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ABSTRACT  

We demonstrate photoresponsive cholesteric liquid crystals (CLCs) doped with 

glycomacrocyclic azobenzene derivatives, which exhibit large conformational changes, 

providing dynamic control of helical superstructures in response to a light stimulus. An 

unprecedented shortening of the helical pitch length and the empowerment of helical twisting 

power up to 500% are observed upon trans (E) to cis (Z) photoisomerization. Light-driven 

dynamic helix twisting and untwisting behavior affords the first example of glycomacrocyclic 
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azobenzenes-based CLCs which can drive the mechanical movement of micro-objects. Two 

modes of rotations - two-directional or one-directional rotational motion (crankshaft mode) - 

are realized. In particular, the latter mode based on the reversible cholesteric texture 

transition between homogeneous stripes and focal conics leads to the accumulation of the 

rotation angles achieving the amplified mechanical movements.  

KEYWORDS：cholesteric liquid crystal, photoisomerization, glycomacrocyclic azobenzene, 

helical twisting power, unidirectional rotation 

1. INTRODUCTION 

Photoresponsive liquid crystalline (LC) system has attracted considerable interest to a very 

promising area of soft photonics and mechanics.1-8 Under light irradiation, it is possible to 

modulate or switch the orientation of LC molecules to achieve desired optical and mechanical 

properties of this system remotely and selectively. Especially, by introducing suitable 

photoresponsive chiral dopant in achiral nematic liquid crystal (NLC), self-organized chiral 

NLC or cholesteric liquid crystal (CLC) is formed exhibiting superstructural chirality.9-15 Its 

helical orientation and pitch length can be dynamically controlled by light enabling the 

practical photonic applications for reflective displays,16-20 diffraction light stirring,21,22 

information storage,23,24 mirrorless lasing25,26 as well as in molecular mechanical systems, for 

example, molecular switch27-34 and molecular machine development.35-37 Experimentally, the 

ability to twist or helical twisting power (HTP, β) of the chiral dopant can be quantified and 

represented by β = (PC)–1 where C and P are the concentration of dopant and pitch of the 

helix, respectively.38 In general, the initial and photoinduced transition in HTP value mainly 

determines the potential extent of CLC helix controllability such as handedness and degree of 

pitch length switching, which consequently limits its applications. High HTP and its 
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significant switching can reduce the concentration of chiral dopants avoiding undesirable 

changes in physical properties (e.g. viscosity, clearing point) of CLCs, which plays a 

significant role in optical display addressing.10,11,32,35 Likewise for molecular machinery 

applications, photoinduced large HTP switching significantly benefits manipulation of 

superstructural mechanical motion by CLCs.10,11,35 Furthermore, inducing higher than 

original HTP upon light stimulus would be favorable, as on-demand amplification of 

superstructural helical strain can afford much efficient and advanced control of mechanical 

functions in CLCs.  

Lots of attempts have been challenged to develop promising CLC-based systems by tuning 

the molecular structures. Among the photoresponsive chiral dopants for CLCs,  azobenzene-

based chiral switch is considered as a very promising dopant because light-triggered 

geometry and polarity transition between rod-like trans (E) form (low energy, less polar) and 

bent shape cis (Z)  form (higher energy, more polar) can effectively direct the reorganization 

of self-assembly of the LC molecule. Various experimental38-42 and theoretical43,44 studies 

revealed that structural rigidity, closer intramolecular photoisomerizable unit-chiral unit 

distance, lower conformational freedom and its large photoinduced transition of the dopant 

are suitable to realize higher HTP and better phototunability of the helical pitch.8-11 Such 

molecular characteristics have been highly expected from cyclic forms, but probable 

examples are limited such as integrating axially chiral binaphthyl unit42,45-47 or naphthalene 

derivatives resulting in planar chirality via cyclization9,10,17,27,35 with azobenzene unit.  

Meanwhile, realizing HTP increase under Z-rich state in the CLC medium is basically 

challenging and has been relatively unexplored. Because chirality transfer from E isomers to 

host NLC (higher HTP) is usually superior to that from Z isomers (lower HTP) due to 

intrinsic geometrical similarity of rod-shaped E-form and LC molecule. That is, E→Z 
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photoisomerization likely disturbs the intrinsic molecular arrangement resulting in a decrease 

of HTP and a longer helical pitch. Only a few approaches11,40,41 have been reported on chiral 

azobenzene dopants in linear geometries such as ones exhibiting more rod-like Z forms40 or 

cybotactic smectic-like domains which can be dissociated at Z-rich state.41 

In this study, we focused on glycomacrocycles (GM) consisting of sugar and azobenzene 

as feasible photoresponsive chiral dopants to achieve higher HTP in Z-rich state and its 

significant switching by light irradiation, which have never been utilized to the best of our 

knowledge. The glycomacrocyclic azobenzene derivatives reported by Xie et al. are known to 

undergo a significant conformational change and interesting chiroptical properties upon 

photoisomerization.48-50 Transfer of chirality from sugar unit to azobenzene could induce 

certain helicity preferentially, and single molecular chirality level was well switched between 

E and Z forms with high fatigue resistance and thermal stability. In addition, slight variation 

on linker length or sugar skeleton may bring significant differences in photoinduced 

geometrical transition and chiroptical properties. Therefore, these attractive features of 

glycomacrocyclic compounds encouraged us to introduce them as novel and powerful 

photoresponsive chiral dopants to CLC.  

Importantly, such an efficient and high degree of helical reorganization can be utilized to 

perform mechanical work by rotating macroscopic objects on the film. The two (opposite)-

directional rotations have been somewhat exploited since Feringa’s group demonstrated the 

first molecular machine showing rotational motion.29-31 However, single-directional rotational 

motion is hardly attainable due to the helix winding and unwinding process in opposite 

direction on the way to each photostationary state (PSS). Recently, our group overcame such 

issues realizing molecular machinery (crankshaft effect) by implementing rotational stripe 

patterns and static focal conic domains (FCDs) in CLCs.35  
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Herein, we demonstrate the unique switching behavior of glycomacrocycle-based 

azobenzene dopants shown in Scheme 1 exhibiting stronger helical twisting induction in the 

Z-rich state, that is higher HTP (up to 500% empowerment) and shorter helical pitch with 

E→Z photoisomerization. Theoretical studies were also carried out to reveal the plausible 

molecular mechanism. In addition, we present herein the first example of the application of 

glycomacrocyclic azobenzene dopants that induce versatile phototunability of rotational 

mechanical movement, either reversible rotational direction switching or single-directional 

rotating crankshaft mode of microscopic glass rod on the surface of a CLC mixture film. 

Eventually, we could propose another promising category of photoresponsive chiral dopants 

exhibiting amplification of HTP upon E→Z photoisomerization which can devote as 

molecular machines for macroscopic mechanical work manipulation. 

 

Scheme 1. Molecular structures of 1 and 2, and their photoisomerization upon UV (E to Z 

form) and visible (Z to E form) light irradiation.  

2. RESULTS AND DISCUSSION  

2.1 Glycomacrocycles affecting phase transition of the LC host  

Molecular structures of photoresponsive GM-based azobenzenes and their 

photoisomerization process upon UV (E to Z form) and visible (Z to E form) light irradiation 

are described in Scheme 1. Azobenzene-embedded glycomacrolactones with the 

photochromic moiety linked to 4,6-position of manno (1, 17-membered ring) and 2,3-position 

of gluco (2, 16-membered ring) derivatives were synthesized48,49 and utilized. Two 
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compounds were well dissolved into nematic LC hosts such as 5CB, DON-103, or ZLI-1132 

resulting in cholesteric phase. For example, 1 was introduced into 5CB up to 8.5 wt% 

showing good solubility, and we could observe different phases depending on the doping 

concentration and upon photoirradiation (Table S1). At the relatively low doping 

concentration around 1~2 wt%, it exhibited classic Grandjean textures.1 By elevating the 

dopant concentration, highly strained FCDs were observed which are known as one of the 

cholesteric phases. Double spiral FCDs (Figure 1a) and polygonal FCDs (Figure 1b) were 

distinguished without and with the cover glass, respectively. It is noticeable that the doping 

concentration around 5 wt% resulted in the photoinduced reversible isotropization of the 

FCDs upon UV light exposure at room temperature shown as the black region in the 

polarizing optical microscope (POM) image (Figure 1c and d), and the FCDs were recovered 

upon thermal back reaction. Further doping at 8.5 wt% afforded an isotropic phase even 

before photoirradiation (Table S1). Unlike 1, doping 2 to 5CB at 0.12 wt% showed the chiral 

phase induction by UV light irradiation. In addition, photoinduced isotropization did not 

occur even at 8.5 wt% which implies that 2 has higher miscibility and chiral transferability 

compared to 1. 

 

Figure 1. Polarizing optical microscope images of CLCs of 1 doped in nematic 5CB (5 wt%) 

on polyimide-rubbed glass substrate: (a) Open-air film without a cover glass showing double 

spiral focal conic domains. (b-d) Sandwiched film with cover glass showing focal conic 

textures; (b) initial and (c, d) upon continuous UV light irradiation exhibiting photoinduced 

isotropization. White scale bar: 100 μm. 
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2.2 Unprecedented switching of HTPs: larger values for the Z forms  

We examined the chirality transfer characteristics of 1 and 2 in CLCs by using Cano’s wedge 

method.51 Each CLC composite was prepared by mixing the host NLC and the dopant 

homogeneously, followed by injection into a Grandjean−Cano wedge cell under capillary 

force at room temperature. As shown in wedge cell images containing CLCs of 4 wt% of 1 in 

5CB (a-c) and 1 wt% of 2 in ZLI-1132 (d-f) in Figure 2, clear Cano’s lines were observed 

which represent the formation of the cholesteric orientation of the molecules. Induced Ps of 

CLCs and HTP values of the dopants could be determined (see the experimental section for 

the calculation). Illumination of the wedge cell with UV (365 nm) light and visible (510 nm) 

light to each PSS brought a dynamic shift of the Cano lines. Interestingly, reversible 

shortening and lengthening of the distance between the Cano lines occurred upon the 

irradiation with UV and visible light, respectively. In particular, dramatic gap shrinkage 

between Cano lines was witnessed from 2 at Z-rich PSSUV (Figure 2e) as P changes about 6 

times from 8.4 μm to 1.4 μm reflecting the significant increase in the chirality transferability 

in Z-form. The residual Z-form at subsequent PSSvis inhibited the full restore to the original 

(i.e., prior to photo-irradiation) pitch length. Table 1 summarizes the Ps and HTPs of the 

GM-azo dopants in the nematic LC hosts 5CB, DON-103, and ZLI-1132 before (initial) and 

after irradiation with UV and visible light to each PSS. In the initial state, the 2-based CLCs 

exhibit relatively higher HTPs compare with those of 1 which suggests that 2 would have 

higher intrinsic chirality and/or better mesogenic compatibility to the nematic LC host. 

Remarkably, every photoresponsive CLC showed a tendency of an increasing manner of HTP 

with a large switching ratio (Δβ/βini) over 50 % upon UV light irradiation and its decreasing 

upon subsequent visible light irradiation. To our surprise, the largest HTP photoswitching 

from 11.9 to 72.3 μm-1, Δβ/βini of 508 % was obtainable in the presence of 2. Although rare 
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cases on Z-photoismerization induced HTP increase have been reported from azobenzene 

derivatives in linear geometries by Ichimura,40 Kurihara,41 and us,11 such empowering 

helicity in Z-form even in a cyclic geometry is unprecedented for photochromic chiral 

dopants.  

 

Figure 2. Cano wedge cell images with the Cano lines obtained from CLC mixtures 

containing 4 wt% of 1 in 5CB (a: initial, P = 7.4 μm, b: PSSUV, P = 4.7 μm, c: PSSvis, P = 5.9 

μm) and 1 wt% of 2 in ZLI-1132 (d: initial, P = 8.4 μm, e: PSSUV, P = 1.4 μm, f: PSSvis, P = 

5.9 μm). White scale bar: 100 μm. 

Table 1. Photoswitching of the helical twisting power (β) of CLCs doped with 1 or 2 upon 

365 nm (E→Z isomerization) and 510 nm (Z→E isomerization) light irradiation. 

Dopant 
(conc.) 

Nematic 
LC host 

Light 
(PSS) P (µm) β (µm-1) |Δβ/βini| (%)a 

1 
(2 wt%) 

5CB 

initial 14.9 3.4 

+59 UV 9.3 5.4 

Vis 11.8 4.2 

DON-103 

initial 34.8 1.4 

+93 UV 18.6 2.7 

Vis 28.7 1.7 

ZLI-1132 initial 25.0 2.0 +74 
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UV 14.4 3.5 

Vis 23.5 2.1 

2 
(1 wt%) 

5CB 

initial 7.5 13.4 

+67 UV 4.5 22.4 

Vis 6.5 15.6 

DON-103 

initial 27.2 3.7 

+135 UV 11.4 8.7 

Vis 19.5 5.1 

ZLI-1132 

initial 8.4 11.9 

+508 UV 1.4 72.3 

Vis 5.9 17.0 
a) Switching ratio in HTP between the initial (βini) and PSSUV states 

2.3 Photoregulation of the rotational motion of microsized objects 

Motivated by such large HTP photoswitching of the CLCs, we attempted to investigate the 

light-induced microscale collective motion of the CLC texture and its consequent modulation 

of mechanical motion of micro-objects freckled on the CLC surface.35 Firstly, the doped CLC 

mixture was drop-cast onto a glass substrate coated with a unidirectionally rubbed polyimide 

alignment film, and was then observed under POM equipped with light sources of 365 nm 

and 510 nm at room temperature.34  As shown in Figure 3a, clear stripe-like patterns of CLC 

(1.7 wt% 2 in 5CB) were observed at the beginning, which is a direct consequence of the 

cholesteric geometry with lying helix parallel to the substrate at the interface of air and CLC. 

Interestingly, FCDs were rapidly formed upon UV light irradiation (8 mW cm-2) (Figure 3b).  
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Figure 3. Photoinduced CLC film (1.7 wt% 2 in 5CB) surface texture transition: initial 

stripe-like texture (a), focal conic domains formed by UV light irradiation (8 mW cm-2) (b), 

and after reaching PSSUV (c). During visible light irradiation (25 mW cm-2) from (d) to (l), 

the helically strained focal conic domains are unwinding in the opposite direction to the entire 

texture rotation followed by total dissipation (d→g) and fused to the collective counter-

clockwise rotation (h→l). White scale bar: 100 μm. 

Usually, a FCD comprises multiple domains with an intrinsic helical pitch, with the helical 

axis of each domain being randomly oriented throughout the surface. Continuous UV light 

irradiation resulted in the integration of FCDs and simultaneous restore of stripe textures by 

reaching PSSUV, and we specifically monitored the dissipation process of residual FCDs 

(Figure 3c-i) upon subsequent visible light irradiation (25 mW cm-2). We could witness the 

clockwise unwinding process of the helically strained FCDs in the opposite direction to the 

entire texture rotation followed by total dissipation (d→g). They were finally fused to the 

counter-clockwise collective rotation (h), and the homogeneous large domain of a few 

hundred square micrometer scale showed successive dynamic rotational motion (i→l).  The 
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shape and size of FCDs were quite similar to those observed from our recent study on CLCs 

doped with planar chiral cyclic azobenzene upon Z→E photoisomerization.35 Although the 

FCD formation was triggered by E→Z isomerization in this work which is the opposite 

manner from the previously reported system, the common feature in two systems is that the 

FCDs emerged at the HTP switching to a higher value. Therefore, it indicates that a potential 

“seed” cluster generation in the CLCs inducing disoriented FCDs is likely to be triggered at 

the HTP increasing step. These disoriented FCDs contain random helical directors with many 

domain boundaries across the surface of the film which failed to accumulate rotational 

reorganization of the CLC texture, consequently resulting in no rotation of a small object on 

the film. In addition, careful observation of the reorganization process from FCDs to 

homogeneous stripe patterns revealed that the intrinsic helical directors’ orientation in FCDs 

is independent from homogeneously reorganized stripe-patterns. Consequently, formed stripe 

patterns and their collective rotational reorganization encouraged us to photochemically drive 

mechanical rotational motion of a small object.  

 

Figure 4. Rotational motion of a glass flake on the surface of CLC mixture film (1.4 wt% 1 

in 5CB) upon continuous UV light irradiation of low intensity (2 mW cm-2) from PSSvis (a) to 

PSSUV (d) in the clockwise direction. Counter-clockwise rotational motion from PSSUV (e) to 

PSSvis (h) upon visible light irradiation (25 mW cm-2). White scale bar: 100 μm. 

Utilizing the unprecedented large HTP switching characteristics of 1 and 2, we tried to 
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realize the rotational movement of micro-objects generated by the photoinduced rotation of 

stripe textures. Micro-sized objects such as glass flakes or rods were sprinkled on the surface 

of CLC film followed by UV and the subsequent visible light irradiation. Figure 4 and Figure 

5 demonstrate the photoinduced rotational motion behavior of glass flakes monitored with 1 

doped CLC (1.4 wt% in 5CB). The UV light irradiation was controlled for low (2 mW cm-2) 

and high- (8 mW cm-2) intensity while the identical intensity of visible light (25 mW cm-2) 

was utilized. Interestingly, upon low-intensity UV irradiation, a clockwise rotation of both 

homogeneous stripe textures and the glass flake was observed, instead of the emergence of 

FCDs (Figure 4a-d). Meanwhile, counter-clockwise rotational movement of the texture and 

the glass flake was observed upon subsequent visible light irradiation (Figure 4e-h). The 

rotational angle until reaching PSSUV and PSSvis was about 320º±50º. By contrast, upon high 

intensity UV light irradiation, instant generation of FCDs was observed (Figure 5b). 

Continuous UV light irradiation resulted in the steady restore of the original stripe texture, 

but imperfect retaining some domain boundaries (Figure 5e). Thus, unfortunately, upon 

visible light exposure from PSSUV, it hardly exhibited rotational motion of the glass flake 

although minor rotational reorganization of the stripe texture inside the boundaries was 

observed (Figure 5f-i). 
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Figure 5. Images of a glass flake on the surface of CLC mixture film (1.4 wt% 1 in 5CB) 

upon UV light irradiation of full intensity (8 mW cm-2) from initial PSSvis (a) to PSSUV (e). 

Subsequent visible light irradiation (25 m Wcm-2) to PSSvis (i). White scale bar: 100 μm.  

Afterward, we examined the photoinduced rotational motion behaviour of 2-doped CLCs 

(1.7 wt% in 5CB).  We could confirm the quite improved rotational movement of the glass 

flake compared with that of CLC doped with 1. Firstly, low-intensity UV light and 

subsequent visible light irradiation resulted in the clockwise and counter-clockwise rotation 

in 415º±10º which is larger than that observed from 1 (see Figure S1). This dynamic motion 

was much amplified when introducing ZLI-1132 (doping 1 wt% of 2) which showed the 

largest HTP switching ratio (Table 1). Larger rotation angles of 570º (clockwise) and 640º 

(counter-clockwise) was obtained from PSSUV (a→d) and PSSvis (e→h), respectively (Figure 

6). The difference in the resultant rotational angles depending on the CLCs is thought to be 

reasonable considering the one of the critical parameters which determines the degree of 
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rotation reorganization is known to be the photoinduced HTP switching ratio.8,27 Meanwhile, 

unidirectional rotational motion of a glass flake was obtained in which only counter-

clockwise rotational motion was realize on the surface of CLC mixture film (1.7 wt% of 2 in 

5CB) upon consecutive full intensity UV and visible light irradiation (Figure 7). Intense UV 

irradiation resulted in the paused state of the micro-object due to the emergence of the dense 

FCDs (Figure 7b). Randomly oriented helix with many domain boundaries in FCDs failed to 

amplify discrete rotational reorganization of each independent domain in CLC film. This 

static state retained till PSSUV (Figure 7e), in the meantime the homogeneous stripe textures 

were recovered which is similar to the one in the initial state. Accumulation of rotational 

angle by repetitive unidirectional rotational motion is demonstrated in Figure 7. Upon two 

rounds of alternating UV and visible light irradiation, the glass flake showed non-rotating 

static state upon the first (a→e) and the second (j→l) UV irradiating step, then counter-

clockwise rotational motion was observed upon the first (f→i) and the second (m→o) visible 

light irradiating step exhibiting rotation angles of 310º and 340º, respectively. Accordingly, 

photo-controlled reversible supramolecular reorganization of CLC confirmed as a transition 

between stripe texture and focal conic texture led to the multiple cycles of object rotation in 

one-way. The delivered mechanical work is not canceled out by reverse movement. The 

summarized rotation behavior from 1- and 2-based CLCs at each light irradiation condition is 

shown in Table S2. 
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Figure 6. Rotational motion of a glass rod on the surface of the CLC mixture film (1 wt% 2 

in ZLI-1173) upon continuous UV light irradiation of low intensity (2 mW cm-2) starting 

from PSSvis (a) to PSSUV (e) exhibiting 570º in the clockwise direction. Counter-clockwise 

rotational motion from PSSUV (e) to PSSvis (h) upon visible light irradiation (25 mW cm-2) 

exhibiting 640º. White scale bar: 100 μm.  

 

Figure 7. Unidirectional rotational motion of a glass flake on the surface of CLC mixture 
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film (1.7 wt% of 2 in 5CB) upon two rounds of alternating UV (full intensity, 8 mW cm-2) 

and visible light (25 mW cm-2) irradiation. It showed non-rotating static state upon the first 

(a→e) and the second (j→l) UV irradiating step. Counter-clockwise rotational motion was 

observed upon the first (f→i) and the second (m→o) visible light irradiating step exhibiting 

rotation angles of 310º and 340º, respectively. White scale bar: 100 μm. 

As the photoinduced HTP switching and the resultant texture transition of CLC depend on 

not only the isomer ratio of the dopants but also the orientation of molecules, we examined 

the E-Z isomer ratios in CLCs at each photostationary state quantitatively by 1H NMR (Table 

S3) and their UV-vis absorbance transitions (Figure 8). Photoconversion ratios of 1 and 2 in 

CLC films utilized for rotational motion demonstration were varied 80~84% (Z) at PSSUV 

and 47~56% (E) at PSSvis. The compounds showed comparable or slightly lower E→Z conversions 

in LCs compared in MeCN49 at PSSUV. By contrast, they exhibited higher Z→E conversions in LCs 

than in MeCN (upon 514 nm light irradiation) at PSSvis. This implies the LC medium effect is 

plausibly valid to promote Z→E photoconversion, which is very interesting and requires further 

investigation. Meanwhile, difference of E/Z conversion ratio between ZLI-1132 and 5CB doped with 

2 was small while they exhibited significantly different HTP photoswitching ratio. Therefore, we 

presume that the difference in conformational compatibility of E and Z isomers with LC molecules 

and their orientations would play an important role to determine the photoinduced cholesteric 

reorganization. 

The UV-Vis absorption spectra of CLC films exhibiting FCDs are shown in Figure 8. 

Verifying the π−π* band transition of 1 and 2 led us to understand the UV light-induced FCD 

formation and dissociation phenomenon. Basically, maximum absorbance is obtained when 

the electric field of the incident light and the directions of π−π* transition moment of 

molecules are parallel to each other. If molecules are tilted from their parallel position, they 

cannot effectively absorb the light resulting in the decrease of the absorption. In our previous 
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study,35 we could reveal that the CLC with stripe textures has relatively high absorbance 

originated from the homogeneous helical director with hybrid anchoring (molecules align 

parallel to the substrate at the interface of air and perpendicular in the bulk), while 

photoinduced FCDs are likely to have randomly oriented helix with many domain boundaries 

resulting in absorbance decrease. In Figure 8, absorption band centered at 352 nm is assigned 

to π−π* transition of E-form moiety. Irradiation with UV light onto the film showed the 

decrease of the absorption band intensity caused by E→Z photoisomerization. It is 

noteworthy that the absorbance instantly decreased reaching its minimum for initial 15 s of 

irradiation. With continuous UV light irradiation, the absorbance gradually increased and 

saturated at PSSUV. This unusual absorption drop shown at 352 nm is possibly ascribed to the 

drastically formed disoriented FCDs. As the domains were gradually reorganized again to 

recover the alignment close to original stripe texture upon continuous UV-exposure, 

absorbance was increased. Subsequent 510 nm light irradiation (PSSvis) resulted in further 

recovery of π−π* absorption band intensity centered at 352 nm because of Z→E 

photoisomerization. Although 1 and 2 dopants exhibited similar Z:E isomer ratio in 5CB 

(Table S3) and spectral transition behavior, higher absorption band recovery at PSSvis was 

witnessed for 2-doped CLC film (Figure 8b) compared to that of 1 (Figure 8a). This suggests 

that a higher degree of reorientation in 2-doped CLC enabled to repeat the unidirectional rotational 

motions shown in Figure 7. 
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Figure 8. UV-visible absorption spectra of a CLC film doped with (a) 1 (1.4 wt% in 5CB) 

and (b) 2 (1.7 wt% in 5CB) upon UV and visible light irradiation. 

To gain more insights into the molecular orientations, order parameter (S) was obtained 

from the polarization absorption spectra of those CLC films according to the equation, S=(A‖-

A┴)/(A‖+2A┴), where A‖ and A┴ are the absorbance measured at 342 nm when the polarization 

of an incident light was parallel or perpendicular to the long axis of LC molecules, 

respectively. Initial state S was identical (0.04), but PSSUV exhibited increasing manner of S 

values as 0.11 and 0.20 for 1- and 2-based CLCs, respectively. Subsequent visible light 

irradiation resulted in their decrease to 0.07 and 0.10 for 1 and 2 at PSSvis, respectively (Table 

S4). Judging from the photoinduced transition in absorption spectra and S of CLC films, we 

could conclude that less oriented CLCs doped with E-isomers contributed to the formation of 

randomly oriented FCDs at the early stage of UV light irradiation. Upon UV light exposure, 

the E isomers relatively in random alignment in LC were replaced with Z-isomers, then those 

seed clusters expanded resulting in FCDs with many boundaries across the surface of the film. 

It lacks the momentum of rotational reorganization of the LC texture and thereby caused no 

rotation of the macroscopic object on the film. However, as the E→Z photoisomerization 
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proceeded, the higher miscibility of Z-isomers with nematic host was likely to promote the 

orientation of LC molecules to achieve higher molecular orientation and HTP values. In the 

meantime, domains were gradually reorganized again to form a homogeneous and original 

stripe texture which is ready to drive the rotational motion again upon subsequent Z→E 

isomerization of 2. In contrast, we failed to mechanically rotate the object on the film 

containing 1 due to the partial reorganization into stripe texture at PSSUV. Remaining grain 

boundaries would inhibit the collective motion which turned out to be insufficient to rotate 

the object. The detailed molecular mechanism is discussed in the next section.  

Besides, it is noteworthy that UV irradiation intensity control gave an obvious difference in 

the cholesteric texture transition behavior. By decreasing the UV light intensity, a smaller 

number of FCDs emerged with fading grain boundaries. At certain point (i.e. 1/4 of its full 

UV intensity), FCD was not formed anymore but the texture and micro-object underwent the 

clockwise rotational motion as observed in Figures 4 and 6 for 1 and 2, respectively. It means 

that the seed clusters for FCDs can be photo-controlled. Suppressing disoriented seed clusters 

expansion was enabled by the gradual helical reorganization upon moderate E→Z 

isomerization which also promoted helices re-aligning to afford homogeneous stripe textures 

concomitantly.  

2.4 Geometry study of 1 and 2 

The dopant chirality transfer to the NLC proceeds through molecular scale solvent-solute 

interactions. It implies that the E→Z photoisomerization of azobenzene unit of 2 could 

effectively improve intramolecular and intermolecular-supramolecular level interactions 

which leads to much favorable geometry for chirality transfer. Experimental results shown in 

Figure 9 represent the absorption (top) and CD spectra (bottom) of E (left) and Z (at PSS365, 
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right) isomers of 1 (blue) and 2 (yellow) in CH3CN. The overlapped regions are in green. For 

both the manno macrolactone (1) and the gluco macrolactone (2), the CD spectra showed 

Cotton effect with a negative band at 454 nm and a positive band (350 nm) corresponding 

respectively to n→π* and π→π* transitions of the azobenzene in acetonitrile. Irradiation at 

365 nm led to a blue shift of all CD bands, without sign reversal or significant change in 

intensity. 2 exhibited more intense CD signals both in E and Z forms compared with those of 

1 which suggests a higher potential for helicity induction of 2. 

 

Figure 9. Experimental absorption (top) and CD spectra (bottom) of E (left) and Z (at PSS365, 

right) isomers of 1 (blue) and 2 (yellow) in CH3CN. The overlapped regions are in green. 

It has been reported that azobenzene could generate P or M helical chirality. After a DFT 

geometry optimization of E- and Z-(P),(M) of macrocycles 1 and 2 by using respectively 

B3LYP and PBE0/6-311G functional and basis set, the TD-DFT calculations indicate that E-

(P) and Z-(P) exhibit a negative first Cotton-effect pattern whereas E-(M) and Z-(M) display a 

positive first Cotton-effect pattern. Therefore, comparison of experimental and simulated CD 

spectra indicates that E- and Z-forms adopt preferentially a (P) configuration as shown in 

Figure 9.48,49 

Herein, we reported the comparison of the DFT calculations52 using PBE0/6-311G+(d,p) 
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as level of theory for both compounds (Figure 10, Table 2 and Table S5). The N=N double 

bond (C-N=N-C) was chosen as a representative dihedral angle of the torsion in the 

macrocycles, which is about +12.7o to +10.5o for Z-(P) of 1 and 2, respectively, and close to -

180o for E-(P) of both 1 and 2  (Table 2). The planes of the phenyl ring are twisted around the 

N=N-C planes for all structures. Low torsional angles of C-N=N-C for Z-(P) may somewhat 

contribute to the improved miscibility with nematic host molecules to achieve higher HTP 

values upon E→Z photoisomerization. 

 

Figure 10. Calculated geometries of (a) E-(P)-1, (b) Z-(P)-1, (c) E-(P)-2, (d) Z-(P)-2 

(PBE0/6-311G+(d,p) in vacuum). 

Table 2. Dihedral angles obtained by DFT (PBE0/6-311G+(d,p)) calculations in the 

azobenzene moieties of the macrocycles with a (P) helicity.  

Isomers Dihedral angles ξ (o) 

 C-N=N-C 
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�  

C=C-
N=N 
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏�  

N=N-
C=C 
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑�  

[O-Cq]-[O-Cq] 
𝑎𝑎𝑎𝑎𝑎𝑎ℎ�  

[C-C]-[C-C] 
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏�  

 

E-1 -177.7 12.61 159.99 50.03 37.53 

Z-1 12.7 59.8 -139.7 -29.4 -26.2 
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E-2 -179.9 -170.1 -6.5 3.2 7.9 

Z-2 10.5 -176.2 -128.4 67.4 132.8 

 
According to the previous study of Xie et al.,49 the E→Z photoisomerization of 

glycomacrocycles followed by 1H NMR showed that E- and Z-isomers display distinct NMR 

signals due to the large conformational change induced by isomerization.  Interestingly, the 

sugar 4C1 chair conformation remains unchanged whatever the E or Z isomers of gluco or 

manno derivatives, while downfield shifts for sugar protons in the macrocycle 1 and large 

shift of -OCH2CO- protons involved in the cyclic structure of compounds 1 and 2 have been 

observed. In addition, theoretically obtained intramolecular distances of the azobenzene and 

sugar moieties in E and Z forms (Table S5) provide us another plausible clue for the 

photoinduced-chirality transfer characteristics of two dopants. A larger intramolecular 

distance of E-1 than that of E-2 was observed due to the longer linker unit of E-1. Upon 

E→Z photoisomerization, those intramolecular distances show a larger difference. While 1 

has minor transition below 0.3 Å, 2 shows 1.6~2.2 Å of significant decrement associated with 

the higher ring strain in its Z-form, benefiting superstructural chirality transfer. Thus, 

experimentally observed unique HTP switching manner (large increment upon E→Z 

photoisomerization) of the dopant is understandable considering the geometrical change.   

Besides, these geometry transitions of the dopants influence the cholesteric texture 

reorganization behavior for rotational motion induction. 1 is geometrically less compatible 

with nematic host molecules (less mesogenic) due to the larger macrocyclic cavity size. In 

addition, as E-1 undergoes somewhat moderate photoinduced geometrical transition 

compared with E-2, FCDs formed upon UV light irradiation would have a lower chance for 

helical reorganization during the subsequent Z→E photoisomerization. Eventually, the 
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coexistence of remaining grain boundaries from FCDs and partially restored stripe texture 

inhibits the collective rotational motion of texture and the micro-objects (Figure 5). Whereas 

large photoinduced conformational change and the smaller cavity with strong ring strain of 2 

exhibiting relatively favorable compatibility with nematic host molecules (improved 

mesogenic property) could possibly facilitate the domain reorganization process which 

resulted in the reversible cholesteric texture switching and amplified rotational motion of the 

micro-object (Figures 3 and 7).  

The schematic demonstration (Scheme 2) summarizes the plausible effect of E↔Z 

photoisomerization of macrocyclic azobenzene dopant 2 on the photoinduced chiral 

superstructural reorganization with higher HTP (pitch decrement) upon Z-rich state, and in 

case of undergoing two-directional or unidirectional one-way rotation of glass flakes upon 

UV (clockwise rotation or stop) and visible light (counter-clockwise rotation) irradiation. 

This particular system meets the requirements or criteria to be considered as real molecular 

machinery implementing a molecular crankshaft effect35 which can continuously utilize the 

external energy to perform mechanical work by using the molecular switching mechanism. 
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Scheme 2. Schematic representation of the plausible effect of E/Z photoisomerization of 

macrocyclic azobenzene dopant 2 on the photoinduced chiral superstructural reorganization 

with higher HTP (pitch decrement) in the Z-rich state, undergoing (a) two-directional rotation 

and (b) one-directional rotation of the glass flakes upon UV and visible light irradiation. 

3. CONCLUSION 

In conclusion, we demonstrated that CLCs doped with glycomacrocyclic azobenzene 

derivatives exhibit an unprecedented switching manner of HTP and cholesteric texture 

transition upon UV and visible light irradiation. Larger HTP (highly strained helix or shorter 

pitch length) in the Z-rich state than that in the E-state was observed upon UV light 

irradiation, which is hardly attainable in common azobenzene dopants based on CLC system. 
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In addition, tuning the UV light intensity irradiated to CLC film resulted in two kinds of 

cholesteric textures: homogeneous stripes or focal conics. Therefore, we could demonstrate 

the two rotational motion modes of micro-object floated on the CLC film: reversible or 

unidirectional rotational motion, which were triggered by the dynamic collective 

reorganization of the cholesteric texture. The underlying molecular mechanism could be 

estimated with a theoretical geometry study on glycomacrocyclic azobenzene dopants. It is 

highly anticipated that the novel molecular system can be exploited to provide versatile 

phototunabilities of mechanical work. 

 

EXPERIMENTAL SECTION 

The synthesis of 1 and 2 is described in refs 48,49. The NLC host 5CB was purchased from 

Kanto Chemical Co. Inc. (Japan), and DON-103 and ZLI-1132 were obtained from DIC 

Corporation (Japan) and Merck, respectively. All other solvents and chemicals were 

purchased from commercial sources and used without further purification. Micro glass rods 

and flakes were purchased from Nippon Electric Glass. Photoisomerization was conducted 

using 365 nm (2-8 mW cm-2) and 510 nm (25 mW cm-2) LED light sources from Hayasaka-

Rikoh Co. Microscopic analyses were performed using an Olympus BX-60 optical 

microscope equipped with Moticam1080, Shimadzu Rika Co. UV-Vis spectrophotometer 

(Agilent 8453) was utilized to confirm the absorption spectra of CLC films. Every 

measurement was conducted at room temperature. Geometry optimizations were performed 

by DFT using the PBE0 exchange functional. The basis set 6-311G+(d,p) has been chosen in 

vacuum, implemented in the Gaussian09 software package.52 The absence of negative 

frequencies was checked to ensure true minima for all geometries. 

Supporting Information  
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The Supporting Information is available free of charge on the ACS Publications website. 

Methods for the measurement of helical pitch length, HTP (β) and E-Z isomer ratio of CLCs. 

Rotational motion of CLC containing 1.7 wt% 2 in 5CB upon UV light irradiation of low 

intensity and visible light irradiation. A table on doping concentration-dependent phase 

transition of 1 in nematic 5CB. A table on summary of rotation behavior of micro-objects 

from 1 and 2 doped CLCs. A table on E-Z isomer ratio measured at PSSUV and PSSvis. A 

table on order parameter (S) of CLC films at initial, PSSUV and PSSvis. A table on 

intramolecular distances (Å) between the azobenzene and sugar moieties determined from the 

obtained optimized geometries by DFT calculations (PBE0/6-311G+(d,p)). 
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