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A Closer Look: Magnetic Behavior of a Three-Dimensional Cyanometalate
Coordination Polymer Dominated by a Trace Amount of Nanoparticle
Impurity
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Introduction

In the last two decades, the field of coordination polymers
has attracted a great deal of attention due to the promise of
generating materials with specific physical properties based
on the chosen building blocks.[1,2] Porous materials have
been developed for gas storage applications,[3] while vapo-
chromic coordination polymers[4,5] are promising sensing
materials. Coordination polymers that exhibit nonlinear op-
tical properties (NLO),[6,7] birefringence,[8,9] lumines-

cence,[6,10] and combined multiple functions[11] have been im-
portant research targets within the coordination polymer
realm. The investigation of new and unusual magnetic prop-
erties especially stands out as a focus of study in this
area.[12,13] In particular, since the discovery of magnetic or-
dering in Prussian Blue, Fe4

III
ACHTUNGTRENNUNG[FeII(CN)6]3·14H2O, at 5.6 K,[14]

a substantial amount of research has targeted cyanometalate
coordination polymers.[12,15] Some Prussian Blue analogues
have been found to become magnetically ordered at temper-
atures as high as 372 and 376 K.[16] Other cyanometalate co-
ordination polymers have been found to exhibit photoin-
duced magnetic properties[17] or room temperature hysteret-
ic spin transition behavior.[18]

Although the majority of coordination polymers are usu-
ally synthesized at room temperature, the simple mixing of
precursor solutions often does not yield single crystals but
rather generates microcrystalline powders. As the physical
properties of a coordination polymer in the solid-state are
expected to be a consequence of its structure, being able to
determine the three-dimensional (3D) arrangement is a key
step in understanding the structure–property relationships.
Given this importance, the crystallization conditions are
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often modified to favour the formation of single crystals
suitable for structure determination.[19] For example, differ-
ent crystal growth techniques, such as slow evaporation of
solvents, slow diffusion of reagents through H-shaped tubes
and gels,[20] electrocrystallization,[21] and hydrothermal or
solvothermal reactions,[22] are often used to obtain crystals
suitable for X-ray crystallography. When using these modi-
fied synthesis conditions, care must be taken as different
products or polymorphs may also be formed.[2,23]

The term solvothermal applies to solution reactions car-
ried out at temperatures beyond the normal boiling point of
the solvent, while remaining in the liquid phase. Such condi-
tions can be achieved in a sealed and rigid vessel. When
water is used as the solvent, the term “hydrothermal” is ap-
plied. Hydrothermal reactions are usually carried out be-
tween 100 and 250 8C.[24] Hydro- and solvothermal reactions
are widely used to prepare different types of materials,[25] in-
cluding zeolites,[26] inorganic solids,[27] hybrid organic–inor-
ganic materials,[28] molecular clusters,[24] and metal oxide
nanostructures.[29] Such reaction conditions allow one to:
1) recrystallize materials that are not soluble under ambient
conditions; 2) increase the reactivity of inert building
blocks; 3) encourage the formation of thermodynamic or
other metastable products; and 4) generate unique solid ma-
terials by the in situ hydrothermal synthesis of unusual li-
gands in the presence of metals.[30] However, despite these
advantages, the conditions of hydrothermal reactions can
induce decomposition of some building blocks and allow
side reactions to occur.

As part of our studies on d10-cyanometalate poly-
mers,[4,9, 31,32] while investigating the physical properties of
the new Prussian Blue analogue K{Ni[Au(CN)2]3}, prepared
at room temperature as a powder or crystallized hydrother-
mally at temperatures ranging from 125 to 165 8C, we dis-
covered some discrepancies in its magnetic behavior. Upon
examination by electron microscopy, small amounts of nano-
particle impurities were found in the samples that had been
prepared hydrothermally. Along with the properties of
K{Ni[Au(CN)2]3}, we report herein the chemical and mag-
netic properties of the nanoparticle impurities, as deter-
mined through transmission electron microscopy and
SQUID magnetometry studies, and the impact these have
on the magnetic properties observed for the bulk samples.
This cautionary narrative serves to illustrate the important
lesson that great care must be taken when studying hydro-
thermally prepared samples to ensure that the observed
physical properties are indeed attributable to the product of
interest.

Results

Synthesis : The room temperature reaction of Ni-
ACHTUNGTRENNUNG(NO3)2·6H2O with four equivalents of KAu(CN)2 in water
afforded an immediate green precipitate, which converted
into a blue precipitate after several days of being stirred in
the mother liquor. The FTIR spectrum, powder X-ray dif-

fractogram, and elemental analysis of the initial green
powder obtained in this reaction were indistinguishable
from those of the previously reported Ni ACHTUNGTRENNUNG(m-
OH2)2[Au(CN)2]2 coordination polymer.[32]

The FTIR spectrum of the blue powder showed only one
band attributable to a cyanide vibration (2170 cm�1). No hy-
drogen was detected by elemental analysis and the chemical
composition was found to be consistent with
K{Ni[Au(CN)2]3}. This sample (blue powder) prepared at
room temperature is referred to herein as sample RT.

FTIR spectroscopy is an invaluable tool for studying cya-
nometalate coordination polymers, as the frequency corre-
sponding to the vibration of a cyanide group is very sensi-
tive to the environment of this group.[33] The presence of
only one cyanide vibration mode observed at 2170 cm�1 sug-
gests that all of the cyanide groups are in an identical envi-
ronment, most likely coordinated to the NiII centers through
the nitrogen atom.

Crystals suitable for single-crystal X-ray diffraction analy-
sis could not be obtained from the blue powder by slow-dif-
fusion methods at room temperature. In order to obtain
larger single crystals, the reaction of Ni ACHTUNGTRENNUNG(NO3)2·6H2O with
KAu(CN)2 was carried out under hydrothermal conditions
(125 8C) with a slow cooling rate. This afforded a mixture of
a pale-blue powder and dark-blue hexagonal-shaped crys-
tals. This sample prepared at 125 8C is referred to herein as
H-125.

The FTIR spectrum of H-125 showed the same peak in
the cyanide vibration region as the FTIR spectrum of the
blue RT product. The elemental analysis results were also
consistent with the product H-125 being K{Ni[Au(CN)2]3}.
In addition, the powder X-ray diffractograms of RT and H-
125 were found to be superimposable. Thus, the two synthet-
ic routes afforded the same K{Ni[Au(CN)2]3} product, with
the same three-dimensional arrangement of building blocks.

Structure : From the X-ray diffraction data of a dark-blue
hexagonal crystal obtained from the H-125 sample, the
structure of K{Ni[Au(CN)2]3} was determined. The same
structural motif, in which octahedral NiII centers are bridged
in all three directions by [Au(CN)2]

� units to form a cubic-
type Prussian Blue-like array (Figure S1, Table S1), has pre-
viously been observed in other coordination polymers of
similar composition, namely K{Co[Au(CN)2]3},

[34]

K{Fe[Au(CN)2]3},
[35] and K{Mn[Ag(CN)2]3}.

[36] The powder
X-ray diffractogram predicted for this structure is superim-
posable on those obtained experimentally from the bulk
samples RT and H-125.

Magnetic behavior of K{Ni[Au(CN)2]3}: The magnetization
of the K{Ni[Au(CN)2]3} sample RTwas measured upon cool-
ing from 300 K to 1.8 K in a 1 kOe applied DC field. The ef-
fective magnetic moment was determined to be 3.1 mB at
300 K, and remained almost constant down to 10 K
(Figure 1). Below this temperature, a slight decrease to
2.86 mB at 1.8 K was observed.
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This behavior is consistent with mostly isolated NiII cen-
ters. The data can be fitted to an equation for the zero-field
splitting of isolated S=1 centers[37] with a D value of
2.32(3) cm�1 and a g value of 2.22(1) (Figure 1, Figure S2,
and Equations S1–S4). These values are comparable to
those obtained for isolated NiII systems,[37] and also to those
for the related 3D systems nBu4N{Ni[Au(CN)2]3} and
PPN{Ni[Au(CN)2]3} (PPN=bis(triphenylphosphoranylide-
ne)ammonium), which display small D values and minimal
coupling.[38] This indicates that, despite the 3D nature of
K{Ni[Au(CN)2]3} (RT), no spontaneous magnetic ordering
occurs and, at best, only weak interactions between the NiII

centers are present.
The temperature dependence of the magnetization of

K{Ni[Au(CN)2]3} (RT), measured upon warming (in a 10 Oe
field) after being cooled in the absence (zero-field cooled
(ZFC), Figure 2) or the presence (field cooled, FC) of an

applied magnetic field, shows a continuous decrease, irre-
spective of the cooling conditions. The two curves (ZFC and
FC) are superimposable. This behavior is also consistent
with Curie–Weiss paramagnetism.

The same experiments were performed on the H-125
K{Ni[Au(CN)2]3} sample. The effective magnetic moment
was found to be essentially constant between 300 K and
60 K (3.08–3.14 mB). In this case, however, an increase to a
maximum value of 3.50 mB at 20 K was observed, followed
by a decrease to 2.90 mB at 2.0 K (Figure 1). In the ZFC
measurements performed on the H-125 sample (Figure 2),
as the temperature was increased from 1.8 K to 10 K, a de-
crease in the magnetization, similar to that observed for the
RT sample, was observed. In contrast, however, above 10 K,
the magnetization increased and a maximum was reached at
a temperature of 20 K, referred to as TB (see below for
more explanation). Upon further warming, the magnetiza-
tion decreased and, above 30 K, followed that of the ZFC
and FC measurements for the RT sample. When ZFC meas-
urements were performed under different external fields,
the position and shape of the maximum varied from a sharp
peak at 20.5 K when measured in a field of 1 Oe to a broad-
er peak at 14 K in a field of 300 Oe (inset in Figure 2; Fig-
ure S3). The corresponding FC measurements showed an in-
itial decrease in the magnetization, albeit a slower decrease,
and then the data rejoined the ZFC curve at the tempera-
ture at which a maximum was observed in the ZFC curve
for the H-125 sample (Figure 2). On increasing the tempera-
ture further, the FC curve was seen to track the ZFC curve.
As will be discussed below, this behavior is suggestive of a
superparamagnetic signature superimposed onto a paramag-
netic background.

Clearly, despite the spectroscopic, analytical, and diffrac-
tion data seemingly indicating that the two samples are pure
and identical, the low-temperature magnetic behaviors are
different, with the H-125 system showing indications of
some form of magnetic ordering or blocking (see below).[39]

This magnetic behavior was consistently observed for every
sample prepared under these conditions.

Transmission electron microscopy (TEM) of the
K{Ni[Au(CN)2]3} samples : Sample H-125 was investigated
by TEM. The most obvious features observed were hexago-
nal crystals tens to hundreds of microns in size. Upon higher
magnification and careful inspection, ensembles of particles
with dimensions in the range of approximately 2–10 nm (see
histogram, Figure S5) were observed (Figure 3A). The
shapes of the nanocrystals ranged from spherical to oblate,
with some having more convoluted morphologies.

The selected-area electron diffraction (SAED) pattern of
these nanoparticles was recorded and is shown in the inset
in Figure 3A. Rings can clearly be observed in the diffracto-
gram, suggesting that the inspected area contains a random-
ly oriented, crystalline material. The observed electron dif-
fraction pattern does not match the pattern that would be
expected from the trigonal structure of K{Ni[Au(CN)2]3} as
determined by single-crystal X-ray diffraction analysis. The

Figure 1. Temperature dependence of the effective magnetic moment for
the K{Ni[Au(CN)2]3} samples RT (*) and H-125 (*). The solid line rep-
resents the best fit for sample RT to the zero-field splitting equation
[Equations (S1)–(S4)].

Figure 2. ZFC measurements for the K{Ni[Au(CN)2]3} sample RT (~),
and FC (*) and ZFC (*) measurements for sample H-125 under an ex-
ternal field of 10 Oe. Inset: Field dependence of TB for sample H-125.
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electron diffraction pattern readily indexes to a face-centred
cubic (fcc) structure; the rings were assigned hkl values cor-
responding to reflections due to the (111), (200), (220),
(311), (222), and (331) fcc planes.

A representative image of the particles observed in the
H-125 sample under high magnification is presented in Fig-
ure 3B. Under phase contrast conditions, lattice fringes can
clearly be observed.

When the RT sample was investigated by TEM, hexago-
nal-shaped, micron-sized particles could be observed, as in
the case of the H-125 sample. However, despite extensive
investigation, no nanoparticles could be found in the RT
sample. Electron diffraction analysis of the large hexagonal
crystals showed that they were single crystals, rather than
agglomerates of nanocrystals. No SAED diffractogram aris-
ing from a collection of fcc-structured crystals was observed
from any area of the RT sample.

Elemental analysis of each sample was carried out by
means of energy-dispersive X-ray spectroscopy (EDXS).
Figure 4A shows a high-angle annular dark-field STEM

image of a representative area. Figure 4B shows the EDXS
spectra of the selected areas indicated in Figure 4A. Ele-
mental analysis of the larger hexagonal crystals showed the
presence of all of the constituent elements of the
K{Ni[Au(CN)2]3} coordination polymer, including clear sig-
nals for nitrogen and potassium (Figure 4B, spectrum ii).
This is consistent with the probed region being
K{Ni[Au(CN)2]3}. Signals for copper, beryllium, and silicon
are artefacts, and are attributed to the TEM grid, its holder,
and the EDXS detector, respectively. These signals were
also observed in all subsequent EDXS spectra presented.

The EDXS spectrum of a region consisting of the nano-
particulate crystals was rich in gold, nickel, and oxygen, but
no significant amount of nitrogen was observed, and no X-
ray line due to potassium was present (Figure 4B, spectru-
m i). This strongly suggests that the composition of the
nanoparticles differs from that of the larger, coordination
polymer crystals. In all areas, a strong signal due to the pres-
ence of carbon could be observed. It is, however, impossible
to differentiate between carbon from the sample and that
from the supporting grid. The oxygen line may also have
been due to the supporting grid (Figure 4B, spectrum iii).
However, the intensity of the oxygen line (with respect to
carbon) in spectrum i is much higher (by a factor of �2.5)

Figure 3. A) Bright-field transmission electron microscopy image of
nanoparticles present in the H-125 sample of K{Ni[Au(CN)2]3}. Scale
bar=50 nm. The inset shows the selected-area electron diffraction pat-
tern of the area shown in the micrograph. The rings are indexed to hkl
values for an fcc structure. B) High-resolution transmission electron mi-
croscopy image. Scale bar=5 nm. The inset shows the fast Fourier trans-
form of sections of the micrograph.

Figure 4. A) High-angle annular dark-field scanning transmission electron
microscopy image of the H-125 sample. Scale bar=500 nm. B) Energy-
dispersive X-ray spectra (EDXS) for the areas highlighted in A, showing
a region containing: nanoparticles (spectrum i), K{Ni[Au(CN)2]3} crystals
(spectrum ii), and the carbon-coated copper grid (spectrum iii).
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than the oxygen:carbon line intensities in spectrum iii. Even
though this is not definitive, it suggests that a significant por-
tion of the oxygen signal in spectrum i arises from the
sample. Hence, the elemental analysis of the H-125 sample
by EDXS suggests that the nanoparticles are composed of
gold, nickel, and oxygen, or mixtures of these elements.

To further investigate the nanoparticle side product pres-
ent in the H-125 samples, the reaction conditions were
modified. The temperature and the time for which the mix-
ture was kept at above 125 8C were increased in an attempt
to increase the yield of nanoparticles, as described below.

Sample prepared at 165 8C (H-165): A hydrothermal reac-
tion using the same quantities of reagents was also carried
out at 165 8C. A large amount of red-brown powder was ob-
tained along with the dark-blue crystals. The bulk product is
referred to herein as H-165.

ZFC and FC magnetization experiments were performed
on sample H-165. Magnetic behavior qualitatively similar to
that of H-125 was observed (Figure 5). However, the maxi-

mum in magnetization attained a larger value as the maxi-
mum temperature of the reaction was increased, going from
0.245Q10�2 emug�1 for H-125 to 8.61Q10�2 emug�1 for H-
165. Sample H-165 exhibited a primary maximum in mag-
netization at 22.75 K (compared to 20 K for sample H-125)
and, in addition, a shoulder or a second, lesser maximum at
approximately 17 K was also observed. The increase in mag-
netization below 5 K could be a paramagnetic tail, attributa-
ble to the K{Ni[Au(CN)2]3} coordination polymer present in
the samples. Magnetization versus field loops were mea-
sured at temperatures of 300, 100, 50, and 2 K (Figure S6).
Above 50 K, the magnetization loops are anhysteretic and
typical of paramagnetic behavior. At 2 K, the loop does not
retrace itself upon field reversal. The width of the hysteretic
loop is �25 Oe.

When investigated by STEM, sample H-165 showed dif-
ferent features to those observed for the H-125 sample.
Images of the red-brown powder from the H-165 sample

showed much larger particles (200–300 nm), along with fila-
ment-like particles (Figure 6A). The presence of a few
smaller particles (of a few nanometres in diameter) was also
detected in the filament-rich regions. These were, however,
agglomerated with the filaments, and thus they could not be
successfully imaged independently of the filaments.

The electron diffraction pattern was collected in regions
consisting of the filaments (Figure 6B). The pattern consist-
ed of diffuse rings, which is consistent with a poorly crystal-
lized structure. It is also worth noting that under the influ-
ence of the electron beam radiation, the probed regions
showed a tendency to amorphize. The pattern appears to be
consistent with an fcc structure, but due to the low intensity
and the broadness of the rings, not all of the expected reflec-
tions were clearly visible.

Figure 7 shows the results obtained from EDXS measure-
ments on two separate regions of H-165. It can clearly be
determined that the 200–300 nm particles contained primari-
ly gold (Figure 7B, spectrum ii), while the filament-like and
small sphere-like particles were composed of nickel and
oxygen (Figure 7B, spectrum i).

The powder X-ray diffractogram of the red-brown powder
from the H-165 sample differs from that predicted for pure
K{Ni[Au(CN)2]3} (Figure 8). The peaks corresponding to
K{Ni[Au(CN)2]3} are present, but they only account for a
very small fraction of the sample. The principal pattern
could be assigned either to NiO or Au, or a mixture of the
two, as both are fcc systems with very similar lattice parame-
ters (there is a difference of only 0.1 R in lattice parameter
a between Au (4.071 R)[40] and NiO (4.178 R)[41]).

Sample prepared at 135 8C (H-135): To further investigate
the system, a reaction was also carried out at 135 8C for

Figure 5. Comparison of the ZFC magnetic behaviors of samples RT (!),
H-125 (*), H-135 (&), and H-165 (~). Lines are guides for the eyes.

Figure 6. A) High-angle annular dark-field scanning transmission electron
microscopy image showing the 200–300 nm particles and the filament-
like particles present in the red-brown powder from sample H-165. Scale
bar=500 nm. B) Selected-area electron diffraction of an area containing
only filament-like particles. The rings are indexed to hkl values for an fcc
structure.
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65 h, using the same quantities of reagents. The bulk product
was visually similar to H-125, but a small amount of red-
brown powder could be observed mixed with the pale-blue
powder and dark-blue crystals. This bulk product is referred
to herein as H-135.

The same ZFC and FC magnetization experiments were
also performed on sample H-135 (Figure 5). These showed
that sample H-135 displayed magnetic behavior similar to
that of H-165, with a maximum (at 22.5 K) and a subsidiary
peak at lower temperature. The magnetization Mg at the pri-
mary peak in the ZFC measurement had a magnitude inter-
mediate between those of the H-125 and H-165 samples.

Similarly to sample H-125, sample H-135 was seen to be
composed of a mixture of large crystal blocks and spherical
nanosized particles with diameters ranging from 5 to 10 nm
when investigated by TEM. The large crystals were seen to
be single-crystalline by SAED, and EDXS showed that they
contained carbon, nitrogen, potassium, nickel, and gold, in-
dicative of the formula K{Ni[Au(CN)2]3}, as in the case of
H-125.

Various regions of H-135, containing nanosized particles,
were examined by EDXS. No potassium was observed in
the regions containing nanoparticles. In most areas, strong
signals for nickel and oxygen were seen in the EDXS spec-
tra. Varying amounts of gold could also be observed in these
regions. In some other areas, gold was the major component
seen in the spectrum. The EDXS data for these different re-
gions are shown in Figure S7. These results are consistent
with the presence of various amounts of two types of nano-
particles, namely NiO and, presumably, metallic Au.

Despite the chemical difference observed by EDXS, the
regions are visually very similar when observed by TEM.
One difference is that in some of the nickel/oxygen-rich re-
gions, filament-like structures similar to those observed in
sample H-165 could also be imaged, in addition to spherical
particles.

Discussion

What is the chemical identity of the nanoparticles? This
question can be partially addressed by examining the
(S)TEM images and the EDXS and SAED data. This en-
semble of data (compare, for example, the (S)TEM images
of H-125, H-135, and H-165 in Figure 4, Figure S5, and
Figure 7) makes it clear that different nanoparticulate prod-
ucts are generated under each of the three hydrothermal
temperature regimes used. However, all of the SAED data
for the nanoparticle samples can be indexed to essentially
the same simple fcc structure, which at first glance appears
to suggest that the chemical composition does not change.
All of the EDXS spectra in the nanoparticle regions of H-
125, H-135, and H-165 lack potassium signals and do not
show a proportionate nitrogen signal for K{Ni[Au(CN)2]3}.
Consequently, none of the examined nanoparticle products
are nanocrystals of the primary K{Ni[Au(CN)2]3} coordina-
tion polymer.

The results obtained for the H-165 sample clearly showed
that two types of very different nanosized products were
present (Figure 6): large Au particles (200–300 nm) and
much smaller NiO filament-like particles, the compositions
of which could clearly be identified by EDXS (Figure 7).
The powder X-ray diffractogram of the bulk H-165 sample
confirms the presence of at least one of these candidates
(Figure 8). Unfortunately, under our experimental condi-
tions, X-ray diffraction methods could not discriminate be-
tween NiO and Au based on peak positions alone. Never-
theless, the relative intensities of the peaks observed be-
tween 1.0 and 2.5 R suggest the presence of a large quantity

Figure 7. A) High-angle annular dark-field scanning transmission electron
microscopy image of the H-165 sample. Scale bar=100 nm. B) Energy-
dispersive X-ray spectra (EDXS) for areas highlighted in A: filament-
like NiO particles (spectrum i) and Au particles (spectrum ii).

Figure 8. Comparison of the measured X-ray diffractogram of H-165 (A)
with the diffractograms predicted for K{Ni[Au(CN)2]3} (B), Au (C), and
NiO (D).
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of Au in the H-165 sample. The presence of NiO as a minor
component cannot, however, be ruled out. It must also be
stressed that the NiO filaments were rather poorly crystal-
lized, as observed by SAED, and would thus contribute less
to the powder X-ray diffractogram of the H-165 sample.

Focusing on the nanoparticles in the H-125 sample, a
strong signal for gold, as well as weaker signals for nickel
and oxygen, were observed in the EDXS spectrum in all
nanoparticulate regions. In light of the chemical identity of
the particles observed in H-165, it is suggested that a mix-
ture of Au and NiO nanoparticles is formed in the reaction
at 125 8C. The structures of both NiO and Au are fcc,[40, 41] as
was the structure of the nanoparticles observed by SAED.
Note that at this temperature, in contrast to the product ob-
tained at 165 8C, the Au and NiO particles formed could not
readily be distinguished on the basis of shape or size. The
rather wide size distribution (2–10 nm) may have resulted
from the presence of chemically different particles. Different
chemical species may be expected to show different growth
kinetics at a given temperature.

The EDXS data could also be interpreted as suggesting
that AuxNi1�x alloy nanoparticles were formed, as opposed
to the chemically segregated Au and NiO units described
above. AuxNi1�x alloys have previously been reported in the
literature, and their structures were also determined to be
fcc by X-ray diffraction analyses of both bulk[42] and nano-
particle samples.[43]

The presence of pure Ni nanoparticles amongst the prod-
ucts of any of these high-temperature reactions is unlikely,
since the reactions were carried out in water and the sam-
ples were handled in the ambient atmosphere. Indeed, it has
been reported that metallic Ni nanoparticles readily oxidize
in air to form Ni/NiO core–shell nanoparticles.[44] No core–
shell structures were observed in any of our TEM investiga-
tions. Thus, the presence of Ni nanoparticles may be exclud-
ed.

In contrast to the H-125 sample, the inhomogeneous
chemical composition of the H-135 nanoparticles, as deter-
mined by EDXS, is a clear indication that at least two nano-
particulate products, most probably Au and NiO, were
formed under these conditions. As in the case of sample H-
125, despite having different chemical compositions, the two
types of particles could not be distinguished on the basis of
shape or average diameter. In addition to the spherical par-
ticles, a few filament-like particles were present in some of
the NiO-rich regions, a feature that was not observed in H-
125, but was present to a large extent in H-165.

Thus, in summary, the nanoparticles produced at each of
the selected temperatures (125, 135, and 165 8C) are likely
to be mixtures of Au and NiO. Changes in the reaction con-
ditions are known to affect the growth of nanoparticles,
yielding different particle sizes, size distributions, and mor-
phologies.[45] This could readily explain the differences ob-
served between these hydrothermal samples. At lower tem-
peratures, small, approximately spherical particles are pro-
duced. Reactions at higher temperatures (accompanied by
longer reaction times) result in the growth of these particles.

It is apparent that the Au and NiO particles grow in differ-
ent ways. In the case of the Au nanoparticles, an Ostwald-
ripening-type process results in the growth of larger particles
from the dissolution of smaller particles.[46] For NiO, the
aspect ratio of the particles is more affected than their diam-
eters, yielding filament-like particles that become ever more
prevalent as the reaction temperature and time are in-
creased. The concentration of the metal ions that ultimately
form the nanoparticles is also likely to be function of the re-
action temperature, and is likely to affect the size and mor-
phology of the nanoparticles.

Nanoparticle formation route : The formation of Au nano-
particles requires the reduction of AuI ions. As no reducing
agent was added to the reaction, cyanide groups most likely
acted as internal reductants. Cyanide-containing coordina-
tion complexes and polymers are known to release cyano-
gen, (CN)2, at elevated temperatures by oxidation of the cy-
anide groups and reduction of the metal centers.[47] In partic-
ular, cyanogels, which are amorphous Prussian Blue ana-
logues, have been investigated for their applications as
single-source precursors of binary and ternary transition
metal alloys and intermetallics.[48] Superparamagnetic nano-
particle alloys of NiFe[49] and PdCo[50] have also been synthe-
sized by the high-temperature auto-reduction of preformed
cyanide-containing nanoparticles under an argon atmos-
phere.

Several methods for preparing NiO nanoparticles have
been reported, including the thermal treatment of Ni(OH)2

gels.[51] Under our experimental conditions, it is also possible
that Ni(OH)2 is formed as an intermediate en route to the
synthesis of the observed NiO nanoparticles.

A recent report has shown that the thermal decomposi-
tion of nanoscale Co3[Co(CN)6]2 yields Co3O4 nanoparti-
cles.[52] In view of this, it may also be possible that nanopar-
ticles of the K{Ni[Au(CN)2]3} coordination polymer are
formed, which decompose to yield NiO and Au nanoparti-
cles.[53]

It is clear that the formation of nanoparticles is enhanced
at higher reaction temperatures. This was evident from the
successively larger contributions of the superparamagnetic
impurity to the ZFC measurements (Figure 5).

Magnetic properties : The magnetic behavior observed for
the RT sample of K{Ni[Au(CN)2]3} is typical of a paramag-
netic system that does not order spontaneously over the
temperature range studied here (Figures 2 and 3).

The magnetic properties of the samples prepared under
hydrothermal conditions show remarkable differences to the
simple, paramagnetic-like behavior of the sample RT. The
maxima observed in the ZFC measurements for the H-125,
H-135, and H-165 samples are suggestive of a superpara-
magnetic signature superimposed onto a paramagnetic back-
ground, as detailed below.

Superparamagnetic impurities : Superparamagnetism is a
finite scale effect, and is encountered in small magnetic par-
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ticles (�20 nm diameter or less, depending on the materi-
al),[54,55] below their ordering temperature. A nanoparticle is
sufficiently small that its energy is minimized when it consti-
tutes a single magnetic domain.[56] The energy barrier KV,
where K is the uniaxial anisotropy constant and V is the
volume of the nanoparticle, prevents relaxation of the mag-
netic moment. The energy barrier is considerably reduced
(compared to bulk materials) in a low-volume nanoparti-
cle.[57] When the thermal energy is higher than the anisotro-
py energy barrier KV, the magnetization vector will freely
fluctuate, whereas if the thermal energy is smaller, the mag-
netization vector will not be able to flip orientation, and
hence will be in the blocked state. This occurs below a par-
ticular temperature called the blocking temperature TB.

In a sample cooled in the absence of an applied magnetic
field (ZFC), the magnetization vector of a nanoparticle will
align itself with its easy axis, and the overall magnetization
of the sample will be close to zero due to the random orien-
tation of easy axes. Upon warming in an applied magnetic
field, the overall magnetization will increase, as the individ-
ual magnetization vectors will align with the poling field.
Upon passing through the blocking temperature TB, the
thermal energy overcomes the poling effect of the magnetic
field, and randomizes the orientation of the magnetization
vectors of the nanoparticles.

In an FC measurement, the magnetization vectors are ori-
ented by the applied field upon cooling. Consequently, the
measured magnetization at low temperature is high. As the
temperature is increased, thermal energy randomizes the
orientations of the magnetization vectors, and a decrease in
magnetization is observed. Above the blocking temperature,
the response is paramagnetic for both the FC and ZFC
measurements.

With this in mind, an examination of the ZFC and FC
magnetization measurements shown in Figure 2 (H-125) in-
dicates that they contain two components: a continuously
decreasing, Curie-type paramagnetic component, and a su-
perparamagnetic component passing through its blocking
temperature. The Curie-type contribution arises from the
major product, K{Ni[Au(CN)2]3}, as is evidenced by the
Curie-type magnetic behavior of the nanoparticle-free
sample prepared at room temperature (Figure 2). As shown
in Figure 9, the blocking temperature TB determined for
sample H-125 under various applied fields H has an H2/3 de-

pendence. This behavior, which is similar to the de Almei-
da–Thouless law predicting the field dependence of the
freezing temperature for spin-glasses,[58] has also been re-
ported for superparamagnetic nanoparticles and is associat-
ed with the spin-glass state observed at the surface of nano-
particles.[59] Such spin-glass behavior has been observed in
nanosized NiO particles.[60] This field dependency confirms
that the second magnetic component is due to superpara-
magnetism arising from the presence of NiO nanoparticles.

No nanoparticles could be found by TEM in the sample
synthesized at room temperature, while for each hydrother-
mally prepared sample examined by TEM, collections of
nanoscopic particles (ranging from 5 to 200 nm, depending
on the sample) could readily be observed in all regions of
the supporting grid (Figures 4 and 7; Figures S5 and S7).
Thus, the superparamagnetic component, which is only ob-
served in the samples prepared under hydrothermal condi-
tions, is almost certainly due to the presence of the nanopar-
ticles observed by TEM.

Furthermore, the shape, position, and magnitude of the
maxima in the ZFC curves, which strongly depend on the
temperature at which the hydrothermal reaction is carried
out (Figure 5), are consistent with the formation of different
products at different temperatures (as seen by TEM).

Nanoparticles obtained in the samples prepared under hy-
drothermal conditions, whether they consist of NiO fila-
ments or particles, could be responsible for the observed su-
perparamagnetic behavior. While bulk NiO is known to be
an antiferromagnet (TN =525 K), NiO nanoparticles with
average diameters of 3 and 7 nm have been found to be su-
perparamagnetic, with blocking temperatures of 10 and
15 K, respectively, as determined from ZFC measurements
at 100 Oe.[61] It is also worth noting that above a given
nickel composition (�50 atom% Ni), bulk AuxNi1�x alloys
are ferromagnetic[62] and, more importantly, Au0.45Ni0.55

nanoparticles with an average size of 12.0 nm behave as a
superparamagnetic material, with a blocking temperature of
8 K under an applied field of 500 Oe;[43] different sizes and
Au:Ni ratios would certainly yield slightly different TB

values.
Recent reports have shown that nanosized gold particles

display superparamagnetism[63,64] and even room tempera-
ture ferromagnetism.[65] However, this only occurs under
very specific circumstances;[64,65] it is very unlikely that the
observed magnetic behavior in any of our samples was due
to superparamagnetic gold nanoparticles.

The presence of two peaks in the ZFC measurements for
H-135 and H-165 (Figure 5) may be due to three different
factors: size distribution, shape, and chemical identity.[54]

These three effects can yield different anisotropy energy
barriers, which would lead to different blocking tempera-
tures. Thus, either the H-135 and H-165 samples contain two
distinct superparamagnetic chemical species, or there is only
one superparamagnetic species with a bimodal size distribu-
tion or different aspect ratios. In a uniaxial structure, such
as a filament, an additional shape anisotropy term may also
contribute to the anisotropy energy barrier.[66]

Figure 9. Field dependence of the blocking temperature TB, determined
from ZFC measurements, for sample H-125.
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We currently have no specific control over the size, shape,
or composition of the nanoparticles in these synthetic proce-
dures. Consequently, all of the above are equally likely ex-
planations, in theory. However, given the data described
above, the two superparamagnetic species can most likely
be attributed to the two differently shaped forms of NiO ob-
served (spherical vs filament-like), which only appeared in
H-135 and H-165. In H-125, in which only NiO spherical
particles were observed, only one peak was observed in the
ZFC curve.

The anisotropic shape of the filament-like particles may
be responsible for the increase in blocking temperature,
from 20 K for the spherical particles in sample H-125 to
22.75 K for the filament-like particles in sample H-165.

The field-dependent magnetization measurements for
sample H-165 at temperatures above TB (300, 100, and
50 K) show anhysteretic behavior. This is to be expected for
a sample consisting of paramagnetic and superparamagnetic
species, in which the energy barrier to magnetization rever-
sal is overcome. At 2 K (well below TB), the loop is hysteret-
ic and has a coercive field, consistent with the nanoparticles
being in the blocked state. The same general features were
observed for samples H-135 and H-125 : for T>TB, the
loops have an overall paramagnetic character, and hysteresis
is observed for T<TB. This is consistent with our interpreta-
tion that the ZFC/FC measurements indicate the presence
of superparamagnetic species.

Shortcomings of conventional analytical methods : Clearly,
the presence of even a trace amount of superparamagnetic
nanoparticles can have a huge impact on the measured mag-
netic properties. In H-125, for example, a convolution of the
properties of the target K{Ni[Au(CN)2]3} coordination poly-
mer and the superparamagnetic nanoparticles is observed. It
must be stressed that standard characterization techniques
(such as FTIR spectroscopy and elemental analysis), as well
as the commonly accepted checks to ensure sample purity
and identity (such as the comparison of predicted and ob-
tained X-ray diffractograms) failed to uncover the presence
of the nanoparticle impurity in H-125.

For example, samples of K{Ni[Au(CN)2]3} containing up
to 4.2% (by weight) of a 1:1 mixture of NiO and Au nano-
particles would still show elemental analysis results consis-
tent with a pure sample within standard accepted tolerances.
Although powder X-ray diffraction can be used as an ana-
lytical tool to quantify the composition of mixtures, the typi-
cal limit of detection for this method is about 5%, for well
crystallized samples with well resolved peaks. For a nano-
crystalline sample, Scherrer broadening of the linewidths
tends to decrease the intensity of the reflection peaks.[67] In
the case of H-125, in which a low concentration (below 5%)
is combined with broadening, the intensity of the signal is
expected to be very weak, and the presence of the nanopar-
ticles was not detected by X-ray diffraction experiments.
Also, if the impurity is poorly crystallized (as was the case
for the NiO filaments formed at 165 8C), it will be harder to
detect. The detection may be further complicated by the

substantial peak overlap with the powder diffractogram of
K{Ni[Au(CN)2]3} in this case. Such small amounts of NiO
and Au would also be very difficult to observe in the FTIR
spectra in the 400 to 4000 cm�1 range. These analytical
methods are therefore inappropriate for detecting low im-
purity levels of nanocrystalline materials.

However, such small amounts of magnetic nanoparticle
impurities are more than sufficient to dominate the overall
observed magnetic response. In the case of K{Ni[Au(CN)2]3}
presented here, comparison of the magnetic properties from
samples prepared at room temperature and by hydrothermal
methods suggested that a (much) closer look at the samples
was imperative. However, in other cases in which the prod-
ucts obtained by hydrothermal methods are unique and
hence inaccessible by more conventional synthetic routes
(such as an analogous room temperature preparation), a
comparison with “pure” samples may be difficult, if possible
at all. In these cases, the danger of erroneously attributing
the observed magnetic (or indeed any other) properties to
the “pure” bulk material cannot be underestimated.

Conclusion

At room temperature, the triply-interpenetrated Prussian
Blue analogue K{Ni[Au(CN)2]3} can be prepared in pure
form and it shows a simple Curie–Weiss-type paramagnetic
behavior. Hydrothermal synthesis yielded large single crys-
tals of K{Ni[Au(CN)2]3} but also a smattering of nanoparti-
cle impurities, which dominated the observed magnetic
properties, even though conventional analytical methods
were inadequate in highlighting their presence.

It should be clear that great care must be taken in the
characterization of samples prepared under hydrothermal
conditions. While it is obviously a highly valuable synthetic
tool, especially for obtaining good quality single crystals for
structural determination and by offering an alternative syn-
thetic route for synthesizing unique materials, one must be
aware that trace amounts of nanoparticulate impurities may
also be generated as a result of the thermal treatment.

Observing coordination polymer samples by electron mi-
croscopy is not a common practice in the field, but in this
case it was invaluable to determine the full nature of the
material, thereby avoiding attribution of the magnetic prop-
erties of the sample as intrinsic properties of the
K{Ni[Au(CN)2]3} coordination polymer.

Although this narrative has revolved around the discus-
sion of magnetic properties, the presence of amounts of
nanoparticles small enough to be undetected by convention-
al analytical methods may also impact other physical proper-
ties (such as the conductivity, dielectric constant, optical, or
gas adsorption properties), which are often the motivation
behind the synthesis of coordination polymers. In short,
such nanoscale materials often have physical properties that
could inadvertently masquerade as properties of the overly-
ing coordination polymer product. It is therefore crucial to
consider this possibility when interpreting data, whether it is
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from the laboratory or from published literature. Finally,
this work has confirmed that, given the right conditions, the
hydrothermal treatment of cyanometalate polymers can gen-
erate a range of nanoparticle materials.

Experimental Section

General procedures and physical measurements : All reagents were pur-
chased from commercial sources and were used as received without fur-
ther purification. Hydrothermal reactions were carried out in sealed glass
ampoules inserted into a 125 mL stainless steel reaction vessel, with 30–
40 mL of H2O placed outside of the ampoule to equalize the pressure.
The vessel was heated in a Lindberg heavy-duty furnace equipped with a
programmable temperature controller. The thermal profile of each reac-
tion is specified in the synthetic description below. Infrared spectra were
recorded on a Thermo Nicolet Nexus 670 FTIR spectrometer from sam-
ples prepared as pressed KBr pellets. Microanalyses (C, H, N) were per-
formed by Mr. M. K. Yang at Simon Fraser University using a computer-
controlled Carlo Erba (Model 1106) CHN analyzer.

Room temperature synthesis of K{Ni[Au(CN)2]3} (RT): A solution of Ni-
ACHTUNGTRENNUNG(NO3)2·6H2O (29 mg, 0.10 mmol) in water (2 mL) was added to a solu-
tion of KAu(CN)2 (114 mg, 0.396 mmol) in water (10 mL). A pale-green
precipitate of Ni ACHTUNGTRENNUNG(m-OH2)2[Au(CN)2]2 formed immediately,[32] which was
left stirring in the solution for 4 d. Thereafter, the precipitate had
changed to a pale-blue powder, which was isolated by filtration. Its ele-
mental analysis was found to be consistent with the chemical composition
K{Ni[Au(CN)2]3}. This sample is referred to as RT herein. Yield: 72 mg
(85%); IR (KBr): ñ=2170 (s), 473 cm�1 (m); elemental analysis calcd for
C6N6Au3NiK: C 8.53, H 0.00, N 9.95; found: C 8.62, H trace, N 9.77.

Hydrothermal synthesis of K{Ni[Au(CN)2]3} (H-125): A solution of
KAu(CN)2 (114 mg, 0.396 mmol) in water (1 mL) was combined with a
solution of Ni ACHTUNGTRENNUNG(NO3)2·6H2O (29 mg, 0.10 mmol) in water (1 mL) in a
5 mL ampoule. Water was added to bring the total volume to �3 mL.
The ampoule was sealed and loaded into the reaction vessel. The vessel
was heated in a furnace from 25 to 125 8C over a period of 2 h, main-
tained at 125 8C for 6 h, and then slowly cooled back to 25 8C at a rate of
1 8Ch�1. Dark-blue hexagonal crystals of K{Ni[Au(CN)2]3} (0.01–2 mm in
diameter) and a pale-blue powder, also of K{Ni[Au(CN)2]3}, were ob-
tained by performing the reaction under these conditions. This sample is
referred to as H-125 herein. IR: ñ =2169 (s), 473 cm�1 (m); elemental
analysis calcd for C6N6Au3NiK: C 8.53, H 0.00, N 9.95; found: C 8.52, H
trace, N 9.96.

Using the same quantities of reagents, hydrothermal reactions were also
performed at higher temperatures: 1) with a maximum of 135 8C main-
tained for 65 h, followed by cooling at a rate of 55 8Ch�1 to generate
sample H-135, and 2) a maximum temperature of 165 8C maintained for
6 h, followed by cooling at a rate of 1.4 8Ch�1 to generate sample H-165.

X-ray crystallographic analysis : A blue hexagonal crystal of
K{Ni[Au(CN)2]3} (0.195Q0.156Q0.074 mm3) was mounted on a glass fibre
using epoxy adhesive. Single-crystal X-ray diffraction data, in the range
48 < 2q < 89.58, were recorded at 150 K on a Bruker SMART APEX II
diffractometer equipped with a CCD area detector, a graphite monochro-
mator, and an MoKa fine-focus sealed tube (l=0.71073 R) operated at a
power of 1.5 kW (50 kV and 30 mA). The unit cell was determined to be
trigonal, with space group P312, and unit cell parameters of a=

6.786(4) R and c=7.778(8) R (V=310.2(4) R3, Z’=1, fw=844.82,
C6N6Au3NiK, 1calcd =4.522). Data (5424 measured reflections, 1557 inde-
pendent reflections) were corrected for absorption effects using a numer-
ical face absorption correction (transmission range 0.0422–0.0639, m=

37.173). Data reduction, including Lorentz and polarization corrections,
was also performed. The structure was determined using CRYSTALS
(version 12).[68] It was solved using SIR 92 and expanded through the ap-
plication of Fourier techniques. All atoms were refined anisotropically.
Full-matrix least-squares refinement (1309 reflections included) on F (30
parameters) converged to R1 =0.0297, wR2 =0.0313 (Io>2.5s(Io)). Dia-

grams were generated using ORTEP-3 (version 1.076)[69] and POV-Ray
(version 3.6.0).[70] Selected bond lengths and angles are reported in
Table S1 in the Supporting Information. CCDC 676996 contains the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Powder X-ray diffractograms of the prepared samples were acquired on a
Rigaku RAXIS-Rapid Auto diffractometer equipped with a CuKa source
(l=1.54056 R) and a 0.3 mm collimator. Each sample was mounted on a
glass fibre using grease and then exposed to X-rays (for 45–60 min) as
the F axis was spun (108 s�1).

Magnetometry : Magnetization measurements were performed with a
Quantum Design MPMS-XL-7S SQUID magnetometer. Microcrystalline
samples were packed in gelatin capsules and mounted in diamagnetic
plastic straws. Direct current (DC) magnetization was measured upon
cooling from 300 to 1.8 K under an applied DC field of 1 kOe. Zero-
field-cooled (ZFC) and field-cooled (FC) magnetization measurements
were also performed upon warming from 1.8 to 300 K under different ex-
ternal fields (1, 10, 50, 100, and 300 Oe). The alternating current (AC)
susceptibility of all samples was also determined in zero applied DC field
as a function of temperature (100 to 1.8 K). The amplitude and frequency
of the AC field were 5 Oe and 10.0 Hz, respectively. The field depend-
ence of the magnetization was determined for all samples between
20 kOe and �20 kOe at 300, 100, 50, and 2 K. All data were corrected
for the diamagnetism of the constituent atoms by the use of PascalVs con-
stants.[71]

Transmission electron microscopy and characterization : Samples were
prepared by evaporating the water from an aqueous suspension of each
material on a carbon-coated copper grid. Imaging was carried out using
an FEI Tecnai 20 scanning transmission electron microscope (STEM) op-
erating at 200 kV and equipped with a CCD camera. Bright-field (BF)
and high-resolution (HR) images, as well as selected-area electron dif-
fractograms (SAED), were acquired in TEM mode. High-angle annular
dark-field (HAADF) imaging and energy-dispersive X-ray spectroscopy
(EDXS) were carried out in STEM mode. EDXS spectra were acquired
in 60 s using an EDAX unit. The images were analyzed using ImageJ
software.[72]
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