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Magnetic water-soluble cyano-bridged metallic coordination

polymer nanoparticles of controlled size were prepared by using

water-soluble chitosan beads.

Cyano-bridged coordination polymers belong to an important

family of molecule-based magnetic materials presenting high

critical temperatures and photo-magnetic properties.1 Indeed,

numerous compounds of this family have been synthesised and

extensively studied during the last twenty years due to their

fundamental interest as well as their bioanalytical and technolo-

gical applications.2 In recent years, this research activity was also

devoted to the synthesis and studies of these coordination polymer

materials at the nano level regime because of their unique physical

properties and owing to the need for control over the size, shape

and organization for their future incorporation into devices.3

A pioneering work on the morphosynthesis of cyano-bridged

coordination polymers has been realized by S. Mann and co-

workers who obtain cubic nanocrystals with a size ranging from 12

to 50 nm made of Prussian Blue nanoparticles stabilized within

micelles.4 Within the last 5 years, studies devoted to the morpho-

synthesis of coordination polymers based on cyanometallate

building blocks have led to the successful synthesis of nanoparticles

of different size by using reverse micelle media,5 polymers and

biopolymers,6 amorphous and mesostructured silica7 as matrixes.

In this connection, we recently synthesised cyano-bridged metallic

nanoparticles by using ionic liquids as structuring media.8

Nevertheless, no water-soluble biocompatible coordination nano-

polymers have been obtained up to date, limiting the use of

coordination polymer nanoparticles for bioanalytical applications.

In this communication, we report a new approach to achieve

water-soluble magnetic cyano-bridged metallic coordination poly-

mer nanoparticles with a controlled size of 2–3 nm. For this

purpose, we apply a two-step approach consisting of growing

cyano-bridged metallic coordination polymer nanoparticles inside

chitosan beads followed by solubilization of the as-obtained

nanocomposite beads in water. Chitosan beads were used in this

approach for the following reasons: (i) they contain reactive

functional amino groups able to coordinate metal ions that open

the way for covalent anchoring of the cyano-bridged metallic

network at the specific sites9 (Fig. 1S, Supporting Information{),

(ii) they have a porous structure10 that permits a control of the

coordination polymer nanoparticle size, (iii) they present high

water solubility9 and (iv) chitosan is biocompatible.

Chitosan beads with porosity as high as 110 m2 g21 were

afforded by drying gel beads of the natural polymer chitosan under

supercritical CO2 conditions.10 Two subsequent treatments of the

pristine beads with methanolic solutions of M2+ and

(N(C4H9)4)3[Fe(CN)6]
11 allowed us to obtain a series of nano-

composite beads M2+/[Fe(CN)6]
32/chitosan (where M2+ = Ni2+ for

1a, Cu2+ for 2a, Co2+ for 3a and Fe2+ for 4a). At each step of the

treatment, the chitosan beads were thoroughly washed with

methanol and dried in vacuo. The atomic ratio M/Fe/chitosan for

nanocomposite materials 1a–4a given by elemental analysis are

shown in Table 1. The solubilization of these nanocomposite beads

in water (pH = 4–5) gave a series of the respective aqueous

solutions 1b–4b, which were remarkably stable for several months.

The dry residues of these solutions contained the same atomic ratio

M/Fe as was found in the nanocomposite beads.

The as-obtained nanocomposite beads, as well as the respective

aqueous solutions have the colours of the corresponding bulk

counterparts: yellow for 1, red-violet for 2, violet for 3 and blue for

4 (Fig. 2S, Supporting Information{). Their UV-visible spectra

show absorption bands corresponding to inter-metal charge-

transfer bands from M2+ to Fe3+ of the related bulk compounds

(Table 1). No shift of the respective bands is observed after the

solubilization of the nanocomposite beads in water (Fig. 3S,

Supporting Information{). The IR spectra of the nanocomposites

beads 1a–4a clearly show besides the characteristic bands of

chitosan, the bands corresponding to the stretching vibrations of

the bridging cyano groups,12 which can also be found in the

spectra of the respective aqueous colloids 1b–4b (Table 1).

The transmission electronic microscopy (TEM) measurements13

performed for the nanocomposite beads 1a–4a clearly show the

presence of non-aggregated uniform nanoparticles homogeneously

dispersed within the chitosan matrix. The TEM micrograph of 1a

given as an example is shown in Fig. 1a with the histogram of the

size distribution, which shows a mean size value of 2.8 nm (insert

of Fig. 1a). It should be noted that a narrow nanoparticle size

distribution in the range of 2–3 nm is found for all nanocompo-

sites. The TEM observations of the aqueous colloids 1b–4b also

show the presence of uniformly sized spherical shaped nanopar-

ticles, which are non-aggregated and well dispersed in water

(Fig. 1b for the sample 1b). The high resolution transmission

electronic microscopy (HRTEM) image performed for the sample

1b shows the cyano-bridged metallic core of a nanoparticle

displaying regular atomic planes demonstrating its crystalline
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nature (Fig. 1c and Fig. 4S, Supporting Information{). As

observed, the size distributions of the nanoparticles 1b–4b are

slightly higher than the values observed for the respective

nanoparticles in the chitosan matrix. Given these preliminary

results and the fact that the aqueous colloids are astonishingly

stable, even when the pH is adjusted to 7, it seems reasonable to

presume that after solubilization in water, the cyano-bridged

metallic nanoparticles conserve a residual chitosan shell, which

prevents their aggregation and precipitation.

The magnetic properties of the aqueous colloids were studied in

direct current (dc) and alternating current (ac) modes.14 Fig. 2

shows the zero field-cooled (ZFC)/field-cooled (FC) magnetization

curves in the range of 2–25 K performed for the concentrated

colloid 1b (0.017 M). For the ZFC experiment, the sample was

cooled in zero field and then heated in a field of 50 Oe while the net

magnetization of the sample was recorded. The FC data were

obtained by cooling the sample under a magnetic field of 50 Oe

after the ZFC experiments and recording the change in net sample

magnetization with temperature. The ZFC curve shows a narrow

peak at 11.7 K indicating the blocking temperature of nanopar-

ticles with mean volume. The FC and ZFC curves coincide at high

temperatures and start to separate at 13.3 K indicating the

blocking temperature of the largest particles. The closeness of the

blocking temperature and the temperature of the ZFC/FC curves

separation indicates the presence of nanoparticles with a narrow

size distribution.15

To investigate in more detail the nature of the irreversibility

observed in FC/ZFC curves, we studied the temperature

dependence of the ac susceptibility, its in-phase (x9) and the out-

of-phase (x0) components. The temperature dependencies of x9 and

x0 for the concentrated colloid 1b measured in a zero static field

with different frequencies ranging from 1 to 1000 Hz are shown in

the insert of Fig. 2. At 1 Hz, responses x9 and x0 both exhibit a

peak, at 12.5 and 11.3 K respectively, which shift toward higher

temperature with frequency.16 The observed frequency dependence

may be due to either a pure superparamagnetic regime of the

magnetic cyano-bridged nanoparticles or a magnetic regime

strongly modified by interparticle interaction, such as a spin

glass-like behaviour.17 Both of these regimes were observed for the

colloid systems containing metal or metal oxide nanoparticles.17–20

The fitting of the thermal variation of the relaxation time with the

Arrhenius law, t = t0exp(D/kBT), where D is the energy barrier and

t0 is the pre-exponential factor does not give reasonable results,

suggesting that no pure superparamagnetic regime is observed

(Fig. 5S, Supporting Information{).18 On the contrary, the

temperature dependence of the relaxation time can be satisfactory

fitted with the spin glass power law,19 t = t0[Tg/(Tmax2Tg)]
z, with a

freezing temperature Tg = 11.7 K, and a critical exponent z = 8.9

and t0 = 5.4 6 10211 s (Fig. 6S, Supporting Information{). In

addition, the measurements performed on sample 1b diluted eight

times show that the blocking temperature decreases to 9.9 K,

indicating that the interparticle interactions strongly influence the

magnetic relaxation of the system (Fig. 7S, Supporting

Information{).20

In this communication we describe the first approach to the

synthesis of water-soluble cyano-bridged coordination polymer

nanoparticles using chitosan beads as matrix. We show that the

porous chitosan beads containing amino functionalities allow

control of the growth of the cyano-bridged metallic nanoparticles

and provide their covalent anchorage leading to their uniform

dispersion. The water solubilization of these nanocomposite beads

allows the synthesis of remarkably stable aqueous colloids con-

taining coordination-polymer core–chitosan shell nanoparticles.

Fig. 1 (a) TEM image of sample 1a. The insert shows the size

distribution for this sample. (b) TEM image of sample 1b. The insert

shows the size distribution for this sample. (c) HRTEM image of sample

1b showing the cyano-bridged metallic core of a nanoparticle surrounded

with an eye-guide.
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The study of magnetic properties of the colloids shows the

appearance of spin glass-like dynamic in these systems. This

approach opens a new perspective to the preparation of a large

range of biocompatible nanosized water-soluble coordination

polymer materials.
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Fig. 2 Zero field cooled (ZFC)/field cooled (FC) magnetization curves

for the sample 1a. Applied field of 50 Oe. Insert: Temperature-dependence

of out-of-phase (x0) component of the ac susceptibility for 1a. Frequencies:

Table 1 Some relevant characteristics for samples 1–4: metal loading, infrared and UV-vis spectroscopy data, size distributions

Sample Ratio M2+/[Fe(CN)6]32/chitosana IR, n(CN)/cm21 b

UV-vis/nm Nanoparticles size/nm

In chitosan In aqueous solution In chitosan In aqueous solution

1 0.59/0.19/1.00 (M = Ni) 2100(s), 2166(w) 436, 726 473, 750 2.8 ¡ 0.8 4.2 ¡ 1.0
2 0.47/0.11/1.00 (M = Cu) 2099(s), 2163(w) 425 428 2.2 ¡ 0.5 5.8 ¡ 1.1
3 0.47/0.15/1.00 (M = Co) 2099(s), 2165(w) 371, 523, 603(sh) 516, 614(sh) 2.1 ¡ 0.5 4.0 ¡ 0.7
4 0.22/1.00 (M = Fe) 2098 467(w), 700 467(w), 700 1.9 ¡ 0.4 2.7 ¡ 0.4
a Calculated from elemental analysis of 1a–4a. b In nanocomposite beads and in aqueous colloids.
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