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ABSTRACT: Heteroanion (HA) moieties have a key role in
templating of heteropolyoxometalate (HPA) architectures, but
clusters templated by two different templates are rarely reported.
Herein, we show how a cross-shaped HPA-based architecture
can self-sort the HA templates by pairing two different guests
into a divacant {XYWOs,} building block, with four of these
building block units being linked together to complete the cross-
shaped architecture. We exploited this observation to incorpo-
rate. HA templates into well-defined positions within the
clusters, leading to the isolation of a collection of mixed-HA

Four Possible Structures
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templated cross-shaped polyanions [(XYW,05,),(WO,),]*7/3~ (X = H-P, Y = Se, Te, As). The template positions have been
unambiguously determined by single crystal X-ray diffraction, NMR spectroscopy, and high-resolution electrospray ionization
mass spectrometry; these studies demonstrated that the mixed template containing HPA clusters are the preferred products
which crystallize from the solution. Theoretical studies using DFT calculations suggest that the selective self-sorting originates
from the coordination of the template in solution. The cross-shaped polyoxometalate clusters are redox-active, and the ability of
molecules to accept electrons is slightly modulated by the HA incorporated as shown by differential pulse voltammetry
experiments. These results indicate that the cross-shaped HPAs can be used to select templates from solution, and themselves
have interesting geometries, which will be useful in developing functional molecular architectures based upon HPAs with well-

defined structures and electronic properties.

1. INTRODUCTION

Understanding, and in turn controlling, self-assembly and self-
sorting in designed systems has been key to develop
supramolecular chemistry,”> molecular architectures, and
functional-molecule-based devices.”* This is because the ability
to design using template control promises to not only result in
novel chemical entities but also systems with increased
complexity and functionality.”~” Polyoxometalate (POM)
clusters are based on group S or 6 transition metals (V, Nb,
Ta, Mo, and W) in their highest oxidation states, linked by
oxygen atoms, which are most easily understood by viewing
them as metal-oxo units where the metal ion defines the center
of a polyhedral building block.*” POMs are formed in aqueous
conditions allowing the self-assembly of those metal-oxo
building blocks, followed by elimination of water, as the pH
in the solution is lowered. Two of the most remarkable
properties of POMs are their high acidity and redox active
character and also the fact that they can be assembled into
inorganic frameworks by using electrophiles to connect the
nodes.'’”'* As a result, POMs have possible applications in
catalysis, 13715 medicine, 16=18 and magnetism, but key studies
are still fundamental and mechanistic in nature.'”~>' POMs are
redox active’” and able to reversibly store and transfer
electrons making them promising candidates for electronically
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active molecule-based technologies.%25 Overall, POMs are a
diverse family of molecular clusters’®’ that span over a large
range of nuclearities, from 6 to over 300 metal units, and
dimensions, ranging from 1 to 5.6 nm.>*7%?

Given this diversity POMs are classified into three categories
defined by their elemental composition, structure, and
heteroatoms. These are isopolyoxometalates, heterpolyoxome-
talates, and highly reduced molybdenum blues and browns.
Heteropolyanions (HPAs) result from combining metal-oxo
building blocks with heteroanions (HAs), such as [SO,]*,
[PO,]*", [AsO,]*7; this combination increases the stability of
clusters and offers a wider range of applications. Hence, the
inclusion of HAs has been widely explored in POM chemistry.
These studies have mostly focused on the structure of the
clusters and their composition, but the mechanism of assembly
in solution is not known, especially for the more complex
structures. Indeed, it is not known if it is possible to selectively
include different HA templates into the HPAs,**"** although
recent work has explored the inclusion of redox-active
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heteroanions incorporated into the clusters.’
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Scheme 1. Self-Sorting and Self-Assembly of Heteroanion Templated Nanoscale Cross-Shaped Polyoxoanions
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The precise positioning of the HAs in the cluster shell
remains as an open question, akin to the possibility of doping
metal bulk oxides. In this work, we aimed to explore the
positioning of mixed HAs within the clusters by including
different types of HAs in solution, so that during the formation
of the POM cluster, a number of different HAs are available to
be included in the structure. However, POMs templated by two
different types of HAs are rarely reported since it is difficult to
structurally determine two different HAs coexisting in the same
building block.**~*° Furthermore, a fundamental understanding
of how mixed HAs interact with building units and self-
assemble into a well-defined architecture is still poorly
understood.

In this paper, we describe the results obtained by allowing
different types of HAs to be present under a range of different
synthetic conditions, all of which aimed to produce HPA
clusters. This is because we wondered how the system would
cope with when two different types of pyramidal HAs are
incorporated into a reaction, in this case: [HPO,;]*", [TeO;]*,
[Se0;]*7, and [AsO;]%". To do this, we adapted the synthesis
of the previously reported cross-shaped polyanion
[(Te;W,5054)4(WO,),]*7.*® We chose this because the
cross-shaped structure has four {(XO;),W;s} building blocks
joined together by four {WOg} octahedral units, and therefore
four chances to incorporate different HAs. The two {XO,}
vacant sites in the {(XO;),W;s} building blocks are two
structurally defined positions, namely a lacunary or capped
position, for the HA self-sorting process to occur. [HPO;]*~
was chosen as the main HA to pair with [TeO,;]*”, [SeO,;]*",
and [AsO,]*", respectively. The paired HAs were selected on
the basis of their intrinsic electronic properties and their relative
sizes, which would in principle facilitate differentiation and tune
the electronic properties of the new clusters.

We found that the HA self-sorting approach was successful,
and we were able to include two different HAs within the
cluster architectures in two well-defined positions. The building
blocks self-assembled into cross-shaped cluster architectures as
intended, leading to a collection of mixed-HAs incorporated
into the cross-shaped HPAs [(XYW505,),(WO,),]?*7* (X
=H—-P, Y = Se, Te, As) (Scheme 1). The HAs are self-sorted in
a highly selective fashion, in terms of identity and position, and
exhibit an interesting substitution preference. Density func-
tional theory (DFT) calculations were carried out to investigate
the driving force for the selective substitution, thereby depicting
a potential pathway for the controlled self-assembly of a given
structure type as a function of the different HAs available in
solution. Electrochemical experiments and electron para-
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magnetic resonance (EPR) spectroscopy showed that the
compounds are electronically active.

2. EXPERIMENTAL METHODS

General Materials. Na,WO,-2H,0 (Sigma-Aldrich, >99%),
H;PO; (Sigma-Aldrich, 99%), Na,TeO; (Sigma-Aldrich, 99%),
Na,SeO; (Sigma, 99%), NaAsO, (Sigma-Aldrich, >90%), HCI
(Sigma, analytical grade, 36.5%—38% aqueous solution),
(CH;),NH,CI (Sigma-Aldrich, 98+%). All chemicals were used as
received.

Synthesis of (C,HgN);3Na;o[H,P,Te,Ws,0,5,0-30H,0 (Te,P,).
Na,WO,2H,0 (3.4 g 10.3 mmol), Na,TeO; (0.13 g 0.6 mmol),
H;PO; (0.05 g, 0.6 mmol), and dimethylamine hydrochloride (0.7 g,
8.6 mmol) were dissolved in water (30 mL). The pH was first adjusted
to 6.0 by addition of 50% acetic acid and then further to 4.0 by 37%
HCI. The solution was heated at 60 °C for 50 min, then filtered at
room temperature, and left to evaporate slowly. Colorless needle-
shaped crystals appeared after 1 week. Yield: 36.0% (based on P).
Characteristic IR bands (cm™): 3433(b), 3151(b), 2777(w), 2364(w),
1624(m), 1462(w), 1404(w), 1072(s), 948(w), 798(s), 713(s),
644(m). Elemental analysis for CysH,sN13Na;gO,5,P, Te,Wey: My =
17564.97 g mol™, caled (%): W 67.0, P 0.7, Te 2.9, H 1.0, C 1.8, N
1.0, Na 2.5; found: W 69.8, P 0.7, Te 3.7, H 0.8, C 1.8, N 1.0, Na 2.7.
Calculated TGA water loss from 25 to 450 °C (%) caled: 3.1, found
3.8.

Synthesis of (C,HgN),3;Nag[H,P,Se,W4,05,4]-30H,0 (Se,P,).
Na,WO,2H,0 (9.5 g 28.8 mmol), H;PO; (0.08 g 1.0 mmol),
sodium selenite (0.25 g, 1.4 mmol), and dimethylamine hydrochloride
(DMA-HCI) (3.5 g 42.9 mmol) were dissolved in 30 mL water.
Diluted hydrochloric acid (6 M) was added dropwise under stirring,
and the pH was adjusted to 3.2. The solution was heated around 40
°C, with stirring until it become cloudy. After cooling down to room
temperature, a white powder formed and was removed by filtration.
Colorless needle-shaped crystals were isolated from the filtrate after 4
days. Yield: 6.2% (based on P). Characteristic IR bands (cm™):
3439(b), 3152(b), 2779(m), 2434(w), 1624(m), 1465(m), 1249(w),
1078(s), 1018(w), 949(s), 889(s), 792(s), 640(w). Elemental analysis
for CueH,4sN33Na0,5,P,Se,Wey: My = 17601.44 ¢ mol™, caled (%):
W 66.8, P 0.7, Se 1.8, H 1.4, C 3.1, N 1.8, Na 1.2%; found (%): W
66.1, P 0.6, Se 1.8, H 1.2, C 3.2, N 1.9, Na 1.1. Calculated TGA water
loss from 25 to 450 °C (%) calcd: 3.1, found 3.7.

Synthesis of (C,HgN);oNa;,[H4P4ASW5405540-25H,0 (As,P,).
Na,WO,-2H,0 (3.75 g, 11.4 mmol), NaAsO, (0.13 g, 1.0 mmol),
H;PO; (0.04 g, 0.49 mmol), and dimethylamine hydrochloride (1.75
g 21.5 mmol) were dissolved in water (15 mL). Diluted hydrochloric
acid (6 M) was added dropwise under stirring, and the pH was
adjusted to 4.3. The solution was heated at 60 °C for 35 min, and then
the solution was filtered at room temperature and left to evaporate
slowly. Colorless crystals were isolated after 2 weeks. Yield: 9.3%
(based on P). Characteristic IR bands (cm™): 3419(b), 3124(b),
3032(b), 2767(w), 2401(w), 1627(m), 1458(w), 1083(s), 949(w),
875(m), 790(s), 711(s), 624(m). Elemental analysis for
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Ci3H,06A84NgNa;,0,,0P;W,: My = 17494.76 g mol ™, caled (%): W
672,P 0.7, As 1.7, H 1.2, C 2.6, N 1.5, Na 2.2; found (%): W 66.7, P
0.7, As 1.5, H 1.3, C 3.3, N 1.8, Na 1.3. Calculated TGA water loss
from 25 to 450 °C (%) calcd: 5.4, found 5.3.

Synthesis of (C,HgN);sNa;;[HgPsW4054]-30H,0 (Pg). Na,WO,:
2H,0 (5.5 g 16.7 mmol), H;PO; (020 g 2.4 mmol), and
dimethylamine hydrochloride (DMA-HCI) (1.5 g, 18.4 mmol) were
dissolved in 20 mL water. Diluted hydrochloric acid (6 M) was added
dropwise under stirring, and the pH was adjusted to a pH value of 2.7.
The solution was heated to around 40 °C, with stirring until it become
cloudy. After cooling down to room temperature, a white powder
formed and was removed by filtration. Colorless block crystals were
isolated from the filtrate after 2—3 weeks. Yield: 6.9% (based on W).
Characteristic IR bands (cm™): 3437(b), 3149(b), 2774(w), 2360(w),
1623(m), 1463(m), 1075(s), 949(s), 863(s), 795(s), 721(s), 650(w).
Elemental analysis for C;oH;gsN sNaj;0,5Wg,Pg: My, = 1722871 g
mol™, caled (%): W 683, P 1.4, H 1.1, C 2.1, N 1.2, Na 2.3; found
(%): W 63.7,P 1.4, H 1.0, C 2.1, N 1.2, Na 2.7. Calculated TGA water
loss from 25 to 450 °C (%) caled: 3.1, found 3.8.

3. RESULTS AND DISCUSSION

3.1. Self-Sorting of Mixed HAs into the Cross-Shaped
Polyoxoanions. The HAs [HPO;]*~ and [TeO;]*~ were
mixed in a similar way to the reported synthetic procedure for
the cross-shaped [Wg,0,00(TeO;)s]*2.* This led to the
isolation of the mixed [TeO;]*” and [HPO,]*” templated
polyanion [Wg,O,00(HPO;),(Te0;),]3*~ (Te,P,), which
crystallized from the reaction. Single crystal X-ray diffraction
analysis showed that Te,P, has D,; symmetry. As shown in
Figure 1, the Te,P, cluster consists of four {HPTeW,}
building blocks connected by four octahedra {WOg} via cis-
oxygen atoms. Each {HPTeW,} has a {W;04} cap and two
{WO,s} rings templated by [TeO,;]*” and [HPO,]*",
respectively.

)

>4 XA
{HaSeaPaWs4}

{HaAsaPaWesa}

{H2P2Wis}

Figure 1. Structural representations of the {W,s} building block of the
four cross-shaped POMs Te,P,, Se,P,, As,P,, and Pg. Color scheme:
Purple: tellurium; green: selenium; pink: arsenic; orange: phosphorus;
gray: tungsten; red: oxygen; black: hydrogen.
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The two {W,Os} rings are joined together through six
corner-sharing oxygen ligands. The two HAs were unambigu-
ously determined as [TeO,;]*” and [HPO,]*”, respectively,
through single crystal X-ray data. This was possible due to their
different electron densities and their atomic sizes, that is, Te—O
and P—O bond lengths are 1.90 and 1.50 A, respectively. In our
system, the self-sorting process seemed to operate counter to
conventional steric considerations. This is because the smaller
[HPO,]*~ moiety, with its small size, is found at the uncapped
end of {W,}, whereas the [TeO;]*~ moiety, with its larger size,
is found to be located at the more sterically hindered capped
end which has a smaller cavity (see Figure 1).

In order to gain a better understanding of how the HAs are
selectively self-sorted into the {XYW, } vacancies and also to
investigate if Te P, is the only example containing two different
HAs in the structure, reactions with complementary pairs of
[Se0;]*"/[HPO,]*" and [AsO,;]*7/[HPO,;]*” were also
conducted. Structural analysis shows that all the reactions led
to the isolation of cross-shaped structures templated by two
different types of HAs in the {W,s} building units, including
[W640200(Seo3)4(HPO3)4]32_ (Se,Py) and
[We,O500(As0,),(HPO,), 1%~ (As,P,) in addition to the
[Wg40400(TeO5),(HPO;), 13~ (Te,P,). All of the HAs in
those structures are well identified according to X-ray data
(Tables S1 and S2), and Se,P, and As,P, show a consistent
preference of HA substitution as found in the structure of
Te,P,. Also, as a control, we synthesized the pure phosphite
incorporated cross-shaped compound [W,0,00(HPO;)g]*™
(Py).

To understand the self-sorting of two different templates
within the {W,} moieties from a structural point of view,
special attention was paid to [HPO3]2_ as it contains a proton
in contrast to the other [XO,;]*/* (X = Se, Te, As) templates
(Figure 1). In the structural determination, the H atom located
on the phosphorus center is geometrically generated and then
refined with P—H bond length being fixed to 1.42 A based
upon the bond length of free phosphite. The presence of a
proton on phosphite, other than lone pair, leads to the
[HPO,]*” moiety to adopt a tetrahedral configuration, as
indicated by the average O—P—O angle of 110.0°, which is
quite close to that found for the ideal tetrahedral bond angle.
On the contrary, the lone pair on [SeO;]*”, [TeO,;]*", and
[AsO;]% exerts more electrostatic repulsion to the X—O bonds
than the P—H o bond, thus forcing the X—O bonds to deviate
from the ideal tetrahedral arrangement around central X atoms.
Indeed, the average O—X—O angles in these HAs are 92.0°
([Te05]*), 98.4° ([SeO;]*7), 95.9° ([AsO,]*7), respectively.
Therefore, it is quite clear that they should all adopt trigonal
pyramidal shape as observed. This may account for the different
position of two HAs in {Ws} building blocks. Further, in
principle, the tetrahedral [HPO;]*>~ moiety requires more space
so that the P—H unit can be accommodated into the cluster
and therefore explains why it is located at the uncapped end of
{W,s}, while the other [XO;]>/*~ moieties are being
accommodated at the capped end.

In addition to extensive structural analysis using single crystal
X-ray crystallography, the positions of the HAs within the metal
oxide cluster have also been unambiguously identified through
nuclear magnetic resonance (NMR) spectroscopy (Figure 2)
and electrospray ionization mass spectrometry (ESI-MS)
(Figure 3 and Figures S1—S9). As is shown in Figure 2, the
3P NMR of Py exhibits two doublets with two distinct {>'P}-
{'H} coupling constants, 'Joy = 779 Hz and 'Jpy = 727 He,
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Figure 2. *'P NMR spectra of [Wy,0,0(HPO,;)s]*™ (Pg) in 1 M
NaCl/D,O solution showing two doublets with 'Jpy = 727 Hz and
1]PH = 779 Hz [W640200(T303)4(HP03)4]327 (Te,P,) in D,O
solution showing a doublet with 'J,y = 738 Hz;
[Wgy0,00(Se0;),(HPO;),]13*~ (Se,P,) in 1 M NaCl/D,0O solution
showing a doublet with Jpyy = 726 Hz; [Wg;0500(AsO;),(HPO,),]%¢~
(As,P,) in 1 M LiCl/D,0 solution showing a doublet with 'J; = 718
Hz.
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Figure 3. ESI-MS spectra of Te,P, in water/acetonitrile (5%:95%)
mixture solvent.

suggesting two phosphorus-based species are located within the
{W,s} building units. The downfield doublet can be assigned to
the phosphorus occupying the capped end of {W,;} due to the
stronger shielding effects from the tungsten oxide shell. In
contrast, the compounds Te,P,, Se,P,, and As,P, only each
exhibit one doublet located at high field in *'P NMR. This
doublet indicates there is only one type of phosphorus within
the structures, and they are all located at the uncapped-end of
the {W s} units. Furthermore, the proton decoupled *'P NMR
shows that all the doublets in *'P NMR are now merged into
singlets. These singlets indicate the protonation of phosphorus-
based HAs in all compounds (Figure S1). The '"H NMR in
Figures S3 and S4 also confirm this assignment. However, the
individual lines in doublets in the *'P NMR spectra for all these
four compounds have different intensities. The upfield line is
broadened and therefore appears less intense, although the
experiment with proton decoupling shows that these two lines
are indeed part of a phosphorus-proton doublet. The difference
in the line widths can be explained by “relaxation interference”,
which originates from the interaction between dipole—dipole
(DD) and chemical shift anisotropy (CSA) relaxation. This
effect is commonly seen in large biomolecules, such as proteins
due to their large size leading to slow tumbling in the
solution.””** In our case, the cross-shaped POM architype
measures 2 nm X 2 nm in length and width and its molecular

weight is ca. 17 kDa, therefore the line broadening is very
prominent. This observation is confirmed by undertaking *'P
NMR at 343 K; here much less differences between line
intensities were observed due to decreased contribution of the
CSA relaxation (Figure SS). Te,P, and Se,P, were also further
analyzed by 'Te and ""Se NMR to confirm the presence of
the HA templates. Also, the '**Te NMR of Te,P, showed a
sharp singlet at 6= 1792 ppm corresponding to the tellurium
species in the cross-shaped anion (Figure SS). Similarly, the
existence of SeOj; in Se,P, is indicated by the sharp singlet
found at 1314 ppm in "’Se NMR spectrum (Figure S6).
However, it should be noted that some minor signals
corresponding to Pg were also observed in the *'P NMR of
Se,P,, indicating [SeO;]*” and [HPO;]*>~ are competing with
each other during the self-sorting process. Therefore, based on
the NMR analysis, we can conclude that the different types of
HAs can be selectively added into the cross-shaped structure
and the mixed-HA incorporated compounds are the preferred
self-sorting products crystallizing from the reaction.

ESI-mass spectrometry was employed to analyze the solution
behavior of obtained clusters (Figure 3). In the case of Te,P,,
intact molecular species could be detected at m/z 2300.7 for
[Wg40,00(HPO;),(TeO;),H, Na,]7", 2697.8 for
[Wgs0,00(HPO;),(TeO;),H, jNag]®™, 3261.0 for
[Wy,0,00(HPO,),(TeO,),(C,HN)NaH,,]*~, and 4136.1 for
[W440,400(HPO,),(TeO;),Na,,H,]*". In addition, a dimeric
species was also observed at m/z 3659.5 for
[(We;0200(HPO;)4(TeO;),),(C,HgN) 3 NaH,; 7. Similarly,
integral species of Se,P,, As,P,, and Pg were also observed
via mass spectrometry (Figures S$7—S9, Tables S3—S6),
suggesting the cross-shaped clusters are stable in solution.

3.2. Computational Implications of Driving Force for
Highly Selective HA Self-Sorting. Density functional theory
(DFT) calculations were carried out to understand the driving
force behind the observed HA-driven self-sorting process.
Initially, geometry optimizations were performed for the cross-
shaped polyanions (Te,P,, Se,P, and As,P,) and their
isomeric structures (Te,P,’, Se,P,’, and As,P,’) by inverting
the position of the [HPO,]*” unit. The main structural
parameters, and in particular the X-P distances, elucidated using
X-ray diffraction studies were reproduced by the DFT
calculations. Hence, the computed X—P distances (A) are
dependent on the heteroatom X, as shown by computed DFT
and X-ray data (in parentheses): Te—P = 3.66 (3.64), Se—P =
3.78 (3.80), and As—P= 3.79 (3.80). We also explored the
relative stability of Te,P,-Te,P,’, Se,P,-Se,P,’, and As,P,-
As,P,’ pairs. As shown in Table 1, all the structures with

Table 1. Relative Energies for Cross-Shaped Anions with
[HPO,]* Unit Occupying Capped and Uncapped Ends of
the Building Blocks”

polyanions [HPO;]*” location ~ AE  building block {XYW;;}  AE

P,Te, uncapped 0.0 {PTeW,s} 0.0
P,Te, capped 24.7 {PTeW .}’ 8.1
P,Se, uncapped 0.0 {PSeW s} 0.0
P,Se,’ capped 62 {PSew,;}’ 2.7
P,As, uncapped 0.0 {PAsW,} 0.0
P,As,’ capped 42.6 {PAsW,}’ 74

“Energies are in kcal'mol™'; [HPO,]*” unit occupies alternatively
uncapped and capped positions in cross-shaped anions represented in
Figure 1.

DOI: 10.1021/jacs.7b11982
J. Am. Chem. Soc. 2018, 140, 2595—2601


http://dx.doi.org/10.1021/jacs.7b11982

Journal of the American Chemical Society

[HPO,]* occupying the uncapped/lacunary end (Te,P,,
Se,P,, As,P,) are significantly more stable than when it is
located on the capped (Te,P,’, Se,P,, As,P,’) end, with
energy differences of 24.7, 6.2, and 42.6 kcal-mol™" respectively.
Only in the case of the [HPO,;]*"/[SeO;]*™ pair did we find
some competition between the Se,P, and Se,P,’ since the two
isomers differ in only 6.2 kcal-mol™'. However, for the other
two pairs, the occupation of the Te, and especially the As unit,
in the capped end is of a much lower energy. Given that
building blocks {HPTeW} (Te,P, Te,P,’), {HPSeW,}
(Se,P,, Se,P,’), and {HPAsW(} (As,P, As,P,’) show the
same stability trends as the overall structures (see Table 1 and
Figure S11), we performed an energy decomposition analysis
using the building block anions to understand the role of the
[XO,]*" group in the formation of one or another species."’
The interaction energy between XO32_/ = (X = H-P" sev,
Te", and As™) and the [(HPO,;)W505,]*" building block
(with [HPO;]*™ occupying the uncapped end) was decom-
posed. As expected, the total bonding energy (AEjg) is highly
positive in all cases due to the anionic character of the two
interacting fragments (Table 2).

Table 2. Interaction Energy Decomposition Analysis
between XO,% and [(HPO;)WO;,]*” Units”

q— X0, AE;g AEgy AEq; AE,, AEp + AE,

2— TeO; 483.9 806.3 —322.4 —578.2 —94.3
SeO; 523.6 785.2 —261.6 —595.4 -71.8
HPO, 536.5 766.2 —229.7 —601.5 —65.0

3— AsO, 679.9 1150.0 —470.1 —822.5 —142.6

“SR = steric repulsion, OI = orbital interaction, B = bonding energy,
sol = solvation; energies are in kcal-mol ™.

The three negatively charged species [AsO;]*~ display larger
endothermic interactions. Also, the AEy term is dominated by
the AEg contribution, which accounts for the electrostatic and
steric repulsion. It is worth mentioning that, among the
dianions, the largest tellurium derivative displays the highest
steric and electrostatic repulsion (+806.3 kcal-mol™") and the
largest exothermic orbital contribution (—322.4 kcal-mol™).
This results in a lower endothermic binding energy, which
means that the bonding ability is controlled by the AEg; such
that the trend [TeO;]* > [SeO,]*” > [HPO,]* is followed. It
should be noted that this energy decomposition analysis is
computed without considering any solvation effects. When we
take both energies into account, the whole process is
significantly more exothermic as shown by the total energies
of —94.3, —71.8, and —65.0 kcal-mol ™ for [TeO;]*, [SeO,]*,
and [HPO,]*", respectively. In other words, the calculations
suggest that the selective self-sorting originates from the anion
templating effect in solution. In the presence of mixed XY
groups, it is more favorable for the [WO,]*” building blocks to
assemble around the [TeO,]*” and [SeO;]*” templates rather
than that of [HPO,]*>", which would lead to the [HPO,]*~
subsequently occupying the uncapped end of the {XYW}
species. This means that the cross-shaped molecules represent
kinetic traps for the dopant atom positions and the self-
assembly process governs the final architecture.

3.3. Electronic Property Investigations of Mixed-HA
Templated Cross-Shaped Polyanions. To understand the
electronic properties of the compounds, electrochemical
experiments were carried out. The electrochemical reduction
of the four cross-shaped POM clusters was investigated in
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lithium acetate buffer solution (pH 4.3) by differential pulse
voltammetry (DPV) and cyclic voltammetry (CV) measure-
ments (Figure 4a and Figure S10). DPV was adopted to gain a
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Figure 4. (a) DPVs of cross-shaped POMs in lithium acetate buffer
(pH 4.3). (b) UV—vis spectra of one-electron reduction of Te,P, and
P ranging from 400 to 1200 nm. (c) EPR spectrum of one-electron
reduced Te,P, and Pg.

more precise understanding of faradaic reduction process of
these compounds by avoiding the influence of the capacitance
effect on the working electrode. All the reduction potentials are
listed in Table S7. As indicated in crystallographic analysis, the
size of the external frameworks is nearly identical throughout
the cross-shaped molecule family; therefore, the reduction
trends observed are fully dependent on the features from the
HAs. All four compounds exhibit two sets of reduction waves,
which can be assigned as the redox process of W' — WY.'*
The As P, cluster exhibits the most negative set of reduction
potentials. This is because the embedded [AsO;]*~ hetero-
anions are more negatively charged than the [HPO,;]*,
[SeO;]>", and [TeO,]*”, giving a higher negative charge
overall of —36, compared to the other three clusters. Therefore,
the As P, is the most difficult compound to be reduced. The
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remaining set of the molecules all have the same overall
negative charge of —32. Among them, Te,P, is the most
difficult compound to be reduced, as indicated by the more
negative shift of redox potential in both the first and second
peaks compared with Se, P, and Py (Figure 4a and Figure S10).
In order to understand the electronic properties of the cross-
shaped compounds, bulk reductive electrolysis was performed
to inject one electron into the Pg and Te,P, The UV—vis
absorption spectra of one-electron reduced Pg and Te,P,, and
nonreduced clusters are shown in Figure 4b. Both of the one-
electron reduced compounds show a broad absorption centered
at 1035 nm, indicating the formation of reduced W" species.
The reduced species were also analyzed by electron para-
magnetic resonance (EPR). As shown in Figure 4c, broad
signals with a g value of 1.83 were observed, and this indicates
the formation of a delocalized WY species.”* EPR data are in
good agreement with the nature of the frontier orbitals for the
compounds (Figure S12), and as expected in POMs, the
LUMO of all four clusters is delocalized around the unoccupied
tungsten d-like orbitals (Tables S10—S11, Figure S12).

4. CONCLUSIONS

In summary, we have demonstrated positional control of the
HAs within the nanosized cross-shaped polyanions [(XY-
W505,)4(WO,), 1273 (X = H-P", Y= Se'V, Te", As"™).
The position of the HAs has been determined by single crystal
X-ray diffraction, NMR spectroscopy, and electrospray
ionization mass spectrometry, confirming that mixed HA
templated cross-shaped molecules are the preferred self-sorting
products crystallizing from the solution. Theoretical analysis
using DFT calculations suggested that the highly selective self-
sorting originated from the HA templating effects in solution, in
which [WQ,]*~ anions can more favorably assemble around the
bigger [TeO;]>”, [SeO;])*”, and [AsO,]*", leading to the
smaller [HPO,]*" subsequently occupying the uncapped end of
the {W} building blocks. The cross-shaped POM clusters are
redox-active, as illustrated by the electrochemical analysis UV—
vis spectroscopy and EPR analysis. The differential pulse
voltammetry (DPV) experiments clearly showed that the
reduction potentials of the molecules can be directly modulated
by the embedded HAs. These results indicated that these cross-
shaped clusters, with different HAs, may be used to design new
nanoscale molecular architectures that are electronically active.
In future work, we will aim to increase the differences in redox
activity between the different compounds and also explore how
they might be used on surfaces to develop new types of hybrid
devices to study their charge transport properties.”
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