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The radial distribution functions are calculated from large-angle X-ray scattering (LAXS) measurements for one
concentrated aqueous molybdate/heptamolybdate solution and five aqueous molybdophenylphosphonate solutions
(lithium chloride medium). Besides water and hydrated lithium, chloride, and molybdate ions, five species in all,
having different nuclearities, are postulated to exist in the solutions, according to equilibrium studies using
potentiometry and'P NMR spectroscopy. The structures of the three polymolybdate speci€s g MogOa¢*,

and (GHsP),Mos0,:*-, for which the structures are determined crystallographically, are confirmed to exist also

in aqueous solution. The principal structures of the remaining two complexgdsRi/10s0,1(OH,)s?~ and
(CeHsP)Mo;025(0OH,)4~, are elucidated with the use of structures of related species. Both anions have one group
of four edge-sharing Mogoctahedra and another group of two Mp@rtahedra connected by sharing corners,
forming a bent unsymmetric six-membered ring, with the&l§O; group placed on the crowded side of the ring.

In the former, the group of two Mofoctahedra is edge-shared, while in the latter, the group is face-shared,
resulting in a ring small enough to tetrahedrally coordinate to the seventh molybdenum opposite the phenyl group.

Introduction data for dilute solutions wher@y, < 0.080 moidm=3 (0.600
mol-dm~3 NaCl supporting electrolyte; 25C).2 The equilibria

Hexavalent molybdenum and tungsten and pentavalent va- : .
of this system are written as

nadium form a wide range of polyoxometalate complexes with
a large variety of sizes, compositions, and structures in agueous N ” o

solution! Many of these complexes have shown catalytic PH™ + dMoO,” + rCHPO" =

properties and have therefore been studied extensivehe Hp(M004)q(C6H5PQ’>)rp_2q_2r
speciation of aqueous polyoxometalate systems has mainly been
determined by potentiometric and NMR spectroscopic methods,
and numerous structures have been determined by single-cryst

X-ray techniques for solid phases precipitated from aqueous - ; M :
solutions. However, it has not been possible to crystallize all be designated as M@hp)’ fpr Species in the profon series,
the charge of the species will be given as well.

species postulated from equilibrium measurements. Furthermore,
it cannot always be proven that the composition of a species _FOr the molybdophenylphosphonate system, only the-Mo
present in aqueous solution and in the solid state are identical(PhP} species has been structurally characterfZBe proposed

because, e.g., the degrees of hydration may differ. It is thereforeM0osPhP and MePhP species have not been structurally
important to perform structural studies in aqueous solution to characterized, as it has not been possible to crystallize these
obtain structural information for a species in the same medium COMPplexes. To determine their structures and to verify the-Mo

as that in which the equilibrium studies were carried out. (PhP} structure in aqueous solution, a series of large-angle

The speciation of the molybdophenylphosphonate system wasX-ray scattering (LAXS) studies were carried out. LAXS studies
require high concentrations to give reliable results, @ud =

determined from a combination of potentiometric &#NMR o~
1.50 motdm™3 was chosen. The system was not sufficiently

t UmeaUniversity. soluble for LAXS studies with sodium as the countercation, as
* Swedish University of Agricultural Sciences. used in the equilibrium studiésinstead, lithium was used as
(1) Pope, M. THeteropoly and Isopoly OxometalateSpringer-Verlag: the countercation because it allowed for sufficient solubility.

New York, 1983. . . . . .
(2) Pope, M. T.; Miler A. Polyoxometalatescrom Platonic Solids to The distribution diagrams, shown in Figure 1 (phenylphospho-

Anti-Retrajiral Activity; Kluwer Academic Publishers: Dordrecht, The —Nate-containing species) and Figure 2 (molybdenum-containing

here the integerp, g, andr define the complexes formed. In
he following, when we refer to nuclearities, the complexes will

Netherlands, 1994; pp 25835. species), were constructed using the equilibrium constants
©) ggggfggg;‘” Andersson, |.; Pettersson,lihorg. Chem 1987, 26, obtained in the previous speciation stid$#? NMR analyses
(4) Lyxell, D.-G.; Strandberg, RActa Crystallogr, Sect. C1988 44, of the Concemra_ted solutions  with L_'C| as the supporting
1535-1538. electrolyte, used in the structural studies, were found to be in
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CMo = 1.50 mol-dm-3
Cphp = 0.30 mol-dm-3
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Table 1. Compositions of Solutions-VI?2
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Figure 1. Cumulative distribution of phenylphosphonate-containing
species,apnp @s a function of pH at Mo/PhR= 5. Each species is

solution
component | Il 1l \Y) \Y% VI
MoOs>~ 1.500 1500 1500 1500 1.500 1.500
CeHsPOs>~ 0.600 0.300 0.300 0.300 0.300 O
Lit 1.200 1.125 1.125 1.150 1.125 1.860
H 3.000 2475 2672 2826 3.075 1.140
Cl- 0 0 0.197 0376 0.600 O
H0 4897 51.30 50.35 50.12 4940 52.53
pH 3.30 4.60 241 1.55 0.95 6.21
P 1.20 1.20 1.19 1.20 1.20 1.19
u 10.111 10.087 10.115 10.154 10.280 10.053
\% 1107.0 1107.0 1107.0 1107.0 1107.0 1107.0

a Concentrations are given in mdim=3. p = density (gcm™3); u =
absorption coefficient (cr); V = stoichiometric unit volume (A.

the solid state and aqueous solutions. These studies showed
identical structures in both phases for these three comp¥éxes.

Experimental Section

represented by an area, and its fraction is represented by the area’s

vertical height at that pH. Solid curves separate species that give

Chemicals.Phenylphosphonic acid,s8sPO(OH} (Aldrich, 98%),

different 3P NMR resonances. Dashed curves separate species thafolybdenum(VI) oxide, Mo®(E. Merck, 99.5%), lithium molybdat-
cannot be differentiated because of rapid exchange on the NMR time €(V1), Li2MoOa (Aldrich, 99%), and hydrochloric acid (E. Merck, p.a.)
scale. The vertical dashed lines indicate solutions used for LAXS were used without further purification. Dilute hydrochloric acid was

measurements.
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Figure 2. Cumulative distribution of molybdenum-containing species,
oo, @s a function of pH at Mo/PhR 5. The sum of the heptamo-
lybdates and the sum of octamolybdates are shown.

very good agreement with the distribution diagram shown in

Figure 1. The LAXS technique responds to all distances in a

standardized against tris(hydroxymethyl)aminomethane (TRISMA base).
Boiled distilled water was used in the preparation of all solutions.

Preparations of the Solutions.The solution of Mg(PhP}, (solution
1), Cmo = 1.50 motdm= (see Table 1), and two lithium molybdophen-
ylphosphonate stock solutiorSy, = 2.0 motdm==, Ccgngpoz- = 0.40
mol-dm=3, C;;+ = 1.5/2.0 moldm=3, andCy+ = 3.3 motdm™3, were
prepared from stoichiometric amounts of phenylphosphonic acid,
molybdenum(VI1) oxide, and lithium molybdate(VI) to which hydro-
chloric acid was added. SolutionsHV/ were prepared from the stock
solutions by adding appropriate amounts of water and/or hydrochloric
acid (Table 1). Since precipitation was observed after some days in
solution V, the final addition of acid was made less than 24 h in advance
of the LAXS measurements. No precipitation occurred during the LAXS
data collection. Solution VI was prepared by mixing appropriate
amounts of molybdenum(VI) oxide, lithium molybdate(VI), and water
(Table 1).

Investigated Solutions. In total, six different solutions were
investigated (Table 1). Four measurements were made on solutions with
Cwmo = 1.50 motdm™ andCppp= 0.30 motdm=2 at four different pH
values (vertical dashed lines in the distribution diagrams shown in
Figures 1 and 2). In the distribution diagram of Figure 1, only the
phenylphosphonate-containing species are shown. Since, all molybde-
num is not bound in MoPhP species, the diagram in Figure 2 is more
relevant for the LAXS experiments. As seen in Figure 2, the molyb-
denum-containing species present in solutiorsMlare isopolymo-
lybdates (M@O.4"", MogO2¢"") and heteropolymolybdates (MBhP)™).

All species, except Mg#hP, also undergo protonation, and the
protonation series for hepta- and octamolybdates are indicated with
summation signsMo- andy Mog) in Figure 2. The charges are given

studied solution weighted by the number of distances and the o the phenylphosphonates (e.g., dbF-). The thick solid line in
number of electrons of the atoms involved. This means that, Figure 2 separates the phenylphosphonate-containing species from the

e.g., Mo--Mo and Mo--P distances are much easier to detect

molybdate and isopolymolybdate species. The thin solid lines separate

than distances between light atoms. This also means that adifferent species in each category, and the thick dashed line separates

correct complex distribution of a studied solution is required to

the Mo,PhP and MgPhP species.

obtain a good fit between experimental data and the proposed Our strategy involves obtaining knowledge about the X-ray scattering

model. LAXS studies on polyoxomolybdate complexes in
aqueous solution were reported previolshin the molybdate
and molybdophosphate systems, the structures of thOMo,
MogOz¢*, and MaP,O,3%~ complexes were determined in both

features from the various contributors in the solution. The structure of
Mos(PhP)* in aqueous solution (solutior) ivas studied to confirm
that the structure in the solid state was maintained in agueous solution.
The structures of the hydrated lithium and molybdate(VI) ions in
aqueous solution were determined in a separate st&bjution VI

(5) Johansson, G.; Pettersson, L.; Ingri, Atta Chem. ScandSer. A
1974 28, 1119-1128.

(6) Johansson, G.; Pettersson, L.; Ingri, Atta Chem. ScandSer. A
1979 33, 305-312.

(7) Persson, I.; Lyxell, D.-G.; Pettersson, L. Unpublished results.

(8) Sjtbom, K.; Hedman, BActa Chem. Scand 973 27, 3673-3691.

(9) McCarron, E. M., llI; Harlow, R. LActa Crystallogr., Sect. @984
40, 1140-1141.
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Table 2. Concentrations of the Complexes in the Solutior¥/I gram?® The reduced structure-dependent intensiti€s), were
(mol-dm=3) obtained after subtraction of the sum of the calculated structure-
independent scatterings.The incoherent part, i.e., the Compton

solution scattering’® was corrected for recoil effects in the form appropriate
complex ! o I v v vie for a scintillation countéf and multiplied by an instrumental function
M070245~ 0 0.0560 0 0 0 0.1425 describing the fraction passing through the LiF monochromator, ca.
MogO2¢*~ 0 0 0.0107 0.0082 0.0078 0O 0.11 fors > 10 AL The coherent part of the structure-independent
(CeHsPYM0sOz1*~ 0.300 0.1103 0.0762 0.0608 0.0518 0 scatterind® was calculated using scattering factdts), for the neutral
(CeHsP)MOGOzl(OHz)iz’ 0o 0 0 0.1190 0.1965 0 atoms, including their anomalous dispersion correctiafisandAf " 17
(CeHsP)MorO2(OHp)*™ 0 0.0795 0.1476 0.0595 0 0 The most important formulas used in the data treatment and the
3[MoO42"] = 0.5025 moldm™3. calculation of reduced intensities from molecular models are given

elsewheré.Least-squares refinements of some of the model parameters
contains the complexes Ma® and MaO,~. The structure parameters ~ Were carried out by using the STEPLR progréim.
of the Mo,0.4~ and Ma@Oz¢*~ complexes, present in solutions Il and
VI and in solutions IIFV, respectively, were taken from studies in

the solid stat&® As already pointed out, the situation was further To describe the solution structures of the Comp|exes formed
complicated by the fact that the presence of two of the species, MO i, the molybdophenylphosphonate systems in agueous solution,
PhP and MePhP, has only been established in equilibrium analysis o era| models were tested. Because of the complexity of the
investigations, systems and the complex structures of the heteropolymolybdate
Quantitative’ P NMR measurements performed on solutiorsM| yste f d d tp'l d k led f thei pt y t y
both before and after the LAXS investigation, confirmed that the Species qrme ' .e ane nowledge 9 .e" S ryc urles or
concentrations of the species present are in good agreement with theStructural information from related species is required in the
distribution diagram (Figure 1) and no change in the complex Modeling process. Furthermore, assumptions were made that
distribution took place during the collection of LAXS data. However, the intermolecular interactions of reference solutions I and VI
there is an uncertainty concerning the distribution between the Mo and of an aqueous solution of lithium molybdate(VI) reported
PhP and MgPhP species (thick dashed line) because it is not possible elsewherécould be used as an approximation for corresponding
from the NMR spectra to distinguish between these two species of interactions in the solutions containing complexes of previously

different nuclearities owing to rapid exchange on the NMR time scale. yndetermined structures (solutions-W). Since the number of
Moreover, the NMR-measurements on the concentrated LAXS solutions parameters possible to include in the refinement process is

indicate small amounts of an additional molybdophenylphosphonate
species in acidic solutions HV. This new and broad peak in the NMR

spectra probably represents species of higher nuclearity than the specie : . .
fc?und inpthe eqﬁilibprium stud)F/). g y PECI®&tructure. The models used in the calculations were mainly based

Large-Angle X-ray Scattering MeasurementsA large-anglef—0 on various solid-state structures. If no such structures were

diffractometer, described elsewhéfayas used to measure the Ak available, related structures had to be applied when structures
(A = 0.5609 A) X-ray scattering from the free surface of each solution. Of certain molybdophenylphosphonate species were lacking. The
The scattered intensities were measured by means of a scintillationconcentrations of the species present in the models for different
counter at ca. 440 discretevalues in the step scan mode wit® solutions are compiled in Table 2. The concentrations of lithium
intervals of 0.10 for 1 < 6 < 30° and 0.28 for 30 < 6 < 65° of the were based on the initial amounts of lithium molybdate
scattering angle @ At least 40 000 counts were accumulated twice djssolved. The concentrations of water were calculated from

for each® value, corresponding to a statistical error of 0.5%. The density determinations of the solutions and are given in Table
reflections from a gold plate were used to calibrate thes@attering 1

angle of the goniometer. A vertical Soller slit followed by a horizontal ™ I . o .
1° divergence slit was used to limit the primary beam from the X-ray The contribution to the total scattering from lithium is always

source, except for small scattering angtes; 10°, where smaller slits, very smal[, gnd the gccuracy of the structural parameters of the
Y., andY.°, were necessary. Brag@rentano semifocusing geometry hydra_lted I|th|l_Jm_ ion is therefore low. The best f_|t of an aqueous
was used with a distance between the line focus and the center of thesolution of lithium molybdate(Vl) was obtained with the
sample of 16.5 cm. After the sample, a scatter slit having twice the hydrated lithium ion being tetrahedral and an—IO bond

size of the divergence slit was followed by a 0.2 mm focal slit (0.1 distance of 1.96(5) A. The MeO bond distance in a hydrated
mm for the'/;, and"/,° divergence slits). A Johansson-typtocusing molybdate ion is 1.795(5) A, with an MeOy distance to the

LiF monochromator was used to eliminate fluorescence and to partially \yater oxygens hydrating the molybdate ion at ca. 40The
discriminate against Compton scattering from the sample. A PC-basedpo—0 pond distance is significantly elongated in aqueous

e e b 2921 luon. owing 0 hydrogen bond formaton upon hydration,
rate to less than 0.5 cps. The compositions, densities, absorptionIn comparison with an average M® distance of 1.773 Ain

coefficients, and stoichiometric unit volumes of the solutions studied th€ Solid state, where rarely more than one or two molybdate
are summarized in Table 1, and their compositions are given in Table OXYgens are hydrogen-bond&d.
2. Solutions 1=V contain, besides the hydrated lithium ions
Treatment of LAXS Data. The measured intensities of the solutions and the Mg(PhP) complexes, at least one isopolymolybdate
were corrected for sample transparencies because of low absorptionion and molybdophenylphosphonate ions of different nucleari-
(see Table 1) and applied to each slit combinatiohhe experimental
intensities from different scans were scaled to a common basis, corrected14) Johansson, G.; SandstroM. Chem. Scr1973 4, 195-198 and
for polarization, and normalized to a stoichiometric unit volume references therein.

corresponding to one molybdenum atom using the KURVLR pro- (1) Cromer, D. T.; Mann, J. B]. Chem. Phys1967 47, 1892-1893.
ponding y 9 P Cromer, D. T.J. Chem. Phys1969 50, 4857-4850.

(16) Dwiggins, C. W., Jr.; Park, D. AActa Crystallogr., Sect. A971, 27,

Analysis of Data and Discussion

limited, the parameters obtained in previous studies were fixed
'gn subsequent calculations of the complexes with known

(10) Sfdhandske, C. M. V.; Persson, l.; SandstroM.; Kamienska- 264-272.

Piotrowitz, E.Inorg. Chem 1998 37, 3174-3182. (17) International Tables of Crystallographilson, A. J. C., Ed.; Kluwer
(11) Crismatec, Nemours, France. Academic Publishers: Dordrecht, The Netherlands, 1995; Vol. C.
(12) AccuSpec FMS Masterboard, Canberra, Nuclear Data Systems, (18) Molund, M.; Persson, IChem. Scr1985 25, 197.

Schaumburg, IL. (19) Matsumoto, K. Y.; Kobayashi, A.; Sasaki, Bull. Chem. Soc. Jpn

(13) Milberg, M. E.J. Appl. Phys1958 29, 64—65. 1975 43, 1009-1013.
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Table 3. Selected Distancesl, Atomic Displacement Factork, and Numbers of Distances, Used in the Calculation of Shape Functions
(Water Oxygens Represented as Open Rings in Structures)

ties. The temperature factor coefficients of the atomic positions membered ring of the MgPhP) complex, whose structure in
in the isopolymolybdate and molybdophenylphosphonate ions the solid state is reportédFurther support of the validity of
were given values similar to those found in l®hP). Several this assumption is found in the distribution diagram in Figure
different models of the molybdophenylphosphonate complexes 2, where it can be seen that the concentration of the(RtdP)
were tested. These models were derived from other similar species is reduced when pH decreases. Since solution | contains
complexes in the solid state (see below), as the molybdophe-only the Ma(PhP) species and there is good agreement between
nylphosphonate complexes have not yet been structurally model and experimental curves of this solution (Figure 3), it is
characterized. concluded that the structure of MEhP} observed in solid state
Concentrations for the various complexes derived from (Figure 9a) remains in agueous solution. The resulting difference
potentiometric and NMR spectroscopic measurements, sum-curve is smooth, and the broad feature between 3 and 5.5 Ais
marized in Table 2, wee used in calculations of theoretical RDFs. probably associated with randomly distributed distances in the
Incorrect models and incorrect combinations of models always remaining aqueous bulk and between the anions and hydrating
cause fairly large irregularities in the differences between the water molecules.
experimental and theoretical RDFs. The RDFs, the individual ~ The Moy(PhP) structure, with the appropriate concentration
contributions from different complexes, and the theoretical (see Table 2), was subsequently used to describe the contribution
reduced intensity functions for the best set of models for from the Ma(PhP) species in the distribution functions for
solutions VI are given in Figures 38, respectively. solutions I-V. The solid-state structure of the M8~
A comparison between the experimental radial functions of complexX (Figure 9b) was tested in solution VI, and it was found
solutions FV (Figures 3-7) shows that the characteristic peak that a very good fit was obtained (see Figure 8), showing that
at 5.6 A is gradually reduced. This peak is assumed to be the structure of the M@.£~ complex is maintained in aqueous
associated with the diagonal MeMo distances in the five-  solution. This structure was therefore used as a model in solution
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Figure 3. Experimental and theoretical plots for solution |. Top panel, Figure 4. Experimental and theoretical plots for solution II. Top panel,
upper part, shows the separate model contribution® (43 A), dotted upper part, shows the separate model contribution (3 A), thin
line; Li(OH,)4", dashed line; (_6I—|5P)2M050_214‘,_sol_|d line. Top panel, dotted line; Li(OH)s*, dashed line; (§4sP)MosOx:4, solid line;
lower part, shows the experimental radial distribution functior,) Mo-O..5", thick dotted line; (GHsP)Mo;0.5(0OH,)*~, dashee-double-

= 4nar?po (solid line), sum of calculated peak shapes (dashed line), gotted line. Top panel, lower part, shows the experimental radial

and the difference between the experimental and model functions distribution functionD(r) — 4sr2p, (solid line), sum of calculated peak

(dasheg-dotted line). Bottom panel shows the reduced LAXS intensity - shapes (dashed line), and the difference between the experimental and

function,s-i(s) (solid line), and calculated model contributions (dashed model functions (dasheetiotted line). Bottom panel shows the reduced

line). LAXS intensity function,si(s) (solid line), and calculated model
contributions (dashed line).

Il. The solid-state structure parameters of the glig*

compleX (Figure 9c) were applied as models in solutions-1lI In a second model, the MBhP complex was based on the

V. These models were used as fixed parameters for solutions(c|_|3A503),\/loeolg(|_|zo)6 - structure: which consists of a Six-
I1-V to give the contributions of these complexes (see Figure .oy fing of alternate cornér- and edge-sharing MoO
2). The remaining peaks and shoulders should then reflect theoctahedra where the GBsO; group is coordinated to the edge-
contributions from the MgPhP and/or MgPhP complexes. As sharing octahedra (Figure 9e). The £4d0; group was then
already mentioned, the structures of these complexes were no}eplaced by a CHPO; group to obtain the MgPhP species. The
previ(_)us_ly knqwn _from solid-state investigations.Amajor goal 5 modelis based on the (AsMOsOrs6~ and CHASOs-

of this investigation was therefore to try to elucidate the MoeO1s(H:0)e2~ structures are highly symmetrical with distinct

structures of these complexes. - N )
: Mo-:-Mo distances. This implies few and sharp peaks in the
The first model tested for the MBhP and MePhP complexes i) distribution function, which definitely could not explain

— 0
was based on the (AsPMogO1¢¢~ structure?® where the two the experimental data.

AsOy tetrahedra are cappeq on each side of a planar six- A third model based on the §E5AS05)M0sO1a(H,0)*
membered ring of edge-sharing MeOctahedra (Figure 9d). g4\ ,0r@2 (denoted model A) was also tested. This anion has

To adapt this structure to the M@hP complex, the two AsO one group of four edge-sharing Me@ctahedra (Mo4) and

tetrahedra were replaced by one GRfboup and one Mo® 5 iher group of two face-sharing Mg@ctahedra (Mo2). The

Letrahe;drpn. The deel thth(f MTP spe<(::ies was Obtha!:”ed two groups of MoQ@ octahedra are connected by sharing corners,
y replacing one Asgitetrahedron by one CR@roup while forming a bent unsymmetrical six-membered ring. The two

tr;ehother AS.Q tetrallhedron Wasldre;]moved. Anybsatlzfapto;y f'_th CeHsAsO; groups are connected on each side of the ring in
of the experimental pattern could however not be obtained with \ tashions: one group is coordinated only to the Mo4 group

this model. whereas the other group is coordinated both to the Mo4 group

(20) Hedman, BActa Crystallogr, Sect. BL98Q 36, 22412246, and to the Mo2 group on the opposite side of the ring. This
(21) Matsumoto, K. YBull. Chem. Soc. Jpri979 52 32843201, leads to two constructions of each of the two complexes, as the

(22) Matsumoto, K. Y Bull. Chem. Soc. Jprl978 51, 492-498. two CsHsAsO; groups are replaced by (1) ongHEPO; group
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Figure 5. Experimental and theoretical plots for solution Ill. Top panel,
upper part, shows the separate model contribution® (3 A), dotted
line; Li(OH,)s", thin dashed line; (84sP)M0sO,:*", solid line; line; Li(OH)4", thin dashed line; (84sP)Mo0sO2%", solid line;
MogOs¢*, thick dashed line; (§HsP)Mo;0.5(OH,)*~, dashee-double- MogOs¢*, thick dashed line; (€HsP)Mo;0.5(OH,)*~, dasheet-double-
dotted line. Top panel, lower part, shows the experimental radial dotted line; (GHsP)MosO21(OH,)s?~, dashed-dotted line. Top panel,
distribution functionD(r) — 4sr?po (solid line), sum of calculated peak  lower part, shows the experimental radial distribution functid(r,)
shapes (dashed line), and the difference between the experimental and- 4zr2p, (solid line), sum of calculated peak shapes (dashed line),
model functions (dasheetlotted line). Bottom panel shows the reduced and the difference between the experimental and model functions
LAXS intensity function,si(s) (solid line), and calculated model  (dashed-dotted line). Bottom panel shows the reduced LAXS intensity
contributions (dashed line). function,s:i(s) (solid line), and calculated model contributions (dashed
line).

Figure 6. Experimental and theoretical plots for solution IV. Top panel,
upper part, shows the separate model contribution® (43 A), dotted

to represent a MgPhP composition and (2) oneld@sPOs group
plus one MoQtetrahedron to represent a MRhWP composition.
The best model to fit data for the solutions containingsMtaP
and MoPhP complexes was obtained when theléPO; group
was placed on the crowded side of the ring (Figure 9f), i.e.,
linked to both the Mo4 and Mo2 groups and not to the other
side of the ring (Figure 9g). However, some artifacts, especially
for solution V, appeared in the difference curve ari¢s) curve
when the M@PhP complex was modeled.

Recently, a single-crystal X-ray investigation was reported
for a trimethylammonium salt containing the {&GPO;)M0gO1s-

has a bent six-membered ring of Mp@ctahedra similar to
the complex shown in Figure 9f (model A) except that the group
of two MoOs octahedra (Mo2 group) is edge-shared instead of
face-shared. ThedBisPO; group is coordinated as in model A,
i.e., attached to the crowded side of the 6-ring; see Figure 9f,i.
This MosPhP model (model B) gives a slightly better fit to the
experimental data than model A in solution V but a slightly
poorer fit to data in solutions Il and Il when an Mg@O
tetrahedron is attached to the six-membered ring in model B.
The mixture of these two models fits the data very well in

(H20)3]2* anior?® (Figure 9h), which consists of two 8s- solution IV. which contains the com
. . , plexes MRWP and Me-
PO;)M0¢016(H20)s entities weakly bound to each other. This PhP, as seen in the distribution diagrams (Figures 1 and 2).

anion can be regarded as a dimer of these entities according to An explanation may be that the six-membered ring in model

the equilibrium A can coordinate an Mogtetrahedron to three oxygen atoms

in the Mo4 group with an average- @O distance of 2.89 A. In

this model, the gHsAsO; group has an ©-O average distance

of 2.77 A and only a small adjustment is necessary to replace
it with an MoQ, tetrahedron. On the other hand, in model B, it
is impossible to coordinate an MqQetrahedron to the six-
membered ring opposite thegdsPO; group because the
distances between the three connecting oxygen atoms in the
Mo4 group are too long, caused by the edge-sharing MoO

(CeHsPO,),M0,,054(H,0)s™ + 4H,0 =
2(C6H5PO$)M06018(H20)527

The (GHsPO;)MoeO15(H20)s2~ complex (model B, Figure 9i)

(23) Lyxell, D.-G.; Bostion, D.; Hashimoto, M.; Pettersson, lActa
Crystallogr, Sect. B1998 54, 424-430.
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Figure 7. Experimental and theoretical plots for solution V. Top panel, Figure 8. Experimental and theoretical plots for solution V1. Top panel,
upper part, shows the separate model contribution® (43 A), dotted upper part, shows the separate model contribution® ¢+3 A), thin
line; Li(OH)4*, thin dashed line; (€4sPpMosO*", solid line; dotted line; Li(OH)4™, dashed line; Mo@~, solid line; Mo,O,£~, thick

MogO2¢*, thick dashed line; (§4sP)MosO21(OHy)s2~, dashee-dotted dotted line. Top panel, lower part, shows the experimental radial
line. Top panel, lower part, shows the experimental radial distribution distribution functionD(r) — 4sr?po (solid line), sum of calculated peak
function, D(r) — 4ar?po (solid line), sum of calculated peak shapes Shapes (dashed line), and the difference between the experimental and
(dashed line), and the difference between the experimental and modelModel functions (dasheetiotted line). Bottom panel shows the reduced
functions (dasheddotted line). Bottom panel shows the reduced LAXS LAXS intensity function, s+i(s) (solid line), and calculated model
intensity functions-i(s) (solid line), and calculated model contributions ~ contributions (dashed line).

dashed line). . -

( ine) background curve as a result of an insufficient model. It can be
octahedra in the Mo2 group. The-®0 distances are in the seen from the.MszhP d|§trlbytlon in Figure 2 that MBhF::
range 3.04-3.48 A and consequently are too long to coordinate s the predom!nant SPECIES I solution .”I' \{vhereasy .

to molybdenum. In model B, with two edge-shared octahedra predominates in solution Il. Model A, which fits well to solution
the distances bétween the o’xygen atoms in tés20; group "1l, has one water oxygen as a_face-shanng atom in the Mo2
are in the range 2.5€2.54 A and it is also possible to connect group of thg Mo@ oct.ahedra (Figure 9f). In this structure.the
a GHsPG; group to a face-shared Mo2 group as in model A MO_O.HZ distances in the group are'elo.ngated, causing a
because of its flexibility. After the contribution of identified repulsion of the MoG? te_trahedron Wh'(.:h is attached to the
species from the RDFs of solutions Il and V, the remaining Mo4 group. A deprotonation of_the coodinated water molecule
contribution comes from the MBhP and M@Phi:’ species, as would probably shorten these distances somewhat and probably
can be seen in Figure 2. The corresponding radial distribution give a be_tte_r f't. to the experimental data. How_ever,_thg very
curves show a peak at 4.7 A for solution V which is missing small deviation in the back_grou_nd_curve for sol_utlon Il |nd|cate§
for solution Il. The conclusion to be made from this observation :Eztégeer:;;%ﬂtisggtacan in principle be considered to explain
is that this peak is associated with the f#bP complex and P )

can only be explained with the structure of model B. The;Mo  Concluding Remarks

PhP complex is then associated with the structure of model A.  The previous speciation study of the aqueous molybdophen-
The difference curves calculated for solutionsMl show ylphosphonate system was performed in an ionic medium of
similar shapes, indicating that the remaining bulk structures are 0.600 moidm=2 sodium chloride. With such a weak ionic
almost the same for these solutions (Figures8B Since the medium, it is not possible to prepare solutions with the high
various anions have similar sizes and charges, the wateon, molybdenum concentration needed for an LAXS investigation.
anion—anion and long waterwater interactions should be When the molybdenum concentration is increased in a sodium
comparable. However, the RDF from solution Il has a minor chloride medium, precipitation occurs in acidic solution.
peak at~4.4 A which does not appear in the RDFs of the other However, replacing the sodium ions by lithium ions can increase
PhP-containing solutions and causes a peak in the correspondinghe solubility, making LAXS studies possible. Despite the



Figure 9. Polyhedral representations of species used in the model calculations.
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differences in the medium backgrounds, our LAXS studies on possible to localize the water oxygen site in the structure due
concentrated molybdophenylphosphonate solutiGgg € 1.50 to the lengthening of the Me-Mo distances. The similar
mol-dm™3) in an LiCl medium are in agreement with the structural features of the MBhP complex and the two Mo
speciations found in the potentiometric aH® NMR studies PhP complexes explain why the three species are in rapid
on solutions withCy, < 0.080 moldm=3.3 exchange on thé!P NMR time scale. This study has shown
The main purpose of the present study was to determine thehow powerful the LAXS technique is even in this complex
aqueous structures of the complexes formed in the system andmolybdophenylphosphonate system, where species having simi-
to understand why two of the species with different nuclearities lar structures are formed. Without clues from solid-state
are in rapid exchange on tf#& NMR time scale. The close  structures it is, however, impossible to fully elucidate the

correlation between the observed and calculatésl) functions aqueous structures in such a complicated system.
confirms that the structure of the discrete aniogH§P),MosO1*~
(Mos(PhP}) and that of the monomic unit MBhP, discernible Acknowledgment. We thank Ingegal Andersson for as-

in the dimeric [(GHsPO3)M0gO18(H20)3]2*~ anion, both found  sjstance with the preparations of the solutions and for preparing
in single-crystal X-ray determinatiof§?are presentin aqueous  the distribution diagrams. This work was supported by the
solution. Modeling of the MgPhP complex, based on the swedish Natural Science Research Council.
(CeHsAS03),M0015(H20)*  structure?? also confirms the

relevance of the earlier proposed structtigmd it was even IC000711Y





