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ABSTRACT OF THE DISSERTATION

Hybrid Organic–Inorganic Photomechanical Actuators Based on Organized Molecular
Crystals

by

Xinning Dong

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, December 2021

Dr. Christopher J. Bardeen, Chairperson

Photomechanical actuators are smart materials that transform photon energy into

mechanical energy without any wired connections. Photonmechanical molecular crystals

have shown superior performance on nanoscopic and microscopic scales due to their high

elastic moduli, high-energy density and fast response time compared with polymer actua-

tors. However, the development of macroscopic crystal actuators that can be used in the

real world has yet to be demonstrated.

The work in this dissertation solves the problem by organizing photomechanical

nanocrystals in porous inorganic templates (Al2O3). It combines the best of both worlds

where it is processable like polymers but it also attains high performance of organic crystals.

1,2-bis(2-methyl-5-phenyl-3-thienyl)perfluorocyclopentene, a diarylethene (DAE) derivative

that undergoes a unimolecular photoisomerization between its ring-open and ring-closed

isomers was used as the active organic element. The isomers are thermally stable but can

be switched back and forth using UV and visible light for hundreds of cycles. Very small

(sub-mg) amounts of material can move masses that are 105 times larger without being

vii



physically connected to an external power source. A light-to-work conversion efficiency

for a molecular crystal photomechanical actuator has been for the first time quantitatively

estimated, providing a starting point for future optimization.

Additional studies investigated how both the organic and inorganic components

could affect the photomechancial response. Two alumina templates with different mor-

phology and elastic modulus were compared. The template with a lower average elastic

modulus generate about one order of magnitude more photomechanical work. Two di-

arylethene derivatives with different crystal deformations were studied to determine the

dependence of photomechanical response on chemical and crystal structure.

The hybrid approach was then extended to porous SiO2 membranes with variable

thicknesses in order to improve optical penetration and reproducibility. The photon-induced

bending could be repeated for 150 cycles without loss of performance which suggests good

fatigue resistance. The thickness dependence of the performance was studied, revealing thin-

ner templates gave larger displacements. This work demonstrates that the hybrid method

for making photomechanical actuators on macroscopic scales can be extended to other host

materials and template geometries without sacrificing performance.
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Chapter 1

Introduction

1.1 Background of Photomechanical Materials and Motiva-

tion

In 2016, the Nobel Prize in Chemistry was awarded jointly to Jean-Pierre Sauvage

[22], Sir J. Fraser Stoddart [23] and Bernard L. Feringa [24] for their design and synthesis of

molecular machines. This is a milestone marked the fundamental and practical significance

of the motion of natural and artificial objects that scientists have been working on for

decades. Molecular machines are one type of actuator that transforms chemical energy into

mechanical motions.

Actuators, or “smart” actuators, are devices which perform mechanical move-

ments with response to external stimuli, such as magnetic [25, 26], thermal [27, 28], chem-

ical [29, 30], humid [31], and light energy [32]. Among these stimuli, photons are ideal

tools as they travel fast with energy and information and allow remote control without
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Figure 1.1: Definition of photochromism between A and B. (Reproduced with the permission
of Elsevier) [1]

any wired connections [33]. Light sources can be manipulated by changing the wavelength,

direction, power and duration to cause actuators to perform different actions. Based on

these advantages, the term “photomechanical” is defined for chemicals designed to undergo

mechanical motion upon photoirradiation. With optical manipulation, photomechenical

materials have potential for applications like photolithography [34], photomemory [35, 36],

optical sensors [37], nano tweezers [38], nano sweepers [39], smart switches [40] and photo

adhesives [41–44]. These smart photomechanical actuators are made to mimic movements

in nature like bending [45], twisting [14], crawling [46], rolling [47], jumping [48], peel-

ing [49]. In addition to external factors like light properties, photomechanical motions can

also be influenced by internal materials factors like shape [50] and thickness [15]. This allows

photomechanical materials to maintain high flexibility and serve as intelligent materials.

2



Figure 1.2: Typical photochromic reactions.

1.2 Photochromes

To transform light into motion, people use molecules that isomerize to do the work.

The active units in photomechanical materials are the photochromes. A photochrome, or a

photochromic compound, is a photoresponsive molecule which changes color reversibly upon

light irradiation due to the transformation between two chemical states having different

absorption spectra. The concept of photochromism was first brought out by the discovery of

the reversible photodimerization of anthracene by Fritzsche in 1866 [51]. Based on different

stability of the colored states and colorless states, photochromes can be divided to positive

and negative types. Based on thermally stability of the reverse reactions, photochromes

can be also divided to T- and P-types (Figure 1.1) [1, 52].

3



Figure 1.3: Schematic illustration of typical UV-Vis absorption spectra of positive pho-
tochromes vs. negative photochromes.

1.2.1 Typical Photochromic Reactions

Typical photochromic reactions are shown in Figure 1.2. They can be classified

according to their reaction modes. One is E/Z isomerization, the other is bond-cleavage

and bond-forming. These include trans-, cis-isomerization of azobenzene, the structural

change between spiropyran and zwitterionic merocyanine forms, ring closing and opening

photoisomerization of fulgides, dissociation of hexaarylbiimidazole(HABI) into a geminate

radical pair, [4+4] photodimerization of anthracene derivatives, and ring closing and opening

photoisomerization of diarylethenes.

1.2.2 Positive and Negative Photochromism

The phenomenon of color changing in photochromes have two types: color deepen-

ing and color fading. Photochromism in which an intense color appears upon UV irradiation
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Figure 1.4: Switching positive and negative photochromism of spiropyran. (Reproduced
with the permission of American Chemical Society) [2]

and reverts back to a colorless state is called positive photochromism, where the colorless

state is more stable than the colored state. On the other hand, negative photochromic com-

pounds have a more stable colored state than colorless state and show color fading upon

radiation with visible light, and the intense color recovers in the absence of light. In other

words, positive photochrome shows a red shift and negative photochrome shows a blue shift

of the absorption spectra upon light irradiation (Figure 1.3).

Spiropyran is a typical photochromic molecule which usually exhibits positive pho-

tochromism in solution because its colorless state in a neutral spiropyran (SP) form is

more stable than its colored zwitterionic merocyanine (MC) form. However, by stabiliz-

ing the MC form with environmental factors such as hydron bonds [53] or metal ions [54],

spiropyran can be switched to exhibit negative photochromism. Funasako and cowork-

ers reported salts composed of a pyridinium-fused spiropyran that exhibits positive and

negative photochromism in solid and solution state respectively (Figure 1.4) [2]. Some

other photochromes with interesting negative photochromism properties have been reported

such as (E)-4-Fluoro-cinnamaldehyde malononitrile ((E)-4FCM) [55], 9-methylanthracene
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Figure 1.5: Comparison of potential energy surfaces of T-type and P-type photochromes.

(9MA) [16,56] and donor-acceptor Stenhouse adducts (DASA) [57,58]. They attract atten-

tion due to their 100% of light penetration and potential applications in bioimaging.

1.2.3 T-type and P-type Photochromism

Photochromes can be also divided to T-type and P-type based on their thermal

stability. If the isomers are thermally stable and convert back to their original state via

photons, they are classified as “P-type” photochromes. On the other hand, if the activation

energy of their back reaction is small enough so they can revert back to their original state

thermally, they are classified as “T-type” photochromes [59] (Figure 1.5).

Most fulgides and diarylethenes are categorized as “P-type” photochromic com-

pounds [52, 60], while the others are usually “T-type” photochromes. For example, the

back reaction’s activation energy of a typical “T-type” photochrome azobenzene is around
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Figure 1.6: Replacing phenyl rings of stilbene by thiophene or furan rings decreases the
ground state energy difference between two isomers, therefore increases the energy barrier
of cycloreversion reactions. [3]

80 kJ/mol [61]. However, P-type photochromic compounds like diarylethene have much

larger activation energies of about 150 kJ/mol which prohibits the thermal back cycliza-

tion. The enthalpy difference (∆H) between the two isomers determines thermal reactivi-

ties. For diarylethenes, the closed-ring isomer is thermally stable when ∆H is less than 60

kJ/mol [62–68].

1.2.4 Diarylethene Derivatives

Diarylethene was first developed by Irie in the late 1980s as a P-type photochrome

with high thermal stability for both isomers. By replacing the phenyl rings of stilbene by

five-membered heterocyclic rings like thienyl or furyl rings with low aromatic stabilization

energy, the difference of ground state energy between open-ring and close-ring isomers

was decreased. By the Horiuti-Polanyi rule, the energy barrier of cycloreversion has been

increased which forbids thermal back reaction (Figure 1.6) [3]. Diarylethenes are ideal
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Figure 1.7: Photoinduced colors of different diarylethene single crystals. (Reproduced with
the permission of Royal Society of Chemistry) [4]

photochromes for light-driven actuators due to their internal advantages: thermal stability

of both isomers, fatigue-resistance, high absorption, rapid response and reactivity in solid

state [69].

A family of diarylethene derivatives showing different photoinduced color change

in the solid state has been synthesized (Figure 1.7) [4]. The color change can be controlled

by the length of π-conjugation. Diarylethenes with longer π-conjugation have a red shift of

absorption resulting in violet and blue colors.

P-type diarylethenes are known by their high thermal stability of the ring-closed

isomers, whereas the thermal cycloreversion reaction is determined by three factors: (1)

aromatic stabilization energy of the heterocyclic aryl groups: phenyl groups have higher

aromatic stabilization than thiophene groups resulting in higher thermal cycloreversion

reaction; (2) electron-withdrawing substituents: electron-withdrawing groups weakening
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Figure 1.8: Thermal cycloreversion reactivity of diarylethenes is determined by three factors.
[5]

the central carbon-carbon bond to give a high thermal cycloreversion reaction; (3) steric

hindrance of the substituents at the reactive carbons: bulky groups weaken central carbon-

carbon bond (Figure 1.8) [5].

1.3 Organize Photochromes at Nanoscopic Level

The photochromes in polymers or crystals can be organized at the nanoscopic level

so their photoisomerization motion can be amplified.
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Figure 1.9: Trans-cis photoisomerization of azobenzene in an LCP film. [6]

1.3.1 Photomechanical Liquid Crystalline Polymers

Polymers are long-chain large molecules composed of repeating moieties of small

molecules. Their advantages are well-known, such as low production costs, high processabil-

ity and high flexibility. Light-actuating shape-changing polymer systems can be engineered

by introducing light-responsive groups into polymer networks. Different classes of pho-

tomechanical polymers include liquid crystalline polymers, hydrogels, and shape-memory

polymers.

Studies on photomechanical materials began with polymers in the 1960s. Merian

reported a 0.1% photoinduced shrinking of polymer fibers that incorporated azobenzene in

1966 [70]. Subsequent research have lifted the veil on photomechanical polymer systems.

Horie and coworkers induced macroscopic deformations of azobenzene polymer networks by

improving the homogeneity [71]. A hydrogel with supramolecular bonds between azobenzene

and α-cyclodextrin (αCD) at cross-linking points was made by Harada and coworkers [72].

An obvious photomechanical effect was achieved as the hydrogel showed a large deformation
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such as swelling and shrinkage upon photon irradiation.

Photomechanical deformations of dry polymers were limited to less than 1% for

a long time until the discovery of photoresponsive liquid-crystalline materials [73, 74]. Liq-

uid crystal polymers (LCPs), liquid crystal polymer networks (LCNs), and liquid crystal

elastomers (LCEs) are liquid crystalline materials that possess photoactuating motions. In

general LCPs are made by introducing liquid crystal (LC) moieties, or mesogens, to the

polymer backbones. LC mesogens allow homogeneous molecular alignment across large

scales due to their self-assembling properties, while polymer chains support the conforma-

tion. The deformation of this actuating system is triggered by the photoisomerization of the

mesogens, together with the confirmation change of polymer backbones. The co-existence of

the characteristics of LC materials and polymers in a single system makes LCPs functional

soft materials that can be controlled by light. The most popular photochromic moiety used

in LCPs is Azobenzene. The trans-cis isomerization of this photochrome was found to

induce reversible bending-unbending behavior upon light irradiation (Figure 1.9) [6]. The

length of trans-isomeric azobenzene is 0.9 nm and it will convert to cis-isomeric azobenzene

with length 0.56 nm when irradiated by UV light. It will recover to its original state when

irradiated by white light. As the top surface of the LCP will mostly absorb UV light due

to its strong absorption, a partially reacted bimorph structure leads to bending of the LCP

instead of shrinking.

The concept of LCPs was pioneered theoretically by de Gennes in 1975 [75] and

experimentally confirmed using a polysiloxane backbone by Finkelmann and coworkers in

1981 [76]. In 2003, following up with Finkelmann’s research, Ikeda and coworkers prepared
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Figure 1.10: Controlling bending direction of an azobenzene LCP with linearly polarized
light. (Reproduced with the permission of Springer Nature) [7]

a glassy liquid crystalline polymer network with azobenzene mesogens as active units [7].

Figure 1.10a shows the chemical structures of the liquid-crystal monomer (molecule 1)

and crosslinker (molecule 2) used for preparation of the film. Figure 1.10b shows a LCP

film (4.5 mm × 3 mm × 7 µm) bending in different directions in response to irradiation by

linearly polarized light of different angles of polarization (white arrows) at 366 nm, and being

flattened again by visible light longer than 540 nm. This work showed for the first time that

the direction of deformation of photomechanical azobenzene material could be controlled

by irradiation with linearly polarized UV light (Figure 1.10b). With trans-cis isomerization

induced by a polarized UV absorption of azobenzene mesogens at surface, the prepared LCP

showed axis-selective bending. The results of Ikeda and coworkers significantly motivated

scientists to explore the field of managing photomechanical response with light wavelength,
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Figure 1.11: A light-driven plastic motor with a PE-LCE flexible film. [8]

intensity and polarization.

As light is only absorbed by the photoreactive moieties from the surface, the

photochromes deep down are inactive in this system and they tend to be brittle as well.

To solve this problem, Ikeda and coworkers further investigated flexible substrates such as

polyethylene to improve the mechanical properties. Large stress generated by UV absorption

on the surface of LCP material could be protected from fracture due to the incorporation

of soft polyethylene (PE) as a substrate to the azobenzene contained LCP system. Such

flexibility allowed this material to be used to rotate pulleys [8] and imitate walking as

an inchworm [9]. A light-driven plastic motor system is shown in Figure 1.11. A PE-LCE
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Figure 1.12: A photoinduced inchworm walk of a PE-LCE soft polymer by alternate irra-
diation with UV and visible light at room temperature. (Reproduced with the permission
of Royal Society of Chemistry) [9]

bilayer (thickness: 50 µm, 18 µm) was made to rotate a 10 mm (left)–3 mm (right) diameter

pulley under irradiation with UV and visible light. The same bilayer material demonstrating

inchworm walking is shown in Figure 1.12. Upon exposure to UV light, the film extends

forward because the sharp edge acts as a stationary point, and the film retracts from the

rear side by irradiation with visible light because the flat edge acts as a stationary point.

1.3.2 Photomechanical Molecular Crystals

The general idea of photomechanical molecular crystals is to use crystal order to

organize and amplify the mechanical effectes of photomechanical reactions. (Figure 1.13)

Compared with photomechanical polymers, photomechanical crystals directly relate molec-

ular motion to macroscopic motion because they are composed of pure active molecules.
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Figure 1.13: Schematic illustration of the mechanism of photomechanical molecular crystals
composed of azobenzene molecules

Crystals have a faster response time because they are able to rapidly transfer energy through

the well-ordered and densely packed lattices [77], where the crystal structure details such

as crystal packing and interactions can be precisely determined by X-ray analysis [78].

The first photomechanical effects of molecular crystals was reported by Abakumov

and Nevodchikov in 1982 showing a free-radical complex crystal bending. [79]. In the next

20 years, little attention has been paid on this field until a breakout by a diarylethene

crystal. Irie, Kobatake and coworker reported a reversible surface morphology change on a

diarylethene crystal in 2001 [10]. A 1 nm high step was found on the crystal surface upon UV

irradiation and the step was flattened back to the original level after irradiation with visible

light. Figure 1.14 shows AFM images of photoirradiation on two crystal surfaces (100) (A

to C) and (010) (D to F): (A) and (D) are before photoirradiation; after irradiation with

366-nm light for (B) 10 s and (E) 15 s; and after irradiation with visible light, (C) and (F).
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Figure 1.14: AFM images photoirradiation on two diarylethene single crystal surfaces (100)
(A to C) and (010) (D to F). (Reproduced with the permission of The American Association
for the Advancement of Science) [10]

The surface morphology change is due to a molecular structural change of regularly packed

diarylethene molecules inside the single crystal. Microscopic changes for diarylethene single

crystals when exposed to light was found in the continuing research by Irie, Kobatake and

coworkers in 2007 [11]. Molecular crystals composed of diarylethene photochromes with

sizes ranging from 10 to 100 micrometers have reversible macroscopic changes in shape and

size upon UV and visible light (Figure 1.15).

At the same time, Bardeen, Al-Kaysi and coworker reported a 15% of microscopic

extension on a bundle crystal microrods in 2006 [12]. The nanorods, 200 nm in diameter

and 60 micrometers in length and grown in an anodized alumina oxide (AAO) template,

were composed of 9-tert-butylanthroate (9-TBAE), which undergoes a rapid [4+4] pho-

todimerization which leads to a 15% expansion in length without fragmentation (Figure
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Figure 1.15: Two diarylethene single crystals illustrates their deformation of an angle change
(a) and a contraction (b) on irradiation with ultraviolet and visible light. (Reproduced with
the permission of Springer Nature) [11]

1.16). Following research by Bardeen and coworkers discovered a new class of motion, a

photoinduced reversible twist in crystalline microribbons of 9-Anthracenecarboxylic acid

(9AC)(Figure 1.17) [13]. The presence of two incommensurate chemical species of photore-

acted dimers and the unreacted monomers induced stress which triggered the twisting.

The twisting motion of photomechanical microribbon crystals could be controlled

by the direction of light as shown by research of Kobatake, Kitagawa, Bardeen and cowork-

ers [14]. Controlling twisting modes from helicoid to cylindrical of a photomechanical crystal

ribbon composed of diarylethene could be achieved by changing the UV illumination direc-

tion (Figure 1.18). Photomechanical motion of crystals can be controlled by other external

characteristics of light such as wavelength [80], power [81], polarization [82] as well as inter-

nal characteristics such as thickness and molecular reorientation. Kobatake and Kitagawa
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Figure 1.16: Fluorescence image of a bundle of 9-TBAE nanorods, before and after irradi-
ation with 365 nm. (Reproduced with the permission of American Chemical Society) [12]

Figure 1.17: Optical microscopy images of a 9AC ribbon’s reversible twisting behavior.
(Reproduced with the permission of American Chemical Society) [13]
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Figure 1.18: Diarylethene single crystals shows different twisting motions, ranging from a
helicoid to a cylindrical helix, depending on the angle of the incident light. [14]

reported the bending speed of a diarylethene rod crystal depended on the crystal thickness

(Figure 1.19) [15]. Bardeen and coworkers developed a method of crystal growth to generate

different internal molecular orientations of 9-Methylanthracene (9MA) [16]. Two different

shapes of the ribbon microcrystals were obtained by this method. The hexagonal shape

showed a rolling motion whereas the rectangle shape showed a twisting motion upon UV

irradiation (Figure 1.20).

19



Figure 1.19: Photoinduced diarylethene single crystal bending upon irradiation with UV
light to the (0 1 0) face in different thickness samples: (a) 16.70, (b) 12.58, (c) 9.97, (d) 5.34,
and (e) 3.82 µm. (Reproduced with the permission of American Chemical Society) [15]

Figure 1.20: Reversible rolling of a 9MA hexagonal micro crystal and reversible twisting of
a 9MA rectangle micro crystal upon UV. [16]
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1.4 Organize Crystals at Micro-level (This Work)

Photomechanical crystals have shown superior performance on microscopic scales

thanks to their high elastic moduli, high-energy density and fast response time compared

with polymers. However, the development of macroscopic crystal actuators that can be

widely used in real world is limited by their size. On the one hand, growing large crystals is

difficult since crystals growth is sensitive to environment and can be easily disturbed. On

the other hand, large crystals tend to fracture because of internal stress, and thick crystals

suffer from low light penetration which prohibits light to mechanical work conversion.

The work in this thesis solves the problem by organizing photomechanical nanocrys-

tals in templates. It combines the best of both worlds where it is processable like polymers

but it also attains high performance of organic crystals. In Chapter 3, a hybrid organic-

inorganic actuator with diarylethene nanocrystals ordered in an anodic aluminum oxide

(AAO) template has been made. The actuator shares the concept of bimorph structure

observed for single crystals which leads to photomechanical motion in macroscopic scale.

An amount of 0.1 mg of active materials in this actuator generates enough force to tilt a

1.28 g mirror. Chapter 4 discusses the effects of both the inorganic and organic parts on

the performance of this actuator. Another inorganic template with a higher elastic modulus

is used to compare with the AAO template. Two diarylethene derivatives with opposite

crystal deformation directions are used to investigate the curvature and performance of this

hybrid bending actuator. Chapter 5 extends the hybrid approach to a glass array tem-

plate with different thicknesses and much larger channels. It demonstrates that the hybrid

approach provides a general way to make macroscopic light-powered actuators.
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Chapter 2

Experimental Methods

2.1 Inorganic-Organic Hybrid Materials

2.1.1 AAO Template Filling

This method describes the preparation of AAO templates with crystalline nanowires

of diarylethene (DAE) derivatives. An empty AAO template (Whatman Anodisc fron Sigma

Aldrich, nominal pore diameter 200 nm, template diameter 13 mm) was immersed in deion-

ized water and sonicated for 25 s. 5 mg of DAE was dissolved in 100 µL CH2Cl2. A

Kimwipe soaked with 2 mL CH2Cl2 was placed on a frosted glass. A Teflon cylinder was

placed on the Kimwipe, and the sonicated template was then put on the cylinder. The

homogeneous prepared solution was then deposited on the empty AAO template. Based

on experience, the template had better performance when the solution was deposited on

the side with smaller size pores (shiny side) which is usually the side facing up from the

container box. The template was then covered with a bell jar, a 2-inch diameter semi-sphere
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Figure 2.1: Procedure for preparation of DAE/AAO template.

glass made at UCR. The kimwipe should be just smaller than the bell jar. After 24 hours

at room temperature, the solvent should evaporate completely and the DAE will crystallize

inside the pores nicely. The dry AAO template was then polished with a 1500 grit sand

paper gently for 10 min on each side. The templates should look smooth and reflective after

polishing. (Figure 2.1)

2.1.2 Glass Capillaries Template Filling

The method of DAE filling in glass capillaries is similar to that for the AAO

templates except for sonicating and the DAE amount. AAO DAE nanowires were grown
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in the glass templates by a solvent-annealing method. A solution with DAE dissolved in

CH2Cl2 (5 mg in 100 µL for the 0.05 mm thick template; 10 mg in 150 µL for the 0.1 mm

thick template; 20 mg in 200 µL for the 0.2 mm thickness template; 25 mg in 250 µL for the

0.5 mm thick template; 30 mg in 250 µL for the 1.0 mm thick template) was deposited on

one side of the glass template. The template was supported on a homemade Teflon cylinder

standing on a CH2Cl2-soaked (2 mL) Kimwipe tissue. The assembly was then covered with

a bell jar, inside which the CH2Cl2 slowly evaporated while the DAE molecules crystallized

inside the channels. After 24h of solvent annealing under the bell jar at room temperature,

the DAE-glass template was removed and gently polished with 1500 grit sandpaper on the

DAE deposited side to remove residual DAE from the top. From experience, the bottom

side of glass didn’t have DAE residual. Since the glass templates are shiny and reflective

by itself, one can easily identify DAE residue on it when it looks dull.

2.1.3 Scattering Fiber Filling

DAE Solvent Filling

Pipet tips in different sizes were stacked together in a syringe as a micro-syringe.

A 250 µm diameter, 1 inch long fiber was in the end of the micro-syringe (Figure 2.2). 10

mg DAE was dissolved in 200 µL CH2Cl2. The end of fiber was immersed into the solution.

The solution was then pulled slowly to the inside of fiber with the micro-syringe. The

solution filled fiber was then stored in the dark at room temperature for 72 hours for the

solvent to fully evaporate.
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Figure 2.2: A ”micro-syringe” used for fiber filling.

Azobenzene Melt Filling

An azobenzene derivative (AB) yellow powder ( 10 mg) in Trans form was irra-

diated with a 365nm flashlight (from 5 mm away) for 10 min and then turned into the

cis-AB orange liquid. The AB orange liquid was pulled into the hole-only fiber with the

micro-syringe, filling 4-5 mm of the hollow fiber. After 24 hours, the cis liquid returns to

solid trans form, which no longer has an orange color. Irradiation by external 365 nm light

causes trans to isomerize to cis and melt, again changing color.

2.2 UV-Vis Absorption Spectroscopy for the Measurement

of DAE Amount in the Templates

For diarylethene molecules, UV-vis absorption spectra were collected in hexanes

as a solvent and a Varian Cary 50 UV/vis spectrophotometer. To measure the amount of
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reacted DAE crystals, a UV irradiated DAE-AAO template was dissolved in 2 mL hexanes

overnight. 40 µL of the DAE solution was diluted in 2 mL hexanes to get a 50 times dilution.

To measure the amount of DAE crystals in a DAE-AAO template, the template was first

irradiated by visible light for 10 min to make sure it was in the open form. The template

was then submerged in 2 mL of hexanes overnight. The DAE solution was then diluted by

500 times. The measurement of the amount of loading DAE in a DAE-glass template is

similar as above, the amount of hexanes solvent should be increased based on the thickness

ratio of two templates.

2.3 Powder X-ray Diffraction

PXRD data were collected using a Bruker D8 Advance X-ray powder diffractome-

ter (CuKα radiation, λ=1.5418 Å, 45 kV/40 mA power) at room temperature.

2.4 Scanning Electron Microscopy (SEM) Measurement

2.4.1 Sputter Coating

The sample was stuck to a piece of conducting copper tape which was then fixed

on a SEM stub. It was coated with Pt/Pd using a sputter coater (Cressington 108 Auto)

for 40 seconds. The screw underneath the stage was adjusted so that the distance between

the sample and sputter source is about 1-2 cm. The lid of the sputter coater should be

covered well and sealed to avoid a long vacuuming time.
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2.4.2 Scanning Electron Microscope

The SEM images were collected using a FEI NNS450 microscope with a 5 kV

electron beam under high vacuum (10−7 torr). An Everhart-Thornley Detector (ETD) and

a Through Lens Detector (TLD) were used to produce high resolution images. A higher

voltage around 20 kv gives better images for highly conductive materials.

2.5 Photomechanical Displacement Measurement

2.5.1 Beam Displacement

Light from a 0.95 mW Helium-Neon laser (633 nm wavelength) was used in an

interferometer set-up to measure the displacement of the actuator load. The beam was

incident on a beamsplitter which reflected a portion of the beam downward onto a mirror

(1 inch diameter) supported by the photomechanical DAE/AAO template. The remainder

of the beam was reflected by a fixed mirror to be used as the reference. The two beams were

projected onto a wall 4.8 m away and the displacement of the template beam was measured.

The photomechanical DAE/AAO template was put on a transparent microscope slide with

one half covered by an opaque tape. The light that converted open-ring DAE to close-ring

DAE was obtained from a light-emitting diode (1 watt at 394 nm from Super Bright LEDs

Inc.) placed 2.5 cm below the template. The intensity at the sample was 3.5 mW/cm2. To

convert close-ring DAE back to open-ring DAE, a 532 nm laser beam was passed through

a diffuser and directed onto the template, resulting in an intensity of 56 mW/cm2. (Figure

2.3)
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Figure 2.3: Illustrative diagram of beam displacement set-up.

2.5.2 Piezo-electronic Pressure Measurement

The elastic modulus of the templates as well as their optomechanical response

was measured using a setup consisting of a sample holder, an Entran force sensor PS-30A

with a specially constructed tip and a manual translation stage. The Entran force sensor

was attached to the translation stage. The tip was an aluminum machined part assembled

with a steel ball bearing by press fit (diameter=2.3mm) at the end. The horizontal sample,

supported at the edges, was positioned under the tip. As the stage was translated downward,

the tip pressed downward on the sample causing it to bend; the force sensor output gave

the force the sample was exerting on the tip.
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Chapter 3

Hybrid Organic–Inorganic

Photon-Powered Actuators Based

on Aligned Diarylethene

Nanocrystals

3.1 Abstract

When photochromic molecules are organized in a crystal, the small-scale forces gen-

erated by molecular photoisomerization events can add together to generate work on micro-

or macroscopic length-scales. In this chapter, photomechanical nanocrystals themselves are

organized on macroscopic length-scales using a porous inorganic template. The organic

diarylethene component provides the reversible photoresponse, while the porous alumina
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component provides structural support and directionality. This hybrid organic-inorganic

photomechanical material acts as a bending actuator. Using ultraviolet and visible photons

as power inputs, as little as 0.1 mg of reacted material generates enough force to tilt a 1.28

g mirror and steer a laser beam. The motion can be cycled multiple times in air and un-

der water. Actuator figures-of-merit like energy-to-work conversion efficiency and stiffness

are probably limited by the high elastic modulus of the inorganic template, providing an

obvious pathway for optimization.

3.2 Introduction

Organic photomechanical materials can transform molecular-scale photoisomeriza-

tion events into a wide variety of mechanical behaviors, including bending, twisting, and

coiling. [33, 83, 84] Polymer-based materials provide a way to fabricate and pattern pho-

tomechanical structures [85, 86] but suffer from low elastic moduli, low energy density and

slow response times due to the presence of the host polymer. Assembling photochromes

into neat molecular crystals avoids the need for a host, and this class of materials can in

principle lead to higher energy densities, hardness and response speed. [77]

When photochromic molecules are assembled into a crystal, their photoisomeriza-

tion can generate an anisotropic expansion of the crystal lattice (Figure 3.1a). This lattice

expansion, when confined to one side of the crystal, can induce bending as strain builds up

between the reactant and product crystal phases [15,56,87] This mechanism has led to im-

pressive demonstrations of photomechanical molecular crystals that undergo light-induced

bending [56, 87–94], twisting [13–15], and expansion [12] on microscopic lengthscales. But
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the use of photomechanical molecular crystals in macroscopic actuator structures has been

limited for several practical reasons. The growth of large crystals is difficult and time

consuming. Furthermore, large crystals tend to shatter due to internal stress and also suf-

fer from limited light penetration that lowers the total isomerization yield and prevents

mechanical motion. [12,95]

To make molecular crystals more processable, several groups have explored em-

bedding organic nanocrystals in a polymer matrix to make a composite photomechanical

material. [96–99] Using several different photochromes, they found that polymer films with

embedded photoactive molecular crystals could exhibit bending, but the work generation

was not quantified and the mechanical motion was not photoreversible. In these previous

attempts, the molecular crystal component typically consisted of random sizes and ori-

entations. Work in the inorganic nanoparticle field has shown that assembly of functional

monodisperse nanoparticles into ordered arrays is vital for generating useful collective prop-

erties. [100, 101] Thus a current challenge is to prepare an ordered, monodisperse array of

photomechanical organic nanocrystals that can harness the collective motion of the assem-

bly.

The approach taken here is to make a “crystal” of nanocrystals, in which expan-

sion of individual nanocrystals in an ordered array generates internal stress that causes the

macroscopic structure to deform. The same bimorph mechanism that leads to mechanical

motion in a single crystal (Figure 3.1a) can be realized on a larger scale through ordered

growth of nanocrystals in an inorganic template (Figure 3.1b), with the template also con-

tributing to the mechanical integrity of the composite. To realize this concept, we chose 1,2-
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Figure 3.1: (a) Schematic illustration of how preferential formation of photoproduct on one
side of a crystal leads to asymmet-ric expansion and crystal bending. (b) A porous template
allows the creation of an ordered array of crystalline nanowires that can drive bending of
the composite struc-ture. (c) Photochemical interconversion between ring-open (1a) and
ring-closed (1b) diarylethene isomers.
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bis(2-methyl-5-phenyl-3-thienyl)perfluorocyclopentene (1a), a diarylethene (DAE) deriva-

tive that undergoes a unimolecular photoisomerization between its ring-open and ring-closed

isomers (Figure 3.1c) to be the active element. The isomers are thermally stable but can be

switched back and forth using UV and visible light for hundreds of cycles. [11,69,102] The

photomechanical behavior of individual DAE microcrystals has been extensively character-

ized [10, 11, 14, 15, 40, 102–106], and single DAE microneedles are capable of lifting objects

100× more massive than the crystal itself. [103] But so far, no one has devised a path that

leads from individual microcrystals to macroscopic actuator structures.

3.3 Crystal Orientation

In this Article, we take advantage of the ordering provided by anodic aluminum

oxide (AAO) templates, a porous ceramic whose pore diameters and wall thicknesses can be

tuned by electrochemical etching conditions. [107] To create ordered arrays of 1a nanocrys-

tals, we utilized commercially available Whatman Anodisc templates with a 60 µm thick-

ness, a nominal pore diameter of 200 nm, and an overall diameter of 12.7 mm were used

as received. A solvent annealing method (Figure S3.1) was used to facilitate growth of

crystalline nanowires of 1a in the AAO channels. [108] After crystal growth, the template

is mechanically polished to remove excess 1a. When the template was dissolved using con-

centrated acid, nanowires were obtained (Figure 3.2a). When exposed to 405 nm light,

liberated nanowires can reversibly bend and expand, showing that the photomechanical

response is preserved in the nanowire form (Figure S3.2). Polarized light microscopy con-

firmed that the nanowire bundles consist of oriented crystal domains (Figure S3.3). Powder
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X-ray diffraction (PXRD) measurements on intact templates containing vertical nanowires

(Figure 3.2b) show a dominant peak at 2θ=15°, corresponding to the (020) Miller plane.

This plane runs perpendicular to the crystal b-axis shown in Figure 3.3. Since the PXRD

pattern of the intact templates also includes contributions from residual crystallites on the

surface, we dissolved the template in H3PO4 and collected the nanowires lying flat on an

AAO filter surface. The horizontal nanowires showed only peaks corresponding to Miller

planes that make right angles to the (020) plane, as expected Figure 3.2c). Together, these

data confirm that 1a preserves its crystal packing and density in the nanowires, which are

oriented along the b-axis.

3.4 Hybrid Template Showed Photoinduced Bending

Photoconversion between the two DAE photoisomers can be accomplished using

405 nm and 532 nm light, wavelengths that correspond to inexpensive, solid-state laser

sources. Figure 3.3 shows that partial conversion of 1a to 1b changes the crystal packing

and causes a contraction along the b-axis and an expansion along the a-axis, both on

the order of 0.1%. [109] There have been no reports of a photomechanical response for

macroscopic crystals of 1a, but we recently found that crystal microribbons composed of

1a can undergo photoinduced twisting. [14] When one half of a DAE-infused template was

illuminated with 405 nm light, it quickly turned blue (Figure 3.4a), and diffuse reflectance

absorption confirmed creation of the1b photoisomer (Figure S3.4). Viewed from the side,

the template was also observed to bend as shown in Figure 3.4b. Both the color change and

bending could be completely reversed after exposure to 532 nm light. The template always
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Figure 3.2: (a) Scanning electron microscopy images of obtained nan-owires. (b) PXRD
data for vertical DAE nanowires aligned in the AAO template. The dominant (020) peak
seen for the vertical nanowires belongs to a Miller plane that is perpendicular to the crystal
b-axis, so the b-axis must lie parallel to the nanowire long axis. (c) PXRD data for hori-
zontal nanowires lying on top of an Anodisc filter. The horizontal nanowires exhibit strong
(002), (303) and (006) peaks, all corresponding to planes perpendicular to (020) plane. (d)
PXRD pattern calculated from the 1a crystal structure.
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Figure 3.3: Crystal structure (view along b-axis) of 1a before UV irradiation(left) and
crystal structure of a partially convert-ed crystal containing mixture of 1a and1b after UV
irra-diation(right). After irradiation, the crystal expands along the a-axis and contracts
along the b-axis.

bends away from the UV light, and a bend due to bottom irradiation could be canceled

out by irradiation of the top to create a balanced bimorph strain (Figure S3.5). It is

interesting that a macroscopic assembly of nanocrystals exhibits photomechanical bending,

while macroscopic crystals do not.

3.5 Beam Steering Quantification

Because the photoinduced bending of the template results from the simultaneous

deformation of many nanowires, this motion can produce significant amounts of mechanical

work. To quantify the work generation as a bending actuator, a two-beam set-up (Figure

3.5a) was used to monitor the ability of the template to tilt a standard 1 inch diameter

mirror and steer a laser beam. Illuminating different quadrants of a single template can tilt

a standard 1 inch diameter mirror in any direction and move a laser beam from its reference

position (Figure 3.5b). A laser beam deviation of 0.008 radians allows us to calculate that
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Figure 3.4: (a) Color change of AAO template after right half is irradiated with UV and
then visible light. (b) Reversible template bending after exposure to UV and then visible
light. The template is viewed from the side.

the mirror edge undergoes a vertical displacement on the order of 100 microns (Figures

S3.8-S3.9). Movies of the light-induced mirror motion and laser beam displacement can

be viewed as Supporting Information Videos 1 and 2 from ACS publications Chemistry of

Materials online.

The displacement of the beam allows us to calculate an induced template curvature

of 2.5×10−3 mm−1 and an effective expansion of 1.5×10−4 for the irradiated side of the

template (Figures S3.8-S3.9). This is about 7× less than the molecular expansion along

the crystal a-axis as deduced from x-ray crystallographic data on a partially reacted 1a

crystal. [109] This small expansion implies less than a 0.1 nm change in a 200 nm diameter

pore and likely results from competition from the expansion/contraction along the a/b-

axes, as well as confinement by the AAO template, which will resist the motion of the softer

organic component. The molecular interaction with the channel walls is not known, but

this will ultimately determine how the organic motion is curtailed by the template.
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Figure 3.5: (a) Schematic outline of laser deflection set-up. (b) When different regions of
the template are irradiated (shown in purple), the mirror tilts in different directions and
displaces the beam (blue line) from the reference (red line). The spatial displacement of
the spot from the reference spot (marked with a cross) can be used to calculate the vertical
displacement of the mirror (Figures S3.8-S3.9).

38



3.6 Reproducibility in Air and in Water

DAE photochromes are generally resistant to fatigue but can undergo side-reactions

that generate unreactive byproducts. [110] We found that the DAE-filled templates could

undergo multiple displacement cycles in air, as shown in Figure 3.6a. The actuation also

worked when the template was submerged under water, with only a 25% decrease in dis-

placement and no loss of reversibility (Figure 3.6b). After about 50 cycles in air, a steady

decrease in the photoinduced displacement was observed, accompanied by the appearance

of a yellow color in the regenerated 1a form. In bulk crystals, 1a can be cycled more than

104 times [69], so it appears that the hybrid material undergoes accelerated degradation,

possibly due to molecular interactions with the AAO walls.

3.7 Precise Control of Bending

The mechanical displacement closely tracks the photoisomerization reaction progress

(Figure 3.7a). The linear dependence of the displacement ∆L on the production of1b allows

precise control of the actuator position by controlling the duration of the light exposure.

Figure 3.7b illustrates this control for sequential light exposures. When the light is turned

off, the displacement undergoes a slight relaxation by about 5-10% but holds its position

afterward. Note that any thermally induced expansion would be expected to completely

relax during the off-period, so this observation places an upper limit on the thermal compo-

nent of the actuation. When the light is turned on again, the displacement starts up where

it left off. Under load, the displacement is stable in the absence of light, unlike piezoelectric
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Figure 3.6: (a) Reproducibility of vertical mirror displacement for 5 2-minute UV irradiation
cycles in air. (b) Reproducibility of vertical mirror displacement for 5 cycles in water of the
same template.
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Figure 3.7: (a) Vertical beam displacement (squares) as a function of 405 nm irradiation
time, and absorbance of ring-closed isomer1b (×). (b) Displacement versus time with 405
nm light turned on and off. The displacement is stable when the illumination is removed.
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actuators which require an applied electric field to hold their position.

3.8 Photon-to-Work Conversion Efficiency

The photon-to-work conversion efficiency is an important figure-of-merit for pho-

tomechanical actuators, but the detailed mechanical analysis of bending actuator structures

can be complicated. [111–113] The macroscopic samples used here allow this conversion ef-

ficiency to be measured simply in terms of a mass moved against gravity. Starting with

a total mass of 1.6 mg of DAE in the template, a maximum conversion yield of 6.7% was

measured by solvent extraction (Experimental Section). This means that 1×10−4 g of re-

acted DAE could generate enough force to lift a 1.28 g mirror, a mass ratio comparable to

the best photothermal elastomer system. [114] From a typical beam displacement, we can

calculate that the center of mass of a 1.28 g mirror was lifted by 5.5×10−5 m, for a total of

6.9×10−7 J of mechanical work. Given that 6.7% of the 1a molecules are converted into1b,

we calculate that 1.22×1017 405 nm photons were absorbed (assuming an isomerization

quantum yield of 1.039), with a total energy of 5.98×10−2 J. The (absorbed photon)-to-

work efficiency is calculated to be 1.15×10−5. This efficiency is comparable to what has

been observed for photothermal bending actuators [115,116] but less than that deduced for

liquid crystal elastomer bending systems. [111,117] If we consider the input energy to be the

total number of incident photons, rather than just the absorbed photons, after 2 min under

7.05 mW/cm2, we obtain an (incident photon)-to-work efficiency of 6.15×10−7. These ef-

ficiencies represent the first quantitative estimate of the light-to-work conversion efficiency

for a molecular crystal photomechanical actuator and provide a well-defined starting point
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for future optimization.

In most cases, the efficiencies of photomechanical polymer systems have been eval-

uated in terms of unloaded bending or contraction. Our actuator structure generates an

expansion that lifts a load. In this sense, it acts like a bending piezoelectric actuator, and it

is instructive to evaluate it in terms of parameters commonly used for commercial piezoelec-

tric actuators. This class of actuators is characterized by the maximum load they can move,

known as the blocking force Fblock, and their maximum displacement ∆L0 in the absence of

a load. The ratio of these two parameters gives the actuator stiffness kA = Fblock
∆L0

. The stiff-

ness defines the linear relation between displacement and force generation, ∆L = ∆L0− F
kA

.

By varying the load on top of the bending AAO template, we can measure the displacement

(∆L) versus force (F) curves shown in Figure 3.8. The ∆L versus loading force F curves

are fit using an exponential function

∆L = ∆L0e
F/Fblock + y0 (3.1)

These fits yield R2 values of 0.96 or greater for all templates measured, which all yielded

exponential force decays (Figure S3.6 ). If we linearize these curves, ∆L ≈ ∆L0(1− F
Fblock

),

we can extract values for ∆L0 = 0.16±0.08 mm, Fblock = 0.035±0.006 N and kA = 0.25±0.10

N/mm. For comparison, commercially available piezoelectric bending actuators have ∆L0 =

0.1-0.5 mm and Fblock = 1-5 N [118–120], leading to kA values ranging from 2-100 N/mm.

Our photomechanical actuators have comparable ∆L0 values but Fblock values that are

approximately 100× lower, leading to stiffness values that are also about 100× lower.

Our composite photomechanical actuators cannot generate as much force as piezo-

electric actuators, but there is substantial room for improvement. First, the Fblock values
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Figure 3.8: Plot of vertical displacement versus load for a typical DAE/AAO bending
actuator (denoted #1, black squares), along with exponential fit (red line). A linear fit to
the initial decay is shown in blue, along with the value of Fblock extracted from this fit.

are extrapolated from the linear region of the exponential curve. As Figure 3.8 shows,

the DAA/AAO actuator continues to generate displacement for values larger than Fblock.

Second, it is likely that the high elastic modulus of the AAO resists the photomechanical

motion of the organic and lowers the amount of useful work that can be extracted. It is

likely that using a more compliant template or a photochemical reaction that generates

more force can boost both ∆L0 and Fblock. Third, the response time of several minutes

seen in Figure 3.7b results from the low light intensities (5-10 mW/cm2) used in our experi-

ments and does not represent an intrinsic limitation of the material. Since the displacement

tracks the photochemical reaction, increasing the light intensity to 1 W/cm2 should lead to

response times of less than a second.

The photoinduced bending requires that the photomechanical crystals are cor-

rectly oriented inside the template so that the expansion occurs in the plane of the sub-
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strate. Different crystal orientations, lack of crystallinity, or incomplete filling of the chan-

nels can all suppress this effect. For example, while the majority (∼80%) of our tem-

plates showed photomechanical responses that match those reported in Figures 3.4-3.8,

the other 20% showed low or sometimes no photomechanical response at all. Usually

the poorly performing samples suffered from poor loading, but we cannot rule out mis-

directed or random crystal growth. We tested two other photomechanical crystal materials,

based on 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)perfluorocyclopentene [121] and 4-fluoro-

9-anthracenecarboxylic acid, [122] but neither was able to generate photoinduced bending

in the AAO template. Both molecules filled the channels, but we suspect these crystals

were not correctly oriented to generate stress across the horizontal plane of the template.

3.9 Conclusion

This work shows how ordering the organic active component on both the molecu-

lar scale (by oriented crystal growth in each pore) and the macroscopic scale (by growing

a regular array of crystalline nanowires in a porous inorganic template) can lead to a hy-

brid photomechanical material capable of moving macroscopic objects solely through light

power. Very small (sub-mg) amounts of material can move masses that are 104 times larger

without being physically connected to an external power source. Lowering the template

elastic modulus and varying the organic photochrome are two future pathways to improve

actuator performance. These proof-of-principle experiments illustrate a way to incorpo-

rate photomechanical molecular crystals into macroscopic actuator structures, potentially

opening up new applications for these interesting materials.

45



3.10 Supplementary Information

3.10.1 Experimental Section

Synthesis and crystal structure of 1a, partially reacted 1a/1b crystals

The synthesis of diarylethene 1a has been described in the literature, along with

the crystal structures of 1a and partially reacted 1a/1b crystals. [109]

Preparation of AAO templates with crystalline nanowires

A concentrated (5 mg of 1a in 100 µL CH2Cl2) solution is deposited on one side

of a 12.7 mm diameter AAO template (Whatman Anodisc, nominal pore diameter 200

nm). The template is suspended over a Teflon cylinder and covered with a bell jar. A

Kimwipe soaked with CH2Cl2 is placed in the jar to slow down the evaporation rate from

the template. During a period of 24 hours the CH2Cl2 slowly evaporates, allowing the

1a molecules time to assemble and crystallize inside the pores. The dry AAO template is

carefully polished to remove excess 1a from the top and bottom.

Powder X-Ray Diffraction(PXRD) measurements

All PXRD data were collected using a Bruker D8 Advance X-ray powder diffrac-

tometer (CuKα radiation, λ=1.5418 Å, 45 kV/40 mA power) at room temperature. To

collect PXRD data on nanowires that lie horizontally (along their long axis), the 1a filled

template was dissolved in 20% aqueous phosphoric acid to remove the alumina. The re-

sulting 1a nanowire suspension was deposited onto a blank AAO template, rinsed with

deionized water and dried by vacuum filtration. The template was then air dried in an oven
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set at 60 °C.

Scanning electron microscopy(SEM) measurements

The polished DAE/AAO template was stuck to a piece of conducting copper tape

which was then fixed on a SEM stub. The sample was and coated with Pt/Pd using a

sputter coater (Cressington 108 Auto) for 30 seconds. The SEM images were collected

using a FEI NNS450 microscope with a 5kV electron beam under high vacuum (10−7 torr).

An Everhart-Thornley Detector (ETD) and a Through Lens Detector (TLD) were used to

produce high resolution images.

UV-Vis absorption measurements

UV-vis absorption spectra were collected in hexanes as a solvent and a Varian

Cary 50 UV/vis spectrophotometer. Diffuse reflectance spectroscopy was performed using

a home-built instrument. This method could not be used to quantitatively assess the degree

of photoconversion due to high scattering that prevented light penetration into the template

interior.

Optical microscopy measurements

An AAO template loaded with 1a was dissolved in 20% H3PO4 after 24 hours.

A drop of the nanowire suspension was deposited on a microscope glass slide and covered

with a microscope coverslip. To monitor the photomechanical motion, an Olympus IX70

microscope was used with 100× (1.25 numerical aperture) and 40× (0.6 numerical aperture)

objectives. Images and videos were taken using an AMScope MU900 digital camera. The

47



nanowires were irradiated using 365 nm (5.0 mW/cm2) and 532 nm (50 mW/cm2) light from

a microscope Hg lamp filtered through a dichroic mirror. For polarized optical microscopy

measurements, the sample was placed between two square (2 cm × 2 cm) polarizers aligned

at a 90° angle and imaged with a 40× (0.4 numerical aperture) objective.

Laser deflection measurements

As shown in Figure 3.5a, a 0.95 mW Helium-Neon laser (633 nm wavelength) is

directed into a modified interferometer set-up. The beam is incident on a glass plate which

reflects one beam downward onto a mirror supported by the photomechanical template.

The other beam is reflected by a fixed mirror. The two reflected beams are projected on to

a wall 4.8 m away. The photomechanical template is supported on a transparent microscope

slide with one part covered with light-proof tape. A 1 mm thick mirror is put on top of

the AAO template, along with a variable number of metal disks to vary the load. 405 nm

light to convert 1a to1b is obtained from a light-emitting diode placed 2.5 cm below the

template. The intensity at the sample is 7.0 mW/cm2. To convert1b back to 1a, a 532 nm

laser beam was passed through a diffuser and directed onto the template, resulting in an

intensity of 4.2 mW/cm2.
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Figure S3.1: Procedure for preparation of DAE/AAO template.

Figure S3.2: Nanowire bundles in solution expand and move after UV (405 nm) exposure
and contract after visible (532 nm) light exposure. The nanowire bundle in the middle
image has shifted and expanded by 8 %.
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Figure S3.3: Polarized light microscopy images of a 1a nanowire bundle. The nanowire
bundle was rotated clockwise in 45 degree increments relative to the vertical polarizer. The
contrast shows that the nanowires are oriented crystals, with the optic axis parallel to the
long (growth) axis. The crossed arrows in the lower right corner show the direction of the
crossed polarizers.

50



Figure S3.4: Diffuse reflectance absorption spectra of 1a/AAO template before (black line)
and after 10 s of UV (405 nm) irradiation (red line). The absorption spectrum of1b in
hexanes is also shown for comparison (blue line).

Figure S3.5: UV irradiation from the bottom causes the template to bend upward. Sub-
sequent UV irradiation from the top causes the template to bend downward. The bottom
expansion can be cancelled out by the top expansion because they form opposing bimorph
structures.
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Figure S3.6: Log plots and linear fitting of log(∆L − y0) versus load curves for 5 different
templates.

Figure S3.7: Reproducibility of vertical mirror displacement of beam displacement for a
different template in air for 10 cycles.
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Figure S3.8: Geometry of laser beam displacement by bending template. The blue colored
half of template represents the part that has been exposed to 405 nm light and undergone
photoisomerization. For beam displacement measurements, distances L from the template
are on the order of 5 m to detect α = 0.004 rad.
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Figure S3.9: Geometry of bending template for calculating radius of curvature and expan-
sion. Note that since the bend angle β is very small, the horizontal length of the curved
template is assumed to be r = 6.35 mm.
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Chapter 4

Effects of Template and Molecular

Nanostructure on the Performance

of Organic–Inorganic

Photomechanical Actuator

Membranes

4.1 Abstract

Porous anodic aluminum oxide (AAO) membranes template the growth of pho-

tochromic crystalline nanowires. The resulting organic-inorganic composite can function as

a photomechanical bending actuator. In order to investigate how the nanostructural prop-
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erties of both the organic and inorganic components affect the photomechanical response,

the composite mechanical properties are characterized using a variety of methods. There

is a significant variation in both morphology and elastic modulus for two commercially

available AAO templates with nominally identical pore diameters of 200 nm. After these

templates are filled with diarylethene molecules that undergo a ring-open to ring-closed

photoisomerization, the light-generated curvature and mechanical work are evaluated us-

ing two different methods. The templates with a lower average elastic modulus (16 GPa

versus 68 GPa) generate almost an order of magnitude more photomechanical work. The

dependence of the photomechanical response on the chemical structure of the photochrome

is assessed by comparing the performance of a diarylethene that undergoes a crystal expan-

sion to that of one that undergoes a contraction, which leads to a decrease in curvature.

Both the inorganic template and the organic active component play important roles in the

overall photomechanical response, with substantial room to improve the performance.

4.2 Introduction

In many ways, photons are ideal energy transporters. They can travel over long

distances with negligible loss and possess multiple parameters (wavelength, polarization,

and even quantum state) that provide high flexibility in how they deliver energy. In most

cases, photons must be converted to some other form of energy to perform useful work

once they reach their destination. For example, photovoltaic materials convert light into

voltage and current, which can then power electric motors and actuators. Photomechanical

materials eliminate the need for electronic intermediates by converting light directly into
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mechanical motion, usually via thermal expansion or photochemical reactions. Organic

photochemistry provides a versatile mechanism that can be harnessed in both polymers

and crystals to drive various types of mechanical motions. [33, 77, 84, 85] The composition

and morphology of polymer-based photomechanical materials can be easily varied, but

they also suffer from small elastic moduli, low energy densities, and slow response times.

Photomechanical materials based on neat molecular crystals can, in principle, circumvent

these problems. Unfortunately, it can be challenging to grow single crystals reproducibly

with well-defined shapes and sizes for testing and device applications. [123,124] Furthermore,

macroscopic single crystals often fracture during light exposure as neighboring reactant

and product crystal domains generate interfacial strain that cannot be dissipated at a

surface. [125] Nanoscale crystals avoid the fracture problem [12, 126, 127] but can only

generate small amounts of work in isolation.

Embedding nanocrystals in polymer hosts is a promising route for making pho-

tomechanical materials [96–99], but ordering the nanocrystals is probably necessary to ex-

tract large amounts of work. We recently developed a new type of photomechanical actuator

by creating organized arrays of molecular crystals inside a ceramic template. [128] These hy-

brid organic-inorganic materials consist of diarylethene (DAE) molecular crystal nanowires

grown inside channels with diameter of 200nm in anodic aluminum oxide (AAO) porous

templates. They rely on the hierarchical organization of the DAE molecules on both the

nanometer scale (by its crystal packing) and the micron scale (by templated growth of

crystalline nanowires in a dense vertical array). When exposed to ultraviolet (UV) light,

the DAE molecule undergoes a ring-open to ring-closed photoisomerization reaction (Fig-
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Figure 4.1: Photoisomerization reactions of (a) ring-open (1a) and ring-closed (1b) isomers;
(b) ring-open (2a) and ring-closed (2b) isomers.

ure 4.1) that changes the crystal dimensions. [21] For molecule 1a, the UV-reacted portion

of the nanowire crystal expands, causing the entire composite to bend in response to the

light. [129] The bending motion generated by a template weighing 0.01 g can lift objects

with masses on the order of 10 g or more. The motion can be completely reversed upon

exposure to visible light, which causes isomerization back to the ring-open form and could

be repeated on the order of 50 cycles both in air and water.

The fabrication of a macroscopic structure based on aligned active nanocrystal ele-

ments provides a new approach to photomechanical actuators. But there remain important

questions that need to be addressed before we can understand and engineer such composite

materials. The first question concerns the role of the template. The porous AAO template

is not just a way to grow aligned nanowires but is also a structural element of the actuating

material. How do its properties affect the performance of the overall structure? A second

question concerns the role of the organic component. How do different molecules and crystal
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expansions/contractions affect the overall motion? In order to answer these questions, we

must develop experiments that can accurately measure force-displacement curves in order to

quantitatively compare different samples. The goal is to characterize the properties of these

novel composite structures and assess their ultimate potential as photon-driven actuators.

In this chapter, we describe efforts to answer the above questions. Using a custom-

designed force-displacement apparatus, we measure the elastic moduli of both empty and

filled AAO templates. The same set-up allows us to measure force-displacement curves

under illumination and calculate the light-generated curvature and mechanical work. Even

before the organic component is added, we find a significant variation in both morphol-

ogy and mechanical properties of two different commercially available AAO templates with

nominally identical pore diameters (200 nm). These differences can change the amount of

photomechanical work by up to an order of magnitude. The dependence of the photome-

chanical response on the chemical structure of the photochrome is assessed by comparing

the previously studied DAE 1a with a different DAE 2a, which undergoes a crystal con-

traction as opposed to an expansion. We find that both the inorganic template and the

organic active component play important roles in determining the overall photomechanical

response. The results suggest that there is substantial room to improve the performance of

these composites, especially by adjusting the elastic modulus of the porous template. The

ultimate performance limits of these composites may be several orders of magnitude better

than what is currently observed.
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4.3 Morphology of Whatman and TOP Templates

Porous AAO templates are typically made by electrochemical etching of pris-

tine aluminum foils followed by electropolishing. Although the basic procedure is well-

established, details such as the purity of the starting Al, the applied voltages, and the

composition and temperature of the etchant can all influence the final structure. [107] To

examine this variability, we examined commercially available AAO templates, both with a

specified pore diameter of 200 nm, from two different manufacturers,. For both templates,

there was an asymmetry in the two sides. To keep track of sides, the side whose pores

more closely match the specified pore diameter is denoted side A, while side B refers to

the opposite side. In Figures 4.2a-b, we show SEM images of both A and B sides of the

widely used Whatman Anodisc AAO template. These images can be compared to those

of the TOP (Top membranes) template in Figures 4.2c-d. Both templates have 200 nm

holes on the A side. However, the Whatman B side has much smaller diameter holes, on

the order of 100 nm or less, and some regions where the pores are still covered by a crust

of alumina that was not etched away. This thin crust with small holes actually covers up

the larger diameter channels that penetrate through most of the template and are visible

in some regions where the crust has broken away (Supporting Information, Figure S4.1).

The B side of the Whatman template typically appears to be slightly shiny, so it is usually

possible to identify each side by visual inspection. The TOP template, on the other hand,

has much more uniform pore diameters. The 200 nm diameter pores on the A side broaden

out to 300 nm on the B side, and there is no alumina crust as seen on the Whatman

templates. For Whatman AAOs, side A has an open area ratio (OAR, defined as the empty
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Figure 4.2: SEM images of (a) side A (average pore diameter 215 nm) and (b) side B
(average pore diameter 107 nm) of Whatman AAO; Whatman AAOs were precleaned to
remove surface debris; (c) A (average pore diameter 215 nm) and (d) B side (average pore
diameter 268 nm) of TOP AAO. The open area ratio (OAR) was calculated to be (a) 51%,
(b) 54%, (c) 21% and (d) 30% respectively.

channel area divided by the total area) of 51%, similar to the value of 54% on side B. The

TOP AAOs have smaller OAR values, 21% for side A and 30% for side B.

Both Whatman and TOP templates fulfill their specifications in the sense that

the A side has open pores with a 200 nm pore diameter. But the B sides are completely

different: small occluded pores in the Whatman template versus larger clear openings in the

TOP membrane. Both can function as filters with a 200 nm cutoff. Aside from filtration,

we expect the morphology differences to give rise to different mechanical properties.
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4.4 Elastic Moduli of Whatman and TOP Templates

To test the elastic modulus of the empty AAO membranes, a position-sensitive

force sensor was positioned at the center of the AAO membrane whose edges were supported

by a circular holder (Supporting Information, Figure S4.2). As the force sensor tip was

pressed onto the membrane, the displacement was monitored as a function of applied force.

The displacement x of a point that is a distance r from the disk center when a load F is

applied at the center is given by [130]

x(r) =
Fa2

16πD

[
(1− r2

a2
)(

3 + ν

1 + ν
) +

2r3

a2
ln (

r

a
)

]
(4.1)

where a is the disk radius and ν is Poisson’s ratio. D is the bending stiffness of the plate

given by

D =
Eh3

12(1− ν2)
(4.2)

where E is the elastic modulus and h is the thickness of the plate. If we set r=0, we can

rearrange equation (4.1) and take the derivative, finding

E =
3a2

4πh3
(1− ν)(3 + ν)

∂F

∂x
(4.3)

The slope ∂F
∂x of the force as function of the displacement is the measured quantity (Sup-

porting Information, Figure S4.3), and given ν=0.22 [131], we can determine the elastic

modulus E for the Whatman (TOP) templates. The measured values of E for 4 different

empty AAO templates of each type are shown in Figure 4.3. There are three main obser-

vations from this data. First, the TOP E values were roughly 4× larger than those of the

Whatman templates.
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Figure 4.3: Results of elastic modulus measurements on 4 empty AAO templates pressing
into side A (lower OAR) and side B (higher OAR) for (a) Whatman membranes with average
E = 12±1.2 GPa (A side) and 16±1.5 GPa (B side); (b) TOP membranes with average E
= 61±17 GPa (A side) and 68±28 GPa (B side).

The OAR numbers and images in Figure 4.2 indicate that about 50% of the What-

man membrane is composed of alumina, as compared to about 75% of the TOP membrane.

A simple application of the rule of mixtures [132] would predict that the TOP membranes

should have 0.75/0.50 = 1.5× larger E. This does not explain the factor of 4 observed,

but a second consideration is that the elastic modulus of ceramics can be sensitive to the

presence of chemical impurities and grain boundaries. It may be that the alumina in the

Whatman template has a higher proportion of defects than that of the TOP membrane,

further reducing its E value. [133,134] A second observation is the greater variation in the

E values of the TOP templates than of the Whatman templates. This was somewhat sur-

prising, given that the TOP membranes typically had a more uniform surface appearance

in the SEM images.

The most surprising observation from Figure 4.3 is that the E values depend on

whether the load was applied to the A or B side. This is not completely unexpected given
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the A/B side differences apparent in Figure 4.2. In both types, the B side with a larger OAR

gives larger E values on average. This mechanical asymmetry is not commonly observed

in bulk materials and requires some explanation. Typically, the elastic energy of a slightly

bent slender beam takes the form [135]

U =

∫
EI(

1

2
κ2 +

1

4
κ4 + . . . )ds (4.4)

where E is Young’s modulus, I is the bending moment of area, κ is the curvature vector

and is length along the beam. The energy cost of the beam is independent of the sign of

the curvature; that is, the beam would bend upward as easily as downward. However, if the

beam has broken up-down symmetry (as our samples do), and N̂ is the unit normal on one

of the two horizontal surfaces, then a new symmetry-allowed terms of the type (κ · N̂=κ

can appear in the expression for the energy to give

U =

∫
EI(

1

2
κ2 +

1

4
κ4 + · · ·+ ακ · N̂ +

1

2

(
κ · N̂

)2
+

1

3

(
κ · N̂

)3
+ . . . )ds (4.5)

Since the curvature is along the normal, and at equilibrium the ακ · N̂ term can

be neglected assuming there is no spontaneous curvature in the empty templates, Equation

(4.5) simplifies to

U =

∫
EI(

1

2
(1 + β)κ2 ± 1

3
γκ3 + . . . )ds (4.6)

Given F=∂U
∂x and assuming that the deflection x of the center of the beam is

proportional to the curvature κ, i.e. x=Aκ, we can show that the applied force is no longer

linear in x,

F = mx± bx2 (4.7)

where we have ignored higher order terms and m and b are undetermined constants. The
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sign of the second term in Equation (4.7) depends in which direction the sample is being

bent. The force versus displacement data from an asymmetric beam can be fit using the

simple symmetric expression

F = m′x (4.8)

But in the interval (0,xm), using the method of least squares, the result

m′ = m± 3

4
bxm (4.9)

is obtained, indicating that simple linear fitting of data results in different m′ and E values

for the different sides.

The full force-displacement curves can be successfully fit using Equation (4.7),

as illustrated in Figure 4.4. This analysis relies on symmetry arguments to explain the

asymmetric E values, but it does not explain their microscopic origin. Hopefully it will

provide a starting point for more sophisticated theories.

4.5 DAE Filling of Whatman and TOP Templates

From the data in Figures 4.2-4.4, it is clear that the empty TOP and Whatman

AAO templates have very different mechanical properties, despite the fact that they share

the same nominal pore diameter. The question is whether these differences manifest them-

selves in the photomechanical response after the templates are loaded with DAE. DAE

crystals are grown in the template by a slow solvent annealing. After surface polishing,

most of the pores of the AAO template are completely filled with DAE, as shown in the

SEM images in Figures 4.5a and b. If the AAO template is dissolved in acid, the organic
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Figure 4.4: Normalized force versus displacement for an empty Whatman AAO template.
The initial measurements were in the displacement range of (0-30 µm), where the straight
line slope gave different E values for each side (Supporting Information, Figure S4.3). On
extending the displacement range to 60 µm, the nonlinear response becomes apparent. Also
shown are fits using the broken symmetry argument Equation (4.7).

nanowires can be collected and imaged (Figure 4.5c), confirming their continuous growth

within the channels. Although the templates do not appear to be completely filled with

DAE, we found that the amount present in both was the same to within 5% for both types

of templates (2.84 mg in Whatman AAO, 2.78 mg in TOP AAO, as detailed in the Sup-

porting Information, Figure S4.4). After polishing, the Whatman templates exhibited a

pronounced curvature, even before exposure to light. This curvature was not present in the

empty templates but could be induced by polishing alone. The polished templates always

curved so that the side with the smaller holes (side B for the Whatman, side A for the TOP

membrane) was convex. We suspect that polishing induces an asymmetric stress across the

template due to DAE and AAO debris that is forced into the channels and interacts with

the pore walls. After compaction due to polishing, there is more pressure on the small pore
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Figure 4.5: SEM images of DAE filled AAO TOP templates (a) A side (smaller pore
diameter) and (b) B side (large pore diameter) (c) SEM image of DAE nanowires extracted
from an AAO template by dissolving it in phosphoric acid.

side than the large pore side, causing an internal stress that slightly bends the template

even before light exposure. Furthermore, the DAE-filled templates showed even more pro-

nounced asymmetry, this time with the A side having a larger modulus. The change in

asymmetry may be another consequence of the increased compaction on the side with the

lower OAR due to polishing (Supporting Information, Figure S4.5).

4.6 Photomechanical Performance Measurement with Two

Methods

In order to quantify the photomechanical response, we used two independent meth-

ods. For both, we mounted the DAE loaded templates so that the outer (convex) side was

illuminated, which caused the curvature to become more pronounced. The first method

used to measure mechanical work was monitoring the angular deflection of a laser beam

that bounces off a mirror resting on top of the template. As the template bends and its

edge moves away from UV illumination, it tilts the mirror and moves the laser beam (Figure

4.6a-f). The mirror displacement set-up (Figure 4.6g, Supporting Information Figure S4.6)
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and resulting data (Figure 4.6h) allow us to quantify the actuation of the template. Videos

of the mirror tilting and resulting laser beam displacement can be found online at Wiley

Advanced Functional Materials. The Whatman sample exhibits a larger displacement of

the 1.28 g mirror after irradiation than the TOP sample, and using the methods in reference

15, we find R (radius of curvature) =0.2 m for the Whatman template and R=1.5 m for

the TOP membrane, along with work outputs of 1.4×10−6 J and 1.7×10−7 J, respectively.

We note that the work output for the Whatman template is about a factor of 2 larger

than that previously reported, which we attribute to improved filling of the template due

to prewashing (Supporting Information, Figure S4.7).

The second method used the force-displacement set-up illustrated in Figures 4.7a

and b to measure force-displacement curves as the template bends and its center moves

towards the UV light. Figure 4.7c shows the force generated by template during UV irradi-

ation as a function of time. It matches well with previous results using the laser displacement

method, as reported in reference 15. Note that this relatively slow motion is probably limited

by the low UV intensities used in these experiments. Typical force-displacement curves for

both template types are shown in Figures 4.7d and e. The Whatman sample displacement

is approximately 4× greater than that of the TOP membrane under the same illumination

conditions. The amount of force generated is 2× greater than the TOP membrane. From

the data in Figure 4.7, we can also calculate the total work done by both templates, which

is 1.2×10−6 J for the Whatman template and 1.4×10−7 J for the TOP membrane. The

center displacement can then be used to calculate the radius of photoinduced curvature, R,

with R=0.4 m for the TOP membrane and R=0.1 m for the Whatman template, i.e. it has
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Figure 4.6: Laser displacement experiment. (a) Overlapped reference and probe beam
before UV irradiation; (b) Probe beam moves upward after 2 min of UV irradiation of a
1a/AAO template; (c) Probe beam returns back to original position after 5 min of visible
light irradiation; (d) Thick mirror supported by 1a/AAO template (thin white plate) viewed
from the side; (e) Mirror tilts up after 2 min of UV irradiation on right half of 1a/AAO
template; (f) Mirror reverts to original position after 5 min of visible light irradiation; (g)
Schematic of laser deflection experiment. The right side of a 1a/AAO template is irradiated
by UV light. The induced curvature lifts up one side of the mirror, and this tilt displaces the
laser beam; (h) Positive displacement of the center of mass of a 1.28 g mirror by Whatman
and TOP 1a/AAO templates after UV irradiation. The calculated work was 1.4 µJ for a
1a/Whatman template and 0.17 µJ for a 1a/TOP template.
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Figure 4.7: Force/displacement experiment. (a) Photograph of force-displacement set-
up with white circular template held under force transducer; (b) Schematic of force-
displacement experiment. The 1a/AAO template bends toward UV light and moves the
force sensing tip; (c) Force generated by UV illumination as a function of irradiation time;
(d) Force-displacement curves for the same 1a/Whatman template used to generate the
data in Figure 4.6. Three trials (black, red and blue curves) are shown, and the area under-
neath the curves (gray) yields the calculated work of 1.24±0.05 µJ; (e) Force-displacement
curves for the same 1a/TOP template used to generate the data in Figure 4.6. Two trials
(red and black curves) are shown, and the work is calculated to be 0.14±0.02 µJ.

a larger curvature κ=1/R or greater bending.

We estimate an error range of about 10-20% in the work measurements, so the

photomechanical work calculated using the mirror-deflection and force-displacement meth-

ods agree to within the error range. The overall agreement is encouraging considering that

these are different experiments performed in different labs. Note that the ability to com-

pletely reverse the DAE photoisomerization using visible light makes it possible to perform

multiple of measurements on a single template, circumventing the problems associated with
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the template-to-template variations shown in Figure 4.3.

4.7 Performance of a Photochrome that Undergoes a Crystal

Contraction

According to our model, it is the pressure of the expanding DAE nanowires in the

bottom of the template that create the photomechanical curvature and generates force. The

fact that the filled template already has an initial curvature suggests that the DAE is in

contact with the channel walls even before light exposure. If this is the case, then a different

DAE derivative whose crystal dimensions shrink after irradiation should show a qualitatively

different photomechanical response. 2a is a molecule that crystallizes into needles that grow

lengthwise along the a-axis. [15] When the needles are exposed to UV light, they expand

along the a-axis and contract along the orthogonal c-axis (Supporting Information, Figure

S4.8). Assuming that nanowires in the AAO channels grow in a similar manner with the

a-axis along the channel and the c-axis oriented in the plane of the template [136,137], then

UV exposure should cause a contraction instead of an expansion on the exposed side if the

nanowires adhere to the walls of the holes in the AAO templates. In this case, we would

expect UV exposure to relax the initial curvature as the DAE pulls away from the channel

walls and the internal pressure at the organic-inorganic interface decreases. Indeed, when

these curved templates are exposed to UV light, the curvature decreases even as the applied

force remains approximately constant (Figure 4.8). The photoinduced contraction of the

nanowire crystals due to the 2a→2b isomerization lowers the internal strain in the plane

of the template and relaxes the curvature (Supporting Information, Figure S4.9). Exposure
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Figure 4.8: (a) Results of two force displacement experiments on a 2a/Whatman AAO
template. An initial force was applied (the force of trial 1 was larger than trial 2) to the
center of a template with convex side toward tip. This side was then irradiated by UV light,
and the template’s curvature decreased, while the contact force also decreased as the sensor
tried to follow the curvature. (b) Laser deflection data for two different 2a/AAO templates.
The negative displacement data means that the mirror edge is lowered vertically.

to visible light reverses the reaction, as judged by the loss of the blue color, but did not

restore the curvature. This observation suggests that once contact with the channel walls

is lost, it cannot be re-established in an effective way.

In Figure 4.9 we present a schematic illustration of the different photomechanical

outcomes associated with photoisomerization of 1a and 2a. In both cases, the loaded

template has an initial curvature due to the internal stress generated by the polishing.

Upon exposure to UV light, the 1a crystal expands and increases the curvature, while the

2a crystal contracts and decreases the curvature. Both of these reactions are reversible

upon exposure to visible light, and the mechanical motion can be cycled multiple times.

Figure 4.9 provides some guidance for the design of the crystalline organic component of

the actuator. To observe a bending actuation of the template, the photochromic reaction

72



must generate motion in the horizontal plane of the template. This requires not only the

identification of solid-state reactions that generate molecular displacement along at least

one crystal axis, but also alignment of that axis with the template. The synthesis of new

photochromic crystals must be accompanied by the development of strategies for directional

crystal growth. It should also be pointed out that DAE is a “positive photochrome” in which

the product ring-closed isomer still absorbs strongly at UV wavelengths. In our samples, we

found it impossible to convert more than about 10% of the DAE molecules in the template,

since further penetration of the UV light is blocked by the photoproduct absorption. Since

we previously found that the mirror displacement closely tracked the amount of converted

DAE[15], it is likely that using DAE derivatives that can undergo larger conversion in

the crystal form [20, 138] might lead to improved mechanical output, assuming that the

appropriately oriented crystal nanowire could be grown inside the pores.

The role of the molecular component in determining the photomechanical response

is not surprising. What was more surprising was the large influence of the inorganic template

on the actuator performance. The Whatman templates consistently generated significantly

more work and displacement. We hypothesize that these differences can be attributed to

the lower average E=14 GPa for the Whatman templates compared to the average E=65

GPa for the TOP membranes. To achieve a given radius of curvature κ, energy is required

to bend the template. Equations (4.4)-(4.6) show that this energy U is proportional to E.

Assuming that the mechanical energy released by the organic component is fixed, a stiffer

template with larger E leads to a smaller κ and smaller displacement. In other words,

the high elastic modulus of the AAO resists deformation by the softer organic component,
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Figure 4.9: Schematic illustration of how the template curvature is affected by different
molecular crystal changes. The DAE/AAO template has an initial curvature after polishing
due to the pressure of the DAE and debris pushing against the channel walls. (a) The
lower regions of the 1a crystal nanowires expand after irradiation, pushing against the
channel walls and increasing the template curvature. (b) The lower regions of the 2a
crystal nanowires contract after irradiation, detaching from the channel walls and relieving
the internal pressure that causes the initial template curvature.
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causing it to store energy in the elastic deformation of the AAO rather than working against

the external load. In our samples, this resistance can be mitigated to some degree by taking

advantage of the built-in asymmetry of the membrane and hence in U and causing the

bending to occur in the preferred direction (away from the small pore side). Ideally, the

modulus of the template should be reduced to match that of the organic component, so that

the composite would act as a single mechanical unit. The 1a crystal modulus has not been

measured, but has been estimated to be ∼11 GPa for a related DAE crystal [103], close to

that of the Whatman template. Further lowering of the template E could be accomplished

in several ways: 1) changing to a softer template material, for example a polymer; 2) tuning

the AAO purity and defect density; 3) tuning the template microstructure (pore shape, size

and density) and thickness.

Finally, we note that the commercial porous AAO templates used in this work

possess several nonideal properties that complicate the data analysis, including template-

to-template variability, surface heterogeneity, and an A→B side asymmetry in mechanical

properties. Ideally, we would have more uniform templates where we could systematically

vary pore diameter, shape, spacing, elastic modulus, and thickness. It may be that top-

down lithographic methods are more suited for making uniform templates to organize and

align the photoactive nanocrystals.

4.8 Conclusion

The results of this chapter show that the properties of the porous inorganic tem-

plate play a crucial role in determining the photomechanical work generated by a hybrid
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organic-inorganic membrane actuator. Detailed characterization of the AAO template mor-

phology and mechanical properties show that they are asymmetric and there are substantial

differences between commercially available templates with the same nominal pore diame-

ter. The mechanical differences are reflected in the photomechanical force-displacement

measurements, with the conclusion that the higher modulus TOP template generates sig-

nificantly less work output because its higher elastic modulus leads to greater resistance to

the DAE crystal expansion. We conclude that there is considerable room to improve the

performance of these nanocomposite structures by engineering the nanostructure of both

the inorganic framework and the active organic component.

4.9 Supplementary Information

4.9.1 Experimental Section

Materials

The syntheses of diarylethenes 1a [109] and 2a [15] have been published previ-

ously. CH2Cl2 and hexanes (HPLC Grade) were bought from Fisher Chemical. Whatman

Anodisc inorganic filter membranes were purchased from Sigma-Aldrich (unsupported, 12.7

mm diameter, pore size 0.2 µm, thickness h=60 µm, autoclavable) had a measured radius

a=6.35. The TOP AAO templates were purchased from Topmembranes Technology (nomi-

nal 13 mm diameter, pore size 0.2 µm, thickness h=50 µm, part number DP450-200-50000)

had a measured radius a=6.75 mm.
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Preparation of DAE/AAO templates

DAE nanowires were grown in the AAO templates by a solvent annealing method.

[108] A Whatman AAO template was immersed in deionized water and sonicated for 25 s.

A solution with DAE (5 mg) dissolved in CH2Cl2 (100 µl) was deposited on one side of the

AAO template. The template was suspended over a homemade teflon cylinder standing on a

CH2Cl2 soaked Kimwipe tisue. The template was then covered with a bell jar, inside which

the CH2Cl2 slowly evaporated while the DAE molecules crystallized inside the channels at

room temperature. After 24 hours of solvent annealing under the bell jar, the DAE/AAO

template was removed and gently polished with a 2000 grit sand paper to remove residual

DAE from the top and bottom. The exact same procedure was used for the TOP AAO

templates, except for the initial sonication in deionized water.

Scanning electron microscopy (SEM) measurements

The empty AAO template was attached to a SEM stub by conducting copper

tape. The sample was coated with Pt/Pd for 40 seconds with a sputter coater (Cressington

108 Auto). The SEM images were collected using a FEI NNS450 microscope with a 20 kV

electron beam under high vacuum (10−7 torr). An Everhart-Thornley Detector (ETD) was

used to produce high resolution images.

Laser deflection measurements

Light from a 0.95 mW Helium-Neon laser (633 nm wavelength) was used in an

interferometer set-up to measure the displacement of the actuator load. The beam was

incident on a beamsplitter which reflected a portion of the beam downward onto a mirror
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(1 inch diameter) supported by the photomechanical DAE/AAO template. The remainder

of the beam was reflected by a fixed mirror to be used as the reference. The two beams were

projected onto a wall 4.8 m away and the displacement of the template beam was measured.

The photomechanical DAE/AAO template was put on a transparent microscope slide with

one half covered by an opaque tape. The light that converted 1a to 1b (2a to 2b) was

obtained from a light-emitting diode (1 watt 394 nm from Super Bright LEDs Inc.) placed

2.5 cm below the template. The intensity at the sample was 3.5 mW/cm2. To convert 1b

back to 1a (2b back to 2a), a 532 nm laser beam was passed through a diffuser and directed

onto the template, resulting in an intensity of 56 mW/cm2.

Force-displacement measurements

The elastic modulus of the templates as well as their optomechanical response

was measured using a setup consisting of a sample holder, an Entran force sensor PS-30A

with a specially constructed tip and a manual translation stage. The Entran force sensor

was attached to the translation stage. The tip was an aluminum machined part assembled

with a steel ball bearing by press fit (diameter=2.3mm) at the end. The horizontal sample,

supported at the edges, was positioned under the tip. As the stage was translated downward,

the tip pressed downward on the sample causing it to bend; the force sensor output gave

the force the sample was exerting on the tip.
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Figure S4.1: Images of the Whatman membrane B side (opposite the 200 nm pore side)
without precleaning. (a) Small pore diameter “crust”, with extra debris particles. (b) Some
regions have larger diameter channels (average diameter of 230 nm) visible in regions where
the “crust” has been partially etched away.

Figure S4.2: (a) Photo and (b) scheme of force-displacement measurement set-up. The blue
disk is the AAO membrane supported at the edges by a custom-built holder.
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Figure S4.3: Sample data from the force-displacement measurement of the elastic modulus
(E) of both sides of an empty Whatman AAO membrane. The force probe presses on
either the A or B side, and the slope of the force-displacement curve is proportional to E
(Equation (3) in text). A linear fit of the data yields a larger E value for the B side.
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Figure S4.4: Measurement of crystal loading in Whatman and TOP AAO templates. (a)
Measurement of total loading using absorbance of ring-open 1a isomer. After measuring
the mechanical properties of a 1a/AAO template, the template is immersed in 1000 mL of
hexanes. From the absorbance of the dissolved 1a, measured at 280 nm, we calculate that
there is 2.84 mg of 1a in the Whatman template and 2.78 mg 1a in the TOP template. (b)
Measurement of conversion yield using absorbance of ring-closed 1b isomer. After exposure
to UV light on the B side for 2 minutes, the template is immersed in 100 mL of hexanes
and the 1b absorbance at 581 nm is measured. From the absorbance, we calculate the mass
of 1 in the Whatman template (0.165 mg, corresponding to 5.8% conversion to 1b) and
the TOP template (0.149 mg, corresponding to 5.4% conversion to 1b). The DAE loadings
and conversion yields of the Whatman and TOP templates are within 5% of each other for
this sample. This result indicates that differences in photomechanical work are not coming
from differences in crystal loading or chemical reaction yield.
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Figure S4.5: Elastic modulus data of 1a/AAO templates. (a) The elastic modulus E mea-
sured for the same Whatman template at three points: after filling with 1a and polishing,
after UV irradiation, and after washing out the 1a and 1b. (b) The elastic modulus E
measured for the same TOP template at three points: after filling with 1a and polishing,
after UV irradiation, and after washing out the 1a and 1b. For both templates, exposure
to UV does not have a systematic effect on E, but removing the DAE molecules causes
opposite effects for the Whatman templates (decreased E) and TOP templates (increased
E). We suspect that these differences may come from the different effects of polishing and
washing on the different pores in these two types of templates.
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Figure S4.6: Photo of laser displacement experiment set-up.
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Figure S4.7: SEM images of Whatman Anodisc AAO templates before and after sonication.
(a) A side before sonication;(b) A side after sonication; (c) B side before sonication; (d)
B side after sonication. Sonication can remove debris from the B side and improve DAE
filling.
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Figure S4.8: Optical microscope images of a 2a needle-like crystal before and after UV
irradiation. It expands along the a-axis by ∼1% and contracts by ∼7% along the c-axis. In
the AAO template, we assume the crystal grows with the a-axis aligned along the channel,
and the c-axis perpendicular to the channel.

Figure S4.9: Laser deflection scheme for 2a/AAO templates. Contraction on the right half
template upon UV irradiation makes the mirror tilt to the right, causing a negative beam
displacement. 2b reverts back to 2a upon visible light irradiation, but the curvature is not
restored.

85



Chapter 5

Performance Characteristics of

Composite Glass-Diarylethene

Crystal Photomechanical Actuator

Membranes

5.1 Abstract

Hybrid organic-inorganic composites based on photochromic crystals grown inside

porous inorganic membranes provide a new approach to photomechanical materials. Di-

arylethene (DAE) nanowires grown in alumina membranes exhibit reversible photoinduced

bending and lifting capabilities. In this chapter, the hybrid approach is extended to porous

glass membranes with variable thicknesses in order to improve optical penetration and re-
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producibility. Despite the different template material (SiO2 instead of Al2O3) and much

larger channels (5 micron diameter instead of 0.2 micron diameter), we find similar pho-

tomechanical behavior for this new class of templates. The ability to re-use individual glass

templates across different DAE filling cycles allowed us to determine that the DAE filling

step is crucial for determining the mechanical work done by the bending template. The de-

gree of bending also depends on the template thickness, with thinner templates giving larger

displacements. The light-induced bending can be repeated for up to 150 cycles without loss

of performance, suggesting good fatigue resistance. While the use of glass templates does

not lead to a large increase in work output or efficiency, this study demonstrates that the

hybrid organic-inorganic approach can be extended to other host materials and template

geometries and suggests that optimizing the filling and template thickness can improve the

work output by at least one order of magnitude.

5.2 Introduction

Photons provide a highly efficient way to transport energy, but at some point that

energy must be harnessed to perform mechanical, electrical or chemical work. Photomechan-

ical materials are designed to absorb photons and directly convert the light into a mechanical

response. Many physical mechanisms can be used to accomplish this transformation, includ-

ing photothermal expansion [139], photostriction due to carrier generation [140], and pho-

toisomerization of molecules in a polymer matrix [6]. Crystals composed of photochromic

molecules have also attracted attention as photomechanical materials [16,122,141–144], and

a wide variety of photochemical reactions have been shown to generate crystal deformations
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like bending or expansion [12, 121]. In principle, this class of materials should enjoy sev-

eral advantages, including high work density, high elastic modulus, and fast response [145].

In practice, they face significant challenges, including fracture induced by photogenerated

stress, sensitivity to environmental factors like solvents, and the difficulty of incorporating

single crystals into macroscopic actuator devices [146–148].

One approach to solve these problems is to create hybrid materials that con-

sist of oriented arrays of photochromic organic nanocrystals embedded in an inert inor-

ganic host material, like an oxide. We previously showed that thin (∼50 micron) porous

anodic aluminum oxide (AAO) disks could be infiltrated with photochromic diarylethene

(DAE) molecules that grew oriented nanowire crystals inside the 200 nm diameter chan-

nels [148, 149]. When exposed to UV light, the molecules underwent a ring-open to ring-

closed photoisomerization which caused the crystals to expand along their b-axis. The

expansion of the nanowires caused an internal stress, forcing the template to bend away

from the illumination (Figure 5.1). Both the photochemistry and the bending could be

reversed by the application of visible light, making this a reversible switch-and-hold actua-

tor. Using this composite approach, we were able to make macroscopic bending actuators

containing only a few milligrams of the DAE that could lift up to 40 grams. The structured

inorganic matrix served to create a “crystal” of nanocrystals, providing order, protection

and scalability for the organic component.

But while the hybrid molecular crystal approach to photoactuation is promising,

it also faces some difficulties. Porous AAO templates are fabricated by electrochemical

etching and we found considerable structural variability among different templates, as well
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Figure 5.1: (a) Photochemical reaction between ring-open (1a) and ring-closed (1b) di-
arylethene isomers. (b) Photomechanical bending of the DAE-glass composite forced by
created ring-close DAE crystals upon induced light.

as a non-uniform pore diameter across the template. They also have a limited set of pore

diameters and thicknesses. There is some indication that the high elastic modulus of Al2O3

may limit the work output of the organic that is constrained within it. Finally, alumina

tends to be highly scattering, severely limiting the optical penetration depth.

In order to address these limitations of the AAO templates, in this chapter we

turn to a different template based on a glass microcapillary array. This type of porous solid

is made by pulling an array of uniform capillary tubes that have assembled in a regular

hexagonal-closed-packed (hcp) pattern. Sections can be cut out of the tube, leading to

porous disks with variable channel diameters and thicknesses down to 0.05 mm. Composed

of optical quality glass, these porous templates provide a completely different host matrix for

our photoresponsive DAE crystals. Despite the use of a different template material (SiO2

instead of Al2O3) with much larger channels (5 micron diameter instead of 0.2 micron
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diameter), we find similar photomechanical behavior for this new class of templates. The

use of glass membranes allows us to empty and refill individual templates and evaluate

how variable filling by the DAE leads to variable photomechanical behavior. The thickness

dependence and cycling behavior are studied in detail. Overall, while the use of glass

templates does not lead to a large increase in work output or efficiency, it does demonstrate

that the hybrid organic-inorganic approach can be extended to other host materials and

template geometries. Ultimately, our goal is to develop custom templates that can be

completely filled with oriented photomechanical nano- or microcrystals that can serve as

the active element for macroscopic solid-state photoactuators.

5.3 Surface Morphology and Elastic Modulus of Empty Glass

Templates

We first characterized the empty glass templates. In our previous study of AAO

templates, we found considerable variations in the surface pore morphology, even when

comparing the top and bottom of a single template. This top-bottom asymmetry also led

to an asymmetric elastic modulus for these templates, complicating any analysis of how the

host mechanical properties influence the performance of the composite. The porous glass

templates used in this chapter provide a much more uniform matrix for DAE filling. The

top and bottom of a glass template are indistinguishable, both showing a close-packed array

of uniform 5 micron holes. Figure 5.2 shows microscopy images of the template before and

after DAE filing and solvent annealing. The hole pattern is still visible even after DAE

filling, unlike the AAO templates where polishing leaves a smooth, featureless crust on
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Figure 5.2: Microscopic images of glass templates before and after being filled with DAE
crystals. (a) Bare 0.1mm thick glass template. (b) DAE crystals filled 0.1mm thick glass
template. (c) Bare 0.5mm thick glass template. (d) DAE crystals filled 0.5mm thick glass
template.

the surface. The mechanical uniformity of the glass templates is confirmed by the elastic

modulus measurements shown in Figure 5.3. Templates of different thicknesses exhibit the

same modulus of approximately 13±1.0 GPa, to within measurement error. Furthermore,

unlike the AAO templates, this result does not depend on which side (labeled A and B in

the figure) is probed.
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Figure 5.3: Young’s moduli of top and bottom sides on bare glass templates with variable
thicknesses.

5.4 Photomechanical Bending

The photomechanical bending of the DAE-glass templates was measured with the

same optical lever set-up used in our previous work [148,149]. The displacement of a laser

beam reflected by a mirror resting on the template is measured and related to the light-

induced bending of the template. The angular displacement of the beam can be directly

related to the vertical displacement of the mirror and also the curvature of the template, as

described in Figure S5.2. Figure 5.4 shows typical mirror displacement vs. time acquired

during a UV irradiation cycle. The mirror only moves upward when the 394 nm light is on.

After the light is turned off, there is a slight decrease in height that takes place over several

minutes. The average amount of settling in the glass template was 9% , comparable to what
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Figure 5.4: Settling experiment of a 0.1 mm thick DAE-glass template. Vertical displace-
ment of mirror’s center of mass dropped 9%, 11%, 7% and 8% during four times of 405nm
off period respectively.

was observed for the AAO templates. We think this settling reflects the contribution of the

thermal expansion of the glass on the irradiated side of the template. Absorption by both

DAE isomers can cause a thermal gradient from the bottom to the top of the template, and

the resulting thermal expansion will contribute a small amount to the total curvature. As

the template cools in the dark, the thermal expansion relaxes while the strain due to the

reacted organic crystal remains.
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5.5 Repeated Filling Cycles for One Glass Template

During the course of the optical lever measurements, we found that the actuation

results varied considerably from sample to sample. A similar variation had been observed in

the DAE-AAO actuators, but in that case we could not determine if the variation was due

to changing template properties or to DAE filling. The robustness of the glass templates,

along with the fact that they did not require heavy polishing, enabled us to re-use the same

template for multiple DAE filling cycles. This allowed us to eliminate template variability

and concentrate on the DAE filling step. For a 0.2 mm thick template that was filled

5 different times, we observed bending curvature κ varying from 0.3 m−1 to 0.6 m−1,

as shown in Figure 5.5a. The total amount of DAE for each fill could be assessed by

dissolving it in a fixed volume of hexane and determining the concentration from absorbance

measurements. We found a rough correlation between DAE loading and the maximum

bending curvature, as shown in Figure 5.5b, but DAE loading is probably not the only

factor that determines the mechanical response. The maximum amount of DAE that can

be loaded into a 0.2 mm thick, 12.7 mm diameter glass template with an open-area ratio

(OAR) of 0.5 is estimated to be 12 mg. Our loadings of 2-8 mg are all below the theoretical

limit. The amount of bending will also be affected by how the DAE is distributed within

the template. We tried to account for this possibility by rotating a single template and

illuminating different quadrants. We observed different amounts of bending depending on

which side of the template was irradiated (Figure S5.4). Our inability to completely fill the

template necessarily leads to a variable mechanical response. Even the same level of filling

can be expected to generate a variable mechanical response, since the same DAE molecules
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Figure 5.5: Variability in photomechanical response with repeated fillings of a 0.2mm thick
glass template. (a) κ (template curvature) values in five filling trials. (b) κ (template
curvature) versus the amounts of crystals loadings (right y-axis) in five filling trials. (c) κ
(template curvature) versus the amounts of converted crystals (right y-axis) in five filling
trials.

may crystallize in different regions for different fill cycles.

5.6 Thickness Dependence on Photomechanical Performance

Keeping in mind that there is significant sample-to-sample variability in template

performance, for the remainder of this chapter we concentrate on the best-performing sam-

ples that exhibited beam deflections in the top 20% of samples prepared. Deflections from

the other 80% of the samples could be as little as a few microns, however we never encoun-

tered samples that gave no deflection at all. For the best samples, using the beam deflection

experiments, we were able to extract a value for the work output of the bending templates

when exposed to 405 nm light. This ranges from 0.5 to 2.0 µJ for the 0.05 mm and 0.1

mm templates. The measured work outputs were similar to those obtained for DAE-AAO

templates with a similar elastic modulus. Our general conclusion is that the details of

chemical composition and pore geometry of the templates do not have a large impact on

95



their work output. The availability of glass templates with varying thicknesses allowed us

to examine how bending depends on thickness. We confirmed that UV irradiation of a filled

template only converts the molecules to a depth of 3-4 µm, so the majority of the DAE re-

mains in the ring-open form throughout the cycling. In this limit, the expanding layer that

drives bending is always much less than the template thickness. In this limit, increasing

the template thickness should reduce the bending because it increases the resistance to the

small actuating layer. As expected, we did observe a strong dependence of bend height on

template thickness, as shown in Figure 5.6a. For a 1 mm thick glass template, no bending

could be detected at all. For fixed force, the curvature κ of a beam or plate should obey a

power law,

d ∝ κ ∝ bγ (5.1)

A log-log plot of the vertical displacement d versus template thickness b, shown

in Figure 5.6b, gave a value of γ=2.1±0.3. Standard elasticity theory predicts γ=3.0,

but this assumes a perfectly homogeneous medium and uniform force, neither of which

are necessarily fulfilled in our composite system. Nevertheless, if we assume κ ∼ b2, we

predict at least a 25× increase in curvature for a template with a reduced b=10 microns,

i.e. thinner templates should generate significantly more displacement and work output.

The challenge would be to make and handle such ultrathin porous structures, which have

to be free-standing in order to deform under illumination.
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Figure 5.6: Thickness dependence of photomechanical response. (a) κ from DAE-glass
templates with variable thicknesses. (b) log-log plot of relationship between κ and template
thicknesses.

5.7 Fatigue Resistance

A practical actuator may undergo thousands of cycles, so fatigue resistance must

be assessed. We originally expected that the fatigue resistance would be entirely determined

by the photostability of the organic DAE component. To test this, we compared the cycling

ability of a 0.06 mm thick AAO-DAE template with that of a 0.1 mm thick glass-DAE

template. The AAO template bending decreased linearly over the first 100 cycles before

stabilizing at 22 µm of vertical displacement, a 25% decrease from the initial value of 30

µm (Figure 5.7a). While macroscopic DAE crystals can typically undergo hundreds of

photochromic cycles, the fact that the 200 nm nanowires retain most of their response

after 150 cycles was surprising because we previously found that isolated nanowires of a

closely related DAE molecule would undergo a crystal-to-amorphous transition after 5-10

illumination cycles. We suspect that confinement within the AAO template helps prevent

the molecular rearrangements needed for this transition. The glass-DAE composite did not
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exhibit the same systematic decline observed in the AAO but did show more variation in

its bending. The reason for this heightened variability of the glass template is not clear. It

could result from an unstable stress field inside the glass, possibly because the much larger

pore diameters accommodate larger DAE crystals that can support more variable behavior.

But two points should be emphasized: 1) both templates support repeatable actuation by

the DAE over more than 100 UV-green irradiation cycles; and 2) the fatigue resistance of

the composite depends on the host material.

5.8 Possible Optimization of Bending Performance

The experimental results above demonstrate that DAE filling of inorganic tem-

plates is a general strategy for making robust, fatigue-resistant bending actuators. They

also point to several possible future directions to optimized bending performance. First,

thinner templates should improve the bending displacement by an order of magnitude or

more, all while using less material. The optical penetration depth of the excitation light

through the ring-closed isomer will ultimately limit how thin the template can be and still

support a layer of unreacted molecules to generate a bimorph structure, but this depth is

on the order of 3-4 microns for our DAE at 394 nm.

A second direction to improve performance is to improve the filling of the template

by the organic component. Our current method of solvent infiltration followed by annealing

can successfully grow crystalline wires within the templates, and for studies on isolated

wires that have been extracted from the templates, a high yield is not necessary. Similarly,

the study of confinement effects in a porous solid does not require 100% filling. But if we
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Figure 5.7: Comparison of 150 cycles of vertical displacement of mirror’s center of mass
(h/2) from photomechanical motion on (a) a 0.06 mm thick DAE-AAO template and (b) a
0.1 mm thick DAE-glass template.
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leave the wires inside the template and use the composite as a single material, the filling

fraction becomes important. Controlling molecular crystal growth is a difficult problem

due to the intrinsically random nature of nucleation and the nonlinear kinetics of crystal

growth. In order to improve filling, one potential strategy is to provide an energetic driving

force, like surface functionalization to encourage the DAE molecules to enter the oxide

pores. Another approach would be to dispense with the solvent and simply use melt-filling,

so the molecules can completely fill the pores in liquid form. Without solvent evaporation

to leave void spaces, the solidified DAE would be able to fill all the available space. Of

course, there is no guarantee that the resulting solid would be composed of well-oriented

crystalline wires, but it is possible that carefully controlled thermal annealing conditions

could encourage their growth.

5.9 Conclusion

The hybrid organic-inorganic approach to photomechanical actuation has been

extended from porous alumina to glass templates. The work output, cycling performance,

and thickness dependence have been characterized. All in all, the photomechanical behavior

is remarkably similar to that of the previously studied AAO templates, despite the different

chemical compositions and pore diameters. Importantly, the ability to re-use the same glass

template for different DAE filling cycles has allowed us to determine that DAE filling is a

crucial factor in determining the mechanical output of the template bending. A second

important parameter is the overall template thickness. These two observations provide the

foundation for the future development of hybrid organic crystal-inorganic composites for
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photomechanical materials.

5.10 Supplementary Information

5.10.1 Experimental Section

Materials

The synthesis of 1,2-bis(2-methyl-5-phenyl-3-thienyl)perfluorocyclopentene [109]

was published previously. CH2Cl2 was purchased from Fisher Chemical. Microcapillary

plates with a 14 mm diameter and pore diameter of 5 µm were purchased from Collimated

Holes, Inc. The plates had an open area ratio (OAR) of approximately 50% and measured

thicknesses of h = 0.068 mm (part number 784-0123, nominal thickness 0.05 mm), h=0.116

mm (part number 755-0001-0.1Mod, nominal thickness 0.1 mm), h=0.220 mm (part number

784-0124, nominal thickness 0.2 mm), h=0.519 mm (part number 755-0001-0.5Mod, nominal

thickness 0.5 mm), and h=1.06 mm (part number 784-0125, nominal thickness 1.0 mm).

Preparation of DAE-glass Templates

DAE nanowires were grown in the glass templates by a solvent-annealing method

[108]. A solution with DAE dissolved in CH2Cl2 (5 mg in 100 µL for the 0.05 mm thick

template; 10 mg in 150 µL for the 0.1 mm thick template; 20 mg in 200 µL for the 0.2 mm

thickness template; 25 mg in 250 µL for the 0.5 mm thick template; 30 mg in 250 µL for the

1.0 mm thick template) was deposited on one side of the glass template. The template was

supported on a homemade Teflon cylinder standing on a CH2Cl2-soaked (2 mL) Kimwipe

tissue. The assembly was then covered with a bell jar, inside which the CH2Cl2 slowly
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evaporated while the DAE molecules crystallized inside the channels. After 24h of solvent

annealing under the bell jar at room temperature, the DAE-glass template was removed

and gently polished with 1500 grit sandpaper to remove residual DAE from the top and

bottom.

Laser Deflection Measurements

The photomechanical DAE-glass template was put on a transparent microscope

slide with one half blocked by lightproof tape. Light from a 0.95 mW Henium-Neon laser

(633 nm wavelength) was used in an interferometer setup to measure the beam deflection.

The beam was incident on a beamsplitter which reflected a portion of the beam downward

onto a mirror (1 inch diameter, 1.5 g mass) resting on top of the DAE-glass template. The

remainder of the beam was reflected by a fixed mirror to be used as the reference. The two

beams were projected onto a wall 4.8 m away and the displacement of the template beam

was measured. A light-emitting diode, rated for 1 watt at 394 nm (Super Bright LEDs

Inc) was placed 1 inch below the template and used to convert the DAE from its ring-open

isomer to the ring-closed isomer. The LED intensity was 3.5 mW/cm2 at the sample, and

the measured output wavelength was 400 nm. To convert the DAE from the ring-closed

isomer back to the ring-open isomer, a 532 nm laser beam was passed through a diffuser

and directed onto the template, resulting in an intensity of 56 mW/cm2.

Force-Displacement Measurements

A simple custom-made apparatus was used to measure the elastic modulus of

the glass array templates and their optomechanical response. The apparatus consists of a
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Figure S5.1: Results of elastic modulus measurements on four empty templates; a) Pressing
on side A: 11.92±1.15 GPa and B side: 16.01±1.22 GPa for pure Whatman AAOs. b) A:
60.88±17.20 GPa and B side: 67.55±28.20 GPa for pure TOP AAOs.

sample holder and a specially constructed pressing tip attached to an Entran force sensor

mounted on a motorized translation stage. The tip was made of an aluminum rod with a

pressure fit steel ball bearing (dia. 2.3mm) at the end. During the measurements, a sample

was placed in the sample holder and its edges were supported; the tip was positioned at the

center of the sample. As the tip pressed downward on the sample at a constant velocity

and caused it to bend, the force sensor measured the force the sample was exerting on the

tip.
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Figure S5.2: Scheme of beam displacement set up with calculations relating mirror displace-
ment, template curvature and mirror tilting angle.

Table S5.1: Theoretical maximum DAE loading and measured DAE loading of DAE-glass
templates with different thicknesses. Estimated open area ratio is 51%.
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Figure S5.3: Settling experiment of a 0.06 mm thick DAE-AAO template. Vertical dis-
placement of mirror’s center of mass dropped 8%, 8% and 5% during three times of 405nm
off period respectively.
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Figure S5.4: A 0.2 mm thick DAE-glass template was rotated in 90 degree increments
to irradiate four different semicircles in five filling trials. Different vertical displacements
of mirror’s center of mass were observed when different quadrants were irradiated. The
orientations with grey squares and error bars gave the largest displacements and were chosen
for further experiments.
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Chapter 6

Photomechanical Optical Fibers

In this chapter, we include some of the work not published. They are presented

here as data instead of a complete story.

The initial purpose of this project was to make a photon powered bending actuator

with optical fibers. The idea is to use an optical fiber with an asymmetric channel inside.

The fiber is filled with an azobenzene (AB) derivative which can increase its volume during

a phase change from solid to liquid and push the fiber to bend. (Figure 6.1) [150]

Dr. Jason Myers successfully made flexible and robust scattering fibers with a 250

µm diameter. (Figure 6.2a) The porous silica inner cladding can couple light from the core

and scatter to the boundary. A 18 µm diameter hole which can be used for photomechanical

material filling is close to the boundary. Figure 6.2b shows the fiber illuminated by a HeNe

laser from one end and scattering the light out. The observed scattering length is about 2

feet.

The solvent annealing method was used to fill the fiber with 1,2-bis(2-methyl-
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Figure 6.1: An idea of a photomechanical bending optical fibers filled with volumn-
increasing photochrome upon UV. The AB photochrome expands about 6% in volume
upon UV irradiation.

Figure 6.2: Scattering fiber with a pore. a) A microscopic image of the fiber. b) A fiber
illuminated by a HeNe laser shows scattering.
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Figure 6.3: DAE solution filled fiber showed photochromic effect and turned blue.

5-phenyl-3-thienyl)perfluorocyclopentene, a DAE derivative. Experimental details can be

found in Chapter 2. The DAE filled fiber showed a photochromic reaction under 365 nm

irradiation. (Figure 6.3). The problem of solvent filling is the solvent is hard to evaporate

out from the 18 µm diameter hole. If we wait long enough for all of the solvent to evaporate,

there will be segments of solid DAE crystals left inside the channel that could not give a

continuous filling.

The second filling method we tried was melt filling with AB. AB in the trans- form

and was a yellow powder in room temperature. It isomerizes to the cis- form and becomes an

orange liquid upon UV irradiation. Trans-AB yellow powder was irradiated with a 365nm

flashlight (from 5 mm away) for 10 min and then turned into the cis-AB orange liquid. The

AB orange liquid was pulled into the hole-only fiber with a micro-syringe, filling 4-5 mm of

the hollow fiber. After 24 hours, the cis liquid returns to solid trans form, which no longer

has an orange color. Irradiation by external 365 nm light causes trans to isomerize to cis

and melt, again changing color.(Figure 6.4)
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Figure 6.4: Photochromic effect of photo-induced melt filled Azobenzene derivative.

Figure 6.5: Design of photomechanical fiber measurement. a) A beam deflection method
measuring fiber bending. [17] b) Our idea illustrating measurement of photomechanical
bending performance.

To further investigate the photomechanical effect of the fiber, we used a mirror

displacement method (Figure 6.5a) which is putting a mirror on the top of a fiber to be

tested and measured the fiber bending by beam deflection as the mirror tilted (Figure

6.5b). [17]

The fiber with a reflective mirror attached to the top was mounted to a substrate.

(Figure 6.6) A laser beam was aligned to hit on the reflected mirror. The fiber was then

irradiated with a 365 nm flashlight for 10 min.(Figure 6.7) Unfortunately, no beam deflection

was observed.
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Figure 6.6: a) A DAE filled fiber with a reflective mirror on it. A two-part epoxy (F120
- Epoxy for Fiber Optic Connectors from Thorlabs) was used to attach the mirror to the
end of the fiber. b) Top view of fiber actuator. The mirror was made by sputter coating
Pd/Pd on a cover slide. c) Side view of fiber actuator. Trans-AB yellow solid was filled in
the fiber
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Figure 6.7: A DAE filled fiber was irradiated by a 365 nm flashlight for 10 min.
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Figure 6.8: Possible parameters of the fiber geometry that affects photomechanical perfor-
mance.

To study the feasibility of this design, theoretical calculation should be done on

the effects of fibers geometry on the photomechancial performance. Possible parameters

include the radius of the fiber, the radius of the cavity, the distance between centers of the

fiber and the cavity and elastic modulus of the fiber. (Figure 6.8)
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Chapter 7

Conclusions and Outlook

This thesis studies a novel photomechanical system with a hybrid organic-inorganic

structure. By ordering photoresponsive diarylethene crystals at the micro-level in a porous

AAO template, a hybrid actuator is capable of moving macroscopic objects which are 105

times heavier than itself without physical connection to an energy source. It combines the

advantages from two worlds: high processability of polymers because it is not restricted by

the difficulty of large crystal growth, and high performance of crystals thanks to a higher

elastic modulus. By expanding well-ordered and densely packed single crystals inside porous

templates upon UV irradiation, the hybrid template actuator is able to generate enough

force to push up a heavy load and hold its position for a long time at room temperature.

The crystal orientation inside AAO templates has been studied to prove our hypothesis of

the mechanism. A beam-steering set up has been used to precisely quantify the light-to-

work conversion. The hybrid actuator is flexible and can be steered in different directions

based on the irradiating area. It worked well both in air and water, and the performance
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was not decreased after 5 cycles. The (incident photon)-to-work efficiency was 6.15×10−7

and the (absorbed photon)-to-work efficiency was calculated to be 1.15×10−5. This was the

first time of quantitative estimate of the light-to-work conversion efficiency for a molecular

crystal photomechanical actuator, which provides a starting point for future optimization

such as lowering the template elastic modulus and varying the organic photochrome.

A continued study showed how both the organic and inorganic components could

affect the photomechancial response. Two templates (AAO and TOP) with different mor-

phologies and elastic moduli (16 GPa versus 68 GPa) were compared. The template with

a lower average elastic modulus generated about one order of magnitude more photome-

chanical work. The light-generated curvature and mechanical work were evaluated using

two different methods and the results agreed with each other. Two diarylethene derivatives

with different crystal deformation directions were studied to determine the dependence of

photomechanical response by chemical and crystal structure. Both inorganic and organic

components play important roles in the photomechanical response.

To study the possible extension of the hybrid approach to other materials, porous

templates made of SiO2 instead of Al2O3, with thicknesses ranging from 0.05 mm to 1 mm

and much larger channels (5 µm diameter instead of 0.2 µm), were used. The photon-

induced bending can be repeated for 150 cycles without much loss of performance which

suggests good fatigue resistance. Thinner templates give larger displacements. The glass

capillary templates made it possible for us to re-use templates across different DAE filling

cycles, revealing that the DAE filling step is crucial to determine performance. This work

demonstrates that the hybrid method for making photomechanical actuators on macroscopic
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scales can be extended to other host materials and template geometries without sacrificing

performance.

We have estimated a light-to-work conversion efficiency based on the hybrid ma-

terial. However it is a small number and has a big room to improve. The ultimate goal

that was inspired by this work is to study the fundamental restrictions of a molecule. In

other words, it is to find out intrinsic efficiency of photochemistry that transfer photon to

mechanical work. The biggest challenge of this work is to optimize the hybrid material

and increase the energy conversion efficiency. For future work, firstly, we can design and

make a new template with channel directions the same with crystal expansion directions,

or control the crystal growth to make the most expanded axis according with templates

expansion direction. Secondly, improve pore filling with a different crystal growth method

by changing solvent amount and annealing duration and temperature. Thirdly, diarylethens

suffer from low penetration since the ring-closed isomers absorb UV light. NIR light can be

used to firstly penetrate through all over the template, upconverting nanoparticles can be

coated inside template channels which will convert NIR light to UV light to irradiate all of

the diarylethene ring-open isomers.
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[132] D. R. Askeland, P. P. Phulé, W. J. Wright, and D. Bhattacharya, “The science and
engineering of materials,” 2003.

[133] J. J. Rasmussen, G. B. Stringfellow, I. B. Cutler, and S. D. Brown, “Effect of im-
purities on the strength of polycrystalline magnesia and alumina,” Journal of the
American Ceramic Society, vol. 48, no. 3, pp. 146–150, 1965.
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Table A1: Important properties of three DAE derivatives used in the lab. [18–21]
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