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Abstract

Metallic sodium nanoparticles can be used in numerous applications. This requires
thorough investigation of their properties. To study the impact of size reduction on
the ionic mobility in solid sodium, we carried out 2Na NMR measurements of the
Knight shift and spin—lattice relaxation for sodium nanoparticles embedded into a
porous glass with a mean pore size of 23 nm and in bulk sodium. Pronounced accel-
eration of relaxation in nanoparticles compared to bulk was revealed within a tem-
perature range from 190 to 293 K, while the Knight shift nearly coincided with that
in bulk solid sodium. In addition, the rate of magnetization recovery after inversion
depended on magnetic field and the recovery curves were non-single exponential.
The results were treated assuming the emergence of a noticeable quadrupole con-
tribution to relaxation due to coupling of nuclear quadrupole moments with electric
field gradients caused by ionic mobility intensified under nanoconfinement. The cor-
relation time of ionic mobility was found for sodium nanoparticles at different tem-
peratures. The activation energy was evaluated and was shown to be much smaller
than in bulk solid sodium.

1 Introduction

Sodium is one of the most abundant element in our environment. Metallic sodium
has many applications in chemistry, physics, and medicine, while it is strongly reac-
tive. Modern representative uses of metallic sodium are coolants for nuclear reactors
and a potential anode material for rechargeable sodium-based batteries [1]. Recently,
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great attention was paid to studies of metallic sodium nanoparticles because of their
feasible practical applications and frequent occurrence in nature. Sodium nanopar-
ticles were introduced for enhanced oil recovery procedure [2—4]. They are consid-
ered for production of nanoscale plasmonic devices as small particles of many other
metals [5, 6]. The metal Na nanoinclusions cause the bright colors in villiaumite and
halite minerals [7]. To remove serious irreversibility problems in metallic sodium
anodes, they were suggested to be replaced with three-dimensional nanotemplates
loaded with Na [8, 9]. Nanoscale clusters of sodium within pores of silica gel were
shown to be convenient materials for chemical reduction of organic compounds and
production of clean hydrogen [10]. Sodium nanoparticles are also widespread in the
food industry.

Size reduction in sodium nanoparticles affects their physical and structural prop-
erties. Previous studies revealed remarkable decreases in the melting and freezing
temperatures of small sodium particles [11-13] in agreement with results obtained
for other fusible metals (see [14, 15] and references therein). The partial polymorph
phase transition, which occurs in bulk sodium below 40 K, was found to shift to
240 K for small sodium particles embedded into a porous glass [16]. NMR meas-
urements demonstrated noticeable changes in the Knight shift for solid and liquid
sodium nanoparticles confined to porous glass with a mean pore size of 3.5 nm,
which evidenced alterations in the hyperfine coupling [11]. However, nothing is
known up to now about the impact of nanostructuring on ionic mobility in solid
metallic sodium.

It was shown in [17] that NMR can provide information on self-diffusion in
metallic nanoparticles under nanoconfinement through measurements of nuclear
spin relaxation. The method is based on separation of the quadrupole contribution
to longitudinal relaxation, which depends on the correlation time of ionic mobility.
The experiments carried out for liquid gallium and indium and their alloys demon-
strated striking slowdown of ionic mobility, which heightened with decreasing the
particle sizes [15, 17-20]. Strong NMR line broadening prevented similar studies
for solid nanoparticles. The only results were obtained for solid gallium nanosegre-
gates with the f-Ga structure under opal nanoconfinement [21]. The cubic symmetry
of metallic sodium facilitates the observation of NMR signals in crystalline sodium
nanoparticles allowing the use of NMR to study size-effects on ionic mobility. Here,
we present results of NMR measurements of *Na spin-lattice relaxation within a
large temperature range from 190 K to room temperature for sodium nanoparticles
embedded into a porous glass with a mean pore size of 23 nm. The temperature
dependence of the correlation time of ionic mobility was found and the activation
energy was calculated. The enhancement of ionic mobility in solid sodium induced
by nanoconfinement was demonstrated.

2 Samples and Experiment
The porous glass template was made from phase-separated sodium-boron-silicate

glass by acid leaching. The leaching procedure resulted in formation of thoroughly
interconnected network of pores. The pore volume was equal to 18%. The pore size
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and distribution were found by nitrogen adsorption—desorption with Quadrasorb
SI. The pore size distribution diagram is shown in the inset in Fig. 1. According to
this diagram, the mean pore diameter was equal to 23 nm and 80% pores had sizes
within a range from 18 to 27 nm.

Metallic sodium was embedded into pores of the glass template in melted state at
400 K under pressure up to 10 kbar. Then, the pressure was removed and the loaded
glass was cooled down to room temperature. The pore filling was near 90% as was
found by weighing the glass ingot before and after loading. The sample for studies
was cut as a parallelepiped with dimensions 3X3 X5 mm and sealed into an evac-
uated ampoule to prevent sodium oxidation. During experiments, the sample was
wrapped in a Teflon tape impregnated with oil.

The main NMR measurements were performed using Bruker Avance400 and
Avance750 pulse spectrometers in magnetic fields 9.4 and 17.6 T, respectively,
within the temperature range from 190 to 293 K upon cooling and warming. The
2Na NMR lines were recorded as a Fourier transform of the free induction decay
after a 90° pulse. The line shift was referenced to the *Na signal from a NaCl sin-
gle crystal at room temperature. The same reference was used in experiments with
bulk sodium [22, 23]. The evolution of spin—lattice relaxation with temperature was
studied using the inversion recovery protocol. The temperature changed no faster
than 0.5 K/min to avoid temperature overshoots. Before measurements, the sample
was kept for 20 min at each target temperature. The Knight shift was also measured
within a larger range from 17 up to 415 K using Bruker Avance500 spectrometer
to get data on melting reduction under nanoconfinement and on low-temperature
behavior of the hyperfine coupling. In addition, the time of nuclear spin—lattice
relaxation and Knight shift were measured for bulk metallic sodium. For this, small
pieces of sodium were sealed in a silica glass tube.

3 Results and Discussion

The **Na spectrum at room temperature monitored using the Avance400 spectrom-
eter is shown in Fig. 1. The line at 1123 +2 ppm belongs to metallic sodium nano-
particles. Its position is very close to the Knight shift in bulk sodium reported in [22,
23] and to the NMR line shift obtained for bulk sodium in the present study (Fig. 2).
The second line at -2.5 + 1.2 ppm appears due to Na* ions [10, 24].

Fig. 1 **Na NMR spectrum
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The temperature dependence of the Knight shift for confined metallic sodium is
shown in Fig. 2. We can see that the shifts obtained in different external magnetic
fields coincided within experimental data dispersion. The shift jump near 367 K
indicates the melting transition, which temperature was slightly dropped compared
to bulk sodium because of size-effects [11-13]. Therefore, metallic sodium is solid
below room temperature where spin relaxation was studied. Figure 2 demonstrates
also that the Knight shift for metallic sodium confined to the glass template with a
mean pore size of 23 nm gradually decreases below 293 K with decreasing tempera-
ture similar to the Knight shift in bulk in agreement with the results of [23], while
the opposite trend was observed for sodium embedded into 3.5 nm pores [11, 16].

Measurements of nuclear magnetization recovery after a 180° pulse revealed
pronounced difference between relaxation rates obtained with the Avance400 and
Avance750 spectrometers between 190 and 293 K. Examples for 190 and 293 K
are shown in Fig. 3. Relaxation was faster at the lower magnetic field. The rate of
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magnetization recovery increased with increasing temperature. The dependence of
the relaxation rate on magnetic field evidences that the extreme narrowing limit is
not valid. Moreover, the recovery curves could not be well fitted by single exponen-
tials, while they were close to these functions.

This result is in contrast to spin relaxation measurements for bulk crystalline
sodium performed in the present study (Fig. 4) and in [23], which showed that the
magnetization recovery was single exponential and the relaxation rate increased
linearly with increasing temperature. It was also found in [23] that spin—lattice
relaxation did not depend on magnetic field within the range from 70 K to the melt-
ing point. Linear variation of the inverse relaxation time with temperature and its
independence of magnetic field agree with relaxation due to hyperfine coupling of
nuclear magnetic moments with conduction electrons, which dominates in solid
and liquid bulk metals [25]. Since the correlation time of electron mobility is short,
relaxation via conduction electrons satisfies the extreme narrowing condition.

For nuclei with spin> 1/2, another contribution to spin relaxation in bulk liquid
metals was revealed, which realized due to coupling of nuclear quadrupole moments
with dynamic gradients of electric fields induced by thermal mobility of ions [26].
This contribution is noticeable only for nuclei with large quadrupole moments such
as indium and gallium. The appropriate theoretical relationships were presented
in Ref. [27]. Detailed studies reviewed in Ref. [26] showed that coupling of the
nuclear magnetic moments with conduction electrons and of the nuclear quadrupole
moments with dynamic electric field gradients provides two most effective mecha-
nisms of spin relaxation in liquid metals and metallic alloys.

The quadrupole contribution to relaxation increases remarkably for liquid metal-
lic confined nanoparticles [15, 17-20]. This was proved unambiguously in NMR
experiments for two gallium isotopes with different quadrupole moments and
gyromagnetic ratios [17]. The quadrupole relaxation acceleration under nanocon-
finement was caused by remarkable slowdown of ion mobility, which resulted in
the pronounced rise of spectral densities of the electric field gradients’ correlation
function at the Larmor frequency. In contrast, magnetic relaxation due to coupling

Fig. 4 Temperature dependence 300 e
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with conduction electrons remains nearly unaffected in agreement with relatively
weak impact of nanoconfinement on the Knight shift. The enhancement of quadru-
pole relaxation ensures acceleration of total spin relaxation in metallic melts under
nanoconfinement.

Quadrupole spin—lattice relaxation was not reported for bulk solid metals likely
because of slow ionic mobility, which led to small spectral densities of the elec-
tric field gradients’ correlation function at the Larmor frequency. The only study
of spin—lattice relaxation in solid gallium nanoparticles with f-Ga structure embed-
ded into an opal matrix [21] demonstrated a noticeable contribution of quadrupole
coupling.

Spin-lattice relaxation in nanoconfined solid sodium is also faster than in bulk as
can be seen from an example shown in Fig. 3. Together with the non-single expo-
nential magnetization recovery and dependence of the relaxation rate on magnetic
field, this evidences the pronounced contribution of quadrupole relaxation. In this
case, the nuclear magnetization recovery with time ¢ is described by [17, 27]

M® =1-b 4ex Crt + ! ex Crt ex < ! >
M, 5 P 1+4a)(2)'rc2 5 P 1+w(2)'rc2 P ’

1m

ey
where M(¢) and M, are time-dependent and equilibrium magnetizations, respec-
tively, C is a coefficient proportional to the nuclear quadrupole moment squared and
equal to C = 2ﬂ2C§(1 +n%/3)/5 [21, 271, C, is the quadrupole constant, 7 is the
asymmetry, 7, is the correlation time of ionic mobility, @, is the Larmor frequency,
and T, is the time of magnetic relaxation.

Taking into account that spin—lattice relaxation in bulk solid sodium runs due to
coupling with conduction electrons and the Knight shift for confined sodium prac-
tically coincides with that in bulk metal (Fig. 3), we can assume that the time of
magnetic relaxation for sodium nanoparticles is the same as in bulk. Using the data
shown in Fig. 4, we can fit simultaneously the recovery curves obtained with two
spectrometers and find the fitting parameters 7, and C. Note that these parameters
are evaluated separately when w7, ~ 1. This requirement was shown to be satisfied
for temperatures above 240 K. At lower temperatures, the slow mobility approxima-
tion is valid and we can find only the C/7, ratio. Since the parameter C depends
weakly on temperature, we calculated the correlation time 7, below 240 K assuming
C to be independent of temperature and equal to the value found at higher tempera-
tures C=1.26'10'2 s72. The Arrhenius plot for the correlation time 7, is shown in
Fig. 5. It proves the thermal activation origin of the ionic mobility and allows calcu-
lating the activation energy E,=(0.114+0.007) eV.

The evaluated activation energy can be compared with the results obtained from
experimental and theoretical studies of self-diffusion for bulk metallic sodium in
[23, 28-30]. The experiments as well as the computer simulations gave for the acti-
vation energy below room temperature an estimate of about 0.38 eV, which is much
higher than the value obtained in the present study for confined solid sodium nan-
oparticles. The smaller activation energy corresponds to the acceleration of ionic
mobility under nanoconfinement, namely, to the decrease in the .. correlation time.
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This leads to larger spectral densities of the correlation function of electric field gra-
dients at the Larmor frequency and to faster quadrupole relaxation. Up to now, there
are no theoretical models, which treat the enhancement of ion migration in small

solid metallic particles. However, we can suggest that this effect is related to the
greater surface-to-volume ratio and to weakening the inter-ionic potential.

4 Conclusions

2Na NMR studies carried out for solid sodium nanoparticles confined to a porous
glass with pore size 23 nm revealed pronounced acceleration of spin-lattice relaxa-
tion compared to bulk sodium within a temperature range from 190 to 293 K, while
the Knight shift nearly coincided with that in bulk. Since spin relaxation in bulk
metallic sodium is known to be caused by coupling of nuclear magnetic moments
with conduction electrons, we can assume based on the Korringa relation that
the magnetic contribution to relaxation in nanoparticles should be the same as in
bulk. Then, the increase in the relaxation rate was ascribed to the emergence of the
noticeable quadrupole contribution induced by the rise of ionic mobility. Fitting the
nuclear magnetization recovery curves obtained with Avance400 and Avance750
spectrometers gave the correlation time of ionic mobility in sodium nanoparticles at
different temperature. This allowed us to evaluate the activation energy, which was
much lower than the activation energy found in self-diffusion studies for bulk solid
sodium in agreement with faster mobility under nanoconfinement.
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