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Size controlled cyano-bridged coordination polymer nanoparticles M" " /[M/(CN),,]>~ (where M"*
= Ni*", Fe?", Co®" and M’ = Fe**, Co®*(m = 6); Mo®>" (m = 8)) have been synthesised and
organised by using mesostructured hybrid silica hosts of various sizes (3.4, 5.3 and 7.5 nm)
containing —(CH,),CsH4N groups. The obtained composite materials were studied by
transmission electronic microscopy (TEM), infrared and electronic spectroscopies, nitrogen
sorption, X-ray diffraction and magnetic measurements. These analyses reveal the formation of
hetero- or homo-metallic cyano-bridged nanoparticles with controlled stoichiometry uniform in
size and shape within the silica matrix. The size of the nanoparticles is controlled by the pore size
of the silica used. The magnetic study of these nanocomposite materials reveal an appearance of a
spin-glass like regime which can be caused by a spin frustration on the surface of the

nanoparticles and/or by interparticle magnetostatic interactions.

Introduction

Cyano-bridged homo- and hetero-metallic coordination poly-
mers belong to an important family of molecule-based materi-
als presenting interesting magnetic, optic, photo-switchable
and intercalation properties.! These compounds may also be
used as molecular sieves, as materials for hydrogen storage or
as radioactive poison antidotes.” Consequently, during the last
twenty years, numerous compounds of this family with var-
ious structures have been synthesised and extensively studied
due to their fundamental interest as well as their technological
applications.® More recently, the research activity was also
devoted to the synthesis and studies of size and shape con-
trolled cyano-bridged metallic coordination polymer materials
at the nano-sized level regime.* It should be outlined that due
to the very important surface/core atoms ratio or confinement
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1 Electronic supplementary information (ESI) available: Fig. 1S:

Wit% of metal vs. number of M" " /[M/(CN),,]> " impregnation treat-

ments for 2a and 2b. Fig. 2S: TEM image of 1a. Fig. 3S: Nitrogen

adsorption/desorption isotherms and BJH pore-size distributions. Fig.
4S: FC and ZFC curves for sample 3a at an external magnetic field of

10 Oe. Fig. 5S: FC and ZFC curves for Ni;[Fe(CN)gl,-13H,0 at an

external magnetic field of 10 Oe. Fig. 6S: Temperature dependence of

the in-phase and out-of-phase components of the ac susceptibility of
3a with zero dc magnetic field. Fig. 7S: Temperature dependence of the
in-phase and out-of-phase components of the ac susceptibility of 3b
with zero dc magnetic field. Fig. 8S: Temperature dependence of the
in-phase and out-of-phase components of the ac susceptibility of

Nis[Fe(CN)gl,-13H,O with zero dc magnetic field. See DOI: 10.1039/

b709490f

effects, nanometer-scaled materials often exhibit an appear-
ance of new interesting size-dependent physical and chemical
properties, which can not be observed in their bulk analo-
gous.5 For this reason, such nano-sized materials are interest-
ing candidates for applications in many fields, including
electronics, catalysis, separation, biology, medical imagery
and others.® However, their synthesis is rendered difficult
due to the need of size, shape and surface state control of
the nano-objects and the requirement of their organisation in
space.

The first work on the synthesis of nanocrystals of Prussian
Blue of 12-50 nm was reported by Mann and co-workers.’
Henceforth, the number of articles devoted to the investiga-
tions of coordination nanopolymers is in constant expansion.
Indeed, the synthesis of cyano-bridged metallic nanoparticles
of different size by using reverse micelles,® polymer’ and
biopolymer,'® amorphous silica'' as matrices or ionic liquids
as structuring media'? were reported. In this connection, we
recently reported a new approach to the synthesis and orga-
nisation of cyano-bridged coordination polymer nanoparticles
based on hexa- and octa-cyanometallate building blocks by
using hybrid mesostructured silica as matrix.'*> These nano-
particles were obtained by growing of the cyano-bridged
metallic network at specific sites of hybrid mesostructured
silica. The presence of pyridine functionalities provides che-
mical anchoring of the nanoparticles and allows the growth
control inside the silica pores.

Such preliminary results encouraged us to further investi-
gate these nanocomposite materials, extend this approach to
other hetero- and homo-metallic cyano-bridged coordination
nanopolymers and examine the possibility of size control over
the nanoparticles. In the present work, we report on the
synthesis and textural, structural and magnetic studies of a
large range of cyano-bridged metallic coordination polymer
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Scheme 1

nanoparticles with controlled stoichiometry, grown into hy-
brid SBA-15 and MCM-41 types mesostructured hexagonal
silicas containing —(CH»),CsH4N functionalities and having
different size of pores. We give a special emphasis on the
relationship between the pore size of the silica matrix and the
size of the nanoparticles and their size-dependent magnetic
properties (Scheme 1).

Results and discussion
Synthesis

The scheme represents the method that we used in order to
form and organize the coordination polymer nanoparticles
into mesostructured hybrid silica. It consists in the intrapore
growth of cyano-bridged networks at specific sites of the
hybrid silica performed by consecutive coordination of M"*
(F**, Ni?", Fe*", Co®") and [M/(CN),>~ M’ = Fe**,
Co*" (m = 6), Mo®" (m = 8)). Mesoporous SBA-15 and
MCM-41 silicas types containing —-(CH,),CsH4N functional-
ities NCsH4(CH,),Si0; 5/xSi0; (x = 7.3, 9.3 and 8.5) with
pore diameters of 7.5, 5.3 and 3.4 nm were used (in the
following labelled as 1a, 1b and 1c). The growth of the
nanoparticles into the silica was performed using the following
typical procedure. The silica powder was consecutively treated
first with a methanolic solution of M"* and second with a
methanolic solution of [N(C4Hy)4]3[M’(CN),,] (M" = Fe, Co
(m = 6), Mo (m = 8)). At each step of the treatment, the silica
powder was thoroughly washed with methanol and dried in
vacuo. Such procedure was repeated twice. A large range of
nanocomposite materials containing Ni*" /[Fe(CN)q]*~ 2a—c,
Fe’* [[Fe(CN)e]>~ 3a—c, Fe’"/[Mo(CN)]*~ da—c, Co**/
[Co(CN)6]*~ 5 and Ni*/[Co(CN)¢]>~ 6 was obtained. The
elemental analysis of nanocomposite materials 2—6 are given in
Table 1 and the M/M' atomic ratio extracted from elemental
analysis is given in Table 2. For all the as-obtained nanocom-
posites the latter is close to 1. A further treatment of the
obtained nanocomposite silica with M" " /[M/(CN),,,*~ leads
to the saturation of the silica matrices by the coordination
polymer nanoparticles and may provoke the partial deposition
of the bulk coordination polymers on the silica grain surface
(Fig. 1S, ESI¥).

Structural characteristics of the nanocomposites

The IR and Raman spectroscopies were performed on the
nanocomposites 2-6 especially in the spectral window
2000-2300 cm !, i.e. in the vicinity of the CN stretching mode,

which is a fingerprint of structural and electronic changes
occurring in Prussian Blue analogous. The CN stretching
frequency of a free CN~ jon is 2080 cm™', whereas upon
coordination to a metal ion, it shifts to higher frequencies.'*
The IR spectra of the obtained nanocomposites 2—6, listed in
Table 2, show two characteristic absorption bands in the CN
stretching region. The high-frequency bands can be attributed
to the stretching of the CN ligand bridged between M>* and
M”?* in M>*—-CN-M"*" mode and the low-frequency bands
can be assigned to the presence of the linkage isomer with
M2T-NC-M"" coordination mode, as it was reported for the
bulk cyano-bridged coordination polymers.'> Similar CN
stretching frequencies can also be found in the spectra of the
respective  bulk cyano-bridged coordination polymers
(Table 2). The Raman spectra of the studied nanocomposites
2-6 in the spectral region 2000-3000 cm ™' are dominated by
two strong Raman signals. The first is centered in the vicinity
of 2150 cm ™! except for 5 where it is found at 2197 cm ™' and
the second is centered at ca. 2110 cm ™" except for 2, where it is
at 2070 cm ™' (Table 2). The Raman spectra can be interpreted
in analogy with the IR absorption data, assigning the first
band to the signal of the CN ligand bridged between M>* and
M”" in M—CN-M’ mode and the low-frequency bands to the
presence of the linkage isomer with M—NC-M’ coordination
mode. Similar signals were observed in Raman spectra of the
bulk analogous also listed in Table 2. As expected, the IR
spectra of the nanocomposites also present SiO, vibration
bands at 1080, 948, 798 and 459 cm™', which are not
observable by Raman spectroscopy.'*

The electronic spectra of these nanocomposites show
adsorption bands in the visible region corresponding to
inter-metal charge-transfer bands from M to M’, which can
also be found in the UV-Vis spectra of the bulk counterparts
(Table 2).

Table 1 Elemental analyses of the nanocomposites 2—6

Nanocomposite M, wt% M, wt% Si, wt%
2a Ni, 1.07 Fe, 1.08 31.39
2b Ni, 0.62 Fe, 0.65 26.52
2¢ Ni, 0.66 Fe, 0.61 33.00
3a Fe, 3.74 — 31.24
3b Fe, 2.64 — 24.58
3¢ Fe, 3.78 — 30.08
4a Fe, 1.26 Mo, 1.23 32.38
4b Fe, 1.59 Mo, 1.67 32.48
4c Fe, 1.48 Mo, 1.54 31.85
5 Co, 6.79 — 24.21
6 Ni, 1.01 Co, 1.04 32.54

274 | New J. Chem., 2008, 32, 273-282

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008


http://dx.doi.org/10.1039/b709490f

Downloaded by University of Belgrade on 01 January 2013
Published on 12 November 2007 on http://pubs.rsc.org | doi:10.1039/B709490F

Table 2 Some relevant structural data for the nanocomposites 1-6 and their bulk counterparts

Sample Composition: M" " /[M/(CN),,]*~ M/M’ ratio® Nanoparticle size/nm IR: (CN)/cm~' Raman: v/cm™! UV-Vis: 1/nm

2a Ni2* /[Fe(CN)sJ*~ 0.93 74419 2161, 2097 2152 (s), 2109 (w), 2074 (vw) 420

2b Ni2 " /[Fe(CN)g]*~ 0.95 51 +1.2 2165, 2098 2153 (s) 418

2¢ Ni2" /[Fe(CN)e*~ 1.08 2.04+0.2 2163, 2100 2150 (s), 2111 (w), 2070 (vw) 420
Bulk Nis[Fe(CN)gl» 1.5 — 2165, 2098 2146, 2099 400

3a Fe? " /[Fe(CN)g|*~ — 59+0.8 2082, 2026 2143 (s), 2116 (w) 710

3b Fe2™ [[Fe(CN)¢]*~ - 3.5+02 2089, 2026 2143 (s), 2117 (w) 696

3c Fe? " /[Fe(CN)¢]*~ — 1.9+ 0.1 2080, 2026 2153 (s), 2117 (w) 690
Bulk Fey[Fe(CN)gls — — 2078 2150 654

4a Fe* ™ /[Mo(CN)gJ* - 1.02 71405 2153, 2110 2145 (s), 2047 (w) 680

4b Fe** /[Mo(CN)gJ~ 0.95 45+0.1 2156, 2107 2155 (s), 2110 (w) 794

4c Fe’ " /[Mo(CN)g]*~ 0.96 244+0.1 2157, 2112 2153 (s), 2117 (w) 810
Bulk Fe[Mo(CN)g] 1 — 2140 2160 820

5 Co** [Co(CN)gJ*~ — 6.2+0.9 2174, 2127 2197 (s), 2107 (w) 410, 520
Bulk Co3[Co(CN)gl, — — 2173, 2138 2200, 2110 400, 510

6 Ni2* [[Co(CN)e~ 0.97 29+ 0.6 2180, 2100 2142 (s), 2073 (w) 530, 730
Bulk Nis[Co(CN)gl, 15 — 2187, 2141 2147, 2075 515, 725

“ Extracted from elemental analyses.

Textural characteristics of the nanocomposites

In order to determine the effect of the insertion on the
structure and porosity of the host matrix, the materials 2—-6
were studied by transmission electronic microscopy (TEM).
The TEM images of the pristine hybrid silica clearly show the
hexagonal ordering of the pores (Fig. 2S, ESI{). The TEM
measurements performed for the nanocomposites 2—6 indicate
that in all cases, the hexagonal structure of the host materials
is still retained. The TEM micrograph of the nanocomposite
2a is given as an example in Fig. 1(a). No visible particles
separated out of the surface of pores were observed. However,

Fig. 1 TEM image of (a) the nanocomposite 2a and the nanoparticles
obtained after removal of silica using HF treatment (extractive
replicas) for (b) 2a, (c) 2b and (d) 2c. Scale bars = 50 nm. Insets
show enlarged views (x10) of the nanoparticles.

a distinctive signal for Ni and Fe was detected by energy
dispersive spectroscopy (EDS) analyses with the atomic ratio
Ni: Fe:Siofl:1:32 Asexpected, no aggregates can be
observed into the pores that is indicative of a homogeneous
dispersion of the cyano-bridged polymer network in the silica
matrix. The nanoparticles of coordination polymers can be
clearly seen after removal of silica from the nanocomposite
material using an HF treatment (extractive replicas).
Fig. 1(b)—(d) show TEM micrographs performed on extractive
replicas of the nanocomposites 2a, 2b and 2¢ showing uniform
in size and spherical in shape nanoparticles. All samples
present relatively narrow size distribution centered at 7.4 +
1.9 nm, 5.1 &+ 1.2 and 2.0 £ 0.2 nm for 2a, 2b and 2c,
respectively (Table 2). These values are slightly smaller than
the pore channel mean diameter of the respective host silicas of
7.5, 5.3 and 3.4 nm obtained from BET measurements (see
Table 3). Obviously, the pore size of the silica matrix precludes
further growth of the cyano-bridged network and the aggrega-
tion of the formed nanoparticles. The same tendency was
observed for the TEM observations performed for the nano-
composites 3a—c and 4a—c. They also show decreasing of the
size distribution of the nanoparticles with decreasing of the
pore size of the respective host silica matrices demonstrating
an evident correlation between the pore size of the silica and
the size of the obtained nanoparticles. The average nanopar-
ticle sizes of all the investigated nanocomposites, 2—6, are
summarized in Table 2.

The results of the TEM observations were substantiated by
nitrogen physisorption and X-ray diffraction (XRD) analyses.
The nitrogen physisorption isotherms and pore-size distribu-
tions at the desorption branch of the pristine hybrid silica of
la and the nanocomposite 2a are shown in Fig. 2 as an
example. The sample 1a exhibits a typical adsorption—desorp-
tion isotherm of a mesoporous structure of type IV with an H1
hysteresis loop. A similar type of isotherm and mesoporosity is
obtained for 2a, which proves the preservation of the cylind-
rical pore system after intrapore growth of the cyano-bridged
metallic coordination polymer. The amount of adsorbed
nitrogen as well as the BET (Brunauer—Emmett-Teller) sur-
face was reduced after formation of the coordination polymer
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Table 3 Some relevant textural characteristics of the pristine hybrid mesoporous silicas and the nanocomposites 1-6

Sample SBET/m2 g’1 Vp/cm3 g ! Pore filling (%) Dy“/nm dipo/nm dy1o/nm dhpo/nm
1a 420 0.76 — 7.5 10.3 6.0 5.2
2a 320 0.57 25 7.6 10.2 6.1 5.3
3a 363 0.69 9 7.6 10.6 6.2 5.4
4a 301 0.62 18 7.6 10.4 6.2 54
5 298 0.63 18 7.2 7.1 5.2 4.0
6 325 0.56 25 7.2 9.2 5.3 4.7
1b 289 0.42 — 5.3 10.7 6.3 4.8
2b 243 0.355 41 3.7 8.1 — —
3b 214 0.281 50 3.7 8.5 — —
4b 223 0.309 52 4.2 8.9 4.8 —
1c 506 0.33 — 3.4 5.6 3.2 —
2¢ 109 0.087 78 2.0 4.5 —
3¢ 153 0.219 69 2.2 5.0 — —
4c 169 0.113 64 2.2 5.0 —

¢ Calculated from the desorption branch of the nitrogen sorption isotherm by using the Barret-Joyner—Hellenda (BJH) method.

nanoparticles. Specific surface area along with the pore vo-
lume have been standardized vs. the pristine hybrid silica to
check that the nanoparticles growth was not occurring only on
the material surface, a conclusion that could be borne out by
the sole consideration of the total weight. The decrease of the
mesoporous volume standardized vs. the pristine hybrid silica
1a and the decrease of the pore diameter, clearly demonstrate a
filling of the pores with the guest species leading to the
conclusion that the nanoparticles are formed inside the pores.
The total pore volume calculated at p/po = 0.9 is 0.76 cm? g~
for the pristine hybrid silica 1a and 0.57 cm® g~! for 2a. This
indicates a degree of filling of the pores of ca. 25%. The
observed nitrogen physisorption effects are well known in the
literature for intrapore formation inside different host/guest
systems.'® The nitrogen physisorption isotherms and pore-size
distributions at the desorption branch of the nanocomposites
2b and 2¢ and their respective pristine hybrid silicas 1b and 1c¢
are shown in Fig. 3Sa and Sb (ESIf), respectively. They also
present a filling of the pores with the cyano-bridged polymer

800
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o

200

100477 e )
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Fig. 2 Nitrogen adsorption/desorption isotherms for the pristine
hybrid silica 1a (solid line) and the nanocomposite 2a (dashed line).
Inset: BJH pore-size distribution calculated from the desorption
branch for the pristine hybrid silica 1a (solid line) and for the
nanocomposite 2a (dashed line).

nanoparticles with degrees of filling of ca. 40% for 2b and of
ca. 70% for 2c. Specific surfaces, pore volumes and pore
diameters obtained from nitrogen physisorption analyses of
the nanocomposites 2—6 are gathered in Table 3. In all cases, a
significant decrease in accessible surface and porosity in
comparison to the respective host silica is observed for the
obtained nanocomposites. It should also be noted that for all
nanocomposites the degree of pore filling increases from ca.
10-20% for the nanocomposites obtained with the silica with
pores of 7.5 nm, to ca. 40 and 70% for the nanocomposites
obtained with the silica with pore diameters of 5.5 and 3.5 nm,
respectively.

For all nanocomposites 2—-6, the XRD patterns in the range
of 20 0.5-10° show a sharp peak due to the (100) reflection of
the matrix along with, in the most cases, the (110) and (200)
reflections clearly indicating that the mesoporous silica keeps
its hexagonal structure (Table 3). The XRD pattern at 20
0.5-4° of the nanocomposite 2a and its pristine host silica 1a
are shown in Fig. 3 as an example. A consecutive reduction of
the X-ray peak intensities was observed in all nanocomposites
with respect to the corresponding pristine hybrid silica. The

Tntensity / Arb. units

Intensity / Arb. units

0.5 1 1.5 2 2.5 3 35 4
20

Fig. 3 Powder X-ray diffraction patterns within the range of 26
(0.54°) for 1a (O) and the nanocomposite 2a (A). Inset: Magnifica-
tion of the powder X-ray diffraction patterns showing the (110) and
(200) reflections.
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M/emu.g

Fig. 4 Field-cooled and zero field-cooled magnetization (FC/ZFC)
vs. temperature curves for the nanocomposite 2a obtained by applying
an external magnetic field of 10 Oe. Inset: Normalized zero field cooled
(ZFC) magnetisation curves for the samples 2a (O), 2b () and 2¢
(@®@). The applied magnetic field is 100 Oe.

intensity of the Bragg reflections originates from the difference
in the scattering power between the silica walls and the empty
pores. Due to the impregnation of the pores with the scattering
material, the amount of scattering power within the pores is
increased, resulting in overall loss of intensity due to phase
cancellation between the pore walls and the guest species.!”

Magnetic measurements

The magnetic measurements of the nanocomposite materials
were performed by using dc and ac modes on the SQUID
magnetometer working in the temperature range between 1.8
and 350 K. The zero field-cooled (ZFC)/field-cooled (FC)
magnetization curves performed for the nanocomposite 2a in
the range of 2-20 K are shown in Fig. 4. The ZFC curve is
obtained by recording the magnetization when the sample is
heated under a field of 10 Oe after being cooled in zero field.
The FC data were obtained by cooling the sample under the
same magnetic field after the ZFC experiment and recording
the change in sample magnetization with temperature. The
ZFC/FC thermal irreversibility can be attributed to the block-
ing—unblocking process of the particle magnetic moment when
thermal energy is varied,'® or, for strongly interacting particle
assemblies, to a spin-glass-like transition.'” In both kinds of
systems, the ZFC curve exhibits a maximum at a temperature
Tmax. Which in the two cases corresponds to the blocking
temperature (7g) of the nanoparticles with mean volume or
to the freezing temperature (7T7), respectively.'® For the sample
2a, the ZFC curve shows a narrow peak with a maximum at

Table 4 Magnetic data of the nanocomposites 2a, b and 3a

4.5 K and the FC curve increases as the temperature decreases
and never reaches saturation. The FC and ZFC curves coin-
cide at high temperatures and start to separate at 10.5 K, T,
which corresponds to the blocking of the largest particles. The
closeness of Ti,.x and the temperature of the ZFC/FC curves
separation in this case confirms the presence of nanoparticles
with a relatively narrow size distribution.

The ZFC/FC curves of samples 2b and 2¢ present a similar
shape with average temperatures of maximum of 2.6 and <1.8 K,
respectively (inset of Fig. 4, Table 4). The decrease of T}, for
2a, 2b and 2c is qualitatively coherent with the decrease of the
nanoparticles size from 7.4 + 1.9 nm for 2a to 5.1 £ 1.2 and
2.0 &£ 0.2 for 2b and 2¢, respectively (Table 2), which is
expected for superparamagnetic systems.>’ The ZFC/FC mag-
netization curves of the nanocomposite 3a in the range of
1.8-8 K present the same shape as those described above for
2a and 2b (Fig. 4S, ESIY); Tmax was found at 2.25 K.
For samples 3b and 3¢, the peaks on the ZFC curves are lower
that 1.8 K.

In fact the long-range ordering temperatures for the analo-
gous bulk coordination polymers Niz[Fe(CN)gl-13H,O and
Fe [Fe(CN)gl5-10.5H,0 determined as a first derivative of FC
or ZFC curves are equal to 21 K and 5.5 K, respectively
(Fig. 5S, ESI). No temperature variation of the ZFC max-
imum was noted for the bulk samples prepared in different
solvents (water, methanol or acetonitrile).

The irreversibility of the ZFC/FC curves was investigated in
detail by using alternating current (ac) susceptibility measure-
ments. The temperature dependence of the in-phase, y’ (ab-
sorptive), and out-of-phase, y” (dispersive), components of the
ac susceptibility measured with no static field applied for
frequencies from 1 to 1488 Hz for 2a, are shown in Fig. 5(a)
and (b). At 1 Hz, both 3’ and y” responses present a peak at
8.27 and 7.01 K, respectively, which shifted toward higher
temperatures as the frequency increases. Samples 2b and 2¢
show a similar frequency dependent behaviour but the peaks
are all shifted toward lower temperatures with respect to
sample 2a. For instance, the peaks of y’ and y” of the sample
2b are observed at 1 Hz at 5.86 and 4.35 K, respectively, and
then shift toward higher temperatures with frequency (Fig.
5(c) and (d)). For 2¢, the maximum values of 3’ and y” peaks
are lower than 1.8 K, however a frequency dependent beha-
viour is clearly visible (Fig. 5(e) and (f)). The same situation
was observed for the samples 3a and 3b, for which the
maximum values of in-phase components of the ac suscept-
ibility, y’, are clearly frequency dependent and the maximum
values of its out-of-phase components, y”, are lower than 1.8
K (Fig. 6S and 7S, ESI). The frequency-dependent behaviour
of these samples may be either attributed to: (i) the blocking

Arrhenius law T, # 0 K model T, = 0 K model
Sample Tmaxa/K d) (Ed/kB)/K To> S Tg/K TO/S v (Ea/kB)/K TO/S zv Msat/emu gil
2a 4.50 0.07 276(8) 156 x 1071 4.5 343 x 1072 19 12770 1.60 x 1077 4 3.00
2b 2.60 0.06 134(3) 775%x 107 293 1.09 x 1073 20 2061 159 x 10°¢ 4 1.95
3a 225 0.045  109(9) 274 x 10720 14 1.82x 1077 14 1895 3.65x 1074 4 —

“ Obtained as a maximum value of the ZFC curve.
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Fig. 5 Temperature dependence of in-phase, ', component of the ac
susceptibility of (a) 2a, (c) 2b and (e) 2¢ with zero dc magnetic field and
out-phase, y”, component of the ac susceptibility of (b) 2a, (d) 2b and
(f) 2¢. Frequencies: | Hz (@), 9.98 Hz (O); 125 Hz (A), 499 Hz (),
998 Hz (M) and 1498 Hz (O).

process of non- or weakly-interacting superparamagnetic na-
noparticles,?! (i) a spin-glass like transition, which may be
caused by strong dipolar interparticle interactions and by
randomness'® or (iii) to an intraparticle spin glass-like regime
due to the particle surface spin disorder.'” Note that the
temperature dependence of the ac susceptibility measured for
the analogous bulk Niz[Fe(CN)gl,-13H,0 and Fey[Fe(CN)gls-
10.5H,0 shows no frequency dependence, as expected for
compounds presenting long-range magnetic ordering
(Fig. 8S, ESIY).

In order to understand the nature of low-temperature
magnetic regime in these samples, we first evaluated the shift
of the peak temperature (Tmay) of %" for 2a and 2b by the
parameter ¢ = (AT max/Tmax)/A(lOgf); ¢ is equal to 0.07 and
0.06 for 2a and 2b (Table 4), respectively. These values are
intermediate between those typically obtained for superpara-
magnets (0.5-0.1) and canonical spin-glass (1072-1072)
systems.19

Second, the temperature dependence of the relaxation time
extracted from the maximum of the y” component of the ac
susceptibility could be fit to an Arrhenius law, t =
Toexp(E,/kgT), where E, is the average energy barrier for
the reversal of the magnetization, 7, is the attempt time and kg
is the Boltzmann constant. According to the Néel model this
law governs the temperature dependence of the relaxation of
the magnetization of non-interacting superparamagnetic sys-
tems.?? The values of the energy barrier, E,/ky, and of the pre-
exponential factor 7, are equal to 276(8) K and 1.56 x 107 s

o
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Fig. 6 (a) Thermal variation of the relaxation time according to the
Arrhenius law for 2a and 2b. (b) Frequency dependence of the
relaxation time according to the Vogel-Fulcher law for 2a and 2b.

for 2a and 134(3) K and 7.75 x 10~'% s for 2b (Fig. 6, Table 4),
respectively. The obtained values of 7o for both samples are
much smaller than those observed for pure superparamagnetic
systems (107°—107'% 5)** and have no physical meaning. From
the obtained energy barrier values and using the average size
obtained from TEM measurements, we get for the anisotropy
constant K = 1.80 and 2.70 x 10* J m™3 for 2a and 2b,
respectively. Given that for sample 3a the maximum of y” are
always lower than 1.8 K, the Arrhenius fit of the temperature
dependence of the relaxation time was performed using the
maximum of y’. The so-obtained pre-exponential factor, 7, =
2.74 x 107! s (Table 4) is similar to those obtained for 2a and
2b. Similar small values of 7ty are often found for systems
containing interacting metal or metal oxide nanoparticles®
and are normally interpreted as the signature of a magnetic
moments correlation introduced by considerable dipole—
dipole interparticle interactions.

In order to investigate the possible presence of these inter-
particle interactions, the temperature dependence of the re-
laxation time was also fitted with the Vogel-Fulcher law, 1 =
T0exp(Ey/kg(T — Tp)). This expression, which is used to
describe the behaviour of structural glasses is, by analogy,
also commonly used for magnetically interacting clusters.?*
Interparticle interactions are introduced by the additional
parameter, Ty. The values of E,/kg, 79 and T, are equal to
261(20) K, 5.60 x 10~"*s and 0.15 + 0.4 K for 2a and 132(30)
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K, 475 x 107" s and 0.11 + 0.6 K for 2b, respectively
(Fig. 6(b)). In this way 7, values are larger than those obtained
with the previous fit, but still smaller than 10~!2 5. In addition,
the small values of T, along with the large error bars suggest
that interparticle interactions in these systems are weak.

We further verified if the dynamics of these samples would
exhibit critical slowing down, as observed in canonical spin-
glass systems. Two cases were considered depending on
whether the transition temperature has a finite value or
not.?* In the first case, an equilibrium ordered phase occurs
at a finite critical temperature, T, # 0 K, and the relaxation
time dependence on frequency can be fitted by the conven-
tional critical scaling law of the spin dynamics, 1 = 7o[7y/
(Tmax — TP, and Tiax = Tl + (T, where T, is the
glass temperature, f is the frequency and zv is a critical
exponent.>>?> The best fits give T, = 45K, 19 = 343 x
10 sand zv = 19 for2aand T, = 2.1 K, 7o = 1.09 x 10 s
and zv = 20 for 2b (Fig. 7(a), Table 4). Similar results were
obtained for sample 3a (Table 4). The obtained zv values lie
out of the range 4-12 expected for classical spin glass systems;
the same holds for 7o which should be in the range 10~ 7—10"'2
5.'% In the second case, the transition temperature occurs at
T, = 0 K and the frequency dependence of the relaxation time
can be described by a generalized Arrhenius law t =
To eXp(Ea/kp Toiay). 2%“?® The frequency dependence of 7 fitted
with this law gives values of zv = 4, 75 = 1.6 x 107" s, E,/kg

= 12770 K for2a and zv = 4, 7y = 1.59 x 107, E,lkg =
2061 K for 2b. The results obtained for the samples 2a, b and
3a are summarized in Table 4. For all samples 7, is larger than
that in conventional spin-glasses (~ 10~ "% s), but close to what
observed in the case of cluster-spin glass systems
(~107%-107!" 5) especially when the clusters are nanometric,?’
as in our case. However, the obtained energy barriers, in all
cases situated in the 1200-2000 K range, are unrealistically too
large, suggesting, that also this model is not appropriate to
describe our systems.

The field dependence of the magnetization measured for 2a
and 2b at 1.8 K shows that the saturation magnetisation of the
nanocomposites at 50 kOe are equal to 3.0 emu g~' (771 emu
mol™") and 1.95 emu g~' (519 emu mol™!), respectively
(Table 4). These values correspond to the expected values
for 5.0 and 3.1% of 16 755 emu mol ' (3up) calculated for the
{NiFe} unit with ferromagnetic Ni’"-Fe’" interactions
through the cyano bridge. These results are in agreement with
those obtained by elemental analysis. A very small hysteresis
loops with coercive field of 80 Oe were observed for these two
samples. In the case of the 2¢, 3a—3c¢ samples, the saturation of
the magnetisation was not yet attained at 1.8 K with a field of
50 kOe.

In summary, contrarily to what observed for the corre-
sponding bulk coordination polymers, our samples exhibit a
low-temperature slow dynamics which, in principle, may
originate from different magnetic regimes: the superparamag-
netic regime is due to the distribution of relaxation times
originating from the anisotropy energy barriers. In this case,
the magnetic moment of each particle relaxes according to its
individual energy barrier that depends on the magnetic aniso-
tropy constant and the nanoparticle volume. Therefore, a
distribution of particle volumes results in a distribution of
energy barriers and blocking temperatures. However the fit to
the Arrhenius law clearly shows that the observed behaviour is
not purely superparamagnetic. On the contrary the coopera-
tive spin-glass-like dynamics, usually observed in dense mag-
netic nanoparticles systems, results in the presence of a
complex relative energy minima configuration instead of a
unique ground state. The local energy barriers between these
configurations are low, enabling a constant development to-
ward equilibrium, but resulting in the inability to reach it. The
comparison of different models appropriate for systems with
relatively strong interparticle interactions, (Vogel-Fulcher law
and two critical slowing down models) permits also to exclude
this hypothesis. Moreover the Vogel-Fulcher law fit shows the
presence of negligible interparticle interactions. These results
are supported by the TEM measurements where no evidence
aggregated particles was obtained.

Since the mesostructured silica provides an insulating
matrix and since the particles are not agglomerated, the
possible interparticle magnetic interactions are of dipole—
dipole type. Assuming a homogeneous dispersion of the
spherical nanoparticles into the silica matrix, the mean inter-
action energy between two neighbouring particles can be
estimated from eqn (1):

I
Eq_q = ﬁMf Vi

e

=54 Mldie, (1)
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where M is the saturation magnetization of the nanoparticles,
Lo is the magnetic permeability (4w-1077 N A~2), V,, and d,
are the median particle volume and diameter, respectively and
¢ is the volume concentration of particles.”® Using the low-
temperature value of the saturation magnetization at 2 K
(Table 4, ESIY), this expression gives Eq_q/kg ~ 1 K for the
sample 2a. This value, even if not negligible, is lower than the
energy barrier obtained from ZFC curve (~ 100 K, Table 4).
This suggests that the interparticle dipolar interactions are
strong enough to modify the magnetic response from that
expected for non-interacting superparamagnetic particles but,
on the other hand, are too weak to provide a collective state
with a spin-glass-like behavior, producing an intermediate
dynamics.?®

On the other hand, on the basis of these results it can be also
argued that the dynamics observed in our systems arise from
an intraparticle spin-glass behaviour mainly caused by spin-
frustration inside the nanoparticles. Indeed for ultrafine na-
noparticles (<7 nm) the surface-to-volume ratio is very large
and the surface contribution should have an important role on
the magnetic properties of nanoparticles.’>** The structural
disorder at the surface might be the reason for the lack of full
alignment of the spins in the nanoparticles and therefore of the
spin frustration, responsible for the observed spin-glass like
dynamics.

Conclusion

In conclusion, the concept of using the well-organized pore
systems of mesoporous hybrid silica as nanoreactors appears
to be a promising alternative for the growth and the organiza-
tion of coordination polymer nanoparticles. A large range of
size controlled cyano-bridged coordination polymer nanopar-
ticles M" /[M/(CN),,,]>~ (where M>" = Ni, Fe, Co and M’ =
Fe, Co (n = 6); Mo (n = 8)) with controlled stoichiometry was
obtained by using mesostructured hybrid silica hosts of dif-
ferent sizes (3.4, 5.3 and 7.5 nm) containing -(CH,),CsH4N
functional anchoring groups. We obtained spherical and uni-
form-sized nanoparticles with relatively narrow size distribu-
tion situated exclusively inside the silica pores.

The first point to note is that the covalent anchorage of the
nanoparticle precursor metal salts inside the functionalized
silica plays an important role in the fabrication of the co-
ordination polymer nanoparticles. The initial dispersion of the
pyridine bonding sites of the hybrid silica avoids both aggre-
gation and extrusion of the formed coordination polymer
nanoparticles and allows control of their dispersion. Indeed,
attempts to prepare the same coordination polymer nanopar-
ticles by using unfunctionalized mesoporous silica with similar
pore sizes do not allow insertion of coordination polymers into
the silica pores.'?

Another important point to note is that the size of these
nanoparticles is in a good correlation with the pore size of the
hybrid silica indicating that the matrix governs the growth of
the coordination polymer nanoparticles networks precluding
their further growth and allowing the synthesis of nanoparti-
cles with different controlled sizes.

The magnetic measurements performed on these nanocom-
posites by using both dc and ac modes confirm the formation

of the coordination polymer nanoparticles. The decrease of
Tmax observed for nanoparticles with the same composition
but with different size is in correlation with the TEM measure-
ments. The dynamic analysis in these systems reveals that no
pure superparamagnetic regime of the nanoparticles is ob-
served. On the other hand, the fits of the experimental data to
different models appropriate for spin-glass like systems are
unsatisfactory. These results, together with the estimation of
the mean dipolar interaction energy between two neighbouring
particles, suggest that the latter can produce deviations from
the Néel model for non-interacting nanoparticles, but can not
generate a collective state with a interparticle spin-glass like
behaviour. Alternatively the presence of spin frustration on
the surface of the nanoparticles may by responsible of the
presence of a intraparticle spin-glass like behaviour in our
systems.

Experimental
Synthesis

All of the chemical reagents used in these experiments were of
analytical grade.

Synthesis of hybrid mesostructured silicas 1a—c. SBA-15 type
silicas 1a and 1b with pore diameters of 7.5 and 5.3 nm were
synthesised using a triblock copolymer (P123) as surfactant as
previously described.’! A mesostructured silica MCM-41, 1Ic,
with a pore diameter of 3.4 nm was synthesised by using
CTAB as surfactant as previously described.?? The grafting of
the organic functionality —(CH,),CsH4N into the silica pores
was performed by refluxing in toluene the pristine silica in the
presence of the organic compound (CH;0);Si(CH,),CsH4N
overnight>> As a  result, the  hybrid  silicas
NCsH4(CH»),S10; 5/xSi0, (x = 7.7 for 1a, 9.3 for 1b and
8.5 for 1¢) were obtained. The content of pyridine groups was
determined by elemental analysis. Elem. anal. (%): found for
1a: Si, 35.13; N, 2.27 i.e. organic loading 1.61 mmol g~'; for
1b: Si, 34.94; N, 1.62 i.e. organic loading 1.39 mmol g ' and
for 1c: Si, 32.71; N, 1.38 i.e. organic loading 1.49 mmol g~ .

Intrapore growth of cyano-bridged metallic coordination
polymer nanoparticles

The intrapore growth of hetero- and homo-metallic cyano-
bridged coordination polymer nanoparticles was performed by
using the following procedure. First, a hybrid silica powder of
1 (75 mg) was added to a 1072 M solution of [M(H,0)]Cl, (M
= Ni for 2, 6, Fe for 3, Co for 5) or [Fe(H,0)]Cl; for 4 in
methanol. The mixture was stirred overnight at room tem-
perature. After filtration, the powder was thoroughly washed
several times with methanol and dried at room temperature for
24 h in vacuo. Secondly, the so-obtained powder was added to
a 1072 M methanolic solution of the appropriate complex
[N(C4Ho)4]5[Fe(CN)]** for 2 and 3, [N(C4Ho)sls[Mo(CN)s]*
for 4, [N(C4Ho)4l5[Co(CN)e]*° for 5 and 6. The mixture was
stirred for 48 h, the powder was filtered, thoroughly washed
with methanol and dried in vacuo. Such consecutive treatments
with metal salts and cyanometallate precursors were repeated
again. The elemental analyses of the nanocomposites 2—6 are
given in Table 1.
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Physical measurements

IR spectra were recorded on a Perkin Elmer 1600 spectrometer
with a 4 cm™' resolution. UV-Vis spectra were recorded in
KBr disks on a Cary 5E spectrometer. Elemental analyses were
performed by the Service Central d’Analyse (CNRS, Vernai-
son, France). The samples were heated at 3000 °C under He.
Oxygen was transformed in CO and detected by using an IR
detector. Powder X-ray diffraction patterns were measured on
a PanAnalytical diffractometer equipped with an ultra-fast
X’celerator detector X’pert Pro with Nickel-filtered copper
radiation (1.5405 A). The measurement parameters are: step-
size, 0.01671; counting time, 60 s. Magnetic susceptibility data
were collected with a Quantum Design MPMS-XL SQUID
magnetometer working in the temperature range of 1.8-300 K
and the magnetic field range of 0-50 kOe. Ac susceptibility
measurements were performed with an home-made probe
inserted in an Oxford cryostat, operating in the 20-25 000
Hz range. The data were corrected for the sample holder and
the diamagnetism contributions calculated from the Pascal’s
constants.>’

Samples for transmission electron microscopy (TEM) mea-
surements were prepared using extractive replicas or ultrami-
crotomy techniques and then deposited on copper grids. TEM
measurements were carried out at 100 kV with a microscope
JEOL 1200 EXII. The nanoparticles size distribution histo-
grams were determined using enlarged TEM micrographs
taken at magnification of x50 K. A large number of nano-
particles (400—600) were counted in order to obtain a size
distribution with good statistics.
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