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Nitrogen containing compounds like amides and amines strongly inhibit the photocatalysed

reactions of alcohols on zinc oxide.

The amides form stable surface complexes with zinc oxide

which may be responsible for the inactivation while the amines trap the free radicals responsible

for the propagation of the reaction.

Based on these observations it is proposed that there are two

distinct processes in the photocatalysed reactions ; the heterogeneous process, taking place on the
surface of the catalyst, which initiates the reaction and the homogeneous process which propagates

the reaction.

of alcohols on oxide catalysts has not been

extensively investigated. It is known that
the dehydrogenation of isopropanol on irradiated
zinc oxide proceeds through free radicalsl:2.
Detailed studies on this system revealed that
oxygen is essential for the process®. The reaction
rate was enhanced by increase in polarity of the
solvent3. However, the reaction is found to proceed
very slowly in solvents like formamide in spite of
their higher dielectric constants. Hence a detziled
investigation of the effect of various amides and
other nitrogen containing compounds like amines
on the photocatalysed reactions is undertaken
employing the photodehydrogenation of benzyl
alcohol as the test reaction. Results are presented
in terms of the hydrogen peroxide formed in
presence of various nitrogen containing com-
pounds. The present work is chiefly concerned
with the production of H,0, from hydrogen con-
taining compounds because of its importance as a
possible means of storing solar energy in the form
of chemical energy?.

Materials and Methods

A Hanovia high p-essure quartz mercury arc was
used as the ‘ight sou-ce. Radiations above 3800
A are not absorbed by Z10 as is revealed by its
reflectance spectrum. The lamp is mouated hori-
zontally above a m=chnical shaker and provided
with an aluminium foil shide to reflect the light
downwards. The intensity of the lamp was
measured by b2nzoph=none-benzhydrol actinometry®
and found to be 2-5x107% einsteins litre™ sec™.
The reaction vessel consisted of a pyrex tube with
an opening for introducing the solids and liquids
and a small side tube for bubbling gases. This was
provided with an outer jacket through which water
at the desired temperature was circulated. Citalyst
(0-35 g), observed to be the critical amount, and
the liquid (30 ml) under investigation were taken

THE mechanism of photocatalysed reactions
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A mechanism consistent with the observations is proposed and discussed.

in the reaction vessel which was then clamped to
the platform of the mechanical shaker and shaken
throughout the experiments. Samples were re-
moved from the tube at various intervals and
analysed. H,0, was estimated by iodometryl.
Other products have been identified as benzaldehyde
and toluene by gas chromatography.

All the chemicals were purified by standard
methods. The purity was confirmed by gas chroma-
tography in the case of liquids and by melting points
in the case of solids.

Infrared spectra were recorded either in thin
films in the case of liquid or in KBr matrix in the
case of solids on a Perkin-Elmer 257 spectrometer.

Results and Discussion

The reactions of benzyl alcohol on a zinc oxide
catalyst irradiated at 3650 A were carried out in
acetonitrile solvent. The reaction does not proceed
when the sample is irradiated in the absence
of oxygen and also when treated with oxygen in
the absence of irradiation, suggesting that both
light and oxygen are essential for the reaction®s,
Under identical conditions of irradiation and oxygen
concentration the reaction is very slow in an amide
solvent. A few observations were made with the
amides present in the system as another solute.
The effect of various concentrations of formamide
on the reaction is shown in Fig. 1. It is seen that
the rate of formation of H,O, is not affected by
formamide at lower concentrations (< 0-2M). At
concentrations of the amide > 0-5M the inhibition
reaches a limiting value. Substitution of hydrogen
on the nitrogen atom by electron releasing groups
like —CHj3, —C,Hj, etc., enhances the efficiency of
inhibition while groups like—C4H, which are electron
withdrawing lower the efficiency. The effect of
hydrogen attached to the carbon on the inhibition
was also studied. Acetamide is slightly more effec-
tive than formamide while benzamide and urea do
not have any significant effect. A comparative
study of the effect of various amides on the reactions
of benzyl alcohol is given in Fig. 2.
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Fig. 2 — Effect of different amides on the photoreaction of
benzyl alcohol on ZnO

This inhibition by amide can be due to its effect
either on the process at the surface of zinc oxide
or on that in the homogeneous liquid phase. To
see which of these possibilities is more likely a few
observations were made with samples of zinc oxide
which were soaked in the amides, irradiated, filtered
and then used for the reactions. If the amides are
affecting the surface activity of the catalyst the
rate of reaction would be expected to be less in this
case. The results presented in Fig. 3 suggest that
the pretreated catalyst is less active than the fresh
sample. It is also not just the removal of adsorbed
oxygen since this sample of zinc oxide could not
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regein its original activity even on treatment with
oxygen at 100° for 1 hr. This shows conclusively
thet due to the irradiation of zinc oxide in contact
with the amides a permanent charge is brought
about in the zinc oxide.

Infrared spectra of zinc oxide samples, which
were irradiated in the presence of amides showed
that the amides remain strongly adsorbed on the
zinc oxide surface. 'When compared with the spectra
of pure amides, it is seen that except in the case of
urea, benzamide and N,N-diphenylformamide the
vC=0 is lower for the amides adsorbed on the surface
(Table 1). Other frequencies are all identical for
the pure as well as the adsorbed amides. This shows
that the amides form complexes with zinc oxide
through the oxygen of C=0. On irradiation of
zinc oxide some of the electrons are promoted from
the valence band to the conduction band and are
taken up by the adsorbed oxygen resulting in Os.
Now the zinc oxide is left electron deficient and the
amides get strongly adsorbed or bonded by donating
electrorns through the oxygen.

The spectrum of zinc oxide semple irradiated in
the presence of urea shows that urea does not get
adsorbed at all. But other amides even without
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irradiation get weakly adsorbed. If the ZnO samples
are not irradiated in contact with the amides the
spectral bands disappear completely on washing
the ZnO with the solvent while this is not the case
with the irradiated samples. The inability of benz-
amide and urea to form complexes and their
inefficiency to inhibit the reaction concerned, suggest
a correlation between the two processes. The
efficiency of each amide as an inhibitor can be seen
from the data in Table 2.

The effect of dielectric constant of the medium
on the inhibition by amides was tested by carrying
out reactions in a nonpolar solvent like cyclohexane.
The results are plotted in Fig. 4. Previous studies?
have shown that the amount of H,0, formed in
cyclohexane increases and then decreases and again
increases with time of irradiation. This oscillation
in the concentration of H,0, is there even in the
presence of amides, but to a lesser extent. (The role
of inhibitors on the phenomernon of oscillation will be
dealt with in detail in a separate paper.) However,
the extent of inhibition is less compared to that in
acetonitrile. This supports the suggestion that the in-
hibition involves a polar intermediate or the transfer
of electrons since a polar solvent enhances the process.

Infrared studies of nitrogenous residues by
Markham et al.?8 revealed that formamide in water,
when irradiated over zinc oxide, gives rise to a
cvanate species which remains strongly adsorbed
on the surface and causes the inhibition. In the
studies reported here, with acetonitrile as the
solvent, all the bands characteristic of the amide
under consideration were present on the zinc oxide
even after irradiation, except the shift in vC=0.
Hence it is the zmide itself by forming a complex
with zinc oxide and not uny species formed from

it that is responsible for the observed inhibition in

acctonitrile. The amides exclude the alcohol mole-
cules from interacting with most of the zinc oxide
surface. A part of the surface may still be left
behind unoccupied by the amide, as is evident from
the low but significant rate of reaction even In its
presence. This is further confirmed by the obser-
vations presented in Fig. 5 which show the effect
of addition of amides to the system during the course
of the reaction. It is expected that the reaction
should change to a lower rate of conversion from the
point of addition since the amides should be capable

TABLE 2 -— AMouNT oF H,0, FORMED AT THE END OF
4 HouRs OF IRRADIATION IN THE PRESENCE OF
VARIOUS AMIDES

(Weight of ZnO=0-35 g; solvent: CH,CN; temp.: 28°;
vol. of solution: 30 ml; concentration of the amide: 0-5M)

Amide Amount

of H,0,

formed

(mmole

litre1)
Nil 13-5
N,N-Diphenylformamide 13-2
Urea 140
Benzamide 11-5
Formamide 8-7
Acetamide 8-0
N,N-Diethylformamide 3-8

of displecing the alcohol from the surface. The
experimental findings also agree with this assumption.

The donation of electrons by the amides and hence
the complex formation will be facilitated by the
presence of electron releasing groups either on the
nitrogen or on the C of the C=0. This will explain
the high inhibitirg efficiency of diethylformzmide. In
this case the complex formed may be of the type (I).
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Fig. 4 — Effect of different amides on the photoreaction of
benzyl alcohol in the presence of cyclohexane
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Fig. 5 — Effect of the addition of different amides during the
courseof the photoreaction of benzyl alcohol (addition after 2 hr)
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Due to steric factors, one molecule of the amide
itself may make many active sites on zinc oxide in-
accessible to the alcohol. However, in benzamide and
N,N-diphenylformamide, due to structural factors,
the electrons are not that easily available for coordi-
nation with the catalyst and hence its inefficiency.

To see whether the inhibition is characteristic
of all nitrogenous compounds or of only those con-
taining —C=0 groups a few observations were
made in the presence of amines. The results ob-
tained in the presence of various amines, in aceto-
nitrile are plotted in Fig. 6. The amount of H,0O,
formed in the presence of 3,5-ditertiarybutyl-4-
methylphenol (DMP) is also plotted. The very
much lower rate in the presence of this well known
free radical inhibitor shows that the reaction
proceeds through free radicals. The effect of all
the amines remain the same irrespective of their
structure suggesting that the mechanism of inhibition
is similar. Diphenylamine (DPA) which is one of
the inhibitors used here is a well known inhibitor
for heterogeneously initiated liquid phase oxidation
of hydrocarbons® which proceed through free
radicals, Hence the inhibition by all the amines
may be by quenching the free radicals that are res-
ponsible for the reaction and not by affecting the
activity of zinc oxide. This is confirmed by the
observation that zinc oxide samples irradiated with
the amines, filtered and then used for the reaction
are as active as pure zinc oxide. Amines have been
reported to act as poisons on oxide surfaces?®.
But from infrared spectral data it is seen
that the amines fail to get adsorbed on zinc oxide,
in the presence of the alcohol (the spectra were iden-
tical for the zinc oxide samples irradiated with and
without the amines) and hence the inhibition is due
neither to the poisoning of the 'surface nor to any
complex formation, Table 3 summarizes the results
in the presence of various amines.
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Fig. 6 — Effect of different amines and 3,5-di-t-butyl-4-
methylphenol {DMP) on the photoreaction of benzyl alcohol
on ZnO
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TapLe 3 — Amount oF H,0, ForRMED AT THE END OF

4 HoUurs oF IRRADIATION IN THE PRESENCE OF
VARIOUS AMINES

(Weight of ZnO=0-35 y; solvent: CH,CN; temp.: 28°;
vol. of solution: 30 ml; concentration of the amine: 0-1M)

Amine Amount

of H,0,

(mmole

litre1)

Nil 13-5
Aniline 65
N-Methylaniline 6-1
Diphenylamine 61

However, higher concentrations of these amines
could not be used, since they themselves undergo
photoreaction to give different products. For
example, aniline gives azobenzene (detected spectro-
photometrically) while N,N-dimethylaniline (not
used here because of its high reactivity) gives
crystal violet.

In order to investigate the effect of dielectric
constant of the medium on the nature as well as the
extent of inhibition by the amines a few experiments
were carried out in a nonpolar solvent like cyclo-
hexane. The extent of inhibition by all the amines
is more or less the same (Fig. 7). But DMP which
was a more efficient inhibitor than the amines in
acetonitrile is only as effective as the latter in
cyclohexane. The oscillation in the concentration
of H,0, is also suppressed by the amines. This
might be due to the fact that the amount of H,0,
formed in the presence of amines is much less than
the optimum concentration required for the oscilla-
tion1l. Also the extent of inhibition is not much
different in the two solvents and hence it is unlikely
that it is a process involving transfer of electrons
or charged species.
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Fig. 7 — Effect of different amines and DMP on the photo-
reaction of benzyl alcohol on ZnO in cyclohexane
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Surface reaction

365 nm
ZnO —>(ZnO)* 4-¢ (1)
0,(ads) +e——>03 (ads) ...(2)
RH{ads)+ 03 (ads)——R-(ads)-- HOj; (ads) . (3)
R-(ads)—— aldechyde or ketone+-H- (ads) ... (4)
H-(ads) + HOz(ads)— H,0,+-¢ ...(8)
(ZnO)*+e—> ZnO ...(6)
{(RH =alcohol)

Homogeneous rveaction

H-+0, (in solution)—> HO; A7)
HO; +HO—— H,0,+0, ...(8)
R +HOj—— aldehyde or ketone-+H,O, ...(9)
R+ 0,—RO; ...(10)
RO;+RH-——>RO,H+ R’ (1)
RO,H-——aldehyde or ketone-+H,0, ...(12)

Scheme 1

In the light of these observations a mechanism,
shown in Scheme 1 can be proposed for the photo-
catalysel reactions of alcohols on zinc oxide.

Adsorbed oxygen may be responsible for the
surface processes, which is the initiating step, while
dissolved oxygen is responsible for the propagation
of the reaction. The observation that in deaerated
solutions as well as on zinc oxide deprived of any
adsorbed oxygen, the reaction is very slow® confirms
the necessity of both types of oxygen species.

The amides inhibit the reaction by interacting
with the catalyst surface and thus the initiation
reaction which is exclusively heterogeneous in nature
is suppressed. The small extent of reaction may
be either due to the incomplete coverage of the zinc
oxide surface by the amides or due to the low
cfficiency of the zinc oxide-amide complex as a
photocatalyst. The amines probably interact with
the radicals in the homogeneous phase either produc-
ing undesired products or changing the course of the
reaction. For example, in the presence of aniline the
reaction may procced as shown in Scheme 2,

R+ CyH,NH,—»RH 4 C,H,NH ...(13)
CoHNH - C,H,NH — >C,H,NHNHC,H, ...(14)
CeHNHNHC Hy—CyH N =NC,H, + H, . (13)

Scheme 2

resulting in azobenzene and not the aldehyle [rom
the alcohol as expected.

The results for the formation of H,0, in the pre-
sence of amides, amines and a combination of the
two are given in Table 4.

TABLE 4 - AMouNT oF H,0, FORMED AT THE END OF
4 Hours OF IRRADIATION IN THE PRESENCE OF ANILINE,
N,N-DIETHYLFORMAMIDE AND A COMBINATION OF THE Two

(Weight of ZnO=0-35 g; solvent: CH,CN; temp. 28°C;
vol. of solution: 30 ml)

Nitrogen containing compound Amount

of H,0,

{(mmole

litre=2)
Nil 13:5
N,N-Diethylformamide (DEF) (0-5M) 3-8
Aniline (0-1M) 6-5
DEF (0-5M)+- Aniline (0-1M) 05

The suggestion that the amides and the amines
act as inhibitors by influencing two different
processes is further supported by the observation
that a mixture of N,N-diethylformamide and aniline
could inhibit the reaction almost completely, which
either of them could not do independently.

Acknowledgement

The authors wish to record their sincere thanks
to Prof. M. C. Markham, St Joseph College, West
Hartford, Connecticut, USA, for several very
illuminating discussions. The authors are grateful
to the National Science Foundation, USA, for
financial assistance.

References

1. Kuriacosg, J. C. & Markuam, M. C., J. Catalysis, 1
(1962), 498.

2. IkEgkawa, A., Kamiva, M., Fujita, Y. & Kwan, T,
Bull. chem. Soc. Japan, 38 (1965), 32.

3. YEsopHARAN, E. P., RAMAKRISHNAN, V. & KURIACOSE,
J. C., Paper presented at the II National Symposium
on Catalysis held at IIT, Khavagpur, 1975.

4. ARCHER, M. D. Photochemistry: Vol. VI—Specialist perio-
dical veports (Chemical Society, London), 1975, 739.

5. Murov, S. L., Handbook of photochemistry (Marcel Dekker,
New York), 1973, 125.

6. YESODHARAN, E. P., RAMAKRISHNAN, V. & KURIACOSE,
J. C., Proc. V Ibero American Symposium on Calalysis,
Lisbon, 1976, in press.

7. MarkHAM, M. C., Kuriacosg, J. C.,, DE Marco, J. &
Giaguinto, C., J. phys. Chem., 66 (1962), 932.

8. NERGARARIAN, A. & MaRrRkHAM, M. C., J. thys. Chem.,
67 (1963), 2679.

9. GOROKHOVATSKY, YA. B., Proc. V International Congress
on Catalysis, Vol. 2 (North Holland, Amsterdam),
1973, 879.

10. KnozINGER, H., Adv. in Cat., 25 (1976), 184.
11. YEsopHARAN, E. P., RAMAKRISHNAN, V. & KURIACOSE,
J. C., unpublished data.

879





