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The structural and thermodynamic properties of linear hydrocarbon multilayer assemblies supported on a
Pt(111) single-crystalline substrate are investigated with temperature-programmed desorption and infrared
reflection absorption spectroscopies. The multilayer assemblies are comprised of all-trans chains preferentially
aligned with theirccc planes parallel to that of the surface. Coverage-dependent vibrational spectra reveal
that the deposition process, up to the first monolayer total coverage, proceeds first via an island growth
mechanism. This result demonstrates that an important contribution is made by (chain-length-dependent)
attractive lateral interactions to the binding energies of the monolayer films. The subsequent layers deposited
in a multilayer appear to contain a modest concentration of conformational/orientational defects (and perhaps
layer misplacements as well). The energetics of the desorption processes for these hydrocarbon assemblies
are rationalized on the basis of a conserved value of a prototypical segmental heat of adsorption. The kinetic
model embodying this description involves a layer-by-layer desorption and invokes a central role for lateral
interactions and diffusion in maintaining the kinetic competence of a general mechanism of monolayer

evaporation from two-dimensional island domains.

Introduction in a lowering of rotator phase transition temperature; the range
There exists a growing interest in the properties exhibited °V&' V_Vh'Ch this transition occurs Is foun_d to increase \.N'th the
g g brop magnitude of the differences in the chain lentithe mixed

by low-dimensional organic thin films and materials. For bulk hvd b hibit i d ¢ onal domi
example, considerable efforts have been made to develop &tk hydrocarbons exhibit increased conformational (predomi-

deeper understanding of the structures and thermally driven nately Ch?“”'.e“d) d.efects (e.g., gauche and kink. conformations)
phase transitions seen in such important systems as Iipidand longitudinal d|splqcements (FO reducg void volume_ a_nd
bilayerst surfactant interfaces,.angmuir-Blodgett films34 and surface roughness, which results in a packing structure similar

self-assembled monolayeiéas but a few examples. Despite to the higkll-temperature hexagonal structures seen in pure
this effort, the conformational dynamics of even simple organic alkanesy: .
thin-film assemblies remain poorly understood. In part for these [N this report we present the results of a detailed study on
reasons, the structures adopted by alphatic hydrocarbons, andhe chain-length-dependent phase properties of ordered thin-
the dynamics underlying their phase transitions, have becomefilm assemblies of the—alkangs supported on a single-crystalline
a model system of much interest, and great efforts have beenPt(111) substrate. An overview of the structural and thermo-
made to determine their character in both bulk Sofi¥f and dynamic properties of hydrocarbon monolayers and bilayers on
liquid stated? as well as in thin-surface-boundary-layer phddés. ~ Pt(111) is given. A central focus of this study is a critical
A vast literature has been collected that describes the nature€valuation of the rate/structure correlations evidenced in tem-
of the complex structural phase transitions exhibited by hydro- Perature-programmed desorption (TPD) studies, which shed light
carbons in bulk5-26 A number of interesting insights can be N the_nature of thelr_ su_rface blndlng_lnteractlo_ns and ph_ase
gleaned from this material. For example, odd-chain-length dynamics, factors which in turn complicate the interpretation
n-alkanes of between 9 and 45 carbon segments are known tof such qa}tg. of partlcylar concern in this reportis th.e suggestion
undergo at least one premelting phase transifamd longer '_[hat stabilizing lateral interactions play a major role in determin-
hydrocarbons have been reported to exhibit as many as fiveind the nature of the kinetics of desorption from the monolayer
distinct plastic-crystalline phases between the ordered crystallinePound state. A simple (limiting) kinetic model that invokes facile
and isotropic liquid phaseg All of these phases are character- lateral diffusion and. attractive interactions W[th neighbors, and
ized by weak interlayer coupling and the transitions between thus accounts qualitatively for t_he contnbutlor_]s m_ade by the
them by large changes in structural constants as a function ofPhase dynamics to the mechanism of desorption, is presented.

temperature (diverging critically at the phase bound&tyfis Using the results of TPD and reflection absorption infrared
interesting to note that one of the structural transitions seen in (RAIR) spectroscopies, we present simulations based on the
the bulk systems, the so-called rotator phase transiic, simplest version of the model that rationalizes the rate/structure

behaviors observed in thin films. It also is observed that (where hydrocarbon assemblies in terms of a physically plausible

possible) mixing hydrocarbon chains of different lengths results average surfacesegment interaction energy (one that is con-
served for a series ofi-alkane adsorbates of varying chain

* To whom correspondence should be addressed. lengths). The microscopic bases for the model are found to
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follow naturally from insights gained in an earlier study focusing
on the dynamics of self-diffusion in these systeths.

Experimental Method

All experiments were performed in ultrahigh vacuum using Iml
methods that have been described previotisind only a brief
overview is given here. Reflection adsorption infrared spec-
troscopy (RAIRS) studies were performed in a stainless steel
vacuum chamber equipped with turbomolecular, ion, and f
titanium sublimation pumps, temperature-programmed desorp-
tion (TPD), and Auger electron spectroscopies (AES) and having ,
a base pressure &f3.0 x 10719 Torr. The Pt(111) crystal was u
cleaned before each experiment by heating it in ax1.006 e
Torr atmosphere of dioxygen at 980 K for-B min and
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subsequently annealing it at 1070 K. The exposures were made Wavenumber (c-1)
form the background and were calibrated (for the ion gauge Figure 1. RAIR spectra of octane on Pt(111) showing changes in the
sensitivity) by RAIRS as described elsewh&#&o form a well- vibrational spectra in the €H stretching region with increasing

ordered monolayer, the Pt(111) crystal was cooled to a tem- multilayer coverage.
perature lying between the monolayer and the multilayer

desorption temperatures for the specific hydrocarbon being interest here) but also can provide valuable information regard-

studied and exposed to the equivalent of several tens Ofing the relative positions of the molecules in a multicomponent
monolayers at this temperature. The temperatures used for the

: . . assembly3
various chain-length hydrocarbons studied are hexane, 170 K; .
heptane, 185 K: octane, 190 K: nonane, 205 K: decane, 230 K. Representative RAIR spectra of octane adsorbed on Pt(111)

After dosing, the pressure was allowed to recover before the are shown in Figure 1. These spectra were acquired in two
9 P . ; parts: first, after successive exposures of the Pt(111) surface
crystal was cooled to 110 K, at which point subsequent

. t tane vapor at 180 K until a limitin ver fl
components could be dosed and a controlled coverage in the o 0¢i@ne vapor & 80 K untl a g coverage o

multilayer formed. At this temperature, the partial pressure of monolayer ¢ = 1.09) was reached; second, after further
the su)r/face-bouna com oner?t is ne’li iblg and pthe SeCondexposures to octane vapor at 110 K until a limiting coverage of
component adsorbs only?)n the hydrocgrlgon precovered surface"> 10 monolayers)(= 1095) was reached. The spectra of the
. monolayer are consistent with an organization of a single

The linear alkanes hexane (9%), heptane (99%), octane onoay ° o' ° >ng

molecular layer comprised of all-trans chains lying with the
gggﬁ;ﬁ; V\?g::”;ﬁf%agge??ghnzv di?ceh (zgr?;bi)’ufilfri]g d dbe;at?]z plane of the carbon atoms parallel to that of the surface, a result

. firmly established by earlier LEEBand RAIRS studie?32.37
freeze-pump—thaw cycling method.

- . The multilayer spectra suggest that a similar, but somewhat more
RAIR spectra were taken with a Bio-Rad FTS-60A spectro- defective, arrangement of chains is present in the second layer
photometer aligned witfi15 optics at a near grazing incidence

(see below). The inset to the figure shows an expanded view of
angle, 88 from the surf_ace normaI.IA totaliof 1024 or 4096 the mode softening seen for the monolayer at 110 K for a
scans were coadded with a resolution of 47¢it

. - separate acquisition optimized for their visualization. The mode
TPD spectra were ob_talned with a VG Quadru_pole SXP 300 assignments for these spectra, which have been summarized
mass analyzer differentially pumped by a 60 L/s ion pump. The g0\ her@9:3237are reviewed in Table 1. We should point out
sample temperature and ramp rate were controlled by aexplicitly at this point that all of the €H stretching modes of
Eurotherm temperature controller and a Lambda programmablethe surface-contacting chains are highly perturbed and show
power supply. Linear temperature program ramp rates of 2 K/s

d unl therwi fied. Dat ired .thlarge frequency shifts in the “normal”-€H stretching region.
Were used uniess otherwise speciied. Data were acquired wi They are further complicated by the appearance of multiple
a 12 bit analog-to-digital converter on a 486 personal computer

. bands for C-H stretching motions of the methyl and methylene
running LabTech software. groups, which cannot be rationalized in the context of any
molecular arrangement of an unperturbed chain, and substantial
mode softening as evidenced by the appearance of a broad set

Infrared Spectroscopy. The dipole selection rule, which  of bands in the 27082800 cnt! region3” The carbor-
determines the modes observable by RAIRS for adsorbateshydrogen stretching modes at 2900 (methylene), 2929, and 2947
bound on metallic surfaces, was utilized to deduce the averagecm™! are the most intense features that arise from the methylene
molecular orientations adopted by the hydrocarbon chains onand methyl groups interacting with the surface (Table 1). These
the Pt(111) substraf®:3®¢ Owing to the reflection of the modes, being affected by the interaction with the surface, are
electromagnetic field at the metal surface, dynamic dipole red-shifted relative to unperturbed—® modes. The broad
moments with components aligned parallel to the surface normalfeatures predominately centered at 2756 trare softened
direction will have enhanced intensities while those with only modes due to direct €H---M interactions’” The lower six
perpendicular contributions will show no intensity in the RAIR spectra presented in Figure 1 correspond to the monolayer
resulting RAIR spectrd®36 Of further concern, €H interac- (bottom) and multilayers formed by the sequential addition of
tions with the metal surface result in significant mode softening, a fractional coverage of the adsorbate equivalent to one-third
and the intensities of these features exhibit sizable red-shiftsof a layer. The top two spectra result from the addition of a
relative to the frequencies seen in their isotropic spectra, antotal of approximately 5 and 10 layers and are scaled by a factor
effect which facilitates the differentiation of surface-bound and of /5. The mode assignments in the-& stretching region for
nonsurface-bound segments. Taken together, these effectshe chains in the multilayer follow simply from those expected
provide a sensitive basis for determining molecular orientations on the basis of the normal modes of an unperturpatkane3®

present in a bilayer assembly (a limiting coverage of primary

Results and Discussion
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TABLE 1: Mode Assignments for n-Octane on Pt(111)

CH3 CHZ CHZ CH3
O(C—H) o6(C—H) Y(C—Hproxima)®>  V(C—Haista)® v(C—Haista)® CH.d™  »(C—H)%®d"™ CHsr~ »(C—H)®r"
n-octane monolayer 2669, 2758, 2818 2896, 2903 2928, 2947
n-octane multilayer 1380 1457, 1469 2917 2851 2953 2873

aThe C-H bond contacting the surfaceThe C-H bond projecting away from the surface.

The multilayer spectra are dominated by two intense bands
(neglecting those due to surface-contacting chains): the anti- Tar=97K
symmetric methyl stretch, 1 at 2951 cm? and the antisym- ]’w‘"
metric methylene stretch, dat 2917 cm? (as expected for an
assembly of all-trans chains aligned with thescplane parallel

to that of the surface). Modest intensity is also noted for modes
corresponding to the methylene symmetric¢, énd methyl
symmetric, ¥, C—H stretching modes (2853 and 2873 ¢n
respectively). The intensities of these latter modes, being weak

and scaling nonlinearly with coverage, suggest that they , , : : :

originate in chains exhibiting orientational defects. These defects 0 0 Wavemumber e w0

must exhibit a rotation of theccplane out of coplanarity with  gigyre 2. Change in the line shape of the defect methylene symmetric
the surface. The'dmode shows a poorly resolved splitting of  stretching mode seen in a multilayer with changes in isotopic dilution
~9 cnTl. The methylene bending mode (not shown) demon- and coverage in the multilayer.

strates a similar behavior (with component features of nearly
equal intensity appearing at 1459 and 1469 &mWe believe
these splittings may arise from factor group interactions. Related
splittings of methylene bending and rocking modes are well-
documented in the literature on crystalline orthorhombic phases
of polyethylené®4%and long-chain hydrocarbats*3 but, to our
knowledge, have not been observed for thentbdes of bulk
solids (such splittings have been seen in alkanethiol SAMs on
Au, however) This splitting is indicative of an intermolecular
coupling and, with a few assumptions, can be used to analyze
the packing structure of the orientational defects of the
molecules'*4In analogy with a bulk phase, the nearly equal
intensity of the two components suggests a setting angle in a -

two-chain orthorhomic subcell of~90 (i.e., an orthogonal

arrangement of thecc planes in a two-chain unit cell). This

bulk inspired model of the local defect structure does present o

several problems, however. The greatest concern arises from s

the assumed nature of the growth processes. If the growth of L et
the multilayer were to proceed on a layer-by-layer basis, the e
symmetry of a bulklike orthorhombic sublattice could not be
obtained at bilayer coverages and thus the splittings would have
to follow from interactions occurring in some other multichain
habit. It should be noted that the binding enthalpy of the second
layer will differ only slightly from that of the higher surface
layers, and as such substantial deviations from a sequential layer
growth process are to be expected after the first monolayer. A
test is needed to determine rigorously if the observed featuresFigure 3. Schematic structure of a monolayersbctane on Pt(111).

are due to factor group splitting or some other cause. Isotopic

dilution experiments were performed toward this end. In these ~ Firment and Somorj&t have shown by LEED that the surface
experiments, either octarigg or an equal mixture of octane- mesh of am-octane multilayer structure on Pt(111) does not
dig and hig was dosed at 97 ¥ onto a Pt(111) surface change from that observed for the monolayer structure, and
precovered with a saturation monolayer of thgisotopomer. further propose that it is similar to the Q1) plane of the
The apparent splittings, as illustrated by the patternfahddes monoclinic bulk structuré. Figure 3 shows this proposed
shown in Figure 2, remained all the same. While considerable structure for then-octane monolayer on Pt(111). As shown in
uncertainty remains, we believe the best explanation is that thethe figure, the dimensions of this single-chain unit cell are 4.80
growth occurring beyond the monolayer is not rigorously layer- A by 12.7 A, with an included angle of 79There are several
by-layer but proceeds via the formation of three-dimensional plausible structures for a multilayer that can rationalize all the
clusters supported on a dense monolayer (a Stra#skistinov data obtained by RAIRS3237and LEED?3 Molecular Simula-
growth habit). At the low temperatures used in this experiment, tions derived graphics are shown in Figuress4which illustrate
isotopically driven phase segregation of theCg chains is the essential features of the likely structural motif, restricting
expected within the island domains. Auger electron spectroscopyour consideration to an overly simplified case of the tiling seen
studies were also conducted to examine the growth mecha-in a bilayer. The simulations suggest that the rough corrugation
nism#647put the layers were severely degraded by the electron of the monolayer is best matched when the chains tiling the
beam and thus could not be analyzed in this way. second layer are staggered relative to the first. The data are

Octane (h;5) on Octane (ds)P(111)

Octane (Lys:1d;s) on Octane (drgyPr(111)

Absorbance

Octane (14:1d;5) on Octane (djs) Pr(111)

Nl

A,
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Figure 6. Schematic depiction of a possible bilayer structure of octane
on Pt(111). Details are described in the text. In the figure, surface-
contacting chains are shown with lighter shading.

Figure 4. Schematic depiction of a possible bilayer structure of octane
on Pt(111). Details are described in the text. In the figure, surface-
contacting chains are shown with lighter shading.
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Figure 7. TPD spectra of octanérs on Pt(111) showing changes in
line shape with increasing coverages.

Figure 5. Schematic depiction of a possible bilayer structure of octane )
on Pt(111). Details are described in the text. In the figure, surface- ture-programmed desorption. These spectra show two general
contacting chains are shown with lighter shading. desorption features for coverages exceeding a monolayer; the
temperatures at which these peaks appear scale with the chain
less clear as to the organization of the internal methyl surface, length of the adsorbate. Figure 7 shows representative spectra
but it seems likely that motifs reminiscent of either monoclinic obtained for octanehg on Pt(111) at varying coverages. The
(Figure 4) or triclinic (Figure 5) phases could be obtained (the lower temperature desorption feature corresponds to molecules
latter via a slip of the second layer chain along the trough of present in a multilayer, while the higher temperature feature
the underlying monolayer). The special case shown in Figure 6 corresponds to the desorption of chains more tightly bound in
depicts the structure created when the multilayer moleculesthe monolayer.
retain the same symmetry relative to the platinum substrate as Figure 8 shows desorption spectra for a series of multilayers
that found in the monolayer. comprised of hexane, heptane, and octane at formal coverages
Temperature-Programmed Desorption. The desorption on Pt(111) below that of a bilayer. The data show that as the
kinetics for layers formed by a homologous series of hydro- chain length increases, so does the peak-maximum desorption
carbons (hexane through decane) were examined by temperatemperatures for both the multilayer and surface-bound species.
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TABLE 2: Fitting Parameters Calculated from a
Zero-Order Rate Law Corresponding to Desorption
Activation Energies for Multilayer Desorption Data?

desorption energy heat of sublimation
(kcal/mol) calcd from lif?

12.8 10.6687
14.1 12.1252
16.2 14.8523
Ix 100 17.3 14.7899
Ix 1070 18.2 19.1577

aThe literature values for comparison are obtained from the heats
of fusion and heat of vaporization for bulk alkanes.

hydro-
carbon

fitting
parametew;>
Ix 107

Ix 10%°
1x 100

Hexane

Heptane

hexane
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octane
nonane
decane
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Figure 8. TPD spectra showing desorption of hexane, heptane, and
octane from Pt(111). The low-temperature feature corresponds to
desorption from the multilayer; the high-temperature feature is desorp-
tion from the monolayer. For the series<Cs, the ions followed were

m/e = 43.
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Figure 10. Enthalpies of sublimation for a series wfalkanes at 25
°C calculated from literature valuea) and the desorption activation
energies for these same species in a multilayer as calculated from a
zero-order rate analysis.

o 4 >»uo

the nonsurface-contacting species thus can be accomplished by
fitting the leading edge of the desorption traces with a simple
exponential rise. The activation energy for desorption (a term
potentially related to the heat of sublimation, see below) can
be calculated by fitting the intensity profile to the equation

Intensity (Arbitrary Units)

| =vexp (—e/RT)

T T T T T T
140 160 180 200

Temperature (K)

Figure 9. Zero-order desorption fits to the leading edge of the
multilayer desorption features for the series of hydrocarbons hexane
through decane.

where the constantsande are the preexponential factor (and
other collected constants that enter nonexponentially) and the
activation energy, respectively. Figure 9 shows a series of fits
made in this way to data extracted from the multilayer leading
edge profiles for several hydrocarbons. The fitting parameters
obtained are given in Table 2. The values of the chain-length-
Also notable is the difference in line shape between the two dependent activation energie$ ¢cale in a qualitatively sensible
desorption features seen in each spectrum. These line shap&vay (see below). The values of however, are nonphysical if
differences are consistent with underlying differences in the related directly to a preexponential factbiThe measured values
descriptive rate laws such as might exist for zero-order and first- for the chain-length-dependent multilayer desorption activation
order desorption processts> These assumptions do present energies are compared in Figure 10 with energies calculated
some problems when invoked to explain the quantitative aspectsfrom literature values for the heats of fusion and vaporization
of the rate/structure correlations seen in the chain-length in the bulk at 25°C.52 We see a reasonable correspondence
dependencies. We turn to a consideration of these aspectdetween the energies calculated in this way and the values of

220

immediately below.

Kinetic Modeling. Desorption form a multilayer state is most
simply described by a zero-order rate law. The suitability of
this analytical construct to the systems of interest here is

the bulk thermodynamic properties (i.e., the chaihain
interaction energies). This agreement supports the validity of
the kinetic approximation used to model the TPD data.

An alternate presentation of the data shown in Figure 10

supported by the observed invariance of the leading edge ofproved to be instructive. By taking the desorption activation
the TPD trace for this state to changes in the coverage of theenergies calculated from the fits to a zero-order rate law for
adsorbaté®48-50 The quantitative analysis of the TPD data for the desorption and dividing them by the chain length, we obtain
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TABLE 3: Activation Energies for Monolayer Desorption
2.8 1 Data Calculated from a First-Order Rate Law?
26 molecule T, (K) Ea (kcal/molf?2  E, (kcal/mol) per carbon
N hexane 239.43 14.7870 2.4644
€ 24 heptane  256.36 15.8676 2.2668
3 octane 277.43 17.2151 2.1519
2 25 | nonane 285.63 17.7407 1.9712
=] ° decane 296.86 18.4606 1.8461
=]
§ 2.0 1 d i aAs can be seen by the increasing surfasegmental activation
S A b A energies, this analysis inadequately accounts for the desorption process.
o 1.8 g
2 A A
el
5 16 - 4 22 3.0
(=1
: [
1.4 - 217 - 28
@® Calculated Value E/RT_ =in (v,T/B)- 3.64
12 A Literature Value (25 °C) 20 ’ ’ | o5
T T T ! T E: 19 4 5
5 6 7 8 9 10 1 3 T E
Carbon Chain i’ 18 - - 2.2 §
Figure 11. Activation and sublimation energies per carbon segment g 17 P g
calculated for the data shown in Figure 10. w T E
C
- . . 2 16 - &
the plot shown in Figure 11. As can be seen by inspection of g 18 5
these data, the chatthain segmental interaction energy for § 15 ® L 16 E
the multilayer (as deduced from TPD) is fairly constant, yielding
a value centered at about 2 kcal/mol for the chain lengths 147 @ Desorption Energy - 14
studied_. The systematic decrease seen w_ith increasing chain 43 —v— Segmental Interaction Energy L
length is modest and we believe reflects (in part, see below)
limitations in the measurement protocol. The average value of 12 | T . ‘ [ 1.0
the chain-chain segmental interaction energy, again, closely 5 6 7 8 9 10 11

follows data for bulk hydrocarbons. Carbon Chain Length

Related investigations of the desorption _Of multilayers of Figure 12. Scaling of the desorption energy calculated from first-
variousn-alkanes on Cu(100) gave the following values for the order fits (left axis) and average surface-chain segmental interaction
desorption activation energies: pentane, 10.4 kcal/mol; hexane,energy (right axis) as a function of chain length.

12.0 kcal/mol; heptane, 13.6 kcal/mol; octane, 14.6 kcal/mol;

nonane, 16.2 kcal/mol; decane, 17.9 kcal/ff&hen normal- most simplistic level (see below) suggests that the average
ized for chain length, these values give significantly varying activation energy needed to remove a chain segment from the
estimates of the chairnchain segmental interaction energies of Pt surface decreases markedly with increasing chain length. Such
2.09, 2.00, 1.95, 1.82, 1.80, and 1.79 kcal/mol for the series, trends are not seen in theoretical predictions of the average
respectively. segmental interaction energies calculated for hydrocarbons on

The analysis of the desorption kinetics for the monolayer Pt or group constituent heats of sublimation found for the bulk
states presents a more complex set of issues. As a starting pointphases of hydrocarbons (which remain nearly constant at
an evaluation made in the context of a first-order rate law seemsapproximately 1.8 kcal/mol per segmeft).
most sensible. Using the individual monolayer peak desorption We strongly believe that the latter result (as illustrated in
temperaturesTy,), the activation energy of the desorption process Figure 12) is nonphysical for several reasons. First, the values
for each chain length can be calculated from the equation given of the desorption activation energies calculated in this way are

by Redheatf far too low. For example, the first-order fit gives a desorption
energy of 17.2 kcal/mol for octane, which seems very unreason-
E _ |nV1_Tp_ 3.64 @) able given that the calculated desorption energy of octane
RT, B ’ molecules from the multilayer is~16.2 kcal/mol. For the

hydrocarbon adsorbates investigated here, there must exist a
whereT, is the temperature at which the desorption rate is at a sizable energy difference between these two desorption proc-
maximum,v; is the preexponential factor (for which a value esses. A second insight (one directly related to these energies)
~1 x 1018 s 1is typical), and3 is the heating rate. By assuming comes from comparing the group constituent desorption energies
a “normal” value for the preexponential factor and for the for the two states across the entire series. This analysis suggests
heating rate of 2 K/s used in these experiments, values of thethat the average segmental interaction energy is strongly chain-
desorption energies can be calculated for each chain length; thdength-dependent and, for long chains on Pt(111), actually
results obtained for saturation exposures are given in Table 3becomes smaller than the group constituent heat of sublimation.
for each hydrocarbon. Figure 12 shows a plot of the chain- This anomaly cannot be rationalized by assigning differing
length dependence of the desorption activation energy calculatedvalues to methyl and methylene surface interactions (see below).
in this way. Again, it is useful to consider the magnitude of the  Desorption energies calculated by the first-order desorption
segmental interaction energy suggested by these data. To danodel for related systems have yielded qualitatively similar
so, it is instructive to normalize the desorption energy for each segmental energy scalingfs?® Studies of the-alkanes adsorbed
hydrocarbon by the number of carbon atoms; these data areon Al,O3(0001) suggest that the values of adsorbatabstrate
plotted against the right axis of Figure 12. This analysis at its interactions decrease with increasing chain lefgy®n the basis



760 J. Phys. Chem. B, Vol. 104, No. 4, 2000 Bishop et al.

2.4 102 s71, respectively (Figure 14) and thus are experimentally
indistinguishable.
140 108 s Other issues, such as a strong coverage dependence of either
53 | .y the activation energy or the preexponential factor (or both),
LRI might also be considered as being important to these rate
processe’’-%8 While likely, we believe that other more funda-
V=1 x 108 sec mental factors must be considered in the context of the kinetic
modeling. We ask, for example, if a model based on a simple
. ° ) ° ° first-order rate law is an intrinsically incorrect formalism for
deducing the magnitude of the segmental interaction energies.
2.1 7 The construction of a detailed energy balance proves instructive
here. Desorption from the multilayer involves only the breaking
Vo= 117 0 10% sec” of adsorbate-adsorbate interactions. The monolayer desorption
2.0 15 €10 s process should include contributions that relate to both adserbate
adsorbate and adsorbatsubstrate interaction energies. We
know, given the importance of an island growth mechanism in
1.9 | | ! | . the formation of the monolayé?,that the lateral interactions
5 6 7 3 9 10 " between the chains are significant and attractive. It thus may
) be necessary to develop rate equations that account for these
Carbon Chain Length K . . . .. .
attractive lateral interactions and the mass-action principles via
::ig“’e 13. V‘{‘éial}g‘r)rmg Z‘Qaﬁsucr:}et?]grse:ﬁ%’:ﬁ;tiﬁ:tf;‘;tc‘iirozegﬁ?a{é’swhich they are manifested in the desorption kinetics.
0 compensal : .
observgd in first-order deso?ption fits ?or the TPD nfalkane ’ As many authors havg noted, the e7ffects of lateral interactions
monolayers on Pt(111). on TPD data can be quite profoufftb’ For _exampl_e, Meng et
al. have studied the effects of lateral interactions between
of a first-order fit to TPD data, desorption energies of 8.4 kcal/ 2dsorbates on desorption kinetics via Monte Carlo simulafions.
mol for n-butane, 10.4 kcal/mol fon-hexane, and 14.6 kcal/ Their results show unambiguously that such interactions strongly

mol for n-octane were obtained (which from a simple analysis Influence the rate profiles that would be obtained by TPD.
suggests a segmental interaction energy of 2.1, 1.7, and 1.8 kca|Ferhaps most important, though, th|$ work_ documen_ts the strong
mol, respectively). Laser-induced thermal desorptionnef influences exerted by the manner in Whlch these interactions
alkanes adsorbed on Ru(001) also found a complex chain-length-2"® sampled and evolve through a changing coverage of the
dependent scaling of activation energies for desorgfon. adsorbate. . . o .
Propane required 11.0 kcal/mol for desorptiofhutane 11.9, We turn now to conS|der_a simple Klnetlc m_odel that mvokes
n-pentane 13.8, and-hexane 15.0. If these values are scaled 2" important role for attractive lateral interactions. The simplest
by the chain length, one estimates the average segmentaﬁtart'ng point here is to consider a rate law that describes the

activation energies as being 3.67 kcal/mol for propane, 2.96 Inverse _Of the g_rowth process, th? two-dimensional (2-D)
for n-butane, 2.76 fon-pentane, and 2.50 for-hexane. sublimation of an island. The desorption of adsorbate molecules

: . . L bound in a 2-D island could demonstrate a number of interesting
In gross terms, one might rationalize these behaviors in the

. o L kinetic behaviors. The simplest case, one described well in the

context of different binding affinities for methyl and methylene literature990s illustrated by the scheme given below.
groups, namely, that the methyl group is more strongly bound
(on Pt, for example) than is the methylene. The present data (
(Figure 12) requires that this binding difference (betweeny CH A
and chain interior Cklgroups) be as large as a factor of 6 to — &
account for the chain-length-dependent energy scaling seen % « CQ%% - QS;%
across the €-Cyp series. A factor this large seems physically
implausible to us. The nature of this desorption process thus The scheme illustrates a process in which molecules can bind
appears to be more complex than that approximated by a simpley gomains but reversibly dissociate and occupy open lattice
analysis of the desorption temperatures as given by eq 2. sjtes (similar to a gassolid equilibrium). Desorption to the gas

Several factors might contribute to the failure of a model phase occurs irreversibly for some fraction of the molecules
based on a simple first-order rate law, the most likely of which detached from the cluster. If the domain is large enough to
is the assumption of a chain-length-invariant preexponential saturate this “preequilibrium”, pseudo-zero-order desorption
factor, v1. A simple calculation allows us to demonstrate the kinetics will be obtained. The TPD line shapes obtained here
range of the scaling of; needed to force a constant average do not support this limiting kinetic modét:#84° A more
segmental interaction energy across the series. Assuming as @omplex version of this mechanism seems better suited to model
reference value that; equals 1x 103 s71 for n-octane, eq 2 the data, however. The important aspects of this revised model
implies that the preexponential factor for decane must increaseare (1) that the overlayer structure is not static and (2) that
by nearly 2 orders of magnitude and that for hexane decreasedesorption might proceed from more than one distinct bound
by nearly 2 orders of magnitude to maintain a constant state.
segmental scaling of the activation energy for desorption (Figure We can make some approximations about the structure of
13). This hypothesis can be explicitly tested by performing the the adsorbate layer and the manner in which it contributes to
TPD experiments with a variety of temperature ramp rgf@s (  the desorption mechanism. Earlier studies have shown unam-
Experiments performed this way (wifhvaried between 0.08  biguously that the molecules reside in an ordered structure as
and 3 K/s) did not support this argument: valuesveffor (previously shown by LEEE and RAIRS9), one whose
hexane, octane, and decane are found via the more elaboraterganizational characteristics are largely presed up to
Redhead formalism to be 6.9 10'2 1.6 x 10, and 6.5x temperatures closely approaching the desorption threstfold
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Figure 14. Variation of the peak desorption temperature as a function of temperature ramp rate as analyzed according to the Redhead method. The
experimentally measured preexponential factorsnfbiexane n-octane, and-decane are experimentally indistinguishable.

Further, we assume that the overlayer is comprised of domainsfrom some finite area at the perimeter of a hypothetical circular
(perhaps intrinsic or separated by terraces, edges, etc.). We thedomain (where molecules experience fewer attractive lateral
ask whether the adsorbate molecule will desorb with a greaterinteractions, with the consta@tcollecting the geometric terms
kinetic competence from the center of a domain or its edge? corresponding to the perimeter and domain scalings). This
Energetic arguments suggest that desorption from the densesquation is written for a single domain; however, the resulting
interior of a domain will not be kinetically favorable; there are net desorption flux approximated in this way will simply scale
too many interactions to overcome for this to be the most facile as the number of domains (with attendant geometric biases not
process. One therefore looks to the domain structure to identify accounted for at this level of analysis). The most significant
adsorbate binding regions with fewer lateral interactions. If the aspect to note in this model is that the desorption rate involves
domain is characterized by some constant number of internala half-order coverage term. We note that Nishimura et al. found
vacancies (e.g., as in a thermal population), it is reasonable toa half-order desorption rate for the desorption of methanol from
assume that the finite number of these defects will contribute Al;O3(0001). They attribute this rate dependence to the hydrogen
little to the overall desorption rafd.If the internal defects are  bonding occurring within the multilayéf.

larger, then they will contribute to the desorption rate but in  Does this new model, then, provide a more sensible way to
the same manner as would the perimeter of the domain. In eithermodel the desorption kinetics, one that also leads to a more
mechanism, we expect that the desorption process would beintuitive and physically plausible scaling (or nearly constant
dominated by the loss of molecules bound along a domain value) of the average segmental interaction energy? To test this
perimeter, either internal or external. Raut et al. have shown in qualitatively, we look at a limiting analysis based on two
a molecular-dynamics simulation ofalkanes on Pt(111) that assumptions: (a) that the surfacgegment interaction energy
nonfrustrated lateral diffusion is weakly activated)(65 kcal/ is constant (i.e., the methyl and methylene interaction energies
mol for n-butan&? and ~1.2 kcal/mol forn-octane)’® These are similar in magnitude and thus do not contribute to a
activation barriers are sufficiently low to reasonably conclude pronounced chain-length dependence), and (b) the desorption
that diffusion will be facile relative to desorption and that large energies, on a per segment basis, can be related via the varying
interior vacancies/voids should be rapidly filled resulting in a contributions made by lateral interactions. The rate congtant
vacancy motion to the edge of the domain as shown in the in this context is approximated by the following equation
illustration below.

p_ (Iength)Eseg + aEsul)

ki=vye RT (4)
_> _> . . .
wherevy is the preexponential factor, length is the number of
O carbon centers in the chailiseg (@ constant) represents the

average surfacesegment interaction energy, argl, is a
This suggests that an evaporation proceeding predominantlymeasure of the lateral interaction energy, as might be referenced
from the perimeter needs to be considered as the basis fort0 the desorption energy of a nonsurface-contacting state (or
constructing a model of the desorption process. We can write Perhaps better, a group constituent heat of sublimation taken
the instantaneous change of the coveraewith respect to ~ from the literature). The variablerefers to the multiplication

time in terms of such a model system. The simplest case isfactor that accounts for the fraction of lateral interactions
approximated by contributing to the energy barriers for desorption of a “perim-

eter” molecule. For the lateral interaction energy, we use as the
_ NG simplest estimate oEsy, a value of 2.0 kcal/mol, which i¥g
= —Ck(v0) @) of the desorption energy calculated from the zero-order desorp-
tion fit for an octane multilayer. We are left only to substitute
where the desorption rate is simply the rate of desorption from for Eseq
the domain edges (a more weakly bound state). The model is We turn to the literature for guidance in choosing a value
derived geometrically by assuming that molecules only desorb for Eseq TPD studies should be sensitive to the kinetic modeling

do
dt
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0.16 Redhead method (giving a desorption energy of 17.2 kcal/mol);
C shows the modified desorption model fitting the monolayer
0.14 1 desorption peak at 277 K with a predicted desorption energy
of 18.5 kcal/mol by assuming a constant segmental interaction
012 7 A energy of 2.3 kcal/mol (the upper limit suggested by theory)

with a small contribution from lateral interactions of 0.01 kcal/

g 0.10 mol (we believe this value is far too low, see below); D shows
_; 0.08 - B that a first-order desorption calculation using the same energy
i calculated by our modified model, 18.5 kcal/mol, yields a
Z predicted desorption max at approximately 295 K. As can be
£ seen in the figure, the revised model can be used to approximate

the actual monolayer desorption kinetics reasonably well and
do so without invoking a very complex (and here nonphysical)
0.02 chain-length-dependent scaling of the interaction energy. We
D note, though, that as the chain length becomes longer the
0.00 monolayer desorption features broaden substantially, and the
\ I | | line shapes we calculate do not match as accurately. It is
150 200 250 300 important to note that this model is far too simple to form the
Temperature (K) basis of a revised quantitative model. For example, we believe
Figure 15. Fits of desorption data showing: (A) experimental TPD itis likely that the desorption process is mediated by a desorption
data for the desorption of a monolayer of octane from Pt(111); (B) precursor state. The addition of a precursor state(s) to the model
first-order desorption fit corresponding with a calculated activation will complicate significantly any simulation of the line shajSés.
energy of 17.2 kcal/mol; (C) modified desorption model with a “\ypijle the inclusion of a precursor would allow a more accurate

calculated activation energy of 18.5 kcal/mol (assuming a fractional modelina of the desorption process. it is bevond the scope of
contribution from lateral interactions according to the form described 9 P P ! Y P

in eq 4); (D) desorption temperature obtained for a first-order model the simple kinetics invoked in this discussion. In princip!e, the
using a calculated activation energy of 18.5 kcal/mol. fits to the spectra also could be more forcefully constrained to

fit the entire data set. There appears to be little advantage gained
problems noted here (see above), and the data, where availablén doing so, however, as these solutions are not uniquely
are not generally as broad as given in the present work. Usingdeterminate. It follows from the model that other scaled values
different kinetic methods, Wetterer et al. reported an extensive of the surface-segment and chairchain interaction energies
study of the binding energetics of a broad series of long-chain can be used here equally well if we adopt other estimated values
adsorbates on Au(11%#).This study also noted an apparent from the literature. For example, if we assume a surface
chain-length-dependent scaling of the average segmental intersegment interaction energy of 1.90 kcal/mol (our lower limit
action energy similar to (although not as large as) that shown from above), one obtains an identical simulation for a larger
in Figure 12. Their data further suggest that the binding contribution ofaEsu,= 0.51 kcal/mol. The more important point
enthalpies of the-alkanes on Pt(111) (as measured here) and \ye infer from this exercise is that a simple geometric model
Au(111) are very similar. If we normalize these measured can account for the mass-action kinetics seen in this prototypical
binding enthalpies by the chain lengths (and, as before, neglectyyerjayer system. The more subtle point developed in the current
any asymmetry in the chain-end vs interior-segment binding giscussion, though, is that there still exists a need to develop a
gnerg|es), one obtains values of the average segmental 'meraC(:hain-Iength-dependent energy scaling. Rather than have this
tion energy that range from 2.28-C6) to 1.86 (-C12) across  00;r in the average surfaesegment interaction energy (which
an adsorbate series swn_ﬂar to th?t 'examlned here._ The,twoas we saw leads to nonphysical results), we have this arise more
systems thus appear to give very similar trends (and, implicitly, naturally via the relative contributions made by lateral interac-

a S'm""%“ crossing of the (pulk) he_ats of subl|mat|_on and tions. The model described here requires that the value of the
adsorption on the metal, albeit at a slightly longer chain length . . . . .
constantC increases with the chain length in order to quanti-

than was the case for our data for Pt(111)). Raut et al. calculatedtativeI account for the proaression seen in the peak maxima
the binding energy for various alkanes on Pt(111) using y prog P )

transition-state theory and found values of 13.84 kcal/mol for Slnce_ this paramet_er _Contalns geometric terms relating to t_he
n-hexane, 18.79 kcal/mol far-octane, and 23.64 kcal/mol for domgm structure, this mfert_ance seems to us to b_e more plausible
n-decané? These calculations suggest a value for the average physically than the alternative possibilities described above. We

segmental interaction energy of 2.3 kcal/mol for the adsorption NOt€ that an earlier study reported by us provides inferential
of n-alkanes on Pt. Taken together, these studies provide aSUPPOrt for this model. In that work we found that a mixed
reasonable range for approximating of the contributions of the monolayer of cyclooctane witiroctanees shows two distinct
surface-segment interaction energy, and we adopt it for the States for the desorptllon of the cyclooctane; one is seen at the
calculations that follow. With the addition of contributions due Normal peak desorption temperature for cyclooctane (250 K)
to the lateral adsorbateadsorbate interactions, values in this and the other at a higher temperature appropriate far-tikane
range serve to plausibly illustrate the scaling of the desorption (275 K). This strongly argues that domain effects are weighted
energies in ways that qualitatively track the data. in the TPD data. Some limitations not mentioned above are also
Figure 15 shows a fit of the desorption model and a standard evident in the model. Perhaps most critical is the degree to which
first-order model to the experimental desorption spectra for a first- and half-order processes might be occurring competitively.
monolayer oih-octane. The four traces in the figure correspond This latter factor is critical for understanding the nature of the
to the following: A is the experimental desorption data for kinetics contributing at both early and late times in the TPD
octane showing desorption at approximately 277 K (monolayer); rate profile. This complication not withstanding, we believe that
B is a first-order fit for the monolayer state following the even at this crude level of development the results are suf-
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ficiently encouraging to warrant further study by both compu-
tational and more precise experimental means.
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