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45 ABSTRACT
50 The diarylethene derivative, 1,2-bis(2,4-dimethyl-5-phenyl-3-

53 thienyl)perfluorocyclopentene undergoes a reversible photoisomerization between its
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ring-open and ring-closed forms in the solid-state and has applications as a

photomechanical material. Mechanical properties of macro-crystals, nanowire single

crystals and amorphous films as a function of multiple sequential UV and visible light

exposures have been quantified using atomic force microscopy nanoindentation. The

isomerization reaction has no effect on the elastic modulus of each solid. But going from

the macro- to the nanowire crystal results in a remarkable over threefold decrease in the

elastic modulus. The macro-crystal and amorphous solids are highly resistant to

photomechanical fatigue, while nanowire crystals show clear evidence of

photomechanical fatigue attributed to a transition from crystal to amorphous forms. This

study provides first experimental evidence of size dependent photomechanical fatigue in

photoreactive molecular crystalline solids and suggests crystal morphology and size must

be considered for future photomechanical applications.

INTRODUCTION

Photochemical reactions that occur in the solid crystalline state can be utilized for direct

conversion of light energy to macroscopic anisotropic movements of the solid.'-2 The
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strain built up between the reactant and product crystal phases results in a variety of

exciting macroscopic mechanical shape behaviors including bending,? twisting,*

expansion,® contraction,® fragmentation,” and coiling.® Recently, several examples of

photochemical reactions that led to mechanical motions of solids were reported, including

E-Z photoisomerization,®1°© [2+2]"" and [4+4]> '2 photodimerization, linkage

isomerization™ and ring opening - closing isomerization.'41® Development of

photomechanical molecular crystals may enable the creation of actuators that allow facile

conversion of light energy into mechanical work.

Diarylethenes are a class of photochromic molecules that undergo a reversible ring

opening —ring closing photoisomerization as a result of exposure to visible and ultraviolet

(UV) light (Scheme 1). Both isomers are thermally stable with relatively fast conversion

times, and the solids show high resistance to photomechanical fatigue.'”-2! In order to

reduce the probability of fracture during photoreaction, nanoscale crystals and

composites are often used.??* For example, 1,2-bis(2,4-dimethyl-5-phenyl-3-

thienyl)perfluorocyclopentene (DAE) crystalline nanowires with ~200 nm diameter have
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been utilized to generate reversible photomechanical motion.?®> Furthermore, a

macroscopic actuator based on DAE derivative nanowires embedded into a template was

utilized to reversibly lift an object approximately 10* times its own weight.25> However,

beyond 50 cycles, evidence of photomechanical fatigue appeared, which was tentatively

attributed to molecular interactions between the template walls and DAE nanowires. In

contrast, bulk macro-crystals and solutions of DAE showed high stability after more than

500 cycles.

Scheme 1. Photochemical interconversion between ring-open (1a) and ring-closed (1b)

isomers with UV (~360 nm) and visible (~530 nm) light exposures.

Photomechanical fatigue is a common issue that hinders the development of materials

based on organic photochromism, including photomechanical actuators and optical
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memories.'? 26 |t is generally attributed to a combination of chemical side reactions and

irreversible structural changes in the solid such as defect accumulation and fracture.?”

But the DAE results suggest that there is a large difference in the fatigue resistance of

nanowires versus macro-crystals. While the effect of nanosizing on the electrical

properties of semiconductors is reasonably well understood, how morphology at the

nanoscale affects mechanical properties of crystalline solids is poorly understood,

especially for organic materials?8-3' that are typically softer than inorganic solids.3?

Although photomechanical motion and photomechanical fatigue are largely governed by

the elastic properties of photomechanical molecular solids,?” studies of the mechanical

properties of such solids are scarce.33

Herein, we elucidate the origin of the photomechanical fatigue observed in the DAE

crystalline nanowires. Atomic force microscopy (AFM) nanoindentation is used to

measure the elastic modulus (Young’s modulus) of solid DAE samples with different

morphologies: individual macro-crystals, nanowire single crystals and amorphous films.

These samples are interconverted between the ring-open (1a) and ring-closed (1b) forms
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using alternating UV and visible light exposures. We demonstrate the mechanical

properties of the two isomers are similar yet vary depending on the crystal morphology

and size. Evidence of the photomechanical fatigue is observed by quantifying a decrease

in the Young’s modulus of a DAE individual nanowire as a result of repeated UV and

visible light exposures. The origin of the photomechanical fatigue is attributed to a

transition from crystal to amorphous forms in the nanowires.

RESULTS AND DISCUSSION

Figure 1 shows representative AFM 3D height images of each DAE sample after visible

(~532 nm) and then UV (~360 nm) light exposure. The solid samples underwent a clear

change in color, from colorless ring-open isomer 1a to blue-colored ring-closed isomer 1b

after the UV exposure and then back to colorless 1a isomer after the visible light

exposure. The macro-crystal surface was reasonably flat with 15 — 30 nm tall rounded

features spread across the crystal surface, as also observed for other molecular macro-

crystals.?8 34 The nanowires were 2 — 4 um long and 180 + 20 nm in diameter, lying flat

ACS Paragon Plus Environment

Page 6 of 26



Page 7 of 26 Nano Letters

on the AAO template surface with features ranging in 20 — 80 nm in height (Figure 1b).

The amorphous film was significantly smoother (Figure 1c) compared to both macro-

oNOYTULT D WN =

11 crystal and nanowire samples. None of the solids exhibited a change in localized AFM-

14 determined sample topography as a result of photoirradiation (root-mean-square

18 roughness for each solid before and after light exposure is reported in Table S1). This is

21 consistent with the relatively small change in molecular geometry upon isomerization,

25 with only ~10% expected shortening of the distance between 5- and 5’ carbons in the two

28 thiophene rings.'” Large-scale mechanical motion of the nanowires (e.g. bending) was

prevented by adhesion to the dry AAO template surface.
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Figure 1. Representative AFM 3D height images of DAE (a) macro-crystal, (b) nanowire

single crystal, and (c) amorphous film after visible (left) and UV (right) light exposure. No

change in the localized sample topography for each solid was observed as a result of one

cycle with visible and UV light exposures.

AFM nanoindentation measurements were carried out after first exposing each solid to

visible light to ensure the DAE was initially in the 1a isomer. Representative force versus
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indentation distance curves are shown in Figure 2a. Young’'s modulus values were

determined by fitting the approach force data to the JKR elastic contact model. Averaged

oNOYTULT D WN =

1 Young’s moduli for each solid at different sample positions were within one standard

14 deviation of each other, enabling us to combine the values from all sample positions for

18 each solid to a single histogram (Figure 2b). The resultant histogram for each sample was

21 fit using a Gaussian function to determine the most probable Young's modulus and

25 corresponding standard deviation.
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Figure 2. (a) Representative force curves collected on DAE macro crystal (red), nanowire

(blue), and amorphous film (green). Solid black lines are the JKR fit. (b) Histograms of

Young’s moduli for the DAE macro (red), nanowire (blue) and amorphous film(green).

Solid black lines are Gaussian fits.

The most probable Young’'s moduli for 1a single macro-crystal, nanowire single crystal

and amorphous film were 4.4 + 0.4 GPa, 1.4 £ 0.1 GPa and 0.34 + 0.04 GPa, respectively.

After the samples were exposed to UV light to yield 1b isomer, macro-crystal undergoes

photo-induced movement which was absent for the substrate-deposited nanowire and

amorphous film. The AFM nanoindentation measurements before and after light

exposures were performed on the macro-crystal over a similar 5 um x 5 um sample region

which was located using AFM imaging and top-view optical camera. AFM nanoindentation

measurements were performed on similar sample positions for the DAE nanowire and

amorphous film samples. The most probable Young’'s moduli for 1b single macro-crystal,
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nanowire single crystal and amorphous film were 4.5 + 0.5 GPa, 1.3 £ 0.15 GPa and 0.35

+ 0.03 GPa, respectively. Since the most probable Young’s moduli for the two isomers

for each sample were statistically similar, the Young’s moduli values for the ring-open and

ring-closed isomers were combined into a single histogram for each sample. Figure 2b

displays the combined Young’s moduli histogram of single macro-crystal (red), nanowire

single crystal (blue) and amorphous film (green) with the Gaussian fits (black). We note

that the similar elastic moduli for the two isomers and absence of localized sample

topography changes, is consistent with the relatively small change in molecular geometry

upon isomerization. Irie and coworkers previously showed that the DAE macro-crystals

undergo single-crystal to single-crystal photoisomerization with each cycle of the UV and

visible light exposure.3® The degree of DAE 1a to 1b conversion efficiency is dependent

on the photostationary state and solid sample thickness as a result of a positive

photochrome formation.36-3” For amorphous film and macro-crystal solids, the expected

conversion efficiencies from 1a to 1b are 5-10%, similar to 6% conversion observed for a

50 um thick DAE sample.?® For individual nanowires with thicknesses less than 200 nm,
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the expected conversion efficiency will likely be closer to 79% observed for the DAE

molecules in a hexane solution.38

The Young’s modulus of the DAE amorphous film (0.35 GPa) is comparable to low-

density polyethylene (0.20 — 0.30 GPa).?® The Young’s modulus of DAE single macro-

crystal (4.5 GPa) is in line with values observed for other molecular crystalline solids.?®

40-41 Surprisingly, the Young’s modulus of the DAE nanowire crystal (1.4 GPa) shows a

remarkable over threefold reduction compared to the macro-crystal. Previous studies

have also reported differences in the Young’s modulus between macro- and nano-

dimensional solids.?8-29. 40. 42 \While the exact origin of the size-dependent mechanical

response is unknown, it likely originates from a combination of factors including

morphological differences, a decrease in the number of repeat units, and the increasing

contribution of surface effects (e.g. surface defects, surface energy effects) as the

surface-to-volume ratio increases at the nanoscale.28 4244
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20 cycles. Subsequent light exposures up to 50 cycles do not change the nanowire elastic

modulus.

Next, the DAE macro-crystal, nanowire and amorphous film were repeatedly irradiated

with cycles of visible and UV light exposures up to a total of 50 cycles. For each solid,

Young’s modulus was measured after every three cycles until 15" cycle, and every 10

cycles after the 20t cycle. Figure 3 shows the change in the Young’s modulus as a

function of light exposure cycles for each solid. The Young’s modulus of the macro-crystal

does not change over 50 light exposure cycles. This is consistent with previous reports

that DAE macro-crystals can undergo hundreds of repeated cycles of photo induced

bending without evidence of photomechanical fatigue.?% 4> The Young’s modulus of DAE

amorphous film also does not change over 50 cycles of light exposures.

Notably, individual DAE nanowires showed a rapid decrease in the Young’s modulus

from 1.4 GPa to 1.0 GPa between the 12t and 15" cycle (Figure 3). After 20 cycles, the

Young’s modulus of the DAE nanowire (0.34 GPa) converges to that of the amorphous

ACS Paragon Plus Environment
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film (0.35 GPa). No further changes in the modulus were observed after up to 50 cycles.

The decrease of the Young’s modulus was uniform across the nanowire. The change in

oNOYTULT D WN =

11 the nanowire elastic modulus is accompanied by the appearance of hysteresis between

14 the approach and retract force data (Figure 4a), which is similar to that observed for the

18 amorphous film (see Sl) and indicative of an increasing contribution of viscoelastic

21 effects.46-48 The decrease in Young’s modulus and appearance of the hysteresis are clear

25 signatures of photomechanical fatigue.
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Figure 4. (a) Representative force curves (both approach and retract) collected on DAE

nanowire before (blue) and after (red) photomechanical fatigue showing appearance of

the hysteresis between the approach and retract data. (b) Histograms of Young’s moduli

for the DAE nanowire before (blue) and after (red) photomechanical fatigue. Solid black

lines are Gaussian fits. The dashed black line is the Gaussian fit for Young’s modulus

data of amorphous film.
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The transition in Young’s modulus values for the DAE nanowires due to

photomechanical fatigue can be seen clearly in Figure 4b. Specifically, the fatigue results

in fourfold reduction of the nanowire Young’s modulus (1.4 + 0.3 GPa to 0.34 + 0.05 GPa)

and overlaps with the elastic response of the amorphous fiim (0.35 + 0.09 GPa).

Additionally, the full width at half maximum (FWHM) of the nanowire Young’s moduli

distribution after the fatigue decreases from 0.7 GPa to 0.1 GPa, which is comparable to

the FWHM of 0.2 GPa for the amorphous film. The significantly narrower distributions of

elastic moduli for the fatigued nanowire and amorphous film are consistent with more

homogeneous mechanical response expected for an amorphous solid.*?

Because the fatigued nanowire and amorphous film both exhibit similar Young’'s

modulus values with comparable distributions and similar viscoelastic hysteresis, we

attribute the underlying mechanism of the photomechanical fatigue to a physical

transformation from the crystalline to amorphous state. To further validate this hypothesis,

PXRD data were collected for nanowires laying horizontally on AAO template before and

ACS Paragon Plus Environment
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after 10 cycles of visible and UV light exposure (Figure 5). A clear decrease (ca 90%) in

the peak intensities is evident after the repeated light exposures, consistent with our

hypothesis for the loss of nanowire crystallinity due to a crystalline to amorphous physical

transformation. We note relatively weak PXRD data is due to a quite small amount of

nanowire sample used for the measurements in order to ensure sufficient UV light

penetration into the solid to maximize conversion efficiency from 1a to 1b.

Calculated

J“J‘JM‘ - ._UE‘?)SDOSEd
R - 10 Cycles exposed

1 T I |

20 (degree)

Figure 5. Comparison of DAE nanowires PXRD patterns: simulated pattern (blue),

nanowires prior to light exposure (red) and nanowires after 10 cycles of light exposure

(black). Significant decrease in the peak intensities as a result of light exposures supports

crystalline to amorphous transformation as a result of photomechanical fatigue.
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Dong et al. previously reported that DAE nanowires embedded into AAO template

displayed a steady decrease in photo actuated displacement. They attributed this

photomechanical fatigue to a chemical reaction between DAE nanowires and AAO

template walls.?® Although the DAE derivative used in our experiments has additional

methyl groups on the thiophene rings, its photochemistry is expected to be very similar.

Our AFM results on isolated nanowires strongly suggest that photomechanical fatigue

can result from changes in crystallinity during multiple repeated photoisomerizations. One

possible mechanism for the photomechanical fatigue is that an increasing number of

surface defects can nucleate and facilitate a crystalline to amorphous transformation.

Alternatively, it is possible that chemical side products can also act as defects that

nucleate this transition, with the nanowires being much more susceptible. While the exact

mechanism remains to be confirmed, this study provides first experimental evidence that

photomechanical fatigue can be dramatically accelerated in nanocrystals due to a

crystalline to amorphous physical transformation. This result suggests that the intrinsic
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mechanical properties of bulk macro-crystals may not provide a valid foundation for the

design of ultrasmall photomechanical crystals or composites, since both the static

(Young’s modulus) and dynamic (fatigue resistance) mechanical properties can be very

different for nanoscale crystals.

CONCLUSION

In summary, AFM nanoindentation was utilized to quantify changes in elastic modulus

(Young’s modulus) of single macro-crystals, single crystal nanowires and amorphous

films composed of photochromic DAE molecules. The mechanical properties depend on

crystal morphology, with DAE nanowire crystals displaying a threefold decrease in the

Youngs modulus compared to macro-crystals. Furthermore, while the Young’s modulus

values for macro-crystals and amorphous film remain constant over at least 50 light

exposure cycles, the nanowires exhibit a dramatic decrease in the Young’s modulus after

10-20 cycles. This accelerated photomechanical fatigue is attributed to a loss in

crystallinity of the nanowire.
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No photomechanical
fatigue
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T
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