Inorganica Chimica Acta, 192 (1992) 195-200

195

Structural, electronic and magnetic properties of the metal squarate
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Abstract

Iron(Il) squarate tetrahydrate (1), M,=239.95, Fe(C,0,)-4H,0, crystallizes having a monoclinic space group=
C2/e, a=9.066(3), b=13.417(3), c=6.777(2) A, B=98.77(2)°, V=814.8(4) A% Z=4, D,=1956(1) g ecm™3,
A(Mo Ka)=0.71073, A=18.613 cm ™!, F(000) =488, T=300 K, R =0.025, Ry, =0.028, for 687 observed reflections
with |F,| >0. Copper(Il) squarate tetrahydrate (2), M,=247.65, Cu(C,0,) 4H,0, crystallizes having a monoclinic
space group="P2,/c, a=6.676(2), b=7.946(4), c=7.688(2) A, B=110.39(2)°, V=381.4(3) A% Z=2, D,=2.157(2)
g cm™3, A(Mo Ka)=0.71073 A, =28.833 cm™’, F(000) =250, T=300 K, R=0.025, Ry, =0.028, for 627 observed
reflections with |F,[>0. Extended Hiickel molecular orbital (EHMO) calculations on model clusters,
[Fe(OH),(C40,);]®~ and [Cu(OH),(C,0.),]¢", indicate that 1 and 2 are not good candidates for polymeric
electrical conduction, because overlap between the metal and the squarate orbitals is negligible in the HOMO
and LUMO of the model clusters. In addition, EHMO calculations suggest that the electronic forces cannot
account for the structural differences found between 1 and 2. The magnetic susceptibility of 2, measured as a

function of temperature, suggests that magnetic spins do not interact via the squarate anion bridges.

Introduction

Several transition metal squarate™ tetrahydrate salts,
M(C,0.,)-4H,0, with divalent metal ions (M =Mn, Fe,
Co, Ni and Zn) are known [1]. These divalent tetra-
hydrate salts are reported to be isotypic. Their structures
consist of one-dimensional metal squarate chains in-
terlinked by hydrogen bonding. Contrary to earlier
expectations, based on similar compounds formed with
the croconate ligand [1], squarate does not act as a
chelating ligand in any of these complexes™.

The divalent metal squarate tetrahydrate series could
be possible precursors to low dimensional polymeric
electrical conductors or molecular magnets, because
the linear metal squarate chains would appear to serve
as a pathway for electron conduction or magnetic
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superexchange. As with other one-dimensional con-
ductors [3], it was expected that the metal squarate
tetrahydrates might become good electrical conductors
upon partial oxidation or reduction. We chose to study
Fe(C,0,)-4H,0 (1) because iron(II) salts are easily
oxidized, and Cu(C,0,)-4H,0O (2) because numerous
copper oxide compounds have been found to be metals
and superconductors [4].

To judge the potential of these materials as possible
conducting polymers, we determined the structures of
1 and 2 and then used these structural data to perform
extended Hiickel molecular orbital (EHMO) calcula-
tions [5]. These calculations have previously been shown
to provide details of metal-ligand bonding which are
useful in predicting the conductivity behaviors of par-
tially oxidized or reduced compounds [6].

Low-temperature ordering of magnetic dipoles occurs
in squaric acid [7] and some of its salts [8]. Therefore,
we performed magnetic measurements of 2 to char-
acterize the state of the copper(II) ion and the inter-
actions between the copper(Il) ions.

© 1992 - Elsevier Sequoia. All rights reserved
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Experimental

Brilliant yellow needles of 1 were grown by slow
evaporation at room temperature of an equimolar so-
lution of iron(II) sulfate heptahydrate and squaric acid
in distilled water. When exposed to air, 1 became brown
and cloudy indicating oxidation of iron(II) to iron(III)
while retaining its color and brilliance when stored
under N,. Anal. Calc. for Fe(C,0,)-4H,0 (1): C, 20.02;
H, 3.26; O, 53.34. Found: C, 20.33; H, 3.26; O, 53.75%.

Brilliant green blocks of 2 were grown at 5 °C from
an equimolar solution of copper(II) nitrate trihydrate
and squaric acid in distilled water. At room temperature,
2 decomposed due presumably to dehydration but re-
tained its color and brilliance when stored at 5 °C.
Anal. Calc. for (C,0,)-4H,0 (2): C, 19.40; H, 3.26; O,
51.69. Found: C, 19.29; H, 3.19; O, 48.89%. Elemental
analyses were performed by Midwest Microlab, Indi-
anapolis, IN.

The samples used for X-ray diffraction data collection
included a needle of 1 having the dimensions
0.1X0.1X0.3 mm and a plate of 2 having the dimensions
0.07%0.15%0.22 mm. The X-ray diffraction data were
collected on Nicolet P2, automated diffractometer using
Mo Ke radiation. Unit cell dimensions were obtained
from a least-squares analysis of 25 reflections in the
angular range 10 <26<20°. Intensity data were collected
using 6-26 scans with variable scan speeds of 2 to 12°
min~!, to sinf/xA=0.59 for both compounds. Three
standard reflections measured every 100 reflections
showed <2% intensity variation. Data were corrected
for Lorentzian and polarization effects, and multiple

TABLE 1. Crystal structure parameters and data collection

measured reflections (standards and Okl zone) were
averaged. Details of data collection and refinement are
given in Table 1. The structures were solved by use
of MULTAN?78 [9] and Fourier methods. The function
minimized was 3, w(|F,| — |F.|)? where w=1/0*(F,)
and o(F,) = [0*(F,%) + (0.02F ;»)*]'//2F,, with the value
of o(F,?) based on counting statistics. Atomic scattering
factors including anomalous contributions were taken
from the International Tablcs for X-ray Crystallography
[10]. All calculations were done by use of a local
modification of the UCLA Crystallographic Package
[11]. Hydrogen atoms were included at positions ob-
served in Fourier maps with B, =3.5 A% All non-
hydrogen atoms were refined with anisotropic tem-
perature factors A/o<0.05 in the final least-squares
cycle resulting in the agreement factors given in
Table 1.

In the EHMO calculations, the simple clusters
[Fe(OH),(C,0,).]°~ and [Cu(OH),(C,0,),]°” were
used to model the iron(II) coordinate environment of
1 and the copper(Il) coordinate environment of 2,
respectively. In these model compounds, the M—O-H
(M =Fe, Cu) linkages were taken to be linear, and all
the M~O bond lengths were taken to be identical to
the corresponding ones in 1 and 2. In constructing the
model clusters, we employ OH~ instead of H,O for
the purpose of simplicity. However, the essence of our
calculational results is not affected by this approxi-
mation.

Magnetic susceptibility of a 4.4 mg sample of 2,
composed of non-oriented crystallites, was measured
in a commercial SQUID magnetometer. The field

Fe(C,0,)-4H,0 (1)

Cu(C,0,)-4H,0 (2)

Space group C2lc
a (A) 9.066(3)
b (A) 13.417(2)
c (A 6.777(2)
B 98.77(2)
VvV (AY 814.8(4)
VA 4
F(000) 488
Dcalc (g cm—B) 1'956(1)
u (cm™h) 18.613
No. reflections collected 2006
No. unique, non-extinct reflections 712
No. reflections with {F | >0 687
Refined parameters 61
—10<h<0
—l4<k<14
0gig7
R, 0.022
R(F,) 0.025
RU(F 0.028
GOF 1.40

P2 /c
6.676(2)
7.946(4)
7.668(2)
110.39(2)
381.4(3)
2

250
2.157(2)
28.833
816

666

627

61
0<h<g7
0<k<9
—8<i<8
0.020
0.039
0.034
2.04




strength was 500 Oe and the temperature range was
5 to 300 K.

Results

A comparison of the unit cell parameters and crystal
structure data for 1 and 2 is given in Table 1. Only
compound 2 was found to be isostructural with a known
series of transition-metal squarate tetrahydrates [1].
The X-ray crystal structure of Zn(C,0,)-4H,0 (3), a
member of an isostructural series, has been reported
(with C2 as the space group) [1]. When the space group
choice is ambiguous, it is conventional to use the centric
setting. After collection of X-ray diffraction data from
1, we found that the intensity statistics indicated the
centric space group C2/c. The R factor for 1, Ry, = 0.028,
is much lower than that found for 3, Ry, = 0.061, further
supporting the centric assignment.

The atom labeling schemes of 1 and 2 are given in
Fig. 1(a) and (b), respectively. Tables 2 and 3 contain
the final atomic positional parameters of 1 and 2,
respectively, Tables 4 and 5 contain the bond lengths
and bond angles of 1 and 2, respectively.

In 1, iron(II) is coordinated to the p,-orbital of the
squarate oxygen atom as shown by the torsion angle
C(2)-C(1)~O(1)-Fe(1) =3.4°. The environment around
iron(II) is a slightly distorted octahedron. The
iron(II) to the squarate oxygen bond length,

Fe(1)-O(1)=2.115(2) A, is comparable to iron to water
oxygen bond

length, Fe(1)-O(3)=2.151(2) and

Fig. 1. Labeled ORTEP drawings of portions of the metal squarate
chains (a) Fe(C,0,)-4H,0 (1) and (b) Cu(C,0,)-4H,0 (2).
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TABLE 2. Non-H-atom parameters and equivalent isotropic
thermal parameters (A%) with es.d.s in parentheses for the
structure of Fe(C,0,)-4H,0O (1)

Atom x y z U x 10°
Fe(l)  0.7500 0.2500 0.5000 1959(14)
O(1)  09490(2)  0.1667(1)  0.5098(2)  2490(46)
O(2)  12460(2)  0.0400(1)  0.5028(2)  2869(47)
O(3)  08745(2)  03704(1)  0.3957(2)  3118(52)
O(4)  0.82002)  02895(1)  0.8004(2)  3419(52)
c(1) 0.9749(2)  0.0748(2)  0.5046(3)  1829(56)
C(2)  11114(2)  00178(1)  0.50203)  1885(57)

The complete temperature factor is exp( — 872U, sin 26/A%), where
U =143, Ua*a* a;-a; in units of A2

TABLE 3. Non-H-atom parameters and equivalent isotropic
thermal parameters (A%) with e.s.d.s in parentheses for the
structure of Cu(C,O,)-4H,0 (2)

Atom x y z U, x10*
Cu 0.0000 0.0000 0.0000 177(2)
o(1) 0.3862(4)  0.0065(3) 0.1820(3)  235(7)
o) 0.5535(4)  0.2849(3)  0.5102(4)  330(10)
c(1) 0.4495(5)  0.0031(5)  0.3578(4)  183(9)
c@) 0.5240(6)  0.1284(4) 0.5042(6)  196(11)
O(3)  —0.0060(4)  02467(3) —0.0074(4)  331(9)
o)  —00772(4)  0.0074(3) 0.2226(3)  270(8)

The complete temperature factoris e’jf( — 87U, sin 26/A%), where
U.,=4%3,U; a*a* a;-a; in units of A%

Fe(1)-0(4)=2.106(2) A. The O-Fe-O angles deviate
by less than 5° from 90.0°.

Compound 2 is not isostructural with 1 and the
transition-metal squarate tetrahydrate series [1]. In
2, copper(Il) is coordinated to the p_-orbital of
the squarate oxygen (the torsion angle
C(2)-C(1)-O(1)-Cu= —100.2°). The geometry around
copper(Il) is characteristic of a Jahn-Teller distortion.
The copper(Il) to squarate oxygen bond length,
Cu-O(1)=2.469(2) A, is much longer than the copper
to water oxygen bond length, Cu-O(3)=1.961(3) and
Cu-O(4)=1.98(2) A. The O-Cu-O angles deviate by
less than 3° from 90°.

Stereo drawings of the packing pattern of 1 and 2
are given in Figs. 2 and 3, respectively. In the structure
of 1, the plane of the squarate anion and the plane
formed by iron(II) and the water oxygen atoms are
nearly perpendicular. In the structure of 2, the plane
of the squarate anion is nearly coplanar with the plane
formed by the copper(II) and the water oxygen atoms.
In both structures, the squarate anions stack in such
a way that the distance between squarate anions is
approximately ¢/2 in 1 and a/2 in 2.

The squarate anion acts as a bidentate bridging ligand
in 1 and 2, the typical bonding mode for squaric acid
with small transition metal ions [4]. This results in the
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TABLE 4. Bond lengths (A) and bond angles (°) with e.s.d.s in parentheses for the structure of Fe(C,0,)-4H,0 (1)

Interatomic distances (A)

Fe(1)-0(1) 2.115(2) Fe(1)-0O(3) 2.151(2) Fe(1)-0O(4) 2.106(2)
o(1)-Cc(1) 1.257(2) O(2)-C(2) 1.255(3) C(1)-C(?) 1.457(3)
Bond angles (°)

O(1)-Fe(1)-0O(3) 85.37(6) O(1)-Fe(1)-0O(3) 94.63(6)

O(1)-Fe(1)-0(4) 91.56(6) O(1)-Fe(1)-0O(4) 88.44(6)

O(3)-Fe(1)-0O(4) 91.89(7) 0O(3)-Fe(1)-0O(4) 88.11(7)

C(1)-O(1)-Fe(1) 132.8(1) O(1)-Fe(1)-0(1) 180.0

O(3)-Fe(1)-0O(3) 180.0 O(4)-Fe(1)-0(4) 180.0

O(1)-C(1)-C(2) 132.7(2) O(1)-C(1)-C(2) 137.0(2)

0O(2)-C(2)-C(1) 135.7(2) 0O(2)-C(2)-C(1) 134.6(2)

C(2)-C(1)-C(2) 90.3(2) C(1)-C(2)-C(1) 89.7(2)

TABLE 5. Bond lengths (A) and bond angles (°) with e.s.d.s in parentheses for the structure of Cu(C,0,)-4H,0O (2)
Interatomic distances (A)

Cu-0(1) 2.469(2) Cu-0(3) 1.961(3) Cu-O(4) 1.948(2)
O(1)-C(1) 1.265(4) 0(2)-C(2) 1.257(4) C(1)-C(2) 1.452(5)
Bond angles (°)

0(4)-Cu-0(1) 92.68(9) O(4)-Cu-0(1) 87.32(9)

0(4)-Cu-0(3) 90.8(1) O(4)-Cu-0(3) 89.2(1)

0O(3)-Cu-0(1) 90.2(1) 0O(3)-Cu—(0(1) 89.8(1)

C(1)-O0(1)-Cu 119.8(2) O(1)-Cu-0(1) 180.0

0O(3)-Cu-0(3) 180.0 0O(4)-Cu-0(4) 180.0

C(2)-C(1)-C(2) 90.5(3) O(1)-C(1)-C(2) 135.0(4)

O(1)-C(1)-C(2) 134.6(4) O(2)-C(2)-C(1) 135.5(4)

0O(2)-C(2)-C(1) 135.0(4) C(1)-C(2)—C(1) 89.5(3)
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Fig. 2. Stereo drawings of the packing pattern of Fe(C,0,)-4H,0 (1) projected onto the (110) plane.

formation of metal squarate chains where the chains
in both structures are linked by intermolecular hydrogen
bonds. In 1, only the squarate oxygen atoms act as
hydrogen-bond acceptors. In the structure of 1, two
hydrogen bonds link glide-related chains, one hydrogen
bond links screw-related chains and the other one is
intramolecular. Hydrogen-bond distances and angles
for 1 are given in Table 6. In 2, unlike 1, only the
water oxygen atoms act as hydrogen-bond acceptors.
Two hydrogen bonds link the same screw-related chains,

and the other two hydrogen bonds link the same glide-
related chains. Hydrogen-bond distances and angles for
2 are given in Table 7.

Our EHMO calculations indicate that there is a
negligible overlap between the metal and the squarate
orbitals in the HOMO and LUMO of the model clusters
[Fe(OH).(C,0,),]°~ and [Cu(OH)4(C,0,),]*". This is
due to the fact that the frontier orbitals of the squarate
ion have large coefficients on the carbon atoms but
small coefficients on the oxygen atoms. Furthermore,
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Fig. 3. Stereo drawings of the packing pattern of Cu(C,0,)-4H,0 (2) projected onto the (011) plane.

TABLE 6. Hydrogen-bond lengths (A) and hydrogen-bond angles
(°) for the structure of Fe(C,0,)-4H,0 (1)

Geometry of the hydrogen bonds linking the glide-related chains

0(2)---0(3) 2.99
O(2)-- -H(3B) 1.86
O(3)-H(3B) 0.89
0(2)- - -H(3B)-0(3) 151
0@1)---034) 2.82
O(1)- - -H(4A) 1.92
O(4)-H(4A) 0.93
O(1)-- -H(4A)-0(1) 164
Geometry of the hydrogen bonds linking the screw-related chains
0@2)---04) 2.80
O(2)- - -H(4B) 1.86
O(4)-H(4B) 0.95
O(2)- - -H(4B)-O(4) 176
Geometry of the intramolecular hydrogen bond
02)---0(3) 2.71
0O(2)- - -H(3A) 1.83
O(3)-H(3A) 0.90
O(2)- - ‘-H(3A)-0(3) 166

TABLE 7. Hydrogen-bond lengths (A) and hydrogen-bond angles
(°) for the structure of Cu(C,0,)-4H,0 (2)

Geometry of the hydrogen bonds linking the screw-related chains

O(3)---0(4) 2.92
O@3)-- -H(4A) 2.08
O(4)-H(4A) 0.89
0O(@3)- - -H(4A)-0(4) 158
O(4)-- -H(3A) 2.10
OB)Y-H(3A) 0.92
0O(4)- - -H(BA)-03) 148
Geometry of the hydrogen bonds linking the glide-related chains
O(3)---04) 2.77
O(3)-- -H(4B) 1.98
O(4)-H(4B) 0.85
O(3): - -H@4B)-04) 155
O(4)- - -H(3B) 1.98
O(3)-H(3B) 1.02
O(4)- - -H(3B)-0(3) 131

these calculations show that there is practically no
stability difference between the p,-and the p.-coor-
dination modes of the squarate ion ligands in

Xp! (mol/emu)

[¥]
wy

0 50 100 150 200
Temperature (K)

Fig. 4. The inverse of the corrected molar susceptibility, 1/x,,
graphed as a function of temperature (H=500 Oe).

[Fe(OH)4(C,0,),]°, and that the p,-coordination mode
is slightly more stable than the p,-coordination mode
in [Cu(OH),(C,0,),]°" (by about 3.7 kcal mol~?).

After applying the diamagnetic correction to the molar
susceptibility of the copper(Il) ion in 2 (xp=
—12.8%x107° cm® mol ), the inverse of the corrected
molar susceptibility, 1/y,, was plotted as a function of
temperature in Fig. 4. The effective magnetic moment,
Leg=1.7610.15 emu, was calculated from the slope of
1/x, versus T. The linear relationship between 1/y,
and T indicates that the temperature independent sus-
ceptibility, x., is negligible. The x intercept of this plot,
i.e. the Weiss constant 6, is —4.1 K. This small value
is consistent with the absence of long range ordering
of the copper(Il) ion moments.

Discussion

Partial oxidation or reduction of the metal sites in
1 and 2 was planned as a route to producing polymeric
conductors. However, EHMO calculations have revealed
that 1 and 2 are not good candidates for conversion
to polymeric electrical conductors because mixing of
the metal orbitals and the squarate oxygen orbitals
is negligible in the HOMO and LUMO of
[Fe(OH),(C,0,),]¢~ or [Cu(OH),(C,0,),]* . This in-
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dicates that conduction of electrons through the iron(II)
and copper(I) squarate chains is unlikely.

By use of EHMO calculations, the p,-coordination
of the copper(Il) ion to the squarate oxygen in
[Cu(OH)4(C,0,),]¢~ was found to be slightly more
stable than the p,-coordination mode. This calculated
stability difference is consistent with the structures of
2 and Cu(C,0,)-2H,0%*, but it is a small difference
and may not be significant. Most likely, packing re-
quirements associated with the ligands and the inter-
ligand hydrogen bonding are largely responsible for
directing the coordination modes of the metal(Il) ions
to the squarate oxygen atoms in 1 and 2.

Compound 2 follows Curie-Weiss behavior with a
correlation coefficient of 0.9998 for 1/x,, versus T (Fig.
4). The effective magnetic moment of 2, p.=1.76 +-0.15
emu, indicates that each copper(II) has a localized
electron. It is of interest to note that the HOMO of
[Cu(OH)4(C40,),]¢~, which is half filled, is the x*3?
block orbital whose d-orbital has a é-type symmetry
along the axis toward the oxygen atoms of the squarate
ligands. Thus, the orbitals of the squarate ligands do
not mix into the HOMO. Consequently, the radical-
containing orbitals of 2 are not expected to interact
via the squarate ligand bridges. Thus, 2 should behave
as a paramagnetic system, in agreement with magnetic
measurements.

Conclusions

The present EHMO calculations show that 1 and 2
are not expected to be good candidates for polymeric
electrical conductors. These calculations also suggest
that electronic forces are not responsible for the ori-
entation of copper(Il) towards the p,-orbital of the
oxygen in 2. Differences in structural arrangements of
1 and 2 must be due to packing forces associated with
hydrogen bonding and Jahn-Teller distortion in 2. The
change in packing forces in these molecularly similar
compounds may stem from the Jahn-Teller distortion
of the copper(Il) in 2. The effective magnetic moment
of 2, p.s=1.7640.15 emu, derived from magnetic mea-
surements, is very close to the theoretical spin-only
moment of copper(Il) (i.e. 1.73 mB). The symmetry of
the crystal field at the copper site is so low that the

*Coordination of the copper(Il) to the squarate oxygen atom
is also found in the structure of Cu(C,0,)-2H,0 [12].

orbital moment is completely quenched. The results of
the magnetic measurements are consistent with pre-
dictions from EHMO calculations on the model com-
pound of 2.
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