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Abstract

We here present a series of classical molecular dynamics simulations (MD) on aqueous solutions of the salts LisAIW ;049 and
LigAIW 034, providing us with valuable insight on their aggregative behaviour. Analysis of relative dipole moment orientation in
pairs of aggregated [AIW;;035]° excludes that their large dipole moment is behind their greater propensity to aggregate. On the
other hand, MD simulations of the aqueous Li* salt of the fictitious [AIW,04]" —as high in charge as [AIW;;035]", but lacking
dipole moment and tetrahedral in shape like [AIW ;0] —reveal that it is in fact the higher negative charge itself that promotes
aggregation, by allowing to recruit a higher number of Li" countercations, which then act as an electrostatic glue. The lower
charge on [AIW,0,4]”, on the other hand, is not able to muster enough Li" countercations for it to aggregate favourably.

Introduction

Prominent members of the polyoxometalate (POM) family, plenary Keggin anions (PKAs) have been known since at
least 1826." Also defined as heteropolyanions, they have general formula [XM,04]%; where g- is normally a high
negative charge; M is a transition metal in high oxidation state (typically Mo"" or W"'); and the central heteroatom X is
often one of AI"™, Si", or PY, but may also be of another element such as Ge", Fe", or Co". As early as 1933, working
with X-ray diffraction and the anion [PW,04]", Keggin was able to resolve the characteristic tetrahedral structure of
PKAs in their a-form (Figure 1a): a central tetrahedron [XOy], surrounded by a [M,04] outer cage, wherein each of the
metal atoms is coordinated by six oxygen atoms (one always coming from the central [XOy4]).

€)) (b)
Figure 1. Typical general structures of (a) a PKA; and (b) a MKA, in their a-form. Both are rendered as polyhedra. Key: red spheres: O; white
polyhedra: M; green polyhedra: X. O atoms forming the [O4] lacuna in (b) are larger in size.

Monolacunary Keggin anions (MKAs), on the other hand, have general formula [XM;;030]“ """

, and were only first
reported almost a century and a half later:’ with respect to PKAs, they are formally missing one [M=0]"" unit from their
outer cage, which is replaced by a rectangular [O4] lacuna (Figure 1b). Aside from lowering overall symmetry and
charge, the lacuna introduces a large dipole moment, which is perpendicular to its own plane (c¢f. Figure 2 for

[A1W1]O39]9'; vide infra).



PKAs and MKAs of varying atomic composition are currently known for a series of highly desirable chemical

characteristics, all comprehensively documented:* > these comprise their prominent redox and catalytic activity;’ their
magnetic behaviour;”® as well as applications in sensing,” biology,'" "' and optoelectronics.'> "
In addition, the rectangular lacuna in MKAs represents an ideal binding site wherein to anchor a variety of

functional moieties and/or linkers:'*'” in practice, this somewhat broadens MKAs’ versatility with respect to that of
PKAs. Notable examples are organic tethers to chromophores;'> ' " 13: 2022 44 other solid

9, 19, 23-26

to (photo)catalytic centres;

supports such as electrodes, silica, and metal oxides;
26,27

and to distal metal chelating centres, for subsequent
incorporation in co-ordination polymers.
Just as significant as these intrinsic chemical properties is the dynamic behaviour of Keggin anions in solution. Of
particular relevance are their electrostatic interactions with different countercations; with individual solvent molecules;
and between themselves as a function of their elemental composition.
Effects of such interactions are experimentally well documented, not just in Keggin anions, but in other POMs too.
Firstly, in aqueous medium, mere variations in the chosen countercation may favour or preclude a particular synthetic
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route; affect isomeric stability;’> and even mutate the redox properties themselves. Secondly, dynamic

electrostatic interactions are certain to play a primary role in the supramolecular applications of POMs. These include
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as well as their

encapsulation into dendrimers, surfactants,”’ and cyclodextrins;*® their use in ionic liquids;

noncovalent aggregation on surfaces* ** and as vescicles,”** which occurs notwithstanding their high negative charge.
Given their rich chemistry and range of applications, it is unsurprising that properties of novel PKAs and MKAs

have been the focus of many additional studies, both experimental and computational.* If, on the one hand, static QM
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calculations have proven essential to investigate intrinsic properties such as structural stability, electronic

2660 61-62 and spectroscopic signature;* it is equally true that classical MD simulations of Keggin salt

structure, reactivity,
solutions are an obligatory choice if one wishes to better elucidate their dynamic properties at the nanoscale. As such,
their use alongside experiment is becoming increasingly common.

For example, Brodbeck et al.** have carried out MD simulations of dendrimer-encapsulated a-PKAs.”” In another
study, Lopez et al. % have reported simulations of the a-PKA salt Na;PW1,04 in water, carrying out a detailed analysis
of the distribution and orientation of water molecules at different sites around the anion. Three years later® the group
reprised their work, covering the counterions Li" and K'; and the a-PKAs [SiW, 2040]4' and [A1W1204O]5': examination of
ion pairs revealed important differences in Li"---PKA contacts with respect to Na'--PKA and K™---PKA. Together with

PKA charges, these have a complex, experimentally consistent’ ** influence on PKA diffusion coefficients.

Also of great relevance is the prolific work undertaken by Chaumont and Wipff to study PKA aggregation.””* 1In
2008, the authors first presented MD simulations of mono- and polyvalent cation salts of a-[PW,04]”, in water and
methanol, at different concentrations. Studies were extended in 2012% to cover different water and a—[PW12040]3'
models; and finally, in 2013,69 to encompass a—[SiW]2040]4', a—[A1W12040]5', and additional cations. On top of
reasserting the complex nature of the interactions between various PKAs and countercations,” the authors did indeed
observe PKA aggregation as a function of concentration, PKA charges, and cation type (albeit rarely surviving beyond
0.5-0.8 ns): cations were seen to mediate aggregation by crucially overcoming the negative charge on PKAs, effectively
“gluing” them together.

More recently, Bera, Antonio and coworkers’ have studied aggregation of PKAs in aqueous solutions at relatively
low pH, both through experiments and atomistic MD simulations. In particular, having explored the series [PW,040]",
[SiW1,040]" and [AIW,04] experimentally the authors observed, in contrast to previous studies® that the extent of
aggregation actually decreased as a function of increasing PKA negative charge. Aggregates formed during the
simulations, featuring [PW,04]’ only, are clearly seen to be held together, transiently, by a web of H;O" ions. Similar
studies reported by Mei e al.”' have addressed the issue of aggregation in ionic liquids in solution, highlighting the
continued interest in the topic.



Figure 2. Representation of the dipole moment 4 present in 2, shown in turquoise: the vector (not to scale) is plotted through the central atom and
centre of mass, and is almost perpendicular to the plane of the [O4] lacuna. Key: same as Figure 1b, but with X = Aland M = W.

Herein, with the aim of investigating aggregation, we present several MD simulations featuring solutions of Lis1,
as well as, for the first time, Liy2, and the Li" salt of the fictitious PKA [A1W1204O]9' (Lis3), which shares 2’s charge but
lacks its dipole moment . First, we examine whether 2’s distinctive u (Figure 2), absent in 1 and 3, is implicated in
any way. Then, we consider the alternative hypothesis that it is the higher negative charge on 2 and 3 alone that,
regardless of u, is paradoxically enough to drive aggregation by better harnessing the Li" cations.

We begin our report with a brief overview about how our MD simulations are set up and run. We then go on to
present their outcome, assessing: aggregation in 1 and 2; relative ¢ orientation in pairs of 2; then again aggregation in 3;
and Li" distribution around 1-3. Thereafter, we discuss the impact of these analyses on our initial hypotheses, and
finally present our conclusions.

Computational Details
Generation of input geometries for 1, 2 and 3

For the PKA 1 and MKA 2, geometries employed in our MD simulations are obtained after prior optimisation with the
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Gaussian09 software package,” using spin restricted density functional theory (BP86 functional): tungsten electrons

are modelled with the LANL2DZ effective core potential and basis set;”” remaining ones are treated with the 6-

176

311G(d,p) basis set. Water effects are accounted for implicitly, using the polarised continuum solvation model.” For

the fictitious PKA 3, we adopt the same input geometry found for its real counterpart 1.

Forcefield Details

Forcefield parameters used to treat ions and molecules in our MD simulations comprise: atomic point charges g;
Lennard-Jones (LJ) parameters ¢ and ¢€; and equilibrium bonded parameters for water, 1, 2, and 3. All such parameters
are provided in full as Supporting Information, including those derived or assigned ad hoc for 1, 2, and 3, which involve
harmonic distance constraints, and thus require a more detailed discussion. Any undefined LJ parameters are assigned
using the Lorentz-Berthelot combination rules, also reported as Supporting Information.

Indeed, forcefield parameters used for water and lithium cations, are readily available and applicable. Lithium
cations are treated with the parameter set reported by Dang in 1992.”7 Water molecules are instead modelled according
to TIP4P specifications,”® and kept rigid during MD simulations by means of SETTLE constraints.”

The combination of these sets of parameters leads to a good qualitative reproduction of Li"’s predominant
hydration structure Li(OH,),", with water molecules forming a distorted tetrahedron.””* For further considerations on
the hydration structure of Li" in the vicinity of Keggin anions and their aggregates, the reader is again referred to the
Supporting Information.

MD Approach

Aggregation of 1, 2, and later 3, is investigated by running a series of classical molecular dynamics (MD) simulations,
on six distinct systems: two independently set up Lis1 solutions (henceforth 1-A and 1-B); two independently set up
Lig2 solutions (2-A and 2-B); and two independently set up Lis3 solutions (3-A and 3-B). All simulations are carried
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out using the GROMACS 5.0.2 package,*" * under periodic boundary conditions, and with a Keggin anion concentration
of 0.026 M. Further details and snapshots concerning the preparation of these independent setups are provided as
Supporting Information.

General conditions and procedure. All simulations are carried out at a temperature of 300K, enforced with the
Berendsen thermostat.”> In virtue of the constraints imposed on 1, 2, and 3 (Supporting Information), these require
coupling to the thermostat with a shorter time constant (t7) of 20 fs; a 17 of 1 ps is sufficient for remaining molecules.
For computing LLJ and Coulomb interactions, we impose a cut-off of 1.7 nm: Coulomb interactions beyond this limit are
corrected using the Particle Mesh Ewald method.** Equations of motion are solved using the leap-frog integrator® (time
step: 0.5 f5s).

First of all, two equilibration-only simulations are run on each of the six systems 1-A, 1-B, 2-A, 2-B, 3-A, and 3-B
(Stages I and II); there follows a final Stage III, which combines equilibration and production. Details of individual
stages are as follows:

I. 10 ns in the NVT ensemble; with position restraints enforced on Keggin anions; but solvent and cations free to

move;

II. 10 ns as above, but this time at constant pressure instead of constant volume (1 bar, enforced with the

Berendsen barostat);™ and
III. 40 ns (1 ns equilibration plus 39 ns production), again at constant pressure and temperature, with all position

restraints lifted.

ﬂl 4“‘ ’

] PP ISR S NP . A ST | S | SR R
107 20 25
Time (ns)
(@)
55 Lo B
304 —PI (1) .
4 — P2 (I-I) ﬁ‘ ’ | ‘ 'N\ =
< ~ P3(LIV ‘ YilE
5 40} — P4 gn-m)) ’& | f( i "t '\h} l;-Li"h“
2 P5 (IL-1V) (\W‘“ " 'ri‘mhm ;‘N il
% -~ P6 AILIV) i '\ L ‘ |
= RRIR A
3 |
“““““ e
0772570 15 20 25 30 35 40 1077757790 15~ 20 25 30 35 40
Time (ns) Time (ns)
(©) )

Figure 3. Evolution of Keggin-Keggin distances in independent systems (a) 1-A; (b) 1-B; (¢) 2-A; and (d) 2-B; during the last 39 ns of MD
simulation (Stage III; 1 — 40 ns), and as measured from each Keggin’s aluminium centre. The four specimens of 1 or 2 present in each system
(identifiable as 1I—1IV and 2I—2IV respectively), give rise in each case to six individual Keggin-Keggin pairs, numbered P1-P6; hence six
aluminium-aluminium distances (cf. universal colour code and nomenclature in (c)). Dotted magenta lines denote the 14.5 A threshold below
which aggregation is considered to occur (see Supporting Information). Distances are sampled every 100 ps. 0 — 1 ns (equilibration) not shown.



Post-MD analysis is thus always carried out on the last 39 ns of Stage III. Aside from visual inspection of the
trajectories (carried out with the package VMD),* this includes: monitoring Keggin-Keggin distances to quantify
aggregation; assessment of relative dipole moment orientation in selected MKA pairs; and quantification of the number
of Li" cations free in solution, of those with a single Keggin anion neighbour, and those sharing two or more Keggin
anion neighbours. Where necessary, further information for each of these procedures is given in Results and
Discussion, and as Supporting Information.

Results

Assessing aggregation in 1 and 2

We set out to quantify aggregation in the four independent systems featuring real Keggin anions (i.e. 1-A, 1-B, 2-A, and
2-B). Each of these four systems contains four individual instances of PKA 1 or MKA 2 (henceforth referred to as 11 —
11V and 21 — 2IV), giving rise in each case to six distinct Keggin-Keggin pairs (labelled P1 — P6; with P1 formed by
Keggins I and II; P2 by I and III; and so on).

Aggregation is probed by monitoring the evolution of the six distances associated with P1 — P6 in 1-A, 1-B, 2-A,
and 2-B, as measured between aluminium centres, over the last 39 ns of Stage III (production). Resulting plots, with
Keggin-Keggin distances sampled every 100 ps, are illustrated in Figure 3. Although it is not shown in the Figure, we
note that the equilibration part of Stage III (0 — 1 ns) is still included in the overall count of time: as a result, all
simulation times quoted in the text will include this extra nanosecond.

We consider any pair of Keggin anions to have aggregated whenever its corresponding distance in these plots falls
below the arbitrary threshold of 14.5 A (marked in all Figure 3 panels). Its choice is documented in Supporting
Information.

A glance at Figure 3 immediately reveals some obvious differences between the fate of PKAs 11 — 11V (top) and
that of MKAs 21 — 2IV (bottom), as well as evident similarities between independent MD runs on “A” systems and “B”
systems.

Figure 4. Transient PKA aggregate arising in 1-B during the production stage of its MD simulation (snapshot at 38.6 ns), surviving for ~200 ps.
Key: same as Figure 2, with nearby Li" additionally rendered as purple spheres. Water molecules and distal Li” omitted for clarity.

In the case of systems 1-A and 1-B (Figure 3a and b), all PKA-PKA distances are seen to fluctuate quite uniformly
for the entire duration of Stage III, signalling an almost complete lack of aggregation; this is amply confirmed by visual
inspection of the trajectories. The aggregation threshold is passed only twice in 1-A (P4 at 16.4 ns and P1 at 36.4 ns);
and thrice in 1-B (P5 at 20.8 ns, P3 at 26.8 ns, and P2 at 38.1 — 38.4 ns); with a few more “close calls” in both. Almost
all of these episodes are highly transient: allowing for a 99 ps uncertainty on either side of every sampled point, one can
assume that none of these aggregates survives for longer than ~200 ps, except the last one (P2 in 1-B; shown at 38.6 ns
in Figure 4), which survives for between ~300 ps and ~500 ps.



Figure 5. Bent rhomboidal quaternary MKA aggregate (21-2IV)-(2111-21I) arising in 2-A at the end of the production stage of its MD simulation
(40 ns). Key: same as Figure 4, with water molecules and distal Li" again omitted for clarity. Lacunary oxygens rendered as larger spheres.

On the other hand, distance plots for 2-A and 2-B (Figure 3c and d) paint an entirely different picture, with stable
MKA-MKA aggregates already forming in the earliest stages of Stage III, and still surviving at 40 ns. Again, visual
inspection fully confirms this for both 2-A (Figure 5) and 2-B (Figure 6).

More in detail, for 2-A, the P5 distance plot (Figure 3¢) shows that a binary aggregate 211-21V has already formed
after 6.1 ns (after a transient episode between 21 and 2III at 2.5 ns). 2.1 ns later, at 8.2 ns, this 21I-2IV aggregate is
joined by 2I (c¢f- P1 and P3 plots) to form a ternary aggregate 21-21V-2II: as evidenced by its snapshot at 16 ns (Figure
S3a; Supporting Information), this roughly takes the shape of an obtuse triangle. Finally, at 22.8 ns (c¢f- P2 and P6
plots), even the missing MKA 2III is recruited, thus generating a quaternary aggregate. Although 2III initially
approaches 21-21V-2II between 21 and 21V, it temporarily loses contact with 21 (23.7 ns — 33.1 ns) to produce an almost-
planar Y-shaped aggregate (cf. snapshot at 30 ns in Figure S3b); eventually, however, the quaternary aggregate
reacquires its “bent rhombus” shape, which it retains until the very end of Stage III (snapshot at 40 ns in Figure 5).

(@)

(b)
Figure 6. MKA aggregates arising in 2-B during the production stage of its MD simulation, as evidenced by snapshots at 40 ns of: (a) the binary
aggregate 21-2111; and (b) 21I-21V. Key: same as Figure 4, with water molecules and distal Li* omitted for clarity. Lacunary oxygens rendered as
larger spheres.

Aggregation also clearly occurs in 2-B (Figure 3d), albeit limitedly to two binary aggregates 21-2I11 and 211-2IV,
both of which persist until the end of Stage III (Figure 6) without approaching one another. Once again, formation of
21-2111 (Figure 6a) is observed almost immediately, at 1.6 ns (c¢f- P5 distance plot); formation of 2II-2IV (Figure 6b)
takes a while longer, occurring transiently between 21.5 ns and 23.7 ns, and then stably surviving until the end of the
simulation at 40 ns (cf- P2 distance plot).



Dipole Moment Orientation in Selected Pairs of 2

In this next step of our analysis we set out to investigate whether, as per the first of our initial hypotheses, the dipole
moment present in 2 (~12 D in this specific case) is effectively playing a role in its aggregation.

To this end, we monitor the relative orientation of dipole moments u in selected MKA pairs (two each from 2-A
and 2-B; vide infra), and plot how it evolves during the course of the MD production stage (Figure 7); the orientation of
dipole moments within a pair of MKAs is “quantified” as |cos 4] (see right-hand y-axes in Figure 7), where 6 is the angle
formed by the individual dipole moment vectors (details in Supporting Information). As such, its upper limit |cos 8| = 1
indicates parallel or antiparallel dipole moment orientation within a pair, distinguishable by visual inspection; whereas
the lower limit |cos 8] = 0 denotes perpendicular orientation. To better spot any changes arising upon aggregation, each
of these |cos 8| plots is overlaid onto the corresponding distance plot of its parent MKA pair from Figure 3¢ or Figure 3d
(see left-hand y-axes in Figure 7).

From 2-A, the first pair whose dipole orientation we choose to monitor is P5 (Figure 7a): its constituent anions 211
and 21V are the first to make stable contact, remaining close together whilst their aggregate grows in size (Figure S3 and
Figure 5). The second chosen pair is P6 (Figure 7b), since 2111 is the last anion to approach the aggregate, and thereafter
remains in contact with 2IV despite changes in the aggregate’s shape (cf. Figure S3b and Figure 5). Choices from 2-B
are more straightforward: P2 (Figure 7¢) forming the binary aggregate 21-211I in Figure 6a; and P5 (Figure 7d), forming
the binary aggregate 21I-2IV in Figure 6b.

All of the graphs in Figure 7 indicate that direct involvement of dipole moments in the aggregation of 2 is either
inexistent or very feeble. The only trait common to all graphs, even for a tiny portion of Figure 7d, are the fairly regular
fluctuations of |cos 6] between 0 and 1 (0° < € < 180°) observed in pairs before aggregation: this is indeed what one
would expect from freely rotating molecules of 2.

To assess in greater detail the changes in orientation patterns emerging upon aggregation, we begin by analysing
graphs relative to P2 and P5 in 2-B (Figure 7c and Figure 7d, respectively): these are the simplest pairs to discuss, since
they represent pairs of MKAs forming isolated binary aggregates. Yet even in this case, apart from an expected drop in
|cos 4] fluctuations due to frustrated rotation, there seems to be little consistency between what happens within P2 and
within P5.



2-A: Dipole moments in P5 (2II-21V) 2-A: Dipole moments in P6 (2III-21V)
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Figure 7. Graphs monitoring the relative orientation of dipole moments (black dots; quantified as |cos 6|; plotted against right-hand y-axes) in four
selected pairs of MKAs: (a) PS5 from 2-A; (b) P6 from 2-A; (¢) P2 from 2-B; and (d) P5 from 2-B. These are overlaid onto the corresponding
MKA-MKA distance plots from Figure 3¢ (2-A) and Figure 3d (2-B) (coloured lines; plotted against left-hand y-axes). The colour code for the
distance plots is identical to the one in Figure 3; dotted magenta lines show the 14.5 A threshold below which aggregation is considered to occur
(see Supporting Information). Dipole moment orientation sampled every 2 ps. 0 — 1 ns (equilibration) not shown.

Upon P2’s aggregation (21.5 — 23.7 ns), dipole moments in 21 and 2III adopt a roughly parallel orientation relative
to each other; by 24 ns, however, this has rapidly flipped to roughly perpendicular (~0.07). After a further 5 ns, |cos 6|
gradually starts to rise again, fluctuating about ~0.6 by the end of the simulation (i.e. 8 = 53.1°; although it is 67.0° in
the snapshot at 40 ns in Figure 6a).

On the other hand, x4 orientations within 2-B’s P5 (Figure 7d) evolve in a substantially different way upon its
aggregation at 1.6 ns. After a few instants at ~1 (parallel), |cos 8] switches almost instantaneously to ~0.35, and then to
near-perpendicular (~0.11) at 11.5 ns, whence, unlike within P2, and save brief exceptions, it stays as such until the end
of the simulation (6 = 87.1° at 40 ns in Figure 6b).

The evolution of u orientations depicted for P5 and P6 in 2-A (Figure 7a and Figure 7b, respectively) is similarly
complex and, since both pairs form part of a tertiary or quaternary aggregate for most of their aggregated lifetime, we
will only comment on them in general terms. The most salient features are, once again, the parallel orientation of 2111
and 21V within P5 during the first 150 ps of its 2.5 ns-existence as a binary aggregate; and the rapid flips within both
pairs’ u orientations that correspond to the transition, at 33.1 ns, from the Y-shaped quaternary aggregate (Figure S3a)
back to the bent rhombus (Figure S3b). Other than these characteristics, the relative dipole moment orientation in P5
seems to be fairly unrelated to that in P6, probably also influenced by their different positions in the 2II-2I11-21V
aggregate, both with respect to each other and with respect to 21.



Assessing aggregation in the Fictitious Anion 3

The results just presented seem to rule out a direct involvement of x4 in the aggregation of 2. We thus set out to
investigate the alternative hypothesis outlined in the Introduction, whereby it is the higher charge on 2 alone that, at the
simulated concentration, that is sufficient to drive aggregation by favourably altering countercation distribution. In fact,
along the lines of what reported by Chaumont and Wipff,"> ® we still believe that, even if u is not involved,
countercations must be implicated in some way: otherwise, the fact that aggregation occurs with —9 but not with -5
would remain blatantly illogical. This suspicion is furthermore reinforced by the fact that, in Figure 4-Figure 6,
O---Li"---O bridges are always present in the illustrated aggregates (replacing hydration water; see Supporting
Information).

It is at this point that we introduce comparative MD simulations of the fictitious PKA anion 3: 3 is deemed an ideal
choice to test this second hypothesis, as it can basically be considered as “1 with charge —9 and 2 without a dipole
moment”. In other words, its structure, composition, symmetry, and lack of x are identical to those of 1, but its overall
charge and point charges mimic those on 2. If aggregation were indeed reproduced in 3 too, this would therefore

definitely exclude a role of u.
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Figure 8. Evolution of Keggin-Keggin distances in independent systems (a) 3-A; and (b) 3-B; during the last 39 ns of MD simulation (Stage III; 1
— 40 ns), and as measured from each Keggin’s aluminium centre. The four specimens of 3 present in each system (identifiable as 31—31V), give
rise in each case to six individual Keggin-Keggin pairs, numbered P1-P6; hence six aluminium-aluminium distances (¢f. universal colour code and
nomenclature in (a)). Dotted magenta lines denote the 14.5 A threshold below which aggregation is considered to occur (see Supporting
Information). Distances are sampled every 100 ps. 0 — 1 ns (equilibration) not shown.

With this in mind, we return to simulate two independently prepared ~0.026 M solutions of Lis3 (3-A and 3-B), set
up in an identical way to 1-A, 1-B, 2-A, and 2-B, to test whether or not 3 is indeed able to form aggregates. As in
systems featuring 1 and 2, aggregation in 3 is assessed by individually monitoring the six Keggin-Keggin distances in 3-
A and 3-B throughout the production stage, at 100 ps intervals, and is considered to occur when at least one of these
falls below the usual threshold of 14.5 A. These distance plots are shown in Figure 8, which uses the same colour code
as Figure 3 to refer to the six pairs P1 (31-31I) to P6 (3III-31V) in both 3-A and 3-B.

It is clear from both distance plots in Figure 8 that the aggregative behaviour of 3 in 3-A and 3-B is much more
similar to that of 2 (Figure 3b and c) than to that of 1 (Figure 3a and b). Like in the former case, as confirmed by visual
inspection, MD simulations of both 3-A and 3-B lead to the formation of stable aggregates, which look set to survive
past the end of the production stage.



Figure 9. Snapshot at 40 ns of the quaternary aggregate of the fictitious PKA 3 arising in 3-A during the MD production stage. Key: same as
Figure 4, with water molecules and distal Li" omitted for clarity.

Keggin-Keggin distance plots for 3-A (Figure 8a) show that P2 forms the first binary aggregate already at 5.2 ns.
Between 11.2 ns and 11.8 ns, 3111 unsuccessfully attempts to join this to form a linear ternary aggregate (cf. plot for P4);
shortly afterwards however, at 13.4 ns, it instead joins 31V to form an independent binary aggregate (cf. plot for P6).
The two binary aggregates survive separately for about 10.7 ns, after which, between 24.2 ns and 26.3 ns, they approach
each other and fuse between 31 and 31V (c¢f. P3), to become a quasi-linear quaternary aggregate. Between 30 ns and 35
ns, this finally bends into a rhombus (c¢f. P4 and P5), which it remains as until the end of the simulation, as illustrated in
Figure 9.

Figure 10. Snapshot at 40 ns of the ternary aggregate formed by the fictitious PKAs 31, 3III, and 31V, arising in 3-B during the MD production
stage. Key: same as Figure 4, with water molecules and distal Li" omitted for clarity.

In 3B (Figure 8b), we observe a very similar situation: the first binary aggregate is formed by P6 at 5.5 ns. Until
about 20 ns, this exists on its own, apart from three brief stints as: a linear tertiary aggregate, when 31 attempts to
approach it at 3111 (10.7-11.4 ns; ¢f. P2); a triangular ternary aggregate, when 31 returns between 311l and 31V (11.9-13.6
ns; ¢f- P2 and P3); and another triangular ternary aggregate when 311 briefly attempts to do the same (17.5 ns; ¢f. P4 and
P5). At 20 ns, finally, 31 approaches 3III and 3IV for the third time: this time, a stable triangular ternary aggregate is
formed, which 3II unsuccessfully attempts to join at 31 (27.6-27.7 ns; ¢f- P1), and which survives until the end of the
simulation (Figure 10).

Li" Distribution Around 1, 2 and 3

MD results presented above for 3-A and 3-B provide strong evidence that Keggin anion aggregation does indeed occur
even in the absence of x. It is then all the more evident that, since 1 and 3 only differ in their charge and in nothing else,
the key factor behind aggregation must be the higher charge in 3 (and 2), as per our second hypothesis; not 2’s u.

On the grounds of simple electrostatics, it is easy to see that the —9 charge on 2 and 3 cannot act alone to drive
aggregation: it should act, on the other hand, via a mechanism that necessarily also relies on the positively charged
countercations, and one that the —5 charge on 1 should not be able to initiate. A likely involvement of the cations is in
fact equally suggested by all of the previous aggregate snapshots: in Figure S3, Figure 5, Figure 6, Figure 9, and Figure
10, all Keggin aggregates formed by 2 and 3 are seen in association with copious amounts of Li"; on the other hand, in
the snapshot of the transient aggregate arising in 1-B (Figure 4), the presence of O---Li" contacts is noticeably more
scant.
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To more formally probe the existence of such a mechanism, we decide to carry out a full-scale analysis, across all
six of our simulated systems, of how many Li" cations are free in solution at any one time during MD production, and
how many are instead associated with one or more Keggin anion ‘neighbours’. We then complete this analysis by
calculating, in each case, general statistics for the entire production stage, broken down by individual Keggin anions,
whether aggregated or not.

The analysis is carried out using an ad hoc in-house program, which relies on Li’-Keggin distances as measured by
the appropriate GROMACS utility.*" ** The arbitrary threshold below which we consider a hydrated Li" and a Keggin
anion to be ‘neighbours’ (i.e. noncovalently associated) is set at 11.44 A as measured from the Keggin’s aluminium
centre. Derivation of this threshold is outlined as Supporting Information, as are our program’s mode of action and
parameters, and a more detailed description of how Li" hydration evolves upon recruitment by Keggin anions.

In the six panels of Figure 11 we illustrate, for each of the six systems 1-A, 1-B, 2-A, 2-B, 3-A, and 3-B, and at
every picosecond of the 39 ns production stage, the exact proportion of Li" cations that are either isolated in solution
(cyan); or associated with one (red); two (green); three (dark blue); or four Keggin anion neighbours (orange). All of
these cases are mutually exclusive.

freeLi' | onI° onII onIII* onIV®
1-A 11.36 2.30 2.25 2.13 2.11
1-B 11.37 2.35 2.00 2.21 2.19
2-A 2.68 9.35 9.90 8.77 12.21
2-B 3.10 9.62 11.16 9.51 10.72
3-A 3.57 10.87 10.40 9.74 10.46
3-B 393 8.55 7.54 10.14 9.47

“ Not mutually exclusive: Li" shared between Keggin anions
forming aggregates are counted more than once.

Table 1. Overall averages of the Li" cations found in our six simulated systems to be either: free in solution; or associated to Keggin anion I (11,
21, 30), II, 111, and/or IV. Statistics are elaborated after the counts in Figure 11.

We should also note that “number of Keggin anion neighbours” is not synonymous with “aggregate size”: for
example, a Li" with a neighbour count of 3 could be part of a triangular ternary aggregate just as much as it could be

part of a Y-shaped quaternary aggregate (cf. the one occurring at 30 ns in 2-A), in which the ‘fourth’ Keggin is not close
enough to be detected.

1-A: Number of PKA neighbours per Li" 1-B: Number of PKA neighbours per Li'
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2-A: Number of MKA neighbours per Li" 2-B: Number of MKA neighbours per Li"
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Figure 11. Proportion of lithium cations, sampled at every picosecond of the 39 ns production stage, that are either isolated in solution (cyan
area); or associated with one Keggin anion neighbour (red); with 2 (green); with 3 (dark blue); or with 4 (orange). The analysis is carried out on
(a) 1-A; (a) 1-B; (a) 2-A; (a) 2-B; (a) 3-A; and (a) 3-B alike. A lithium cation is considered to be a Keggin anion’s ‘neighbour’ when it is less
than 11.44 A away from its aluminium centre.

Overall statistics for the entire production stage, broken down by isolated lithia and individual Keggin anions (11 —
11V, 21 - 21V, and 31 — 31V)—regardless of aggregation—are instead tabulated in Table 1.

From slightly different perspectives, both Figure 11 and Table 1 confirm that the behaviour of lithium in aqueous
solutions of Lis1 is significantly different from its behaviour in solutions of Lis2 and Liy3; and that in the latter two, it is
in fact very similar, despite 2 having a u and 3 not.

Figure 11a and b show that, in both 1-A and 1-B, there is a considerable predominance of Li" cations (cyan) that
stay free in solution for the entire production stage; Table 1 confirms this, showing that, on average, 11.36 lithia out of
20 remain non-associated in 1-A, and 11.37 remain non-associated in 1-B. In accordance with the almost complete lack
of aggregation, the vast majority of non-isolated lithia only features one Keggin anion neighbour. Episodes of lithia
with two neighbours are scarce and transient: the most conspicuous (1-B at 38.1 — 38.4 ns) corresponds to the longest-
lived aggregate (cf. Figure 3a, Figure 3b, and Figure 4). It should also be mentioned that, as best exemplified by Figure
11a, the 11.44 A threshold may well lead to the detection of two Keggin neighbours on a lithium even if the two are
slightly farther apart than the 14.5 A required to be considered as an aggregate.

Moreover, Table 1 indicates that, despite the overall charge of —5 on each instance of 1, the four PKAs 11 — 11V
are only able to recruit, on average, between 2.00 and 2.35 lithium partners.

In the four systems featuring Lis2 and Lio3, the situation is radically different. Compared to Figure 11a and b, the
cyan area in Figure 11c-f is almost wiped out, indicating that the proportion of lithium cations free in solution is very
low in all four systems (an average of 2.68-3.93 out of 36 according to Table 1). Furthermore, the number of isolated
lithia seems to be unaffected by presence, size, or number of aggregates, as indicated by the horizontality of the red-
cyan boundary, right from the earliest stages of production.
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Expectedly, the appearance of larger Keggin neighbour counts in the later stages of MD production roughly
reflects the appearance of larger or multiple aggregates resulting from Figure 3¢, Figure 3d, and Figure 8 (despite the
two quantities not being synonymous). For example, in 2-A and 3-A, the formation of rhomboidal quaternary
aggregates is duly reflected by the appearance of lithia with four neighbours in Figure 11c¢ and e (whereas the Y-shaped
aggregate in 2-A goes undetected).

Unlike 11 — 11V, which are able to recruit less lithium cations than dictated by their —5 charge, Table 1 values
crucially show that the situation with 21 — 21V and 31 — 31V is quite the opposite: the number of lithia captured by each
anion is almost always higher than 9 (ranging from 9.35 on 2I in 2-A to 12.21 on 2IV in 2-A). The three exceptions
(7.54, 8.55, and 8.77), observed in 3-B and 2-A respectively, remain in any case quite close to 9.

Discussion
Plenary are solitary

Both visual inspection and the distance plots in Figure 3 amply confirm the very different behaviour of the PKA salt
Lis1 and the MKA salt Lis2 during the production stage of their respective MD simulations. These differences are also
encouragingly replicated across independent systems A and B both in the case of Lis1 and in the case of Lig2.

Our simulations manage to produce stable lacunary Keggin anion aggregation in systems featuring 2 (2-A and 2-
B), with the formation of binary, tertiary, and quaternary aggregates (Figure 5 and Figure 6) surviving right up to the
end of all simulations. On the other hand, aggregation in systems featuring 1 (1-A and 1-B) is almost inexistent, with
aggregates only surviving for a few picoseconds (Figure 4): this particular observation is completely in line with the in
silico findings previously reported by Chaumont and Wipff®® who, in their simulations of Lis1 and other PKA salts at
various concentrations, also only observe transient aggregation. Similarly short lifetimes are also reported by Bera et al.

from their simulations of PKA in acid medium.”

No dipole, no party?

As per the first of the two hypotheses provided in the introduction, our priority is to investigate whether 2’s unique
dipole moment x4 could be the determining factor in its prompt aggregation. However, when in Figure 7 we compare the
relative orientation of x4 in four selected pairs of 2, in both 2-A and 2-B, it is impossible to detect any concrete change in
4 alignment upon aggregation, apart from an understandable drop in u fluctuations due to rotational hindrance.
Influence of u on aggregation should therefore be definitely ruled out.

From a physical point of view, such clear lack of influence could be justifiable by invoking Keesom’s energy Udip,87
which refers to the interaction between two freely rotating spherical molecules with permanent dipole moments (i.e. the
situation of LKAs prior to aggregation). The equation for Ug, for two molecules with identical u at distance r and at
temperature 7 is

g 2 w2\ 1
dip = " 3kpT \dmepe) 776

where kg is Boltzmann’s constant, € is the dielectric constant of the (in this case) water, and &, is the vacuum
permittivity constant. Not only does Ul in this form not depend on relative orientation of x, but one can see that, even
at 14.5 A (closer than which a pair of LKAs cannot physically be), the ° dependence of Usip brings it to near-zero
values, whereby, even with the ¢ of ~12 D present on 2, two molecules of 2 would not be able to ‘feel’ each other.

13



A cationic glue

After ruling out any involvement of u, the introduction of MD simulations of Lis3 solutions (in 3-A and 3-B) is viewed
as a sort of acid test to see whether, indeed, it is simply the higher charge, rather than y, that plays a role in aggregation.
Thus, the unequivocal formation of aggregates in 3-A and 3-B (Figure 9 and Figure 10), recognisable in the distance
plots in Figure 8, strongly implies that aggregates in 2-A and 2-B too only form because of 2’s —9 charge.

Turning once again to the 2013 studies by Chaumont and Wipff,” one can see that, although the authors only
worked with PKAs and therefore only saw transient aggregation, they did nevertheless report that aggregation occurred
more frequently in [A1W12040]5' solutions than it did in those with the less charged [SiW12040]4' and [PW]2040]3'. Even
if it concerns species with much lower charges, this observation is still very much in line with our own, and somewhat
reinforces our hypothesis that, all else being equal in our particular study, the —9 charge on [AIW,;03]" is the main
factor driving its aggregation.

We have noted several times, by now, that in order to drive aggregation, the higher negative charge on 2 must be
working in co-operation with the lithium countercations to some extent. In this respect, the relevance of contacts
between PKAs and alkali metal countercations was also studied in detail by Chaumont and Wipff,** * and, to a lesser
extent, by Leroy et al.:* all simulations found that aggregate formation, no matter how transient, inexorably depends on
the nature of the countercation t00,68’ 8 with the combination of [A1W1204o]5' and Li" incidentally giving the most
favourable results thanks to the exceptional energetic stability enjoyed by the Li*-[AIW ,04]’ ion pair.®®>® In any case,
countercations were reported to often act as an outright “electrostatic glue”, promoting the formation of Keggin anion
oligomers.

Reproduction in our MD simulations of such “cationic glue” effect is exactly what seems emerge from the
aggregate snapshots in Figure 4, Figure 6, Figure 9, and Figure 10, wherein a varying number of dehydrated or partly-
dehydrated lithium cations is always seen to be interspersed between aggregating Keggin anions, forming O---Li"---O
contacts.

From the Li" counts presented in Figure 11 and Table 1, we are also able to see that, thanks to their higher charge, 2
and 3 are able to take much better advantage of this lithium glue: even when not aggregated, each of these anions is able
to recruit a relatively large number of Li" companions (> 9 on average), which we believe greatly improves their
chances to form aggregates. By contrast, the lower charge on 1 only allows it to recruit a limited number of
countercations, with a large excess remaining free in solution: this inevitably jeopardises its ability to aggregate.

Ultimately, another element that strongly supports the importance of charge and irrelevance of u is the aggregation
into supramolecular vescicles that has been experimentally observed in solution for much larger, and much more
negatively charged POMs, even if lacking a u*> *** ™ (¢f. Introduction). Our results also lead us to believe that, were
simulations repeated with the structural isomers of 1 and 2 B—[A1W12040]5' and [33—[A1W]1039]9',89 their outcome would
be unchanged.

Conclusions and Summary

In this publication, we have presented a series of large-scale molecular dynamics simulations (MD), 39 ns in length,
featuring aqueous lithium salts of: the plenary Keggin anion [AIW;04]; its lacunary counterpart
[AIW,,050]”; and the fictitious plenary Keggin anion [AIW;04]". To the best of our knowledge, simulation of
[AIW, 1039]9' and [A1W12040]9' is unprecedented.

Our simulations led to the formation of stable, long-lived Keggin anion aggregates in solutions of LigAIW;03o.
On the other hand, despite the lower negative charge on [AIW,04]”, aggregation observed in solutions of LisAIW 504
was transient at best, when present at all.

We thus set out to investigate the reasons behind this fascinating difference in properties. The first possible cause
we investigated is the strong dipole moment present in [AIW,,030]” but absent in [AIW,04]”. However, analysis of
relative dipole moment orientation in pairs of aggregated [AIW,030]” did not reveal any regular alignment patterns: the
possibility of dipole moment being a decisive factor in aggregation was therefore discarded.

Suspecting, then, that the higher charge on [AIW,;039]” alone might behind its greater propensity to aggregate (in
necessary co-operation with the lithium countercations), we introduced MD simulations of LigAIW,049, with the
precise intention of studying a fictitious Keggin anion that featured the same high negative charge as [AIW,03]”, but
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that, like [AIW,04]”, lacked a permanent dipole moment. In line with this second hypothesis, despite the lack of
dipole moment, solutions of LiyAIW;,04 were equally seen to give rise to stable aggregates with identical
characteristics to those observed in LigAIW;;039. This confirmed the important contribution to aggregation that the
higher negative charge on the lacunary [AIW, 1039]9' is able to provide at the tested concentration of 0.026 M.

Furthermore, in confirmation of countercations’ key role in mediating aggregation of the more negatively charged
[AIW,030]" and [AIW,04]”, we find that, throughout their respective MD simulations, even when not aggregated,
both of these anions are able to recruit an average of 9.90 lithium cations each: this is evidently enough to annul the -9
negative charge, and “clectrostatically glue” the anions together. On the other hand, [AIW,04]" are only able to
recruit an average of 2.19 cations each, with a large excess remaining free in solution: the “electrostatic glue” effect is
not replicated in this case, and this is why aggregation at low concentrations is not observed in our simulations.

With our work, we hope to have once again highlighted the extra benefits that classical MD simulations can
provide when seeking to understand the all-important dynamic properties of Keggin anions (and other
polyoxometalates) in solution. Simulations featured here are run at particularly low concentrations, and with no
additional electrolytes; yet they still indicate the creation of very long lived (nanoseconds scale) aggregates in the case
of lacunary Keggins. We are convinced that the results presented here pave the way for further experimental studies on
those highly charged species.

Supporting Information. Forcefield equations, parameters, and other details not covered in the main text.
Characteristics and setup of individual MD simulations. Post-MD analysis (quantification of Keggin anion aggregation;
supplementary illustrations of the aggregates in 2-A; calculation of dipole moment orientation; quantification of Li'-
Keggin anion association). Hydration of Li" cations in the vicinity of aggregates.
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