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The simultaneous admission of nitrous oxide and the vapor of a primary or secondary
alcohol at room temperature to ZnO or TiO, (rutile) samples, whose surfaces were prereduced by
thermally outgassing in vacuo for 16 hr at 673 K, produced a doubling or trebling of the yield
of nitrogen product relative to that observed with N,O alone. The effect is attributed to
dissociative electron attachment to N;0O, yielding O~ intermediates at the interface which then
abstracted an a-hydrogen from primary or secondary aleohol and produced a second surface
intermediate capable of reacting with other N;O molecules. This sequence of events did not
occur with tertiary alcohol at the nonilluminated metal oxide surfaces but 2-methyl-propan-
2-o0l was observed to undergo continuing photocatalyzed dehydration at ZnO or TiO; surfaces
excited by photons of A = 340 — 640 nm. Continuing photodehydration was not observed
with primary or secondary alcohols and the difference is explained in part by the greater
stability of the cation formed from the tertiary alechol through localization of a photogenerated
hole and in part by the availability of another channel for photooxidation of the primary and
secondary alcohols, viz. dehydrogenation. Photodehydrogenated products were observed from
primary and secondary alcohols but in limited yields which were comparable to attainable
levels of alcohol adsorption. The limitation on the extent of photodehydrogenation in the
absence of an oxidizing gas would be understood on the basis that each surface O~ site was

rendered inactive following one hole-capture-plus-dehydrogenation event.

INTRODUCTION

Earlier papers in this series considered
one-electron transfer from semiconducting
ZnO or TiO, to adsorbed N;O molecules,
both in terms of indirect electron transfer
based on collective-electron Band Theory
models and in terms of direct electron
transfer from isolated electron-donating
active sites on the ZnO or TiO, surfaces
(I-4).

The present study explores the possibil-
ities of utilizing adsorbed aliphatie alcohols
as surface probes in analagous fashion to
N0, but for the detection of electronic
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holes at ZnO or TiO. surfaces. Other
workers have claimed that primary and
secondary alcohols can be reactive toward
electronic holes at ZnO surfaces, either via
valence band interaction (5, 6) or after
hole capture by surface hydroxyls (7-9),
and such processes would respectively be
equivalent to indirect and direct hole
transfer. The experimental conditions se-
lected to examine the possibility of such
direct or indirect hole transfers at ZnO
or TiO, surfaces in the present study
involved photogeneration of electronic holes
by uv illunimation of alcohol/metal oxide
interfaces. Since these metal oxides each
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exhibit n-type semiconductivity and band
gaps of ca. 3.1 eV (10-11), illumination
by photons of energies greater than the
band gap (e.g., photons of A > 300 nm
with energies <4.1 eV or photons of
A = 254 nm with energies 4.9 eV) should
serve to produce photostationary hole
concentrations, p* much greater than
the very low holc concentrations, p, which
would exist in these materials at room
temperature in conditions of thermal
equilibrium.

Direct or indirect interaction of adsorbed
alcohol with electronic holes at uv-illu-
minated surfaces of ZnO or TiO, should
yield oxidized products, such as corre-
sponding ketones or aldehydes from selec-
tive photooxidation. The heterogeneously
catalyzed photodehydrogenation of alcohols
has been reported by many workers in the
presence of molecular oxygen as oxidant
(7-9, 12, 13). Photodehydrogenation of
propan-2-ol to acctone has been particularly
widely studied and various workers have
interpreted their results in terms of direet
hole transfer involving initially the capture
of photogenerated holes by surface hydrox-
yls while adsorbed molecular oxygen acts
as the electron trap (7, 9). This type of
photocatalyzed ‘redox” process on the
metal oxide catalyst should also be possible
between aleohols and other electron-attach-
ing molecules, such as N0, adsorbed on
the metal oxide surface. The present study
therefore also examines the advantages
and disadvantages of utilizing N,O as
an alternative oxidant for photocatalyzed
oxidation of aleohols on ZnO and TiO, at
room temperature. Possible advantages
include the well-established reactivity of
N.O toward one-electron reduction (1, 4,
14) and the lack of significant reactivity
toward OH-radicals (15), plus the probabil-
ity that dissociative electron attachment
via Reaction (1)

N2O(a,ls) _e_‘) N2O(uds)* - N2(y) + ()(ads)_‘
(1)

produces O~ as a well-defined oxygen
intermediate (16) with selective reactivity
toward primary and secondary alcohols
(17-19). Thus Warman (17, 18) postulated
that when N,O was used as a source of
O~ species in homogeneous gas-phase mix-
tures of (N0 + alcohol) under irradiation,
reactions (2a) and (2b) occur as secondary
reactions in the presence of primary and
secondary aliphatic aleohols but not with
tertiary alcohol.

O+ ROH - (X + V)~ (2a)
(X 4+ V)~ 4+ mN,0 — mN. + (products).
(2b)

According to this scheme, the occurrence
of O~ as an intermediate in appropriate
(N0 4+ alecohol) mixtures should yield
added dissociation of N20O to N,. Although
Warman did not positively identify the
ionic intermediate, (X 4 Y)~, subsequent
studies on homogeneous liquid systems by
pulse radiolysis techniques have demon-
strated that selective abstraction of the
hydrogen atom in the a-position relative
to the aleoholic —OH group is the dominant
reaction pathway of O~ toward primary
and secondary aleohols (19).

The foregoing paragraphs emphasize
the roles of intermediates and reactions
initiated by one-electron-transfer processes
in alcohol systems under irradiation and
their possible 1mportance for photocat-
alyzed oxidation of (N,0 -+ aleohol) mix-
tures over metal oxide surfaces. The
oceurrence of one-electron-transfer proces-
ses involving molecules adsorbed on
surfaces of ZnO and TiO, is supported by
published results of KSR (20-24) and
related studies (4). However, it is important
to keep in mind that, in the absence of
irradiation, metal oxide surfaces are also
widely reported to exhibit Brgnsted or
Lewis acid-base characteristics in their
interaction with alcohols or related organic
molecules (25-27). Consequently, acid-base
type interactions with the surface may also
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be important, e.g., in determining the
nature and extent of alecohol adsorption.
Since it appeared from previous studies
that prolonged outgassing of ZnO in vacuo
at 623-673 K sufficed to reduce residual
hydroxyls and any Brgnsted activity to
low levels (3, 4, 28), this pretreatment was
adopted as standard for all the samples
used in the present study, with a view to
characterizing photocatalyzed reaction on
“initially dehydroxylated” surfaces. An
important role of Lewis acid-base-type
interactions at appropriate surface sites,
such as coordinatively unsaturated (cus)
metal-ion or oxygen-ion sites, can be
expected between alcohol and dehydroxy-
lated surfaces in the absence of irradiation.
Results of the present study will indicate,
however, that one-electron localization/
delocalization effects produced at the
interfaces by uv illumination can indirectly
influence the effective Lewis acid-base
character of the metal oxide surfaces and
hence modify their activity for alcohol
dehydration.

EXPERIMENTAL

Materials

Powdered, high-purity metal oxides were
identical to the ZnO (SP500) and TiO,
(Rutile MR-128) used in previous studies
and were obtained by courtesy of New
Jersey Zinc Co. Thin polyerystalline layers
on quartz tubing were prepared and
dehydroxylated in wvacuo at 673 K, as
previously described (4). Analar reagent
grade aleohols were dried over freshly
dehydrated molecular sieve and purified
by trap-to-trap distillations, except for
anhydrous C;D;0D or (CD;);CDOD which
were used as supplied by Stohler Isotopes.
High purity nitrous oxide, or oxygen
(BOC Grade X), were used as obtained.

Adsorption

Since it was known from previous studies
that ZnO or TiO, surfaces outgassed in

vacuo for 16 hr at 673 K contained a
limited number of reactive metal-excess
surface centers, it was necessary in the
present study to examine the initial interac-
tion of the alecohol alone and of nitrous
oxide alone with such reduced surfaces
prior to examining surface interactions of
premixed (alcohol 4+ N;O) mixtures. Ex-
tent of room temperature adsorption of
individual components onto prereduced
samples was measured with a vacuum
microbalance (Sartorius Model No. 4102).
Electron spin resonance spectrometers with
capability for maintaining prereduced
samples at 77 K (Decca X-1 or Varian T2
spectrometers) were utilized to observe
effects of alcohol upon ESR spectra of
paramagnetic metal excess centers on the
ZnO or TiO, surfaces.

Gaseous Product Formation over Nonillu-
mated Samples

Observations on the gas phase above
nonilluminated samples were made with
the closed quartz reactor and associated
greaseless high-vacuum system schematic-
ally depicted in Fig. 1A. Usually products
were monitored only from room tempera-
ture interactions of alcohols and/or ni-
trous oxide with a metal oxide sample
previously activated for 16 hr in vacuo at
673 K. Products noncondensable (n.c.)
at 77 K were measured with Pirani or
ionization gauges and identified with a
CEC type 21-620A mass spectrometer
during periodic freezing out of reactants
into a trap at 77 K. Condensable products
were monitored through mass spectral
analysis of the condensable gases. Since
such measurements could only monitor
growth of those products which desorbed
from the catalyst surface at room temper-
ature, some catalyst samples, which had
been exposed to alcohol and/or nitrous
oxide at room temperature, were then
heated in wvacuo by 50 K increments to
673 K, during which time measurements
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Fig. 1. Vacuum systems for study of gaseous products evolved from interfaces of ZnO and
TiO, with N,O and/or aliphatic alcohols: (A) Static reactor with: pumping line, P; gas handling
line, Li; Pirani gauge, G; variable leak valve, V; metal valves, M ; cold fingers, C; and metal oxide
sample, M.O. (B) Dynamic reactor with: inlet leak valve, I; metal oxide layer, M.O.; stainless-
steel tubing, E; glass-walled photoreactor, C; Micromass 6 mass analyzer, M.A.; pressure gauge,

B; and ion pump, 1.P.

were made on the pressure and mass
spectra of gases thermally desorbed over
each 50 K increment.

Photoassisted Surface Reactions

Interfaces between metal oxide sample
and aleohol or (alechol + N:0) mixtures,
which had completed the fast ‘‘dark
reaction” characteristic of initial 0.5-hr
contact times with prereduced surfaces,
were then exposed to continuous uv
illumination at low intensity in order to
observe any additional photoassisted reac-
tions on the surface. Low wattage mercury-
arc lamps were used for continuous uv
illumination, viz. a Hanau 150-W medium-
pressure burner fitted with a Pyrex
water-cooled jacket when illumination at
A > 300 nm was desired or a Hanau 15-W
low-pressure burner when photons mainly
at 254 nm were required and gas phase
pressure of reactants was sufficiently low
to avoid significant gas phase absorption
and photolysis. Lamp configuration within
an MgO-coated cavity was such as to
maximize the percentage of lamp output
reflected onto the sample, but temperature

rise at the samples was less than 10 K in
all cases. Such temperature rises, when
induced thermally, did not significantly
disturb the equilibria reached in the
absence of uv illumination. Growth of
any product which desorbed into the gas
phase at room temperature under con-
tinuous illumination was followed and
analyzed over periods of illumination up
to 6 hr in the same system as employed for
dark reaction. Photon flux at the sample
position was determined by calibration
with potassium ferrioxalate actionometer.
Results obtained at uv illuminated inter-
faces are indicated by use of an asterisk,
e.g. (CH;),CHOH/TiO.* Release of photo-
products from such interfaces at very low
pressures, ca. 107 N m™2, was studied
with the dynamie flow photoreactor shown
in Fig. 1B.

RESULTS: SECTION A—INTERACTIONS ON
NONILLUMINATED SURFACES

A.1. Adsorption
Table 1 summarizes adsorption data

derived from weight increases measured
with the vacuum microbalance for 300-mg
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TABLE 1

Pseudoequilibrium Values for Room Temperature Adsorption on Prereduced ZnO and TiO.
(Expressed as Molecules per m? of Oxide Surface at Indicated Pressures)

Metal-oxide /gas Pressure Type of
adsorption
026 N m™? 13N m— 133 N m™ 10: N m—2
Zn0/(CH;).CHOH — 2 X101 2.3 X 1018 2.6 X 1018 Total
ZnO/(CH;),;CHOH — 2 X107 3.1 X 107 3.8 X 1017 Reversible
TiO,/(CH;).CHOH — 1.7 X 1018 2.1 X 1018 — Total
Ti0,/{(CH;):CHOH — 3.8 X 10v7 4.6 X 10V — Reversible
Zn0/(CH;);COH — 1.6 X 108 2.1 X 108 2.4 X 1018 Total
Zn0/(CH;);COH — 1.7 X 107 2 X 10v 3.6 X 107 Reversible
Ti0./ (CH,);COH — 2.2 X 108 2.9 X 10 2.4 X 1018 Total
TiO,/(CH3);COH — 2.8 X 107 5.6 X 10 1018 Reversible
Zn0/CH;CH,0H 2.6 X 10 1.3 X 10 — — Total
Zn0Q/CH,;CH,0H 2.6 X 101 1.3 X 1017 — — Reversible
TiO,/CH,;CH.,OH 3.9 X 107 5.0 X 107 6.7 X 10V — Total
TiO;/CH;CH,OH 3.3 X 10V 3.8 X 10v7 — — Reversible
TiO./N.0 — — 3.6 X 107 1.1 X 108 Total
TiO./N.0 — — 1.6 X 10V 6.5 X 107 Reversible

samples of prereduced ZnO or TiO. after
1800-sec exposure to constant equilibrium
vapor pressure of the indicated aleohol.
Constant pressures were maintained by
immersing reservoirs of the purified and
outgassed alcohols in appropriate refrig-
erated constant-temperature baths. Values
in Table 1 are pseudoequilibrium, rather
than true equilibrium, values since sample
weight continued to increase for many
hours during exposure in these conditions,
albeit at a very slow rate. However,
weight increases at 1800 sec represented
>809% of those at longer times and so
provided a good approximation to the
total amount of alcohol-related species
adsorbed at room temperature at the
aleohol pressures indicated in Table 1.
Pseudoequilibrium values for total extent
of adsorption of the various aleohols at
room temperature onto ZnO or TiO,
were adequately represented over the
pressure range, 1 to 10° N m~2, by Freund-
lich-isotherm-type plots. Comparison of
the values for total adsorption of the
various alcohols reveals that the secondary
and tertiary alcohols adsorbed to compar-

able extent, which corresponded to ca.
0.5 &= 0.2 of monolayer coverage, but that
total adsorption of ethanol was appreciably
lower.

Table 1 also shows the amount of initially
adsorbed alcohol which was removed by
reevacuation to 102% N m=2 at room
temperature. Those values are denoted in
Table 1 as ‘reversibly” adsorbed, and
it is notable that such reversibly adsorbed
alcohol represented a much larger per-
centage of the adsorbed total for ethanol
than for isopropanol or 2-methyl-propan-
2-0l. For these latter cases the predominant
component of aleohol-related species on
the prereduced ZnO and TiO. surfaces
could be classed as “irreversibly adsorbed”
at room temperature, since it was not
removed by prolonged evacuation at 300 K
but required heating to ca. 670 K for its
complete removal. This ability of the
irreversibly adsorbed aleohol species to
withstand prolonged outgassing at 300 K
showed that no significant conversion
oceurred to reversibly adsorbed species
at room temperature. Predominance of the
irreversibly adsorbed species on the surfaces
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Fia. 2. Electron spin resonance spectra of powdered TiO, (rutile) sample taken at 77 K: (i)
Sample in vacuo after outgassing at 673 K; (ii) after exposure for 600 sec at 293 K to vapor of
C.H:OH followed by evacuation at that temperature.

of ZnO and TiO, following their exposure
to (CH;):CHOH or (CH;);COH should
strongly favor surface reactions involving
those species rather than reversibly ad-
sorbed alcohol. It may also be concluded,
from the observed slow approach toward
adsorption equilibrium in these systems
(e.g., ty > 300 sec), that appreciable frac-
tions of adsorption sites remained un-
covered by alcohol species up to such
exposure times.

Pseudoequilibrium values were also mea-
sured for adsorption of nitrous oxide onto
prereduced ZnO and TiO. and results are
entered in Table 1. These show smaller
extent of coverage by adsorbed species
derived from N;O than was the case for
adsorbed species derived from secondary
or tertiary alcohol at 133 N m~? but show
comparable total adsorption of N,O to
that for ethanol at this pressure.

A2 ESR

The ESR spectra shown in Fig. 2 for
powdered rutile samples provide evidence
that primary or secondary alcohol species
irreversibly adsorbed onto prereduced TiO,
did not affect the degree of localization/
delocalization of unpaired electrons at
the rutile surface. Thus spectrum (i),

which was measured at 77 K on an evac-
uated TiO, sample prereduced at 673 K,
corresponds well to the broad anisotropic
resonance usually attributed to para-
magnetic Ti**T centers at the TiO, surface.
Spectrum (i) was not significantly altered
if the sample was warmed in vacuo to
300 K and again cooled to 77 K, but a new
spectrum (ii) resulted if such samples
were exposed to the saturation vapor
pressure of ethanol or butan-2-ol for 600
se¢c and reevacuated for 1800 sec before
recooling to 77 K. The differences between
spectra (i) and (ii) are small but unmistak-
able and were repeated with several
samples. Furthermore, they could be re-
versed by heating the alcohol-exposed
sample to 673 K under evacuation. These
small but reproducible changes in shape
of the Ti** resonance brought about by
aleohol species irreversibly adsorbed on
the surface at room temperature corre-
spond to a slight increase in g, from
1.968 to 1.977. This indicated only a
weak dipolar interaction between irrevers-
ibly chemisorbed alcohol and the unpaired
electron of Ti**, such as could arise by
changes in degree of coordinative unsatura-
tion of Ti** through dative bonding via a
lone pair of electrons on the alecohol-OH
group. The absence of any marked change
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TABLE 2

Extent and Rate of Formation of Ny Product upon Simultaneously Contacting (Alcohol 4 N,0) with
Prereduced Surfaces of ZnO or TiO; at Room Temperature without uv Illumination

System Py (React) V (N2)iim ka
(/N m2) (/molecules m™?) (/sec™)

A. Zinc oxide surfaces prereduced for 16 hr at 623 K

{N,O + C;H;0H}/ZnO 45 (each) 2.1 X 1015 1.5 X 107¢

{N.O 4+ (CH;),CHOH}/ZnO 45 (each) 2.1 X 1015 1.4 X 107¢

{N,O + (CH3),COH}/Zn0O 45 (each) 9.5 X 10 2.8 X 107#

N:0/Zn0O 45 1.1 X 10t 1.4 X 1073
B. TiO; (rutile) surfaces prereduced for 16 hr at 623 K

{N.O + C.H;OH}/TiO, 45 (each) 1.9 X 10 2.3 X 1073

{N.0 4 (CH;),CHOH}/TiO, 45 (each) 1.9 X 1016 2.5 X 1073

{N.0 + (CH,);COH}/TiO, 45 (each) 5.4 X 1015 2.1 X 1073

N.0/Ti0, 45 6.3 X 1015 1.0 X 1073

in integrated intensity between spectra
(i) and (i) would not be consistent with
appreciable one-electron charge transfer
between alcohol and the prereduced TiO,
surface, since a decrease in KSR signal
intensity due to Ti** would be expected
if one-electron transfer occurred between
chemisorbed aleohol and Ti**t to yield
surface carbonium or carbanion ion radicals.

A.8. Nitrogen Product from N.0/Zn0O and
(N0 + Alcohol)/ZnO Interfaces at Room
Temperature

The extent of formation of nitrogen
product was strongly influenced by the
sequence in which nitrous oxide and alcohol
were admitted. Thus Fig. 3A (i) illustrates
the rapid growth of gaseous product
noncondensable at 77 K to a limiting value,
V (Ng)iim, which occurred during the first
hour of contact at room temperature
between freshly activated ZnO and nitrous
oxide. No such yield of nitrogen product
was observed if alecohol was adsorbed
prior to admitting nitrous oxide. Plots
(i1) of Figs. 3A and B demonstrate, how-
ever, that the limiting yield of noncon-
densable product, V(N2z)iim, as observed
at room-temperature contact times >60
min, was greatly enhanced when either

ethanol or isopropanol was premixed with
N.O in 1:1 mole ratio, so that alcohol and
nitrous oxide simultaneously contacted the
prereduced surface. Mass spectrometric
analysis of the noncondensable product
established that it was >989, nitrogen
and that no nitric oxide or oxygen was
detectable. Empirical kinetic analysis
showed that the increase in nitrogen
product, V(Ny),;, detected after dark con-
tact time ¢, obeyed the first-order type
expression,

V N2 lim
() ] — ki, (3)

log l:
V(N2iim — V(N2

for contact times 5-30 min, either for N,O
alone or for (N0 -+ aleohol) mixtures.
Table 2 summarizes the values of V(Ng)iim
and kg which gave the “best fit”’ of data
to this expression. These data show (a)
that nitrogen product formation from
nitrous oxide at contact times >60 min,
V(N2)iim, was approximately doubled by
premixing ethanol or isopropanol with the
nitrous oxide admitted to the freshly
activated ZnO surface, and (b) that the
apparently first-order rate constant, kg,
for dissociation of N,O to N, at the
“dark” ZnO surfaces was not significantly
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F1c. 3. Evolution of N, product from ZnO surfaces at 293 K (position of arrow denotes com-
mencement of illumination): (Ai) N2O/ZnO with P{N,O} = 45 N m?; (Aii) {N.O + C.H,OH}/
ZnO with P{N,O} = 45 Nm™?, P{C;H;0H} = 45 Nm™?; (Bi) {N,O 4 (CH;);COH)}/ZnO with
P{N:O} =45 N m~2, P{(CH3);COH} =45 N m~?; (Bii) {N,O 4+ (CH;).CHOH}/ZnO with
P{N,O} = 45 Nm~? P{(CH;):CHOH} = 45 N m™2,

affected by premixed ethanol or iso-
propanol.

Effects noted with the tertiary aleohol,
2-methyl-propan-2-ol, premixed in equi-
molar ratio with N.O prior to their simul-
taneous contact with the prereduced ZnO
surface, were in marked contrast to (a)
and (b) above, since V(Nz)1im was slightly
reduced whereas k; was increased (ef.
Table 2). The effects of the various alcohols
upon V(Ng)iim so closely paralleled those
reported by Warman (see Introduction)
that an analogous interpretation was sug-
gested, viz. that initial dissociation of N»O
oceurred via Reaction (1) on the metal
oxide and that the resultant short-lived
O (aas)~ species reacted rapidly with primary
or secondary alcohol via Reaction (2a)
producing surface intermediates, (X+Y),
which in turn rapidly dissociated other N0
molecules via Reaction (2b). Our observa-
tion that admixed 2-methyl-propan-2-ol
did not inerease V(Ng)iim appeared con-
sistent with Warman’s conclusion that
tertiary aleohols cannot react with O~ via
type Reaction (2a). The different effects
of aleohols upon k; could be understood
on the basis that the slow rate-determining

step was contained in Reaction (1) [rather
than in Reactions (2a) or (2b)] and was
enhanced only by the greater electron-
donating properties of the tertiary alecohol
toward the ZnO surface. Another experi-
mental result which favored particularly
strong interaction of the tertiary alcohol
with prereduced ZnO surfaces was the
detection of alkene and alkane produect
(ef. A.5 below) upon iInitial contact,
whereas no such product accompanied
contact with ethanol or isopropanol.

A.4. Nitrogen Product from N»0/Ti0; and
(N0 + Alcohol) / TiO; Interfaces at Room
Temperature

Qualitatively similar dependence of the
extent of dissociation to nitrogen upon the
sequence followed in admission of the
nitrous oxide and aleohol was observed
with TiO,. Data to the left of the arrows
in Fig. 4 illustrate growth of nitrogen
product during the first hour of contact
of freshly activated nonilluminated TiO,
with N,O alone or with a premixed (N,O
-+ alcohol) reactant gas. Empirical kinetie
analysis again established that data for
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contact times 5-30 min could be adequately
fitted to the first-order type Eq. (3). Table
2B lists values so determined for V(N2)iim
and k; over the TiO, surface. Inspection
of the V(N2)iim values reveals that at
room temperature the tertiary alcohol,
2-methyl-propan-2-ol, failed to enhance
nitrogen product formation at the dark
N20/TiO, interface, whereas admixture
of ethanol or isopropanol greatly enhanced
V{(N2)iim relative to that with only N,O
present. Comparison of data in Table 2B
with Table 2A reveals that admixtures
of ethanol or isopropanol with N,O trebled
the limiting yield of nitrogen product
V(N2)iim observed when contacted with
TiO; which exceeded the doubling pro-
duced upon contact with ZnO. Since
enhancement by a factor of 3 was just that
noted by Warman (17, 18) for reaction
with gas phase O—, present observations
indicate that O— intermediates on TiO.
surfaces reacted with these aleohols with
stoichiometry similar to that reported for
Reactions (2a) and (2b) in the gas phase.
The smaller enhancement of (N;) noted
in Table 2 for corresponding ZnO interfaces
may then be attributed to loss of some
fraction of surface O~ radicals into the
ZnO bulk by hole migration, as inferred

CUNNINGHAM, MORRISSEY, AND GOOLD

by Lunsford et al. for the N.0/ZnO
interface (16). The observed ability of
admixed primary, secondary, or tertiary
alcohol to approximately double k; from
nitrogen production over (N0 + aleohol)/
TiO, interfaces relative to that over the
N0/TiO, interface also differed from
corresponding results with ZnO, for which
only the tertiary aleohol was effective.
This difference may be understood in
terms of the greater acidity of the TiO,
surface (26, 28) which facilitated acid—base
interactions with all the alcohols rather
than with just the more basic tertiary
alcohol, as oceurred on ZnO.

A.5. Desorption from Alcohol/Metal-Oxide
Interfaces

Careful monitoring of the gas phase
over the various alcohol/metal-oxide inter-
faces at room temperature in a 1-hr
period following contact of aleohol vapor
with the prereduced ZnO or TiO; surface
showed the absence of detectable gaseous
produets, except over the 2-methyl-propan-
2-0l/Ti0; interface which gave very small
yields of 2-methyl-propene (1.6 X 10 m~2)
and methane (0.8 X 10'® molecules m~?2).
Data in Table 3 show that very much
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Fic. 4. Evolution of N, produet from TiO» surfaces at 293 K: (Ai) N.0/TiO:; (Aii) {N,O +
C.H;0H}/TiO;; (Bi) {N.O + (CH3);COH}/TiOs; (Bii) {N:O + (CH;).CHOH}/TiO..
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TABLE 3

Extent of Desorption of Various Products from Aleohol/Metal-Oxide Interfaces following Adsorption at
Room Temperature onto Prereduced Surfaces

Alcohol/metal oxide 300 K 300-460 K 460-620 K
Product  CH; (—H:0) (—H:0) H:(g) (CH3):CO “CH;CHO”

(CH3);COH/ZnO — 4.3 X 1017 — —
(CH3)sCOH/ZnO*e 1.9 X 1015 2.4 X 10 4.9 X 1017 — 3.4 X 101
{N:0 + (CH3)sCOH}/Zn0 — 4.3 X 1017 —_— 2.7 X 104
{N=0O 4+ (CH3)3COH}/ZnO* 2.4 X 1018 4.6 X 1017 — 3.2 X 1018
(CH3):CHOH/ZnO — — 1.0 X 1017 4.3 X 107 5.1 X 1016 —
(CH3):CHOH/ZnO* — — 1.0 X 1007 3.0 X 107 5.9 X 1016 —
{N:O + (CH3).CHOH}/ZnO — —_ 7.6 X 1016 2.3 X 107 7.6 X 1016 —
{N:0 + (CH:):CHOH}/ZnO* — — 6.8 X 108 2.0 X 107 1.5 X 1017 —
CH:;CH:0H/ZnO — — 1.2 X 1017 4.6 X 1017 3.8 X 105>
CH:CH.0OH/ZnO* — — 1.4 X 1017 4.9 X 107 5.1 X 1018
{N2:0 + CH;CH:0H)/Zn0O —_— — 8.6 X 10:¢ 3.8 X 1017 7.2 X 1018
{N:0 + CH3CH:0H}/ZnO* — —_ 1.2 X 107 4.1 X 10V 7.3 X 1016
(CH3);COH/TiO: 0.8 X 105 16X 105 2.2 X 101 — — —
(CH3):COH/TiO»* 27 X 105 11X 107 27 X 10 — 41 % 100 —
{N:20 + (CH3)sCOH}/TiOz — — 1.9 X 1018 — — —
{N20 + (CH3)sCOH}/TiO2 41X 10 4.6 X 101 2.7 X 1018 — 9.2 X 101 —
(CHg):CHOH/TiO» — — 1.9 X 10150 — — 1.8 X 1017
(CH3).CHOH/TiO»* — — 1.6 X 1018 — 1.3 X 1016 3.8 X 107
{N:0 + (CH3):CHOH}/TiO, — — 1.3 X 10'8 —_ 54 X 1015 1.2 X 107
{N:0 + (CH3):CHOH}/TiO.* — — 1.2 X 1018 — 4.3 2.7 X 107
(CH3CH:0H/TiO» — — 5.1 % 100 1.6 X 10 — 3.5 X 10
CH:CH:0H/TiOz* — — 5.1 X 1017 5.7 X 1008 — 1.1 X 1017
{N:0 + CH:CH:0OH}/TiO- — — 1.6 X 1017 5.4 X 1018 — 8.1 X 1007
{N:0 4 CH3sCH:0H} /TiO2* - — 2.6 — — 3.2 X 1017

e Astarisk (*) indicates that the interface was exposed to uv illumination for 5 X 103 sec prior to heating.

b Detected as acetaldehyde decomposition products (butadiene + CO: -+ methyl acetylene + propene).

¢ Alkzne product desorbaed from TiO: over a slightly wider temperature range, 300-510 K, than from Zn0O,
larger yields of wvarious products were dehydration inereased in the sequence

released to the gas phase during thermally
assisted desorption from the aleohol/metal-
oxide interfaces after gas phase and any
reversibly adsorbed alecohol was pumped
away at 300 K. Similar experiments were
previously reported by Bickley and Jayanty
(8) using a temperature-programmed de-
sorption technique and present results
agree with theirs in showing dehydro-
genated and dehydrated products as the
major components of desorbed gases.
Significant numbers of “active sites”
capable of alcohol dehydration are indicated
by thermal desorption of corresponding
alkene in readily measurable amount
(tabled under —H;O in Table 3). This was
true for both ZnO and TiO,, but the specific
activity of TiO. was greater in all cases.
For the TiO, surface, extent-of-alcohol

tertiary > secondary > primary, which is
the same as that usually observed for
aleohol dehydration by acid-type centers
in homogeneous or heterogeneous catalysis
(30, 31). Appearance of the olefine product
at temperatures much below those pre-
viously reported (32) indicates that some,
at least, of the dehydration sites on
prereduced ZnO and TiO were of unusually
high activity.

As expected, no dehydrogenated product
was obtained from the tertiary alcohol
but the ratio (dehydrogenation/dehydra-
tion) increased for isopropanol and ethanol.
Thermally assisted desorption of the anti-
cipated dehydrogenation products occurred
to lesser extent than release of dehydrated
products or of molecular hydrogen at
temperatures <498 K. The histograms in
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Fig. 5 illustrate the higher desorption
temperatures required for release of acetone
product than for propene or hydrogen
desorption from the ¢sopropanol/Zn0 inter-
face. The acetone histogram also represents
(by the fully blackened sections) the
thermal desorption behavior noted for
the same surface when acetone rather than
alcohol was initially absorbed at room
temperature. At the higher temperatures
required for desorption of aldehydes or
ketones, thermally assisted rearrangements
occurred, as evidenced by partial conversion
of preadsorbed acetone to isobutene or of
preadsorbed acetaldehyde to 1,3-butadiene.
Extent of ethanol dissociation correspond-
ing to products related to adsorbed ace-
taldehyde is tabled under (CH;CHO) in
Table 3. This latter observation contrasts
with a report by McArthur ef al. (33) that
acetaldehyde desorbed readily from ZnO
and the difference suggests that ethanol
selectively displaced acetaldehyde at the
temperatures employed in that study.

It must be emphasized here that the
data summarized in Table 3 cannot provide
reliable absolute values for surface densities
of sites active for aleohol dehydration or
dehydrogenation at room temperature, be-
cause of the probability of thermally
activating additional sites during the
desorption procedure. They can, however,
provide “baseline’” values for comparison
with amounts of product thermally de-
sorbed from the same interfaces in different
conditions, e.g., when exposed to nitrous
oxide admixed with the aleohol (see below)
or to uv llumination (see Section B).

Admixture of nitrous oxide with the
ethanol admitted to dark ZnO or TiO,
caused a definite increase in products
attributable to acetaldehyde (which then
suffered further degradation upon thermal
desorption). This observation, and a smaller
increase in acetone from isopropanol,
appeared consistent with the working
hypothesis developed above in Section A.3,
according to which nitrous oxide dissociates

(ii) (iii)
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Fie. 5. Histograms for thermal desorption of
various products from (CH;);CHOH/ZnO interfaces
on heating to 673 K. (i) H, evolution; (ii) propene;
(iii) acetone [darkened sections represent thermal
desorption of (CH;):CO from a (CH,;).CO/ZnO
interface].

on the surfaces to yield O~ fragments
which enhance dehydrogenation by then
abstracting a-hydrogen from primary or
secondary alcohol. Data in Table 3 show
that dehydration products experienced a
decrease when N;O was admixed with
primary or secondary aleohols, in contrast
to the increases which N;O brought about
in dehydrogenation.

SECTION B—INTERACTIONS ON
uv-ILLUMINATED SURFACES

B.1. N,O/ZnO* or TiO.*

A marked difference between these
interfaces was that when uv illumination
became incident, following dark equilibra-
tion of the interfaces as described in
Section A, an appreciable enhancement in
yield of nitrogen product was detected for
N0/ZnO* but not for N,O/TiOz* This
difference can be seen by comparison of
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Fig. 6. Growth of gaseous photoproducts over (CHj)sCOH /metal-oxide interfaces in a static
photoreactor at room temperature under continuous illumination by photons of A > 300 nm at
alcohol pressures ca. 133 N m~2. (A) Methane product over (i) prereduced ZnO; (ii) prereduced
TiOs. (B) Alkene product (2-methyl-propene) over (i) prereduced ZnO; (ii) prereduced TiO..

points to the right of the arrow on plots
labled (1) on Figs. 3A and 4A, which were
observed under illumination by photons
mainly at 254 nm. Fnhanced yield of
nitrogen product was observed over N,O/
ZnO* interfaces under illumination by
photons of A > 300 nm. Studies at nitrous
oxide pressures 10>-5 X 10* N m—2 estab-
lished that dependence of this photo-
assisted process upon pressure of nitrous
oxide obeyed the Freundlich-type expres-
sion, log rate = 1/n"!logPx,0 + constant,
where n = 3.5. Dependence of photo-
assisted rate upon fx,0, the surface cover-
age by N0, allied to a Freundlich-type
isotherm, 8v,0 = C-PU» for N,O absorp-
tion upon ZnO, would explain the relation
of rate to Pn,o0. A corollary of this explana-
tion, however, would be that the rate
and quantum efficiency of this photo-
assisted process must fall to very low
values at low N,O pressures, such as
encountered in Section B.4.

B.2. Alcohols/ZnO* or TiO:*

The inecidence of uv illumination onto
these dark-equilibrated interfaces in the
static photoreactor did not result in

photoassisted release of additional product
into the gas phase at room temperature,
except with the tertiary aleohol, 2-methyl-
propan-2-ol. Figure 6A illustrates the
growth of methane photoproduct from
this tertiary alcohol under illumination
by photons of A > 300 nm over ZnO.
Methane product was also readily detected
and followed to 1009, conversion over
TiO;* surfaces but was accompanied by
smaller conversion to 2-methyl-propene
(cf. Figs. 6A and B). Increased amounts
of this dehydration product were released
from C,H,OH/ZnO* interfaces at room
temperature as illustrated in Fig. 6B.
Data in that figure establish clearly the
occurrence of photoassisted dehydration
at these tertiary alcohol/metal-oxide inter-
faces under illumination by photons of
wavelengths > 300 nm.

Since illumination of the aleohol/metal-
oxide interfaces by photons of A > 300 nm
yielded only traces of dehydrogenated
product in the gas phase at room tempera-
ture, thermal desorption studies similar
to those detailed above for nonilluminated
aleohol/metal-oxide interfaces were under-
taken with the static reactor system in
efforts to detect any products remaining
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irreversibly adsorbed at room temperature
after their formation by photodehydrogen-
ation. Results of these studies are summar-
ized in Table 3 and illustrate the difficulty
of picking out photoassisted processes in
cases where the thermal desorption process
gave rise to a large background yield of
the product under study. Despite this
difficulty, data in Table 3 from the (CH;);-
COH/TiO, system do provide support for
a detectable increase in yield of 2-methyl-
propene and acetone under uv illumination,
as already reported from these laboratories
employing pulsed uv illumination and a
fast response dynamic mass spectrometer
technique (34). Data in Table 3 for the
{N,0+ (CH;),CHOH} mixtures suggested
that an enhanced yield of acetone occurred
over ZnO and TiO, interfaces wunder
continuous uv illumination. This possibility
was further examined with the dynamic
flow reactor arrangement illustrated in
Fig. 1B (cf. Section B.4 below).

B.3. Photoassisted Processes in the Static
Photoreactor over Metal Oxide Surfaces
Contacted with (N,O + Alcohol) Mixtures

Data points to the right of an arrow on
each plot in Fig. 3 show that illumination
by uv light mainly at 254 nm caused
additional photoassisted dissociation to
nitrogen product at ZnO interfaces which
previously had attained their limiting
value of V(Nahim in the dark. Two
contributions to this photoassisted dissocia-
tion can be distinguished on the traces
in Fig. 3: (a) an initially rapid photoassisted
growth of nitrogen product which persisted
only during the initial 1800 sec of uv
illumination and was detected only in
the presence of aleohol admixed with
N,O—this is well illustrated for the
{N.O + C.H;OH}/ZnO* interface on plot
(ii) of Fig. 3A, and (b) a subsequent
slow linear growth of V(N,) at longer
illumination times and at a rate character-
istic of N,O/ZnO* As already noted,

measurements of noncondensable product
formation over uv illuminated (CHj;);-
COH/ZnO* interfaces were complicated
by photoassisted growth of methane pro-
duct. However, this complication did not
arise with isopropanol and data to the
right of the arrows in Fig. 3B for mixtures
of NyO with isopropanol over the illu-
minated ZnO surface confirm the contribu-
tion by an initial fast photoassisted
process involving preadsorbed alcohol and
nitrous oxide. It appeared from these
results that this photoeffect could either
represent a direct enhancement of Reactions
(2a) and (2b) by illumination or an tndirect
enhancement of Reaction (1) due to hole
trapping by aleohol.

The lack of any significant photoassisted
dissociation to N, at the N,O/TiO.*
interface (cf. Fig. 4) argued against
significant photocatalysis of Reaction (1)
at that interface. Consequently no photo-
assisted formation of additional O~ (4,
intermediates from N,O was thought to
occur at N,O/TiO.* interfaces. Plots 4A
(i) and 4B (ii) demonstrate, however,
that readily measurable rates of Ny produc-
tion were observed when ethanol or
isopropanol was simultaneously present
with N2O at the illuminated TiO, surface.
One working hypothesis capable of explain-
ing these observations was that illumination
of the TiO; surface directly produced
surface O~ intermediates without the
need to photodissociate N0 (e.g., by
trapping photogenerated holes at preexist-
ing coordinatively unsaturated O?~ ions).
Reaction of adsorbed alcohol with such O~
entities via Reaction (2a) to produce
secondary surface radicals capable of react-
ing with N,O via Reaction (2b) would
then account for the additional N, observed
on illumination—despite the absence of
O~ fragments from N,O photodissociation.
In the context of the hypothesis that lattice
O~ species act as a direct hole trap, the ab-
sence of any photoassisted nitrogen product
formation over TiOs or ZnO in the presence
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Fia. 7. Data obtained with the dynamic flow
photoreactor showing growth of dynamie partial
pressure of gaseous photoproducts over a (CHj)s-
COH/Zn0O interface at room temperature under
continuous illumination by photons of A = 340-640
nm at alcohol pressure of 3 X 107 N m™2 The
single vertical line denotes start of illumination.
(i) Growth of dehydration product, 2-methyl-
propene (—O—); (ii) growth of acetone product,
implying a—8 bond rupture (—¥—).

of 2-methyl-propan-2-ol may be under-
stood on the basis of reported low reactivity
of O~ toward this tertiary alcohol [recall
that the photoassisted increase in non-
condensable products from (CH,;);COH/
ZnO* shown in Fig. 3B plot (1) was due to
formation of methane and not NyJ]. An al-
ternative hypothesis was that the initial fast
photoassisted growth in nitrogen product
resulted from an enhancement of dissoci-
ative clectron attachment to adsorbed N0,
made possible by adsorbed aleohol acting as
an indirect hole trap, c.g., by electron tun-
nelling from adsorbed alcohol to a hole in
the valence band. This hypothesis appeared
less consistent with the observed failure
of 2-methyl-propan-2-ol to promote photo-
dissociation of N0, since tertiary alcohol
should most readily lose an electron in an
irreversible manner, due to greatest stabil-
ity of the resultant tertiary eation.

B.4. Photoassisted Reactions in Dynamic
Flow Conditions

Possibilities for loss of products from
the gas phase by their readsorption onto

the metal oxide surface represented an
evident disadvantage of the statie reactor
results and prompted experiments with the
dynamic flow photoreactor shown dia-
grammatically in Fig. 1B. Oxide samples
were therefore prepared and pretreated as
described in Refs. 35 and 36 and exposed to
low dynamic pressures of reactant gas(es)
at ea. 10~* N m~2, which were established
over the samples as a balance between
inlet leak rate of reactants through a metal
variable leak valve and their removal by a
continuously operating ion pump which
gave an effective pumping speed of 1 liter
sec! at the sample position. The large
mean free path of molecules at 10— N
m~? should promote escape of desorbed
species from the vicinity of the oxide
surface and facilitate their entry into the
ion-source region of the VG. Micromass 6
analyzer located 15 em from the oxide
surfaces along a high conductance path.
The MMG6 was employed for on-line gas
analysis of reactant alcohols, or (alcohol
+ N.0) mixtures in approximately 1:1
mole ratio, which were mass analyzed at
various times prior to the commencement
of illumination until reproducible reactant
spectra were obtained. Continuous illu-
mination of the GAS/SOLID interface
was then commenced and the gaseous
phase mass analyzed at various times
during an illumination period of ca. 3 hr.
Figure 7 illustrates the success of this
technique in detecting directly the increases
in partial pressures of dehydrated and
demethanated species produced by the
incidence of photons of A ~ 340 to 640 nm
upon a (CH;);COH/ZnO interface. Photons
in this wavelength band were chosen to
minimize any possibility of direct photolysis
through light absorption by adsorbed
aleohol or alkoxide (37).

The growth of 2-methyl-propene ob-
served in these dynamic conditions agrees
with the growth of this product detected
for this system in the static photoreactor
(cf. Fig. 6B). However, the initial burst
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Fic. 8. Time profiles for appearance of increased dynamic partial pressures of dehydration and
dehydrogenation products in the gas phase, as detected with Micromass 6 mass analyzer with
isopropanol flowing over the metal-oxide catalyst at 3 X 107* N m~2. Arrows denote the start of
continuous illumination with photons at 254 nm. (Ai) Acetone from isopropanol/ZnO*; (Aii)
acetone from N,O + isopropanol/ZnO*. (Bi) Acetone from isopropanol/TiO.*; (Bii) propene

from isopropanol/TiO:*,

of acetone photoproduct detected in the
gas phase by the dynamiec photoreactor
technique was without parallel in the
static photoreactor results and indicated
the value of the dynamic method for direct
detection of photoproducts which could
become irreversibly adsorbed on the metal
oxide in the static photoreactor.

The dynamic flow photoreactor was
also utilized to examine the wavelength
dependence and relative extents of photo-
assisted dehydrogenation and dehydration
for the secondary alcohols, isopropanol and
butan-2-ol, and the primary alcohols,
2-methyl-propan-1-ol and ethanol. The
wavelength dependence was examined by
comparing results obtained for illumination
of the interface by 4 X 107 photons sec™!
mainly at 254 nm (but distributed 200-400
nm) with results obtained under illumina-
tion by 6 X 10Y photons sec™ mainly at
365 nm (but distributed 300-1000 nm).
Qualitatively similar results were observed
with each type of illumination, an observa-
tion which made it appear improbable
that the photoeffects arose from direct
photolysis of preadsorbed aleohol, since
photons at A > 300 nm were unlikely to

be absorbed by adsorbed alcohol. Typical
results (obtained under illumination by
photons mainly at 254 nm) are shown in
Fig. 8 for isopropanol/metal-oxide inter-
faces. The lower curve of Fig. 8A illustrates
photoassisted production of the dehydro-
genation product, acetone, upon illumina-
tion of an isopropanol/Zn0O* interface
through quartz. Note the rapid initial
increase in gas phase acetone, reaching a
maximum approximately 4 min after the
commencement of uv illumination. This
increase was followed by a slow decrease in
dynamic pressure of acetone until, at
times ~170 min after the commencement
of illumination, photodehydrogenation had
ceased. Data to the left of the arrow in the
diagrams in Fig. 8 were obtained prior to
the commencement of uv illumination and
show that presence of (N0 + isopropanol)
in 1:1 mole ratio as the gas phase flowing
over the “dark’” ZnO interface resulted in
a larger preillumination level of acetone
formation (Fig. 8A, upper plot). Data to
the right of the arrow in the upper plot
show that the initial photoenhanced forma-
tion of acetone was larger and was sustained
for longer times in the presence of N,O.
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TABLE 4

Extent of Photoassisted Dehydration (—H:0), Dehydrogenation (—H3), and o3 Bond Cleavage (a—8) at
Alcohol-Vapor /Metal-Ozxide Interfaces under DDynamic Conditions®

ZnO* TiOs*
Reactant gases (—H.0)® (—~Ha)e (a—B)¢ (—H.0)? (—Ho)e (a—B)4
C:H;OH — 5 X 107 —_ — 2.2 X 1018 —
N:0 + C:H;0H — 1.4 X 101 — — 4.6 X 108 e
(CH;):CHOH — 7.2 X 107 — 3.8 X 1017 2.8 X 1018 —
N:0 + (CH:):CHOH — 1.5 X 101 — — 5.2 X 1018 —
(CH;);COH 2.2 X 108 — 1.6 X 1018 3.6 X 1018 — 3.6 X 1018
N:0 + (CHj3);COH 1.7 X 108 — 2.9 X 108 1.2 X 101 — 6.8 X 1018
(CH3):CHCH:0H — 5.8 X 1017 — — 1.6 X 1018 —
CH:;CH.CH (OH)CH; 2.0 X 107 8.6 X 1017 — 3.0 X 107 2.6 X 1013 —

a Values ara normalized as molecules released per m™ of oxide surface.

b Measurad as alksne product—thess are not limiting values.

¢ Mezasurad as aldzhyd2 or katons d2hydroganatad with respzct to parent aleohol—these are limiting values.

4 Evaluated from acctone product.

These observations are consistent with
some production of additional O~ species
from N:O on the dark or illuminated ZnO
interface and with reaction of these O~
species to yield dehydrogenated product
via reactions of type (2a) and (2b). Data
on the upper plot of Fig. 8A at times > 60
min illumination indicate a small net
increase In acetone, corregponding to a
small continuing rate of photoassisted
dehydrogenation in the photostationary
state, presumably via Reactions (2a) and
(2b). Nitrogen corresponding to this pro-
cess was deteeted in the static photoreac-
tions [ef. Fig. 2A (i1)].

Data in Fig. SB illustrate the photo-
assisted growth of both the dehydration
produect, propene, and the dehydrogenation
product, acetone, above a uv-illuminated
isopropanol /TiO,* interface. Comparison
of Figs. SA and B confirm the greater
activity of the TiO, surface for these
photoassisted elimination reactions involv-
ing isopropanol. Since a quantitative
measure of the extent of each photoassisted
eliminatjon reaction was desirable, values
for the total amount of gaseous photo-
products which desorbed from the illu-
minated interfaces over the observed time
intervals were derived by graphically
integrating the areas under plots of the
form shown in Figs. 7 and 8 and applying

the following equation developed by Becker
(38) and Becker and Hartmann (39) for
evaluating (g0 — ¢.), the amount of gas
desorbed in time (¢ in flash-desorption
experiments.

Amount desorbed

CART,

[I"Al’(t) + S/ Ap (./t:| . (5)

In this equation, % is Boltzmann’s constant,
A = surface area of adsorbent, T, = gas
temperature, V' = volume of reaction sys-
tem, S = pumping speed, and Ji* Ap di is
the area under pressure-versus-time curves
such as are shown in Figs. 7 and 8. Increases
in peak height obtained experimentally for
various mass numbers were converted to
pressure changes Ap, and substituted into
Eq. (5), thereby yielding values for the
total number of molecules of each product
desorbing in a given time interval (usually
0-170 min after the commencement by
uv illumination). Those values are tab-
ulated in Table 4 for the aleohol/metal-
oxide systems studied. In relation to
photodehydration, these data show that
the extent of reaction of teritiary butanol
was an order-of-magnitude greater than
for secondary alcohols at the same interface,
while primary aleohols did not experience
photodehydration to measurable extent.
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Extent of photodehydrogenation of primary
or secondary alcohols (see columns headed
“_~H,” in Table 4) did not show large
variations with the identity of these
aleohols. The tertiary alecohol represented
an obvious exception to this behavior since
dehydrogenation via an initial e-hydrogen
abstraction was not possible. Results in
Table 4 and Fig. 6 show that other photo-
assisted process(es) yielding methane and
acetone photoproducts replaced photo-
dehydrogenation at 2-methyl propan-2-ol/
metal-oxide* interfaces. These are denoted
in Table 4 as photoassisted a—8 bond
cleavage.

DISCUSSION

The literature provided evidence that
surfaces of ZnO samples outgassed in
vacuo at 623-673 K for 16 hr were exten-
sively dehydroxylated (3, 29). A similar
conclusion was previously arrived at by
Bickley et al. (7a) in relation to rutile
surfaces on the basis of their observations
that surface hydroxyls enhanced oxygen
photoadsorption and that activity of the
specimen for photodesorption of oxygen
could be completely destroyed by prolonged
outgassing. This point was checked for
the “prereduced” TiQ, surfaces, i.e., out-
gassed for 16 hr at 673 K in the present
study, by admitting oxygen at room
temperature and testing whether any
photoadsorption was observable. Since none
was found, it was concluded that the
“prereduced” TiO, surfaces resembled the
ZnO surfaces in being initially in an
extensively dehydroxylated condition and
that preexisting hydroxyl groups were
unlikely to play an important role in the
initial interactions of alcohols and/or
nitrous oxide with the prereduced surfaces.
This conelusion was strongly supported
for the nonilluminated surfaces of ZnO
and TiO, by our observation that the
preadsorption of aleohol onto both these
prereduced surfaces (which could be ex-
pected to increase the degree of surface

hydroxylation) inhibited the activity of
the surfaces for the ‘‘dark’” dissociation
of any N,0 subsequently admitted. That
observation was in marked contrast to the
enhancement of the extent of N,O dissocia-
tion noted when the alcohol and N,O
were simultaneously admitted (cf. Figs.
3 and 4 and Table 2). As noted above, this
enhancement can best be explained on the
basis that N2O dissociation by one-electron
transfer at preexisting nonhydroxylated
sites yielded O~ intermediates which then
underwent reactions of type (2a) and (2b),
thereby dehydrogenating the alcohol and
causing further N,O dissociation.

Results obtained previously (4) with ZnO
and TiO, samples prereduced by procedures
similar to those used in the present study
allowed estimates of the surface concentra-
tion of one-electron-donor sites to be made
as 10'% for ZnO and 5 X 10! m~2 for TiOs,.
Since the extents of dehydration here
detected for alcohols adsorbed onto pre-
reduced surfaces at 300 K greatly exceeded
those surface concentrations of one-electron
donors (usually by an order of magnitude—
ef. Table 3), it may be concluded that other
types of sites were active for alcohol
dehydration at the nonilluminated surfaces.
The sequence of dehydrating activity
exhibited by TiO, toward various alcohols,
viz. tertiary > secondary > primary, sug-
gested an important role for surface features
which confer Lewis acid-base character to
the vacuum outgassed surfaces, e.g., coor-
dinatively unsaturated O.,,~ or Ti,..** on
TiO,. These represented likely alternative
active sites capable of existing at the surface
concentration levels implied by data in
Table 3 for dehydration at nonilluminated
interfaces. Data in Table 3 for uv-illu-
minated interfaces show an illumination-
induced enhancement in the amount of
alkene product observed during subsequent
thermal desorption which was particularly
evident for alcohol/TiO.* interfaces, al-
though also observable for ZnO. The
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results shown in Figs. 6B and 7, together
with relevant data in Table 4, provide
evidence that photodehydration was an
important and continuing photoeffect for
the tertiary aleohol over both TiO; and
ZnO. Tests with isopropanol at prereduced
TiOs or ZnO surfaces at 300 K in identical
conditions to the experiment illustrated
in Fig. 6 for 2-methyl-propan-2-ol yielded
no detectable yield of alkene or alkane
product in the gas phase. This marked
difference in stability between the tertiary
and secondary alcohol at the uv-illuminated
metal oxide surface would be fully con-
sistent with dependence of photodehydra-
tion upon formation of a cation radical
from the aleohol by hole trapping. On the
basis of the much greater stabilities
reported for the ecation radicals from
tertiary alcohols, a much larger photo-
stationary concentration of this cation
could be expected to result from hole
trapping at the (CHj);COH/metal-oxide*
interface than at interfaces involving
secondary or primary alcohols. More favor-
able hole trapping by the tertiary aleohol
may therefore be advanced as one factor
contributing to the unique ability of
2-methyl-propan-2-ol to undergo con-
tinuing photodehydration. Another factor
was undoubtedly the existence of an
alternative channel for photooxidation for
the primary and secondary alcohols, viz.
photodehydrogenation.

A marked difference between the time
profile for release of photodehydrogenated
product and that just discussed for photo-
dehydration can be seen by comparing
traces in Fig. 8A with trace (i) of Fig. 7.
Time profiles similar to those in Fig. 8A
were also observed for acetaldehyde forma-
tion from ethanol/TiO.* or ethanol/ZnO*
and for the other primary and secondary
aleohols in Table 4. The shape of these
time profiles, with partial pressure of
dehydrogenated product falling to insignif-
icant levels after ca. 3 hr illumination of
the interface under a dynamic pressure of

3 X 10~* N m™ of the reactant aleohol,
pointed to an inherent limitation on
photodehydrogenation at the prereduced
Zn0O or TiO, surface. Such limitations
have been noted by previous workers in
the absence of an oxidizing gas (7, 9).
The evidence developed in the present
paper for the important role of surface O~
species in dehydrogenation makes it appear
probable that O~ species generated from
lattice O?~ ions at the surface, following
localization of a photogenerated hole or
exciton, would confer activity for the
abstraction of an a-hydrogen from primary
or secondary alcohol. Such photoactivity
would be limited to values of the magnitudec
listed under columns headed “—H,” in
Table 4 if each lattice O= ion at the
surface could promote just one dehydrogen-
ation and thereafter be poisoned.
Histogram (i) in Fig. 5 indicates that
the hydrogen product from dehydrogena-
tion may not desorb at room temperature.
Consequently it appears possible that the
fall-off in activity for photodehydrogena-
tion of isopropanol, which is evident in
Fig. 8A, resulted from gradual poisoning
of surface O~ sites by retention of hydrogen
photoproduct. Curve (ii) of Fig. SB shows
that activity of the same surface for the
simultaneous production of propene de-
clined with duration of illumination in
a manner similar to that for acetone
production, i.e., photodehydration fell off
in parallel with photodehydrogenation for
the secondary aleohol. This result would be
consistent with dependence of both photo-
effects upon the same primary light-
indicated process, viz. hole trapping by
surface O sites, and with poisoning of the
surface toward that primary process
through retention of hydrogen product.
No such poisoning would be expected in
the presence of an adequate pressure of
gases capable of oxidizing hydrogen on
the surface in condition of the photo-
catalytic experiment, which would be
consistent with the many previous reports
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of continuing photodehydrogenation in
the presence of molecular oxygen.

The mechanism proposed here for photo-
dehydrogenation is essentially rather similar
to that developed by other workers for
oxygenated systems, but with the difference
that lattice O..,>~ are here represented as
directly trapping photogenerated holes to
yield a limited number of readily poisoned
sites for dehydrogenation. Mechanisms
developed previously for oxygenated sys-
tems (7, 9, 40, 41) envisaged direct and
repeated hole trapping at sites featuring
surface hydroxyls and represented molec-
ular oxygen as providing the complemen-
tary electron trapping essential for
continuing photodehydrogenation. Our
observation of a high initial rate of photo-
dehydrogenation was not unexpected by
analogy with these published mechanisms,
since rate constants for abstraction of
an a-hydrogen from an alecohol by O—
or OH in homogeneous systems (19, 42, 43)
usually lie within a factor of two of each
other, a similarity which, incidentally,
makes it impossible to exclude the possibil-
ity of some contribution to photodehydro-
genation in the present study by hole
trapping at residual surface hydroxyls
on the prereduced metal oxides. The
failure of N,O to promote continuing
photodehydrogenation of isopropanol in a
manner similar to molecular oxygen was
unexpected in terms of an analogy with the
oxygenated system, in view of the reported
efficiency of N;O as an electron trap. In
terms of the mechanism proposed here for
prereduced surfaces this difference between
N0 and oxygen would be explicable on
the basis that N,O failed to oxidize hydro-
gen product from photodehydrogenation.

Figures 6 and 7 show that continuing
photodehydration of 2-methyl-propan-2-ol
was initially accompanied by photoassisted
formation of methane and acetone over
either ZnO or TiO; surfaces but that
efficiency of these photoeffects, which
imply cleavage of an a—8 carbon—carbon

bond of the tertiary aleohol, decreased
with duration of illumination, except in
the case of methane from (CH;);COH/
TiOs*. The mechanism and time depend-
ence of photoassisted a—8 bond cleavage
of the tertiary alcohol are not yet under-
stood but are being further studied to
assess contributions by direct and indirect
hole trapping.
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