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the same amount (10 mg.) of catalyst in 50% 
ethanol solution the palladium-catalyzed reaction 
can be following the rate equation 10 whereas the 
rhodium-catalyzed reaction is following either 
equation 7 or equation 9. Such variation is con
sistent with the rate equation (equation 6) de
rived from this study. The effect of the substit-
uents of nitrobenzene on the reaction rate exists in 
both the palladium- and rhodium-catalyzed re
actions. Judging from the different orders of 
magnitude of b values for the same series of p-
substituted nitrobenzene over different catalysts 
(Table VIII), one may conclude that the substit-
uent group at the ^ara-positiou may not only af
fect the true activation energy of the reaction 

Introduction 
In a further study of the catalytic properties 

of the copper-nickel system the ortho-parahydro-
gen interconversion has been employed. The 
catalysts have been prepared by hydrogen re
duction of the metal carbonate rather than the 
metal oxide precipitate3 in order to avoid any 
separation of oxide phases.4 However, X-ray 
diffraction measurements on the present catalysts 
show no significant differences from those on the 
earlier catalysts3 or from careful measurements 
on massive nickel-copper alloys by others,5'6 so it 
is concluded that the present alloy catalysts were 
well alloyed and highly homogeneous. This conclu
sion is supported by magnetic measurements made 
upon present catalysts both in the finely divided 
and in the massive state. 

The ortho-parahydrogen interconversion ap
peared to be desirable as a measure of catalyst 
activity because only hydrogen is involved yet 
a magnetic mechanism7 has been found operative 

(1) This paper is based on a portion of a thesis presented by Phoebe 
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of Doctor of Philosophy in the Graduate School of Brown University, 
May, 1958. 
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(4) W. K. Hall and L. Alexander, / . Phy. Chem., 61, 242 (1957). 
(5) E. A. Owen and L, Pickup, Z. Krisl., 88, 165 (1935). 
(6) W. G. Burgers and J. C. M. Basart, ibid., 76, 155 (1930). 
(7) B. M. W. Trapnell, "Catalysis," Vol. I l l , EiI. P. H. Rramelt, 

Reinhold Publ. Corp., New York, N. Y., 1955, Chap. [. 

of the adsorbed reactants but also probably the 
adsorption coefficient of the reactants over the 
different catalysts. 

Although this investigation gives a gross mech
anism of the liquid phase hydrogenation of aro
matic nitrocompounds, the detailed features about 
the stepwise reaction on the surface of the catalyst 
and the chemical structure of the adsorbed species 
such as whether the adsorbed hydrogen is in an 
atomic or ionic form still cannot be stated. 
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at very low temperatures while chemical mecha
nisms7 prevail over a wide range of temperatures 
if suitable chemisorption occurs. Since in the 
temperature range here employed the nickel-
copper system changes from ferromagnetic to 
paramagnetic to diamagnetic as copper concen
tration increases, further information about the 
importance of the magnetic properties of the cata
lysts was hoped for. However, it appears that ad
sorbed hydrogen, by modifying its own environ
ment, can partially mask the effect of the elec
tronic structure of the catalyst. Thus even for an 
apparently simple reaction the electronic structure 
of the catalyst appears to influence catalysis 
somewhat indirectly through several types of 
hydrogen adsorption, which largely dictate the 
rates of the ortho-parahydrogen interconversion. 

Experimental 
Apparatus and Purification of Gases.—The hydrogen, 

helium and nitrogen employed were very pure gases which 
were further purified by passage over Ascarite, reduced 
copper at 400°, an active nickel-kieselguhr catalyst at 350°, 
Anhydrone, and finally through a charcoal t rap at liquid 
nitrogen temperature, except for the nitrogen for which this 
trap was cooled with Dry Ice. While this train was also 
suitable for preparing the liquid nitrogen temperature 
equilibrium ortho-parahydrogen mixture, the hydrogen was 
next passed over an active nickel catalyst at room tempera
ture when the room temperature equilibrium mixture was 
required for the reaction velocity measurements. The all 
glass apparatus consisted essentially of the above purifica
tion system, catalyst tubes, thermal conductivity cell, 
flow meter, B .E .T . system, McLeod gauge, mercury dif
fusion pump, cold traps, etc. Two connecting, vertical 
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The activity of nickel, copper and some of their alloys as catalysts for the ortho-parahydrogen interconversion at —196° 
and at several temperatures near room temperature has been studied. The dependence of catalyst activity upon catalyst 
composition is qualitatively the same for both the low temperature and higher temperature conversions. While alloying 
a few per cent, of copper or nickel with nickel or copper sharply decreases and increases catalyst activity, respectively, over 
the rest of the alloy composition range, catalytic activity changes relatively little. Experiments with preadsorbed hydrogen 
lead to the conclusion that in the alloy composition range from 5 to over 90% copper, compensation is operating between the 
effects of fixed hydrogen so that the reactivity of the adsorbed hydrogen which is more or less actively participating in the 
surface reaction remains little changed. The various types of adsorbed hydrogen must reflect in turn the influence of alloy 
composition. 
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catalyst tubes 12 to 26 mm. and 4 to 6 mm. i.d., respectively, 
allowed an A and B portion of the same catalyst to be reduced 
simultaneously for reaction velocity measurements at liquid 
nitrogen temperature and at higher temperatures (con
trolled by a cryostat), respectively. After reduction the seal
ing off of appropriate connections not only allowed the A and B 
catalysts to be separately evaluated but finally permitted the 
A catalyst to be used for surface area measurements, all 
with no removal of catalysts from their original positions. 

Preparation and Reduction of Catalysts.—The catalysts 
were prepared by precipitation or coprecipitation, washing 
and drying as described elsewhere,3 but any sintering in air 
was omitted and the granulated precipitate after drying at 
105° was reduced directly. When reduced in a stream of 
purified hydrogen most of the reduction occurred between 
130 and 140°. Reduction was completed by about 25 hr. at 
400° a n d 8 h r . at 500°. 

Catalyst Activity Evaluation.—The rate at which hydro
gen containing a fixed initial ratio of the para and ortho 
forms had to be passed over a catalyst to achieve an approach 
to equilibrium at liquid nitrogen temperature of 40%, or a 
50% approach to equilibrium at reaction temperatures in 
the vicinity of room temperature, was used as a measure of 
catalytic activity. The thermal conductivity cell used to 
determine ortho-parahydrogen ratios contained a tungsten 
spiral (from a 100 watt light bulb) suspended axially in a 7 
cm. glass tube of 10 mm. i.d. When connected to the circuit 
described by Stewart and Squires,8 submerged in liquid nitro
gen, and run at a filament current of 0.420 amp. this cell had 
a sensitivity s = 0.08. The cell was calibrated frequently 
during a reaction velocity run using as standards9 '10 hydrogen 
containing 50.4 and 2 5 . 1 % para, respectively, corresponding 
to the equilibrium mixtures for —196 and 25°. A linear 
relationship was assumed between the per cent, of parahy-
drogen and the voltage drop across the cell filament in the 
25 to 50% parahydrogen range, as was found by Stewart and 
Squires. In the present work, since catalyst activities were 
always compared at a constant parahydrogen content, any 
slight deviation of the calibration curve from linearity 
would introduce a negligible error. The extent of conver
sion to ortho- or parahydrogen occurring during a reaction 
velocity run is expressed as Y, the per cent, approach to 
equilibrium produced by the catalyst at the particular tem-

Y _ Cx — CF _ Ex — Ey 
100 CT - CF ET- EF 

perature. The term Y is defined above where Cx, CF and CT 
are the percentages of parahydrogen in the sample being ana
lyzed, in the hydrogen feed and in hydrogen at equilibrium at 
the temperature T, respectively. The E quantities are the 
filament voltages corresponding to hydrogen compositions 
of similar subscript. To cover the range of activities shown 
by the catalysts the hydrogen feed flow rate had to be varied 
from 1 to 200 ml. per minute. All gas volumes reported in 
this work are reduced to S.T.P. 

One of two alternate treatments always was given to each 
catalyst prior to determining its catalytic activity. One 
treatment consisted in heating the reduced catalyst in a 
stream of hydrogen while the temperature was raised slowly 
to 325°, then evacuating at this temperature to a pressure 
of 1O-5 mm. or less. The catalyst was now isolated and 
cooled to a temperature at least as low as any to be employed 
in the subsequent reaction velocity run. In the other treat
ment the catalyst was similarly heated in hydrogen, but 
was not evacuated, but rather cooled to the run temperature 
in the presence of hydrogen. 

Magnetic Measurements on Catalysts.—Measurements of 
specific magnetization were made on the nickel and a nickel-
rich alloy catalyst in the active, reduced, granular form, and 
also in the massive form obtained by melting the granular 
form in a high frequency induction furnace, then by anneal
ing 12 to 16 hr. at 900°, finally slow cooling. These 
operations were carried out in an atmosphere of helium. 
The procedures used and the magnetic torsion balance em
ployed were essentially the same as described elsewhere.3 

The magnetic balance was calibrated against a nickel pellet 

(8) A, T. Stewart and G. L. Squires, / . Sd. Instr., 32, 27 (1955). 
(9) R. W. Harkness and W. E. Deming, T H I S JOURNAL, 64, 2850 

(1932). 
(10) H. W. Woolley, R. B. Scott and F. G. Briekwedde, J. Research 

XaIl. Bm. Standards. 41, 379 (1948). 

made by melting a sample of pure electrolytic nickel.11 The 
weights of the samples used in the magnetic balance meas
urements varied from 36 to 72 nig. 

Evaluation of Other Catalyst Properties.—A small portion 
of catalyst fines was reduced along with the catalysts used 
for the catalytic activity measurements, then photographed 
in a Debye-Scherrer type X-ray camera and the lattice 
parameter computed, essentially as described earlier.3 How
ever, calibration for the X-ray measurements also was carried 
out by the Straumanis method.12 Duplicate samples of the 
alloy catalysts while in the form of the dried, coprecipitated 
carbonates were analyzed for both copper and nickel in order 
to establish the copper-nickel ratio. From nitrogen adsorp
tions at liquid nitrogen temperature and helium dead space 
measurements, the surface area of the larger sample of each 
catalyst was determined immediately after the completion 
of the reaction velocity runs. Linear B.E.T. plots were 
employed and the cross sectional area of nitrogen taken as 
16.2 A.2 Since all of the nitrogen adsorbed at —196° was 
removed during a brief outgassing at room temperature, it 
was assumed that no chemisorption occurred during the B .E. 
T . measurements, however, after this work was completed 
evidence13 was published that some nitrogen is chemisorbed 
at — 195° on nickel. 

Catalyst 2 contained only nickel, had a specific surface 
area s = 0.65 m.2 per g.; a cubic lattice constant a0 = 3.5231 
± 0.0003 A.; and the A and B portions after reduction 
weighed 1.99 and 0.0306 g., respectively. 

Catalyst 8 contained 5.0 atom % copper; 5 = 0.88; a0 = 
3.5277 ± 0.0004 A.; A = 2.73 g. and B = 0.0767 g. 

Catalyst 3 contained 24.8 atom % copper; s = 1.37; 
ao = 3.5435 ± 0.0003 A.; A = 7.45 g. and B = 0.149 g. 

Catalyst 6 contained 62.1 atom % copper; s = 0.97; ao 
= 3.5743 ± 0.0005 A.; A = 7.84 g. and B = 0.172 g. 

Catalyst 7 contained 78.6 atom % copper; 5 = 0.75; do = 
3.5906 ± 0.0003 A.; A = 11.98 g. and B = 0.167 g. 

Catalyst 9 contained 91.7 atom % copper; s = 0.40; ao 
= 3.6035 ± 0.0004 A.; A = 18.2 g. and B = 0.175 g. 

Catalyst 4 contained only copper; s = 0.61; Qo = 3.6140 
± 0.0002 A.; A = 8.75"g. The precision of the lattice 
constant data is expressed as a mean deviation. 

Results and Discussion 
Activities of the Catalysts in Synthesis.—The 

catalytic activity of the catalysts was determined 
at —196° by converting ortho- to parahydrogen, 
and by converting para- to orthohydrogen at 
higher temperatures in the range of —30 to 10°, 
except for the pure copper catalyst which was so in
active in the latter temperature range that tem
peratures from 60 to 110° were employed. Since 
it had been shown that the catalytic activity of 
nickel for converting ortho- to parahydrogen at 
—190° could be poisoned by preadsorbed hydro
gen,14 as already noted reaction velocity measure
ments were made both on outgassed surfaces and 
on surfaces containing preadsorbed hydrogen. 
In Fig. 1 the dependence of the catalytic activity of 
previously outgassed surfaces upon catalyst com
position is shown in curve I for the ortho to para 
conversion at —196° and in curve III for the para 
to ortho conversion at —20°. The conversion 
by the pure copper catalyst at —20° was far too 
small to measure directly and so has been esti
mated by extrapolation from the higher tempera
tures above noted. Catalyst activity is expressed 
as the rate of hydrogen flow over a square meter 
of catalyst surface necessary to secure a 40% ap-

(11) Furnished through the courtesy of Dr. E. M. Wise of the Inter
national Nickel Company. 

(12) J. M. Bijvoet, N. H. Kolkmeyei, C. H. MacGillavry, "X-Ray 
Analysis of Crystals," Interscience Publishers, Inc., New York, N. Y., 
1951. 

(13) R. J. Kokesand P. H. Emmett, T H I S JOURNAL, 80, 2082 fl958). 
(14) P. H, Emmett and R, W. Harkness, ibid.. 57, 1024 (1935). 
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10 20 70 80 90 100 30 40 50 60 
Atom % copper. 

Fig. 1.—The effect of catalyst composition upon: (a) 
catalytic activity at —196°, curve 1; at —20°, curve I I I ; 
Q, log T10 or log rM; CD, log k; (b) catalytic activity per unit 
weight of nickel, curve IV; (c) % (i-character, curve II . 

proach to equilibrium r« at —196° and a 50% ap
proach to eqilibrium r60 at —20°. Since the origi
nal rate data were obtained at several rates of hy
drogen flow at each temperature, first-order rate 
constants also have been computed. When the 
curves for these rate constants are displaced verti
cally so as to make the log k value for the pure 
nickel catalyst equal to the log r« or log rm at —196 
and —20°, respectively, it is seen from Fig. 1 
that the two methods of evaluating catalytic activ
ity give essentially the same results. Curves for 
the para to ortho conversion at 0 and 20° were of 
substantially the same shape as that for —20°. 
It is believed that the linear curves represent, within 
the experimental accuracy achieved, the relation
ship of catalytic activity at —20 and —196° to 
catalyst composition in the alloy range from 5 to 
92% copper. The fact that the catalytic activity at 
— 196° found for the 5% copper catalyst is lower 
than the activity of the other alloy catalysts at 
this temperature is probably to be attributed to 
some poisoning suffered by the portion of this 
catalyst used for the ortho to para conversion. 

Curve I in Fig. 2 shows the relationship between 
catalyst composition and the apparent activation 
energy of the para to ortho conversion at —20° 
on initially evacuated surfaces. The apparent 
activation energies were calculated from the 
temperature dependence of both the log r&o and 
log k values. The scatter of the experimental 
values is such that only a linear relation appears to 
merit consideration in the alloy region from 5 to 
92% copper. Activation energy values in the 
same range have been found by others15 for this 
reaction on sheets of copper-nickel alloy, however, 
values of about 3 kcal. per mole were reported18 

on palladium and palladium-gold alloy filaments 
up to 60% gold, with the value finally rising to 
17.5 for pure gold. The dotted curve III in Fig. 
2 (ordinates in arbitrary units) shows the depend
ence of the log of the apparent frequency factor 
B upon catalyst composition as calculated from the 

(15) G, Rienacker and G. Vortnum, Z. anorg. allgem. Chem., 283, 287 
(1956). 

(Id) A. Couper and D. D. EIey, DiK. Faraday Sac, 8, 172 (1950). 
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Fig. 2.—The effect of catalyst composition upon: (a) the 
apparent activation energy E, curve I; (b) the log of the 
apparent frequency factor B, curve I I I ; (c) catalytic activity 
in the presence and absence of preadsorbed hydrogen, curve 
I I ; for initially outgassed catalysts, k or P60; for catalysts 
containing preadsorbed hydrogen, £hyd. or no.hyd. Symbols 
CD and 0 have same significance as in Fig. 1. 

data shown by curve III in Fig. 1 and by curve 
I in Fig. 2. 

The effect of preadsorbed hydrogen on catalyst 
activity for the para to ortho conversion at —20° 
is shown in curve II in Fig. 2 calculated both 
from log r50 and log k values. At —196° pre
adsorbed hydrogen poisoned all of the catalysts 
for the ortho to para conversion. While the activ
ity of the hydrogen poisoned catalysts at —196° 
was too small to measure accurately, it was observed 
that preadsorbing hydrogen decreased the catalytic 
activity from 40 to 80% on alloy catalysts contain
ing more than 25% copper. 

X-Ray Diffraction Measurements.—X-Ray dif
fraction examination of the present catalysts while 
still in the form of the dried carbonate precipitate 
indicated that the pure nickel carbonate lacked 
crystallinity but that crystallinity increased with 
increasing copper content. While a catalyst con
taining 25 mole % copper as carbonate still showed 
no crystallinity, many very diffuse lines and bands 
which could be attributed to cupric and nickelous 
phases appeared at the 62 and 79 mole % copper 
concentrations. Therefore, up to at least 25 mole % 
the coprecipitated carbonates appear amorphous, 
while in the higher copper range studied the dif-
fuseness of the lines and bands made phase identi
fication uncertain. 

Because the sintering step was omitted here it 
was considered of interest to compare the lattice 
constants of the reduced metal catalysts with 
catalysts produced in this Laboratory by the re
duction of oxides sintered at 400°.3 However, 
no significant difference was found so it appears 
that omission of the sintering step has made no 
change in metal atom spacing detectable by X-ray 
diffraction. However, increasing the temperature 
of reduction of an alloy catalyst containing about 
25 atom % copper from 400 to 500° caused o the 
measured lattice parameter to decrease 0.005 A. 

Magnetic Measurements on the Catalysts.— 
Specific magnetization measurements made on the 
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0 300 600 700 400 500 
Temp., 0K. 

Fig. 3.—Specific magnetization curves: curve 1, pure 
nickel; curve II, 5 atom % copper; 0, powder samples; 
(D, pellet samples. 

pure nickel and 5 % copper alloy catalysts, both in 
the granular catalytically active form and after 
melting to a massive pellet and annealing in helium, 
are shown in Fig. 3 extending from room tempera
ture to above the Curie points. Curie points taken 
from these curves are 360 and 354° for the pure 
nickel in granular and pellet form respectively, 
and similarly for the 5 a tom % copper alloy 309 
and 310°. The ferromagnetic Curie point of 
nickel is usually taken as 358°17 and from this a 
value of 305° may be calculated for the Curie 
point of the 5 % alloy. 

Discussion and Conclusions 
In the present work every effort has been made to 

prepare alloy catalysts which are homogeneous 
both in bulk and surface. Lack of homogeneity 
throughout an alloy may be detected by magnetic 
measurements and so it is of interest to compare 
the specific magnetization curves in Fig. 3. Al
though the pellet samples were subject to a consid
erable further annealing t reatment , the curves for 
pellet and granular samples of the same catalyst 
coincide. Also the tail region of the 5 % alloy cata
lyst is no more extensive than tha t for the pure 
nickel catalyst which involves no alloy formation. 
Thus there appears to be no evidence t ha t alloys 
near the nickel-rich end of the alloy composition 
range lacked homogeneity and if alloys nearer the 
middle of the range were slightly less homogeneous. 
at least in the present work, this is less important 
since here catalyst activity has proved rather in
sensitive to large changes in catalyst composition. 
However, as is evident from Fig. 4 alloy catalysts 
possessing such insensitive regions of composition 
are by no means confined to alloys produced by the 
alloying technique here employed. 

Although the or tho-parahydrogen interconver
sion has been much studied,7 it has often proved 
difficult to pinpoint its mechanism. Thus a 

(17) L. F. Bates, "Modern Magnetism," Cambridge Univ. Press, 
Inc., New York, N. Y., 1951, p. 317. 
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Fig. 4.—Comparison of alloy composition-catalytic 
activity curves, ortho-parahydrogen interconversion: 
present work at —196° curve I, at — 20° curve I I I ; on gold 
palladium alloy wires16 at 227° curve IV; on copper nickel 
alloy sheets16 at 350° curve V; on copper-platinum alloy 
sheets20 at 150-580°, curve VII. Hydrogenation over 
copper-nickel alloy catalysts similar to those used in 
present work of: ethylene18 at —73° curve I I ; carbon 
dioxide8 at 420° curve VI. Specific magnetization: I8 ' at 
- 1 8 3 ° , Is a t 18°; magnetic susceptibility: %' at - 1 9 6 ° , 
X at 22°. Ferromagnetic-paramagnetic transition composi
tion is S0. 

chemical mechanism has been found operable over 
a wide temperature range, yet a magnetic mecha
nism has also frequently been important a t liquid 
air temperatures and below, especially in the 
presence of ferromagnetic or paramagnetic cata
lysts. As is clear from curves I and I I I in Fig. 1 
both the conversion at —196° and the conversion 
a t —20° respond to changes in alloy catalyst 
composition in a similar manner. The low tem
perature conversion remains substantially inde
pendent of alloy composition after the first few 
per cent, of copper or nickel is alloyed with nickel 
or copper, respectively, and the conversion a t 
— 20° changes relatively slowly at an essentially 
linear ra te in this region. Alloying 5 % or less of 
copper with nickel causes both conversions to fall 
sharply, especially a t —196°. In this alloy 
composition region the specific magnetization 
both a t 18 and —183° is also falling sharply as is 
shown in Fig. 4. Also alloying 8 % or less of nickel 
with copper causes both conversions to rise sharply, 
especially a t —20°. In this alloy composition region, 
as shown in Fig. 4, the magnetic susceptibility 
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both a t 22 and — 196° changes from slightly negative 
to positive. However, over more than 8 5 % of the 
alloy composition range the rates of the o r tho -
parahydrogen interconversion change relatively 
much less. Lack of sensitivity of a catalyzed re
action to changes in alloy catalyst composition over 
considerable ranges of the lat ter frequently has been 
observed. Examples of this phenomenon are 
shown graphically in Fig. 4 in which in addition to 
curves I and I I I for the present work with the ortho-
para interconversion at —196 and —20°, curves 
I I and IV to VII are shown, arranged vertically in 
the order of increasing reaction temperature, for 
this reaction on copper nickel and other binary 
alloy catalysts containing a Group IB metal and 
a transition metal, also for two other reactions on 
such catalysts. Alloy catalysts in granular, sheet 
and filament form are represented in Fig. 4. Since 
for the copper-nickel alloys the lattice parameter 
changes nearly linearly with alloy composition, 
it is difficult to exclude the possibility tha t ex
tensive and essentially linear portions of catalytic 
activity vs. alloy composition curves are related to 
inter-atom distances and electronic properties of 
these alloys related thereto. In this connection 
it is of interest t ha t Hall and Emmett1 8 have cal
culated tha t the percentage (i-character of copper 
nickel alloys is essentially a linear function of 
alloy composition. 

Although the copper-nickel alloy system is in 
many ways far from ideal,19 saturation magnetiza
tion does change linearly with composition and 
simple theory predicts for example tha t rf-band holes 
should be filled when about 6 0 % copper or gold is 
alloyed, respectively, with nickel or palladium. 
However, in Fig. 4 breaks occur near this alloy 
composition only for the para- to orthohydrogen 
conversion at elevated temperatures on gold 
palladium wires18 and copper-plat inum sheets.20 

Even in these cases catalytic activity apparently is 
almost wholly independent of alloy composition 
while d-band holes are being filled. Alloy compo
sitions having Curie points at the temperature 
used to measure catalytic activity are marked on 
curves I and I I I in Fig. 4 and there is no evidence 
of any significant change in catalyst activity in 
passing from ferromagnetic to paramagnetic alloys. 
Although in the present work changes in catalytic 
activity at the extreme ends of the copper-nickel 
alloy composition range are paralleled by changes 
in magnetic properties of the alloys, these magnetic 
properties continue to change rapidly long after 
catalytic activity ceases to change comparably. 
However, as is shown in curve I I in Fig. 1 the per
centage ^-character (plotted with arbitrary ordinate 
units) falls linearly throughout the whole compo
sition range with increasing copper in the alloy 
catalysts. Percentage cZ-character previously has 
been correlated with catalyst activity by others.1 8 2 1 

Therefore it is noted tha t the shape of the catalytic 
activity vs. alloy composition curves found in the 
present work would be obtained by a general pre-

(IS) W. K. Hal l , P h . D . Thes is , U n i v e r s i t y of P i t t s b u r g h . H)5r,. 
(19) B. R. Coles, Prof. Phys. So1-. 387B, 221 (1952,!. 
1.20) O. R ienaeke r and B. Sar ry , Z. anorg. allgcm. Chem., 257, 41 

1!Il S.i 
(21) O. Beeck, Disc. Faraday Soc. 8, 118 !1950). 

dominance of percentage ^-character except where 
ferromagnetic, or paramagnetic and diamagnetic 
properties predominate near the two ends of the 
alloy composition region. 

Properties more directly related to the nature 
of a catalyst surface may also be considered in an 
endeavor to understand how catalyst activity 
can remain so relatively constant over wide ranges 
of alloy catalyst composition. To explain such 
relative constancy of catalytic activity while d-
band holes are filling, it has been assumed by Couper 
and Eley16 t h a t the replenishment of the catalyst 
surface by such holes from the catalyst interior 
is permitted in the free electron theory or may re
sult from the resonance of valence bonds. Also 
compensating changes in apparent activation 
energy and in frequency factor have frequently 
been observed in studies in heterogeneous catalysis 
and this phenomenon recently has been reviewed by 
Cremer.22 In a recent study2 3 of the hydrogena-
tion of benzene over copper-nickel alloy catalysts 
similar to those here studied, Hall and Emmet t 
found tha t catalytic activity and apparent acti
vation energy rose together to a maximum and then 
fell as more and more copper was alloyed with 
nickel. This behavior was explained by assuming 
over-compensation by the apparent frequency 
factor. In the present work at —20° as is clear 
from Figs. 1 and 2, any substantial changes in ap
parent activation energy and frequency factor 
always were in the same direction, bu t the activa
tion energy change predominated and accounts for 
the considerable changes in catalyst activity occur
ring near each end of the alloy composition range. 
Only the smaller change in catalyst activity over 
the remaining alloy composition range appears to 
reflect any predominance of the frequency factor. 

The present work has served to emphasize the 
important effect of preadsorbed hydrogen upon the 
catalytic activity of nickel, copper and their alloys, 
with both poisoning and promoting effects being 
observed. I t has been clear for some time that 
hydrogen may be adsorbed and held upon a catalyst 
surface in different ways. Recent studies by Single
ton24 of the para-orthohydrogen reaction over 
evaporated nickel films at —78° disclosed three 
types of adsorbed hydrogen, but only the loosely 
held hydrogen, whose adsorption caused an increase 
in the electrical resistance of the nickel film, par
ticipated directly in the parahydrogen conversion. 
In the present work at least for the orthohydrogen 
conversion at —196°, experiment showed tha t the 
poisoning of the nickel catalyst involved more 
than a simple blocking of a uniformly active surface, 
inasmuch as preadsorbing hydrogen equal to a 
ten th of a monolayer reduced catalytic activity by 
7 5 % . Preadsorbed hydrogen while poisoning pure 
nickel has enhanced the activity of all of the pres
ent alloy catalysts for the para-orthohydrogen con
version at —20°, as is shown by curve II in Fig. 2. 
These poisoning and promoting effects are in quali
tative agreement with those found by Hall and 
Emmett1 8 for the hydrogenation of ethylene over 

(22) E. Cremer , " A d v a n c e s in C a t a l y s i s , " Vol. VI , Academic Press, 
Inc . , N e w York , X. Y. , 1955. 

(2S) W, K. Hall and P. H, B rnme t t , / . Phys. Chem., 62, Slfi (195S). 
2 1) J. H. Sin K le ton, :ln<!. 60, UKKi (195G). 
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similar alloy catalysts. However, in the latter 
work18 a sharp maximum in promoting effect oc
curred around 85% copper instead of near 60% 
as found in the present work. In the presence of 
preadsorbed hydrogen, the present work also con
firms what was found earlier by Best and Russell,26 

with these alloy catalysts for the hydrogenation 
of ethylene, namely, that catalyst activity in
creased with copper concentration up to about 
60% copper then fell as more copper was alloyed 
with nickel. 

There already exists much evidence that the 
electronic structure and catalytic properties of 
surfaces are modified by the presence of adsorbed 
gases. Studies of changes in work function and 
contact potential caused by adsorbates has led to 
the concept of an "induced heterogeneity" in 
surfaces26 or a "work function effect"27 which may 
either facilitate or hinder subsequent adsorption. 
Furthermore there is evidence that the distribution 
of lattice planes in a metal surface can be influenced 
by the presence of an adsorbed gas, especially at 
temperatures above about one third of the absolute 
temperature at which the metal melts.28 Such 
adsorption-induced changes in the configuration of 
a metallic nickel surface recently have been con
sidered pertinent by Roberts and Sykes29 in ex
plaining hydrogen adsorption on very carefully 
reduced nickel powders. It appears of interest 
that in the present work the deliberate preadsorp-
tion of hydrogen always occurred at 325°, which is 
well above the minimum temperatures for surface 
mobility of the catalysts studied. 

Either deliberately preadsorbing hydrogen on 
pure nickel or alloying a few per cent, of copper with 
it reduced the catalytic activity of the nickel, and 
in both cases an increase in paired electrons in the 
3 (i-band of the nickel may be involved. Adding 
a few per cent, of nickel to pure copper always 
caused a marked increase in catalytic activity, 
and the activity at —20° of the catalyst containing 
about 92% copper, per unit weight of nickel, was 
comparable to pure nickel as is clear from the dotted 
curve IV in Fig. 1. A similar curve with a maxi
mum can be drawn for the reaction at —196°. 
The quite different dependence of the para-
orthohydrogen conversion at —20° upon catalyst 
composition in the presence of and in the absence 

(2.5) R. J. Best and W. W. Russell, T H I S JOURNAL, 76, 838 (1951). 
(20) M. Boudart, ibid., 74, 3556 (1952). 
(27) J. H. de Boer, "Advances in Catalysis," Vol. VIII, Academic 

Press, Inc., New York, N. Y., 1956. 
(28) J. A. Becker, "Advances in Catalysis," Vol. VII, Academic 

Press, Inc., New York, N. Y., 1955. 
(29) M. W. Roberts and K. W. Sykes, Trans. Faraday Soc, 54, 548 

(1958). 

of the deliberately preadsorbed hydrogen, that is 
evident from a comparison of curves III and II 
of Figs. 1 and 2, respectively, indicates clearly the 
important role played by such hydrogen which 
presumably underwent little or no conversion itself. 
Whether the preadsorbed hydrogen acted as a 
poison, promoter or had little or no effect upon 
the catalytic reaction at a given temperature de
pended upon the catalyst composition. Even 
when no hydrogen was deliberately preadsorbed, 
there is no doubt that part of the hydrogen ad
sorbed at the temperature of the ortho-parahydro-
gen interconversion played a role somewhat similar 
to the former. This would be expected from earlier 
work with this reaction by Singleton24 and from 
magnetic studies by Selwood,80 who found chemi-
sorption of hydrogen on supported nickel even at 
—196°. I t appears that the dependence of the activ
ity of the catalysts here studied upon catalyst com
position could be strongly modified by the nature 
and extent of hydrogen so fixed or held to the 
catalyst surface that it participated in the catalytic 
reaction only indirectly. Such fixed hydrogen 
could act, depending upon alloy composition, as a 
promoter via the inductive effect or the work func
tion effect or as a poison from such effects or by a 
simple blocking adsorption. The relatively small 
changes in catalytic activity of the alloys, as the 
copper content was varied from 5 to over 90% in 
the absence of deliberately preadsorbed hydrogen, 
is believed due to the effects of hydrogen fixed dur
ing the interconversion, further modifying the 
catalytic properties of the alloy surface upon which 
the hydrogen, actively participating in the ortho-
hydrogen interconversion was adsorbed. It ap
pears possible to consider that poisoning and 
promoting effects occur simultaneously and re
flect the effects of factors such as gas pressure, 
temperature and catalyst composition. Poisoning 
effects appear to predominate on pure nickel in the 
vicinity of room temperature, but give way to pro
moting effects, which it is believed largely offset the 
effect of increasing copper concentration until 
the latter is over 90%. At —196° a comparable 
compensation is not excluded, although promoting 
effect of fixed hydrogen at this temperature was not 
directly observed. A more complete understand
ing of the copper-nickel system as hydrogenating 
catalysts would seem to demand further study of 
the nature and effects particularly of such fixed 
hydrogen. 
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(30) P. W. Selwood, T H I S JOURNAL, 78, 3893 (lH.ili). 


