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We report the synthesis and photothermal-mechanical conversion behavior of a photoresponsive
pseudorotaxane comprising an ammonium salt bearing ferrocenyl and anthryl groups as the axle and
dibenzo[24]crown-8 (DB24C8) as the macrocyclic ring. In the crystalline state, the pseudorotaxane
exhibits notable void spaces around the ferrocene and anthryl substituents, with void volume increasing
from 12.7% to 17.3% over the temperature range of —173 °C to 77 °C. The crystals display characteristic
photoabsorption at 375 nm and 445 nm, attributed to the anthryl and ferrocenyl units, respectively,
enabling efficient photothermal conversion. Upon incorporation into a poly(n-butyl methacrylate) (PBMA)
matrix, the crystal-dispersed film undergoes significant temperature increases from 27 °C to 72 °C and
69 °C when irradiated at 375 nm and 445 nm, respectively, resulting in light-induced film expansion. This
expansion translates into pronounced photoactuated lifting and bending motions, which are significantly
greater than those observed in films containing only the axle or lacking the anthryl moiety. These findings
demonstrate the utility of ferrocenyl—-anthryl-functionalized crystalline pseudorotaxanes in the development
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1. Introduction

Molecular machines and switches have been extensively studied
for their capacity to manipulate molecular structures at the
nanoscale in response to external stimuli.'”® Notably, mechani-
cally interlocked rotaxanes and pseudorotaxanes—comprising
ring and axle components—undergo relative positional changes
upon exposure to stimuli such as light,”™ pH shifts,'* thermal
input,’>® and chemical signals.”” Due to their structural adapt-
ability during such responses, these systems can transmit
forces,™"” motions,”'® and energy™'® both within individual
molecules and across molecular assemblies, depending on the
specific characteristics of the supramolecular architecture. To
date, most investigations of molecular machines have been
conducted in solution,**** where molecular alignment is
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of photomechanical materials, soft actuators, and optically responsive mechanical systems.

inherently absent. In contrast, in the crystalline state, molecules
are precisely aligned, oriented, and regularly spaced, enabling
concerted molecular motions that can produce macroscopic
mechanical effects.”>**>°

Organic photochemical and thermal reactions capable of
generating mechanical motion on scales from nanometers to
millimeters have attracted significant attention due to the
diverse range of molecular systems and available reaction
pathways.**%*’ These stimuli-responsive systems offer notable
advantages, such as rapid response®'®?®*° and high elastic
modulus,® positioning molecular crystals as promising candi-
dates for photo- and thermomechanical actuators. Stimulus-
induced transformations in these crystals can generate various
mechanical motions, including expansion,>*° bending,*”"**
twisting,"®" and curling.** In several cases, structural changes
associated with these dynamic responses have been elucidated
by single-crystal X-ray crystallography.?® Crystalline molecular
systems also offer significant potential in applications ranging
from optoelectronics,**** rotors,*>** and sensors,*® to drug
delivery,®® and catalysis.*”"*® This versatility stems from the high
density and precise spatial organization of functional compo-
nents within crystals. These properties are generally difficult to
achieve in dilute solutions or thin surface-bound assemblies.
While these advantages are notable, most molecular crystals
exhibit dense packing, which often limits the free volume
necessary for dynamic molecular motion.*® Therefore, careful
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molecular design and advanced crystal engineering are essential to
realizing functional, solid-state dynamic molecular machines.

We have synthesized a range of pseudorotaxanes and com-
plexes consisting of dibenzo-crown ethers (host molecules) and
functionalized ammonium salts (guest molecules), and have
investigated their structural transformations and dynamic beha-
viors in response to external stimuli."*> For example, crystals
composed of dibenzo[24]crown-8 ether (DB24C8) and ferrocene-
containing ammonium salts exhibited reversible crystal-to-crystal
phase transitions and morphological changes upon heating and
photoirradiation.*>*' In another system, crystals formed from
dibenzo-crown ethers and azobenzene-functionalized ammo-
nium salts exhibited reversible bending motions upon photo-
irradiation, driven by cis-trans isomerization of the azobenzene
moiety induced by light and heat.**** Within these assemblies,
each molecular component plays a distinct role. The dibenzo-
crown ether serves as the host framework, offering sufficient
spatial freedom to accommodate guest mobility.*> In contrast,
the functional ammonium salts act as transducers, converting
absorbed light energy into mechanical motion. Under certain
conditions, intermolecular interactions can immobilize the guest
species, resulting in rigid structures that inhibit motion.*>** To
overcome this limitation, structural modifications, such as intro-
ducing different functional substituents or extending the axle
length, are essential for enhancing molecular mobility within the
crystalline matrix.

Anthracene and its derivatives are recognized for their high
planarity, extended m-conjugation, and strong fluorescence.*®™*
These characteristics have been widely utilized in the develop-
ment of luminescent materials and organic semiconductors. In
addition, certain derivatives undergo [4+4] photodimerization in
the crystalline state, which can induce photosalient effects.’*>
For example, bis-o-carborane-substituted anthracene undergoes
photodimerization, leading to macroscopic mechanical responses
in the crystal such as cracking, debris formation, and jumping,
accompanied by decolorization. These phenomena have been
observed using fluorescence microscopy, and the molecular struc-
tures before and after photodimerization have been determined by
single-crystal X-ray crystallography.>® Anthryl groups have also
been incorporated into rotaxanes and pseudorotaxanes, enabling
photocycloaddition and functioning as photoluminescent units in
solution.>**® Moreover, anthracene-containing compounds have
been investigated in thin-film systems.>*> Despite these advances,
no studies have yet reported the functionalization of anthracene
units within single-crystal pseudorotaxanes.

Soft actuators composed of flexible polymers, such as poly-
(n-butyl methacrylate) (PBMA)*” and polyurethane,’® offer several
advantages, including high flexibility, adaptability, and reconfigur-
ability, which resemble properties found in biological systems.>**°
These features support a wide range of applications, such as soft
electronics, surgical tools, drug delivery systems, artificial organs,
and prosthetic devices.®*®! The integration of intelligent materials
into soft actuator systems expands their functional capabilities,
enabling changes in structure, macroscopic behavior, and shape in
response to external stimuli including electric fields, thermal
input, and light.°>*> Organic chromophores are commonly used
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Fig. 1 Schematic of ferrocenyl- and anthryl-containing pseudorotaxane
for photoinduced motion.

in photothermal conversion materials due to their tunable
structures, favorable photophysical properties, strong absorption
in the near-infrared region, excellent biocompatibility, and high
photostability.**"* Soft polymers serve as effective host matrices
due to their intrinsic elasticity and compatibility with photore-
sponsive guest molecules, which together facilitate reversible
mechanical deformation. In previous work, we developed photo-
responsive soft actuators incorporating ferrocene-based and dithie-
nylethene chromophores embedded in PBMA.>”%® These actuators
exhibited light-induced bending, vertical lifting motions, and self-
healing capabilities following mechanical damage.

In this study, we report a novel pseudorotaxane composed of
an ammonium salt bearing ferrocenyl and anthryl groups as the
axle component and dibenzo[24]crown-8 (DB24C8) as the ring
component, which provides flexibility and internal free volume
(Fig. 1). We investigate structural changes in the single-crystal state,
where the ferrocenyl and anthryl moieties exhibit distinct absorp-
tion at 445 nm and 375 nm, respectively, enabling efficient photo-
thermal conversion. Incorporation of the crystals into a PBMA
matrix results in pronounced lightinduced lifting and bending
motions. The photomechanical response exceeds that of films
composed solely of the axle molecule or those lacking the anthryl
unit. These findings demonstrate the potential of crystalline pseu-
dorotaxanes incorporating functional chromophores for applica-
tions in photomechanical materials and soft actuation systems.

2. Results and discussion

2.1. Synthesis and characterization

Scheme 1 illustrates the synthesis of pseudorotaxane PR1, which
consists of a ferrocenyl- and anthryl-functionalized ammonium
hexafluorophosphate (PFs ) axle (A1) and DB24C8. The axle
molecule A1 was synthesized via condensation of anthracene-2-
carbaldehyde with ferrocenemethylamine, followed by hydroge-
nation and protonation. Single crystals of PR1 were obtained by
vapor diffusion of diethyl ether (Et,O) into a dichloromethane-
acetone solution containing a mixture of A1 and DB24C8.
Obtained compounds were confirmed by 'H NMR and mass
spectroscopies (Fig. S1-S11, ESI{). For comparative analysis, the
previously reported pseudorotaxane PR2,***' bearing a tolyl
substituent, and its corresponding axle A2 are also examined.
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Scheme 1 Synthesis of PR1 and PR2.

The structural changes of PR1 at various temperatures were
analyzed by single-crystal X-ray crystallography (Fig. 2, 3 and
Fig. S12, S13, Tables S3, S4, ESIt). Due to substantial deteriora-
tion in data quality above 77 °C (350 K), detailed structural
analysis is based on the crystallographic data obtained below
47 °C (320 K). Fig. 2a-3c present the molecular structure of PR1,
a detailed view of the ferrocenyl unit, and a summary of the
intra- and intermolecular interactions, along with temperature-
dependent structural changes. PR1 is primarily stabilized by
[N-H---O] and [C-H---O] hydrogen bonds (2.43-3.06 A)
between the ammonium N-H or N-CH, protons and the oxygen
atoms of DB24C8. An intramolecular [rn---n] interaction is
observed between one catechol unit of DB24C8 and the ferro-
cenyl moiety of A1, with the centroid-centroid distance increas-
ing from 3.94 A at —173 °C to 3.98 A at 24 °C (Fig. 2a). At
—173 °C, the two cyclopentadienyl (Cp) rings of the ferrocenyl
group adopt a nearly eclipsed conformation with a dihedral
angle of 0.1°. Upon heating to 24 °C, this angle increases to 5°,
suggesting a slight rotation that reduces steric repulsion

&

-173°C -73°C -23°C

(010) Top face

Vertical to top face

elongation &/

-~
hoﬁening

Fig. 2 (a) Molecular structure of PR1 determined by single-crystal X-ray
crystallography at —173 °C. (b) Top view of the ferrocenyl group at various
temperatures. (c) Schematic representation of molecular motion upon
heating. (d) Molecular packing at —173 °C.

17122 | J Mater. Chem. C, 2025, 13, 17120-17130

View Article Online

Paper

(@), (b)go
z LI el
=3 < O L
3 n . &Y Ly m
< 28 358 C
- n = 1
b g 304 »
©
= u ) i
E u 2 .
“27 ] e | Ess
H o | £ .
O [ ]
= a8

26 =t 54

L

00 -150 -100 -50 O 50 100

)

00 -150 -100 -50 O 50 100

Temp. ('C) Temp. ('C)
(c) (d)
25 5000
X
% 20 4900
= &
=) = [ ]
£15 ¥ < n
5 c E 4800 -
.% 1.0 ‘a 3 -
05 [ b 4700 n
: [ ]
- [ ]
i 4600
-200 -150 -100 -50 0 50 100 -200 -150 -100 -50 0 50 100
Temp. ('C) Temp. (C)

Fig. 3 Temperature dependence of PR1: (a) [C—H---n] interaction dis-
tance, (b) anthryl-anthryl distance, (c) relative changes in unit cell para-
meters, and (d) unit cell volume.

between Cp-ring hydrogen atoms. As a result, the Cp-Cp
distance decreases from 3.29 A (Fig. 2b). At 77 °C, further
conformational changes are observed, with partial collapse of
the ferrocenyl units, indicating increased conformational free-
dom of the ferrocene group.

Intermolecular interactions are also temperature dependent. A
[C-H- - 1] interaction is observed between the anthryl unit and a
neighboring ferrocenyl group, with the interaction distance increas-
ing from 2.69 A to 2.87 A between —173 °C and 47 °C (Fig. 2c
and 3a). Additionally, the distance between anthryl moieties in
adjacent molecules increases by 8.2%, from 5.47 A to 5.92 A over
the same temperature range (Fig. 2c and 3b). This increase pre-
cludes n-n stacking and photocyclization in the crystalline state.

Crystal packing analysis (Fig. 2d) reveals that the top surface
corresponds to the (010) plane, with the crystal extending along the
a- and c-axes, while the thickness aligns with the b-axis. Thus, the
relationship between macroscopic crystal deformation and
molecular-level packing changes is considered. Fig. 3c and d
illustrate temperature-dependent variations in unit cell parameters
and volume. Between —173 °C and 47 °C, the a- and c-axes expand
by 1.7%, whereas the b-axis increases only marginally by 0.6%. The
overall volume increase is therefore primarily due to elongation
along the a- and c-axes, attributed to enhanced ferrocenyl mobility
at elevated temperatures. As noted earlier, weakening of [C-H: - -]
interactions facilitates this mobility and contributes to crystal
plane expansion. Although the anthryl group remains conforma-
tionally rigid, the increasing intermolecular distance along the
b-axis slightly contributes to overall crystal expansion.

The volumetric thermal expansion coefficient (o) is estimated
to be 1.88 x 10 * K, exceeding values typically reported for
crystalline organic compounds®” and metal-organic materials.®®
This temperature-dependent molecular motion and anisotropic
expansion play a key role in the photothermal-mechanical con-
version discussed in subsequent sections.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Hirshfeld plot of dnorm for the axle molecule in PR1 at —173 °C.
(b) 2D fingerprint plots of overall interactions and (c) dominated interac-
tions for the axle molecule in PR1 at —173 °C. (d) Hirshfeld plot of dnorm for
PR1 at —173 °C. (e) 2D fingerprint plots of overall interactions and (f)
dominated interaction in PR1 at —173 °C. (g) Graphical representation of
voids in the crystal packing of PR1 at 47 °C. (h) Temperature dependence
of the void volume ratio for PR1, PR2, and A2 with trend lines.

Hirshfeld surface and crystal void analyses are performed
using CrystalExplorer version 21.5°° to visualize intra- and
intermolecular interactions in PR1 (Fig. 4). The Hirshfeld sur-
face is generated by partitioning the crystal space into distinct
regions based on proximity to atoms. The parameters d. and d;
represent the distances from a point on the surface to the
nearest nucleus outside and inside the surface, respectively.
The normalized contact distance (dporm) is used to highlight
intermolecular interactions, with its color scale reflecting devia-
tions from van der Waals radii.

In the interaction between A1 and DB24C8 (Fig. 4a), intense
red regions are observed around the protonated amino group of
the cation and the oxygen atoms of DB24C8, indicating strong
[N-H-: - -O] hydrogen bonding. Fig. 4b presents the 2D fingerprint
plot of the axle molecule (also shown in Fig. S15-S18, ESIY),
where sharp spikes correspond to significant interactions.”®”*
The dominant contribution arises from O---H/H---O contacts
(d; + d. ~ 2.0 A), consistent with [N-H- - -O] interactions (Fig. 4c).
White patches between the catechol and ferrocenyl units indicate
weak n-m interactions. The largest contribution in the fingerprint
plot is from H---H contacts (52.7%), concentrated around d; =
d. ~ 1.2 A, largely arising from n-stacking tendencies between
the ferrocenyl and catechol groups.

For intermolecular interactions between PR1 molecules
(Fig. 4d), the fingerprint plots indicate that H---H contacts
dominate (d; + d. ~ 2.2 A), corresponding to [C-H- - 1] inter-
actions between ferrocenyl and anthryl groups (Fig. 4e, f,
and Fig. S19-S22, ESIt). With increasing temperature, the

This journal is © The Royal Society of Chemistry 2025
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[N-H:--O] intramolecular interactions between the axle and
ring remain essentially constant (d; + d. ~ 2.0 A), while the
[C-H- - -rt] interactions between PR1 molecules weaken, increas-
ing the sum of distances to approximately 2.4 A.

Fig. 4g (also shown in Fig. S23, ESIt) shows the crystal void
distribution in the unit cell of PR1. Fig. 4h plots the temperature-
dependent void volume for PR1 in comparison with PR2 and A2.
Voids are primarily localized around the ferrocenyl and anthryl
groups. The void volume of PR1 increases linearly with tempera-
ture, rising from 12.7% at —173 °C to 17.3% at 77 °C, closely
following the unit cell volume expansion trend (Fig. 3d). Notably,
the void volume of PR1 is approximately 1.5% greater than that of
PR2 and 3.5% greater than that of its axle molecule A2. These
values also exceed the typical void fraction for organic crystals
(7.3-8.6%).”>7 These results suggest that incorporation of both
the pseudorotaxane structure and ferrocenyl/anthryl functional-
ities effectively enhances free volume within the crystal, which
is considered advantageous for promoting photomechanical
conversion.

2.2. Film preparation and characterization

PR1 was incorporated into PBMA to prepare free-standing
films, as illustrated in Scheme 2. Single crystals of PR1 were
ground and dispersed in 300 pL of a PBMA solution in diethyl
ether. The concentration of PR1 in PBMA was adjusted to
7 mol% (35 wt%), as summarized in Table S6 (ESIt). The
dispersion was cast onto a PTFE film placed on a glass slide
and allowed to dry. The dried film was then sandwiched
between another PTFE film and a 70 pm spacer, followed by
hot pressing at 50 °C. After molding, the film was peeled off, cut
into 1 x 1 mm? pieces, and designated as Cr.PR1-PBMA. For
comparison, a PBMA film containing crystalline PR2 (Cr.PR2-
PBMA) was prepared using the same procedure. In addition, a
film referred to as PR1-PBMA was fabricated by casting a
cosolvent mixture of chloroform and acetone containing A1,
DB24C8, and PBMA in a molar ratio of 7: 7: 86 (19:16 : 65 wt%).
According to the "H NMR spectra (Fig. S11, ESIt), the com-
plexation ratio of PR1 in CDCl;: acetone-ds (70: 30, vol/vol) is
estimated to be approximately 60 mol% (PR1-complex:PR1-
added), suggesting that PR1 is the predominant species in the
film. For further comparison, a film doped with A1 alone is
prepared and referred to as A1-PBMA.

The surface morphology of the films was analyzed using
polarized optical microscopy, scanning electron microscopy

Drop- castlng
Hot press gyt
-> gRr +PBMA—> ,, > > L

Grinding " |EE £/ &= Dispersed films
crystals ~ oTystals on PTFE 4 4 4 CrPR1-PBMA
D's"e's'°” in ELO iHeat)  crpRr2.PBMA
Drop-casting
with Hot press Cut

A1 or DB24C8 + PBMA —=>| | —> > > &7

without —— Mixed films

on PTFE 2444 PR1-PBMA

In CHCl/acetone Heat A1-PBMA

Scheme 2 Preparation of PBMA films.
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(SEM), and two-dimensional X-ray diffraction (2D XRD). Fig. 5a
and b present polarized optical micrographs of crystal-dispersed
Cr.PR1-PBMA and pseudorotaxane-containing PR1-PBMA. Under
polarized light, Cr.PR1-PBMA exhibits interference colors, indi-
cating the presence of microcrystalline domains, whereas PR1-
PBMA appears dark, suggesting an amorphous and uniform
distribution within the PBMA matrix. A similar trend is observed
for other films: Cr.PR2-PBMA contains microcrystals, while A1-
PBMA appears uniformly dark (Fig. S24-S27, ESI¥).

SEM images of Cr.PR1-PBMA and PR1-PBMA (Fig. 5¢ and d;
see also Fig. S28-S31, ESIt) reveal clear morphological differ-
ences. Cr.PR1-PBMA displays evenly distributed microcrystals
approximately 1-2 pm in diameter, whereas PR1-PBMA shows
minimal evidence of crystallization. Elemental distribution is
further confirmed by energy-dispersive X-ray spectroscopy
(EDX). Elemental mappings of Fe, P, and F confirm the presence
of PR1 (C5oHscFgFeNOgP) in both Cr.PR1-PBMA and PR1-PBMA.

Fig. 5e shows the 2D XRD patterns of Cr.PR1-PBMA and PR1-
PBMA. A broad diffraction peak appears at 20 = 20-30° for
Cr.PR1-PBMA, indicative of crystalline domains, while PR1-
PBMA exhibits no such diffraction, confirming its amorphous
nature. Similar diffraction behavior is observed for Cr.PR2-
PBMA and A1-PBMA (Fig. S32, ESIt).

2.3. Photothermal conversion

Fig. 6a presents the UV-vis absorption spectrum of PR1 in
acetone, showing three absorption peaks at A,,s = 340, 358,
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and 378 nm, corresponding to the anthryl moiety, and a weak
absorption at 4,5 = 440 nm, attributed to the ferrocenyl group.
The photoluminescence (PL) spectrum of PR1 in acetone
(Fig. S33, ESIt) exhibits an emission band at Ap;, = 432 nm,
with a PL quantum yield (PLQY) below 1% (Table S7, ESIt). This
value is considerably lower than those reported for anthracene
(36%), polycarbosilane grafted with 9-ethylanthracene (66-80%),
and terphenyl-anthryl-pyrenoimidazole derivatives (89%).”*°
The PL quenching is possibly attributed to photoinduced
electron transfer from the anthryl to the ferrocenyl unit, which
facilitates non-radiative decay and is favorable for photothermal
conversion.”’

Based on the absorption characteristics of PR1, the 375-nm
and 445-nm lasers were selected for further investigation. Fig. 6b
shows thermographic images of the Cr.PR1-PBMA film under
continuous laser irradiation at 375 nm (15 mW cm ) or
445 nm (61 mW cm ™). The surface temperature increases from
27 °C to 72 °C and 69 °C, respectively. The time-dependent
temperature profile under 375-nm irradiation with an off-on-off
cycle is shown in Fig. 6c for Cr.PR1-PBMA and comparison films.
As summarized in Table 1, Cr.PR1-PBMA reaches the highest
temperature (72 °C), followed by PR1-PBMA (65 °C), A1-PBMA

(a)15

(b)

3';?:[’" under 375 nm under 445 nm
0.06 Expansion Max72.2°C 72.2 MMax 68.7 °C
° : Laser
810 0.04 445nm
e
8 —
g 0.02 \
2
< 05
0.0
330 380 430 480
Wavelength (nm) (d)
(c) 90 90

375 nm off-on-off
Cr.PR1-PBMA

445 nm off-on-off
Cr.PR1-PBMA

PR1-PBMA

20 40 60 80

Time (s) Time (s)

Fig. 6 (a) UV-vis absorption spectrum of PR1 in acetone solution, with laser
wavelengths at 375 nm and 445 nm indicated. (b) Thermographic images
of CrPR1-PBMA with irradiation at 375 nm (15 mW cm™) or 445 nm
(61 MW cm™2). Time-dependent temperature profiles of PBMA films under
(c) 375 nm irradiation (15 MW cm™~2) and (d) 445 nm irradiation (61 mW cm™2).

Table 1 Summary of photothermal conversion of PBMA films

Laser  Power Weight  Max.
Films* (nm) (mWem™2)  (mg) temp. (°C) 7 (s)
Cr.PR1-PBMA 375 15 0.6 72 3.1
445 61 0.6 69 1.8
PR1-PBMA 375 15 0.68 65 4.7
445 61 0.72 64 2.1
A1-PBMA 375 15 0.49 57 4.2
445 61 0.42 57 1.5
Fc-PBMA®’ 445 61 0.41 65 2.4

% Comprising 7 mol% of chromophore in PBMA.

This journal is © The Royal Society of Chemistry 2025
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(57 °C), and PBMA alone (31 °C). A similar trend is observed under
445-nm irradiation (Fig. 6d). After the light source is switched off,
the temperature returns to ambient (20-25 °C) within 15-20 s.

Based on the initial temperature decay profile, the time
constant (t) for each film was calculated and summarized in
Table 1, as well as in Fig. S35 (ESIT). The t values range from
1.5 to 4.7 s, which are approximately two orders of magnitude
shorter than previously reported values (~230 s) for conjugated
oligoelectrolytes.”® This rapid photothermal response is consid-
ered advantageous for efficient photomechanical conversion.

Dynamic mechanical analysis (DMA) was performed to
evaluate the thermal behavior of the films. The DMA profiles
of A1-PBMA and PR1-PBMA reveal glass transition tempera-
tures (T,) of 25 °C and 47 °C, respectively, with a common tan 6
peak at 57 °C (Fig. S37, ESIt). The T, corresponds to the onset of
local segmental motion of the polymer chains, while the tan
peak reflects larger-scale molecular mobility within the net-
work. These results indicate that the films maintain a rubbery
state within the operational temperature range, and that laser-
induced heating increases polymer chain mobility, facilitating
deformation. Additionally, PR1-PBMA remains stable at room
temperature, resisting deformation, but undergoes a smooth
transition to a flexible state upon reaching temperatures
beyond T,. The coefficient of thermal expansion (CTE) was
determined to be 5.7 x 10> for A1-PBMA and 5.8 x 10> for
PR1-PBMA in the temperature range of 50-75 °C, as measured
by laser scanning confocal microscopy. Previous studies report
that the CTE of PBMA above its T, is approximately 14 times
greater than below 7,.”° These findings support the conclusion
that film deformation arises from photoabsorption by the
anthryl or ferrocenyl groups, followed by photothermal conver-
sion and thermal activation of polymer chain mobility.

2.4. Photoinduced deformation and mechanical output

Photoinduced deformation of chromophore-doped PBMA films
(Cr.PR1-PBMA, PR1-PBMA, and A1-PBMA) and single crystals of
PR1 and PR2 was investigated using optical and confocal laser
microscopy under 375 nm or 445 nm irradiation (Fig. 7a-c and
Fig. S38-S40, ESIf). Upon 375-nm laser irradiation at
28 mW cm 2, Cr.PR1-PBMA expands in width, length, and
thickness by 0.8%, 1.0%, and 7.8%, respectively (Fig. 7a).
Similarly, under 445-nm irradiation at 40 mW cm > the
corresponding expansion values are 0.6%, 0.5%, and 5.7%.
After cessation of irradiation, the film rapidly contracts to its
original dimensions. Comparable photoinduced expansion is
observed for the other PBMA-based films and for the PR1 and
PR2 single crystals. The relative area changes of the top surfaces
of the films and crystals under both wavelengths are summar-
ized in Fig. 7b and c. In all cases, the extent of deformation
follows the trend: PR1 crystal ~ Cr.PR1-PBMA > PR1-PBMA >
A1-PBMA > PR2 crystal. The larger deformation observed
under 375-nm irradiation compared to 445-nm is attributed
to the superior photothermal conversion efficiency of the
anthryl group relative to the ferrocenyl group. Moreover, the
PBMA film containing the pseudorotaxane (PR1) shows greater
deformation than the film containing only the axle molecule

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (a) Optical and confocal micrographs of Cr.PR1-PBMA without and

under 375-nm (28 mW cm™2) or 445-nm (40 mW cm™?) laser irradiation.
Photoinduced relative area change under (b) 375-nm laser and (c) 445-nm
laser irradiation at different laser powers. (d) Photograph and optical micro-
graphs of force output measurement using a p-force analyzer. p-Force
analyzer signal response under (e) 375-nm and (f) 445-nm laser irradiation.

(A1), highlighting the cooperative effect of the pseudorotaxane
structure in enhancing mechanical output. The significantly
enhanced mechanical output of Cr.PR1-PBMA is likely due to
the increased free volume induced by the crown ether compo-
nent, which facilitates greater molecular mobility and contri-
butes to the cooperative effect.

The mechanical forces generated by the PR1 crystal, Cr.PR1-
PBMA film, and PR1-PBMA film on a glass substrate are
measured using a microforce analyzer under focused 445-nm
laser irradiation (Fig. 7d-f and Fig. S42, S43, ESIf). Upon
exposure to 445-nm light at 0.18 W ecm ™2, both the PR1 crystal
and Cr.PR1-PBMA film generate lifting forces of approximately
100 mg. In contrast, the PR1-PBMA film exhibits a lower lifting
force of approximately 40 mg under slightly higher irradiation
intensity (0.23 W cm™?). The sample thicknesses are 51 um for
the crystal, 20 um for Cr.PR1-PBMA, and 21 pm for PR1-PBMA.

The mechanical output of the films and crystals was eval-
uated using a microforce analyzer equipped with a strain gauge
connected to a cantilever, which was placed in contact with the
surface of the PBMA films or a single PR1 crystal oriented on
the (010) plane (Fig. 7d). For PBMA-based films, a double-layer
structure comprising the PBMA film and a transparent cellophane
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tape as a passive layer was employed to ensure stable force
measurement. The generated upward force was recorded under
375-nm or 445-nm laser irradiation at varying power, with the laser
alternately switched on and off (Fig. 7e, f and Fig. S42, S43, ESIT).
The measured force is found to be proportional to the laser power.
Among all samples, the PR1 single crystal produces the highest
mechanical output under both irradiation conditions, which is
attributed to its high density and ordered molecular packing.

Under 375-nm irradiation at 23 mW cm ™2, the PR1 crystal
generates a force of 125 milligram-force (mgf, 1 mgf=9.81 x 10~°
N), corresponding to approximately 67 000 times its own weight.
Under 445-nm irradiation at 236 mW cm ™2, the force reaches
53 mgf, or about 23 000 times its own weight (Fig. S42¢ and d,
ESIt). These values represent the highest mechanical output
reported in our studies to date.*>®" Furthermore, the PR1 crystal
demonstrates excellent reversibility, undergoing repeated expan-
sion and contraction over more than 50 on/off cycles without
significant performance degradation (Fig. S42e, ESIT).

Next, the force outputs of various double-layer PBMA films
and single crystals are compared under 375-nm or 445-nm laser
irradiation (Fig. 7e, f and Fig. S43a, b, ESI{). Under 375-nm
irradiation, the force output follows the order: PR1 crystal >
Cr.PR1-PBMA > PR1-PBMA > A1-PBMA > Cr.PR2-PBMA.
Under 445-nm irradiation, the order is: PR1 crystal > Cr.PR1-
PBMA > Cr.PR2-PBMA =~ PR1-PBMA > A1-PBMA. Among the
PBMA-based films, Cr.PR1-PBMA exhibits the highest mechanical
output under both wavelengths. This performance is attributed to
the photothermal expansion of the embedded microcrystals and
the combined light absorption of the anthryl and ferrocenyl
moieties at 375 nm and 445 nm, respectively. Notably, Cr.PR1-
PBMA, which incorporates DB24C8, generates a significantly
greater force than A1-PBMA, which lacks the crown ether. This
enhancement suggests that the pseudorotaxane structure contri-
butes to efficient deformation by spatially isolating A1 molecules
within the PBMA matrix and promoting cooperative motion.
Repeatability testing on PR1-PBMA under repeated laser on/off
cycling confirms stable and reversible mechanical response over
more than 30 cycles (Fig. S43e, ESIt), supporting its durability for
repeated actuation applications.

Photoinduced bending of the double-layer films was examined
under laser irradiation (Fig. 8a). In this configuration, the crystal-
dispersed active layer expands upon light exposure, while the
attached passive layer restricts three-dimensional expansion,
resulting in two-dimensional deformation and macroscopic bend-
ing of the film. Fig. 8b shows side-view optical microscopy images
of Cr.PR1-PBMA with the passive layer. The film displays a larger
bending displacement of 0.17 mm under 375-nm irradiation
compared to 0.11 mm under 445-nm irradiation.

Time-dependent displacement profiles under repeated on/off
laser cycles are presented in Fig. 8c for various PBMA-based films.
Under 375-nm irradiation, Cr.PR1-PBMA achieves the largest
displacement, reaching a maximum within 5.3 s and returning
to its original position within 4.8 s after irradiation ceases. The
displacement magnitudes follow the order: Cr.PR1-PBMA >
PR1-PBMA > A1-PBMA. In contrast, Cr.PR2-PBMA shows mini-
mal response due to its poor absorption at this wavelength.

17126 | J. Mater. Chem. C, 2025, 13, 17120-17130

View Article Online

Paper

Passive Iaier

Active layer Laseron
> Laser
Side view <«
e ———1
. z 0

Upward bending
(b)

under 375 nm

1 mm 1mm

under 445 nm

1 mm

1 mm

(¢) 02

375 nm on-off
£ 0 ~ 2 Cr.PR1-PBMA
s\ rf rrror
€ . ° o ;.. e ’-‘,PRH’BMA
Soq = JFIv T . ¢
@ o o ? 8 s ° Y 8 °
s o o f . A1-PEMA
- . o o
g ",'-‘ /-i fr' ﬂ:r.PRZ-PBMA

] o - 1

0.0 4 . /

0 20 Tin‘m‘g(s) 60 80
0.2

445 nm on-off
£ CrPR1-PBMA
£ Cr.PR2-PBMA
= PR1-PBMA
£0.1 - r‘ r" r“
£~ . ¢ s 9 A1-PBMA
g o . ® . e
E_ : ° : L4 Py ° : :
]
*®

0.0 L

40 Time (s) 60 80 100
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laser irradiation.

Under 445-nm irradiation, Cr.PR1-PBMA again exhibits the great-
est displacement, with expansion occurring within 2.4 s and
recovery within 3.9 s. Other PBMA-based films also show light-
induced bending, though the magnitude and response speed are
lower compared to Cr.PR1-PBMA.

3. Conclusions

In this study, we have developed a photoresponsive pseudor-
otaxane composed of anthryl and ferrocenyl moieties as axle
components and a crown ether as the ring. The incorporation
of anthryl and ferrocenyl groups increases the internal
free volume of the crystal, facilitating structural deformation,
and enhances UV-vis absorption, enabling activation at both

This journal is © The Royal Society of Chemistry 2025
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375 nm and 445 nm. The single crystal of PR1 exhibits the
highest photoinduced mechanical output among the materials
studied and maintains high performance even when embedded
in a soft PBMA matrix. This crystal-based molecular system
shows rapid responsiveness and excellent stability, making it a
promising photoactuator. These findings provide insights into
the design of photoresponsive materials and offer guiding
principles for the development of next-generation functional
systems. The moldability of the films into various forms further
broadens their application potential. This approach enables the
realization of light-driven, electricity-free devices and energy-
efficient mechanical systems, with potential contributions to
emerging fields such as soft robotics and adaptive materials.

4. Experimental section

4.1. Materials and general methods

PR2 was synthesized according to a previously reported procedure.*’
Poly(n-butyl methacrylate) (PBMA; number-average molecular
weight = 337000 g mol ", intrinsic viscosity = 0.47-0.56 dL g~ "),
sodium acetate (CH;COONa) and dibenzo[24]crown-8 (DB24C8)
were purchased from Sigma-Aldrich. n-Butyllithium (n-BuLi),
hydroxylamine hydrochloride, 3 A molecular sieves, ferrocene-
carboxaldehyde, and N,N,N’,N'-tetramethylethylenediamine
(TMEDA) were obtained from Thermo Scientific. Hydrochloric
acid aqueous solution (37 wt%) was purchased from Honeywell.
2-Bromoanthracene and ammonium hexafluorophosphate
(NH4PFs) were purchased from Combi. Sodium borohydride
(NaBH,) and lithium aluminum hydride (LiAlH,) were pur-
chased from Alfa Aesar. Anhydrous methanol, ethanol, and
tetrahydrofuran (THF) were purchased from Sigma-Aldrich in
Sure/Seal containers and stored under nitrogen atmosphere.
Samples were purified by medium-pressure liquid chromato-
graphy (NextGen 300+, EZ Prep), flash column chromatography,
solvent flushing, and bi-solvent recrystallization.

"H NMR spectra were recorded on a Bruker Avance 500 MHz
spectrometer. Chemical shifts were referenced to acetone (6 =
2.05 ppm), acetonitrile (6 = 1.93 ppm), or CDCl; (0 = 7.26 ppm).
High-resolution (HR) field-desorption (FD) mass spectrometry
(MS) was carried out using a JEOL JMS-T200GC AccuTOF GCx
instrument. Anion detection was performed by HPLC/MS-MS,
using a VARIAN system (ProStar 210 Solvent Delivery Module,
ProStar 410 AutoSampler, ProStar 335 Photodiode Array Detec-
tor) coupled with a VARIAN 901-MS (FT-ICR mass spectrometer).
UV-vis absorption spectra were recorded using a JASCO V-630
spectrophotometer. Fluorescence spectra were measured using
a JASCO FP-8500 spectrofluorometer.

4.2. Synthesis of ferrocene carbaldehyde oxime

Ferrocenecarboxaldehyde (1.00 g, 4.67 mmol, 1.0 eq.) was
dissolved in ethanol (70 mL) in a 250 mL Schlenk tube. Sodium
acetate (CH;COONa, 1.95 g, 16.3 mmol, 3.5 eq.) was dissolved in
water and slowly added to the Schlenk tube. After the mixture was
thoroughly combined, hydroxylamine hydrochloride (650 mg,
9.34 mmol, 2.0 eq.) was added gradually. The resulting mixture
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was stirred at 50 °C for 4 h. Upon cooling to room temperature,
the reaction mixture was quenched with water, and completion of
quenching was confirmed using pH test paper. The mixture was
extracted three times with CH,Cl,. The combined organic layers
were dried over anhydrous MgSO,, filtered, and the solvent was
removed under reduced pressure using a rotary evaporator. The
crude product, ferrocene carbaldehyde oxime, was obtained as a
dark red solid (1.20 g, 4.40 mmol, 94% yield). Due to minimal
byproduct formation, further purification was not required. Thin-
layer chromatography using a 9:1 mixture of CH,Cl, and ethyl
acetate as the eluent showed two distinct spots (R; = 0.33 and
0.50), attributed to the presence of stereoisomers. "H NMR (500
MHz, CDCl;): 6 7.94 (s, 1H, CH—=N), 4.49-4.50 (m, 2H, Cp), 4.32—
4.35 (m, 2H, Cp), 4.18-4.19 (m, 5H, Cp).

4.3. Synthesis of ferrocene methylamine

LiAlH, (1.00 g, 26.4 mmol, 6.0 eq.) was placed in a double-neck
round-bottom flask under a nitrogen atmosphere. Ferrocene car-
baldehyde oxime (1.20 g, 4.40 mmol, 1.0 eq.) was dissolved in dry
THF (60 mL) and slowly added to the flask. The reaction mixture
was stirred and refluxed at 70 °C for 5 h. After cooling to room
temperature, the reaction was quenched with water under an ice
bath to control exothermicity. The resulting lithium salts were
removed by suction filtration. The aqueous phase was extracted
three times with CH,Cl,. The combined organic layers were dried
over anhydrous MgSO,, filtered, and the solvent was removed under
reduced pressure using a rotary evaporator. Ferrocenemethyl-
amine was obtained as a dark orange oil (832 mg, 3.87 mmol,
88% yield). "H NMR (500 MHz, CDCL): 6 3.53 (s, 2H, CH,), 4.09-
4.10 (m, 2H, Cp), 4.12 (m, 5H, Cp), 4.14-4.15 (m, 2H, Cp).

4.4. Synthesis of anthracene-2-carbaldehyde

In a Schlenk tube, 2-bromoanthracene (1.00 g, 3.89 mmol, 1.0 eq.)
was dissolved in diethyl ether (40 mL) and sonicated for 3 min.
TMEDA (2.71 g, 23.3 mmol, 6.0 eq.) was then added, and the
mixture was cooled to —70 °C for 3 min. #-BuLi (1.99 g, 31.1 mmol,
8.0 eq.) was added dropwise under stirring. After the addition of n-
BulLi, the reaction mixture was allowed to warm to room tempera-
ture and stirred for 2 h. The flask was then cooled in an ice bath,
and DMF (5.69 g, 77.8 mmol, 20.0 eq.) was added dropwise.
Stirring continued for an additional 5 h at room temperature.
Upon completion, the reaction was quenched with hydrochloric
acid solution, and complete quenching was confirmed using pH
test paper. The mixture was extracted three times with CH,Cl,. The
combined organic layers were dried over anhydrous MgSO,,
filtered, and concentrated under reduced pressure. The crude
product was purified by silica gel column chromatography
(hexane: CH,Cl, = 1:1) to afford anthracene-2-carbaldehyde as
a yellow powder (352 mg, 1.70 mmol, 44% yield). '"H NMR
(500 MHz, CDCL,): d 7.52-7.57 (m, 2H), 7.88-7.90 (d, 1H, J = 9 Hz),
8.02-8.04 (d, 1H, J = 9 Hz), 8.05-8.06 (d, 2H, J = 9 Hz), 8.45 (s, 1H),
8.49 (s, 1H), 8.61 (s, 1H), 10.17 (s, 1H, CHO).

4.5. Synthesis of A1

Ferrocenemethylamine (832 mg, 3.87 mmol, 2.5 eq.) and
anthracene-2-carbaldehyde (319 mg, 1.55 mmol, 1.0 eq.) were
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dissolved in a 1:1 mixture of THF and ethanol (100 mL), and
3 A molecular sieves were added. The reaction mixture was
stirred at 50 °C for 48 h. After the reaction, the molecular sieves
were removed by suction filtration. The filtrate was extracted
three times with CH,Cl,. The combined organic layers were
dried over anhydrous MgSO,, filtered, and concentrated under
reduced pressure to yield a mixture of ferrocenemethylamine
and the imine intermediate. This mixture was dissolved in
methanol (62 mL), and NaBH, (935 mg, 24.8 mmol, 16 eq.)
was slowly added. The reaction was stirred at room temperature
for 7 h. Then, 6 N hydrochloric acid (3.8 mL, 6.0 eq.) was added
dropwise and stirring continued for 1 h at room temperature.
The reaction was quenched with water and extracted three
times with CH,Cl,. The resulting aqueous layer contained
protonated ferrocenemethylamine, while the organic layer con-
tained ferrocenyl-anthryl ammonium chloride. The organic
layer was dried over MgSO, and the solvent was removed under
reduced pressure to afford [ferrocenyl-anthryl ammonium]"Cl~
as a crude product (358 mg, 0.81 mmol, 52.4%). The crude
[ferrocenyl-anthryl ammonium]'Cl~ was dissolved in acetone
(40 mL), and NH,PF, (579 mg, 4.05 mmol, 5 eq.) was added.
The mixture was stirred at room temperature for 2 h and
extracted three times with CH,Cl,. The combined organic layers
were dried over MgSO, and concentrated under reduced pres-
sure. The resulting residue was washed with diethyl ether
(15 mL) and toluene (3 mL) to yield A1 as a brown powder
(209 mg, 0.38 mmol, 47%). "H NMR (500 MHz, CD;CN): 6 3.99
(s, 2H, CH,), 4.19 (s, 5H, Cp), 4.23-4.24 (s, 2H, Cp), 4.25 (s, 2H,
CH,), 4.36-4.37 (m, 2H, Cp), 7.48-7.50 (d, 1H, J = 9 Hz), 7.52-
7.55 (m, 2H), 8.06-8.11 (m, 4H), 8.54 (s, 2H). HRMS (FD): caled
for C,cH,,FeN [M]": 406.1252, found: m/z 406.1249 (error
0.74 ppm). HRMS (ESI): calcd for PFs~ [M] : 144.9642, found:
m/z 144.9642 (error 0.07 ppm).

4.6. Synthesis of PR1

A1 (50.0 mg, 0.0907 mmol, 1.0 eq.) and DB24C8 (48.8 mg,
0.1088 mmol, 1.2 eq.) were dissolved in acetone : CH,Cl, (2 mL,
51:49 v/v) and stirred at room temperature for 4 h. After basic
filtration to remove insoluble impurities, the resulting solution
was transferred to a small vial and placed inside a larger
container filled with diethyl ether for vapor diffusion recrystalli-
zation over 2 days. Yellow single crystals of PR1 were obtained.
'H NMR (500 MHz, CD,CN): § = 3.63-3.65 (m, 8H, OCH,), 3.77-
3.79 (m, 8H, OCHy,), 3.97 (s, 2H, CH,), 4.12-4.15 (m, 8H, OCH),),
4.20-4.21 (s, 5H, Cp), 4.29 (s, 2H, CH,), 4.31 (s, 2H, CH,), 4.40 (s,
2H, Cp), 6.93-6.99 (m, 8H, aromatic H), 7.46-7.48 (d, 1H, J = 9 Hz,
aromatic H), 7.53-7.56 (m, 2H, aromatic H), 8.07-8.14 (m, 4H,
aromatic H), 8.56 (s, 2H, aromatic H). HRMS (FD): calcd for
Ca6H,4FeN [M]': 406.1252, found: m/z 406.1249 (error 0.74 ppm).

4.7. Single-crystal X-ray crystallography

Single-crystal X-ray crystallography of the PR1 was carried out
using Rigaku XtaLAB Synergy-DW system. The crystallographic
data of PR1, PR2 and A1l have been deposited with the CCDC
under deposition number CCDC 2452984, 1500708 and
2142250.
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4.8. Film preparation and characterization

Single crystals of PR1 were ground and dispersed in 300 pL of a
PBMA solution in diethyl ether. The concentration of PR1 in
PBMA was adjusted to 7 mol% (34.8 wt%), as summarized in
Table S7 (ESIT). The dispersion was cast onto a PTFE film placed
on a glass slide and allowed to dry. The resulting film was
sandwiched between another PTFE film and a 70 um spacer,
followed by hot pressing at 50 °C. After molding, the film was
peeled off, cut into 1 x 1 mm? pieces, and designated as Cr.PR1-
PBMA. A PBMA film containing crystalline PR2 (Cr.PR2-PBMA)
was also prepared using the same procedure. Additionally, a
film referred to as PR1-PBMA was fabricated by casting a
cosolvent mixture of chloroform and acetone containing Al,
DB24C8, and PBMA in a molar ratio of 7:7:86 (19:16: 65 wt%).

XRD measurements of the PBMA films were carried out
using a powder X-ray diffractometer (D2 Phaser; Bruker, Karls-
ruhe, Germany) with Cu-Kx« radiation (4 = 1.5406 A), operated at
30 kv and 10 mA. SEM was conducted using a Hitachi SU8010
to investigate the surface morphology of the films. Elemental
composition and mapping were obtained using an energy-
dispersive X-ray spectroscopy (EDS) system (Oxford Instru-
ments X-MaxN 6857) coupled to the SEM, operated at an
accelerating voltage of 15 kV. Dynamic mechanical analysis
(DMA) was performed using a DMA Q800 instrument (TA
Instruments) to evaluate the viscoelastic properties of the films.

4.9. Photoirradiation experiments

Photoinduced mechanical motions of crystals and free-standing
PBMA films were observed using an optical microscope (Olympus
BX51) equipped with a temperature-controlled stage (HCS302-
mk100U and HCS302 heating/cooling unit) and a CCD camera
(DFK 51AU02). Continuous-wave diode-pumped solid-state lasers
emitting at 445 nm (TAN-YU, LSR445FP-1W) and 375 nm (MDL-
D-375-800 mW) were used as the irradiation sources. The laser
light was delivered via a multi-optical fiber cable and collimated
using an SMA 905 collimator (for the 445 nm laser) or an FC/PC
collimator (for the 375 nm laser). Laser power was adjusted by
controlling the current from the respective controllers and mea-
sured using a power meter (Ophir, Nova II, P/N 7Z01550). Side-
view images and videos of deformation behavior were captured
using a Lumenera INFINITY 1-3C digital camera and analyzed
with INFINITY ANALYZE software.

Deformation analysis was performed using Image] software.
The height change was analyzed using a Python program built
with OpenCV (cv2) and NumPy. Each video frame was pro-
cessed individually. Every frame was first converted to grayscale
(using cv2.cvtColor), then binarized into black and white using
a fixed threshold (cv2.threshold). To reduce noise and make the
shapes clearer, morphological operations (cv2.morphologyEx
and cv2.dilate) were applied. A specific region in the image (i.e.,
the actuator position) was selected, and the highest white pixel
in that area was found using np.argmax. The movement was
calculated by comparing this highest point to the one in the
first frame (first_highest_position-highest_position), and the
value was converted to millimeters using a known scale factor.
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The dimensions of crystals and films were measured with a
confocal laser microscope (Keyence VK9500) using a 10X
objective lens. Photoinduced mechanical force was measured
using the same microscope system equipped with a microforce
detector module (CHIEF SI, p-force) operated via Bridge DAQ
software. The force detection module consisted of a cantilever
with strain gauges mounted on both sides to detect small
forces. All measurements were conducted on a vibration-
isolated optical table to minimize external disturbances. Ther-
mal imaging under photoirradiation was carried out using an
infrared thermal imaging camera (UTI-260B).
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