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The reaction of Cu(ClO4)2 � 6H2O with pyrazine (pz) and KAu(CN)2 in DMSO generates
[CuAu(CN)2(pz)(DMSO)2]Au(CN)2 (1). Monoclinic, P21/c: a¼ 6.8727(2) Å, b¼ 10.2230(3) Å,
c¼ 14.1923(4) Å, �¼ 90.0100(10)�. The complex forms 2-D sheets with Cu(II) bridged parallel
to the a-axis by pyrazine molecules and parallel to the b-axis by one of the dicyanoaurates
(containing Au1). The copper coordination sphere is completed with two O-coordinated
DMSO molecules which exhibit short S–Au contacts to Au1 in the adjacent layers.
A crystallographically independent AuðCNÞ�2 ion (containing Au2) provides charge balance
and is held in the lattice via Au–Au contacts (Au1–Au2¼ 3.436(4) Å). The complex exhibits
vapochromic properties. Although stable in dry air at room temperature, green crystals of
1 subjected to a water atmosphere turn pale blue as the DMSO molecules are lost. Other vapors
(NH3, PrNH2, py, etc.) generate solvates with a wide variety of colors.

Keywords: Magnetism; X-ray structure, Coordination chemistry; Cu(II); Dicyanoaurate

1. Introduction

Low-dimensional magnetic systems, those having magnetic interactions in only one or
two dimensions, have become of increasing interest due to the enhanced importance of
quantum fluctuations in these materials that lead to unique quantum behavior. A recent
example is the molecular-based spin ladder bispiperdinium tetrabromocuprate [1] in
which Luttinger liquid physics has been demonstrated for the first time [2]. This has
been especially true of copper complexes due to the S¼½ nature of Cu(II). The key to
the design and synthesis of such systems has been the use of appropriate ligands on
Cu(II) to produce a viable magnetic superexchange pathway, while at the same time
providing sufficient isolation between the structural motif components to allow the
examination of the properties as a 1-D, or 2-D system over a reasonable range of
temperature and applied field, before the onset of 3-D effects make the approximation
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of a low-dimensional system invalid. To this end, pyrazine has been employed in the
production of such systems. A number of 1-D and 2-D coordination polymers of Cu(II)
have been prepared using pyrazine (pz) to provide both structural control, a result of its
linear bridging mode, and a superexchange pathway with moderate exchange
(�0 to �20K) [3]. The moderate exchange value allows for detailed study in the
ordered and disordered regimes via both variable temperatures and applied fields.

Dicyanoaurate [AuðCNÞ�2 ] also provides a potential tool for the construction of these
low-dimensional lattices, specifically the one that can be used to control lattice
dimensionality due to its near linearity and stability. It has been shown to provide a
very poor superexchange pathway [4], and hence can be employed for the isolation of
structural motifs although it has been reported to propagate weak ferromagnetic
exchange in rare circumstances [5]. The moderate flexibility of the dicyanoaurate ion in
its bridging mode, with M–Au–M angles ranging from 160� [6] to 180� [4a] and
C�N–M angles ranging from 144� [4a] to 177� [7], will accommodate a number of
ancillary ligands on the metal ion while still maintaining a roughly linear geometry. In
addition, gold–gold interactions may provide an additional structural component [4b,
4c, 8]. Such gold–gold interactions have a stabilizing effect similar to the strength of
hydrogen bonding [6].

Previous studies have employed the pyrazine/dicyanoaurate ligand combination to
prepare complexes of transition metal ions which showed 1-D, 2-D, and 3-D structural
networks incorporating low-dimensional magnetic lattices [8c, 9]. We were specifically
interested in the potential for preparing pyrazine-bridged, 2-D layers of Cu(II) ions
linked, and therefore isolated, by the dicyanoaurate ions, essentially, the inverse of the
previously reported complex Cu(pz)[Au(CN)2]2 [8c, 9]. In this case, however, the result
was a unique 2-D structure with both coordinated and isolated dicyanoaurate ions.
We report here the synthesis, structure, and magnetic properties of [Cu(pz)(Au(CN)2)
(DMSO)2]Au(CN)2 (1).

2. Experimental

All materials were purchased from Strem Chemical or Aldrich Chemical companies and
used without purification. Cu(pz)[Au(CN)2]2 was prepared according to the literature
[8c]. Infrared (IR) spectra were recorded as KBr pellets on a PE Spectrum 100. X-ray
powder diffraction measurements were made on a Bruker AXS-D8 X-ray powder
diffractometer. Thermal measurements were carried out on a Perkin Elmer Jade DSC
from 30�C to 300�C at a heating rate of 10�Cmin�1.

2.1. [Cu(pz)(Au(CN)2)(DMSO)2]Au(CN)2 (1)

A solution of Cu(ClO4)2 (0.062 g, 0.17mmol) in 1.5mL of DMSO was added to
a solution of pyrazine (0.0136 g, 0.17mmol) in 1.0mL of DMSO to produce a blue
solution. To this a solution of KAu(CN)2 (0.0979 g, 0.34mmol) in 2.5mL of DMSO
was added dropwise with stirring. The pale teal solution was left open at room
temperature for 4 days by which time green crystals had grown. The crystals were
harvested through vacuum filtration to yield 0.075 g (57%) emerald green crystals.
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Combustion analysis: Calcd for C12H8N6O2S2CuAu2 (%): C, 14.8; H, 1.10; N, 10.2;
found (%): C, 14.6; H, 0.84; N, 10.3. IR (KBr) � 3114w, 2187 s, 2139m, 1417m, 1065w,
1015 s, 945m, 819w, 490m (cm�1).

2.2. Magnetic data

Magnetic susceptibility data were collected using a Quantum Design MPMS-XL
SQUID magnetometer. Isothermal magnetization at 1.8K was collected in fields up to
5T and several data points were collected as the field was reduced back to zero to check
for hysteresis; none was observed. Temperature-dependent magnetization was collected
in a field of 0.1 T from 1.8 to 310K. Data were corrected for the sample holder,
the temperature-independent paramagnetism of the Cu(II) ion and diamagnetic
contributions of the constituent atoms [10].

2.3. Single-crystal X-ray diffraction data

X-ray data for 1 were collected with an Oxford Diffraction Gemini R CCD area
detector using CrysAlisPro software and graphite-monochromated Mo-Ka
(�¼ 0.71073 Å) at 100(2)K. The structure was solved by direct methods using
SHELXS97 [11] and expanded via Fourier techniques [12]. All non-hydrogen atoms
were refined anisotropically by full-matrix least-squares on F 2 using SHELXL97.
Hydrogens were placed in their calculated positions and refined via a riding model with
fixed isotropic U values. An absorption correction was performed using CrysAlisRED
and all calculations, including figures 1–3, were performed using SHELXTL [13].
Crystal and experimental data for 1 are listed in table 1. Scheme 1 for the molecular
structure of 1 is shown. Bond lengths and angles are given in table 2. The structure of
1 has been deposited with the CCDC (Supplementary material). Comparison of X-ray
powder diffraction data with the crystallographic data of 1 established that the samples
used for magnetic studies were the same phase as the single crystal.

3. Results and discussion

3.1. Synthesis and structure

Reaction of copper perchlorate with potassium dicyanoaurate and pyrazine in DMSO
gave [Cu(pz)(Au(CN)2)(DMSO)2]Au(CN)2 (1) in 57% yield (scheme 1).

Single crystals suitable for X-ray diffraction were isolated directly from the reaction
mixture. The compound crystallizes in the monoclinic space group P21/c. There are two
distinct structural units in the crystal: the [Cu(pz)(Au(CN)2)(DMSO)2]n cation,
containing Au1 (figure 1), and an uncoordinated Au(CN)2 anion, containing Au2.
Coordination about Au2 is linear as required by symmetry and the coordinated
cyanides are nearly linear (ffAu2–C12–N12¼ 178.0(4)�). Au1 shows a similar structure,
again linear at the Au ion as required by symmetry and ffAu1–C11–N11¼ 179.8(3)�. The
C11–N11–Cu1 angle is slightly more distorted from linearity (176.6(2)�). The Cu1 is
coordinated to two nitrogens from cyanide, two nitrogens from pyrazine rings, and two
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oxygens from DMSO. It shows a typical Jahn–Teller distorted coordination geometry
with four short bonds (Cu1–N1¼ 2.050(2) Å, Cu1–N11¼ 1.983(2) Å) and two elon-
gated bonds (Cu1–O21¼ 2.332(2) Å) and sits on a crystallographic inversion center;
as such, all trans angles are 180�. The N1–Cu1–N11 angle is 90.04(9)�. The DMSO

Figure 1. Thermal ellipsoid plot of 1 showing the coordination geometry about the metal ions. Hydrogens
are shown as spheres of arbitrary size.

Figure 2. The layer structure of 1 viewed perpendicular to the C-face (b-horizontal, a-vertical).
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Table 1. Crystal and experimental data for dicyanoaurate [AuðCNÞ�2 ].

Empirical formula C12H4N6O2S2Au2Cu
Formula weight 785.80
Temperature (K) 150(2)
Wavelength (Å) 0.71073
Crystal system Monoclinic
Space group P21/c
Unit cell dimensions (Å, �)
a 6.8727(2)
b 10.2230(3)
c 14.1923(4)
� 90
� 90.0100(10)
� 90
Volume (Å3), Z 997.15(5), 2
Calculated density (Mgm�3) 2.617
Absorption coefficient (mm�1) 15.959
F(000) 706
Crystal size (mm3) 0.42� 0.26� 0.13
� range for data collection 2.46–36.34
Limiting indices �11	 h	 11; �16	 k	 16; �23	 l	 23
Reflections collected 28,409
Independent reflection 4778 [R(int)¼ 0.0359]
Completeness to �¼ 36.34 (%) 98.5
Max. and min. transmission 0.2308 and 0.0571
Refinement method Full-matrix least-squares on F 2

Data/restraints/parameters 4778/0/118
Goodness-of-fit on F 2 1.177
Final R indices [I4 2�(I )] R1¼ 0.0263, wR2¼ 0.0803
R indices (all data) R1¼ 0.0375, wR2¼ 0.0861
Largest difference peak and hole (e Å�3) 2.627 and �3.281

Figure 3. The crystal structure of 1 viewed parallel to the a-axis (b-axis vertical, c-axis horizontal) showing
the contacts between DMSO sulfurs and Au1. Hydrogens have been removed for clarity.
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oxygen, O21, lies 89.99(8)� from N1, but is canted significantly relative to N11 (ffO21–

Cu1–N11¼ 82.75(9)�). The bond angles within the pyrazine and DMSO molecules are
unremarkable.

Pyrazines bridge Cu1 ions parallel to the a-axis while dicyanoaurate ions (Au1)
bridge the Cu1 ions parallel to the b-axis producing polymeric rectangular sheets
parallel to the C-face of the crystal. The Au2-containing dicyanoaurates fill the
spaces in the rectangles and are held in place via gold–gold interactions
(Au1–Au2¼ 3.436(4) Å). Although Au–Au distances in the range 3.13–3.23 Å have
been reported [8b, 14], longer interactions (as great as 3.6 Å) have also been noted
[5, 6, 15]. The Au2(CN)2 ions are inclined 22.7� relative to the normal to the layer.
A final stabilizing structural motif is observed which links the layers into a 3-D
network. There are short contacts between the sulfurs of DMSO and Au1
(S21–Au1¼ 3.525(4) Å) (figure 3). Such short contacts have been observed previously
between gold(I) ions and DMSO at slightly longer distances ranging from 3.551 Å
[16] to 3.848 Å [17].

Table 2. Bond lengths [Å] and angles [�] for 1.

Au(1)–C(11)#1 1.979(3) Au(1)–C(11) 1.979(3)
Au(2)–C(12) 1.991(4) Au(2)–C(12)#2 1.991(4)
Cu(1)–N(11) 1.983(3) Cu(1)–N(11)#3 1.983(3)
Cu(1)–N(1) 2.050(2) Cu(1)–N(1)#3 2.050(2)
Cu(1)–O(21)#3 2.332(2) Cu(1)–O(21) 2.332(2)
S(21)–O(21) 1.523(2) S(21)–C(21) 1.793(4)
S(21)–C(22) 1.793(4) N(1)–C(2) 1.339(4)
N(1)–C(3)#4 1.340(4) N(11)–C(11) 1.151(4)
C(3)–N(1)#4 1.340(4) C(3)–C(2) 1.388(4)
N(12)–C(12) 1.144(5) – –

C(11)#1–Au(1)–C(11) 180.000(4) C(12)–Au(2)–C(12)#2 180.0(3)
N(11)–Cu(1)–N(11)#3 180.0 N(11)–Cu(1)–N(1) 90.05(10)
N(11)#3–Cu(1)–N(1) 89.95(10) N(11)–Cu(1)–N(1)#3 89.95(10)
N(11)#3–Cu(1)–N(1)#3 90.05(10) N(1)–Cu(1)–N(1)#3 180.00(14)
N(11)–Cu(1)–O(21)#3 97.34(9) N(11)#3–Cu(1)–O(21)#3 82.66(9)
N(1)–Cu(1)–O(21)#3 90.01(9) N(1)#3–Cu(1)–O(21)#3 89.99(9)
N(11)–Cu(1)–O(21) 82.66(9) N(11)#3–Cu(1)–O(21) 97.34(9)
N(1)–Cu(1)–O(21) 89.99(9) N(1)#3–Cu(1)–O(21) 90.01(9)
O(21)#3–Cu(1)–O(21) 180.000(17) O(21)–S(21)–C(21) 106.63(17)
O(21)–S(21)–C(22) 106.59(17) C(21)–S(21)–C(22) 96.8(2)
C(2)–N(1)–C(3)#4 117.8(2) C(2)–N(1)–Cu(1) 121.03(19)
C(3)#4–N(1)–Cu(1) 121.16(19) C(11)–N(11)–Cu(1) 176.8(2)
N(11)–C(11)–Au(1) 179.9(3) S(21)–O(21)–Cu(1) 138.99(15)
N(1)#4–C(3)–C(2) 121.2(3) N(1)–C(2)–C(3) 121.0(3)
N(12)–C(12)–Au(2) 177.9(4) – –

Symmetry transformations used to generate equivalent atoms: #1�xþ 1, �yþ 2, �z; #2� x, �y, �z; #3�xþ 1, �yþ 1, �z;
#4� xþ 2, �yþ 1, �z.

Cu(ClO4)2+

N

N

+2 K[Au(CN)2] [Cu(pz)(Au(CN)2)(DMSO)2]Au(CN)2

1

Scheme 1. Synthesis of 1.
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3.2. Magnetic behavior

Magnetic susceptibility data were collected for 1 from 1.8 to 310K and are presented in
figure 4. The data exhibit a rounded maximum at 0.0325 emuOe-mol�1 near 5K,
indicative of antiferromagnetic interactions and a low-dimensional magnetic lattice.
The data were fit to the 1-D Heisenberg chain model [18] yielding C¼ 0.421(1) emu-
KOe-mol�1, 2J/kB¼�7.66(2)K and a paramagnetic impurity of 0.11(4)%. Attempts to
fit the data to a 1-D Heisenberg chain model with a Curie–Weiss correction for
interchain interactions gave values that were the same within experimental error and a
Weiss constant of approximately zero (�0.02(1)K), indicating that the interchain
interactions are negligible.

3.3. Vapochromic behavior

Compound 1 is stable in dry air. DSC measurements in dry N2 show a sharp endotherm
at 124.9�C (melting), followed by a broader endotherm from �127�C to 150�C which
we presume to be loss of DMSO. However, in the presence of significant humidity, the
crystals lose DMSO, visibly changing from emerald green to light blue, and converts to
the previously reported 3-D-coordination polymer [Cu(pz)(Au(CN)2)2] (2) as verified
by IR and powder X-ray diffraction [8c, 9]. The conversion can be conveniently
monitored by IR spectroscopy. Compound 1 shows two cyanide stretching bands
at 2187 and 2139 cm�1. After a period of 30min to several hours (humidity dependent)

Figure 4. Magnetic susceptibility as a function of temperature for 1 from 1.8 to 310K. The red line shows
the fit to the 1-D Heisenberg model. The inset shows the expansion from 1.8 to 25K and demonstrates the
goodness-of-fit near the maximum.
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the complex has notably changed color and the IR spectrum shows four bands in the
cyanide stretching region at 2208, 2187, 2159, and 2139 cm�1. After several hours, the
conversion is complete and once again, only two cyanide stretching vibrations are
visible (2208 and 2159 cm�1) (figure 5). Water appears to be necessary for the loss of
DMSO from the complex, although it does not appear to be incorporated into the final
product. A freshly prepared sample of 1 was divided and a portion was placed overnight
in a desiccator while the other part of the sample was left on the bench. An IR spectrum
of the sample in the desiccator showed no change from the spectrum of 1, while the IR
spectrum of the sample left on the bench (now blue) matched compound 2 by
comparison of IR and powder X-ray diffraction pattern with an independently
prepared sample of 2. The process is reversible. A sample of 1 that had converted to
2 by exposure to air was placed in a sealed vial with a small cotton plug containing
DMSO. After 24–48 h, the sample regained its green color and was shown to be
compound 1 (with a small percentage of 2 remaining) by IR.

This behavior is not limited to gain and loss of DMSO. Samples of 1 or 2 (prepared
by the loss of DMSO from 1) provide a panoply of color when placed in sealed vials
saturated with the vapors of a range of solvents. Not surprisingly, the time required for
the change is directly related to the vapor pressure of the solvent. The reaction can be
conveniently monitored by the changes in the C�N stretching frequency in the IR. With
ammonia, the change to a distinct purple occurs in a matter of minutes (�C�N¼ 2172,
2146 cm�1). Other solvent vapors tested include propylamine (deep indigo blue,
�C�N¼ 2177, 2166 cm�1), pyridine (teal, �C�N¼ 2216, 2170 cm�1), N-methylimidazole
(dark purple, �C�N¼ 2143 cm�1), and TMSO (bright green, �C�N¼ 2214, 2168 cm�1).
Conversion is faster starting with 2 prepared by the loss of DMSO from 1.

Figure 5. IR spectra showing the conversion of compound 1 to the desolvated compound 2. (a) Fresh
crystals of 1; (b) crystals after approximately 1 h in humid air; (c) crystals of 1 after several hours in humid air
showing conversion to 2.
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4. Discussion

The interconversion of 1 and 2 appears to be catalyzed by moisture. Compound 1 is
stable indefinitely at room temperature when stored in a desiccator or a sealed vial

purged with dry N2, as confirmed by DSC data which show no decomposition below

the melting point (�125�C). However, the complex decomposes on the bench at room

temperature at varying rates dependent upon humidity. This is further supported by the

observation that the IR of the intermediate sample (figure 5b) also shows a significantly

increased peak for water at both 3435 and 1635 cm�1. Compound 1 clearly does not

behave as a stable porous lattice given the substantial reorganization that is required for

conversion to 2. It appears to be a solid-state transformation, but single crystals of 1 do

not retain their integrity.
The observation of an apparent water-catalyzed loss of DMSO is supported by the

report by Leznoff et al. [14c] of similar behavior in [Cu(Au(CN)2)2(DMSO)2].

[Cu(Au(CN)2)2(DMSO)2] exists as two polymorphs, both of which are thermally

stable to at least 100�C, but both can be converted to [Cu(Au(CN)2)2(H2O)2]n on

standing in air. The process is reversible when a sample is placed in a DMSO

atmosphere, although only one polymorph of [Cu(Au(CN)2)2(DMSO)2] is obtained

regardless of which form was used as the starting material. It appears that 1 shows

similar reactivity. This suggests a process where the DMSO is displaced by H2O to

generate an aqua-adduct (whether lattice water or coordinated water is not known).

The aqua adduct is not stable under ambient conditions and the water is subsequently
lost, as evidenced by the isolation of the anhydrous 2. The process is similar to that

of nucleophilic catalysis in organic synthesis where an attacking nucleophile subse-

quently becomes a leaving group in the same reaction [19]. The DMSO molecules in 1

are coordinated much less strongly than those in [Cu(Au(CN)2)2(DMSO)2]

(Cu–O¼ 2.33 Å in 1 vs. 1.95–2.02 Å). It may be the case that the other solvent adducts

are similarly less tightly bound and, at least in the case of water, may be lost in the

absence of the vapor.
Magnetic data show that 1 behaves as a well-isolated linear Heisenberg chain with an

exchange constant in the typical range for pyrazine [3]. Although there have been some

previous reports suggesting weak magnetic interactions supported by the dicyanoaurate
ion [5] that does not appear to be the case here. Thus, it appears that 1 serves as another

example of a mixed copper(II)/dicyanoaurate complex with distinct solvochromic

behavior and which may also serve as a good example of a well-isolated linear

Heisenberg chain. Experiments are in progress to isolate and characterize the various

solvent adducts and determine the effect of changing solvents on the magnetic isolation

of the Cu–pz chains.

Supplementary material

CCDC 785428 contains the supplementary crystallographic data for this article

(compound 1). These data can be obtained free of charge from The Cambridge

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/.
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