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The properties of metals are related to their electronic structure and crystal structure. Small
clusters of metal atoms exhibit extraordinary physical and electronic 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 and c/a =
1.6047; technetium films less than 150 A thick are characterized by afcc lattice witha = 3.68 A
[2, 3]. Also, bulk ruthenium metal has a hcp lattice with a = 2.704A and c/a = 1.5809. Tc-Ru
alloys are infinite solid solutions [4]. One of the most important characteristics of the metal
electronic structure is the density of states at the Fermi level N(Er ). For the two most probable
states of technetium, (4d® 5s' ) and (4d° 55?), the calculated N(Er ) values are 12.25 and 11.87
states/(Ry atom), respectively [5]. The bulk densities of states in Tc and Ru metal are the same
[6]. The experimental characteristics that reflect the metal electronic state and structure are NMR
parameters, such as the Knight isotropic shift (K), its anisotropy (Ka ), spin-attice relaxation
time (T ), line width (Dn), quadrupole coupling constant (Cq ), and asymmetry parameter h of
the electric field gradient tensor. We have recently determined these parameters for a technetium
metal powder with agrain size of 50-100 nm: K = 6872 ppm, Ka = —400 ppm, (T~ T)* =3.23
sTK™*, Co=5.74 MHz, and h = 0[7]. For the bulk ruthenium metal at 4.2 K, the Knight shiftis
4900 ppm [8]. We are interested in comparing these characteristics with those for technetium
nanoparticles. Here, we present the results of studying technetium and technetium—ruthenium of
oxide-supported catalysts by ®Tc NMR on supports with different crystal structures and specific
surfaces. Asis known, small technetium mono- and bimetallic particles on different supports are
active catalysts [2]. Metdllic active states at the inert oxide support surface are believed to be the
cause of catalytic properties of the material formed. In the case of bimetallic catalysts, an increase

in catalytic activity (synergism) is due to the formation of intermetallic compounds.



EXPERIMENTAL

Three types of supports with basic properties were used, namely, g-Al.0Os;, MgO, and TiO,
(supports are conventionally classified into acid, basic, and neutral supports [9]). The structure,
specific surface Sy, and pore size of these supportsaregiven in Table 1.

Table 1. Characteristic of the supports

Supports Structure Specific  surface, | Poresize, A
S(m2/g)
gAl203 spinel 189 320 and 40
MgO fcc 46 20
Tetragona -
TiO, 60% rutile 7
40% anatase

The dispersity and particle size of technetium metal were determined on an EM-301
transmitting electron microscope with a resolution of 3.5 A [10,11]. Fig.1a shows the electron
micrograph of a 1% Tc/g-Al-Os catalyst, prepared by impregnation; The magnification is 75000.
Light spots are technetium nanoparticles. The particles differ in size. Large particles are too
infrequent to be visible in the size distribution diagrams, but they may give a non-negligible
contribution to the NMR spectrum.

The bar diagrams of size distribution of particles indicate that on a g-Al,Os support with
the highest specific surface, the size of technetium particles ranges from 10 to 80 A (the average
particle size is 23 A for a 1% Tc/ALOs catalyst) (Fig.1b). This distribution is skewed toward
larger particles with an increase in technetium concentration. For the MgO and TiO, supports
with asmaller specific surface, size distribution iswider, the average particle size being above 40
A . Catalysts were prepared by procedures described elsewhere [10, 11]: support samples were
impregnated with an
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Fig.1. (a) Electron micrograph of 1 % Tc/g-Al.Oz catalyst, prepared by

impregnation (x75000); (b) Approximate size distribution of Tc particles

determined from TEM micrograph in the sample 1 % Tc/g-Al,0s3



agueous solutions of NH,TcO, and RuCls-H,O or H,PtCls, 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 % for Tc and 1-10 wt % for Ru. Catalysts (0.7-0.8 g) were placed in Teflon tubes 10 mmiin
diameter and 30 mm in length for recording NMR spectra. ®Tc NMR spectra were recorded at
293 K on a Bruker MSL-300 spectrometer in amagnetic field of 7.04 T at afrequency of 67.55
MHz. The spin echo pulse sequence was used. The width of the first exciting pulse was 3.22 ps,
repetition time was 0.5 s, and the number of scans was 64000 to 250000. It is important that the
intensity of the signal noticeably depends on the concentration of the initial NH4TcO, solution
used for impregnation: for a 0.01 wt % Tc/Al,Os catalyst, the signal-to-noise ratio was ~2:1
was achieved after 2250000 scans with a repetition time of 0.2 s. This spectrum was acquired
within aweek (Fig.2).

Fig.2. Tc NMR spectrum of a 0.01% Tc/g- Al,Os catalyst at 295 K, SW 250 kHz, NS
2250000, Dg=0.2 s.

Thus, the plots of Knight shift and line width versus temperature were measured only for
a 20%Tc/Al,O; catalyst. For the same sample, the spin-lattice relaxation time T1(*Tc) was
measured using the standard saturation—recovery technique. The dependence of the peak
amplitude of an NMR signal on the delay time is described by a one-exponential function. At
295K, the T is equal to 204 ms, which is about 200 times larger than that for the bulk metal [7].
Chemical shifts were referenced to a 0.1 M KTcO, solution as the external standard. Support

samples were spherical grains 1.5-2.0 mm in diameter.



RESULTSAND DISCUSSION

The ®Tc NMR spectra of al the catalysts under consideration showed signals in the region of
technetium metal shifts (~7000 ppm) and in the region of the external standard (~O ppm) (ionic
form) (Fig. 3a).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. In the

general spectrathissignalsare hard to observe. The upper spectrum (Fig. 3b) showsthisregionin
more detail.
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Fig 3. ®Tc NMR spectra of a5% Tc/g Al,O; catalyst at 295 K ;
(8 SW 1.7 MHz, NS 250000, (b) SW 250 kHz, NS 64000,
The stronger signal from small particles has a shift of 7400 ppm. The weaker signal from

large particles has a shift of about 6950 ppm. The ®*Tc NMR shift and line shape for
nanoparticles differ considerably from those for the bulk technetium sample (Fig.4).
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Fig 4. *Tc NMR spectra of a (a) 20% Tc/g Al,O; catalyst at 295 K; SW 500 kHz, NS
191000, Do 0.5s; (b) bulk Tc metal, SW 2.5 MHz, NS 50000, D 0.5s.

The shift is 7406 ppm, which is about 600 ppm larger than the shift for the bulk sample.
The line with awidth at half-maximum of ~1 kHz has the Lorentzian shape and lacks the satellite
structure caused by first-order quadrupole interactions, typical of the hexagonal close-packed
|attice. For technetium foil with 20mm thin the **Tc NMR spectrum shows that the position of the
central component isvery closeto its position in Tc metal powder sample and 8 satellites are not
clear dueto highly defected crystal cell caused by a mutual consecutive mechanic treatment. The
missing quadrupole structure clearly points to 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, compared to the bulk technetium sample with the hexagonal close-packed lattice[7].
Figure 5 shows the temperature dependences K(T) of Knight shifts for the bulk sample and

technetium nanoparticles.
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Fig 6. Temperature dependence of the line widths of
(a) 20% Tc/g Al,Os catalyst; (b) bulk Tc metal.

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
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opposite sign. The plots of linewidth versus temperature for the small particles and bulk
technetium are given on fig.6. These dependences are similar and rather weak. For the bulk
technetium sample, K(T) is determined by d-polarization 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 [12], the
contribution of K to thetotal shift isalso smaller in absolute value. However, the reasons behind
such aweak temperature dependence K(T) and its reverse sign for nanoparticles, as compared to
the bulk technetium sample, are not conclusively established. Table 2-3 presents the *Tc NMR
parameters (Knight shifts for the metal, chemical shifts for the ionic form, line widths, and the

metal-to-ionic form content ratio) we measured.

Table2. **Tc-NMR parameters for g-Al,O3 supported monometallic Tc catalysts

Annealing | NMR shift, NMR line width, Integrated
Tc time ppm Hz + 5% intensity
;g”tent, a 700C, |Tcmetal |TcOs | Tcmetal | TcO, | ratio

h K +1.8 d+0.2 Tc/TcOq
0.01 12 7409.9 2.8 921.5 937.0 1/14
0.05 12 7411.7 3.6 1215.9 1015.1 7
0.1 12 7411.7 3.1 1361.8 898.0 1/4
1 6 7409.9 2.0 1361.8 1053.6 1/17
2 7411.7 13 1848.2 1443.9 1/12
3 7409.9 0.7 1614.7 775.1 1/16
5 12 7409.9 0.2 1653.6 1287.8 1/6
10 2 7408.1 0.5 1848.2 1639.8 1/13
10 7409.9 1.6 1365.7 771.2 1/10
20 7408.1 0.9 960 878.3 1/8




Table 3a°Tc-NMR parameters for MgO supported monometallic Tc catalysts

Annealing | NMR shift, NMR line width, Integrated
Te time ppm Hz + 5% intensity
at 700°C,h | Tcmetal | TcOs Tcmetal | TcOs ratio
content K +1.8 d+0.2 Tc/TcO,
1 12 7402.7 —-6.0 1611.3 1171.3 1/8
2 12 7406.3 |22 2140.0 |2420.6 |1/13
3 6 74009 |-88 19455 |1834.1 112
4 12 74099 |-38 1848.2 | 2498.7 111
10 12 7406.3 |-5.2 3015.5 | 4060.5 1/8

Table 3b. *Tc-NMR parameters for TiO, supported monometallic Tc catalysts

Anneadling | NMR shift, NMR line width, Integrated

Te time ppm Hz + 5% intensity ratio
at 700[C, h | Tcmetal | TcO, Tc metal TcOq Tc/TcOy

cont K+1.8 |d+0.2

ent

1 2 74316 |-16.3 | 4863.7 3434.1 117

3 2 7401.2 | -13.7 | 4873.2 3746.3 A7

5 2 7402.7 | -1.1 2721.7 1874.0 1/5.5

10 |2 74081 |-14 2343.7 1326.8 7.7

These data permit the following conclusions: (1) The K shifts are independent of the type
of a support, within the experimenta error; in al the samples technetium metal has a cubic
structure. (2) The line widths for the metal and technetium ionic are 1-5 kHz; the lowest values
are observed for the g-Al>O3 support, and the highest values, for TiO,. (3) The shiftsfor theionic
technetium form are dlightly different for the three supports. (4) The metal-to-ionic form ratio
slightly depends on the initial technetium concentration, the largest ratio being observed for the
TiO support. The high content of the ionic form in the catalyst studied evidently points to the
incomplete reduction of the initial salt to the metal, presumably, because of the "capsulation”
effect. The stepwise application of the salt to a support would thus be expected to increase the
metal content of the catalyst. To verify this hypothesis, we studied three catalysts obtained by
layer-by-layer coating of technetium on to a support. The initial sample was 5%Tc/g-Al.O3
annealed at 700°N for 6 h. This catalyst was then impregnated two times with a 5% salt solution
and reduced under identical conditions. The data in Table 4 show that we obtained the result

opposite to the expected one; i.e., the content of the ionic form increased. In addition, the signal



due to metal particles became considerably broader and somewhat upfield shifted. This may be

due to awide size distribution of metal particles.

Table 4. ®*Tc NMR parameters of three catalysts on g-Al,Os supports.

Tc Annealing | NMR NMR Linewidth | Linewidth | Integrated
content, % | time  at | shiftsppm | shiftsppm | Tc-metal, | TcO, Hz | intensity
700°C Tcmetad | TcO; Hz ratio,
Itd/lTc02
5 7411.7 3.2 2529 1249 1/3
5+5 7406,3 3,8 7805 5935 1/14
5+5+5 |6 7406.3 -2.7 4683 3809 1/15

The *Tc NMR line shape for nanoparticles s represented by an asymmetric contour with asmall
shoulder at the high-field wing. The degree of asymmetry and the changein line width depend on
the technetium concentration and annealing time of the catalyst. However, these changes are
irregular (Tables 2-3). The bar diagrams of distribution point to a wide size distribution of
particles: from 10to 80 A for 1%Tclg-Al.Os (the average diameter is 23 A) and from 10 to 200 A
for 2% Tc/MgO (the average diameter is 40 A). The influence of nanoparticle size on the line
shape and K has been found for rhodium and platinum [12-14]. Thus, we assumed that the
experimental *Tc NMR line is a composite one because of the size effects of nanoparticles and
decomposed this line into components. Simulation of a contour with the LineSim program
resulted in five components of the experimental line shape for the 2% Tc/Al,O3 catalyst, in eight
components for the bimetallic (3% Tc—1% Ru)/TiO, catalyst and seven components for the
10%Tc-10%Ru/g-Al,Os catalyst. Figures 7-9 show the *Tc NMR spectra and the results of
decomposition of experimental linesinto components. Each of the components has a L orentzian
shape and a width of 0.5-1.0 kHz. The area under a component corresponds to the relative
concentration of a definite technetium metal form. Table 5 shows the results for two Tc—Ru
catalysts and a 3%Tc—3%Pt/MgO catalyst.
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Table 5. ®*Tc-NMR parameters for g-Al,Osand TiO, supported
bimetallic Tc catalysts

Anneadling | NMR shift, NMR line width, Integrated
Te time ppm Hz + 5% intensity
at 700°C,h | Tcmetal | TcO, Tc metal TcO, ratio
cont K+1.8 |d+0.2 Tc/TcOs
ent

for 10% Ru—10%Tc on g-Al>O3
10 |6 7410.2 |09 2075.2 1281.7 1/4.5

for 1% Ru—-3%Tcon TiO,

3 2 73955 | -15.2 4263.8 3118.5 1/4.6
for 3% Pt—=3%Tc on MgO
3 |12 7399.4 | -11.7 3440.0 4018.5 /13

As can be seen, neither the type of support nor the nature of the second metal hasalittle effect on
the *Tc NMR line width and shift. This may be an indication of the absence of any intermetallic
compounds in the catalysts studied.

Consideration of the size distributions of particlesin combination with the intensities and
shifts of resonance lines permits the tentative and qualitative 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 translational
symmetry results in equivalent technetium positions. Site nonequivalence implies that the
densities of states Ns and Ng change in switching from one technetium position to another. In this
case, Ns and Ny are related to the local density of states[13]. Therefore, each technetium position
givesrise to an individual relatively narrow (< 1 kHz) line, and the experimental spectrum is an
unresolved superposition of these individual lines. The model for describing the Knight shift is
based on the concept of layer nonequivalence of atoms[14]. Each technetium layer istreated asa
spherical shell 2.5-3 A thick. For the cubic lattice, the smallest particle contains 13 atoms: one
atom is at the center, and 12 atoms are at the surface. The next layer contains 42 atoms, etc. The
overall number of atoms in a particle containing (m + 1) layersis Nt (m + 1) = Ny (m) + Ns (m
+1), where Ny (m) = 10/3 m® — 5n? + 11/3m— 1 is the number of atoms in the interior layers, and

Ns = 10n? + 2 is the number of atoms at the at the surface of a layer [11]. For spherical
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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, is described by the formula [15]:

Kn- Ky = (Ko - Ky) exp (-n/fm), where Ky = 7350 ppm is the limiting shift of the technetium

position in the bulk, Ko = 7430 ppm is the technetium shift at the surface of a particle with a

given diameter, mis a dimensionless constant, which has the meaning of the depth at which the
layers have distinguishable Knight shifts. With allowance for these data, the Knight shifts K, in
the layers of a five-layer particle were estimated to be Ky = 7417, K, = 7410, K3 = 7397, K4 =
7384, and Ks = 7365 ppm, at the average value m = 5. The calculated K, values are consistent

with the data obtained upon decomposition of the experimental line shape (table to Fig. 7).

Peak | Knight shift, | Line width, Peak Signal area,
No ppm Hz intensity | %

1 7431.2 1955.0 11.5 11.4

2 7411.4 1309.5 93.3 65.4

3 7399.5 892.1 275 13.1

4 7385.0 420.3 9.2 2.1

5 7365.6 1538.9 9.8 9.1

Fig. 7. 99Tc NMR spectrum of a 2%Tc/gAl,Os catalyst and its
decomposition into Lorentzian components; the NMR parameters of the

components and their intensities are given in the table.
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Note that the layer model for a monodisperse sample implies that the most intense signal
with the maximal shift K, should arise from the surface. The signalsthat arise from interior layers
will belessintense. Thereal sampleis polydisperse, which may lead to achangein K, depending
on the particle size, so that the intensity distribution is disturbed. For the binary (3% Tc—1%
Ru)/TiO2 and 10%T c-10%Ru/g-Al>O3, the experimental line shape points to the multicomponent
character of thesigna (Fig. 8 and 9).

Peak | Knight shift, | Line width, Peak Signal area,
No | ppm Hz intensity %

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. 8. ®Tc NMR spectrum of a binary 1% Ru - 3%Tc/TiO, catalyst and its
decomposition into Lorentzian components; the NMR parameters of the components and

their intensities are givenin the table.
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Fig. 9. ®Tc NMR spectrum of a binary 10% Ru - 10%Tc/g-Al,O; catalyst and its
decomposition into Lorentzian components; the NMR parameters of the components and

their intensities are givenin the table.

Peak Knight  shift, | Linewidth, Hz | Peak intensity | Signal area, %
Number ppm

1 7429.3 994.0 8.5 4.3

2 7414.5 1007.0 68.9 354

3 7406.3 1037.9 56.0 29.7

4 7393.4 1071.5 17.9 9.8

5 7389.9 665.8 7.8 2.6

6 7381.0 814.9 24.9 10.3

7 7367.6 762.9 20.1 7.8

A possible reason for this observation may be the narrower individual linesdueto dilution

of technetium with ruthenium. Since the width of each individual line is determined by dipole-
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dipole interaction between the magnetic moments of technetium spins, substituting ruthenium,
characterized by low natural abundances of magnetic isotopes with small magnetic moments, for
afraction of technetium will lead to line narrowing.

As was mentioned above, the spectra show the signals of the ionic form, along with the signals
due to the metal. The ®Tc NMR chemical shift of this form corresponds 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,Os
catalyst, depending on the annealing time in ahydrogen atmosphere. We found that the integrated
intensities of *H and **N NMR signal's decreased with an increase in annealing time from 2 to 12
h at 700°C. A *H NMR signal was observed for all the catalysts and initial supports. The signal
was a two-component line with awidth of ~4 kHz. The signal became weaker after annealing a
sample. The N NMR chemical shift was 300 ppm from the signal of ammonium in an agueous
NH4NO;3 solution. Therefore, we assigned the signal of the ionic form to residual unreduced
ammonium pertechnetate. The smallest amount of unreduced NH4TcO,4 was found for the TiO,
support, which may be due to specific features of its surface (the pore number and size). For
TiOy, the specific surface is 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
initial component (NH4TcO,) is caught in pores and, thus, is not reduced. Asfollows from Tables
2-4, the content of unreduced technetium (ionic form) exceeds the content of the metal phase
roughly tenfold.

It should be noted that the question of the nature of the ionic form in the catalysts under
consideration is still open [16], since the ¥Of NMR shifts are the same for TcO, and NH4TcO,
powders.
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