
JOLXNAL OF CATALYSIS 28, 92-100 (1973) 

An Infrared Study of lsomerization of Acetylenes 

Over Zinc Oxide 

C. C. CHANG AND R. J. KOKES 

Department of Chemistry, The Johns Hopkins University, Baltimore, Maryland 61118 

Received June 13, 1972 

Absorbed acetylenes on zinc oxide are more strongly bound than the corresponding 
olefins, and, in contrast to olefins, the acetylenes are only partially desorbed, as such, 
even after degassing at 300°C. Addition of small amounts of acetylene gives rise to 
the immediate appearance of a band at 3550 cm-‘, a region characteristic of an OH 
bond, which suggests that dissociative adsorption occurs. Details of the spectrum of 
adsorbed acetylene and perdeuteroacetylene are consistent with this view. When a 
small amount of methyl acetylene is adsorbed, dissociative adsorption again occurs 
as indicated by the appearance of a band at 3515 cm“. Studies with labeled methyl 
acetylene, however, reveal that the initial dissociation occurs via removal of the 
methyl hydrogen to form a propargyl species. The propargyl species, also formed 
from allene, appears to function as an 
isomeriaation. 

INTRODUCTION 

Infrared studies suggest that zinc oxide 
contains a limited number of pair sites 
which are capable of dissociatively adsorb- 
ing hydrogen (1, 2) or olefins with allylic 
hydrogens (3, 4). The process for olefins 
is represented as follows: 

CHsCH=CH2 + -Zn-(r + -Zn -- O- 

where Zn-0 represents the pair site and 
[CH,-CH--CH2] stands for a s-ally1 
species, which IR studies suggest is sym- 
metric. Isomerization apparently occurs 
via a 1,3-hydrogen shift involving the 
allylic species as an intermediate. Inas- 
much as the zinc and oxide ions of the 
active site are Lewis acids and bases, re- 
spectively, we can expect the allylic species 
to have anionic character and the ab- 
stracted hydrogen to have protonic char- 
acter. Thus, the dissociative adsorption of 
propylene can be viewed as an acid-base 
reaction involving heterolytic fission of the 
most acidic carbon-hydrogen bond. AC- 
cordingly, we might expect that inter- 

intermediate in allene-methyl acetylene 

actions of hydrocarbons with zinc oxide 
would resemble interactions of hydrocar- 
bons with homogeneous bases (5). Recent 
studies of butene isomerization support 
this view insofar as the initial cis/trans 
ratio from I-butene isomerization over 
zinc oxide shows the high value character- 
istic of isomerization via carbanions (6). 

The nature of interaction of hydrocar- 
bons with homogeneous bases is deter- 
mined by the pK values of the hydrocarbon 
relative to that of the base. If, indeed, 
zinc oxide behaves as a base, one would 
expect a similar dependence of interaction 
pattern on the acidity of the hydrocarbon. 
Such an expectation carries with it the 
assumption that the interaction of surface 
cations with the carbanion is similar and/ 
or nonspecific, e.g., is largely coulombic. 
For surface sites it would seem that such 
an assumption is, in general, an oversim- 
plification. However, if we restrict our 
consideration to species similar in size and 
charge distributions, the surface-carbanion 
interaction may be sufficiently similar so 
that hydrocarbon acidity is the dominant 
factor. Acetylene and methyl acetylene are 
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hydrocarbons similar in size to ethylene 
and propylene, but they are much more 
acidic (7). Just as olefins, in the presence 
of bases, isomerize via a 1,3 hydrogen shift 
of an allylic species, methyl acetylene in 
the presence of bases, undergoes isomeriza- 
tion to allenc via a 1,3 hydrogen shift of 
a propargyl species (7 1. Thus, if the paral- 
lelism of zinc oxide t’o a homogeneous base 
catalyst is a valid one, studies of acetyl- 
enes (which are more acidic than olefins) 
shoultl provide an interesting comparison 
to the published studies with olefins. A 
preliminary communication on this topic 
has qq)earttl elsewhere (8). 

EXPERIMENTAL METHODS 

Catalysts and reagents, Zinc oxide used 
in these studies was Kadox-25 (h’ew 
Jersey Zinc Co.). Unlabelled hydrocarbons 
(acetylene, methyl acetylene, and allene) 
were CP grade. Perdeuteroacetylene and 
1-deuteropropync were obtained from 
Merck. Hydrocarbons were purified by 
appropriate freezing, pumping and trap- 
to-trap distillation prior to use. The purity 
of labeled compoun~ls was rhecked by IR 
analysis. The perdeuteroacetylene ap- 
peared to be isotopically pure, but, the 
1 -deuteropropyne contained about 770 
SC-H. 

Apparatus and procedures. Catalyst prc- 
treatment was that described earlier is). 
This yielded a catalyst with an area of 
8-10 m?/g. Procedures used for IR studies 
with a Pcrkin-Elmer 521 grating double 
beam spectrometer have been described 
elsewhere (3). All spectra were recorded 
at room temperature. 

Adsorption measurements were carried 
out in a conventional BET apparatus with 
a 10 g sample of catalyst. Isomerization 
studies were carried out in an all-glass 
circulating system with a volume of about’ 
140 cm” with an I1 g sample. All studies, 
unless otherwise specified! were carried out 
at room temperature. 

REST:LTS 

Adsorption experiments. Admission of 
doses of acetylene to zinc oxide at room 
temperature shows ndyorption is complete 

mitil more than 0.7 ml/g is admitted. Fur- 
ther dosing results in additional adsorp- 
tion and the buildup of the gas phase 
pressure. The amount adsorbed, however, 
does not increase greatly with pressure; 
for example, at 11 mm 0.98 ml/g are 
adsorbed and, if the pressure is increased 
to 333 mm, the amount adsorbed increases 
to only 1.15 ml/g. A slow process accom- 
panies adsorption as evidenced by the fact 
that desorption isotherms lie above adsorp- 
tion isotherms. In a given adsorption- 
desorption run 1.07 ml/g remained after 
degassing at room temperature. Roughly 
10% of this could be removed by evacua- 
tion at 300°C for a period of 1 hr. The 
remaining acetylene, or the residues thus 
formed, could be removed by burning in 
oxygen at 450°C. Similar adsorption char- 
acteristics were found for methyl acctyl- 
ene. The irreversible adsorption was ac- 
companied by a slow process ; the amount 
irreversibly adsorbed at, room temperature 
was about 0.7 ml/g and this chemisorbed 
species could not be removed as such even 
by degassing at 300°C. Thus, acetylenes 
are very strongly chemisorbed and at 
higher pressures may undergo surface reac- 
tions akin to polymerization. 

Infrared studies on acetylenes. Figure 1 
shows the spectrum of adsorbed acetylene 
in the OH and CH region as successive 
doses of acetylene (0.25 ml/g) are added 
to zinc oxide. The spectrum for several 
doses is not as well-defined as t.hat for the 
initial doses. We shall assume that the 
loss of spectral features at higher cover- 
ages is the result of surface reaction and 
shall confine our discussion to the spec- 
trum at low coverage which we feel is 
more characteristic of the strongly held 
acetylene. The band at 3550 cm-l is clearly 
in the OH region and suggests dissociative 
adsorption occurs. Bands in the EC--H 
region, however, arc similar to those re- 
ported by Yates and Lucchesi (9) on 
alumina insofar as the lower frequency 
band (3230 cm-‘) is removed by evacua- 
tion at 80°C whereas the higher frequency 
band (3280 cm-l) represents the more 
strongly held species. A band is also ob- 
served at 1975 cm-l, a region corresponding 



CHANG AND KOKES 

cm-’ 

lOOI 
3690 3400 3233 

I I I I 

FIG. 1. Spectrum of chemisorbed HC=CH on zinc oxide: background (- - -); first dose (- . -); second 
dose (-); third dose (. . ). 

to a triple bond stretch, which is forbidden 
for gaseous actylene. Thus, it appears that 
acetylene adsorbs dissociatively on zinc 
oxide to form an OH and a surface 
acetylide. 

In the absence of other data it may be 
argued that the band at 3550 cm-l repre- 
sents a hydrogen bonding distortion of the 
surface hydroxyl bands rather than dis- 
sociative adsorption. Figure 2, which shows 
the spectrum of perdeuteroacetylene on 
zinc oxide, makes this interpretation un- 
likely. We find no band in the OH region 
when C&D, is adsorbed but we do observe 

cm-l 
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FIG. 2. Spectrum of chemisorbed DC=CD on 
zinc oxide: background (a) and (c); first dose (b) and 
(d); second dose (e); background deuteroxyls (f). 

several bands in the OD region. Bands are 
evident in spectra d and e at, 2667, 2622 
and 2550 cm-l (in addition to those char- 
acteristic of _=C-D vibrations). Bands 
at 2700, 2686, 2667 and 2550 cm-l corre- 
spond to those observed for a surface in 
which the surface hydroxyls have been 
changed to deuteroxyls by exchange (spec- 
trum f). If the 3550 cm-l band observed 
with C,H, undergoes a similar isotope shift, 
we would expect it to appear at 2623 cm-l. 
The appearance of a band at 2622 cm-’ 
on adsorption of C&D, even when the sur- 
face deuteroxyl concentration is low (spec- 
trum d) is strong support for the view that 
this band forms by dissociative adsorption. 
Bands at 2667 and 2550 cm-l suggest that 
the CD, exchanges readily with surface 
hydroxyls but the latter may stem in part 
from a SC-D vibration. [As before (3) 
we shall use the term hydroxyl or deuter- 
oxyl to describe background bands; the 
term OH or OD band will be used to de- 
scribe species formed by dissociative 
adsorption.] 

Figure 3 (spectrum c) and Fig. 4 (solid 
line) show the spectrum of adsorbed 
methyl acetylene. Once again, the spectrum 
shows a band in the OH region (at 3515 
cm-l) which suggests dissociation occurs. 
A broad band is also observed at 3250 cm-‘, 
which is below the SC---II band for gas- 
eous methyl acetylene (10) (3334 cm-l) 
but suggests a SC--H is still present and 
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FIG. 3. Spectrum of chemisorbed propyne on 
zinc oxide: background (a) and (d); second dose of 
CH&= CH (c); second dose of CH,-C-C-D (b) 
and (e); third dose of CH,-C=C-D (f). Arrows 
connected by broken line correspond to expected 
region for =C-D. 

that the dissociation is not due to the 
acetylenic hydrogen. Other observed bands 
are listed in Table 1 along with funda- 
mentals and strong overtones for similar 
gas-phase molecules. The spectrum of 
adsorbed CH,-C=C-D is also shown in 
Fig. 3 (spectra b, e and f). Initially strong 
bands appear at 3515 and 2425 cm-l; the 
for?ner is clearly an OH band and the 
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FIG. 4. Spectrum of chemisorbed allene and 
propyne on zinc oxide: background (- - -); allene 
(. ); propyne (displaced ordinate) (-). 

latter falls within the expected range (see 
later) for the EC--D band. Thus, consis- 
tent with the observations with CH,-C 
SC-H, it appears that a methyl hydro- 
gen is abstracted and bound by the oxygen 
and the acetylenic hydrogen remains 
largely intact. When larger doses of CH,- 
(&C--D are admitted or, at later times, 
a band appears at 2665 cm-’ indicating 
hydroxyl exchange with the acetylenic 
deuterium. Also under these conditions a 
band appears at 2595 cm-l. This latter 
band does not correspond to a deuteroxyl 

TABLE 1 
BAND POSITIONS (cm-‘) FOR GASEOUS METHYL ACETYLENE AND 

ALLENE, .~ND ADSORBED METHYL ACT.:TYLENE 

CHz-C=CH(g)(U) CH,=C=CHz(g)(If ) CHs-C-CH(ads) 

3515 m 
3334 “S 3250 br vs 

:H~w 
3008 m 3005 111 295w w 
2941 vs 2996” 2920 s 
2sx la m 2855 w 
2142 m 2013~ w 2120 w 

2050 VW 
1057 vs ls65 va 
168P m 

1452 5 144Ob (1440)d vw 
13s2 w 1:m m (1370)d VW 

a Ht.rong overtone. 
* Forbidden in gas phase. 
c This band seems to grow more with successive doses than other bands in this ‘region. 
d These bands are evident only in the presenre of gaseous methyl acetylene; hence, they may be due to a 

physically adsorbed species. 



position but does correspond closely to the 
expected position (2598 cm-l) of the iso- 
tope shifted 3515 cm-l band. At coverages 
where this band forms, however, a band 
also forms at 3250 cm-l, which suggests 
that the OD band is, in part, a result 
of an “isomerization” of the labelled 
methyl acet.ylene. 

By analogy to the results with propyl- 
ene we might expect the dissociative ad- 
sorption by hydrogen abstraction from the 
methyl group of propyne to occur as 
follows : 

methyl acetylene is 96% (II).) Departure 
from this relationship sets in earlier at 
higher pressures. Such plots for pressures 
ranging from 40 to 200 mm yield initial 
rates of the order of 5 X lOlo molecules/ 
sec/cm2. Since poisoning was evident dur- 
ing the course of the reaction and the study 
was cursory, we regard this value as a 
rough estimate but it is probably accurate 
within a factor of 2. 

CHz-C=CH H 
I 

CH,-CrC-H + Zn--0 --) Zn - ? 

If, however, the hydrocarbon fragment is 
essentially a propargyl anion [CH,-CE 
CH]-, there are two resonance forms for 
the resulting resonance hybrid : 

Then one might expect that the spectrum 
of adsorbed methyl acetylene would be 
essentially the same as that of allene. 
Figure 4 compares the spectrum of ad- 
,sorbed methyl acetylene (solid line) to 
that of allene (dotted line) under closely 
similar conditions. The bands are not quite 
as sharply structured for methyl acetylene 
but the spectra are, indeed, nearly identi- 
cal. Moreover, the comparison in Table 1 
shows the spectrum of the adsorbed species 
shows little resemblance to either of the 
parent molecules. 

Details of the IR spectrum provide addi- 
tional information on the course of this 
reaction. Figure 5 compares the spectra 
for small doses of propyne and l-deutero- 
propyne below 3000 cm-l under comparable 
conditions. The spectra shown are those 
obtained in scans started at higher fre- 
quencies immediately after admission of 
the gas; for the lowest frequencies the 
spectra were obtained about 15 min after 
admission of the gas. The spectra in Fig. 5 
are quite similar except in the region be- 
tween 1800 and 1900 cm-‘. Here propyne 
yields a single slightly asymmetric band 
at 1865 cm-l. The labeled propyne, how- 
ever, shows two bands: The higher fre- 
quency band (1865 cm-l) is asymmetric 
and, in area, is two to three times as in- 
tense as the lower frequency band (1830 
cm-l). If this region of the spectrum is 
scanned immediately after addition of 
1-deuteropropyne, we find that in the first 

Kinetic studies. The IR adsorption stud- 
ies suggest zinc oxide should be an effec- 
tive catalyst for allene-methyl acetylene 
isomerization; hence, we have examined 
this catalytic reaction in a circulating sys- 

tem. Zinc oxide is, indeed, a catalyst; at 
room temperature circulation of 14 ml of 

allene over 11 g of catalyst gives 90% gas- 
phase conversion in about 3 hr (about 8 
ml are adsorbed by the catalyst). The 
kinetics for the first half of the reaction can 
be represented fairly well by a first order 
plot in the distance from equilibrium but 
the rate becomes progressively slower than 
this in the latter stages of the reaction. 
(For 300°K the equilibrium yield of (--) (displaced ordinate). 

FIG. 5. Spectrum of chemisorbed CH&=CD and 
CH&=CH on zinc oxide: background (- --); 
second dose CHa-C= CD (-); third dose 
CH,CrCD (_ ); second dose of CHI-C=CH 
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scan, only the 1830 cm-’ band is evident. 
Repeated scans in this region reveal that 
the 1865 cm-l appears shortly and reaches 
an intensity equal to that of the 1830 cm-’ 
band in 2 to 3 min. After about 6 min the 
relative intensity of these two bands is 
comparable to that shown in Fig. 5. Thus, 
it is clear that there is a rapid process 
accompanying adsorption of the labeled 
propyne that is not evident for the un- 
labeled propyne. 

Consider the origin of the 1865 cm-l 
band in adsorbed methyl acetylene. If a 
propargyl ion is formed, we would expect 
a band in this region from the CsC 
stretch. If we assume the hydrogen bound 
to the terminal carbon moves with it and 
the C-C bond is so soft that it is de- 
coupled from this vibration, the reduced 
mass for this vibration is 6.24 amu. On 
this basis when deuterium is bound to the 
end carbon, the reduced mass becomes 6.46 
and WC would expect a frequency shift by 
a factor of (6.22/6.48)“, i.e., to 1833 cm-l, 
which is very close to the band position 
observed initially for I-deuteropropyne. 
When deuteropropyne is adsorbed, we 
nould expect the following to occur: 

C&C - CD $2 CH2 C -CD 

’ tH ‘T-H (I/4) 
(214) ’ . 

CH -C--C& jz. CH,- C y= CDH 

rD ‘-D (1/4) 

CH,- c --zCH 

In the absence of an isotope effect the 
fractions in parentheses represent the rela- 
tive probabilities of hydrogen (or deute- 
rium) removal from the allene to form the 
indicated species.) On this basis, on ad- 
sorption of the labeled propyne the species 
CH,=C-CD (with a band at 1830 cm-l) 
should form first; in time, however, the 
species, CH,zC-CH or CHD=%ECH 
(with a band at 1865 cm-‘) forms; finally, 
at equilibrium, the latter species should be 
predominant’ by a factor of 3 to 1 in the 
absence of an isotope effect. This is in 
good agreement with the observed results. 

If, indeed, isotope effects are absent, the 
rate of appearance of the 1865 cm-’ band 
from labeled propyne provides a measure 
of the rate of the 1,3 hydrogen shift. For 
a dose of 0.4 ml/g it takes about 2 min 
for the 1865 cm-l band to become as in- 
tense as the 1830 cm-l band. This implies 
a rate of the order of 0.1 ml/min per g of 
catalyst or 8 X 10” molecules/set/cm’. 
Thus, the rate of the 1,3 shift appears to 
be at least an order of magnitude faster 
than the isomerization rate (5 X lOlo mole- 
culeP/scc/crll’), 

DISCUSSION 

The resonance structure of the propargyl 
ion is as follows: 

Ctlz-C ~~ CH r -3 CH,- C CH 

As written, the two forms imply different 
nuclear geometries; for resonance, we must 
have a common compromise geometry. One 
attractive geometry is that in which the 
-CH, group has sp” (T bonds and the C- 
C-H group has sp u bonds. This leads to 
the following structure: 

wherein the planar molecule has three 
overlapping p orbitals above and below 
the plane and the CH, group interacts by 
hyperconjugation with the remaining p 
orbitals. These two effects may lead to 
considerable resonance stabilization. The 
resulting species is quite similar to the 
r-ally1 and it would seem that the pro- 
pargyl species, like the s-allyl, would lie 
flat on the surface and bond via its three 
p orbitals. 

Detailed band assignments for adsorbed 
methyl acetylene (see Table 1) are uncer- 
tain for two reasons: (1) There is evi- 
dence of surface reactions at higher pres- 
surcs ; hence, the observed spectrum, even 
in dosing experiments may stem from more 
than one species. (2) Coupling of group 
frequencies is pronounced for linear or near 
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linear molecules; hence, group frequencies 
may undergo unexpectedly large shifts for 
the propargyl species. This second factor 
is quite evident even for gaseous per- 
deuteropropyne inasmuch as (apparently) 
C-D coupling with C-C makes the former 
unexpectedly high and the latter unexpect- 
edly low. Despite this uncertainty, we have 
made the following tentative assignments 
for stretching frequencies of the propargyl 
ion: SH, 3250 cm-l; =CH, 2920, 2855 
cm-l, and CS, 1865 cm-l. For such an 
assignment to be reasonable we must as- 
sume strong coupling of CH stretches. The 
bands at 2950, 1440, and I370 cm-l are 
too pressure sensitive to be assigned to the 
dissociatively adsorbed species; hence, we 
assume that no bending frequencies assign- 
able to the propargyl species are observed. 
The bands at 2120 and 2080 cm-l, how- 
ever, do correspond to strongly held species 
and appear for both labeled and unlabeled 
propyne. They may represent a side reac- 
tion to form methyl acetylide (similar to 
acetylene) but this reaction occurs to such 
a limited extent that no corresponding OH 
(or OD) is detected. 

There are two features of the bands as- 
signed to SC-H (or ?C-D) that merit 
special comment. First, one would expect 
the growth of the 1865 cm-l band and the 
relative decline of the 1830 cm-l band for 
1-deuteropropyne to be paralleled by a 
growth in the 3250 cm-l (SH) band and 
a relative decline in the 2425 cm-l (=CD) 
band. Qualitatively, this is found; quanti- 
tatively, the growths and declines are not 
strictly parallel and, hence, other species 
may contribute to these -C--H bands. 
Second, the ratio of the frequency for 
SC-H compared to EC-D in gaseous 
methyl acetylene is 1.27; presumably the 
small isotope shift stems from coupling of 
the SC-D stretch with the nearby triple 
bond stretch. For the peak =CH (and 
ECD) frequencies for adsorbed species the 
ratio is 1.34; this more normal isotope shift 
suggests that coupling effects are less, as 
would be expected if on adsorption the 
full triple bond is weakened. In sum, then, 
the assignment, although it has some de- 
ficiencies, provides a reasonable basis for 

assuming that the adsorbed species is, at 
least in part, a propargyl species. 

The evidence suggests that over zinc 
oxide both double bond isomerization and 
methyl acetylene isomerization occur via 
a 1,3 hydrogen shift. In terms of the pic- 
ture that the active site acts like an acid- 
base pair site, we can represent this se- 
quence schematically as follows: 

X-Y-Z H 

X-Y-Z-H + Zn-0 + Zn 
I 

-0 (1 ) 
i 

XYZ H z Y-X H 
ii) zn -__ o+zn- b (1) c?.) 

-2 

Z~YY H 

Zn ___ 0 + 3-O t Z-Y-X-H (3) 
3 

The first step represents dissociative ad- 
sorption. The second step represents the 
surface rearrangement which is a neces- 
sary prelude to readdition of hydrogen on 
a different. carbon atom; this step may in- 
volve rotation of the X-Y-Z fragment 
about an axis perpendicular to the surface 
or migration of the hydrogen atom. The 
last step represents readdition of the hy- 
drogen atom and desorption of the product. 
The initial rate when the back reaction is 
negligible is given by 

d[ZYXHl = 
dt 

/c [II] 3 . (4) 

When a steady state is established for II 
(and I) this initial rate expression becomes 

Rate 
k&M’ 

= k,P(kz+k-z+ke)+k-l(k-r?+ks)+k&’ 
(5) 

where P is the pressure of reactant. If, in- 
deed, the reaction pathway resembles that 
for similar reactions with homogeneous 
base catalysts, the rate constants should 
change to reflect changes in the effective 
hydrocarbon acidity. Figure 6 depicts how 
we would expect these rate constants to 
vary as a function of the acidity of the 
hydrocarbon. In drawing these curves we 
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Hydrocarbon Acidity - 

FIG. 6. Effect of hydrocarbon acidity on rates of 
elementary steps (schematic). 

have assumed for simplicity that the 
gaseous and adsorbed reactants and prod- 
ucts have similar stability and that the 
adsorption-desorption rate constants re- 
flect the acid-base nature of the reaction. 
It is difficult to predict the variation of 
rate constants k? and k-? with hydrocarbon 
acidity. If the mobility of the hydrogen 
governs the rate, k, and Ic-? may be nearly 
independent of hydrocarbon acidity ; if 
rotation of the anion governs the rate, the 
constants Jc3 and k+ may increase with 
anion stability, i.e., with hydrocarbon 
acidity. As a compromise between these 
views, we have indicated that the surface 
migration rate constant increases only 
slowly with hydrocarbon acidity. In this 
approximation there are three limiting 
forms for Eq. (5). When the hydrocarbon 
acidity is low I$,, k-, > k?, k-? > k,P and 
we obtain 

k,k,k,P k1 
Rate g k-,(kz + k3) + k,k2 s k:! li;z~ p- 6) 

In this regime adsorption of reactants is 
at equilibrium in the Henry’s law region, 
the isomerization rate is first order in the 
pressure of reactants and is equal to the 
rate of the surface rearrangement. For 
intermediate hydrocarbon acidity, k,P > 
X--,, k, > lc?, Ic-, and we obtain 

kxk2klP 
Rate = k,P(k, + k_? + k3) = 

- k?. (7) 

In this regime the surface is nearly cov- 
ered with I, the isomcrization rate is zero 
order in the pressure of reactants and is 
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equal to the rate of surface rearrangement. 
For very high hydrocarbon acidity k,P > 
k,, km2 > k-,, k, and we obtain 

k2 kB 
Rate = k3 kz + Ice? + k3 = ” k, f 12-e, 

~. (8) 

In this region the surface is covered with 
I and II, and the isomerization rate is zero 
order in the pressure of reactants and equal 
to the rate of desorption of II present in 
proportions established by an equilibrium 
for step 2. Under these conditions the cata- 
lytic isomerization rate is slower than the 
surface rearrangement rate. 

Consider first double bond isomerization. 
Earlier studies (3) showed that catalytic 
“isomerization” of CH,-CH=CD, oc- 
curred in the sequence: 

CH,-CH=CII? + CH,=CH-CDzH + 
CH,D-CH==CDH. (9) 

Kinetics were not determined but, the ini- 
tial rate of isomerization of butenes is zero 
order (6). If we assume zero order kinetics 
also obtains for propylene, the overall rate 
of isomerization would be 3.7 X lOlo mole- 
cules/sec/cm?. The rate of the 1,3 hydro- 
gen shift was studied by IR techniques. 
Adsorption of CH,-CH=CD, is fast and 
the spectrum reveals the immediate ap- 
pearance of an OH band. Even in the 
absence of gas phase and weakly held 
(r-bonded) propylene, a slow surface 
process occurs in which (among other 
things) the intensity of the OH band de- 
clines and an OD band appears and in- 
creases in intensity. The OH and OD bands 
appear to approach an equilibrium wherein 
the amount of OH falls to 60% of its ini- 
tial value and the OD approaches a con- 
centration equal to 40% of the initial OH 
concentration. This is consistent, with the 
following sequence : 
wherein the species in brackets corresponds 
to an adsorbed species not directly ob- 
served. Since readsorption of the brack- 
etted species is presumed to be fast, the 
rate of appearance of OD provides a mea- 
sure of the I,3 hydrogen shift on the sur- 
face. If we assume the band intensity after 
7 hr represents equilibrium, the half time 
for approach to equilibrium (based on OH) 



100 CHANG AND KOKES 

CH,-CH = CD2 lgj + Zn-0 

! fast 

CH,- C(i = CD, H 
\\ I I I 

‘\ ; ,’ I 
’ Z”’ -0 

(I/3) fast slow 

[CH,= CH-U&H) + Zn-0 

(z/3) tast 
II 

slow 

CHq= CH==CDH D 
I, / ,’ ,,’ ‘\ I 

Zn -__ 0 

is 40 min. With the assumption that ap- 
proach to equilibrium is first order, this 
yields a rate of 2.9 X lOlo molecules/set/ 
cm*. In the absence of an isotope effect, 
the rate of 1,3 transfer would be 3/2 of 
this value. Thus, the estimated rate of sur- 
face rearrangement, 4.3 X lOlo molecules/ 
set/cm*, is essentially the same as the esti- 
mated overall catalytic rate of double 
bond isomerization. 

Let us now compare the results for ole- 
fin isomerieation with the results for isom- 
erization of the more acidic acetylenes. For 
olefins the isomerization rate appears to 
be zero order and equal to the rate of 
surface rearrangement. In terms of the 
steady state analysis, this conforms to the 
regime for hydrocarbons with intermediate 
acidity [Eq. (7) 1. For the acetylenes, how- 
ever, the catalytic rate (5 X lOlo mole- 
cules/sec/cm*) , which is roughly zero 
order, is less than the rate of surface re- 

arrangement (8 X 1O1’ molecules/see/cm’) , 
a result which puts acetylenes in the 
regime characteristic of high hydrocarbon 
acidity with product desorption as the rate 
controlling step. Thus, this comparison 
yields a familiar picture [one containing 
the principal features of “Ballandin’s vol- 
cano” (IS?) ] and suggests that the view 
that zinc oxide behaves like a basic cata- 
lyst may have some predictive value. 
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