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Calorimetric Studies of Hydrocarbon Adsorption on Metal Films
I. Cyclopropane on Platinum and Molybdenum
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Heats of adsorption of cyclopropane were measured at room temperature in an adsorption
calorimeter on platinum and molybdenum films deposited in the 103 Torr region. An initial
heat of 123.6 keal/mole, mildly decreasing with increasing adsorbed amount, was obtained
with molybdenum, while a coverage-independent heat of 47.1 keal/mole resulted with platinum.

The experimental data for molybdenum are consistent with the concept that extensive frag-
mentation of the C; skeleton occurs at low surface coverage, giving rise to Cy and Cs species
of the basie structure Mo=C=Mo and Mo=(CH)-(CH)=Mo. The proposed species are essentially
the same as suggested for the adsorption of saturated hydrocarbons. The possible simultaneous
operation of a nonfragmentation mechanism is not excluded. The mild fall of the heat with
increasing surface coverage has not been satisfactorily explained.

L. INTRODUCTION

The behavior of cyclopropane in chemi-
sorption and hydrogenation on metal sur-
faces makes this hydrocarbon attractive as
a model compound for the study both of the
activity and the selectivity of metal cata-
lysts, and of the relation between chemi-
sorption and catalysis. Therefore, much
experimental and theoretical work has been
devoted to cyclopropane—metal systems.

Data on the heat of adsorption of cyclo-
propane on metals are, however, scarce and
open to questions. Benson and Kwan (7)
measured the isotherms of cyclopropane on
a silica—alumina supported nickel catalyst
at 0 and 32°C and obtained isosteric heats
from 7.0 to 8.8 kcal/mole. Other estimates
of the heat have been inferred from kinetic
measurements only: the adsorption co-
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efficient resulting from a kinetic equation
fitted to the rates of cyclopropane hydro-
genation was substituted for the equilib-
rium constant K, in the van't Hoff
isochore [d1In K,/8T]p = AH*/RT, from
which AH° was obtained, and to this
parameter the meaning of an approximate
isosteric heat was ascribed. A few kilo-
calories per mole resulted for AH® on a
number of metals (2). The complexity of
the cyclopropane adsorption on metals,
however, makes the validity of this ap-
proach questionable, and it is used only
exceptionally at present (3). The relative
strength of cyclopropane adsorption com-
pared to hydrogen was often deduced from
the reaction orders of cyclopropane hydro-
genation (3~13). On this basis it was
believed that hydrogen is more strongly
adsorbed than cyclopropane, so that the
catalyst surface in a hydrogenation reaction
is occupied by relatively strongly adsorbed
hydrogen, and the rate-determining step in-

159

Copyright © 1977 by Academic Press, Inc.
All rights of reproduction in any form reserved

ISSN 0021-9517



160 CERNY ET AL.
TABLI 1
Pmposed:Fm’ms of Chemisorbed Cyclopropane
Structure Mechanism of formation Refs.
& w-bond between the partially delocalized (2, 15, 16, 20-22)
: electrons of the ring and the vacant
* d-orbitals of the metal
V Dissociation of one hydrogen atom 4, 8, 15, 16, 20)
*
A Dissociation of two hydrogen atoms (26)
% %
CHang-CMa CH2§EA;CH2 ) .
| | Ring opening (20, 26)
X X
Ha
AN
Hz(i‘, CIHz Ring opening (6; 14, 16} 18, 207 23: 24, 26)
E'3 *
CH
HZC< *Z/\CH2 Ring opening 23)
=L
Hﬁ Cin Ring opening (25)
* *
H
<
i L e Ring opening (10, 26)
X *

Cy + C: species

Dissociation of two C-C bonds

(14, 15, 24, 26)

volves weakly chemisorbed (2), physisorbed
(6), or even gaseous (3, §) cyclopropane.

Further investigation of cyclopropane
adsorption and hydrogenation on metals
has revealed that dissociation both of the
C-H and C-C bond can occur, that the
latter may involve not only the ring opening
but also cracking (fragmentation) of the
three-carbon skeleton, and that the extent
of these processes depends on the nature of
the metal and on the experimental condi-
tions (11, 14, 15). The disclosed complexity
of the adsorbed layer also prompted sugges-
tion of the strong adsorption of cyclo-
propane, generally accepted nowadays (16—
19). However, no direct thermochemical
data have been available.

A number of modes of cyclopropane
adsorption have been proposed from a
variety of experiments (Table 1). Besides
the adsorption, also collision and inter-
action of gaseous cyclopropane with the
adsorbed hydrogen atoms dissociated from
another cyclopropane molecule should be
considered (5, 23).

Further complications arise by the likely
conversion of the adsorbed species into
other structures, and by their reactions
with surface hydrogen (4, 7, 12, 14-16, 18,
20, 23). Likelihood of the occurrence of the
particular species was discussed, e.g., by
Merta and Ponec (20). The experimental
(7, 16, 20, 27, 28) and theoretical (29)
studies of the cyclopropane-iron system
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give a further insight into the complexity
of processes which may take place.

Extensive splitting and formation of
bonds in the suggested schemes makes
cyclopropane chemisorption attractive for
a calorimetric investigation. Molybdenum
is very active in the cracking of the C;
skeleton of cyclopropane into C; and C,
fragments, while platinum does not frag-
ment it at all at room temperature (20, 25,
28, 30). Therefore, we have selected these
two metals for the present study.

II. EXPERIMENTAL METHODS

The calorimeter and adsorption ap-
paratus have been described in detail else-
where (31). The system was fitted with a
mercury diffusion pump and mercury float
valves. The section with the calorimeter
and ion gauge was protected from mercury
vapor after the bake-out by two traps
cooled by solid CO; in ethanol.

Cyclopropane B. P. (ICI Ltd., Wilmslow,
England) was taken from a cylinder. Im-
mediately before each experiment the gas
was subjected to repeated freeze—evapora-
tion cycles between liquid nitrogen and
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room temperatures, the first and last
portions of the vapor phase being pumped
away. Mass-spectrometric analysis of the
gas dosed to the film showed 0.06%, of C,
species as admixtures.

Hydrogen, prepared by electrolysis, was
purified by diffusion through a hot palla-
dium thimble.

The platinum and molybdenum wires
for the preparation of films were the same
as in Refs. (31) and (32), respectively. The
films were deposited at about 285°K. The
area of the calorimeter wall covered by film
was always about 100 cm?.

III. RESULTS

Three films of platinum and three films
of molybdenum were prepared for the
calorimetric experiments (Table 2). Column
6 gives the time spent in putting the calori-
metric system into operation (evacuation
of the jackets, wiring into the measuring
circuit, thermal stabilization). All experi-
ments were carried out at approximately
295°K.

As is well known, cyclopropane dosed to
the bare film at room temperature is at the

TABLE 2

Characteristics of the Platinum and Molybdenum Films®

No. 1 2 3 4 5 6 7 8 9 10
Pt films

23 34.0 187 4 —b 4 283 352 5 0.80 0.85

30 18.0 37 7 — —c 313 436 5 0.93 :!:0.04

61 43.1 285 9 —_ —c 114 226 10 0.82 ’
Mo films

38 12.6 30 7 — —c 180 429 17 11.0 104

51 12.3 30 5 — 3 124 324 15 10.2 :}:0.3

52 18.3 78 5 — 2 150 509 24 10.1 ’

¢ Column: (1) film weight (mg); (2) time of the film deposition (min); (3) vacuum during the film deposi-
tion (Torr X 107%); (4) thermal treatment of the deposited film; (5) vacuum between the end of film
deposition and admission of the first dose (Torr X 1079%); (6) time from the end of deposition to the first
dose (min); (7) time from the end of deposition to attaining n*; (8) number of doses up to n*; (9) N* = n*/
100 mg of the film (micromoles); (10) average value of N*.

b Heated for 30 min at 80°C.

¢ Calorimeter with the film separated from the remainder of the apparatus up to the inlet of the first dose

by a magnetically operated ground ball valve.
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TABLE 3
Results of the Regressional Analysis of the Integral Curves®

No, bo St by b sw be Su bs Sk 8 A B ¢
Pt films

23 —013 024 46.13 471 1.50 —_ — — — 023 1 5 452

30 -—020 0.08 46.15 :1:1‘0 0.75 — — — — 0.08 1 5 446

61 030 0.09 49.06 042 — — — — 014 1 10 495
Mo films

38 —117 040 11888 123.6 127 -9.51 0.86 — — 052 1 17 105.0

51 —0.27 029 127.79 :i:2.6 1.84 — — —3.30 0.65 048 093 15 120.1

52 0.07 0.17 124.09 ’ 0.39 — — —201 0.16 042 090 24 116.0

® 3 denotes the standard deviation of the overall fit; s with an index denotes the standard deviation of
the coefficient given in the index; b, stands for the average of the b; values; 4: n/n* up to which the fit
holds; B: number of doses up to n*; C: integral heat (kcal/mole) from n = 0 to n*.

beginning rapidly adsorbed to a very low
residual pressure. After an uptake of
n* micromoles, the equilibrium pressure
reaches the value of 2 X 10=% Torr (1
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Fra. 1. Differential heat-coverage curves of cyclo-
propane adsorption on molybdenum and platinum
obtained by differentiation of the best fit to the
integral curves. Molybdenum films: 38 (--), 51
( ), 52 (—=); platinum films: 23 (--), 30
(-+), 61 (+++-).

Torr = 133 Nm~?) detectable by the Mec-
Leod manometer. It increases progres-
sively when further increments of cyclo-
propane are added.

Heat evolved by further dosing after n*
had been attained can be determined only
approximately due to the lack of knowledge
of the equilibrium gas composition, and due
to the increasingly appreciable heat trans-
port between the calorimeter and cold
traps via the gas phase.

The primary experimental data up to n*
were plotted in the form of integral curves
ZAQ vs TAn (AQ stands for the heat evolved
by the adsorption of An micromoles) and
fitted by a computed analytical expression,
the differentiation of which gave the re-
quired differential heat vs adsorbed amount
curve. A more detailed outline of this
method is given in Ref. (31). Parameters of
the best fitting polynomials ZAQ = by
+ b + ban® 4 bsnd are given in Table 3.
The resulting curves are shown in Fig. 1.
In the experiments 51 and 52, the fit broke
down before n* was reached, and the heat
fell to approximately 80 kcal/mole. The
values of by obviously equal the initial heats
of adsorption, viz, 46.1, 46.1, and 49.1
kecal/mole in the particular experiments
with platinum, and 118.9, 127.8, and 124.1
keal/mole with molybdenum. As criteria
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for the selection of the best fit were taken
the lowest standard deviations both of the
overall fit and of the individual coeflicients
in the polynomial, and the lowest number
of these coefficients, i.e., the simplest
possible expression. The intercept b, < 0
on the abscissa axis, obtained by extrap-
olation of the integral curve from the
experimentally covered range to lower
coverages, indicates a nonzero uptake with
zero heat, which is likely to be due to
partial adsorption of the first dose in the
cold traps (31).

The heat liberation in each dose up to n*
was completed within 10-20 sec. No subse-
quent heat evolution was observed. The
uptake of cyclopropane dosed after n* was
reached proceeded with gradually decreas-
ing rate and increasing equilibrium pres-
sure. The heat liberated by the first doses
after n* was both on platinum and on
molybdenum of the same order of magni-
tude as before n* was reached.

When a molybdenum or platinum film
consumed an amount of cyclopropane ex-
ceeding n*, the equilibrium gas phase was
pumped off, and a dose of hydrogen ad-
mitted ; rapid evolution of approximately
10 keal/mole on platinum and of approxi-
mately 20 keal/mole on molybdenum took
place. When the equilibrium gas phase was
pumped off and a new dose of hydrogen
was admitted, it was again rapidly ad-
sorbed with the same heat and equilibrium
pressure as the preceding dose. A number
of subsequent hydrogen doses were ad-
sorbed with a decreasing heat and increas-
ing equilibrium pressure.

1V. DISCUSSION

The heats of adsorption of cyclopropane
on platinum and on molybdenum differ
markedly from each other. This points to
different adsorption mechanisms. Merta
and Ponec (20, 25) concluded from mass
spectrometric experiments that on platinum
at room temperature, only opening of the
cyclopropane ring occurs, leading even-
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tually to wself-hydrogenation of the Cj
species into propane. Over molybdenum,
however, in addition to propane also
methane and ethane appear in the self-
hydrogenation products, indicating frag-
mentation of the C; skeleton into C; and
C, species. It was not possible, however, to
deduce from this evidence the nature of the
surface species. We will now examine how
the calorimetric data could contribute to
the specification of the adsorbed species.

A. PraTinuar

The comparatively low heat of adsorp-
tion points to a nonfragmentation mech-
anism of adsorption. The constant heat up
to n* suggests that no change in the
mechanism of adsorption occurs in this
range of adsorbed amount.

The data obtained, however, are not
sufficient for a proposal to be made of the
nature of the species formed. The heat of
adsorption of propylene would be required
for a thermochemical analysis. Measure-
ment of this heat is under way and it seems
useful to postpone further discussion until
it is available.

B. MoLYBDENUM
1. Imitial Heat

The high initial heat of adsorption indi-
cates that fragmentation of the C; skeleton
of cyclopropane occurs, in accordance with
Merta and Ponee (20, 25). Let us assume
a complete fragmentation into C; and C,
species on the sparsely covered surface, and
write a formal thermochemical cycle:

CiHee) = CHyyy + CiHayy + @
CHyy — CHyqaasy + Q-
C2H2(g) - CZH2(ads) + Qs

CiHgyy — CHygaasy + CoHoguas) + @1 + @2 + Q5.

@1 is the formal “heat of dissociation,”
calculated from the respective heats of
formation (84) to be —23.6 keal/mole. @.
and §; are the observed initial heats of
adsorption, i.e., 65.3 kecal/mole (85) and
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62.5 keal/mole (33). We must, however,
still take into account the interaction
between the particular species in the ad-
sorbed layer. In Parts II (33) and III (35)
arguments are given in favor of a hypothe-
sis that each molybdenum-bonded carbon
atom of a hydrocarbon species has in its
vicinity two sites on which hydrogen atoms,
if available, are adsorbed with a heat
effectively increased by 18 keal/mole. Ac-
cording to Part III (35), methane on
a sparsely covered molybdenum surface
undergoes complete dehydrogenation and
forms the species Mo=C=Mo with two hy-
drogen atoms localized on adjacent sites.
The remaining two hydrogen atoms which
cannot be coordinated by the single ad-
sorbed carbon atom, are freely mobile on
the surface. In the case of cyclopropane,
however, the two hydrogen atoms can be
coordinated by the C, fragment. The heat
effect of the cycle is thereby increased by
18 keal/mole to —23.6 + 65.3 + 62.5 + 18
= 122.2 keal/mole., This is very close to
the observed average initial heat of cyclo-
propane adsorption, amounting to 123.6
keal/mole. Hence it can be suggested that
cyclopropane disintegrates at low surface
coverage into two species, one of which is
identical with the adsorbed methane, and
the other one with the adsorbed acetylene
having two extra hydrogen atoms localized
on the adjacent sites. Referring to the
structures discussed in Parts II and III
(33, 35), we can therefore write:

H H
C.H, — II{ ....... ﬁ,__ﬁ; ....... 1|{
Mo Mo Mo Mo
+ H--vrnn Ceeennnn H.
l 7 \ |
Mo Mo Mo Mo

(The number of molybdenum atoms repre-
senting the metal surface is of course formal,
since the available evidence does not permit
to distinguish between, e.g., Mo=C=Mo and
Mo=C=Mos,.)
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The consistency of this proposal with the
observed data does not exclude that another
mechanism is operative. The extent of the
fragmentation is not known, and thus in
some of the cyclopropane molecules, only
one C-C bond might be broken and a
trimethylene biradical formed, as suggested
by quantum chemical considerations (29).
From the biradical, a 1,3-adsorbed species
could eventually be formed. Thermochemi-
cal estimates indicate such a mechanism as
compatible with the observed initial heat
of adsorption of cyclopropane. The frag-
mentation and nonfragmentation mech-
anisms might operate simultaneously at
low surface coverage.

2. Decrease of the Heat with the Increasing
Coverage

Explanation of the observed fall in the
heat with the increasing coverage is diffi-
cult. It is shown in Part III (35) that the
falling heat of methane, ethane and propane
can be satisfactorily accounted for by the
gradual transformation of the low-coverage
species Mo=C=Mo into the species Mo=CH,
while the structure of the C, species re-
mains unchanged. If this mechanism is
tentatively applied to cyclopropane, the
coverage-independent C, species requires 4
sites, the high-coverage species Mo=CH
requires 1 site, and the hydrogen atom
localized in its vicinity also 1 site, i.e., in
total 6 sites. By definition, n* represents
the number of micromoles adsorbed up to
the appearance of an equilibrium pressure
of approximately 2 X 10—* Torr, which is
just detectable with McLeod manometer.
This magnitude referred to 100 mg of the
film is denoted by N* Experiments in Ref.
(32) gave for N* of hydrogen defined in
this way 32.6 and 33.3, i.e., an average
of 33.0 umoles. N* for cyclopropane is
10.4 & 0.3 pmoles (Table 2). Provided we
assume tentatively that the surface cover-
age by hydrogen and by cyclopropane is
essentially the same at the equilibrium



CYCLOPROPANE ON Pt AND Mo

pressure of 2 X 10=5 Torr [ef. Refs. (33)
and (35)], the effective number of sites
required by one cyclopropane moiecule at
n*1is (33.0 X 2)/10.4 = 6.3. This points to
6 sites involved in bonding.

It is worth noting that the site require-
ment deduced in this way coincides fairly
well with the number of sites needed by
the surface species suggested from the
thermochemical analysis. On the other
hand, the assumption of the same surface
coverage by hydrogen and cyclopropane at
the mentioned equilibrium pressure is cer-
tainly debatable, and thus the obtained
coincidence might be but fortuitous. Fur-
thermore, a mere qualitative look at the
much milder fall of the heat of cyclopropane
as compared to the mentioned alkanes,
indicates that a common explanation based
on the changing nature of the C, species is
not likely to be entirely realistic. This is
suggested also by thermochemieal caleula-
tions along the same lines as in Part II1
(85). Gradually decreasing fragmentation
and Increasing operation of the biradieal
mechanism mentioned in the preceding
paragraph might be connected with the
observed heat fall.
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