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Section I) Detailed Information:
I.1 Description of Diffraction Data Reduction Methods. For neutron scattering 

measurements, detectors were calibrated with scattering from a diamond powder sample, data were 
normalized against scattering from a vanadium rod, and the container background was subtracted. 
The resultant total scattering structure factor, S(Q) can be written as:

𝑆(𝑄) = Σ𝑖 = 𝑗 (𝑐𝑖𝑏𝑖)2[𝑆𝑖𝑖(𝑄) ‒ 1] + Σ𝑖 ≠ 𝑗 2(𝑐𝑖𝑐𝑗𝑏𝑖𝑏𝑖)[𝑆𝑖𝑗(𝑄) ‒ 1] 

where ci is atomic fraction and bi is coherent scattering length of atom i. In the case of X-ray 
scattering, bi is the Q-dependent atomic form factor fi(Q). Data were transformed to a PDF g(r), 
using the specific IDL codes developed for the NOMAD instrument.1 The relationship between 
S(Q) and g(r) is:

.
𝑔(𝑟) = 1 + [1/(2𝜋2𝑟𝜌𝑜)]

𝑄𝑚𝑎𝑥

∫
0

𝑄[𝑆(𝑄) ‒ 1]𝑠𝑖𝑛⁡(𝑄𝑟)𝑑𝑄

For the X-ray scattering measurements, the program Fit2D2 was used to calibrate the sample to 
detector distance and detector alignment with data from a CeO2 powder standard.  Raw scattering 
data was integrated into Q-space, applying a mask and polarization correction during integration. 
The normalized S(Q) were produced in PDFgetX23 by subtracting the polyimide container 
scattering, utilizing the appropriate sample composition, and applying standard corrections for the 
area detector setup.4 

In both cases, the data was normalized with respect to the known composition and density 
(Table 1, S2). Neutron PDF g(r) were calculated via Fourier transformation of the total scattering 
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data utilizing a Q maximum of 40 Å-1 and a Lorch modification function5 was applied. Incoherent 
scattering from D was removed by subtracting real space intensity less than 0.7 Å through Fourier 
filter methods.6,7 Measurements corresponding to a xNaOD = 0.278 sample are shown in Figure S1 
with measured scattering data in black, background scattering data in blue, and solution data (with 
background substration) in red. The empty sample cell (PTFE+NMR) (blue) and xNaOD (0.278) 
solution (red) signals correspond to 0.51 and 0.49, of the measured total scattering intensity (in 
black), respectively. While this level of background scattering is significant, the final sample 
scattering signal is recovered well with the data reduction procedures. 

Figure S1. (a) Neutron and (c) X-ray total scattering intensities for empty sample cell 
measurements (blue), NaOD (xNaOD = 0.278) plus sample cell measurements (black), and resulting 
corrected (background subtracted) NaOD sample (red). Corresponding neutron (b) and X-ray (d) 
pair distribution functions g(r) for the same series.

For the X-ray data, a Q maximum of 20 Å-1 is used to produce gtot(r), and Compton 
scattering is corrected by subtracting real-space intensities less than 1.3 Å through similar Fourier 
filter methods.6 Figure S1 displays the raw X-ray scattering intensities with the polyimide sample 



tubing in blue, and the sample within the polyimide tubing in black. The background subtracted 
sample scattering is shown in red. The intensities decrease dramatically at high-Q because the 
corrections of X-ray atomic scattering factor are not applied. Figure S1 shows the corresponding 
X-ray PDF g(r) data for the series. The fraction of empty polyimide cell to NaOD solution in the 
measured signal corresponds to 0.13 and 0.87, respectively. 

I.2 Additional Details on the Simulation Protocol.  The SHAKE8  algorithm was used to 
maintain rigidity in H2O and OH- for the non-polarizable set of simulations (Table S1), while rigid 
body integration was used with the polarizable force field (Table S1). Alternating NPT and NVT 
thermodynamic ensembles were employed with a Nosé-Hoover thermostat and barostat for the 
NPT ensemble,9,10  respectively with coupling constants of 0.1 and 1.0 ps. A 1 fs time step was 
used via the velocity-Verlet integrator,11 with Ewald summation having a relative accuracy of 10-

6 and a truncation in the real space of 12 Å. Similarly, vdW interactions were computed with a 
cutoff distance of 12 Å. Both the pure water and mol fraction of NaOH of 0.245 were studied, with 
compositions indicated in Table S2.

Table S1.  Intermolecular parameters27,29–32 for H2O, Na+ and OH *qHh is not on Hh for this model. 
 

Polarizable Nonpolarizable
Nonbonding terms
εOw 0.88257 0.0371
σOw 3.18395 0.05975
εOh 0.05975
σOh 3.2
εV1 0.294135
σV1 2.80
εV2 0.294135
σV2 2.40
Charges
qOw 1.7162

(-1.7162)
-08476

qMw -1.1146
qHw 0.5573 0.4238
qOh 0.202

(-1.432)
-1.3

qHh 0.230* 0.3
qNa 1.6876

(-0.6876)
1.0



Table S2. Mole fraction, concentration (in molality m), average molar mass, density, and number 
densities in the NaOD/D2O solution system measured in this work and employed within the 
classical molecular dynamics simulations.
Scattering Experiments D2O NaOD
mole fraction xNaOD

a 0.000 0.245
weight% (wt%) 0.000 40.00
concentration mole no

Na+ -- 18.056
OD- -- 18.056
D2O 55.51 55.51
Total 55.51 91.621

molar mass (g/mole) 20.02 20.20
density (d; g/cm3)b 1.111 1.551
no. density (ρn; #/Å3)c 0.033 0.046
atom density (ρo; #/Å3)d 0.100 0.111
D2O/Na+ ratio -- 3.07
Molecular Dynamics Simulations
NH2O 600 453
NNaOH 0 147

a. Mole fraction is defined as , where Ni = number of species 
𝑥𝑁𝑎𝑂𝐷 = 𝑁𝑁𝑎𝑂𝐷 (𝑁𝑁𝑎𝑂𝐷 + 𝑁𝐷2𝑂)

i in the system.
b. Density based on [Sipos et al. 2000 and Hellstrom and behler 2017] with a linear regression 
for the estimation of mass densities, considering atomic weights by different isotopes. 

c. Number density is calculated according to , where NA is the 𝜌𝑛 = (𝑁𝐴𝑑 𝑀) ×  10 ‒ 24

Avogadro constant, M is solution’s molar mass, and 10-24 is the unit conversion factor from cm-3 
to Å-3.
d. Atom density is calculated according to = (1-𝜌𝑜  𝜌𝑛 × 𝑥𝑁𝑎𝑂𝐷/(1 + 𝑥𝑁𝑎𝑂𝐷)) × 3

I.3 The Ability of Classical Potentials to Predict Na+ and OH- Solvation 
Environments: In the infinite dilute limit, both polarizable and non-polarizable potentials predict 
similar solvation environments around Na+  (Figure S2), with water coordination number (CN) of 
6 [i.e., Na(H2O)6

+] approximately 60% of the time, followed by 20-28% for CN=5 and 6-8% for 
CN=7. This observation (using either force fields) is compatible with experimentally determined 
water CN of 4-6 from X-ray diffraction studies16–21 on various sodium-bearing aqueous solutions 
and agrees well with average water CN of 5.5 indicated by more recent studies of aqueous NaCl.22 
 In contrast, it is quite challenging for a classical force field to accurately depict hydroxide 
solvation. Studies have shown that, in a general, the hydroxide ion is a good HB acceptor. It accepts 
3-4 HBs from water molecules (i.e., Oh···Hw) and weakly donates one to another water molecule 
near its hydrogen ion (i.e., Hh···Ow), forming a hypercoordinated solvation environment.21,23–25 
The classical force fields tend to overestimate the water CN around Oh . For instance, as reported 
by [Marx 2010], the overcoordination of Oh with SPC/E water is observed in the infinitely dilute 
limit, with CN ranging from 6 (66%) to 7 (28%) around the hydroxide-Oh site. More sophisticated 
approaches, such as the charged ring model,26  polarizability27 and empirical valence bond28 result 



a better water CN (4-5) around the Oh site. In our polarizable model, at the infinitely dilute limit(?), 
a water CN of 4 around the Oh site is strongly favored proximately 90% of the time, such 
coordination is practically absent in the simple point-charge non-polarizable force field. We 
emphasize that many sophisticated potentials are generally parameterized for low concentrations 
(< 2 m) – an order of magnitude smaller than the solutions discussed in the present work.

Figure S2. Solvation environments about OH and Na+ (a) and OH- (b) in the infinite dilute limit 
predicted by polarizable and non-polarizable potentials



I.4 Simulation of the Neutron and X-ray Pair Distribution Functions. To obtain 
neutron radial distribution functions (nRDFs) and X-ray radial distribution functions (xRDFs), the 
MD derived distribution functions RDFs from simulation were weighted by ρ0 defined in Tables 
1 and S2, and as a function of the respective pair concentrations, and either the neutron scattering 
lengths bi and bj, or the X-ray atomic scattering factors bi and bj, of atoms i and j involved:

𝑔 𝑀𝐷
𝑁 𝑜𝑟 𝑋(𝑟) =  

1

4𝜋𝑁𝜌𝑜𝑟2∑
𝑖
∑
𝑗 ≠ 𝑖

𝑏𝑖𝑏𝑗

〈𝑏〉2
𝛿(𝑟 ‒ 𝑟𝑖𝑗)

where N is the number of atoms and ρ0 is the atomic number density from the MD simulations. 
Neutron scattering lengths are taken from the literature,12 while X-ray scattering factors are 
approximated using the equation13 the above Eqn. with coefficients ci and aik taken for Na, O, and 
H from the literature as for fully charged species, Na+, O2-, and H+ (H/D is thus inactive).14 Here, 
we used bD values to compute the nRDF. In the absence of proton transfer, the nature of isotope 
H/D does not significantly alter the RDFs.

𝑏𝑖 =  𝑐𝑖 +
4

∑
𝑘 = 1

𝑎𝑖𝑘

I.5 Additional Details on the first shell definition.  The ChemNetworks15  software was 
used to, in terms of Graph Theory, determine networks of intermolecular interactions, where 
specific patterns are indicative of local composition and geometric environments. Each molecular 
entity, i.e. instance of water, hydroxide or sodium is considered as a node. Edges connect two 
nodes when distance and angle criteria shown in Table S3 are met. Each molecular entity possesses 
edges. Corresponding nodes define the first coordination shell of the central node (molecule). 
Averages and normalizations are operated to provide relative population of each first shell 
composition for sodium and deuteroxide.

Table S3. Geometric criteria defining an intermolecular edge in the layered interaction 
networks.

Node 1 Node 2 R
cut

 (Å) Angle Θ
min

 (°) Θ
max

 (°)
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w
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O
h Na+ 3.15 ∠H

h
O

h
–Na 0 180

I.6 Additional Details on cluster RDF.  Once first shell compositions are sorted, we can 
isolate them and the corresponding interatomic pair distances are counted and summed for each 
instance of the same cluster composition. There is no absolute way to weight the RDF for non-



periodic system in the literature. In order to allow for a more consistent comparison between cluster 
RDFs of different composition, we attribute the corresponding bulk value to .〈𝑏〉2

I.7 Additional Details on the molecular speciation in the HDNN snapshot.  
ChemNetworks was used to determine a covalent graph from atomic nodes. An O-H bond is 
considered present when the distance between an oxygen and a hydrogen is less than 1.3 Å. This 
threshold guarantees a number of hydroxide equal to the number of sodium cations in the system. 
Though it is convenient to be able to distinguish hydroxide from water, we would like to emphasize 
that this approach is limiting, considering that it does not capture the nature of transient species. A 
1.3 Å long O-H bond is quite long for a canonical water molecule. Conversely, this distance is 
very short for an intermolecular hydrogen bond. Roughly, near 10% of excess hydrogen can be 
considered belonging to a transient species. This gives us an indication on the pertinence of 
hydroxide distinction from water and subsequent analyses we present in the current work.

Section II) Supporting Information for Results and Discussion:

Figure S3. (a) Experimental total scattering structure factor, S(Q), for heavy water (xNaOD = 0), (b) 
Corresponding pair distibution functions g(r), (c) simulated neutron PDF of water with the 
polarizable and non-polarizable force fields, (d) simulated X-ray PDF of water with the polarizable 
and non-polarizable force fields.



Figure S4. Experimental total scattering structure factor, S(Q), for χNaOD = 0.245 solutions as 
defined in Table 1.





Figure S5. Pie chart of percent observation of different local configuration solvation environments 
about OH- and Na+ predicted in the non-polarizable simulation



Table S4. Atom-atom contributions to RDF’s at 2.4 Ang

Table S5.  Atom-atom contributions to RDF’s at 2.66 Ang

Table S6.  Hydrogen bond distributions (% observation) for H2O and OH- from polarizable and 
non-polarizable simulations at χ = 0.245 NaOH(aq), where * indicates the molecule of reference.

# of HBs H2O*···H2O H2O*···HO- HO-*...H2O
Pol. Non-pol. Pol. Non-pol. Pol. Non-pol.

0 31 36 78 40 2 2
1 37 42 19 43 15 13
2 26 19 3 15 36 24
3 5 3 0.3 2 37 29
4 9 17
5 0.4 10
6 1
7
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