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ABSTRACT

Understanding ion pairing in concentrated alkaline electrolytes facilitates the prediction and control of chemical processes in nuclear waste.
While sodium is the dominant alkali metal in such systems, cesium often exhibits distinct bulk behavior relative to lighter alkali cations.
Aqueous mixtures of cesium hydroxide and sodium nitrite were compared to alkali hydroxide analogs using small-angle x-ray scattering,
revealing that cesium disrupts the sodium nitrite electrolyte structure, forming cesium-rich domains. This mesoscale segregation contrasts
with the near-ideal mixing observed in other mixed hydroxide-nitrite systems. Raman spectroscopy indicates cesium-nitrite ion pairing,
evidenced by vibrational shifts distinct from those associated with sodium. Multinuclear magnetic resonance spectroscopy further supports
cesium-nitrite and cesium-hydroxide association, revealing a distinct local environment for nitrite in cesium-containing solutions. Together,
these findings show that cesium promotes a unique solution structure dominated by specific ion pairing within segregated domains. This
structural organization may influence radical generation pathways in high-ionic-strength alkaline media relevant to nuclear waste processing

and management.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0286139

. INTRODUCTION

While thermal and physical properties of many dilute aqueous
solutions can be described using electrostatic models, these mod-
els inherently fail at high electrolyte concentrations, in which the
scarcity of water confines counterions to be proximal to other ions
in almost every direction.! Stoichiometric considerations illustrate
this. Most monovalent ions are coordinated by at least four water
molecules, and a kilogram of water contains 55.509 mol of H,O.
Consequently, an electrolyte concentration >6.95 molal for a 1:1

salt (#13.9 mol of ions kg_1 H,0) will not possess sufficient water
molecules to fully hydrate all ions. Thus, many of these highly con-
centrated solutions form extensive ion networks in which water
molecules are chemically confined between ions.

At intermediate concentrations (between 1 and 7 molal), the
number of water molecules per ion remains low. Formation of
contact jon pairs or larger clusters of ions is then highly depen-
dent on the specific ion identities and their concentrations.”” The
cesium (Cs™) ion is often characterized as “structure-breaking” or
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chaotropic, lowering solution viscosity and, in some cases, increas-
ing water self-diffusion rates.” ° This phenomenon is now largely
understood in terms of its low charge density and its distinct sol-
vation shell structure leading to weaker Cs*-H,O0 interactions com-
pared to H,O-H,O interactions.””* CsNO, and RbNO, can exhibit
near-ideal behavior even at very high concentrations under some
conditions.”"

The chaotropic behavior of Cs* is consistent with Collins’s
interpretation of Hofmeister effects,’’ '* which distinguish strongly
hydrated (kosmotropic) ions from weakly hydrated (chaotropic)
ions. Foundational studies show that chaotropic ions contribute to
mesoscale segregation and solution structuring. Collins’s Law of
Matching Water Affinities (LMW A) further clarifies these behaviors,
predicting stronger interactions between ions of similar hydra-
tion character. The interactions between Cs* and NO,~ observed
here are consistent with this framework and supported by reported
viscosity B coefficients: B < 0 for Cs* and -0.024 for NO, .
These coefficients reflect molecular-scale dynamics characteristic of
chaotropic ions. Although this study emphasizes structural char-
acterization through spectroscopy and diffraction, viscosity data
offer a complementary perspective on ion association and mesoscale
organization in concentrated electrolytes.

The hydroxide (OH™) and nitrite (NO,™) anions also dis-
play complex transport and solubility properties. Hydroxide diffu-
sion under alkaline conditions proceeds through multiple mech-
anisms, including Grotthuss transport (proton hopping).'® The
diffusion of the nitrite ion also deviates from the Stokes-Einstein
relationship.'”'® Both of these anions can participate in unusual
thermodynamic phenomena, such as nitrite increasing the solubil-
ity of aluminum hydroxide in alkaline solutions'’ and increasing the
solubility of salts with shared ions. The latter of which is inconsistent
with the law of mass action.”””' Apparent deviations from the law
of mass action occur only when chemical equilibrium is interpreted
under ideal assumptions. When chemical potentials incorporate
non-ideal behavior, the law holds exactly, as demonstrated in prior
studies.””*’ These deviations therefore reflect divergence from ideal
approximations in concentrated electrolyte systems.

Our research program focuses on the reactivity and dynam-
ics of ions in intermediate and concentrated solutions, particularly
those containing electrolytes, such as nitrite, relevant to alkaline
nuclear waste stored at the Hanford Site in Washington State.”* ™’
Electrolyte mixtures at high concentrations necessitating the forma-
tion of ion networks present distinct structural behavior. Previous
work has indicated that Na* and nitrite form contact ion pairs in
very concentrated NaNO,-H,0 systems’ and more prominently
in NaOH-NaNO,-H,O systems,’’ although these contacts were
not always sufficiently strong to act as distinct thermodynamic
ion-pair species.”””” These solutions also exhibit both idealized
properties, such as linear correlations between diffusion coeffi-
cients and water activity, alongside deviations from the law of mass
action.”"”

The reactivity of ions in these networks under ionizing radia-
tion is also of interest, and photolysis has previously been used to
probe subsets of radiolytic pathways. A recent study’’ showed that
photolysis product concentrations generally increased with cation
size for solutions containing Li*, Na*, and K7, despite their pres-
ence being typically regarded as that of a spectator ion. Solutions
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with Cs* did not follow this trend and produced significantly more
NO>- radical. This anomalous behavior of Cs* strongly suggests a
fundamental difference in its solution chemistry, local ionic environ-
ment, or its influence on reactant/product stability relative to smaller
alkali cations. Thus, the unique behavior of Cs* motivates a closer
examination of its solution structure.

The present study investigates the solution structure of aque-
ous NaNO, mixtures of alkali hydroxides (LiOH, NaOH, KOH,
and CsOH). Our aim was to identify structural distinctions, such
as differences in ion aggregation, ion pairing, and solvation, that
could rationalize the previously observed spectator ion effect on
photolysis. The structure of these solutions was first ascertained with
small-angle x-ray scattering (SAXS), followed by additional compar-
ative analysis of NaNO, in NaOH or CsOH solution using Raman
spectroscopy and nuclear magnetic resonance (NMR) spectroscopy.
Understanding the distinct solution chemistry of alkali ions pro-
vides a basis for developing more refined waste management and
remediation strategies of alkaline nuclear waste.

Il. EXPERIMENTAL METHODS
A. Solution preparation

All chemicals were used as received. Sodium nitrite was pro-
cured from Sigma-Aldrich (NaNO;, 99% purity). Cesium hydroxide
(CsOH, 50% w/w, Sigma-Aldrich), sodium hydroxide (NaOH, 50%
w/w, Sigma-Aldrich), and potassium hydroxide (KOH, 45% w/w,
Sigma-Aldrich) served as alkali hydroxide sources. Deionized (DI)
water (18 MQ cm) was used for all preparations. Concentrated stock
solutions of NaNO, were prepared by dissolving solids in DI water
in volumetric flasks. Multicomponent electrolyte solutions consisted
of a fixed concentration of 1.0M NaNO, combined with varying
concentrations of a specific alkali hydroxide (MOH, where M = Cs,
K, or Na). These multicomponent solutions were prepared by the
volumetric addition of NaNO, stock solution and the appropriate
MOH stock solution followed by dilution with DI water in volumet-
ric glassware. All reagent handling and solution preparation steps,
for both stock solutions and the final mixed solution series, were
conducted within a N;-atmosphere glovebox.

B. Small-angle x-ray scattering

SAXS data were acquired at beamline 12-ID-C of the APS using
a constant incident photon energy of 20 keV (A = 0.6199 A) to
measure samples in transmission through a 1.5 mm ID silica cap-
illary (Charles Supper SiO, capillaries, 10 ym wall thickness). The
beam center and detector configuration were calibrated using a sil-
ver behenate standard. For each sample, data were captured for 30
exposures of 1 s each at a sample-to-detector distance of 2.188 m
from q = 0.008 to 1 A™!. The water and solutions were pumped
into the capillary using an automatic sampler and constantly agitated
in the capillary to avoid heating or settling of the sample. All data
processing was completed using Irena 2.72** in IgorPro 9.02 (Wave-
Metrics, Inc., Lake Oswego, OR, USA). Data were normalized using
in-line photodiodes and scaled by measuring water under identi-
cal conditions to the samples. Samples were then averaged for each
composition. The averaged background scattering patterns of the
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silica capillary were then subtracted from all samples. All data were
fit using the unified scattering model’”” " and one peak function to

account for the pre-peak scattering.

C. Raman spectroscopy

Raman spectroscopy was performed on a Horiba LabRAM HR
spectrometer with a Nikon Ti-E inverted microscope. A 632.81 nm
continuous laser light source was focused through a 40x microscope
objective. Spectra were collected between 100 and 4000 cm™" and
averaged over ten scans with 30 s exposures per spectral region.
The background in the region of interest was approximated by a
spline function, followed by fitting Lorentzian line shapes to the data.
The fitting parameters were obtained by minimizing the sum of the
squared residuals between the background corrected experimental
data and the model using MS Excel’s integrated Solver tool with a
gradient descent algorithm.

D. Multinuclear nuclear magnetic resonance
spectroscopy

Nuclear magnetic resonance (NMR) spectra were acquired at
a field strength of 11.7467 T. For 'Y, N, and **Na, spectra were
recorded on an Agilent/Varian spectrometer equipped with a 5 mm
broadband probe. For 7O and **Cs, spectra were recorded on
a Bruker spectrometer, also utilizing a 5 mm broadband probe.
At 11.7467 T, the Larmor frequencies are ~500.13 MHz for Iy,
50.69 MHz for °N, 67.80 MHz for 70, 132.33 MHz for **Na, and
65.62 MHz for **Cs.

Ill. RESULTS AND DISCUSSION
A. Small-angle x-ray scattering data

Small-angle x-ray scattering (SAXS) patterns of aqueous solu-
tions are sensitive to the (A) water scattering peak that describes the
average O-O distance in water, (B) peaks arising from cation-cation
and cation-anion ordering, and (C) local fluctuations in electron
density due to ion pair or cluster formation beyond hydration
shells of single ions. The features observed as (B) and (C) may
have complex origins in electrolyte solutions. Dissolution of organic
liquids and some salts in water produces nano- or microemul-
sions, which refer to randomly distributed spatial heterogeneities
of electron density. These “pockets” of solute-rich (or solvent-rich)
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FIG. 2. SAXS signal of mixed solutions divided by the sum of the components.

domains produce enough electron contrast to scatter, producing fea-
ture (C) corresponding to the coherence length of these domains. At
higher solute concentrations, these randomly distributed “pockets”
are close to each other consistently enough to produce peaks (B)
that correspond to the so-called repeat distances. Underlying the
peaks (B) and local fluctuations in electron density (C) is also a
measurement of the average electron density of the solution, which
determines the scattering intensity outside the main features.

In the pure NaOH and NaNO, systems, only feature (C) is
observed, indicating the presence of clusters with very little coher-
ence (Fig. 1). As shown in the supplementary material, the scattering
profiles of LiOH and KOH are much like the scattering profiles
of NaOH. In the mixed hydroxide-nitrate system, we divided the
mixed SAXS signal by the sum of the SAXS signal for each com-
ponent (Fig. 2). The resulting profiles indicate that the average
scattering intensity for most alkali systems is close to the average
intensity of the two components (0.5), which decreases as a function
of hydroxide concentration. The exception is CsOH, which is closer
to an additive intensity of the two components that increases as a

0.03
(A) = NaNO, data
0.028 }—Fitto data

€=228(4) A

(B) J = NaOH data

red. x? = 0.0637 0028 — Fit to data

€=2113) A
red. x? = 0.0600

FIG. 1. SAXS data of the (A) NaNO, and
(B) NaOH solutions. The data are fit with
a coherence length (§) model often used
for polymer scattering in solution.8 At
1M concentration, both solutions exhibit
some coherence length features with
similar length scales of 2-2.5 A.

J. Chem. Phys. 163, 124505 (2025); doi: 10.1063/5.0286139
© Author(s) 2025

163, 124505-3

116500 920T Yd24eiN ¥0


https://pubs.aip.org/aip/jcp
https://doi.org/10.60893/figshare.jcp.c.8003185

The Journal

of Chemical Physics

function of hydroxide intensity. This empirical measure is a qual-
itative indicator of relative solution ordering in the mixed system.
While SAXS intensity values are not mathematically additive due to
their dependence on the squared modulus of the scattering ampli-
tude, our normalization approach empirically evaluates deviations
from randomness in mixing behavior.

In addition to the differences in the average background value,
the signal at higher q (q > 0.3 A™!) also shows the emergence of
peaks in all systems except for CsOH. These peaks are examples of
feature (B) above and represent the repeat distances of the coherent
clusters in solution. As the total ion concentration increases, these
peaks move to higher q values, consistent with shorter distances
between domains. The Cs system is a clear outlier in this region
of the SAXS pattern as well. There is no clear emergence of a peak,
and we observe emergence of local density fluctuation features (C) at
q ~ 0.2 A™! instead. This suggests that the addition of NaNO, to
CsOH causes the formation of additional short-range clusters not
present in either pure electrolyte solution.

The limited extent of mixing between CsOH and NaNO; in
solution can also be illustrated quantitatively by fitting the SAXS
data. In the case of pure CsOH solutions, the main SAXS signal is
a cation—cation peak that measures mean Cs-Cs distances of 8.8 A
at 1M concentration (Fig. 3). The predicted cation—cation distance
of a one molar solution is 11.8 A, assuming random distribution.
This implies that the cations are, on average, closer together than
one would expect from first principles. The cation—cation distance
decreases as a function of concentration and, upon addition of
NaNO., is approximately a function of concentration cubed. The
electron density background, Ip, increases as a function of con-
centration, showing a similar cubed dependence. SAXS data thus
suggest that the solution structure of the CsOH system is likely pre-
served at all concentrations. The two trends are similar. A higher
concentration or the addition of NaNO, simply increases the num-
ber density, without significantly affecting the relative distribution
of ions.

The observed concentration-cubed dependence of cation-
cation distances in CsOH-NaNO, systems is consistent
with the structuring behavior reported for highly concentrated ionic
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systems. Perkin and coauthors have noted apparent Debye length
anomalies in ionic liquids that exhibit high salt decay lengths deviat-
ing from classical screening models.”” *' This “re-entrant” behavior,
also observed in high-concentration polyelectrolyte solutions,*’
highlights emergent mesoscale effects driven by concentration
scaling in non-ideal systems. The effect is also highly dependent on
the charge of the ions.*

Insights from the concentration-cubed dependence reported
here may complement these broader observations of high salt
decay lengths by suggesting similar deviations from bulk screening
theories. While the present study focuses on structural measure-
ments from spectroscopy and diffraction techniques, the connection
between concentration-dependent ion distances and decay length
anomalies provides a compelling framework for further exploration
of transport and electrostatic properties in these systems.

The CsOH-NaNO,-H,O system was the outlier among the
alkali hydroxides across the studied series because SAXS data did
not show signs of a truly mixed solution, implying largely separate
Cs-rich and Na-rich domains. The high electron density of the back-
ground suggests that the Cs-rich domains accumulate nitrite anions.
The other alkali hydroxide-sodium nitrite systems all showed near-
ideal mixing, whereas the Cs* system did not. This pronounced dif-
ference in medium-range (5-15 A) structuring observed for the Cs*
system raises questions about the ion-pairing and the molecular-
level interactions underpinning the medium-range SAXS observa-
tions. The following Raman and multinuclear NMR spectroscopic
analyses focus on comparing the CsOH-NaNO,-H,0 system with
the NaOH-NaNO,-H,O0 system. The latter ternary system is more
compositionally relevant to the Hanford and Savannah River Site
nuclear wastes.*

B. Raman spectroscopy

Raman spectroscopy probes the local chemical environment
of NO,~ through its characteristic vibrational modes.”” These
include the symmetric deformation (v,) near 817 cm™!, the anti-
symmetric stretch (v3) near 1242 cm™!, and the symmetric stretch
(v1) near 1331 cm™', as shown in Fig. 4. Example spectral fits
are provided in the supplementary material. Analysis of these

9
= 1M NaNO, + 1M CsOH
(A) o/ 1M NaNo: + 2M CsOM (B) L @ CsOH (C)o1a] ® CsOH
= 1M NeNO, + 3M CsOH M CsOH + 1M NaNO, 012 B CsOH + 1M NaNO,
S--- 2MCsOH y | 1 u
==== 3M CsOH —_
— 2 < 84 0.10 = PY
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% _§ g 0.08 - .
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£ 3 * 5006
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. 'y
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6 . T T 0.00 v - : r r
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FIG. 3. SAXS data of CsOH solutions. (a) Background-subtracted data show differences in the background and shifts in the scattering peak. (b) Differences in the fit peak
position as a function of [CsOH], displayed as d-spacing, where d = -2 (c) Differences in the fit background intensity, Iy, as a function of [CSOH].
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bands in mixed hydroxide-NaNO, solutions reveals distinct cation-
dependent behavior. In 1M NaNO, solutions, all three nitrite bands
shift systematically to higher wavenumbers with increasing NaOH
concentration. In contrast, CsOH addition induces shifts of these
same bands to lower wavenumbers (Fig. 4).

The frequency shifts observed in the Raman spectra (Fig. 4)
reflect changes in nitrite vibrational modes driven by evolving inter-
molecular forces and solvation environments. These shifts arise
from a combination of factors, including Cst-NO,™ ion pairing,
changes in solvation dynamics, and mesoscale structuring at higher
concentrations. The direction of the shift depends on the vibrational
mode and the nature of the perturbation. Stronger cation-anion
interactions or rigid solvation shells can produce upshifts, while
clustering or dynamic disorder may cause downshifts. Rather than
indicating discrete, resolvable ion-pair species, we suggest that these
shifts reflect a distribution of local environments. The resulting
band asymmetry at high concentrations is best understood as arising
from a continuum of overlapping solvation states that evolve with
composition.

These divergent frequency shifts of the cesium hydroxide and
sodium hydroxide systems provide direct spectroscopic evidence
for differing predominant cation-nitrite interactions. The shift to
higher wavenumbers with increasing Na* concentration, while not
producing a new, resolved ion-pair band as sometimes observed
for divalent cations,”*"” indicates a progressive change in the NO,~
environment consistent with significant Na*-NO,~ association and
the polarizing effect of Na*. Conversely, the shift to lower wavenum-
bers upon CsOH addition aligns with the established trends for ion
pairing between NO,~ and larger alkali cations, such as Cs*.***’
This suggests that Cs* ions effectively compete with Na* for prox-
imity to NO;~, leading to a substantial population of Cs*-NO,~
associations, a conclusion consistent with SAXS evidence for Cs-rich
domains incorporating nitrite.

In prior studies of NaNO, solutions,’ the absence of a new
resolved v, band was interpreted as evidence for weak Na*-NO,~
ion pairing. While our data for Na* and Cs* solutions also lack
such a new band, the observed systematic shift to higher frequen-
cies for Na*-NO,~ interactions and a shift to lower frequencies

for Cst*-NO,~ agree with the established trends for alkali nitrite
ion pairs.”’ Thus, our study highlights that systematic shifts in
existing Raman bands can serve as reliable markers for these spe-
cific cation-nitrite interactions, with the direction of the shift
distinguishing between Na* and Cs*.

Fourier transform infrared (FTIR) spectra were collected
to complement the vibrational analysis. The nitrite band near
1235 cm™! exhibited trends consistent with the Raman data, show-
ing a progressive upshift in NaOH solutions and a slight downshift
in CsOH. These spectra are provided in the supplementary material.
Overall, the SAXS, Raman, and FTIR data suggest distinct cation-
specific interactions with NO, ™ and significant Cs*-NO,~ associa-
tion. To further characterize solvation, ion pairing, and the overall
solution structure, multinuclear NMR spectroscopy was performed
on the 70, 'H, #*Na, '**Cs, and "*N nuclei.

C. Multinuclear NMR spectroscopy

Multinuclear NMR spectroscopy enables ensemble characteri-
zation of H,O and OH™ environments, as well as selective measure-
ment of the cations (Na* and Cs*) and the nitrite anion. The 7O
NMR signal for H,O/OH™ and the 'H NMR signal for bulk water
protons revealed electrolyte-induced changes in the solvent environ-
ment. As shown in Fig. 5, increasing CsOH or NaOH concentration
caused the 7O H,O/OH™ chemical shift to increase (downfield) and
its linewidth to broaden (e.g., for 3M CsOH, 0-9.84 ppm; width
64.5-75.1 Hz; for 3M NaOH, 0-5.08 ppm; width 68.1-93.5 Hz, in
NaNO,-free solutions). These changes are characteristic of increas-
ing OH™ contribution.”””" Solvent perturbation is further intensi-
fied by reduced water availability at high solute concentrations. A
stoichiometric mass balance, assuming primary hydration numbers
(Na* =6,Cs* =8,0H™ =4,and NO,~ = 6)°” and no initial ion pair-
ing, predicts complete depletion of free water in 1M NaNO; + 3.0M
CsOH. While simplified, this model highlights the extent of solvent
stress under these conditions.

This water scarcity likely amplifies the observed spectral
changes. Notably, at 1M hydroxide (without NaNO;), CsOH
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induced a larger downfield shift in the 7O H,O/OH™ signal (3.41
ppm) than NaOH (1.87 ppm). This difference may reflect the
weaker hydration of cst,Y allowing its solvation environment to
adjust more readily under stress and thereby altering the average
OH™/H,0 environment differently than Na*. The presence of 1M
NaNO; slightly modulated these 'O shifts, generally shifting them
upfield. Complementary '"H NMR measurements showed diver-
gent trends: increasing CsOH caused a slight upfield shift (e.g.,
4.78-4.62 ppm from 1M to 3M CsOH), whereas increasing NaOH
led to a slight downfield shift (e.g., 4.74-4.85 ppm from OM to
3M NaOH), consistent with the concentration-dependent behavior
reported previously.””” The "H chemical shift at concentrations of
IM NaOH + 1M NaNO; and 1M CsOH + 1M NaNO; deviated
from the linear interpolation of the proximal data points. We specu-
late that this deviation is due to having equivalent amounts of OH™
and NO;~ for the case of the NaOH + NaNO; system and equal
amounts of Cs and Na for the CsOH + NaNO; system, although the
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trends of ' H are generally small and, as a spin-half nucleus, would be
highly sensitive to magnetic field inhomogeneity. Likewise, given the
sensitivity of the spin-half nucleus to magnetic field inhomogeneity,
the full width half maximum (FWHM) of the 'H resonances is not
reported. Despite this, the overall trends in 'H NMR shifts, although
influenced by multiple factors, primarily reflect global hydrogen
bonding and highlight differences in the hydration characteristics
of Na* and Cs* ions within aqueous electrolytes.

NMR spectroscopy of 2*Na and **Cs nuclei then assessed the
local environment of cations. For *’Na, increasing total Na* (via
NaOH) resulted in downfield shifts and increased linewidths (e.g.,
0.33-0.87 ppm for 1-3M NaOH; Fig. 6). More significantly, in
CsOH-NaNO,-H,0, increasing CsOH also shifted the **Na sig-
nal (from NaNO;) downfield (0.25-0.79 ppm for 1M-3M CsOH
in 1M NaNOQO,) and broadened its linewidth (13.05-16.74 Hz). This
deshielding and broadening of Na* by CsOH indicates substan-
tial alteration of the Na* environment, likely due to interaction
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with hydrated OH™ or competition for NO,~. '**Cs NMR spectra
revealed a pronounced ~10 ppm downfield shift as CsOH concen-
tration increased (OM-3M), indicating significant changes in Cs*
electronic environment due to increased ion pairing (Cs*-OH")
and altered solvation (Fig. 6). While 1M NaNO; offset 133Cs
shifts by a few ppm, the slope vs CsOH concentration remained
similar, suggesting that NaNO, subtly influences the average
Cst environment, but CsOH concentration drives the primary
133Cs shift.

BN and YO NMR of NO,~ probed local interactions of
nitrite, as shown in Fig. 7. Increasing CsOH or NaOH in 1M
NaNO, solutions led to N (CsOH: 1.11-2.71 ppm; NaOH:
0.0045-0.44 ppm) and '"O-NO,~ (CsOH: 661.25-666.18 ppm;
NaOH: 658.68-659.35 ppm) downfield shifts (deshielding), con-
sistent with the Raman evidence of cation-NO,~ association. The
deshielding was more pronounced with CsOH. A striking difference
occurred in 7O-NO, "~ linewidths. Increasing NaOH significantly
broadened the peak (86.0-125.0 Hz from OM to 3M NaOH), whereas
CsOH caused only slight fluctuations (e.g., 86.7-84.6 Hz from 1M
to 3M CsOH; Fig. 7). The NaOH-induced broadening of the 7O
resonance is interpreted to reflect Na* interactions generating a
more asymmetric electric field gradient, in addition to contribu-
tions from viscosity. The relatively stable '’O-NO,~ linewidth with
CsOH—despite evidence of Cst-NO,~ association—may indicate
that these interactions occur in a more symmetric local environ-
ment, potentially consistent with NO,~ incorporation into uni-
form Cs*-dominated domains, as also suggested by SAXS and
Raman analyses. Although empirical models, such as quadratic
fits, can capture the observed trends, they may not reflect the
underlying physical mechanisms. The relatively stable linewidths in
CsOH solutions likely reflect a symmetric, uniform environment for
NO,~ within Cs*-dominated domains. In contrast, the pronounced
broadening in NaOH solutions may arise from asymmetric elec-
tric field gradients and viscosity effects. Accurately modeling this
behavior will require further investigation of mesoscale structuring
and ion clustering, which remains a valuable direction for future
work.

Key NMR observations include more pronounced H,O/OH™
deshielding with CsOH, significant 133Cs chemical shifts, CsOH-
induced perturbations to the 23Na environment, and distinct effects
on 7O-NO,™ linewidths. Collectively, these findings demonstrate
that Cs* ions actively restructure the solution. This restructur-
ing involves associations with NO,™ and OH", consistent with the
medium-range heterogeneity observed using SAXS and the specific
Cs"-NO, ™ interactions identified by Raman spectroscopy.

IV. CONCLUSIONS

The collective evidence from SAXS, Raman, and multinu-
clear NMR spectroscopy suggests unique structural organization in
aqueous solutions containing CsOH, particularly with NaNO,, dis-
tinguishing them from systems with lighter alkali cations. SAXS
revealed mesoscale segregation into Cs-rich domains, indicative of
limited mixing, while Raman spectroscopy confirmed preferential
Cs™-NO; ™ association characterized by distinct vibrational shifts.
Multinuclear NMR further substantiated these findings, highlighting
significant Cs" -induced perturbations to the solvent and ionic envi-
ronments, strong Cs*-NO, /OH~ pairing, and a notably different
local environment for the 7O NMR resonance of nitrite associated
with Cs* relative to Na*. This convergence of multi-technique data
reveals a fundamentally distinct solution architecture driven by Cs*
ions and offers a rationale for the increased NO,- radical production
observed in cesium-containing systems.”” The preferential associa-
tion of NO,~ within Cs-rich domains, coupled with the direct elec-
tronic influence of the large, polarizable Cs* ion, is thereby linked to
the intrinsic reactivity of nitrite, potentially lowering activation bar-
riers for radical formation or modifying reaction pathways. Further-
more, the unique microenvironment within these Cs-rich domains,
characterized by specific solvation, water scarcity effects, and distinct
ion dynamics, may enhance radical escape by modifying cage effects
or stabilizing radical intermediates. Future work may involve con-
structing ternary phase diagrams for CsOH-NaNO,-water systems
to identify conditions under which mesoscale segregation arises,
analogous to surfactant-driven self-assembly in microemulsions.
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Conductivity measurements could offer complementary insights
into transport properties, potentially distinguishing Cs*-dominated
solutions from Na*-dominated solutions. Together with the spec-
troscopic and structural findings reported here, these results provide
a robust foundation for understanding the unique behavior of Cs*
in complex electrolytes and its ion-specific impacts on radiolytic
processes in systems relevant to nuclear waste.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on small-angle x-ray
scattering (SAXS) patterns of KOH and LiOH solutions, both with
and without NaNO; (Fig. S1); Raman spectral fits of cesium hydrox-
ide + sodium nitrite solutions annotated with sample composition,
peak position, full width at half maximum, and relative signal area
(Fig. S2); Raman spectral fits of sodium hydroxide + sodium nitrite
solutions with the same annotations (Fig. S3); Lorentzian line shape
parameters from Raman spectroscopy (Table S1-S4); and Fourier
transform infrared (FTIR) spectroscopy attenuated total reflectance
(ATR) spectra of aqueous NaNO; solutions with varying NaOH
and CsOH concentrations, including acquisition parameters, key
vibrational features, and trends in nitrite band shifts (Fig. S4).
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