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LOW ENERGY'ELECTRON DIFFRACTION AND WORK FUNCTION.CHANGE STUDIES
OF THE ADSORPTION OF SUBSTITUTED AROMATIC MOLECULES

ON THE (111) AND (100) CRYSTAL FACES OF . PLATINUM

J. L. Gland and G. A. SomorJal
Department of Chemistry, Un1vers1ty of Callfornla, Berkeley,

and Inorganlc Materlals Research D1v151on, Lawrence Berkeley. Laboratory,
Berkeley, Callfornla 9hTQO

Abstract

" The chemisorptiqn_of toluene,'mrxylene; mesitylene, n-butylbenzene,
t—bufylbenzene, aniline,,nifrobenzene and‘cyanqbenzenevwere studied on
fhe (111) and (100) crystal faces of'pieﬁinum af'lqw preSsureS (10-9 to
1of7 torr) and at temperetureS'of 2d°'to 3OO°CIby low energy electroﬁ

diffraction:and*work function change measurements.  After adsorption,

redrientation bf the molecules in the adsorbed layer‘is neeessary'to form

 the ordered structures Molecules that have elther hlgher rotational -

symmetry (mes1tylene) or have only . small size substltuents on the benzene

rings exhlblt.better orderlng-lf the adsorptlon,ls carried out at low

_incidenf flux. :The;adsorbedfleyere'are_more ordered on the (111) crystal
: face than on the'(loo) crystal face of plafiﬁum, The.work funcﬁion;chahges o

upon adsorptlon range from -l h eV for nltrobenzene to -1. 8 eV for anlllne
._Both the dlffractlon and work functlon change data 1nd1cate that under

the condltlons-of-these experlments, all_of the molecules chemlsorb with

their benzene ring parallel to the surface and interact with the metal

 surface primarily via the'nwelectrbné in the benzene ring. The substituent'

groups Play ‘an important_rOIe in deﬁermining the ordering ChSracteriSticS

of the overlayers .but do hot markedly effect the strengﬁh of the chemical

bond between the substrate and the adsorbate. .
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" Introduction =

The interaction of organic~holécules.with metalfSurfaces is of

_primary,importance in several areas ofvsurfecedsclence. 'Adsorption of
-organic lajers pleysla‘large role*in lubricetion,din'the adhesion of
-protective films; and1in-catalytic-processes.‘"The'properties of adsorbed
:layers depend on the interection‘between the adsorbed nolecules‘and the :

.metall' This paper'reportsythéiresults ofia'study,of the interaction of

aromaticdcompOunds witb platinum single crystal surfaCes.:‘Low Energy.

b;'Electron lefractlon (LEED) has been used to monltor the surface structures
i of the adsorbed layers on the Pt(lll) and Pt(lOO) (le) erystal surfaces.

bWbrkifunction'changes'(WFC, A¢)v0n adsorptionuhave,been used to determine,

the'charge'transfer‘occurring"on»adsorption.A_Both'the charge transfer

:whichvoccurs on ‘adsorption and the structures formed have been used to’

obtain information about the nature of the interaction between the organic

‘overlayer and the metal substrate.

Since'there are a large number of-organic molecules'aVailable for:

adsorptlon, the propertles of the adsorbed molecules can be ea51ly varled

- to fac111tate exploratlon of the 1nteraction between the adsorbed organlc :

: ”layer and the substrate. We have studled a selected group of aromatlc o

compounds and systematlcally varled their geometry and- chemlcal propertles_

fby changlng substltuents on the aromatlc rlng. Correlatlng,varlatlons" -

“in moleculsrvstructure-and chemlstry w1th var;atidns}in'surface structure



and iuteracfion cheracterlStics (as determinedibyiBﬁEb and WFC).for the
'molecules'studied will assist in predicting strucfures and inferaction
characterlstlcs of other organic molecules whlch have not or canvnot

”be studled by these technlques. We have studled the propertles of a%sorbed
layers of a series of substituted aromatic compounds us1ng methyl groups

in 1ncre351ng numbers to replace the hydrogen atoms-1n the benzene»rlngsv

[toluene (C6H -CH ), neta-xylene (CéHh—(CH )5)s end_mesitylene (C6H3—(CH3)3)].

5
Ve have also studled a serles of mono- subst1tuted aromatlc molecules
with allphatlc 31de chains of increasing length and branchlng [toluene
'-(06H5—0H3),.n—butylbenzene (céhs—chﬂ ) and t-butylbenzene (C6H ~CHy R
FL—-Finelly a'series of mono-substituted aromat;c molecules with sub- =
‘stituents of different electronegativity [tolueuev(C6H54CH3), aniline

(C6H5—NH2),_n1trobenzene (C6H -NO2)venu:cyanobenzeue:(qéHSeCN)] were

5
'studied, .The experiments were carried out in the;temperature range of -
20° to 3OC°C and at pressures_of the organic vapors;in thelrange of 10’9'

to 10’7

torr.z

We have found that ordering of the adsorbed 1ayer requlres reorlenta— fA
tion of the molecules on the surface. Orderlng is easier for molecules
with higher rotational symmetry. Order is also,more prevalent on sub-
strates-ﬁith‘higher rotational mulﬁiplicity; Uuder:the experimental
condiﬁions used, all of the molecules studied chemisorb‘ou both the (111)
and (100) surfaces of_platinum with their aromatlc rings parallel to the

substrate surface. The adsorbates 1nteract w1th the metal surface

primarily via the formation of a T bond between;their‘aromatic~n—electron
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»'the retardlng-fleld method u31ng'the LEED.gun as the electron beam source.

,treated with oxygen at pressures of l to 3 x 10

- and the eIectronkdeficient_metal~surface._ This type of interaction results

:'infthevlarge'work”function changes observed. -

Y

.'Experimental .

The”experimental'procedureS‘used have been describedvin detail else--

" vhere.}*?  Summarizing briefly, a modified Varian LEED system capable of

9

t'obtaining a.typical ambient pressure'of 2 x 10 torr was used. ‘All
'“'adsorption data was takendat.25°-h0°c unleSS“otherwise noted;  Diffraction
_data was taken us1ng a h-grld Varlan post-acceleratlon LEED apparatus.

_Work function changes (WFC A¢) caused by adsorptlon were measured by -

2

: The retardlng potentlals vere used as-'an 1nternal voltage standard for

'the work functlon change measurements

Prior to each adsorptlon experlment the platlnum samples were
=5 torr for 60'm;nutes at
1000°C to remove the carbon 1mpur1t1es present on the surface. After

termlnatlng the gas flow, the system was pumped down to a pressure of

l x lO -8, torr u51ng the large ion pump and tltanlum subllmatlon pump,‘

the electron guns were then degassed and warmed up The 51ngle crystal
samples remaln at lOOO°C for a perlod of 30—h5 mlnutes in vacuum. The
'crystals and chamber (hot from radlant heatlng) were allowed to cool.

- Measurement of the work functlon change made a 5 hour stablllzatlon perlod

3

h.for the LEED gun mandatory. Followlng gun stablllzatlon, the crystals o

there heated to 1000°C for 5. mlnutes The crystal surfaces produced 1n .



thls‘manner were clean, w1th1n the llmlts detectahle.by Auger electronrif3i

spectroscopy, and showed the characterlstlc Pt(lll) (lxl) and Pt(lOO)-?

(5xl)id1f£ractlon patterhsr VThe:crystals‘Verertheniallowed to cool'to.

'25_5050 in.a,hackground:pressure Of 1x 10f9 torr;v_fhe coolimg:tookjl.:h
:afproximate1&120-to-ﬁ0 mihutes}“ The orgahlc_ﬁapor'flum~was dntroduced-'

N fromAa capillary'tuhe abproximatel&'s mm from‘the:sample surface.‘_?hef,”‘
-flux at the sample surface 1s approx1mately 6 tlmes the background.pressure
| quoted on all flgures since the system is operated as a steady state flow

'system dur1ng the adsorptlon experlment ” |

The adsorbates used were spec1f1ed as better than 99% pure by~ the ,
manufacturer and used w1thout;further-purlflcatlon. They were degassed
bj alternate'freezingaand=thayihgloh an auxilary glass;teflon racuum'

v sjstem | R

‘ The geometry of the adsorbate molecules studled 1s shown Ain Flgures
_1—8 3’h' The van der Waals radlus used for hydrogen 1s 1. 2. ﬁ and for the r
methyl group 2 0 K The th1ckness of the aromatlc rlng system is taken'b
~as 3 L K g The molecules are shown.ln varaous projectlons 51nce several

.g adsorptlon geometrles are b0551ble in some cases. -

A series of measurements were made to determlne the.size of the
adsorbate 1nduced un1t cell._ Uncertalntles of +5% are typlcal because of
iidthe dlffuse d1ffract1on features wnlch occur throughout thls work. Average

.fvalues are quoted throughout _‘ o " . g,'.ﬁ L :f . |

The LEED results quoted have been observed on three dlfferent sets

of s1ngle;crystal samples for toluene,- -butylbenzene, aniline, nltrobemzene;__v;'




" Toluene =

 XBL737-6378

" Figure 1 - The sfrucfure.o_f_ toluene with van der Waals ifadii__shown.



~All'megsurements
in A -

 XBL737 6379

- Figure 2 = . The structure of m-xylene with van der Waals radii shown.

1

| 1




All measurements in A

- Figure 3%  The structure
T - ST

'pf-mesitylene"with van der. Waals radii shown. =



All measurements in A

,sjnj___;_ff__,_ S D

' T-Butylbenzene

XBL737-6381

 Figure L -

The structure of t-butylbenzene with van der Waals radii shown.
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- N-Butylbenzene x
~ (one of the possible flat configurations) |
S XBL737-6382

Figure 5 = The structufé'of n—bﬁtylbenzéne.with‘Van der Waals

i',f{

radii shown. - -
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~ Aniline

. XBL737-6383

- Figure 6  The structure of aniline with van der Waals radii shown.

~All measurementsin A
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All measurements in A

~ Nitrobenzene e
 XBL737-6384

.‘Figure17 - The structuré‘of nitrobenzene with van-dernwaals radii showh '



S PR -'*; -2 -
‘All measurements in A

. Cyanobenzene | )
L ' ‘ _ oL
- XBL737-6385

: Figure 8  | The structure of cyanobéhzene with.vénider Waals rédii shbwn;”




v,pressures (10
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and cyanobenzene. TheIWFCbresults_for'the above mentioned set of compounds

. were taken on.two sets of single crystal samples. No significant variation

_has been observed between different single‘crystaldsamples if comparisons

are made between'adsorption“experiments carried out under similar conditions
of ‘pressure ahd temperature. =

The ‘LEED patterns observed vary markedly w1th contamlnatlon of the

'isingle'crystal’surfaces. The LEED results were dlfflcult to reproduce

' w1thout tltanlum subllmatlon pumplng because of rapld carbon monox1de

contamination of the platlnum surface at roomﬂtemperature,v‘If the surfaces .

' ére not heated sufficiently'in vacuum to rehcveyadsorbed‘oxygen (from

cleaning) thevresults are alsodnot reprodicible. Evencslight carbon

'c0ntaminatiqn_of~the'surfaCe-v - leads to irreproducible results. Slight

misalignment of the low index surface, resulting in high density of atomic

'steps, results'ih a marked change in the adsorption. chara.cteristic.5 During

this work we installed a (lll) crystal Whlch was mlsallgned by 2° - The

LEED patterns resultlng from adsorptlon on thls crystal as well as the

*'WFC observed on adsorptlon were markedly altered

Prellmlnary experlments have 1nd1cated that adsorptlon at hlgher

-7

!

torr) may’ cause marked changes in the interaction between:

: substrate and adsorbate because of chemlcal reactlons 1n the adsorbed layer.

'Both dlffractlon patterns and WFC change 51gn1f1cantly with 1ncreases in

“”='pressure,
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Results

TOluene3 m—xylene, mesitylene5 t—butylbenzene,;n—butylbenzene,.

anlline, nitrobenzene and cyanobenzene adsorb on both the Pt (111) and ‘

Pt(lOO)—(le) surfaces, The diffractlon features or surface structures'whlch were f,[
_ s ‘ » |

detected and the work functlon changes (WFC) thatgaccOmpany adsorptlon areulisted/

“Table I. The'structuresfformed'on adsorption exhibit better order on the
Pt(lll) surface than on the Pt(lOO) (le) surface. In general, the WFC

- measured depends on the 1n1t1al 1nc1dent vapor flux All adsorbates

studied act as electron donors to. the metal. o e _,-.' -%':3 S

Toluene adsorption: iToluene adsorbed on the Pt(lll) surface causes.l
" the formation of a.poorlyfordered adsorbed layervvith Streaks:at'l/3
order with respect to»the first'order platinum'features.“The diffractioniﬁ
pattern observed is shown in Figures Qs and 9b . The work function change (..
‘on adsorptlon is approx1mately =1. TV (Figure lO), however, the WFC depends
on ‘the 1n1t1al 1nc1dent vapor flux.' If the poorly ordered adsorbed layer d
is heated to 150°C ordering is greatly 1mproved and the Pt(lll) (hxz)—
toluene structure forms ,The dlffractlon-patterns observed-are shown
in Figures 9c and-9d., The WFC does not appear to be effected by reorderlng ;
of the adsorbate layer(as shown in Figure 11).

Toluene adsorbed on the Pt(lOO) (5x1) surface causes the appearance
of 1/3 order'streaks.ln the diffraction pattern, whlle the characteristlc
(le)_diffraction.features'remain.' The diffraction patterniobserred'is
shown'in Figure 12. The dlffractlon pattern 1nd1cates the presence of B

two domains of the surface structure at rlght angles to each other.

2
[
i
11

in '_




Toluene

M-xylene
Mesitylene
T-butylbenzene
N-butylbenzene
Aniline

Nitrobenzene

Cyanobenzene

Graphitic
overlayer

Table I

The maximum work function change and structural information for the
adsorption of toluene, m-xylene, mesitylene, t-butylbenzene, n-butyl-
benzene, aniline, nitrobenzene, cyanobenzene, and graphite on the
Pt(111) and Pt(100)-(5x1) surfaces at 25°C.

T(C) Work Func-

20°
150°
20°
20°
20°
20°
20°

20°

20°

900°

Pt(111)#*

Adsorbate Diffraction

tion Change Features or Structure

(a9)

=1.7V

-1.8vV
=1.7V
=1.7V
1.5V
-1.8v

~1.5V

~1,6V

-1.1V

streaks at 1/3 order
(Lx2)

streaks at 1/2.6 order
streaks at 1/3.4 order
disordered

disordered

streaks at 1/3 order

1/3 order features

Work Func-
tion Change
(Ad)

-1.55V

-1.65V
-1.7V
-1.75V
-1.5V
=1 TN

-1.4v

(structure and WFC sensi-
tive to electron bombard-

ment )
1/3 order features

ringlike diffraction
features

¥The structure of the Pt(111) substrate is always (1x1).

~1.5V

1.1V

Pt (100)-(5x1)

Substrate

Structure
After

Adsorption

(5x1)
(1x1)
(5x1)
(5x1)
(1x1)
(1x1)
(1x1)

(1x1)

(5x1)

(1x1)

Adsorbate Diffraction
Features or Structure
streaks at 1/3 order
high background
streaks at 1/3 order
streaks at 1/3 order
disordered

disordered

disordered

disordered

disordered

ringlike diffraction
features

_gt_



(c) The diffraction pattern resulting
from 160°C heat treatment of the
Structure that exhibits the diffraction

pattern shown in A.

(a) The diffraction pattern resulting
from toluene adsorption on the

Pt (111) surface.

.9'[.—

Figure 9

ST

(d) The diffraction pattern resulting XBB 732-680

from 160°C heat treatment of the surface
The first order

(b) The diffraction pattern resulting
from toluene adsorption on the Pt(111) ;
The first order Pt diffraction with adsorbed toluene.

Pt diffraction features are also visible.

features are also visible.

surface.



Work Function Change (Volts)

Figure 10
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Work function change as a function of time during toluene

adsorption on the Pt(111) surface. The indicated pressure

should be multiplied by 6 to give the effective pressure at the

surface.
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for toluene adsorption on the Pt(11l) surface. The pressure
should be multiplied by 6 to give the effective pressure at

the surface.



XBB T32-6T5

Figure 12 The diffraction pattern resulting from toluene adsorption

on the Pt(100)-(5x1) surface.
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Observations have been made on a single domain. ' The domains of the adsorbed
layer are coincident with domains of the (5x1) structure. When viewing
a single domain, the 1/3 order streaks are always parallel with the direction
of the 1/5 order diffraction features.

On heating to 150°C during continued exposure to the vapor flux,
the diffraction pattern indicates the formation of a poorly ordered (1x1)
structure, and both the 1/3 order streaks and (5x1) diffraction features
disappear. The WFC on adsorption is approximately -1.55V (Figure 13);
however, the magnitude of the WFC depends on the initial incident flux.
During heating in flux, the WFC varies only slightly (Figure 1L4).

M-xylene adsorption: Meta-xylene, on adsorption on the Pt(111) surface,

causes the formation of a poorly ordered surface structure. This is indi-
cated by the poorly ordered diffraction pattern which exhibits streaks

at 1/2.6 of the distance from the firstvorder platinum diffraction beams
to the (00) beam (Figure 15a). The WFC on adsorption is approximately
-1.8V (Figure 16); and depends on the initial incident vapor flux.

M-xylene adsorbed on the Pt(100)-(5x1) surface causes the appearance
of 1/3 order streaks while the 1/5 order diffraction features characteristic
of the (5x1) structure remain (Figure 15b). The diffraction patterns that
result from m—xylene and toluene adsorption are the same. The domains of
the adsorbed structure are again parallel to the domains of the (5x1)

structure. The WFC on adsorption is approximately -1.65V (Figure 17).
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Figure 13 Work function change as a function of time during toluene
adsorption on the Pt(100)-(5x1) surface. The pressure should

be multiplied by 6 to give the effective pressure at the surface.
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Figure 15

(a) The diffraction pattern resulting from m-xylene adsorption

on the Pt(111) surface showing the first order Pt diffrac—

tion features.

‘ XBB T732-682
(b) The diffraction pattern resulting from m-xylene adsorption

on the Pt(100)-(5x1) surface.
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Figure 16 Work function change as a function of time for m-xylene adsorp-
tion on the Pt(111) surface. The pressure should be multiplied

by 6 to give the effective pressure at the surface.
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Figure 17 Work function change as a function of time during m-xylene .
adsorption on the Pt (100)-(5x1) surface. The pressure should

be multiplied by 6 to give the effective surface pressure.
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Mesitylene adsorption: Mesitylene adsorbed on the Pt(111) surface

causes the formation of a poorly ordered adsorbed layer as indicated by
the diffraction features which exhibit streaks at 1/3.4 order with respect
to the Pt first order diffraction features. The second order streaks at
2/3.4 order are also visible. The diffraction pattern observed is shown
in Figure 18. The WFC on adsorption is approximately -1.7V (Figure 19;
however, the WFC and the degree of order of the surface structure depend
on the initial incident vapor flux. At high initial fluxes (~4 x J.O—7
torr) the layer is disordered and has a small WFC on adsorption.

Mesitylene adsorbed on the Pt (100)-(5x1) surface causes the appearance
of 1/3 order streaks, while the 1/5 order diffraction features character-

istic of the (5x1) substrate structure remains. The diffraction pattern

observed is shown in Figure 20. The WFC on adsorption is approximately
T

-1.7V (Figure 21). Adsorption at higher pressures (~4 x 10 ' torr) causes
the formation of a disordered adsorbed layer, the (5x1) diffraction
features disappear and the WFC (-1.35V) is less than that during exposure

at low pressures.

T-butylbenzene adsorption; The adsorption of tert-butylbenzene on the

Pt (111) surface causes the formation of a largely disordered surface layer.
Streaked high order features are visible for a short time after initial
exposure but their intensity decreases rapidly with time. Finally, only
diffraction features characteristic of a (1x1) surface structure with high
background intensity are observed. The WFC on adsorption is approximately

~1.7V; however, it depends on the initial incident flux (Figure 22).
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(a) The diffraction pattern resulting from mesitylene

adsorption on the Pt(111) surface.
: L

(b) The diffraction pattern resulting from mesitylene XBB 732-685
adsorption on the Pt(111) surface showing the first order

Pt diffraction features.
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Figure 20

The diffraction pattern resulting from adsorption of mesitylene

on the Pt(100)-(5x1) surface.
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The adsorption of t-butylbenzene on the Pt(100)-(5x1) surface causes
the disappearance of the diffraction features characteristic of the (5x1)
substrate structure and an increase in the background intensity. The
WFC on adsorption is approximately -1.75V (Figure 23); however, the WFC
on adsorption depends on the initial incident vapor flux.

N-butylbenzene adsorption: N-butylbenzene adsorbed on the Pt(111)

surface forms a very poorly ordered adsorbed layer. The degree of order-
ing is strongly dependent on the initial incident vapor flux. The faster
the rate of deposition, the less ordered the adsorbed layer. A diffraction

9

pattern taken after 6 minutes exposure at 8 x 10 ° torr (recorded pressure)
is shown in Figure 24b. The high intensity region terminates at 1/2 order
with respect to the first order Pt diffraction features. The extra dif-
fraction features disappear after approximately 20 minutes of exposure.
That is, with continued exposure the initially poorly ordered structure
becomes disordered. The WFC on adsorption is approximately -1.5V as shown
in Figure 25. The WFC depends markedly on the initial incident vapor flux.
N-butylbenzene adsorbed on the Pt(100)-(5x1l) surface causes the

appearance of very faint high order streaks which disappear with continued

exposure. The (5x1) diffraction features disappear at a slightly slower

rate than the extra diffraction features due to the adsorbate. Figure 2La
9

shows the diffraction pattern after 12 minutes exposure at 8 x 10 7 torr

recorded pressure. The WFC on adsorption, approximately -1.5V, is shown
in Figure 26. It should be noted that the WFC is again strongly dependent

on the initial incident vapor flux.
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Figure 2L

(a) The diffraction pattern resulting from adsorption of

n-butylbenzene on the Pt (100)-(5x1) surface.

XBB 732-683
(b) The diffraction pattern resulting from adsorption of

n-butylbenzene on the Pt(111) surface.
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Aniline adsorption: Aniline adsorbed on the Pt(111) surface causes

the formation of a complex poorly ordered surface structure. The dif-
fraction pattern (Figure 27) exhibits streaks at 1/3 order position along
with diffraction spots at the 1/2 order position and several broad high
intensity areas near 2/3 order position. The WFC on adsorption is approx-
imately ~1.8V as shown in Figure 28; however, the WFC depends on the
initial incident vapor flux.

Aniline adsorption on the Pt(100)-(5x1) surface causes the diffrac-
tion features characteristic of the (5x1) structure to disappear and cause
an increase in background intensity. However, there is no evidence for
the formation of ordered structures from the diffraction pattern. The WFC
on adsorption is approximately -1.75V as shown in Figure 29.

Nitrobenzene adsorption: Adsorption of nitrobenzene on the Pt(111)

surface causes the formation of a fairly well-ordered layer with periodicity
3 times the underlying lattice as indicated by the diffraction pattern

The WFC on adsorption is approximately -1.5V as shown in Figure 31.
(Figure 30).A}kmever, the degree of ordering and the WFC depend on the
total amount of electron bombardment which has occurred. The initially
ordered layer becomes disordered during approximately T minutes of exposure
to a 30V electron beam at 2 x 10_6 amps.

Nitrobenzene adsorbed on the Pt(100)-(5x1) surface causes the (5x1)
diffraction features to disappear and very faint diffuse high order fea-

tures to appear. These weak high order features are too faint to photo-

graph. The WFC on adsorption is approximately -1.4V as shown in Figure 32.



Figure 27

The diffraction pattern resulting from aniline adsorption on
the Pt(111) surface. The first order Pt diffraction features

are also visible.

XBB T732-67T
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Figure 30

The diffraction pattern resulting from nitrobenzene adsorption

on the Pt(111) surface.
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Cyanobenzene adsorption: Adsorption of cyanobenzene on the Pt (111)

surface causes the appearance of diffuse 1/3 order diffraction features
(Figure 33). The extra diffraétion feature slowly became less prominant
during continued exposure. The work function change on adsorption is
approximately -1.6V as shown in Figure 3k4.

Adsorption of cyanobenzene on the Pt(100)-(5x1) surface causes an
increase in the backgroﬁnd intensity and a slow decrease in the intensity
of the (5x1) diffraction features which were still visible after 60 minutes
of exposure. The work function change on adsorption is approximately

-1.5V as shown in Figure 35.

Temperature effects: In general, an increase in substrate temperature

to 150°C with continued exposure causes disordering of the ordered adsorbate
surface structures. The WFC which accompanies these changes in order
indicates little variation. Thus, there seems to be no significant change
in either the density or composition of the adsorbed layer. Increasing
the substrate temperature to 250-300°C during continued exposure to the
vapor molecules results in a decrease in the magnitude of the WFC indi-
cating decomposition of the adsorbed layer. The WFC measurements were
made by heating the samples in organic vapor flux and then cooling for

15 minutes.in vapor flux before taking the WFC. This procedure minimized
the possibility of change of surface coverage due to desorption at elevated
temperatures. Heating to 900-950°C during continued exposure to the vapor
flux causes the appearance of a graphitic overlayer6_ with a WFC of

approximately -1.1V with respect to the clean metal surface. This value is in



Figure 33 The diffraction pattern resulting from cyanobenzene adsorption

on the Pt(111) surface. The first order Pt diffraction features

are also visible.
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agreement with the A¢p expected because of the difference in work functions
for polycrystalline platinum (measured by several techniquesll_l3) (¢ =
5.6-5.8V) and for polycrystalline graphite7 (¢ = Lh.4v).

In those cases for which the (5x1) surface structure is present on
the Pt(100) substrate after adsorption, heating to 150°C causes the (5x1)
structure to disappear. There is no WFC accompanying the disappearance
of the (5x1) pattern which indicates negligible change in charge transfer
between adsorbate and the platinum substrate with the relaxation of the

reconstructed surface.

Discussion

All organic molecules reported in this paper adsorb on both the (111)
and (100) crystal surfaces of platinum. Ordering in the adsorbed layer
was more pronounced on the Pt(111) surface than on the Pt(100)-(5x1) surface.
The aromatic molecules which have small substituent groups or high rota-
tional symmetry form more ordered overlayers under the experimental condi-

tions employed. Thus, the shape of the adsorbate molecules and the rotational

symmetry of the substrate determines the degree of ordering which occurs in

the adsorbed layer. it

We have also found that the WFC on adsorption and the degree of
ordering in the overlayer varies with the initial rate of growth of the
adsorbed layer which can be varied by changing the incident vapor flux.
In generzl, for the hydrocarbons studied, the slower the rate of growth

(smaller the incident flux), the larger the WFC change and the more



-Lo-

ordered the overlayer. These observations seem to indicate that with low
incident vapor flux the density of the adsorbed layer may be increased because
of more efficient packing in the ordered overlayer. With slow growth rates,
the size of the ordered domains is being increased in the adsorbed layer,
leading to an increase in the density of surface sites occupied by the
adsorbate.

Both of these observations (1. High symmetry prombtes ordered surface
structure formation. 2. Slow growth of the adsorbed layer promotes ordered
structure formation.) can be explained by a simple model of ordering for
adsorbed aromatic systems on Pt surfaces. Ordered adsorption for these
large molecules may proceed by & two-step mechanism. Initiall& the
aromatic molecules may adsorb on the surface in a disordered fashion.

The second step involves ordering of the adsorbed layer and indicates the
importance of surface diffusion (either translational or rotational) in
this ordering process. If the adsorbate has a shape which approximates

a circular cross section, reorientation into ordered layers is less diffi-

cult than reorientation of adsorbates with bulky side groups.
C;:EI;;/:Zposition of

the overlayer allows adsorbed molecules more reorientation time before

becoming locked into place by a large number of neighbors. This type of

ordering should be distinguished from ordering caused by site adsorption.

Site adsorption involves adsorption into a specific surface site in a

specific orientation. Ordering results because the surface sites are

ordered. During site adsorption,adsorption and ordering occur simultaneously.
The WFC observed on adsorption ranges from -1.4V for nitrobenzene

to -1.8V for aniline. Charge transfer of such magnitude indicates extensive
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interactions of the aromatic T systems with the substrate. Recent

studies with other simple T bonded systemsQindicate similar values of WFC

on adsorption (ethylene on Pt(111), A = -1.5V; ethylene on Pt(lOO)—(le),
Ap = -1.25V; acetylene on Pt(111) and Pt(100)-(5x1), Ap ==1.65V). Earlier
studies of the adsorption of na.phthalenelon the Pt(111) and Pt(100)-(5x1)

surfaces indicate that AP = -2.0V for naphthalene adsorbed on Pt(111l) and

AP = -1.75V on the Pt(100)-(5x1) surface. For this case, T bonding seems

to be substantiated by the unit cell size observed.

The interpretation of the diffraction information in these studies
has been complicated by the absence of well-defined difffaction features.
The diffraction features may be characteristic of the size and orientation
of the unit cell in the ordered adsorbed layer or they may be characteristic
of a coincidence distance between the adsorbed lattice and the substrate
lattice. Previous studies involving ordered adsorption of organic mole-
cules on single crystal platinum surfaces have indicated that either
situation may occur.l’ZSpecifically, benzene forms coincidence lattices
on the Pt(111) surface while naphthalene forms a structure for which
molecular size is easily related to the unit mesh determined from the
diffraction pattern. With these facts in mind, we have used the availablé
chemical information, molecular dimensions, the observed WFC and the
diffraction information to analyze the nature of the interaction between
adsorbate and substrate.

Several preliminary experiments indicate that adsorption et higher
pressure may induce dramatic changes in the interaction between substrate
and adsorbate.l The results quoted in this paper should be used with

caution in interpretation of higher pressure results.
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I. Toluene, M-xylene, Mesitylene, T-butylbenzene, and N-butylbenzene
Adsorption on the Pt(111) Surface

A. Work Function Change

The maximum WFC observed on adsorption for these compounds is listed
in Table I. The values range from -1.5V for n-butylbenzene to -1.8V for
m-xylene. This large electron transfer from the adsorbed molecules to
the metal substrate implies that the polarizable m electrons are involved
extensively in the interaction between adsorbate and substrate. The
similarity of the WFC on adsorption for this family of compounds also
indicates that the primary interaction occurs between the aromatic T system
and the substrate surface since the benzene ring is the only structural
entity common to all molecules in the series. If the aromatic T system
is the primary interaction center, it follows that the adéorption geometry
should be similar for this family of compounds. In the absence of dehydro-
genation the aromatic systems would be expected to adsorb parallel or
nearly parallel to the substrate surface so that the aromatic m system
could efficiently interact with the substrate surface.

That these aromatic systems are adsorbed parallel or nearly parallel

to the surface is further supported by the results of the mesitylene
g

adsorption studies carried out at low pressure (1077 torr). Each aromatic
hydrogen in mesitylene has adjacent methyl groups. Since methyl groups
are known to deactivate the exchange of adjacent hydrogens in hydrogen-

deuterium exchange studies, there should be little chance for dehydro-

genation of the aromatic hydrogens and for subsequent interaction of the
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dehydrogenated site with the surface to form © (electron pair) bonds.
Excluding demethylation, the only alternative for interaction appears to
be m bonding with the substrate surface. That is, mesitylene should be
fairly inactive toward any type of interaction except m bonding. The ’

fact that its WFC on adsorption is similar to the WFC of other aromati?
adsorbates supports our contention that the primary interaction occurs
via T bonding.

N-butylbenzene induces the smallest WFC on adsorption; the WFC on
adsorption also depends markedly on the growth rate of the adsorbed layer.
Both of these effects are caused by the presence of the long side chain

which makes efficient packing in the surface plane difficult.
B. Diffraction Studies

The diffraction patterns observed for this family of compounds
indicate poor ordering of the adsorbed layer. For the series toluene,
m-xylene, mesitylene adsorbed at room. temperature, streaked diffraction
features appear at 1/3, 1/2.6, l/3.h.of the distance between the (00) beam
and the first order platinum features. The unit cell size implied by these
streaked features does not correlate with the molecular size of the adsorbed
species since they are listed in order of increasing size above (the
distance to the first order diffraction should vary inversely with the
size of the adsorbed molecules). However, the diffraction patterns become
better ordered in the series toluene, m-xylene, mesitylene. T-butylbenzene

and n-butylbenzene on the other hand form disordered adsorbed layers.
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Thus, it appears that large m-bonded adsorbed molecules of the same
rotational multiplicity order more easily in the absence of long side-
chains.

Detailed information concerning molecular orientation cannot be
extracted from the diffraction patterns since poorly ordered layers are
formed. However, it seems worthwhile to point out that toluene adsorbed
parallel to the surface fits into the (3x3) unit cell observed while
m-xylene and mesitylene do not fit into the (2.6x2.6) and (3.L4x3.4) unit
cells, respectively, which can be deduced from the diffraction features.
The Pt(111)-(Lx2)-toluene structure which forms at 150°C does not have
a large enough unit cell to accomodate toluene adsorbed parallel to the
surface even though the WFC observed seems to support this adsorption
geometry. However, for all cases mentioned above the diffraction features
are diffuse since the layers were poorly ordered; therefore, caution
must be exercized in attempting to deduce much structural information.

II. Toluene, M-xylene, Mesitylene, T-butylbenzene, and N-butylbenzene
Adsorption on the Pt(100)-(5x1) Surface

A. Work Function Change

The maximum WFC observed on adsorption for these compounds is shown

in Table I. The values range from -1.5V for n-butylbenzene and mesitylene
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to =1.75V for t-butylbenzene. Again, the large amount of electron trans-
fer, the similarity of the WFC on adsorption for the entife series, and
the fact that the WFC for mesitylene adsorbed at low pressures is similar
to the WFC observed for the other compound in the series indicates that
the interaction occurs predominantly between the metal and the m electron
cloud of the adsorbate.

The WFC on adsorption of n-butylbenzene depends markedly on the
growth rate of the adsorbed overlayer. It appears that this is due to

the long side chain which makes reorientation of the adsorbed molecules

difficult.
B. Diffraction Studies

Ordered adsorption on the Pt(100)-(5x1) surface seems to be correlated
with the persistance of the (5x1) surface structure for these large -
bonded adsorbates. That is, if the (5x1) surface structure remains detec-
table after adsorption the adsorbed layer will be fairly well-ordered.

On adsorption of toluene, m-xylene, and mesitylene, streaked 1/3 order
diffraction features appear which co-exist with the diffraction features
due to the (5x1) surface structure. Upon gentle heat treatment, both the
(5x1) surface structure and 1/3 order streaks disappear leaving a (1x1)
pattern with increased background intensity. On adsorption n-butylbenzene
initially causes the appearance of diffuse streaked 1/3 order features
along with a decrease in the intensity of the diffraction beams due to the

presence of the (5x1) surface structure. With continued exposure both
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the (5x1) surface structure and the 1/3 order streaks are replaced by a
(1x1) pattern with increased background intensity indicating disordered
adsorption. T-butylbenzene forms a disordered overlayer on adsorption
and the (5x1) surface structure reverts to a (1xl) structure with high
background intensity. During this order-disorder transformation in the
adsorbed layer while the substrate surface structure is also changing
from (5x1) to (1x1), no significant work function change takes

place.

Several authors have suggestedgm15 that the (5x1) surface structure may
be due to the formation of a hexagonal platinum overlayer on top of the
square surface unit cell expected by projecting the bulk structure onto
the surface plane. This model explains the observed order-disorder trans-
formation upon changes of substrate structure since a hexagonal surface
(even one formed by reconstruction) might be expected to yield more ordered
overlayers. It should 5e noted that several ordered surface structures
have been observed on the Pt (100)-(1x1) surface even though the (5x1)
structure has relaxed. We have observed structures for 00; ethylene
acetylene, benzene, and pyridine on the Pt(100)-(1x1) surface structure.
These molecules appear to order via the one-step site mechanism. That is,
the adsorption occurs with the molecules in a specific orientation at a

specific surface site. The bonding arguments made for CO, ethylene and

acetylene by other authorss’l6’l7 supports this contention. The authorsl believe

that benzene and pyridine interact with the (100) via the formation of an
electron pair bond to the Pt(100) surface because of diffraction informa-

tion and the WFC observed.l
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T

During the adsorption of mesitylene at high pressure (4 x 10 torr) o
a pressure induced transition occurs on both low index platinum surfaces.

The WFC decreases,and the LEED pattern becomes markedly different (on the

Pt (111) a disordered layer forms; on the (100) surface the (5x1) structure converts
to (1x1)). A change in the nature of interaction between the substrate

and adsorbate is occurring which depends on the incident vapor flux.

A comparison with the results obtained for benzenelseem to indicate that

a T > 0 bond transition may be occurring. This may be due to demethylation

of the aromatic ring and subsequent interaction with the surface through

the demethylated carbon site or dehydrogenation of a methyl group and

interaction of the substrate with the dehydrogenated site.

III. Aniline, Nitrobenzene and Cyanobenzene Adsorption on the Pt(111)
Surface

A. Work Function Change

The WFC observed on adsorption of aniline, nitrobenzene, and cyano-
benzene are -1.8V, -1.5V and -1.6V, respectively. The similarity of WFC
within the series and also the similarity to the WFC on adsorptions of
the other hydrocarbons studied supports the contention that these mole-
cules also interact primarily by forming a 7 bond with the substrate
surface. That is, they adsorb with the benzene ring parallel or nearly
parallel to the surface. Nitrobenzene appears to decompose in the electron

beam when adsorbed on the Pt(111) surface since the WFC and diffraction
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pattern both change with electron beam exposure at moderate voltages (30V).
B. Diffraction Studies

The diffraction patterns observed on adsorption are poorly ordered
for this group of compounds. All three molecules cause the appearance
of 1/3 order features in the diffraction pattern. Aniline adsorption
gives rise to streaked diffraction features at 1/3 order along with streaks
extending radially to (1/2 0) positions. This diffraction pattern seems
to be the result of a poorly ordered complex structure. Adsorption of
nitrobenzene and cyanobenzene cause the formation of diffuse
1/3 order diffraction features. Both these molecules,adsorbed with their
benzene ring parallel to the metal surface,fit into a (3x3) unit cell.
However, the diffraction patterns indicate a greal deal of disorder in
the adsorbed layer and the diffuse diffraction features might obscure
much information necessary to interpret the surface structures.

IV. Aniline, Nitrobenzene and Cyanobenzene Adsorption on the Pt(100)-(5x1)
Surface

A. Work Function Change

The WFC's on adsorption of anilene, nitrobenzene and cyanobenzene are
-1.75V, -1.4V and -1.5V, respectively. The similarity of the WFC within
the series and the similarity to the WFC on adsorption of the other

| hydrocarbons studied supports the contention that these molecules also

|
| interact primarily by forming a T bond with the substrate surface. We
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expect the molecules to be adsorbed with their benzene ring parallel or
nearly parallel to the substrate surface. Nitrobenzene adsorbed on the

Pt (100)-(5x1) surface is not as sensitive to electron beam exposure as the
overlayer on the Pt(111) surface. Apparently small changes in the inter-
action between substrate and adsorbate can markedly affect the electron

beam sensitivity of the adsorbed layer.
B. Diffraction Studies

These compounds form disordered overlayers on adsorption.

Summary

The suﬁstituted aromatic molecules studied interact with the metal
surface by forming m bonds. They form ordered layers via a two-step
mechanism involving disordered initial adsorption and subsequent reorienta-
tion and ordering. The shape of the molecules determines the ease of
reorientation. Molecules with high rotational syﬁmetry or small substi-
tuents reorient more easily and form more ordered overlayers on the

platinum substrate with higher rotational symmetry [Pt (111)].
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