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Abstract: Photo-switchable 11 nm nanocrystals of the coordination network Cs{Co[Fe(CN)s]} were
obtained using a template-free method. The nanocrystals were recovered from the colloidal
solutions as solid materials surrounded by cetyltrimethylammonium (CTA) cations or embedded in
the organic polymer polyvinylpyrrolidone (PVP). Complementary magnetic, spectroscopic and
structural techniques, including EPR Spectroscopy, reveal a majority (=70%) of the low spin and
photoactive diamagnetic Co"'Fe" pairs located in the core of the nanocrystals and a mixture of Co'"Fe'
and Co'"Fe"" species present mainly within the shell of the objects. While bulk compounds with
similar vacancy concentration do not exhibit noticeable photoinduced charge transfer, the obersved
photoactivity of the nanocrystals is ascribed to their nanometric size. The relaxation temperature
of the photo-induced state shifts upwards by = 55 K when PVP is replaced by CTA. This is ascribed
to the larger rigidity of the dense CsCoFe_CTA material whose metastable state is lower than for
CsCoFe_PVP leading to a larger relaxation energy barrier and, therefore, to higher relaxation
temperature.

INTRODUCTION

Prussian blue analogues (PBA) were and still are at the forefront in the area of switchable molecular
materials because of their versatile physical and chemical properties that can be tuned and
monitored by external stimuli such as temperature, light, electric and magnetic fields,® opening
the route for applications in a wide range of domains. Recently, these systems emerged as efficient
cathode materials for sodium containing batteries controlled by an electric potential.” 8 But, the
most attractive properties are optical and the most efficient stimulus turned out to be light
irradiation that tunes the electronic structure of the materials, allowing the emergence of new
functionalities and therefore applications in catalysis,® ° medicine!**3 and information®4,
particularly when the materials are shaped at the nanoscale.!> Therefore, designing nanocrystals of
light responsive PBA possessing well-defined shape, size and composition is timely to get deep
insight into the relation between electronic structure and physical behavior and their impact on the
emergence of novel functionalities.
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The CoFe based analogue is one of the most studied since its discovery by Hashimoto et al. in 1996,
due to its versatile and tunable chemical composition and its large response to light.1**° Red (and
green) light induces an electron transfer from Fe" to Co" allowing the transformation of the
diamagnetic low spin Co"'Fe'" (low spin, LS, S = 0 for t24%e,° Co'"" and Fe'" configurations) state to the
ferrimagnetic metastable Co''Fe'" (high spin, HS, S = 3/2 for Co", tyg*eg? and low spin S = % for Fe',
t2g°eg’) one. This electron transfer is accompanied by a color change and an expansion of the lattice
due to the LS to HS conversion, the (HS)Co'"-N bond lengths being larger than the (LS)Co"'-N ones.
Even though the effect is efficient at low temperature where the metastable state has a long
lifetime, irradiating a solution containing nanoparticles of this material allowed the observation of
water oxidation and oxygen evolution,® 2° demonstrating the dual impact of size and electronic
structure on the physical behavior of the objects even at room temperature.

The study of very small and well-crystallized CoFe objects in the 10 nm size range is rare, it mainly
focused on nanoparticles grown within organic or inorganic matrices.?!?> To the best of our
knowledge, perfectly dispersible template-free CoFe nanocrystals in the 10 nm range have not been
reported to date. The added-value of such nano-objects is the possibilities offered by their
manipulation in solution like molecules, their use to prepare single layers on different substrates
and ultimately their integration in devices. Moreover, they may present a modified behavior than
the bulk as a consequence of their nanometer size.

Here, we report, the preparation and the full characterization of template-free 11 nm CoFe based
nanocrystals (noted CsCoFe). We demonstrate, using complementary techniques (X-ray diffraction,
electronic spectroscopies and magnetic measurements), a synergetic effect between the
nanometric size of the objects and their environment that has a major impact on their elastic and
electronic properties. By engineering a chemical embedding, we succeeded in shifting upward by
55 K the relaxation temperature of the photo-induced state when replacing the soft
polyvinylpirridine (PVP) polymer by cetyltrimethylammonium (CTA) around the nanocrystals.

RESULTS

Prussian blue analogues form three dimensional networks made of octahedral hexacyanometallate
species surrounded by six metal ions and vice-versa leading to a face centered cubic (fcc) structure
with a cell parameter close to 10 A corresponding to the M-CN-M’-CN-M distance. The tetrahedral
sites have the right volume to accommodate Cs* even though other alkali ions (Rb*) can also be
inserted. For most of the networks with a localized valence, the oxidation state of M and M’ are Il
and Il respectively. However, for some cases,?® %7 and particularly when M = Fe and M’ = Co, it is
possible to access two mixed valence states, namely Co'"'Fe' and Co'"Fe'" that have close energies
and different entropies, opening the possibility of switching from one to another using external
perturbations such as temperature and light.

Preparation and characterization

Template-free Prussian Blue analogue nanocrystals were prepared as negatively charged objects
when solutions of K3[Fe''(CN)s] and [Co'(H20)e]Cl> are rapidly mixed in the presence of an excess of
CsCl in water (see Sl for details of the preparation).?® 2° Dynamic Light Scattering (DLS) (Figure S1)
of the as-prepared colloidal solution shows objects with a hydrodynamic diameter centered at
around 12 nm. Transmission Electronic Microscopy (TEM) imaging (Figure 1) reveals the presence
of nano-objects with a size of 11.0 £ 1.5 nm confirming the DLS measurement.
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Figure 1. Transmission Electron Microscopy image of the as-prepared CsCoFe nanocrystals and size
distribution (inset).

The nanocrystals were recovered from solution as solid materials by cetyltrimethylammonium
Bromide (CTABr) or by the organic polymer polyvinylpyrrolidone (PVP) noted CsCoFe_CTA (1) and
CsCoFe_PVP (2), respectively (see Sl for details of the preparation). The main difference between 1
and 2 is the nature of the surroundings and the concentration of nanoparticles in the solid material
that is much lower in the latter than in the former as we already reported on other systems.3° We,
also, prepared nanocrystals of reference compounds namely Cs,Co''Fe' (3) containing paramagnetic
Co", and the alkali free Co'Fe'o66 NPs (4) containing magnetic Co'Fe'" pairs. DLS measurements
confirmed the presence of nanocrystals with sizes of 50 and 200 nm for Cs,Co"Fe" (3) and CoFeos
(4) respectively (Figure S1).

Energy Dispersive X-ray Spectroscopy (EDS) (Table S1) for CsCoFe_CTA (1), Cs2Co"Fe'" (3) and CoFeo 6
(4) and elemental analysis (see Sl) allow us to determine the following chemical formula:
(CTA)o.4[Cso.7Co{Fe(CN)s}o.9]*H200.6, [Cs1.8Co{Fe(CN)e}o.95]#0.5H,0 and [Co{Fe(CN)s}o.65]*3H20 for 1,
3 and 4, respectively. For 1, the amount of water molecules was determined by a Thermo
Gravimetric Analysis study (Figure S2). For CsCoFe_PVP (2), EDS gives a Co/Fe ratio close to 1, the
amount of PVP being very large no further analysis was made on 2. As the particles from the same
batch were recovered both by CTABr and PVP, their composition was therefore reasonably assumed
to be the same.

The infra-red spectrum of CsaCoFe (3) in the 2300 — 2000 cm™ region (Figure S3), corresponding to
the asymmetric elongation of the cyanide group, evidences a vibration band (2092 cm)
characteristic of the Co"Fe' species.3! The shoulder at 2060 cm™ is attributed to non-bridging
cyanides that belong the particles’ surface. For CoFeoes (4) (Figure S4), the main band at 2160 cm™
is characteristic of the Co'"Fe'" species, and two very weak bands at 2119 and 2092 cm* correspond
to Co"'Fe!' and Co'"Fe' pairs respectively.?! The intrinsic intensities of the bands corresponding to
these last two species are around 10 times and 4 times larger, respectively, than that of Co"Fe'.3!
The contribution of the Co'"'Fe'" and Co'Fe' species to 4 is, thus, negligible. The infra-red spectrum
of CsCoFe_CTA (1) (Figure S5) shows an intense band at 2114 cm™ closer in energy to 2119 cm™ than
to 2092 cm™ indicating the presence of a larger amount of Co"'Fe' than Co''Fe" species in 1. The
shoulder at 2060 cm™ is due to terminal non-bridging cyanides linked to Fe'. Another weak band is
present at 2176 cm™, a frequency slightly larger than 2160 cm™, that was tentatively assigned to
non-linear Co'-NC—Fe'" species belonging to the particles’ surface. The much weaker intensity of
the cyanide vibration band when cyanide is linked to Fe'" than when linked to Fe' indicates that the
amount of the Co"Fe" species is not negligible within the nanocrystals of 1.3! Unfortunately, it is
difficult to get a quantitative estimation of these Co'"Fe'" pairs from the infra-red data, but magnetic
and X-ray powder diffraction data provide quantitative information (see below). In summary, infra-
red spectroscopy indicates that the diamagnetic Co"'Fe' pairs are the major species in CsCoFe_CTA
(1) and that Co'"Fe" and Co''Fe'" pairs are present as minor species, but in non-negligible amount.
The analysis of the X-ray powder diffraction diagrams of Cs,CoFe (3) and CoFeoss (4) gives cell
parameters values of 10.33 and 10.28 A, respectively (Figure S6). For CsCoFe CTA (1) (Figure S7),
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the cell parameter was found equal 10.03+0.05 A closer to the value corresponding to a pure
CsCo"'Fe" network (9.95 A) than to Co' containing networks indicating the presence of a majority of
the Co"'Fe' species. This is consistent with the infra-red data. Because the Bragg peaks are rather
symmetrical, one can assume that the overall cell parameter is averaged over the objects. It is, then,
possible to estimate a 28% contribution of the Co" containing species (Co"Fe""" and Co'Fe'), on one
hand, and 72% of the Co"'Fe'' network, on the other hand, which correspond to a Co"'/Co" ratio of
2.6. It is worth noting that a cell parameter value of 10.03+0.05 was found for a bulk material
containing a 70/30 : Co"'/Co" ratio and a Cs/Co ratio of 0.97 validating our results.'® A correlation
length of 10.5 nm was determined using Scherrer equation for CsCoFe_CTA (1), which is consistent
with the sizes determined from DLS and TEM analysis.

In order to assess the composition of the nanocrystals’ surface, we performed X-ray Photoelectron
Spectroscopy (XPS) analysis of the objects assembled as a thin film on a Highly Oriented Pyrolytic
Graphite (HOPG) substrate (see Sl). Atomic Force Microscopy (AFM) imaging shows a laterally dense
layer of nanoparticles (Figure S8) with an average height close to 12 nm including regions with
heights around 23 nm, indicating the presence of a single layer of particles and some bilayers.

XPS allows investigating both the atomic ratio of the different elements, and the oxidation state for
a given element. The XPS spectra show the presence of both Co" and Co" species (Figure 2) together
with all the other elements N, Fe and Cs (Figure S9). The quantitative analysis of the spectra leads
to Co/Fe and N/Fe ratio close to 1 and 7 as expected. The Co""/Co" ratio was estimated by fitting
two main symmetrical lineshapes for each Co" and Co'" state and two large peaks approximating the
shake-up satellites (not shown in Figure 2) and was found equal to 2.0. We observed a slight
evolution of the Co spectra with time due to reduction of some Co" to Co" (Figure S10), which
allowed to extrapolate a Co""/Co" ratio at t = 0 of 2.16, still well below 2.6 found from XRPD data. If
the metal ions were statistically distributed within the nanocrystals, the Co"/Co" ratio obtained
from XPS should be the same as found from the XRPD data (2.6 instead of 2.16). The explanation to
this discrepancy is the presence of a larger concentration of Co" ions on the surface of the
nanocrystals than in the bulk giving rise to a relatively more intense XPS signal for Co'""and, therefore,
to an apparent smaller Co"'/Co" ratio. In order to simulate the intensity of the XPS signal as a
function of the film depth (d), we first determined the mean free path of electrons within the film
of nanocrystals as a function d that was found equal to 1.7 nm (Figure $11).3% 33 We then determined
the Co'"'/Co" ratio for different distributions of Co' within a nanocrystal of 11 nm edge size,
considering both the mean free path of the electrons and the contribution of the different
nanocrystal layers (see S| for the details of calculations and the definition of "layer"). A good
correlation between the Co"'/Co'" ratios extracted from XRPD and XPS is obtained for a model where
the Co' ions are present only within a shell of 2 nm thickness of the nanocrystal and absent in its
core (see Sl). Bleuzen et al. have recently shown, using X-ray Absorption Spectroscopy, that the
surface of CoFe nanoparticles (5.5 nm size) embedded in silica is mainly made of Co"Fe'" pairs where
the metal ions have a distorted environment.3* Our results are consistent with these findings.
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Figure 2. XPS spectrum at the 2p edge of Co for the as-prepared objects assembled on HOPG.




Assessing the nature of the metastable state by X-ray diffraction and optical studies

The X-ray diffraction studies were performed on CsCoFe_PVP (2) where the particles are embedded
in PVP using a film with a thickness of a few microns in order to maximize the light induced
transformation thanks to the transparency of the film. XRD patterns were collected using 4-circle
diffractometer at IPR with monochromatic radiation (A = 0.71073 A). The diffraction patterns were
measured before, during and after irradiation and are characteristic of the fcc structure (Figure 3a).
The large background in the scattered signal is due to PVP. The cell parameter (a) before irradiation
was found to be equal to 10.068 A. The PVP film containing the nanoparticles were then irradiated
with a green laser (532 nm, with a beam spot of = 5 mm?). Upon irradiation (28 mW, T = 10 K) the
cell parameter a increases, almost exponentially with a time constant of 4.7 min!, saturates around
10.145 A and remains almost constant once laser excitation is switched off (Figure 3b). This lattice
expansion is characterized by the shift of the Bragg peaks towards lower scattering vector Q (inset
of Figure 3a). The Bragg peaks keep similar width before, under or after laser excitation, which
indicates both a global conversion of the particles within the film and a homogeneous excitation
within the particles. It also shows that all the particles within the films were photoexcited as, after
photoexcitation, there is no more diffraction signal at the original position of the Bragg peaks before
laser excitation. This photoinduced state is long-lived. Under stronger laser excitation (100 mW) a
(laser) heating effect is observed, characterized by an additional shift of the peaks toward lower Q
as the cell parameter reaches 10.16 A, but once laser excitation is switched off, the cell parameter
(a) recovers rapidly its original value before heating 10.145 A (dashed line, Figure 3b). This
experiment confirms that the maximal conversion was already reached after =20 min of laser
excitation at 28 mW. The photoinduced electron transfer phenomenon being concomitant with the
spin crossover on the Co sites induces an elongation of the Co-N bonds of =0.18 A and therefore a
lattice expansion of the unit cell parameter of =0.36 A. The experimentally observed lattice
expansion of 0.077 A, from a = 10.068 A to 10.145 A, corresponds therefore to a =21% conversion
of the Co"'Fe' species (from =67 to ~45%) leading to a relative transformation of about 30% from of
the diamagnetic Co""Fe" species to the paramagnetic Co'Fe'" one. We observed similar lattice
expansion under laser irradiation at 660 nm at 80 K, for both CsCoFe_CTA (1) and CsCoFe_PVP (2)
(Figure S12). Once laser excitation is switched off, the lattice parameter in CsCoFe_PVP (2) relaxes
faster than in CsCoFe_CTA (1), which seems to indicate a stronger stabilization of the photoinduced
state in CsCoFe_CTA (1), as discussed hereafter with magnetic measurements.

We, also, measured the optical spectra changes on the same thin film of CsCoFe_PVP (2) used for
the X-ray diffraction. The optical density (OD) measurements were performed at T = 15 K before
and after laser excitation at A = 660 nm (Figure 4). The differential OD (black trace) corresponding
to the difference between the spectra after (red trace) and before (blue trace) excitation reveals
the appearance of two bands around 610 and 430 nm that can be attributed to the photoinduced
state Co''Fe". The negative absorption at 520 nm in the differential spectrum is, therefore, a
signature of an absorption within the ground diamagnetic Co'"Fe" state. This experiment
demonstrates that the large band of CsCoFe_PVP (2) (blue trace in Figure 4) observed in the 650-
500 nm region is composed of two bands, one at 520 nm due to the Co"'Fe' species (majority
species) and the other at 610 nm due to Co'"Fe'" (minority species) both present in the nanocrystals
before irradiation. This is consistent with the IR and XRPD data that the two mixed valence species
Co'Fe'" and Co"'Fe'" are both present in the nanocrystals. The Co"Fe' species do not exhibit any
detectable absorption in this region, but Electron Paramagnetic Resonance (EPR) Spectroscopy
allows detecting and quantifying these species, as demonstrated hereafter.
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Figure 3. (a) X-ray powder diffraction pattern of CsCoFe_PVP (2), characteristic of the fcc lattice, before,
during (100 mW) and after irradiation at 532 nm. The inset shows the shift of the Bragg peak due to
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Figure 4. Optical spectra of CsCoFe_PVP (2) in the ground state (blue trace), in the photoinduced state (red
trace) after irradiation at 660 nm and differential spectra (black trace).

Detection of the paramagnetic Co'"Fe" species by EPR

All EPR experiments were carried out on freshly prepared colloidal aqueous solutions containing the
nanocrystals. We first performed the EPR study on the reference compound Cs,Co'Fe" (3) that
shows a resonance at g = 4.1 (T = 10 K) typical of high spin Co" (S = 3/2) in a distorted octahedral
environment (Figure $13).3> The nanocrystals of Co''Fe'"o 66 (4) did not show any resonance down to
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T =10 K (Figure S13), indicating that when Co" ions are directly linked to the paramagnetic Fe''(CN)e
(S = %) species, they are EPR silent. Exchange coupling interactions between the two paramagnetic
ions (Co'" and Fe'") through the cyanide bridge may broaden the signal (see magnetic measurements
below). These two studies lead to the conclusion that high spin Co" ions (S = 3/2) can be detected
by EPR only when they are magnetically isolated within the network, i.e., when they are surrounded
by water molecules and/or diamagnetic low spin Fe'(CN)s.

The EPR spectrum of the CsCoFe nanocrystals dispersed in water (without CTA or PVP, Figure 5) has
a single resonance at g = 4.1 with the same shape as for the reference sample Cs,Co'"Fe'" (3),
confirming that within the nanocrystals (i) there are isolated Co' paramagnetic species and (ii) their
coordination sphere is almost identical to that of the reference sample Cs,Co'Fe' (3). A
quantification of the EPR signal based on the intensity of the resonance of Cs,Co'"Fe'" (3), whose
concentration in Co" is known, shows that the CsCoFe nanocrystals contain 10% of isolated
paramagnetic Co" ions.

The dispersion of the CsCoFe nanocrystals was irradiated at 635 nm (T = 10 K) and the spectra
registered after 5, 10 minutes and longer times and after relaxation at 200 K. The intensity of the
EPR band decreases very rapidly after 5 minutes and then slightly further after 10 minutes where
saturation was observed (Figure 5). The intensity of the spectrum decreases by 75% demonstrating
that the isolated Co" ions (surrounded by diamagnetic Fe'(CN)¢ species in the dark state) become
silent after irradiation. This is due to the photo-transformation of diamagnetic Fe'(CN)s entities
linked to the isolated Co/" (the index i indicates magnetically isolated Co'"ions) to paramagnetic ones
(Fe"'(CN)s) leading to the formation of Fe"-CN—Co/' pairs that become EPR silent. From the
structural point of view, this is consistent with a close contact (one coordination bond) between the
Co""Fe" and the Co/'Fe'" pairs within the nanoparticles as tentatively depicted in Scheme 1.

0 50 100 150 200 250 300

B (mT)
Figure 5. EPR spectra of the as-prepared nanocrystals (before recovering by CTA) at T= 10 K before irradiation
(light blue), after irradiation for 5 minutes (red) and for 10 minutes (blue) and then after relaxation by heating
the solution to 200 K and then cooling to 10 K (green), (experimental conditions (microwave frequency = 9.63
GHz, modulation amplitude = 8 G, microwave power = 1.00 mW, modulation frequency 100 KHz, gain = 34
dB).

OH, OH,
_Fe! hn _Fel
Fel—cCo|!-Fe''-Co!! —— Fe''—cCol~Fe"-Co!
Fe'” | Fe'
Fe' Fe'
EPR active Co;' site EPR silent Co' sites

Scheme 1. Schematic illustration of the position of an EPR active Co/" site coordinated to a diamagnetic Fe'—
CN-Co" pair that becomes silent after electron transfer upon irradiation



Magnetic and photomagnetic behavior

We investigated the magnetic properties of CsCoFe_CTA (1) and CsCoFe_PVP (2) with the objective
of assessing the effect of chemical environment on their photomagnetic behavior. We measured
the properties of the two reference compounds Cs,Co''Fe'" (3) and Co'"Fe"'o.66 (4) that are detailed in
the Supporting Information (Figure S14 and S15).

For CsCoFe_CTA (1), the T = f(T) plot (Figure 6a and Figure S16) has a value of 0.83 emu K/ mol at
T = 250 K. This value is consistent with the spin only value expected (0.98 emu K / mol) for the
amount of paramagnetic Co(ll) ions (see Sl for additional comments). A maximum at T =7 K is
observed consistent with the presence of Co'Fe'" pairs within the nanoparticles because if only
isolated paramagnetic Co/" species were present T would decrease upon cooling (see Figures S14
and S15 for comparison). The temperature of the maximum of 4T (7 K) is well below that of
Co"Fe'o66 (4) (12 K) indicating a much shorter magnetic correlation length for CsCoFe _CTA (1) than
for Co'Feogs (4) leading to the conclusion that the Co'Fe!" pairs are relatively isolated in
CsCoFe_CTA (1).

The sample was irradiated at T= 10 K (635 nm, power 20 mW/cm?) for 3 hours until saturation was
observed. Then, the light was switched off, the temperature decreased to 2 K and the magnetization
measured while heating which allows us to plot the T = f(T) curve (Figure 6a, Figure S16). T has
the behavior usually observed for photoswitchable CoFe material, a maximum is observed at T= 14
K due to a much longer magnetic correlation length than before irradiation. Upon heating up, T
decreases from 6.6 emu K / mol, reaches a value of 2.2 emu K / mol at 55 K where a quasi-plateau
is observed until T =65 K. Then T decreases and reaches its value before irradiation at around T =
150 K (Figure 6a, inset), which is defined as the relaxation temperature Treux(CTA) for CsCoFe_CTA
(1). Above this temperature, the two curves before and after irradiation are superimposable within
experimental error. The sample was then cooled down from room temperature to T=2 K, the curve
after relaxation is almost identical to the one before irradiation showing the reversibility of the
process. The temperature of the maximum of 4T shifts from 7 to 14 K due interparticle dipolar
ferromagnetic interactions as we have already shown on other PBA nanocrystals.>® The detailed
study of this collective behavior is out of scope of this paper and will be the subject of another
report.

The magnetization vs. the applied magnetic field (B) was measured before and after irradiation and
after relaxation (Figure 6b). An increase of the magnetization of 0.7 Bohr Magneton is observed at
B =6 T due to the transformation of Co'"'Fe' pairs to Co'"Fe'". Assuming 10% concentration of Co"Fe'
pairs as found from EPR, it is possible to compute a concentration of 22% for Co"Fe!" pairs before
irradiation considering the magnetization values of CsCoFe_CTA (1), Cs2Co'Fe'" (3) and Co'Fe'o 66 (4)
at 6 T, which is consistent with the values found from the XRPD data (see above). After irradiation,
the concentration of the Co'"Fe!" pairs increases to 54% showing a transformation of 32% Co''Fe'
pairs to Co"Fe!", which corresponds to a relative transformation of 0.32/0.68 = 47%. Another way to
estimate the relative photo-conversion without any assumption is to compute the (Mq-Ms)/M, ratio
where M, and M, are the experimental magnetization values at B = 6 T after and before irradiation
equal to (1.38-0.68)/1.38 = 50% consistent with the previous value.



a) 7.0 ———r T b)
v before irradiation

6.0 .g e after irradiation

- .: e A after relaxation
[ ] ° .E
— 50 ( ] . - 1 (=}
g g o T..(CTA)=150K §
; 4.0 Y ®e ., 1 g
= L] VvVv"v'v:’OQ F %
g 3.0 ] *3% *; ] -g
= 100 120 140 160 180 200 o
= 20 T s

o.o L L 1 1
0 50 100 150 200 250

T (K)

Figure 6. Magnetic data for CsCoFe_CTA (1), (a) 4T = f(T), the inset shows the relaxation temperature after
irradiation and (b) M = f(B) at T= 2 K before (¥) and after (@) irradiation at T= 10 K and after relaxation (&)
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For CsCoFe_PVP (2), the 4T = f(T) (Figure 7a) curves are similar to those of CsCoFe_CTA (1) The
maximum, after irradiation, at T=9 instead of 14 K for CsCoFe_CTA (1) suggests a shorter magnetic
correlation length ascribed to weaker interparticle dipolar ferromagnetic interactions,3° confirming
that the nanocrystals are more diluted in 2 than in 1. The relaxation temperature (Treiax(PVP)) was
determined to be equal to 95 K (Figure 7a, inset). The magnetization data (Figure 7b) show, upon
irradiation, an increase from 0.4 to 0.51 emu / g (at 6 T) corresponding to a relative conversion of
21%, a value consistent with that found from the XRPD data.
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Figure 7. Magnetic data for CsCoFe_PVP (2), (a) yT = f(T), the inset shows the relaxation temperature
after irradiation and (b) M = f(B) at T = 2 K before (¥) and after (@) irradiation and after relaxation
(A). *in the 40 — 70 K region the bumps are due to the presence of some oxygen gas trapped in the
organic polymer that we observe in some experiments.



DISCUSSION

Role of the alkali ion and vacancies

An important feature of the nanocrystals is the large Cs* concentration and, consequently, the small
amount of vacancies when compared to bulk systems that are photoactive (0.7 here in comparison
to0 0.17 and 0.3 for Cs/Co ratio and 10% here in comparison to 28% and 20% for Fe(CN)s vacancies).”
18 Actually, bulk systems with Cs/Co ratios equal to 0.57 and 0.97 and vacancies of 15% and 3%,
similar to the present nanocrystals, are low spin over the whole temperature range and are not
photoactive. While the 11 nm nanocrystals that possess a very small amount of vacancies (10%) and
remain low spin up to room temperature are still photoactive.

The role of Cs* as templating agent was reported to be a determining factor on the nucleation and
growth steps of charged PBA nanoparticles,’ as well as for the formation of molecular cyanide-
bridged cubes.3® 37 During the formation of the nanocrystals, a large number of seeds are produced
with few vacancies in hexacyanoferrate(ll) that may be nearly perfect primary cubes with a central
Cs* and linear Co-CN-Fe bonds.*® As supported by the combined results of XPS, PXRD and EPR
studies, the nanocrystals would thus comprise a well-crystallized Co'"'Fe' core close to 7 nm that
may be obtained from these seeds either by coalescence through coordination bonds or normal
growth step around them. On these well-ordered cores, one may envisage a more distorted Co-CN-
Fe environment for the terminal layers (with or without Cs) (Scheme 2). The non-linearity of the
terminal Co-CN-Fe pairs and slightly different position of the Cs* cation in the tetrahedral sites may
account for the stabilization of Co"Fe'"' and Co''Fe' at the periphery, as proposed by Bleuzen et al. on

a Cso.18CoFe bulk compound.3®
A
Fe''Co''Co'(H,0),Fe'"

11 nm 7 nm

Y
Scheme 2. Schematic view of the structure of the nanocrystals

The absence of photoactive effect in systems with a small amount of vacancies was attributed to
the difficulty of the network to accommodate the large structural change and lattice expansion
concomitant to the spin crossover on the Co sites accompanying the electron transfer. During the
photo-induced electron transfer from the LS (Co"'Fe'") to the HS state (Co''Fe'"), the cell parameter
increases by 4 %, which corresponds to a volume increase of 12%. Therefore, for large particles (or
bulk) with almost no vacancies, the network is not flexible enough to accompany the structural
change. While for small nanocrystals, despite the quasi absence of vacancies, the energy necessary
to accommodate their structure is much lower than for larger objects explaining the observation of
a photoresponse for nanometric objects and its absence for bulk systems.
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Effect of environment on the magnetic and photomagnetic behavior

A striking difference between the properties of nanocrystals surrounded by CTA* (1) and those
embedded in PVP (2) esncerns-is the relaxation temperature of the photoinduced state, which is
shifted by 55 K towards high temperature for 1 in comparison to 2 (Treiax(CTA) =150 K and Treiax(PVP)
= 95 K, insets of Figure 6a and Figure 7b). As attested by the magnetic data, the nanocrystals are
identical in the two samples because they are in the same state before irradiation, one can, thus,
reasonably assume that the larger stabilization of the LS state in CsCoFe_PVP (2) is due to the nature
of the matrix embedding them and more precisely to its elastic properties.3>%? This observation
agrees with the faster relaxation of the lattice parameter after irradiation at 80 K observed by X-ray
diffraction (Figure S12). Indeed, in the photoinduced state, the volume of the particles, and
therefore of the film, increases. The relatively soft PVP polymer can easily accommodate the elastic
energy due to the volume change and the global expansion of the PVP film is weaker than for the
CTA* film, where more densely packed nanoparticles will result in a larger volume expansion of the
film. This larger expansion of the film stabilizes the larger-volume photoinduced state. The alkane
chains, assumed to be interdigitated, behave as a more rigid environment able to couple the
nanoparticles elastically and therefore shifts the relaxation temperature to higher values.

The difference in the relaxation temperatures can tentatively be schematized by the potential
energy curves,* (Scheme 3) where the energy barrier for relaxation is lower in the case of the
nanocrystals embedded in PVP (2) than when surrounded by CTA* (1), which is at the origin of the
lower Treiax for the former than for the latter. Consequently, the energy difference between the
metastable and the ground states is larger for CsCoFe_PVP (2) than for CsCoFe_CTA (1).

E(Co"Fe_PVP)

E(Co"Fe" _CTA)
E(Co"Fe")

Scheme 3. Schematic effect of the polymer shifting the potential of the high-volume state due to elastic
interaction.
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CONCLUSIONS

Nanocrystals of the photomagnetic CsCoFe Prussian blue analogues with 11 nm size were prepared
by a template-free coprecipitation method in water leading to well-individualized charged
nanoparticles. The nanoobjects were fully characterized in solution and in the solid state when
surrounded by the cetyltrimethylammonium (CTA) cation and when embedded by the organic
polymer polyvinylpyrrolidone (PVP). Complementary characterization techniques reveal that the
nanoobjects contain a majority of the diamagnetic Co"'Fe'" network, but also the Co'"Fe'"" and Co'Fe"
pairs which contribute to about 30 %. The presence of the Co'Fe' pairs is suggested by infra-red
spectroscopy and evidenced quantitatively, for the first time, by EPR. Using XPS, we show that they
belong mainly to the outer shell of the particles allowing us to propose a structural model for the
nanocrystals.

The observation of a photoresponse despite the large Cs* concentration and the quasi absence of
Fe(CN)s vacancies is attributed to the lower energy needed by the nanometric objects than by the
larger ones to accommodate the lattice expansion upon irradiation. Consequently, the environment
plays a key role where a synergetic effect due to the small size of the nanocrystals and the nature
of the matrix (its compressibility and interaction with the particle’s surface) leads to a larger
relaxation temperature (by 55 K) for CsCoFe_CTA (1) than for CsCoFe_PVP (2).

Beyond the unique photomagnetic behavior of the nanocrystals, their stability in water as charged
objects in the absence of any surfactant allows their easy manipulation to (i) investigate their
magnetic properties in solution as we carried out by EPR, (ii) assemble them on a substrate of
interest as we have shown here on HOPG, (iii) embed them in PVP and produce thin transparent
films of good optical quality to perform photomagnetic studies and (iv) produce solid state materials
where the objects sustain different environments that tune their photomagnetic behavior. Work is
underway to organize them as arrays on functionalized substrates,** 4> and more importantly to
trap them between electrodes to investigate the effect of light on their conducting behavior.
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Experimental
The TEM measurements have been done on a TEM Philips EM208 with 100 keV incident electrons

focused on the specimen.

The Dynamic light scattering measurement has been performed on a Malvern Nanozetasizer
Apparatus (equipped with a backscattering mode) on the aqueous solutions containing the particles.
The volume profile was used to estimate the size corresponding to the main peaks. This
measurement was used as a qualitative measurement of the size of the particles or aggregates in
solution, which systematically includes a solvation shell.

FT-IR spectra were recorded with a PerkinElmer spectrometer (Spectrum 100). The measurements
were performed on KBr pellets (typically 1 mg in ca. 99 mg of KBr, this latter being previously ground)
in the 300-4000 cm™ range.

Powder X-ray diffraction (XRD) was performed on powders deposited on an aluminum plate and
collected on a Philipps Panalytical X’Pert Pro MPD powder diffractometer at CuKa radiation equipped
with a fast detector.

XPS measurements were performed on a K Alpha spectrometer from ThermoFisher, equipped with a
monochromated X-ray Source (Al Ko, 1486.6 eV) using a spot size of 400 um. The hemispherical
analyser was operated in CAE (Constant Analyser Energy) mode, with a pass energy of 200 eV and a
step of 1 eV for the acquisition of surveys spectra, and a pass energy of 50 eV and a step of 0.1 eV for
the acquisition of narrow spectra. The spectra obtained were treated by means of the Avantage
software. A Shirley type background subtraction was used and the peak areas were normalized using
the Scofield sensitivity factors. The peaks were analyzed using mixed Gaussian-Lorentzian curves
(70% of Gaussian character). The binding energies were calibrated against the C1s binding energy of
graphitic carbon set at 284.6 eV.

X-band EPR spectra were recorded on a Bruker ELEXSYS 500 spectrometer equipped with a Bruker ER
4116DM X band resonator, an Oxford Instrument continuous flow ESR 900 cryostat, and an Oxford
ITC 503 temperature control system. The aqueous dispersion containing the nanoparticles (200 pL)
was transferred to an EPR tube and frozen to 77 K prior to insertion in the EPR apparatus. For in situ
sample illuminations, we used a Thorlabs high power LED operating at 635 nm aimed directly at the
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EPR resonator. The samples were illuminated directly in the cavity at different temperatures and for
different time periods prior to EPR measurement (See figure legends for details). The standard
experimental conditions are: microwave frequency 9.63 GHz, microwave power 1.0 mW, modulation
amplitude 8 Gauss, modulation frequency 100 KHz, gain 34 dB.

Magnetic measurements were carried out with a Quantum Design MPMS-5S magnetometer working
in the dc mode. Photomagnetic experiments were carried out on the same magnetometer that was
equipped with a UV-Vis optical fiber connected to a 635nm Laser diode. The samples were deposited
and pressed between two pieces of adhesive tape to form a thin film to avoid any orientation of the
powder with the magnetic field and to maximize light penetration during the irradiation process. 0.4
mg were used for the CsCoFe_CTA sample and 3.8 mg for the CsCoFe_PVP one.

Preparation of the nanoparticles

CsCoFe_CTA (1). 200 ml of distilled water containing 673 mg of CsCl (4 mM) and 476 mg (2 mM) of
[Co"(H20)6]Cl> were quickly added to 200 ml of distilled water containing 658 mg (2 mM) of
K3[Fe(CN)s]. The solution was vigorously mixed for 30 minutes. DLS was measured (Figure S1).

A methanolic solution (600 ml) containing 1.10 g (6 mM) of cetyltrimethylammonium bromide
(CTABr) is prepared and added dropwise to 200 ml (half) of the aqueous solution containing the
nanoparticles. A precipitate form during the addition, it is recovered by centrifugation (9000 rpm for
20 minutes) washed with a small amount of water and dried under vacuum overnight. Elemental
analysis for Cso.7(C19H42N)o.4Co[Fe(CN)s]o.9(H20)o.6, €Xp. (calc.) C: 20.10 (20.60), H: 2.43 (3.79), N: 17.70
(17.12). For Cs, Fe and Co see Table S1.

CsCoFe_PVP (2). The remaining 200 ml of the nanoparticles is added dropwise for 3 hours to 20 ml of
an aqueous solution containing 12 g of PVP. Then 900 ml of acetone is added to the nanoparticles
dispersion. A precipitate form, it is recovered by centrifugation (9000 rpm for 20 minutes) washed
with a small amount of acetone and dried under vacuum overnight. EDS see Table S1.

Cs2CoFe (3). 50 ml of distilled water containing CsCl (10mM) and [Co"(H20)6]Cl2 (5mM) was added
drop-wise to a 50 ml aqueous solution of K,[Fe'(CN),]*2H20 (5mM) using a peristaltic pump (1.5

ml/minutes) while stirring vigorously. Upon adding, a suspension with a brown yellow color formed.
The compound was collected using centrifugation (9000 rpm, 20 minutes) and washed one time with
distilled water and one time with acetone and then dried under vacuum. EDS, see Table S1; Cs;[Co"
{Fe"(CN)e}]*2H20 Elemental analysis: exp. (calc.) C: 12.35 (12.40), H: 0.73 (0.69), N: 14.62 (14.46)
CoFeo.66 (4). 50 ml of an aqueous solution containing CoCl,*6H20 (2 mM, 23.8 mg) was added to 50
ml of an aqueous solution containing K;[Fe"(CN),] (2 mM, 32.9 mg). The solution was then stirred

vigorously for 60 hours. The mixture changed color from colorless to dark orange in a few seconds
then to deep red color and remains in this color for the rest of the experiment. The compound was
collected using centrifugation (9000 rpm, 20 minutes) and washed one time with distilled water and
one time with acetone and then dried under vacuum. EDS, see Table S1, Co"{Fe"'(CN)s}o.cs24.5H,0
Elemental analysis: exp. (calc.) C: 17.03 (16.99), H: 3.18 (3.21), N: 19.74 (19.82)

Electron Dispersive Spectroscopy
Table S1. EDS results for 1, 2, 3 and 4

EDS Co Fe Cs K
sample 1 1.00 0.89 0.70 0.01
sample 2* 1.00 1.00 1.20 -
sample 3 1.00 1.00 1.80 0.02
sample 4 1.00 0.66 0.00 0.03

* the excess Fe and Cs in comparison to sample 1 is due to the ions (Cs*, Cl', Fe(CN)e>) present in
solution that are recovered by PVP in the same time as the NPs.



4. Dynamic Light Scattering (DLS) studies
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Figure S1. Dynamic Light Scattering plots for the as prepared nanoparticles: CsCoFe (top), Cs2Co'"Fe" (middle)

and Co"Fe''y 66 (bottom).



5. Thermo Gravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) for 1.

In order to determine accurately the amount of water molecules, we carried a TGA study on 1. The
data show a continuous loss of matter from room temperature up to 180 °C that corresponds to
2.25% of its weight (green line) and then an intake of the same amount upon cooling down to room
temperature. This weight loss amounts to 0.6 H,0 considering the formula
Cs0.7(C19H42N)0.4Co[Fe(CN)slo.o(H20)0.6 (MW = 467.02 g/mol). The DSC (dark red) shows an endothermic
behavior consistent with the loss of water molecules.

100.5 0.12
+0.10
100.0 L
] 6.0
] 0.08
99.5 [
551 9
—~ = - 0.06 2
S 1 = ] &
2 99.04 H =y
2 p) >
® 1 = 1 =
= © F0.04
£ 50- Z
] T 01 5
[m]
98.5 L
J Fo.02
1 45
98.0 L
| T0.00
97.5 —n - T -0.02
20 40 60 80 100 120 140 160 180 200
Exo Up Temperature (°C) Universal V4.3A TA Instruments

Figure S2. TGA and DSC study for 1, weight loss (green)



6. Infra-red spectroscopy
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Figure S3. Infra-red spectra of Cs,CoFe (3) in the 2000-2300 cm™ region (left) and 300-700 cm™ region
(right).
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Figure S4. Infra-red spectra of CoFeqes(4) in the 2000-2300 cm™ region (left) and 300-700 cm™ region

(right).
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Figure S5. Infra-red spectra of CsCoFe_CTA (1) in the 2000-2300 cm region.




7. X-ray powder diffraction (XRPD) studies
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Figure S6. X-ray powder diffraction pattern for Cs,CoFe (3) (left) and CoFeoes (4) (right), the * corresponds to a
Bragg peak belonging to the substrate.
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Figure S7. XRPD pattern of CsCoFe_CTA (1), the * corresponds to a Bragg peak belonging to the substrate.




8. Preparation of the nanocrystals’ thin film and Atomic Force Microscopy (AFM) imaging

A freshly cleaved HOPG substrate was immersed for 15 minutes in a freshly prepared aqueous
colloidal dispersion of the nanocrystals. The substrate was removed from the solution, rinsed with
water and methanol then dried under a flow of argon for two hours. It was then imaged by AFM.
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Figure S8. Atomic Force Microscopy image (5um x 5um) of an assembly of the CsCoFe nanocrystals on HOPG
and height for two selected regions of the image and the number of events vs. height showing an average
value close to 12 nm.

9. X-ray Photoelectron Spectroscopy (XPS) study
The Co2p signal is interfered by an iron Auger LMM. In order to do the correction for the Auger LMM
a reference sample of K4[Fe4(CN)6] was measured and the Auger signal was subtracted from Co2p
after normalizing its intensity on Fe2p peaks of the sample and that of K4[Fe4(CN)6]. It is worth
mentioning that this Auger subtraction represents a source of error.
The Co2p core level spectra were recorded within a period of 10 - 41 minutes from the beginning of
the acquisition. We noticed a slight modification of the Co2p signal during the exposure to X-rays
beam corresponding to a reduction of Co(lll) to Co(ll), but the effect observed is almost negligible. In
order to estimate this effect, we evaluated the Co(lll)/Co(ll) ratios at different exposure times which
are varying from 2 after 11 min to 1.4 after 41 min as shown Figure S9.
The Cs3dsy; is interfered by Fe2p1,2. As a consequence, we considered only the Cs3ds/; and Fe2ps)2
areas in the quantification.
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Figure S9. X-ray Photoelectron Spectroscopy spectra for the as prepared nanoparticles at the Fe and Cs edges
(left) and at the N edge (right).



10.
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Figure S10. (left) XPS spectrum at the 2p edge of Co for the as prepared nanoparticles assembled on a HOPG at
t=11, 17, 27 and 41 minutes and (right) evolution of the Co"/Co" ratio with time.
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Figure S11. Variation of the intensity of the XPS spectrum as a function of the depth form the surface, d.
Determination of the contribution of the different layers for a cfc cubic nanocrystal

For a cfc cubic nanocrystal with a side of n nm, the overall number of metallic ions of the same nature
(Fe or Co) is given by 4(n+0.5)3 +0.5.

A layer is defined as an atomic cube of the nanocrystal, the surface being L1, the next inner atomic
cube is L2 and so on as shown in the scheme below. The distance between two layers correspond to
half of the unit cell. In the present case where the unit cell parameter is equal to 10.03 A (1 nm), the
distance between two layers is = 0.5 nm.

Surface atomic layer L1
atomic contribution 23.9%

11nm

second layer L2
atomic contribution 19.8%

The number of atoms belonging to each layer is given by 2n?+2n+1. For the present case where we
have nanocrystals with n = 11, the total number of Co (or Fe) atoms of the nanocrystal is 6084. The
number of atoms belonging to the surface (L1) is 1454. For L2, we find 1202 and so on...The
percentage of atoms belonging to L1 is therefore 23.9 (1454/6084) and for L2 is 19.8, etc.. Table S2
gives the number of atoms for Ln and their percentage.



Table S2. Number and percentage of metallic atoms (Co or Fe) belonging to each layer Ln of a cubic
nanocrystal (fcc structure) with a side n =11 nm, where L1 is defined as the surface of the

nanocrystal
number of
atoms % of atoms
Ln belonging Ln | belonging to Ln
11 4 0.000657462
10 50 0.008218277
9 110 0.01808021
8 194 0.031886917
7 302 0.049638396
6 434 0.071334648
5 590 0.096975674
4 770 0.126561473
3 974 0.160092045
2 1202 0.19756739
1 1454 0.238987508

By considering the variation of the intensity of the XPS spectrum as a function of the depth from the surface,
d (Figure S11) and the contribution of each layer of the nanocrystal (Table S2), it is possible to find an excellent
correlation between the XRPD data and the ratio of the XPS signals for a model where Co(ll) ions present only
in the outer 5 layers (L1 to L5) with the following the percentages to each shell 0.4, 0.4, 0.3,0.3 and 0.2
respectively, while the inner layers (L6 to L11) do not have Co(ll) but only Co(lll) ions. The layers L1 to L5 have
a thickness of 2 nm (4 times the distance between two layers) leading to the conclusion that the nanocrystals
are made of a 2 nm thick shell (L1 to L5) containing both Co(ll) and Co(lll) ions and an inner core of about 7 nm
containing only Co(lll) ions. It is important to note that considering either a larger concentration of Co(ll) ions
on the surface of the objects (within L1 and L2, for example or a larger concentration of Co(ll) within the core
give completely different calculated ratios for the XPS signal not consistent with the experimental. It is clear
that for these calculation the statistical distribution of Co(ll) and Co(lll) ions within the nanocrystal was set to
give the ratio obtained from XRPD. It is worth noting also that the Co"'/Co" experimental ratio obtained from
XRPD is confirmed by the magnetization data, a completely different technique (see below the magnetic data
section)

11. X-ray powder diffraction (XRPD) studies under excitation at 660 nm at 80 K

| T ' T I T T T T T
o psolLlaser | on | After 80K 1
= L off  4mw !
Z o025f 100, 1 20 CsCoFe PVP
< ! TRy 1o CsCoFe CTA -
= 020f
S I
o015 F
% 010}
£ I
S 005t
o]
=z P
E o.oo%
C: _0.05 1 n 1 L L L 1 L L L I L 1 L 1

-10 0 10 20 30 40 50 60
Time (min)



12.

13.

Figure S12. Relative lattice parameter changes of CsCoFe_CTA (1) and CsCoFe_PVP (2) under laser irradiation
at 660 nm (4 mW) and at 80 K.

We performed XRD study on CsCoFe_CTA (1) and CsCoFe_PVP (2) under laser irradiation at 660 nm at
80 K (as under laser excitation at 532 nm at 10 K shown in Figure 3). Figure S12 shows the relative

change of the lattice parameter a (%t) - 1), where ap is the initial lattice parameter. Under 4 mW
0

excitation, a expends from 10.068 A to 10.093 A for CsCoFe_PVP (2), which is smaller than the
expansion observed at 10 K under excitation at 532 nm (Figure 3). The expansion is weaker for
CsCoFe_CTA (1) under 4 mW excitation at 660 nm, probably due to the larger optical density of the
film which precludes high conversion. Our data collections indicate that there is no X-ray induced
transformation, as the lattice parameter remains constant before laser irradiation, and only expands
under laser irradiation. Once laser excitation is switched off, the lattice parameter decreases more
rapidly in CsCoFe_PVP (2) than in CsCoFe_CTA (1), which indicates a stronger stabilization of the
photoinduced state in CsCoFe_CTA (1).

Electron Paramagnetic Resonance (EPR) Studies
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Figure S13. (left) EPR spectra for Cs,CoFe (3) (blue) and CoFeqss(4) (black) dispersed in water at T=10 K and
(right) for Cs,CoFe (3) at T=50 K (light blue), 30 K (red) and 10 K (blue). Experimental conditions (microwave
frequency = 9.63 GHz, modulation amplitude = 8 G, microwave power = 1.00 mW, modulation frequency 100

KHz, gain = 34 dB).

Magnetic and photomagnetic studies

Magnetic behavior of Cs,Co"Fe' (3) and Co"Fe'"o66 (4)

Upon cooling from T =300 K, the 4T = f(T) plot for Cs2Co'"Fe'" (3) decreases from 3.0 and reaches a
value of 1.6 emuK/mol at T = 2 K (Figure S14). The value at high temperature corresponds to isolated
Co'' ions with a g-value equal to 2.5. The shape of the curve corresponds to high spin S =3/2 Co"ions
possessing relatively large spin-orbit coupling as expected for a slightly distorted octahedral
geometry.3’ Because 4T does not reach zero at low temperature, no large antiferromagnetic
exchange coupling among the Co' ions separated by diamagnetic Fe'(CN)s entities is present. The
overall behavior may, therefore, be attributed to a large zero-field splitting (ZFS) of the Co' ions. This
is consistent with the EPR data that shows an effective g-value equal to 4.1 due to transitions within
the Ms=+1/2 sub-levels well separated from the excited Ms = +3/2, as shown by the temperature
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dependence of the EPR spectrum (Figure S13). The magnetization vs. field (M = f(B)) measured at T =
2,4 and 6 K (Figure S14) is almost saturated at T=2 Kand B = 6 T with a value of 2.15 Bohr Magneton
well below the expected one for S = 3/2 and g = 2.5 (3.75 Bohr Magneton) consistent with a large ZFS.
We also measured the thermal dependence of yT for Co"Feo 66 (4). At room temperature (Figure
S15), #T (3.38 emu K / mol) is slightly larger than that of Cs2Co'"Fe"" (3) (3.0 emu K / mol) due to the
presence of 0.66 excess paramagnetic Fe'"(CN)s S = 1/2 species that account for 0.38 emu K/ mol.
Upon cooling, 4T slightly decreases and reaches a value of 3.10 emu K / mol at T = 70 K indicating a
weak antiferromagnetic exchange coupling between Co" and Fe"" through the cyanide bridge. Below
70 K, ¥T increases to reach a maximum value of 31.50 emu K/ mol at T =12 K due to large
interparticle magnetic correlation in the ferrimagnetic state. The examination of the M = f(B) curve
measured at T = 2 K (Figure S15) reveals, upon increasing the field, a rather smooth increase of the
magnetization that does not reach saturation at B =5 T, whereas, the magnetization for the
paramagnetic compound Cs;Co'Fe' (3) is steeper and reaches saturation. The magnetization behavior
can be ascribed to the antiferromagnetic Co"-Fe'" coupling that is weak enough so that it can be
partially overcome by the relatively small applied magnetic field. Finally, no photomagnetic effect
was observed confirming the absence of photoswitchable Co"'Fe' species within Co"Fe"'o 66 (4), as
expected.

It is important note that we used the values of the magnetizationat T=2Kand B=6 T to draw
quantitative conclusion on the concentration of the different metal ions, and not the values of % T at
high temperature where the spin-only approximation is valid. This is because the % T value above 250
K is not accurate and cannot be used to draw quantitative conclusions, this is due to the following
reasons: (i) we are dealing with a sample (CsCoFe_CTA) that is mainly made of diamagnetic ions
(Co(lll) and Fe(ll)) with only around 30% of paramagnetic Co(ll), (ii) the diamagnetic contribution is
large because the nanocrystals are surrounded by CTA, and (iii) we used a very small amount of
matter (0.4 mg) to measure the magnetization in order to maximize light penetration and
photomagnetic transformation. All these reasons make the paramagnetic signal low and the
diamagnetic one large at room temperature and difficult to be exactly evaluated. A large uncertainty
on the T value above 250 K where the spin-only approximation is valid, occurs. While magnetization
data at 2 Kand 6 T give a large magnetic signal with relatively negligible diamagnetic one. We,
therefore, rely on these values to interpret our results.

3.5_....,....,....,....,....I ........ S S ———
L : e o @ @ :
30:- MM 20 + ° . Ay * 4
- [ . ' v
25FL ...0.0" i - [ . N . v
= L .o... g 15- o v
g of / s 15T s o )
= 2ot 18 g & ¥
= = [ . v
E 15F 1 £ 10f * -
- N [} | ° ~ v
=~ r e o 4
e 1ok ] s s A
i 05f & ]
05F ] [oay
L e AV
3 37
o_o' 1 1 1 1 1 ooj 1 1 1 1 1 1
0 50 100 150 200 250 300 0 1 2 3 4 5 6
T (K) B(T)

Figure S14. (left) 4T =f(T) and (right) M = f(B) for Cs,CoFe (3) at T=2 K (@), 4K (A)and 6 K (V).
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Figure S15. (left) T =f(T) and (right) M = f(B) at T = 2 K for CoFeg.s (4).
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