Lawrence Berkeley National Laboratory
Recent Work

Title

THE CHEMISOPTION OF ACETYLENE AND ETHYLENE ON Rh(111): A. LOW ENERGY ELECTRON
DIFFRACTION (LEED), HIGH RESOLUTION ELECTRON ENERGY LOSS (ELS) AND THERMAL
DESORPTION MASS SPECTRO-METRY (TDS) STUDY

Permalink
https://escholarship.org/uc/item/73c2g7ng

Author
Dubois, L.H.

Publication Date
1979-08-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/73c2q7n8
https://escholarship.org
http://www.cdlib.org/

Preprint

Lawrence Berkeley Laborator

UNIVERSITY OF CALIFORNIA |

Materials & Molecular \_
Research Division

Submitted to The Journal of Chemical Physics

THE CHEMISORPTION OF ACETYLENE AND ETHYLENE ON RECE
Rh(111): A LOW ENERGY ELECTRON DIFFRACTION (LEED), AAM#WE%Véfsa
HIGH RESOLUTION ELECTRON ENERGY LOSS (ELS) AND HiRicgrigy ) gp OB

THERMAL DESORPTION MASS SPECTROMETRY (TDS) STUDY SORAToRY

. HEC 1g ?Q?g

L. H. Dubois, D. G. Castner and G. A. Somorjai LI
v RARY .
POCUp! AND

T'S SEQA;Y?{GN

August 1979

TWO-WEEK LOAN COPpy

This is a Library Circulating Copy
which may be borrowed for two weeks
For a personal retention copy, call |
Tech. Info. Division, Ext. 6782

Prepared for the U.S. Department of Energy under Contract W-7405-ENG-48

O S bp —TTT

LBL-9946 ¢, I~

-



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
- University of California. - ' '




A

LBL 9946

THE CHEMISORPTION OF ACETYLENE AND ETHYLENE ON Rh{111): A LOW ENERGY
ELECTRON DIFFRACTION (LEED), HIGH RESOLUTION ELECTRON ENERGY LOSS (ELS)

AND THERMAL -DESORPTION MASS SPECTROMETRY (TDS) STUDY

L.H. Dubois, D.G. Castner* and G.A. Somorjai

Materials and Molecular Research Division, Lawrence Berkeley
Laboratory, -and Department of Chemistry, University of
California, Berkeley, California 94720

Abstract

We report the feéults of a detailed investigation of the chemisorption and
reactivity of écetylene CC;H;) and ethylene (CQHQ) on the Rh(1ll) single crystal
surface. Below 270K ELS measurements indicate that acetylene chemisorbs on Rh(111)
with its C-C bond oriented parallel to the surface forming an approximately sp?
hybridized species. LEED investigations show that both C2H2vand C2H, form metastable
{2x%2) surface structures on Rh(111l) below 270K. An irreversible order-order trans-
formation occurs between 270 and 300K to a stable c (4x2) hydrdcarbon overlayer,

The stable species formed from both molecules are identical. Hydrogen addition to

" chemisorbed acetylene is necessary to complete this conversion. The geometry of

the adsorbed ethylene species does ngtbfhange dur1ng this transformation although
sta
the overlayer structure does., This /hydrocarbon fragmert 'is identical to the

hydrocarbon species formegggrom the chemisorption of either C,H, or C,H; and
bove K
hydrogen on PtClll?/ ‘The addition of H, to chemisorbed C,D, or C;D, results in

H-D ekchange, but no change in the adsorbate geometry is detected by ELS. Decompo-

sition of these molecules occurs on the Rh#111) surface above V420K.

*Present Address: Chevron Research Company, P.O. Box 1627, Richmond, CA 94802



Introduction

Determination ofvthé mqleculaf‘struéture of,adsorped moholayers on metal
surfaces is now possiblé by a vériety of complemgntary'tgcﬁniques, Recently a
combination of low energy electron diffracfion (LEED) intensity analysis and high
résolution elec;ron énergy loss spéétroscopy (ELS) has beep uséd to determineAthe

structure of ethylene (C.H,) chemisorbed on Pt(l11l) at 300_K._1 ELS is a particularly

valuable technique for probing hydrocarbon interactions with metal surfaces sincé

the observed inelastiC»loéseS correspondvto the_vibrational modes of the adsorbgd
specigs. Thus the orientation and geometry of chemisorbed mblecules can;be_
detérmined and monitored as .a function ofbbéth surface coverage andvsubstrate,tgmpera—
tu?e{_ Hydrogen can also be detected ;hrough its vibration against eithervthe supf
strate.or other adsorbed atoms. Finally, ordered adsorbate overlayers are not needed

toﬁbbtain intense ELS spectra. A dynamical LEED structure analysis provides bond-

i 1¢ngthé, bond angles and the position.of the adsorbate on the surface if the overlayer

is ofdered. It ié not very effective, however; in deggrmining the location,qfhydngenu
atoms --~an imﬁoftanf queétion inhydrocarbon. surface chemistry. Changes in ﬁqndiqg
with coverage and temperature caﬁ_only be étudied by LEED if thg adgorbatg_layer
remains well ordered,

We report here the results-qf a detailed in?estigationjof the chemisorptipn and
reaétivity of CéHz and C,H, on the Rh{111) single crystal surface. In the present
study we have extended previous'LEED and thermal deéorption mass spectrometry (TDS) 2””
investigations to lower tgmperatﬁres 4T"210 K) and have complemented:these"results,
with data obtained by high resoiution ELS and Auger électron spectroscopy (AES). This
combination of techniques ailows us fo determine the structure of these hydrocarbons

on the surface and follow their moleéular rearrangements as :a function of temperature



C 2.
bétween 210 and 420 K.. We have also studied the viﬁrafiqnal spectra of chemisorbed
C.D, and C.D, and thé reactions ofvthese moiecules with ﬁydrogeh.: |
Finally, the bbnding of acetylene and.gthylehe on.Rh(lllﬁ is cémparéd ta'détajprQ‘

viously obtained on the (111) single crystal faces of platinum and nickel.

Experimental

Experiménts were carried out in tﬁd ion pumped ultrahighVVacuum chémberé béth
having LEED, retarding field AES and TDS capabilitieé;‘ One s?stem waé also eduipped
with a high resolution ELS spectrometer. The procedureszfor sample ﬁrgparafién,
mounting and éleaning have been desgfibed previously;2 Bfiéfiy,vthe Rh(lli) crystal,
oriented to i%°, was cleaned by a c¢ombination of argonrioﬁ bombardment (SOO;QOOOléV)w.
followed by annealliﬂg 800-1000 K)in vacuum’and'Oz.to remove cérbon, sulfur aﬁd:boroﬁ.

Acetylene and ethylene adsorption was studied at pressures bet&ééﬁ“SXlO_giand“
1x10—6 torr and at temperatures between 210 and 420 K. Surface structufééiwere”ﬂy
'obsérvéd both with incréasing exposuré'and after the gas was pumped away. ;Caé ei:‘;“*
posures were not'correctedvfor ion géuge sensitivity and differed sligﬂtlf betwééﬁv,,g
‘the two chambers. XTDS!spectra Qere reéordéd‘at'é heatiﬁg‘fate of 40 K[éeé;“‘Biaﬁk 
desorption expéfiﬁents were perfdrmed by replacing the nystél'with tantalum féii'tdn
insure that all observed desorption peaks were fromiﬂmzrhodium surféée.

The‘highufesolutidn ELS spéctfometer has been déscribea élsewhéré.3 Iﬁffhe~présent
series of experiments the angle of incidence was fixed at 65° td thé'sﬁrfacé ﬁofmélr
and électrons‘were collécteAthlthe_specular direction. The beam enefgy"variéd from

4,8 to 5.8 eV. The elastit scattering peak had a full width at half maximum between

70 and 90 cm.l and maximum intensity of 1x10 counts per second.

Q-
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Results and Discussion

A. LEED studies of ethylene and acetylene adsorptidn on Rh(111),
Exposing the clean Rh(11l) surface (Fig.la) between 230 and 250 K to

C.H, results in the-appéatance'of sharp half order diffraction spots in the

'LEED pattern (Fig.lb) from a CZxZ)_surface structure. If the cyrstal temperature

is Beldw n230 K, eéhylené adsorﬁtion is disordered and the only change observed
iﬁ.the LEED pattern is an'iﬁcreased background intensity. This disordered hydro-
carbon.layeticanhbe transforméd info an ordered (2x2) surface structure by heat-
ing the cf&stalbtévbéﬁween 230 and 250 K. Acetylene adsbrption.on thé Rh(lll)

surfaée“bgtweéh‘ZIQ and 250xK also produces a (2x2) surface structufe.- The new

diffraction spots from the ordered (2x2) hydrocarboﬁ structures are sensitive to

' surface coverage. Although the spots are visible after a 1L (1L= 1 Langmu1r=

1x10q6'torr‘sec)gas exposure, theyvdo not become sharp and intense until 1.5 L
and then immediately begin disordering above 1.5 L. A 15 sec exposure of lxlO_7
torr C,H, or a 150 seé.exposure of lxlO_8 torr C,H, produce optimum (2x2)'surface

structures,

A"diffraction'pattern*cdrfespoﬁ&ing‘td a.©(4x2)'surface‘structure (Fig.lc)

" can be generated from the (2x2)”sufface structure without additional hydrocarbon

exposure, For'adsorbed'CzHg thevtransformatibn'6§¢urs in vacuum by slowly
warming-.the crystal to 300'K overvthe course of‘seVera1 hdurs. ‘Rapid heaging
results in the formation of a disorderd c(4x25 structure (broad, diffuse diffrac-
tion features and so@evstreaking§i For adsorbea C.H, even this slow warm-up
results in ‘a disqrdered ovérlayer; To form a well 6rderéd c{4x2) étrUcture

from adsofbed acetylene the crystal must be annealed for "4 minutes at 273 K in
1x10'—8 torr of H, with the mass spectrometer filaments on. These filaments are

located approximately 5 cm. from the crystal and provide the surface with a good



source of atomic hydrogen.4 Céstner et gl? previously observed the c(4x2) surface
structures from the chémisorptioﬁ of either acépylené or ethylene on Rh(lllj near
room temperature. The reported diffraction‘patternsvwere neither as sharp nor

as inten;e.as that shown in Fig.lc, however. The.(2x2) hydrocarbon sﬁrface struc—

tures have not been seen previously.

‘:

In the transformatioﬁ from the (2x2) to the c(4x2) structurgs the érientation
‘and shape of the unit celi changé,5 but the areas of the pri@itive unit cells of
these two structures are the same (25 22 on Rh(111)). Thus, ﬁo variation in
the surface coverage bcéurs, Furthermore, AES shows that ;hepcarbon éovgrage
from the {2x2) structures produced during C,H. and CaH, chemisorpgion are the
same and remain’constantvduring the conversion to the qk4x2) structures. Thus,
changes in binding site and adsorbate geometry are probéﬁly taking place without
any change in the adsorbate coverage. Determination of thé overlayer structure
by LEED requires the.énalysis of the intensity vs. ingideng energyv(I—V) beam
profiles. We have not undertaken such calculations in the pfesent study.:'The
transformation from the (2x2) to the c(4x2) surface structuresvis irreversible:
onceuthe c(4x2) structure forms, the>crystalican be cooled to 210 K with no
visible changes in the diffraction pattérn. The c(4x2).strﬁcfure§_can only\bé
altered by heating the crystal above 420 K whicﬁ cause€.FheAsuffacé'to:irreVer+

sibly disorder.

B. ELS studies of acetylene and ethylene adsorpfioﬁ on Rh(111) ‘ ' >
" The vibrational spectrﬁm of the (2x2) hydrocafbon surface structure formed. {
from the chemisorptionnofczﬂz on Rh(lll) between 210 and 270 K is shown in

Fig.2a The peak positions and their relative intensities6 are listed in Table I.
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- (C~D) stretching vibrations between 3289 and ‘3374 (2439 and 2701) cm 3

5.

Analysis of the loﬁbfrequency region in this spectrum is hampered:by a spurious
background peak near 800 cmﬁl.  This apparent loss; first observed by Froitzheim
EE.EE) may be causéd by:électron refléction from the ogter~ha1f¢bffthe énalyzef.
The dashed lines in Figsr 2 and 3 indicate the approximate location’ and magﬁitude
of this peak. As a resuif-'of this experiment31 artifaét, both ;he position
aﬁd intensity of ali 1oss'featufés between 650 and 900 cm—; are rafher'unceftain.
ISotopic sﬁbstitutidn is of some help in aésigning‘ﬂmiobserVed Vib£ationa1 '
fréduéncies.tb normal modes of the adsorbed species, The ELS spectrum of the
(2x2§ C2D, surface structure is shown in Fig;Zb.

The vibrational épectra-of the (2x2) acetylene bvérlayer in“Figs.Za‘and 2b

do - :change:up to 270 K in vacuum. * Furtbermore, the positions and relative in-

tensities of the observed energy loss pedks are independent of the -acetylene-

exposure (from >0.2-L to <50 L) and, more importantly, are independent of surface

order Qas.detefmined by‘oﬁéervation of the LEED Patterﬁ); Thué, using high
feSOIUtion ELS we conclude that tﬁe bonding of.the adsofbed molécules;do'not
change upon disordering. | |

The frequencies of the cérbon;hydrogeh'QcaTBon4deuterium) stretcﬁing'viﬁra4
tions can be used to}characterize_the state of hybfidizatiéﬁ of the‘adsorbed
species. Acetyleﬁé, C2H2‘5C2D23,'is sp hybridized in thexgas phase and has C-H

-1,9

ethylene, C,H, C.D.), is sp hybridized and has C-H (C-D) stretching vibrations

between 2989 and 3106 (2200 and 2345) cm ©;° whilée ethane, C;He (CoDe); is sp-
hybridized and has C-H /C-D) stretching vibrations between 2896 and 2985 (2083

and 2235) cm?;.g Thus, the losses at 2980 (2230) and 3085 (v2320) em ! in Figs.
2a and. 2 and Table T correspond to the C-H (C-D) stretching vibrations of a

molecule near sp2 hybridization. This indicates that the C-C-H {C-C-D) bond



in adsorbed acetylene is no 1longer linear. 'ThQS!\Fhé adsprbed'C;Hz‘molecuie
"is more " ethyleneélike"~in'its C;H bonding and one might conclude thap_phe
C—C;H (C-C-D) bond angle is near 120° taslfound in gas phasé ethylene). The
low freQuency,mdde at 323 cm_; does not shift“significantly ﬁpon déuteration
n20 ém_l) and.most likely corresponds to the-entire molecule Vibrating against

the surface. The two 1argeét.peaks in the spectrum at 706 and 887 cm-l shift

by almost 200 cm—l (to 565 and 686-cmf1, respectively) when.CzDz is chemisorbed:

and can be assignedvto C-H (C-D) Eending modes. The adsorbafe must be oriented
Qith its carbon—carbén‘axis approximately #érallel to. the surface sinée Qniy
vsmall, broad peaks (lBOOvQ 1400.cm-l) are seen in the C-C stretching région;
Observation: of such é mode is ﬁrohibited by the normal dipole seléétién rule%?
if the C—C bond is parallel to the éurface. The vibrational mode'assignments
are summarized in Table I.

Bona‘lehgths, bond éngles'and the positibn of adsorbed C.H, on the surface
cannot be accurately determined without abcomplete dynamical LEED intensity;
analysis,_ Nevertheless, the-bigh resolution ELS résnlts indicate.that_gcety—

. lene chemisost on Rh(lll) below 270 K with its C-C axis oriented approximately
pérallel to the surface. The'molecﬁie isvneér spz hybridization and‘fherefore
the C?C—H bond angle is no longer linear. A similar C,H, geometry is seen in

numerous\organometallic cluster compouhds.ll’}2 

Both LEED and ELS indicate that the (2x2) acetyleﬁe overlayer is stable on

the surface in vacuum between 210 and 270 K. The addition of H, to adsorbed

. C2H, below V260 K causes no changes in the observed ELS spectra, although this

surface sﬁecies is still quite reactive. The addition of H, to chemisorbed .
C,D, bélQW 26Q K results in a complex vibrational spectrum with peaks in both

the C-H {(C-D) stretching andvbending regions. Although the deuterium and

LS
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hydrogen readily exchange, no chaﬁgejxlthe'adsorbate geometry is detected by
high fesolutioﬁ ELS. The vibrational spectré‘of adsorbediacetylené”oﬁly begin
to change when.the crystal is"héated aboye 270 X in vaéuum. The (2X2)’Czﬂz
éurface struéture also diéorders'at this:temperatﬁre.

o The vibrationai'spectfum from.the_c(4x2) acetylene'overlayef iSZShdwnhin":
Fig.2c. This spectruﬁ can either be obtained by Warming'tﬁe (2x2) acétyiéné

'overléyer-tb n270 K in the pfeseﬁcevof 1x10"'8 torr of hydrogen or by éhemisdrbing

' C.H, on Rh(lll) above 300 K. HydrogenAaddition to the surface species .above o

270 K»is necessary to obtain good quality, intense ELS spectra, hoﬁever. derogén
addition was alsb fequired to complete this conﬁersibﬁ in thevLEED'étudies.
This speciesjgiable on the sdrfa@e up to N420 K. The structure of this'hydrd— ’
carbon‘bVérlayér Wiil be éisqussedvin the hext séction;

The Qibrétibnal sﬁecira from the>62x25 and.c(4x2§ ethylene surface structures
are shown ih”Figs. 3a and 3b.. Thé‘ELS spectrum in Fig:3é is obtained'byvchemi—

sorbihg'C2HAIOn the érystal below 270°K. Spectfum 3b -can either be observed by

: slowiy warming the (2x2) overlayer structure (3a) to room temperature or by "

simpiy édéorBing éthylene on th? Rh(111) surface above 290 K. The measured peak
poaifions arellisted'in Table IT. Once again the observed vibrational frequen-
¢i¢é‘are independent of surfate:ofder‘and hydrocarbon exposuré (>0.2 to <50 L).
Nofe that thése ELS'spectra are'almostvidentical to the VibrAtiohéljspectrum
from thé stable c(&xZ) aceﬁylene overlayer shown in Fig.2c. Théihydrocarbon
spécies deriﬁed'froﬁ eth&lehé chemisdfption is also stable on the surface up to
&420 K. Degradation.of both the c(4x2) LEED péttern and of the vibrational
sﬁectruﬁ occur at Ehis temperature. The ELS spectrum resulting from the chemi-

: o . 4,13 . c
sorption of either C.H. or C,H, and H, on Pt(11ll) above room .temperature are



8.
quite similar and ‘their stretching frequencies are also listed in.Table 11,
The v1brat10nal spectrum from the chemisorptlon of C,D, on either Rh(lll)
(Fig.3c and Table ITI) or Pt(lll)4 (Table II) are also quite similar. Although |
the chemisorption of ethylene on Pt(111l) has been studied by numerous techniques} 4513, 14
there is still debate over the prec1se geometry of the stable surface spec1es.
We simply point out that .the stable hydrocarbon overlayerformedfrom the chemi-
and hydrogen
sorption of either ethylene or acetylene/on both Pt(111) and Rh(11l) yield identi-
cal vibrational spectra. A more complete dlscussion of the 31milar1t1es between
the chemisorption of ethylene on Rh(111) and Pt(lil) will be presented in the next .
section. |
It.is interesting to note that the geometry of the adsorbed-ethylene
bspecies on Rh(lil) remains the same (as indicated by the ELS spectra) whiievthe
oVerlayer structure changes from a (2x2) to a c(4x2). This chemisorbed’hydro—
.carbon should be an exceilent candidate for a LEED structural analysis since.
the I-V beam profileseshould change whiie the molecular geometry.does_notr
The order-order transformation observed by LEED is irreversible at the lowp
pressures employed in our experiments, and again no‘intermediate species are’
observed. Although this conversion is not affected by the presence_of hydrogen%
H-D exchange will occur in the hydrocarbon overlayervwhen Hz,is addedvto chemij
sorbed C.D,. No change in the adsorbate geometry‘is.detected_by high resoiution
ELS. The stable ethylene or-acetylene plus hydrogen overlayer on Rh(lli)'
can be decomposed to surface CH and CHz species above ¢420 KT The LEED pattern_ S .
disorders at this temperature as well, These.decomposition'produets Will,be

discussed in a subsequent publication._15

C» TDS studies of ethylene and acetylene adsorptlon on Rh(lll)

Castner et al’ ’15 have previously shown that both C:H. and C,H, decompose



 from ethylene chemisorbed on Pt(lli) at 320 K.

on the Rh(lil) single‘crystal snrface upon heating to yieid_gas phase molecular
hydrogen and surface carbon. The H;,thermal desorption traces from the room
temperature adsorption_of these hydrocarbons have one major peak near 500 K
followsd by continuous hydrogen evolution up to approximatelyv825 K. The posi-

tion of this desorption maximum was found to be independent of gas exposure.

Hydrogen desorption Specfra from ths_ordered hydrocarbon overlayers chemi-
sorbed on Rh{1ll) are shown in fdg.a, Traces 4a'snd 4d are from the . (2x2) structures
formed at 240 K»ffom the adsorption of 1.5 L of acetylene and ethylene, respectively..
Spectra 4b and'AC'aro from the c{4x2) surface structurss‘formedvfromthe1netastable
(2x2) C,H, and C,H, structures, respectively. After forming the.c(4x2)lstructures,
the crystal is cooled to 240 K before initiating the desorption experiments.
Molecuar 02H2 and CZHé desofption near 375 K is also observed.l,6 . The amount of¢
hydrocarbon that is detected.desorbing is lsss than 10/0 of the amount of hydrogen

desorbed indicsting that most of the adsorbed hydrocarbons decompose on the surface
) ) e > The

upon heating. - e e — —

hydrogen desorption spectrum fronthe c(4x2) ethylene speoiss (Fig.éo).has a.sing}e
desorption peak at 440 K followed by continuous hydrogen enolufion unpil 750 K.
Tnis suggests phat the desorption'peak at 440 K in Fig.4d is from tne’stable |
hydrocarbonspecieswhich can be formsd as ﬁhe crystal is heapedduringthe TDS
experiments. The desorption peak at 350 K in Fig.4d‘is due to chemisorbed hydrogén

on the Rh(111) surface. This desorption peak has been observed from hydrogen

adsorption on clean Rhﬁlll)2’16’l7 and after annealing the Rh(lll)—(2x2);C2H2
stfucture in hydrogen (Fig.4b). A similar peak is seen in H, TDS spectra
14 L |

The origin of the desorption

peak at 395 K in Fig.4d rémains in question. Possible assignments include an
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unstable low teﬁperature ethylené speciés or a transient intermediate hydrocafbon
ffagment:présent during the conversion of the metastable adéorbateito fhe stable
surface.phase. |

» Desorption traces b and ¢ in Fig.4 from ;hé c(ﬁ#Z) hydrocérbon surféte
structures are identical above &460 K..'The 1ow'ﬁemperatufe peék in 4b is.frdﬁ'
the hydrogen added. in ofdef to form a well ordered c(4x2)'overléjer étruétuxé;
This is in agreeﬁent with both the LEED and ELS results. ELS spectra taken before
and‘aftervheating the crystal to 350 K shoﬁ.no major differences. finally, the-
amount of H, desprbedvfrom the surface in 4c is Significaﬁtly less than the amount
desorbed in 4d, indicating that the stable ethyléne phaée on Rh(lllj is partially

dehydrogenated.

Correlations with C,H, Chemisorption on Pt(111) and Ni(111l) -

Below room temperature C,H, and C,H, associatively'adsorb'on Pt (111) with

their C-C bond oriented approximately parallel to the su‘-rfac'e.é”lj"18 Both molecules

form {2x2) surface structures19 and are significantly rehybridized.4’1'3’18

~ These
~ species are only metastable and can be transformed into a single stable phése by
' L 4,13,18,19 ... . P T
gently heating the crystal. Addition of hydrogen and heating to V350K
are necessary for acetylene to complete this conversion.4 Although the~stéble species

remains in a {2x2) surface structure, the LEED intensity,vs_incident'energy beam

18,19

profiles change significantly. This transformation has been detected by

LEED, 18,19

4,13

ultraviolet photoélectron spectroscopy (UPS)14 and high resolution

ELS but there is still diéagreement as to the geométry of the stable surface
- P ‘ 1 , e 1h,13
state, Proposed structures include.ethylidyne (—» C-CHs) , ethylidene (>CH-CH,)

14

and a vinyl.species (5CH—CH2); Finally, the partial dehydrogenation of the

surface ethylene species during the metastable to stable transition was observed

By a combination of TDS and UPS,14
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The chemisorption behavior of these two simple_hydrocarbons on Rh{111)
and Pt(111) are summarized in Table III, The similarities are quite striking.

The rhodium substrate appears to be more reactive, however, since. the conversion

{to the stable state occurs at a lower temperature. This can be correlated with the
w» realtive posistions of these two metals in the periodic table; in general the
bonding of small molecules to transition metal surfaces becomes stronger as one

moves to the left in the periodic table..20 By analogy with Pt{111)

one might expect a weakly pérallel bonded ethylene phase to form on Rh(11ll) at

ldw temperatures. Such a species is not detected under our experimental conditions.
By comparison; the chemisorption of acetylehe a;d ethylene.on Ni(111) is

qqite different froﬁ that on either Rh(111) or PtClil). Both molecﬁles aré |

7,21-25 _

- associatively adsorbed at low temperatures, but upon heating, the C-C bond

of chemisorbed C,H, is broken,2 The remaining CH fragments undergo .either
. . ‘ p :
carbon-hydrogen bond cleavage to leave carbon atoms on the surface or self-

. . o200 . . S v
hydrogenation to form CH, species, Alternatively, at high gas exposures

' 2
acetylene can cyclotrimerize on the Ni(lll) surface to form chemisorbed benzene. 2

. : 2
Upon heating, chemisorbed ethylene first dehydrogenates: to adsorbed acetyleneZ’ 2,25

and then can undergo a similar C-C and.C—H bond breaking sequence, The formation
of CH and CH, species on Rh(11l1l) at elevated températ@res is aiso’"observed.15
High temperature studies have not been performed oﬁ Pt(111) as yet. We conclude
that the species formed from fhe cﬁemiéorption of acetylene and ethylene on the

; Rh(ill? aﬁa Pt(111) are quite simiiaf andzthat-analogous hydrocarbonrfragments_i

are not. formed on Ni(111). Extension of thesé studies to Pd(111l) would be most

g

interesting.

Conclusions
These investigations lead to the follpwing conclusions:
1. The chemisorption of acetylene and ethylene on Rh(111l) yields a

series of ordered structures:
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' Rh(111) + CH; ———3 RR(111) - (2x2)-CoH, —wd Rh(111)-c(4x2)~CoH_
- 210 - 270 K | © 270-420 K

Rh(111) + C.H, ;@79 Rh(111) =~ (2x2) ngHn — Rh(lll)—c(4x25—C2Hnt
: 230 - 270K 270 - 420K
where C2Hn stands for the stable hydrocarbon speciesvwith undetermined hydrogen

content. These order-order transformations are irreversible.

2. Below 270 K acetylene chemisorbs on Rh(111l) with its C-C bond oriented

parallel to the surface forming an approximately sp2 hybridized species.

3. The éhemisorption of C,H, or C,H, and hydrogen on Rh(111l) and Pt(111)
produce an identical stable surface species. This species has a 'stoichiometry

of C,g where n is less than 4,
S

4. The geometry of the adsorbed_ethylene'species on Rh(111l), as determined
.by ELS, does not change.during the conversion from the metastable to the stable

species although the overlayer structure changes from a (2x2) to a c(éxZ)WWN;

S{F The. addition of H, to chemisorbed C,D, or C.D. results in H-D exchange,

A\

but no change in the adsorbate geometry is detected by ELS.
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. TABLE I: Vibrational modes for the metastable (2x2) -

- | C,H, (CZDZ) species observed on Rh(111) at T < 270K
(a1l frequencies in cm_]) '
o HZ(CZDZ)/Rh(111§ f | 'AssignméntQ'

G
3085 (12320) W ~ '
. : -t C-H(C-D) stretch
2984 (2230) m

a _ c-C $tretch

887 (686) m o
o - % C-H (C-D) bend
706 (565) m
323 (300) w o M-C stretch
Intensity: s=strong m=medium w=weak

a. Smé]] broad peak in the 1300-1400 cm—J region is observed in

several spectra

..

-
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TABLE 1I: VIBRATIONAL MODES FOR THE STABLE SPECIES OBSERVED ON

Rh(lllj AND Pt(111) UPON ADSORPTION OF EITHER

;2HH OR C2H2

Chemisorption of C,H, or CoHH

AND H ABOVE 300 K.

(all frequencies in‘cm'])

2"
S Ra(IL) o PE(IT). CRR(ITT)
3000 wooo - 3025 - 3105 w 2180 W
n2900 W 2906‘- 2940 m 2080 m
shoulder 1420 m 1150 s
1350s 1350 - 1360 s 990
1130 s | 1130 s 860 m
880 m 900 m 403 w
_ 40w asm
Intensity: s=stroﬁg m=medium w=weak

'Chem1sorptign of_CzD4

PL(111)

broad v
“unresolved
“band

1150 s

1010 w
850 w
430 m

o



TABLE 11I: Summary of LEED, ELS and TDS data for the chemiserption

of C2H2 and c2H4 on Rh(111) and P£(111).

e i e heng e e S gt ]t 8L S A S S RS g s SR A i A LA S A & RS SEAYIAR N e e LS P ) TR iy et A e e e s

Metastable species: : : ' | i

LEED e | () e (2x2)

zpa"a11€1' | parallel
bonded (vsp°) | bonded (vsp®)

ELS o :para]lel ‘ - CH

5 2n
bonded (vsp“)

Conversion to b

stable species:
Temperature ' ®270K‘ ] 270K g 350K 4 300K
hydrogens | ves .| no | e o

Stable species:
LEED - c(4x2) | c(4x2) I (2x2) (2x2)
ELS L CH S R | CH | CH

Partial dehydro- . . |
genation (TDS) | no v yes: : no | yes

Decomposition | ! : )
?Eéﬁ@?ii&§é°“ L 420K i 420 450K ; 450K

a. Vibrational spectrum previously assigned as ethy1ﬁdyne3(§-C~CH3),

ethylidene (>CH—CH3) and a vinyl species (>GH4CH2)¢'See text.

b. Conditions for complete conversion.
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Figure Captions

1.

LEED patterns from surfacé structures produced by either C;H, Qr C.H,
adsotption on Rh{(111). {a) clean Rh(111) at 92.5 eV, (b) Rh{111)-(2x2)
from C,H, chemisorption at 74 eV, and (¢) Rh{1l1l)-c{4x2)-C,H,+H at 67.5 eV.

High resolution ELS spectra of chemisorbed acetylene on Rh(111). (a)

‘(2x2)—C§H2, (b) (2x2)-C,D., and fc) c(4x2D-C2H2fH. The vibrational fre-
"quencies are listed in Tables I (spectra a and b) and II (spectrum c).

The broad peak {dotted line) centered near 800 cm—1 may be caused by a

reflection inside the spectrometer (see text).

" High resolution ELS spectra of chemisorbed ethylene on Rh(111). (a) (2x2)

- from C,H, chemisorption, ¢b) c(4x2) from C,H, chemisorption and {(c) (2x2)

from C,D, chemisorption, The vibrational frequencies are listed in Table 1II.
Hydrogen desorption from the Ca)'CZXZ) and (b) c(4x2) overlayer structures
formed during C,H, adsorption on Rh(lll)_and from the (c) c (4x2) “and (d)

(2x2) structures from C,H, adsorptidn'on Rh({111). After forming thevc(4x2)

surface structures, the crystal is cooled to 240K before initiating the

desorption experiments. The heating rate is 40K/sec.
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E’rh'ylene' on Rh (I11)
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