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Figure 3. Comparison of the present calculation of the magnetic
moment with the experimental data of Jeter et al. shown by solid
circles. The results giving the best fit by the cluster model and by
the modified effective field model are shown by the dotted and solid
lines, respectively.

model in which the intra- and interchain exchange interactions
are equally taken into consideration.

Let us consider a cluster of four spins sy, s,, 83, and s, as
shown in Figure 1 and take into account the intrachain ex-
change interaction between spins s; (s,) and s; (s4) and the
interchain exchange between spins s, and s,. Other spin—spin
interactions operating through the bridging carbonate groups
(i.e., along the chains) will be considered as an effective
molecular field afterward. The spin Hamiltonian of the
Heisenberg exchange interactions in the present four-spin
cluster under an external magnetic field is given by

4
T = =2J(s;'8;) — 2JT(sys3) + (s289)] + gl-"BH;szi (1

Here, we have neglected the antisymmetric exchange
interactions® which may coexist with the intrachain exchange
interactions.

The conventional vector-model approach to the cluster spin
system cannot be applied for the present spin Hamiltonian (eq
1), because the composite spins S =s; + s,, 6; = §; + 83, and
6, = 8, + s, are not diagonalized simultaneously. For con-
venience, we choose the basis wave functions which diagonalize
the second term of eq 1. Then the 16 X 16 secular matrix for
the Hamiltonian (eq 1) breaks up into two 1 X 1, two 4 X 4,
and one 6 X 6 submatrices.

With the use of spin wave functions y(s,) which are either
a or 8 when s = +!/, or -1/, respectively, the basis wave
functions ¥(s;) ¥(s3) ¥(s;) ¥(s,) for each submatrix are given
as follows:
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m is the z component of the total composite spin and has the
dlefinite diagonal elements in each submatrix. The eigenvalues
of each secular submatrix are obtained as a function of ex-
change parameters J and J’ and the magnetic field A.
With the eigenvalues ¢,,;, the magnetic moment can be

calculated by

M = Ngup2m exp(=€y,/kT) /2 exp(=€x;/kT) (3)

For comparison with the experimental data, the numerical
calculation has been done for g = 2.18, for the field strengths
of 10.0, 12.5, and 15.0 kOe, and for various sets of values of
Jand J’, The calculation has been performed by the FACOM
M-190 computing facility of Kyushu University. The reduced
magnetic moment (u) = M/(Nup/2) as a function of H/T
should be compared with the experimental data by Jeter et
al. The variation of {u) = f(H/T) for various sets of values
of J and J’ are shown in Figure 2. The fitting procedure, in
consideration of these data, has resulted in the values J =
+2.34 cm™! and J’ = +2.52 cm™ which are both ferromagnetic
contrary to the estimates of Jeter et al. As shown in Figure
3, the calculation of the magnetic moment with this set of
values gives far better agreement with the experimental
magnetic moment than those of the dimer model.

The intrachain exchange interactions other than those
considered in the present cluster model result in an effective
molecular field. Then the reduced magnetic moment may be
modified in the first approximation as

(w) =fH/T)/(1-0/T) 4

The fitting procedure with the use of this modified expression
gives a quite excellent agreement with the variation of the
experimental magnetic moment as shown in Figure 3. The
values of the parameters in this case have been estimated as
J=-20cm™,J’=+1.0cm," and © = 1.5 K. For negative
values of J’ the fitting procedures were unsuccessful, as in the
case of the linear-chain model by Jeter et al. In view of the
copper—carbonate—copper angle (119°), the ferromagnetic
intrachain exchange coupling may be reasonable.5 These
values are also quite reasonable for the interpretation of the
behavior of the magnetic susceptibility which is antiferro-
magnetic in nature. Thus, the present exchange model of a
four-spin cluster provides a much improved analysis of
magnetic interactions for diamminecopper(I1) carbonate, and
s0 may be a more realistic model than the antiferromagnetic
linear-chain model or the dimer model previously proposed
by Jeter et al.

Registry No. Cu(NH,;),CO;, 21710-50-9.
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Physical and Chemical Properties of Squarate Complexes.
1. Spectral, Magnetic, and Thermal Behavior of Dimeric
Iron(III) Squarate
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Trivalent metal~ion complexes which contain the squarate
dianion (I, Sq) with general formula M(Sq)(OH)(H,0), were
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Figure 1. Effective magnetic moment for [Fe(Sq)(OH)-

(H,0),]»2H,0. The solid line gives the theoretical moment obtained
for an exchange-coupled S| = .S, = °/, dimer with / = ~6.9 cm™ and
g = 2.00.

first reported by West and Niu! (M = Al, Cr, or Fe) and
Condren and McDonald? (M = V). Niu’s suggestion of a
dimeric structure for Fe(Sq)(OH)(H,0), was principally
supported by the reduced room-temperature magnetic moment
of this compound. The other trivalent metal complexes were
subsequently assigned dimeric structures based on their X-ray
isomorphism to the iron compound.'?

As part of our investigation of the electronic and structural
properties of metal-squarate complexes we have studied the
variable-temperature magnetic susceptibility and spectral and
thermal behavior of Fe(Sq)(OH)(H,0); and report here
evidence which supports a dihydroxy-bridged dimeric structure
(IT) for this complex.

H H H]OH o
\‘/O '2H20
]\O/“
O
I

Experimental Section

Materials and Methods, Squaric acid (3,4-dihydroxy-3-cyclo-
butene-1,2-dione) was purchased from Aldrich Chemical Co. and used
as received. FeCl;6H,0 was purified by centrifuging a concentrated
ethanolic solution of commercial hydrated ferric chloride and dis-
carding the insoluble material. Magnetic susceptibilities were de-
termined using a conventional Faraday balance calibrated with
Hg[Co(NCS) ].* Ligand d1amagnet1sm was treated as usual by
assuming x = ~30.6 X 1078 cgsu' amd by usmg a table of Pascal’s
constants.* Mdssbauer spectra were obtained by using the spectrometer
previously described® with a S7Co(Pt) source maintained at room
temperature. A moderately thin foil of natural a-Fe was used to define
the velocity scale. Mdssbauer spectra were deconvoluted by assuming
pure Lorentzian line shapes superimposed on a parabolic baseline.
Parameters obtained in this manner were reproducible to £1%.
Infrared spectra were obtained on a Beckman IR 20A instrument by
using KBr pressed pellets. X-ray powder diffraction patterns were
obtained with the Straumanis technique by using vanadium-filtered
Cr radiation (Apeaq 2.2909 A). TGA curves were obtained by using
a du Pont 900 thermal analyzer coupled to a du Pont 950 thermo-
gravimetric analyzer. Iron was determined by EDTA titrimetry. C
and H analyses were performed by Integral Microanalytical Lab-
oratories, Inc., Raleigh, N.C.

Preparation of [Fe(Sq)(OH)(H,0),],2H,0. Di[u-hydroxo-di-
aquo(squarato)iron(III)] dihydrate was prepared by adding an
ethanolic solution of FeCl; to a stoichiometric amount of squaric acid
dissolved in hot water. The resulting purple solution was refluxed
and filtered. Upon cooling a purple-brown material crystallized. This
solid was collected, repeatedly washed with cold ethanol, and air-dried
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Figure 2. Room-temperature Mossbauer spectrum of [Fe(Sq)-
(OH)(H,0),],:2H,0. The solid line gives the fit for a single Lor-
entzian line with parameters given in the text.

at room temperature. Anal. Caled for FeC,H,O4: Fe, 23.38; C, 20.11;
H, 2.95. Found: Fe, 23.6; C, 19.93; H, 2.84. A partially deuterated
analogue was prepared by using 90% D,0O as reaction solvent, X-ray
powder patterns of the normal and deuterated materials were identical.

Results and Discussion

X-ray powder pattern d spacings obtained for the samples
of [Fe(Sq)(OH)(H,0),]5:2H,0 prepared in this study are
identical with those reported by West and Niu.! Magnetic
susceptibility data for [Fe(Sq)(OH)(H,0),],-2H,0 given in
Table I” shown in Figure | indicate moderate intramolecular
antiferromagnetic spin exchange in this material. Both the
magnitude and temperature dependence of the susceptibility
typify the behavior of an §; = S, = 3/, dimer.® For such a
system the following expression for the susceptibility is ob-
tained from the dipolar coupling approach of Van Vleck.’

x = (QNB*g*/kT)[(55 + 30 exp(-10J /kT) +
14 exp(~-18J/kT) + 5 exp(—24J /kT) +
exp(-28J/kT)) /(11 + 9 exp(-10J /kT) +
7 exp(—18J/kT) + 5 exp(-24J /kT) +
3 exp(-28J/kT) + exp(-30J/kT))]

Symbols in this expression have their usual meanings. A
least-squares fit of the experimental susceptibility to this
equation yields values of J and g. By assuming g = 2.00, the
smooth curves shown in Figure 1 are obtained for J = -6.9
cm™. This value of |/} is inconsistent with both oxo- and
squarato-bridged structures. Oxo-bridged Fe(III) dimers are
invariably characterized by coupling constants near —100
cm.1% Squarate bridges, on the other hand, provide a poor
exchange path as experimentally observed for the dimers
[Cu,(Etsdien),(Sq)](BPhy), (/ = -2.1 em™)!! and [Ni,-
(macro),(Sq)1(Cl0,), (J = -0.4 cm™)!2 and for the polymeric
Ni(Sq)(H,0), (J = 0.7 cm™)"* and presumably polymeric
iron(IT) analogue Fe(Sq)(H,0), (J =-0.7 cm™).1* We have
recently succeeded in preparing [Fe,(phen),(Sq)]Cly, which
we believe to contain the squarate ion bridging iron(I1I) ions.
This complex, which provides the best model for our purposes
here, has a similarily low coupling constant (J = —0.5 cm™).14
Coupling constants in the range of =7 to —11 cm™ have been
observed for other dihydroxo-bridged Fe(III) dimers.15:16

A room-temperature Mdssbauer spectrum of [Fe(Sq)-
(OH)(H,0),],-2H,0, shown in Figure 2, may be described
by a single Lorentzian line with isomer shift § = 0.40 mm/s,
I' = 0.47 mm/s. If the data are fit to a quadrupole doublet,
a splitting of A = 0.16 mmy/s is obtained with § = 0.40 mm/s,
I, = 040, and T, = 0.38 mm/s. The fit is essentially identical
for these sets of parameters. Although the isomer shift in-
creases to 0.48 mm/s at 19 K we do not observe any greater
resolution of the quadrupole doublet at low temperature, These
Maossbauer parameters are consistent with a near-octahedral
oxygen coordination for iron(III).



Notes

Table II. Infrared Bands and Assignments (in cm™ )@

absorption assignment

3200 br, s v(OH)(H, 0)
1815 sh,m Sq, »(C=0)
1640 sh, m Sq, »(C=C)
1500 br, s Sq, v(C-C) + v(C-0)
1110, 1085 sh, w Sq, v,5, Ey?

850, 750 br, w v(Fe—O—H) + p,(H,;0)

660, 460 br, w pw(H,0)

420 sh, w unassigned

390 sh, w v(Fe-0)

350 sh,vw Sq, vy, A g0

"Abbreviatlons br, broad; s, strong; sh, sharp; m, moderate; w,
weak; v, very. Reference 18

Infrared spectra of squarate-containing compounds are quite
characteristic of the mode of coordination.> Thus it is possible
to distinguish the terminal form of squarate as in II from the
bridging form by virtue of the lower symmetry of the former.
Polymeric divalent metal squarates, which contain the squarate
ion in approximately D,, symmetry, have as the most
prominent feature in their infrared spectra a broad band near
1500 cm™! assigned to a mixture of C—O and C—C stretching
modes.1>»12  The infrared spectrum of [Fe(Sq)(OH)-
(H,0),1,:2H,0, however, shows not only this absorption but
also moderate bands at 1640 and 1815 cm™. The former
absorption may be assigned to a C=C stretching mode and
the latter to a C==0 stretching mode. The infrared spectrum
of this complex thus suggests nominal C,, symmetry for the
squarate ion, as in squaric acid and metal squarates involving
bidentate coordination of the squarate ion. A number of other
infrared absorptions are present in the spectrum of [Fe-
(Sq)(OH)(H,0),],,2H,0, all of which are consistent with
structure I1."" These bands and appropriate assignments are
listed in Table II. We have assigned a weak absorption at
850 cm™! to the Fe—O—H deformation mode associated with
bridging hydroxo groups.!® This assignment is supported by
the observation that this band decreases in intensity upon
partial deuteration.

The thermal weight loss curve of [Fe(Sq)(OH)-
(H,0),]52H,0 obtained in a nitrogen atmosphere shows two
inflections. The first, at 160 °C, corresponds to a 17.3% weight
loss and the second, at 290 °C, corresponds to a 64.8% total
weight loss. If the first step corresponds only to dehydration
then 4.6 mol of water/mol of dimer is lost. This suggests that
the hydrogen bonding between squarate and water is suffi-
ciently strong that water coordinated to the metal, rather than
water which is nominally “lattice” water, is lost first upon
thermal decomposition. An X-ray powder pattern of the final
residue shows the presence of iron metal. The total theoretical
weight loss is 66.6% if iron metal is the only product of the
decomposition. The thermal behavior of this material contrasts
markedly with that of the vanadium analogue.? The vanadium
complex loses 2 mol of water/mol of dimer at 80 °C under
vacuum and 6 mol of water in either air or argon at ca. 150
°C and and, ultimately, decomposes to vanadium oxides, rather
than the metal, at higher temperatures. The complexity of
the final decomposition step in these complexes has been
previously noted for both divalent!®!® and trivalent? metal
squarates.
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This paper presents a survey of some of the metal carbonyl
chemistry of the ligand (CH,0),PCH,CH,P(OCHj;),. This
ligand is a much stronger = acceptor than the extensively
studied’ ligands R,PCH,CH,PR, (R = alkyl or aryl) because
of the greater electronegativity of the terminal methoxy groups.
Other chelating strong w-accepting trivalent phosphorus
ligands include CH3;N(PF,),,*’ F,PCH,CH,PF, and its
homologues %10 (CF3)2PCF2CF2P(CF3)2,“ and (CF,),PC-

H,CH,P(CFy),.1212

Experimental Section

Carbon and hydrogen analyses (Table I) were performed by the
Atlantic Microanalytical Laboratory, Atlanta, Ga. Other analytical
determinations (Table I) were performed by Schwarzkopf Micro-
analytical Laboratory, Woodside, N.Y. Melting and decomposition
points (Table I) were taken in capillaries and are uncorrected.

Infrared spectra in the y(CO) region (Table I) were taken in
pentane, hexane, or dichloromethane solutions and recorded on a
Perkin-Elmer Model 621 spectrometer with grating optics. Each

spectrum was calibrated against the 1601-cm™! band of polystyrene
film. Proton NMR spectra (Table I) were taken in CDCl; solutions

and recorded on a Varian T-60 spectrometer at 60 MHz.

All solvents including triethylamine used in reactions were freshly
distilled under nitrogen from appropriate drying agents (Na/
(C4Hs),CO, LiAlH,, etc.). All reactions were run under nitrogen.
The air-sensitive (CH,0),PCH,CH,P(OCH3), was handled in a
nitrogen-filled glovebox (Vacuum Atmospheres).

The CI,PCH,CH,PCl, was obtained from white phosphorus,
phosphorus trichloride, and ethylene according to the patented
procedure.!4

Preparation of (CH,0),PCH,CH,P(OCH,), (abbreviated as
Pom-Pom). A mixture of 16.7 mL (12.1 g, 120 mmol) of tri-
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