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Abstract: Homo- and heterometallic
1D coordination polymers of transition
metals (Co", Mn", Zn") have been syn-
thesized by an in-situ ligand generation
route. Carboxylato-based complexes
[Co(PhCOO),], (1a, 1b), [Co(p-MePh-
COO),], (2). [ZaMn(PhCOO),], (3).
and [CoZn(PhCOO),], 4)
(PhCOOH =benzoic acid, p-MePh-
COOH =p-methylbenzoic acid) have
been characterized by chemical analy-
sis, single-crystal X-ray diffraction, and
magnetization measurements. The new
complexes 2 and 3 crystallize in ortho-
rhombic space groups Prnab and Pcab
respectively. Their crystal structures
consist of zigzag chains, with alternat-

Introduction

Recently, the chemistry of coordination polymeric com-
plexes has made rapid progress.!! In particular, 1D ordered
coordination polymers with paramagnetic metal centers

ing M" centers in octahedral and tetra-
hedral positions, which are similar to
those of 1a and 1b. Compound 4 crys-
tallizes in monoclinic space group P2,/c
and comprises zigzag chains of M" ions
in a tetrahedral coordination environ-
ment. Magnetic investigations reveal
the existence of antiferromagnetic in-
teractions between magnetic centers in
the heterometallic complexes 3 and 4,
while ferromagnetic interactions oper-
ate in homometallic compounds (1a,
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1b, and 2). Compound 1b orders ferro-
magnetically at 7-=3.7 K whereas 1a
does not show any magnetic ordering
down to 330 mK and displays typical
single-chain magnet (SCM) behavior
with slowing down of magnetization re-
laxation below 0.6 K. Single-crystal
measurements reveal that the system is
easily magnetized in the chain direction
for 1a whereas the chain direction co-
incides with the hard magnetic axis in
1b. Despite important similarities,
small differences in the molecular and
crystal structures of these two com-
pounds lead to this dramatic change in
properties.

have attracted growing attention on account of their re-
markable combination of physical properties (for example,

photoluminescence and adsorption!™).'"l They can be em-
ployed in molecular-based electronic devices, adsorbents,
and chemical sensors.! One-dimensional (1D) coordination
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polymers may present peculiar magnetic properties, such as
the opening of magnetic hysteresis loops at low temperature
due to the slowing of magnetization relaxation, and behav-
ior as so-called single-chain magnets (SCMs)."’

Carboxylato ligands are widely exploited for construction
of coordination polymers. Use of polycarboxylic acids leads
to the formation of two- (2D) and three-dimensional (3D)
coordination networks.'*®l In most cases, use of monocar-
boxylic acids results in creation of discrete mono- or poly-
nuclear complexes (0D). One-dimensional complexes of
first-row transition metals with solely monocarboxylic acids
acting as both linkers and ligands are rare,’! and therefore it
would be interesting to develop new methods for the synthe-
sis of such complexes and to study their properties.

In most cases, carboxylate-based coordination polymers
are synthesized by solvothermal procedures.'***! Recently
we proposed® a convenient route for the synthesis of vari-
ous homo- and heterometallic polynuclear carboxylato com-
plexes, based on in-situ redox carboxylato ligand generation.
Homometallic [Co(PhCOO),], and heterometallic [CoMn-
(PhCOO),], 1D coordination polymers of transition metals
could also be synthesized easily by this route.® We extend-
ed our investigations and prepared new polymeric coordina-
tion compounds. We report below the synthesis, crystal
structures, and magnetic properties of several new carboxy-
lato-bridged 1D coordination polymeric complexes, namely
homo- and heterometallic [Co(PhCOO),], (1a, 1b), [Co(p-
MePhCOO),], (2), [MM'(PhCOO),], (MM'=ZnMn (3b),
and CoZn (4). In particular, 1a behaves as an SCM at very
low temperatures.

Results and Discussion

Synthesis: The in-situ carboxylate redox generation ap-
proach has been used for the synthesis of 1D coordination
polymeric complexes.® It has been shown that the reaction
between cobalt nitrate and benzaldehyde leads to the forma-
tion of a blue solution containing “cobalt(Il) benzoate”.!*
Two different [Co(PhCOO),], crystal phases, monoclinic 1a
and orthorhombic 1b, were isolated from this cobalt(II)
benzoate solution, depending on crystallization conditions.*
We improved the method described to obtain the pure form
of 1b without accidental contamination of 1a due to cocrys-
tallization of the two phases. The addition of nucleator (sev-
eral crystals of 1b) in the hot cobalt(II) benzoate solution
leads to crystallization of the orthorhombic form of [Co-
(PhCOOQ),], alone without admixture of the monoclinic
form. Both forms of cobalt benzoate decompose slowly in
the moisture of the air.

Manganese and nickel coordination polymers of this type
could not be prepared by the proposed method. This may
be caused by a less pronounced ability of these ions, com-
pared with cobalt, to form tetrahedral coordination centers,
which is essential for formation of this type of coordination
polymer (vide infra).
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The chemical compositions of all the complexes were con-
firmed by elemental analysis. The ratio M/M’ is 1:1 in all the
heterometallic complexes and is constant for different crys-
tals of the same batch, confirming that the heterometallic
1D coordination polymers are not a mixture of homometal-
lic complexes.

Crystal structures of the two modifications of [Co-
(PhCOO),], (1a, 1b): The structures of the monoclinic”
C2/c (1a) and orthorhombic®™! Pcab (1b) forms of [Co-
(PhCOOQ),], have already been described briefly. These two
modifications have very different magnetic behaviors. To ex-
plain these differences, we compare their crystal structures
in detail here. The structures of both 1a and 1b are built up
from neutral [Co(PhCOO),], zigzag chains consisting of
cobalt ions in alternating tetrahedral (Co,,) and octahedral
(Coy) polyhedra (Figure 1). The chains lie along the ¢ and
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Figure 1. The chain structures in 1a (a) and 1b (b) with cobalt coordina-
tion polyhedra.

a crystallographic directions for 1a and 1b, respectively.*%!

In 1a both Co,, and Co., occupy special positions giving
rise to a unique Co,.Coy, distance (3.151(1) A), whereas
in 1b the metal ions are in general positions and yield two
different Coy+Coy,, distances (3.166(1) and 3.196(1) A).
Thus, the chain structure of 1a is built of a regular zigzag
motif, whereas in 1b the chain consists of a regular double
zigzag motif (Figure 1). In the crystal lattice of 1a the chains
are well isolated from each other (see Figure 2a) with nei-
ther m-m interactions nor short interchain contacts in the
order of magnitude of the sum of the van der Waals radii.
Short intrachain contacts between carbon atoms of aromatic
rings of p,(M;,Mm;)-benzoates exist in complex 1a, 1b, and also
2. This type of contact certainly contributes to the chain sta-
bility. Also, the neighboring chains in the lattice of 1b are
not related by simple lattice translation but they are related
by glide planes and therefore they have different relative
orientations (see Figure 2b). As a result, short interchain
contacts (3.297 A) exist between carbon atoms C24; the
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Figure 2. Crystal packing in the plane perpendicular to the chain axis in
a) 1a; b) 1b. The interchain distances between metal sites along the b
and c¢ directions, represented by dotted lines, are 14.161(1) A in 1a and
12.672(1) A in 1b. Label d represents close contacts (C24--C24) between
chains in 1b.

chains are closer in 1b than in 1a. Indeed, the packing of
the chains is more compact in 1b than in 1a in the b and ¢
directions, respectively (see Figure 2). The shortest inter-
chain CoyCoy, distance in 1a is 10.303(9) A, which is ac-
cidentally equal to the shortest interchain Co*COq,
whereas in 1b it is 9.067(1) A. Finally, the crystal packing of
complex 1b is more compact (0gyeq=1.605 gcm™) than that
of 1a (0geq=1.557 gecm ™).

Molecular and crystal structures of 1D coordination poly-
mers 2, 3, and 4: Selected labeled drawings of compounds 2,
3, and 4 are shown in Figures 3, 4, and 5, respectively. Se-
lected bond lengths and angles are given in Table 1.

The complex [Co(p-MePhCOO),], (2) crystallizes in the
orthorhombic space group Prab (Table?2). As in 1la, its
structure consists of similar zigzag chains which run along
the a direction. Surprisingly, the detailed chain structure of
2 is more similar to the monoclinic form 1a than to the or-
thorhombic 1b. The two metal sites are indeed located in
special positions. The Col and Co2 atoms of the asymmetric
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unit are connected by three bridging p-methylbenzoato
anions (Figure 3a). One carboxylato possesses the (-
03,1,-04) coordination mode and is very close to the plane
(ab) containing the zigzag chains. Two other bridges be-
tween Col and Co2 are formed by ps(1;-O1,1m,-O2)-p-meth-
ylbenzoato ligands, which are connected to a third metal ion
(Col) in the chain. They are very close to the plane (ac)
perpendicular to the zigzag chains. The cobalt ions are locat-
ed alternately in distorted tetrahedral (ColO,) and octahe-
dral (Co20) coordination polyhedra, which are formed by
oxygen atoms of p-methylbenzoato bridges. Two different
Col-0O bond lengths are found in the ColO, tetrahedron
(Co1-04 is 1.938(2) and Col-02 is 2.036(1) A). The angles
0-Co1-0 range from 94.41(10)° to 120.13(7)° (see Table 1).
Three Co2-O bond lengths are observed in the octahedron
Co0204 (Co2-03 is 2.016(2), Co2-0O1 is 2.115(2), and Co2-
02 is 2.219(1) A) and the corresponding angles range from
84.50(6)° to 95.50(6)°. The observed values are closer to the
corresponding distances in 1a than to those in 1b. Co2,, is
located in a special position leading to a unique
C02y.*Coly, intrachain distance of 3.157(1) A. Additional-
ly, the chains in 2 are more elongated (chain period
10.532(3) A) than in complexes 1a and 1b (10.48(1) and
10.503(3) A, respectively). Moreover, cobalt ions in the oc-
tahedral positions are not displaced in this structure and
form a straight line along the a axis (see Figure 3b). The
shortest interchain Co-+-Co distance in complex 2 is more
than 11 A and longer than those observed in both 1a and
1b. This is possibly due to the presence of the CH; substitu-
ent on the aromatic ring of the p-methylbenzoato bridges in
2. As a result, the crystal packing of complex 2 is less com-
pact (0uea=1.450 gem™) than in 1a and 1b.

The heterometallic complex [ZnMn(PhCOO),], (3) crys-
tallizes in the orthorhombic space group Pcab (Table 2).
This compound is isostructural with [CoMn(PhCOO),],,*"
with diamagnetic Zn" instead of paramagnetic Co" in the
tetrahedral position. These 1D chains run along the a direc-
tion. There are four independent benzoato bridges in this
compound (see Figure 4). The Mnl and Znl ions are con-
nected by three different bridges: the first is formed by the
w(1m;-0O3,1,-O4)-benzoato ligand, and the second and the
third are formed by the ps(1;-O5,1,-O6)-benzoato and the
N,-O1 oxygen atom of the py(n,-O2,n,-O1) ligand. The
fourth w(n;-O7,n;-O8) ligand connects Znl to the symmetry-
related Mn atom. Four oxygen atoms of bridging benzoato
ligands form a distorted tetrahedral ZnO, coordination
polyhedron. All the Zn1-O bond lengths are different
(ranging from 1.930(3) to 2.060(3) A) and are in agreement
with those found in the homometallic 1D coordination poly-
mer [Zn(PhCOO),],,"! where zinc ions have a similar tetra-
hedral coordination environment. The O-Zn1-O angles vary
from 101.87(13)° to 115.67(12)°. Mn" atoms are located in a
highly distorted Mn1O4 octahedral coordination environ-
ment with three pairs of significantly different Mn1-O dis-
tances: 2.095(3) and 2.109(3), 2.201(3) and 2.211(3), 2.270(2)
and 2.320(3) A (see Table1). Values for the two shorter
pairs are in the range of those observed in other coordina-
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Table 1. Selected distances [A] and angles [°] for complexes 2, 3 and 4.
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lengths (from 1.930(3) to

2l 1.942(2) A) and angles (from
Col—04 1.938(2) 04-Col-04" 94.41(10) 02-C02-03' 86.82(6) 97.10(10)° to 119.07(11)°) are
Col-02 2.036(1) 04-Co1-02 106.01(7) 01-Co2-03 88.95(6) very similar for both positions.
Co2-03 2.016(2) 02-Co1-02¢ 110.15(9) 03-Co2-01 91.05(6)
Co2-01 2.115(2) 04-Co1-02 120.13(7) 03-Co2-02 93.18(6) g . . .
netic pr ies: Magneti-
Co2-02 2219(1) 01-Co2-02 84.50(6) 01-Co2-02 9550(6) Miagnetic properties: Mag
= zation of a powdered sample of
3 3 has been measured in the 2—
Zn1784 1.92053; 84-zn1-87 102.87213; os-Mnl-gz{ 178.2?(1())) 300 K range. At room tempera-
Zn1-07 1.961(3 4-Zn1-01 106.37(12 03-Mn1-06' 90.06(11 _ 3 I
Zn1-01 2.013(3) 07-Zn1-01 114.75(12) 08-Mn1-06' s748010) ture xml=443 cm’Kmol ™, in
Zn1-06 2.060(3) 04-Zn1-06 115.67(12) 05-Mn1-06 9492(10) ~ 80od agreement with the ex-
Mn1-03 2.095(3) 07-Zn1-06 114.54(11) 02-Mn1-06' 83.67(10)  pected spin-only value
Mn1-O8 2.109(3) 01-Zn1-06 103.77(11) 03-Mn1-01 9691(11)  (4.375 cm*Kmol ") for isolated
Mn1-05 2.201(3) 03-Mnl1-0O8' 170.45(12) 08-Mn1-0O1 85.57(10)  poninteracting Mn' (Sy,=5/2)
Mn1-02’ 2211(3) 03-Mn1-05 87.34(11) 05-Mn1-01 85.00(10) . th en =20, U )
Mn1-06' 2.270(2) 08-Mn1-05 83.68(12) 02-Mn1-01 96.45(10) ~ SPINS WIL gy, =2.0. Lpon cool-
Mn1-O1 2.320(3) 03-Mn1-02' 92.20(12) 06-Mn1-0O1 173.01(9)  ing, xum increases and passes
08-Mn1-02 96.69(12) through a broad maximum at
4 Trax=3.5 K characteristic of an-
M2-02 1.930(3) 07M1-06 99.22(9) 02M2-05 109.56(10) Flferrom?gn?tlc S‘fpereXChange
M2-05 1.931(2) 07M1-03 114.91(11) 02M2-04 112.55(12)  intrachain interaction between
M2-04 1.936(3) 06M1-03 105.61(11) 05M2-04 112.74(11)  Mn" spins. The superexchange
M2-08 1.943(2) 07M1-01 119.07(11) 02M2-08 11356(12)  interaction between octahedral
M1-07 1.929(2) 06M1-01 110.97(10) 05M2-08 97.10(10) ¢ takes place throush the
M1-06 1.932(2) 03M1-01 106.18(10) 04M2-08 110.41(12) p roug
M1-03 1.933(3) two  u(n,-syn,n,-anti)-benzoato
M1-01 1.942(2) bridges (see Figure 4). The ex-

[a] For 2, [i]: 2—x, —y, —z; [ii]: 1.5—x, y, —z. [b] For 3, [i]: 0.5+x, 0.5—y, z.

tion polymers such as [MnCu(mal),(H,0),]® (mal =malona-
to) and linear trinuclear carboxylato complexes [Mn;-
(RCO,)¢(L),]. ™ The longest Mn1—O bonds are formed
with 1,-O atoms. This significant elongation with respect to
usually observed values is probably caused by the coordina-
tion of this benzoato bridge to three different metal ions
(two Mn and one Zn). O-Mnl-O angles vary from
83.67(10)° to 96.91(11)° (see Table 1). The intrachain
Znl--Mnl distances are 3.311(1) and 3.254(1) A, and the
shortest Mn1-~-Mn1 distance is 5.347(1) A. Thus, there is a
regular double zigzag chain structure in this compound. The
chain period (10.671(1) A) is very close to that found in the
heterometallic complex [CoMn(PhCOO),], (10.676(1) A).1%!
The shortest Mn-Zn interchain distance (9.917(1) A) and
calculated density (Ocueq=1.575 gcm™) are also similar to
those of the heterometallic CoMn compound.

Complex [CoZn(PhCOO),], 4 crystallizes in the mono-
clinic space group P2,/c (Table 2) and is isostructural with
[Zn(PhCOO),],.™ The crystal lattice comprises chains
which run along the b direction and consist of [CoZn-
(PhCO,);]* dimeric units (Figure 5). However, the Co and
Zn are randomly distributed over the two metal sites M1
and M2 (see the Experimental Section for further details).
Three w(n;-syn,n;-syn)-benzoato groups (01,02; 03,04;
and O7,08) bridge the metal ions within a dimeric unit,
while the fourth benzoato ion bonds dimer fragments in the
w(ny-syn-0O5,m,-anti-O6) mode. Thus, both ions are located
in MO, tetrahedral coordination geometry. The M-O bond
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perimental data can be fitted

with the theoretical expression

derived by Fisher! for an in-

finite chain of classical spins
with the spin hamiltonian # =—JS,-Sg taking into account
nearest-neighbor superexchange interactions. This expres-
sion has been modified slightly to take into account inter-
chain interactions (zJ') through molecular-field approxima-
tion. The best agreement between experiment and theory
was obtained with J=-055cm™, gy,=1.98, and zJ'=
—0.06 cm™" with agreement factor R*=0.99981 (see Support-
ing Information).

The magnetic behavior of 4 is more complex. Indeed, par-
amagnetic Co" atoms are distributed randomly over the two
metallic sites. Therefore, isolated tetrahedral Co" (one Co"
bridged to two Zn") and Co" chain fragments of various
lengths coexist and contribute differently to the overall mag-
netism of the chain. The magnetic susceptibility can be
fitted with the Curie—Weiss law above 100 K with g¢,=2.31
(Sco=3/2) and 6=-25K, in agreement with previously re-
ported values for tetrahedral Co".!"?

The magnetism of the homometallic 1D chain compounds
[Co(PhCOO),],, (1a and 1b) has been investigated in more
detail. Above 20K 1a and 1b powders revealed similar
magnetic behaviors. Both compounds obey the Curie-Weiss
law above 20K with Curie constants (C) of 5.97
(6.06) cm®*Kmol ™ and Weiss temperatures (0) of +2.87
(+7.27) K for 1a (1b) with R*=0.99996 (0.99993). Assum-
ing a Zeeman factor for a tetrahedral Co" site of gr=2.31
(as in 3) and S;=3/2, the Zeeman factor g, for octahedral
Co'" was estimated to be 2.72 (2.75). The positive Weiss tem-
peratures clearly indicate that strong ferromagnetic interac-
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Figure 3. a) A fragment (with 50% thermal ellipsoids) of the polymer 2
showing the complete connectivity to Col and Co2 atoms. Phenyl rings
and hydrogen atoms are omitted for clarity. b) Crystal packing in the bc
plane (perpendicular to the chain axis).

Table 2. Crystal data and structure refinement parameters for com-
pounds 2, 3, and 4.

2 3 4
empirical formula CsH,CoO, CyH,0ZnMnOyg CysH,,CoZnOg
formula weight 329.20 604.75 608.74
T [K] 293(2) 293(2) 293(2)
crystal system orthorhombic  orthorhombic monoclinic
space group Pnab Pcab P2/c
a[A] 10.5320(2) 10.6710(1) 10.7236(3)
b [A] 16.1162(3) 19.1088(3) 13.0269(3)
c[A] 17.7628(4) 25.0140(4) 19.1120(8)
BI°] 90 90 95.579(1)
VA% 3014.98(11) 5100.6(1) 2657.2(2)
zZ 8 8 4
Peatca [gem ] 1.450 1.575 1.522
unique reflns 5246 5858 4508
R(int) 0.0481 0.0296 0.0252
GOF on F* 0.994 1.068 1.052
R [I>20(D)] 0.0467 0.0575 0.0387
wR,! 0.1115 0.1751 0.0941

[a] Ri=Z|| F,| = | F|[IZ| F,|. [b] WR, = {Z[w(F, = F2)*VZ[w(F? )"

tions operate between the octahedral and tetrahedral sites.
Indeed, for uncoupled Co" in octahedral or tetrahedral envi-
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Figure 4. A fragment (with 50% thermal ellipsoids) of the polymer 3
showing the complete connectivity to Mnl and Znl metals. Phenyl rings
and hydrogen atoms are omitted for clarity.

c15
.€5 08
Vo ~JC22
il o7 M1
02@°C8J 03
. c1 -
M2 M1 M2
o1 QOS

Figure 5. A fragment (with 50% thermal ellipsoids) of the polymer 4
showing the complete connectivity to M1 and M2 metals (Co and Zn are
distributed randomly aver M1 and M2). Phenyl rings and hydrogen
atoms are omitted for clarity.

ronments the magnetic susceptibility, yy, deviates signifi-
cantly from the Curie law with negative Weiss temperatures
due to local magnetic anisotropies. Therefore, to compen-
sate for this effect, strong ferromagnetic interactions must
exist between magnetic centers. The temperature dependen-
cies of yy7T below 50 K (Figure 6) demonstrate the ferro-
magnetic nature of the chains in 1a and 1b with the increase
in y\7 on lowering the temperature. In both 1a and 1b, and
also in 2, the main superexchange pathway between the oc-
tahedral and tetrahedral sites is probably through m,-O
atoms. The Cor1,-O-Co, angles range from 95.56(9)° to
97.24(7)° and are expected to produce ferromagnetic contri-
butions.®) Whereas yT of 1a increases monotonically on
lowering the temperature to 2 K, y\7 of 1b increases faster
and shows a cusp at 4 K which can be ascribed to the onset

60

2,71 cm® K mol”
N w N W,
o S o s}
T T T T

-
o
T

0 . 1 . 1 . 1 . 1 . ]
0 10 20 30 40 50

T/K

Figure 6. Thermal variation of the y,7T product of powders of 1a (H)
and 1b (@). Full lines are only to guide the eye.
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of long-range ferromagnetic order. The existence of a ferro-
magnetic phase at low temperature is confirmed by the di-
vergence between the magnetization measured in zero field
cooled (ZFC) and field cooled (FC) modes (Figure 7). Also,
the out-of-phase component of the AC susceptibility sud-

80
60 |-
TB -
£
8 40
e i
6]
S 20
0 A 1 \ 1 . 1 \ )
2 3 4 5 6
T/IK

Figure 7. Temperature dependence of the magnetization of powders of
1b measured in zero-field cooled (Q) and field-cooled (@) modes with a
5 G magnetic field.

denly becomes nonzero at T-=3.7 K, which confirms 3D
long-range magnetic ordering. The occurrence of long-range
ordering in this 1D system is connected directly to inter-
chain interactions. In quasi 1D systems 7 is related to
intra- and interchain interactions through kg7~ |Jiyer X
Jinwa| "%, With Ji, and Jy,, the intrachain and interchain in-
teraction parameters, respectively. The orthorhombic phase
(1b) orders ferromagnetically in the temperature range
studied, whereas the monoclinic phase (1a) does not, either
ferromagnetically or antiferromagnetically. In 1b, the intra-
chain interactions are stronger than in 1a, resulting in differ-
ent Weiss temperatures. The interchain interactions are also
stronger in 1b because the interchain metal-metal separa-
tion is significantly shorter than in la. For symmetry rea-
sons, the interchain contact between aromatic rings should
favor antiferromagnetic interchain interactions of superex-
change origin, and not ferromagnetic ordering. Then, the
magnetic ordering in 1b is a combination of stronger intra-
chain interactions and stronger interchain dipolar interac-
tions.

Complex 2 behaves like 1la with, above 20K, C=
5.70 cm®*Kmol ™ and 6=1.18 K (R*=0.99993). It does not
show magnetic ordering down to 1.8 K. As expected, the in-
terchain interactions are smaller than in 1a and 1b because
of longer interchain metal-metal distances (>11 A) in this
compound than in both forms of 1; this is due to the pres-
ence of p-methyl substituents on the aromatic rings of the
benzoates.

The strong magnetic anisotropy due to the presence of
Co" in both environments is confirmed by single-crystal
measurements of the magnetization of 1a and 1b. Above
2 K, the magnetization of 1a is much stronger when the
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magnetic field is applied along the ¢ axis (the chain axis). In
Figure 8 the temperature dependences of y\7T are plotted
versus the magnetic field, H, applied parallel and perpendic-
ular to the chain axis. Whereas y,7 decreases smoothly
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Figure 8. Temperature dependence of the y,T product of single crystals
of 1a with an external DC field of 100 G below 10 K and 1000 G above
10 K, applied parallel (O) and perpendicular (@) to the chain axis.

below 25 K in the perpendicular direction, it increases very
rapidly in the parallel one. At 2 K, the response along the ¢
axis is more than ten times greater than in the perpendicular
direction. This behavior is characteristic for Ising-type ferro-
magnetic chains and is confirmed by low-temperature mag-
netization measurements. Figure 9 demonstrates clearly that

0 1
0 10000

1 1 1 ]
20000 30000 40000 50000
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Figure 9. Field dependence of the magnetization of single crystals of 1a
at 7=2 K with the magnetic field parallel (O) and perpendicular (@) to
the chain axis.

the magnetization saturates in a small field along the chain
axis, whereas an intense field of several tesla is required to
achieve saturation in a perpendicular direction. Thus the fol-
lowing conditions for the observation of SCM behavior are
fulfilled: a) the chains are ferromagnetic with strong intra-
chain coupling between spin centers; b) the strong magnetic
anisotropy is axial. However, no slowing of the magnetiza-
tion can be detected down to 1.8 K.
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To shed light on the magnetic behavior of this compound,
magnetic measurements were performed at very low tem-
perature using a *He-cooled cryostat equipped with a home-
made AC probe operating in the range 20-15000 Hz. This
type of measurement combines the advantage of investigat-
ing low-temperature regions with the possibility, by looking
at the out-of-phase contribution to the magnetization, of
characterizing the possible slow relaxation process (that is,
of establishing the presence of an SCM or a spin-glass be-
havior).!" Measurements were performed in the range 330-
1650 mK using 12 logarithmically spaced frequencies (from
30 to 9000 Hz). As shown in Figure 10, the lowest frequency
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Figure 10. Temperature dependence of the y,,7T products of 1a. Squares,
extracted from SQUID measurement and from the lowest frequency of
the *He AC measurement (powders). Circles represent the susceptibility
along and perpendicular to the chain, as explained in Figure 8. Inset:
scaling of the data using an Ising temperature dependence of the suscept-
ibility (see text) and plotting In(y,,T) versus T~'. Squares and circles are
data recorded on powder and on a single crystal respectively, with the
magnetic field applied along the chain axis. The solid lines represent the
best linear fits.

used in the *He measurements rescales well on the SQUID
data, showing a yxy7 value at 1.65K of about
24.7 cm*Kmol . When the temperature is lowered yy T con-
tinues to increase to a maximum of 31.5 cm*Kmol * at 1 K.
Such a low-temperature increase of y, 7T suggests the pres-
ence of ferromagnetic short-range order in the material. A
simple way to model this behavior is to characterize the ex-
ponential divergence of the correlation length. In a ferro-
magnetic Ising chain, the y\7 product should show an expo-
nential divergence at low temperature, such as yu7
exp(2 JS*kgT) where J is the exchange coupling constant
between nearest neighbors.'>*¢) Then plotting In(yyT)
versus 1/T should afford a straight line with the slope pro-
viding two times the exchange energy. A fit to the curve re-
corded for powder samples gives a JS® value of about
0.77 K, while along the easy axis JS?=1.66 K (Figure 10,
inset). This is a rough estimate of the exchange interaction,
however. To characterize the system better, we have em-
ployed a model which assumes a genuine spin S=3/2 for
tetrahedral Co", whereas for octahedral Co" a highly aniso-
tropic effective spin s=1/2 is more appropriate at low tem-
perature due to the combined effects of spin-orbit coupling
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and distortions of the coordination sphere.'"”! Curely et al.
developed a model for chains with quantum spin s=1/2 al-
ternating with classical spin S for Ising-type nearest-neigh-
bors exchange interaction, H=-J§7s7."") The thermal varia-
tion of the molar magnetic susceptibility is expressed as
Equation (1).

_ Ngsf [ [ 485°S” + g, JS
v, = 4k T 8.2 cosh _kBT

4gsS . JS
()

With g, and gy the Zeeman factors of the quantum and clas-
sical spins respectively, the constants have their usual mean-
ings. The best-fit curve is obtained with g,=5.34(5) and J=
2.33(3) K (see Figure 10). To converge properly, g has been
fixed at 2.31. This provides an exchange energy of 1.75 K,
not very far from the value deduced from the slope of the
In(yyT) versus 1/T curve.

Below 0.6K, a frequency-dependent signal appears
(Figure 11) and the out-of-phase susceptibility y,,” shows a

very sharp increase from almost 0 to 10 cm*mol ™ for the

’

highest frequency. At 0.33 K, y\ and y\" are of the same

order of magnitude.
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Figure 11. Temperature dependence of the imaginary x”), and real x'y
components of the AC susceptibility of 1a measured in zero applied field
for 12 logarithmically spaced frequencies in the range 30-9000 Hz. Inset:
temperature dependence of imaginary component x”, for the lowest
available temperatures.

To further the analysis, the frequency dependence has
been analyzed by an Arrhenius plot. The dynamic behavior
of 1D systems involving Ising-type magnetic centers was ex-
plained by Glauber in the 1960s."®! He predicted that such
chains should show an exponential divergence of the relaxa-
tion time at low temperature, which can be written as 7=
19exp(A/kgT) where A is proportional to the exchange
energy between two adjacent spins. Values extracted from
the Arrhenius plot (Figure 12) are 4=5.5+0.4K and 7,=
(1.1£2.5)x 107! s, which are in good agreement with those
previously reported in the literature for similar sys-
tems.13&h!
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Figure 12. a) Arrhenius plot extracted for 1a. The solid line represents
linear regression. b) Argand diagram in the 30-9000 Hz frequency range.
All values are normalized by the isothermal susceptibility. The solid line
represents the fit at the lowest temperature (0.33 K).

Another useful tool in the analysis of the frequency de-
pendence is the extended Debye model, which makes it pos-
sible to evaluate the assumption that the relaxation process
is described by a single characteristic time. This analysis can
be done by introducing a parameter «, proportional to the
width of the distribution of the relaxation times, into the ex-
pression [Eq. (2)] for the complex susceptibility.

1(@) = x5+ % @)

Here y; is the isothermal susceptibility, ys the adiabatic sus-
ceptibility, w the frequency of the AC field and 7 the relaxa-
tion time of the system at the temperature at which the fit is
performed.” Consequently an ideal SCM or single-mole-
cule magnet (SMM) is likely to possess a single relaxation
time (¢=0) whereas a spin glass® would show a wide
range of relaxation process (¢ —1). The experimentally de-
termined Argand plot (Figure 12) is normalized by y;, to
allow easy comparison. The fitting procedure afforded a=
0.34+0.01 at 0.33 K and similar values for the entire tem-
perature region where frequency dependence is observed. In
any case the 7, and a values extracted from the out-of-phase
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susceptibility data allow us to assess that we are not faced
with a spin-glass behavior; indeed the chains are still mag-
netically insulated one from another at temperatures as low
as 0.33 K. It is interesting to compare whether the exponen-
tial divergence of the correlation length observed in the
static susceptibility compares well with the energy barrier
for the reversal of magnetization. In the Glauber model the
relaxation time diverges as the square of the correlation
length, 7=1,&%. The energy barrier of the Arrhenius plot is
therefore expected to correspond to twice of slope of the In-
(xmT) versus 1/T curve. This would give an energy barrier of
6.6 K, which is not too far from the observed value of 5.5 K,
considering also that the easy axes of cobalt sites along the
chains are not necessarily collinear in this crystal symmetry.

The magnetic properties of single crystals of 1b at low
temperatures differ drastically from those of 1a. Unexpect-
edly, the chain axis in 1b is no longer the easy axis, but the
hard axis. Upon cooling, y\7T increases very rapidly when
the applied field is perpendicular to the chain axis and de-
creases below T (Figure 13). In the ferromagnetic phase
the magnetization is constant (Figure 13, inset), then the
MT product (or yyT) shows a cusp at T Single-crystal
measurements confirm that 1b orders at 7.=3.7K, the
magnetization standing preferentially in a plane perpendicu-
lar to the chain axis.
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Figure 13. Temperature dependence of y,,T of single crystals of 1b with
the magnetic field applied parallel (@) and perpendicular (Q) to the
chain axis. Inset: temperature dependence of ratio M/H of single crystals
in the low-temperature region with the external field applied parallel (@)
and perpendicular (0) to the chain axis.

It is reasonable to postulate that the magnetic anisotropy
within 1a and 1b chains is governed by the octahedral Co".
The heterometallic chains [CoMn(PhCOO),], possess Ising-
type anisotropy, while the material is isostructural with
1b.%] The isotropic Mn" spins have been substituted by
fully anisotropic Co", which has induced the flip of the easy
magnetization directions. Despite large similarities, the
chains in 1a and 1b have different structures. In 1b octahe-
dral Co" are not situated at a symmetry center and there-
fore the coordination sphere is much more distorted than in
1a, which is already greatly distorted with three very differ-
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ent metal-ligand bond lengths: two short (2.013 A), two
medium (2.110 A), and two long (2.227 A). In 1b, there are
still two short Coo—O bond lengths (2.021 A) which coincide
with 1a. These short distances involve the oxygen atoms of
the two u(n;,n;)-benzoato bridges. The four other Con—O
distances are distributed homogeneously between 2.1 and
2.25 A (2.136, 2.169, 2.202, and 2.258 A). These differences
must be considered in parallel with the orientation of the
elongated axis with respect to the chain axis, which is close
to 40° in both compounds. It is clear that slight reorientation
of the anisotropy axes at octahedral sites due to local distor-
tions of the coordination sphere can produce magnetization
flip from one axis to another, and may therefore explain the
radical modifications of preferred magnetization orienta-
tions.

Conclusions

The method based on in-situ ligand generation has been ex-
tended to the synthesis of several 1D neutral homo- and
heterometallic coordination polymers. The carboxylate-
based ligands are generated from aromatic aldehydes, which
are the reaction media. In these materials carboxylato
bridges connect metal ions to form zigzag chain structures.
Two types of chains have been characterized: a) chains with
metal ions in both tetrahedral and octahedral environments;
ii) chains with metal ions in tetrahedral coordination poly-
hedra only. In weak ligand fields, Mn" is definitely located
in octahedral surroundings whereas Zn" or Co" adapt easily
to tetrahedral positions. Thus, heterometallic chains are
formed of octahedra (MnQOg) and tetrahedra (ZnO, or
Co0,). In [CoZn(PhCOOQO),], the structure of the chains is
not a consequence of the preferred coordination polyhedra
of Co". Homometallic [Co(PhCOO),], and [Co(p-MePh-
COO),], chains are formed from both CoOg and CoO, coor-
dination polyhedra. Zn" prefers to be in a tetrahedral rather
than an octahedral environment, and thus in the chain
formed with Zn" this ion always occupies the tetrahedral
position. In choosing metal ions which like, or dislike, differ-
ent coordination geometries, we can predetermine the chain
structures of benzoate-based neutral 1D coordination poly-
mers.

The magnetic properties of [ZnMn(PhCOO),], are typical
of Heisenberg chains with small antiferromagnetic interac-
tions between Mn" isotropic spins, which can be treated in
the classical approximation. In the two forms of [Co-
(PhCOO),], and [Co(p-MePhCOO),], the superexchange
interactions between metal spins are ferromagnetic, and the
anisotropic nature of the spin carriers, especially octahedral
Co", leads to strongly anisotropic ferromagnetic chains. The
orthorhombic form shows three-dimensional magnetic or-
dering with 7-=3.7K due to short interchain distances,
which prevent the observation of single-chain magnetic be-
havior. The monoclinic form does not order magnetically
down to the lowest temperature; instead it shows typical
single-chain magnet behavior with thermally activated relax-
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ation process. Furthermore, it appears that tiny structural
changes have dramatic consequences for the orientation of
the easy axis of magnetization, which flips from the chain
axis to a perpendicular direction in the two forms of [Co-
(PhCOO),),.

Experimental Section

Materials: All commercially available chemicals were used as received.
Toluene and acetonitrile were purified by standard procedures before
use. [Co(PhCOO),] (1a and 1b) and [Co(p-MePhCOO),] (2) were syn-
thesized according to the method described previously.®!

Complexes:

[ZnMn(PhCOO),], (3): Mn(NO;),:6 H,O (144 mg, 0.5 mmol) was boiled
in benzaldehyde (5 mL) for 5 min. Filtering of the reaction mixture from
the small amount of solid was followed by addition of benzaldehyde
(2mL) and Zn(NO;),+4H,0 (79 mg, 0.3 mmol) to the filtrate. The reac-
tion mixture was heated until a white crystalline solid was deposited.
Then the solution was cooled to 70-80°C, and acetonitrile (8 mL) was
added to the reaction mixture. After 1h, the mixed-metal benzoate 3 was
collected by filtration, washed with acetonitrile and ether, and dried in
vacuum. Yield: 165mg (91%); elemental analysis caled (%) for
MnZnCyH,,O4: C 55.61, H 3.33, Mn 9.1, Zn 10.8; found: C 5559, H
3.26, Mn 8.9, Zn 10.6.

[CoZn(PhCOO),], (4): This complex was prepared by the same proce-
dure as for 2, using a mixture of Co(NO;),6H,0 (582 mg, 2 mmol)
and Zn(NO;),4 H,0 (523 mg, 2 mmol). Blue crystals of 4 were obtained.
Yield: 950 mg (82.7 %); elemental analysis calcd (%) for CoZnCysH,(Oq:
C 5524, H 3.31, Co 9.7, Zn 10.7; found: C 55.39, H 3.34, Co 9.8, Zn 10.6.

Physical measurements: Elemental analyses were performed using a
Carlo Erba 1106 CHN analyzer and a JEOL JSM 6400 with Oxford In-
struments analysis system. Magnetizations were recorded with a Quan-
tum Design MPMS SQUID magnetometer operating in the 2-300 K
range with a DC magnetic field up to 5 T. The experimental data were
corrected for the diamagnetism of the sample holder and the intrinsic di-
amagnetism of the materials evaluated with Pascal’s tables. The single-
crystal measurements were performed on an assembly of five to ten
needle-shaped single crystals. Single crystals were checked individually
and aligned by X-ray diffraction. For both 1a and 1b the elongated axis
of the needles coincided with the chain axes ¢ and a, respectively. Mag-
netization measurements for powders of 3 are given in the Supporting In-
formation with the best-fit curve. Sub-kelvin AC susceptibility measure-
ments were performed on a modified Oxford Instruments 3He Heliox
cryostat equipped with a 5T magnet, and a homemade AC probe by
courtesy of Prof. M. Novak (UFRJ, Rio de Janeiro, Brazil): available
temperature range 280-2000 mK, frequency range 20-15000 Hz, for oscil-
lating field excitations up to 0.33 Oe. For 1a, measurements were per-
formed in the 330-1650 mK range using 12 logarithmically spaced fre-
quencies from 30 to 9000 Hz with an excitation field of 0.235 Oe.

Crystallographic data collection and structure determination: Single crys-
tals were mounted on a Nonius four-circle diffractometer equipped with
a CCD camera and a graphite monochromatic Mok, radiation source
(A=0.71073 A), from the Centre de Diffractométrie (CDFIX), Université
de Rennes 1, France. Data were collected at 293 K. Structures were
solved by direct methods using the SHELXS-97 program and refined by
the full-matrix least-squares method on F* using the SHELXL-97 pro-
gram.”? For 3, the refinements of the occupancy factors of the metal
sites led to a random distribution of Zn and Co ions on the two sites. The
occupation factor of each cation was then fixed to 0.5, and the same ani-
sotropic displacement parameters were used for the two cations sharing
the same site. Crystallographic data are summarized in Table 2.
CCDC 627240, CCDC 627241, and CCDC 627242 contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge from Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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