
CHAPTER II
BACKGROUND AND LITERATURE SURVEY

2.1 Octane Number

O c ta n e  n u m b e r p ro v id e s  an  in d ic a tio n  o f  th e  a b ili ty  o f  a g a so lin e  to  re s is t 
k n o c k in g  as it b u rn s  in th e  e n g in e . T h e re  a re  tw o  te s t  m e th o d s  to  m e a su re  th e  o c ta n e  
n u m b e r  o f  a g a so lin e . T h e s e  m e th o d s  u se  d if fe re n t e n g in e  c o n d itio n s , m a in ly  the  
in ta k e  te m p e ra tu re  and  th e  e n g in e  sp eed . T h e  R e se a rch  O c ta n e  N u m b e r  (R O N ) 
m e th o d  re p re se n ts  e n g in e  o p e ra t io n s  ty p ic a l o f  m ild  d r iv in g , w ith o u t  c o n s is te n t 
h e a v y  loads o n  th e  e n g in e , w h ile  th e  M o to r  O c ta n e  N u m b e r  (M O N ) m e th o d  
re p re se n ts  s e v e re , su s ta in e d  h ig h  sp e e d , an d  h ig h  load  d r iv in g . T h e  p u m p  o c ta n e  
n u m b e r  is th e  a v e ra g e  b e tw e e n  th e  tw o  m e th o d s  (R O N + M O N )/2 . F o r  m o s t g a so lin e  
fu e ls , R O N  is h ig h e r  th a n  M O N . T h e  d if fe re n c e  b e tw e e n  th e  tw o  (R O N -M O N ) is 
c a lle d  “ S e n s it iv ity ” . M o d e rn  fu e ls  a re  e x p e c te d  to  h av e  lo w  se n s it iv it ie s . T h e re fo re , 
re f in e rs  a re  c o n c e rn e d  a b o u t k e e p in g  b o th  h ig h  R O N  and  h ig h  M O N .

2.2 Strategies for the Improvement of Octane Number

A s illu s tra te d  in F ig u re  2 .1 , a d ire c t r in g  o p e n in g  (R O ) o f  th e  C 6 -r in g  is no t 
d e s ira b le  b e c a u se  all o f  th e  re s u ltin g  R O  p ro d u c ts  h a v e  lo w  o c ta n e  n u m b e r. B y 
c o n tra s t, so m e  r in g  c o n tra c tio n  (R C ) p ro d u c ts  (d im e th y lc y c lo p e n ta n e s  D M C P s) and  
so m e  se c o n d a ry  rin g  o p e n in g  p ro d u c ts  o f  th e  D M C P s  (see  F ig u re  2 .2 ) h a v e  re la tiv e ly  
h ig h  o c ta n e  n u m b e r  an d  w o u ld  be  a d e s ira b le  p ro d u c t in g a so lin e . In g e n e ra l, th e  R C  
p ro d u c ts  h av e  h ig h e r  R O N , w h ile  th e  R O  p ro d u c ts  tren d  to  h a v e  h ig h e r  M O N .
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F ig u r e  2.1 P o ss ib le  p ro d u c ts  fro m  m e th y lc y c lo h e x a n e  an d  th e ir  re se a rc h  o c ta n e  
n u m b e r  (RON) an d  th e ir  m o to r  o c ta n e  n u m b e r  (MON). (S a n tik u n a p o rn  et a l ,  2006)
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F ig u r e  2 .2  H y d ro g e n o ly s is  on  m e ta l c a ta ly s ts :  p ro d u c t fro m  rin g  o p e n in g  re a c tio n s  
o f  C 7 r in g  c o n tra c tio n  c o m p o u n d s  an d  th e ir  c o r re s p o n d in g  re se a rc h  o c ta n e  n u m b e r  
an d  m o to r  o c ta n e  n u m b e r. (S a n tik u n a p o rn  et a l ,  2006)
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2 .3  M e th y lc y c lo h e x a n e  R in g - C o n t r a c t io n

S o lid  ac id  c a ta ly s ts  a re  e x te n s iv e ly  u sed  by th e  p e tro le u m  in d u s try  fo r  the  
p ro d u c tio n  o f  m o to r  fu e ls  an d  a  w id e  ra n g e  o f  p e tro c h e m ic a ls . S in c e  a la rg e  n u m b e r 
o f  h y d ro c a rb o n  c o n v e rs io n  re a c tio n s  a re  in v o lv ed , it is im p o rta n t to  e s ta b lish  re liab le  
te s t  p ro to c o ls  th a t c o rre la te  th e  p h y sica l an d  c o m p o s itio n a l p ro p e rtie s  o f  so lid  ac id s  
w ith  the  a c id ity  re q u ire m e n ts  o f  th e  sp e c ific  reac tio n  b e in g  c a ta ly z e d . W e ll-d e s ig n e d  
p ro b e  re a c tio n s  can  id e n tify  su b tle  d if fe re n c e s  in bo th  m e ta l an d  ac id  fu n c tio n s , a id  
p ro c e ss  c o n d itio n  o p tim iz a tio n , and  p ro v id e  in s ig h t in to  c a ta ly s t  a c tiv a tio n , 
d e a c tiv a tio n , and  re g e n e ra tio n  p ro cesses . M c V ic k e r  et al. (2 0 0 5 ) h av e  d e sc r ib e d  the  
u se  o f  a  s im p le  so lid  ac id  p ro m o te d  h y d ro c a rb o n  c o n v e rs io n  re a c tio n , n a m e ly , rin g - 
c o n tra c tio n  o f  m e th y lc y c lo h e x a n e  (M C H ) to  a  m ix tu re  o f  e th y lc y c lo p e n ta n e  (E C P ) 
an d  d im e th y lc y c lo p e n ta n e  (D M C P ) iso m ers , as a p ro b e  re a c tio n  fo r c h a ra c te r iz in g  
th e  a c id ity  p a ra m e te rs  o f  a w id e  ran g e  o f  p la tin u m -lo a d e d  so lid  ac id s . M C H  rin g - 
c o n tra c tio n  ra te s  and  p ro d u c t p a tte rn s  can  b e  used  to  a p p ra is e  n o t o n ly  th e  re la tiv e  
n u m b e r  an d  re la tiv e  s tre n g th  o f  ac id  s ite s  in bo th  a m o rp h o u s  an d  c ry s ta ll in e  so lid  
a c id s , b u t can  a d d itio n a lly  e v a lu a te  su b tle  sh ap e  s e le c tiv ity  d if fe re n c e s  in z e o lite s  
an d  m ic ro p o ro u s  m a te r ia ls . F ig u re  2.3  su m m a riz e s  th e  re la tio n sh ip s  o b se rv e d  am o n g  
M C H  c o n v e rs io n s  an d  p ro d u c t se le c tiv itie s  and  th e  th re e  k ey  a c id ity  p a ra m e te rs  
a ttr ib u te d  to  so lid  ac id s .

MCH ECP 1,2-DMCP 1,3-DMCP 1,1-DMCP 

F ig u r e  2 .3  M e th y lc y c lo h e x a n e  r in g -c o n tra c tio n  iso m ers . (M c V ic k e r  et al., 2 0 0 5 )

F irs t, th e  re la tiv e  n u m b e r  o f  e ffe c tiv e  ac id  s ite s  can  be  a s c e r ta in e d  by  
c o m p a rin g  o v e ra ll r in g -c o n tra c tio n  ac tiv itie s  u n d e r  a g iv e n  se t o f  re a c tio n  c o n d itio n s . 
F o r  e x a m p le , i f  c a ta ly s t ' ‘A ” u n d e r  a sp e c if ic  se t o f  re a c tio n  c o n d itio n s  s e le c tiv e ly  
c o n v e rte d  5 0 %  o f  M C H  to  r in g -c o n tra c tio n  p ro d u c ts , w h ile  c a ta ly s t  “ B ”  u n d e r 
id en tica l c o n d it io n s  se le c tiv e ly  c o n v e rte d  o n ly  2 5 %  o f  M C H  c a ta ly s t  it is re a so n a b le
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to  su g g e s t tha t c a ta ly s t  “A ” c o n ta in s  tw ic e  a s  m a n y  e f fe c tiv e  ac id  s ite s  a s  c a ta ly s t 
“ B ” . S e co n d , re la tiv e  s tre n g th s  o f  so lid  a c id s  c a n  be e s tim a te d  b y  c o m p a rin g  
se le c tiv ity  d if fe re n c e s  sh ow n  to w a rd  a p a r tic u la r  r in g -c o n tra c tio n  p ro d u c t. A t low  
M C H  c o n v e rs io n  lev e ls  (1 0 -2 0 % ) w e a k e r  ac id  s tre n g th  so lid  a c id s  ty p ic a lly  e x h ib it 
> 7 0 %  se le c tiv itie s  to w a rd  th e  n o n b ra n c h in g  E C P  iso m e r w h ile  s tro n g e r  a c id  s tren g th  
so lid  a c id s  p ro d u c e  la rg e r q u a n tit ie s  (5 0 -7 0 % ) o f  th e  d o u b ly  b ra n c h e d  D M C P  
iso m ers . T h e  re la tiv e  e a se  o f  fo rm in g  E C P  is ra tio n a liz e d  as re su ltin g  fro m  th e  fac ile  
re a r ra n g e m e n t o f  a  te rtia ry  c a rb o c a tio n . F o rm a tio n  o f  D M C P  iso m e rs , w h ic h  
d e m a n d s  s tro n g e r  ac id  s ite s  an d  fu r th e rm o re  c a n n o t be  fo rm e d  b y  a  te r t ia ry  
c a rb o c a tio n  ro u te , is a ssu m ed  to  o c c u r  v ia  p a ra lle l, n o n c la s s ic a l c a rb o c a tio n  ( io n ic )  
ro u te s  u tiliz in g  p ro to n a te d  c y c lo p ro p a n e  tra n s it io n  s ta te s  (F ig u re  2 .4 ). P o s tu la te d  
c a rb o c a tio n  tra n s it io n  s ta te s  fo r th e  v a r io u s  M C H  rin g -c o n tra c tio n  p ro d u c ts  a re  lis ted  
in th e  o rd e r  o f  d e c re a s in g  s ta b ilitie s .

1,3-diinethylcyclopentane

Figure 2.4 C a rb o c a tio n  c h e m is try  fo r th e  r in g -c o n tra c tio n  re a c tio n s .
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In c re a s in g  acid  s tre n g th  sh o u ld  e n h a n c e  the  e x te n t to  w h ic h  th e  in d iv id u a l 
D M C P  iso m e r c o n c e n tra tio n s  a p p ro a c h  e q u ilib riu m . B ased  u p o n  th is  p o s tu la te , E C P  
se le c tiv ity , at a  g iv e n  M C H  c o n v e rs io n , can  be  used  as a re la tiv e  m e a su re  o f  ac id  
s tre n g th . L as t, th e  tra m - l,2 -D M C P /tr< m s -1 ,3 -D M C P  iso m e r ra tio  w a s  fo u n d  to  v a ry  
b e tw e e n  0.1 an d  2 .4  o v e r  a la rg e  n u m b e r o f  re p re se n ta tiv e  so lid  ac id s . T h e  
su b s tan tia l v a r ia b ility  e x h ib ite d  b y  th is  ra tio  is c o n s is te n t w ith  a  p ro d u c t sh ap e  
s e le c tiv ity  d e p e n d e n c e  re su ltin g  fro m  d if fe re n c e s  in th e  tra n s p o r t  c a p a b ili t ie s  o f  th e  
1,2- an d  1 ,3 -D M C P  iso m ers . T h e  less  b u lk y  1 ,3 -D M C P  iso m e r w o u ld  lik e ly  
e x p e rie n c e  a sm a lle r  tra n sp o r t  in h ib itio n  than  the  b u lk ie r 1 ,2 -D M C P  iso m e r th ro u g h  
the  in tra c ry s ta ll in e  c h a n n e ls  and  p o re  m o u th s  o f  10- an d  12 -r in g  z e o lite s  an d  
m ic ro p o ro u s  m a te r ia ls . T e n -r in g  z e o litic  an d  m ic ro p o ro u s  m a te r ia ls  ty p ic a lly  d isp la y  
/ r a r a - l ,2 -D M C P /t r a n v -  1 ,3 -D M C P  ra tio s  in the  0.1 to  0 .5  ra n g e , w h ile  la rg e r p o re  
s ize  12 -r in g  z e o lite s  and  a m o rp h o u s  so lid  a c id s  ex h ib it m u ch  h ig h e r  v a lu e s  fo r th is  
iso m er ra tio , ra n g in g  from  1.2 to  2 .4 . O v e r  th e  ra th e r  b ro a d  te m p e ra tu re  ra n g e  
u tilized  th ro u g h o u t th e se  s tu d ie s  th e  e q u ilib riu m  v a lu e  fo r  th e  tr a m -1 ,2 - 
D M C P //ra « s -1 ,3 -D M C P  ra tio  re m a in s  n e a r  1 .8-1 .9  (see  F ig u re  2 .5 ).

Figure 2.5 E q u ilib r iu m  d is tr ib u tio n s  o f  M C H  rin g -c o n tra c tio n  p ro d u c ts . S ym bol 
co d es : ■  M C H , □  E C P , ♦  1 ,1 -D M C P , <0 c /v -1 ,2 -D M C P , ▲  t r a ra -1 ,2 -D M C P , A  cis- 
1 ,3 -D M C P , an d  •  trans- 1 ,3 -D M C P . (M c V ic k e r  ฝ  ฟ ,  2 0 0 5 )
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2.4 Ring-Opening Catalysis

2.4 .1  C ra c k in g  o n  S o lid  A c id  C a ta ly s ts
S e le c tiv e  rin g  o p e n in g  o f  n a p h th e n e s  w ith  m in im u m  c le a v a g e  o f  s id e  

c h a in s  is v e ry  c o m p le x  an d  re p re se n ts  a  c h a lle n g e  to  c a ta ly s t  re se a rc h e rs . It is k n o w n  
th a t rin g  o p e n in g  can  b e  c a ta ly z e d  by  th e  ac id  s ites , e .g . th e  B rô n s te d  s ite s , v ia  
c a rb é n iu m  in te rm e d ia te s  (G a lp e rin  et a l ,  2 0 0 3 ). T h e  reac tio n  is in itia te d  by  
p ro to ly tic  c ra c k in g , a c c o m p a n ie d  b y  p ro to ly tic  d e h y d ro g e n a tio n , h y d r id e  tra n s fe r , 
sk e le ta l iso m e riz a tio n , (3-scission an d  a lk y la tio n , as in the  c a se s  o f  c ra c k in g  o f  
a lip h a tic s  o v e r  ac id  c a ta ly s ts . T h e  la tte r  m e c h a n ism s  h a v e  been  e x te n s iv e ly  s tu d ie d  
(C u m m in g  a n d  W o jc ie c h o w sk i, 1996). T h e  c ra c k in g  o f  e n d o c y c lic  C - C  b o n d s  in 
c y c lic  h y d ro c a rb o n s , h o w e v e r , is m u c h  s lo w e r th a n  th o se  o f  a lip h a tic s , p re su m a b ly  
b e c a u se  o f  a  h ig h e r  te n d e n c y  o f  th e  a lk e n y l c a tio n , fo rm ed  by  P -sc is s io n  o f  a 
c y c lo a lk y l c a t io n , to  re c y c liz e , o r  b e c a u se  o f  a  lo w e r p -sc iss io n  ra te  in c y c lo -  
a lk y lc a rb o n  io n s  c a u se d  by  an u n fa v o ra b le  o r ie n ta tio n  o f  th e  p -o rb ita l a t th e  
p o s itiv e ly  c h a rg e d  c a rb o n  a to m  and  th e  p -b o n d  to  be  b ro k e n  (F ig u re  2 .6 ) . A s  a re su lt, 
th e  o v era ll re a c tio n  is p re d o m in a te d  by iso m e riz a tio n  an d  su b se q u e n t h y d ro c ra c k in g  
(p -sc is s io n )  o f  s id e  c h a in s  o f  cy c lic  h y d ro c a rb o n s , p a r tic u la r ly  o f  th o se  h a v in g  
su b s titu e n ts  w ith  m o re  th a n  fiv e  c a rb o n  a to m s , le a d in g  to  s ig n if ic a n t d e a lk y la tio n  o f  
p e n d a n t su b s ti tu e n ts  o n  th e  rin g .

n r  II* >3

Figure 2 .6  p -sc iss io n  o f  lin e a r and  cy c lic  h y d ro c a rb o n s . (D u  et a l ,  2 0 0 5 )
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2 .4 .2  H y d ro c ra c k in g  o n  B ifu n c tio n a l C a ta ly s ts
S ta rtin g  in the  1950s, b ifu n c tio n a l c a ta ly s ts  c o n s is tin g  o f  h ig h ly  

d isp e rse d  m e ta l p a r tic le s  fo r h y d ro g e n a tio n  o r  d e h y d ro g e n a tio n  an d  an  a c id ic  su p p o rt 
fo r  c ra c k in g  o r iso m e riz a tio n  w e re  in tro d u ced  in re f in in g  p ro c e sse s , su ch  as c a ta ly tic  
re fo rm in g  o f  n a p h th a , h y d ro tre a tin g , h y d ro c ra c k in g  an d  h y d ro iso m e riz a tio n  
(M a rc il ly , 2 0 0 3 ). T h e se  p ro c e s se s  im p ro v ed  fuel q u a li ty  an d  a t th e  sa m e  tim e  
a v o id e d  c a ta ly s t  d ec a y  an d  the  fo rm a tio n  o f  co k e  d e p o s its . E a rly  s tu d ie s  b y  M ills  el 
a l . , (1 9 5 3 ) an d  by  W e isz  an d  S w e g le r  (1 9 5 7 ) d e sc rib e d  th e  re a c tio n s  o v e r  th e  
b ifu n c tio n a l c a ta ly s ts  as p ro c e e d in g  o v e r tw o  d is tin c t c a ta ly tic  s ite s : th e  re a c ta n ts  are  
f irs t c o n v e rte d  in to  o le f in s  on  th e  m eta l s ite  v ia  h y d ro g e n a tio n /d e h y d ro g e n a tio n  
re a c tio n s  (E q . (1 )); th e n  the  fo rm e d  o le fin s  a re  p ro to n a te d  a t th e  ac id  s ite s , le a d in g  to  
th e  fo rm a tio n  o f  c a rb é n iu m  ion s, w h ic h  su b se q u e n tly  u n d e rg o  sk e le ta l iso m e riz a tio n , 
c ra c k in g  o r a lk y la tio n  (E q . (2 )). T h e  p ro d u c ts  a re  fin a lly  d e so rb e d  fro m  th e  a c id  s ite s  
a s  o le fin s , w h ic h  a re  h y d ro g e n a te d  on th e  m e ta l s ite s  in th e  p re se n c e  o f  h y d ro g e n  
(E q . (3 )).

It w a s  la te r  re c o g n iz e d  th a t th e  re a c tio n s  c o u ld  a lso  o c c u r  o n  o n e  
re a c tio n  s ite , o w in g  to  ac tiv a te d  h y d ro g en  sp e c ie s , i.e. s p il lo v e r  h y d ro g e n  (R o e ssn e r  
e t a l ,  1997). T h e  m e ta l c o -c a ta ly s t  p ro v id es  sp il lo v e r  h y d ro g e n , w h ic h  m ig ra te s  to  
th e  ac id  s ite s  an d  sa tu ra te s  th e  c a rb é n iu m  in te rm e d ia te s . In  o th e r  w o rd s , th e  ac id ic  
su p p o rt  c a n n o t o n ly  in itia te  th e  fo rm a tio n  o f  c a rb é n iu m  io n s  p y ro ly tic a lly  o r  b y  the  
a d d itio n  o f  p ro to n s  to  o le fin s , b u t a lso  h y d ro g e n a te  c a rb é n iu m  ion s w ith  h y d r id e  ions



9

and  p ro m o te  th e ir  d e so rp tio n s  a s  th e  sa tu ra te d  p ro d u c ts . In  a d d itio n , the  r in g  o p e n in g  
o f  n a p h th e n e s  can  a lso  p ro ceed  o n  ce rta in  m eta l s ite s  v ia  d ire c t h y d ro g e n o ly s is  o f  an  
e n d o c y c lic  C - C  b o nd  (G a lp e rin  e t a l ,  2 0 0 3 ), i.e. c le a v a g e  o f  a C - C  b o n d  w ith  th e  
ad d itio n  o f  h y d ro g en . T h is  issu e  w ill be  d iscu ssed  in d e ta il fu rth e r.

O v e ra ll, the  a c tiv ity  and  se lec tiv ity  o f  rin g  o p e n in g  on b ifu n c tio n a l 
c a ta ly s ts  a re  s tro n g ly  d e p e n d e n t on  th e  p ro p e rtie s  o f  th e  m e ta l an d  su p p o rt as w e ll as 
on  re a c tio n  co n d itio n s . T h e se  p a ra m e te rs  inc lu d e  th e  ty p e  o f  m e ta l, m e ta l p a r tic le  
s ize , a c id i ty  o f  the  su p p o rt, p o re  s iz e  o f  th e  suppo rt, th e  in te rfa c e  leng th  an d  s tre n g th  
b a lan ce  b e tw e e n  th e  m e ta l an d  ac id  s ites , w o rk in g  c o n d itio n s , such  as te m p e ra tu re , 
h y d ro g e n  p re ssu re , e tc . T h is  h as  p ro v id e d  o p p o rtu n itie s  to  d e v ise  c a ta ly s ts  fo r h ig h ly  
se le c tiv e  rin g  o p e n in g  o f  n a p h th e n ic  co m p o u n d s  in fuel w ith o u t s ig n if ic a n t 
d e a lk y la tio n  o f  an y  p e n d a n t su b s ti tu e n ts  on  the  ring.

2 .4 .3  C a ta ly tic  R in g  O p e n in g  o f  M e th y lc y c lo h e x a n e
T o  b e g in  w ith , th e  sa lie n t m e c h a n is tic  fe a tu re s  o f  c a ta ly tic  rin g  

o p e n in g  o f  c y c lo a lk a n e s  a re  b r ie f ly  sk e tc h e d  (se e  F ig u re  2 .7 ): O n  b ifu n c tio n a l 
c a ta ly s ts , m e th y lc y c lo h e x a n e  is d e h y d ro g e n a te d  o n  m e ta llic  s ite s , and  th e  re su ltin g  
c y c lo a lk e n e s  are  p ro to n a te d  to  c a rb é n iu m  ions on ac id ic  s ite s . U su a lly , sk e le ta l 
iso m e riz a tio n  in to  h ig h ly  b ra n c h e d  iso m ers  o c c u rs  firs t, w h e re u p o n  c la ss ic a l 
[3-scission  can  p ro c e e d . F in a lly , (W e itk a m p  et a l ,  1984) th e  d ie n e  fo rm ed  is 
h y d ro g e n a te d  on a  m e ta l s ite  (F ig u re  2 .7 , top ). O n  m o n o fu n c tio n a l ac id ic  c a ta ly s ts , 
tw o  d if fe re n t  m e c h a n ism s  can  be  o p e ra tiv e  (F lagg et a l ,  1985): O n  th e  o n e  h an d , |3- 
sc iss io n  o f  c la ss ica l c a rb é n iu m  io n s  is p o ss ib le , b u t th e  la tte r  can  n o w  o n ly  fo rm  
th ro u g h  a  b im o le c u la r  h y d r id e  tra n s fe r  (F ig u re  2 .7 , b o tto m ). O n  th e  o th e r  h an d , 
m e th y lc y c lo h e x a n e  c a n  be  d ire c tly  p ro to n a te d  fo rm in g  a n o n c la s s ic a l c a rb o n iu m  ion 
w ith  a th re e -c e n te r , tw o -e le c tro n  b o nd  in the  tra n s it io n  s ta te  (H a a g  - D essau  
c ra c k in g , F ig u re  2 .8 ).
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B i f u n c t i o n a l

B i m o l e c u l a r

Figure 2 .7  M e c h a n ism s  fo r  r in g  o p e n in g  o f  c y c lo a lk a n e s : c la s s ic a l (b ifu n c tio n a l o r 
b im o le c u la r) .

Figure 2.8 M e c h a n ism s  fo r  r in g  o p e n in g  o f  c y c lo a lk a n e s : n o n c la s s ic a l c ra c k in g .

I f  rin g  o p e n in g  is a c c o m p a n ie d  b y  s e c o n d a ry  c ra c k in g  s teps , 
iso a lk a n e s  (n o  m e th a n e  an d  e th a n e  d u e  to  th e  in s ta b ility  o f  p r im a ry  c a rb é n iu m  io n s) 
w ill p re d o m in a n tly  be fo rm e d  in th e  firs t c a se  d u e  to  th e  p re c e d in g  iso m e riz a tio n , 
w h ile  n -a lk a n e s  ( in c lu d in g  m e th a n e  an d  e th a n e )  w ill be  th e  d o m in a n t p ro d u c ts  in th e  
seco n d  c a se . U n d e r  in c re a se d  p re ssu re  o f  h y d ro g e n , o n ly  sa tu ra te d  c o m p o u n d s  and  
no  a lk e n e s  a re  o b ta in e d  in th e  p ro d u c t s tre a m , ev en  on  th e  m e ta l- f re e  a c id ic  c a ta ly sts . 
T h is  can  be  a c c o u n te d  fo r b y  a c tiv a tio n  o f  h y d ro g e n  on  th e  ac id  s ite s  (W e itk a m p  et 
a l ,  2000).
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2 .4 .4 . H y d ro g en  S p illo v e r
T h e  c la s s ic a l m o d e l fo r b ifu n c tio n a l c a ta ly s is  M ills  et a l ,  (1 9 5 3 )  and  

b y  W eisz  an d  S w e g le r  (1 9 5 7 ) en v isa g e d  th e  reac tio n  in th ree  s te p s  (E q s . ( 1 )—(3)), 
in v o lv in g  a g as  p h ase  d if fu s io n  o f  o le fin ic  in te rm e d ia te s  b e tw een  th e  tw o  c a ta ly tic  
s ite s . T h e  m o d e l su c c e s s fu lly  e x p la in ed  a n u m b e r o f  ex p e rim e n ta l o b se rv a tio n s , bu t 
fa iled  to  a c c o u n t fo r th e  ro le  o f  h y d ro g en  an d  the  sy n e rg y  b e tw een  th e  tw o  ca ta ly s t 
c o m p o n e n ts  in c o n tro llin g  the  se lec tiv ity  an d  ac tiv ity  (R o e ssn e r  et a l ,  1997). T h e  
e x te n s io n  o f  th e  c la ss ic a l m o d e l by  in c o rp o ra tin g  th e  h y d ro g en  sp il lo v e r  c o n c e p t 
a llo w s  a b e t te r  in te rp re ta tio n  o f  ex p e rim e n ta l resu lts , in c lu d in g  th o se  th a t d id  n o t fit 
in to  the  o ld  th e o re m . T h e  n ew  m o d e l in v o lv e s  the  fo rm a tio n  o f  m o b ile  h y d ro g e n  
su rfa c e  sp e c ie s , i.e. sp il t-o v e r  h y d ro g en  th a t a llo w s th e  h y d ro c o n v e rs io n  o f  the  
h y d ro c a rb o n  a t a ce rta in  d is ta n c e  from  the  m e ta l so  th a t all reac tio n  s te p s  can  o c c u r  
o n  o n e  re a c tio n  site.

S p illo v e r is n o w  a w e ll-k n o w n  p h e n o m e n o n  in h e te ro g e n e o u s  
c a ta ly s is , in v o lv in g  th e  tra n sp o r t  o f  ac tiv e  sp e c ie s  ad so rb e d  o r fo rm ed  o n  o n e  su rface  
o n to  a n o th e r  th a t d o e s  n o t a d so rb  o r fo rm  th e  ac tiv e  sp e c ie s  u n d e r  th e  sam e 
c o n d itio n s . S e v e ra l sm a ll m o le c u le s  h av e  b een  k n o w n  to  ex h ib it s p il lo v e r  e ffe c ts  
u p o n  in te ra c tio n s  w ith  n o b le  m e ta ls , in c lu d in g  h y d ro g e n , o x y g en , n itro g e n , c a rb o n  
m o n o x id e  an d  o rg an ic  sp e c ie s  (R o lan d  and  R o essn e r, 1997). H y d ro g e n  sp il lo v e r  
p la y s  an  im p o rta n t ro le  in p e tro le u m  p ro c e sse s , e .g . in h y d ro tre a tin g , h y d ro c ra c k in g , 
h y d ro g e n a tio n  and  h y d ro iso m e riz a tio n .

T h e  n a tu re  o f  th e  sp ilt-o v e r  h y d ro g en  sp e c ie s  h as  b een  d isc u sse d  in 
th e  lite ra tu re . D e p e n d in g  on  th e  sy stem  s tu d ie d , d if fe re n t sp ec ies  h a v e  b een  c la im e d , 
in c lu d in g  H a to m s, H  io n s , ion  p a irs , H 3 sp ec ie s  an d  b o u n d  sp ec ie s . (R o la n d  and  
R o e ssn e r , 1 997 ) p ro p o se d  a m o d e l th a t d e sc r ib e s  th e  sp ilt-o v e r  sp e c ie s  as e le c tro n  
d o n o rs  a d so rb e d  on th e  su rfa c e , w h ic h  c o rre sp o n d s  to  H  a to m s (o c c u p ie d , W 'eakly 
c h e m iso rb e d )  o r  H + io n s  (e m p ty , s tro n g ly  ch e m iso rb e d ) . T h e ir  ra tio  is d e te rm in e d  by 
th e  ch e m ic a l p ro p e rtie s  (e .g . th e  p re se n c e  o f  L ew is  an d  B rô n sted  ac id  s ite s)  an d  the  
e le c tro n ic  p ro p e rtie s  (e .g . e le c tro n  d e n s ity )  o f  the  so lid . In b ifu n c tio n a l c a ta ly s ts , 
sp ilt-o v e r  h y d ro g e n  can  d o n a te  an  e le c tro n  to  the  su p p o rt to  fo rm  a p ro to n  o n  a 
B rô n s te d  s ite , an d  a h y d r id e  ion  m ay  fo rm  o n  a L ew is  s ite  in th e  p ro c e ss  o f  c h a rg e  
b a la n c in g  (C u m m in g  a n d  W o jc ie c h o w sk i, 1996). A n  o le f in  fo rm ed  on  th e  m e ta l by
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d e h y d ro g e n a tio n  can  re a c t w ith  th e  p ro to n  on  a B rô n s te d  s ite  to  fo rm  a c a rb é n iu m  
ion , w h ic h  m ay  th e n  c o m b in e  w ith  the  m ig ra te d  h y d r id e  ion fro m  a L e w is  s ite  to  
p ro d u c e  a sa tu ra te d  c o m p o u n d . A lte rn a tiv e ly , th e  c a rb é n iu m  ion  fo rm e d  b y  a d d itio n  
o f  a  p ro to n  to  an  o le f in  on  a B rô n s te d  site  can  m ig ra te  to  a L e w is  s ite  w h e re  it re a c ts  
w ith  a  h y d r id e  ion.

T h e  c re a tio n  o f  c a ta ly tic  ac tiv e  s ite s  b y  sp ill-o v e r  h y d ro g e n  h as  b een  
re c o g n iz e d  and  u sed  in su p p o rte d  m eta l c a ta ly s ts  fo r  h y d ro g e n a tio n  (o r 
d e h y d ro g e n a tio n ) , h y d ro c ra c k in g  an d  h y d ro iso m e riz a tio n . F o r  in s ta n c e , s p il lo v e r  o f  
h y d ro g e n  fro m  a m e ta l u n d e r c e r ta in  co n d itio n s  can  m a k e  th e  in e rt s ilica , o r  a lu m in a , 
o r  c a rb o n  su p p o rt a c tiv e  fo r h y d ro g e n a tio n  o f  o le fin  o r  b en z e n e . A  n u m b e r o f  s tu d ie s  
sh o w e d  th a t m e c h a n ic a l m ix tu re s  o f  su p p o rte d  m eta l c a ta ly s t an d  a  su p p o rt e x h ib ite d  
h ig h e r  h y d ro g e n a tio n  a c tiv itie s  th a n  th e  su p p o rte d  m e ta l c a ta ly s t  a lo n e . T h e  
in c re a se d  a c tiv itie s  h a v e  been  a t tr ib u te d  to  h y d ro g en  sp illo v e r . W ith o u t a c tiv a tio n  by 
h y d ro g e n  sp illo v e r , n e ith e r  s ilic a  n o r  a lu m in a  w ill a d so rb  h y d ro g e n  an d  b o th  a re  ine rt 
fo r  h y d ro g e n a tio n  c a ta ly s is .

2.5 Selective Ring Opening of Single-Ring Compounds

2.5 .1  A c tiv ity  and  S e le c tiv ity
W h en  a d so rb e d  on  m e ta l su rfa c e  at ce rta in  c o n d itio n s , h y d ro c a rb o n  

m o le c u le s  u n d e rg o  d e h y d ro g e n a tio n /h y d ro g e n a tio n , sk e le ta l iso m e riz a tio n  and  
h y d ro g e n o ly s is , in c lu d in g  rin g  o p e n in g /c y c liz a tio n , an d  rin g  c o n tra c t io n /e n la rg e ­
m e n t. C e r ta in  n o b le  m e ta ls , su ch  a s  P t, P d , Ir, R u  an d  R h  h a v e  b een  fo u n d  to  be 
s e le c t iv e ly  a c tiv e  fo r  th e  ring  o p e n in g  fo r c y c lic  h y d ro c a rb o n s  to  th e  c o rre sp o n d in g  
p a ra ff in s  w ith  th e  sa m e  c a rb o n  n u m b e r . T h e  a c tiv ity  an d  se le c tiv ity  d ep en d  m a in ly  
o n  th e  m e ta l c a ta ly s ts , such  as th e  ty p e  o f  m e ta l, p a r tic le  s ize , c ry s ta l m o rp h o lo g y , 
e tc . T h e  rin g  o p e n in g  o f  cy c lic  h y d ro c a rb o n s  o n  n o b le  m e ta ls  is h ig h ly  se n s it iv e  to  
th e  c a ta ly s t  s tru c tu re .

T h e  r in g  o p e n in g  o f  m e th y lc y c lo p e n ta n e  (M C P ) o n  su p p o rte d  m eta l 
c a ta ly s ts  h as  b een  e x te n s iv e ly  s tu d ie d  (G au lt, 1981). T h e  re a c tio n  p ro d u c e s  /7-h e x a n e  
(ftH x ), 2 -m e th y lp e n ta n e  (2 M P ) an d  3 -m e th y lp e n ta n e  (3 M P ). T h e  p ro d u c t d is tr ib u tio n  
is d e p e n d e n t  on  th e  p ro p e rtie s  o f  th e  m e ta l. O v e r  su p p o rte d  P t c a ta ly s ts  w ith  sm all
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p a rtic le  s iz e s , e .g . low  lo a d in g  and  h ig h ly  d isp e rse d  P t, the  rin g  o p e n in g  o f  M C P  is 
n o n -se le c tiv e  ( th e  ru p tu re  o f  e n d o c y c lic  C - C  b o n d s  is s ta tis tica l, p ro d u c in g  2 M P , 
3 M P  an d  ttH x in a ra tio  o f  2 M P :3 M P :« H x  = 4 0 :2 0 :4 0  re la ted  to  th e  n u m b e r  o f  b o n d  
ty p e s  in th e  m o le c u le )  a s  illu s tra te d  in F ig u re  2 .9 . O n th e  o th e r  h a n d , th e  rin g  
o p e n in g  o f  M C P  o n  la rg e  m e ta l p a r tic le s  and  m e ta l su rfa c e s  w ith  low  M ille r  in d e x  
p ro d u c e s  s e le c tiv e ly  2 M P  an d  3 M P , b u t n o  «H x . In so m e  cases , th e  rin g  o p e n in g  
d o es  n o t fo llo w  th e  “ s e le c tiv e ” o r  “ n o n -se le c tiv e ” m e c h a n ism , in s tead  p ro d u c in g  
u n u su a lly  h igh  a m o u n t o f  « H x  o r 3 M P  re la tiv e  to  its  s ta tis tica l ra tio . T h e se  “ p a rtia lly  
s e le c t iv e ” m e c h a n ism s  c o m p e te  w ith  th e  n o n -se le c tiv e  an d  se le c tiv e  m e c h a n ism , 
o c c u rr in g  on  h ig h  lo a d e d  10%  P C A I2O 3 at h ig h -te m p e ra tu re  (G a u lt, 1981), o r  
P t /z e o lite  (A rrib a s  an d  M a rtin e z , 2 0 0 2 ).

N o n - s e l e c t i v e  h y d r o g e n o l y s i s  S e l e c t i v e  h y d r o g e n o l y s i s

Figure 2.9 N o n -se le c tiv e  an d  se le c tiv e  h y d ro g e n o ly s is  o f  m e th y lc y c lo p e n ta n e .

T h e  rin g  o p e n in g  o f  M C P  on  Ir (G a lp e rin  et a l ,  2 0 0 3 ) an d  R h 
(T e s c h n e r  et a l ,  2 0 0 3 ), on  th e  o th e r  h a n d , is less s e n s itiv e  to  th e  p a r tic le  size  o f  the  
m e ta ls  in c o m p a r iso n  w ith  P t c a ta ly s ts . H o w e v e r , th e se  m e ta ls  e x h ib it  h ig h e r  a c tiv ity  
an d  se le c tiv ity  to  o p en  th e  C s ring  in b is e c o n d a ry  p o s it io n s  (M c V ic k e r  et a l ,  2 0 0 2 ). 
O th e r  m e ta l c a ta ly s ts , su ch  as C o , N i, R u  and  O s, sh o w  e x te n s iv e  h y d ro g e n o ly s is , 
y ie ld in g  a  s ig n if ic a n t a m o u n t o f  f ra g m e n ts  (T e sc h n e r  et a l ,  2 0 0 3 ).

G e n e ra lly , th e  r in g -o p e n in g  a c tiv itie s  o f  a lk y lc y c lo p e n ta n e s  on  m e ta l 
c a ta ly s ts  d e c re a se  w ith  in c reased  n u m b e r  o f  r in g  su b s ti tu te n ts  (Z im m e r and  P aâ l 
1989). T h is  is e sp e c ia lly  the  case  fo r  Ir, and  to  le sse r e x te n t R u , R h  and  N i 
(M c V ic k e r  et a l ,  2 0 0 2 ), all o f  w h ic h  sh o w  a p re fe re n c e  fo r c le a v in g  u n su b s titu te d  
ring  C - C  b o n d s . A  s ig n if ic a n t d e c re a se  in a c tiv ity  w as  o b se rv e d  fo r c le a v in g



14

su b s titu te d  r in g  C - C  b o n d s  o v e r  th e se  m e ta ls . In c o m p a riso n . Pt is b e t te r  ab le  to  
b re a k  su b s ti tu te d  rin g  C - C  b o n d s  than  Ir, R u , R h  and  N i. H o w e v e r, th e  r in g -o p e n in g  
ra te  o v e r P t c a ta ly s ts  is s e n s itiv e  to  th e  ๙ .ร-//r a r a - is o m e r  ra tio , d e c re a s in g  w ith  
in c re a s in g  t ra n s - is o m e r  c o n c e n tra tio n . In  o th e r  w o rd s, P t re q u ire s  a ๙ .ร'-รนb s titu tio n  
o f  iso m e rs  w h e n  b re a k in g  a te r t ia ry - te r t ia ry  C - C  rin g  bond .

T h e  reac tio n  c o n d itio n s  h a v e  a lso  b een  fo u n d  to  a ffe c t th e  p ro d u c t 
d is tr ib u tio n . C h a n g e s  in s e le c tiv ity  and  a c tiv ity  o f  M C P  rin g  o p e n in g  on  su p p o rte d  Pt 
m e ta l c a ta ly s ts  w ith  h y d ro g e n  p re ssu re  h av e  b een  rep o rted  (Z im m e r an d  P aâ l 1989). 
H ig h e r  h y d ro g e n  p re ssu re s  fa v o r rin g  o p e n in g  fu r th e r  fro m  th e  su b s titu e n ts . T h e  
in c re a se  in h y d ro g e n  p a rtia l p re ssu re  lead s  to  in c reased  r in g -o p e n in g  ac tiv ity  on  
su p p o rte d  P t c a ta ly s ts  a t re la tiv e ly  low  te m p e ra tu re s  (< 3 0 0 °C ). T h is  reac h e s  a 
m a x im u m  an d  th e re a f te r  sh o w s  a  s te ad y  d e c lin e  o r a  v e ry  b ro a d  p la te au  w ith  fu rth e r 
in c re a se  in h y d ro g e n  p a rtia l p re ssu re . T h e  h y d ro g e n  p re ssu re  a t w h ich  th e  m a x im u m  
a c tiv ity  is o b ta in e d  is a fu n c tio n  o f  the  su p p o rt. H o w ev er, th e se  v o lc a n o -ty p e  p lo ts  o f  
r in g -o p e n in g  a c tiv ity  v e rsu s  h y d ro g en  p re s su re  a re  in d e p e n d e n t o f  th e  su p p o rt and  
th e  re d u c tio n  te m p e ra tu re . T h e  la tte r d e te rm in e s  th e  p a rtic le  s ize , m o rp h o lo g y  and  
s tru c tu re  o f  th e  m e ta l p a r tic le  on  th e  su p p o rt, an d  in f lu e n c e s  the  a c tiv ity . T h e se  
re su lts  w ere  a ttr ib u te d  to  th e  c o m p e titiv e  a d so rp tio n  o f  h y d ro g e n  and  h y d ro c a rb o n  on 
th e  m e ta l su rfa c e . In c re a se  in h y d ro g e n  p re s su re  d im in ish e s  d e h y d ro g e n a tio n  
a c tiv ity , le a d in g  to  an  in c re a se  in th e  o v e ra ll s e le c tiv ity  to w a rd s  the  r in g -o p e n in g  
re a c tio n .

H y d ro g e n  p re ssu re  d e p e n d e n c e  on  ac tiv ity  an d  se le c tiv ity  o f  ring  
o p e n in g  h as  a lso  b een  o b se rv e d  o v e r  o th e r  tra n s it io n  m eta l c a ta ly s ts  (T e s c h n e r  et a l ,
2 0 0 3 ). T h e  re la tio n sh ip s  b e tw e e n  the  p ro d u c t fo rm a tio n  ra te  an d  h y d ro g e n  p re ssu re  
v a r ie s  w ith  c a ta ly tic  sy s te m s, re f le c tin g  d if fe re n c e s  in re a c tio n  m e c h a n ism . O v e r  R h 
c a ta ly s ts  (T ô rô k  et ah, 1996), th e  r in g  o p e n in g  o f  1 ,2 -d im e th y Ic y c lo p ro p a n e  g o es  
th ro u g h  a  m a x im u m , an d  th e n  a m in im u m  an d  th e n  a  c o n tin u o u s  in c rease  a lo n g  w ith  
th e  in c re a se  in h y d ro g e n  p re ssu re . O n  P d , N i an d  C u  c a ta ly s ts  (P â iin k ô , 1997), the  
fo rm a tio n  ra te s  o f  o n e  p ro d u c t in c re a se s  an d  lev e ls  o f f  w ith  in c reas in g  h y d ro g en  
p re ssu re , w h ile  fo r the  o th e r  p ro d u c t th e  c u rv e  p a sse s  th ro u g h  a m a x im u m . T h ese  
o b se rv a tio n s  w e re  a ttr ib u te d  to  th e  c h a n g e s  o f  fo rm a tio n  o f  ad so rb e d  in te rm e d ia te s  at 
d if fe re n t h y d ro g e n  p re ssu re s . A  d is s o c ia tiv e  a d so rp tio n  o f  h y d ro c a rb o n  v ia  the
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ru p tu re  o f  th e  C - H  b o n d (s )  w as  a s su m e d  a t low  h y d ro g en  p re ssu re . A n  in c re a se  in 
h y d ro g e n  p re s su re  in h ib its  th is  C - H  d isso c ia tio n , s lo w in g  d o w n  th e  re a c tio n  ra te . In 
th e  c a se  o f  R h  c a ta ly s t , n ew  a d so rb e d  sp ec ie s  w ere  p re su m a b ly  fo rm ed  v ia  sc iss io n  
o f  th e  rin g  C - C  b o n d  a t h igh  h y d ro g e n  p re ssu re . T h e se  sp e c ie s  w e re  d e so rb e d  to  
p ro d u c e  r in g -o p e n in g  c o m p o u n d s .

C o m p a re d  to  th e  f iv e -m e m b e re d  ring  c y c lo p e n ta n e s , th e  rin g  o p e n in g  
o f  th e  fo u r- , an d  s ix -m e m b e re d  rin g  co m p o u n d s  a re  less ex te n s iv e ly  s tu d ie d . 
C y c lo b u ta n e s  a re  m o re  re a c tiv e  to w a rd s  r in g  o p en in g  th a n  c y c lo p e n ta n e s  d u e  to  
h ig h e r  rin g  s tra in . T h e  re a c tio n s  can  ta k e  p lace  at low  te m p e ra tu re  (< 1 0 0 °C ), 
e x h ib i t in g  re la tiv e ly  low  se le c tiv ity , i.e. s ta tis tica l p ro d u c t d is tr ib u tio n  (T ô rô k  et a l ,  
1995). O n  th e  o th e r  h a n d , th e  r in g  o p e n in g  o f  c y c lo h e x a n e s  o v e r  m e ta l c a ta ly s ts  
(F ig u e ra s  et a l ,  19 97 ) is m u ch  s lo w e r  than  fiv e -m e m b e re d  rin g s , ev en  o v e r th e  m o st 
a c tiv e  m e ta l Ir  (M c V ic k e r  et a l ,  2 0 0 2 ) . In s tead , c ra c k in g  and  a ro m a tiz a tio n  d o m in a te  
th e  to ta l re a c tio n . F o r  a s ig n if ic a n t c o n v e rs io n  o f  s ix -m e m b e re d  rin g s  in to  a lk a n e s  
w ith o u t lo ss  o f  m o le c u la r  w e ig h t, a d d itio n a l ac id  fu n c tio n  is req u ire d  to  c o n v e r t  the  
s ix -m e m b e re d  r in g s  to  th e  f iv e -m e m b e re d  r in g s  v ia  sk e le ta l iso m e riz a tio n . T h e  la tte r 
th e n  re a d ily  u n d e rg o  se le c tiv e  r in g  o p e n in g  on  ac id  o r m e ta l s ites.

2 .5 .2  P ro p o se d  M e c h a n ism
T h e re  h a v e  b een  se v e ra l m e c h a n ism s  p ro p o se d  to  a c c o u n t fo r  ring  

o p e n in g  o n  m e ta l su rfa c e s , tw o  o f  w h ic h  a re  w ell re c o g n iz e d : the  m u ltip le t  
m e c h a n ism  an d  th e  d ic a rb e n e  m e c h a n ism  (H a y e k  et a l ,  1997). T h e  tw o  m e c h a n ism s  
d if fe r  m a in ly  in h o w  th e  re a c tio n  in te rm e d ia te  fo rm s on  th e  m e ta l su rface .

In th e  m u ltip le t m e c h a n ism , cy c lic  h y d ro c a rb o n s  p h y s ic a lly  a d so rb  
e ith e r  e d g e w ise  o n  tw o  m e ta l a to m s , o r f la t- ly in g  on  th e  m e ta l su rface . T h e  fo rm e r  is 
c a lle d  th e  “ d o u b le t”  m e c h a n ism , a n d  the  la tte r  ca lled  th e  “ se x te td o u b le t” m e c h a n ism . 
B o th  m e c h a n ism s  c o m p e te  w ith  e a c h  o th e r in th e  reac tio n . T h e  d o u b le t m e c h a n ism  is 
th o u g h t  to  o c c u r  o n  sm all m e ta l p a rtic le s , an d  is u sed  to  e x p la in  th e  se le c tiv e  
h y d ro g e n o ly s is  o f  b is e c o n d a ry  C - C  b o n d s . A c c o rd in g  to  th is  m e c h a n ism , cy c lic  
h y d ro c a rb o n  is a d so rb e d  p e rp e n d ic u la r  to  th e  m eta l su rfa c e  v ia  a b is e c o n d a ry  C - C  
b o n d , w h ic h  th e n  re a c ts  w ith  c h e m iso rb e d  h y d ro g en  in a p u sh -p u ll  m a n n e r  to  
p ro d u c e  r in g -o p e n in g  p ro d u c ts . D u e  to  s te ric  h in d ra n c e , th e  e d g e -w ise  a d so rp tio n  o f
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th e  te r t ia ry - s e c o n d a ry  o r  te r t ia ry - te r t ia ry  C - C  b o n d s  is lim ited . In  the  “ se x te t-  
d o u b le t” m e c h a n ism , o n  th e  o th e r  h an d , th e  cy c lic  m o le c u le  is p h y s ic a lly  a d so rb e d  
f la t- ly in g  o n  th e  m e ta l su rface , w ith  th e  c a rb o n  a to m s  o f  the  ring  loca ted  o v e r  th e  
in te rs tic e s  o f  th e  m e ta l p la n e , e .g . P t ( l l l ) .  F o r th e  f iv e -m e m b e re d  rin g  c y c lo ­
p e n ta n e s , o n e  C - C  b o n d  h as  to  be  s tre tc h e d  (F ig u re  2 .1 0 ) , and  th is  b o nd  is re a d ily  
a tta c k e d  b y  n e ig h b o rin g , a d so rb e d  h y d ro g e n , lead ing  to  h y d ro g e n o ly s is  o f  th e  ring . 
T h e  te r t ia ry - s e c o n d a ry  C - C  b o n d s  in a lk y lc y c lo p e n ta n e  co u ld  be ru p tu re d  v ia  the  
f iv e -a to m  a d so rb e d  m o d e . F o r c y c lo b u ta n e s , all fo u r  C - C  b o n d s  a re  s tre tc h e d , 
re su ltin g  in h ig h e r  re a c tiv ity  b u t lo w e r se lec tiv ity . In c o n tra s t, th e re  is no  s tre tc h in g  
w h en  c y c lo h e x a n e s  an d  p a ra ff in  a d so rb  on  th e  m eta l su rfa c e , as all th e  ca rb o n  a to m s  
Can fit th e  in te rs tic e s  o f  th e  P t( 111) p lane . A s a resu lt, c y c lo h e x a n e s  and  p a ra ff in  a re  
u su a lly  n o t  h y d ro g e n o ly s iz e d , b u t p re fe ra b ly  d e h y d ro g e n a te d  o r iso m erized .

Figure 2.10 H y d ro g e n o ly s is  o f  m e th y lc y c lo p e n ta n e  v ia  th e  m u ltip le t m e c h a n ism . 
(G a u lt, 1 981 )

A lte rn a tiv e ly , th e  d ic a rb e n e  m e c h a n ism  in v o lv e s  th e  c h e m iso rp tio n  o f  
th e  c y c lic  h y d ro c a rb o n  m o le c u le s  on th e  m e ta l su rfa c e  a f te r  th e  ru p tu re  o f  se v e ra l 
C - H  b o n d s , fo rm in g  c a rb o n -m e ta l  b o n d s  o r  71-adsorbed o le f in s  (F ig u re  2 .1 1 ) . T h e  
n o n se le c tiv e  rin g  o p e n in g  o f  M C P  on m e ta l c a ta ly s ts  c a n  be a c c o u n te d  fo r  b y  th e  71- 
a d so rb e d  o le f in  m e c h a n ism . S im ila r  to  th a t in the  se x te t-d o u b le t  m e c h a n ism , M C P  is 
a d so rb e d  p a ra lle l to  th e  m e ta l su rfa c e , b u t in a q u a s i-p la n a r  m a n n e r  in v o lv in g  o n ly  
o n e  m e ta l a to m . T h e  se le c tiv e  r in g  o p e n in g  o f  M C P , o n  th e  o th e r  h an d , in v o lv e s  1,2- 
d ic a rb e n e  c o m p le x e s  th a t b o nd  to  s e v e ra l m e ta l a to m s an d  s ta n d  p e rp e n d ic u la r  to  the  
m e ta l su rfa c e . O w in g  to  s te ric  h in d ra n c e , the  h y d ro g e n o ly s is  o f  th e  te r t ia ry ­
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se c o n d a ry  C - C  b o n d s  is re ta rd e d . O n  so m e  o c c a s io n s , h o w e v e r , an  e x o c y c lic  a lky l 
su b s ti tu e n t p a r tic ip a te s  in th e  fo rm a tio n  o f  a m e ta llo c y c lo b u ta n e  in te rm e d ia te , 
re su ltin g  in th e  s e le c tiv e  b re a k in g  o f  te r t ia r y - te r t ia ry  an d  te r t ia ry - s e c o n d a ry  C - C  
b o n d s  (F ig u re  2 .1 1(b)).

(a ) N o n -se le c tiv e  an d  se le c tiv e  h y d ro g e n o ly s is

(b ) P a r tia lly  se le c tiv e  h y d ro g e n o ly s is

Figure 2.11 H y d ro g e n o ly s is  o f  m e th y lc y c lo p e n ta n e  v ia  th e  d ic a rb e n e  m e c h a n ism . 
(G a u lt, 1981)

2 .4 .3  E le c tro n ic  E ffe c t
V a rio u s  m e c h a n ism s  w e re  p ro p o se d  to  a c c o u n t fo r  e x p e r im e n ta l fac ts  

su ch  as se le c tiv ity , s tru c tu ra l e ffe c t an d  k in e tic  d a ta , th e  n a tu re  o f  th e  c a ta ly s t -  
re a c ta n t in te ra c tio n s  re m a in s  u n k n o w n . In  rin g  o p e n in g  (c y c liz a tio n ) , an d  iso ­
m e riz a tio n  c a ta ly s is , m e ta llo c y c lo b u ta n e s , m e ta llo c a rb e n e s  an d  m e ta llo c a rb y n e s  
w e re  p o s tu la te d  a s  th e  p o ss ib le  re a c tio n  in te rm e d ia te s , d e p e n d in g  on  th e  n a tu re  o f  the  
s ites . T o  g e n e ra liz e  and  s im p lify  th e  re a c tio n  m e c h a n ism s , G arin  et al. (1 9 9 7 ) 
p ro p o se d  an  a g o s tic  p re c u rso r  a s  th e  f irs t sp e c ie s  a d so rb e d  o n  th e  m e ta l su rface , 
w h ic h  c o n s is ts  o f  an  M  <— H - C  w ith  a h y d ro g e n  a to m  b o n d e d  s im u lta n e o u s ly  to  b o th  
a c a rb o n  a to m  o f  a re a c ta n t an d  a t ra n s it io n  m e ta l a to m  (F ig u re  2 .1 2 ) . T h is  sp e c ie s  
in itia te s  th e  fo rm a tio n  o f  a CT-alkyl o r  c a rb e n e  sp e c ie s  th a t fu r th e r  re a c ts  to  g iv e  rise  
to  p ro d u c ts  o f  r in g  o p e n in g  (c y c liz a tio n ) , h y d ro g e n a tio n  (d e h y d ro g e n a tio n )  a n d /o r 
iso m e riz a tio n . It w a s  p ro p o se d  th a t an  e le c tro n ic  (o r  l ig a n d )  e ffe c t g o v e rn s  the  
re la tiv e  c o n tr ib u tio n  o f  G -a lky l o r  c a rb e n e  p re c u rso r , w h ile  a g e o m e tr ic  (o r  e n se m b le
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size ) e f fe c t  d e te rm in e s  the  p a th w a y  to  th e  b o nd  sh if t  ( iso m e riz a tio n ) , the  c y c lic , and  
the  h y d ro g e n o ly s is  re a c tio n s .

C J||J

K, y ,

u 'f' I
ร]-น

Electronic
Effect

C 2 u n it m o d e

RI u,
\ /

C a rb e n e
\|-U n-M-11

F ig u r e  2 .1 2  P ro p o se d  re a c tio n  m e c h a n ism  o f  « -C 5H 12 on  a m e ta l c a ta ly s t , in v o lv in g  
an  a g o s tic  p re c u rso r  sp ec ie s . (G a rin  et a l., 1988)

In h y d ro c ra c k in g /iso m e riz a tio n  o f  2 -m e th y l-  an d  3 -m e th y lp e n ta n e  on 
se v e ra l g ro u p  V III m e ta l c a ta ly s ts  (G a rin  et a l ,  1988 ), s tu d ie s  h a v e  sh o w n  th a t C o  
an d  N i te n d  to  c le a v e  m u ltip le  b o n d s , le a d in g  to  e x te n s iv e  c ra c k in g , w h ile  P d , P t and  
Ir s e le c tiv e ly  ru p tu re  p r im a ry -s e c o n d a ry / te r t ia ry , s e c o n d a ry -s e c o n d a ry /te r t ia ry  
(d é m é th y la tio n )  a n d  s e c o n d a ry -s e c o n d a ry  C - C  b o n d s , re sp e c tiv e ly . T h e  d if fe re n c e s  
in th e  s e le c tiv ity  a n d  a c tiv ity  o f  m e ta ls  in h y d ro g e n o ly s is  an d  iso m e riz a tio n  m ay  be 
re la te d  to  th e ir  e le c tro n ic  s tru c tu re  (d e n s ity  o f  s ta te s ) , as  p ro p o se d  by  S a illa rd  an d  
H o ffm a n n  (1 9 8 4 ). W h en  a H 2 o r  a  h y d ro c a rb o n  m o le c u le  (e .g . C H 4) a p p ro a c h e s  a 
m eta l su rfa c e , th e  e le c tro n  tra n s fe r  fro m  d o rb ita ls  o f  th e  m e ta l M  to  a C - H  a *  
a n tib o n d  (M  ->  a * )  d o m in a te s  th e  e a r ly  s ta g e s  o f  th e  re a c tio n , w h ic h  w e a k e n s  th e  
C - H  ร b o n d  an d  fo rm s  th e  M - H  b o n d . T h is  is d if fe re n t fro m  tra n s it io n  m eta l 
c o m p le x e s  in w h ic h  o  —» M  e le c tro n  tra n s fe r  lead s  th e  re a c tio n  b e c a u se  o f  th e  h ig h e r
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e n e rg y  o f  th e  o c c u p ie d  m e ta l o rb ita ls  o n  the  su rfa c e . F o r  tra n s itio n  m e ta ls  a t th e  left 
s id e  o f  th e  p e rio d ic  ta b le , th e  su rface  is p o s itiv e  re la tiv e  to  th e  b u lk , w h ile  fo r m e ta ls  
a t th e  r ig h t s id e  o f  th e  p e rio d ic  ta b le , the  m e ta l su rfa c e  is n e g a tiv e . T h is  is in 
a c c o rd a n c e  w ith  th e  fac t th a t the  h e a ts  o f  c h e m iso rp tio n  o f  h y d ro g e n  o n  m e ta l 
s u rfa c e s  d e c re a se  from  le ft to  r ig h t a c ro s s  a p e rio d ic  ro w  (B a e tz o ld , 1983). T h e se  
m e ta ls  a re  m o re  lik e ly  to  fo rm  m e ta llo c a rb y n e s  o r c a rb e n e s , lead ing  to  m u ltip le  C - C  
ru p tu re . W ith in  th e  sam e  se r ie s  o f  tra n s it io n  m e ta ls , e .g . g ro u p  V III m e ta l, th e  c h a rg e  
tra n s fe r  fro m  th e  b u lk  to  th e  su rfa c e  d e c re a se s  a s  d leve l o c c u p a n c y  fo r a m e ta l 
su rfa c e  in c re a se s  in t ra v e rs in g  a p e rio d ic  ro w  (B a e tz o ld , 1980). C o n s is te n tly , th e  
h e a ts  o f  c h e m iso rp tio n  fo r  h y d ro g e n  a to m s  on  th e  m e ta l su rface  d e c re a se  in g o in g  
fro m  3d  to  4 d  to  5d (i.e . d e c re a se  w ith  in c reased  a to m ic  w e ig h t) .

B a se d  on  th e  p ro d u c t d is tr ib u tio n , h y d ro g e n o ly s is  re a c tio n  on  m e ta l 
c a ta ly s ts  can  b e  c la s s if ie d  in to  tw o  g ro u p s  (G a rin  et a l ,  1988): th e  C 2-u n it m o d e , 
in v o lv in g  ru p tu re  o f  C - C  b o n d s  b e tw e e n  p rim ary  an d  se c o n d a ry  c a rb o n  a to m s; an d  
th e  iso u n it m o d e , in v o lv in g  ru p tu re  o f  a C - C  b o n d  w ith  a te r t ia ry  c a rb o n  a to m . In  the  
C 2-u n it m o d e , ทาe ta llo c a rb e n e  sp e c ie s  m a y  be  fo rm ed  u p o n  re m o v in g  a t leas t tw o  
h y d ro g e n  a to m s , w h ic h  lead  to  h y d ro g e n o ly s is  o v e r  iso m e riz a tio n . O n  th e  o th e r  
h an d , in the  iso -u n it m o d e  w h e re  o n ly  o n e  H a to m  is a v a ila b le  on th e  te r tia ry  c a rb o n , 
a -a lk y l  sp e c ie s  a re  fo rm e d , lead in g  to  h ig h e r  iso m e riz a tio n  th a n  h y d ro g e n o ly s is . T h e  
re la tiv e  c o n tr ib u tio n  o f  th e  tw o  m o d e s  is d e te rm in e d  by  th e  e le c tro n ic  e ffe c t, i.e . the  
n a tu re  o f  th e  m e ta l c a ta ly s t.

T h e  C 2-u n it  m o d e  is fa v o re d  o n  m o n o m e ta ll ic  R u , I r  an d  b im e ta llic  
P t-R u , P t-C o , P t- I r  and  P t-M o  c a ta ly s ts . T h e  C 2- u n it m o d e -d o m in a te d  re a c tio n s , e .g . 
c a ta ly z e d  by  Ir  c a ta ly s ts , w e re  th o u g h t  to  p ro c e e d  v ia  a  d ic a rb e n e  (o r  d o u b le t)  
m e c h a n ism . T h e  re a c ta n t b o n d s  p e rp e n d ic u la r ly  to  th e  m e ta l su rface . T h e  re a c tio n s  
a re  u su a lly  n o t s e n s itiv e  to  th e  p a r tic le  s iz e  o f  m e ta ls  bu t to  th e  n u m b e r  o f  
su b s ti tu e n ts  b e c a u se  o f  s te r ic  h in d ra n c e . O n  th e  o th e r  h an d , the  iso -u n it m o d e  is 
d o m in a n t on N i, Pt, Pd , P t-N i, P t-W a n d  P t-P d  c a ta ly s ts . In  th is  ca se , th e  re a c ta n t is 
a d so rb e d  p a ra lle l to  th e  m eta l su rfa c e , and  th e  re a c tio n  p ro c e e d s  v ia  a 
m u ltip le tm e c h a n ism . T h e  p a rtic le  s iz e  o f  m e ta l in f lu e n c e s  th e  se le c tiv ity  o f  th e  
re a c tio n s .
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It is no w  w id e ly  ac c e p te d  th a t th e  re a c tio n s  o f  h y d ro c a rb o n  on  m eta l 
a re  in itia te d  b y  d is so c ia tiv e  a d so rp tio n  o f  th e  a lk a n e s  o n  th e  m e ta l su rfa c e  and  
fo llo w e d  by  su b se q u e n t h y d r id e  e lim in a tio n  fro m  a d so rb e d  a lk y l in te rm e d ia te s . T h e  
fo rm e r  is th e  ra te -d e te rm in in g  s te p  in the  re a c tio n , w h ile  th e  la tte r  is th o u g h t to 
d e te rm in e  th e  se le c tiv ity . Z a e ra  (2 0 0 2 ) p ro p o se d  th a t p -h y d r id e  e lim in a tio n  fro m  the  
s u rfa c e  in te rm e d ia te  a c c o u n ts  fo r  th e  p ro d u c tio n  o f  o le f in s , y -h y d r id e  e lim in a tio n  is 
re s p o n s ib le  fo r  iso m e riz a tio n  and  c y c liz a tio n , an d  a - h y d r id e  e lim in a tio n  lead s  to 
h y d ro g e n o ly s is  p ro d u c ts  (F ig u re  2 .1 3 ). T h e  re la tiv e  ra te s  fo r a - ,  p -  a n d  y- 
d e h y d ro g e n a tio n s  d e te rm in e  s e le c tiv ity  o f  m e ta l c a ta ly s ts  in h y d ro c a rb o n  re fo rm in g . 
In  g e n e ra l, th e  re a c tiv ity  fo r a - ,  p- and  y -d e h y d ro g e n a tio n s  in c re a se  w ith  ea rly  
tra n s it io n  m e ta ls  an d  w ith  d e c re a s in g  h y d ro c a rb o n  c h a in  len g th s . T h e  p -h y d r id e  
e l im in a tio n  is th e  m o st fa v o ra b le . H o w e v e r, th e  re la tiv e  ra te s  fo r  a - ,  p -  an d  y- 
d e h y d ro g e n a tio n s  w ith in  th e  m e ta l a lso  c h a n g e  a c ro ss  th e  p e rio d ic  ta b le , w h ic h  
re su lts  in th e  d if fe re n t c a ta ly tic  p e rfo rm a n c e  o f  d if fe re n t m e ta ls  in h y d ro c a rb o n  
re fo rm in g . F o r  in stan ce , P t ( l l l )  d isp la y s  c o m p a ra b le  ra te s  fo r a -  and  y -d e h y d ro ­
g e n a tio n s , w h ile  N i(1 0 0 ) o n ly  sh o w s a -d e h y d ro g e n a tio n . T h e s e  re su lts  e x p la in  th e  
u n iq u e  ab ility  o f  P t fo r c a ta ly z in g  h y d ro c a rb o n  re fo rm in g  a s  o p p o se d  to  N i, w h ich  
fa c il ita te s  e x te n s iv e  c ra c k in g .

H,<,1 
n t

H >y

A lk y l

C T M  L .
H y d ro g e n o ly s is

D e h y d ro g e n a tio n

C y c liz a tio n , Iso m e r iz a tio n

Figure 2.13 S im p lif ie d  re a c tio n  m e c h a n ism s  fo r th e  c a ta ly tic  re fo rm in g  o f  
h y d ro c a rb o n s  o n  tra n s it io n  m e ta l su rfa c e s . (Z a e ra , 2 0 0 2 )
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2 .5 .4  G e o m e tr ic  E ffe c t
T h e  g e o m etric  e ffe c t on th e  c a ta ly tic  p ro p e rtie s  is e x e m p lif ie d  by  the  

p a r tic le  s iz e  e ffe c ts , w h ic h  h a v e  b een  e x te n s iv e ly  s tu d ied  (C o q  an d  F ig u e ra s , 1998). 
In h y d ro c o n v e rs io n  o f  h y d ro c a rb o n s , la rg e  m eta l p a r tic le  s iz e  p ro m o te s  se lec tiv e  
h y d ro g e n o ly s is , an d  sm all p a r tic le  s iz e  fa v o rs  n o n -se le c tiv e  iso m e riz a tio n  and  
h y d ro g e n o ly s is . F o r  in stan ce , r in g  o p e n in g  on  su p p o rte d  P t m e ta l c a ta ly s ts  ex h ib it 
p ro n o u n c e d  p a r tic le  s ize  e ffe c ts  o n  th e  se le c tiv ity . A s  illu s tra te d  b y  the  
h y d ro g e n o ly s is  o f  M C P , c a ta ly s ts  w ith  la rg e  P t p a r tic le  s ize  lead  to  se le c tiv e  ring  
o p e n in g , fa v o rin g  2 M P , and  3 M P  w ith  th e  fo rm a tio n  o f  r?Hx s u p p re sse d . S m all Pt 
p a r tic le  s iz e  p ro d u c e s  n o n -se le c tiv e ly  r?Hx, 2 M P  an d  3 M P  in a  s ta tis tic a l ra tio . O th e r  
m e ta ls , e .g . Rh an d  Ir, fav o r th e  se le c tiv e  h y d ro g e n o ly s is  w ith  little  e ffe c t o f  p a rtic le  
s ize .

T h e  p a rtic le  s iz e  h as  a lso  a ffe c te d  th e  tu rn o v e r  ra te  (a c tiv ity )  in th e  
h y d ro g e n o ly s is  o f  cy c lic  h y d ro c a rb o n s  (B e n n e tt  an d  C h e , 1989 ). O n  P t/A l203, th e  
tu rn o v e r  ra te  o f  th e  h y d ro g e n o ly s is  o f  c y c lo p e n ta n e  w a s  s h o w n  to  d e c re a se  w ith  
d e c re a se d  p a rtic le  s ize . S im ila r  re su lts  w e re  o b se rv e d  on  R h /A l203. O n  Ir/A l203, 
h o w e v e r , the  h y d ro g e n o ly s is  o f  c y c lo p e n ta n e  is in se n s itiv e  to  the  p a r tic le  size. 
P d /A l203, on  th e  o th e r  h an d , p re se n te d  a s lig h t in c re a se  in th e  h y d ro g e n o ly s is  o f  
c y c lo p e n ta n e  w ith  d e c re a s in g  p a rtic le  s ize .

T h e  o rig in  o f  p a r tic le  s iz e  e ffe c ts  is n o t c le a r . S o m e  p o ss ib le  
e x p la n a tio n s  in c lu d e  e le c tro n ic  e ffe c ts , m o rp h o lo g y , an d  su p p o rt  e f fe c ts  (G au lt, 
1981). A s  th e  p a r tic le  s ize  is red u ced , th e  e le c tro n ic  b a n d s  o f  th e  m e ta l p a rtic le  
b e c o m e  d is tin c t, an d  th e  e le c tro n  e n e rg ie s  in c rease . F o r  m o s t  m e ta l p a r tic le s , the  
e le c tro n  e n e rg ie s  b eg in  to  in c re a se  as th e  p a rtic le  s iz e  is re d u c e d  b e lo w  5 nm . F o r  
so m e  m e ta ls , th e  e n e rg ie s  lev e l o f f  b e lo w  a ce rta in  s iz e , e .g . P d  a t a b o u t 1 n m , w h ile  
fo r  o th e rs , e .g . P t, th e  in c rease  in e n e rg ie s  c o n tin u e  w ith  th e  d e c re a se  in p a rtic le  size. 
A s  a  re su lt, th e  e le c tro n ic  c o n f ig u ra tio n s  o f  th e  su rfa c e  a to m s  a re  d if fe re n t from  
th o se  o f  la rg e  p a rtic le s , le ad in g  to  c h a n g e s  in th e  c a ta ly tic  p ro p e rtie s . O n  th e  o th e r 
h a n d , th e  d e c re a se  in p a rtic le  s iz e  lik e ly  c h a n g e s  th e  m o rp h o lo g y  o f  th e  m eta l 
p a r tic le , w h ic h  c o u ld  in f lu en ce  th e  c a ta ly tic  p ro p e rtie s . F o r  in s ta n c e , a la rg e  fee 
m e ta l p a r tic le  c ry s ta ll iz e s  in an  o c ta h e d ro n  g e o m e try  (8  fa c e s) , w h ile  m o s t sm all fee 
m e ta l p a rtic le s  (d  =  10 n m ) a d o p t c u b o o c ta h e d ra l g e o m e try  (1 4  face s) as
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d e m o n s tra te d  b y  q u a n tu m -m e c h a n ic a l c a lc u la tio n s  and  e x p e rim e n ta l s tu d ie s . F o r  
ev en  s m a lle r  p a r tic le s  a n o n -fc c  a rra n g e d  ic o sa h e d ro n  (20  face s) m ig h t b e c o m e  m o re  
s ta b le  (B e n n e tt  an d  C h e , 1989). A s th e  p a rtic le  s iz e  d e c re a se s , th e  n u m b e r  o f  a to m s  
o f  low  c o o rd in a tio n  a t th e  e d g e s  o r c o rn e rs  o f  th e  c ry s ta ll i te s  in c re a se s , w h ile  th e  
f ra c tio n  o f  face  a to m s  d im in ish e s . T h e re fo re , sm all p a rtic le s  w o u ld  fa v o r  c a ta ly s is  by  
a to m s  o f  low  c o o rd in a tio n , e .g . th e  n o n -se le c tiv e , s ta tis tica l h y d ro g e n o ly s is , g iv in g  
h ig h e r  ra tes . L a rg e  p a r tic le s  w o u ld  fa v o r  c a ta ly s is  b y  face  a to m s  o f  h ig h  c o o rd in a tio n  
n u m b e rs , e .g . s e le c tiv e  h y d ro g e n o ly s is . T h e  e ffe c t o f  su rfa c e  a to m  c o o rd in a tio n  on 
the  c a ta ly tic  p ro p e r tie s  o f  th e  m eta l can  a lso  a c c o u n t fo r the  c h a n g e s  in th e  s e le c tiv ity  
o f  th e  r in g  o p e n in g  o f  M C P  o v e r d if fe re n t  m e ta l su rfa c e s . In c o n tro lle d  te s ts  u s in g  
m e ta l f ilm s  w ith  o rie n te d  faces  (R u p p re c h te r  et a l ,  1998) o r su p p o rte d  m e ta l 
c a ta ly s ts  w h e re  th e  sp e c if ic  face ts  o f  th e  m e ta l p a r tic le s  w e re  s e le c tiv e ly  p re p a re d  
(P ira u lt-R o y  et a l ,  2 0 0 3 ), s tu d ie s  sh o w e d  th a t th e  h y d ro g e n o ly s is  a c tiv ity  an d  
p ro d u c t se le c tiv ity  v a rie d  fro m  fa c e t to  face t o f  m e ta l c ry s ta l. H ig h  a c tiv it ie s  an d  
n o n -se le c tiv e  h y d ro g e n o ly s is  w ere  o b se rv e d  on  sm all p o ly c ry s ta llin e  p a rtic le s  w ith  
d iso rd e re d  su rfa c e s , o r  o n  fla t, s te p p e d , an d  k in k e d  n o b le -m e ta l s in g le - 
c ry s ta lsu rfa c e s  o f  h ig h  M ille r  in d e x  c o n ta in in g  h igh  c o n c e n tra t io n s  o f  low - 
c o o rd in a tio n  s ite s . T h is  p a rtic le  s iz e  p h e n o m e n o n  o b se rv e d  in h e te ro g e n e o u s  
c a ta ly s is  is the  b a s is  o f  th e  c u rre n t in te re s t in n a n o te c h n o lo g y  re la te d  to  c h e m is try  
and  m a te r ia ls .

2 .5 .5  S u p p o rt E ffe c t
B e s id e s  th e  a b o v e -m e n tio n e d  e le c tro n ic  an d  g e o m e tr ic  e ffe c ts , 

c a ta ly s t  su p p o rts  a lso  p la y  an  im p o rta n t ro le  in h e te ro g e n e o u s  c a ta ly s is . A s 
d e m o n s tra te d  in m a n y  c a ta ly tic  p ro c e sse s , the  su p p o rts  a re  n o t in e rt in se le c tiv e  rin g  
o p e n in g  c a ta ly s is  a s  p re v io u s ly  th o u g h t, b u t a lte r  th e  c a ta ly tic  p ro p e r tie s  o f  the  m eta l 
p a r tic le s  th ro u g h  e le c tro n ic  in te ra c tio n s , o r  b y  sp a c e  c o n f in e m e n ts . T h e  su p p o rt  
e ffe c t h as  a ttra c te d  m u c h  a tte n tio n  an d  s tim u la te d  e x te n s iv e  re se a rc h  w o rld w id e . 
E x c e lle n t re v ie w s  h a v e  b een  p u b lish e d  on  th is  su b je c t (B re y sse  et a l ,  2 0 0 5 ).

A  “ p a r t ly ”  se le c tiv e  m e c h a n ism  fo r  rin g  o p e n in g  o f  M C P  w as  
o b se rv e d  on  n o b le  m e ta ls  su p p o rte d  on  ac id ic  o x id e s , w h ic h  p ro d u c e d  a h ig h e r  
p ro p o r tio n  o f  n H x  th a n  th e  th e o re tic a l ra tio , a c c o rd in g  to  a n o n -se le c tiv e  m e c h a n ism .
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T h e  fo rm a tio n  o f  « H x  a p p e a re d  to  in c rease  w ith  in c re a s in g  su p p o rt  a c id ity  
(M c C a rth y  et a l ,  1996). K ra m e r an d  Z u e g g  (1 9 8 3 ) u sed  th e  a d lin e a tio n  m o d e l to  
a c c o u n t fo r th e  p a rtia l s e le c tiv ity  fo r  « H x  an d  2M P . T h e  m ode! a s su m e d  th a t rin g  
o p e n in g  o c c u rs  a t th e  p h a se  b o u n d a ry  o f  m e ta l and  su p p o rt. T h e  su p p o rt, i.e . an 
a c id ic  site , in te ra c ts  w ith  th e  te r t ia ry  C - H  o f  M C P  b e c a u se  th is  H  a to m  is m o s t 
su sc e p tib le  to  a tta c k  b y  an  ac id ic  o r c a tio n ic  site , w h ile  th e  n e ig h b o rin g  c a rb o n  is 
a t ta c h e d  to  th e  m e ta l s ite . R in g  o p e n in g  o f  M C P  ad ja c e n t to  th e  m e th y l g ro u p  o c c u rs , 
le a d in g  to  th e  fo rm a tio n  o f  a d d itio n a l « H x  (F ig u re  2 .1 4 ) . T h is  p a r tly  s e le c tiv e  
m e c h a n ism  c o m p e te s  w ith  a  n o n se le c tiv e  m e c h a n ism  o c c u rr in g  e x c lu s iv e ly  o n  th e  
m e ta l su rfa c e . A lte rn a tiv e ly , th e  p a rtly  s e le c tiv e  r in g  o p e n in g  o f  M C P  m a y  be 
e x p la in e d  b y  e le c tro n ic a lly  a sy m m e tr ic  p a irs  o f  m eta l a to m s  re su ltin g  fro m  s tro n g  
m e ta l- s u p p o r t  in te ra c tio n s . T h e  c a tio n ic  s ite s  o f  the  su p p o rt  in b ifu n c tio n a l c a ta ly s ts  
e x e r t  an  e le c tr ic  fie ld  on  a d ja c e n t m e ta l s ite s , le ad in g  to  th e  fo rm a tio n  o f  p a rtia lly  
c h a rg e d  m e ta l a to m s  th a t  h a v e  b e e n  c o n firm e d  by  v a r io u s  m e th o d s  (K ra m e r  and  
F isc h b a c h e r , 1989 ). T h e  re su ltin g  M 5- -  M 5+ e x h ib its  fu n c tio n a lit ie s  s im ila r  to  th o se  
o f  th e  ac id  s i te -m e ta l  p a ir  to  s e le c tiv e ly  p ro d u c e  n H x  an d  2 M P  but n o t 3 M P  (F ig u re  
2 .1 4 )  (A n d e rso n  et a l ,  1 9 87 ).

A n o th e r  “ p a r t ly ” s e le c tiv e  m e c h a n ism  fo r rin g  o p e n in g  o f  M C P  h as 
b e e n  o b se rv e d  o v e r z e o li te -s u p p o r te d  m e ta l c a ta ly s ts , fo r  ex a m p le , o n  S A P O -1 1  
(H o ffm e is te r  an d  B u tt, 1 9 92 ), L T L  (A lv a re z  and  R e sa sc o , 1996) an d  F A U  (G a rin  
e t a l ,  1997). O v e r  th e se  ca ta ly s ts , s ig n if ic a n tly  h ig h e r  se le c tiv itie s  to  3 M P  w ere  
o b se rv e d  c o m p a re d  to  o th e r  su p p o rte d  m e ta l c a ta ly s ts  o f  s im ila r  p a r tic le  s iz e . T h e s e  
e n h a n c e d  s e le c tiv itie s  w e re  a ttr ib u te d  to  th e  c o n s tra in t o f  th e  o n e -d im e n s io n  p o re s  o f  
z e o li te s  th a t re su lt  in a p re fe r re d  o r ie n ta tio n  o f  th e  in c o m in g  M C P  m o le c u le  w ith  its 
lon g  ax is  p a ra lle l to  th e  d ire c tio n  o f  th e  p o res . W h en  th e  M C P  m o le c u le  re a c h e s  a 
m e ta l p a r tic le  in s id e  a z e o l i te  p o re , rin g  o p e n in g  p re fe re n tia lly  ta k e s  p la c e  th ro u g h  
o n e  o f  its e n d s , re su ltin g  in a  3 M P /2 M P  p ro d u c t ra tio  h ig h e r  th a n  th e  s ta tis tic a l v a lu e  
o f  0 .5  (F ig u re  2 .1 4 ) . S im ila r ly , a  h ig h e r  3 M P /n H x  ra tio  th a n  th a t th e  s ta tis tic a l v a lu e  
o f  0 .5  can  be  e x p la in e d  b y  th e  s te r ic  h in d ra n c e  o f  th e  m e th y l g ro u p  o f  M C P  in z e o lite  
p o re s  tha t re s tr ic t  th e  ro ta tio n  o f  th e  m o le c u le  w h en  it a p p ro a c h e s  th e  m e ta l p a r tic le  
w ith  its m e th y l en d .
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Figure 2.14 P a rtly  se le c tiv e  rin g  o p e n in g  o f  m e th y lc y c lo p e n ta n e .

2.6 Catalytic Reactions for the Methylcyclohexane (MCH)

P re v io u s  re se a rc h e rs  h a v e  s tu d ied  th e  re a c tio n  p a th s  an d  th e  ro le  o f  c a ta ly s t 
s tru c tu re  o n  p ro d u c t d is tr ib u tio n  fo r  M C H  re a c tio n . F o r  e x a m p le , M ig n a rd  e t al. 
(1 9 9 4 )  h a v e  s tu d ie d  th e  c o n v e rs io n  o f  M C H  on  P t/U S Y  c a ta ly s ts . T h e y  fo u n d  tha t 
M C H  is firs t iso m e riz e d  v ia  r in g  c o n tra c tio n  (R C ) in to  e th y lc y c lo p e n ta n e  (E C P ) and  
d im e th y lc y c lo p e n ta n e s  (D M C P s) an d  then  tra n s fo rm e d  in to  C7 iso -a lk a n e s  and  
c ra c k in g  (<C y) p ro d u c ts , re sp e c tiv e ly , as th e  reac tio n  te m p e ra tu re  in c reases . In  tha t 
s tu d y  th e  in d iv id u a l R C  p ro d u c ts  w e re  lum p ed , b u t as sh o w n  in F ig u re  2 .1 , d if fe re n t 
R C  p ro d u c ts  h a v e  v e ry  d if fe re n t O N . T h e  in te rm e d ia te  R C  s te p  h as  b een  m a d e  
e v id e n t  in se v e ra l o th e r  s tu d ie s  o n  ac id ic  c a ta ly s ts , b o th  z e o litic  an d  n o n -z e o lit ic  
(F ig u e ra s  et al. 1997). In  so m e  c a se s , the  R C  re a c tio n  h a s  b e e n  p ro p o se d  to  o c c u r  by  
a b ifu n c tio n a l p a th , in v o lv in g  d e h y d ro g e n a tio n  on  m e ta ls . F o r  e x a m p le , B e la te l  et al. 
(2 0 0 4 )  in v e s tig a te d  th e  M C H  re a c tio n  on  P t-Ir /su lfa te d  z irc o n ia  c a ta ly s ts  an d  sh o w e d  
th a t  n o  iso m e riz a tio n  w a s  fo u n d  to  ta k e  p la ce  in th e  a b se n c e  o f  m e ta ls .

O n  z e o litic  c a ta ly s ts , th e  s tru c tu re  o f  th e  z e o lite  can  be  u sed  to  g re a tly  
m o d ify  th e  p ro d u c t d is tr ib u tio n . T h e  ro le  o f  sh a p e  se le c tiv ity  in d e te rm in in g  the  
p ro d u c t d is tr ib u tio n  o f  iso m e riz a tio n  o f  n a p h th e n ic  r in g s  w a s  p o in te d  o u t by  
W e itk a m p  et al. (1 9 8 4 ). In th e ir  w o rk  on P t/H Z S M -5  c a ta ly s ts , th e y  fo u n d  th a t on
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th e se  sm a ll-p o re  c a ta ly s ts , no  1,1- o r  1 ,2 -d im e h ty lc y c lo p e n ta n e  w e re  fo rm e d  w h ile  
c is /t r a n s - l ,3 -d im e th y lc y c lo p e n ta n e  a p p e a re d  ev en  a t v e ry  low  c o n v e rs io n s

T h e  ro le  o f  m e ta ls  is n o t o n ly  th e  d e h y d ro g e n a tio n /h y d ro g e n a tio n  s teps . It 
m a y  a lso  p a r tic ip a te  in r in g  o p e n in g  o f  n ap h th e n ic  m o lecu le s . T h e  p rin c ip a l p a th  fo r 
rin g  o p e n in g  on  c a ta ly s ts  w ith  o n ly  th e  m e ta l fu n c tio n  is h y d ro g e n o ly s is . In th is  
reac tio n , th e  c le a v a g e  o f  a C -C  b o n d  o f  a lk y lc y c lo a lk a n e s  d e p e n d s  on  th e  n a tu re  o f  
th e  c a ta ly s t ,  th e  ty p e  o f  ring , an d  th e  p re se n c e  o f  a lk y l su b s titu e n ts . G a u lt  (1 9 8 1 ) 
id e n tif ie d  th re e  d if fe re n t  p a th s  fo r  r in g  o p e n in g  v ia  h y d ro g e n o ly s is . T h e  m o st 
c o m m o n  p a th w a y  in v o lv e s  a d ic a rb e n e  in te rm ed ia te  w ith  c le a v a g e  at the  
u n su b s titu te d  s e c o n d a ry -se c o n d a ry  C -C  b o n d . In the  o th e r  tw o  re a c tio n  p a th s  th e  
c le a v a g e  o c c u rs  a t su b s titu te d  C -C  b o n d s  th rou g h  7 t-adsorbed  o le f in  an d  m e ta l-  
lo c y c lo b u ta n e  in te rm e d ia te s , re sp e c tiv e ly . T he p ro d u c t d is tr ib u tio n  fro m  th e  
h y d ro g e n o ly tic  rin g  o p e n in g  o v e r  m e ta ls  (i.e . P t, Ir, R h an d  R u) is s tro n g ly  d e p e n d e n t 
on  th e  n a tu re  o f  re a c ta n ts  an d  c a ta ly s t  s tru c tu re , w h ich  in tu rn  c a n  be  m o d if ie d  by 
p a ra m e te rs  su ch  as p a r tic le  s ize  o r  m e ta l-su p p o rt in te ra c tio n s  (R e sa sc o  an d  H a lle r  
1984). F o r  e x a m p le , th e  p ro d u c ts  o b ta in e d  fro m  ring  o p e n in g  o f  m e th y lc y c lo p e n ta n e  
on  h ig h  lo a d in g , low  d isp e rs io n  P t/A l203 c a ta ly s ts  w ere  m o s tly  2 -m e th y lp e n ta n e  (2 - 
M P ) an d  3 -m e th y lp e n ta n e  (3 -M P ) w ith  n o  n -h ex an e  (tt-H x). T h e  firs t tw o  p ro d u c ts  
re su lt fro m  a d ic a rb e n e  in te rm e d ia te , th e  th ird  one re q u ire s  c le a v a g e  o f  a su b s titu te d  
C -C  b o n d . B y  c o n tra s t, s ig n if ic a n t a m o u n ts  o f  n -H x  w ere  fo u n d  in th e  p ro d u c ts  w h en  
th e  c a ta ly s t  w a s  a h ig h ly  d isp e rse d , lo w  lo a d in g  P t/A l20 3 .

In  ad d itio n  to  z e o litic  c a ta ly s t , th e  case  o f  tu n g s te n -c o n ta in in g  z irc o n ia  
(W O x- Z r 0 2) is o f  p a r t ic u la r  in te re s t  in c a ta ly s is  b ecau se  o f  its  g o o d  c o m b in a tio n  o f  
a c tiv ity  a n d  se le c tiv ity . T h e  c a ta ly tic  a c tiv ity  is a s so c ia te d  w ith  in te rc o n n e c tin g  
p o ly o x o tu n g s ta te  c lu s te rs  on  th e  s u rfa c e  o f  te trag o n a l z irc o n ia . T h e  p o ly o x o tu n g s ta te  
sp e c ie s  in c re a se  th e  a c id  s tre n g th  o f  th e  c a ta ly s t re la tiv e  to  th a t o f  u n m o d if ie d  
z irc o n ia , b u t th e  ac id  s tre n g th  is still le ss  th a n  tha t o f  z e o lite s  a n d  fa r b e lo w  th e  
s u p e ra c id ic  ran g e . T h e  a d d itio n  o f  p la tin u m  to  the  c a ta ly s t  an d  H 2 to  th e  feed  
d ra s tic a lly  im p ro v e s  th e  c a ta ly tic  a c tiv ity , se lec tiv ity , an d  s ta b il ity . T h e  p la tin u m  
e n h a n c e s  th e  d e so rp tio n  o f  re a c tio n  in te rm e d ia te s  and  m in im iz e s  th e  c o n d e n sa tio n  
re a c tio n s , so  th a t m o n o -m o le c u la r  iso m e riz a tio n  p re d o m in a te s  (T o rre s -G ra c ia  et a l ,
2 0 0 4 ).
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F ig u e ra s  et al. (1 9 9 7 )  s tu d ied  in th e  c o n v e rs io n  o f  m e th y lc y c lo h e x a n e  
(M C H ). T h e  m a in  re a c tio n  o b se rv e d  is th e  iso m e riz a tio n  to  a lk y lc y c lo p e n ta n e s  
(A C P ), th e  s lo w  s te p  o f  w h ic h  is the  a c id -c a ta ly z e d  c o n tra c tio n  o f  th e  rin g . T h e  
p o s itiv e  o rd e r  w ith  re sp e c t to  h y d ro g e n  p re s su re  is te n ta tiv e ly  a ss ig n e d  e ith e r  to  a 
n o n c la s s ic a l b ifu n c tio n a l m e c h a n ism  w h e re  h y d rid e  tra n s fe r  s te p s  p lay  a k ey  ro le  o r 
to  th e  in c re a se d  fo rm a tio n  o f  ac tiv e  B ro n s te d  s ites , c o m in g  from  th e  re d u c tio n  o f  
L ew is  s ite s  by  h y d ro g e n . S o m e  rin g  o p e n in g  p ro d u c ts  (R O P ), i.e ., C7 a lk a n e s  are  
fo rm ed  fro m  A C P s  e ith e r  b y  h y d ro g e n o ly s is  on  th e  P t s ite s  o r m o re  p ro b a b ly  by 
b ifu n c tio n a l ac id  ca ta ly s is . B e s id e s , Z im m e r  an d  P aa l (1 9 8 9 ) su g g e s te d  th a t the  
R O P s  c le a r ly  a p p e a re d  a s  s e c o n d a ry  p ro d u c ts . A  p o ss ib il i ty  is m e ta l-c a ta ly z e d  
h y d ro g e n o ly s is , n o t o f  the  c y c lo h e x a n e  r in g , b u t o f  th e  c y c lo p e n ta n e  r in g  o f  p ro d u c t 
A C P s , w h ic h  is m u c h  eas ie r .
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