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Syntheses, Structures and Magnetic Properties of Cyanide-bridge
Tetranuclear Clusters Containing [Ni([15]aneNs-macrocycle)]**

YANG Ting-Hai BAO Song-Song ZHOU Kai LI Yi-Zhi ZHENG Li-Min*
(State Key Laboratory of Coordination Chemistry, Coordination Chemistry Institute,
School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210093)

Abstract: By using 1,4,7,10,13-pentaazacyclopentadecane (cpad) as terminal ligand, two isomorphous complexes
[{Ni(cpad)}sM (CN)e,[M(CN)g](C10,); - 6H,0 (M=Cr**, 1; Fe**, 2) are obtained. Crystal data: 1, trigonal, P3c1, a=
1.51441(18) nm, ¢=3.0807(6) nm, V=6.118 9(15) nm®, Z=2; 2, trigonal, P3¢1, a=1.497 62(17) nm, ¢=3.087 8(5) nm,
V=5.997 6(14) nm*, Z=2. Each compound contains a tetrahedron-shaped tetranuclear cluster [{Ni(cpad)}sM (CN)eJ**,
where [M(CN)qJ*” coordinates to three [Ni(cpad)]* moieties through cyanide bridges. The positive charge of the cluster
is balanced by both the discrete [M (CN)J* "

susceptibility measurements reveal that dominant ferromagnetic interactions are mediated in both compounds, with

and perchlorate anions. The temperature dependent magnetic
very weak inter-molecular antiferromagnetic interactions. CCDC: 670129, 1; 670130, 2.
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0 Introduction (M=Cr, Fe) as precursors, combining with mononuclear

complexes such as M"(L)y" (M=Mn, Ni, Cu; L=diamine,

Polynuclear complexes with large spin ground stat-
es and high anisotropy have been of great interest in
searching for new single molecule magnets (SMMs)!"-,
Particular attention has been focused on discrete cyano-

bridged clusters by using hexacyanometalate [M(CN)qJ*~

Wk B 41.2008-02-26., Wefe ki H 41.2008-03-04,

polyamine or Schiff-base)*'. Although the ground state
of such clusters can be as high as 27/2 for CrMns com-
plex®, most of them do not exhibit SMM behaviors due
to the lack of sufficient anisotropy. Usually, the ground

state anisotropy of a polynuclear cluster could originate
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from the local anisotropy of single metallic ions, the ex-
change anisotropy and the overall structural anisotro-
py"*". By introducing anisotropic Mn™ ion, Miyasaka et
al reported tetranuclear Mn";M™ complexes [{Mn(salen)
(EtOH)};{M(CN)¢}] (M=Fe, Cr) which show strong fre-
quency dependence and hysteresis on the field depen-
dence of the magnetization!"”. Marvaud et al. found that
the nuclearity and hence the structural anisotropy of
these polynuclear compounds could be possibly con-
trolled by changing either the stoichiometry, the nature
of the terminal ligand, or the counterion!®l.

1,4,7,10,13-pentaazacyclopentadecane (cpad) and
its derivatives, as efficient macrocycle coordination lig-
ands, have been widely studied in the fields of enzyme
mimics ™, fluorescent probes ™, ion recognition "*"7,
magnetic resonance imaging contrast agents and radio-
pharmaceuticals"®. However, investigations on the str-
uctural chemistry of metal-cpad complexes are rather
limited. Only a few reports, all represent mononuclear
species, have been published including [Ni(cpad)ClO,]
C10,™, [Ni(cpad)H,0](C104) (NO3)™\, [Mn (cpad)Cl,] ™,
[Mn (cpad)NO;INO; 2, [Cu (cpad)] (C104),™, [Zn (cpad)]
(C10,), P! [Cd (cpad)]Cl,, [Cd (L)NOsINO; ™ and [Ln
(cpad)NO;] - CH;CN™.

In this paper, we employ 1,4,7,10,13-pentaazacy-
clopentadecane (cpad) as the terminal ligand in order to
affect the structural anisotropy of the cyanide-bridged
[{Ni (cpad)};M (CN)gl.
[Cr(CN)g](Cl104);-6H,0 (1) and [{Ni(cpad)};Fe(CN)gl[Fe
(CN)6J(C10,);-6H,O  (2) with tetranuclear structures are

obtained. Their magnetic properties are studied.

clusters. Two new compounds

1 Experimental

1.1 Material and physical measurements

The 1,4,7,10,13-pentaazacyclopentadecane was
prepared according to the literature ™. All the other
starting materials were of reagent grade quality and
purchased from commercial sources without further pu-
rification. Elemental analyses were performed on PE
240C elemental analyzer. The infrared spectra were
recorded on a VECTOR 22 spectrometer with pressed
KBr pallets. Thermal analyses were conducted in nitro-

1

gen with a heating rate of 20 °C *min ™' on a Perkin

Elmer Pyris 1 TGA instrument. The magnetic suscepti-
bility measurements for 1 and 2 were carried out on
polycrystalline samples using a Quantum Design
MPMS-XL7 SQUID magnetometer.

1.2 Syntheses

Caution! Perchlorate salts of metal complexes
with organic ligands are potentially explosive. Only
small amounts of materials should be prepared and
handled with care.

1.2.1  Synthesis of [{Ni(cpad)};Cr(CN)gJ{Cr(CN)4]

(C104);-6H,0 (1)

To a solution of cpad  (0.129 g, 0.6 mmol) in water
0.219 g, 0.6
mmol) dissolved in 5 mL of H,0. The solution was heat-
ed and stirred for 10 min, then 0.065 g (0.2 mmol) of
K5[Cr(CN)g] dissolved in 10 mL water was added drop-

wise, resulting in a change from purple to brown. After

(10 mL) was added nickel perchlorate

additional stirring of 20 min, the filtrate was evaporated
for a week and brown block crystals were collected.
Yield: 0.0257g (9.6% based on cpad ). Anal. Found
(caled) for CsH CLCrsNgNigOs  (%): C, 35.02(35.02);
H, 6.14(6.10); N, 25.17(25.13). IR (KBr, cm™): 3 594w,
3420m, 3 333w, 3 277s, 3 220s, 2 944m, 2 882m, 2 158
w, 2 126m, 1 619m, 1 476s, 1 455w, 1 341m, 12 84w,
1209w, 1 091s, 1 023w, 966s, 914m, 884w, 848w, 825
w, 804 w, 785w, 623s, 534w, 456s.

1.2.2  Synthesis of [{Ni(cpad)};Cr(CN)sJ/Fe(CN)g]

(C104);-6H,0 (2)

This compound was prepared by a similar experi-
mental procedure to that of 1, except that Ks;[Fe(CN)4|
instead of K;[Cr(CN)s| was used. Yield: 0.015 8 g (5.9%
based on cpad). Anal. Found (caled) for CogH Cl;Cr3Nyg
NigOis (%): C, 34.91 (34.87); H, 6.10 (6.07); N, 25.01
(25.02). IR (KBr, cm™): 3416m, 3 330w, 3275s,3210s,
2940m, 2 879m, 2 149w, 2 114m, 2 026w, 1 621m, 1 475
s, 1 456w, 1 341m, 1 285w, 1 209w, 1 092s, 1 023w, 963
s, 914m, 884w, 848w, 826w, 805w, 785w, 624s, 537w.
1.3 Crystal structure determination

Single crystals of dimensions 0.30 mm X 0.26 mm
x 0.24 mm for 1 and 0.40 mm X 0.32 mm x 0.26 mm for
2 were selected for indexing and intensity data collec-
tion at 298 K on a Bruker SMART APEX CCD diffrac-

tometer equipped with  graphite-monochromatized
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Mo Ka radiation (A=0.071 073 nm). Numbers of mea- matrix least-squares using SHELXTL™. All the non-
sured and observed reflections [/>20 (/)] are 22 509 and hydrogen atoms were refined anisotropically. All H
4035 (R4,=0.051 3) for 1 and 20352 and 3947 (R;,= atoms were refined isotropically. Crystallographic and
0.054 2) for 2, respectively. The data were integrated refinement details are listed in Table 1. Selected bond

using the Siemens SAINT program™. The structures lengths and angles are given in Table 2.
were solved by direct method and refined on F? by full CCDC: 670129, 1; 670130, 2.

Table 1 Crystallographic data for 1 and 2

Compound 1 2

Empirical fomula CrsHi0ClCrsNygNigO s CrsHiCliFesNgNigO s
M 2675.17 2686.72

Crystal system Trigonal Trigonal

Space group P3cl P3cl

a/ nm 1.514 4(2) 1.497 6(2)

¢/ nm 3.080 7(6) 3.087 8(5)
V/nm? 6.118 9(15) 5.997 6(14)

A 2 2

D,/ (g-em™) 1.452 1.488

F(000) 2 802 2 814

@/ mm™” 1.298 1.415
Goodness-of-fit on F* 1.048 1.099

Ry, wR, [I520())]! 0.041 9, 0.081 9 0.048 1, 0.090 3
Ri, wR, (All data)* 0.065 9, 0.086 5 0.082 1, 0.094 0
(A) s (Ap)in / (e nm™) 338, -461 587, 906

R=SIFFINSIE), wR=[Suw(F~F ) Saw(F"

Table 2 Selected bond lengths (nm) and angles (°) for compounds 1 and 2

1 2

M(1)-C(11) 0.206 3(3) 0.196 7(3)
C(11)-N(6) 0.115 2(4) 0.112 0(4)
M(1)-C(12) 0.207 0(3) 0.198 8(4)
C(12)-N(7) 0.114 0(4) 0.111 0(4)
Ni(1)-N(1) 0.210 9(2) 0.211 2(3)
Ni(1)-N(2) 0.216 1(2) 0216 3(3)
Ni(1)-N@3) 0.213 3(3) 0216 8(3)
Ni(1)-N) 0.207 9(3) 0.207 2(3)
Ni(1)-N(5) 0.207 9(2) 0.209 9(3)
Ni(1)-N(6) 0.205 6(2) 0.206 3(3)
C11)-M(1)-C(12) 88.9(1) 88.0(1)
C(11)-M(1)-C(114) 90.8(1) 90.5(1)
C(12)-M(1)-C(12B) 89.3(1) 92.0(1)
C(11)-M(1)-C(124) 178.2(1) 178.6(1)
N(6)-Ni(1)-N(5) 95.4(1) 96.5(1)
N(6)-Ni(1)-N(4) 90.1(1) 88.9(1)
N(5)-Ni(1)-N(4) 82.9(1) 80.1(1)
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Continued Table 2
N(6)-Ni(1)-N(1) 86.0(1) 87.4(1)
N(5)-Ni(1)-N(1) 82.6(1) 83.9(1)
N(4)-Ni(1)-N(1) 164.6(1) 163.1(1)
N(6)-Ni(1)-N(3) 90.8(1) 89.2(1)
N(5)-Ni(1)-N3) 163.6(1) 161.0(1)
N@)-Ni(1)-N3) 81.9(1) 82.0(1)
N(1)-Ni(1)-N3) 113.1(1) 114.5(1)
N(6)-Ni(1)-N(2) 161.5(1) 160.5(1)
NGS)-Ni(1)-N(2) 97.5(1) 99.5(1)
N@)-Ni(1)-N©2) 104.6(1) 104.8(1)
N(1)-Ni(1)-N(2) 82.6(1) 83.2(1)
NG)-Ni(1)-N©2) 80.4(1) 79.3(1)

Symmetry transformations used to generate equivalent atoms: A: —y+1, x—y+1, z; B: —x+y, —x+1, z.

2 Results and discussion

2.1 Syntheses and preliminary characterization
Complex 1 was initially formed in an aqueous
solution containing a 1:6 mixture of [Cr(CN)s’~ and
[Ni (cpad)]**, with the expect to yield a heptanuclear
complex. However, crystallography analysis revealed
that the Cr:Ni molar ratio is 1:2 in the product. The ex-
periment was thus repeated by using the same starting
materials with Cr:Ni molar ratio of 1:1~5. Same com-
pound was obtained and a highest yield (12.4%) was
achieved in the case of Cr:Ni=1:2. Compound 2 can be
prepared by following a similar experimental procedure.
Fig.1 gives the IR spectra of compounds 1 and 2.
It is clear that both compounds show two sharp v (CN)
bands in the region of 2 110~2 160 cm™. The band ap-
pearing at the higher wavenumber (2 158 em™ for 1,
2149 em™ for 2) is attributed to the stretching vibration
of the bridging CN. While the band appearing at the

1.0+
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o o
N o]
1 1

e
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1

—1
0.2 —2

0 1000 2000 3000 4000
Wavenumber / cm™

Fig.1 IR spectra of compounds 1 and 2

lower wavenumber (2 126 cm™ for 1, 2 114 cm™ for 2)
corresponds to the stretching vibration of the terminal
CN ligands™.,
2.2 Crystal structures

Compounds 1 and 2 are isomorphous. Both crys-
tallize in trigonal space group P3cl. Fig.2 shows the
building unit of compound 1. The asymmetric unit con-
sists of one tetranuclear cation that has 1/3 occupancy,
one free hexacyanochromate anion that has 1/6 occu-
pancy, two perchlorates that have 1/3 occupancy and
1/6 occupancy respectively and two lattice water
molecules that have 3/5 occupancy and 2/5 occupancy

respectively. Hence the chemical formula of compound

1is {[Ni(cpad)];Cr(CN)g}[Cx(CN)e)(C10,);+ 6H,0.

N8

C13

Cr2

All H atoms, water molecules and perchlorate anions are omitted

for clarity

Fig.2 Building unit of 1 (30% probability)

[Cr(CN)e*~
serves as a meridional-tridentae building block to bind
three [Ni(capd)]** unit through three bridging CN lig-

Within the tetranuclear cluster, the
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ands (Fig.3). The cluster has a near C3 symmetry with
the Cr atom residing on the three-fold rotation axis and
three Ni atoms locating in general positions which are
symmetrically related to each other. The presence of
both bridging (C11N6) and terminal (C12N7) cyanide
ligands within the cluster is reflected by their structural
parameters with the Cr1-C11 bond length 0.206 3(3) nm
shorter than that of Cr1-C12 0.207 0(3) nm while the
CIIN6 distance 0.115 2 (4) nm longer than that of
CI12N7 0.114 0(4) nm. Each Ni atom has a distorted oc-
tahedral environment. Five of the six coordination sites
(N1, N2, N3, N4, N5)

from cpad macrocycle ligand. The remaining position is

are filled with nitrogen atoms

occupied by the N6 atom from the hexacyanochromate.
The Ni-N bond lengths fall in the range 0.205 6(2)~
INi (1)

0.216 1(2) nm, similar to those in compounds

(H;0)](C10,)(NO5) 0.206 9(4)~0.217 0(4) nm™.

All H atoms are omitted for clarity

Fig.3 View of the tetranuclear cation in 1
(30% probability ellipsoids)
The structure of compound 2 is identical to that of
1 except that the Cr' ion in 1 is substituted by Fe'' in 2.
Marvaud et al. found that the reactions of
[Cx(CN)e]* with Ni(L)** (L=polyamine) under similar ex-
perimental conditions result in the formation of a CrNig4
heptanuclear complex when L is tetren, a CrNi, trinu-
clear complexes when L is dienpy,, and a CrNi; te-
tranuclear entities when L is dipropy,®”. The formation

of tetranuclear clusters in compounds 1 and 2 could be

related to the use of a particular terminal ligand, e.g.
1,4,7,10,13-pentaazacyclopentadecane.

It is worth noted that the other related tetranuclear
compounds based on [M(CN),]*~ is still limited in num-
ber. These include [{Mn(salen)(EtOH)};{M(CN)¢}] (M=
Fe, 1; Cr, 2)"% and [{Fe "(saldpt)};{Cr(CN)e}], {(saldpt)
H,=N,N’ -bis (1-hydroxy-2-benzylidene)-1,7-diamino-4-
azaheptane} B with T-hape structures, and [BztacnCr
(CNNi (i-Prtacn)Cl);|Cl; - 10H,O (Bztacn=1,4,7-trisben-
zyl-1,4,7-triazacyclononane, i-Prtacn=1,4,7-trisisoprop-
yl-1,4,7-triazacyclononane)?” and [{Cu(edma)};Cr(CN)g],
(edma =ethylenediaminemonoacetate) *¥ with tetrahe-
dron-shaped configuration.

2.3 Magnetic properties

The temperature dependent molar susceptibilities
of compounds 1 and 2 have been measured in a mag-
netic field of 100 Oe in the temperature range 1.8~300
K. The effective magnetic moments at 300 K, calculated
from w.g=2.828 (xnI)", are 9.72 us per NicCr; for 1 and
8.34 g per Nigke; for 2, agree well with the spin-only
values of 9.64 u; for 1 [6(Sx=1), 3(S¢=3/2), g=2.0] and
7.55 g for 2 [6(Sy=1), 3(Sk.=1/2), g=2.0], respectively.

Fig.4 shows the yyT' vs T plot of compound 1.
Clearly, the yyT value increases with decreasing tem-
perature until reaching a maximum of 24.54 c¢m?®-K -
mol™ at 14 K, corresponding to a ferromagnetic interac-
tion between Cr™! and Ni! as expected from the orbital
orthogonal theory™. Thus the ground state of compound
1 is S=21/2. Below 14 K, the yyT value decline mono-
tonously to 12.08 em?+K -mol™ at 1.8 K, attributed to
inter-molecule interactions and/or zero-field splitting of

the ground state. Assuming that the zero-field splitting

[ o
=1 e
L 1

XuT/ (cm? « K - mol™)
?

0 50 100 150 200 250 300

Fig.4  Plot of yyT (O) vs T for compound 1
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of the ground state is very small, the magnetic data were
thus analyzed by an equation derived for a CrNi; te-

tranuclear cluster using the following Hamiltonian™:

F]:_]SCr (§Ni1 +‘§1\'iz +‘§\1i3 )+

—

B[g(lrSCr i (SNil +‘§Ni2 +'§Ni3)] H @
The equation become

B 4 2]
4kT B

A=165+168e*+105e"+94e*+70e'"+30e'"+3e "+
20e"+35e'"+2e'®+10e?*
B=5+8e"+9e*+6e™+6e'"+6e'"+3e'"+4e' 43"+
2e'842e2l
where N, g, k and 8 have their usual meanings, x=—J/
(2kT). By including the paramagnetic contribution of
the discrete [Cr (CN)gJ", the diamagnetic contribution
(N, and the inter-molecular interaction (zJ'), the

overall equation of yy can be obtained:

' nop, SNgB
X' =2+ AET +N, 3)

!

__ X
Xv= 7 ]/ , (4)

1- Ng232 X

A best fit, shown as the solid line in Fig.4, can be

obtained in the temperature range 3 ~300 K with pa-
rameters g=2.13, J=15.46 cm™, N,=—0.009 239 c¢m’-
mol™ and z/J'=-0.068 ¢cm™. The J value is comparable
to that for compound [BztacnCr(CNNi(i-Prtacn)Cl);|Cl; -
10H,0

measured at 1.8 K, confirms that the ground state of

(20 em )P, Field dependent magnetization,

compound 1 is S=21/2 (supporting information).
Compound 2 shows a similar magnetic behavior

(Fig.5). In this case, the yyT value increases upon cool-

124

0 50 100 150 200 250 300
T/K
Fig.5 Plots of xy7 (O) vs T for compound 2

ing and approaches to a maximum of 11.45 c¢m?-K -
mol™ at 5.5 K, corresponding to a ferromagnetic inter-
action between low-spin Fe™l and Ni'. Thus the ground
state of compound 2 is S=7. The decrease of yyI' value
below 5.5 K is again attributed to inter-molecule inter-
actions and/or zero-field splitting of the ground state.
Assuming that the zero-field splitting of the ground
state can be neglected, the theoretical equations can be

derived as below:

A

H:_-]’§Fc (SNil +SNiz +‘§Ni3 )+

Blgs. S'Fe +eni (Sl\il +*§,\uz +‘§Ni3)] ‘H S
//=MA7, (6)
4T B’

A'=84+70e'+30e*+e*+3e+20e%+35e™
B'=4+6e+6e*+e*+3e +4e%+3e™ (x==JIQ2kT))

) Ng§2
X=X Ve )

The best fit of the magnetic data in the whole tem-
perature range by using equations (7) and (4), which is
shown as the solid line in Fig.5, results in parameters
g=2.22, J=6.58 cm™', N,=—0.0 003 914 cm®-mol ™ and
zJ'=-0.11 em™. The J value is comparable to that for
[Ni (bpy) (H;O)[{[Ni (bpy)aL[Fe (CN)s.} - 12H,0, (/=6.6
cm )Pl Preliminary investigation on the temperature
dependent ac magnetic measurements of compound 2
reveals that no frequency dependent of the ac signals is
observed (supporting information), excluding the possi-

bility as a single molecule magnet.
3 Conclusions

Two new tetranuclear complexes [{Ni(cpad)};M(CN)g},
[Cr (CN)g] (C104); -6H,0O (1) and [{Ni (cpad)};Fe (CN)gl,
[M(CN)](C1O4);+ 6H,0 (2) based on cpad are reported in
this paper. Both show dominant ferromagnetic interac-
(J) being 15.46 and

6.58 cm™ for compounds 1 and 2, respectively.

tions with the coupling constants
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