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ABSTRACT

A new multi-metallic polyoxometalate wheel-shaped compound consisting of the 39-tungsto-4-
arsenate(111) unit (AssWao) with four incorporated V'V ions (As:Wao(Va)), isolated as
(NH4)22[(V'VO)2(V'VO(H20))(As""WV'9033)2(As "WV sVVo 5(OH) O32)2(WO2)4]-48H20  (NHa-
AsaW39(Vs)), was synthesized and fully characterized by spectroscopic, diffraction,
thermogravimetric, electrochemical and magnetochemical methods. SQUID magnetometry
showed three weakly coupled V'V centers with an antiferromagnetic exchange interaction and one
isolated V'V as a spin-1/2 Curie paramagnet. The ultraviolet-visible spectroscopy measurements
indicate the AssW3g(V4) structure to remain intact in aqueous solution for at least 24 hours. To
enable convenient deposition of AssW39(V4) from solution on gold surfaces under ultra-high
vacuum, its tri(hexyl)(tetradecyl)phosphonium salt, THTDP-AssW39(V4), was prepared. The
infrared spectra of both compounds revealed the structural identity of the AssW39(V4) polyanion
independent of the countercations. The X-ray absorption near-edge structure spectroscopy
confirmed the presence of V'V centers in a distorted square pyramidal coordination geometry in
NH4-AssW39(V4) and THTDP-AssW3g(V4). The X-ray photoelectron spectra of the latter,
deposited on an Au(111) surface, showed that the 4 vanadium and 35 tungsten centers preserve
their +1V and +V1 oxidation states, while the remaining 4 tungsten ions are reduced to +IV. This
indicates that the Ass\W39 wheel-like structure may serve as an insulating barrier for the controlled

modification of electronic states of incorporated vanadium ions.



INTRODUCTION

The incorporation of vanadium ions in the wheel-like structure of polyoxometalates (POMs)**
provides interesting opportunities®® to use V(3d) states for controlled electron transport and
multiple-state resistive (memristive) switching.”® The wheel-shaped POM framework is envisaged
here to prevent the hybridization of vanadium-centered molecular orbitals with electrode metal
surfaces. In reduced POMSs® containing vanadium,*® vanadyl (VO?*) groups act as electron spin

carriers, allowing for cooperative “molecular charge — redox — spin state” effects.

One of the promising POM candidates for these surface-oriented'*'” studies is the 40-tungsto-4-
arsenate(I11) polyoxoanion [AssWao0140]?® (AsaWao).28 It was shown that this inorganic cryptand
can incorporate various transition metal ions, e. g. Ag',*® Co",*® La"",?° Ce'"' 2! pd" 22 in its inner
cavity and furthermore can integrate V'V or a mixture of V'V and VV ions. For instance,
(NH4)20[{(VVO(H20)(V'V0O)2)(NH4)2H{ (As""W5033)a(WO2)4}]-40H20 and
(NHa)23[{(K)(VVO)2H{(As""WyO33)a(WO2)4}]-nH20 contain exclusively V!V ions in the inner
cavity of the AssWao.> These rare examples of AssWao functionalization with vanadium(1V) ions
lack, however, details on the crystal structure of these species. Another compound
Na(NHa)20[{(VVO(H20))(V'V0)2(SO4)2 H(As""WyO33)2(As""W+7 5VV15031)2(WO2)4}]-40H.0

exemplifies the simultaneous replacement of three W' of AssWao by VV ions and the attachment

of three V'V ions to the resulting moiety.!

Here we describe the facile synthesis and characterization of a new derivative
(NH2)22[(VVO)2(VIVO(H20)) (As!""WV19033)2(As""WV's sV 5(OH) O32)2(WO2) 4] -48H20

(hereafter referred to as NHas-AssW3s9(V4)) and report on its molecular solid-state structure
determined by single-crystal X-ray diffraction accompanied by the analysis of molecular magnetic

properties. The important insights into the adsorption characteristics of the polyanion



[(VVO)2(VVO(H20))(As""WV'9033)2(As""WV's sV 5(OH) 032)2(WO2)4]%  (AsaW3g(Va4))  on
solid substrates have been gained by X-ray photoelectron spectroscopy (XPS) for the AssW39(V4)
structure with tri(hexyl)(tetradecyl)phosphonium counterions (THTDP,

{[CH3(CH2)s]sPY(CH2)13CH3}") on the Au(111) surface.

RESULTS AND DISCUSSION

The reaction of the pre-synthesized Naz7[NaAssWa0O140]-60H20 (Na-AssWa0)?®  with
VOS04-5H0 in water (ratio of the components = 1:10) resulted in the formation of NHs-
AssW39(Va).  The  latter could also be  obtained when  pre-synthesized
[NH4]23[NH4ASsW2100140(Co(H20))2]-19H20 (C02As4W40)? was used instead of Na-AssWao (see
Scheme 1 and the Supporting Information (SI) for details). Notably, the ratio of the components
equal to 1:2 led to the functionalization of the AssWao cavity with just two vanadium(IV) ions,
affording the compound (NHa4)2a[(V'VO)2(As""WV'9033)a(W0O2)4]-35H20 (NHa-AssWao(V2), see

Sl for details).

[NaAs, W0, 41" — NH,-As,W,,(V,) + [WO,” +Na* (/)

—] [VOP /NH, /H,0
[NH,AS,W 4501 4(Co(H,0)), 17 — L. NH-As, W, (V )+ [WO,]* +2Co™ (D)

Scheme 1. Reactions resulting in the formation of NH4-AssW39(Va4).

The obtained compound NHas-AssW39(V4) was characterized in the solid state by FT-IR
spectroscopy. The FT-IR spectrum of NH-AssW39(V4) revealed some significant differences in
comparison to that of the parent Na-AssWa40 compound (Figure S1 and Table S1). The bands at

3135, 3019, 2802, and 1403 cm ™! correspond to N-H vibrations of NH4* ions, which are present in



NH4-AssW3o(Va). The band at around 835 cm™! is assigned to the W-O-V vibrations, which are
absent in the spectrum of Na-AssWao. The broad band at around 1620 cm™!, which belongs to
asymmetric vibrations of crystal water molecules, and the band at ca. 890 cm™!, which corresponds
to As—O stretching modes, are observed in the both spectra.?* The bands in the range 952 -
1012 cm™! in the spectra of NHs-AssWag(V4) and NHa-AssWaio(V2) (see Table S1 in Sl) can be

assigned to the W=0 and V=0 vibrations.

The thermal stability of NHa-AssWa39(V4) was investigated for a crystalline sample by
thermogravimetric analysis (TGA) under nitrogen atmosphere. According to the TGA curve
(Figure S4), the initial weight loss steps occur between 25 and 200 °C and correspond to the
removal of 45 water molecules per formula unit (7.2 % found vs. 7.2 % calcd.). The number of
water molecules determined by TGA is slightly lower than that obtained by elemental analysis (48
molecules). This can be explained by partial loss of crystal waters during sample drying and by
higher degree of dryness for the sample used for TGA, which is a typical problem in POM
chemistry as the relatively large number of water molecules is located in large voids between
polyanions in the crystals and can be easily removed just in air or at slight heating. The further
weight loss steps occurring in the range of 200 — 600 °C are attributed to the decomposition of
NHa4-AssW3g(V4) and the release of 22 ammonia and 13 water molecules (5.0 % found vs. 5.4 %

calcd.).

The electrochemical behavior of NHs-AssW39(V4) was studied in 1 M NH4Cl solution by cyclic
voltammetry. The stability of the AssW39(V4) polyanions in this medium at least for 24 hours was
confirmed using UV-vis spectroscopy (Figure S7). The CV curve of NH4-AssW39(V4) (Figure 1)
exhibits a set of waves corresponding to sequential redox processes of W and V centers. The

cathodic (at —0.58, —0.70 and —0.96 V) and anodic (at —0.35, —0.60 and —0.84 V) peak potentials



most probably represent the reduction and corresponding re-oxidation of the tungsten centers
WV WVY; however, the redox process associated with one or more V centers (V'VV'"") may also
take place. The oxidation peaks at 0.43 and 0.63 V and corresponding reduction peaks at 0.38 and

0.53 V are assigned to the vanadium-centered redox processes (VV—VY and VIV viih 28
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Figure 1. Cyclic voltammogram of 1 mM solution of NHs-AssW39(V4) in 1 M NH4Cl vs.

Ag/AgCI. Scan rate: 50 mV s,

The molecular solid-state structure of the polyanion AssW3g(Va) consists of the {AssWzeV'VO140}
unit incorporating three V'V ions in its inner cavity (Figure 2). The {AssW39V'VO140} moiety is

built up by three {AsWgO33} units and one {AsWsV'VOss} unit, bridged by four {WOg} groups in



an alternating fashion. The {AsWsV'VOss} unit was formed by in situ metathesis of one WV! center
in the {AsWyO33} moiety by a V' ion. This V!V ion is disordered with three W' centers in the
two oppositely situated {AsWg(W/V)Ozs} groups of the polyanion (highlighted as dark green
spheres in Figure 1). Bond valence sum (BVS) calculations?®?’ revealed that one of the two
terminal oxygens of two of these four {(W/V'V)Os} groups interrelated by a mirror plane is
monoprotonated (see gray spheres in Figure 2 and Table S3). The monoprotonated oxygens are
directed toward the inner center of the wheel. One of the other three V'V ions is octahedrally
coordinated. It occupies the center of the {AssWsgV'VO140} cavity and binds one oxygen atom
from the every of four bridging {WOQe} groups (V-O 2.004(18)-2.063(15) A). In addition, it
coordinates terminal aqua (V-0 2.227(19) A) and oxo (V-0 1.578(16) A) ligands trans to each
other (see Table S3 for the corresponding BVS values). At that, the aqua ligand is directed toward
the (W/V"Y) positions. Each of the remaining two “cavity” V'V centers is coordinated by five
oxygen atoms, forming a square pyramidal {V'VOs} unit. The {V'VOs} groups occupy opposite
sites to each other and each of these V'V ions coordinates two O atoms of the {AsWyOs3} unit and
one O atom from each neighboring {WOs} group (V-O 1.909(15)-1.987(15) A) as well as a

terminal oxo ligand (V=0 1.617(16)-1.619(17) A).



Figure 2. Combined polyhedral/ball-and-stick representations of the polyanion As4aW39(V4) in two
perpendicular views. Color legend: WOs yellow octahedra; {OVO4} blue square pyramids;

disordered V/W dark green, V blue, As pink, OH gray, H>O bright green, O red spheres.



In the crystal lattice the AssW39(V4) polyanions form parallel rows along the crystallographic a
axis (Figure S5). The polyanion units in one of the rows can be assumed to be arranged along the
a axis, then, correspondingly, the polyanions in the neighboring rows are ordered in the opposite
direction.

The magnetic characteristics of NHa-AssW3s9(V4) were studied by variable temperature dc
magnetic susceptibility measurements using a SQUID-Magnetometer (MPMS Quantum Design).
A powdered sample, desolvated at 80 °C in vacuum for prolonged time, was used for the
measurements. Figure 3 displays a plot of the effective magnetic moment (uess per formula unit)
versus T for NHs-AsaW39(V4). At room temperature, uefr amounts to 3.11 ug, which is slightly
smaller than the theoretical value of 3.46 ug for four non-interacting vanadyl (VO?*) groups with
an isotropic spin of s = 1/2 and a g factor very close to 2.%2 Upon decreasing temperature the e
values decrease first slightly reaching 2.86 ug at 50 K and then more rapidly finally reaching 1.79
us at 2 K, respectively. This decrease is most likely due to thermal depopulation of the V!V (S = %2)
sublevels arising from spin-orbit coupling and the axial ligand field acting on the 2Tzq ground term
(in On symmetry). It has been shown that the ground term of V!V complexes containing the vanadyl
ion become effectively an orbital singlet as a result of the large axial crystal field such that a Curie
law is obeyed giving uerr = 1.73 us independent of temperature.?>% However, our measurements
show some temperature dependence of uef indicative of weak antiferromagnetic exchange
interactions — as also seen for other polynuclear complexes containing oxovanadium(lV)

centers.31-33

From a magnetochemical viewpoint, the NH4-As4W39(V4) compound contains three paramagnetic
VO?* units bridged by four diamagnetic WV' centers and one isolated VO?* unit (disordered over

two sites). Despite a possible contribution of spin-orbit coupling and orbital degeneration of the



octahedrally coordinated central V'V, we use the common Heisenberg-Dirac-van Vleck (HDvV)

approximation to model the superexchange between the three paramagnetic VO?* units.
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Scheme 2. The exchange pattern between the V'V ions in NHa-AssWas(Va).

The Heisenberg spin Hamiltonian for the trinuclear subunit is given by eq. 1. The two exchange
parameters J and J’ correspond to the exchange interactions between the adjacent and terminal V'V
centers, respectively, as sketched in Scheme 2.

H = =2](8:8; + 5,85) = 2]'(5,5,) 1)
The magnetic susceptibility of the NHa-AssWasg(Va) complex can be expressed by eq. 2, where
xwim corresponds the susceptibility of the trinuclear subunit and ymon is the contribution of the

isolated V'V center.

XNH4As4w39(V4) = Xtrim T Xmon 2

To determine the magnitude of the exchange interactions J and J’, the susceptibility data were

analyzed by using the isotropic Heisenberg-Dirac-van Vleck (HDvV) exchange Hamiltonian

10



(eq. 1) for linear trinuclear V'V complexes, which includes an additional temperature independent
paramagnetism (TIP) term (which accounts for the contribution of the single V'V ion treated as an
isolated Curie (S = % paramagnet) by using a full-matrix diagonalization approach.** Using this
approach the experimental data could be satisfactorily fitted over the full temperature range, shown
in Figure 3 as a red line. The parameters leading to the best fit were J=-5.39cm™, J’=0cm™
(fixed), g = 2.02, and TIP = 0.00026 cm® K mol ™. Inclusion of the J’ parameter did not improve
the fit, and so it was fixed 0 cm™'. These results are in reasonable agreement with broken symmetry
density functional theory (DFT) calculations with the ORCA program package® vyielding
J=—-4.5 cm™. The antiferromagnetic coupling (J13, J23) between the terminal and central V'V ions
leads to a parallel spin alignment and a net ferromagnetic coupling Ji2 between the two terminal
V!V centers. More details about the DFT calculations can be found in SI. The superexchange
interaction found in the present complex is significantly smaller than in x-OH-bridged V'Y
complexes.®® This is attributed to the larger exchange coupling path through the WO4?~ unit in
NHa4-AssW3g(V4). Overall, the magnetic data for NHa-AsaW39(V4) are in good agreement with the
presence of four V' centers, three of which are weakly coupled in an antiferromagnetic exchange
interaction, and one isolated V'V site is acting as a S = 1/2 Curie paramagnet. At room temperature,
the thermal energy is orders of magnitude larger than the exchange coupling (expressed in
temperature units, J=-7.7 K), and thus explains the reasonable agreement of the measured
effective magnetic moment (3.11 ug) with the theoretical value for four non-interacting V'V ions

(3.46 1) mentioned above.
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Figure 3. Plot of effective magnetic moment (Mefr) vs temperature for NHa-AsaW39(V4). The solid

line is a fit of the data to the appropriate theoretical expression; see the text for the fitting

parameters.

The structural and magnetic features of the heterometallic AssW39(V4) POM unit prompted us to
gain insights into its stability on a solid support. Because the NH4-AssWs39(V4) is insoluble in
organic solvents, we isolated the title polyanion AssWs3o(V4) with {[CH3(CH2)s]sPY(CH2)13CH3}*
(THTDP) counterions using ion-exchange method®’ to allow for the deposition of the compound
from cyclohexane on the metallic Au(111) surface, which eventually led to the formation of
homogeneous layers. The structural identity of the POM unit of THTDP-As4sW39(V4) as compared
to that in NH4-AssW39(V4) was established based on the IR spectra of these compounds (see Figure

S2in SI).

12



In addition, the oxidation states of vanadium ions in both compounds were probed by X-ray
absorption near-edge structure (XANES) spectroscopy. XANES spectra at the vanadium L3>
absorption edges of NH4-AssW39(V4) and THTDP-AssWs39(Va4) revealed clearly that the oxidation
number of vanadium centers in both compounds is higher than +111. By comparison with theory,
the main spectral features can be attributed to the presence of V'V in a distorted square pyramidal

coordination geometry (see Sl for details).

To probe the electronic structure of AssWs9(V4) on a conducting metal surface, the THTDP-
As4sW39(V4) compound was deposited on the Au(111) surface and assessed by X-ray photoelectron
spectroscopy (XPS). The XPS spectrum of the THTDP-AsaW39(V4)/Au(111) sample (Figure 4)
showed the 2p3/2 and 2p1/2 peaks in the V 2p core level region. The background was subtracted
over the whole region of O 1s and V 2p. The fit resulted in two O 1s peaks and two V 2p peaks.
For the O 1s peak we identified one peak as oxygen from metal oxides species at 530.4 eV and
another O 1s peak at 532.1 eV was assigned to binding energies from organic impurities and
hydroxides, respectively. At 523.1 eV we identified the V 2p1/2 peak and at 515.7 eV the V 2p3/2
peak. The fit gives no result for a second species of vanadium. The binding energy of the V 2p3/2
peak at 515.7 eV can be clearly assigned to a reduced vanadium state, likely in the plausible

oxidation state +1V.

13
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Figure 4. XPS core levels of oxygen 1s and vanadium 2p. Color code: red dots — experimental
data, solid black line — background subtraction, cyan dashed line — envelope, solid blue line — fitted
V 2p 3/2 core level, solid light blue line — fitted V' 2p 1/2 core level, solid light brown line — fitted

O 1s core level of metal oxides, solid brown line — fitted O 1s core level of organics and hydroxides.

The XPS spectrum of the W 4f core level region showed three peaks (Figure 5). The background
was subtracted over the whole region. The fit resulted in six peaks (Figure 5). The peak at 35.5 eV
is attributed to W 4f7/2 and the peak at 37.6 eV to W 4f5/2 of fully oxidized tungsten. There are

two smaller peaks at 33.8 eV and 36.3 eV, respectively. These binding energies fit to the W 4f7/2

14



and W 415/2, respectively, of reduced tungsten in oxidation state +IV. The spectrum also contains

two tungsten W 5p 3/2 signals at 41.3 eV and 39.0 eV, respectively. These binding energies are in

good agreement with different measurements of fully oxidized tungsten containing POMs.%° The

area ratio of the two tungsten species is 90.9 % fully oxidized to 9.1 % reduced W. This thus

corresponds to an atom ratio of 35 fully oxidized to 4 reduced tungsten atoms.
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— background subtraction, cyan dashed line — envelope, solid purple lines — fitted WV! 4f and 5p

core levels, solid pink lines — fitted W'Y 4f and 5 p core levels.

15



CONCLUSIONS

The V'V-containing wheel-type POM compound NHas-AssW39(Vs) was synthesized and fully
characterized. Its derivative THTDP-AssW39(V4), which is soluble in organic media, was
prepared to enable studies of this type of compound on gold surfaces under ultra-high vacuum. It
was shown that the AssWao(V4) polyanion has appealing molecular properties in solution,*! in the
solid state, and in contact with the metallic Au(111) surface. We currently study the THTDP-
AssW39(Va) compound and its other vanadium-containing derivatives on metallic and semi-

metallic substrates by high-resolution scanning probe microscopy and theoretical calculations.

Supporting Information. Details of synthesis, analytical characterization, magnetism. This

material is available free of charge via the Internet at http://pubs.acs.org.
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The X-ray crystal structure shows a paramagnetic, redox-active wheel-shaped
polyoxotungstate incorporating As" and V" ions, which has the potential for controlled
electron modification on surfaces.
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