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Layered mixed metal hydroxy double salts (HDS) with the formulas (Cug 75Nio.25)2(OH)3;NOs3 ((Cu, Ni)-HDS)
and Cux(OH);NOj; ((Cu, Cu)-HDS) were prepared via slow hydrolysis reactions of CuO with Ni(NOs), and
Cu(NOs),, respectively. The crystal structures, morphologies, bonding natures, and magnetic properties of (Cu,
Ni)-HDS and (Cu, Cu)-HDS were characterized with X-ray diffraction (XRD), scanning electron microscopy
(SEM), Fourier transformation infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA), and a
superconducting quantum interference device (SQUID). Even though (Cu, Ni)-HDS has a similar layered
structure to that of (Cu, Cu)-HDS, the bonding nature of (Cu, Ni)-HDS is slightly different from that of (Cu,
Cu)-HDS. Therefore, the magnetic properties of (Cu, Ni)-HDS are significantly different from those of (Cu,
Cu)-HDS. The origin of the abnormal magnetic properties of (Cu, Ni)-HDS can be explained in terms of the
bonding natures of the interlayer and intralayer structures.
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Introduction

Transition metal hydroxides have attracted much interest
because of their wide variety of applications as ion ex-
changers, catalysts, and hosts in intercalation compounds.'
These materials have also been used as precursors for the
fabrication of one-dimensional nanostructures.” The mag-
netic properties of layered transition metal hydroxide systems
have been extensively scrutinized because such materials are
thought to be good examples of two-dimensional (2D) mag-
netic systems.’ These structures have played a significant
role in the development of our understanding of low-dimen-
sional magnetic systems. The 2D character of these compounds
arises mainly from the dominant exchange interactions
within the inorganic layers and from the comparatively small
but non-negligible interactions between the inorganic layers.

Layered hydroxy double salts (HDS), M>(OH):X (M =
Cu, Co, Ni; X = NOs7, CH3COQO"), have gained particular
attention because of their predicted 2D triangular frustration
systems.* As a result, magnetic studies have focused on the
fabrication of inorganic-organic hybrid systems with large
interlayer spacings, such as n-alkyl carboxylate, sulfate or
sulfonate, which are necessary for blocking the interlayer
magnetic interactions.’ In our previous studies, we conclud-
ed that the magnetic behaviors of inorganic-organic hybrid
HDS systems are mainly governed by the pathways of the
inorganic magnetic network but that they are also finely
controlled by the anchoring groups of the organic anion.
Recently, magnetic frustration in HDS systems has been
reinvestigated through the introduction of non-magnetic
Zn?" ions into the copper layers. According to the S. A. Solin
group, both of the mixed metal HDS compounds Cuyi-x

Zny(OH);X (X =NOs57, C;H5COQO7) can exhibit geometric
frustration with reduced magnetic order, the latter exhibiting
a spin-glass-like behavior.® Given that the basic ingredients
of magnetic frustration behavior are frustration and spin-
disorder, the reported effects of introducing non-magnetic
ions on magnetic frustration are in agreement with our results.
However, we believe that the key factor in the reported
magnetic frustration is not the introduction of non-magnetic
Zn*"ions into the copper layer but rather the lattice disorder
resulting from doping.

Several mixed metal HDS systems, such as Cu-Co, Co-
Zn, Cu-Zn, and Ni-Zn, have been prepared through precipi-
tation or hydrolysis.” Unfortunately, magnetic studies of
these systems have not yet been reported. In this paper, we
report the preparation of the mixed (Cu, Ni)-HDS system,
(Cup75Nip2s)2(OH);NOs, in which the magnetic ion Ni*" is
substituted for some of the magnetic Cu®" ions of the (Cu,
Cu)-HDS system, Cu(OH);NOs. The crystal structures and
2D magnetic properties of (Cu, Ni)-HDS and (Cu, Cu)-HDS
were also examined.

Experimental Section

The (MixM’x)2(OH);NO; systems, (M, M’)-HDS, are
mainly synthesized by slow hydrolysis in aqueous solution
from the metal oxide, MO, and a solution of the metal
nitrate, M’(NO3),.8 (Cu, Cu)-HDS and (Cu, Ni)-HDS were
obtained from CuO (0.2 mol) dispersed in 100 mL solutions
of 0.8 M of Cu(NOs),-:3H,O and Ni(NOs),:6H>0, respec-
tively. The mixtures were vigorously stirred at room temper-
ature. After 10 days, the mixtures, which are initially black
due to CuO, form grayish-green homogeneous precipitates.
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The precipitates were separated from the solutions, washed
with distilled water, and then air-dried.

The crystal structures of (Cu, Ni)-HDS and (Cu, Cu)-HDS
were analyzed with powder X-ray diffraction (XRD, MAC
Science diffractometer, MXP3A-HF) by using Cu Ko radia-
tion. The morphologies of these products were characterized
with scanning electron microscopy (SEM, Leol455VP).
Fourier transform infrared (FT-IR) spectra were obtained by
using a FTIR Bomem Michelson spectrometer in the trans-
mittance mode over the range 500-4000 cm™' with a re-
solution of 4 cm™'. The thermal properties of (Cu, Ni)-HDS
and (Cu, Cu)-HDS were studied with thermogravimetric
analysis (TGA, Perkin), which was performed up to 800 °C
under nitrogen gas at a rate of 10 °C-min"'. Magnetic mea-
surements were carried out on the powdered samples enclos-
ed in a medical cap by using a Quantum Design MPMS-7
superconducting quantum interference device (SQUID) mag-
netometer.

Results and Discussion

(Cu, Cu)-HDS was found to have a Mg(OH),-type struc-
ture in which one-fourth of the OH™ groups are substituted
with NOs~ groups. One of the oxygen atoms of each NOs~
group is directly bonded to three copper atoms via Cu-O-Cu
bonds. The two-dimensional structure consists of positively
charged octahedral copper hydroxide layers held together by
hydrogen bonds between NOs;~ and OH™ within the layer,
displayed as orange lines in Figure 1(a). The inorganic sheets
of [Cux(OH);]" contain two distinct types of crystallographic
copper sites with different oxygen environments, Cu(1) (4
OH + 2 NOs) and Cu(2) (4 OH + 1 OH + 1 NOs), as shown
in Figure 1(b).

Figure 2 shows the X-ray diffraction patterns of (Cu, Cu)-
HDS and (Cu, Ni)-HDS. (Cu, Cu)-HDS has a lamellar struc-
ture with an interlayer spacing of d = 0.683 nm, as is evident
from the XRD patterns shown in Figure 2(a). All the XRD
peaks of (Cu, Cu)-HDS are consistent with those of
Cuy(OH);NOs.’ Since the ionic radius of the Ni*" ion (69
pm) is slightly smaller than that of the Cu®* ion (72 pm), the
crystal structure of (Cu, Ni)-HDS is expected to inherit the
basic framework of (Cu, Cu)-HDS with little lattice con-

(a)

Figure 1. Crystal structure of (Cu, Cu)-HDS, Cuy(OH);NOs:
viewed along (a) the b-axis and (b) the c-axis. Cu(1), Cu(2), O
(from OH"), O (from NOs"), N, and H are displayed as light green,
green, red, violet, blue, and gray balls, respectively. The inorganic
sheets of [Cux(OH);]" contain two different types of crystallo-
graphic copper sites, Cu(1) (light green) and Cu(2) (green), with
different octahedral environments.
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Figure 2. X-ray powder diffraction patterns and Miller indices of
(a) (Cu, Cu)-HDS and (b) (Cu, Ni)-HDS.

traction because the Ni** ions will occupy the copper sites in
Cuz(OH);NO:s. Figure 2(b) shows the XRD pattern of (Cu,
Ni)-HDS, which is very similar to that of Cux(OH);NO:s.
However, the basal spacing of (Cu, Ni)-HDS is slightly
higher (0.696 nm) than that of (Cu, Cu)-HDS (0.683 nm).
Note that the layered structures of these HDS systems are
strongly dependent on hydrogen bonding between NO;™ and
OH". Therefore, a slight increase in the basal spacing sug-
gests that the nature of the M-OH™ and M-NOs™ bonding in
(Cu, Ni)-HDS differs from that of (Cu, Cu)-HDS; this point
is discussed further below.

We used SEM to investigate the crystal morphologies and
elemental compositions of (Cu, Cu)-HDS and (Cu, Ni)-
HDS. Figures 3(a) and 3(b) show the SEM images of (Cu,
Cu)-HDS and (Cu, Ni)-HDS, respectively. As expected, both
(Cu, Cu)-HDS and (Cu, Ni)-HDS have a plate-like morpho-
logy, which is evident in the strong intensities of the (00/)
peaks in their XRD patterns. Figures 3(c) and 3(d) show the
energy dispersive X-ray (EDX) spectra for (Cu, Cu)-HDS
and (Cu, Ni)-HDS, respectively. For (Cu, Ni)-HDS, the mole
ratio of Cu to Ni is almost equal to 3. Therefore, (Cu, Ni)-
HDS has the crystal structure of Cux(OH);NOs and the
COIIlpOSiﬁOIl (CuO_75Nio,25)2(OH)3NO3.

Figure 4 shows the TGA curves and their derivatives
(DTG) for (Cu, Cu)-HDS and (Cu, Ni)-HDS. The TGA
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Figure 3. SEM images of (a) (Cu, Cu)-HDS and (b) (Cu, Ni)-
HDS. EDX spectra of (¢) (Cu, Cu)-HDS and (d) (Cu, Ni)-HDS.
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Figure 4. TGA (solid lines) and DTG curves (dotted lines) for (Cu,
Cu)-HDS (blue) and (Cu, Ni)-HDS (red).

curve for (Cu, Cu)-HDS shows that there is a large mass loss
at temperatures ranging from 200 to 250 °C due to decom-
position into CuO. The calculated value (66.3%) of the
weight percent of CuO product with respect to the (Cu, Cu)-
HDS reactant agrees with the experimental value of 65.8%,
which indicates that complete decomposition occurs. The
TGA curve of (Cu, Ni)-HDS shows that its thermal decom-
position occurs at a much higher temperature. There is a
minute difference between the expected value (65.9%) and
the experimental value (68.0%) for the weight percent of the
mixed metal oxide product with respect to the (Cu, Ni)-HDS
reactant. In general, the thermal decomposition of a HDS
into the metal oxide is associated with two separate processes
within a very narrow temperature range: (1) dehydroxylation
of the copper hydroxide layers and (2) breaking of the N-O
bond in M-O-NO,. It is worth noting that the general trend in
the decomposition temperatures of metal nitrates correlates
well with the charge densities of the cations.'® According to
the results of Yuvaraj er al., the decomposition temperature
is expected to decrease as the strength of the bond decreases.'!
The strength of the bond can be reduced by two main
factors: (1) through polarization of the electron cloud of the
nitrate anion by the charge density on the metal cation and
(2) through back-donation of the nitrate electron cloud to a
vacant d-orbital of the metal ion. For this reason, the
decomposition temperature (290 °C) of (Ni, Ni)-HDS is
higher than that of (Cu, Cu)-HDS." In the case of mixed
metal HDS systems, thermal decomposition studies are very
important for understanding the role of the mixing effect on
the nature of the N-O bond in M-O-NOs. Surprisingly, the
decomposition temperature of (Cu, Ni)-HDS is very close to
that of (Ni, Ni)-HDS, even though only 25% of the total
number of sites for metal ions in (Cu, Ni)-HDS are occupied
by nickel ions. Further, the thermal decomposition of (Cu,
Ni)-HDS involves two consecutive steps near 284 and 302
°C, whereas that of (Cu, Cu)-HDS occurs near 228 °C in a
single step. These differences in the thermal decomposition
processes indicate that the M-NOs binding strengths in (Cu,
Ni)-HDS are different to those in (Cu, Cu)-HDS.

FT-IR spectroscopy is an effective technique for checking
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Figure 5. FT-IR spectra of (a) (Cu, Cu)-HDS and (b) (Cu, Ni)-
HDS.

the bonding nature and presence of nitrate and hydroxide
anions. It is well known that the number and positions of the
absorption bands of NOs~ depend on the coordination environ-
ment of the nitrato ligand."> Our comparison of the observed
IR absorptions with the frequencies of monodentate NO;
groups in transition metal nitrates enabled us to assign the
absorptions at 1485-1415, 1340-1305, and 1046-968 cm™' to
the vy, vi, and v, fundamentals, which correspond to asym-
metric stretching, symmetric stretching of the O-NO, mode,
and symmetric stretching of the N-O mode for monodentate
nitrate with C,, site symmetry, respectively.'* Figure 5 shows
the FT-IR spectra of (Cu, Cu)-HDS and (Cu, Ni)-HDS, and
their spectral assignments are presented in Table 1.

The clearest differences between the spectra of (Cu, Cu)-
HDS and (Cu, Ni)-HDS are associated with the double split
of the v4 and v> modes (with Csy site symmetry) and with the
increase in the intensity of the v; mode (with Dj, site
symmetry) of the nitrate anion. The frequency shift of the v,
mode and the splitting, Av (= v4-v;), have been shown to

Table 1. FT-IR data for (Cu, Cu)-HDS and (Cu, Ni)-HDS and their
spectral assignments

Wavenumber (cm™)

(Cu, Cu) (Cu, Ni) Assigned modes
-HDS -HDS
3545 3550 v(O-H...0)’ : asymmetric OH stretching
3421 3436 Vv(O-H...0)” : symmetric OH stretching

1423 1448, 1417 v4(O-NOy) : asymmetric stretching [Co,]

1385 1384 v3(NO3") : absorption band [D3n]

1338 1347 vi(O-NO») : symmetric stretching [Cay]
1047 1048, 1033 v»(N-O) : stretching [Cay]

876 v (O-H...O) : bending

810 802 vs(ONO>)

781 747 vs(-ONO») + 6(M-OH)

717 V3(-ON02)

708 708

675 8(M-OH) : bending

511 504
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vary with the degree of covalent character of the M-ONO;
bond.' In the case of (Cu, Ni)-HDS, one of the v» modes
with a double split is silent but the other is shifted lower.
Moreover, the splitting values of Av (= v4-v;) are 101 and 70
cm™! due to the doubly spit v4 mode, which suggest that
there are two different strengths of bonding interactions
between NOs and the metal cations. In addition, the two
asymmetric and symmetric OH stretching bands of the
hydroxy groups in (Cu, Ni)-HDS are observed at a higher
frequency, which indicates that there is a lower level of
hydrogen bonding. From our detailed analysis of the XRD
and TGA patterns and the FT-IR spectra, we conclude that
the crystal structure of (Cu, Ni)-HDS resembles that of (Cu,
Cu)-HDS but that subtle changes in the mixed metal-NO;
bonding character of (Cu, Ni)-HDS accompanied by the
reduced level of hydrogen bonding between OH™...NO;~
give rise to an increase in its interlayer spacing.

The (Cu, Cu)-HDS system, Cu(OH)3NOs3, is well known
to have the structure of the 2D Heisenberg antiferromagnetic
(AFM) model compound with a triangular magnetic lattice,
as shown in Figure 1(b)."” There are many kinds of magnetic
pathways within the inorganic layer, via Cu(1)-O-Cu(1),
Cu(2)-O-Cu(2), Cu(1)-O-Cu(2) and so on. The competition
between magnetic interactions through different pathways
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Figure 6. Temperature dependences of (a) the molar magnetic

susceptibility (ymor) and (b) the magnetic susceptibility temperature

product (YmoT) for (Cu, Cu)-HDS (blue) and (Cu, Ni)-HDS (red).

The lines are the best-fit curves to the Curie-Weiss law.
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within a triangular lattice gives rise to magnetic frustration
in HDS systems. However, the (Cu, Cu)-HDS system ex-
hibits no magnetic frustration that will be expected 2D
triangular lattice. The influence on the magnetic properties
of (Cu, Cu)-HDS of substitution of some of the copper sites
with magnetic Ni*" ions is very important for understanding
the low-dimensional magnetism involving spin-frustration.
The temperature dependences of the magnetic susceptibility
(%mo1) and the magnetic susceptibility temperature product
(%m0l T) for (Cu, Cu)-HDS and (Cu, Ni)-HDS were measured
over the temperature range 5-300 K in an applied field of
10 kOe, and are presented in Figure 6. In the case of (Cu,
Cu)-HDS, the magnetic susceptibility, ymol, increases with
decreasing temperature, reaching a broad maximum of
0.0532 cm®mol™" at approx. 12 K, and then decreases to a
value of 0.0368 cm*mol™" at 5 K. A broad maximum for
(Cu, Cu)-HDS was detected, which is usually seen in low-
dimensional antiferromagnets.'® The high temperature data
above 150 K can be fitted very well with the Curie-Weiss
law, ymo = C/(T-0), as displayed in Figure 6(a), with C =
0.9723 cm®mol K and 6 = —0.5404 K, which suggests that
there are weak intralayer AFM interactions. When some
Cu*" ions are substituted with Ni** ions, the magnetic behaviors
are totally different: the magnetic susceptibility (ymor) of (Cu,
Ni)-HDS is generally inversely proportional to temperature
with no broad maximum. The magnetic data above 200 K
can also be fitted with the Curie-Weiss law with C = 1.4355
cm’mol K and 6 = —4.7390 K, which indicates that there is
strong intralayer AFM coupling. In general, the maximum in
the susceptibility of AFM materials arises at a temperature
known as the Neel temperature in the low temperature
region. In addition to the absence of a broad maximum in
Amol, (Cu, Ni)-HDS exhibits stronger intralayer AFM coupl-
ing. Furthermore, their slopes are steeper than predicted by
the Curie-Weiss law, which suggests the presence of ferro-
magnetic (FM) interactions.'’

To clarify the differences between the magnetic behaviors
of (Cu, Cu)-HDS and (Cu, Ni)-HDS, the temperature depen-
dences of YmoT for (Cu, Cu)-HDS and (Cu, Ni)-HDS are
displayed in Figure 6(b). At high temperatures, the ymolT
values of (Cu, Cu)-HDS are equivalent to two Cu(Il) (d°, S =
1/2) per mole (approx. 0.8 cm*mol-K). The ymoT of (Cu,
Cu)-HDS decreases smoothly with decreasing temperature,
finally approaching zero, which indicates the presence of
AFM interactions. The temperature dependence of ymo T for
(Cu, Ni)-HDS is more complex. The ymo/T values increase
slightly with decreasing temperature in the temperature range
200 K to 20 K, which is clearly indicative of dominant FM
intralayer interactions, reaching a maximum at approx. 20 K.
wmol T decreases sharply as the temperature is further de-
creased, which suggests that there are AFM interlayer inter-
actions. The high ymoT value of 1.42 cm®mol K at 300 K
indicates the coexistence of Cu(Il) (d°, S = 1/2) and Ni(II)
(d,s=1).

The magnetic properties of (Cu, Ni)-HDS are quite differ-
ent from those of (Cu, Cu)-HDS. In-plane short-range FM
interactions occur in (Cu, Ni)-HDS at higher temperatures,
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and strong long-range AFM interactions are present below
20 K. The magnetic anisotropy of (Cu, Ni)-HDS can be
attributed to the coexistence of distinct FM and AFM in-
plane interactions. The various in-plane magnetic interactions
stem from the different magnetic exchange pathways via
M(1)-O-M(1), M(2)-O-M(2), M(1)-O-M(2) that are created
by the introduction of Ni*" ions into the (Cu, Cu)-HDS
framework. It is worth noting that the magnetic properties of
HDS are governed by the characteristics of the in-plane
magnetic interactions and can thus be tuned by the doping of
magnetic sites. From these results, we conclude that mag-
netic anisotropy can be achieved in HDS systems by doping
with a magnetic ion, which in turn gives rise to an increase
in the spin-disorder in the magnetic lattice. The magnetic
doping of the copper sites in (Cu, Cu)-HDS has a strong
influence on the interlayer structure, the bonding nature of
M-NOs7, and on the thermal and magnetic properties of the
material. A systematic investigation of the effects of the
doping of HDS systems on their crystal structures, bonding
nature, and magnetic properties is underway.

Conclusions

(Cu, Cu)-HDS and (Cu, Ni)-HDS were prepared with the
slow hydrolysis method in order to investigate their 2D
magnetic properties. According to our XRD results, the two
HDS samples have typical layered structures with different
interlayer distances. The difference between their interlayer
distances originates from differences in the M-NOs™ bonding
nature within the layers, which result in different thermal
decomposition behaviors and significantly different magnetic
properties. (Cu, Cu)-HDS exhibits AFM interactions through-
out the entire temperature range, whereas (Cu, Ni)-HDS ex-
hibits in-plane short-range FM interactions at high temper-
atures and long-range AFM interactions between the layers
below 20 K.
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