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Chemisorption site of methanethiol on Pt {111}
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The chemisorption site of the simplest prototypical model alkanethiol compound, methanethiol
[CH5SH], on a Pf111 surface in the temperature range 298—1073 K has been investigated by
means of time-of-flight scattering and recoiling spectrom€i®F-SARS and low-energy electron
diffraction (LEED). TOF-SARS spectra of the scattered and recoiled ions plus fast neutrals were
collected as a function of crystal azimuthal rotation angéd beam incident angle using 4 keV

Ar" primary ions. At room temperature, the adsorption of methanethiol produces a partially
disordered overlayer that gives rise to a diffusé3& y3)R30° LEED pattern and three-fold
symmetry in the scattering profiles. Heating this surface layer results in the sequential
dehydrogenation of the methanethiol and the formation of S—C species at elevated temperatures. By
~373 K, hydrogen is absent from the TOF-SARS spectra and a skiarp (3)R30° LEED pattern

is observed. The model developed from the scattering data is consistent with the preservation of the
adsorption site at elevated temperatures, but a change in the S—C bond angle with respect to the
surface plane. For the fully dehydrogenated species, the S atoms resifie0.2 A above the
surface in face-centered-cubiécc) three-fold sites and the C atoms residel.5+0.4 A in
hexagonal-close-packetcp) three-fold sites. It is proposed that the remarkable stability of this SC
adsorbate results from bonding of both the S and C atoms to the surrounding Pt atoms, i.e., a
Pt-stabilized SC moiety. €998 American Institute of Physids$S0021-960628)70245-4

I. INTRODUCTION be probed with the appropriate choice of incident and azi-
muthal scattering beam angles. Methanethiol is not readily
Chemisorption of organosulfur compounds such as alchemisorbed on Ail11 surfaces at room temperature, how-
kanethiols on metal surfaces forms well-defined organiver, dimethyl disulfide is expected to chemisorb dissocia-
overlayers known as self-assembled monolay&aMs)." tively to form methylthiolate (CHS) on the surface; this
Synthetic methods for preparing these dense, highly orienteglystem is currently under investigation.
films have been describédA detailed understanding of the The chemisorption of methanethiol on a variety of dif-
structure and molecular packing of these films is essential foferent metal surfaces has been stufiiétby techniques such
understanding their physical properties and chemical reactivas x-ray photoelectron spectroscdPS), temperature pro-
ity. A variety of experimental analytical techniqdeslong  grammed desorptiofTPD), high-resolution electron energy
with molecular-dynamics simulatioh®iave been employed |oss spectroscopyHREELS), fluorescence yield near edge
for characterization of the structure, order, and bonding opectroscopyFYNES), photoelectron diffraction, scanning
SAMs. We have recentlyapplied the technique of time-of- tunneling microscopySTM), and low-energy electron dif-
flight scattering and recoiling spectrometlOF-SARS for  fraction (LEED). Although this work has generated detailed
studying the surface structures of SAMs formed by the adinformation regarding the chemisorption of methanethiol on
sorption ofn-alkanethiols] CH3(CH,),_,SH], wheren=16  a number of metal surfaces, the exact adsorption site and
and 17, and an alkanethiol with a gRerminal group geometry of this model adsorbate has yet to be determined.
[ CF5(CH,)15SH] which were deposited on a ALLL sur-  |n this work, we focus on the chemisorption site of {3
face. The highly surface sensitive TOF-SARS technique proon a P{111} surface at room temperature and after annealing
vides information on the outermost layers of the SAMs. Itto elevated temperatures in an ultrahigh vaculuiV) en-
does not probe down to the sulfur-metal interface which isjironment. It is pertinent to our study to review the most
buried beneath 16 or 17 layers of carbon atoms. In order tgignificant findings from previous works on the
probe the nature of the chemisorption site of alkanethiols oltH,SH/P{111} and S/P{111} systems.
the metal surfaces, we have investigated in this study the Previous studid8'**¥have shown that C}$H adsorbed
chemisorption of the simplest prototypical model alkanethiolon P{111} at 88 K undergoes sequential dehydrogenation
compound, methanethi¢ICH;SH], on P{111} using TOF-  with increasing temperature until all of the hydrogen is des-
SARS. The nature of the chemisorption site of methanethiobrbed and only sulfur and carbon atoms remain on the sur-
on a surface can be determined directly by TOF-SARS sincgace well above room temperature. These studies have fo-
both the adsorbate and the underlying metallic substrate catused on identification of the molecular intermediates on the
surface as a function of temperature using the HREELS and
dAuthor to whom correspondence should be addressed. Electronic maik(PS teChniqueS- The vibrational modes of methanethiol ad-
rabalais@jetson.uh.edu sorbed at 88 K match those of the gas-phase infréied
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frequencies of CEBH, indicating intact molecular chemi- kHz, the average beam current was 0.5 nX/cand the TOF
sorption. The adsorption species at 158 K is methylthiolatelrift region was 125 cm long. The total ion dose fL0'°
(CH,S) and hydrogen atoms, as evidenced by the disappeaiens/cnt required for acquisition of a TOF-SARS spectrum
ance of the SH bending and stretching modes and the persiproduced no observable degradation of the sample surface.
tence of the characteristic thiolate modes. This thiolate iSThe peak intensities were measured as the number of counts
bound to the surface through the sulfur atom. Heating to 36&bove background under the respective peak. The angular
K results in further dehydrogenation and formation of ad-notation is defined as followsr=beam incident angle rela-
sorbed methylene sulfide (GH). The observation of both tive to the surfaced=crystal azimuthal angleff=scattering
Pt—S and Pt—C stretching modes suggests the existence ohagel;¢=recoiling angle. LEED patterns were obtained with
bidentate species such as Pt—SEHt. At 703 K, only Pt—S  reverse view optics as a function of sample annealing tem-
and Pt—C modes are observed, indicating complete dehydrgerature.
genation. NEXAFS result&?° for the chemisorbed species The classical shadow cones produced by the repulsive
indicate that the S—C bond angle measured from the surfagetential of the atomic collisions were calculated by means
plane is 45° for CHS and 20° for CHS. of the scattering and recoiling imaging co@®ARIC) devel-
Chemisorption of sulfur atoms on a{P11} surface near oped in this laboratory. SARIC is based on the binary colli-
room temperature produces ay3x3)R30° LEED sion approximation, uses the Ziegler—Biersack—Littmark
pattern’’ Quantitative analysis of this LEED data indicates (ZBL) universal potential to describe the interactions be-
that the sulfur atoms reside in three-fold fcc sites with a Pt—Sween atoms, and includes both out-of-plane and multiple
bond length of 2.28 A; the bond length of bulk platinum scattering. Details of the simulation have been published
sulfide is 2.32 A. lon scattering and LEED studfes of  elsewherg®?’
sulfur atoms on a NiL11} surface have also suggested that  The substrate Pt single crystal with a polisH&di1} sur-
the sulfur atoms reside at three-fold fcc sites with a Ni—Sface was cleaned by repeated cycles of 1 keV #puttering
bond length of 2.21 A; the bond lengths of bulk nickel sul-and annealing to 1073 K in the UHV chamber. Annealing
fides are in the range of 2.28—-2.38 A. In general, for sulfurwas accomplished by electron bombardment heating from
chemisorption on fcd111} metal surfaces, it is found that behind the crystal. Methanethiol was obtained in 99.5% pu-
the metal-sulfur bond distances are smaller than those occurity from Matheson Gas Co. Chemisorption of methanethiol
ring in the bulk sulfides. was accomplished by exposure to the clean substrate through
To the best of our knowledge, the exact position of thea leak valve at a pressure 6f2x 10"’ Torr for 1 hr. The
chemisorption site of methanethiol has not been determinesticking probability was estimated to belx 10”2 by mak-
on the{111-(1x1) surface of any metal. The objective of ing the assumption that saturation of the SH spectral
this study is to determine the nature of this chemisorptiorfeatures corresponded to chemisorption of a single mono-
site on the Rt11l} surface. It is generally believed that layer.
chemisorption occurs at a three-fold site in which the adsor-
bate is centered above an equilateral triangle formed by thred. EXPERIMENTAL RESULTS
first-la_lyer atomg? There are, however, t_wo differgnt _three- A. Low-energy electron diffraction pattern
fold sites on{111} surfaces, i.e., the fcc site which is directly
above a third-layer atom and the hcp site which is directly =~ The P{111} surface prepared by the procedures previ-
above a second-layer atom. The technique of TOF-SARUsly described exhibited a shafpx1) LEED pattern as
coupled with classical ion trajectory simulations, allows ashown in Fig. 1a). The incident beam energy for this pattern
direct real-space investigation of the chemisorption site ofnd each of those shown for the thiol overlayer was 66 eV.
CHgsH at room temperature and elevated temperatures deIIOWIrlg a saturation exposure to methanethiol at 298 K, a
P{111}, the elemental composition of the outermost layersfaint (v3x/3)R30° pattern and an increased background
the surface periodicity, and the behavior of the adsorbate dftensity were observed in the LEED image in addition to the
high temperatures. In addition, TOF-SARS has high sensitivoriginal (1x1) structure of the Pt surfad&ig. 1(b)]. Heating
ity to surface hydrogen and allows one to probe the involveOf this adsorbate layer to 403 K produced a sharpening of the
ment of hydrogen in the surface structure. (\3x\3)R30° spots indicative of an ordering of the adsor-
bate layer{Fig. 1(c)]. Upon heating to 1073 K, the pattern
sharpened appreciably; no other diffraction features in addi-
Il. METHODS tion to the P{111-(1x1) structure were observefFig.

The time-of-flight scattering and recoiling spectrometry Ld]
(TOF-SARS technique was used for surface elemental
analysis and structuC:aI characterization. Details of the TOF-B - TOF-SARS spectra
SARS technique have been described elsewfeBeiefly, a Typical TOF spectra from the clean Pt surface, the sur-
pulsed noble gas ion beam irradiated the sample surface inface after exposure te-7x 10° L of CH;SH at 298 K, and
UHV chamber and TOF spectra of the scattered and recoilethe exposed surface after heating to 373 and 1073 K are
ions plus fast neutrals were measured. The primary 4 kehown in Fig. 2. The peaks are identifilecy using the
beam employed herein was Arfor scattering from the Pt simple binary collision approximation to determine the scat-
substrate atoms and for recoiling of H, C, and S atoms. Théering and recoiling energies and corresponding flight times
ion pulse width was-50 ns, the pulse repetition rate was 30 for the various atomic collisions involved. The clean spec-

Downloaded 21 May 2001 to 129.116.78.131. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



9576 J. Chem. Phys., Vol. 109, No. 21, 1 December 1998 Kim et al.

5=30° PtScattering ——cea Incident Angle o = 11°
e e o o o o
N — . . . <211> —
5 Incident Angle « = 15°
(@ (b) 2
< S S Z
2
[}
s
2
£
g ® 06 00 06 00
s <101> —
&
© (@ etudfi NPT
5 10 15 20 25 30
FIG. 1. LEED results fora) clean P{111, (b) methanethiol chemisorbed incident Angle (deg)
on P{111} at 298 K,(c) after heating the chemisorbed species to 403 K, and
(d) after heating the chemisorbed species to 1073 K. FIG. 3. Incident anglex scans of 4 keV Ar scattering intensity(B} along

the three azimuthal directions=0°, 30°, and 90° from the clean{Ri1}
surface, the surface after exposure~@x 10° L of CH;SH at 298 K, and
trum exhibits a sharp, intense peak for Ar scattering from Pgfter heating the exposed surface to 373 and 1073 K. The positions of the

: ; ; - critical incident anglesy, are denoted by dashed lines. lon trajectory simu-
atoms, l.e., RE)’ which is centered at 11.ps. There is no lations are shown on the right side of the scans along planes which are

evidence of contaminants in this spectrum. Upon exposure tgerpendicular to thé1 11} surface and contain the 0° and 30° azimuths. Bulk
a saturation dose of GJSH, the Pfs) peak broadens due to interatomic spacings were used for the simulations.

multiple scattering contributions and additional peaks appear

due to recoil of H, C, and S, i.e.,(H, C(r), and Sr), and Ar . . .
scattering from S atoms, i.e.($ The ) peak is very ing results from the many _degrees of rotational and vibra-
weak, as expected for scattering of a heavy projectile atorf{on@l freedom of the chemisorbed molecules and the many
from a light target atom. Heating to the higher temperature£©Ssible multiple scattering events which produce recoils
results in loss of the H) peak and better definition of the ywth broad energy distributions. This is also observed in the
C(r), S(r), and $) peaks. The spectra of the adsorbate COV_mcreased width qf the Eﬂ) peak from the exposed su_rfa(;e at
ered surface at 298 and 373 K exhibit broadened features '_%98 K. The Hr) 5|gnal is greatly rgduced at 373 K, indicat-
the region of the H, C, and S recoils and it is difficult to ing dehydrogenation and desorption of the hydrogen.

distinguish the individual peaks in this region. This broaden- )
C. Incident angle « scans

Information on the subsurface structure along planes
perpendicular to the surface can be obtaffidy measuring
scattering and recoiling intensities as a function of the inci-
dent anglex along different azimuthal directions. At grazing
a, all atoms lie within the shadow cones of their preceding
neighbors. Asa is increased, subsurface layer atoms move
out of the shadow cones of the first-layer atoms. The impact
parameter required for scattering or recoiling irtaorre-
sponds to a critical incident angte, where a sharp increase
in the scattered or recoiled intensity is observed due to fo-
cusing of ions at the edges of the shadowing and blocking
cones. The position of. provides a direct measure of the
first-layer interatomic spacings as shown elsewigre.

Pt(s)

C(r)

H(r)

Relative Intensity (counts)

1. Ar scattering as a function of temperature

AT N S S SR Examples ofa scans along three different azimuthal di-
10 12 14 16 18 20 rections are shown in Fig. 3 for Ar scattering from clean Pt
Time of Flight (usec) and Pt with chemisorbed G8H at 298, 373, and 1073 K. A
FG. 2. TOE-SARS e of 4 keV Arscatter J o schematic drawing of the f11} surface along with the azi-
. 2. - Spectra o e rscattering ana recoliling frrom a H H : H s : :
clean PHL} surface, the surface after exposure-dx 107 L of GHySH muthal assignments is shown in Fig. 4. The critical incident

at 298 K, and after heating the exposed surface to 373 and 1073 K. Incider@Ngl€a IS m_easured at the position correspo_nding_ to 70?/‘_3 of
angle «=23°; Scattering angl@=45°; Azimuthal angles=100°. the peak height. For the clean Pt surface, identical critical

»
©
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FIG. 4. (uppe) Plan view of the ideal bulk-terminated{P11} surface il-

lustrating the azimuthal angléassignments(lower) Vertical slice through Incident Angle (deg)

the surface along th€211) azimuth showing the ideal interatomic spacings

and angles. FIG. 5. Incident angler scans of 4 keV Ar scattering intensity(Bt and
sulfur and carbon recoiling intensitie$F8 and GR) along the three azi-
muthal directions5=0°, 30°, and 90° from the Pt11} surface after expo-

angles are observed along the-30° and 90° directions at Sure to~7x10° L of CHsSH at 208 K and after heating the exposed
a=12°; this value corresponds to a first-layer interatomiczgggf:dtgyldogsieﬁ' e positionis of the critical incident angigsare
spacing of 4.8 A(as shown in Sec. 1V identifying these

directions as either th€11) or the (112) crystallographic

azimuths. The critical angle observed along #€0° direc- 2. Ar scattering and C and S recoiling as a function

tion is a.=16°; this value corresponds to a first-layer inter- of temperature

atomic spacing of 2.8 Aas shown in Sec. IV identifying Examples ofx scans along the three azimuthal directions
this direction as th€110) crystallographic azimuth. Chemi- iyentified above for Ar scattering from Pt and C and S re-

sorption of CHSH on this surface results in a lowering and ¢yjjing from the chemisorbed surface after heating to 1073 K
broadening of the intensity profiles of thescans, although 5.6 shown in Fig. 5. Thex.'s for Pt(s) were already dis-
the positions of thex.'s remain constant. This indicatéd  c,ssed in Fig. 3. For (8, the critical incident angle of the
that the chemisorption does not produce any significanf_gge scan isa.=11° while that of thes=30° and 90°
chang_e in the Pt first-layer Iater_al interatomic spa_cings, I.escans isx,=18°. These results provide the following clues
there is no observable relaxation or reconstruction of thgynich will be useful in determination of the ultimate posi-
P{11Y} structure, andii) the S and C atoms provide SOme tjong of the S atomsfi) The accessibility of the S atoms to
attenuation of the Ar trajectories, however, they are ineffi,o peam along thé=30° and 90° azimuths is the same and
cient shadowers of the Pt atoms. different from that along thé=60° azimuth.(ii) The S at-

' lon trajectory simulations are shovyn on the right side of y 15 are severely shadowed or blocked along the 30° and 90°
Fig. 3 along planes that are perpendicular to {hel} sur- 5. imyths, i.e., they are only accessible at highilong the
face and contain the 30° and 60° azimuths. These simulgsge 57imuth. the S atoms are accessible at lawThe a

tions confirm that the peaks observed in the incident anglg-gns for @) exhibit a similar behavior for all threé di-

scans correspond to scattering from only first-layer atomgeciions, with a slowly increasing intensity over the broad
and that the critical incident angles. result from shadowing range ofw=15°-25° and centered at~ 19°. This indicates
of first-layer Pt atoms by their first-layer neighbors. Thein5t the C atoms are being shadowed and blocked by more

simulated « values, using the bulk interatomic Spacings, han one neighboring atom and that these neighboring atoms
agree well with the rising slopes of the experimental peaks, e 4t gifferent distances from the C atoms.
along both azimuths. This indicates that any change in the

first-layer spacings due to relaxation or reconstruction isD Azimuthal anale & scans
within the accuracy of the measurement, i.e., the experimen-" 9
tal uncertainty is+2°, which corresponds to an uncertainty The surface periodicities of the clean and chemisorbed
in the interatomic spacing of 0.2 A. surfaces were determin@cy monitoring the scattering and
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recoiling intensities as a function of the crystal azimuthal o Ciean
angles. TOF spectra similar to those of Fig. 2 were obtained —— 208K Pt(s)
and the intensities of the various peaks were plotted as a 373K

function of 8. The minima are coincident with low-index [ 1073K

azimuths where the surface atoms are inside of the shadow-
ing and blocking cones cast by their aligned, closely spaced
nearest neighbor, resulting in low intensities. A% is
scanned, the atoms move out of the shadow cones along the
intermediates directions where the interatomic spacings are
long, resulting in an increase in intensity. The widths of the
minima are related to the interatomic spacings along the par-
ticular direction. Wide, deep minima are expected from short
interatomic spacings because of the larger degree of rotation
abouté required for atoms to emerge from neighboring shad-
ows.

1. Surface periodicity of Pt

Azimuthal angled scans of the Ar scattering intensity
Pt(s) from the clean Rfi11} surface and the sulfur and car-
bon recoiling intensities (8) and Gr) from the surface after
exposure to~7x 107 L of CH,SH at 298 K and after heating
this exposed surface to 373 and 1073 K are shown in Fig. 6. . . . . . . R
The 6 scan for the clean Pt surface exhibits well-defined 60°
periodicity with deep, wide minima along th&=0°, 60°, and
120¢ directions due to the short interatomic spacings along
these azimuths. The minima alodg30° and 90° are shal-
low and narrow due to the long interatomic spacings along
these azimuths. Chemisorption of g&H at 298 K results in
a drastic reduction of the intensities and lifting of the 60°
periodicity. The shapes of the minima &t:30° and 90° are 20 0 20 40 60 80 100 120 140
different after chemisorption, indicating that these two direc- Azimuthal Angle(deg)

;Ions arebno longer equivalent aﬁfr (;?emtlsortptlorl' Tg;sgdlf-FlG. 6. Azimuthg.l an'gIeS scans of Ar scattering intensity (8} and sulfur
erence becomes more apparent afier healing {o af}ﬂd carbon recoiling intensitie$R and GR) for the clean RtL11} surface,
1073 K where three sharp maxima are clearly observed in th@e surface after exposure to7x10? L of CH,SH at 298 K, and after
region near5=30°. These three maxima are also present irheating the exposed surface to 373 and 1073 K. Incident amgl3°;

the 298 K scan, although they are not as sharp and distinct &§attering angle=45°.

on the annealed surfaces. This modification of ffecan of

scattered Ar upon chemisorption provides important clues to o _ )

the nature of the chemisorption site of §3#H: (i) The re- odic vgn_anons increase upon heating tp _373 K a_nd_b_ecome
duction in scattering intensity indicates that theSH mol- ~ Very distinct at 1073 K. The lack of a distinct pe_r|od|C|ty at
ecule perturbs the scattered ion trajectories, i.e., the moR98 K can be due to at least two phenomena. First, the mol-
ecules reside either on top of or very near the surféice. ecules may not be in weIITord_ere(.j sneslupoln chemisorption
The lifting of the 60° periodicity shows that the chemisorp- &t F00m temperature. In_th|s situation, m|grat|on.of the sulfur
tion pattern reduces the surface periodicity to 1Z0i°) The =~ Moieties on the surface is aIsc_) poss_lble. Annealing may serve
changes in the scattering features along #80° and 90° tq organize these sulfur rnmepes into stablg, well-ordered
directions and the absence of change along&h€°, 60°, sites. Second, the many vibrational and rotational degrees of
and 120° directions upon chemisorption indicates that th&r€édom of a molecule such as ¢3H on a surface along
molecules reside at sites along the30° and 90° azimuths with the_ large vibrational z_;lmplltudes of such I_|ght atoms
where they can directly perturb scattering trajectori@s. results in a range of po_SS|bIe target atom positions W_hlc_h
The different scattering features along the30° and 90° tends_to obliterate the a2|mutr_1al features. The small perlod_lc
azimuths indicates that the molecules are chemisorbed ¥ariations observed at 298 K imply that the molecules are in

specific sites which are not equivalent when viewed a|ondvell-ordered sites, but the periodicities are unclear due to the
these two different azimuthal directions. vibrational and rotational excursions of the atoms. Well de-

fined 120° periodicities are observed for the recoiled S and C
upon annealing, particularly for the 1073 K scan.

In order to obtain a clearer comparison of the azimuthal
Only minor periodic variations are observed in the differences,s scans of Ar scattering intensity (Bt from the
scans of recoiled S and C upon chemisorption at 298 K. Nalean P{111} surface and the sulfur and carbon recoiling

periodicity was observed in the H recoil scans. These periintensities &) and Qr) from the surface after exposure to

Relative Intensity (counts)

2. Surface periodicity of S and C
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FIG. 8. (Left) Examples of calculated shadow cones for 4 keV Ar collisions
with Pt, S, and C atomgRight) Schematic diagram showing the use of the
* * * * experimental critical incident anglesy('s), the calculated shadow cone

0 20 40 60 80 100 120 shapes, i.e.R vs L, and the calculated impact parametgrsto determine

Azimuthal Angle (deg) the positions of the S and C atoms on the Pt surface.ptHe the impact
parameter for scattering of the projectile atom into argénd thep, is the

FIG. 7. Azimuthal angleS scans of Ar scattering intensity (8} and sulfur impact parameter for recoiling of a target atom into angl® is the radius

and carbon recoiling intensitieg/ and GR) for the clean RtL11} surface of the shadow cone at a distancévehind the target atom.

and the surface after exposure 467X 10° L of CH,SH at 298 K and

heating the exposed surfaced to 1073 K. Incident angtd3°; Scattering

angle 6=45°.

dent angles &.) from Fig. 3. For scattering, the radifsof
the shadow cone at a distantebehind a target atom is
~7x10% L of CH3SH at 298 K and heating this exposed 'elated toa., d, and ps as
surface to 1073 K are shown in Fig. 7. The widths of the
minima at5=30° and 90° are indicated on the figure. These
widths are clearly different, in agreement with the observawherep is the impact parameter for scattering into angle
tion from Ar scattered off Pt atoms, i.e., the 60° periodicity For recoiling, the radius is modified as
becomes a 120° periodicity. This can only occur if the ad-
sorbed molecule occupies a distinct three-fold site and the

dissociated constituent atoms also occupy distinct three-folgyherep, is the impact parameter for recoiling into ange

sites. For identification of the specific three-fold &jef the  These relations are illustrated in Fig. 8. The experimental

adsorbates, it is necessary to resort to the use of classical igfta of Fig. 3 provided two different experimental values of

trajectory simulations on models of the chemisorbed surfacehe (L,R) pair for the two different interatomic spacings
along the(211) and{101) azimuths. These experimental val-
ues were found to be in excellent agreement with those of the

IV. SIMULATION RESULTS theoretical Ar/Pt cone of Fig. 8. The. values obtained from
the theoretical cone were withih1° of the experimentad,

The scattering and recoiling imaging co®ARIC)?%2”  values of Fig. 3. The theoretical shadow cones of the>&r
was used for simulation of the shadow cones of Ar scatteringnd C collisions are much smaller than those of the Ar/Pt
from Pt atoms, Ar recoiling of S and C atoms, and the col-collisions as shown in Fig. 8. Note that for heavy projectiles
lision impact parameter§). SARIC is based on the binary colliding with light atoms, some of the scattered trajectories
collision approximation and allows simulations of inter- at smallp values penetrate into the repulsive potential of the
atomic interactions using several different standard potentiatone, resulting in a poorly defined shadow cone radius. This
functions to simulate the three-dimensional motion of atomids particularly apparent for the light C atom. The conse-
particles. Examples of calculated shadow cones for 4 keV Aguence of this indistinct cone radius and penetration of Ar
collisions with Pt, S, and C atoms are shown in Fig. 8. Thetrajectories is that the C atoms are extremely poor shadowers
accuracy of the Ar/Pt shadow cone shape was verified bgf neighboring atoms. The S atom provides a somewhat bet-
using the known Pt interatomic spacin@ss) along specific ter defined cone radius with little penetration of the Ar tra-
azimuths and comparison to the experimental critical incijectories.

R=(dsina;)—ps and L=(dcosa.), D

R=(dsina.)+p,, 2
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V. DETERMINATION OF THE CHEMISORPTION SITE (@)

g p’LQ/( P g 15104
The chemisorption site of methanethiol and its subse- 13016:9::7’* L @ (c) m.\ I

qguent dehydrogenation products o{1Rtl} has been deter- |-@
mined from the LEED pattern, the calculated shadow cones,
and the experimental and § scans. The data from the 1073

K measurements were used in this analysis since they pro-
vided the most distinct features. Since the light H atoms are

3: —@ Side View

a=23%01
b=17%01
c=22%02

extremely ineffective shadowing and blocking centers, it is Top View
not necessary to include them in the simulations. For ex- 4
ample, the maximum deflection angle for an Ar atom scat- & <z211>
tering fram a H atom i, =sin”"{(M /M »,) = 1.4°; this is :

within the accuracy of the experimental measurements. y.‘ c.
Therefore, the simulation results obtained for the dehydroge- @ stiaver
nated SC moiety are equally applicable to the hydrogenated S e

molecule.
There are many possible chemisorption sites and atomiglG. 9. lllustration of the use of experimental critical incident angiggand
positions that can be selected for the model calculations. Th@e calpulated shadow cones to determine the interatomic spacings and rela-
. . . tive heights of(a) the S atoms an¢b) the C atoms on the {11} surface.
structural information obtained from the LEED data and th€ rina positions of the S and C atoms above thd B surface as deter-
incident anglea and azimuthal anglé scans were used t0 mined from the TOF-SARS and LEED results) lllustration of an S—C
reduce the number of possible chemisorption sites to a tra@dsorbate structure that would producg/@x /3)R30° LEED pattern.
table level. The evidence from the experimental data that
was used to determine the qualitative site is as folloWs.
The adsorbate periodicity isyBx v3)R30° (from Fig. 1).
(il) There is no lateral relaxation or reconstruction of the Picgnes of Fig. 8, it is shown in Fig.(8 that the S atoms are
first-layer interatomic spacings upon chemisorptirom  shadowed by their neighboring S atoms in adjacent fcc sites.
Figs. 1 and B (iii) The molecules reside either on top of or They are too high above the Pt surface to be shadowed by Pt
at the surfacdfrom Fig. 9. (iv) The S atoms are severely atoms at thex, values of Fig. 5. Using this fixed range of
shadowed, i.e., they are inaccessible at lewlong the 30°  heights for the S atoms, the C atoms were placed above the
(211 and 90°(112) azimuths. This shadowing is dominant hcp sites. Thex, values of Fig. 5 for the C atoms range from
along the 90%112) azimuth(from Fig. 9 as evidenced by 15° to 25°, consistent with C atoms being shadowed by
the lower peak intensity of this scat) The S atoms are neighboring S atoms at adjacent fcc sites, neighboring C at-
accessible at lowr along the 60%101) azimuth(from Fig.  oms at adjacent hcp sites, and other neighboring atoms as
5), indicating less shadowing along this directigvi) The C  shown in Fig. 9b). These data are consistent with the S and
atoms are shadowed and blocked by more than one neiglt atoms residing at sites that arel.6+0.2 and~1.5+0.4
boring atom and these neighboring atoms are at differend, respectively, above the surface and Pt-S, Pt—C, and S—C
distances from the C atonfsom Fig. 5. (vii) The adsorbate bond distances 0f2.3+0.1, 1.7-0.1, and 2.2:0.2 A, re-
molecule resides in distinct three-fold sgeand the disso- spectively, as shown in Fig.(§. The S—C moieties are
ciated constituent atoms also occupy similar distinct threeshown in Fig. 9d) arranged in a {3 3)R30° pattern with
fold sites(from Fig. 6. (viii) These three-fold sites are not the S atoms in fcc sites and the C atoms in hcp sites aligned
equivalent when viewed along the 3®11) and 90°(112)  along the(211) azimuth atd=30°. These C atoms could also
azimuths(from Fig. 7). (ix) The spectral resolution improves occupy the equivalent hcp sites aligned with (&2) azi-
and the features of the and 6 scans become more distinct at muth at 5=90° or the(211) azimuth até=-—30°. Random
higher temperaturedrom Figs. 2 and B occupancy of these equivalent hcp sites by the C atoms
Using the above evidence and a triangulation approachwould still give a (/3 3)R30° pattern.
the only chemisorption structure that was found to be con-  The above analysis is based on the elevated temperature
sistent with all of the experimental data is one in which the Sdata. The room temperature data are qualitatively similar.
and C atoms are above the surface in fcc and hcp three-folthe 298 K LEED pattern has the same symme[t()d§
sites, respectively, as shown in Fig. 9. Alternatively, placingx /3)R30°] as the 993 K pattern, although it is faint and has
the S and C atoms in hcp and fcc sites, respectively, resultsn increased background intensity; the origi(iak 1) struc-
in poor agreement with the incident angle scans of Fig. Sture of the Pt surface remain&ig. 1). The 298 K TOF-
Since the chemisorption sites are above the surface and theSARS incident and azimuthal angle scans have the same
and C atoms are poor shadowers of Pt atoms, it was ndeatures as the 1073 K data, although they are broadened and
possible to obtain a direct experimental determination of théess distinct(Figs. 3 and & These results indicate that the
heights of the S and C atoms above the Pt surface. In order toom-temperature chemisorption site is similar to that at the
probe the viability of the proposed structure, the position othigher temperatures, although the heights of the S and C
the S atom was fixed above the fcc site at a distance acditoms above the surface may be different and the adsorbates
2.2-2.4 A, corresponding to the known range of Pt—S bondnay not be as well ordered as they are at higher tempera-
lengths. Using such a model and the calculated shadowures.
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VI. DISCUSSION surface in fcc three-fold sites and the C atoms resideb

This TOF-SARS and LEED study of the evolution of the +0.4 A in hep three?fold sites. This indicates that the
CH,SH molecule on a Pt11 surface as a function of tem- Pt—S?I—i—Tthpc;]nlplex IS tdehydrggtin?ttehq to a_Bl_C_Pt _
perature has enabled a characterization of the chemisorptio‘ﬁimﬁ) ex a Itglo7e3m|ge$hure an ) gl Its g,cl’_{np ;:o:hrlemams
site of the molecule. The experimental data combined witd"/aCt €Ven & - |N€ remarkable stability ot this spe-

the simulation results clearly indicate that chemisorption af'es must result from bonding of both the S and C atoms to

298 K occurs at a specific three-fold site and that this site iéhe (s)urroundlltnghPt at(;)_ms,t !.e.,l_a Ft’.t'Sta?'“Ztﬁd SCI:f mOIety.bI
qualitatively unchanged upon annealing to high tempera- ur resufis nave cirect implications for the seit assembly

tures. The observed perturbation of the Ar scattering from P?f Iontg Cht?]'nt alk?ﬁem'g:?c' |OE m(;etatlhsurfaﬁﬁ. FS'rStt' our tof
azimuthal features upon chemisorption result from the S an ervation that methanetniol bonds througn the > atom at fcc
ree-fold sites on P111) suggests that alkanethiols might
i

C atoms on the surface, rather than the light H atoms. The. N . .2

presence of the H atoms serves only to broaden the spect Ind with similar site selectivity on other noble metals such

and azimuthal features. This is evidenced by the sharpeni S|[ver, gold, and COpper. Det.ermlnlng the exapt T“Ode of
aé)ndmg of long chain alkanethiols on surfaces is likely to

of these features as a function of temperature commensur ) . ) o -
with the observation of the desorption of hydrogen, which igPermit a more detailed rationalization of the observed stabili-
y jes and reactivities of SAMs. Second, our observation that

essentially complete at temperatures just above 373 K. This
absence of azimuthal anisotropy in the H atérscans im- both the S and C atoms are bound to the surface at elevated

; - mperatures in the form of a Pt—SC—Pt moiety is surprising
plies that the methyl groups have free rotation about the S—é,e .
bond of the chemisorbed molecule, i.e., the H atoms are ndt I'glht of the ?rt(rjlposallf that SbAMsbzg?gull} d_eﬁ?mpose;
localized at distinct sites on the surface where they could bé:a cleavage ot the sullur—carbon e might expec

selectively shadowed and blocked by S and C atoms. Th a_t adsorption on platinum, which -is highly .ac_tive iq cata-
dehydrogenation ultimately results in a weakening of they2N9 several types of bond-cleaving reactiofscluding

S—C bond. Taken together, these results indicate that t % g o
g ad to S—C cleavage than adsorption on gold, which is rela-

chemisorption sites of the S and C atoms in chemisorbet lv inert catalvtically. The stability of the Pt—SC—Pt moi
methanethiol at 298 K are similar to their positions after' © Nert catalytically. 1he sta lity of the Pt=SC—Pt mol-
ety likely arises from the strength of the S and C atom bonds

annealing to 1073 K, where there is complete dehydrogena: .
tion g P ydrog to the Pt three-fold sites. These results suggest that decom-

The results show that the S and C atoms are anchored BPS'1O" of SAMs on RtL11 may occur by C—C bond cleav-
the fcc and hep sites, respectively, even at 1073 K, so th&9e rather than C—S bond cleavage at elevated temperatures.

the S—C interatomic distance at this high temperature is

equivalent to the interatomic distance at low temperature\./“' CONCLUSIONS

The work of Rufaelet al. is, especially pertinent to this im- The results of TOF-SARS and LEED measurements
plication. Using HREELS, TPD, NEXAFS, and XPS, Ru- show that methanethiol is chemisorbed at 298 K on{&1f}

fael, et al!®'* found that the low-temperature chemisorbedsurface in a (/3% \3)R30° structure with a sticking prob-
species is methylthiolatéCH3S) and that sequential dehy- apility of ~1x 10™3. Sequential dehydrogenation occurs as
drogenation occurs as a function of increasing temperaturghe temperature is increased. Structural analysis indicates
producing CHS surface species, where=f, 2, and 3. The that the S atoms reside above the fcc three-fold sites and the
highest temperature for which hydrogen stretching frequenc atoms reside above the hcp three-fold sites, with the S—C
cies were still observed in the molecule was in the range opond angle decreasing as H atoms are loss from the methyl
363-378 K. Since both Pt—-S and Pt-C stretching modegroup. At elevated temperatures the S—C bond is approxi-
were also observed at this temperature, it was suggested thately parallel to the surface. The observation of this struc-
a bidentate species such as Pt—$€Pt existed on the sur- tyre at temperatures as high as 1073 K suggests a remarkable
face. The data indicated an inclination of the S—C bond angletability for a Pt-stabilized SC moiety. These findings sug-
of 45° and 20° from the surface plane for €Hand CHS,  gest that the fcc three-fold site is the most stable position for

respectively, with the sulfur end of the moiety nearest to theyonding of thiol based self-assembled monolayers to a
surface. Rufaett al,'®**did not determine the nature of the p{111 surface.
chemisorption sites) from their data.
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