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The initial rates of isobutane, neopentane, cyclohexane, n-hexane, and n-heptane skeletal rear- 
rangement reactions catalyzed in the presence of deuterium gas over the Rat( Ill), stepped( 13,1,1), 
and kinked(l0,8,7) platinum single crystal surfaces were measured at atmospheric pressures and 
520-640 K. Inverse isotope effects [(RJR”) = 1.3-3.31 were detected for a variety of hydrogenoly- 
sis, isomerization, and Cs cyclization reactions. The inverse isotope effects that appear to arise 
from a combination of kinetic and thermodynamic isotope effects displayed magnitudes that were 
not dependent on the platinum surface structure. 

INTRODUCTION 

Important information about the elemen- 
tary steps of catalyzed surface reactions in- 
volving hydrogen containing molecules can 
often be derived from studies of deuterium 
isotope effects. As discussed by Ozaki (I), 
two major types of deuterium isotope ef- 
fects can be distinguished: kinetic and ther- 
modynamic. A kinetic isotope effect on the 
rate of reaction arises when rate constants 
differ for reactions carried out in hydrogen 
and deuterium or with deuterated reac- 
tants. Because deuterium makes larger con- 
tributions to translational and rotational 
partition functions than hydrogen, and be- 
cause X-D bonds (X=C, N, 0, etc.) pos- 
sess lower zero point energies than X-H 
bonds, rate constants for deuterium addi- 
tion and X-D scission are generally smaller 
than those for H addition and X-H scis- 
sion, respectively (ku > kn). Alcohol dehy- 
dration (2) and olefin hydrogenation (3) are 
reactions which display kinetic isotope ef- 
fects with magnitudes in the range RHIRD = 
1.5-4.5. 

By contrast, thermodynamic isotope ef- 
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fects originate from a change in the equilib- 
rium surface concentration of a reaction in- 
termediate. Detailed interpretation of these 
effects can be difficult because the thermo- 
dynamic effect usually appears in combina- 
tion with a kinetic isotope effect, i.e., RHl 
RD = k&&k&D (4). However, “inverse” 
deuterium isotope effects with magnitudes 
RdRH = 1.4-3.5 have been clearly estab- 
lished for several types of reactions includ- 
ing CO hydrogenation (deuteration) over 
silica supported ruthenium (5) and ammo- 
nia synthesis over unpromoted iron (6). For 
these reactions, the thermodynamic isotope 
effects appear to be larger than the kinetic 
isotope effects and, therefore, the reaction 
rates are increased in the presence of deute- 
rium. 

Recent studies in our laboratory (7) dem- 
onstrated that n-hexane, n-heptane, and 
isobutane deuterium exchange reactions 
catalyzed near atmospheric pressure over 
platinum single crystal surfaces take place 
very rapidly as compared with the initial 
rates of hydrocarbon conversion reactions 
to form hydrogenolysis, isomerization, de- 
hydrogenation, and dehydrocyclization 
products. Provided that the reaction inter- 
mediates leading to hydrocarbon conver- 
sion in the presence of deuterium are par- 
tially deuterated, thermodynamic isotope 
effects should exist for the skeletal rear- 
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rangement reactions. Inverse deuterium 
isotope effects were, in fact, detected for a 
wide variety of reactions, and these isotope 
effects form the subject of this report. 

It was discovered that the rates of alkane 
hydrogenolysis, isomerization, and cycliza- 
tion reactions catalyzed in excess deute- 
rium at 520-640 K are about 1.4-3.0 times 
higher than the rates of the same reactions 
in hydrogen under identical experimental 
conditions. The magnitude of these isotope 
effects depends little if at all on platinum 
surface structure and appears to decrease 
slightly with increasing temperature. A 
change in selectivity results when parallel 
reactions display isotope effects with differ- 
ent magnitudes. To the best of our knowl- 
edge, deuterium isotope effects for metal 
catalyzed hydrocarbon skeletal rearrange- 
ment reactions have not been previously 
considered. 

EXPERIMENTAL 

The apparatus for combined surface anal- 
ysis (LEED and AES) and catalysis stud- 
ies, experimental procedures, and most of 
the materials used for the isotope effect 
studies were described in detail in recent 
papers (7, 8). It should be recalled that the 
sample isolation cell and external recircula- 
tion system operates in the lo-‘-IO atm 
pressure range as a well-mixed micro- 
batch reactor with on-line product analysis 
by gas chromatography. All reagents were of 
the highest obtainable research purity: iso- 
butane and neopentane (Matheson, ~99.98 
mole%), cyclohexane, n-hexane, and n- 
heptane (Phillips, >99.996 mole%), hydro- 
gen and deuterium (LBL-Matheson, 
>99.99 mole%). In addition to the flat, hex- 
agonal (111) platinum surface, stepped 
(13,1,1) and kinked (10,8,7) platinum single 
crystal surfaces were used in the reaction 
rate studies. The Pt(13,l ,l) surface has ter- 
races of square (100) orientation that aver- 
age seven atoms in width which are sepa- 
rated by atomic steps, one atom in height, 
of (111) orientation. The (10,8,7) surface 
has (111) terraces that average five atoms in 

width that are displaced by atomic steps of 
(310) orientation. The dependence of the re- 
action rates on pressure, temperature, and 
surface structure is described elsewhere 
(7, 8). 

Isothermal retention times measured on a 
0.19% picric acid on 8OllOO carbopack 
column were used to estimate the average 
deuterium content of the reaction products 
that were produced in the hydrocarbon 
conversion reactions. In the presence of 
deuterium, the gas chromatograms were al- 
ways shifted 4-6% toward shorter retention 
times as compared to the retention times 
that were measured in hydrogen, e.g. 
@6Hi4 = 8.9 min, $ C6D14 = 8.45 min, $$” = 
8.95 and 8.45 min; t$‘6 = 9.6 min, t$eD6 = 
9.3 min, r = 9.35-9.42 min. These shifts 
indicate that the reaction products were al- 
ways extensively deuterated, most proba- 
bly perdeuterated (9). Exchange distribu- 
tions for the reaction products appeared to 
be narrow because the chromatograms for 
each product were always sharp, never 
broadened detectably, and always shifted 
by the same time independent of reaction 
temperature and pressure. 

RESULTS AND DISCUSSION 

Scope of the Isotope Effect 

Initial reaction rates in deuterium and in- 
verse deuterium isotope effects measured 
for a variety of hydrocarbon reactions cata- 
lyzed at 573 K over the flat (11 l), stepped 
(13,1,1), and kinked (10,8,7) platinum sur- 
faces are summarized in Table 1. Magni- 
tudes of the deuterium isotope effects were 
estimated graphically from the initial slopes 
of product accumulation curves determined 
as a function of reaction time in the pres- 
ence of hydrogen and in deuterium. Exam- 
ple product accumulation curves for n-hex- 
ane isomerization to 2-methylpentane and 
cyclization to methylcyclopentane over 
Pt( 111) are shown in Fig. 1. Hydrogenolysis 
reactions of isobutane, neopentane, n-hex- 
ane, cyclohexane, and n-heptane all dis- 
played inverse isotope effects with magni- 
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TABLE 1 

Initial Reaction Rates in Deuterium and Deuterium Isotope Effects Measured for Hydrocarbon Reactions 
Catalyzed at 573 K over the Flat (111), Stepped (13,1,1), and Kinked (10,8,7) Platinum Single Crystal 

Surfaces0 

Reactant Reaction Initial turnover frequency Inverse isotope effect 
(molecules/Pt atom set) (+ 15%) (RdR,)(k30%) 

Pt(ll1) Pt(l0,8,7) PQ13,l.l) Pt(lll) Pt(10,8,7) Pt(l3,1,1) 

Isobutane Hydrogenolysis 0.0064 0.019 - 1.8 1.4 - 
Isomerization 0.053 0.075 - 1.7 1.3 - 

Neopentane Hydrogenolysis - 0.00476 0.048 - I.76 2.0 
Isomerization - 0.020” 0.40 19 2.0 

Cyclohexane Hydrogenolysis 0.005’ - - 2.0’ - - 
Dehydrogenation 9.6’ - 1.2’ - - 

n-Hexane Hydrogenolysis 0.016 0.0089 0.013 1.8 1.4 1.9 
Isomerization 0.014 - 0.0090 1.7 - 2.1 
Cyclization 0.014 - 0.018 1.7 - 1.9 
Aromatization 0.0047 0.0042 - 0.9 0.8 - 

n-Heptane Hydrogenolysis 0.021d - - l.6d - - 
Aromatization 0.0074d - - 0.8d - - 

(1 Reaction conditions, D21HC = 10, P,,, = 220 Torr, 573 K. 
bAt 543 K. 
c D,/‘HC = 6.7, PiQt = 115 Torr. 
d D2/HC = 32, P,, = 495 Torr. 

tudes in the range RdRH = 1.3-1.8. The 
hydrogenolysis product distributions were 

20 Torr n-Hexane, 200 Torr H2(iJ2) 

Pt(llll 300 “c 

0 20 40 60 60 100 120 

FIG. 1. Comparison between product accumulation 
curves measured in hydrogen and in deuterium for n- 
hexane isomerization and cyclization catalyzed over 
Pt(ll1) at 573 K. 

unchanged. For isomerization reactions, 
the isotope effects were in the range RDIRH 
= 1.2-3.2. Isomerization of n-hexane to 2- 
methylpentane displayed the largest iso- 
tope effect (RdRH = 2%3.2), whereas n- 
hexane isomerization to 3-methylpentane 
displayed a smaller effect (RdRH = 1.2- 
1 S). Isomerization and hydrogenolysis of 
isobutane and neopentane displayed iso- 
tope effects with equal magnitudes on all 
surfaces investigated. Cyclohexane dehy- 
drogenation to benzene over Pt(ll1) ap- 
peared to exhibit a small inverse isotope 
effect (RdRH = 1.2), whereas aromatiza- 
tion of n-hexane and n-heptane over Pt( 111) 
and Pt( l&8,7) displayed unique behavior 
characterized by a small kinetic isotope ef- 
fect (RdRH 5 1). 

Temperature and Pressure Dependence of 
the Deuterium Isotope Effects 

The temperature dependence of the deu- 
terium isotope effects was investigated 
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carefully for n-hexane reactions catalyzed 
over the flat (111) and kinked (10,8,7) plati- 
num surfaces. Example Arrhenius plots for 
these reactions catalyzed in hydrogen and 
in deuterium are shown in Figs. 2-4. The 7 1 ‘Nl 
error bars represent estimated uncertainties 
that are based on the reproducibility (about 
+ 15%) of the initial rate measurements. In- 
verse isotope effects for hydrogenolysis 
and isomerization were exhibited over a 
wide range of temperature. These isotope 
effects appeared to decrease in magnitude 
slightly with increasing temperature. No 
significant isotope effect was detected for 
the aromatization reaction over either plati- 
num surface. 

Hydrogenolysis and aromatization were 
the only reactions that displayed “normal” 
Arrhenius behavior over a wide range of 
temperature (-530-650 K). Even for these 
reactions the apparent activation energies 
that were in the range of 16-36 kcal/mol 
appeared to decrease with increasing tem- 
perature. The other reactions (isomeriza- 
tion and Cr cyclization) displayed rate max- 
ima at 570-630 K that have been attributed 
to a change in composition of the most 
abundant reaction intermediates as the tem- 
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FIG. 3. Arrhenius plot for n-hexane aromatization 
catalyzed in hydrogen and deuterium over the kinked 
(10,8,7) platinum surface. 

030/T (K-l) 

Temperature (“C) 

Temperature (“0 

-I 400 
IO , 

350 300 250 
I I I -l 

wGH,~+ C, - C, alkanes 

Pt (IO, 8.7) 

T 0 f  

i 
Id2 

.E 
0 
E; 
a 

z .- 
t 16’ ’ ‘2 

0 
H2@)/HC = IO 

a 

: 

Ptat = 220 Torr 

1 

2x'646O 

000/T (K-I) 

AN -WC,-C5 alkanes 

2x10-4- 
1.5 1.6 1.7 I.8 1.9 

IWO/T (K-I) 
FIG. 2. Arrhenius plots for n-hexane hydrogenolysis 

catalyzed in hydrogen and deuterium over the kinked 
(10,8,7) platinum surface. and isomerization catalyzed over Pt( 11 I). 

FIG. 4. Arrhenius plots for n-hexane hydrogenolysis 
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perature is increased (8). Aromatization 
and hydrogenolysis become favored over 
isomerization at high temperatures as the 
intermediate species become more hydro- 
gen deficient. The decreasing activation en- 
ergies for aromatization and hydrogenoly- 
sis at the highest temperatures studied 
likely arise from a change in reaction mech- 
anism wherein the rate determining step 
changes from skeletal rearrangement to re- 
hydrogenation or other reaction steps with 
lower activation energy. More detailed ki- 
netic studies related to this point will be 
reported separately (8). 

Initial reaction rates for n-hexane hydro- 
genolysis and aromatization catalyzed at 
573 K on the kinked (10,8,7) platinum sur- 
face are shown as a function of H2(or Dz) 
pressure in Fig. 5. The inverse isotope ef- 
fect for hydrogenolysis displayed a nearly 
constant magnitude for all total pressures 
between 100 and 620 Torr (i.e., RdRH = 
1.4-1.8). By contrast, the kinetic isotope 
effect for aromatization that was negligible 
at 100-220 Tot-r increased markedly at 
higher pressures reaching a value RH/RD = 
2-3 for total pressures of 620 Torr. 

Altered Selectivity for Reactions 
Catalyzed in Deuterium 

Isotope effects measured for the hydro- 
genolysis and isomerization of isobutane 

IO-‘,,1 

-4 
IO I I I I 1 

0 200 400 600 800 
Hydrogen Pressure (Tow) 

FIG. 5. Comparison between n-hexane hydrogenoly- 
sis and aromatization rates over Pt(10,8,7) as a func- 
tion of hydrogen (D2) pressure. 
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FIG. 6. Initial kinetic selectivities for aromatization 
over hydrogenolysis determined for n-hexane reac- 
tions catalyzed in hydrogen and in deuterium over 
Pt(10,8,7). The selectivities are shown as a function of 
reaction temperature (upper frame) and hydrogen (Dr) 
pressure (lower frame). 

and neopentane displayed essentially equal 
magnitudes under all reaction conditions in- 
vestigated. For these reactions, the selec- 
tivity was unaltered by the presence of deu- 
terium. However, with n-hexane and 
n-heptane as reactants, parallel reactions 
generally displayed isotope effects with dif- 
ferent magnitudes. In the presence of deu- 
terium, the rate of formation of saturated 
hydrocarbon products was enhanced rela- 
tive to the rate of formation of aromatics. 
As a result, the selectivities for these reac- 
tions were altered appreciably. This is 
shown clearly for n-hexane reactions cata- 
lyzed on the (10,8,7) platinum surface in 
Fig. 6, where the kinetic selectivity for aro- 
matization over hydrogenolysis in H2 and 
D2 is shown as a function of reaction tem- 
perature and hydrogen (Dz) pressure. The 
aromatization selectivity in deuterium was 
reduced over a wide range of reaction con- 
ditions. A similar effect was recently noted 
by Kellner and Bell (5) for Fischer- 
Tropsch reactions catalyzed over silica and 
alumina supported ruthenium. In that case 
the kinetic selectivity for C3- and Cd- olefin 
synthesis over C3- and Galkane produc- 
tion was lowered when the reaction rate 
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studies were carried out in deuterium. 
Whereas the rates of formation of alkane 
products displayed inverse isotope effects 
with magnitudes in the range RdRH = l.O- 
1.6, the isotope effects for olefin production 
were always very small, RdRH 5 1.2. 

Origin of the Inverse Isotope Effect 

An idealized explanation for the inverse 
isotope effect can be developed using 
models for hydrogenolysis reaction kinetics 
proposed by Cimino (lo), Sinfelt (11, 12), 
Maurel (23). and Martin (14, 15) and co- 
workers. Because there exists no proof for 
these mechanisms or rigorous justification 
for their extension to skeletal rearrange- 
ment reactions catalyzed over platinum 
crystal surfaces, no attempt will be made 
here to develop the models in great detail or 
to distinguish between mechanisms on the 
basis of isotope effects alone. Further anal- 
ysis of the isotope effects is discussed else- 
where (26). 

Previous research by Sinfelt (12) and 
Maurel et al. (13) revealed that the kinetics 
of alkane hydrogenolysis catalyzed near at- 
mospheric pressure over platinum can be 
represented by the reaction sequence 

H2 - KH_ 2H(ads) 61) 

GH2n+2 & C,H,(ads) + aHz (R2) 

C,H,(ads) + H2 2 C,H,(ads) 

+ C,-,H,-,+2(ads) (R3) 

CJMW + LJL,+2(ads) + H2 fastl 

products. (R4) 

The key assumption in this scheme is that 
dissociative chemisorption of both hydro- 
gen and hydrocarbon is rapid and reversible 
as compared to the rate of hydrogenolysis. 
Important justification for this assumption 
under our reaction conditions (530-630 K) 
was provided by the alkane-deuterium ex- 
change kinetics reported elsewhere (7). 
The rate determining step (R3) presumably 
involves C-C bond scission in an interme- 

diate species C,H, which has lost 2c~ hydro- 
gen atoms. Detailed studies by Sinfelt (12) 
and Maurel(13) revealed that (Y = 2-4 for a 
wide variety of hydrogenolysis reactions 
catalyzed near atmospheric pressure over 
Pt/A1203. All subsequent reaction steps are 
assumed to be rapid. Following reasoning 
discussed previously (IO-13), this reaction 
sequence leads to the rate expression 

RH = kHhHPcPH21(K~aP~2a + AHPC) (1) 

where KH, Au, and kH are equilibrium con- 
stants and rate constants defined by the re- 
actions (Rl)-(R3), and PC and PHI are the 
partial pressures of hydrocarbon and hy- 
drogen, respectively. Regardless of the ex- 
act form of the rate determining step, this 
rate expression indicates that apparent re- 
action rates involve a complex product of 
elementary rate coefficients and adsorption 
equilibrium constants. The measured iso- 
tope effects therefore appear to arise from a 
combination of kinetic and thermodynamic 
isotope effects. A similar conclusion was 
reached by Kellner and Bell in recent stud- 
ies of Fischer-Tropsch reactions catalyzed 
over supported ruthenium catalysts (5). 

Using Eq. (l), the inverse isotope effect 
should have a magnitude given by 

RI W-a) 
-= 
RH 

c 
i=O 

Yibibi kHh+ 

(KD~PD~~ + ADPC) I (KH~~H~~ + AHPc) 
(2) 

where yi is the fraction of surface interme- 
diate species in the presence of deuterium 
that contain i hydrogen atoms, and Kn, An;, 
and kDi are constants defined 
tions 

D2 - * 2D(ads) 

GH2n+2 

by the reac- 

C,HiD,-i(ads) + CXDZ + (/3 - i)Hz (R6) 

C,HiD,-Lads) + D2 -% C,HjD,(ads) 
+ Cn-mHi-jDx+2-;-z(ads). (R7) 
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Thesumoveri=0,1,2,. . . ,2(P-a) 
where /3 = IZ + 1 = a! f x/2 includes a 
distribution of intermediates with variable 
deuterium and constant hydrogen plus deu- 
terium contents. In the limiting case where 
complete exchange takes place before skel- 
etal rearrangement i = 0, -yo = I, and Eq. (2) 
simplifies to 

RD -= kDhD(KHaPHza + AHPC) 

RH hh-dKd%2a + Aflc) 
(3) 

This situation appears to be realistic under 
our reaction conditions as indicated by the 
facts that (1) complete deuterium exchange 
was typically 100 times faster than skeletal 
rearrangement (7), and (2) all reaction 
products appeared to be extensively if not 
completely deuterated. While it is highly 
unlikely that complete exchange prevails 
for every reacting molecule, application of 
this useful assumption permits a separation 
of the kinetic and thermodynamic isotope 
effects and a qualitative evaluation of the 
latter’s importance. 

The factor K~KH appearing in Eq. (3) 
can be evaluated directly using statistical 
considerations together with Pt-H @‘t-D) 
stretching frequencies recently reported by 
Rrimet (17) and Ibach et al. (18, 19) that are 
summarized in Table 2 for the two cases of 
weak “reversible” and strong “irrevers- 
ible” hydrogen chemisorption. Reversibly 

TABLE 2 

Stretching Frequencies for Molecular and 
Chemisorbed Hydrogen and Deuterium (17-19) 

Species Mode Frequency 
(cm-‘) 

HZ VA, = VHt 4160 
D2 VA, = Vm 2990 

Pt-H” 550 
1230 

Pt-D 
VA = VAD 400 
YE = VED 900 

Pt-Hb v,, = v&H 2120 
R-D” v,, = v”-D 1585 

a Immobile, “irreversible” chemisorption. 
b Mobile, “reversible” chemisorption. 

adsorbed hydrogen displays a single 
stretching frequency of 2120 cm-’ (27) and 
can be modeled as a mobile two-dimensional 
gas. In this case, 

1 - exp(-hvD,/k 
3 1 - exp( -hvH,/kT 

x ~~p~[2(vM-H - V.&D) 

- @Hz - vD2)ln/2kT} (4) 

where Mni and MD, are molecular masses 
of H2 and DZ and vM-H and v&n are vibra- 
tional frequencies given in Table 2. This 
function predicts that K~KH should in- 
crease slowly with increasing temperature 
from 0.54 to 0.64 for temperatures between 
273 and 673 K. Strongly chemisorbed hy- 
drogen displays two stretching frequencies 
(VA = 550 Cm-‘, vE = 1230 cm-i). Since in 
this case, the hydrogen and deuterium at- 
oms are immobile with 3 degrees of vibra- 
tional freedom, K~KH can be estimated us- 
ing 

1 - exp(-hvAHlkT) * 
1 - exp( -hvADlkT) 

1 - exp( -hvEH/kT) 4 
1 - exp( -hvED/kT) 

( 
1 - exp(-hvDikT) 
1 - exp(-hvHdkT) ) 

X exp{[2(vAH + 2vEH - vAD 
- 2vED) - (vH2 - vD,)l/h/2kT). (5) 

This function varies from 0.70 at 273 K to 
0.58 at 673 K and displays a minimum of 
0.55 at about 470 K. It appears clear that 
KdKH = 0.6 for both types of surface hy- 
drogen under reaction conditions appropri- 
ate to the work described here. 

It should be noted that for the strongly 
chemisorbed hydrogen species Eq. (5) pre- 
dicts that the heat of deuterium chemisorp- 
tion on platinum should exceed that for hy- 
drogen by about 0.7 kcal/mole. Little or no 
difference is predicted for the weaker re- 
versible chemisorption. The former predic- 
tion is in close accord with the experimen- 
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tal results of Gundry (20) and Wedler et al. 
(22) which indicate that deuterium is more 
strongly chemisorbed on nickel as com- 
pared to hydrogen by 0.6-1.0 kcal/mole. 
Gundry (20) also noted that &/Ku de- 
creased with increasing temperature from 
about 2.4 near 180 K to unity at 270 K. At 
higher temperatures of catalytic impor- 
tance, the contribution of zero point energy 
differences to &/Ku in Eq. (5) becomes 
small compared with the contribution of the 
preexponential factor so that the magnitude 
of Kn/&.i is less than unity. Creative experi- 
ments are needed to clarify which if either 
of these hydrogen species is actually impor- 
tant in the reaction pathway leading to al- 
kane hydrogenolysis. 

The ratio of hydrocarbon adsorption 
equilibrium constants AD/Au defined by re- 
actions (R2) and (R6) (with i = 0) can be 
expressed by 

& = eH, Pa ecD, 
AH ( 1 QDZ QCH, 

(6) 

where the Qi are the total partition func- 
tions for the reacting species. If it is as- 
sumed that the intermediate species are im- 
mobile it follows that 

1 - exp(-hV,CH&Z) 
41 - exp(-hv,CDx/kT) ) 

x exp{[(vD2 - VH2)@ - a% 

- ~(EcD,~ - EcH,')]/~~T) (7) 

where vgcHx and vBcDx are normal modes for 
the intermediate C,H, (C,D,) species and 
Ecn o - Ecu o is the difference in zero point 
ene;gies betxween deuterated and hydroge- 
nated intermediates. According to Ozaki (I), 
this zero point energy difference corre- 
sponds to approximately 1.8 kcahmole per 
C-H (C-D) bond. Table 3 summarizes Ad 
AH ratios calculated for several alkanes at 
273 and 573 K using Eq. (7) with (Y varied 
between one and four. The magnitude of 
the vibrational partition function has been 
estimated for a chain of x/2 CH2 (CD3 
groups with local symmetry CzV (22). At 
low temperatures the model calculations 
produce the result that AD/AH % 1, whereas 
at 573 K An/Au is on the order of 2-5 inde- 
pendent of (Y and the nature of the reacting 
hydrocarbon. When exact partition func- 
tions for C,H, and C,D, are included, the 
AD/Au ratios may become larger, but by no 
more than about a factor of 2 at most. While 
the contribution of the zero point energy 
difference to the thermodynamic isotope ef- 
fect clearly diminishes markedly with in- 
creasing temperature, it is important to 
note that this effect on the surface concen- 
tration of hydrocarbon intermediates is al- 
ways predicted to contribute to the inverse 
isotope effect. 

Detailed information concerning the con- 
figuration and vibrational frequencies of the 
activated complexes is needed to obtain a 
meaningful estimate for the magnitude of 
kdkH. While little zero point energy differ- 
ence (and kinetic isotope effect) would be 

TABLE 3 

Temperature Dependence of the Hydrocarbon Adsorption Equilibrium Constant Ratio AdAH 

Hydrocarbon a (P - ff) ECH o - 1 Eco o n x Adh 

(kcal/mole) 298 K 573 K 

Who 3 2 7.2 41 1.6 
W-h 3 3 10.8 302 2.3 
GH14 1 6 21.6 8.7 x 104 5.2 
C&14 2 5 18.0 1.4 x 104 4.0 
a314 3 4 14.4 2.0 x 103 3.0 

a EcHxo - Eco O = I 1.8x (k&/mole), Ref. (I). 
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expected for unimolecular C-C bond 
breaking or skeletal rearrangement, the rate 
determining step presumably involves a hy- 
drogenation process where the zero point 
energy difference is substantial. For hydro- 
genation reactions it is usually observed 
that kn 2 kD (1). 

It has been assumed in this analysis that 
no competition exists between deuterium 
(Hz) and hydrocarbon for platinum surface 
sites. According to the “landing site” 
models for hydrocarbon-deuterium ex- 
change (2.3) and ethane or propane hydro- 
genolysis (14, 15), reaction rates are con- 
trolled by the rate of irreversible 
hydrocarbon chemisorption and dehydro- 
genation on surface sites that contain at 
least Z adjacent metal atoms that are free 
from chemisorbed hydrogen (deuterium). 
Rate expressions of the form 

R = kPc( 1 - OH)= (8) 

are predicted by these competitive models 
where (1 - f3u)= is the probability of having 
a ensemble of Z uncovered atoms. In this 
case, the deuterium isotope effects should 
have magnitudes given by 

R~RH = kD(1 - &J=ikH(I - OH)=. (9) 

From previous consideration of Kn and Kn 
we expect that 8n < 6~. Since Z reportedly 
assumes values of IO-15 (14, 15), it ap- 
pears that kinetic models which allow for 
competitive chemisorption of the reactants 
also lead to the prediction that inverse iso- 
tope effects should exist for hydrocarbon 
reactions catalyzed in the presence of deu- 
terium gas. 

As compared to the other n-hexane skel- 
etal rearrangement reactions, aromatiza- 
tion displayed unique behavior character- 
ized by a normal kinetic isotope effect. 
Parallel reactions are expected to display 
isotope effects with different magnitudes 
depending upon the site requirements and 
the deuterium content of the reaction inter- 
mediates. According to Eqs. (2), (7), and 
(9), R&?n should decrease with decreasing 
ensemble size and decreasing deuterium 

content. Since aromatization selectivities 
are maximized at high reaction tempera- 
tures (8), it is likely that the reaction inter- 
mediates leading to benzene production 
have lower hydrogen plus deuterium con- 
tent than those leading to the other skeletal 
rearrangement reactions. This difference in 
hydrogen content could account in part for 
the altered selectivities for reactions cata- 
lyzed in deuterium. Differences in site re- 
quirements or kdkH might also contribute 
to the altered aromatization selectivity. 
More detailed studies using other types of 
catalysts would be valuable to differentiate 
between these possibilities. 
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