
Journal of Solid State Chemistry 145, 387}393 (1999)

Article ID jssc.1998.8082, available online at http://www.idealibrary.com on
Synthesis, Structural Isomerism, and Magnetism of
Extended Framework Compounds of Type [Cu(dca)2(pyz)]n,

Where dca 5 Dicyanamide (N(CN)2
2) and pyz 5 Pyrazine

Paul Jensen,* Stuart R. Batten,* Gary D. Fallon,* David C. R. Hockless,- Boujemaa Moubaraki,*
Keith S. Murray,*,1 and Richard Robson?

*Chemistry Department, Monash University, Clayton, Victoria 3168, Australia; -Research School of Chemistry, The Australian National University,
Canberra, ACT 0200, Australia; and ?Department of Chemistry, The University of Melbourne, Parkville, Victoria 3052, Australia

Received August 31, 1998; accepted October 27, 1998

IN HONOUR OF PETER DAY, F.R.S., ON HIS 60TH BIRTHDAY
Two structural isomers of the dicyanamide (dca, N(CN)2
2 )

complex [Cu(dca)2(pyz)]n (pyz 5 pyrazine) were prepared from
aqueous solution and crystals were grown by slow di4usion and
gel techniques. Crystal data: a-[Cu(dca)2(pyz)]n, CuC8H4N8,
monoclinic, Pn, Z 5 16, a 5 24.2549(7) A_ , b 5 6.8571(2) A_ , c 5
24.6445(7) A_ , b 5 91.023(2)3, V 5 4098.2(2) A_ 3, R(F) 5 0.0466
(F''4r(F)), Rw(F2) 5 0.0939 (all data); b-[Cu(dca)2(pyz)]n,
CuC8H4N8, monoclinic, C2/m, Z 5 2, a 59.7659(8) A_ , b 5
6.8787(7) A_ , c 5 7.3870(5) A_ , b5 95.254(7)3, V 5 494.15(6) A_ 3,
R(F) 5 0.038, Rw(F) 5 0.074 (I''3r(I)). The a-isomer consists
of two interpenetrating a-Po related networks, while the b-
isomer contains sheets composed of Cu(dca)2 chains linked by
bridging pyz ligands.

Despite the di4erences in their network structures, the mag-
netic properties of these structural isomers are essentially the
same. Weak antiferromagnetic coupling of the S 5 1/2 centers
leads to a maximum in susceptibility at 3.5 K. One of the aims of
this work is to prepare long-range ordered materials but no
magnetic order is observed in the present compounds. The anti-
ferromagnetic coupling is a little stronger than that in the parent
Cu(dca)2 but of similar strength to that in chain compounds of
type [Cu(dca)2(imidazole)2]n . Thus, the pyz linkers enhance the
coupling to only a small degree. The networks in the a-isomer
behave independently and identically from the magnetic point of
view. ( 1999 Academic Press

Key Words: structure; magnetism; extended framework; copper
(II); dicyanamide; pyrazine.

The considerable interest in extended framework and
interpenetrating compounds has, to date, been largely
driven by the fascinating structural and topological features

1To whom correspondence should be addressed. E-mail: Keith.S.
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of such crystalline materials (1). The metal ion centers used
have usually been of the closed shell type, i.e., CuI, AgI, CdII,
ZnII, thus leading to diamagnetic materials. We (2, 3), and
others (4), are developing open-shell d-block ion systems
which display novel magnetic properties on account of their
extended structures and the nature of superexchange coup-
ling which occurs via covalent bridges which connect adjac-
ent metal ions. Most such work has involved M}C,N}M
bridges in Prussian-blue analogues (5) or M(k-C

2
O

4
)M

bridges in metal}oxalate nets (6), both systems usually re-
quiring heterometal or mixed-valence homometallic combi-
nations. Recently, we described the occurrence of long-
range ferromagnetic order in binary metal(II)}dicyanamide
complexes of type M(dca)

2
, were M"Co and Ni (3a). These

compounds exist as single net rutilelike structures with
bridging occurring via both nitrile and amido N atoms. The
properties of other MII(dca)

2
derivatives are presently being

investigated, Mn(dca)
2

for instance showing antiferromag-
netic coupling and a magnetic phase transition at 16 K (3b).

We are especially interested in preparing and studying
crystalline M-dca species which contain a linker ligand such
as pyrazine (pyz) or 4,4@-bipyridine (4,4@-bipy) as well as
dicyanamide bridging frameworks. These ligands are shown
7
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above. In this way, a number of interesting topologies,
including sheet structures and interpenetrating nets, are
possible. Chain structures of type [M(dca)

2
(¸)

2
]
n
(¸"ter-

minal ligand) have been well studied (7). Since the magnetic
properties of k-pyz and k-4,4@-bipy coordination polymer
chains are becoming better understood, the combination of
such bridges with those involving dca should provide some
unusual magnetic outcomes. We are particularly interested
to see under what conditions long-range order occurs. Pre-
liminary studies by ourselves (1a, 1c, 2) and by Miller et al.
(8) on interpenetrating network materials of a related ligand,
tricyanomethanide viz. M(tcm)

2
, have yielded weak antifer-

romagnetic coupling without any long-range magnetic or-
der being detected. In this paper we describe new materials
of formula [Cu(dca)

2
(k-¸)]

n
, where ¸"pyz. Structural

isomers have been obtained and are labeled a- and b-
[Cu(dca)

2
(pyz)]

n
, the a-form possessing an interpenetrating

a-Po 3D-network structure, the b-form a 2D-sheet structure
in which Cu(dca)

2
chains are linked by axially coordinated

pyz groups.

EXPERIMENTAL

Synthesis

a-[Cu(dca)
2
(pyz)]

n
. A hot aqueous solution (5 ml) of

Cu(NO
3
)
2 )

3H
2
O (147 mg, 0.608 mmol) was added to a hot

aqueous solution (10 ml) of Na(dca) (100 mg, 1.12 mmol)
and pyz (46 mg, 0.574 mmol). Green/blue needles formed
soon after addition and were "ltered from solution after
cooling. Yield 116 mg, 75%. Selected IR frequencies (cm~1):
l
4
(C,N), 2182; l

!4
(C,N), 2250; l

4
(C}N), 919; l

!4
(C}N),

1379. Analyses: Calculated for CuC
8
H

4
N

8
: C, 34.9; H, 1.5;

N, 40.6. Found: C, 34.9; H, 1.2; N, 40.5. Crystals for X-ray
crystallography were grown using a slow di!usion tech-
nique. Solutions of the reactants were layered in a glass tube
and allowed to mix slowly. This led to thin green/blue
needles being formed.

b-[Cu(dca)
2

(pyz)]
n
. An aqueous solution (25 ml) of

Cu(NO
3
)
2 )

3H
2
O (700 mg, 2.90 mmol) was added to an

aqueous solution (25 ml) of Na(dca) (500 mg, 5.62 mmol)
and pyz (225 mg, 2.81 mmol) at room temperature. A pale
green/blue powder formed instantly (i.e., a-[Cu(dca)

2
(pyz)]

n
). Several hours later blue crystals were visible. After

four days the green/blue powder had disappeared and only
blue crystals remained (yield, 715 mg, 92%). Selected
IR frequencies (cm~1): l

4
(C,N), 2183; l

!4
(C,N), 2245;

l
4
(C}N), 939; l

!4
(C}N), 1340. Analyses: Calculated for

CuC
8
H

4
N

8
: C, 34.9; H, 1.5; N, 40.6. Found: C, 34.8; H, 1.2;

N, 40.5. Crystals for X-ray crystallography were grown
using a gel technique. An approximate 1 :5 (by volume)
mixture of tetramethoxysilane and an aqueous solution of
Cu(NO

3
)
2

was heated at 50}603C until a gel formed. An
aqueous solution of Na(dca) and pyz was then layered on
top of the gel at room temperature. Initially, very "ne
needles of the green/blue a-phase formed which later disap-
peared as blue crystals of b-[Cu(dca)

2
(pyz)]

n
formed.

X-Ray Structural Analysis

Atomic coordinates and selected bond lengths and angles
for both compounds are shown in Tables 1}4.

X-ray structural analysis of a-[Cu(dca)
2
(pyz)]

n
: crystal

dimensions 0.1]0.01]0.01 mm, green/blue needle, mono-
clinic, Pn (No. 7), Z"16, a"24.2549(7) A_ , b"6.8571(2) A_ ,
c"24.6445(7) A_ , b"91.023(2)3, <"4098.2(2) A_ 3,
C

8
H

4
CuN

8
, M

3
"275.72, o

#!-#
"1.788 g cm~3, 2h

.!9
"

56.53, Nonius KappaCCD di!ractometer with graphite
monochromated MoKa radiation (j"0.71073 A_ ), data
were obtained using / rotations with 13 frames and a de-
tector to crystal distance of 29 mm, integration was carried
out by the program DENZO-SMN (9), ¹"!1003C,
31,236 re#ections measured, 14,267 unique (R

*/5
"0.0718),

data corrected for Lorentz, polarization e!ects, and absorp-
tion, k (MoKa)"2.120 mm~1, solution by direct methods
followed by successive di!erence Fourier Methods, struc-
ture re"ned against F2, crystal twinned, two nitrogen atoms
were disordered equally between two positions (N34/N34A
and N37/N37A) and re"ned isotropically, all other atoms
were re"ned anisotropically, hydrogen atoms were included
but not re"ned, 1222 parameters, R(F)"0.0466 for 10,694
data with F'4p(F), R

8
(F2)"0.0939 for all data, min/max

residual electron density"!0.470/0.434 eA_ ~3.
X-ray structural analysis of b-[Cu(dca)

2
(pyz)]

n
: crystal

dimensions 0.20]0.16]0.12 mm, blue prism, monoclinic,
C2/m (No. 12), Z"2, a"9.7659(8) A_ , b"6.8787(7) A_ ,
c"7.3870(5) A_ , b"95.254(7)3, <"494.15(6) A_ 3, C

8
H

4
Cu

N
8
, M

3
"275.72, o

#!-#
"1.853 g cm~3, 2h

.!9
"120.03,

Rigaku AFC6R di!ractometer with graphite mono-
chromated CuKa radiation (j"1.54178 A_ ) and a rotat-
ing anode generator, u}2h scan mode, ¹"233C, 431
re#ections measured, 404 unique (R

*/5
"0.039), data correc-

ted for Lorentz and polarization e!ects and an empirical
absorption correction based on azimuthal scans was ap-
plied, as well as a correction for secondary extinction,
k(CuKa)" 3.06 mm~1, solution by direct methods fol-
lowed by successive di!erence Fourier methods, structure
re"ned against F, all nonhydrogen atoms made anisotropic,
hydrogen atoms included but not re"ned, 50 parameters,
R(F)"0.038, R

8
(F)"0.074 for 402 re#ections with

I'3p(I), min/max residual electron density"!0.78/
0.55 e A_ ~3.

Magnetic Measurements

Magnetic measurements were made using a Quantum
Design MPMS 5 SQUID magnetometer with an applied



TABLE 1
Atomic Coordinates (3104) and Equivalent Isotropic

Displacement Parameters (A_ 23103) for a-[Cu(dca)2(pyz)]n

TABLE 1=Continued

Note. ; (eq) is de"ned as one-third of the trace of the orthogonalized
;

ij
tensor.
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2
(pyz)]
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TABLE 2
Selected Bond Lengths (A_ ) for a-[Cu(dca)2(pyz)]n

Note. Symmetry operations: (i) x, y#1, z; (ii) x#1/2, 2!y, z!1/2;
(iii) x!1/2, 2!y, z!1/2; (iv) x, y!1, z; (v) x#1/2, 1!y, z#1/2;
(vi) x!1/2, 1!y, z#1/2.

TABLE 4
Selected Bond Lengths (A_ ) and Angles (3) for

b-[Cu(dca)2(pyz)]n

Cu(1)}N(1) 2.051(5) Cu(1)}N(2) 1.966(5)
Cu(1)}N(4) 2.420(5) N(1)}C(1) 1.337(4)
N(2)}C(2) 1.158(7) N(3)}C(2) 1.299(7)
N(3)}C(3) 1.317(8) N(4)}C(3) 1.135(7)
C(1)}C(1) 1.376(8)

Cu(1)}N(1)}C(1) 121.6(2) Cu(1)}N(2)}C(2) 177.7(4)
Cu(1)}N(4)}C(3) 148.1(4) C(1)}N(1)}C(1) 116.9(4)
N(1)}C(1)}C(1) 121.6(2) C(2)}N(3)}C(3) 118.5(4)
N(2)}C(2)}N(3) 175.3(5) N(3)}C(3)}N(4) 175.8(5)
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"eld of 1 T. The samples were contained as powders in
a gelatin capsule which was held in the center of a drinking
straw and "xed to the end of the sample rod. Tests for the
presence of long-range magnetic order were made by
measuring the magnetization, with "eld cooling (FCM) and
zero-"eld cooling (ZFCM), in an applied "eld of 5 Oe.
Values were found to be identical, which indicated no long-
range order.
TABLE 3
Atomic Coordinates (3104) and B(iso)/B(eq) (A_ 2) for

b-[Cu(dca)2(pyz)]n

Atom x y z B(iso)/B(eq)

Cu(1) 0 5000 5000 0.89(4)
N(1) 0 2018(7) 5000 0.91(8)
N(2) 1224(4) 5000 7267(6) 1.17(9)
N(3) 2757(4) 5000 10093(6) 2.4(1)
N(4) 1896(4) 5000 13107(5) 1.3(1)
C(1) 299(4) 1000(6) 3545(5) 0.98(7)
C(2) 1905(5) 5000 8635(7) 1.3(1)
C(3) 2251(5) 5000 11685(7) 1.3(1)
H(1) 516 1674 2487 1.17

Note. B (eq)"8n2/3(;
11

(aa*)2#;
22

(bb*)2#;
33

(cc*)2#2;
12

aa*bb*
cos c#2;

13
aa*cc*cos b#2;

23
bb*cc*cos a).
RESULTS AND DISCUSSION

Synthesis and Characterization

Reaction of sodium dicyanamide, copper(II) nitrate and
pyz in water in 2 : 1 :1 mole ratio leads to instant precipita-
tion of the a-isomer [Cu(dca)

2
(pyz)]

n
as a pale green/blue

powder. It can be "ltered o! and used in powder form.
Needle-shaped crystals are obtained by layering the re-
agents together in a glass tube and allowing slow di!usion
to occur. If the powder of the a-form is not removed but
allowed to remain in solution, it transforms into blue crys-
tals of the b-isomer. This isomer is obtained as single crys-
tals by layering an aqueous solution of sodium dicyanamide
and pyz onto a tetramethoxysilane gel containing copper(II)
nitrate. The a-needles form "rst and then disappear as
crystals of the b-form grow. The structural isomers both
FIG. 1. The two interpenetrating a-Po related networks of a-
[Cu(dca)

2
(pyz)]

n
.



FIG. 3. Three interdigitated sheets in the structure of b-
[Cu(dca)

2
(pyz)]

n
.

STRUCTURE AND MAGNETISM OF a,b-[Cu(dca)
2
(pyz)]

n
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give well-resolved IR and Raman spectra, characteristic IR
bands of the coordinated dca moiety being listed under
Experimental.

Structures

The structure of a-[Cu(dca)
2
(pyz)]

n
contains two inter-

penetrating a-Po-like networks (Fig. 1) (1a). Each Cu is
coordinated to four dca ligands (via the nitrile nitrogens)
and two trans pyz ligands. The two-connecting dca bridges
connect the Cu atoms into square-grid-like Cu(dca)

2
sheets,

and these sheets are connected to each other in the b direc-
tion by the bridging pyz ligands to give the a-Po-like nets.
All the Cu atoms show Jahn}Teller distortion, with the two
long Cu}N bonds involving the dca ligands.

The structure of b-[Cu(dca)
2
(pyz)]

n
consists of square-

grid-like sheets (Fig. 2). Each Cu atom is coordinated to four
dca anions through the nitrile nitrogens and two trans pyz
ligands. The two-connecting dca ligands now connect each
copper to only two neighboring Cu atoms (cf. four Cu
neighbors in the a isomer) via two Cu(dca)

2
Cu &&double''

bridges. This results in linear Cu(dca)
2

chains which are
then cross-linked by the bridging pyz ligands to give a sheet-
like topology. The sheets stack in the a direction and are
interdigitated (Fig. 3). The Cu atoms show Jahn}Teller
distortion, with the two long Cu}N bonds again involving
the dca ligands.

Unlike the M(dca)
2

structures (3), which contain three-
connecting dca ligands, the amido nitrogens of the dca
ligands in both isomers do not participate in any bonding
interactions.
FIG. 2. The sheet topology of b-[Cu(dca)
2
(pyz)]

n
. Cu(dca)

2
chains are

linked by bridging pyz ligands.
Magnetic Properties

The magnetic susceptibility versus temperature plots of
the a- and b-forms are very similar in shape and magnitude.
The data for the b-form, measured in a "eld of 1 T, are
shown in Fig. 4. A maximum in s occurs at 3.5 K, indicative
of very weak antiferromagnetic coupling. Above this tem-
perature the s values follow a Curie}Weiss dependence with
h"!6.2 K. The corresponding s¹ (and k

%&&
) values

decrease only a small degree from 0.480 cm3mol~1K
(1.96 k

B
) at 300 K to 0.438 cm3mol~1K (1.87 k

B
) at 50 K

before decreasing more rapidly to reach 0.085 cm3mol~1K
(0.82 k

B
) at 2 K. We are presently developing models to try

and "t the data and deduce an exchange constant. Simple
pairwise or linear chain S"1/2 models cannot replicate the
shape of the curve in the s

.!9
region. (See Note Added in

Proof.)
Measurements of magnetization made in very small ap-

plied "elds such as 5 Oe show no evidence for long-range
magnetic order. Thus, the use of pyz to link polymeric
Cu(dca)

2
sheets or chains only enhances the strength of

antiferromagnetic coupling a little. It does not lead to the
occurrence of a magnetic phase transition. The weak anti-
ferromagnetism is similar to that observed in two struc-
turally uncharacterized chainlike isomers of [Cu(dca)

2
(imidazole)

2
]
n
, although no maximum in s was observed.

Long-range order was postulated to occur at low temper-
atures in the imidazole systems but no proof was given and
it is unlikely to be correct (7a).

Other [M(dca)
2
(pyz)]

n
species, where M"Mn, Fe, Co,

Ni have recently been isolated and found to generally form
the present kind of a-structure (10). Their properties will be
described elsewhere. They likewise all tend to be weakly
antiferromagnetically coupled without any bulk ordering of
spins noted. This contrasts markedly with the magnetically
ordered parent rutilelike M(dca)

2
phases. We are presently



FIG. 4. (a) Temperature dependence of magnetic susceptibility, s(s), and of s¹ (h) for b-[Cu(dca)
2
(pyz)]

n
. (b) Expansion of the low temperature

susceptibility region. The solid lines simply connect the experimental points.
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using other linear ligands such as 4,4@-bipyridine and small-
er anions such as CN~ or N~

3
; such anions are known to be

capable of transmitting ferromagnetic coupling which, in
some cases, leads to long-range order (11). The &&ground
rules'' for designing molecular-based magnets in the present
kind of &&linked'' network structures still need to be de-
veloped. The coordinating mode of linker ligands such as
azide may well be important in view of a lack of order noted,
for instance, in &&end-to-end'' bridging between MnII centers,
found in a 3D-sca!old example [Mn(4,4@-bipy)(N

3
)
2
]
n
(12),

while magnetic order was observed in a mixed end-on/end-
to-end example [Mn(4-CN-pyridine)

2
(N

3
)
2
]
n
(13).

Finally, we note that the two interpenetrating networks in
the a-isomer each behave the same way magnetically, with
no interactions evident between the nets. It remains to be
seen whether this is a general phenomenon.
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Note Added in Proof. Use of the Lines model (14) for 2D systems with
S"1/2, based on that of Rushbrooke and Wood (15), gave a very good "t
of the data at all temperatures including the region of maximum
susceptibility. The best "t parameters are g"2.25, J"!2.6 cm~1 (for
Hamiltonian JS

1
.S

2
) and temperature independent susceptibility

"0.00006 cm3 mol~1. This single J model is approximate for systems of
the present kind which possess two di!erent bridging pathways.
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