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ABSTRACT: Square-planar S = '/, Ag" ions in polymeric
Ag(nic), are linked by bridging nic monoanions to yield
2D corrugated sheets. Long-range magnetic order occurs
below Ty = 11.8(2) K due to interlayer couplings that are
estimated to be about 30 times weaker than the intralayer
exchange interaction.

yridinecarboxylate ligands, and especially nicotinate (nic),

have been used extensively in the self-assembly of 1-, 2-,
and 3D polymeric architectures. This is because nic can serve as
an effective bridging function (through pyridine N and
carboxylate O atoms) between transition-metal cations.' ™
Structurally characterized examples include, but are not 11m1ted
to, M(nic), (M Mn,"* Fe,'® Co,' and Cu'?),
Niy(nic),(H,0),* Co(nic),(H,0),”* Mn(nic),(H,0),* Ni-
(nic),(H,0),* and Ag(nic)(nicH)® among others. For
M(nic),, M = Mn, Fe, and Co are characterized by six-
coordinate MO,N, centers connected to other sites via either
U- or py-coordination or a combination thereof. Cu(nic), has
distorted five-coordinate CuO;N, units, with each nic anion
being ligated through the N atom and both O atoms to three
different Cu ions.' The few reports on their magnetic
properties indicated only weak exchange interactions and the
absence of long-range magnetic ordering (LRO) above 2 K.

Although the S = '/, Ag" ion is generally oxygen-sensitive,
Banerjee and Ray reported the synthesis of Ag(nic), in 1956
and noted that it could remain stable for several months so long
as the powder was kept dry.* Early powder X-ray diffraction
studies on Ag(nic), suggested a tetragonal symmetry, although
a detailed structural analysis was not carried out.”> Adopting a
slightly modified preparation method (see SI), samples were
prepared at low temperature and stored in a refrigerator; unlike
Ag(pyz)z(SZOS), we ultimately found Ag(nic), to be air-stable
at room temperature.

Herein, we report on the crystal structure and magnetism of
Ag(nic),. Using X-rays at the National Synchrotron Light
Source (Brookhaven National Laboratory), the crystal structure
of Ag(nic), was solved from powder X-ray diffraction data”®
(see Figure S1). The Ag" ion has square-planar D, symmetry
and occupies an inversion center. The coordination sphere

-4 ACS Publications  © 2012 American Chemical Society

1989

consists of two O atoms [Agl—O1 = 2.18(1) A] and two N
atoms [Agl—N1 = 2.195(5) A] that belong to four different nic
anions. A second carboxylate O atom lies 2.95 A away and is
only weakly interacting [ Y vdw = 1.72 (Ag) + 1.52 (O) = 3.24
A]. The AgO,N, plane exhibits a nearly ideal O1—Agl—N1
bond angle of 89.7(2)° and the Agl—O1—C6 bond angle
formed upon coordination of the carboxylate O1 atom is
108.9(6)°. The carboxylate moiety makes a torsion angle of
12.4° relative to the pyridine ring.

Ag(nic), consists of extended 2D polymeric networks
(Figure 1). Every AgO,N, unit is connected to four others

Figure 1. Portion of a 2D polymeric sheet as found in Ag(nic),.

via bridging nic anions to form a rhombically distorted square
array of equidistant Ag" ions (Ag--Ag = 8205 A). The
proximity of the N atom and carboxylate moiety on the nic
anion leads to corrugated sheets such that every other AgO,N,
unit adopts the same orientation. The sheets in Cu(nic), are
also pleated but not in the same way as Ag(nic), because of the
differences in nic and Cu" ion coordination.

Adjacent 2D sheets pack in-registry along the [101] direction
(Figure S2) whereby AgO,N, planes stack directly above and
below other AgO,N, units of the same spatial orientation. The
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closest interlayer Ag--Ag spacing is 5.016 A. The structure of
Ag(nic), represents a new topology among M(nic), coordina-
tion polymers.

The magnetic susceptibility, y(T), for Ag(nic), was measured
in a 0.1 T direct-current (dc) magnetic field (Figure 2a). y
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Figure 2. (a) Magnetic susceptibility data for Ag(nic), measured at
Hy. = 0.1 T. The solid line is a theoretical fit to the data as described in
the text. (b) M(T) between 2 and 20 K for several H. (c) M(H)
obtained at 1.5 and 4.1 K for pulsed fields up to 60 T.

gradually increases as the temperature is lowered, passing
through a broad maximum at T, = 28.7 K. For low-
dimensional magnetic systems, the presence of a broad
maximum typically signifies short-range spin correlations due
to the largest exchange interaction, in this case, between S = 1,
Ag" ions within layers. Below T, y continues to decrease
until a second weak peak occurs at 11.5 K, which we ascribe to
3D long-range magnetic order (Ty), with the energy scale set
by a weaker interlayer interaction. It is interesting to note that
such a feature is completely absent in Ag(pyz),(S,05)° and
may originate from a larger interlayer coupling and/or canting
of the magnetic moments in Ag(nic),. The notion of spin
canting in Ag(nic), is supported by the field dependence of
M(T) in the vicinity of the 11.5 K feature (Figure 2b), whereas
the 28 K feature remains broad and does not shift with the field.

An estimate of the relative strength of magnetic interactions
in Ag(nic), can be gleaned from a fit (100 < T < 300 K) of the
reciprocal magnetic susceptibility, 1/¥(T) (not shown), to a
Curie—Weiss law, where 1/y = 8(T — 0)/Nug’g’S(S + 1). The
fitted parameters were g = 2.12(1) and 6 = —46.0(1) K, where
0 < 0 is consistent with antiferromagnetic (AFM) coupling
between S = '/, Ag" sites. ¥(T)T (not shown) strongly
decreases over the whole T range, which is consistent with
strong AFM interactions.

The intrinsic two-dimensionality of the crystal structure, as
well as the plausible Heisenberg behavior of the Ag" ion and
the negative Weiss constant, calls for an AFM Heisenberg
model based on a square lattice. Accordingly, the y(T) data
presented in Figure 2a were fitted” over the 16—300 K
temperature range (i.e, above Ty) to yield satisfactory
agreement for g = 2.10(1) and J/kg = 30.3(1) K based on
the spin Hamiltonian H-= ]ZS;S]- where | > 0 indicates AFM
coupling. The resulting J value is in line with the temperature of
the peak susceptibility, T,,,, = 0.936] = 28.4 K, obtained from
high-temperature series expansions.'® Ag(nic), displays much
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stronger AFM coupling than Cu(nic), (J = 12.8 K), despite the
presence of shorter Cu—O—C—O—Cu exchange paths in the
latter.' Together, the nonlinear Ag—nic—Ag pathways and
longer Ag--Ag separations in Ag(nic), afford smaller AFM
coupling relative to Ag(pyz),(S,0;) where ] = 53 K.°

The bulk magnetic behavior of Ag(nic), can be rationalized
by considering the likely exchange pathways. In this system, the
magnetic d,, , orbital of Ag" overlaps with the lone pairs of
electrons belonging to N1 and O1 of the bridging nic anion.
The exchange interaction is mediated between adjacent Ag"
ions via the o-bonding network provided by the bridging
ligands. The d_, orbital is spin-paired, lies orthogonal to the
AgO,N, plane, and cannot provide a suitable exchange
pathway. Appreciable tilting of the AgO,N, planes with respect
to nearest-neighbors likely induces a staggered g-tensor, which
affords a spin-canted ground state, as suggested by M(H,T)
data.

A strong magnetic coupling between Ag" ions is evidenced
by the pulsed-field magnetization data (Figure S3), whereby (i)
a small moment was found and (ii) a very slightly concave
M(H) curve, typical of a quasi2D S = !/, Heisenberg
antiferromagnet, was observed.!' The latter characteristic
persists to the highest available field, suggesting a saturation
field (B.) well above 60 T. From previous work, we found that
the simple expression gB./] ~ 6.03 T/K'' may be used to
estimate B_ of a quasi-2D S = '/, antiferromagnet based on the
extracted g and ] values obtained from the fit of y(T). The
extracted ] value, known to describe Cu' salts rather well,
predicts B. ~ 87 T for Ag(nic),. The M(H) data suggest a
higher critical field, perhaps due to an additional energy scale,
or a significantly enhanced concavity of M(H) above 60 T,
which implies a lower magnetic dimensionality. Figure 2c
clearly shows that by ~1 and 2 T, respectively, the hysteresis
between up/downfield sweeps and a spontaneous magnetic
moment becomes quenched, whereas M/H grows nearly linear
for larger H as a result of dominant in-plane AFM correlations.

Zero-field (ZF) muon-spin-rotation experiments were
performed to confirm the suspected long-range magnetic
order in Ag(nic),. Example spectra are shown in the inset of
Figure 3. For T > 12 K, we observe monotonic relaxation,
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Figure 3. (Inset) ZF y*SR data measured at 1.8 and 13 K for Ag(nic),.
Oscillations were observed for T < 12 K. (Main) T evolution of the
muon precession frequencies in Ag(nic),. For both plots, the solid
lines denote theoretical fits, as described in the text and SI.
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typical of T > Ty behavior in materials of this type.” ~ Below

the AFM transition at Ty, we see oscillations in the time
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dependence of the muon polarization [the “asymmetry”
A(t)"*], which are characteristic of a quasi-static local magnetic
field at the muon stopping site. This provides very strong
evidence for the existence of long-range magnetic order.'*

The muon precession frequencies (v), of which two exist in
Ag(nic),, are proportional to the magnetic order parameter.
Two muon precession frequencies are typically observed in
molecular materials of this type. However, without a magnetic
structure, it is difficult to reliably determine the muon stopping
sites. In a recent paper,'* we demonstrated that there are
several plausible muon sites in one class of coordination
polymers, some of which do not lead to measurable oscillations.
Given that the role of the #SR measurements in this study was
to determine the presence of LRO rather than an exhaustive
analysis of the muon response, we will not speculate on their
positions in this structure.

The T dependence of v is shown in the main plot of Figure 3.
The behavior may be parametrized by a fit to the
phenomenological expression v,(T) = v,(0) [1 — (T/Tx)"Y,
from which we extract v;(0) = 1.08(1) MHz, v,(0) = 1.73(2)
MHz, Ty = 11.8(2) K, @ = 1.5(3), and § = 0.30(4). An increase
in the nonoscillatory component near Ty makes it difficult to
come to firm conclusions about the critical behavior of
Ag(nic)z.

ZF u*SR measurements were made up to 50 K, and there is
no evidence for changes in the magnetic behavior around 28 K,
the temperature at which y(T) exhibits a maximum. In fact, we
would not expect any; above Ty in these materials, the
electronic moments typically fluctuate at a very rapid rate
compared to the muon response time (determined by the
muon gyromagnetic ratio) and are therefore motionally
narrowed from the spectra. The muon relaxation above Ty is
then caused by disordered nuclear moments. We therefore do
not generally observe any feature in the muon spectra around
Toax of x(T), which is temperature-independent above Ty

By combining the known Ty and ] values, we estimated the
interlayer magnetic interaction (J,) using the 2D model
obtained by Yasuda et al.'* From the equation In(J,/]) = b —
4nmp /Ty, where b = 2.43 and p, = 0.183] for S = !/,, we
calculate IJ, /]I = 0.033 or IJ;| = 0.99 K. The small ], is sufficient
to facilitate the observed LRO that occurs.

In conclusion, Ag(nic), has a unique 2D corrugated structure
composed of alternately tilted square-planar AgO,N, units that
consist of Ag" (S ="'/,) centers. Magnetic data suggest that it is
a quasi-2D Heisenberg antiferromagnet likely to exhibit a spin-
canted ground state below Ty = 11.8(2) K. A large AFM
interaction occurs within the 2D layers, although the coupling is
much weaker between them. To the best of our knowledge,
Ag(nic), is the first reported molecule-based Ag'-containing
spin-canted AFM.
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Synthesis, characterization details, layer packing diagram, high-
field M(H) plot, and CIF for Ag(nic),. This material is available
free of charge via the Internet at http://pubs.acs.org.
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