in their unique stable state, and the emergence and growth of well-

defined nanostructures is caused by work produced via jump-like unidirectional rotation of the 

motors under the action of light. We are now actively pursuing our investigations to access 3D 

motorized supramolecular polymers in the bulk solvent. 
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Graphical abstract for TOC 

 

   

Supramolecular morphing using molecular motors. An amphiphilic light-driven rotary 

motor is used as a surfactant to form Langmuir monolayers at the air-water interface. Upon UV 

irradiation, the work produced by the continuous unidirectional rotation of the motor can trigger 

its supramolecular polymerization and the subsequent patterning of its interfacial layer at the 

nanoscale. 
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