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Heats of adsorption of methane, ethane and propane were memured at room temperature on 
molybdenum films in a calorimeter at 10-O Torr. Initial heats of 65.3,100.3, and 133.5 kcal/mole 
were obtained for methane, ethane and propane, respectively. The heats decrease with increasing 
surface coverage. The rate of the heat liberat,ion falls in the sequence propane > ethane 
>> methane. Met,hane differs from the other two alkanes by low extent of the surface occupation. 

Methane is suggested to adsorb at low surface coverage as the species Mo=C=Mo with two 
of the dissociated hydrogen atoms localized on adjacent sites. When the coverage increases, 
species MO&H with two hydrogen atoms localized in the close vicinit,y are gradually formed. 
Propane undergoes fragmentation into C1 and Cz species. The CI species is identical with that 
formed by methane, and its struct’ure changes in the same way when the surface coverage 
increases. The Cz species retains in t,he ent,ire investigated range of coverage the structure 
Mo=(CH)-(CH)=Mo with four adjacent hydrogen atoms. Methane is only part,ially cleaved 
into two C1 species having the structure of adsorbed methane. About one half of the adsorbed 
ethane remains nonfragmented in the form of Cz species identical with those formed from 
propane. 

The low extent of the surface occupation and slow heat, liberation observed with methane 
can be accounted for by t*he low energy of molecular orbitals in this molecule. The interpretation 
of ethane and propane chemisorption is similarly consistent with their molecular orbital 
description. 

I. INTRODUCTION general, t’hrre is little agreement on the 
i.e., The adsorption and cat’alytic behavior nature of the surface species formed, 

of low alkanes on metals and alloys have on the fission of t,he C-H and C-C bonds 

been studied by a variet’y of methods. The in the adsorption process, and on the 

kinetics of hydrogcnolysis and the ex- sequence in which t,he bonds react with 

change reactions with hydrogen isotopes a surface. 

have been investigated most frequently The energetic aspect of chemisorption of 

(1-Y). As examples of other studies can alkanes has been treated but marginally 

serve the investigation of adsorption under as yet. Some ideas have been outlined 

static conditions at high temperature (8), about the effect of t’he strength of ad- 

thermal desorpt,ion experiment’s (g-11), sorption on the velocity of adsorption (l5), 

work function measurement’s (11, 12), and on the rate of catalytic react,ion (16), and 

field emission microscopy (11, 13). A com- on the reaction mechanism (17, 18). Ener- 

prehensive review of work up to 1970 was getic considerat,ions for the CH.+/W system 
given by Anderson and Baker (14). In are delineat’ed in Refs. (8, 14). It was also 
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forecast that the h(& of adsorption of t,ht: 
saturahcd hydrocarbons should fall sharl~l~ 
as t’hc surface is covcwd (19). Ho\v(wr, 
no direct cnt,halpic mc~asuwmcwts have 
been accomplished. 

The prcwnt, papt’r reports the calori- 
metric heats of adsorpGon of the t,hrw 
lowest allcanw on molybdenum, which is 
rclprcscntativc of mcatals cfficknt in the 
cleavage of C-C bonds and was t,hcreforr: 
sclrctcd also for prcwding studiw (80, ,$?I). 
The observed init#ial htlats, t,hc heat-cov- 
wage depcndencc, the rat,e of the hwt 
libcrat,ion, and the adsorbed amount of 
the particular alltancs arc used to speculate 
on the surface spcciw formed. First, 
thermochemical cycles arc conskructcd for 
various modes of adsorpGon. Those modes 
for which the heat balance of the cycle 
differs grossly from t#hc cxpcrimcntal heat 
of adsorption arc rcjwted. In the remain- 
ing cases, fitting is at8t,cmpted by assuming 
an energetically favorable localization of 
t,he dissociated hydrogen atoms in the 
vicinit,y of the adsorbed carbon atom, as 
in Part II (WI). As auxiliary criteria are 
used the energies of the molecular orbitals 
in the particular alkanes, and t.he ratio 
of t,he adsorbed amounts of hydrogen and 
the alkanc in qwst.ion. 

II. EXPERIMENTAL METHODS 

The same apparatus and expcrimcntal 
procedures were employed as in Parts I 
and II ($0, 21). All expcrimcnt’s wrc pcr- 
formed at, approximately 295°K. 

CP Grade gases from Mat,hcson Co., 
East Rutherford, N.J., xverc filled into a 
reservoir on the apparatus. Ethane and 
propane were subjected immediately before 
each experiment to repeated frecze-evapo- 
ration cycles between liquid nitrogen and 
room temperatures, with pumping off the 
first and last portions of the vapor phase 
on evaporation. Methane was filled into 
the reservoir cooled by liquid nitrogen 
until it was liquefied. Rcfore each experi- 
ment, it was newly liquefied by cooling 

t,hc rwwoir, and t,hc gas phase abovc t,hc: 
condensate: \vas pumpt~d off for scvoral 
minutw. 

The charactwistics of the prepared films 
arc given in Table 1. The primary data 
wre plotted in t,he form of intScgral curves 
and fittc>d by polynomials ZAO = 6, + blrb 
+ bzu2 + bad (ZAQ stands for the heat 
evolved by the adsorption of gas 
amount u), according to t,he procedure 
out81incd previously (22). Cocfficient~s of 
the fit,trd polynomials arc given in Table 2. 
Diff erent~iatSion of t hcse expressions gave 
the curves of different,ial heat, vs adsorbed 
amount shown in Fig. 1. Obviously, t,hc 
values of bl equal the initial heats of 
adsorption. 

Methane differs from cthane and pro- 
pane and from the hydrocarbons dealt 
with in Park I and II (220, 21) by showing 
slow heat evolution and low ext’cnt of 
adsorption. In Expt 54, the liberation of 
heat in the first dose was completed only 
in 50 SW, instead of the usual lo-20 sec. 
This t#ime gradually increased up t,o about 
250 SW in t’he sixteenth dose lvhich was 
the last one consumed without an cqui- 

TBBLE 1 

Characteristics of the Molybdenum Filmsm 

Absorbate 1 2 3 4 5 6 7 8 9 

PrOpTIe 45 10.7 75 4 -b 178 317 7.1 

47 25.5 50 2 -* 218 701 8.3 7.5 * 0.4 

40 14.4 59 4 1 118 413 7.0 

Ethane 48 24.6 ti7 7 -) 128 434 9.4 9.45 
50 23.7 X3 G 3 120 483 9.5 

Methane 54 21.2 WI 4 2 124 545 8.B 
55 12.0 80 G 1 112 

0 Column: (1) number of the experiment; (2) film weight 

(lag); (3) time of the film deposition (min) ; (4) vmxnun dur- 
ing the film deposition (Ton X 10-v) ; (5) vacuum between the 
end of the film deposition and admission of the first dose 
(Ton X 10-S); (6) time from the end of film deposition to the 
first dose (min); (7) time from the end of film deposition to 
reaching n* @in); (8) N* = n*,‘lOO mg of the film (micro- 
moles) ; (9) average value of N*. 

bCalorimeter with the deposited film WEB separated from 
the ion gauge and remainder of the apparatus up to the inlet 
of the first dose by a magnetically operated ground ball valve. 
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TABLE 2 

Results of the Regressional Analysis of the Integral Curvesa 

Adsorbate Film bo 860 bl 61 3bl bz Sb2 ba s+q s A B C 

Propane 45 -0.79 0.58 130.86 133.5 2.56 0 0 -38.51 4.44 0.77 1 9 106.8 
47 -3.44 1.26 132.31 rk2.1 1.72 0 0 -5.08 0.33 2.03 1 25 107.6 
49 -0.60 0.44 137.33 1.60 0 0 -30.51 1.89 0.57 1 12 105.4 

Ethene 48 0.84 0.20 99.37 100.3 0.28 0 0 -2.58 0.05 0.32 1 19 85.8 
50 0.66 0.52 101.25 fl.O 0.74 0 0 -3.45 0.15 0.98 1 27 62.5 

Methane 54 0.40 0.10 65.34 0.33 - 18.90 0.22 0 0 0.13 0.85 17 33.0 

n s denotes the standard deviation of the overall Et; 8 with an index denotes the standard deviation of the coefficient given in the 
index: i;, stands for the mean of the bl values: A : n/n* UD to which the fit holds; B: number of doses up to n*; C: integral heat 
(kcal/mole) from n = 0 to n* 

librium pressure detectable by the McLeod 
manometer. From the seventeenth dose 
onwards, an equilibrium pressure higher 
than 2 X lo+ Torr remained over the 
film, even after several t.ens of minut.es 
after the dose inlet. The amount of gas 
adsorbed up to this point is denoted as 
in the foregoing papers (80, 21) by n*. 
This quantity referred to 100 mg of film 
is denoted by N*. When n* was reached, 
further dosing of met,hane gave merely a 

dQ/dn [kcal/molel 

0’ 01 d2 03 04 05 0.6 0.7 “8 09 ‘“/ti 

Fro. 1. Differential heat vs adsorbed amount 
curves obtained by different.iat,ion of the best fit 
in the integral curves. Propane: (- -) Expt 45; 
(-*me) Expt 47; (-.) Expt 49; Ethane: (-.a) 
Expt 48; (---) Expt 50; Methane: (-) Expt. 54. 

very slight heat effect. Unfortunately, 
analysis of the equilibrium gas was not 
available. The heat of methane adsorp- 
tion fell linearly from the lowest surface 
coverage. 

Experiment 55 confirmed all the essen- 
tial features of Expt 54: the initial heat 
amounted approximat8ely to 65 kcal/mole, 
it was evolved slowly, t#he heat and the 
rate of its liberation markedly diminished 
as the surface coverage increased, and the 
extent of adsorption was lower than wit,h 
the other hydrocarbons. However, t,hc 
heat liberation already after four doses 
became too slow for a reliable determina- 
tion of the heat amount. Therefore, this 
experiment is not included in Table 2 and 
Fig. 1. The tenth dose was adsorbed still 
to an equilibrium pressure lower than 
2 X lop5 Torr, but it t,ook 60 min. The 
total uptake reached 6.0 &moles of mcth- 
am/100 mg of film by this dose. The 
subsequent dose was again very slowly 
adsorbed. 

Ethane was adsorbed up to n/n* = 0.8 
in l&20 see after the dose admission. 
From this coverage onwards, the heat 
evolution decelerated until at n* it was 
completed only in 170 WC after the dose 
inlet. Adsorption of doses when n* was 
exceeded proceeded with an increasingly 
retarding rate of heat evolution. When the 
equilibrium gas was pumped off and sub- 
sequently new ethane dosed, retardation 
of heat evolution continued. 
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Propane behaved in an analogous man- 
ner to ethane, but t,he decclerat8ion in the 
heat liberation set in at n/n* = 0.9 only, 
and at n” the heat was evolved in approxi- 
mat,ely 60 set after the dose inlet. 

Preliminary experiments were pc>rformcd 
with admission of hydrogen omo t,hc ad- 
sorbed hydrocarbon layer, after II* was 
reached and the equilibrium gas phase 
pumped off. The admitt,ed hydrogen was 
readily adsorbed without any detectable 
equilibrium pressure, and gave 14, 20, and 
30 kcal/molc on prcadsorbcd propane, 
cthane, and methane, rcspcctiwly. 

IV. I~ISCUSSION 

A. Propalle and Metha~le 

It is of advantage to discuss the br- 
havior of methane and propane jointly, 
because the findings are complementary. 

1. Th,e Initial Heat of Adsorption of 
Propane 

The initial heat of adsorption of propane 
is much higher than that of propylene and 
of other unsaturated hydrocarbons (21). 
It therefore seems likely t’hat propane 
undergoes on the bare surface of molyb- 
denum at room t.emperature dissociation 
both of the C-H and C-C bonds. This 
suit,s the expectations based on the elec- 
tronic structure of propane, whose mo- 
lecular orbitals localized on the C-C and 
C-H bonds have energies close to each 
other (23, 24) and t’his indicates that both 
kinds of bonds can be dissociated with 
comparable case. 

The suggest’ed adsorption behavior of 
propane can be examined by means of 
t’hermochemical cycles. Let us first assume 
t#hat propane is adsorbed similarly to 
propylene, i.e., that it forms species 
Mo=(CH)-(C-CHa)=Mo and four adsorbed 

hydrogen atoms. This can be formally ex- 
pressed by t.he cycle 

G%,, + C3H6cg) + H2cg) - 29.7 kcal/mole 
GJ&) ---f Cd&(s,~s) + 2H,,ds) + 78.4 kcal/mole 
H 2(K) + ~H(,<I,, + 30.0 kcal/mole 

GHa(,, -+ C3Ha(,d,, + ~Hc,,J,, + 78.7 kcal/mole. 

The heat of the first formal st.ep follow 
from the heats of formation of propane, 
propylene and mct,hane (a@, and t’he heats 
of the second and third step are taken 
from Rcfs. (21, 26), rcspw%ively. The heat 
effect of the cycle is much lower than the 
init#ial heat of propane adsorption, amount- 
ing t,o 133.5 kcal/mole. Even if some ad- 
ditional heat were gained by coordination 
of t#he dissociat’ed hydrogen atoms around 
t,he carbonaceous residue (see below), the 
heat effect of the cycle st’ill would remain 
too low. Herux t,his nonfragment’ation 
mode of the propane adsorption cannot bc 
the only one at low surface coverage, if it 
becomes operative at all. 

A thermochemical cycle for the ad- 
sorption by the two terminal carbon atoms 
does not fit the experimental initial heat 
of adsorption eit,hcr. 

Anot’her alternative at low surface cov- 
erage is the cleavage of t’he C-C bond of 
propane. This suggestion is supported by 
localization of the front’ier molecular or- 
bitals of propane on the C-C bond which, 
t#herefore, probably dissociatw with lcast 
activation energy in an adsorption process. 
The nat,ure of t’hc fragment’s is of course 
not known. By analogy with cyclopropane 
(20) and in view of the product distribu- 
t,ion from t,he hydrogcnolysis reactions, we 
assume as most likely the splitting of one 
CJ-C bond wit,h the formation of a Cl and 
a Cz fragment. Taking the stable species 
n-it,h well-established hcat#s of formation 
and adsorption, wc can write : 

C&d ---f CzHw + CH,,,, - 19.3 kcal/mole 

C&w + GHz(n<~s) + 2Ix,a,,, + 69.5 kcal/mole 

CHw + C&am + 65.3 kcal/mole 

c3f18(d -+ c&ads) + 2H(cads, + C&ads) + 115.5 kcal/mole. 
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The heat effect of the first formal step 
follows from t,he heats of formation of 
propane, ethylene, and methane (25). The 
heat of adsorption of et#hylenc is taken 
from Part II (21). The nature of the 
species denoted provisionally as CzH2 cads) 
and CHlcnds) is not known. 

The heat balance of t#he cycle is 18 kcal/ 
mole lower than the observed initial heat 
of adsorption of propane. The same dif- 
ference was found with alkenes ($I), and 
tentatively explained by assuming that 
the two hydrogen atoms dissociated from, 
e.g., an ethylene molecule, are localized 
in the vicinity of the carbonaceous residue 
so that one of them sits near t’o one 
Mo=CH- bond, and thereby an extra heat 
of approximately 18 kcal/mole of hydrogen 
is gained. Through this suggested int,er- 
action in t,hc adsorbed layer, coincidence 
of the heat effect of t’he corresponding 
thermochemical cycle with t,he observed 
initial heat of ethylene adsorpt,ion was 
achieved, and the structure 

H...;-$.. .H 

AL 0 4 Alo Al A’o 0 

was suggested for the surface species arising 
from ethylene. 

Applying this concept, let us ascribe the 
difference of 18 kcal/mole between the 
observed init.ial heat of propane and the 
heat balance of the cycle to the coordina- 
tion of other two hydrogen atoms around 
the CZ fragment,, thus postulating that 
one carbon-molybdenum bond is able to 
localize in its vicinity two hydrogen atoms, 
provided they arc available. Hence, the 
suggested struct#ure of t$he Cs species 
formed from propane is 

H H 
H.. . . . . .C-C.. , . . . .H 

(hereon referred to as species I), i.e., t,hc 
structure of adsorbed ethylene plus two 

extra hydrogen atoms coordinat.ed on the 
adjacent sit,es. It should be emphasized 
that the number of molybdenum atoms 
representing the metal surface is of course 
formal, because the available evidence 
does not permit us to distinguish between, 
e.g., Mo=(CH)-(CH)=Mo and Mo2=(CH)- 
(CH)=Moz. 

The nature of the C1 fragment can bc 
proposed only after discussion of the ad- 
sorption of methane. It is shown below 
to be 

H . . . . . . . C . . . . . . . He 

2. The Initial Heat of Adsorption oj 
Methane 

The high initial heat of adsorption of 
methane points to its dissociative chemi- 
sorption under the given conditions. Pro- 
vided the concept of the adsorption of 
propane suggesting formation of species I 
and a Cl species is valid, the Cl species 
arising from propane and methane must be 
identical: if they were different, the initial 
heat of propane adsorption would not 
coincide with the heat effect of the above- 
mentioned t.hermochemical cycle involving 
formation of Structure I. The decrease of 
t,he evolved heat wit#h increasing adsorbed 
amount (see below) invalidates the pos- 
sible objection that the extra 18 kcal/mo!e 
in the heat, of adsorption of propane is in 
fact due to mutual interaction of the 
vicinal Cl species. 

When seeking for the mode of adsorp- 
tion of methane, it is useful to take into 
considerat,ion the carbon-molybdenum 
bond strengths of t.he assumed species. 
The observed initial heat, AQ = 65.3 kcal/ 
mole may be taken as the difference be- 
tween the sum of t,he energies of the 
bonds dissociat,ed and formed in the ad- 
sorption process : 
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(The dissociation energy and dissociation above relation have been published (27). 
heat of a bond are rat,her close and, We have, however, preferred to c&mate 
therefore, are not distinguished from each the carbon-molybdenum bond energies of 
other in the present considerat,ions.) The the assumed adsorbed spccics CH, as their 
stepwise bond dissociation cncrgics in hypothet’ical hcat,s of adsorpt,ion from the 
mcthanc required for insertion into the gasctous st,ate, obhained from a cycle: 

CHm --) CR,,,, + (4 - J-)Hw + Ql 
CK(d -+ CHzws) + Qz 
(4 - z)H(,, -+ (4 - r)Hms) + Q3 

Ch,, --f CHr(aw + (4 - s)H(.ds) + QI + Qz + Qs. 

The valuc1s of Q1 referring to the particular 
species CH, result from the hcat#s of 
format#ion of methane (- 17.9 kcallmole) 
and of t,he gaseous CH, spccics, amount,ing 
t>o (28) 31.9, 95, and 171.3 kcal/mole for 
CH3, CH,, and the monoatomic gas C, 
respectively. The heat of formahion of CH, 
not available in t’he t’ables, was estimated 
by cubic interpolation betwerln CHa and 
Ccgj t.o bc 141.5 kcal/mole. This value 
implies in CH t.htt bond energy of 81.9 
kcal/mole, in very good agrccmont. lvith 
the Sl kcal/mole est’ablished in the stcxp- 
wise dissociat,ion of methane (27). The 
rctsult,ing values of Q1 are t’hen 49.S, 112.9, 
159.4, and 189.2 kcal/molc for CHB, CHZ, 
CH, and C, respectively. 

If the heat effect of the cycic is equated 
\vith the observed initial heat of adsorp- 
tion of met’hane (65.3 kcal/molr), the 
hypothet,ical initial brats of adsorption Qz 
of CHs, CH2, CH, and Ccgf are 100.1, 14S.2, 
179.7, and 194.5 kcal/mol(b, rchspchctivcly, 
provided the indcpendcnt adsorpt’ion of 
t,he dissociated hydrogen at’oms wit,h the 
initial heat of 30 kcal/molc (26) is con- 
sidered. It appears, however, logical to 
assume that by analogy with t,he Cz spcci(xs, 
two of t,he dissociated hydrogen at,oms can 
be coordinated by caoh CL species with an 
additional effective heat, of int,craction of 
IS kc:tl/mol(>. H~ncc: we’ obtain 91, 130, 162, 
and 176 kcal/molc for the init,ial heat of 

respectively. As mcntioncd, thcsc heats 
are t(aken as equal to the required carbon- 
molybdenum bond energies. 

The energy of the formally double bond 
Mo=C of the Cz species Mo=(CH)-(CH)= 
MO was estimated to be approximately 
SO kcal/mole (21). The energy of the 
formally triple bond MosCH might then 
amount to 120-130 kcal/mole. When com- 
paring t,hesc valufls wit.h t?he carbon- 
molybdt~num bond energies estimated for 
the part,icular CH, species in the preceding 
paragraph, we are inclined to conclude 
that met,hane on a sparsely covered mo- 
lybdenum surface forms probably the 
species Mo=C==Mo, with the tot,al energy 
of bonding of 176 kcal/molc, whence 88 
kcal/mole results for t,hc energy of om: 

Mo=C bond, Two of t,he dissociat,cbd hy- 
drogen atoms arc adsorbed independent,ly, 
and two arc localized in the vicinit,y of 
t,hc carbon~mol~bdrnuril bond, so that t.hc 
complct,c adsorbed complex is 

H . . . . . ..C. . . . . . . H , 

refcrrcd t’o later as species II. The indi- 
cated number of molybdenum atoms in- 
volved in the bonding should be taken as 
formal only, as mentioned with species I. 

The outlined concept is in accord with the 
foregoing qualit ativc considorat ions, and 
morcovcr is corroborat,cd bv the heat of adsorption Qz of CH3, CH,, CH, and C,,,, ” 
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formation of solid dimolybdenum carbide that the energies of bonding between the 
which is - 11.0 kcal/mole (28). By adding surface and the species MO&H, Mo=CHz, 
the heat of formation of the monoatomic MO-CH3, amount to 130, SO, and 50 
carbon gas (28), we obtain 18‘2.3 kcal/ kcal/mole, respectively, and that each of 
mole, in reasonable agreement with the the carbon-molybdenum bond can coordi- 
above calculated value of 176 kcal/mole. nate two hydrogen atoms with an addi- 

tional heat of 18 kcal/mole, as in the 

3. The Fall of the Di$erential Heat of 
Adsorption of Methane with Coveraye 

The steep decrease in the heat of ad- 
sorption of methane might be caused by 
(i) the falling heat of adsorption of the 
hydrogen atoms that have remained mo- 
bile on the heterogeneous surface, (ii) by 
the gradually lessening dehydrogenation 
of the methane molecules at higher cov- 
erages, or (iii) by interaction of the ad- 
sorbed species with the newly dosed 
methane at higher coverages. 

The first factor is likely to be of minor 
importance, since the heat of hydrogen on 
bare molybdenum falls less steeply than 
the heat of methane (26). The operation 
of the second factor implying coexistence 
of adsorbed species dehydrogenated to a 
different extent is questionable, since the 
low heat of 9 kcal/mole observed im- 
mediately before attaining n* is hardly 
compatible with an undetectably low equi- 
librium pressure. 

The possible operation of the last mecha- 
nism can be analyzed if it is postulated 
that the species II formed at low surface 
coverage interacts with an arriving new 
molecule of methane with formation of 
two similar adsorbed species CH,. The 
observed heat of 9 kcal/mole at n* is then 
composed of the bond energies E of the 
two species of the surface, decreased by 

cases discussed above. Then, the heat 
effect of the cycle amounts to 15, 15, and 
36.4 kcal/mole for the species MO-CH3, 
Mo=CH2, and MO&H, respectively. The 
last value almost coincides with the energy 
of 37 kcal/mole estimated for bonding of 
the unknown species CH, to the surface. 
Therefore, the species 

H.. .E.. .H, 

referred to below as species III, appears 
to be the most probable of the particular 
alternative. This species is thus assumed 
to arise on the increasingly covered surface. 

The linear character of the heat de- 
crease can be accounted for by the very 
low energy of the highest occupied mo- 
lecular orbital of methane, permitting only 
the most active surface sites to be utilized 
for chemisorption (23). Even the partially 
occupied active sites are preferentially 
used by the newly arriving molecules, and 
thus a lack of suitable sites emerges, despite 
the fact that plenty of free sites of lower ad- 
sorption capability are available. There- 
fore, the less site-demanding species III 
arises in spite of being less energetically 
favorable than species II, and the ob- 
served heat of adsorption falls from the 
lowest surface coverage. 

the initial heat of adsorption of methane: 
9 = 2E - 65.3 (kcal/mole). Hence, the 4. The Fall of the Diflerential Heat of 

energy of bonding of the species CH, to Adsorption of Propane with Coverage 

the surface is 37 kcal/mole. The species The decrease of the heat of adsorption 
best compatible with this bond energy of propane can be explained similarly to 
term can be found by a thermochemical that of methane. Let us assume that the 
cycle for the overall process CHIC,, + nature of the CZ fragment formed from 
CHzc,asj + (4 - z)Hcadsj. Let us assume propane, i.e., species I, remains unchanged 
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in the whole range of t,he surface coverage, 
while the C1 fragment is identical with the 
adsorbed methane: it is species II at low 
surface coverage which transforms into 
species III as t,he coverage increases. 
Then, the low-coverage species II con- 
tributes to the initial heat of adsorpt’ion 
of propane with 65.3 + 18 = 53.3 kcal/ 
mole. The high-coverage species III, for 
which the heat of adsorption of 37 kcal/ 
mole was inferred in the preceding section, 
has only one hydrogen atom available for 
the energetically favorable localization on 
an adjacent sit,e, so that it cont#ribut’es to 
the initial heat of adsorption of propane 
with 37 + 9 = 46 kcal/mole. This is 37.3 
kcal/mole less than in the former case. 
Provided each molecule of propane newly 
adsorbed at high surface coverage leads 
to the transformation of one species II 
into species III, the heat of adsorption of 
propane at n* should be 133.5 - (2 X 37.3) 
= 58.9 kcal/mole. The observed values in 
three experiment,s were approximately 63, 
66, and 46 kcal/mole. The mean heat of 
adsorption would amount to 133.5 - 37.3 
= 96.2 kcal/molc. The observed heat is 
about 106 kcal/mole. 

Another explanation might be the gradu- 
ally diminishing dissociabion of t’hc C-C 
bonds on the increasingly occupied surface, 
until at high coverages propane is adsorbed 
without dissociation of the C-C bond. 

Still anot,her mechanism might become 
operative at higher coverages. Suppose 
that t’he chemisorpt,ion of propane has a 
lower activation energy in the close vi- 
cinity of previously adsorbed Cl species 
due to the simultJaneous occurrence of two 
processes, viz, formation of a C-C bond 
between t,he C1 species and t’he adsorbed 
C atom of propane, and rupture of the 
neighboring C-C bond in propane. In this 
way, two Cz species can be formed. To 
write the heat balance, we start with 
the equation 2C3Hs(,) --) 3C2HA(,, + 2Hzcp) 
- 87.0 kcal/mole, which gives for the initial 
heat of adsorption 3 X 69.5 + 2(30 + 1s) 

- 133.5 - 87 = 54 kcal/mole, decreasing 
to 70-74 kcal/mole at high coverages. 

5. The Extent of the Surface Occupation by 
dfethane 

The conclusions resulting from an anal- 
ysis of N” measured for acetylene and 
hydrogen have been reasonable, despite 
a debatable implication that the two gases 
occupy the same number of surface sites 
at t’he equilibrium pressure of 2 X 1OV 
Torr (21). Hydrogen and methane can 
probably use the same adsorpt,ion sites (4). 
Provided we assume tentatively that also 
the adsorpt,ion of met’hane and hydrogen 
yields the same surface coverage at N*, 
the ratio NII~*/NcH~* = 33.0/8.6 = 3.54 
shows t.hat one methane molecule should 
occupy 3.54 X 2 = 7.7 sit#es. [NHZ* = 33.0 
pmoles is the mean of 32.6 and 33.3 ctmoles 
required to reach t#he equilibrium pressure 
of 2 X low5 Torr (%).I Even wit#h a 10% 
allowance for the possible experimental 
error and unacccssiblc s&es, this rcquire- 
ment can hardly bc met by a reasonable 
surface species formed by methane. If 
each methane molecule at II* is disinte- 
grat#ed into a MO&H species and three 
hydrogen atoms, only 5770 of sites covered 
by hydrogen at ?L* arc covered by methane 
at 12*. 

This suggestion is in line with the great 
difference bct’ween the energies of the 
frontier orbitals in methane (23, 24) and 
t#he Fermi level of molybdenum (29), 
making only the most active sites able 
to overcome t’he activation barrier for 
chcmisorpt’ion of this compound. 

A further corroboration follows from the 
rapid liberat,ion of 30 and 17 kcal/molc 
under no equilibrium gas, lvhcn two small 
doses of hydrogen (1.4 and 4.47, of ?L*) 
wcrc admitt,cd to a film precovercd by 
met#hanc and subsequentfly submitted to 
pumping off the gas phase. This suggests 
that smw frclc &es WW: available. 

Finally, incomplctc occupation of the 
metal surfaces by methane has been re- 
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ported by a number of other authors 
(4, I4), in qualitative agreement with our 
conclusions. 

6. The Site Requiremerlt of Proparle 

The interpret’ation of N* for acetylene 
in Part II (21) leads to a conclusion 
agreeing witlh t.he outcome of t,he inde- 
pendent thermochemical analysis. As an 
implicat,ion, the same surface coverage by 
the hydrocarbon and by hydrogen at N* 
was involved. Although it is not clear how 
t,o rationalize such an assumption, let us ap- 
ply it tentat’ively with propane. We obtain 
from the ratio Nn2*/No3rrg = 33.0/7.47 
= 4.42, that 2 X 4.4 = 8.8 sites are needed 
by a propane molecule at N*. Account,ing 
for a 9% deficiency observed with acety- 
lene, we arrive at 8 sites. 

It is noteworthy t.hat similarly as in the 
case of unsaturat#cd hydrocarbons the re- 
sult agrees, despite t,he debatable assump- 
tion involved, with the thermochemically 
deduced suggestion, i.e., that close to N*, 
propane is fragm&ed into species I 
and III, requiring in total S sites. 

7. The Deceleration of the Heat Liberation 

The slow rate of t,he heat liberation and 
its progressive retardation observed in the 
adsorpt,ion of methane can be again ex- 
plained by the low energy of it,s highest 
occupied orbital (23). The activat’ion en- 
ergy for t,ransition from the physisorbed 
into the chcmisorbed state can be over- 
come on the most active portions of the 
surface only, and these become gradually 
blocked as the surface coverage increases. 

With propane, the gradual fall in the 
rate of heat evolution starts only at 
n/x* = 0.9. Energies of the frontier mo- 
lecular orbit,als of propane lie between the 
energies of t#hc frontier orbitals in the 
unsat#urated hydrocarbons and in met,hane 
(25, 24). The former compounds do not 
exhibit, any deceleration of the heat cvoiu- 
t,ion (21), while with methane it is con- 

spicuous. Hence, it is in lint with t,he 
expectation that retardation in t.hc heat 
evolution of propane was found only close 
to N*. Furthermore, this concept is sup- 
ported by the behavior of cthane. 

B. Ethane 

I. The Initial Heat of Adsorption oj Ethane 

The initial heat of adsorption of ethanc 
is much higher than that of ethylene and 
of acetylene ($1). This point,s t,o an ap- 
preciable dissociation of the C-C bond. 
A thermochemical cycle considering frag- 
mentation of ethane into two adsorbed 
methane species and two hydrogen atoms, 
has a heat effect of 116.1 kcal/mole : 
C&g) + 2CHuaci,, + 2&w + 116.1 
kcal/mole. This is approximately 16 kcaI/ 
mole snore than the observed initial heat 
of 100.3 f 1 kcal/molc. Consequently, 
only a portion of ethane is fragmented 
into C1 species, which are assumed to have 
structure of adsorbed met,hanc: (species II). 
The other portion of ethane is adsorbed 
without cracking of t’he carbon skeleton. 
Assume that these C, species are the same 
as those formed in t,he adsorption of 
propane (species I). The heat effect of a 
thermochemical cycle for this nonfrag- 
mentation mode of ethane adsorption 
amounts to 8,s kcal/mole [heat’s of forma- 
tion of et#hane and et#hylenc are taken 
from Ref. (25), and an additional heat of 
18 kcal/mole accoums for the assumed 
coordination of two hydrogen atoms around 
each carbonmolybdenum bond]. Simple 
calculations show that t,hc two adsorption 
mechanisms of ethane arc operative to 
approximately the same extent, i.e., t,hat 
about half of the ethane molecules are 
adsorbed as Cl species, and the other half 
as the Cz species. 

This interpretation is supported by 
localization of the frontier molecular or- 
bital of ethane both on t,he C-C and C-H 
bonds @S, 2.4). Hence, the activation ener- 
gies for rupture of the C-C and C-H 
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bonds may be expected t#o be near to each 
other. This is a difference from propane, 
whose highest occupied molecular orbit,al 
is located on the C-C bond, making 
probable its prcferent’ial interact,ion with 
a surface (23). However, the suggested 
equal operat,ion of t,he two adsorption 
mechanisms of ethanc actually implies 
that the C-C bond has somewhat lower 
activat,ion energy of dissociation than t,hc 
C-H bond, since the st’atist#ical weights 
for t’he two processes are 1:6. Prefercnt8ial 
configuration of t,he precursor stat,c might 
play a role. 

2. The Fall of the Di$erential Heat of 
Adsorption of Ethane with Coverage 

The decrease of the heat to about 55-60 
kcal/mole at ?L* can bc ascribed similarly 
as in t,he case of propane to a gradually 
increasing abundance of the surface species 
III in t#he place of the low-coverage 
species II. Unccrtaint,y in t,he individual 
heats, howvcr, does not allow us to dis- 
cern whether t#he extent of fragmentation 
is constant or changes with the increasing 
coverage. 

3. The Site Requireme?~t oj Ethane 

Referring to Sect. A.6 of this Discus- 
sion, let us tent,atively assess the number 
of sit,cs required for the adsorption of 
ethane at N* from the ratio NH2*/No2n6* 
= 33.0/9.45 = 3.49. Hence, the effect,ive 
number of the required sites is 3.49 
X 2 = 7. If a 9% allowance is made as 
with propane, WC obtain 6.4. Furthermore, 
the highest occupied molecular orbit,al of 
ethane lies rather low, and it. may be 
therefore expected t,hat the least active 
portion of the surface remains unoccupied 
due t’o a too high activation energy of 
adsorption (23). Consequently, t,he ac%ual 
number of sites involved in the bonding 
of an ethane molecule at N* can be as- 
sessed as 6. It should be not,ed t’hat both 
suggested modes of cthanc adsorpt,ion 
meet t’his site requirement, 

4. The Decelerating Heat Liberation at 
Higher Coverage 

Gradual exhausting of the suffic.ient,ly 
active sit#es can also clucidat’c t’he retarda- 
tion of the heat liberation which sets in 
at 71/n* = O.S, i.c., sooner than with 
propane, but later than w&h methane. 
This corresponds to t’he sequence of the 
respective energy levels of the highest 
occupied molecular orbit*als, which energy 
correlates jvith the capability of the par- 
ticular molcculcs to be perturbed by a 
surface (23). 

CONCLUSION 

Summarizing, we suggest that the al- 
kanes form on molybdenum under Ohc 
given conditions essentially three kinds of 
surface species, sketched in Table 3. The 
dotted link between the hydrogen atoms 
coordinat’ed to the adsorbed carbon atoms 
is of schematic significance only, and 
represents eibher a direct interaction or 
an indirect irneraction via the metal phase, 
as pointed out, in Part II (21). The number 
of molybdenum atmoms involved in the 
bonding of t#he suggested species is only 
formal, since it is not known how many 
sites, i.e., how many suit,able orbita!s, one 
surface atom of t,he met’al posscsscs. 

Our intcrprctation of the cxperimcnt~al 
findings is consistent not, only for t,he 
three alkancs, but fits also into the fore- 
going analyses of t’he adsorption behavior 
of unsaturated hydrocarbons (21) and of 
cyclopropane (20). It should be noted, 
however, t,hat the concept1 of the ener- 
get,ically favorable localization of t’hc dis- 
sociated hydrogen atoms on surface sites 
adjacent t’o the carbon atom of the hy- 
drocarbon species, which has enabled us 
to formulate a common cxplanatZion of the 
experiments, is rather sprculat,ive in char- 
act#cr. Further work, both experimental 
and theoret,ical, would be desirable for 
verification, rehncnicnt, or rejection of the 
proposed intcrpret’ation. 
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TABLE 3 
Suggested Structure of the Surface Species 

Basic 
hydrocarbon 

skeleton 

Number 
of 

hydrogen 
atoms 

localized 
on 

adjacent 
sites 

Complete surface complex Number 
of free 

hydrogen 
atoms 
on the 
surface 

Methane 

Propane 

Low 

MoYCNMo 

H 
High c 

u 0 

MoYCNMo 
Low 

H H 
c-c 

MO ~~0 

H 
c 

Id 0 

High 
H H 
c-c 

Ii0 do 

Ethane 

MoYCXMo 
Low 

H H 
c-c 

id hi 
I I 

0 0 

High 

2 

2 

2 

4 

la 

4 

2 

4 

2 

4 

2 

H 
H C....H . . . . 1 

i&o tio hL0 

0 

H 
H C . . . . 

H 
H C..-.H . . . . 0 
I 

MO 0 

O 

= Due to the lack of available hydrogen atoms, one of the energetically favorable sites adjacent to the 
adsorbed carbon atom remains unoccupied. 
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