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Abstract

We set ourselves the task to perform a systematic study of the ortho-para conversion of protium catalyzed by
y-Al203-supported gold nanoparticles of various sizes at a temperature of 77 K. Our results unambiguously
indicate that nanoparticles, as opposed to the bulk metal, shown a high catalytic activity. It is exhibited that all
Au/y-Al203 catalysts with nanoparticles of 4.6-40.1 nm sizes show very high catalytic activity in ortho-para
conversion reaction. The calculated specific catalytic activity Ksp of ortho-para hydrogen conversion were (3.9
+1.2) x 10" mol cm2-s" for all of the catalysts tested. The conversion of o-protium to p-protium catalyzed by
gold nanoparticles does not depend on the nanoparticle size.
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1. INTRODUCTION

Gold nanoparticles, unlike the bulk metal, are able to catalyze many organic reactions. This is characteristic
of particles supported on various materials [1-4] and particles in an aqueous solution [5-7]. It was shown that
the smaller the particle size, the higher the specific catalytic activity. The highest efficiency was found for gold
particles of 3 < d <5 nm size [8-10]. As the particle size increases, the catalytic activity considerably decreases.
For reactions involving molecular hydrogen, this size dependence of the catalytic activity is attributed to the
structural state of the particle surface. Presumably, a decrease in the particle size is accompanied by relative
increase in the number of low-coordination faces and corners [3, 11]. Large number of low-coordinated atoms
in small particles leads to activation and dissociation of hydrogen molecules on the gold surface. There is a
certain correlation between the catalytic activity of gold nanoparticles of various size and the number of low-
coordination faces and corners [5, 10].

Previously, we found [12] that gold nanoparticles supported on y-Al203 show catalytic activity in the
homomolecular hydrogen isotope exchange Hz + D2 «» 2HD. The most pronounced difference between the
catalytic properties of particles is observed at low temperature (77 K). The specific rate of the catalytic reaction
on smaller particles (4.6 nm) is about 20 times as high as that on larger particles (19.4 nm). It was also shown
that gold nanoparticles catalyze the ortho (0)-to-para (p) hydrogen conversion. The reaction rate is almost two
orders of magnitude higher than the isotope exchange rate. Preliminary experiments showed unexpectedly
that the specific reaction rate does not depend on the nanoparticle size. These results indicate that the ortho-
para hydrogen conversion catalyzed by gold nanoparticles follows a different mechanism not inherent in
organic synthesis reactions involving hydrogen.

The ortho-para conversion of hydrogen is the transition of ortho-protium (nuclear spins of atoms in the molecule
point in the same direction) to the para-protium (nuclear spins point to the opposite directions). The reaction
involves two hydrogen molecules, i.e., it is bimolecular. Unlike the liquid phase in which the orth--para
conversion is spontaneous, in the gas phase, this reaction barely proceeds, which is caused by very weak
interaction between the o-Hz and p-Hz2 molecules. In contrast to the gas phase, o-p conversion is promoted on
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various solid surfaces [13, 14] by, in particular, silver [15-19], copper [20, 21], graphite [22, 23], and supported
chromium and ferric oxides [24-27].

The spin conversion mechanism has been considered by B. F. Minaev et al. [28] and G. Buntkowsky et al.
[29]. The o-p Hz conversion is considerably promoted in the presence of magnetic materials and is induced by
the magnetic dipole interaction and Fermi contact interaction [30-32]. The mechanism of 0-p Hz conversion on
nonmagnetic metal surfaces has been attributed to the Coulomb-contact model [14, 17]. Recent progress of
experimental and theoretical studies on the physisorption and ortho-para conversion of molecular hydrogen is
discussed in a review by K. Fukutani et al. [13].

The ortho-para conversion of protium in hydrogen gas can be considered as a model reaction for studying the
mechanisms of interactions of molecular hydrogen with the catalyst surface. This process is important for the
low-temperature distillation technique for hydrogen isotope separation and for liquefaction and storage of liquid
hydrogen. Previously, ortho-para hydrogen conversion catalyzed by metal nanoparticle-based systems has
been scarcely studied.

We set ourselves the task to perform a systematic study of the ortho-para conversion of protium catalyzed by
y-Al203-supported gold nanoparticles of various sizes (from 4.6 nm to 40.1 nm) at a temperature of 77 K. Our
results unambiguously indicate that nanoparticles, as opposed to the bulk metal, exhibit a high catalytic activity.
However, the specific rate of this reaction, unlike that of organic reactions involving molecular hydrogen,
virtually does not depend on the particle size.

2, EXPERIMENTAL

Gold nanoparticles were obtained by reducing AuCls™ ions with citrate ions in aqueous solutions with heating
according to the Turkevich procedure [33]; on exposure to pulsed UV radiation [5, 34]; combined reduction
with citrate ions and hydrogen [5]; and reduction with tannin [36]. The syntheses were monitored by
spectrophotometry by observing the optical absorption of the surface plasmons of gold nanoparticles at 510-
540 nm.

The nanoparticle size and shape were determined by transmission electron microscopy (TEM) on JEOL JEM-
2100 instruments. Using the described methods, gold hydrosols with the following particle size were obtained
and characterized: 4.6 + 0.8, 7.4 +£1.1,144+£2.2, 194+ 4.2, 20.5+4.5,28.1+0.5, and 40.1 £ 5.4 nm. Gold
nanoparticles were mainly spherically shaped and have unimodal size distributionlt.

The catalyst was obtained by depositing gold nanoparticles on y-Al203 from an aqueous solution. For this
purpose, 1 g of y-Al203 was added with stirring to 5 ml of a solution of colloid gold and kept for 24 h. According
to spectrophotometric data, almost the whole amount of the metal (more than 95 %) was attached to the
support. Then alumina with supported gold was calcined at 573 K in air for 3 h and then heated in a vacuum
to decompose organic compounds and attach the particles to the support.

The specific surface area of the catalysts was determined by measuring the low-temperature hydrogen
adsorption (77 K) in the pressure range from 0.01 to 0.2 Torr until the monolayer coverage was formed.

The kinetics of ortho-para conversion of protium was studied under static conditions at a working pressure of
0.5 Torr and a temperature of 77 K. The gas mixture composition was measured continuously by a method
based on different rotational heat capacity of o-Hz and p-H: at low temperature. This was done using a classical
modified two-cell system [36]. The working cell was a part of the reaction volume, while the reference cell was
filled with the mixture of the starting composition. The cells had equal volumes and were maintained under
identical conditions, being incorporated in a Wheatstone bridge circuit. Copper coils located close to each
other in the circuit, preventing the temperature drift during operation, served for stabilization of the
microvoltmeter readings.

309



2017
NANOCON°® Oct 18" - 20" 2017, Brno, Czech Republic, EU

3. RESULTS AND DISCUSSION

It was found that the ortho-para hydrogen conversion does not take place on the support without gold
nanoparticles and also that it does not occur on bulk gold. Thus, hydrogen conversion is activated by
nanoparticle deposition.

The rate of ortho-hydrogen conversion to para-hydrogen during the ortho-para conversion reaction is written
as

-d[o-Hz]/dt = k[o-H2] (1)

This reaction gives para-hydrogen, the concentration of which will be designated by [p-Hz]. The initial o-H2
concentration is [0-Hz2]o and, hence, the current concentration [0-Hz2]t = [0-Hz]o - [0-H2]x, where [o-H:2]x is the
concentration of o-Hz that reacted and, hence, of p-Hz that formed. Then, the kinetic equation for the first-order
reaction and the solution has the following form:

d[p-H2)/dt = k([o-Hz]o - [0-H2]x) (2)
[p-Hz]t = [0-Hz]o(1 - &™) (3)
For the boundary conditions: when ¢t = 0, then [p-Hz] = 0; when t — oo, then [p-Hz] — [p-H2]w.

The degree of ortho-para hydrogen conversion F is given by

F = [p-Hz]/[p-Hz2]. = ni/n. = 1 - e (4)

where n is the signal (in relative units) proportional to the p-H2 concentration at time point t; n. is the signal in
the same units after a time sufficient for the equilibrium to be established.

In(1-F) = -kt (5)

where k is the reaction rate constant measured experimentally.
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Figure 1 Experimental kinetic curves for o-p hydrogen conversion (a) and graphical determination of the rate
constants (b) for catalysts containing 4.6 and 28.1 nm gold nanoparticles

Using experimental data, kinetic curves were constructed (Figure 1a) and then the degrees of exchange F
were determined from the curves. The rate constants for the first-order reaction ko (Figure 1b) were calculated
from the slope of the straight line plotted in the -In(1-F) - f(t) coordinates. The data of Figure 1 clearly
demonstrate that the kinetic dependences for the ortho-para hydrogen conversion obtained for catalysts
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containing 4.6 nm and 28.1 nm nanoparticles virtually coincide. That is, the process is almost independent of
the gold particle size.

The specific catalytic activity Ksp is defined as the first-order rate constant ko divided by the catalyst active
surface area Sk with allowance for the number of hydrogen atoms present in the reaction volume at the given
temperature Nr. The Nt value is determined from the preliminary calibration of the reaction volume. Thus,

Ksp = koN1/SH [molecule / (cm?:s)] (6)
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Figure 2 Size dependence of the specific catalytic activity of gold nanoparticles in ortho-para hydrogen
conversion at 77 K

The results of experiments showed that, as was to be expected, the Sn value decreases with increasing gold
particle size. This trend is quite clear-cut. Indeed, for the catalyst containing gold particles of 4.6 nm size, the
St value is 0.11 m?2/ g, while that for 40.1 nm particles is 0.08 m? / g. It was found that all catalyst samples
with gold nanoparticles of 4.6, 7.4, 14.4, 19.4, 20.5, 28.1, and 40.1 nm sizes exhibited very high catalytic
activity. The specific catalytic activity Ksp of ortho-para hydrogen conversion was (3.9 = 1.2) x 10" molecules
/ (cm?-s) for all of the gold nanoparticles tested. In other words, the conversion of ortho-protium (with nuclear
spins of atoms in the molecule pointing in the same direction) to para-protium (with nuclear spins pointing in
the opposite directions) catalyzed by gold nanoparticles does not depend on the nanoparticle size
(Figure 2). This implies that the ortho-para hydrogen conversion follows a mechanism different from that of
H2-D2 exchange where the specific catalytic activity has a clear-cut dependence on the particle size [13].

The catalytic activity of gold nanoparticles of various sizes towards the ortho-para hydrogen conversion
(3.9 x 10" molecules / (cm? s)) is much higher than that towards Hz-D2 exchange. Indeed, for 4.6 nm and 19.4
nm particles, the Ksp values for isotope exchange were 1.4 x 10" and 6.3 x 10" molecules / (cm? s),
respectively [13]. That is, the Ksp values for the ortho-para conversion at 77 K are approximately
30 (for 4.6 nm) and even 600 (for 19.4 nm) times as high as those for H2-D2 exchange reactions. This difference
cannot be attributed to the kinetic isotope effect (in this case, the difference would be 2-4 times). It is evident
that the isotope exchange and ortho-para conversion reactions follow different mechanisms. The mechanism
of H2-D2 exchange is chemical and involves dissociative absorption of hydrogen [12]. The ortho-para
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conversion of protium is apparently promoted by the specific state of the gold nanoparticle surface. Owing to
the very small size, the nanoparticles contain a very high fraction of surface atoms, which, unlike the bulk
atoms, have dangling valences. Apparently, this endows the surface with special electromagnetic properties.
Presumably, as opposed to the bulk metal, which is diamagnetic, gold nanoparticles behave as ferromagnets
at low temperature and form a magnetic field, which induces the spin flip in protium nuclei. Gold nanoparticles
indeed exhibit ferromagnetism not inherent in the bulk material [37]. According to the data of the study cited,
the external magnetic field and temperature dependence of the ESM signal suggests that magnetization of Au
nanoparticles consists of a superparamagnetic part obeying the Curie law and a temperature-independent
Pauli-paramagnetic part. The mixture of these components is reasonably explained by the picture that the
surface atoms are ferromagnetic and the bulk atoms are Pauli-paramagnetic. Indeed, in a number of
publications, the presence of ferromagnetic properties in nanosized gold particles was detected experimentally
[38]. Previously, it was demonstrated [5] that hydrogen adsorption of gold nanoparticles induces a shift of the
optical band for surface plasmon resonance to shorter wavelengths. This attests to increase in the electron
density on gold particles as a result of hydrogen adsorption. Apparently, the weak coupling between the
hydrogen and the gold surface is a prerequisite for the observation of spin polarization. Presumably, ortho-
para hydrogen conversion is rate-limited by the hydrogen adsorption-desorption on gold nanoparticles.

4, CONCLUSION

It is exhibited that all Au/y-A1,0; catalyst with nanoparticles of 4.6-40.1 nm sizes show very high catalytic
activity in ortho-para conversion reaction. The calculated specific catalytic activity Ksp of ortho-para hydrogen
conversion were (3.9 + 1.2) x 10" molecules / (cm?-s) for all of the catalysts tested. The conversion of o-
protium to p-protium catalyzed by gold nanoparticles does not depend on the nanoparticle size.
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