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Abstract

The quantum yields&) of the colloidal TiGQ-sensitized photooxidation of 44) and 3-methoxybenzyl alcohoR) together with
4-methoxybenzyltrimethyl-3) and 4-methoxybenzyltriisopropylsiland) (were determined in C¥CN, in the presence of HCICor 3
and4. The true quantum yieldsip) of 1, 2 and3, obtained from a Langmuir—Hinshelwood isotherm treatme af different substrate
concentrations, are linearly correlated Wlfhl/z, wherel 5 is the light intensity. According to the previously suggested mechanisms for
alcohols and silanes, a kinetic scheme that justifies this correlation is suggested. It is shown that the ratio of the slopes&from the
versusl,:l/2 plots) for1 and2 is equal to theté/rpg ratio at anyla; this ratio depends on the rate constants in the kinetic scheme, in
this case principally on the electron transfer constantOn the contrary, thég/dﬁg ratio depends oky, the cation radical desilylation
rate constant, confirming a steric hindrance to nucleophylic assistance in the C-Si fragmentation by the bulky isopropyl group in the
SiR3 moiety. Differently from@g, the adsorption constants on the semiconductor under irradistigroptained from the above isotherm
treatment) are independentlaf. Moreover, ak} = K3 andk3 = K¢, the structural modifications within the two alcohols and within
the two silanes should be far enough away from the adsorption site. For all the subkti@tesdark adsorption constant) is five times
greater thaKp, showing that this change does not depend on the substrate structure but is the result of different experimental conditions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction In recent years, many mechanistic details have been col-
lected about this Ti@sensitized oxidative process starting

Mechanistic investigations on the primary oxidation with benzylic derivatives (arenes, alcohols, ethers, silanes,
steps related to the TiGsensitized photooxidation of or-  sulphides,..) in CH3CN [4]. The semiconductor has been
ganic compounds could provide useful information about used as suspended powder, photoanode and transparent col-
the degradation pathways involved in the mineralization of loid in the presence of oxygen, Agand Li" as sacrificial
organic pollutants in waste watgk]. electron acceptors.

A simplified starting approach involves studying the pro- ~ Among the different approaches to the reaction mecha-
cess in CHCN [2] that, unlike water, is an inert solvent, un-  nism, quantum yield measurements relative to the photoox-
der the considered oxidative reaction conditions. However, idation of benzyl alcohols to benzaldehydes, sensitized by
as we have previously shown, at least with alkylaromatic colloidal TiO, in aerated CHCN, [4g] provided further de-
substrates, the same primary chemical events, subsequent ttails about the kinetically significant steps of the previously
the photoinduced production of the hole"jhshould occur suggested mechanisje f,i].
in both solventg3]. In particular, treating the observed quantum yield val-

ues (@) at various initial substrate concentrations with the
Langmuir—Hinshelwood adsorption isotherm, tthg (the
e true quantum vyield related to the intrinsic reactivity) and
* Corresponding authors. Te#:39075-5855542; fax+39075-5855560. the Kp (the adsorption constant under irradiation) of some
E-mail addresses: rol@unipg.it (C. Rol), gseb@tech.ing.unipg.it -
(G.V. Sebastiani). methoxybenzyl alcohols were determined at a constant value
1 Tel.: +39075-5853859; fax:39075-5853864. of adsorbed light intensity/g = 9.1 x 10~ einsteins?t)
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[44]. This treatmentimplies that prior to the reaction the sub- 0,20
strate to be photooxidated in the presence of;Tiust be
adsorbed at the semiconductor surface. The observed quan-
tum vyields should therefore be dependent on the associa- 0.16 |-
tion establishedEq. (1) between the semiconductor and }
the substrate (D, electron donor). The adsorption constant 012 L
(Kp in Eq. (2) is expressed as a function §TiO, ... D}, ' }
the number of sites that are occupied by D, &miD,}, the ®o
sites that are free on the semiconductor. 0,08 |- } }
TiO2 4+ D =TiO,...D (1) } }
{TiO5...D} 0041
Kp=—"—— 2
°~ {Tio2) [D] @
The Langmuir—Hinshelwood treatment alloks. (3)to 0.00 o 1 3 3 2 5

be obtained, where is the fraction of occupied sites on the

-8 . . -1
semiconductor an@y is the true quantum vyield. | X107, einstein s

D= P = D KD[D] 3 Fig. 1. True quantum yield of 4-methoxybenzyl alcohol photooxidation
= ¥ov = 01 4 KD[D] ( ) sensitized by Ti@ as a function of light intensity.
In Eq. (4) the inverse ofEqg. (3) a linear correlation

between 1® and 1/[D] can be observed. From the corre- Tio, —= TiO, (h", &)

sponding plot, it is possible to evaluat® and Kp from

the intercept and the intercept/slope ratio, respectively. O * e O

1 1 1 1 CH,OH CH,OH CHOH
—_ = — 4+ — (4) ht “H*
® &9 DoKp D] @ - - @ —_— Q

In this paper we report a more detailed investigation OCH; OCH; OCHs
that considers 4-1) and 3-methoxybenzyl alcohoR) at ¢h+
different 15 values (from 1.6 to 26< 10~ ° einstein ') to CHO &Hon
evaluate the dependence @ and Kp on light intensity. “H*
The photooxidation of other benzyl derivatives such as Q - @
4-methoxybenzyltrimethyl3) and 4-methoxybenzyltriiso- OCH;3 OCH;,3

propylsilane 4) with colloidal TiO, was also studied to test
the dependence of different structural effects on the reaction
rate and substrate adsorption, under irradiatkdn) (@nd in

the dark K).

Scheme 1.

the photogenerated electrons in the conduction bknad(
oxidize the alcohol to the corresponding cation radika).(

This intermediate either undergoes a fragmentation process
(ko, deprotonation in the case of alcohols) or it undergoes a
back electron transfer proceds §;) by reacting with elec-
trons present in the valence band. The true quantum yield,
&g, can be defined as the ratio between the reaction rate and
the photon adsorption rat&q. (5), where the symbol H*®

2. Results and discussion
2.1. Benzylic alcohols

The results of this study show that tl#y, values for
photooxidation of 4- 1) and 3-methoxybenzyl alcohoR)
sensitized by colloidal Ti@in aerated CHCN are almost
constant at highela values while, at loweia values, this
parameter significantly increases (see for exanite 1
relative to 4-methoxybenzyl alcohol). In light of the pre-

viously suggested mechaniside,f,g,i] (Scheme }, we l Ket

suggest a kinetic pattern that could justify the dependence K.ef Tio. . D"

of @ onla (Scheme P Z
Under irradiation Iz ), the semiconductor with the pread- l kp

sorbed substrate, designated as3lHOD, yields an equal
amount of photogenerated holg3jO5 - - - D)+, and elec-
trons, (TiOz - - - D)e-. The holes can either recombine with Scheme 2.

PRODOTTI



M. Bettoni et al./Journal of Photochemistry and Photobiology A: Chemistry 163 (2004) 481487

has been used for TiQ--D**, for simplicity purposes.
_ kp{DT*}

b
0 A

(5)

Assuming a steady state approximation for this interme-

diate and for(TiO5 - - - D)+, indicated as h, the Egs. (6)
and (7)are obtained.

ketth™} = k—et{D™*} + kp{DT*) (6)

(7)

The value of{h™} and{D**} can be obtained from the
simplified Eq. (7)(Ia = kr{h*}?) and the simplifiecEq. (6)
(ket(h™} = k_ef{DT*}), respectively; these simplifications
should be valid since it can be assumed thaf; > & in
Eq. (6)andk; > ket in EQ. (7)due to the low observed
values (see for example the valuedFig. 1). In this way, it
is possible to expressg in Eq. (5)as a function okp, ket,
k_et, ke andla according toEq. (8) for which the plotdg
versuslgl/2 is a straight line with no intercept. This rela-
tionship was previously observed for Ti@ensitized pho-
tooxidations in aqueous phafs.
kpket

=12 172
1%k ey’

In = ke{hT)2 4 ket{h™)

P (8)

The plots relative to the photooxidation band2 (Fig. 2)
show a linear correlation with a different slope. The ratio of
the slopes<£ 2.3+ 0.3), corresponding to the ratio dfp at
anyla, is expressed big. (9)and allows the kinetic con-
stants Kkp, ket andk_et) of the two alcohols to be compared
(in the last equatioi is not present because it is indepen-
dent from the substrate).

slope _ kpkey/kler < g%,)
atanyla

slopé — k2kZ/k%e  \ P2

9)

0.20

0.16 |-
012 |
D,

0.08

0.04 -

0.00 : 1 : ! : 1 : !

-1/2 - . 12 112
I, eintein™"s

Fig. 2. True quantum yields of 4@) and 3-methoxybenzyl alcoholk()
photooxidation sensitized by TiCas a function of inverse square root of
light intensity.
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Scheme 3.

It must be noted that the expression of the slope ratio
is identical to the expression of th&g ratio obtained at
In = 9.1x 10 % einstein s in a previous paper and, conse-
qguently, the obtained value is identical within experimental
error [4g]. Therefore, the previously suggested mechanistic
interpretation of this ratio remains valid (the reactivity ratio
1/2 should depend principally on the electron transfer step,
ket, according to the different correspondiig values)4g].

Using the 14 versus 1/[D] plots, the adsorption constants
under irradiation Kp) for alcohols1 and2 were evaluated
(seeEq. (4) at all the considerety values; theKp values
are practically constant as thg values change and are the
same for the two alcohols (158 50M~1 is the average
of the values measured at differdnf). The Kp values are
identical to those previously reported for the two alcohols
atIpn = 9.1 x 10 % einsteins* [4q].

2.2. Benzylic silanes

Some mechanistic information was collected previously
about the photooxidation reaction sensitized by sTi@s
suspended powder or anode, of benzyltrimethylsilanes
(XPhCH,;Si(CHz)3 where X = 3-CHzO, 4-CH;, 3-CHg,
3-Cl, 4-Cl, 4-F, 3-CE) in CH3CN [3,4a,i,k,6]

The products and their distribution obtained from the
photooxidation of 4-methoxybenzyltrimethyl-3)( and
4-methoxybenzyltriisopropylsilaned) sensitized by col-
loidal TiO; in aerated CHCN under different experimental
conditions are reported iflable 1 The principal product
obtained from3 is the corresponding benzaldehyde ac-
companied by small amounts of 4-methoxybenzyl alcohol
(entry 1). In Scheme 3the previously suggested mecha-
nism for the TiQ (as powder)-sensitized photooxidation to
benzaldehyde (path) is reported3,4a,i,k,6] The alcohol,
not present as a reaction product in the previously studied
silanes, can be easily justified if one takes into account,
besides the capture of oxygen (pa)y the oxidation of
the easily oxidizable 4-methoxybenzyl radical intermedi-
ate (pathb); the obtained benzylic cation should give the
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Table 1
Product yield in the photooxidation of 4-methoxylbenzyltrimethy)} &nd 4-methoxybenzyltriisopropylsilané)(sensitized by colloidal Ti@in aerated
CH3CN&

Entry TiO, (mg mi?1) Substrate Isopropyl HCIO4 (M) t (h) Products yield (%)
alcohol (M)
ArCHO ArCH,OH ArCH;OCH(CHs)3

1 0.08 3 3 x 102 - 6 10 <2 -

2 0.4 3 0.15 5x 10°* 1.5 30 2 <2
3¢ 0.4 3 0.15 5x 1074 3 30 2 <2
4 0.4 4 0.15 5x 10°* 1.5 15 <2 <2
5d 6.0 3 - - 3 26 2 -
69 6.0 4 - - 3 7 <2 -
7d 6.0 3 0.15 5x 10°* 1.5 35 14 2
gde 6.0 3 0.15 5x 1074 15 33 9 9

4500 W high pressure Hg lamp.
bwith respect to starting material.
¢ Multilamp photoreactor.

4TiO, as powder.

€ Distilled CHsCN.

alcohol reacting with water adsorbed at the semiconductor hol, (entry 7). Under these latter experimental conditions it
surface (pattc) [4),k]. was shown that the product distribution remained unchanged
The results relative to the photooxidation&nd4 with in the presence of both atmospheric or bubbled oxygen and
colloidal TiO, in the presence of HCIQ(entries 2—4) are  whether the reaction mixture was worked up or not. In con-
also reported ifable 1 This mineral acid must be added in  trast the ether increased with respect to the alcohol when
order to perform thed measurements because, without it, distilled CH;CN was used (compare entries 7 and 8). In ef-
the optical properties (from UV-Vis spectrum) of the BiO  fect, the distillation should reduce the amount of water with
colloidal solution change in the time needed to evaluate this respect to the isopropanol thus disfavoring pathith re-
parameter. In effect, in the presence of H@IQ) the col- spect to pattd in Scheme 3
loidal TiO, becomes stable enough to perfodmmeasure- As previously reported for alcohol$4g] the @ values
ments for longer periods of time; (ii) a transparent colloidal for benzyl silane3 (in acidic conditions) were obtained by
solution can be prepared with a higher amount of T&dd product analysis at a low substrate conversign%). A
this could enhance the substrate reactivity. Regarding therelationship betweerg andla, similar to that depicted in
latter point, it can be observed Table 1that the reaction of  Fig. 1for alcoholsl and2, is observed andg versusl/gl/2
silane3 in the absence of acid (Tikamount, 0.08 mg mit) plot is again linear. The kinetic pattern 8theme Zhould
gave only a small amount of benzaldehyde (entry 1) after therefore be valid, wherk, is relative to the radical cation
6 h; on the other hand, in the presence of HEIDIO, desilylation step reported iBcheme 3
amount, 0.4 mgmit) 3 yielded, the same product distribu- While evaluating the effect of modifying the silane struc-
tion after 1.5 h but in significantly higher yields (entry 2). It ture on the SiR moiety (R= CH3z or CH(CH)2) by using
must be noted that another product, benzyl isopropyl ether, Eq. (9) the &g of silane4 was also considered.
was present in the acid medium that should be derived from  Unfortunately, the reactivity of this compound was so
the reaction of the benzylic cation with isopropyl alcohol, low that the amounts of products were only measurable
used as co-solvent in the colloid preparati@clieme 3 at the maximumla value @9 = 3.7 x 1072 at In =
path d). When the reaction was performed with the mul- 2.6 x 10~/ einsteins!) and then it was not possible to
tilamp photoreactor (the nearly monochromatic apparatusverify the @9 versusla dependence for this substrate.
utilized for @ determination, se€ection 3, the same prod-  Nevertheless, as shown above for alcohols, dheratio
uct distribution was obtained although the yield diminished should be independent ¢f and the®(3)/®o(4) ratio at
with respect to the irradiation with 500 W lamp (compare In = 2.6 x 10~/ einsteins! (2.2) should be equally sig-
entries 2 and 3). The reaction widtgave lower yields of the  nificant allowing the effect of the above silane structure
same product distribution & (compare entries 4 and 2 in  modification on the reactivity to be evaluated. In particular,
Table J. the lowerdg value relative to the triisopropylsilyl derivative
For the sake of comparison, experiments in the presence4 should be ascribedEg. (9) to a difference irkp, since3
of TiO, powder which more generally used in photochemi- and4 have similarE, values (1.22 and 1.27V versus SCE,
cal oxidation sensitized by this semiconductor, again showedrespectively), and consequently they should have similar
a higher reactivity of3 with respect to4 (see entries 5 and ket andk_g¢ values. This behavior is expected since, in line
6). When isopropanol and HClOwvere added at the same with a previous suggestioffi/] the isopropyl group, which
concentration as that in the presence of colloidalTithe is bulkier than methyl, should exert a steric hindrance on the
ether was again observed in addition to aldehyde and alco-nucleophylic assistance of the solvent (§tHN) in the C-Si
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fragmentation process of the radical cation intermediate nal standard. GC-MS analyses were performed on a Hewlett

which is a kinetically significant procesS¢heme 3

From the 14 versus 1/[D] plots Eq. (4) the Kp values
under irradiation were also obtained f8r(at all the con-
sideredla values) and4 (at the highesta value, whered
was measurable, see above). Kigvalues for3 at differ-
entlp values remaind unchanged within the experimental
error with an average value of 1450 M~1, which is the
same, within the experimental error, as4ql60+50 M~1).

Packard 6890A gas-chromatograph (HP-Innovax capillary
column, 15m) coupled with an MSD-HP 5973 mass se-
lective detector (70eV). GC analyses were carried out on
an HP 5890 gas-chromatograph using an HP-Innovax cap-
illary column, 15m. UV-Vis spectra were measured on an
HP 8451A diode array spectrophotometgy. values were
obtained with an Amel 552 potentiostat controlled by a pro-
grammable Amel 568 function generator (cyclic voltamme-

Both substrates, adsorbed on the semiconductor through thery at 100mV s?!, 1 mm diameter platinum disc anode) in

7 system[4],K] probably assume a conformation where the
SiRs group is far enough away from the TiGurface (in
this case a bulky R as CH(Gl} does not exert a steric hin-
drance on the adsorption).

As previously reported for benzyl alcohdlsand 2, [4K]
the adsorption constants at the }i€urface in the darki)

CH3CN-LiCIO4 (0.1 M).
3.1. Materials

TiO2 (anatase, Aldrich-99.9% or P-25, Degussa-99,5%,
both dried at 110C), titanium(lV) 2-propoxide, 2-propanol,

were also determined by a Hiemens—Langmuir treatment for CH3CN (HPLC grade, was used as such or distilled from
silanes3 and 4 in CH3CN, but in this case, it was in the CaHp, water content 0.02% from Karl-Fischer coulometry),
presence of HCI@(the same medium used to determig 4-methoxybenzyl alcohollj and 3-methoxybenzyl alcohol
andKp). As observed above fdfp, theK values of3 and4 (2) and 4-methoxybenzaldehyde were commercial samples.
are identical (526:140 M~1), confirming the hypotheses on  4-Methoxybenzyltrimethylsilaneg], [4i] 4-methoxybenzyl-
adsorption suggested above ##. As previously reported  triisopropylsilane 4) [4i] and isopropyl 4-methoxybenzyl
for alcohols1 and 2, [4k] K is nearly five times higher  ether[8] were prepared as previously described.
thanKp; this fact confirms the previous hypothepl&] that
this change is independent of the substrate structure and3.2. Colloidal TiO»
can be due to the different experimental conditions with
TiO, as powder or as colloid (the competitive adsorption of A 10% solution (1 ml) of titanium(lV) 2-propoxide in
isopropanol, the co-solvent used in the colloid preparation, 2-propanol was prepared and stored under a nitrogen at-
probably lowers the adsorption constant). mosphere (dry-box). The solution (f) was added to

It must be noted that the contribution of intrinsic reac- distiled CH;CN (20 ml) again under nitrogen (dry-box)
tivity (®o) and/or ofKp to the increase of the reaction rate with magnetic stirring (0.08 gdn¥); to prepare the col-
() observed in the presence of HGI@ith respect to the  loid in acid medium the initial solution (250) was
non-acid medium cannot be evaluated because it is not pos-added to a mixture of HCIQ 10M (1pl) and CHCN
sible to perform quantum yields in the absence of acid. How- (20 ml).
ever, the measurement of ‘dark’ adsorption constaf®{
3 and4 in the two media allows at least the role of adsorp- 3.3. Photochemical oxidation sensitized by TiO»
tion on reactivity to be evaluated. In effect, thevalues of
3 and4 (5204 140 M1) in the acid medium are higher As previously described for benzyl alcoholglg] the
than theK values in the absence of acid; the latter are too reactions with benzylalkylsilanes were carried out by ex-
low (K < 100 M~1) to be evaluated by the reported exper- ternal irradiation (Helios Italquartz 500 W high-pressure
imental method4k]. This observation shows that a contri- mercury lamp, Pyrex filter or Applied Photophysics Multil-
bution to the reactivity ) enhancement observed in acid amp photochemical reactor; 12 lampsiat 320+ 20 nm)
medium should be given by a higher adsorption extent in of a TiO, colloidal solution (20 ml) or a powder suspension
the presence of HCIP A suitable explanation of the ad- in 20 ml of CHCN (6.3 gdn73) containing 0.23 mmol of
sorption increase in the latter medium could be the smaller the substrate (with silanes, also in the presence of HCIO
size of semiconductor particles as observed by light scatter-5 x 10~4M) in a cylindrical flask provided with a water
ing measurements (the diameter of the particles dispersed incooling jacket and intensive condenser. After irradiation
CH3CN was nearly 30 nm while in the same medium, butin in the presence of oxygen either bubbled or atmospheric,
the presence of HCIg) this measurement was not possible the reaction mixture (after double paper filtration in the
and so the diameter was2 nm). case of TiQ powder) was analyzed by GC (in the pres-
ence of bibenzyl as an internal standard), directly or after
treatment with NaCl-saturated water and extraction with
diethyl ether. In the latter case the analysis of the reaction
products and of unreacted substrate was also performed
by 'H NMR spectroscopy in the presence of an inter-
nal standard (bibenzyl). The structure of products was

3. Experimental

1H NMR spectra were run on a Bruker AC 200 (200 MHz)
spectrometer, with solutions in CD£With TMS as inter-
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attributed by 'H NMR and GC-MS comparisons with multiplier tube (Products for Research, Inc.). A 64-channel

authentic specimens. Nicomp Model 370 computing autocorrelator was used to
calculate and display the diffusion coefficielt, and the
3.4. Quantum yield determinations associated derived parameters from cumulants andiysis

The hydrodynamic radiunfy,, was estimated by applying
A spectrophotometric cuvette (optical path 4.00 cm) the Stokes—Einstein relation (for stick-boundary conditions,
containing a suitable substrate (25002 M) in a colloidal Eq. (12) [12]
solution of TiQ in CH3CN, alone or containing HCIQ KT
5 x 10~*M, was placed in a thermostated (30) support D= 6710 Rn (12)
placed inside a MLU-18 Multilamp photoreactor (Applied
Photophysics Ltd.) fitted with four lamps (mod 3022, peak wherey is the solvent viscosity.
intensity at 312 nm, range 290-330 nm) or two lamps (as
such or differently darkened). The mixture was irradiated
under magnetic stirring untit5% substrate conversion. The  Acknowledgements
product formation was determined by GC analysis (bibenzyl

as an internal standard). Light intensity was measured by This work was carried out with the financial support of

; ; —8 o el . . o . e

ferrioxalate actinometry (1.6-26 10 "einsteins~). Only  \jinistero dell'Universita e Ricerca Scientifica e Tecnolog-

the experiments where the material recovery was quantitativejc5 (MURST) and of Consiglio Nazionale delle Ricerche.
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