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ABSTRACT: Among molecular building blocks, metal oxide cluster anions and their countercations provide multiple options for
the self-assembly of functional materials. Currently, however, rational design concepts are limited to electrostatic interactions with
metal or organic countercations or to the attachment and subsequent reactions of functionalized organic ligands. We now
demonstrate that bridging u-oxo linkages can be used to string together a bifunctional Keggin anion building block,
[PNb,Mo,0040]°~ (1), the diniobium(V) analogue of [PV,Mo0,,04,]°” (2). Induction of y-oxo ligation between the NbV=0
moieties of 1 in acetonitrile via step-growth polymerization gives linear polymers with entirely inorganic backbones, some
comprising over 140 000 repeating units, each with a 3— charge, exceeding that of previously reported organic or inorganic
polyelectrolytes. As the chain grows, its flexible y-oxo-linked backbone, with associated countercations, coils into a compact 270 nm
diameter spherical secondary structure as a result of electrostatic interactions not unlike those within ionic lattices. More generally,
the findings point to new options for the rational design of multidimensional structures based on y-oxo linkages between NbY=0-

functionalized building blocks.

oluble components are routinely utilized as structural polyethers (Figure 1). The linear polymer’s inorganic back-

building units (SBUs) for the self-assembly of functional bone grows to more than 140 000 POM units (252 MDa), a
materials.' > In this context, metal oxide cluster anions, or
polyoxometalates (POMs), are used as SBUs for assemblies
featuring the extensive and readily tunable electronic and
catalytic properties of the POM building blocks them-
selves.”” "> The challenge in these efforts generally is to
develop methods based on rational design principles, which in
turn requires detailed understanding of how interactions in

Nb-x-0O-Nb linkage

solution lead to specific hierarchical organizations.14 (THA)PNb,Mo,,04

In this regard, POMs and their countercations provide
inherent opportunities for utilizing electrostatic interactions as Figure 1. Formation of a polyether-like inorganic polymer from the
a driving force for self-assembly. For this, alkali-metal,'® bifunctional Keggin anion a-[PNb,Mo,yO,4]°~ (1) (red, P-centered
transition-metal,16 organic,17 or metallo-organic cations’ can tetrahedra; blue, Mo-centered polyhedra; green, Nb-centered
be introduced, and the structural outcomes are often polyhedra). Each linked 1 unit possesses a 3— charge.

thermodynamically controlled. Examples include the use of

alk:ali-nllse,ltgl cations to generate h.ollovsf single-walled degree of polymerization (DP) approximately 60% that of 1

ves1c}lle‘:sh41. agd.lt;e useblofklarlge Kzganlc cat1c]:>)ns to ;g:neratef MDa poly(ethylene glycol) (PEG).”® Moreover, each linked

amphiphtiic - building  blocks. oreover, Dby gratng o POM has a 3— charge, exceeding that of repeating units in any

polyfunctional organic tethers to the POM itself, the known organic or inorganic polyelectrolyte.>’

introduction of transition-metal cations can lead to open- Linear growth of these flexible chains, documented by
20 . . )

framework structures™ or low—nuclearlty molecular units that dynamic light scattering (DLS), small-angle X-ray scattering

spontaneously self-assemble into large supramolecular struc- (SAXS), and cryogenic transmission electron microscopy

21,22 .
tures. Related m2e3thods have led to POM—conductive (cryo-TEM), leads to tightly coiled soluble spheres, as large
olymer composites,” precisely defined oligomeric struc-

tures,”*** and organic—inorganic polymers.*®

We now demonstrate the formation of u-oxo linkages™
between a suitably designed bifunctional Keggin anion building
block, [PNb,Mo0,(0,0]°~ (1), the diniobium(V) analogue of
the well-known divanadium complex [PV,Mo,0,,]%~ (2).”
Upon p-oxo linkage formation in acetonitrile, 1 serves as the
repeating unit in an entirely inorganic analogue of organic
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as 270 nm in diameter. Their compact secondary structure is
fully understood as a natural extension of established models
for the coiling of much less highly charged polyelectrolytes.”>”"
Moreover, the methodology presented here points to new
options for the assembly of higher-dimensional structures via
ether-like y-oxo linkages between entirely inorganic building
blocks.

While terminal VV=0 ligands at the surface of 2 and other
POMs are inert, POM-complexed NbY=0 moieties readily
form p-oxo linkages via acid condensation, as in the conversion
of 2 equiv of A-a-[SiNb;W,0,,]"" to A-a-[Si,NbsW ;0-,]%~
(eq 1).*7 Accordingly, the incorporation of two NbY=

o

+ 6H+

(1)

i $

moieties distal to one another as in 1 should give bifunctional
units that polymerize into linear chains (Figure 1). The anions
1 were prepared by adding NaZHPO4, Na,MoOQ,, and acid to

3H20

KgNb4O, in aqueous H,0,.*° After workup, yellow needlelike
crystals of K{[PNb,Mo,,0,0] (K1) were isolated in 42% yield
(Figures S1 and S2). The *'P NMR spectrum of 1 contains
multiple overlapping signals (Flgure 2, upper right inset) that,
by analogy to 2 (Figure S3),” are attributed to five positional
isomers of the two Nb atoms.

s @
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= 3 \1/11 a-1,5 a-16
© 2 24 29 -34 -39
5 52 = il
2
: &
5
2 a7
: R
© a-1.4 a1,2 a-1,11
4 N 5

Isomers of [PM;M0,0040]%, M = Nb orV

Figure 2. Theoretical distributions of five isomers of
[PM,Mo,404)°" (red, P; blue, Mo; green, Nb or V) for 2 (orange
bars) and 1 (gray bars). The left inset shows the key to addendum
atom positions. The right inset shows the *'P NMR spectrum of K1
in D,0.

To further validate this, DFT methods®®° were used to
calculate relative energies and abundances of the positional
isomers of 1 and 2 (Figure 2 and Table S1). Not only were five
stable isomers of 1 identified, but the Nb=0 moieties in three
of them, a-1,5, a-1,6, and a-1,11—constituting 88% of those
present—are distal to one another and suitable for serving as
linkages in linear chains. As in 2, the positional isomers of 1 are
in dynamic equilibrium, with changes in their relative *'P
NMR intensities observed as functions of pH. For 1, this
potentially allows for dynamic replenishment of distal-
functionalized isomers consumed during polymerization.

Next, K;1 was extracted into a CH,Cl, solution of
tetrahexylammonium bromide (THABr), from which waxy-
yellow THA 1 was isolated (Figures 3A and S4-S6).
Electrospray ionization mass spectrometry (ESI-MS) gave an
envelope of signals matching the 1+ ion, {(THA)H-
[PNb,Mo,;0,0]}" (Figure 3B). After several months at 4
°C, a solution of THA1 (0.1 g) in 1 mL of tetrahydrofuran
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Figure 3. (A) The a-1,6-1 cluster and its five THA countercations.
(B) ESI-MS spectra of THA1 in MeCN with experimental (black)
and simulated (red) isotopic envelopes corresponding to
{(THA);H1}". The inset shows a ball-and-stick model of crystallo-
graphically determined a-1,4-1 (blue, Mo; green, disordered Nb;
purple, P; red, O).

delivered yellow crystals. Data from single-crystal X-ray
diffraction identified the a-1,4 isomer of 1, with two corner-
shared Nb atoms (Figure 3B inset; disorder gave partial
occupancies at three positions: Figures S7—S9 and Tables S2—
SS).

Polymerization of THA;1 in MeCN was induced by
addition of 25 equiv of 30% aqueous H,O, under air. *'P
NMR spectra obtained every 24 h revealed new signals, with
slow loss of those assigned to 1 (Figure S10). After 72 h, the
3P NMR spectrum was entirely different. In addition, the
FTIR spectrum of a dried sample featured a new band at 671
cm™', diagnostic for intermolecular Nb—O—Nb linkages
between POM anions (Figure S11),°***** and large objects
were observed by DLS (Figure 4A) and SAXS (Figure 4B).

A 136 nm B
3 b
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‘a 2
[ 7]
£ §
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0.1 1 10 100 1000 0.01 0.1 1
Radius (nm) Q@A)

Figure 4. (A) Hydrodynamic radii (as determined by DLS) after
polymerization of 1 in MeCN. (B) SAXS data (the y axis is
logarithmic) for a concentrated sample of the solution (gray circles),
and fitted curves of compact solid spheres (green) and Keggin-type
POMs (red).

The smallest size domain observed by DLS, with R = 0.64
nm, is due to the presence of monomeric 1, while larger
structures were observed with average hydrodynamic radii of
12 and 136 nm. Because of the sixth-order dependence of the
scattering intensity on the radius, the more abundant smaller
objects, monomeric 1 and medium-sized objects, were more
dominant in SAXS analysis (Figure 4B), which revealed two
distinct regions. Fitting of the g < 0.1 A™ region indicated the
presence of compact spheres with an average radius of ca. 15
nm. The compact nature of the coiled polymers was further
confirmed by DLS and static light scattering (SLS) (Figure
S12). Scattering at q¢ > 0.1 A™' confirmed the presence of
individual, freely diffusing Keggin anions. After more than a
month in solution, the same size domains were observed with
identical relative intensities.
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Polymerization of 1 in MeCN in the presence of aqueous
H,0, and air was then investigated. Notably, air plays an
important role: when THA1 was treated with H,O, under
argon, no reaction occurred (Figure S13 and Table S6). This
suggested that under air, the acid required for polymerization
was supplied by steady conversion of CO, to carbonic acid in
the wet mixture of MeCN and aqueous H,0,. Consistent with
this, polymerization indeed occurred under pure CO, (Figures
S13 and S14), and the reaction mixture was found by ESI-MS
to contain THA salts of HCO;~ and CO,*~ (Figure S15).
Moreover, while acid alone gave no reaction, treatment of
THA1 with excess acetic acid and H,0, gave the orange
diperoxo complex (THA)P(NbO,),Mo0,,05; (THA3) in
83% yield (Figures S16—S19).

These results suggest an acid-concentration-controlled
balance between peroxidation and polymerization and a
catalytic role for H,0,” during polymerization. Namely,
peroxide-ligated Nb(V) atoms react with acid to give y-O
linkages,*® with the requisite H* supplied by steady dissolution
of CO, from the air (Figure S). Consistent with this, when 3

5- 8-

[H0.]

HCO; +H* CO2 + H,0

Figure 5. Peroxide-catalyzed acid condensation of NbY=0 moieties
of 1 in wet MeCN under air.

was reacted with 1 equiv of 1 under air—with no added
H,0,—polymerization occurred in 1 day, 3 times faster than
when 1 was treated with H,0, (Figures S20 and S21). Finally,
this mechanism should lead to step-growth polymerization,
typified by equilibrated mixtures of unreacted monomers and
polymers with variable DP values.***'

This was indeed observed in cryo-TEM images obtained
after polymerization, which revealed individual monomeric
units (Figure 6A), flexible linear chains in the early stages of
coiling (Figure 6B), small coiled chains (Figure 6C), and large,
tightly coiled spherical polymers (Figures 6D and $22). On the
basis of statistical analysis of particle sizes and interparticle
distances (Figure S23), the minimum estimated DP of an
average-sized tightly coiled 270 nm diameter sphere is 140 000
repeating units, with a total negative charge of 420 000—
counterbalanced by an equal number of THA cations. The
mass of the inorganic backbone alone is 252 MDa.

This tendency to coil into compact structures is consistent
with the documented behavior of flexible-chain polyelectro-
lytes. For rigid polyelectrolytes,** charge repulsion is
attenuated by the presence of countercations in the vicinity
of the polymer surface. The net charges of the particles and
their double layers lead to repulsive interactions that prevent
aggregation. For flexible polyelectrolytes, however, repeating
unit charges and associated counterions cause the polymer to
shrink to a volume much less than that of a statistical coil “as a
consequence of intramolecular electrostatic attraction of the
sort which stabilizes an ionic lattice”.”’ For organic and
inorganic polyelectrolytes, monomer unit charges greater than
unity are rare.”® In the present case, with tens of thousands of
closely spaced 3— units, the formation of tightly coiled
structures is readily understood. Moreover, because the high
charges and large DP values, the polymers remain tightly coiled
even after exchanging THA for tetramethylammonium cation

7297

Figure 6. Cryo-TEM images after polymerization of THAs1 under air
in MeCN: (A) monomeric units; (B) linear oligomeric chains; (C)
small coiled polymers; (D) a tightly coiled ca. 100 nm diameter
spherical polymer.

(TMA) or Li* and dissolution of the resultant structures in
water (Figures $24—S529).

Finally, the presence of intact molecules of 1 in the
polymerized structures was supported by FTIR spectroscopy;
only slight changes were observed (Figure S11). Even more
definitive confirmation was obtained by cleaving the polymeric
structures to individual Keggin ion derivatives. As noted above,
excess H,0O, and glacial acetic acid cleanly convert 1 to the
orange diperoxo derivative 3, whose *'P NMR spectrum is
shown at the upper right in Figure 7A. Addition of those
reagents to polymeric 1 led to a color change from pale to dark
orange (Figure $30), and only individual monomer units were
observed by DLS (Figure S31). The solution now contained 3,
with its characteristic *'P NMR spectrum (bottom right in
Figure 7A; see Figure S32 for the ESI-MS spectrum).
Moreover, only individual Keggin anions were observed by
cryo-TEM (Figure 7B).

The formation of y-oxo-linked polymers is not limited to
polyoxomolybdates. This was shown by the preparation of
THAGP,Nb,W (O, the THA salt of a bis(NbY=0)
derivative of the plenary Wells—Dawson anion (Figures
S33—S37). When this was treated with H,0, in MeCN
under air, large objects were observed by DLS after several
days, and TEM images consistent with large coiled polymers
were obtained (Figures S38—S40). Moreover, after treatment
with excess H,0, and glacial acetic acid, only individual
monomeric units were observed by DLS and cryo-TEM, and
*'P NMR and ESI-MS spectra were diagnostic for the diperoxo
derivative (Figures S41 and $42).

In summary, the versatile reactivity of terminal oxo ligands
of NbY=0 addendum atoms in heteropoly molybdates (1)
and tungstates is shown to provide access to u-oxo linkages
between highly charged inorganic building blocks. Stepwise
growth of these flexible chains, documented by DLS, SAXS,
and cryo-TEM, leads to soluble compact spheres with

https://dx.doi.org/10.1021/jacs.0c01486
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Figure 7. (A) Conversion of 1 (upper left) and polymeric 1 (lower
left) to diperoxo derivative 3 (center right) by addition of acid and
H,0,. The insets at the upper and lower right are the corresponding
3P NMR spectra. (B) Cryo-TEM images before and after conversion
of polymeric 1 to individual derivative 3 by addition of acid and
H,0,.

diameters of up to 270 nm whose tightly coiled secondary
structures are consistent with ionic-lattice-like electrostatic
interactions inherent to the stabilization of flexible polyelec-
trolytes in solution.”””" These interactions, originally found for
polymers with singly charged repeating units,””** are inevitably
dominant for linear chains derived from building blocks such
as 1, which are more highly charged than any discussed in
nearly a century of polyelectrolyte theory. More generally, the
methodology presented here points to new options for the
assembly of functional higher-dimensional structures via the
formation of ether-like p-oxo linkages between NbY=O0-
functionalized building blocks.
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