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Abstract

Although long recognized, understanding multiple lengthscale correlations in the X-

ray and neutron pair distribution functions of aqueous electrolytes remains a persistent

challenge. This work leverages polyoxoanions to support cation-centric coordination

polyhedra in NaNO3(aq) and NaNO2(aq) with characteristic pair-wise correlations inter-

preted through classical molecular dynamics simulations and graph-theoretical analy-

ses. We demonstrate that the water oxygen Ow · · · Ow correlations associated with

Na+-coordination polyhedra (and their oligomers) have two characteristics lengthscales.

That between 3.5 - 5.5 Å is associated with Ow coordinated to the same Na+, while the

second between 5.5 - 7.5 Å is associated with Ow coordinating different Na+ connected

by bridging anions, corner-, edge-, or face-sharing. The ubiquitous contraction of the

PDF between 5.5 - 7.5 Å observed in many electrolytes derives from the loss of the
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many-body bulk Ow · · · Ow and growth of all combinations of Ow and On correlations

that emerge due to the ion network of Na-coordination polyhedra.
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Many properties of aqueous electrolytes are directly attributed to, or strongly corre-

lated with, structural organization of the solution. Conductivity,1,2 diffusion3 and transport

properties4 depend upon local speciation and organization, while complex and unresolved

relationships exist between the solution structure and varying aspects of phase behavior

(e.g., solubility,5–7 nucleation mechanisms,8 and particle aggregation9). The total pair dis-

tribution function (PDFs, also referred to as G(r)) obtained from either X-ray or neutron

total scattering, is a primary technique used to evaluate solution structure, where multiple

length scale correlations are observed. At a local-scale, significant study has been dedicated

to elucidating ion-solvation structures (solvation numbers and geometries), ion speciation

(contact ion pairs (CIPs) and solvent separated ion pairs (SSIPs)), and specific ion effects

upon the bulk water structure.10–15 While most emphasis has historically been towards rela-

tively dilute concentration regimes, highly concentrated (so-called water−in−salt solutions)

have recently grown in importance due to emerging aqueous battery technologies1,2,16,17 and

challenges in the processing of industrial wastes (including nuclear waste management).9,18,19

As the solubility limit is approached, there is insufficient H2O to form complete solvation

shells about ions causing increases to CIPs and SSIPs.11,18 Concomitantly, pair correlations

in the PDF emerge at two characteristic distance regimes that represent changes to the 2nd

nearest neighbor interactions at 3.5 - 5.5 Å (the mid-range) and the 3rd - 4th neighbor at

approximately 5.5 - 7.5 Å (the long-range).

Elucidating the origin of mid-range organization is a significant challenge as it may result

from overlapping atom-pair correlations.20–24 This problem is amplified in the long-range

and as the solution complexity and electrolyte concentration are increased. Assuming a

spherical shell model of solvation, the change in volume increases as 4
3
πr3 and in moving

from the mid- to the long-range regime the number of accommodating H2O nearly doubles

with an N(N−1)/2 increase in pairs. Mid-range O-O pair correlations for water (Ow· · ·Ow)

occur between 3.5 - 5.5 Å (centered at 4.5 Å)25,26 but overlap with ion· · ·O distances for

many halides (2.8 - 3.6 Å) and polyoxoanions (3.7 Å for NO−
2 or NO−

3 and 4.3 Å for SO−
4 ).
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Depending on the electrolyte identity and concentration, the mid-range peak centered at 4.5

Å may thus have an overall decrease in intensity with increasing electrolyte concentration

(commensurate with a loss of Ow· · ·Ow pairs) or it may also change its location or shape

as contributions from Ow· · · ion correlations increase their prevalence.

The contributions at long-range reflect a distribution of many-body configurations often

described by geometric metrics (angular distributions) or local water density. Interestingly,

the trends in G(r) as a function of electrolyte concentration are similar to those observed

for water under increasing pressure, leading to similar structural interpretations.27,28 Upon

compression from 1 to 3000 bar, the 2nd shell Ow· · ·Ow correlation contracts from 4.5 to

to ∼ 4.3 Å with a significant decrease in intensity.29 Meanwhile the 3rd shell long-range

correlation contracts and the interstitial space in between the mid- and long-range increases

in intensity. Structural models of water at high-P propose a collapse of the 2nd solvation

shell about individual H2O that expels them and causes higher occupancy in the interstitial

space with the 3rd shell concomitant with an increase in the bulk water density.28–31 This

may lead to increased orientation disorder.27,32 The PDFs of NaCl(aq) exhibit similar changes

as concentration is increased. The mid-range Ow· · ·Ow correlation exhibits a slight distance

increase alongside a similar decrease in the peak intensity and the contraction of the long-

range correlation is more pronounced than in P -dependent pure water. Originally thought

to come from similar structural origins, recent work has instead indicated an intrinsically

different molecular origin in the concentration dependent electrolytes; changes to the mid-

and long-range G(r) primilarly derive from the H2O that reside in the 1st solvation shell of

Na+ and Cl− rather than shifting waters of solvation between 2nd - 3rd shells.29

Amidst emerging structural interpretations of mid-range correlations, little has been pro-

posed regarding the structural origins of long-range correlation. Contraction of the long-

range feature in the PDF is more ubiquitous and less ion-dependent than changes to the

mid-range.10,18,29,33,34 The breadth of configurational phase space has led to interpretation

based upon contributing atom-pair types rather than molecular configurations or organiza-
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tional metrics.10 Yet approaches that relate atom-pair correlations to an ensemble of struc-

turally organized "states" would be an important stepping stone to achieve a comprehensive

understanding of the relationships between solution structure and the molecular underpin-

nings of phase phenomena and solution properties. Intriguingly, prior analysis of the PDF

and radial distribution functions (RDFs) of concentrated NaOH(aq)
15,35 has indicated the

presence of extended (but highly fluxional) ion-networks of connectivity, where the solvation

or coordination to both Na+ and OH− strongly influence the PDF. We hypothesize in this

work that the ion-networks may be stabilized by polyoxo anions like NO−
2 and NO−

3 whose

binding modes to Na+ and other metals14,36 lead to readily identifiable geometric arrange-

ments across lengthscales. Additionally, the solvation environments about polyoxoanions are

less organized than to Na+ and as such the analysis of ion-networks may be viewed through a

cation-centric framework that focuses solely upon the polyhedral coordination environment

to Na+.

Toward this end, we examine the structure of solutions of NaNO2 and NaNO3 at 1 m,

2.5 m, 4 m, 6 m, 8 m, 10 m, and saturation. X-ray PDFs were obtained through X-ray total

scattering measurements at the Advanced Photon Source, beamline 11-ID-B. Calibration

and data reduction were performed using GSAS-II.37 Data was background subtracted to

remove contributions from air scattering and from the capillary, Fourier transformed, and

normalized using PDFGetX2.38 These experimental studies are complemented by ab initio

and classical molecular dynamics (CMD) simulations and detailed graph-theoretical analysis

of the intermolecular interaction networks. The CMD simulations employed benchmarked

force fields for the entire concentration range and were used to produce simulated X-ray G(r)

using the DISCUS software program39 and RDFs that identify key correlations at specific

distances. RDFs for specific atom types over the entire simulationensemble are labelled g(r)

and calculated using Eqn. S3, while RDFs for sub-ensembles (groups of atom types) are

referred to as g’(r) and calculated using Eqn. S4. Additional details regarding experimental

and computational methods and analyses are available in the Supporting Information.
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Figure 1: (a) Experimental X-ray PDF for concentration dependent NaNO3(aq) up to 5.5
Å. (b) Experimental X-ray PDF for concentration dependent NaNO2(aq) up to 5.5 Å. (c)
Simulated X-ray PDF for NaNO3(aq) solutions obtained using DISCUS39 in the mid-range.
(d) Simulated X-ray PDF for NaNO2(aq) solutions obtained using DISCUS in the mid-range.
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Table 1: Pairwise contributions to features B - E in NaNO3(aq) and NaNO(2(aq) simulated
PDFs at select distances as identified from the CMD RDFs presented in Figures S5 - S7.

Feature NaNO3(aq) NaNO2(aq)

B ON · · ·ON Na· · ·Ow Na· · ·ON ON · · ·ON Na· · ·Ow Na· · ·ON

2.18 Å 2.25 Å 2.48 Å 2.08 Å 2.26 Å 2.46 Å
C - D Ow· · ·Ow Ow· · ·ON Ow· · ·Ow Ow· · ·ON

2.78, 3.14 Å 2.92 Å 2.78, 3.1 Å 2.81 Å
E Ow· · ·Ow Ow· · ·ON Ow· · ·Ow Ow· · ·ON

4.5 Å 4.68 Å 4.56 Å 4.58 Å

Within the experimental and simulated G(r) of NaNO3(aq) and NaNO2(aq), well-defined

features are observed into the mid-range that complement significant changes to the local-

coordination or solvation environments and speciation observed in the CMD simulations.

In Figure 1, three nearest-neighbor features are observed that are consistent with prior

reports.40 The experimental feature A at ∼ 1.25 Å is associated with the intramolecular

oxyanion N-O bond. Feature B occurs at ∼ 2.23 Å in NaNO3 and 2.23 - 2.39 Å in NaNO2

dependant on concentration. At 1 m NaNO2, B is centered at 2.48 Å and 1 m NaNO3 at

2.40 Å (2.23 Å and and 2.21 Å in the simulated PDF). This feature broadens and shifts

to longer distances with increased [NaNOx]; at saturated conditions the experimental B

has broadened by 0.13 Å and shifted by 0.16 Å for NaNO2(aq), and in NaNO3(aq) it has

broadened by 0.07 Å (with no change to the peak position). As observed Table 1, Na· · ·O

and ON · · ·ON correlations align with PDF feature B (shown in Figure S5).41 In the case of

NaNO3(aq), there is significant overlap in the ON · · ·ON and Na· · ·Ow correlations (centered

at 2.18 Å and 2.25 Å, respectively) both of which gain intensity as [NaNO3] is increased.

In contrast, the overlap in the ON · · ·ON (centered at 2.08 Å) and Na· · ·Ow (centered at

2.26 Å) is much smaller in NaNO2(aq) and more significant overlap is observed between

Na· · ·Ow and Na· · ·ON (centered at 2.46 Å). These data are consistent with the changes

to the local coordination environment about Na+, including increased ion pairing (direct

anion coordination) that is observed in the CMD simulation as a function of electrolyte

concentration. This includes the number of nitrates bound to Na + as well- trends in denticity
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of the anion to Na+. Figure 2a presents the most observed coordination environments about

Na+ as a function of concentration, while Table S5 presents exact % observation and Table

S6 presents the distributions of anion binding modes. Ab-initio potential of mean force

simulations of the change from bidentate to monodentate NO−
3 and NO−

2 bound to a single

Na+ indicate two well-defined minima for each coordination state for NO−
2 , while no barrier

is observed between the two states for NO−
3 (Figure S8). At low electrolyte concentration

this manifests itself in the benchmarked CMD as similar observations of bi- and monodentate

coordination in [NaNO2] while monodentate coordination is observed at low concentrations

of [NaNO3]. With increasing electrolyte concentration bidentate coordination increases for

both systems and there is a substantial increase of mono- then di- and tri-nitrate species as

ion-pairing is enhanced. These two phenomena underpin the increased contributions of the

ON · · ·ON and Na· · ·ON within this region for both systems.

The third feature in the experimental G(r), labelled C, is centered at 2.82 Å at 1 m

NaNO3(aq) and NaNO2(aq), and in the RDFs align with Ow · · ·Ow and Ow· · ·ON correlations.

Apriori it should be recognized that the number and strength of the hydrogen bonds (HBs)

differs between the anions, which has a significant affect upon Ow· · ·ON distance dependent

correlations.42 In NO –
3 , the three O atoms are HB acceptors;42 in the case of NO−

2 , the

two O atoms and the central N-atom act has HB acceptor sites. NO –
2 additionally exhibits

asymmetry towards its hydrogen bonding, with a stronger interaction between nitrogen and

water than the oxygen sites.43 The differences in interaction between the NO –
3 and NO –

2 with

solvating H2O are reflected in the average of Ow· · ·ON g(r) distances of 2.92 and 2.81 Å

respectively (Figure S6), concomitant to higher viscosities in aqueous NO –
2 relative to NO –

3 .44

Given these data, one might anticipate concentration dependent shifts to C. Indeed, C

decreases in intensity and shifts by 0.1 Å to longer distance with increasing electrolyte while

a neighboring feature D at c.a. 3.5 Å increases in intensity. As shown in Figure S6, in both

NaNO3(aq) and NaNO2(aq) the Ow · · ·Ow RDFs within 2.78 - 2.82 Å decreases in intensity

(decreased concentration of these pairs) as the electrolyte concentration is increased, yet con-
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Figure 2: (a) Percent observation of coordination environment of Na+ as a function of
[NaNO2]. Labels [a, b] indicates number of coordinated H2O and NO –

2 . Number distribution
provided in Table S7. Only the top six coordination environments are plotted here. (b) The
% change ∆i,N of Na+ coordination polyhedron and their oligomers of size N as a function
[NaNO2]. ∆i,N = (Pi,N − Pc,N)/Pc,N , where P is the probability of observation at at a
concentration i relative to the lowest concentration c for which N -oligomer size is observed.
The decrease in observation of N = 3 - 5 at high [NaNO2] is attributed to highly fluxional
large N that occur at low frequency and are not reported. Number distribution provided
in Table S8. (c) Examples of oligomers in NaNO2 solutions. This information for NaNO3
solutions are shown in Figure S10.

comitantly a new Ow · · ·Ow correlation centered at 3.12 Å (in between C and D) emerges.

At saturation the two distinct Ow · · ·Ow correlations have approximately the same intensity

(yet they are both smaller than the single contribution observed at ∼ 1 m conditions). Thus,
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for both solutions the Ow · · ·Ow correlation g(r) decrease in intensity, broaden and shift to

longer distance with increasing electrolyte concentration. A differentiating factor between

the two electrolytes is the Ow · · ·ON correlation, which has two distinct distances in the

RDF depending on the anion; in NaNO3(aq) the distance is 2.92 Å while it is shorter at 2.81

Å in NaNO2(aq). Feature D, which appears as a shoulder to C in the G(r), is attributed

primarily to the new Ow · · ·Ow at 3.1 Åin g(r), whose origin is not apparent (vide infra). In

contrast, for NaNO3(aq) there is a slightly larger distance separation between the Ow · · ·Ow

g(r) correlation at 2.8 Å and the Ow · · ·ON at 2.92 Å. The concentration dependent changes

to C - D are slightly more exaggerated in the simulated PDF relative to experiment, however

the same trend is observed in both.

The final mid-range feature, E, in G(r) is broad and at 1 m begins at ∼ 3.48 Å and

extends to 5.73 Å with the peak centered at ∼ 4.53 Å in Figure 1. As shown in Figure S7,

the Ow · · ·Ow g(r) (centered at 4.5 - 4.56 Å) and Ow · · · ON (centered at 4.68 Å and 4.58

Å for NaNO3(aq) and NaNO2(aq), respectively) align with E. With increasing [NaNOx], the

emergence of D obscures the start of E and there is considerable overlap of the two features

at 4 Å. Experimentally, the range of E contracts; in concentrated NaNO3(aq) (Figure 1a),

E ends at c.a. 5.32 Å which represents a contraction of nearly 0.4 Å. Similar behavior is

observed in concentrated NaNO2(aq) (Figure 1b) where E ends at approximately 5.19 Å.

Thus the range of E contracts significantly in both electrolytes, but with a more pronounced

change in NaNO2(aq). Although there is no distinct shift in the experimental position of

the peak maximum for NaNO3(aq), in NaNO2(aq) the peak shifts from ∼ 4.53 Å in the 1 m

solution to 4.40 Å at saturation. In the simulated g(r) the range of Ow · · ·Ow contributions

similarly become more narrow as concentration is increased and at the same time the Ow · · ·

ON contributions increase which is shorter in NaNO2(aq) relative to NaNO3(aq). Like peak

D, an interpretation of E based upon the local anion or water coordination to Na+ is not

obvious.

Although the trends to the experimental PDF are similar to those observed in other
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systems like NaCl(aq), the interplay of features C - D and shift of E indicate that there may

exist local molecular organizational motifs that are building blocks for extended solution

structure. The trends in anion coordination to Na+ are one key indicator. As shown in

Figure 2a and Table S6 there is significant growth of the number of anions bound to Na+.

Those anions not participating in such ion-paired species at high concentrations are all part of

SSIPs. The large concentration of di- and trinitrate bound structures is a strong indicator of

longer lengthscale ion interactions. With this perspective, we now focus upon the long-range

correlations observed between 5.5 - 7.5 Å as shown in Figure 3.

At 1 m, feature G occurs at ∼ 6.84 Å. Yet as [NaNOx] increases G decreases in intensity

and there is a distinct shift to yield feature F, centered at 6.15 and 6.23 Å at saturated

NaNO3(aq) and NaNO2(aq), respectively. The simulated PDFs reproduce this trend, with

Ow · · · Ow and Ow · · · ON correlations having significant concentration of in this distance

region in the RDF. Prior study of NaNO3(aq) has interpreted this trend qualitatively through

the disruption and replacement of Ow · · · Ow by Ow · · · ON .40 More quantitatively, at least

two different structural models could be put forward. First, small variations in HB distances

or angles (not resolved by the PDF) may propagate to longer lengthscales and lead to the

observed contraction. As observed in Figure S11 and Table S9, variations in HB distance

of 0.1 Å and 10 ◦ easily lead to shift in Ow · · · Ow distances of 0.3 Å in the mid-range.

Extending such logic to the 4 - 5 hydrogen bond pathways needed to get to the long-range

distance region is entirely consistent with the alteration of G to F. Thus, in structural model

1 the long-range contraction is an emergent behavior that derives from subtle variations in

intermolecular interactions of pairs of H2O. In structural model 2, the bulk water network

is systematically replaced by coordination polyhedra about Na+, where new Ow · · · Ow

correlations emerge when multiple water solvate the same Na+, are constrained in between

Na+ as part of SSIPs, and form new Ow · · · ON correlations when an H2O and NO−
3 or

NO−
2 coordinate to the same Na+. Connected coordination polyhedra of Na+ may also lead

to new Ow · · · Ow and Ow · · · ON correlations depending on the nature of the connectivity.
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The second structural model thus provides a "molecular" building block model of extended

ion-network connectivity from a cation-centric perspective. To discern between the two

structural models, graphs of intermolecular interactions were employed to identify: 1) the

ensemble distribution of local coordination environments to Na+ including the composition,

polyhedral geometry, and any oligomerization; 2) different H2O and their hydrogen bonding

patterns outside of any interactions to the electrolyte ions.

Referring to the first analysis, as illustrated in Figure 2a, the composition of the coor-

dination environment about Na+ becomes increasingly complex with increasing electrolyte

concentration. At saturation only ∼ 60 % of the coordination to Na+ is described by "tra-

ditional" ratios of coordinated H2O and anion where the anion is bound to a single Na+

in a mono- or bidentate fashion. Instead, there is a huge increase of anion coordination to

multiple Na+ within an oligomeric framework, characterized using the terminology of Ref-

erence 45. As shown in Table S5 bidentate κ2 anion coordination to 2 Na+ is observed in

∼ 5% concentrations even at 1 m electrolyte concentration. Yet significant growth of tri-

dentate µ2-κ2:κ1 anion coordination begins to be observed at 6 m [NaNO3(aq)] and 10.4 m

[NaNO2(aq)]. As saturation is reached in both cases, a large breadth of tetra up to heptaden-

tate anion coordination modes are observed. Necessarily anion coordination to multiple Na+

ions means oligomerization of the coordination polyhedra illustrated in Figure 2b. The an-

ion may bridge coordination polyhedra or participate in corner-sharing, however coordinated

H2O may additionally participate in edge- and face-sharing connectivity patterns (illustrated

in Figure S12). Representative oligomeric struftures are shown in Figure 2c. Anion bridg-

ing and corner-sharing connectivity are the most frequently observed, followed by edge- and

face-sharing (Table S10). Although there is always a predominance of dimers in the solu-

tion, there is growth of up to hexamers at appreciable concentrations near saturation. Note

too that near saturation these more stable oligomers appear to exist in a highly fluxional

near-percolated network of ion-interactions.

With the speciation of all Na+ coordination environments and oligomers of coordination
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polyhedra identified, we now turn to the contributions of the O· · ·O correlations that derive

from the polyhedral building blocks of ion connectivity, relative to the H2O that do not

interact with any ions that represent a "bulk water" state. This is done by analyzing the

positions of partial RDFs g’(r) of these groups of atom types. As shown in Figure 4, within

the mid-range, the Ow · · · Ow correlation of the bulk water state is centered at 2.78 Å and

does not change position as a function of electrolyte concentration. The Ow that reside

purely within the coordination polyhedra of Na+ and network of connected polyhedra have

a peak centered at 3.16 Å for NaNO2(aq) and at 3.15 Å for NaNO3(aq). This correlation of

Ow does not change position with increasing electrolyte concentration. Finally, the waters

that lie at the interface of the coordination polyhedron network and the bulk water network

were examined to assess any variations in Ow· · ·Ow correlation. In fact, these waters have

structural correlations remarkably similar to the bulk and as such are ignored in future

analyses.

Turning to the interpretation of the long-range correlations in the experimental G(r),

Figure 4(b) present the O· · ·O RDFs for the two structural models. The Ow · · · Ow correla-

tions of the bulk water state, centered at 6.85 and 6.75 Å for NaNO3 and NaNO2 respectively,

agree with feature G in Figure 1, while the general O· · · O (containing the mixture of all Ow

and ON correlations) associated with the network of connected Na-coordination polyhedra

has a peak maximum at 6.25 and 6.15 Å for NaNO3 and NaNO2 respectively aligning with

feature F in Figure 1. To learn more about the nature of the change in the Ow · · · Ow

correlations, we plot in Figure S14 the shortest path of all interactions (hydrogen bonding,

ion· · ·Ow, etc) between all Ow in the entire systems. While the most probably interactions

pathways of water are in the range of 2 - 10, a steady decrease of the longer paths is observed

with increasing electrolyte concentration. Interaction pathways of length 4 are preferentially

increased in the network of all Ow interactions concomitant to the growth of the connectivity

of Na+ coordination polyhedra.
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Figure 3: (a) Experimental X-ray PDF for NaNO3 solutions with emphasis on long-range
features. (b) Experimental X-ray PDF for NaNO2 solutions with emphasis on long-range
features. (c) Simulated X-ray PDF for NaNO3 solutions from DISCUS.39 (d) Simulated X-
ray PDF for NaNO2 solutions from DISCUS.
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Figure 4: (a) Partial RDFs of different oxygen states in NaNO2 solutions at short-range.
Solid lines: bulk O · · · O; dash lines: networks O · · · O; dot lines: interfacial O · · · O.
(b) O· · ·O RDFs (solid lines) and partial RDFs of different oxygen states (shaded lines,
calculated using Eqn. S4) in NaNO2 solutions at long-range. g’(r) are aligned by moving the
averaged g’(r) from 5.5-7.5 Å to 0. Partial RDFs of NaNO3 solutions are shown in Figure
S13.
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In combination, these data indicate that connected cation-centric coordination polyhe-

dra (facilitated by polyoxoanions) form a basis for interpretation of atom correlations across

lengthscale in experimental PDFs. The experimental changes to G(r) of concentration de-

pendent NaNO3(aq) and NaNO2(aq) indicate two significant conceptual advances to our un-

derstanding of multiple lengthscale solution organization. First, we demonstrate that the

Ow · · · Ow correlations associated with ion solvation, and more explicitly oligomerization of

the coordination polyhedra about a metal cation have two characteristics lengthscales. The

first occurs in the mid-range distance and is associated with Ow within the coordination

shell about the same cation, while the second occurs at long-range distance and is associated

with Ow coordinating different cations connected by bridging anions, corner-, edge-, or face-

sharing. The second conceptual advance is that the general contraction of the long-range

feature, observed ubiquitously across many aqueous electrolytes, can be explained in the

NaNO3(aq) and NaNO2(aq) systems as deriving from the loss of the many-body bulk water

correlation and growth of ion-network O · · · O correlation comprised of all combinations

of Ow and On correlations facilitated by paths of pair-wise interactions that have defined

characteristics due to the ion network of coordination polyhedra.
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