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Parahydrogen conversion has been investigated on Nd?O, and DyxOS between 77 K 
and the outgassing temperature. The activity at all temperatures increases with 
sample outgassing temperature due to improved surface cleanliness. 

At temperatures above 400 K a chemical mechanism for conversion predominates, 
whereas below 400 K conversion proceeds by a paramagnetic physical mechanism. 
Comparative measurements of parahydrogen and orthodeuterium conversion on 
Nd,O, between 77 and 273K assist in the interpretation of low temperature activity, 
and suggrst that orthodeuterium conversion is augmented by nuclrar quadrupole- 
electrostatic field interaction. 

INTRODUCTION 

Parahydrogen conversion and hydrogen- 
deuterium equilibration on neodymium, 
gadolinium, dysprosium and erbium oxides 
have been investigated over the tempera- 
ture range 77-657 K (1, W) , At low temper- 
atures (< 140 K) , where the equilibration 
reaction was absent, conversion proceeds 
by a paramagnetic physical mechanism. At 
high temperatures ( > 400 K) , where rates 
of conversion and equilibration were simi- 
lar, both reactions proceed by the same 
chemical mechanism. At intermediate tem- 
peratures the activity for conversion passed 
through a maximum at +260K. Since the 
activity for conversion was many times 
greater than that, for equilibration the 
mechanism was taken as being of the physi- 
cal type. Dysprosium oxide was an excep- 
tion, showing no maximum for conversion 
at intermediate temperatures. In these in- 
vestigations the oxide samples had been 
vacuum outgassed for 150 hr at 673 K. This 
pretreatment was selected since it gave 
reproducible activity for parahydrogen con- 
version on neodymium oxide at 77 K (1)) 
and since further out.gassing, or treatment 
with hydrogen, at higher temperatures had 
no significant effect upon this activity (,%‘). 

In contrast. to the apparent insensitivity 
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of catalytic activity to outgassing pretreat- 
ment, an extrinsic magnetic field effect on 
parahydrogen conversion at 273 K was only 
observed for neodymium oxide following 
vacuum outgassing at 673 K (3). Since the 
concentration of surface hydroxyl groups 
on neodymium oxide fell progressively with 
increasing outgassing temperature (3)) it 
was concluded that the extrinsic field ef- 
fect depended upon the extent’ of surface 
dehydration. Presently we report an inves- 
tigation of the effects of varying outgassing 
temperature, and hence surface dehydra- 
tion, on the act,ivity of neodymium and 
dysprosium oxides for parahydrogen con- 
version between 77 and 823 K. 

EXPERIMENTAL METHODS 

The apparatus has been described (1)) 
but the incorporation of an ion gauge per- 
mitted more accurate monitoring of the 
vacua during sample outgassing than was 
previously possible. Absolute reaction rates 
(molecules mm2 s-l), Ic,, and values of the 
kinetic order with respect to hydrogen 
pressure, n, were determined by methods 
previously described (1,a). The oxides used 
were of Specpure grade supplied by John- 
son, Matthey and Co. The Nd,O, (4.74 
m* g-l) was identical to that used in ex- 
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periments on the extrinsic magnetic field 
effect (3) , and the Dy,O, (2.96 m2 g-l) was 
identical to that used in earlier kinetic 
measurements (2). X-Ray powder diffrac- 
tion of samples outgassed at 673 K showed 
that both oxides possessed the type-C 
structure. 

RESULTS AND DISCUSSION 

Neodymium Oxide 
Three 150 mg samples of Nd,O, were 

outgassed at 573, 673 and 823 K, respec- 
tively, for 150 hr at a pressure of 1CP4 
N m-2. The activity of each sample for 
parahydrogen conversion at lo3 N m-2 was 
then determined between 77 K and the out- 
gassing temperature, first for increasing 
and then for decreasing temperature se- 
quences. Good agreement was obtained 
between these two series of measurements, 
and the results obtained over increasing 
temperatures are shown in Fig. 1 as Ar- 
rhenius plots of the absolute rate Ic,. It is 
evident that the activity at all tempera- 
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FIQ. 1. Arrhenius plots for parahydrogen con- 
version at 103 N rn* on NdnOa outgassed at 573, 
673iand 823 K. 

tures increases with outgassing tempera- 
ture, which is in agreement with the ob- 
servation that the concentration of surface 
hydroxyl groups also fell with outgassing 
temperature (5). The results obtained for 
the sample outgassed at 673 K are in rea- 
sonable agreement with those previously 
obtained for a sample of higher specific 
surface area outgassed at the same tem- 
perature (1). 

The dependence of activity upon out- 
gassing is least pronounced at low reaction 
temperatures, and this offers an explana- 
tion for the previous failure to observe an 
effect upon the activity at 77 K (2). Such 
a suggestion is reinforced by the possibility 
of sintering occurring in the earlier work 
due to the higher outgassing temperatures 
used. The peak in activity previously found 
at intermediate temperatures (1) is sensi- 
tive to outgassing temperature, with a well- 
defined peak only being observed for the 
sample outgassed at 673 K. With the 
sample outgassed at 823 K the peak exists, 
but is partially masked by the increased 
and extended activity from the low and 
high temperature ranges. A much greater 
contribution to the overall activity from 
the mechanisms associated with these tem- 
perature ranges provides an explanation for 
the failure to observe an extrinsic mag- 
netic field effect at 273 K for Nd,O, out- 
gassed at t’emperatures above 673 K (3). 
Only at high temperat.ures (>400K) are 
the Arrhenius plots linear over an extended 
range of temperature. Where this is so the 
temperature dependence of Ic, can be rep- 
resented by k, = km0 exp (-EJRT), and 
values of the preexponential factor km0 
and the apparent activation energy E, are 
given in Table 1. For Nd203 outgassed at 
673 K an extrinsic magnetic field effect has 
been observed for parahydrogen conversion 
at 540K, but not for hydrogen-deuterium 
equilibration at. the same temperature (3). 
In addition, the rates of parahydrogen con- 
version, orthodeuterium conversion and 
hydrogen-deuterium equilibration at 540 K 
have been found to decrease in the se- 
quence pH2 > oD, > H, + D,. For any 
chemical mechanism the effect of zero- 
point energy on the activation energy 
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TABLE 1 

PAR~HYDROGEN CONVERSION AT HIGH TEMPERATURES ON NdzOa AND Dy,Ol 

Oxide 

Outgassing 
temp 

(K) 

log,, k,O 
(molecules 
m--2 s-1 1 

E, 
(kJ mol-I) 

Temp range 
WI 

573 

NdzOa 673 
823 

573 
6'23 

UYPOS 673 
748 
8’23 

20.3 
19.3 
18.0 

20.2 
20.2 

19.8 

19.9 
19.0 

37 398-568 
19 427-667 

1.6 525-823 

36 435-566 
36 473-621 

28 540-671 

19 563-748 

3.8 558-823 

(4, 5) results in the rate sequence pH, > 
H, + D, > oD2) whereas for a physical 
mechanism the rate sequence is pH, > 
oDz >> H, + D, = 0. It follows that the 
high temperature activity contains an ap- 
preciable contribution from a physical 
mechanism in addition to conversion by a 
chemical mechanism. The decrease in both 
km0 and E, with increasing outgassing tem- 
perature suggests that this contribution 
increases with the increasing cleanliness 
of the Nd,O, surface. 

To investigate further the low tempera- 
ture activity, measurements of the rates of 
both parahydrogen and orthodeuterium 
conversion have been made at lo3 N me2 

proceed by this mechanism, the theoreti- 
cally predicted value of the ratio k,(pH,)/ 
Ic, (oD2) is 2.8&,/!%, at 77 K, increasing 
to 5.%,/6D2 at 273 K (7). Since n = 
(1 - 0) over a limited pressure range (8) 
we can use values of n to determine OH.2 
and oD2, and hence values for the ratio of 
3.3 at 77 K and 4.4 at 273 K. Experimental 
values of the ratio of absolute rates are 
generally less than those predicted from 
theory (5, 7, 9), and the present values 
of 1.28 at 77 K and 0.81 at 273 K are no 
exception. Such discrepancies can be ac- 
counted for if orthodeuterium conversion 
is augmented by the effect of an inho- 
mogeneous electric field at the solid sur- 

between 77 and 273 K on a single 150 mg 
sample of Nd,O, outgassed for 150 hr at 
673 K. The Arrhenius plots in Fig. 2 show 

l&O- oao 
that the activity for the two reactions is I_ 
closely similar, the greatest divergence in 2 048 
rates being at 135 K where Ic,(pH*)/ 
Ic,(oDz) equals 1.6. The kinetic order with 
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the values at 10” N mm* are given in Fig. 2. 1 
These values are indicative of reaction tak- 

5 ,7c- qxo+ 
lo j 

/ 

ing place under conditions approaching 
catalyst saturat.ion, whereas the hydrogen - l ; 

uptake only constitutes -1% of a physi- “*,,’ 
tally adsorbed monolayer at these tempera- I 1 I 
tures and pressures (1, 2). As in earlier 4.0 

E/T 
PO 

work (1, 2, 6)) we conclude that the 
majority of conversion proceeds by t,he 
vibrational mechanism on strongly adsorb- 

FIG. 2. Arrhenius plots for parahydrogen (o-) 

ing paramagnetic sites. If both reactions 
and orthodeuterium (a- -) conversion at lo3 N m-2 
on NdpOS outgassed at 673 K. 
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face operating on the electric quadrupole 
moment of the deuteron, which cannot oc- 
cur with the proton which has no quad- 
rupole moment (9, 10). 

TABLE 3 
PARAHYDROGEN AND ORTHODEUTERIUM 

CONVERSION ON 8 mg OF NdzO$ 
AT 5 X lo2 N m-* 

An alternative to increasing the out- 
gassing temperature as a means of increas- 
ing the activity of Nd,O, would be to 
increase the pumping speed and ultimate 
vacuum achieved in the system. Since 
this was impracticable, experiments using 
smaller samples were made in order that 
the interparticulate pore volume and thus 
the ambient pressure over the sample dur- 
ing outgassing were reduced. Four samples 
of Nd,O, were outgassed for 150 hr at 
673 K, and their activity for parahydrogen 
conversion at 77 K was subsequently mea- 
sured as a function of pressure. From the 
data given in Table 2 it is evident that 
both Ic, and n at lo3 N m-* increase as 
the sample weight decreases, confirming 
that increased activity is associated with 
increased surface cleanliness. The results 
also indicate the error that would be in- 
troduced in attempting to relate the activ- 
ities presently observed for 150 mg samples 
with surface hydroxyl concentrations pre- 
viously obtained (3) with 1 g samples out- 
gassed at the same temperatures. In addi- 
tion to exposing more Nd”+ ions active in 
paramagnetic conversion, the further re- 
moval of hydroxyl groups will increase the 
electrostatic field at the oxide surface. In 
this connection it is relevant that for an 
8 mg sample of Nd,O, outgassed for 150 
hr at 673 K the value of k,(pH,)/k,(oD,) 
at 5 X lo2 N m-2 was less than unity at 
both 77 and 273 K; values of k, and the 
ratio are given in Table 3. The proportion- 

hn(pHz) k,(oDt) 
Temp (molecules (molecules k,(pH~)/ 

WI m- 2 s-1 ) m--2 s-1 1 km(oDz) 

77 4.5 x 10’8 1.7 x 10’9 0.26 
273 4.3 x 10’7 6.2 X lOI 0.69 

ately greater increase in the activity for 
orthodeuterium conversion following the 
reduction in sample weight may be taken 
as evidence for the operation of an elec- 
trostatic field-nuclear quadrupole mech- 
anism. However, to account for the low 
temperature activity of alumina for con- 
version reactions, Van Cauwelaert and Hall 
(11) have suggested that the influence of 
the electrostatic fields at exposed cations 
is such that both parahydrogen and ortho- 
deuterium conversion are affected. This 
could occur either by the field ionization 
of H, to H,+ and D, to D,+ such that they 

TABLE 2 
THF, EFFECT OF SAMPLE WEIGHT ON THE 
ACTIVITY OF Nd203 FOR PARAHYDROGEN 

CONVERSION AT 77 K AND 103 N m-2 

Sample 
(md 

kin 
(molecules 

m-2 s-* 1 n 

12 5.4 x 10’8 0.29 
35 9.6 X 10” 0.16 

154 6.4 X 10” 0.00 
170 6.2 X lOI 0.00 

4.0 8-0 12.0 

lO’K/T 

FIG. 3. Arrhenius plots for parahydrogen con- 
version at 103 N rn+ on DyzOI outgassed at 573, 

---__ 623, 673, 748 and 823 K. 
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FIG. 4. Plots of k, at lo3 N mm2 against ~2: k, at 90 K (O-) k, at intermediate maxima (e-). 

are self converting, or by increasing the 
Wigner transition probability (12j by re- 
ducing the energy difference between nu- 
clear spin levels. In view of the substantial 
evidence showing the dependence of the 
activity for low temperature parahydrogen 
conversion upon the magnetic properties of 
the surface sites (2, 6, 13, and references 
therein) the latter suggestion seems the 
more likely. Experiments using a well- 
defined paramagnetic species supported on 
surfaces of different polarity should assist 
in verifying the suggestion, but, even then, 
it is doubtful if electrostatic factors could 
be unambiguously separated from geo- 
metric factors in such measurements. 

Dysprosium Oxide 

Experiments with Dy,O, were limited to 
an investigation of t’he effects of outgassing 
temperature on the activity for parahy- 
drogen conversion at 10” N rne2. Five 32 
mg samples were outgassed for 150 hr at 
573, 623, 673, 748 and 823 K, and the sub- 
sequent activity of each sample was found 
t.o be similar over increasing and decreas- 
ing temperature sequences between 77 K 

The results for Dy,Os are closely simi- 
lar to those obtained for Nd,O,, apart from 
the generally higher activity which neces- 
sitated the use of lower weight samples. 
At high temperatures the Arrhenius plots 
are linear over an extended temperature 
range, and values of km0 and E, are given 
in Table 1. The decrease in E, with in- 
creasing outgassing temperature supports 
the suggestion made for Nd,O,, that the 
contribution to high temperature activity 
from a physical mechanism increases with 
surface cleanliness. 

Catalytic Activity and Magnetic 
Properties 

and the outgassing temperature. The Ar- Detailed mechanisms for the paramag- 
rhenius plots of k,, given in Fig. 3, show netic conversion of parahydrogen (1, 14, 
that. the activity increases with outgassing 15) have been developed from Wigner’s 
temperature, and that the maximum in original theory (Id), and in each of these 

activity at intermediate temperatures is 
found for all samples except that out- 
gassed at 573 K. No maximum was pre- 
viously observed with Dy,Oa outgassed at 
673 K (2)) and we ascribe its appearance 
in the present work to improved vacuum 
conditions giving a cleaner surface. A maxi- 
mum in activity at intermediate tempera- 
tures can now be taken as normal behavior 
for thoroughly outgassed rare earth oxides 
possessing t’he type-C structure. 
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the rate of conversion is proportional to 
pZ, the square of the magnetic moment of 
the paramagnetic center. With rare earth 
oxides outgassed at 673 K plots of k, at 
5.3 X 102 N me2 against pL2 were linear for 
data obtained at 90 K and for the maxi- 
mum activities achieved at intermediate 
temperatures (2). Similar linear plots were 
obtained for rare earth ions in X zeolites 
using values of k, obtained at 77 and 90 K 
at a pressure of 9.3 X lo2 N m-* (IS). The 
plots either passed through the origin (2), 
or through the activity for zeolite free 
from rare earth ions (13). Following this 
earlier work, we have plotted Ic, against 
pL2 for 90 K and for the maximum Ic, 
achieved at intermediate temperatures. Ac- 
cepting that the plots pass through the 
origin, Fig. 4 shows that good straight lines 
are obtained and that their slopes increase 
with increasing outgassing temperature. 
The plots are further evidence for the 
earlier conclusion (2) that conversion oc- 
curs by a paramagnetic mechanism at both 
low and intermediate temperatures, and 
also show that this holds for surfaces out- 
gassed at temperatures other than 673 K. 
The applicability of a paramagnetic mech- 
anism at intermediate temperatures is also 
supported by the constancy of the ratio 
ko/p2 at 298 K, where k, is the absolute 
rate in mole cm-2 s-l, found by Selwood 
(18) for 11 rare earth oxides following 
activation in hydrogen at 823 K. 
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