o g

RIS

)

N

AD A O

e — ——y

AFOSR - TR- 76~-1108

FINAL SCIENTIFIC REPORT

AL royd) far putlio s« e
Aateildhifn mulimitod,

ENERGY MIGRATION INVOLVING IRRADIATED SOLIDS

Period Covered

l.IV. 1971 to 3L.IIX. 1976

.

Professor Joseph Cunningham,
University College Cork,
Ireland.

_.Zhis document has been approveé for public release and sale:
- Its distribution is unlimited.

This research has been sponsored in part by the AIR FORCE OFFICE
OF SCIENTIFIC RESEARCH through the EUROPEAN OFFICE OF AEROSPACE
RESEARCH AND DEVELOPMENT under GRANT 0. AFOSR 71-2148.

Copy availablo 1o DDC does not
permit fully logiblo roproduction




Qualified requestors may obtain sdditi

Defense Documentation Center. All others should apply to

the clearinghouse for Federal Scientific and Technical
Information.

onal capies from the

SEARCH (*FSOF ™Y
AIR FORCE OFFICE OF SCIENTIFIC RE
KOTICE OF TRAHSMITi?? igqbggcn roviowcd | :)

H hnieul rop s ’ .
ghjs‘x:'u':?g ‘ror pukl ¢ roleaso IAW AFR 19
ni:.tributlou is unlimited.

\, D. BLOSE
écchuical tnformation Officor

. — ———— o o
[




TECHNICAL SUMMARY

(Dates relate to attached Chronological list)

Onc particular aspect of 'Energy Migrotion in Irradiated Solids!
has been emphasised in this researxch, namely the migration of cnergy
fram an irradiated solid to acceptor molecules of another phase in
contact with the surface of the irradiated solid. Convincing
evidence for this type of energy migration has been developed from
studies at both "GAS/IRRADIATED SOLID" and "LIQUID/IRRADIATED SOLID"
interfaces.

Initially (1972 and 1973) studies of such interfaces were made
with closed systems under continuous illumination at low intensity.
Using UV-photons of wavelengths absorbed by the solid substrate
but not by the acceptor molecules in contact with the surface,
kinctics and mechanisms of photcassisted chemical changes were
established for the systems: Aqueous Electrolytes/Zn0 ; gaseous
Methyl Halides/ZnO . An inherent limitation of the studies cn
closed systems with continuous low intensity illumination was
their inability to distinguish between fast erd slow pﬁotoassisted
processes. Conclusions therefore rested upon 22tailed chemical
study of long-term changes in acceptor mdlecules, brought about
slowly by uv-illumination.

Later the technique of electren spin resonance was successfully
applied, for the first time, to continuously circulating aqueous
suspersions of zinc oxide in order to provide new insight into fasi
changes occurred simultaneously within the illuminated semi-
conducting solid. (1973, '74). An imporwvant unifying feature of
the detailed mechanisms developed for the cnergy transfer process
at these illuminated interfaces was the central role played by
charge-transfer processes involving photogenerated electrons and
clectronic holes. Indications were obtained from these studies
that quantum efficiencies of the obsexrved chemical changes depended
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upon the axtent to which electron-hole recombination processes
compeated with the chemical processes under study.

The research effort centered a new phase in 1975 with the
dovelopment at U.C.C. of unique apparatus for applying Dynamic
Mass Spectrometry and related fast detection techniques to time-
resolve processes initiated at GAS/METAL OXIDE intexfaces by 50us
pulses of uv-photons. Initial studies of photoassisted interactions
of flash illuminated 4nO or TiOz with '®0,, N20 or C:HsOH were
expanded to include studies with isotopically enriched gases
180,, '"N!SN'€0 and C2DsOD. The technique successfully time-
resolved fast flash-initiated surface processes (such as surface
photolysis, or photodesorption of chemisorbad oxygen, or release of

_ alkene products from alcohol photodehydration) from slower surface

processes, (such as post-flash uptake of oxygen by active surface
sites, or release of products of alcohol photodehydrogenation).
These studies have resulted in extended publications (1975 and 1976)
describing in detail this interesting new technique and the type

of results which can be obtained from it. Implications of these
results for 'Energy Migration within Solids and across their
Interfaces' will be presented at a Conference to be held under that
title at University ollege Cork in September 1976.

* Copics of the four most recent scientific papers in 1976 are
appended to this report since, unlike other publications
listed on the following pages, copies have not previously
been supplied to EOAR and AFOSR.
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Chronolagicnl Bibliegraphy of Papers and Communications arising
from Research carried out, in part, with financial support under
Grant AF-2148.

1976 - PUBLICATIONS

kluok tnitiactcod Surface Reactions on 2n0 and Ti0: studicd by
Dynamia Naga Spoctroretry
Joseph Cunningham and Nicolas Samman
Chapter 17 in Volure 4 Dynamaic Masg Spaecitrormetry (Editors, Price and
Tadd) Pages 247-271. Published 1976 Heyden and Sons. London.

*hoteeffects itnvolving Oxygen-1l8 at flash-illuminatad Zn0 and T102

Surfaces
Joseph Cunningham, B. Doyle and N. Samman
JCS Farad. Trans. I (1376) Vol. 72 1495-1498.

1976 - PAPERS COMMINTCATED TO SCIENTIFIC MEETINGS

. "zygen Intermediates at flavh-illuminated Metal Oxide Surfacecs studied
by Dynamic Maas Speatromntry
Joseph Cunningham, B. Doyl®, D.J. lorrissey and N. Samman
Paper accepted for presentation at Sixth International Congress on
Catalysis, London, July 1976.

YActive Sites for Dehydration and Dehydrogenattion of Aliphatie Aleohols
over Zn0 and Ti02 at 15-30°C

Joseph Cunninqgham, K. Hodnett, Paul Meriaudeau and D.J. Morrissey
Paper accepted for presentation at Fifth Iberoamerican Symposium on
Catalysis, LisBon, July 1976.

Preocesses contributing to Enorgy Discipation at Surfaccs of Flash-~
tlluminated Metal Oxidea

Joseph Cunningham

To be presented at EUCHEM Conference on "Migration of Charge and Energy
within Solids and at their Surfaces" 22-24 September, Cork, Ireland.
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1975 - PUBLICATIONS

Piotoassiated Surfacr Reaetions Studsed by Dynamie Masa Spocitromatry
Joseph Cunningham, Eoin Finn and Nicolas Samman
Faraday Discussions of the Chemical Society No. 58, pages 160-174.

Reactions Involving Eiectror Tranufar at Scnmiconduciing Surfaces:
VI. Elactron Spin Resnnance Studirs on Dark and Illuminated Aqueous
Sugspengions of Zine Ozidaes
Joseph Cunningham and Sean Corkery
Journal of Physical Chemistry, (1975), 19, 933-941.

1975 - PAPERS COMMUNICATED TO SCIENTIFIC MEETINGS

Faat-detection Studies of Radiation-induced Effects at Aqueous
Electrolyte/Metal Czide Interfaces

Presented by Joseph Cunningham to an informal Symposium at Max Planck

« Institute fur Biophysikalische Chemie, Berlin, February, 1975.

‘ f * Dynamic Nass Spectrometry applied to Flash-inttiated evaerts on Zn0

Presented by Joseph Cunningham at an informal Symposium on ZnO at
Free University Berlin, February 1975.

1974 -~ PAPERS PUBLISHED

Reactions Involving Electron Tranasfer at Semiconductor Surfaces:
‘ V. Reactivity and Electron Paramangnetic Resonance of Elaectron
i Transfer sites on Rutile

Joseph Cunningham and Anthony L. Penny
Journal of Physical Chemistry, (1974), 78, 870-875.

»

1 New Techr 'que for the Study of Selective Reactiones at Rutile Surfaces
i Joseph Cunningham, Eoin Finn and Anthony L. Penny

! Chemica Scripta, (1974), 6, 87-88.
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\ 1974 - PAPERS COMMUNICATED TO SCIENTIFIC MEETINGS
"y Flash-initiated Surface Reactions studied by Dynamic Mass Spectrometry
« Paper presented by Joseph Cunningham to Fourth International Symposium
on Dynamic Mass Spectrometry held at University of Salford, July 1974.
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1974 - PAPERS COMMUNICATED TO SCIENTIFIC MEETINGS (Contad)

Fhotovxidation, Photodehydrogenation and Phoituldohydration on Matal
axida'Cata?yais

delivered by Joseph Cunningham to Conference on Nedern Developments 1
tn Indusirial Cataiysis at Imperial College London, July 1974. !

Photoassisted Surface Keactions studied by Uynarmic Nases Speatromatry
presented by Joseph Cunningham to Faraday Discussion on Photoeffects
in Adsorbad Spectes held at Cambridge, Enyland, Septomber 1974.

1973 - PJBLICATIONS

ESR Studies of Aqueous Suspsneions of Zino Oxide
Joseph Cunningham and Sean Corkery
Ché«ical Phys. Lett., (1973), 21, 421-425.

1973 - PAPERS COMMUNICATED TO SCIENTIFIC MEETINGS

Role of Surface Charge in Reactioms at METAL OXIDE/AQUEOUS ELECTROLYTE
Interfaces

Presented by Joseph Cunningham as Paper No. 7 at a Faraday Society i

Informal Discussion at University College Cork, 4 & 5 January, 1973.

Roles of Surface States and Surface Charge in Reactions at NETAL OXIDE/
GAS Interfaces

Presented by A.L. Penny as Paper No. 16 at a Faraday Society Informal
Discussion held at University College Cork, 4 & 5 January, 1973.

Processses at Semiconductor Surfaces studied dy Fast Datection Techniquas

Prcsented by Joseph Cunningham at Informal Seminar in Universite Claude
Bernaxd, Villeurbanne, Lyon. September 1973,

1972 - PUBLICATIONS

Reactions Involveng Electron Transfer at Semiconductor Surfaces:
IV. Zine Oxide promoted Photoreduotions in Aquaous Solutions at
Neutral pH
Joseph Cunningham and Hanaa. Zainal
Journal of Physical Chemistry (1972), 16, 2362-2374.
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1972 ~ PUBLICATIONS (Contd)

Roantions Involvirng Elcetron Trangfer ot Scomiconductor Surfaces:
ITI. " Diasnceiation of Methyl Iodide over Zinc Ozidec

Joseph Cunningham and A.L. Penny
Journul of Physical Chemistry (1972), 76, 2353-2361.

1972 - PAPERS COMMUNICATED TO SCIENTIFIC MEETINGS

Enargy Transfar at Semiconductor Surfaces

Presented by Joseph Cunningham at Philips Research Laboratories,
Eindhoven, 6 April, 1972.

Energy Migratiom in Irradiated Solids

Presented by Joseph Cunningham at AFOSR Contractors Meeting,
Santa Birbara, California, September 1972,
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Chapter 17

Flash-Initiated Surface Reactions on
Zinc Oxide and Titanium Dioxide
Studied by Dynamic Mass Spectrometry

JOSEPH CUNNINGHAM and NICOLAS SAMMAN
Chemistry Depariment, University College Cork, Ireiand

1. Introduction

This chapter deseribes results of experiments in which'fast-response mass spectrometric
detection is applied 10 the study of photoeifects at the suefaces of r~al oxide catalysts. No
major development o innovation in dynamic mass spectrometer techn, quz was needed for the
experinents describedd. Emphasis has heen concentrated, rather, on exploting the sdvantages
and limitations inherar in application of routine dynamic mass spectrometsic techuiques 10 the
study of transient changes in gas composition produced by pulses of UV illumination incident
on catalyst surfaces, Zinc oxide and titanfum dioxide were selected for study as representative
semiconducting metal.oxidé catalysts, because of the availsbility of extensive backpround
Information on theit susface and cutalytic propertics and how these ate affected by UV
Slumination.”* This littrature Indicates that changes in composition of the gas phase above

«  UV.iluminated mesal-oxide catalysts may originate from: (i) photolysis of surfase layers:'
(1) photoassisted decreares of increases jn the number of adsorbed molecules or jons on the
illuminated sueface (lermed photadesorption and protosdsorption, respectively, photosorpiion

*  collectively):t (1) enhanced reaction between the illuminated surface and components of the
gas phase (termed photo-assisted gas/sutface reaction); (iv) enhanced catalytic ativity of the
flinminated surface in pomoting reaction betweds components adsotbed onto the metal

Tal;ok §. Procetscs roported 10 affect gas phase above UV-illuminaied zicc oxide of titanium dionide.

Pincest Riference
MIOTOLYS!S OF SURFACE LAYER

00 + ky === 2n)* ~= 7n® 1) + 1]20, (g} 1
HOTOSORPTION

X0 (3410, =220, (g) + (x- 1) O, (3d9)/TH0, s.10
PHOTOASSISTED GAS: SOLID REACTION

Zn0* + N;0 (ads) —> N, (g} + O (2:0)}Zn0 s8

HO H2n0° + CD (g1==*1"]Zn0 + CD,}{ $9
PHOTOCATALYSIS

1720, (g} + CO (@) + Zn0* —*(C0, () + Zn0 4,5,6
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onide from the gas phase (teemed photocatalysis). ™ The examplcs of theie poceises given in
Table 1 wete measuted by vanous worhers using continuous low-intcmsity UV {llumination,
whereas the new wotk described in this chapter has been mainly catvied out with high-intensity
pulses of UV jHumination with duration ca. 30 ps. A brikl review of publithed wotk on
photoeffects st gas metal oxide interfaces tclevant here, both as an introduction o the nature
of gas—metal oxide interactions and in identifying mechsnisms by which UV photons modify
such interactions. Since photoelfects involving oxygen have reccived pacticularly extensive
atention in the literature, = will be convenient 10 treat thoe senatately in Section 2 of the
present chapter and then to preient data on other gases in Section 3.

1. Pholoeilects involving oxygen st rinc oxide and thanium dloxide surfaces

A, INTRODUCTION

An oxygen deficiency has beert tepotied for zine oxide s titanium dioxide surfaces* ¢!
andd particulacly for samples preactivated in vacuum at 400°C such as were investigated in the
present stdy, Expetimental observations on photoeffects over titanium dioxide surfaces
exposed 1o continuous UV illumination have been vatiously inteepreted as providing suppott
for each of the processes listed in Table 1. Several worhers have demonstrated by ESR and
pattisl peessure analysis that surface photolysis occurred with formation of sutfwce Tt
o8 centres.) - Photodesorption of preadsotbed oxygen has also besn reported® over reduced
surfaces. The reverse process.of oxygen photoadsorpiion has been observed* ' and correlated
with the surface concentration of Ti* specics on reduced tiianium dioxide samples o7 with
sutface hydroxyls on fully oxygenated surfaces.'® The UV.illuminated titanium dioxide
surfaces also catalyse partial oxidation of hydrocarbons,™
For zinc oxide surfaces the following parameters have been reported as determining
whether photoadiorprion or photodesorpiion predominaie: oxygen partisl pressures'! extent
of métal excess non-stoichiometry;* concentration of conduction band clectrons; amd position
of the Fermi level.'** Correlations between photodesorption and photononductivity are raquited
by various models for migration and trapping of slectronic holes st the illuminated lntetface,'"
and Meinick has reported such correlations, 't Since photoconductivity studies have revealed
*fast' and “slow* photoprocesses, photosorption processes may likenise be exprected o exhibit
fast and slow components. It has recently been suggeited by Tanaka and Blyholder that the
slow step in photocatalytic oxidation of curbon monoxide over zinc onide Is formation of O°
jons on the surface.'* Photolysis of “inc onide has also been reported and evidence presented
that presence of excess metal or of electron-trapping species may modify surface phovolysis,™
as has been reported for NaN,."
Finally, a brief summary of current ideas on how surfaces of zinc oxide and titanium

dioxide samples may be modified by adsorbed onygen is appropeiate in thiy introduction.
Electronic theorics of chemisorption describe such modifications In terms of *collective electron®
energy levels at and close 10 the surface.'* " Figute 1(a) ilustistes the energy-band model
applicable within the bulk lattize of non-stoichiometric 2inc oxide or titanium dioxide.
Outgassing these materials in vacwo 10 lemperatures of J00—400°C, a3 was used 10 precondition
sutfaces in the present study, is repotied to enhance extent of metal-excesy aon-stoichiometry
in surface layers, above that in the bulk.2? Such additional surface excess of ionizable donors
is schematically denoted in Fig, 1(b) and can result in excess positive chaegd close to the

, surface, with a cotresponding enhancement of electrons in thie condiction band within the

: bulk. According to the ‘collective electron’ description, such senaration of charge should

' result in downward bending of energy bands as illustrated in-Fig. [(b). A situation formally
similar to thaz in Fig. 1(b) can result if adsorbed atoms, molecules o lons injest dlectrons into
the bulk conduction band in the process of adsorption, thereby icaving positively charged
species at the surface, Hydrogen, carbon, monoxide and some oxygrnated hydrocarbons are

, teported as adsorbing onto zinc oxide with release of eiectrons,’ ™ which corresponds (o

' cumulative chemisorption and tends to produce downward band-bending as in Fig. 1(b).

Oxygen adsorption onlo zinc oxide or titanium dioxide is reported as giving rise to

L
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Fig 1. *Coliective chetron' docription of chection ancry loveds within the bulk of in the sutlace
tegions of nonutokchiomettic adype 200 snd IO, £onand & denote, ofectivedy, the
lowent encegy kel i the conduction band of highest in the vabence band, ad BB vl eV,
£, denotes encrgy kevels of doaor centres such as exoess mtal and £, represents the equilibrium
Fermi lovel. (a) Situation within the bulk of eae the sueface in *flat-band" conditions. (b) Sueface
ponitive with tevpect 10 bulk, with downward band! bending such as may arise from cumulative
chirmisorption (<) Su1face negMtive with fespect 10 bulk, with upwacd bandd bending such as
may qiginate from depletive chemioepiion,

depletive chemisorption, which envisages cach chemisorbed oxygen as localizing an clectron
from the conduction bam as the sites of sdsorption. ' The resuliant excess negative charge at
the sutface, due 10 specics rescmbding O,*, 0" or O™ , may be represented in collective clectron
descriptions as producing the upward bending of energy bands near the surface depicted In
Fig. 1(¢). Direct evidence in suppost of this representation has come from measutements
showing Increasingly negative surface potential on cadmium sulphide (CdS) single crystals in
the dark st increasing oxygen pressurcs,’ and from direct ESR evidence for the focmation of
O, on zinc oxide’’ 1* and titanium dioxide.? Indirect evidence for depletive chemisorption of
oxygen onto xnc oxide samples as 0,” or O° fons has been deduced from oxygen-induced
decreases In clectrical conductivity of zinc oxide samples,’ " using the criterion that increased
resistivity of the samples reflects fewer mobile clectrons. On the basis of this criterion,
measurements ol changes In electrical conductivity accompanying adsosption have been
widely used as & convenient indicator 10 the depletive or cumulative nature of gAs-semi-
conductos interactions. Scrious questions as 1o the validity of this criterion, at Jeast for
titanium dioxide samples, have been ralsed by Crucq and Degols on the basis of their studies
on the frequency dependence of conductivity on rutile.”

Direct observations have been reported on the influence of oxygen on sutface potential
of zinc uxide during oxygen photosorption ,» Decreases in the number of surface O;" radicals
have been directly monitored by ESR during oxygen photodesorption from zinc =" je.}+* In
terms of collkective electron models of the O,/metal oxide interface, such oxygen photodesdrp-
tion cffects have been refated (o the following processes:

Depletive chemisorption in the darlctg

0,(8) = O4(ads) = O;-(ads) - m
Photoactivation of the metal oxide (MC):
MO +Av= (¢ + h)/MO* = ¢ + h' (2)
Interaction of adsisrbed oxygen with photogenerated species:
Or (ads) + h* = O,(g}/MO* ~ O,(s) + MO &)}
or O, imis) + {¢ + h)/Zn0*~ Oy{g) + h*/ZnO 4)
249
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Process (1) should give rise to the upward band-bending depicted in Fig. 1(c). This band-bending
should in turn attract hodes photogencrated by (2 towards the sur (ace, theta to teact with oxygen
sons via {3) or (4) and thereby decrease the negautive surface potential below that eytablished by
(hin the dark.

Direct ESR evidence for photoinduced tncreases in numbers o Q, radicalsontitanium
dioxtde has Leen obtained during photoadsorption of oxygen.!* These and other oxygen
photoadsorption effects have been analysed for agreement with collective eleciron models, "
but the rather complex treatments nocded to aceount for observed resulis® are beyord the scope
of this brief inttoduction. It must, however, be noted that in~teasing cmphasis has been given
in recent years to altegnative models of real surfaces which 2mphasize special propertics of
unique lovalized surface sites? rather than colkective-clectron properties of the entire surface,
O zine onde or titamum dioxide localized surface sites with characteristically high activity for
chemisorption, ¢atalysis or photoeffects may take sevesal forms: sweface defects (such as
OXyEen vacancics on titanium dioxide of excexs metal on both zine oxide and titanium dioxide);
surfuce smpurities (such as altervalent tons or adsorbed oxygen lons on zin~<xide and titanium
dioxide); or surfoce states (originating because the surface Is necessari - discontinuity and
components of an otherwise jdeal Jattice situated at such a discontinuity must posses pastially
unsaturated valencies and/or incompletely compensated charges).™ Evidence for the occurrence
and migration of oxygen vacancics in titanium Joxide samples has come from many studies,? ¥ ¥
butt results on zine oxide do not favour existence of oxygen vacancies in that material, except
after exposure to irradiation by high-cnergy radiations or clectrons,*® ESR evidence has been
reviewed? for Ti** radical ions on the surface of titanium dioxide, Recent results of catalytic

« studics support high activity of metal-excess surface sites on titanium dioxide*® aml zinc oxide,* ¥
£ Zinc-nieh surfaces of zine oxide have been obtained by cleaving ZrO single crystals in
high vacuum and are reported 1o exhibit markedly different properties from the geminate

oxygen-tich surface simultancously produced by cleavage.™** Recent parers by Gatos and

co-workers't ** demonstrate the marked influence which a high density of surface states can

exert on photoeffects 1n zing oxide. They observe, in the presence of specics adsorbed onto

zine oxide from air, photoinduced transition of clectrons from the zinc oxide valence band

tnto surface states ca. 2 ¢V below the conduction band. These transitions gave rise (o an

increase in surface potential. Since this is opposite to the effect expected from collective

clectron models (e.g. via processes 3 or 4), it has been termed by Gatos and co-workers the

*‘photovoltuge inversion effest’.' This and related effects involving surface states and cther

unique surface sitzs ate likely te be important in the present work 7 which UVavisible and IR

photons are incident on zine oxide and titanium dioxide surfacer 1t should panicularly be

notedt that such effests may be opposite 1o those expected from the collective electron modals.

B. EXPERIMENTAL

Tiz cearal dbjective of the present study =+« to employ mass spectromet.sc detection

10 monitor the time profiles of changes in gas ¢ npos..c initiated by the incidence of 50 ps

Nash of UV light onto zine oxide vt titanium die. .de syrfaces. A 15 em long quadrupole mass

anslyser tube was used for mass analysis with associ. ted r.f. supply at 4 MHz (for the m/e

range 1—350) or 2 MHaz (for tl. m/e range 4—200) arci scanning controls (built according to a

design of the Departinent of Electronics and Electricsd Engincering, University of Liverpool).

A 17-dynode electron multiplier (EM) was found necessary to achieve requisite fast response

and sensitivity at vnit mass resolution with <5%y valley. In order 10 avoid spurious photoelfects

arising from the mcidence of stray photons from theillumination system onto ihe electronmulti-

) plier, a relatively long (1 m) réith with several bends was ussd between the photareactor and
the «lsctconmuliplier. The equipment Jséd s shown disgrammatically in Fig. 2 and resembles
i the conventional Kinetic flash photolysis experiment except that the steady state beam of
photons through the reaction vessel vir 2 monochromator to a photomuliiplier was replaced

in our system by a steat: state flow of molecules (rSin iz reaction vessel along a bent § m

R flighs pat to the ion source of the quadrupole mass spacirometer,

. With ¢tk exception of a 15 cm lonz, 40 mm OD cylindrigal glass window the remainder
; of the fon-pumped high-vacuum system depicted schematically 3n Fig. 2 was fabricated from

; 250
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stainless stecl. This system routinely attained total residual gas pressures of ca, 10 N m? after
thermal outgassing. Samples of 2inc oxide or titanium dioxide were Introduced into this
system as thin layers previously dzpositcd onto cylindrical quartz substrates of geometric
sutrface arca 0.0 m'. These metal oxdde/quartz samples were located inside the 15 cm long
cylindrical *window®, which was of Kodial glass for most experiments and served (0 prevent
light of wavelengths <300 nim from entering the vacuum system. In someexperiments a greater
proportion of the UV output of the Nash-tube was admitted by replacing this Kodial window
with a quartz window which transmitted down to 200 nm. When so desired, light of wave-
lengths <360 min was effectively sxcluded from the system, together with much of the IR
output, by wrapping 2 Wratten 38A gelatine filter around the Kodial or quartz windows. It
should be noted in Fig. 2 that the clectron multiplier and 15 ecm quadiipole mass filter were
located very close 10 the fon pump {0 achieve minimum system pressure at their location

Results described In this paper were all obtained in conditions such that this minimum
system pressure did not exceed 10 N m™?, asindicated by the meter of the lon pump, Resctant
gases were introduced to the vacuum system vin metal varisble-leak valves from an external
gas-handling system from which grease and mercury were rigorously excluded, The steady
state pressures at various locatigas in the 3ystem was monitored with Bayard-Alpert fonization
gauges (cf. Fig. 2) and did not exceed 1072 N m%, Output of the mass Yilter at appropriate m/e
values was lineatly related 10 these prassures over the range 107°~10"7 N m™, A marked
disadvantage of the quadrupole used was that it did not yield ‘standard’ fon fragmentation
patterns, but exhibited a greater sensitivity to low mass numbsers. This discrimination necessit-
ated extensive calibration with known gases 10 obtain reference spectra for comparison, and
this was done for all the reactant gases used in the present study,

M
T (>',.A__E__szm

l-— (] S{QMS)

StFT)

Fig. 2.  Dynamic mass spectrometer system for the study of changes in gas phase pressure and
composition caused by Nash-initiated surface processes, The system consists of: (i) High-vicuum
system, comprising: Inlet Jeak vaive, I: pressure measuring gauges, B; glass-walled photo-
reactor, C; metal oxide layer, MO; high-conductance tubing, E; quadrupole mass spectrometer,
QMS; 14-stage electron multiplier, EM; fon pump, [P; and tquid nitrogen cooled baffle, LNB.
{il) Fast detection circultry compeising: trigger unit, T; variabic delay line, D; quartz flash-tube,
FT;oscilloscope, O and fast amplifier, FA, (iii) Appropriate electronic supplies: S(EM),
S(QMS) and S(FT).

Preparation of materials
The zinc oxide and titanium dioxide materials used in the present study were high-purity

powdered samples obtained through the courtesy of the New Jersey Zinc Co. and coded,
respectively, as ZnO-SP500-78115 and Rutile-MR-128. Impurity content of these oxides were

251
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low (c.g. €0.001% Fe, Cu or Mn in ZnO and <0.07% Cl, in TiO,). Materials were also alike
in sutface arcas (4 and 5.4 m? g'), particle sizes (0.2—2 p) and reflectance spectra (onset of
absotbance at ¢a. 390 nm rising 1o & maximum at 370 nm). For a few experiments, doped
2ine oxide samples were used and corresponded to the ZnO-SPS00 material treated to
incorporate lithium (tgrmed LE-ZnO) or ind*um (termed In-Zn0).

Powdered materials were taken into an aqucous slurry with triply distilled water, or
occasionally fully deuterated water, and coated onto a quartz substrate as a layer of thickness
ca. 10°* m which was dried in & vacuum oven at 110'C before introduction into the vacuum
system. After bake-out of the entire apparatus at 250°C until the pressure {ell to 107 Nm™?, a
small heater was placed around the glass section of the vacuum system to bake out the metal
oxide at 250=350°C for 16 h. A scquence of experimental obscrvations on such samples was
usually commenced within 1 h of cooling te room temperature, Residual gas analysis indicated
<10°* N m? partial pressure of *carbon monoxide plus nitrogen® as the major constituents of
residual gases in the sysiem but with residual oxygen or water vapour <10 Nm-?,

Reactant gases nitrous oxide, oxygen and hydrogen were spectroscopically pure (BOC
Grade X) delivered in Pyrex break-seal vessels which were used as reccived, Isotopically
labelled Y N"N"*Q 2nd C,D,OD (cither anhydrous or containing 5% D,0) were supplied by
Stohler Isotopes. Oxygen enriched in *O was obtained from Yida-Miles Laboratories and
deuterium (99.9% Dy) from BOC. Anhydrous deuterated methanol and methyl lodide were
obtained from Prochem and used as received. Reference niass spectea of each reactant gas,
cntering e mass spectrometer via a by-pass which did not 2xpose it to the metal oxide, were
determined prior 1o cach experiment.

Sample illumination

In order to investigate ‘fast’ photolysis or photosorption effects, metal oxide/quartz
samples were exposed 10 light pulses of 30 us duration emitted by an oxygen-quenched xenon
flash-tube dissipating 200 J electrical energy per flash. An clliptical reflector housing,
enclosing the flasiz-lamp and the cylindsical glass window of the vacuum system, was used to
deliver emitted light 1o the sample, Substitution of a potassium ferrioxalate actinometer and
appropriate filters at the position normally occupied by the metal oxide/quartz samples
indicated that 2 x 10" photons in the wavelength range 300—400 nm were delivered 10 the
sample per flash incident through a Kodial glass envelope. With a quartz envelope, the total
nun‘\‘bcr of photons with wavelengths 200-=500 nm delivered to the sample was 5.4 X 10" per
flash.,

Fast-detection circuitry

Rapid response in the electron multiplier detector of the mass spectrometer was desired
in order to follow any sudden changes in gas composition within the vacuum system, as
occasioned by incidence of the high-intensity 50 us light pulses onto the metal oxide. For this
purpose, fast-detection circuitry very similar to that normally employed in flush-photolysis
apparatus was utilized (see Fig. 2). The response time of the detector system, with the ouiput
of the multiplier fed into an oscilloscope via a low-pass filter (to climinate 4 MHz or 2 MHz
ripplc), was 200 ps and was not the slowes: step in the response of the system to flash-initiated
changes in gas composition. Time-of-diifusion of gas molecules from the flash-iluminated
metal oxide interface throush the vacuum systemn to the jon source of the quadrupoie appeared
10 be the rate-limiting step. This Tollows from data which demonstrated that rise times of ion
currents corresponding (o various molecular gates generated by light flashes varied in the
manner expected for diffusion (i.¢. rise tinecem'’?),

Paraliel investigations of photoeflects under long-pesiod, low-intensity UV illumination
were carried out, where possible, To: compatison with high-intensity flash-initiated processes.
For such experiments the outputs of 550 W mercury arc, 250 W metcury—xenon arc of
4350 W xenon arc lamps were utilized. For photosorption or phiotolysis stud es, suitably filtered
outputs of these lamps were inc:d=nt or« a zinc oxide or titanium dioxide sam;ple suspended from
one arm of high-sensitivity elei:trobalance, Sampes were pre-equilibrated with the adsorbing
gas in the da™ at pressures ¢, 10 N m™ peior to recording any photoinduced changes in
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weight, This clectrobalance was also utilized to determine the extent of adsorption of the
various reactant gases onto zine oxide or titanium dioxide at toom temperature, Adsorption
isotherms were thus obtained at higher pressures and extrapolated to conditions of the
present experiments in order to estimate the percentage of surface sites occupied by reactant
gascs prior to UV (lashes,

C. RESULTS
Photolysisat 100 Nm?

In view of literature reports that UV photons incident on zinc oxide and titanium dioxide
may cause photolysis to yield molecular oxygen and metal, it was of particular interest 1o
monitor fon currents at the corresponding m/e values before, duting and after arsival of a
high-intensity light pulse onto zine oxide or titanium dioxide surfaces. The mass filter was,
therefore, sct 10 continuously monitor ions with m/e 32 and time profiles were measured for
changes in fon cutrent caused by arrival of the first pulsé delivered to a *fresh’ zine oxide or
titanium dioxide surface under the lowest residual pressure (10 N m™') attainable with the
vacuum system. The trace shown in Fig. 3(a) was obtained by photographing a slow, appro-
pristely triggered oscilloscope sweep before, during and after flash illumination of & fresh zine
oxide surface through a cylindrical quartz window. It demonstrates a large rise in lon cucrent

Fig.3.  Oscilloscope trace recordings illustrating the time profiles of flash-initiated Increases in the
Inass spectrometet fon count at m/e 32 and attributed to oxygen released into the gas phase from
Zn0 surfaces due to photolysis: (s) oxygen transient from the first flash incldent via a quartz
envelope onto a well-outgassed ZnO samplc at & residual system pressure of 10 N m**; (b) initial
tise and decay of the oxygen transient generated by the first Nash Incident through a Kodial
glass envelope; (¢) time sequence Hlustrating lack of reproducibility in transient size for four
fashes delivered at ca. § s intervals through Kodial glass; (d) progressive decrease in oxygsn
transient for five Nashes incident at 20 s intervals through quartz.
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at m/e 32 initiated by the single flash followed by a stower decrease back to the pre-flash-ievel
when observed on » time scale of 1 s/div, No such transient was observed at the m/e value for
zine vapour or any other m/e values —— except those for ‘system® transicnts (see below),
Figure J(b) demonsteates the rise in fon current at m/e 32 on a much faster time scan (20ms/div.),
Comparison with output of the flash.tube, as monitored by a photodiode and displayed
simultancously on the second trace of the storage *scope’, confirmed that the slow rise evident
in Fig. 3(b) did not originate in the lamp pulse but originated from time-of-diffusion from the
flash reactor to the mass spectrometer. The slow decay of signal intensity at m/e 32 after the
pulse, cvident in Fig. 3(a), originates from the pump-down rate of the lon-pump. The over-all
shape of the inftial pressure rise and subsequent decrease tesernbles that repocted from thermal
desorption studies with subsequent readsorption.’ Application of the kinctic analysis developed
by previous workers, with insertion of appropriate rates of pumping by the fon pump and
measured rates of pressure increase caused by the flash, indicated that the maximum teached in
traces such as Fig. J(a) is a good approximation (within 10%s) 10 the true maximum which
would be attained In the absence of continuous pumping by the fon pumgp. The latter conditlon
was not normally used in the present study, (o avold possible evolution of contaminants when
the fon pump was switched off, The maximum reached ca. 200 ms after the flash for transients
such as that shown in Fig. 3(a) and measured under continuous pumping is taken as a good
approximation 10 the actual pressure increases and as providing a good measuce of the relative
magnitudes of transients in various conditions and from vatious samples. Observed signal
helghts were converted to ‘equivalent pressure increases' by calibration of the mass spectro-
metsr sensitivity with known pressures of oxygen.

When light was incident through Kodial glass onto titanium dioxide/quartz simples in
vacuum of 10°* N m?, no transient comparable in intensity or behaviour to that illustrated in
Fig. 3 was detected, despite care taken to prepare, thermally treat and flash-illuminate the
titanium dioxide samples in conditions identical to those used {or zinc oxide. With photons
incident through a quartz envelope, a small transient at m/e 32 was sometimes detectable from
fresh titanjum dioxide/quartz samples but it was Jower by a lactor of 50 than the transient
observed from a similarly treated zinc oxide sample. Data on relative pressure increases are
summarized in Table 2, column 3. These demonstrate that oxygen evolution from zine oxide
sutface in vacuo was much more efficient than from titanium dioxide surfaces, The marked
difference between extent of oxygen evolution from zinc oxide and titanium dioxide provides
support for our view that the observed effect at m/e 32 depended on specific interaction of the
light flash with the metal-oxide samples, rather than with the system.

10 traces such as Fig 3(a) otiginated solely from photolysis of the 2inc oxide surface with
release of oxygen, similar yields of oxygen might be expected from successive pulses. Photo-
graphs (c) and (d) of Fig. 3 demonstrate, however, that magnitude of flash-initiated transients
monitored at m/e 32 decreased progressively to a limiting value when successive flashes were
delivered to the same zinc oxide surface at short intervals, However, if the flash-illuminated
unc oxide surface was kept in the dark for un hour or longer between two sequences of flashies,
behaviaur sasilar to that shown in Fig, 3(d) could be repeated. A possible interpretation ol this
behaviour was that the zine oxide surface slowly acquired a saturationcoverageof depletively
chemisorted oxygen in the dark by interaction with residual oxygen piessure (which was not
measucable but <10"* N m™*). Flash-initiated desorption of much of this chemisorbed oxygen
might then account for the observed high transient at m/e 32 by the first flash delivered after
standing in the dark for times of at least one hour. The lower yicld shown in Fig. 3(d) for
subsequent flashes delivered to zinc oxide surfaces at | mir intervals might also be understood
on this basis, since a 1 min delay between pulses wouid not suffice io restore saturation
coverage by O, at oxygen pressures <10 Nm*2,

The wavelength dependence of oxygen evolution from zinc oxids in vacuo was studied
in an attempt to determine whether the variable flash-initiated oxygen evolution otiginated
from photolysis of surface regions of zinc oxide or from photodesorpiion of oxygen re-adsorbed
between flashes. The literature provided some basis for attempting thus to discriminate
between the two processes, since photolysis has been assoclated only with photons inside the
band edge at 380 nm (and usually with pholons of X <365 nm), whereas oxygen photadescrption
had been reperted at wavelengths outside the band edge® (and 2s {ar as A~500 nm). A Wratten
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Table 2. Magmitude of flashednitiated ovvgen transients from aine onide nndd titanium dioviie.

Steady state Metal Initial rapid effectd Slaw secondary provesd
ONYECH pretsute onxide
Pa[Nm? wiNm?  opyf wiNm? o
(2) Flash incident through quattz (A * 2060 nm)
<3ixio¢ ZnD-8PS00 +1x10¢ sx 0t - -
<Ix e TO, +2x 107" < ior* - -
1%yt " +6x 10" Ix ot 4x 10" 2x 10
$x 10! " 6% 10" Ix o -4 x 10 2x 107
(b} Flah filtered by WR I8A (A 3 160)
<3Ix 10t 2n0-SPSOD 10" - - -
1x10* " +ix 10 ~ 10 - -
" X lotl " (13 " - -
9 X ‘o-l " " [1] - -
<IX 104 TiO; - - - -
1x 10 " +3x% 10 I - 10t ~10!
" x lo-' " " (1] " "
6 X lol (1} " 11} (1} »

g Corresponds to photodetorption or photodecomposition of the solid with ¢, ¢a, 150ms,
Corresponds to photo-oxidation of the titanium dionide surface occursing at times 2=20s,
5 o isthe quantum efficiency of photodesorption,
@~ I8 the quantum elficiency of photo-oxiiation.

38A filter offered the possibility of transmitting a significant fraction of photons active for
photodesorption but very few photons active for photolysis, since it transmitted significantly
(>1%) only in the wavelength range 360—620 nm. Using 2 potassium ferrioxalate actinometer,
it was possible (o determine that the humber of photons expected to be active fo? photodesorp-
tion (A <500 nm) which were incldent through the 38A filter and quartz windows was 6 x 10"
per flash. No measurable flash-initiated oxygen evolution was observed for zinc oxide surfaces
in vacuo for this photon flux incident through the filter, The total Nux at 200—500 nm incident
through quartz without the 38 A filter was measured as S4 x 10" photons per flash. Although
this represented only a ninefold increase in intensity of light which would be active for oxygen
photodesorption. oxygen evolution was enhanced to a much greater extent (at least fiftyfo!d.
allowing for the experimentsl signal-to-noise ratio). It appeared from this extra enhanceinent
that photolysis by photons at 200—360 nm made the msjor-contribution to Mash-initiated
oxygen evolution from zinc oxide for photons incident through quastz. Since these experiments
showed that use of the IRA filter effectively suppressed contributions by such photolysis, this
filter provided & convenient imethod for studying photosorption proossses without interference
by photolysis. Data in this latter conditon are presented in the following section,

Oxyzen photosorption processes at Q,/2n0 and O,/TiO interfaces

0,/Zr0O. Figure 4 teproduces photographs of oscilloscope trace recotdings which
demonstrate flash-infuated release of molecular oxygen from an 0,/Zn0 interface under three
oxygen pressures. As illustrated in photograph (d) of this figure, flash-initiated enhancement
of oxygen pressure hadarisetimeof200ms at cach pressure, Jiigure 4(a) demonstrates that at
an oxygen pressure of 10°* N m?, the peak height of the transient was 10 £ 2 mV for a sequence
of five flashes delivered at 1 min intervals. This extent of reproducibility contrasts markedly
with the lack of reproducibility for cvolution of photolytic oxygen from similar zinc oxide
surfaces whet maintained in vacuum of 10°* N m"* and flash-illuminated without use of the
Wratten 38A filter (compare Fig. 4(a) with Fig. 3(d)). Hercinafter, any reproducible flash-
initiated release of molecular oxygen from zinc oxide or titanium dioxide shall be referred to
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Fig 4. Osalloscope trace recordings illustrating the time profiles of transients produced by the
photodesorgption of oxygen from Zn0/0, interfaces under the indicated pressures of oxyyen.

In all cases the light pulscs wete incident via a Wratten J8A filter and transients were monitored

at e 32, (2) Stperposiiton of five oscilloscope traces for five successive pulses delivered at

60 s intervals with an onygen pressure of 10* N m*? (sensitivity § mV<div,) (b) Four traces
{llustrating repeoducibility of oxygen photodesorption at system pressure 3.5 % 10°N m*?
(sensitivity 10 mV7div). (¢) Four traces iltusteating the reproducibility of oxygen photodesorp-

tion at a system pressure of 9 x 10N m-* sensitivity 20 mV/div). (d) Initial rise of the flash.

initiated transient attributable 1o oxygen photodesorption at a system pressure of 10°N m”?
(sensitivity 2mV7div),

as photodesorption if measured in conditions which render insignificant any contributions
from photolytic oxygen.

Figure 4(b) and Fig. 4<) demonstrate that magnitude of Nash-initiated photodesorption
by photons transmitted through filter 38A did not increase significantly when steady state
oxygen pressure was increased sixfold 10 9 < 10t N ). These photographs demonstrate
again the reproducibility of peak heights for fashes delivered at | min intervals but, in
addition, they iilustrate an experimental limitation, viz. that as steady state oxygen pressuze
increased, it became necessary to operate the deted..on system at progressively less sensitive
scitings. This effectively limited study of the small oxygen photodesorption peak of 0,/Zn0O*
10 pressures <10°* N m™? with the available detection equipment. This limitation will be
removed in future studies by use ofan electronic unit to ‘back-off* the jon signal at m/e 32
and so permit detection of transients on sensitive ranges at oxygen pressures up {o ca. 10 N,
The data in Fig. 4 indicate, however, that oxygen photodesorption is effectively independent
of pressure at steady state oxygen pressuces in the range 10-*—10"! N2, This in turn suggests
that only a limited number of sites existed on the zinc oxide surfact: which were able to yield
oxygen by photodesorption under flash illumination by light transmitted through Wratten
38A filter. Limitations imposed by boundary layer theories on the surface concentrations of
O," may be important factors limiting the elficiency of oxygen photodesorption to the low
values listed in Table 2, column 4. These approximate values were obtained by using a potassium
ferrioxalate actinometer to measure the number of 360--500 nm photons transmitted through
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the Wratten 3SA filter with geometry identical with that used for the photodesorption
studies, except that the actinometer cell replaced the metal oxwde/quarntz sample. Total oxygen
photodesorption was obtained by multiplying the height of the observed transient at m/e 32
by an oxvgen sensitinaty fsetor experimentally determined for the mass spectrometer, and by
the system volume. Quantum clficiencies of photadesorption i,,) obtatned from the ratio of
these two numbers are probably 100 low by a factor ca. 2, since the white zine oxide or titanium
dioxide surfaces reflected many of the 400-500 nm range photons which potassium ferrioxalate
solutions absorbed. Measurements with another Wratten gelatin filter (No, 40 transimtting
440~ 700 nm and also in the near 1R) confivmed this point since the photon flux was approxi-
mately halved but no oxygen pliotodesorption was detectable despite the presence of 450500 nm
photons  The negatve photodesorption result with this Wratten 40 hiter confiemed the
unportance of Y0-—150 um photons for oxvgen photodesorption and also disvoumad the
possitulity that transients such as those sn big. 4 onginated from sueface heating in the sh, ht
thus appears that the data sn Table 2, coluran 3 represent tine oxygen photodesorption and
that the quanitm efficiencies there listed are within an order of magnitude of the true value.
They charactenze oxygen photodesorption as a highly nethcient process when initiated by ca.
6 x 10" photons in the wavelength range 360450 nm delivered as a pulse of $0 s duration
10, Znt)interfaces at seady state oxygen pressures of 1010 Nm %

0,/T10,. Flash illununanon of O, TiQ, systems through filter 38 A resulted in tine
profiles of the types ustrated in kg, $(a). These flash-gtiated transients indicate an jnitial
small increase (2.8 = 1.0 x 10 N m‘?) of oxygen pressure reaching its maximum ca, 0.5 s after
the flash. The pressure decrease at times 0.3=2 s after the Nash apparently carried the system
pressure 1o values shightly Jower (1,52 1.0 x 107 N m?) than the steady state level prior to the
flash, Wuhin the indicated limits on reproducibility neither the tmitial rapld increase nor the
subsequent persistent decrease was markedly dependent on oxygen pressure in the range

10*=10"* N m-? when light was incident through the I8A filter.

Removal of the 38A filter, so that 54 x 10*" photons in the wavelength range 200500 nun
became incident through a quartz window onto t:2 O,/TiO, interface, resulted in much larger
transients which took the form shown in Fig. S(b) at 10°*N m-? steady state oxygen pressure,
The tune profile 2F this transient reveals vauch more clearly than that of Fig. $(a) the dual
nature of the flzsh-tritiated transient at #e/e 32: an indtial rapid pressuse increase of 6 x 10N
m? is succeeded hy deoay 4t 2 3 10 a pressure lowered by the same amount relative to the
pre-Nash steady state o%ygen pressure. Peesistence of reduced pressure is still evident at 8 s after
the flash, Suzh tims profiles were fully reproducible for a short sequence of flashes delivered
at | s intesvals at cach fixed steady state pressure of oxygen, Varying this pressure altered
the relative magnitudes of the flash-initiated rapid increase and slower more persistent decrease
(compare Fig. Sb and Fig. Sc). Data on these effects are collected in Table 2 and expressed in
column 4 as apparent quantum efficiencies for photodesorption, ¢,... (based on the initial
pressure inceease), of in column 6 ay Ppe.y the quantum efficiency for flash-initiated oxidation
of the titanium dioxide surface (based or the persistent reduction of oxygen pressure), Photo.
oxidation is preferred to photoadsorption as the mechanism responsible for photoinitiated
decrease in oxygen pressure, because uptake of oxygen by the illuminated titanium dioxide
surface was effectively irreversible.,

This was established by parallel experiments in which the oxygen uptake at the 0,/TiQ,
interface was monitored during illumination on a sealed glass high vacuum systzm and the
oxygen pressure was monitored for some hours aufter illumination. These measurements
showed that oxygen taken up from the gas phase during illumination was not released in the
dark but was irreversibly incorporated into the titanium dioxide sample under UV illumination,
Sutface photo-oxidation is thus a more appropriate description of the photoassisted oxygen
uptake, On this interpretation, the pressure decreases evidence in Fig. $ at times 2—8 s after
a flash correspond to the ¢, values listed in column 6 of Table 2.

Present results on flash-initiated transients in the O,/Ti0, system illustrate one major
advantage of the dynamic fast-detection system, viz, the cepability of time.resolving the
opposing processes of rapid photodesorption and slower photo~ sidation. Since most previous
studics of oxygen photosorption relied on slow-response techniques and continuous low-
intensity illumination, it is hardly surprising that net evolution of oxygen has been reported as
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the dominant process in some conditions, whereas other tesearchers report net uptake of
oxygen in diffetent conditions.! "The time-resolution illusirated in Fig S should make it possible
in future work on titanium dioxide to determine which conditions favour photodesotption
and which enhance surface photo-oxidation.

C‘a 4 T'f’:

{g) Terels
Fie. . Oxilloscope trace tecordings showing time profiles of flash-lntiated oxygen transients at
m/e 32 abore THO, sutfacet with Indicated prensure of oxygen (N m): (2) transient time peofile
a1 20 mV7div under theee indicated oxygen presiutes for light incident through a Wratten 3RA
filter: (b) transient time profile &t 10 mV7div for two flashes incident through the quanz
envelope; (¢) reproducible time profites for light incident via quattz with an oxygen pressuse of
$ % 10N m % (d) time profile at m/e 32 (uppet teace) contrasted with profile at m/e 29 (lower

trace).

Discussion of oxygen photoeffects

The results described above demonstrate conclusively that much greater photolysis
occurred at *fresh’ zine oxide suefaces than at fresh or uged titanium dioxide surfaces when
flash iluminated in vacuum of 10N m™, The progressive large decline in the extent of zinc
oxide pnotolysis noted for flashes delivered at short (1 min) intervals could be awributed elther
10 an Inhibiing ¢ffect of excess zinc built up at the surface by photolysis** ** orto the need for
longer recovery times to re-establish equilibrium band-bending after each flash, The laver
explanation appears to be more probable in view of the obscrvation that oxygen transients
generated at 1 min intervals were much more reproducible in the presence of 10N m?of
gaseous oxygen (¢l Fig. 4). Rapid chemisorption of oxygen after each flash would conteibute to
rapid restoration of equilibzium band-bending. Abrence of significant nhotolysis of titanium
dioxide facilitated observations of the post-flash depletion of oxygen from the gas phase which
persisted for up to 20, Sincea collision rate of ca. 3 x 10'* s™* would be calculated for oxygen
molecules with the geometric arca of the flash illuminated TiO, sample, whereas a net number
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of § x 10" paramagnetic surface Tr** centres ate readily attainable for the titanium dioxide
used.' the long depletion times are readily explicable as the time needed for gas-phase oxygen
1o collide and react with Ta* centres created by the flash, Very slow post-flash restoration of
clectronic equilibtium mt TiQ, surfaces is also consistent with reportedly low clectronte
mobilities.»®

3. Photoetfects Involving Molecules Other Than Oxygen

A. INTRODUCTION

In the above considerations of photoeffests at O,2Zn0* and 0,/ ThO,* inteefaces, it
became clear that important parametess were the number and sign of charged species present
at these interfaces. Chemisorption of various malecules onto zine oxide or titanivm dioxide
may (1) leave these parametees unaffected (weak chemisorption); (4) increase the extent of
negative charge on the sutface and so deplete the number of clectrons mobile in the conduction
band of the solid (depletive chiemisorption); or (i) increase the amount of positive charge on
the surface and so increase the number of clectrons in the conduction band (eumulative
chemisorption). Depletively chemisorbed molecules might be expected to exhibit photode-
sorption effects sinlar to those noted for oxygen. Photoeffects different both in kind and in
magnitude from those noted with oxygen might be expected for molecules which experience
weak or cumulative chemisorption on zine oxide or titantium dioxide. Detailed information
on the form of chemisorgtion exhibiticd by various molecules on 2ine oxide and titanium
tioxiile at room temperature was, therefore, most desirable in selecting molecules likely to
exhibit nhotosorption, photocatalysis or photoassisted reaction under flash illumination. Such
information is available in the hterature concerning very few molecules and reports by various
workers do not always agree. Chemisorption of hydrogen onto zine oxide is a case in point,
sinco some reports claim that hydrogen does not chemivaeb vnto zine oxide at room tempera-
ture but other workers*' * ¢spouse several forms of chemisorption.

Despite eriticisms by some workers,?”” techniques involving measured changes in the
clectrical conductivity of zinc oxide and titanium dioxide when gases adsord have been
extensively used as a conventent indicator as to whether various molecules experience weak,
cumulative or depletive chemisorption. On the basis of this criterion, there is faitly general
agreement that hydrogen experieinces cumulative chemisorption. On balance, available
conductivity data™** indicate that cthanol molecules, like hydrogen, experience cumulative
chemisorption on zine oxide, although the relative proportions of dissociative and non-
dissociative chemisorption are not clear. Consequently, the interfuces Hy/Zn0 and C,H,OH/
ZnO represent a pair likely to carry excess positive surface charge as a result of chemisorption
in the dark. Figurc 1(b) should then accurately deseribe these intesfaces in collective-clectron
terms. The downward bending of bands near these interfaces should favour migration of
photogenerated holes towards the interior of zinc oxide und of electrons towards the inteeface,
This is the converse 1o processes at 0,/Zn0* interfaces. Consequently, differcnces both in
kinctics and in efficiency of photoeffects (¢.8. photosorption processes) are to be expected
between these systems and the 0,/Zn0° system. The literature on photoc{fects in Hy/ZnD* is
limited to reports that hydrogen cxperiences photoadsorption and photoassisted H/D
exchanges™ * over zinc oxide under continuous illumination and (o observations that pre-adsorbed
oxygen or hydrocarbons give rise to additional apparent photoadsorption.*** Reported studies of
photoeffects in ethanol/zinc oxide systems have mainly dealt with the high reactivity of the
cthanol molecules towards photogencrated holes*** and have largely been carried out with
zinc oxide tn contact with aqueous phases containing ethanol, It is clear from these studies that,
for lluminated C,H,OH/ZnO* interfaces, photoassisted oxidation of ethanol molecules must
be taken into consideration as well as possibilities for photosorption.

Conflicting claims have been made, based on electrical conductivity data, on the nature
of udsorption of carbon monoxide or water onto zinc oxide. Older reports' generally refer to
carbon monoxide experiencing cumulative chemisorption similar ta hydrogen but iy has recently
been claimed® for clean zine oxide surfaces that carbon monoxide experiences depletive
chemisorption detectable even at 107N m? pressure of carbon monoxide, If these latter reports
are correct, then CO/ZnO* systems could be expected to exhibit photodesorption timilar to
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that reported here for Oy Zn0°,

Published rescarch from the authors® laboratories have shown that some polyatomic gas
molecules which exhibit depletive chemisorption on zinc oxide, viz. mitrous oxide, methy!
1odiite-d; and methyl chlonde undergo photoassisied gass solid reactions.* ** Thus nitrous oxide
expeniences photoasssted dissociation mainly to the product Ny, white adsorbed O fragment
1ons rstmain and negatively bias the N,O Zn0 interface. Contributions hy hydrogen<ontaining
sugface sites t0 a net photoassisted reaction was demonstrated by predominance of TD,H (and
C1,) in the methane product from photoassisted reaction between CDE and UV illuminated
une oxtde. The results correlated well with IR studies of surface hydroxyl concentration.**
Stone has recently correlated the activity of titanium dioxide sutfaces with the hydroxyl
concentration™® and the influence of hydroxyls and of adsorbed water has been studied by
photoconductivity and thesmogravimetrie techniques.*' ¢

Some information is also avatlable on the nature of adsorption and photoeffects
expericneed by simple hydrocarbons over tituiminated zine oxide and titanium dioxide. jor
methane and cthane, slow activated chemisorption has been reported in the dark, and
photoadsorption is seported for methane. Differing surface heterogencities in various samples
may be respansible for appareptly vonflicting claims concerning cthylene adsorption on zine
oxide, which Kokes efal. claim to be rapid and reversible, while other workers exciude cihylene
from lists* of molscules experiencing rapid chemisorption or attribute® fereversible poisoning
cffects 1o Cit,. Sclective photocatalysed partial oxigation of butanes to aldehyiles and ketones
has been well documented over titanium dioxide, which also exhances oxidation of cthylene
and propylene.

B. EXPERIMENTAL

The dynamic mass spectrometer system was wtilized in a similar manaa to that employed
for studying oxygen transients, except that transients were monitored at each integral m/e valuc—
usually between | and 50 at 4 Mz r.f, It soon became apparent that meaningful study of
transients 9t m/e 44, 28, 18, 16 or 12 was not possible using quartz or Kodial envelopes because
peaks similar 1o those shown in Fig. 6 occurred at these m/e values regardless of what sample
was present in the system. These transicnts correspontded to flash-initiated increases of gas
phase components in the high.vacuum system with these m/e values. Transients of similar time
profiles but reduced peak height oceurred even when no metal oxide or gas was present and
the system pressure was <10°°N m-?, For obvious teasons, they are termed *system transients'
and are attributed to Nash-initiated desorption of carbon oxides and water from internal
surfaces of the vacuum system. With the metal oxide/quartz samples in position, these
*systen transients’ were Jargest for light incident via a quartz window, smaller by facsors ca. 0.1
with a Kodial window and absent (with the exception of m/e 28, 16 and 12) when either the
quartz or Kodial window was wrapped around with a appropsiate gelatine filter (Wratten 3I8A)
which excluded most UV and IR photons. Parallel behaviour of system transients at m/e 28
16 and 12 supported their assignment to carbon monoxide, Since this was a major conponent
of residual gases in the stainless steel high-vacuum system, presence of a carbon monoxide
transient was hardly surprising.

Possible photosorption effects involving

uenQ,, YN0, MN,, “"C"*0, HO0 or “CH.
were. however, excluded from meaningful study using Kodial or quartz windows, owing to the
colncidence of their major fon fragments with the system transicnts, Photosorption and
other photocffects could, however, be studied by selecting moleules whose major fon fragments
did not coincide with system transient, ¢.g.

H, D,. HNUNYO, CH,OH or C,b,0D

The procedure involved ectablishing a steady state pressure, ca, 107°—10""N m*, of the chosen
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gas over the zine aude or titanitm dionide surface as 2 dvnamic balance between gas admisvon
through a vanable leak valve and removal by the ion pump.  With the mass spectrometer
manually set to the peak of an appropriate major on fragment, (e.g. m/e 45, 31, 29 from
YINTINYO), ume profiles weie revorded  Tor Hlashanitiated changes in jon current fron their
steady state values. Since the tesolution of the mass specttometer was not constant actoss the
m/e range 1—9%0, tesolution settings were chosen 1o emure *>$% valley® resolution between
adgacent peaks for the mse range of maximum interest for cach gas (e.g. resolution was
optimead over the tegion im/e $0- 24 for study of “N"N"0).

my-08 me a4

o

[{ 3]

ta) LEX)

Fig 6 Osallosaope trace revotidings (Hustrating the time profiles of *system transients” moniared at
mie values wrntaponung to €O, CO,%, O and H,0°. The transients shown hete were
mitiated by pulses incident via a quantz envelope with a zinc oxide sumple in position. Similar
but smallet transients were observed sl the z1nc oxide sample was femoved.

C. RESULTS
Flash-initiated transients in systems exhibiting depletive chemisorption

Res. lts of previously published studics with Jow-intensity Jong-duration UV illumination
incident on N,0/Zn0O* interfaces had led to the conclusion that photoassisted conversion to
Ni(g) and O"(ads) was important at this interface.!* The existence of system transients at m/e

. 44, 28, 16, 14 and )2 effectively prevented meaningful study of photoassisted conversion of
normal NyO 1o N, + 1720,. Use of “N"N"O lifted the coincidence of parent and fragment
fons with system transients at m/e 44 and 28 and allowed the parent fons of nitrous oxide at
m/e 45 (R*N'"N"0"), or of nitrogen products at m/e 29 ('*N''N*), to be studied without
interference from system transients. Figure 7 demonstrates that opposite transient effects were
observed when identical flashes were incident on “N"N"0/Zn0O and changes were monitored at
m/e 45 o1 29, respectively. For these experiments “*N'*N'O was flowing at room temperature
at a steady state pressure of 8 x 10*N m™ over a zinc oxide surface previously baked out
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in vocuo (- 107N m Yy for 48 b at 3O0°C. The upper trace of Fig 7(h) demonstrates 3 Nash-
mniated decreuse in signal level at m/e 45, conustent with photoasusted depletion of nitrous
ouide pressure, Py . This depletion petsisted for times greater than 8 s afier the Nash The
lower trace demonsteates exacily vonverse fashaantiated behavious for tons with m/e 29, as
wauld be expected 1f photoassisted depletion of **N'N0 resulted 1n formation of "N"N
ausotdingloag. (5)

UNTUNO s v INTN 2 20, 19

Resolution was better than *$€s valley” batween adiacent peaks and no womparabie tranvients
were observed from fresh 2inc ovde surfaces at m/e 38, 29 0r 31 when the sine ovide substrate
was fasdiatlummnated through quartz poor to exposure o !NONTO. Furthes confirmation
that the effects shown in g, Tihy were real amd charactenstic of the flluminatad *NINO Zn0)*
ntesfave, rather tisan exnerimental avtifacty, came from the obscrvation that warnyng out an
wentnal set of meoveduses for light incdent on " N"N"O. TiQ),* interiaces did #of yicid any
such iranuents This was i agreciment with peoviosts tepoets'® that photoasusted dissociation of
niteous oanide does not eur over titapium diovide and it demonsteated conclusively that the
tranvients did st onginate from the sacuum systems of from direct photolvas of the “NN“O

A\ pont of interest for the Rashatluminated **NUNO. Zn0* system was the queition
of whether or not wwvgen remaned adsorbed on the ane oxde i acordance with the
sturduometey of o (9. Fash dlununation through the quartz envelope did not penmit
unoquivocal answers to this question, bevause the oxvgen transient from photolvas of the ain
onde surface swamped any sinall addional ovvgen, such as would b equivalent to the NN
detevted. Table 2 alluztrated that use of 3 Wratten I8A filt2e redaced 1o zct0 any oxvgen
transient at mde N2 from photolyss of ane omde and new tests confirmead that no Nash-
iveatedd transient at mde 12 was detected with this filtes in position either from a *fresh’ 2ne
onde surface or Trom the *NN'O. Z00 system 1% steady state conditions. However, when
flashes became incident through thas filier onto a zinc axide sutface previowsly Wfash illuminated
through quartz with "'N"'N"*0 present, a readily measurable transient was detected at mife 12
Thss oxvgen tranuent 15 attnbutad to oavgen produced at the N0 Zn0O* inmtetface Junng
flash sumination and later photodesorbed by light incident through the Wratten I8A filter.
These abservations lend further support 1o the view that dissoaation did occur according to
(S the N,O. Zn0° vistem.

Another photolvtic pathway which mented study for the "*N"N"* 0 system is indicated
by . (6) which vorresponds 1o bimolecular head-to-head interaction:

"N“N"O(B)“ "N"N“()(ads) ,J’?V-I:}pl() 'ON' + 2("N“0)(8) ((’,
yANY)

Anamportant role had been suggested for O i imtiating reactions similar (0 (7) in pravious
studies."* *? Since fotmation of this species has also been suggested on ane omde sutfaces,
occurrence of (7) appeared posnible and should lead 1o **N'*0. Flash-tnitiated transicats at
m/e 31 were therefore examined. Bearing in mind that fon fragments from (N"*NOp
vontribure 10 10n stignals with m/e 31, tog~ther with parent ions from possible *N*Q products,
it was to be expected that this son signal should demonstrate more complex fash-inidated
behaviour than that of N,O° or Ny, Such comp?x behaviour is iflusirated in Fig. 7(c), where
it may be noted that an initial ash-imitiated tnerease in signal level oceutred frons the steady
state value at tumes ca. 200 ms after the flash, but that this was later succended by a slawer
decay to values below the pre-flash level at tintes between § s and 8 s after the flash. This lahes
slow decrease 1s consistent with, and hasa similar time profile to, the long persistence of flash-
inittated depletion of £ (**N'*N"0) after the flash, which is ilhustratsd in Fig. 7(b). A Jifferent
process must, however, be responsible for the initial rapid increase in lon current evident
in lag. 7(c) at times ¢a. 200 ms after the fMlash. Fast photodesorption of the **N'"O product
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Fig. 7. Owilloscope trace texotoings of mass spectral meatlizements on “NYNY0/Zn0O systems.
(3) Mass spectrum of “N"N"0 gas before contact with ZnO. Spectrum run at identical settings
10 those used [oe (b), (<) and (d), (b) Upper trace: time vrofile, monitored at a sensttivity o€ 10
mV. div, of the Nath-initiated decrease in fon current at m/e A4S, (“N"*N"0") combined with
the time profile (lower trace)of the fiash-initiated inctease In fon cutrent at m/e 29 *N'NY)
monitored at the same sensitivity, The pulses were incident oato an N,O: Za0 interface at a
peossure of & % 10N m%, () Tine profile of Nashuinittated changes in the Kn curtent
monitoted with a sensitivity of $ mV«div at m/e 31 (corraponding 10 UNY0") for light incident
onto the N,0/Zn0 Intetface 2t a peessuec of 8 % 107N m™. (d) Time profile of flash-initisted
transient from same Zn0O suzface as used in {¢) except that the yat-phase N,O wat pumipad
away from the previously flash-{lluminated sutface peiot to this flash,

formed via (6) was susnected and, since published ESR work? indicated that nitric oxide chemi.
sorbs onto the surface of zine oxide, it appeared possivle that some fraction of any “N“O
so producad might remain on the aine oxide surface afier Nash illumination. This possibility
was tested by pumping away all gas-phase nitrous oxide and then looking for a flash-intitinted
transient at mi/e 31. Figure 7td) illustrate the time profile of the flash-initiated transient
then obsenved. No such transient st m/e 31 was observed from tine oxkde surfaces peiof to
axposure 10 “N'"N"0. Compariton of Fig. 7(c) with Fig. 7(d) confirms that the fast initial
Increase in fon current at m/e 31 had a similar time profile with or without gas-phase “N"N"O
present dusing the flash This Is consistent with assignment of this *fast’ component of the
transient to photodesportion of *N"O from surfaces were it was formed by reaction of “N'N'Q
with flash illuminated zinc oxide,

The system CD,1/Zno was briefly investigated as another exaraple of one exhibiting
depletive chemisorption.'* Since methyl fodide-d, adversely affected the clectron multiplier,
the flow of resctant fethyl lodide-d, over the zinc oxide catlayst surface was trapped by a
liquid nitrogen cooled baffie (LNB ir Fig. 2), so that oaly products not condensable at 77 X
would be passed to the mass spectrometer for analysis and detection. According to previous
results, methane-d. should be one such product, but flash illuminatin of CDsI/ZnQ° in
these conditions did not yield a transicnt at m/e 20, However, a readily measurable transient
was detected at m/e 19, indicating Nash-initiated production of CD,H over the €D1/Zn0
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interface. This resuls resembles that obtained under continuous illumination which peinted 1o
an importaat sole of hydrogen-containing surface sites in the photoassisted formatioa of CD,H
{from U flluminated CO1/Zn0 systems,**

Evidence prasented recently by McArthur, Bliss and Buit identified acctaldchyde as
another species expederving stong depletive chemisorption on 2ine oxide and exhibiting rapid
derorption in some conditions.? A staady state ucetaldehyde pressure of 10N m? was,
therefore, cstablished over a previously outgassed new zine oxide surface for 60 min to enabic
some such depietive chemisorplion to proceed in the CHLCHO/Z00) system prior to MNash
lumination. When the dark-equiliorated CH,CHOZn0 interface was then fash-flluminated
through a Kodial window, tzansieint increases in ton current with longer rise times and decay
times than those shown in Fig. 3 or Fig. 6 were measured (cf. Fiy. 9d) at many m/e valucs and
are summarized in Fig. 8. The total height of cach column at any m/e value in that figure
represents the maximum increase in jon current achicved (within ca, 200 ms) in the time
orofile of a flash-initiated transient monitored experimentally at that m/e value. Figure 8
faus poesents a mass histogram, the ‘intensity vs. m/e pattern® of which is determined by
compazition of additional gas released into the gas phase above the flash-illuminated surface.
Such representations will here de termed *flash histograms®. An atterapt is made ia Fig, 8. 10
iRustrate the extent 1 which re/e distribution in the Nash histogram could bé accounted for by
flash-initiated desorption of acctaldchyde, Forthis purpose the flash histogram was compared
with the m/e distribution observed experimentally from gascous acctaldehiyde at identical muss
spectrometer setiings. These two m/e disiributions have been normalized in Fig, 8 2t m/e 29,
The propottion of cach column height st other m/e values which is shown blackened.in on
Fig. 8 then reprasents the extent 10 which observed transients were accounted for by flash.
desorbed scetaldehyde, System transients account for spparent lack of agreement at m/e i2,
16, 18, 28 and 44, Inspection of Fig. 8 at other m/¢ valucs shows sufflcient agreement to
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Fig. & ‘Flash histogram® of species released into the gas phase from a CH,CHO/Z00* intetface by
ﬂt}h illumination through a Kodial glass envelope at a pressurc of 10N m*%. The tota column
heght denntes the saximusn increase In jof cutrent measured at the indizited m/e value ca. 100~
200 ins after the Nash, Filled-ip heights denote the extent to which the obsorved changes in
fon cutrent can b accounted for by photodesorption of CH,CHO unchanged from the surface,
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support the conclusion that photodesorbed acctaldchyde is the major component of the gases
released from the flash-Hluminated CHL,CHO/ZnO* interface, Acctaldehyde thus resembles
oxygen both in depletively chemisorbing on zine oxide and in photodesotbing from it
chemically unchanged.

Flash-tnitiated transients in systems exhibiting cumulative chemisorption

D200, A briel examination was made of the (D/Zn0-1n) interface as that most likely
1o carry cumulatively chemisorbed species at room temperatute prior to flash illumination.
Indium-doped zinc oxide was sclected for this study because of reports that doping with
tervalent fons enhanced rapid hydrogen chemisorption.’ Fresh samples of indium-doped
zinc oxide on quastz substrates were well-ourgassed at 350°C under high vacuum (10°N m?)
and later exposed to 107N m™* pressure of deuterium at room temperture. Flash illumination
incident onto the Dy/Zn0-1n interface through a quartz window produced no transient
changes in signal level at m/e 4, The higher resolution settings of the mass spectrometer necded
to achieve <5% valley between adjacent peaks at m/e 4, 3 and 2, reduced the sensitivity of the
system below that achieved In studying transients from O,/Zn0° or N,0/ZnO*. Nonctheless,
this absence of any flash-initiated transient changes at m/e 4 was surprising in view of literature
reports* thut hydrogen photoadsorhs onto 2inc oxide. Sraall Nash-initiated transients were
observed at m/e 2 with tise times of 60 ms, but it appear=d possible that these originated from
molecular hydrogen produced via photolysis of hydrogen-containing surface hydroxyls. Since
it appeared probable that surface hydroxyls would be numerically more abundant on a sample
of pure zinc oxide (SP-500) because of its greater specific surface area, a sampie of Zn0-SPS00
was flash illuminated under similar cont ‘tions to those used for the indium-doped 2inc oxide.
In preparing this zinc oxide sample, the powdered catslyst was boiled with deuterated water
to promote H/D cxchange and obtain some surface hydroxyls of the form OD*, Subsequent
heat treatment and outgassing In vacuo were performed in the usual manner prior to flash
llumination. Flash-initiated transients at m/e 4, 3 and 2 were observed {rom this sample with
tise times of 60 ms. Appearance of transients at m/e 4 and 3 in addition to the transient at
m/e 2, which alone appeared for the ZnO-In sample prepared from 8 slurry in water, was
consistent with production of HD and a little D, via photolysis of sonte surface hydroxyls of
form OD" on the zinc oxide sample boiled in deuterated water. Flash {llumination of this
latrer-sumple after intreduction of deuterium above the solid in the high-vacuum system
yiclded no Mash-initiated transient at m/e 4 but did yield a transient of new time profile at
m/e 3. This had a rise time of 500 ms, as compared with the 60 ms rise sime for the HD
produced via photolysis, A component with the longer rise time was also apparent in the flash.
initiated transient at m/e 2 but nothing appeared at 1717¢ 4, These preliminary obscrvations on
the D,/Zn0* system appear consistent withoccurrenceof a relatively slow H/D exchange
involving interaction of previously absosbed deuterium with surface hydroxyls sites (OH"),
activated by the flash,

Ethanol/Za0 and TiO,. Ethanol had been reported as undergoing cumulative chemi.
sorption onto zinc oxide, Ethanol/ZnO* systems were first examined by the dynamic mass
spectrometric technique without any other gas-phase species present in an effort to determine
the extent to which the alcohol molecules themseives exhibited photosorption or photoassisted
sutface reactions. Blank experiments with light from the flash-tube transmitted through a
quartz envelope into the vacuum system containing a steady siate pressure (7 X 10N m™?) of
ethanol showed no Nash-initiated enhancement of ions at :n/e 31, 27 or 26. This absence of any
flash-initiated photolysis of ethanol, or of desorption by ethanol-related species from the
quartz or metsl walls of the vacuum system, made it appear feasible to examine flash-
initisted processes for C;H,OH/ZnO* semples using & quartz window. A time profile of
flash-initiated changes in jon current at m/e 31 from its stable value detected prior to the
flash is illustrated in Fig. %(a). This profile indicates thiat the mol¢cular species responsible for
the flash-initiated transient at m/e 31 experienced, firstly, a relatively fast photodesorption
process and secondly a slower process whHich persisted for longer than 8 s and resulted in an
over-all lowering of cthanol pressure in the system at times 1 s to 8 s after the flash, Time
profiles of transients at m/e values for other major ion fragments characteristic of ethanol
(c.8. m/e 29 and 27) also showed the two major features oY Fig. %a), i.c. initial fast flash-
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Fig. 9. Oscilloscope trace recordings sllustrating transient changes in the fon current initiated by light
pulses incident onto ethanol/metal oxide interfaces. () Transient (monitored with a sensitivity
of $0 mV/div) at m/e 31 for Nashes incident via a quartz envelope onto a CHLOH/Zn0*
intetface. (b) Transient (monitored with sensitivity 20 mV/div) at m/e 30 for Nash incident via
Kodial glass envelope onto a C,D,OD/TO, ¢ interface, (¢) Pactial mass scan of fon fragments
from gases present in the vacuum system ¢z, 200 ms aftee the flash-initiated release of
acctaldehyde into the gas phase from a CH,OHATIO,* interface. The lower masy spectrum
was ahen without flash, That marked *Nash® was timed to sweep through /e 43,200 s after
the Nash. (d) Transient at m/e 34 monitored at a sensitivity of 20 mV/div for light incident
ontoa ,D,0D/Zn0° interface via a Kodial glass envelope.

initiated desorption and slow persistent depletion of alcohol from the gas phase over the
flash-illuminated zinc oxide surface for times longer than 8 s after the flash, Furthermore, if
gas-phuse cthanol was pumped away from a C,H,OH/ZnO system and the surface then
flash illuminated, the observed time profiles showed the fast, flash-initiated photedesorption
at m/e 31, 29 or 27 attributable to preadsorbed ethanol but sof the slow persistent depletion.
The latter greatly resembled the depletion of gas phase oxygen shown in Fig. 5 for Q,/TiQ,*
or of gas-phase nitrous oxide shown in Fig, 7 for “N"N"0Q/Zn0O*, and may likewise be
attributed to reaction of cthanol with the previously illuminated metal oxide suiface, Conditions
favouring the initial fast photodesorption processes and minimizing the slower reaction of
cthanol with the flash-iluminated surface were achieved by utilizing a cylindrical illumination
window of Kodial glass rather than quartz. In these conditions cach measured transient
corresponded to & flash-initiated increase in fon current rising to its maximum at between
100 and 200 ms after the flash without depletion after the flash, (cf, Fig. 9b). Peak heights of
transients measured with experimentally identical conditions (except that m/e was set to a
different valae prior to successive flashes) are assembled into f..ash histograms in Figs. 10{a)
and (c). These display the m/e distribution of ion fragments characterizing gases released
into the gas phase within ca. 200 ms from C,D,0D/Zn0* and C,D,0D/Ti0O,* interfaces,
respectively. Also shown in Fig. 10 for comparison with these flash histograms is & mass
spectrum of ethanol-d, recorded with identical instrumental settings but {or alcohol vapour
which had not contacted the matal oxide. Marked differences between the flash histograms
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. and the mass spectrum in Fig. 10 demonstrate conclusively that, unlike the CH,CHO/ZnO*
case (cf, Fig. 8), which photodesorbed without significant chemical change in the originally
adsotbed molecules, the fash.illuminated C,DOD/En0* and C,D,0D/TIO,* systems
released gases dominated by components other than the originally adsorbed cthanol-d,,
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; : Fig. 10. (a) Flash histogram showing intensity vs. m/e pattern for transient changzss in fon current
! initlated by light pulses incident via a Kodial glass envelope onto a ZnO surfece under a pressute
l of 3 x 10N m** of C,D,0D, (b) Oscilloscope trace recording of the: mass spectrum of
i C,DyOD(g) at pressure 3 X 107N m™ measured with similar QMS settingg to those used in (a),
} (c) Similar to (a) but for the C;D,OD/TIO,* interface at pressure 3 X 10N m?,
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Figure 10 thus provided good evidence for extensive photoassisted reaction between
cthanol and zine oxide or titanium dioxide surfaces evers when fash-llluminated through a
Kodial envelope. Comparison of the mass distribution in mass histograms in Fig. 10 with that
shown in Fig. 8 for the acctaldehyde/ZnO* system revealed sufficient similarities to suggest
that flash-desotbed acctaldehyde was also a major component of gases released from the
cthanol/metal oxide systems (in comparing Fig. 8 with Fig. 10a, allowance must be made for
the effects of deuterium substitution on the C,D,0D flash histograms). An experimental test
of this idea for the cthanol/TiD, system was devised as follows, According to the flash
histogram for this system {&.f. Fig. 100) suitable mass spectrometer sertings were available which
enhanced faskinitiated transients in the m/e 40-50 values range much above contributions made
by lon fragments of ethanol in that region. Figure 8 shows that flash.desorbed acctaldehyde
should contribute significant transients at m/e 44, 43, 42 and 41, Consequemtly, if acetaldchyde
was a major component of the flash.initiated gases, a mass scan through the region m/e 45-40
at ¢a. 200 ms after incidence of a Mlash onto a C:H,OH/TIO, system should show an enhanes-
ment of peak heights at m/e =41 relative to scanning prior to the flash. Figure %¢)
demonstrates that the expected enhancement it m/e 43 and 43 were obtained for a2 C,H,OH/
Ti0,* system flash illuminated through Kodlal, Photoassisted dehydrogenation of cthanol to
acetaldchyde is thus confirmed as an important photoeffect at the flash-iluminated cthanol/
Ti0,* intcrface. With this identification In mind, re.inspection of Figs. 10(2) and {¢) reveals
the expested large transient at m/e 30 due to the major fon fragments (CDO*) expected from
any CD,CHO produced by photodehydrogenation of C,D,0D. Photo-produced CD,CHO
should also give rise to transicnts at m/e 48 and m/e 46, which would correspond to CD,CDO*
and CD,CDO*, but thelr very small magnitude indicates that not all of the transients ut m/e 30
can originate from acctaldehyde. Photodesorption of alcohol, which would also contribute
transients with m/e 30, Is another probable process, in view of occurrence of significait
transicuts at m/e 34, 33, 32 und 28 with relative propartions similar to thase evident in the
mass spectrum of C,D,0D (compare Fig. 10b with Fig. 10 2 or ¢). Ethanol photodesorption
and dehydrogenation are thus indicated at its interface with fash-illuminated zinc oxide or
titanium dioxide. Problems in further defining the relative importance ol these and other
photoassisted processes al these interfaces are considerable, and derive in part from the
possthility of selective desorption of one species and in parg from the possible role of surface
impurities such as hydroxyls in modifying surface photoeffects. it is relevant to summarize
our exprerimental odservatiors on the influence of surface sites and surface species upon total
magnitude of such photocffcts.

Informaiion on possible roles of surface hydroxyls was sought in the first instance by
comparing the flash histograms obtained using ethanol-d, containing 5% D,0 with thos:
shown in Fig. 10 and obtained using anhydrous ethanol-d,, 1t was expected that the DO
component wouid be chemisorbied, at least in part, as hydroxyls onto the previously well-
outgassed zine oxide or titanjum dioxide surface. Flash histograms from the (C,D,0D + DO
TiO,* system showed nio ~ignificant change from the transients summarized in Fig. 10(c), wiaich
was unexpected in view of previcus reports that surface hydroxyls assisted photo-oxidation
of isopropanol over titanium dioxide exposed to continuous Hluminztion.'* The magnitide of
transients in the {C,D,OD + D,0)7Zn0* system was, however, reduced to between 20% and
50% of the values observed with anhydrous C,D,0D/Zn0¢, thus suggesting an inkhibiting
effect of surface hydroxyls upon photoeffects in this systeni,

Adsorption—desorption experiments with ethanol/ZnD and cthanol/TiO, systems
using the yacuum electromicrabalance at ethanol pressures of 107 —10’N m? established
that adsorption at room temperature obeyed Freundlich isotherms, Extrapolation of these
isotherms 10 the actual pressures, 10°=10N m*?, used in the flash-illumination experiments
yiclded estimates of equilibrium coverage, These would correspond to only 0.72% of the
surface sites of zinc oxide being occupied by cthanol molecules and 2.5%e of the sarface sites
on titanium dioxide being occupied at- 107N m™? pressure. The magnitude of the transients
from the C;D,OD/Ti0,* system (Fig. 10c) do not show greater photoeffects equivalent to this
greater equilibnum coverage. The possibitity was therefore avestigated that ethanol
molecules strongly chemisorbed onto a few active sites were. mainly responsibile for the
observed photoeffects. For these investigations, outgassed surfaces of zinc oxisie or titenfum
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dioxide were exposed to ethanol at 102N ? for 30— 360 min and then the gasphase ethanol
was pumped away for peniods of from 110 18 h. Surfaces thus pre-exposed to ethanol were then
flash flluminated and the observed transicnt assembled into flash histograms, These showed
qualitative simularities to the Nash histograms measured when cthanol vupour was present,
c.g. parent and fragment tons ol acetaldehyde were clearly evident, but over-all the transients
were reduced in magnitude by 30=90%. The histograms alwo showed components correspond:
ing to flashdesorption of cthunol, thus making clear the existence of strongly adsorbed
molecules on the interfaces even after prolonged pumping.

4. Conclusion

‘The results described were mainly concerned with photoeffects produced by flashes of UV
light incident upon zinc oxide or titanium dioxide surfaces in the presence of a single reactant
gas (not oxyyen). Therefore, true photocatalysed reactions between Iwo or more guses over
the illuminated interfaces were not obhserved, Nevertheless, a wide range of effects was
observed, including: photolysis of hydrogen-containing surface groups: photoassisted H/D
exchange in D,72Zn0° systems; photodesorption of acetaldehyde and ethanol; photoassisted
reduction of nitrous oxide or methyl fodide and photoassisted oxidation of ethanol via
chemival reaction with the flash-activated surfaces. The results demonstrate the great utility of
the present dynamic mass spectrometric technigue for distinguishing such processes in cases
where two of these photoeffects proceeded simultancously but with different reaction velocitics
at the flash-illuminated surfaces (c.g. fast photodesorption of nitric oxide product from
NyO7Zu0* interfaces was readily time-resolved from depletion of nitrous oxide by slow
chemical reaction with Zn0*; and fast release of HD via photolysis of surface OH and OD
groups on zinc oxide was readily distinguished from slower production of HD via interaction
of adsorbed deuterium with light-activated surface hydroxyls). This aspect of the technique is
capable of further development in future studies,
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PhotocfTects involving Oxygen-18 at Flash-illuminated
Zn0 and TiO, Surfaces
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The extent of surface coverage of TiO, and various 2ing oxkdes by chenisorbed oxypen is compared
with telative efiiciencies for photadesorption of **Qy, as inltiated by 50 s Night pulses and nwasurad
by a dynami mass spectrometer technique.  The results can be undenstood vithin the framework
of the Lkstronie theory,

- cam——

In an eurlier publication, we considered the possible rlevance of Localised Surface
Site and E cronic Band Theory models to real surfac?s of semiconducting Zr0
and TiO; and to photoeflects produced at such surfaces by 50 ss pulses of u.v. pliotons,
Exparimental detals and preliminary resuits were presented for a dynamic mass
spectrometer techniqua capable of monitoring time-profiles for release of species into
the gas phase ubowe the flasheilluminated metal oxide surfaces. More recent results
of this technique, obtained by use of oxygen enriched in '*O, are presented in this
Note and are briefly considered in the narrow context of agreement or disagreement
with the previously-presented Electronic Band Theory model of ZnO and TiO,
surfaces.t 3

Electronic band theory descriptions of oxygen chemisorption 33 onto the netype
semiconducting solids ZnO and TiO, envisage conversion of some fraction of physi-
cally absorbed oxygen, to O3(ads), and possibly O-(ads), through localisation of
clectrons from the conduction band or from surface donors in thermal equilibrium
with this band, Ze. (1a) followed by (1) or (l¢).

Og(ﬁ) k= O;(nds) (la)
0;(ads) = O3(ads) (1)
Qj(ads) 2 O-(ads) +Ofads). o)

In this study a Sartorius vacuum microbalance was used to obtain estimates of the
extent of surface coverage by physically adsorbed or chemisocbed oxygen, these being
distinguished experimentally on the basis that only the formcr was reversibly removed
upon pumping ofl gas-phase oxygen at room temperature. Results are entered in
table 1 for TiO, and for three types of zinc oxide selected because of widely different
concentrations, #,, of conduction band electrons.® Nett weight increases registered
by samples when cquilibrated with various oxygen pressuses in the range 10-250 N m=~?
were too small for accurate measurement with Li-ZnO.  For pure ZnO and In-ZnO,
total weight increases varied with pressure approximately in accordance with the
Freundlich isotherm. The reversible nature of most oxygen adsorption on these
solids at roum temperature was demonstrated by removal > 90 % of the adsorbed
oxyges Gjron evacuation.  This is termed Oy(rev).  Resioration of sample weight to
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determined with potassium ferrioxalate actinometer. These very low efficiencics
would be consistent with cither the interaction of the small surface coverage by
O;(cheny) with holes via (3a) or with excitons via (38).

O (ads)+h* = O,(ads) ()
O; (ads)+ (¢ ~h) - Oy(ads)+c-. (3b)

The symbol O (ads), where x = 2 or 1, is uzed to retain the generality of the nature of
chemisorbed oxygen. Regardless of its exact nature, our vatues of O,(chem) in
table | indicated that the extent of surfuce coverage by Oy (nds) varied in the sequence
TiO; > In—=Zn0 > ZnO > Li—Zn0. The same sequence is followed for the
rclative efficiencies of '*O, photodesarption (¢f. the last row of table 1) and this
would be expected if surfce coverage by O; (ads) determined the efficiency of process
(3a) or (3b) in competition with electron-hole recombination.

The time profile in {ig. 1 for releass of O, to the gas phase following flash-
excitation of thie '*Oy/metal oxile interfuce illustrates that fash desorption of **O;
was not immediate. This follows from the fact that observed rise-time 10 Q.0 Was
ca. 0.2s at mfe = 36 for these 1O /metal oxide® interfaces, whereas response-time
of the system, as demonstrated by studies on other systems, was very much faster
with minimum rise-times, ~0.025, The observed clow release of *O;, to the gas
phase could not arise dircctly from (3b), in view of short exciton lifetimes. Slow
release could, however, arise il Oy(uds) produced by (3b) or (3a) desurbed only slowly
via a thermally-assisted process,  Alternatively if the charge-neutralization repre-
sented by (3a) were controlled by slow diffusion of holes to the interfuce after a flash,
this could also slowly yield molecular oxygen. These,alternatives have not been
resolved by this study.
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Oxygen Intermediates at Flash-illuminated Metal Oxide
Surfaces studied by Dynamic Mass Spectrometry

JOsti it CUNNINGHAM,® BraNnax Dover, Dants J. Moruisesy,
and NiCoLAS SammaN

Chemistry Department, University College, Corl, Leeland

ARsTRACT  Infarmation is presented on shortdived ovypen Intermediates at surfaces of metal
ovide catalysts. Appixation of a dynamic mass spectrometer lechmique yiekied lime-profikes of
mas-resolved changes in pressuce o composition of &:m oWy the calalyst sirfaces following
ilumination with a wy.putse of S0 s ducation. Flash-illumination of Cr,0;, Fe,04, 6f ZnC)
in the presence of 2 X 10°* N m=? of *O, 1evulted In appesrance of isotop! ally scrambled
owyren with post-tiash rise times of 01 s, Evidence is presented that scrambling stems (rom
orypen-16 intermadisles produced by dash photolysis 0f the metal onide, Relotive cificiencies
for Tour flashelnitiated procewes fnvilving oxysen are jresented for %0, In contact with
Oaket Of firsterow transition metals, Results of experiments caceied out with low pressures of
N0 andlor aliphatic akochols present at Aash-illuminated 2inc 0shle sutfaces are shown to be
consistent with formation and reaction of 10 at the gavsolal intetface,

InmmovricTION

Surfaces of zinc vxide or titanium dioxide have been reported 10 exhibit additional
catalytic activity, relative to the nov-illuminated system, when simultaneously ex
to wy-lllumination, molecular otygen, aml an oxidizable reactant.'~! PFrominent
cxamples of such photocatalytic activity inchude oxidation of hydrogen or carbon

monoxide,* partial osidation of Cy=Cjo nlkanes to comresponding sldehydes of |

hetopes™* over Ti0, and the photosynthesis of 11,0, in u.v.-illuminated ovypenated
aqueous suspensions of £n0. A inechanism recently suggeated for this latter processhy
Dixen sad Healy* typities one. peneral hypothesis concerning these photocatalysed
oxidations, since it involves both the formation sl an active oxygen intetmediate onrhe
metal exide surfuse (0, n that case) and product formation by reaction betwern
oxiilizable reactant and the oxypen int fate on the surface. The present study
attempts, by apulication of fast detection techniques, 10 develop information on the
reacity, fifetime, und identity of any such oxypen intermediates produced at metal
oxiide surfaces by intense pulses of u.v. photons,

EXPERIMINTAL,

Metal oxides were used us Minely divided powders of highest purity available vome
mcteially, viz. exides ol first-rew transition metals as spectroscopically puce standards
feom Spex Tndustries, and resxch-grade Ti0, (Code Ti0s-MR 128) or Zn0 (Code
ZnO-SP 500) obtained through the courtety of New Jersey Zine Co. Surfuce nreas were
determined from N adsorption at 77 K using a Sartorius vacuum microbalance, Thin
layers of metal ocide on u quartz substrate were prepared by coating it with a thick paste
nde from 02 -1:0 g of 1wetal oxide in ttipl; distilled water und subsequent vacuum-
evacuation, first at 350 K and finally at 62 Kfor 16 hat 19" Nm-3,

Nitrous oxide enriched to =957 in nitrogen-15 at the central atom was used as
obtained from Stohler Isotopes. Oxygen enriched to .>98 % in oxygen-18 was obtained
from Miles Laboratories. Reagent prade akcohcls were deied, distilied from molecular
sieve, andd puritied by trap-lo-trap distillations prior to use,
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Procedures. The great majonty of experiments here reportad were carried out in
dvaamic vondutions with gas at reduced pressure of 2 X 10 Nm 2 flawing contin-
untsly over a metal axiide catalyst to an acpump of £01s-? pumpiné speed, Full
detaits have been published clyewhere® of the high-vacuum system, of the equipment
wtilized to deliver 50 ps light pulses to these dynamic gas/metal oxide intecfaces und of
tha dynamic mass spectrometer (DMS), used 10 monitor time-profites of flash-Initiated
changes in pas phase pressuce or composition,

Use of un asterisk thus, gas/metal oxide®, denotes a wv.-illuminated interface and
mors conventional studies of photoeflects were made in sratic conditions at such inter-
faces by contacting resctant gazics) at pressuces 101000 N m® 2 with vacuumeactivated
nmictal oxide surfaces at room temperature and then contiauously illuminating them by
phiotons of 2 = 254 nm. PPressure measurements witk an Edwards type GC 52 Pirani
gauge amd analysis of samples by a CEC 021~620A mass-spectrometes werz employed
10 Identify products and theic increase with time,

Relative ¢fficiencies of phosonssisied processes

A potassium ferrioxalate actinometer localed in the cliiptical cavity of the 50 s
flash-tube was used 10 obtain values of *'pholons incident per Rash™, Relative ificiencies,
¢, of fash-initiated changes in pressuce of 10y, 10, or 0-*0 were derived by
di\idin? meusured increnses (or decreases) of gas phase oxygen by the appropriate
value of photons per flash,

RESULTS AND DISCUSSION

No evidence for isotopic exchange between flowing %0, und oxypen-16 of metal
oxide surface was obtalned at room temperature in the dark at 2 x 10~4 N m- 3 since
the ksotopic composition of the 140, pas remained unaflected. Exposing dark-equili-
brated *O/metal oxide interfaces 10 the output of the flash-tube, produced readily
measurable changes in sigeal level at mie = 36, 34, 00 32, Time-profiles of tative

changes at mje == 36 and 34 ure illustrated in Figure 1 for the fash-illuminated **0.f |
C1,0,° interface, The two upper traces of Figure | were measuted with Jight incident
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FIGURE 1 Oscilloscope traces showing time profiles of flash-inltiated changes In

signal kevel (V/mY) monitored at mfe = 36 or 34 during and after fash-illumination

of the 1*0/Cr,0; interface. Tep: Changes initiated by flashes incident through a J8 A

filter monitored at mfe »= 36 (1race 3) and mie ™ 34 (trace b) st indicated sensativivzs,

Bottom: Change initiated by fRashes incident vie quartz monitored at me w 36
(trace d) and mfe = 34 (trace ©).
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Vi a0 39A filiee and show veey similar time proliles for appearatke of additional YO,
0r 0~*0 in the pas phase. The relative magnitudes of the maximum post.fash in-
CIEAs (A" agd are 20 mY and 2 mV, respectively, for mfe sa 36 and mfe m 34, which
isthesamens therelativeabundance of 1O, and 040 inthe gas phase, Furthermare,
both rtse 10 50°, oF & * oy in hall tinves, £3*, 00 01 3, Thotoeffects for 1*0;{Ce.0,* via

& VA ftlter are thus consistent with fash-xssisted desorption of molecular oxyren

™ 2sameisotopiccomposition us the gas phase and show no hotopicscrambling,

Sintrias voservations were maide and the same conclusion drawn foc all the metal ovides

Hash-iluminated via 3 38\ filter In this study.

‘The lowee traces of Fipure [ were measired with the full ouiput of the flash tube
Incident on 10 4 Q4JCea0, vie a quartz envelope. Tume profites meatured at mie = 6 in
these conditions reveal, not only a rapkd Rasiviaitiated desorption of 10, similar to
that in the uppes teace of Frjure 1, but also a slower provess which caused 2("G;) o
docrease at ttmes 0-2 10 158 ulter a fash and to remain Lelow the itze Aash sieady.
state value for post-Rash times up 10 28 8. This Jatier pricess b pot of toatral concem in
this paper but can reasonably be inteepreted® as an uprake of moleculsr axypen occur-
ring vk collisoral sncounter of Y04 (#) with relatively long-lived (13 =5 138) reactive
c;nu;;s produced by the t\a\‘t::tr the 0,/Cr.0,* m“fm' Aml\cz 's;n‘o: ol;) illmmha::
the slow time cxpected for in t N
molecules with the nash?;:ti‘md m rradiing pod B

Ifthesignal tevel at mfe an 34 were influencud only by the two Rast-inifiated procesies
which afiected imfe = 35, then the time-profile at mfe = 34 should correlate closcl;
with that measuned at mfe = 36 in similar condittons, but with features reduced (0 495,
Comparison of traces cand J of Figure | reveals instead that the time profiles are very
different andd that m/e = 34 consists malnly of 4 rapid rise with 13 * ~0-1 16 (A% ) ~
320mY, This is di lionately Jarge relative cither 10 A%y for mfe m 36 in
unothet flash or 10 the decrease (A% o) (¢f. trace d of ¥Figure 1), The discrepancy in
size, topether with the “fust™ profile of this Lranslent, nre taken as evidence for a Rash.
inftiated oxygenescrauthling provess involving sorbed 'O, and an oxygen-16
species on the surface of flash-activated CriQy. No evidence for release of O to the
gas phase was oblained, bul measurements were made on flash-initiated ianpes at
nfe w 32 a5 an indication o extent of formation and combination of oxypen-16specics
on the surfv of flashacuvaied Cr04, Such measurements demonstrated much.
cahuancad "t rolease of %0, from 2*0,{Cr.0, under Rash-itivmination theaugh
Guartz (Ame = 230V at mje s 32) than through the 38A filter (Apa ~0-3 mV),
When taken together with our obsetvation that significant oxypen-scrambling ocourred
for flash-illumination incldent theough grartz but not through the 33A filter (cf. traces
hand ¢ of Ligure 1), 1ty data point strongly to probable involvement of oxyyen-16
fragments produced  @ash photolysis of the Cr.0, surface in the flash-inftiated
oxygen-scrambling.

‘The main charactetistics of the four flash-initiated pracetses distinguished ut the
10,{Cr;0,* Interface by the DMS techaique may be summarized as follows:

Process [t Increasewith 1y* ~ 01 5 of signal mje s« 36, attributable to tlash-initiated
desorption of preadsorbed 1*0,,

Process 1{: Slaw decrease with )" ~ 1 5 of signal at m/fe = 36 attributable to uptake
of *G; from the gas by Interaction with active lang-lived contres
produced on the metal oxide by a flash,

Process 11(: fncrease with £y ~0-1 5 of signal at mfe = 32, altributable to formution
of *"0, Ly photolysis of the metal oxide,

Process 1V: Increase with £3* '~ 0-1 5 of signal at mfe = 34 attributable to desorption
of 1%0-~*0 produced by Interaction of preadsorbed %0, with ovygen-16
species from lattice photolysis.
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1n order 1o test whettier these pricecws were of peneral occurrencs, Shin !.n{m ol the
stable onddes of other first-row tnsition metals were prepatds, vaccunractivated and
Nashelluminated in wdentical mannce 10 2*0,/Cr.0,% Results of this survey are pre-
sénited in ‘Talle | asrelative citicienacs (¢ Experimensal Scetion). Absence of any entey
for a process indicatex that Hash-dnitiatcd changes In signsblevel wero too small for
certain detection with the prevailing nolse level. This cHectively limited obsecvable
processes (0 those having relative effickencics 22 3 X 16", Inspection of Table | shows
that, with 2 X 107 N'm 2 pressurs of '*O; present over the various metal oxiles, one
or more of processes [—1V was readily measirable [0 all oxides except NiO. Entriesin
"Table | have been corrected foc any small changes measured in blank experiments
cartied out with light incident on (o the “*Oafquartz subsirate Interface. Entries in

arentheses show, foe comparison, the relative efticiency, if any, of the sume flash-
nitiated provess when llﬁ;m incident on 1o the metal oxide in ywcwo prior to iis
33 10 1*0.. The following trends emerpe:

U2 Presence of %0, caused a signiticant increase in phot fon of 1*Qy
for all except the p-type semiconducting metal oxides NiO, CuO, and CoO. This trend
appears fully consistent with arguments presenied clsewhere by the autnors¥1% that
availability of conduction-band clectrons (a-type semicanductivity), influences extent
of O, rho« ion, because it 2ontrols extent of Oy (s) formation at the O, metal
oxide interfaces prior 12 the Rash.

Process 11: This slow long-pensisting uptake of 1°0, likewise did not occur for the
ptype metal oxides but was readily measurabls for other metal oxices, excepl V;0s,
with cfficiency increasing in the sequence Zn0O <2 TiO; < Ur,0; a Fe,0,. This trend
would be consistent with post-flash reaction of gas-phase O, with long-persisting suifuce
centres bearing excess negative charge. Such centres coukd exist at surfaces of -1y,
semiconducting oxides, alter a flash, cither as lower valenty slates of the cations or as
smf:gg;!mpgxd clectrons. Present results do not sufice 1o distinguish between these

ssibilities,
pol’rocm H1: Piesence of **0; at 2 x 10™* Nm~2 cither decreased the extent of
lattice breakdown to ', (as occurred for CoQ, ZnO, ant! 10 lesser extent for Va0 and
Fey04), or increased it (as occurred strongly for CriO and 10 Jesser extent for CuO).
Comparison of the cificiencies of Process 1 with Process T1L for these various metal
oxides reveals no apparent correlation between these processes, such as has been noted
elsewhere*® for various zinc t::ida. . o i

Process 1V: Oxygen scrambling with apparent efficiency > 10°¢ was detected only for
190,/Cr,0,°, “O{]‘l::;o.', 130,/ Zn0*, ard "O,Icmntfaca and these comsgond
to interfaces which simultancously underwent photolysis to 1*0; with larger or com-
panbtc eﬁme‘n‘(c)m. O'r‘th« B0, /metal oxide® interfaces, wm were shown not dl‘o

olyse to %O, with appreciable efficiancy also did not uce significant flash.
mccﬁm scrambling. Such correlation between extent of flash-initiated oxyi:c:
scrambling and Jattice photolysia could be understood if photolysis produced eit
10,0 1“0 intermadiates at the surface and these participated in oxygen scrambling
via (1), withn m O or | and x = 1 or 2,

HOZ + M0y~ (MO O — MO0 +{0 )T ()

This liypothesis is similar 10 recent wqmiom that }%O~ species form on surfaces of
Zn0 undcr continuous u.v. illumination''+*? and coatribute to oxygen scrambling or to
photocatalysed oxidation of carbon monoxide.!?

Use of N O 10 enhance O~ formation on illuminated zinc oxide. A technique employed
b)“"fm s workers'® 1o ephanc selectively formation of O™ on metal oxide surfaces,
and so facilitaie study of its ceactivity and e.s.r, spectrum®?!3 {nvolves transier of an
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Table |
Retatwe ItRaencios of Oxypen Photoelfects Flash-Inituted tée Quarte

Ltficensy of Process®

Sptan t " n W
mie v 36 mlem )6 mfe = 32 miem 34

"O.ITi0," 44 3 f0ve ~56 ¥ 10-2 40 % 1077 -

vae 1405 (20 % 10*Y) .o — -

*0,IV,0,° 38 X 10 — 2 % 103 —

vac[ V0, (S0 x 19-%) -— (20 % 10" -
30,1Cr.0,° 2.5 % 103 -1:0 % 10°¢ 23 x 10~ 30 % 10

W GOy — - (¢ x 10*1} -
10,/Fe.0,* &3 % 10 -3 x 0t €6 x 10°? 48 x 10=*

vac[Fes0y* - — 3 % 10-%) —
10./Co0" - -34 % 10-* 74 % 10°% 12 % 108

00 — — (27T % 1Y) —

10, INIO* - ~J4 % 10°¢ 42 %107 r—

vaci NG ~— - (30 % 10°7) —
0,ICu0* o - 29 % 10°3 35 % 107

ox/Cu0* - - (10 X 10°%) -
V0,20 s % 10-* =17 % 10 70 X 10°* 10ox 10*

vaciZnQ* — - {+1 % 10°3) —

* Sce teat for detalled deslgnation of cach provess,

clectron 10 N:O from the metal oxide und dissoviation acconding to the overall scheme,
(). Resulis in this section relate to our atiempts 10 use thiz process Lo generate high

N:O, N:Omﬂ’:g"*N:o'm N, + 0 63}

transient concentrations of O~ at the interface between gaseous NyO and u fash-
illuminated metal oxide and thenice 10 aunly reactivity of O~ The feasibility of thus
onploying gascous N;O as a source of additional O~ at a Aash-illuminaicd interface
was first checked by observing the effect of N;**O upon the oxygea scrambling

noled above or *0:/Z00* interfaces, Introduction of Ny'*O ut pressure 3 X 10-¢
Nm-? cauwsed a four-fold:increass in the amount of %010 -zeleased from the
(N2'%O 4+ 1%0,)/Zn0* interface relative 10 that measured fror.ihe %0,/ZnO* inter-
face, Such un increass was fully consistent with Rasi-initiated prodiacion of additional
“g;m(s) :p)tciu from 14,0 vie (2) and their contribuiion to oxygen scrambling via
S 1)

Aliphatic slcoholi were used us additionat tests of O~ involvement, in view of reports
that O"(g) species underwent reaction with alcohols in the presence of
nitrous oxide.'* Warman atiributed the appearance of additional product nitrogen t¢
schemas (3a) and {3b),

” ROH + O~ — XK. RO~ + OH) (or RO + OK") (w)
b1 -
X+ Y™ + o, .U—+2N; 4 Products 3b)
5
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Cunningliom, Doyle, Morzissey, Samman

Warnian argued that absence of additional N product from testiary alcohols originated
because process (3a), involving ubstraction of H or H* from the alcohol, coukl not
oceur in the absence of an x-hydrogen,

Results obtained in this study, on the extent of Ny product formation at N:O/metal
oxide interface in the presence of various akohols are summarized in Fisure 2and are in

8 7
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FIGURE 2 Growth of nitrogen uct with contact time {minutes) from inter-

actions of zinc ovide with NyO alone or premixed with aliphatic alcohols, U.v-

illamination of the dark-equilibrated intetface by pholons (254 nm) was commenced

aftee contact times indicated by an arrow, 2A Trace (i) Gus phase consisting inittally

only of N;0. Trace (it) Gas phase consisting initially of (N»O + C,H,0H). 2B Trxce

(i) Gas phase consisting initially of (N;O + Bu'OH). Trace (ii) Gas phase consisting
initially of (N;O + P'GH),

good agreement with Warman's explanation. Curve (i) of Figure 2A shows an initial
rapid production of N; product at the N;0/ZnO interface in the dark which is in
accordance with scheme (2) and published work. Comparison of the N product formed
when ethanol (curve li of Figure 2A) or isopropyl alcohol (curve ii of Figure 2B) were
simultaneously admitted to the ZnO interface together with N,O reveals additionat
formation of N; product—as expected from reaction of O~ with these alcohols in the
dack via schemes (3a) and (3b). That O~ (s) produced via scheme (2) on the ZnG interface
retained selectivity similar to gas-phase 0" and did not react with t-butyl akcohol vie
schemes (3a) plus (3b) to produce additional ni » I8 illustrated by the similarity of
lge plots for (N].O + t-butyl alcohol)/ZnO [plot (1) of Figure 2B] and N;O/ZnO (plot
(?) of Figure 2A).

Additional type (2) processes at N;0/ZnO interfaces had ously been reported
under continum u.v.-illumination and attributed to mignm of phorg:g:md
holes to the negatively charged N,O/ZnO interface.!** Additional Ny product from
extra type (3a) and (3b) events were therefore expected, on Warman's mechanism, from
illuminated mixtures of N;O with primary or secondary alcohol. The section of curve ii
of Figure 2A which lies immediateiy to the right of the acrow denoting start of u.v.
illuminations, demonstrates an initial rapid rise consistent with w.v. illumination

6
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initiating additbanal production of Ni, probably via (2) == (J1) -+ (3b) at the
IN:O + CiALOIIZnO®  interfaces. This system wax  examined under flashe
illuinination on the DMS system in the hope that individual steps of this 3-step illumin-
ation-induced production of Ny might thereby be resolved, Time profiles in Figure 3A
und 2B sllow dotailed comparison to be made of fust changes in prs phase pressurs of

ot A g g g g g = Y Y g

|
1?
] ¢ 8 :
!
|
i
l

; \ J— m:w' J\‘ﬁ

H:0/2a0° N 08 o)t

d LN

My

L RN VR R G T T B e P e b
Tine/s

FIGURE 3 Comparison of time-peofiles foe changes In signal levei (VimV) for
N.O* nad Np* tlash-mitiated at an Ny0/Zn0° oc an (N0 4 LOH)/Zn0O * interface.
3A Upper traces Profile at mfe = 43 (-2 WN'INI0*) from mixture of MNUNYO
with GiD,01) flowing over a flash-illuminited ZnQ sueface; IA Lower trace: Protde
for Nash-initiated production of N,* from (N0 -+ EWOH)Zn0®. 38 Upper traces f
| Profile of Rash-Initiated depletion of BNISNHO from the pas phase aver N20/Zn0O°,

3 Lower traces Profite of Nasheinitiated growth of Nain gas px;.m above N10/Zn0*,

Ko

, N.O and N; over the (N;0 + EtOH)/Zn0® and N.0/Zn0* interfaces following |
ldentical Masheillumination through quartz. The profile for N2O* over N3Q/ZnO*

N shows a decrease in gas-phase N;O attributable 1o process (2) at the flash-activated
swiface and subsequent testoration of the pre-flash steady-state condition within 3s
{upper teace Fig, 38), On the other hand, the trace for N2O * over (N»O + EtOH)/Zn0°
(upper teace Fig. IA) Indicates un initial rapid desorption of N2O and superimposed
upon that a secondlary process which depleted N,O from the gas phase and resulted in
un almost linear section of the prolile at times 1—2-5 s after the ltash, Our preliminaty
interpretation nf this section ix that it arises from step (3b) involving reaction of N;O
from the pas phase vith intermediates (X -+ V)* rapidly produced via (32) and in-
volving inteeaction of O * with preadsorbed cthanol, As required by this interpretution, ‘
the time-profile for production of Na* over flash-illuminated (MO + EtOH)/Zn0* ,

(fower trace in Figure 3A) likewise shows a linear section corresponding to a secondary

process yiclding udditional Na(g) after Fast initial N production (¢f. lower trace of |

Figure 3B and note that no linear secondary process was apparent in the time profile , .
for N, * from N;0O/Zn0O*),

e e ——
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Abstrict

The nature of activa sites on Zn0 and Ti0j capable of dehydrating
or dehydrogeuating Cp-Cs4 aliphatic alcohols to very limited extent at
15-30°C is examined both for liquid alcohol and alcohol vapowr. Abssnca
of cther products in cach condition is interpreted as eviderce azainst
formation of carboniua ions as important intermediates. Obsexvations that
case of dehydration is greatest for t-butanol are interpeeted instead in
teoms of alcohol interaction with Lewis-acid type surface sites, leading
to synchronous loss of OH and H from adjacent caxbon atoms. Sites active
in this manner dre tentatively identified as coordinatively uusalirated
metal ions waersas coordinatively unsaturated oxygen ions promote
dehydrogenation. Observed cffects of uv illumiratior and of Wy0 adiditioms

arc consistent with this description of active surface sites.

*

Paper accepted for presentation at Fifth Iberoamerican
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Intraducrion

Hotal o wgyten ems uith high depree of cowrdinative uasituratiue,

[ ’ﬁ . . . [3 ”
vize, i . o Deus? had previounsly been ideatil{iel on vaeuwna~outzisied 4o
5 .

' 4

or 1i0, sucﬁacns.l- In zhis study dehydeatioa aul deliydrozacation of

o L3 . i L4
alevhuls on such surfacesa at 15-307C arc examined gith two ebjectives:
firstly, to ~ssess the importance of Lewis acid-base character of such

active sites in these reactions, and sccondly, to cxanine the xrole of O:u .

~
4

In furtherance of these objectives, and particularly in order to facilitate
comparison with published rate constants for rcaction of 0 with alcohols
in homogenaous liquids oY gaseous syste-s,6 interactions of the wmetal oxidas

have here hean studied with alcohols both in their liquid and vapour phases.

Expericental

Reagents: Alcohols vere Amalytical Reagent, or cquivalent grade, which were
dricd over molecular sieve or NaOR z2nd diskilled prior to use,, Metal oxides
wvere high purity powdered 2n0 or TiO2 supplied by courtesy of New Jctsef

Zinc Co. as Zn0-5P500 or Rutile MR-128, Samples had similar particle-size

distribution, reflectance spectra and suxface areas (4.0 and 5.4 mzz~1
respectively). Oxygen, nitrous oxide and nitrogen ware "British Oxygan
Crade X" spectroscopically pure gases for mass spectromatric exparinents,

but vere from 'medical' or "white spot" cylinders (BOC) for gas

chromatographic expezimants.

Procedures: ietal oxide/Alcohol vapour interactions wera followed by mass

spectrometric analysis (CEC Model 21~601D or Micromass 6 mass analysers)
and prossurce measurcments on conventional vacuum systems routinely attaining

4

residual pressures < 10 @ N m—z. For thesa investigations, Zn0 or Ti0z were

deposited as thin layers onto quart= substrates, dricd and then outgassed on

the vacuum system in conditions zeported to reduce surface hydroxyls to low
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Abstract

.

The nature of active sites on Zn0 and Ti0y capable of dchydrating
or dehydcogenatiag C»-C4 aliphatic alcohols to very limited extent at
. 15-30°C is examined both for liquid alcohol and alcoiol vapour. Absance
of ctanr products in cach condition is interpreted as evidence azainst
formaktion of carbonium ions ag important internediates. Observations that
cus: of debydration is greatesr for t-butarol are interpceted instead in
terms of alcohol interaction with Lewis-aeid type surface gites, lcading
to syachronous loss of Ol and H from adjacent carbon atoms. Sites active
in this mannrer are tentativaly identified as coordinatively uasaturated
metal ions whareas coozdinatively unsaturated oxygen ions promote
dehydrogenation. Observed cffacts of uv illumination and of M50 additions

are consistent with this description of activa surface sitas.
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1nvolu,7 viz., 16 hra @ 390° untor contiomuus wveratios at e

-7 =4 =2
® . i
1w 'h n e Soaples were cooled to roa tusperature weder 10 Hn 7 opod

thoea o ateady flow of alevhol vapour at preiaides 10” ’IO?u d -2 u's
usually cesteblished over thae motal oside, although soae prolininacy
neasurenents wate sad: vith a statie syaten.  In some enpeciments the
netal axide substrate was illuminated through a 'Pyrex’ vnvelope by tha
output of a 150 watt wediua-pressuce mecvcury-are lump. Praduct formation
in dynanic conditions were detected cither, by mass speciral analysis of
gases ca. 10'-3 sec. after their cmergence [rom the veactorx, oxr by continuously
condensing product into a iiquid-dNg cooled trap over 0.5-4 hr contact tima

and subsequently mass analysing the condensate. Procedures sinilar to the

latter werc used to analvas products £rem tha static reictor.

Metal oside/%rquid Alcohol interactions were investigated by establishing
a £lov of carrier gas (Ny, 02 or Nz0) through o “u,pewsxon cf powdercd ZnO

.
e x

or ?iOz in liquid aleobol and then analysing samplas of the cmergant corrier
ecas vith o Pye 104 gas chromatograph fitted with a £lame-ionization datector.
Black runs with ro added matal onide, but with carcviar-gas passing tarough
prepared liguid solutions of acctone and isobutyraldehyde in isobutawol,
established the validity of ubili ‘ing carrier gas to Sweep out zZepceseantative
vapour phase samples and showed sensitivity to < 0.1% of aldehydic or ketonic
product. Liquid samples were also taken at intervals, centrifuged to remova
suspanded metal oxide particles and injected onko the chromatograph for
analysis. Calibration of rctention times and sensitivity was wmade b§
introducing kaows gasevus or liquid reagents either thcough the gas-sampliag

valve or by direct injection.

Results
Aleohol vapour/il2bal Ozide interacitons in cratie system: Mass spectrometric
analysis e abl shed that no detecteble dehydration or dehydrogenation

.-2'-




prodnct was evalved Lato el gaa phiese at rowa teapogtendy vhenayse

etivanl, Luapropinul oz 1inbutanol contucted viceuacactiv itad Tiﬁz or Zn0.
[ ». = £y .‘2 - .

Hawewsr, coatact of  t=lmtanol wirh Zud ak 1 tin ~ for 30 nin produced

naasurible dsobutena product, which evolved into the 215 phase at room

. FLEPR .
tenperature and was collected in a trap at =195 C. J&vount of this product

| odd

s indicated in Table L. Appeavance of a meagurable alliene product only
from the tertiaxy alcohkol appeared consistent with its gi-water case of

dchiydeation.

The posaibility that other dehyderation or dehydroganation products
had been produced f£rom tha alcohols by active sitas on Zn0 or TiOa but
retained as adsorbed species at room tesperature, was investigatad by
subsequent thermal desorption in vacuo. A liquid N, cooled trap was usad
to collect all condensible species desorbed by increasing tha temparature
of the metal oxide to 350°C in J0-degree increments. Rosults of these
thermal desorption studies ware conveniently surmarised bf.gfitog:ans,
such as are skowm in Fig. la and b for various . product from
isopropanol/Zn0 and cthanol/Zn0, respectively. The alkane released at
lower temparatuces (30-2509C) is listed in Table I as corraspording to
desorption of molecules already formed by alcohol interaction with active
sites at room Lemperature, whercas dehydration product released at higher
temperatures (250-350°C) is attributed to dehydration of strongly-=held
alcohol during incrcm;ntal heating of the suybstrate. Formation of
dehydration product on ZnO and Ti0y surfaces at temperaturcs > 250°C.

8

has previously been reported.

No evidence was here obtained for cther products froa any of the
alcohol/metal oxide systems thus studied in a static reactor with

subsequent thermal desorption. This argued against formation of long-lived




carloaina=ies Lo oamadiatan in fostatian af the ob.eeved alienas, cinee

et ot Bl Qup to 4 ) ol sreraes euveray e by alenbial (e L3

'J puculteor) apgeated odegquate o allow for ot o rocmariva by bivoleculus
) inkessction ot ulcahola wibh any sech surtaes cachuniva=ion jatom~diates.

Theis expnzinants did, howwosr, yield evideace tor dehiydrogmration of
cthanol to averaldehyde and of isopropanol to acetons, although neither
product desorhed at voom toupevature. lolecular hydenzon fragmeat in
corrospondiag amount Jesorbed from ZnG at 50~150°C and from 110y at
150-@5000, followad by acctone froam isopccpanol (259-350°C) ox t~butanol.
Contrary ko vbuervations veported by MeArthur and Bliss, 9 acétaldehydo
d1id not desord from Zn0 but was deyraded to propane, methyl acetylane,
1.3 butadiene and C0,, themmal desorption of vhich provided indirece

e evidence for slight dohydrogenation of ethanol on Za0. Acetaldehyde plus
- thesa decomposition products degorbed from Ti0p in th> range 150-330°C.

1
‘ i Table I swrmarises the estizmates thus ohtainad for the vrtent of roon

Y

tempexrcure deliydeation and dehydzogenation of alcohols ovor vacum
activated Za0 and Ti0p. Eacries in parenthes2a in the table indicate any
nacked changes which addition of N0 at 10 i m—Z produced in amount of
dehydration or ichydrozenation product vhen sinultansously admittad with
alecohnal vapuur to the sume surfaces and those daka denapsirate, in geaeral,

| : enhanced coaversina to drhydragenatad product.

4 Aleoial vapoue/filatal Qxida intzopsctions in dyremdn sustors ak pyassur2s
‘; ’ 2, -2
| , < I2 " Fm”: Possibilitias for readsorption of primary products and

e €. awzerton to other specins by secondary rezctions on the sucface

(e.g., oxidarion of alkens to aldehyds or hetoce by oxyaen from the lattica)

vas an evident disadvantaze of the statie system. Intavaetions veze,

-

therefore, also studied in dynamic co~ditions at such low pressures, that,

i e o 4 e ey

-l ub

. onca desorbed, the primary praducts hnd comparsihle probibility for

- -4 -
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rooodarerion ur o cosuemation tntn a roe oL =199 00 Sehiegquant

atepst o roleage oo cutebatend pre lectis by waning firae to ~73% axl khea
to hislor teeneraraess wuing approg iate velicerant bath, v she'd
Teanlt in seasitivity adogaata ro dotoet aestone oY propent products
avisipy from very neeh lo<or exposurss to isopropazol wipour (0.1 Lanrmuir)
than with the static system (typically 150 Langauir). Evea at this
enhancad senaitivity no evidance was found for cther produces from any
C,=C,, alcohél, but this was hurdly surprising since pcobadbility of two-
stop processas requiving successive interactions with two alcohol

nolecules would he very low at ghe reduced pressucs.

Data presented in Part B of Table I facilitate comparigoa of rates
of fornatijon of various prcducts from primary, secondary or tertiacy
butsrols in these conditions over dark or uv-illuminated ZnO and Ti0,.
Rather surprisingly these data establish that acatons was the major
product from non-illuminated t-butanol/metal oxide interfaces, rather
than the isobutene anticipated on the basis of known case of t-butanol
dehydration. Thesa observations, and the absence of measurable isobutene
or acetone product from the other butanol/metal oxide systems (c€. Table IB),
supgescted sccondary oxidation of primary isobutene product from t-butanoi.

by oxygen from the ron-illuaminated metal oxide surfaces.

Entries in paréhtkesis in Table IB show that illuminating the t-butanol/
Ti0, intecface with photons of wavalength > 300 mm greatly enh‘&ced the
yield of isobutcne without increasing acetone yield. Illumication did rot
produce detectable yields from isobutanol/TiO,, tut buténas and methyl ethyl
ketone photoproducts were readily detected from sec-butanol/TiO,. Comparison
of the yields of butenes from the butanols over illuminazted 'riO2 shows that
the intrinsic reactivities of the alcohols for loss of 130 remained

important in detcrmining .ektent of dehydration over the uy-illuminated TiO2

surface.




Rate of conversion 0L wadi.ua vupouy td ucuyarg .ilun OF
dbhydzoqﬁnacion products ovor non-illuminated L0, or Zn0 surfaces
in dynasaae conditions at room tomporature was ton slew (typleailly
13 Lo wTekone ond 0.05% Lo fsobuteanr for t=katanul/4n0 in 20 ning)
_J tu pernll meaaingful onitoring by an on=lins it analvaer. W2
o custablished however, that additional changes; producedd by continuous

uv-illumination of the interfacns could be ronitored In this
nmannex and FPlgare 2a gsummarises ohsorvations made on the t-butanol/
Za0 systya when iliuminated by light transmitted to the interface
via. a 3BA filtex. WNote the contrast in this figure between
initial rapid ovolution of acetous photoproduct into the gas phase
. and slowey appearxance of isobutene photoproduct when the t-butanol/
. Zn0 interface wis continuously illuminated with a constant flux
of photons of wavelengths 340-640 nm. This latter obserxvatlion
suggested elther that isobutene was the product of a secondary
i procuss on the illuminated interface, or that initial isobutena
| photoproduct underwent immediate oxidatlion to acetone until the
active oxidation sites became depleted. No acetona or butene
)] photoproducts wern detected when sec-butanol and isobutanol,
' present ovexr Zn0 at lo-~N n -z, woze uv=illuninated and monitored
‘ ( in identical conditions - an observation which indicated that the
; . intrinsic case of dehydration of the alcohols was the main rate-
‘ determining factor even in photodehydration. Isobutanol and sec-
butanol did undergo photoussisted dohydroganation to isobutyral-
f deuyde »2ad methylethyl ketone and those products incrcased with

illvaination tine in manner similar to isobutenz under illunination
340-640 nm.

r% . - ] .
l
i

The lower trace «n Fig. 2b illustrates growth of another
dehydrogenation product viz, acetaldehyde from tha Ethanol/ZnO
interface but under illumination by photons at 254 nm. The upper
trxace in Fig. 2b shows that an increcased extent of dehydrogenation
was directly observed over tais iliumisated interface when nitrous

é oxide was added to the inlet gas at pressure equal to that of

: alcohol, thereby demonsktrating grcater sensitivity for this

i technique than for the static systcr. Since ESR results reported
} by Lunsford demonstrated that presence of N0 over illuminatad Zno

yreatly enhanced@ the formation of O radicals on this metal oxide,
the increased photo-dehydrogenation here directly observed in the
presence of N,0 {cf. Fig. 2b) suggests that photogenerated o
radicals contributed to dehydrogenation at the Ethanol/Zn0O interface.

- Presence of N,0  id not increase dehydration product significantly
in these systems when studied with the on-line analyser.

-6 -
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Bk oegnd “geg O REodd @70ulal el t oS de Esatem3e G elidooatogzanhic !
amlyal s ud vemuers cagricd vt 0f ausgepsion of Su0 oo Ty i purified
inddmtuol by o contimuoes [her o pierogee ctreier pas eatehlished that
op aizatficant Lontalaed sroath ol Mmgeses o0 lwburyraldhyd - or acetora
. could e dehitoved eithar ia the dach ve under vy=illusinatioa.  Viseal
observation showsl that TiOy bousme blne in sech conditimg, thorebdy
indicating reductivn of the TiG swrfave throu:h photoansisted interaction
with the liquid alcohol. Use of ouysen as carrisc gas capable of o=

oxidizing tha surface was thacefore indicated. With 0y a3 carrier g2s no
sisnificant grouth of butenss, isobutyraldehyds, ethar or acetone product

occurred either in the liquid phase of the non-illuninated suspeasion or

in th~ vapour phase abova it. When illumination commencad,isobutyraldehyde
and acetone photoproducts increased asteadily over a 400 min period to tha i
limiting values susmarigsed in Part C of Table X. io ethar product was
dctected from isobutarol and ethanol at 20°C or t-butanol at 30°C. ¥or
this latter syscem acecons was the dominaat product and mo significant
growth of isobutena photoproduct was ubsarved but this would ba consistent
with ir=sdiato oxidation of primazy isobutane jroduct at the oxyganatod
intecface prior to ity relcasa as acetone, When iscbutanz vipour was

! adnixad vith Oy cacrier gas and passed through an illuminated-=igobutanol/

Ti02 suspension, no sizaificant conversion of isobutene to acetona was

‘ detected bukt this obsarvation could be understood i{ gas-phasa isobutene,
unlil:a that forr=d by alcohol dehydra-ion, mivar resided on the matal ]
oxide surfacc.
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. Discussion

Efficient ahstraction of a-hydrogen by 0 from ulcohols has
been reported in homogeneous systemss" and other workers have
: shown that dissociation of N0 or zZnO rcsults in formation of
surface 0 radicals. Consequently, it is reasonable to interpret
our observations of added dehydrogenation product at (Alcohol + N,0)/Z
interfacesas cvidence for involvement of surface 0 fragments
(fxrom N20 dissociation) in dehydrogenation of adsorbed alcohol.
Such surface 0 species would be coordinatively u.:.saturated and
there is some evidence, at least for ZnO surfaces, for their
involvement in equilibria of type

e ARl £ 500
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Th abcess 0of our sensitive on=line mass anslysis in dekecting
additional debydeegenation ai pricary and sccondary alcehols b
uviillumlnatnd aleohol/2ny interfacas is consiutent with
formation ot additional surface O by photogenarated holes in
accordance with such equilibsia. A corxollary of this descxiption
of active surface oxygen gsites is that these cannot ba involved
in dehydration of primary or secondary alcohol, since extent of
their dehydration was not enhanced by illumination,even on the
sensitive on-line analyser whereas additions of N20 in the static
system reduced the amount of dchydratoed product (see Table I).
Synchronous losus of OH and H by adjacent carbon atoms at wmetal-
ion, Lewis-acid sitosl' is preferred to carbonium ion formation
as the mechanism of dehydration, since no ethers were found.
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Captions ;o Fisuces

Histageans illustrating thermally asszisted desovphion

of various produveta from Znd surfaces akter coposure
o

ta alcchola ac 20 C.

Products £:-om Ethanol:

(i) H,(g) product; (ii) ethylere; (iii) secondacy
products attributed to acotaldshyde product.

Prcducts from Isnpropanol:

(1) Hy(g); (ii) propene; (iii) acatene.

Gre' th of various photoproducts evolved at 20°C from
Zn0/Alcotol interfaces, as monitored by an on-szzzeam
Micronass 6 analyser.

Photoproducts from t-butanol/Za0: * :

upp3r trace, acetone formatiun; Zower tracs, isobutane.
formation.

Photoproducts f£rom Ethanol/ZnO:

uppar iracs, acetaldehyde from CZDSOD, lovar tracs,

acctaldzhyde from (CanOD + N,0).
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Seniaan ( uln) asd elpdzaraletion (—R}) Products fina e L weratug:

Int.racr Zias of c2"c4 alcotols with Zen0 ond Tinz
Poart & - Prodesrts; Eraw Siotic Systen:  Alcobwl Venone/taial Oxids
Dosorp
O::ida Alcolio) Teap, % | 2 (-H,0) . "‘("‘n‘-'z)_’ Other Product
200 t~butasol 20 . 5.8 10 ° - -
" " 20-190 1.6 x 1072 - -
Tio, L 20-240 8.1 x 107> - -
Tio, athanel 20-240° 1.9x102  13x10? | 5.9x107 "
" | eeon + 5,00 (5.8 x 10) (3.0:10) | 2.3 x107%
700 etharol 20-190 6.7 x100  Prax10 | 1.7 21072
n (SEQH + N,0) " (3.2 x 109 Y26 2107 | 1.4 x 1072
Ez(.’i')
Paxt D ~ Produccs from Uynaaic Systam:  Alcohol Vapourz/ilatal Oxice
¢ . ) -3 CE
Tiﬁz isobutaaul 207¢ <2 x1 - - -
Y sy " " 12 % '1.0“3 - - -
£00 ‘ N oo €2x100° <107 =
“n0 4+ uv " " 8 x ).t'J“3 < 10"3 -
?ioz » see~hutucol 20° <2 % ).0"3 > 10"3 -
'Tioz + uv " " (= 8 = 10“3) 2 x 10-2 -
710, t-butanol. 30° <2x10° 9 x 1072
T, vy " " 2.4 x 1072 - "
Zao " " 3 x 1077 - 5% 1070
Acetona !
Paxt C - Products fvoa Uynenin Systcmi Liquid Alcohol/Tlluainated 2atal O:dda
710, t-butanol 30° - - 59.3 x 10"'2, k
%af) " " - - 7.4x 10"
110, jsobutanol 20° - 28.3% 10“2 12.9 = 107
Za0) " " - .23.4::10‘ 2.8 x 10"
— : Agntons
v.  Hormaliszad to um3 of gas phas2 product (5TP) pex m? of ouide surface nmac houz
® 5. 1as not avolved unril tempacatures 250-350°C
.
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