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Abstract: Solvated sodium anions (Na–) were thought to behave essentially like isolated gas phase
ions that interact only weakly with their environments. For example, 23Na NMR signals for sol-
vated Na– are very sharp, despite the potential for strong quadrupolar broadening. The sharp NMR
signals appear to indicate a nearly spherical electron density of the ion. For the present study, ab-
initio molecular dynamics simulations and quadrupolar relaxation rate calculations were carried
out for the Na– / Na+ [2.2.2]cryptand system solvated in methylamine, followed by detailed anal-
yses of the electric field gradient at the sodium nuclei. It is found that Na– does not behave like a
quasi-free ion interacting only weakly with its environment. Rather, the filled 3s shell of Na– inter-
acts weakly with the ion’s own core and the nucleus, causing Na– to appear in NMR experiments
like a free ion.

Alkali metals are well known for their strong tendency to form positive ions. The spectacle of
alkali metals reacting with water is a favorite chemical demonstration. It is less well known that
these elements can also accept an electron, forming the corresponding negative alkalide ions.1
There is high interest in solutions of alkalides as they can act as strong reducing agents in the
production of nanoscale metal particles, organic synthesis, intermetallics and colloidal metals.
Due to their fascinating properties, numerous studies of alkalide ions and related systems have
been carried out.2–10 For example, reacting alkali metal solutions with cryptands has led to the
discovery of crystalline salts of complexed alkalide ions. Ceraso et al. isolated and character-
ized Na+/Na– salts with the 2.2.2 cryptand, viz [Na+ [2.2.2]cryptand Na–],11, 12 which has been
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thoroughly characterized. We abbreviate this system as [Na+c222Na–] in the following.
NMR spectroscopy provided the first unequivocal proof of the existence of alkalide ions in

solutions and solids.11–15 The resolution of the NMR experiment allows for the simultaneous
identification of both the anion and the complexed cation. For instance, 23Na NMR chemical
shifts have been measured for [Na+c222Na–] on several occasions.4, 12, 16, 17 The chemical shift of
Na+ in this system is typical of the shift detected for other sodium salts. The cation is inside the
cryptand and isolated from the alkalide ion and the solvent, if present. Therefore, the Na+ chem-
ical shift is nearly solvent independent. For Na–, the observed chemical shift was reported to be
almost the same as one calculated for the gas phase anion16 and also essentially independent of
the solvent. Other alkali metal anions have also been synthesized with the [2.2.2]cryptand, such
as K−, Rb−, and Cs−. The metal NMR data showed a stronger sensitivity to the chemical envi-
ronment for these metals.4, 9, 12, 18 Experimental investigations concluded that Na– is a ‘genuine’
anion in which both the [Ne] core and the 3s valence electrons interact very weakly with their sur-
roundings.16, 17, 19 Strong evidence for this characterization was provided by the almost complete
absence of quadrupolar broadening of the 23Na NMR signals. A quadrupolar broadening would
arise from an electric field gradient (EFG) generated in Na– by a distortion of its electron density,
and by the presence of fluctuating non-spherical partial charge distributions from other ions and
solvent molecules in the surrounding. The extremely narrow observed widths of the Na– NMR
signals suggests the lack of an EFG, and a spherical symmetry of these species.

However, the Na– ion is strongly polarizable. We estimate its gas-phase isotropic static polar-
izability to be over 800 times that of Na+ (808 vs. 1 atomic units (au), PBE/ATZP, computational
details provided below), similar to previous reports.23 In order to highlight the comparison be-
tween Na+ and Na–, we calculated the radial electron probability densities 𝐷(𝑟) = 𝑟2𝜌(𝑟) for Na–

and Na+, shown in Figure 1. The outermost radial density peak of Na– is just above 2 Å, with a
pronounced tail toward larger 𝑟, indicating the extension of the 3s shell. This result is in accor-
dance with other estimates of the Na– radius. For example, Matalon et al.24 estimated a radius of
∼2.25 Å and Tehan et al.5 reported a value of 2.10 Å.

It is inconceivable that the diffuse and easily polarizable 3s shell of Na– does not get perturbed
strongly by the environment in a solution or a solid. The lack of a pronounced NMR quadrupolar
line broadening, despite the huge polarizability of Na–, suggests that the filled 3s shell interacts
only very weakly with the [Ne] 1s22s22p6 core such that the 3s polarization is not ‘felt’ at the
nucleus in terms of a sizable EFG. The filled 3s shell may also serve as a spatial buffer to shield
the [Ne] core from being polarized itself, and prevent surrounding charges to come close, with a
concomitant lack of an EFG at the 23Na nucleus that would otherwise broaden the NMR signal.
Computational quadrupolar NMR spin relaxation studies based on force-field and ab-initio molec-
ular dynamics (FFMD, aiMD) have been carried out for Na+,25–29 but little is known from such
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Figure 1: Radial electron density of Na cation (green line) and Na anion (red line). Inset: region
of the 3s shell. The outermost maximum for the anion is just above 2.00 Å.

theoretical approaches about Na–. For the present study, we probed the above hypotheses with
a combination of aiMD of [Na+c222Na–] solvated in methylamine and calculations of the time-
domain EFG tensors, the quadrupolar relaxation rates, and analyses of the EFG tensor components
in terms of contributions from core and valence shell localized molecular orbitals.

The theoretical framework for nuclear spin relaxation used here is discussed, for instance, in
Refs. 20–22. The calculation of quadrupolar relaxation via aiMD simulations30 was implemented
by us as detailed in refs. 27, 29, 31. For brevity, we only provide the key steps here. Calcula-
tions of EFG tensors along the aiMD trajectory provides the auto-correlation functions (ACFs)
𝑓2,𝑚(𝜏) = ⟨𝑅∗

2,𝑚(𝑡)𝑅2,𝑚(𝑡+𝜏)⟩ of the time-domain rank-2 EFG spherical tensor components𝑅2,𝑚(𝑡).
The brackets indicate an ensemble average that is replaced in numerical simulations by ACF cal-
culations for a discrete set of time steps. In the fast-motion (‘extreme narrowing’) limit, which
applies to our system, the 𝑓2,𝑚(𝜏) are converted to quantities 𝑔2,𝑚 via taking half-Fourier trans-
forms in the limit 𝜔 → 0. Under rotational isotropy, for solutions, the 𝑓2,𝑚(𝜏) and 𝑔2,𝑚 for different
𝑚 become equal, and the longitudinal and transverse relaxation rates likewise become equal. An
isotropic relaxation rate 1∕𝑇iso = 1∕𝑇1 = 1∕𝑇2 can then be formulated as

1
𝑇iso

= 2𝐶𝑄𝜏𝑐⟨𝑉 (0)2⟩ ; 𝜏𝑐 =
1

⟨𝑉 (0)2⟩

2
∑

𝑚=−2
𝑔2,𝑚 (1)

Here, ⟨𝑉 (0)2⟩ =
∑

𝑚 𝑓2,𝑚(0) is the total EFG variance, and 𝜏𝑐 is a corresponding autocorrelation
time associated with the relaxation. Rotational isotropy can be difficult to establish in numerical
simulations,29 which by their nature sample the system incompletely. Therefore, the 𝑓2,𝑚 and 𝑔2,𝑚
were calculated for different 𝑚 first and then averaged as in the eq. (1), rather than assuming that
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they are equal. Calculations of 1∕𝑇1 and 1∕𝑇2 from the full formalism20 and comparison with
1∕𝑇iso then gives a rough estimate of the sampling errors as far as a lack of rotational isotropy is
concerned. For this work, half-height NMR line widths were computed according to

Δ𝜈 = 1
𝜋𝑇2

(2)

Car-Parrinello (CP) aiMD simulations were carried out using Quantum-Espresso (QE) ver-
sion 6.0.32, 33 Following previous studies27, 29, 31, 34 the exchange-correlation functional of Becke,
Lee, Yang and Parr (BLYP)35, 36 and ultrasoft pseudopotentials were selected for these simula-
tions,37 along with semi-empirical dispersion corrections.38 The mass of deuterium was used for
all hydrogens atoms to facilitate adiabatic separation between electronic and nuclear degrees of
freedom.39 A kinetic energy cutoff of 100 Ry was chosen for the plane-wave basis, along with a
fictitious electron mass of 450 au and a time step of 5 au (corresponding to 0.121 fs), similar to
previous studies.27, 40, 41 The aiMD simulations were performed with the Verlet algorithm. The
X-ray crystal structure of [Na+c222Na–] was packed in a cubic cell together with 24 methylamine
molecules, using Tinker.42 The box dimensions were 12.71 Å, such that the density of the sys-
tem was that of methylamine at ambient conditions (0.7 g/cm3). The initial packing structure was
optimized prior to starting the first aiMD simulation. Random configurations (‘snapshots’) gener-
ated from the trajectory were then used to spawn new independent trajectories upon heating and
re-equilibration. For each trajectory, the system was heated to the temperature of the experiments
(258 K) using a three-chain Nosé-Hoover thermostat (90.0, 45.0, 15.0 THz). The aiMD simula-
tions were equilibrated for 2.5 ps in NVT, then continued in NVE. Excluding the first ∼1 ps in
NVE, the remaining portions of the simulations comprise the production phases of the trajecto-
ries. The total production time for each simulation was around 20 ps. All dynamics were stable
in NVE.

For continuity with previous work on quadrupolar relaxation by our group,27, 29, 31 and for com-
parison, we also performed a set of ten simulations using the exchange-correlation functional of
Perdew, Burke, and Ernzerhof (PBE).43 Further details regarding these computations and other
test calculations can be found in the Supporting Information (SI).

EFG computations were performed for 1000 evenly spaced snapshot configurations along the
production phase of a simulation using the gauge-including projector-augmented wave (gipaw)
module of QE,32, 44 with periodic boundary conditions and the PBE functional. We refer to these
calculations by the ‘PAW’ acronym. A small-core pseudopotential for sodium was utilized, with
the 2s and 2p shells included in the valence space. A reimplementation of our DynPro (‘dynamic
properties’) relaxation rate module for the QE package,27 was used for the relaxation rate calcu-
lations. An open source tool developed in our group (version 0.3.11)45 was employed to analyze
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trajectories, extract cluster configurations, and perform visualizations.
Additional calculations of EFG tensors, ion polarizabilities (vide supra), and the electron den-

sities of Figure 1 were performed with non-periodic boundary conditions, PBE, and all-electron
Slater type orbital (STO) basis sets, using the Amsterdam Density Functional (ADF) 2017 pack-
age.46 We denote these calculations as ‘STO’. In selected cases the PBE047 hybrid functional
(25% exact exchange) was employed for comparison. A triple-𝜁 polarized basis (TZP) augmented
with diffuse functions (ATZP) was used for sodium (TZP for Na+ in subsequent analyses), and a
double-𝜁 polarized STO basis (DZP) for all other atoms. Solvent effects beyond those furnished
by the finite [Na+c222Na–] - methylamine clusters of varying size extracted from the MD trajec-
tories were treated by means of the continuous conductor-like screening model (COSMO)48 with
a dielectric constant for methylamine of 9.4. An example snapshot is shown in Figure S1 in the
SI.

A previous computational study of [M(en) +3 M–] ion pairs, with M = alkali and en = ethylene-
diamine, showed that the ion charges calculated with the non-hybrid PBE functional are not±1 but
closer to about ±0.6. Test calculations (see SI) demonstrate that the Kohn-Sham delocalization
error (DE)49, 50 is partly responsible for these reduced ion charges. A long-range corrected hybrid
functional, tuned to minimize the DE,51 places the charges closer to ±0.7, with results from the
PBE0 global hybrid being close. However, the calculated sodium EFGs are not strongly affected
by choosing different functionals, and Kohn-Sham calculations of EFGs are known to perform
generally quite well for main group elements.52 Since the relaxation rate calculations require a
large number of EFG calculations, and benefit from the periodic PAW approach, we determined
that the PBE-based relaxation rate calculations and subsequent analyses are sufficiently accurate
for the purpose of this study. This is in line with comparisons between PAW and STO, and be-
tween PBE and PBE0, performed by us previously for EFGs and quadrupolar relaxation of main
group elements including 23Na,29 and present test calculations (see SI).

We show in the following that the calculated relaxation rates are in agreement with experi-
mental findings in that Na– has a very small quadrupolar broadening for solvated [Na+c222Na–],
even much smaller than the encapsulated ‘hard’ ion Na+. The EFGs are analyzed subsequently, in
conjunction with the orbital occupations, in order to rationalize this unintuitive finding for Na–.

A summary of relaxation data obtained with the non-hybrid functional PBE from fifteen tra-
jectories is provided in Table 1. Table S2 shows the data for the individual trajectories. Sampling
errors were probed by performing independent trajectories. The absolute difference between 1∕𝑇1

and 1∕𝑇2 is larger for the Na cation than the anion, but on a relative scale the differences are com-
parable. 1∕𝑇iso, as calculated from Equation (1), is seen to lie in between 1∕𝑇1 and 1∕𝑇2. The
differences may serve as a rough estimate of the finite-system finite-time sampling errors. Given
the finite time scales of the simulations relative to the relaxation phenomenon, nonequivalent
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1∕𝑇1 and 1∕𝑇2 suggest somewhat anisotropic sampling in the fast motion regime. Overall, the
calculated isotropic relaxation rate 1∕𝑇iso for Na+ is about ten times larger than for Na–, with a
corresponding ratio in the line widths Δ𝜈.

The experimental NMR line widths of Na ions in a methylamine solution of [Na+c222Na–]
at -15◦C were first reported by Dye et al. to be 11 Hz for Na– and 30.8 Hz for Na+.12 Our cal-
culated line widths are smaller for Na–. However, Dye et al. noted the difficulty of obtaining
the true quadrupole-broadened line width because of the presence of solvated electrons and the
concomitant paramagnetic interactions. Subsequently reported experimental widths of Na– sig-
nals were as low as a single hertz in some instances, in measurements with alternative solvents
such as ethylamine at -17◦C to 1◦C and tetrahydrofuran at -4◦C, or for related systems such as
Na+(18-Crown-6)Na– and Na+(12-Crown-4)Na–.12, 15, 18 Therefore, our calculated data are within
the experimentally observed range for Na–. Moreover, in agreement with experimental observa-
tions, the Na– lines are only very weakly broadened by quadrupolar relaxation.

According to eq. (1), 1∕𝑇iso is proportional to the product of 𝜏𝑐 and ⟨𝑉 (0)2⟩. The calculations
show that the total EFG variance ⟨𝑉 (0)2⟩ for Na+ is almost three times higher than for Na–. The
correlation time and the variance both contribute to the lower rate for the anion. Evidently, the dif-
fuse polarizable 3s shell of Na– does not cause systematically larger ⟨𝑉 (0)2⟩ when compared to the
‘hard’ (weakly polarizable) Na+ ion. The EFG autocorrelation functions (ACFs) 𝑓2𝑚, are shown
in Figure 2. After an initial very fast decay, known as the libration region, the decay of the 𝑓2𝑚 for
Na+ takes much longer than for Na–, which causes the much larger 𝜏𝑐 for the former. In our MD
trajectories, Na– does not tend to form coordination motifs with the solvent and/or cryptand con-
taining the cation that are long-lived compared to the correlation time spans, i.e. the anion appears
to be fully solvated in an environment that fluctuates considerably over the relaxation correlation
time spans. Coordinated Na– species were not apparent from visual inspections of our trajectories,

Table 1: 23Na NMR relaxation data∗ for a set of fifteen solvated [Na+c222Na–] trajectories at 258
K.

1
𝑇1

1
𝑇2

1
𝑇iso

𝜏𝑐 ⟨𝑉 (0)2⟩ Δ𝜈

Average Na– 9.88 8.77 9.14 0.75 0.44 2.79
Na+ 84.27 99.21 94.23 4.49 1.22 31.58

Standard Na– 4.56 3.46 3.80 0.18 0.12 1.10
Error Na+ 12.54 15.04 13.84 0.56 0.07 4.79

∗ Calculated values with 24 molecules per simulation cell. EFGs were computed for 1000
snapshot clusters from the aiMD BLYP simulations. 𝑏 EFGs computed using PAW/PBE. All

quantities are averaged over a set of 15 trajectories. Relaxation rates and line widths are in Hz, 𝜏𝑐is in ps, and ⟨𝑉 (0)2⟩ is in atomic units %. Experimental line width of Na+is three times larger
than Na–.
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Figure 2: Autocorrelation functions (ACFs) of the second rank irreducible tensor components
of the electric field gradient (EFG) averaged over the sodium atoms of the 15 trajectories. EFG
computed using PAW method.

likely because the anion is too diffuse and ‘squishy’ to form transient complexes. Thus, it would
seem to be a permissible approximation to employ the simulation cell sizes that we use. A series
of structural and dynamic analyses were performed to rationalize the slow decorrelation of Na+

(see SI). Trajectories with larger correlation times exhibit a limited range of motion, or motion
within one side of the cryptand cavity. The resulting spherical asymmetry and sluggishness of
the cation motion results in the slow decorrelation and inequivalence of the components of the
EFG tensor in Figure 2. It is always possible that a process that is longer than the simulation time
influences the relaxation. However, it is not practical to extend the simulations to a point where
this concern could not be raised. Our good agreement with the experimental line widths indicates
that slower processes are likely not a major influence on the sodium ion relaxation, and that the
relevant dynamics are captured reasonably well.

We originally performed simulations of the 23Na NMR relaxation rates with the PBE func-
tional (see SI for more details), at a substantially elevated temperature (320 K) out of an abun-
dance of caution due to known problems of this functional with the structure of liquid water,39, 53

even though it is unclear if the methylamine solvent structure is impacted in the same way. The
PBE-based line width for Na– (1.72 ±0.43 Hz) is a bit smaller than the BLYP-based result, but
within the latter’s standard error. The relaxation rates for the Na+ ion differ by much more than
the standard errors, and the rate with the elevated PBE simulation temperature (7.28 ±2.12 Hz)
is too low compared to the experimental 30.8 Hz reported by Dye et al. Clearly, the elevated
temperature causes a too fast and too large ranged motion of Na+ inside the cryptand, leading to
a faster averaging of the fluctuating fields.

A detailed analysis of the EFG can be obtained from the STO calculations.54 In order to apply
the analysis to the [Na+c222Na–] system, it is important to establish that the finite-cluster STO
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Figure 3: 𝑉𝑧𝑧 EFG component (au) at 23Na+ and 23Na– nuclei for one of the trajectories. PAW vs.
STO calculations with PBE functional. The straight line indicates where PAW = STO. Correlation
coefficients 𝑟 are given inside the plot panels.

calculations produce comparable EFGs as the infinite-periodic PAW calculations. Figure 3 shows
the EFG component 𝑉𝑧𝑧 for Na+ and Na– computed by the PAW and STO models for one of the
trajectories. For both types of sodium ions, PAW gives a comparable, if slightly smaller, range of
EFGs than the all-electron STO calculations. (It is a coincidence that for this particular trajectory
Na+ samples a slightly wider range of negative than positive 𝑉𝑧𝑧.) We tentatively attribute the
apparent slope of less than one for the PAW vs. STO data to the very different approximations
made in the two sets of calculations, such as projector vs. all-electron, plane-wave vs. STO valence
basis, and periodic boundary conditions vs. finite clusters. Given that each of these factors could
strongly impact the EFG calculations, the agreement is overall very favorable. Since the EFG
range in the PAW calculations is smaller than in the STO calculations we did not apply a scaling
factor of 0.893 recommended in refs. 55, 56 to reduce the magnitude of PAW-based Na+ EFGs.
Furthermore, we confirmed for three trajectories that the 23Na NMR relaxation data obtained from
PAW and STO calculations are comparable (Table S5). The tendency for the STO calculations to
generate a somewhat larger EFG range translates into larger ⟨𝑉 (0)2⟩ and Δ𝜈, but the trends across
the trajectories are preserved between PAW and STO calculations, also for the 𝜏𝑐. We proceed
with an analysis of the EFGs for selected snapshots.

EFG tensors for the sodium ions in the solvated [Na+c222Na–] system were analyzed in terms
of contributions from natural bond orbitals (NBOs) obtained with the NBO 5.0 program.57 We fo-
cus on the largest-magnitude EFG tensor component, 𝑉33, which determines the nuclear quadrupole
coupling constant 𝐶𝑄. Table 2 summarizes the analysis. The EFG analysis is (human) time-
consuming and therefore had to be limited to ten snapshots randomly selected from three of the
aiMD trajectories. Table 2 also provides additional information extracted from the NBO calcu-
lations that help in interpreting the EFG analysis. The NBOs constitute a set of ideally localized
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‘chemist’s orbitals’ representing individual lone pairs, bonds, and core shells, with associated elec-
tron populations that may be integer or not. In order to assist the analysis, we list the populations
of the sodium 3s NBOs as well as the total electron count from the natural population analysis.
Each doubly occupied natural localized MO (NLMO) has an assigned ‘parent NBO’. If the weight
of the parent NBO in the NLMO is much less than, say, 95%, then the NLMO is significantly

Table 2: EFG and NBO data for selected trajectory snapshots.[𝑎]
Snapshot # 1 2 3 4 5 6 7 8 9 10

Na+ analysis 𝑉33
2p -0.082 -0.106 -0.083 0.047 0.082 -0.059 0.094 0.043 -0.088 -0.077
3s 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001

Σ 2p,3s -0.082 -0.105 -0.082 0.047 0.082 -0.059 0.094 0.043 -0.088 -0.076
Diffuse[𝑏] -0.013 -0.015 -0.010 0.013 0.020 0.000 0.021 0.016 -0.013 -0.013

Other[𝑐] -0.028 -0.025 -0.020 0.012 0.019 -0.007 0.022 0.008 -0.024 -0.025
Σ analysis[𝑑] -0.123 -0.145 -0.112 0.072 0.121 -0.087 0.137 0.067 -0.125 -0.114
Total calcd. -0.121 -0.141 -0.109 0.071 0.116 -0.090 0.132 0.066 -0.123 -0.111

Na– analysis 𝑉33
2p -0.013 0.000 0.006 -0.007 -0.018 -0.008 -0.001 -0.085 -0.160 0.101
3s -0.006 0.003 -0.007 0.001 0.002 -0.003 0.003 -0.022 -0.049 0.026

Σ 2p,3s -0.019 0.003 -0.001 -0.006 -0.016 -0.011 0.002 -0.107 -0.209 0.127
Diffuse[𝑏] -0.003 0.000 -0.009 0.014 0.000 -0.009 0.007 -0.036 -0.072 0.044

Other[𝑐] 0.005 0.000 -0.002 0.004 -0.003 -0.005 0.000 -0.025 -0.031 0.027
Σ analysis[𝑑] -0.017 0.006 -0.012 0.012 -0.019 -0.025 0.009 -0.168 -0.312 0.198
Total calcd. -0.017 0.006 -0.012 0.013 -0.019 -0.025 0.009 -0.162 -0.293 0.196

NBO populations[𝑒]
Na+ 3s 0.091 0.094 0.092 0.085 0.088 0.089 0.090 0.090 0.105 0.106
Na– 3s 1.622 1.709 1.590 1.645 1.581 1.635 1.628 1.475 1.369 1.364

Composition of the 3s NLMO of Na–
% 3s NBO[𝑓 ] 81.4 85.6 79.9 82.3 79.0 82.0 81.5 74.4 69.1 68.9

% p 0.49 0.23 0.65 0.10 0.08 0.43 0.24 1.11 1.36 1.57
% d 0.01 0.00 0.02 0.01 0.03 0.01 0.01 0.02 0.01 0.01

Total natural populations
Na+ 10.162 10.167 10.157 10.146 10.152 10.153 10.162 10.152 10.185 10.185
Na– 11.659 11.738 11.633 11.675 11.612 11.671 11.663 11.524 11.425 11.421

[𝑎] PBE STO calculations. All EFG data in au. 𝑉33 contributions from Na 2p, Na 3s, diffuse Na centered
NBOs, and contributions from other atoms are listed. Analysis according to Reference 54. One au of field
gradient is approximately 9.717 ⋅ 1021 V/m2 and corresponds to a nuclear quadrupole coupling constant of
235.0 MHz per barn of nuclear quadrupole moment cross section. [𝑏] Sum of contributions from diffuse

Na-centered NBOs (‘Rydberg’ NBOs). [𝑐] Sum of contributions larger than 1% of |𝑉33| from other atoms.
[𝑑] Sum of all NBO contributions with a print threshold above 1% of |𝑉33|. [𝑒] The populations are 1.999
or greater for each of the 2p orbitals. [𝑓 ] Weight of ‘parent NBO’ 3s in the NLMO. The p and d weights
are for the Na-centered part of the NLMO. The weight of s is 98% or higher and not printed individually.

9



delocalized. Table 2 lists the weight of the parent 3s NBO in the 3s NLMO of Na–, along with the
weight of Na-centered p and d angular momenta in the 3s NLMO, in order to assess its degree of
polarization.

The EFG tensor component 𝑉𝑢𝑣, with 𝑢, 𝑣 ∈ {𝑥, 𝑦, 𝑧} chosen to coincide with the EFG princi-
pal axis system, at a nucleus located at 𝑹𝐴 is calculated in au as

𝑉𝑢𝑣 = ∫ 𝜌(𝒓)
[

𝑉𝑢𝑣(𝒓,𝑹𝐴) −
Nuclei
∑

𝐵≠𝐴

𝑍𝐵

𝑁
𝑉𝑢𝑣(𝑹𝐵,𝑹𝐴)

]

𝑑𝑉 (3)

Here, 𝑉𝑢𝑣(𝒑, 𝒒) = 𝛿𝑢𝑣|𝒑− 𝒒|−3 − 3(𝑝𝑢 − 𝑞𝑢)(𝑝𝑣 − 𝑞𝑣)|𝒑− 𝒒|−5 is the traceless quadrupole operator,
𝑁 is the number of electrons, and 𝑍𝐵 the charge of another nucleus. In the analysis, the electron
density 𝜌(𝒓) is then partitioned into densities from individual NBOs. The contributions to the EFG
from other nuclear charges are absorbed in the NBO analysis weighted by the electron density, as
shown above.54 The contributions of partial charges in the system to the sodium EFGs then show
up in the analysis as contributions from NBOs centered on the relevant atoms, which show up in
Table 2 in the ‘Diffuse’ and ‘Other’ rows. In ‘Other’, contributions from distant partial charges
amounting each to less that 1% of the𝑉33 magnitude were not printed and neglected. The combined
influence of the neglected contributions is seen in Table 2 by comparing the rows ‘Σ analysis’ with
‘Total calcd.’ In all cases, the differences are minor.

For the Na+ ion the analysis reveals the following: The electron density partitioning furnished
by the NBO calculation assigns an excess of 0.2 electrons (𝑒) to the formal electron count of 10,
with about 0.1𝑒 assigned to the 3s NBO, as a result of a polarization of the cryptand orbitals toward
the ion and minor transfer of charge. Despite a non-negligible population, the 3s shows essentially
no contribution to the EFG. The sum of the contributions of diffuse orbitals assigned to Na+, and
other NBOs, accounts for the EFG generated by partial charges mainly in the cryptand, which
provides approximately one-third to one-half of 𝑉33 for most snapshots. The remaining, mostly
dominant, contribution comes from the Na+ 2p shell and must be attributed to core polarization
by the surrounding partial charges.

The matching signs of the core polarization and partial charge (Diffuse + Other) contributions
may be rationalized as follows: Suppose that Na+ is at the coordinate origin and placed between a
pair of partial charges 𝑞 located at ±𝑎 along the 𝑥 axis. The resulting EFG, according to Equation
(3), is 𝑉𝑥𝑥 = 4𝑞∕𝑎3, 𝑉𝑦𝑦 = 𝑉𝑧𝑧 = −2𝑞∕𝑎3, with 𝑉𝑥𝑥 = 𝑉33 positive / negative if 𝑞 is positive /
negative. We expect positive partial charges to polarize the 2p𝑥 electron density toward them, as
illustrated in Figure 4. This creates a slight electron deficiency along 𝑥 closer to the Na nucleus
and a positive 𝑉33 reinforcing the positive EFG generated by the partial charges. A pair of negative
partial charge would have the opposite effect.
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Figure 4: Left: Iso-surface of a model electron density for the Na 2p shell, polarized outward
along the 𝑥 axis (left to right). Center: Iso-surface plot of the corresponding deformation density
relative to a spherical 2p shell. Blue (dark) indicates accumulation of electron density, orange
(light) indicates depletion. Right: Polar plot54 of the resulting EFG tensor, with blue / orange
indicating positive / negative EFG.

3s NBO 3s NLMO

Figure 5: Isosurface (±0.022 au) of the 3𝑠 NBO and NLMO for Na– of snapshot 4.

For the Na– ion, the analysis shows a somewhat larger spread of 𝑉33 values than the Na+

analysis, in line with Figure 3. This reflects the more flexible environment of Na– (solvent and
cryptands) compared to Na+, which is encapsulated in the cryptand. For the larger EFGs among
the snapshots, the Diffuse + Other contributions have the same sign as the 2p contributions and
can be attributed to the same core-polarization mechanism as found for Na+.

Across the snapshots, the diffuse nature of the 3s shell of Na– causes the parent NBO to con-
tribute only between 69 and 86% weight to the 3s NLMO, indicating a varying strong degree of
delocalization. (Some of this may be enhanced by the delocalization error, as already mentioned.
Additional calculated data addressing this point can be found in the SI.) Accordingly, the natural
populations assigned to Na– range between 11.4 and 11.7𝑒 instead of the formal 12 electrons. The
deviation from the formal electron count of 12 correlates with a decreasing weight of the parent
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NBO in the 3s NLMO. In other words, during the dynamics the sodide 3s electron density de-
forms and partially delocalizes into the solvation shell to varying degrees. As shown in Figure
5 for one of the snapshots, the 3s shell is visibly deformed, i.e. not at all free ion-like. In Table
2, the polarization is indicated by the weights of Na-centered p and d angular momenta in the 3s
NLMO, which also correlate with the decreasing parent NBO weights.

When the Na– 3s shell deforms and acquires p (and d) character, this may generate an EFG
directly, via the aspherical electron density, and indirectly via a core polarization driven by the
valence-core orthogonality. The analysis is not capable of separating the two mechanisms cleanly,
but this hardly matters: The data in Table 2 show that the 3s contribution to the Na– EFG is rarely
comparable to the 2p contribution (usually smaller), and there is no systematic relation between
the signs and magnitudes of the 3s and 2p contributions within the available data set.

These findings may be interpreted as follows:
(i) The diffuse 3s shell of Na– is only weakly coupled to the [Ne] core as far as the EFG is con-
cerned.
(ii) The diffuse 3s shell is not capable of generating a sizable EFG on its own despite the fact that
it is very easily polarized.
(iii) The weak coupling between 3s and the core shells, and the lack of a strong EFG from 3s itself,
causes the 3s shell to act like a buffer between the core and the ion’s surrounding, such that the
EFG tensor components de-correlate quickly in the time domain. The fast de-correlation is evident
from the calculated relaxation data. Very sharp 23Na signals for Na– appear as a consequence.

In conclusion, Na– does not necessarily behave like a quasi-free ion that interacts only weakly
with its environment. Rather, the filled 3s shell of Na– interacts weakly with the ion’s own core
and the nucleus, making Na– to appear in NMR experiments like a free ion. We expect that similar
conclusions can be drawn about the nuclear magnetic shielding (NMR chemical shift) of Na– as
well, although sodide may hold further surprises. In the characterization of crystalline samples,
Dye et al. report large distances from the anion to the neighboring atoms, and the solid-state
NMR indicates that the quadrupolar relaxation for the sodite ion is similarly inefficient as it is in
solution.17, 58 It is therefore very likely that the sodide nucleus is similarly decoupled from the
valence shell in the solid structure as we find here for the liquid solution phase.

We plan to investigate the chemical shifts in the near future by aiMD calculations, along with
other alkali metals. For instance, it seems possible that the NMR data of K−, Rb−, and Cs− show
a stronger sensitivity to the chemical environment because the the outer core shells of heavier
alkalides are more easily polarizable than the ‘primogenic’ 2p shell of sodite.
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