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A novel type of photocontrollable Prussian blue (PB) magnetic nanoparticle has been designed and
prepared by using the reverse micelle technique. These magnetic nanoparticles possess a well-organized
nanoscale structure. Reversible photoisomerization of azobenzene chromophores realized photoswitching
of the magnetization. The photoisomerization of the composite materials was accompanied by a
geometrically confined structural change within the reverse micelles, as reflected by changes in the dipole
moment and the electrostatic field. As a result, the magnetization values could be switched reversibly by
using alternating UV and visible light illumination.

Introduction magnetic materials into organized photoresponsive organic
] ) ] assemblie4> For example, in our previous work, we
Photoswitchable materials are currently attracting great designed photocontrollable magnetic vesicles and LB films
attention'? In particular, there has been great interest in containing Prussian blue (PB) intercalated into an am-
designing novel compounds whose magnetic properties Caphiphilic azobenzene moietyas well as photoresponsive

be controlled by photoilluminatiofi.” Photocontrollable  3mphiphilic photochromic compounds containing iron oxide
magnetic materials are important in the development of particles®

photonic devices, such as erasable optical memory media
and optical switching components. However, the number of
optically switchable molecular solids that have been reported
is quite small, since an appropriate strategy for achieving
photoinduced switching in a solid-state system has yet to be

On the other hand, the properties of nanoscale particles
have also recently been attracting a great deal of attention
because of the ways in which they differ from the atomic,
molecular, and bulk properties of those same mateftiafs.
o Nanoparticles have uses in surface-chemical, photochemical,
clarified. . ] .
] ] o o and other related fields; they are necessary for the preparation
To realize the reversible photoswitching of magnetization, ¢ some catalysts, and they can be used in magnetic materials,
we have previously presented a novel strategy of integrating a5 constituents of paints, as semiconductors, as vehicles
(polymer or otherwise) for in-vivo drug carriers, in molecular
*To _whom correspondence should be addressed. E-mail: einaga@ devices, and so oF:1° The field of magnetic materials has
°“?’B‘§§;‘iﬁgﬁg of Chemistry, Keio University. made use of variations in the magnetic properties of nano-
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particles caused by effects such as single domains, superformed in w/o microemulsions prepared from the anionic
paramagnetisif,and surface interactiod$In particular, due surfactant sodium bis(2-ethylhexyl) sulfosuccinate (AGTY.

to their large surface-to-volume ratio, the magnetic properties Furthermore, Kitagawa et al. prepared highly dispersed PB
of nanoparticles are dominated by surface effects andnanoparticles that were controlled by organic polymiéis.
particle-support interactions. They exhibit magnetic anisot- They could control the size of the PB nanoparticles, and they
ropy constants that are 2 orders of magnitude larger thanstudied the size dependence effect of the magnetic properties.
their bulk counterparts, with correspondingly enhanced However, photofunctional or photoresponsive nanoparticles
coercivities!®!! Difficulties in the preparation of nanopar- of PB have never been developed. We have focused on the
ticles have been largely overcome by the use of water-in-oil development of photoresponsive PB nanoparticles by using
(w/o) microemulsiond3-1416The dispersed water pools that a reverse micelle technique in this work. Our strategy was
they contain act as microreactors in which a chemical to introduce a photoisomerizable azobenzene moiety to the
reaction can be performed to generate the required productPB reverse micelle as a surfactant. To form reverse micelles
in the form of a colloidal nanodispersion. In this process, (w/o microemulsions) for PB, we have designed a new
the size of the dispersant can be controlled such that the nearsystem containing both didodecyldimethylammonium bro-

monodisperse state is favored and prolonged stability is mide (DDAB) and{5-[4-((4-(dodecyloxy)phenyl)azo)phe-
ensured. The dispersed particles that are generated can beoxy]hexyl (2-hydroxyethyl)dimethylammonium bromide

isolated by conventional physicathemical means. In the
recent literature, the preparations of metallic clust&s’
magnetic particle¥*° complexes;*#and metal oxide§c11

(C12AZoCGNTBr) as appropriate surfactants. In our systems,
it could be expected that positively charged these surfactants
(DDAB and G,AzoC¢N*Br) interact with a negatively

have also been reported. Details of the widespread researcltharged PB nanoparticles and collotds!i The principle is

that has been conducted in this field (including the above-

based on the fact that the polymers can interact with growing

cited materials and other preparations, viz., ferrites, alloys, a PB nucleus in the site-specific w&y.Moreover, another

etc.) can be also found in recent reviews.

important point of the system is the homogeneous dilution

PB and related cyanometalate-based coordination polymersof C;,AzoCsN*Br~ in the coating DDAB in toluene solution.

offer a range of compounds that exhibit unique versatifity?

Although we have tried to dissolve azobenzene moieties in

PB is an important component in the study of molecular AOT w/o microemulsions system, we encountered difficulties
magnets because compounds with appropriate magnetidn choosing an appropriate solvent. HoweverA20CNBr-
properties require further fabrication and processing if could be dissolved perfectly in DDAB w/o microemulsions
functional devices and materials are to be produced. Many system and we could obtain photoresponsive PB nanopar-
attempts to synthesize PB analogue nanoparticles havdicles.

recently emerged, making this a promising topic for nano-

magnetic device applicatiodéMann et al. first demonstrated
this potential by confirming that hydrophobic PB nanopar-

ticles with a uniform shape and size could be routinely
prepared in a synthesis involving nanoscale water droplets
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Experimental Section

Synthesis of Photofunctional PB Nanoparticles Using a
Reverse Micelle Technique Didodecyldimethylammonium bro-
mide (DDAB) was purchased from Aldrich. Fe&IH,0, K;[Fe-
(CN)g], and toluene were purchased from Wako. Amphiphilic
azobenzend,5-[4-((4-(dodecyloxy)phenyl)azo)phenoxy]hex§a-
hydroxyethyl)dimethylammonium bromide {£2zoCsN*Br~) was
synthesized according to a procedure reported previgesisP
Toluene and deionized water were bubbled withdds for 2 h
before the experiment to remove oxygen. DDAB was first dissolved
in toluene (0.1 M). The Fe@hH,0O (15umol) and G,AzoCNBr-

(20 umol) were then added to the DDAB solution. The mixture
was sonicated until the entire solid disappeared and a clear yellow
reverse-micelle solution was obtained[Re(CN)] was dissolved
separately in deionized water (0.3 M). The[Re(CN)] solution

was slowly added to the reverse-micelle solution at room temper-
ature to produce a DDAB w/o microemulsions at= 5 with
vigorous stirring. The microemulsions changed from a transparent
yellow solution to a transparent blue solution at once, and no
precipitate was observed for 1 week. Hereafter, this composite
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material is designated dsFilms of 1 were then prepared by casting 2.51

the above solution onto glass substrates. 0
Physical Methods.UV —visible absorption spectra were recorded Iumination Time / min

on a V-560 spectrophotometer (JASCO), and IR (Fourier transform Figure 2. (a) Changes in the optical absorption spectraloflue to

infrared spectrometer) absorption spectra were recorded on a FT/ﬁE?ﬁ?AZ?Qf%?ﬁOB \7‘ |riO(r)1Inffrm§er:1a;tr1ur?é)-rh'?rigirt:alittrw:ss?ljgég) L‘:\gﬁlﬁm

lR__GBO Plus (JASCO). A field emISSIO_n_ transmission el?Ctron illuminated with visible%ight for 3 min (C).' (b) Ch’anges in absorganceyat

microscope (FE-TEM, TECNAI F20, Philips) was used to image 360 nm by alternate illumination with UV and visible light. Each

the composite materials. The magnetic properties were investigatedillumination was performed for 3 min. Reversible photoisomerizatiof of

with a superconducting quantum interference device magnetometerwas demonstrated.

(SQUID, MPMS-5S, Quantum Design). UV illumination (filtered

light, Amax = 360 nm, 10 mW/cr®) was carried out using an Hg ~ F€'"(tzg)®) of PB nanoparticles irl. In general, the IVCT

light source (Hypercure 200, Yamashita Denso). Visible illumina- band of bulk PB was exhibited at ca. 700 AtfiThese peak

tion (filtered light, Amax = 450 nm, 10 mW/crf) was carried out shifts from the bulk PB in both the IR and UWisible

using a xenon light source (XFL-300, Yamashita Denso). X-ray absorption spectra were due to the surface effect of nanoscale

diffraction (XRD) patterns were recorded on a Rigaku RINT RAD- pB and were consistent with the results of AOT-reverse
RC with Cu Ko radiaton (Rigaku Co.). micelle PB172

6 12 18 24 30

The photoisomerization of the;@zoCsN*Br~ in 1 was
monitored by U\~visible absorption spectroscopy at room

Characterization of Composite Materials. Figure 1 temperature and 8 K. Typical UWisible spectral changes
shows a TEM image of a cast film df The TEM image due to photoisomerization at room temperature are shown
indicates the presence of particleslofvith almost homo- in Figure 2a. Before illuminationl consisted solely of the
geneous diameters (5 nm). To characterize the cast film oftrans-isomer of @AzoCN*Br~ (Figure 2a,A), because this
1, the XRD pattern and IR and UWisible absorption is thermodynamically more stable than the cis-isoffer.
spectra were monitored at room temperature. XRD analysislllumination of the trans-isomer with UV light converted it
for 1 showed broad peaks at 16.(200) and 24.7 (220), to the cis-isomer. The peak at 360 nm decreased, while a
which can be indexed as the PB cubic space gfenpm.?%¢ weak peak appeared at ca. 470 nm (Figure 2a,B). The 470
This indicates the presence of PB nanopatrticled.ifhe nm peak is ascribed to the-mr* transition of the cis-isomer.
frequency of the CN stretching mode(CN), of the PB After subsequent illumination with visible light, the reverse
nanoparticles il was observed at 2073 ct This frequency process (Figure 2a,C), i.e., the cis-to-trans isomerization,
was lower than that of bulk PB (2080 cf), which proceeded. Therefore, the spectra obtained before and after
corresponds to the CN stretching mode in the cyanometalatethe complete UV-visible illumination cycle were identical
lattice2°2PThe UV—visible absorption spectra showed two (Figure 2b). Similar results were also obtaingdBaK (not
intense peaks at 360 and 681 nm. The peak at 360 nm isshown). In general, it is known that the solid-state reaction
ascribed to ther—x* transition of the trans-isomer of  (trans-to-cis photoisomerization) is greatly inhibited due to
C12AZoCgNTBr—,15ab23agnd the broad band at 681 nm is the close-packing of the chromophores. This is because the
consistent with the intervalence charge transfer (IVCT) band photoisomerization of the azobenzene derivatives (particu-
(between F8(to5%e,?) —CN—F€!(tz¢f) and Fé(to5*e,?) —CN—

Results and Discussion
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Figure 3. Magnetization versus applied magnetic field foat (#) 2 K, Figure 4. Changes in the magnetization biinduced by UV and visible
(a) 3K, (@) 4K, (©)5K, and ) 10 K. light illumination & 2 K with an external magnetic field of 1 mT.

larly the'trans-to-c.is isomerization reaction) is accompanied light-induced decrease of the magnetization were repeated
by an increase in molecular volurfi€. Normally, the  gseveral times. These magnetization changes are consistent
photoisomerization of azobenzene derivatives in the solid ity the Uv—visible absorption spectral changes (Figure 2)
state can only be observed in special environments, such a$nq can be explained in the same fashion. To confirm the
in bilayer membrane;® LB films,* liquid crystal matrixes effect of the azobenzene moiety, PB nanoparticles that were
etc. However, in the present system, photoisomerization Ofonly encapsulated with DDAB were prepared (without
the G,AzoGsN*Br~ was observed in the reversed micelles, C1AZ0CN*Br-), and these were designatedZash TEM
even on solid substrates. image of2 also showed the presence of global PB nanopar-
Magnetic Properties of Photofunctional Materials.The ticles with almost homogeneous diameters (5 nm), while
magnetic properties of cast onto a glass substrate were magnetic measurements @f exhibited almost the same
measured by SQUID. The magnetization curves were properties asl (not shown). However, whe2 was il-
measured at several temperatures (2, 3, 4, 5, 10 K), and thg@uminated with either UV or visible light, no changes were
results are shown in Figure Bexhibited superparamagnetic  observed in the total magnetization. This result suggests that
behavior, as indicated by the zero coercivity and remanencethe G,AzoCN*Br~ in 1 plays an important role in the
on the magnetization curve. Furthermore, as the temperaturéphotocontrol of the magnetization. Furthermore, photocon-
was increased, the magnetization curve exhibited lineartrollable magnetization could not be observed in the case
paramagnetic behavior. Because of their nanoscale level, theyhere only surfactants (DDAB and;£zoCsN*Br-) and
anisotropy energy barriers for magnetic nanoparticles arepulk PB were present.
smaller than for the bulk material. Therefore, thermal energy  Electrostatic Interaction between PB Nanoparticles and
can overcome the anisotropy barrier at high temperature, C;,AzoC,N*Br—. We have focused on the interaction
allowing a coherent rotation of the atomic moments of a petween PB nanoparticles andi;28z0CN*Br~ as the
particle. Each particle then behaves like a giant atom with @ mechanism for photocontrollable magnetization. The absorp-
large moment, a phenomenon known as superparamagtion maximum e (the IVCT band from Féto Fé' of the
netism!*111% Bulk PB exhibits ferromagnetic behavior PB nanoparticles), for composite materiaivas observed
below a Curie poinflc of 5.5 K2%2¢d |t js known that the  at 681 nm.
magnetic properties of PB are due to effective magnetic  As mentioned before, the blue shift is due to the size effect
moments corresponding to high-spin'Fand diamagnetic  of the PB. That is, the existing electrostatic fields heighten
low-spin Fé. Ferromagnetism obviously requires long-range the Coulombic energy required to transfer electrons from

ordering of the spins of the F'éons. The two shortest Fe- hexacyanoferrate (Egions to the surface Mespecies. Figure
Fe' interatomic distances in the structure of PB are 7.2 A 5 shows the changes in value &fa before and after the
through space and 10.2 A along the sequencé-f¢C— alternating photoillumination. After UV illumination, thgnax

Fe'—CN—Fe''. A superexchange mechanism along this peak was red-shifted. That is, the photoisomerization of the
sequence is assumed to be the most plausible mechanismazobenzene moiety from trans to cis lowered the Coulombic
with a mixed-valence interaction leading to a small spin energy. Then, after visible light illumination, thig.. peak
transfer from F& to Fe'.20¢ was blue-shifted; i.e., it heightened again. This reversible
The effects of the illumination df with light at 2 K under change was repeated several times by alternate illumination
an external magnetic field of 1 mT are shown in Figure 4. with UV and visible light. Similar results were also obtained
During illumination with UV light for 3 min, the magnetiza- at 8 K (not shown). By analogy with our previous system, it
tion value increased from 6.04 1072to0 6.04 x 102 emu/ is proposed that photoisomerization of theAzoCsNBr-
g. Even after the illumination was stopped, this enhanced was accompanied by a geometrically confined structural
magnetization was maintained for at least 2 h. Then we change?® as reflected by changes in the dipole mord&nt
illuminated the sample with visible light for a further 3 min.  and the electrostatic field. This reversible change is almost
The magnetization value decreased to 6:010 2 emu/g. consistent with the changes in the magnetization (Figure 4).
After this process, the UV-light-induced increase and visible- The trends of the UV-light-induced red-shift and the visible-
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< to delocalize only one type of spim (or 5 spin) from the
678 Fe'~LS to the Fd'~HS due to the Coulomb and exchange
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repulsion terms. The spin polarization on thé € induces
Illumination Time / min a magnetic correlation between the'F&S, leading to

Figure 5. Changes in the absorption spectra fom the region of the magnetic ordering at 4.2 K. On the other hand, after

IVCT band from Fé to Fé' in the PB nanoparticles by alternate UV and . . . b 6 O

visible light illumination. The initial trans state (A) was first illuminated reduction, the electronic state is converted t —F%(tZQ €)—

with UV light for 3 min (B). Then, it was subsequently illuminated with ~ CN—Fe" ~"S(t,%e,?) and hence partial delocalization of the

visible light for 3 min (C). (b) Changes in the IVCT band from'Re Fé" electrons from the PelS to the F&'~HS (or vice versa) is

in PB nanoparticles induced by alternate UV and visible light illumination. . .

Each illumination was performed for 3 min. prevented due to a large Coulomb repulsion. Thus, the spin
polarization on the FetS almost disappears, which results

o ) _ in the reduction of the magnetic interaction between the

light-induced blue-shift of the IVCT band of PB in our Fel~HS through the F&-1S. As a consequence, the compound

previous systefhwere consistent with the results of the ghows ferromagnetic-to-paramagnetic interconversion by

present system. However, the UV-induced increase and thegjectrochemical reduction. Furthermore, when the PB is

visible light-induced decreasing trend in the present system yyidized to Fé [F€"(CN)gs, then Tc progressively in-

were the opposite of our observation for our previous system. creases. This is consistent with the fact that the diamagnetic
This is because of the difference of the existing electrostatic component, PetS(t,fe,), is oxidized to FES(te,) with

field, which affects the spin polarization on the'F¢. one unpaired electron in the, orbital.

Basically, in this work, the electrons on the synthesized PB Furthermore, Zhang et al. studied the effects of surface
that occupy theof orbital on the F&"5(txs’e,”) are partly  coordination chemistry on the magnetic properties of MBke
delocalized onto the neighboring Fe'Ytx5’e,”), and we  panoparticled!a They observed that the coercivity of the
could modulate the spin polarization on thé #€ from that  agnetic nanoparticles decreased upon coordination of the
of the bulk state by introducing a surfactant, etc. The |igands on the nanoparticle surfaces, whereas the saturation
magnetic yalue is highest when the electrostatic field around magnetization increased. They concluded that the change in
the F¢~Sis the same as the bulk PB (IVCT band fof'Fe  the magnetic properties of the nanoparticle surfaces and the

CN—Fe! = 700 nm). That is, the magnetization value cqrrelations suggest a decrease in the-spiital coupling
increases when the IVCT band approaches 700 nm, and viceyng surface anisotropy of the magnetic nanoparticles due to
versa. surface coordination. Gedanken et al. also studied the

Detailed Mechanism of Photoswitchable Magnetization. magnetic properties (especially the blocking temperafige,
It has been suggested that photoinduced changes in thef iron nanoparticles coated with various surfactaHtShey
electrostatic field around the PB nanoparticles can affect the observed large variations in blocking temperature for various
magnetization. Examples from our previous work could also functional groups bonded to the iron nanoparticles. For
be explained by similar interactiod<Changes in the dipole  example, the magnetization values for alcohols and carboxy-
moments induced by the photoisomerization of the-C  |ic acids were different from those for sulfonic acid. They
AzoCeN*Br~-induced magnetic fields and moments in the also discussed how these differences could be explained, not
PB nanoparticles. Figure 6 shows a schematic illustration only by variations in particle size but also through the effects
of the photoinduced switching of the magnetization. of having the functional group bonded to an iron atom on

Sato et al. described another typical example of changesthe d electrons and therefore causing a large splitting of the
in magnetic properties that were observed for PB that was doubly and triply degenerate d levels. This affects the spin
prepared by using electrochemical conffolWhen the state and the magnetization values. Anyhow, this suggests
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that exchange interactions between the spins of the iron affectcoordinate with iron atoms on the surface pfFe0O;

the magnetization. nanoparticles directly. That is, small electrostatic interaction
The above discussions also suggest that photoinducedbetween @AzoCNTBr~ and PB nanoparticles through

changes in the electrostatic field around the PB nanoparticlesbinding water affected the magnetization in the present

affect the magnetization. Photoswitchable magnetic films (PB system, similar to our first exampfe.

intercalated in LangmuitBlodgett films consisting of an

amphiphilic azobenzene and a clay mineral), which was one Conclusion

of our previous photofunctional systerfisupplied data that Photocontrollable PB nanoparticles have been developed

support these mechanisms. The IVCT band between the Fe i the solid state. As a result, we succeeded in introducing

and the F€ in the PB nanoparticles was changed reversibly photofunctionality to molecule-based magnetic materials on

by alternating UV and visible light illumination, accompanied 3 nanoscale level. This work will yield much valuable

by phOtOisomerization of the azobenzene Chromophores thatinformation, bringing not Oniy new perspectives into photo_

lead to changes in the Coulombic energy (which is necessaryfunctional materials derived from a combination of photo-

to transfer an electron), and this might affect the super- functional organic materials and inorganic magnetic materials

exchange interaction between the spins in the PB magnet.yt also future applications of nanomagnetic materials, which

The small photoinduced change of the magnetization is are currently attracting growing interest in ultrahigh-density
consistent with the small phOtOisomerization. Furthermore, magnetic recording Systems_

the present system using reverse micelle technique has a
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