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Photoinduced Superparamagnetism in Trimetallic Coordination Nanoparticles
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The field of coordination nanoparticles (CNP) emerged only a
few years ago due to the work of Mann on the stabilization of
Prussian Blue analogue (PBA) nanocrystaRBAs offer many
examples of bistability that can be tuned by field, light, temperature,
or pressuré.One of the main objectives is to study the effect of
size reduction on the cooperative properties of coordination
networks. To date, efforts have mainly focused on ferromagnetic
PBAs to achieve superparamagnetic CRf" Different techniques,
apart from reverse micelles, were used to efficiently control the
growth of CNP3*" Very recently, electrostatic stabilization of 6
nm superparamagnetic CrNi PBA nanoparticles was achieved in
water3k Photomagnetic CoFe PBA nanoparticles were also reptited.
However, light-induced superparamagnetic behavior was not ex-
amined on these nanoparticles.Blo(CN)s photomagnetic nano-
rods were already stabilizeé.However, no superparamagnetic
properties were evidenced. In order to reveal such properties, we
replaced half of the Cuions with Ni' that possesses a single ion
magnetic anisotropy lacking in €u Indeed, anisotropy is a
prerequisite to induce long relaxation times of magnetization and
superparamagnetic behavior. In this communication, we report the
first example of photoinduced superparamagnetism in 3 nm
CuNiMo(CN); trimetallic CNP.

Poly(vinyl pyrrolidone) (PVP), an organic polymer, was used
to confine the growth of the coordination network and stabilize
the nanoparticle® An aqueous solution containing CuG2 mM),
NiCl, (2 mM), and PVP K30 was prepared in a ratio of [pyr]/
[Cu?f] = 200 (where pyr stands for the monomer of PVP). The
addition of an equivalent volumd& a 2 mM K;Mo(CN)s agqueous
solution resulted in an immediate color change to violet. The
mixture was left still for 1 h, and then the particles were recovered
by precipitation in acetone. The precipitate that consists of the

nanoparticles embedded in PVP was subsequently checked to

determine if it was dispersible in water and ethanol. Elemental
analysis performed on the precipitate that was dried and used for
all of the studies gave the following composition: CuNiMo(GN)
(pyr)a759H0 (see Supporting Information).

The dynamic light scattering measurement performed on the

redispersed precipitate revealed the presence of 8 nm nanopatrticles

that include PVP and solvation shells. The IR spectrum shows the
asymmetric vibration of bridging cyanides at 2158 @mwhich

lies between the MeCN—Cu (2163 cm?) and the Me-CN—Ni
(2154 cmt) bands present in the bulk compounds and evidences
the presence of both metals. The Yvis spectrum shows the
presence of the intervalence band Mo(IV)Cut)Mo(V)Cu(l) at

525 nm ¢ = 402 L-mol~t-cm™* per CuNiMo(CN} entity, Figure
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Figure 1. STEM image of CuNiMo(CNy nanoparticles coated with PVP
(scale bar= 10 nm) and size distribution.
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Figure 2. Thermal dependence gfuT before irradiation @), after
irradiation atT = 10 K (a), and after thermal relaxatio®f at T = 300 K
(left); M = f(uoH) before @) and after &) irradiation (right).

S1)4¢ with a bathochromic shift of 18 nm compared to the

CwMo(CN)s nanoparticles. The nanoparticles were imaged using
dark field scanning transmission electronic microscopy (STEM)
(Figure 1).

The statistics performed on 303 particles revealed a narrow size
distribution centered on 2.9 nnv & 0.7 nm), demonstrating that
most of the nanocrystals correspond to giants clusters made of
around 55 NiCuMo units. Electron energy loss spectroscopy (EELS)
revealed the presence of both nickel and copper in the particles.
The presence of nickel plays a drastic role on the growth process
since nanorods (18 10 x 70 nm) of CyMo(CN)g were obtained
in the absence of nické?. The nucleation step seems to be well
separated from the growth step as a narrow size distribution of
particles below 3 nm was obtained. Kinetic studies of nucleation
and growth are in progress to evidence these assumptions.

The magnetic properties were studied on the nanoparticles before
and after light irradiation (406415 nm, power~ 7 mW-cm2,

see Supporting Information). Due to the presence of isolated
paramagnetic Cu(ll) and Ni(ll), a paramagnetic behavior is observed
before irradiation. Light irradiation induces an electron transfer from
Mo(1V) to Cu(ll) and generates ferromagnetically coupled Mo(V)/
Ni(ll) pairs confirmed by the increase gf; T upon cooling (Figure

2, left). The photoinduced ferromagnetic interaction is evidenced
by the increased magnetization value§ at 5 K after irradiation
(Figure 2, right). It reaches 24B atH =5 T, close to the saturation
value expected for the CuNiMo(CNunit formula (3uB). The
photoinduced state was stable up to 200 K (Figure S2), and the
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Figure 3. MIMs = f(uoH) on a PVP film of nanoparticles deposited on a
microSQUID at 0.05 K before (- - -) and after- irradiation.

paramagnetic initial state was recovered after thermal treatment a
300 K.

Ac susceptibility measurements were performed after irradiation
of the particles. As an out-of-phase component of the susceptibility
was observed between 2dah K (Figure S3), a micrometric portion
of a PVP film containing the particles was studied in the 6.85
K range using a microSQUID. As expected,Tat= 0.05 K, no
hysteresis was observed before irradiation. The irradiation per-
formed with a blue light diode (405 nm, power 1 mW-cm2)
during 5 h leads to the opening of a hysteresis loop, with a coercive
field of 920 Oe (Figure 3).

The optical spectrum measured after irradiation at 280 K (
200 K) shows the presence of the band associated with the
MoV —Cu' charge transfer at 530 nm. At 10 K (< 200 K), the
intensity of this band decreases and another one appears at 710
nm associated with the Me-Cu species, as already observed by
Ohkoshi, Mathoniee, and co-workers for the bulk compound
(Figure S12)¢

We have evidenced the first example of photoinduced super-
paramagnetic trimetallic CNP, with features indicating QMT at low
temperature as observed in SMMs. Relaxation studies on one
individual particle will be performed to confirm this phenomena.
Other trimetallic CNPs are under investigation to raise the blocking
temperature of such new bistable nanoobjects.
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The coercive field (sweep rate of 0.035 T/s) reduces to zero above  gypporting Information Available: UV—vis, yuT = f(T) in the

T=1K (Figure S4), WhiCh can either be a Curie temperature if 2-300 K range, ac data, and relaxation studies and related explanations
the particles are multidomains or a blocking temperature if they (Figures S3-S12). This material is available free of charge via the
are single domain. Relaxation measurements were performed ininternet at http://pubs.acs.org.

order to discriminate between both cases (Figure S5): at a given

temperature, the magnetization was first saturated, the magneticgotorences

field was swept down to zero (at 0.14sT?), and the magnetization

decay was then measured as a function of time. The data were then (1) (a) Vaucher, S.; Li, M.; Mann, $A\ngew. Chem., Int. E200Q 39, 1793.

scaled on a master curve (Figure S6), and the thermal dependence
of the relaxation time extracted from the scaling process revealed
two regimes (Figure S7). A temperature-activated regime is
observed forT > 0.3 K that allows one to extract the effective
energy barrier at zero fieldE/k = 6.7 K) and the attempt time

(to = 3 x 1078 s) corresponding to the Arrhenius law= 7, exp-
(E4JKT). The largery value corresponds to what is expected for
superparamagnetic single-domain objésnce the nanopatrticles

are diluted in a polymer matrix, dipolar interactions are weak and
they can be considered as nearly non-interacting. Below 0.3 K, a
temperature-independent regime was observed, suggesting the
occurrence of quantum magnetic tunneling (QMT). This behavior
is similar to that observed in many single-molecule magnets
(SMMs) 52 Indeed, these 3 nm coordination particles can be
described as giant clusters of about-b8 Ni'"CUMoY units Snax

= 82 + 12). The size suppresses the steps usually seen on the
hysteresis curve at zero field due to QMT. To obtain deeper
understanding of the reversal of the magnetization, a method
recently used for SMMs and single-chain magnets was applied to
our sample (see Supporting Informatiéh)d It consists of measur-

ing the temperature dependence of the coercive fi¢ldfield
necessary to reverse the magnetization) at different sweep field rates
v = dH/dt (Figures S8 and S9). This set of experiments gave further
evidence that the magnetization reversal is thermally activated for
T > 0.3 K (Figure S10) and thd, is close to 10 K (Figure S11),
which is in good agreement with the value found (6.7 K) by the
relaxation decay of the magnetization. All these experiments
confirm that the irradiation process leads to a blocking of the
magnetization, with a thermally activated behavior between 0.3 and
1 K and a tunneling of the magnetization below 0.3 K.
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