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The Influence of the natura of different active sitea on the uolid 
surface la analysed in the photoxidatlve cleavage of a-nethylstyrene 
(electron-rich oldin) adsorbed on the solid. The process tahe8pLStXOn 
acid or basic Solids 8iViq PhcocB, and PhC&II. Ib?&V.oiC acid la pz@x#l 
frtm acetophenone. Selective polsonlng qnwimnta of the activu sitm 
m-e carried out In order to determine the nature of the eolld nurfaca 
active mitee that act in the procees. The Ievia acid-oxidizing al- of 
the acid solids and the Lewis basicreduclng sites of basic solids are 
rmponslble for the photoxidative cleavage of this olefin. These sites 
- to be electron carriers In the p-. 

Photochemical reactions are conventionally studied in homqeneow phamas, as far SC 

poeslble, in ideally stirred media. However, these conditions do not exist in many mystus of 

technical interest. In the& cases. the nedlun can be atroqly light-scattering and the 

reacting species can be very unho~qwiously dlatrlbuted in If. These facte produce uperlxental 

and theoretical complultk. Therefore, the photocharical promssee in’hetemgeneoue or dry 

redla have received up to now only moderate attention, which,neverthelesa is now growing’. 

However, most of the studies have hen concerned with reaction products alone and very few with 

the excites state of the sollk. 

The photmidative cleavage of electron-rich olafins with oxygen sensitized by organic 

coqoundm 
3 

or semicondwAors4 tahee pIace by cation radicals. Recently Nazur et al. 6 reported 

the photoxidative cleavage of l,l-dlphenylethylene adaorbed on SIO, by air under laboratory 

1Qht. Theee authors postulate a contact charge transfer procese between olefin and the 00, 

an the surface of the adsorbent. In this p- the Cation radical fmn the olefin and the 

superoxide anion 4- are produced by electron transfer aechanlsll GET). 
+ 

Ph Ph< l 

Ph ~ ‘CIO + 
Ph’ 

cn*o 
It ia well known that the activity of solldm ie related to the solid structure. nature and 

number of active sitm etc.‘~Y by wuu of sterlc, electrical and mtrlcal factors. Thie fact 
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652 J. V. SINWERRA and J. M. MARINAS 

is not analysed in that interesting papers&em the activity of the solids in photoxidation is 

ascribed to their Brensted end Lewis acidity. 

In order to I- if only the acid sollds give the photoxidative cleavage of olefins, we 

carried out the pmces s on acid and basic solids in a previous letter.8 In this work we shoved 

that photoxidation takes place both in acid or basic solids. Therefore a sore detailed study 

has lxen carried cut in order to find out sore about the role of the solid surface in the 

process. 

Several solids were tested: 

-Three amorphous ecld solids:i)cosnercial silica 2) frum Merck UIie&lgel 60, ‘70-230 

mesh); ii)AlPO.-Sloe @F” and iIi)AlF’O.@) 10 . 
-Four microcrystalline acid solids: l)E (BPO.-AlPO. P1Bx1.4; B/A1=1/3?1 

P/B=1 4. B/Al=3)” ; iii,% <BFO.-AlW., P/3=1, B/A1=3) 
11 

(BP0 ,‘? 

iiz (Brn.-Alrn. 

. , ; 1v)PB 1 
-Two microcrystalline basic solids 

13 
:l) 20 WOlU,~8II&1 from Pmbus S.A.; il,C_ 

(Ba(OH), 0.2 IIeO) 

These solids have different surface areapore dianetar and pore volume fXVp1. 

Furthermore the number of acid , basic and redox sita is different in all cases. Therefore the 

selective poisoning srpsriments can give w e gooi deal of informattcm concsrning the 

mechanism of the process and the mle of the solid surface. 

The textural pmperties of the solids are shorn in Table 1. Pros these results we can cay 

that the amorphous acid solids have larger surface - values and lower pore diaseters (dp(A)) 

than microcrystalline acid solids as would be expected. 

From the powder X-ray diagrams we can deduce that E is aicr%rystalline BPQ.. Pl has 

only aicrocrystalline AlPO.(the bomn compound are amorphous). E and E ara rnixt~~~ of 

several microcrystalline compounds-BPO,, BsOe ,Al(PU&,, AlPO. sacording to a previous work”. 

The main crystalline product in P3 is BPO.. Therefore it is difficult to relate the structure 

of the active sites to one microcrystalline cospound in the cases of 3, ,P and F3 bemuse 
rV 

several cospounds, 8lcrocrystalline or amorphous, are present in these solids. 

The basic solids C;O and C. have the smallest surface - values related to e very 

regular micmcrystnlllne structure : 

z IS Ba(OII)s s&C 

Cm is 8a(Og)n. Ii& (20% w) on the surface’ 

8Ba toI& (80%~) in the bulk of the solid? 

The nature end number of solid active sites are shown in Table 1. In the case of acid 

solids, the number of acid sites vsmus pyridine @y) (pXa=5.25) is greater than that of 

task sitem titrated by sm of benzoic acid(BA) i&=4.2). On the contrary, in the basic 

solids the number of basic sites is greater tL that of acid sites (these sollds hnve no 

acid sites with pIIa <4.2 )!4 

In amorphcus solids, silica gel S is slightly mom acid Cp/tA=4.8) than Fs2(80% SiO, - 

20% AlRY.1 9/B/41. Both solids have higher acid characteristics than _F(lOOS AlPOd) 

Wy/BA=1.25). This agrees with the fact that Al% increnses the number of basic sites In the 
wlv 
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solids due to the prwence of espo6ed oxygen atons such (IS (Al-069 )-Al) acamiiag to Noffat 

et a116. 

Tabfo 1 

Tertural properties and nature and density of active sitea u1) in wllde 

Pp DEPT BA 

ACCnrTiIE- - 

akUMXphw8 

S 395 32 0.40 0.73 O.Tl 0.18 

F-72 280 35 0.45 1.04 0.02 0.26 

P 52 30 0.23 2.20 0.04 1.75 

2605 1.50 1.0 0.17 0.96 0.08 

1223 0.53 1.8 0.53 0.54 -. 

3967 0.69 1.5 0.75 0.35 0.02 

810 OS2 28.3 9.7 0.04 0.05 

b)~icrocryatalllne 

Pl 23 

P2 12 

P3 9 

PB If 

BASIC SOLIDS 

c-o 1.4 -= _S -0 -b 40 

c-200 1.9 -= -a * A 42 

DIB PIT2 

0.02 

0.02 

0.04 

39 

14 

0.02 

0.07 

0.02 

0.093 

0.03 

0.04 

0.04 

-- 
_b 

L IO active sites of this kind wera detected in tha solid 

* lo accesstble data experi=entaIly due to the low surface area value of tbe eolid 

On the other hand the nunber of acid sites without steric hindraace titrated by the 2,6- 

dinethyl-pyridine U$PJ) (pKa=7.5) are lower than the one titrated by Py(pg~5.25). This anouat 

of acid sites dininlshes when the AlPO. percentage incrwses and the &ace area of amorphous 

eollds diminishes as can be expected. 

The number of reducing sites titrated by 1,3-dinltmbe~ae WI&) (H.A.=2.2 e.V.) and of 

oxidizing sites titrated by phenotbiazine (PE) (I.PH.13 e.V.)le smaller than the number of 

basic and acid 5ites -respectively-in all cases. This sbors that e great pert of the basic and 

acid sites do not have ruducing or oxidizing characteristics, respectively . 

In ricrocryatalline acid eolide, z (100 +4 BPO. ) is tha most acid @yl%A=707). In other 

so1iQ,Pl,P2,P3 ( mixtures of BPO. and AIPU.1. the greater the ration %IAl,7he_greater the acid --_cI 
character : 

%/Al=3 in !$! Wy/%A=4.3) 

B/Al=3 in P2 @y/%A=3.0, 

B/Al=113 in 6 tPyAA=l.O) 
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Due to tha laqe ponr dIeoet.sr cd;) of thwr solida,t&a aumber of acid sib without stsr9.o 

hindrance (titrated by =Y) Is greater than in asorpbous acid solids. 

As in the other csses, the number of ducing aad oxidfiing sites ia similar Ia all cams. 

The besic catalysts C;;O and C-200 are very basic solids became there are no acid sites 

Vel-SU F’J. lo weak acid sitee titrax by cyclohexyLsrf~~ QKa=lO.O) wem detected In these 

solids in a previous rorh . 
The structure of ths active eitee of solids is relatsd to the cospmition of solids. 

The S~%asted acid sitea of silica are Si-OH “. In the caw of solids rith AlHI. and/or -_ 
BP&, two different kinds of acid sitas are dmcribed”. Briiasted acid sitma (POE) and Lewis 

acid sites related to boron or aluminium Ions. Them leoIs acid sites havs oxidfilng 

characteristtcs. 

2asfc sites sre Br&mted (-OH) or Lewis aitse 1-O- 61. The latter have rsdlioinp 

characteristics as well. 

In the case of barium hydroxidae (C-O aad C-200), the basic sitea are related to the 

superficial OH- ’ . 
18 

The reducing sites are related to (r produced bP cell lattica dislooatious . 

Thsse sitee are Lewis basic sites too. 

The photoxidative cleavage of o-mathylstyrens (Al on the te&ad solids Save Ph-CO-C&(2> 

and Ph-C&S (2) as the main prcducts. Vhan the photoxfdative procsss was carried out with 

.grsat amounts of BPO. or C-200 WO.5g) and very long kradIation times 47. days> nsw two 

products were de-ted by SPLC. Thsse products were Isolated from KPLC. 4 ketentton tima 4.1 

i 0.2 nin) and 5 (4.8 i 0.3 minf were analysed by XS. The formation :f theea dimerI!zatIon 

products 4 and ?bas been dascribed for electron-rich olafins In solution In the presence of 

ony~en whych s&&s as an electron aczeptor . 

Vhen 1 was aired with the tatui solids and tho samples were storsd in the dark, the 

photmidative cleavage was not observed. 

Scbeme2 

In order to avoid secondary reactfons, the IrradIatioa time was louarsd to 4 days. In 

these experimental coaditioas, only 2 and 3 were produced. The results obtained In the 

photoxidation of 1 axu shown in Table z. 
Lv 
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Table 2 

Photcuidati~ cleavage of a-sethylstyrene adsor- cn inorganic e 

(rl.Og), Irradiation tin 4 days 

Solid solar conversioncz1 tilectiOity 

PhcocB, to phcocB, 

ACID BILIDS 
alamrphou6 

S 48 24 07 
P-72 41 30 58 
P 23 13 as 

b)sicrocrystalllne 
Pl 43 33 57 
P2 31 37 45 
P3 

:: 
34 34 

PB 3 95 

BasIC SOLIDS 
c-o 44 59 
c-200 49 z 64 

- 

Pros thess results we can deduce that the photcxidative cleavage of A, does not only tahe 

place In acid sclids as postulated by Arcncvitch and Ha& because the p- occurson 

basic solids c&O and Cz) . Themfcm two differant 8echanisss rust be pcstulated for the 

process according to the nature of the solid. 

In asorphoue solids, high surface areaa values fiwcur the procsee ( Total conversicn I.> 

> t-7s > &) but the selectivity is sirilar in all cases. The other textural prcperties, Yip 

and dp,are not ispcrtant, probably because 1 and We are very small and no stsric restrictions 

are present. 

The acid character of tha solid surface seema to be iqartant bacausa the yield in 2 is in 

accordance with the PJ/BB ratio 

1 
l77 P 

u 
acid site ( PJ, 

: 4.6 4.5 1.25 

basic a!ite(@ 

yield in 26) 40 41 23 

The forsaticm of2 seus tc be favcurvd by. tha asount of pure oxidiring 8ites per gras of 

solid: 

oxidizing si~~~~lg.mlid~=~idizing slteolaq/a*) x S~W/g.solid) 

Ievertheless due to the very ssall nustmr of thmma aitem cawm,the value show a high degree 

of erperisental error. Thersfore this assusptlcn i8 qualitative. 

In the case of ricrocrystalline acid solids,the surface arsas are slsilar. Therefore this 

factor cannot control the process as in the amorphous acid solids. 

p,B is the rOa selective acid solid to produce 2 This fact could be relatsd to the high 

PJ/BB ratio or tc the presence of tha BP& ricrccrystalline structure. P3, with an excess of 

boron and so with an ex- of BPO. versus a, AlPO. and A1@Os)o, g&s good ylelds in 2 

but poorer selectivity than PB because other solids, different than BPC, are prssent any 

because of P3 has ssaller P&A ratio than p, Therefore we are led to thinh that the 
&k 
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alcrccr)9talline structure of Em. favolam phototidative claav~ to 2 and iapedea the 
N 

formation of z iron 2. 

In general, & formation of & is famumd by h%h ratio 2/z) bacau~ the obtained 

yield in? with E is greater than that obtained with b and E. 

The yield obtained in2 is aimifar in E, z and E but the selectivity is paher in the 
cam of P3 accordins to the greater asount of ricrocry’stalline BPQ, in 2 than in the other 

solids. 

The ricrocryetalline basic solids, C;o and CZOO With si~iIar number of kraic pitea 

versus $ but different numbem of reducing sites vemm 02) give similar mnvemions in 2 

but C-_O giwm slightly lar5er amounts of 3 than G-200. Therefora we can suppo8e that basic 

sitae are related to photoxidative cleava& ti,Z and mduoing DIU~P to t&e fomation of,3. 

3.” 

In order to learn *ore about the nature of tha active altea of the solid81 whem the 

reaction takes place, selective poisoning experinenta were carried out. 

Three representative solids ware &xen for them esperiients. Tbe strong acid solid PB; 

the acid-base bifunctional solid _E and the strong basic solid CZO. The results obtained are 

shown in Table 3 

Table 3 

Selective poisoning exporimnts 

Solid Poison 

B,p 

Pi 

c-200 
- 

_ 

number of active 

sites <#req/r= cat 1 

Py 26.3 30 

PIT2 0.04 0.06 

PY 1.0 1.0 

PIITZ 0.003 0.01 

DEB 0.003 0.01 

BA 0.98 1.0 

DJB 14 16 

BA 42 42 

xa (%molarP 

2- A- 
55 3 

0 0 

6 0 

43 33 

6 0 

4 0 

41 32 

39 28 

49 27 

0 0 

5 0 

- Brmr 10s 

* nean of three experisents.Brror 10% aaxinua. 

In the acid solids, the oxiddizing sites with Lewis acid characteristics seeatobe 

respomible for the photoxidative cleavage of 1 to 2 83 and Pl) because these sifae are 

poisoned both for fl and I%% give null conversio&~to~‘. The nature of thee sitar can be 

ralated to boron atoms with Lewis acid and mldizing characteristice. 

The syntha6is of 2 saeu to be contmlled by the same sites. 

Therefom a mechanisn sirllar that proposed by Uzur et al 
6 

oould be poetulated. Olefin 

j is transformed in a cation radical by the single tleotron tmnsfsr procass <sHTj due to a 

reaction with a Lewis acid-oxidizing site of the solid: 
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Ph 
. I Ph I : \ t 
;Zli=4X t I hU 

2;IAlr- 
ClwI t 

c83 I=B I -; : AL7 

It Is well known that the cheMsorptlon of Q an solids with cations can cbaqs the 

oalency such as Ed&/Si0,2q21 u22 ; LaC&= a&c. ~ioing sqmndde aniori &-s2? Thla 

speciesbiebeen dot&d -by BPR in the midation of prap~lam on V&n produced during the 

adsorption of s o&II the vanadiun cations under photocheBica1 conditions. 

If us accept the first Shp, "S have a l catioa= a'=' B---j that can be cxidizsd by the 

Q during chartsorption ,regenerating the acid-o&Using site and giving &’ 

I_. 30 
L 

2 - z& 02 
(8) 

Due to the aobillty of the elect- on the solid surface we cannot determine if the same 

&or a nsfghtuiring one reacts with the oxygen. 

Thls proces s is well known by the cbist thst work in catalysis, can rationally 

explain the SET mechanisr propomsd by Hazur et al. and the role of the solid acid sitse that 

ls not discussed by these workers in their interusting pqar. The -bin&ion of radical 

ions and the cleavage of the endoperoride conpound are evident stv.CSee scheme 1). 

Ye can say that the high sele&ity observed with rlcmcrysMline BPO. shows that the 

process ls sensitive to the solid micmcqsta lline structure. Themike a mora detailed study 

nust ta done abcut the role of tha cxystalline structure in the process by * specialist in 

surface che8ietry. 

The Lewis basic nolecule2 can be adsorbed on the Lois acid-oxidizirq 6th 4. Then, a 

SET is produced by radiation giving a cation radical2 and $. The production of supsroxlde 

anion is carried out in the same way as that discuss& above. The photoxidativs cleavqe of 6 

could be erpkinsd by a similar mechanism to that we described in our last letter ‘. 
Cy 

Schare 3 

Ph 02, 
%;” 

Md6 \ PI, r;t 

\ 
o-o - 
/I 

PhCOIH + CH,o 

fCH* 
l-f 
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In basic solids,the basic and reducing sitm (the only ones titrablee by DKD and BA) 

produce the photoxidative cleavage of A as can be deducai from Tablo 3 became null 

conversions are obtained uhen the solids are poisoned by %A and DKB. 

In this - we mat -0 that light activatee redzng-basic sitea of the solid 

giving the aaion superoxide by SKT duriag chemieorption of the s under light. 6BI 

mechanism catalysed by them active sitee have beea described by Sinisterra et al. under 

sonoche~ical conditions. 25 

3 

The surface can obtain one electron from the electron-rich olefin giving the cation 

radical, 1: , and regenerating the basic-reducing site. 

Ph 

0’ + 
\ 
CB=CE 2 

Them radical ions are recombined ae shown above giving? by the mane way. 

The tranaformt~on of 2 into 3_ tahes plaoe by a ~inilar mechanism. First step, 

production of supemxide anion(lihe above) and mecond step,formation of PhCCC&’ repnemting 
the active site of the solid. This path way agrams with rlectlve poisoning experimenta. 

Therefore we encxurage organic chemist-e who work in photochemistry in dry ~adia to 

analyse the structure and the nature of active sitea acting in the process by meane of 

selective poisoning experiments. Theee sitea are essential in the photoohemical procase as 

electron carriers. Ve thinh that these studies are very interesting from a maohanistic point of 

view. 

a)Amorphcue acid solids ueai were:.-Silica (s) Kieselgel 60, 70-230 mesh from Kerk. 

AlPO,-Sio, C77) (80% SiCIe- 202 AlPO.) & obtained by gelification of AlP’L on silica 

(z), accnrding tu a method described previously ’ . 

AlPO, sp,’ wae gelified from A1Clr.8K& and Ho PO. by addition of K&w LK’P 
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b)licmcry&alline acid solids.-BPO.@B) was obtaiad by dirrct -tim between II&& and 

&Po&cordlngtoanthoddacribedpnviousl,?2 

Three eolids.rixtura ai BFO.and AlFO. *UI obtained accordlag to tW atomic ratfoe: 

F’J WE-1.4;8/Al-l/3) 

z (P/B=lAWA1=3 

&j @/B=l.O;e/Al=3, 

They were obtained rlxlng &,BOe; AICls.NleO and Il.&',. Vhen the ~ixtu~ wae 

hologcmeous, lE.OE IN wan added till flocculation. Then the eolid wae filtemd and washed with 

Lopropanol and calcined at 3OOQC for 3h!' 

c)Baeic wlido.-C-O la Ba(OlX):. 8&O from Probue S.A. 

C-200 ie Ba(OWa 0.2 &Cl obtained frua C-O according to the rethod described pmviouely 
13 

Surface area Warea); pore volume Wp) and pore dlanter ti& were detcrrined by the 

B.B.T. rethcd2' using nitrogen ae admorht. 

The I-ray powder diagnus were ruxrded in a Wills PV 1130 using illtired CoKa radiation 

(x=1.79026 nr). The experlrental mndltione were: 35kw; 25nA; scanning lSQ<23<45+cannlng rata 

12.29 min. 

The number of active sitam WM determined by a spectmphokmetric method described 

p-iolaly2'.4Tydine~.p~~a) and 2,bdlnethylpyridine 'DD, pKa=T-5) were used to titrate 

the acid aitee. benzoic acid (BA, pKa=4.2) wae used to tltmta the basic once. 1,3- 
N 

dinitmbe-e 'Qz, HA=23 e.V.) and phenothiazine WIPI I.P.=7.13 e.V.) were used to tftrate 

the one-electron donor and one-electron acceptor sites,reepectlrely. 

The active sitas selective poieoni~ l xperimente were described pnwiouely2'.Then the 

poisoned eolid wae ueed in the photoxidatire clenvage of2 in the experImenta conditions of 

the reaction. 

Photmheaical cleavage of adsorbed a-rethyletpne u[erck),l, by oxygen warn performed on 

the deecribed eolide. The a-rethyletyrene (0.02aL) wae adsorbed from the CE&ln solution onto 

the solid (l.Og) and the solvent wae evqornted under reduced pmuro. Then the dry powder wae 

put in a open v-l under fluoreecent light (P40 cm1 white light. ItiOn; 41490 lumen&, 

having absorption on eet at ca.4001~ for four days. 

The raactlon pmducts were extracted by TBP (5ti) and analyeed by EPLC (Perkin-Elrer 

Serim 2), ueing anthracene ae the internal standard. lkCH&,O (80/20 v/v) ae the aluant. 

Plurl.2 aL/sin., using a SpC,. mlumn. 

Ye thank the Corlsion Awmra de Investigaclon Cientlfica y Tecnica (CAICYT) fror Spain, 

for a grant. 
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