A IP The Journal of )
Chemical Physics | /
Diode laser absorption study of internal energies of CO2 produced from talytic CO

oxidation
Daniel J. Bald, Ralf Kunkel, and Steven L. Bernasek

Citation: The Journal of Chemical Physics 104, 7719 (1996); doi: 10.1063/1.471477
View online: http://dx.doi.org/10.1063/1.471477

View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/104/19?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
A collision induced reaction: CO2 production on O2 and CO covered Pt(111)
J. Chem. Phys. 104, 7359 (1996); 10.1063/1.471817

Complex oscillations and global coupling during the catalytic oxidation of CO
J. Chem. Phys. 104, 6375 (1996); 10.1063/1.471299

Relaxation of highly vibrationally excited cycloheptatriene in liquids and gases studied by picosecond UV
absorption spectroscopy
AIP Conf. Proc. 364, 148 (1996); 10.1063/1.50190

CO2 and H20 in the deep Earth: An experimental study using the laserheated diamond cell
AIP Conf. Proc. 341, 240 (1995); 10.1063/1.48733

Laser spectroscopic detection of OH in catalytic reactions on platinum
AIP Conf. Proc. 160, 687 (1987); 10.1063/1.36800

SUBSCRIBE TO



http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/327320036/x01/AIP-PT/JCP_ArticleDL_101514/PT_SubscriptionAd_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=Daniel+J.+Bald&option1=author
http://scitation.aip.org/search?value1=Ralf+Kunkel&option1=author
http://scitation.aip.org/search?value1=Steven+L.+Bernasek&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.471477
http://scitation.aip.org/content/aip/journal/jcp/104/19?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/104/18/10.1063/1.471817?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/104/16/10.1063/1.471299?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.50190?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.50190?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.48733?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.36800?ver=pdfcov

Diode laser absorption study of internal energies of CO > produced
from catalytic CO oxidation

Daniel J. Bald, Ralf Kunkel, and Steven L. Bernasek
Department of Chemistry, Princeton University, Princeton, New Jersey 08544

(Received 23 January 1996; accepted 9 February)1996

Internal energy distributions for GOnolecules produced in the catalytic oxidation of CO bydd
polycrystalline platinum have been directly measured using a high resolution tunable diode laser
(TDL) spectrometer. Absorption spectra have been collected fop@uced in a flow cell reactor

for a wide range of temperatures and reactant ratios. Vibrational energies jgpréduced under

most reaction conditions are greater than would be expected from complete equilibration with the
surface. The asymmetric stretching mode consistently exhibited a higher vibrational Boltzmann
“temperature” than the bending or symmetric stretching modes. The level of vibrational excitation
for all of the vibrational modes was sensitive to oxygen coverage, i.e, as eithep 180 @actant

ratio or the surface temperature is increased, the vibrational temperature of the product CO
increases significantly. €1996 American Institute of PhysidS0021-960806)02718-3

INTRODUCTION neighboring combination bands was detected at both(Bw

S , , cm 1) and high(0.012 cm'%) resolution. In high resolution
The catalytic oxidation of carbon monoxide on platinum -r, o experiment¥"*°individual rotational structures of sev-

h_as been one of the most_ W'd.EIy StUd.'ed surfa_ce reactlongral bands of C@produced by CO oxidation on Pt foil were
since the time of Langmufr.This reaction has important

practical application in the removal of CO from the exhaustﬂ_JIIy resolved. Each of these groups opserved thqt the indi-
of combustion processes. However, the reaction also haddual normal modes of product G@xhibited energies that
generated considerable scientific interest as a simple mod#fére above that expected for equilibration with the catalytic
catalytic surface reactiohAs a result of the many studies surface. Achieving a detailed picture of the excited gas phase
carried out, a great deal is already known about the kinetic€0O, should allow one to gain insight into the dynamics of
and mechanism of this reaction, but the dynamics of thighe surface reaction. In fact, measurements of normal mode
reaction are somewhat less understood. It is our hope that byibrational energies have been used to guide trajectory cal-
determining the internal energy distribution of the O@0-  culations based on a proposed transition state for the reaction
duced from this reaction under various conditions, a clearefhat js nearly linear and normal to the surfdée.
p'lctture '(|)|f the surface reaction dynamics and of the transition Changes in oxygen coverages have been found to affect
state will emerge. ; 18

It has been well established that the oxidation of COJ[he energy of the Qesorbmg GOEr .and co—work.er%. .

have seen sharpening of the desorption angular distribution

over noble metal catalysts occurs via a Langmuir— " .
Hinshelwood(LH) mechanisni,where an adsorbed CO mol- with increasing oxygen coverage on (Bi1) surfaces. Man-
1,12 using low resolution time resolved IR spectros-

ecule reacts with an atomically adsorbed oxygen to form 4€ll €t a OW T€
carbon dioxide molecule as product. The £fat is pro-  COPY to track the vibrational spectrum of gproduced from

duced is only weakly bound to the surfgceH ~5 kcal/mol  Polycrystalline Pt foil, observed that the vibrational tempera-
(Ref. 4], and has been found to desorb with excesdure increased with increasing oxygen coverage. In high
translational ® and vibrational~'® energy. Molecular beam resolution IR emission studies for the reaction on Pd¥aih
time-of-flight measurements show that £@roduced on a increase in @:CO reactant ratio from 1:1 to 2:1 resulted in a
polycrystalline Pt surface desorbs with translational energgignificant increase in vibrational energy for all vibrational
considerably higher than would be expected from completenodes.

equilibration with the surface. Angular distributions of prod- In the present study we use a tunable diode I§EBL)

uct CO, were also found to be strongly peaked at they, gptain the absorption spectrum of €roduced in a flow

5-8
norrclgtl). tional itation h Iso b b d.In studi cell reactor. Due to the high resolution of the TDL spectrom-

lbrational excitation has aiso been observed. In stu Ieséter(O.OOO? cm?), single rotational transitions can easily be
performed under conditions similar to that of the work pre-

sented here. Bernasek and Ledrand later Brown and resolved and populations of individual states can accurately
) @ : <24
Bernasek’ used low resolution infrared chemiluminescenceP® determined. Flynn and co-work&s**have demonstrated

to detect vibrational excitation from GQproduced over a in collisional energy transfer experiments, that diode laser
polycrystalline Pt gauze. Mantedit al1>1*5also observed ~absorption spectroscopy is well suited for measuring vibra-
vibrational excitation at lower pressures10~ Torr) using  tional energy distribution in CQ The relative population of
FTIR spectroscopy. The vibrational spectrum produced byny state can be determined, including the ground state
emission in the asymmetric stretch fundamental and théwhich cannot be probed with emission technigueasd “IR
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FIG. 1. Schematic diagram of experimental apparatus.

inactive” symmetric stretching states, by tuning the laser toA 60 L/s mechanical pump provides a linear flow of 1800
a transition of the following type: cm/s for a 1.7 Torr stream of high purity Argon. Electronic
(1) mass flow meters are used in each gas line to allow accurate
measurement and control of reactant flow rates. The ultra
v, is the quantum number for the symmetric stretch mode, high purity CO and @were premixed behind a piezoelectric
is the bending mode;; is the asymmetric mode, adds the  valve in order to insure consistent composition of the gases
rotational quantum numbet.is the angular momentum as- s they entered the established carrier gas flow. The platinum
sociated with the doubly degenerate bending motion. Due tQrface is a 3.52.0 cm piece of 100 mesh high purity poly-
the large oscillator strength of the asymmetric stretch, a'ErystaIIine gauze. It is mounted on a removable and adjust-
such transitions are allowed. The relative populations forp e sample holder that allows for easy movement of the
states in each of the vibrational modes are used to determing,rf5ce in relation to the laser probe. The surface is heated
individual Boltzmann temperatures which allows for energy ggistively and its temperature is determined by a Chromel—
deposition comparisons between the modes. _ Alumel thermocouple spot welded to the center of the gauze.
In the work reported here, we use high resolution ab- 1o gyineq TDL is a standard Laser Photonics element
sorption spectroscopy to probe the internal energy of COyinable over the spectral region of the C@symmetric

prodtuce(_jr b)(; (t:o IOXIde}[t'ol? c;r:hpolycrly(lgtaltlrl]ne Pt lnha flow tretch, 2275-2340 ch, in a series of modes ranging from
reactor. 1o date almost all of the work in this area has useé_s to 2.5 cm? in width. The resolution of the spectrometer

emission technlques_to probe th? V|brat|onal and rotatlonals better than 0.0007 cri. The divergent output of the laser
energy of the desorbing GOBY using diode laser spectros-

is collimated by an f/1 CaFlens and directed through the
copy, we can probe the ground state levels as well as obtai .
aF, windows of the flow cell where the beam was mea-

a much higher resolution spectrum. We also report a signifi-

cant increase in vibrational energy as thg/@D reactant sured to be 5-6 mm in diameter where it passed by the
ratio increases gauze. In most of the data presented here, the upstream edge

of the collimated laser beam was obscured by the side of the
gauze insuring minimum time for gas phase f@olecules
produced at the gauze to collisionally relax. The infrared

The flow reactor/diode laser spectrometer is shown schesignal is detectedypa 3 mmdiam 77 K InSb photovoltaic
matically in Fig. 1. The flow cell is connected to a massdetector and preamplifier. The signal is amplified, then digi-
spectrometer chamber through a capillary placed in the ceriized and sent to a PC for data collection and manipulation.
ter of the flow tube. This allows for simultaneous time re- The same computer, through a Laser Photonics control mod-
solved monitoring of the reactant and product gases whilelle model L5820, controls the output of the laser during each
supporting the pressure difference between the reactor cedlweep in a typical 1000 sweep data set. Each data set covers
(1.7 Torh and the mass spectrometer chambet0 ® Torr).  a tuning range of 3.2—4.0 c¢m including 2—3 distinct lon-

v10bv3; (4.3 um)—vv,l (vg+1);3+ 1.

EXPERIMENT
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FIG. 2. CO conversion % as a function of temperature and reactant ratio. The $1@® &action ratiogsccn are 7:1(350:50, 4:1(200:50, 1:1 (50:50.

gitudinal modes and requires roughly 6 min collection time.establishetf that the surface concentrations of adsorbates
When working with the TDL a frequency calibration is varies considerably with respect to temperature and reactant
needed within each mode. Absolute frequency differencegatio. A curve similar to Fig. 2 was obtained using the diode
between transitions were determined by using a solid Gé¢aser tuned to a single transition of the ground st&20
étalon (free spectral range of 0.0482 ¢h. Each range was and monitoring the intensity as a function of temperature.
then calibrated by comparing the collected spectrum withafter correcting for changes in rotational temperature the
line positions and intensities for G@horoughly tabulated in  only difference was a steeper drop in production at the higher
the HITRAN (Ref. 25 database. The sensitivity of the spec- temperatures. This is likely to be a result of the nonuniform
trometer allows transitions from the lowest 19 vibrational resjstive heating of the Pt gauze. The CO conversion % is
levels of CQ to be measured with acceptable confidence. Ingptained by monitoring the CO and G@nass spectrometer
order to insure that the TDL was lasing in a single longitu-sjgnals simultaneously and normalizing this conversion ratio
dinal mode a monochrometer was used in the initial calibrayg the cross section of the active region of the gauze.
tion.. Since .the. monochrometer was not used during data col- The kinetics of the reaction vary substantially over the
lection, periodic checks of the TDL were performed to makeemperature range in Fig. 2. At temperatures lower than the
sure Fhat multljmode behavior did not arise from laser degtemperature of maximum conversion T,,,, the reaction is
radathn over time. i i i negative order in CO pressure and positive order jrpf@s-
Prior to all r?aC“O” studies the Platinum gauze WaSsure. AtT>T,,ax the reaction is seen to be positive order in
heated to 1100 K in a flow of 1.0 Torr of argon and 200 scCMnq pressure and nearly zeroth order ip essure. At the
(standard cu_bic_centime_zters per minu for_ ‘_15 min in an }ower temperatures, it has been well establisheét the
effort to maintain consistent surface conditions. Checks Oogserved kinetics are a result of the surface being covered

the steady state reaction for a given gauze temperature ail redominantly by CO. Adsorbed CO inhibits the dissociative
reactant ratio using the mass spectrometer showed constaﬁw& : ' ST
, . o adsorption of oxygen, so the reaction is limited by CO de-
levels of CQ production over a & h period. This insured all Sorpti .
. . . ption. As the CO molecule desorbs, sites are open for
data sets taken in series probed the same density of produc? ) . .
. . L 0Xxygen adsorption. Once an oxygen atom is on the surface it
CO, molecules. Note that it was not imperative in these ex_immediatel combines with an adsorbed CO and is con-
periments to know absolutely how much €®as being de- y

tected by the laser, it was only necessary to know that thgerteéj to pgodugt.tﬁ\ s the terélpeirature t'S [ncreased, n;gre co
effective pressure was constant. can desorb and the GQproduction rate increases. Above

Tmax CO coverage on a surface has decreased greb@er-

age is increased, so that the reaction is limited by CO that

RESULTS adsorbs and reacts before desorbing. Since oxygen coverage
Figure 2 shows mass spectrometer measurements of tld®@es not inhibit CO adsorption, the oxygen pressure effect is

amount of CQ produced during the reaction as a function of negligible.

temperature for three different reactant ratios. It has been Absorption spectra were collected for €@roduced

J. Chem. Phys., Vol. 104, No. 19, 15 May 1996
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FIG. 3. A portion of a typical absorption spectrum. Collected for the CO oxidation reaction at 900 K ang:CO @actant ratio. Peak assignments: 1
100(2) P48; 2 001(1) P45; 3 110(2) P36; 4 120(1) P21; 5 120(2) P23; 6 021(1) P19; 7 010(1) P56; § 030(1) P32; 9 210(2) P12; 10 1101) P34; 11
210(3) P12; 12 011(1) P32; 13 200(1) P22; 14 “CO” 0 (1) R47; 15 020(1) P44; 16 040(1) P18; 17 120(1) P20; 18 100(1) P46; 19 021(1) P18; 20
120(2) P22; 23 1102) P35; 22 2002) P26; 23 030(1) P31; 24 000(1) P66; 25 010(1) P55.

from CO oxidation by Q@ over Pt under various reaction Ivvo Eyv (1 1 E; (1 1

conditions. In some cases the surface temperature was Ygr=In ?:T(T__ T_> ?(T__ T_>

changed while the reactant ratio remained constant and vice vl o o

versa. A portion of a typical spectrum is shown in Fig. 3. ng

This scan was taken at a 1:1,Q0 ratio and 900 K surface +In Q, Su)IN|. 3
v

temperature. It was obtained by sweep integration for 1000 , . , ,
iterations and subsequent division by the background lasdP Ed: (3), I is the normalized intensitf, andE, are the
intensity in the absence of Gan the flow. Thev, vy, vg vibrational and rotational energieg, and T, are the Boltz-
(r) notation follows that of Rothmaet al?’ As mentioned Mann temperatures to be determin&d; is the vibrational
abovey is the symmetric stretch quantum numhegjs the ~ @nd rotational partition function, andv,) is the Doppler
bending quantum number, aed is the asymmetric stretch IN€ Shape abo with v, included in the termyy,. We can
quantum number. The symbolrepresents the level in the obtain a Boltzmann plot of the relative rotational populations
various fermi resonating groups. In this scheme all bands ifo" €ach vibrational band. Figure 4 shows results for four
a fermi resonating group have the same quantum numbeRands of varying energy. All of the bands exhibited the same
and the value of decreases with increasing band energy_rotational temperature for a given set of reaction conditions.
The angular momentum associated with the bending motion-l,_his rotational equilibration is expected given th.e number of
typically represented ds is always equal to, in this nota- cqlhsmn; between the product G@nd the Ar carrier gag@s .
tion and will be omitted. will be discussed below If we further assume that there is
Normalized intensities from the spectra were used to de€quilibration within a given vibrational mode we can extract

termine state populations relative to 296 K by use of @j. vibrational Bol_tzmann temp_eratures for eac_h mo_de individu-
ally. Rearranging Eq(2) to give Yy, the relative vibrational

I f,f i
n iZSSj ﬁ 5(v7u0>|N- @) population, we get Eq4),
T Invg BJJ+1) (1 1
In this caseS}; is the line strength at 296 K from theTRAN Yv=in S k To TJ)
databasef, and f; are the Boltzmann distributions for the
vibrational and rotational levels being probéﬁ,andf? are _ E (i_ i +C (4
Boltzmann distributions at 296 KXv—uv,) is the Doppler k \To Ty '

line shape] is the path length, anll is the molecular den- whereC contains the constant terms from Eg). An aver-
sity. A rotational population relative to that at 296 Xz, is  age value ofY,, is calculated for all rotational transitions
obtained from Eq(3) for each transition at its line centery,  detected within each band. This average vatu®ne stan-

J. Chem. Phys., Vol. 104, No. 19, 15 May 1996
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Vibrational levels In all of the experiments performed, the ¢@at was
011 produced exhibited vibrational temperatures in excess of
those expected from full accommodation with the surface.
The excess temperature was found to depend on reactant
ratio and surface temperature. It should be noted that the
030 term “temperature” as used in this study is not necessarily a
true temperature. It is a parameter used to describe the ob-
served population distribution of the rovibrational states, as-
suming them to have a Boltzmann distribution. Therefore the
“temperature” is the parameter to which the observed popu-
010 lations are fit. The population distribution of the true nascent
CO, molecules may or may not be Boltzmann, but under the
experimental conditions in this study all of the observed
populations fit a straight line in a Boltzmann-type plot.

A plot of Yy, vs E,, of all the levels detected for a 7:1
0,:CO ratio is shown in Fig. 5. The straight line is drawn
through all of the levels that correspond to either the bending
or symmetric stretching modes. The vibrational temperature
determined from the slope of this line is 11305 K. This

particular value is for the combination of bending and sym-
2 ppovs 3000 Py 00 w200 metric stretching levels, however, as it is not always clear
10+1) that these modes are equilibrated with each other, different
temperatures will be determined for each mode. The tem-
FIG. 4. Rotational population distributions for several different vibrational perature of the bending mod&g, is determined from the
barlds of (_ZQ. All of the dat_a were taken for the reactior_l at 900 K and 3:1 relative populations of the 000, 010, 020, 030, and 040 lev-
0,:CO ratio. The best straight line through the data gives a measure of a . . i
Boltzmann rotational temperature. All levels, regardless of vibrational en-€lS. The symmetric mode temperatufes, is determined
ergy, exhibited the same rotational temperatr&00 K). from the relative populations of the 000, 1Q) 10Q02),
2001), and 20@2) levels. The temperature of the asymmet-
ric mode,T »g, is determined from the relative populations of
dard deviation is plotted v&, for bands within a given both the 000 and 001 levels and the 010 and 011 levels. The
vibrational mode and the best straight line through thesalopes of these lines between each of these sets of levels
points has a slope that is proportional to the vibrational Bolt-consistently gives the same vibrational temperature within
zmann temperaturd,,, . the error for the asymmetric stret¢ir55 K).

The product CQin these experiments undergoes a sig-  Figure 6 shows the temperature for each normal mode as
nificant number of collisions with the three other gases in they function of reactant ratio for the CO oxidation reaction at
flow (Ar, CO, and Q). Most of the collisions occur with the 900 K. All of the vibrational temperatures increase with in-
Ar carrier gas. It was estimated that under experimental congreasing 'CO ratios. T s is consistently greater thafig
ditions (1.7 Torp a CQ, molecule has 1100 Ar collisions and T, and all of the temperatures are above the surface
during the time it takes to travel 2.5 mm downstream fromiemperature. The rotational temperatures calculated at each
the Pt gauze. The distance, 2.5 mm, conservatively estimates ine reactant ratios are 850 K for 7:1, 830 K for 4:1, 815 K
the average distance a molecule travels into the laser beamr 1.5:1, 800 K for 1:1, and 790 K for 0.5:1. All of the

before it is detected. Using similar analysis it was eStimateqotational temperatures are below surface temperafisg
that product CQwould have 35-40 reactant gas collisions but follow the same trend as the vibrational temperatures.

for a flux of 100 sccm in the flow. The total number of These rotational temperatures are determined by the overall

collisions should ensure that the rotational state distributionﬁOW temperatures. For a given gauze temperature, the addi-
are equilibrated. Based on collisional energy transfer '?gtes’tional 0, increaseé the flow temperature as meas;Jred by a

each vibrational mode should also be described well by a :
Boltzmann distribution. However, the various modes shoulaSecond _thermpcogple suspendeq in the stream.

not necessarily be equilibrated with one another. The ferm;j In Fig. 7 vibrational and rotational temperatures are plot-
resonant bending and symmetric stretching modes shoulr(?d_ VS sur_face temperature_ for a 1150:1_50 sccmreactant
equilibrate relatively quickly with each other and any subse atio- Again, the asymmetric mode consistently has a greater
quent vibrational relaxation could affect both equafyn ~ t€mperature than the two Fermi resonant modes. The solid
order to mix with the Fermi resonant modes, the asymmetri§traightline in Fig. 7 corresponds 1@ = Tco, which would
stretching mode requires nonresonant energy transfer whidpe expected if the COwas completely accommodated with

is a much slower process. In the data presented herejthe the surface before desorbing. The rotational temperatures are
andv, modes consistently track each other in energy, but th@gain lower tharilp, and they increase at a rate slower than
v3 mode can be described by a distinct temperature. both T\, and Tp,.

60

1 o000

Population relative to room temp CO, (arb)

J. Chem. Phys., Vol. 104, No. 19, 15 May 1996
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DISCUSSION

In the above experiments, we observed an increase in CO+120,
product CQ vibrational energy with increasing,GCO reac- °1 T
tant ratio. In order to discuss the effect of reactant gas ratio
on the product vibrational energy, we first need to know how 19 -
the reactant gas ratio affects the surface during the reaction.
Based simply on considerations of flux of reactant molecules
to the surface, an increase in oxygen coveragg,is ex-
pected at the higher £CO ratios. There are other factors
that affect the surface coverages, however. As seen in Fig. 2
at higher oxygen ratios the CO conversion percentage in-
creases and 5, decreases. Oxygen coverages can be esti-
mated for the Pt surface at 900 K using Eg),*

-30 Transition
State

-40

Potential Energy(kcal/mol)

00= Omal 1~ Xcol (2S0R) ], ®) 50 4
where 6,,,, corresponds to 0.5 MLX is the fractional CO
conversion from Fig. 2S, is the sticking coefficient for -60 |

oxygen which was taken to be G*1andR is the Q:CO
ratio. This relation assumes that @dsorption is first order
in the concentration of vacant sites. Since CO coverage
should be very low at 900 K, any CO inhibition effect op O
adsorption can be neglected. At this surface temperature and -so
O, flux, oxygen desorption is negligible. The estimated cov-
erages at the reactant ratios in Fig. 2 are 0.4 at 7:1, 0.3 at 4:1, Reaction Coordinate
and 0.1 at 1:1. This estimate is only valid for conditions _ _ . . -

. . FIG. 8. A one dimensional potential energy diagram for the oxidation of CO
where CO coverag_e is very low, i.8.> T These values _on platinum. The numerical values refer to the limit of low coverage.
are only rough estimates of coverage, but do suggest a sig-
nificant increase irfy with increasing @:CO ratio.

It is important to consider how the observed increase iralso change the potential energy of the transition state. The
vibrational energy depends on surface coverage. The internadsorption energy of oxygen is found to decrease at higher
excitation of the CQis thought to be related to the activation coverage due to repulsive interactichdhese same interac-
barrier for the surface reactidf.The product CQthat des- tions may also affect the transition state. An increase in the
orbs retains some of the energy that is necessary to surmouatergy of CG would increase the energy available to the
the barrier. The activation energy associated with this barriedesorbing C@ molecule, which would lead to an increase in
E.n, is known to depend on oxygen coverage. In the lowinternal energy.
coverage limitE, . is 25 kcal/mol and falls to 12 kcal/mol at An increase in vibrational energy may also be attributed
higher coverage$SA one dimensional reaction coordinate for to a reduction in the fraction of available energy transferred
this reaction is shown in Fig. 8 Although it is an oversim-  to the surface at higher coverages. Segtaal, in measur-
plification of the actual situation, this diagram has been useéhg the translational energy of the desorbing 4®molecu-
previously and is useful when discussing reaction energeticéar beam experiments, found that the angular distribution
The depth of the prebarrier well is primarily determined by could be described by a two channel mofél.fraction of
the adsorption energies of the CO and O reactant speciethe product desorbed in thermal equilibrium with the surface,
These energies are known to decrease with increasinghile the remainder showed a substantial excess of transla-
coverag® which is thought to contribute to the above men-tional energy, fitting a cdsy distribution. The fraction ac-
tioned decrease if, . However, when discussing the en- commodatedg, was found to decrease with increasing oxy-
ergy of the desorbing product G@nolecule, the important gen coverage. The shape of the angular distribution was
value iskE,, the total energy available to the product. There-always consistent with a cosfraction and a cdsy fraction,
fore any changes in vibrational energy that originate fromindependent of coverage. This indicates that the observed
changes inE, would involve a change in the potential en- changes inx arose from variations in the amount of energy
ergy and nature of the transition state. transferred prior to desorption. In this interpretation, the in-

As mentioned previously, a transition state has been crease ina with decreasing oxygen coverage implies that
proposed that involves a nearly linear and perpendiculaenergy transfer proceeds more completely on clean platinum
CO} species. Such a model requires a CO molecule to movthan in the presence of adsorbed oxygen.
atop an adsorbed oxygen atom. In this cesg would cor- If this change in energy transfer applies to vibrational
respond to the energy required for this motion. The transitiorenergy as well, then one would expect to see higher vibra-
state would still have a relatively strong=MO bond. There- tional temperatures at the higher coverages, as we observed.
fore any changes in the adsorption energy of oxygen, shoulth fact, in a low collision environment one might expect to fit
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the observed state populations to two distinct temperaturesgificant energy loss could potentially result from collisions
one for accommodated and the other for hot,C@ the  with the Ar carrier gas as well as the unreacted CO apd O
present work no evidence of this two temperature behavioreactant gases.

was observed. However, given the number of gas phase col- Under our experimental conditions, the majority of £O
lisions under these flow conditions, one might expect to seeollisions are with Ar atoms. The deactivation of £y Ar

an equilibrated population distribution. Additionally, the pro- occurs via vibrational to rotational and translation&—
cess of vibrational energy transfer between adsorbate arfé,T) energy transfer. In the case of €@O01) deactivation
surface is likely more complicated than that for translationalby argon, the process most likely involved is shown in Eq.
energy transfer. This may result in an averaging effect wher¢5),
all molecules are partially equilibrated and exhibit a single
temperature. The extent to which the equilibration occurs
would still be sensitive to oxygen coverage. At any rate, thdn the case of C®(010), the molecule relaxes to the ground
observed trends in vibrational excitation as a function of cov-state by the process shown in K@),

erage are consistent with this model. —1

Under most conditions in this study the asymmetric CO,(010)+ Ar—~CO,(000) + Ar+667 cr = @
stretching modey 5, exhibited higher temperatures than the Published results indicate that the vibrational deactivation
other two normal modes. The same result was seen undéte for process {Ref. 33 is four times the deactivation rate
similar conditions for the low resolution chemiluminescencefor process 6(Ref. 34 at 800 K. This could explain the
study performed in this laboratofyThis preferential chan- observed difference in vibrational mode temperatures. The
neling of energy into the; mode suggests that the motion Vibrational relaxation is clearly not complete since all vibra-
along the reaction coordinate involves a significant amountional temperatures are above that of the predominantly ar-
of asymmetric stretching. That is, as the reaction proceedgon flow stream temperatufe-800 K). However relaxation
the C=0 bond in the carbon monoxide molecule lengthensnay be more complete in the {+v,) manifold than the;
as the newly forming €O bond shortens. This motion Mmanifold.
along with a nearly linear transition state could lead to the  In addition to CG—Ar collisions, CQ—CO collisions
higher temperature observed for the asymmetric stretchinglight also play a role in the relaxation of the nascent carbon
mode. dioxide. However this would not cause the higher tempera-

In the high resolution emission study by Coulston andtures that were observed for the mode, because CO is
HallerX® they report no preferential partitioning of energy known to deactivate the GQO00D level much more effi-
between the vibrational modes for G@roduced on Pt at ciently than the CQ(010) level. The reason for this efficient
814 K. The temperatures they obtained are 15000 K, deactivation of the ; mode is the near resonavit-V energy
1600+50 K, and 1556-140 K for thev,, v,, andv; modes, transfer process shown in E@),
respectively. In_ contrast, for the oxidation reaction on Pd’_C02(001)+CO(U=O)<—>COZ(OOO)+CO(U=1)
they detect a higher apparent temperature for the symmetric
stretch levels. A major difference between these studies and +208 cm 't
the present work is the pressure range in which the reaction (8
is carried out. In the chemiluminescence study the authorét 800 K, the deactivation probability for the process above
estimated that 93% of the GOmolecules undergo no is~2x10 2or 1 in 500 collisions® Given the estimated CO
CO,—CG, collisions and 63% undergo no more than onecollisions a CQ molecule undergoes for our flow conditions,
CO,-reactant gas collisions before being detected. Undethere may be some energy loss, but that would disproportion-
such low collision conditions only a very small amount of ately affect thev ; mode. If this were the case then the pref-
energy loss would be expected. In fact Coulston and Halleerential energy partitioning into the; mode would be more
observed very little mixing of the Fermi resonant levelspronounced for the nascent G@olecule.
which proceeds at a rate that is nearly gas kinetic. Collisional relaxation of C@by O, should not be sig-

In light of these results one might ask if the energy dis-nificant under the flow conditions of this study. The process
tribution observed in the present study is a result of differenfor deactivation by Qis thought to beV—R,T because the
collisional deactivation rates for each mode. If this were thedeactivation probability is very close to that of arg®n.
case, whatever initial differendéd any) in energy deposition Whatever the process, the data in this study indicates an
into the modes would be obscured by subsequent energy logscrease in vibrational temperature for each of the modes as
by gas phase collisions with the other substituents of théhe amount of @in the flow (and correspondingly $2-CO,
flow. One need be concerned only with collisions which re-collisions increases from 75 to 500 sccm. Therefore, under
move energy from the nascent ot merely repartition it  these collision conditions, any additional deactivation of the
within a vibrational mode. Since the; andv, modes are nascent CQby O, is either negligible or small compared to
strongly coupled due to the very fast fermi resonant vibrathe increased excitation.
tional to vibrational, V-V, energy transfer, one can assume  Because of this collisional relaxation, the level of exci-
that they relax together. Therefore, in order to track energyation reported in this study can be considered only a lower
leakage from the normal modes, one can look at the deactliimit of the actual nascent excitation. In fact higher vibra-
vation rates of th€010 level and(00)) level of CO,. Sig-  tional temperatures have been reported in other laboratories

CO,(001) + Ar«>CO,(nm0) + Ar+~270 cmi'.  (6)
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as well as in this one. The work previously performed in thiswith the proper choice of laser, the internal energy distribu-
lab under similar conditions detected infrared chemiluminestions of other reaction producis.e., CO, HO, and NO)
cence at low resolution as a way of determining vibrationalmay be determined.

excitation. However, in order to obtain meaningful vibra-

tional temperatures from the observed intensities, a referengeoncLUsION

intensity from a known temperature and pressure of GO

needed. The emission signal from a flow of high purity,cO  In the above work a technique is described that com-
in the tube was used for this intensity calibration. That is, thePines the high resolution and good sensitivity of diode laser
normalized intensity from C@produced from reaction at a absorption spectroscopy with the flexibility and high signal
given temperature was compared to the intensity from théevels of a flow reactor. This technique allows one to obtain
high purity CQ, passing over the Pt gauze at the same tem& highly _de'Falle.d picture of the vibrational anq rotational
perature. It was assumed that the high purity,G@uili- ~ €nergy distribution qf Coproduced on a cat_alyyp surface.
brated with the surface and had vibrational temperature equ&liode laser absorption spectroscopy has significant advan-
to the gauze temperature. In using the diode laser spectrorfd€S over the chemiluminescence emission spectroscopy
eter, which does not require an intensity calibration, it wasuSed to date by several groups to study the CO oxidation
found that the vibrational temperature of the high purity,CO reactlop. '!'hls absorptlon'technlque has b.etter.resoluthn than
in the flow was significantly lower than the temperature ofthe emission FTIR experiments and provides information on
the gauze. This over estimate of the reference signal resultdg€ ground state population which is inaccessible by emis-

in an over estimate of vibrational temperatures for these pre3ioN Spectroscopy. This combination of flow reactor and la-
vious studies. ser spectrometer could be used to study other surface reac-

In order to eliminate the confusion which arises from 0N systems in order to investigate if similar nonequilibrium

collisional relaxation, this experiment should be performedEnergy distributions exist as has been seen in the CO oxida-
at lower pressureé~10~* Torr). This would require an in- tion reaction. - -

crease in sensitivity for the diode laser spectrometer used in = Carbon dioxide produced from catalytic oxidation of CO
these studies. At present the relatively simple apparatus ifexhibits vibrational energies greater than would be expected

volves a single pass absorption and sweep integration of tHgom complete equilibration with the Pt surface. Vibrational

laser intensity in order to collect the spectra. At lower pres-€mperatures for all of the normal modes are greater than the

sures, where additional gas phase collisions would not be a&'fface temperature. “Howe\,/,er, the asymmetric stretching
significant, one could employ a multipass cell. In addition,M0de is vibrationally “hotter” than the other two normal

both lock-in detection and longer sampling times could bgM0des. This apparent preferential channeling of energy sug-
used to improve the signal to noise ratio in low pressuréges'[s that the motion along the reaction coordinate involves a

experiments. Better sensitivity is achievable and we plan t§ignificant amount of asymmetric stretching. ,
perform this experiment in a molecular beam scattering ap- W& have observed an increase in vibrational energy with

paratus in order to eliminate the confusion associated witf{’c"€asing oxygen coverage, because of the coverage depen-
collisional relaxation and intermode equilibration. dence of the reaction potential energy surface. Increased

By performing diode laser absorption spectroscopy in £XY9€n coverage raises t_h_e potential energy of the transition
low collision environment, one could obtain the nascent enState. This provides additional energy available to the des-

ergy distribution not only between the vibrational modes, buf"™iNg CQ resulting in vibrational excitation. Determining

also within each mode. In the case of photofragmentation of® Product energy distributions in heterogeneous reactions

pyruvic acid®” 97% of the CQ produced is observed to be allows one to gain insight into the dynamics of the surface
directly formed in the ground vibrational state. The remain-f¢actions.

ing molecules exhibit vibrational temperatures greater than

1800 K. These data indicate that there are two separate chaACKNOWLEDGMENTS
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