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Abstract: The spectroscopic and magnetic properties of a quadruply bonded dimolybdenum core intercalated into the layered
metal phosphates (LMPs) of vanadium and niobium have been examined. Layer modification of the LMPs was achieved
by redox intercalation of the Mo,** core solvated by acetonitrile and by its ion-exchange reaction following reduction of the
phosphate host layers with NaBH,. Regardless of the reaction pathway, a similar product is obtained. The reacted layers
display a contraction of the d-spacing with concomitant insertion of up to 0.2 molybdenum atoms per layer unit cell. Structural
characterization and absorption spectroscopy of these materials reveal that the bimetallic core residing in the gallery interlayer
region is the mixed-valence Mo, * center in a transverse orientation. In this arrangement the ubiquitous D,; coordination
environment of multiply bonded “Mo,0g” complexes is achieved with the dimolybdenum core keyed into tetragonal oxygen
cavities of the layer. Magnetic susceptibility and EPR studies reveal that electrons in the layers are antiferromagnetically
coupled and that the exchange interaction is in a weak coupling regime. This exchange interaction is enhanced by the presence
of the paramagnetic Mo,** center within the interlayer region of the LMP.

Introduction

A common design of many light-to-energy conversion photo-
chemical schemes is predicated on the electron transfer chemistry
of the photosynthetic reaction center. In photosynthesis, photon
absorption by the light harvesting complex promotes efficient
transmembrane electron/hole separation of the pair, which is
ultimately manifested in the multielectron chemistry of water
oxidation at the oxygen-evolving complex and proton reduction
in Photosystem L.'"'2  Accordingly, the design of biomimetic
assemblies has relied on the synthesis of charge separating net-
works that propagate efficient electron/hole separation on different
time scales. The basic tenet of the approach involves the transport
of charge separated electrons and holes away from a light har-
vesting center by covalently attaching donors and acceptors to
it. Perhaps the most straightforward donor/acceptor system, in
both concept and structure, are coordination compounds possessing
a lowest energy excited state that involves the promotion of an
electron from a metal-based orbital to a ligand-based orbital.!*17
Ensuing recombination of the ligand-centered electron and
metal-centered hole can be slow, which is a prerequisite for ef-
ficient charge separation. The donor/acceptor strategy has been
further elaborated with the development of porphyrin-based
diads'®?” and triads.?’-*° In the former, porphyrins covalently
juxtaposed to other porphyrin or quinone acceptors in cofacial
and edge-on geometries yield charge separated states upon ex-
citation of the porphyrin. Introduction of an electron donor onto
the porphyrin photoreceptor in Gust and Moore’s?® and Wasie-
lewski’s?® triads permits the photogenerated hole localized on the
porphyrin to be trapped by the following sequence of charge
separating electron transfer events: DP*A — DP*A- — D*PA~.
Although this photogenerated charge separated state may persist
into 3the microsecond range, the quantum yield can be relatively
low. %

In an effort to achieve better charge separation, the covalently
bonded molecular approach to vectorial charge separation has been
complemented by the vectorial arrangement of electron transfer
components within organized architectures. Systems designed
about many support structures, such as micelles,*> polymers,”’
and solid state substrates,®*** have been investigated. For example,
one particularly intriguing approach is that of Mallouk et al.,**
who have catenated a metalloporphyrin or Ru(bpy),** photo-
sensitizer to a methylviologen charge transfer/Pt catalyst self-
assembly organized within the channels of Zeolite-L. The mi-
crostructure of the zeolite causes a spatially organized triad
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(sacrificial electron donor, photosensitizer, electron transfer carrier)
to form at the zeolite/solution interface.
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Even with the successful design of charge separating networks,
multielectron photochemistry is not ensured. The initial elec-
tron/hole pair must be stored at the terminus of the network, and
the overall process must be repeated to build up the necessary
multielectron hole and electron equivalents. Ultimately, the charge
equivalents must then be coupled to a catalytic center capable
of promoting the overall multielectron process. The intricacies
required to molecularly engineer such elegant charge separating
networks containing the capacity for storage and catalytic
bookends prompted us to consider a new conceptual direction. If
more than one electron can be moved from a discrete excited state,
then the structural complexity demanded for efficient charge
separation should be relaxed. Moreover, multielectron reaction
from an electronically excited core obviates the necessity for charge
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storage coupled to catalytic redox centers,

To this end, we have become interested in designing solid state
assemblies in which a multielectron photoactive center is incor-
porated between redox active layers of a host structure. In
principle, regeneration of the oxidized photoactive core can be
achieved with auxiliary redox-active metal centers in the solid state
support; subsequent reaction of substrate at the layers will re-
establish the formal oxidation state of metals in supporting solid
state substrates thereby completing the catalytic cycle. In this
approach, relay molecules are not required since the multielectron
chemistry does not rely on the charge propagation via one-electron
intermediates of a charge separation network. The exclusion of
the relay system leads to an important advantage of this approach
in that the intricate structural engineering of photoactive solids
needed to prevent charge recombination is circumvented. Our
recent discovery of two-electron photoreactions of quadruply

bonded metal-metal (M--M) systems*® has prompted us to begin

designing structures in which MM cores are incorporated into
layered host structures containing redox-active metal centers in
the layers. Of course the design of such a structure requires
physical and chemical compatibility between supporting host

structures and MM bimetallic complexes. Our early studies
concentrated on complex layered oxides (CLOs) as layered sup-
ports.*” But we soon realized early in our studies that the uti-
lization of CLOs is hindered by the following crucial factors: (i)
the metals composing the layers of CLO structures are generally
redox-inactive**->? and difficult to substitute;*! (i) the basicity
of CLOs is not compatible with the properties of many transition

metal complexes and especially the MM species, which are
susceptible to the formation of hydroxo and oxo complexes;2 and
(iii) the chemical properties of CLOs, for the most part, are too
irreproducible for reliable photochemical study. Conversely,
layered metal phosphates (LMPs) are superb host compounds for
binuclear metal cores because they are acidic and may be syn-
thesized to yield pure crystalline materials featuring redox-active
metals composing the layered host structure.’*® In addition
LMPs display high stability toward temperature, irradiation, and
most organic environments,

We now report the synthetic methodologies for the incorporation
of a multiply bonded dimolybdenum core within layered vanadium
and niobium phosphates. Our choice for the the synthesis of a
LMP intercalated with a bimetallic molybdenum core was mo-
tivated by our extensive knowledge of the structure, spectroscopy,
and chemistry of the quadruply bonded Mo,(ILII), mixed-valence
Mo, (ILIII), and triply bonded Mo,(IILIII) cores coordinated by
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phosphate jon.’*%! The coordination sphere of the dimolybdenum
core in the resulting solid is analogous to these molecular bimetallic
phosphates, and redox intercalation chemistry of the Mo,~-LMP
system affords materials with interesting magnetic properties.

Experimental Section

Synthesis. Solvents used for syntheses were dried by refluxing over
the proper drying agent under nitrogen atmosphere for at least 24 h.
Starting materials were purchased from either Aldrich Chemical or
Strem Chemical Co. and used as received.

The fully solvated dimolybdenum core in acetonitrile was obtained by
the esterification of acetate ligands of Mo,(CH;COO),,¢* which was
synthesized by the standard methods.*%* A suspension of bright yellow,
crystalline Mo,(CH,;COO), (0.2 g, 0.5 mmol) in deoxygenated CH;CN
(15 mL) was charged with 10 mL of a | M CH,Cl, solution of (CH;C-
H,);0BF, to produce a wine-red solution. The reaction mixture was
refluxed under a static head of argon for 3 days. The mixture was cooled
in an ice-bath to yield [Mo,(CH;CN)g](BF;)4, which was filtered under
a blanket of argon, washed with three 10-mL portions of CH,Cl,, and
dried under vacuum. The resulting blue powder was air-sensitive and
decomposed within minutes in air; decomposition of the compound was
accelerated by the presence of moisture.

Layered vanadium and niobium phosphates were obtained by standard
procedures.5%%  The light brown powder of V,0s (12.6 g, 69 mmol) was
added to dilute phosphoric acid (100 mL, 28%, 460 mmol) to ensure a
7:1 ratio of phosphorus to vanadium. Upon refluxing the mixture, a
brown to greenish-yellow color change indicated the formation of VOP-
0,2H,0. Over 3 days of reflux, shiny yellow-green microcrystals of
VOPO,2H,0 precipitated from the reaction mixture. After filtration,
the solid was washed with water and acetone and air-dried. The layered
material NbOPO,-3H,0 was synthesized by dissolving metallic niobium
{5 g, 54 mmol) in a mixture of HF (50 mL, 40%) and nitric acid (5 mL,
concentrated), with subsequent addition of phosphoric acid (30 mL,
85%). Excess HF was removed by heating the clear solution on a water
bath until the white solid of NbOPO,-3H,0 appeared at the solution/air
interface. The resulting solution was cooled to room temperature and
the solid was collected by filtration. The solid was washed by its suc-
cessive suspension and filtration in nitric acid (300 mL, 5 M), water (200
mL), and ethanol (200 mL). The vanadium and niobium layered
phosphates were characterized by X-ray powder diffraction and
FTIR.6 It is noteworthy that the powder X-ray diffraction pattern
of the latter phosphate showed multiple phases when the solid was washed
simply by suction filtration and not subjected to the multiple re-suspen-
sion/filtration procedure.

The Na*-intercalated layers were obtained by reacting neutral layers
with NaBH,. This modification of Jacobson’s Nal reduction procedure’’
avoids contamination of the solid with I,. Addition of VOPO,2H,0 (2
g, 10 mmol) to a NaBH, (0.4 g, 10 mmol) suspension in dried, deoxy-
genated THF led VOPO42H,0 to become dark-green. The reaction was
accompanied by a less than vigorous evolution of hydrogen gas. After
1 h of stirring, the dark-green solid was filtered and washed with THF
and several portions of water to remove unreacted NaBH,. The resulting
crystalline powder was further washed with acetone and air-dried. The
same procedure was used to produce Na*-intercalated NbOPO,. How-
ever, no color change was observed upon the reduction of NbOPO,-3H,0.

The incorporation of solvated dimolybdenum cores into LMPs was
achieved by direct intercalation or by ion-exchange of the Na*-interca-
lated LMP. Insertion reactions were carried out in dried, deoxygenated
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acetonitrile owing to the extreme sensitivity of the acetonitrile-solvated
Mo,** core toward oxidation. In a typical reaction, an acetonitrile so-
lution of [Mo,(CH;CN);](BF,), (0.4 g, 0.5 mmol, 2 mequiv) was
transferred onto the layered material (0.1 g, ~0.5 mmol) under argon
and the mixture was stirred 3-7 days after a static head of argon. Un-
fortunately, the progress of reaction was rather difficult to observe.
Therefore the desirable reaction period, usually 3 days, was determined
by recording X-ray diffraction patterns of solid extracted from the re-
action mixture at 24-h intervals. Upon completion of the reaction, the
solid was filtered and washed with acetonitrile and diethyl ether and
air-dried. Dimer intercalated LMPs were stored in an Ar filled drybox.

Instrumentation and Methods. Elemental analysis of LMPs was per-
formed with a Perkin-Elmer PHI 4500 ESCA system, which is housed
in the Composite Materials and Structure Center at Michigan State
University. The X-ray source was the monochromated Al K« line
(Eaika) = 1486.6 €V, Pyyxoy = 600 W/15 kV). Samples to be analyzed
were pressed onto double-sided tape adhered to a stage, which was placed
at a 65° angle to the incident X-ray beam under ultrahigh vacuum
(1078-107 Torr). The sample stage was positioned so that the signal
intensity for oxygen (binding energy of 531 e¢V) was maximized because
oxygen was the most abundant element in the LMPs. Elements were
identified by survey scans over the range of binding energies from 1200
to 0 eV. The strongest photoelectron line from each element was scanned
separately to obtain relative atomic concentrations by integrating the area
of the peak and multiplying an appropriate response factor. Elemental
compositions were determined from at least three separate analyses; the
standard deviation in all cases was less than 5%. All data manipulations
were accomplished on an Apollo Workstation using XPS ESCA software
provided by the manufacturer.

Infrared spectra were recorded on a Nicolet 740 FTIR spectrometer.
A KBr beam splitter/DTGS-KBr detector was employed for the mid-IR
spectral region whereas the Far-IR Solid Substrate beam splitter/
DTGS-PE detector was employed for the far-IR spectral range. Solid
KBr or Csl pellet samples were prepared, depending on the spectral
region, and an average of 16 scans was used for data collection. Ab-
sorption spectra, obtained with a Cary 17 spectrophotometer, were
measured on KBr pellets.

Powder X-ray diffraction patterns were recorded on a Rotaflex system
from Rigaku. The Cu K« line was obtained from a rotating Cu anode
(45 kV, 50 mA) and directed toward the sample chamber by using a 1/2
deg divergence slit and a 1/2 deg receiving slit. The diffracted X-ray
beam was further refined by a curved graphite single crystal mono-
chromator (1.05 deg scatter slit and 1/6 deg monochromator receiving
slit), which was set for detection of the secondary X-ray diffraction line.
The compounds were mounted by pressing dried powder on a piece of
double-sided tape of 1 in. X 0.5 in. dimensions adhered to a glass slide.
The resulting data were recorded and processed by using the manufac-
turer-provided software DMAXB on a microVAX computing system,

Electron paramagnetic resonance spectra of LMPs were measured by
using a Bruker ER 200D X-band spectrometer equipped with an Oxford
ESR-9 liquid helium cryostat. Magnetic fields were measured with a
Bruker ER 035M gaussmeter, and the microwave frequency was mea-
sured with a Hewlett-Packard 5245L frequency counter, The layered
compound was placed into a quartz tube equipped with a Kontes quick
release stopcock and evacuated until the pressure was less than 5 X 107
Torr. Variation of temperature was achieved by controlling the flow rate
of gas generated from a liquid helium reservoir or placing sample tubes
in a finger Dewar flask filled with liquid nitrogen. Spectral simulations
were performed using PROGRAM POWD developed by Belford et al.
at the University of Illinois.”

Magnetic susceptibilities were measured on a SHE 800 series varia-
ble-temperature SQUID magnetometer controlled by an IBM-PC mi-
crocomputer. A known quantity of layered compound was placed in a
KEL-F bucket, whose magnetic susceptibility was independently deter-
mined for its application as a correction factor to observed sample sus-
ceptibilities. Measurements were made with an ascending temperature
ramp to 300 K followed by a descending ramp in an effort to observe
hysteresis, if there was any. Actual readings were made only after the
temperature was observed to be stabilized within £5%. Typically, ten
measurements were averaged for one temperature setting; all readings
were within a £5% error limit.

Results and Discussion
Synthesis of Layered Metal Phosphates. The structure of va-

nadium and niobium phosphates consists of an array of alternating
MVOq octahedra and PO, tetrahedra that share their corners,

(72) Belford, R. L,; Nilges, M. J. Computer Simulation of Powder
Spectra; EPR Symposiuin, 21st Rocky Mountain Conference: Denver, CO,
1979.
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Figure 1. ESCA spectra of (a) VOPO,-2H,0, (b) Na*-intercalated
VOPO, host layers, and the solids obtained from the reaction of [Mo,-
(CH,CN)g](BF,), with (c) VOPO4,#2H,0 and (d) Na*-intercalated
VOPO,.

Specifically, four equatorial oxygens of the MYOjg are provided
by four different adjacent phosphate groups. The apical positions
of the MVQy octahedron are completed with a terminal M=0
bond and a coordinating oxygen from one of two gallery waters.
This corner sharing of phosphates to the MV center is extended
in two-dimensions to produce sheets of [(H,O0)MOPQ,], that are
stacked in the crystallographic c-direction.’**-* The second
water molecule resides in the gallery between phosphate groups
of adjacent layers.

Because the central metal ions are in their highest formal
oxidation state MV, the reduction of these centers is a facile
chemical process. In fact, metal centers in the MV state are one
of the most common defects in VOPO, type layered com-
pounds.6”73-78  Since the layer does not carry any exchangeable
ions, incorporation of compounds into VOPO, type layers proceeds
by redox intercalation whereupon reduction of the layer is ac-
companied by inclusion of positively charged ions in order that
charge neutrality is maintained.’*"7

The introduction of a Mo, core into the LMP is most easily
accomplished by employing Mo,(CH;CN)g** as a source. Facile
ligand exchange of the solvating acetonitrile is the pre-eminent
reaction pathway of this dimer. Oxidation of Mo,** cores to
mixed-valence Mo,** or triply bonded Mo,%* cores> provides the
driving force for the redox intercalation chemistry. Alternatively,
the high positive charge of the Mo,** solvate facilitates its ion-
exchange of LMPs intercalated by simple inorganic cations.

To this end, Mo,(CH;CN)** was reacted with VOPO,-2H,0
by the two separate routes shown in Schemes I and II. Scheme

Scheme I

Mo,(CH,CN)g*
VOPO,2H,0 ———— VOPO,/):(Mo,™), (1)
Scheme II
NaBH4
VOPO,-2H,0O VOPO4)“o(Na+)y 2)
Mo,(CH,CN)g*

VOPO/~(Na*), VOPO,®)-(Mo,™), (3)

I represents the redox intercalation pathway, whereas Scheme II
is the ion-exchange reaction pathway following reduction of the

(73) Bruque, S.; Martinez-Lara, M.; Moreno-Real, L.; Jimenez-Lopez, A.;
Casal, B.; Ruiz-Hitzky, E. Inorg. Chem. 1987, 26, 847.

(74) Tachez, M.; Theobald, F.; Bernard, J.; Hewat, A. W. Rev. Chim.
Miner. 1982, 19, 291.

(75) Jordan, B.; Calvo, C. Can. J. Chem. 1973, 51, 2721.

(76) Yakovleva, T. N.; Tarasova, D. V.; Mikheikin, I. D.; Timoshenko, V.
1. Russ. J. Inorg. Chem. 1988, 33, 134.
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Figure 2, Powder X-ray diffraction patterns of (a) VOPO,2H,0, (b)
Nat-intercalated VOPO, host layers, and the solids obtained from the
reaction of [Mo,(CH;CN)g](BF,)s with (c) VOPO,2H,0 and (d)
Na*-intercalated VOPO,. All traces cover the same range of 26 values,
but traces b—d are offset for clarity of presentation. The dy, peaks are
labeled for each spectrum.

layers with NaBH,. The distinct steps of the reaction sequence
are conveniently monitored by ESCA. Figure la is the ESCA
survey scan of native VOPQ,. Peaks characteristic of V (523,
784, 1017 eV), P (133, 191 eV) and O (531 eV) are prominent.
Additionally, the C 1s peak at 289 eV is observed, which is a
commonly observed impurity in ESCA spectra.”? The P/M
stoichiometry, obtained by normalizing the P 1p peak areas to
those of V 2p photoelectron features, is slightly greater than the
expected value of unity (P/V = 1.15).

Reduction of the host VOPO,-2H,0 by NaBH, (Scheme II)
induces several changes in the ESCA spectrum. Most obviously,
as shown in Figure 1b, the Na ls photoelectron peak at 1072 eV
appears. From the peak area we calculate that the Na* content
of the intercalated VOPQ, is 0.34 thereby yielding a product with
a composition of VOPO,-Nag ;4. The oxygen content, which we
define as the number of oxygen atoms per one metal center in
the layer, is slightly decreased with intercalation of Na* (~7%).
This result is in accordance with a reduction in the interlayer
spacing of the solid (vide supra), which presumably is accompanied
by loss of interlayer water from the more restricted environment.
However, small changes in CO, impurity concentrations could
also account for our observation. The layer stability toward
intercalation is in evidence by the fact that the P/M ratio does
not change upon introduction of Na* into the LMP gallery.

ESCA spectra of the molybdenum intercalate prepared by
Scheme II, shown in Figure 1d, reveal that the Na* ions undergo
complete exchange in the presence of Mo,(CH,CN)g*t. The
absence of the Na s photoelectron peak at 1072 eV is comple-
mented by the appearance of a broad feature at 230 eV attrib-
utable to the 3d;,, 3/, doublet of molybdenum. The stoichiometry
of the solid, as determined by ESCA, is VOPO,Moq 5. We
believe that this observed metal content represents the highest
possible loading for these layers because the same loadings are
observed even when ion-exchange is performed from solutions
containing the guest complex at concentrations ~35 times the redox
capacity of host layers. Interestingly, the ESCA survey scan
recorded on solids obtained from the direct reaction of Mo,-
(CH;CN)g*t ion with VOPO,2H,0 (Figure lc) is virtually
identical to that observed for the ion-exchange pathway, as is the
chemical composition of VOPO, Moy ;.

The X-ray powder diffraction patterns of LMPs produced by
Schemes I and II are also similar. Figure 2 displays X-ray dif-
fraction patterns of the VOPO, host and its intercalates. A dy,
peak at 7.49 A (26 = 11.80°) and higher order peaks of the native

(77) Swingle, R. S., Jr.; Riggs, W. M. In Critical Review in Analytical
Chemistry, CRC Press: Boca Raton, FL, 1975.
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Figure 5. Electronic absorption spectra of (a) NbOPO3H,0 reacted
with [Mo,(CH;CN)g](BF,), and (b) Mo,(HPO,),*" in deoxygenated 2
M H,PO,.

VOPO,2H,0 are in excellent agreement with their calculated
positions based on published cell parameters (Table I of Sup-
piemcniary Matierial).®%% Chemical reduction of the layers by
NaBH, causes the dy, peak to shift to higher angles indicating
a contraction in the layer spacing (dy, = 6.69 A), and a further
reduction in the gallery height (dyy, = 6.41 A) is observed upon
reaction with the Mo,(CH;CN);** ion. This gallery height is
nearly identical to the 6.45 A dg,, spacing of LMP prepared by
direct intercalation with Mo,(CH;CN)g**,

Spectroscopy of Layered Metal Phosphates. The nature of the
molybdenum species within the LMP prepared by Schemes 1 and
I1 is revealed by electronic and magnetic spectroscopy.’® In regard
to the former, absorption spectroscopy is particularly useful be-
cause the absorption profiles of multiply bonded dimolybdenum
cores coordinated by phosphate ions are well established,’%5!
Notwithstanding, the observation of absorption bands from a
dimolybdenum guest in a VOPO, host is problematic because the
transitions arising from the reduced V(IV) centers of the layer
cause the intercalated solid to absorb throughout the visible
spectral region (A« = 850, 640, 470, and 300 nm)>?® thereby
obscuring the relatively weak absorptions expected from a di-
molybdenum phosphate core. By contrast, the isostructural LMP
of NbOPOQ, does not exhibit transitions in the visible upon its
reduction and hence absorption of guest molecules can in principle
be spectrally distinguished. Thus the intercalation chemistry
described by Schemes I and II was performed for NbOPO,3H,0.

The ESCA results for layered niobium phosphate materials
produced by Schemes I and II are entirely analogous with our
observations for the VOPO, system, with the only major difference
of course being the absence of vanadium photoelectron features
and the ocurrence of niobium peaks. These data have been in-
cluded as Supplementary Material. The chemical compositions
of solids obtained by Schemes I and II were NbOPO,Moy ;¢ and
NbOPO,Moy,,, respectively. The molybdenum contents of these
solids are comparable to that observed for the vanadium system.
Moreover, the gallery heights of the intercalates prepared by the
independent routes were identical (dyo; = 7.12 A for Schemes [
and II). Consistent with our observations of the VOPO, system,
these d-spacings are reduced by nearly 1.0 A from that of the
naiive LMP structure (see Supplementary Material). Thus the
intercalation chemisiry of the vanadium and niobium LMPs with
Mo,(CH;CN)¢** is parallel.

The white layers of NbOPO,:3H,0 (Scheme I) or Na*-in-
tercaiated NbOPO, (Scheme II) turn blue-grey upon their ex-
posure to [Mo,(CH;CN);]1(BF,), solutions. This color change

(78) Attempts to observe the symmetric MZ-M vibration by IR are pre-
vened because the otaily symmetric vibration of multiply bonded dimers is
forbidden. Though allowed by Raman spectroscopy, the highly colored
VOPO, (see text) prevents resonance spectra of the symmetric MM stretch
0 be obraired owing to sample decomposition.
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Figure 4. Electron paramagnetic resonance spectra of (a) VOPO,2H,0
at 7 K and (b) the simulated spectrum calculated by using a two-site
model for the d! V(IV) centers. The microwave frequency and the sweep
range were 9.4711 GHz and 2512-4582 G, respectively.

is noteworthy because the Mo,(IL,II) tetraphosphate is pink
whereas the mixed-valence Mo,(1L111) tetraphosphate is blue-
grey.’®® More quantitatively, Figure 3 shows the electronic ab-
sorption spectrum of NbOPO,Moy 4 prepared by Scheme I; an
identical spectrum is obtained for NbOPQ,Moy,, prepared by
Scheme II. Overlying a rapidly rising baseline, due to scattered
light and /or a very broad charge transfer band of the layer itself,
two shoulders at ~480 and ~550 nm are observed. This spectrum
establishes that the quadruply bonded Mo,(HPO,),*, which would
show an intense 6 — §6* transition at 516 nm, is not incorporated
in the layer. Alternatively, comparison of the absorption spectrum
of the mixed-valence Mo,(HPO,),’” molecular species, which is
also shown in Figure 3, clearly establishes the presence of a
Mo, (IL,III) core intercalated in NbOPQ,. The two weak features
in the absorption spectrum of Mo,-intercalated NbOPO, are
energetically coincident with the = —~ 6* and = — ¢ transitions
of Mo,(HPO,),*~ at 420 and 595 nm, respectively.®! Even more
striking, the characteristic near-IR absorption for the § — 6*
transition of the mixed-valence Mo,(II,III) tetraphosphate cen-
tered at 1400 nm is observed for the Mo,-intercalated NbOPO,
layers. The absence of vibrational fine structure in Figure 3a is
most likely due to inhomogeneous line broadening. The similarity
of the synthetic conditions for Mo,-intercalated NbOPO, and
VOPO, layers suggests to us that this core is retained in the
VOPO, layers.

Magnetic studies are also consistent with intercalation of a
Mo, (ILIII) core into LMP. We begin by considering the native
VOPO, layers, whose magnetic susceptibility and EPR spectrum
result from the unpaired electrons of V(IV) (d!) impurity sites.§%"¢
The paramagnetism of the solid follows simple Curie-Weiss law
behavior, with a linear 1/xy vs T plot observed over all tem-
peratures. A free electron spin concentration of 1.8% is calculated
from the slope of the Curie-~Weiss plot, which suggests a low spin
density in the layers arising from isolated V(IV) centers. As
expected in an isolated spin system, the low-temperature (8 K)
EPR spectrum of the VOPO,-2H,0 layered material, shown in
Figure 4a, exhibits a very well defined axial doublet signal, which
is consistent with the 4-fold symmetry of the V(IV) center. Figure
4a also shows hyperfine splittings arising from the interaction of
the unpaired electron with the nuclear spin of the V(IV) center.
Qualitatively, similar EPR signals have been observed from VIVO2+
in several different environments, including VVO?** doped into
single crystals of Rb,Co(Se0,),-6H,0,” included in Nafion

(79) Jain, V. K. J. Magn. Reson. 1985, 64, 512.67.
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Figure 5. EPR spectra of (a) Na*-intercalated VOPO, (9.4724 GHz,
2497-4577 G, g = 1.96), (b) Mo,**-intercalated VOPO, (9.4726 GHz,
970-6068 G, g = 1.95), and (c) the Mo,**-intercalated VOPO, layers
after exposure to air (9.4718 GHz, 2293-4387 G, g = 1.96).

membranes,’® and coordinated to a porphyrin ring.8! Close
inspection of the EPR spectrum reveals two features on the g,
component. As shown in Figure 4b, the observed EPR signal can
be simulated by overlapping two simple axial spectra, one with
g, = 1.977 and g; = 1.937 and the other with g, = 1.973 and
g = 1.940. As is the case for Jain’s system,” a straightforward
8-line spectrum is obtained for a unique d! structure. The sim-
ulation establishes that the d! electrons of the VOPQ, host layer
are isolated and occupy two distinct but very closely related va-
nadium environments. These results are in accordance with the
defect model proposed by Bordes et al.,*2 who have shown in their
structural study of a-VOPO, the presence of cis and trans con-
formations of V(=0)0, square pyramids about the equatorial
V-0~P-0O-V chain.

Intercalation of the VOPQ, layers by Na™ ion causes a sig-
nificant reduction of V(V) sites to V(IV), and not unexpectedly
a change in the magnetism of the LMP is observed. One obvious
difference is the complete disappearance of the hyperfine splitting
in the EPR spectrum (Figure Sa). The EPR signal displays a
Dysonian shape, which is characteristic of conducting electrons
exhibiting metallic character.’® Moreover, the passage effect of
saturation at very low power is observed, which is characteristic
of Dysonian signals.®*3¢ The observation of a Dysonian line shape
indicates that the electron density from the d! spin centers in the
reduced layer is not only high but also interacting over the ex-
tended structure.

Partial spin delocalization within the reduced layers is supported
by the marked deviation of the magnetic susceptibility from
Curie-Weiss behavior at temperatures <20 K. The precipitous
drop of x T with decreasing temperature (Figure 6) reveals an

(80) Barklie, R. C.; Girard, O.; Braddel, O. J. Phys. Chem. 1988, 92, 1371.

(81) Kadish, K. R.; Maija, B. G.; Araullo-McAdams, C. J. Phys. Chem.
1991, 95, 427.

(82) Tachez, M.; Theobald, F.; Bordes, E. J. Solid State Chem. 1981, 40,
280.

(83) (a) Feher, G.; Kip, A. F. Phys. Rev. 1955, 98, 337. (b) Feher, G.;
Kip, A. F. Phys. Rev. 1954, 95, 1343.

(84) Wertz, J. E.; Bolton, J. R. Electron Spin Resonance: Elementary
Theory and Practical Applications; McGraw-Hill: New York, 1972.
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Figure 6. The temperature dependent magnetic susceptibility plots of (a)
Nat-intercalated and (b) Mo,**-intercalated VOPO, layers. The solid
lines represent the best fit of eq 4 to the observed data.

antiferromagnetic ordering of the d! paramagnetic centers. The
sign and strength of the exchange interactions in the vanadyl
phosphate intercalate suggest two-dimensional coupling of the d!
electrons by a superexchange mechanism via phosphate tetrahedra
within the a,b-plane.’> As discussed by Rushbrooke®® and Lines,?’
the magnetic susceptibility for an exchange interaction confined
to two-dimensional space is given by a high-temperature expansion
series derived for a quadratic layer Heisenberg antiferromagnet

N(g)*B? 2 2 4 -
XM:Tk}_ I+}+?+3—§_3+... (4)

where { = kT/J = 2T/6, and N, B, and k are Avogadro’s number,
the Bohr magneton, and the Boltzmann constant, respectively.
An iterative fit of the xT vs T plot by eq 4 is shown with the
solid line in Figure 6a. The excellent correspondence between
calculated and experimental data reveals that a weakly coupled
antiferromagnetic d! center in a two-dimensional plane is a good
description for the observed magnetism of the Na* intercalate.
Moreover the calculated exchange coupling constant of J/k =
-0.88 K is consistent with the Weiss temperature of § (=2J/k)
=-1.75 K (as determined from a 1/x,; vs T plot). This exchange
constant accords well with the study of Villeneuve et al. of the
isostructural VOSO, system.®® In this layered compound, the
exchange interaction of d' V(IV) centers composing the layers
is also weak and antiferromagnetic (J/k = -0.9 K).

The magnetic properties of this two-dimensional magnetic
system are greatly perturbed upon intercalation of Mo,(ILIII)
cores into the LMP. As shown in Figure Sb, the EPR shows a
featureless single peak with an extremely broad spectral band
width. Neither the narrow Dysonian peak shape of conducting
electrons in a reduced layer nor an axial signal of a Mo,(ILIII)
core*® is observed. Although line broadening in EPR spectra is
observed for inhomogeneous spin systems, the extreme breadth
of the spectral line width (~750 G peak-to-peak separation) in
Figure 5b suggests that magnetic ordering resulting from strong
spin-spin interactions is an important contributing factor to the
broad line width.8® Similar to the Na* intercalate, deviations

(85) Beltran-Porter, D.; Amoros, P.; Ibanez, R.; Martinez, E.; Beltran-
Porter, A.; Le Bail, A.; Ferey, G.; Villeneuve, G. Solid State Ionics 1989,
32/33, 57.

(86) Rushbrooke, G. S.; Wood, P. J. Mol. Phys. 1958, 1, 257.

(87) Lines, M. E. J. Phys. Chem. Solids 1970, 31, 101.

; (88) Villeneuve, G.; Lezama, L.; Rojo, T. Mol. Cryst. Lig. Cryst. 1989,
176, 495.
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Figure 7. View of the 001 plane of a VOPO,:2H,0 layer. The four
oxygens defining a tetragonal cavity in the a,b-plane are shown by the
shaded circles.

from Curie-Weiss behavior are observed with implications of large
antiferromagnetic ordering. The xy7 vs T plot shown in Figure
6b reveals antiferromagnetic behavior according to eq 4 with a
significant increase in J/k = —1.75 K as compared to the Na*
intercalate. This result shows increased spin interactions within
the magnetic layers, thereby suggesting that a spin—spin interaction
furnished by nearby paramagnetic Mo,(IL,III) centers may con-
tribute to the broadening in the EPR. An experiment supporting
this contention is that the width of the EPR line is reduced to
~ 100 G upon exposure of the layered intercalate to air (Figure
5¢c). It is known that the mixed-valence Mo,(ILIII) tetraphosphate
core rapidly oxidizes in air to the diamagnetic Mo,(IILIII) tri-
ple-bonded species.®® The observation of line narrowing is con-
sistent with the depletion of the Mo,(ILIII) paramagnet within
the layers by oxidation.

Finally it is interesting that the absorption and magnetic
spectroscopic studies confirm ESCA and powder X-ray diffraction
results inasmuch as a Mo,(ILIII) intercalate is obtained by either
Schemes I or II for both the vanadium and niobium phosphates.
Our studies on Mo, (II,IT) coordinated by tetraphosphate anion,
Mo,(HPO,),*, show that it is extremely susceptible to oxidation
to the mixed-valence Mo,(HPO,),> (E, ,,(Mo,(HPO,),>~/*) =
-0.67 V vs SCE) dimer.’®® Indeed, solutions of Mo,(HPO,),*
are smoothly converted to Mo,(HPO,),* by the weakly oxidizing
triple-bonded complex Mo,(HPO,),* in a simple compropor-
tionation reaction. Presumably, the Mo,(ILII) core is not stable
in a phosphate environment, and parallel to the molecular solution
chemistry, the mixed-valence Mo, (ILIII) bimetallic center is the
thermodynamic product.

Structural Chemistry. Intercalation of the LMP layers by Na*
and Mo, ions causes a shift of dy, peaks to higher angles thereby
signifying a contraction of the LMP gallery height. The placement
of negative charges onto the layer with concomitant insertion of
positively charged metal ions should enhance the interaction
between host layers and guest molecules. To this end the com-
pression of layers about small positively charged cations, as
compared to the d-spacing of MOPO,nH,0 layers, may be at-
tributed to the electrostatic interaction of the intercalate being
much stronger than the hydrogen bonding interactions of the native
LMP structure. In support of this contention is a recent EXAFS
study regarding the location of guest ions residing in vanadium
phosphate galleries.”® Intercalation of Fe’*, Co?*, and Ni** also
yields layers with contracted d-spacings. According to coordination
geometries deduced from EXAFS, the most probable location of
intercalated metal ions is a tetragonal pocket defined by the four
in-plane vanadium octahedra. Within this pocket, four oxygens
which are corner-shared between vanadium octahedra and
phosphate tetrahedra are available for coordination to guest
cations.

(89) Bencini, A.; Gattechi, D. EPR of Exchange Coupled Systems:
Springer-Verlag: New York, 1990.

(90) Antonio, M. R.; Barbour, R. L.; Blum, P. R. Inorg. Chem. 1987, 26,
1235.
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Figure 8. The dimensions of (a) the tetragonal oxygen coordination
environment for Mo,**-intercalated VOPO, and (b) the oxygen envi-
ronment of Mo,[O,P(OC¢H;),]4(BF,) as determined from the X-ray
crystallographic data of ref 59c.

These four oxygens, which are indicated by shaded circles in
the a,b-plane of the LMP layer shown in Figure 7, are ideally
suited for Mo,** coordination. Indeed, infrared spectra show no
appreciable change in the vanady! stretch upon intercalation of
the Mo,** core (<3 cm™), whereas a ~10-cm™ shift to lower
energy is observed for the d(O~P-O) vibration at 400 cm™. This
small shift in the phosphate spectral region suggests a weak
guest—host interaction between the Mo,** core and oxygens of
the phosphate layer. The d-spacing of the Mo,**-intercalated
LMP is also consistent with the binuclear core keying into the
tetragonal oxygen cavities of the layer. By using the crystallo-
graphic data of Tietze,’! a layer thickness of 3.6 A is calculated
for the LMP; and on the basis of the observed 6.45-A d-spacing,
we determine the intergallery height of the Mo,** intercalate to
be 2.8 A. The dimensions of the tetragonal cavity defined by these
eight oxygens in neighboring interlayers are summarized in Figure
8a. This configuration of oxygens defines a coordination envi-
ronment well-suited for the transverse disposition of the Mo,**
core between LMP interlayers. In this arrangement, four oxygens
from each layer provide the coordination sphere for one molyb-
denum center of the bimetallic core. This “solid state” coordination
environment of the intercalated Mo,** core is congruent with the
molecular crystal structure of the mixed-valence diphenyl phos-
phate, Mo,[O,P(OC¢Hj;),],(BF,),*° and more generally multiply
bonded “Mo0,0;” coordination spheres.’>* In these species, a
tetragonal cavity is formed from each oxygen of a bridging ligand;
the dimensions of the cavity deduced from the X-ray crystal
structure of Mo,[O,P(OC¢H5),],* are summarized in Figure 8b.
The distance of 2.5 A between oxygen planes for the molecular
species is consistent with the observed d-spacing of the Mo,’*
intercalate. Alternatively, a similar tetragonal arrangement of
oxygens about the Mo,>* core cannot be achieved when the
metal-metal axis is parallel to the host layers. The 4.12-A distance
between intraplanar oxygens (see Figure 7) is too long to sustain
the metal-metal interaction of typical mixed-valence di-
molybdenum cores. Moreover, we calculate a gallery height of

(91) Tietze, H. R. Aust. J. Chem. 1981, 34, 2035.

(92) Cotton, F. A.; Walton, R. A. Multiple Bonds Between Metal Atoms;,
Wiley-Interscience: New York, 1982.

(93) Robbins, G. A.; Martin, D. S. Inorg. Chem. 1984, 23, 2086.

(94) (a) Cotton, F. A,; Norman, J. G.; Stults, B. R.; Webb, T. R. J. Coord.
Chem. 1976, 5, 217. (b) Cotton, F. A.; Frenz, B. A.; Pedersen, E.; Webb, T.
R. Inorg. Chem. 1975, 14, 391. (c) Cotton, F. A; Frenz, B. A.; Webb, T.
R. J. Am. Chem. Soc. 1973, 95, 4431.
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4.5 A (dyg(calc) = 8.12 A) for the parallel disposition of the
binuclear core in the layers, which is 1.7 A greater than the
observed d-spacing.

A transverse arrangement of the Mo,>* core permits interlayer
keying of the host with the guest structure. This guest—host
interaction, which has been observed by us previously in the
ion-exchange chemistry of trans-dioxorhenium(V) complexes in
layered oxides,*” may provide a clue to the anomalous magnetic
behavior of the Mo,”* intercalate. The observed enhancement
in spin—spin coupling may result from increased interlayer com-
munication owing to the smaller d-spacing of the Mo, intercalate

dyy, = 6.4 A) as compared to the Na*-intercalated (doy; = 6.7

) species. However, the EPR experiments show that the spin
interactions within the layers are obviously modulated by the
physical linkage of a magnetically active S = !/, guest. The
arrangement of spin !/, guests keyed into the two-dimensional
magnetic layer should give rise to an anisotropic magnetic ex-
change interaction, thereby modifying the magnetic behavior of
the layers. Indeed, the observance of unusual magnetism upon
the synthesis of two-dimensional magnetic host layers intercalated
with a magnetic guest has precedent. Clement et al. have described
spontaneous magnetization below ~90 K for layered FePS; in-
tercalated with pyridinium.”* Our results coupled with those of
Clement suggest that the ability to synthesize lamellar solids with
anisotropically arranged magnetic guests may lead to interesting
magnetically-ordered systems.

Thus layered metal phosphate are ideal host structures for

MZM guests. The physical and chemical properties of LMPs
are compatible with those properties of MZM cores, and indeed
the coordination environments of MM centers in molecular solids

(95) Clement, R.; Lomas, L.; Audiere, J. P. Chem. Mater. 1990, 2, 641.

can be achieved within the gallery regions of LMPs, In the context

of designing photoactive MXM—LMP intercalates, investigations
of tetrakis(phosphato)dimolybdenum have shown their photoredox
chemistry to be restricted to one-electron transformations owing
to the inability of the rigid phosphate coordination sphere to
stabilize high oxidation states of the metal core.* Conversely,

multielectron phototransformations are promoted at MM cores
when coordinated by ligands that can stabilize metals in high
formal oxidation states. One such class of complexes is the

M2X4(I'_-I|_)2 species, where L'-I|_ is a bidentate phosphine or hy-
droxypyridine. Upon excitation, rearrangement of the halide
ligands to yield bioctahedral geometries promotes the two-electron

photooxidations of these MM species.*® To this end, studies
are underway to introduce MM cores into LMP galleries that
are modified with LL functionality.
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Abstract: The partial pyrolysis of gold(III) fluorosulfate, Au(SO;F),, at temperatures below 145 °C allows the generation
of Au?* defects in the solid residue by reductive elimination of SO;F* radicals. Solvated Au?* is obtained by the reduction
of Au(SO;F); in HSO,F solution by gold powder at 65 °C. Both systems are studied by ESR and identical high g, values
of g = 2.360 are found. Hyperfine splitting due to ’Au, I = 3/2, is observed in frozen solutions of Au>*(solv). Pyrolysis
of Br;[Au(SO,F),] also gives partly pyrolyzed Au(SO;F);, with a sufficiently high Au?* ion concentration, to allow a magnetic

susceptibility study between 100 and 295 K.

Introduction

Compounds or complexes with gold in the oxidation state +2
are rather uncommon.!? Previously reported examples of isolated
compounds may be grouped into three general categories.

(a) Polynuclear Au(I)/Au(III) compounds comprise the first
category, with gold(II) chloride, Au,Cls,’ a typical example. As
expected, gold(I) exhibits linear, and gold(III) square-planar
coordination. The existence of this group, termed “pseudogold(II)”

*Permanent address: Institut fir Anorganische Chemie, der Universitit,
Callinstrasse 9, D Hannover.

compounds,? reflects the tendency of gold(II), 5d° to dispro-
portionate completely into gold(I), 5d'°, and gold(III), 5d°.
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