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Abstract

Two cyano-bridged assemblies, [Fe (salpn)],[Fe" (CN)sNO] (1) and [Fe"" (salpn)],[Ni"'(CN),] (2) [salpn = N, N'-
1,2-propylenebis(salicylideneiminato)dianion], have been prepared and structurally and magnetically characterized.
In each complex, [Fe(CN)sNOJ*~ or [Ni(CN)4]*~ coordinates with four [Fe(salpn)] ™ cations using four co-planar
CN~ ligands, whereas each [Fe(salpn)] " links two [Fe(CN)sNOJ*~ or [Ni(CN)4]*~ ions in the trans form, which
results in a two-dimensional (2D) network consisting of pillow-like octanuclear [—M"—CN—Fe"—NC—], units
(M = Fe or Ni). In complex (1), the NO group of [Fe(CN)sNOJ*~ remains monodentate and the bond angle of
Fe""—N—O is 180.0°. The variable temperature magnetic susceptibilities, measured in the 5-300 K range, show
weak intralayer antiferromagnetic interactions in both complexes with the intramolecular iron(III)- - -iron(I1I)
exchange integrals of —0.017 cm™' for (1) and —0.020 cm™ for (2), respectively.

Introduction

In recent years, an enormous amount of research work
has been devoted to the study of cyano-bridged coor-
dination polymers due to their potential use as func-
tional solid materials, such as catalysts, optical devices
as well as molecular-based magnets [1-5]. It is known
that the cyano-bridged 3D bimetallic assemblies of the
Prussian Blue type, derived from hexacyanometalate
ions [M(CN)s]"™ and simple transition metal ions,
exhibit spontanecous magnetization at 7¢ as high as
376 K, and interesting optoelectronic and magnetoop-
tical properties [6-10]. However, magneto-structural
correlation of these high 7¢ or Ty compounds remains
unclear because of the difficulty in obtaining single
crystals. Furthermore, the face-centred cubic structures
(based on powder XRD results) usually possess low or
no magnetic anisotropy. To overcome these problems, a
wide variety of hybrid Prussian Blue complexes assem-
bled from cyanometalate building blocks [M(CN),]"”
(M = Fe, Cr, Co, Mn, Mo and W efc.) and coordin-
atively unsaturated transition metal complexes have

* Author for correspondence

been studied structurally and magnetically [11-16].
These complexes exhibit fascinating structures ranging
from discrete entities to 3D extended networks, and
interesting magnetic properties, such as magnetic order-
ing and high spin ground states. For example, the
reaction between [M’(BS)]© (M’ = Mn, Fe; BS = Schiff
base ligand) and [M(CN)¢>~ (M = Fe, Cr) has already
led to a variety of lattice structures depending on the
nature of the Schiff base, the metal ion and the
countercation efc., e.g., the discrete heptanuclear
complex [Cr{(CN)Mn(salen-H,0)}¢][Cr(CN)s]- 6H,O
[salen = N,N’-ethylenebis(salicylideneiminato)dianion]
[17], the 1D chain complex [NEts],{Mn(acacen)}
[Fe(CN)g] [acacen = N,N’-ethylenebis(acetylacetony-
lideneaminato)dianion] [18], 2D network complexes
[{Mn(saltmen)}4{Fe(CN)g}]Cl1O4-H,O  [saltmen = N,
N’-(1,1,2,2-tetramethylethylene)bis(salicylideneiminato)
dianion] [19] and [{Fe(salen)}; {Fe(CN)g}(MeOH),]-
3H,O [20]. They exhibit the ferromagnetic or antiferro-
magnetic interaction between adjacent paramagnetic
centers through the cyanide bridge. Recently, we have
prepared two new cyano-bridged coordination
polymers, [Fe'"(salpn)]-[Fe''(CN)sNO] (1) and [Fe'-
(salpn)L[Ni"'(CN)4] (2) [salpn = N,N’-1,2-propylenebis



(salicylideneiminato) dianion], using the Schiff base
complex cation [Fe(salpn)]® as a template. Here we
report the syntheses, structures and magnetic properties
of the two 2D assemblies with neutral layers.

Experimental
Physical measurements

Elemental analyses for C, H and N were performed with
a Perkin-Elmer 240C analyzer. Fe and Ni analyses were
made on a Jarrell-Ash 1100 + 2000 inductively coupled
plasma quantometer. L.r. spectra were recorded on a
Nicolet FT-170SX spectrometer with KBr pellets in the
4000-400 cm™" region. Magnetic susceptibilities on
crystalline samples were measured with a Quantum
Design MPMS-5 SQUID susceptometer under an ap-
plied magnetic field of 10 kOe in the 5-300 K range.
Diamagnetic corrections were made using Pascal’s
constants. Effective magnetic moments were calculated
using the equation per = 2.828(ym x T)'/?, where yy is
the magnetic susceptibility per formula unit.

Syntheses

All chemicals and solvents used for the synthesis were
reagent grade. The quadridentate Schiff base ligand
Hjsalpn was prepared by mixing salicylaldehyde and
1,2-diaminopropane in a 2:1 molar ratio in MecOH
according to the literature [21, 22]. [Fe(salpn)NO;] was
prepared by mixing Fe(NO;3);-9H,0, Hjsalpn and
LiOH-H,O in a 1:1:1.5 molar ratio in MeOH according
to the method reported previously [23].

[Fe(salpn)]> [Fe(CN)sNO] (1)

Well-shaped black crystals of (/) were obtained by slow
diffusion of a dark brown MeOH solution (15 cm?) of
[Fe(salpn)NO3] (0.15 mmol) and an aqueous solution
(15em®)  of Na,[Fe(CN)sNO]-2H,O (0.15 mmol)
through a U-tube containing silica gel at room temper-
ature. The resulting crystals were collected, washed with
H,O and MeOH respectively, and dried in air. (Found:
C, 522, H, 375, N, 161, Fe, 19. C39H32FC3N1005
caled.: C, 52.7; H, 3.6; N, 15.8; Fe, 18.9%.) L.r. vpax
(em™"): 2161(s), 1925(vs), 1629(vs), 1596(m), 1548(m),
1468(w), 1446(m), 1395(w), 1322(w), 1293(vs), 1149(w),
900(m), 800(m), 768(s), 615(m).

[Fe(salpn) J>[Ni(CN)4] (2)

The complex was prepared as black single crystals in a
way similar to that of complex ( /), except for the use of
K5[Ni(CN),]- H,O (0.15 mmol) instead of Na,[Fe(CN)s-
NOJ-2H,0. (Found: C, 55.1; H, 3.6; N, 13.3; Fe, 13.5;
Ni, 7.1. C38H32F62N8N104 caled. C, 5465, H, 39, N,
13.4; Fe, 13.4; Ni, 7.0%.) Lr. vpax (cm™): 2155(s),
2133(s), 1628(vs), 1596(s), 1544(s), 1469(m), 1445(s),
1394(m), 1326(m), 1298(s), 1199(m), 1148(m), 903(m),
802(m), 761(s), 615(m), 449(m).
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Table 1. Crystallographic data for (/) and (2)

(1) (2)

Formula C39H32FB3N1005 C38H32F62N8Ni04
Formula weight 888.30 835.13
Crystal system Tetragonal Tetragonal
Space group P 4/ncc P 4/ncc

a (A) 14.3982 (1) 14.250 (2)

b (A) 14.3982 (1) 14.250 (2)

cA) 18.3434 (1) 18.322 (4)

V(A% 3802.74(4) 3720.8 (11)
V4 4 4
D, (g cm™) 1.552 1.491
p(mm™Y) 1.188 1.322
Crystal size (mm?®) 0.40 x 0.375 % 0.20  0.40 x 0.375 x 0.20
0 range (°) 2.00-25.97 2.22-25.97
Reflections measured 3568 1357
Independent reflections 1841(R;, = 0.0969) 1355 (Riy, = 0.0227)
Final R indices R; = 0.0698 R; = 0.0571
[ > 26(1)] wRy = 0.1474 wR, = 0.1543
Goodness-of-fit 0.931 0.962

X-ray crystallography

Diffraction data were collected at 293(2) K on Enraf-
Nonius CAD4 and Rigaku AFC5R diffractometers for
(1) and (2), respectively, using graphite-monochromat-
ed MoK, radiation (4 = 0.71073 A) with the w—260 scan
mode. The unit cell parameters were obtained by a least-
squares refinement of the setting angles of 25 reflections
with 11.92° < 0 < 13.90° for (1), and of 20 reflections
with 15.60° < 0 < 19.62° for (2). The structures were
solved by direct methods and refined by full matrix
least-squares techniques based on F>. All non-hydrogen
atoms were refined anisotropically and the sites of
hydrogen atoms were placed by the geometry. The
unweighted and weighted agreement factors of the
forms R, = Z||Fo|—|F||/Z|Fy| and wR, = [E[w(F}—
F2?)/Zw(F))"? were used. The weighting schemes
are w = 1/[c*(F?) + (0.0805P)> + 0.0000P] (1) and 1/
[6% (F2)+(0.0976P)* + 0.0000P)] (2), where P = (F} +
2F2)/3. All computations were carried out using the
SHELXTL programs. The crystallographic data are
summarized in Table 1.

Results and discussion
Spectroscopic studies

Relevant i.r. spectral data for complexes (/) and (2) are
given in the Experimental section. The formation of
cyanide bridges in both complexes is evidenced by the
V(C=N) stretching bands in the 2000-2200 cm ™! region.
Complex (1) shows a sharp band at 2161 cm™', which
can be attributed to the intermetallic bridging v(C= N),
as observed for other cyano-bridged complexes contain-
ing nitroprusside. The result also suggests that nearly all
cyanide groups in [Fe(CN)sNOJ*~ are involved in
coordination. A very strong band at 1925 cm™ for (1)
is reasonably assigned to the NO stretching vibration,
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Fig. 1. ORTEP plot of complex (7).

thus implying that the Fe—N—O bond is linear [24].
Complex (2) shows two strong v(C=N) bands at 2155
and 2133 cm™', The shift of W(C=N) to higher wave-
numbers relative to that of K,[Ni(CN)4] (2128 cm™)
[25] suggests the formation of CN~ bridges. That
v(C=N) of bridging CN~ shifts to a higher frequency
compared with that of terminal CN™ is largely attributed
to kinematic coupling whereby the motion of bridging
CN" is constrained by the second metal center [26].

Crystal structures

An ORTEP diagram of [Fe(salpn)], [Fe(CN)sNO] (1)
with the atom numbering scheme is shown in Figure 1.
The projection along the c-axis is given in Figure 2. The
selected bond distances and angles are listed in Table 2.
The molecular structure consists of one [Fe"(CN)s-
NOJ*~ anion and two [Fe'(salpn)]® cations. Each
[Fe(CN)sNOJ*~ anion coordinates with four [Fe(sal-
pn)] " cations via four equatorial C=N groups, whereas

Fig. 2. Projection along the c-axis for complex (/), showing a 2D
layer structure comprising of pillow-like octanuclear [—Fe(II)—CN—
Fe(II1)—NC—], units.

Table 2. Selected bond lengths (A) and angles (°) for (1)

Bond lengths

Fe(1)—O(1) 1.898(6) Fe(1)—N(1) 2.111(7)
Fe(1)—N(11) 2.175(5) Fe(2)—N(2) 1.64(1)
Fe(2)—C(12) 1.77(2)  Fe(2)—C(11) 1.930(6)
O(1)—C(1) 1.29(1)  O(2)—N(2) 1.16(2)
N(1D)—C(11) 1.137(7) N(12)—C(12) 1.19(2)
Bond angles

O(1)#1—Fe(1)—0O(1) 108.1(3) O(1)—Fe(1)—N(1)#1 164.6(3)
O(1)—Fe(1)—N(1) 87.2(3) N(D)#1—Fe(1)—N(1) 77.4(5)
O(D#1—Fe(1)—=N(11)  93.5(2) O(1)—Fe(1)—N(11) 90.5(2)
N(D#1—Fe(1)—=N(11)  85.7(2) N(1)—Fe(1)—N(11) 88.9(2)
N(11)—Fe(1)—N(1D#1 173.1(3) N(11)—C(11)—Fe(2) 178.0(7)
C(12)—Fe(2)—C(11) 85.7(3) N(2)—Fe(2)—C(11) 94.3(3)
C(11)—Fe(2)—C(1D#2 171.5(5) C(11)—Fe(2—C(11)#3 89.68(4)
C(1)—O(1)—Fe(1) 130.4(5) C(7)—N(1)—Fe(1) 123.4(6)
C(8)—N(1)—Fe(1) 113.2(7) C(11)—N(11)—Fe(1) 164.5(6)

Symmetry transformations used to generate equivalent atoms: (#1)
=X, —z + 1/2; #2) —x + 12, -y + 1/2,z; #3) y, —x + 1/2, z and
#4) -y + 12, x, z.

each [Fe(salpn)]’ cation is linked to two [Fe(CN)s-
NOJ*™ ions in trans positions, which results in a 2D
neutral layered structure consisting of pillow-like octa-
nuclear [—Fe''—CN—Fe'"—NC—], units. The iron(III)
ion in the [Fe(salpn)] " unit assumes a slightly distorted
octahedral coordination geometry in which the equato-
rial sites are occupied by N->O, donor atoms of the
quadridentate Schiff-base ligand salpn with Fe'"—N
and Fe'"—O distances of 2.111(7) and 1.898(6) A,
respectively; and the axial positions are occupied by
two nitrogen atoms from CN~ groups with Fe''—N
distance of 2.175(5) A and Fe''—N=C angle of
164.5(6)°. As usual, the [Fe(CN)sNOJ*~ fragment ex-
hibits a distorted octahedral structure. The bond angle



Fig. 3. ORTEP plot of complex (2).

of Fe'"—C=N is 178.0(7)° for the bridging CN~ group.
The terminal CN™ and NO ligands are co-linear as they
both lie on the twofold axis that passes through iron-
(II). The Fe"—CN and C=N bond distances for
bridging CN™ are 1.930(6) and 1.137(7) A, respectively;
whereas those for the terminal CN™ are 1.77(2) and
1.19(2) A, which is accordance with that the antibond-
ing electrons of CN™ are involved in coordination. The
Fe""-NO and N—O bond distances are 1.64(1) and
1.16(2) A, respectively. All of these bond distances are
comparable with those observed in other nitroprussides
[27-33]. The C(11)—Fe'"—NO angle (94.3°) is greater
than 90°, whereas the C(11)—Fe"—C(12) angle (85.7°) is
less than 90°. The greater electronegativity of the
nitrosyl group with respect to the cyanide groups [34,
35] causes deformation away from the nitrosyl end
of the octahedral geometry. As shown in Figure 2,
the CN~ ligands bridge iron(II) and iron(II) centers
to give a wave-like chain. The iron(Il)- - -iron(III) and
iron(III)- - -iron(IIT) separations within the chain are
5.188 and 10.182 A, respectively. The nearest intralayer
and interlayer iron(III)- - -iron(IlI) separations through
space are 7.337 and 9.172 A, respectively.

The labeled ORTEP plot of [Fe(salpn)],[Ni(CN)4] (2)
is shown in Figure 3. Complex (2) is isomorphous with
(1), and the selected bond distances and angles are
listed in Table 3. The molecular structure consists of one
[Ni(CN),J*~ anion and two Fe(salpn)” cations. The
anion and cation are linked by Ni"—CN—Fe"! assem-
blies to form a 2D neutral layered structure consisting of
pillow-like  octanuclear [—Ni'"—=CN—Fe""—NC—],
units. As usual, the [Ni(CN)4]*~ moiety exhibits a square
planar structure, in which the Ni(II) ion is located on a
fourfold axis and coordinated by four CN™ ligands with
Ni—C bond lengths of 1.867(6) A and Ni—C=N angles
of 178.4(7)°. Each [Ni(CN)4]*~ anion coordinates to four
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Table 3. Selected bond lengths (A) and angles (°) for (2)

Bond lengths

Ni—C(10) 1.867(6) Fe—O 1.877(6)
Fe—N(1) 2.109(7) Fe—N(2) 2.178(5)
N(2)—C(10) 1.128(8)  N(1)—C(7) 1.21(1)
Bond angles

C(10)#2—Ni—C(10) 90 C(10)#3—Ni—C(10) 179.6(5)
O—Fe—O0#4 106.4(4)  O—Fe—N(1)#4 165.8(3)
O—Fe—N(1) 87.8(3) N(1)#4—Fe—N(1) 78.0(5)
O—Fe—NQ)#4 91.2(2) N(1)—Fe—N(Q2)#4 86.5(3)
O—Fe—N(2) 93.2(2) N(1)—Fe—N(2) 87.8(3)
N(2)#4—Fe—N(2) 172.6(3) C(1)—0O—Fe 130.2(5)
C(7)—N(1)—Fe 125.5(6) C(8)—N(1)—Fe 112.1(7)
C(10)—N(2)—Fe 167.0(6)  N(2)—C(10)—Ni 178.4(7)

Symmetry transformations used to generate equivalent atoms: (#1)
yo=x + 12,2 (#2) -y + 1/2x,2; (#3) —x + 1/2,-y + 1/2,z and (#4)
y=12x + 1/2,—z + 1)2.

adjacent trans-[Fe(salpn)] " cations through four cyano
nitrogen atoms with a Fe—N distance of 2.178(5) A and
Fe—N=C angle of 167.0(6)°. The coordination geome-
try of the iron(IIl) ion in the [Fe(salpn)]™ subunit is
similar with that of (7). The Ni'"...Fe!" and
Fe'!. . .Fe'"" separations along the —Ni''—C=N—Fe'"'—
linkage are 5.135 and 10.244 A, respectively. The
nearest intralayer and interlayer FeH:- --Fe""" separations
through space are 7.244 and 9.345 A, respectively.

It should be noted that in complexes (/) and (2), the
[Fe(salpn)]* fragment is bound by two equally strong 7-
bonding CN~ groups, which is different from those
observed in the 2D [M(salen-substituted)] " /[Fe(CN)g]*~
adducts [19, 20, 36]. In addition, the interlayer distances
of ca. 9.17 A for (1) and 9.34 A for (2) are much
shorter than those of above adducts (13.10-16.57 A),
due to the lack of countercation as spacer between two
adjacent layers in present compounds. The salpn ligands
in (1) and (2) have similar bonding parameters, which
are comparable to those in relative complexes.

Magnetic properties

The cryomagnetic properties of complexes (/) and (2)
are shown in Figures 4 and 5, respectively, in the forms
of plots of yn and pegr versus T.

Complex (1)

The e per Fe'",Fe'! unit at room temperature, 8.36 ug,
is consistent with the spin-only value of 8.37 ug, which is
expected for the magnetically dilute system consisting of
two high spin iron(III) ions (S = 5/2) and one low spin
iron(Il) ion (S =0), where the spin-only value was
calculated by assuming gr. = 2.00. Lowering the tem-
perature, the p.gr value almost remains constant until
55 K, then decreases gradually in the 55-16 K range, and
finally decreases sharply to 7.6 pgat 5 K. The 1/yn versus
T plot obeys the Curie-Weiss law yp = C/(T—0) with
a negative Weiss constant 6 = —1.0 K. These results
indicate the existence of a weak antiferromagnetic
interaction. As [Fe(CN)sNOJ*~ is diamagnetic, the
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Fig. 4. The temperature-dependence of magnetic susceptibility (Il ll H) and the effective magnetic moment pe (O O O). The solid line is the

calculated curve discussed in the text.

exchange interaction between iron(II)-iron(III) through
the cyanide bridging ligand is negligible. Based on the
crystal structure, two exchange pathways are possible;
one is the intralayer interaction between iron(IlIl) ions
through the diamagnetic [Fe(CN)sNOJ*~ units and the
other is the interlayer interaction through space. Consid-
ering that the shortest iron(III)-iron(IIl) separation
between the layers (9.172 A) is longer than that within
each layer (7.337 A), the intralayer interaction is domi-
nant and the interlayer interaction is negligible. Thus, the
susceptibility can be expressed [37] by Equations (1)—(4).

__2Ng’B4 0
T B

where

A = 330exp(30.J,/kT) + 180 exp(20.J, /kT)
+ 84 exp(12J,/kT) + 30 exp(6J, /kT)
+ 6exp(2J;/kT),

B = 11exp(30J;/kT) + 9 exp(20.; /kT)
+ Texp(12J;/kT) + Sexp(6J;/kT)
+ 3exp(2Ji/kT) + 1.

Ng*p’

A= T Si(Se + 1), (2)
Ng*B* (1 +u
Xchain = :SIC—TEI — ug X SI(St + 1)7 (3)
where

u = cothlJeSi(S + 1)/kT] — kT /JeSu(S + 1),

Xchain
1 - Xchain(ZZJ//Ngzﬁz)

IM = where z = 2, (4)

where J, J. and J* stand for the exchange integrals
between two Sg. (S = 5/2) spins within the Fel!Fe'
trimer, between the S, effective spins of trimers and
between the chains, respectively, and were treated as
equivalent. The symbols N, g, § and k have their usual
meanings. By allowing the g and J values to vary, we
obtained the best fit to the experimental data with
parameters J, =J.=J = -0.017 cm™, g=2.02 and
the disagreement factor R =7.9 x 10™° [R = > (obs—
Jeale) /72, As shown in Figure 4, the fit may be
considered to be good. The results (J; =J.=J < 0)
show the presence of a weak antiferromagnetic interac-
tion between the nearest Fe''' jons within each sheet
through the —NC—Fe'"—CN— bridges.

Complex (2)

Complex (2) has similar magnetic behavior to that of
(1). The pg per Fel!Ni'" unit at room temperature,
8.0 up, is slightly smaller than the spin-only value of
8.37 up expected for the magnetically dilute high spin
iron(I11) ions [(Sge, Sni» Ske) = (5/2, 0, 5/2), where the
spin-only value was calculated by assuming gg. = 2.00.
On lowering the temperature, the p.y value almost
remains constant until 34 K, then decreases gradually in
the 32-12 K range, and finally decreases sharply with
further decreasing temperature to 7.3 ug at 5 K. The
magnetic susceptibility obeys the Curie-Weiss law
with a negative Weiss constant # = —1.1 K. These results
indicate the existence of a weak antiferromagnetic
interaction. As [Ni(CN),*~ is diamagnetic, the ex-
change interaction between nickel(Il)-iron(III) through
the cyanide bridging ligand is negligible. However, the
coupling between two adjacent iron(III) ions could occur
through the [Ni(CN),J*~ group. Similar to complex (1),
the susceptibility data for (2) can be approximated by
Equations (1)~(4) with the best fit parameters
i =J.=J=-0.02cm™, g=195and R=4.4x10"°
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(Figure 5). The results show the presence of weak
intramolecular Fe'...Fe"' antiferromagnetic interac-
tions through the diamagnetic —NC—Ni''"—CN— path-
ways.

It is observed that two paramagnetic centers usually
give rise to weak antiferromagnetic interaction when
bridged by the [Fe(CN)sNOJ*~ [27-30] or [Ni(CN),J*~
group [38-39], which can be rationalized by the long
distance between paramagnetic centers. However, to our
knowledge, the antiferromagnetic mechanisms for
[Fe(CN)sNOJ>~ and [Ni(CN),J*~ are still unclear, and
more works need to be done to clarify the exchange
mechanism.

Supplementary data

Supplementary data are available from the Cambridge
Crystallographic Data Center, 12 Union Road, Cam-
bridge, CB2 1EZ, UK on request quoting the deposition
numbers 193646 and 193647.
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