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THE ADSORPTION OF BENZENE ON THE Pt(111) SURFACE STUDfED BY

LOW-ENERGY ELECTRON DIFFRACTION INTENSITY MEASUREMENTS AND:
QUANTITATIVE AUGER ELECTRON SPECTROSCOPY

by

P, C. Stair and G. A. Somorjai

Mater1als and Molecular Research Division, Lawrence Berkeley Laboratory,
Department of Chemistry, University of California
Berkeley, California 94720
Abstract
Benzene, when chemisorbed on the Pt(111) crystal face forms an ordered

metastable |8 '2] surface structure which transforms, slowly, to a stable
. Ig 'gl'surface structure. A complete set of intensity-voltage (I Vs V)
curves are presented in the appendix to aid in solving the surface struc-
tures of this complex orgénic molecule. The size of the unit cells and
the larger”fhan monolayer carbon surface concentrations (determined by
quantitatiVe Auger spectroscopy) indicate that most'of the adéorBed ben-
zene molecules are inclined at an angle to the surface. - The similarity
of the (I;V) profiles for the same diffraction beams from the two struc-
tures indicate that the carbon-platinum layer spacing changes very little

during the order-order transformation,

Introduction

The adsorption of benzene on the platinum (111) sUrface was studied

‘by G]and and Somorjai using work function change and low-energy é]ec;ron _

1,2

diffraction (LEED) measurements, *>° Two ordered benzene adsorbate struc-

tufes_were found and characterized by work function and LEED pattern
changes., Adsorption at room temperature with a benzene pressure of 4x1_0"7

torr initially gave a work function change of -1.4 volts and a diffraction

)
B



-2-

pattern analyzed as three domains of a rectangular |g 'zl structure.3
After continued exposure to benzene vapor for ~40 minutes, thé work function
change was -0,7 volts and the surface structure had transformed into three
domains of a étructurevanalyzed as Ig 'gl .4 The diffraction patterns
and real space surfate structures are shown in Figs. 1, 2, 3 and 4._

Finding the location of the adsorbed benzene molecules with respect
to the pqsitiOn of the.platinum atoms in the surface and relative to their
neighboring benzene molecules is the gba] of surface structure analysis
utilizing the intensities of the diffraction beams obtained at Qarious

electron energies., In this paper we report the complete set of iniensity

vs incident electron beam energy (I-V) curves for both the metastable

{8 'il and the stable |g 'gl benzene structures. These LEED intensity

measurements are an extension of our studies to determine the structure
6

of small hydrocarbons adsorbed on the platinum (111) surface.” We hope
that by making the intensity profi]es genera]1y.avai1ab1e, we shall stim-
ulate theoretiéal'interest in so]vfng the more complex adsorbate struc-
tures of larger hydrocarbon molecules, | |

We also bresent additional observations and analysis of the benzéne |
transformation'that should aid the determination of the benzene adsorbatél
structure and bonding., We observed the benzene structural_transformation'
occuring in w3v1/2 hours at room temperature in vacuum or in A50 minutes

7

at a pressure of 1x10”’ torr benzene in agreement with the results of

. Gland and Somorjai. We also observed that gentle heating of the meta-

stable benzene Ig 'sl structure in vacuum increased the transformation
rate to completion in 50 minutes and that the transformation was‘charact-

erized by continuous splitting of some of the LEED beams similar to that
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observéd'for oxygen adsorbed on Ni(HO).5 The measured 1ntensitie$ indi-.'
cate that very little change in the perpendicular platinum-carbon layer
spacing accompanies the benzene structural transformation. Both the size

1 and the calibrated determinatioh of the carbon

of thé_benzene unit cells
content in the benzene structures strongly suggest that neither structure -
represent a uniform, m-coordinate configuration but that behzene adsorbs

with the plane of the benzene ring inclined at an ahg]e to the surface.

" Experimental

The ultrahigh vacuum LEED/Auger apparatus  and photogr;phic intensity

measurement technique have been described in detail e]sewhere.6’7?8

Matheson Sbectroqua]ity benzene was used without”further.purificétibn
except for dégassing by a series of freéze-pump-thaw cycles;

The (111) surface was prepared for benzene adsorption and LEED in-
- tensity méasurements following a standard procedure which'has géen pre;
Viousiy described.® The benzene adsorption onto thé clean Pt(111) sur-
face was carried out.at a surface temperature of 300-K in a benzene

5

pressure of 1x10~7 torr. An exposure of A70 L = 7x10”°. torr-sec gave a

~well ordered benzene LEED pattern characteristic of a metastable lg 'il

surface structure (see Figs. 1 and 2), After pumping out the sample _

9

‘region to a base pressure of ~1x10~° torr, this initial benzene structure

transformed slowly into a stable Ig 'él structure over‘a period of 3 172

hours'(sée Figs. 3 and 4). By maintaining the benzene pressure at_1x10'7

torr or by heating the sample to 325 K following evacuation 1,:o_lx]0'9

torr,
the benzene struétura] transfprmation rate increased so that the change

was completed within 50 minutes. Heating the sample above 350 K disordered
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the benzene overlayer. These obServations are in complete agreement with
the work of Gland and Somorjai but with the additional result fhat thev
transformation rate is sensitive to the sample temperature.

The‘LEED intensity vs voltage curves for both benzene structurés were
measured photographically from 10 eV tO-IOO eV in 2 eV intervé]s using |
1/2 second exposures at f1.8., Above 100 eV some of the diffrdction beams
are so c]ose'together that}their separate intensities cannot be resolved.
The incident electron beam current was measured following each series of
photographs for purposes of normalizing the intensities to 1 p-amp, The
incident current varied from ~0.04 uy-amp at 10 eV to ~1 u-amp at 100 eV
giving a total electron beam exposure of ~11 u-amp-sec-mm'z; The reduction
in the benzeﬁe overlayer LEED intensity during the measurement due to
electfon_beam effects was estimated for both benzene structures by measuring
the rate of LEED intensity decay with beam exposure. Intensity reductions
of 2% and 13% were found for the metastable lg "3[ and the stable Ig 'él
strucfures respectivé]y. The reduction of LEED pattern photographs to
intensity vs energy curves has been described in detail'elsewhere.6’7’8

| The carbon (272 eV)/platinum (237 eV) Auger peak ratios were measured
using the retarding field LEED/Auger analyzer in order to determine the
change in surface carbon content on going from the lg '4| to the Ig 'gl-
structure. The primary electron beam energy was 2506 eV with an incideht
current of 60 y-amp, The spectrum was recorded in the dN(E)/dE mode,
and the resulting first dérivative peak-to?peak height was taken as fhe :
measure of Auger intensity. The carbon/platinum Auger peak ratios were

compared to the identical measurements performed on ordered (2x2) struc-

tures of acetylene, ethylene, propylene and methylacetylene adsorbed on
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the Pt(111) surface in order to determine the concentration of carbon on

»the surface,

Results

A, Intensity Measurements

The diffraction intensities from both benzene stfuctureé were measured
at norma1 incidence and at polar angles, 6+0,1°, of 4°, 10° and 16° all at
an azfmuthai angle ¢=0., The polar and azimuthal angles-are defined
according t6 Jona's cbnvention.9 The intensities aré presented in the
appendix in’the usual form of normalized 1ntensity vsvincident electron
beam energy (I-V curves), (The intensities may also be obtained in num-
ericé] form if desired by direct communication with the authors,) R

While a large number of diffraction beams are.within the camera field
of view at one time, most of these are either too dim to.bé detected by
the film 6r they are detected only within a very narrow énergy range,
Only'the brightest diffraction beams are reported, Thé I-V éurves in the
appendix are identified with particular beahs in the diffraction pattern .
via the afbitrary numerical labels in Figs. 2 and 4, The diffraction beams
arising from the platinum substrate are identified by-the’usual Miller
Ihdex-notation. The reproducibility of the I-V curves ‘was checked after
fon sputtering and oxygen cleaning of the crystal surface, The repeét
heasurements are shown as the dottéd‘curves on the I-V plots. The infen—‘,'
sity Sca]esvare in arbitrary units, but ﬁhe same units aré used for all
the curves, and each curve has been normalized to a constant beam current
of 1 y-amp, Gaps in the curves occur whenevér the spot intensity falls

below the threshold of the film. In addition, the (TO) beam at 6=10° is
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blocked from view above 76 eV by the sample holder. The benzene |g 'ZI
beams labeied 1, 4 and 5 are equivalent at normal incidence by symmetry
as are beams 2, 3 and 6 (see Fig, 2). There are three sets of equivalent
beams for the 18 'gl structure at normal incidence: these are labeled 1,
5, 7 and 2, 4, 8 and 3, 6, 9 in Fig, 4. The structure in these'curves
consists mainly of a Sefies of small shoulders that ere barely resolved.
However, the energy positions of these features agree we]i for equivalent
beams ihdicating that the shoulders are simply noise, The best agreement

is between beams which result from the same benzene domain, i.e.; 1, 4-
4 -2

and 3, 6 for structure IO A

|5 1, 5 and 4, 8 for structure Ig 'gl (see
Figs., 2 and 4), | -
B. Adsorptioh and Transformation |

The'diffrectfon patterns characteristic of the |g 'il and |g f§|
benzene structures are shown diagramatically in Figs. 2_and 4 respectively.
These patterns are formed by three domeins of the rectangu]af unit cells
given by the matrix notation. Theee unit cells are shown invFigs. 1 and
3 e]ong with pﬁotographs‘of the LEED pattern and a diagram of the benzene
molecule including van der Waals radii, The reciprocal space unit cells
are indicated in Figs, 2 and 4. |

The benzeneAadsdrbate transformetion involves an expansfon of the
rectangu]ar unit-ce]] in one dimension, extending the long sida of the
unit cell, .The trahsformation rate depends on both the sampie'temperaturev
and the pressure of benzene in the vapor phase above the crystal surfate
as described above, Under conditions where the transformation is slowest

(crystal temperature ~300 K, pressure N]x]O'g torr) the diffraction pattern

exhibits continuods splitting of some of the diffraction beams at inter-
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mediate stages of the transformation, This is analogous te the observations
of Germer, May and Szostak fOf oxygen adsorption on N1'(1.]0).5 The arrows
in Fig, 2 indicate which of the spots in the initial lg -2' structure
undergo splitting. Spot 8 in Fig, 2, for example, splits into five spots
- With the:direction of the spot sp]itting.indicated by the errows. The
five spots which result from the sblitting of spot 8 ere spot 11 in Fig.
4 and its four nearest neighbors. The direction of.the-Spot splitting
parallels the direction of the expansion from the Ig 'il unit cell to
.the'lg 'gl unit cell. This is seen more clearly for a eingle domain of
: tﬁe benzene adsorbate as shown in Fig, 5. Referring to Fig., 5, the spots
in rows a split into two spots. The row b spots move but remain unspiit, o
and the rest of the spots remain stationary. The explanation for this
behavior as given by Germer, May and Szostak and later Verified by Park
and Houston]O is that at intermediate stages in the transformation the
vover]ayer must contain both unit cells within an ordered domain and that
the unit cells must be mixed randomly, The sp1ittiqg'progresses as a
- larger fraction of the surface is covered by the lg 'gl unit cell. In
future work it should be pbssible to determine the kinetics of the trans-
formation from carefui observation of the evolving LEED pattern.
C. Surface Carbon Content |

If we assume that the shape of the peaks in the Auger N(E) spectrumv
do not change with carbon coverage.‘the amount of carbdn on the‘surface
may be determined from the peak-to-peak height in the ffrsﬁ derivati?e
Auger spectrum. dN(E)/dE. The measurement may be made independent of the
incident'electron beam current and the Auger electron analyzer tuning by

taking the ratio of the carbon Augef_peak to a platinum Auger peak as the
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measure of carbbn content. The carbon (272 eV)/platinum (237 éV)4peék
ratio was used as the measure of the surface carbon in this work...

A quantitative‘calibration of the C/Pt ratio was obtaihed using the
acety]ene-Pf(]li)-(ZxZ) structure assuming one acetyiene molecule per
(2x2)_unit cell. Using a platinum-p]atinum_distance of 2.77 R giveé an

[+]
area for the (2x2) unit cell of 26.6 AZ

since acetylene contains two carbon
atoms this corresponds to 1/2 monolayer of carbon and 0,075 C atoms/Rz.

A variety of observations fndicate that this should be an accurate cali--
bration, Dynami¢a1 LEED intensity calculations have definitély.sﬁown that
the acetylené oVerlayér is cohposed of one acetylene molecule per (2x2)

n The acetylene

'unit cell and not three domains of a (2x1) structure,
(2x2) structure formed only within a very narrow exposure range with a
10% overexposure eliminating the (2x2) structure and 10% undérexposure
resulting in only A'pookly formed (2x2) structure.6 This implies thaf
the (2x2) structure occurs only err a narrow coverage range.‘ This is
also consistent withfhereproducibility of the aceﬁy]ene (2x2) C/Pt Auger
peak ratio which WAS within 3% from one adsorption study to ahother.
Finally, the ethylene;Pt(lll)-(ZxZ) adsorbate yielded the same C/Pt Auger
ratio as acetylene while the (2x2) structures of methylacetylene and
propylene gave Auger ratios 50% larger, all consistent with one molec01e
adsorbed per (2x2) unit cell and demonstrating the validity of the ratiq
meihod of determining surface carbon content,

The Auger'measurements for‘both benzene structures were taken in a

9 torr, with the benzene flux shut off,

’ backgroundipressdre of 1x10°
However, the stab1e Ig 'g[ benzene structure was prebared from the meta-

stable |8 'il structure under conditions of 1x10'7 torr benzene pressure,
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Using the acetylene calibration, the surface carbon concentration in the -

: 0,37 C atoms/Azt0,0G;lg

‘two benzene structures was: lg 'z 0.46 C

-SI:
-]
atoms/A210.03, For comparison, a monolayer of carbon on Pt(111) would

o
correspond to 0,15 C atoms/Az.

Discussion

The purpose of this paper is to present an extensive set of 1ow-enefgy
electron diffractionvintensity vs energy curves for both metastable and
stable ofdered'structures of benzene adsorbed on thevplétinum (111) cry-
stalrface in order that this data may be generally avai]ab]e'tb all workers
in the field. Work function and Auger measurements that provide further
information dn the nature of the adsorbate'structures are also discussed.
The transformation from the metastable |g 'il benzene structure to the
stable |8 '§| benzene structure was studied only to the extent necessary

to obtain fhe best quality diffraction patterns, Future studies of the

changes in the LEED pattern will provide information on the kinetics of
ihé transformation. |

It»is important to note that many hydrocarbons chémisorbgd on the 
platinum (111) sufface commonly give multiple adsorption states, This B

6’8’]5’]6’]7’]8'methy]acetylene,6’8

1

has been observed for acetylene,
ethy]e_ne]8 and benzene1 by LEED pattern changes,  LEED inténsity changes,6’8’]$

16,17 18

ultraviolet photoelectron spectroscdpy and electron loss speétroscopy;
TheSe multiple adsorption stages suggest that the tybe of chemical

bonding between the platinum (111) substrate and a given hydrocarcon ad-
sofbate may take a variety of forms, depending dn surface temperature and

- coverage., The presence of multiple binding sites and/or bihding states
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indicate that this "flat" and structurally "uniform" surface is very
heterogeneous as seen by the hydrocarbon molecules. It appears that
multiple binding sites and/or binding states may be a general prbperty of
hydrocarbons on piatinum surfaces and perhaps on other metal surfaces as
well, J

Ih fact,_multip]e benzene monolayer structures have been observéd
on the silver (111) crystal face depending on the surface temperature and
benzene exposur'e.,']9 A (27 3x2/73) R30° structure has also been reported
for Tow exposures'of'bénzene on Ni(111), The adsorption of benzene into
this ordered nickel adsorbate was irreversible. Further benzene exposure
led to a revefsib]y adsorbed component.20 The chemisorption of benzene
on the Ir(111) sufface at 300°C, however, already 1ead§ to partial decom- |
positionvand to the formation of a poorly ordered (3x3) surface structure;2]
on heatiﬁg to 500°C’6r above, comp]ete disordering and decombosition
occurs, | |
A. Intensities _

Without cbmplete dynamica]analysis, the LEED intensities from the -
"benzene overlayers can give little information on the overlayef structure,
However, the changés observed in the I-V curves for the beams comhon to
both structures when compared to the changes observed for thé two ordered
(2x2) acetylene structures on Pt(111) suggest, as discussed be]dw,'that
the carbon;platinum perpendiéu]ar layer spacing is nearly the same for
bdth benzené-structures° |

Acetylene was found, juét as benzene, to adsorb into two'ordered
structures, metastable and stable, on the platinum (111) surface,b*1°

The structures Were distinguishable by their LEED intensities, and the
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dramatic changes-observed were ascribed mainly to a change in the.carbon-_‘
p]atinum perpendicular_]ayer spacing.]z In the energy range most sensi-
tive to the hydrocarbdn overlayer, below 100 eV, the acefy]ene structural
tfansformation led to significant changes in the LEED intensity profi]és
for both the integral and fractional order beams.A The benzene structuﬁal
tranSformatfon does not cause changes in the intensity profiles of the
maghitude seen for acetylene, B

In ofder to consider intensity changes between the two benzene struc-
tures, we must gxamine diffraction beams which occur in bbth LEED patterns.
The integral order beams and beams 7 and 8 in structure Ig 'zll(see Fig. |
2) which corresgond to 10 and 11 in structure |g'-§l (see Fig. 4), are
examples of such diffraction beams., The'intensity profi]es for. the in-
tegral order beams are néar]y identical for both benzene structures. In
addition, when spots 7 and 8 in structure |g -Z' (see ng. 2) split into
spots 10 and 11 and their four nearest neighbors in structure lg 'gl (see
Fig. 4), the spots which don't move during the transformation, i.e., 10
and 11, have nearly the same.I-V curves as the origihal spots»in'lg 'il,
i.€s, 7 and 8 (see appendix). Since dramatic changes in the I-V curves
are associated mainly with changes in the spac1ng of atomic 1ayers per-

pend1cu1ar to the sulr‘f'ace]2

as occurred in the acety]ene transfqrmat1on,

these observations suggest that such spacing changes are not occurring7in

the benzene transformatioh. | ) B _

B. Auger Spectra, Work Function Measurements and the Benzene Adsorbate
Structures |

Two popular models for the bond1ng of benzene to a metal surface are .

the m-coordinate bond1ng with the plane of the benzene parallel to the
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(that involves the removal of hydrogen from the molecule)
metal surface and a o-type dissociative bonding/through one of the ring

carbons with the plane of the ring inclined at an angfe with respeqt to
the sur‘face.]3 In addition to the LEED patterns reported here, GTand and
Somorjai? also observed rather different work function changes with respect
to the clean (111) surface for the two structures: -1.4 v01t§ for the
Ig 'zl structure and -0.7 volts for the ]g ’gl structure. They inter-
preted these quité different work function changes as an»indicatidn that
the benzene-metal;bonding thanged from m-coordinate in the lg 'zl struc-
ture to o-type iﬁ the lg '§| structure, | |

It is difficult to reconcile the large difference in work function
change between tﬁe‘th benzene structures with the negligib]e changes ob-
served in the I-V curves. The former certainly suggest a change in théj
bonding between_thevoverlayer and the metal substrate while the latter
indicate that this must occur without perturbing the overlayer-substrate
spacing, | |

The surface carbon concentration for the two structures determined
by ca]ibrated Augef‘measurements strongly indicate that both benzéne
structures must have some of the benzene molecules with the ring inclined
at an angle to the surface implying o-type bonding. The measured carbon
concentrations are |8 '2[- 0.37 C atoms/RZ:O.OG and |3 'gl 0.46 C atoms/K?

+0,03. For a purely n4codrdinated benzene structure with the ring

para]]e] to the surface, the closest packing arrangement for a single
layer in the |g 'il structure is shown in Fig, 6, The size of the benzene
includes the appropriate van der Waal's radii. This proposed structure has
a carbon concentration of 0,11 C atoms/Rz, less than 1/3 the measured

concentration, Clearly this geometry for the benzene molecule cannot
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~ provide enough carbon unless a multilayer structure is formed, A multi-
.layer sfructure is not Tikely at UHV pressures since the benzene-benzene
interactions are weak. The benzene-metal interactions are short fange and
should not extend beyond one adsorbate 1ayer.3 The carbon concentration
in the most densely packed p]ahe of solid benzene is higher than in the
- m-coordinate structure with a carbon concentration of .22 C atdms/R Pt(111).
Closest packing the benzene with the ring perpendicular to fhe surface.
increases thé carbon concentration further. Taking into account the van
-der.Waa1'§ radii shown in Figs. 1 and 3, this structuré gives a carbon
concentration of 0,31 C atdms/;\2 in reasonable agreementvwith the experi-
mental value, | -
‘while the experimental Auger carbon éoncentratfon suggests that the
benzene ring Ties perpendicular to the surface, the measurements are
certainly not sufficient to prove this. Further checks of the carbon
Auger calibration need to be made using adsorbates where the carbon is
located in more than a single plane. In addition, the ana]yéis neglects
peak ratios which have been shown to be important in interpretin$4Auger
matrix and attenuation effects on the Auger/data from alloy surfaces
and may be important fbr carbon structures with multiple carbon planes.
Thus, for example, the Auger signal ffom the platinum substrate migh; be
significantly attenuated passing through a thick carbon adsorbate relative
to the single carbon layer giving an anomalously large C/Pt Auger ratio.
In fact, the most densely packed benzene structure possible is with the
ring perpendicular to‘the surface yet the calculated carbon concentration
for this structure is still below the measured value, ‘It is c]ear}ffom_

all of the available experimental evidence (surface unit cell size, surface

carbon concentration determined by AES and work function changes) that
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some if not all of the adsorbed benzene molecules are inclined at én
angle to the surface, However, we cannot say what the angle of inclination

“is or what fraction of the molecules is in this binding state.

Conclusion

Benzene adsorbs on the platinum (111) crystal face into a}well-ordered
metastable lg 'ﬁl structure at room temperature and ultrahigh Vacdum con-
ditions. This initial structure transforms into a stab1e.[8 '§| struc-
ture at a rate which is sensitive both to the sample temperature and to
the background benzene pressure. The LEED intensities indicate very little
change in the carbon-platinum layer spacing accompanies the‘transtEmation
- yet the work function.chahge suggests that the adsorbate-metal bonding'fs
significantly different for the two structures. Both the surface unit
cell size and the calibrated Auger determination of the surface carbon
content indicate thét the adsorbate structure must have some of the ben-
zene molecules inclined at an angle to the surface. |

In the absence of surface structure analysis we cannot identify the
precise location of the benzene,molecuies with respect to each other or
relative to the surface platinum atoms. However, the complete set of
I-V curves presented here should be sufficient data-base for strucfure‘

analysis.
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Figure Captions

A diffraction pattern resulting from the Pt(]]])-Jg '§|4bénzene
structure with a schematic diagram of the unit cell, The benzene
molecule including van der Waals radii is shown for comparison,
A1l lengths are in Angstroms, |

A schematic diagram of the Pt(]l])-lg "zl-benzene diffraction
pattern. The orientation of the three rectangular domains is
shown. The numerical labels designate the diffraction spots for
which I-V profilés have been recorded. }The arrows. indicate the
movement of the spots during the transformation‘to the Pt(111)-

Ig -gl-benzene structure, The azimuthal angle, ¢, is defined

according to reference 1,

Diffraction patterns for the Pt(l]])-lg '§|-ben;ene structure
and a schematic diagram of the unit cell, Thelbenzene molecule
including van der Waals radii is shown for comparison., A1l
lengths are in AngstrBms. |

A schematic dfagram of the Pt(ll])-lg 'gl-benzeﬁe diffraction
pattern. The orientation of the three rectangular domains is
shown. The numerical labels designate the»diffraétion spots
for which I-V profiles have been‘recorded,: The azimuthal angle,
¢, is defined according to reference 1,

A schematic diagram of one domain of the Pt(]]l)élé '%I-benzene
diffraction pattern, The'arrows show the movement: of the spots
during the transformation to the Pt(l]l)-lg '§|4béﬁzene struc-
ture. In rows (a) the spots split. In rows (b) the spots move

but do not split.
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Fig. 6 A schematic diagram of the Pt(]]])-lg '§|-bénzene unit cell
showing the closest packing of benzene with the plane of the

ring parallel to the surface.
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