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Abstract: The structures of two cya-
noaurate-based coordination polymers,
M(p-OH,),[Au(CN),, (M=Cu, Ni),
were determined by using a combina-
tion of powder and single-crystal X-ray
diffraction techniques. The basic struc-
tural motif for both polymers contains
rarely observed M(u-OH,),M double
aqua-bridges, which generate an infin-
ite chain; two trans [Au(CN),]” units
also dangle from each metal center.

and alternating current (ac) magnetom-
etry; muon spin-relaxation data was
also obtained to probe their magnetic
properties in zero-field. In M(p-
OH,),[Au(CN),],, ferromagnetic chains
of M(p-OH,),M are present below
20 K. Interchain magnetic interactions
mediated through hydrogen bonding,
involving water and cyanoaurate units,
yield a long-range magnetically or-
dered system in Cu(u-OH,),[Au(CN),],

below 0.20 K, as indicated by preces-
sion in the muon spin polarization
decay. Ni(n-OH,),[Au(CN),], under-
goes a transition to a spin-glass state in
zero-field at 3.6 K, as indicated by a
combination of muon spin-relaxation
and ac-susceptibility data. This transi-
tion is probably due to competing in-
teractions that lead to spin frustration.
A phase transition to a paramagnetic
state is possible for  Ni(p-

The chains form ribbons that interact
three dimensionally through CN--H
hydrogen bonding. The magnetic prop-
erties of both compounds and of the
dehydrated analogue Cu[Au(CN),],
were investigated by direct current (dc)
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OH,),[Au(CN),], upon application of
an external field; the critical field was
determined to be 700 Oe at 1.8 K. The
dehydrated compound Cu[Au(CN),],
shows weak antiferromagnetic interac-
tions at low temperatures.

Introduction

The intense interest in coordination polymer research can
be attributed to the potential to design functional materi-
als"! by utilizing judiciously chosen building blocks to gener-
ate specific structural motifs with targeted physical proper-
ties.>* The cyanometallate-based Fe,[Fe(CN)g];14 H,0 ma-
terial, better known as Prussian Blue, is perhaps the oldest
known coordination polymer and occupies a special place in
this field. Although prepared initially by Diesbach in 1704,“
its structure remained a mystery for several centuries, partly
due to the extreme difficulty in preparing single crystals,
until powder® and eventually single-crystal X-ray diffraction
data reported in 1972 revealed the basic structural motif
(Figure 1a): a three-dimensional cubic array of Fe-CN-Fe™
bridges with random vacant lattice sites containing Fe—OH,
units, and the remaining H,O molecules occupying the chan-
nel-pore space.[’!

This structure has been a source of great inspiration in
the field of coordination polymers. By exploiting the modu-
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Figure 1. Basic structural motifs: a) cubic, b) square-grid, c) diamond-like
arrays.

lar nature of coordination polymer synthesis, whereby each
building block can be independently modified and chosen to
express a particular physical property, the two iron-metal
sites of Prussian Blue have been systematically substituted
for other metals, with the basic three-dimensional structural
motif remaining essentially unchanged. Prussian Blue ferro-
magnetically orders at 5.6 K,”! and extensive studies on
these metal-substituted analogues were conducted in a drive
to generate materials that magnetically order at higher tem-
peratures.>®! Other modifications of the Prussian Blue
system have yielded porous materials that show significant
H,-uptakel or vapochromic behavior.!'"!

A more-substantial modular substitution is the alteration
of the key Prussian Blue building block, namely the octahe-
dral cyanometallate [M(CN)¢]"", for nonoctahedral cyano-
metallates [M(CN),]’~; this has generated a series of other
“basic structural motifs” that have served as points of refer-
ence for further modification and research."'"* For exam-
ple, four-coordinate square-planar [M(CN),]*~ (M=Ni, Pd,
Pt) building blocks were found to generate square-grid
arrays (Hoffmann-clathrate type, Figure 1b) with transition-
metal cations,'>™ whereas their reaction with tetrahedral
cyanometallate units (M =Zn, Cd) favour the formation of
three-dimensional diamond-like networks (Figure 1c).'”)
With seven- or eight-coordinate cyanometallates, such as
[Mo(CN);]*" and [Mo/W(CN)]*", and transition-metal cat-
ions, three-dimensional networks can also be obtained.['”

The use of linear cyanometallates, such as [Au(CN),]™, in
coordination polymers has been particularly sparse,!” de-
spite the greater range of possible structural motifs inherent
with a linear building block. In addition, [Au(CN),]™ has the
ability to increase structural dimensionality, stability, and
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complexity through the formation of gold—gold (aurophilic)
interactions.'® 2!l Several familiar structural motifs have
been identified amongst simple (i.e., ancillary ligand-free)
[Au(CN),]-containing coordination polymers. Pseudocubic
Prussian Blue type structures of the form KM[Au(CN),],
(M =Fe,” Co)), interpenetrated three-dimensional quartz-
like arrays, as in Co[Au(CN),],”! and Zn[Au(CN),],,* or
square-planar sheets, as in Mn[Au(CN),],,2H,0,”? have all
been reported. A series of complex three-dimensional
arrays of Ln[Au(CN),];2,3H,0 (Ln=La, Gd, Sm, Eu, Tb,
Dy) have also been prepared.”” Similar to the situation for
Prussian Blue and its many analogues, despite an aqueous
synthesis, these [Au(CN),]-based products either do not
retain water at all, or the water molecules bind to the metal
cation without significantly impacting the basic structural
motif.

As part of our ongoing investigations into d'’-cyanometal-
late-based coordination polymers and their materials prop-
erties, 2% we recently described the synthesis and vapo-
chromic properties of Cu[Au(CN),],(DMSO), and its H,O
analogue, Cu(H,0),[Au(CN),], (1).”! Although a series of
structures of solvent adducts were described, no structural
details were reported for 1, due to the inherent difficulties
in obtaining crystals of X-ray diffraction quality for such
ligand-free systems. However, by using a combination of
powder and single-crystal X-ray diffraction techniques, we
have now determined and hereby report the structure of
this “simple” ligand-free cyanoaurate-based coordination
polymer (1) and its nearly isostructural nickel(IT) analogue,
Ni(H,0),[Au(CN),], (2). Both compounds have a very un-
usual basic structural motif in which the water molecules
play the key structural role; the structure type is unique
with respect to cyanometallate-based polymers and, more
broadly, is rare in aqueous coordination chemistry.

Because the structural motif often defines the physical
properties (e.g., magnetism) of a particular compound, the
magnetic behavior of Cu(u-OH,),[Au(CN),], (1) and Ni(p-
OH,),[Au(CN),], (2), and the related dehydrated
Cu[Au(CN),], (1a) polymer, were investigated by direct cur-
rent (dc) and alternating current (ac) superconducting quan-
tum interference device (SQUID) magnetometry. To obtain
further information on the magnetic properties of these sys-
tems, particularly in zero-applied field, the muon spin-relax-
ation (uSR) technique was also applied.®” The pSR method
involves the implantation of short-lived, nearly 100 % spin-
polarized muons into the sample. The time evolution of the
muon spin polarization reflects the local magnetic field at
the muon stopping site(s). In contrast to bulk magnetic sus-
ceptibility, uSR is a local magnetic probe that is highly sensi-
tive to weak internal magnetic fields, short-range magnetic
order, and disordered magnetism. Furthermore, uSR is sen-
sitive to spin fluctuation rates in the range 10°-10" Hz,
which is beyond the range accessible with ac-susceptibility
magnetometry. Recently, pSR has been applied to the study
of molecule-based low-dimensional magnets,*! including
transition-metal-dicyanamide polymers® and layered or-
ganic and inorganic hybrid systems.*!
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Results

Synthesis and chemical charac-
terization: The addition of an
aqueous solution of
K[Au(CN),] (two equivalents)
to an aqueous solution of Cu-
(Cl10,),,6H,O (one equivalent)

:
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(1) in high yield.” The analo- wdl AL L1

gous reaction with Ni- '_LU
(NO3),,6H,0 yields blue-green LLMMLML
Ni(H,O),[Au(CN),], (2). The

infrared spectra of 1 and 2 are
similar. Bands for the cyanide
stretching frequencies (vcy) are
observed at 2217 (s), 2194 (vw),
and 2171 (s) em™" for 1, and at
2214 (s), 2204 (sh), and 2170
(s) cm™! for 2. The vy frequen-
cies of compounds 1 and 2 are
blue-shifted relative to the 2141cm™' stretch of
K[Au(CN),], consistent with binding of N-cyano groups to
the transition-metal centers.!'!

Thermogravimetric analysis (TGA) of compounds 1 and 2
showed that the water molecules are lost within the temper-
ature ranges of 145-180°C and 215-260°C, respectively
(Table S1, Supporting Information). Anhydrous green-
brown Cu[Au(CN),], (1a) was prepared in bulk by thermal-
ly removing the water molecules from 1 at 180°C for several
hours. The IR spectrum of 1a shows only one cyanide
stretching frequency (2191 cm™'). By monitoring the infra-
red spectra and color of 1a as a function of time, it was evi-
dent that rehydration back to 1 occurred after several hours
under ambient atmospheric conditions.

Structural characterization: The v frequencies of
[Au(CN),]-based coordination polymers are extremely sensi-
tive to small chemical and structural changes, and can be
used to discriminate between different compounds.-*
Thus, the similar pattern and small positional differences ob-
served between the vqy frequencies of 1 and 2 strongly sug-
gest that the [Au(CN),]” units have almost identical envi-
ronments in these two compounds. In addition, the powder
X-ray diffractograms of 1 and 2 were collected (Figure 2)
and are almost superimposable. The similarities in the
stretching frequencies and the powder diffractograms sug-
gest that these compounds are nearly isostructural.

The growth of crystals of 1 and 2 suitable for single-crystal
X-ray studies was very challenging. Attempts at crystal
growth by using H-shaped tubes, gel-diffusion techniques,
layered solvents, and more-standard variations of concentra-
tion and temperature in water or water/solvent mixtures
generated only microcrystalline powder. However, small
poor-quality crystals of 2 (less than 0.05 mm per side), used

6750

www.chemeurj.org

1.5 20 25 30 35

Figure 2. Powder X-ray diffractograms
OH,),[Au(CN),], (2), and powder X-ray diffractograms predicted for 2 from c) initial single-crystal structure
solution and d) the proposed ribbon model obtained by doubling the ¢ axis.
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recorded for a) Cu(u-OH,),[Au(CN),], (1) and b) Ni(p-

to collect single-crystal X-ray data, were obtained by hydro-
thermal recrystallization; these crystals and the bulk powder
had comparable infrared and combustion data. The cell pa-
rameters determined for 2 are presented in Table 1.

Table 1. Unit cell parameters for Cu(u-OH,),[Au(CN),], (1) and Ni(p-
OH,),[Au(CN),}, (2).

1 2 2
sample powder initial single powder and single
crystal crystal
crystal system monoclinic orthorhombic orthorhombic
space group P2 or P2/m Cmmm Immm
a[A] 6.335 6.375(3) 6.374(3)
b [A] 20.509 3.3186(11) 3.3183(11)
c[A] 3.482 10.252(2) 20.512(5)
a [°] 90 90 90
A1 90.93 90 90
v [°] 90 90 90
VA 452.324 216.89(13) 433.9(3)

From initial single-crystal X-ray analysis, the basic struc-
tural motif of 2 could be determined. Each nickel(IT) center
is coordinated by four bridging water molecules, generating
Ni(u-OH,),Ni diamond chains in the b direction (Figure 3a,
Table 2). The two other coordination sites are occupied in a
trans fashion by the N-cyano groups of the linear
[Au(CN),]” units, thereby yielding a slightly distorted octa-
hedral environment around the nickel(II) center. The closest
Au-Au distance, 3.3183(11) A, indicates the presence of
weak aurophilic interactions; viable aurophilic interactions
are considered to exist for distances smaller than the sum of
the van der Waals radii for gold, 3.6 A"
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Figure 3. a) Basic structural motif of Ni(u-OH,),[Au(CN),], (2). b) Unit
cell contents of 2 obtained from initial single-crystal X-ray data analysis,
for which all nickel and oxygen atoms have a half-occupancy, hydrogen
atoms are omitted for clarity. c)Extended structure of Ni(p-
OH,),[Au(CN),], (2), after doubling the unit cell along the ¢ axis, in the
sheet model and d) in the ribbon model. (Ni, green; Au, yellow; C, grey;
N, blue.)

The structural model obtained from the initial single-crys-
tal X-ray data generates a random half-occupancy of the
nickel and oxygen atoms; Figure 3b shows the contents of
one unit cell from the initial single-crystal data analysis.
However, some discrepancies can be noticed on comparison
of the powder X-ray diffractogram predicted by this model
with the one obtained experimentally (Figure 2). A few key
observed reflections (e.g., dj,=4.65 and 6.15 A) are not
predicted by this model. The relative intensities of these re-
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Table 2. Selected bond lengths [A] and angles [°] for Ni(p-
OH,),[Au(CN),], (2).1"

Ni(1)-N(1) 2.0133(5) Au(1)—Au(1#) 3.5932(12)
Ni(1)-O(1) 2.156(11) O(1)-H(11) 0.930
Ni(1)-Ni(1’) 33183(11)  H(11)--N(11#) 1.788
Au(1)~Au(1’) 33183(11)  O(1)-N(11#) 2,709
Ni(1)-O(1)-Ni(1)  100.6(7) O(1)-Ni(1)-0(1") 79.4(7)
O(1)-Ni(1)-N(1) 90.00(2) O(1)-H(11)-N(11#)  169.8

[a] Symmetry transformations: (') x, y+1, z; (") —x, —y+1, z; (#) x+1/2,
y—=1/2, z4+1/2; (*¥) —x+1/2, —y+3/2, —z+3/2.

flections are very weak (less than 5%) and, under our ex-
perimental conditions for the single-crystal data collection,
fall below the 30 signal-to-noise ratio cutoff used to discrim-
inate between background noise and real signal originating
from the sample.

This half-occupancy indicated by the initial single-crystal
data analysis could be due to either a truly disordered struc-
ture or the existence of a superstructure. The former is dis-
counted on the basis of the additional weak peaks observed
in the powder diffractogram. In the latter case, doubling the
unit cell along the ¢ axis would remove the half occupancy.
To maintain the formula unit and charge balance, two of the
four nickel sites must then be eliminated, as well as their
bound water molecules. To ensure physical feasibility, one
site must be removed from each ab plane, and the choice of
sites eliminated determines the supramolecular arrangement
of the basic structural motif: either two-dimensional sheets
(Figure 3c) or one-dimensional ribbons (Figure 3d) can be
obtained. The powder X-ray diffractograms predicted by
using the unit cell with a doubled ¢ axis (Table 1) and place-
ment of atoms in the two-dimensional sheet, and one-di-
mensional ribbon model, respectively, were generated and
were compared to the experimental diffractogram obtained
for 2 (Figure 2 and Figure S2). The sheet model was rejected
due to poor agreement between the predicted and experi-
mental results (Figure S2). On the other hand, the diffracto-
gram simulated for the ribbon model was very similar to the
experimental data. All the reflections, including the key
weak peaks at d,,;=6.15 and 4.65 A, are present in both dif-
fractograms and the same relative intensities are observed
(Figure 2, inset).

By using the cell information obtained from the powder
diffractogram analysis, the single-crystal diffraction data was
recollected on the same crystal with the doubled cell. The
single-crystal solution that is obtained as a result indeed cor-
responds to the ribbon model as determined by the powder
diffractogram, with no disorder or occupancy issues remain-
ing.

The basic structural motif shown in Figure 3a is still pre-
served in the ribbon model: Ni(u-OH,),Ni diamond chains
are found along the b axis, with pendant [Au(CN),|” units
above and below the chains parallel to the ¢ direction. The
hydrogen atoms probably lie symmetrically above and
below the Ni,O, diamond plane. These ribbons are offset
with each other along the a and b axes and interact through
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hydrogen bonds that involve water molecules in one chain,
and terminal cyano-nitrogen atoms of the four neighboring
chains (Figure S1, Ni-OH--NC, do, x=2.709 A).

The powder X-ray diffractogram of 1 could be indexed
best to a monoclinic cell (Table 1), including the key peaks
with a d value of 4.65 and 6.15 A, with dimensions similar to
those of 2. The b and ¢ axes in 1 are switched with respect
to 2, and the c-lattice parameter is doubled relative to the
cell obtained for 2 from single-crystal X-ray data analysis.
However, it is consistent with the cell for 2 determined from
powder X-ray diffraction. Given the nearly isostructural
nature of 1 and 2, Cu(p-OH,),[Au(CN),], probably adopts
the same motif and packing as described for the nickel ana-
logue. The lower symmetry and small differences between
the unit cells can be attributed to the Jahn-Teller distorted
geometry of the copper(Il) center in 1 in contrast to the
more-symmetric nickel(II) center in 2. Attempts to index
the powder diffractogram of 1 to the same orthorhombic
unit cell failed, as several peaks below 3.1 A were not pre-
dicted.

The axial and equatorial sites of the Jahn-Teller distorted
copper(II) centers in 1 were assigned based on the frequen-
cies of the cyanide stretches observed in the infrared spec-
trum. The N-cyano groups in 1 are equatorially bound, as in-
dicated by the strongly blue-shifted 2217 cm™" stretch; axial-
ly bound copper(Il)-dicyanoaurates show little shift from
the 2141 cm™' stretch of free [Au(CN),]” units.'” The
2171 cm™! stretch is assigned to the pendant side of the
[Au(CN),]” unit, which hydrogen bonds to the water mole-
cules, shifting its frequency. Similar assignments can also be
made for 2.

The four water molecules in the copper coordination
sphere occupy the remaining equatorial and axial sites,
thereby bridging the copper centers in an equatorial-axial
fashion. This bridging combination generates an asymmetric
diamond chain motif, although accurate Cu-O distances and
Cu-O-Cu angles could not be determined. The asymmetric
Cu(u-OH,),Cu diamond chains are probably responsible for
the reduction in unit cell symmetry, as the chains lie in the
ac plane, along the c direction.

The structural motif adopted by 1 and 2 is unprecedented
in cyanometallate chemistry;!"*¥) more generally, the aqua-
bridged metal chain substructure has not yet, to our knowl-
edge, been observed. Relative to the large number of oxo-
and hydroxo-bridged metal centers, only a small number of
aqua-bridged copper(Il) and nickel(II) dimers are
known.B*

If the water is thermally removed, 1 and 2 undergo a sig-
nificant structural rearrangement to reoccupy some of the
vacated metal-coordination sites. The diffractogram of 1a
shows a small number of broad peaks (Figure S3) that are
shifted relative to that observed for 1. Taken together with
the large changes in the vy frequencies, this suggests that
the framework changes upon dehydration. The infrared
spectrum of 1a, which shows one wvqy frequency at
2191 cm™!, may suggest a square-grid structure in which all
N-cyano groups are equatorially coordinated and equivalent,
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as observed for related compounds.'®?*! We are currently
examining these structural changes in more detail.

Magnetic properties of Cu(u-OH,),[Au(CN),], (1) and
Cu[Au(CN),], (1a): The magnetic susceptibility, yy, of 1
and 1a was measured from 300 to 1.8 K, and their respective
effective magnetic moments (u.;=2.828y/yu 1) as a function
of temperature are shown in Figure 4. The effective magnet-
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Figure 4. Temperature dependence of the effective magnetic moment
(Uerr) of Cu(u-OH,),[Au(CN),]; (1) (@) and Cu[Au(CN),], (1a) (0) under
a 10 kOe applied field. The solid line represents the best fit to the Baker
expression, including a mean field correction. The inset shows the inverse
of the susceptibility for 1 (@) and 1a (o) and the theoretical fits (solid
lines) to the Curie—Weiss expression.

ic moments observed at 300 K are 1.81 and 1.89 u; for 1 and
1a, respectively, which are typical for isolated copper(II)
centers.’” Below 50 K, as the temperature decreases, the ef-
fective magnetic moment for 1 increases, whereas it decreas-
es for the anhydrous 1a. This suggests the presence of ferro-
and antiferromagnetic interactions in 1 and 1a, respectively.
Above 50 K, the inverse of the susceptibility (1/yy) for 1
and 1a can be fitted to a Curie—Weiss law [Eq. (1)]:

_ Ng’uz’ % S(S+1)

_ 1
M= T3 T—6 M)

in which N is Avogadro’s number, ug is the Bohr magneton
constant, kg is the Boltzmann constant, S is the total spin
value, and @ is the Weiss parameter.[*l For 1, a value of 0=
+5.1(3) K was obtained (g=2.084(2)); the positive 6 value
is also consistent with ferromagnetic interactions between
the S=1/2 copper(Il) centers in the polymer. For 1a, fitting
to Equation (1) afforded 6=-8.2(6) K (g=2.211(4)). The
negative sign of the Weiss parameter reiterates the presence
of antiferromagnetic interactions in the anhydrous 1a poly-
mer.
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The magnetic susceptibility of 1 was fitted to the high-
temperature series expansion derived by Baker®! [Eq. (2)]
for the regular infinite Heisenberg chain model for S=1/2
with the Hamiltonian H=—J%,5;x S;;:

B
A = 1.0+5.7979916y+16.902653y*429.376885y*
+29.832959y*+14.036918y°

B = 1.04-2.7979916y+7.0086780y*+8.653644y*
+4.5743114y*

Ngz,uBz A 2/3
Xchain = 4kBT (_)

in which y=J/2kgT. This fit yields an exchange coupling
constant J of 0.37(2) cm™" and a g value of 2.134(3), consis-
tent with weak ferromagnetic interactions along a chain. To
account for interactions present between the chains, a mean
field approximation was incorporated into the Baker expres-
sion [Eq. (3)]:14"

X chain

I hain (220 [NG ) G)

in which z is the number of interacting neighbors. The best
fit to Equation (3) afforded a J value of 0.96(5) cm™', a zJ'
value of —0.58(4) cm™!, and a g value of 2.122(2), suggesting
weak antiferromagnetic interactions between the chains.
However, this result should be treated with caution, as the
similar magnitudes of J and zJ' limit the validity of the mean
field approximation.“”’ Nonetheless, recent theoretical stud-
ies linking the ratio of the ordering temperature and the
coupling constant (7/J) to the J'/J ratio confirms that with
the Ty and J values determined for 1, a J' value of
—0.08 cm™ (—0.12 K) should be expected.*” This is similar
to the zJ' value obtained by using Equation (3) with four or
six nearest-neighbor chains (J'=-0.14 or —0.09 cm™!, re-
spectively), as observed in the structure.

Muon  spin-relaxation = measurements for  Cu(u-
OH,),[Au(CN),], (1) and Cu[Au(CN),], (1a): To further in-
vestigate the magnetic state of 1 at low temperature, zero-
field muon spin-relaxation (ZF-uSR) measurements were
performed in a *He/*He dilution refrigerator down to
0.015 K. Figure 5a shows the ZF-uSR asymmetry spectra for
Cu(p-OH,),[Au(CN),], (1) acquired at several temperatures.
The asymmetry spectra above 0.20 K were fitted to a
“power exponential” relaxation function for the sample
signal, such that

A(t) = ayP.(1) = ae™ ™" ta,, (4)

Here, a, and a,, are amplitudes reflecting the fraction of
muons that stop in the sample and the silver backing plate,
respectively. The background signal originates primarily
from weak nuclear moments in the silver backing plate, and
is both nonrelaxing and temperature independent.””
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Figure 5. a) ZF asymmetry spectra acquired for Cu(u-OH,),[Au(CN),],
(1) at different temperatures. The solid curves are the fits to Equa-
tions (4) and (5). The spectra have been vertically offset from each other
for clarity. b) Temperature dependences of the fitted parameters v, (0),
v, (@), 4 (a). The solid curves in (b) are simply guides for the eye.

Below 0.20 K, a coherent precession signal is observed, in-
dicating the onset of long-range magnetic order. In the mag-
netically ordered state, the asymmetry spectra were fitted to
the function

2
A(t) = ayP.(t) = as{ 3 [feos(2mvyt+q, )e ™M +

1
(1ff)cos(2nvzz+(p2)e*/\zt]+gew}+aAg

For a polycrystalline sample, there is a 1/3 (2/3) probabili-
ty that the local magnetic field is parallel (transverse) to the
muon spin direction. Consequently, only 2/3 of the muon
spins precess about the local magnetic field B, with frequen-
¢y v,=7,B,, for which y,=0.0852 ps~' G is the muon gyro-
magnetic ratio. In 1, there are two well-defined muon pre-
cession frequencies, v; and v,, which correspond to two mag-
netically nonequivalent muon stopping sites (note: ¢, and ¢,
are phase angles). In Equation (5), fis the fraction of muons
that senses an average local field B, =y,/v;, and (1—f) is the

fraction of muons that senses the average local field B,=y,/
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v,. The fits to the asymmetry spectra below 0.20 K yielded
f=1/5. The width of the internal magnetic-field distribution
at each muon site is proportional to A; and A,. The relaxa-
tion rate of the 1/3 component is related to the average cor-
relation time, 7., and the mean of the square of the fluctuat-
ing transverse-field components, (B;%), by Equation (6)

Tc

2 2
A= 1B ) T T o) (6)
in which v,=v, B, is the Larmor frequency of the muon in
an external magnetic field B.,. At a spin-freezing phase-
transition temperature Tj, the temperature dependence of 4
exhibits a cusplike behavior. The critical slowing down of
the magnetic fluctuations on approach of 7; from above re-
sults in a growth of 7., whereas below T}, the freezing out of
the magnetic excitations reduces 4.

The temperature dependences of v;, v,, and A are shown
in Figure 5b. The maximum in A(7) and the simultaneous in-
crease of v, and v, confirm the existence of a transition to a
magnetically ordered state at 7;~0.20 K.

ZF-uSR measurements were also performed on the anhy-
drous compound Cu[Au(CN),], (1a). The asymmetry spec-
tra over the entire temperature range were fitted to Equa-
tion (4) (Figure 6a). The increase in the relaxation rate A as
temperature decreases (Figure 6b) is consistent with the
slowing down of fluctuating Cu spins. However, there is no
evidence of magnetic order, that is, there is no oscillatory
component as was observed for Cu(p-OH,),[Au(CN),], (1)
at low temperatures.

The power K is also plotted in Figure 6b. At 3.2 K, K~1,
as expected for rapidly fluctuating Cu spins.”) We note that
for a single muon stopping site, K is equal to 2 in a dense
system of static moments. At low temperatures, K ranges
between 1 and 2, suggesting a superposition of field distribu-
tions from magnetically inequivalent muon sites. To deter-
mine whether the magnetic moments sensed by the muons
are static or fluctuating at low temperatures, longitudinal
field (LF) pSR measurements were performed on
Cu[Au(CN),], (1a). At 0.40 K, a LF of only 100 G was suffi-
cient to completely decouple the muon spin from the local
magnetic field and to cause the relaxation of A(¢) to vanish.
This indicates that the relaxation observed in the ZF asym-
metry spectrum at this temperature is due primarily to ran-
domly oriented static copper spins.*!

Magnetic properties of Ni(u-OH,),;[Au(CN),], (2): The tem-
perature dependence of the magnetic susceptibility (yy) for
2 was determined upon cooling with a range of applied ex-
ternal dc magnetic fields (5 Oe to 10 kOe). Selected plots of
xm as a function of temperature are shown in Figure 7.
Above 25 K, the magnetic susceptibility of 2 is field inde-
pendent and follows the Curie-Weiss expression [Eq. (1)]
above 50 K. Fitting the data obtained with an external field
of 1 kOe to Equation (1) yielded a 6 value of +5.1(2) K (g=
2.256(1)). A field-dependent magnetic behavior is observed
below approximately 15 K. Upon exposure to a magnetic
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Figure 6. a) ZF asymmetry spectra acquired as a function of temperature
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fits to Equation (4). b) Temperature dependence of the relaxation rate 4
(o) and the power K (m) from the fits.
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field of 1 kOe, the magnetic susceptibility increases rapidly
below 10 K as the temperature decreases (Figure 7), reach-
ing a value of 2.18 emumol ™ at 1.8 K. If the external mag-
netic field is smaller than 1 kOe, the magnetic susceptibility
still increases below 10 K as the temperature decreases, lev-
eling off at between 2.0 and 1.8 K. The maximum value in
susceptibility may correspond to a peak or a plateau, howev-
er, the data does not allow discrimination of the two possi-
bilities. Upon application of fields larger than 1kOe, the
overall susceptibility of 2 is lower, due to the more-complete
alignment of the spins with the external field.

The inset of Figure7 shows the effective magnetic
moment (u.;) of 2 as a function of temperature at different
magnetic fields. The u.; observed at 300 K is 3.2 ug, as ex-
pected for magnetically dilute S=1 nickel(II) centers (with
a g value of 2.2). A maximum in u. is observed at tempera-
tures ranging from 3.4 to 6.4 K, depending on the strength
of the external magnetic field. This maximum, occurring at a
higher temperature than the maximum in susceptibility (yu),
indicates that ferromagnetic interactions are also present be-
tween the metal centers.

Zero-field cooled (ZFC) and field cooled (FC) magnetiza-
tion measurements were also conducted on 2 with a dc field
ranging from 10 to 800 Oe. No obvious difference was ob-
served between the ZFC and the FC magnetization meas-
urements.

Isothermal magnetization measurements were performed
as the applied magnetic field was increased from 0 to
70 kOe at two different temperatures, 1.8 and 10 K (Figure 8
and Figure S4). At 1.8 K, the magnetization curve has a sig-
moidal shape: at low fields, the magnetization increases
slowly as the applied field is increased, but between 700 and
800 Oe, the magnetization reaches an inflection point, after
which it increases more rapidly as the field increases (inset
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Figure 8. Isothermal magnetization curve of Ni(u-OH,),[Au(CN),], at
1.8 K (@). Inset: field dependence of the dc magnetization (M, @) and of

the in-phase component of the ac magnetization (M, 0) at 1.8 K, in the
low-field region. Lines are guides for the eye.
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Figure 8). The slope finally decreases above 1kOe. The
magnetization at 1.8 K does not reach saturation over the
field-range studied, but tends toward the saturation value
expected for a nickel(I) complex (2.2 Nug for g=2.2). The
sigmoidal shape was not observed for measurements per-
formed at higher temperature.

Measurement of the ac susceptibility of 2 as a function of
the applied dc field at 1.8 K (inset Figure 8) gave results
consistent with the isothermal dc magnetization measure-
ments performed at the same temperature. This is expected
because the in-phase component M’ is a measure of the in-
stantaneous slope dM/dH (M being the magnetization) ob-
served in dc experiments. The in-phase component M’ in-
creases to a maximum value at 700 Oe, and then decreases
as the field increases, reaching 6.05x107° N ug at 25 kOe.
The position of the maximum of the in-phase component M’
corresponds to the position of the inflection point of the iso-
thermal dc magnetization curve. The critical field at which a
maximum is observed in the in-phase component M’ was de-
termined as a function of temperature up to 32K
(Figure 9). As the temperature increases, the maximum
shifts to lower field and above 3.2 K, no distinct maximum
in the in-phase component could be observed.

700 .
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500 0
400
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100
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Figure 9. Temperature dependence of the critical field determined from
field-dependent ac susceptibility measurements (®). Transition tempera-
ture (7;) at zero-field obtained from pSR experiments (0).

Temperature-dependent ac susceptibility measurements
were performed for 2 with an applied ac field of 5 Oe and a
driving frequency of 1.00, 10.00, 38.58, 997.34, and
1488.10 Hz. The results are shown in Figure 10. Under zero
dc field, a frequency dependence is observed for the in-
phase component of the ac susceptibility, y\/, and a maxi-
mum is observed. The position of the maximum shifts to
higher temperature (2.16 to 2.42 K) as the frequency is in-
creased from 1.00 to 1488.10 Hz. A frequency-dependent
nonzero out-of-phase component of the ac susceptibility,
xms 18 observed at very low temperature.

Muon spin-relaxation = measurements for  Ni(n-
OH,),[Au(CN),], (2): To clarify the nature of the phase
transition suggested by the maxima in effective moment
(uer) and susceptibility (yy) observed in the SQUID mea-
surements, ZF-uSR experiments were performed on 2. The

—— 6755

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

D. B. Leznoff, J. E. Sonier et al.

A EUROPEAN JOURNAL

5B
1.85 T, A
[ v A ﬁ/V \q\q
20} -
I 5 180F * ¢ b
£ a ‘
a = <o/
[ & 5 175 7‘
3 15) 8 -
= : 8 = 170f 9
2 . N
= [ °  165F]
?<2 Lok Q 1 1 1
= T 2.0 2.5 3.0
=1 Q
= T/K
= Q
=
5 [¢]
0.5} o
i a
a
| a
LY
%
0.0F tagee * o o N Y . .
2 3 4 5 6 7 8 9 10 11

T/K

Figure 10. Temperature and frequency dependence of the in-phase (x/,
empty symbols) and out-of-phase (", filled symbols) components of the
ac susceptibility of 2 measured under zero dc field and with an ac field of
5 Oe. 1.00 (0), 10.00 (), 38.58 (2), 997.34 (), 1488.10 Hz (o). Lines are
guides for the eye.

ZF-uSR asymmetry spectra for Ni(p-OH,),[Au(CN),], (2)
(Figure 11a) were best fitted by using the function

2 1
A() = ayP.(t) = a, <§ e Mt 3 e”“) +aa, (7)

in which the term containing a, describes the signal originat-
ing from muons stopping in the sample, and as before, a,, is
the temperature-independent background signal. This is a
similar function to that used in fitting the Cu(u-
OH,),[Au(CN),], (1) data, although in this case an oscillato-
ry component is not required. There is no indication of
long-range magnetic order in Ni(u-OH,),[Au(CN),], (2)
down to 0.015 K.

Figure 11b shows the temperature dependences of the re-
laxation rates, A and A, of the 2/3 and 1/3 components, re-
spectively. A spin-freezing transition occurs at 7T;~3.6 K, as
evidenced by the peak in A(7T) and the rapid decrease of 4
to zero as the temperature falls below 3.6 K. The latter ob-
servation, together with the finding that the initial asymme-
try of the relaxing signal described by A does not exceed 1/3,
indicates that the frozen spin state is homogeneous.[*
Below T}, the initial relaxation is so fast that the early part
of the signal is not observed, and only the slow-relaxing “1/3
tail” is fully visible. At these temperatures, the relaxation
rate A is very large, indicating that the distribution of local
static fields at the muon sites is extremely broad. All of
these observations are consistent with the Ni moments
freezing into a state below T} that resembles a spin-glass.[*’]
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Figure 11. a) ZF asymmetry spectra for Ni(u-OH,),[Au(CN),], at 14.5
(»), 5.0 (o), 0.015 K (0). The solid curves are fits to Equation (7). b) The
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Discussion

General magneto-structural correlations: Magnetic ex-
change between the metal centers in 1 and 2 can occur
through several magnetic pathways (Figure 12). The interac-
tions mediated through the short M(u-OH,),M bridges, J;,
are probably the strongest possible interactions in 1 and 2.
The type and strength of interactions mediated by the
oxygen atom in such a bridge depends on the extent of over-
lap between the magnetic orbitals of the metal centers and
the orbitals of the oxygen atoms;*” this, in turn, depends on
the structural arrangement.

Other possible magnetic interaction pathways, albeit
weaker than J; due to the long distances involved, utilize hy-
drogen-bonding interactions between the [Au(CN),]” units
and the water molecules, either through M—OH-N-+-HO-M
(J,) or through M—OH--NCAuCN-M (J;).! Water mole-
cules are known to mediate both ferro- and antiferromag-
netic interactions through hydrogen bonding between differ-
ent spin carriers, including copper(II),*”! nitronylnitroxide
radicals,* chromium(II),*”) and mixed nickel(IT)-radical
systems.”” The [Au(CN),]” unit has been observed to medi-
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Figure 12. Possible magnetic pathways in 2: a) interactions along the Ni-
(u-OH,),Ni chains (/,), viewed down the c axis; b) interchain interactions
(J, J3), viewed down the chains. Dotted lines indicate hydrogen bonding.

ate magnetic interactions between several first-row transi-
tion metals at low temperature.l'”*) A deeper understanding
of the magnetic behavior of 1 and 2 can be gained by com-
bining the SQUID magnetometry and ZF-uSR results, and
some magneto-structural correlations can be drawn.

Magnetic behavior of Cu(n-OH,),[Au(CN),], (1): Accord-
ing to the structure proposed for 1, the copper(Il) centers
are in an axial-equatorial arrangement along the Cu(p-
OH,),Cu chain axis. Despite the exhaustive magnetic studies
carried out for a range of equatorial-equatorial oxygen-
donor-bridged copper(II) dimers,***"! which include hy-
droxo, aqua, acetate, carboxylate, and alkoxo-bridged sys-
tems, the magnetic properties of axial-equatorial oxygen-
bridged copper(I) dimers have not been investigated in
great detail and, given the lack of data, no clear trends have
been reported.’”! Naturally, the bond length and angles in
the Cu(p-OH,),Cu core play a key role in determining the
type and strength of magnetic exchange observed. In gener-
al, very weak interactions are mediated through axial-equa-
torial asymmetric copper(II) bridges, due to poor orbital
overlap between the metal center and the bridging atoms
occupying the axial positions, and this interaction weakens
as axial distance increases. For example, complexes with a
Cu-0,,;, distance between 2.3 and 2.4 A were found to be
ferromagnetic® with a coupling constant J smaller than
10 cm ™. In contrast, a larger distance (~2.5 A) generated a
slightly antiferromagnetic complex®™ (J~—0.5cm™). Ex-
tended Hiickel calculations performed on similar axial-equa-
torial dichloro-bridged copper(Il) systemst™! showed that,
for an ideal geometry with 90° angles, no magnetic coupling
should exist between the copper(Il) centers. Any small
ferro- or antiferromagnetic coupling observed for such sys-
tems was attributed to structural deviations from ideality.
Thus, the small increase in effective magnetic moment
(uer) observed for 1 below 20 K (Figure 4) is probably a con-
sequence of weak ferromagnetic interactions occurring be-
tween the copper centers through the aqua-bridge (/;). The
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positions of the oxygen atoms around the copper centers in
1 could not be refined and, thus, reliable bond lengths and
angles involving the oxygen atoms could not be determined.
It is, therefore, difficult to put the structural parameters of 1
into context. Nevertheless, the small exchange coupling con-
stant obtained by fitting the data with the Baker expression
[Eq. 2)] (saker=71=0.37(2) cm™!) agrees well with the few
previously reported values for axial-equatorial oxygen-
bridged copper(Il) systems.

Interactions between the ferromagnetically coupled
chains through hydrogen bonding become more important
at very low temperatures and yield a long-range magnetical-
ly ordered state below 0.20 K, as detected by the ZF-uSR
experiments (Figure 5); observation of a three-dimensional-
ly ordered system implies that the magnetic interactions
through the long J, and J; pathways must be non-negligible.
It also suggests that magnetic exchange along J, must be fer-
romagnetic, as antiferromagnetic interactions along J, would
lead to a frustrated system, irrelevant of the sign of J; (see
below). The overall long-range order in 1 could be either
ferromagnetic or antiferromagnetic, depending on the type
of magnetic exchange along J;, although the negative zJ'
coupling constant determined [Eq. (3)] is consistent with an-
tiferromagnetic ordering.

Magnetic behavior of Ni(n-OH,),[Au(CN),], (2): Despite
their very similar structures, the magnetic behavior of Ni(u-
OH,),[Au(CN),], (2) was found to differ from that of the
copper analogue (1). The increase in u.; as temperature de-
creases to a maximum between 3 and 5K observed by
SQUID magnetometry (inset Figure 7) suggests the pres-
ence of ferromagnetic interactions in 2. Similar to 1, these
ferromagnetic interactions are probably mediated through
the Ni(u-OH,),Ni bridge (J;). Very few aqua-bridged nickel-
(IT) dimers or chains have been reported,*® > and of these,
the magnetic properties were rarely investigated. Antiferro-
magnetic interactions were observed in the double-stranded
chain [Ni,(Hpdc),(u-H,0),(H,0),] (Hspdc=3,5-pyrazoledi-
carboxylic acid), in which water molecules link two [Ni-
(Hdcp)] chains together, with Ni—O bond lengths of
2.075(2) and 2.1452)A and a Ni-O-Ni angle of
100.94(9)°.P8 The double aqua-bridge was determined to be
the dominant magnetic pathway in this system, yielding a J
value of —1.6(2) cm™'. The absence of further examples
limits the discussion of any general magnetostructural corre-
lations regarding Ni(u-OH,),Ni units.

With a small external field, maxima/plateaus in the sus-
ceptibility (yy) observed below 2 K (Figure 7) indicate that,
at low temperatures, the ferromagnetically coupled chains
interact with each other through hydrogen-bond-mediated
interactions (either J, or J;). Either antiferromagnetic inter-
actions or a spin-glass type behavior is consistent with this
experimental data. However, if the external field is greater
than 1kOe, these weak interchain interactions are over-
come, and the chains align with the field. The combination
of ferro- and antiferromagnetic interactions/spin-glass be-
havior in 2 is also apparent in the sigmoidal shape of the iso-
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thermal magnetization curve at 1.8 K. The critical magnetic
field at 1.8 K was determined to be 700 Oe from both the in-
flection point in the dc and the maximum in the ac isother-
mal magnetization curves (Figure 8). As the temperature in-
creases, the critical field decreases, because it becomes
easier to align the chains with the external field.

This type of magnetic behavior is similar to that of a met-
amagnetic system.”™* Such systems are commonly com-
posed of ferro- or ferrimagnetic sheets or chains that inter-
act or order antiferromagnetically at low temperature and
field, but undergo a transition to a ferromagnetic state at a
critical field. Examples of metamagnetic coordination poly-
mers include monometallic azido-nickel(II),*” iron(II),¥
malonato—copper(II) systems as well as a range of bimet-
allic or metal-radical systems./”’ However, metamagnet type
transitions have not, to our knowledge, been reported in the
case of the zero-field state being a spin-glass.

To clarify the nature of the magnetic state of 2 under
zero-field, that is, whether antiferromagnetic ordering or
spin-glass behavior is operative, the results of the ZF-uSR
experiments were invaluable. Indeed, the asymmetry spectra
of 2 indicate that no long-range order is present in 2 in zero
external field (Figure 11), however, the results are character-
istic of a transition to a spin-glass state at 3.6 K. The pres-
ence of an out-of-phase signal and the frequency depend-
ence of both phase components in the ac susceptibility
(Figure 10) also support the formation of a spin-glass
system, although no difference could be observed between
the ZFC and FC magnetization measurements. This can be
attributed to the fact that the glass transition temperature
approaches the temperature limit of the SQUID magneto-
meter. The formation of a spin-glass generally requires an
element of spin frustration from competing magnetic inter-
actions. A negative coupling constant J, (Figure 12) would
naturally lead to spin frustration if J; has a significant non-
zero value, either positive or negative.

Comparison of magnetic behaviors: The differences between
the magnetic behavior observed for compounds 1 and 2
probably arise from 1) the Jahn-Teller distorted geometry of
the copper(Il) centers in 1 and 2) the extra unpaired elec-
tron on the nickel(II) centers in 2. Thus, the Jahn-Teller
bond lengthening in 1 effectively weakens all three magnetic
interactions pathways, leading to a magnetic phase-transi-
tion one order-of-magnitude lower than the nickel analogue.
Both systems show ferromagnetic interactions along the M-
(u-OH,),M chain, implying that the magnetic orbitals are or-
thogonal in this direction.*”! However, the sign of the key J,
pathway is predicted to be positive in 1 and negative in 2;
the extra magnetic orbital in nickel(II) appears to provide
an overlap that yields interchain antiferromagnetic interac-
tions.
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Conclusion

A new basic structural motif among cyanometallate-based
coordination polymers was identified in the two nearly iso-
structural M(p-OH,),[Au(CN),], M =Cu (1), Ni (2)) coor-
dination polymers. The central M(pu-OH,),M aqua-bridged
chain motif is a surprisingly rare structural feature, and
should serve as a new “point of reference” for further modi-
fication and research. The metal centers are ferromagneti-
cally coupled along the chains in both compounds. Through
interchain interactions involving hydrogen bonding and the
[Au(CN),]” units, the chains magnetically order in 1 and
form a spin-glass in 2 at low temperature. This study also il-
lustrates the importance of weak interactions and their
power to impact magnetic properties.

Experimental Section

General procedures and characterizations: All manipulations were per-
formed under ambient conditions. All reagents were purchased and were
used as received. Cu(H,0),[Au(CN),], (1) and Cu[Au(CN),], (1a) were
prepared as previously described.”” Infrared spectra were recorded by
using a Thermo Nicolet Nexus 670 FTIR spectrometer. Samples were
prepared as KBr pressed pellets. Microanalyses (C, H, N) were per-
formed by Mr. Miki Yang at Simon Fraser University. Thermogravimetric
analysis (TGA) data were collected under ambient atmosphere by using
a Shimadzu TGA-50 instrument.

Synthesis of Ni(H,0),[Au(CN),l, (2): Ni(NO;),6H,0 (0291 ¢g,
1.00 mmol) was dissolved in water (2mL) and an aqueous solution
(2 mL) of K[Au(CN),] (0.575 g, 1.99 mmol) was added dropwise. A pale
blue-green precipitate of Ni(H,0),[Au(CN),], (2) was formed within sev-
eral seconds, collected by filtration, and air-dried. The composition of the
precipitate was confirmed by conducting elemental analysis and TGA.
Yield 0.433 g (73%). IR (KBr): 7=3416 (br), 3116 (br), 3033 (br), 2214
(s), 2204 (sh), 2170 (s), 1537 (m), 910 (m), 756 cm ' (w); elemental analy-
sis caled (%) for C,;H,N,Au,NiO,: C 8.11, H 0.68, N 9.45; found: C 8.31,
H 0.74, N 9.20. Care must be taken during the synthesis of 2 as blue
KNi[Au(CN),]; can be obtained as a side product if a slight excess of
K[Au(CN),] is used, if the precipitate is left in solution for several days,
or if the reaction is very concentrated.!’! The purity of 2 can be deter-
mined by powder X-ray diffraction.

X-ray crystallographic analysis: Crystallographic data are listed in
Table 1 and Table S1. Powder X-ray diffraction data for 1 and 1a were
collected by using a RINT2000 diffractometer equipped with a Cu rotat-
ing-anode source (50 kV and 100 mA) and a scintillation-counter detec-
tor. Samples were mounted in a tube and irradiated in a scan step of
0.02° at a scan speed of 10°min'. Data was measured between 4 and
135° in 26. Powder X-ray diffraction data for 2 was collected by using a
Bruker D8 Advance diffractometer equipped with a Cu sealed-tube
source (powered at 40 kV and 40 mA), a graphite monochromator, and a
scintillation detector. Data was collected from 3 to 70° in 26 by using a
step of 0.02° and a total counting time of 1.5s per step. To obtain a
higher-quality diffractogram in the 13 to 21° range, data was also collect-
ed with a total counting time of 130 s per step (same step size).

Indexing of the powder diffractograms of 1 and 2 was performed by
using WinPLOTR.” The simulation of powder diffractograms from
atomic coordinates and comparison with experimentally obtained powder
diffractograms were conducted by using POWDER CELL.[*’!

Poor-quality pale blue-green crystals of 2 were obtained by recrystalliza-
tion under hydrothermal conditions, in which 50 mg of 2 were sealed in a
5SmL pyrex ampoule with 3 mL of water. The ampoule was heated to
125°C for 6 h in a hydrothermal vessel and was then cooled down to
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100°C at 0.5°Ch~", held at that temperature for 12 h, and then cooled to
RTat 1°Ch™".

A crystal of 2 suitable for single-crystal X-ray diffraction study was
mounted on a glass fiber by using epoxy adhesive. Single-crystal X-ray
diffraction data in the range 4°<26<60° were collected by using an
Enraf Nonius CADAF diffractometer equipped with a Moy, source, con-
trolled by using the DIFRAC program.[!! Diffraction peaks were very
broad, consistent with poor crystal quality. The NRCVAX Crystal Struc-
ture System was used to perform data reduction, including Lorentz and
polarization corrections.”! The structure was determined by using CRYS-
TALS;*! it was solved by using the Sir 92 routine and was expanded by
using Fourier techniques. The Au and Ni atoms were refined with aniso-
tropic thermal parameters, whereas the C, N, and O atoms were refined
with isotropic thermal parameters. The hydrogen atom was geometrically
placed and its position and isotropic thermal parameter were not refined.
Full matrix least-squares refinement (217 unique reflections included) on
F (14 parameters) converged to R;=0.0370, wR,=0.0376, and GOF=
1.0503 [1,>2.50(1,)]. Diagrams were obtained by using Ortep-3 (version
1.076)!”) and POV-Ray (version 3.6.0).1%"!

CCDC 600062 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request/cif.

Magnetic measurements by SQUID magnetometry: Magnetization mea-
surements were performed by using a Quantum Design MPMS-XL-7S
SQUID magnetometer equipped with an Evercool liquid-helium dewar.
Microcrystalline samples of 1 and 2 were packed into gelatin capsules
and were mounted in diamagnetic plastic straws, whereas sample 1a was
packed into a cylindrical, airtight PVC sample holder.””! All data were
corrected for the diamagnetism of the constituent atoms by using Pascal’s
constants and data for 1a were corrected for the signal of the sample
holder.*!

Direct current (dc) magnetization of compounds 1, 1a, and 2 was mea-
sured upon cooling from 300 to 1.8 K under an externally applied dc field
of 10 kOe. In addition, the temperature-dependent magnetization of 1
and 2 was recorded under different fields (100 Oe for 1 and 50, 250, 500,
750, and 1kOe for 2). Zero-field cooled (ZFC) and field cooled (FC)
magnetization measurements were performed for 2 with fields of 10, 100,
and 800 Oe. The magnetization of 2 as a function of dc field strength
(from 0 to 70 kOe) was recorded at several temperatures (2.0, 2.5, 3.0,
3.5, 4, and 10 K); in each case, the sample was first cooled from 100 K
under zero-applied field.

Alternating current (ac) susceptibility measurements in zero-applied dc
field were performed for 2 as a function of temperature (between 1.8 and
S0K) and operating frequency (1.00, 10.00, 38.58, 997.34, and
1488.10 Hz). The amplitude of the ac field was fixed at 5 Oe. The isother-
mal ac susceptibility of 2 as a function of the applied dc field, from 0 to
70 kOe, was also measured at several temperatures (1.8, 2.0, 2.2, 2.4, 2.5,
2.8, 3.0, 3.2, and 3.5 K), with an ac field of 5 Oe and a driving frequency
of 997.34 Hz.

Muon spin-relaxation (uSR) measurements: The uSR experiments were
performed on the M15 surface muon channel at the TRI-University
Meson Facility (TRIUMF) in Vancouver, Canada. For each compound
(1, 1a, and 2), two pressed 1-cm diameter polycrystalline pellets with
masses from 250 to 500 mg were prepared and varnished onto a silver
backing plate, which was thermally anchored to the cold finger of a dilu-
tion refrigerator. Figure 13 shows the arrangement of scintillation detec-
tors used in the experiment. The initial polarization, P,(0), was directed
antiparallel to the beam momentum p, (i.e., along the z axis). The uSR
measurements were taken both in zero external magnetic field (ZF), and
in a longitudinal field (LF) geometry with the magnetic field applied par-
allel to P,(0).

A counter placed upstream of the sample was used to detect an incoming
positive muon (pu*) and to establish time r=0. The muons were implant-
ed into the sample, where they subsequently decayed to a positron and
two neutrinos. The forward (F) and backward (B) detectors sensed the
decay positrons. The time-differential histogram rate, N(t), for each posi-
tron detector is described by the continuous function
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Figure 13. Schematic of the experimental geometry used to carry out the
uSR measurements. The incoming muon beam has a spin polarization of
nearly 100 % along the beam direction.

Nyp(t) = NEFe /(1 £ agp P, (t)|+ By (8)

Here, Np¥ is the count rate at r=0, 7,=2.197 ps is the mean muon life-
time, agy is the intrinsic asymmetry of each positron detector, and By is
a time-independent background. The ratio a=N§/N§ was determined by
fitting the raw time spectra. After subtracting the experimentally deter-
mined random backgrounds Bgy from Equation (8), the uSR “asymme-
try” spectrum was formed as follows

A(r) = ayP.(t) = Ny ()+Ng (1) "

in which ag=ap=a, Note that this isolates the desired information,
which is the time evolution of the muon spin polarization, P_(z).
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