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Catalysts sorbed on polymeric c a r r i e r s  not only are of interest  for their  technological applications [1- 
3], but also for the possibility that they offer of comparing heterogeneous and homogeneous catalytic activity. 
The present  work was a study of the activity of Pd(II) supported on carboxylic cation-exchange resins in the 
oxidative dimerization of styrene: 

2C~H~CH=CH~ ~- Pd(II) --~ C~HsCH=CH--CH=CHC6H6 ~- Pd ~ ~- 2H § (i) 

A study has also been made of the homogeneous reaction in the presence of Pd(II) acetate, a process 
whose kinetics and mechanism have been discussed ear l ie r  in [4, 5]. 

E X P E R I M E N T A L  

Experiments were carr ied out with KB-4P-2, Amberlite IRC-50, KB-2-8, and KB-2-12 resins,  cross  -~ 
linked polymethacrylic acids containing 2.5, 5, 8, and 12% added divinylbenzene, respectively.  Most of the 
experiments were car r ied  out with the Amberlite IRC-50. The resins were condensed and purified by success-  
ive t reatment  with 1 N solutions of HC1 and NaOH and alcohol, following the procedure of [6]. The Pd(OAc) 2 
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was synthes ized  by  the method of [7]. The Pd(C104) 2 was p r e p a r e d  by boiling a solution containing I ~ l O  4 and 
f r e sh ly  prec ip i ta ted  Pd(OH) 2 until the 300-500 nm region of i ts  s p e c t r u m  coincided with tha t  of the m o n o m e r  
Pd 2+ aquo ion [8]. The dioxane was purif ied by p a s s a g e  through A1203, following the method of [9]. The s ty -  
r ene  was pas sed  through s i l ica  gel  p r i o r  to use.  The Pd 2+ aquo ions were  deposi ted on the r e s i n  by shaking 
the Na f o r m  of the l a t t e r  with a Pd(C104) 2 solution for approx imate ly  1 h; at the end of this  t ime  the r e s in  
was f i l te red  off, washed repea ted ly  with dis t i l led water ,  and then a i r  dr ied to constant  weight. The lad(H) 
content of the r e s in  was de te rmined  by washing out the meta l  as  PdC142- ions with a 1 N HCt solution, and 
then de termining  these  ions by spec t ropho tomet r i c  m e a s u r e m e n t s  at 475 nm.  R e v e r s e  t i t ra t ion  was used to 
de te rmine  the H + ion content of the r e s in  [10]. 

The dis t r ibut ion constant  PSt  was used to c h a r a c t e r i z e  the sorpt ion of the s ty rene  by the r e s in  through 
the equation 

Psi = [St]r/[St]s (2) 

where  [St]r and [St]b a r e  the r e spec t ive  s ty rene  concentra t ions  in the ion-exchange r e s in  and in the body of 
the solution. Since the value of PSt is low, the reduction in the s ty rene  concentra t ion resul t ing f rom the in-  
t roduct ion of the r e s i n  into the solution was c lose  to the re la t ive  e r r o r  in the concentra t ion de te rmina t ions .  
The p a r a m e t e r  PSt was de te rmined  by shaking the res in ,  swollen in the solvent ,  with a s ty rene  solution for 
s eve ra l  hours; at the end of th is  t ime  the solution was f i l te red  off, a p r ede t e rmined  volume of the pure  so l -  
vent added, and shaking continued until the s ty rene  concentrat ion,  de te rmined  by spee t ropho tomet ry  at kma  x 
244 nm,  and e244 = 1.2.104 l i t e r s / m o l e . c m ,  became  constant .  The r e s in  was then sepa ra t ed  f rom the so lu-  
tion, and drenched with its own volume of the solvent .  This p rocedu re  was repea ted  3-4 t imes ,  the s ty rene  
concentra t ion in the equi l ibra ted solution being de te rmined  in each  cycle  of opera t ions .  The approx imate  vo l -  
ume of the swollen r e s in  was de te rmined  by i m m e r s i n g  the l a t t e r  in a known volume of the solvent  contained 
in a measu r ing  cy l inder .  Let  the concentra t ion  of the s ty rene  in the r e s in  a f t e r  introduction of the i - th  p o r -  
tion of the solvent  be designated by [St]r i. Assuming  a m a s s  balance to have been es tabl ished,  the following 
condition will  be  sa t i s f ied  for  the (i + 1)-th portion: 

[stir ~ vr = [sq~ +' v~ + [st]~ +I v b (3) 

where V r is the volume of the swollen res in;  V b i s  the volume of the solvent;  [St]r TM and [St]b i+l a r e  the 
s ty rene  concent rs t ions  es tab l i shed  in the (i + 1)-th operat ion in the r e s in  and in the solvent .  According to 
Eq, (2) 

[Stlr i [st]~ +~ 
[St]hi - [St]ib-Ti- ---- Psi (4) 

By drawing on Eq. (4), (3) can be c a r r i e d  over  to 

Psi [Stlb i Vr =Ps t  [Stl~ +1 vr ~- [st]~ +~ v b 

PSt can be e x p r e s s e d  in t e r m s  of m e a s u r e d  quanti t ies through the equation 

V b [st]~ +1 
P s t -  V r [Stir--[St]~ +1 

(5) 

(6) 

Equation (6) can be modif ied by rep lac ing  [St] b by the propor t iona te  opt ical  densi ty of the solution at 244 nm. 
This  s a m e  equation then p e r m i t s  a de te rmina t ion  of the s ty rene  dis t r ibut ion constant  f r o m  data acquired  in 
succes s ive  s t ages  of the opera t ion  desc r ibed  above (Table 1). 

Technique of  Kinetic Expe r imen t s .  To ~ 0.1 g of the r e s in  in a f lask equipped with a s t i r r e r  and a r e -  
flux condenser  the re  was added a 0.1 M solution of s ty rene  dissolved in a w a t e r - d i o x a n e  mix tu re  containing 
(usually) 30% H20 by volume.  Samples  were  r emoved  per iod ica l ly  f r o m  the solution and the content of t r a n s , -  
t r ans - l , 4 -d ipheny lbu tad iene  de te rmined  spee t ropho tomet r i ca l ly  at 300-360 nm (kmax 330 nm, ~30 4 .8 .104  
l i t e r s / m o l e  �9 cm).  The k ine t ics  of  the homogeneous f o r m  of reac t ion  (1) in the p r e s e n c e  of Pd(OAc) 2 was de-  
t e rmined  f r o m  the r a t e  of p roduc t  buildup. 
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TABLE 1. Determination of the Constant for the Dis t r ib-  
ution of Styrene between Amberl i te  IRC-50 and a 70% Aque- 
ous Dioxane Solution at 60~ [cf. Eqs.  (2) and (6)] 

Resin Expt. No. Relative solu- 
tion demity Pst Mean PSt 

H form* 0,46• 

Na form 

0,708 
0,t9i 
0,042 
0,017 
0,552 
0,092 
0,035 
0,01 i 

0,29 
0,70 

0,99 
0,74 

0,68• 

*Volume of swollen res in ,  
vent, Vb -- 5.00 ml. 

~(Volume of swollen res in ,  
vent, V b = 5.00 ml. 

V r = 4.86 ml; volume of sol -  

Vr  = 3.10 ml; volume of so l -  

DISCUSSION O F  RESULTS 

In aqueous dioxane solution, styrene interacts with Pd(II) sorbed on the carboxylic cation-exchange res- 
in according to Eq. (1), giving essentially 100% yield as calculated in terms of Pd(II). 

The kinetic curves for product buildup could be described by a first-order kinetic equation. The reac- 
tion rate could, in turn, be characterized by a pseudo-first-order rate constant kob s calculated by the integ- 
ral method of [11]. The value of kob s proved to be directly proportional to the concentration of styrene in 
solution (Table 2), but was independent of the size of the resin sample and the Pd(II) content of the resin. The 
value of kob s was also independent of the degree  of res in  c ross - l ink ing  (cf. Table 2). The indication here 
was that the react ion ra te  was determined by the chemical  react ion between Pd(II) and the s tyrene,  r a the r  
than by external  or  internal  diffusion p roces se s .  

The degree  of c a r r i e r  hydration was apparently a significant factor  in determining the react iv i ty  of the 
Pd(H) on the res in .  React ion did not occur  at all in anhydrous dioxane, while kob s increased with increas ing 
water  content of the solution, reaching a l imiting value in solutions containing more  than 30% by volume water  
(Fig. 1). These observat ions  did not ref lec t  the effect of water  as a solvent on the rate of react ion (1); in fact, 
the addition of as much as 33 vol. % water  to the dioxane solution brought about only a slight dec rease  in the 
ra te  of the homogeneous react ion using Pd(OAc) 2. The effect of the water  was therefore  ascr ibed  to an a l t e r -  
ation in the degree of carboxyl  group hydration in the resin.  It is a well-known fact that in te rmolecular  H- 
bonding leads to the es tabl ishment  of compact  s t ruc ture  in polyacryl ic  acid [12]. Carboxyl  group hydration 
must  tend to prevent  H-bonding, increas ing the mobility of the polymer  chains, and thus making the Pd(II) 
ions more  readi ly  access ib le  for react ion.  Here it can be sssumed that the situation is s imi lar  to that met 
in the analogous Cu(ID i o n - c a r b o x y l i c  cation-exchange res in  [13], the Pd(II) ions being uniformly distributed 
over  the entire sorbent  phase ra ther  than just  on the phase surface.  The fact that it was neces sa ry  to in t ro-  
duce a considerable  amount of water  in o rder  to reach  "saturat ion" (cf. Fig.  1) c lea r ly  r e f e r s  to the o b s e r -  
vation that organic solvents dec rease  the swelling of exchange res ins  [6]. 

A second factor of significance in fixing the reac t iv i ty  of the supported Pd(ID is the degree  of pro tona-  
tion of the carboxyl  groups in the res in .  Res ins  predominant ly  in the Na form showed low activity,  while 
passsge  to the H form brought about a marked inc rease  in the value of kob s (Fig. 2). Let us investigate this 
effect fur ther .  

It has been repeatedly  repor ted  that nonelectrolytes  sorb  more  extensively on H- fo rm res ins  than on 
s a l t - fo rm  r e s in s  [6]. It was the re fo re  possible that the effect of the degree of protonation on the react ion 
ra te  was due to the fact that s tyrene was more  extensively sorbed on the H form of the res in .  It can be seen 
f rom Table 1 that this was not the case  here.  A second factor  which might come into play here  was the change 
in the state of the Pd(II) ions under al terat ion in the relat ive numbers  o fp ro tona tedand ion izedeaxboxylgroups  
in the res in .  The Pd ions sorbed on the Na - fo rm  res in  a re  each surrounded by a la rge  number  of earboxyl 
anions, probably with format ion of a Na2[Pd(OOC-) 4] modification s imi la r  to the te t raaceta topal ladoate  met 
in highly concentra ted NaOAc solutions [14]. This modification is unreact ive in the oxidative d imer iza t ion of 
s tyrene  [5]. Protonat ion of the r e s in  reduces  the carboxyl  anion concentrat ion,  thereby  giving r i se  to a Pd(II) 
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TABLE 2. The Effect of the Pd(II) Content of the Resin, the Styrene 
Concentrat ion of the Solution, and the Degree of Resin Cross -Link ing  
on the Rate Constant for  Reaction (1) with Pd(iI) Adsorbed on a C a r -  
boxylie Resin in a 70% Dioxane Solution 

Resin 

Amberlite 
IRC-50 

The same 

R 

KB-4P-2 
KB-2-8 
KB -2 -12 

Styl~elrle 
concentra - 
tion, m o l e /  
lite~ 

0,115 

0,115 
0A15 
0,040 
0,058 
0,230 
0,t15 
0,ii5 
0,it5 

Resin c o n t e n t  
Pd(ID, divinyl- 
mmole/ benzene, 
g-lO ~ . ~ 

2,07 5 

0,82 5 
6,i3 5 
5,00 5 
5,00 5 
5,00 5 
2,97 2,5 
5,19 8 
4,56 t2 

H + ions ,  
meq]g 

9,O 

9,0 
9,1 
4,6 
4,6 
4,6 
9,6 

!0,4 
9,6 

kobs" 10 3, 
min-1 

(23,3• 

(20,5• 
23,7• 
0,27• 

(0,37• 
(1,67• 
(t4.i• 
(t6,6• 
(7,7+0,6) 

kobs, rain -1 

O,02 

J 1 I I' 
/0 20 JO #,o 

~0,  vol. qo 

Fig. 1 

~:~S, min'l 

J 
2 ~- 8 8 

[H+], mmole/g 

Fig.  2 

Fig.  1. Variat ion of the observed pseudo- f i r s t -o rde r  ra te  constant for react ion (1) with 
the water  content of the dioxane solution. Experimental  conditions: Amberl i te  IRC-50 
containing 6.13 �9 10 -2 m mole /g  of Pd(II) and 9.1 mg- ion /g  H ions; concentrat ion of 
s tyrene  in solution 0,115 mole / l i t e r ,  60~ 

Fig.  2. Variat ion of th e observed pseudo- f i r s t -o rde r  ra te  constant for react ion (2) with 
the degree ofpro tona t ionof  the res in .  Experimental  conditions: Amberl i te  IRC-50 con- 
taining 5.33 �9 10 -2 m m o l e / g  Of Pd(II), s tyrene concentrat ion in solution 0.155 mo le /  
l i ter ,  70~ s o l v e n t -  70% aqueous dioxane. 

modification with lower value of the ( -COO) : Pd(II) ratio.  Reduction of the concentrat ion of the NaOAc solu- 
tion gives r i se  to the formation of Na2[Pd2(OAc)6] and Pd3(OAe)6, react ive polynuclear  par t ic les  [5]. The 
formation of s imi lar  par t ic les  in the res in  phase could lead to an increase  in the react ivi ty  of the supported 
Pd(II). This analogy is supported by data showing the formation of polynuelear  Cu(II) par t ic les  in highly 
protonated polyacryl ie  acid gels [15 ]. 

General ly speaking, the s t ruc tu res  resul t ing f rom coordination of metal ions with charged po lymers  
are  s imi lar  to those result ing f rom coordination of these same metal  ions with chemical ly  analogous l o w -  
molecular -weight  ionic ligands [16]. It was therefore  reasonable to compare  the react ivi t ies  of Pd(II)on the 
carboxylic  res in  and in solution as the acetate.  In solution, react ion (1) is f i r s t - o rde r  with respec t  to both 
Pd(OAc) 2 and s tyrene .  The observed  second-o rde r  ra te  constant at 70~ has the value k 2 = 1.1 �9 10 -3 l i t e r /  
mole �9 rain, while the enthalpy of activation is 17 �9 2 kca l /mole .  It has a l ready been pointed out that the in- 
t roduction of  water  into the sys tem somewhat reduced the value of k2: at 80~ the values of k 2 in pure di- 
oxane and in dioxane containing 33 vol.% water were 3.8 �9 10 .3 and 1.2 �9 10 .3 l i t e r / m o l e ,  rain, respect ively .  
The value of kobs was obtained by multiplying k 2 by the s tyrene concentrat ion.  Fo r  homogeneous react ion 
under the conditions of Fig.  2, kob s = 1 .1 .10  -~, 0.115 -- 1 .25-10 -4 min -1. The value of k 2 was obtained f rom 
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f rom measu remen t s  on sys tems  containing Pd(OAc) 2 with zero  excess  of the OAc- ions. Comparisons should 
therefore  be made with kob s = 8 .3-10  -2 mill -1, the value for  a maximal ly  protonated res in  free of e a r -  
boxylate ions. It is c l ea r  that the Pd(II) react iv i ty  was higher on the res in  than in solution. 

A m o r e  c o r r e c t  p rocedure  would have been to compare  t rue  rate  constants in the polymer phase and in 
solution, ra ther  than kob s values.  Since react ion (1) is overal l  second-order ,  and kob s does not depend on 
the Pd(ID concentrat ion of the res in  but is d i rec t ly  proport ional  to the s tyrene concentration (cf. Table 2), 
Vr, the react ion ra te  in the polymer  phase, can be expressed through the following equation: 

v, = k2 r [Pdlr[St], (7) 

in which [Pd] r is the Pd(II) concentra t ion in the res in ,  and k2 r is the t rue,  second-orde r  ra te  constant for 
react ion (1) in the res in .  The value of Vr is related to the observed react ion rate ,  expressed in t e r m s  of 
the number of moles  of product  formed per  unit t ime,  by an equation of the form 

rob s = vrVr (8) 

The method followed in calculat ions kob s was such that the react ion rate  would be given by the equation 

rot ~ = ko~ s rnpd (9) 

in which mpd  is the number  of moles of Pd(II) entering into react ion.  By combining Eqs.  (7)-(9), and r e -  
member ing  that 

rnpd = [Pdl, V, 

one is led to 

k oh s = k,~[St}r 

The following equation then resul ts  f rom applying (2) to (10): 

(io) 

k2 r = kob s/[StlbPst (11) 

By substituting the data of Fig.  2 into this la t ter  equation, one obtains the value k2r = 1.6 l i t e r s /mo le  �9 rain 
for  the maximal ly  protonated res in  at 70~ Compar ison with the k 2 value for the solution showed that r e a c -  
tion proceeded 103 t imes  m o r e  rapidly in the res in  phase.  These relat ions a re  ref lected in the low value of 
the activation enthalpy, AH ~ = 8.8 �9 1.4 kca l /mole  as given by the t empera tu re  variat ion of kob s at  9.4 
mm ole /g  H-ion concentrat ion in the res in .  

The enhanced activity- of the Pd(II) in the res in  could have been due, in part ,  to solvent effects.  The 
microso lvent  phase fo rmed in the r e s in  r e sembles  AeOH more  closely than dioxane, while the k 2 value is 
considerably  higher in AcOH than in dioxane solution: for glacial  AcOH at 70~ k 2 = 4 �9 10 -2 l i t e r /mole  �9 
rain, AH # = 13.9 kea l /mole  [4]. It is also charac te r i s t i c  that AH ~ values in AeOH are  low. Clear ly ,  how- 
ever ,  the 40-fold increase  in the reac t ion  rate  observed on passing to r e s in - so rbed  Pd(II) r equ i res  a differ-  
ent explanation. 

The inc rease  in reac t iv i ty  which accompanies  a reduction of the P d : O A c  ratio in Pal-containing p a r -  
t icles r e fe r s  to the fact  that the eleetrophi l ic i ty  of the Pd(II) ions increases  as the mean number  of coordin-  
ating OAc- ions is reduced [5] ~ It is possible that par t ic les  such as ( -COO)Pd  + are  generated at high degree 
of protonation of the resin;  each of these contains a single earboxylate ion coordinated with the Pd(II} and is 
the re fore  more  electrophil ic  than the Pd3(OAc) 6 par t ic les  which are  present  in solutions with ze ro  excess  of 
OAc- ions. This is in line with the low enthalpy of activation for  react ion in sys tems  involving Pd(ID on p ro -  
tonated res ins ,  and with the close relat ion between kob s and the degree of res in  protonation in sys tems in 
which the res in  is a lmost  ent i re ly  in the H fo rm (of. Fig. 2). Similar  effects can be induced in the homo-  
geneousreact2onbyintroduein_g a strong acid, HC104 say, into the Pd(OAc) 2 solution. The HC104 markedly 
inc reases  the ra te  of oxidative d imer iza t ion  of benzene under  the action of Pd(OAe)2, regenera t ing  the P d .  
(OAe) + par t ic les ,  just  as in the case  of the protonated res ins  [17]. Such exper iments  cannot be ca r r i ed  out 
with olefins, since the la t ter  po lymer ize  rapidly in the p resence  of s t rong acids.  Thus, by supporting the 
Pd(II) on a c a r r i e r  it is possible to generate  a highly reac t ive  form of the reagent  which cannot be formed in 
the homogeneous sys tem.  
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C O N C L U S I O N S  

1. The oxidative dimerization of styrene under the action of Pd(II) proceeds ~ 10 3 times more rapidly 
with the Pd(II) supported on an H-form carboxylic cation-exchange resin than in homogeneous systems. Pas- 
sage to the Na form of the resin markedly reduces the reactivity of the sorbed Pd(H). 

2. Determination has been made of the constant for the distribution of styrene between solution and 
resin, and of the ntruen rate constant for reaction in the polymeric phase. 
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