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In Situ Kinetics and Mechanism of Furan Decomposition and Desorption with CO
Formation on Pd(111)
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The work presented here uses kinetic studies under conditions of varying temperature, coverage, and isotopic
substitution to elucidate the energetics and mechanism of furan decomposition and desorption on Pd(111).
Laser-induced thermal desorption with Fourier transform mass spectrometry detection is used as a sensitive
tool for measuring the in situ kinetics of furan decomposition simultaneously with the formation of CO. The
kinetics of both furan loss and CO formation have been studied for 0.17 and 0.32 Langmuir exposures of
furan on Pd(111) at 100 K. This corresponds to about 2 and 4% of a monolayer and approximately 15 and
30% of a saturation monolayer, respectively. Total observed furan loss follows two processes involving a
competition between desorption and decomposition. The kinetic factors for each process are extracted yielding
an activation barrier of approximately 60 kJ/mol and preexponential factor’af 1@r decomposition, and

an activation barrier of approximately 95 kJ/mol and preexponential factor'8fstbfor desorption. The
parameters for decomposition show a substantial coverage dependence at significantly less than a saturation
monolayer, whereas those for desorption are relatively independent of coverage. The kinetic parameters for
CO formation match those for the decomposition of furan, indicating that the rate for both reactions is limited

in the same processes. Results from coverage effects and isotopic labeling experiments suggest that the rate-
determining step is not simpke-C—H bond cleavage.

Introduction benzene proceeds via the coupling of tweHg fragments®
) i . . From the standpoint of heteroatom removal, it is worth noting

Furan is often used in hydrodeoxygenation (HDO) studies that oxygen is efficiently removed from the Pd(111) surface in
as a model for understanding the interactions between oxygen-the form of CO. In contrast to these Pd results, other late
containing aromatic hydrocarbons and the catalytic surface of yansition metals, such as clean Cu(P1@)d Ag(110)l° have
transition metals. Heteroaromatic compounds, including the peen shown to adsorb furan reversibly with no other desorption
sulfur- and nitrogen-containing analogues, are prevalent in CrUdeproducts observed during temperature-programmed reaction
petroleum and in liquids derived from coal and biome&Eheir (TPR). However, furan coadsorbed with oxygen on Ag(110)
removal presents a challenge to the petrochemical industrieshas been shown to produce €énd HO, both of which are
interested in converting alternative feedstocks into useful eyglved starting at about 300 K during TPRAt higher
chemicals$* The harmful effects of these compounds (corrosion temperatures (520 K), very small amounts of partial oxidation
of engine parts, degradation of catalysts, and contamination ofproducts, such as maleic acid, benzene, and bifuran, are
the environment) have made their removal an issue of impor- evolved!! The Pd surface used in our study does not require
tance. Late transition metals, such as Co or Ni, have been shownthis highly oxidative environment to catalyze rapid deoxygen-
to behave as promoters in the removal process, increasingation of furan at 300 K. Our results also show, however, that
catalytic activity by about an order of magnitutielowever, significant amounts of carbonaceous material may be left behind
little is known about the surface chemistry of heterocycles on on the Pd surface. These species may act to poison further
late transition metals, and even less is understood about thecatalytic reactivity unless removed, e.g., by hydrogen supplied
effects of Pd, in particular. to the feed.

Previous studies by this group, using laser-induced thermal For supported catalysts, Ni and Co are more effective
desorption (LITD), revealed interesting and unique features in than Zn in the promotion of the most common Mo and W
the mechanism of furan decomposition on Pd(111), as illustratedHDO catalysts? particularly for hydrodesulfurization (HDS)
in Scheme 2. These results have been independently confirmed activity.23-16 Thus, it is reasonable to suggest that other group
in a subsequent article by Ormerod e alhe mechanism is VIl and VIII metals, such as Pd, would also serve as effective
shown to proceed at 300 K via elimination afH and CO, promoters for hydrotreating catalysts. Furthermore, Pd sulfides
leaving a GH3 species on the surface. Heating to 350 K causes have been shown to catalyze HDS more than an order of
dimerization of some of the {Species, forming benzene. This magnitude more efficiently than sulfides of Co and'Ni seems
implies that the gHz species are stable between 300 and 350K. reasonable to suggest then, on the basis of the comparison of
Deuterium labeling studies confirm that the formation of activities mentioned above, that Pd/W or Pd/Mo would have

improved activities as well, perhaps surpassing the quality of

*To whom correspondence should be addressed. the synergic contacts used most often today (i.e., Ni- and Co-

TNASA, Johnson Space Center, Houston, TX. promoted sulfides of W and Mo). To the best of our knowledge,
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SCHEME 1: Overview of Furan Decomposition Mechanism on Pd(111). Depiction of the Reaction Mechanism and Fate
of Products When Furan Is Heated on Pd(111). kg and CO( Are Liberated during the Reaction, while Most of the
Carbon Remains on the Surface.

350K 450K+
H2 (gas) )+ C (ads)

HyZ” S0 so0k i 450K+
— » H+ CO+ H gas + H2 (gas) +C (ads)

H
100K 300K 2 (gas)
though, investigations of Pd promotion of W or Mo sulfides LITD with Fourier transform mass spectrometry (FTMS) can
have not yet been published. be used to monitor the surface composition prior to conventional
In this paper we have pursued a more thorough understandingdesorption, and is useful in determining the mechanistic and
of the unique and unexpected reaction mechanism of furankinetic details surrounding surface processes which are desorp-
decomposition, namely in the kinetics of the initial stage leading tion-rate limited, i.e., where product evolution into the gas phase
to CO formation. The results presented here not only help to would normally follow the kinetics of desorption. LITD uses a
elucidate the mechanism, but also lend valuable insight into the focused, pulsed laser beam to generate a thermal spike (1000
nature of the interactions of furan with the Pd surface. Moreover, K in 5 ns) over a 1 mmdiameter spot on a surface. This
the conclusions drawn here provide the basis for an interestingphenomenal heating rate (£0K/s) can access high-energy

comparison between the reactivity of furan, thiophengH¢S), reaction pathways and typically results in desorption of species

and pyrrole (GH4sNH) on Pd(111). adsorbed under the laser beam before they have a chance to
react?2-24 Many species which would react on the surface under

Experimental Section slow heating conditions can be desorbed intact under rapid laser

heating. FTMS is an ideal detection technique, because it is

The experiments are performed in an ultrahigh-vacuum
P p d inherently pulsed and results in a complete (typically-800

(UHV) chamber (2x 1071° Torr) equipped with low-energy . ! ’
electron diffraction, Auger electron spectroscopy, ion sputtering, Daltoggiglgh-resolunon mass spectitni® for each single laser
and adsorption/desorption measurements utilizing both conven-PUIS€*
tional and laser-induced heating methods. Details of the ap- Kinetics experiments are performed as follows. The Pd
paratus were published elsewhé#é® The Pd(111) crystal sample temperature is rapidly increased and then held constant
surface is cleaned by repeated cycles of Bombardmentand ~ at a temperature at which the kinetics of the reaction can be
by heating in oxygen. Furanis purchased from Aldrich Chemical easily monitored. LITD mass Spectra are obtained immediately
Co. (99+%) and is further purified by several freezpump- after the desired temperature has been reached. Ideally, the
thaw cycles. The Pd sample is cooled to 100 K and is then sample temperature should be ramped at a sufficient rate so
dosed with furan by backfilling the chamber. Gas-phase massthat the extent of reaction is small for the first laser shots. The
spectra of furan during dosing shows that no benzene or otherlaser is fired at a rate fast enough to accurately monitor the
contaminants are present. Exposures (Langmult = 1076 rapid changes in surface composition caused by reaction. Over
Torr-s) have been corrected for ion gauge sensitivities. The time, the reaction slows and spectra can be taken less frequently.
sensitivity factor for furan (3.29) is estimated using the value Many more shots are needed in the beginning to fully model
listed for tetrahydrofuran, and the value for CO was assumed the reaction rate laws and so that initial rate data can be used
to be unity2° to determine activation energies in the event that a reaction order
For the kinetics experiments, corrected exposures of 0.17 andcannot be determined in the subsequent data analysis. The
0.32 L were used. These correspond to total fluxes of (W  reaction is allowed to proceed for up to a full hour, and is
68, T(gas)= 300 K) 4.2x 103 and 7.9x 10 molecules/crh monitored every 510 min to produce a clear indication that
Using a lattice parameter for Pd(111) of 2.276%he surface the reaction has ceased. The maximum data acquisition rate is
density is 2.23x 10 15 atoms/crd. Thus, these exposures, ©One laser shot and mass spectrum per second. These time scales
assuming unit sticking probability, yield furan coverages of define the range of rates accessible, and therefore the temper-
about 2 and 4% of a monolayer, respectively. On Ag(110), the ature range.
saturation furan coverage corresponds to each molecule covering Error bars in parameters calculated from the data are
an area of 26 A%° This compares well to the area of the van determined by Kaleidagraph (Synergy Software, Reading, PA)
der Waals perimeter for furan, which is roughly a rectangle using a Marquardt algorithi#?. Global weighting factors are
measuring 6 by 5 A%such that maximum packing would yield — applied to transformed data (suchwas= y;2 for logarithmic
3.3 x 10" molecules/crhior 15% of a monolayer on Pd(111). plots) and relative weighting factorsv(= 1/0;?) are applied
Thus, both of the coverages used here should be significantlyfor all data according to the uncertainties obtained in previous
below a saturation monolayer. Note, however, that the reliability calculations.
of ionization gauges and the uncertainties involved with
pressure/flux gradients in the UHV chamber could affect the Regylts and Discussion
accuracy of our exposure values by more than a factor of 2.
Further evidence supporting our claim that these are significantly ~CO Formation Kinetics. The time-dependent signals for both
less than a saturation furan coverage comes from our thermalreactant (furan) and product (CO) are studied in this work. The
desorption spectroscopy (TDS) experiments. Exposures as hightwo processes, loss of reactant and formation of product, will
as 1.0 L produced no new peaks or any discernible evidence ofbe addressed separately and then compared. Figure 1 shows the
multilayer coverage. mass intensities for both furan and CO plotted as a function of
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[Z] is the concentration of product after the reaction has gone
10 8 (a) to completion. The experimental data for the time evolution of
g Furan (m/z 39) the furan signal is fit to eq 1, using both [pdndk as adjustable
: parameters, and the data for the CO signal is fit to eq 2 using
both [Z]. andk as adjustable parameters. The curves in Figure
1 represent these first-order exponential fits. It is obvious from
CcO (m/z 28) the plots in this figure that the simple first-order assumption is
O unsatisfactory. Figure 1(a) shows considerable deviation in the
o—oBEa 0o o furan signal at later time. Figure 1(b) is an expansion of the
region to the left of the arrow in Figure 1(a) with a fit to just
the initial data shown, and indicates that even the early stages
oOO Q0000 of the reaction do not follow the simple first-order curve. This
0 T T T is not too surprising if one considers that, at these temperatures,
0 500 1000 1500 2000 2500 3000 the desorption of furan is competing with the decomposition
Time /s (this topic will be addressed in the following section on Furan
Loss Kinetics). In addition, the buildup of products (CO, H,
12 4 and presumably £H3) resulting from the decomposition could
(b) sjgnificantly change the nature of the surface as a function of
time.

Although the kinetics are clearly not simple first-order, the
activation barrier for CO formation can be determined without
any knowledge of the details of the mechanism. Assuming an
arbitrary irreversible reaction,

XX +yY —Z 3)

Signal Magnitude/Ves

Furan (m/z 39)

Signal Magnitude/Ves

®)
CO (m/z 28) —5~ a4 the initial rate of reaction{) equals the initial rate of formation
noos oo i T : -
o0 1 of Z and is simply the reaction rate constakit hultiplied by
oH \ o . _
Oﬂw- S ——. ( the initial concentrations of reactants, each raised to a power
0 160 200 300 400 500 appropriate for the reaction mechanism and kinetic dependence:

24

Time /s =KX [Y]g" @)
Figure 1. Furan and CO concentrations vs time at 293 K. LITD/FTMS
signal magnitudes for furan (base peakiz 39) and CO i{vz 28) are where [X} is the initial concentration of X, and the exponents
plotted as a function of time under isothermal conditions at 293 Kfor  gnd m may or may not be equal to the stoichiometric

a 0.17 L initial exposure of furan on Pd(111) at 100 K. This plot . officientsx andy depending on the details of the reaction
illustrates the simultaneous loss of furan and formation of CO. The . o
mechanism. Substituting for

curves are first-order exponentials, from which the data clearly deviate.
Plot (b) is an expansion of the region to the left of the arrow in (a) and _ERT
indicates that even the initial stages of the reaction do not follow simple k= Ae (5)

first order. ) ) ] )
where A is the Arrhenius preexponential factog is the

time under isothermal conditions for a 0.17 L exposure of furan. activation barrier for the procesR,is the gas constant, arid
Mass 39 is the largest peak in the mass spectrum for furan andis the absolute temperature, and taking the natural logarithm of
is therefore followed to monitor the furan signal. However, all both sides gives:

masses are obtained simultaneously. All masses attributed to a

single component are checked to ensure that the rate of change  In(x;) = {In(A) + In([X],") + In([Y] "} — E/RT (6)

is similar. While CO is present in the background gases of the

UHV chamber, LITD with a pulsed electron beam timed to ~ The three terms in brackets on the right in eq 6 should be
coincide with the laser pulse can discriminate between back- essentially independent of temperature for a small temperature
ground and laser-desorbed CO. Specifically, the electron beamrange. One must also assume that the reaction follows van't
parameters are adjusted so that no CO is observed in the absenddoff—Arrhenius behavior and that the exponents in the rate law
of a desorption laser pulse. Figure 1(a) shows clearly the decaydo not change significantly over the temperature range and
in the furan signal simultaneously with the growth of CO. The coverage range used. Thus, a plot ofih¢s 1/T should yield
data were initially fit assuming each process followed simple a straight line with a slope ofE/R One can then calculate the
first-order kinetics. For a reaction converting species X into the activation energy without having to make any assumptions about

species Z, the loss of reactant follows the mechanism of the reaction. (However, the intercept can no
longer be used to obtain the preexponential factor unless the
X1, =X, g Q) details of the kinetic dependence and initial concentrations are
known.) Figure 2 is a plot of the first 25% of the data points
and the evolution of product formation follows for a few of the isothermal kinetic experiments monitoring the
formation of CO from an initial exposure of 0.17 L of furan on
[2],=[2].(1—e™ 2 Pd(111). This plot illustrates that there is truly a temperature
dependence on the initial rate of reaction. An Arrhenius plot of
where [X} is the concentration of reactant at any timgX] o CO formation from 0.17 L exposure of4840 is shown in

is the initial reactant concentratiof, is the first-order rate Figure 3. From the slope of this weighted least-squares linear
constant, [Z]is the concentration of product at any tinteand regression, the activation energy was determined to be
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Figure 2. Initial rates of CO formation at several temperatures. Plot
of the first 25% of the data points for a few of the isothermal kinetic
experiments monitoring the formation of C@vg 28) from an initial
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Figure 4. Coverage dependence of CO formation on initial furan
exposure. The method of initial rates was used to obtain the rate data
in this Arrhenius plot for 0.32 L exposure of@,0 on Pd(111) at 100

K. The data are fit using a weighted least-squares linear regression to
obtainE; = 69 £+ 3 kJ/mol.

same kinetic experiments were run usingfuran, also shown
in Figure 3, and an activation energy of 293 kJ/mol was

exposure of 0.17 L furan on Pd(111) at 100 K. The data are fit to obtained. A Simp!e KIE could only account for a m.aximum Qf
straight lines. This plot illustrates the temperature dependence of theabout 5 kJ/mol difference between the two activation energies

initial rate of reaction.

-2 .
] CO from C4H40
] Ea = 55+ 3 kJ/mol
-3 (}
o ]
‘“ -
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=
E |
= ]
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] CO from C4D40
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Figure 3. The Arrhenius plot gives the activation energy for CO
formation from the decomposition of,8,0 and GD4O, each obtained

(assuming that €H(D) stretching is the reaction coordinate),
and the difference observed here is about a factor of 5 greater
than this. A KIE that is too large is somewhat problematic. In
H/D isotope effects, tunneling is often suspected when one
observes a rate for the proteo species that is significantly faster
than expected. Even, for example, foriHH, vs D + D, the
correction for tunneling at 300 K is a factor of 1.5 and at 200
K is only a factor of 1.7 in the rat& whereas we see a factor
in excess of 2.0 beyond the standard KIE calculated from zero
point energies alone at 290 K. In addition, if tunneling were
important, curvature should be observed in the Arrhenius®plot.
This is not the case. These results indicate that simplt&iC
bond breaking is not the sole rate-determining step in the
decomposition of furan to yield CO. Because all four hydrogens
were replaced, a mechanism that somehow involves all or most
of them could perhaps be operative. More likely, however, is
that the reaction rate is not determined by a single slow step,
but instead is a composite of several slow steps, each contribut-
ing to the overall rate. Isotopic substitution might then result in
slowing of more than one of those steps, in addition to possibly
a change in the relative contributions of the different steps. This
will be discussed in more detail after the presentation of
additional results.

Figure 4 is an Arrhenius plot of CO formation from,O

through separate experiments using a 0.17 L exposure of the respectiveon Pd(111) at a higher initial exposure of furan. Initial rates
furan species on Pd(111) at 100 K. From the slope of this weighted- were again used for these Arrhenius-type plots. Compare the

least squares linear regression fit,E&rof 55 + 3 kJ/mol was obtained
for the per-proteo species. Ag, of 79 + 3 kJ/mol was obtained for
the per-deutero furan.

55+ 3 kJ/mol. Going back to the original question of how this
reaction proceeds, i-C—H bond breaking is truly the rate-

E, for the 0.17 L exposure of £1,0 (shown previously in
Figure 3) to that obtained for a 0.32 L exposure. The activation
energy for CO formation increases from %53 to 69+ 3 kJ/

mol with only a 2-fold increase in furan exposure at low
coverage. The increased barrier might arise from site blocking

determining step, then substituting each hydrogen for a deute-or a crowding-induced tilt which inhibits CO formation at higher
rium should give rise to a measurable isotope effect in the exposures. To further elucidate this mechanism, more detailed

kinetics.

analyses of the kinetics of furan decomposition, in conjunction

According to transition state theory, a kinetic isotope effect with that of CO formation, are performed.

(KIE) can arise from changes in vibrational zero point energies

in the reactants and transition state, which is manifeB shifts
and differences in preexponential factors upon deuter&tich.

Furan Loss Kinetics. Recall from Figure 1 that the data for
furan exhibited a pronounced deviation from first-order kinetics.
It was discussed that the deviation might be due to a competition

As explained previously, no preexponential factor can be between furan desorption and decomposition. To account for
extracted from the initial rate treatment, however, any changesthis, a modified first-order fit was used which expresses the
in E, will give a good indication of whether a KIE exists. The rate of adsorbed furan loss (observed) as the sum of two
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124 Figure 7 shows Arrhenius plots for just furan decomposition
o from both a 0.17 and 0.32 L exposure ofHzO. As expected,
™ 10+ the activation energy increases significantly with only a 2-fold
N increase in furan exposure and, in addition to having similar
E 8 magnitudes, follows the same trend as in the CO formation rates.
L A slight increase in preexponential factor is also observed for
3 6+ furan decomposition, which may be the result of a compensation
= effect38-40 Briefly, a decrease in activation energy can be
5 44 accompanied by energetic funneling to lower states. The loss
g in entropy due to this funneling of energy can compensate for
= 2 the decrease ii, for that state, hence, lowering the preexpo-
5 o nential factor as well. The coverage dependence of both routes
%) 7 to furan loss is summarized in Table 1.
S If one compares thEaandAfor decomposition of GH4Q__
0 1000 2000 3000 4000 5000 and GDsO (sgparate experiments) using a 0.17 L. mmal
exposure, again, one sees that Hdor the proteo-species is
Timels less than that of the deutero-species, though the magnitude for

) - o . both E; and A are much higher for the deutero species than
Figure 5. Loss of furan at 293 K using first-order kinetics incorporating d hat i ble) b d the CO dat
two competing rate processes. The plot above contains the same fural?Xpec_te _(or even what Is _re_asor_la e)_ ased on the ala.
loss data as that found in Figure 1 for isothermal reaction at 293 K of INe kinetics still do not exhibit a simple isotope effect and this
a 0.17 L initial exposure of furan on Pd(111) at 100 K. The data in inconsistency in the KIE still indicates that some factor other

this case are fit using a sum of two first-order kinetics processes, than simple G-H bond breaking is determining the rate of CO
representing competing loss pathways, namely desorption and decom{ormation.

position. Also note that the values for the activation barrier obtained
0 C4H40 Desorption for the decomposition process in the loss @HGO agree well

Ea = 99 + 25 kd/mol with what is observed for CO formation under the same

-1 A = 101514 conditions of initial coverage. This is summarized in Table 2.

(Recall that, because of the multiplex nature of LITD/FTMS,
the signal magnitudes for both species, CO agH/O, were
obtained simultaneously so reaction conditions are identical in
both sets of data.) Because the activation energies for both
C4H40 decomposition and CO formation are identical, it is

J
N

T ETENS STEVE R EN RN Y S WU R

Ln k(1st order)
&

-4 reasonable to hypothesize that both processes are moderated
@ by the same rate-determining step. No comparison between
-5 CaH4O Decomposition preexponential factors can be made, however, because initial
474 P i rates were used to obtalf for CO and preexponential factors
-6 Ea =57+ a;ikggmol are not obtainable.
] A =102 Mechanistic Implications. Three intramolecular bonds must
e e B A L break to form CO, H, and 43 from furan: C-C, C-0, and
3.05 310 315 320 325 330 C—H. It is not always the weakest bond that breaks first in a
1/T (x 1000) catalyzed decomposition reaction; however, if one of these bonds

Fi . - I — were significantly stronger than the other two, one would be
igure 6. Arrhenius plot of furan loss kinetics using first-order kinetics d defl - h h fi Th
with two competing rate processes. The Arrhenius plot was obtained tempted to deflect attgntlon to t e other two first. . eC
for an initial furan exposure of 0.17 L. The two rate constants represent bond that must break is essentially a double bOhd ln.th.e free
the desorption (circles) and decomposition (squares) pathways for furanmolecule (bond length of 1.361 A}.As such, the dissociation
on Pd(111). energy for this bond+{580 kJ/mol) would be much higher than
competing rate processes: that for the C—O_ or C_—H bond (each ground 40_0 kJ/moI_).
However, rehybridization upon adsorption or during reaction
d _ _ could make the barrier to -©C bond scission comparable to
dt [furanias= (Kies T Kiecomp [fUrangags = Kops [furanks either C-O or C—H bond scission. Thus, it is not possible to
) categorically eliminate any of these as being the first step on
wherekgesis the rate constant for desorptid@ecompis the rate the basis of bond dissociation energies. However, the measured

constant for decomposition, akghsis the observed rate constant ~ activation energy of around 60 kJ/mol is consistent with
for loss of adsorbed furan. With a first-order/two-parameter dehydrogenation barriers, whereas it is rather low for most
equation, improvement in the fit is clear, as shown in Figure 5. catalytic C-C bond breaking process&Relatively little data
Figure 6 is an Arrhenius plot of the two rate constants €Xist regarding the barrier for relevant catalytie-O bond
obtained at each temperature from this two-parameter fit using Scission, particularly because this-O bond is part of an
an initial furan exposure of 0.17 L on Pd(111). Notice that the aromatic ring. In general, however, the reactivity of the five-
plots contain information regarding the preexponential factor, membered heterocycles is dominated by reaction atithg-
A, in addition toE,. The values calculated in this manner are drogen, and dehydrogenation at this position is probably the
reasonable. Desorption processes are typically characterized bynitial step in the reactiof?
preexponential factors in the range'3010'8 s~1, whereas the In addition, adsorbatePd bonds may also need to be broken
preexponential factor for surface reaction not involving desorp- to achieve the correct orientation. Angle-resolved ultraviolet
tion should typically haveA < 10, photoelectron spectroscopy (ARUPS) and high resolution
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Figure 7. Coverage dependence of furan decomposition. The Arrhenius
plot contains thés; and A for furan decomposition from two different
initial exposures of ¢H,O on Pd(111) at 100 K: 0.17 L (circles) and
0.32 L (squares). The values f&y are very close to those measured
for CO formation.

TABLE 1: Coverage Dependence of Furan Desorption and
Decomposition

initial furan rate constant for furan rate constant for furan
exposure decomposition(s!) desorption (s')
0.17L ldi0.7e—[(57i4)kjlmol]RT 101&497[(9%25)kJ/m0I]RT
0.32L 1(§)ile—[(6418)lemol]RT 1013i2e—[(92i14)kJ/m0I]RT

TABLE 2: Coverage Dependence of CO Formation and
Furan Decomposition

initial furan CO formation furan decomposition
exposure Ea (kJ/mol) Ea (kJ/mol)
0.17L 55+ 3 57+ 4
0.32L 69+ 3 64+ 8

electron energy loss spectroscopy (HREELS) studies sugges

that the molecular plane of the furan molecule tilts to a
significant degree on the Pd(111) surface at relatively high
exposures (610 L).8 This reorientation may also contribute to

the kinetics of both furan decomposition and CO formation.
Consider if furan must lie flat on the surface to react. Increasing
the amount of furan could hinder this process if active sites are
occupied as a result (either through site blocking or lateral

repulsion/attraction). Because we have measured the desorptio

barrier for furan to be about 90 kJ/mol, it is unlikely that the
diffusion barrier is significantly greater than about 30 kJ/mol,
thus it would seem that reorientation would play a minor role,
at best, in the overall determination of the rate of reaction.
Comparison with Thiophene and Pyrrole Decomposition
on Pd(111). The sulfur and nitrogen analogues of furan,
thiophene (GH4S),*45and pyrrole (GH4NH)”6 have also

Caldwell and Land

nearly flat adsorption for thiopherfe This difference is evident

in the very different reactivity of the £1,X moiety. For furan
and thiophene, ring opening and heteroatom elimination (via
Pd—CO or Pd-S, respectively) occurs readily at room temper-
ature. For pyrrole, however, these processes do not occur until
about 475 K. This is consistent with decomposition of the five-
membered ring requiring a nearly flat-lying geometry, a
geometry much harder to achieve for the covalently bonded
pyrrolyl than for furan or thiophene. The coverage-dependent
studies of furan described in this article are likely to be a more
subtle manifestation of a similar effeeinterference with the
ability of furan to lie flat.

Conclusions

The kinetics of both furan loss and CO formation have been
studied for 0.17 and 0.32 L exposures of furan on Pd(111) at
100 K. This corresponds to about 2 and 4% of a monolayer
and approximately 15 and 30% of a saturation monolayer,
respectively. Furan loss appears to follow first-order kinetics,
involving a competition between desorption and decomposition.
Desorption is observed to have an activation energy of about
90 kJ/mol and a preexponential factor of'48-1, neither of
which are particularly sensitive to initial furan coverage. Furan
loss via decomposition and CO product formation both have
activation energies of about 55 kJ/mol at the lowest exposure
and about 70 kJ/mol at twice that exposure. The similarity in
activation barriers for the two processes implies that the same
slow step (or steps) dictate the rate for both processes. From an
initial rate treatment of isotope- and coverage-dependent data,
the following have been concluded:

(a) A larger-than-expected increasekg upon deuteration
implies that a primary KIE is not the sole factor affecting the
rate, implying thato-C—H bond breaking is not the sole rate-
determining step; and (b) an increasé&jwith higher exposure
suggests that increasing coverage hinders the formation of CO,
the barrier to which could be due to reorientation required for
furan.
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