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Abstract

With a view to its possible use as a test reaction for low-surface-area alloy films we
have studied the exchange between propane and deuterium. It is shown that the product
distribution of a deuteration reaction can be described by two parameters: one expressing
the kinetic inequivalence of primary and secondary hydrogen atoms in propane, the other
characterizing the catalyst selectivity for multiple versus stepwise exchange.

A method is presented for the calculation of the product distribution from this two-
parameter model. Calculated distributions are compared with experimental ones obtained on
nickel and rhodium at low temperature.

Besides, the occurrence of important isotope effects in reactions involving considerable
dedeuteration is demonstrated.

Severe self-poisoning was found at 50°C with nickel and some copper-nickel alloys. No
self-poisoning was detected at —40°C. Under non-suspect conditions, the addition of copper
to nickel resulted in a lowering of the catalytic activity. But under self-poisoning conditions

some alloys were apparently more active than nickel.

I. Introduction

The exchange between propane and deuterium has been shown to be a
valuable test reaction for comparing the catalytic properties of pure metals.”
Two types of information, characterizing the catalyst, are obtained :

(1) the catalytic activity, expressed by the overall rate of reaction;

(2) the selectivity for multiple versus stepwise exchange.

The latter is deduced by analysing the propane-isotope distribution of the
reaction product. However, such an analysis is interwoven with the problem
of the inequivalence of the hydrogen atoms in propane (primary and secondary
hydrogen atoms) and with the isotope effects, which also influence the isotope
distribution of the reaction product.

In the present work, hydrogen inequivalence and multiplicity were studied
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in the reaction of light propane with deuterium, whereas for the study of the
isotope effects two deuteropropanes were used.

The bulk of our work applies to the exchange on nickel films at —40°C.
The reaction has also been studied in an exploratory way on copper and
copper-nickel alloy films at +50°C. With the reactions at 50°C attention was
also paid to the tendency of the metals to promote self-poisoning rather than
exchange.

Model calculations have been carried out to describe the isotope distribu-
tions arising from multiple exchange of molecules containing inequivalent
hydrogen groups. The calculated distributions were compared with the results
of the mainly stepwise reaction on nickel and with the mainly multiple reac-
tion on rhodium, which was reported by KEmMBaLL.” In both cases we found
satisfactory agreement between calculated and observed distributions.

II. Experimental

The catalysts used were films evaporated at 107° Torr onto the inside
surface of a 200-ml reactor bulb which was kept surrounded by ice during
film deposition. The surface area of the film substrate amounted to approxi-
mately 200 cm?.  After deposition the films were sintered for 16 hours at
200°C. In this period the pressure temporarily rose to 107* Torr.

For the nickel films, a helix of 0.3 mm thick spec.-pure nickel wire was
used as an evaporation source. The helix consisted of 5 loops with a radius
of about 2 mm. The length of the helix was about 8 mm. Spec.-pure copper
was evaporated from a bud in the bend of a tantalum hair pin. Both sources
were heated by passing a controlled current through them.

Alloy films were prepared with a source consisting of a nickel helix
whose centre loop was entwined with spec.-pure copper wire. Since the
evaporation took place mainly from the centre loop, this source could be used
to prepare uniform alloy films containing up to 50% copper.

The reactor bulb was part of the bakeable ultrahigh vacuum system, which
was operated by means of 75 1/s Vac Ion pump. It could be separated from
the ultrahigh vacuum system by means of a glass ball-joint valve. The reac-
tion was started by admitting 3 Torr of a purified mixture of propane and
deuterium (molar ratio 1:9) to the entire vacuum system, with the reactor
bulb at the desired temperature. After this admission the ball-joint valve was
closed. The reactor was connected to a CEC 21-620 mass spectrometer by
means of a Granville Phillips adjustable leak. The instrument, manufactured
by Consolidated Electrodynamics Corporation, was modified in two respects.
The ionizing-electron voltage was made adjustable between 12 and 86 V, and
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the sample bypass system was replaced by a direct duct between the adjustable
leak and the cycloid tube. The pressure drop in the reactor due to sampling
was less than 10% for the duration of the reaction.

The spectra were scanned intermittently. The peak heights (C; ions and
masses 4, 3 and 2) were plotted as a function of time and the instantaneous
spectra were obtained by interpolation. These spectra were analysed by making
the usual assumptions of equal parent peak sensitivity for all isotopes and of
random hydrogen loss in the fragmentation. In the reactions with pure deu-
terated compounds, the measured fragmentation patterns were used. The
methods of analysis proved satisfactory with respect to the peak remainders
at mass number 43 and the deuterium balance.

The reactant gases, deuterium and propane, were purified by passing them
separately over a freshly reduced nickel catalyst, and by storing them as a
mixture in a 2.5-1 bulb which contained a film of about 1 gram of potassium.
Deuterium was a mixture of 98.5% deuterium and 1.5% protium from Stuart
Oxygen Cy, propane was obtained in research grade purity from Phillips.

The monodeutero compounds (obtained from Merck, Sharp and Dohme)
were purified by a potassium film and the hydrogen and deuterium used in
the experiments with the labelled compounds was purified by diffusion through
a heated palladium thimble.

Perfect repeatability of the reaction of propane and deuterium on the
same film proved that the gas purification was sufficient.

II1. Inequivalence, Isotope Effects and Multiplicity, and the
Influence Thereof on the Isotope Distributions

1. Analysis of the mechanism

The simplest analysis of a propane-deuterium exchange reaction involves

the following assumptions :

(1) all eight hydrogen atoms are exchanged at the same rate;

(2) protium atoms are exchanged at the same rate as deuterium atoms, i.e.
there are no kinetic isotope effects ;

(3) in equilibrium of exchange, hydrogen and hydrocarbon have the same
deuterium content ;

(4) only one hydrogen atom has a chance of being exchanged during one
residence of a propane molecule on the catalyst surface.
On the basis of these assumptions the product distribution would be

binomial :

di:<§>ai(1—a)a“i. (1)
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In this equation d, designates the fraction of propane molecules containing
{ deuterium atoms and
o is the mean deuterium content of the hydrocarbon :

1 8, . 8
o=—2id;; Yd;=1. (2)
8 i=1 =0

Deviations of the observed distributions from the binomial ones directly
indicate that one or more of the above assumptions do not hold. In the
following discussions we will successively drop the assumptions 1 to 4.

- If condition (1) is not fulfilled (kinetic inequivalence), the primary and
secondary hydrogen atoms of propane exchange at different rates, i.e. adsorbed
n-propyl radicals are formed at a different rate from that of the isopropyl
radicals. This phenomenon is studied in Section III-2 A.

The presence of kinetic and thermedynamic isotope effects (non-validity
of (2) and (3)) will be considered in Section III-2 B.

Departure from condition (4) is called multiple exchange, which implies
that more than one hydrogen atom can be exchanged during one residence.
For a molecule which has exchanged, e.g., two hydrogen atoms during one
residence on the catalytic surface, one might still visualize that:

(a) two carbon-metal bonds were formed simultaneously, or

(b) a mono-adsorbed structure was subsequently transformed into a bi-
adsorbed structure, or

(c) one mono-adsorbed structure has “swung over” to another mono-
adsorbed one.

This distinction, however, does not affect the product distribution. For
simplicity we shall therefore describe the process in terms of (c). More gen-
erally speaking : multiplicity is treated as being due to a number of successive
exchange processes during one residence. We further assume that these
successive exchange steps occur by alternation of a single propane-metal bond

PROPANE (GAS) MOLECULE

[} '

n- PROPYL ADSORBATE | <—= | ISOPROPYL ADSORBATE |

Fig. 1. Reaction scheme of propane-deuterium exchange.
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between neighbouring carbon atoms. The implication of multiplicity in com-
bination with inequivalence is discussed in Section III-3.

The non-validity of assumptions (1) and (4) gives rise to the reaction
scheme shown in Fig. 1.

2. Stepwise exchange with ineguivalent hydrogen

(Experimental evidence of inequivalence and isotope effects)

A.  Mass-spectrometric evidence

As a first approximation to the actual exchange reaction of propane and
deuterium we consider the case where methyl and methyne hydrogen atoms
are kinetically inequivalent, but assumptions (2), (3) and (4) are supposed to
be valid; in terms of Fig. 1: %k, and %_, are negligible with respect to %_,
and %’,.

This kinetic inequivalence is reflected not only in the isotope distribution,
but also in the composition of the monodeuteropropanes. There are two iso-
mers of monodeuteropropane :

1-D, or CH,D-CH,-CH,
and

2-D; or CH,-CHD-CH,

With kinetically equivalent hydrogen the concentration ratio of the isomers
would be :

Hence, deviation from this ratio is direct evidence of the inequivalence.
The isomeric composition of D, can be analysed mass-spectrometrically by
observing the parent ion peak of D, (C;H,D)* and the ethyl fragment peak
(CH,D)* at mass numbers 45 and 30 respectively, both after correction for
natural ®*C. If there is no scrambling of the deuterium atom in the molecules
in the mass-spectrometer, and if there is no isotope effect in the C-C frag-
mentation, then the deuterium atom of 2-D, is always in the ethyl fragment
and the one of 1-D, occurs only in 50% of the corresponding ethyl fragment
ions.

If the D; mixture contains fractions 4 and g of 1-D; and 2-D,, respec-
tively, and if the parent peak sensitivity is equal for both, we have:

A+ p=hy (32)
,;j Ca+Cp=hy,
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where hy and h,, are the peak heights due to D, and C is the fragmentation
coefficient of (C,H;)* with respect (C;Hg)* in D,.

In general, the three “mass-spectrometric” assumptions are not exactly
valid, and we write :

xXA+yp=hy. (3b)

Measuring x and y on samples of pure 1-D, and 2-D,, we found x=2.69;
y=>5.10; y/x=1.9 instead of 2.

For the determination of 2 and g we need the peak height at mass num-
bers 45 and 30, which are exclusively due to D,. The corrections for con-
tributions from higher isotopes, D,, etc., are relatively small as long as ¢ is
low enough (see Eq. 1). In this case the corrections can be made by using
the estimated isotope patterns of D,, eic.

The results of the determinations of 2 and g are given in Table I.

TABLE 1. Isomeric Composition of D; in the Initial Stage
of the Exchange of Propane and Deuterium on
Nickel Films at —40°C
A =fraction of 1-D; in D,
# = fraction of 2-Dy in D,

Dy conversion \ “ 2
% %

12.0 80.2 40

16.5 784 35

220 848 55

270 829 48

average 82.0 45

If y/x is taken to be 2.0 instead of 1.9, we arrive at p/1=9, which is
in agreement with KEMBALL’s results.”

The reactivity ratio of secondary and primary hydrogen can be represented
by a parameter P, which we will use later on in our model calculations.
P characterizes the resulting rate of the reaction k;, k., with respect to %,
k_., i.e. the a priori probability of iso-adsorption over normal-adsorption.
Hence:

P

—— = puflixAd,
P 17

which differs considerably from the value corresponding to kinetically equiva-
lent hydrogen :

o
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P

=1/3.
1-P /

In terms of the net rates of exchange of primary (k,) and secondary
hydrogen atoms (%,), the latter thus exchange about twelve times faster:

2R gy h=12%,.
6%,

Assuming that the net reaction rate is controlled by the adsorption rate
(reaction order in propane is unity”), and that the rate of adsorption is
governed by the free energy of H-atom abstraction, we may expect that the
differences between secondary and primary hydrogen are reflected in the ther-
modynamics of propylradical formation. The available data, which are given
in Table II, are unfortunately, very inaccurate. They agree with our results
in that the isoradical is slightly more stable than the normal radical.

TABLE II Standard Entropies and Enthalpies of Formation
of Propyl Radicals

A4H (ref. 3) ! AH (ref. 4)

Species A4S (ref. 2) keal/mole
Isopropyl rad. 675505 eu. 94 98.2+0.6
Normal-propyl rad. 69.32£05 e 98 938.6+0.6

B. Isotope effects; exchange experiments of 1-D, and 2-D,
with protium-deuterium mixtures

We now consider experiments in which a monodeuteropropane reacts
with a protium/deuterium mixture having the same isotopic composition as
monodeuteropropane, viz. H:D=7:1.

In the absence of a “thermodynamic” isotope effect equilibrium is indicated
by an equal isotopic composition of the hydrogen atoms in propane and in
molecular hydrogen, viz.

o=7, (4 2)

2D +HD
2(H,+HD+Dy)

(The symbol D; stands for “molecule of deuterium” in order to avoid
confusion with the symbol D, which stands for di-deuteropropane.)

At 7=0.125 such a mixture would be in equilibrium from the very
beginning as far as the above criterion is concerned.

However, since the deuterium should be randomly distributed over all

where 7 =
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eight places, such a mixture will not initially be in equilibrium if we start
from a well-defined monodeuteropropane, e. g. 1-D; or 2-D,.

During equilibration, protium atoms bonded to carbon atoms will be
exchanged for deuterium atoms, and deuterium atoms bonded to carbon atoms
for protium atoms. In such an experiment, the ¢ value will temporarily depart
from the initial value if the reactivity of hydrogen bonded to a primary atom
is different from that of hydrogen bonded to a secondary carbon atom.

For instance, in 1-D; the deuterium content is 1/6=0.167 for the six
primary hydrogen atoms, but zero for the two secondary atoms. In contact
with molecular hydrogen with ¥=0.125 the deuterium fraction of the primary
hydrogen atoms will therefore decrease and that of the secondary hydrogens
will increase. As we know from the previous section that k,<k,, the overall
value of ¢ is expected to rise initially, to pass through a maximum, and to
level off at 6=0.125. The same reasoning can mutatis mutandis be applied

to 2-Dj,having initially ¢,rimary =0 and ogecondary = % In this case ¢ will pass

through a minimum. The curves of ¢ versus time as expected for this
mechanism are depicted in Fig. 2.

Up to this point one would expect the experiments to provide essentially
the same information as already acquired in the previous section, wviz. the
ratio £,/k,. However, additional information can be obtained with respect to

T
0.15

0.13
on
009

007

005

003 | 1 I 1 | L L L ! L1 1
4 8 12 16 20 24

TIME (ARBITRARY UNITS)

Fig. 2. Expected curves for the average deuterium content
¢ versus time for exchange of 1-D; and 2-D; with
a 7/1 hydrogen/deuterium mixture.
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the isotope effects, which in these experiments are superimposed on the effect
of &/k,+1.

We distinguish a thermodynamic isotope effect, which causes an equilibrium
distribution for which :

gequilibrium = ‘@requilibrlum Wlth ‘B i 1 (4 b)

and a kinetic isotope effect, which can be defined according to :

I ko
-C-D+H <— -C-H+D. (5)
! ok |

Generally speaking, the thermodynamic isotope effect can be obtained
from the equilibrium values of ¢ and 7, while the kinetic one can be evaluated
from the initial slopes of the ¢ versus time curves of 1-D; and 2-D, exchange.

Before elaborating on this point it seems useful to consider the experi-
mental results in order to gain an idea of the order of magnitude of the
effects involved.

These results are represented in Fig. 3, in which ¢ is plotted as a func-
tion of time for two experiments. These curves immediately show that:
(1) the initial slope of the kinetic curves is positive for 1-D, and negative

for 2-D,, which is an agreement with the expectation based on k,>%,;
(2) after long reaction times ¢ rises above the initial value in both curves,

o
017
— o/
015 — /o
i /°/°
013F oo "Dy /o//
:;:O::;-:—-——"’::o-— T T T T T T e e s
- 2-D,
(ORIN =
] | ] | ] | | | ] | | ] | | J
10 30 50 70 90 10 130 150

TIME,min

Fig. 3. Average deuterium content ¢ as a function of time in the
exchange between 1-D; and 1-D, on nickel films at —40°C.
D:H ratio=1:7.
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which indicates a non-negligible equilibrium isotope effect with §>1;
(3) overall equilibrium, where ¢ should be equal for both curves, is not

attained at a reaction time of 120 minutes and a temperature of —40°C;
(4) the initial slopes of the two curves differ roughly in absolute value by

a factor of five, which suggests the presence of an important kinetic

isotope effect: w<<1 (Eq. (5)).

For a more quantitative evaluation we again assume that multiple ex-
change may be neglected with respect to stepwise exchange. Moreover, we
assume that the exchange reaction is first-order :

do,
dt

= By (0,(00)— 0, (8)). (62)

In this equation ¢, is the mean deuterium content of the primary group, and

do,

T = ky(0,(c0)—a,(2)) . (6 b)

The equilibrium values for ¢ are given by :
7,(00) = 0,(00) = g(00) = fr(00) = 0.125 8, (4a)

where we have assumed that hydrogen is present in such a large excess that
7=0.125 remains unchanged.

According to Eq. (5) we define wk, as the rate constant for the primary
group for a net dedeuteration reaction, %k, being the rate constant for the net
deuteration reaction. The same kinetic isotope factor is used for the secondary
groups.

As

6
o=?ap+?os, (7)

it follows for the exchange of 1-D, that:

d -6 oo)—g 2 g,(0)—a

i O1-p, = g wky(0,(00)—0,(2)) + g ky(as(00)—a,(2)) (8 a)
and 2-D, that:

d -6 0)—g¢ 2 wk(g,(c0)—¢

7T g ky(a,(00)—0,(2)) + 3 ky(a,(c00)—a,(t)). (8b)

When inserting the initial conditions ¢,(0)=0.167 and ¢,(0)=0 into Eq.
(8 a), and ¢,(0)=0, and ¢,(0)=0.5 into Eq. (8 b), and when introducing ¢,(c0)=
0,(00)=0.125 § into both equations, according to Eq (4 a), then we find:
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4 1o, —3% 4(0.167—0.125 B)+0.125 B
x:% | = kks . (9)

2 g 3 % 0.125 B—(0.500—0.125

g 02-p, F=0 3 ‘8 w( AB)

In the limiting case %2,=0, f=w=1 we would find x=—1/3. Although
k,<k, and isotope effects are generally assumed to be negligible, the experi-
mental values of x appreciably differ from —1/3. From our four (poorly
reproducible) experiments we found x values of —10, —5.3, —3.8 and —2.0
respectively, by combining the two 1-D, with the two 2-D, experiments in
four different ways. On an average, the expected and observed x values differ
by a factor of 15.

Eq. (9) contains three parameters, -2, w and §; for k,/k, we insert the

8
value of 1/12, determined in the previous section.

KemBaLLY found f=1.228. We believe, however, that this value is too
small. From the last measured point in the experiment with 1-D, (Fig. 3) we
conclude :

0.16

= »
£z 0.125

and from the absence of a maximum in the relevant curve we presume that
the driving force for the dedeuteration reaction, i.e.:

(0.167—0.125 B)
is either negative or zero, leading to:

g> 0167 _ 4
= 0125 3°

From this reasoning it follows that the p-value nearest to KEMBALL’s
observations and still compatible with our experiments is f=4/3.

TaBLE III Kinetic Isotope Effect at —40°C

‘
x | v

10.0 0.18
5.3 0.22
38 | 0.25
20 ‘ 0.38

average
5 ‘ 0.26
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Using k,/k,=1/12 and =4/3 we find four values for ®, depending on
the observed values of x (see Table III).

We might remove the uncertainty in x by trying to evaluate o from the
isotope distributions during one experiment. E.g., in the case of 2-D, ex-
change the initial rates of formation of D, and D, are given by:

d
= =1—p"k, 10
dal _ —a-m (102)
and
4 g4 — 6 Gk, + BTk ; (10 b)
dt |t=0 ’
and
ido
d k
. d p
dt ' |t=0 Gﬁrks A

The ratios of the rates of formation of D, and D, in the two experiments
with 2-D, were 1.24 and 1.20. The resulting @ value is 0.37.

Hence, both evaluations ((9) and (10 c¢)) indicate consistently that the rate
constant for dedeuteration at —40°C is roughly a factor of 3 to 5 lower than
the one for deuteration.

The above conclusion is a preliminary one because of possible experimental
errors (w from Eq. (9) being very sensitive to errors in %,/k,) and—to a lesser
extent—because of our assumptions about the exchange mechanism and the
nature of the isotope effects. For a more precise evaluation the influence of
multiplicity can be taken into account and more complicated isotope effects
might be discussed. As an instance of the latter, the reactivity of the sec-
ondary protium atom in

CH,~-CHD-CH,
may be higher in comparison with that of the secondary protium atoms of
CH,D-CH,-CH;,
which will also give rise to a decrease in the relative rate of dedeuteration
of 1-D,.
C. Comparison of the observed isotope distributions with distributions
calculated for the case of inequivalent hydrogen reactivity

The isotope distributions were calculated according to DALLINGA et al?,
who established that for the assumed mechanism a binomial distribution exists
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in each of the two groups of hydrogen atoms. The exchange is supposed to
be performed with an infinite reservoir of pure deuterium (a condition which
is well approximated in practice). This condition also justifies the neglect of
isotope effects, since the net dedeuteration reaction is negligible with respect
to the net deuteration reaction discussed here.

The average deuterium content 4 of the primary groups and D of the
secondary groups develop as in simple first-order reactions :

4()=1—exp(—k,1); (11)
D{t)=1—exp(—Fk,1). (12)

The fractions 4, of all the methyl group pairs containing 2 deuterium
atoms, and the fractions D, of all the methyne groups containing j deuterium
atoms are now given by :

Ak=(2)m<1—A>6—k, 0<k<6; (13)

Dj=<]2.)D"(1—D)2‘f, 0<j<2. (14)

The propane fractions d;, containing ¢ deuterium atoms, can be calculated
according to:
di= 2 4:D;. (15)
k+j=¢
The calculation is carried out by choosing %, and %, according to the pre-
viously determined ratio

R, 1

k12

Fig. 4 shows the calculated distributions together with the experimental
ones (from five experiments) and the binomial distribution from eq. (1). On
the horizontal axis the conversion is indicated by the amount of light propane
which has disappeared. The important conclusion from these curves is that
at low conversions inequivalence can hardly be recognized from the experi-
mental distribution curves. An experimental distribution at, e.g., 40% conver-
sion might have been interpreted as a simple stepwise process with a binomial
distribution.

Whenever experimental distributions show strong deviations from the
binomial curve for the highest isotopes, this is a reliable indication that
multiplicity is important. The data on inequivalence are needed to enable the
correct multiplicity parameter to be calculated from an experimental distribu-
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— EXPERIMENTAL DISTRIBUTION

—— BINOMIAL DISTRIBUTION

--- DISTRIBUTION OBTAINED FROM "INEQUIVALENT HYDROGEN"
MODEL

di, %

4~
A

35

15

il —
= | J

0O 5 10 20 40 60
CONVERSION OF LIGHT PROPANE,%

Fig. 4. Comparion of experimental isotope distributions and
calculated stepwise distributions.
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tion curve; the inequivalence parameter is preferably determined from inde-
pendent data, as described in the previous section.

3. Isotope distributions resulting when both inequivalence
and multiplicity are admitted

According to Fig. 1 multiplicity is introduced by allowing interconversion
between adsorbed normal radicals and adsorbed iso (propyl) radicals.

We assume an infinite reservoir of pure deuterium. This is a fair approx-
imation to our experimental conditions. As it implies that no dedeuteration
takes place, it justifies neglect of isotope effects.

We start our calculations in the classical way by writing down the differ-
ential equations defining the problem (section 3. A).

In section 3 B we present another method of calculation, which proves
to be more successful for the present problem: the solution from transition
probabilities.

A. Solution of the differential equations

We introduce the following notations :

—D,4; is the fraction of propane molecules containing j primary deuterium
atoms and ¢ secondary deuterium atoms ;

—D,4% is, analogously, the fraction of adsorbed n-propyl species having j
primary and ¢ secondary D atoms;

—Dj}4, applies in the same way to the isopropyl radicals ;

—e is the surface concentration of normal-propyl species ;

—¢ is the correspoding concentration of iso-species.

The differential equations describing this kinetic model (see Fig. 1) are:

& Dy = —(ky+ k) Dlly+ koyeDy A3+ Kone' Diid,

dt
i=0,1,2, j=0,1,--,6  (16)
& Dt = — (k4 k) D+ 3 DAk I D,
dt 6 6
ke O Dk LU DE,
i=0, ]-,2, j=07"'y5 (17)
A oDrl, = (ko) ¢ DiA, A H 2L D, + 1 2L D,
dt 2 2
+k25 2—1 D,;A;‘_l"'kze i+l D7;+IA.’;_1.

2
i=0,1,7=0,-,6 (18)
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This system can be solved if the usual steady-state approximation® is
introduced, and if the prccess starts from pure light propane. Dy4,=1 at #=0.
The solutions for &, and d, as a function of time are given below :

dy(t) = Dydy(t) = exp (—kt), (19)
di(t) = Dod\(t) + D,4y(t) = —8 exp (—kt)

. 1 .\

+ 2exp| —kt 1;7P +6ex {—kt(l—M (20)

“exp l+a P 1+p )} ’
where : ’

. TN S = S Y T S T (21)

ke’ ke

With increasing ¢, the expressions for d; increase rapidly in complexity.
Because of this complexity the formulae do not easily give an insight into the
influence of multiplicity and inequivalent reactivity of the hydrogen groups.

The results are much better comparable when they are in numerical form.
Therefore we shall try to find the solution to the problem directly by a nu-
merical approximation.

This can be done in a very simple and elegant way by starting from
a “transition scheme’.®

B. Solution from transtion probabilities

This type of solution corresponds to the steady-state approximation de-
scribed earlier. The rate constants in the reaction equations are now taken
to be transition probabilities.

The system of the solution is as follows. First we determine what
fraction of the molecules has reacted m times in a specified time interval.
Secondly, we find the isotopic composition of a set of molecules which has
reacted m times. Finally, we extend this calculation to cover all possible
values, corresponding to an infinitesimal descrpition of the reaction as a func-
tion of time.

According to the definition of % in the previous section, of x molecules
present a number dx=*kxdt react in dt seconds, i.e. a fraction d® of the
molecules in the gas phase:

do = kdt . : (22)

After a time interval ndt¢ the gas phase will contain a fraction @, (n) of
molecules having reacted m times.

If for each molecule the probability of reacting at any instant is the
same ‘and independent of the number of reactions the molecule has already
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undergone, @,,(n) is given by the binomial distribution :

@, (n)— ( e ) (1— ke (kdty™ . 23)
For convenience, we adopt an experimental time scale in which r=Fkz,
and kdt is -7,
n

The reaction number distribution @,,(r) at an experimental instant r is
now given by :

(Dm(r)zlim( n )(1—L>" ’”<L>’”. (24)
nooo \ 1 n n

If we can give the composition of a group of molecules which has reacted
m times, our problem is solved. This is done by the transition scheme.

We consider the ensemble of molecules on their way through the three
steps of a reaction, taking the last two (interconversion and desorption) to-
gether. The isotope distribution of a set of molecules having reacted m times
is represented by D,d,(m).

First we consider adsorption.

Adsorption

Adsorption of a D,4, molecule can give four different adsorbed species :
a normal radical may be formed (probability 1—P) by abstraction of a protium
6—Jj

6

atom (probability )or a deuterium atom (probability %) Likewise an

adsorbed iso-radical can be the result, the molecule having lost a deuterium

atom (L) or not ( 2—i )
2 2

2-i _Djaj(m-1)

6-j ,0;a%(m-1)

1\-')\ Z
j D.&* (m-1)
i j-1

\

°
OV |

Fig. 5. Adsorption paths for an arbitrary
propane isotope.
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The possible paths of adsorption for an arbitrary molecule D;d; are
depicted in Fig. 5.
The formation of arbitrary species from adsorption is given by :

2—1

Did,m—1)=P Dd,m—1)+P i; L Dyod,m—1); (25)

DA (m—1)=(1—P) 6%1 Dud,m—1)

+(1-P)< 2 L Ddym—1). (26)

We now have the first step in the reaction which will bring a group of
molecules having reacted (m—1) times to the status of having reacted m times.
The next two steps, desorption and interconversion, are taken together.

Desorption and interconversion

Multiple exchange is essentially characterized by deuteration not necessarily
terminating the reactive state. Alternatively, there is a definite probability of
“further reaction” instead of desorption.

In our model we explicitly confine the ‘“further reaction” to a transition
of a normal-adsorbed species into an iso-adsorbed species or vice versa. Para-
meters A and B are defined for this purpose in the way indicated by Fig. 6.

A
1+A
—_—
ISOPROPYL RADICAL o NORMAL-PROPYL RADICAL
wl B 2
1+A 148 1+B

PROPANE ISOTOPES

( (DESORPTION)

Fig. 6. Reaction paths for adsorbed species.

The transition from a normal-propyl-adsorbed species to an iso-species
involves splitting off a secondary hydrogen atom, and resaturation of the
primary hydrogen group by a deuterium atom. Splitting off hydrogen atoms
yields a protium or deuterium loss in the same way as in adsorption.

These principles are incorporated in the transition scheme, one element
of which is given in Fig. 7.

Thus each element (shown here is Dj4;) is connected with two other
elements in the starred state (in this case D;,;d} and D} ,4;) and yields one
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i+t B

2 1+B B
i A

6 1+A

Y

2-(i+1) B

L3 2 1+B .
i +18*m-1)] [D; , 147 (m-1)] —=—22[D¥ 1, (m-1) I

Fig. 7. Element of transition scheme.

desorbed product (D;,.4)).

" A similar scheme can be drawn up for a normal-propyl species. The
complete scheme is a network between all starred species possible. The reac-
tion from level (m—1) to m of a starred species yields two new starred
species of the (m—1) level and a product of the m level.

The new (m—1)-level starred species give together four other starred
species and again two products of the m level etc., ending in D}4; and D,4¥,
respectively, which can only be desorbed as D,4;(m).

The probabilities of transitions from an iso-adsorbed species to other
species are given by :

1+B+~LA
6

Dodm=—— 8 g
<1+A>(1+B)—<’;1>é_AB

i=0,1,7=0,1,--,6  (27a)
i{l—Hl AB
6 2

Dpdm—1y=— 6L 2]
(1+A4)(1 +B)—<%>%AB

Di4,m—1)

(271)

(1—%){A(1+B)}

(1+A)(1+B)~(i;1-\)%AB

D, 4 m—1)=

Did,(m—1),

(27 c)
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and those of transitions from a normal-adsorbed species by :

1 +A+1—-B
DiAjAl = 2 - D.,-A; (m_l)

(1+A)(1+B)— flgL % AB

i=0,1,2,7=0,1,--,5 (27d)

L’<1—L+1>A3

2 6

DiA;':l = " . DiA;( (m— 1) (27 ¢)
(1+A)1+B—J*L L ap
6 2
(1—L>B<1 +A)
Did, = 2 D (m—1) (271)

1+A)(1+B)—I L ap
6 2
By means of these formulae the isotope distributions D,4;(m) can be
calculated for any reaction starting from D.4,(0).
From the hypothetical isotope distributions D,4,(m) we obtain the real
isotope distributions D,4,(r) as a function of time or conversion :

Duy(c)=lim 3 @,(n) Ddym). (28)
n—oo m=0
The interpretation of z is easy in an experiment in which light propane is
deuterated :
Since Dy4,(0)=1 (and, consequently, D,4,(0)=0 for {#0, j#0) and
D4y (m)=0 for m+#0 (in consequence of 7=1):

Duly() = lim 3 (:1)(1— T)’”(;)” Gom=exp(—z)  (29)

n—oo m=0 n

do(t) = Dydy(z) and 7= —Ind,. (30)
Finally, the results are interpreted in terms of the observable quantities
d.(7):
di(r)= 2 Dd,r) 0<i<2; 0<;<6. (31)
i1k

Computation of the type involved in this model can only be carried out
on an electronic computer. A programme has been written which follows
essentially the same lines as the procedure described here. The calculations
were performed on an IBM 7094 computer.
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The numerical results were calculated by iteration through z (Eq. 29)) until
sufficient convergence of all d;(r) was obtained. In the case of deuterations
of D, a value of =30 was required at 60% conversion in order to reduce
the change in d;(r) to less than 0.01 percent in going to the next higher
value of 7.

Thus the range of conversions for which the distributions could be cal-
culated in a reasonable time was limited.

If we only use n=1, we obtain “initial distributions” similar to those
computed by ANDERSON and KEMBALL” in their work on the exchange dis-
tributions of ethane.

The restriction in conversion imposed on our method by practical factors
is not disadvantageous, since the conversion limit is not low ; besides, influences
of reaction mechanisms can essentially only be observed far from equilibrium.

IV. Comparison of Calculated Distributions
with Experimental Results

The method developed in Section III-3 was applied to the experimental
results on nickel at —40°C. We took P=0.85 in accordance with our mass-
spectrometric data on the reactivity ratio (Section IHI-2).

Since no a priori arguments seemed available to discuss the relation
between the multiplicity parameters A and B, we took A=B and tried some
values of both. Excellent agreement with the experimental distributions was
obtained for A=B=0.08 (Fig. 8). For comparison this figure also gives dis-
tributions for the case of multiple exchange with completely equivalent hydro-
gen atoms (P=0.25; A=B=0.10).

It thus became clear that both parameters (P, A and B) are necessary to
describe the distributions observed.

Neglect of the kinetic inequivalence of hydrogen (P=0.25) and introduc-
tion of multiple exchange only (A=B=0.10) gave a reasonable fit at the very
beginning of the reaction and then described d; and d, better than did any
stepwise mechanism.

At higher conversions, however, differences between the observed and
the calculated mechanism increased and both multiplicity and inequivalence
were required to describe the results.

The isotope distributions obtained so far were calculated for only small
contributions of multiple exchange. However, it seemed interesting to assess
the extent to which the combined effects could explain the results obtained
on metals giving extensive multiple exchange. A higher multiplicity of the
reaction on nickel films could be achieved by testing at 50°C. However, at
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—— CALCULATED FROM P=085;A=8=0.08
o  CALCULATED FROM P=0.25;A=B=010 (EQUIVALENT HYDROGEN)
'x  EXPERIMENTAL

di ,%
. .
S
4t
gds
il /
2 3/
, X o
1+ /
§
N
d
401 x 1
35 i /o
. ’/
30" /o
25 s
20+ /
$d
15+ /?§ P 2
ol / /
s *
S ? Q/\/
OZR:/X/J | i
0O 5 10 20 40 60

CONVERSION OF LIGHT PROPANE,%

Fig. 8. Experimental distributions plotted together with distributions

from the inequivalent hydrogen-multiple exchange model (P=
0.85; A=B=0.08) and from an equivalent hydrogen-multiple
exchange model (P=0.25; A=B=0.10).




91

Catalytic Protium-Deuterium Exchange of Propane/Hydrogen Mixtures

this temperature excessive self-poisoning of the reaction made it impossible to
obtain reproducible isotope distributions.

We therefore compared our calculated distributions with a distribution
observed by KEMBALL? on rhodium at —24°C. This is an “initial distribution”,
i.e. all the isotope concentrations d; are normalized with respect to the sum

8
211 di >
instead of to
8
Z di - 1
=0

which we used.

Since d, was not given, we estimated the conversion (1—d,) at which the
initial distribution was observed.

It seemed reasonable to assume this conversion to be about 10%, which
is a compromise between the requirements “initial product” and mass-spec-
trometric observability.

Since we assumed the reactivity ratio between primary and secondary
hydrogen to be a property of the hydrocarbon, we took again P=0.85. We

HISTOGRAM : RESULTS ON Rh AT-24 °C FROM KEMBALL

diqo/o ® CALCULATED DISTRIBUTION AT 109% CONVERSION
40[-
30 /.
20 /
°
//
. o]
10 ./
o

./ [ ]
Ot

d, d, d; d, dg dg d, dg

Fig. 9. Isotope distributions from propane-deuterium exchange on
rhodium films at —24°C according to Kemball? plotted
together with calculated distributions.
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looked for those values of A and B which gave a good approximation of the
experimental d; curve. A reasonable fit was found with A=B=20. The
experimental and the calculated curves are given in Fig. 9. Misfits are
observed at d; and d;. These may very well be attributed to mass-spec-
trometric errors, which may be important with multiple exchange distributions
where large fragmentation contributions have to be taken into account.

In particular in the case of d, it can be shown that the normal procedure
of pattern calculation leads to a serious underestimation of the experimentally
observed d;,. This is due to the fact, that—according to the literature®—the
contribution of d; to mass 52 (the parent peak of d;) is about half the value
which would be expected when using the random fragmentation assumptions.
Similar effects in d; and J; may account for errors in d5 and d.

Fig. 10 demonstrates the influence of multiplicity and different reactivity
on the isotope distributions at 10% conversion. The different reactivity gives

X P=085;A=8=10 —— —
e P=0.85;A=B=20
v P=085;A=B=30—— —
diy% @ P=025;A=B=10——- -
(R4
sor
aol
30
o] of
x——
of g
7. .
/ —
:/’_,_’_*__;/./ v
dy . dp ds dg dg dg d, d

Fig. 10. Isotope distributions at various values of the
parameters A, B and P at 10% conversion
P=0.25; equivalent hydrogen atoms.

LA
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rise to a weak maximum at .

This qualitatively corresponds to the general observation® that the isotope
distribution of propane after multiple exchange consists of two parts: one
with a weak maximum between d, and d, and a steeply rising branch from
d; to ds.  The pronounced minimum often observed in the mid-region of d;
does not show up in calculations. Hence it is expected to be due to mass-
spectrometric errors, especially to erroneous assumptions concerning the frag-
mentation patterns as stated above.

Exchange on copper, nickel and copper-nickel alloys

The test reaction was exploratively carried out on copper and some
copper-nickel alloy films at —40°C and 50°C. No exchange was observed on
copper at —40°C, i.e. the rate on this metal was less than 10" molec./cm’s.
The addition of copper to nickel resulted in a decrease in the activity from
about 10" molec./cm®s to 10" for alloys containing up to 40% copper.

The results, although scattered, indicate that the alloying of nickel with
copper does not enhance the catalytic activity as is sometimes reported.

The exchange distributions obtained from the alloy experiments were
indistinguishable from those observed on nickel at —40°C.

When testing at 50°C, observations were completely different: at this
temperature the nickel films were rapidly inactivated by self-poisoning, so that
hardly any exchange was found to take place, whereas the rate on copper
seemed to be higher than that on nickel. The initial rate at 50°C was found
to be higher for some alloys than for copper and nickel.

As maxima in the activity pattern of alloys have been reported with
respect to several catalytic reactions (see e.g. EMMETT’s recent article on this
matter'”), we wish to stress that in the present work such maxima were
unequivecally related to self-poisoning 7.e. absent in the absence of self-poisoning.

The rates and product distributions at 50°C do not allow detailed discus-
sion because of the severe self-poisoning occurring at this temperature. Nev-
ertheless, the qualitative observation may be made that the maximum in the
“activity pattern” was accompanied by a minimum multiplicity. It seems
therefore that multiplicity is connected with the tendency of propane to poison
the catalyst. This can be understood from the self-poisoning being a decom-
position of propane at the surface, resulting in the deposition of carbonaceous
residues. This process is initiated by the formation of several bonds between
a propane molecule and the surface. If for a fraction of these adsorbed
entities all bonds are hydrogenated, high multiplicity is observed.

Our results at 50°C seem to indicate that alloying with copper decreases
the tendency of nickel to self-poisoning and to multiple exchange.
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It seemes that the number of bonds which one propane molecule forms
with the surface increases with the nickel content of the alloy. This concept
also checks with our incidental observations that metal cracking takes place at
160°C on nickel films, whereas this reaction does not occur at temperatures
below 220°C with alloys containing 10 to 40% copper.

. The above discussion of the reaction on alloys is a tentative one, since
experimental reproducibility was poor in the catalytic experiments on alloy
films. Errors due to small amounts of impurities or a slight non-uniformity
in the composition of alloy film surfaces cannot at present be excluded.

V. Conclusions

Experimental results on the exchange of propane and deuterium over
nickel and rhodium films can be analysed and the underlying mechanism can
be understood by means of the scheme given in this paper. It appears that
isotope effects, although numerically large, can be neglected under the condi-
tions used in many experiments {large excess of deuterium).

The kinetic inequivalence of primary and secondary hydrogen atoms has
little influence on the isotope distribution at low conversion, but analysis of
the two D, isomers initially formed shows that the rate constants for these
two are different. For a reliable calculation of multiplicity from distribution
curves, this result must be taken into account.

When nickel films are prepared under good ultra-high vacuum conditions,
the rates at —40°C are high enough to study the exchange between propane
and deuterium on films obtained after sintering.

The present results also reveal that the effect of self-poisoning in this
reaction is very important. In consequence, data obtained at 50°C could not
be used for a reliable analysis of reaction parameters other than those con-
nected with the formation of carbonaceous residues.

The activity pattern for copper-nickel alloys observed at non-suspect con-
ditions does not exhibit a maximum. But under conditions where self-poisoning
is predominant, some alloys are apparently more active than nickel. This
apparent maximum therefore seems to result from a competition of the activities
for the test reaction and for the production of carbonaceous residues.

Acknowledgement

The experimental assistance from J. MooLHUYSEN, P. R. GEUkKEs and
J. J. de BoOER, and stimulating discussions with G. DALLINGA are gratefully
acknowledged.




Catalytic Protium-Deuterium Exchange of Propane/Hydrogen Mixtures

References

C. KEMBALL, Proc. Roy. Soc., A 223, 377 {1954).

J. PURNELL and C. P. QUINN, J. Chem. Soc., 4, 4049 (1964).

J. W. RooT and F. S. ROWLAND, J. Phys. Chem., 68, 1226 (1964).

J. D. OVERMARS and S. M. BLINDER, J. Phys. Chem., 68, 1801 (1964).

G. DALLINGA, A. A. VERRIJN STUART, P. J. SMIT and E. L. MACKOR, Z. Elek-
trochem., 61, 1019 (1957).

H. BOLDER, G. DALLINGA and H. KLOOSTERZIEL, J. Catalysis, 3, 312 (1964).
J. R. ANDERSON and C. KEMBALL, Proc. Roy. Soc., A 223, 361 (1954).

F. E. CONDON, J. Am. Chem. Soc., 73, 4675 (1951).

G. C. BOND, Catalysis by Metals, Acad. Press, London, 1962.

J. S. CAMPBELL and P. H. EMMETT, ]. Catalysis, 7, 252 (1967).

95



	0069.tif
	0070.tif
	0071.tif
	0072.tif
	0073.tif
	0074.tif
	0075.tif
	0076.tif
	0077.tif
	0078.tif
	0079.tif
	0080.tif
	0081.tif
	0082.tif
	0083.tif
	0084.tif
	0085.tif
	0086.tif
	0087.tif
	0088.tif
	0089.tif
	0090.tif
	0091.tif
	0092.tif
	0093.tif
	0094.tif
	0095.tif

