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Isotopic exchange between deuterium and cyclopentane and between pentane and ethane on the 
Rh/SiO2 catalysts of the preceeding paper has been investigated after several different pretreat- 
ments. Although a more restricted number of catalysts was examined, as with 2,2-dimethylbutane, 
increased percentage exposed (Dh) appears to lead to increased turnover frequency (Nt). After the 
standard pretreatment, H2,300°; He,450 °, the rates in alkane(g) ~ alkane(ads) increase only slowly 
as Dh increases, but the rates in monoadsorbed alkane ~ diadsorbed alkane decline relatively 
rapidly. As with 2,2-dimethylbutane, the pretreatment H 2 ,450 ° leads to the largest values of g t . 
He,450 ° following Hz, 450 ° removes surface hydrogen atoms and leads to reconstruction to a surface 
of much lower activity for exchange. Cyclopentane exchanges much faster than pentane on these 
catalysts. It appears that adsorption and desorption of cyclopentane involve single-step processes 
to and from diadsorbed cyclopentane + 2H*. Adsorption is faster than that with pentane because 
cyclopentane is essentially in the eclipsed conformation needed for this process. The rate of 
monoadsorbed ~- diadsorbed cyclopentane is similarly augmented. Adsorbate-surface strain re- 
duces the rate constant for adsorption of 2,2-dimethylbutane and increases that for desorption. 
When coverages by the unhindered hydrocarbon are large, the relative rate of exchange of the 
hindered hydrocarbon vs that of the unhindered hydrocarbon will be larger than one would conclude 
merely from the relative rate constants of adsorption. © 1992 Academic Press, Inc. 

INTRODUCTION 

The preceding paper (1) was concerned pri- 
marily with the influence of percentage ex- 
posed and of conditions of pretreatment upon 
the isotopic exchange of neohexane on a set 
of R h / S i O  2 catalysts. This paper adds data on 
the isotopic exchange of cyclopentane, pen- 
tane, and ethane and it considers the mecha- 
nism of isotopic exchange of alkanes in terms 
of these and previous data. It also compares 
results on the R h / S i O  2 catalysts with those on 
P t / S i O  2 and Pd/SiO2 catalysts. 

EXPERIMENTAL 

Procedures 

The apparatus and general procedures are 
given in the preceding paper (I). Cyclopen- 
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tane (Chemical Samples) and pentane (Wi- 
ley Organics) were refluxed over so- 
dium-potassium alloy for 1 h and distilled 
into a storage flask. All operations including 
storage were effected under argon. Ethane 
(Matheson grade 99.87%) was used without 
treatment. The purity of all hydrocarbons 
exceeded 99.9% as judged by gas chroma- 
tography. 

Gas phase mixtures of hydrocarbon and 
deuterium were prepared by use of a satura- 
tor thermostated in the case of cyclopentane 
at 10°C with a slush bath of dodecane to 
give a saturated vapor pressure of 0.088 bar 
(8.5%) and in the case ofpentane at - 21.4°C 
with NaCl-ice to give a vapor pressure of 
pentane of 0.087 bar (8.7%). Ethane-D2 mix- 
tures were fed from a tank to which 0.882 
bar of ethane and then deuterium had been 
added to bring the total pressure to 9.8 bar. 
The content in ethane was 9.0%. In catalytic 
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TABLE l 

Isotopic Exchange of Cyclopentane on 31-SiO2-Rh4 and 108-SiO2-Rh-IonX a 

T b Treat ~ Nt d D1 D2 D3 D4 D5 D6 D7 D8 D9 Dio 

31-Rh4 
30 Stand 2.7 20.6 36.4 15.4 10.4 12.9 
55 Stand 7.5 10.6 25.6 16.0 14.4 22.2 
75 Stand 13.9 7,4 20.9 14.8 14.5 26.9 
30 H 2 ,450 ° 2.3 40,4 31.2 10.4 6.8 7.4 

108-Rh-IonX 
30 Stand 4.6 31.5 32.7 13.8 9.3 7.1 
30 H2,450 ° 11.2 28.2 25.0 15.8 11.6 8.9 

1.2 1.1 0.7 0.6 0.7 
3.3 3.1 1.9 1.4 1.4 
4.1 3.6 2.7 2.4 3.0 
1.2 0.8 0.7 0.6 0.5 

2.5 1.5 0.7 0.5 0.4 
4.7 2.8 1.6 0.9 0.5 

a The data presented are the average of duplicate runs. Masses of catalyst ranged from 0.003 to 0.007 g and 
flow rates from 20 to 60 cm 3 rain- 1. Conversions on 31-Rh4 at 30°C were low enough so that the isotopic distribution 
patterns listed should be only slightly distorted from those that would be obtained with only one period of 
adsorption. However, at 75°C and even at 30°C on 108-IonX, conversions were so large the listed Di's 
are distorted by multiple periods of adsorption. However, values of Nt would be unaffected by larger con- 
versions. 

b Temperature of reaction in °C. 
c Conditions of pretreatment: stand, standard pretreatment, H2,450 ° = H2,450°; cool in H2. 
J Turnover frequency in s - i  per Rh s . 

runs, samples were collected for analysis at 
I0 and 50 min on stream. 

Experimental Results 

Cyclopentane. As shown in Table I, iso- 
topic exchange of  cyclopentane was investi- 
gated on two catalysts,  31-Rh 4 and 108-Rh- 
IonX, and two pretreatments ,  H 2,450 ° and 
Hz,300°;He,450 ° (the "s tandard  pretreat- 
ment" ) .  Rates of  exchange were exception- 
ally fast. Since conversions of  cyclopentane 
at 75°C on 31-Rh 4 ; standard on any practica- 
ble amount  of  catalyst were so large that 
undistorted Di's could not be obtained, runs 
were also made at 30 and 55°C. Ea was 32 kJ 
mol -  1 for formation of  exchanged cyclopen- 
tane. Uncer ta inty  in E a was augmented by 
uncertainty in the weight of  the catalyst. 
Runs were made only at 30°C on 31-Rh4; 
H2,450 ° and on 108-Rh-IonX. In the runs on 
31-Rh4; standard at 75°C, since (1 - Do) 
was about  20%, there was some distortion 
in the distribution of  Di's. Of  the molecules 
that had exchanged,  10% had undergone 
two periods of adsorption and exchange. 
Dilution of  the D2 pool with HD also re- 
sulted in distortion. However ,  it is clear that 
D6-Dlo increases with increasing tempera- 

ture. Multiple periods of exchange do not 
affect values of Nt. Even  at 30 °, runs at 
low conversion could not be obtained 
with 108-IonX. In the runs of Table I at 
30°C on 108-IonX; standard, conversions 
were about 35% and for H2,450 °, 60%. The 
Di's entered in Table 1 for H 2,450 ° are for 
a catalyst at 47 min on stream, 56% conver-  
sion. 

Pentane 

Isotopic exchange between pentane and 
deuterium at 75°C on 31-Rh4 and 108-Rh- 
IonX is shown in Table 2. The combination 
of  D h and pretreatment effects variation in 
N~ by a factor of 20. At 75°C, reaction on 
108-Rh-IonX; H 2 ,450  ° w a s  s o  f a s t  that even 
with only 0.0029 g of catalyst and flow rates 
of 66 cm 3 rain -~ conversions were 45%, 
Nt = 11.7 s -1. D;'s for the other  runs 
should be relatively undistorted. 

Ethane 

Table 3 exhibits the results of  isotopic 
exchange between ethane and deuterium. 
Because of the slowness of  exchange of eth- 
ane, runs were made at 125°C. However ,  
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TABLE 2 

Isotopic Exchange of Pentane at 75°C on 31-SiO2-Rh 4 and 108-SiO2-Rh-IonX a 

Catalyst 31-Rh 4 31-Rh 4 108-Rh-IonX 108-Rh-IonX 
pretreatment (standard) (H2,450 ° , 1) (standard) (H2,450 ° , 1 b) 

N t 0.46 1.24 1.21 11.1 (11.1) 
D1 23.8 40.7 29.8 24.0 (29.2) 
D z 14.9 16.3 17.5 14.8 (15.9) 
D 3 10.2 8.9 9.3 10.3 (10.0) 
D 4 7.0 6.4 7.8 8.4 (7.9) 
D 5 5.0 4.9 5.6 7.1 (6.6) 
0 6 4.2 4.2 4.6 6.5 (5.8) 
D 7 3.8 3.8 4.0 5.9 (5.1) 
D 8 3.4 3.1 3.4 5.3 (4.5) 
D 9 3.0 2.5 3.3 4.7 (3.9) 
D~0 2.6 1.9 2.6 4.5 (3.6) 
D H 5.2 2.4 3.8 4.9 (4.0) 
D n 17.0 5.0 8.5 3.6 (3.5) 

a The data are averages of duplicate runs at times on stream of about 11 min. 
Flow rates varied from 26 to 66 c m  3 min -~ and catalyst masses between 0.003 and 
0.014 g. 

b The unparenthesized values are for the run with highest conversion, 57% at 
10.5 rain on stream. The parenthesized values are for the lowest conversion, 44% 
at 46 min time on stream. In this run, the highest flow rate was employed and the 
lowest amount of catalyst, 0.205 txmol Rh. In both runs, the isotopic distributions 
are distorted by isotopic dilution. 

runs  we re  a lso  m a d e  at  100 and  75°C for  
31-Rh4;s tandard .  Ea was  75 kJ  mo1-1. The  
i so top i c  d i s t r i b u t i o n  p a t t e r n  was  nea r ly  in- 
d e p e n d e n t  o f  t e m p e r a t u r e .  

DISCUSSION 

General Characteristics of Isotopic 
Exchange 

W i t h  the  e x c e p t i o n  d i s c u s s e d  b e l o w ,  we  
i n t e rp re t  i so top i c  e x c h a n g e  p r i m a r i l y  on  the  
bas i s  g iven  in the  p r e v i o u s  p a p e r ,  r e a c t i o n  
a m o n g  *D, *H,  m o n o a d s o r b e d  a lkanes ,  and  
o~,/3-diadsorbed a lkanes  (1-3). 

H 2 ÷ 2* ~.~ 2H* (1) 

- - C H 2 - - C H  2 -  + 2* ~-  

- - C H 2 - - C H * - -  + H* (2) 

- - C H 2 - - C H * - -  + 2* 

- - C H * - - C H * - -  + H* (3) 

This  m e c h a n i s m  is c lo se ly  r e l a t ed  to the  

H o r i u t i - P o l a n y i  m e c h a n i s m  for  the  h y d r o -  
gena t ion  o f  olefins (3), w h i c h  p r o c e e d s  b y  

- - C H = C H - -  + 2* ~ - - C H * - - C H * - -  
(4) 

fo l l owed  b y  ( - 3 )  and  ( - 2 )  a l t hough  Eq.  
( - 2 )  is u sua l ly  i r r e ve r s i b l e  u n d e r  h y d r o -  
gena t ion  cond i t i ons .  S t rong  e v i d e n c e  
ind ica t e s  tha t  the  * - - C  b o n d s  in 
- - C H * - - C H * - -  a re  cis and  e c l i p s e d  (3). 
S o m e  have  a rgued  f e r v e n t l y  tha t  
- - C H * - - C H *  is a 7r -complex  (4) and  o the r s  
a rgued  tha t  the  g e o m e t r i e s  o f  a ¢ r -complex  
and o f a  d i -o - -adsorbed  spec i e s  d i f fer  l i t t le  in 
g e o m e t r y ,  se rve  equa l ly  wel l  to a c c o r d  wi th  
e x p e r i m e n t a l  r e su l t s ,  and  c a n n o t  be  d is t in-  
gu i shed  b y  i so top i c  e x c h a n g e  e x p e r i m e n t s  
a lone  (3, 5). I n f r a r e d  s tud ies  have  ident i f ied  
b o t h  7r- and  d i -o - -adsorbed  e t h y l e n e  on  sup-  
p o r t e d  G r o u p  V I I I  me ta l s ,  bu t  the  e x a c t  ro le  
o f  the  two  spec i e s  in h y d r o g e n a t i o n  d o e s  no t  
ye t  a p p e a r  to  b e  e s t a b l i s h e d  (6). P e r h a p s  



ISOTOPIC EXCHANGE BETWEEN ALKANES AND DEUTERIUM 

TABLE 3 

Isotopic Exchange of Ethane on 31-SiO2-Rh 4 and 108-SiO2-Rh-IonX a 
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Catalyst Pretreat Temp. (°C) N t DI D2 D3 D4 Ds D6 

31-Rh 4 Stand 75 0.0019 20.5 44.l 6.8 4.6 5.1 18.9 
31-Rh 4 Stand 100 0.010 23.5 40.0 6.5 3.4 6.2 20.3 
31-Rh 4 Stand 125 0.051 21.5 41.3 6.0 3.4 6.8 21.0 
31-Rh4 H2,450 ° 125 0.092 35.0 35.3 7.4 4.9 5.8 11.7 
108-IonX Stand 125 0.083 30.5 38.8 6.4 3.8 5.7 14.9 
108-IonX H2,450 ° 125 0.87 40.3 32.4 8.4 5.6 5.8 7.6 

a Average of duplicate runs at times on steam of about 11 rain. The flow rates were varied between l0 and 50 
cm 3 rain- ~ and the catalyst masses between 0.004 and 0.45 g in order to keep the conversions below 8%. However, 
one run with 108-IonX; H 2,450 ° and one with 31-Rh4; standard at 125°C exceeded 8%, but the averaged Di's 
reported should not be seriously distorted. 

both are involved.  It  has been variously pro- 
posed that adsorbed 7r-allyl species are in- 
volved in exchange,  but such species are 
impossible in the exchange of  neohexane.  

Frennet  and Gault  have p roposed  a differ- 
ent mechan i sm for isotopic exchange,  one 
that does not involve simple dissociative ad- 
sorption of  alkane but proceeds  in essence 
via the steps (7) 

RH(g) + H* .~  R* + H2(g) (5) 

R 'CHzCH2* + H* 

R 'CH*CH2* + H2(g) (6) 

and is related to the R idea l -E ley  mechanism 
for isotopic exchange be tween H 2 and D2. 
Steps ra ther  similar to those in the Frennet  
mechanism have been proposed  to occur  in 
the hydrogenat ion of olefins on some actin- 
ide and zirconium complexes  supported on 
y-alumina (8). Howeve r ,  homogeneous  hy- 
drogenations catalyzed by  metal  complexes  
of  the later  transition metals seem to pro- 
ceed by  an analog of the Hor iu t i -Polanyi  
mechanism,  i.e., via "dissocia t ive  adsorp- 
t ion"  of  H 2 at the metal  a tom to form H M H ,  
insertion of  the olefin into an M - - H  bond, 
and react ion of  R - - M - - H  to liberate al- 
kane, R H  (9). Catalysts  of  Pt group metals 
might not, then, be the most  likely place to 
find the Frennet  mechanism.  Further,  olefin 
hydrogenat ion occurs  at the surface of  a pal- 
ladium membrane  that is fed with hydrogen 

f rom one side and with olefin f rom the other  
(10). Here ,  Pn2 in the vicinity of  the mono-  
and diadsorbed alkanes is far too low to 
permit  reactions (5) and (6) to occur  at sig- 
nificant rates. Also, it is clear that dissocia- 
tive adsorption of alkanes can occur  on plat- 
inum group metals (11) in the absence  of  
Hz(g ). An additional considerat ion is pro- 
vided by isotopic exchange be tween D 2 and 
( + )-3-methylhexane on Ni/SiO2 (12). Race-  
mization and isotopic exchange paralleled 
one another  and they were inhibited by  
Hz(D2) with n in P ~  being about  0.6. In an 
exper iment  in which the pressure  of alkane 
was constant  but that of  H2 had been pro- 
gressively decreased,  Pn2 was abruptly re- 
duced to zero. The rate of  racemizat ion rose 
immediately by a substantial  factor  but then 
decreased consequent  to the format ion of  
carbonaceous  deposits.  Here  clearly, reac- 
tions (2) and (3) proceeded under  conditions 
in which P•2 was very low and react ion ( - 5) 
must  have been very  slow. None  of  these 
considerations consti tutes a general dis- 
proof  of  the Frennet  mechanism,  but taken 
together  they lead us to continue to use the 
conventional  mechanism.  

Exchange of Neohexane 

The substantial values of  neohexane-d5 
shows that neohexane monoadsorbed  in the 
ethyl group reacts to form o~,/3-diadsorbed 
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neohexane much faster than it desorbs. At 
low conversions (% neohexane-d6)/(% neo- 
hexane-ds) was zero to within experimental 
error (1). I t  follows that a species monoad- 
sorbed in the ethyl group of neohexane de- 
sorbs much more rapidly than it is converted 
either to an o~,y- or the a,6 diadsorbed 
form. 

H3C CH3 
\ / 

C 
/ \ 

HzC--CH CH3 
/ \ 

,/3-diadsorbed 

H3C CH 3 
\ / 

H3C C 
\ / \ 

CH CH 2 

I I 

one ~,y-diadsorbed 

H3C CH 3 
\ / 

CH2--C 
/ \ 

H2C CH 2 
I [ 

a,8-diadsorbed 

Since (% t-butyl-d2)/(% t-butyl-d0 was 
small or zero, *CHzC(CH3)z(C2Hs) reacts 
with H* to form desorbed neohexane-dl 
much more rapidly than it reacts to form 
an ~,o~-, an a,y-, or an a,8-diadsorbed spe- 
cies. Presumably the rate of formation of 
an o~,a-diadsorbed species is nonzero, but 
since t-butyl-d1 was small we can say only 
that t-butyl-dz/t-butyl-dl was small. Similar 
results with rhodium catalysts have been 
reported in the past (3, 13, 14). 

However, on a 1% Rh/SiO2;H2,400°,I; 
vac. ,400 °, 0.5 at 120°C and 15% conversion, 
the t-butyl carbenium ion from exchanged 
neopentane had D1 = 67%, D 2 = 14.1%, 

D 3 = 9.3%, D 4 = 3.4%, D 5 -~ 1.7%, D 6 = 
1.3%, and 07, Ds, and D 9 = 1.0% each (15). 
The very low values of D 6 in the t-amyl 
carbenium ions from exchanged neohexane 
(1) might appear to be incompatible with the 
results of Ref. (15), but the temperature of 
catalytic runs with neohexane was 50°C 
lower and pressures about 10 times larger 
than those with neopentane. Alternatively, 
the Rh/SiO2 of Ref. (15) may have had sites 
that lead either to a different mechanism of 
exchange or to relatively rapid intercon- 
version between monoadsorbed and o~,y- 
diadsorbed species. 

On the basis of the discussion above, iso- 
topic exchange between deuterium and neo- 
hexane would, in general, involve the fol- 
lowing reactions. 

D 2 + 2* ~- 2D* (7) 

t--bu--CHz--CH3(g) + 2* 

H3C CH 3 
/ CH3 

C 
/ \ C H  / H (8s) 

cH3 f I 

I 

t--bu--CH2--CH3(g) + 2* ~- 

H3C CH 3 
\ / 

C 

/ \ C H  2 (8p) 
CH3 \ 

CH2 H 

I I 

II 

t--bu--CH2--CH2* + 2* .-- 

H3C CH 3 
\ / 

C 
/ \ C H - - C H 2  H (9s) 

CH3 ] \ I 

III 
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Rates  of  Isotopic Exchange  of  Neohexane  and Cyclopentane after the  
Standard Pre t rea tment  a 
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T (°C) Rh/SiO 2 Pd/SiO 2 Pt/SiO2 

t-bu/et  in neohexane  75 0.05-0.14 b - 0 . 6  b,C - 1.9 b'a 
N o (neohexane)  (s -1) 75 0.09 --+ 0.05 b ~0.0003 b'~ -0 .008  b 
N o (cyclopentane)  (s -I) 55 7.2 e 0.004 f'g 0.015 b 

a F rom this paper,  Ref. (16) and V. Eskinazi  (40), except  cyclopentane on Pd/SiO2 
and  Pt/SiO2 are f rom Pitchai et al. (41). 

b For  30% < D~ < 70%. 
c Value at 105°C. 
d Value at 86.5-110°C. 

For  31-Rh/SiO2. 
f For  D h - 50%. 
g N o for cyclopentane  at 75°C extrapolated from 55°C was 0.010 s -~. 

t - - bu - -CH*- -CH  3 + 2* ~- 

H3C CH 3 
N / 

C 
/ \ C H - - C H 2  H (9p) 

C H 3  / "N I 

III 

where here H* represents H* or D* as ap- 
propriate. The very small ratio t-bu/et (Ta- 
ble 4) shows that on Rh/SiO 2 the rate ratio, 
(adsorption into the t-butyl group)/(adsorp- 
tion into the ethyl group) is small. Because 
of less steric hindrance adsorption into the 
methyl group of ethyl ( - - C H 2 C H 3 )  is likely 
to be faster than into a methyl group of t- 
butyl. 

At steady state on a set of uniform sites, 
the rate of exchange, rex, would be given by 
that of either reaction (8s) or reaction ( - 8s), 

rex = kg-_,iO,2p = k l~gOiOH,  (10)  

where k~ i  is the rate constant in dissocia- 
tive adsorption to form I, P is the pressure 
of neohexane in the gas phase, and 0. ,  0i, 
On are the fractions of sites that are vacant 
and are I and *H, respectively. It is assumed 
that reactions (8s) and (8p) parallel one an- 
other. 

The ratio of rates on equal numbers of 
face and edge sites is given by 

r f / r  e k 2 2 = ( g-+10* )eace/(kg~IO* )edge" (11) 

Because of the reduced adsorbate-surface 
strain with edge sites and their greater coor- 
dinative unsaturation, kg__, I will be larger on 
edge than on face sites, but for the same 
reason, k~__,g will be larger on face sites. 

When 0. is near unity, 

r f / r  e = (kg_q)facel(kg_q)edg e 

depends only upon the rate constant ratio. 
However, when 0. is small and edge sites 
are.nearly completely covered by hydrocar- 
bon residues that react slowly by Eq. ( - 2), 
exchange at the unhindered edge sites can 
become slower than at hindered face sites. 
An intermediate situation could exist in 
which r f / r  e is unity because (kg~l)faee/ 
(kg__,i)edgejUSt cancels (0.2)f/(0.2)e. Since ex- 
perimentally N~t is larger at large Dh, one 
would conclude that N~t is larger at edge sites 
and that the kg~i term i n  kg__,i0. 2 dominates. 
However, since after H2,450 °, N t ' s  for 11-, 
31-, and 108-Rh/SiO2 are 0.0096, 0.61, and 
3.3 s -1, respectively, the edge site/face site 
ratio would have to be much larger after 
H 2,450 ° than after H 2 ,300°; He,450 ° if one 
were to ascribe the entire augmentation of 
rate to the edge/face ratio. This matter was 
previously analyzed on the basis of kg__,t 
alone (16), but properly the 0. term should 
be considered. 
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Formation of neohexane-d5 requires that 
the rates of (9s), ( -  9s), (9p), and ( -  9p) all 
be significant. D1/D 5 is determined by the 
ratio ri__,g/rl~ii I -= rex /r l~ i i  I . When rl~g/ri_~iil 
is large, DI/D 5 is large. Recalling that 
ri_~g = rg_~ I and ri~ll I = rln~l and assuming 
that rln_.i ! and rlli~ I parallel one another, 
one finds that 

rl___~g/ri___~iii = [kg___,i/ki__,iii][(o,ZP)/(O,20i)] 

= [kg_q /k i_q i i ] [P /Oi] .  (12)  

Since the coordinative unsaturation of the 
sites (the asterisks) in Eq. (9b) increases in 
going from face to edge sites, kg~i  , k l ~ i i i ,  

and 0i in the rightmost expression in Eq. (12) 
all increase in going from face to edge sites. 
The increase in 0i will result from augmen- 
tation of - AH of reaction (9b) consequent 
to an increase in coordinative unsaturation 
and a decrease in steric hindrance. Thus, 
the simple model above cannot provide a 
qualitative prediction as to the effect of edge 
vs face sites upon the Di's. Experimentally, 
ri__,g/ri~ii I increases a s  D h increases, as the 
average particle diameter decreases, or, on 
the usual assumption, as the edge/face 
ratio increases. Thus, under the conditions 
investigated here, kg__q dominates over 

ki-)iiIOi • 
The elementary steps in Eqs. (8) have 

been expressed as proceeding from the gas 
phase directly to the adsorbed phase. 
However,  the van der Waals adsorbed 
phase may well be intermediate (17). If 
this were the case, no significant changes 
would be necessary in the treatment given 
above. 

Although lumped with r[_,ln above, the 
term, rn_~ m , is always significant since D5 is 
always finite. If  qn-,I! were zero, exchange 
in one period of adsorption (i.e., at low con- 
versions) would be limited to neohexane-d 4 , 
t-bu-CHDCD3, a situation seen in none 
of the isotopic distribution patterns. Simi- 
larly, if rin_~ ~ were zero, exchange would 
be limited to t-bu-CD2CHzD. Although the 
general trend of increase in D~/D5 with in- 
creasing D h and rough equality in fili__,li 
and rii!~ I is clear, it would not be easy to 

0.15 

0.10 
Nts-I 

0.05 

pL/SiO 2 H 2 ' 4 7 "  

standard 

H2,100 ° 
20 40 60 80 

D h g 

Fro. 1. Rates of exchange between deuterium and 
neohexane on Pt/SiO2 at 100°C (16), turnover fre- 
quency vs percentage exposed after the three pretreat- 
ments,  H2,450 ° (upper line), He,300°; He,450 ° (middle 
line), and ill 2 ,100 ° (lowest line). 

interpret the isotopic distribution patterns 
in fine detail since the surfaces of the cat- 
alyst must contain more than one kind 
of site. 

Comparison with Pt/SiO 2 and Pd/SiO 2. 
As noted above (Table 4), t-bu/et is very 
small on Rh/SiO2 (1), considerably smaller, 
in fact, than on Pt/SiO 2 and Pd/SiO 2 (16). 
The isotopic exchange of neohexane is more 
sensitive to the effects of particle size and 
pretreatment on Rh/SiO 2 than on Pd/SiO 2 
and Pt/SiO 2 . As shown in Fig. 1, N o for 
Pt/SiO2;H 2,300°;He,450 ° is nearly indepen- 
dent of D h and of whether the catalyst was 
prepared by impregnation with H2PtC14 or 
by ion exchange with Pt(NH4)42+. In most 
cases at 100°C, Nt(H2,450°)/N ° was - 3  and 
Nt(H2,1OO°)/N ° was --~. However,  after 
H2,450 °, Dh = 81%, and after H2,100 °, Dh 
= 6.3%, N t was anomalously large. 

Dl-ethyl is measured by D1- 
(CH3)2C(C2Hs) + - § DI-(CH3)3C +. With Pt/ 
SiO2, the large value of Drt-bU/Dl-ethyl 
causes the calculation of D~-ethyl to be at- 
tended by rather large errors. After H 2 ,300°; 
He, 450 ° or H 2,100 °, Dre thy l  was about 23 
-+ 10% for the smallest values of D h and 43 
+ 10% for the largest where the - 10% is the 
possible error. In consequence, values of 
Dl-et were usually omitted. The isotopic dis- 
tribution patterns were all characterized by 
a maximum at D 3 . The distribution I in Fig. 
2 was that with the largest value of D 3 ,  
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50 Pt Pt. Pt Pma 1 

411 ~ ~~.~ ~ 2 0 ; 3 0  

/ '  I \"---.  i in n;  D2 D3 D4 D5 
FIG. 2. Isotopic distr ibution pat terns  for single runs  

at about  9 min t ime on s t ream for the  exchange  of  
neohexane  on Pt/SiO2 at 100°C and on Pd/SiO 2 at 105°C 
(16). R u n j  is on 40-PtC1; H2,300°; He,450 °, Nt = 0.035 
s -1. Run  k is on 40-PtC1; H 2 ,100 °, Nt = 0.005 s -1. R un  
i is on 6.3-PtC1; H2,100 °, Nt  = 0.048 s -1. R un  m is on 
29.3-Pd-IV;H2,300°,He,450 °, Nt = 0.0033 s - I .  

whereas j represents one with one of the 
smaller values of D~. In general, variation 
in the isotopic distribution patterns was not 
large. 

The Pd/SiO2 catalysts were prepared by 
ion exchange with Pd(NH3) 2+ . Since t-bu/et 
was about 0.5, Dl-ethyl was not usually 
given. Plots of N t  v s  D h paralleled one an- 
other after all three pretreatments except for 
the low value for 96.7-Pd/SiO2;H2,450 ° (Fig. 
3). Nt's were nearly the same for 13.8-, 
29.3-, 49.8-, and 65.5-Pd/SiO z but 2.5-3 
times larger for D h -= 79.1 and 96.7%. N t ' s  

were nearly the same for H2,300°; He,450 
and H 2,450 ° but N t w a s  only one-third as 
large for H2,100 °. The isotopic distribution 
patterns were all of Type C as exemplified 
by m, 29.3-Pd-SiOz, in Fig. 2. No anomalies 
at D3 were detected in any run. After all 

I- Pd/Si02 " %  0.01 
oooo I- 

0.002 ~ "~'~0" ":::~' ~ °  SI-aFI , ~ 1 °  o / °-i--'°--7--°--'~ "° Hi2"100 I 

20 40 60 80 100 Dh ~, 
Fio.  3. Rates  of  exchange  between deuter ium and 

neohexane  on Pd/SiO2 at 105°C (16), turnover  fre- 
quency  vs percentage exposed  after three pretreat- 
ments ,  H 2,450 ° (upper line), He,300°; He,450 ° (middle 
line), and H 2 ,100 ° (lowest line). 

pretreatments D 5 was larger for 49.8 and 
65.5% than for the others and at all values 
of D h ,  D 5 was a little larger after H2, 100 ° 
and a little smaller after H2,450 ° than after 
H 2 ,300°;He,450 °. After H2,300°; He,450 ° a 
catalyst prepared from Pd(acetylaceto- 
n a t e ) 2 ,  D h = 22.5, exhibited about the same 
N t as  29.5-Pd/SiO2, but the value of D~/D5 
was the smallest of any, 3/78, vs 5/62 for 
49.8-PdSiOz. 

Exchange of cyclopentane, pentane, 
and ethane 

Previous work had shown that (i) The ex- 
change of cyclopentane is much faster on 
Rh than on Pt and that D6-D10 on Rh is 
relatively small (•3); (ii) on Rh the rate of 
dissociative adsorption of an acyclic alkane 
at a secondary position is much greater than 
at a primary position (18); and (iii) adsorp- 
tion at a secondary position is much less 
dominant on Pt and Pd (18). 

The increase in N o on Rh/SiO 2 by a 
factor of 230 in the sequence ethane, neo- 
hexane, pentane (Table 5) accords with 
item (ii). The small value of t-bu/et for Rh/ 
SiO2, -0.08 (Table 4), indicates that the 
rate ratio (8p)/(8s) is small and this also 
accords with item (ii). The much larger 
values of t-bu/et on PdSiO~ and Pt/SiO2 
accord with item (iii). However, per C-H,  
reaction (8s) is faster than (8p) on all three 
metals. The data in Table 4 accord with 
item (i). In addition, compared with Pt/ 
S i O  2, N O (cyclopentane)/N ° (neohexane) 
on Rh/SiO 2 was anomalously large. Thus, 
on 31-Rh/SiO2, standard pretreatment, 
75°C, cyclopentane exchanged 30 times 
faster than pentane and 140 times faster 
than neohexane (Table 5). On 40-Pt/SiO 2 
at 81°C, cyclopentane exchanged only 
about 10 times faster than neohexane but 
about 23 times faster than the ethyl group 
of neohexane (16). On 29.8-Pd/SiO 2 at 
90°C, cyclopentane exchange was about 48 
times faster than that of the ethyl group of 
neohexane. 

Replacing t-butyl with n-butyl in, reac- 
tions (8) and (9) permits alternation among 
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T A B L E  5 

Rates  of  Isotopic Exchange  of  Various Hydrocarbons  

Hydroca rbon  N°t/N°t(neohex) on Nt(Rh/SiO2)/Nt(Pt/Si02) 
31-Rh/SiO2, 75°C a 

C H 4 - -  0.2 (190°C) b 
C2H 6 0.02 - -  
C3H 8 - -  20 (38°C) b 
n-C4Hio - -  33 (38°C) b 
Neopen tane  - -  0.61 (50°C) b 
Neohexane  (1.0) t0 (86.5°C) c 
Pentane  4.6 - -  
Cyclopentane  140 580 (55°C) d 

a Standard pre t rea tment .  
b 0.1 mmol  metal  per g of  SiO 2. Pretreatment:  H2,400°,1; 

vac.  ,400°,0.5. The parenthet ical  figures give the reaction tempera-  
tures .  F rom Ref. (18). 

c NO(Rh)/Not(pt), medium values  of  D h for Rh/SiO 2 and Pt/SiO 2 
from Ref. (16). 

d NOt(Rh)/N~(Pt). 31-Rh/SiO 2 and an average at medium values 
of  D h for Pt/SiO 2 from Ref. (32). Because  of the large difference 
in E a be tween  the two catalysts  (32 and 71 kcal mo1-1, respec-  
tively), this ratio changes  rather  rapidly with temperature;  at 75°C 
the ratio would be 240. 

mono- and diadsorbed species, which leads 
to migration of the position of adsorption 
along the carbon chain and, thus, to ex- 
change of all hydrogen atoms. Since D12 
> D u > D10 in exchanged pentane (Table 
2), there is a process (process A) in which 
r_l >> r_3 >> r_2 (where 1, 2, and 3 refer 
to the equations at the beginning of the 
Discussion); that is, D*/H* >> 1 and alter- 
nation between mono- and diadsorbed is 
fast vs associative desorption (2, 3). How- 
ever, most of the exchange results from 
process B in which r3/r_ 2 ~ 1 and r_l/r 2 
>> 1, or alternatively r3/r_2,  could be larger 
if r_l/r 2 is relatively small, that is, if, for 
example, D*/H* -~ 1. 

Isotopic distributions resembling those in 
Table 2 are common on Rh, Pt, Pd, and Ni 
and it has long been considered that Such U- 
shaped distributions result from the pres- 
ence of two or more different sites with dif- 
ferent values of r I , r 2 , and r 3 (19, 20). How- 
ever, Hegarty and Rooney have recently 
proposed that the U-shaped distribution re- 

suits from the following scheme exemplified 
by ethane (21). 

C2H6(g) 
lla b 

X CH3--CH2* ~ CH2*--CH2* 
$c d 

Y CH3--CH2* ~ CH2*--CH2* 
; e  

C 2 H 6 ( g )  

Here, X and Y are different sets of sites 
between which CH3--CH2-- can transfer 
by step (c). A U-shaped distribution (large 
D 1 and D 6, small D2 D3, D 4 ,  and Ds) results 
from the following assumptions: step (b) is 
relatively slow so that CH3CH2* on X is 
but slightly exchanged whereas step (d) is 
relatively fast so that CH3CH2* on Y is heav- 
ily exchanged; and steps (c) and (e) are es- 
sentially irreversible; i.e., exchanged eth- 
ane desorbs f rom sites Y but ethane does 
not adsorb on these sites, ethyl moves f rom 
sites X to sites Y but not f rom g to X.  

The italicized phrases above violate the 
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principle of microscopic reversibility as may 
readily be seen by the following. Let C2H 6 + 

H 2 pass over the catalyst. The gas phase will 
come to equilibrium with respect to the ad- 
sorbates and the rates of the forward and re- 
verse reactions will become equal in each step 
including (c) and (e). Now replace He by D 2 . 

Steps (e) and ( -  e) will continue to be equal. 
Mere replacement of H 2 by D2 cannot change 
the rate of adsorption of ethane on sites Y, 
small kinetic isotope effects excepted. Fur- 
thermore, steps (c) and ( - c )  will remain un- 
changed and equal. Ordinarily, the principle 
of microscopic reversibility applies exactly 
only at chemical equilibrium, and the detailed 
mechanism of reaction between O2 and C H  4 

at very low conversion may not be the same 
as at very high conversions. An advantage of 
isotopic exchange experiments and isotopic 
tracing in general is that the involvement of 
an isotopic species does not alter the basic 
mechanism. Thus, the mechanism of Hegarty 
and Rooney in its present form must be re- 
jected. 

The isotopic distribution pattern of cyclo- 
pentane is unusual in that D 2 is anomalously 
large, in most case larger than D 1 . We asso- 
ciate these anomalies with the fact that most 
of the cis-c~,B pairs of hydrogen atom in cy- 
clopentane are in eclipsed conformations. 
In pentane the fraction is very small since 
the enthalpy of such a conformation is at 
least 3.4 kcal tool-1 above that of the stag- 
gered (22). The prevalence of cis-eclipsed 
conformations in cyclopentane may potenti- 
ate the concerted adsorption of cyclopen- 
tane as 2H* (or conceivably, adsorbed H2) 
plus diadsorbed cyclopentane as a reaction 
faster than simple dissociative adsorption, 
reaction (2). 

- - C H 2 - - C H  2 -  + 4* 
- - * C H - - * C H - -  + 2H* or H2* (13) 

or 

- - C H 2 - - C H  2 -  + 3* 
-~ ~ r - - ( - - C H = C H - - ) *  + 2H* or H2* 

(14) 

The transition state in (13) or (14) would be 

stabilized by some contribution from ethyl- 
ene, a contribution not available in reaction 
(2). If adsorption occurs by Eqs. (13) or (14), 
desorption must occur by the reverse to gen- 
erate cyclopentane-d 2. By similar argu- 
ments, the rate of step (3) should also be 
much faster with cyclopentane than pentane 
since only those monoadsorbed species with 
- - * C H - - C H  2 -  in eclipsed conformations 
can react directly. The rates of both Eqs. (3) 
and (13) must be similarly augmented if the 
usual shape of an isotopic distribution pat-  
tern is to result. As before, two types of 
sites would be needed. 

The requirement of four empty sites in 
Eq. (13) is large and would lead to different 
kinetics for the exchange of pentane and 
cyclopentane, but (13) with Hz* would be 
less demanding. An alternative less con- 
certed mechanism would involve adsorption 
by Eq. (2) in which cyclopentane exchanged 
faster than pentane because the transition 
state for cyclopentane would involve some 
release of eclipsing enthalpy which would 
not occur with pentane. Therefore, a lower 
activation energy would result although one 
may doubt that it would be low enough to 
make the exchange of cyclopentane so much 
faster than that of pentane. 

Adsorption of cyclopentane on Pt ( l l l )  
(23) at 90 K forms an agostic-like bond-soft- 
ened species. At 200 K, some desorbs and 
some (20%) reacts to form di-o--adsorbed 
cyclopentane as in Eq. (13), perhaps in a 
concerted process, although there is no 
proof that the reaction does not proceed via 
a monoadsorbed cyclopentane. C2-C6 al- 
kanes adsorbed on Pt(111) exhibit no detect- 
able bond softening (24). Adsorbed cyclo- 
hexane also exhibits bond softening on 
Pd(l l l ) ,  Pd(ll0), Pt( l l l ) ,  and Ru(001) and 
reacts to form adsorbed benzene at 200-300 
K without desorbing (25). It has been shown 
that ethylene dissociates from the di-o- 
bound species 

H2C--CH2 
/ \ 

(CO)40s----Os(CO)4 
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in a concerted step (26). This process has 
some resemblance to that in Eq. (13). 

If initial adsorption of cyclopentene oc- 
curs by step (13) and if as usual D*/H* is 
large, D 1 would be zero. In fact, D1 is large. 
The following model accords with these rate 
and selectivity results. 

Cyclopentane. A process S (analogous to 
process B) is needed in which D*/H* is in 
the vicinity of unity and r3/r_ 13 is somewhat 
larger than unity. Most of the exchange oc- 
curs by this process although its proportion 
decreases with increasing temperature. 
Since isotopic exchange of cyclopentane is 
so fast, the occurrence of such a relatively 
low value of D*/H* on some sites is not 
unreasonable although it is probably rare 
in acyclic alkanes. In this interpretation, at 
least two hydrogen atoms in cyclopentane- 
d 1 have actually been exchanged but, be- 
cause of the low value of D*/H*, only one 
atom of D has been substituted. In addition, 
process S is needed to give a maximum at 
Ds, i.e., r_l >> r_3 ~ r_13. Formation of 
substantial amounts of d5 via only mono- 
and diadsorbed cyclopentane requires a 
large value of D*/H* (2, 3). For example, 
even if D*/H* were 9.0, only 59% of the 
molecules in which five positions had been 
equilibrated with the D/H pool would be 
d 5. A further process is required that will 
generate d6-d l0  (3). 

The presence of a maximum at D2 in cy- 
clopentane exchanged on rhodium catalysts 
has been noted before and involvement of a 
reaction like Eq. (13) was suggested (5, 14), 
but the role of eclipsing energy and of the 
identity in rates of adsorption and desorp- 
tion were not elaborated. In addition, the 
direct, one-step reaction, 

alkane + 4* ~ allyl* + 3H* 

has been proposed for isotopic exchange of 
propane on Ni/A1203 on the basis of fitting 
to isotopic distribution data assuming a uni- 
form set of sites (27). Desorption would nec- 
essarily go by the reverse of this reaction. 
The entropy of activation needed for reac- 
tion ( -  13) would be negative enough to be 

somewhat worrisome but that for the reac- 
tion involving allyl* + 3H* would be even 
more unfavorable. 

There are particularly strong interrela- 
tions between the present paper and that 
of Cogen and Maier (14) which deal with 
the exchange of hexane and some other 
hydrocarbons on metallic rhodium and Rh/ 
A1203-C1 prepared from RhC13 . In both 
investigations, increased D h led to a lesser 
proportion of multiple exchange. They re- 
port the important finding that the two 
atoms of deuterium in hexane-d2 are in ~,/3 
positions. Some differences between the 
two papers, however, need to be men- 
tioned. Unlike Cogen and Maier we find 
maxima at D5 in neohexane exchanged 
on Rh/SiO 2 with D h < 40%. Thus, o~,/3- 
diadsorbed alkane is formed readily. In 
general our data provide no compelling 
evidence for participation of the ~r-allylic 
intermediate favored by Cogen and Maier 
for other hydrocarbons. We doubt the util- 
ity of considering the initial adsorption of 
hydrocarbon as the rate-determining step 
since one could as well consider the rate- 
determining step to be desorption. In fact 
we doubt the utility of talking about a rate- 
determining step in this reaction. 

Cogen and Maier pretreated their cata- 
lysts in H2 for 4 h at 120°C, a temperature 
that we did not test. However, 100°C, which 
we did test, might be expected to give fairly 
similar results. Except for our Rh/SiO2 cata- 
lyst with the lowest D h (11%), H2,100 ° led 
to low N t ; see Fig. 3 and Table 4 of Ref. (1). 
N t for the exchange of neohexane on 31-Rh/ 
SiO2 ; H 2 , 1 2 0  °, 4 at 75°C would be >0.02 s - 1 
(Fig. 3 of Ref. (1)). N t for pentane would be 
four to five times larger or >0.1 s- 1. For the 
exchange of hexane at the same Dh, Cogen 
and Maier report 0.0025 at 60°C and 0.014 
s -1 at 120°C. Their hydrocarbons were sub- 
jected to no purification and it is likely that 
their runs were subject to considerable poi- 
soning. In addition, as they noted, their H2 
and D z probably contained some 02 to which 
they ascribed the relatively rapid deactiva- 
tion of the catalyst that occurred at 0°C in 
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the absence of hydrocarbon. However, as 
did we, they observed that the isotopic dis- 
tribution patterns were unaltered by deacti- 
vation. In our work, the treatment H2,100 ° 
was anomalous in that rates were much 
smaller than after treatment with H 2 at 350 
and 450°C (for example, with 108-Rh/SiO2, 
smaller by a factor of over 200 vs H2,450 °) 
except for 11-Rh/SiO2. Values of N t for the 
exchange of hexane reported by Cogen and 
Maier declined rapidly with D h . In our 
work, this was also true for Rh/SiO 2 after 
H2,100 ° although the degree of decline was 
smaller, but, after the other pretreatments, 
Nt increased with Dh. 

Ethane. As shown in Table 5, N o of 
pentane on 31-Rh 4 is 250 times that of 
ethane. This large difference is assigned to 
the small value of r2 for methyl groups on 
Rh/SiO2. Slow reaction of ethane is general 
on Group VIII metals. However, like the 
more rapidly exchanging cyclopentane, D 2 

after the standard pretreatment is large for 
ethane and larger even than D 1. Probably 
then, the very low value of r 2 with ethane 
results in r13 being faster than r 2. Conse- 
quently, the D i pattern resembles that of 
cyclopentane. 

T A B L E  6 

Nt in s 1 for Isotopic Exchange  of  Alkanes  

Catalyst  Stand. Pretreat.  H 2 ,450 ° 

Neohexane  at 75°C 
Nt(31-Rh4) 0.10 0.61 
Nt(lO8)/Nt(31) ~ 2.4 5.4 

Cyclopentane at 30°C 
31-Rh4 2.7 2.3 
Nt(lO8)/Nt(31) a 1.7 4.9 

Pentane at 75°C 
3 l -Rh 4 0.46 1.24 
Nt(lO8)/Nt(31)" 2.6 9.0 

Ethane  at 125°C 
31-Rh 4 0.051 0.092 
Nt(lO8)/Nt(31) a 1.6 9.5 

Ratio of  turnover  f requencies  for catalysts  108- 
IonX and 31-Rh 4 after the s tandard pre t rea tment  and 
after H 2 ,450 °. 

and neohexane would be given by Eq. (10), 
but if the initial product is diadsorbed alkane 
(Eq. (13)) as with cyclopentane, rex is given 
by 

-- k 2 (15)  rex = kg~iliPO. 4 III-->g0IIIOH 

Effects of Particle Size and Conditions of 
Pretreatment 

In the exchange of neohexane after the 
standard pretreatment, small D h tends to 
favor process A (extensive multiple ex- 
change), high D h favors process B (re- 
stricted multiple exchange), and intermedi- 
ate D h leads to a mixture of A and B (1). 
Similar effects appear in the exchange of 
the other alkanes as shown in Tables l, 2, 
and 3 but differences among patterns are 
smaller than with neohexane. Larger crys- 
tallites of Rh have previously been re- 
ported relatively to favor process A (13). 
H2,450 ° leads to a considerably higher pro- 
portion of process B than does the standard 
pretreatment with all hydrocarbons of this 
paper. 

If the initial product of adsorption is mo- 
noadsorbed alkane (Eq. (2)), rex for pentane 

One might, then, expect that variation in D h 
and pretreatment would lead to consider- 
able variation in the ratio Nt(108-IonX)/ 
Nt(31-Rh4) for the three alkanes. Such a 
comparison is provided in Table 6. In fact, 
variation in the ratio after the standard pre- 
treatment, although definite, is rather 
small. Variation in the ratio after H 2 , 4 5 0  ° 

is also rather small, but larger than after 
the standard pretreatment. If, as appears 
likely, each catalyst contains multiple 
sets of sites of different activity, it will be 
difficult to interpret these ratios quantita- 
tively. 

Origin of Structure Sensitivity 

In competitive hydrogenation in the liquid 
phase on a set of Pt/SiO2 catalysts (28), 
cyclopentene was favored over the hindered 
acetylene, 



306 TAKEHARA, BUTT, AND BURWELL 

H3C CH 3 
\ / 

H a C - - C - - C ~ C - - C - - C H  3 
/ \ 

H3C CH 3 

but was heavily disfavored vs the unhin- 
dered diethylacetylene. Further, the com- 
petitive rates of cyclopentene/di-t-butyl- 
acetylene hydrogenation increased sub- 
stantially with increasing particle size (de- 
creasing Dh). The approach of the triple 
bond of di-t-butylacetylene to flat (l 11) and 
(100) planes of cubic close-packed metals 
and thus adsorption on these faces should 
be highly hindered. However, adsorption at 
edge atoms should be much less hindered. 
Thus, on the view that the metallic crystalli- 
tes of supported metal catalysts are bounded 
only by (111) and (100) planes (29), di-t- 
butylacetylene should be increasingly disfa- 
vored competitively as particle size in- 
creases as was indeed observed. However, 
surprisingly, the rate of hydrogenation of 
dimethylacetylene alone was almost inde- 
pendent of Dh. What can compensate for 
the expected increase in the edge/face ratio 
as Dh increases? Roughness of the surface 
planes in larger crystals and extractive che- 
misorption of the acetylene (raising the 
metal atom(s) to which the acetylene is 
bound above the plane of the metal surface) 
may be possibilities (16, 28). However, the 
rate of hydrogenation of di-t-butylacetylene 
may well be equal simply to the rate of ad- 
sorption of H 2 at gaps in the hydrocarbon 
layer (rate proportional to P12P°cet) (30) and 
the concentration of gaps may be approxi- 
mately the same on all surfaces. 

In the isotopic exchange of alkane, reac- 
tions (1) and ( - 1) are ordinarily fast and the 
rate of exchange is not that of the rate of 
adsorption of H 2 . The origin of the relatively 
small variation in N°t(neohexane) with Dh 
must be different. The explanation for this 
at the beginning of the section, Exchange of 
Neohexane, can at least partly explain why 
pentane containing three methylene groups 

exchanges only about four times faster than 
neohexane (Table 5). 

Mention has been made (Ref. (38) of Ref. 
(1)) of the possibility that interaction be- 
tween surface silanol groups and metal sites 
might affect exchange on smaller metal crys- 
tallites. However, effects of surface mor- 
phology on catalytic behavior are probably 
more common. 

The proposal that the surfaces of metal 
particles in supported catalysts are bounded 
only by low index planes like (111) and (100) 
(29) is unlikely always to be true (28, 31) and 
some surfaces must be rough. For example, 
the effect of pretreatment upon 11-Rh 6 was 
different from the other catalysts. 02,300°; 
H 2 , 100 ° led to a rate of exchange larger than 
that of the standard pretreatment (Table 4 
of (I)), whereas it was smaller on other cata- 
lysts. A similar phenomenon was observed 
in the Pt/SiO 2 set of catalysts (32). H 2 ,100 ° 
in reducing the oxide overlayer on the cata- 
lyst particles of 6.3-Pt-SiO2 generated a 
larger surface area than the standard pre- 
treatment. Heating Pt/SiO2;H2,100 ° to 
450°C in Ar reduced the area to a normal 
value. Probably, then, H2,100 ° also leads to 
an enhanced and rougher surface in 11-Rh 6 
but not in Rh/SiO2 of larger D~. In addition, 
on ll-Rh 6, NtH2'45°°/N°t was 0.25, whereas 
the ratio was 5.8 on 31-Rh 4 and 10 on 108- 
IonX. Since smooth, densely packed faces 
are unlikely to be the origin of the very high 
activities of catalysts treated H 2 ,450 ° (Table 
6), it appears that H2,450 ° smooths the sur- 
face of 11-Rh 6 but that it roughens or pro- 
duces special morphologies on the surface 
of smaller particles. 

Occurrence of reconstruction as a conse- 
quence of the gas environment is well at- 
tested (33), although available data permit 
few generalizations. On the basis of IR spec- 
tra of adsorbed NO, exposure of Pt /SiQ to 
H2 at 400°C was reported to result in 
smoothing of the Pt crystallites (34). How- 
ever, exposure to H 2 at 500°C has been re- 
ported to convert ordered very fine particles 
of Pt on y-A1203 to disordered ones (35). O2, 
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550°;H2,300 ° has been reported to roughen 
the surfaces of Pt in Pt/y-AI203, but CO,25°; 
H 2,300 ° to smooth them (36). H 2 ,627 ° pro- 
duces cube shapes with (100) faces from Pt 
crystallites on a smooth silica film, but 
rounded shapes result from N 2,627°C (37). 
In previous work, the rounded-cubic transi- 
tion was reported to be reversible even at 
500°C (38). 

Roughness may have another effect. 
Minot et al. (39) have made extended 
H~ckel calculations on a system involving a 
plane of 49 atoms in a (100) monolayer upon 
which planar islands of l, 2, 3, 4 . . .  atoms 
are placed. Some adjacent M - M  bonds in 
the monolayer are strongly affected and to 
degrees that vary with the size of the island. 
Some bonds are strengthened and therefore 
shortened, whereas others are weakened 
and therefore lengthened. If these conclu- 
sions apply to real surfaces, they would 
have substantial catalytic consequences, 
certainly for crystallites large enough to 
have larger planes, but in smaller crystallites 
edge atoms might produce significant ef- 
fects. 

CONCLUSIONS 

On Rh/SiO 2, secondary hydrogen atoms 
exchange much faster than primary ones; 
in particular, with neohexane the exchange 
ratio t-bu/et is much smaller than unity. This 
behavior separates Rh/SiO2 from Pt/SiO2 
and Pd/SiO2. Another separating feature is 
the much faster exchange of cyclopentane 
than pentane on Rh/SiO2. At least some of 
the exchange on Rh/SiO2 proceeds via ad- 
sorption and desorption of cyclopentane to 
and from 2H* (or H2* ) + *CH--*CH 2 -  or 
((--CH~---CH--)*). 

The rate of exchange ratio, N°(108-IonX)/ 
Nt°(31-Rh6), is near 2 for all hydrocarbons, 
butN~2'45°°(lO8-IonX)/NtH2"45°°(31-Rh6) is sev- 
eral times larger. Small Dh favors proportion- 
ately more extensive multiple exchange and 
large D h favors less for all hydrocarbons. 
Thus, although the rate monoadsorbed ~- (g) 
for a particular pretreatment and hydrocarbon 

does not change much as D h increases, the 
rate monoadsorbed ~ diadsorbed decreases 
substantially. 

H2,450 ° generates the most active cata- 
lysts. Mere removal of adsorbed hydrogen, 
He,300 ° after H 2 ,450 °, does not change N t 
for the exchange of neohexane, but He,450 ° 
causes surface reconstruction to a surface 
giving a much lower N t for exchange, i.e., 
for RH + 2* ~ R* + H*. l l-Rh 6is an 
exception; He,450 ° increases N t for 11-Rh6; 
H2,450 ° presumably consequent to the 
larger planes present on this catalyst. 

As judged by exchange of neohexane, the 
pre t r ea tmen t  s H2,100°;He,450°;H2,300°; 
He,450 °, and H 2 ,450°;He,450 ° operating on 
a particular catalyst produce very nearly the 
same final catalyst. 

Adsorbate-surface strain reduces the rate 
constant for adsorption and increases that 
for desorption. Particularly for higher cov- 
erages by hydrocarbon, the rate of exchange 
of a hindered hydrocarbon will be faster 
than one would conclude from the rate con- 
stant of adsorption alone. 

Rh/SiO2 is generally more sensitive to 
pretreatment than Pt and Pd/SiO 2. Particu- 
larly after H2,450 °, Rh/SiO2 is more sensi- 
tive to D h. 
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