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The effect of pressure on the reaction velocity has revealed a new phenomenon,
in which zero, or negative reaction order changes over to a fractional or first order
reaction at higher pressures. This was found for Mn, Fe, Co, Ni at 90°K, and Co at
293°K. The mechanisms suggested are hydrogen atom recombination in a saturated
layer, probably accompanied by hydrogen poisoning at low pressures and hydrogen
molecule-atom exchange in a partly filled “second layer” at higher pressures. The
reactions on Cr at 90°K, and Cr, Fe, and Ni at 293°K are simple zero order, and
Mn, 293°K, Zn, 368°K, fractional and first order, respectively. Hydrogen-deuterium
equilibration goes at comparable rates with the conversion, for Ti, V, Cr, and Ni;
there is evidence for Ni that this holds down to 77°K. Attempts to estimate the
rate of the paramagnetic conversion at 90°K using the Wigner equation confirm the
dominance of the chemical mechanisms for all metals except Zn, where the mecha-
nism is probably paramagnetic. A correlation between reaction velocity and sublima-
tion energy for the range of metals at 293°K is associated with a mechanism of
recombination of H atoms held on sites of minimum bond energy. The low fre-
quency of these sites for body-centered cubic metals gives a frequency factor of 10*
molecules cm™ sec™ compared with 10® for close-packed metals. A lower activation
energy I8 found for bee metals and is associated with a greater interaction energy
between adsorbed atoms, in its turn associated with the broad character of the

d band in this group of metals.

INTRODUCTION

Catalytie activity in the transition metals
is associated with the presence of holes in
the d band, as a result of studies on pal-
ladium-gold and copper-nickel alloys
(1, 2). Holes in the d band seem to favor
a low activation energy in hydrogen reac-
tions, including dehydrogenation (3), and
a high activation energy in carbon mon-
oxide oxidation (4). It is natural to extend
this study to the whole first transition
series, titanium to zine, for which results
are available only for the oxides (§). There
is the added complication that numbers
of the series show changes in lattice struc-
ture as well as in electronic d band, but
some insight is now available into the
theoretical aspects (6, 7). In the first place
a study was made of the parahydrogen
conversion activity at 293°K on evaporated
films of the whole series of metals. The

results obtained (8) were closely parallel
to those obtained for hydrogen atom recom-
bination on metal foils (9) and will be
further considered in this paper, which
presents in addition a detailed discussion
of activation energies and pressure depend-
encies, and studies on hydrogen—deuterium
equilibration.

In discussing the results we shall refer
by Roman numerals to four well-known
mechanisms:

Paramagnetic, Bonhoeffer, Farkas and
Rummel (10)
pH: + P — P.pH; —» P + oH; 1

Chemical, Bonhoeffer and Farkas (11)

pH; + MM - MH.MH —» MM + oH, 1II
Chemical, Rideal (12)
pH: + MH.M - MHM..pH; — M.MH + oH, IIIa
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Chemical, Eley (13, 1)
pH; + MH — MH..pH, — MH 4 oH;

Here P denotes a paramagnetic center,
M an unoccupied surface metal site, M-I
chemisorbed hydrogen, M. .pH,, a hydro-
gen molecule physically adsorbed on a bare
site, and M-H..pH, a hydrogen “mole-
cule” adsorbed over, or on the same site
as chemisorbed hydrogen.,

Boreskov and Vassilevitch (14) have
suggested a modification of IIla in which
adsorption-desorption of molecules occurs
on a small fraction of active sites, but
H-atom exchange may occur over the whole
surface.

IIIb

EXPERIMENTAL

The vacuum system was similar to that
described by Eley and Rideal (15). The
reaction space consisted of a cylindrical
reaction vessel, cold trap, and mercury
cutoff in series, connected to a gas prepara-
tion and storage system, a wmicro-Pirani
gauge, and two mercury diffusion pumps
plus an oil pump in series. The cylindrical
reaction vessel contained an axial tungsten
wire, round which the catalyst wire was
wrapped preparatory to evaporation. The
two exceptions to this procedure are noted
below. The reaction system was baked out
for 48 hr at 400°C, the wire being elec-
trically heated in the final stages. The cold
trap was then immersed in liquid oxygen,
the reaction vessel cooled and immersed in
cold water, and the metal film evaporated.
The evaporation procedure followed that
used by Trapnell (16), and in particular
manganese was electroplated onto the
tungsten wire, and chromium was evap-
orated as chips from a tungsten spiral.

Hydrogen was purified by passage
through a heated palladium thimble, and
parahydrogen prepared by using a charcoal
catalyst cooled to the triple point of
nitrogen (17).

The reaction velocity was studied at a
standard pressure of 1.2 mm Hg over a
wide range of temperature above 77°K.
Temperatures below 273°K were obtained
using a simplified earlier version of a re-
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cently described cryostat (18). Pressure de-
pendencies were studied in many ecases, and
also the hydrogen-deuterium equilibration
reaction.

REesuvts

Velocity Constants and Activation
Energy, 293°K

The notation is that of Couper and Eley
(19), the experimental first order constant
being defined as

Zg — Zeq

ko(min™) = %ln oy
eq

where the fractions of parahydrogen, z, at
zero time, z, at time ¢ minutes, and z,, at
equilibrium, are taken from the resistance
values of the appropriate samples in the
micro-Pirani gauge. If n is the number of
hydrogen molecules in the reaction volume,
and A the area of the metal film catalyst,
the absolute velocity is

En(molecules cm—2 sec™!) = nk,/604

We have calculated k., values under the
standard conditions and 1.2 mm pressure
and with the reaction vessel (therefore
catalyst) at 293°K. The apparent volume
of the reaction space was calibrated with
the reaction vessel at 293°K and the trap
at 90°K. It was usually in the range 300-
340 ce.

Apparent activation energies E were de-
rived from the Arrhenius equation,

ko = B FIET
or
fm =

me—E/RT

where
B, = nB,/604

In some cases E was not constant over
the wide temperature ranges studied, and
values listed refer to 293°K and allow a
comparison between different metals.

In general, the metal films were about
1-2 mg in weight, with geometrical areas
of about 40 cm? and it was assumed in
calculating k,, that their surface areas were
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equal to their geometric areas. The films
were all laid down at room temperature
and not heated very much above it. A
study of the results of Anderson and Baker
(20) for nickel films and Porter and Tomp-
kins (21) for iron films suggests 1 mg films
for these metals should have true areas of
100 and 200 cm?, respectively, so the ap-
propriate roughness factor for our films is
4 + 1, which might be expected to hold for
the series Ti to Ni inclusive. If future work
should confirm this supposition, it will be
necessary to correct our k, and B, values
by dividing them by this factor 4. Except
for the case of zinc films, no decrease in
activity attributable to sintering was ob-
served during the measurements, which
favors the idea of a low roughness factor
for all our films. Results for k,, E, and
B,, at 293°K are summarized in Table 1.
The temperature coefficient plots are in
Fig. 1.

Mott and Stevens (6) classified the
transition metals into groups A and B on
the basis of differences in crystal structure
which they associated with differences in
electronic band structure. Mott’s latest
view (7) is that the group A, fee or close-
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Fre. 1. Arrhenius plots for the parahydrogen

conversion at 1.2 mm. The crosses are due to

J. C. T. Fowell. V, Mn, and Co have the same
values of abcissa.

TABLE 1
ArraENius ConsTaNTs AT 293°K, AND 1.2 MM Ha

B

Metal (molecllgi’t‘as cm™2) E {molecules om™?
Group film sec™) (keal mole1) sec™?)

Ti(4+2.28H) 2.32 X 10 0.0 2.32 X 10

V(+40.75H) 1.47 X 10 0.37 2.67 X 10

B ) Cr 1.39 X 10 0.0 1.39 X 10%
Mn 1.66 X 10% 1.5 2.10 X 10%

Fe (1) 1.42 X 10 0.0 1.42 X} 10

Fe (2) 1.21 X 10 0.36 5.18 X 10

Co (1) 1.85 X 101 4.2 2.95 X 10®

Co (2) 1.18 X 10 4.6 2.96 X 102

A {1 Co (3)° 7.3 X 10% 5.78 1.54 X 10
Ni 1.67 X 10 3.5 0.80 X 10v

Cu? 7.56 X 10v 8.5 1.65 X 10%

Zn (1) 3.70 X 10% 3.3 1.20 X 10

Zn (2) 6.10 X 106% 3.1 1.26 X 10%

Zn (3) 4.50 X 10©° 3.0 1.38 X 10%

s J. C. T. Fowell (22).
8 D. D. Eley and D. R. Rossington (23).
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packed metals have a narrow 3d band
structure, while the group B bece metals
have a broad 3d band. It will be seen from
Table 1 that the metals in group B are
those with low activation energy and fre-
guency faetor, and group A those with
high activation energy and frequency
factor.

Hydrogen Adsorption and Hydrogen
Poisoning

Of the group B metals, iron, chromium,
and manganese show practically no absorp-
tion of hydrogen into the bulk of the metal
at room temperature, but titanium and
vanadium show a very strong absorption.
The titanium film was found to instan-
taneously absorb 2.28 H atoms per Ti atom
in the film, changing from a bright smooth
surface to a matt appearance in the process.
The vanadium film instantaneously ab-
sorbed 0.75 atoms H per V atom in the
film. The results recorded in Table 1 are
for films of titanium and vanadium con-
taining this absorbed hydrogen and the
catalytic activities are at least as high as
for iron and chromium which absorb no
hydrogen. However, in the case of titanium,
if the film is left overnight in hydrogen at
room temperature there is a fourfold loss
of activity {cf. Fig. 1), the original activ-
ity being recoverable on pumping at room
temperature for 5 hr, It would, therefore,
appear that the two modes of hydrogen
absorption, instantaneous and slow, are
different in character. The slow adsorption
which leads to a reversible poisoning effect
is probably analogous to the observed
earlier in palladium (1).

In the case of group A metals, the cobalt
(1) (Table 2) film after a number of runs
was baked out at 400°C, which resulted in
a marked decrease of activity. E increased
to 5.8 kcal mole?, but since B,, remained
constant the effect was not due to sintering,
but could possibly be attributed to hydro-
gen poisoning, as a result of hydrogen dif-
fusion inwards in the baking process. In
the case of nickel, some hydrogen sorption
occurred above room temperature with a
drop in ecatalytic activity, but it was not
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discovered whether the effect was re-
versible.

The Low-Temperature Conversion

The conversion of normal to parahydro-
gen was followed at the temperatures 77°
and 90°K, and the films of manganese,
zine, and possibly cobalt, were found to
show a definite negative activation energy
in this range (cf. Fig. 1). For these par-
ticular metals we list k,, and E in Table 2.

TABLE 2
Para-OrtHOo CONVERSION AT 90°K

Metal km E

film (molecules ¢m™2 sec™1) (keal mole™)
Mn(1) 5.8 X 10 -0.97
Mn(2) 2.9 X 10¢ -0.92
Co(1) 3.6 X 101 —1.09
Co(2) 4.8 X 1018 (—0.24)
Co(@3) 3.9 X 10 (—0.38)
Zn(3) 8.2 X 10n (—0.32)

Since in these cases the surface coverage
must be less than one, the B, values are
certain to be complex and involve surface
concentrations; they are, therefore, omitted.

The Pressure Dependency of the
Conversion

Although in the past a number of pres-
sure dependencies have been found to accu-
rately fit the Langmuir isotherm, e.g., cop-
per films (23) and tungsten wires (19),
much of the present data is more complex.
We have, therefore, presented it first in
terms of a plot of log k.p (where k.p is
proportional to k.) against log p, the slope
of which gives the order of reaction » in
the Freundlich isotherm.

kep = const. p"

The data are plotted in Figs. 2a and 2b,
and values of n are given in Table 3.

For four metals at 90°K, and 1.0 mm
pressure, the order is negative, becoming
positive at 10 mm pressure. While the
actual changes in k.p are small, the effect
is clearly distinguishable from the simple
zero order case of chromium. The behavior
of all metals at 293°K is conventional ex-
cept for the case of cobalt.
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Fia. 2. Pressure dependencies as Freundlich plots for the conversion, (a) at 90°K, (b) at 293°K. (Zn
at 368°K.)
TABLE 3 nickel at lower temperatures, and to be
ApPARENT ORDER OF REACTION, n two or three times slower in the other cases.
203°K 90K Either result would point to identical
Metal Tom omm . Tmm 10mm mechanls‘ms, since such differences in rate
may easily arise from differences in zero
Cr 0 0 0 0 point energy from hydrogen and deuterium,
Mn 0.6 0.6 —-0.5 +41.0
e 0 0 —o 1 TABLE 4
Nci) 0 0'6 :(1)5 ::'_1‘ EquiLmration AT 293°K anD 1.2 MM
Em a
368°K Metal (molecules cm—2 E (molecules em—2
film sec1) (kecal mole?) sec™)
Zn 1.0 1.0 — —
Ti (1.3 X 10%) 0.0 (1.3 X 10%)
*J. C. T. Fowell (22). Vo o14x10¢°  0.92 6.7 X 101
i o Cr 7.5 X108 0.33 2.2 X 101
Hydrogen—Deuterium Equilibration Ni 1.2 X 10 9.44 8.9 X 101

Results are available for titanium, vana-
dium, chromium, and nickel in Fig. 3, and
Table 4. Unfortunately, in the absence of
mass spectrometric analysis, measurements
could not be extended below 195°K. The
negative temperature coefficient observed
for titanium is probably an artifact due
to evolution of occluded hydrogen. The k,
values of the parahydrogen conversion
taken from Fig. 1 have been shown in
Fig. 3 by dotted lines and the equilibration
rate is seen to equal the conversion rate
for vanadium at all temperatures, and for

DiscussioN

Activation Energies and Frequency
Factors at 293°K

When the order of the reaction is speci-
fied by the coefficient n of the Freundlich
isotherm, it has been found (24) that the
apparent activation energy E and true
activation energy E. are related to the heat
of adsorption ¢ by

E=E;—qn
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Fic. 3. Arrhenius plots for H: + D:—2HD, at 12 mm. Ti and V; Cr and Ni have same values
of ordinates. The dotted lines denote parahydrogen conversion data. The three squares for Ni are H,

D, data for Ni-SiO.. (Schuit and van Reijen.)

Now it may be shown that where Lang-
muir and Freundlich isotherms coincide,
the surface coverage § is § =1 —n (13).
Also, for the general case of Langmuir ad-
sorption where 8§ = bp/(1 4 bp) with b =
b, exp (q/RT), it follows that (25)

E=E,—q(1-0)

The latter equation is an extension of Hin-
shelwood’s well known relation (26).

Referring to Table 3, the order n=20
holds for the metals chromium, iron, cobalt,
and nickel, all of which strongly chemisorb
hydrogen (16, 27), and a similar result is
to be expected for titanium and vanadium,
which also fall into this class of strong
adsorbers. ,

For manganese, n = 0.6 corresponds to
6 = 0.4. The hydrogen uptake measure-
ments for manganese (28) point to a value
of # =01 at 293°K and 1 X 102 mm, so
that at 10 mm pressure a value of § = 04,
is not unreasonable. The heat of adsorption

is 17 keal mole* (28) so we estimate a true
activation energy E,=15-4+04 (17) =
8.3 keal mole?, and the true B, becomes
2.5 X 10?2 molecules cm™ sect. For copper
the apparent E and B,, values in Table 1
correspond to the true values E, = 13 keal
mole® and B, =3.83 X 10** molecules
cm™? sec! [ie. (5.6 X 10° sec) X (0.68
X 10" molecules em) ], derived from the
effect and femperature on the Langmuir
isotherms (23). Similar corrections are ap-
plicable to the data for zinc where n = 1.0
over the whole pressure range.

Theoretical Kinetics

Let there be f sites per em?, surface frac-
tion covered @y for H atoms, 6y, for H,
molecules, both in the chemisorbed layer,
and fyw for H, molecules in the van der
Waals’ layer. We shall need to distinguish
a second layer adsorption of hydrogen
molecules, stretched molecules or atoms in
mechanism IITb by ;. For simplicity we
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assume Langmuir-type adsorption, with
adsorption coefficients by, bu,, and byw,
and as previously (23) relate k, in mole-
cules cm? sec to (k, + k,), sec? the sum
of the ortho— para and para— ortho
transitions per site per sec (17).

In fact, while Langmuir adsorption holds
strictly for the almost bare surfaces, it
also, as Wang showed (29), holds approxi-
mately for the almost saturated surfaces
with repulsive interactions between ad-
sorbed atoms, i.e., for the coverages 6y — 1.
In the latter case b = b, exp (¢ — ZV)/RT
where ZV is the interaction energy term.
All our cases except Mn fall into one or
other of these two classes.

Mechanmism I, The Paramagnetic
Mechanism

Wigner (30) expressed the transition
probability per site per collision as
Wo-G(T), and Ashmead, Eley, and Rud-
ham (31) applied this to calculate k,, for
a paramagnetic surface of n, magnetic sites
per cm? each with magnetic moment g
Bohr magnetons, with a separation r; be-
tween hydrogen molecule and magnetic site,

km = OngWuG(T)

Here 6 is the fraction of magnetic sites
covered with hydrogen molecules, v the
vibration frequency of the hydrogen mole-
cule against the surface site, and G(T) =
0.210 for 77°K, 0.254 for 90°K.

Wm = 1.177 X 10_9(H2/TBGT))

where p is in Bohr magnetons, . in &, and
T in °K. If we assume a total of 10*® sites
per em?, a fraction F, being magnetic sites
(no =F; 10%°) and v =4.5X 10" sec?
(32},

kn = 1.49 X 10%(u2/r.5) + F,6 molecules
cm™2 gec! at 90°K

For neodymium oxide, conversion oc-
curred at 90°K on a small fraction of
saturated sites, under conditions where the
van der Waals’ layer was very dilute (31).
With an estimated n.6 =5 X 102, the
ratio k., (obs):k, (cale) = 100, which,
since this conversion must be purely para-
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magnetic, forms a reference figure for the
transition metal films.

If in the above equation the only effect
of temperature is to decrease the coverage
of hydrogen molecules 6, as assumed by
Bonhoeffer et al. (11).

dinks ,d1n @
— g & 1 Tum
E = ET Td aT
_ dIn bp
BT o1 (1 + bp)
© (ref. 27) E = —q(1 — 6)

For neodymium oxide (31) and gold (32)
where conversion occurs on a small number
of saturated sites, we may have the heat of
adsorption on the sites g greater than the
heat of van der Waals’ adsorption and
6 ~ 1. The nature of these special sites is
still unknown, But in general one would
first assume F, =1 and 6 and ¢ appropri-
ate to van der Waals' adsorption.

Mechanism II

If we write this as the rate of recom-
bination of chemisorbed H atoms held on
separate equivalent sites,

kn = f (ko + kp) 0n®

Vbp )2
=flko + k) | — =
st (0
Since k., = k.pV /60 ALT

P 60Aka<k ) < +\[ “’)

In the one well-investigated case of this
mechanism, pH, on a copper film, it was
observed by Eley and Rossington (23) that
1/k. is linear with p. Ward observed a sim-
ilar result for hydrogen uptake on a copper
powder, as noted by Trapnell (27). Nor-
mally, at p < 10 mm we expect the v/
term to be dominant, and where, at these
low pressures we find the p term is dom-
inant we must suppose either that the con-
version occurs on “site-pairs,” or that
hydrogen molecules may dissociate on sin-

gle sites. In this case
1 14 1
'(3 +2)

k., 60AKTf(ko + kp)
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Observations of hydrogen chemisorption
suggest that all the metals examined here,
excepting manganese, copper, and zinc have
a complete monolayer of H atoms at 293°K
and 1 mm pressure (16, 27), and in this
case the reaction is predicted to be zero
order. In terms of the above equations k,
or k.p will be independent of pressure, and
a plot of 1/k, vs. p will be a straight line
effectively passing through the origin. The
data of Fig. 2b are replotted according to

—
v

F16. 4. Pressure dependencies as Langmuir
plots, for the conversion at 293°K. (Data of Fig.
2b.)

the Langmuir isotherm in Fig. 4. The de-
viations for cobalt at 4 mm point to a
second mechanism setting in at this pres-
sure, probably one involving hydrogen
molecules in a second, partly covered layer.

Mechanism Illa

This assumes a competition between H
atoms and H, molecules for sites in the
chemisorbed layer. Thus

km = f(ko + kp)eﬂz g =
J(ko + kp) [

bu,pbutp? ]
(1 + bupt + bu,p)?

ELEY AND SHOOTER

For the conditions usual on transition metals
where g — 1, buipt > 1 + bup

km = f(ko + kp) (bHa/bH%)p*
ie,

1 |4

— . p}
k.~ G0AKT (ko & k) bip ¥

The same result was found by Boreskov for

his modified mechanism I1la, assuming the

rate of desorption determines the rate of

conversion, k60, (14).

Mechanism IIIb

This assumes H, molecules in a second
layer, reacting with an underlying layer
of chemisorbed H atoms. Since appreciable
second layer coverages are found, van der
Waals’ forces must be augmented in some
fashion, as discussed later, and we write
the fractional coverage 6y rather than
evw.

km = fko 4 kp)0ubu =

S+ k) ( bu'p

. bnp )
14 bep? 14 bup
For transition metals where ¢, —1

b
km = f(ko + kp) (1 "*‘le))np>

ie.,

L (L)

ke = 60AKT (ko + k) \brx ' P
If we use a Freundlich isotherm instead of
a Langmuir isotherm then

kn = flko + kp)kp® (n=0to1)

It is expected at room temperature that
6 — 0, so that byp € 1 and the reaction
will be first order (n=1). There is ad-
sorption evidence for a considerable second
layer coverage for transition metals at
90°K, so at this temperature we may expect
to find reaction orders of less than 1.

Present Results Compared with
Earlier Data

A. and L. Farkas (33) found n = 0.65
for the conversion on a nickel film at
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293°K, 102 to 1 mm. However, their cat-
alyst was probably partially poisoned since
it was 85 times less active than our film,
which may explain the difference in order
from our results,

The close similarity in rate of the con-
version and equilibrium reactions found
here for nickel confirms those previously
observed on a nickel tube by Fajans (34),
for the temperatures around 373°K. The
low activity of Fajan’s catalyst probably
indicates adventitious poisoning of its sur-
face. Schuit and van Reijen (35) have ex-
amined the equilibration reaction down to
77°K on nickel-silica catalysts and their
log k. vs. T-* graph exactly corresponds
with that given for the conversion on a
nickel film in Fig. 1. The absolute rates per
unit area are estimated to be closely sim-
ilar for supported catalyst and evaporated
nickel film.

Schuit and van Reijen (35) list hydro-
gen—deuterium equilibration rates for four
metals supported on silica, as values of N,
A/N,. Here A is the usual first order rate
constant (our k.), N, the number of
hydrogen atoms in the gas phase, and N,
the number of sites on the catalyst. Basing
N, for all four metals on the value for
nickel of 1.54 X 10'® sites per cm? (36) we
derive k, = 0.173 (N,A/N,) and apply this
to the data in their Fig. 34. There is a
further factor of 4.45 X 10*® to convert k.
to kn, or Be to B,. We find that for nickel
there is a close agreement between the data
on the supported catalyst and the film,
even to the extent of the curve flattening
out from 140° to 77°K with a rate one-
third that found for the conversion reaction
(Fig. 1). Therefore, we conclude the con-
version on nickel at 77°K goes predom-
inantly through a chemical mechanism. At
293°K supported nickel gives for hydrogen—
deuterium EF = 3.26 kcal mole™ and B, =
0.21 X 10*® which agrees with the figures
for the conversion on the film in Table 1.
For supported copper at 293°K, E = 6.1
and B, =24 X 10, which also agrees
with conversion on a copper film. For sup-
ported iron at 293°K, E = 6.1 and B, =
2.4 % 10" as for copper, but in grave dis-
agreement with our two independent values
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for iron films. For supported cobalt the
hydrogen~deuterium reaction had E = 1.34
and B,, = 9.7 X 10'® which disagrees with
the two independent values for conversion
on films in Table 1 and Fig. 1. The hydro-
gen—deuterium reaction rate on supported
cobalt fell away continuously with decrease
of temperature until at 78°K, it was ten
times slower than the conversion rate on
the film. We, so far, have no data on iron
films, but Kummer and Emmett (37) found
a ratio of conversion to equilibration rates
of between 50 and 167 for a singly pro-
moted iron catalyst at 78°K.

Perhaps the simplest and safest conclu-
sion at present is that on all these metals
at 78°K conversion and equilibration go
through the same chemical mechanism. The
ratio of rates for cobalt and nickel could
easily arise from differences in activation
energy due to zero point energy differences
in M—H and M—D bonds. Thus a differ-
ence in activation energy of 1 kecal mole?,
quite possible from this source, would give
rise to a ratio of conversion:equilibration
rates of 660 at 78°K. While such differ-
ences are not found for nickel (or earlier
for tungsten) they can arise in principle
and prevent us from ascribing the observed
ratio to a strong paramagnetic conversion
on cobalt and iron. Further work is in
progress.

Conversion Mechanisms at 90°K

A negative temperature coefficient below
293°K, as for manganese and zine in Fig. 1,
has usually been indicative of paramag-
netic conversion for the reason given
earlier. Although cobalt shows more com-
plex behavior, there is an indication of
similar behavior for this metal, ¢f. Table 2.
Although zine is diamagnetic in bulk, its
surface may well be paramagnetic as in
the case of charcoal (10) and gold (32).
For zine, the paramagnetic centers are most
likely dangling valencies, i.e., free electrons
at special sites such as steps or dislocations,
and we shall assume a similar situation
to that found for gold (32), but while for
zinc this may be F, = 0.01, 8 =1, for the
transition metals each site will be para-
magnetic, F, =1, but the coverage will
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be that appropriate to the van der Waals’
layer, which might be 0.01 at 90°K. We,
therefore, have calculated velocities by

kn (cale) = 1.49 X 10%(u?/r#) - 0.01

taking r, = 2.5A (the sum of the metallic
and H, radii). Because of the presence of
chemisorbed hydrogen 7. may well be
larger than 2.5 A so ky, (cale) is an upper
value. The results are shown in Table 5.
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type B which corresponds to one chemi-
sorbed H atom per tungsten site, and the
much more weakly held type «, which is
molecular hydrogen. At 107> mm and 77°K
there are 6.2 X 10** molecules em2 in the
B state (heat of chemisorption 15 keal
mole™) and 6.0 X 10'® molecules em=2 in
the « state. Since there are approximately
1.2 X 10*° sites em™ assuming a roughness
factor of unity for the tungsten surface,

TABLE 5
OBSERVED AND CALCULATED PArRAMAGNETIC CONVERsION, 90°K
M km km km(obs)/km(cale)

Metal B.M.) (cale) (obs)

Mn 1.1 7.3 X 10 5.8 X 104 7.9 X 108
Fe 2.22 3.0 X 101 1.3 X 10% 4.3 X 10¢
Co 1.71 1.8 X 10¢ 3.6 X 101 2.0 X 10¢
Ni 0.61 2.2 X 10w 1.0 X 10% 4.5 X 10¢
Zn (1.73) 1.8 X 10 8.2 X 101 4.6

It should be remembered that a careful
comparison of observed and calculated
rates for Nd,O; gave rise to a ratio of
100 in a case where the number of sites
could be estimated and the conversion was
certainly paramagnetic (31). Even so, the
discrepancies for Mn, Fe, Co, and Ni are
so large that it seems fairly certain the
conversion at 90°K is chemical rather than
paramagnetic in character. This merely
reinforces what is already certain for Ni
from the H,,D, study.

The conversion on zinc at 90°K seems
quite definitely paramagnetic in character
since the ratio k,(obs)/k, (cale) 1s cer-
tainly well within the error of our calcu-
lation. In fact, it is not possible to visualize
any chemical activation of hydrogen by so
uncatalytic a metal as zine at 90°K.

It seems clear that for vanadium the
conversion at 77°K, with a positive tem-
perature coefficient, will occur by the chem-
ical mechanism. Further experiments will
be necessary with H,, D, at 77°K to decide
the matter for Ti and Cr.

The available pressure dependencies at
90°K show a complex behavior for all
metals except chromium. Hickmott (38)
has shown that there are two kinds of ad-
sorbed hydrogen on a tungsten surface,

these surface concentrations correspond to
fx =1 for the H atoms and 6 = 0.13 for
the H, molecules. If it is permissible to
extrapolate the log-log isotherms, we
should expect 6;; = 0.38 at 1 mm hydrogen
pressure. At 194°K and 10~ mm pressure
we still expect 8y =~ 1 for the g8 state, but
6n for the « state will approximate to zero.
Gomer, Wortman, and Lundy (39), and
Couper et al. (32) concluded that mecha-
nisms IT and III were both operative for
tungsten but that mechanism III was
dominant below 198°K and mechanism II
above this temperature. Hickmott supports
this view, pointing out that mechanism II
can operate over the whole range from 373
to 77°K but would be most important
above 200°K. We, therefore, suggest that
at low temperatures such as 90°K we shall
first expect mechanism IT with a zero order
pressure dependency, passing over at higher
pressures to IIla or IIIb occurring in a
partly filled (second) monolayer, with a
pressure dependency between zero and first
order. Referring to Fig. 2a we therefore
suppose that mechanism III is not opera-
tive on Cr, but may be operative on Fe,
Co, Mn, and Ni. At lower pressures on
these last four metals there are definite
indications of a negative order which may
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be due to (a) a steep decrease in sticking
probability at 6z— 1 or (b) a poisoning
of the catalyst by dissolved hydrogen occu-
pying empty d orbitals otherwise available
for surface bonding.

The negative temperature coeflicient
found for Mn at 90°K may be associated
with desorption of hydrogen molecules from
a second layer, slowing down mechanism
IITb (not the paramagnetic mechanism).
The rate goes through a minimum since a
considerable temperature rise is then neces-
sary before the chemisorbed H-atom con-
centration increases to give an appreciable
rate for mechanism II. We suppose the
hydrogen molecules for IIIb are held on
empty d orbitals, and for vanadium these
will all be filled by electrons from dissolved
hydrogen. If only mechanism II is then
left active for V, this would explain the
straight line observed for the temperature
coefficient.

The problem of a zero order conversion
followed by a first (or positive fractional)
order reaction at higher pressures was first
found for the paramagnetic conversion on
gold at 90°K (32). What was once a
unique result now emerges in an even more
complex form for the chemical mechanism.
It is in complete contrast to the prediction
for a single Langmuir mechanism of a first
order reaction tending to a zero order reac-
tion at higher pressures. It is possible that
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mechanism II may be operative on one set
of sites A and mechanism IIT on another
set of sites B, as visualized by Mignolet
(40) and Sachtler and Dorgelo (41). Ac-
cording to these authors the hydrogen on
the A sifes is negative, and that on the B
sites positively charged. Two hydrogen
atoms on an AB pair of sites form a
stretched hydrogen molecule, and this may
constitute the van der Waals’ layer of
mechanism IITb and give an order between
0 and 1 as observed. In the absence of an
accurate half order pressure dependency,
we are inclined to rule out IITa at present.

Mechanisms at 293°K

We may safely assume at this tempera-
ture that the surface coverage of second
layer hydrogen 6y, Hickmott’s « hydrogen,
is very small, at least at 10 mm pressure.
We may therefore ignore mechanism III,
and concentrate on the behavior of mecha-
nism II, recombination of hydrogen atoms,
in the primary layer, Hickmott’s 8 hydro-
gen. It follows from Fig. 2b that this
primary monolayer is saturated for chro-
mium, iron, nickel, and cobalt, where the
order is clearly zero (for the last metal
at low pressures only). The onset of a
reaction order of 0.6 for cobalt at 4 mm
pressure suggests the setting in of mecha-
nism IIIb due to a population of the sec-
ond layer with hydrogen molecules at
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Fiq. 5. Catalytic activity and atomic number, kX = kn» for the conversion (units 12-16) and relative
activity for Nakada’s data on H atom recombination (units 1-2). The right-hand ordinate is a log plot
of one-sixth the sublimation energy of the metal, in kcal mole™.
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increased pressure. The conversion on
manganese denotes the operation of mecha-
nism II in a primary layer of coverage
6y = 0.4, with a similar conclusion for zine
but with 8x—0. For manganese and zinc
the apparent activation energy for this
conversion should be that for the chemi-
sorption process. The chemisorption activa-
tion energy for manganese is 1 keal mole?
(28), which agrees with the value in
Table 1.

The above conclusions are also demon-
strated very clearly by the Langmuir iso-
therm plots in Fig. 4. The zero order metals
show good straight lines through the origin,
while manganese and zinc show the ex-
pected definite intercepts on the 1/k. axis.
The change of mechanism on cobalt at 4
mm pressure is also shown.

Catalytic Activity and Electronic Structure

The kn values at 293°K are plotted in
Fig. 5 as a function of atomic number to-
gether with Nakada’s data (9) for H-atom
recombination on foils. There is a clearly
marked minimum for manganese which
we may assume, since it is found for both
films and foils, to be free from uncertain-
ties due to surface area variations. Of the
various metallic properties, the only close
parallel is that with the sublimation energy
of the metal (8) and this is shown in Fig.
5. Treating the metal-hydrogen bond as a
covalent bond, involving the normal (dsp)
metal orbitals, and extending an earlier
treatment (42, 43) for heat of adsorption
q(6)

¢(6) = 2E(M-H) — E(H-H)
= E(M-M) + 46(Xy—Xn)?

where the usual procedure is to approxi-
mate the energy of the metal-metal bond
E(M-M) as one-sixth of the sublimation
energy S.

The electronegativity of the metal sur-
face Xy = 0.355¢.,, where ¢, is its work
function (44) and Xy = 2.1

In the past this equation has been used,
with values of X,, or ¢, for the clean metal
surface averaged over the exposed lattice
planes, to derive the heat of adsorption for
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the bare surface ¢(¢ = 0). However, it
may be extended to caleculate ¢(8 =0)
values for the different lattice planes should
appropriate ¢, values be known. In gen-
eral for a given metal ¢, is highest for the
most close-packed planes, e.g. for tungsten
it varies from 4.39 ev for the (111) plane
to 5.53 ev for the (011) plane (45). Also
the effect of chemisorbed hydrogen is to
give a negative film, raising ¢, with in-
creased coverage by 0.3 to 0.5 ev (46).
Therefore, as a metal surface is covered
with hydrogen the effect of these two fac-
tors, lattice plane and negative film, will
be to cause ¢n to rise and ¢(9) to fall,
until ¢, = 5.9 ev, corresponding to Xy =
Xy = 2.1. At this coverage there will be
found a minimum value for the heat of
chemisorption on the particular metal,
given by

g¢(min) = EM-M) = S/6

The hydrogen in this film will be predomi-
nantly ecovalent in character with zero
ionie component.

Therefore, the results of Fig. 5 may be
understood in terms of mechanism II, with
a rate-determining activation free energy
related to the heat of desorption of hydro-
gen in a nearly full layer on the most close-
packed lattice planes available.

The activation energies and frequency
factors offer a more complex problem, the
group B bce metals with the exception of
manganese having E ~ 0 keal mole™?, B,, ~
10'¢ molecules ecm=2 sec™?, while the group
A close-packed metals have E ~4 to 8§,
B, ~ 10,

Considering first the case of manganese,
this has a heat of adsorption for hydrogen
only half the value for the other bee metals
(44). Referring to Fig. 6, if we only have
to consider the potential energy curve of
covalently bound H atoms held on dsp
orbitals, 2Mgs;,~H, crossing a van der
Waals adsorption curve 2M . . . H,, then
a decrease in heat of desorption should give
rise to a decrease in the activation energy
for desorption, whereas for manganese, the
reverse was observed. We, therefore, in-
voke the presence of an intermediate state,
H atoms held on atomic d orbitals of the
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Potential Energy

2Mgsp™H

Distonce of H from surface

Fr¢. 6. Lennard-Jones curves for chemisorption
of hydrogen on metal d and dsp orbitals. 2M.H,
is an intermediary in mechanism II. On going
from bce metal with a high heat of adsorption g.
to one with a lower value, the Mu,~H and M°-H
curves both rise so the activation energy increases
from a to b.

metal Mq-H, as suggested by Gundry and
Tompkins (47). To explain the observed
increase in E from Fe to Mn then it is
necessary to assume an even greater shift
in the energy of the intermediate Mg H,
than the initial My,,—H, giving the increase
in E from a to b as shown in Fig. 6. This
explanation then ascribes a special role as
intermediates to the atomic d orbitals in
bece metals. In the modern picture of a
broad hybridized d band with two peaks
separated by a minimum, the dsp and d
orbitals may correspond to levels at the
bottom and top of the band, respectively.

The zero activation energy for desorp-
tion on bee metals is reconcilable with the
saturated adsorbed layer on the surface
(zero order reaction), because the observed
activation energy is simply that at 6z — 1.
It is, of course, very much less than the
value at zero coverage, due to the presence
of repulsive interactions (48, 49). The pos-
sibility of such a system obeying the Lang-
muir isotherm over a restricted range of
high coverages near 6y = 1 has already
been mentioned.

Since it appears the reaction proceeds
preferentially on the most close-packed
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planes, and these are relatively infrequent
for bce metals, we may expect the rela-
tively low frequency factor observed.

We may compare the group A metals
with the group B metals in terms of Taka-
ishi’s observation (50), that the ¢/6 curve
for the A metals falls less steeply than for
the B metals, so that we may expect the
values at complete coverage to be Ggroup a
(0 =1) > Qerowps (8 =1). The difference
is attributed to the basic difference in orbi-
tals involved, the A metals with narrow
3d band having orbitals interacting less
with those on neighboring atoms, than the
B metals with their broad 3d band based
on highly interacting orbitals. The situa-
tion now is just the reverse of that dis-
cussed for manganese. It receives a natural
explanation in that for the group A metals
with narrow 3d bands the Mg, and M,
orbitals will be much closer in energy and
barely distinguishable. In this case there
will be no intermediate state to lower the
activation energy for desorption, which
will, therefore, be larger than that found
for the group B metals,

Since there will be a greater frequency
of close-packed planes for the close-packed
group A metals, the larger frequency factor
of 10*® may be understood.

The frequency factors for evaporated
films found here are all less than those
found earlier for the same metals in the
form of wires (82). This confirms our
earlier conclusions for copper, silver, and
gold (23) and emphasizes that the fre-
quency factors are influenced by structural
considerations, presumably the presence of
defects, or dislocations in the catalytic
surface.

The operation of mechanism IIIb on
nickel and the other metals at 90°K in-
volves a coverage 6y of H, molecules, pre-
sumably held on metallic d orbitals (51)
rather than as the separated atoms of
Fig. 6. This absorbed molecular hydrogen
may possibly be that called type C by
Emmett (62) and the matter has recently
been extensively discussed by Bond (53).
It is undoubtedly a form of weak chemi-
sorption, the nature of which is still not
clear.
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Since the reaction on zine is first order,
its true activation energy will be 3.2 + ¢,
where q is the, at present unknown, heat of
adsorption, and the B, factor will be
greater than the apparent value of 10%.
When this true B,, is known it will be
interesting to estimate the number of
chemically active sites and compare it with
the number of paramagnetic sites. The
sites may possibly be dislocations.

A CKNOWLEDGMENTS

The authors wish to thank the DSIR. for a
studentship, Dr. Fowell for data on iron and
cobalt, and the referees for some helpful com-
ments on van der Waals adsorption.

REFERENCES

1. Courer, A, anp Eiwey, D. D. Discussions
Faraday Soc. 8, 172 (1950).

2. Dowpen, D. A, anxp ReynNowps, P. W., Dis-
cussions Faraday Soc. 8, 184 (1950).

3. Fiey, D. D, ano Lueric, P., Trons. Faradey
Soc. 53, 1483 (1957).

4. DacLisH, A. G, anp Erry, D. D, in “Actes
du Deuxiéme Congress International de
Catalyse,” Vol. 1, p. 1615. Editions Technip,
Paris, 1960.

6. Dowpen, D. A, Macxkenzig, N, anp Trapr-
~NELL, B. M. W., Proc. Roy. Soc. A237, 245
(1957).

6. Morr, N. F,, anp Srevens, K. W. H., Phil.
Mag. 2, 1364 (1957).

7. Morr, N. F., Repts. Progr. Phys. 25, 218
(1962).

8. Eiey, D. D,, anNp SHoorer, D., Proc. Chem.
Soc., p. 315 (1959).

9. Nakana, K., Bull. Chem. Soc. Japan 32, 809
(1959).

10. BonuoErrER, K. F., FArkAS, A., AND RUMMEL,
K. W, Z. Phys. Chem. B21, 225 (1933).

11. BonuoerrFER, K. F., anp Farxras, A, Trans.
Faraday Soc. 28, 242 (1932).

12. RmeaL, E. K., Proc. Cambridge Phil. Soc. 35,

130 (1939).
Ewey, D. D, Trans. Faraday Soc. 44, 216
(1948).

14. Boreskov, G. K. AND VassmevircH, A. A,
“Actes du Deuxiéme Congress International
de Catalyse,” Vol. 1, p. 1095. Editions Tech-
nip, Paris, 1960,

15. Erpy, D. D, ano Roear, E. K, Proc. Roy.
Soc. A178, 452 (1941).

16. TrarNELL, B. M. W., Proc. Roy. Soc. A218,
566 (1953).

13.

17.

18.
19.
20.
21.
22.

23.

24.
25.
26.
27.
28.
29.
80.
31.

32.

33.

84.
35.

36.

38.
39.
40.
1.

ELEY AND SHOOTER

Farkas, A. “Orthohydrogen, Parahydrogen
and Heavy Hydrogen.” Cambridge TUniv.
Press, London and New York, 1935.

Asameap, D. R, axp Rupmam, R. Chem.
and Ind., p. 401 (1962).

Courer, A., anp Ewey, D. D,, Proc. Roy. Soc.
A211, 544 (1952).

AnpERsoN, J. R, anp Baxer, B, G, J. Phys.
Chem. 66, 482 (1962).

Porter, A. S, anp Towmrexins, F. C., Proc.
Roy. Soc. A217, 544 (1953).

Fowerr, J. C. T, personal communieation
(1962).

Erey, D. D, ano Rossineron, D. R, in
“Chemisorption” (W. E. Garner, ed., Keele
Conference), p. 137. Butterworths, London,
1957.

SanpLEr, Y. L., J. Chem. Phys. 21, 2243
(1953).

EiLey, D. D., Nature 194, 1076 (1962).

Hinsuerwoop, C. N, “The Kinetics of
Chemical Change,” Chap. 8. Oxford Univ.
Press, London and New York, 1940.

TrapneLL, B. M. W, “Chemisorption.” But-
terworths, London, 1954.

TrarneLL, B. M. W, GreeNuaLcH, E. anp
Haywagp, D. O, J. Phys. Chem. 61, 1254
(1957).

Wang, J, 8., Proc. Roy. Soc. A161, 127 (1937).

WiaNEr, B, Z. Phys. Chem. B23, 28 (1933).

Asamzsp, D. R, Ewey, D. D, anp RubHAM,
R., Trans. Faraday Soc. 59, 207 (1963).

CouPErR, A., Eury, D. D, Hurarr, M. J., aND
Rossivgron, D. R., Bull. soc. chim. Belges.
67, 343 (1958).

Farkas, A, anp Farkas, L., J. Am. Chem.
Soc. 64, 1594 (1942).

Fasans, E.,, Z. Physik. Chem. B28, 239 (1935).

Scaurr, G. C. A, anp vaN Rewen, L. L,
Adv. in Catalysis 9, 242 (1958).

Kiemeerer, D. F., anp Srone, F. 8., Proc.
Roy. Soc. A243, 375 (1957).

. KumMmer, J. T, aNp EmmErT, P. H., J. Phys.

Chem. 56, 258 (1952).

Hickmorr, T. W, J. Chem. Phys. 32, 810
(1960).

Gomer, R. WortMmaN, R., anp Lunby, R,
J. Chem. Phys. 26, 1147 (1957).

Mienoer, J. C. P, Bull. soc. chim. Belges.
67, 343 (1958).

Sacurier, W. M. H., anp Dorgero, G. J. H,,
in “Fourth Intern. Conf. on Electron Mi-
croscopy” (1958), Vol. 1, p. 51. Springer,
Berlin, 1960.

. Evey, D. D, Discussions Faraday Soc. 8, 34

(1950).

. Euey, D. D. “Catalysis and the Chemical



PARAHYDROGEN CONVERSION

Bond.” Univ. of Notre Dame Press, Notre
Dame, Indiana, 1954.

44. StevenNsoN, D. P, J. Chem. Phys. 23, 207
(1955).

46. SuBRMANN, R., Adv. in Catalysis 7, 303
(1955).

46. CuLver, R. V., aNp Tompkins, F. C, Adv. in
Catalysis 11, 67 (1959).

47. Gunpry, P. M., anp Tompxing, F. C,, Trans.
Faraday Soc. 52, 1609 (1956).

48. RmeaL, E. K., aNnp TrapneLL, B. M. W, Dis-
cusssons Faraday Soc. 8, 114 (1956).

273

49. TrapnELL, B. M. W, Proc. Roy. Soc. A206, 39
(1951).

60. Taxawsu1, T., Z. physik. Chem. N.F. (Frank-
furt) 14, 164 (1958).

51. DowpeN, D. A, in “Chemisorption” (W. E.
Garner, ed., Keele Conference), p. 3. But-
terworths, London, 1957.

62. EmMmeTT, P. H., AND HaRKNESS, R. W, J. Am.
Chem. Soc. 57, 1631 (1935).

53. Bonp, G. C, “Catalysis by Metals,” p. 109.
Academic Press, New York, 1962.



