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group. The simultaneous presence of basic oxide atoms
and an unionized acidic hydroxyl is unusual but is gen-
erally consistent with V-0-As bonds being weaker than
V-0-P bonds as suggested by the higher solubilities ob-
served for vanadium arsenates compared with those of
vanadium phosphates. The effect of intralayer hydrogen
bonding and steric factors associated with packing the
phenyl groups in the interlayer space must also be im-
portant in determining the final composition and structure.
Further comparative studies of wvanadyl organo-

phosphonate and arsonate structures are in progress.
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A theoretical study is presented of the weak magnetic exchange interaction in one-dimensional halo-bridged
pentacoordinate Cu(II) complexes with CuY,(u-X) and CuY,(u-X), cores for the repeat unit (X = Cl, Br),
in which the arrangement of the ligands around the copper atoms can vary from trigonal bipyramidal to
square pyramidal to pseudooctahedral. Electronic band structure calculations of the extended Hiickel
type were performed on the model chain compounds [CuCly(u-C1)],>, [CuBrs(u-Br)],,2, and [CuCly(u-Cl)s] .2,
and the dependence of the bandwidth (W) of the highest occupied band on the structural parameters is
studied. The largest values of W occur for the trigonal-bipyramidal geometry and a large Cu-bridge-Cu
angle (¢ ~180°), whereas W is practically constant and small for a square pyramid and small bridging
angles, in good qualitative agreement with the experimental coupling constants.

The study of magnetic exchange interactions between
transition-metal ions in dimers and in chains has been an
area of constant interest during the past two decades.!
Copper(II) complexes, with one unpaired electron per
copper atom, provide the simplest case study, yet the ge-
ometries available to such complexes make them a rich
field for both experimental and theoretical research.

A particular case of Cu(II) chain complexes showing
weak magnetic coupling is that of halo-bridged penta-
coordinate complexes with CuY;(u-X) or CuY,y(u-X), cores
for the repeat unit (X = Cl, Br). In the singly bridged
chains, long Cu-X bonds occupy either the apical position
of a square pyramid or one of the equatorial sites of a
trigonal bipyramid,?® with an idealized local symmetry C,,
around the Cu atom. The geometrical parameters that
define such structures are shown in 1: an angle 6 of ~180°
corresponds to a square pyramid with the bridging ligand
coordinated to neighboring copper atoms in axial (longer
Cu-Cl bond distance) and equatorial positions, respec-
tively. A value of 6 ~ 120°, on the other hand, corresponds
to a trigonal bipyramid with the bridging ligand occupying
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equatorial positions of two copper atoms. The bridging
angle ¢ is also found to vary in the range 114-145°. Notice
that in 1 there are two Cu atoms per repeat unit. For linear
chains 2, with one Cu per unit cell’® both angles are related
through the equation 6 = 360° - 2¢.

A particular situation occurs when ¢ = 90° and & = 180°
in structures 1 and 2. Then, the ligand under the equa-
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Table 1. Geometrical and Magnetic Parameters for Cu(II) Chain Compounds of Types 1 and 2°

compd® structure  core of repeat unit 8, deg ¢, deg  Jy,cm? W, meV  Jy, cm™! ref
a trans-[Cu(dmso)Cly) 1 trans-0,Cl(u-Cl) 146 145 -6.1 133 -3.99 4, 24
b trans-[Cu(Im)Cly] 1 trans-NoCl(u-Cl) 167 117 -2.1 7 -0.01 3, 24
c trans-[Cu(caffeine)Cl,] 1 trans-NOCI(u-Cl) 179 128 0.48 0 0.00 6, 24
d  cis-[Cu(maep)Cly] 1 cis-NoCl{u-Cl) 166 114 1.58 2 0.00 2,24
e  [Cu(oaoH,)Cly] 2 cis-NoCl(p-Cl) 166 96 -1.0 34 -0.26 8
f [Cu(paphy)Cl1](PF¢)-H,0 1 N3(u-Cl) 168 102 0.5 21 -0.10 25
g [Cu(pepci)Cl] 2 Na(u-Ch -0.4 9
h  [Cu(allH;)Cl] 1 NCly(u-Cl) 154 112 12 -0.03 7
i [Cu(H,0)(mallH)Cl,] 2 trans-NOCl(u-Cl) 169 97 30 -0.21 7
j [Cu(dmso)4Br,] 1 trans-0,Br{u-Br) 146 145 -7.9 379 -33.3 8
k  [Cu(pecpci)Br] Nj(u-Br) 165 94 -0.8 40 -0.38 9

SW and J,q are the calculated bandwidths and coupling constants (eq 2) for the model chain compound [u-CuCly], with structure 1.
bdmso = dimethyl sulfoxide; ImH = imidazole; maep = 2-(2-(methylamino)ethyl)pyridine; paphy = pyridine-2-carboxaldehyde; oaoH, =
oxamide oxime; pcpci = N-(2'-pyridylcarbonyl)pyridinyl-2-carboximidate; allH, = allopurinol; mallH = 9-methylallopurinol.

torial plane of a square pyramid becomes close enough to
the copper atom as to complete a pseudooctahedral co-
ordination. Structure 1 thus becomes a ladder 3, and

structure 2 becomes a regular edge-sharing chain of elon-
gated octahedra 4. There is still a related structure, a
zigzag chain of octahedra 5. The Cu(u-X),Cu framework
is usually distorted from the ideal structures 3-5 (i.e., ¢
# 90°). Hence, 3 becomes 6, and similarly for 4 and 5.

The coupling constants of such chain compounds and
their geometrical parameters § and ¢ are shown in Tables
I and II. Other compounds of this family have been
reported, but their structures were not determined.’® The
aim of the present work is to theoretically study how both
geometrical parameters affect the magnitude of the ex-
change interaction. Thus electronic band structure cal-

(10) van Ooijen, J. A. C.; Reedijk, J. J. Chem. Soc., Dalton Trans.
1978, 1170.

culations!! of the extended Hiickel type!? were performed
on model chain compounds [CuY;(x-X)],2 and [CuY,(u-
X,)1,.2 (X, Y = Cl, Br; see Appendix for computational
details).

Dependence of Bandwidths on the Geometry.
Systems with partially filled bands can behave in different
ways, including Peierls distortions from ideal symmetry,
metallic, ferromagnetic, or antiferromagnetic states.!?
Although it is not easy to evaluate the relative energies of
such states, the qualitative trends within a family of
one-dimensional compounds can be rationalized with a
one-electron model'*!7 in much the same way that it has
been applied to dinuclear complexes.!8

Roughly speaking, wide partially filled bands should be
associated with either metallic behavior or Peierls dis-
tortions, whereas narrow partially filled bands are typical
of ferromagnetic or antiferromagnetic compounds.l?3 A
ferromagnetic state is favored for small bandwidths, while
the strength of antiferromagnetic interactions increases
with the square of the bandwidth. Girerd, Charlot, and
Kahn!®% expressed the magnetic coupling constant, J, as
a sum of both ferromagnetic and antiferromagnetic con-
tributions, Jr and J,y, respectively. The antiferromagnetic
contribution can be approximated as

1 n W2
Jap~— Y — 1)

n2 u=1 36“

where r is the number of unpaired electrons per atom, ¢,
is the mean energy of each partially filled band, and W,
is its bandwidth. In the present case, there is one unpaired
electron per copper atom (n = 1), and eq 1 becomes

JAFz W2/36 (2)

The ferromagnetic contribution, /g, is usually considered
to be approximately constant for a series of analogous
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Table II. Geometrical and Magnetic Parameters for Cu(II) Chain Compounds of Types 3-5°

compd

structure core of repeat unit r, A ¢, deg Joapy cm? ref

m [Cu(py)Cly} 4 trans-NyCly(u-Cl)y 3.03 91.5 -9.2 28-30
n [Cu(4-Etpy),Cly] 4 trans-NyCly(u-Cl), 3.22 91.8 -6.7 29, 31
p [Cu(4Vpy),Cl,] 4 trans-NoCly(u-Cl),y 3.10 90.0 -9.1 29, 32
q [Cu(tz),Cly) 4 trans-N,Cly(u-Cl), 3.00 91.9 -3.8 33

r [Cu(H;0),Cl,) 4 trans-0,Cly(u-Cl)y 2.94 88.8 -4.9 34-36
s [Cu(NyH,)Cl3] 3 trans-NClg(u-Cl), 2.85 92.8 -3.2 37

t [Cu(dpg)Cly) 5 ¢is-NyCly(u-Cl), 2.90 89.3 0.7 38

u [Cu(paphy)Br](PFg)-H,0 3 trans-NyBr(u-Br), 3.36 81.7 ~0.0 8

v [Culpy)Br,] 4 trans-NyBro(u-Br), 3.24 89.6 -18.9 28-30
w [Cu(Melm),Br,] trans-NoBrg(u-Br), -14.3 10

X {Cu(tz),Br,] -104 33

y [Cu(ampy)Br,] 3 cis-NyBry(u-Br), 3.26 80.8 39

z [Cu(Metmen)Br,] 3 cis-NyBry(u-Br), 3.11 87.6 39

Spy = pyridine; 4-Etpy = 4-ethylpridine; 4-Vpy = 4-vinylpyridine; tz = thaizole; dpg = diphenylgyloximate; paphy = pyridine-2-carbox-
aldehyde; Melm = N-methylimidazole; ampy = 2-(2-aminomethyl)pyridine; Metmen = 2-methyl-1,2-diaminopropane.

compounds. Recent ab initio calculations on dinuclear
Cu(II) complexes show that the variations of the calculated
J with geometry nicely follow the changes in the antifer-
romagnetic contribution.2"* Hence a rough estimate of
the geometry dependence of J can be obtained by calcu-
lating ¢, and W at the extended Hiickel level. Therefore,
in the family of compounds with structural types 1 and
2, any factor contributing to a wide highest occupied band
(HOB) will favor the antiferromagnetic coupling and vice
versa, with very narrow bands (J,p =~ 0) eventually giving
rise to ferromagnetism.

Singly Bridged Chains. If one considers the case of
a square-pyramidal coordination environment around a
Cu(II) ion, the unpaired electron is expected to be located
in its d,2_2 orbital. In the one-dimensional compounds of
type 1 with § ~ 180°, a half-filled band formed from the
combinations of such orbitals should be the HOB. Sim-
ilarly, the highest occupied MO for the trigonal bipyram-
idal structure is mainly d,z, with antibonding contributions
from the ligands’ o-donor orbitals. Therefore, in the chains
1 with 6 ~ 120°, the HOB bearing unpaired electrons must
be the 22 band. The gradual change of the x2 — y2 orbital
to 2% when § changes from 180 to 120° has been previously
described.?”

The dispersion relationships for the d-block bands of
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Figure 1. Band structure diagram for the d block of [CuBry(u-
Br))%, with structure 1 in a trigonal-bipyramidal geometry (6 =
120°) and a bridging angle ¢ = 150°. The block representation
of the HOB indicates that it is half-filled but has no implications
on the occupation or spin of each level in that band.
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Figure 2. Width of the highest occupied band (HOB) as a
function of the structural parameters defined in 1. The points
indicate the angles corresponding to experimental structural data
collected in Table I.

[CuBrs(u-Br)],* in the trigonal bipyramidal structure 1
(6 = 120°, ¢ = 150°) are shown in Figure 1. The HOB is
built up from the d,: orbitals of the Cu atoms with anti-
bonding contributions from the ligands, as discussed above,
and is well separated from the rest of the d bands. The
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Figure 3. Overlap integrals (X10°) between the HOMOs of two
[CuCl,]¥ units in a dimer with a square-pyramidal (circles) or
a trigonal-bipyramidal structure (squares), as a function of the
bridging angle ¢.

lowest level of the HOB has bonding character for the long
Cu-X bond (see Figure 3, upper right corner), whereas the
highest level of the same band is Cu-X antibonding. It
is thus obvious that geometry changes can modify the
separation between both levels (i.e., the bandwidth W). In
fact, calculations using different geometries or substituting
Cl for Br give qualitatively the same band diagram but
different bandwidths for the HOB.

Although the long Cu-X bond distance should also affect
the bandwidth, this distance is practically constant for all
chloro-bridged chains (compounds a-i in Table I), and we
need to focus only on the effect of the bond angles ¢ and
6. The bandwidths calculated for the model chain,
[CuCly(u-C1)],2 with structure 1, as a function of § and ¢,
are plotted in Figure 2. Parallel calculations were carried
out for the same model with structure 2, and the results
were practically identical, indicating that the bandwidth
of the HOB is largely determined by nearest-neighbor
interactions. In Figure 2 the largest values of W occur for
8 ~ 120° and ¢ ~ 150°, whereas it is practically constant
and small when 6 ~ 180° (i.e., for a square pyramid) and
when the bridging angle is small (¢ ~ 100°). The relatively
large values of W found in the region close to 6 = 120°,
¢ = 90° (dashed lines in Figure 2) are just an artifact of
the model due to the strong four-electron repulsions re-
sulting from ligands in neighboring unit cells at a too short
distance (~2.4 A). The trends reflected in Figure 2 are
in good qualitative agreement with the experimental
coupling constants shown in Table I. In Table I it can be
seen that the compound with the strongest antiferro-
magnetic coupling (compound a) has not only the geometry
closest to a trigonal bipyramid but also the largest bridging
angle ¢. For the sake of comparison, the (¢, §) pairs cor-
responding to the experimental structures are represented
in Figure 2 by circles. A similar plot is obtained for the
bromo-bridged model chain, [CuBr4(u-Br)],>, only with
a larger slope in the § direction. The two bromo-bridged
compounds (j and k in Table I) also agree with the qual-
itative predictions: j is located on the hill of Figure 2,
where larger antiferromagnetic coupling constants are
expected, whereas k is on the valley, with practically no
magnetic coupling. Also, the larger calculated bandwidths
of the bromo-bridged compounds compared to those of the
analogous chloro-bridged ones correlate well with the
weaker antiferromagnetism found for the latter (Table I).

Why the HOB presents a sizeable bandwidth only for
certain values of § and ¢ (Figure 2) can be understood from
the orbital nature of the weak interactions between the
HOMOs of neighboring unit cells. These can be explained
by looking at the changes of the overlap integrals between
the fragment molecular orbitals of two monomers (Figure
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3). For a trigonal bipyramidal structure (5§ ~ 120°, circles
in Figure 3), the HOMO is the d,: orbital of the copper
atom. At small bridging angles (¢ ~ 90°), where the d,:
orbital of the nearest neighbor sits in the nodal plane of
the bridging ligand p orbital, the resulting overlap is zero
and, consequently, the HOB shows no dispersion. For
larger bridging angles, the interaction between the p orbital
of the bridging ligand and the d,: orbital of the nearest
neighbor increases, in keeping with its growing ¢ character,
and the HOB is dispersive. For the square pyramidal case
(6 ~ 180°, squares in Figure 3), the HOMO is the d,2_,»
orbital. At ¢ ~ 90°, the interaction between the HOMO
of a unit cell and that of its nearest is small but not neg-
ligible due to the X-X nonbonded interactions, rapidly
dropping to zero as ¢ increases. Hence, the HOB remains
narrow for all values of ¢ in the square-pyramidal geom-
etry.

In compounds with structures close to a trigonal bi-
pyramid (a, h, and j, Table I), the long Cu—X bond in the
equatorial plane is displaced away from the symmetry axis,
as shown in 7. The deviations from the ideal symmetry,

X n X'
N i~

long

short \ —
Cu Cu
X /\-8/\ v X / \ Y
7

/z

8
defined by the angle 7, are 5.5, 10.1, and 3.2° for a, h, and
j, respectively. Band calculations on the model compounds
show that the bandwidth of the HOB is little sensitive to
this distortion, and J,, changes by only —0.1 cm™ for a
distortion of 10°. This effect is rather small compared to
those of 6 and ¢ studied above. The insensitivity of the
bandwidth to asymmetrization can be understood from the
shape of the band orbitals for the trigonal bipyramid
(Figure 3). If the bridging angle ¢ is kept constant, the
distortion in the equatorial plane does not affect the
overlap between the sp hybrid of the bridging ligand and
the d,: orbital of the neighboring Cu atom (8) because of
its cylindrical symmetry.

Doubly Bridged Chains. The calculated bandwidths
for structures 3-5 of [CuCly(u-Cl))%, are plotted in Figure
4, top, as a function of ¢. The qualitative behavior is the
same in all cases, with only quantitative differences for
small angles, suggesting ferromagnetism at some angles (¢
~ 98° in our calculations) but antiferromagnetism for both
smaller and larger angles. That the shapes of the curves
in Figure 4, top, are determined by the overlap between
the HOMOs of neighboring units, can be seen in Figure
4, bottom, where the absolute value of the overlap integral
between such orbitals is plotted as a function of ¢. It is
legitimate to ask whether the existence of a minimum in
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Figure 4. Top: calculated bandwidth of the HOB in [CuCl,-
{#-C1),}*, with structures 3 (ladder), 4 (regular), and 5 (zigzag)
as a function of the distortion angle ¢ (see 6). The long Cu—Cl
distance was taken as 2.8 A, but similar plots were obtained for
other values of this distance. Bottom: overlap integral of the
HOMOs of each CuBr,* fragment in a dinuclear compound
[CuBrs(u-Br)],* as a function of ¢ (see Appendix for details).

Figure 4, top, is just an artifact of the computational
methodology. A detailed analysis of the overlap integrals
between atomic orbitals in neighboring CuY,X, units
shows that the only sizeable interaction at ¢ = 90° is that
between the o-donor orbitals of nonbonded X atoms, and
it decreases as ¢ is increased, eventually giving a zero
overlap at ¢ > 90°. On the contrary, overlap between d,2 .
and p,(Cl) of the neighboring formula unit is switched on
for ¢ > 90°, as d,2_,» moves away from the nodal plane of
p:(Cl). At the end, the position of the minimum band-
width would depend on several factors: (a) the long Cu—X
bond distance, (b) the nature of the ligands, and (c) the
size of the atomic orbitals (hence the Slater exponents),
but such a minimum is imposed by geometry and should
always appear at ¢ > 90°.

The overlap between the HOMOs of the neighboring
units not only depends on the angle ¢ but also decreases
with increasing Cu-bridge bond distance (r). Therefore,
to compare the coupling exchange constants of different
compounds, both structural parameters must be taken into
account. In such cases it is customary*%4! to study the
trends of J as a function of ¢/r. In Figure 5, top, we plot
the bandwidth of the HOB as a function of ¢/r, calculated
for r = 3.0 A. Similar results are obtained for r = 2.8 and
3.2 A but with the minimum displaced, corresponding to
¢ ~ 98° in all cases. A plot of the experimental J values
(Figure 5, bottom) appears to be consistent with the cal-
culated bandwidths, although more data would be needed
to confirm the form of the calculated curve. The ferro-
magnetic valley of Figure 5 has been previously observed
for dinuclear compounds,*? but the hill at smaller ¢/r has
not been noticed before.

(40) Scaringe, R. P.; Hodgson, D. J.; Hatfield, W. E. Transition Met.
Chem. 1981, 6, 340.
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(42) Hatfield, W. E. In ref 1, p 555.
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Figure 5. Top: calculated bandwidth of the HOB in [CuCl,-
(u-C1)4)%, with structure 4, as a function of the normalized dis-
tortion angle ¢/r. Bottom: experimental coupling constants of
bis(chloro-bridged) Cu(Il) chains with structures 3-5, as a function
of the normalized distortion angle ¢/r. The solid line in the lower
plot, shown only for illustrative purposes, was obtained through
least-squares fitting of the experimental points (see Table II for
references).

Table IIl. Extended Hiickel Parameters: Ionization
Potentials H;; (eV), Exponents ({;) of the Slater Orbitals,
and Coefficients (¢;) for the Double-{ Expansion of the d

Orbitals
atom orbital H; & (c)
Cu 4s -11.40 2.20
4p -6.06 2.20
3d -14.0 5.95 (0.5933), 2.30 (0.5744)
Cl 3s -26.46 2.03
3p -1496  2.03
Br 4s -22.07 2.69
dp -13.10 213

Concluding Remarks. The dependence of the HOB
bandwidth on the geometry is in good qualitative agree-
ment with experimental values of the exchange coupling
constant J, within a family of analogous compounds with
the same bridging atom. However, differences in the values
of J equal or smaller than 2 cm™ cannot be accounted for
by the approximate model employed.

From Figure 2 one can predict how to improve the an-
tiferromagnetic coupling in this class of compounds by
appropriate modification of the geometrical parameters.
Hence, we can estimate the upper limit for J,r to be ~-20
and -100 ecm™ for X = Cl and Br, respectively, which
correspond to a trigonal bipyramid geometry (6 =~ 120°)
with a bridging angle ¢ ~ 180°.

For doubly bridged chains, ferromagnetism is expected
for only a narrow range of bridge angles ¢. The available
experimental data appear to be consistent with such pre-
diction, although more data would be needed to test our
predictions.
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Appendix: Computational Details

Electronic band structure calculations!! within the ex-
tended Hiickel framework!? were performed for different
geometries on the model compounds listed below. Ex-
tended Hiickel parameters!®# employed in our calculations
are collected in Table III.

For singly bridged compounds, the following models
were used: [CuCl,(u-Ch]%, (structure 1, with 120° < 6 <
180° and 90° < ¢ < 150°, at intervals of 10°; structure 2
with 90° < ¢ < 120° and & = 360° - 2¢) and [CuBr;(u-
Br)]?, (structure 1 with 120° < § < 180° and 90° < ¢ <
150°, at intervals of 10°). The following bond distances
were used: Cu-X (short) = 2.3 and 2.4 A, Cu-X (long) =

(43) Alvarez, S.; Mota, F.; Novoa, J. J. Am. Chem. Soc. 1987, 109, 6586.

2.7, 2.8 A for X = Cl and Br, respectively. For doubly
bridged chains, calculations were carried out using
[CuCly(u-Cl),)%, as a model (structures 3-5, with 72° <
¢ < 108° at intervals of 2°), with the following bond dis-
tances: Cu—Cl (short) = 2.3 A, and Cu-X (long) = 2.8, 3.0,
and 3.2 A. For the molecular calculations on a dimer
[CuBr,(u-Br)],* (Figure 4, bottom), we used bromide as
a bridging ligand instead of chloride, and the long Cu-X
bond distance was reduced to 2.6 A, to exagerate the
overlap between the neighboring HOMOs of the dinuclear
complex; in that way one can compensate for the neglect
of the extended interactions which are taken into account
in the band calculations. The bandwidths reported in
Table I were calculated for the model compounds
[CuCly(u-X)]%, with the experimental angles and the same
bridging atom X as the real compound. Exchange coupling
constants were calculated according to eq 2.

Kinetics and Mechanism of the Crystallization of
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Quantitative kinetics and a mechanistic interpretation are presented for the reaction of colloidal SiO,
and MgALOQ, to give Mg,ALSi;0;4 in the presence of 2 atom % bismuth oxide. The active flux agent appears
to be comprised predominantly of bismuth oxide and silicon oxide. The reaction proceeds through dissolution
of the MgAl,0, in the siliceous flux to produce an aluminum-substituted quartz stuffed with magnesium
ions as an intermediate. The stuffed quartz then converts to cordierite by a first-order process. The rate
constant for this conversion is 4.4 X 107® g7 at 1000 °C with an activation energy of 70 kcal/mol.

Introduction

The preparation of cordierite (Mg,AlSi;0,5) ceramics
has attracted considerable attention due in large part to
the small thermal expansion coefficient, good strength, and
low dielectric constant of Mg,Al,Si;0,5. Reported prepa-
ration methodologies have included the crystallization of
glasses with the cordierite composition!™ and the hy-
drolysis of mixed, reactive intermediates such as metal
alkoxides®® with the cordierite composition followed by
crystallization to the cordierite phase. The conversion
mechanism from starting materials to cordierite for each
of these processes has been investigated in some detail.
Schreyer and Schairer have performed a comprehensive
study of the observed phases in the crystallization of
glasses in the MgO-Al,0;-8i0, system around the com-
position of cordierite.! Chowdry” and Bernier et al.? have
followed the conversion of hydrolyzed precursors to
Mg,AlLSi;0,4 by X-ray diffraction. As preparative pro-
cesses both the glass crystallization and sol-gel route have
some drawbacks. The glass crystallization process uses
common oxide starting materials but requires high tem-
peratures and is inherently a two-step process. The sol-gel
process uses expensive, high-energy intermediates, which
makes it an expensive and impractical route for bulk oxide
materials. We recently reported the preparation of Mg,-
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AlSi;0,5 below 1000 °C by the reaction of SiQ, with
MgAl,0, in the presence of a small amount of a bismuth
oxide flux,® while in the absence of bismuth oxide there
is no observed reaction. In that paper we described several
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