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Abstract
119Sn and 199Hg NMR studies were carried out for metallic tin and mercury
embedded in synthetic opals and porous glasses. The Knight shift for confined
liquid tin and mercury was found to decrease monotonically with decreasing
pore size, evidence for the reduction of electron susceptibility. Size-induced
alterations in the Knight shift were more pronounced for confined mercury than
for tin. The influence of pore filling on the NMR line shape and Knight shift
was observed for tin within opal. The reasons for the decreasing Knight shift
for liquid metals in a confined geometry are discussed. Correlations between
the alteration in the Knight shift and atomic number are shown, the changes in
fractional values of the Knight shift remaining almost identical.

1. Introduction

Composites consisting of nanoporous matrices filled with various materials, in particular with
metals, are of increasing interest for fundamental and applied physics ([1, 2] and references
therein). Such nanocomposites provide the opportunity to study size effects due to the small
sizes of nanoparticles within pores. They are also considered to be promising for technical
applications because of two major advantages of confined geometry. The advantages are
screening of particles in pores from harmful environments and fabrication of particle arrays
of well defined geometry. Until now, different experimental techniques have been used to
study the properties of liquid and solid metals within nanopores, including calorimetry, x-ray
diffraction, magnetometry, acoustic methods and NMR (see [3–9] and references therein).
Closest attention has been focused on the melting and freezing phase transitions and on
properties of solid metallic nanoparticles embedded into pores. Confined liquid metals have
been much less studied.
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NMR is an extremely powerful method for studying metals in confined geometry because
of its high sensitivity to local structure, chemical bonding and atomic mobility. In particular,
the Knight shift of the NMR line in metals is directly related to the electron susceptibility [10].
However, the influence of confinement on the Knight shift in liquid metals has only been
observed for liquid gallium in porous glasses and opals [11] and for liquid indium in a porous
glass [12]. While tin and mercury are commonly used metals in technical applications, size-
effects on their electronic properties in the liquid state have not been studied until now. In the
present paper 119Sn and 199Hg NMR was applied to measurements of the Knight shift and line
shape for liquid metallic tin and mercury confined within porous matrices (synthetic opals and
porous glasses).

2. Experimental details

The NMR measurements of confined liquid metallic tin and mercury were carried out using
a Bruker Avance 400 pulse spectrometer in a magnetic field of 9.4 T. Tin has three naturally
occurring isotopes the nuclei of which have non-zero magnetic moments. All three isotopes
have spin I = 1/2 and therefore their quadrupole moment is equal to zero. Among them the
isotope 119Sn shows the best NMR signals and was chosen for measurements in the present
paper. Its natural abundance is 8.59%. Mercury has two naturally occurring isotopes with
non-zero magnetic moments, the isotope 199Hg being better for NMR. Its natural abundance is
16.87% and its spin as for 119Sn is 1/2.

The 119Sn and 199Hg NMR line shape and Knight shift were measured for confined liquid
tin and mercury using a single pulse sequence with phase cycling at 500 and 295 K, respectively.
The temperature of measurements for tin was below the bulk tin melting point of 505 K since
the melting and freezing phase transitions in confined tin were depressed noticeably compared
to bulk in agreement with data for melting in isolated or supported tin particles [13–15].
Melting of confined mercury was also shifted to low temperatures compared to its bulk melting
point of 234.3 K [6]. Thus, tin and mercury were completely melted within porous matrices
under study at 500 and 295 K, respectively. The repetition time was 0.2 s. The NMR signals
from 119Sn and 199Hg were rather weak because of the low natural abundance of the isotopes,
so the necessary number of scans in our experiments varied from 4 to 40 000. The Knight shifts
for confined tin and mercury were referenced to the signals from relevant bulk liquid metals.

Synthetic opals and porous glasses were used as porous matrices for tin and mercury.
Opal consisted of close packed silica spheres of 210 nm in diameter. (More details about
synthetic opals can be found in [16] and references therein.) Such an ideal structure should
have octahedral and tetrahedral pores between adjacent spheres with radii of r1 = 0.414R and
r2 = 0.224R, respectively. Here R is the radius of the constituent silica spheres. The number
of tetrahedral pores is twice the number of octahedral ones. Mercury intrusion porosimetry for
the opal sample under study revealed two kinds of pores as expected with somewhat smaller
radii—r1

∼= 30 and r2
∼= 18 nm. The overall volume of the two kinds of pores was about 0.9

of the total pore volume, the total relative volumes of tetrahedral and octahedral pores being
the same. The remaining pore volume was occupied by fine pores with a radius of less then
2 nm. The porous glass which was filled with tin was prepared from phase-separated soda
borosilicate glass by acid leaching. The main pore radius, 4 nm, was also determined using
mercury intrusion porosimetry. This pore size corresponded to 93% of the total pore volume.
The rest of the pore volume was occupied by pores with radii of less than 1 nm. Mercury was
introduced into Vycor glass supplied by Corning, Inc. According to mercury porosimetry,
the main pore radius was 3 nm. Information about the samples under study is presented
in table 1.
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Table 1. Samples under study. r is the average pore radius. �r shows the pore size distribution
and corresponds to 85% of pores near the average radius r lying within the range r ± �r .

Matrix Opal Porous glass Vycor

r (nm) 30 18 4 3
�r (nm) 5 3 0.2 0.3
Metal Hg, Sn Sn Hg

Liquid tin and mercury were embedded into the porous matrices under high pressure up to
10 kbar. After the pressure was removed, some amount of metal flowed out of the pores. The
tin filling factors, evaluated by weighing the samples after cooling down to room temperature,
were 85 and 75% for the opal and glass, respectively. Since liquid tin, like mercury, does not
wet the silica surface [17], it gathers into bigger pores under conditions of incomplete filling.
Therefore, when the filling factor for the opal is 85%, almost all octahedral pores (about 45%
of the total pore volume according to the mercury porosimetry) and some of tetrahedral pores
(about 40% of the total pore volume) are filled with tin. Following the repetitive warming and
cooling of the opal, the confined tin gradually flowed out of pores. This led to a decrease in
the filling factor. Thus, when the filling was less than 45%, all confined tin was expected to fill
the larger octahedral pores. The filling by mercury was not complete either. Even immediately
after the pressure was removed, the filling factors were about 55% and 50% for the opal and
glass, respectively. When the samples were weighed before measurements, the filling factors
reduced to 35% for the opal and 40% for the Vycor glass. Thus, all confined mercury in opal
should be gathered within the octahedral pores. For the porous glasses all confined tin and
mercury should be gathered within the 4 and 3 nm pores, respectively, independently of the
pore filling factor.

In addition, 119Sn and 199Hg NMR spectra for bulk liquid tin and mercury were measured at
508 K and room temperature, respectively. The measurements were carried out on tin particles
with size of about 0.5 mm wrapped up in Teflon tape and on mercury drops of about 0.1 mm in
size dispersed in Vaseline oil.

3. Results

119Sn and 199Hg NMR spectra obtained for liquid tin and mercury within the porous matrices
are shown in figures 1 and 2 along with those for the relevant bulk melts. The spectra for liquid
tin within the opal porous matrix shown in figure 1 were taken at two different filling factors.
The broader line was obtained when the filling factor was 85%. The second narrower NMR
line was taken when the filling was 40% of the total pore volume. The 119Sn NMR line for the
porous glass in figure 1 was taken at 75% filling but it did not change noticeably in shape or
position upon decreasing the filling factor through repetitive warming. 199Hg lines in figure 2
were measured when the filling factors were 35 and 40% for the opal and glass, respectively,
as was mentioned in section 2. Their shape and position did not change either upon decreasing
the filling factor due to a gradual flow of mercury out of pores.

4. Discussion

Figures 1 and 2 show that NMR lines for liquid tin as well as for liquid mercury in porous
matrices are shifted to low frequencies. The lines are also slightly broadened compared to those
in bulk melts. The line shapes are Lorentzian for bulk melted tin and mercury, in agreement with
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Figure 1. 119Sn NMR lines for bulk liquid tin (1), liquid tin confined within porous glass (2) and
opal with a filling factor of 85% (3) and 40% (4).
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Figure 2. 199Hg NMR lines for bulk liquid mercury (1) and for liquid mercury confined within opal
(2) and Vycor glass (3).

previous NMR studies and theoretical predictions for liquid metals [18]. The line shapes for
confined tin and mercury can be approximated with combinations of Lorentzian and Gaussian
lines except for the 119Sn line in the opal with 85% filling and a bimodal filled pore distribution.
The Knight shift for them was measured as a position of the line peak relative to that for bulk
melts and denoted below by �K . The 119Sn and 199Hg Knight shifts for tin and mercury
embedded into opals at the 40% and 35% filling, respectively, obviously corresponded to metals
within octahedral pores. The broader 119Sn line for the opal at the 85% filling was treated by us
as an overlap of two lines caused by tin in octahedral and tetrahedral pores in agreement with
the bimodal distribution of filled pores at this filling factor. The Knight shifts for confined tin
and mercury versus reciprocal pore radius are shown in figure 3. In figure 3 one can see the
monotonic decrease in the Knight shift with decreasing pore size for both confined liquid tin
and mercury, size-induced alterations in the Knight shift being more pronounced for mercury.

The Knight shift in liquid metals like tin and mercury with closed inner electron subshells
originates mainly from the Fermi contact interaction of the spin polarized conduction electrons
with nuclei (see [10, 18–21] and references therein):

Ks = 8
3πχs�〈|�F(0)|2〉, (1)
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Figure 3. Dependence of the Knight shift �K relative to bulk on the inverse pore radius r for
confined liquid tin (circles) and mercury (diamonds). The solid curves are guides for the eye.

where χs is the electron spin susceptibility per unit volume, � is the atomic volume and
〈|�F(0)|2〉 is the probability density at the nucleus of s-like electrons on the Fermi surface.
The contributions from the orbital hyperfine interaction and core polarization [10] are small.
Measurements on bulk liquid tin and mercury were consistent with theoretical examination and
with spin–lattice relaxation studies. According to (1), the Knight shift caused by the contact
interaction is directly proportional to the electron spin susceptibility.

Until now, the influence of particle size reduction on the Knight shift has been studied
mostly for small isolated or supported metallic particles and thin layers in the solid state
(see [22–25] and references therein). At low temperatures theories predict alterations in the
Knight shift due to quantum size effects rising from increasing the separation of the conduction
electron levels (see [26] and references therein). However, at higher temperatures the Knight
shift could be affected chiefly by surface induced spatial variations in the density of electrons
on the Fermi level which influence the total electron susceptibility because of the increased
the surface to volume ratio (see [27] and references therein). The surface induced effects in the
electron susceptibility depend on the electron structure of the metals under study. For transition
metals the tight-binding approximation [27] predicts changes in the density of d-electrons near
the surface which should lead to pronounced local shifts of NMR lines compared to bulk. The
experimental results obtained for platinum and rhodium solid particles agree to a certain extent
with this model [24].

According to theoretical calculations carried out using the local density functional
formalism the spin susceptibility for simple metals with closed inner electron subshells
should show damped Friedel oscillations near the metal surface; the integral surface magnetic
susceptibility increases compared to bulk [27]. This model was applied to treat the strong
broadening of NMR lines due to broad distribution in the Knight shift for small solid particles
of such metals as Pb, Cu or Ag [24, 28]. The drastic resonance line broadening prevented clear
observation of any size dependence of the Knight shift.

Contrary to the case of solid metals, the NMR lines for liquid nanoparticles should be
narrowed due to atomic mobility. Thus, the Knight shift measured for confined liquid tin and
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Figure 4. The change in the Knight shift relative to bulk for liquid tin, mercury, indium and gallium
embedded into porous glass with 4 nm pore radius versus their atomic number. The value for
gallium was taken from [11] and for indium from [12]. The Knight shift for confined mercury was
estimated from the dependence on pore size in figure 3.

mercury nanoparticles should correspond to whole particles and the decrease in the Knight
shift observed in the present studies reflects a size dependence of averaged values of the shift.
According to (1) one should expect that the predicted enhancement of the integral surface
electron susceptibility could lead to a total increase in the Knight shift for liquid nanoparticles
of non-transition metals. However, the shift observed of 119Sn and 199Hg NMR lines for
confined liquid tin and mercury to low frequencies contradicts these theoretical predictions.
The decrease of the Knight shift cannot be explained either by the additional Laplace pressure
which increases with decreasing sizes of small particles, since the Knight shift in bulk liquid
mercury is known to increase with decreasing volume or increasing pressure [10, 18].

To reveal some regularities in the Knight shift alterations for confined liquid metals we
collected NMR data in the plot of �K versus atomic number for liquid gallium, indium, tin
and mercury embedded into porous glass with a 4 nm pore radius (figure 4). The Knight shift
for gallium and indium was taken from [11] and [12], respectively. Data for tin and mercury are
from the present study, the point for confined mercury taken from the dependence of the Knight
shift on pore size shown in figure 3. One can see from figure 4 that the change in the Knight
shift increases monotonically with increasing atomic number. However, since the Knight shift
for bulk liquid metals, Kb, itself varies with atomic number [10] the fractional changes in the
Knight shift under confinement, �K/Kb, are more indicative. The fractional changes in the
Knight shift corresponding to figure 4 are listed in table 2. One can see that the fraction �K/Kb

is very similar for four melts and seems to be practically independent of atomic number. This
result supports the suggestion that the confinement induced decrease in the Knight shift for
liquid metals is mainly related to alterations in the electron spin susceptibility (in accordance
with equation (1)) which in bulk depends only on the number of conduction electrons per unit
volume within the framework of the free electron model [10].

The 119Sn and 199Hg NMR lines in confined melts were only slightly broadened compared
to those in the relevant bulk (figures 1 and 2). The broadening is much less than was observed
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Table 2. Fractional change in the Knight shift �K/K in liquid metals confined within porous glass
with 4 nm pores and Knight shift Kb in bulk melts. Data for Sn and Hg are from the present study,
those for Ga and In are taken from [11] and [12], respectively.

Metal Sn Hg In Ga

�K/K (%) −1.43 −1.38 −1.26 −1.19
Kb (%) 0.73 2.74 0.79 0.45

for confined liquid gallium and indium where it was mostly induced by the quadrupolar
contribution to spin relaxation [5, 12, 28, 29]. Since the Knight shift in confined tin and mercury
was found here to depend on pore size, one can suggest that the NMR line broadening for tin
and mercury under confinement compared to bulk is caused by the pore size distribution in the
porous matrices. This agrees with the above mentioned admixture of Gaussian and Lorentzian
line shapes for tin and mercury within pores and with the deconvolution of the 119Sn line for
the opal under the 85% filling factor resulting in two overlapped lines from tin confined within
tetrahedral and octahedral pores.

In conclusion, 119Sn and 199Hg NMR measurements of the Knight shift and line shape were
carried out on metallic tin and mercury embedded into nanoporous matrices to study effects
induced by confinement. The Knight shift in liquid tin and mercury showed a monotonic
decrease with decreasing pore size in contrast with theoretical predictions for electron spin
susceptibility near the surface of metals with closed inner electron subshells. The decrease in
the Knight shift for mercury was more pronounced compared with tin. The line broadening for
confined liquid tin and mercury was attributed to the pore size distribution. The 119Sn NMR
line shape and shift for tin in opal were found to be sensitive to the filling factor due to the
redistribution of tin over the pore volume.
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