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Coverage-dependent desorption-kinetics parameters are obtained from high-quality
temperature-programmed desorption data for seven swalkane molecules on MgQ@00). The
molecules, GHoneo (N=1-4,6,8,10, were each studied for a set of 29 initial coverages at a
heating ramp rate of 0.6 K/s as well as at a set of nine ramp rates in the range of 0.3—10.0 K/s. The
inversion analysis method with its least-squares preexponential fgatefactoj optimization
discussed in the accompanying article is applied to these data. This method allows for accurate
determination of prefactors and coverage-dependent desorption energies. The prefactor for
desorption increases dramatically with chain length fron¥1@ 10°'s™ over the range oN

=1-10. We show that this increase can be physically justified by considering the increase in
rotational entropy available to the molecules in the gaslike transition state for desorption. The
desorption energy increases with chain lengtfEgiN) =6.5+ 7.1, which implies an incremental
increase of 7.1+£0.2 kJ/mol per GH®© 2005 American Institute of Physics
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INTRODUCTION sisorption” this increase can be interpreted as an additive van

der Waals-type interaction between the alkane molecule and

The interaction of small hydrocarbon molecules withthe substrate. As the chain length of the molecule increases,

surfaces is of interest for a wide range of applications inClUdthere are more methy|ene Segments to interact with the sub-

ing catalysis, atmospheric chemistry, geochemistry, andtrate. This corresponds to the measured increase in the po-
chemical sensing. Understanding the dependence of desorgyizapility of these molecules with chain length, which is

tion energy on alkane chain length is a topic of current in-gpsarved to be nearly linear in chain Ienﬂﬁh—.lowever, the
terest for these applications as well as for understanding thﬁ

; , " . , ! “y-intercept value of the desorption energy versus chain
basic physics behind the chain length scaling. This chaif

X ngth (or polarizability) has been reported to be large. A
length dependence has been explored by desorption of sm%bm .

arison of these slopes agentercept values has re-
alkane molecules from metal surfaces, such a(ﬂ]Rll’z b b ¥ b

Ru(OOl),3 Cu(lOO),4’5 and AL(lll).G cently been presented in the literattirand shows that these

Compared to work on metal surfaces, alkane adsorpﬁopgintercept values are often found to be several times greater
on oxide surfaces has remained relatively unexplored. Thi% anttrjre;]_m(r:]rembental m;:rgqseir:n I_etnergt;y pet: Tethlylenehseg-
in spite of the important role oxides play as support materialénein : | IS has fee_n notea mh e litera urz, Iu a clear pnysi-
in catalytic applications. The exception is the work done by €xplanation for its origin has remained elusive.
Slaytonet al. to study the desorption of butane, hexane, and One idea that has been discussed in the literature is that
octane from aluminum oxideThere has also been an exten- this y-intercept value is due to differences betwee?Grpgthyl
sive study ofn-alkane(N=5-60 desorption from the inert and methylene group adsorpti¢tend-group™ effects™™™
graphite surface by Paserba and Gellrfran. Lei et al.”~ have studied desorption ofalkanes and cyclic

In each of these previous studies a linear increase in thalkanes(c-CyHay) in the range ofN=3-12 inorder to ad-
desorption energy with chain length is reported for the smalfress the issue of whether largentercept values could be
n-alkanesN=1-12. In these cases of nondissociative “phy- due to end-group effects. They find that for desorption of

both the linear and cyclic alkanes from thg1Rfl) surface,

3 Author to whom correspondence should be addressed (5@$376-6066. the desorption energy increases Iinearly V‘thhey p(_)in_t
Electronic mail: bruce.kay@pnl.gov out that the nonzerg intercept for the two cases is similar
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and conclude that the intercept cannot be attributed to differfABLE I. Experimental parameters for TPD experimentsnedilkanes on

ences in CH versus CH segment adsorption in the MgO(100). Shown for each of the seven molecules studied are values for the
n-alkanesi! molecular-beam fluxtpe,m the sample temperature during depositidg,,

- . . the mass spectrometer/e measured during TPD; and the acquisition rate
Fichthorn and Mirof¥ have conducted detailed during TPD measurementt,q

molecular-dynamics simulations ofi-alkanes (N=1-12

from Au(111) and reported a sharp increase in preexponential Alkane Fheam Taep fagq
factor (prefactoy with alkane chain lengtii10*22 for meth- (CxHanvo) (ML/s) (K) m/e (Hz)
ane to 16°° for decang They also demonstrate that if @  yemanen=1) 025 o4 16 1
prefactor of 18° s is assumed for analysis of temperature-  Ethane(N=2) 0.11 24 28 22
programmed desorptiofTPD) experimentfa common as- Propane(N=3) 0.21 24 29 22
sumption traditionally, the calculated desorption energies  Butane(N=4) 0.13 24 43 22
come out to be artificially small and that this discrepancy Hexane(N=6) 0.10 30 41 20
increases with increasing chain length. The result is that the Octane(N=8) 0.18 115 43 20
slope of the desorption energy versus chain length line is too PecaneN=10 0.13 130 43 20

small and they-intercept value is large.

Here we present temperature-programmed desorption repnducted by ramping the temperature of the sample at a rate
sults for seven smalh-alkane moleculegN=1-4,6,8,10  f 0.6 K/s and measuring the desorption of the molecule by
on MgQ(100. We will show that the common assumption of Qs in the same position and parameters as during deposi-
a prefactor of 18 s™* leads to a large nonzero energy inter- tion, For each molecule, TPD experiments were conducted at
cept. Instead, we obtain the desorption prefactor for each1any initial coverage$29 unique coverages for each mol-
molecule by simulating the TPD data from the results of OUlecuyle at a heating ramp rate of 0.6 K/s. In addition to these
TPD analysis and varying the prefactor to optimize the fit Ofexperiments at 0.6 K/s, we conducted TPD experiments at
the simulation to the experimental data, as described in detadleyeral other heating rates for each molecule. TPD were
in the accompanying artice. By allowing the prefactor to  easured at eight heating ramp rates in the range of
vary with chain length, a much more physically reasonablgy 3_10.0 K/s for six initial coverages for methane and seven
picture of desorption energy dependence on chain lengthitial coverages for ethane, propane, and butane. Three other
(i.e., smallery intercepj is obtained. The prefactor is found heating rate€0.07, 0.3, and 1 K /lswere used at three initial
to increase by six orders of magnitude over the range ofgyerages for hexane and decane, and at four initial cover-
molecules studied. We show that such a significant prefactoglges for octane. For each heating rate of 1.0 K/s or greater,
increase with chain length can be understood by a simplg \yas necessary to make a sm@t4.5 K) correction to the
statistical mechanical calculation of the rotational entrOPYthermocoupIe reading to accurately represent the average
increase for each molecule as it evolves from a translationsamme temperature, due to a temperature gradient on the
ally and rotationally hindered adsorbed state into a gas-phag%mme_ The procedure for empirically determining the mag-
molecule through a freely translating and freely rotating tranpjtyde of the needed correction is identical to that described
sition state. in detail in the accompanying papgrexcept that here we
determine the corrections from the leading edges of sub-
monolayer desorption peaks rather than multilayer peaks.
Briefly, the leading edges of a set of submonolayer desorp-

The experimental apparatus has been described in detdibn peaks for a given initial coverage at different heating
elsewheré>'* The TPD experiments in this work were con- ramp rates are aligned such that the curves fall on top of each
ducted under ultrahigh-vacuum conditions, with base presether at their leading edge where the desorption rate had
sure ~1x 1072 Torr. Experimental procedures for growth risen to about 1¢ ML/s (ML--monolayers, i.e., in the limit
of a high-quality Mg@100 film on a Ma100 substrate as Wwhere the coverage on the surface is approximately equal to
well as the sample temperature control and calibration ar¢he initial coverage and so each of the experiments is at the
discussed in the accompanying artitle. same molecule coverage. This was possible because of the

The molecules studied are straight chain alkanes: metrexcellent dynamic range of the TPD datarhis temperature
ane, ethane, propane-butane, n-hexane, n-octane, and correction was found to be approximately proportional to the
n-decane (CyHon.o, N=1-4,6,8,10. Liquid-phase mol- heating rate and was also found to increase weakly with tem-
ecules(N=6,8,10 were purified by several freeze-pump- perature. That is, the temperature gradient across the sample
thaw cycles. The beam nozzle was held at room temperatu@nd hence the needed temperature correction were smallest
during deposition. The beam flux for each molecule is listedfor methane desorption measurements and increased with in-
in Table I. During deposition, the sample was held at a temereasing alkane chain lengtimcreasing desorption tempera-
perature(listed in Table } well below the multilayer desorp- ture, see Fig. )L This is because the thermal conductivity of
tion temperaturgsee Fig. 1 for that molecule. No dissocia- the metal substrate decreases and its heat capacity increases
tion of the molecules was observed on the MgO surfacewith increasing temperaturg.

Reflected flux of the molecular beam was measured by quad-

rupole mass spectrometé@MS) in a line-of-sight position RESULTS

(m/e values and acquisition rates in Tab)e | TPD spectra for desorption from M@@00) are shown
Temperature-programmed desorption experiments weri Fig. 1 for () methane(b) ethane(c) propane(d) butane,

EXPERIMENT
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(e) hexane,(f) octane, andg) decane. For each molecule, coverages than those shown in Fig. 1, we are able to resolve
seven representative spectra are plotted corresponding tbe second-layer desorption peak from the multilayer desorp-
seven initial coverages in the range of 0-2 ML. We recordedion peak. In the cases of the other molecules, desorption
similar data at 22 other initial coverages for each moleculdrom the second and higher layers was not resolved from the
which are not shown here for clarity of presentation, butmultilayer desorption peak. The shape of the multilayer peak
some of which were used in the following analysis. Note thais characteristic of zero-ordeftoverage-independente-

the scales of both the temperatt®rizonta) axis and the sorption, where the leading edges of desorption peaks for
desorption ratévertica) axis are different for each panel in several initial coverages align, then the desorption rate drops
Figs. Aa)-1(g). In each set of TPD spectra in Figgalk-1(g), sharply when the multilayer is exhausted. However, the lead-
we see two distinct peaks corresponding to desorption of theng edges of the multilayer peaks for octane and decane are
multilayer of the moleculélow temperatureand desorption not aligned as well as those for the shorter chain molecules.
of its first monolayerhigher temperatude In Fig. 1(h), we Observing the change in the TPD for the smallest al-
have plotted the desorption peak temperature for thé&anes(N=1-4) with increasing initial coverage, we see that
multilayer and monolayer peaks as a function of alkane chaithe magnitude of the first-layer peak saturates before the
length. Both of these increase monotonically with chainmultilayer peak begins to fill, i.e., the first-layer peak does
length. The ratio of the multilayer desorption peak temperanot increase in height as the multilayer peak grfsee Figs.

ture to the first-layer peak temperature is about 0.9 in each(a)-1(d), three largest initial coveragesHowever, for the
case. In the case of methane and propane for higher initidarger molecules studiedN=6,8,10Q the first-layer peak
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continues to grow even after the multilayer peak stpgee R )
(a) Desorption Energy at = 0.5 ML

Figs. Xe)-1(g)]. Also, the separation of the two peaks for the
larger molecules is not as distinct as for the smaller mol-
ecules(desorption rate is nonzero between the pgakKsis is

due to the trapping of molecules in metastable structures on
the surface with increasing coverage. It seems that the
smaller molecules are able to migrate more easily on the
surface than the larger molecules, and thus they are not ki-
netically prevented from moving into the most stable struc-
ture. The first-layer desorption peak line shape in most cases et
is characteristic of first-order desorption kinetics. The peak (b) Prefactor

-]
o

Inversion Analysis
E{6~0.5N)=6.5+7.1N

[~
o

»
o

}/
- /Redhead Analysis
E (6=0.5,N) = 9.7 + 46N

Desorption energy (kJ/mofl)
N
o

(-]

shape is self-similar and the peak position is constant for = 20t
various initial coverages. Each first-layer peak shifts to @ . .
. e . . > 18 } Inversion Analysis
higher temperature with increasing coverage due to attractive s
interactions between the adsorbate molecules. For several of 8
the molecules, especially methane, ethane, propane, and bu- E 16
tane, this is a noticeable shift causing the first-layer peak ';é 14 |
shape to appear to be more characteristic of zero-order de- S | L~ _ _ _ ___ _Redhead Analysis
sorption than first-order desorption. 121 { )

We also note a high-temperature tail on the first-layer
desorption peak for each of the molecules studied. It is clear
from the coverage evolution of each molecule that this tail is
not due to a limitation in pumping spe€d-5000 L/s in this  FIG. 2. Summary plots ofa) desorption energy ang) prefactor vs chain

chambe}, as the tail saturates in height at relatively low length for desorption of small alkanes from M@DO). The triangular sym-
s - R : ols in(a) are desorption energies calculated from the Redhead equation and
initial coverage and does not increase in size proportional tﬁﬂe monolayer peak temperatures and are fit by the dashed line. The square

the first-layer peak. From the lowest initial coverage specCsympols in (a) represent the desorption energy from our inversion-
trum shown most notably for methane, propane, and butanegptimization analysis evaluated at 0.5-ML coverage and are fit by the linear
Figs. 1a), 1(c), and 1d)], it is clear that this tail is a small, funct_ic_)n_ represented as a solid Iin_e. The error bars correspond to the +10%
higher-temperature desorption peak. which we interpret to bsensmwty in Iog_prefac_tob frqm this an_aly3|s. Inb) we have plotted the

g empe p P ! P Erefactors used in the inversion analysis to get the best match to experiment.
due to desorption from defect sites on the surface. The relarhese are shown as square symbols with error bars representing the +10%
tive size of this tail compared to the first-layer desorptionsensitivity of these numbers. The dashed line is drawn to illustrate the com-
peak decreases with increasing chain length, indicating th&fon TPD analysis assumption of a prefactor of’x0".
the adsorption of a smaller fraction of molecules is affected
by the defect sites for the larger molecules. The saturation dfut no clear physical justification for a large nonzero inter-
this peak before the filling of the first-layer peak indicatescept has been offered. We will demonstrate that this intercept
that the molecules have sufficient mobility on the M@0  value can be substantially smaller when the prefactor is al-
surface at low coverages to find the most energetically favorlowed to vary with chain length in the experimental data
able adsorption site, although this may be less true for thanalysis.
larger molecules, as it is not clear that their tail completely  Calculation of the coverage-dependent desorption energy
saturates. The area of this “defect” peak is difficult to deconwas made for each molecule by the inversion-optimization
volute from the first-layer peak, but is similar in fractional analysis procedure described in the accompanying afficle.
coverage to the density of defect sites on the MgO surface. Briefly, a TPD spectrum for an initial coverage greater than
It has been remarked previously that the amount of the adsne ML was used to calculate desorption energy as a func-
sorbate that is influenced by defect sites cannot be equated tion of coverage by inverting the Polanyi-Wigner equation
the density of surface defects, as the binding of an adsorbatnd assuming soméoverage-independenpreexponential
molecule in the vicinity of a defect-bound adsorbate mol-factor. Then the resulting energy versus coverage curve is
ecule may also be influenced by the defect or several adsoused to simulate TPD for five initial coverages less than one
bate molecules could be stabilized by one detéct. monolayer(ML) and they? error, defined as the sum of the

To emphasize the importance of allowing the prefactorsquares of the differences between simulation and experi-

to vary with chain length, we have calculated desorption enmental data points, is calculated. This is repeated for several
ergies using the Redhead equatand assumed a constant assumed values of prefactor until a well-defined minimum in
prefactor of 18° s™%. These energies are plotted as trianglesy? is found, giving the “best-fit” prefactor. That is, the pref-
in Fig. 2(@) and increase linearly with chain length with a actor is treated as a variational parameter to minimize the
largey-intercept value. The dashed line is a linear fit to theseesidual error between the experimental and simulated TPD
data E4(N)=E,+AEN. Here the y-intercept value (E, data.
=9.7 kJ/moJ is more than twice as large as the incremental The log of the best-fit prefactor for each molecule is
increase in chain length with eacll segment (AE plotted as a function of alkane chain length in Fi¢h)2The
=4.6 kJ/molC segment Large nonzerg-intercept values error bars correspond to +10% of the log of the prefactor,
have been reported previously using this Redhead analysighich we consider to be an upper limit on the uncertainty in

01 2 3 4 5 6 7 8 9 10
Alkane chain length, N
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ecules studied on Mg@00). Desorption energies were calculated using the

inversion method for every data point in the TPD data using the best-fifr|G. 4. Summary plot of desorption energy vs polarizability for small al-
prefactor shown in Fig.(®). For clarity of presentation, desorption energies kane desorption from MgQ@00). The square symbols represent the desorp-
at only 20 coverages in the interval of 0-0.8 ML are shown as solid pointstion energy from our inversion-optimization analysis evaluated at 0.5-ML
The solid lines are fits to twice as many coverage points in that interval. Theoverage, as in Fig.(8), and are fit by the linear function represented as a
fit function is given in the text as Eql) and the parameters of the fits are solid line. The error bars correspond to the £10% sensitivity iidoafac-
listed in Table II. tor) from this analysis. Polarizabilities obtained from Ref. 10.

the prefactor due to experimental erfdiWe see that the coverage-dependent energi@sg. 3) are plotted for each
prefactor increases by six orders of magnitude over the rang@lkane as solid lines in Figs(&-5(g) along with the experi-
of molecules studied here. The dramatic increase of prefacténental data as solid points. We see that for the best-fit pref-
with chain length highlights the importance of allowing the actor values, agreement between simulation and experiment
value of the prefactor to vary with chain length in the TPDis very good, demonstrating the reliability of our inversion-
analysis. Much of the previous work to study TPD of the Optimization analysis method over this range of alkane chain
small alkanes has assumed a constant prefactor value l§ngths. The line shapes of the desorption peaks in each case
10" s7! [indicated by a dashed line in Fig(9]. are reproduced very well by the simulation. The coverage
Using this best-fit prefactor, we calculate the desorptiorflependence of the desorption-kinetics parameters is essential
energy versus coverage for each of the molecules studied?r capturing the subtle deviations in the peak shape from
which we have plotted in Fig. &ircular pointg over the ideal TPD line shapes.
coverage range of 0-0.8 ML. The solid lines represent fits to  In addition to varying the initial coverage in the TPD
an empirical equation as described further below. We not&Xperiments, we also conducted experiments at various heat-
that the general line shape of this energy curve is similar fofd ramp rateseight rates in the range of 0.3—10.0 K./¢/e
each molecule although the energy increases monotonical@ave plotted representative TPD data from these experiments
with alkane chain length. In each case the energy decreas@§ Points in Figs. @-6(g). We have used the results of the
Steep]y with increasing coverage in the range of approxijnverSion analySiS to simulate Corresponding TPD SpeCtra.
mately 0-0.2 ML. This corresponds to the coverage rangél’hese simulatiqns, which are plptted as solid lines in Fig. 6,
where molecules are desorbing from defect sites on the sulveré made using the desorption energy versus coverage
face as well as from the MgO terrace sites. The energy in thi§urves discussed abov€ig. 3) which were calculated by
range represents a convolution of the desorption energy offversion of TPD data taken at 0.6 K/s. We see that the
the terrace and the desorption energies of the various speci@gréement between simulation and experiment is excellent
of defect sites. Above 0.3 ML the desorption energy is nearlyfOf €ach molecule, demonstrating the robustness of the
constant with coverage as the molecules are desorbing frofiversion-optimization analysis result over a wide range of
the MgQ(100) terrace sites. However, there is a very smalln®ating ramp rates and chain length. The desorption peak
positive slope(<1%) in each curve, due to attractive inter- Shape is reproduced well by the simulation, even at high
actions between the adsorbate molecules. We summarize tF@MP rates. The high-temperature tail due to desorption from
desorption energy at 0.5-ML coverage for each molecule verdefect states is matched well by the simulation and scales
sus chain length in Fig.(3) (square symbojsThe solid line ~ @PPropriately with heating rate.
in Fig. 2(a) is a linear fit to the desorption energies. The e further analyzed the coverage dependencepf
desorption energy increases nearly linearly with alkane chaiffach €nergy curve can be fitted to the analytic form
Iengt.h. The slppe of this line is 7.1+0.2 kJ/mal segment E4(0) = Eg+ 70+ Egoe e, (1)
and it has ay-intercept value of 6.5+1.1 kJ/mol. It is also
instructive to consider this energy increase as a function ofhe fit functions are shown as solid lines in Fig. 3 and the
the polarizability of the alkanes, as plotted in Fig. 4. Againfitting parameters are listed in Table Il. For each molecule
the dependence is linear, withyantercept value comparable this function fits the desorption energy very welk?
to the slope. >0.99. The first termE, represents the desorption energy
The simulated spectra from the best-fit prefactors andne would obtain by extrapolating the linear region of the
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coverage-dependent energy curve back to the limit of zertayer decreases with increasing chain length and the intermo-
coverage. This is the number that could most readily be inlecular spacing is not necessarily constant with increasing
terpreted as the activation energy for desorption of an isoehain length.

lated adsorbate from a Md@00 terrace site(i.e., in the The factorEge in the third term of Eq(1) is the energy
absence of defect sites and adsorbate-adsorbate interactiordifference betweek, and the measured desorption energy at
In Fig. 7, Ey is plotted as a function of alkane chain length. zero coveragek4(0), and is related to the difference between
We see that this parameter increases linearly with alkanthe adsorption energy of an alkane molecule adsorbed on a
chain length(N) due to the increasing number of GHMgO  MgO terrace site compared to one adsorbed at a defect site.
interactions. It can be fitted well by the functidgy=5.4  This value remains relatively constant fd=1—3(see Table
+7.2N (shown as solid line in Fig.)7 The factory in the Il), but then increases linearly with chain length by a factor
second term of Eq(l) is the increase in desorption energy of two in the range oN=3-10. It may be more instructive
per ML increase in coverage due to lateral interactions beto consider the behavior of the rati@y+Eye)/Ey, Which
tween adsorbates. Its positive sign indicates an attractive ircompares the adsorption energy of a molecule at a defect site
teraction between alkane molecules on the NIgI) sur-  (Ey+Ey) to that of a molecule at a terrace sitg,). This
face. This number decreases with chain length, but notatio (also shown in Table JIdecreases from 1.7 to 1.2 from
smoothly. This should not be interpreted as a decrease iIN=1-3, but has aonstant value of 1.2 in the range Nf
intermolecular attraction at fixed separation with increasing=3—10. The facto,.s corresponds to the rate at which the
molecule size, since the density of molecules in the monoinfluence of defect sites on the energy decays with increasing
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coverage. It is related to the densifyactional areaof de- B Eq Eq1
fect sites on the oxide surface as well as to the degree to M| 72|~ ~ In kev) KaT.' (2)
p BV B ip

which defect sites influence the adsorption of molecules that
are near molecules adsorbed at defects. This number deterep is the heating rate arig; is the Boltzmann constant.
creases with chain lengtfsee Table )l probably because a Implicit in this analysis is the assumption of coverage-
single molecule of longer chain length can occupy more deindependent desorption-kinetics parameterand E;). We
fect sites than the smaller molecules or because a single deave complied the peak temperatufgsfor the TPD data
fect site can influence a larger number of the smaller alkaneshown in Fig. 6 and found that the points of(AﬁTf)) S
compared to the longer alkanes. 1/T, (not shown fit well to a line. The slope ang intercept

A common technique for determining a prefactor andof this line yield the desorption energies and prefactors plot-
desorption energy is to make TPD measurements at martgd as open diamonds in Figs(@8 and &b), respectively.
different heating rates and use the Redhead equation to eXhe results from the inversion analysis are plotted in Figs.
tract the prefactor and desorption energy from the deperB8(a) and 8b) as solid squares with error bars. We see that the
dence of the desorption peak temperature on heatingesults of the variable ramp rate method are in agreement
rate’ " This method has been used in several previousvith the results of the inversion analysis within the errors of
studies of the desorption of-alkanes, GHonso.> "% The  the two analysis methods.
Polanyi—-Wigner equation is evaluated at the desorption peak Coverage-dependent values for both prefactor and de-
temperatureT,, and rearranged in an Arrhenius form sorption energy can be obtained from another common
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TABLE Il. Parameter values for best fit of analytic function given in Eb. to the experimentally obtained
coverage-dependent desorption energies for each alkane studied.

Alkane Eoy b7 Eget Odet
(CnHoneo) (kJ/mol) (kJ/mol-ML) (kJ/mol) (ML) (Ep+Egep/ Eg
Methane(N=1) 111 1.53 7.53 0.124 1.68
Ethane(N=2) 21.3 1.46 7.72 0.126 1.36
Propaneg(N=3) 28.0 1.40 7.34 0.146 1.26
Butane(N=4) 34.5 0.566 8.37 0.101 1.24
Hexane(N=6) 46.0 0.843 11.1 0.0972 1.24
Octane(N=8) 62.9 0.206 12.9 0.0745 1.21
Decane(N=10) 77.6 0.587 15.7 0.0679 1.20

method referred to as complete anal)}éiég? This technique keT\ g

consists of measuring TPD over a wide range of coverages Y1s7= (T)q_ 3)
and/or heating ramp rates to allow measurement of ads

de/dt(T, ) for various combinations of and T from which  where g,4s and g* are single-particle partition functions for
the desorption energy and prefactor can be calculated fahe adsorbedinitial) state and the transition state, respec-
discrete coveragegg.A significant disadvantage to this com- tively, calculated at temperatufe Note that the degree of
plete analysis approach is that kinetic parameters are olireedom along the reaction coordindtermal to surfackis
tained only at discrete coverage values, which makes it difomitted from the calculation af*. In the case of a desorption
ficult to accurately describe the desorption kinetics if theseyrocess with no activation free-energy barrier to adsorption,
parameters vary rapidly in coverage, as in the present casgs in the present case, the transition state is equivalent to the
The inversion analysis that we have described here calculatéinal state of the molecule, namely, its gas phase, without this
a desorption energy value for each point on the TPD specne transnational degree of freedom. In common TPD ex-
trum. We have carried out the complete analysis on our datgeriments of small moleculg€0, N,, and H,), the ratio of

and at high coveragg®>0.4) obtained results that are gen- the partition functions is commonly assumed to be nearly
erally in good agreement with the inversion analysis resultunity (i.e., entropy is nearly the same in gas and adsorbed
As discussed previously, at low coverages the completgtateg, in which case the above expression gives a prefactor
analysis does not work welf. The inversion method pre- of about 183 s~ for room-temperature desorption. However,
sented above produces reliable coverage-dependent desowghen it has actually been measured carefully, it often has
tion energy results at continuous coverages over the full sub-
monolayer coverage range.

;b

(a) Desorption energy at 4= 0.5 ML
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We present here a physical explanation for the dramatic cao} § .
prefactor increase observed with increasing alkane chain 2 g ¥
length. The preexponential factor for a desorption process £ 20 o) B Inversion analysis
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FIG. 8. Summary plots ofa) desorption energy an@) prefactor vs chain
FIG. 7. Desorption energy fit parametgg plotted as a function of alkane length to compare results from inversion-optimization analyelid
chain lengthN. E, is they-intercept value for the fit of Eql) to the E(6) squares and Redhead heating ramp rate analybisllow diamondg The
result for each of the molecules studiege Fig. 3 The solid line is alinear  error bars for the ramp rate analysis are not shown but are estimated to be
fit to these points. comparable in magnitude to the error bars of the inversion analysis.
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TABLE lIl. Symmetry numbersg; principle moments of inertial,, I, andl, monolayer peak desorption
temperaturesT,; rotational partition functionsg,,; and translational partition functions,,s for small
n-alkanes(N=1-10.

Alkane Iy ly 1, To
(CnHane2) o (@muA)  (@mu&) @muk) qu(B800K (K)  Go(T)  GrandTp)

Methane(N=1) 12 3.17 3.17 3.17 37.2 47 2.30 39.7
Ethane(N=2) 6 6.46 25.3 25.3 844 75 105 148
Propang(N=3) 2 17.7 58.4 66.6 10 400 93 1790 337
Butane(N=4) 2 25.1 133 145 27 400 111 6170 626
PentangN=5) 2 30.5 253 268 56 700 128 15800 975"
Hexane(N=6) 2 374 430 449 106 000 144 35200 1470
Heptane(N=7) 2 431 675 697 178 000 180 69 206 2020
Octane(N=8) 2 4938 1000 1020 282000 175 125000 2740
Nonane(N=9) 2 55.5 1410 1440 420 000 1%0 212 006 3590
Decane(N=10) 2 62.1 1930 1960 605 000 204 339000 4490

*TPD experiments were not conducted f¢=5, 7, and 9. In these casek, is obtained by quadratic interpo-
lation of T, values for other alkanes.

been found to be more than two orders of magnitude sz?ger, A
suggesting that the ratio of partition functions is large. Re-  Ytranslationa™ A2’ (5
cent molecular dynamics and transition state theory calcula-
tions by Fichthorn and Miron predict a significant increase in
prefactor with chain length, consistent with Fig. 8, which where the molecule is confined to an afedn this case, we
they attribute to increasing differences between the adsorbat@n calculate a molecular partition function by assuming that
and transition state entropi&sThis occurs because the ad- the molecules behave on the surface as an ideal gas and
sorbed molecules are relatively hindered in translationataking A to be the area occupied by one mole of molecules
and/or rotational degrees of freedom compared to the gasn the surface at 1.0-ML coverage. This area can be esti-
phase. Upon desorption, the vibrational modes associatgtated from the bulk packing density of each moledige
with the hindered translations and rotations in the adsorbedoring perturbation to the bulk packing due to the MgO lat-
state will be converted to free translational and rotationatice). This is equivalent to calculating the molar translational
modes in the gas phase. These free motions will contributpartition function using the standard stéte., the reference
much more to the partition function than the vibrations in thestate defining unity activity=1 ML, which is the appropri-
adsorbed state and the ratjp/ g,4scan be very large. Inter- ate choice since the concentration term in the rake#iirst-
preting the strong prefactor increase in Figb)2using Eq.  order desorption kinetig$” In this way the translational par-
(3) implies that the ratio of these partition functions can in-tition function of a two-dimensional gas of eankalkane in
crease by more than a factor of°1@ver the range of meth- the range oN=1-10 iscalculated at the corresponding de-
ane to decane. Below, we interpret this in terms of the desorption temperaturésee Table Ill. We see that the transla-
grees of motional freedom in the initial adsorbed state usingional partition function increases by only two orders of mag-
statistical thermodynamics. nitude over the range of chain lengths studied here. Hence,
the translational contribution to the molecular partition func-
tion alone cannot account for the large increase in prefactor
we observe over this range of chain lengths.

As shown below, the rotational partition function has a

We begin by considering various contributions to themuch stronger chain length dependence. Under the rigid-
molecular partition function. At the temperatures in questionrotor assumption we calculate the rotational partition func-
for these desorption procesges230 K), there is insufficient  tions for the alkane molecules. Assumption of rigid molecule
thermal energy to excite with large probability the intramo-conformation simplifies calculation of the molecules’ mo-
lecular vibrational or electronic modes in the molecules ei-ments of inertia and hence their prefactors, but ignores ef-
ther in the gas phase or the adsorbed phase. Therefore thdsets of conformational entropy which will be discussed be-
partition functions can be taken to be unity in both states. low. We choose Cartesian axes which pass through the

The translational partition function for a molecule in a molecule’s center of mass and diagonalize the moment of

Calculation of partition functions

container i8® inertia matrix(products of inertia are zeyto obtain the prin-
ciple moments of inertia for the three axeg, I, andlc.
D _ (27-rkaT>3’2 _Vv 4 Alternatively, one could consider this as orienting the coor-
Ghransiationar™ h2 A% @) dinate space so that the moments of inertia about each of the

three axes are the principal moments of the molecules. We
wherem is the mass of the molecul¥, is the volume of its  take this approach to simplify notation. The approximate ori-
container, and\ is the thermal wavelength of the molecule. entation of the axes is illustrated by the ball and stick cartoon
In two dimensions the translational partition functiofCis of hexane in Fig. 9. The C atom plane is defined to bextlge
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does not increase. Hence in the summation in (BY.mass

2 ; is increasing as the chain length increases, but the distance

term is nearly constant for each Gligroup. In Fig. 10, we

1 ) 1 have fitted thel, values for chain lengthdl=3 to a first-
ﬂ degree power-law fornfy=ax), shown as a solid line, to

W illustrate the linear dependence Igfin this range. Rotation

A | about thex axis can be thought of as a “log roll” mode in

which most of the mass of the molecule is very near the

] 1 rotational axis. However, in order for the log roll motion to

. occur on the surface for propane and the longer molecules,

4 3 2 41 0 1 2 3 4 about half of the atoms in the molecule would have to move

x (A) a significant distance away from the substrate, which would
correspond to a significant potential energy cost. Thus the

FIG. 9. Ball and stick model afi-hexane(C¢H,,). The coordinate system is |Og roll or x-axis rotation is unlikely for propane and the
defined such that the origin lies at the center of mass of the molecule and tqe
arger molecules.

C atoms(gray spheres which are coplanar, lie in the-y plane. Thex axis R . .
is defined to be parallel to the axis of the molecule. The positiegis is They axis is perpendicular to the long axis of the mol-

oriented out of the page. Hydrogen atoms are not shown for clarity ofecule and also lies in the plane of C atoms. Rotation about
presentation. the y axis would be a “cartwheel” or end-over-end rotation.
Since both the mass and the distance of new chain segments
plane with thex axis parallel to the molecule axis. Thexis  from the center of mass increase linearly withthe moment
is oriented out of the page in Fig. 9. The moment of inertiaof inertia about they axis scales ail®. A third-degree power-
for rotation about the axis is given by law fit (y=ax®) to thel, and I, (see below values in the
_ 2 range ofN=3 is shown as a solid line in Fig. 10 and shows
%= 2 my; +2), (6) very good agreement to these points. This cartwheel motion
in the adsorbed state is very unlikely for any of the alkanes
where the summation is taken over all of the atoms in theaxcept methane, since all of the molecules except for one
molecule. Analogous equations are constructed for momenigH, group would have to move a significant distance from
of inertia about thgy andz axes. The calculated moments are the surface. There would be a large energy cost in making
listed in Table Il and displayed versus chain length as aych a motion.
log-log plot in Fig. 10. To calculate these moments, we have  The 7 axis is perpendicular to the C atofr-y) plane.
used published values for the alkane bond angl€9.59  The moment of inertia about this axis also scales NReor
and bond length§C—C:1.541 A; C-H:1.091 A in CH,  the larger molecules, analogous to the scalingl ofThis
1.101 A in ~CH, units, and 1.073 A in ~Ch#+ units.*° “helicopter” rotational mode will be much more accessible in
Thex axis is in the C atom plane and runs along the axishe adsorbed state since the molecule will maintain a nearly
of the molecule. The corresponding principle moment of in-constant distance from the substrate, but corrugation of the
ertia has a relatively weak chain length dependence, increagyface potential will hinder this mode.
ing only by a factor of 20 over the range of molecules stud- 14 simplify calculation of these moments of inertia, we

ied. For the larger molecule®=3) this moment increases haye assumed that the molecule moves as a rigid rotor. This
approximately linearly. As the size of the alkane chain in-assumption will be valid for most of these molecules at the
creases, the distance of the added,@Fbups from thexaxis  temperatures studied, but for the larger molecules, which de-
sorb at higher temperatures, there will be some conforma-
Alkane chain length, N tional changes in the structure of the molecule due to rota-
1 2 3 4 567890 10000 tions about the interior C-C bondgtrans-gauche
conformerg. From bond rotation dynamic parameters for bu-
tane, which have been well studi&twe estimate that the
most probable conformation for the smaller molecules will
be the straightall-trans) configuration, whereas for octane
and decane the most probable configuration is to have at
least onecis configuration. Such configurations will slightly
reduce the moments of inertia of the molecule and thereby
reduce the rotational partition function slightly. We have also
estimated the contribution of C—C bond rotations to the mo-
lecular partition function(configurational entropyand have
found that this will contribute a factor of less than 5.6 for
FIG. 10. Log-log plot of the moments of inertia for rigid small alkane decane(compared to one for methand he effects of C-C
_molecultle)S(N= hl—l(?- IThe three Symbolz rep_reselnt principlﬁl moments of hond rotation to reduce the moments of inertia and contribute
e o e asyol0 the partion funcfion are both minimal an so the assump-
power-law fit to thel, and|, points forN=3-10 and a fst-degree power- 0N of rigid molecules in our calculation of the rotational
law fit to thel, points in the same chain length range. partition function is well justified. A detailed description of
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TABLE IV. Summary of experimentally obtained desorption ener¢ge®=0.5 ML) and prefactors for each of
the alkanes studied. Also shown are values for the prefactor calculated=far10 under various model
assumptions described in the text.

Experiment Prefactor models

Alkane Eq Vopt kgT/h Vmin Protor Vmax

(C\Hans2) (k3/mo) (s (s (s (s (s
Methane(N=1) 12.1 13.1 12.0 12.0 12.4 14.0
Ethane(N=2) 22.2 14.9 12.2 13.1 14.2 16.4
Propang(N=3) 29.0 15.6 12.3 14.3 15.5 18.1
Butane(N=4) 34.9 15.7 12.4 14.7 16.2 19.0

Pentang N=5) 40.8 15.9 12.4 15.0% 16.6' 19.6'
Hexane(N=6) 46.4 16.0 12.5 15.3 17.0 20.2

Heptang(N=7) 54.6' 17.00 12.58 15.5 17.4 20.7
Octane(N=8) 62.9 17.9 12.6 15.7 17.7 21.1

Nonane(N=9) 70.4 18.5 12.6' 15.9 17.9 21.58
Decane(N=10) 77.9 19.1 12.6 16.0 18.2 21.8

*TPD experiments were not conducted kx5, 7, and 9. In these caseg,, obtained by linear interpolation of
surrounding valuest, calculated from Eq(2), and prefactor models calculated using interpolated desorption
temperatures listed in Table III.

the statistical mechanics of flexible chain molectfiés be-  (initial) state which will allow us to determine upper and

yond the scope of this paper. lower limits for the possible range of prefactors. We will

The rotational partition function of a three-dimensional show that these limits bound the experimental results pre-
rigid rotor?>?%is expressed as sented above.

2 As discussed above, the molecules are considered to be
Urotational™ W(SﬂszT)yz(lxlylZ)l’2 3D rigid rotors in the gas phase; that is, they have three
translational plus three rotational degrees of freedom. Upon
2T T T\¥? adsorption at low temperature, all six degrees of freedom
_7(> (") become vibrational modes, the so-called hindered transla-

tions and hindered rotations. At the desorption temperatures,

The symmetry factorg, can be thought of classically as the powever, the corresponding energy barriers may be small
number of indistinguishable rotational configurations for thecompared tokgT, SO that these motions may be effectively
molecule, and so it prevents overcounting. For methane, theree  Clearly, this depends on the corrugation of the inter-
symmetry number is 12 because there are three indistinction potential, a detailed knowledge of which would be
guishable rotational configurations about each C—H bondequired to determine the true nature of the adsorbate mo-
Other symmetry numbers are given in Table Ill. The rota-tjon, One of the translational degrees of freedom in the tran-
tional partition functions for each of the molecules studiedsiijon state is the reaction coordinate and is not considered in
have been calculated at room temperature for comparisogy|cylating the translational partition function for the transi-
(see Table Ill. We see that this partition function increasesijgn, state, as discussed above. That degree of freedom will
by more than four orders of magnitude in the range studiedqespond to a vibrational mode in the adsorbed state which
due t_o the increase in the moment of _|nert|a. If the partition,q neglect by taking its partition function to be unity in each
functions are calculated at the desorption temperatures of th& the models discussed below. Thus, in either the adsorbed
molecules this effect is more pronounced: the rotational parg; yransition state, the molecule is considered to have at most
tition function for decane is greater than that for methane by, transiational and three rotational degrees of freedom.
more than a factor of fa(Table IIl). The most straightforward picture is to consider the ad-
sorbate molecules as being completely immobile on the sur-
face. In this case the molecules are not free to translate or

In order to simplify calculation of the partition functions rotate on the surface and we consider the partition functions
for this process we assume that in the transition sigés  for translation and rotation in the adsorbed state to be unity.
phas¢ the molecules behave as a freely rotating threedn that case the ratigt/g.qsis maximized and calculation of
dimensional(3D) gas(translational dimension along the re- the prefactor is simply a matter of calculating the 3D rota-
action coordinate neglected in calculating transition statdional and two-dimensiondRD) translational partition func-
partition function). In order to accurately calculate the parti- tions in the transition statégas phase
tion functions of the molecules in the adsorbed state a de- Using the partition functions in Eq$5) and(7) we thus
tailed knowledge of the interaction potential would be calculate an upper limit on the prefactor, which we will call
required??’ Such a study is beyond the scope of the presenty,. Values forv,, are listed in Table IV and plotted as a
work. Nonetheless we can make certain assumptions abodashed line in Fig. 11. Compared to the prefactor values
the degrees of freedom of the molecules in the adsorbedbtained from experiment as described above, we see that the

Models for calculation of prefactor
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2 D S e S e e A These results for,,, are listed in Table IV and are plot-
22} ted as a dashed line in Fig. 11. These values have a notice-
-.f; able chain length dependence but not as strong as the experi-
%’ 20} mental values. They fall within the error bars of four of the
‘2' 18 | | seven molecules studied, but are uniformly smaller than the
® experimentally obtained values.
a6 It is clear that the MgO surface will have some surface
g; 14} corrugation, and therefore it is not surprising that the experi-
- mentally obtained prefactors exceeg,. Furthermore, from

Kl I the TPD experiments at increasing initial coverage, it is clear

0 1 2 3 4 5 6 7 8 9 10 that the adsorption sites with the highest binding enéigy,

Alkane chain length, N defectg are populated first. This indicates that the molecules
FG.11 D i et " hain lenath. Experiment result have sufficient mobility on the surface to sample many sites,
. 11. Desorption prefactor vs alkane chain length. Experiment results ar: . . :
shown as solid squares with error bars. Upper and lower limits on the preff’m:"refore the values Of}ma}x’ obtained from the immobile .
actor, vy and vy, are plotted as dashed lines. These are calculated byadsorbate model, overestimate the prefactors. Thus, what is
assuming that the sum of the rotational plus translational entropy of theneeded is a model wherein the initial adsorbed state has en-
molecule in the adsorbed state is a minimum or maximum, respectively. Thﬁ‘opy intermediate between an immobile adsorbate and a 2D
solid curve,vy,, is based on a model where the adsorbed molecule has ng . . .
rotational entropy on the surface but behaves translationally as a 2D gas. 4as freely rotqtmg abOl_Jt the axis. We have n(_)t_ed preV|_-
is drawn to illustrate that the increase in prefactor with chain length can b&usly that the increase in the translational partition function
accounted for entirely by considering the increase in rotational entropy(or increase in translation entropwith chain length cannot
available to the molecules in the 2D-gas transition state for desorption. account for the strong rise in prefactor that we observe ex-

perimentally. Next, we construct a simple model to illustrate
values forv,,,, are uniformly larger by one to three orders of that the increase with chain length in thetational entropy
magnitude and that they have a stronger chain length depeff the transition state alone can account for the prefactor
dence. We also note that for most of the alkanes studied, thecrease.
values obtained fow,,, lie outside of the error bars of the For the purposes of this calculation, we make the as-
prefactors determined experimentally. We conclude that thisumption that the molecules have free translation on the sur-
immobile adsorbate model overestimates the chain length déace, i.e., they behave translationally like a 2D gas, but that
pendence of the prefactor, but does provide its upper limit. all rotation is prohibited. This assumption allows cancella-

The opposite limit,v,;, is evaluated by considering the tion in Eq.(3) of the contributions to the partition functions

surface potential to have no corrugation parallel to the surfrom the two translational degrees of freedom parallel to the
face plane, but to bind the adsorbate strongly alongtirds ~ surface. Hence, calculation qf/q,qsin Eq. (3) is reduced to
(surface normal In this case, the molecules will have the calculating the rotational partition function of the molecule
same translational degrees of freedom in the two dimensions the transition stat€3D rotor in the gas phagePrefactors
parallel to the surface as they do in the gas phase. The coevaluated in this manner at the desorption temperature of
tributions from the translational partition function ¢p and  each molecule are listed ag,,, in Table 1V and plotted as a
Oags Will cancel in the calculation of the prefactfeg. (3)].  function of alkane chain length in Fig. 1%olid line). The
On this corrugation-free surface, rotation about thaexis  prefactors calculated from this scenario exhibit excellent
(helicopter modgwill also be freely accessible to the mol- agreement with the results of the experimental analysis. This
ecules and that dimension of rotational contribution to thew,y, model is not intended to provide an accurate physical
prefactor will also cancel with the corresponding gas-phaseicture of the desorption mechanism, but rather to illustrate
partition function contribution. We have noted above thatthat the large increase in prefactor with chain length can be
rotations about thex and y axes (log roll and cartwheel accounted for entirely by considering the increase in rota-
modes will be more difficult for the longer alkanedN=3) tional entropy available to the molecules in the gas-phase-
as they each require that a significant fraction of the methylike transition state. It is hard to imagine a real adsorbate/
and/or methylene groups moves away from the surfacesubstrate system where the interaction potential allows
Thus, forN=3 we consider these rotations to be excludedcompletely free translation of the adsorbate but no rotation at
and their contributions to the rotational partition functions tothe same temperature. The real situation here probably cor-
be one. Then the calculation ef,, requires evaluation of responds instead to an interaction potential where both the
the partition function for two rotational degrees of freedomtranslation and rotational modes are hindered to some degree
in the gas phase. We consider ethéNe2) to freely rotate in the adsorbed state at the desorption temperature. More
about its C—C bondx axis) on this corrugation-free model detailed calculations would be required to determine the ex-
surface so that rotational contribution tpgqs has been in- tent of translational and rotational freedom in the adsorbed
cluded in the calculation of,, for N=2 and cancels with state.
the corresponding contribution 3. Since methanéCH,) is As we have noted, a rigorous theoretical investigation is
a spherical molecule we consider it to have free rotationseeded to confidently calculate the partition functions and
about all three axes as well as 2D translations on the smoothereby obtain correct prefactors for the desorption of these
surface. Theny,,, for methane is reduced to calculating molecules. We have presented upper and lower limits on the
kgT/h at the desorption temperature. prefactors using simplified statistical mechanical models.
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The actual values for the partition functions fall somewheretute. All of the experimental work was performed in the En-
between these extrema. In any case, we have illustrated thetronmental Molecular Sciences Laboratory, a national sci-
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