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Development of a magnetic hybrid material capable of
photoinduced phase separation of iron chloride by shape
memory and photolithography

In this study, shape memory polymers and photodegradable
iron complexes are used to control the phase separation

of iron chloride. Iron chloride can partly be ordered and
improve magnetic susceptibility.
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Magnetic material ordering is indispensable for improvement of magnetic susceptibility in limited polymer
matrix space. In this study, a polymer matrix is designed to orient FeCl, . As a result of this design, magnetic
properties are observed in the hybrid material. However, partial control of magnetic susceptibility is important
for practical applications of magnetic polymer materials. Here, FeCls was partially ordered using a
photodegradable Fe complex and a polymer having shape memory properties, in which uniaxial orientation of
polymer segments causes a temporary shape. Although FeCls was phase-separated from polymethyl
methacrylate (PMMA), the complex composed of tetrabutylphosphonium cations and FeCl,~ anions
(TBP[FeCly]) was uniformly dispersed in the PMMA matrix and produced FeCls by photodegradation.
Interestingly, FeCls produced by photoreaction was ordered during shape recovery, from a temporary shape,
due to phase separation of Fe oxide from the polymer matrix. Furthermore, UV light was partially irradiated on
the sample using a photomask, to partially order the iron oxide. Hybrid samples of ordered FeCls exhibited a
1.6 um-interval striped pattern. These samples exhibited three times the magnetic susceptibility of disordered
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FeCls. This study makes contributions to the development of hybrid materials, incorporating inorganic materials

rsc.li/materials-c into polymer matrix structures, thereby enhancing their properties, and utility.

Introduction

Polymers with magnetic properties exhibit flexibility and processa-
bility, unlike inorganic magnetic materials." They have immense
utility in magnetic storage media,”” biomedical applications,®™"
and separation functions.'>'?® Various strategies to incorporate
magnetic properties into polymers, including addition of ferromag-
netic nanoparticles,"*™® and introduction of magnetic ionic liquid"”
into polymer side chains, have been proposed. Problems regarding
phase separation, and structural uniformity of nanoparticles in the
polymer matrix,"*?° exist in the former, while the latter has limited
practical applications due to its complicated synthetic methodology.
However, magnetic ionic liquids (MILs) can be incorporated into
versatile polymers by a simple process.”’**
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[C4min][FeCl,] was discovered as the first MIL by Hayashi
et al.* In this material, the magnetic properties originate from
anionic tetrahedral Fe halide complexes. Subsequently, various
metal halides, such as CoCl,, MgCl,, and GdCl;, have been
analysed to fine-tune the magnetic properties of MILs.>*™®
These ionic liquids exhibit wuniform paramagnetic
behaviour®®>? and their incorporation into general-purpose
polymers produces transparent and paramagnetic hybrid poly-
mers. This limitation is overcome by Fe-halogen complex
ordering. Recent studies report improved magnetic suscepti-
bility in magnetic polymers, due to Fe halide anion ordering by
arrangement and self-assembly.>’ ' Yu et al. demonstrated
superparamagnetic properties in oriented FeCl, .** This prop-
erty is derived from coupling of adjacent ordered Fe-halogen
complexes using their spins. Partially tuning the magnetic
susceptibility, rather than changing the magnetic susceptibility
of the entire material, could enhance utility in magnetic storage
media.**™’

The order of nanoparticles and polymer crystals in a poly-
mer matrix is controlled by shape memory polymers
(SMPs).>¥** SMPs are an emerging class of intelligent materials
that deform temporarily and change shape, but recover their
original shape under environmental stimuli, such as heat,*>*?
light,**** and an electric field.***” When SMPs are uniaxially
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Fig. 1 Schematic representation of PMMA hybrid films with ordered
FeCls, formed by combination of shape memory and a photodecomposi-
tion reaction.

stretched, the polymer segments are oriented, and this orienta-
tion is maintained by lowering the temperature, while main-
taining constant stress. The orientation of this segment can
maintain the orientation of the polymer crystals or the disper-
sion interval of the nanoparticles, in the polymer matrix.
Therefore, SMPs containing MILs induce the ordering of the
Fe ionic liquid when the SMP is uniaxially oriented.

In this work, Fe oxide was partially ordered by combining
orientation properties of SMPs, with UV photodecomposition of
the tetrabutylphosphonium cation and FeCl,” complex
(TBP[FeCl,]) (Fig. 1). Previous publications report improvement
of toughness and shape memory properties of titania-
crosslinked PMMA-based hybrid network polymers on addition
of tetrabutylphosphonium chloride (TBPC).***° Quaternary
phosphonium cations form complexes with various transition
metal chlorides. Addition of Fe chloride to the PMMA/titania/
TBPC system yielded a highly dispersed hybrid polymer with
FeCl, . In this study, decomposition of quaternary phospho-
nium by UV irradiation, in the presence of TBP[FeCl,] was
carried out. This generated FeCl; in the polymer matrix. The
FeCl; underwent phase separation during shape recovery.
Surprisingly, phase separation was ordered, and recorded as a
striped pattern in the direction of extension, and perpendicular
to it. Similar Fe oxide ordering was partially carried out using a
photomask. FeCl; order was observed as a 1.6 um-interval
striped pattern by magnetic force microscopy (MFM).
TBP[FeCl,] decomposition by UV irradiation was analysed
by UV-vis spectrometry, electron spin resonance (ESR),
Fourier transform infrared spectroscopy (FTIR), and X-ray
photoelectron spectroscopy (XPS). Magnetic properties of the
FeCl;-oriented hybrid materials were investigated by using a
superconducting quantum interference device (SQUID).
Ordered Fe oxide exhibited approximately twice the magnetic
susceptibility of disordered FeCl;.

Experimental
Materials

Methyl methacrylate (MMA), 3-(trimethoxysilyl) propyl metha-
crylate (MSi), 2,2-azobisisobutyronitrile (AIBN), and tetrabutyl-
phosphonium chloride (TBPC) were purchased from Tokyo
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Chemical Industry Co. Ltd. Methanol, tetrahydrofuran (THF),
N,N-dimethylformamide (DMF), hydrochloric acid (HCI),
iron(m) chloride hexahydrate, cobalt(u) chloride hexahydrate,
copper(u) chloride dihydrate, and zinc chloride were purchased
from Kanto Chemical Co. Inc. Titanium isopropoxide (TiOPr)
was purchased from Nippon Soda Co. Ltd.

Synthesis of Poly (MMA-co-MSi)

Poly(MMA-co-MSi) was synthesised according to a previous
study.*® Briefly, distilled MMA (17.73 g, 177.09 mmol), MSi
(2.27 g, 9.307 mmol) (molar ratio MMA:MSi = 95:5), and
0.5 mol% AIBN (0.153 g, 0.932 mmol) were mixed in 60 mL
of dehydrated DMF. The mixture was freeze-thawed to remove
oxygen from the system and allowed to react for 4.5 h at 70 °C,
followed by cooling to room temperature and addition of THF
(30 mL). Precipitation purification was carried out twice with
800 mL of methanol. Precipitates were vacuum dried at room
temperature for 24 h to obtain poly (MMA-co-MSi) (yield:
79.4%), and its THF gel permeation chromatography (GPC)
analysis indicated a number average molecular weight (M,,) of
45000 g mol™ " and M,,/M,, of 1.68.

Preparation of FeCl; composite hybrid films

Hybrid films were prepared according to a previous
publication.*®*® Poly(MMA-co-MSi) was dissolved in 80 mL of
THF and added dropwise to a TiOPr (15 wt% based on the
copolymer), TBPC (40 wt% based on the copolymer), and FeCl;
(0, 5, 10 and 15 wt% based on the copolymer) solution.
Subsequently, 25 pL of 1.0 M HCI was added dropwise to the
mixture and stirred at 20 °C for 15 min. The solution was cast in
a Petri dish and allowed to stand for 2 d at 25 °C, followed by
100 °C heat treatment for 90 min, in an Ar atmosphere, forming
a hybrid film. Hybrid films were labelled Ti15TB40,
Ti15TB40Fe5, Ti15TB40Fe10, and Ti15TB40Fel5, based on
amount of FeCl; added. Films containing 40 wt% TBPC and
5 wt% FeCl; without TiOPr and hybrid films containing 15 wt%
TiOPr and FeCl;, without TBPC-labelled TiOTB40Fe5 and
Ti15TBOFe5, respectively, were prepared using the method
described, as control samples.

Preparation of oriented FeCl; composite hybrid films

Ti15TB40Fe5 was stretched up to 20% strain at 110 °C, and
exposed to UV irradiation for 3 h. Subsequently, the external
force was removed, producing oriented FeCl; composite hybrid
films. Ti15TB40Fe5 films that were unprocessed, and treated
with UV irradiation, and a shape memory process were labelled
untreated, after UV, and structure samples, respectively.

Characterisation

Tensile tests of hybrid films were carried out with a testing
speed of 30 mm min ", using an IM-20 (INTESCO Inc.). M;, and
M, /M,, of the copolymers were determined using an HLC-8220
GPC (Tosoh Co.) that was operated at 40 °C. The infrared (IR)
spectra of the hybrid films were recorded on an FT/IR-6600
(JASCO Co.). Optical properties of the hybrid films were
measured at room temperature with a scanning speed of

This journal is © The Royal Society of Chemistry 2022
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400 nm min~"', using a UV-visible-near-infrared spectrophot-
ometer V-670 (JASCO Corporation). Dynamic thermomechani-
cal analysis (DMA) was performed using a DMS 6100 (Hitachi
high technologies). Glass transition temperatures (T,), and
storage modulus values (E') of the hybrid films were measured
in tension mode, with 1 Hz frequency, at a temperature range of
10-200 °C, a heating rate of 5 °C min~ ", and a nitrogen flow rate
of 200 mL min~'. Shape memory tests were carried out in
stress-controlled thin film tension mode, with a 5 °C min ™"
heating and cooling rate, and a 200 mL min~ " nitrogen flow
rate. The nanoparticle elemental composition was analysed by
monoatomic etching for Ar" ion energies, with 2 keV, using an
Ar gas cluster ion beam, by XPS (ULVAC-PHI PHI 5000 VersaP-
robe III). An Ar ion gun was used for etching. Atomic force
microscopy (AFM) and MFM were carried out using a NanoS-
copeV/Dimension Icon (Bruker AXS). The ESR spectra were
recorded at —150 °C, using an X-band frequency of 9.23 GHz,
by JES-RE2X (JEOL). The g value, representing an electron
orbital state specific to a substance, was calculated by the
following formula:

g = hviBH,

where 7 is Planck’s constant, v is microwave frequency, f is
Bohr magneton, and H, is magnetic field. Magnetisation mea-
surements were performed using an MPMS5 (Quantum Design
Japan, Inc.).

Results

Characterization of TBP[FeCl,]-containing hybrid films

Hybrid films, containing 40 wt% TBPC, 15 wt% TiOPr, and 5,
10, and 15 wt% FeCl;, based on polymer weight, were fabri-
cated to investigate the mechanical, thermodynamic, and
shape memory properties on addition of FeCl; to PMMA/
titania/TBPC. TG measurements were conducted to investigate
the parenchymal content of titania in a previous study;*® the
Ti15TB40 sample contains approximately 10 wt% titania.
Hybrid films containing 40 wt% TBPC, without FeCl; and those
containing 15 wt% FeCl;, without TBPC were prepared as
samples for comparison. Fig. 1(a) shows photographs of hybrid
films. The matrix containing TBPC exhibited high transpar-
ency, even on addition of 15 wt% FeCl;, whereas the sample
without TBPC exhibited low transparency, due to phase separa-
tion of FeCl;. This indicated that TBPC aided compatibility of
the FeCl; with the PMMA matrix. FeCl; was limited to 15 wt%,
based on mass of PMMA, because addition of excess Fe caused
ionic liquid leakage from PMMA, due to inhibition of weak
TBPC carbonyl-PMMA bonds by strong FeCl; coordination.
Fig. 2(b) shows stress-strain curves of the hybrid films. Fracture
strain and stress of the hybrid materials did not exhibit
significant variation with change in amount of FeCl;. Hybrid
film elongation was maximum for 5 wt% FeCl;. The fracture
energy of Ti15TB40Fe5 (1480.0 k] m™?) was approximately four
times greater than the fracture energy of Til15TB40Fel5
(375.8 k] m™?). Ti0OTB40Fe5, without titania, had low Young’s

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Images of hybrid co-PMMA/titania films: Ti15TB40, Til5TBOFe5,
TiOTB40Fe5, Til5TB40Fe5, Til5TB40Fel0, and Til5TB40Fel5. (b) Stress—
strain curves for co-PMMA hybrid films containing TBPC: Ti15TB40 (black
line), Til5TB40Fe5 (red line), Til5TB40FelO (blue line), Til5TB40Fel5
(green line), and TiOTB40Fe5 (orange line). (c) DMA curves of hybrid films:
Til5TB40 (black line), Til5TB40Fe5 (red line), and TiOTB40Fe5 (orange
line).

modulus, breakthrough strength, and elongation, compared to
hybrid films containing titania. Fig. 2(b) shows E’ and tand
curves for hybrid films, without titania, without iron, and
containing both (Ti0OTB40Fe5, Ti15TB40Fe0, and Ti15TB40Fe5),
at different temperatures. In the high-temperature region, E’
exhibited a plateau for all films, due to a 3D network structure
introduced by titania, with E’' values in the plateau region
independent of FeCl;. The PMMA matrix behaved as an ideal
chain in this region, and E’ values were correlated with cross-
link density. E’ values of titania-free samples were lower than
the E’ of titania-containing samples. Table S1 (ESIf) sum-
marises the tensile (Young’s) modulus, tensile strength, brake
energy, storage E' at 25 °C, and T, values of the hybrid films.
Addition of FeCl; did not affect the T, values of the hybrid films
from the peak of tan J. An increase in TiOPr content increased
the T, values of the hybrid polymers, due to increase in the
crosslink density. The TiOPr content was fixed at 15 wt% to
minimise the effect of heat generated during UV irradiation
on the hybrid films. Ti15TB40Fe5 was analysed using
DMA and tensile tests. Ti15TB40Fe5, containing 5 wt% FeCls,
was used, because Fe-containing hybrid films with higher
amounts of FeCl; were brittle, and unsuitable for reproducible
experiments.
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Morphology and magnetic properties of ordered FeCl; in
hybrid polymers

Fig. 3(a) depicts the process for verifying Fe order. Shape
memory characteristics of Ti15TB40Fe5 were evaluated using
DMA (Fig. S1, ESIT). Shape fixing rate (Rf (96%)), shape recovery
rate (Rr (92%)), maximum deformation rate (20%), and max-
imum stress (200 KPa), are summarized in Table S2 (ESIT).
Shape memory processes for hybrid films were performed with
20% strain, and 200 KPa stress, with process details provided in
the Supplementary Information (Fig. S2, ESIT). The UV irradia-
tion process was completed in 1 h. Photographs of each
execution process are shown in the ESI{, and photographs of
the film during each process are shown in Fig. 3(b). The UV-
irradiated sample turned brown, as shown in Fig. 3(b(ii)).
However, only samples subjected to a shape memory process,
as shown in Fig. 3(b(iii)), did not exhibit any change in state
compared to the untreated samples (Fig. 3(b(i))). Thus, degra-
dation of the TBP[FeCl,] complex occurred only by UV irradia-
tion, and not by heating. Films exposed to both UV irradiation,
and a shape memory process, Fig. 3(b(iv)), turned brown, with
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Fig. 3 (a) Preparation of FeClz-oriented hybrid films. Roman numerals
represent different states of Til5TB40Fe5: (i) Initial shape, (i) after UV
irradiation and 110 °C heating process, (iii) after shape memory process,
and (iv) after UV irradiation and shape memory process. (b) Photographs of
Til5TB40Fe5 after each process and state, with (iv) expanded to show a
photograph of transmitted light. (c) Microscope images of Til5TB40Fe5
after each process. The white bar represents 50 uM. (d) Photographs of
transmitted light and microscope image in the executed state of (iv),
prepared by a photomask. The white bar represents 50 puM.
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colour being exhibited depending on the transmitted light. The
morphology was investigated using a polarising microscope.
Polarising microscope photographs of hybrid films are shown
in Fig. 3(c). Only the film combining the shape memory process
and UV irradiation exhibited a striped pattern. It was confirmed
that the striped pattern was perpendicular to the distortion
direction, indicated by black arrows in the figures. The distance
between stripes was approximately 5 pm, and this striped
pattern could be partially expressed using a photomask
(Fig. 3(d)). The pattern exhibited sufficient resolution in the
microscopic scale, without propagating. Thus, both light irra-
diation and the shape memory process were essential for
streaks. Subsequently, to evaluate the structure and magnetic
properties of the TBP[FeCl,] decomposition product, AFM and
MFM of the films exposed to UV irradiation (after UV samples),
and those exposed to both UV irradiation and a shape memory
process (structure samples), were measured. The striped pat-
tern, observed by using a polarising microscope, could not be
confirmed in both samples by AFM (Fig. 4(a) and (b)). A
contrast of magnetic force could be confirmed by the shape
having the striped pattern, under the condition of structure, in
MFM. The MFM intensity profile indicated an average interval
of 1.6 um in the structure sample (Fig. S3(a) and (b), ESIT).

(a) (b)
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Field (kOe)
Fig. 4 AFM images of each state of Til5TB40Fe5: (a) after UV irradiation,
and (b) after UV irradiation and the shape memory process. MFM images of
each state of Til5TB40Fe5: (c) after UV irradiation, and (d) after UV
irradiation and the shape memory process. (e) SQUID magnetometer
measurements of Til5TB40Fe5 after UV irradiation (green plot) and struc-
ture (blue plot).
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Thus, the striped pattern, observed by the polarising micro-
scope, was not caused by cracks in the polymer matrix, but by a
decomposition product of TBP[FeCl,]. To evaluate the struc-
tural effect of FeCl; on the magnetic susceptibility of the films,
SQUID measurements were conducted on the after UV and
structure samples. Both hybrid films exhibited paramagnetic
behaviour, with magnetic susceptibility of 0.25 emu/Fe(g) and
0.85 emu/Fe(g), for the only UV process hybrid films and UV
and shape memory process hybrid films, respectively, under
50 kOe external magnetic field. The magnetic susceptibility
difference was more than three times, indicating the influence
of FeCl; orientation on magnetic susceptibility.

Analysis of UV reaction products

UV reaction of TBP[FeCl,] was investigated using UV-vis, IR,
EDX, and XPS measurements. UV-vis measurements are shown
in Fig. 5(a). Comparing untreated samples and Fe-free samples,
absorption of TBP[FeCl,] in Fe-containing samples was con-
firmed near 450 nm. Additionally, absorption around 450 nm
was confirmed on films after the shape memory process,
indicating no TBP[FeCl,] decomposition due to the shape
memory process at 105 °C. However, absorption around
450 nm was not confirmed in the after UV samples and
structure samples, indicating TBP[FeCl,] decomposition by
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Fig. 5 (a) UV-vis spectra before (solid line) and after (dotted line) UV
irradiation, for Til5TB40 and Til5TB40Fe5. Til5TB40 (black line),
Til5TB40Fe5 (red line), and Til5TB40Fe5 with UV irradiation and shape
memory processes (blue plot). (b) FTIR spectra of Til5TB40Fe5: untreated
(red line), after UV irradiation (red plot), and structure (blue line). (c) ESR
spectra of Til5TB40Fe5: untreated (black line), after 5 min UV irradiation
(green line), after 1 day UV irradiation (blue line), and structure (red line).
(d) XPS spectra of Fe2p for Til5TBOFe5 and Til5TB40Fe5: Til5TBOFe5
untreated (orange line), Ti15TB40Fe5 untreated (black line), Til5TB40Fe5
after UV irradiation (blue line), and Ti15TB40Fe5 structure (green line).
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UV irradiation. Absorption at approximately 450 nm is specific
to TBP[FeCl,]. The visible light transmittance of the structure
samples was much lower than that of the after UV samples.
This could be attributed to visible light scattering by the striped
pattern, confirmed by a modified microscope, causing struc-
tural colour. IR spectral peaks at 2873 and 2932 cm ' in
untreated films, derived from CH of TBPC, disappeared in
the after UV samples and structure sample films (Fig. 5(b)),
indicating TBPC decomposition by UV irradiation. EDX mea-
surements confirmed the state of Fe associated with TBPC
decomposition (Fig. 5(c)). In the after UV samples, after one
day, a peak (g) derived from Fe®" was observed, which
decreased after ten min. This indicated reduction of the Fe
ion coordinated to the P cation, which could not be detected by
ESR. The XPS spectra of Fe 2p of Til5TBOFe5 untreated
samples, after UV samples, and structure samples, are shown
in Fig. 5(d). Ti15TBOFe5 untreated samples exhibited a broad
peak at 710 eV, indicating the presence of Fe® and Fe**. On the
other hand, the after UV samples and structure samples
exhibited a peak at 707 eV, derived from Fe’. Thus, Fe*" was
reduced to Fe° by UV irradiation. The XPS spectra of P 2p and Cl
2p are shown in Fig. S4 (ESIt). The Cl 2p peak did not exhibit
any significant difference. In the P 2p peak, the peak at 132 eV
was shifted to 134 eV, by UV irradiation. This indicated that UV
irradiation oxidised the P atom of TBPC to produce P—0. Thus,
Fe*" was reduced to various valencies by oxidising P atoms, by
UV irradiation, and subsequently oxidised to Fe*" over time,
with the Fe® state remaining partially unconverted.

Discussion

The titania/TBPC/PMMA hybrid system exhibited transparency
and shape memory performance even after FeCl; addition.
Transparency is a useful parameter to assess the dispersibility
of titania, which correlates with the binding force between
titania and the polymer side chains in this TBPC hybrid
system.*® For example, when the interaction between titania
and the polymer side chain is weak, the transparency decreases
and the film appears hazy. In the present system, the covalent
bonding of the silane group to titania led to the high disper-
sibility of the latter, resulting in films with good transparency.
Moreover, titania was used to adjust the Young’s modulus at
room temperature and to improve the E’ value in the plateau
region, which is vital for shape recovery. Lower E’ values were
observed in the plateau region of the sample without titania
(Fig. 1(d)). The E’ value in this region correlates with the
crosslink density because the polymer behaves as an ideal
chain.*®*° The decrease in the crosslink density can be attrib-
uted to the reduced accessibility of the silyl group owing to the
swelling of TBPC. Therefore, in this sol-gel reaction, the cross-
link density of the swollen matrix can be adjusted by adding
Ti(OPr),. In contrast, titania was not involved in the photoreac-
tion of FeCl;. FeCl; structuring was observed even in samples
without titania. The addition of 10% excess FeCl; reduced the
mechanical strength of the hybrid system. This could be due to
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loss in ability of the TBPC’s to block hydrogen bonds by FeCl;
addition. In a previous study, TBPC was reported to improve the
PMMA matrix toughness by blocking hydrogen bonds between
PMMA side chain carbonyl groups, and titania. Xie et al., and
Estager et al. reported loss of FeCl, hydrogen bonding ability,
produced by reaction of TBPC and FeCl;. This loss was due to
the nephelauxetic effect.’®>' Here, the amount of FeCl; added
was limited, considering the decrease in polymer matrix tough-
ness, by the decrease in hydrogen bond shielding of TBPC, due
to increase in precursor FeCl, .

FeCl; was partially oriented perpendicular to the elongation
direction, using optical lithographic techniques, with an angle
of orientation related to the polymer uniaxial orientation in the
primary shape state. In the sample without a shape memory
process, the structure could not be confirmed with a micro-
scope, or MFM, even after heating to T, after UV irradiation.
The controls and detailed mechanisms of ordering are cur-
rently under investigation, with polymer flow and the morpho-
logical state of the initial complex being essential factors. Here,
the phase separation interval of FeCl; was 1.6 pum. This implies
that control of the orientation interval requires improvement,
because other phase separation methods produce nanoscale
intervals.>®”>* However, partial orientation is a major advantage
of this method and inducing such partial phase separation with
typical polymer-polymer composites or polymer-nanoparticle
composites is challenging. Additionally, the photomask, in
terms of resolution, was well reproduced in the microscopic
scale, and partial order of FeCl; improved the magnetic
susceptibility by approximately 3.5 times. Several mechanisms
have been proposed to improve the magnetic susceptibility of
Fe complexes by structural control, including reduction of the
Fe(ur)-Fe(m) distance.’>” The range of Fe(m)-Fe(m) distances
that affect magnetic susceptibility are estimated to be in A
units. Here, structures created were in the um scale, and the
coupling effect of Fe(u)-Fe(ur) was not caused by structure, but
by proximity of FeCl;, compressed in single units of micro-
structure. In the future, further improvements in magnetic
susceptibility could be investigated by controlling phase-
separated structures in the nanoscale and using long-range
coupling of FeCl; between structures.

Spectroscopic analysis indicated FeCl; production from the
TBP[FeCl,] precursor by photoreaction. It could be inferred that
this UV-induced Fe reduction reaction began with Cl radicals
generated by UV irradiation. Wu et al. reported photochlorina-
tion of cyclohexane using Fe chloride and copper chloride.*® UV
irradiation generated Cl radicals, with abstraction of one
hydrogen atom from cyclohexane starting the reaction. The
report considered that photoactivity is exhibited by metal
chlorides with high valence, under oxidative conditions. The
difference between the published report and this study is the
abundance of tetrabutylphosphonium around chloride.
The detailed reaction mechanism is currently under investiga-
tion, but Cl radicals could abstract hydrogen from tetrabutyl-
phosphonium, generating a new P-Cl bond. Vetter et al
reported production of tributylphosphine chloride intermedi-
ates from Grignard reagents and phosphine oxide.”® Here,
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instead of Grignard reagents, photoreactive FeCl,~ was a Cl
source, producing P-Cl bonds and FeCl;. The P-Cl bond being
unstable, instantly reacted with oxygen to form phosphine
oxide in the shape memory process (Fig. S4(a), ESIT). Addition-
ally, to investigate the photoreaction of transition metal chlor-
ides with TBPC, the tests conducted for FeCl; were repeated
with other transition metal chlorides (CoCl,, NiCl,, CuCl,, and
ZnCl,) (Fig. S5, ESIf). Only copper exhibited an apparent
photodegradation behaviour. For CuCl,, the structure could
not be confirmed although the method of combining UV
irradiation and the shape memory process was conducted
(Fig. S6(c), ESIt). These results indicate that chloride radicals
do not affect the crosslinked structure of PMMA and titania.
The degradation of the crosslinked structure can induce the
phase separation of titania. Therefore, this result supports that
the observed structure in this case is not derived from the
phase separation of titania. Moreover, CuCl produced by photo-
lysis has a higher affinity for PMMA than FeCl;, due to which
the phase separation of copper cannot be confirmed. Similarly,
the structures of other metal chlorides without the photode-
gradation behaviour could not be confirmed (Fig. S6(a), (b), and
(d), ESIT). These results verify the working hypothesis that FeCl;
that is decomposed by photoreaction is phase-separated from
PMMA during shape recovery.

Conclusions

Uniform FeCl, mixing was observed using TBPC in a titania/
PMMA system with the shape memory function. The addition
of titania improved the crosslink density of the silane groups in
the matrix swollen by TBPC. The amount of FeCl; added was
limited to 5%, as excess addition inhibited the hydrogen
bonding between PMMA and TBPC, thereby destabilising the
complex. In this process, the agglomeration of FeCl; produced
by photolysis was controlled using the fluidity of an SMP. The
aggregated FeCl; has 1.6 pm intervals and has 3.4 times the
magnetic susceptibility of random FeCl;. Further improve-
ments can be realised in this process through the investigation
of the effect of the morphological state of the initial complex on
the phase-separated structure. By controlling the initial disper-
sion density of the inorganic components, it is possible to
construct a more optimal structure and improve its properties.
This research proposes a method for constructing a structure
bearing an inorganic component in a polymer matrix and can
contribute to research aimed at improvement of the properties
of inorganic components.
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