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Abstract

Nitrogen-containing substrates such as amino acids, amides, succinimide, imidazole, hydroxylamine and urea were photodegraded in
illuminated TiO, suspensions, and the temporal course of formation of NH;" and NO;” ions was monitored. The hydroxylated nitrogen moiety
in a molecule was predominantly converted to NO3™ ions, whereas a primary amine and/or an amide were exclusively transformed to NH;
ions under the prevailing conditions. Heterocyclic nitrogen groups in imidazole were convertedtoboth NH;" andNO;5 ions via the intermediates
whose structures were the primary amine and hydroxylamine, respectively. The influence of chemical structure on formation of NH; and
NOj; ions is discussed from the view point of adsorption behaviours of substrates onto the TiO, surface.
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1. Introduction

The treatment of waste waters using the TiO, photocata-
lyzed oxidative route is one of several promising advanced
oxidation technologies for environmental remediation. Many
nitrogen-containing compounds (e.g. proteins, nucleic acids,
etc.) are found in nature. Most pesticides and herbicides
contain one or two nitrogen atoms. The mechanism of pho-
tocatalytic mineralization of these nitrogen-containing com-
pounds is an important subject that begs urgent elucidation.
Various organic pollutants such as chlorinated compounds
[1,2] and heteroatom compounds [3] can be photomineral-
ized by titania. Many researchers report that the hydrocarbon
fragment is completely converted to CO, and the photocon-
version of chlorine, sulfur and phosphorous atoms in the
organic compounds produces C1-, [4] SO}~, [5] and
H,PO; , [ 6] respectively. However, the fate of the Natom(s)
in the photomineralization of nitrogen-containing com-
pounds has rot yet been clasified {7-11].

The TiO, photocatalyzed transformation of such inorganic
nitrogen as NH,OH [12] and NO gas [ 13] in aqueous media
and/or under gaseous conditions in an argon atmosphere
generates N, N,0, NO,, NH; and N,H, via either photoin-
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duced reductions or oxidations by electrons or holes gener-
ated on the exited TiO, surface. Gaseous ammonia was
photo-oxidized over TiO, particulates to produce only N, and
N,O at high oxygen pressure [14]. Low et al. [15] reported
on the degradation of organic compounds containing nitrogen
in the form either nitrate, nitro, saturated or aromatic ring
nitrogens and confirmed the production of NH; and NO;
ions as the ultimate photomineralization species. Ammonium
ions formed from the photo-oxidation of N-pentylamine,
piperidine and pyridine via the immonium cation radical
(RCH=NH; *) intermediate. Nitrate ions can be generated
from the further oxidation of NH; ions. However, both
NH; and NO; ions are concomitantly produced in different
quantities during the photo-oxidation of nitrogen-containing
surfactants [ 16]. This observation implies that formation of
NH, and NO; ions probably takes place by at least two
pathways. In excess oxygen, photocatalytic reductions are
less frequently encountered than are oxidations, presumably
because the reducing power of photogenerated electrons is
significantly lower than the oxidizing power of photoholes,
and also because most reducible substrates do not compete
kinetically with oxygen in the trapping of conduction band
electrons [17]. Thus a reduction of the nitrogen atom in the
substrate is unlikely. We tentatively suggest that the forma-
tion of both NH; and NO; ions proceeds through a photo-
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oxidative pathway. Evidently, concomitant formation of both
ionic species under photo-oxidative mineralization condi-
tions presents a complex challenge.

In this study, various nitrogen-containing compounds were
photodegraded in illuminated TiO, aqueous suspensions to
measure the concentration of NHy and NO; ions formed.
The dependence of the formation of NH;" and NOj ions on
the chemical structure of the substrates are investigated. In
particular, the structures which photoconvert easily to give
cither the NO;™ ions or the NH;" ions were identified. The
mechanism of formation of these ions is discussed from the
standpoint of the chemical structure and the adsorption of
substrate on the photocatalyst TiO, surface.

2. Experimental section
2.1. Materials

8-amino-octanoic acid (8-AOA NH,-(CH,)~COOH)
was supplied by Aldrich; 6-aminohexanoic acid (6-AHA
NH;-(CH,)s—COOH), 3-aminopropanoic acid (3-APA
NH,-(CH,),—COOH), butylamide (CH,CH,CH,CONH,),
succinimide, imidazole, pyrrole, formaldoxime (CH,=N-
OH), formamide (HCONH,), formamidoxime (HO-N=CH-
NH,), N-methylhydroxyamine (CH,-NHOH), hydroxyla-
mine (HO-NH,),dimethylglyoxime (CH;-N=CH-CH=N-
CH;) and urea (NH,CONH;) were all supplied by Tokyo
Kasei Co. Ltd. N-hydroxysuccinimide was a generous gift
from Chemie Linz GesmbH. All the reagents employed were
not subjec?zd to any further treatment. Water used throughout
was deionized and doubly distilled. Fluorescamine was sup-
plied by Fluka Chem.

2.2. Photodegradation procedure

An aqueous dispersion consisting of nitrogen-containing
systems (0.1 mM, volume 50 ml; pH=6.5 to 7.7) and TiO,
(Degussa P-25; 100 mg) was illuminated under continuous
magnetic agitation with a75 W mercury lamp ( Toshiba SHL-
100UVQ100) delivering 1.5 to 1.7 mW cm~2at wavelengths
greater than 330 nm. Experiments were carried out under an
excess oxygen atmosphere. TiO, particles were removed by
centrifugation and filtration through a Millipore membrane
(0.22 pum) prior to the measurement of NH;” and NO;™ ions.

2.3. Analytical methods

Changes in the concentration of NH;' ions were monitored
with a JASCO ion chromatograph equipped with a Y-521
cationic column; the eluent was nitric acid (4 mM). Nitrate
ions were also monitored by ion chromatography with an I-
524 anionic column using a mixed solution (pH4,pH 2.2)
of phthalic acid (2.5 mM) and tris(hydroxymethyl)-
aminomethane (2.3 mM) as the eluent. The primary amine
was detected by fluorometric assay with the reagent fluores-

camine [ 18]. The amine solution (0.15 ml) was mixed with
0.15 ml of borate buffer solution (pH 9.0) in a small test tube
to which was added a 0.15 ml fluorescamine solution
(0.03%) prepared in acetone. The fluorescence signal at 475
nm was recorded one minute after the addition under exci-
tation at 390 nm with a JASCO 660 UV spectroflucrometer.
The zeta-potential was measured with a Laser Zee Model 501
equipment [ 19].

2.4. Computational calculations of molecular orbitals

Molecular orbital (MO) calculations were carried out to
the single determinant (Hartree-Fock) level. Optimal geom-
eiries for conformational minima were obtained at the AM1
level. All semi-empirical calculations were performed with
MOPAC version 6 using the CAChe system (see Appendix)
as implemented on a Power Macintosh 8100/ 100 computer.

3. Results and discussion

Formation of NH;” and NO;™ ions from the photo-oxida-
tion of 8-amino-octanoic acid, 6-aminohexanoic acid and 3-
aminopropanoic acid, all of which possess a primary amine
function at the terminal position, and from butylamide is
depicted in Fig. 1(a). The primary amine moiety is almost
completely converted to NH, ions via first-order kinetics,
irrespective of the number of methylene groups. The amount
of NO5™ ions formed is negligibly small. The amide group is
transformed to NH" ions also by first-order kinetics, but at a
rate faster than observed for the primary amino group. The
percent conversion of nitrogen atom to NH;" and NO;™ ions
and the first order rates of both ions are shown in Table 1.

We hypothesize that the a-carbon adjacent to the primary
amine is initially oxidized to promote the scission of the N-
C bond, whereas in the amide moiety the N-C bond is easily
and readily cleaved. In the case of the w-amino acid homo-
logues, both terminal -COOH and ~-NH, groups are photo-
oxidized competitively on the titania particle surface, as
witnessed by the concomitant evolution of CO, and produc-
tion of NH, ions. Fig. 1(b) shows the disappearance of the
primary amine moiety in 8-amino-octanoic acid and 3-ami-
nopropanoic acid versus irradiation time, followed by fluo-
rometric analysis. The primary amine signal in these
substrates decreased inversely with formation of NH;} ions
during their temporal photodegradation. Subsequent to cleav-
age of the C-N bond in the primary amine homologues,
formation of NH," ions is fairly rapid: 3-APA >6-AHA > 8-
AOA reflecting variations in the number of methylene groups
or chain length.

Primary and secondary amine functions are photocatalyt-
ically oxidized on illuminated TiO, powders suspended in
acetonitrile to yield N-alkylideneamines via a surface-bound
R-NH3 * cation radical intermediate as reported [20].
Concomitantly, this cation radical rapidly transforms to
immonium cation followed by oxidation of the a-carbon adja-
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Fig. 1. (a) The relationship between the formation of NH;” and NO; ions
and the irradiation time for the photodegraded solution (0.1 mM). NH;":
A, 8-aminooctanoic acid; B, 6-aminohexanoic acid; @, 3-aminopropanoic
acid; +, butylamide. NO5 : A, 8-aminooctanoic acid; [J, 6-aminohexanoic
acid; O, 3-aminopropanoic acid; X 283, butylamide. (b) The disappearance
of the primary amine moiety of 8-aminooctanoic acid (A) and 3-aminopro-
panoic acid (O) vs. illumination time.

cent to the primary amine by either the ‘'OOH and/or "OH
radical to yield an alkylated aldehyde and NH;. Some
researchers have claimed that the immonium radical cation
is the precursor to formation of NH; ions [15]. Although
nitrogenous cation radicals produced from direct hole oxi-
dation on the TiO, surface have not yet been detected, it is
reasonable to infer a mechanism since the rate of C-N bond
cleavage in the primary amine moiety is faster than cleavage
of either the C—C or C-H bonds in the hydrocarbon residue.

Fig. 2 depicts the formation of both NH;" and NO;™ ionic
species from such cyclic nitrogens as are present in succinim-
ide and in N-hydroxysuccinimide. The nitrogen in succinim-
ide is almost totally transformed to NH; ions (Table 1),
whilst that in N-hydroxysuccinimide is predominantly con-
verted into larger quantities of NO; ions than NH, ions
(78% versus 13% after 8 h of irradiation) . These observations
would suggest that nitrate ions are most likely generated from
the hydroxylamino group and that ammonium ions arise prin-
cipally from the amide group formed subsequent to opening
of the succinimide ring.
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Fig. 2. Formation of NH; and NO; ions as a function of illumination time
in the photomineralization of succinimide: A, NH;; A, NO;; and N-
hydroxysuccinimide: @; NH , O; NO;™ solutions (0.1 mM).
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Fig. 3. The relationship between the formation of NH; and NOj ions and
the irradiation time for the photomineralization of hydroxylamine: ®,
NH; ; O, NO; ; and N-methylhydroxylamine: B, NH; ; (J, NO5 .

Photoconversion of hydroxylamine and N-methylhydrox-
ylamine produces mostly NO;™ ions as shown in Fig. 3, and
confirms the above notion. Small quantities of NH; ions are
generated in the photo-oxidation of N-methylhydroxyl amine.
The extent of conversion of the nitrogen moiety in the two
compounds is approximately 60% after 8 h of illumination.
The remainder is converted to other inorganic species
[12,13,21]; formation of N, and/or N,O gas was not deter-
mined in our experiments.

The phototransformation of the hydroxyimino moiety in
dimethylglyoxime, formaldoxime and formamidoxime was
examined to assess the generation of both ammonium and
nitrate ions (Fig. 4). The two nitrogen atoms in dimethyl-
glyoxime are predominantly converted to NO;™ ions. Small
quantities of NH; ions were detected only after ~2 h of
irradiation to reach the maximal value of ca. 0.02 mM. For-
maldoxime also generates a greater quantity of NO;™ ions
(~2.5 times) than NH; ions. Nearly equal quantities of
NOj; ions are generated for dimethylglyoxime and formam-
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I‘la:l:atles of conversion of nitrogen atom to NH;" and NO;™ ions and first-order rates of formation of both ions upon the photo-oxidation of various N-containing
substrates
Substance Conversion (%) after 8 h Rate constants X 103 (min~ ')
NH; NO; NHy NO;
i 9% 3 72+12 a
manoic acid 92 3 5.1+0.3 a
(42+02)°
6-aminohexanoic acid 88 3 ;g i gf :
i ic acid 70 3 i .
8-aminocctanoic aci 33202)¢
inimi 7+£03 a
Succinimide 82 3 57+
N-hydroxysuccinimide 13 78 3.7+04 97409
Hydroxylamine ¢ 56 a . 2343
N-methylhydroxylamine 6 58 18 i:? . 65+08
Dimethylglyoxime 9 85 15+3 49404
Formaldoxime 23 56 1942 1942
Formamidoxime 68 30 11.84+09 74115¢
Urea 9 42 3.7+1.0 36+1.1¢
Formamide 53 47 15+1 1613
Imidazole 49 26 36103 214041
Pyrrole 69 17 13+1 241407
*Negligibly small.
b After 8 h of irradiation.
© First-order rate of loss of the -NH, group.
9 After 1 hinduction period.
¢ No formation.
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Fig. 4. The temporal formation of NH;" and NO; ions and the irradiation
time profile for the photo-oxidized solution (0.1 mM). NH; : @, dimethyl-
glyoxime; B, formaldoxime; A, formamidoxime. NO; : O, dimethylglyox-
ime; O, formaldoxime; A, formamidoxime.

idoxime. With respect to the latter, which possesses both a
primary amine function and a glyoxime group, NH; ions are
initially formed followed by NO;™ ions after ~ 2 hirradiation.
The maximal concentration of NH; of 0.13 mM is reacted
after 3 h irradiation whereas that of NO; ions is 0.06 mM
nearly identical to the yield of NO;™ ions in the photodegra-
dation of formaldoxime. This fact implies formation of
NH ions arises from the amino group in formamidoxime.
By contrast, photo-oxidation of the hydroxyimino moiety
yields predominantly leads to NO; ions.

Iradiation time (h)
Fig. 5. Formation of NH;" and NOj™ ions vs. the irradiation time for the
photodecomposition of urea: M, NH' ; O, NOj5 ; and formamide: @, NH; ;
O,NO; .

Fig. 5 shows the formation of both NH;" and NO; ions
during the photodecomposition of urea and formamide. A
larger quantity of NO;™ ions is produced in the photo-oxida-
tion of urea, though it has the two primary amine functions.
Photo-oxidation of urea is five-fold slower than photo-
oxidation of formamide (Table 1). Quantities of NH; and
NOy ions formed from formamide are nearly equivalent. At
this juncture we can only speculate that direct attack by CH
radicals to the amide groups of urea on the TiO, surface is
somehow facilitated by the two -NH, groups and leads to a
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greater yield of NOj ™ ions. With respect to formamide, ‘OH
radicals attack competitively both amine and carboxyl
groups. Evidently, adsorption of the substrate via a nitrogen
atom on the TiO, surface to form a surface complex may be
relevant for the formation of NO;™ ions.

Imidazole contains two heterocyclic nitrogen atoms and
pymrole which possesses only one nitrogen atom,; their photo-
oxidative conversion is shown in Fig. 6(a). For imidazole
the yield of NH; ions generated is two-fold greater than
NO; ions (49% versus 26% after about 8 h of illumination)
which begin to form only after a 2 h induction period at arate
slower than formation of ammonium ions (Table 1). To
ascertain that no NO; ion is derived from the oxidation of
NH_; we also carried out the oxidation of NH,Cl under oth-
erwise identical photocatalytic conditions as above. Only
about 4% of ammonium chloride is converted to NO; ions
after ~ 15 h [16]. Evidently the rate of this photo-oxidation
is relatively slower than those listed in Table 1.

The heterocyclic nitrogen atom in pyrrole is converted
predominantly to NH; ions in a f9% yield (Fig. 6(a)).
Formation of NO; ions also shows an induction period; the
yield is 17% after 8 h of irradiation. These results imply that
formation of NO; ions in the photo-oxidation of imidazole
may originates from the conversion of the nitrogen atom at
the 3-position, since the equivalent nitrogen in pyrrole (N at
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Fig. 6. (a) Time profile of concentration of NHy and NO5 ions for the
photo-degradation solutions (0.1 mM) of imidazole; ®, NH; ; O, NO5';
and pyrrole; A, NH; ; A, NO; . (b) The pH dependence of the formation
of NH; and NOj;" ions for the photodegradation of imidazole solution (0.1
mM) of pH 2: A, NH7 ; A, NO;; and pH 11: B, NHy ; O, NO; .

1-position in imidazole) is converted primarily toammonium
ions. Thus, the inference is that photoconversion of the two
nitrogen atoms in imidazole occurs via two pathways.

To clarify these two likely pathways, we examined the pH
dependence of the formation of NH;" and NO; ions in the
photo-oxidation of imidazole (Fig. 5(b)) atpH2 andpH 11;
HCl and NaOH solutions were used to prepare the solutions.
We first note that in the TiO, catalyst, the principal ampho-
teric surface functionality is the *titanol’” moiety, =Ti-OH.
Hydroxyl groups on the TiO, surface are known to undergo
the following acid-base equilibrium:

OH~ OH~

=Ti-OH; @ =Ti-OHe =Ti—0"~ (1

(acidic side) H*  (neutral) H* (alkaline side)

The extent of surface sorption c{ an eiectron donor to TiO,
particles plays an important role in the determination of the
photoreactivity [22]. The pH dependence of adsorption of
an organic substrate to the TiO, surface has been examined
by several workers [23]. On the acidic side (pH 2), imid-
azole is rapidly photodegraded and yield a greater quantity
of NH, ions than NO; ions ' .atio of ~6.4 to 1). At natural
pH (pH 7.8) the concentration of NO; ions formed in an
imidazole solution is three-fold greater than in acidic media
at pH 2 (see Fig. 6(a)).

Itis noteworthy that the concentration of NO;™ ions formed
at pH 11 is not very different from at pH 2. The nitrogen
moeity in the photoproduced intermediates of imidazole are
largely substituted by protons in acidic solution and thus may
favour production of NH; ions at the expense of NO; ions.
In alkaline media (pH 11), the smaller quantities of NH;
ions produced from the photo-oxidation of imidazole is due
to significant adsorption on the TiO; surface. To verify this
notion, when TiOQ, (100 mg) particles were added to the
NH,CI solution (0.1 mM/50 ml) at pH 11, 75% of ammo-
nium ions is adsorbed on the TiO, surface. Furthermore, a
few NH;" ions formed is converted to NH; gas in the photo-
degraded solution at pH 11.

Fig. 7 depicts the temporal variation of the fluorescence
intensity at 475 nm which is attributed to the presence of a

1

et
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Emission intensity (au)
o )
> a

Wavalength, 475 nm

0 1 2 3 4 5
Iradiation time (h)

Fig. 7. Increase of fluorescence of the primary amine (475 nm) vs. irradiation

time during the photodegradation of the imidazole solution (1 mM).
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primary amine moeity in the intermediate products formed
during the photodegradation of an imidazole solution (1
mM). No emission was seen at this wavelength before irra-
diation. Fluorescence imensity increased with irradiation
time until 3 h and then gradually decreased. This result
suggests that a primary amine is indeed produced and is
subsequently decomposed along the photo-oxidative miner-
alization of imidazole.

The variation of the {-potential of TiO, particles in illu-
minated imidazole solutions was determined by the electro-
phoretic method (Fig. 8). The dynamic change of the TiO,
surface potential in the photodegraded solution reflects the
changes in the electrostatic adsorption of imidazole on the
TiO, surface. Typically, the surface of the titania particles
becomes positively charged under UV illumination because
of the production of H* ions from the splitting of water [ 22].
The {-potential of TiO, in solution in the absence of imidazole
(pH 6.3) is rapidly shifted positive after about 1 h of irradi-
ation, following which it remains nearly constant between 3
mV to 8 mV. In the imidazole-containing system, the initial
{-potential is negative (about — 12 mV) in comparison with
the potential of the control solution (about —4 mV), which
are ascribed to the presence of imidazole in the solution (pH
7.8). the {-potential shifts to more positive potential on
increasing the irradiation time.

3.1. Mechanism of photodegradation of imidazole

The usefulness of assessing the electrostatic potential is
widely recognized for studying molecular structures and
interactions in various chemical systems [24]; it expresses
the coulombic interaction between the proton and the sub-
strate. The electrostatic potential at a point near the substrate
is the potential energy that a proton would have placed at that
point. If the potential energy is negative, the proton and the
substrate are attributed to each other; a positive potential
energy is repulsive. Fig. 9(a) and 9(b) show the electrostatic
potential of pyrrole and imidazole. The nitrogen in pyrrole
and the nitrogen at the 1-position in imidazole are surrounded

20

Zeta potential (mV)

10 A No imidazole
O With imidazole

(] 2 4 6
Irradiation time (h)
lfig. 8. The change of J-potential of TiO, particles against the irradiation
time for the photodegraded imidazole solution (1 mM) (03) and solution
without the imidazole (A).

by a large spread of positive potential, while the spread of
positive potential around the nitrogen at the 3-position is
smaller. There is a domain of negative potential near the
nitrogen at the 3-poition that indicates no interaction with a
proton. The surface of the titania particles is positively
charged under UV illumination for about 1 h (see Fig. 8).
The most negative side of the organic substrate should easily
approach the TiO, surface electrostatically. Thus approach
of imidazole to TiO, surface should be facilitated via the
nitrogen at the 3-position rather than the nitrogen at the 1-
position.

The reaction site of both pyrrole and imidazole can be
estimated by the frontier electrodensity; they are illustrated
in Fig. 9(c) and 9(d) (the values denote sites for radical
reaction). It is clear that the most reactive sites are the two
carbons at both the 2- and 5-positions in both heterocycles.
Thus, when pyrrole reacts with an "OH radical it will do so
either at the 2-carbon or at the 5-carbon position. Likewise
forimidazole, ‘OH radicals will most likely attack the carbons
at both the 2- and 5- positions.

The presently available data and the theoretical calcula-
tions of reactive sites permit us to postulate a tentative mech-
anism for the formation of NH; and NO; ions in the
photodegradation of imidazole, as described in Scheme 1. In
the first step, the imidazole molecule approaches the TiO,
surface from the side of nitrogen at the 3-position; subse-
quently "OH radicals attack the 2-carbon atom. Our results

(a)
Pyrrole \

N (@)

N O
1
\ o.7os<\s 70.552
4 3
N o0

0415

Fig. 9. The electrostatic potential maps of (a) pyrrole and (b) imidazole,
where the unit of the value cited is kJ mol~". Also shown are the frontier
electrodensity for (c) pyrrole and (d) imidazole.
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Scheme 1. The postulated pathway of formation of NH; and NO; ions in the photomineralization of imidazole.

are silent and do not preclude a pathway that implicates direct
hole oxidation of the imidazole ring to give the imidazole
cation radical (species 2); reaction with water may give inter-
mediate 3. Further attack by an "OH radical and subsequent
rapture of the C2-N bond produces an intermediate such as
(4). Continued oxidation then yields carbon dioxide and
some N-containing intermediates (6). The results illustrated
in Fig.2 for the photo-oxidation of succinimide and N-
hydroxysuccinimide suggest that conversion of nitrogen to
NOj ions likely occurs via a route that involves formation
of a hydroxylamino group. Additional oxidation of the latter
may yield first nitrite ions and then NO;" ions, by analogy
with the photodegradation of hydroxylamine (Fig.3) for
which NO; ions are formed almost exclusively. The fate of
the nitrogen at the 1-position is to give primary amines and/or
amide moieties that ultimately are transformed into ammo-
nium ions, by analogy with the decomposition of amiro acids
and butylamide (Fig. 1).

4. Conclusions

In TiO, photocatalyzed oxidations of nitrogen-containing
substances, formation of intermediates possessing a primary
amino group or an amide moiety leads predominantly to the
production of NH, ions. Nitrate ions are likely formed via
generation of hydroxylamino groups. The chemical structure
of the substrate influences the proportion of theses ions
formed. Adsorption of and/or the mode of access of sub-
strates to the TiQ, particle surface are also relevant factors to
consider in the ultimate formation of either NH; or NO;
ions.
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Appendix A

The electrostatic potential V{r) at a point r describes the
energy of the proton (+ 1 point charge) replaced near the
atom A; it can be calculated from Eq. (2) [25];

Viry= Z(r ra) .[l

where Z, denotes the nuclear charge of atom A, r, is the
position of atom A, and p(r') is the electron density function
at r’ which is expressed as the sum of the density function of
molecular orbitals. The first term in Eq. (2) is the contribu-
tion of the nucleus in atom A to the positive charge, and the
second term is the negative charge of the electron.

Frontier electron density calculations can reveal a reactive
site based on the electron distribution for a set of active
orbitals near the highest occupied molecular orbital
(HOMOs) and the lowest unoccupied molecular orbitals
(LUMOs) [26]. The frontier electron density f(x) inEq. (3)
is the weighted sum of the squares of the molecular coeffi-
cients, and is weighted by the difference in energy from either
the HOMO or LUMO frontier orbital.

P(fl "

(2)
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N
) Z Vj‘ﬁj(x)ze—A(equo-)

f(x)=22 =

z l,j(x)ze--A(c'u(wl(‘)-)
j=1

ﬁ (2_ Vj) (ﬁj(x)ze-A(Ql.UMO"ej)

V=
+5] l 2(2_ v.)e—)«(el.uuo—ej) (3)
J
i=1

where A is a number indicating the type of reaction; 0 for an
electrophilic reaction, 1 for a radical reaction, and 2 for a
nucleophilic reaction; N is the total number of orbitals; V; is
the number of electrons in orbital j which is usually 0, 1 or
2; () is the coefficient of orbital j at point x, and ¢; is the
energy of orbital, respectively.

References

[1] G. Mills and M.R. Hoffmann, Environ. Sci. Technol., 27 (1993) 1681.

[2) C. Minero, E. Pelizzetti, S. Malato and J. Blanco, Chemosphere, 26
(1993) 2103.

[3] D.W. Bahnemann, C. Kormann and M.R. Hoffmann, J. Phys. Ckem.,
91 (1987) 3789.

[4] (a) H. Hidaka, H. Jou, K. Nohara and J. Zhao, Chemosphere, 25
(1992) 1589. (b) H. Hidaka, K. Nohara, J. Zhao, N. Serpone and E.
Pelizzetti, J. Phoiochem. Photobiol. A: Chem., 64 (1992) 247.

[5] (a) H. Hidaka, K. Nohara, K. Ooishi, J. Zhao, N. Serpone and E.
Pelizzetti, Chemosphere, 29 (1994) 2619. (b) H. Hidaka, J. Zhao, E.
Pelizzenti and N. Serpone, J. Phys. Chem., 96 (1992) 226.

(6] (a) C.K. Gratzel, M. Jirousek and M. Gratzel,, J. Mol. Catal., 39
(1987) 347. (b) H. Hidaka, J. Zhao, Y. Satoh, K. Nohara, E. Pelizzetti
and N. Serpone, J. Mol. Catal., 88 (1990) 239.

[7) D. Bahnemann, J. Cunningham, M.A. Fox, E. Pelizzetti, P. Pichat and
N. Serpone, in D. Crosby, G. Helz, R. Zepp (eds. ), Aquatic and Surface
Photochemistry, Lewis Publishers, Boca Raton, FL, 1993, pp. 261~
316.

[8) (a) C. Maillard, C. Guillard, P. Pichat and M.A. Fox, New J. Chem.,
16 (1992) 821. (b) C. Maillard-Dupuy, C. Guillard, H. Caurbon and
P. Pichat; Environ. Sci. Technol., 28 (1994) 2176. (¢) J-C. D’Oliveira,
C. Guillard, C. Maillard and P. Pichat, J. Environ. Sci. Health, A28
(4) (1993) 941.

(91 R.W. Matthews, J. Chem. Soc. Faraday Trans. 1, 85 (6) (1989) 1291.
{10] (a) E. Pellizzetti, C. Minero, V. Carlin, M. Vincenti and E. Pramauro,
Chemosphere, 29 (1992) 891. (b) E. Pelizzeti, C. Minero, P. Piccinini
and M. Vincenti, Coord. Chem. Rev., 125 (1993) 183. (c¢) E.
Pelizzetti, V. Maurino, C. Minero, V. Carlin, E. Pramauro, O. Zerbinati

and MLL. Tosato, Environ. Sci. Technol., 24 (1990) 1559.

{11] V. Augugliaro, G. Marci, L. Palmisano, E. Pramauro and A. Bianco-
Prevot, Res. Chem. Intermed., 19 (1993) 839.

[12] Y. Oosawa, J. Phys. Chem., 88 (1984) 3069.

[13] H. Yoneyama, H. Shiota and H. Tamura, Bull. Chem. Soc. Jpn., 54
(1981) 1308.

[14] H. Mozzanega, J.M. Herrmann and P. Pichat, J. Phys. Chem., 83
(1979) 2251.

[15] (a) GK.-C. Low, S.R. McEvoy and R.W. Matthzws, Environ. Sci.
Technol., 25 (1991) 460. (b} G.K.-C. Low, S.R. McEvoy and R.W.
Matthews, Chemosphere, 19 (1989) 1611.

[16] (a) H. Hidaka, K. Nohara, Z. Zhao, K. Takashima, E. Pelizzetti and
N. Serpone, New J. Chem., 18 (1994) 541. (b) H. Hidaka, K. Nohara,
J. Zhao, E. Pelizzetti and N. Serpone, J. Photochem. Photobiol A;
Chem., 91 (1995) 145. (c} H. Hidaka, K. Nohara, Z. Zhao, E.
Pelizzetti and N. Serpone, C. Guillard and P. Pichat, J. Adv. Oxid.
Technol., 1 (1996) 21.

[17] M.A. Fox and M.T. Dulay, Chem. Rev., 93 (1993) 341.

{18] (a) J.V. Castell, M. Cervera and R. Marco, Asial. Biochem., 99 (1979)
379. (b) M. Weigele, S.L. DeBernardo, J.P. Tengi and W. Leimgruber,
J. Am. Chem. Soc., 94 (1972) 5927.

[19] ). Zhao, H. Hidaka, A. Takamura, E. Pelizzetti and N. Serpone,
Langmuir, 9 (1993) 1646.

[20] M.A. Fox and M.J. Chen, J. Am. Chem. Soc., 105 (1983) 4497.

[21] K. Waki, L. Wang, K. Nohara and H. Hidaka, J. Mol. Catal. A: Chem.,
95 (1995) 53.

[22] (a) M.R. Hoffmann, S.T. Martin, W. Choi and D.W. Bahnemann,
Chem. Rev., 95 (1995) 69. (b) J. Augustinski, Struct. Bonding, 69
(1988) 1.

[23] B. Siffert and J.M. Metzger, Collcids Surf., 53 (1991) 79.

[24] (a) P. Polizer and D.G. Truhlar (eds.), Chemical Applications of
atomic and Molecular elecirostatic potentials, Plenum Press, New
York, 1981. (b) S.D. Kahn and W.J. Hehre, J. Am. Chem. Soc., 109
(1987) 666. (c) O. Kikuchi, J. Mol. Struct. (Theochem.), 138 (1986)
121.

[25] (a) O. Kikuchi, H. Nakajima, K. Horikoshi and O. Takahashi, J. Mol.
Struct. (Theochem.), 285 (1993) 57. (b) P. Polizer, L. Abrahmsen and
P. Sjoberg, J. Am. Chem. Soc., 106 (1984) 855.

[26] (a) K. Fukui, T. Yonezawa, C. Nagata and H. Shingu, J. Chem. Phys.,
11 (1953) 1433. (b) S.D. Kahn, CF. Pau, L.E. Overman and W.J.
Hehre, J. Am. Chem, Soc., 108 (1986) 7381i.



