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The coordination polymers [M(dca),pyz] (M = Mn, Fe, Co,
Ni, Zn) have been synthesized and characterized by single-
crystal and powder X-ray diffraction. Two isomers have been
observed. The a« compounds contain two interpenetrating 3D
a-Po related networks. Bidentate dca ligands bridge the metal
atoms to form square-grid-like M(dca), sheets, with the pyrazine
ligands linking these sheets together to form the a-Po-like 3D
networks. The f compounds contain interdigitated 2D sheets.
The sheets consist of 1D chains of M(dca), connected together by
the pyrazine ligands. The « compounds display an interesting
phase change that simultaneously induces twinning of the crys-
tals. At room temperature the structures are orthorhombic Prnma
and contain dynamic disorder of the dca ligands. However, on
cooling (e.g., to 123 K) the structures become monoclinic P2,/n
with the dca ligands ordered, but since domains within each
crystal order differently, this results in pseudo-merohedral twinn-
ing. Variable temperature and variable field magnetic studies
have shown that these compounds display weak antiferromag-
netic coupling between the high-spin metal centers. Only in the
case of a-[ Mn(dca),pyz] is there evidence for 3D antiferromag-
netic order occurring below 2.7 K. © 2001 Academic Press

Key Words: structure; magnetism; crystal engineering; coord-
ination polymer; dicyanamide; pyrazine; interpenetration.

The crystal engineering of coordination polymers con-
taining the dicyanamide (dca, N(CN), ) ligand has attracted
great interest since the initial reports of long-range magnetic
ordering in the rutile-like M(dca), compounds (1-4). Modi-
fication of network topology through the use of both bridg-
ing and terminal coligands has resulted in many interesting
new network topologies, and the magnetic properties of
these systems have also been studied (3-7). New structures
have also been achieved through use of tetrahedral metal
ions (3) or increasing the dca-to-metal ratio, resulting in the
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incorporation of countercations, which template the anionic
M(dca); networks (8).

We are especially interested in coordination polymers of
dca that contain coligands that are also bridging. In particu-
lar, we have been investigating the bridging pyridyl-donor
coligands pyrazine (pyz) and 4,4’-bipyridine. We have pre-
viously reported the structures and magnetic properties of
both the « and f phases of [Cu(dca),pyz] (6). The a phase
consists of two interpenetrating a-Po-related (9) networks,
while the f phase contains 2D sheets. Both phases show
only weak antiferromagnetic coupling. During the course of
the present work, Miller and co-workers reported on the
compound a-[ Mn(dca),pyz], which is topologically (but
not crystallographically) identical to the «-Cu phase. They
presented data to show that it behaves as an ordered
antiferromagnet at temperatures below 2.7 K (7). We now
report the results of our extended investigation into the
synthesis, structures, and magnetic properties of the
compounds o-[ M(dca),pyz] (M = Mn, Fe, Co, Ni, Zn) and
B-[M(dca),pyz] (M = Co, Ni, Zn).

EXPERIMENTAL

Synthesis of a-Metal(Il) Bis(dicyanamido)
Pyrazine Complexes

a-[Mn(dca),pyz] 1. A warm aqueous solution (5 ml) of
Mn(ClO,),.6H,O (350 mg, 0.97 mmol) was added to
a warm aqueous solution (5ml) of Na(dca) (150 mg,
1.68 mmol) and pyrazine (77 mg, 0.96 mmol). Pale yellow
needles formed on cooling. The yield was 106 mg, 47%.
Infrared spectrum (nujol, cm ™ !): 3604vw, 3073vw, 2408vw,
2324m, 2310m, 2247m, 2236m, 2180s,sh, 2171s, 1417m,
1388m, 1160w, 1126w, 1084w, 1054m, 922vw, 807m. El-
emental analysis: Calculated for MnCgH,Ng: C, 36.0; H, 1.5;
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N, 42.0. Found: C, 36.0; H, 1.1; N, 41.8.
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o-[Fe(dca),pyz] 2. A warm aqueous solution (5 ml) of
Fe(ClO,),.6H,0 (230 mg, 0.63 mmol) was added to a warm
aqueous solution (7 ml) of Na(dca) (100 mg, 1.12 mmol) and
pyrazine (46 mg, 1.12 mmol). Fine orange brown needles
formed on cooling. The yield was 90 mg, 60%. Infrared
spectrum (nujol, cm™'): 3631vw, 3085vw, 2408vw, 2327m,
2248m, 2186s, 1418m, 1397m, 1162w, 1125w, 1085w, 1055m,
920vw, 807m. Elemental analysis: Calculated for
FeCgH,Ng: C, 35.9; H, 1.5; N, 41.8. Found: C, 35.9; H, 1.3;
N, 41.7.

o-[Co(dca),pyz] 3. A hot aqueous solution (7 ml) of
Co(NO3),.6H,0 (190 mg, 0.65 mmol) was added to a hot
aqueous solution (10 ml) of Na(dca) (100 mg, 1.12 mmol)
and pyrazine (47 mg, 0.59 mmol). Fine pink needles formed
on cooling. The yield was 40 mg, 26%. Infrared spectrum
(nujol, cm™1): 3639vw, 3087vw, 2405vw, 2328m, 2252m,
2190s, 1419m, 1397m, 1164w, 1126m, 1086w, 1058m, 920vw,
816m, 809m. Elemental analysis: Calculated for CoCgH,Njg:
C, 354; H, 1.5; N, 41.3. Found: C, 35.2; H, 0.8; N, 41.3.

o-[Ni(dca),pyz] 4. A hot aqueous solution (10 ml) of
Na(dca) (100 mg, 1.12mmol) and pyrazine (48 mg,
0.60 mmol) was added to a hot aqueous solution (5 ml) of
Ni(NOs),.6H,O (163 mg, 0.56 mmol). A blue microcrystal-
line product formed soon after addition. The yield was
49 mg, 32%. Infrared spectrum (nujol, cm™!): 3641vw,
2329m, 2258m, 2198s, 1419m, 1396m, 1166w, 1125m, 1088w,
1062m, 917vw, 820m, 811m. Elemental analysis: Calculated
for NiCgH,Ng: C, 35.5; H, 1.5; N, 41.4. Found: C, 35.2; H,
1.3; N, 43.2.

o-[Zn(dca),pyz] 5. A hot aqueous solution (5 ml) of
Zn(NO3),.6H,O (176 mg, 0.59 mmol) was added to a hot
aqueous solution (10 ml) of Na(dca) (100 mg, 1.12 mmol)
and pyrazine (48 mg, 0.60 mmol). Colorless/white needles
formed on cooling. The yield was 32 mg, 21%. Infrared
spectrum (nujol, cm ™ '): 3631vw, 3610vw, 3453vw, 2329m,
2311m, 2254m, 2240m, 2194s, 2181sh, 1418m, 1394m,
1382m, 1316vw, 1166w, 1126w, 1088w, 1059m, 919vw,
813m. Elemental analysis: Calculated for ZnCgH, Ng: C,
34.6; H, 1.5; N, 40.4. Found: C, 34.6; H, 1.4; N, 40.5.

Crystals suitable for X-ray crystallography for com-
pounds 1-3 were grown by a slow diffusion method. Aque-
ous solutions of the metal salt were layered with water,
methanol, and finally with a methanol solution of Na(dca)
and pyrazine. The overall ratio of M:dca:pyrazine was
1:2:1.

1.2. Synthesis of -Metal(11) Bis(dicyanamido)
Pyrazine Complexes

p-[Co(dca),pyz] 6. A solution of bis(triphenyl-
phoshoranylidene)Jammonium dicyanamide [PPN][dca]
(340 mg, 0.562 mmol) and pyrazine (24 mg, 0.30 mmol) in
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acetone (13 ml) was added to a solution of Co(NQO3),.6H,O
(95 mg, 0.33 mmol) in acetone (8 ml). A pale pink powder
formed immediately. The yield was 50 mg, 66%. Infrared
spectrum (nujol, cm™!): 3569vw, 3099vw, 2296s, 2248m,
2189s, 1415m, 1334s, 1165w, 1126w, 1088w, 1060m, 948vw,
808m. Elemental analysis: Calculated for CoCgH,Ng: C,
354; H, 1.5; N, 41.3. Found: C, 35.1; H, 1.6; N, 40.2.

p-[Ni(dca),pyz] 7. A solution of [PPN][dca] (340 mg,
0.562 mmol) and pyrazine (24 mg, 0.30 mmol) in acetone
(13 ml) was added to a solution of Ni(NOs3),.6H,O (85 mg,
0.29 mmol) in acetone (8 ml). A pale blue powder formed
immediately. The yield was 74 mg, 97%. Infrared spectrum
(nujol,cm™1): 3571vw, 3105vw, 2295s, 2254m, 2194s, 1415m,
1330s, 1167w, 1126m, 1090w, 1063m, 950vw, 810m. Elemen-
tal analysis: Calculated for NiCgH,Ng: C, 35.5; H, 1.5; N,
41.4. Found: C, 33.8; H, 1.7; N, 38.8.

p-[Zn(dca),pyz] 8. A few small prismatic crystals, suit-
able for single-crystal X-ray analysis, were found to exist as
a trace impurity amongst fine needles of «-[Zn(dca),pyz].

1.3. X-Ray Structural Analyses

Single-crystal structural analyses for compounds 1, 2, 3,
and 8 were performed with a Nonius KappaCCD diffrac-
tometer using graphite-monochromated MoKua radiation
(4 =0.71073 A), ¢ rotations with 1° frames, and a detector-
to-crystal distance of 29 mm. Where data were collected at
different temperatures (i.c., 1 and 2), the same crystal was
used for each study except for 1 at 173 K where another
crystal was used. The data were collected, processed, and
corrected for Lorentz and polarization effects using COL-
LECT and DENZO software (10). All crystals were face-
indexed and numerical absorption corrections applied using
the XPREP program (11). Structures were solved and re-
fined using Fourier techniques within teXsan software (12),
while the final full-matrix least-squares refinements on
F? were performed with SHELXL-97 (13). All nonhydrogen
atoms were refined anisotropically. Hydrogen atoms were
assigned to calculated positions with isotropic thermal
parameters fixed at 1.2 times that of the respective adjoining
carbon atoms, except for 8 where the hydrogen atom was
freely refined (isotropically). The correct space group for
each data set for the a-compounds was assigned by analysis
of the hkO reflections, which, in this case, distinguished
between the monoclinic P2;/n and orthorhombic Pnma
systems. The lower temperature solutions were refined in
monoclinic P2;/n as pseudo-merohedral twins using the
twin law {100, 0-10, 00-1}, with the twin component
parameters (BASF) refining to between 0.4 and 0.5. The
respective higher temperature solutions were refined in or-
thorhombic Pnma, with the dicyanamide carbon and amide
nitrogen atoms refined at half-occupancy since they are
disordered about a mirror plane. In the case of compound
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2 at 298 K, the pyrazine ligand is also disordered over two
positions, hence the carbon/hydrogen atoms were accord-
ingly also refined/included at half-occupancy. Further crys-
tallographic details for 1-3 and 8, at various temperatures,
can be found in Table 1.

Powder X-ray diffraction data were collected at room
temperature on bulk samples of 1-7 with a Scintag auto-
mated powder diffractometer using CuKo radiation
(4 = 1.54059 /OX). The programs CrystalDiffract (14) and
UnitCell (15) were used to refine unit cells for 4-7, as shown
in Table 2, using appropriate known cells as starting points,
while similar analysis for 1-3 was used to confirm that single
crystals were representative of bulk samples. The powder
X-ray diffractogram for 5 revealed the presence of a small
amount of impurities, however the majority of the peaks
were used to index the cell of a-[Zn(dca),pyz] given in
Table 2.

Crystallographic data for 1-3 and 8 reported in this paper
have been deposited with the Cambridge Crystallographic
Data Centre. The reference numbers are CCDC
153145-153148 (1 at 123, 173, 223, and 295 K, respectively),
CCDC 153149-153151 (2 at 173,223, and 298 K, respective-
ly), CCDC 153152 (3), and CCDC 153153 (8). Copies of the
data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(+44) 1223 336-033; e-mail: deposit@ccdc.cam.ac.uk).

1.4. Mossbauer and Magnetic Measurements

Mossbauer spectra were kindly measured by Associate
Professor J.D. Cashion, Physics Department, Monash
University. Isomer shifts are calibrated relative to a-iron.

Magnetic susceptibility measurements were made in the
range 2-300 K using a Quantum Design MPMS 5 SQUID
magnetometer with an applied field of 1 T. The powdered
samples were contained in a gelatin capsule that was held in
the center of a drinking straw and fixed to the end of the
sample rod. Measurements of the magnetization, with field
cooling (FCM) and zero-field cooling (ZFCM), in an
applied field of 5 Oe were carried out to test for the presence
of long-range magnetic order. High-field magnetization
isotherms were measured in fields of 0-5 T.

RESULTS AND DISCUSSION
Synthesis and Characterization

Reaction of sodium dicyanamide, metal(II) nitrate or per-
chlorate, and pyrazine in water in a 2:1:1 mole ratio leads to
formation of o-[M(dca),pyz]. These compounds can be
obtained as microcrystalline powders in high yield using
relatively concentrated solutions, or as fine needles in lower
yield using a more dilute method. Larger crystals for X-ray
studies can be obtained by slowly diffusing methanolic solu-
tions of the ligands into aqueous solutions of the metal salts.
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No transformations to the f isomers were observed as
previously reported for [Cu(dca),pyz] (6) where, upon
standing for several days in the aqueous reaction mixture,
green o-[Cu(dca),pyz] completely transformed into blue
B-[Cu(dca),pyz]. The preparation of o-[Zn(dca),pyz] did,
however, contain traces of f-[Zn(dca),pyz].

The f isomers for cobalt and nickel were formed by
reaction of  bis(triphenylphoshoranylidene)Jammonium
dicyanamide [ PPN][dca], metal(II) nitrate, and pyrazine in
acetone in a 2:1:1 mole ratio. The compounds were obtained
in moderate yield as fine powders and, although the data
were weak, powder X-ray diffraction confirmed these to be
isomorphous with f-[Zn(dca),pyz].

The compounds give well resolved IR and Raman
spectra, with characteristic IR bands from the dca moiety
being listed in Table 3. The main difference between the
o and f§ isomers can be seen in the v(C-N) and v,(C-N)
vibrations. For the o isomers they range from 917 to
922 cm ™ ! and 1379 to 1397 cm ™ !, respectively, while for the
B isomers they are 939 to 950 cm ™! and 1330 to 1340 cm ™.
These differences between the isomers also carry over to
combination bands while the nitrile bands are similar for
both.

X-Ray Crystallography

The data for the « compounds were initially collected at
low temperature (123 or 173 K). Analysis of the data in-
dicated that these systems were monoclinic P2,/n and not
orthorhombic as the cell dimensions suggested. The solu-
tions obtained in P2,/n showed apparent disorder of the
dicyanamide ligands, but attempts to model this disorder
were not satisfactory with varying thermal parameters and
high R values (R; > 0.10). The solutions were then refined
as pseudo-merohedral twins using the twin law {100, 0-10,
00-1}, which resulted in single well-refined atom positions
(i.e., no disorder) with excellent thermal parameters. The
R values were also low, indicating the correct interpretation
of the data. The twin law {100, 0-10, 00-1} means that the
structure is related to its twin component by inversion of
both the b and ¢ axes. This can occur in monoclinic systems
when f is close to 90° (16), resulting in overlapping data.
A preliminary solution for 1 appeared recently (7). Data
were collected at 198 K and correctly interpreted as P2,/n,
but as the authors failed to recognize the twinning, their
disordered solution was incorrect and their refinement in-
ferior to that presented here.

We also collected data at higher temperatures for 1 and
2 and found that the dca ligands are truly disordered about
the ab plane and in the case of 2 at 298 K the pyrazine ligand
is also disordered over two positions related by an approx-
imate 90° rotation (Fig. 1). The higher temperature data
were consistent with the orthorhombic Pnma space group
and refined well as a disordered model. The disorder is



TABLE 1

Crystallographic Information

1 1 1 1 2 2 2 3 8

Temperature (K) 123(2) 173(2) 223(2) 295(2) 173(2) 223(2) 298(2) 123(2) 123(2)
Formula MnC,H,N, MnC.H, N, MnC.H,N, MnC.H, N, FeC,H, N, FeCy,H, N, FeCyH, N, CoCyH, N, ZnC H, N,
M 267.13 267.13 267.13 267.13 268.04 268.04 268.04 271.12 277.56
Crystal system Monoclinic Monoclinic Orthorhombic Orthorhombic Monoclinic Monoclinic Orthorhombic Monoclinic Orthorhombic
Sp%ce group P2, /n P2, /n Pnma Prnma P2, /n P2,/n Pnma P2, /n Cmmm
a(A) 7.3339(4) 7.3378(3) 16.8975(7) 16.9607(8) 7.1848(4) 7.2009(4) 17.1648(9) 7.0965(4) 7.1189(2)
b (A) 16.7917(11) 16.8403(9) 7.3465(2) 7.3660(2) 16.6920(13) 16.7422(13) 7.2124(2) 16.6139(9) 9.6994(4)
¢ (A) 8.7861(5) 8.7887(5) 8.7922(3) 8.8011(4) 8.6952(6) 8.7064(6) 8.7168(4) 8.6342(5) 7.3988(3)
o (%) 90 90 90 90 90 90 90 90 90
b () 90.040(4) 90.006(4) 90 90 90.041(5) 90.117(4) 90 90.047(3) 90
7 () 90 90 90 90 90 90 90 90 90
U (A% 1082.00(11) 1086.03(10) 1091.44(7) 1099.54(8) 1042.80(12) 1049.63(12) 1079.13(8) 1017.98(10) 510.88(3)
V4 4 4 4 4 4 4 4 4 2
D, (Mgm™3) 1.640 1.634 1.626 1.614 1.707 1.696 1.650 1.769 1.804
u(MoKe) (mm 1) 1.209 1.205 1.199 1.190 1.435 1.426 1.387 1.674 2.392
F(000) 532 532 532 532 536 536 536 540 276
Crystal size

max (mm) 0.28 0.60 0.28 0.28 0.21 0.21 0.21 0.18 0.17

mid (mm) 0.16 0.18 0.16 0.16 0.13 0.13 0.13 0.06 0.08

min (mm) 0.013 0.04 0.013 0.013 0.04 0.04 0.04 0.025 0.06
0 range (°) 1.2-30.0 1.2-25.0 3.3-32.0 2.4-30.0 1.2-30.1 1.2-30.1 2.4-30.0 1.2-30.0 2.8-30.0
Index range

h -9, 10 7,7 —20, 23 —16, 23 -8,9 -8, 8 —18,24 -9,9 -9,7

k —23,17 —20, 19 -8, 10 -9,9 —16, 23 —23,18 -9,8 —23,23 —13,13

l —12, 12 —10, 10 —12, 12 —10, 12 —12, 12 —12, 12 —12, 11 —12,12 —10, 10
T i T omax 0.811/0.984 0.804/0.953 0.834/0.984 0.840/0.985 0.819/0.944 0.820/0.944 0.824/0.946 0.857/0.958 0.786/0.882
Data collected 7883 7066 12043 8118 7542 7557 7458 13963 4079
Unique data (R, 2888 (0.0465) 1805 (0.0258) 1785 (0.042) 1674 (0.089) 2750 (0.0502) 2898 (0.0554) 1630 (0.0596) 2924 (0.064) 453 (0.026)
Observed data [I >2a(I)] 2390 1718 1428 1085 2106 2149 1185 2232 448
Parameters 155 155 112 112 155 155 130 155 33
Twin component (BASF) 0.486 0.507 0.478 0.429 0.432

Final R, wR, [I >20(I)]

R, wR, (all data)
Goodness of fit, S
Ap . Ap

min’ max

A9

0.0429, 0.0621
0.0625, 0.0655
1.060
—0.398/0.391

0.0239, 0.0548
0.0262, 0.0556
1.068

—0.249/0.308

0.0493, 0.0681
0.0756, 0.0735
1.111

—0.511/0.455

0.0515, 0.0635
0.1055, 0.0738
1.050

—0.365/0.374

0.0360, 0.0605
0.0625, 0.0665
1.012
—0.476/0.418

0.0441, 0.0610
0.0771, 0.0668
1.022

—0.482/0.469

0.0587, 0.1399
0.0928, 0.1495
1.177

—1.499/0.626

0.0455, 0.0678
0.0760, 0.0749
1.030

—0.548/0.475

0.0200, 0.0472
0.0204, 0.0474
1.108
—0.517/0.493

[(z&Ad)%(eap)IW] A0 WSILANOVIN ANV TINLONILS
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TABLE 2
X-Ray Powder Diffraction Data

4 5 6 7
Temperature (K) 295(2) 295(2) 295(2) 295(2)
Formula NiC,H N ZnC,H N, NiC,H N CoC,H N,
M 270.88 271.56 270.88 271.12
Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic
a(A) 17.018(9) 16.773(8) 7.015(7) 7.128(7)
b (A) 7.015(6) 7.072(5) 9.766(8) 9.758(5)
¢ (A) 8.619(4) 8.675(5) 7.343(10) 7.317(8)
U (83 1028.8(9) 1028.9(8) 503.0(8) 508.9(7)

dynamic since the atoms move into ordered positions at
lower temperature. When this occurs domains within each
crystal order into one of two possible orientations that are
related by the twin law. The phase change from orthorhom-
bic to monoclinic therefore induces twinning of the crystals.
The crystal of 2 was initially solved at 173 K with a twin
component of 0.478. Following this, it was solved at 298 K,
then cooled again, and solved at 223 K where it was again
monoclinic but with a twin component of 0.429. This differ-
ence in twin components indicates that each domain within
the crystal does not necessarily assume the same orientation
each time the crystal is cooled below the phase change. The
temperatures of the phase change have not been determined,
but are assumed to be around 220 K, since at 223 K 1 is
orthorhombic, while 2 is monoclinic. These would also then
be similar to the temperature of the phase transition that
occurs in ff-Zn(dca), where a similarly disordered dca ligand
becomes ordered between 210 and 220 K (3a).

Structures

The atom numbering schemes for all structures are shown
in Fig. 1. The structures of the a-compounds consist of two
identical interpenetrating a-Po related networks (Fig. 2).

The metal atoms are octahedral. Each metal is coordinated
to four equatorial dca ligands, bonding via the nitrile nitro-
gens, and two axial pyrazine ligands. All the ligands act as
two-connecting bridges. Each metal atom is connected to
four others by four different dca ligands to form 2D (4,4)
sheets of M(dca),. These sheets are then cross-linked by the
pyrazine bridges to give an overall 3D cubic-like network.
The large space within a single network allows the inter-
penetration of the second net. Single crystals large enough
for X-ray study for the o isomers of Ni and Zn could not be
obtained; however they were shown by powder diffraction
to have cell parameters similar to those of Mn and Fe
(Table 2).

p-[Zn(dca),pyz] contains a 2D sheet structure. Again, the
metal atoms are octahedral, coordinated to four equatorial,
bridging dca ligands and two axial pyrazine bridges. This
time, however, each Zn atom is connected to only two
others by the four different dca ligands, to give 1D chains of
Zn(dca),. These chains are linked together by the two pyra-
zine ligands, giving the 2D sheet topology (Fig. 3). These
sheets pack together parallel to each other such that the dca
ligands of adjacent sheets interdigitate (Fig. 3). Again, the
dca ligands coordinate only via the nitrile nitrogens. The
structures of the ff isomers of Co and Ni were shown to be
isostructural by powder diffraction (Table 2). Although they
have topologically identical structures to those reported
here, the o and f§ phases of [Cu(dca),pyz] are not crystallog-
raphically isomorphous with any of the phases described
here, most likely due to the effects of the Jahn-Teller distor-
tion of the Cu (6).

Selected bond lengths, angles, and metal-to-metal distan-
ces for all structures are given in Table 4. For all compounds
the M-N,,, distances are slightly longer than the M—Ny,
distances, with this being more pronounced in 1, where at
123 K the M-N,,, distances are 2.272(2) A and 2.283(2) A,
compared to M-Ny,, distances ranging from 2.168(2) A to
2.220(2) A. For the a-compounds all M-N distances are
unique except for the orthorhombic solutions where the two

TABLE 3
Selected IR Data (dca) (nujol, cm™")

v(C=N) v(C-N)

+v,(C-N) +v,(C-N) v,(C=N) v(C=N) v, (C-N) v(C-N)
1 o-[Mn(dca),pyz] 3604 2324/2310 2247/2236 2180/2171 1388 922
2 a-[Fe(dca),pyz] 3631 2327 2248 2186 1397 920
3 a-[Co(dca),pyz] 3640 2328 2252 2190 1397 920
4 ¢-[Ni(dca),pyz] 3641 2329 2258 2198 1396 917
a-[Cu(dca),pyz] (6) 3627 2321 2250 2182 1379 919
5 a-[Zn(dca),pyz] 3631/3610 2329/2311 2255/2240 2194/2181 1394/1382 919
6 p-[Co(dca),pyz] 3569 2296 2248 2189 1334 948
7 B-[Ni(dca),pyz] 3571 2295 2255 2194 1330 950
B-[Cu(dca),pyz] (6) 3571 2296 2245 2183 1340 939
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FIG. 1.
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Atom numbering schemes for (a) 1 at 123 K, (b) 1 at 223 K, (c) 2 at 298 K, and (d) 8. Note the disorder in (b) and (c). Atom numbering schemes

for the other structure determinations are identical to the relevant isomorphous phase shown here.

FIG. 2. Two interpenetrating o-Po-related networks in the structure
of a-[M(dca),pyz].

M-N,,, distances are related by mirror plane symmetry. The
structure of f-[Zn(dca),pyz] has only one unique M-N,,,
distance and one unique M-Nj,, distance due to the three
perpendicular mirror planes of the Cmmm space group.

In structures for 1, 2, and 3 the C-N-M bond angles for
the dca ligands range from 144° to 169°, except for 2 at
298 K where the lowest angle is 154°. This change would
appear to be associated with the disorder of the pyrazine
ligand, since C-N-M bond angles for 1 do not change
significantly between 173 (P2,/n) and 223 K (Pnma) where
the only difference in the structures is the disorder of the dca
ligands.

The shortest intranetwork M-M distance for all struc-
tures is via the pyrazine bridges, which correspond to the
a cell dimensions for the P2;/n or Cmmm solutions or to the
b cell dimensions for the Pnma solutions. These range from
7.096 A for 3 to 7.366 A for 1 (295 K). For each of 1-3, there
are two similar M-M distances via the dca ligands, the
longer of which corresponds to the ¢ cell dimension, while
for 8 the ¢ cell dimension is the only M-M distance via dca
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FIG. 3. (a) The sheet structure of f-[Zn(dca),pyz] 8. (b) Interdigitation
of adjacent sheets in 8.

bridges. The shortest M-M distance, for all structures, is
between networks. For monoclinic solutions of the two
interpenetrating «-Po-related networks this distance ranges
from 6.140 A for 3 to 6.276 A for 1 (173 K), while for
orthorhombic solutions the range is 6.414 Afor1 (223 K) to
6.771 A for 2 (298 K). The disorder of the pyrazine ligands in
2 (298 K) appears to lead to a significant increase in the
shortest M-M distance relative to the other solutions. In the
case of 8 the shortest M-M distance is 6.016 /0\, which is
between the adjacent 2D sheet networks. This distance can
be calculated from (a® + b*)'/?/2. Hence, from the powder
cells for 6 and 7, the respective shortest M-M distances are
6.01 A and 6.04 A

JENSEN ET AL.

Magnetic Properties

The divalent metal ions in these pyrazine adducts are high
spin. This is confirmed by zero-field Mdossbauer spectro-
scopy in the case of the Fe(Il) o isomer for which a single
symmetrical quadrupole doublet was observed, at 4.2 K,
with isomer shift (§ = 1.20 mms~ ') and quadrupole split-
ting (AEq = 2.36 mms ™ ') values typical of S =2 iron(Il).
Such values are rather similar to those noted at 77 K for
a-[Fe(dca),] (0 =121 mms~!, AE,=3.17mms"") but,
since this canted-spin antiferromagnet orders magnetically
below 18.8 K, its 4.2-K Mossbauer spectrum displays hyper-
fine splitting when measured in a zero applied field (17).
Long-range order therefore seems unlikely to be occurring
in 2, at least above 4.2 K. This is borne out by the variable
temperature magnetic moment data (Fig. 4), which show
a temperature-independent value of ug. of 5.6 ug between
300 and 50 K, then a rapid decrease to 3.5 up at 2 K. There
was no noteable change in g, at the crystallographic phase
change at approx. 220 K. The corresponding yg. versus
temperature plot is Curie-Weiss-like (y = CAT — 0)), with
0 =—-30K and C =4.0cm®mol ' K. The high-temper-
ature ug. value is greater than spin-only S = 2 because of
orbital degeneracy (°T ,, single-ion terms), spin-orbit coup-
ling, and low-symmetry ligand field effects. The rapid de-
crease at low temperature arises through a combination of
zero-field splitting and weak short-range antiferromagnetic
coupling. The magnetization isotherms for 2 are shown in
Fig. 5. Below 20 K, M is not linear with H, except below
H ~ 15T, but shows a gradual curvature, which, even at
2K and H = 5T, does not reach saturation but a M value
of only 3.1 Nf. Such behaviour is indicative of weak antifer-
romagnetic coupling combined with spin-orbit coupling
effects. Measurement of magnetization in a tiny field of 5 Oe
gave the same temperature dependence (2-20 K) as when
measured in zero field, behaviour again indicative of a lack
of long-range order.

Our magnetic data for 1 are the same as those reported by
Miller and coworkers (7). In a field of 1 T the uy, values
remain essentially constant at 5.8 ugz between 300 and 50 K,
then decrease rapidly reaching 3.0 ug at 2 K on account of
weak antiferromagnetic coupling and zero-field splitting.
There is no change in py, at the crystallographic phase
transition at approx. 220 K. The corresponding yy, versus
temperature plot shows Curie-Weiss behavior with a
maximum at 2.7 K. Magnetization measurements in
ZFCM and FCM (H = 5 Oe), down to 2 K, show no bifur-
cation of the type noted in the canted-spin antiferromagnet
(weak ferromagnet) o-[Mn(dca),] (4b). Miller and
coworkers (7) have postulated that the data are consistent
with very weak antiferromagnetic coupling occurring within
the 2D sheets and with 3D antiferromagnetic ordering
occurring between the sheets. They deduced coupling
constants of J = —0.12cm ™! (2D) and J' = —0.14cm ™~ *
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TABLE 4 .
Selected Bond Lengths (A), Angles (°), and Distances (A)

1 1 1 1 2 2 2 3 8
Temperature (K) 123(2) 173(2) 223(2) 295(2) 173(2) 223(2) 298(2) 123(2) 123(2)
Space group P2, /n P2, /n Pnma Pnma P2 /n P2 /n Pnma P2, /n Cmmm
M(1)-N(1) 2.168(2) 2.169(2) 2.167(2) 2.171(3) 2.115(2) 2.115(2) 2.130(6) 2.079(2) 2.136(1)
M(1)-N(6)' 2.199(2) 2.197(2) 2.196(3) 2.196(3) 2.133(2) 2.136(2) 2.144(5) 2.101(2)
M(1)-N(@3)" 2.214(2) 2.209(2) 2.212(2) 2.211(3) 2.143(2) 2.148(2) 2.151(6) 2.113(2)
M(1)-N(4) 2.220(2) 2.218(2) 2.219(3) 2.216(3) 2.156(2) 2.159(2) 2.152(5) 2.128(2)
M(1)-N(8)™ 2.272(2) 2.273(2) 2.189(2) 2.203(2) 2.148(2)
M(1)-N(7) 2.283(2) 2.282(2) 2.284(2) 2.295(2) 2.206(2) 2.212(2) 2.214(4) 2.167(2) 2.169(2)°
C(1)- ( -M(1) 164.4(3) 165.1(3) 163.3(4) 163.5(7) 164.6(3) 165.0(3) 167.0(9) 166.3(4) 163.2(1)
C(2)-N@3)-M(1)" 154.3(2) 155.4(2) 156.7(4) 157.2(6) 156.6(2) 157.3(3) 154.0(8) 155.9(3)
C(3)- ( -M(1) 144.2(2) 144.5(2) 144.0(3) 145.0(4) 146.2(2) 146.5(2) 154.7(7) 147.1(2)
C(4)-N(6)-M(1) 163.5(2) 165.8(3) 167.8(5) 168.9(12) 163.8(2) 165.7(3) 168.1(12) 163.1(3)
M-M (dca bridge) { = ¢} 8.786 8.789 8.792 8.801 8.695 8.706 8.717 8.634 7.399
M-M (dca bridge) 8.650 8.662 8.676 8.694 8.574 8.590 8.659 8.531
M-M (pyz bridge) {=a or b} 7.334 7.338 7.347 7.366 7.185 7.201 7.212 7.096 7.119
M-M (shortest) 6.217 6.276 6.414 6.457 6.190 6.240 6.771 6.140 6.016

Note. Symmetry operations: P2, /n: (i) % —x,y+ %, o

(ii)xyz+1(iii)xai—y,z;(iV)X,y,Z—1;(V)x—5=y’é_z'
“Zn(1)-N(3).
(3D). We have obtained similar J values on our

sample.

The ¢, data for the « and f forms of [Co(dca),pyz] are
shown in Fig. 6. While the data are broadly similar, there
are differences in the size of p, at a particular temperature
and in the shapes of the curves. Nevertheless, each plot is
indicative of essentially uncoupled octahedral Co(II) (*T;,)
centers, the temperature dependence in pc, arising from
a combination of spin-orbit coupling and low-symmetry
ligand field effects. We have observed similar data in other
coordination polymers of Co(II) such as Co(tcm),
(tcm = tricyanomethanide) (18) and Ph,As[Co(dca);] (8b),
although in these cases an unusual field dependence in pc,
occurred below 20 K. A recent study of the 3D polymeric
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FIG. 4. Plots of magnetic moment (O) and reciprocal susceptibility
(©) versus temperature for o-[Fe(dca),pyz] 2, in a field of 1 T.
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network in [CaCo(malonate),(H,0O),] (19) also showed be-
havior similar to that shown in Fig. 6.

Un; versus temperature data for o- and p-[Ni(dca),pyz]
are given in Fig. 7. While both plots are typical of octahed-
ral Ni(II) *A,, states (approx. 3 ug at 300 K), the values for
the o phase are always higher than those for the  phase and
show a rapid but small decrease below 20 K compared
to the rapid and large decrease in the f form, the latter
reaching 1.65 up at 2 K. This decrease arises from zero-field
splitting and weak antiferromagnetic coupling effects, the
latter effect not being strong enough to give a maximum in
the susceptibilities.

The magnetic data on this series of [ M(dca),pyz] species,
including Cu(II) (6), show that very weak antiferromagnetic

3.5
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s 15F 8 o o
1+ 80000
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0$ [l 1 | 1 1
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FIG. 5. Magnetization isotherms for a neat powder of 2 in fields of
0-5T at temperatures of 2 (top), 3, 5.5, 10, and 20 K (bottom).
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FIG. 6. Plots of puc, versus temperature for powdered samples of
a-[Co(dca),pyz] (O) and B-[Co(dca),pyz] () in a field of 1 T.

coupling occurs across the dicyanamide and pyrazine
bridges. There are small differences in the magnetism of the
interpenetrated 3D network o form and the interdigitated
sheet f form (M = Co, Ni, Cu). There is no interaction
between the two interpenetrating networks in the o form as
far as can be ascertained, although there is some evidence
for 3D antiferromagnetic order in the system with highest
spin, a-[ Mn(dca),pyz] (7).

None of these pyrazine-linked networks display fer-
romagnetic order and this is a result of the weak superex-
change interactions modulated by the dca and pyz bridges
combined with large M-M separations. We have noted
earlier (6) the propensity for smaller anionic ligands such as
CN™ and Nj to transmit ferromagnetic coupling. As far as
the linker ligand is concerned, viz. pyrazine, 4,4-bipyridine,

3.5
60 000 O oo<><><><><><><><><><>
3 WOO 600 O CDOOGDwOOOO
< dj
" s
~_ 25
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g
o
2 p
D
o]
15 1 I I I 1 I
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FIG. 7. Plots of uy; versus temperature for a-[Ni(dca),pyz] (&) and

B-[Ni(dca),pyz] (O) in a field of 1T. The corresponding yx;' plots
are Curie-Weiss like with a gentle downward curve above 200 K
for the o form. Fits to the Curie-Weiss law (2-300 K) gave the following:
o form, 0=—-47K, C=123cm®*mol 'K; B form, 0=—47K,
C =1.15cm*mol K.
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and pyrimidine, there appears to be a requirement for closer
and more compact bridging to occur in polymeric 2D and
3D species of type [ M X ,(linker)], where X = dca™, NCS™,
N3 . Thus long-range magnetic order in such species is, to
date, limited to compounds containing bridging pyrimidines
that have a three-atom bridge. In the pair of compounds of
formula [Co(NCS),L], with 2D sheet structures, that with
L = pyrazine shows weak antiferromagnetic coupling of the
type noted in Fig. 6, while that with L = pyrimidine shows
ferromagnetic order with T, = 8.2 K. (20). Very recently (21)
a pyrimidine analogue to the present system, albeit crystal-
lized as an ethanolate, [Fe(dca),(pyrimidine)].xEtOH, has
been reported to show a magnetic phase transition ata T, of
3.2K. The Co(Il) analogue has a T. of 1.8 K. In these
compounds 2D sheets of M(dca), are linked by u-1,3-py-
rimidine bridges to form a 3D network. Once again, the
pyrimidine bridge yields stronger coupling than does the
pyrazine bridge and of a ferromagnetic sign. Long-range
order has also been claimed recently in the 2D layered
compound [Fe(u-1,1-N3),(pyz)], in which, as anticipated
earlier (6), the azide bridge leads to ferromagnetically
coupled chains, while the pyrazine linkers give antifer-
romagnetically coupled layers (22).

Note added in proof. In a recent detailed study of neutron diffraction,
Magnetization and specific heat on 1, Manson and coworkers (23) con-
firmed the antiferromagnetic order at T, = 2.53 K and used a quasi-ID
Model to deduce J =0.19cm™' (H = — JS,*S,).
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