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Time-Resolved in Situ ATR Spectroscopy of 2-Propanol Oxidation over Pd/ADs: Evidence
for 2-Propoxide Intermediate

Thomas BUrgi* and Marco Bieri
Institut de Chimie, Facultdes Science&niversitede Neuchitel, Rue Emilie-Argand.1, 2007-Neuchal, Switzerland

In situ attenuatedotal reflectioninfrared spectroscopyn a flow-through cell combinedwith online UV—vis spectroscopy
was usedto investigatethe oxidation of 2-propanolover Pd/ALO; catalyst. The stateof the catalystwasdriven fast between
reducedand oxidized by admitting alternatelydissolvedhydrogenand oxygen,andthe responsef the catalytic solid—liquid
interfacewasfollowed in time. Besidesthe oxidation productacetoneandthe waterthat forms, whenhydrogenand oxygen
aresimultaneoushadsorbedn the catalystsurface,an additionalspeciesvas observedwith a characteristibandat ~1065
cm1. Onthebasisof thetransientcharacteof the adsorbatenddensityfunctionaltheorycalculationsyve assignthis speciego
adsorbed2-propoxide. Its observationindicates that the seconddehydrogenatiorstep is rate limiting in an oxidative
dehydrogenatiormechanism.The results furthermore show that adsorbedhydrogenand oxygen limit the dissociative
adsorption of 2-propanol and thatpropoxide can be hydrogenateack to the reactar the presence of adsorbed hydrogen.

Introduction tangle complex spectra of the catalytic selidjuid interface?

) L . ) . Applying relatively fast concentration stimulation at a solid—
The investigation of heterogeneous catalytic reactions by in jiquid interface in order to “catch” intermediates is limited by

situ or operando spectroscopy is a promising strategy to obtaincqnyection and diffusion processes in the fluid. Still, relatively

molecular level information on the transformation of reactants fast stimulation is possible when using a carefully designed low
into products and on the state of the catalyst under working ,,ojume flow-through celt!

conditions. The driving force for such research is, besides pure
curiosity, the hope that a rigorous understanding of the reaction
mechanism helps the rational design of better catalyst materials

and Processes. Deyelppment of spect_roscop|c techniques thal%Witched fast between two states and the response of the catalytic
can b? applied in situ IS cqrrently making prpgréés. interface is followed in time with the goal of catching

A big challenge for in situ spectroscopy in heterogeneous ntermediates. The evolution of the reaction product is traced
catalysis is related to the complexity of the relevant interfaces. by both ATR infrared and online UV spectroscopies.
Pure observation of a species at a working catalytic interface " ggjective oxidation of alcohols over noble metal catalysts

does not a priori reveal its importance in the reaction mechanism. ,.qceeds under mild conditions and is an attractive synthetic
To determine whether a species is an intermediate or a spectatof, te for fine chemical productiol?=14 The reaction was

requires more effort. On the other hand, identification of the proposed to proceed via a dehydrogenation mechaF&fThe
nature of reaction intermediates is perhaps the most direct way 5 cohol adsorbs on the metal catalyst and is dehydrogenated in

to uncover the reaction mechanism. Unfortunately, such inter- \, sybsequent steps. The resulting adsorbed aldehyde or ketone
mediates are not easily observable due to their usually short,g then desorbing. The role of the oxygen is the oxidation of

lifetime and low abundance. One way to “catch” intermediates ;4sorbed hydrogen. Support for this view stems from the

is the sudden change of a reaction parameter. For example, amypseryation that during reaction the catalyst surface is covered
intermediate in the hydrogenation of ethylene over B@Alvas by hydrogen, even in the presence of oxy&en® Furthermore,

observed at the soliegas interface after a short pulse of the 5, isotope effect was found ferdeuterated and nondeuterated
reactan€ This intermediate, which was assigned to ethyl, had 2-propanol® Another proposed pathway involves a direct
a lifetime of around 100 ms. . reaction between the adsorbed substrate and adsorbed d®ygen.
~ We have recently applied attenuated total reflection (ATR) Although direct spectroscopic information on the catalyst solid—
infrared spectroscopyo study catalytic solietliquid interfaces,  jiquid interface during alcohol oxidation has been reported

which proved to be a sensitive tool for the investigation of recently?-22reaction intermediates on the catalyst surface have
modef~7 and real powder catalyst$. The combination with not been identified up to now.

modulation excitation spectroscopy,that is, the periodic
stimulation of the catalyst sample and phase-sensitive detection _ _
of the response, further increases sensitivity and helps to disenExperimental Section

In this paper we use ATR to investigate the oxidation of
2-propanol to acetone by oxygen over a Pg@lcatalyst. By
admitting dissolved hydrogen and oxygen, the Pd catalyst is

* Corresponding author. Telephone:+41 32 718 24 12. Fax:++41 Catalyst and Chemicals.A 5% Pd/ALO; catalyst (Johnson
32 718 25 11. E-mail: thomas.burgi@unine.ch. Matthey, Type 324) was used. Before measurements the catalyst



wasreducedn situ by hydrogen2-Propano(Merck p.a.)was
usedassupplied Nitrogen(99.995%) hydrogen(99.995%)and
oxygen(99.998%)gaseqCarbaGasyvere usedto saturatehe
solvents.

Thin Film Preparation. A slurry of the catalystpowderwas
preparedrom about20 mg of catalystand5 mL of 2-propanol.
Films of the catalystpowderwere preparedby droppingthe
slurry ontoa ZnSeinternalreflectionelementIRE; 52 x 20 x
2 mm, KOMLAS). The solventwasallowedto evaporateand
theprocedurevasrepeatedotally threetimes.After drying for
severalminutesat 50 °C in air, loose catalystparticleswere
removedby flowing 2-propanolover the IRE. After drying in
air thefilm wasreadyfor use.The amountof catalystexposed
to the solventwasbetweenl and 1.5 mg.

In Situ Spectroscopy.ATR spectrawere recordedusing a
home-builtstainlesssteelflow-through cell with a volume of
0.077mL anda gapbetweenRE andpolishedsteelsurfaceof
the cell of 250 um 28 The cell hastwo inlets, which allows the
rapid changebetweentwo different fluids at the entranceof
theflow compartmentThe cell wasmountedon anattachment
for ATR measurementéWilks Scientific) within the sample
compartmentof a Bruker EQUINOX-55 Fourier transform
infrared (FT-IR) spectrometeequippedwith a narrow band
MCT detector Spectravererecordedat4 cm resolution.The
ATR cell canbe cooledor heatedhowever,all measurements
reportedherewere performedat room temperatureThe ATR
cell correspondso the onedescribedn moredetailelsewheré?!
In addition to the previously reported setup, the ATR cell
effluentwasdirectly coupledinto a home-builtUV —vis flow-
through cell. This cell consistsof two stainlesssteel tees
connectedy a Teflontube.Thelight from adeuteriumhalogen
source(Avantes)is guidedto oneendof the cell via an optical
fiber. The transmittedight is collectedat the otherendof the
cell and coupledinto a secondoptical fiber, which guidesthe
light to an UV —vis spectrometefAvantes)equippedwith a
2024 pixel CCD detectorarray and a resolutionof 2.4 nm.
Typical integrationtime for one spectrumis 10 ms. The path
length of the UV—vis transmissiorcell is 4 cm. The solvent
wassaturatedvith gasesn two separatglassbubbletanksand
wasflowed throughthe cellsandoverthe sampleby meansof
a peristaltic pump (ISMATEC, Reglo 100) located after the
UV—uvis cell. The flow ratewas varied between0.85and2.7
mL/min. Two pneumaticallyactuated¢hree-wayTeflon valves
(PARKER PV-1-2324)were usedto control the solventflow
from thetwo tanks.Stainlessteeltubingwasused A schematic
setupof the experimentis givenin Figure1.

Modulation Excitation Spectroscopyand Data Acquisi-
tion. The catalytic system was stimulated by periodically
admitting 2-propanol saturatedwith hydrogenand oxygen.
During one modulation period (flow of hydrogen-saturated
2-propanofollowed by anequallylong flow of oxygen-saturated
2-propanol),60 and 20 infrared spectra,respectively,were
recordecht 80 kHz samplingrateusingtherapidscanacquisition
mode of the FT-IR spectrometerFor eachspectrumseveral
scanswvereaveragedSeveralmodulationperiods(5—30) were
appliedbeforedataacquisitionwasstartedInfraredspectravere
thenaveragedverseveralperiods(5—60). UV —vis spectreof
thecell effluentwererecordedsimultaneouslhandsynchronized
with IR spectraacquisition. Before every scan of the IR
spectrometethe UV—vis spectrometewastriggeredto record
onescan.As for the IR severalscanswere averagedsuchthat
for one modulation period a total of 60 and 20 spectra,
respectivelywere obtained.In contrastto the IR the UV —vis
spectraverenotdirectly averagedverthe modulationperiods.

glass bubble tanks

to pump
/ \ from UV-Vis to UV-Vis
source spectro meter
catalyst

ATR flow-through cell

within FTIR spectrometer
Figure 1. Schematic setup of the in situ attenuated total reflection

(ATR) experiment with online fiber optics UVvis analysis of reaction
products.

Time-resolvedR and UV-vis spectra were also demodulated
using a digital phase-sensitive detection according to eq 1:

PSD

AX(F) = % [TA@Y sinkot+ ¢ D dt (1)
k=12, ..

Here v is the wavenumbermy is the stimulation frequency,

T is the modulation period, anglPSPis the demodulation phase
angle. With one set of time-resolved spectra eq 1 can be
evaluated for different phase angiggSP, resulting in a series

of phase-resolved absorbance spectra. The quardiyermines

the frequency at which the time-dependent sigigist) (IR

or UV—vis) are demodulated, i.e., the fundamental of the
stimulation frequencyk = 1), first harmonic K = 2), and so

on. A more detailed description of the modulation technique
applied here can be found elsewh@&#é.

Typically experiments were performed as follows: 2-Propanol
in the two glass bubble tanks was saturated with nitrogen before
one tank was saturated with hydrogen and one with oxygen.
Hydrogen-saturated 2-propanol was then flowed first over the
sample for 10 min. Afterward the flow was changed between
hydrogen- and oxygen-saturated 2-propanol five times (each
flow for about 1 min). After that treatment modulation experi-
ments were started. Several consecutive modulation experiments
were performed with the same catalyst layer. The catalyst layer
was however freshly prepared every day.

Results

Figure 2 shows different ATR spectra (not demodulated).
Spectrum a was recorded during a modulation experiment when
switching from hydrogen- to oxygen-saturated 2-propanol.
Spectra b and ¢ were recorded while flowing acetone in
2-propanol (saturated with nitrogen) over the bare IRE and over
the IRE coated with catalyst, respectively. Spectrum d is an
ATR spectrum of 2-propanol. Comparing spectrum a with
spectra b and c allows identification of the oxidation product
acetone in the spectra recorded in situ (Figure 2a). Specifically,
strong bands in the ATR-IR spectra marked with open circles
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Figure 2. (a) ATR spectrum recorded during a modulation experiment
(modulation periodl = 180 s, flow rate 0.85 mL/min). The spectrum
was recorded in the transient period while changing from hydrogen-
to oxygen-saturated 2-propanol. The reference was recorded while
flowing hydrogen-saturated 2-propanol. Spectra b and ¢ were recorded
while flowing acetone dissolved in 2-propanol over the clean IRE and
the IRE covered with catalyst, respectively. The reference for spectra
b and ¢ was recorded while flowing 2-propanol over the clean IRE
and the IRE covered with catalyst, respectively. Spectrum d shows an
ATR spectrum of 2-propanol (background empty ATR cell). Open
circles Q) indicate the most prominent bands associated with dissolved
acetone. Crosses (x) mark regions of strong 2-propanol absorption.
The dashed vertical line indicates a band that belongs neither to
2-propanol nor to acetone. Time /s
Figure 4. Selected ATR and UV signals as a function of time for a

06 modulation experiment with a modulation period of 180 s and flow
rate of 0.85 mL/min (60 spectra/period). At= 0 the flow at the
0.5 1 entrance of the ATR cell was switched from oxygen- to hydrogen-
saturated 2-propanol. At= 90 s (T/2) the flow was switched back to
0.4 oxygen-saturated 2-propanol. The ATR signals were averaged over five
c) modulation periods, whereas the UV signal was not averaged and
0.3 1 represents only one out of the five cycles. Note that the signals in the
UV are retarded with respect to the ones observed in the ATR-IR, since
the UV spectra are recorded at the outlet of the ATR cell (see Figure
1).
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Figure 3. (a) UV spectrum of acetone in 2-propanol recorded with Figure 4 shows the time dependence of some signals in the
the online UV—vis spectrometer schematically shown in Figure 1. (b) IR and UV. The absorbance at 1711 ¢his associated with
UV spectrum recorded online during the transient period while changing the strongest signal of acetone in the infrared. The absorbance
I:r_om hyzgrogsnij\iosoé)é?ri?f?ézg%idd %-rﬂzggavcﬁ:le(fcf)li)v?l?nndIg)c(mseflee at 2500 cm?, which is far from any strong molecular absorption,
lgure . - .
sa%urated 2-propanc§)l. The reference for spectra b and ¢ v%as ?gcordeaeﬂeds the change in the _catalyst state. It has b.ee”. shown
while flowing hydrogen-saturated 2-propanol. recently that the Pd catalyst itself responds to the oxidative and
reductive conditions. This results in a broad absorption in the
are associated with dissolved acetone. The negative signalsATR spectra over the whole mid-infrared region due to the
marked with crosses are due to 2-propanol. When acetone ischanges in the optical constants of the strongly absorbing Pd
formed (Figure 2a) or admitted to the cell (Figure 2b,c), the when the latter changes its st&te\lso shown is the absorbance
concentration of 2-propanol slightly decreases, leading to inthe UV at 280 (acetone) and 250 nm (oxygen). The maximum
negative signals. Besides the oxidation product acetone and theabsorbance in the U¥vis corresponds to an acetone concentra-
negative signals due to 2-propanol, two other features are evidention of 0.0024 mol/L, as determined by comparison with
in spectrum a recorded in situ: a broad band associated withsolutions of known concentration. The corresponding value for
water at~1650 cnt! and a feature at 1065 crh (dashed the ATR is 0.0104 mol/L. The discrepancy is due to the fact
vertical line), which are associated neither with acetone nor with that the acetone is formed within the catalyst layer, which is
2-propanol. Water forms in the transient period when both selectively probed by the ATR. Note that at a volumetric flow
hydrogen and oxygen are adsorbed. The nature of the speciesate of 0.85 mL/min, as applied in the experiment shown in
associated with the band at 1065 ¢rwill be discussed below.  Figure 4, the mean residence time in the ATR cell is only 5.4
In the UV—vis spectra shown in Figure 3 acetone gives rise s. Figure 4 reveals that acetone is predominantly formed when
to a band centered at 270 nm. Figure 3a is the UV spectrum ofchanging from hydrogen- to oxygen-saturated 2-propanol.
a solution of acetone in 2-propanol. Spectra b and ¢ were Considerably less acetone is formed when changing from
recorded online, with spectrum b in the transient period while oxygen to hydrogen.
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Figure 5. (a) Demodulated ATR spectrum of a modulation experiment. <
Modulation periodl = 12 s; flow rate 2.7 mL /min. At = 0 the flow 0.001 {2)
at the entrance of the ATR cell was switched from oxygen- to hydrogen- 0.000 1
saturated 2-propanol. At= 6 s (T/2) the flow was switched back to : ; : ; :
oxygen-saturated 2-propanol. The signal was averaged over 20 periods 10 20 30 40 50
with 20 spectra/period. The time-resolved spectra were then demodu- 0.005
lated according to eq 1. For comparison a (time-resolved) spectrum is b) 5 M
shown (trace b) that was recorded while flowing acetone dissolved in 0.004 /\/_/\
2-propanol over the IRE covered with catalyst. Open cireldsridicate g
the most prominent bands associated with dissolved acetone. Crosses & 0.003 {
(x) mark regions of strong 2-propanol absorption. The dashed vertical £
line indicates a band that belongs neither to 2-propanol nor to acetone. § 0.002 +
Figure 5a shows a demodulated ATR spectrum for a fast 0.001 4 @
modulation experiment (hydrogen—oxygen—hydrogef..=
12 s). For comparison a (time-resolved) spectrum, recorded 0.000 - ‘ ' ' '
while flowing acetone dissolved in 2-propanol over the catalyst, 2 4 Ti 6 , 8 10
ime/s

is shown in Figure 5b. Careful inspection of the two spectra - 6. ATR signal functi ‘o f (a) acet (711t
C'Ifjlﬂ H . faal igure o. signals as a runction or ume or (a) acetone m
reveals a band at 1065 crfor spectrum a, which is missing band) and (b) the species associated with the band at 1065fom

in spectrum b. Figure 6 reveal_s that the species qs;ociated Withhitterent modulation experiments (hydrogen-, oxygen-, hydrogen-
the band at 1065 cnt has a time dependence similar to the gatyrated 2-propanol). (T) = 12 s, flow rate 2.7 mL/min, averaged

one of the reaction product acetone. Figure 2 shows that thisover 60 periods, 20 spectra/period. R} 58 s, flow rate 0.85 mL/
band is not associated with dissolved or adsorbed acetone. Alsomin, averaged over five periods, 20 spectra/periodT(3)180 s, flow
2-propanol (Figure 2) does not have absorption bands at thisrate 0.85 mL/min, averaged over five periods, 60 spectra/period.
frequency, which could lead to signals due to incomplete

compensation. Besides the band at 1065 %nthe ones 2-propanol (exp)
associated with acetone and water, and the features associated
with 2-propanol, no other signals with a similar time dependence

could be observed. 0
A possible intermediate in the oxidation reaction is adsorbed
2-propoxide. Indeed, alkoxide species on metal surfaces exhibit
strong C-O stretching vibrations in the frequency range between
1000 and 1100 cmi.24-28 For 2-propoxide on Ni(100) a band
at ~1090 cnrl, which was assigned to the~® stretching
vibration, is the most prominent feature in the frequency range 2-propoxide-Pd, (calc)
between 1000 and 1600 cA¥8 To corroborate the assignment x0.25
of the band observed in our spectra at 1065 ¢tno a
2-propoxide intermediate, we have performed density functional
theory (DFT) calculations for both 2-propanol and 2-propoxide Wavenumber / cm’
on Pd. The calculations were performed with GaussigfTBe Figure 7. ATR spectrum of 2-propanol, together with calculated
b3pw91 hybrid functiond? was used with a 6-31G(d #)basis mg:gg agiczgefgfvﬁiﬁrgpggol' C;j:l(réd ?E;?:ﬁgf fgp gdbﬂj; 5’%5’\’;%
set for C, O, and H and LANLZ[.)? for Pd. The Pd surface . _LANL2DZ for Pd. The calculated in%Pared intensities Wére 'convoluted
was replacgd by thrge P,d atoms in order .to simulate adsorF’t'onwith a Lorentzian line shape. Calculated frequencies were scaled by a
on 3-fold sites. This simple approach is expected to yield factor of 0.95 in order to account for the overestimation of the
qualitative information concerning adsorbate vibrations, since fundamental vibrational frequencies due to the neglect of anharmonicity,
the latter are relatively insensitive to cluster size, in contrast to electron correlation, and basis set effécOpen circles (O) indicate
other properties such as adsorption ener&i¢sgure 7 shows bands cgntaining €0-H bending character. Crosses)(indicgte
an ATR spectrum of liquid 2-propanol together with the bands with C—O stretching character (see text for more details).
calculated spectra for 2-propanol and 2-propoxide on Pd. A of the two modes calculated at 1219 and 1040 tthat contain
comparison between experimental and calculated spectra forC—O—H bending character. These modes are strongly affected
2-propanol reveals general good agreement with the exceptionby intermolecular interactions in the liquid state. This result is

2-propanol (calc)

Absorbance

1500 1400 1300 1200 1100 1000 900



in agreementith a previousreport34 Thethreemodesat 932,
1114,and 1136 cm™! all contain significant C—O stretching
character.The 2-propoxidespecieshas a different spectrum.
Besideghe disappearancef the C—O—H bendingmodesthe
modescontainingC—O stretchingcharacteareaffected.Most
of the C—O stretchingintensityis now condensedn a mode
with a frequencycalculatedslightly below 1090 cm™1, which
becomedby far thestrongesbandin thisfrequencyregion.This
modeis red-shiftedcomparedto the correspondingnodesin
2-propanol Basedon the calculatedspectreof 2-propanoland
2-propoxide,we would expecta strongsignal of 2-propoxide
dueto aC—O0 vibrationred-shiftecby 25—45 cm™! with respect
to the correspondindandsin 2-propanol.In the experimental
spectrunof liquid 2-propanothecorrespondindpandsarefound
slightly abovel100cm™1. Thereforethe observedandat 1065
cmtin the ATR spectraecordedduring reactionis consistent
with a 2-propoxideadsorbedon Pd. Figure 7 revealsthat a
2-propoxidespeciesshould also exhibit signalsdue to C—H
modes.However,thesesignalsare difficult to observe since
thecorrespondindrequencyrangeis crowdedby vibrationsdue
to 2-propanolandacetone.

Discussion

In situ ATR spectroscopyof the catalytic solid—liquid
interfacecombinedwith online UV —vis analysisof thereaction
products,as schematicallyshownin Figure 1, provedto be a
powerfultool for time-resolvednvestigationsFigure4 shows
that the signal of the reactionproductacetonein the UV is
delayedby 21 s with respectto the correspondingATR-IR
signal. This delayis causedby the flow of the fluid from the
ATR to the UV cell. The full width at half-maximumof the
two signalsis 8.5sin the ATR and10sin theUV, respectively,
reflectinga fast responsef the combinedsystem.

Besidesthe reactionproductacetonehatis observedn the
infraredandthe UV spectreandsomewaterthatis formedfrom
hydrogenandoxygenon the Pd surface anotherbandat 1065
cm! is observedthat hasthe sametime dependenceas the
reactionproduct. Basedon control experimentswhich show
thatthis bandis associatedvith neitheradsorbedacetonenor
2-propanol DFT calculationsandcomparisorwith previously
reportedspectraof 2-propoxide we assignthe bandto 2-pro-
poxide adsorbedon Pd. Figure 6 furthermoreshowsthat the
1065 cm™! bandis associatedvith a transientspecies.We
should also note that this band was not observedfor similar
experimentsn the absencef 2-propanol.

Our experimentsstrongly indicate that 2-propoxideis an
intermediatein the oxidation of 2-propanolto acetoneHence
theinitial stepin the oxidationof thealcoholis its dissociative
adsorptionyhichleadsto adsorbedlkoxideandhydrogenThis
step requiresfree surfacesites. Not surprisingly the rate of
productformationis coupledto the abundancef theintermedi-
ate on the catalyst surface. When the abundanceof the
intermediateon the surfaces high, the productcanbe observed.
In the presenceof dissolvedhydrogenthe catalystsurfaceis
coveredwith hydrogenthuspreventingdissociativeadsorption
of thealcohol.In the presencef oxygenunderour conditions
the Pdsurfaceis coveredby oxygen.This stateis referredto as
“over-oxidized”andalsopreventslissociativeadsorptiorof the
alcohol353%1n our experimentshe 2-propoxideabundancéad
a maximum betweenthe two extremestatesof the catalyst
surface.The changebetweenthe two statesof the catalystis
sharpin our experimentsand can be followed via the broad
absorptioroverthewhole mid-infraredregion(Figure4, signal
at2500cm™1) dueto theslight alterationof the opticalconstants

5

of the strongly absorbingmetal particles?? In this transient
period, stimulatedby changingthe dissolvedgas, adsorbed
hydrogenandoxygenreactto water,which is alsoobservedn

our experiment(bandat ~1650cm™, Figures2 and5). This

opensup free sites on the catalyst surface,onto which the

alcoholcandissociativelyadsorb Notethatthereactionbetween
oxygenand hydrogenon the catalystsurfacealsotakesplace
underconditionswherethe hydrogenis not suppliedexternally,
sincethe dissociativeadsorptionof the alcohol also leadsto

adsorbechydrogen.

Theresultspresente@bovestronglyindicatethatthe key to
high activity of the catalysts its ability to dissociativelyadsorb
the alcohol reactant.This is in agreemenwith experimental
observationshatidentify the concentratiorof oxygenascritical
reactionparametet21°A delicatebalancebetweerdissociative
adsorptiorof thereactanandtheadsorptiorof oxygenis crucial
for high activity. If the concentratiorof oxygenon the surface
getstoo high, therateof dissociativeadsorptionof the alcohol
decreasesjueto feweravailablesites.As a consequencédess
hydrogenis available on the surface,which can react with
adsorbedoxygen, and fewer sites are freed for the further
adsorptionof the reactant.The catalystruns into an “over-
oxidized” state.

Both acetoneand 2-propoxideare detectedwvhen changing
betweeroxygenandhydrogenandvice versa.However,Figure
6 revealsghattherelativeamountof thetwo speciess different
in thetwo casesWhenchangingrom oxygento hydrogeronly
a little acetoneis formed, whereasthe signal assignedo the
2-propoxideintermediateis still relatively strong. This holds
for different conditions (flow rates, modulation periods), as
Figure6 shows.This meanghatnot all the adsorbedntermedi-
ate is transformedto product and that the fraction that is
transformeds higherwhenswitchingfrom hydrogento oxygen.
An explanation for this behavior is the back-reactionof
2-propoxideto 2-propanolin the presencef hydrogenon the
surface Theimportanceof this reactionchanneis differentfor
the two transientperiods(hydrogen— oxygenand oxygen—
hydrogen). Support for this view comes from the fastest
modulationexperimentreportedin Figure 6 (bottom), which
indicatesthatthe maximumof the 2-propoxidesignalis sightly
shiftedtowardthe hydrogen-rictregionof thetransientperiods
with respectto the signal of the acetoneproduct.Hence,too
muchhydrogenon the surfacenot only blocksadsorptiorsites
for thedissociativeadsorptiorof the alcoholbut alsopromotes
the reactionof the alkoxide intermediateback to the alcohol
reactant.

The observationof an alkoxide speciesn the ATR spectra
showsthat this speciesis relatively abundanton the catalyst
surfaceand thereforestrongly indicatesthat the seconddehy-
drogenatiorstep,whichyieldsadsorbe@cetoneis ratelimiting.
This is in agreementvith the observedsotopeeffect for the
oxidationrateof a-deuterate@ndnondeuterate@-propanof®

Conclusions

Thecombinatiorof attenuatedotal reflection(ATR) infrared
spectroscopyn a low volume flow-through cell with online
UV—vis analysisof the reaction productis well suited to
following fast changedaking placeat a catalytic solid—liquid
interface. Application of the techniqueto the oxidation of
2-propanolover a Pd/Al,O; catalystallows the simultaneous
observatiorof (1) dissolvedreactionproductacetongby ATR
andUV), (2) change®f the stateof the Pd catalystinducedby
adsorptionof hydrogen and oxygen, respectively,and (3)
adsorbedspeciesat the catalyticinterface.In transientexperi-
mentsanadsorbedpeciesanbe observedn the ATR spectra



simultaneouslywith acetondormation.Basedon the transient
characteof the speciesand densityfunctionaltheory calcula-
tions, it is assignedo 2-propoxideintermediate The intermedi-
ateis observedvhenbothhydrogenandoxygenarepresenon
the catalystwhich leadsto the formationof waterandfreesup
sitesfor the dissociativeadsorptiorof the 2-propanol Theratio
between2-propoxideand acetoneis different when changing
thedissolvedgasfrom hydrogerto oxygenor vice versawhich
indicatesthattheintermediatecanbe hydrogenatedbackto the
reactanfavoredby high hydrogencoverageTheconcentration
of oxygenis decisivefor fast oxidation. At too high oxygen
concentrationno free sites are availablefor the dissociative
adsorptionof the alcohol (the catalystis “over-oxidized”); at
toolow oxygenconcentratiorthe surfacecoverageof hydrogen
is large and blocks adsorptionsitesand furthermorepromotes
thehydrogenatiorof thealkoxideintermediateTheobservations
supportan oxidativedehydrogenatiomechanisnandindicate
thatthe seconddehydrogenatiostepis ratelimiting. Theresults
furthermorerevealthe importanceof transientmethodsfor the
investigatiorof reactionintermediatesindthatsuchexperiments
arefeasiblealso at solid—liquid interfaceswhereresponsés
usually limited by diffusion.
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