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Understanding multiple lengthscale correlations in the pair
distribution functions (PDFs) of aq. electrolytes is a persistent
challenge. Here, the coordination chemistry of polyoxoan-
ions supports an ion-network of cation-coordination polyhe-
dra in NaNO;,, and NaNO,, that induce long-range so-
lution structure. Oxygen correlations associated with Na™-
coordination polyhedra have two characteristics lengthscales;
3.5 - 5.5 A and 5.5 - 7.5 A the latter solely associated
oligomers. The PDF contraction between 5.5 - 7.5 A observed
in many electrolytes is attributed to the distinct O---O corre-
lation found in dimers and dimer subunits within oligomers.

Highly concentrated solutions are gaining importance due to
aq. battery technologies**# and industrial waste processing.” So-
lution organization influences transport and phase behavior and
is measured using total PDFs, labelled G(r), obtained from X-ray
or neutron total scattering. Much work has focused upon identi-
fying ion-solvation, contact ion pairs (CIPs) and solvent separated
ion pairs (SSIPs), and specific ion effects. Approaching electrolyte
saturation there is insufficient H,O to form complete ion solva-
tion shells, increasing CIPs and SSIPs and inducing pair correla-
tions in the PDF at two characteristic distances: 3.5 - 5.5 A (the
mid-range, 2"¢ nearest neighbors) and 5.5 - 7.5 A (the long-
range, the 3¢ - 4'" neighbors). Overlapping atom-pair correla-
tions complicate interpretation of the mid-range PDF,®Z which is
exacerbated at long-range and as concentration increases. Mid-
range water O-atom Oy ---Oy correlations occur between 3.5 -
5.5 A (centered at 4.5 A)8 but overlap with ion--- O distances for
many halides (2.8 - 3.6 A) and polyoxoanions (3.7 A for NO; or
NO; and 4.3 A for SO, ). Depending on the ion identities, the
mid-range peak may decrease in intensity with increasing con-
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centration (loss of Oy ---Oy pairs), change its location or shape
as Oy ---ion correlations increase their prevalence.

Trends in the long-range PDF with electrolyte concentration are
similar to pressure-dependent water.? Compression from 1 —
3000 bar contracts the Oy ---Oy peak from 4.5 to ~ 4.3 A and
decreases its intensity, 1Y while the long-range peak contracts and
the region in between the mid- and long-range increases inten-
sity. Structural models propose a collapse of the H,O 2 shell
that causes higher occupancy in the interstitial space with the
37 shell concomitant with an increase in the water density and
potential orientational disorder.21:12/ Concentration dependent
PDFs of NaCl(M) exhibit similar trends; the mid-range Oy --- Oy
slightly increases and the contraction at long-range is more pro-
nounced. Originally attributed to similar origins, recent work
indicates that the PDF changes derive from the H,O that reside
in the 1% solvation shell of Na™ and Cl~ rather than shifting
H,0 between 2" - 37 shells.1? Concentration dependent long-
range PDF changes are more ubiquitous, less ion-dependent, 1314
and are predominantly interpreted via atom-pair types. Study of
concentrated NaOH|,,)1>!}¢ indicates highly fluxional extended
ion-networks, where coordination to Na* and OH™ strongly in-
fluence the PDF. We hypothesize that such features may be sta-
bilized by polyoxo anions whose cation binding modes induce
clear geometric arrangements. Toward this end, the structure of
NaNOg(,q) and NaNO3(,q) at 1, 2.5, 4, 6, 8, 10 molal and satura-
tion were studied through X-ray total scattering at the Advanced
Photon Source, beamline 11-ID-B. Classical molecular dynamics
(CMD) simulations provide atom-pair and molecular interpreta-
tion of simulated X-ray G(r) and contributions from specific atom
pairs or groups of partitioned atoms, labelled G*(r) (see Supple-
mentary Information for details).

Mid-range G(r) features in NaNO,,, shown in Figure [1| are
reproduced in the CMD, (NaNO3(aq) data in Figure S3), and are
correlated with predicted changes to ion speciation. Feature A
at ~ 1.25 A represents the intramolecular oxyanion N-O bond.
Feature B occurs at ~ 2.23 A in NaNO; and 2.23 - 2.39 A in
NaNO, dependant on concentration. At 1 m NaNO,, B is cen-
tered at 2.48 A and 1 m NaNOs at 2.40 A. B broadens and shifts
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Table 1 Atom pair correlations that contribute to features B - E in the simulated PDFs.

NaNO3(a )
Feature — B C-D E
Atom Pair — ON~-~ON Na-~-OW Na~-~ON Ow-~-OW Ow~~'ON Ow-~-OW Ow~~~ON
Peak Center (A) —» 2.18 2.25 2.48 2.78, 3.15 2.92 4.5 4.68
NaNOz(a )
Feature — B C-D E
Atom Pair —» Oy---Oy Na---Oy Na---Op Ow---Ow Ow---Ony | Ow---Oy Ow---Opn
Peak Center (A) —» 2.08 2.26 2.38 2.78, 3.15 2.81 4.56 4.58

1 —— Water
71— 1m NaNO,

1—2.5m NaNO,
{1——4 m NaNO,
]——6m NaNO,
-|——8m NaNO,
10m NaNO2
conc. NaNO,

| —— water
—— 1.1 m NaNO,

1——3.8 mNaNO,
—— 7 m NaNO,
1——10.5m NaNOZ
13 m NaNO,

Fig. 1 Short- and mid-range experimental (a) and simulated (b) total
X-ray PDFs for NaNOj(,q). Data for NaNOgz(,q) are shown in Fig. S3.

to longer distances with increased [NaNO,]; at saturation, B has
broadened by 0.13 A and shifted by 0.16 A for NaNOy(aq), and
in NaNOj3(,g) it has broadened by 0.07 A. As observed in Table
Na---O and Oy---Oy correlations in the simulated PDF align
with B (Figure S4). In the case of NaNO;(4), there is significant
overlap in the Oy---Oy and Na- - - Oy correlations (at 2.18 A and
2.25 A, respectively) both of which gain intensity with increasing
[NaNO3]. In contrast, the overlap in the Oy---Oy (2.08 A) and
Na---Oy (2.26 A) is smaller in NaNOz(aq> and more significant
overlap occurs between Na---Oy and Na---Oy (centered at 2.38
A). These data are consistent with trends in Na™ local coordina-
tion, including growth of anion binding (Figure[3j, Table S5) and
changes to coordination modes, described using the nomencla-
ture of Ref. [17] (Figure S5) and provided in Table S6. At 1m ~
50% and 72 % of Na™ in the nitrite and nitrate solutions, respec-
tively, are solely hydrated. Yet there is a steady growth of anion
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binding such all Na™ are bound to an anion at saturation. Ob-
served CMD denticity of anion coordination was compared to ab
initio simulations to ensure realistic behavior (Figure S6). At low
electrolyte concentration in the CMD simulations, bi- and mon-
odentate coordination in NaNO, is observed while monodentate
coordination is observed in NaNO3. With increasing electrolyte
concentration bidentate coordination increases and ion-pairing is
enhanced, leading to di- and tri-nitrate species (Tables S5 - S6).
These two phenomena underpin the increased contributions of
the Oy---Opy and Na---Oy to B.

Feature C in Figure [1|is centered at 2.82 Aat1lm NaNO; 4
and NaNO,,,. C decreases in intensity and moves to longer dis-
tance by 0.1 A with increasing electrolyte while neighboring fea-
ture D increases intensity at ca. 3.17 A for NaNO3,4,) and 3.21
A for NaNOy4,). As shown in Figure S7, Ow--Ow contributions
at 2.78 - 2.82 A to C decrease as concentration increases. The
two electrolytes exhibit anion dependent Oy --- Oy distances, oc-
curring at 2.92 A in NaNOj3(,,) and 0.1 A shorter in NaNOy (),
consistent with prior DFT studies and increased viscosity for aq.
nitrite. 1812 Feature D appears as a shoulder to C in the G(r) and
is attributed to a new Oy ---Oy correlation at 3.15 A whose ori-
gin is not apparent. At 1 m, feature E is broad and begins at ~
3.48 A extending to 5.73 A and centered at ~ 4.53 AThe con-
tributions to E are Oy ---Oy (~ 4.5 A) and Oy --- Oy (4.68 A
and 4.58 A for NaNOs(,,) and NaNO,,,), respectively) as shown
in Figure S8. With increasing [NaNO,], D obscures the start of
E and there is considerable overlap at 4 A. The range of E con-
tracts by ~ 0.4 A in concentrated NaNO;,,) and is more pro-
nounced in NaNO,,,. Although there is no distinct shift in the
peak maximum for NaNOj,,), in NaNO, g, it shifts from ~ 4.53
A in the 1 m solution to 4.40 A at saturation. In the simulated
G(r) the range of the Oy ---Ow contribution narrows and the Oy
--- Oy increases with concentration (recall Oy --- Oy is shorter
in NaNO,,,) relative to NaNOj,,)). Like D, an interpretation of
E based upon local coordination to Na* is unclear.

The interplay of C - E indicate molecular-scale organization that
may influence the long-range. At 1 m, feature G occurs at ~ 6.84
A (Figure , yet as [NaNO,] increases G decreases and there is a
distinct shift to yield F, centered at 6.15 and 6.23 Ain NaNO; 4
and NaNO,,,. Here, the Oy ---Ow and Oy ---Op are contribu-
tors (Figure S10) and prior study of NaNOj3/,, has surmised the
replacement of Oy ---Ow by Oy --- Oy.2% Instead, we hypoth-
esize and test a partition of the atom-pair correlations into two
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Water
—1m N.'aNO2

——2.5m NaNO,
——4 m NaNO,
——6m NaNO,
——8m NaNO,
10 m NaNO,
conc. NaNO,

Water
—— 1.1 m NaNQ,

——3.8 m NaNO,

. —— 7 m NaNO,
——10.5 m NaNO,

-13 m NaNO,

2

r(A)
Fig. 2 Long-range experimental (a) and simulated (b) total X-ray PDFs

of NaNOx(,q). Data for NaNOgz(,q) are shown in Fig. S9.
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Fig. 3 (a) Top 6 observed coordination environments of Na™ as a func-
tion of [NaNO;] in CMD. Labels [a, b] indicates coordinated H,O and
NOj3, respectively (Table S7). (b) The % change A;y of polyhedron
and oligomers of size N as a function of [NaNO;] calculated from CMD.
Ain = (Poy —Pen)/Pen, where P is the probability at a concentration i
relative to the lowest concentration ¢ for which N-oligomer is observed.
The decreased observation of N = 3 - 5 at high [NaNO,] is due to low
observation highly fluxional large N and are not reported (Table S8). (c)
Representative oligomers in NaNOy(aq). This information for NaNO3 is
shown in Figure S13.

groups that contribute to G(r) (Figure S11): 1) the ensemble dis-
tribution of Oy and Oy that coordinate Na™; 2) the remaining
H,0 outside of Na' coordination, referred to as "bulk O" in the
remaining discussion. We use a cation-centric partitioning, as an-
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ion solvating Oy ---Ow were found to have the same RDFs as all
other H,O. This partitioning allows us to test two potential struc-
tural origins of the observed long-range shift. First, is that the
long-range contraction is an emergent behavior of subtle varia-
tions in H,O intermolecular interactions that do not solvate Nat.
As observed in Figure S12 and Table S7, variations in HB distance
of 0.1 A and 10 ° easily shift in Oy --- Oy distances by 0.3 A at
mid-range and extension to the 4 - 5 HB pathways at long-range
could lead to the G — F shift. A second origin may be that the
bulk water is replaced by Na™ coordination complexes, where
new Oy --- Oy correlations emerge when multiple H,O solvate
the same Na™, are constrained in between Na™ as part of SSIPs,
and form new Oy --- Oy correlations when an H,O and NO; or
NO; coordinate to the same Na*. Connected coordination poly-
hedra of Na™ (oligomers) will have different distances of Oy - -
Ow and Oy --- Oy correlations. The 2™ case is a "molecular”
building block perspective of an extended ion-network, and the
partitioned contributions to G(r) are referred to as "network O".

With increasing concentration, the composition of Na™ coordi-
nation environments becomes more complex. As shown in Figure
there is a systematic increase of coordinating anions; bidentate
k2 anion coordination [I7/to 2 Na™ is observed in ~ 5% concen-
trations even at 1 m electrolyte (Table S6). Growth of triden-
tate (p-k2:x! anion coordination occurs at 6 m [NaNOj34,)] and
10.4 m [NaNOz(a(D]. As saturation is reached, a breadth of tetra
to heptadentate anion coordination exists. Concomitantly there
is a huge increase of anions coordinating multiple Na* to form
oligomers. Figure [3p-c presents the oligomer distributions (Ta-
ble S8) of coordination polyhedra, with representative structures
for NaNO,,,). Anion bridging and corner-sharing connectivity
are the most frequently observed (Table S9, Figure S14). Hex-
amers occur near saturation and stable oligomers appear to exist
in a highly fluxional near-percolated network of ion-interactions.
This is indicated in Figure S15, where the oligomer size is plotted
vs. time. While most oligomers are stable at a size below 6, these
species may come together into large highly dynamic clusters up
to size 100 that encompass nearly all ions and rapidly break.

Examining the partial G*(r) of the partitioned bulk O and net-
work O that contribute to the total PDF reveals that the polyhe-
dral building blocks of ion connectivity have distinct O--- O corre-
lations. Importantly, this is true for both the mid- and long-range
features of the PDF. As shown in Figure 4h, the mid-range G*(r)
Ow --- Ow peak of the partitioned bulk water is centered at 2.78
A. We also examined those Oy that reside in the 2@ solvation
shell of the Na™* coordination polyhedra (or at the interface be-
tween the polyhdra and bulk water) and observe these Oy have
the same correlation as bulk Ow. In contrast, the G*(r) of Oy
solely within the network of Na T coordination has a peak at 3.15
A for NaNOj3,,) and NaNOy(,,). Thus, the growth of feature D
and decrease of C in Figure an now be attributed to Oy ---Ow
comprised of H,O bound to Na™ in the ion network.

Figure[4{(b) presents the O---O G*(r) at long-range. The Oy -
Ow the peak in G*(r) of the bulk water is centered between 6.7 -
6.8 A and is assigned to G in Figure The O--- O in the network
of Na-coordination polyhedra has a peak maximum at 6.25 and
6.15 A for NaNO3 and NaNO,, aligning with F. To directly cor-
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relate F with oligomer concentration, we plot the distribution of
oligomers in Figure S17 and the probability distribution of O...O
distance as a function of oligomer size in Figure S18. Interest-
ingly, the characteristic c.a. 6 A F peak is a feature of the dimer,
and increases in intensity with oligomer size due to the number
of dimer sub-units as the oligomer grows. Thus, we definitively
show that the G — F in the long range originates from charac-
teristic Ow...Ow, Ow...Oy, and Oy...Oy correlations within dimer
sub-motifs of oligomers in an extended ion network.
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Fig. 4 (a) Mid-range partial XRD PDFs of the two structural models in
NaNOz(aq) (Eqn. S4). Solid lines: bulk O --- O; dash lines: networks O
.-+ O; dot lines: interfacial O --- O. (b) Long-range partial XRD PDFs of
O---0 (solid lines) and different oxygen states (shaded lines) in NaNO,
solutions. G*(r) of bulk O and networks O are aligned by moving the
averaged G*(r) from 5.5-7.5 A to 0. Data for NaNO3z(aq) shown in Figure
S16.

Polyoxo anions are shown to facilitate connected cation coordi-
nation polyhedra that yield multiscale PDF correlations. Specifi-
cally, Oy --- Oy associated with ion solvation, and oligomeriza-
tion of the coordination polyhedra about a metal cation have two
characteristics lengthscales. At the mid-range are Oy correlations
within the coordination shell about the same cation, while at the
long range O-atom correlations derive from connected coordina-
tion complexes, bridged by anions, corner-, edge-, or face-sharing
H,0. The general long-range PDF contraction, observed ubiqui-
tously in aq. electrolytes is explained by loss of the many-body
bulk water and growth of ion-network O --- O facilitated by well-
defined paths along edges of coordination polyhedra.
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