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Abstract

Novel hydrogen bond-supported intercalation compounds, {(G),,[Fe(CA),(H,0),l},
(CA2~ = chloranilate, G = guest molecules) have been synthesized and characterized. The
compound {(Hpy)[Fe(CA),(H,0),](H,O)}, (py = pyridine) (1) crystallizes in the triclinic,
space group P1 (#2), with a=9.537(5), b=13.563(6), c=9.231(4) A, o =107.18(4),
f =102.33(4), y=102.12(4)°, V'=1065.9(10) A3, and Z=2. Compound
{(H,bipy)[Fe(CA),(H,0),],(H,0),},, (bipy = 4,4"-bipyridine) (2) crystallizes in the triclinic,
space group P1 (#2), with a=9.101(1), »=10.379(1), c=12.802(2) A, o =79.45(1),
£ =82.67(1), y=166.32(1)°, V'=1086.8(3) A3, and Z=1. The structure of 1 consists of
mononuclear [Fe(CA),(H,0),]~ anions, Hpy™ cations and uncoordinated water molecules.
Four oxygen atoms of two CA?~ anions and two oxygen atoms from two water molecules
are coordinated to the iron ion making anionic building blocks of the host layer. The
compound of 2 contains the similar monomeric building blocks, H,bipy?* cations and
uncoordinated water molecules. In both the compounds the coordination geometry of the
building blocks are distorted octahedron, where two water molecules sit on the trans position
in 1 and on the cis position in 2. In compound 1 the [Fe(CA),(H,0),]~ anions make a
two-dimensional (2-D) layer supported by hydrogen bonds. Hpy* ions are included in
between the layers of 1 supported by hydrogen-bonding and electrostatic interaction with the
host layers. In compound 2 the coordinated chloranilate rings of [Fe(CA),(H,0),]~ anions
are stacked upon each other and make a layer with the help of hydrogen bonds. H,bipy?
cations are included in between the layers supported by hydrogen bonding, electrostatic and
stacking interaction with coordinated CA>~ ions. The ’Fe Mdossbauer spectra of the
compounds show that the oxidation state of iron is 3 with IS = 0.41 (1) and 0.39 mm s~ ! (2);
QS=0.83 (1) and 1.29 mm s~ ! (2) at 296 K, respectively. Compound 2 shows weak
antiferromagnetic interaction over the crystal (0 = —2.3 K). © 2000 Elsevier Science S.A.
All rights reserved.

Keywords: Inclusion compounds; Polyoxo-carbons; Metal complex assemblies

1. Introduction

The synthesis of transition metal complex-based two-dimensional (2-D) com-
pounds is an important step in developing not only a new conductive and magnetic
phase [1-12], but also an intercalation system for ion or molecule exchange,
adsorption and catalytic properties [13]. Self-assembled infinite metal complexes
with specific network topologies attract great attention due to their potential
properties as functional solid materials as well as fascinating molecular structures
[14—33]. The construction of suitable building block is a pioneering approach in the
field of supramolecular chemistry. Intermolecular interactions that have been used
to produce such suprastructures include coordination bonding [34-39], hydrogen
bonding [13,40,41], and van der Waals forces such as stacking interactions [13]. The
hydrogen bonding interaction especially plays an important role for the construc-
tion of higher dimensional metal complex assemblies [41-44], which provide novel
dynamic and thermochromic properties of the crystals [45—-49]. This interaction is
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specific and directional and has little dependence on the properties of metal ions,
readily providing extended arrays [50—53]. Thus, one of the best strategies for the
rational synthesis of crystalline metal assembled complexes is to utilize the hydro-
gen bonding capability of coordinated ligands in addition to their coordination
capability [13]. Polyoxo-carbon compounds are well known to be double bidentate
ligands, and are good candidates to provide transition metal complex assemblies
[54]. Chloranilic acid is one of that family, affording one-dimensional (1-D) chains
of various metal ions [55-59,64—66]. Interestingly, in most of all coordination
polymers of oxocarbons, the hydrogen-bonding interaction plays an important role
to construct extended arrays. Very recently, taking advantage of the strong hydro-
gen-bonding ability of the pyridine—hydroxyl group and the oxocarbon—hydroxyl
group, we have succeeded in synthesizing the novel intercalation compounds
containing straight 1-D chains, [M(CA)(H,0),],, (M =Mn?>*, Fe?*+, Co?>*, Cu?>";
H,CA = chloranilic acid (C4H,0,Cl,)) and uncoordinated guest molecules [13,60].
The chains which are linked by hydrogen bonds between the coordinated water and
the oxygen atoms of the CA>~ anion on the adjacent chain form layers. The
neutral guest molecules are intercalated between the {{M(CA)(H,O),],,}, layers,
which are supported by N---H,O hydrogen-bonding. Moreover, we also synthesized
the 2-D hydrogen bond-supported sheets of the Fe-CA complex which intercalate
ferrocenium cations [54]. The guest ferrocenium cations are intercalated in between
the sheet by electrostatic and stacking interaction. The background of these
researches prompted us to develop the coordination chemistry of the metal—chlo-
ranilate system. In this study, we have developed the new architecture of higher
dimensional crystalline iron—chloranilate assemblies using different guest molecules.
In this respect, we synthesized novel hydrogen bond-supported layered compounds,
{(Hpy)[Fe(CA),(H,0),](H,0)}, (1) and {(H,bipy)[Fe(CA),(H,0),],(H,0),}, (2). In
both the structures, two CA%~ and two water molecules are coordinated to an iron
ion and make the anionic building blocks [Fe(CA),(H,0),]~, which form the 2-D
layers supported by hydrogen bonds. Guest molecules, Hpy™* in 1 and H,bipy>* in
2 are included in between the layers. The synthesized compounds show varieties in
the formation of layer structures, and in the inclusion mode. In this report we
describe the crystal structures, thermal and magnetic properties of the two
compounds.

2. Experimental

2.1. Syntheses

2.1.1. {(Hpy)[Fe(CA)(H,0):](H,0)},, (1)

An aqueous solution (I ml) of iron(IIl) nitrate enneahydrate (3 x 10 ~° mol) was
transferred to a glass tube, then an ethanol-H,O (1:5) solution (1 ml) of chloranilic
acid (6 x 10~° mol) and ethanol-H,O (1:2) solution (1 ml) of pyridine (6 x 10~°
mol) were poured into the tube without mixing the three solutions. Black crystals
began to form at ambient temperature in 1 week.
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2.1.2. {(H bipy)[Fe(CA)x(H:0)1(H-0)s}, (2)

An ethanol-H,O (1:9) solution (1 ml) of chloranilic acid (6 x 10~° mol) was
transferred to a glass tube, then an ethanol-H,O (3:17) solution (1 ml) of iron(III)
nitrate enneahydrate (4 x 10~ ¢ mol) and ethanol-H,O (1:4) solution (I ml) of
4,4'-bipyridine (4 x 10 ~°® mol) were poured into the tube without mixing the three
solutions. Dark-violet crystals began to form at ambient temperature in 1 week.

2.2. Physical measurements

The ’Fe Mossbauer spectra were obtained using a Wissel Mossbauer spectrom-
eter with a proportional counter. A >’Co(Rh) source moving in a constant acceler-
ation mode was used for the measurements. The velocity scale was calibrated by
using a metallic iron-foil spectrum. The isomer shift (IS) and the quadruple splitting
(QS) were obtained by least-squares fitting of the Mdssbauer data to Lorentzian
line shapes. Magnetic susceptibility data were recorded over the temperature range
2-300 K at 1 T with a SQUID susceptometer (Quantum Design, San Diego, CA).
All data were corrected for diamagnetism, which were calculated from Pascal’s
table. Thermal gravimetric (TG) and differential scanning calorimetric (DSC)
analysis were carried out with a Seiko Instruments SSC5200 thermoanalyzer in a
nitrogen atmosphere (heating rate: 10 K min~—' for TG and 2-5 K min~! for
DSCO).

2.3. Crystallographic data collection and refinement of the structure

A suitable crystal was chosen and mounted on glass fibers with epoxy resin. Data
collections of compounds 1 and 2 were carried out on Rigaku AFC7R and Mac
Science MXC3 automatic diffractometers, respectively. The structures were solved
by direct methods (Rigaku texsan crystallographic software package of Molecular
Structure Corporation). Full-matrix least-squares refinements were carried out with
anisotropic thermal parameters for all non-hydrogen atoms. The final cycle of
full-matrix least-squares refinement was based on No and n variable parameters and
converged with unweighted agreement factors of R=ZX||F,|— |F||/Z|F,|, Rw=
[(Z(|F,| — |[F))*/Zw|F, /1" where w=1/c%(F,)=[c2(F,)+ p*/4F%~'. Crystal data
for 1. FeC,;0,,CI,NH,,, Mw =603.94, triclinic, space group P1 (#2), with
a=9.537(5), b=13.563(6), ¢=9.231(4) A, «=107.18(4), p=102.33(4), y=
102.12(4)°, V'=1065.9(10) A3, Z=2, T=23°C, u (Mo-K,)=1271 ecm~!, 2
(Mo-K,)=0.71069 A, n=307; N, No (I>3c(I))=5189, 4895; R, Rw =0.068;
0.141, p-factor =0.1930, goodness-of-fit indicator =1.37. Crystal data for 2.
Fe,ClgC3,N,0,,H,,, Mw = 1205.87, triclinic, space group P1 (#32), with a=
9.101(1), b=10.379(1), ¢ =12.802(2) A, «=79.45(1), f=82.67(1), y=66.32(1)°,
V=1086.8 (3) A3, Z=1, T=23°C, 1 (Mo-K,)=12.46 cm~', 1 (Mo-K,) =
0.71073 A, n=340; N, No (I >3c(I)) = 5431, 4995; R, Rw =0.039; 0.036, p-fac-
tor = 0.0100, goodness-of-fit indicator = 1.62.
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3. Results and discussion

3.1. Crystal structure 1

An ORTEP drawing of the structure around the iron ion in 1 with the atom
numbering scheme is shown in Fig. 1. The structure of 1 consists of mononuclear
[Fe(CA),(H,0),]~ anions, Hpy™ cations and uncoordinated water molecules.
[Fe(CA),(H,0),]~ monomer is the building block of the host layer, which is formed
by the coordination of two CA?~ and two water molecules in the frans position.
The geometry around the iron ion in the building block is a distorted octahedron,
which is similar to that of the building block in {[Fe(Cp),][Fe(CA),(H,0),]},
(Cp~ = cyclopentadienyl anion) [54]. The distortion of octahedral geometry in 1 is
observed from the Fe—O bond lengths. The [Fe(CA),(H,0),] anions in 1 form 2-D
layers, spreading out along the bc¢ plane. The layers are supported by four types of
hydrogen bonds, which occur between the coordinated water molecules and the
terminal oxygen atoms of CA?~ anion of adjacent building blocks, 2.662(7),
0(5)-0(7); 2.695(8), O(5)-0(8), 2.714(7), O(6)-O(9); 2.721(7) A, O(6)-O(10). The
chlorine atoms of CA?~ project forward to the outside of the layer to create
channels diagonally between the b and ¢ axes. The uncoordinated Hpy*™ make
hydrogen bonds with the interstitial water molecules (2.71(1) A; O(11)-N), and are
included in the channels by electrostatic interaction with the anionic host layer.
Thus the electrostatic interaction between the host layer and the guest molecules
plays an important role to construct the inclusion system and to expand its
dimensionality. In the compound 1 the sandwiched molecules are included dis-
cretely in between the layers. Interestingly in addition to electrostatic interaction,
Hpy™ cations with interstitial water molecules are anchored alternatively to the
layer by making two types of hydrogen bonds with the coordinated oxygens of
CA2~, 2.871(8); O(3)-O(11) and 2.950(9) A; O(2)-O(11).

3.2. Crystal structure 2

An ORTEP drawing of the structure around the iron ion in 2 with the
atom numbering scheme is shown in Fig. 2. The structure of {(H,bipy)-
[Fe(CA),(H,0),1,(H,0),},, (2) consists of mononuclear [Fe(CA),(H,0),]~ anions,
H,bipy?* cations and uncoordinated water molecules. Two CAZ?~ dianions
and two water molecules are coordinated to the iron ion making the
[Fe(CA),(H,0),]~ monomer, which is the building block of the host layer. The
geometry around the iron ion in the building block is a distorted octahedron,
similar to that of 1 but the two water molecules in 2 are coordinated to iron ion in
the cis position relative to each other. The coordinated chloranilate rings of the
building blocks are stacked upon each other with a nearest-neighbor C(3)-C(5")
distance of 3.339(4) A and make a helical chain spreading diagonally between b and
¢ axes. The chains are supported by two types of hydrogen bonds which occur
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Fig. 2. (a) ORTEP drawing of a monomer unit of compound 2 with labeling scheme and thermal ellipsoids
at the 50% probability level for Fe, Cl, O, N, and C atoms. Spheres of the hydrogen atoms have been ar-
bitrarily reduced. Selected bond distances (A) and angles (°); Fe-O(1), 1.975(2); Fe-0(2), 2.005(2); Fe-O(3),
2.010(2); Fe—O(4), 1.992(2); Fe-O(5), 2.007(3); Fe—O(6), 2.065(3); O(1)-Fe—0(2), 80.53(9); O(2)-Fe-O(3),
92.38(10); O(3)-Fe-O(4), 80.16(9); O(5)-0O(10), 2.683(3); O(5)-O(11), 2.666(4); O(6)-O(8), 2.757(4);
0(6)-0O(11), 2.701(4); O(7)-N, 2.833(4); O(6)-O(11" ), 2.746(4); O(6)-O(11), 2.945(3); O(10)-O(11),
2.807(3). (b) Layer of [Fe(CA),(H,0,)]; viewed onto bc-plane. (c) Assembled structure of 2.

Fig. 1. (a) ORTEP drawing of a monomer unit of compound 1 with labeling scheme and thermal
ellipsoids at the 50% probability level for Fe, Cl, O, N, and C atoms. Spheres of the hydrogen atoms
have been arbitrarily reduced. Selected bond distances (A) and angles (°); Fe-O(1), 1.961(5); Fe-0O(2),
2.021(5); Fe—0O(3), 1.991(4); Fe—0O(4), 1.982(5); Fe—O(5), 2.044(6); Fe—0(6), 2.041(5); O(1)-C(1), 1.284(7);
0(2)-C(6), 1.273(8); O(3)-C(7), 1.285(7); O(4)-C(12), 1.285(7); O(1)-Fe-0O(2), 81.5(2); O(1)-Fe-O(3),
174.5(2); O(1)-Fe-0(4), 104.2(2); O(1)-Fe-0O(5), 90.5(2); O(3)-Fe-0(4), 81.3(2); O(2)-O(11), 2.950(9);
0(3)-0O(11), 2.871(8); O(5)-0O(7), 2.662(7); O(5)-0O(8), 2.695(8); O(6)-0(9), 2.714(7); O(6)-0O(10), 2.721;
O(11)-N, 2.71(1). (b) Layer of [Fe(CA),(H,0),]; viewed onto bc-plane. (c) Assembled structure of 1.
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Fig. 2. (Continued)

between the coordinated water molecules and the terminal oxygens of CAZ~,
2.683(3); O(5)-0(10) and 2.757(4) A; 0(6)-0O(8). The dihedral angle between the
planes of two coordinated CA?~ in 2 is 104.0°. The coordination of water
molecules in the cis position allows the building blocks to connect to each other
in a helical fashion, supported by hydrogen bonding and stacking interaction.
The chains make a 2-D layer spreading along the bc¢ plane. The position of the
interstitial water molecules is different in the two compounds, in 1 they are
included into the layers with Hpy™ ions and in 2 they take part in the formation
of the layers by connecting the chains supported by hydrogen bonds. In the layer
of 2, uncoordinated water molecules make four types of hydrogen bonds with
coordinated water molecules and terminal oxygens of CA2~, 2.666(4);
0(5)-0(11), 2.701(4); O(6)-O(11), 2.945(3); O(9)-O(11), 2.807(3) A; O(10)-O(11).
The H,bipy? ™ cations are included in between the layers by electrostatic interac-
tion with anionic host layers and by hydrogen bonding that occurs between the
terminal oxygen atoms of CA>~ and protonated nitrogens of bipyridine rings,
2.833(4) A; N-O(7). Moreover, the H,bipy>™ ions are stacked with the planes
parallel to the rings of coordinated CA*~ with a nearest-neighbor C(1)-C(17')
distance of 3.440(5) A. The coplanarity of the bipyridine rings are observed in
few compounds. In {[Co(NCS),(H,0),(4,4'-bipy)|(4,4'-bipy)}, the two pyridine
rings are coplanar in both the coordinated and hydrogen bonded types of
4,4'-bipy ligands but no stacking between pyridine rings is observed [17]. In
[Cd(4,4'-bipy),](NO;),-2CcH,Br,, coplanarity of coordinated bipy arises due to
the interaction of solvent molecules, C4H,Br, with the host lattice [37]. There is
no significant solvent interaction in the compound 2, only a stacking interaction
of the bipyridine rings with the planes of CA*~ anions makes the two rings
to divert from the sterically more favorable non-coplanar arrangement to copla-
nar.
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Fig. 3. Thermogravimetric analyses data for 1 (a) and 2 (b).

3.3. Thermal properties of 1 and 2

To observe the thermal stability and the host—guest interaction in 1 and 2, TG
and DSC measurements have been carried out under a nitrogen atmosphere. The
TG diagram of 1 shows rapid changes at 150 and 180°C (Fig. 3(a)). The liberation
of interstitial and coordinated water molecules account for the 3 and 10% weight
losses at the above temperature ranges, respectively, indicating the easy release of
the interstitial water molecules. The TG diagram of 2 shows weight loss at 185°C,
which is higher than that of 1 (Fig. 3(b)). The weight change in 2 accounts for the
liberation of water molecules, but in this case, we cannot distinguish between the
interstitial and coordinated water molecules, because the interstitial molecules are
strongly hydrogen-bonded with the CA?~ of the host layer and H,bipy** ions. On
the other hand, DSC traces of 1 show thermal anomaly at 174 K, indicative of a
phase transition in the compound (Fig. 4), whereas 2 shows no DSC peak [61].
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Fig. 4. DSC traces of 1.

These thermal behaviors correlate well with the inclusion forces of the guest
molecules in the compounds. In 1, the Hpy* ions along with the interstitial water
molecules can move in the channels, but in 2, in addition to the hydrogen bonding
and electrostatic interactions, H,bipy?* cations are stacked with the CA2~ planes.

3.4. Magnetic properties

The >"Fe Mossbauer spectra of 1 and 2 consist of a single doublet with IS = 0.41
(1) and 0.39 mm s ! (2); 0S =0.83 (1) and 1.29 mm s ! (2) at 296 K, respectively.
These values indicate that the oxidation state of iron in both the compounds is 3
with high-spin configuration (S =5/2). The magnetic susceptibility (y) of 2 was
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Fig. 5. Plots of observed 1/y,, and y,,T vs. T for 2.
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measured over temperatures of 2—300 K (Fig. 5). The value of y,,7=4.30 emu K
mol ~! at 300 K also indicates the high-spin state of Fe(Ill) with S = 5/2. The y,, T
decreases slightly with decreasing temperature and at the lower temperature it
decreases rapidly, indicative of the existence of a weak antiferromagnetic interac-
tion (§ = — 2.3 K). This may be due to the spreading of magnetic ordering over the
crystal. In this stage, we cannot determine the direction of the effective pathway of
the exchange interaction, however, the value of 6 is comparable to that of the
coordination-bonded chain of [Fe(CA)(H,0),], in {(G)[Fe(CA)(H,0),]},, suggest-
ing that the spin—exchange interaction through hydrogen bonds in compound 2 is
relatively higher than other hydrogen-bonded crystal structures [62,63].

4. Conclusions

In this study, we have constructed two new iron chloranilate complex assemblies,
which contain the hydrogen-bonding linkage of the building blocks in the host
assemblies and included guest molecules. Different guest molecules change the
shape of the building blocks, which provide variety in the formation of the layer
and in the inclusion mode. This proves that the formation of the building block is
an important step to construct a metal-complex assembly. Hydrogen bonding
interaction and electrostatic interaction are common driving forces for the inclusion
of the guest molecules in the synthesized compounds. In addition, stacking interac-
tion also plays an important role in the layer formation and inclusion of guest
molecules. The hydrogen-bond supported host layer {{M(CA),(H,O),];}; is so
flexible that it allows one to include different sizes of guest molecules by changing
the mode of assembly. Moreover the hydrogen-bonding interaction increases the
dimensionality of the system and thus provides structural varieties in the crystal
structures of iron—chloranilate assemblies.
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