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Low Energy Electron Diffractlon and Work Function Studles
of Bon7ene, Naphthalenc and Pyridine Adsorbed on
Pt(lll) and Pt (100) Single Crystal Surfaces

J. L. Gland and G. A.'Somorjai“f,
Inorganic Materials Research Division, Lawrence Berkeley Laboratory,

'and Department of Chemistry; University. of California
Berkeley, California 94720

' Abstract

Benzene,:naphthalene, and pyridine adSorb-readily-on the Pt (111) and
Pt(lOO)—(S#l) surfaces Adsorption of these aromatic'nOIecules leads to
the formation of ordered structures on the Pt(lll) surface while adsorp—
tion on the Pt(lOO) surface leads to the formatlon of poorly ordered

surface layers.‘ Benzene adsorbed on the Pt(lll)'sUrface at 25°C causes
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ing work function'change of-approximately -1.4 V. lfWith further benzene

.the[formation of;the Pt(lll) ~Benzene structure with a correspond-

'exposure the initial ordered structure is transformed to the Pt(lll)—
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-0.7 V. This transformatlon is the result of a reorientation of. the

Benzene structure with a work function change of approximately

'_adsorbed benzene molecules. Naphthalene forms the Pt(lll)—(6x6)-
Vaphthalene structure when adsorbed on the' Pt(lll) surface at 150°C.
.and the work function change on adsorption is about —2 oV, Pyridine
forms two poorly ordered structures on the Pt(lll) surface. The large
work function change,on adsorption of pyridine (e2.5‘V) indicates

that the nitrogen participates in the adsorbate-substrate bond.



Introduction =~ s ¢

The.predéminanCe of prderéd adsorption'ohilow iﬁdek single crystal
surfacés has . been one of the significant findings'resuiting from Low
EnergybElectron Diffraction studies. Many of tﬁe mdlecﬁles commonly used
as adsorbafes to date were small, with molecﬁlar dimensions less than the
intératomic.distances‘in the suﬁstrate.l :The'adsofbed molecules can
form structures with the rotatibnal symmetry of.the substrate such that
the unit vect&rs»of tﬁe surféce structuré are closely fglated'to the
:substrate unit vectors.’ For large moléculesvwhosé dimensibns are maﬁy~
times larger than the substrate interatomic disfance,vorderiﬁg on
surfaces may depend on the substfafe characteristics iﬂ a more complex
'maﬁner; .These'molecules may intéract simultanéously with a large numbér
of surface atéms, s0 the.structu:es-they form may-beviess restricted by
Ithe per&oﬂicity of the substraﬁe;~'Fof éxample, xenohlforﬁs an 6rder¢d :
xenon crystal with (111) orientatipn regardleSs,of.subst;ate‘totatioha;
symmetry when aasofbed on éeveral surfaceé;3 ~In this Ease, we see a
bpredomiﬁance‘of'the adsofbate—adsorbate'interactioﬁ in determinipg thé 
surface structure since the a&sorbate—sﬁbstrate in;eracfion poténtial  ‘
is fairly uniform across the surface. o

~ In order to éharacterigé adsorbéd layers of large holecules, we
have inﬁestigaﬁed the adSotbtion-of benzene, naphthaleﬁé, and pyridine:
on Pt(111) ahd_Pt(lOO)-(SXI)'surfaces in the.temperéture rénge 25°C
to 300°C. These studies.utilized Low Enéfgvalectron Diffraction (LEEb)

and work function change (WFC,Ad) as exﬁerimental probes of the adsorbed



layer.. The LEED patterns and the corresponding.WFC_Were monitored as

a function of incident flux, exposure time, and surface temperature.

Ordering and WFC were both dependent on the magnitude of the inCidént flux,

the exposure time, " the temperature, and substrate structure.  Benzene

formed ordered.structures on the_Pt(lll) surface. ‘The adsorbed layer

of ‘benzene undergoes a transformation from the‘Pt(lll)— za ig
Benzene structure to the Pt(111)- _22 gg —Benzene structure."

Naphthalene forms a (6%6) structure on the Pt(lll) surface.. Pyridine
adsorbed on the Pt(lll) surface at 25 C  produces a-poorly ordered |
structure with a characteristic distance twice the size of the_substrate
unit cell. At.higher‘temperatures (2506C) pyridinevformsra fairly -
ordered onevdimensional structure:with the characteristic dimension
three times the distance in the underlying 1att1ce. “ﬁenzene adsorption
on the Pt(lOO) (5%1) surface produced a poorly ordered structure w1th

a characteristic'distance twice that‘of the-substrategwhileanaphthalene
on-the_Pt(100) surface remained disordered. Pyridinexforms_a disordered
layer at roon temperature on the (100) surface;'howeVer, at 250°C it
forms a very poorly ordered (/~X/_)R 45° structure. Recent studiesA

of benzene adsorption on the Ni(llO) and Ni(11l) surfaces have also .
shown exposure dependentvbehavior for benzene on.these_SUrfaces;4

These studies, when extended tovbenzene and naphthalenevderivatives

and to other substrate surfaces, may yield detailed information coﬂfd
cerning the nature of the substrate adsorbate interactions and the
relationship of these interactions to the process of_ordering of large

adsorbed molecules on solid'surfaces,



'Experimentalv‘

A quified Vafian LEED apparatus has been used iﬁﬂthese studies.
It is equippéd'wi;h a 240 liter/second Vacion pump,. a water\cooléd
titaniﬁm sublimation pump and én éuxiliary 8 liter/seévVacion pﬁmp.
Typical ambieﬁtvpressufe for the'system is 2><10'é torr:during periods
~of daily uég;- | \

.Thé platinum single crystals used in'these studies‘were electron
beam zone‘refined samples purchased from Materials Reséaréﬂ Cofporation.
They were aligned (% .5%) usihg Laue’back’reflecfion_technique, an&
spark cut and ﬁolished with a series of abragives. _ihe final polish was
with 0.5 u | Al,0, powder7 They were etéhed-for'30.ﬁinutes in 1:1
diluted aqua regia ét lOOfC:immediately prior to-insettion.into the
vacuum system. The samples are discs 6 milliméters'in diameter with a
thickness of..85”mﬁ. The samples:weré spot weldedf£o p6lycrysta11ine'
platinum hqldgrS'(99J99% pure), 1 mmvﬁhick, 3 mm wide and 5 mm long.
'These'platiﬁuﬁ:holderé were supported by two tantaiuﬁ ba:s 6 mm
by_6 mm in cross section. Heavy'holders‘were used so that‘the position
of the samplé wbﬁld be constant with répeated heatiﬁévand cooling and
so that the samples would'bé the hottest part of the system. Two
samples were mounted:béck to béck‘on separate polycfyétalline holders.
‘Thus LEED.oﬁéeryations100uld bé made'and_wﬁrk function measurements
taken for bo#h saﬁples under idéntical experimentéli¢qnditiohs by simply .
rotating fhé sample byv180°.. Heating and cooling wefe cafried out |

simultanéously on both crystal faces. Direct current resistance
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‘heating has Béeﬁ'used. At a teﬁperétqfé sf 1000°C (;ppfoximateiy iZO -
amp§vhéating'éﬁrrent) the cryétals had a 5° tempefaturetéfédienu;acfosé
their surfaceSUWhile‘the two sample;surfaces‘weré_withiﬁ'20° of each
other (;emperatures taken with'a'calibrated optical>pjf6mgtet).
Témperatures'quoféd were measured with'a platinum/plaﬁihumfloz rhédium '
thermoéoupie spot'weldedito the tép edge.of_theth(IOd) samplg.
A roﬁatable-capiliat&'tube.ﬁas used tp.introducé.all gaséé directlj'
onto the crystal surface from a disténce.ofVS'mm. Oxygén-used for'v
| cléaning was research grade O, (99.99%) used without further purifica—f.v
‘tion. The vépor‘pressures of the organic'mOlecules studiédlwere high
enough to pefmi; the use of a simple glass'inlet syé;ém with Teflon
valﬁes. A-schcﬁatic ofvthé s&steﬁ»used is shown in Figure i.
Cleaning was routinely carried'OUt bgfpre each éxpefimeht. The

crystals were heatéd to 1000°C ;nd 02 f1owed §ver them at pressure#‘ofv

1 to.'3x10"5 toff‘er'30 minutes on each Side.i‘The,aukiliary 8'1ite§/séc v.
ion ﬁump was'ﬁéed for pumpingvthe ox&gen. After ;erﬁiqating‘thé O; |
flo§,<the syétém was pumped down té a pressufe 6f.leQ"e torr uéiné

the large ion.pump and the sublimation pump; The electron gﬁns were.
thenvdégassed and the cryétals and chémber_(hét from radiént'heating)
were allowed.ta‘cool. .Measufement of theuﬁork function change made a
iSvhour stabilization.pefiod for'the_LEEDvgﬁn necessary.: Following g#n.

stabilization the crystals were heatéd_to 1000°C for 5 minutes. The surface

produced in this manner was ciean;within the limits detectable by Auger electron:

spectroscopy and'showed the Characteristic'Pt(lll)—(lkl)»and Pt (100)-(5x1)

diffraction pattefns. ‘The crystal was allowed to cool'to 25°C in a background
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Figure i- A scheﬁatic diagram of the ultfa-high vacuum system used



pressure o__f»1><j].OV"9 torr. The organic Vapor wés'ﬁhen.iﬁtrodubed at the-
desired pressufe. Fluxes ét thé‘crystai surface ééﬂ on1y bé apﬁfoximated
since the ioﬁ:gauge used to recofd pressure was iﬁ_thé ﬁ§uth of thé ion
pump far froﬁléhe crystal Surfacé. The effective préssure P ét the

surface can be caléuiatéd_from the recorded pressure, p, by the equation
’ . v pT ' . .
39 + 7.08(T/M)'/2?

speed. 'This>EQuation was derived éssuming isotropic hemispherical

P(torr) = for our experimental geometry and pumping

effusion from a point source.5 M is the'molecularfweight'of the gas

being considered; T is- the temperatufe in °K; and the cqnstants reflect the

geometry of the system. At 300°K thiévequafion becomes P = .13+.EI(M)'T72
For benzene énd pyridine at this temperatppe'the equatioﬁ becomes P = 5,7p; for
naphthalene P = 6 p. These equations aré_approximate and hold only
“for the case\in which molecular flow predominates; During thé-cburSe
of the experiments (several hours) each suffacé waé_exposed to the
incident flux approximately for the same time périod; The condition
of the'surface_whicﬁ waé not being exposed at the fimé wés’mqnitoted
’alternately>gy'LEEﬁ and wbrk functionfmeasurement35 i 

The work function change has been meésured using a variafion of
the retardiné field method asvoutlined_by Chahg.6 .A schematic of.tﬁe
equipment is shown_in>Figure 2. The work function feference was
obtained Befdre édsorption by recording a gfqup of current (ic)rvéfsus_
' voltage’(Vc).curveé for avsefies.of bucking voltages (Vb). The Same_.
'measurement'is.méde after adsorption; thus the diffefence between the
current_vs.ivoltége_égfves (befdre and after adsorpﬁion) for a given .

'bucking'vdltage is the uncorrected work function change A$'. Since
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change measurements.
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, § “|{«— Pt single
YR crystal
f L o Ve V,, T T — . oo .
- F— +—Bucking voltage Vb _
, V| V3 F— v
[ T ] —
Ve = E Recorder
I/¢c XY |
' Recorder
‘E_ Electrometer (current to the crystal) V4 - Second grid supply
¢ .~ Cathode voltage supply V3. »Thir'd grid supply
if Filament current supply I/c Inverter/comparator
Ve Extractor voltage supply DVM Dagirtal voltmeter
First grid supply '
Figure 2 A schematic 'diagram of the system used for work function

XBL7210-4212



the bucklng volLage changes are known, they are used as an 1nterna1

standard to correct for any ‘deviations from un1ty gain. The galn of the:

AVb experlmental

system has been defined as - . That 1s, ‘the voltages _v‘ e

: : o AV, -actual
between theVc vs. i, ‘curves are taken ( AV expetimental) at a glven

current (ic)_fot a series-of bucking'voltages'(vb)} Then Encking
voltages afe_meaSured-with-avcalibrated-digitai voltmetet. The ratio
between AVb(exp)and AVb is the gain of the systen;_iihe-crystal was |
positioned so that any spurions‘conttibution to the work function'change
from the pelycrystalline‘heider or edges of the ctystal would be :
minimized._ Hewevet, a gain of unitj couldvnot be achieVed in thisb
confignration‘as was the case in the studies by Chang.6_The'gain v
depends on'the shape of the beam and the’pbsition_of the beam on thev
crystal. ”Aegain of one could not be aenieved with the optimumfcrystal‘
position since the beam was focused on the lover part'of the erystal.
and was defleéted downWard-with increasiné bucking.vnltage.aeihe gain.
is a #haraéteristichof the system geometry anditﬁgs'remains constanth"’
during adSOrption. In'fact the gain'remains eonstant'(witninviIIZ).f
.even though the external magnetic field is not compensated for and

the filament temperature is not knownjprecisely.' All values of the
detected work function changes repoftedihere have been divided by the
gain: for Pt(111),gain = 1.027, for Pt(lOO), gainr.=;l.075. The

Varian LEEbiéun was”nsedvfor"the WFC measurements bnt the voltages on
the gun elements and.theAfilament heating'eurrentvarevsupplicd by
anxiliary regulated nower suﬁplies stable te ;1z‘oye£ several days.

The current measurements were taken using a Keithley Electrometer




Model 6103. Data ﬁas been édliected>ac bucking~vditaées off—l;353‘_. 
volts to -~8.118 volts since the gain was constant over‘this voltage £ange
and the Vc.§e;sus ic curves were pa;allel for the ébove bucking
, voltagesIOVer the current range —2%10'°'amps to 41.0810-7 amps. The
cathode voitages used range& from -7 volts to -25 volts. Data were
taken uéing several techniques: (1) by plotting th¢ céthode>vo1tage_
(VC) versus_cﬁrrent to thé crystal (ié) curves for’é series 6f.bucking
voltages using'an:X;Y recorder; (2) by recordinglfhe voltage V., required
to.achieVe a giv¢n Currént using a digital vbltmeterifor-voltage
measuremenﬁs; (3) by usihg a time base‘recérder td record V. and an
automatic éystem for controlling VC so that the current to the crystal
was constant. This last method allows a continuous monitoring of work
function dﬁring adéorptionznﬁ.sﬁbsequeﬁt exposure. :The automatic

syétem uSes an inverter comparator on the recorder 6u£put of the
électyoméﬁeruto contfolvthe cathode voitage so that a coﬁstant current
is incidenffén.the ctystal (at fixed bucking vdlfage). The'slopevof

the Vc vs. ic curvés'is effected by changes in the sgcondary emission
«characteristiCsvof thé'sufface; no such effects,h#ve been observed
during thése adsorption studies. The homogeneity:of the surface can
jbe estimatéd by comparing_the WEC recoided af‘differeﬁt bucking voltages
'since the.beam>moves aloﬁg’the crystal surface as ﬁhe bucking véltage

is ;hanged.: In these studies‘this effect haslbegn seen on surfaces.
shown to be inhomogeneous by LEED.
The molecular'dimenéioné of benzene, néphthalené and pyridine

are shown in Figures 3, 4-and 5, respectively. The interatomic distances
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Figure 3

'Benzene

. The structUre of_benzéne with van dér_Waals radii shown.

‘A1l dimensions are in angstroms.

XBL7211-7286
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| “Naphthalene
XBL 7211-7289

Figure 4 The structure of naphthalene with vaﬁ der Waals radii shown.

. All‘dimgnsions_are in angstroms.
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nyidine'

XBL 7211-7285
. Figure 5 The structure of pyridine with van der Waals radii shown.
. The C-C.distance (1.40 K) and the C-H distance (1.08 R)

,are not shown since they are the same as benzene.
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and geometry7 are given to the closest .l A. The van der Waals radius
used for hydrogen is 1.2 3.8 The thickness used for the aromatic

system is 3.4 X.s The molecules are shown in various projections since
the experiments (discussed below) indicate that the molecules undergo

a change in orientation while adsorbed on the platinum surface. The
vapor pressures at 25°C are 104.3 torr for benzene, 7x107% torr for
naphthalene, and 20.5 torr for pyridine.9 The enthalpies of vaporization

of benzene and pyridine (7.353 kcal/mole and 8.392 kcal/molelo) indicate

that multilayer adsorption is not likely considering our experimental con-
ditions (T > 273°K, the effective pressure P < 10™° torr). For naphthalene
the enthalpy of sublimation 17.7 kcal/mole10 indicates that multilayer ad-

sorption is not probable with our experimental conditions.

Results

Benzene, naphthalene and pyridine adsorb on both the Pt(11l) and
Pt (100)-(5%1) surfaces, forming structures which exhibit much better

order on the Pt(111l) surface than on the Pt(100)-(5%1) surface.

Benzene adsorption: Benzene adsorbed on the Pt(111l) surface initially

forms a poorly ordered layer. Continued exposure causes the appearance

of the Pt(111) — —ig Zg - Benzene structure (Fig. 6A).ll With continued
exposure this structure changes to the Pt(111)— —gé gg —-Benzene
structure (Figs. 6A, 7A,B,C). The transformation from the _zg zg
structure to the —gg gg structure also occurs in the absence of

further exposure, but the transformation takes ~10 hours. The apparent



Figure 6

A)

B)

A LEED pattern of the Pt (111)-
structure at 29 volts.

A LEED pattern of the Pt(11l1l)-

structure at 29 volts.

-24
4a

-28
5a

2D

4B -Benzene

2P

55 ~-Benzene

XBB 7211-5893
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) XBB 7211-5895
a

-23 2
Figure 7 A) A diffraction pattern for the Pt(lll)-‘ 54 5g'—Benzene

structure at 55 volts showing the first order diffrac-

tion beams of Pt (111).

-23 26
54 5b

structure at 48 volts showing the first order diffrac-

B) A diffraction pattern for the Pt(111)- -Benzene

tion feature of the surface structure.

-28 2b

C) A diffraction pattern for the Pt (111)- 52 56
a

-Benzene

structure at 29 volts.

D) A diffraction pattern taken at 29 volts after heating

-28 26
58 5b

presence of benzene flux.

the Pt (111)-

-Benzene structure to 140°C in the
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hexagonal symmetry of the diffraction patterns occurs because 3 domains
of these structures are possible. Observations have been made on
patterns for which only two of the domains are predominant and the
pattern did not show 6-fold symmetry. The work function shifts which
accompany these structural changes are shown in Fig. 8. The work
function change that occurs is quite dramatic since the exposures are
very high (> 100 L) and the coverage of surface species would be
expected to remain constant after a few seconds of exposure if no
étructural changes occured. On initial adsorption the work function

of the surface decreases very rapidly, goes through a minimum (~ -1.8 V),

then increases slowly toward a higher, steady state value (~ -.7 v).

-2a 26

4a 4b
minimum work function value has been reached (Ad ~ -1.4 v). The second
-2a 2b
5a 5b
has increased to ~-1.0 V. The time required for the work function to

=24 26

5a 56

is dependent on the benzene pressure. At lower benzene fluxes, the

The initial ordered structure appears slightly after the

ordered structure (Figs. 7A ,B,C) forms after the work function

reach the stady state value and for the structure to appear

time necessary to reach the steady state WFC and structure increases.

-24a 26
53 56

presence of large incident benzene flux disorders the surface structure

Gentle heating of the Pt(111)— -Benzene structure to 140°C in the

(Fig. 7D).

Adsorption of benzene on the (100) crystal face of platinum causes
the (5X1) structure characteristic of the clean metal surface to
disappear rapidly. A new diffraction pattern with 1/2 order circular

streaks appears (Fig. 9A) indicative of a poorly ordered layer with
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Figure The diffraction patférn of benzene adsorbed on the

Pt (100) surface at 25°C at 59 wvolts.

XBB 7211-5891

B) The diffraction pattern resulting from benzene

adsorption on the Pt(100) surface after heating to

140°C with incident benzene flux at 59 volts.
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twice the spacing of the substrate. The work function change of the
Pt (100) surface on adsorption of benzene is less sensitive to exposure
than the Pt(lll)-benzene system (as is shown in Fig. 10); however, the
same type of increase in work function is observed. When the incident
benzene flux is terminated the 1/2 order diffraction features disappear
while the work function increases slightly. Upon heating in vacuo to
140°C the work function increased by .08 v and the 1/2 order ring like
diffraction features disappeared. The ring like diffraction features
(Fig. 9A) reappeared when the surface was ecxposure to benzene again
at 25°C. Upon heating to 140°C for a short period with incident flux
the LEED pattern shows a set of 1/2 order streaks (Fig. 9B) which
indicate the surface is more adered than it had been previously.

The work function of this structure was -1.2 v and it is stable to

further exposure or evacuation.

Naphthalene adsorption: Naphthalene adsorbed on the Pt(111l) surface at

140°C forms a (6X6) structure that is shown in Fig. 11B. The work
function change that accompanies this ordered adsorption is A¢ = -2.0 V.
When adsorbed at room temperature the degree of order in the naphthalene
layer and the work function change depend on the exposure rate. A
typical diffraction pattern is shown in Fig. 1lJA. Large exposure rates
(.4 L/sec) lead to poor order (eg. a diffuse (3%3) pattern) and
increased values of A (Fig. 12 and 13). With gentle heating to 150°C
the adsorbed layer becomes more ordered and there is a transformation
from the (3%3) to the (6%6) surface structure. Simultaneously the work

function decreases (Fig. 13).
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Figure 11

A)

B)

D=

The diffraction pattern at 52 volts resulting from
naphthalene adsorption on the Pt (111) surface. The
system pressure was 9x10~% torr corresponding to an

exposure rate of approximately .05 L/sec.

A diffraction pattern of the Pt (111)-(6X6)-Naphthalene
structure at 52 volts. The sample had been heated to

150°C in vacuum after exposure.
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Fig. 11
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Figure 13 Work function change as a function of tempe?ature for

naphthalene adsorbed on the Pt(11ll) surface. The pressures
should be multiplied by 6 to yield effective pressures at
the surface. Heating was carried out in vacuum after

initial exposure.
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On the Pt(100)-(5%1) surface naphthalenc adsorption causes a rapid
disappearance of the (5%X1) surface structure and an increase in back-
ground intensity. The work function change on adsorption is ~-1.75 v,
but is again sensitive to initial exposure rates (Fig. 14). The work
function change as a function of temperature is shown in Fig. 15. The
LEED pattern did not show any evidence for the formation of an ordered
structure under the experimental conditions utilized (temperature = 25°C to

150°C, pressure = 1x10~% to 6x107%, exposures < 10“ L).

Pyridine adsorption: Pyridine adsorbed on the Pt(111l) surface produces

a very poorly ordered surface structure; the dimensions of the overlayer are
twice as large as those of the substrate unit cell. The work function change
on adsorption is ~-2.7 v; however, both the work function change and the
degree of ordering are sensitive to initial exposure rates (Fig. 16).
With lower pyridine fluxes the adsorbed layer is more ordered and the
work function change is more negative.

By heating the adsorbed layer to 250°C a new surface structure is
formed. The overlayer exhibits one-dimensional order with a spacing
three times the size of the underlying lattice. This pattern is shown
in Fig. 17B. Accompanying this change in structure is a decrease in
the magnitude of the work function change from -2.7 v to -1.7 v. This
structure can also be obtained by exposing a clean Pt(1l1ll) surface to
pyridine at 250°C.

Pyridine adsorbed on the Pt(100)-(5%X1) surfaces at 25°C gives rise

to a poorly ordered structure which is characterized by a (1X1)
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Figure 15 Work function change as a function of temperature for

naphthalene adsorbed on the Pt (100) surface. The pressures
should be multiplied by 6 to yield effective surface
pressures. Heating has been carried out in vacuum after

initial exposure.



Work function change (volts)

-28-

I I | I 1 1T 1 | | 1 | |
O— . . ]
3 Pyridine on Pt (111) .
-04|- ]
-8 =
i m | x O " torr
-0.8~ ® 2x 1077 torr .
-2 -
f—- S
-1.6 1
-2.0I~ T
®e e © o
24 7
L s 8@
-2.81 E
| l ] | | l l ] | | | | [
O 20 40 60
Exposure (min)
’ XBL7210-4201A
Figure 16 Work function change as a function of exposure for

pyridine adsorption on the Pt(11l) surface. The pressure
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The diffraction pattern resulting
adsorption on the Pt(100) surface
after heating the sample to 250°C
initial exposure at 25°C.

The diffraction pattern resulting
adsorption on the Pt(11ll) surface
after heating the sample to 250°C

initial exposure at 25°C.

from pyridine
taken at 60 volts

in vacuum after

from pyridine
taken at 53 volts

in vacuum after
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diffraéticﬁnpaﬁtefn with very high background.intensity.‘ The wétk.
function cﬁaﬁge on adsorption is ~=2.4 v; however,‘thié Qalue depeﬁds
on -the initiai taﬁe of adsprptioﬁ (Fig. 18). Higﬁéf initial exbosure
rates give éméiler work functidnvchanges.‘ Heéting“tq:250°c‘cause$ the

appearance of a poorly ordered (V2xV/2)R-45° diffraction pattern (Fig. 174).

Diséussion

~

Benzenc first forms a disordered layer on the Pt(111l) surface but

~234 2b
48 4B

~Benzene structure is formed

with further exposure the Pt(11ll)-

(Fig. 64A). thtinued exposure results in the transformation of this

surface structure to the Pt (11l)- _§Z gg -Benzene surface structure
(Figs. 7A,B;C). The first, fzg 25. structure forms shortly after the

minimum in the work function has been reached (Adp ~ -1.4 V). After

- the minimum has been passed the work function increases toward a

-23 26
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work function is about -1.0 v. This correlation between the trans-—

structure forms when the

steady state value of ~ 0.7 v. . The

formation of the benzene surface structure and the change in work

function suggests that the orientation of the adsdrbed_benzene molecules

is _changing markedly aé'a function of increased exposure. The diffrac-
tion information indicates a change in the packing of the adsorbed
ordered benzene layer. A decrease in-the_density:of the‘adsorbed layer

during the order-order phase transformation is not possible because of

- the high fldx_(.S_L/sec) incident on.the crystal throughout'some of

these expefiments. In fact, the density of the adsorbed layer is
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increasing during continued exposure, as indicatediby_thé observation
that higher”intident benzene fluxes cause the’transformation from one
benzene surféce structure to another to occur more rapidly. The work

function change indicates that there is a'decrease'in-the magnitude of

- the charge transfer occuring as the density of the adsorbed layer

increases. If the adsorbed species retained the same bonding charac-
teristics during the transformation and the coverage increased, the

work functionfwould_decrease. Thus, the increasing density accompanied

by an increase in the work function can only be explained by assuming

that the area per adsorbed molecule must be decreasing. The criteria

~ for the transition are then: 1) the area of the adsorbed species must

" decrease, énd;2) the charge transfér must decrease. . A likely model “,

consistent'wiﬁh these criteria is that the initial.adSorption involves

a benzene adsorbed with its ring at some small angle to the surface

. (Fig. 19 ).; The final adsorbed state méy involve rebriented benzene

molecules adsorbed with their rings at a large ahgle or perpendicular

to the surface (Fig. 20). The "initial" adsorbed species would be

held on the surface by a m bond to the aromatic ring“similar to the
bonds in the 'so called "sandwich-compounds".12 Since the metal surface
is highly electron deficient (¢Pt = 5.4 v), a large induced dipole

would be expécted in the adsorbedviayer.

-23 26
53 5b

Benzeng molecules adsorbed with their rings perpendicular to the’

structure which forms at large e3bosures may involve

The

surface‘(Fig.VZO); For this type of adsorption to occur the benzene

must either lose a hydrogen or its aromaticity.  Recent exchange studies
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- Benzene

Pignte 19
' ‘ 20
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Pt(lll)-

unit cell and the substtate-unit cell is nncettain.
benzene 1s shown parallel to the surface for convenience,
P

ﬁm_
48 48

[

A schematic diagram of the unit cell of the Pt(lll) l
At may actually be rotated by some angle relative to the

Benzene structure divided into. areas containing a single

""The relative position of the adsorbate
' ' ' - % surface. ALL dimensions are in angstroms.

benzene molecule.
:
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TP - -g‘é -gg - Benzene

Figuté 20

A schematic diagram of the unit cell for the Pt(111)- -gg gg - _ XBL T211-7284
Benzene structure divided into areas which contain a single . of the figure. The position of the adsorbate unit cell

‘benzene molecule. The benzene is shown in several orienta- rélative to the substrate unit cell is uncertain. All !

! tions; the most likely is shown in the top left hand corner dimensions are in angstroms.
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between perdeu;efobenzene and benzene on Pt films have‘showﬁ rapid exchange -

of hydrogen‘ahd.deuteridm between these species.v'These'WOrkers postulate a
dissociation of the benzene (without loss of aromaticity) and loss of

hydrogen atoms to form a singly bonded intermediate-“%:Thus the adsorbed

-28 26|
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dehydrogenated benzene molecule covalently bonded to the.surface.

species whichfgi§es the structure 1is mosf_likelj a singly
This type of'reefientation satisfies both cfiteria for the.surface
transformation. That is, the surface area occupied'by‘%he_adsorbed
species cerfainly decreases, and the amount of charge transfer de;
creases as we11; vThe charge transfer would be expeeted:to decrease
for two reasons:. 1) The‘fhickness of the adsorbed layef'incfeases
while the eleetronegativity of the eubstrate remains'fhe same; there-
fore the strehgth of the induced dipole in the benzene layer would
decrease. 2)‘The "back donation" of eiectrons inQeived in a covalent

bond would decrease the effective induced dipole at‘fhe surface. - -

Analysisxof'the'diffraétion information- yields only the.trans-f.i,..__>'

lational uni;'vectors,of‘the adsorbed surface layer} :Tﬁe position of
the unit,vectdis.in the adsorbed layer relative to £ﬁe underiying Qnitv’
vector‘hes not been determined uniquely; likeﬁise the:number df
adsorbate molecules pef unit cell has not been determined uniquely.
Rigorous answers'for‘both of these questions-await tﬁe5developﬁeﬁt.of
structure analysis techniques utilizipg LEED intenei;y:data.

The number of adsorbate molecule;*per‘ﬁnit3cell has been deter-

-mined by appiying the two criteria above and using the crystallographic

information aveilable for the system. This includes the size of the
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clean substraﬁe unit cell, the size of the adsorbate-induced unit cell,
the symmetry of the adsorbate-induced unit cell, and the size and
symmetry of the adsorbate molecule. The first ctiterioﬁ is that the
number of egﬁivalent adéorbate molecules per unit3cell should not

lead to a reduction in the unit cell size. For instance, if the unit

cell -22 ZB contained 2 benzenes in equivalent'poéitions the unit
cell size would be reduced to _22 ig . The second criterion is that

the adsorbed‘layer must be fairly uniform over the sﬁfface; in particular
the surfaée.should not contain large unoccupied éfeaé and the inter-
action energy'between each adsorbed molecule in a given structure and
the substrate éhould be similaf. Using these criterié, we postulate
the benzehe‘3urface structures that are shown in Figpres 20 and 21 to
explain the observed expérimental data. The bositién%of the adsorbate
‘unit ce11 relative to the substrate unit cell is.ﬁnéertain. Howéver;
there is sufficient evidence to iﬁdi;ate that thé.poétulated number of
benzene molecules.pér unit cell is correct.

The adéofption of naphthalene on the Pt (111) éurface at 150°C causes
the férmation‘of a well definéd (6%6) strﬁcture. Thé.ﬁork‘function
- change (waj on adsorﬁtion ié ~~2.0 v. This large wérk function change
indicates:a iarge induced dipole moment in the adsorBed layer. There-
fore it séems{likely ;hat the naphthalene ring system is ﬁarallel or
at some sﬁallvangle'to'the plane of the metal surfaée. Adsérption of
.naphthalene at 25°C causes the formation of a poq;ly'brdered (3x3)
structure (WFC ~ -l.éi.l v)j. The degrée of 6rdering and WFC depend

on the rate of exposure; the lower the exposure race the better the
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ordér and ﬁﬁé ﬁére negativé the work function change}f7H9wev¢r;'heatihg‘
éhy of these po9rly ordered structures to 150°C céu$e§ the appéérance'of
the Pt(lii);(6XG) ﬁaphthalené étruétufe andvcaﬁses thé:work funétiop_
change td‘éﬁproach -2.0 v. These phenomena Sgem tojiﬁq;cate that
napﬁthalenéﬁhaéia large heat of adsorption and low mégility'on the
surface. _The'édsorbed layer may ofdef on héé;ing ﬁ§*15b°C bécause the
mobility of fhe'adsorbed species increaseg;;thét is;'#he;poorly ofdered.
suffaée strﬁcture may bé annealed at_the highg; teéperﬁture.‘.The fact
 that better 6rd¢r results from low initial exﬁosuté fétés éeems to
iﬁdicate thét_ordering on thé surface is also aided by‘slow ﬁcrystallite"
growth, i.g;, the growth of ordered domains of naphthalene. ‘The transi-
tion requifed fér thevformation of thev(6xé) diffraétion pattern from
the apparenﬁ (3X3) diffraqtioh pattern may be eithef_én'increase'in
domain Sizékor‘an actual'change in the adsorbed Stfuéf@re prébabiy
corrésponding tQ~a rotation.in thesplane*of the su:faqg of half of thej 

naphthalene moiécules.(as shown in Fig. 21)_for-which;§he angle of

rotation has been arbitrarily chosen to be-90°. Naphthalene adsorbed .

| ﬁith itsfring éystem patallel or nearly pafailel to ?hé'surface»fits
'into'fhe (3x3) structure (one molecﬁle_per Qﬁit;celi) and the

(6%X6) structure (two ﬁolecu;es per unit cell). vSince thg wofk funﬁtion'

indicates that a large dipole is induced in‘thé ad$or$éd iayer, it

seems reasonable that naphthalene T bonds to the sﬁﬁféce.thfpugh its

aromatic ring. The structure we have proposed ithig; 21 is-baéed on

our bést éstimates of the number of ﬁaphthélene mqlecules'ber unit cell i

and the position of the adsorbed unit cell réiative fo.the substrate




Figure 21

Naphthalene séfucture with the probable arrangement of-

» PHIIE - (sti-NophthOIené '
B XBL7211-7288

A schematic diagram of the unit cell of the Pt(111)~(6x6)

naphthalene molecules in the unit cell. The angle of rotatiom:

of one set of parallel naphthalene molecules with respect

to the other parallel set is uncertain.
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unit cell{._The'pOSition of the'édsorbafe_unitvcel; rélatiVe to the

substrate Uhit:cell is uncertain 'since we have litple_iﬁformatioﬁ~about

the details of the interaction potential. However, there is sufficient

evidence #Q ¢drroborate the postulatéd‘nﬁmber,of_néphthalene moléCules
per unit ééllf | |

fyridipé adsorbed on the Pt(lil) surfacé.étIQSfé fprms a very
POOrly ordérea'structure with a characteristic distéﬁée‘two times'ﬁhe':
size of the.uﬁderlying latticé; The ﬁork functioﬁ ¢haﬁge on’adsorpﬁién
is-~ —2.4”§. -Becausé.of'fhe large'ﬁork fﬁnctibn ;ﬁéngé on édsorpﬁion'
the nitrogen-lone electron pairmeSt'be involved ihvtﬁe bonding.‘ This
result is:coﬁfirméd by récént>experimeﬁts with 2;§—dimethylpyridine and
 3,5-dimethyipyfidiné. The nitrogeﬁ lone electron pair is sterically"
hinderéd from interaction witﬁ the surface in‘2,6—a1ﬁethy1pyridine;lé N
3,5—dimethylpyridine Qas used'to check for the influéﬁce of other
effects sﬁgﬁ as tﬁe si?e'df thevmolecule and élé¢tfdg density:changes
with methil{éﬁbstitutién.,,With_édsopptipn 9ﬁ étg}li>m5§d Pt(lOO):thg
| magnitu&e bftthe work'function change iﬁduced'by Z;EEHimethylpyfidiné :
édsorption wés -7 v.sméller.than the change inducéd §y,3,5—dimefhy1-'
fyridine.adsofption. vThe &ork function chahges.fof.3,5—dimethyl-
‘pyridine wefg similar to thoée'obsérvedifor pyriding?f Since'ﬁhe _
iniﬁrogen isiéertainly aétive duri;g adsorption, ﬁhé‘élang of thé
moleéule @ighf be éxpected to be aﬁ.éome large'angie.fo the surfage}
Perpendicqiar adsérption'of thevpytidine,through.its nitrogen causes
thé\ﬁyridiné‘to héve an area coﬁensurate with';hé.formation of’a (2*2)

structure (Fig.22 ). -
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Figure 22  ‘A séhemétiC'répresentation of possiblé pyridin¢ orientations
:'bn the ?t(lll) sufface., The Pt(lli)f(Z*Z) diagram corresponds
"to pyridine_adSorbed through its nitfbgén. 'TheiPt(lll)— ‘
3x1.5 diagra@ corresponds to-singly'drtho—dehydrogenated
pyridine_adsorbed'through both its nitfbgen and the dehydro-

genated ortho site,
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If'rhe’a&sorbed:pyridine'layer_is heated-to'ZSbena3new structure

forms, characterized by one dimensional order with:toe'onit vecrorAin'
thevoverlayer being three cimes as long as the uoic*fectors in the -
‘-_substrate latrice (Fig. 22v). The work function.chaoge becomes smaller
(A .~ =1.5 v) }ndicating either: 1) an increasedt"back.donation" from-‘
the substraQe};Z) a less favorable;geometry forAthe?ﬂicrogen lone:pairg
interactioo;'or'3) an increase in the thickness'ofoché?adSOrbed layer.
Since the diffractionipattern seems to indicate an increase in the area
per molecule (since the unit cell size ihcreases) a sigpificant contri;g
bution from‘j)lis oot'likely. Exchange studies wifo p&ridine have
indicated that the ortho position is very soscepribie_co exchange.15
Therefore; ic is probable: that pyridine at higﬁ temoerature is Singiy '
dehydrogenated and is doubly adsorbed on the surface through the nltrogen
and an ortho—carbonf_ The cross section of such a species is three by
_one—andjone~ha1fvin'terms of the Pt(111) unit gectorsfand‘thus this:
adsoroed'orienraciosvof-pﬁridine could'give—rise fo_tﬂe%observed“difa -
fraction pattero. The decrease in tﬁe magnirudefof:rhe;work funcrion
change is easily explained using this pyrioine orieorarionsince the‘
“nitrogen has a less favorable geometry for interacrioargith the surface.

Adsorptlon of these aromatic molecules on the Pt(lOO) (le) surface
led to the formatlon of dlsordered adsorbed layers.: Little information
can be extracted from the dlsordered d1ffract10n patrerns observed.
Benzene adsorbed on the Pt(lOO) (le) surface appears to go through

reorientation w1th exposure as evidence by the corresponding change in

the work function (Fig. 10).
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One ofvthe strikiﬁg observations reéulting from'this study is ﬁhe
large difference in the ordering characteristics of the Pt(111) surface
relative fo thg Pt(iOO)—(le) surface.. Although thesg aromatic molecules
may overlap several'platinuﬁ atoms, it is clear that;the interaction
between the substrate and adsorbate is different fdfufﬁese two surfaces.
The substrate periodicity is important; hdwever, in these studies the
fact that the (100) surface is reconstructed and éhangés from the (5x1)
structure to a (1X1) structure oh adsorption may also play a role in
determining théVinteraction potential between,subs#xété and adsorbate.

Xenon forms.thexsame structure on several substfate surfaces.

Thus it appears that the intéraction between'substfate and adsorbate is
nonfdirectionél and does not depend sﬁrongly on either the electronic of
geometric pfoperties of the substrate. The aromatic molecules which were
studied form surface structures that depend on the electronic and/or
geometriﬁvprdﬁerties of the'substrate.i Therefore1ﬁhéiinteraction potential
between the metal surface and the aromatic adsorbates must depend on
the relative p051tions of the adsorbed molecules and the substrate atoms,

that is, the interaction appears to be localized and directional.
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