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Abstract

Two new pyrazine-bridged, linear chain complexes of Cu(Il) of the formula
[Cu(pzdo)2(H20)2(pz)](A)2-nH20 [pzdo = pyrazine-N,N’-dioxide; pz = pyrazine; A = BF4 (1),
CIO4 (2)] have been prepared. Single-crystal X-ray diffraction shows the Cu ions to be six-
coordinate, pyrazine-bridged chains with trans-pairs of ancillary ligands. The pzdo molecules
are coordinated through their oxygen atoms. The ClO4 and BF4 anions are each two-site
disordered in the lattice. Further, there are partial occupancy water molecules in the lattice
which prove to be very weakly bound. The structures are stabilized by hydrogen bonds between
the coordinated water molecules and the non-coordinated pzdo oxygen atoms as well as the
anions. Variable temperature magnetic susceptibility data show antiferromagnetic interactions
and the data were fit to the uniform chain model yielding J/kg = -13.0(2) K and-11.8(2) K for 1
and 2, respectively [H = —J ). §; * S;]. In addition, the structure of the serendipitously prepared
compound [Cu(pz)(pzdo)(H20)2] (ClO4)2 (3) is described. The compound crystallizes as
rectangular layers of Cu(Il) ions bridged by pzdo (parallel to the a-axis) and pyrazine (parallel to

the b-axis) with the water molecules coordinated in the axial sites.

Introduction

Chemists and physicists have been working to understand the physical parameters
controlling magnetic exchange at the molecular level for some time' and there continues to be

interest in such studies.? In particular, studies of low-dimensional magnetic lattices, that is those
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where the magnetic exchange occurs predominately in two dimensions or fewer, have allowed
for the examination of magnetostructural correlations due to the simplified pathways and
associated Hamiltonian. Such lattices include zero-dimensional systems, such as dimers and
clusters, ladders and layers, but perhaps the most well studied low-dimensional lattice is the one-
dimensional one, the chain. The uniform magnetic chain has been of great interest, particularly
since the work of Bonner and Fisher provided analytical models with which to study such
compounds.® Perhaps the most well-studied of these materials is Cu(pz)(NOs)2 (pz = pyrazine)*
where the pyrazine ring provides the superexchange pathway. Studies via a wide variety of
techniques, ranging from temperature and field dependent magnetization studies® and EPR® to
uSR” and neutron diffraction,® coupled with theoretical work® have demonstrated the uniformity
of exchange and high degree of isolation.

With such a start, it is not surprising that pyrazine has become so common as a bridging
ligand in coordination chemistry and especially in magnetochemistry. It is limited to mono- or
bi-dentate coordination and provides good control of structure with its preference for linear
motifs. As a result of these highly favorable properties, pyrazine and substituted pyrazine
derivatives have been employed in the formation of a wide variety of low-dimensional lattices,
such as magnetic ladders'® as well as both square!! and rectangular'? layered structures.
Pyrazine mediates antiferromagnetic exchange in its bridging mode, with J/kg values typically in
the -5 to -18 K range for copper(Il) based systems,'® while the nickel complex Ni(pz)>(ClO4)>
exhibits a value of nearly 0 K.'"* The parameters controlling the exchange are still not well
understood and further work is needed.

We have previously studied a number of complexes in this family and in particular, those
with the general formula [Cu(pz)L2(H20)2](A)2 where A is a non-coordinated anion (typically
ClOy4, BF4 or PF¢") and L is an ancillary ligand that can be varied to study the effects of its steric
and electronic properties on the magnetic exchange through the pyrazine bridge. Such studies
have included those where L is a 2-'° or 4-pyridone'®, or pyrazine-N-oxide.!” In the case of the
4-pyridone compounds, there was potential for interchain hydrogen bonding via the distal N-H
functional group. However, no direct cross-linking of the chains was observed, only hydrogen
bonding between the N-H and the dissociated anion. We reasoned that introduction of a
hydrogen bond acceptor, rather than a donor, would improve the probability of interchain

hydrogen bonding with the coordinated water molecule, and hence considered pyrazine-N,N’-



dioxide (pzdo) as a potentially suitable L. Pzdo is known to serve as a hydrogen bond acceptor!®
and to coordinate to Cu(II)!° through the oxygen atoms. With this potential to modify the
packing of the pyrazine bridged chains, we undertook the preparation of the materials and here
report the synthesis, structure and magnetic properties of the compounds
[Cu(pzdo)2(H20)2(pz)](A)2:nH20 [pzdo = pyrazine-N,N’-dioxide; pz = pyrazine; A = BF4 (1),
ClOy4 (2)] as well as the structure of the unexpected two-dimensional layer complex

[Cu(pz)(pzdo)(H20)2] (ClO4)2 (3).

Experimental:

Copper(Il) perchlorate hexahydrate, copper(Il) tetrafluoroborate hexahydrate and pyrazine (pz)
were purchased from Sigma-Aldrich. All materials were used as received. Pyrazine-N,N’-
dioxide (pzdo) was synthesized according to the literature.?” “50% methanol” refers to a 50:50
solution of methanol and water by volume. FTIR spectra were recorded on a Perkin-Elmer
Spectrum 100 spectrometer via ATR. X-Ray powder diffraction data were collected with a
Bruker AXS-D8 X-ray Powder Diffractometer. Elemental analyses were performed at the
Marine Science Institute, University of California Santa Barbara, CA.

NOTE: perchlorate salts are potentially explosive and should be used and prepared in small

quantities.

Catena-diaquabis(pyrazine-N,N’-dioxide)(pyrazine)copper(I]) tetrafluoroborate monohydrate (1)
Cu(BF4)2¢6H>0 (0.684 g, 2.00 mmol) was dissolved in 3 ml of water, pz (0.164 g, 2.00 mmol)
was dissolved separately in 2 ml of water and pzdo (224 mg, 2.00 mmol) were dissolved in 8 ml
of water (~30 minutes required). The pz and pzdo solutions were combined and then slowly
added to the stirring pale-blue copper(Il) solution resulting in a darker blue solution. Overnight,
dark, flat pleochroic orange/green crystals appeared; they were recovered by filtration, rinsed
with cold water and dried to constant weight (182 mg). The filtrate was placed in a desiccator
over Drierite for another four weeks, resulting in a 78 mg crystal. Total 0.260 g (44%). CHN
calcd(exp) for C12HisN6B2O7FsCu: C 24.21 (24.10), H 3.05 (3.00), N 14.11 (13.73). IR (cm™)
3493br-w, 3141w, 3079w, 1644w, 1482w, 1456m, 1425w, 1294w, 1232m, 1053br-s, 847w,
804s, 595w.



Catena-diaquabis(pyrazine-N,N’-dioxide)(pyrazine)copper(Il) perchlorate monohydrate (2)
Cu(Cl04)226H>0 (0.741 g, 2.0 mmol) was dissolved in 5 ml of water, while pyrazine (0.160 g,
2.00 mmol) was dissolved separately in 2 ml of water and pzdo (0.224 g, 2.00 mmol) was
dissolved in 8 ml of water (~30 minutes required). The pz and pzdo solutions were combined and
slowly added to the stirring pale-blue copper solution. No color change was observed. The
solution was partially covered and left for slow evaporation. After ~ four weeks, a large
green/orange pleochroic crystal appeared which was recovered by filtration, rinsed with cold
methanol, and dried to constant mass (278 mg). The filtrate was covered and left to evaporate
further. After ~ three weeks additional product was recovered by filtration, rinsed with cold
methanol and dried to constant weight (98 mg). Total: 0.376 g (61%). CHN calcd(exp) for
C12H1sN¢O15CLCu: C 23.22 (22.72), H 2.92 (2.69), N 13.54 (13.25). IR (cm™") 3450br-w,
3137w, 3076w, 1653w, 1483w, 1453m, 1424w, 1292w, 1249m, 1230m, 1094br-s, 1048br-s,
845w, 801s, 622w.

In examination of the product from the synthesis of 2, one unique, non-pleochroic emerald green
crystal was observed and isolated mechanically. Single-crystal X-ray diffraction revealed
compound 3, catena-diaqua(pyrazine)(pyrazine-N,N’-dioxidecopper(Il) perchlorate
[Cu(pz)(pzdo)(H20)2] (ClO4)>. To date, repeated attempts at a direct preparation of this

compound have been unsuccessful.

X-Ray structure determination:

Data collections for 1 and 2 were carried out on a Bruker D8 Venture Photon III Kappa four-
circle diffractometer system equipped with an Incoatec IuS 3.0 micro-focus sealed X-ray tube
(Mo Ka, A =0.71073 A) and a HELIOS double bounce multilayer mirror monochromator using
phi and omega scans. Data collection, reduction and absorption corrections were made using
Bruker Instrument Service v6.2.15, SAINT V8.40B and SADABS v.2014/5. Data collection for
3 was carried out on a Bruker Kappa diffractometer fitted with an APEXII CCD detector,
employing graphite-monochromated Mo-Ka radiation, using phi and omega scans. Data
collection, reduction and absorption corrections were made using Bruker Instrument Services
v.2012.12.0.3, SAINT v.8.34A and SADABS v.2014/5. The structures were solved using
SHELXS-97*! and refined via least squares analysis with SHELXL-2018.?? Non-hydrogen atoms

were refined using anisotropic thermal parameters. Hydrogen atoms bonded to carbon were



placed in calculated positions and refined using a riding model and isotropic thermal parameters.
Hydrogen atoms bonded to nitrogen or oxygen were located in the difference Fourier maps and
their positions refined with fixed isotropic thermal parameters. In some cases, anti-bumping
restraints were applied to the N-H, or O-H bond lengths to prevent unreasonably short bonds.
Details of the data collection and refinement are provided in Table 1. Table 2 contains selected
bond lengths and angles while Table 3 contains hydrogen bonding information. The structures
have been deposited with the CCDC as: 1, 2155980; 2,2155979; 3, 2156655. Compound 1 was
refined with the tetrafluoroborate ion as two-site disordered with final refined occupancies of
0.582(4)/0.418(4). The lattice water molecule shows partial occupancy and refined,
independently, to 0.418(4). Anti-bumping restraints were applied to the coordinated water
molecule and mild bond length and anti-bumping restraints were applied to the partial lattice
water molecule. Compound 2 was refined with a two-site disorder model for the perchlorate ion
with final occupancies of 0.859(2)/0.141(2). The partial occupancy water molecule was four-site
disordered with final occupancies of 0.050(9), 0.054(11), 0.070(7) and 0.098(8). No attempts to
locate or place the hydrogen atoms for the lattice water molecule were made and they were not
included in the final refinement.

Powder X-ray diffraction measurements of samples of 1 and 2 showed them to be the same phase

as the single crystals. No impurities were detected.

Magnetic data collection

Magnetic susceptibility data were collected via a Quantum Design MPMS-XL SQUID
magnetometer. Powdered samples of 1-2 were packed into gelatin capsules and fit into drinking
straws attached to sample rods. Magnetization of samples at 1.8K was measured in increasing
field from 0 to 50 kOe, and selected values as the field decreased to zero, which showed no
hysteresis. Temperature dependent susceptibility data were collected in 1 kOe from 1.8 to 310 K.
Background corrections were made for the signal of the gelatin capsule and straw (measured
independently), the temperature independent paramagnetism of the copper(Il) ion and the
diamagnetism of the constituent atoms, estimated via Pascal’s constants.?* Data were fit to the

Hamiltonian H = —J ), S, ¢ S>.



Table 1. X-Ray data collection and refinement parameters for 1 and 2.

1 2 3
Formula Ci2Hi7.67B2 CuFsNg Og84 | Ci12H16Cl2CuNgO14.55 | CsH2CL,CuN4O12
MW (g/mol) 592.51 611.47 490.66
T(K) 100(2) 100(2) 120(2)
L (A) 0.71073 0.71073 0.71073
Crystal system monoclinic monoclinic monoclinic
Space group P2i/c P2i/c P2i/c
a(A) 6.8401(3) 6.8489(3) 8.4065(3)
b (A) 13.9313(6) 14.6141(7) 6.7933(3)
c(A) 11.4614(5) 11.2595(6) 14.1545(6)
BC) 102.7795(16) 102.8671(15) 101.555(4)
V (A% 1065.12(8) 1098.67(9) 791.95(6)
V4 2 2 2
Size(mm) 0.092x0.063x0.044 0.245x0.222x0.197 0.42x0.28x0.14
Abs. co. (mm) 1.144 1.324 1.794
F(0,0,0) 595 619 494
O range () 2.336-28.278 2.321-30.515 3.339-37.956
Index ranges 9<h<9 -7<h<9 -14<h<14
-18<k<17 -220<k<20 -11<k<11
-15<1<15 -16<1<16 -23<1<24
Rfln. Coll. 17182 19917 14034
Ind. rfln (o) 2629 (0.0493) 3346 (0.0258) 4092 (0.0353)
Data/Res/ para 2629/11/228 3346/0/252 4092/0/130
Final R (R1) 0.0402(0.0737) 0.0228(0.0621) 0.0309(0.0718)
[>26(1)] (WR2)
R index (R1) 0.0505(0.0769) 0.0238(0.0628) 0.0407(0.0792)
(all data) (WR2)
Final peak/ 0.335/-0.433 0.501/-0.494 0.612/-1.10
hole(e/A%)

Table 2. Selected bond lengths and angles for 1, 2 and 3.




Bond Lengths (A) 1

Cul-N1
Cul-Ol11
Cul-O1W
Bond Angles (°)

N1-Cul-Ol11
NI1-Cul-O1W
O11-Cul-O1W
Cul-O11-N11

Table 3. Hydrogen bonding parameters for 1-3.

2.0319(17)
2.0087(15)
2.2781(17)

90.47(7)
89.99(7)
83.45(6)
125.27(12)

2
2.0347(9)
2.2669(8)
2.0002(8)

90.77(3)
90.77(3)
84.39(3)
127.95(6)

3
2.0149(11)
1.9956(9)

2.3230(10)

90.06(4)
90.29(4)
78.67(4)
127.11(7)

Atoms D-H (A) H..AA) D..AA) ~ZDHA

1

O1W H1A Ol4a 0.838(17) 1.948(18)  2.784(2) 175(3)
O1W HIB F4 0.821(17) 1.894(18)  2.715(3) 177(3)
O1W HIB O2W 0.821(17)  2.22(2) 2.952(6) 149(3)
O2W H2A F2' 0.93(4) 2.00(6) 2.88(2) 156(8)
O2W H2B O14b 0.87(4) 2.42(7) 3.103(5) 137(7)

2

O1W H1A Ol4a 0.795(19) 1.859(19)  2.6470(12)  170.5(17)
O1W HIB Olc 0.783(17) 1.971(18)  2.7482(13)  171.8(16)
O1W HIB 02'c 0.783(17)  2.103(18)  2.735(6) 138.0(15)
O1W HIBO2W'ec  0.783(17)  2.43(3) 2.985(19) 128.6(15)
3

O1W HIB O1d 0.78(2) 2.09(2) 2.8680(15)  173(2)
O1W HIA O2e 0.74(2) 2.09(2) 2.8276(15)  176(2)

Symm. Op.: a=x, 0.5-y, z-0.5; b =x-1, 0.5-y, z-0.5; ¢ = x,y,z-1; d = x, 0.5-y, z+0.5;

e=1-x,1-y,-z.

Results and Discussion



Syntheses

Reaction of pyrazine and pyrazine-dioxide with copper(Il) tetrafluoroborate/perchlorate in

aqueous alcohol gave [Cu(pzdo)2(H20)2(pz)](A)2-nH20 (see Figure 1).
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Structures

Compounds 1 and 2 are isostructural. Compound 1 crystallizes in the monoclinic space group
P21/c and the asymmetric unit comprises one pzdo molecule, one coordinated water molecule,
one-half coordinated pz molecule and Cu(Il) ion, one BF4™ anion (disordered, vide infra) and a
partial occupancy lattice water molecule (see Figure 2). Both the Cu(Il) ion and the pyrazine ring
are located on crystallographic inversion centers. Cis bond angles around the Cu ion to the pz
and pzdo rings are nearly 90° while all #rans bond angles are 180° as required by symmetry (see
Table 2 for bond lengths and angles). The common Jahn-Teller elongation is observed at Cul,
with the coordinated water molecules occupying the axial positions [dcui-oiw = 2.278(2) A] and
lying 6.5° off the normal to the equatorial plane, likely as a result of hydrogen bonding. The
pyrazine rings bridge successive copper ions, related by a unit cell translation, creating
polymeric chains parallel to the a-axis (Fig. 3a). The pzdo molecules are coordinated through

one N-oxide oxygen atom and do not bridge Cu ions.



Figure 2 — The molecular unit and copper coordination sphere of 1. Only those hydrogen atoms
whose positions were refined are labelled. Symm. Op. A (1-x, 1-y, -z), B (-X, 1-y, -z). Only the
minor component of the disordered BF4™ anion is shown along with the partial occupancy water

molecule.

The chains pack in the lattice with two different types of stabilizing interactions (see Figure 3b).
Hydrogen bonds are formed between the coordinated water molecule and both the non-
coordinated pzdo oxygen atoms (dp..a = 2.784(3) A, see Table 3 for full hydrogen bonding
details) and the tetrafluoroborate anion/lattice water molecule. There are also short contacts

between pzdo N11 and the disordered BF4™ anion (dni1..r2 = 2.847A, dnii.. r2r = 2.869 A).

a)

Figure 3 — a) The chain structure of 1 viewed parallel to the c-axis (a-horizontal). b) Packing
diagram of 1 viewed parallel to the chain (a) axis. Dash lines represent hydrogen bonds and
short F...N contacts. Only one site for the disordered BF4 anion is shown for clarity.



The disorder of the tetrafluoroborate anion and the partial occupancy lattice water molecule are
intimately related (see Figure SI.1). The anion is two-site disordered and refined to occupancies
01 0.582(4)/0.418(4). The partial lattice water molecule refined independently to an occupancy
of 0.418(7), identical to that of the minor BF4” component. In terms of space, this is logical as
the major BF4” component and the water molecule would overlap if both were present at the
same time. When present, the water molecule serves as a hydrogen bond donor to the BF4™ anion
and to the uncoordinated pzdo oxygen atom (O14) and as a hydrogen bond acceptor to the
coordinated lattice water molecule (see Table 3). It should be noted that the water content from
X-ray refinement, while close, does not agree with the combustion analysis data which indicate
the presence of one lattice water molecule per formula unit. Once isolated from the mother
liquor, the crystals are not stable indefinitely (stability is clearly dependent upon the relative

humidity) which we associate with the loss of the lattice water molecule.

The perchlorate complex, 2, exhibits a similar crystal structure to that of 1, but with some
significant differences. The molecular unit and major perchlorate contributor are shown in
Figure 4. Again, both the Cu(Il) ion and the pyrazine ring are located on crystallographic
inversion centers. Also again, a Jahn-Teller elongation is observed at Cul, however rather than
the coordinated water molecules occupying the axial positions, it is O11(O11B) (dcui-o11 =
2.667(1) A) from the pzdo molecules that occupy the axial sites, lying 5.6° off the normal to the
equatorial plane, a slightly smaller deviation than observed in 1. It is surprising that the J.-T.
axis has changed given the nearly identical coordination geometry of the compounds and must
result from a subtle difference in the packing structures, likely as a result of the difference in size
of the perchlorate ion and tetrafluoroborate ion, as well as the difference in occupancy of the

disordered components (close to 50:50 for 1, but very different for 2 (vide infra).
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Figure 4 — The molecular unit and copper coordination sphere of 2. Only those hydrogen atoms
whose positions were refined are labelled. Symm. Op. A (-x, 1-y, -z), B (1-x, 1-y, -z). Only the
major component of the disordered C1O4™ anion is shown for clarity. The partial occupancy
lattice water molecule is excluded (see text).

The packing of 2 very closely resembles that of 1 (see Figure 5), with hydrogen bonds formed
between the coordinated water molecule and both the non-coordinated pzdo oxygen atoms (dp...a
=2.647(1) A, see Table 3 for full hydrogen bonding details) and the perchlorate anion/lattice
water molecule. There are also short contacts between pzdo N11 and the disordered ClO4 anion

(dni1...0o4 =2.819A).
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Figure 5 — Packing diagram of 2 viewed parallel to the chain (@) axis. Dash lines represent
hydrogen bonds and short O...N contacts. Only the major component of the disordered
perchlorate ion is shown for clarity.

As was the case in 1, the counterion of 2 (perchlorate) is two-site disordered, but unlike 1 where
the refined occupancies were near 50:50, they are ~ 86:14 in 2; the perchlorate ion lies nearly
completely in one position. An additional difference is the partial water molecule which is four-
site disordered in 2 with final refined occupancies of 0.050(9)[O2WA], 0.054(11) [O2W],
0.070(7) [O2W™] and 0.098(8) [O2W’] (see Figure SI.2). The positions of the water molecules
are such that O2 and O2W can exist concurrently with the major occupancy perchlorate ion
location while O2W’ and O2W” can only exist while the perchlorate ion is in the minor
occupancy position. While not as close as observed in 1, the sum of the occupancies of O2W’
and O2W” [0.168(15)] agrees well with the occupancy of the minor perchlorate component
[0.141(2)].

The layer complex, 3, was isolated serendipitously as one single-crystal by-product in the
preparation of 2 and crystallizes in the monoclinic space group P21/c The asymmetric unit (see
Figure 6) comprises one-half Cu(Il) ion, one-half pyrazine molecule and one-half pzdo molecule,

all of which lie across crystallographic inversion centers, one coordinated water molecule and
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one perchlorate ion, both of which lie in general positions. The Cul-N1 bond is slightly shorter
than that seen in either 1 or 2. The Cul-O11 bond is also slightly shorter than that observed in 1
and significantly shorter than the Cul-O11in 2 which lies along the Jahn-Teller axis. Compound
3 also undergoes a J.-T. elongation along the Cul-O1W axis, where that bond is longer than the

equivalent position in either 1 or 2.
c2

N1

%mw
C3
on
N11
C12
C13

Figure 6 - A thermal ellipsoid plot of the asymmetric unit of 3. Only those hydrogen atoms
whose positions were refined are labelled.

The pyrazine rings bridge the Cu(Il) ions parallel to the b-axis while the pzdo molecules bridge
the Cu(Il) ions parallel to the a-axis, generating rectangular layers (Figure 7a) with the
coordinated water molecules lying above and below those layers. The layers are separated by the
perchlorate ions which lie in the interstices, but are also stabilized via hydrogen bonding (Figure
7b) between the coordinated water molecules and the perchlorate ions both above and below the
layers (doiw...o1 = 2.868(2); doiw...02 = 2.8286(2); see Table 3 for details). Despite repeated
efforts via a variety of techniques we have been unable to develop a rational synthesis of the

compound.

13



Figure 7. a) The layer structure of 3 viewed perpendicular to the layer (parallel to the c-axis). b)
The interlayer interactions in 3 viewed parallel to the layers (along the pyrazine bridged b-axis).
Dashed lines represent hydrogen bonds in both figures.

For all three compounds, the Cu-pz bond lengths (~2.03(1) A) are comparable to many seen in
pyrazine-bridged chains. The Cu-N bond in [Cu(pz)(NOs).] is 1.985 A* and comparable to the
[Cu(pz)(NO2)2] compound (1.992 A),?* both slightly shorter than seen in 1 and 2. The pyridine-
N-oxide complex [Cu(pz)(pyO)2(H20):2](Cl04):!" is comparable to 1 and 2 at Cu-N = 2.034 A.
The Cu-O bond lengths to the pzdo molecules, on the other hand, are significantly shorter than
those seen in the compounds [CuX2(H20)2(p-pzdo)] (X = C1, Br).!”® In both of these compounds,
the pzdo molecule is bridging and coordinates along the Jahn-Teller axis with bond lengths 2.56
A (Cl) and 2.65 A (Br). Even in compound 2, where the pzdo molecule also coordinates along
the J.-T. axis, the bond is much shorter (2.2669(8) A), suggesting that it is the bridging behaviour
that causes the significant lengthening. However, in the complex [Cu2(H20)2(pt-
pzdo)3(Cl04)4]-H20 the pzdo molecules are also bridging and exhibit Cu-O bond lengths of 1.95
A.1%° In this latter compound, perchlorate ions occupy the J.-T. axis, while the pzdo molecules

coordinate in the equatorial plane.

Magnetism
The molar magnetizations at 1.8 K between zero and 50 kOe of 1 and 2 are presented in
Supplementary Information Figure SI1.3. The magnetization of 1 is linear up to 20 kOe but shows

slight upward curvature at larger fields, with a value of 880 emu/mol at 50 kOe. The upward
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curvature is characteristic of a low-dimensional Heisenberg antiferromagnetic compound. The
data for 2 is linear up 15 kOe before curving upward at a faster rate; at 50 kOe, it has obtained a
value of 955 emu/mol. Both values are well below the saturation magnetization (~6000
emu/mol), revealing the presence of antiferromagnetic interactions, with 1 having the larger

exchange strength.

The magnetic susceptibilities of 1 and 2 between 1.8 and 310 K are presented in Figure 8. (The
Curie-Weiss analyses for the two compounds appear as Supplementary Information SI.4a and 4b,
respectively. The values for the Curie constants and the Weiss parameter (0) appear in Table 4.)
Figure 8 uses a log/log scale to emphasize the important low-temperature region. The two data
sets are very similar, with rounded maxima of 20.36 x 10~ and 21.89 x 10~ cm?®/mol occurring at
temperatures of 8.90 and 7.40 K for 1 and 2, respectively. Acting in accordance with the known
structures, we have compared the susceptibilities to the model of a 1D S = !4 Heisenberg
antiferromagnet (IDQHAF),?® allowing the parameters for the Curie constants C, exchange
strengths J/k, fraction of paramagnetic contributions, and possible small, temperature-
independent background, to vary. Excellent agreement between the data and fitted parameters

were found over the entire data sets, Figure 8.
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Figure 8. The magnetic susceptibilities of 1(D) and 2 (O) between 1.8 and 310 K presented on a

log/log scale. The dashed blue line and solid red line show the best fit results for 1 and 2,
respectively, with parameters discussed below and in Table 4.

Table 4. Magnetic parameters for 1 and 2.

Compound C (fromy) | Exchange | PM Bkgd C CW 0
[Cu(pz)(pzdo)2(H20)2]X2 | (cm>K/mol) | strength | (%) | (cm¥/mol) | (CW) (K)
(J/k)
1 (X =BFs) 0.44(1) -13.0(2) | 0.24(5) none 0.445(5) -5.4(5)
2 (X =ClO4) 0.45(1) -11.8(2) | 0.26(5) | -7(2) x 107 | 0.443(5) -5.4(5)
Discussion

The pyrazine-bridged chains form well isolated 1D-uniform linear antiferromagnets as expected
from past work in the area. Introduction of the remote hydrogen-bond acceptor on the ancillary
pzdo ligands causes direct linking of the chains with the coordinated water molecules serving as
the hydrogen bond donors. However, magnetically, the compounds still behave as well isolated
1D-systems as this interchain linkage does not provide a viable superexchange pathway (eight
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intervening atoms including the hydrogen bond) unlike the perrhenate compound which is
believed to show interchain interactions via hydrogen bonding (vide infra). Thus, comparison to
other well isolated chains such as the prototypical Cu(pz)(NO3).> (J =-10.3(1) K) is viable. A
number of such chains with CuN>0O4 coordination spheres have been reported and their magnetic
properties analyzed. [Cu(pz)(Opy)2(H20)2](ClO4), has been reported with J =-9.6(1) K.!7 The
corresponding hexafluorophosphate salt exhibits J = -8.8(2) K.'*¢ Recently, a family of
compounds with the general formula [Cu(pz)(pyone)2(H20)2](A)2 [pyone = pyridone; A = ClO4
or BF4") has been reported. For the compounds with pyone = 3-bromo- or 3-chloro-4-pyridone
(A =ClOys),J=-8.12(1) K or -8.47(2) K respectively.!® In the case of the methyl substituted
compounds (pyone = 3-methyl-, 5-methyl- or 6-methyl-2-pyridone; A = ClOy’), the exchange
values are J =-9.85(1) K, -9.20(1) K and -11.0(1) K, respectively. The complex [Cu(pz)(H20)](
V100as) is reported to have a surprisingly small exchange value, ] = -2.24 K?° as does the
complex [Cu(pz)(O2CPh(CO2H)3)2]-H20.27 [Cu(pz)(H20)2(OTH)2] shows J =-12.0(2) K?® while
the corresponding perrhenate is described as having a somewhat stronger exchange, but also the
potential for interchain interactions mediated by the perrhenate ion; no value for J was
reported.?’ The range of interactions (~ -2 to -12 K) is broad and suggests participation by a
variety of factors which likely include both the physical parameters for the bridging pyrazine
moiety (bond lengths, ring deformation) as well as the energy of the Cu dxz.y2-orbital where the
unpaired electron is predominately located and the electron density at the Cu(Il) ion as provided
by the ancillary ligands. Clearly additional compounds and study are required to quantify the

magnetostructural relationships.

Conclusions

We have prepared and characterized two new pyrazine-bridged Cu(Il) coordination polymers
with ancillary pzdo ligands. Although previous Cu(lIl) structures with bridging pzdo ligands
have been reported {[Cu(pzdo)X2(H20):] (X = Cl, Br)!** and [Cu(pzdo)2(Cl04)2]**], we are
unaware of reported structures containing monodentate Cu-pzdo interactions. The presence of
the strong hydrogen bonds between the uncoordinated pzdo oxygen atoms and water molecules
may prevent the pzdo from bridging. The compounds exhibit dominant antiferromagnetic
interactions with J/kg =-13.0(2) K and -11.8(2) K for 1 and 2, respectively, adding to the

members of this family and raising the potential for understanding the factors that affect the
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magnetic exchange mediated by pyrazine. Given the potential for interesting magnetic behavior
of 3 as a well-isolated rectangular magnetic layer, we are continuing our efforts to find a

reproducible synthesis for the compound.

Supplementary data

CCDC (1, 2155980; 2, 2155979; 3, 2156655) contains the supplementary crystallographic data
for 1-3 and are available free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/structures.
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