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ABSTRACT: Molecular photoswitches are extensively used as
molecular machines because of the small structures, simple
motions, and advantages of light including high spatiotemporal
resolution. Applications of photoswitches depend on the
mechanical responses, in other words, whether they can generate
motions against mechanical forces as actuators or can be activated
and controlled by mechanical forces as mechanophores. Sterically
hindered stiff stilbene (HSS) is a promising photoswitch offering
large hinge-like motions in the E/Z isomerization, high thermal
stability of the Z isomer, which is relatively unstable compared to
the E isomer, with a half-life of ca. 1000 years at room temperature,
and near-quantitative two-way photoisomerization. However, its
mechanical response is entirely unexplored. Here, we elucidate the
mechanochemical reactivity of HSS by incorporating one Z or E isomer into the center of polymer chains, ultrasonicating the
polymer solutions, and stretching the polymer films to apply elongational forces to the embedded HSS. The present study
demonstrated that HSS mechanically isomerizes only in the Z to E direction and reversibly isomerizes in combination with UV light,
i.e., works as a photomechanical hinge. The photomechanically inducible but thermally irreversible hinge-like motions render HSS
unique and promise unconventional applications differently from existing photoswitches, mechanophores, and hinges.
KEYWORDS: photoswitch, molecular machine, molecular hinge, mechanophore, polymer mechanochemistry

■ INTRODUCTION
Synthetic molecular machines convert inputs of external
stimuli into outputs of controlled mechanical work and attract
considerable attention from various fields as the smallest
machines.1 Switches2,3 and motors4,5 are the two main
categories. Switches are able to reversibly interconvert between
at least two thermodynamically (meta)stable states, and
motors are capable of cycling unidirectional rotation. In the
past few decades, a variety of molecular switches and motors
have been designed and developed, and the actuation at the
molecular level has been demonstrated. Recently, synthetic
molecular machines have been incorporated into organic and
inorganic materials including metals, crystals, liquid crystals,
metal−organic frameworks, glasses, elastomers, and gels to use
their actuation in a practical manner.4−10

In molecular switches, photoisomerizable switches are
primarily employed because of the small structures, simple
motions, and advantages of light, such as high spatiotemporal
resolution, easy and precise control of wavelength and
intensity, and no chemical waste. Particularly, azobenzene
(AB) is the most commonly used photoswitch in all fields and
characterized by the large motions generated in the isomer-
ization between the thermodynamically stable E and unstable Z

isomers (Figure 1).11−13 However, the Z isomer is so thermally
unstable that the thermal Z-to-E isomerization proceeds
rapidly even at room temperature with a half-life (t1/2) of ca.
1 day,11−13 which precludes precise control and limits
applications, except for ortho-substituted ABs and azoheter-
oarenes (t1/2 < several years at room temperature).14−18

Similarly, spiropyran (SP)19,20 and diarylethene (DAE)21,22 are
representative photoswitches following AB (Figure 1). SP
features the large polarity changes in the isomerization with
merocyanine (MC) but shows small motions and prompt
thermal isomerization from MC to SP at room temper-
ature.23,24 Although the conjugation changes of DAE are
fascinating, the thermally irreversible isomerization also
involves only small motions. Therefore, the top three
photoswitches cannot combine both large motions and high
thermal stability, which are definitely required for practical uses
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as mechanical photoswitches. In this context, we recently
found that sterically hindered stiff stilbene (HSS) is a
promising mechanical photoswitch offering unique hinge-like
motions larger than AB and parent stiff stilbene (SS)25 in the
E/Z isomerization, high thermal stability of the relatively
unstable Z isomer with a t1/2 of ca. 1000 years at room
temperature, and 90% two-way photoisomerization (Figure
1).26 These properties are superior to those of AB and
comparable to those of emerging and sophisticated hydrazone-
based photoswitches.27−30 Therefore, HSS is expected to be
leveraged in materials as with the typical photoswitches and
hydrazones.31−38 However, the response to mechanical forces,
i.e., whether HSS mechanically isomerizes, should be
elucidated before the use because HSS will work as a machine
in materials. In fact, the mechanical responses of the typical
photoswitches have been investigated (Figure 1), and their
applications have been considered and selected based on the
responses.39,40 Mechanical forces isomerize Z-AB to E-AB,41

and tension accelerates the thermal Z-to-E isomerization.42

Thus, AB cannot directly cause macroscopic actuation, which
is achieved mainly with the help of the liquid crystallinity.43 SP
is well-known to undergo mechanoisomerization to MC44 and
applied to mechanochromic polymers as a force probe
(mechanophore).45,46 The mechanical ring-opening of DAE
would strongly depend on the chemical structures and remains
under discussion.47,48 Other photoisomerizable switches such
as naphthopyran,49−53 oxazine,54,55 and rhodamine56−60 have
been also reported to mechanically isomerize and employed as
mechanophores in polymeric materials similar to SP. The
mechanical response of HSS would be affected by the
significantly high energy barrier in the ground-state isomer-
ization26 but is completely unknown (Figure 1), although large
strains in SS macrocycles were found to cause thermal E-to-Z
isomerization61 in the context of molecular force probes.61−65

In this study, we elucidated the mechanochemical reactivity
of HSS by incorporating one HSS into the center of polymer
chains, irradiating the polymer solutions with ultrasound, and
stretching the films to apply mechanical forces to the
embedded HSS. The mechanical response in addition to the

large hinge-like motions, high thermal stability, and near-
quantitative two-way photoisomerization render HSS a unique
photoswitch, mechanophore, and hinge.

■ RESULTS AND DISCUSSION
First, we examined the mechanical response simply by grinding
powder of the Z and E isomers of a low-molecular-weight HSS
with two methoxy groups at the C6 and C6′ positions, HSS-
dimethoxy (Figure S1).66 However, any changes were not
observed in the UV/vis absorption spectra of Z-HSS-
dimethoxy and E-HSS-dimethoxy after grinding (Figure
S2). Then, we designed and synthesized Z-HSS and E-HSS
with two initiators for atom transfer radical polymerization
(ATRP) at the C6 and C6′ positions to incorporate HSS into
polymers and apply mechanical forces to HSS through polymer
chains (Schemes S1 and S2 and see the Supporting
Information for details). The ATRP of methyl acrylate (MA)
using the initiators produced poly(methyl acrylate)s (PMAs)
with one Z-HSS or E-HSS at the center of polymer chains, Z-
HSS-diPMA and E-HSS-diPMA (Figure 2). The unimodal

size exclusion chromatography (SEC) curves (refractive index
(RI) signals) with high number average molecular weights (Mn
= 139,800 and 209,900) and narrow polydispersity indices
(PDIs = 1.13 and 1.29) indicate the successful polymerization
(Figures 3e, S12, and S18). In the following, we mainly focus
on Z-HSS-diPMA because mechanical forces would induce the
Z-to-E isomerization as with AB.41,42

We verified the photoswitching ability of the incorporated
HSS by UV/vis absorption spectroscopy. Z-HSS-diPMA was
dissolved in tetrahydrofuran (THF, 2.00 mg mL−1) and
irradiated with 405 nm visible light. The spectra gradually
changed and approached to that of the E isomer26 (Figure
S30) with two isosbestic points at 272 and 362 nm (Figure
3a), indicating the Z-to-E isomerization without any side
reactions. Conversely, irradiation with 340 nm UV light to the
solution at the photostationary state (PSS) caused isomer-
ization to the Z isomer with the two isosbestic points (Figure
3b). At the PSSs by 405 and 340 nm irradiation, the Z/E ratios
were roughly determined to be 18/82 and 79/21, respectively,
from the 1H NMR spectra (Figure 3c), which are comparable
to those of the low-molecular-weight HSS, HSS-dimethoxy.26

The reversible photoisomerization was repeatedly observed in
at least five cycles (Figures 3d and S31). Therefore, the
embedded HSS possesses the capability of photoswitching

Figure 1. Isomerization by external stimuli, amplitude of motions, and
thermal stability of typical photoswitches and HSS.

Figure 2. Chemical structures of Z-HSS-diPMA and E-HSS-diPMA.
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even after the radical polymerization. This is one of the
advantages over parent SS because an SS-based initiator
degraded in a similar ATRP condition (Scheme S3 and see the
Supporting Information for details) and obtained polymers had
little photoabsorption originating from SS (Figure S32). The
radical species and Cu complex caused side reactions in the
ATRP (Figure S33), which were prevented by the steric
hindrance around the central C�C bond in HSS. Recently, SS
has been used as a mechanical photoswitch in various fields.25

However, to the best of our knowledge, there is only one
published paper on SS-containing covalent polymers, in which
a linear polymer with SS as the repeating unit was obtained by
ring-opening metathesis polymerization.67 The unavailability in
radical polymerization renders the use of SS in polymeric
materials difficult, while HSS overcomes the drawback by the
steric hindrance and promises broader applications. Impor-
tantly, isomerization of the embedded HSS hardly affected the
hydrodynamic radii of the random coils (Figure 3e).

Therefore, the effect on the mechanical response of HSS is
unnecessary to be considered in the following ultrasonication.

Then, we investigated the mechanical response of HSS by
ultrasound irradiation in solutions, which is a common
technique for applying mechanical force to a molecule centered
in a polymer chain.68 THF solutions (2.00 mg mL−1) of Z-
HSS-diPMA and the 405 nm PSS (82% E) were irradiated
with pulsed ultrasound (5.6 W cm−2, 0−5 °C, 1 s on/0.5 s off),
and UV/vis absorption and 1H NMR spectra and SEC curves
were acquired. The UV/vis absorption spectra of Z-HSS-
diPMA changed toward that of the E isomer similarly to the
photoisomerization (Figure 4a). Although the 405 nm PSS
mostly contained the E isomer, the photoabsorption spectra
further approached to that of the E isomer (Figure 4b). In
contrast, those of E-HSS-diPMA were almost unchanged upon
ultrasonication (Figure S35). No clear isosbestic points in the
photoabsorption spectra would be attributed to the degrada-

Figure 3. UV/vis absorption spectra of Z-HSS-diPMA upon
irradiation with (a) 405 nm and (b) 340 nm light in THF (2.00
mg mL−1). (c) 1H NMR spectra of Z-HSS-diPMA, 405 and 340 nm
PSSs, and E-HSS-diPMA (500 MHz, acetone-d6). (d) Changes in
absorbance at 354 nm upon alternating irradiation of Z-HSS-diPMA
with 405 and 340 nm light in THF (2.00 mg mL−1). (e) Normalized
SEC curves of Z-HSS-diPMA and 405 nm PSS.

Figure 4. UV/vis absorption spectra of (a) Z-HSS-diPMA and (b)
405 nm PSS during ultrasonication (US) for 100 min in THF (2.00
mg mL−1). (c) 1H NMR spectra of Z-HSS-diPMA and 405 nm PSS
before and after US for 100 min (500 MHz, acetone-d6). Normalized
SEC curves of (d) Z-HSS-diPMA and (e) 405 nm PSS during US for
100 min.
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tion of PMA because a considerable increase in the absorbance
in the UV region was observed even in ultrasonication of pure
PMA obtained by ATRP (Mn = 107,400, PDI = 1.11, Figure
S36). 1H NMR spectra after ultrasonication indicated that the
Z/E ratios changed to 22/78 in Z-HSS-diPMA and from 18/
82 to 7/93 in the 405 nm PSS (Figure 4c). The
mechanochemical selectivity of the Z-to-E isomerization, i.e.,
isomerized chains vs cleaved chains, in ultrasonication of Z-
HSS-diPMA for 100 min was roughly estimated to be ca. 2
from the 1H NMR spectra and SEC curves, although the value
depends on sonication conditions and polymer lengths.69−71

From these results, we concluded that HSS works as a
mechanophore and mechanically isomerizes only in the Z to E
direction.

Ultrasound irradiation and consequent cavitation generate
mechanical forces along polymer chains and cause the cleavage
around the middle.68 In ultrasonication of both Z-HSS-diPMA
and 405 nm PSS, the original RI peaks in the SEC curves
attenuated, and a new peak corresponding to about one-half of
the original molecular weights appeared and grew with
irradiation time, indicating the chain scission near the center
(Figure 4d,e). These results support that mechanical forces
were generated around HSS centered in the polymer chains
and induced the Z-to-E isomerization. To evaluate the
mechanoisomerization in detail, we calculated rate constants
(ks) of the polymer chain scission from the attenuation of the
original RI peaks (Figure S37 and see the Supporting
Information for details).71 We compared the ks of Z-HSS-
diPMA and the 405 nm PSS (not E-HSS-diPMA) because
degree of polymerization significantly affects k but they have
the same value.69−71 The ks (mean ± standard deviation, n =
3) were determined to be 5.53 ± 1.77 × 10−3 min−1 for Z-
HSS-diPMA and 6.81 ± 2.50 × 10−3 min−1 for the 405 nm
PSS and considerably higher than that of the pure PMA (3.18
× 10−3 min−1, Figure S37) probably due to the preferential
cleavage of the weak ester bonds in the main-chain HSS
initiator.52,72−75 We had presumed that the Z-to-E mechanoi-
somerization should consume energy and the chain scission of
Z-HSS-diPMA should be slower than that of the 405 nm PSS.
However, the comparable ks would reject the hypothesis. The
reason might be because the large standard deviations buried
the difference, because the mechanical energy generated by the
ultrasonication and cleaving the polymer chains was too high
for the isomerization, or because the chain scission was not a
unimolecular reaction. One reason for the large standard
deviations is the high sensitivity of SEC to temperature.

To remove the possibility of thermal isomerization in
ultrasonication, we also irradiated mixtures of the Z or E
isomer of HSS-dimethoxy and PMA with ultrasound. The
attenuation of the original RI peak in the SEC curves indicated
the chain scission of PMA, but any changes originating from
isomerization of HSS were not observed in the UV/vis
absorption spectra (Figure S38). Therefore, the Z-to-E
isomerization by ultrasonication was clearly demonstrated to
be induced mechanically.

The ultrasonicated solution of Z-HSS-diPMA was further
irradiated with 340 nm UV light. The mechanically isomerized
HSS underwent the E-to-Z photoisomerization and still
possessed the photoswitching ability (Figure S39). Thus, we
investigated the repeatability of the photomechanical isomer-
ization by alternating irradiation of Z-HSS-diPMA with
ultrasound for 100 min and 340 nm UV light to be PSSs in
THF (2.00 mg mL−1). The UV/vis absorption spectra indicate

that the repetitive UV light irradiation induced considerable E-
to-Z isomerization (Figure 5a) similarly to the 80% two-way

photoisomerization (Figure 3). On the other hand, the Z-to-E
mechanoisomerization by the second ultrasonication was
depressed. This is because the first ultrasonication had cleaved
almost half of the polymer chains around the middle, which is
indicated by the SEC curves (Figure 5b), and the embedded
HSS located near the chain ends in the severed chains was not
subjected to mechanical forces. The 1H NMR spectra also
demonstrated the reversible photomechanical isomerization
(Figure 5c). Therefore, HSS was found to work as a
photomechanical switch.

Finally, we examined the mechanical response of HSS by
stretching polymer films. We prepared Z-HSS-diPMA films
with ca. 100 μm thickness by solution casting, stretched the
rectangular strip specimens by a tensile machine, dissolved the
fractured parts in THF after failure, and measured UV/vis
absorption spectra (Figure S40). Any changes were not
observed in the UV/vis absorption spectra of the Z-HSS-
diPMA films after elongation, indicating that stretching the
films did not induce mechanoisomerization of Z-HSS
incorporated in the center of the PMA chains. Manually
pressing the films using a stainless steel block and grinding
them below the glass transition temperature of PMA using
liquid nitrogen also induced no mechanoisomerization of the
embedded Z-HSS (Figure S41). In previous papers, PMAs
with one SP around the center of the polymer chains have

Figure 5. (a) UV/vis absorption spectra, (b) normalized SEC curves,
and (c) 1H NMR spectra (500 MHz, acetone-d6) of Z-HSS-diPMA
upon alternating irradiation with ultrasound (US) for 100 min and
340 nm UV light to be PSSs in THF (2.00 mg mL−1).
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been prepared by methods similar to the present study, and the
incorporated SP isomerized to MC by stretching the films.45,46

The Mns and PDIs were almost comparable to but the
mechanical properties were higher than those of Z-HSS-
diPMA (Figure S40). These facts suggest a possibility that
HSS is less reactive to mechanical forces than SP. Thus, we
attempted to estimate the sensitivity by constrained geometries
simulate external force (CoGEF) calculations for Z-HSS-
dimethoxy using density functional theory at the B3LYP/6-
31G(d) and UB3LYP/6-31G(d) levels (Figures S42, S43 and
see the Supporting Information for details).76 However,
structural changes obviously indicating the Z-to-E isomer-
ization were not observed because the four methyl groups were
on the same side until the HSS skeleton collapsed (specifically,
C−C bond rupture in the five-membered rings), even when
the hybrid functional was changed to dispersion and long-
range corrected ones, APFD, CAM-B3LYP, and ωB97X and
when two methoxy groups were attached at other positions
instead of the C6 and C6’ positions (Figures S42−S49). This is
probably because the common method for CoGEF calculations
cannot properly describe the strong biradicaloid characters of
the transition states.77,78 Nevertheless, the CoGEF calculations
for Z-HSS-dimethoxy (C6 and C6′) predicted the maximum
force (Fmax) and energy (Emax) to be 5.6−6.1 nN and 794−899
kJ mol−1, which are larger than those (2.6−4.8 nN and 150−
386 kJ mol−1) of SP.76 This result might support the less
sensitivity of HSS to mechanical forces, which would be
enhanced by the introduction of more sterically bulky groups
around the central C�C bond in HSS because the activation
barrier in thermal isomerization of HSS was lower than that of
SS.26 It is worth mentioning that the potentially less
mechanochemical reactivity can be an advantage or a
disadvantage depending on the applications. What is important
is that the uses of HSS should be considered based on the
reactivity. Additionally, there are various ways to facilitate
mechanoisomerization of HSS in polymeric materials,
including the introduction of complex microstructures79

observed in segmented polyurethanes80−86 and organic−
inorganic composites,87 crystalline domains,88 multinetwork
structures,89 and hydrogen bonding.90 Therefore, we can
mechanically isomerize HSS also in materials by appropriately
designing polymer and material structures.

■ CONCLUSIONS
In this study, we demonstrated that HSS is a mechanophore
and mechanically isomerizes only in the direction from the Z
isomer to the E isomer, by incorporating one Z-HSS or E-HSS
into the center of PMA chains and ultrasonicating the polymer
solutions to apply elongational forces to the embedded HSS.
HSS was also found to reversibly isomerize by a combination
of mechanical forces and UV light, i.e., work as a photo-
mechanical hinge. Motions of previous molecular hinges are
uncontrollable91−95 or controlled mainly by coordination,96,97

pH,98 and redox99 and unknown to be mechanically induced
except for flapping mechanophores.86,92,94 Exceptionally, AB is
known to offer photomechanically inducible hinge-like
motions, however, with thermal instability.41,42,100−102 There-
fore, HSS is the first thermally stable photomechanical hinge.
The photomechanical hinge-like motions with high thermal
stability and high isomerization yields in both directions are
unique also as a photoswitch and mechanophore. We believe
that HSS will be used in various materials and enable

unconventional applications differently from existing photo-
switches, mechanophores, and hinges.

■ METHODS

Photoisomerization

A solution of Z-HSS-diPMA in spectrophotometric grade THF (2.00
mg mL−1) was prepared and stirred at room temperature in the dark
for 1 day, and a portion of the solution was transferred to a 1.0 cm
quartz cuvette with a stirring bar. The cuvette was irradiated with a
light-emitting diode with a peak wavelength of 405 nm (19.6 mW
cm−2, LDR2-100VL405-W1U, CCS) with stirring at room temper-
ature to reach a PSS and, then, irradiated with a xenon light (MAX-
303, Asahi Spectra) using a band pass filter for 340 nm (11.0−12.0
mW cm−2, HQBP340-UV, Asahi Spectra) with stirring at room
temperature. UV/vis absorption spectra of the solution were
measured during the photoirradiation. The solution of the 405 nm
PSS was also used for SEC measurement as it was after 2 days at room
temperature in the dark without stirring, and those of the 405 and 340
nm PSSs were used for 1H NMR measurements after concentrated,
dried under vacuum, and dissolved in acetone-d6. The RI signals at 10
min in the SEC curves were corrected to 0, and the curves were
normalized at the photoabsorption maximum.

Ultrasonication
Z-HSS-diPMA, the 405 nm PSS, E-HSS-diPMA, and PMA were
dissolved in spectrophotometric grade THF (2.00 mg mL−1), stirred
at room temperature in the dark for 1 day, and irradiated with
ultrasound (5.6 W cm−2, 1 s on/0.5 s off) in an ice bath (0−5 °C)
under a nitrogen atmosphere for 80 min (E-HSS-diPMA), 150 min
(Z-HSS-diPMA and the 405 nm PSS), or 200 min (PMA) using a
Branson Sonifier 450 sonicator with a 1.91 cm diameter solid probe.
The distance between the titanium tip and bottom of the glass cell
was 1 cm. The ultrasonic intensity was calibrated using a previously
reported method.44 An aliquot (about 5 mL) was taken from the
solutions at each irradiation time and used for UV/vis absorption and
SEC measurements as it was after 2 days at room temperature in the
dark without stirring. Each aliquot (50 μL) was injected by an
automatic sampler in the SEC measurements. The RI signals at 10
min in the SEC curves were corrected to 0, and the curves were
normalized by the integrated area. Solutions after ultrasonication were
concentrated, dried under vacuum, dissolved in acetone-d6, and used
for 1H NMR measurements.

Rate constants of polymer chain scission by ultrasonication were
calculated from attenuation (first-order decay) of the original RI
peaks in the SEC curves according to a previously reported method.71

The ks and standard deviations for Z-HSS-diPMA and the 405 nm
PSS were determined by three independent experiments. Plots shown
in Figure S37 provide the average value with the standard deviation
for each data point (sonication time). The k for PMA was determined
by one experiment.

As control experiments, mixtures of the Z or E isomers of HSS-
dimethoxy (1.38 × 10−5 M) and PMA (2.00 mg mL−1) in
spectrophotometric grade THF were also irradiated with ultrasound
for 100 min, and UV/vis absorption spectra and SEC curves of the
solutions were measured by the same procedure described above.

The Z-HSS-diPMA solution was also repeatedly irradiated with
ultrasound for 100 min and the 340 nm light (11.0−12.0 mW cm−2)
to be PSSs. The 1H NMR spectrum of the solution for each step was
measured after the solution was concentrated, dried under vacuum,
and dissolved in acetone-d6.
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