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ABSTRACT: The balance between ion solvation and ion pairing
in aqueous solutions modulates chemical and physical processes
from catalysis to protein folding. Yet, despite more than a century
of investigation, experimental determination of the distribution of
ion-solvation and ion-pairing states remains elusive, even for
archetypal systems like aqueous alkali halides. Here, we combine
nuclear magnetic resonance (NMR) spectroscopy and multiscale
modeling to disentangle ion−solvent interactions from ion pairing
in aqueous sodium fluoride solutions. We have developed a high-
accuracy method to collect experimental NMR resonance
frequencies for both ions as functions of temperature and
concentration. Comparison of these data with resonance
frequencies for nonassociating salts allows us to differentiate the
influence of solvation and ion pairing on NMR spectra. These high-quality experimental NMR data are used to validate our
modeling framework comprising polarizable force field molecular dynamics (MD) simulations and quantum chemical calculations of
NMR resonance frequencies. Our experimental and theoretical resonance frequency shifts agree over a wide range of temperatures
and concentrations. Structural analysis reveals how both trends are dominated by interactions with water molecules. For the more
sensitive 19F nucleus, the NMR resonance frequency decreases as hydrogen bonds between fluoride and water molecules are reduced
in number with increased temperature and molality. Through a detailed analysis of the theoretical NMR resonance frequencies for
both ions, we show that NMR spectroscopy can distinguish both contact ion pairs and single-solvent-separated ion pairs from free
ions. This quantitative framework can be applied directly to other systems.

1. INTRODUCTION
Ion behavior in aqueous solutions underlies processes in
electrochemistry, biology, materials science, thermodynamics,
and geochemistry.1−3 Ions in solution exist in a distribution of
solvated and ion-paired states. Solvation states are usually
described using an inner-shell solvation number n, defined as the
number of water molecules within a certain radius of the ion
(Figure 1a). Ion-pairing processes are commonly conceptual-
ized as the equilibrium between four states of ion association
that represent a balance between ion−ion and ion−water
interactions:4 free ions (FI), double-solvent-separated ion pairs
(DSIP), single-solvent-separated ion pairs (SIP), and contact
ion pairs (CIP) (Figure 1b). This four-state model is a useful
simplification of a continuum of states exchanging in solution
(Figure 1c). Disentangling the distribution of these rapidly
interconverting states remains a challenge for both theory and
experiment after a century of investigation.4−7

Ion solvation and pairing have been experimentally studied
using techniques including infrared,8 Raman,9 nuclear magnetic
resonance (NMR),10,11 dielectric,12−14 acoustic15 and ultra-

violet−visible spectroscopies,16,17 X-ray18 and neutron scatter-
ing,19 potentiometry,20,21 and conductometry.22,23 In general,
solvation is more accessible experimentally than ion pairing, and
any experimental technique that has a chance of measuring ion
pairing is also influenced by solvation. Moreover, for ion pairing
characterization, most techniques can only measure direct
interactions between ions (CIP) or all three states together (CIP
+ SIP + DSIP) without indicating which state is responsible for
observed changes. Techniques that can isolate individual ion-
pairing states such as dielectric and acoustic spectroscopy12−15

also have challenges distinguishing contributions from solvation.
The difficulties associated with these measurements have led to
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conflicting results in the literature for many “model” systems,
including alkali halide salts.
NMR spectroscopy studies of ion solvation and pairing have

two fundamental limitations. First, in aqueous solutions, rapid
interchange generally results in a single, weighted-average NMR
resonance for all ion-pairing and solvation states of a given
nucleus. Consequently, spectral interpretation requires assump-
tions about how solvation and ion-pairing states contribute to
the NMR resonance. Studies of ion pairing in aqueous solution
by NMR spectroscopy have typically been limited to one
temperature to avoid temperature-induced changes in solvation.
Even then, the NMR experiment alone cannot discern which
ion-pairing species contribute to the observed shifts in
frequency. Past studies had to assume that only CIP formation
significantly changes the resonance frequency (i.e., SIP, DSIP,
and FI all have the same resonance frequency).4 The second

limitation of NMR spectroscopy is that the observed frequency
shifts with molality and temperature changes are small and can
be obscured by measurement uncertainty. As a result, past
studies10,11 have typically used high salt molality where ion
clusters, overlapping solvent shells, and activity coefficients
further complicate interpretation.
Accurate molecular models of NMRmeasurements for ions in

solution must capture both their representative geometric
configurations and ensemble-averaged electronic response to an
applied magnetic field. In principle, quantum mechanical
potentials could be used to simulate average NMR shielding
tensors and make direct comparisons between theory and
experiment. In practice, such simulations are too computation-
ally intensive due to the time and length scales required to
capture a representative ensemble of geometric configurations.
As a result, quantum chemical NMR studies of ions in solution

Figure 1. (a) Idealized free-ion state of F− with local solvating water molecules. The average number of local solvating waters n decreases as
temperature T increases. (b) Representation of ion-pairing states. Hydrated free ions (FI) diffuse into proximity transitioning through double solvent-
separated (DSIP) and single solvent-separated (SIP) ion-pair states to form the contact ion pair (CIP). (c) Radial distribution function gNa+,F− (r)
between Na+ and F− for distances (r) up to 1.0 nm. The troughs in distribution separate ion-pair regions. (d) 19F resonance frequency ν from NMR
spectroscopy for a low molality NaF solution without significant ion pairing and high molality NaF solution with significant ion pairing.
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have been limited to gas-phase optimizations of ion−water
clusters24,25 or ion−water clusters extracted from ab initio
molecular dynamics (AIMD) simulations.26 Only small
numbers of clusters, and only for the FI state, have been
considered.24,25,27 Further, temperature and molality depend-
ence of NMR resonances have been neglected in the theory
literature. Additionally, to calculate NMR resonances with a
high degree of accuracy requires both a sufficiently large number
of cluster samples26 and a sufficiently high level of electronic
structure theory with a large enough basis set.28 All of these
challenges are amplified with changes in molality and temper-
ature, which change ion-pair state populations (as shown in
Figure 1c).
To disentangle the effects of ion solvation and ion pairing on

NMR spectra, we developed a methodology to unambiguously
isolate solvation contributions to the NMR resonances as a
function of temperature. Our experimental approach relies on a
temperature-dependent external referencing scheme that results
in NMR measurements with low uncertainties. We couple this
with a multiscale modeling framework that is designed to predict
accurate NMR resonances. Our modeling framework uses
molecular dynamics (MD) simulations with a polarizable force
field to characterize ion-state populations and generate
representative ion-pair water clusters for quantum chemical
NMR resonance frequency calculations.Weminimize themodel
uncertainty by performing sufficiently accurate electronic
structure calculations on a large number of ion-pair water
clusters. We demonstrate this approach on aqueous solutions of
sodium fluoride (NaF), where we calculate and measure the
resonance frequencies of 19F and 23Na as a function of
temperature and molality. Our modeling and measurement
approaches agree for both low concentration solutions of free
ions and higher concentration solutions with significant ion
pairing. For low concentration solutions, this agreement allows
us to attribute changes in resonance frequencies as a function of
temperature to changes in the distribution of local solvation
number (Figure 1d). For higher concentration solutions with
significant ion pairing, our calculations show that the 19F NMR
resonance frequency is sensitive to solvation, CIP, and,
surprisingly, SIP states. In contrast, the 23Na is less sensitive to
solvation changes and much less sensitive to ion pairing.
Cumulatively, our methodology demonstrates the promise of
NMR coupled with models to disentangle solvation and ion
pairing and resolve longstanding questions about ion states in
solution.

2. RESULTS AND DISCUSSION
NMR spectroscopy measures energy absorption of nuclei that
have multiple nuclear spin states.29 The absolute resonance
frequency νabs of a nucleus is proportional to the energy (E =
hνabs, where h is the Planck constant) absorbed by a nucleus
during the transition between spin states under the conditions of
an applied magnetic field (B0),

B
2

(1 )abs
0=

(1)

where B0 is the scalar magnitude of the external field, γ is nuclear
gyromagnetic ratio, and σ is the shielding constant. The γ for
23Na is 3.56 times smaller than for 19F, meaning that NMR
spectroscopy is inherently less sensitive to 23Na than to 19F. The
applied magnetic field induces an electronic response that emits
a proportional and opposed magnetic field (Belectrons = −σB0).

The induced magnetic field shields the nucleus and depends on
the local molecular environment. Thus, as σ increases, νabs
decreases (eq 1). As applied here, σ can also be estimated
theoretically using quantum chemical shielding tensor calcu-
lations for molecular configurations.
For the NMR measurements reported herein, resonance

frequencies from many spectra and multiple nuclei are
compared. For this reason, we employed the unified frequency
referencing scheme recommended by IUPAC.30 Specifically, all
spectra are referenced to νref, the resonance frequency of the 1H
signal of dilute sodium 2-(trimethylsilyl)-1-propanesulfonate-D6
(DSS) in D2O. For 1H spectra, the referenced resonance
frequencies ν are obtained from the difference between the
sample resonance frequency νsample and νref

sample ref= (2)

where the value of νref for DSS has been corrected for
temperature changes according to Hoffman.31 An additional
frequency ratio is employed to reference the 19F and 23Na
spectra to the DSS signal.30 To directly compare trends for 19F ν
and 23Na ν in the same magnetic field, resonance frequencies are
given in Hz units (values with ppm units are available in Tables
S1−S4 of the SI).
Changes in temperature or molality result in relatively small

shifts in ν for aqueous NaF solutions. Therefore, we developed a
multipronged approach to improve measurement precision. A
high-field (B0 = 14.1 T) spectrometer was used for better
sensitivity in frequency terms, as described by eqs 1 and 2.
Acquisition parameters were selected such that digital resolution
was not a limiting factor. Good signal-to-noise was achieved with
signal averaging. Shimming at each sample condition improved
peak shapes. All spectra were obtained with a deuterium lock to
compensate for field drift and for changes in magnetic field due
to shimming. The IUPAC recommendations for chemical shift
referencing were employed.30 Baseline flatness for all 19F
experiments was improved using a gradient echo pulse sequence
(PGSE) instead of a simple 90° pulse during spectral acquisition.
Specifically, PGSE eliminates a broad resonance from PTFE in
the probe, which would otherwise interfere with the numerical
integration approach32 used to determine the center of NMR
peak intensity (see Section S.6.7 of the Supporting Information
for details). PGSE reduces sensitivity compared to a 90° pulse,
but these measurements are not sensitivity limited. Finally, two
spectral analysis methods were used to determine each value of
ν. The first method selects the frequency associated with the
point of maximum intensity for the peak; this functionality is
included in commercial NMR software packages. The second
method compensates for peak asymmetry by using numerical
integration to estimate the center of intensity for each peak. The
second method is not included in commercial NMR software
packages; the associated script used to carry out this
determination in a semiautomated way is provided in Section
S.7 of the SI. The difference between these two methods was a
key to understanding the measurement uncertainty (see Section
S.6 of the SI for a detailed discussion).
Measurements of ν were made with a stem coaxial tube

arrangement, with 1%DSS inD2O in the 2mmODcoaxial inner
tube and NaF in H2O in the 5 mm OD thin-walled outer tube
(see Section S.6.1 of the SI for details). Whenever external
referencing is used, it is important to consider differences in bulk
magnetic susceptibility (BMS) between the sample solution and
the reference solution.32−34 We purposefully chose DSS in D2O
as the frequency reference because the volume magnetic
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susceptibilities of H2O and D2O are known to be quite similar
over a wide temperature range.33 This arrangement also allowed
us to take advantage of deuterium locking and shimming. A
recent publication34 provides a thorough analysis of the
difference in BMS for H2O and D2O for the stem coaxial tube
arrangement used herein. That publication points out multiple
sources of uncertainty for such corrections but ultimately
recommends corrections that are only 0.02 ppm different for
H2O and D2O.

34 For our experiments with a 600 MHz NMR
spectrometer, 0.02 ppm corresponds to about 11 Hz for 19F and
3 Hz for 23Na, both of which are less than our combined
expanded (k = 2) measurement uncertainties (see below).
Considering the uncertainty in the BMS correction, we
performed a control experiment to directly gauge its importance.
Specifically, 80 μL of pure D2O was placed in the coaxial inner
tube. The outer tube was filled with 500 μL of sample solution
consisting of 0.001 mol·kg−1 NaF and 0.001 mol·kg−1 DSS in
H2O. This internally referenced control experiment puts the
DSS in the same compartment as the sample, while maintaining
the shape factor of the NMR cell and allowing for the same
shimming and locking protocol used for the externally
referenced measurements. Importantly, over our experimental
temperature range, we saw no significant difference in 19F ν
between this internally referenced measurement and externally
referenced values for 0.001 mol·kg−1 NaF. This is direct
experimental verification that differences in BMS did not
significantly influence the measurement results. Given the
uncertainties in the BMS correction itself and the insignificant
size of the correction for our measurements, as verified by the
control experiment, we concluded that it was preferable to
report uncorrected values for ν.
For an associating salt like NaF, a combination of ion−solvent

interactions and ion pairing is responsible for observed changes
in the resonance frequencies of the ions. Using NMR

spectroscopy to study either type of interaction as a function
of temperature requires distinguishing the two effects. To
establish the impact of solvation on the resonance frequency, we
compare NMR data for nonassociating salts of both Na+ and F−

over the same temperature range as for NaF. This strategy,
combined with the low uncertainty of our NMR measurement
method, allows us to unambiguously differentiate changes due to
solvation (Section 2.1) from changes due to ion-pairing
interactions (Section 2.2).

2.1. Temperature Dependence of Resonance Fre-
quencies (ν) for FI States of 23Na and 19F. To isolate the
FI state from the influence of ion pairing, we determined ν for
low molality solutions of NaF as well as for solutions of
nonassociating salts. At low molality, the FI state dominates
because the ions are rarely in proximity. Overall, we found that
increasing the temperature of these solutions decreased ν for
both 19F and 23Na (Figure 2a,b). Importantly, for the full
experimental temperature range, 19F ν for low-molality NaF was
not significantly different than 19F ν for nonassociating,
tetramethylammonium fluoride (TMAF) solutions (Figure
2a,2c). Additionally, 19F ν was consistent for solutions of
TMAF up to 0.101 mol·kg−1; the frequency differences were all
within 30 Hz of 0.003 mol·kg−1 TMAF (Figure 2c), comparable
to the experimental uncertainties. Similar results were observed
for 23Na ν; the values for low molality NaF, NaCl, and NaBARF
solutions all agree within the experimental uncertainty over the
entire temperature range (Figure 2d). The combined expanded
(k = 2) measurement uncertainties, which represent 95%
confidence intervals, for 19F ν and 23Na ν are 17 and 28 Hz,
respectively (see Section S.6 of the SI for details). With these
results, we can confidently define the experimental values of ν for
the FI state over the entire temperature range.
We used theoretical calculations of the FI ν to probe ion−

water interactions associated with the experimental temperature

Figure 2. Experimental resonance frequencies ν for FI states of 19F and 23Na. (a) The 19F ν of a 0.001 mol·kg−1 NaF solution is compared with 0.003,
0.010, and 0.101 mol·kg−1 TMAF solutions as a function of temperature. (b) The 23Na ν of a 0.001 mol·kg−1 NaF solution is compared with a 0.001
mol·kg−1 NaCl solution and a 0.0005 mol·kg−1 NaBARF solution as a function of temperature. (c) A difference plot of 19F ν values relative to the 0.003
mol·kg−1 TMAF solution. (d) A difference plot of 23Na ν values relative to the 0.0005 mol·kg−1 NaBARF solution. The combined expanded (k = 2)
measurement uncertainties of 17Hz for 19F ν and 28Hz for 23Na ν (see Section S.6 of the SI for details) are omitted for clarity. Data points are available
in Tables S1−S3. Dashed lines are linear fits that serve only as visual guides.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.4c03521
J. Phys. Chem. B 2024, 128, 8974−8983

8977

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.4c03521/suppl_file/jp4c03521_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c03521?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c03521?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c03521?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.4c03521/suppl_file/jp4c03521_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.4c03521/suppl_file/jp4c03521_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c03521?fig=fig2&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.4c03521?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


trend (Figure 3). Quantum chemical calculations of the NMR
resonance frequencies were carried out using ion-pair water
clusters harvested from biased MD simulations at temperatures
ranging from 280 to 365 K (see Section S.2 of the SI). The FI ν at

each temperature was estimated for ion-pair separations beyond
the SIP region (>0.56 nm) (Figure 1c). We found good
agreement between the theoretical and experimental resonance
frequencies across the temperature range. Increasing temper-

Figure 3. Theoretical NMR resonance frequencies ν calculated at theωB97X-D/ma-TZVP level of theory for both (a) 19F and (b) 23Na nuclei for the
free ions (FI) at different temperatures, along with experimental results for 0.001mol·kg−1 NaF (plotted previously in Figure 2). For each temperature,
FI ν was calculated for ion pair separations beyond 0.56 nm. For each temperature, the uncertainty was calculated using the Student’s t 95% level of
confidence. Dashed lines are linear fits that serve only as visual guides.

Figure 4. Top row, histograms of the number of water molecules within the first solvent shell of the free ions, (a) F− (water H within 0.2 nm) and (b)
Na+ (water O within 0.3 nm). Bottom row, the theoretical NMR resonance frequencies averaged over each bin of the top row histogram for (c) F− and
(d) Na+ along with the zoomed-in view in the corresponding inset. In (c, d), the larger error bars are found on bins with smaller numbers of samples.
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ature reduced the theoretical FI ν for both 19F and 23Na nuclei.
Our models slightly underestimated the temperature depend-
ence for both nuclei; the 19F and 23Na resonance frequencies
decreased by 1065 and 441 Hz, respectively, over the
temperature range. The expanded uncertainty for the theoretical
calculations was around 282 Hz, an order of magnitude larger
than that of the experiments. For context, our models would
require around 100 times as many quantum chemical
calculations to reduce the uncertainty by an order of magnitude.
With agreement between theory and experiment in hand, we can
now deconstruct the contributions of different solvation states
(Figure 1a) to the FI ν temperature dependence.
We analyzed the molecular details of the temperature

dependence by pooling quantum chemical calculations into
bins according to n. We defined n for F− and Na+ as the number
of water molecules with a hydrogen atom within 0.2 nm and

oxygen atom within 0.3 nm, respectively. The distribution of
local nwas broader for F− than Na+ (Figure 4), and for both ions
the distribution shifted to lower n with increasing temperature.
Further pooling the quantum chemical calculations from all
temperatures by n revealed that 19F ν increases linearly with n,
while the 23Na ν has a slight nonlinear dependence. This result
demonstrates that 19F ν provides a more sensitive probe of
changes to the first hydration shell than 23Na ν (Figure 4c,d).
The 23Na ν is largest for six solvating water molecules. The
uncertainties from this analysis were comparable to those
calculated for the temperature trends in Figure 4. The decrease
in ν for 23Na and 19F with increasing temperature were
comparable when scaled by their respective nuclear gyromag-
netic ratios (eq 1), but the uncertainties were larger for 19F due
to the broader distribution (Figure 4a) of n.

Figure 5. Experimental resonance frequencies ν for aqueous solutions of NaF as a function of temperature and molality. (a) 19F resonance frequencies
(19F ν) for the fluoride anion (b) 23Na resonance frequencies (23Na ν) for the sodium cation. (c) 19F frequency shifts (19F Δν) for the fluoride anion
due to ion pairing. (d) 23Na frequency shifts (23NaΔν) for the sodium cation due to ion pairing, along with the zoomed-in view in the corresponding
inset. Error bars represent expanded uncertainties of 24 and 40Hz for experimental measurements of 19FΔν and 23NaΔν, respectively (see Section S.6
of the SI for details). Data points are available in Table S1. Dashed lines are linear fits that serve only as visual guides.
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The observed sensitivity of 19F (Figure 4c) to the first
hydration shell may explain unusual findings reported in
literature35 for salt solutions in mixed solvent systems. For
instance, adding dioxane to aqueous fluoride solutions resulted
in no detectable 19F shift changes, suggesting that water remains
specifically in contact (first solvation shell) with fluoride ion.
However, adding ethylene glycol resulted in a notable change in
19F resonance frequency that indicates preferential solvation in
ethylene glycol instead of water. The first hydration shell of 19F is
also changed by the presence of counterions within the CIP and
SIP regions, which is considered in the next section.

2.2. Shifts in Resonance Frequencies (Δν) Due to the
Ion Pairing. To differentiate the contributions of ion pairing
and solvation to 19F ν and 23Na ν, we measured NaF solutions as
a function of temperature and molality (Figure 5a,b). 19F ν
decreased with increasing temperature and further decreased
with increasing molality, whereas 23Na ν decreased with
temperature but not with increased molality. We isolated the
contribution from ion pairing by subtracting the FI ν
contribution across the temperature range to calculate 19F Δν
and 23NaΔν (Figure 5c,d). The lowest molality solution of NaF
(0.001 mol/kg) is used as FI ν in this calculation. As NaF
molality increases, 19F Δν decreases significantly while 23Na Δν
remains almost unchanged. Nonzero values of 19F Δν at higher
temperatures andmolalities constitute unambiguous evidence of
ion pairing. For decades, the NMR community has assumed that
these observations are entirely related to changes in the
population of CIP.4 Next, we use our theoretical models to
explore the molecular origins ofΔν and test the assumption that
NMR is only sensitive to CIP formation.
We widened the range of 19F ν and 23Na ν quantum chemical

calculations to include the CIP and SIP regions using the same
NaF-distance (rNaF) biased MD simulations as above for FI ν
(see Section S.2.3 of the SI for details). In an approach like the
experiment (Figure 5c,d), we subtracted the FI ν for each rNaF-
dependent ν, calculated at each temperature, to determine the
rNaF-dependent Δνi that are binned in discrete 0.025 nm
distance increments (subscript i, Figures S9 and S10). Within
the uncertainties, there was no apparent temperature depend-
ence of the CIP and SIP regions within the resulting curves.
Therefore, we combined the calculated Δνi for all temperatures
to improve the estimate for the Na−F distance-dependence
(Figure 6a,b).
Our quantum calculations suggest that NMR sensitivity to

ion−ion interactions extends beyond the CIP region into the
SIP region for both nuclei (Figure 6). As rNaF increases in the
CIP and SIP regions, 19F Δν initially increases by 13,000 Hz
before slowly decreasing to zero. Thus, compared to the FI, the
19F nucleus is significantly shielded in the CIP region and
deshielded in the SIP region. The trend for 23Na Δν with rNaF is
similar to 19F Δν, with the same pattern of CIP to SIP shielding
changes, though smaller in magnitude.
To compare with the temperature-dependent experimental

Δν at 0.917 mol·kg−1 NaF (Figure 5c,d), we used the rNaF-
dependent Δνi (Figure 6a,b) and the distribution of ion-pairing
states from unbiased 1.0 mol·kg−1 NaF MD simulations. We
determined this distribution by binning nearest neighbor ion−
ion distances into 0.025 nm distance increments (subscript i)
and calculating the fraction of ion pairs in each bin ( f i) at each
temperature (Figure 6c). We used these fractions to calculate
the weighted average with propagated uncertainties,

b T f b T f u( , ) ( , )i i i itheory
2 2= ± (3)

where Δνtheory depends on molality (b) and temperature (T)
through fractions f i (b,T), and Δνi is taken from Figure 6a,b at

Figure 6. Theoretical NMR frequency shifts calculated at the ωB97X-
D/ma-TZVP level of theory for both (a) 19F and (b) 23Na nuclei for a
range of cation to anion separations. For each temperature the
frequency shift was calculated relative to the corresponding FI value.
Clusters were accumulated into 0.025 nm bins across all temperatures
(see Figures S9 and S10 for details). For each bin, the uncertainty
(bars) was calculated using the Student’s t-distribution 95% level of
confidence. (c) The fraction of ion pairs ( f i) within 0.025 nm distance
bins calculated up to 0.1 nm; the fractions sum to ca. 0.97 due to
exclusion of FI fraction beyond 1.0 nm. (d) Frequency shifts estimated
using eq 3 are plotted along with the corresponding values from
experiment. Error bars are included for all points and may be smaller
than the symbols.
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distance increment i, with uncertainty ui. This procedure
captures nearest-neighbor interactions and neglects multi-ion
effects beyond single NaF pairs. The temperature dependence of
Δνtheory agreed well with experiment (Figure 6d). Both 19F
Δνtheory and 23Na Δνtheory were slightly too negative, suggesting
that the CIP populations were overestimated by m-AMOEBA09
compared to experiment. Nevertheless, the overall agreement
between theory and experiment for both the temperature
dependence of ν (Figure 3) and the Δν due to ion pairing
(Figure 6d) validates that both the MD simulations and the
quantum chemical calculations are sufficiently accurate.

2.3. Using NMR Frequency Shifts to Validate Force
Fields. The balance between ion−ion and ion−water
interactions is complex and sensitive to force field para-
metrization. The ion-pair radial distributions vary widely with
available fixed-charge force fields.7 We carried out preliminary
calculations using the fixed-charge model of NaF in SPC/E
water that was parametrized for single-ion and ion-pair
thermodynamic properties at 300 K (SPC/E-FN).36 We
found that sampling with SPC/E-FN yielded FI ν temperature
dependence that agreed well with experiment; however, the CIP
population changes with temperature were too small to capture
concentration trends observed above for Δν (data not shown).
We then chose the AMOEBA09 polarizable force field37−39

based on its promise as a computationally efficient physics-based
model.40,41 Indeed, our recent dielectric spectra calculations for
pure water achieved excellent agreement over six decades of
frequency.42 However, AMOEBA09 yielded even smaller CIP
population changes with temperature compared to SPC/E-FN.
To correct for the underpredicted CIP population changes,

we reduced the polarizability of F− ions by adjusting the Thole
parameter on the F− from 0.39 to 0.2 following the detailed
investigations of ion hydration by Pollard and Beck.43,44 This
parameter change increases CIP populations with increased
temperature in a way that is more consistent with experimental
trends, as described above. Looking forward, further improve-
ments to water models such as HIPPO,45 AMOEBA+,46 MB-
UCB,47 and MB-pol48 may offer additional paths to accurate
ion-pair state populations that vary with temperature and
pressure.
We have shown that the combination of theory and

experiment for NMR measurements provides a robust frame-
work for elucidating hydration and ion pairing in electrolyte
solutions. We anticipate that additional improvements to the
treatment of electronic structure and theMD sampling potential
will further refine the contributions from the CIP and SIP states
to the NMR resonance frequencies. This analysis demonstrates
the potential of using NMR frequency measurements to validate
force fields applied to electrolyte solutions. For example, it is
difficult to imagine a theoretical ion−ion chemical shift curve
(Figures 6 and S12) that would show that the distributions of the
default AMOEBA09 were actually more accurate than those of
m-AMOEBA09. Additional analyses of error sources and error
cancellation are provided in Section S.3.4 of the SI.

3. CONCLUSIONS
This work aimed to differentiate ion solvation and pairing in
NMR measurements of aqueous NaF solutions over a wide
temperature range. NMR measurements isolated the solvation
behavior of the free ions by comparison of low concentration
NaF solutions with nonassociating salt solutions of Na+ or F−.
Our models show that the experimental temperature-dependent
shifts in resonance frequency result from changes in the

distribution solvation states of the free ions. To assess ion
pairing contributions to the NMR resonance frequency shift, we
measured NaF solutions as a function of molality. Importantly,
our models show that both CIP and SIP contribute to the shift of
the NMR signal away from the FI resonance frequency,
contradicting the common assumption that only CIP contrib-
utes to this shift. Further, our models show that 23Na is an
insensitive reporter of ion pairing due to cancellation of the
contributions of CIP and SIP to the observed resonance
frequency, which underscores the need to evaluate both the
cation and the anion when designing ion pairing studies.
Looking forward, our methodology establishes a procedure for
NMR-based studies of ion solvation and pairing that is general to
aqueous solutions of ions with NMR-active nuclei.
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