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Selective oxidation ofpropylene by 02 with visible light 
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Propylene and 02 loaded into zeolite BaY were found to react upon irradiation with green 
or blue light in a single photon process. In situ monitoring by FT-infrared spectroscopy showed 
that allyl hydroperoxide is the predominant product at -100~ At room temperature, acro- 
lein, propylene oxide, and allyl hydroperoxide were observed in comparable amounts. The 
aldehyde and epoxide are shown to emerge from secondary thermal chemistry of the allyl 
hydroperoxide photoproduct. The selectivity in terms of the hydroperoxide photoproduct is 
very high (98% at room temperature) even at high propylene conversion. Diffuse reflectance 
spectra show that access to the mild oxidation path is made possible by a zeolite-induced shift 
of the propylene. 02 charge-transfer absorption from the UV into the visible region. 

Keywords: propylene-oxygen photochemistry; selective propylene oxidation; zeolite BaY; 
propylene-to-acrolein conversion; allyl hydroperoxide 

1. I n t r o d u c t i o n  

Oxidat ion by  02 is the single most  important  process for the conversion o f  abun- 
dant  hydrocarbons  to industrially useful oxygenated derivatives such as building 
blocks for the manufacture  of  plastics and synthetic fibers [1-3]. In large-scale syn- 
thesis the use of  molecular  oxygen as oxidant is dictated primarily by economic fac- 
tors. Even for oxidation processes on a moderate  scale, 02 is increasingly favored 
over other, more  expensive oxidants because of  environmental  considerations. Yet  
autoxidat ion of  abundant  hydrocarbons,  especially small olefins, is inherently 
unselective, whether conducted in the gas or liquid phase, or whether catalyzed by 
transit ion metals or not  [2]. One reason is that  the chain reaction leading to the pri- 
mary  product ,  an allyl hydroperoxide,  is diverted by termination steps which result 
in the format ion of  oxy radicals. These highly reactive species can undergo several 
compet ing reactions that  are very difficult to control. The result is a mult i tude of  
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products which includes alcohols, carbonyl compounds, and epoxides [2,4]. 
Furthermore, initial products such as alcohols, epoxides, and carbonyls are more 
easily oxidized by 02 than the parent alkene under thermal conditions. Therefore, 
oxidations by 02 exhibit most often little chemo- or regioselectivity. Formation of 
the most stable oxidation product, CO2, cannot be avoided in many cases. As a con- 
sequence, conversions have to be kept low (at a few percent). However, in the case 
of alkenes with less than five carbons, selectivities are poor even at very low conver- 
sion [2,4]. A major challenge in the field of olefin + 02 chemistry is, therefore, to 
find reaction paths that afford the primary hydroperoxide product with high selec- 
tivity at high conversion. 

We report here a method that affords selective conversion of propylene by 02 
to the hydroperoxide intermediate for the first time. The approach is based 
on photoexcitation of the propylene.O2 charge-transfer state in a zeolite. The 
molecular-size cages of the latter offer a natural environment for the formation of 
alkene.O2 collisional pairs at high concentration. The key to selectivity lies in a 
low-energy reaction path that can be accessed by visible photons. This path is 
opened up by a very strong stabilization of the excited charge-transfer state by the 
high electrostatic field of the zeolite matrix cage which we found recently while 
studying the photooxidation of higher alkenes [5-7] and of toluene [8]. Access to 
this low-energy excited state, coupled with the positional constraint imposed by the 
zeolite nanocage [9] furnishes a new, controlled reaction path for this prototype 

alkene + 02 system. 

2. Experimental 

Zeolite BaY was prepared by repeated ion exchange of NaY (Aldrich, Lot 
#03319TX) at 90~ in a 0.5 M solution of BaC12. The degree of ion exchange was 
determined by dissolution of the zeolite in 40% hydrofluoric acid and recording 
of the Na, Ba, and A1 content by inductively-coupled plasma atomic emission 
spectroscopy. Ninety-seven percent ofNa + was exchanged. Self-supporting zeolite 
wafers of 10 mg (1.2 cm diameter) were placed in a miniature infrared or UV-Vis 
vacuum cell described previously [6,7]. For infrared measurements, the cell was 
mounted inside a variable temperature vacuum system [5,6,8]. The zeolite was 
dehydrated by heating the cell to 200~ for 12-15 h while evacuating with a turbo- 
molecular pump. The loading level of the reactants depended on the gas pressure 
of the reactants and the zeolite temperature. 

Photochemistry was monitored in situ by Fourier-transform infrared (FT-IR) 
spectroscopy using a Bruker model IFS 113 instrument. Zeolite BaY is transparent 
in the infrared except for the region 1200-920 cm -1, and below 800 cm -1. For 
photolysis, a prism tuned Ar ion laser Coherent model Innova 90-6 or the emission 
of a tungsten lamp was used. The photolysis light beam was expanded to cover the 
entire pellet. Experiments were conducted at temperatures between -100 and 
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21~ Diffuse reflectance spectra in the UV-Vis region were recorded with a 
spectrometer Shimadzu model 2100 with an integrating sphere set-up model ISR- 
260. 

Oxygen (Air Products, 99.997%) was used as received. Propylene (Matheson, 
99.5%), acrolein (Aldrich, 90%), allyl alcohol (Aldrich, 99%), and propylene oxide 
(Aldrich, 99%) were vacuum-distilled prior to use. 

3. Results and discussion 

A faujasite type Y zeolite was chosen for the photochemistry because this mate- 
rial can be prepared in very pure form. It consists of a three-dimensional network 
of spherical nanocages (13 A diameter, 8 A windows), called supercages [9]. 
Among the type Y zeolites that are free of Lewis and Bronsted acid sites, the Ba 2+- 
exchanged form exhibited the highest photochemical reaction yields and was there- 
fore used primarily. Loading of propylene from the gas phase into dehydrated zeo- 
lite BaY could readily be monitored in situ by FT-IR spectroscopy. The top trace 
of fig. 1 shows the infrared absorptions of CH2=CH-CH3 in the zeolite in the 
1750-800 cm -1 region. In this experiment the loading pressure of the alkene was 
3 Torr and the matrix was held at - 100~ This resulted, on average, in four propy- 
lene molecules per supercage. Subsequent exposure to 700 Torr 02 gas added four 
oxygens to each supercage [9]. Chemical reaction was observed upon irradiation 
of the zeolite pellet with blue continuous-wave laser light (A = 488 nm). This is 
manifested by the reactant depletion and product growth in the infrared difference 
spectrum displayed in fig. 1B. Reaction could also be induced by excitation with 
514 nm green light. Product growth was linear in laser intensity. Laser heating 
effects were less than 10~ [6,8]. Monochromatic laser light was employed in order 
to determine the wavelength responsible for the observed photochemistry. How- 
ever, the chemistry could be initiated equally well with visible light from a conven- 
tional tungsten lamp. In this case, a Coming glass filter (No. 3-72) ensured that 
only emission at A > 430 nm impinged on the zeolite. Product spectra and yields 
were found to be independent of the photolysis source. Fig. 2 shows the result of an 
irradiation experiment with the tungsten source in which the zeolite matrix was 
held at room temperature. 

Comparison of the experiments at room temperature (fig. 2) and at -100~ 
(fig. 1B) allowed us to elucidate the photochemical reaction path. Readily identi- 
fied products in the room temperature zeolite are acrolein (propenal, e.g. the strong 
C=O stretching absorption at 1670 cm -1) and allyl hydroperoxide (e.g. the band 
at 1419 cm-1). At - 100 ~ allyl hydroperoxide was trapped as the main product. 
At this low temperature the hydroperoxide is stable, in contrast to the situation at 
room temperature. The growth of even the most prominent acrolein band at 
1670 cm -1 is very small, indicating that only a minute amount is formed. On the 
other hand, growth of some propylene oxide (methyloxirane) is manifested by char- 
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Fig. 1. Visible light-induced reaction of propylene with 02 in zeolite BaY at -100~ monitored by 
FT-IR spectroscopy. (A) Difference spectrum before and after loading ofpropylene and O2. (B) Dif- 
ference spectrum following irradiation at 488 nm (400 mW cm -2) for 300 min. (C) Difference spec- 
trum following warm-up of the photolysis product allyl hydroperoxide (accumulated in experiment 
(B)) to room temperature. Note that the long photolysis times are required because of the strong visi- 
ble light scattering of the zeolite pellet and not because of a low reaction quantum efficiency, as 

explained in the text. 

acteristic bands at 1490, 1268, and 820 cm -1 . Complete product spectra, including 
180 and D isotope frequency shifts, are presented in table 1. 

In order to find out about the origin of acrolein and propylene oxide, and to 
establish means to control the formation of these products, allyl hydroperoxide 
was accumulated at -100~ In one experiment, the remaining propylene and 02 
was then selectively removed from the zeolite cages by evacuation. Subsequent 
warm-up of the matrix to room temperature resulted in quantitative rearrangement 
of the allyl hydroperoxide to acrolein under elimination of water (fig. 1C). The half- 
life of the hydroperoxide in BaY at 21~ is about 6 h. This thermal process explains 
why the acrolein to allyl hydroperoxide branching ratio is much larger when con- 
ducting the photochemistry at temperatures above -100~ and reveals the origin 
of the product. When conducting the warm-up of allyl hydroperoxide in the pres- 
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Fig. 2. FT-IR difference spectrum of propylene + 02 photochemistry in zeolite BaY at room tem- 
perature. The reaction was induced by the visible emission of a tungsten lamp for 180 rain at 
200 mW cm -2. Loading levels are three propylene molecules per supercage and one 02 per five 

supercages on average. 

ence of excess propylene, propylene oxide grew in under concurrent depletion of 
the hydroperoxide and the olefin. In fact, thermal epoxidation of excess propylene 
by allyl hydroperoxide proceeded slowly even at - 100~ during and after photoac- 
cumulation of CH2=CH-CH2OOH. The small growth of propylene oxide in 
fig. 1B is attributed to this secondary, thermal process. We conclude that the epox- 
ide, like acrolein, is a secondary product formed by thermal O transfer from 
CH2=CH-CH2OOH to CH2---CH-CH3. The secondary reaction behavior was 
also manifested in the distinct growth kinetics of these two products. An induction 
period was observed for both products, which was most pronounced in the case of 
the propylene-d6 + 02 system. No distinct infrared absorptions of the expected 
allyl alcohol coproduct (CH2=CH-CH2OH) could be detected. This is nonetheless 
consistent with CH2=CH-CH2OH growth since spectra of authentic samples of 
allyl alcohol in BaY showed that all infrared bands overlap with intense propylene 
or product absorptions (we did observe the corresponding alcohol product in the 
case of butene + 02 system [6]). Aside from allyl hydroperoxide and its secondary 
products, acrolein and propylene oxide, weak bands at 2848, 1705, and 1502 cm -1 
point to the formation of small amounts of formaldehyde and acetaldehyde 
(table 1). 

The photochemical step of the propylene + 02 reaction is highly selective. At 
room temperature 98% of the reactants form allyl hydroperoxide intermediate. If 
we run the photochemistry at -100~ 99.8% of the reacting propylene gives the 
hydroperoxide initially. These results are further detailed in table 2. The branching 
between subsequent rearrangement of the hydroperoxide to acrolein, and O trans- 
fer to excess propylene depends on temperature and olefin concentration. Table 3 
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Table 1 
Observed infrared product absorptions 

C3H6 + O2(1802) C3D 6 + O2(3So2) Assignment a 
(cm -1) (cm -1) 

820 b PO 
(889) c (887) c AHP, PO 
1268 (-2)  1270 (0) PO 
1282 ( -  1) ACR 
1343 (-3)  1367 (-1) AHP 
1364(-3) ACR 
1415 (-2) ACR 
1419 (-1) AHP 

1423 HDO 
1430(-3) ACR 

1442 HDO 
1450 4- 10 a AHP, PO 
1473 (-3) AHP 
1490(-3) PO 
1502 ( -  1) CH2=O 
1640 (-3) 1581 (-1) AHP 
1649 e H20 
1670 (-21) 1649 (-25) ACR 

~1666 e CH2=O 
1705 (-30) I, 1685 (-31) CH3CH=O 
2848 CH2=O 
3000 2221 AHP 
3065 2300 f AHP, HDO 
3450 f H20 

a PO, propylene oxide; AHP, allyl hydroperoxide; ACR, acrolein. Identification of AHP is based 
on the 180 and D isotope frequency shifts and the agreement with reported infrared spectra [10]. Ac- 
rolein, propylene oxide, acetaldehyde, and formaldehyde were identified by recording spectra of 
authentic samples in BaY. In the case of CH2=O and CH3CH=O, a 1 : 1 mixture of the two species, 
loaded into BaY, reproduced the relative intensities of the 2848, 1705, and 1502 eva -1 bands. The 
absence of other CH2=O and CHaCH=O bands is consistent with their much lower absorption 
cross sections. 

b Absorption of the 18 O-labeled product obscured by zeolite absorption (red shift > 15 cm -1). 
c Only the 1so_labeled product band could be observed. The parent product absorption is overlapped 

by zeolite absorption at ~ > 900 cm-1. 
a This band is ~ bY an intense (decreasing) pr~ abs~176 
e The 1SO-frequency shift cannot be determined due to overlap with the intense u(CO) absorption 

of acrolein-180. 
f Verybroad, FWHM,~400 cm -1. 

shows  the  p r o d u c t  ra t ios  a t  - 1 0 0  and  0~ A t  the lower  t e m p e r a t u r e ,  t r a p p e d  allyl  
h y d r o p e r o x i d e  is the ove rwhe lming  p r o d u c t  while at  0~ the h y d r o p e r o x i d e ,  p ro -  
py l ene  oxide,  and  acro le in  a p p e a r  in close to  equal  amoun t s .  I t  is s t r ik ing t h a t  the 
f o r m a t i o n  o f  ac ro le in  is m u c h  m o r e  sensit ive to  t e m p e r a t u r e  t h a n  the  e p o x i d a t i o n  
reac t ion .  He nce ,  the  b r a n c h i n g  be tween  the i m p o r t a n t  indus t r ia l  i n t e rmed ia t e s  
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Table 2 
Selectivity ofpropylene + 02 photoreaction in BaY 

Photolysis product C3H6 + 02 at -100~ C3H6 + 02 at 0~ C3D6 + 02 at 0~ 
(yield in %) (yield in %) (yield in %) 

total aUyl hydroperoxide ~ 99.8 + 0.2 98 -4- 1 96 • 2 
total aldehyde b 0.2 -4- 0.2 2 • 1 4 -4- 2 

AHP + ACR + PO. 
b CH2=O + CH3CH=O. 

acrolein and propylene oxide can be controlled by the temperature and the level 
of  excess propylene admitted to the zeolite. This is very different from thermal pro- 
pylene autoxidation where already at the chain propagation stage nearly half  of  
the intermediates are diverted to form alkoxy and polyperoxy radicals [2]. More- 
over, the subsequent thermal chemistry of  the allyl hydroperoxide intermediate 
involves homolytic OO bond rupture resulting in additional formation of energetic 
radicals that react indiscriminately. 

A crucial result is that the high selectivity in terms of  allyl hydroperoxide as pri- 
mary product  holds even at high conversion ofpropylene. Reaction leveled off after 
about  20% of  the propylene loaded into the zeolite had been consumed. This is 
due to the strong scattering of the photolysis light by the BaY pellet (see below) 
which limits penetration of visible light to approximately one quarter of the zeolite 
volume. The conversion with respect to the propylene residing in the irradiated sec- 
tion of BaY is around 80%. 

While there is a commercially important  method for propylene to acrolein oxida- 
tion by 02 using a Bi molybdate catalyst [11], no selective conversion of propylene 
to propylene oxide by oxygen through thermal catalysis has been reported thus 
far. Selective propylene epoxidation schemes use H202 or organic hydroperoxides 
as O donors [1,2]. A recent breakthrough is the use of zeolite catalysts (Ti-silicalite) 
for epoxidation by H202 [12]. 

The optical absorption responsible for the visible photochemistry is shown in 
fig. 3 in the form of a diffuse reflectance spectrum. The curve represents the ratio of 
the reflectance of  propylene-loaded BaY after and before exposure to 700 Torr 

Table 3 
Distribution between trapped allyl hydroperoxide and its thermal products 

Product C3H6 + 02 at - 100~ a C3H6 + 02 at 0~ b 
(yield in %) (yield in %) 

allyl hydroperoxide 86.5 -4- 1 38 -4- 2 
acrolein 0.2 -4- 0.1 24 4- 2 
propylene oxide 13 4- 1 36 + 2 

a Four propylene molecules per supercage. 
b Three propylene molecules per supercage. 
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Fig. 3. Visible/UV diffuse reflectance spectrum of propylene and O2-1oaded zeolite BaY at room tem- 
perature. Reflection of visible light by the pellet is highly diffuse because the zeolite Y crystals have 

an average size of about one micron [9]. 

0 2 gas. The band appeared only when propylene and 0 2 w e r e  simultaneously pres- 
ent in the zeolite, and it could be reversibly removed by pumping off the oxygen. 
This demonstrates that the absorption originates from a propylene.oxygen com- 
plex. We assign the band to a propylene.O2 charge-transfer transition. This is sup- 
ported by our observation of analogous alkene.O2 absorptions for 2-butene, 2- 
methyl-2-butene, and 2,3-dimethyl-2-butene in zeolite NaY and BaY [5-7]. The 
onset increases with the ionization potential of the olefin in agreement with Mulli- 
ken's theory of charge-transfer transitions [13]. The propylene.O2 absorption 
shown in fig. 3 fits well into this trend. This is best illustrated by the agreement of 
the ionization potential difference between cis- or trans-2-butene (9.13 eV) and 
propylene (9.73 eV) on the one hand, and the observed 100 nm blue shift of the 
propylene.O2 absorption onset relative to 2-butene.O2 on the other (BAY) [6,7]. 
The onset of the propylene.O2 charge-transfer absorption in the gas phase and in 
solid O2 is at 270 nm [14,15]. The threshold in BaY is around 500 nm, which implies 
a 17 000 cm -1 (2.1 eV) red shift of the charge-transfer band by the zeolite cage envi- 
ronment. This shift is unprecedented for a hydrocarbon.O2 charge-transfer band 
and exceeds red shifts of charge-transfer bands of neutral donor-acceptor com- 
plexes in polar solvents by at least an order of magnitude [16]. 

An alternative explanation of the visible absorption in terms of an O2-enhanced 
triplet absorption of propylene is ruled out because the lowest triplet state of the 
olefin lies in the UV region. Phosphorescence studies have shown that spectral 
shifts of triplet states upon loading of simple organics into zeolites are small [17]. 

The 13/~ supercages of zeolite Y carry a formal negative charge of 7. This charge 
resides on the framework oxygen atoms and is counterbalanced by three to four 
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Ba 2+ ions per cage [9]. BaY is a special case among the alkaline earth zeolites Y in 
that all cations are located in the supercages. This is because the size of Ba 2+ is too 
large to enter the smaller sodalite or double 6-ring cavities [9]. Electric shielding 
of the cations by the framework oxygens in the supercage is poor. We have obtained 
evidence for electrostatic fields of the order of 0.5 V/~-1 by measurement of 
induced infrared bands of 02 and N2 stretch fundamentals in BaY [18]. This 
method of determining electrostatic fields in zeolites was first introduced by Cohen 
de Lara in studies on zeolite A [19]. Fields on the order of one to several V/~-1 at 
distances up to several/~ from the cation have been predicted by model calculations 
[9]. Furthermore, ESR spectroscopy of guest radicals in alkali-exchanged zeolite 
Y indicates fields in the range 0.2-1 V/~-1 [20,21]. Among the potential energy 
terms describing the interaction of the alkene.O2 complex with the zeolite matrix 
cage (electrostatic, induction, dispersion, repulsion), the electrostatic field-dipole 
interaction (-/~ �9 E) is expected to be most strongly affected by excitation of the 
charge-transfer state. Photoexcitation is accompanied by the development of a 
large dipole across the reactant complex because of the charge separation. Assum- 
ing a separation of the alkene +.Of charge centers of 4/~ and an electrostatic field 
of 0.5 V A. -1, we calculate a dipole stabilization of 2.0 eV. We attribute the large 
red shift of the charge-transfer band to this electrostatic field effect. While a quanti- 
tative prediction of the charge-transfer state energy and the shape of the absorption 
band will require a quantum chemical treatment of the alkene.O2-zeolite interac- 
tion, this estimate nonetheless shows that the expected dipole stabilization is in the 
range of the observed red shift of the absorption onset. 

The quantum yield of reaction is equal to the product growth per absorbed 
photon. The number of product molecules generated was measured by the infrared 
absorbance growth, while the number of photolysis quanta absorbed by the 
charge-transfer band was determined from the spectrum fig. 3. A rather high reac- 
tion quantum efficiency of 20% was estimated. The reaction rate is equal to the 
product of quantum yield, light source intensity, and fraction of light absorbed by 
the reactants. Hence, a lamp with 100 W power in the range 400-500 nm, focussed 
on a 1 cm 2 area of a zeolite pellet, would generate 0.25 mmol oxidation product 
per hour if the pellet is 20 gm thick, or between 0.1 and 0.2 mol per hour for a pellet 
thickness of 1 mm (we estimate that the penetration of visible light in our pellets 
is limited to about 20 gm because of strong light scattering by the one-micron crys- 
tallites. Note that the low absorption in fig. 3 is due to the light scattering rather 
than a vanishing extinction coefficient of the propylene. 02 charge-transfer absorp- 
tion). Optically transparent zeolite membranes will be needed to accomplish photo- 
lysis in millimeter-type layers. 

Scheme 1 shows the proposed reaction mechanism. Upon excitation of the 
propylene.O2 charge-transfer state, proton transfer to 0 2 results in the formation 
of an allyl/O2H radical pair in the zeolite cage. Combination of the radical pair 
would give the observed allyl hydroperoxide. This mechanism is consistent with the 
fact that alkene radical cations are extremely acidic (pKa ~< 0) [22]. We consider 
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the fast deprotonation of the propylene radical cation as the key to the rather high 
quantum yield of reaction; the proton transfer from the cation to 0 2 competes 
effectively with back electron transfer, probably also because the latter falls within 
the inverted Marcus region and hence is slow. Traces of acetaldehyde and form- 
aldehyde are attributed to fragmentation of transient methyl dioxetane formed by 
direct addition of 0 2 and C3H + radical ions. This is consistent with the observed D 
isotope effect on the product branching shown in table 2. Dioxetane formation 
has a precedent in the electron-transfer sensitized photooxidation of olefins by dyes 
[231. 

4. Conclusions 

In summary, several factors contribute to the tight control of the photochemical 
propylene oxidation pathway in terms of allyl hydroperoxide formation. The 
principal factor is the very strong stabilization of the excited alkene.oxygen 
charge-transfer state by the electrostatic field of the zeolite matrix cage. The 
charge-transfer state can be accessed by low-energy visible instead of the more 
energetic UV photons, with the result that primary products emerge with minimal 
excess energy. This, coupled with the confinement imposed by the zeolite cage, pre- 
vents random radical coupling reactions and homolytic fragmentation of the pri- 
mary products. Moreover, the use of visible light ensures that no photodissociation 
or further oxidation of acrolein or propylene oxide by 02 can occur. The ionization 
potential increases upon partial oxidation of the alkene (9.73 eV for propylene, 
10.10 eV for acrolein, 10.22 eV for propylene oxide). The result is that the onset of 
the charge-transfer absorption of acrolein.O2 and propylene oxide.O2 complexes 
lies at shorter wavelengths than in the case of the propylene.O2 system, which ren- 
ders secondary photooxidation of the primary products unlikely. Hence, the photo- 
chemical method of alkene oxidation by 02 is inherently stable against reaction of 
primary products with oxygen. The temperature and concentration dependence of 
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the acrolein to propylene oxide branching furnishes a means to manipulate the final 
oxidation product ratio, and work on this aspect is in progress. 

The fact that photochemical reactions without added sensitizer usually require 
UV light is among the foremost reasons why direct (sensitizer-free) photochemical 
methods have thus far played no role in the practical synthesis of small organics 
in general, and in oxidation of abundant hydrocarbons in particular (photosensi- 
tized oxidation of alkenes with singlet oxygen (02 (1A)) can lead to allyl hydroper- 
oxides in high yield; however, this reaction does not work for terminal and small 
alkenes ( < C5)) [24]. Photochemistry in zeolites with inexpensive visible light at (or 
close to) ambient temperature may open up transformations of unfunctionalized 
alkanes, alkenes, and aromatics by molecular oxygen to important industrial 
organics in a selective and benign way, a long-standing goal in the field of hydrocar- 
bon oxidation. 
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