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Explanations based on simple classical induction and diamagnetic shielding are given for
some of the changes in parahydrogen conversion rates found for catalysts in a magnetic field
at the 10-kOe range. Effects found on the rare earths as catalysts in extrinsic fields not much
larger than terrestial magnetism are shown to have no direct relation to the 4f electrons. A
proposed explanation for the field effects in this range is based on the very low energy differences
between 4f, 5d, and 6s electrons in these elements and on possible selection rules.

INTRODUCTION

The nondissociative parahydrogen con-
version rate may be changed by placing the
catalyst in a magnetic field generated ex-
ternally (1, 2). The purpose of this paper
is to present a phenomenological analysis
for some of the extrinsic field effects that
have been observed. The analysis is limited
to catalysts that are known, or assumed,
to be in the paramagnetic phase.

All extrinsic field observations on cata-
lysts within the selected group fall into
one or more of three categories. For one
category the conversion rate suffers no
change until the field exceeds about 150 Oe.
The rate then rises until at 18 kOe it may
be nearly threefold greater than at zero field.
This behavior will be referred to as the
“high field positive” effect. For another
category the rate suffers little change below
150 Oe but then decreases moderately as
the field is raised to 18 kOe. This is referred
to as the “high field negative” effect. The
third category involves no change of rate
below about 2 Oe, then a decrease of 409,
or more followed by no further change
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above about 100 Oe. This is called the “low
field negative’” effect. The three effects are
illustrated in Fig. 1. “High field positive”
has been observed over Cr;03;, CoO, MnO,
the paramagnetic rare carths, dilute solid
solutions of Cr;0;-AlOs;, and over sup-
ported Cry0;/Al0;. “High field negative”
has been observed over Gd,O; supported
at low surface concentration over La.Os.
“Low field negative” is shown over the
nominally diamagnetic oxides Y.0; and
Lu:0; after pretreatment above 823 K in
hydrogen. This effect is also shown by
PI‘203, ngOs, Sm203, szo:;, and by the
paramagnetic rare earths supported on
La»0; with the exception of Gdy03/La.0s.
In all that follows k¢ is the specific con-
version rate (mol-m~2-s71) in zero field and
ky is the rate in a field of strength H. The
fractional change of rate

Aky = (kn — ko)/ko.

THE HIGH FIELD POSITIVE EFFECT

The field gradient normally present at or
near the surface of a paramagnetic solid is
augmented during application of a magnetic
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Fig. 1. Hlustrative fractional parahydrogen conversion rate changes (Akg) over paramagnetic

catalysts in an applied magnetic field.

field generated externally, The flux density
B in the sample in a field of strength H is
B = H + 4rM where M is the magneti-
zation. As M = xH, where % is the sus-
ceptibility, the change in flux density, as
the catalyst surface is crossed, is easily
determined. Standard tables for Dy,0; at
290 K give X = xd, where d is the density,
equal to 230 X 10-% em~2-g~%, Hence in a
field of 10 kOe the term 4zXx = 0.23 kQOe.
It is obvious that the applied field can
cause an increase of effective gradient at
the surface of a paramagnetic solid and a
small decrease for one with a negative
susceptibility.

It is firmly established (3) that, in ac-
cordance with the Wigner treatment (4),
the nondissociative conversion rate is pro-
portional to the square of the Bohr mag-
neton number, 8, of the catalytic site. If
ko = af? then in a ficld H a first approxi-
mation gives:

kn = a(8® + vHXd) €))
where o is approximately constant for any
similar group of catalysts such as the

paramagnetic lanthanide sesquioxides, and
v is a constant for any particular sample.

It follows that:

Aku = [a(B® + yHXd) — af?])/af?
= vHXd/B. (2)

Equation (2) shows that at a given temper-
ature Aku is proportional to the applied
field. It also shows that Aky varies with
temperature to the degree that the sus-
ceptibility is influenced. Experimentally it
is not easy to find catalysts that are free
from phase transitions and chemical re-
activity in hydrogen. But MnO is satis-
factory for testing the ficld strength de-
pendenee of Aku (8). At 298 K Aky rises
almost linearly with H up to about 10 kOe.
There is then a slowly decreasing depen-
dence of Akg on H. No case has been found
in which Aky increases by significantly more
than the first power of H.

The effect of temperature and thus of
susceptibility on Aky is shown in Fig. 2
derived from data (6) on a dilute Cr,0s-
AlyO3 solid solution over the range 173-
373 K. The relationship between X and Aky
deviates somewhat from linearity but there
is no question that as the susceptibility
rises Aky also rises.
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Fia. 2. Fractional rate change in a field of 7.5 kOe vs «/d (magnetic susceptibility/density)
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over 1% CI'an—Al203.

THE HIGH FIELD NEGATIVE EFFECT

The only catalyst sample showing this
effect to the exclusion of any other is lan-
thana-supported gadolinia (7). For Gd2Os/
La.0; the effect is a gradual decrease
of ky with increasing field. At 18 kOe
Aky = —0.23 with some indication of satu-
ration above 10 kOe. This effect appears to
be related to diamagnetic shielding of the
4f electrons by action of the applied ficeld
on the 5d25p® electrons. The effect is
negative because the field reaching the
hydrogen molecule from the 4f electrons is
less than that predictable from the Bohr
magneton number of the rare earth ion.
Equation (1) may be modified to include a
diamagnetic shielding term é:

ku = a(8? + yHxd — $H),
and this yields:
Ak = H(yxd — 3)/8% (4)

Equation (4) shows that Akg should be
proportional to H as is actually the case
for Gd203/La,0;. But Eq. (4) also shows
that the sign of Aky depends on the relative
magnitudes of yXd and 3. Observation of
the high field negative effect obviously
depends on having a relatively high con-
centration of active sites supported on a
diamagnetic substrate. This is in contrast
to the self-supported rare earths that may
be regarded as having a high surface con-

3)

centration of active sites supported on a
strongly paramagnetic substrate. There is
also the complication that all the rare
earths other than Gd,O; show the low
field negative effect.

THE LOW FIELD NEGATIVE EFFECT

The only catalysts known to show this
effect and none other are yttria and lutetia
(8). The effect, shown for Lu.0; in Fig. 4,
consists of an abrupt negative change at
about 2 Oe and reaching saturation below
100 Oe. The maximum Aky for Lu.O; is
—0.42 and for Y,0; —0.28. No further
change oceurs up to 18 kOe. In a flow
reactor at atmospheric pressure the specific
conversion rate in zero field is less than
1 X 107" mol-m~2-57! at 298 K. But as the
pretreatment temperature in  hydrogen
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Fic. 3. Fractional rate change vs field over
Gd203/L3203 at 208 K.
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rises, ko also rises, reaching 1.4 X 10-¢
mol-m~2-s7! for pretreatment at 973 K.
There is no significant change of Aky as
ko rises.

The low field effect is also found over all
the paramagnetic rare earths of relatively
low susceptibility (7) of which YbsO; is
one example. From these results it appears
possible for some paramagnetic solids to
have two different sources of nondissoci-
ative conversion activity and for these
sources to act independently of each other.
To facilitate further consideration of this
possibility the following symbols will be
used :

femobs conversion rate observed in a field H kOe

Keat rate in a field sufficient to saturate an
effect

ka* rate attributable to sites responsive to one
or to both positive and negative high
field effects

k™ rate attributable to sites responsive to the
low field negative effect

Akgebs fractional rate change observed in a field

H kOe.

For a sample of YbsO; pretreated in
hydrogen at a maximum temperature of
823 K, hereafter designated Yb,0; (823 K),
and measured at 298 K, Ak, o = —0.11
and Ak = 42,1, It will be assumed that
the surface of Yb20; (823 K) contains sites
that are different from the normal Yb3+(4f%)
but which cannot be the familiar diamag-
netic Yb?+(4f4). Proof of this is found in

20 30 40
H Oe

Fic. 4. Fractional rate change vs field (in Oe) over Lu:0; at 298 K.

the invariable increase of catalytic con-
version activity after the pretreatment
indicated.

If there are two independent kinds of .
conversion sites on the surface of Ybo0;
(823 K) then:

ku°®® = ky* + ku~. (5)

In a field of 0.1 kOe, which is sufficient to
saturate the low fleld negative effect,
ko.1°" = koa* + ke But k= suffers no
change in such a weak field ; hence:

ko,lobs = koi + ksat_; (6)

Ako.lobs = (ksnt— - kﬂ‘)/kUOb% (7)
and

ko~ = (Ako'lobs X koobs)/Aksaf- (8)

It is, therefore, possible to find ko, and
ko*, provided that Ak« can be found.
One method for obtaining Akg,~ is to
assume that it is the same for Yb,Oj; as for
Lu;0;, namely, —0.42. On this assumption
it is found that k¢ = 0.26 ks for the
sample of Ybh:0; (823 K) referred to above,
For a typical sample of Yb,0; (823 K)
keoP® = 0.22 X 107 mol-m=2-571. These
values depend, of course, on the uncertain
precision of all conversion rates of this
kind, but the ratios k¢ /ke* = 0.36, and
ko /ko°?® = 0.26 are reproducible to 109,
on samples of identical pretreatment.
From data such as those given in the
preceding paragraph it is possible to find
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Ake:* in a sample showing both high and
low field effects. This will be illustrated for
a sample of YbyO; (823 K) for which

ko> = 0.094 X 104,

ko.00P® = 0.085 X 107,
and

ky?® = 0.290 X 10~* mol-m—2-s~L,

By definition, Aku* = (kn* — ko*)/ko*
and, from Eq. (5),

AkHﬂ: — [(kHobs — kH—)
— (]Coobs _ ko——):l/(koobs _ k()——)-

For this sample ko~ = 0.24 k", so that

Aky* = I:(kHobs — kH_)
— 0.76k°>]/0.76) 0>
As

ko 0P = kot + ko~ = 0.90k°bs,
and as

ko™ = 0.90k°P® — ko= = 0.90k°b®
— 0.76k°"® = 0.14kP,
it follows that

Aksat:&: = (ksaLObs - 0.90’000'35)/0.76]{50‘)138
= [0.29 — (0.90 X 0.094)7]/
(0.76 X 0.094) = 2.9

Results for Akg..t on a few other rare
earths are: Pr;O;, 1.5; Nd2Q;, ~1.7; and
Sm203, 0.7.

Collected results on these self-supported
rare earths are shown in Table 1 for con-
venient comparison with related data on
several lanthana-supported samples to be
given below. Additional information on the
relationship between kot and k¢~ may be
obtained by pretreating Yb,O; at pro-
gressively higher temperatures. It is well
known that specific conversion rates over
the paramagnetic rare earths are increased
by raising the pretreatment temperature.
This increase has been shown (9) to be due
chiefly to progressive dehydroxylation as,
for instance, by the reaction 2 OH- — 0
+ H,0, thus providing improved access to

the catalyst by the hydrogen molecule. It
has been found (10) that Yb.0; (973 K)
shows a 6.5-fold increase of kq°P® as com-
pared with Yb.0; (823 K). But during this
increase Akg.1°*¢ falls to —0.01 which is near
the limit of detectability. For this sample,
then, k¢ is only 0.02k°"* and the ratio
ko /kot >~ 0.02. Regardless of the true
value of Ak, 1t is clear that the large
increase in k¢°*® for Yb.0; (973 K) is due
almost entirely to an increase in ko* and
not to any appreciable change in k¢—. The
low field negative effect observed on Yb.0;
has obviously reached its maximum after
pretreatment at 823 K. The ki activity
thus reached is comparable with that
reached by Lu20; but only at a much higher
pretreatment temperature.

Some additional clues concerning the
source of k~ activity may be obtained from
supported rare earths (7). With one ex-
ception, the catalyst support was LasOs of
surface 2.0 m?-g~'. For Tb,0;/Al;0; the
surface of the finished catalyst was 160
m?-g—!, Pretreatment was in hydrogen at
823 K and measurement at 298 K for all
samples. All calculations were made with
the assumption that Ak~ =—0.42 as
previously described for Yb,Os; Data on
several supported catalysts are shown in
Table 2 which may be compared with Table
1. The effect of the diamagnetic support is,
except for Gd»03/La20s3, to cause a large in-
crease in the ratio k¢ /ko*. For Dy:0;
ko~ < 0.01ke°P, while for Dy,03/La0;s ke

TABLE 1

koob® and ko /ko* for Severals Self-Supported Rare
Earths at 298 K after Pretreatment in H, at 823 K

Sample koobs X 10 ko~ /kot
(mol-m™2-571)
PI'203 036 032
Nd«O; 0.18 0.05
. Sm203 0025 02
Yb:0s 0.22 0.36

a For other self-supported paramagnetic rare
earths ko~ /ke* < 0.01.
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TABLE 2

koo and ko~ /ko* for Several Supported Rare
Earths at 298 K after Pretreatment at 823 K

Sample kobs X 104 ko~ /ko*
(mol-m™2-s77)

Euios/L3‘203 1.15 1.4
(Gd0;/La.0; 1.83 <0.05
Tb:03/Lax0; 1.48 2.9
Thby03/Al:04 1 1.0
Dy:0;/Las0; 1.71 1.2
Er;0;/La.0; 1.36 2.0
szOs/LﬂzOg 0.91 1.6

= 0.53]€0°bs. For ngOs/L&ankoi is twice
that in Yb;0s;, but k£, has increased by a
factor of 12.

Because ko* is an appreciable fraction of
koot for all the supported paramagnetic
rare earths it may be predicted that at high
fields kp°®® would tend to rise, or fall,
depending on the magnitude of the sus-
ceptibility in Eq. (3). Such a change has
been found (7) for Er,0s/Las0; over which
Akyob® rises from —0.23 at 0.1 kOe to about
0 at 18 kOe. A similar result has been
reported for Tho03/Al:0; (2). It is obvious
that on these catalyst samples all three
field effects are operative. The experimental

data for Er,03;/La.0; are given in detall in
Fig. 5 (7). On Er:0;/La:0; Aku°**/H over
the linear field region is 0.023 kOe™! and
for Ers0; it is 0.071 kOe1. As shown in
Table 2, for Er20;/La203 ko~ /ko* = 2.0 and
koePe = 1.36 X 104 mol-m—2-s~ 1. Then k,*
= 0.453 X 10~¢mol-m~2-s7!, and if Akg°b3/
H = 0.023 kOe™! then at, say 6 kOe,
ket — kot = ke — ko.1°P% = 0.105. Hence
Akgt = 0.105/0,453 = 0.23. For self-sup-
ported Ers0; AkeePs ~ Akgt = 0.41. It
appears, thercfore, that the “effective”
susceptibility at the surface has been
lowered by the La.O; causing Aky* to fall
to about two-thirds of that for the self-
supported sample.

DISCUSSION AND CONCLUSIONS

The three magnetocatalytic effects ob-
served over paramagnetic catalysts may be
distinguished from each other by the sign
and the field dependence of Aky. In this
section conclusions concerning these effects
will be summarized and consideration will
be given to a possible source of the low
field negative effect.

For any sample of matter in a magnetic
field there must be a change of flux density
at the surface. This field gradient is added

1-0 I

0.5
I
*
<
O. /.
. Er,0z /Las0
|? /./ 203 /L0503
= 0.25[%¢ ] 1 1
o} 5 10 15 20
H kOe

Fie. 5. Fractional rate changes vs field at 298 K over Er:0; and Er:0;/La:0;.
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to that produced by permanent moments
at the catalytic sites. The increase of
gradient is proportiohal to the applied
field intensity and to the susceptibility of
the sample. The fractional rate increase of
the catalyzed parahydrogen conversion
should then be proportional to HX as
shown in Eq. (2). This has been shown
experimentally to be the case provided
that such complications as phase transitions
and chemical reactivity are avoided. To the
writer’s knowledge there has been only one
other attempt to explain the high field
positive effect (11), but that interpretation
leads to the prediction that the conversion
rate should increase as the square of the
applied ficld.

The high field negative effect appears on
a catalyst in which the paramagnetic sites
are surrounded by 5s¥ip® electrons that
produce diamagnetic shielding, thus di-
minishing the effectiveness of the active
sites. The effect is almost certainly present
in all the paramagnetic rare carths, but it
1s generally obscured by the much larger
high field positive effect and, in most cases,
it is complicated by the low field negative
effect.

The low field negative effect is not
related to the 4f eleetrons responsible for
kn* activity on all the paramagnetic rare
earths. Proof of this statcment is found in
the following observations: On some cata-
lysts, of which Lu,O; is one, kg~ activity
only is found. On the self-supported para-
magnetic rare earths kg~ activity is always
less than kg# activity, but on the lanthana-
supported rare earths (cxcept Gd.O;/
La:0;) the ky— activity is the larger. In-
creasing the pretreatment temperature
from 823 to 973 K for a self-supported
paramagnetic rare earth, of which Yb,0; is
an example, increases the by activity but
not the ky~. The ky* activity tends to
become independent of field above about
10 kOe but on ky~ sites saturation occurs
below 100 Oe. The ky— activity, unlike the
ku, is not proportional to 82

The sites providing kuy~ activity must
possess a magnetic moment that is perma-
nent in the sense of being able to catalyze
the conversion over the duration of an
experiment. This moment must almost cer-
tainly be situated on the surface of the
catalyst. Sites involving the ion ARt
have often been considered as the source
of nondissociative conversion over Al,O;.
Paramagnetic sites have been suggested for
similar activity over Y20; (12). That this
view is correct is supported by the method
of preparation and by ESR evidence for
Lus0; and especially for Y0, (8). If, for
Pry0;, Nd»Os, Sm20O; and Ybo0j3, ke~ makes
an appreciable contribution to kb, and
if this is independent of ko*, then it might
be surmised that the average ko°bs/g82 for
these four catalysts would be larger than
for the other paramagnetic rarc ecarths.
This is actually the case (3). The average
keobs/82 for these four (all pretreated at
823 K) is 209, greater than the average
for the remaining seven for which data are
available. It 1s scarcely probable that this
could have been coincidence. Failure of the
catalysts of higher magnetic moment to
show measurable k¢ activity (in the sclf-
supported samples) is certainly due to the
high k%, and resultant very low ko /ke,
shown by these preparations. Evidence
that Nd»O3; may undergo surface reduction
under the conditions described with, pre-
sumably, formation of the Nd** jon has
been presented (13). If this method for
forming a new paramagnctic site can occur
for Nd,0s3, then it could probably occur for
at least some of the other rare carths.

Another suggestion for ks activity in
Al;O; catalyst samples is the nuclear mo-
ment (14). In all cases this is small com-
pared with the electronic moment, and the
distance between nucleus and hydrogen
molecule is large. The nuclear moment
squared for Lu*t is about 600 times greater
than that for Y®+. Actually the parahy-
drogen conversion rates arc about the same
for Lu,05 and Y»0; (8). Similarly, k¢~ would
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be about 60 times greater on Pr.0Q; than
on Yb:0; if the nuclear moments were
controlling. Actually, &y for PrsO; and
Yhb,0; differ by a factor of only two, which
is well within experimental error (7). It is
unlikely that nuclear moments are signifi-
cant for any of the rare earths as catalysts.
A third suggestion for conversion activity
on AlO; is the hydrogen molecule-ion,
H,*, that may be formed on the surface of
high area Al,O; pretreated in hydrogen at
873 K (15). It is quite possible that H,* is
significant on Al:O;, but there is no reason
why it should be formed more easily on
one rare earth rather than another. There
is no question that LusO; requires a sub-
stantially higher activation temperature
before it shows the same k¢ activity as
do most of the other rare earths. It secems
improbable that H,* contributes appreci-
ably to the effects described, and, also, it
offers no explanation for the negative field
effect on Lus0s and Y.Os.

In view of the evidence discussed in the
preceding three paragraphs it will be as-
sumed that k¢ activity has its source in an
unpaired electron generated in the rare
earths, including Y»0;. Reduction of LusOs
at appropriate temperature to form Lu**
could occur by the reaction 2 Lu?t(5d°)
+ 0 4 H; — 2Luw?*(5dY) + H,O0. A 6s
electron instead of a 5d is also possible.
For Y?t a 4d or 5s electron could be in-
volved. The quantity of water given up per
unit surface area during catalyst activation
in hydrogen between the temperatures 823
and 973 K is compatible with the con-
version activity generated (70). This sup-
ports the view that a reductive process
occurs during pretreatment.

The characterization of sites responsible
for ky~ activity over Lu,O; and Y.0;, as
described in the preceding paragraph, is
complicated by the fact that Lu.O;, Y.0;,
Eu:0;, Gd;0; and Er,0; heated in hy-
drogen between 823 and 973 K all liberate
about the same quantity of water per unit

surface (10). But the ky— activity developed
is negligible for Kus0s;, Gd20;, and Er.0s;.
If the pretreatment s stopped at a maxi-
mum of 823 K it is found that appreciable
ku~ activity has been generated on PryO;,
Nd40;, Sm;0; and YbsO; but not on
szOs, Dygoa, HOzOs, EI‘203, and Tm.Os;.
As previously mentioned the maximum kg~
activity reached by Yb.O; at 823 K is
comparable with that reached by Lu,Os but
only at a much higher pretreatment tem-
perature. All of the above complications
have a simple explanation. The reduction
potential for B* — R*t is larger for La’t,
Gd3*, Lu**, and Y?** than for any of the
other rare earths, and much larger than for
Eu*t and Yb*. A pretreatment temper-
ature of 823 K is sufficient to form the R**+
ion on the surfaces of all these oxides except
La203, Gd203, and LUQ03. But if the
element has a large magnetic moment pro-
duced by its 4f electrons the ratio k¢ /ko*
will be so small that no ky— activity can
normally be detected. For Gd,0; it would
be necessary to raise the pretreatment
temperature to at least 973 K before k¢
became appreciable. Then, owing to pro-
gressive dehydroxylation as already de-
scribed for Yb.0;, k¢t would rise to a far
greater extent and no kg~ effect would be
observed.

The identification proposed above for
the kg~ sites makes it possible to consider
what change could occur to produce the
low field negative effect. A difficulty here
is the very low interaction energy between
one Bohr magneton and 1 Oe of field
strength. The only explanations that seem
possible involve either a change in magnetic
moment of the catalytic site or a change of
reaction mechanism. The latter is excluded
by absolute conversion rate data on Lu.O;
(16). Let it be assumed that the state of a
surface capable of showing the low field
negative effect normally includes an elec-
tron in the 5d level for the rare earths, and
4d for Y;0;. It has been shown (17) that
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the ground state energy difference between
4f, 5d, and 6s is negligible in determination
of chemical behavior. But a d electron will
have both spin and orbital contributions to
the magnetic moment while an s electron
will have only the spin contribution. That
a field of a very few oersteds could cause a
change from 5d! to 68! may only be attrib-
uted to a selection rule and to the non-
equilibrium nature of the problem as has
been mentioned (18). Our knowledge of
conditions at the surfaces of solids such as
those under consideration is insufficient to
make possible an accurate estimate of the
difference in moment for 5d! vs 6s! on
Lu,0;. But consideration of theoretical and
experimental data on related species sug-
gests that the transition Lu*t(5d') —
Lu*t(6s') would involve a change of Bohr
magneton number from about 2.5 to 1.8.
The fractional change of 82 is then —0.48.
The experimental value for Ak, is
—0.42. It may be objected that the orbital
contribution of a 5d electron would be
“quenched” as is the case for many 3d
compounds such as Cr;0; But it seems
likely that the orbital part of the moment
could contribute to the parahydrogen con-
version rate whether “quenched” or not,
even though it could not contribute to the
susceptibility.
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