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The properties of metals are related to their elec-
tronic structure and crystal structure. Small clusters of
metal atoms exhibit extraordinary physical and elec-
tronic properties, caused by size effects, namely, by the
surface-to-volume ratio and discreteness of electronic
levels [1]. Bulk technetium metal has a hexagonal

close-packed lattice with parameters a = 2.735 A and
c/a = 1.6047; technetium filmslessthan 150 A thick are
characterized by afcc latticewitha=3.68 A [2, 3]. One
of the most important characteristics of the metal elec-
tronic structureisthe density of states at the Fermi level
N(Ep). For the two most probable states of technetium,
(4d%5s') and (4d°55%), the calculated N(Ef) values are
12.25 and 11.87 states/(Ry atom), respectively [4]. The
experimental characteristics that reflect the metal elec-
tronic state and structure are NMR parameters, such as
the Knight isotropic shift (K), its anisotropy (K,,),
spin-attice relaxation time (T,), line width (Av), qua-
drupole coupling constant (Cg), and asymmetry param-
eter n of the electric field gradient tensor. We have
recently determined these parameters for a technetium
metal powder with a grain size of 50-100 pm: K =
6872 ppm, K,, = —400 ppm, (T, xT)"' =3.23 s K,
Cq = 5.74 MHz, and n = 0 [5]. We are interested in
comparing these characteristics with those for techne-
tium nanoparticles. Asis known, small technetium par-
ticles on different supports are active catalysts [2]. In
this paper, we reported on the NMR parameters of tech-
netium small particles on supports with different crys-
tal structures and specific surfaces.

EXPERIMENTAL

Three types of supports with basic properties were
used, namely, y-Al,O;, MgO, and TiO, (supports are
conventionally classified into acid, basic, and neutral
supports [6]). The structure, specific surface §,, and
pore size of these supportsare presented in Table 1. The
dispersity and particle size of technetium metal were
determined on an EM-301 transmitting electron micro-
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scope with a resolution of 3.5 A [7, 8]. The bar dia-
grams of size distribution of particlesindicate that on a
y-Al,O5 support with the highest specific surface, the
size of technetium particlesrangesfrom 10t0 80 A (the
average particle size is 23 A for a 1% Tc/AlL,O; cata-
lyst). Thisdistribution is skewed toward larger particles
with an increase in technetium concentration. For the
MgO and TiO, supportswith asmaller specific surface,
sizedistribution iswider, the average particle size being
above 40 A.

Catalysts were prepared by procedures described
elsewhere [7, 8]: support samples- were impregnated
with an agueous solution of NH,TcO,, dried at
80—90°C, and reduced in a hydrogen flow for 2-12 h at
700°C. The calculated amount of the deposited metal
was ~0.01-20 wt %. Catalysts (0.7-0.8 g) were placed
in Teflon tubes 10 mm in diameter and 30 mm in length
for recording NMR spectra. *“Tc NMR spectra were
recorded at 293 K on a Bruker M SL-300 spectrome-
ter in a magnetic field of 7.04 T at a frequency of
67.55 MHz. The spin echo pulse sequence was used.
The width of the first exciting pulse was 3.22 Us, repe-
tition timewas 0.5 s, and the number of scanswas 64000
to 250000. Chemical shifts were referenced to a 0.1 M
KTcO, solution as the external standard.

RESULTS AND DISCUSSION

The *Tc NMR spectra of all the catalysts under
consideration showed signals in the region of techne-
tium metal shifts (~7000 ppm) and in the region of the
external standard (ionic form). The integrated intensity
of the low-field signal that arose from technetium metal
was roughly one order of magnitude weaker than the
intensity of the ionic form signal. The ®Tc NMR shift
and line shape for nanoparticles differ considerably
from the bulk technetium sample (Fig. 1). The shift is
7406 ppm, which isabout 600 ppm larger than the shift
for the bulk sample. The line with awidth at half-max-
imum of ~1 kHz has the L orentzian shape and lacks the
satellite structure caused by first-order quadrupole
interactions, typical of the hexagonal close-packed lat-
tice. The missing quadrupole structure clearly pointsto
the cubic lattice of the nascent technetium phase. The
considerable increase in the Knight shift can reflect a
change in the density of states at the Fermi level, com-

1 support samples were spherical grains 1.5-2.0 mm in diameter.
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Fig. 1. Tc NMR line shape and shift of () abulk sample and (b) technetium metal nanoparticles.

pared to the bulk technetium sample with the hexagonal
close-packed lattice [5].

Figure 2 shows the temperature dependences K(T)
of Knight shifts for the bulk sample and technetium
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Fig. 2. Knight shift vs. temperature for (a) technetium nano-
particles and (b) bulk technetium.
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nanoparticles. Compared to the K(T) = 7268 — 1.35T for
the bulk sample, the temperature dependence of the
Knight shift for nanoparticles is noticeably weaker,
K(T) = 7360 + 0.16T, and has the opposite sign. For the
bulk technetium sample, K(T) isdetermined by d-polar-
ization interaction on the background of temperature-
independent contact and orbital terms [5]. We may
assume that for the cubic lattice also, a temperature
change in d-polarization contribution dictates a change
in the Knight shift. Since the density of d-states for
nanoparticles is smaller than for bulk samples [9], the
contribution of K to the total shift is also smaller in
absolute value. However, the reasons behind such a
weak temperature dependence K(T) and itsreverse sign
for nanoparticles, as compared to the bulk technetium
sample, are not conclusively established.

Table 2 presents the *Tc NMR parameters (Knight
shiftsfor the metal, chemical shiftsd for theionic form,
line widths, and the metal-to-ionic form content ratio)
we measured. These data permit the following conclu-
sions.

(1) The K shiftsareindependent of the type of asup-
port, within the experimental error; in al the samples
technetium metal has a cubic structure.

(2) Thelinewidthsfor the metal and technetiumionic
form are 1-5 kHz; the lowest values are observed for the
y-Al,O5 support, and the highest values, for TiO,.
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Table 1. Characteristics of supports

Specific
Support Structure surface |Poresize, A
Sp Mg
y-Al,O5; | Spine 189 | 320and 40
MgO fcc 46 20
TiO, Tetragonal (60% 7 -
rutile + 40% anatase)

(3) The shifts for the ionic technetium form are
dlightly different for the three supports.

(4) The metal-to-ionic form ratio dightly depends
on theinitial technetium concentration, the largest ratio
being observed for the TiO, support.

The*Tc NMR line shape for nanoparticlesisrepre-
sented by an asymmetric contour with asmall shoulder
at the high-field wing. The degree of asymmetry and
line width change depend on the technetium concentra-
tion and annealing time of the catalyst. However, these
changes are irregular (Table 2). The bar diagrams of
distribution point to a wide size distribution of parti-
cles: from 10 to 80 A for 1% Tc/Al,O; (the average
diameter is23 A) and from 10t0 200 A for 2% Tc/MgO
(the average diameter is 40 A). The influence of nano-
particle size on the line shape and K has been found for
rhodium and platinum [9-11]. Thus, we assumed that
the experimental *Tc NMR line is a composite one
because of the size effects of nanoparticles and decom-
posed this line into components. Simulation of a con-

Table 2. **TcNMR parametersof catalysts on different supports, depending on the technetium concentration and annealing time

_ o NMR shift, ppm NMR line width, Hz + 5% Integrated
Technetium | Annealing time intensity ratio
content at 700°C, h TKc Lnletgl 6TiC(()).42 Tc metal Tco, e/ I 1eo,
On y-Al,04
0.01 12 7409.9 2.8 921.5 937.0 114
0.05 12 7411.7 3.6 12159 1015.1 17
0.1 12 7411.7 31 1361.8 898.0 iz
1 6 7409.9 2.0 1361.8 1053.6 17
2 6 74117 13 1848.2 14439 112
3 6 7409.9 0.7 1614.7 775.1 1/16
5 12 7409.9 0.2 1653.6 1287.8 16
10 2 7408.1 05 1848.2 1639.8 113
10 6 7409.9 1.6 1365.7 771.2 110

20 2 7408.1 0.9 960 878.3 18
10% Ru — 10% Tc on y-Al,O4
10 6 7410.2 0.9 2075.2 1281.7 145
HaMgO
1 12 7402.7 -6.0 1611.3 11713 18
2 12 7406.3 2.2 2140.0 2420.6 113
3 6 7400.9 -8.8 1945.5 1834.1 112
4 12 7409.9 -38 1848.2 2498.7 11
10 12 7406.3 -5.2 3015.5 4060.5 18
HaTiO,
1 2 7431.6 -16.3 4863.7 3434.1 17
3 2 7401.2 -13.7 4873.2 3746.3 a7
5 2 7402.7 -11 2727.7 1874.0 1/55
10 2 7408.1 -14 2343.7 1326.8 7.7
1% Ru-3% Tcon TiO,
3 2 7395.5 -15.2 4263.8 3118.5 1/4.6
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Knight Line width Peak Signal
Peak no. shift, ppm Hz intensity area, %
1/ 7431.2 1954.96 11.5 11.4
2 74114 1309.5 93.3 65.4
3 7399.5 892.1 27.5 13.1
4 7385.0 420.3 9.2 2.1
S 7365.6 1538.9 9.8 9.1
%
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Fig. 3.(a) PTcNMR spectrum of a2%Tc/y-Al,O5 catalyst and its decomposition into L orentzian components; the NMR parame-
ters of the components and their intensities are given in the table. (b) bar diagram of the size distribution for this sample.

tour with the LineSim program2 resultedin six compo-  bimetallic (3% Tc—1% Ru)/TiO, catalyst. Figures 3 and
nents of the experimenta line shape for the 4 show the®Tc NMR spectraand the results of decom-
1% Tc/Al,O, catalyst and in eight components for the  position of experimental lines into components. Each

2 The LineSim is built in the Aspect-3000 software.

of the components has a Lorentzian shape and a width
of 0.5-1.0 kHz. The area under a component corre-
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Peak no. Knight Line Peak Signal
shift, ppm width, Hz intensity area, %

1 7427.3 885.1 22.3 7.1
2 7418.1 925.0 39.8 18.2
3 7408.2 872.1 65.5 20.6
4 7396.2 909.2 54.5 17.9
5 7384.8 909.8 62.2 20.4
6 7378.3 791.5 29.2 8.3
7 7364.1 916.8 29.9 9.9
8 7351.1 919.8 7.7 2.6

Fig. 4. 2°Tc NMR spectrum of abinary 1% Ru-3% Tc/Ti O, catalyst and its decomposition into Lorentzian components; the NMR
parameters of the components and their intensities are given in the table.

sponds to the relative concentration of a definite tech-
netium metal form. Consideration of the size distribu-
tions of particles in combination with the intensities
and shifts of resonance lines permits the tentative and
gualitative conclusion that the smaller the technetium
nanoparticles, the larger the Knight shift (downfield
shift). In a small particle, the technetium positions are
not equivalent, in contrast to the bulk sample where
tranglational symmetry resultsin equival ent technetium
positions.

Site nonequivalence implies that the densities of
states N, and N4 change in switching from one techne-
tium position to another. In thiscase, N and N, relate to
the of local density of states[10]. Therefore, each tech-
netium position givesriseto an individual relatively nar-
row (< 1 kHz) line, and the experimental spectrumisan
unresolved superposition of these individua lines. The
model for describing the Knight shift isbased on the con-
cept of layer nonequivalence of atoms [11]. Each tech-
netium layer is treated as a spherical shell 2.5-3 A
thick. For the cubic lattice, the smallest particle con-
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tains 13 atoms: one atom is at the center, and 12 atoms
are at the surface. The next layer contains 42 atoms, etc.
The overal number of atoms in a particle containing
(m+ 1) layersisNy (m+ 1) = Ny(m) + Ny(m+1), where
Ny(m) = 10/3 m? —5n? + 11/3m — 1 is the number of
atoms in the interior layers, and Ny = 10n? + 2 is the
number of atoms at the at the surface of alayer [11]. For
spherical technetium nanoparticles with an average
diameter of 20 to 40 A, the number of atomsis 100 to
2000, which corresponds to the number of layers from
4 to 8. For each layer, the Knight shift K, is the same.
The layer with n = O corresponds to the surface, the
layer with n = 1 corresponds to the subsurface layer,
etc. The Knight shift for the nth layer K, isdescribed by
the formula[12]

K,—K, = (Kg—K,)exp(—n/m),

where K,, = 7350 ppm is the limiting shift of the tech-
netium position in the bulk, K, = 7430 ppm is the tech-
netium shift at the surface of a particle with a given
diameter, mis a dimensionless constant, which has the

2001
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meaning of the depth at which the layers have distin-
guishable Knight shifts. With allowance for these data,
the Knight shiftsK,, in the layers of afive-layer particle
were estimated to be K, = 7417, K, = 7410, K, = 7397,
K, = 7384, and K5 = 7365 ppm, at the averagevaluem =
5. The calculated K,, values are consistent with the data
obtained upon decomposition of the experimental line
shape (table to Fig. 4). Note that the layer model for a
monodisperse sample implies that the most intense sig-
nal with the maximal shift K, should arise from the sur-
face. The signals that arise from interior layers will be
less intense. The real sample is polydisperse, which
may lead to a change in K, depending on the particle
Size, so that the intensity distribution is disturbed. For
the binary (3% Tc—1% Ru)/TiO,, the experimental line
shape points to the multicomponent character of the
signal [Fig. 4). A possible reason for this observation
may be the narrower individual lines due to dilution of
technetium with ruthenium. Since the width of each
individual line is determined by dipole-dipole interac-
tion between the magnetic moments of technetium
spins, substituting ruthenium, characterized by low nat-
ural abundances of magnetic isotopes with small mag-
netic moments, for afraction of technetium will lead to
line narrowing.

As was mentioned above, the spectra show the sig-
nals of the ionic form, along with the signals due to the
metal. The®*Tc NMR chemical shift of thisform corre-
sponds to the shift of the pertechnetate ions, and the
counterion may be ammonium or the positive charge of
the support. To decide between these possibilities, we
studied the 'H and N NMR spectra of a 5%Tc/Al,O4
catalyst, depending on the annealing timein ahydrogen
atmosphere.2 We found that the integrated i ntensities of
'H and “N NMR signals decreased with an increase in

3A 'H NMR signal was observed for all the catalysts and initial
supports. The signal was a two-component line with a width of
~4 kHz. The signal became weaker after annealing a sample. The
4N NMR chemical shift was 300 ppm from the signal of ammo-
nium in an agueous NH,NOj5 solution.
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annealing time from 2 to 12 h at 700°C. Therefore, we
assigned the signal of the ionic form to residual unre-
duced ammonium pertechnetate. The smallest amount
of unreduced NH, TcO, wasfound for the TiO, support,
which may be due to specific features of its surface (the
pore number and size). For TiO,, the specific surfaceis
two orders of magnitude lower than for the remaining
supports (Table 1). Therefore, the latter may exhibit the
“encapsulation” effect when a fraction of the initia
component (NH,TcO,) is caught in pores and, thus, is
not reduced. As follows from Table 2, the content of
unreduced technetium (ionic form) exceeds the content
of the metal phase roughly tenfold.
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