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Abstract

Violet crystals of [Cu(en),][Pt(CN),] and blue crystals of [Cu(dmen),][Pt(CN),] were crystallized from the water—-methanol
solution containing CuCl,-2H,0, ethylenediamine (en) or N,N-dimethylethylenediamine (dmen) and K,[Pt(CN)4]-3H,0.
Both compounds were characterized using elemental analysis, infrared and UV-VIS spectroscopy, magnetic measurements,
specific heat measurements and thermal analysis. X-ray structure analysis revealed chain-like structure in both compounds.
The covalent chains are built of Cu(II) ions linked by [Pt(CN)4*~ anions in the [111] and [101] direction, respectively. The Cu(II)
atoms are hexacoordinated by four nitrogen atoms in the equatorial plane from two molecules of bidentate ligands L with average
Cu-N distance of 2.022(2) and 2.049(4) A, respectively. Axial positions are occupied by two nitrogen atoms from bridging
[Pt(CN)4]*~ anions at longer Cu—N distance of 2.537(2) and 2.600(5)/0\, respectively. Both materials are characterized by the presence of
weak antiferromagnetic exchange coupling. Despite the one-dimensional (1D) character of the structure, the analysis of magnetic
properties and specific heat at very low temperatures shows that [Cu(en),][Pt(CN),] behaves as two-dimensional (2D) spatially
anisotropic square lattice Heisenberg magnet, while more pronounced influence of interlayer coupling is observed in
[Cu(dmen),][Pt(CN)4].
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Cyanide is an efficient ligand for the stabilization of the
transition metals in either low or high oxidation states.
This high electronic and coordinative versatility prompts
its terminal coordination to almost all transition metals,
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and permits a wide number of binding modes in cyanide-
bridged complexes. By far the most commonly observed
binding modes are the terminal C-bond mode and the
linear bridged arrangement. Differently bended bridged
arrangements as well as various types of coordination to
the three metals are much less common [1].

Because tetracyanoplatinate(II) anions can use a differ-
ent number of cyano groups to bind to other metal atoms,
they exist in a wide range of solid-state structures. When all
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four cyano groups are bound as monodentate ligands, it
leads to the separation of ion pairs [2,3] (Scheme 1a). One
structure has been reported very recently in which one of
the four cyano groups acts as a bridging ligand and the
resulting structure is a binuclear compound [4] (Scheme
1b). The bridging character of two cyano groups of
[Pt(CN)4]*~ anion has been shown to yield several types
of structures in the solid state. When two bridging cyano
groups are in cis-arrangement three [5] (Scheme 1c) or four
nuclear molecular compounds [6] (Scheme 1d) and zigzag
chains [7] (Scheme le) are formed. When two bridging
cyano groups are in trams-arrangement molecular [8]
(Scheme 1f) or one-dimensional (1D) [9] (Scheme 1g)
compounds are produced. According to our knowledge,
only one compound exists containing two bridging cyano
groups both in cis- and trans-arrangement resulting in
three-dimensional (3D) structure [10] (Scheme 1h). Re-
cently, the first example of three-dimensional structure in
which three of the four cyano groups bridge two metal
atoms was reported [11] (Scheme 1i). When all four cyano
ligands are bridging, a molecular five nuclear complex
cation [4] (Scheme 1j) or 3D structures [12,13] (Scheme 1k)
can be isolated.

Recently, cyano complexes with various degrees of
dimensionality have often been the subject of magnetic
studies. In this case, the cyano group or cyano complex
anion in addition to its structural function also exhibits an
important electronic function: it forms an exchange path
mediating the interaction among spins localized on
paramagnetic centers. Dimensionality of a magnetic sub-
system is fundamental for cooperation processes, but it
does not mean that the magnetic and structural dimension-
ality must be the same. The increase of magnetic
dimensionality can be caused by the influence of hydrogen
bonds (HBs), n—n and also dipole—dipole interactions
[14,15].

Previous studies on the structure and magnetic proper-
ties of [Cu(en),][Ni(CN),4] [16,17] and also the isostructural
[Cu(en),][Pd(CN)4] [18] revealed that despite the 1D
character of their structure they behave as two-dimensional
(2D) magnets. 2D character of the magnetic subsystem can
be explained by the formation of HBs linking the
neighboring chains and thus serving as exchange paths
for magnetic interactions. The compounds with general
formula [Cu(L),][Ni(CN)y], where L = N-methylethylene-
diamine or N,N-dimethylethylenediamine (dmen) were
prepared [19] with the aim to suppress the formation of
HBs. However, their study has shown that the formation of
HBs was reduced only partially. Therefore, we have
decided to change [Ni(CN),]*~ anion by larger [Pt(CN)]*~
anion with the expectation to suppress or at least to modify
existing HBs. In this paper, we describe the preparation
of [Cu(en),][Pt(CN)4] (1) and [Cu(dmen),][Pt(CN)4] (2)
complexes along with their characterization using infrared
(IR) and UV-VIS spectroscopy, thermal and X-ray
crystal structure analyses, magnetic and specific heat
measurements.

2. Experimental
2.1. Materials

Copper chloride dihydrate (CuCl, - 2H,0), en (C,HgN>)
and dmen (C4H;,N») were of Merck quality and used as
received. K,[Pt(CN)4]-3H,>O was prepared according to
the literature [20] using H,[PtClg] - 6H,O from Chempur as
starting platinum containing material.

2.2. Synthesis

[Cu(en),][Pt(CN)4] (1). Into stirring water—methanol
solution (1:1) of CuCl,, ethylenediamine (en) (4 mmol)
was added in one portion and after 30min, aqueous
solution of K,[Pt(CN);] (I mmol) was added in one
portion, too. In a few days, violet crystals of 1 were
filtrated off and dried on air. Yield 82%. Anal. Calc. for
CgH sNgCuPt: C, 19.90; H, 3.34; N, 23.19. Found: C,
20.21; H, 3.79; N, 22.87%.

[Cu(dmen),][Pt(CN)4] (2). Similar to the synthesis of 1,
into stirring water—methanol solution (1:1) of CuCl,

— —2-

N I
: i
NEC—I"t—CEN M Nzo—Tt—cEN
“3 i
I N
(la) (b
N N\
\\C\ Y
P
///C C\\\
A AN
M\ / § M\ / .
N, N N, N
N\ C C/// \\C C///
Pt Pt
N///C C\\\N N///C C\\\N
(1c) (1d)
I
N N
\\C\ C/// (‘3
P M—N=C— Pt—C=N—M
C c, |
N N SN G

N

(le) (1f)

Scheme 1. Bonding modes of [Pt(CN),]*>~ anion. Dotted lines represent a
propagation of the molecular or ionic structure to 1D (Scheme le and g)
or 3D, structure (Scheme 1h, i and k).
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(0.5mmol), dmen (2mmol) was added and finally after
30min aqueous solution of K,[Pt(CN),] (0.5mmol) was
added. As a result a blue precipitate was immediately
formed. This precipitate was dissolved by addition of
20mL of concentrated ammonia solution to the reaction
mixture. After 3 days, blue crystals of 2 were filtrated
off and dried on air. Yield 93%. Anal. Calc. for
CioHo4NgCuPt: C, 26.74; H, 4.49; N, 20.78. Found: C,
26.68; H, 5.05; N, 20.60%.

2.3. Physical measurements

Elemental analyses for C, H and N were carried out
using an LECO CHNS-932. IR spectra were recorded on a
MATTSON 5000 FTIR spectrometer by the method of
KBr pellets in the range from 4000 to 400cm™'.
Reflectance UV-VIS spectra were measured with Perkin

Elmer UV/VIS/NIR Spectrometer Lambda 19. The ther-
mal investigations were performed using NETZSCH STA
409C/CD thermal analyzer under air conditions with a
heating rate of 10°C/min to 900°C. The electron spin
resonance (ESR) experiment has been conducted at low
temperatures in a home-built ESR spectrometer operating
at 10 GHz. DPPH (2,2-diphenyl-1-picrylhydrazyl) was used
as g-marker. Measurements of magnetic susceptibility and
magnetization have been carried out on powdered samples
using a commercial SQUID magnetometer in the tempera-
ture range from 2 to 300 K and in magnetic fields up to 7 T.
The background contribution from the gelcap and core
diamagnetic contribution to the magnetic moment of the
sample have been subtracted. Specific heat of both
materials was studied in the temperature range from
95mK to 2.1K in zero magnetic field using a dual-slope
technique [21] in dilution refrigerator TLE 2000 made by
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Oxford Instruments. RuO, resistor of Dale type with the
nominal value of 1kQ calibrated against the commercial
Lake Shore thermometer GR200A-30 was used for
monitoring the temperature of the sample. The experi-
mental inaccuracy of the specific heat measurements was
less than 6%. The ESR and magnetic measurements have
been carried out on powdered samples, while in thermo-
dynamic experiments pelletized powder samples have been
used. In addition, a small needle-like single crystal of
complex 1 was used in the ESR investigations.

2.4. X-ray data collection and structure refinement

A summary of crystal data and structure refinement for 1
and 2 is presented in Table 1. The crystal structure of 1 was
determined using an Oxford Diffraction diffractometer
equipped with the CCD detector. Crysalis CCD [22]
was used for data collection while Crysalis RED [22] was
used for cell refinement, data reduction and absorption
correction.

The crystal structure determination of 2 was carried out
with Stoe Stadi-4 diffractometer. STADI4 [23] was used for
data collection and cell refinement, X-RED [23] was used
for data reduction. Both structures were solved by the
direct method with SHELXS97 [24] and subsequent
Fourier syntheses using SHELXIL97 [24]. Anisotropic
displacement parameters were refined for all non-H
atoms. The H atoms were placed in calculated positions
and refined riding on their parent C or N atoms with
C-H distances of 0.97 for methylene and of 0.96 A for
methyl H atoms and of 0.90 A for amino H atoms, and
Uiso(H) = 1.2U(C or N). A geometric analysis was

Table 1
Crystal data and structure refinement of 1 and 2

performed using SHELXL97 and PARST [25]. DIA-
MOND [26] was used for molecular graphics.

3. Results and discussions
3.1. Infrared spectroscopy

The IR spectra of 1 and 2 comprise bands confirming the
presence of all characteristic functional groups in the
prepared complexes. In accordance with the substitution of
two hydrogen atoms of one amino group in en (1) by two
methyl groups in dmen (2), the IR spectrum of 1 contains
more absorption bands originating from v(N-H) stretching
vibrations and less absorption bands of stretching v(C-H)
vibrations than the IR spectrum of 2. Moreover, §, w and
0(CHj3) deformation vibrations are absent in 1. Other
bands confirming the presence of en and dmen in 1 and 2,
respectively, are listed in Table 2. Individual bands were
assigned according to [27]. The presence of [Pt(CN),*~
anion in the prepared complexes is proved by v(C=N)
stretching vibrations whose positions are an important tool
to distinguish between terminal and bridging character of
cyano group. This band is observed at 2080 cm™" in ionic
KCN [28]. Upon coordination to a metal the v(C=N) shift
to higher frequencies and the range of v(C=N) for
cyanoplatinates(II) with terminal cyano ligands extends
from 2120 to 2140 cm™' [29]. Because cyano nitrogen lone
pair resides in a mostly C=N antibonding orbital, an
increase of v(C=N) in bridging cyanides is found and for
bridged cyanoplatinates(I) it ranges from 2150 to
2210cm ™" [29]. According to this, the bands recorded at
2125 and 2130cm™" in 1 and 2, respectively, can be

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

zZ

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Refinement method
Data/restraints/parameters
Goodness-of-fit on F*
Final R indices [I>20(])]
R indices (all data)
Largest diff. peak and hole

CgH](,CuNXPt

482.92

120K

0.71073 A

Triclinic

P

a=6.52543) A, o = 106.919(5)°
b =172159(5)A, p = 91.223(4)°
c=28.1024(4) A, y = 106.881(5)°
346.93(3) A®

1

2311 gjem®

11.598 mm ™"

227

0.27 x 0.12 x 0.06 mm?®
3.28-27.49°

—8<h<8, —9<k<9, —10<I<10
6484

1564 [R(int) = 0.0197]
Full-matrix least-squares on F~
1564/0/85

1.115

R; = 0.0120, wR, = 0.0275

R; = 0.0120, wR, = 0.0275
0.634 and —0.922¢/A>

C12H24CUN8PI

539.01

293(2)K

0.71073 A

Monoclinic

P2y/n

a=6.7819(8)A

b= 13.8444(17) A, B = 97.618(11)°
c=9.2152(10)A

857.59(17) A>

2

2.087 g/em®

9.396mm™!

518

0.35 x 0.35 x 0.19 mm?®
2.67-24.99°

—8<h<8, 0<k<16, —10<I<10
2995

1508 [R(int) = 0.0378]
Full-matrix least-squares on F>
1508/0/104

1.100

R, = 0.0265, wR, = 0.0743

R, = 0.0327, wR, = 0.0803
1.532 and —1.606¢/A>
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Table 2
IR spectra of 1 and 2

[Cu(en),][Pt(CN),] (1) [Cu(dmen),][PYCN)4] (2)

v(N-H) 3335 vs 3337 vs
3312 vs 3273 vs
3281 vs 3143 m
3254 sh
3160 m
v(C-H) 2982 w 3028 m
2961 m 2973 m
2932 m 2930 sh
2878 w 2895 m
2854 sh
2816 m
v(C=N) 2125 vs 2130 vs
2089 w, sh 2088 w, sh
J(NHy) 1597 s 1584 s
d(CH,) 1467 w
1456 w
J(CH3) 1462 s
w(CH,) 1370 w 1366 w
w(NH,) 1324 m 1323 w
7(CH,) 1277 m 1289 m
w(CHy) 1248 w
w(NH,) 1165 m 1190 m
7(CHy) 1134 vs
1116 sh
7(NH,) 1088 m 1063 s
W(C-N) 1033 vs 1002 s
w(C-C) 975s 940 s
a(CHy) 881 w 894 m
a(NH,) 725's 783 s
a(CHz) 654 s
d(chelate ring) 536 m 552 m
v(Pt-C) 499 w 502 m
473 w 476 w
402 m 401 s

v—stretching, d—scissoring, o—wagging, —twisting, o—rocking vibra-
tions, vs—very strong, s—strong, m—middle, w—weak vibrations, sh—
shoulder.

assigned to v(C=N) stretching vibrations of bridging cyano
groups, while those at 2089 and 2088cm™' in 1 and 2,
respectively, to terminal cyano groups. Surprisingly,
although there are two bridging and two terminal cyano
groups in the structures of 1 and 2, the later bands are
much weaker. On the other hand, in the case of
[Cu(en),][Ni(CN)y4] [17,30] and [Cu(dmen),][Pd(CN)4] [31]
compounds only one v(C=N) absorption band has been
recorded. The same was observed in the spectra of
[Cu(L),][Agr(CN)y4] compounds where L = en [32] or 1,2-
diaminopropane [33] although both compounds contain
both bridging and terminal cyano groups.

3.2. UV-VIS spectroscopy

The reflectance UV-VIS spectra of 1 and 2 (Fig. 1) were
taken as described earlier. A broad asymmetric band with a
maximum at 354 nm, observed in the spectrum of 1, which
could be assigned to 2B, g—>2Eg transition is supportive of a

Absorbance (a.u.)

1 1
250 350 450 550
Wavelength (nm)

Fig. 1. UV-VIS spectra of 1 and 2.

six-coordinated deformed octahedron with CuNg chromo-
phoric group. The spectrum of 2 also consists of one
broadband with the maximum at 435 nm and is assigned to
’By,—E, transition in consistence with CuNg chromo-
phore, likewise in 1.

3.3. Thermal studies

Thermal decomposition of 1 and 2 is a multistage
process. The thermal decomposition of 1 consists of two
distinguished stages corresponding to the separated release
of en molecules and cyano groups decomposing. Complex
1 is stable up to 246 °C. In the 246417 °C temperature
range, a weight loss of 25.3% corresponding to the release
of two en molecules (calculated 24.9%) is observed during
endothermic two-stage process (these stages are over-
lapped). The second step in the 417—448 °C temperature
range, with observed weight loss of 21.2%, involves the
decomposition of cyanides (calculated 21.6%). Their
decomposition includes oxidation of four CN™ groups to
form two cyanogen molecules during reduction of one
Pt(Il) atom and one half of oxygen molecule from the air
ambient. This process is accompanied by a strong
exothermic effect as a consequence of the cyanogen
molecules pyrolysis. The final thermal decomposition
product is a mixture of CuO and metallic Pt (solid residue
56.8%; calculated 56.9%). The most probable thermal
decomposition scheme for 1 is

246—-417°C

[Cu(en),][Pt(CN),] = CuPt(CN),
—Zen
417-448°C (0,)
— CuO + Pt.
~2(CN),
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The thermal decomposition of 2 is similar to the thermal
decomposition of 1 and consists of two distinguished steps.
In the first endothermic two-stage step a weight loss of
30.3% corresponding to the release of two dmen molecules
(calculated 32.7%) is observed in the 193-427 °C tempera-
ture range. The decomposition proceeds continuously into
the second strongly exothermic step which is finished at
461 °C with observed weight loss of 22.3% which
corresponds to the decomposition of cyanides (calculated
19.3%). Their decomposition includes the oxidation of
four CN™ groups to form two cyanogen molecules during
the reduction of one Pt(II) atom and one half of oxygen
molecule from the air ambient. The final thermal decom-
position product is a mixture of CuO and metallic Pt (solid
residue 51.5%; calculated 51.0%). The most probable
thermal decomposition scheme for 2 is
[Cu(dmen),][PUCN),] "= ©

—2dmen

CuPt(CN),

427-461°C (0,)
— CuO + Pt.
—2(CN),

3.4. X-ray crystallography

X-ray analysis has revealed that the crystal structure of 1
consists of 1D zigzag chains running in [111] direction. An
ORTERP view of the complex 1 is depicted in Fig. 2 with the
atomic numbering scheme. In the structure, both Cu(II)
and Pt(II) ions occupy sites of inversion centers. The Cu(II)
ion is six-coordinate, complexed with the four nitrogen
atoms of en ligands in the equatorial plane and the two
nitrogen atoms from bridging cyano groups in the axial
positions, respectively. The Cu-N bond distances in
the equatorial plane have an average value of 2.022(7)A
(Table 3), while weak axial interactions, a characteristic of
& systems, give rise to a Cu—N bond length of 2.537(2) A.
The Cu-N bonds in the axial positions are slightly tilted
from the normal to the CulN, plane (2.74°), forming a
slightly distorted and tetragonally elongated octahedral
geometry. Because of the inversion center, all N—Cu-N
bond angles formed by two face to face nitrogen atoms, no

Fig. 2. The crystal structure of 1 with displacement ellipsoids (75%
probability) and atom labeling.

Table 3

Selected bond lengths (A) and bond angles (deg) of 1

Pt-C2 1.994(2)

Pt-Cl 2.000(2)

C2-N2 1.153(3)

NI-C1 1.154(3)

N2-Cu 2.5379(19)

Cu-N4 2.0170(19)

Cu-N3 2.0274(17)
C2-Pt-Cl1 87.75(8)
N2-C2-Pt 177.1(2)
NI-C1-Pt 176.01(19)
C2-N2-Cu 120.64(15)
N4-Cu-N3 84.39(7)
N4-Cu-N2 91.44(7)
N3-Cu-N2 87.80(7)

Table 4

Hydrogen bonds of 1 (A and deg)

D-H---A D-H H---A D---A D-H---A
N4-H4A---N1 0.90 2.38 3.250(3) 161.6
N3-H3B---N2! 0.90 242 3.220(3) 147.6
N4-H4B-- N1t 0.90 2.31 3.126(3) 151.2
Symmetry transformations used to generate equivalent atoms: i: —ux,
—y+1, —z, i =x+ 1, —y, —z.

matter whether they are located in the equatorial plane or
in the axial positions, are 180.0°. By contrast, the Pt(II) ion
possesses a square planar coordination surrounding in
which it is coordinated to the four carbon atoms from four
cyano groups. Despite the division of Pt—C bonds into two
pairs, depending on CN groups (bridging or terminal) their
bond lengths are similar with the average value of
1.997(4) A. Alike the Cu(II) atom, the C—Pt—C bond angles
are of 180.0° due to the presence of the inversion center.
Two of the four cyano groups from a tetracyanoplatina-
te(Il) ion are connected to two different Cu(II) moieties in
a trans mode that leads to a zigzag chain with the bond
angle of 120.6(2)° for the Cu—N2-C2. The interchain HBs
N3-H3B---N2' and N4-H4B---N1% with length of 3.220(3)
and 3.126(3)A, respectively (Table 4), connect the neigh-
boring chains resulting in a 3D network. Moreover, the
N4-H4A ---N1 distance of 3.250(3)A indicates the HB
interaction within the chain. The HB system in 1 is shown
in Fig. 3. If we compare the HB system in 1 with the HB
system observed in the reference [Cu(en),][Ni(CN)g4]
compound [17] we can see that the HB system in 1 was
not reduced because both the intrachain HB and the
interchain HB between N3 and N2' atoms connecting the
chains into sheets are present in the reference compound,
too. Moreover, interchain HB between N4 and N1'' atoms
connecting the sheets in the 3D network in 1 was not
observed in the reference compound at all.

Complex 2 exhibits an analogous solid-state structure as
complex 1, see Fig. 4. The Cu(II) ion also exhibits a slightly
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Fig. 3. HB system in 1 viewed along the chain direction. The HBs connecting chains into sheets are represented by black short dashed lines, the HBs
connecting sheets into 3D structure are represented by black long dashed lines while intrachain HBs are represented by empty dashed lines. Only hydrogen

atoms of amino groups are shown because of clarity.

Fig. 4. The crystal structure of 2 with displacement ellipsoids (45%
probability) and atom labeling.

distorted (the tilting angle between the apical axis and the
normal to the CulNy plane is 3.46°) and tetragonally
elongated octahedral coordination geometry. In contrast to
1, the Cu—N bond distances in the equatorial plane are not
of the same length as the Cu—N3 bond of 2.115(4) A is
significantly longer than the Cu—-N4 bond of 1.984(4) A.
This difference is caused by the steric repulsion of two
methyl groups bonded to nitrogen N3 atom. The Cu-N
bond distances in the axial positions are 2.600(5) A due to
Jahn-Teller effect. The bond distances and angles for 2 are
given in Table 5. Pt(I) ion has the same coordination
environment as in 1 with the average Pt—C bond lengths of
1.993(5) A. The basic features of the molecular structure of
2 are the same as that of 1 consisting of zigzag chains
running in [101] direction with the Cu—N2-C2 bond angle
of 137.5(5)°. Similar to 1, the interchain HB N4-H4A ---N1
with length of 3.351(6)A (Table 6), connects the chains
into 2D sheets (Fig. 5). However, the formation of
intrachain HB is suppressed due to the presence of two
methyl groups bonded on nitrogen N3 atom. The same

Table 5 .

Selected bond lengths (A) and bond angles (deg) of 2

Cu-N4 1.984(4)

Cu-N3 2.115(4)

Cu-N2 2.600(5)

Pt-C2 1.989(6)

Pt-C1 1.996(5)

C2-N2 1.146(8)

C1-N1 1.147(6)

N4-Cu-N3 85.00(16)

N4-Cu-N2 88.55(17)

N3-Cu-N2 93.00(15)

C2-Pt-Cl 90.0(2)

N2-C2-Pt 179.3(5)

N1-C1-Pt 179.0(4)

C2-N2-Cu 137.5(5)

Table 6 .

Hydrogen bonds of 2 (A and deg)

D-H---A D-H H---A D---A D-H---A
N4-H4A---N1! 0.90 2.61 3.351(6) 140.0
Symmetry transformation used to generate equivalent atoms: i: —x+2,
—y+1, —z+1.

type of the HB system was observed also in the reference
[Cu(dmen),][Ni(CN)4] compound [19].

3.5. Magnetic properties

The ESR spectra obtained at 4.2 K on powdered samples
have been analyzed within a simple model including
dipolar interactions, magnetic field and isotropic exchange
coupling [34]. The best fit to the experimental data using
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Fig. 5. HB system in 2 viewed along the chain direction. The HBs connecting chains into sheets are represented by black short dashed lines. Methyl groups
are omitted and only hydrogen atoms of N4 amino group are shown because of clarity.
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Fig. 6. Comparison of the experimental ESR spectra of complex 1
(squares) and complex 2 (circles) with the simple theoretical prediction [34]
(dashed line for complex 1, while solid line is for complex 2). The values of
resonance fields and halfwidths obtained from the fits are in Table 7.

least-squares method (Fig. 6) has been obtained for the
values of resonance fields and the halfwidth of the
resonance line, AB presented in Table 7. Slightly aniso-
tropic g-factor values corresponding to the resonance fields

(also in Table 7) are consistent with the axial distortion of
the coordination octahedron and are typical for spin 1/2
Cu(II) ions. The deviations between the fit and data might
be attributed to the low-dimensional character of the
magnetic subsystem and/or orthorhombic anisotropy of
the g-factor resulting from a deformation of the local
octahedron.

The angular dependence of g-factor of the complex 1
shown in Fig. 7 has been obtained from resonance fields of
ESR spectra measured on a single crystal. Magnetic field
was oriented within the &'¢’ plane. The ¢’ direction is the
longest edge of the crystal, while & is a shortest edge
approximately perpendicular to the ¢’ direction. The
experimental data have been fitted to the formula

g* = glI* cos*(0 — 6o) + g7 sin*(0 — O), (1)

where 0 is an angle between the magnetic field and the local
z-axis and 6 is the angle between the ¢’ direction and local
z-axis (Fig. 7). The best agreement was achieved for the
values of 0y =23°, g, =2.2440.01 and g, = 2.074+0.01
close to the ones obtained from the analysis of powder
spectra. Additional X-ray experiments were performed to
find a proper orientation of the single crystal. Analysis of
the X-ray data provided the estimation of the angle
between the local z-axis and ¢ direction, being equal to
about 20°. This value is in good agreement with the angle



1. Potocridk et al. | Journal of Solid State Chemistry 179 (2006) 1965-1976 1973

Table 7
Resonance fields and g-factor values obtained from powder ESR spectra
By (T) B, (T) AB (mT) aq n
[Cu(en),][Pt(CN),] 0.3346+0.001 0.3535+0.001 2.0+0.2 2.21+0.01 2.104+0.01
[Cu(dmen),][Pt(CN),] 0.3350+0.001 0.3545+0.001 1.9+0.2 2.20+0.01 2.08+0.01
T T T T T T T T T T
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Fig. 7. Angular dependence of g*-factor value obtained from the ESR
spectra of single crystal of the complex 1 (full circles). The solid line
represents the least-squares fit to Eq. (1).

23° found from the fitting procedure using Eq. (1) and
corresponds to the position of the maximum g-factor value
found in the a'¢’ plane. Consequently, the position of a
minimum g-factor value in the same plane might be
ascribed to the orientation within the equatorial xy-plane
of the local octahedron. The results confirm that the
electronic ground state of Cu(II) ion is described by a wave
function of d.. symmetry and the exchange paths will
propagate along the directions determined by the lobes of
the d,>_,> orbital.

Magnetic susceptibilities of powdered samples of both
materials measured at 0.1 T were corrected for the
diamagnetic contribution of the materials which was
estimated, using Pascal’s constants, to be ypia =
—2.9586 x 10" m?/mol for complex 1, while ypja =
—2.396 x 1072 m?/mol for complex 2. From susceptibility
at T=300K, the effective magnetic moment may be
quantified and yields values that are typical for a Cu(Il)
cation with @ configuration, namely peq/up = 1.95 for
complex 1 [35] and pere/ g = 1.99 for complex 2 (Fig. 8).
No difference between the susceptibility of zero-field
cooled (ZFC) and field-cooled sample has been observed
down to 2K for both materials, which suggests that no
long-range order appears above 2K. The temperature
dependence of the susceptibility is characterized by Curie-
like behavior without the short-range order maximum
expected at low temperatures for the low-dimensional
system with antiferromagnetic exchange coupling. Conse-

Fig. 8. Effective magnetic moment of complex 2. Inset shows the
temperature dependence of inverse susceptibility (circles) with a fit to
the Curie—Weiss law (solid line).

quently, only an estimate of the effective strength of
the exchange coupling zJ/kg, where z is the number of the
nearest neighbors, by fitting the Curie-Weiss law to the
experimental data in the temperature range 2-75K is
obtained. The fit yields the values zJ/kg = —1.6K and
g = 2.15 for complex 1 [35], while zJ/kg = —2.92K and
g = 2.14 for complex 2 (inset in Fig. 8).

In the work [35], it has been shown that the field
dependence of the magnetization of the complex 1 is close
to the saturation at 7 T and indicates a free spin behavior at
2K, while the magnetization of complex 2 measured at
475K shows no saturation up to 6T (Fig. 9). The
comparison of the experimental data with the free spin
model suggests the presence of weak antiferromagnetic
exchange coupling. The results of magnetization measure-
ments are consistent with the estimation of the effective
exchange coupling from the inverse susceptibility, where
the magnitude of effective exchange coupling in complex 2
is higher than in complex 1.

The specific heat of both materials has been investigated
in zero magnetic field in the temperature range
95mK-2.0K and 95mK-0.80K, for complex 1 and
complex 2, respectively, with the aim to resolve the
magnetic structure and dimensionality of the systems.
The temperature dependence of the magnetic specific heat
of complex 1 displays a round maximum at 7, = 0.28 K
and A-like anomaly, associated with long-range ordering, at
T, = 0.18 K, while the complex 2 shows only an indication
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Fig. 9. Field dependence of the magnetization of complex 2 measured at
4.75K (circles) compared to the Brillouin function for g = 2.14 obtained
from Curie—Weiss fit of the inverse susceptibility (solid line).
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Fig. 10. Magnetic specific heat of complex 1 compared to the HAF square
lattice model with J/kg = —0.43K (dotted line), while dashed line
represents the HAF linear chain model with J/kg = —0.62 K. The solid
line represents quasi-two-dimensional square lattice HAF model with
intralayer J/kg=—0.27K and interlayer J,/J=0.5 describing the
behavior of magnetic specific heat of the complex 2.

of the round maximum overlapped with a dominating A-
like anomaly at T, = 0.2K (Fig. 10). The lattice contribu-
tion to the total specific heat of both materials was
subtracted after fitting high temperature region to the
equation C = aT~2> + bT?3, where aT 2 describes the high-
temperature expansion of magnetic specific heat, while 57°
represents the low-temperature description of the lattice
contribution in the Debye approximation. After subtrac-
tion of the lattice contribution, the magnetic entropy S,
has been calculated from the experimental data with simple
approximations used for 7—0 and T— oo. The calculated

Table 8
Magnetic entropy of studied materials calculated from experimental
specific heat

Sm (J/K/mOI) Sm/Sthenr Entropy

removed

above T;
[Cu(en),][Pt(CN)4] 5.75 0.91 4.61 (80%)
[Cu(dmen),][Pt(CN),] 6.1 1.06 3.64 (60%)

values of the magnetic entropy, S,,, with respect to the
theoretically predicted value Syeor = RIn(2S+1) = 5.76J/
K/mol for magnetic system with spin S = 1/2 are shown in
Table 8. The magnetic entropy removed above T in both
materials represents more than 50% of the total magnetic
entropy suggesting low-dimensional character of the
studied systems. However, the magnetic dimensionality of
the complex 2 with 60% of total entropy removed above T,
is more likely close to the 3D magnetic system.

Considering the topology of covalent and possible HBs
the magnetic specific heat of the complex 1 has been
compared to the theoretical models for Heisenberg
antiferromagnetic (HAF) linear chain [36] and isotropic
HAF square lattice [37,38] (Fig. 10). The values of
exchange coupling parameters obtained from the compar-
ison were J/kg = —0.62 and —0.43 K for HAF linear chain
model and HAF square lattice model, respectively. These
values are in agreement with the estimation of the effective
strength of the exchange coupling from the Curie constant.
The height of the maximum at Ty,,, = 0.28 K suggests that
the system might be described by the 2D model of the
spatially anisotropic square lattice [39], where linear chains
are coupled by the interchain exchange coupling J'. This
model coincides well with the geometry of the HBs net in
the structure of complex 1, i.e. intrachain interaction J
might be mediated by doubled Cu-N4-H4A--
NI1---H4B-N4-Cu exchange path, while J' runs along
Cu-N3-H3B---N2—Cu pathway. However, the theoretical
prediction for the temperature dependence of the magnetic
specific heat of the aforementioned model is not available
yet, thus, we are unable to estimate the interchain coupling
J' in complex 1 from the measured data set.

The magnetic specific heat of the complex 2 can be
described by the theoretical model for quasi-two-dimen-
sional HAF square lattice [40] with in-plane coupling J and
varying interplane coupling J, <J. From the comparison
of the experimental data to the theoretical model we
have obtained the values J/kg = —0.27K and J,/J =0.5
(Fig. 10) suggesting strong influence of interplane coupling
in complex 2, driving the system into transition to the
three-dimensional long range order. This result is sup-
ported by the 60% ratio of the magnetic entropy removed
above the T,. The strength of exchange coupling is also in
agreement with the estimation of effective exchange
coupling from the Curie—Weiss fit of the susceptibi-
lity. The difference between the experimental data and
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theoretical prediction can be ascribed to the presence of
slightly stronger interlayer coupling J, in complex 2 than
that taken into account in the available theoretical
prediction and finite size calculations [40].

4. Conclusions

The X-ray analysis of violet crystals of [Cu(en),]
[Pt(CN)4] (1) and blue crystals of [Cu(dmen),][Pt(CN)4]
(2) revealed that both structures are formed by infinite
zigzag chains. The covalent chains are built of Cu(II) atoms
linked by [Pt(CN),*~ anions in the [111] and [101]
direction, respectively. The Cu(II) atoms are hexacoordi-
nated by four nitrogen atoms in the equatorial plane from
two molecules of bidentate ligands L with average Cu-N
distance of 2.022(2) and 2.049(4), respectively. Axial
positions are occupied by two nitrogen atoms from
bridging [Pt(CN),]*~ anions at longer Cu-N distance of
2.537(2) and 2.600(5) A, respectively.

The chains are bound into sheets in both complexes by
relatively strong HBs of N—H---N type. Moreover, another
N-H---N HB is found between these sheets in 1 and thus
3D structure is finally formed. Contrary to the 3D
character of this structure the specific heat analysis suggests
that the magnetic structure in this complex can be
approximated by the spatially anisotropic square lattice
Heisenberg model with J/kg ~ —0.5K similar as in the
compound [Cu(en),][Ni(CN)4] [17]. However, the inter-
chain coupling J' is weaker in complex 1. The 2D magnetic
structure can be explained by the fact that the magnetic
d,>_, orbital is oriented within the equatorial plane of the
local octahedron due to the Jahn—Teller distortion and is
not involved in the covalent bonds. Consequently, the
exchange path between Cu(Il) atoms is preferred through
HBs between the chains and not through the covalent
bonds within the chain.

The structure of 2 remains 2D as the second N-H---N
bond binding the neighboring sheets is missing. On the
other hand, the replacement of two hydrogen atoms by
methyl groups on N2 atom in en ligands supports the
creation of a dense network of weak C-H---N HBs
increasing the magnetic dimensionality. Consequently, the
2D magnetic behavior is strongly overlapped by interlayer
effects due to the weak HBs network.

Finally we can conclude that although the use of bulky
[Pt(CN)4]*~ anion instead of [Ni(CN)4]*~ anion resulted in
a different HBs system, HBs were not suppressed at all.
Therefore, we intend to use in our next work other ligands
L which are definitely unable to form strong hydrogen
bridges, like 1,10-phenanthroline, 2,2-bipyridine or
N,N,N',N'-tetramethylethylenediamine.
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