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Heat of Adsorption of Naphthalene on Pt(111) Measured by Adsorption Calorimetry
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The heat of adsorption of naphthalene on Pt(111) at 300 K was measured with single-crystal adsorption
calorimetry. The heat of adsorption on the ideal, defect-free surface is estimated to be 3360— 1999?)

kJ/mol. From this, a €Pt bond energy for aromatic hydrocarbons on Pt(111}80 kJ/mol is estimated,
consistent with earlier results for benzene on Pt(111). There is higher heat of adsorption at very low coverage,
attributed to step sites where the adsorption heai30 kJ/mol. Saturation coverag®,= 1 ML, corresponds

to 1.55 x 10* molecules/crh Sticking probability measurements of naphthalene on Pt(111) give a high
initial value of 1.0 and a Kisliuk-type coverage dependence that implies precursor-mediated sticking. The
ratio of the hopping rate to the desorption rate of this precurseiis. Naphthalene adsorbs transiently on

top of chemisorbed naphthalene molecules with a heat of adsorption—&78BJ/mol.

1. Introduction Several experimental and theoretical studies regarding naph-
thalene adsorption on Pt(111) have been repdrt&dEarly
studies revealed that the molecules adsorb parallel to the surface
and form both ordered and disordered overlayer structures,
depending on the substrate temperafiffé.LEED observations
after room temperature exposure showed a diffuse 1/3-order

) ) . diffraction ring. However, annealing above 100 resulted in
The chemisorption of aromatic hydrocarbons (AHS) and 54 grdered overlayer with a & 3 LEED pattern. A similar

polycyclic aromatic hydrocarbons (PAHS) on transition metal roq 1t was obtained by adsorption at elevated sample temper-
surfaces is an important topic with respect to industrial catalysis. 41 res between 100 and 20C.A! Later. a detailed STM

For example, AHs and PAHSs are unwanted components of fuels;p e qtigation revealed that the ordered naphthalene overlayer
because they are carcinogenic and reduce the performance o onsists of 3x 3 domains with glide-plane symmetries that
diesel fuel. Furthermore, these compounds promote the emissioqead to the observed LEED structure, a pseude-@®. In these

of soot particles ar_ld larger PAHS from d_iesel engin@ese domains, the long axis of the molecules aligns with the
particles are considered a serious environmental and healthcrystallographic orientations of the metal surface. The local
problem. It is therefore desirable t(.) convert AHS_ and PAHS to structure of the disordered overlayer appears to be similar to
satur?tggsréyd;]ocarbons by cataly]Elc hy(?jr(_)ggr;atlon and hlydro'that of the ordered layer. The main differences are a higher
genolysis: Both processes are performed in industry on a large. o ntration of stacking faults and smallex3 domains in
scale with use of transition metal catalysts, especially platiium. the disordered layéB A recent study by Lavoie et al. deals

S_tudylng_ the adsorption of naphthale_ne asa typlcal_ representay, .y, the coadsorption of naphthalene and various carbonyl
tive of this class of molecules on platinum surfaces is therefore

Ior: &??f;:?&telsxznoﬁm 'trrrzéitsfn?lCgi?auftegfgrﬁgte;ﬁ;fﬁgl%2':,[1nduced polarization of the naphthalene molecule enhances the
’ P P strength of the attractive interactions between the aromatic

of adsorption of the reactant molecules, because itis a measuremolecule and the carbonyl grod
for the degree of interaction of the reactant with the catalyst ] ) )
surface. Furthermore, the heat of adsorption provides the Naphthalene adsorption on Pt(111) has found considerable
standard enthalpies of formation of the adsorbed molecules, thelnterest from the theoretical side as well. A semiempirical tight-
key variable for determining the enthalpies and equilibrium binding calculqtmn on Pt clusters Wlth (111) surfaces suggested
constants for surface reactions. There are several indirectOn-top adsorption with the long axis of the molecule parallel to
methods such as temperature programmed desorption (TPD)Ihe densely packed metal rowsDensity functional theory
molecular beam relaxation spectroscopy (MBRS), and equilib- (PFT) was used to study naphthalene adsorption on a planar
rium adsorption isotherms to determine the heat of adsorption. Pt cluster:® According to this investigation, naphthalene
Since the early years of the past decade, single-crystal adsorptiorRdsorbs parallel to a row with one of the rings centered on a
calorimetry (SCAC)2 proved to be a unique method for the bridge site. The calculated adsorption energy is 234 kJ/mol.
direct measurement of the heats of adsorption of molecules andRecently, Morin et al’ performed a very detailed periodic slab
metal atoms. For irreversible adsorption, as in the case of DFT investigation of the adsorption of benzene, naphthalene,

naphthalene on Pt(111), it is the only technique available for a and anthracene on Pt(111). This study also suggests preferential
reliable measurement of the adsorption heat. adsorption of the aromatic ring systems centered on bridge sites.

For the adsorption energy of naphthalene, a value bB7 eV

" Present address: Lehrstutir fhysikalische Chemie II, Universta ~ (—132 kJ/mol) was calculated for a 4 3 unit cell that
Erlangen-Nunberg, Egerlandstrasse 3, 91058 Erlangen, Germany. corresponds td/4 of the saturation coverage.
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Only recently, single-crystal adsorption calorimetry (SCAC)
has been applied to measure the heat of adsorption of a low
vapor pressure organic molecule, benzéhéiere, we have
employed this technique to study the adsorption of naphthalene
on a Pt(111) surface.

compounds on Pt(111). It was found that the chemisorption
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Here, we report the first experimental measurement of the 10
adsorption heat of naphthalene on Pt(111). This heat is used to ] |
determine the average bond energy between the aromatic C ? 584 |
atoms of naphthalene and the Pt(111) surface. Furthermore, we £
use the calorimetric adsorption enthalpies of naphthalene and % 0.6 ]
benzene on Pt(111) to estimate their standard enthalpies of a
formation on the surface. £ 044 1
92
2. Experimental Section @ 0.21 1
The SCAC apparatus, the molecular beam system (MBS), 0.0

00 02 04 06 08 10

and the general experimental procedures used for these experi-
Coverage © (ML)

ments have been described elsewliérBriefly, we employed _ o B
an ultrahigh vacuum (UHV) chamber equipped with the SCAC, F|_gure 1. Sticking _prot_)abmty of nqphthal_er_le on Pt(lll_) at 300 K
the MBS, and facilities for X-ray photoelectron spectroscopy (circles) and best fit with the modified Kisliuk model (line). Inset:

(XPS), Auger electron spectroscopy (AES), low-energy ion Precursor mechanism for nondissociative chemisorption without in-
’ Y P Py ' gy trinsic precursor. Key: G, gas phase; C, chemisorbed state; E, extrinsic

scattering (LEIS), and low-energy electron diffraction (LEED). precursor; F, incident flux. The meanings of the other symbols are
Detection of the heat of adsorption is accomplished with a 9 explained in the text.
um thin ribbon of -polyvinylidenfluoride 3-PVDF), a pyro-
electric polymer that is coated with 50 nm layers of NiAl on ments. If adsorption is limited to the first layer and no multilayer
both sides for electrical contact. During the calorimetric growth occurs, the flux can be derived from the sticking
measurement, this ribbon is gently pressed to the back of themeasurement (in units of ML/s). By comparison with the flux
sample for thermal contact and can be retracted for samplemeasured with the QCM (in units of molecules/&s)), the
cleaning purposes. The calorimetric measurements were per-absolute saturation coverage in moleculeg/gar ML was
formed at a sample temperature of 300 K. calculated.
The sample is a km thick Pt(111) single crystal with a
diameter of 10 mm prepared by epitaxial growth on a NaCl 3. Results
single-crystal surface. The NaCl was dissolved in water and 3 1 Sticking Probability Measurements. The sticking

the crystal was mounted between two pieces of Ta foil with 8 5 5papility of naphthalene on Pt(111) at 300 K as a function of
mm diameter holes. The sample was cleaned by gentle Ar c4\erage is displayed in Figure 1. Starting from an initial value
sputtering followed by repeated cycles of @eatmentat 1° ¢ 1 o ‘the sticking probability remains close to unity over a
mbar and 750 K and annealing at 1100 K in UHV. After this ige coverage range and drops rapidly to zero above 0.85 ML.
treatment, impurities were below the Auger and XPS detection Tne solid line in Figure 1 is a fit of the data with the Kisliuk
limits, and LEED showed the spots expected for P(111). model for precursor-mediated adsorpti§i® This model has
The MBS is pumped with a combination of turbo molecular pheen modified in such a way that it considers only an “extrinsic”
pumps and cryo pumps. The cryo pumping is achieved by precursor (a mobile physisorbed precursor on filled sites). Thus,
cooling the inner walls and orifices of the MBS with liquiN the “intrinsic” precursor (a precursor on empty sites) is excluded
and is especially effective for low vapor pressure compounds pere. Specifically, we find that molecules chemisorb with unit
such as naphthalene. The naphthalene vapet@STorr) enters  propability whenever they visit an empty site, thus excluding
the MBS through a microchannel array, heated to 320to the necessity to consider any intrinsic precursor (see below).
form a peaked angular distribution. After collimation by several The absence of noticeable contributions to the sticking prob-
liquid N2 cooled orifices, the beam has a diameter of 4.23 mm apjjity from intrinsic precursors has frequently been observed
at the sample position. The beam is chopped into pulses of 90for chemisorption systems with extrinsic precursors (e.g., for
ms length with a periodfd s before impinging on the sample. ¢ on Ni(10059).
The flux is measured by means of a quartz crystal microbalance According to this modified Kisliuk model, the sticking

(QCM) cooled with liquid N. Typically, the flux per naphtha- probability, S, varies with coverage®, as:
lene pulse was 0.06 ML, with 1 ML (monolayer) defined

throughout this paper as the saturation coverage at 300 K. S)ex@(l— 0/e..)
Measurement of this saturation coverage, which is equivalent = — 0/ ma

O) = $(1 ~ ©/0,,,,) + (1)
to 1.55x 10 molecules/crhor 0.103 naphthalene molecules K+(1—-0/0,,)

per Pt surface atom, is described below.

For calibration of the SCAC, the pulsed molecular beam is with K = ky/ky. Here,S andS®* are the trapping probabilities
replaced by a HeNe laser. This pulsed laser beam has exactlyfor a molecule that strikes a clean surface site (to chemisorb)
the same diameter, pulse length, and pulse period as theand an occupied site (to physisorb as an extrinsic precursor),
molecular beam. The reflectivity of our sample at the wavelength respectively, and®nax is the saturation coverage of the
of the HeNe laser was measured with an integrating sphere andchemisorption state. The constaqtepresents the ratio of the
found to be 76%. This enables us to estimate the absorbed heatate constants of desorptiofg) and migration K.,) of the
from each laser pulse and use this to convert the voltage precursor. The best fit of our data with the Kisliuk model (eq
response of the ribbon into absolute energy units. 1) is shown in Figure 1. This fit is weighted with the sticking

The sticking probability was measured with a line-of-sight probability to account for the fact that the density of data points
modification of the King and Wells method as described scales with 1% Without this weighting, the fit would be
elsewheré. It provides the coverage-dependent fraction of predominantly controlled by the data points at higher coverage.
molecules that stick to the surface and thus actually contribute In addition, the error (of bot® andS) increases with decreasing
to the heat signal. For practical reasons, heat and stickingS which is also compensated by weighting the fit wghThe
probability measurements were performed in separate experi-abrupt change in slope of the experimer8ais ® curve when
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Figure 2. Differe_ntial heat of adsorption of naphthalene on Pt(111) at Figure 3. Naphthalene molecular beam pulses scattered from the
300K as a func_tlon of coverage (circles). A_Iso displayed are the best Pt(111) surface, averaged for all pulses below 0.95 ML (gray line,
fit of the data using a second-order polynomial dependence on coveragegmqgathed by Fourier-filtering out noise above 30 Hz, and magnified)
(solid line) and the integral heat of adsorption computed by integration 54 for 30 pulses after saturation (black line, without smoothing).
of the polynomial fit (dotted line). Inset: Comparison between the experimental pulse shapes before (gray)
and after saturation (black) and the respective best fits (full circles)

® ~ 0.93in Figure 1 clearly indicates that different adsorption using the convolution integral in eq 4 with a double-exponential system
kinetics dominate at higher coverages. Therefore, we have functionh(t). See Section 3.3 for the fitting parameters. For each curve,
omitted all data points whei@is less than 0.30 and treated the thrge individual measurements un(_jer identical conditions were averaged
maximum coverage of the chemisorbed st@gay, as a fiting ~ © IMProve the signal-to-noise ratio.
parameter. From the best fit, we derifg¢= §= = 1, K =
0.0195, andmax = 0.936.

The value folK = ky/km shows that, on average, 1/0.0185
51 hopping events occur before a precursor molecule desorbs
For benzene on Pt(111), this value was found te428 hops,
also at 300 K& The continued, slower adsorption abo®@ax
= 0.936 could be attributed to very slow diffusion of chemi-
sorbed naphthalene, which occasionally opens up another Pt AH,,= (317— 420 — 12%2) kJ/mol )
site large enough to chemisorb another naphthalene molecule. ad
Consistent with this interpretation, the heat measurements below

: -~~~ where the coveraged) is in units of ML. Also displayed in
prove that chemisorbed naphthalene molecules have very IlmltedFigure 2 is the integral heat of adsorption, obtained by

mobility on the time scale of these measurements. However, . . e . -
. . . integrating the polynomial fit of the differential heat. Extrapola-
their occasional movement at 300 K has been seen in repeated. e ; o
ion of the polynomial fit to zero coverage gives an initial heat

STM images'? ) )
By dividing the absolute flux measurement of the QCM by o_f qo_lsorpnon . of 317 kJ/m_oI. The first pulse leads to a
. L " significantly higher adsorption heat, 331 kJ/mol, than the
the flux in ML/s from the sticking probability measurements, . S S .
; S following pulses, which is probably due to the initial adsorption
the naphthalene saturation coverage (i&.= 1) is found to : .
4 - on defect sites (see below). The main defects on Pt(111) samples
be 1.55x 10" molecules/crhat 300 K. This value corresponds A ) X
prepared in this way are step edges. Extrapolation to saturation
to 0.103 naphthalene molecules per Pt surface atom, and . .
compares reasonably well # = 0.111 molecules per Pt atom coverage results in a heat of adsorption of 147 kJ/m& at
P y ’ P 1 ML. Excluding the first data point from the fit leads to slightly

In the ideal 3x 3 structure. different parameters as shown in eq 3:
3.2. Heat of Adsorption Measurements.Figure 2 shows P q -

the molar heat of adsorption of naphthalene on Pt(111) at 300
K as a function of coverage. These heats were calculated from
the measured absolute calorimetric heats by averaging over
individual measurements, dividing by the number of moles
adsorbed in each pulse (given by flux times pulse duration times
sticking coefficient), and addinB Tsourcd2, as described previ-
ously? The temperature of the sourc®ouce and thus the
temperature of the molecules impinging on the sample, is 393
K, which deviates from the sample temperature of 300 K.
Therefore, we had to take the additional contribution from the
extra thermal energy of the gas molecules into account. We
estimated this heat contribution by integrating the experi-
mentalC, vs T curve’ between sample and source temperature.
The resulting heat, 14.8 kJ/mol, was subtracted from the data. 0.
The thus corrected heat of adsorption is plotted vs coverage in st)= [0 i(t—t)h(t) dr (4)
Figure 2. It is equal to the standard (1 bar) molar enthalpy of

adsorption and the isosteric differential heat of adsorption. We wheres(t) is the measured signal at timhe(t) is the instrument
estimate the maximum error in the absolute values of these heatsesponse functiory is the period of the pulse® (= 2 s), and
as~10%. The main error sources are the uncertainties in the h(t) is the system function that describes the actual adsorption/
beam flux measurement and in the optical reflectivity of the desorption process. The functi) accounts for the fact that
sample. the molecular beam pulse is not infinitely short, but extends

Figure 2 shows that the heat of adsorption decreases with
coverage. We attribute this decrease to repulsive lateral interac-
tions between the adsorbed naphthalene molecules and to a
change of the adsorption site with increasing coverage (see
discussion below). The solid line is a second-order polynomial
fit of the experimental data and is described by the equation:

AH,4= (300— 340 — 1999?) kJ/mol 3)

7This equation is probably more truly representative for the
perfect Pt(111) surface.

3.3. Transient Sticking after Saturation. Analysis of the
mass spectrometer signal after saturation reveals that a large
fraction of the naphthalene molecules is transiently adsorbed
and desorbs over ¢h2 s period between the pulses (Figure 3).
The heat of adsorption of this transiently adsorbed species can
be estimated by analyzing the shape of the mass spectrometer
signal. For this purpose, the signal was fitted with a convolution
integral:
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over 90 ms during which desorption already occuiBhis centers to relax nearest-neighbor repulsion, which may result
function was measured by directing the molecular beam directly from direct steric interactions or dipotelipole interactions.

into the mass spectrometer and averaging over 100 pulses. (AHowever, this relaxation mechanism becomes less effective as
very similar response time was also seen for molecules scatteringhe coverage increases, because the constraints imposed by
off a hot gold surface.) Using a single exponential for the system neighboring molecules prevent the necessary movements.
function h(t) resulted in a bad agreement between the fit and Considering a hexagonal lattice with only nearest-neighbor
experimental curves, while the following double exponential interactions, our initial heat of adsorption of 317 kJ/mol equals
decay function provided an excellent fit to the experimental Perrson’s parameter, the adsorption energy of an isolated
curve (Figure 3, inset)h(t) = Aa1 exp(titar) + Aaz expt/ naphthalene molecule. The first-order coefficient in eq 2, 42
Ta2), With Agz = 0.055 andAs; = 0.0077 (in units of the kJ/mol, equals Perrson’s & — 2¢), and the second-order
normalized mass spectrometer signal), agd= 0.029 s and coefficient, 128 kJ/mol, equals &2With this model, we obtain

a2 = 0.14 s. This result implies that the sticking probability Vo = 28.2 kJ/mol for the pairwise repulsion between two
during the entire duration of the gas pulse remains constant andmolecules centered on nearest-neighbor sitescandl0.6 kJ/

that 60% of the transiently adsorbed molecules after saturationmol for the reduction of the total energy per molecule that occurs
have characteristic residence times of 0.029 s and 40% of 0.14when two neighboring molecules reduce their repulsion by
s. The presence of two lifetimes suggests heterogeneity in theslightly moving out of their site centers.

sites visited by these molecules, possibly due to defects such Compared to benzen®{ = 21.8 kd/mol.e = 6.9 kJ/mol)3

as step edges or heterogeneity in surface packing of thewe find here a higher value fa, which is plausible considering

underlying monolayer, even at saturation. the larger size of the naphthalene molecules. We also find a
Figure 3 reveals that the mass spectrometer puisésre higher value fore, which seems to scale roughly with the

saturation also show an exponential tail, indicating that transient number of C atoms.

adsorption also occurs at submonolayer coverages. For cOm-  Npote that lack of mobility in the model used to fit the heat
parison with the data above, the averaged pulses were n.ormaldata for® < 0.85 does not rule out the very slow mobility
ized (i.e., scaled up to compensate for the lower intensity of suggested by the sticking probability fér > 0.94 (Figure 1),

the submonolayer signals) and fitted with the same convolution sjnce the time scale for the latter measurements is longer (due
integral in eq 4 as employed for the postsaturation pulses. Again,iq the lower sticking probability there).

an excellent agreement between fit and experimental curve was

obtained with a double exponential funct_id’r_(t) and _the the standard heat of formation of naphthalene on Pt(111). Using
parametersy; = 0.037 andhs; = 0.0077 (again in the units of 4, gas-phase standard enthalpy of formation of naphthalene,
the normalized mass spectrgmeter signal), ?‘ﬁd: 0'(.)45 S 150.6 kJ/moF3 we obtain a value of-166 kJ/mol in the limit
andzp; = 0.14 s (Figure 3, inset). Both re5|d_ence times are o, qr coverage (or, with eq 3 under exclusion of the first pulse,
very close to the values measured after saturation, which |mpl|es_149 kJ/mol). For comparison, benzene on Pt(111) at zero
that the nonsticking fraction before saturation sampled the Samecoverage hasla standard heat éf formation-afl4 kJ/mol as

Ean be estimated from the heat of adsorption, 197 kJ#rany

Our experimental heat of adsorption can be used to estimate

surface that are already covered by chemisorbed naphthalen

%he gas-phase standard heat of formation, 82.9 kZmol.
molecules. The nonsticking fraction can therefore be identified TE hp f ad . o0 b I’ d lcul h
with molecules that transiently adsorb in the extrinsic precursor e heat of adsorption can also be employed to calculate the

state. This result also supports our previous assumption (see?V€'ad¢€ bond energy between afiggbridized aromatic C atom
section 3.1) that naphthalene adsorption on Pt(111) is hot N the _naphthalene molecule and the Pt(111) surface. It is well
mediated by an intrinsic precursor state, since none of the established that naphthalene adsorbs molecularly on Pt(111) at

transiently adsorbed molecules show much longer residence?hoo. K‘t'W:tn thte :cno(ljeculzi.r plane p:artﬁllel to th?tzur;é%é;hus, .
times at low coverage. The slightly longer residence time of € initial heat ot adsorption equals the sum ol (h€ bond energies

the larger component of the double exponential before saturation_?_ﬁ?wiencl% arg“_"a“.c c aatoms ir(; the rgolegutl)e and thehsgsrface.
as compared to the situation after saturation reflects the fact tl)'s It_ ﬁn CIS viewe %S & donor, gnp e;[)v_ve;ant € bp d
that the transiently trapped molecules bind slightly more strongly \?vritrgtaszn?g t gack?é%r:gir?n v:hncfrzcghpel(:ez trcl)aritz;tlz Sa,rgosnt]illme
before saturation, possibly due to partial orbital overlap with domi dnb heir i 9 lecular - S% dina in th
small patches of the surface that are still naphthalene free. a?:r]T:r;?itceringyTth:gvgrtggzgc?gg :rrlergy]irs 323 ; iggk J';]tﬁze
The above analysis of the pulse line shape is based on the 2 - .
: ) S T kJ/mol. Within the margins of error of our measurement, this
assumption that the trapping probability is mdepe_ndent of value is identical with ?he average-RE bond energy found
coverage within the coverage increase caused by a single IDLIISEfor benzené,33 kd/mol. If we exclude the first pulse, which is
(A® =~ 0.06 ML). The excellent agreement between fit and : : '

experimental curves, especially after saturation, proves that thisg;?gatg?;tligfrl]uigciirgy C%?,Se?;ptgonaﬁg ﬂifczhzltizcggmot:;ir
assumption is very well justified. P 9

polynomial fit in eq 3, the initial adsorption heat is reduced to
300 kJ/mol. This value may be more representative for adsorp-
tion on regular terrace sites than the value of 317 kJ/mol. With
The coverage dependence of the adsorption heat can behe smaller initial adsorption heat, we obtain an averageE{sp
described by the second-order polynomial in eq 2. According Pt bond energy of 30 kJ/mol, which is 10% lower than in the
to Perssor? this functional dependence can be explained with case of benzene on Pt.
a simple lattice site model fammobileadsorbates with pairwise It has been claimed that chemisorption of planar aromatic
interactions between the molecules. In this model, the chemi- molecules on metal surfaces can be accompanied by distortion-
sorbed molecules cannot diffuse (i.e., they essentially stay whereinduced rehybridizatio® which means that the hybridization
they initially stick and thus establish a random distribution across state of the C atoms of adsorbed naphthalene may deviate from
the surface, rather than their lowest energy distribution). sp In particular, NEXAFS measurements on benzene/Pt(111)
However, they are allowed to move slightly out of the site by Mainka et ak® showed that ther* resonance of benzene

4. Discussion
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does not vanish for s-polarized light as required by the dipole 400

selection rules for a molecule that is planar and adsorbed with . Antracene 7 | R
the molecular plane parallel to the surface. The authors g .3':23':.
concluded that these transitions become allowed because of out3 300 R Calorimetry

of-plane molecular distortions. This argument is further sup- < °

ported by Hartree Fock calculations showing that the H atoms % 200

can be bent upward by up to 4@vhich would indeed indicate ~ $ Barasis

sp? rather than sphybridization2> However, the weak bonding £

found in our experiments seems inconsistent withrgfbridiza- S 4001

tion, since this would lead to much stronger regularRE o 3

bonds to the surface. For-®t o bonds in systems where the T

C atoms are truly sphybridized, such as di-bonded ethylene 0 T T T T T T T

on Pt(111), bond energies 6250 kJ/mol per C atom have 0 2 4 6 8 10 12 14

been measured by King's grotigé2? whereas our measured Number of C Atoms per Molecule

bond energy is only~Yg of this. Therefore, the hybridization  Figure 4. Comparison of the experimental integral heats of adsorption

state of carbon in adsorbed benzene and naphthalene is clearlpf benzengand naphthalene on Pt(111) (squares) and the computational
very different from sp and probably closer to 3p resultd’ (circles) at the same coverages. The lines are the best linear
. T fits of the respective data sets and follow the equationsd#1 23)
However, a small deviation from 3ghybridization may 3ol for DFT and (2 + 2) kd/mol for calorimetry (withnc the

account for the fact that the adsorption heat per C atom is lower number of C atoms). The horizontal bars show further computed
for naphthalene (30 kJ/mol) than for benzene (33 kJ/mol). In benzene adsorption energféss!

adsorbed naphthalene, the two carbon atoms (9, 10) shared b
both rings are certainly 3ghybridized, because otherwise the
carbon framework of the molecule would lose its planarity. The
other eight carbon atoms+B) can more strongly deviate from
sp? by bending their hydrogens upward. If we assume that C
atoms 1-8 have the same adsorption energy per atom as in
benzene, then the other two atoms (9, 10) contribute only 18
kJ/mol each to the total initial adsorption energy of naphthalene.
e e s e s s, Meler eSSt perusaton Teory (MP2), Wi e o 1
causes for the slightly smaller average bond energy per carbonmarkable accuracy of the adsorption energy and other quantities.

atom of naphthalene, as for example the better average registr)Jt is well-known that DFT treats dispersion forces poorly. Given

. . A the weakness of the bonds here (30 kJ/mol, compared&0
g{arfeﬁeaﬁmzxfz the underlying Pt atom lattice for the smaller kJ/mol for typical C-Pto bond$:262), it is likely that dispersion

) ) . forces make a major contribution. Our results provide a
To compare our experimental heats of adsorption With henchmark for testing theoretical approaches for treating

theoretical results, we have to use our integral heats at the;;omatic adsorbates on a metal surface like Pt that makes
coverage used for the calculation. The DFT calculations by stronger bonds than Cu to these molecules.

Morin et al. for a 3x 4 structure of _nap_hthalene on Pt(111) Our experimental saturation coverage, 1:550% molecules/
gave a value of only 132 kJ/mél,which is less than half of  .np s about 7% lower than the saturation coverage fora 3
our integral heat of 272 kJ/mol at the corresponding coverage 3 overstructure, 1.6% 101 molecules/crd which suggests that
of 0.8 ML (with respect to our relative scale, see below). no perfect 3x 3 structure is formed under our experimental
Comparison of our adsorption heat of naphthalene with the conditions. This conclusion is in agreement with previous LEED
respective values for benzéré and anthraceré provides observations, which show that ax33 structure develops only
information about how the adsorption heat depends on the at elevated temperature around 373 K, whereas adsorption at
number of C atoms in the aromatic system. In Figure 4, the room temperature leads to a disordered ldyémn STM study
available experimental and theoretical valdeme plotted vs on both ordered and disordered layers revealed that the
the number of aromatic C atoms. This plot reveals that the disordered layer has a higher concentration of stacking faults
adsorption heat scales almost linearly with the number of C and consists of smaller3 3 domains.? although the structures
atoms for both experimental and theoretical values. However, are essentially similar. Therefore, our lower saturation coverage
we find two major differences between experiment and theory: is probably due to the higher concentration of faults in the layer
First, theory underestimates the heats by more than a factor offormed by adsorption at 300 K, resulting from lack of adsorbate
2. Second, extrapolation of the experimental values to zero C mobility. This is consistent with the fact that the shape of the
atoms ( = 0) results in a vanishing adsorption heat, whereas heat curve (Figure 2) implies that adsorbed naphthalene
theory predicts a nonzero offset of 23 kJ/mol. The general molecules are immobile at 300 K on Pt(111) (see above).

%roblems connected with DFT calculations for aromatic hydro-
carbons adsorbed on metal surfaces. Similar problems seem to
arise in the calculation of adsorption geometries and bond
properties, as indicated by a controversy about DFT calculations
on PTCDA/Ag(111)234 More successful was the recent
application of a wave function based ab initio approach to
benzene adsorbed on Cu(1$1)n these calculations, London
dispersion forces were considered explicitly on the level of

formula for the investigated aromatic hydrocarbongi$ 3, Figure 2 shows that the first pulse has significantly higher
suggests a possible interpretation of this nonzero offset in the adsorption energy than the following pulses, probably due to
computational data. For= 0, a formal fragment “H' remains initial adsorption on defects. It is likely that only a fraction of

and the offset could be related to its adsorption heat. Our the first pulse is needed to saturate the defect sites and that the
experiment, however, does not confirm the existence of this other molecules in the pulse adsorb on regular sites. This means
offset. We note that, for benzene adsorption on Pt(111), otherthat the adsorption heat on the defects may be even higher than
adsorption heats, which are closer to the experimental valuethe measured 331 kJ/mol for the first pulse, depending on the
(but still much lower), have been computed (in kJ/mol): 282, actual defect density. Since the dominant defect on such a
1172° 10420 and 102! The fact that all these studies Pt(111) surface is well-known to be step edges, and since step
underestimate the heat of adsorption suggests fundamentakdges are known to bind benzene molecules more strongly than
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terraces on Cu(11P, we attribute this to step edges. We q= o) ZD*q th* (6)
conclude that the adsorption heat on step831 kJ/mol) is heb oL

>10% hlgher than the initial adsorption heat on terrace sites The translational partition function in two dimensiom’2D¢,

(~300 kJ/maol). 540
Our attribution of the higher heat of adsorption in the first
pulse to preferential population of steps seems to be contradic- £ 2nmigTA
tory to the lack of mobility used in modeling the coverage Q.20 = h? ™

dependence of the heat, above, and the direct STM observation
of very slow mobility of adsorbed naphthalene on Pt(111) at whereA is the area occupied by one naphthalene molecule in
300 K13 The initial population of steps must therefore be the saturated layeA = 6.45 x 10719 m2, andm s the mass of
attributed to transient mobility when the molecule is not yet the molecule.
fully chemisorbed in the perfect geometry (e.g. edge-on). Also,  The rotational partition function in three dimensiogg; so',
it is possible that not all the step sites are populated in the first is expressed 4%
pulse, so diffusion may still be a limiting factor.

In Section 3.3, we also determined the characteristic residence +_ i’z E 3/2(8 B Bc)—uz @8)
times for the transient adsorption of naphthalene before and after Grot3p =7 hg, ATB
saturation. These values equal the inverse of the respective
desorption rate constarit (= 1/r;), and can be used to derive  with the symmetry factos (o = 4 for naphthalene), the velocity
the desorption activation energid&es; by means of the  of light co, and the rotational constanBa, Bg, and B¢ for
Arrhenius equatiorki = vgesj €XP(—Eqesi/KT). First, we focus naphthalene (in mt).4t
on the transient adsorptioafter saturation. Assuming a pre- Now, we consider two limiting cases for the state of the
exponential factor (or prefactor) ofes = 10" s~1, we obtain adsorbate. In the completatyobilelimit, the adsorbate molecule
Edes a1= 65.9 kJ/mol antEges a2= 69.8 kd/mol from the two is assumed to possess two translational degrees of freedom
lifetimes. Both values are below the sublimation enthalpy of parallel to the surface and one rotational degree of freedom
naphthaleneAHsy, = 72.32 kJ/moP? which is an unlikely result ~ around an axis perpendicular to the molecular plane, which is
and suggests that the assumed prefactor is too low. Indeed, fo@ssumed to be parallel to the surface. The partition function for
larger hydrocarbon molecules, desorption prefactors much higherthis rotation around a fixed axisjotin is given by the
than 102 s~ have been observed. For example, Tait et al. found €Xpression:
a prefactor of 1& s~ for the desorption oh-decane (GoH2») v kT \12
from a MgO(100) surfac& Reasonable upper and lower limits q _ T ke 9)
for the desorption energy of the transiently adsorbed molecules LD g \hgB,
are the heat of adsorption at saturation coveragfg sa— 147

kJ/mol, and the sublimation enthalpy, respectively. Usipigpr whereBa is the rotational constant for the rotation around the
the calculation, the estimated prefactors are 22%0 and axis perpendicular to the molecular plane. The translational
1.35 x 10?7 571 for Eges = AHsyp and AHag sae respectively. partition function for the mobile adsorbate is identicatitep®,
We expect the true prefactor to be somewhere between thesavhich is given by eq 7. Therefore, the translational contributions
two limiting values, but probably closer to the lower one. cancel and the prefactor for the mobile limit depends only on
For a better estimate of the prefactor and, therefore, of the the rotational partition functions:
transient precursor’s adsorption energy, we employed transition +
state theory (TST}?3° according to which the desorption - kl;T Grot,30 (10)
prefactor is given by: B T
ks T q* The opposite limit is represented by a completetymobile
Vdes™ Ty~ q—ad (5) adsorbate with no rotational or translational degrees of freedom.

In this case, the prefactommmobile depends only on the partition

) function of the transition state and can be expressed as:
(with the temperaturd, the Boltzmann constarkg, Planck’s

constanth, and the partition functions for the transition state, kT .

g¥, and for the adsorbat@gg. An accurate calculation of the Vimmobil = Tq"'ZD Orot,3D (11)
partition functions would require detailed knowledge of the

interaction potentials of the adsorbed molecule and the transitionThe prefactors for the two limiting cases, along with the
state. These data are not available. Nevertheless, we carcorresponding desorption activation energies of the transiently
determine upper and lower limits for the prefactor based on adsorbed species before (b1, b2) and after (al, a2) saturation,
reasonable assumptions about the degrees of freedom in thexre summarized in Table 1.

adsorbed state and the transition state. Specifically, we neglect Compared to our previous estimate, according to which the
all vibrational contributions in the partition function, which are range of possible values fdEges was limited by AHg,p and
small contributions and mostly cancel in eq 5. We assume that AH,q s the energy values presented in Table 1 now cover a
the transition state can be described as a free gas-phase molecul@uch smaller range. Moreover, considering that the activation
with three rotational and two translational degrees of freedom, energy for surface diffusion rarely exceeds 20% of the desorp-
i.e., with the model of a three-dimensional rigid rotator, in which tion activation energy, it is reasonable to assume that the
the translational motion perpendicular to the surface representsadsorbate is close to timeobilelimit. The respective desorption
the critical degree of freedom and is not consideredyin energies after saturation for the mobile limit,-887 kJ/mol,
Therefore, the partition function of the transition state can be are close the sublimation enthalpy of 73.6 kJ/mol and are much
calculated as: lower than the adsorption heat extrapolated to saturation using
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TABLE 1: Theoretical Pre-exponential Factors and machine shop (B. Holm, J. Heutink, E. McArthur) and electron-
Resulting Desorption Energies of the Transiently Adsorbed ics shop (J. Gladden, L. Buck, B. Beaty, R. Olund).

Fraction at 300 K, for the Limits of Mobile and Immobile ' ' '

Adsorbates
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