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The pH. — oH: and oD: —pD, (77-293°K) and H.+ D.— 2HD (195-283°K) re-
actions have been studied over the temperature ranges indicated on y-ALO; previ-
ously outgassed in vacuo at 550°C. The reaction rates are similar over the ranges
indicated and at 293°K decrease in the order pH: > 0D: > H: + D.. In the outgassed
state and before irradiation, the solid showed 4 X 10" free spins g™, g = 2.003, line
width 6 gauss, and it was concluded that surface free valencies were catalyzing all
three reactions by chemical mechanisms. The conversions probably involve 2 atom
recombination, and the H,;+ D, molecule-atom exchange, on a small fraction of
active sites. A 2 Mrad dose of y-irradiation gave a 100-fold increase in free spins in
the y-Al:0s;, which now showed an anisotropic signal, g (average) = 201, line width
40 gauss and a 2-3-fold increase in catalyzed rate for the pH: conversion, but no
change in HD equilibration rate. Presumably, therefore, the pH: increase arises from
onset of a paramagnetic mechanism. Admission of oxygen to the irradiated y-ALO;
gave first an intensification of signal associated with a chemisorbed monolayer and
at higher pressure a “pressure broadening” of part of the signal associated with an
interaction with physically adsorbed oxygen. The broadening left a residual signal
attributable to bulk spins, and by difference, a surface spin concentration was calcu-
lated and could be associated with a rate of pH: conversion. This rate checks to a
factor 1.9 with that calculated using Wigner’s equation, confirming the view that the
conversion on the radiation-induced surface free spins of y-Al:O; occurs mainly by
the paramagnetic mechanism. A close similarity exists with a-Al:Os, and we revise
our earlier view about this catalyst, concluding now that low temperature conversion
on the solid before irradiation involves the chemical mechanism, as for y-ALO..

INTRODUCTION

Recent reviews (I, 2) suggest the value
of quantitative correlations in the effects of
y-radiation on solid catalysts. Kohn and
Taylor (3) described the effects of y-radi-
ation on y-Al,0; as measured by the H, 4
D, — 2HD reaction, and Acres et al. (4)
compared this reaction with pH, — oH, on
irradiated a-Al,O;. In neither paper were
free spins detected on the heated and out-
gassed oxide before irradiation. The present
paper, part of a general program (5), at-
tempts to correlate catalytic activity for
the three related reactions, pH,— oH,,
oD, — pD, and H, +D, —» 2HD with sur-
face free electrons on v-ALO,, (2) activated
thermally in vacuo and (b) after subse-

quent y-irradiation. Where necessary, some
additional measurements on «-Al,O; have
been made to aid comparison with our
earlier work (4).

EXPERIMENTAL

A conventional Pyrex-glass high vacuum
(10¢ Torr) apparatus was used, with
greased taps in the gas handling section,
but a mercury cut-off for the catalyst sec-
tion (6). The v-Al,O; was contained in a
150 cm? silica reaction vessel, connected via
a graded seal, liquid nitrogen trap, and
cut-off to the main gas handling section.
The three hydrogen mixtures, pH,—oH,,
oDpD; and H,-D,-HD, were analyzed
by a micro Pirani gauge (7), which limited
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HD equilibration studies to catalyst temper-
atures > 195°K. ESR studies of the cata-
lyst in a tube attached to a gas handling
apparatus, were made with a Decca X-band
instrument. After irradiation, the alumina
could be tipped into an appendage while
the tube walls were heated to remove the
signal arising in the silica itself, before n-
serting in the ESR cavity. We estimate for
3 line width of 40 gauss a minimum detec-
table spin concentration of about 10% free
spins per gram (fs g!), an improvement
over our earlier work (4). Spin concentra-
tions were determined by comparison of
signal peak areas with those from carbon
standards calibrated against DPPH. ESR
spectra were obtained for the solids at 77°K
and various intermediate temperatures up
to 293°K, and gas adsorption experiments,
where reported, were carried out under the
same conditions of temperature as the ESR
spectra. Surface areas were determined by
the BET method using Kr gas (¢ =
21.0 A2). The irradiation was carried out by
a 500 Ci (nominal) %°Co source, calibrated
by a Fricke dosimeter, the solid being in
every case at 77°K during irradiation.

MATERIALS

y-Al;0,(I) Johnson—Matthey Specpure,
Lab. No. 35352, specific area 21.4 m* g™
(after a standard outgassing for 60 hr in
10-¢ Torr at 550°C). Trace metal impurities
in ppm, (analysis by Johnson-Matthey),
are Na(3), Co(1), Si(1), Mg(1).

y Al,O;(IT) An 1.CI. Ltd. (Billingham)
specimen, 101.5 m? gt Ca(3), Co(2),
Fe(20), Na(200), Si(20).

«-Al,0,(I) Johnson—-Matthey Specpure,
Lab. No. 16371/B, 9.2 m? g (used in (4)).
Na(2), Ca(l).

a-AlLOs(II) L. Light & Co., 13.56 m? g™,
Ca(80), Cu(100), Fe(30), K(20), Mg(20),
Na (60), Pb(20), Si(200).

REsvLTS

v-Al.0; and «-Al,0; Before Irradiation

After outgassing y-Al,O; (I) for 60 hr at
550°C, an ESR line was detected with ¢ =
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2.003, AH = 6 gauss, 4 X 10* fs g. This
was a very weak signal and a high modu-
lation amplitude, ca. 10 gauss, was used to
aid in display. The faet that the signal
disappears on heating the solid in air at
500°C suggests that the free electrons are
on, or at least readily accessible to, the sur-
face, so we may calculate a surface concen-
tration ot 1.87 X 10** fs em. By compari-
son, it was relatively easy to detect a
thermally activated ESR signal from
a-Al,O;. Our earlier difficulties in this di-
rection (4) arose from the less sensitive
spectrometer used. For both samples of

a-ALO;, at 77 and 293°K, the signal had

g = 2.003, AH =6 gauss. In the case of
a-Al,O; (I), there were 3 X 10" fs g, in-
stantly removed on admission of air, and
therefore corresponding to a surface con-
centration of 3.3 X 10! fs em™. In the case
of «-Al,O; (II), there were 1.5 X 10*7 fs g2,
but raising the outgassing temperature from
550 to 900°C completely eliminated the
signal. Admission of hydrogen at 77 or
300°K had no effect, but oxygen at 100°K
reversibly changed the line width and in-
tensity as shown in Fig. 1. Addition of oxy-
gen at a higher temperature, 2903°K, gave
a new Iirreversible component in the signal,
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Fic. 1. Effect of oxygen pressure on (a) intensity
and (b) linewidth of the ESR signal for a-alumina
(II) at 100°K.
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as shown in Fig. 2a, which we attribute to
chemisorbed oxygen. The anisotropic char-
acter of this new signal, with g, = 2.0167
and ¢, = 2.0005, points to the adsorbed
oxygen being in an axially symmetric elec-
tric field. Further addition of oxygen gave
a reversible broadening as in Fig. 2b.
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F16. 2. (a) The effect of a low pressure of oxygen
on thermally activated a-alumina at 253°K and (b)
the effect of increasing the oxygen pressure to 12
Torr in broadening the signal, 295°K.

The catalytic activities of the thermally
activated y-Al,O; (I) are defined in the
usual fashion (4). If Q,, Q; are the resist-
ance values for the hydrogen species (pHo,
oD, or HD) specifying the difference in
concentration from the equilibrium value,
then the results all fit the first order law
(8);

2303, Q.
k., = / logo a min
and
_ kN _ ke pV a1
km = 604 = 604 kTmoleculescm s,

where N is the number of molecules in the
reaction volume V, pressure p, temperature
T°K, and 4 is the area of the catalyst.

Apparent activation energies E, fre-
quency factors B,,, and reaction orders n
are calculated by

kn = By exp ”1_%’ and kn, = k.2p".

From Fig. 3 we see n = 0 for pH, at all
temperatures except 800°K, where at low
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F1G. 3. Pressure dependencies, for reactions and
temperatures indicated, on vy-alumina (I) previously
outgassed 60 hr at 550°C. (a) pH,, 77°K, (b) pH.
195°K, (c) pH, 273°K, (d) pH, 800°K, (e) H: + D,
195°K, (f) H, + D, 800°K, (g) oD, 800°K.

pressures n = 0.6 tending to zero at higher
pressures. For oD;, n =0 at 800°K. For
HD, at 195°K n =0.5, and at 800°K,
n = 0.6.

From Fig. 4 we calculate for HD, £ = 360
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F16. 4. Temperature coefficients on y-alumina (I)
previously outgassed at 550°C (a) pH,, 4.4 Torr,
E = 68 cal/mole, (b) a later expt, pH, 3 Torr E =
180 cal mole™?, (¢) H, + D; — 2HD 3.4 Torr E =
360 cal mole™, and (d) oD, ¢.3 Torr E = 27 cal
mole™1.
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cal mole?, pH, E = 68 cal mole? and (in
a later series 180 cal mole™), and for oD,
L =27 cal mole®. These values are all
small but definitely positive and depend on
the thermal history of the solid to some
extent.

v-Al,0; After Irradiation

After outgassing y-Al,O; (I) for 60 hr at
550°C, it was then irradiated for 20 hr at
77°K with a standard total dose of 2 Mrads.
The effect was to give an ESR signal at
77°K, g (average) = 2.01, AH = 40 gauss
as in Fig. 5a. The number of free spins
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F1a. 5. (a) The (mainly bulk) signal resulting from
y-irradiation of y-alumina at 77°K. (b) The concen-
tration of free spins against y-ray dose 77°K. (c)
The parahydrogen conversion rate, 77°K against
v-ray dose. (d) The decay rate of free spins at 295°K.

reaches a maximum with a y-ray dose of
1.5 Mrad, in Fig. 5b, as does also the rate
of pH; conversion in Fig. 5¢. This signal is
mainly due to bulk rather than surface free
electrons, since admission of air at 77°K
had no measurable effect. On heating the
solid to 293°K, the signal showed a small
increase in anisotropy and a relatively slow
decay, with a 20-fold decrease over 24 hr,
as in Fig. 5d. Irradiation of outgassed
v-Al,04, at 77°K, when measured gave a
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broader signal at 1.6 or 4.2°K, g =2,
AH =300 gauss, probably saturated to
some extent even at minimum rf power.
On exposure of the irradiated y-AlO;
(I) to hydrogen at 100°K, there was only
a small decrease in ESR signal. On the
other hand, admission of oxygen at this
temperature first irreversibly increased the
signal 2.5-fold, presumably due to a chemi-
sorbed layer, and on increasing the oxygen
pressure there followed reversible broaden-
ing. Nitric oxide gave a similar broadening
effect. The residual signal left at high oxy-
gen pressures may presumably be attributed
to the free electrons in bulk, so that sub-
traction of the residual signal from the
original total signal (which resulted from
irradiation followed by oxygen) should give
the surface component of the signal. The
resulting surface signal is shown in Fig. 6,
and, as discussed later, probably corre-
sponds to a chemisorbed O.-, the two ¢
values, g; = 2.038 and g | = 2.006 denoting
axial electric symmetry. Attention is drawn

50 gauss

gli= 2038

Fi1c. 6. (a) The ESR signal resulting from adding
10-3 Torr oxygen to v-irradiated vy-alumina (I) at
100°K. (b) The effect of a high pressure of oxygen in
quenching this signal, leaving the signal due to bulk
spins. {¢) The signal due to surface spins, formed by
substracting (b) from (a).
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to the hyperfine splittings of 3.6 gauss on
the g side of the signal. This is indicative
of a slight overlap of the wave function of
the O, radical with a neighboring 27Al
nucleus, which with a spin of 5/2 is ex-
pected to give rise to a sextet of equally
spaced lines, as found. This surface signal
showed some stability loss on warming the
alumina to 423°K. Since total spins were
4.8 x 10*® fs g, bulk spins 2.0 X 10*® fs
g, then the surface spins were 2.8 X 10®
fs g1, equivalent to 1.36 X 10 fs em=2
Rather similar results were found with
other samples of ¢-Al,O;, although the
hyperfine splitting of 3.6 gauss was not
always clearly resolved.

The effect of oxygen and irradiation to-
gether was to give a very intense signal.
Thus our outgassed sample of y-AlLO,; (I)
exposed at 77°K to 4 Torr oxygen and y-
irradiated, gave the signal in Fig. 7. Here,
besides the ordinary signal found with
vacuum-irradiated y-Al;O;, there is a sec-
ond, very intense component, with g =
2.003, total coneentration 2.74 X 10" fs g™,
Reversible oxygen treatment left a residual

50 gauss

L

Fic. 7. (a) The ESR signal resulting from v-ir-
radiating vy-alumina (I) while exposed to 4 Torr
oxygen. (b) The effect of pumping out the gas-phase
oxygen.
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signal of 9.6 X 10 fs g, giving a surface
signal of 1.78 % 10*° fs g equivalent to
8.3 X 10" fs em™. A comparable result was
found with «-Al,O; (II).

Experiments were made to reveal possible
effects of surface OH groups, which infra-
red studies (9) have shown to be largely
removed at 900°C. After outgassing at this
temperature, no ESR signal was detectable,
but subsequent y-irradiation gave the usual
broad line with ¢ = 2.01. Oxygen quenching
as before established an anisotropic surface
signal with g, = 2.040 and g, = 2.001.

The effect of preirradiation of y-AlO;
(I) (previously outgassed at the usual
temperature of 550°C)} on the catalyzed
rate of conversion of pH, at 77°K was to
inerease 1072 k,, from 1.7 to 3.4 (cf. Fig. 5)
and for y-Al,O; (II) from 0.19 to 0.34, a
factor of approximately 2 in each case.
There was no change in HD rate. In Fig.
8, we show the effect of outgassing temper-
ature on k, for pH, on the solid at 77°K,
and the results tend to run parallel both
before and after irradiation. Pumping a
specimen at 20°C (off the graph) gave no
catalytic activity, although subsequent ir-
radiation gave a kn, (77°K) of 10** mole-
cules em™ s, These results suggest that
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Fic. 8. (a) The effect of outgassing temperature
on the pH; rate at 77°K vy-alumina (I) before (z)
and after {0) v-irradiation (2 Mrads). (b) The en-
hancement factor due to irradiation k. (irradiated)/
kn(thermal).
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Fic. 9. The effect of y-irradiation on the order of
the parahydrogen conversion rate at 77°K on y-
alumina (I), (a) pretreated with 14 Torr oxygen at
500°C after outgassing, then irradiated with 4 Mrads
and (b) the activity of catalyst from (a) after an-
nealing for 2 hr at 295°C.

outgassing below 400°K leaves a surface
covered with adsorbed gas, probably water,
which poisons the catalyst, but which on
irradiation decomposes to give free radicals
which convert pH.,.

Although irradiation of y-Al,O; in vacuo
raised ky, at 77°K by a factor 2, the order
of the reaction, over the pressure range
1-6 Torr, remained zero. Figure 9 shows a
very interesting effect of 14 Torr oxygen,
which lowers the reaction velocity from
the initial activity line to line (b), both
rates being independent of pressure. A 4
Mrad dose in the presence of oxygen raised
the activity to line (a), now with a nega-
tive order, while annealing some hours at
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295°K returned the activity to line (b).
The effect of a 2 Mrad dose on y-Al,0; (I)
in vacuo was to change the activation
energy from 240 cal mole™ (cf. earlier val-
ues, 180 and 68 cal mole) to zero, and
this is a very significant result, as shown in
Fig. 10.
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133f d
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Q 131
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H 1 |

02 [e)53 0

103
Fig. 10. The effect of y-irradiation on the acti-
vation energy E for the parahydrogen conversion
activity of y-alumina (I) (77-273°K), (o) irradiated
(2 Mrads) E = 0 (z) annealed, E = 240 cal mole™?

In Fig. 11 (b) y-irradiation of y-Al,0,
(I) at 77°K appeared to increase the
amount of hydrogen adsorbed, whether the
previous outgassing was carried out at 550
or 900°C. The isotherms of Fig. 10 (a) give
a heat adsorption of hydrogen on y-Al,Q,
(I), outgassed at 550°C and before irradi-
ation, of about 900 cal mole™.

Discussion

There is a general similarity between
these results on y-AlO; and the earlier
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Fi1a. 11. (a) Adsorption isotherms for hydrogen at 77 and 90°K on y-alumina (I) outgassed at 550°C, (b)
before (o) and after (z) a 6 Mrad dose of y-radiation, on y-alumina (I) outgassed at 900°C.
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work on a-AlQ; (4), with some quantitative
differences. Thus, on y-AlL,O; (before ir-
radiation) the pH,, 0D., and HD reactions
from 195°K upwards have closely similar
rates, with kn(pH.)/kn(HD) =17 at
195°K, compared with 17 on a-Al,O;. So it
seems that the low temperature pH, reac-
tion on y-Al,O; involves a chemical mech-
anism (similar to that for HD equilibra-
tion), while the case of a-ALO; we
reconsider later. The small positive acti-
vation energy for pH. on v-AlO; (also
found on «-AlLO; (4)) fits a chemical
mechanism,

A possible mechanism involves a small
number of isolated double sites which can
chemisorb hydrogen and give the pH, and
oD, conversion reactions by a Bonhoeffer—
Farkas mechanism,

pHy(0Ds) + 2M = 2M — H(D) = 2M + oHa(pDs),

and H, 4 D, by an Eley-Rideal mecha-
nism involving D, and H. in a physically
adsorbed layer.

D, + MHMH =@ MHMHD: @ MEMD + HD etc.

If the chemisorbed sites are saturated
and the molecular adsorbed “layer” only
partly covered (as evidenced by the iso-
therms in Fig. 10) this would explain the
zero order for the two conversion reactions
and the fractional order for the HD
equilibration.

A saturation dose of radiation adminis-
tered under our standard conditions in-
creases the free spin concentration by a
factor 100 and pH, velocity at 77°K by 2
for v-Al, 05, compared with 30 and 3, re-
spectively, for a-Al,O;, with the activity for
HD at 195°K remaining unchanged on both
solids. It must be realized that ESR does
not necessarily detect all free electron spins,
because of factors such as relaxation time
and anisotropy. Also there is not necessarily
a linear relationship between catalytic ac-
tivity and the number of surface free spins.
However, the catalytic centers produced by
irradiation in each case are active only in
the spin isomerization reactions, and it
seems possible that the much smaller en-
hancement factor for activity compared
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with free spins will reflect the ratio of sur-
face to bulk free spins. This agrees with the
fact that admission of air showed no mea-
surable effect on the ESR signal; we should
only expect a 2% decrease, which would go
undetected. There is a secondary effect of
the radiation dose in raising the concen-
tration of adsorbed hydrogen at 77°K and
1 Torr by about 30% (Fig. 10), but this
effect is too small to acecount for all the ob-
served Increase in rate of conversion at
77°K.

The distinction between the role of the
thermally-activated centers as chemieal,
(pH,, oD, and HD active) and the radia-
tion enhanced as paramagnetic (pH,, 0D:
active, inactive for HD) 1s maintained by
the effects of added oxygen gas, which in
small amounts poisons the thermal centers
and enhances the activity of the para-
magnetic centers, probably by forming
chemisorbed O, groups. At higher pres-
sures of oxygen, the reversibly (i.e., phys-
ically) adsorbed oxygen quenches out part
of the enhanced ESR signal, presumably
the surface contribution, which effect we
have used to estimate the concentration of
surface spins. This allows us later to give
a more accurate calculation than hereto-
fore of the contribution to the conversion of
the Wigner paramagnetic mechanism.

As earlier in the rare-earth oxides (10,
11), while the amount of adsorbed hydro-
gen at 77°K continues to increase with
pressure, the pH, conversion itself s zero
order, and one concludes the pH, and oD.
conversion centers are strongly adsorbing
and only make up a fraction of the total
surface. This would agree with our ESR
surface spin caleulations (Table 1, later)
in the range 10-10"/cm? compared with
an expected 10%° sites/em?. This corresponds
to 0.1 to 10% of active paramagnetic sites,
the figures increasing over the series,
thermal activation only, radiation aecti-
vated, and radiation plus oxygen activated.
The latter, most active surface showed a
slightly negative pressure dependency for
pH, at 77°K, previously found for rare-
earth oxides (71) and transition metals
(12). These oxygen activated centers were
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TABLE 1
ParAHYDROGEN CONVERSION AT 77°K
A, m? fs g™ fs em™? kn(obsd)
ALO; g™ Treatment (total) (surface) kem (0bsd) km(caled) k. (caled)
a (1) 9.2 Te 3.1 X 10% 3.3 X 101 5 X 101 2.3 X 10 2200
“ “ T, Irradiated 3.0 X 107 3.3 X102 6.5 X 108 2.3 X 101 290
o« (II) 134  Te ca 1 X107 7% 101
T, 150 Torr O, at‘ .
; 100°K 5.0 X 10%
~ (D) 21.4 T 4 X 10% 1.9 x 101 1.3 X 101 1.3 X 10% 1000™
T, 10~% Torr 2 . b o
30zIrradiated 4.8 X 1018 1.4 x 108 2.1 X 10 9.2 X 101 23
Quench O, 2 X 101 1.7 X 10%
¢ “ Irradiated in O, 27X 109 83 X108 1.1 X 108 5.6 X 1012 1.9

¢ T denotes outgassing at 550°C for 60 hr.

b * This value is k,(irradiated) — k,(thermal) = 3.4 X 108 — 1.3 X 101,
¢+ Corrected version of earlier values caleulated for same data 4030 (4), 520 (13).

easily annealed out at 295°K when a lower
activity and zero order was restored. The
effect is, therefore, reversible. A negative
temperature coefficient is characteristic of
the paramagnetic conversion and a posi-
tive one for the chemical mechanism. The
fact that y-irradiation changes the temper-
ature coefficient of the conversion from a
positive value to a zero value, therefore,
agrees with our suggestion that the chemical
mechanism on the outgassed catalyst is
supplemented by a paramagnetic conver-
sion after irradiation.

The Calculated Paramagnetic Conversion

For the reasons advanced earlier for the
rare-earth oxides (10, 11), it would appear
that mechanism (1b) in the previous clas-
sification (12), in which a hydrogen mole-
cule vibrates with frequency v over
strongly adsorbing paramagnetic sites, of
moment p,, surface concentration n,/cm?
(13, 14), and fractional coverage 6 =1, is
the one to consider here.

Hence

km = n00¢ov,

and with the usual assumption of v = 4.5 X
10" sec?, 8 = 1.0, ¢ given as below, we can
then take n, from the ESR estimate of the
paramagnetic surface sites, as provided by
the oxygen broadening data. The transition
probability is ¢ = Wy, G(T), where at

77°K (our standard temperature for this
comparison), the sum-over-states are

Gu(T) = 0.22, Gp(T) = 0.59,
and for hydrogen,
Wo = 1.152 X 10~%,2/Trlegs units.

With our usual assumption for the collision
radius, hydrogen-paramagnetic site, of r,
2A and taking u, = 1.73 BM (one unpaired
electron) so that ¢ = 1.54 %X 103, we have

Fm(pHa, 77°K) = 1o X 1.54 X 1071 X
4.5 X 101 = 0.0693no,

leading to the results in Table 1, which in-
cludes results for both «-Al,O; (obtained
earlier (4) and recalculated) and y-Al.Os.
On thermally activated surfaces, the large
ratio of observed rate to calculated para-
magnetic rate confirms the importance of
chemical activation on these surfaces, sup-
porting the ky(pH.)/k,(HD) ratio at
195°K of 1.7 for y-ALQ;. In the earlier
paper (4), the ratio of 17 for a-Al,O; was
explained as due to a predominant para-
magnetic conversion in this case. It was
noted at that time that a chemical
mechanism for both pH, and HD re-
actions, with an activation energy differ-
ence due to zero point energy of only 108
cal mole™?, could also explain the observed
result. On reconsideration, the positive ac-
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tivation energy of the pH, conversion, 240
cal mole™ at 77°K for «-ALLO; (4) is simi-
lar to that observed here for y-AlO;, and
therefore, unlikely to be associated with a
paramagnetic mechanism. So it seems more
likely that chemical activation is involved
in each case, and we withdraw our earlier
suggested mechanism for the pH, conver-
sion on «-Al,O; at 77°K.

The most striking result in these com-
parisons is that when one promotes the
paramagnetic character of the surface by
radiation, or even more so radiation plus
oxygen, the k,,(obsd)/ky (caled) ratio de-
creases, until for the most highly paramag-
netic surface, a ratio of 1.9 only is obtained.
Bearing in mind the sweeping character of
some of the assumed values for the param-
eters such as r,, this seems a satisfactory
result. It may be compared with the ratio
of 10 for the rare-earth oxides, (Ref. (11)
as corrected in Ref. (13)).

Isotopic ratios at 77°K, as caleulated
earlier for gadolinium (15) and zeolites
(16), are given by
km(pHZ) — _lﬂ{_z X GHz(T) lliz _B_H_z_
km(ODz) [.LD2 GD:(T) IDz 6p,

In the gadolinium paper (15), we as-
sumed the v ratio to be 1.0, but here we
calculate it from the inverse square root
of the molecular mass, as for the zeolites
(18).

VH,
VDe

km(pHg) _ 1 3 O,
Tn(oDa), 10.61 X 0.37 X 5 X (2)t X o
— ogfm
=28 ™

Since both reactions are zero order, we
take 0y, = 0p, = 1, giving a ratio of 2.8 to
compare with our observed value here of
ca. 1.0-2.0 and some relevant literature
values for isotopic ratios at 77°K, 0.5 for
metallic gadolinium (15), 1.44 for metallic
nickel (13), and 1.7 for Nd3* ions in 5A
zeolite (16), together with a 193°K value
of 2.0 for neodymium oxalate (14).

The Active Centers

The narrow ESR line of the thermally
activated surface of «-Al,O; and y-ALO;
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may well arise from the postulated surface
free valencies arising from dehydration of
the hydroxylated surface, referred to earlier
(4) and indicated below as {(a) rather than
(b). The signal is more marked in «~Al,O;
than in y-Al,O;, which suggests its presence
is associated more with impurity content
(greater for «) than nonstoichiometry
(smaller for «).

!
0]

1 |
—O—Al—O—zf,&l—O——Al—

i
(a)

O
+ |
—O—AI—O—?I——O—AI—

i
(b)

The signal with g (average) = 2.01, line
width 40 gauss observed after irradiation
of y-Al,0; is similar to that observed earlier
on polyerystalline a-Al,Os (4) and to that
observed after irradiation of a single erystal
of a-AL,O; (17). In the last case, Gamble
explained a line with ¢, =2.012, ¢, =
2.008, line width 50 gauss, in terms of three
overlapping lines arising from 2 hole centers
and an ¥ center, the spectrum being
broadened by an unresolved hyperfine in-
teraction with the Al atom. The following
facts support the view that the signal is
mainly due to bulk rather than surface de-
feets: (a) There is no effect of adsorbed
air; and (b) the fact that a 100-fold in-
crease in spins occasions only a 2-fold in-
crease in the pH. conversion rate at 77°K.

The line-broadening effect of oxygen has
allowed us to detect free spins otherwise
unobservable. The idea that the signal
which forms on exposure of preirradiated
v-Al,0;, to oxygen is due to a chemisorbed
surface species O, is based on earlier
studies on ZnO, where the signals observed
with two (18, 19) (or even three (20)) ¢
values are closely analogous to that found
for y-Al,0; and assigned to O, in an axially
symmetric electric field. Tt seems possible
that there are at least two O, centers, only
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one of which will exchange with "0, ac-
cording to experiments we hope to publish
later. This would help to explain the com-
plex nature of the signals described here.
The effect of higher pressures of oxygen in
causing an apparent intensity reduction in
this signal may be associated with a dipolar
broadening due to the paramagnetic oxygen
molecule, as was the case for carbon (21).

It remains to correlate our findings with
the classical studies of Kohn and Taylor
(3). Using the HD equilibration as test re-
action, they found that for v-Al,O, (a)
there was no radiation enhancement for a
sample outgassed at 520°C, as we find here.
Our optimum temperatures of outgassing
of 540°C (cf. Fig. 8b) agree with those of
Weller and Hindin (22), (b) radiation en-
hancement of catalytic activity of the
parahydrogen conversion of +v-ALO, in-
creased when the outgassing temperature
was lowered below 520°C, giving an en-
hancement factor of 200 for outgassing at
200°C. Weller and Hindin concluded that
radiation enhancement of H, -+ D, was due
to photolytic removal of catalyst poisons
such as water. With pH, as test reaction,
our corresponding enhancement factor for
200°C outgassing was only 3.5. The differ-
ence here may possibly be due to the dif-
ference in test reactions.

After this paper had been originally sub-
mitted, a paper appeared by van Cauwelert
and Hall (23), who suggested that the pH,
conversion at 77°K on a mixture of 4 and
v-aluminas outgassed at 500°C went by the
paramagnetic mechanism on the nuclear
moments of * Al surface atoms, estimated
as 10 gt from CO, poisoning. The k,
values were in reasonable agreement with
those observed here, and the temperature
coefficients were positive and similar in
value to those found here. A clear distine-
tion may therefore be drawn with the re-
sults of Schwab and Konrad (24) on 6-
alumina containing 600 ppm Fe, which gave
negative temperature coefficients for pH.
and oD, conversion strongly suggestive of
paramagnetic conversions. van Cauwelert
and Hall suggested that the normally low
Wigner transition probability on a nuclear
moment is enhanced by several orders of
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magnitude by a strong electric field ema-
nating from the *7Al ions. They refer to
the presence of Al** ions, but in terms of
our usual ideas, their mechanism would
necessitate model (b) above for the
thermally activated surface, which would
not be in accord with our ESR evidence for
a free radical surface, 1. e., model (a), with
a chemical mechanism operating thereon.
Nevertheless, this new suggestion may find
an application to other solids, where there
is more reason to believe that Al** sites are
the only active centers present, and where
the presence of a negative temperature co-
efficient for k,, suggests the paramagnetic
mechanism as the most likely one.

REFERENCES

~

. AmraLETT, C. B, Chem. Ind. 249 (1965).

2. Tavror, E. H., Advan. Catal. Relat. Subj. 18,
111 (1968).

3. KonN, H. W, anp Tavior, E. H,, J. Phys.
Chem. 63, 500 (1959).

4. Acres, G. J. K., Eiey, D. D, anp TriLro,
J. M., J. Catal. 14, 12 (1965).

5. Euey, D. D., Coloquio sobre Quimica Fisica
de procesos en superficies solidas (XXV
aniversario del CSIC, Octubre 1964) p. 157.
Madrid, 1965.

6. ELey, D. D., anp Ripear, E. K., Proc. Roy.
Soc. Ser. A 178, 452 (1941).

7. BoLranp, J. L., anp Meuvitie, H. W., Trans.
Faraday Soc. 33, 1316 (1937).

8. Farkas, A, “Light and Heavy Hydrogen,”
Cambridge Univ. Press, 1935.

9. Har, M. L., “Infrared Spectroscopy in Sur-
face Chemistry,” p. 141. Dekker, New York,
1967.

10. Asumeap, D. R, ErLey, D. D., aNp RupuaM,
R., Trans. Faraday Soc. 59, 207 (1963).

11. Asamesp, D. R., Erey, D. D, axnp RupnAM,
R., J. Catal. 3, 280 (1964).

12. ELey, D. D, anp Suoorer, D., J. Catal. 2,
259 (1963).

13. Euey, D. D., axp Norron, P. R., Discuss.
Faraday Soc. 41, 135 (1966).

14. SanprEr, Y. L., Can. J. Chem. 32, 249 (1954).

15. Fuey, D. D., ano Norron, P. R., Z. Phys.
Chem. N. F. 64, 145 (1969).

16. Brown, D. E.,, Ewey, D. D., anp RupnaMm, R,
J. Catal. 16, 202 (1970).

17. Gamsig, F. T, Bartram, R. H,, Young, C. G,,

GiuriaM, B. R, anp Levy, P. W., Phys. Rev.

A 134, 580 (1964).



376 ELEY AND ZAMMITT

18. Sancier, K. M., anp Freunp, T., J. Catal. 3, 21. AustiN, D, E. G,, anp IneraM, D. J. E., Chem.

203 (1964). Ind. 981 (1956).
19. Kokes, R. J.,, Proc. Int. Congr. Catal. 3rd, 23. van Cauwerert, F. H., anp Hawi, W. K,
19644, 484 (1965). Trans. Faraday Soc. 66, 454 (1970).

20. Lunsrorp, J. H., anNp Jayng, J. P., J. Chem. 24 Scawas, G. M., anp Konrap, A, J. Catal. 3,
Phys. 44, 1487 (1966). 274 (1964).



